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Abstract

ThispaperdescribestheKRAFT architecturewhichsupportsthefusionof know-
ledgefrom multiple, distributed,heterogeneoussources.The architectureuses
constraintsasacommonknowledgeinterchangeformat,expressedagainstacom-
monontology. Knowledgeheldin local sourcescanbetranformedinto thecom-
mon constraintlanguage,and fusedwith knowledgefrom other sources. The
fusedknowledgeis thenusedto solvesomeproblemor deliver someinformation
to a user. Problem-solvingin KRAFT typically exploits pre-existing constraint
solvers.KRAFT usesanopenandflexible agentarchitecturein whichknowledge
sources,knowledgefusingentities,andusersareall representedby independent
KRAFT agents,communicatingusinga messagingprotocol. Facilitator agents
performmatchmakingandbrokerageservicesbetweenthevariouskindsof agent.
KRAFT is beingappliedto anexampleapplicationin thedomainof network data
servicesdesign.

1 Introduction and Motivation

Most modernorganisationshave a numberof on-lineknowledgesources,distributed
amongthenodesof their informationsystemsnetworks. To exploit theseknowledge
sourcesto thefullestextent,organisationsneedto beableto combineknowledgefrom
disparatesourcesin a highly dynamicway: we call this knowledge fusion. Therehas
beenanenormousamountof work in distributedinformationmanagementonthetopic
of distributeddatabasequerying.An importantfeatureof thesesystemsis thatthey use
somekind of integration schema to provideacommonrepresentationacrosstheentire
distributedsystem.Individualdatasourcesmustmapbetweentheir localschemasand
theintegrationschemain orderto combineinformationin a commonform.
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A distributeddatabasequeryretrievesdata instances, but this is not enoughfor
knowledgefusion. To combineinformationin a meaningfulway, datainstancesneed
associatedknowledgeof their context: how they shouldbe interpretedandhow they
canbeused.This kind of knowledgecanoftenbethoughtof as“small print”, andis
typically expressiblein theform of constraints. As anexample,consideradistributed
designsystemfor PersonalComputers.Oneon-line resourcemay be a databaseof
informationonavailablePCoperatingsystems.With adistributeddatabasequery, we
could discover that oneof the availableOSesis called“Windows NT”; however, to
usethis OS instancein a PC design,we would alsoneedto know the “small print”
constraint:“WindowsNT requiresa minimumof 32MB of RAM”.

In aknowledgefusionsystem,theinformationinstancesandassociatedconstraints
needto be mappedto a commonrepresentationto allow meaningfulfusion. This
requiresacommon language for representinginstancesandconstraints,andacommon
setof definitionsof theterminology of theknowledgedomain:ashared ontology [12].

Considerthe following small print constraint,which saysthat “all PC operating
systemscalled‘winNT’ needat least32MB of RAM”:

constrain each o in pc_os such that name(o)="winNT"
to have memory_requirement(o) >= 32

This constraintis expressedin CoLan[2], which canserve asa relatively readable,
commonconstraintlanguage.Theterminologyused(for example,theconceptpc os,
meaningall PCoperatingsystems,theattributesof thisconcept,name andmemory
requirement) mustbe definedin thesharedontologyfor thePC designdomain.
Note that, to allow datainstancesto be represented,the sharedontologymusthave
schema-level informationin additionto conceptual-leveldefinitions.For example,the
ontologydefinestheconceptpc os asa sub-conceptof pc software, which is in
turn a sub-conceptof software. It alsodefinespc os ashaving aname attribute,
thevalueof which is representedasa stringdatastructure.This is schema-level in-
formationwhich permitsinstancesof pc os to be represented,stored,manipulated,
andtransmittedacrossthenetwork.

Constraintssuchasthe exampleabove will not generallybe storedin this form
within the individual resource.They could appearasdatabaseintegrity constraints,
rulesin a rule-basedsystem,slot valuerestrictorsin a frame-basedsystem,or con-
straintsin someother constraintlanguage. Similarly, the terminologyusedwithin
the individual resourcewill generallynot conformto thesharedontology. For these
reasons,knowledgein individual resourcesneedsto be transformed to the common
languageandsharedontology, beforeit canbefused.

1.1 Operations on a Knowledge Fusion System

Therearetwo mainkindsof operationuserswould wish to performon a distributed
knowledgefusionsystem:

� Knowledge Retrieval: here,usersoftensimply want to find out everythingthe
organisationknowsaboutsomething.Theknowledgefusionsystemextractsall



relevant instancesandassociatedconstraintsfrom all availableresources,and
deliversthesein acommonform to theuser.

In the PC designdomain,for example,the usermight ask for all known PC
OSes,includingany “small print” constraints.

� Problem-Solving: here,usersnot only want thesystemto fuseknowledge,but
alsoto usethefusedknowledgeto solvesomeproblem.Thesystemonceagain
extractsthe relevant instancesandconstraints,but now usestheseasthe basis
of adynamically-constructedconstraintsatisfactionproblem.

In thePCdesigndomain,for example,theusermight specifythat they wanta
PCfor real-timevideoediting;thesystemwill needto extractcandidatesolution
componentswith attached“small print” constraints,andsolvetheseto construct
asuitablePCconfiguration.

1.2 Services of a Knowledge Fusion System

From theabove discussion,it is clearthata knowledgefusion systemneedsthe fol-
lowing services:

� Knowledge location services: theremustbemechanismsby which a user, and
othercomponents,canlocaterelevantknowledgeon thenetwork.

� Knowledge transformation services: theremustbe mechanismsto transform
knowledgein individual resourcesinto a commonrepresentationlanguageand
ontology.

� Knowledge fusion services: theremustbemechanismsto combineknowledge,
andprocessit — conjoining,simplifying,andfindingsolutionsthatsatisfycon-
straints.

Theseservicesarethe basicrequirementsof an architecturefor building knowledge
fusion systems.By implementingsoftwarecomponentsthat provide theseservices,
developerscan:

� bring new knowledgesourceson-line so that they announcetheir presenceto
thenetwork, advertisetheir services,andcommitto providing informationin a
commonrepresentationlanguageandontology;

� createnew knowledge-processingfacilitiesto filter, fuse,adapt,andotherwise
addvalueto theknowledgein theon-linesources;

� constructqueryinginterfacesfor usersthat give themreadyaccessto the rich
servicesof theknowledgefusionsystem.

TheKRAFT project(KnowledgeReuseAnd Fusion/Transformation)aimsto provide
suchanarchitecture.The following sectionpresentsanoverview of theKRAFT ar-
chitecture;subsequentsectionsexaminethe operationsof individual componentsof
thearchitecture.



2 Overview of the KRAFT Architecture

The KRAFT systemhasan agent-basedarchitecture,in which all knowledgepro-
cessingcomponentsarerealisedassoftwareagents.An agent-basedarchitecturewas
chosenfor KRAFT for thefollowing reasons:

� Agent architecturesaredesignedto allow softwareprocessesto communicate
knowledgeacrossnetworks, in high-level communicationprotocols;as con-
straintsarea sub-typeof knowledge,this wasseenasan importantfeaturefor
KRAFT.

� Agent architecturesare highly dynamicand open,allowing agentsto locate
otheragentsat run-time,discover thecapabilitiesof otheragents,andform co-
operativealliances;asKRAFT is concernedwith thefusionof knowledgefrom
availableon-linesources,thesefeatureswereseenasbeingof greatvalue.

The designof KRAFT is consistentwith several emerging agentstandards,notably
thedefactoKQML standard[11] andthedejureFIPA standard[6]. Agentsarepeers;
any agentcancommunicatewith any otheragentwith which it is acquainted.Agents
becomeacquaintedby registeringtheir identity, network location,andan advertise-
mentof their knowledge-processingcapabilitieswith a specifictypeof agentcalleda
facilitator (essentiallyanintelligentyellow pagesservice).

Whenan agentneedsto requesta servicefrom anotheragent,it asksa facilit-
ator to recommendan agentthat appearsto provide that service. The facilitator at-
temptsto matchthe requestedserviceto the advertisedknowledge-processingcap-
abilities of agentswith which it is acquainted. If a matchis found, the facilitator
caninform theservice-requestingagentof theidentity, network location,andadvert-
isedknowledge-processingcapabilitiesof theserviceprovider. Theservice-requesting
agentandservice-providing agentcannow communicatedirectly.

It is worthemphasisingthat,while thismodelis superficiallysimilarto thatusedin
distributedobjectarchitecturessuchasCORBA andDCOM, theimportantdifference
is thesemanticlevel at which interactionstake place: In distributedobjectarchitec-
tures,objectsadvertisetheir presenceby registeringmethodsignatureswith registry
services,andcommunicateby remotemethodinvocations. In agent-basedsystems,
advertisementsof capabilitiesaremuchricher, beingexpressedin adeclarativeknow-
ledgerepresentationlanguage,andcommunicationusesa high-level conversational
protocolbuilt from primitive conversationalactionssuchasask, tell, advertise, and
recommend. Distributedobjectarchitecturesarein facthighly suitablefor implement-
ing agent-basedarchitectures(for example,theADEPTsystemusedCORBA [9]) but
theconverseis not true.

A conceptualview of the KRAFT architectureis shown in Figure 1. KRAFT
agentsareshown asovals. Therearethreekindsof these:wrappers,mediators,and
facilitators.All of thesearein somewayknowledge-processingentities.

Wrappers are agentsthat act as proxiesfor external knowledgesources,typic-
ally databasesandknowledge-basedsystems.Theseareoftenlegacy systems,soone
taskof a wrapperis to provide a bridgebetweenthe legacy systeminterfaceandthe
KRAFT agentinterface.For example,thelegacy interfaceof arelationaldatabasewill
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Figure1: A conceptualview of theKRAFT architecture.

typically beSQL/ODBC;theKRAFT wrapperwill acceptincomingrequestmessages
from otheragentsin theKRAFT agentcommunicationlanguage,transformtheseinto
SQL queries,run themon thedatabase,andtransformthereturnedresultsto anout-
goingmessagein theKRAFT agentcommunicationlanguage.

Wrappersalsoprovideentry-pointsinto theKRAFT systemfor user agents. User
agentsallow end-usersaccessto a KRAFT knowledgeprocessingsystem. A user
agentwill offer somekind of userinterface,with which theuserwill presentqueries
to the KRAFT network. The useragentwill transformthe users’queriesinto the
internalknowledgerepresentationlanguageof theKRAFT system,andinteractwith
otherKRAFT agentsto answerthequeries.A useragentwill typically alsodo some
localprocessingonknowledge,at leastto transformit for presentation.

Mediators arethe internalknowledge-processingagentsof the KRAFT system:
every mediatoraddsvalue in someway to knowledgeobtainedfrom other agents.
Typical mediatortasksincludefiltering, sorting,andfusingknowledgeobtainedfrom
otheragents.

Facilitators have alreadybeenmentionedabove: theseare the “matchmaker”
agentsthatallow agentsto becomeacquaintedandtherebycommunicate.Facilitators
are fully-fledgedknowledge-processingentities: establishingthat a servicerequest
“matches”a serviceadvertisementrequiresreasoningwith thedeclarativerepresenta-
tionsof requestandadvertisement.

KRAFT agentscommunicatevia messagesusinganestedprotocolstack.KRAFT
messagesare implementedascharacterstringstransportedby a suitableunderlying
protocol(for example,CORBA IIOP or TCPvia sockets).A simplemessageprotocol
encapsulateseachmessagewith low-level headerinformationincludinga timestamp
andnetwork information.

Thebodyof themessageconsistsof two nestedprotocols:theouterprotocolis the
agentcommunicationlanguageCCQL (Constraint Command and Query Language)
whichis asubsetof theKnowledgeQueryandManipulationLanguage(KQML) [11].



Nestedwithin theCCQL messageis its content,expressedin theCIF protocol(Con-
straint Interchange Format) — a supersetof theCoLanconstraintlanguageshown in
Section1.

Syntactically, KRAFT messagesareimplementedasPrologterm structures.An
examplemessageis shown below. The outermostkraft msg structurecontainsa
context clause(low-level headerinformation)anda ccql clause. The message
is from an agentcalledos vendor to an agentcalledpc designer. Theccql
structurecontains,within its content field, an encodedCIF expression(here,we
seea“pretty-printed”CoLanconstraint;actually, CIF expressionsaretransmittedin a
compiledinternalformat).

kraft_msg(
context(1,id(19), pc_designer, os_vendor,

time_stamp(date(21,5,1999), time(15,35,10))),
ccql(tell, [

sender : os_vendor,
receiver : pc_designer,
reply_with : id(41),
ontology : shared,
language : cif,
content : [

constrain each o in pc_os
such that name(o)="winNT"
to have memory_requirement(o) >= 32

])
)

Useof Prologtermstructuresis chiefly for convenience,asmostof the knowledge-
processingcomponentsarewritten in Prolog.However, thePrologtermstructuresare
easilyparsedby non-PrologKRAFT components;currentlythereareseveralcompon-
entsimplementedin Java,for example.

As explainedin Section1, thetermsusedin theCIF partof themessagearedefined
in thesharedontology. To supporttherepresentation,storage,andtransmissionof data
instances,theontologyhasschema-level informationin additionto conceptual-level
definitions.

The remainderof this paperis organisedas follows: Section3 explains how the
KRAFT facilitator agentswork; Section4 decribesthe role of wrapperagentsand
thecommonontology;Section5 descibeshow mediatorsperformknowledgefusion
andassociatedproblem-solvingoperations;Section6 discussesanexampleKRAFT
systemin a telecommunicationsdesignapplicationdomain;Section7 concludesthe
paper.

3 Facilitator Agents

As introducedabove, facilitatorsprovide variousrouting serviceswithin a KRAFT
network. As therearemany differentdefinitionsof facilitatorsin theliterature[1, 3,4,



10, 14, 16], andtherangeof servicesprovidedby thesefacilitatorsvariesconsiderably,
thissectionlooksin moredetailatexactlyhow facilitatorsareusedin KRAFT.

In the KRAFT project, the facilitator providesrouting functionalitiesto agents’
queries.Thesebasicfunctionsare:

Advertisement handling Whenthe facilitator receivesan advertisementfrom a re-
source,it is ableto processandstorethis informationfor furtheruse. An ad-
vertisementis a (setof) capabilitiesthata resourcecommitsto provide. These
capabilitiesare definedin a formalismcommonto the facilitator and the re-
sources(seeSection3.2).

Facilitation For a givenquery, this is the actionof finding a (setof) resourcesthat
comply with a satisfiability(or suitability) criterion. In otherwords, it is the
actionof finding a resourcewhoseadvertisedcapabilitymatchesthe require-
mentsderivedfrom thequery. Thissatisfiabilitycriteriondependsonthesearch
strategy adoptedfor the resolutionof thequerybut it is alwayssomewherein
thespectrumboundedby “the mostexactmatch”on onehandandby “the set
of all approximatematches”on the otherhand. In otherwords, the satisfiab-
ility criterion is a tradeoff betweencorrectnessandcompletenessin the setof
solutions.

3.1 CCQL Facilitation Performatives

As statedin Section2, CCQLis asubsetof KQML [11]. Thetwo mainfunctionalities
describedin theprevioussectionaresupportedby thefollowing CCQLoperations:

Advertisement Every resourcewilling to advertiseits capabilitiesdoesso first by
registeringwith a facilitator(by sendingaregister messagecontainingthe
referencesandlocationof theresource),thenby sendinganadvertise mes-
sagecontainingtheformal descriptionof its capabilities(seeSection3.2). No
repliesareissuedto the originatorsof thesemessagesunlessan error hasoc-
cured.

Facilitation Theprotocolencapsulatingthefacilitationmechanismhastwo variants:

Forwarding: on receiving a queryenclosedin arecommend one (or
recommend all) message,the facilitator will reply to the agentat the ori-
gin of the query, a singleton(or a list) of matchingadvertisements(including
the referencesto thecorrespondingresource).The repliedadvertisement(s)is
containedin aforward message.

Brokerage: onreceivingaqueryenclosedin abroker one (orbroker all)
message,thefacilitatorwill sendtheenclosedqueryto themost(or all) relevant
resource.Theanswerto thequeryis thenbroughtbackto thefacilitator, which
in turn forwardsthereply to theoriginatorof thequery.



3.2 Expressing capabilities

A resourcecapabilitymustberepresentedintentionallyfor compactness,but in away
thatminimisesimprecision.Theabstractcharacteristicsof a resourceare:

� network informationto locateandquerythewrapperof theresource;

� theCCQLperformativesthatthewrappercanhandle;

� theintentionalcontentof theresource(or a subsetof it);

� anabstractrepresentationof thefunctionalityof theresource.

Advertisementsarethebasicdatastructureusedto communicatethesecharacteristics.
Thetermsusedin thebodyof advertismentsaredefinedin thesharedontology. The
possiblecomponentsof anadvertisementare:

� list of allowedCCQLperformatives;

� list of availableservices, whereeachserviceis definedin thesharedontology;

� list of domains thatthedatabasecandealwith, whereeachdomainis definedin
thesharedontology;

� specificationof a subsetof theCIF language,delimiting theexpressivenessof
theresourcequerylanguagewithin CIF asawhole.

Thefacilitatorencapsulatesadatabaseof receivedadvertisementswith theabovecom-
ponents;theCCQL facilitationoperations(forwardingandbrokerage)areimplemen-
tedasquerieson thisadvertisementdatabase.

An exampleCCQL advertisementmessagefollows (theKRAFT messageheader
is notshown). Thisadvertisementis from thewrapperof aPCsoftwarevendorcalled
os vendor, sentto a facilitatorcalledyellow pages. Thecontentsaysthat the
advertisercanhandleCCQLask one andask all messages,expressedin a sub-
set of CIF correspondingto SQL queries(from the servicedescription,definedin
the sharedontology), aboutontology conceptspc os (PC operatingsystems)and
pc util (PCutility software).

ccql(advertise, [
sender : os_vendor,
receiver : yellow_pages,
reply_with : id(66),
ontology : advertise_ontology,
language : cif,
content : [

advertisement.performativeList =
[ ask_one, ask_all ],

advertisement.serviceList = [ <database, sql> ],
advertisement.domainList = [ pc_os, pc_util ] ]

])



4 Wrapper Agents and the Shared Ontology

Therearethreelevelsof heterogeneitythat inhibit there-useof informationstoredin
resourcesthatwewish to connectto aKRAFT network:

1. interaction: different knowledgesourcescan be interactedwith in different
ways, e g. somesystemsonly allow the userto posequerieswhereasother
systemswill asktheuserfor information;

2. syntactic: knowledgesourcesusedifferentrepresentationformats;

3. semantic: variationsin terminologyacrossknowledgesources.

As outlinedin Section2, interactionandsyntacticheterogeneityareaddressedby the
useof the CCQL and CIF protocolswithin the KRAFT network andby providing
wrapperagentsthat translateall messagesinto andout of theseprotocols. Herewe
focuson thethird of theselevels.

To overcomethe problemof semanticheterogeneity, a shared ontology is spe-
cified, which formally definesthe terminologyof the problemdomain. The content
of messageswithin aKRAFT network mustbeexpressedusingtermsthataredefined
in thesharedontology. For eachknowledgesource,a local ontologyis specified.For
example,wherethe knowledgesourceis a database,the local ontologydefinesthe
termsthatareusedin thedatabaseschema.Betweena local ontologyandtheshared
ontology, therewill bea numberof ontology mismatches, which areinstancesof se-
manticheterogeneity[15]. Theseincludetheuseof differenttermsto referto thesame
concept(i.e. synonyms)andtheuseof thesametermto referto differentconcepts(i.e.
homonyms).To overcomethesemismatches,for eachknowledgesourceanontology
mapping is defined.An ontologymappingis apartialfunctionthatspecifiesmappings
betweentermsandexpressionsdefinedin a sourceontologyto termsandexpressions
definedin a target ontology. To enablebidirectionaltranslationbetweena KRAFT
network anda knowledgesource,two suchontologymappingsmustbedefined.We
will now describetheformatthatweuseto specifyontologymappings.

In definingan ontologymapping,we begin by specifyinga setof orderedpairs
or ontological correspondences. An ontologicalcorrespondencespecifiesthetermor
expressionin the target ontologythat representsascloselyaspossiblethe meaning
of thesourceontologytermor expression.For eachtermin thesourceontology, we
try to identify a correspondingterm in the target ontology. It may not be possible
to directly mapall of the sourceontologytermsto a correspondingtarget ontology
term.For someof thetermsin thesourceontologythatcannotbemappedin thisway,
it maybepossibleto includethemin theontologymappingby definingcorrespond-
encesbetweencompoundexpressions.This leadsusto thefollowing classificationof
ontologicalcorrespondences:

1. class-to-class: mapsa sourceontologyclassnameto a target ontologyclass
name;

2. attribute-type-to-attribute-type: mapsthesetof valuesof a sourceontologyat-
tributeto a setof valuesof a targetontologyattribute;



3. attribute-to-attribute: mapsa sourceontologyattributenameto a targetonto-
logy attributename;

4. relation-to-relation: mapsa sourceontologyrelationnameto a targetontology
relationname;

5. compound-expression-to-compound-expression: mapscompoundsourceonto-
logy expressionsto compoundtargetontologyexpressions.

As the local andsharedontologiesarenot representedin thesameformat that is
usedfor theCIF, thesemantictransformationof CIF expressionsby wrappersis not
baseddirectlyonontologymappings.Therelevantontologymappingsareusedaspart
of the specificationof a wrapperratherthandirectly by the wrapper. Consequently,
developershavecompleteautonomyin theimplementationof wrappers.In thecurrent
KRAFT prototypedescribedin Section6, wehaveimplementedthetransformationof
CIF expressionsusingrewrite rules[8].

A pair of termsand/orexpressionsin an ontologicalcorrespondencearenot ne-
cessarilysemanticallyequivalent.However, whena wrappertranslatesa CIF expres-
sion,weneedto ensurethatthetargetCIF expressionis semanticallyequivalentto the
sourceCIF expression.If thiswerenotthecase,constraintspassedto amediatorusing
termsdefinedin thesharedontologycouldexpressverydifferentknowledgethanthe
original constraintsexpressedin termsdefinedin the local ontology. We ensurethat
thesemanticsof CIF expressionsaremaintainedby definingpre- andpost-conditions
for eachontologicalcorrespondence.A wrapperthat implementsan ontologymap-
ping mustensurethattheseconditionsaresatisfiedwhentranslatingthetermsin CIF
expressionsfrom thesourceto thetargetontology.

5 Mediator Agents and Constraint Fusion

5.1 Constraint Fusion

An applicationproblemin KRAFT is specifiedby constraintfragmentsdistributedin
differentresources.Eachconstraintis partof a conjunctive statementdescribingthe
applicationproblemasaconstraintsatisfactionproblem(CSP).

Considerthe PC hardware configurationdomain: Problemsolving knowledge
comesfrom theuserrequirements,restrictionsattachedto hardwarecomponentsfrom
differentvendors,andgenericdesignknowledgegoverninga workableconfiguration.
Thefollowing exampleconstraintfrom theuseragentspecifiesthatthePCmustusea
“pentium2”processorbut not the“win95” OS:

constrain each p in pc
to have cpu(p)="pentium2"
and name(has_os(p)) <> "win95"

For the componentsto fit together, they mustsatisfycertainconstraints.For ex-
ample,thesizeof theOSmustbesmalleror equalto theharddisk spacefor a proper
installation:

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



Now thecandidatecomponentsfrom differentvendorsmayhave instructionsat-
tachedto themasconstraints.In thevendordatabaseof operatingsystems,“winNT”
requiresa memoryof at least32megabytes:

constrain each p in pc such that name(has_os(p))="winNT"
to have memory(p) >= 32

TheKRAFT approachto this taskemploysaconstraint-fusingmediatorwhichex-
tractsandcombinesconstraintsfromdistributedsourcesfor problemsolvingpurposes.
Constraintsasabstractmobileobjectsaretransportedandtransformedto composea
constraintsatisfactionproblem(CSP),which is thenanalysedandsolvedby a com-
binationof distributeddatabasequeriesandconstraintlogic programs.With thehelp
of a facilitator, thisapproachallowstailoringof anexecutionplanin adynamicenvir-
onment,dependingon thecapabilityandavailability of activeonlineresources.

Our sampleconstraintsgive the following fusedconstraint,which describesthe
overall requirementon thevariablesinvolved:

constrain each p in pc
to have cpu(p)="pentium2"
and name(has_os(p)) <> "win95"
and size(has_os(p)) =< size(has_disk(p))
and if name(has_os(p))="winNT"

then memory(p)) >= 32
else true

Thereasonfor fusingtheconstraintfragmentsis to providethebasisfor exploring
how theCSPcanbestbedividedinto sub-problemsof distributeddatabasequeriesand
sub-CSPs.Whena singlepieceof constraintis insufficient to solveaCSPeffectively,
wehopeto combineinformationfrommultipleconstraintfragmentstoarriveatamore
solvablesolution.It is from thefusionprocessthatusefulinformationcanbeinferred
andcapturedfor problemsolvingpurposes.

5.2 CSP Solving

Theconstraintfusionprocesscomposesa concretedescriptionof theoverallCSPin a
declarativeform. To solveacomposedCSPefficiently, amediatorfeedsit into aprob-
lem decomposerwhich extractsselectioninformation from the CSPdescriptionto
generatedistributeddatabasequeries,with theremainingconstraintsforming a smal-
ler sub-CSP. Themediatorthensendsthesedatabasequeriesin multiple messagesto
differentdatabasewrappersto retrievecandidatedatavalues.

Databasequerygenerationconstitutesan importantphaseof pre-processing.It
shiftspartof theproblemsolvingprocessinto thedistributeddatabasesby composing
datafilters asdatabasequeries.Thispreventsunnecessarytransportationof irrelevant
datainto theKRAFT domainandrelievesnetwork traffic in adistributedsystem.Data
filtering by databasequerygeneration,however, is not sufficient to resolve all con-
straints. The amountof selectioninformationwhich canbe representedasdatabase
queriesdependsontheexpressivenessof thedatabasequerylanguage.Theremaining
sub-CSPhasto be resolved by a morepowerful constraintsolver in the next stage.
The final stageof the problemsolving processis to feeddataandconstraintsinto a



constraintsolver so that solutionsto the CSPcanbe obtained.In the currentproto-
type,describedin Section6,weusethefinite domainconstraintsolverin theECLiPSe
constraintlogic programming(CLP)system.

To form the initial valuedomainsof variablesin a CLP program,candidatedata
retrieved in the previousstagearecompiledinto CLP datastructures.Thesub-CSP
whichis formedby theproblemdecomposeris thencompiledinto CLPprogramcodes
to imposeconstraintson thesevariables.Finally, themediatorsendstheCLPprogram
anddatato theconstraintsolverandwaitsfor theresultto bereturned.

6 An Example KRAFT Application

TheKRAFT architectureis beingtestedonarealisticapplicationin thedomainof tele-
communicationsnetwork dataservicesdesign;this applicationhasbeenprovidedby
BT. Thenetwork dataservicesdesignproblemconsideredby KRAFT is in thephase
of network configurationfrom theviewpoint of a customerat a singlesite,allowing
a BT network designerto selectto meetthecustomers’requirements:(1) a suitable
Pointof Presence(POP)at which to connectto theBT network and(2) suitableCus-
tomerPremisesEquipment(CPE)with which to servicetheconnection(typesof CPE
includerouters,bridges,andFRADs, thoughit wasdecidedto focusinitially solely
on routerproducts).

A conceptualview of the applicationarchitectureis shown in Figure2(a). Note
that a moredetaileddescriptionof the network dataservicesdesignapplicationap-
pearsin [7]. In thecurrentimplementation,all KRAFT agents(mediators,facilitators,
andwrappers)areimplementedin Prolog.Theuserinterfaces(useragentandmessage
monitor)areJava applications.Thedatabaseresourcesaremanagedby independent
instancesof the P/FDM DBMS

�

, eachwith its own local schema. The constraint
solver is ECLiPSe.Inter-agentcommunicationis implementedby asynchronousmes-
sagepassingusingtheLindamodel[5].

Theprototypeapplicationemploysthreesourcesof knowledge:

� a databaseof POPinformation;

� two databasesof CPEinformation:onefor eachof two competingroutervendors.

Theseinformationsourcesareconsideredto bepre-existinglegacy databases.For the
purposesof theprototype,simplifiedversionsof thesedatabaseswerecreated;how-
ever, carewas taken to ensurethat the databasesof CPEinformationwerecreated
independently, soasto ensurerealisticheterogeneity. Eachof thedatabaseswaspop-
ulatedwith dataandconstraints;for example,a vendordatabasewaspopulatedwith
dataon the vendor’s CPEproducts,andconstraintsdefiningthevalid usageof each
product. The main aim of creatingthe threeresourceswasto test the feasibility of
creatingwrapperagentsto transformbetweenthe internalknowledgerepresentation
(dataandconstraints)andtheKRAFT CIF language.

In the prototype,the tasksof identifying potentialPOPsand CPEsare the re-
sponsibilityof mediators.As thetwo tasksareindependentin practice(it is possible
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to selecta CPEon the basisof a customer’s LAN andWAN requirements,without
knowing whichPOPwill beused,andviceversa),it wasdecidedto provideaseparate
mediatorfor eachtask.

A useragentservesasthefront-endto thetestsystem,with a graphicaluserinter-
faceallowing aBT network designerto enterthecustomer’srequirements,andlaunch
two kindsof queryinto theKRAFT system:

1. For a POPquery, theuserspecifiesthe locationof thecustomers’site,andthe
customers’requiredwide-areanetwork (WAN) services(for example,Frame
RelayandISDN). TheuseragentformulatesthePOPqueryasa KRAFT mes-
sage,andattemptsto locateanagentthatcananswerthequery. It doesthis by
contactinga facilitator, which in turn putsit in contactwith thePOPMediator.
Uponreceiptof theuseragent’squery, thePOPmediatorobtainsa list of POPs
from thePOPDB, andfilters theseaccordingto theuser’s requirements.It then
sendsa reply to theuseragent.If oneor moresuitablePOPswerefoundthese
will bedisplayedto theuser, rankedin orderof proximity to thecustomers’site.
Theseinteractionsareshown in Figure2(b).

2. For a CPEquery, theuserspecifiesadditionalconstraintson thetypeof equip-
ment needed,including supportfor variousLAN protocolsusedwithin the
customer’s site (TCP/IP, AppleTalk, 10 baseT Ethernet,etc) andsupportfor
the requiredWAN servicesthat determinedthe choiceof POP(FrameRelay,
ISDN, etc). Having acquiredtheseconstraints,the useragentissuesa query
to the KRAFT network asabove. This time, the CPEMediatorinteractswith
vendorsto selectapparently-suitableproducts,togetherwith any “small print”
constraintson these.Fusingtheseconstraintswith thosefrom the customer’s
requirements,theCPEMediatorthencallsupona constraintsolver to identify
actually-suitableCPEproducts.Theseit relaysbackto theuseragent.These
interactionsareshown in Figure2(c).

Theprototypeapplicationhasbeenconstructedandis currentlyunderevaluation.Fur-
therdetailson theprototypeareavailablein [7].

7 Conclusion

ThispaperhasdescribedtheKRAFT architecturefor knowledgefusionandtransform-
ation. The genericframework of the architectureis reusableacrossa wide rangeof
knowledgefusionsystems.In additionto thenetwork dataservicesdesignapplication
describedin theprevioussection,theframework of theKRAFT architecturehasbeen
testedin prototypesystemsfor advisingstudentsonoptionsto transferbetweenuniver-
sities,andadvisinghealthcarepractitionerson drugtherapies[13]. Specificsoftware
componentsof theKRAFT systemarealsoreusable,includingtheCCQL messaging
system,facilitators,wrappershells,andseveralmediatorandsolving-relatedcompon-
ents.Evaluationof theKRAFT architectureis ongoing,andrefinementswill continue
to bemade.
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Constraint-basedinformation gatheringfor a network publicationsystem, In
Proc. 1st Int. Conf. on the Practical Application of Intelligent Agents and Multi-
Agent Technology, pages45–59,April 1996.

[5] N. CarrieroandD. Gelernter, Linda in Context, Communications of the ACM,
32:444–458,1989.

[6] L. Chiariglione,FIPA — agenttechnologiesachieve maturity, AgentLink News-
letter, 1:2–4,1998.

[7] N. J. Fiddian, P. Marti, J-C. Pazzaglia,K. Hui, A. Preece,D. M. Jones,and
Z. Cui, Application of KRAFT in dataservicenetwork design,BT Technical
Journal, in press.

[8] P. M. D. Gray, S.M. Embury, K. Y. Hui, andG.Kemp,Theevolving roleof con-
straintsin thefunctionaldatamodel,Journal of Intelligent Information Systems,
1–27,1999.

[9] N. Jennings,P. Faratin,M. Johnson,T. Norman,P. O’Brien, andM. Wiegand,
Agent-basedbusinessprocessmanagement,International Journal of Cooperat-
ive Information Systems, 5:105-130,1996.

[10] D. R. Kuokka,J.G. McGuire,J.C. Weber, J.M. Tenenbaum,T. R. Gruber, and
G.R.Olsen,Shade:Technologyfor knowledge-basedcollaborativeengineering,
Journal of Concurrent Engineering: Applications and Research, 1(2),1993.

[11] Y. Labrou,Semantics for an Agent Communication Language, PhDThesis,Uni-
versityof Maryland,BaltimoreMD, USA, 1996.

[12] R. Neches,R. Fikes,T. Finin, T. Gruber, R. Patil, T. Senator, andW. Swartout,
Enablingtechnologyfor knowledgesharing,AI Magazine, 12:36–56,1991.



[13] A. Preece,A. Borrowman,andT. Francis,Reusablecomponentsfor KB andDB
integration,in ECAI’98 Workshop on Intelligent Information Integration, 157–
168,1998.

[14] N. Singh,M. Genesereth,andM. A. Syed,A distributedandanonymousknow-
ledgesharingapproachto softwareinteroperation,International Journal of Co-
operative Information Systems, 4(4):339–367,1995.

[15] P. R. S. Visser, D. M. Jones,T. J. M. Bench-Capon,andM. J. R. Shave, As-
sessingheterogeneityby classifyingontologymismatches,in Proc. International
Conference on Formal Ontology in Information Systems (FOIS’98), IOS Press,
148–162,1998.

[16] G. Wiederhold, Mediatorsin the architectureof future information systems,
IEEE Computer, 38–49,March1992.


