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Abstract

Informationrelatingto theresources,applicationsandtheuser’swishesarekey to thetransparentandeffectiveexploita-
tion of thefederatedresourceswithin ComputationalGrids. Thesefederateddata,computationalor softwareresources
areownedby realorganisationsandmadeavailableasservicesto differentcomputationalcommunitiesor virtual organi-
sationsspanningmultipleadministrativeboundaries.Higher-level servicesusetheinformationrelatingto theresources’
capabilityandthemechanismsfor servicefulfilment to automaticallydiscover interoperableservicesandselectthemost
appropriateservicefor theuserwith minimal humanintervention.
Within thispaperwedescribeaservice-orientedGrid architecturethatutilisesexistingwebserviceprotocolsto federate
resourcesinto computationalcommunities.Theservice-orientedinformationcontainedin the computationalcommu-
nities is exploited by higher-level servicesto ensureeffective utilisation of the resourcesby both its providers (the
resourceowners)andconsumers(theusers).We believe thesystematicdefinition,presentationandexploitationof such
informationconstitutesthefirst steptowardstheconstructionof a SemanticGrid.

1 Background

ComputationalGrids have provokedwidespreadinterest
within thescientificandengineeringcommunityover the
last decade(1). Therearenow many global projectsfo-
cussingon the developmentof Grid middlewareandthe
mechanismsneededby theappliedsciencecommunityto
effectivelyexploit theseinfrastructures(2). Theseprojects
are all being driven by the needsof a diverseapplied
sciencecommunityinvolving both dataandcomputein-
tensive applications(e.g. EU Datagrid,PPDG,Griphyn,
NASA’s InformationPowerGrid).

Heterogeneousresourceswithin theseGridsareforged
into a singlevirtual organisationthroughtheuseof mid-
dleware. TheGrid middlewarecollectsandpublishesin-
formation relating to the resourceswithin the organisa-
tion while providing secureplatformneutralinterfacesto
theunderlyingresources.Globus is onesuchwidely de-
ployed middleware that usesthe MetacomputingDirec-
tory Service(MDS) to hold and distribute information
througha hierarchicalnetwork of MDS server within a
virtual organisation(3). Accessto theresourceswithin a
virtual organisationis controlledthrougha ‘gatekeeper’
which verifiesa user’s identity throughan X.509 public
key certificate.

Thespecification,developmentandstandardisationof
Grid relatedprotocolsis takingplacethroughtheGlobal

Grid Forum(http://www.gridforum.org/), formedthrough
the merging of activities in North America,Europeand
Asia. Its role, through the activity of its researchand
workinggroupsin areassuchassecurity, informationman-
agement,applications,etc., is to provide a collaborative
forum for researchersin industry, computerscienceand
theappliedsciencecommunities.Its meetingsnow attract
severalhundredresearchersfrom aroundtheworld.

Theactivity within theGrid communitycanbecom-
paredto thatwithin theWebcommunityadecadeago.At
thattimetherewasanactiveworldwideresearchcommu-
nity developing competingand incompatibleprotocols,
and innovative functionality within the server andclient
browsers. Coordinationandstandardisationof theseac-
tivitieswasleft by thecommunityto theWorld WideWeb
Consortium(W3C). Since1994it hasguidedthe evolu-
tion of the Hyper-text Markup Language(HTML) and
producedtheseveralnew standardssuchastheExtensible
MarkupLanguage(XML).

Therecentemergenceof businessto businesse-commerce
hasexposedthe limited capabilitiesof existing web pro-
tocolswhenusedto develop higher-level services.Cur-
rently, the division betweenpagecontentandits presen-
tation is frequentlyblurred within HTML encodedweb
pages.TheW3Chasbeeninstrumentalin developingap-
proachesthatenablea clearseparationbetweenthecon-
tent (encodedasan XML schema)and its visual repre-
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sentationusing existing HTML in a browser. This ap-
proachenablesothertools,sayfor thevisually impaired,
to browseandcomprehendthe page. The ability to di-
rectly describethe contentprovided throughthe web is
seenasthefirst stagetowardstheconstructionof theSe-
manticWeb(http://www.w3.org/2001/sw/).

Web serviceprotocolsenablea cleardistinction be-
tweenthecontentandthetransportmechanism.An XML
encodedrequestor responseis encapsulatedin a SOAP
(SimpleObjectAccessProtocol- http://www.w3.org/TR/SOAP)
messageanddeliveredusingHTTP(Hyper-text Transport
Protocol)or someothermechanism.The endpointsand
transportmechanismsto theseservicesaredefinedwithin
WSDL (WebServicesDefinitionLanguage-
http://www.w3.org/TR/wsdl).

This paperdrawson theexperiencesof thewebcom-
munityin building theSemanticWebto illustratetheemer-
genceof a ‘SemanticGrid’. We describethearchitectural
requirementsneededto initiateconstructionof aSemantic
Grid throughour experienceswith theICENI framework
thatis beingdevelopedat theLondone-ScienceCentreat
ImperialCollege.Wealsodescribehow weareextending
ICENI to usea well definedXML derived protocolbe-
tweenits serviceswhichwill allow usto interoperatewith
otherinfrastructuresthroughtheuseof webservices.

2 ICENI

TheImperialCollegee-ScienceNetworkedInfrastructure
(ICENI) has beendevelopedby the London e-Science
Centre(http://www.lesc.ic.ac.uk)as a researchplatform
to meettheneedsof our local appliede-sciencecommu-
nity. It is beingusedto definetheprotocolsnecessaryfor:

� capturinguser intent through the specificationof
executionpolicy andproxy authority(e.g.comple-
tion deadlinesor the restrictionof executionto a
specificsetof resources)

� applicationconstructionby characterisingperfor-
manceandbehaviourondifferentresourcesandmap-
ping to aspecificresource

� resourcecharacterisationby describingits capabil-
ity andusagepolicy

� distributedcollaborative visualisationandcompu-
tationalsteeringof applicationsfrom several loca-
tions

The initial implementationof the ICENI architecture
is baseduponJava andJini. Jini providesa framework
for distributedservicediscoveryandjoining thatis funda-
mentalto any Grid middleware. Existingservicesin the
Jini communityarenotified of the arrival anddeparture
of new servicesthrougha distributed event notification
mechanism.
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Figure 1: Building a public computationaleconomy
throughFederatedResources.

TheICENI architectureis shown in Figure1. It con-
sistsof privateadministrative domainanda public com-
putationalcommunity, bothof whicharederivedfromJini
LookupServers.Resourceswithin a realorganisationare
representedin the privateadministrative domainas Jini
services.Theseresourcesarecharacterisedby an XML
encodedseriesof staticattributes(e.g. operatingsystem)
anddynamicattributes(e.g.queuestatus).The‘resource
manager’canconfiguretheseresourcesremotely(4).

The ‘domain manager’publicisesthe capabilitiesof
theresourceswithin theprivateadministrativedomaininto
severalpubliccomputationalcommunities.Thecomputa-
tional communitiesandtheusageandaccesscontrolpo-
licesfor eachresourcein aparticularcomputationalcom-
munityaredefinedwithin the‘policy manager’.Dif ferent
resourcescan appearwith differentpolicies in different
computationalcommunities.Incomingrequeststo usea
resourcearedelegatedto the ‘identity manager’for veri-
ficationthroughanX.509public key infrastructure.

Theresourceinformationstoredwithin thecomputa-
tionalcommunityis accessby theuserthroughtoolssuch
asthe ‘resourcebrowser’ andis alsoavailableto higher
level servicessuchas the ‘applicationmapper’and ‘re-
sourcebroker’. Theapplicationmapperusesinformation
relatingto theconstructionof theapplicationandits per-
formanceon different resourcesto maximiseits perfor-
manceonasubsetof theseresources(5). Themappingof
anapplicationto asetof resourcesis describedby an‘ex-
ecutionplan’. Theresourcebroker usesthefunctionality
within theapplicationmapperto balancetheexecutionof
a particularapplicationin the computationalcommunity
with otherapplicationsthatarealreadypresentto provide
a globallyoptimalmappingof applicationsto resources.

Theinformationrelatingto theapplication’sconstruc-
tion andtheuser’swishesrelatingto executionareplaced
into thecomputationalcommunityasan‘applicationspec-
ification’ and madeavailable to the other services. As
resourcesare allocatedto the applicationand execution
is initiated the applicationspecificationis updatedto re-
flect this informationandprovidesa contactpoint for fu-
ture interactionwith other services. This could include
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reschedulingas‘better’ resourcesbecomeavailableorcom-
putationalsteeringof theapplication(6).

3 Grid Programming Model

It is impossibletoproscribeaGridprogramminglanguage
on the diverseapplicationswithin the e-sciencecommu-
nity. Likewise, it is difficult to proscribea programming
modelunlessit providestheflexibility to encompassex-
isting legacy applicationsandthosecompatiblewith cur-
rentsoftwareengineeringpractices.

We areprototypinga componentbasedmodelthatal-
lows legacy applicationsto be encapsulatedas a single
componentwith definedinterfaces(7; 8). Our modelal-
lows a component’s interfaceto bematchedto any num-
ber of valid implementations.The decouplingbetween
a componentsinterfaceand implementationallows the
componentto be deployed on the ‘best’ currentlyavail-
ableexecutionplatformswithin a distributedGrid envi-
ronment(9). For example, eachcomponentmay have
severalimplementationssuchasdifferentalgorithms(e.g.
iterativeor directsolvers)for differentplatforms(e.g.So-
laris or Linux) for differentarchitectures(e.g. serial or
parallel). We describethe componentinterface,its im-
plementationsandcapabilitiesthroughCXML - anXML
schemafor Componentapplications(10)

More generally, we define an applicationas a net-
work of linkedcomponentswhereweareableto describe
the frequency anddatavolumeof their interactions.By
combiningour knowledgeof theseinteractionswith in-
formationasto how a component’s implementationwill
behave on a particularplatform,with datarelatingto the
platformscurrentstate,we are able to optimiseits per-
formancewithin a particularpolicy (5). The decoupling
betweenan interfaceandits implementationalsoallows
us, by storingpersistentdataoutsideof the component,
to migrateanapplication’scomponentsto otherresources
duringexecution.

In our model, a usersubmitsa job (as an applica-
tion specification)to the ‘Grid’ by placinga CXML de-
scriptionof theapplicationnetwork andtheuserrequire-
mentsinto thepublic computationalcommunity. Theap-
plicationmappermatchesthecomponentsusedin theap-
plication to the implementationsthat exist within the re-
sourcesin thecomputationalcommunity. Theapplication
network is instantiatedon distributedresourceswith the
bestcomponentimplementationsto maximisea userde-
finedcriteria.Theeffectivedeploymentof theapplication
acrossdistributedresourcesis enabledby the rich meta-
datarelating to the resources,applicationstructureand
implementationsavailableto thehigher-level services.A
componentexpectsto bedeployedinto a local ‘Grid con-
tainer’ thatprovidesaccessto a minimal setof basicser-
vices. Thedetaileddefinitionof thesecontainerservices
is currentlyunderinvestigation.

4 Grid Services

Ourexperienceswith ICENI andotherinfrastructures,such
as Globus, have demonstratedthe needfor a minimum
setof servicesto supporte-sciencewithin computational
Grids. We characterisetheseservicesinto two groups:
low-level servicesthatinterfacedirectly to theunderlying
Grid fabricor provide essentialservicesandhigher-level
servicesutilising theselower-level services.All services
areregisteredwith aRegistryServicein thelocalcompu-
tational communitythat exchangesinformation with its
peersin otherorganisations.

4.1 Registry Service

TheRegistry Service(like the Jini LookupService)pro-
videsa ‘known’ point for informationexchangebetween
clientsandotherservices.The local privateregistry ser-
vice within anorganisationfederatesits internalservices
into a communitywide infrastructurethroughtheactions
of thedomainmanager. Thedomainmanager‘pushes’in-
formationrelatingto capabilityandusagepoliciesof the
local community’sservicesto (potentially)severalpublic
communitywide Registry Serviceswithin different vir-
tual organisations.

Thedomainmanagersandcommunitywide Registry
Servicecanbeviewedaspartof a peer-to-peernetwork.
We intendto usethis structureto propagatethe services
within onecommunityto othercomputationalcommuni-
ties. Propagationcontinueswhile thereis anintersection
betweenthe acceptableuseagepoliciesof servicesfrom
the remotedomainwith the local usercommunity. This
approachshouldensurethatall usersallowedto usea re-
sourcewill have accessto it providing thereis at leastan
indirectlink betweenthetwo communities.Modelling of
this infromationstructureandanexaminationof theser-
vicepropagationdistanceis underway.

4.2 Low-level Services

The local privateRegistry Servicewill containa number
of low-level services:

� ServiceRegister– providesa mechanismfor ser-
vice registration,discoveryandinstantiation

� Authentication– verificationof theuseror hostus-
ing X.509certificates

� Authorisation– expressionof a resources’usage
andaccesscontrolpolicy

� ExecutionResources– invoke a deployedcompo-
nentona resource

� Software Resources– an index of the locally de-
ployedsoftwarecomponents
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� StorageResources– a representationof the stored
files and disk spaceincluding temporarystorage
space

� DataResources–encapsulationof storedstructured
datasuchasvirtual collectionsof flat files or rela-
tionaldatabases

� Networking Resources– a representationof net-
working that canreserve networking bandwidthto
meetan application’s quality of service(QoS) re-
quirements

� MessagingService– reliableandsecuredeliveryof
messagesto otherservices

� Accounting– recordingof resourceutilisationagainst
(potentially)definedquotas

All resourceshaveto beassociatedwith anauthorisa-
tion andauthenticationservicebeforethey canbe used.
The authorisationserviceverifiesthe ability of a userto
usearesourcebeforetheserviceitself is invoked.It should
benotedthatnotall resourcesneedto bepresentwithin a
singlelocal directoryserviceasa remotereferenceto the
servicemaybegiven.

4.3 Higher-level Services

Thehigher-level servicesinclude:

� DataMover – a servicethatfinds the ‘best’ mech-
anismto move a file from onestorageresourceto
another.

� Workflow Processor– managestheexecutionof an
applicationspecificationconsistingof oneor more
componentsdefinedusingCXML

� ComponentRepositoryResource– a repositoryof
deployableGrid components

� ApplicationMapper– to find theoptimaldistribu-
tion of anapplicationovera setof resources

� ResourceBroker – to find themost‘cost-effective’
useof resourcesfor a particularapplicationinheri-
tance

� Bank Accounting – the operationof a computa-
tionaleconomyrequiresasecure‘currency’ abstrac-
tion to allow the operationof banksand userac-
counts

Much of the functionalityprovidedby theseservices
is alreadyunderdevelopmentby ourselves(5; 9) or other
groups. The low-level executionand authenticationin-
frastructurealreadyexistswithin theGlobustoolkit. Re-
sourcebrokershave beendevelopedto supportcompu-
tational economicsthrough projectssuch as Nimrod/G
(11). However, protocolswithin experimentalservicesare

generallypoorlydocumentedinhibiting third partyimple-
mentations.

To improve the transparency betweenthe clientsand
serviceabstractionswithin ICENI all interactionsareen-
capsulatedwithin XML encodedmessages.Our current
XML schemasarebeingexpandedto form a setof inte-
gratedprotocolfor interactionwith otherservices.Wesee
theseprotocolsasbeingstandardisedthroughtherelevant
working andresearchgroupswithin theGlobalGrid Fo-
rum.

5 Web Services within a Grid Envi-
ronment

FutureGrid services,like the networking andfile trans-
fer (FTP)protocolsin usetoday, will beaccessedthrough
protocolswith communitywide acceptance.To enable
interoperabilitybetweendifferent implementationsit is
importantthat theseprotocolsbeopen,self-documenting
andextensiblewheneverpossibleto allow innovationfrom
within the community. The web serviceprotocolsbeing
developedwithin theW3Candotherindustrybodiespro-
vide a definedstructurethat encapsulatestheserequire-
ments.

Currentwebservicesaredefiendthroughmultiplepro-
tocols.An XML syntaxSOAP definesanenvelopestruc-
turewith a definedheaderandbodycontainingtheuser’s
messagein XML. WSDL specifiesthe ‘endpoints’ and
deliverymechanismfor aparticularSOAPmessage.WSDL
definedservices(andothermeta-data)mayberegistered
within a community through the UDDI (UniversalDe-
scription,DiscoveryandIntegration- http://www.uddi.org)
schema.Otherorganisationsareableto searchthemeta-
datawithin aUDDI repositoryto find thedesiredservices.

Thismechanismfor serviceregistration,discoveryand
usageusingweb protocolsis similar to the useof MDS
within Globus and the Jini Lookup Server in ICENI. A
currentconcernwith a UDDI repositoryof webservices
is the apparentassumptionof servicestability. Both the
Jini and MDS mechanismsrecognisethat the Grid is a
dynamicenvironmentandthatserviceswill appear, disap-
pearandpossiblyreappear. TheMDS architecturespeci-
fiesthefrequency of updatesandthedurationof their va-
lidity. Jini servicesaremadeavailablefor aperioddefined
in its ‘lease’. A leasemayberenewedwhile theappear-
anceanddisappearanceof Jini servicescanbepropagated
to otherservicesthroughaneventmodel.

It is not clear if protocolssuchasUDDI areableto
reflectthe dynamiccompositionof the Grid. Additional
house-keepingprocessesmay be neededto ensurethat
theUDDI registry containsonly active services.Our ap-
proachis to developa hybrid architecturethatretainsthe
flexibility of the Jini servicemodelwhile ensuringcom-
patibility with othewebservicesinfrastructure.

TheexistingclientandserverinteractionthroughXML
encodedmessageswithin ICENI is retainedalong with
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the Jini servicediscovery mechanisms.The ICENI ser-
vices are madeavailable to clients using a web service
protocol througha proxy embeddedwithin an applica-
tion server. SeeFigure2. Both the internal ICENI and
SOAP encodedwebservicesmessagesusethesameXML
schemato describethemessagecontent.

6 The Semantic Grid

TheGrid middlewarenow beingdevelopedto supporte-
Sciencewithin the UK andelsewhereis evolving into a
service-orientedarchitecturebuilt uponstandardwebpro-
tocols suchas XML, SOAP, WSDL and UDDI. While
developingprotocolswithin sucha framework promotes
interoperabilitythereis no certaintythat theseprotocols
will alwaysbeunderstood.It is here,we feel, thata Se-
manticGrid will startto developasservicesbecomeca-
pableof discoveryandself-organisation.

Tim Berners-LeedefinestheSemanticWebas‘an ex-
tensionof thecurrentwebin which informationis given
well-definedmeaning,betterenablingcomputersandpeo-
ple to work in cooperation.’ (12). Likewise, theSeman-
tic Grid canbe describedasan ‘extensionof the current
Grid in which information and servicesare given well-
definedmeaning,betterenablingcomputersandpeopleto
work in cooperation’.In suchanenvironmentit is essen-
tial that informationrelatingto theneedsof theuserand
their applications,and the resourceproviders and their
networking,storageandcomputationalresourcesall have
easilydiscoveredanddefinedmeaningthat canbe used
by higher-level servicesto effectively exploit theGrid.

Thedevelopmentof theseservice-orientedontologies
will enablecompatibleservicesto autonomouslybuild
thelargecomplex distributedcomputingenvironmentthat
constitutesthe Grid. Fundamentalto this goal is the ex-
pressionof Grid servicesthroughwell definedprotocols.
Fromtheseprotocolswe areableto understandthecapa-
bilities of the serviceand,potentially, reasonas to how
it can interactwith other servicesto meetthe needsof
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WSDL
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Figure 2: ExtendingICENI to supportinteractionwith
webservices.

the users. This reasoningcan take placeat several lev-
els, from servicecompositionandapplicationassembly
to the representationandexploitationof knowledgegen-
eratedthroughdataandcomputationservices(13). The
mechanismsfor exploiting the serviceand dataontolo-
gies within the SemanticGrid may rangefrom simple
schedulers,applicationmappersandresourcebrokersto
sophisticated,autonomous,mobileandintelligentagents.

7 Conclusions

ComputationalGridsaredemonstratinga convergenceof
many existing areasof computerscienceresearch.The
high performancecomputingcommunityaredeveloping
new algorithmsto supportheterogeneouswideareacom-
putationbetweendifferentsupercomputers.Applications
arehaving to deploy to new resourcesexpectingonly the
servicesavailablewithin a ‘standardcontainer’environ-
ment. Usersandapplicationsarediscoveringdistributed
resourcesandservicesmaintainedthrougha network of
peer-to-peerdirectoryservices.Theautonomousdiscov-
ery andassemblyof a Grid environmentfrom the avail-
ableservicesis reducingthecomplexity involvedin con-
structinga complex softwareenvironmentwhile improv-
ing robustnessthroughmultipleservices.

We considerthe movementtowardsa SemanticGrid
(at boththeserviceandknowledgelayers)asessentialin
simplifying the effective utilisation of sophisticateddis-
tributedservices.Thedescriptionof theseservices(using
existing web-serviceprotocols)will enabletheir intelli-
gent compositionandexploitation with minimal human
interaction. The transparentandoptimal delivery of so-
phisticatedcomputationalanddataservicesto theapplied
sciencecommunitywill bekey to thesuccessfuladoption
of e-science.

We have shown how ICENI will continueto useJini
asa registrationandservicediscovery mechanismwhile
exposingits functionality within a web servicesframe-
work to promoteinteroperabilitywith other infrastruc-
tures. The XML schemasgoverningthe interactionbe-
tweendifferent ICENI serviceswill continueto be de-
velopedand encapsulatedwithin SOAP for use by the
webservicesinterface.Serviceswithin ourcomputational
communitieswill bepropagatedto otherorganisationsthrough
a peer-to-peermechanism.
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