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Chapter 6

Gestalt of the Grid

6.1 Intr oduction

TheGrid approach is animportantdevelopmentin thedisciplineof computersci-
enceandengineering.Rapidprogressis beingmadeon several levels, including
the de�nition of terminology, the designof an architectureand framework, the
applicationin thescienti�c problemsolvingprocess,andthecreationof physical
instantiationsof Gridson a productionlevel. This chapterprovidesanoverview
of importantin�uences,developments,andtechnologiesthatareshapingstate-of-
the-artGrid computing.In particular, weaddressthefollowing questions:

� WhatmotivatestheGrid approach? (seeSection6.1.1)
� Whatis aGrid? (seeSection6.2)
� Whatis thearchitectureof a Grid? (seeSection6.3)
� WhichGrid researchactivitiesareperformed? (seeSection6.5)
� How doresearchersuseaGrid? (seeSection6.7.7)
� Whatwill thefuturebring? (seeSection6.8)

Before,we begin our discussion,we would like to startwith an observation
thatleadsusto thetitle of thischapter. A strongoverlapbetweenpast,current,and
future researchin otherdisciplinesin�uences this new areaandmakesanswers
to someof the questionscomplex. Moreover, thoughwe areable to de�ne the
termGrid approach, we needto recognizethatsimilar to theGestaltapproach in
psychology, wefacedifferentresponsesby thecommunityto thisevolving �eld of
research.Basedon theGestaltapproach,which hypothesizesthatanindividual's
perceptionof stimuli hasan affect on their response,we will seea variety of
stimuli on theGrid approachthatin�uence currentandfutureresearchdirections.
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6 CHAPTER6. GESTALT OF THE GRID

Weclosethisintroductorysectionwith afamouspictureused
in earlypsychologyexperiments.If we examinethedrawing in
detail,it will beratherdif�cult to decidewhatthedifferentcom-
ponentsrepresentin eachof the interpretations.Although hat,
feather, andearareidenti�able in the�gure, one's interpretation
(Is it anold womanor a younggirl?) is basedinsteadon “per-
ceptualevidence.” This �gure shouldremindus to be opento
individualperceptionsaboutGridsandto beawareof themulti-

facetedaspectsthatconstitutetheGestalt of the Grid .

6.1.1 Moti vation

To de�ne the term Grid we �rst identify what motivatesits development. We
provide an examplefrom weatherforecastingandmodelingthat includesa user
communitywith strongin�uence in the newesttrendsof computerscienceover
thelastdecades.

L. F. Richardson[70, 74] expressedthe �rst modernvision for numerical
weatherpredictionin 1922.Within two decades,the�rst prototypeof aprediction
systemhadbeenimplementedby von Neuman,Charney, andotherson the �rst
generationof computers[72]. With theincreasedpowerof computers,numerical
weatherpredictionbecamea reality in the1960sandinitiateda revolution in the
�eld thatwe arestill experiencing.In contrastto theseearly weatherprediction
models,todaythescienti�c communityunderstandsthat complex chemicalpro-
cessesandtheir interactionswith land,sea,andatmospherehaveto beconsidered.

Several factorsmake this effort challenging.Massive amountsof datamust
begatheredworldwide;thatdatamustbeincorporatedinto sophisticatedmodels;
the resultsmust be analyzed;feedbackmust be provided to the modelers;and
predictionsmustbesuppliedto consumers(seeFigure6.1).

Analyzingthisprocessfurtherwe observe thatthedataneededasinput to the
modelsbasedonobservationsandmeasurementsof weatherandclimatevariables
are still incompleteand sophisticatedsensornetworks must be put in placeto
improvethis situation.

Thecomplexity if thesesystemshavereachedalevelwhereit is nolongerpos-
siblefor asinglescientsitto processandmanagetheentireprocess;theeraof the
lonelyscientistworkingin seclusionis comingto anend.Today, accurateweather
modelsarederivedby thesharingtheintellectualpropertywithin acommunityof
interdisciplinaryresearchers.

This increasein thecomplexity in thenumericalmethodsandamountof data
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observations model prediction

feedback

consumersensors compute and storage
facilities

scientists

calculatecollaboratemeasure deliver

Figure 6.1: Weatherforecastingis a complex processthat requiresa complex
infrastructure.

required,alongwith the facetof communityaccess,requiresaccessto massive
amountsof computationalandstorageresources.Althoughtoday'ssupercomput-
ersoffer enormouspower, accurateclimateandweathermodelingrequireaccess
to evenlarger resourcesthatmaybeintegratedfrom resourcesat dispersedloca-
tions.

Therefore,weatherpredictionpromotesmorethanjust the focuson making
computeresourcesavailableaspartof a networkedenvironment.We have iden-
ti�ed thatneedfor aninfrastructurethatallows usto createfrom a dynamic,dis-
persedsetof sensor, data,compute,collaboration,anddeliverynetworks.Clearly,
weatherforecastingis a complex processthat requires�e xible, secure,coordi-
natedsharingof awide varietyof resources.

6.1.2 Enabling Factors

Whenwe look at why it is now possibleto develop very sophisticatedforecast
modelsweseeanincreasein understanding,capacity, capability, andaccuracy on
all levelsof our infrastructure.

Clearly, technologyhasadvanceddramatically. Communicationsatellitesand
theInternetenableremoteaccessto regionalandinternationaldatabasesandsen-
sor networks. Collaborative infrastructures(suchasthe AccessGrid [29]) have
moved exchangeof informationbeyond the desktop. Theseadvanceshave and
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will profoundlyaffect the way scientistswork with eachother. Computepower
hasalsosteadilyincreased.Indeed,for morethanthreedecades,computerspeed
hasdoubledevery eighteenmonths(supportingMoore's law [63]), andthis trend
is expectedto last for at leastthe next decade.Furthermore,over the past� ve
yearsnetwork bandwidthhasincreasedat a muchlarger rate,leadingexpertsto
believe thatthenetwork speeddoublesevery ninemonths.At thesametime, the
costof productionfor network andcomputerhardwareis decreasing.

Wealsoobserveachangein modalityof computeroperation. The�rst genera-
tion of supercomputerswerehigh-endmainframes,vectorprocessors,andparallel
computers.Accessto this expensive infrastructurewasprovided andcontrolled
as part of a single institution within a single administrative domain. With the
adventof network technologies,promotingconnectivity betweencomputers,and
the creationof the Internet,promotingconnectivity betweendifferentorganiza-
tions,a new trendarose,leadingaway from thecentralizedcomputingcenterto
a decentralizedenvironment. As partof this trend,it wasnaturalto collectgeo-
graphicallydispersedandpossiblyheterogeneouscomputerresources,typically
asnetworks of workstationsor supercomputers.The �rst connectionsbetween
high-endcomputersto solveaproblemin parallelon thesemachinesweretermed
ametacomputer. (Thetermis believedto beoriginatedaspartof agigabittestbed
[61].) Muchresearchin thisarea,someof whichwill bementionedin thischapter,
hasbeenin�uential in shapingwhatwe now termtheGrid approachor concept.
Thus,increasesin capacity, capability, andmodality areenablinga new way of
doingdistributedscience. Additionally, the technologythatwasonceviewedas
specializedinfrastructureis todaybecominga commoditytechnologymakingit
possibleto resourcesfor examplethroughtheuseof theInternet[69] moreeasily.

This requirementandvision,which hasbecomeclearerover thelastdecades,
now appliesto many otherdisciplinesthatwill providecommercialviability in the
nearfuture. It hasaprofoundpast,present,andfutureimpactonseveralscienti�c
disciplines,includingcomputerscience.

6.2 De�nitions

In this sectionwe provide the mostelementaryde�nition of the term Grid and
its usewithin the community. As we have seenin theprevious sectiontheGrid
approachhasbeenguidedby acomplex anddiversesetof requirementsbut at the
sametime providesuswith a vision for an infrastructurethatpromotessophisti-
catedinternationalscienti�c andbusiness-orientedcollaborations.Muchresearch
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in this area,someof which will bementionedin this chapter, hasbeenin�uential
in shapingwhatwenow termtheGrid approach:

De�nition: Grid approach
TheGrid approachpromotesa vision for sophisticatedinternationalscien-
ti�c andbusiness-orientedcollaborations.

Theterm“Grid” is ananalogyto theelectricpowergrid thatallowspervasive
accessto electricpower. In a similar fashion,computationalGrids provide ac-
cessto pervasivecollectionsof compute-relatedresourcesandservices.As early
as1965thedesignersof theMultics operatingsystemenvisionedandnamedre-
quirementsfor acomputerfacility operating“lik eapowercompany or watercom-
pany” [82], andothersenvisionedGrid-like scenarios[60]. However, we empha-
sizethatour currentunderstandingof theGrid approachgoesfar beyondsimply
sharingcomputeresourcesin a distributedfashion. Besidessupercomputerand
computepools,Gridsincludeaccessto informationresources(suchaslarge-scale
databases)andaccessto knowledgeresources(suchascollaborative interactions
betweencolleagues).Essentialis that theseresourcesmay be at geographically
disperselocationsandmay be controlledby differentorganizations.Thus, the
following de�nition for aGrid is appropriate:

De�nition: Grid
An infrastructurethatallowsfor �e xible, secure,coordinatedresourceshar-
ing amongdynamiccollectionsof individuals,resources,andorganizations.

Sofar we have usedthe termGrid ratherabstractmanner. To distinguishthe
conceptof a Grid from anactualinstantiationof a Grid asa realavailableinfra-
structurewe usethe term productionGrid. SuchproductionGrids aretypically
sharedamonga setof users.Theanalogyin theelectricalpower grid would bea
power company or agglomerateof companiesthatmaintaintheir own grid while
providing persistentservicesto theusercommunity. Thus,the following de�ni-
tion is introduced:

De�nition: Production Grid
An instantiaionof aGrid thatmanifestsitself by includingasetof resources
to beaccessedby Grid users.

Additionally, we expectthatmultiple productionGridswill exist andbesup-
portedby multiple organizations.Fundamentalto theGrid is theideaof sharing.
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Naturally, it shouldbepossibleto connectsuchGridswith eachotherasto share
resources.Thus,it is importantto de�ne a setof elementarystandardsthatassist
to provide interoperabilitybetweenproductionGrids.

SomeproductionGrids are createdbasedon the needto supporta partic-
ular community. Although the resourceswithin sucha communityare usually
controlledin differentadministrative domains,they canbe accessedaspart of a
communityproductionGrid. Examplesof productionandcommunityproduction
Gridsareintroducedin Section6.5.1.2.

De�nition: Community Production Grid
A productionGrid in which thecreationandmaintenanceareperformedby
acommunityof users,developers,andadministrators.

The managementof a communityproductionGrid is usually handledby a
virtual organization[46], which de�nes therulesthatguidemembershipanduse
of resources.

De�nition: Virtual Organization
An organizationthatde�nes rulesthatguidemembershipanduseof indi-
viduals,resources,andinstitutionswithin a communityproductionGrid.

A typicalGrid will containanumberof highendresourcessuchassupercom-
putersor datastoragefacilities.As theseresourcescanbeconsumedby userswe
termthemin analogyto electricalpowerplantsasfollows:

De�nition: Grid Plant
A high endresourcethat is integratedin a virtual organizationandcanbe
sharedby its users.

The useron the otherhandis able to accesstheseresourcesthrougha user
speci�c devicesuchasacomputer, handhelddevice,or a cell phone.

De�nition: Grid Appliance
A device thatcanbeintegratedinto a Grid while providing theuserwith a
servicethatusesresourcesaccessiblethroughtheGrid.

Grid appliancesprovideaportalthatenableseasyaccess,utilization,andcon-
trol of resourcesavailablethroughaGrid by theuser. Wewill de�ne thetermGrid
portalin moredetail in Section6.7.
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6.3 Multi-faceted Grid Ar chitecture

A review of the literatureaboutexisting Grid researchprojectsshows that three
differentarchitecturalrepresentationsarecommonlyused. Eachof thesearchi-
tecturalviews attemptsto presenta particularaspectof Grids. Thus,we believe
it is importantto recognizethat the architectureof the Grid is multifacetedand
an architecturalabstractionshouldbe chosenthat �ts bestto describethe given
aspectof theGrid research.Nevertheless,in eachcaseoneneedsto considerthe
distributednatureandtheuniquesecurityaspects.

Next wewill describein moredetail thesecommonarchitecturalviews.

6.3.1 N-Tier Grid Ar chitecture

TheN-tier applicationarchitectureprovidesamodelfor Grid developersto create
�e xible andreusableGridapplications.DecomposingaGridapplicationinto tiers,
allows developersto modify or addonly to a speci�c layer, ratherthanto focus
on the reimplementationof all partsof theapplication.N-tier applicationarchi-
tecturesarecommonwithin andaremostoftenrepresentedaspartof thelayer7
of the OSI model[66]. Many Grid projectsprovide an N-tier architecture.The
advantageof an ntier architectureis its familiarity andints aplicability to many
conceptualGrid problemsthat try to seperateissuesbetweentheapplicationand
thephysicallayer.

Grid
Fabric

Middleware
Advanced 
Services

Applications Portals

System Level User Level

Figure6.2: An n-tierGrid architecturebasedonanapplicationuserspointof view.

6.3.2 Role-BasedGrid Ar chitecture

The secureaccessto a collectively controlledset of physicalresourcesreused
by applicationsmotivatesa role-basedlayeredarchitecture[46, 47]. Within this
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architecture,it is easyto identify fundamentalsystemcomponents,specify the
purposeandfunction of thesecomponents,andindicatehow thesecomponents
interactwith oneanother. This architectureclassi�esprotocols,services,appli-
cationprogramminginterfaces,andsoftwaredevelopmentkits accordingto their
rolesin enablingresourcesharing. It identi�es � ve layers: fabric, connectivity,
resource,collective,andapplicationlayer(seeFigure6.3). Interoperabilityis pre-
servedby usinga smallstandardsetof protocolsassistingin thesecureexchange
of informationanddataamongsingleresources.Theseresourcesaremanagedby
collectiveservicesin orderto provide theillusion of a singleresourceto applica-
tion designersandusers.

Collective Services

Resource and
Connectivity

Layer

Fabric

User Applications
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ies
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Secure Access
to 

Resources and 
Services

Distributed Information Services,
Brokering, and Monitoring

Application Services and 
Development Tools 

Physical Devices and
Resources such as

Computers, Storage, 
Networks, and Sensors

Figure6.3: A role-basedlayeredview of Grid architecture.

Thelayerswithin thearchitecturearede�ned asfollows:

� Thefabric layer containsprotocols,applicationinterfaces,andtoolkits that
allow developmentof servicesandcomponentsto accesslocally controlled
resources,suchascomputers,storageresources,networks,andsensors.

� The connectivitylayer includesthe necessaryGrid-speci�c core commu-
nicationandauthenticationsupportto performsecurenetwork transactions
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with theresourceswithin theGrid fabric. This includesprotocolsandser-
vicesallowing securemessageexchange,authentication,andauthorization.
It is bene�cial to developa small setof standardprotocolsandservicesto
provide themeansof interoperability.

� Theresource layer containsprotocolsthatenablesecureaccessandmoni-
toringby collectiveoperations.

� Thecollectivelayeris concernedwith thecoordinationof multipleresources
andde�nes collectionsof resourcesthat arepart of a virtual organization.
Popularexamplesof suchservicesaredirectoriesfor resourcediscoveryand
brokersfor distributedtaskandjob scheduling.

� Theapplicationlayercomprisestheusers'applicationsthatareusedwithin
avirtual organization.

Eachof theselayersmay containprotocols,applicationprogramminginter-
faces,andsoftwaredevelopmentkits to supportthe developmentof Grid appli-
cationsandservices. A bene�t of this architectureis the ability to bootstrapa
complex Grid framework while successively re�ning it on variouslevels. We
emphasizethat this architecturecanbe supportedwith an immenselyrich setof
alreadyde�ned applicationinterfaces,protocols,toolkits, andservicesprovided
throughcommoditytechnologiesanddevelopmentswithin high endcomputing.
Reuseandextensionof thesestandards,basedonGrid speci�c requirements,will
supportthedevelopmentof Grids.

6.3.3 Service-BasedGrid Ar chitecture

In nearfuture, we will observe a shift within information technologiestoward
serviceorientedconcepts.Fromtheperspective of Grid computing,we de�ne a
serviceasa platform-independentsoftwarecomponent,which is describedwith
a descriptionlanguageandpublishedwithin a directoryor registry by a service
provider (seeFigure6.4). A servicerequestercanlocatea setof serviceswith a
queryto the registry, a processknown asresourcediscovery. A suitableservice
canthenbeselectedandinvoked,aprocessknown asbinding[38, 41].

De�nition: Service
A platform-independentsoftwarecomponentpublishedwithin a directory
or registryby aserviceprovider.
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The usefulnessof the service-basedGrid architecturecan be illustratedby
schedulinga task on a computercluster. First, we locatea set of possiblere-
sources.Next, weselectacomputeresourcefrom thissetwherewewould like to
scheduleour task.A criterionto selectsucha resourcecouldbecostor loadbal-
anceamongtheresources.Oncea suitableresourceis selected,we bind thetask
of executionto this resource.Figure3 shows thepartiesandmessageexchanges
that de�ne a service-basedmodel. An importantaspectof servicesis the possi-
bility to easilycomposenew serviceswhile usingexisting ones.This is enabled
by the standarddescription,not only of the protocol,but alsoof the behavioral
descriptionof suchaservice.

Clearly, it is possibleto developcomplex �o ws betweenservices.Sincethis
service-basedmodeldealswith the useof asynchronousservices,it will be im-
portantto dealappropriatelywith serviceguaranteesin orderto avoid deadlocks
andotherhazards.

Registry

ProviderRequestor

find

bind

publish

Figure6.4: The servicemodelallows the descriptionof a provider servicethat
canbepublishedin a registryandbefoundandboundby a requestor.

Theservice-basedconcepthasbeenin wideuse,notonly by theGrid commu-
nity, but alsoby thebusinesscommunity. This facthasled to recentcollaborative
efforts betweenthe Grid and the businesscommunity. An exampleof suchan
activity is thecreationof theOpenGrid ServiceArchitecture,which we describe
in moredetail in Section6.5.2.1.2.
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6.3.4 Grid Challenges

Whatever the form of the Grid, we must consider, the dynamic,unpredictable
propertiesof theGrid, while at thesametime providing a reliableandpersistent
infrastructure.Additionally, wewouldliketo enableopencollaborationswithouth
neglectingprotectionof the collaborationwith appropriatesecurityrestrictions.
Theseapparentcontradictions– desirefor reliability vs. a potentialunreliable
infrastructure,or restrictedvs. unrestrictedaccessto information– provide com-
plex challengesfor Grids(seeFigure6.5). In orderfor Gridsto becomea reality,
we mustdevelop infrastructures,frameworks,andtools that addressthesecom-
plex managementchallengesandissues.

Software/
Application

Service

Hardware
Infrastructure

Tasks

Data

Information

Communities

Grid
Management

Figure6.5: TheGrid approachmustdealwith a complex managementchallenge
in many areas.

6.4 Grid ManagementAspects

A massivelydistributedandinterconnectedsystementailsmanagementissuesthat
go far beyondthoseof typical computers.Amongtheseissuesarethesecurityof
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the systemto maintainthe overall integrity of the system;dataandinformation
managementtoensurethattherelevantdataaboutusers,systems,andexperiments
is availableto usersandprogramson theGrid; executionandresourcemanage-
mentto handlethe allocationof resourcesandensurethat tasksareexecutedin
a timely matter;softwaremanagementto handledeploymentof softwarepack-
ages;andhardwaremanagementto ensurethatthephysicalbaseof theGrid stays
running.This sectionaddressestheseissuesandtheir relationshipto theGrid.

6.4.1 Managing Grid Security

SincetheGrid approachdealswith heterogeneousanddisperseresourcesandser-
vices, securityaspectswithin Grids play an important role. Most commodity
securityservicesavailabletodayenablethe interactionbetweentwo peers.The
conceptsusedto enablethis interactionareauthentication,authorization,encryp-
tion, andnonrepudiation(seeFigures6.6and6.7)

Authenticationdealswith theveri�cation of theidentityof anentitywithin the
Grid. Thoughthis is commonlyassociatedonly with identi�cation of aGrid user,
theGrid alsorequiresauthenticationof resourcesandservicesprovidedaspartof
theGrid.

Authorizationdealswith theveri�cation of anactionanentitycanperformaf-
terauthenticationwassuccessfullyperformed.Thus,policiesmustbeestablished
that determinethe capabilitiesof allowed actions. A typical exampleis the use
of a batchqueueis allowed for a userA between3 and4 o'clock, but userB is
allowedto usethequeueonly from 5 to 6 o'clock. In general,policiesdetermine
whocandowhat,when, andatwhich resource.

Encryptionprovidesa mechanismfor protectingthe con�dentiality of mes-
sagesin transitbetweentwo peers.

Nonrepudiationdealswith issuesthatprovide dataor messageintegrity, such
asverifying thatdatawasnotchangedaccidentallyor maliciouslyduringmessage
transmission.

Besidesthesegeneralsecurityissues,theGrid infrastructureposesuniquere-
quirements.For instance,it is unfeasibleto authenticatevia password challenges
for auseron thousandsof differentresources.

Singlesign-onis a mechanismthatsupportsauthenticationto a largenumber
of Grid resourceson behalfof theuseror resourceby delegatingthe taskof au-
thenticationto aserviceactingon behalfof theuser(alsocalleda proxyservice).
Sucha servicewill typically createa temporarycredential(often referredto as
a secureproxy) that is usedfor authentication.An importantfactor to consider
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Delegation

Single
Sign
On

Community
Authorization

Non-
Repudations

Encryption

Authorization

Authentication

Security

Figure6.6: Theissuesto beaddressedin security.

within singlesign-onis thatdifferentdomainsmayprovide differentlocal secu-
rity mechanisms.Thus,any solutionmusebeableto dealwith differentidentity
mappings,suchasUnix accountsaccessiblethroughPKI or Kerberos.

Delegation is theprocessof oneGrid entity actingon behalfof anotherGrid
entity. Delegation must be performedcarefullybecauseit is possibleto create
delegationchains.A simpleexampleofsucha chainis theinitiation of a process
on a resourceD,initiatedby a resourceA, andsubsequentlydelegatedthroughB
andC(A �

� B �

� C�

� D). In general,we observe the longer the chain, the greater
the risk for misuse. Accordingly, it is desirableto createwhat we term limited
delegation. This includesprocurementsfor authenticationrestrictionwith more
sophisticatedGrid services.Thus,wecancreatea limited proxy thatmay, among
otherthings,restrictuseto aparticularGrid resource.

Communityauthorizationprovidesmechanismsfor a virtual organizationto
de�ne policies for groupsof usersthat can be appliedto enablingaccesscon-
trol to resourcesby a community. This serviceis neededin caseit is impossible
or impracticalto keeptrack of the accessto a resourceon a user-by-userbasis.
An authoritythat establishestrust betweenthe peersregulatesinclusionin such
a community. In this sensecommunityauthorizationenablessinglesign-onto
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Figure6.7: Cartoonsof securityconceptsusefulfor Grids.

resourceswhile beingdelegatedto a trustedauthority.
Secure executionis desiredin environmentswherethe usercommunitybe-

comestoo largeto handle.In thesecases,it is importantto provide a servicethat
canrununtrustedapplications(thosesubmittedby theusers)in a trustedenviron-
ment(theclusterat a computecenteror a Grid); theconceptof virtual machines
essentialfor suchaservice.

We mustconsiderthe usercommunitywhendesigninga securityinfrastruc-
turefor applicationsandservicesrunningin a Grid environment.Many usersare
unwilling to dealwith obtrusivesecurityprocedures,but at thesametime expect
a reasonablelevel of security. Hence,it is of utmostimportanceto presentthe
securitymechanismsto theusersin aneasyandmostly transparentway. A min-
imum level of understandingby usersis necessary, so that they canspecifytheir
own securityrequirementsandunderstandthesecurityguaranteesor risksof the
Grid. In this respect,an educationalserviceprovided aspart of the strategy of
productionGridscanoffer thenecessaryexplanationsandguidancefor accessing
Grid resourcesanddevelopingsecureservice.

6.4.2 Managing Grid Inf ormation

Within Grids, information about the usersand the systemis critical. User in-
formationhelpsto establishcollaborativesessions,andsysteminformationhelps
usersselectthe appropriateresourcesandapplications.The availability of such
informationis importantfor themaintenance,con�guration,anduseof thehetero-
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geneousanddynamicallychangingGrid infrastructure.Characteristicsthatmust
beimposedonsuchaninformationserviceto supportGridsinclude

� uniform, �e xible accessto information;

� scalable,ef�cient accessto dynamicdata;and

� accessto multiple informationsources.

The creationof suchan informationservicemustbe an integral part of each
Grid toolkit and application. In the past,distributed directorieshave provided
sucha service. Often a centrallymaintainedrelationaldatabasemay serve the
samepurpose. In any case,the designof a scalableinformation servicemust
considerthedistributednatureof theGrid. Equally importantis the fact that the
resourceownersmay not wish to export the information abouttheir systemto
unauthorizedusers.Althoughrestrictedaccessto informationis alreadypossible,
it is notadequatelyaddressedin the�rst generationof prototypeproductionGrids.

6.4.3 Managing Grid Data

Eachprogramexecutedin a Grid is dependenton data,andthedatarequirements
for applicationsrunningon the Grid areenormous.For example,gatheringthe
datafor a meterologicalforcastrequirestheprocessingandstorageof petabytes
of dataeachday. To compensatefor limited storagecapacitiesat remotesites,
servicesthatperformdeliveryondemandmayaugmentthedatawith a lifetime to
limit theamountof actualdatain theGrid. If thecalculationcannotbeperformed
ontheserverwherethedatais located,theusermustbeableto ef�ciently replicate
thatdataelsewhere.Thus,areliable�le transferservicemustbeprovidedto move
thedatabetweensourceanddestinationonbehalfof theissuingclient. Filterscan
beusedto reducetheamountof dataduringatransfer, basedonmetadataattached
with the�le. If thedatacanbecreatedwith lesseffort thantheactualdatatransfer,
it maybeadvantageousto augmentdatawith pedigreeinformationabouthow to
regeneratethedatainsteadof storingthedata.

6.4.4 Managing Grid Execution and Resources

Calculationson resourceswithin the Grid arecontrolledby executionservices.
Thesimplestexecutionserviceis partof theoperatingsystemandallows execu-
tion of jobsandtasksonasingleresource.A Grid securityinfrastructuremustbe
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in placethatprovidesauthenticationandauthorizationmechanismsto governthe
useof this resource.Batchqueuingsystemsprovide a convenientway to extend
suchan executionserviceto a cluster, a parallelcomputer, or a supercomputer.
To enabletheuseof multiple instancesof suchresources,aresourceco-allocation
mechanismis needed.Sucha mechanismwill identify a suitablesetof resources
basedon the Grid informationserviceandverify that the selectedresourcesare
available(or to ful�ll theuser's requestif they arenot), reserve theresources,and
�nally executetheuser's taskon thisagglomerationof resources.

Algorithmsto control thecollective useof suchresourcesmaybequitecom-
plex. Sincethealgorithmicimplicationsfor schedulingin suchanenvironmentare
anNPcompleteproblem,heuristicsmaybeusedto solvetheschedulingproblem
andto guaranteetheexecutionof the tasks.Researchersarecurrentlyexploring
the useof combinatorialoptimizationstrategies,stochasticsampling,economic
models,andagent-basedsystems.Smartservicesarenecessarythatcandealwith
deadlockprevention,avoidance,andQoSguaranteesonthelocalandglobalscale.
Often,complicatedwork�o wsmustbeformulatedaspartof thecomplex interdis-
ciplinary applicationsrun by scientistson Grids. Thus,it is necessaryto provide
work�o w managementservicesthatallow controlof the�o w of dataandapplica-
tionsaspartof theproblem-solvingprocess.

6.4.5 Managing Grid Software

Deploymentof applications,components,andservicesin a distributedheteroge-
neousenvironmentis a challengingproblem.Of particularconcernis guarantee-
ing interoperabilitybetweendifferentversionsof softwareandlibrariesonalready
installedandoperationalsoftwareandservices.Theuseof theGrid servicemodel
describedearlieroffers a partial solutionto this problemby providing metadata
to eachapplicationandserviceinstalledon theGrid thatcanbequeriedthrough
theGrid informationservice.In this way, it is possibleto includeportability data
within theinfrastructure,whichwill beusedaspartof anauthorizationserviceto
verify whetherservicesor applicationscaninteroperate.

6.4.6 Managing Grid Hardware

The resourceproviders are responsiblefor hardware managementon the Grid.
Noti�cations aboutdowntimesandmaintenanceupgradesmustbeavailablethrough
theinformationservicein orderto simplify theuser'ssearchfor suitableresources
with serviceguarantees.In general,hardwaremanagementmustbe augmented
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with anappropriateinfrastructureon thehardwareserviceprovider side.Quality
of serviceaugmentationson thehardwarelevel, suchasnetworks,couldprovide
aprofoundadvantagefor futureGrid infrastructures.

6.5 Grid Activities

We have organizedour discussionof Grid projectinto threeclasses:community
activities, developmenttoolkits, andapplications(seeFigure6.8). Within each
class,wedescribevariousactivities in beingperformedby theGrid community.

Grid
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Science Collaboration Middleware Userware Standardization Production Grids Industry

Global GridForum
IETF
W3C
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DOE Science Grid
NASA IPG
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Access Grid

Figure6.8: A simpleclassi�cationof Grid activities: communityactivities,devel-
opmenttoolsandapplications.

6.5.1 Grid Activities

A varietyof activities areperformedby thecommunity. Eachof theseactivities
hasa profoundimpacton thedevelopmentof Grids.We identify threebasicGrid
usercommunitiesandtheactivities they perform:

� Development:Grid programmerswho develop servicesin a collaborative
fashionfor deploymentin theGrid.

� Application: Scienti�c or applicationuserswho accessthe servicespro-
videdaspartof theGrid.
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� CommunityBuilding: Administratorswhodeploy servicesandapplications
in productionGridsin orderto make themaccessibleto others.

While today'sGridusersincludemostlylarge-scalescienti�c applicationusers
anddevelopers,we expect that with the availability of robust Grid toolkits the
communitywill expandto the�nancial sector, thehealthcaresector, smallindus-
tries,andeventhecommonhouseholduserneedingaccessto servicesresources
accessiblethroughtheGrid. Thus,theGrid will beinstrumentalin furtheringthe
scienti�c discoveryprocess[19] while developingthenext generationof commu-
nity problem-solvingenvironments.

6.5.1.1 Global Grid Forum

TheGlobalGrid Forum(GGF) is an internationalcommunity-initiatedforum of
individual researchersandpractitionersworking on variousfacetsof Grids. The
missionof theGGFis to promoteanddevelopGrid technologiesandapplications
throughthedevelopmentanddocumentationof “bestpractices,” implementation
guidelines,and standards,with an emphasison “rough consensusand running
code.” The objective is to supportwith suchstandardsthe creationof produc-
tion Grids;addressinfrastructureobstaclesinhibiting thecreationof theseGrids;
performeducationaloutreach;andfacilitatethe useof Grid technologieswithin
diverseapplicationcommunities.Basedon the InternetEngineeringTaskForce
model, the GGF containsseveral areagroupsand,within theseareas,working
groupsdealingwith a particularGrid-relatedproblem. Thecurrentareasarein-
formationservices,security, schedulingandmanagement,performance,architec-
ture,data,andapplicationsandmodels.Regularmeetingsareheldin which over
two hundredorganizationsfrom morethanthirty countriesarerepresented[25].

6.5.1.2 Production Grids

A numberof nationalandinternationalcommunityproductionGrids have been
establishedin thepastfew years.Eachis partof a virtual organizationspanning
multiple administrative domainsandenablingaccessto high-endresourcessuch
as supercomputers,massstoragesystems,and advancedinstruments. A well-
trainedadministrativestaff is responsiblefor deploying servicesandcomponents
in suchcollectively maintainedproductionGrids.

6.5.1.2.1 DOE ScienceGrid TheDepartmentof Energy (DOE)ScienceGrid
is a pilot programto provide an advanceddistributed computinginfrastructure
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basedonGrid middlewareandtoolsto enablethedegreeof scalabilityin scienti�c
computingnecessaryfor DOE to accomplishits sciencemissions. Emphasisis
placedon makingtheconstructionanduseof large-scaleheterogeneoussystems
aseasyasusingtoday'sdesktopenvironments.TheDOEScienceGrid [40] is part
of a large initiative, entitledScienti�c Discovery throughAdvancedComputing
(SciDAC) [19], thatwasstartedin FY2001.Theobjectiveof SciDAC is to develop
thescienti�c computingsoftwareandhardwareinfrastructureneededfor terascale
computersto advanceits researchprogramsin basicenergy sciences,biological
andenvironmentalresearch,fusionenergy sciences,andhigh-energy andnuclear
physics.

6.5.1.2.2 TeraGrid The TeraGrid [21] projectseeksto build anddeploy the
world's largest,fastest,mostcomprehensive, distributedinfrastructurefor open
scienti�c research.Upon completion,the TeraGridwill include 13.6 tera�ops
of Linux clustercomputingpower distributedat four sites: the NationalCenter
for SupercomputingApplications(NCSA)at theUniversityof Illinois atUrbana-
Champaign;the SanDiego SupercomputerCenter(SDSC)at the University of
California - SanDiego; ArgonneNationalLaboratoryin Argonne,Illinois; and
theCalifornia Instituteof Technology(Caltech)in Pasadena.TheTeraGridwill
includeotherdistributedfacilitiescapableof managingandstoringmorethan450
terabytesof data,high-resolutionvisualizationenvironments,andtoolkitsfor Grid
computing.A high-speednetwork, which will operatebetween50 and80 giga-
bits/second,will permit the tight integrationof the componentsin a Grid. The
$53 million project is fundedby the NationalScienceFoundationand includes
corporatepartners.The TeraGridbene�ts from otherGrid-relatedactivities per-
formedat thepartnersitesthroughtheNationalComputationalScienceAlliance
(Alliance) [9, 78, 10] andtheNationalPartnershipfor AdvancedComputational
Infrastructure(NPACI) [11]. TheAllianceandNPACI is supportingtheTeraGrid
activitiesthroughtheirpartnersandinfrastructure/building activitiesandtheircur-
rentandfutureGrid infrastructures.

6.5.1.2.3 NASA Inf ormation Power Grid TheNASA InformationPowerGrid
projectwasinitiated from a seriesof workshopsin autumnof 1997. Thegoal is
to provide seamlessaccessto resourcesbetweenNASA sitesanda few selected
NPACI sitesfor applicationdevelopment. Theseapplicationsare likely to in-
cludeaeronauticsandotherareasof interestto NASA, suchasspacesciencesand
earthsciences.The requirementsNASA will address�rst are seamlessaccess
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to distributedlegacy applicationsvia networks,cross-platformcomputationaland
interactive visualizationof large three-dimensionaldatasets,intelligentanddis-
tributeddatamining acrossunspeci�edheterogeneousdatasources,agenttech-
nologies,privacy andsecurity, andtoolsfor thedevelopmentof multidisciplinary
systems.Additionally, NASA mustdealwith a numberof real-timerequirements
for aircraft operationssystems[15]. The currenthardwareresourcesincludedin
theprototypeInformationPower Grid arebasedon Globustechnologyandcom-
priseapproximately1,500CPUnodesin six SGI Originsdistributedacrosssev-
eralNASA centers.Also includedare10-50terabytesof securelyaccessiblemass
storage,severalworkstationclusterswith approximately100CPUs,andaCondor
poolwith 300workstations.

6.5.1.2.4 EuroGrid EuroGrid[14] is anapplicationtestbedfor theEuropean
Grid community. It is supportedasa sharedcost researchand technologyde-
velopmentprojectbetweenthe EuropeanCommissionandits elevenpartnerin-
stitutions. It will demonstratethe useof Grids in selectedscienti�c and indus-
trial communities,addressthe speci�c requirementsof thesecommunities,and
highlight the bene�ts of usingGrids. The objectivesare to establishandoper-
atea EuropeanGrid betweenseveralof Europe's High PerformanceComputing
centers.BesidesdevelopingGrid softwareandapplyingit within state-of-the-art
applicationssuchasbio-molecularsimulations,weatherprediction,coupledCAE
simulations,structuralanalysis,andreal-timedataprocessing,thealignmentwith
commercialpartnersis intendedto productizethesoftwareandprovidesupported.

6.5.1.2.5 Data Grid TheDataGrid[12] projectis fundedby EuropeanCom-
munity. Theobjective is to enablenext-generationscienti�c explorationthat re-
quiresintensive computationandanalysisof sharedlarge-scaledatabases,from
hundredsof terabytesto petabytes,acrosswidely distributed scienti�c virtual
communities.Theinitiative is led by CERN,theEuropeanOrganizationfor Nu-
clearResearch,togetherwith � ve othermainpartnersand�fteen associatedpart-
ners. Major applicationareasarequantumchromodynamics,Earthobservation,
andhumanhealthresearch.

6.5.1.2.6 Asia-Paci�c TheApGrid [13] is apartnershipfor Grid computingin
theAsiaPaci�c region. Sofar, it includesaboutthirty institutions.Oneof theim-
portantobjectivesof ApGrid is building aninternationalGrid testbed.Thecurrent
technologyplanincludestheGlobusToolkit asits underlyinginfrastructure.
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6.5.2 Grid Middleware

The collectionof APIs, protocols,andsoftwarethat allow creationanduseof a
distributedsystem,suchasaGrid, is calledmiddleware. It is ata lower level than
end-userapplicationswhile beingat a higherlevel thanthe underlyingnetwork
transportmethods.A varietyof middlewarepackagesareavailable,of which we
shallexamineaselectfew.

6.5.2.1 The GlobusProject

Over thepastfew years,theGlobusProjecthascontributedin many waysto the
Grid effort. It has� ve thrustareas.First, the Globus Projectconductsresearch
on Grid-relatedissuessuchas resourcemanagement,security, informationser-
vices,datamanagement,andapplicationdevelopmentenvironments.Second,the
GlobusProjectis developingopen-source,openarchitectureGrid software,called
theGlobusToolkit. A growing numberof researchinstitutesandcompanieshave
committedto supportingthis open-sourceactivity. Third, theGlobusProjectas-
sistsin the planningandbuilding of large-scaletestbeds,both for researchand
for productionuseby scientistsandengineers.Fourth,theGlobusProjectcollab-
oratesin a large numberof application-orientedefforts that develop large-scale
Grid-enabledapplicationsin collaborationwith scientistsandengineers.Fifth,
theGlobusProjectis committedto communityactivities that includeeducational
outreachandparticipationin de�ning Grid standardsaspart of the Global Grid
Forum.

The Globus Toolkit is modular, enablingusersto choosethe components
neededfor thedevelopmentof Grid-enabledapplications.

Securityis animportantaspectof theGlobusToolkit. TheGrid SecurityInfra-
structure(GSI) usespublic key cryptographyasthebasisfor its functionality. It
enableskey securityservicessuchasmutualauthentication,con�dential commu-
nication,delegation,andsinglesign-on. GSI builds the core for implementing
otherGlobusToolkit services..

Communicationwithin Globusis handledthroughtheGlobusIOlibrary, which
providesTCP, UDP, IP multicast,and�le I/O serviceswith supportfor security,
asynchronouscommunication,and quality of service. An important tool pro-
vided by the Globus Projectis MPICH-G2, which supportsMPI acrossseveral
distributedcomputers.MPICHG2wasusedat SC2001in anastrophysicalcalcu-
lationandreceivedtheGordonBell Prize[55].

Information abouta Grid is handledthroughthe MetacomputingDirectory
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Service.Theconceptof adirectoryservicefor theGrid was�rst de�ned in [?] and
laterre�ned in [39]. TheMetacomputingDirectoryServicemanagesinformation
aboutentitiesin a Grid in a distributedfashion. The currentimplementationof
MDS is basedon theLightweightDirectoryAccessProtocol(LDAP). This pro-
tocol enablesuniform queryingof systeminformationfrom a variety of system
components,and for optionally constructinga uniform namespacefor resource
informationacrossasystemthatmayinvolvemany organizations.

Resourcemanagementwithin Globus is handledthrougha layeredsystemin
which high-level global resourcemanagementservicesare build on top of lo-
cal resourceallocationservices.ThecurrentGlobusresourcemanagementsystem
comprisesthreecomponents:(1) an extensibleresourcespeci�cation language
thatservesasa methodfor exchanginginformationaboutresourcerequirements
betweenall of thecomponentsin theGlobusresourcemanagementarchitecture;
(2) a standardizedinterfaceto local resourcemanagementtools including LSF,
NQE, LoadLeveler, andCondor;and(3) a resourcecoallocationservicethatal-
lowsconstructionof sophisticatedco-allocationstrategiesthatallowsuseof mul-
tiple resourcesconcurrently.

Data managementis supportedby integrationof the GSI protocol to access
remote�les through,for example,theHTTPandtheFTPprotocols.

Datagridsaresupportedthroughreplicacatalogservicesin thenewestrelease
of theGlobusToolkit. Theseservicesallow copying of themostrelevantportions
of a datasetto local storagefor fasteraccess.Installationof theextensive toolkit
is enabledthrougha packagingtoolkit thatcangeneratecustom-designedinstal-
lationdistributions.

Currentresearchactivities includethecreationof a communityaccessserver,
restrictedproxiesfor placingadditionalauthorizationrequestswithin the proxy
itself, datagrids,quality of service,andintegrationwithin commoditytechnolo-
giessuchastheJava framework andwebservices.Futureversionsof theGlobus
Toolkit will integratetheGrid architecturewith Webservicestechnologies.

6.5.2.1.1 Commodity Grid Kits The Globus Projectprovidesa small setof
usefulservices,including authentication,remoteaccessto resources,andinfor-
mationservicesto discoverandquerysuchremoteresource.Unfortunately, these
servicesmaynot becompatiblewith thecommoditytechnologiesusedfor appli-
cationdevelopmentby thesoftwareengineersandscientists.

Toovercomethisdif�culty , theCommodityGridprojectiscreatingCommodity
Grid Toolkits (CoGKits) thatde�ne mappingsandinterfacesbetweenGrid ser-
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vices and particularcommodityframeworks. Technologiesand frameworks of
interestincludeJava,Python,CORBA [79], Perl,WebServices,.NET, andJXTA.

ExistingJava [80] andPythonCoGKits provide thebestsupportfor a subset
of the serviceswithin the Globus Toolkit. The PythonCoG Kit usesSWIG in
orderto wrap theGlobusC-API, while theJava CoGKit is a completereimple-
mentationof theGlobusprotocolsin Java. TheJavaCoGKit is donein pureJava
andprovidestheability of usinga pureJava GRAM service.Although theJava
CoGKit canbeclassi�ed asmiddlewarefor integratingadvancedGrid services,
it canalsobeviewedbothasa systemproviding advancedservicescurrentlynot
availablein theGlobusToolkit andasa framework for designingcomputingpor-
tals[81]. Both theJavaandPythonCoGKits arepopularwith Grid programmers
andhavebeenusedsuccessfullyin many communityprojects.

6.5.2.1.2 Open Grid ServicesAr chitecture Oneof themajorproblemsfac-
ingGriddeploymentis thevarietyof different“standards”,protocols,anddif�cult-
to-reuseimplementations.This situationis exacerbatedby the fact thatmuchof
theGrid developmenthasbeendoneseparatelyfrom corporate-distributedcom-
puterdevelopment.As a result,achasmhasbegunto appear[52].

TheOpenGrid ServicesArchitecture(OGSA)is aneffort to utilize commod-
ity technologyto createa Grid architecture.OGSAutilizes the Webservicede-
scriptionsasa methodto bringconceptsfrom webservicesinto theGrid.

In OGSA, everything is a network-enabledservicethat is capableof doing
somework throughthe exchangeof messages.Such“services” include com-
puteresources,storageresources,programs,networks,databases,andavarietyof
tools. Whenan OGSA serviceconformsto a specialsetof interfacesandsup-
port standards,it is deemeda “Grid service.” TheseGrid serviceshave theability
maintaintheir state;hence,it is possibleto distinguishonerunningGrid service
instancefrom another. UnderOGSA,Grid servicesmaybecreatedanddestroyed
dynamically. To provide a referencemechanismfor a particularGrid servicein-
stanceandits state,eachinstancehasauniqueGrid servicehandler(GSH).

Becausea Grid serviceinstancemayoutlasttheprotocolon which it initially
runs,theGSHcontainsnoinformationaboutprotocolsor transportmethods,such
asanIPaddressorXML schemaversion.Instead,thisinformationis encapsulated
into a Grid servicereference(GSR)which canchangeover time. This strategy
allows theinstanceto upgradeor addnew protocols.

To manipulateGrid services,OSGAhasinterfacesthathandleandreference
abstractionsthatmake up OGSA.Theseinterfacescanvary from serviceto ser-
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vice; however, thediscovery interfacemustbesupportedon all servicesto allow
thelocationof new Grid serviceinstances.

Using suchanobject-orientedsystemoffersseveraladvantages.All compo-
nentsarevirtualized,removing many dependency issuesandallowing mappingof
multiple logical resourcesinto onephysicalresource.Moreover, becausethereis
a consistentsetof interfacesthatall servicesmustprovide, constructionof com-
plex servicesis greatlysimpli�ed. Togetherthesefeaturesallow for mappingof
servicesemanticsontoawidevarietyof platformsandcommunicationprotocols.

WhenOGSAis combinedwith CoGkits, a new level of easeandabstraction
is broughtto the Grid. Together, thesetechnologieswill form the basisfor the
forthcomingGlobus3.0[48].

6.5.2.2 Legion

Legion is a Grid softwareprojectdevelopedat theUniversityof Virginia. Legion
addressesGrid key issuessuchasscalability, programmingease,fault tolerance,
security, andsite autonomy. The goal of the Legion systemis to supportlarge
degreesof parallelismin applicationcodeandto managethecomplexities of the
physicalsystemfor theuser. Legionseamlesslyschedulesanddistributestheuser
processeson availableandappropriateresourceswhile providing the illusion of
workingonasingle,virtual machine.

As doesotherGrid middleware,Legion providesa setof advancedservices.
Theseincludethe automaticinstallationof binaries,a secureandsharedvirtual
�le systemthatspansall themachinesin a Legion system,strongPKI-basedau-
thentication,�e xible accesscontrol for userobjects,andsupportof legacy codes
executionandtheirusein parameterspacestudies.

Legion's architectureis basedon anobjectmodel. Eachentity in theGrid is
representedasanactiveobjectthatrespondsto memberfunctioninvocationsfrom
otherobjects. Legion includesseveral coreobjects,suchascomputeresources,
persistentstorage,bindingobjectsthatmapglobalto localprocessIDs,andimple-
mentationobjectsthatallow theexecutionof machinecode.TheLegion system
is extensibleandallows usersto de�ne their own objects. Although Legion de-
�nes themessageformatandhigh-level protocolfor objectinteraction,it doesnot
restricttheprogramminglanguageor thecommunicationsprotocol.

Legion hasbeenusedfor parameterstudies,oceanmodels,macromolecular
simulations,andparticle-in-cellcodes.Legion is alsousedaspartof theNPACI
productionGrid; a portal easesthe interactionwith the productionGrid using
Legion.
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6.5.2.3 StorageResourceBroker

The StorageResourceBroker (SRB) [20] developedby the SanDiego Super-
computerCenteris client-servermiddlewarethatprovidesauniform interfacefor
connectingto heterogeneousremotedataresourcesandaccessingreplicateddata
sets. The SRB software includesa C client library, a metadataserver basedon
relationaldatabasetechnology, anda setof Unix-like commandline utilities that
mimic, for example,ls, cp,andchmodSRBenablesaccessto variousstoragesys-
temsincludingtheUnix �le system,archival storagesystemssuchasUNITREE
[8] andHPSS[6] anddatabaseLargeObjectsmanagedby variousdatabaseman-
agementsystemssuchasDB2, Oracle,andIllustra. SRBenablesaccessto data
setsandresourcesbasedon theirattributesratherthantheirnamesor physicallo-
cations.Forminganintegralpartof SRBarecollectionsthatde�ne alogicalname
givento a setof datasets.A Java-basedclient GUI allows convenientbrowsing
of thecollections.Basedon thesecollections,a hierarchicalstructurecanbeim-
posedondata,therebysimplifying theorganizationof datain amannersimilar to
a Unix �le system.In contrastto thenormalUnix �le system,however, a collec-
tion canencompassdatathat is storedon remoteresources.To supportarchival
massstoragesystems,SRB canbind a large setof �les (that arepart of a col-
lection)in acontainerthatcanbestoredandaccessedassingle�le. Additionally,
SRBsupportsthreeauthenticationschemes:GSI,SEA(anRSA-basedencryption
scheme),andplain text password. Furthermore,SRBcanenableaccesscontrolto
datato groupsof users.Otherfeaturesof SRBincludedatareplication,execution
of useroperationson theserver, datareductionprior to a fetchoperationby the
client,andmonitoring.

6.5.2.4 Akenti

Akenti is a securitymodelandarchitectureproviding scalablesecurityservices
in Grids. Theprojectgoalsareto (1) achieve thesamelevel of expressivenessof
accesscontrol that is accomplishedthrougha local humancontroller in the de-
cision loop, and(2) accuratelyre�ect existing policiesfor authority, delegation,
andresponsibilities.For accesscontrol,Akenti usesdigitally signedcerti�cates
thatincludetheuseridentity authentication,resourceusagerequirements(or use-
conditions),userattribute authorizations(or attribute certi�cates),delegatedau-
thorization,andauthorizationdecisionssplit amongon-lineandoff-line entities.
All of thesecerti�catescanbestoredremotelyfrom theresources.Akentiprovides
apolicy enginethattheresourceservercancall to �nd andanalyzeall theremote
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certi�cates. It alsoincludesa graphicaluserinterfacefor creatinguse-conditions
andattributecerti�cates.

6.5.2.5 Network WeatherService

Network WeatherService(NWS) [51] is adistributedmonitoringservicethatpe-
riodically recordsandforecaststheperformanceof variousnetwork andcompu-
tational resourcesover time. The serviceis basedon a distributed set of per-
formancesensorsthat gatherthe informationin a centrallocation. This datais
usedby numericalmodelsto generateforecasts(similar to aweatherforecasting).
The information also can be usedby dynamicschedulersto provide statistical
quality-of-servicereadingsin a Grid. Currently, thesystemsupportssensorsfor
end-to-endTCP/IPperformancemeasuringbandwidthandlatency, availableCPU
percentage,andavailablenonpagedmemory. Theforecastmodelsincludemean-
basedmethods,which usesomeestimateof the samplemeanasa forecast,and
median-basedmethods,which usea medianestimator, andautoregressive meth-
ods. While evaluatingthe accuraciesof the predictionduring runtime,NWS is
ableto con�gure itself andchosetheforecastingmethod(from thosethatarepro-
vided with NWS) that best �ts the situation. New modelscan be includedin
NWS.

6.5.3 High-Thr oughput Computing

High-throughputcomputingis an extensionof the conceptof supercomputing.
While typical supercomputingfocuseson �oating-point operationsper second
(�ops), high-throughputsystemsfocuson �oating-point operationspermonthor
year[24]. The projectslisted in this sectionareprojectsthat provide increased
performancefor long termcalculationsby utilizing distributedcommodityhard-
warein acollaborativemethod.

6.5.3.1 Condor

Condoris asystemto utilize idle computecyclesonworkstationswhile distribut-
ing a numberof queedjobs to them. Condorfocusingon high-throughputcom-
puting, ratherthanhigh performancecomputing[77]. Condormaintainsa pool
of computerswhile usinga centralizedbroker to distributejobsbasedon loadin-
formationor preferenceasseretwith the jobs to beexecuted.Condorprovidesa
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broker that identi�es in the pool of resourcesidle computerswith availablere-
sourcesonwhich to runtheprogram(thus,themetaphorof acondorsoaringover
thedesertlooking for food).

TheproperresourcesarefoundthroughtheClassAdsmechanismof Condor.
This mechanismallows eachcomputerin thepool to advertisetheresourcesthat
it hasavailableandpublishthemin acentralinformationservice.Thus,if a job is
speci�ed to require128megabytesof RAM, it will not beplacedon a computer
with only 64 megabytesor RAM [24].

Theever-changingtopologyof workstationsdoes,of course,posea problem
for Condor. When a userreturnsto his computer, he usually wants it to stop
runningCondorprocesses.Toaddressthisissue,theprogramusesthecheckpoints
describedabove andrestartson anotherhostmachine.UnderCondor, allows the
speci�cation of elementaryauthorizationpolicies,suchasuserA is allowed to
usethemachinebut not userB, andthede�nition of a policiesfor runningjobs
in thebackgroundor whentheuseris not interactively usingthemachine.Such
authorizationframeworkshavebeensuccessfullyreusedin otherprojectssuchas
SETI@Home[56, 44,43, 42].

Today, condoralsoincludesclientsidebrokersthathandlemorecomplex tasks
suchasjob orderingvia acyclic graphsandtimemanagementfeatures.To prevent
monopolizingthe resourcesby a single large applicationCondorcanusea fair
schedulingalgorithm. A disadvantagewith the earlier condorsystemwas that
it wasdif�cult to implementa co-allocationof resourcesthat are not part of a
workstationbut of a supercomputingbatchqueuesystem. To utilize alsobatch
queueswithin a pool, condorintroduceda mechanismthat provides the ability
to integrateresourcesfor a particularperiodof time into a pool. This concept
is alsoknown asglide-in, which areenebledthrougha Globus backend. Using
this technique,a job submittedon a Condorpool maybeexecutedelsewhereon
anothercomputingGrid. CurrentlyCondoris workingwith theGlobusProjectto
provide thenecessaryresourcesharing[77].

Much of Condor's functionality resultsfrom the trappingof systemcalls by
a specializedversionof GLIBC that C programsare linked against.Using this
library, mostprogramsrequireonly minor (if any) changesto the sourcecode.
The library redirectsall I/O requeststo the workstationthat startedthe process.
Consequently, workstationsin theCondorpooldonot requireaccountsfor every-
onewhocansubmita job. Rather, only onegeneralaccountfor Condoris needed.
This strategy greatlysimpli�es administrationandmaintenance.Moreover, the
specialGLIBC library providesthe ability to checkpointthe progressof a pro-
gram. Nevertheless,condorprovidesalsoa mechanismthatmakesit possibleto
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runjobsunchanged,but muchof theadvancedfeaturessuchascheckpointingand
restartingcannotbeutilized.

Additional,Grid functionalityhasbeenincludedwith theestablishmentof so
calledCondor�ocks thatmayrepresentpool in differentadministrativedomains.
Policy agreementsbetweenthese�ocks enabletheredistributionof migratoryjobs
betweenthese�ocks [43, 42].

6.5.3.2 NetSolve

NetSolve,developedat theUniversityof Tennessee's InnovativeComputingLab,
is adistributedcomputingsystemthatprovidesaccessto computationalresources
acrossaheterogeneousdistributedenvironmentvia aclient-agent-server interface
[33, 16].

The entire NetSolve systemis viewed as a connectednon-directedgraph.
Eachsystemthat is attachedto NetSolve canhave differentsoftwareinstalledon
it. UserscanaccessNetSolve andprocesscomputationsthroughclient libraries
for C, Fortran,Matlab, andMathematica.Theselibrariescanaccessnumerical
solverssuchasLAPACK, ScaLAPACK, andPETSc.Whenacomputationis sent
toNetSolve,theagentusesa“best-guess”methodologyto determinewhichserver
to sendtherequestto. Thatserver thendoesthecomputationandreturnsthere-
sult usingtheXDR format [36]. Shoulda server processterminateunexpectedly
while performinga computation,thecomputationis automaticallyrestartedon a
differentcomputerin theNetSolvesystem.Thisprocessis transparentto theuser
andusuallyhaslittle impactotherthanadelayin gettingtheresults.

BecauseNetSolve canusemultiple computersat thesametime throughnon-
blocking calls, the systemhasan inherentamountof parallelism. This, in one
sense,makesit easyto write parallelC programs.

The NetSolve systemis still being actively enhancedand expanded. New
featuresincludedagraphicalproblemdescription�le generator, Kerberosauthen-
tication,andadditionalmathematicallibraries[26].

NetSolve's closestrelative is Ninf (seeSection6.5.3.3).Work hasbeendone
on softwarelibrariesthat allow routineswritten for Ninf to be run on NetSolve
andviceversa.Currently, however, therearenoknown plansfor thetwo projects
to merge[33].
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6.5.3.3 Ninf

Ninf (Network InformationLibrary for High PerformanceComputing)is a dis-
tributedremoteprocedurecall systemwith a focuson easeof useandmathemat-
ical computation.It is developedby theElectrotechnicalLaboratoryin Tsukuba,
Ibaraki,Japan.

To executea Ninf program,a client callsa remotemathematicallibrary rou-
tine via a metaserver interface.This metaserver thenbrokersvariousrequeststo
machinescapableof performingthecomputation.Sucha client-agent-server ar-
chitectureallows a high degreeof fail-safetyfor thesystem.Whentheroutineis
�nished, themetaserver receivesthedataandtransfersit backto theclient.

The Ninf metaserver can also automaticallyorder requests.Speci�cally, if
multiple dependentandindependentcalculationsneedto take place,theindepen-
dentoneswill executein parallelwhile waiting for thedependentcalculationsto
complete.

Bindingsfor Ninf havebeenwritten for C, Fortran,Java,Excel,Mathematica,
andLisp. Furthermore,thesebindingssupporttheuseof HTTP GET andHTTP
PUTto accessinformationonremoteWebservers.This featureremovestheneed
for the client to have all of the informationandallows low-bandwidthclientsto
runon thenetwork andreceive thecomputationalbene�ts thesystemoffers[64].

Severalefforts areunderway to expandNinf into a moregeneralizedsystem.
AmongtheseeffortsareNin�et, a framework to distributeandexecuteJavaappli-
cations,andNinf-G aprojectdesignedacomputationalRPCsystemon topof the
GlobusToolkit [71].

6.5.3.4 SETI@Home

SETI@Home,runby theSpaceScienceLabattheUniversityof CaliforniaBerke-
ley, is oneof the mostsuccessfulcoarsegrain distributedcomputingsystemsin
theworld. Its goalis to integratecomputeresourcesontheWebaspartof acollec-
tive of independentresourcesthat areplentiful andcansolve many independent
calculationsat thesametime. Suchasystemwasenvisionedasawayto dealwith
theoverwhelmingamountof informationrecordedby theAreciboradiotelescope
in PuertoRico andtheanalysisof thedata. TheSETI@homeprojectdeveloped
stableanduserappealingscreensaversfor MacintoshandWindows computers
anda command-lineclient for Unix systems[56, 62] that startedto be widely
usedin 1999.

At its core,SETI@Homeis aclient-serverdistributednetwork. Whenaclient
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is run, it connectsto theSETI@Homework unit serversat theUniversityof Cal-
ifornia - Berkeley and downloadsa packet of datarecordedfrom the Arecibo
telescope.The client then performsa �x ed mathematicalanalysison the data
to �nd signalsof interest. At the end of analysis,the resultsare sentback to
SETI@Home,andanew packet is downloadedfor thecycle to repeat.

Packetsof informationthat have beenshown to have useful informationare
thenanalyzedagainby thesystemto ensuretherewasnoclienterrorin thereport-
ing of thedata.In this way, thesystemshows resiliency towardmodi�ed clients,
andthescienti�c integrity of thesurvey is maintained[57]. To date,SETI@Home
hasaccumulatedmorethan900,000CPU-yearsof processingtime from over3.5
million volunteersaroundtheglobe. Theentiresystemtodayaveragesout to 45
T�ops, whichmakesit theworld'smostpowerful computingsystemby abig mar-
gin [34]. Oneof theprincipal reasonsfor theproject's successis its noninvasive
nature;runningSETI@Homecausesno additionalloadon mostPCswhereit is
run only during the inactive cycles. In addition,thesystemprovidesa wealthof
both userandaggregateinformationandallows organizationsto form teamsfor
corporationsandorganizations,whichthenhavetheirstandingspostedontheWeb
site. SETI@Homewasalsothe�rst to mobilizemassive amountsof participates
by creatingasenseof communityandprojectthegoalsof thescienti�c projectto
largeamountsof nonscienti�c users.

SETI@Homewasoriginally plannedin 1996to bea two-yearprogramwith
anestimated100,000users.Becauseof its success,plansarenow underway for
SETI@HomeII, whichwill expandthescopeof theoriginalproject[28]. Multiple
othertopic suchasproteinfolding havealsobeenadapted[4].

6.5.3.5 Nimr od-G

Nimrod wasoriginally a metacomputingsystemfor parameterizedsimulations.
Sincethenit hasevolvedto includeconceptsandtechnologiesrelatedto theGrid.
Nimrod-Gis anadvancedbrokersystemthatis oneof the�rst systemsto account
for economicmodelsin schedulingof tasks.Nimrod-Gprovidesa suiteof tools
thatcanbeusedto generateparametersweepapplications,manageresources,and
scheduleapplications.It is basedon a declarative programminglanguageandan
assortmentof GUI tools.

The resourcebroker is responsiblefor determiningrequirementsthat theex-
perimentplaceson the Grid and for �nding resources,scheduling,dispatching
jobs,andgatheringresultsbackto thehomenode.Internalto theresourcebroker
areseveralmodules:
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� The task-farmingagent is a persistentmanagerthatcontrolstheentireex-
periment.It is responsiblefor parameterization,creationof jobs,recording
of job states,andcommunication.Becauseit cachesthestatesof theexperi-
ments,anexperimentmayberestartedif thetask-farmingagentfailsduring
a run.

� Theschedulerhandlesresourcediscovery, resourcetrading,andjob assign-
ment. In this modulearethealgorithmsto optimizea run for time or cost.
Informationaboutthe costsof using remotesystemsis gatheredthrough
resourcediscoveryprotocols,suchasMDS for theGlobusToolkit.

� Dispatchersandactuatorsdeploy agentsontheGrid andmaptheresources
for execution. Theschedulerfeedsthedispatchera schedule,andthe dis-
patcherallocatesjobs to the different resourcesperiodically to meetthis
goal.

The agentsaredynamicallycreatedandareresponsiblefor transportingthe
codeto the remotemachine,startingtheactualtaskandrecordingthe resources
usedby aparticularproject.

The Nimrod-G architectureoffers several bene�ts. In particular, it provides
aneconomicmodelthatcanbeappliedto bemetacomputing,andit allows inter-
actionwith multiple differentsystemarchitectures,suchasGlobus,Legion, and
Condor.

In the futureNimrod-Gwill beexpandedto allow advancereservationof re-
sourcesand usemore advancedeconomicmodelssuchas demand-and-supply,
auctions,andtenders/contract-netprotocols[30].

6.6 Grid Application

At the beginning of Section6.5.1 we divided Grid projectsinto threeclasses:
communityactivities, toolkits (middleware),andapplications.Herewe focuson
threeapplicationsrepresentative for currentGrid activities.

6.6.1 AstrophysicsSimulation Collaboratory

The AstrophysicsSimulationCollaboratory(ASC) wasoriginally developedin
supportof numericalsimulationsin astrophysics,andhasevolvedinto a general-
purposecodefor partial differentialequationsin three-dimensions[1, 31]. Per-
hapsthemostcomputationallydemandingapplicationthathasbeenattackedwith
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ASC is the numericalsolutionof Einsteinsgeneralrelativistic wave equations,
in the context, for example,of the studyof neutronstarmergersandblack hole
collisions. For this purpose,the ASC communitymaintainsan ASC server and
controlsits accessthroughlogin accountson the server. Remoteresourcesinte-
gratedinto theASCserverarecontrolledby theadministrativepoliciesof thecite
contributingtheresources.In general,thismeansthatausermusthaveanaccount
on themachineon which theserviceis to beperformed.Themodulardesignof
the framework and its exposurethrougha Web-basedportal, permitsa diverse
groupof researchersto developadd-onsoftwaremodulesthatintegrateadditional
physicsor numericalsolversinto theCactusframework.

Theastrophysicssimulationcollaboratory(ASC)pursuesthefollowing objec-
tives[32]:

� Promotethecreationof acommunityfor sharinganddevelopingsimulation
codesandscienti�c results;

� Enabletransparentaccessto remoteresources,including computers,data
storagearchives,informationservers,andsharedcoderepositories;

� Enhancedomain-speci�ccomponentandservicedevelopmentsupporting
problem-solvingcapabilities,suchasthedevelopmentof simulationcodes
for theastrophysicalcommunityor thedevelopmentof advancedGrid ser-
vicesreusableby thecommunity;

� Distributeandinstallprogramsontoremoteresourceswhile accessingcode
repositories,compilation,anddeploymentservices;

� Enablecollaborationduringprogramexecutionto fosterinteractionduring
thedevelopmentof parametersandtheveri�cation of thesimulations;

� Enablesharedcontrolandsteeringof thesimulationstosupportasynchronous
collaborative techniquesamongcollaboratorymembers;

� Provide accessto domain-speci�cclientsthat, for example,enableaccess
to multimediastreamsandotherdatageneratedduringtheexecutionof the
simulation.

To achieve theseobjectives,ASC usesa Grid portal basedon JSPfor thin-
client accessto Grid services.Specializedservicessupportcommunitycodede-
velopmentthroughonlinecoderepositories.TheCactuscomputationaltoolkit is
usedfor this work. The ASC is scheduledto be openedfor usersin the astro-
physicscommunityin September2002.
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6.6.2 Particle PhysicsData Grid

TheParticlePhysicsDataGrid (PPDG)[18] is a collaboratoryprojectconcerned
with providing thenext-generationinfrastructurefor currentandfuturehigh-energy
andnuclearphysicsexperiments.Oneof the importantrequirementsof PPDG
is to dealwith the enormousamountof datathat is createdduring high energy
physicsexperimentandmust be analyzedby large groupsof specialists.Data
storage,replication,job scheduling,resourcemanagement,andsecuritycompo-
nentssuppliedby theGlobus,Condor, STACS,SRB,andEU DataGrid projects
[12] all will beintegratedfor easyuseby thephysicscollaborators.Development
of PPDGis supportedunderthe DOE SciDAC initiative (Particle PhysicsData
Grid CollaboratoryPilot) [18].

6.6.3 NEESgrid

The intentionof NEESgridis to build a national-scaledistributedvirtual labora-
tory for earthquake engineering.Theinitial goalsof theprojectareto (1) extend
theGlobus InformationServiceto meetthespecializedneedsof thecommunity
and(2) developa setof servicescalledNEESpop,alongwith existing Grid ser-
vicesto bedeployedto theNEESpopservers.Ultimately, thesystemwill include
a collaborationandvisualizationenvironment,specializedNEESpopservers to
handleandmanagethe environment,andaccessto externalsystemandstorage
providedby NCSA [68].

Oneof theobjectivesof NEESgridis to enableobservationanddataaccessto
experimentsin realtime. Bothcentralizedanddistributeddatarepositorieswill be
createdto sharedatabetweendifferentlocationson theGrid. Theserepositories
will have datamanagementsoftwareto assistin rapidandcontrolledpublication
of resultsA softwarelibrary will be createdto distributesimulationsoftwareto
users.This will allow userswith NEESgrid-enableddesktopsto run remotesim-
ulationson theGrid [67].

NEESgridwill comprisea layeredarchitecture,with eachcomponentbeing
built on coreGrid servicesthathandleauthentication,information,andresource
managementbut arecustomizedto �t theneedsof earthquake engineeringcom-
munity.

The project will have a working prototypesystemby the fourth quarterof
2002.Thissystemwill beenhancedduringthenext years,with thegoalto deliver
a fully testedandoperationasystem2004to gatherdataduringthenext decade.
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6.7 Portals

Theterm“portal” is not uniformly de�ned within thecomputersciencecommu-
nity. Sometimesit representsintegrateddesktops,electronicmarket places,or
informationhubs[49, 73, 50]. We usethe term portal herein the moregeneral
senseof acommunityaccesspoint to informationandservices(seeFigure6.9).

Applications
and 

Services

Information
and 
Data

Users

Portal

Figure6.9: Portalsprovide anentrypoint thathelpsto integrateinformationand
data,applicationandservices.

De�nition: Portal
A communityservicewith a singlepoint of entry to an integratedsystem
providing accessto information,data,applications,andservices.

In generala portal is mostusefulwhendesignedfor a particularcommunity
in mind. Today, most commonWeb portals build on the currentgenerationof
Web basedcommoditytechnologies,basedon the HTTP protocolfor accessing
theinformationthroughabrowser.

De�nition: Webportal
A portal providing usersubiquitousaccess,with the help of web-based
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commoditytechnologies,to information,data,applications,andservices.
Thecurrentgenerationof Webportalsis accessedthroughHTTP andWeb
browsers.

A Grid portal is a specializedportalusefulfor usersof productionGrids. A
Grid portal providesinformationaboutthe statusof the Grid resourcesandser-
vices. Commonlythis informationincludesthestatusof batchqueuingsystems,
load, and network performancebetweenthe resources.Furthermore,the Grid
portalmayprovideatargetedaccesspoint to usefulhigh-endservices,suchasthe
generationof a compute-anddata-intensive parameterstudyfor climatechange.
Grid portalsprovidecommunitiesanotheradvantage:they hidemuchof thecom-
plex logic to driveGrid-relatedserviceswith simpleinteractionthroughtheportal
interface. Furthermore,they reducetheeffort neededto deploy softwarefor ac-
cessingresourceson productionGrids.

De�nition: Grid portal
A specializedportalproviding an.entrypoint to theGrid to accessapplica-
tions,services,information,anddataavailablewithin aGrid.

In contrasttoWebportals,Grid portalsmaynotberestrictedto simplebrowser
technologiesbut may usespecializedplug-insor executablesto handlethe data
visualizationrequirementsof, for example,macromoleculardisplaysor three-
dimensionalhigh-resolutionweatherdatadisplays.

A Grid portal may deal with different usercommunities,suchas develop-
ers,applicationscientists,administrators,andusers.In eachcase,theportalmust
supportapersonalview thatremembersthepreferredinteractionwith theportalat
timeof entry. Tomeettheneedsof thisdiversecommunity, sophisticatedGridpor-
tals (currentlyunderdevelopment)areproviding commoditycollaborative tools
suchasnewsreaders,e-mail,chat,andvideoconferencing,eventscheduling.Ad-
ditionally, someGrid portal developersare exploiting commoditytechnologies
suchas JavaBeansand JSP, which are alreadypopular in Web portal environ-
ments.In thefollowing subsectionswehighlightseveralexamplesof well-known
Grid portalsandthetoolkitsbeingusedto createtheseportals.

6.7.1 HotPage

HotPage[17] is aportalthatprovidesacollectiveview of adistributedsetof high-
performancecomputingresources.The portal enablesresearcherseasilyto �nd
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informationabouteachof the resourcesin the computationalGrid. This infor-
mation(which is storedin HTML) includestechnicaldocumentation,operational
status,load andcurrentusage,andqueuedjobs. Additionally, HotPageenables
usersto accessandmanipulate�les anddataandto submit,monitor, anddelete
jobs. Grid accessis throughtheGlobusToolkit [22] or via theNetwork Weather
Service[51]. TheHotPagebackendis accessedthroughPerlCGI scriptsthatcre-
ate the pagesrequested.HotPagehasbeeninstalledon a variety of production
Grids,suchasNPACI [11] andNASA IPG [15].

6.7.2 Web�ow and Gateway

Web�ow andits successorGateway [35] aretwo in�uential projectsin designing
portalsfor Grids. They offer a programmingparadigmimplementedover a vir-
tual Web-accessibleGrid. An applicationis designedby a computationalgraph
thatis visually editedby theend-user, usingJava applets.Nodesof thegraphare
reusablemodulesthat written by the developers. Module usersneednot, how-
ever, be concernedwith issuessuchas allocatingand running the moduleson
variousmachines,creatingconnectionsamongthemodules,sendingandreceiv-
ing dataacrosstheseconnections,or running several modulesconcurrentlyon
onemachine. The Gateway systemtakescareof thesemanagementissuesand
coordinatestheexecution.

TheGatewaysystemis basedonamodernthree-tierarchitecture.Tier 1 is the
high-level front-endenablingvisualprogramming,steering,run-timedataanaly-
sisandvisualization,andcollaboration;this front-endis basedon Webtechnolo-
giesandobject-orientedcommoditystandards.Tier 2 is formedby distributed
object-based,scalable,andreusableWeb serversandobjectbrokersandbuilds
the middleware. Tier 3 comprisesthe back-endservicessuchasexecutionser-
vicesanddatamovementservices.

6.7.3 XCAT

The XCAT Project [59] from IndianaUniversity provides and implementation
of theCommonComponentArchitecture(CCA) [3] to assistin theassemblyof
applicationsusingGrid resources.TheCCA speci�cationdescribestheconstruc-
tion of portablesoftwarecomponentsthatcanbere-usedin any CCA compliant
runtimeframeworks.Theseframeworksaretunedfor avarietyof applicationen-
vironmentsandin somecasesaredesignedfor applicationsthatrunonmassively
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parallelcomputers.Herecomponentsmay be parallelobjects(multiple compo-
nent instancesoperatingin synchrony andcommunicatingwith eachotherwith
MPI) or they maybehighly multi-threadedandrunonlargesharedmemory, mul-
tiprocessorservers.In othercases,theframeworksaredesignedto enablethecon-
structionof applicationsfrom componentsthataredistributedoveraGrid. XCAT
allows Grid applicationprogrammersto scriptcomplex distributedcomputations
andpackagetheseapplicationswith simpleinterfacesfor othersto use.Eachuser
obtainsapersonalnotebookfor controllingtheapplications;thenotebookis used
aselementaryabstractionto packageapplicationsanddatascriptsandparameters
aspart of a an Web page. The portal server hasan integratedevent serviceal-
lowing applicationandGrid resourceinformationto publisheventsthroughthe
Network WeatherService[51] andAutopilot [2]. XCAT hasbeentestedon dis-
tributed simulationof chemicalprocessesin semiconductormanufacturingand
collaboratorysupportfor X-ray crystallography. XCAT is basedon Globus and
usestheJava CoGKit [53, 80] for its coresecurityandremotetaskcreation,and
RMI overXSOAP [59] asacommunicationprotocol.

6.7.4 UNICORE

UNICORE (UNiform Interfaceto COmputingREsources)[23] providesa ver-
tical integrationenvironmentfor Grids including accessto resourcesthrougha
portal. It is designedto assistin thework�o w managementof tasksto besched-
uledon resourcespartof supercomputingcenters.A UNICOREwork�o w com-
priseshierarchicalassembliesof interdependenttasks,with dependenciesthatare
mappedto actionssuchasexecution,compilation,linking, andscriptingaccord-
ing to resourcerequirementson target machineson the Grid. Besidesstrong
authentication,UNICORE assistsin compiling andrunningapplicationsand in
transferringinput andoutputdata. Oneof the main componentsof UNICORE
is the preparationand modi�cation of structuredjobs througha graphicaluser
interfacethatsupportswork�o ws. It allows thesubmission,monitoring,andcon-
trol of theexecutionaspart of a client thatgetsinstalledon theuser's machine.
Originally, UNICOREsupportedWebbrowserplug-ins,but it is now distributed
asa standaloneapplication. UNICORE is beingusedasthe Grid infrastructure
for a researchprojectknown asUNICORE Plus. This project is enhancingthe
original UNICORE softwarewith new functionality to handlesystemadminis-
trationandmanagement,modelingof dynamicandextensibleresources,creation
of application-speci�cclient andserver extensions,improveddataand�le man-
agementfunctions,andruntimecontrol of complex job chains. Metacomputing
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support(e.g., reservation, co-scheduling,application-level communication,and
performanceanalysis)is alsounderconsideration.Developmentto utilize Globus
enabledresourceswithin UNICOREis underdevelopment[5].

6.7.5 JiPANG

JiPANG (Jini-basedPortalAugmentingGrids) [76] is botha portalsystemanda
toolkit, providingauniforminterfacelayerfor accessingavarietyof Gridsystems.
JiPANG is built on top of theJini distributedobjecttechnology. It functionsasa
higher-level managementservicesto resourcesbeingmanagedby individualGrid
systemssuchasNinf [65], NetSolve[37], andtheGlobusToolkit [22] via theJava
CoGKit [80]. A Java API providestheuserwith a uniform interfaceto theGrid.
A specializedJiPANG browserallowstheinteractiveaccessto Grid resourcesand
services.

6.7.6 PUNCH

PUNCH(PurdueUniversityNetwork-ComputingHubs)is a distributednetwork
computerthatallows usersto accesstext andgraphicalapplicationsremotelyvia
aWebbrowser. PUNCHprovidestheability to de�ne severalcommunityportals,
eachof which servesa speci�c setof users[27]. Whenusersvisit a community
portal,they arepresentedwith amenuof applicationsthatthey canexecute.These
applicationsrangefrom CPU simulatorsto drawing programsto complex com-
mercialElectronicDesignAutomation(EDA) andmathematicalanalysispack-
ages.For text-basedtools,anHTML interfaceis providedthatforwardsall com-
mandson to theactualapplication.This enablesa quick integrationof command
line basedapplicationsinto PUNCH.For morecomplex graphicalapplications,
systemssuchasVNC areusedto transmitthe displaybackto the remoteusers
[54]. Sucha methodhasalsobeenusedby otherGrid portalactivities including
theAccessGrid (seeSection6.7.7).

At thebaseof PUNCHis PVFS,thePUNCHVirtual File System.By usinga
seriesof proxiesoverstandardNFSprotocols,PUNCHis abletoallow near-native
NFSperformanceoverdisparatenetworks.Also, thePVFSremovestheneedfor
individual useraccounts.Instead,all �les areownedby a systemaccountwith
thePUNCHuserof the�le beingidenti�ed by its positionin the�le systemtree.
This abstractionis takenfurther to thelevel of usermaintenance.In a traditional
distributedsystem,useraccountinformationwould needto be propagatedto all
systemson the network. PUNCH solvesthis by maintaininga pool of UIDs on
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eachserver thataredynamicallyassignedto userswhenthey begin executionof
processeson a server. An accountingfacility keepstrackof theUIDs in useand
automaticallyreclaimsUIDs at theendof theuser's session.

Basedon thesefeatures,PUNCH allows different institutionsto sharecom-
putationalresourcesandapplications.Sharingis possibleeven acrossdifferent
administrative domainsbasedon a limited-trust relationshipthat can be estab-
lishedbetweenthedomains.This featureallows usersat multiple universitiesto
haveaccessto thesamecomputersystemswith smallrisksof exploitations[45].

6.7.7 AccessGrid

TheAccessGrid (AG) Projectdevelopsapackageof Grid Softwareandmaintains
aproductionGrid of resourcesthatcanbeusedto supporthumaninteraction.The
goalof theAccessGrid is to supportlarge-scaledistributedmeetings,collabora-
tivework sessions,seminars,lectures,tutorialsandtraining.It providestheability
to includemultimediadisplay, presentationandinteractionenvironments,andin-
terfacesto Grid middlewareandvisualizationenvironments.This focuson group
communicationis in contrastto desktopbasedtools which focusmuchmorein
individualcommunication.

Theenvironmentis intendedto fosterbothformalandinformalgroupinterac-
tions.Large-formatdisplaysintegratedwith intelligentor activephysicalmeeting
rooms(alsocallednodes)areacentralfeatureof AccessGrid nodes.Suchaphys-
ical meetingroom containsthe high-endaudioandvisual technologyneededto
provideahigh-qualitycompellinguserexperience.Thereareanumberof Access
Grid nodesdeployed world-wide that are frequentlyusedto conductmeetings,
sitevisits, trainingsessionsandeducationalevents[29].

6.7.8 Commercial Grid Activities

Many of theearlyGrid projectsthatstartedasresearchefforts arenow alsomar-
ketedcommercially. Legion, for example,is currentlymarketedthroughAvaki
(which wasco-foundedby the developersof Legion). Several companieshave
decidedto includethe GlobusToolkit in their Grid marketingstrategiesthatare
basedon extensionsor supportmodels. Nevertheless,the Globus Toolkit will
continueto bea freeopen-sourcetoolkit.

EffortssuchasIBM' scommitmentto theWebservicesframework,Microsoft's
.Net, [7], andSun's Web services[75] andJXTA framework [58] will be major
drivers for the next generationof Grid software. The developmentof an Open
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Grid ServiceArchitecturetogetherwith companiessuchasIBM promisesto inte-
gratebusinessandresearchmodelsandprocessesin orderto leveragefrom each
other's technologies.Much additionalwork is neededto extendthisearlywork.

6.8 Futur eand Conclusion

In thischapter, wehaveidenti�ed avisionthatmotivatesthecreationof Gridsand
Grid-enabledsystems.We have alsoexamineda varietyof projectsthataddress
some– but not all – of the issuesthat mustbe resolved beforethe Grid is truly
universal. In addition to the developmentof middleware,interfacesareneeded
that canbe usedby the applicationscientiststo accessGrids. CommodityGrid
toolkitsenablingaccesstoGrid functionalityonanAPI levelsuchasFortran,Java,
andPythonare important. Portalsmustalsobe developedto hide the complex
infrastructureof Grids andallow scientiststo usethis infrastructurein the daily
scienti�c exploration.Thetoolsandtechnologiesdiscussedin thischapterarebut
the�rst stepin thecreationof a globalcomputingGrid.
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