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Chapter 6

Gestalt of the Grid

6.1 Intr oduction

The Grid approad is animportantdevelopmenin thedisciplineof computersci-
enceandengineering.Rapidprogresss beingmadeon severallevels,including
the de nition of terminology the designof an architectureand framework, the
applicationin the scienti ¢ problemsolving processandthe creationof physical
instantiationsof Grids on a productionlevel. This chapterprovidesan overvienv
of importantin uences,developmentsandtechnologieshatareshapingstate-of-
the-artGrid computing.In particular we addresshefollowing questions:

Whatmotivatesthe Grid approach? (seeSection6.1.1)
Whatis a Grid? (seeSection6.2)
Whatis thearchitectureof a Grid? (seeSection6.3)
Which Grid researclactvities areperformed? (seeSection6.5)
How doresearcherasea Grid? (seeSection6.7.7)
Whatwill thefuturebring? (seeSection6.8)

Before, we begin our discussionwe would like to startwith an obsenation
thatleadsusto thetitle of thischapter A strongoverlapbetweerpast,currentand
future researchn otherdisciplinesin uencesthis new areaand makesanswers
to someof the questionscomplex. Moreover, thoughwe are ableto de ne the
term Grid approad, we needto recognizethatsimilar to the Gestaltapproad in
psychologywe facedifferentresponseby thecommunityto thisevolving eld of
researchBasedon the Gestaltapproachwhich hypothesizeshatanindividual's
perceptionof stimuli hasan affect on their responsewe will seea variety of
stimuli onthe Grid approactthatin uence currentandfutureresearcluirections.

5



6 CHAPTERG6. GESALT OF THE GRID

We closethisintroductorysectionwith afamouspictureused
in early psychologyexperiments.If we examinethe drawing in
detail,it will beratherdif cult to decidewhatthedifferentcom-
ponentsrepresentn eachof the interpretations.Although hat,
featherandearareidenti able in the gure, onesinterpretation
(Is it anold womanor a younggirl?) is basednsteadon “per-
ceptualevidence. This gure shouldremindus to be opento
individual perceptionsaboutGridsandto be awareof the multi-
facetedaspectshatconstitutethe Gestalt of the Grid .

6.1.1 Motivation

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

L. F Richardson[70, 74] expressedhe rst modernvision for numerical
weathepredictionin 1922.Within two decadeghe rst prototypeof aprediction
systemhadbeenimplementedoy von Neuman,Charng, andotherson the rst
generatiorof computerg72]. With theincreasegower of computersnumerical
weatherpredictionbecameareality in the 1960sandinitiated a revolutionin the
eld thatwe arestill experiencing.In contrastto theseearly weatherprediction
models,todaythe scienti c communityunderstandshat comple< chemicalpro-
cessesndtheirinteractionswith land,seaandatmospherdaveto beconsidered.

Several factorsmalke this effort challenging. Massve amountsof datamust
be gatheredvorldwide;thatdatamustbeincorporatednto sophisticateanodels;
the resultsmust be analyzed;feedbackmustbe provided to the modelers;and
predictionamustbe suppliedto consumergseeFigure6.1).

Analyzingthis procesgurtherwe obsene thatthe dataneededasinput to the
modelsbhasedn obsenationsandmeasurementsf weatherandclimatevariables
are still incompleteand sophisticatedsensormetworks mustbe put in placeto
improve this situation.

Thecompleity if thesesystemdavereachedalevel whereit is nolongerpos-
siblefor asinglescientsitto processandmanagehe entireprocessthe eraof the
lonely scientistworkingin seclusioris comingto anend. Today accurateveather
modelsarederivedby the sharingtheintellectualpropertywithin acommunityof
interdisciplinaryresearchers.

Thisincreasean the compleity in the numericalmethodsandamountof data
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Figure 6.1: Weatherforecastingis a complex processthat requiresa complec
infrastructure.

required,alongwith the facetof communityaccessrequiresacces4o massve
amountof computationandstorageaesourcesAlthoughtoday's supercomput-
ersoffer enormougower, accurateclimateandweathemodelingrequireaccess
to evenlargerresourceshat may be integratedfrom resourcest dispersedoca-
tions.

Therefore,weatherpredictionpromotesmore thanjust the focus on making
computeresourcesvailableaspartof a networked ernvironment. We have iden-
ti ed thatneedfor aninfrastructurethatallows usto createfrom a dynamic,dis-
persedsetof sensordata,computecollaborationanddelivery networks. Clearly,
weatherforecastingis a complex processthat requires e xible, secure,coordi-
natedsharingof awide variety of resources.

6.1.2 Enabling Factors

Whenwe look at why it is now possibleto develop very sophisticatedorecast
modelswe seeanincreasean understandingzapacity capability andaccurag on
all levelsof ourinfrastructure.

Clearly, technologyhasadvanceddramatically Communicatiorsatellitesand
theInternetenableremoteaccesdo regionalandinternationaldatabaseandsen-
sor networks. Collaboratve infrastructuregsuchasthe AccessGrid [29]) have
moved exchangeof information beyond the desktop. Theseadwanceshave and
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will profoundlyaffect the way scientistswork with eachother Computepower

hasalsosteadilyincreasedIndeed for morethanthreedecadesgcomputerspeed
hasdoubledevery eighteermonths(supportingMoore’s law [63]), andthis trend
is expectedto last for at leastthe next decade. Furthermoreover the past ve

yearsnetwork bandwidthhasincreasedat a muchlarger rate,leadingexpertsto

believe thatthe network speeddoublesevery nine months.At the sametime, the
costof productionfor network andcomputerhardwareis decreasing.

We alsoobsenre achangen modalityof computeroperation. The rst genera-
tion of supercomputenserehigh-endmainframesyectorprocessorsandparallel
computers.Accessto this expensve infrastructurewas provided and controlled
as part of a single institution within a single administratve domain. With the
adwentof network technologiespromotingconnectity betweerncomputersand
the creationof the Internet, promotingconnecwity betweendifferentorganiza-
tions, a new trendarose Jeadingaway from the centralizedcomputingcenterto
a decentralizeaervironment. As partof this trend, it wasnaturalto collectgeo-
graphicallydispersedand possibly heterogeneousomputerresourcestypically
as networks of workstationsor supercomputersThe rst connectionsetween
high-endcomputergo solve a problemin parallelonthesemachinesveretermed
ametacomputerThetermis believedto beoriginatedaspartof a gigabittestbed
[61].) Muchresearclhn thisareasomeof whichwill bementionedn thischapter
hasbeenin uential in shapingwhatwe now termthe Grid approachor concept.
Thus,increasesn capacity capability and modality are enablinga newv way of
doing distributedscience Additionally, the technologythat wasonceviewed as
specializednfrastructureis today becominga commoditytechnologymakingit
possibleto resourcesor examplethroughthe useof theInternet[69] moreeasily

This requiremengandvision, which hasbecomeclearerover thelastdecades,
now appliesto mary otherdisciplinesthatwill provide commerciaviability in the
nearfuture. It hasa profoundpast,presentandfutureimpacton severalscienti ¢
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 the previous sectionthe Grid
approacthasbeenguidedby a complex anddiversesetof requirement$ut atthe
sametime providesuswith avision for aninfrastructurethat promotessophisti-
catedinternationakcienti ¢ andbusiness-orientedollaborationsMuchresearch
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in this area,someof which will be mentionedn this chapterhasbeenin uential
in shapingwhatwe now termthe Grid approad:

De nition: Grid approach
The Grid approachpromotesa vision for sophisticatednternationalscien-
ti c andbusiness-orientedollaborations.

Theterm“Grid” is ananalogyto theelectricpower grid thatallows penasive
accesdo electricpower. In a similar fashion,computationalGrids provide ac-
cessto penasve collectionsof compute-relatedesourcesandservices.As early
as1965the designerof the Multics operatingsystemervisionedandnamedre-
quirementgor acomputerfacility operating‘lik eapowercompaly or watercom-
pary” [82], andotherservisionedGrid-like scenario$60]. However, we empha-
sizethatour currentunderstandingf the Grid approactgoesfar beyond simply
sharingcomputeresourcesn a distributedfashion. Besidessupercomputeand
computepools,Gridsincludeaccesso informationresourcegsuchaslarge-scale
databasesandaccesdo knowledgeresourcegsuchascollaboratve interactions
betweencolleagues).Essentials that theseresourcesnay be at geographically
disperseocationsand may be controlledby different organizations. Thus, the
following de nition for a Grid is appropriate:

De nition: Grid
An infrastructuraghatallowsfor e xible, securegcoordinatedesourceshar
ing amongdynamiccollectionsof individuals,resourcesandorganizations.

Sofar we have usedthe term Grid ratherabstracimanner To distinguishthe
conceptof a Grid from anactualinstantiationof a Grid asa real availableinfra-
structurewe usethe term productionGrid. SuchproductionGrids aretypically
sharedamonga setof users.The analogyin the electricalpower grid would bea
power compaly or agglomeratef companieghat maintaintheir own grid while
providing persistenservicesto the usercommunity Thus,the following de ni-
tion is introduced:

De nition: Production Grid
An instantiaiorof a Grid thatmanifeststself by includinga setof resources
to beaccessetdy Grid users.

Additionally, we expectthat multiple productionGrids will exist andbe sup-
portedby multiple organizations Fundamentato the Grid is the ideaof sharing
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Naturally, it shouldbe possibleto connectsuchGridswith eachotherasto share
resourcesThus,it is importantto de ne a setof elementarystandardshatassist
to provide interoperabilitybetweerproductionGrids.

SomeproductionGrids are createdbasedon the needto supporta partic-
ular community Although the resourceswvithin sucha communityare usually
controlledin differentadministratve domainsthey canbe accessedspartof a
communityproductionGrid. Examplesof productionandcommunityproduction
Gridsareintroducedn Section6.5.1.2.

De nition: Community Production Grid
A productionGrid in whichthe creationandmaintenancareperformedoy
acommunityof usersdevelopersandadministrators.

The managemendf a community productionGrid is usually handledby a
virtual organization[46], which de nestherulesthatguidemembershi@nduse
of resources.

De nition: Virtual Organization
An organizationthatde nes rulesthat guide membershignduseof indi-
viduals,resourcesandinstitutionswithin a communityproductionGrid.

A typical Grid will containanumberof high endresourcesuchassupercom-
putersor datastoragefacilities. As theseresourcesanbe consumedy userswve
termthemin analogyto electricalpower plantsasfollows:

De nition: Grid Plant
A high endresourcehatis integratedin a virtual organizationandcanbe
sharedoy its users.

The useron the otherhandis ableto accesgheseresourceshrougha user
speci ¢ device suchasa computerhandhelddevice, or a cell phone.

De nition: Grid Appliance
A device thatcanbeintegratedinto a Grid while providing the userwith a
servicethatusesesourcesccessibléhroughthe Grid.

Grid applianceprovide a portalthatenablesasyaccessutilization,andcon-
trol of resourceswvailablethrougha Grid by theuser Wewill de ne thetermGrid
portalin moredetailin Section6.7.
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6.3 Multi-faceted Grid Architecture

A review of the literatureaboutexisting Grid researchprojectsshavs that three
differentarchitecturalrepresentationare commonlyused. Eachof thesearchi-
tecturalviews attemptsto presenta particularaspectof Grids. Thus,we believe
it is importantto recognizethat the architectureof the Grid is multifacetedand
an architecturalabstractiorshouldbe chosenthat ts bestto describethe given
aspecbf the Grid researchNeverthelessin eachcaseoneneedgo considerthe
distributednatureandthe uniquesecurityaspects.
Next we will describan moredetailthesecommonarchitecturaviews.

6.3.1 N-Tier Grid Architecture

TheN-tier applicationarchitecturgrovidesamodelfor Grid developergo create
e xible andreusablésrid applicationsDecomposing Grid applicationnto tiers,

allows developersto modify or addonly to a speci c layer, ratherthanto focus
on the reimplementatiorof all partsof the application. N-tier applicationarchi-
tecturesarecommonwithin andaremostoftenrepresentedspartof thelayer7

of the OSI model[66]. Many Grid projectsprovide an N-tier architecture.The
advantageof an ntier architectures its familiarity andints aplicability to mary

conceptualsrid problemsthattry to seperateéssuesbetweerthe applicationand
the physicallayer.

System Level User Level

@ Middleware Applications @
Services

Figure6.2: An n-tier Grid architecturdoasedn anapplicationusergointof view.

6.3.2 Role-BasedGrid Architecture

The secureaccesdo a collectively controlledset of physicalresourceseused
by applicationsmotivatesa role-basedayeredarchitecturd46, 47]. Within this



12 CHAPTERG6. GESTALT OF THE GRID

architecture|t is easyto identify fundamentakystemcomponentsspecify the
purposeand function of thesecomponentsandindicatehow thesecomponents
interactwith one another This architectureclassi es protocols,services appli-
cationprogrammingnterfaces andsoftwaredevelopmentkits accordingto their
rolesin enablingresourcesharing. It identi es ve layers: fabric, connecwity,
resourcecollective,andapplicationlayer(seeFigure6.3). Interoperabilityis pre-
senedby usinga smallstandardsetof protocolsassistingn the secureexchange
of informationanddataamongsingleresourcesTheseresourcesremanagedy
collective servicedn orderto provide theillusion of a singleresourceo applica-
tion designerandusers.

Distributed Information Services,

Resource and
Connectivity

Physical Devices and
Resources such as

Fabric

Figure6.3: A role-basedayeredview of Grid architecture.
Thelayerswithin thearchitecturearede ned asfollows:

Thefabric layer containgprotocolsapplicationinterfaces andtoolkits that
allow developmenbf serviceandcomponentso accesdocally controlled
resourcessuchascomputersstorageesourcespetworks,andsensors.

The connectivitylayer includesthe necessaryGrid-speci ¢ core commu-
nicationandauthenticatiorsupportto performsecurenetwork transactions
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with the resourcesvithin the Grid fabric. This includesprotocolsandser
vicesallowing securemessagexchangeauthenticationandauthorization.
It is bene cial to develop a small setof standardorotocolsandserviceso
provide the meansof interoperability

Theresouce layer containsprotocolsthatenablesecureaccesandmoni-
toring by collective operations.

Thecollectivelayeris concerneavith thecoordinatiorof multipleresources
andde nes collectionsof resourceghat are partof a virtual organization.
Popularexamplesof suchservicesaredirectoriedor resourcaliscoseryand
brokersfor distributedtaskandjob scheduling.

Theapplicationlayer comprisegheusers'applicationghatareusedwithin
avirtual organization.

Eachof theselayersmay containprotocols,applicationprogrammingnter-
faces,and software developmentkits to supportthe developmentof Grid appli-
cationsandservices. A bene t of this architectures the ability to bootstrapa
complex Grid framevork while successiely re ning it on variouslevels. We
emphasizehatthis architecturecanbe supportedwvith animmenselyrich setof
alreadyde ned applicationinterfaces,protocols,toolkits, and servicesprovided
throughcommoditytechnologiesand developmentswithin high endcomputing.
Reuseandextensionof thesestandardshasedn Grid speci ¢ requirementswill
supportthe developmenibf Grids.

6.3.3 Sewice-BasedGrid Architecture

In nearfuture, we will obsere a shift within information technologiegoward
serviceorientedconcepts.Fromthe perspectie of Grid computing,we de ne a
serviceasa platform-independengoftware componentwhich is describedwith

a descriptionlanguageand publishedwithin a directoryor registry by a service
provider (seeFigure6.4). A servicerequestecanlocatea setof serviceswith a
queryto the registry, a processknown asresourcaliscovery. A suitableservice
canthenbeselectedandinvoked,a procesknown asbinding[38, 41].

De nition: Sevice

A platform-independergoftware componenpublishedwithin a directory
or registry by a serviceprovider.
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The usefulnesof the service-basedrid architecturecan be illustrated by
schedulinga task on a computercluster First, we locatea set of possiblere-
sourcesNext, we selecta computeresourcdrom this setwherewe would lik e to
scheduleourtask. A criterionto selectsucharesourcecould be costor loadbal-
anceamongtheresourcesOncea suitableresourcds selectedye bind the task
of executionto this resource Figure 3 shavs the partiesandmessagexchanges
thatde ne a service-basedhodel. An importantaspeciof servicess the possi-
bility to easilycomposenew serviceswhile usingexisting ones. Thisis enabled
by the standarddescription,not only of the protocol, but also of the behaioral
descriptionof suchaservice.

Clearly; it is possibleto developcomplex o ws betweenrservices.Sincethis
service-basedhodel dealswith the useof asynchronouservices,t will beim-
portantto dealappropriatelywith serviceguarantees orderto avoid deadlocks
andotherhazards.

find
publish

Requestor Provider

Figure 6.4: The servicemodelallows the descriptionof a provider servicethat
canbepublishedn aregistry andbefoundandboundby arequestar

Theservice-basedoncepthasbeenin wide use,notonly by the Grid commu-
nity, but alsoby the businesscommunity This facthasledto recentcollaboratve
efforts betweenthe Grid and the businesscommunity An exampleof suchan
actwity is the creationof the OpenGrid ServiceArchitecture which we describe
in moredetailin Section6.5.2.1.2.
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6.3.4 Grid Challenges

Whatever the form of the Grid, we must considey the dynamic, unpredictable
propertiesof the Grid, while at the sametime providing a reliableandpersistent
infrastructure Additionally, we wouldlik eto enableopencollaborationsvithouth
neglecting protectionof the collaborationwith appropriatesecurityrestrictions.
Theseapparentcontradictions- desirefor reliability vs. a potentialunreliable
infrastructurepr restrictedvs. unrestrictecaccesgo information— provide com-
plex challengedor Grids (seeFigure6.5). In orderfor Gridsto becomeareality,
we mustdevelop infrastructuresframavorks, andtools that addresgshesecom-
plex managementhallengesandissues.

Software/
Application

Hardware
Infrastructure

Figure6.5: The Grid approachmustdealwith a complex managementchallenge
in mary areas.

6.4 Grid ManagementAspects

A massvely distributedandinterconnectedystementailsmanagemerissueghat
go far beyondthoseof typical computers Amongthesessuesarethe securityof
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the systemto maintainthe overall integrity of the system;dataandinformation
managemertb ensurghattherelevantdataaboutuserssystemsandexperiments
is availableto usersandprogramson the Grid; executionandresourcemanage-
mentto handlethe allocationof resourcesand ensurethat tasksare executedin
a timely matter; software managemento handledeploymentof software pack-
agesandhardwaremanagemertb ensurehatthe physicalbaseof the Grid stays
running. This sectionaddressethesessuesandtheir relationshipto the Grid.

6.4.1 Managing Grid Security

Sincethe Grid approachdealswith heterogeneousnddisperseesourcesandser

vices, security aspectswithin Grids play an importantrole. Most commodity
securityservicesavailable today enablethe interactionbetweentwo peers. The
conceptaisedto enablethis interactionareauthenticationauthorizationgncryp-
tion, andnonrepudiatior{seeFigures6.6 and6.7)

Authenticatiordealswith theveri cation of theidentity of anentity within the
Grid. Thoughthisis commonlyassociatednly with identi cation of a Grid user
the Grid alsorequiresauthenticatiorof resourcesndserviceprovidedaspartof
theGrid.

Authorizationdealswith theveri cation of anactionanentity canperformaf-
terauthenticatiowassuccessfullyperformed.Thus,policiesmustbe established
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 usethe queueonly from 5 to 6 o'clock. In generalpoliciesdetermine
whocando what,when andatwhich resource.

Encryptionprovidesa mechanisnfor protectingthe con dentiality of mes-
sagesn transitbetweertwo peers.

Nonrepudiationdealswith issueghat provide dataor messagéntegrity, such
asverifying thatdatawasnot changedccidentallyor maliciouslyduringmessage
transmission.

Besideghesegenerakecurityissuesthe Grid infrastructurgposesuniquere-
quirementsFor instancejt is unfeasibleto authenticateria passverd challenges
for auseronthousand®f differentresources.

Singlesign-onis a mechanisnthat supportsauthenticatiorto a large number
of Grid resource®n behalfof the useror resourceby delegatingthe taskof au-
thenticationto a serviceactingon behalfof the user(alsocalleda proxy service).
Sucha servicewill typically createa temporarycredential(often referredto as
a secureproxy) thatis usedfor authentication.An importantfactorto consider
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Delegation Authorization

Non-
Repudations

Community
Authorization

Figure6.6: Theissuedo beaddresseth security

within singlesign-onis that differentdomainsmay provide differentlocal secu-
rity mechanismsThus,ary solutionmusebe ableto dealwith differentidentity
mappingssuchasUnix accountsaccessiblehroughPKI or Kerberos.
Delegyationis the processf one Grid entity actingon behalfof anotherGrid
entity. Delegation must be performedcarefullybecausd is possibleto create
delgyationchains.A simpleexampleofsucha chainis theinitiation of a process
on aresourceD, initiatedby aresourceA, andsubsequentlylelegatedthroughB
andC(A B C D). In general,we obsere the longerthe chain, the greater
therisk for misuse. Accordingly it is desirableto createwhat we term limited
delgyation. This includesprocurementgor authenticatiorrestrictionwith more
sophisticatedsrid services.Thus,we cancreatea limited proxy thatmay, among
otherthings,restrictuseto a particularGrid resource.
Communityauthorizationprovides mechanismgor a virtual organizationto
de ne policiesfor groupsof usersthat can be appliedto enablingaccesscon-
trol to resourcedy a community This serviceis neededn caseit is impossible
or impracticalto keeptrack of the accesgo a resourceon a userby-userbasis.
An authoritythat establishesrust betweenthe peersregulatesinclusionin such
a community In this sensecommunity authorizationenablessingle sign-onto
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Authentication Authorization
| D c Single Sign-on
.
Secure communication

o bt i
through authentication -repudiati authorization

and authorization through delegation

. Delegation
Secure Execution i I :

Figure6.7: Cartoonsof securityconceptaisefulfor Grids.

resourcesvhile beingdelegatedto a trustedauthority

Secue executionis desiredin ernvironmentswherethe usercommunity be-
comestoo largeto handle.In thesecasesit is importantto provide a servicethat
canrun untrustedapplicationgthosesubmittedby theusers)n atrustedenviron-
ment(the clusterata computecenteror a Grid); the conceptof virtual machines
essentiafor suchaservice.

We mustconsiderthe usercommunitywhendesigninga securityinfrastruc-
turefor applicationsandservicesunningin a Grid ervironment.Many usersare
unwilling to dealwith obtrusie securityprocedureshut at the sametime expect
a reasonabldevel of security Hence,it is of utmostimportanceto presenthe
securitymechanismso the usersin aneasyandmostly transparentvay. A min-
imum level of understandindpy usersis necessarysothatthey canspecifytheir
own securityrequirement&ndunderstandhe securityguaranteesr risks of the
Grid. In this respectan educationalserviceprovided as part of the stratgy of
productionGridscanoffer the necessargxplanationsandguidanceor accessing
Grid resourcesinddevelopingsecureservice.

6.4.2 Managing Grid Information

Within Grids, information aboutthe usersand the systemis critical. Userin-

formationhelpsto establishcollaboratve sessionsandsysteminformationhelps
usersselectthe appropriateresourcesand applications. The availability of such
informationis importantfor themaintenancegon guration,anduseof thehetero-
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geneousanddynamicallychangingGrid infrastructure.Characteristicthatmust
beimposedon suchaninformationserviceto supportGridsinclude

uniform, e xible accesgo information;
scalablegf cient accesso dynamicdata;and

accesso 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 centrally maintainedrelationaldatabasenay sene the
samepurpose. In ary case,the designof a scalableinformation servicemust
considerthe distributednatureof the Grid. Equally importantis the factthatthe
resourceownersmay not wish to export the information abouttheir systemto
unauthorizedisers. Althoughrestrictedaccesgo informationis alreadypossible,
it is notadequatelyaddresseth the rst generatiorof prototypeproductionGrids.

6.4.3 Managing Grid Data

Eachprogramexecutedn a Grid is dependentn data,andthe datarequirements
for applicationsrunning on the Grid are enormous.For example,gatheringthe
datafor a meterologicaforcastrequiresthe processingandstorageof petabytes
of dataeachday To compensatéor limited storagecapacitiesat remotesites,
serviceghatperformdelivery ondemandnayaugmenthedatawith alifetime to
limit theamountof actualdatain the Grid. If thecalculationcannotbe performed
onthesenerwherethedatais located theusermustbeableto ef ciently replicate
thatdataelsevhere.Thus,areliable le transferservicemustbeprovidedto move
thedatabetweersourceanddestinatioron behalfof theissuingclient. Filterscan
beusedto reducetheamountof dataduringatransferbasecn metadatattached
with the le. If thedatacanbecreatedvith lesseffort thantheactualdatatransfer
it may be advantageouso augmentdatawith pedigreenformationabouthow to
regenerateéhe datainsteadof storingthedata.

6.4.4 Managing Grid Executionand Resources

Calculationson resourceswithin the Grid are controlledby executionservices.
The simplestexecutionserviceis partof the operatingsystemandallows execu-
tion of jobsandtaskson asingleresourceA Grid securityinfrastructuranustbe
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in placethatprovidesauthenticatiorandauthorizatiormechanismso governthe
useof this resource Batchqueuingsystemgrovide a corvenientway to extend
suchan executionserviceto a cluster a parallelcomputey or a supercomputer
To enablethe useof multiple instance®f suchresourcesaresourceco-allocation
mechanisms needed Sucha mechanisnwill identify a suitablesetof resources
basedon the Grid informationserviceandverify thatthe selectedesourcesre
available(orto ful Il theusersrequestf they arenot), resenetheresourcesand
nally executetheuserstaskonthisagglomeratiorof resources.

Algorithmsto controlthe collective useof suchresourcesnay be quite com-
plex. Sincethealgorithmicimplicationsfor schedulingn suchanervironmentare
anNP completeproblem,heuristicsmaybe usedto solve the schedulingoroblem
andto guaranteghe executionof the tasks. Researcherare currentlyexploring
the useof combinatorialoptimizationstrategjies, stochasticsampling,economic
modelsandagent-basedystemsSmartservicesarenecessaryhatcandealwith
deadlockorevention,avoidance andQoSguaranteesnthelocalandglobalscale.
Often,complicatedvork o ws mustbeformulatedaspartof thecomplex interdis-
ciplinary applicationgun by scientistson Grids. Thus, it is necessaryo provide
work o w managemergerviceghatallow controlof the o w of dataandapplica-
tionsaspartof the problem-solvingorocess.

6.4.5 Managing Grid Software

Deploymentof applicationscomponentsandservicesn a distributedheteroge-
neousernvironmentis a challengingproblem. Of particularconcernis guarantee-
ing interoperabilitybetweerdifferentversionof softwareandlibrariesonalready
installedandoperationakoftwareandservices Theuseof the Grid servicemodel
describedearlier offers a partial solutionto this problemby providing metadata
to eachapplicationandserviceinstalledon the Grid that canbe queriedthrough
the Grid informationservice.In this way, it is possibleto includeportability data
within theinfrastructurewhich will be usedaspartof anauthorizatiorserviceto
verify whetherservicesor applicationscaninteroperate.

6.4.6 Managing Grid Hardware

The resourceproviders are responsibldfor hardware managemenon the Grid.

Noti cations aboutdowntimesandmaintenancepgradesnustbeavailablethrough
theinformationservicein orderto simplify theusers searcHor suitableresources
with serviceguaranteesln general hardware managemenmustbe augmented
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with anappropriatenfrastructureon the hardwareserviceprovider side. Quality
of serviceaugmentationsn the hardwarelevel, suchasnetworks, could provide
aprofoundadvantagdor future Grid infrastructures.

6.5 Grid Activities

We have organizedour discussiorof Grid projectinto threeclassescommunity
actvities, developmenttoolkits, and applications(seeFigure 6.8). Within each
class,we describevariousactwitiesin beingperformedoy the Grid community

Grid

T

Applications Development Community

7 N N~

Science Collaboration Middleware Userware Standardization Production Grids Industry

/ \ // \ \ v DOE Science Grid
Astro Physics Akenti Global GridForum NASA IPG

Particle Ph_ysics Access Grid SR’_B IETF NPACI
Structural Biology Legion

Globus Compute Services Portal W3C UK Grid

Geo Physics NWS OMG Asia/Pacific Grid
other Prod. Grids
Python CoG Kit Condor Hotpage
JSP CoG Kit Netsolve Unicore
Web Services Ninf Punch

Java CoG Kit Nimrod Java CoG Kit
Seti

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

6.5.1 Grid Activities

A variety of actwities are performedby the community Eachof theseactvities
hasa profoundimpacton the developmenif Grids. We identify threebasicGrid
usercommunitiesandthe actwvities they perform:

Development:Grid programmersvho develop servicesin a collaboratve
fashionfor deploymentin the Grid.

Application: Scienti ¢ or applicationuserswho accesshe servicespro-
videdaspartof the Grid.
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CommunityBuilding: Administratorswvho deploy servicesandapplications
in productionGridsin orderto make themaccessibléo others.

While today's Grid usersncludemostlylarge-scalescienti ¢ applicationusers
and developers,we expectthat with the availability of robust Grid toolkits the
communitywill expandto the nancial sectorthe healthcaresector smallindus-
tries,andeventhe commonhouseholduserneedingaccesgo servicegesources
accessibléhroughthe Grid. Thus,the Grid will be instrumentain furtheringthe
scienti ¢ discovery procesg19] while developingthe next generatiorof commu-
nity problem-solvingernvironments.

6.5.1.1 Global Grid Forum

The Global Grid Forum (GGF) is aninternationalcommunity-initiatedforum of
individual researcherand practitionerswvorking on variousfacetsof Grids. The
missionof the GGFis to promoteanddevelop Grid technologieandapplications
throughthe developmentanddocumentatiorof “best practices, implementation
guidelines,and standardswith an emphasison “rough consensusnd running
code’ The objectve is to supportwith suchstandardghe creationof produc-
tion Grids; addressnfrastructureobstaclesnhibiting the creationof theseGrids;
performeducationabutreach;andfacilitate the useof Grid technologiesvithin
diverseapplicationcommunities.Basedon the InternetEngineeringTask Force
model, the GGF containsseveral areagroupsand, within theseareas,working
groupsdealingwith a particularGrid-relatedproblem. The currentareasarein-
formationservicessecurity schedulingandmanagemenperformancearchitec-
ture,data,andapplicationsandmodels.Regular meetingsareheldin which over
two hundredorganizationdgrom morethanthirty countriesarerepresente{R5].

6.5.1.2 Production Grids

A numberof nationalandinternationalcommunityproductionGrids have been
establishedn the pastfew years.Eachis partof a virtual organizationspanning
multiple administratve domainsandenablingaccesdo high-endresourcesuch
as supercomputergnassstoragesystems,and advancedinstruments. A well-
trainedadministratve staf is responsibldor deploying servicesandcomponents
in suchcollectively maintainedoroductionGrids.

6.5.1.2.1 DOE ScienceGrid TheDepartmenbf Enegy (DOE) ScienceGrid
is a pilot programto provide an advanceddistributed computinginfrastructure
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basedn Grid middlevareandtoolsto enablehedegreeof scalabilityin scienti ¢
computingnecessaryor DOE to accomplishits sciencemissions. Emphasigs
placedon makingthe constructioranduseof large-scaleheterogeneousystems
aseasyasusingtoday'sdesktopervironments.TheDOE ScienceGrid [40] is part
of a large initiative, entitled Scienti ¢ Discovery throughAdvancedComputing
(SciDAC) [19], thatwasstartedn FY2001.Theobjectiveof SciDAC isto develop
thescienti c computingsoftwareandhardwareinfrastructureneededor terascale
computergo adwanceits researctprogramsn basicenegy sciencesbiological
andervironmentalresearchfusionenepgy sciencesandhigh-enegy andnuclear
physics.

6.5.1.2.2 TeraGrid The TeraGrid [21] projectseeksto build anddeploy the
world's largest,fastest,mostcomprehense, distributed infrastructurefor open
scienti ¢ research. Upon completion,the TeraGridwill include 13.6 tera ops
of Linux clustercomputingpower distributed at four sites: the National Center
for Supercomputind\pplications(NCSA) at the Universityof Illinois at Urbana-
Champaignihe SanDiego SupercomputeCenter(SDSC)at the University of
California- SanDiego; ArgonneNational Laboratoryin Argonne,lllinois; and
the California Institute of Technology(Caltech)in PasadenaThe TeraGridwill
includeotherdistributedfacilities capableof managingandstoringmorethan450
terabyte®f data high-resolutiorvisualizationervironments andtoolkitsfor Grid
computing. A high-speecdetwork, which will operatebetween50 and80 giga-
bits/secondwill permitthe tight integration of the componentsn a Grid. The
$53 million projectis fundedby the National ScienceFoundationand includes
corporatepartners.The TeraGridbene ts from otherGrid-relatedactiities per
formedat the partnersitesthroughthe National ComputationaScienceAlliance
(Alliance) [9, 78, 10] andthe NationalPartnershipfor AdvancedComputational
Infrastructurg NPACI) [11]. TheAlliance andNPACI is supportinghe TeraGrid
actwvitiesthroughtheir partnersandinfrastructure/bilding actvitiesandtheir cur-
rentandfuture Grid infrastructures.

6.5.1.2.3 NASA Information Power Grid TheNASA InformationPowerGrid
projectwasinitiated from a seriesof workshopsn autumnof 1997. The goalis
to provide seamlessiccesgo resourcedetweenNASA sitesanda few selected
NPACI sitesfor applicationdevelopment. Theseapplicationsare likely to in-
cludeaeronauticeindotherareaf interestto NASA, suchasspacesciencesand
earthsciences. The requirementdNASA will addressrst are seamlessaccess



24 CHAPTERG6. GESALT OF THE GRID

to distributedlegagy applicationsvia networks, cross-platforncomputationabnd
interactve visualizationof large three-dimensionallatasets,intelligentanddis-
tributed datamining acrossunspeci ed heterogeneoudatasourcesagenttech-
nologies privagy andsecurity andtoolsfor the developmentof multidisciplinary
systemsAdditionally, NASA mustdealwith a numberof real-timerequirements
for aircraft operationssystems[1h The currenthardwareresourcesncludedin
the prototypelnformationPower Grid arebasedon Globustechnologyandcom-
priseapproximatelyl,500CPU nodesin six SGI Origins distributedacrossser-
eralNASA centersAlso includedare10-50terabyte®f securelyaccessiblenass
storageseveralworkstationclusterswith approximately1 00 CPUs,anda Condor
poolwith 300workstations.

6.5.1.2.4 EuroGrid EuroGrid[14] is anapplicationtestbedor the European
Grid community It is supportedas a sharedcostresearchand technologyde-
velopmentprojectbetweenthe EuropeanCommissionandits eleven partnerin-
stitutions. It will demonstratehe useof Grids in selectedscienti ¢ andindus-
trial communities,addresghe speci ¢ requirementf thesecommunities,and
highlight the bene ts of using Grids. The objectvesareto establishand oper
atea EuropearnGrid betweenseveral of Europes High PerformanceComputing
centers.BesidesdevelopingGrid softwareandapplyingit within state-of-the-art
applicationssuchasbio-molecularsimulationsweatherprediction,coupledCAE
simulations structuralanalysis andreal-timedataprocessingthe alignmentwith
commerciapartnerss intendedo productizehe softwareandprovide supported.

6.5.1.2.5 DataGrid TheDataGrid[12] projectis fundedby EuropeanCom-
munity. The objectve is to enablenext-generatiorscienti ¢ explorationthatre-
quiresintensive computationand analysisof sharedarge-scaledatabasedyom
hundredsof terabytesto petabytesacrosswidely distributed scienti ¢ virtual
communities.Theinitiative is led by CERN, the EuropearOrganizationfor Nu-
clearResearchtogethemwith ve othermainpartnersand fteen associategbart-
ners. Major applicationareasare quantumchromodynamicskarth obsenation,
andhumanhealthresearch.

6.5.1.2.6 Asia-Pacic TheApGrid[13]isapartnershigor Grid computingin

theAsiaPaci ¢ region. Sofar, it includesaboutthirty institutions.Oneof theim-

portantobjectvesof ApGrid is building aninternationalGrid testbed Thecurrent
technologyplanincludesthe Globus Toolkit asits underlyinginfrastructure.
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6.5.2 Grid Middleware

The collectionof APIs, protocols,and softwarethat allow creationanduseof a
distributedsystemsuchasaGrid, is calledmiddlewnare. It is atalower level than
end-usempplicationswhile beingat a higherlevel thanthe underlyingnetwork
transportmethods.A variety of middlevarepackagesreavailable,of which we
shallexamineaselectfew.

6.5.2.1 The GlobusProject

Over the pastfew years,the Globus Projecthascontritutedin mary waysto the
Grid effort. It has ve thrustareas.First, the Globus Projectconductsresearch
on Grid-relatedissuessuchas resourcemanagementsecurity information ser
vices,datamanagemengndapplicationdevelopmenternvironments.Secondihe
GlobusProjectis developingopen-sourceyppenarchitecturesrid software,called
the Globus Toolkit. A growing numberof researchnstitutesandcompaniehave
committedto supportingthis open-sourcactwvity. Third, the Globus Projectas-
sistsin the planningand building of large-scaletestbedspoth for researchand
for productionuseby scientistsaandengineersFourth,the Globus Projectcollab-
oratesin a large numberof application-orientectfforts that develop large-scale
Grid-enabledapplicationsin collaborationwith scientistsand engineers.Fifth,
the Globus Projectis committedto communityactwvities thatincludeeducational
outreachand participationin de ning Grid standardss part of the Global Grid
Forum.

The Globus Toolkit is modular enablingusersto choosethe components
neededor the developmenif Grid-enabledapplications.

Securityis animportantaspecbf the Globus Toolkit. TheGrid Securitylnfra-
structure(GSI) usespublic key cryptographyasthe basisfor its functionality. It
enablekey securityservicessuchasmutualauthenticationgon dential commu-
nication, delegation, and single sign-on. GSI builds the core for implementing
otherGlobusToolkit services..

Communicationvithin Globusis handledhroughthe GlobuslOlibrary, which
providesTCP, UDP, IP multicast,and le 1/O serviceswith supportfor security
asynchronougommunication,and quality of service. An importanttool pro-
vided by the Globus Projectis MPICH-G2, which supportsMPI acrosssereral
distributedcomputers MPICHG2wasusedat SC2001in anastrophysicatalcu-
lation andrecevedthe GordonBell Prize[55].

Information abouta Grid is handledthroughthe MetacomputingDirectory
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Service.Theconcepbf adirectoryservicefor theGrid was rst de nedin [?] and

laterre ned in [39]. The Metacomputingdirectory Servicemanagesformation

aboutentitiesin a Grid in a distributedfashion. The currentimplementationof

MDS is basedon the Lightweight Directory AccessProtocol(LDAP). This pro-

tocol enablesuniform queryingof systeminformationfrom a variety of system
componentsand for optionally constructinga uniform namespacéor resource
informationacrossa systemthatmayinvolve mary organizations.

Resouce manayementwithin Globusis handledthrougha layeredsystemin
which high-level global resourcemanagemenservicesare build on top of lo-
calresourceallocationservices.TheurrentGlobusresourcenanagemergystem
comprisesthree components:(1) an extensibleresourcespeci cation language
thatsenesasa methodfor exchanginginformationaboutresourceaequirements
betweenall of the componentsn the Globus resourcananagemenarchitecture;
(2) a standardizednterfaceto local resourcemanagementools including LSF
NQE, LoadLeveler, and Condor;and(3) a resourcecoallocationservicethat al-
lows constructiorof sophisticatedo-allocationstratgiesthatallows useof mul-
tiple resourcegsoncurrently

Data managementis supportedoy integrationof the GSI protocolto access
remote les through,for example,the HTTP andthe FTP protocols.

Datagridsaresupportedhroughreplicacatalogservicesn thenewestrelease
of the GlobusToolkit. Theseservicesallow copying of themostrelevantportions
of adatasetto local storagefor fasteraccesslinstallationof the extensve toolkit
is enabledhrougha packagingoolkit thatcangeneratecustom-designeuhstal-
lation distributions.

Currentresearclactuities includethe creationof a communityaccessener,
restrictedproxiesfor placingadditionalauthorizationrequestswithin the proxy
itself, datagrids, quality of service,andintegrationwithin commoditytechnolo-
giessuchasthe Java framework andweb services Futureversionsof the Globus
Toolkit will integratethe Grid architecturevith Webservicegechnologies.

6.5.2.1.1 Commodity Grid Kits The Globus Projectprovidesa small setof
usefulservices,ncluding authenticationremoteaccesgo resourcesand infor-
mationservicedo discorer andquerysuchremoteresourcelUnfortunatelythese
servicesmay not be compatiblewith the commoditytechnologiesisedfor appli-
cationdevelopmentby the softwareengineerandscientists.

To overcomehisdif culty , theCommodityGrid projectis creatingCommodity
Grid Toolkits (CoG Kits) thatde ne mappingsandinterfacesbetweenGrid ser
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vices and particularcommodity frameworks. Technologiesand frameworks of
interestincludeJava, Python,CORBA [79], Perl,Web Services,NET, andJXTA.

Existing Java[80] andPythonCoG Kits provide the bestsupportfor a subset
of the serviceswithin the Globus Toolkit. The PythonCoG Kit usesSWIG in
orderto wrap the Globus C-API, while the Javza CoG Kit is a completereimple-
mentationof the Globus protocolsin Java. The Java CoGKit is donein pureJava
and providesthe ability of usinga pureJarza GRAM service. Althoughthe Java
CoGKit canbeclassi ed asmiddlewarefor integratingadvancedGrid services,
it canalsobeviewedbothasa systemproviding advancedservicescurrentlynot
availablein the Globus Toolkit andasa framework for designingcomputingpor-
tals[81]. Boththe JavraandPythonCoGKits arepopularwith Grid programmers
andhave beenusedsuccessfullyn mary communityprojects.

6.5.2.1.2 Open Grid SewicesArchitecture Oneof the major problemsfac-
ing Grid deploymentis thevarietyof different‘standards”protocols anddif cult-
to-reuseémplementations.This situationis exacerbatedy the factthatmuchof
the Grid developmenthasbeendoneseparatelyfrom corporate-distribtedcom-
puterdevelopment As aresult,achasmhasbegunto appeaf52].

The OpenGrid ServicesArchitecture(OGSA)is aneffort to utilize commod-
ity technologyto createa Grid architecture.OGSA utilizes the Web servicede-
scriptionsasa methodto bring conceptgrom webservicegnto the Grid.

In OGSA, everythingis a network-enabledservicethat is capableof doing
somework throughthe exchangeof messages.Such“services” include com-
puteresourcesstoragaesourcesprogramsnetworks,databasesnda variety of
tools. Whenan OGSA serviceconformsto a specialsetof interfacesand sup-
portstandardsit is deemeda “Grid service. TheseGrid serviceshave the ability
maintaintheir state;hence|t is possibleto distinguishonerunning Grid service
instancdrom anotherUnderOGSA, Grid servicegnaybe createcanddestryed
dynamically To provide a referencemechanisnfor a particularGrid servicein-
stanceandits state eachinstancenasa uniqueGrid servicehandlen(GSH).

Because Grid serviceinstancemay outlastthe protocolon which it initially
runs,the GSHcontainso informationaboutprotocolsor transporimethodssuch
asanlP addres®r XML schemarersion.Insteadthisinformationis encapsulated
into a Grid servicereferencg(GSR)which canchangeover time. This stratey
allows theinstanceo upgradeor addnew protocols.

To manipulateGrid servicesOSGA hasinterfacesthat handleandreference
abstractionghat make up OGSA. Theseinterfacescanvary from serviceto ser
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vice; however, the discovery interfacemustbe supportecdbn all servicego allow
thelocationof new Grid serviceinstances.

Using suchan object-orientedsystemoffers severaladvantages. All compo-
nentsarevirtualized,removing mary dependengissuesandallowing mappingof
multiple logical resourcesnto onephysicalresource Moreover, becausehereis
a consistensetof interfacesthatall servicesnustprovide, constructionof com-
plex servicess greatlysimpli ed. Togetherthesefeaturesallow for mappingof
servicesemantic®ontoawide variety of platformsandcommunicatiorprotocols.

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

6.5.2.2 Legion

Legionis a Grid softwareprojectdevelopedat the University of Virginia. Legion
addresse6&rid key issuessuchasscalability programmingeasefault tolerance,
security and site autonomy The goal of the Legion systemis to supportlarge
degreesof parallelismin applicationcodeandto managehe complecities of the
physicalsystentor theuser Legion seamlesslgchedulesinddistributestheuser
processesn available and appropriateesourcesvhile providing theillusion of
working on asingle,virtual machine.

As doesotherGrid middlewvare,Legion providesa setof advancedservices.
Theseinclude the automaticinstallationof binaries,a secureand sharedvirtual

le systemthatspansall the machinesn a Legion system strongPKI-basedau-
thentication, e xible accessontrolfor userobjects,andsupportof legag/ codes
executionandtheir usein parametespacestudies.

Legion's architecturds basedon an objectmodel. Eachentity in the Grid is
representedsanactive objectthatrespond$o membeifunctioninvocationsrom
otherobjects. Legion includesseveral core objects,suchascomputeresources,
persistenstoragepindingobjectsthatmapglobalto local procesdDs, andimple-
mentationobjectsthatallow the executionof machinecode. The Legion system
is extensibleandallows usersto de ne their own objects. Although Legion de-

nes themessagéormatandhigh-level protocolfor objectinteractionjt doesnot
restrictthe programminganguageor thecommunicationgrotocol.

Legion hasbeenusedfor parametestudies,oceanmodels,macromolecular
simulations andpatrticle-in-cellcodes.Legionis alsousedaspart of the NPACI
productionGrid; a portal easeghe interactionwith the productionGrid using
Legion.
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6.5.2.3 StorageResource Broker

The StorageResourceBroker (SRB) [20] developedby the SanDiego Super

computerCenters client-serer middlevarethatprovidesa uniforminterfacefor

connectingo heterogeneougemotedataresourcesndaccessingeplicateddata
sets. The SRB softwareincludesa C client library, a metadataserer basedon
relationaldatabasgéechnologyanda setof Unix-like commandine utilities that
mimic, for example |s, cp,andchmodSRBenablesiccesso variousstoragesys-
temsincludingthe Unix le system.archval storagesystemssuchasUNITREE
[8] andHPSS[6] anddatabasé&arge Objectsmanagedy variousdatabasenan-
agemensystemssuchasDB2, Oracle,andlllustra. SRB enablesaccesdo data
setsandresourcedasedon their attributesratherthantheir namesor physicallo-

cations.Forminganintegral partof SRBarecollectionsthatde ne alogicalname
givento a setof datasets. A Java-basedtlient GUI allows corvenientbrowsing
of the collections.Basedon thesecollections,a hierarchicalstructurecanbeim-

posedon data,therebysimplifying the organizationof datain amannersimilarto

aUnix le system.In contrasto thenormalUnix le systemhowever, acollec-
tion canencompasslatathatis storedon remoteresources.To supportarchval

massstoragesystems SRB canbind a large setof les (thatare partof a col-
lection)in a containerthatcanbe storedandaccessedssingle le. Additionally,

SRBsupportghreeauthenticatiorschemesGSI, SEA (anRSA-basecekncryption
scheme)andplaintext passverd. FurthermoreSRBcanenableaccessontrolto

datato groupsof users.Otherfeaturesof SRBincludedatareplication,execution
of useroperationson the sener, datareductionprior to a fetch operationby the
client,andmonitoring.

6.5.2.4 Akenti

Akenti is a securitymodeland architectureproviding scalablesecurityservices
in Grids. The projectgoalsareto (1) achieve the samelevel of expressvenessof

accesgontrol thatis accomplishedhrougha local humancontrollerin the de-

cisionloop, and(2) accuratelyre ect existing policiesfor authority delegation,
andresponsibilities.For accesscontrol, Akenti usesdigitally signedcerti cates
thatincludethe useridentity authenticationiesourcauisagaequirementgor use-
conditions),userattribute authorizationgor attribute certi cates), delegatedau-

thorization,andauthorizationdecisionssplit amongon-line and off-line entities.
All of thesecerti catescanbestoredremotelyfrom theresourcesAkentiprovides
apolicy enginethattheresourcesenercancall to nd andanalyzeall theremote



30 CHAPTERG6. GESALT OF THE GRID

certi cates. It alsoincludesa graphicaluserinterfacefor creatinguse-conditions
andattributecerti cates.

6.5.2.5 Network Weather Sewice

Network WeatherService(NWS) [51] is a distributedmonitoringservicethatpe-
riodically recordsandforecastghe performanceof variousnetwork andcompu-
tational resourcesover time. The serviceis basedon a distributed set of per
formancesensorghat gatherthe informationin a centrallocation. This datais
usedoy numericalmodelsto generatdorecastgsimilarto aweatherforecasting).
The information also can be usedby dynamicschedulergo provide statistical
guality-of-servicereadingsn a Grid. Currently the systemsupportssensorgor
end-to-endl CP/IPperformanceneasurindpandwidthandlatengy, availableCPU
percentageandavailablenonpagednemory Theforecastmodelsincludemean-
basedmethodswhich usesomeestimateof the samplemeanasa forecast,and
median-basedethodswhich usea medianestimatoy andautorgressve meth-
ods. While evaluatingthe accuracie®f the predictionduring runtime, NWS is
ableto con gureitself 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 supercomputingocuseson oating-point operationsper second
( ops), high-throughpusystemdocuson oating-point operationgper monthor
year[24]. The projectslistedin this sectionare projectsthat provide increased
performancdor long term calculationsby utilizing distributedcommodityhard-
warein acollaboratve method.

6.5.3.1 Condor

Condoris asystemto utilize idle computecycleson workstationsvhile distribut-
ing a numberof queedjobsto them. Condorfocusingon high-throughputom-
puting, ratherthan high performancecomputing[77]. Condormaintainsa pool
of computersvhile usinga centralizedoroker to distribute jobsbasedon loadin-
formationor preferenceasseretvith the jobsto be executed.Condorprovidesa
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broker that identi es in the pool of resourcesdle computerswith availablere-
sourceonwhichto runthe program(thus,the metaphoiof a condorsoaringover
thedesertooking for food).

The properresourcesrefoundthroughthe ClassAdsnechanisnof Condor
This mechanisnallows eachcomputerin the pool to adwertisethe resourceshat
it hasavailableandpublishthemin a centralinformationservice.Thus,if ajobis
speci edto require128 megabytesof RAM, it will not be placedon a computer
with only 64 megabytesor RAM [24].

The ever-changingtopology of workstationsdoes,of course posea problem
for Condor When a userreturnsto his computey he usually wantsit to stop
runningCondorprocesseslo addresshisissue theprogramuseghecheckpoints
describechbore andrestartson anotherthostmachine.UnderCondor allows the
speci cation of elementaryauthorizationpolicies, suchasuserA is allowed to
usethe machinebut not userB, andthe de nition of a policiesfor runningjobs
in the backgroundbr whenthe useris not interactvely usingthe machine.Such
authorizatiorframenorks have beensuccessfullyeusedn otherprojectssuchas
SETI@Homg56, 44,43, 42].

Today condoralsoincludesclientsidebrokersthathandlemorecomplec tasks
suchasjob orderingvia agyclic graphsandtime managemerfeatures.To prevent
monopolizingthe resourcedy a singlelarge applicationCondorcan usea fair
schedulingalgorithm. A disadwantagewith the earlier condorsystemwas that
it wasdif cult to implementa co-allocationof resourceghat are not part of a
workstationbut of a supercomputindpatchqueuesystem. To utilize alsobatch
gueueswithin a pool, condorintroduceda mechanismnthat providesthe ability
to integrateresourcedor a particularperiod of time into a pool. This concept
is alsoknown asglide-in, which are enebledthrougha Globus baclend. Using
this techniquea job submittedon a Condorpool may be executedelsavhereon
anothercomputingGrid. CurrentlyCondoris working with the Globus Projectto
provide the necessaryesourcesharing[77].

Much of Condors functionality resultsfrom the trappingof systemcalls by
a specializedversionof GLIBC that C programsare linked against. Using this
library, mostprogramsrequireonly minor (if ary) changedo the sourcecode.
The library redirectsall 1/0 requestdo the workstationthat startedthe process.
Consequentlyworkstationsn the Condorpool do notrequireaccountgor every-
onewho cansubmitajob. Ratheronly onegenerakccounfor Condoris needed.
This stratgy greatly simpli es administrationand maintenance Moreover, the
specialGLIBC library providesthe ability to checkpointthe progressof a pro-
gram. Neverthelessgcondorprovidesalsoa mechanisnthatmakesit possibleto
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runjobsunchangedput muchof theadvancedeaturesuchascheckpointingand
restartingcannot be utilized.

Additional, Grid functionality hasbeenincludedwith the establishmenof so
calledCondor ocks thatmayrepresenpoolin differentadministratve domains.
Policy agreementbetweertheseocks enableheredistritution of migratoryjobs
betweernthese ocks [43, 42).

6.5.3.2 NetSole

NetSole, developedat the University of Tennessesg’Innovative ComputingLab,
is adistributedcomputingsystenthatprovidesaccesso computationatesources
acrossa heterogeneoudistributedenvironmentvia a client-agent-semrinterface
[33,16].

The entire NetSole systemis viewed as a connectednon-directedgraph.
Eachsystenmthatis attachedo NetSole canhave differentsoftwareinstalledon
it. UserscanaccessNetSole andprocesscomputationghroughclient libraries
for C, Fortran, Matlab, and Mathematica.Theselibraries canaccessiumerical
solverssuchasLAPACK, ScaLAFACK, andPETSc.Whena computations sent
to NetSole,theagentusesa“best-guessimethodologyto determinevhichsener
to sendtherequesto. Thatsenerthendoesthe computatiorandreturnsthe re-
sultusingthe XDR format[36]. Shoulda sener procesgerminateunexpectedly
while performinga computationthe computations automaticallyrestartecon a
differentcomputerin the NetSole system.This processs transparento theuser
andusuallyhaslittle impactotherthana delayin gettingtheresults.

BecauseéNetSole canusemultiple computersat the sametime throughnon-
blocking calls, the systemhasan inherentamountof parallelism. This, in one
sensemakesit easyto write parallelC programs.

The NetSole systemis still being actively enhancedand expanded. New
featuresncludedagraphicalproblemdescriptionle generatagrKerberosauthen-
tication,andadditionalmathematicalibraries[26].

NetSole's closestrelative is Ninf (seeSection6.5.3.3).Work hasbeendone
on software librariesthat allow routineswritten for Ninf to be run on NetSole
andvice versa.Currently however, thereareno known plansfor thetwo projects
to mege[33].
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6.5.3.3 Ninf

Ninf (Network Information Library for High PerformanceComputing)is a dis-
tributedremoteprocedurecall systemwith afocuson easeof useandmathemat-
ical computation.It is developedby the Electrotechnical.aboratoryin Tsukuba,
Ibaraki,Japan.

To executea Ninf program,a client calls a remotemathematicalibrary rou-
tine via a metaserer interface. This metaserer thenbrokersvariousrequestso
machinesapableof performingthe computation.Sucha client-agent-semr ar-
chitectureallows a high degreeof fail-safetyfor the system.Whentheroutineis

nished, the metaserer recevesthe dataandtransferdt backto theclient.

The Ninf metaserer can also automaticallyorder requests. Speci cally, if
multiple dependenandindependentalculationseedto take place,theindepen-
dentoneswill executein parallelwhile waiting for the dependentalculationgo
complete.

Bindingsfor Ninf have beenwrittenfor C, Fortran,Java, Excel,Mathematica,
andLisp. Furthermorethesebindingssupporttheuseof HTTP GET andHTTP
PUT to accessnformationonremoteWeb seners. Thisfeatureremovestheneed
for the client to have all of the informationandallows low-bandwidthclientsto
run onthenetwork andreceve the computationabene tsthe systenoffers[64].

Severalefforts areunderway to expandNinf into a moregeneralizedystem.
AmongtheseeffortsareNin et, aframewvork to distributeandexecuteJavaappli-
cations,andNinf-G a projectdesigned computationaRPCsystemon top of the
GlobusToolkit [71].

6.5.3.4 SETI@Home

SETI@Homerunby theSpaceSciencd.abattheUniversityof CaliforniaBerke-
ley, is oneof the mostsuccessfutoarsegrain distributed computingsystemsn
theworld. Its goalis to integratecomputeresource®ntheWebaspartof acollec-
tive of independentesourceshat are plentiful and cansolve mary independent
calculationsatthe sametime. Sucha systemwaservisionedasaway to dealwith
the overwhelmingamountof informationrecordedy the Areciboradiotelescope
in PuertoRico andthe analysisof the data. The SETI@homeprojectdeveloped
stableand userappealingscreensaversfor Macintoshand Windows computers
and a command-lineclient for Unix systemg56, 62] that startedto be widely
usedin 1999.

At its core, SETI@Homeis aclient-serer distributednetwork. Whenaclient
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is run, it connectgo the SETI@Homework unit senersatthe Universityof Cal-
ifornia - Berkeley and downloadsa paclet of datarecordedfrom the Arecibo
telescope. The client then performsa x ed mathematicaknalysison the data
to nd signalsof interest. At the end of analysis,the resultsare sentbackto
SETI@Homeandanew pacletis downloadedor thecycle to repeat.

Paclets of informationthat have beenshavn to have usefulinformationare
thenanalyzedagainby thesystento ensurgherewasnoclienterrorin thereport-
ing of thedata. In this way, the systemshaws resilieng toward modi ed clients,
andthescienti c integrity of thesurwey is maintained57]. To date, SETI@Home
hasaccumulatednorethan900,000CPU-yearf processindime from over 3.5
million volunteersaroundthe globe. The entire systemtodayaveragesut to 45
T ops, whichmalkesit theworld's mostpowerful computingsystenby abig mar
gin [34]. Oneof the principalreasondor the project's successs its nonirvasve
nature;running SETI@Homecauseso additionalload on mostPCswhereit is
run only duringthe inactive cycles. In addition,the systemprovidesa wealth of
both userandaggreateinformationandallows organizationdo form teamsfor
corporationgndorganizationswhichthenhavetheirstandinggpostedontheWeb
site. SETI@Homewasalsothe rst to mobilize massve amountsof participates
by creatinga senseof communityandprojectthe goalsof the scienti ¢ projectto
large amountsof nonscienti ¢ users.

SETI@Homewasoriginally plannedin 1996to be a two-yearprogramwith
anestimatedL00,000users.Becausef its successplansarenow underway for
SETI@Homédl, whichwill expandthescopeof theoriginalproject[28]. Multiple
othertopic suchasproteinfolding have alsobeenadapted4].

6.5.3.5 Nimrod-G

Nimrod was originally a metacomputingystemfor parameterizegimulations.
Sincethenit hasevolvedto includeconceptsandtechnologieselatedto the Grid.
Nimrod-Gis anadwancedbroker systenthatis oneof the rst systemso account
for economicmodelsin schedulingof tasks. Nimrod-G providesa suite of tools
thatcanbeusedto generat@arametesweepapplicationsmanageesourcesand
scheduleapplications.t is basedon a declaratve programminganguageandan
assortmenof GUI tools.

Theresourcebroker is responsibldor determiningrequirementshat the ex-
perimentplaceson the Grid andfor nding resourcesscheduling,dispatching
jobs,andgatheringresultsbackto the homenode.Internalto theresourcebroker
areseveralmodules:
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Thetask-farmingagentis a persistenimanagethat controlsthe entire ex-
periment.It is responsibldor parameterizatiorgreationof jobs,recording
of job statesandcommunicationBecausét cacheshestatef theexperi-
mentsanexperimentmayberestartedf thetask-farmingagentfails during
arun.

Thesdedulerhandlesesourcaliscovery, resourcedrading,andjob assign-
ment. In this modulearethe algorithmsto optimizea run for time or cost.
Information aboutthe costsof using remotesystemss gatheredhrough
resourcaliscovery protocols,suchasMDS for the Globus Toolkit.

Dispatdiersandactuatos deploy agentoonthe Grid andmaptheresources
for execution. The schedulerfeedsthe dispatchera scheduleandthe dis-
patcherallocatesjobs to the differentresourcegeriodically to meetthis
goal.

The agentsare dynamicallycreatedand are responsiblgor transportingthe
codeto the remotemachine startingthe actualtaskandrecordingthe resources
usedby a particularproject.

The Nimrod-G architectureoffers several bene ts. In particular it provides
aneconomicmodelthatcanbe appliedto be metacomputingandit allows inter-
actionwith multiple differentsystemarchitecturessuchasGlohus, Legion, and
Condor

In the future Nimrod-G will be expandedo allow adwanceresenation of re-
sourcesand use more advancedeconomicmodelssuchas demand-and-supply
auctionsandtenders/contract-n@trotocols[30].

6.6 Grid Application

At the beginning of Section6.5.1 we divided Grid projectsinto three classes:
communityactuities, toolkits (middlewvare),andapplications.Herewe focuson
threeapplicationgepresentatie for currentGrid actwities.

6.6.1 AstrophysicsSimulation Collaboratory

The AstrophysicsSimulationCollaboratory(ASC) was originally developedin
supportof numericalsimulationsin astrophysicsandhasevolvedinto a general-
purposecodefor partial differentialequationgn three-dimensiongl, 31]. Per
hapsthemostcomputationallydemandingpplicationthathasbeenattacledwith
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ASC is the numericalsolution of Einsteinsgeneralrelatvistic wave equations,
in the contet, for example,of the study of neutronstarmeigersandblack hole
collisions. For this purpose the ASC communitymaintainsan ASC sener and
controlsits accesghroughlogin accountson the sener. Remoteresourcesnte-
gratedinto the ASC senerarecontrolledby theadministratve policiesof thecite
contribtutingtheresourcesln generalthis meanghatausermusthave anaccount
on the machineon which the serviceis to be performed.The modulardesignof
the framework andits exposurethrougha Web-basedortal, permitsa diverse
groupof researcher® developadd-onsoftwaremoduleghatintegrateadditional
physicsor numericalsolversinto the Cactusframenork.

Theastrophysicsimulationcollaboratory(ASC) pursueshefollowing objec-
tives[32]:

Promotethe creationof acommunityfor sharinganddevelopingsimulation
codesandscienti c results;

Enabletransparenaccesdo remoteresourcesincluding computersdata
storagearchves,informationseners,andsharedcoderepositories;

Enhancedomain-speci ccomponentand servicedevelopmentsupporting
problem-solvingcapabilities suchasthe developmentof simulationcodes
for the astrophysicatommunityor the developmentof advancedGrid ser
vicesreusabléy the community;

Distributeandinstall programsntoremoteresourcesvhile accessingode
repositoriescompilation,anddeploymentservices;

Enablecollaborationduring programexecutionto fosterinteractionduring
thedevelopmenif parameterandtheveri cation of the simulations;

Enablesharedcontrolandsteeringpf thesimulationgo supportasynchronous
collaboratve techniqguesamongcollaboratorymembers;

Provide accesd4o domain-speci cclientsthat, for example,enableaccess
to multimediastreamsandotherdatageneratediuring the executionof the
simulation.

To achieve theseobjectves, ASC usesa Grid portal basedon JSPfor thin-
clientaccesgo Grid services.Specializedservicessupportcommunitycodede-
velopmentthroughonline coderepositories.The Cactuscomputationatoolkit is
usedfor this work. The ASC is scheduledo be openedfor usersin the astro-
physicscommunityin Septembe002.
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6.6.2 Particle PhysicsData Grid

The Particle PhysicsDataGrid (PPDG)[18] is a collaboratoryprojectconcerned
with providing thenext-generationnfrastructurdor currentandfuturehigh-enegy
and nuclearphysicsexperiments. One of the importantrequirementof PPDG
is to dealwith the enormousamountof datathatis createdduring high enegy

physicsexperimentand must be analyzedby large groupsof specialists. Data
storageyeplication,job schedulingresourceananagementand securitycompo-
nentssuppliedby the Globus, Condor STACS, SRB,andEU DataGrid projects
[12] all will beintegratedfor easyuseby the physicscollaboratorsDevelopment
of PPDGis supportedunderthe DOE SciDAC initiative (Particle PhysicsData
Grid CollaboratoryPilot) [18].

6.6.3 NEESgrid

Theintentionof NEESgridis to build a national-scalalistributedvirtual labora-
tory for earthquak engineering.Theinitial goalsof the projectareto (1) extend
the Globus Information Serviceto meetthe specializecheedsof the community
and(2) develop a setof servicescalledNEESpop,alongwith existing Grid ser
vicesto bedeployedto the NEESpopseners. Ultimately, the systemwill include
a collaborationand visualizationervironment, specializedNEESpopseners to
handleand managethe ervironment,and accesdo external systemand storage
providedby NCSA [68].

Oneof the objectvesof NEESgridis to enableobsenationanddataaccesso
experimentsn realtime. Both centralizedanddistributeddatarepositoriewill be
createdo sharedatabetweendifferentlocationson the Grid. Theserepositories
will have datamanagementoftwareto assistin rapid andcontrolledpublication
of resultsA softwarelibrary will be createdo distribute simulationsoftwareto
users.Thiswill allow userswith NEESgrid-enabledesktopgo run remotesim-
ulationsonthe Grid [67].

NEESgridwill comprisea layeredarchitecturewith eachcomponenteing
built on core Grid serviceshat handleauthenticationinformation,andresource
managemeribut arecustomizedo t the needsof earthquak engineeringcom-
munity.

The projectwill have a working prototypesystemby the fourth quarterof
2002.This systemwill beenhancediuringthe next yearswith thegoalto deliver
afully testedandoperationasystem2004to gatherdataduringthe next decade.
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6.7 Portals

Theterm“portal” is not uniformly de ned within the computersciencecommu-
nity. Sometimest representsntegrateddesktops electronicmarket places,or
informationhubs[49, 73, 50]. We usethe term portal herein the moregeneral
sensef acommunityaccespointto informationandserviceqseeFigure6.9).

7N

Users
Portal
TN
Applications Information
and and
Services Data

Figure6.9: Portalsprovide an entry point thathelpsto integrateinformationand
data,applicationandservices.

De nition: Portal
A communityservicewith a single point of entry to anintegratedsystem
providing accesgo information,data,applicationsandservices.

In generala portalis mostusefulwhendesignedor a particularcommunity
in mind. Today mostcommonWeb portals build on the currentgenerationof
Web basedcommoditytechnologiespasedon the HTTP protocolfor accessing
theinformationthrougha browser

De nition: Web portal
A portal providing usersubiquitousaccesswith the help of web-based
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commoditytechnologiesto information, data,applications,and services.
The currentgeneratiorof Web portalsis accessethroughHTTP andWeb
browsers.

A Grid portal is a specializedgportal usefulfor usersof productionGrids. A
Grid portal providesinformation aboutthe statusof the Grid resourcesand ser
vices. Commonlythis informationincludesthe statusof batchqueuingsystems,
load, and network performancebetweenthe resources. Furthermore the Grid
portalmayprovide atargetedaccespointto usefulhigh-endservicessuchasthe
generatiorof a compute-anddata-intensie parametestudyfor climatechange.
Grid portalsprovide communitiesanotheradvantagethey hide muchof thecom-
plex logic to drive Grid-relatedserviceswvith simpleinteractionthroughthe portal
interface. Furthermorethey reducethe effort neededo deploy softwarefor ac-
cessingesource®n productionGrids.

De nition: Grid portal
A specializegportal providing an. entry pointto the Grid to accesspplica-
tions, servicesjnformation,anddataavailablewithin a Grid.

In contrasto Webportals,Grid portalsmaynotberestrictedo simplebrowser
technologiedut may usespecializedlug-insor executablego handlethe data
visualizationrequirementf, for example, macromoleculadisplaysor three-
dimensionahigh-resolutionwveatheratadisplays.

A Grid portal may deal with differentusercommunities,suchas develop-
ers,applicationscientistsadministratorsandusers.In eachcasethe portalmust
supportapersonaliew thatremembershe preferrednteractionwith theportalat
timeof entry. To meettheneedof thisdiversecommunity sophisticate@rid por-
tals (currentlyunderdevelopment)are providing commoditycollaboratve tools
suchasnewsreadersg-mail, chat,andvideo conferencinggventscheduling Ad-
ditionally, someGrid portal developersare exploiting commoditytechnologies
suchas JavaBeansand JSR which are alreadypopularin Web portal environ-
ments.In thefollowing subsectionsve highlight severalexamplesof well-known
Grid portalsandthetoolkits beingusedto createtheseportals.

6.7.1 HotPage

HotPage[17] is aportalthatprovidesa collective view of adistributedsetof high-
performanceomputingresources.The portal enablesesearchergasilyto nd
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information abouteachof the resourcesn the computationalGrid. This infor-

mation(whichis storedin HTML) includestechnicaldocumentationgperational
status,load and currentusage and queuedobs. Additionally, HotPageenables
usersto accessandmanipulateles anddataandto submit,monitor, anddelete
jobs. Grid accesss throughthe Globus Toolkit [22] or via the Network Weather
Service[51]. TheHotPagebaclendis accessethroughPerl CGI 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 successoGatavay [35] aretwo in uential projectsin designing
portalsfor Grids. They offer a programmingparadigmimplementedover a vir-

tual Web-accessibl&rid. An applicationis designedoy a computationagraph
thatis visually editedby the end-userusingJava applets.Nodesof thegraphare
reusablemodulesthat written by the developers. Module usersneednot, how-

ever, be concernedwith issuessuchas allocatingand running the moduleson

variousmachinesgcreatingconnectionamongthe modules sendingandrecev-

ing dataacrosstheseconnectionsor running several modulesconcurrentlyon

one machine. The Gatevay systemtakes care of thesemanagemenissuesand
coordinateshe execution.

The Gatavay systemis basedn amodernthree-tierarchitectureTier 1 is the
high-level front-endenablingvisual programming steering run-timedataanaly-
sisandvisualization,andcollaboration;this front-endis basedon Webtechnolo-
gies and object-orienteccommodity standards.Tier 2 is formed by distributed
object-basedscalable and reusabléWeb seners and object brokers and builds
the middleware. Tier 3 compriseghe back-endservicessuchas executionser
vicesanddatamovementservices.

6.7.3 XCAT

The XCAT Project[59] from IndianaUniversity provides and implementation
of the CommonComponentArchitecture(CCA) [3] to assistin the assemblyof
applicationausingGrid resourcesThe CCA speci cationdescribeshe construc-
tion of portablesoftwarecomponentshatcanbere-usedn any CCA compliant
runtimeframenorks. Theseframavorksaretunedfor avariety of applicationen-
vironmentsandin somecasesaredesignedor applicationghatrun on massvely



6.7. PORTALS 41

parallelcomputers.Here componentsnay be parallel objects(multiple compo-
nentinstancesoperatingin synchrory andcommunicatingwith eachotherwith
MPI) or they maybehighly multi-threadedandrun onlarge sharednemory mul-
tiprocessoseners.In othercasestheframenvorksaredesignedo enablethecon-
structionof applicationdrom componentshataredistributedovera Grid. XCAT
allows Grid applicationprogrammerso scriptcomplex distributedcomputations
andpackageheseapplicationsvith simpleinterfacesfor othersto use.Eachuser
obtainsa personahoteboolfor controllingthe applicationsthe notebookis used
aselementanabstractiornio packageapplicationsanddatascriptsandparameters
aspartof a an Web page. The portal sener hasan integratedevent serviceal-
lowing applicationand Grid resourcenformationto publish eventsthroughthe
Network WeatherService[51] and Autopilot [2]. XCAT hasbeentestedon dis-
tributed simulationof chemicalprocessesn semiconductomanugcturingand
collaboratorysupportfor X-ray crystallography XCAT is basedon Globus and
usesthe Java CoGKit [53, 80] for its coresecurityandremotetaskcreation,and
RMI over XSOAP [59] asa communicatiorprotocol.

6.7.4 UNICORE

UNICORE (UNiform Interfaceto COmputingREsources]23] providesa ver

tical integrationervironmentfor Grids including accesgo resourceghrougha
portal. It is designedo assistin the work o w managemenf tasksto be sched-
uledon resourcegpartof supercomputingenters.A UNICORE work ow com-
priseshierarchicalbssembliesf interdependertasks with dependenciethatare
mappedo actionssuchasexecution,compilation,linking, andscriptingaccord-
ing to resourcerequirementson target machineson the Grid. Besidesstrong
authenticationUNICORE assistan compiling and runningapplicationsandin

transferringinput and outputdata. One of the main componentof UNICORE
is the preparationand modi cation of structuredjobs througha graphicaluser
interfacethatsupportsvork o ws. It allows the submissionmonitoring,andcon-
trol of the executionaspartof a client that getsinstalledon the users machine.
Originally, UNICORE supportedNeb browserplug-ins,but it is now distributed
asa standalonapplication. UNICORE is beingusedasthe Grid infrastructure
for a researchprojectknowvn as UNICORE Plus. This projectis enhancinghe

original UNICORE software with new functionality to handlesystemadminis-
trationandmanagemeninodelingof dynamicandextensibleresourcesgreation
of application-speci cclient andsener extensionsjmproveddataand le man-
agemenftunctions,andruntime control of complex job chains. Metacomputing
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support(e.g., resenation, co-schedulingapplication-l&el communication,and
performanceanalysis)s alsounderconsiderationDevelopmento utilize Globus
enabledesourcesvithin UNICOREIis underdevelopmen{5].

6.7.5 JiIPANG

JIPANG (Jini-basedPortal AugmentingGrids) [76] is both a portal systemanda

toolkit, providing auniforminterfacelayerfor accessin@varietyof Grid systems.
JiIPANG is built ontop of the Jini distributedobjecttechnology It functionsasa

higherlevel managemergervicedo resource®eingmanagedy individual Grid

systemsuchasNinf [65], NetSole[37], andthe GlobusToolkit [22] viatheJava

CoGKit [80]. A Jara API providestheuserwith a uniform interfaceto the Grid.

A specializedliPANG browserallowstheinteractve accesso Grid resourcesind
services.

6.7.6 PUNCH

PUNCH (PurdueUniversity Network-ComputingHubs)is a distributednetwork
computerthatallows usersto accesgext andgraphicalapplicationgemotelyvia
aWebbrowser PUNCH providestheability to de ne severalcommunityportals,
eachof which senesa speci ¢ setof users[27]. Whenusersvisit a community
portal,they arepresentedvith amenuof applicationghatthey canexecute.These
applicationsrangefrom CPU simulatorsto draving programsto comple< com-
mercial ElectronicDesign Automation(EDA) and mathematicabnalysispack-
ages.For text-basedools,anHTML interfaceis providedthatforwardsall com-
mandson to the actualapplication.This enablesa quick integrationof command
line basedapplicationsinto PUNCH. For more complex graphicalapplications,
systemssuchasVNC areusedto transmitthe displaybackto the remoteusers
[54]. Sucha methodhasalsobeenusedby otherGrid portal actities including
the AccessGrid (seeSection6.7.7).

At thebaseof PUNCHis PVFS,the PUNCH Virtual File System By usinga
serief proxiesoverstandardNFSprotocols PUNCHis ableto allow nearnative
NFS performancever disparatenetworks. Also, the PVFSremovesthe needfor
individual useraccounts.Instead,all les areownedby a systemaccountwith
the PUNCHuserof the le beingidenti ed by its positionin the le systentree.
This abstractioris takenfurtherto the level of usermaintenanceln atraditional
distributed system,useraccountinformationwould needto be propagatedo all
systemson the network. PUNCH solvesthis by maintaininga pool of UIDs on
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eachsener thataredynamicallyassignedo userswhenthey begin executionof
processesn asener. An accountingacility keepstrackof the UIDs in useand
automaticallyreclaimsUIDs atthe endof theusers session.

Basedon thesefeatures PUNCH allows differentinstitutionsto sharecom-
putationalresourcesand applications. Sharingis possibleeven acrossdifferent
administratve domainsbasedon a limited-trust relationshipthat can be estab-
lishedbetweerthe domains.This featureallows usersat multiple universitiesto
have accesdo the samecomputersystemawith smallrisksof exploitations[45].

6.7.7 AccessGrid

TheAccessGrid (AG) Projectdevelopsapackagef Grid Softwareandmaintains
aproductionGrid of resourceshatcanbeusedto supporthumaninteraction.The
goal of the AccessGrid is to supportlarge-scaldistributedmeetingscollabora-
tivework sessionsseminarslecturestutorialsandtraining. It providestheability
to includemultimediadisplay presentatiomndinteractionervironmentsandin-
terfacesto Grid middlewvareandvisualizationervironments.This focuson group
communications in contrastto desktopbasedtools which focus muchmorein
individual communication.

Theernvironmentis intendedo fosterbothformal andinformal groupinterac-
tions.Large-formatdisplaysintegratedwith intelligentor active physicalmeeting
rooms(alsocallednodes)areacentralfeatureof AccessGrid nodes.Suchaphys-
ical meetingroom containsthe high-endaudioandvisual technologyneededo
provide a high-qualitycompellinguserexperience Therearea numberof Access
Grid nodesdeployed world-wide that are frequentlyusedto conductmeetings,
sitevisits, trainingsessionsindeducationakvents[29].

6.7.8 Commercial Grid Activities

Many of the early Grid projectsthat startedasresearctefforts arenow alsomar
ketedcommercially Legion, for example,is currently marketedthrough Avaki
(which was co-foundedby the developersof Legion). Several companieshave
decidedto includethe Globus Toolkit in their Grid marketing stratgjiesthatare
basedon extensionsor supportmodels. Neverthelessthe Globus Toolkit will
continueto beafreeopen-sourcéoolkit.

EffortssuchasIBM' scommitmento theWebservicedramavork, Microsoft's
.Net, [7], andSun's Web serviceq75] and JXTA frameavork [58] will be major
driversfor the next generatiorof Grid software. The developmentof an Open
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Grid ServiceArchitecturetogethemwith companiesuchasIiBM promisedo inte-
gratebusinessandresearchmodelsandprocesses orderto leveragefrom each
other'stechnologiesMuch additionalwork is neededo extendthis earlywork.

6.8 Futureand Conclusion

In this chapterwe haveidenti ed avisionthatmotivatesthecreationof Gridsand
Grid-enabledsystems.We have alsoexamineda variety of projectsthataddress
some-— but not all — of the issuesthat mustbe resolhed beforethe Grid is truly
universal. In additionto the developmentof middlewvare,interfacesare needed
that canbe usedby the applicationscientiststo acces<Grids. CommodityGrid
toolkitsenablingaccesso Grid functionalityonanAPI level suchasFortran,Java,
and Pythonareimportant. Portalsmustalso be developedto hide the comple
infrastructureof Grids andallow scientiststo usethis infrastructurein the daily
scienti ¢ exploration. Thetoolsandtechnologiesliscussedh this chapterarebut
the rst stepin the creationof a globalcomputingGrid.
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