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Abstract

In this work wepresenta preliminarystudyof theissuessurroundingthedevelopmentof SeachEnginesfor Grid
environments.We discussthe needfor Grid SearchEngines,that would enablethe provision of a variety of Grid
informationservices,suchaslocatingusefulresources,learningabouttheir capabilities,andexpectedconditionsof
use.TheChapterhighlightsthemainrequirementsfor thedesignof Grid searchenginesandtheresearchissuesthat
needto beaddressed.

1 Intr oduction

The Grid is emerging asa wide-scale,distributedcomputinginfrastructurethat promisesto supportresourceshar-
ing and coordinatedproblemsolving in dynamic,multi-institutional Virtual Organisations[45]. In this dynamic
andgeographicallydispersedsetting,InformationServicesareregardedasa vital componentof theGrid infrastruc-
ture[35, 55]. InformationServicesaddressthechallengingproblemsof thediscoveryandongoingmonitoringof the
existenceandcharacteristicsof resources,services,computationsandotherentitiesof valueto the Grid. Ongoing
researchanddevelopmentefforts within theGrid communityareconsideringprotocols,modelsandAPI's to provide
aninformationservicesinfrastructurethatwouldallow ef�cient resourcediscoveryandprovisionof informationabout
thoseresources[35, 49, 55].

This researchwork is carriedout undertheFP6Network of ExcellenceCoreGRIDfundedby theEuropeanCommission(ContractIST-2002-
004265).
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However, the identi�cation of interestinganduseful(in the user's context) informationaboutthe Grid canbe a
dif�cult taskin thepresenceof too many, frequentlychanging,highly heterogeneous,distributed,andgeographically
spreadresources.Equally dif�cult is the integrationof information aboutdifferentaspectsof the Grid (hardware
resources,dataand software, policies, bestpractices)in order to answercomplex userqueries. The provision of
information-servicescomponents,ascurrentlyenvisagedby theGrid community, is a �rst steptowardstheef�cient
useof distributedresources.Nevertheless,the scaleof the envisagedGrids, with thousands(or millions) of nodes,
would alsorequirewell de�ned rulesto classifythedegreeof relevanceandinterestof a givenanswerto a particular
user. If onedraws on theexperiencefrom theWorld Wide Web(arguably, theworld's largestfederatedinformation
system),ef�cient searchingfor informationandservicesin suchanenvironmentwill have to bebasedon advanced,
sophisticatedtechnologiesthat areautomatic,continuous,cancopewith dynamicchanges,andembodya notion of
relevanceto a user's request.In thecontext of theWWW, this role is ful�lled by searchengines[27].

Thevisionof this paperis thatthetechnologydevelopedaspartof websearchengineresearch,alongwith appro-
priateenhancementsto copewith the increasedcomplexity of theGrid, couldbeusedto provide a powerful tool to
Grid usersin discoveringthemostrelevantresourcesto requeststhat they formulate.Thus,our primaryobjective is
to studyissuespertainingto thedevelopmentof searchenginesfor theGrid. Theremainderof this paperis organized
as follows: Section2 presentsour vision for the functionality androle of Grid searchengines. Section3 surveys
Grid informationsources,i.e.,middlewarecomponentsthatmanageGrid-relatedinformation.In Section4 we exam-
ine efforts to dealwith the lack of standardsin encodingandrepresentinginformationprovidedby Grid information
sources.Section5 presentsopenproblemsthatneedto beaddressedin orderto build searchenginesfor theGrid. We
concludein Section6.

2 Vision Statementand Scenariosof Use

TheGrid comprisesverylargenumbersof heterogeneousresourcesdistributedacrossmultipleadministrativedomains
(sites)andinterconnectedthroughan opennetwork. Resourcesbelongingto oneadministrative domainareusually
interconnectedvia a local network whoseperformanceproperties(bandwidth,latency) aresubstantiallybetterthan
thoseof theInternet.Coordinatedsharingof resourcesspanningacrossmultiple sitesis madepossiblein thecontext
of Virtual Organizations[45]. A Virtual Organizationprovidesits memberswith accessto a setof centralmiddleware
servicesthat exposehigh-level functionalities,suchas resourcediscovery, inquiry, and job submission. Through
thoseservices,the VO offers somelevel of resourcevirtualization,exposingonly high-level functionalitiesto Grid
applicationprogrammersandend-users.Additionally, theVO centralservicesmaintainandpublishinformationabout
resourcecapabilities,supportedsoftware,available�les anddata-sets,etc.

In Figure1, we provide a graphicaldescriptionof thebasicaspectsof a VO comprising� ve sitesinterconnected
via Internet. Eachsite makes available to the VO a rangeof hardwareresources:supercomputers,homogeneous
andheterogeneousclusters,large databases,andspecialdevices. In addition to hardwareresources,VO sitesmay
contributeapplicationsoftwareandservices,�les, anddataarchives. The establishmentof the VO is supportedby
Grid middlewarethatrunsacrossall sites,allowing themto export serviceinterfacesfor local resourcediscoveryand
inquiry, job submission,softwareinvocation,�le access,etc. Secureaccessto thoseserviceinterfacesis guaranteed
by theGrid securityinfrastructure,which dealswith issuessuchasauthentication,authorization,andaccesscontrol.
Grid userscanrequestresourcesfrom andsubmitvarioustypesof jobs(e.g.,work�o ws,parametricsimulations)to the
Virtual Organizationthroughits centralservicesthatprovideportal-basedaccess,resourcebrokerage,job submission,
monitoringandcontrol.

The world-wide Grid canbe consideredasthe collectionof multiple Virtual Organizations.Differentsitesmay
usedifferentmiddlewareplatforms(e.g.,GlobusandUNICORE) in orderto connecttheir resourcesto theGrid. A
siteenteringtheGrid may“open” its resourcesto oneor moreVOs,with VO membershipchangingdynamicallyover
time.

In sucha context, we considera searchenginefor the Grid asa systemthat facilitatesthe provision of a wide
rangeof informationservicesto Grid users,in a mannertransparentto theparticularcharacteristicsof theunderlying
middleware.A Grid searchengineis not intendedto actassubstituteto existingGrid servicesfor resourcediscovery,
resourceinquiry or job submissionon theGrid. Instead,it is expectedto beahigh-level entrypoint for usersto locate
usefulresources,learnabouttheircapabilities,expectedconditionsof useandsoon,provideauni�ed view of resource
informationdespitetheexistenceof differentmiddlewaresystems.This way, userscanpinpointanappropriatesetof
Grid resourcesthatcanbeemployedto achievetheirgoals,beforeproceedingwith stagingandsubmittingtheir job or
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Figure1: A view of theGrid architecture.

invokinga Grid service.
For example,a Grid searchengineshouldbeableto answerquerieslooking for informationabout:

(i) Hardwareresourceson theGrid, their attributes,andapplicablepoliciesof their use;for instance:

� FindanaccessibleCrayXT3 supercomputerwith freesecondarystorageof at least10petabytes.

� Is thereaVO providing exclusiveaccessto ashared-memorymultiprocessorsystemwith at least16processors,
8 GB of mainmemory, anda usagechargeof notmorethan100eurosperCPUtime?

� Findtheaccessandpricingpoliciesof aVO with Linux clusterswith at least64dual-processornodesconnected
via Myrinet.

(ii) Applicationservices,software,anddata-sets;for instance:

� FindGrid sitesproviding accessto theLAPACK softwarelibrary.

� Locatebioinformaticswork�o wsusedin AIDS research.

� Find freelyavailablebrainimagesencodedin DICOM.

� FindservicesrunningQuantumChromo-Dynamicscalculations(QCD)usingF90andMPI.

� Providea list of VOsthatgiveaccessto dataandinformationaboutlandslides.

� List thecapabilitiesof virtual realityGrid servicesprovidedby theFoundationof theHellenicWorld.

� Findwork�o wsanddatasetsusedin thestudyof thethyroiddisorder.

(iii) Hardware-softwarecombinations,Grid usageandbest-practices;for instance:

� LocateGrid sitesthatoffer accessto a LAPACK softwarelibrary installedon a shared-memorymultiprocessor
with 16 to 64processors.

� Find thepricing andprior clientelleof Grid servicesthatprovideaccessto theXYZ work�o w for real-timeoil
re�nery simulations.

� LocateGrid sitesthatparticipateto theInternationalLatticeDataGrid andhaveBeowulf clusters.

CoreGRIDTR-0009 3



� FindLinux clusterswith 32 to 64dual-processornodesona 2-hournoticeandhavea documentedreliability of
morethan95%.

� Locateclusterswith installedLAPACK librariesandahigh-speednetwork connectionto GEANT of morethan
36MBps.

� LocateLattice-Boltzmansolvers adaptedfor blood-�ow simulationson Linux clustersand approved by the
British MedicalAssociation.

� List VOsfor AIDS researchthatsupportadvancereservationof resourceswith lessthan1 hournoticeandhave
accessto InstitutPasteurXYZ database.

3 Inf ormation Sourceson the Grid

Currently, a varietyof Grid-middlewarecomponentscollect,store,andpublishcollectionsof informationthatcanbe
usefulto Grid systemsandusers.Thesecollectionsinclude:

� Informationdescribingthe capabilities,the operation,the status,the pricing, and the usageof hardware re-
sourcesavailableon theGrid.

� MetadataaboutservicesdeployedontheGrid, suchasdescriptionsof functionalityandinterface,guidelinesfor
invocation,andpoliciesof use.

� MetadataregardingdataandsoftwarerepositoriesdeployedontheGrid,describingtheirorganization,contents,
semantics,andrelevantpoliciesof accessanduse.

� Job managementinformation regardingjobs deployed on Grids: their compositionin termsof software or
servicecomponents,theirmappingto hardwareandnetworking resources,their cost,etc.

The Grid middlewarecomponentsthat maintainsuchinformationarecharacterizedasGrid informationand/or
monitoringservices, althoughtheboundariesbetweenthesetwo categoriesarenot clearlyde�ned. Typically, a Grid
informationservice(GIS) is a core componentof a Virtual Organization,designedto collectandprovide information
that is essentialto the operationof the VO's infrastructure.GIS's maintaina variety of information,suchasstatic
representationsof Grid-resourcecharacteristics;descriptionsof existing services,software,applicablepolicies,and
useraccounts;and dynamicrepresentationsof resourcestatus,performance,and availability. This information is
storedundera commondatamodel and is madeavailable to other sub-systemsand end-usersthrougha common
protocolandAPI [34, 35, 41].

A monitoring service,on the other hand, is usually designedto monitor the statusof a speci�c type of Grid
resourcesor Grid applications.Most monitoringservicesareoptimizedto produceandprocessfrequentlychanging,
dynamicinformationcollectedfrom Grid subsystemsor applications[64, 46]. Severalmonitoringsystems,provide
also�ltering andstatisticalprocessingmodulesthatproduceandpublish“summary”informationaboutthemonitored
resources.

Grid-relatedinformationis alsocollectedandmaintainedby a variety of Grid-middlewaresub-systemsor Grid-
applicationcomponents,besidesGIS andmonitoringservices:job managementinformationis typically maintained
by resourcebrokers,work�o w engines,logging servers,etc. Informationaboutdatarepositoriescan be found in
data-gridservices,suchasreplicacatalogues,virtual �le systems,andapplication-speci�cdataarchives.Thedifferent
information sourcesdescribedabove employ a variety of datamodels,formats,and encodingsfor the storageof
information. Someof them,alsomake their dataavailableto third-parties(i.e., to otherservices,administratorsor
end-users)by providing supportfor binding,discovery, andlookupthroughavarietyof protocolsandquerymodels.

3.1 Grid Inf ormation Services

3.1.1 Globus

MDS2.x: Theinformationservicesof Globus2 [43] areprovidedby theMonitoringandDiscoveryService(MDS2.x)
(formely known alsoasMetacomputingDirectoryService)[35, 41]. Thegoalof MDS2.x is to allow usersto query
for resourcesby nameand/orby attribute, suchas type, availability or load. Suchqueriescould be of the sort of
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“Find a setof Grid nodesthat havea total memoryof at least1TBandare interconnectedby networksproviding a
bandwidthof at least1MB/sec” or “Find a setof nodesthatprovideaccessto a givensoftwarepackage, havea certain
computationalcapacity, andcostno more thanx,” andsoon. Theimplementationof MDS2.x is basedondistributed
DirectoriesandtheLightweightDirectoryAccessProtocol(LDAP) [57, 60, 63].

UndertheMDS2.xapproach,informationaboutresourcesontheGrid is extractedby “informationproviders,” i.e.,
softwareprogramsthatcollectandorganizeinformationfrom individual Grid entities. Informationprovidersextract
informationeitherby executinglocal operationsor contactingthird-partyinformationsources,suchastheNetwork
WeatherService[62] and SNMP. Extractedinformation is organizedaccordingto the LDAP datamodel in LDIF
formatanduploadedinto LDAP-basedserversof theGrid ResourceInformationService(GRIS)[14, 60]. GRISis a
con�gurableframework providedby Globusfor deploying coreinformationprovidersandintegratingnew ones.

GRIS servers supportthe Grid Information Protocol (GRIP), an LDAP-basedprotocol for discovery, enquiry
andcommunication[35]. GRISserverscanregisterthemselvesto aggregatedirectories,theGrid Index Information
Services(GIIS). To this end,they usea soft-stateregistrationprotocolcalledGrid RegistrationProtocol(GRRP).A
GIIS canreply to queriesissuedin GRIP. Moreover, aGIIS canregisterwith otherGIIS's,thuscreatingahierarchyof
aggregatedirectoryservers.End-userscanaddressqueriesto GIIS'susingtheGRIPprotocol.
MDS3: The InformationServicesof Globus have beenre-designedin the context of the Globus Toolkit 3 (GT3.2)
release,which representsa �rst implementationof theOpenGrid ServiceArchitecture(OGSA) [44]. UnderOGSA
andGlobus3, everythingis representedasa persistentor a transientGrid service; aGrid serviceis aWebservicethat
compliesto certaininterfaceandbehavioral conventions.Grid-serviceinterfacescorrespondto theportTypeconcept
of the Web ServicesDescriptionLanguage(WSDL) andareusedto managethe lifetime of Grid-serviceinstances.
EveryGrid servicehasaparticularsetof associatedservicedata,theServiceDataElements[8], whicharerepresented
in a standardizedway.

TheMDS3 componentof Globus3 is a broadframework that includes“any partof GT3 thatgenerates,registers,
indexes,aggregates,subscribes,monitors,queries,or displaysServiceDataElementsin 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) thecreationandmanagementof dynamicservicedatavia service-dataprovider programs; (ii) theaggregationof
servicedatafrom multiple Grid serviceinstances,and(iii) the registrationof multiple Grid serviceinstances.The
contentsof theIndex Servicecanbeaccessedby theGT3.2ServiceDataBrowser. Index Servicecontentscanalsobe
queriedthrougha command-lineinterfacethatallows queriesbasedon service-dataelementnamesor throughXPath
expressions.

Both MDS2 and MDS3 do not specifyhow entitiesare associatedwith information providersanddirectories,
whatkindsof informationmustbeextractedfrom complex entities,andhow differentindexescanbecombinedinto
complex hierarchies.Anotherimportantissueis whetherinformationregardingGrid entitiesthat is storedin MDS
directoriesor XML repositoriesis amenableto effective indexing. Finally, asthe Grid scalesto a large federation
of numerousdispersedresources,resourcediscovery andclassi�cationbecomea challengingproblem[49, 36]. In
contrastto theWeb,thereis no global,distributedandsimpleview of theGrid's structurethatcouldbeemployedto
driveresourcediscoveryandoptimizerepliesto userqueries.

3.1.2 UNICORE

The UNICORE Grid systemis a setof vertically integratedsoftwarecomponentsdesignedto supportthe creation,
manipulation,andcontrolof complex batchjobsdispatchedto heterogeneoussystems,includingsupercomputers[39].
TheUNICOREsoftwarearchitecturecomprisestheUNICOREclient, theGateway, theNetwork JobSupervisor, and
theTargetSystemInterface[39]. Thede�nition of a UNICOREjob andits resourcerequirementsarerepresentedas
anAbstract Job Object(AJO), which is a collectionof serializedandsignedJava classes.TheAJO is submittedby
a UNICOREclient to a selectedUNICOREsite throughtheGatewaycomponentassociatedwith thatsite; typically,
onesite comprisesseveral Target Systems.The Gateway passesthe AJO to a NetworkJob Supervisor(NJS)of a
selectedTargetSystem.TheNJStranslatestheAbstractJobinto a speci�c batchjob for theassociatedTargetSystem
(aprocesscalled“incarnation”);to thisend,it consultsits IncarnationDatabase(IDB) thatcontainsinformationabout
TargetSystemresourcesandhow to run jobson them. Furthermore,theNJSusesstaticinformationabouta Target
System's resourcesin orderto makesurethattherequestedresourcesareavailableandcomplyto theTS'spoliciesof
use.A NJScanalsooperateasa work�o w engineby passingsub-AJOsto theNJS' of peersystems.More elaborate
resourcebrokerageis providedby theEuroGridresourcebroker, whichwasdevelopedin thecontext of theEuroGrid
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project[4]. TheEuroGridbrokerextendsNJSwith aLocalResourceChecker thatcheckstheavailability of resources
onaparticularsiteor delegateschecksto brokeragentsat remotesites[32].

In summary, theinformationservicefunctionalityof UNICOREis providedin partthroughtheNetworkJobSuper-
visorandtheEuroGridbroker. UNICOREusershave indirectaccessto this functionalitythroughtheJobPreparation
Agent andthe JobMonitor Controllerof the UNICORE client. Informationaboutresourcesandjobs, however, is
neitherreadilyavailableto third-partysystemsnor is it storedin an openformat. Theseissueshave beenpartly ad-
dressedin thecontext of theGRIPproject[10, 40], whichhasinvestigatedtheinteroperabilitybetweenUNICOREand
Globus. TheGRIPprojecthasdevelopeda broker thatcancontactboththeEuroGridbrokerandGlobusinformation
servicesin orderto locateandreserveresourcesfor job executionacrossGrid infrastructuresestablisheduponGlobus
2 andUNICORE.GRIPhasalsointegratedGrid servicesinto UNICORE[51], publishingresourceinformationstored
in NJSandIDB throughGrid-serviceinterfaces.

3.1.3 R-GMA

R-GMA is a framework thatcombinesmonitoringandinformationservicesbasedon therelationalmodel[17, 34]. It
hasbeenbuilt in the context of the EU DataGridprojectandimplementstheGrid Monitoring Architecture(GMA)
proposedby the Global Grid Forum. In brief, GMA modelsthe information infrastructureof the Grid usingthree
coretypesof components:(i) producersprovideinformation;(ii) consumersrequestinformation;(iii) asingleregistry
mediatesthecommunicationbetweenproducersandconsumers[17, 64].

R-GMA implementstwo specialpropertiescomparingto GMA. Consumersandproducershandletheregistry in
a transparentway; thus, anyoneusingR-GMA to supplyor receive informationdoesnot needto know aboutthe
registry. In addition,all the informationappearsasonelargerelationaldatabaseandcanbe queriedassuch. In the
currentimplementation,thedatabaseis notdistributed.

R-GMA canbeusedasastandaloneGrid Informationservice,assuminginformationprovidersandconsumersuse
theR-GMA APIs. Sometoolsareavailableto supportMDS2 informationprovidersandconsumersat theexpenseof
performance.Althoughthesystemhasthepotentialfor scalability, this remainsto bedemonstrated.

3.2 Grid Monitoring Systems

In order for Grid InformationServicesto addressuser's needsin locating resourcesof interest,they must collect
informationregardingthestatusof grid resources;thisprocessis known asmonitoring.A numberof Grid monitoring
systemsareavailableto provide supportwith a varietyof interestingto monitor entities. A detailedpresentationof
thosesystemsis beyond the scopeof this paper. For this purpose,we refer to a recentlypublishedtaxonomyof
suchsystems[64], which wasbasedon theGrid Monitoring Architectureput forwardby theGlobalGrid Forumto
encouragediscussionandimplementations.The taxonomyis basedon thesystem's provision of GMA components
andclassi�essystemsin four levels. The most interesting�ndings from this study, which arealsopertinentto the
scopeof this paper, arethatexisting systemstendto have overlappingfunctionality, interoperabilityproblems,while
the issueof scalabilitydoesnot appearto be well addressed;somepreliminarywork towardsa scalablemonitoring
framework for aworldwideGrid hasbeenpresentedin [65].

3.3 Grid Job ManagementSystemsand Logging Services

Thesubmissionof acomputationaljob to theGrid requiresthedescriptionof informationaboutthatjob'srequirements
in termsof requiredresources(e.g.,numberof processors,mainmemory),thelocationof �les, etc.Currently, anumber
of languagesfor submittingcomputationaljobsto resourcesexist: theGlobusResourceSpeci�cationLanguage(RSL),
Condor's ClassAds,and the EU-DataGridJob DescriptionLanguage(JDL). In order to facilitate interoperability,
efforts arecurrentlyunderway, by theJSDLWorking Groupof Grid Forum, to de�ne anabstractstandardlanguage
(theJDSL),whichwouldencompassthecommonfunctionalitiesof anumberof widely usedbatchsystems[12].

Summaryinformationaboutjobssubmittedto andrunningon theGrid arecollectedandmaintainedby services,
suchastheLoggingandBook-keepingService(LB) developedby theEuropeanDataGridproject[6]. Loggingdata
providesummaryinformationaboutjobssubmittedto theGrid. Book-keepinginformationis dynamicandrepresents
thecurrentstateof a runningjob. Thearchitectureof DataGrid'sLB sevice compriseslocal deamons(local loggers),
which are responsiblefor acceptingmessagesfrom ResourceBrokers andJob Managersvia a producerAPI, and
for passingthosemessagesdown to an inter-logger process. The inter-logger forwardslogging messagesto the
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book-keepingandloggingserversfor storageandpublication.Eventmessagesof theLB serviceareencodedin the
UniversalLoggerMessageformat [23]. LB information is presentedasattribute-valuepairs. Logging andbook-
keepinginformationdescribesthingssuchasidenti�cationsof usersandjobs,runningjobs,inputandoutputdata,job
state,andrequiredresources.

3.4 Data and Metadata Services

Managingthe vastamountsof datasetsthat arehandledby several applicationsmay imply the existenceof some
structureddatamanagementsupportmechanismsand/orsomemetadataor otherdescriptive informationaboutthe
data. Differenttypesof metadatamayexist: somemetadatamay describephysicalpropertiesof thedataobjectsor
even of the databasesthat may be used;othermetadatamay describecontent(often by meansof an ontology)that
allowsdatato beinterpreted;othermetadatamaydescribeprovenance.Work ondataandmetadataservicesonly now
beginsto emerge.Ongoingwork by theOGSA-DAI project[16] hasledto thedevelopmentof aGrid-enableddatabase
serviceto provide consistentaccessto databasemetadataandto interactwith databaseson theGrid; this servicehas
beenusedby OGSA-DQPa service-baseddistributedqueryprocessorfor theGrid [20]. In otherwork, a Metadata
CatalogServiceto storeandaccessdescriptivemetadatahasbeenpresentedin [56], while a ReplicaLocationService
for metadatainformationrelatedto datareplicationhasbeenpresentedin [33].

4 Inf ormation Modeling

The informationsourcesdescribedin theprevioussectiondo not follow a standardmodelor a commonschemafor
organizingandrepresentinginformation.Consequently, it is dif�cult to establishtheinteroperationbetweendifferent
Grid platforms. Moreover, the lack of commoninformationmodelsandstandardsmakes it practically impossible
to achieve the automatedretrieval of resources,services,software,anddata,andthe orchestrationthereofinto Grid
work-�o wsthatleadto thesolutionof complex problems.

The needto have common,platform-independentstandardsfor representingGrid-relatedinformationhasbeen
recognizedandis currentlythesubjectof anumberof projectsandworkinggroups.Theseeffortshavebeentriggered
primarily by the needto enablethe interoperabilitybetweenlarge, heterogeneousinfrastructures[10], andby the
emergenceof OpenGrid Services[42, 44].

4.1 Standardizing resourceinformation

One of the earliestefforts in that direction camefrom the DataTAG [2], iVDGL [11], Globus [7], and the Data-
Grid [6] projects,which collaboratedto agreeupon a uniform descriptionof Grid resources.This effort resulted
to the Grid Laboratory Uniform Environment(GLUE) schema,which comprisesa setof informationspeci�cations
for Grid resourcesthat areexpectedto be discoverableandsubjectto monitoring[25]. GLUE representsan ontol-
ogy thatcaptureskey aspectsof theGrid architectureadoptedby largeGrid infrastructuresdeployedby projectslike
DataGrid[6], CrossGrid[5], the Large HadronCollider ComputingGrid (LCG) [13], andEGEE[3]. GLUE uses
theUni�ed ModelingLanguage(UML) to describethestructureof its ontology. InformationaboutGLUE entitiesis
encodedin termsof namedobjectscomprisingattribute-valuepairsthatdescribepropertiesof thesupportedentities
(e.g.,theURI of a service,a uniqueID of a resource,applicablequotasin resourceuse). Objectsaredistinguished
into auxiliary, whichcarryactualinformation,andstructural, whichactascontainersfor otherobjects.Currently, the
GLUE schemahasbeenmappedinto threedifferentdatamodels:LDAP, relational,andXML [24]. Thesemodels
have beenadoptedrespectively by severaldeploymentsof MDS2.x, RGM-A, andMDS3, in projectslike DataGrid,
LCG0,andLCG1[21].

TheGLUE ontologydistinguishestwo classesof entities:systemresourcesandservicesthatgiveaccessto system
resources.Informationaboutsystemresourcesis organizedhierarchicallyandsupportsthefollowing entities:clusters,
sub-clusters,andnodes.Hostsareindividual computernodesproviding processingpower. Clusters arecollections
of hostsbelongingto the sameadministrative domain(site) andlinked togetherthrougha local-areanetwork. Sub-
clusters aresub-setsof homogeneoushoststhatbelongto thesamecluster[9]. GLUE v1.1 includesalsoentitiesfor
physicalandlogical storagespace:Storage Librariesarecomputersthatmake storagedevicesaccessibleto theGrid
(disks,tapes,etc.). Storagehostedon a storagelibrary is organizedasa collectionof logical Storage Spaces; each
StorageSpacehasits own policiesof useandaccess[9]. TheGLUE speci�cationincludesalsotwo serviceentities
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representingthe Computingand the StorageElementservicesof the DataGridarchitecturethat provide accessto
respectivesystemresources.TheComputingElementrepresentstheentrypoint into aqueueingsystemthatis attached
to somecluster. TheStorage Elementhandles�le transfersin andout of someStorageSpace,usingcommunication
protocolslikeGridFTP[9].

Developmentandrevisionsof theGLUE schemacontinuein the context of theEGEEproject[3], focusingpri-
marily on issuessuchasthe de�nition of an entity describinggenericservices,the clari�cation of storageresource
attributes,the representationof relationshipsbetweenComputingandStorageElements,and the representationof
network resources.

4.2 Standardizing job-relatedinformation

Goingbeyondthestandardizationof resourcesandservices,a numberof recentefforts aretrying to devisecommon
informationrepresentationsfor thestructureandthestatusof jobs runningon Grids. For example,theJobSubmis-
sionDescriptionLanguageWorkgroupof theGGF(JSDL-WG)[12] developsthespeci�cationof theJobSubmission
DescriptionLanguage, anXML Schemafor describingcomputationalbatchjobs andtheir requiredexecutionenvi-
ronments.Ideally, batchjobsdescribedwith JSDLwill besubmittedto a computationalGrid of heterogeneousbatch
systemsthatcantranslateto andfrom this abstractstandardlanguage.JSDLdocumentswill includeall information
that is neededby a Grid job submissionsystem,suchastheresourcerequirementsof a batchjob, the locationsof its
inputandoutput�les, thetechniquesusedfor stagingthose�les, andbasicdependenciesbetweenjobs[26].

Anothereffort, led by the CIM Grid SchemaWorkgroupof the GGF [1], seeksto standardizethe information
thatcouldbepublishedby Grid schedulersaboutthecharacteristicsandstatusof Grid jobssubmittedfor execution.
This workgrouphasadoptedtheCommonInformationSchema(CIM) of theDistributedManagementTaskForce's
(DTMF). CIM is a conceptualinformation model introducedby the DTMF to facilitate the managementof com-
plex, multi-vendor, heterogeneoussystems,networks, applications,andservices[38]. CIM usesan object-oriented
modelingapproachto describethecontentsandstructureof anontologyof IT elementsin termsof objects,classes,
properties,methods,andassociations.It consistsof a speci�cationthatdescribesa modelinglanguageandsyntaxfor
de�ning “real-world” managedobjects(theManagedObjectFormat),a managementschemafor managedobjects,a
protocol that encapsulatesCIM syntaxandschemato provide accessto thoseobjects,anda compliancedocument
for interoperabilitybetweenvendorimplementations.Basedon CIM v.2.8, the GGF CIM workgroupof GGF has
proposeda Job SubmissionInterfaceModel (JSIM) to describethestructureandattributesof batchjobs that run on
Grid infrastructures[58].

Finally, the needto provide basicGrid-job accountingand resourceusageinformation in a commonformat is
addressedby theUsageRecord(UR-WG) [18] andtheResourceUsageService(RUS-WG) [19] workgroupsof the
GGF. Theseworkgroupshave startedworking towardsthe proposalof XML schemasthat will describeaccounting
informationin a general,platform-independent,way.

4.3 SemanticModeling

Becauseof the lack of a global schemafor Grid information,several researchersareinvestigatingtheapplicationof
semanticWebtechnologiesasanalternativefor bridgingthegapthatexistsbetweeninfrastructureswith incompatible
information schemas.One of the earlier efforts camefrom the GRid InteroperabilityProject(GRIP) [10]; GRIP
introducestwo ontologiesrepresentingthestructureandattributesof UNICOREandGLUE resources,respectively.
Theseontologiesaredescribedin XML andfed into a tool thatsupportsthesemi-automaticassociationbetweenthe
two ontologies.This associationis usedfor the mappingof resourcerequeststo hardwareresourcesthat belongto
GlobusandUNICOREinfrastructures[31].

A similar approachfor the developmentof an ontology-basedresourcematchmaker is describedin [59]. The
systemcomprisesa matchmaker, whichconsistsof threecomponents:(i) anontologiescomponent,which represents
the domainmodeland the vocabulary for expressingresourceadvertisementsandresourcerequests;(ii) a domain
backgroundknowledgecomponentcontainingrulesthatexpressaxioms,whichcannotbeexpressedwith anontology
language;(iii) a setof matchmakingrules,whichde�ne thematchingconstraintsbetweenrequestsandresourcesand
areexpressedin a rule-basedlanguage.An ontologyeditor is usedfor thedevelopmentof threedomainontologies
for resources,requests,andapplicablepolicies;theseontologiesaredescribedwith theRDF-Schemaspeci�cationof
W3C[29]. Matchmakingis conductedwith thehelpof a deductivedatabase[59].
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SemanticWeb technologieshave beenproposedasa platform for the discovery of informationaboutsoftware
and servicesdeployed on the Grid. An early approachcomesfrom the ICENI project in UK, which focuseson
the semanticmatchingbetweenGrid servicesandservicerequestsin an autonomiccomputingcontext, even when
requestsandresourcesaresyntacticallyincompatible[48]. To this end,theICENI projectproposestheconceptof a
metadataspace[48]. This is anenvironmentdistinguishedfrom thespaceof Grid servicesandresourcerequests.The
metadataspacehostsGrid-relatedsemanticmetadata,publishedanddiscoveredthroughstandardprotocols.Published
metadatacanbe classi�ed into: (i) implementationmetadata,extractedfrom semanticannotationsof Grid services
(resources);(ii) requirementsmetadata,which describethe semanticsof resourcerequirementsand are extracted
from semanticannotationsattachedto resourcerequests;and(iii) ontologiesdescribingthe inferencesthat cantake
placeduring matchmaking. Semanticannotationsare describedin the Web Ontology Language(OWL) [54] and
areattachedmanuallyto the programminginterfacesof Grid-serviceimplementationcodes. The operationof the
metadataspaceissupportedbymeta-servicesprovidingsemanticmatchingandserviceadaptationcapabilities.Service
adaptationrefersto theautomaticadaptationof a Grid service'soutputto therequirementsof a semanticallymatched
but syntacticallyincompatibleresourcerequest.The ICENI approachis demonstratedin the caseof a very simple
adaptationscenario[48].

Thediscoveryandmatchingof bioinformaticswork�o wsdeployedontheGrid is thegoalof the myGridproject[15].
myGrid providesmechanismsfor the searchanddiscovery of pre-existing work�o ws basedon their functionality
(“task-oriented”or “construction-time”discovery), on thekind andformatof their input data(“data-driven” discov-
ery), or on the type andformat of their outputdata(“result-driven” discovery). To make work�o ws discoverable,
myGrid introducesthe work�ow executivesummary, a work�o w-speci�c collectionof metadatarepresentedin an
XML Schema.Theexecutive summarydescribes:(i) thefunctionperformedby a work�o w, expressedin thetermi-
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
organization,location,etc.);(v) provenanceinformationsuchasthework�o w'sauthorandits history[53]. Metadata
belongingto thework�o w executivesummaryinclude:(i) mandatorydescriptionsof thework�o w'sde�nition (e.g,its
URI address,its script,its invocationinterface,thetypesof its input andoutputdata);(ii) optionalsyntacticdescrip-
tionsabouttheformatencodingof thework�o w's input andoutputdata,and(iii) optionalconceptualdescriptionsof
thework�o w'scharacteristics.Work�o w executivesummaryinformationis encodedin RDF with additionalpointers
to semanticdescriptionsdescribedin OWL [54].

Two key modulesin the myGrid systemarchitecturearetheregistryandthesemantic�nd component.myGrid's
registry is designedto acceptandstorework�o w descriptions,in accordanceto the UDDI speci�cation [22]. Fur-
thermore,it supportsthe annotationof storedwork�o ws with conceptualmetadata[52]. myGrid's semantic�nd
componentis responsiblefor executingOWL queriesupontheconceptualmetadataattachedto thework�o w descrip-
tionsstoredin myGrid'sregistry. Eachtimethesemantic-�ndcomponentreceivesnoti�cationsaboutmetadatanewly
addedto theregistry, it updatesaccordinglyanindex with metadatadescriptions.This index is usedfor fastrepliesto
semanticqueries.Alternatively, it caninvokeadescription-logicreasonerto answersemanticqueries.

5 Discussionand Problemstatement

The meansusedfor representingand publishingresourceinformation, in typical Grid middleware like Globus or
UNICORE,do not aim to supportsophisticated,user-customizedqueriesor allow theuserto decidefrom a number
of differentoptions.Instead,they aretied to thejob submissionneedswithin theparticularenvironment.As wemove
towardsa fully deployedGrid — with a massive andever-expandingbaseof computingandstoragenodes,network
resources,anda hugecorpusof availableprograms,services,data,andlogs— providing aneffective servicerelated
to theavailability, thecharacteristics,andtheusageof Grid resourcescanbeexpectedto beachallengingandcomplex
task.

As discussedearlier, efforts to addressthis problemarefocusingon the developmentandstandardizationof in-
formationschemas(mainly de�ned in XML or RDF) for thedescriptionof Grid-relatedinformation. Suchschemas,
however, oftenoverlapin scopeandthereis a clearneedto re-useexisting or emerging standards.Most standardiza-
tion efforts, however, arestill at a very earlystageof developmentandarenot adoptedby new middlewaresystems
thatemergewith an increasingpace.Therefore,it is practicallyimpossibleto materializethevision of a widely es-
tablishedcollectionof mutually compatibleschemasfor encodingGrid-relatedinformation. On theotherhand,the
useof SemanticWebtechnologies(ontologies,rule-basedreasoningandsemanticmatching)facesknown scalability
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limitations,althoughit enablestheresolutionof complex queriesuponinformationbasesspanningacrosssyntactically
incompatibleinfrastructures.Finally, if wedraw from theWWW experience,theidenti�cation of interestingresources
hasprovento beveryhardin thepresenceof toomany dynamicallychangingresourceswithoutwell-de�ned rulesfor
classifyingthedegreeof relevanceandinterestof agivenresourcefor aparticularuser.

Searchingfor informationandserviceson theWeb typically involvesnavigation from alreadyknown resources,
browsing throughWeb directoriesthat classifya part of the Web (like Yahoo!),or submittinga queryto searchen-
gines[27]. In thecontext of theGrid, onecaneasilyenvisagescenarioswhereusersmayhave to `shoparound' for
solutionsthatsatisfytheir requirementsbest,usesimultaneouslydifferentmiddlewares(whichemploy differentways
to publishresourceinformation),or consideradditionalinformation(suchas,historicalor statisticalinformation)in
choosinganoption.Thevisionof thispaperis thatsearchenginetechnology, ashasbeendevelopedfor theWWW, can
beusedasa startingpoint to createa high-level interfacethatwould addvalueto thecapabilitiesprovidedby theun-
derlyingmiddleware.Theintegrationof datadiscoveredin andretrievedby thosesourcescanhelpin theestablishment
andmaintenanceof knowledgebasesfor theGrid thatcouldprovideanswersto variousend-userqueries.

5.1 Open Issues

A searchenginefor resourcediscoveryon theGrid would needto addressissuesmorecomplex andchallengingthan
thosedealtwith on theWeb. Theseissuesarefurtherelaboratedbelow.

ResourceNaming and Representation

Themajority of searchableresourceson theWorld-Wide Webaretext-basedentities(Webpages)encodedin HTML
format. Theseentitiescanbeidenti�ed andaddressedundera common,universalnamingscheme(URI). In contrast,
thereis a wide diversity of searchable“entities” on the Grid with different functionalities,roles,semantics,repre-
sentations:hardwareresources,sensors,network links, services,datarepositories,softwarecomponents,patternsof
softwarecomposition,descriptionsof programs,bestpracticesof problemsolving,people,historicaldataof resource
usage,virtual organizations.Currently, thereis nocommon,universalnamingschemefor Grid entities.

In MDS, Grid entitiesare representedas instancesof “object classes”following the hierarchicalinformation
schemasde�ned by the Grid ObjectSpeci�cation Language(GOS) in line with LDAP information schemas[57].
EachMDS objectclassis assignedanoptionalobjectidenti�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 informationandmetadataproducedby a runningGrid envi-
ronment,thesemanticrelationshipsbetweenvariousentitiesof theGrid, thedynamicsof Virtual Organizations,etc.
Therefore,relationalschemas,XML andRDFareinvestigatedasalternativeapproachesfor therepresentationof Grid
entities[37, 61, 47]. Moreover, theuseof a universalnamingscheme,alongwith appropriatemappingmechanisms
to interpretthe resourcedescriptionconventionusedby differentmiddlewares,would allow a searchenginefor the
Grid to providehigh-level informationservicesregardingresourcesof differentindependentGridsthatmaybebased
ondifferentmiddlewares.

ResourceDiscovery and Retrieval

Websearchenginesrely onWebcrawlersfor theretrieval of resourcesfrom theWorld-WideWeb. Collectedresources
arestoredin repositoriesandprocessedto extract indicesusedfor answeringuserqueries[27]. Typically, crawlers
start from a carefully selectedset of Web pages(a seedlist) and try to “visit” the largestpossiblesubsetof the
World-Wide Web in a given time-framecrossingadministrative domains,retrieving andindexing interesting/useful
resources[27, 66]. To this end, they traversethe directedgraphof the World-Wide Web following edgesof the
graph,which correspondto hyperlinksthat connecttogetherits nodes,i.e., the Web pages.During sucha traversal
(crawl), acrawler employs theHTTPprotocolto discoverandretrieveWebresourcesandrudimentarymetadatafrom
Web-serverhosts.Additionally, crawlersusetheDomainNameService(DNS) for domain-nameresolution.

Thesituationis fundamentallydifferenton theGrid: Grid entitiesarevery diverseandcanbe accessedthrough
differentserviceprotocols.Therefore,a Grid crawler following theanalogyof its Webcounterpartshouldbeableto
discoverandlookupall Grid entities,“speaking”thecorrespondingprotocolsandtransformingcollectedinformation
underacommonschemaamenableto indexing. Clearly, animplementationof suchanapproachfacesmany complex-
itiesdueto thelargeheterogeneityof Grid entities,theexistenceof many Grid platformsadoptingdifferentprotocols,
etc.
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De�nition and Managementof Relationships

Web-pagelinks representimplicit semanticrelationshipsbetweeninterlinked Web pages. Searchenginesemploy
theserelationshipsto improve theaccuracy andrelevanceof their replies,especiallywhenkeyword-basedsearching
producesverylargenumbersof “relevant” Webpages.To thisend,searchenginesmaintainlargeindicescapturingthe
graphstructureof theWeb andusethemto minesemanticrelationshipsbetweenWeb resources,drive largecrawls,
rateretrievedresources,etc.[30, 27].

The natureof relationshipsbetweenGrid entitiesand the representationthereof,are issuesthat have not been
addressedin depthin the Grid literature. OrganizinginformationaboutGrid resourcesinformation in hierarchical
directorieslike MDS impliestheexistenceof parent-childrelationships.Limited extensionsto theserelationshipsare
providedwith cross-hierarchylinks (references).However, traversingthoselinks duringqueryexecutionor indexing
canbecostly[55]. Alternatively, relationshipscanberepresentedthroughtherelationalmodelsproposedto describe
Grid monitoringdata[37].

Theseapproaches,however, do not provide thenecessarygenerality, scalabilityandextensibility requiredin the
context of a Grid searchenginecopingwith user-queriesupona Grid-spacewith millions of diverseentities. For
instance,a directoryis not an ideal structurefor capturingandrepresentingthe transientanddynamicrelationships
thatarisein theGrid context. Furthermore,anMDS directorydoesnot capturethecompositionpatternsof software
componentsemployed in emerging Grid applicationsor the dependenciesbetweensoftwarecomponentsanddata-
sets[28, 50]. In suchcases,a SearchEnginemustbeableto “mine” interestingrelationshipsfrom monitoringdata
and/ormetadatastoredin theGrid middleware. Given thata Grid searchengineis expectedto be usedprimarily to
provide summaryinformationandhints, it shouldalsohave additionalsupportfor collectingandmining historical
data,identifyingpatternsof use,persistentrelationships,etc.

The Complexity of Queriesand Query Results

The basicparadigmsupportedby SearchEnginesto locateWWW resourcesis basedon traditional informationre-
trieval mechanisms,i.e., keyword-basedsearchandsimplebooleanexpressions.This functionality is supportedby
indicesanddictionariescreatedandmaintainedat the back-endof a searchenginewith the help of informationre-
trieval techniques.Queryingfor Grid resourcesmust be more powerful and �e xible. To this end, we needmore
expressive querylanguages,thatsupportcompositionalqueriesover extensibleschemas[37]. Moreover, we needto
employ techniquescombininginformation-retrieval anddata-miningalgorithmsto build properindexesthatwill en-
abletheextrapolationof semanticrelationshipsbetweenresourcesandtheeffective executionof userqueries.Given
thattheexpecteddif�culty of queriesrangesfrom thatof verysmallenquiriesto requestsrequiringcomplicatedjoins,
intelligent-agentinterfacesarerequiredto helpusersformulatequeriesandthesearchengineto computeef�ciently
thosequeries.Of equalimportanceis thepresentationof queryresultswithin a representative conceptualcontext of
theGrid, sothatuserscannavigatewithin thecomplex spaceof queryresultsvia simpleinterfacesandmechanisms
of low cognitive load.

6 Conclusions

Themotivationfor the ideasdescribedin this paperstemsfrom theneedto provide effective informationservicesto
theusersof theenvisagedmassiveGrid. Themainchallengesof aGrid SearchEngine,asit is envisaged,areexpected
to revolvearoundthefollowing issues:(i) Theprovisionof ahigh-level,platform-independent,user-orientedtool that
canbeusedto retrieve a varietyof Grid resource-relatedinformationin a largeGrid setting,which mayconsistof a
numberof platformspossiblyusingdifferentmiddlewares. (ii) The standardizationof differentapproachesto view
resourcesin theGrid andtheir relationships,therebyenhancingtheunderstandingof Grids. (iii) Thedevelopmentof
appropriatedatamanagementtechniquesto copewith a largediversityof information.
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