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Abstract

A simpleway to offer a Grid accessthrougha middlewareis to usetheGridRPC
paradigm.It is basedon theclassicalRPCmodelandextendedto Grid environments.
Client canaccessto remoteserversassimply asa functioncall. Severalmiddlewares
arecompliantto thisparadigmasDIET, GridSolve,or Ninf-G. Actorsof theseprojects
have workedtogetherto designa standardAPI within theOpenGrid Forum. In this
chapterwe give an overview of this standardandthe currentworks aroundthe data
management.Threeusecasesareintroducedthroughadetailleddescriptionsof DIET,
GridSolve,andNinf-G middlewarefeatures.Finally applicationsfor eachmiddleware
areshown to appreciatehow they takebene�t of theGridRPCAPI.
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1 Intr oduction

Large problemscoming from numericalsimulation or life sciencecan now be solved
throughtheInternetusinggrid middleware[10, 27]. Transparency andeaseof useis some-
timesmoreimportantfor auserthanraw performance.Along with researchesanddevelop-
mentaroundmiddlewareandservicesfor grids,researchersanddevelopershavebeenwork-
ing on programmingissuesof largescaledistributedsystems.Severalapproachesco-exist
to port applicationon grid platformslike classicalmessage-passing[33, 38], batchpro-
cessing[57, 67], webportals[28, 30, 32], work�o w managementsystems[23, 29,45, 70],
object-orientedapproaches[7, 68].

Among existing middlewareandapplicationprogrammingapproaches[34], onesim-
ple, powerful, and �e xible approachconsistsin using servers available in different ad-
ministrative domainsthroughthe classicalclient-server or RemoteProcedureCall (RPC)
paradigm.Network EnabledServers(NES) [35] implementthismodel,which is alsocalled
GridRPC[53]. Clientssubmitcomputationrequeststo a schedulerwhosegoal is to �nd a
server availableon thegrid. Schedulingis frequentlyappliedto balancethework among
theserversanda list of availableserversis sentbackto theclient; theclient is thenableto
sendthedataandtherequestto oneof thesuggestedserversto solve its problem.Thanksto
thegrowth of network bandwidthandthereductionof network latency, smallcomputation
requestscannow besentto serversavailableon thegrid. To make effective useof today's
scalableresourceplatforms,it is importantto ensurescalabilityin themiddlewarelayersas
well. This serviceorientedapproachis notnew.

Several researchprojectshave targetedthis paradigmin the past. The main middle-
waresimplementingthe API arethe onespresentedhere,i.e. NetSolve/GridSolve, Ninf,
andDIET but someotherenvironmentssupportit like OmmiRPC[50], XtremWeb [14],
and the SAGA interfacefrom the OGF. The RPCmodelover the internethasalsobeen
usedfor several applications. In [24], the authorsdescribethe useof remotecomputa-
tions availableasservicesfor optmizationproblems. Transparentlythroughthe Internet,
large optimizationproblemscanbe solved usingdifferentapproachesby simply �lling a
web page. Remotemageprocessingcomputationsaredescribedin [5] andmathematical
librariesin [12]. Somesystemstarget clusterslike OVM [11] or they canbe linked with
languageslike OpenMP[51]. Even P2Psystemscanbe usedusingthis model like with
XtremWeb [14] andalsohaving fault-toleranceembeddedin the middleware itself [21].
This approachof providing computationservicesthroughthe Internetis alsohighly close
to theServiceOrientedComputing(SOA) paradigm[44].

The goal of this chapteris �rst to describethe API itself and its extensionsfor data
managementin Section2. Then,in Sections3,4 and5, wereview threeexisting implemen-
tationsover heavily usedmiddleware platforms. This presentationallows to understand
how performancecanbeobtainedfrom thesemiddlewareusingtheGridRPCAPI. Finally,
beforea conclusion,we presentin Section6 applicationsfrom different�elds portedusing
theAPI over severalgrids.
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2 GridRPC API Presentation

Onesimple,yet effective, meanto executejobs on a computinggrid is to usea GridRPC
middleware,which relieson theGridRPCparadigm.Numerousimplementationsarecur-
rentlyavailable,suchasDIET [20], NetSolve [69], Ninf [60], OmniRPC[50].

Foreachrequest,theGridRPCmiddlewaremanagesthemanagementof thesubmission,
of the input andoutputdata,of the executionof the job on the remoteresource,etc. To
make availablea service,a programmermust implementtwo codes:a client, wheredata
arede�ned andwhich is run by theuserwhenrequestingtheservice,anda server, which
containstheimplementationof theservicewhich is executedon theremoteresource.

One step to easethe developmentof such codesconductedto de�ne a GridRPC
API [39], which hasbeenproposedasa draft in September2004andwhich is an Open
Grid Forum(OGF)standardsinceSeptember2007. Thusa GridRPCsourcecodecanbe
compiledandexecutedwith any GridRPCcompliantmiddleware.

Dueto thedifferencein thechoiceof implementationof theGridRPCAPI, adocument
describingthe interoperabilitybetweenGridRPCmiddleware hasbeenwritten [62]. Its
maingoalsareto describethedifferencein behaviour of theGridRPCmiddlewareandto
proposea commontestthatall GridRPCmiddlewaremustpass.Nevertheless,it is not of
its purposeto makeacommoninteroperableclient,whichcouldparticipateto differentgrid
middlewareat thesametime. This documentis intendedto besoonanOpenGrid Forum
standard.

Discussionsarecurrentlyundertaken on the datamanagementwithin GridRPCmid-
dleware. A draft of an API hasbeenproposedduring the OGF'21 in October2007. The
motivation for this documentis to provide explicit functionsto manipulatethe dataex-
changebetweena GridRPCplatformanda client since(1) thesizeof thedatausedin grid
applicationsmay be large anduselessdatatransfersmustbe avoided; (2) dataarenot al-
waysstoredon the client sidebut may be madeavailableeitheron a storageresourceor
within theGridRPCplatform.

In the following, we �rst describethe GridRPCAPI and the efforts concerningthe
interoperabilitybetweenimplementations,andthenwepresentthecurrentworkonde�ning
anAPI for GridRPCdatamanagement.

2.1 The GridRPC API and Interoperability BetweenImplementations

One of the goalsof the GridRPCAPI is to clearly de�ne the syntaxand semanticsfor
GridRPC,whichis theextensionof theRemoteProcedureCall (RPC)to grid environments.
Hence,end-userclient/server applicationscanbewrittengiventheprogrammingmodel.

2.1.1 The GridRPC Paradigm

TheGridRPCmodelis picturedin Figure1: (1) serversregistertheir servicesto a registry;
(2) whenaclientneedstheexecutionof aservice,it contactstheregistryand(3) theregistry
returnsahandleto theclient; (4) thentheclientusesthehandleto invoke theserviceon the
server and(5) eventuallyreceivesbacktheresults.
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Figure1: TheGridRPCmodel.

2.1.2 The GridRPC API

Mechanismsinvolved in the API mustprovide meansto make synchronousand/orasyn-
chronouscalls to a service.If the latter, clientsmustalsobeableto wait in a blockingor
non-blockingmannerafterthecompletionof a givenservice.Thisnaturallyinvolvessome
datastructuresandconductsto a rigorousde�nition of thefunctionsof theAPI.

GridRPC Data Types
Threemaindatatypesareneededto implementtheAPI: (1)grpc_function_handle_tis

thetypeof variablesrepresentingaremotefunctionboundto agivenserver. Onceallocated
by theclient, sucha variablecanbe usedto launchtheserviceasmany timesasdesired.
It is explicitly invalidatedby theuserwhennot neededanymore;(2) grpc_session_tis the
typeof variablesusedto identify a speci�c non-blockingGridRPCcall. Sucha variableis
mandatoryto obtaininformationon the statusof a job, in orderfor a client to wait after,
cancelor know the error statusof a call; (3) grpc_error_t groupsall kind of errorsand
returnsstatuscodesinvolvedin theGridRPCAPI.

GridRPC Functions
grpc_initialize() and grpc_�nalize() functionsare similar to the MPI initialize and

�nalize calls. It is mandatorythat any GridRPCcall is performedin betweenthesetwo
calls.They readcon�guration�les, make theGridRPCenvironmentreadyand�nish it.

In orderto initialize anddestructa functionhandle,grpc_function_handle_init() and
grpc_function_handle_destruct()functionshave to becalled.Becausea functionhandle
canbe dynamicallyassociatedto a server, becauseof resourcediscovery mechanismsfor
example,a call to grpc_function_handle_default() let to postponethe server selection
until theactualcall is madeon thehandle.

grpc_get_handle()let theclient retrieve thefunctionhandlecorrespondingto asession
ID (e.g., to anon-blockingcall) thathasbeenpreviouslyperformed.

Dependingon the type of the call, blocking or non-blocking,the client can usethe
grpc_call() andgrpc_call_async()function. If thelatter, theclient possessesafterthecall
asessionID whichcanbeusedto respectively probeor wait for completion,cancelthecall
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andchecktheerrorstatusof anon-blockingcall.
After issuinga uniqueor numerousnon-blockingcalls,a client canuse:grpc_probe()

to know if theexecutionof theservicehascompleted;grpc_probe_or() to know if oneof
thepreviousnon-blockingcallshascompleted;grpc_cancel()to cancelacall; grpc_wait()
to block until thecompletionof therequestedservice;grpc_wait_and() to block until all
servicescorrespondingto sessionIDs usedasparametersare�nished; grpc_wait_or() to
blockuntil any of theservicecorrespondingto sessionIDs usedasparametershas�nished;
grpc_wait_all() to blockuntil all non-blockingcallshavecompleted;andgrpc_wait_any()
to wait until any previously issuednon-blockingrequesthascompleted.

2.1.3 Presentationof the Interoperability BetweenImplementations

The OpenGrid Forumstandarddescribingthe GridRPCAPI did not focuson the imple-
mentationof theAPI. Then,divergencesin implementationhave beenobserved. In order
to make a GridRPCclient-server codereusablein all GridRPCmiddlewarerelying on the
GridRPCAPI, a work hasbeentackledto proposeinteroperabilitybetweenimplementa-
tions.

Thepaper[62] pointsout,with exhaustive test-cases,thedifferencesandconvergences
in behavior of the main GridRPCmiddleware implementations,namelyDIET, Netsolve,
andNinf. In addition,a programhasbeenwritten to testthe GridRPCcomplianceof all
middleware.

2.2 GridRPC Data ManagementAPI

Thedatamanagementextensionis designedto provide away to explicitly managethedata
andtheirplacementin theGridRPCmodel.With thehelpof thisexplicit datamanagement,
the client will avoid uselesstransfersof large data. However, theclient may not want to,
or may not know how to managedata. Then, the default behavior of the GridRPCData
Managementextensionmustbestandardized.

In a GridRPCenvironment,datacanbestoredeitheron a clienthost,on a datastorage
server, onacomputationalserveror insidetheGridRPCplatform.Whenclientsdonotneed
to managetheir data,thenthebasicGridRPCAPI is suf�cient. On eachgrpc_call() ,
datais transferredbetweena client andthe computationalserver used. Oncethe compu-
tationperformed,resultsaresentbackto theclient. However, to minimizedatatransfers,
clientsneeddatamanagementfunctions. We canconsidertwo kindsof data: (a) external
dataand(b) internaldata.Externaldataareplacedonservers,like datarepositories.These
serversarenot registeredinsidetheplatformbut canbedirectlyaccessedto read/writedata.
The useof suchdataimplies several datatransfersif the client usesthe basicGridRPC
API: the client mustdownload the dataand thensendit to the GridRPCplatform when
issuingthe call to grpc_call() . Oneof thesetransfersshouldbe avoided: the client
mayjustgiveadatareference(alsocalledhandle) to theplatform/server andthetransferis
completedby theplatform/server. Examplesof suchDataStorageserversareIBP [46] and
SRB [6]. Among the differentavailableexamplesof this approachin GridRPCenviron-
ment,we cancite theDistributedStorageInfrastructureof NetSolve [8] or theutilization
of JuxMemin DIET [3]. Internaldataaremanagedinsidethe GridRPCplatform. Their
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placementdependson computationsandit maybe transparentto clients: in this case,the
GridRPCmiddlewarecanmanagedata. Temporarydata,generatedby requestsequenc-
ing [4], areexamplesof internaldata. For instance,a client issuestwo calls to solve the
sameproblemandthesecondcall usesinput or outputdatafrom the�rst call. Othercases
of uselesstemporarydataoccurwhenthe resultsof a simulationaresentto a graphical
viewer asdonein mostProblemSolvingEnvironments(PSE).Amongtheexamplesof in-
ternaldatamanagement,wecancite theDataTreeManagementinfrastructure(DTM) used
in DIET [19], andthedatalayerOmniStoragein OmniRPC[1]. This approachis suitable
for, but not limited to, intermediateresultsto bereusedin caseof requestsequencing.

In both cases,it is mandatoryto identify eachdata. All datastoredeitherin theplat-
form or on storageserverswill be identi�ed by Data HandlesandStorageInf ormation.
Without lack of generality, we de�ne theGridRPCdata typeaseitherthedatausedfor a
computationalproblem, eitherbotha Data Handleandstorage information. Indeed,when
a computationalserver receivesa GridRPCdatawhich doesnot containthecomputational
data,it mustknow the uniquenameof thedatawith theDataHandle,andmustknow its
locationto get it andwheretheclient wantsto save it after thecomputation.Thusstorage
informationmustrecordtheoriginal locationof thedataandthedestinationof thedata.

In [39], datausedasinput/outputparametersareprovidedwithin the<varargs> no-
tation of the grpc_call() and grpc_call_async () functions. Without lack of
generality, and in order to proposean API independentof the languageof implementa-
tion, we refer to grpc_data_t as the type of suchvariables. Thus, in the following,
a grpc_data_t is any kind of data,or containsa referenceon the computationaldata,
whichwe call aDataHandle, aswell assomeStorage Information.

The GridRPCdataincludesat leastthe dataor a datahandle,andmay containsome
informationaboutthe dataitself (e.g., type, size) as well as information on its location
andtheprotocolusedto accessit (e.g., theURI of a speci�c server, a link with a Storage
ResourceBroker, containingthe correctprotocol to use). A datahandleis essentiallya
uniquereferenceto a datathatmayresideanywhere.Dataanddatahandlescanbecreated
separately. By managingGridRPCdatawith datahandles,clients do not have to know
wheredataarecurrentlystored.

2.2.1 GridRPC Data ManagementData Type

A data in a GridRPC middleware is de�ned by the grpc_data_t type. It relies on a
data,or on a grpc_data_handle_t type and a grpc_data_storage_info_t type to accessit.
Consequently, the grpc_data_ttype can be seenas a structurecontainingthe dataitself
and/ora grpc_data_handle_t. Thegrpc_data_storage_info_t typecanalsobestoredin the
grpc_data_tstructureor it canalsobe storedandmanagedinsidethe GridRPCdatamid-
dleware.

A variableof the grpc_data_handle_ttype representsa speci�c data. It is allocated
by the user. After a data handlewas initialized, it may be usedin a server invocation.
Thelifetime of a datahandleis determinedwhentheuserinvalidatesit. Datahandlesare
created/allocatedby simply creatingavariableof this type.

Variableswith grpc_data_storage_info_t typerepresentinformationonaspeci�c data
which canbe local or remote.It is at leastcomposedof: (1) Two URIs, oneto accessthe



High PerformanceGridRPCMiddleware 147

dataandoneif thedatahasto bestoredsomewherefrom thisserver (for example,anOUT
parameterto transferat the endof a computation);(2) Informationconcerningthe mode
of management.For example,datamanagementis defaultedto the one of the standard
GridRPCparadigm,but it canbenotedfor exampleasGRPC_PERSISTENT, which cor-
respondsto a transparentmanagementby theGridRPCmiddleware,or GRPC_STICKY, in
which casethedatacannotmigratebut canbe replicated;(3) Informationconcerningthe
typeof thedata,aswell asits size.

2.2.2 GridRPC Data ManagementFunctions

Thegrpc_data_init() functioninitializestheGridRPCdatawith a speci�c data.This data
may be available locally or on a remotestorageserver. Both identi�cations canbe used.
GridRPCdatareferencinginput parametersmustbe initialized with identi�ed databefore
beingusedin a grpc_call() . GridRPCdatareferencingoutputparametersdo not have
to be initialized. The functiongrpc_data_getinfo() let theuseraccessinformationabout
thegrpc_data_t.It returnsinformationon datacharacteristics,status,andlocation.

Thegrpc_data_write()functionwritesaGridRPCdatato theoutputlocationsetduring
theinit call in theoutputparameters�elds. For commodityreasons,adiffusionmodeanda
list of additionalserversonwhichthedatahasto beuploadedcanbeprovided. In thatcase,
theprotocolde�ned duringtheinit call is used.Somebroadcast/multicastmechanismscan
thenbe implementedin the GridRPCdatamiddleware in orderto improve performance.
Thediffusionmodecanbeusedby moreintelligentdatamiddlewareto diffusea datain a
broadcastmannerfor example.A dualfunctioncalledgrpc_data_read()is available.After
calling this function,thedatawill beavailablein theGridRPCdatatypegrpc_data_t ,
whichwill alsostill containthedatahandle.

Thegrpc_unbind_data()functionis usedby aclientwhenit doesnotneedthehandle
on theGridRPCdataanymore.To explicitly erasethedataon astorageresource,theclient
cancall thegrpc_free_data()functionwhich freestheGridRPCdata.

In orderto communicatea referencebetweengrid users,for examplein caseof large
sizedata,oneshouldbe ableto storea GridRPCdata. The locationcanthenbe shared,
for exampleby mail, an consequentlythe GridRPCdatamanagementAPI proposestwo
functions:grpc_data_load()andgrpc_data_save().

2.3 GridRPC Example

In the exampledescribedin Figure 2, we show how to re-usedataon a speci�c server
without resendingthem. Client wantsto computeC = C � A n usingtheservice" * " on
server karadoc. It shows how to usethe GridRPCdatamanagementfunctionswhenthe
dataneedsto be storedinsidethe platform, to keepthe dataon the sameserver, with the
helpof theGRPC_STICKYmode.

2.3.1 Input Data

DataA will beusedandwill remainon server karadoc. We canusetheGRPC_STICKY
parameterto keepthe dataon server karadoc. DataC is an input/outputdata. The �rst
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grpc_function_handle_init(handle13,"karadoc.aist.go.jp"," * ");
grpc_data_init(&dhA,"LOCAL_MEMORY://britannia.ens-lyon.fr/ &A","LOCA L_MEMORY://karadoc .aist.go. jp",

GRPC_DOUBLE,GRPC_STICKY);
grpc_data_init(&dhC, "NFS://britannia.ens-lyon.fr/home/user/C.in", "LOCAL_MEMORY://karadoc.aist.go.jp",

GRPC_DOUBLE,GRPC_STICKY);

for(i=0;i<n+1;i++)
{

if( i==1 )
grpc_data_init(&dhC, "LOCAL_MEMORY://karadoc.aist.go.jp",NULL, DOUBLE, STICKY);

if( i==n )
grpc_data_init(&dhC, "LOCAL_MEMORY://karadoc.aist.go.jp","NFS://britannia.ens-l yon.fr/ho me/user/C .out",

GRPC_DOUBLE,GRPC_VOLATILE);

grpc_call(handle1,dhA,dhC,dhC);
}
grpc_data_free(dhA);
grpc_data_free(dhC);

Figure 2: GridRPC call with data managementusing persistencethrough the
GRPC_STICKYmode.

grpc_data_init for this datarequiresonly aninput locationandtheGRPC_STICKY
mode.

2.3.2 Output Data

OutputdataC is generatedon server karadoc but only the last result is useful for the
client. Thus,to sendthe�nal resultto theclient we updatetheoutputlocationjust before
thelastgrpc_call() .

3 DIET

TheDistributedInteractive EngineeringToolbox(DIET) [15, 20] projectis focusedon the
developmentof a scalablemiddlewarewith initial efforts focusedon thedistribution of the
schedulingproblemacrossmultiple agents. DIET consistsof a setof elementsthat can
be usedtogetherto build applicationsusingthe GridRPCparadigm. This middleware is
ableto �nd anappropriateserver accordingto informationgivenin theclient request(e.g.,
problemto be solved, sizeof the datainvolved), the performanceof the target platform
(e.g., server load,availablememory, communicationperformance)andthe local availabil-
ity of datastoredduringpreviouscomputations.Thescheduleris distributedusingseveral
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collaboratinghierarchiesconnectedeitherstaticallyor dynamically(in apeer-to-peerfash-
ion). Datamanagementis provided to allow persistentdatato staywithin the systemfor
future re-use. This featureavoids unnecessarycommunicationwhendependenciesexist
betweendifferentrequests(e.g., in caseof sameor differentrequestsusingsamedatawill
be executedon the sameserver). Servershave the possibility to launchseveral tasksin
a time-sharedmanner, or sequentially, makingserversbuffer somework [18] or on batch
systems.

3.1 DIET Ar chitecture
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Figure3: DIET hierarchicalorganization.

TheDIET architectureis hierarchicalfor a betterscalability. Thearchitectureprovides
�e xibility andcanbeadaptedto diverseenvironmentsincludingheterogeneousnetwork hi-
erarchies.DIET is implementedin CORBA andthusbene�ts from themany standardized,
stableservicesprovided by freely-available and high performanceCORBA implementa-
tions. DIET is basedon several components.A Client is an applicationthat usesDIET

to solve problemsusingan RPCapproach.UserscanaccessDIET via differentkinds of
client interfaces:webportals,PSEssuchasScilab,or from programswritten in C or C++.
A SED, or server daemon,provides the interfaceto computationalserversandcanoffer
any numberof applicationspeci�c computationalservices.A SED canserve asthe inter-
faceandexecutionmechanismfor a stand-aloneinteractive machine,or it canserve asthe
interfaceto aparallelsupercomputerby providing submissionservicesto abatchscheduler.

Agentsprovide higher-level servicessuchasschedulinganddatamanagement.These
servicesaremadescalableby distributing themacrossahierarchyof agentscomposedof a
singleMaster Agent (MA) andany numberof Local Agents(LAs). EachDIET hierarchy
is independentbut theMA canconnectto otherMAs eitherstaticallyor in a peer-to-peer
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fashionto accessresourcesavailablevia otherotherhierarchies.Figure3 showsanexample
of severalDIET hierarchies.

A Master Agent is anentrypointof ourenvironment.In orderto accessDIET schedul-
ing services,clientsonly needa string-basednamefor theMA (e.g., “MA1”) they wish to
access;this MA nameis matchedwith a CORBA identi�er objectvia a standardCORBA

namingservice. Clientssubmit requestsfor a speci�c computationalserviceto the MA.
The MA thenforwardsthe requestin the DIET hierarchyandthe child agents,if any ex-
ist, forward the requestonwardsuntil the requestreachesthe SEDs. SEDs thenevaluate
their own capacityto performtherequestedservice;capacitycanbemeasuredin a variety
of waysincluding an application-speci�cperformanceprediction,generalserver load, or
local availability of data-setsspeci�cally neededby the application. SEDs forward their
responsesbackup in theagenthierarchy. Agentsperformadistributedcollationandreduc-
tion of server responsesuntil �nally the MA returnsto the client a list of possibleserver
choicessortedusinganobjective functionsuchascomputationcost,communicationcost,
or machineload. The client programmay thensubmit the requestdirectly to any of the
proposedservers,thoughtypically the �rst server will bepreferredasit is predictedto be
themostappropriateserver. The client cansubmitseveral simultaneousrequeststhrough
theuseof threadingcomputationin theclientcode.However, thesynchronousmodeis not
theonly requestmode.Theclient canalsousetheasynchronousmodeto submitrequests
to the DIET hierarchy. Whensubmittinganasynchronousrequest,theclient will not wait
the endof the call. To be surethat the requesthasbeenwell computedthe usercanuse
“barriers” to wait for oneor all of theendedsubmittedrequests.Theschedulingstrategies
usedin DIET aredescribedin Section3.2.

3.2 DIET SCHEDULING

3.2.1 Plug-in Schedulers

DIET providesa specialfeaturefor schedulingrequeststhroughits plug-in schedulers.As
the applicationsthat areto be deployed on the grid vary greatlyin termsof performance
demands,the DIET useris provided with the possibility of de�ning requirementsfor the
schedulingof tasksby con�guring theappropriatescheduler.

Application developersmay alsode�ne performancevaluesto be includedin a SED
responseto a client request.For example,a DIET SED that providesa serviceto query
particulardatabasesmayneedto includeinformationaboutwhich databasesarecurrently
residentin its disk cachesothatdatatransfertimescanbeminimized. Applicationdevel-
operscande�ne theirown performanceestimationroutineor functionwhendevelopingthe
application-speci�cportionof the SED. At this point, any servicesaddedto the SED will
beassociatedwith theperformanceestimationroutinedeclared.

Applicationdeveloperscande�ne theirown performanceestimationroutineor function
whendeveloping the application-speci�c portion of the SED. At this point, any services
addedto theSED will beassociatedwith theperformanceestimationroutinedeclared.

For schedulingstep,DIET needsreliableresourceinformationfrom grid resourcein-
formationservices.Theperformanceestimationvaluesrequiredfor plug-in schedulersare
storedin a performanceestimationvector. Informationareprovidedby the SEDs asa re-
sponseto a client call propagatedfrom themasteragentto local agentsand�nally to the
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server level. TheSEDs useCoRI (Collector of ResourceInf ormation) to �ll thisvector.
CoRI is designedto addany new monitoringtool interfaceor evenany new prediction

tool within DIET. It couldbedangerousto rely on a singlepredictiontool for all resource
informationneeds.For example,thepredictiontool maynot beavailableon a givenarchi-
tectureandthesoftwaredependenciesmayfail or betoo dif�cult to satisfyin a particular
environment. In this case,the schedulerdoesnot receive enoughinformation. This tool
mustalwaysprovideananswerin orderto avoid thefailureof thewholegrid system.If the
tool is notableto provideameasurement,agenericresponsemustbeprovided.Finally, the
tool mustprovide onesingleinterfacefor all kindsof resourceinformationservices.If the
environmentdoesnotprovideapredictiontool weproposeafeaturewhichprovidesabasic
setof performancemeasurementsthatcansatisfybasicschedulerneeds.Thentheservice
developercanrely on this collectorof resourceinformation(calledCoRI-Easy)evenif no
other resourceserviceslike NWS, Ganglia,etc., areavailable. Moreover, the tool must
managethe useof differentcollectorsat the sametime andin a similar way. The CoRI
Manager wasdesignedfor this managementfor thesecondproblem,namelymanagement
of differentcollectors.

To concludethis section,Figure4 shows anexperimentusingtwo typesof scheduler.
The �rst schedulerusesa simpleroundrobin algorithmwhereinwe have six serversand
roundrobinworksonarotatingbasissothatoneserver is assignedsomework, thenmoves
to thebackof the list. Thesecondscheduleris a CPUschedulerthatmaximizestheratio
of B OGOM I P S

1+ load_average. This experimentis intendedto bea proof of theutility of CoRI andthe
plug-in schedulerswith respectto theroundrobin schedulingschemeexisting beforetheir
development,aswell asa proofof conceptin generalfor thefacility of tunablescheduling
schemesofferedby DIET.

The behavior of both schedulerswas studiedfor requestswith different inter-arrival
timeson a heterogeneouscluster. In this paperwe focuson 1 minutefor therequestinter-
arrival timein ordertoseehow theCPUschedulerperformswhensuf�cient timeisprovided
for an accurateestimationof the load average.The distribution of the tasksfor the CPU
schedulerwasperformedonly onthefour fastestnodesresultingin quasi-equalsmalltimes
for all thetasks.In thecaseof theRoundRobinscheduler, sometaskswereprivilegedby
beingassignedto thefastestserverswhile othersrequiredlongercomputingtimesbecause
all serverswereusedandsomewereslower. The total computationtime on the platform
is smallerwith theCPUschedulerdueto thefact thatfasterserversaremoreutilized. The
overlapof tasksobservedin thecaseof theRoundRobinschedulerontheslowestprocessor
resultedin largercomputingtimes.

3.2.2 DIET Batch SchedulerManagement

Parallel grid resources(parallelmachinesor clustersof workstations)aregenerallyman-
agedby a reservation batchsystemsuchasLoadleveler1, PBS2, or OAR3. Sucha system
is responsiblefor managingthe submittedjobs and locating and allocatingthe required
resources.It acceptsusersubmissionscriptswhich mustnormallycontaina varietyof in-

1http://www-03.ibm.com/servers/eserver/clusters/software/loadleveler.html
2http://www.clusterresources.com/pages/products/torque-resource-manager.php
3http://oar.imag.fr/
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(a) RoundRobinScheduler

(b) CPUScheduler

Figure4: Comparisonbetweenthe task�ows for 25 consecutive requestswith taskinter-
arrival time equalto 1 minute.

formationincludingtherequestednumberof resourcesandtheamountof time neededfor
thereservation(walltime).

An ef�cient grid middlewareshouldprovidetransparentaccessto parallelresourcesfor
theuser. It mustchoosethebestparallelresourcethatsuitstherequest,eventuallyprovide
for the parallelmalleabletaskthe right numberof processors,provide the corresponding
walltime, andsubmitthis informationto the batchsystemin an automaticallybuilt script
in thelanguageof thereservationsystem.Indeed,astheuserdoesnotneedto know where
his/herjob is executed(so thecomputationavailability, etc.),sucha scriptshouldbe pro-
ducedby themiddlewarein placeof theuser.

DIET hasthepossibilityto submitjobsto batchsystemsincludingLoadlever andOAR
systems.TheDIET parallel/batchAPI providesseveral functionson bothclient andserver
side. On theclient side,theclient canexplicitly askfor a sequential/parallelcomputation
of its job, but otherwiseandwhenever possible,DIET will choosethebestavailablealloca-
tion amongsequential/parallelresources.On theserver side,the SED programmerbuilds
ascriptthatis genericfor all batchschedulers:theDIET server API providesgenericenvi-
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ronmentvariablesto performthenecessaryabstractionto thesitewherethejob is executed.

3.2.3 DIET Work�o w Management

A largenumberof scienti�c applicationsarerepresentedby graphsof taskswhicharecon-
nectedbasedon their control anddatadependencies.Thework�o w paradigmon grids is
well adaptedfor representingsuchapplicationsandthe developmentof several work�o w
engines[2, 43, 54, 63] illustratesigni�cant andgrowing interestin work�o w management
within thegrid community. Thesuccessof thisparadigmin complex scienti�c applications
canbe explainedby the ability to describesuchapplicationsin high levels of abstraction
andin a way thatmakesit easyto understand,change,andexecutethem.

Severaltechniqueshavebeenestablishedin thegrid communityfor de�ning work�o ws.
The most commonlyusedmodel is the graphand especiallythe directedacyclic graph
(DAG). Sincethereis nostandardlanguageto describescienti�c work�o ws,thedescription
languageis environmentdependentandusuallyXML based,thoughsomeenvironments
usescripts. In orderto supportwork�o w applicationsin the DIET environment,we have
developedandintegrateda work�o w engine.Our approachhasa simpleanda high level
API, the ability to usedifferentadvancedschedulingalgorithms,andit shouldallow the
managementof multi-work�o ws sentconcurrentlyto theDIET platform.

DIET users,following theGridRPCparadigm,usuallysubmitindividual tasks.Work-
�o ws canof coursebe decomposedin individual tasksbut the knowledgeof the overall
structureof thegraphshelpstheschedulerto make wisemappingdecisions.Thuswe ex-
tendedtheagenthierarchyby addinga new specialagentto handlework�o w submissions.
This specialagent,called a MA D AG , managesthe different work�o w submissions.An
overview of theextendedDIET architectureis shown in Figure5.
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Figure5: Softwarearchitectureof DIET work�o w engine.

Thetwo architecturespresentedin theprevious�gure canbeusedwithin thesameDIET

platform. The useof the MA D AG is basedon the userchoiceto usehis own scheduling
strategy or to usetheglobaloneprovidedby theMA D AG . It is obviousthatwhentheuser
decidesnotto usetheMA D AG , thereis nocollaborationbetweenthedifferentclientsbut he
canuseandtesteasilyanew schedulingalgorithmby pluggingit in theclientcode.Onthe
otherhand,whenthe MA D AG is used,the work�o w submissionsgo throughthis special
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agentand the multi-work�o w canbe handledmoreef�ciently usingcoreheuristics. To
avoid overloadingdueto multiplework�o w submissionsfrom differentclients,theMA D AG

is not responsiblefor work�o w executionbut it only managestheschedulingphase.Two
working modescanbeusedin theMA D AG : in the�rst mode,a completeschedule(which
assignspriority andmappingfor eachtask)is provided to the client, while in the second
only taskprioritiesarereturnedto theclient.

3.3 Future Dir ections

In our futurework we planto improve the�e xibility of theplug-inschedulers,improve the
performanceevaluationfeature,port new applications,and�nally testseveral DIET plat-
formsatalargescalewithin theGrid'5000project[13]. Thetransparentsubmissiontomore
batchschedulerswill alsobesupported,with thehelpof thework thathasbeenperformed
within theOpenGrid ForumDRMAA working group. In this context co-schedulingalgo-
rithms shouldbe designed.Eventually, we could designa ServiceOrientedArchitecture
(SOA) basedon DIET andbene�ting from plug-inscheduler.

Concerningthe datamanagementwe developeda new tool calledDAGDA (DataAr-
rangementfor Grid andDistributedApplication)to supporttheGridRPCdatamanagement
API. DAGDA is a new datamanagerfor DIET which allows dataexplicit or implicit repli-
cationsandadvanceddatamanagementon thegrid.

4 GridSolve

The purposeof GridSolve is to createthe middleware necessaryto provide a seamless
bridgebetweenthesimple,standardprogramminginterfacesanddesktopsystemsthatdom-
inatethework of computationalscientistsandtherich supplyof servicessupportedby the
emerging grid architecture.Thegoal is thattheusersof desktopsystemscaneasilyaccess
andreapthebene�ts(in termsof sharedprocessing,storage,software,dataresources,etc.)
of usinggrids. Having a broadcommunityof scientists,engineers,researchprofessionals
andstudentsworkingwith thepowerful and�e xible tool setprovidedby theirfamiliardesk-
topcomputingenvironment,andyetableto easilydraw on thevast,sharedresourcesof the
grid for uniqueor exceptionalresourceneeds,or to collaborateintensively with colleagues
in otherorganizationsandlocations,is thevision thatGridSolve is designedto realize.

4.1 How GridSolveWorks

GridSolve is aclient-agent-server (or brokeredRPC) systemwhichprovidesremoteaccess
to hardwareandsoftwareresourcesthroughavarietyof client interfaces.

Thesystemconsistsof threeentities,asillustratedin Figure6.

� The Client, which needsto executesomeremoteprocedurecall. In addition to C
andFortranprograms,the GridSolve client may be an interactive problemsolving
environmentsuchasMatlab,Octave,or IDL (Interactive DataLanguage).

� TheServerexecutesfunctionsonbehalfof theclients.Theserverhardwarecanrange
in complexity from a uniprocessorto a MPP systemandthe functionsexecutedby
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Figure6: Overview of GridSolve.

the server canbe arbitrarily complex. Server administratorscanstraightforwardly
addtheir own functionserviceswithoutaffectingtherestof theGridSolve system.

� TheAgentis thefocalpointof theGridSolvesystem.It maintainsalist of all available
serversandperformsresourceselectionfor client requestsaswell asensuringload
balancingof theservers.

In practice,from theuser's perspective themechanismsemployedby GridSolve make
theremoteprocedurecall fairly transparent.However, behindthescenes,a typical call to
GridSolve involvesseveralsteps,asfollows:

1. The client queriesthe agentfor an appropriateserver that canexecutethe desired
function.

2. Theagentreturnsa list of availableservers,rankedin orderof suitability.

3. Theclientattemptsto contactaserver from thelist, startingwith the�rst andmoving
down throughthelist. Theclient thensendstheinputdatato theserver.

4. Finally theserverexecutesthefunctiononbehalfof theclientandreturnstheresults.
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In additionto providing themiddlewarenecessaryto performthebrokeredremotepro-
cedurecall, GridSolve aims to provide mechanismsto interfacewith otherexisting grid
services.Thiscanbedoneby having aclient thatknows how to communicatewith various
grid servicesor by having serversthatactasproxiesto thosegrid services.GridSolve pro-
videssomesupportfor theproxyserver approach,while theclient-sideapproachwouldbe
supportedby theemerging GridRPCstandardAPI [39].

4.2 Integrating UserServices

We have implementeda simpletechniquefor addingarbitraryservicesto a runningserver.
First,thenew serviceshouldbebuilt asa library or object�le. Thentheuserwritesaspeci-
�cation of theserviceparametersin agsIDL (GridSolveInterfaceDe�nition Language)�le.
TheGridSolveproblemcompilerprocessesthegsIDL andgeneratesawrapperwhichis au-
tomaticallycompiledandlinked with theservicelibrary or object�les. Thustheservices
arecompiledasexternalexecutableswith interfacesto the server describedin a standard
format. The server re-examinesits own con�guration and installedservicesperiodically
to detectnew services. In this way it becomesawareof the additionalserviceswithout
re-compilationor restartingof theserver itself.

Normally the GridSolve server executesthe actualservicerequestitself, but in some
casesit canactasaproxy to otherservicessuchasCondor. Theprimarybene�t is thatthe
client-to-server communicationprotocolis identicalsotheclientdoesnotneedto beaware
of everypossibleback-endservice.A server proxyalsoallows aggregationandscheduling
of resources,suchasthemachinesin acluster, ononeGridSolve server.

4.3 Scheduling

Theselectionof thebestserver for a particularjob is carriedout at several layers.Whena
new serviceis added,theauthorshouldprovidearoughcharacterizationof theperformance
in termsof theargumentsto the function. For example,sortingan N elementarraymay
be characterizedwith COMPLEXITY="N * log(N)" in the servicecon�guration �le.
As theserviceis invoked, the server keepstrackof the typical executiontime for various
problemsizesandusesa leastsquaresregressionto computecoef�cients for anexpression
that morecloselycharacterizesthe expectedperformance.This is useful in caseswhere
different implementationsof a servicehave the sametheoreticalexecutiontime, but very
different real-world performance(e.g., vendor-tunedBLAS comparedwith the reference
BLAS). Both the theoreticaland observed information are sentto the GridSolve agent,
which usesthemto determinethe rankingof theservers. After theranked list is returned
to the client, it may chooseto re�ne the list basedon communicationperformance.For
instance,avery fastserver maynotbethebestchoiceif it is only reachablethroughaslow
connection.Thus,theclient canrun a quick seriesof communicationteststo estimatethe
time thatit would take to sendandreceive thedatafrom eachof theservers.Theserver list
is thenre-sortedbasedon this information.
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4.4 Network AddressTranslators

As the rapidgrowth of the Internetbegandepletingthesupplyof IP addresses,it became
evident that someimmediateactionwould be requiredto avoid completeIP addressde-
pletion. The IP Network AddressTranslator[22] is a short-termsolutionto this problem.
Network AddressTranslationpresentsthesameexternalIP addressfor all machineswithin
aprivatesubnet,allowing reuseof thesameIP addressesondifferentsubnets,thusreducing
theoverall needfor uniqueIP addresses.

4.4.1 Complications in the Presenceof NATs

As bene�cial asNATs maybe in alleviating thedemandfor IP addresses,they posemany
signi�cant problemsto developersof distributedapplicationssuchasGridSolve[37]. Some
of the problemsas they pertain to GridSolve are: IP addressesmay not be unique, IP
address-to-hostbindingsmaynot bestable,hostsbehindtheNAT maynot becontactable
from outside,andNATsmayincreaseconnectionfailures.

� IP addressesarenotunique– In thepresenceof aNAT, agivenIP addressmaynotbe
globallyunique.Typically theaddressesusedbehindtheNAT arefrom oneof several
blocksof IP addressesreservedfor usein privatenetworks,thoughthis is notstrictly
required.Consequentlyany systemthatassumesthatanIP addresscanserve asthe
uniqueidenti�er for acomponentwill encounterproblemswhenusedin conjunction
with aNAT.

� IP address-to-hostbindingsmaynotbestable– Thishassimilarconsequencesto the
�rst issuein thatGridSolvecanno longerassumethatagivenIP addresscorresponds
uniquelyto acertaincomponent.Thisis because,amongotherreasons,theNAT may
changethemappings.

� Hostsbehindthe NAT may not be contactablefrom outside– This currentlypre-
ventsall GridSolve componentsfrom existing behinda NAT becausethey mustall
becapableof acceptingincomingconnections.

� NATsmayincreaseconnectionfailures– ConnectionsthroughNATsmaysometimes
be droppedspontaneously, dependingon theparticularNAT implementation(espe-
cially aftera periodof inactivity). This impliesthatGridSolve needsmoresophisti-
catedfault tolerancemechanismsto copewith theincreasedfrequency of failuresin
aNAT environment.

To addresstheseissueswehavedevelopedanew communicationsframework for Grid-
Solve. To avoid problemsrelatedto potentialduplicationof IP addresses,the GridSolve
componentswill beidenti�ed by agloballyuniqueidenti�er speci�edby theuseror gener-
atedrandomly. Themappingbetweenthecomponentidenti�er anda realhostwill not be
maintainedby theGridSolvecomponentsthemselves,rathertherewill beadiscoveryproto-
col to locatetheactualmachinerunningtheGridSolvecomponentwith thegivenidenti�er.
In a sense,thecomponentidenti�er is a network addressthat is layeredon top of thereal
network addresssuchthatacomponentidenti�er is suf�cient to uniquelyidentifyandlocate
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any GridSolvecomponent,evenif therealnetwork addressesarenotunique.This is some-
whatsimilar to a machinehaving anIP addresslayeredon top of its MAC addressin that
theprotocolto obtaintheMAC addresscorrespondingto a given IP addressis abstracted
in a lower layer. SinceNATs may introducemorefrequentconnectionfailures,we have
implementeda mechanismthatallows a client to submita problem,breaktheconnection,
andreconnectlaterat a moreconvenienttime to retrieve theresults.We mayalsowantto
enhancetheprotocolto allow restartingpartialtransfers.

An importantaspectto making this new communicationsmodel work is the proxy,
whichis acomponentthatallowsserversto existbehindaNAT. Sinceaservercannotaccept
unsolicitedconnectionsfrom outsidetheprivatenetwork, it must�rst registerwith aproxy.
The proxy actson behalfof the componentbehindthe NAT by establishingconnections
with othercomponentsor by acceptingincomingconnections.Thecomponentbehindthe
NAT keepsthe connectionwith the proxy openas long aspossiblesinceit canonly be
contactedby othercomponentswhile it hasacontrolconnectionestablishedwith theproxy.
To maintaingoodperformance,theproxyonly examinestheheaderof theconnectionsthat
it forwardsand it usesa simple table-basedlookup to determinewhereto forward each
connection.Furthermore,to prevent theproxy from beingabused,authenticationmay be
required.

4.4.2 GridSolve Proxy API

Theprogramminginterfacethatapplicationsuseto communicatethroughtheproxyis based
on theBSD socketsAPI. To make it easyfor developersto modify their codeto be NAT-
tolerant,ourAPI mirrorsthesocketsAPI ascloselyaspossible.

Thefollowing functionsmapdirectly to theBSD socketsAPI andhave thesamepur-
pose. The primary differenceis in the useof the PROXY_COMPONENTADDRinsteadof
struct sockaddr becauseaddressingis doneat theComponentID level.

proxy_socket(in t domain, int type, int protocol)
proxy_bind(int s, const struct sockaddr * name, int namelen)
proxy_listen(in t s, int backlog)
proxy_accept(in t s, struct sockaddr * addr,

socklen_t * addrlen)
proxy_connect(i nt s, PROXY_COMPONENTADDR* name)
proxy_close(int fildes)

The new communicationsAPI hassomeadditionalfunctionsto initialize the system,
getthecomponent's address,andgettheproxy IP addressandport.

proxy_init(char * configFile)
proxy_get_local _addr()
proxy_get_proxy _i p( )
proxy_get_proxy _por t()
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Figure7: GridSolve GridRPCImplementation.

4.5 GridRPC Implementation

TheGridRPCAPI speci�cationdictateshow theAPI itself mustlook, but that leavesa lot
of �e xibility in termsof the underlyingimplementation,especiallyin areassuchasdata
transferprotocols,scheduling,andresourcediscovery.

TheGridSolve implementationis composedof severallayers,asillustratedin Figure7.
At thelowestlayeris thestandardsocketsAPI, on top of which we have implementedour
proxy library. Theproxy library handlescreationandmanipulationof theglobalID aswell
asinteractionwith theproxy server if necessaryfor NAT traversal.Above theproxy layer
is ahigh-level communicationslibrary thathandlesconnectionestablishment,protocolsfor
transferringthe RPCdata,anddataconversionssuchasbyte orderswappingandmatrix
transposition.Abovethatis asetof routinesproviding supportfor boththeGridRPCpublic
API andan optional layer for API compatibility with programswritten usingGridSolve.
Thesupportlayeralsocontainssomenon-standardfeaturesthatweareexperimentingwith,
suchastaskfarmingandfault tolerance.

4.5.1 Delayed Function Handle Binding

TheGridRPCfunctionhandlerepresentsamappingfrom aservicedescriptor(in thiscasea
simplecharacterstring)to theremoteserver thatwill beusedto executethefunction.This
mappingcouldbespeci�edby theuseror determinedby themiddlewareusingsimplere-
sourcediscovery mechanismsor possiblysomemoresophisticatedschedulingalgorithms.

The normal GridRPC calling sequenceis to �rst initialize the handle using
grpc_function_h andl e_def ault () followedby acall to grpc_call() (or one
of its brethren)at somepoint later. In thecaseof theGridSolve implementation,thereis a
slightproblemwith performingtheschedulingin this scenario.GridSolve relieson having
accessto thevaluesof theargumentsat thetime theschedulingis performedsoit canesti-
matetheexecutiontimeandcommunicationcostof sendingthedata.However, at thetime
grpc_function_h andl e_def ault () is called,we do not know which valueswill
beusedin theeventualcall, soschedulingis notpossible.

Todealwith thisissue,weallow theuserto specifyaspecialhostnamewheninitializing
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thefunctionhandle.Thespecialnamesigni�es thatthefunctionhandlebindingshouldbe
delayeduntil the�rst timethehandleis usedto makeacall. Subsequentcallswill notcause
any changein themapping.

4.5.2 GridRPC in Interactive Environments

ThevariousGridRPCcall functionsrely onavariableargumentlist callingsequence.While
this is �ne for languageslike C andFortran, it canbe cumbersomewhen trying to link
the GridRPCclient with interactive environmentslike Matlab. An earlierversionof the
GridRPCspeci�cationhadalternateGridRPCcall functionsbasedon an argumentstack
thatcouldbeconstructedat run-timeby pushingtheargumentsone-by-oneontothestack.
The GridSolve implementationstill retainsthesestack-basedcalls to easethe integration
with SCEs.

4.5.3 Fault Tolerance

GridSolve wasimplementedwith GridRPCasits primary client API, but sinceit wasan
evolution of the NetSolve project,we wantedto be able to implementa NetSolve com-
patibility API for supportingcodewritten to thepreviousAPI. TheNetSolve API is fairly
similar, but onemajordifferencein thecall semanticsis thata failedcall will beautomati-
cally resentto adifferentserver. Thewholeprocessis transparentto theuser.

Thus,to supportbuilding a NetSolve API on top of our GridRPCimplementation,we
addedfault tolerantversionsof thecall, probe,andwait routines.Calling probeor wait on
a failed call will result in the call beingperformedagain. Thesenew routinesarenamed
similarly, but with theadditionof the“_ft” suf�x.

4.5.4 TaskFarming

Anotherfeaturefrom theNetSolve API that we wantedto preserve for compatibility and
futureexperimentationis taskfarming. Taskfarmingrepresentsan importantclassof dis-
tributedcomputingapplications,wheremultiple independenttasksareexecutedto solve a
particularproblem.Many algorithms�t into this framework, for example,parameter-space
searches,Monte-Carlosimulationsandgenomesequencematching.

Without usinga specialtaskfarmingAPI, a naive algorithmcouldbeimplementedby
usingthestandardGridRPCinterfaceandlettingtheGridSolveagenthandlethescheduling.
A userwould make a seriesof non-blockingrequests,probeto seeif the requestshave
completed,and thenwait to retrieve the resultsfrom completedrequests.However this
leadsto problemswith regard to scheduling,especiallyif the numberof tasksis much
larger thanthenumberof servers. Alternatively, theusercouldtry to handlethedetailsof
scheduling,but thissolutionrequiresaknowledgeof thesystemthatis not easilyavailable
to theuser, andit ignorestheGridSolve goalof ease-of-use.

4.5.5 RequestSerialization

Normally the resultsof a GridRPCcall mustbe retrieved from the sameprocessthat ini-
tiatedthecall, but thereareseveral reasonsa usermaywant to pick up theresultsfrom a
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differentprocess:

� For very long running jobs, the usermay not want to tie up resourcesby keeping
the client applicationrunninguntil completion. The applicationcan be closedan
restartedlaterto retrieve theresults.

� In somecases,the usermay want to initiate the job, but have the resultsretrieved
laterby adifferentperson(or perhapsby himself,but from adifferentmachine).

� For machinesthatgo down regularly for variousreasons(reservations,maintenance,
or just plain unreliability), saving therequestcanprovide somedegreeof insurance
againstlosingresults.

� As mentionedin Section4.4,NATscanaffect thestabilityof connections,especially
very long-lived connectionswith no traf�c, aswould be likely thescenarioof wait-
ing for a long job. However, this canbe recti�ed to a certaindegreeby usingthe
asynchronousGridRPCcalls,whichwouldnotnormallykeepanopenconnection.

To dealwith thesevariousscenarios,we have addedrequestserializationanddeserial-
ization functionsto our implementation.The serializationprocessstoresinto a character
string all the informationnecessaryto retrieve the resultslater. This string canbe saved
to disk and loadedinto a separateprocessor sentto anotheruserto be loadedinto their
application.

5 GridRPC SystemNinf-G

5.1 Brief History of Ninf-G

Ninf-G [41, 42, 60] is a GridRPCsystemdevelopedin AIST (National Institute for Ad-
vancedIndustrialScienceandTechnology),Japan.Theprojectstartedbackin 1994andthe
�rst generationimplementation,calledNinf-1 [40, 52, 58] wasreleasedin 1996.Ninf-1 did
notprovidesuf�cient securitycapabilitiessuchasauthenticationor privatecommunication.

The secondgenerationimplementation,calledNinf-G, was releasedin 2001, which
wasbasedon Globus Toolkit 2 [47]. Thanksto Globus Toolkit, it enjoyed PKI basedau-
thenticationandauthorizationalongwith privatecommunication.As the Globus Toolkit
movedon to WebServicebasedversion4, Ninf-G keptup with it; thever. 4 wasreleased
Feb. 2006,andcanwork with severalgrid middlewareotherthanGlobustoolkit.

5.2 The Designof Ninf-G

Ninf-G is designedthefollowingsin mind.

� Simplicity.
Ninf-G is designedto be a thin layer that just doesRPC.For example,it doesnot
provide any schedulingcapabilityby itself. Instead,it is designedso that it is easy
to implementschedulingmoduleon it. This is becauseschedulingstrategiesdeeply
dependontheapplicationsandnosingleschedulingmechanismfull-�ll requirements
of theapplication.
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� Leverageexistingmiddleware.
To avoid duplicatedeffort, we decidednot to implementour own proprietaryproto-
cols. Instead,weleverageexistinggrid middleware,suchasGlobusToolkit, asmuch
aspossible.This policy allows usersto utilize de-fact standardgrid infrastructure,
suchasGridFTPservers,aspartof theirapplicationwritten in Ninf-G.

5.2.1 LanguageBindings

For theclientside,Ninf-G providesclientlibrarieswrittenin C,whichcanbeusedalsofrom
C++ andFortranthroughwrappingfunctions,andJava. For theserver sideremotelibrary,
Ninf-G supportsC, C++, andFortran.Ninf-G alsosupportsserver sideMPI, meaningthat
numericallibraries written using MPI, suchas ScaLAPACK, can be called via network
usingNinf-G.

5.3 BasicAr chitecture of Ninf-G

A grid applicationconstructedwith Ninf-G is composedof a client program,written with
theGridRPCAPI, andserver sideremotelibrary executablemodules.Ninf-G expectsfol-
lowing threeservicesfor theunderlyinggrid middleware.

� Authenticatedinvocationof remotelibrary module

� Securecommunicationbetweentheclientprogramsandtheremotelibrary modules

� Informationmanagementfor remotelibrary interfaceinformationandremotelibrary
invocation

For authenticatedinvocation, Ninf-G is able to useseveral grid middleware, as de-
scribedin detail in Section5.6. For securecommunication,Ninf-G usesGlobus-IO,which
is providedasa partof GlobusToolkit andenablesauthenticatedandprivatecommunica-
tion. As informationservices,Ninf-G supportsGlobusMDS2andMDS4,while alsoallows
usersto justuse�les on thelocalsiteasa informationsource.

Thediagramshown in Figure8 describestheoverview of theNinf-G system.

5.4 How to “Gridify” Libraries

In orderto “gridify” a library, theNinf library providerdescribestheinterfaceof thelibrary
functionusingtheNinf IDL to publishhis library function,which areonly manifestedand
handledat the server side. The Ninf IDL supportsdatatypesmainly tailoredfor serving
numericalapplications:for example,thebasicdatatypesarelargely scalarsandtheirmulti-
dimensionalarrays. On the otherhand,therearespecialprovisions suchas supportfor
expressionsinvolving input argumentsto computearraysizes,designationof temporary
arrayargumentsthatneedto beallocatedon theserver sidebut not transferred,etc.

This allows direct “gridifying' of existing libraries that assumesarray argumentsto
be passedby call-by-reference(thus requiring shared-memorysupportacrossnodesvia
software), and supplementingthe information lacking in the C and Fortran typesystems
regardingarraysizes,arraystrideusage,arraysections,etc.
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Figure8: Ninf-G overview.

Module sample;
Define mmul(IN int N,

IN double A[N * N],
IN double B[N * N],
OUT double C[N* N])

Required "mmul_lib.o"
Calls "C" mmul(N, A, B, C);

Figure9: An exampleof Ninf IDL �le.

As anexample,interfacedescriptionfor thematrixmultiply is shown in Figure9,where
the accessspeci�ers IN andOUTspecifywhetherthe argumentis reador written within
the gridi�ed library. Other IN argumentscanspecifyarraysizes,strides,etc., with size
expressions.In this example,thevalueof N is referencedto calculatethesizeof thearray
argumentsA, B, C. In additionto the interfacede�nition of the library function, the IDL
descriptioncontainsthe informationneededto compile and link the necessarylibraries.
Ninf-G tools allow the IDL �les to be compiledinto stub main routinesand make�les,
whichautomatescompilation,linkageandregistrationof gridi�ed executables.

5.5 AdvancedFeaturesof Ninf-G

Although the primal API of Ninf-G is the GridRPCstandardAPI, Ninf-G alsosupports
non-standardAPI functionsto supportadvancedfeatures.

5.5.1 Server SidePersistentState

Oneof theoutstandingfeaturesis “object handle”thatenablesto keeppersistentstateon
theserver side.This is quiteeffective to reducecommunicationbetweenclientandserver.

Assumethatyouhaveaparametersurvey-typeapplication,thatrequirescertainamount
of dataexcept for the parameteritself for calculation. If we just usethe basicGridRPC
mechanism,wehave to transferthedataagainandagainalongwith theparameter. With the
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Module matmul_object;

DefClass matmul
Required "matmul.o"
{

DefMethod setArray(IN int N, IN double A[N][N])
"set persistent array"
{
extern void setArray(int, double * );
setArray(N, A);
}

DefMethod multiply(IN int N, IN double B[N][N], OUT double C[N][N])
{
extern void multiply(int, double * , double * );
multiply(N, B, C);
}

}

Figure10: An exampleof Ninf ObjectIDL.

/ * create object handle * /
grpc_object_handle_init_np(&handle,

"server.example.org",
"matmul_object/matmul");

/ * set the left operand * /
grpc_invoke_np(&handle, "setArray", N, A);

/ * multiply several times reusing the left operand * /
for (i = 0; i < M; i++) {

grpc_invoke_np(&handle, "multiply", N, &B[i], &C[i]);
}

Figure11: Client codefragmentthatusesobjecthandle.

persistentstatecapability, we canstagethedatain advanceonly once,andreusethemfor
successive calculationswithout transferthem.Thiswill drasticallyreducethedatatransfer
amountandraisethetotalperformanceof theapplication.

Let us seethe IDL examplethat de�nes “remote object”. In the exampleshown in
Figure10, we de�ned a objectthatmultipliesmatrices.We assumethat theuserwantsto
keeptheleft handsidematrix samefor all thecomputation,thereforemake theleft matrix
persistent.This objectde�nes two methods,oneis the setArray that is to transferthe
left handmatrix in advance,andtheotheris themultiply thatdoesthecomputation.

To utilize the remote object, the client has to use a new type called
grpc_object_han dl e_t and a seriesof functionsbegins with grpc_invoke . A
programfragmentis shown in Figure11.

5.5.2 Callback Function

Anotheroutstandingcapability is the callback function. The callbackfunction is the ca-
pability to call functionson the client from the server sideremotelibrary modules.This
capabilityallows usersto visualizeintermediateresult on the client displayand to steer
computationbasedon theintermediateresult.Anotherpossibleapplicationof thiscapabil-
ity is branchandboundmethodswherethis capabilityis usefulto broadcastintermediate
resultassoonaspossiblewhile keepingthegrainsizeof thecomputation.
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/ * global * /
int executableStatus;
int clientStatus;

void callback_func(int c[], int d[])
{

executableStatus = c[0];
d[0] = clientStatus;

}

main()
{

grpc_function_handle_t handle;
grpc_error_t result;
int b;
...
result = grpc_function_handle_init(&handle,

"server.example.org", "test/callback_test");
result = grpc_call(&handle, 100, &b, callback_func);
...

}

Figure12: Client codethatusesacallbackfunction.

Module test;

Define callback_test(IN int a, OUT int * b,
callback_func(IN int c[1], OUT int d[1]))

{
int executableStatus, clientStatus;
executableStatus = calc(a, b);
callback_func(executableStatus, &clientStatus);
if (d == 1) {

/ * client is alive * /
}

}

Figure13: Exampleof server-sideIDL with acallbackfunction.

A client programexample is shown in Figure 12. The programde�nes a function
(callback_func ) andpassesthepointerto theGridRPCAPI function.Thecorrespond-
ing remotelibrary IDL is shown in Figure13. Ninf-G IDL compilergeneratesstubfunc-
tionsfor eachcallbackfunctionandpassespointersfor themto remotelibrary codes.The
remotelibrariescanjustusethemasif they areordinaryfunctionpointers.

5.5.3 Bulk Function Handle Initialization

Parametersurvey type applicationsoften requiresto initialize a lot of, from tensto hun-
dreds,function handleson a site. With serializedinitialization, it takes substantialtime
just to initialize handles,dueto thelargenetwork latency in thegrid environmentandslow
responseof the grid middleware. Fortunately, mostback-endqueueingsystemsandgrid
middlewaresupportbulk job submissioncapability. Ninf-G providesan API function to
leveragesuchcapabilityto avoid theserializedinitialization. Figure15 shows codefrag-
mentsfor serializedandbulk handleinitialization.

5.5.4 Err or Detectionwith Timeout

In thegrid environment,errordetectionis muchmoredif�cult thanwith anenvironmentin a
singlesite.Evenwith TCPconnection,wecannotexpectaprogramto detectanetwork fail-
ure immediately, makingtimeoutbasederror-detectionquiet important. Ninf-G provides
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void func(int * a){
…
}

main() {
….
grpc_call(…, func);
….

}

void library(…,
void f0(int * a))

{
…
f0(…);
…

}

Client Program Remote Library
Executable

Figure14: Callbackfunction.

// serialized initialization
for (i = 0; i < n; i++)

grpc_function_handle_init(&handles[i] , host, func_name);

// bulk initialization
grpc_function_handle_array_init_np(handl es, n, host, func_name);

Figure15: Bulk functionhandleinitialization.

threekinds of timeoutmechanisms:invocationtimeout,executiontimeout,andheartbeat
timeout. The �rst mechanismdetectstimeout for server processinvocation. If a remote
programis not activatedwithin a time speci�edby theuser, Ninf-G returnsanerror to the
client program. Executiontimeoutdetectsan excessive executiontime. The last mecha-
nismis usedto detectthedegradationof network performance.Whentheheartbeattimeout
is set,the library embeddedin theremotelibrary executablesendskeep-alive messagesto
the client periodically. If the client doesnot receive the messageover a speci�ed period,
Ninf-G returnsanerror. All timeoutmechanismscanbeusedby settingattributessuchas
job_maxwallTime in thecon�guration �le. We settheseattributesandimplementer-
ror checkroutinesfor all theNinf-G functionsin theschedulingcode.This capabilitywas
provedto beessentialin thewideareaexperimentdescribedin thesection6.5.

5.6 Multiple InvocationMethod

Recently, thereareseveral grids in production.Unfortunately, the middlewareusedthere
arenot standardizedyet,despitethetremendouseffort in theOpenGrid Forum. To utilize
gridsout there,job invocationmethodsfor eachgrid middlewarearerequired.Ninf-G sup-
portsseveralgrid middleware,includingGlobusGRAM2 [17], GRAM4 [26], Unicore[49],
Condor[16], NAREGi middleware[36], andSSH,to give usersthechanceto utilize grids
asmuchaspossible.A Ninf-G clientprogramcanutilize all of themsimultaneously.

Themoduleactuallymanagesjob invocation,which is calledinvoke serverandrunsas
aseparateprocess.This is notonly to avoid thepossibleproblemson linkagewith libraries
providedby severalgrid middleware,but alsoto allow to usemostproperlanguagesfor the
targetgrid middleware.

The diagramshown in Figure16 denotesthe modulecon�guration within the invoke
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Figure16: Invoke Serverconcept.

Table1: List of Invoke Servers

TargetInvoke Method ImplementationLanguage
GlobusGRAM2 C
GlobusGRAM4 python
Unicore Java
NAREGI Middleware Java
Condor Java
SSH C

server. Theinvoke serverandtheclientprogramcommunicatewith eachotherusingatext-
basedsimpleprotocol,which is inspiredby theGAHP [48] protocolusedfor remotejob
controlin Condor-G [66].

The protocolusestwo streams:oneis for synchronouscommunicationandthe other
is for asynchronousnoti�cation from the invoke server. The former is mappedon to the
standardin/out of the invoke server, while the latter is on thestandarderror. Note that the
invoke server doesnothave to opensocket connectionto theclient,makingtheimplemen-
tationsimpleandeasy. Theprotocolis simpleenoughandwell-documentedto makeit easy
to implementnew invoke server for givengrid middleware.

In Table1, we show the list of the invoke serversandlanguageusedto implementthe
module.Theinvoke server for GlobusGRAM4 is implementedasaPythonscriptthatuses
commandswritten in C behindthe seenfor job invocationandmanagement.The invoke
server for Condor, implementedin Java,alsousesC writtencommand-linecommands.The
invoke server for SSHis providedto make it easyto try theNinf-G capabilitywithout fully
deproying theGlobusToolkit. It usesSSHto communicatewith theremoteserver. Adding
to thedefault “fork” methodfor invocation,it alsosupportsto submitjobsusingserverside
job queueingsystems,includingSunGrid Engine[57] andCondor[16].
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Client Remote Library
Executable

Overlay Network

Firewall

Figure17: Ninf-G 5 designconcept.

5.7 Future Dir ection

Network asymmetryis alwaystheproblemwith distributedgrid applications.Ninf-G ver-
sion4 assumesthattheremotelibrary candirectlyconnectbackto theclient,whichmeans
that theremotelibrary executablecanbeinsidea NAT enabledprivatenetwork, while the
client cannot.To copewith this problemtherearelot of efforts, generallycalledoverlay
networks, which enablessymmetriccommunicationon the asymmetricphysicalenviron-
ment.Thenaturalwayfor usis to modify theNinf-G sothatit canleveragesuchefforts for
communicationbetweenclient andremotelibrary executable.Thenext generation,called
Ninf-G ver. 5, which is scheduledto bereleasedin 2008Spring,will havegenericinterface
to communicatewith the existing overlay networks, asshown in Figure17, andour own
ratherprimitive overlaynetwork implementation.

6 Applications

6.1 Cosmologicalsimulations

RAMSES 4 applicationis a typical computationalintensive applicationusedby astrophysi-
ciststo studytheformationof galaxies.RAMSES is used,amongotherthings,to simulate
theevolution of a collisionless,self-gravitating �uid called“dark matter” throughcosmic
time (seeFigure18). Individual trajectoriesof macro-particlesareintegratedusinga state-
of-the-art“N bodysolver”, coupledto a �nite volumeEulersolver, basedon theAdaptive
MeshRe�nementtechnics.The computationalspaceis decomposedamongtheavailable
processorsusinga meshpartitionning strategy basedon the Peano–Hilbertcell ordering
[64, 65].

Cosmologicalsimulationsareusuallydivided into two main categories. Large scale
periodicboxes (seeFigure18) requiringmassively parallel computersareperformedon
very long elapsedtime (usually several months). The secondcategory standsfor much
fastersmallscale“zoom simulations”.Oneof theparticularityof theHORIZON3 project
is thatit allows there-simulationof someareasof interestfor astronomers.

For examplein Figure19,asuperclusterof galaxieshasbeenchosento bere-simulated
at a higherresolution(highestnumberof particules)taking the initial informationandthe
boundaryconditionsfrom thelargerbox(of lowerresolution).Thisis thelattercategorywe

4http://www.projet- horizon.fr/
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Figure18: Timesequence(from left to right)of theprojecteddensity�eld in acosmological
simulation(largescaleperiodicbox).

areinterestedin. Performinga zoomsimulationrequirestwo steps:the �rst stepconsists
of usingRAMSES on a low resolutionsetof initial conditionsi.e., with a smallnumberof
particles)to obtainat the endof the simulationa catalogof “dark matterhalos”, seenin
Figure18 ashigh-densitypeaks,containingeachhaloposition,massandvelocity. A small
region is selectedaroundeachhaloof thecatalog,for whichwecanstartthesecondstepof
the“zoom” method.This ideais to resimulatethisspeci�c haloatamuchbetterresolution.
For that,we addin theLagrangianvolumeof thechosenhaloa lot moreparticles,in order
to obtainmoreaccurateresults.Similar “zoom simulations”areperformedin parallelfor
eachentryof thehalocatalogandrepresentthemainresourceconsumingpartof theproject.

Figure19: Re-simulationona superclusterof galaxiesto increasetheresolution

RAMSES simulationsarestartedfrom speci�c initial conditions,containingthe initial
particlemasses,positionsand velocities. Theseinitial conditionsare readfrom Fortran
binary �les, generatedusinga modi�ed versionof the GRAFIC5 code. This application
generatesGaussianrandom�elds at differentresolutionlevels,consistentwith currentob-
servationaldataobtainedby theWMAP6 satelliteobservingthecosmicmicrowave back-
groundradiation.Two typesof initial conditionscanbegeneratedwith GRAFIC:

5http://web.mit.edu/edbert
6http://map.gsfc.nasa.gov
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� singlelevel: this is the“standard”wayof generatinginitial conditions.Theresulting
�les areusedto perform the �rst, low-resolutionsimulation,from which the halo
catalogis extracted.

� multiple levels: this initial conditionsareusedfor the “zoom simulation”. The re-
sulting �les consistof multiple, nestedboxesof smallerandsmallerdimensions,as
for Russiandolls. Thesmallestbox is centeredaroundthehaloregion, for whichwe
have locally averyhighaccuracy thanksto amuchlargernumberof particles.

Theresultof thesimulationis a setof “snaphots”.Givena list of time steps(or expan-
sionfactor),RAMSES outputsthecurrentstateof theuniverse(i.e., thedifferentparameters
of eachparticules)in Fortranbinary�les.

These�les needpost-processingwith GALICS modules:HaloMaker, TreeMaker and
GalaxyMaker. Thesethreemodulesaremeantto beusedsequentially, eachof themproduc-
ing differentkindsof information: HaloMaker detectsdarkmatterhalospresentin RAM-
SES output �les, and createsa catalogof halos. TreeMaker gives the catalogof halos,
TreeMaker buildsamergertree:it follows theposition,themass,thevelocityof thediffer-
entparticulespresentin thehalosthroughcosmictime. GalaxyMaker Applicationapplies
a semi-analyticalmodelto theresultsof TreeMaker to form galaxies,andcreatesacatalog
of galaxies.Figure20 shows thesequenceof modulesusedto realiseawholesimulation.

1
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Figure20: Work�o w of asimulation

An experimenthasbeenrealizedto testthe scalabilityof DIET. This experimenthas
beenrealizedonGrid'5000[13], andtheapplicationwasaboutcosmologicalcomputations.
For this experiment,theentiregrid of Grid'5000 wasreserved (i.e., amongtheuncrashed
nodes) whichcorrespondedto 12clustersthathave beenusedon7 sitesfor adurationtime
of 48 hours.Finally 979machineswereusedwith anuser-de�ned environmentcontaining
all theneededmodulesfor theexperiment.
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6.2 Envir onmental Modeling

A tremendousamountof planninggoesinto anundertakingaslargeasrestoringtheEver-
glades.Studiesmust�rst bedoneto determinewhatareasneedto berestoredandhow best
to do sowithout furtherdamaginganalreadydelicateecosystem.To aid in this planning,
a groupat the University of Tennesseeled by Dr. Lou Grosshascollaboratedon the de-
velopmentof a suiteof environmentalmodelscalledATLSS (AcrossTropic Level System
Simulation)[25]. Thesemodelsprovide comparisonsof the effectsof alternative future
hydrologicplansonvariouscomponentsof thebiota.

This packagehasproven itself quiteusefulin theplanningefforts, however it requires
extensive computationalfacilities thataretypically not availableto themany stakeholders
(includingseveralfederalandstateagencies)involvedin theevaluationof plansfor restora-
tion thatareestimatedto cost$8 billion. To allow greateraccessanduseof computational
modelsin theSouthFloridastakeholdercommunity, a grid-enabledinterfaceto theATLSS

modelshasbeendevelopedandis currentlybeingusedon SInRGresources.This inter-
faceprovidesfor thedistribution of modelrunsto heterogeneousgrid nodes.Theinterface
utilizesGridSolve for modelrun managementandtheLoRs(LogisticalRuntimeSystem)
[9] toolkit andlibrary for dataand �le movement. Integrationof the grid interfacewith
a webbasedlauncheranddatabaseprovidesa singleinterfacefor accessing,running,and
retrieving datafrom thevarietyof differentmodelsthatmake up ATLSS, aswell asfrom a
varietyof differentplanningscenarios.

ATLSS, in conjunctionwith GridSolve and LoRS, is the �rst packagewe are aware
of thatprovidestransparentaccessfor naturalresourcemanagersthrougha computational
grid to state-of-the-artmodels.Theinterfaceallows usersto chooseparticularmodelsand
parameterizethemasthe stakeholderdeemsappropriate,thusallowing themthe �e xibil-
ity to focus the modelson particularspecies,conditionsor spatialdomainsthey wish to
emphasize.The resultscanthenbe viewed within a separateGIS tool developedfor this
purpose.

6.3 Statistical Parametric Mapping

StatisticalParametricMapping(SPM)is awidely usedmedicalimagingsoftwarepackage.
TheSPMwebsite[56] describesthetechniqueasfollows.

Statistical Parametric Mapping refers to the constructionand assess-
ment of spatially extendedstatisticalprocessusedto test hypothesesabout
[neuro]imagingdatafrom SPECT/PET& fMRI. Theseideashave beenin-
stantiatedin softwarethatis calledSPM.

AlthoughSPM hasachieved widespreadusage,little work hasbeendoneto optimizethe
packagefor betterperformance.In particular, little effort hasgoneinto takingadvantageof
thelargely parallelnatureof many partsof theSPMpackage.

Throughcontinuingresearchby Dr. JensGregor andDr. Michael Thomasonat the
Universityof Tennessee,preliminarywork hasbeendoneto enhancetheSPMpackageto
utilize grid resourcesavailable throughGridSolve and IBP by way of the GridSolve-to-
IBP library. GridSolve-to-IBPis a library built on top of LoRS andROLFS (Read-Only
Logistical File System)that allows the sharingof �les betweenthe GridSolve client and
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server processes,usingIBP repositoriesasintermediatestorage.Thisallows programsthat
needaccessto a commonsetof �les (e.g., SPM)to export someof their functionalityto a
GridSolve server withouthaving to useashared�lesystem,suchasNFS.

Thegrid-enabledversionof SPMis still underdevelopment,but executionsof thepre-
liminary versionhave beentimed to run in onehalf to onethird the time of unmodi�ed
codein somesimulations.Oncecompleted,the SPM softwarewill be distributedacross
theSInRGresourcesfor usein medicalresearch,providing doctorsandresearchersa faster
time to completion,somethingoftencritical in medicalimaginganalysis.

6.4 Vertex Cover and Clique Problems

A widely-known andstudiedproblemin computerscienceandotherdisciplinesis theVer-
tex Cover problem,whichasksthefollowing question.

Givena graphG=(V,E) andan integerk, doesG containa setS with k or
fewer verticesthat coversall of the edgesin G, wherean edgeis said to be
coveredif at leastoneof its endpointsarecontainedin S?

Vertex Cover is NP-completein general,but solvablein polynomialtime whenk is �x ed.
Theapplicationsfor thisproblemarefar-reaching,includingapplicationsin bioinformatics,
suchasphylogeny, motif discovery, andDNA microarrayanalysis.Theproblem,however,
is inherentlydif�cult andtime-consumingto solve,soef�cient softwarepackagesfor solv-
ing Vertex Coverareverydesirable.

Researchconductedby Dr. MichaelLangstonof theUniversityof Tennesseeaimsto
createanef�cient softwarepackagefor solvingVertex Cover. Dr. Langstonandhisstudent
researchersareinterestedmainly in theduality betweentheVertex Cover problemandthe
Cliqueproblem.TheCliqueproblemasksthefollowing question.

Givena graphG=(V,E) andanintegerk, doesG containa setS of k nodes
suchthatthereis anedgebetweenevery two nodesin theclique?

By exploiting the duality betweenthesetwo problems,they have beenable to solve ex-
tremelylargeinstancesof Clique(graphscontaininggreaterthan104vertices).To achieve
reasonabletimesto solution,Dr. Langston's teamhasdevelopeda parallelversionof their
software,which is beingactively runonSInRG(ScalableIntracampusResearchGrid) [55]
resources.Theteamhastaken severalapproachesto makingtheir applicationgrid-aware,
rangingfrom developinga customschedulerandstartingjobs via SecureShell (SSH)to
usingpopulargrid middleware,suchasCondor. The teamhasimplementeda prototype
versionof theirsoftwarethatusesGridSolve to ef�ciently accessa largenumberof compu-
tationalresources.

6.5 Hybrid Computation with GridRPC and MPI

Although MPI haslong history asa de-fact standardfor parallelHPC applications,it is
not suitablefor writing grid applicationonly with MPI, sinceit is not fault-tolerantandit
requiressymmetricnetwork connectivity which is not commonon therealgrid.



High PerformanceGridRPCMiddleware 173

Figure21: GridRPCandMPI hybridapproachusedfor multi-scaleMD/QM simulation.

Weproposedmethodsandstrategiesof thedevelopmentandexecutionof grid-enabled
applicationswhich realize large-scaleand long-run executionson the e-Infrastructure
[61][59]. Oneof thekey technicalinnovationsis aprogrammingmethod,which is ahybrid
grid remoteprocedurecall (GridRPC)+ messagepassinginterface(MPI) grid application
framework to combine�e xibility (adaptive resourceallocationandmigration),fault toler-
ance(automatedfault recovery), andef�ciency (scalablemanagementof large computing
resources).We have developedgrid-enabledmultiscalesimulationsbasedon theproposed
programmingmodel,andhadlarge-scaleempiricalexperimentsasfeasibility studies.As
an applicationfor the method,we employed multiscalesimulation,that usesboth of QM
(QuantumMechanics)andMD (MolecularDynamics)for high-speedbut precisesimula-
tion. Figure21 shows themappingof theQM andMD on to GridRPCandMPI.

We performedexperimentswith 6 sitesspansJapanandUS, 1129processorsin total
(Table2). Figure22 shows thestatusof theexecution. Blue barsindicatethat thecluster
wasusedfor QM simulations.Redbarsindicatethattheclusterwasnot available.Yellow
barsindicatethattheclusterwasavailable,however therewassomelimitationssuchasthe
numberof availablenodeswasreduceddueto someproblems.Thesimulationwasstarted
usingAIST P32andF32clusters.After 10 hours,TeraGridclustersbecameavailableand
it was automaticallydetectedby the scheduler, which hasa time table of the available
clusters.The experimentalresultsshowed that the proposedprogrammingparadigmis a
promisingapproachfor realizingsustainablegrid supercomputingfor large-scalescienti�c
applicationson thee-Infrastructure.

6.6 GridFMO - Quantum Chemistry of Proteinson the Grid

Anotheroutstandingapplicationof Ninf-G is theGridFMO. which is developedby recoin-
ing theFragmentMolecularOrbital (FMO) methodof GAMESS with grid technology[31].
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Table2: Computingresourcesusedfor thesimulations.

Cluster Site/ Grid # CPUsto beused
F32 AIST 41
F32 AIST 32 x 6 (192)
P32 AIST 32 x 8 (256)
NCSA TeraGrid 32 x 8 (256)
SDSC TeraGrid 32 x 4 (128)
purdue TeraGrid 32 x 8 (256)
Total 1129

Figure22: Simulationexecutionstatus.

With the GridFMO, quantumcalculationsof macromoleculesbecomepossibleby using
largeamountof computationalresourcescollectedfrom many moderate-sizedclustercom-
puters.

We developeda new middlewaresuiteon Ninf-G, whosefault toleranceand �e xible
resourcemanagementwerefoundto beindispensablefor long-termcalculations.Themid-
dlewareis composedof threeobjects:Bookkeeper(BK), Doorkeeper(DK), andMachine
(M). The applicationworks asa Client (C) to both BK andDK. The relationshipamong
themis depictedin Figure23.

TheGridFMOwasusedto draw abinitio potentialenergy curvesof aproteinmotorsys-
temwith 16,664atoms.For thecalculations,10clustercomputersover thePaci�c rim were
used,sharingtheresourceswith otherusersvia batchqueuesystemson eachmachine.A
seriesof 14GridFMOcalculationswereconductedfor 70days,copingwith morethan100
problemscroppingup. TheFMO curveswerecomparedagainstthemolecularmechanics
(MM), andit wascon�rmed that(1) theFMO methodis capableof drawing smoothcurves
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Figure23: Structureof themiddlewarecomposedof Ninf-G.

despiteseveralcut-off approximations,andthat (2) theMM methodis reliableenoughfor
molecularmodeling.

7 Conclusionand Futur e Work

WehavepresentedtheGridRPCmodelandthecorrespondingGridRPCAPI, which is now
an OpenGrid Forum standard.It is a simple,powerful, �e xible, andeffective meansto
executejobsover thegrid. Indeed,usingtheAPI, onecaneasilywrite a client to submita
requestonany GridRPCcompliantmiddleware,gettasksremotelylaunchedandexecuted,
andobtainsomeresults.Work canevenusedataparallelism,taskparallelismor a mixed
modelto achieve greaterperformance.

Numerousmiddlewarearenow GridRPCcompliant.Herewe have presentedthreeof
themwhich areamongthe mostused,andwhoseprojectsactively participateto the next
stepof the work performedin the OGF Working Group concerningthe GridRPCData
ManagementAPI, namelyDIET, GridSolve,andNinf.

Eachmiddlewarehasbeendesignedandimplementedto tacklesomespecialproblem-
atics. Hence,DIET extendstheGridRPCmodelandrelieson a hierarchyof agentswhere
communicationsareaddressedwith a CORBA layer. DIET focuson deployment(mapping
of DIET componentsfor platformload-average)andschedulingissues,which is distributed
in thehierarchyandcanbeapplicationspeci�c; GridSolve relieson socketsandaddresses
at the sametime securityissueswith the encryptionof communicationsanddeployment
issuesto beableto maintaincommunicationsfor examplebehindNAT; Ninf hasintegrated
theuseof Globus componentsto launchandmanagejobs. It proposesfor examplesome
authenticationmethodswhicharenecessaryto usesomeresourcesdistributedin Japan.Ex-
amplesof useof thesemiddlewareshave beendescribed.They show a Physicsapplication
with cosmologicalproblems,medicalissues,andchemistryapplicationintegratedasser-
viceson agrid platformwhichcanbeaccessedvia awebpageexecutingasmallGridRPC
client.

Thenext stepsevolutionof GridRPCcanbeforeseen.Firstof all, asapplicationsrequire
moreandmoreamountof data,themainfocuswill beon theGridRPCDataManagement.
OncetheDataManagementAPI is done,implementationswith theuseof differentdatawill
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leadto addresstheinteroperabilityof thedifferentimplementations.Fromthis point, there
aretwo maindirectionsto befollowed. First, theconceptionof a fully interoperableclient
submittingto any middlewareandusingtheDataManagementAPI to addressperformance
in the problemresolutionshouldanswerto the OGF Working Groupexistence. Second,
theGridRPCAPI maybeextendedto convergewith WebServicesin theServiceOriented
Architectureparadigm.
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