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Abstract. Theobjectiveof theEuropeanDataGrid(EDG) projectis to assistthenext
generationof scientific exploration, which requires intensive computation and
analysisof sharedlarge-scaledatasets,from hundredsof terabytesto petabytes,
across widely distributed scientific communities. We see these requirements
emerging in many scientific disciplines, including physics, biology, and earth
sciences.Suchsharingis madecomplicatedby thedistributednatureof theresources
to beused,thedistributednatureof theresearchcommunities,thesizeof thedatasets
and the limited network bandwidth available.To addresstheseproblemswe are
building on emerging computationalGrid technologiesto establish a research
network that is developing the technology components essential for the
implementationof a world-wide data and computationalGrid on a scale not
previouslyattempted.An essentialpartof this projectis thephaseddevelopmentand
deployment of a large-scale Grid testbed.

Theprimary goalsof the first phaseof theEDG testbedwere:1) to demonstratethat
the EDG software componentscould be integrated into a production-quality
computationalGrid; 2) to allow the middlewaredevelopersto evaluatethe design
andperformanceof their software;3) to exposethe technologyto end-usersto give
themhands-onexperience;and4) to facilitate interactionandfeedbackbetweenend-
usersanddevelopers.This first testbeddeploymentwasachievedtowardstheendof
2001and assessedduring the successfulEuropeanUnion review of the project on
March1, 2002.In this article we give anoverviewof thecurrentstatusandplansof
the EDG project and describe the distributed testbed.



Introduction

Advancesin distributedcomputing,high quality networksand powerful and cost-
effective commodity-basedcomputing have given rise to the Grid computing
paradigm [6]. In the academicworld, a major driver for Grid developmentis
collaborativesciencemediatedby theuseof computingtechnology,oftenreferredto
as e-science.While scientists of many disciplines have been using computing
technology for decades(almost pre-dating computing science itself), e-Science
projectspresentfreshchallengesfor a numberof reasons,suchasthedifficulty of co-
ordinating the use of widely distributedresourcesownedand controlled by many
organisations.TheGrid introducestheconceptof theVirtual Organisation(VO) asa
group of both usersand computingresourcesfrom a numberof real organisations
which is brought together to work on a particular project.

The EU DataGrid(EDG) is a project fundedby the EuropeanUnion with
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throughthe FrameworkV IST R&D programme(seewww.eu-datagrid.org). There
are21 partnerorganisationsfrom 15 EU countries,with a total participationof over
200people,for a periodof threeyearsstartingin January2001.Theobjectivesof the
project are to support advancedscientific researchwithin a Grid environment,
offering capabilitiesfor intensivecomputationand analysisof sharedlarge-scale
datasets,from hundredsof terabytesto petabytes,acrosswidely distributedscientific
communities. Such requirementsare emerging in many scientific disciplines,
including particle physics, biology, and earth sciences.

TheEDG projecthasnow reachedits mid-point,sincetheprojectstartedon January
1st 2001andtheforeseenendof theproject is on December31st 2003.At this stage,
very encouragingresultshavealreadybeenachievedin termsof the major goalsof
the project, which are the demonstrationof the practicaluseof computationaland
dataGridsfor wide andextendeduseby thehigh energyphysics,bio-informaticsand
earth observation communities.

A productionquality testbedhasbeensetup and implementedat a numberof EDG
sites,while a separatedevelopmenttestbedaddressestheneedfor rapid testingand
prototypingof theEDG middleware.TheEDG productiontestbedconsistscurrently
of tensites,spreadaroundEurope:at CERN(Geneva),INFN-CNAF (Bologna),CC-
IN2P3 (Lyon), NIKHEF (Amsterdam),INFN-TO (Torino), INFN-CT (Catania),
INFN-PD (Padova),ESA-ESRIN(Frascati),Imperial College (London), and RAL
(Oxfordshire). The EDG developmenttestbedcurrently consists of four sites :
CERN, INFN-CNAF, NIKHEF, and RAL. The reference site for the EDG
collaborationis at CERN,where,beforeany official versionof theEDG middleware
is released, the initial testing of the software is performed and the main
functionalities are proven, before distribution to the other development testbed sites.

The EDG collaborationis currently providing free, opensourcesoftwarebasedon
the Linux RedHat 6.2 platform. A rangeof standardmachineprofiles is supported
(ComputingElement,StorageElement,User Interface,ResourceBroker, Worker
Node, Network Monitoring Node). The testbedprovidesa set of commonshared



servicesavailableto all certified userswith valid X.509 PKI certificatesissuedby a
Certificate Authority trusted by EDG. A set of tools is provided to handle the
automaticupdateof the grid-map files on all hostsbelongingto the testbedsites
which allow usersto beauthorisedto usetheresources.A numberof VOs havebeen
defined for the various researchgroupsinvolved in the project. Each VO has an
authorisationserver(usingLDAP technology)to define its members,anda Replica
Catalogue to store the location of its files.

In this article,besidesthis short introductionaboutthehistory of the projectand its
current status, we give an overview of the technology developed by the project so far.
This is a concreteillustration of the level of maturity reachedby Grid technologies
to address the task of high throughput computing for distributed Virtual
Organisations.The work of the project is divided into functional areas:workload
management, data management,grid monitoring and information systems,fabric
management,mass data storage,testbed operation, and network monitoring. In
addition there are user communities drawn from high energy physics, earth
observationand biomedical applications.In November-December2001 the first
testbed was set up at CERN, merging and collecting the developmentwork
performedby the variousmiddlewaredevelopers,and the first releaseof the EDG
software was deployed and successfully validated. The project has been
congratulated“for exceedingexpectations”by the EuropeanUnion reviewerson
March 1st, 2002, during the first official EU review .



The European Data Grid middleware architecture

TheEDG architectureis basedon the Grid architectureproposedby Ian Fosterand
Carl Kesselman [6], with a reduced number of implemented services. 

 
 

Fig. 1. The schematic layered EDG architecture: the Globus hourglass

Sixteenserviceshave beenimplementedby the middlewaredevelopers,basedon
original coding for someservicesand on the usageof the Globus 2 toolkit (see
www.globus.org)for basicGrid infrastructureservices:authentication(GSI), secure
file transfer(GridFTP), information systems(MDS), job submission(GRAM) and
the GlobusReplicaCatalogue.In addition the job submissionsystemusessoftware
from the Condor-Gproject [8]. The middlewarealsorelies on generalopensource
software such as OpenLDAP.
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Fig. 2. The detailed multi layered EDG GRID architecture
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The middleware development is divided into six functional areas: workload
management, data management,Grid Monitoring and Information Systems,fabric
management,massdatastorage,and networkmonitoring.A sketchof the essential
EDG architectureis shown in Figure 1 [1], where the relationshipbetweenthe
OperatingSystem,Globustools,theEDG middlewareandtheapplicationsis shown.
TheEDG architectureis thereforea multi-layeredarchitecture.At the lowestlevel is
theoperatingsystem.Globusprovidesthebasicservicesfor secureandauthenticated
use of both operating system and network connections to safely transfer files and data
and allow interoperationof distributed services.The EDG middlewareuses the
Globusservices,andinterfacesto thehighestlayer, theuserapplicationsrunningon
the Grid.

The multi-layeredEDG Grid architectureis shownin Figure2 andFigure3, which
show the different layers from bottom to top, namely: the Fabric layer, the
underlyingGrid Services,theCollectiveServices,theGrid Application layer and,at
the top, a local application accessinga remote client machine.Figure 3 groups
togetherand identifies the main EDG services.At the top of the whole system,the
local application and the local databaserepresentthe end user machine,which
executesan application requestingGrid services,either submitting a Grid job or
requestinga file through the interfacesto the list of files storedon the Grid and
published in a Replica Catalogue.
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                               Fig. 3. The EDG service architecture

Workload Management System (WMS)

The goal of the Workload ManagementSystemis to implementan architecturefor
distributedschedulingandresourcemanagementin a Grid environment.It provides
to the Grid usersa set of tools to submit their jobs, have them executedon the
distributedComputingElements(a Grid resourcemappedto an underlying batch



system),get information abouttheir status,retrievetheir output,and allow themto
accessGrid resourcesin an optimal way (optimizing CPU usage,reducing file
transfertimeandcost,andbalancingaccessto resourcesbetweenusers).It dealswith
the Job Manager of the Grid Application layer and the Grid Schedulerin the
Collective Services layer. A functional view of the whole WMS system is
represented in figure 4.

The WMS is currently composed of the following parts:

- User Interface (UI): Theaccesspoint for theGrid user.A job is definedusingthe
JDL language(see below), which specifies the input data files, the code to
execute,the requiredsoftwareenvironment,and lists of input andoutput files to
be transferredwith the job. Theusercanalsocontrol theway in which thebroker
choosesthe best-matchingresource.The job is submittedto the ResourceBroker
using a commandline interfaceor a programmaticAPI; there are also several
groups developing graphical interfaces.

- ResourceBroker (RB): This performsmatch-makingbetweenthe requirements
of a job and the available resources,and attemptsto schedulethe jobs in an
optimalway, taking into accountthedatalocationandthe requirementsspecified
by the user.The informationaboutavailableresourcesis readdynamicallyfrom
the Information and Monitoring System. The scheduling and match-making
algorithmsusedby theRB arethe key to makingefficient useof Grid resources.
In performingthematch-makingtheRB queriestheReplicaCatalogue,which is a
serviceusedto resolvelogical file names(LFN, the genericnameof a file) into
physical file names(PFN, which gives the physical location and name of a
particularfile replica).The job can thenbe sentto the site which minimisesthe
cost of network bandwidth to access the files.

- Job SubmissionSystem(JSS):This is a wrapperfor Condor-G[8], interfacing
the Grid to a Local ResourceManagementSystem(LRMS), usually a batch
systemlike PBS,LSF or BQS.Condor-Gis a Condor-Globusjoint project,which
combinesthe inter-domainresourcemanagementprotocolsof the GlobusToolkit
with the intra-domainresourceandjob managementmethodsof Condorto allow
high throughput computing in multi-domain environments.

- Information Index (II): This is a GlobusMDS index which collectsinformation
from theGlobusGRIS informationserversrunningon thevariousGrid resources,
published using LDAP, and read by the RB to perform the match-making.
Information items are both static (installedsoftware,numberof availableCPUs
etc)anddynamic(total numberof runningjobs,currentavailabledisk spaceetc).
The information is cached for a short period to improve performance.

- Logging and Bookkeeping(LB): TheLoggingandBookkeepingservicestoresa
variety of information about the statusand history of submittedjobs using a
MySQL database.



Job Description Language (JDL)
The JDL allows the various componentsof the Grid Schedulerto communicate
requirements concerning the job execution. Examples of such requirements are:

· Specificationof the executableprogramor script to be run andargumentsto be
passed to it, and files to be used for the standard input, output and error streams.

· Specificationof files that shouldbe shippedwith the job via Input and Output
Sandboxes.

A list of input files and the access protocols the job is prepared to use to read them.
· Specificationof the ReplicaCatalogueto be searchedfor physicalinstancesof

the requested input files.
· Requirementson the computingenvironment(OS, memory, free disk space,

software environment etc) in which the job will run.
· Expected resource consumption (CPU time, output file sizes etc).
A ranking expressionused to decide betweenresourceswhich match the other
requirements.

Theclassifiedadvertisements(ClassAds) languagedefinedby theCondorprojecthas
been adoptedfor the Job Description Languagebecauseit has all the required
properties. 



Fig. 4. The Workload ManagementSystemand its components:interaction with other
EDG elements. The future component HLR (Home Location Register) is also shown.

In orderfor a userto havea job correctlyexecutedon a workernodeof anavailable
ComputingElement,theuser’scredentialshaveto betransmittedby thecreationof a



proxy certificate. A user issuesa grid-proxy-init commandon a user interface
machineto createan X.509 PKI proxy certificateusing their locally storedprivate
key. An authenticationrequestcontainingthe proxy public andprivatekeysandthe
user’spublic key is sentto a server;the servergetsthe requestandcreatesa coded
messageby meansof theuser’spublickey, sendingit backto theuserprocesson the
UserInterfacemachine.This messageis decodedby meansof theuser’sprivatekey
andsentbackagainto theserver(in this casenormally theResourceBroker).When
theservergetsthecorrectlydecodedmessageit canbesureabouttheuser’sidentity,
so that an authenticatedchannelcanbe establishedand the usercredentialscanbe
delegated to the broker.

UsersuseCondorClassAds-likestatementsinsidea JDL (JobDescriptionLanguage)
file to describethe job theywant to be executedby the Grid. This includesa list of
input data residing on StorageElements(Grid-enableddisk or tape storage),and
placesrequirementson the featuresof the computenodeson which the job will
execute.Thesecanbechosenfrom thesetof informationdefinedby theschemaused
by the information system,and includessuch things as operatingsystemversion,
CPU speed, available memory etc.
 
Userscandefine an Input Sandbox,which is a set of files transferredto a Worker
Nodeby meansof GridFTPby theResourceBroker,sothat anyfile requiredfor the
job to be executed(including the executableitself if necessary)can be sent to the
local disk of the machinewherethe job will run. Similarly, the usercanspecifyan
OutputSandbox,which is a setof files to be retrievedfrom the Worker Nodeafter
the job finishes(otherfiles aredeleted).The files in the OutputSandboxarestored
on the RB node until the user requests them to be transferred back to a UI machine.

The JDL canalsospecifya particularrequiredsoftwareenvironmentusinga setof
user-definedstringsto identify particularfeaturesof the run-time environment(for
example, locally installed application software).

A specialfile, calledtheBrokerInfofile, is createdby theResourceBrokerto enable
a running job to be awareof the choicesmadein the matchmaking,in particular
abouttheStorageElement(s)local to thechosenComputingElement,andtheway to
accessthe requestedinput files. The BrokerInfo file is transferredto the Worker
Node along with the Input Sandbox,and can be read directly or with an API or
command-line tools.

Users have at their disposala set of commandsto handle jobs by meansof a
commandline interfaceinstalledon a UserInterfacemachine,on which theyhavea
normal login accountand have installed their X509 certificate.They can submit a
job, query its status,get logging information aboutthe job history, cancela job, be
notified via email of the job’s execution,andretrievethe job output.Whena job is
submittedto the systemthe usergetsbacka Grid-wide uniquehandleby meansof
which the job can be identified in other commands.



Data Management System (DMS)

The goal of the Data ManagementSystemis to specify,develop,integrateand test
tools and middlewareto coherentlymanageand sharepetabyte-scaleinformation
volumesin high-throughputproduction-qualitygrid environments.The emphasisis
on automation,easeof use,scalability,uniformity, transparencyand heterogeneity.
The DMS will make it possibleto securelyaccessmassiveamountsof data in a
universalglobal namespace,to move and replicatedata at high speedfrom one
geographicalsite to another,andto managesynchronisationof distributedreplicasof
files or databases.Generic interfacesto heterogeneousmassstoragemanagement
systemswill enableseamlessand efficient integrationof distributedresources.The
main componentsof the EDG Data ManagementSystem,currently providedor in
development, are as follows:

- Replica Manager: This is still underdevelopment,but it will managethecreation
of file replicasby copying from one StorageElementto another,optimising the
useof networkbandwidth.It will interfacewith theReplicaCatalogueserviceto
allow Grid users to keep track of the locations of their files.

- Replica Catalogue: This is a Grid serviceusedto resolveLogical File Namesinto
a set of correspondingPhysicalFile Nameswhich locate eachreplica of a file.
This provides a Grid-wide file cataloguefor the membersof a given Virtual
Organisation.

- GDMP: The GRID DataMirroring Packageis usedto automaticallymirror file
replicasfrom one StorageElementto a set of other subscribedsites. It is also
currently used as a prototype of the general Replica Manager service.

- Spitfire: Thisprovidesa Grid-enabledinterfacefor accessto relationaldatabases.
This will be used within the data managementmiddleware to implement the
Replica Catalogue, but is also available for general use.

The Replica Manager 
TheEDG ReplicaManagerwill allow usersandrunningjobs to makecopiesof files
betweendifferentStorageElements,simultaneouslyupdatingtheReplicaCatalogue,
and to optimise the creation of file replicas by using network performance
informationand cost functions,accordingto the file location and size. It will be a
distributedsystem,i.e. different instancesof theReplicaManagerwill be runningon
different sites,andwill be synchronisedto local ReplicaCatalogues,which will be
interconnectedby the ReplicaLocation Index. The Replica Managerfunctionality
will beavailablebothwith APIs availableto runningapplicationsandby a command
line interfaceavailableto users.The ReplicaManageris responsiblefor computing
the cost estimatesfor replica creation. Information for cost estimates,such as
network bandwidth, staging times and StorageElement load indicators, will be
gathered from the Grid Information and Monitoring System. 



The Replica Catalogue
The ReplicaCataloguehasas a primary goal the resolutionof Logical File Names
into PhysicalFile Names,to allow the locationof the physicalfile(s) which canbe
accessedmostefficiently by a job. It is currentlyimplementedusingGlobussoftware
by meansof a singleLDAP serverrunningon a dedicatedmachine.In future it will
be implementedby a distributed systemwith a local catalogueon each Storage
Elementanda systemof ReplicaLocationIndicesto aggregatethe informationfrom
many sites. In order to achievemaximumflexibility the transportprotocol, query
mechanism,and databasebackend technology will be decoupled,allowing the
implementationof a ReplicaCatalogueserverusingmultiple databasetechnologies
(suchasRDBMSs,LDAP-baseddatabases,or flat files). APIsandprotocolsbetween
client and serverare required,and will be providedin future releasesof the EDG
middleware.The useof mechanismsspecific to a particular databaseis excluded.
Also the query technologywill not be tied to a particularprotocol,suchasSQL or
LDAP. Theuseof GSI-enabledHTTPSfor transportandXML for input/outputdata
representationis foreseen.Both HTTPSandXML arethemostwidely usedindustry
standards for this type of system. 

The ReplicaManager,Grid usersand Grid serviceslike the scheduler(WMS) can
accesstheReplicaCatalogueinformationvia APIs. TheWMS makesa queryto the
RCin thefirst partof thematchmakingprocess,in whicha targetcomputingelement
for the executionof a job is chosenaccordingto the accessibilityof a Storage
Elementcontaining the required input files. To do so, the WMS has to convert
logical file namesinto physicalfile names.Both logical andphysicalfiles cancarry
additionalmetadatain the form of "attributes".Logical file attributesmay include
items such as file size, CRC check sum, file type and file creation timestamps.

A centralisedReplicaCataloguewas chosenfor initial deployment,this being the
simplestimplementation.TheGlobusReplicaCatalogue,basedon LDAP directories,
hasbeenusedin the testbedso far. OnededicatedLDAP serveris assignedto each
Virtual Organisation;four of theseresideon a servermachineat NIKHEF, two at
CNAF, andoneat CERN.Usersinteractwith the ReplicaCataloguemainly via the
previously discussed Replica Catalogue and BrokerInfo APIs.

GDMP
The GDMP client-serversoftware system is a generic file replication tool that
replicatesfiles securelyand efficiently from one site to anotherin a Data Grid
environment using several Globus Grid tools. In addition, it managesreplica
catalogueentriesfor file replicas,andthusmaintainsa consistentview of namesand
locationsof replicatedfiles. Any file format canbe supportedfor file transferusing
plugins for pre- and post-processing,and for Objectivity databasefiles a plugin is
supplied. 

GDMP allows mirroring of uncatalogueduser data betweenStorage Elements.
Registrationof userdatainto the ReplicaCatalogueis alsopossiblevia the Replica
CatalogueAPI. The basic conceptis that client SEs subscribeto a sourceSE in
which theyhaveinterest.Theclientswill thenbenotified of new files enteredin the



catalogueof the subscribedserver, and can then make copies of required files,
automatically updating the Replica Catalogue if necessary.

Spitfire
Spitfire is a secure,Grid-enabledinterfaceto a relationaldatabase.Spitfire provides
secure query accessto remote databasesthrough the Grid using Globus GSI
authentication.

Grid Monitoring and Information Systems

TheEDG InformationSystemsmiddlewareimplementsa completeinfrastructureto
enableend-userandadministratoraccessto statusanderror informationin the Grid
environment,andprovidesan environmentin which applicationmonitoring can be
carried out. This permits job performanceoptimisation as well as allowing for
problemtracing,andis crucial to facilitating high performanceGrid computing.The
goal is to provide easyaccessto currentand archivedinformation about the Grid
itself (informationaboutresources- ComputingElements,StorageElementsandthe
Network),for which theGlobusMDS is a commonsolution,aboutjob status(e.g.as
implementedby the WMS Logging and Bookkeeping service) and about user
applications running on the Grid, e.g. for performancemonitoring. The main
components are as follows:

- MDS: MDS is theGlobusMonitoring andDiscoveryService,basedon soft-state
registrationprotocolsandLDAP aggregatedirectoryservices.Eachresourceruns
a GRIS (Grid ResourceInformation Server)publishing local information as an
LDAP directory.Theseserversarein turn registeredto a hierarchyof GIISs(Grid
InformationIndex Servers),which aggregatetheinformationandagainpublishit
as an LDAP directory.

- Ftree: Ftreeis an EDG-developedalternativeto theGlobusLDAP backendwith
improved caching over the code in the Globus 1 toolkit.

- R-GMA: R-GMA is a relational GMA (Grid Monitoring Architecture)
implementationwhich makesinformationfrom producersavailableto consumers
asrelations(tables).It alsousesrelationsto handlethe registrationof producers.
R-GMA is consistent with GMA principles.

- GRM/PROVE: GRM/Proveis anapplicationmonitoringandvisualisationtool of
the P-GRADE graphical parallel programming environment, modified for
applicationmonitoring in the DataGridenvironment.The instrumentationlibrary
of GRM is generalisedfor a flexible traceeventspecification.Thecomponentsof
GRM will be connected to R-GMA using its Producer and Consumer APIs. 

A numberof alternatives,MDS, FtreeandR-GMA, arebeingconsideredasthebasis
of thefinal EDG informationservice.Theseimplementationsarebeingevaluatedand
comparedusinga setof performance,scalabilityandreliability criteria to determine
which is the most suitable for deployment. 



In the current testbedall relevant Grid elementsrun a GRIS, which carries the
informationfor that elementto an MDS GIIS wherethe informationis collected,to
be queried by the Resource Broker and other Grid servers.

EDG Fabric Installation and Job Management Tools 

TheEDG collaborationhasdevelopeda completesetof toolsfor themanagementof
PCfarms(fabrics),in orderto makethe installationandconfigurationof thevarious
nodesautomaticandeasyfor the site managersmanaginga testbedsite,andfor the
control of jobs on the Worker Nodes in the fabric. The main tasks are:

User Job Control and Management(Grid and local jobs) on fabric batch and/or
interactive CPU services. There are two branches:

- TheGridification subsystemprovidestheinterfacefrom theGrid to the resources
availableinside a fabric for batchand interactiveCPU services.It providesthe
interface for job submission/controland information publication to the Grid
services.It also providesfunctionality for local authenticationand policy-based
authorisation, and mapping of Grid credentials to local credentials.

- The Resource Management subsystemis a layer on top of the batch and
interactiveservices(LRMS). While theGrid ResourceBroker managesworkload
distribution betweenfabrics, the ResourceManagementsubsystemmanagesthe
workload distribution and resourcesharingof all batchand interactiveservices
inside a fabric, according to defined policies and user quota allocations.

Automated System Administration for the automatic installation and
configuration of computing nodes.Thesethreesubsystemsaredesignedfor theuse
of systemadministratorsandoperatorsto performsysteminstallation,configuration
and maintenance:

- Configuration Management provides the componentsto manageand store
centrally all fabric configurationinformation.This includesthe configurationof
all EDG subsystemsaswell asinformationaboutthefabrichardware,systemsand
services. 

- Installation Management handlesthe initial installation of computing fabric
nodes. It also handles software distribution, configuration and maintenance
according to information stored in the Configuration Management subsystem.

- Fabric Monitoring and Fault Tolerance providesthenecessarycomponentsfor
gathering,storingandretrievingperformance,functional,setupandenvironmental
datafor all fabric elements.It alsoprovidesthe meansto correlatethat dataand
execute corrective actions if problems are identified.



The fabric installationand configurationmanagementtools are basedon a remote
install andconfigurationtool calledLCFG (Local Configurator),which, by meansof
aserver,installsandconfiguresremoteclients,startingfrom scratch,usinga network
connectionto downloadtherequiredRPM files for the installation,afterusinga disk
to load a boot kernel on the client machines.

The basicarchitecturalstructureand function of LCFG are representedin Figure 5
and are as follows: abstract configuration parametersare stored in a central
repositorylocatedin the LCFG server.Scriptson the host machine(LCFG client)
read theseconfiguration parametersand either generatetraditional configuration
files, or directly manipulate various services. A daemon in the LCFG server
(mkxprof) polls for changesin thesourcefiles andconvertstheminto XML profiles,
oneprofile per client node.The XML profiles are thenpublishedon a web server.
LCFG clientscanbe configuredto poll at regularintervals,or to receiveautomatic
changenotifications, or they can fetch new profiles in responseto an explicit
command.A daemonin eachLCFG client (rdxprof) thenreadsits associatedXML
profile from the web server and caches it locally (DBM file). LCFG scripts access the
local cache to extract the configuration values and execute changes accordingly.

LCFG internal operation
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prof

Generic
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The Storage Element

The Storage Element has an important role in the storage of data and the
managementof files in the Grid domain, and EDG is working on its definition,
design, software development, setup and testing.

A Storage Element is a complete Grid-enabled interface to a Mass Storage
ManagementSystem,tapeor disk based,so that massstorageof files canbe almost
completelytransparentto Grid users.A usershouldnot needto know anythingabout
the particularstoragesystemavailablelocally to a given Grid resource,andshould
only be requiredto requestthat files should be read or written using a common
interface.All existingmassstoragesystemsusedat testbedsiteswill beinterfacedto
the Grid, so that their use will be completelytransparentand the authorisationof
usersto use the systemwill be in terms of generalquantitieslike spaceusedor
storage duration.

The proceduresfor accessingfiles are still in the developmentphase.The main
achievementsto datehavebeenthe definition of the architectureanddesignfor the
StorageElement,collaborationwith Globuson GridFTP/RFIOaccess,collaboration
with PPDG on a control API, staging from and to the CASTOR tape systemat
CERN,andan interfaceto GDMP. Initially the supportedstorageinterfaceswill be
UNIX disk systems,HPSS(High PerformanceStorageSystem),CASTOR(through
RFIO),andremoteaccessvia theGlobusGridFTPprotocol.Local file accesswithin
a sitewill alsobe availableusingUnix file access,e.g.with NFS or AFS. EDG are
alsodevelopinga grid-awareUnix filing systemwith ownershipandaccesscontrol
based on Grid certificates rather than local Unix accounts.

The EDG Testbed

EDG has deployedthe middlewareon a distributedtestbed,which also provides
somesharedservices.A central software repository provides defined bundlesof
RPMs according to machine type, together with LCFG scripts to install and
configure the software.

Therearealsoautomatictools for the creationandupdateof grid-mapfiles (usedto
mapGrid certificatesto local Unix accounts),neededby all testbedsitesto authorise
usersto accessthe testbedresources.A new usersubscribesto theEDG Acceptable
UsagePolicy by using their certificate,loadedinto a web browser,to digitally sign
their agreement.Their certificate SubjectName is then addedto an LDAP server
maintainedfor eachVirtual Organisationby a VO administrator.Eachsite canuse
this information,togetherwith local policy on which VOs aresupported,to generate
the local mapfile which authorisestheuserat that site.This mechanismis sketched
in 6.



ThetestbedsiteseachimplementaUserInterfacemachine,aGatekeeperandasetof
Worker Nodes (i.e. a Grid ComputingElement),managedby meansof a Local
ResourceManagementSystem,anda StorageElement(disk only at mostsites,but
with tapestorageat CERN, Lyon and RAL). Somesiteshavealso set up a local
ResourceBroker. As a reference,Fig. 7 shows a typical site setup in terms of
machinecomposition,for both developmentand production testbeds,namely the
currentCERNtestbed,with production,developmentandservicemachines(network
time server, NFS server, LCFG server, monitoring servers).

New sites are welcometo join the testbed,with a well-defined set of rules and
procedures.In addition the EDG middlewareis freely available,documented,and
downloadablefrom a centralrepository(the exactlicenseconditionsare still under
review,but will allow freeuse).All requiredRPMsareavailablefor downloadto an
LCFG server,which is generallythefirst elementto besetup,by meansof which all
other componentscan be easily installed and configured following the EDG
documentation.Alternatively it is possibleto install and configure the softwareby
hand. Only Red Hat Linux version 6.2 is currently supported, but more platforms will
be supported in due course.  

Fig. 6. The operation of the makegridmap daemon

The operation of the makegridmap daemon



 

                         Fig. 7. The CERN testbed cluster composition

Future Developments

There are a number of important servicesstill in development.The WMS will
introduce an implementationfor billing and accounting,advancereservationof
resources,job partitioningandcheckpointing.In thedatamanagementareatherewill
be APIs for Replica Selection through a Replica Optimiser. The first full
implementationof R-GMA will beusedandcomparedwith theexistinginformation
systems(MDS and Ftree).For fabric managementtherewill be the LCAS (Local
Credentialsand Authorization Server)and further tools to replacethe use of Grid
map files to authoriseusersand introduceeffective differentiatedauthorisationof
users according to the Virtual Organisation they belong to (VOMS, Virtual
OrganisationMembershipServer).Also a new high level configurationdescription
languagewill be provided. Interfacesto StorageElementswill continue to be



developed.Network monitoring information will be usedto influencethe decisions
of the Resource Broker.

Conclusions

TheEuropeanDataGrid projecthasalreadyachievedmanyof its goals,statedat the
time of the project conceptiontwo years ago. A production quality distributed
computingenvironmenthasbeendemonstratedby the EDG testbed.It will now be
enriched in functionality, further improved in reliability and extended both
geographicallyand in terms of aggregateCPU power and storagecapacity.The
community of usershas already successfullyvalidated the use of a large set of
applications, ranging from High Energy Physics to Bio-Informatics and Earth
Observation[2, 3, 4]. At the sametime developmentis currentlyongoingto extend
the range of functionality covered by the EDG middleware. 

All work packageshave defined an intense schedule of new research and
development,which will be supportedby theprogressiveintroductionof high-speed
scientific networkssuchas thosedeployedby RN GEANT. This will increasethe
rangeof possibilitiesavailableto the EDG developers.As an example,EDG has
proposedthe introductionof a Network Optimiserserver,to establishin which cases
it is preferableto accessa file from a remotelocation or to trigger local copying,
accordingto network conditionsin the end-to-endlink betweenthe relevantsites.
The developmentof Differentiated Services and Packet Forwarding policies is
stronglyencouraged,in orderto makeGrid applicationscopebetterwith thedynamic
network performanceand createdifferent classesof servicesto be provided to
different classesof applications, according to their requirementsin terms of
bandwidth, throughput, delay, jitter etc.

The impact of the new Globusfeaturesforeseenby the introductionof the OGSA
paradigmsuggestedby the US Globus developers,where the main accentis on a
WebServicesorientedarchitecture,is beingevaluatedby EDG, andanevolutionof
the current architecturein that direction could be envisaged.This is proposedfor
futurereleasesof theEDG middlewareandit maybecontinuedwith initiativesin the
new EU FP6 framework. An importantcollaborationhasalreadybeenestablished
via the GRIDSTART initiative (www.gridstart.org) with the other ten existing EU
fundedGrid projects.In particular,the EU CrossGridproject (www.crossgrid.org)
which will exploit DataGrid technologiesto supporta variety of applications,all
demandingguaranteedquality of service (i.e. real time environmentsimulation,
video streaming and other applications requiring high network bandwith).

Collaboration with similar Grid projects in the US, especially PPDG
(www.ppdg.net), GriPhyN (www.griphyn.org) andiVDGL (www.ivdgl.org) is being
pursuedin collaborationwith thesisterprojectEU DataTAG(www.datatag.org). The
main goal of DataTAGis the establishmentof a transatlantictestbedto deployand
testthesoftwareof theEDG project.Interestin theEDG projectandits production-
orientedapproachhasalreadyreachedbeyondthe bordersof the EuropeanUnion:



after Russiaand Romania,which have alreadyinstalled the EDG software,some
Asian sites(in Taiwan and SouthKorea) haveappliedto becomemembersof the
distributed EDG testbed, in order to participate in High Energy Physics data
challenges for data production and simulation.
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Glossary

AFS Andrew File System 
BQS Batch Queue Service
CE Computing Element
CVS Concurrent Versioning System
EDG European DataGrid
EIP Experiment Independent Person
Ftree LDAP-based dynamic directory service
GDMP Grid Data Mirroring Package
II Information Index
ITeam Integration Team
JDL Job Description Language
JSS Job Submission Service
LB Logging and Bookkeeping
LCFG Automated software installation system
LDAP Lightweight Directory Access Protocol
LFN Logical File Name
LSF Load Sharing Facility
MDS Globus Metacomputing Directory Service
MS Mass Storage
NFS Network File System
PBS Portable Batch System
RB Resource Broker
RC Replica Catalogue
RFIO Remote File I/O software package
RPM Red Hat Package Manager
SE Storage Element
TB1 Testbed1 (project month 9 release of DataGrid)
UI User Interface
VO Virtual Organisation
WN Worker Node
WP Workpackage
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