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Abstract

In this work we present preliminarystudyof theissuessurroundinghe developmentof SeachEnginesfor Grid
ervironments. We discussthe needfor Grid SearchEngines,that would enablethe provision of a variety of Grid
informationservicessuchaslocatingusefulresourceslearningabouttheir capabilities andexpectedconditionsof
use.The Chapterhighlightsthe mainrequirementgor the designof Grid searchenginesandtheresearchssueghat
needto beaddressed.

1 Intr oduction

The Grid is emeging as a wide-scale distributed computinginfrastructurethat promisesto supportresourceshar

ing and coordinatedproblem solving in dynamic, multi-institutional Virtual Organisationg45]. In this dynamic
andgeographicallydispersedsetting,Information Servicesareregardedasa vital componenbf the Grid infrastruc-
ture[35, 55]. InformationServicesaddresshe challengingproblemsof the discovery andongoingmonitoringof the
existenceand characteristicef resourcesservices,computationsand other entitiesof valueto the Grid. Ongoing
researctanddevelopmentefforts within the Grid communityare consideringprotocols,modelsand API's to provide
aninformationservicesdnfrastructurghatwouldallow ef cient resourceliscoreryandprovisionof informationabout

thoseresource$35, 49, 55|.

Thisresearctwork is carriedout underthe FP6Network of ExcellenceCoreGRIDfundedby the EuropearCommissionContractiST-2002-
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However, the identi cation of interestingand useful (in the users contet) informationaboutthe Grid canbe a
dif cult taskin the presencef too mary, frequentlychanging highly heterogeneouslistributed,andgeographically
spreadresources.Equally dif cult is the integration of information aboutdifferentaspectwof the Grid (hardware
resourcesdataand software, policies, bestpractices)in orderto answercomplex userqueries. The provision of
information-servicegomponentsascurrently ervisagedby the Grid community is a rst steptowardsthe ef cient
useof distributedresources.Neverthelessthe scaleof the ervisagedGrids, with thousandgor millions) of nodes,
would alsorequirewell de ned rulesto classifythe degreeof relevanceandinterestof a givenanswerto a particular
user If onedraws on the experiencefrom the World Wide Web (arguably, the world's largestfederatednformation
system) ef cient searchingor informationandservicesn suchan ernvironmentwill have to be basedon advanced,
sophisticatedechnologieghat are automatic,continuous cancopewith dynamicchangesandembodya notion of
relevanceto ausersrequestin the contect of theWWW, thisroleis ful lled by searchengineq27].

Thevision of this paperis thatthetechnologydevelopedaspartof web searchengineresearchalongwith appro-
priateenhancement® copewith the increaseccompleity of the Grid, could be usedto provide a powerful tool to
Grid usersin discoveringthe mostrelevantresourceso requestghatthey formulate. Thus,our primary objectve is
to studyissueertainingto thedevelopmenibf searctenginedor the Grid. Theremaindeof this paperis organized
asfollows: Section2 presentour vision for the functionality androle of Grid searchengines. Section3 sureys
Grid informationsourcesi.e., middlevarecomponentshatmanageGrid-relatednformation. In Section4 we exam-
ine efforts to dealwith the lack of standardsn encodingandrepresentingnformationprovidedby Grid information
sourcesSections present®penproblemsthatneedto be addresseih orderto build searchenginedor the Grid. We
concluden Section6.

2 Vision Statementand Scenariosof Use

TheGrid comprisewverylargenumberof heterogeneougsourceslistributedacrossnultiple administratve domains
(sites)andinterconnectedhroughan opennetwork. Resource®elongingto oneadministratve domainare usually
interconnectedia a local network whoseperformanceproperties(bandwidth,lateng) are substantiallybetterthan
thoseof the Internet. Coordinatedsharingof resourcespanningacrosamultiple sitesis madepossiblein the context
of Virtual Organizationg45]. A Virtual Organizatiorprovidesits memberswvith accesdo a setof centralmiddleware
servicesthat exposehigh-level functionalities,suchas resourcediscovery, inquiry, and job submission. Through
thoseservicesthe VO offers somelevel of resourcevirtualization, exposingonly high-level functionalitiesto Grid
applicationprogrammersndend-usersAdditionally, the VO centralservicesnaintainandpublishinformationabout
resourcecapabilities supportedsoftware,available les anddata-setsetc.

In Figure 1, we provide a graphicaldescriptionof the basicaspectof a VO comprising ve sitesinterconnected
via Internet. Eachsite makes availableto the VO a rangeof hardware resources:supercomputerdgomogeneous
and heterogeneouslusters large databasesand specialdevices. In additionto hardware resourcesVO sitesmay
contribute applicationsoftware and services, les, anddataarchves. The establishmenof the VO is supportecby
Grid middlewarethatrunsacrossll sites,allowing themto export serviceinterfacesfor local resourcediscovery and
inquiry, job submissionsoftwareinvocation, le accessetc. Secureaccesdo thoseserviceinterfacesis guaranteed
by the Grid securityinfrastructurewhich dealswith issuessuchasauthenticationauthorizationandaccessontrol.
Grid userscanrequestesource$rom andsubmitvarioustypesof jobs(e.g.,work o ws, parametricsimulations)o the
Virtual Organizatiorthroughits centralserviceghatprovide portal-base@ccesstesourcérokeragejob submission,
monitoringandcontrol.

The world-wide Grid canbe consideredasthe collectionof multiple Virtual Organizations.Differentsitesmay
usedifferentmiddlewvare platforms(e.g.,Globusand UNICORE) in orderto connecttheir resourcedo the Grid. A
siteenteringthe Grid may*“open” its resource$o oneor moreVOs,with VO membershighangingdynamicallyover
time.

In sucha context, we considera searchenginefor the Grid as a systemthat facilitatesthe provision of a wide
rangeof informationservicego Grid usersjn a mannettransparento the particularcharacteristicef the underlying
middleware.A Grid searchengineis notintendedo actassubstituteto existing Grid servicedor resourcaliscovery,
resourcenquiry or job submissiorontheGrid. Insteadjt is expectedo beahigh-level entrypoint for usersto locate
usefulresourcedgarnabouttheir capabilitiesexpectedconditionsof useandsoon, provideauni ed view of resource
informationdespitethe existenceof differentmiddlevaresystems.This way, userscanpinpointanappropriatesetof
Grid resourceshatcanbe employedto achiere their goals,beforeproceedingvith stagingandsubmittingtheirjob or
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Figurel: A view of the Grid architecture.

invoking a Grid service.
For example,a Grid searchengineshouldbe ableto answermueriedooking for informationabout:
(i) Hardwareresource®nthe Grid, their attributes,andapplicablepoliciesof their use;for instance:

Find anaccessibl€ray XT3 supercomputewith free secondargtorageof atleast10 petabytes.

Is therea VO providing exclusive accesso a shared-memorynultiprocessosystemwith atleast16 processors,
8 GB of mainmemory anda usagechage of not morethan100eurosperCPUtime?

Findtheaccessandpricing policiesof aVVO with Linux clusterswith atleast64 dual-processanodesconnected
via Myrinet.

(ii) Applicationservicessoftware,anddata-setsfor instance:
Find Grid sitesproviding accesdo the LAPACK softwarelibrary.
Locatebioinformaticswork o wsusedin AIDS research.
Find freely availablebrainimagesencodedn DICOM.
Find servicegunningQuantumChromo-DynamicgalculationdQCD) usingF90andMPI.
Providealist of VOsthatgive accesdo dataandinformationaboutlandslides.
List the capabilitiesof virtual reality Grid servicegprovidedby the Foundationof the HellenicWorld.
Find work o ws anddatasetsisedin the studyof thethyroid disorder
(iii) Hardware-softvarecombinations(Grid usageandbest-practicedpr instance:

LocateGrid sitesthatoffer accesdo a LAPACK softwarelibrary installedon a shared-memorynultiprocessor
with 16to 64 processors.

Find the pricing andprior clientelleof Grid serviceghatprovide accesgo the XYZ work o w for real-timeoil
re nery simulations.

LocateGrid sitesthatparticipateto the International attice DataGrid andhave Beowulf clusters.
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Find Linux clusterswith 32to 64 dual-processanodeson a 2-hournoticeandhave a documentedeliability of
morethan95%.

Locateclusterswith installedLAPACK librariesanda high-speedetwork connectiorto GEANT of morethan
36 MBps.

Locate Lattice-Boltzmansolvers adaptedfor blood- ow simulationson Linux clustersand approved by the
British Medical Association.

List VOsfor AIDS researchhatsupportadvanceresenationof resourcesvith lessthan1 hournoticeandhave
accesdo Institut PasteurXYZ database.

3 Information Sourceson the Grid

Currently a variety of Grid-middlevarecomponentgollect,store,andpublishcollectionsof informationthatcanbe
usefulto Grid systemsandusers.Thesecollectionsinclude:

Information describingthe capabilities,the operation,the status,the pricing, and the usageof hardware re-
sourcesavailableonthe Grid.

Metadataaboutservicesdeplojedonthe Grid, suchasdescription®f functionalityandinterface guidelinesor
invocation,andpoliciesof use.

Metadataegardingdataandsoftwae repositoriesleplojedontheGrid, describingheir organizationcontents,
semanticsandrelevantpoliciesof accesanduse.

Job manajementinformation regarding jobs deployed on Grids: their compositionin termsof software or
servicecomponentstheir mappingto hardwareandnetworking resourcestheir cost,etc.

The Grid middlewvare componentghat maintainsuchinformation are characterizeds Grid information and/or
monitoringservicesalthoughthe boundariedbetweerthesetwo cateoriesarenot clearly de ned. Typically, a Grid
informationservice(GIS) is a core componentf a Virtual Organizationdesignedo collectandprovide information
thatis essentiato the operationof the VO's infrastructure. GIS's maintaina variety of information, suchas static
representationsf Grid-resourcecharacteristicsgescriptionsof existing services software, applicablepolicies,and
useraccounts;and dynamicrepresentationsf resourcestatus,performance and availability. This informationis
storedundera commondatamodel andis madeavailable to other sub-systemsnd end-userghrougha common
protocolandAPI [34, 35, 41].

A monitoring service,on the other hand, is usually designedto monitor the statusof a speci c type of Grid
resource®r Grid applications.Most monitoringservicesareoptimizedto produceandprocesdrequentlychanging,
dynamicinformationcollectedfrom Grid subsystemsr applicationg64, 46]. Several monitoringsystemsprovide
also ltering andstatisticalprocessingnoduleshatproduceandpublish“*summary”informationaboutthe monitored
resources.

Grid-relatedinformationis alsocollectedand maintainedby a variety of Grid-middlevaresub-systemsr Grid-
applicationcomponentsbesidesG1S and monitoringservices:job managemennformationis typically maintained
by resourcebrokers, work o w engines,Jogging seners, etc. Information aboutdatarepositoriescan be found in
data-gridservicessuchasreplicacataloguesyirtual le systemsandapplication-speci adataarchives.Thedifferent
information sourcesdescribedabore employ a variety of datamodels,formats, and encodingsfor the storageof
information. Someof them, also make their dataavailableto third-parties(i.e., to otherservices,administratorsor
end-userspy providing supportfor binding,discovery, andlookupthroughavariety of protocolsandquerymodels.

3.1 Grid Information Sewices

3.1.1 Globus

MDS2.x: Theinformationservicesof Globus2 [43] areprovidedby the MonitoringandDiscovery Servicg(MDS2.x)
(formely known alsoasMetacomputingDirectory Service)[35, 41]. Thegoalof MDS2.xis to allow usersto query
for resourcesdy nameand/orby attribute, suchastype, availability or load. Suchqueriescould be of the sort of
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“Find a setof Grid nodesthat havea total memoryof at least1TB and are interconnectedy networksproviding a
bandwidthof at least1MB/se¢ or “Find a setof nodeghat provideaccesgo a givensoftwae padkage, havea certain
computationatapacity and costno more thanx,” andsoon. Theimplementatiorof MDS2.xis basedon distributed
Directoriesandthe LightweightDirectory AccessProtocol(LDAP) [57, 60, 63].

UndertheMDS2.xapproachinformationaboutresourcesntheGrid is extractedby “information providers; i.e.,
software programghat collectandorganizeinformationfrom individual Grid entities. Informationprovidersextract
information eitherby executinglocal operationsor contactingthird-partyinformationsourcessuchasthe Network
WeatherService[62] and SNMP Extractedinformationis organizedaccordingto the LDAP datamodelin LDIF
formatanduploadednto LDAP-basedsenersof the Grid ResourcdnformationService(GRIS)[14, 60]. GRISis a
con gurableframework providedby Globusfor deploying coreinformationprovidersandintegratingnew ones.

GRIS seners supportthe Grid Information Protocol (GRIP), an LDAP-basedprotocol for discovery, enquiry
andcommunicatior35]. GRIS senerscanregisterthemselesto aggreatedirectoriesthe Grid Index Information
ServiceqGlIS). To this end, they usea soft-stateregistrationprotocolcalled Grid RegistrationProtocol(GRRP).A
GIIS canreplyto queriesssuedn GRIP. Moreover, a GlIS canregisterwith otherGlIS's, thuscreatinga hierarchyof
aggreyatedirectoryseners.End-userganaddresgjueriesto GlIS's usingthe GRIP protocol.

MDS3: The Information Servicesof Globus have beenre-designedn the contet of the Globus Toolkit 3 (GT3.2)
releasewhich representa rst implementatiorof the OpenGrid ServiceArchitecture(OGSA) [44]. UnderOGSA
andGlobhus 3, everythingis representedsa persistenbr atransieniGrid service a Grid serviceis a Web servicethat
compliesto certaininterfaceandbehavioral conventions.Grid-serviceinterfacescorrespondo the portType concept
of the Web ServicesDescriptionLanguaggWSDL) andare usedto managethe lifetime of Grid-serviceinstances.
Every Grid servicehasaparticularsetof associatedervicedata the ServiceData Elementg8], which arerepresented
in astandardizedvay.

The MDS3 componenbf Globus 3 is a broadframework thatincludes‘any partof GT3 thatgeneratesiegisters,
indexes,aggrayates subscribesmonitors,queriesor displaysServiceDataElementsn someway” [7]. At thecore
of MDS3 lies the Index Service which is oneof the baseservicesof GT3.2. The Index Serviceof MDS3 provides
the functionality of the MDS2.x GIIS, wrappedarounda Grid-serviceinterface. In particular the Index supports:
(i) the creationandmanagementf dynamicservicedatavia service-datgprovider programs (ii) the aggreyationof
servicedatafrom multiple Grid serviceinstancesand (iii) the registrationof multiple Grid serviceinstances.The
contentof thelndex Servicecanbe accesselly the GT3.2ServiceData Browser Index Servicecontentanalsobe
gueriedthrougha command-lingnterfacethatallows queriesbasedn service-dat&lementnamesor throughXPath
expressions.

Both MDS2 and MDS3 do not specify how entitiesare associatedvith information providers and directories,
whatkinds of informationmustbe extractedfrom complex entities,andhow differentindexescanbe combinedinto
complex hierarchies.Anotherimportantissueis whetherinformationregardingGrid entitiesthatis storedin MDS
directoriesor XML repositoriess amenablego effective indexing. Finally, asthe Grid scalesto a large federation
of numerouddispersedesourcesresourcediscosery and classi cation becomea challengingproblem[49, 36]. In
contrastto the Web, thereis no global, distributedandsimpleview of the Grid's structurethatcould be employedto
drive resourcediscovery andoptimizerepliesto userqueries.

3.1.2 UNICORE

The UNICORE Grid systemis a setof vertically integratedsoftware componentsiesignedo supportthe creation,
manipulationandcontrolof complex batchjobsdispatchedo heterogeneousystemsincludingsupercomputerf89].
The UNICORE softwarearchitecturecompriseghe UNICORE client, the Gatavay, the Network JobSupervisorand
the Target Systeminterface[39]. Thede nition of a UNICORE job andits resourcaequirementgarerepresenteds
an Abstract Job Object(AJO), which is a collectionof serializedandsignedJava classes.The AJO is submittedby
a UNICORE client to a selectedJNICORE site throughthe Gatevay componentissociateavith thatsite; typically,
one site comprisesseveral Target Systems. The Gatevay passeghe AJO to a NetworkJob Supervisor(NJS) of a
selectedramget System.The NJStranslateshe AbstractJobinto a speci ¢ batchjob for theassociatedarget System
(aprocesgalled“incarnation”);to thisend,it consultdts IncarnationDatabasgIDB) thatcontaingnformationabout
Target Systemresourcesandhow to run jobs on them. Furthermorethe NJS usesstaticinformationabouta Target
Systems resourcedn orderto make surethattherequestedesourcesreavailableandcomplyto the TS's policiesof
use.A NJScanalsooperateasawork o w engineby passingsub-AJOgo the NJS' of peersystemsMore elaborate
resourcebrokerages providedby the EuroGridresourcebroker, which wasdevelopedin the context of the EuroGrid
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project[4]. TheEuroGridbroker extendsNJSwith a Local Resouce Cheder thatchecksthe availability of resources
on aparticularsite or delggateschecksto broker agentsat remotesites[32].

In summarytheinformationservicefunctionalityof UNICOREis providedin partthroughtheNetwork JobSuper
visor andthe EuroGridbroker. UNICORE usershave indirectaccesso this functionalitythroughthe JobPreparation
Agentandthe Job Monitor Controllerof the UNICORE client. Informationaboutresourcesaindjobs, however, is
neitherreadily availableto third-party systemanor s it storedin an openformat. Theseissueshave beenpartly ad-
dressedn thecontet of the GRIP project[10, 40], which hasinvestigatedheinteroperabilitypetweerlJNICOREand
Globus. The GRIP projecthasdevelopeda broker thatcancontactboth the EuroGridbroker and Globusinformation
servicedn orderto locateandresene resourcesor job executionacrossGrid infrastructuregstablishediponGlobus
2 andUNICORE.GRIPhasalsointegratedGrid servicesnto UNICORE[51], publishingresourceénformationstored
in NJSandIDB throughGrid-serviceinterfaces.

3.1.3 R-GMA

R-GMA is aframeawvork thatcombinesmonitoringandinformationservicesbasedn therelationalmodel[17, 34]. It
hasbeenbuilt in the context of the EU DataGridprojectandimplementsthe Grid Monitoring Architecture(GMA)
proposedby the Global Grid Forum. In brief, GMA modelsthe informationinfrastructureof the Grid usingthree
coretypesof components(i) produces provide information;(ii) consumesrequesinformation;(iii) asingleregistry
mediateghe communicatiorbetweerproducersandconsumer$l?, 64].

R-GMA implementswo specialpropertiescomparingto GMA. Consumersandproducersandletheregistryin
a transparentvay; thus, aryone using R-GMA to supply or receie information doesnot needto know aboutthe
registry. In addition,all the informationappearsasonelarge relationaldatabasendcanbe queriedassuch. In the
currentimplementationthe databasés not distributed.

R-GMA canbeusedasa standalon&rid Informationservice assumingnformationprovidersandconsumersise
the R-GMA APIs. Sometoolsareavailableto supportMDS2 informationprovidersandconsumersit the expenseof
performanceAlthoughthe systemhasthe potentialfor scalability this remaingto bedemonstrated.

3.2 Grid Monitoring Systems

In orderfor Grid Information Servicesto addresausers needsin locating resource®f interest,they mustcollect
informationregardingthe statusof grid resourcesthis processs known asmonitoring. A humberof Grid monitoring
systemsare availableto provide supportwith a variety of interestingto monitor entities. A detailedpresentatiorof
thosesystemsis beyond the scopeof this paper For this purpose,we refer to a recently publishedtaxonomyof
suchsystemg64], which wasbasedon the Grid Monitoring Architectureput forward by the Global Grid Forumto
encouragealiscussiorandimplementations.The taxonomyis basedon the systems provision of GMA components
andclassi essystemsdn four levels. The mostinteresting ndings from this study which are also pertinentto the
scopeof this paper arethat existing systemdendto have overlappingfunctionality; interoperabilityproblems while
theissueof scalabilitydoesnot appearto be well addressedsomepreliminarywork towardsa scalablemonitoring
frameawork for aworldwide Grid hasbeenpresentedn [65].

3.3 Grid Job ManagementSystemsand Logging Services

Thesubmissiorof acomputationajob to the Grid requireghedescriptiorof informationaboutthatjob'srequirements
in termsof requiredresourcesge.g.,numberof processoranainmemory) thelocationof les, etc. Currently anumber
of language$or submittingcomputationajobsto resourcesxist: theGlobusResourceépeci cationLanguaggRSL),
Condors ClassAds,and the EU-DataGridJob DescriptionLanguage(JDL). In orderto facilitate interoperability
efforts are currentlyundervay, by the JISDL Working Groupof Grid Forum, to de ne an abstracsstandardanguage
(theJDSL),which would encompasthe commonfunctionalitiesof a numberof widely usedbatchsystemg12].
Summaryinformationaboutjobs submittedto andrunningon the Grid arecollectedandmaintainecby services,
suchasthe LoggingandBook-keepingService(LB) developedby the EuropearDataGridproject[6]. Loggingdata
provide summaryinformationaboutjobs submittedto the Grid. Book-keepinginformationis dynamicandrepresents
the currentstateof arunningjob. Thearchitectureof DataGrids LB sevice comprisedocal deamonglocal loggers),
which are responsibldfor acceptingmessagefrom ResourceBrokers and Job Managersvia a producerAPI, and
for passingthosemessagesiown to an inter-logger process. The inter-logger forwardslogging messageso the
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book-keepingandlogging senersfor storageandpublication. Eventmessagesf the LB serviceareencodedn the
UniversalLogger Messagegormat [23]. LB informationis presentedas attribute-value pairs. Logging and book-
keepinginformationdescribeshingssuchasidenti cations of usersandjobs,runningjobs,input andoutputdata,job
state,andrequiredresources.

3.4 Data and Metadata Sewices

Managingthe vastamountsof datasetsthat are handledby several applicationsmay imply the existenceof some
structureddatamanagemensupportmechanism&nd/orsomemetadataor other descriptie information aboutthe
data. Differenttypesof metadatanay exist: somemetadatanay describephysicalpropertiesof the dataobjectsor
even of the databasethat may be used;other metadatamay describecontent(often by meansof an ontology)that
allows datato beinterpretedpthermetadatanaydescribeprovenanceWork on dataandmetadataervicesonly now
beginsto emepge. Ongoingwork by the OGSA-DAI project[16] hasledto thedevelopmenbf aGrid-enablediatabase
serviceto provide consistenaccesgo databasenetadataandto interactwith databasesn the Grid; this servicehas
beenusedby OGSA-DQPa service-basedistributedqueryprocessofor the Grid [20]. In otherwork, a Metadata
CatalogServiceto storeandaccesslescriptve metadatdiasbeenpresentedn [56], while a ReplicalLocationService
for metadatanformationrelatedto datareplicationhasbeenpresentedn [33].

4 Information Modeling

The informationsourcesdescribedn the previous sectiondo not follow a standardnodelor a commonschemdor
organizingandrepresentingnformation. Consequentlyit is dif cult to establisitheinteroperatiorbetweerdifferent
Grid platforms. Moreover, the lack of commoninformation modelsand standardsnakesit practicallyimpossible
to achieve the automatedetrieval of resourcesservices software,and data,andthe orchestratiorthereofinto Grid
work- o wsthatleadto the solutionof complex problems.

The needto have common,platform-independenstandarddor representingsrid-relatedinformationhasbeen
recognizedndis currentlythe subjectof a numberof projectsandworking groups.Theseefforts have beentriggered
primarily by the needto enablethe interoperabilitybetweenlarge, heterogeneoumfrastructureq10], and by the
emegenceof OpenGrid Serviced42, 44).

4.1 Standardizing resourceinformation

One of the earliestefforts in that direction camefrom the DataTAG [2], iVDGL [11], Globus[7], andthe Data-
Grid [6] projects,which collaboratedo agreeupon a uniform descriptionof Grid resources.This effort resulted
to the Grid Laboratory Uniform Environment(GLUE) schemawhich comprisesa setof informationspeci cations
for Grid resourceghat are expectedto be discoserableand subjectto monitoring[25]. GLUE representsn ontol-

ogy thatcapturesey aspectof the Grid architectureadoptecby large Grid infrastructuresleployed by projectslike

DataGrid[6], CrossGrid[5], the Large HadronCollider ComputingGrid (LCG) [13], and EGEE[3]. GLUE uses
theUni ed ModelingLanguaggUML) to describethe structureof its ontology InformationaboutGLUE entitiesis

encodedn termsof namedobjectscomprisingattribute-value pairsthat describepropertiesof the supportecentities
(e.g.,the URI of a service,a uniquelD of a resourceapplicablequotasin resourceuse). Objectsaredistinguished
into auxiliary, which carryactualinformation,andstructural, which actascontainerdor otherobjects.Currently the

GLUE schemahasbeenmappedinto threedifferentdatamodels: LDAP, relational,and XML [24]. Thesemodels
have beenadoptedrespectiely by several deploymentsof MDS2.x, RGM-A, andMDS3, in projectslike DataGrid,
LCGO,andLCG1[21].

The GLUE ontologydistinguishegwo classe®f entities:systenresourcesindserviceghatgive accesso system
resourceslnformationaboutsystenresoucesis organizechierarchicallyandsupportghefollowing entities:clusters,
sub-clustersand nodes. Hostsareindividual computemodesproviding processingpower. Clustes are collections
of hostsbelongingto the sameadministratve domain(site) andlinked togetherthrougha local-areanetwork. Sub-
clustes aresub-setof homaeneousoststhatbelongto the samecluster[9]. GLUE v1.1includesalsoentitiesfor
physicalandlogical storagespace:Stotage Libraries arecomputerghat make storagedevicesaccessibldo the Grid
(disks,tapes,etc.). Storagehostedon a storagdibrary is organizedasa collectionof logical Storage Spaceseach
StorageSpacehasits own policiesof useandaccesg9]. The GLUE speci cationincludesalsotwo serviceentities
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representinghe Computingand the StorageElementservicesof the DataGrid architecturethat provide accesgo
respectie systenresourcesTheComputingelementepresenttheentrypointinto aqueueingystenthatis attached
to somecluster The Storage Elementhandlesle transfersn andout of someStorageSpace usingcommunication
protocolslike GridFTP[9].

Developmentandrevisionsof the GLUE schemeacontinuein the contet of the EGEE project[3], focusingpri-
marily on issuessuchasthe de nition of an entity describinggenericservicesthe clari cation of storageresource
attributes, the representatiorf relationshipshetweenComputingand StorageElements,and the representatiomf
network resources.

4.2 Standardizing job-relatedinformation

Goingbeyondthe standardizatiomwf resourcesndservicesa numberof recentefforts aretrying to devise common
informationrepresentationfor the structureandthe statusof jobs runningon Grids. For example,the Job Submis-
sionDescriptionLanguageNorkgroupof the GGF (JSDL-WG)[12] developsthe speci cationof the Job Submission
DescriptionLanguage, an XML Schemdor describingcomputationabatchjobs andtheir requiredexecutionervi-
ronments.Ideally, batchjobsdescribedvith ISDLwill be submittedto a computationalGrid of heterogeneousatch
systemghat cantranslateo andfrom this abstracstandardanguage.JSDL documentswill includeall information
thatis neededy a Grid job submissiorsystem suchastheresourcaequirement®f a batchjob, the locationsof its
inputandoutput les, thetechniquesisedfor stagingthose les, andbasicdependencieletweerjobs[26].

Another effort, led by the CIM Grid SchemaMNorkgroupof the GGF [1], seeksto standardizeéhe information
that could be publishedby Grid scheduleraboutthe characteristicand statusof Grid jobs submittedfor execution.
This workgrouphasadoptedhe Commoninformation SchemgCIM) of the Distributed ManagementTask Force's
(DTMF). CIM is a conceptuainformation modelintroducedby the DTMF to facilitate the managemensof com-
plex, multi-vendor heterogeneousystemsnetworks, applications andserviceq38]. CIM usesan object-oriented
modelingapproacho describethe contentsandstructureof anontologyof IT elementsn termsof objects,classes,
propertiesmethodsandassociationslt consistof a speci cationthatdescribes modelinglanguageandsyntaxfor
de ning “real-world” managedbjects(the ManagedObjectFormat),a managemenéchem&or managedbjects,a
protocolthat encapsulate€IM syntaxand schemao provide accesgo thoseobjects,anda compliancedocument
for interoperabilitybetweenvendorimplementations.Basedon CIM v.2.8,the GGF CIM workgroupof GGF has
proposeda Job SubmissionnterfaceModel (JSIM) to describethe structureandattributesof batchjobs thatrun on
Grid infrastructure$58].

Finally, the needto provide basic Grid-job accountingand resourceusageinformationin a commonformatis
addressety the UsageRecord(UR-WG) [18] andthe ResourcdJsageService(RUS-WG)[19] workgroupsof the
GGF Theseworkgroupshave startedworking towardsthe proposalof XML schemashatwill describeaccounting
informationin a generalplatform-independentyay.

4.3 SemanticModeling

Becauseof the lack of a global scheméor Grid information,severalresearcherareinvestigatingthe applicationof

semantidVebtechnologiessanalternatve for bridgingthe gapthatexistsbetweennfrastructuresvith incompatible
information schemas.One of the earlier efforts camefrom the GRid InteroperabilityProject(GRIP) [10]; GRIP
introducestwo ontologiesrepresentinghe structureandattributesof UNICORE and GLUE resourcestespectiely.

Theseontologiesaredescribedn XML andfed into atool that supportghe semi-automati@ssociatiorbetweenhe
two ontologies. This associatioris usedfor the mappingof resourcerequestdo hardwareresourceghat belongto

GlobusandUNICOREIinfrastructure$31].

A similar approachfor the developmentof an ontology-basedesourcematchmakr is describedn [59]. The
systemcomprisesa matchmaler, which consistsof threecomponents(i) anontologiescomponentwhich represents
the domainmodel and the vocahulary for expressingresourceadwertisementsand resourcerequests{ii) a domain
backgrounknowledgecomponentontainingrulesthatexpressaxioms,which cannotbe expressedvith anontology
language(iii) a setof matchmakingules,which de ne the matchingconstraintdbetweerrequestandresourcesnd
areexpressedn arule-basedanguage.An ontologyeditoris usedfor the developmentof threedomainontologies
for resourcestequestsandapplicablepolicies;theseontologiesaredescribedvith the RDF-Schemapeci cationof
W3C[29]. Matchmakings conductedvith the help of a deductie databas¢59].
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SemanticWeb technologieshave beenproposedas a platform for the discovery of information aboutsoftware
and servicesdeployed on the Grid. An early approachcomesfrom the ICENI projectin UK, which focuseson
the semanticmatchingbetweenGrid servicesand servicerequestsn an autonomiccomputingcontext, even when
requestandresourcesre syntacticallyincompatible[48]. To this end,the ICENI projectproposeghe conceptof a
metadataspacd48]. Thisis anervironmentdistinguishedrom the spaceof Grid servicesandresourcaequestsThe
metadatapacehostsGrid-relatedsemantianetadatapublishedanddiscoveredthroughstandargrotocols.Published
metadatacanbe classi ed into: (i) implementatiormetadatagxtractedfrom semanticannotationsof Grid services
(resources){ii) requirementsnetadatawhich describethe semanticsof resourcerequirementsand are extracted
from semanticannotationsattachedo resourcerequestsand (iii) ontologiesdescribingthe inferenceghat cantake
place during matchmaking. Semanticannotationsare describedn the Web Ontology Language(OWL) [54] and
are attachedmanuallyto the programminginterfacesof Grid-serviceimplementationcodes. The operationof the
metadatapacds supportedy meta-serviceproviding semantianatchingandserviceadaptatiorcapabilities Service
adaptatiomrefersto theautomaticadaptatiorof a Grid services outputto therequirement®f a semanticallymatched
but syntacticallyincompatibleresourcerequest. The ICENI approachis demonstratedh the caseof a very simple
adaptatiorscenarid48].

Thediscoeryandmatchingof bioinformaticswork o wsdeployedontheGrid is thegoalof the MYGrid project[15].

MYGrid provides mechanismdor the searchand discovery of pre-existing work o ws basedon their functionality
(“task-oriented”or “construction-time"discovery), on the kind andformat of their input data(“data-driven” discov-
ery), or on the type and format of their outputdata(“result-driven” discovery). To make work o ws discoverable,

MYGrid introducesthe work ow executivesummary a work o w-speci ¢ collection of metadataepresentedh an
XML Schema.The executve summarydescribes{i) the function performedoy a work o w, expressedn the termi-
nologyof MYGrid'sapplicationdomain(biology); (ii) thetype (syntax)of awork o w'sinputandoutputdata;(iii) the
activities thatcomposea work o w andtheir descriptions(iv) factualinformationabouta work o w (its name,owner
organizationjocation,etc.); (v) provenancenformationsuchasthework o w's authorandits history [53]. Metadata
belongingto thework o w executve summaryinclude: (i) mandatorydescriptionof thework o w'sde nition (e.qg,its
URI addressits script, its invocationinterface,the typesof its input andoutputdata);(ii) optionalsyntacticdescrip-
tionsaboutthe formatencodingof thework o w'sinput andoutputdata,and(iii) optionalconceptuablescriptionsof
thework o w's characteristicsWork o w executive summaryinformationis encodedn RDF with additionalpointers
to semantiadescriptionglescribedn OWL [54].

Two key modulesin the MYGrid systemarchitecturearetheregistry andthe semanticnd component.™YGrid's
registry is designedo acceptand storework o w descriptionsjn accordanceo the UDDI speci cation[22]. Fur
thermore,it supportsthe annotationof storedwork o ws with conceptuametadatg52]. ™YGrid's semantic nd
components responsibldor executingOWL queriesupontheconceptuaimetadatattachedo thework o w descrip-
tionsstoredn MYGrid'sregistry. Eachtime thesemantic- ndcomponenteceizesnoti cations aboutmetadataewly
addedo theregistry, it updatesaccordinglyanindex with metadatalescriptionsThisindex is usedfor fastrepliesto
semantiqueries Alternatively, it caninvoke a description-logiceasoneto answersemantiqueries.

5 Discussionand Problem statement

The meansusedfor representingand publishingresourceinformation, in typical Grid middlevare like Globus or
UNICORE, do not aim to supportsophisticatedusercustomizedjueriesor allow the userto decidefrom a number
of differentoptions.Insteadthey aretied to thejob submissiomeedswithin the particularernvironment.As we move
towardsa fully deployed Grid — with a massve andever-expandingbaseof computingandstoragenodes network
resourcesanda hugecorpusof available programsservicesdata,andlogs— providing an effective servicerelated
to theavailability, thecharacteristicsandtheusageof Grid resourcesanbeexpectedo beachallengingandcomplex
task.

As discusseckarlier efforts to addresghis problemarefocusingon the developmentand standardizatiorof in-
formationschemagmainly de ned in XML or RDF) for the descriptionof Grid-relatedinformation. Suchschemas,
however, often overlapin scopeandthereis a clearneedto re-useexisting or emeging standardsMost standardiza-
tion efforts, however, arestill at a very early stageof developmentandare not adoptedby new middlevaresystems
thatemegewith anincreasingoace. Therefore,it is practicallyimpossibleto materializethe vision of a widely es-
tablishedcollectionof mutually compatibleschemador encodingGrid-relatedinformation. On the otherhand,the
useof SemantidMebtechnologiegontologiesrule-basedeasoningandsemantianatching)facesknown scalability

CoreGRIDTR-0009 9



limitations,althoughit enablegheresolutionof complex queriesuponinformationbasespanningacrossyntactically
incompatiblanfrastructuresFinally, if we draw from theWWW experiencetheidenti cation of interestingresources
hasprovento bevery hardin thepresencef too mary dynamicallychangingesourcesvithoutwell-de ned rulesfor
classifyingthe degreeof relevanceandinterestof agivenresourcdor a particularuser

Searchingor informationand serviceson the Web typically involvesnavigation from alreadyknown resources,
browsing throughWeb directoriesthat classify a part of the Web (like Yahoo!),or submittinga queryto searchen-
gines[27]. In the contet of the Grid, onecaneasily ervisagescenariosvhereusersmay have to “shoparound'for
solutionsthatsatisfytheir requirementdest,usesimultaneouslgifferentmiddlevares(which employ differentways
to publishresourcanformation),or consideradditionalinformation (suchas, historicalor statisticalinformation)in
choosinganoption. Thevision of this papeiis thatsearctenginetechnologyashasbeendevelopedor the WWW, can
be usedasa startingpointto createa high-level interfacethatwould addvalueto the capabilitiesprovided by the un-
derlyingmiddlewvare.Theintegrationof datadiscoseredin andretrievedby thosesourcesanhelpin theestablishment
andmaintenancef knowledgebasedor the Grid thatcould provide answerdo variousend-useiueries.

5.1 Openlssues

A searchenginefor resourcediscovery on the Grid would needto addressssuesamorecomplex andchallengingthan
thosedealtwith onthe Weh Thesessuesarefurtherelaboratedelow.

Resource Naming and Representation

The majority of searchableesource®n the World-Wide Web aretext-basedentities(Web pages)encodedn HTML
format. Theseentitiescanbeidenti ed andaddressedndera common,universalnamingschemegURI). In contrast,
thereis a wide diversity of searchabléentities” on the Grid with differentfunctionalities,roles, semanticsrepre-
sentationshardwareresourcessensorsnetwork links, servicesdatarepositoriessoftware componentspatternsof
softwarecompositiondescriptionf programspestpracticesof problemsolving, people historicaldataof resource
usageyirtual organizationsCurrently thereis no common,universalnamingschemeor Grid entities.

In MDS, Grid entities are representeds instancesof “object classes™following the hierarchicalinformation
schemasie ned by the Grid Object Speci cation Language(GOS)in line with LDAP information schemag57].
EachMDS objectclassis assignedin optional objectidenti er (OID) thatcompliesto speci cationsof the Internet
AssignedNumbersAuthority, a descriptionclause,anda list of attributes[14]. The MDS datamodel, however, is
not powerful enoughto expressthe differentkinds of informationand metadatgroducedby a running Grid ervi-
ronment,the semantiaelationshipdetweervariousentitiesof the Grid, the dynamicsof Virtual Organizationsetc.
ThereforerelationalschemasXML andRDF areinvestigatedisalternatve approachefor therepresentatioof Grid
entities[37, 61, 47]. Moreover, the useof a universalnamingschemealongwith appropriatenappingmechanisms
to interpretthe resourcedescriptioncorventionusedby differentmiddlewares,would allow a searchenginefor the
Grid to provide high-level informationservicesegardingresource®f differentindependenGridsthatmaybe based
ondifferentmiddlewares.

Resource Discovery and Retrieval

Websearchenginegely onWeb crawlersfor theretrieval of resource$rom the World-Wide Weh Collectedresources
arestoredin repositoriesand processedo extractindicesusedfor answeringuserqueries[27]. Typically, crawlers
startfrom a carefully selectedset of Web pages(a seedlist) andtry to “visit” the largestpossiblesubsetof the
World-Wide Web in a given time-framecrossingadministratve domains retrieving andindexing interesting/useful
resourceq27, 66]. To this end, they traversethe directedgraphof the World-Wide Web following edgesof the
graph,which correspondo hyperlinksthat connecttogetherits nodes,i.e., the Web pages.During sucha traversal
(crawl), acrawler employsthe HTTP protocolto discover andretrieve Webresourcesndrudimentarymetadatdrom
Web-sererhosts.Additionally, cravlersusethe DomainNameService(DNS) for domain-nameesolution.

The situationis fundamentallydifferenton the Grid: Grid entitiesare very diverseandcanbe accessedhrough
differentserviceprotocols. Therefore a Grid crawler following the analogyof its Web counterparshouldbe ableto
discover andlookupall Grid entities,“speaking”the correspondingprotocolsandtransformingcollectedinformation
underacommonschemamenabléo indexing. Clearly, animplementatiorof suchanapproactacesmary complec-
ities dueto thelargeheterogeneitpf Grid entities the existenceof mary Grid platformsadoptingdifferentprotocols,
etc.
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De nition and Managementof Relationships

Web-pagelinks represenimplicit semanticrelationshipsbetweeninterlinked Web pages. Searchenginesemploy
theserelationshipgo improve the accurag andrelevanceof their replies,especiallywhenkeyword-basedearching
produceserylargenumberof “relevant” Web pagesTo this end,searchenginesnaintainlargeindicescapturingthe
graphstructureof the Web andusethemto mine semantiaelationshipshetweenweb resourcesdrive large crawls,
rateretrievedresourcesetc.[30, 27].

The natureof relationshipsbetweenGrid entitiesand the representatioithereof, are issuesthat have not been
addressedh depthin the Grid literature. Organizinginformation aboutGrid resourcesnformationin hierarchical
directoriedike MDS impliesthe existenceof parent-childrelationshipsLimited extensiongo theserelationshipsare
providedwith cross-hierarchyinks (references)However, traversingthoselinks during queryexecutionor indexing
canbecostly[55]. Alternatively, relationshipsanbe representethroughthe relationalmodelsproposedo describe
Grid monitoringdata[37].

Theseapproacheshowever, do not provide the necessargenerality scalability and extensibility requiredin the
contet of a Grid searchenginecopingwith userqueriesupona Grid-spacewith millions of diverseentities. For
instancea directoryis not anideal structurefor capturingandrepresentinghe transientand dynamicrelationships
thatarisein the Grid context. Furthermorean MDS directorydoesnot capturethe compositionpatternsof software
componentemployed in emeging Grid applicationsor the dependenciebetweensoftware componentsand data-
sets[28, 50]. In suchcasesa SearchEnginemustbe ableto “mine” interestingrelationships§rom monitoringdata
and/ormetadatastoredin the Grid middlevare. Giventhata Grid searchengineis expectedto be usedprimarily to
provide summaryinformationand hints, it shouldalso have additionalsupportfor collectingand mining historical
data,identifying patternsof use,persistentelationshipsetc.

The Complexity of Queriesand Query Results

The basicparadigmsupportedby SearchEnginesto locateWWW resourcess basedon traditionalinformationre-
trieval mechanismsi.e., keyword-basedsearchand simple booleanexpressions.This functionality is supportedby
indicesanddictionariescreatedand maintainedat the back-endof a searchenginewith the help of informationre-
trieval techniques. Queryingfor Grid resourcesnustbe more powerful and e xible. To this end, we needmore
expressve querylanguagesthat supportcompositionaljueriesover extensibleschemag37]. Moreover, we needto
emplogy techniquesombininginformation-retrizzal anddata-miningalgorithmsto build properindexesthatwill en-
ablethe extrapolationof semantiaelationshipdetweerresourceandthe effective executionof userqueries.Given
thatthe expecteddif culty of queriesrangedrom thatof very smallenquiriesto requestsequiringcomplicatedoins,
intelligent-ageninterfacesarerequiredto help usersformulatequeriesandthe searchengineto computeef ciently
thosequeries.Of equalimportanceis the presentatiorof queryresultswithin a representatie conceptuatontext of
the Grid, sothatuserscannavigatewithin the complex spaceof queryresultsvia simpleinterfacesandmechanisms
of low cognitive load.

6 Conclusions

The motivationfor theideasdescribedn this paperstemsfrom the needto provide effective informationserviceso

theusersof theenvisagedmassie Grid. Themainchallenge®f a Grid SearchEngine,asit is ervisaged areexpected
to revolve aroundthefollowing issues{(i) Theprovision of a high-level, platform-independentserorientedtool that
canbe usedto retrieve a variety of Grid resource-relatethformationin alarge Grid setting,which may consistof a

numberof platformspossiblyusingdifferentmiddlewares. (i) The standardizatiorf differentapproacheso view

resourcesn the Grid andtheir relationshipstherebyenhancinghe understandingf Grids. (iii) The developmentof

appropriatedatamanagemertechniqueso copewith alargediversityof information.
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