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Abstract

Structuredadaptive meshrefinement(SAMR) techniquesoffer thepotential
for accuratesolutionsof physicallyrealisticmodelsof complex physicalphe-
nomena,andarebeingeffectively usedin many domainsincludingcomputa-
tional�uid dynamics,numericalrelativity, astrophysics,subsurfacemodeling
andoil reservoir simulation.However, theinherentspace-timeheterogeneity
anddynamismof SAMRapplicationscoupledwith asimilarlyheterogeneous
anddynamicexecutionenvironmentsuchasthecomputationalGrid present
significantchallengesin applicationcomposition,runtimemanagement,op-
timization, andadaptation.This paperpresentsthe designof GridARM –
anautonomicruntimemanagementframework thatmonitorsapplicationand
systemstateandprovidesappropriatedistribution,configuration,scheduling,
andadaptationstrategiesto optimizeperformanceandsupportthe efficient
andscalableexecutionof SAMR implementationsin Grid environments.

Keywords: GridARM framework, Autonomicruntime management,Struc-
turedadaptivemeshrefinement,Grid computing.

1 Intr oduction

Dynamically adaptive techniquessuchas structuredadaptive meshrefinement
(SAMR) (Berger 1984) can yield highly advantageousratios for cost/accuracy
whencomparedto methodsbaseduponstaticuniform approximations.SAMR
providesa meansfor concentratingcomputationaleffort to appropriateregions
in the computationaldomain. Thesetechniquescan lead to more efficient and
cost-effectivesolutionsto time dependentproblemsexhibiting localizedfeatures.
Distributed implementationsof SAMR methodsoffer the potentialfor accurate
solutionsof physicallyrealisticmodelsof complex physicalphenomenaandare
being effectively usedin several applicationdomainsincluding computational
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�uid dynamics(Berger1983),astrophysics(Bryan1999),andsubsurfacemodel-
ing andoil reservoir simulation(Parashar1997).Thephenomenabeingmodeled
by the SAMR applicationsare,however, inherentlymulti-phased,dynamic,and
heterogeneous(in time,space,andstate)requiringverylargenumbersof software
componentsandverydynamiccompositionsandinteractionsbetweenthesecom-
ponentsfor efficient execution.

Furthermore,theGrid (Foster1998)is rapidlyemergingasthedominantparadigm
for wide areadistributedcomputing. Its goal is to provide a service-orientedin-
frastructurethat leveragesstandardizedprotocolsand servicesto enableperva-
sive accessto, andcoordinatedsharingof geographicallydistributedhardware,
software, and information resources.The Grid infrastructureis heterogeneous
anddynamic,globally aggregatinglargenumbersof independentcomputingand
communicationresources,datastores,andsensornetworks. The inherentspace-
time heterogeneityand dynamismof SAMR applicationscoupledwith a simi-
larly heterogeneousand dynamicexecutionenvironmentsuchas the computa-
tional Grid resultsin developmentandmanagementcomplexities thatbreakcur-
rent paradigms,and presentsignificant challengesin applicationcomposition,
runtimemanagement,optimization,andadaptation.Thecomplexity, heterogene-
ity, anddynamismassociatedwith scientific applicationshasmadecurrentpro-
grammingenvironmentsandinfrastructureunmanageableandinsecure,andhas
led researchersto consideralternative programmingparadigmsandmanagement
techniquesthatarebasedonstrategiesusedby biologicalsystems.Systemsbased
on this approach,known asautonomiccomputing(Kephart2003),have the ca-
pabilities of being self-defining,self-healing,self-configuring,self-optimizing,
self-protecting,contextually aware,andopen.

Thispaperpresentsthedesignof GridARM – anautonomicruntimemanagement
framework that monitorsapplicationandsystemstateandprovidesappropriate
distribution, configuration,scheduling,andadaptationstrategiesto optimizethe
performanceof SAMR applications.TheGridARM framework modelsthecom-
putationalresourcesasahierarchyof virtual resourceunits(VRUs)andtheappli-
cationdomainasa hierarchyof virtual computationalunits (VCUs). GridARM
monitorsandcharacterizesapplicationandsystemstate,deducestheappropriate
optimizationstrategy to managethe applicationat runtime,and thenmapsand
executesVCUsontoavailableVRUsin ahierarchicalmanner. Theoverallgoalof
GridARM is to managedynamismandspace-timeheterogeneityandsupportthe
efficient andscalableexecutionof SAMR implementationsin Grid environments.

Therestof thepaperis organizedasfollows. Section2 presentsanoverview of
SAMR andthemotivationsandchallengesfor autonomicruntimemanagementof
SAMR applications.Section3 presentsanarchitecturaloverview of theGridARM
framework. Section4 detailsthedesignandoperationof thecomponentsof the
GridARM framework. Section5 describesthecurrentstatusof theframeworkand
evaluationof its prototypecomponents.Section6 presentsconcludingremarks.
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2 SAMR: Moti vationsand Challenges

2.1 Overview of SAMR

SAMR techniquestrackregionsin thedomainthat requiresadditionalresolution
anddynamicallyoverlayfiner gridsovertheseregions.Thesemethodsstartwith a
basecoarsegrid with minimumacceptableresolutionthatcoverstheentirecom-
putationaldomain. As the solutionprogresses,regionsin the domainrequiring
additionalresolutionaretaggedandfiner grids areoverlaid on thesetaggedre-
gionsof thecoarsegrid. Refinementproceedsrecursively so that regionson the
finer grid requiringmoreresolutionaresimilarly taggedandevenfiner gridsare
overlaidon theseregions.Theadaptive grid hierarchyof theSAMR formulation
by BergerandOliger (Berger1984)is shown in Figure1. Figure2 shows a 2-D
snapshotof a sampleGrid-basedSAMR applicationthat investigatesthesimula-
tion of �ames (Ray 2003). This figure shows the mass-factionplots of various
radicalsproducedduringtheignition of ��� -Air mixturein anon-uniformtemper-
aturefield with 3 “hot-spots”.Thecombustionapplicationis highly dynamicand
heterogeneousin spaceandtime,andis representativeof thenatureof simulations
targetedby this research.
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Figure1: 2-D adaptive grid hierarchy
(Berger-OligerAMR scheme)

Figure2: Flamessimulation:ignition
of ��� -Air mixture in a non-uniform
temperaturefield (Courtesy:J.Ray, et
al, SandiaNationalLabs,Livermore)

2.2 Challengesin SAMR

Parallel/distributedimplementationsof SAMRapplicationsleadto interestingcom-
putationalandcomputersciencechallengesin dynamicresourceallocation,data-
distribution andload balancing,communicationsandcoordination,andruntime
management.As a result,key requirementsfor anefficient runtimemanagement
framework for SAMR applicationsinclude:

� Dynamic Partitioning Support: Theoverall efficiency of thealgorithms
is limited by the ability to partition the underlyingdata-structuresat run-
timesoasto exposeall inherentparallelism,minimizecommunicationand
synchronizationoverheads,andbalanceload.
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� Adaptive Communication Support: A critical requirementwhile parti-
tioningadaptivegrid hierarchiesis themaintenanceof logical locality, both
acrossdifferentlevelsof thehierarchyunderexpansionandcontractionof
theadaptive grid structure,andwithin partitionsof gridsat all levelswhen
they aredecomposedandmappedacrossprocessors.The former enables
efficient computationalaccessto the grids while the latter minimizesthe
total communicationandsynchronizationoverheads.

� Dynamic Application Configuration Support: Applicationadaptationre-
sultsin applicationgridsbeingdynamicallycreated,movedanddeletedon-
the-�y, makingit necessaryto efficiently re-partitionthehierarchyso that
it continuesto meetthesegoals. Furthermore,Grid computingenviron-
mentsrequireselectingandconfiguringapplicationcomponentsbasedon
availableresources.

2.3 Application and SystemHeterogeneityin SAMR

Unlike staticapplicationswhererequirementsare typically known a priori, the
dynamicbehavior of SAMR applicationsis basedonthecurrentstateof thephys-
ical phenomenonbeingsimulatedandcanonly bedeterminedat runtime. Thus,
it is importantto abstractthe stateof the SAMR applicationin order to deter-
mine its currentcomputational,communication,andstoragerequirements.This
informationcanthenbeusedto determineanappropriatedecompositionof theap-
plicationandmappingof thecomputationsto availableprocessingelementsof the
computationalenvironment,andto drive the selectionof appropriatealgorithms
and implementations,both at the applicationlevel (solvers,preconditioners)as
well asthesystemlevel (communicationmechanism).

Furthermore,networked computationalenvironmentssuchasthe computational
Grid are highly dynamicin nature. Thus, it is imperative that the application
managementsystembe able to reactto this dynamismandmake runtimedeci-
sionsto ensurethat the application's requirementsare satisfiedand its perfor-
manceoptimized.Thesedecisionsincludeselectingtheappropriatenumber, type,
andconfigurationof the computingelements,appropriatedistribution andload-
balancingschemes,themostefficient communicationmechanism,aswell asthe
right algorithmsandparametersat theapplicationlevel.

However, thedynamismandheterogeneityof Grid environmentsintroducesanew
level of complexity andmakestheselectionof a“best” matchbetweensystemre-
sources,applicationalgorithms,problemdecompositions,mappingsandloaddis-
tributions,communicationmechanisms,etc.,non-trivial. Systemdynamicscou-
pledwith applicationadaptationmakesapplicationcomposition,runtimemanage-
ment,optimization,andadaptationa significantchallenge.

3 GridARM: Ar chitectural Overview

Theoverall goalof GridARM autonomicruntimeframework is to reactively and
proactively manageandoptimizeSAMR applicationexecutionusingcurrentsys-
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tem andapplicationstate,online predictive modelsfor systembehavior andap-
plicationperformance,andanagentbasedcontrolnetwork. It builds on thecon-
cept of vGrid proposedby M. Parasharand S. Hariri (Khargharia2003). The
GridARM architectureprovidesapplicationdeveloperswith aconvenientabstrac-
tion of a virtual Grid thatmaybesignificantly largerandmorereliablethancur-
rently availableresources.Theautonomicruntimeframework managesphysical
Grid resources,allocatesthem“on-demand”,andspatiallyandtemporallymaps
the virtual resourcesto thesephysicalnodes. The mappingexploits the space,
time, andfunctionalheterogeneityof the simulationsandunderlyingnumerical
methodsto defineapplication“working-sets”. GridARM infrastructureservices
areresponsiblefor collectingandcharacterizingtheoperational,functional,and
controlaspectsof theapplicationandusingthis informationto defineautonomic
components,decomposingtheapplicationinto natural regions(NRs)andtheNR
into virtual computationalunits (VCUs), andapplyinginnovative allocationand
schedulingstrategies to mapVCUs to physicalGrid resources.Together, these
solutionswill allow applicationdevelopersto concentrateon the scienceandits
formulationswithouthaving to worry aboutexplicitly addressingthenumber, lim-
itations,andavailability of resourcesor targetingandtuningtheir implementations
to specificarchitecturesandmachines.

Figure3: Conceptualmodelof GridARM framework

TheconceptualGridARM architectureis shown in Figure3. Theframework has
threecomponents:(1) servicesfor monitoringGrid resourcecapabilitiesandap-
plicationdynamicsandcharacterizingthemonitoredstateinto naturalregions;(2)
deductionengineandobjective function thatdefinetheappropriateoptimization
strategy basedon runtime stateand policies; and (3) autonomicruntime man-
agerwhich is responsiblefor hierarchicallypartitioning,scheduling,andmapping
VCUsontoVRUs,andtuningapplicationexecutionwithin theGrid environment.
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4 GridARM: Operation

4.1 Monitoring and Characterization

Figure4: GridARM operation:monitoringandcharacterization

The monitoring and characterizationmechanismsin the GridARM framework
consistof embeddedapplication-level andsystem-level sensors/actuatorsandare
illustratedin Figure 4. The applicationis characterizedinto “natural regions”
(NRs)whichareregionsof relatively homogeneousactivity in theapplicationdo-
mainandcanspanvariouslevelsof theSAMR grid hierarchy. Applicationsensors
monitor thestructureandstateof theSAMR grid hierarchyandthenatureof the
refinedregions. Oneway to track suchnaturalregionsfor SAMR applications
is usingtherefinementpatternsbasedon local truncationerrors.For example,a
“hot-spot” in the�ame simulationapplicationdescribedin Section2 representsa
naturalregion in the applicationdomain. The applicationstateis abstractedus-
ing thesenaturalregionsandis characterizedin termsof application-level metrics
suchascomputation/communicationrequirements,storagerequirements,activity
dynamics,andthenatureof adaptations(Steensland2002).

Similarly, systemsensors,built onexistinginfrastructuressuchasNWS(Network
WeatherService)andMDS (MetacomputingDirectoryService),sensethecurrent
stateof underlyingcomputationalresourcesin termsof CPU,memory, bandwidth,
availability, andaccesscapabilities.Thesearefedinto thesystemstatesynthesizer
alongwith historyinformation(currentstatestoredover time in thehistorymod-
ule) andperformanceestimates(obtainedusingperformancefunctionsfrom the
predictionmodule)to determinetheoverallsystemruntimestate.Thecurrentap-
plicationandsystemstateareprovidedasinputsto thedeductionengineandare
usedto definetheautonomicruntimeobjective function.
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4.2 Deductionand ObjectiveFunction

Thedeductionengineandtheautonomicruntimemanagerprovidetheprimaryde-
cisionmakingcapabilitieswithin theGridARM framework. As shown in Figure5,
thecurrentapplicationandsystemstateandtheoverall “decisionspace”arethe
inputsto thedeductionengine.Thedecisionspacecomprisestheadaptationpoli-
cies, rules,andconstraintsdefinedin termsof applicationmetrics,andenables
autonomicconfiguration,adaptation,andoptimization. Application metricsin-
cludeapplicationlocality, communicationmechanism,datamigration,load bal-
ancing,memoryrequirements/constraints,adaptive partitioning,adaptationover-
heads,and granularitycontrol. Basedon current runtime stateand policies/-
constraintswithin the decisionspace,the deductionengineformulatesprescrip-
tions for algorithms,configurations,andparametersthat areusedto define the
objective function for adaptingthe behavior of the SAMR application. The de-
ductionenginemaybecapableof self-learningby augmentingits decisionspace
with new rulesandconstraints.Theprescriptionsprovidedby thedeductionen-
ginealongwith theobjectivefunctionyield two metric– normalizedwork metric
(NWM) andnormalizedresourcemetric (NRM) thatcharacterizethecurrentap-
plicationstateandcurrentsystemstate,respectively. Thesemetricareself-defined
basedon the currentapplication/systemcontext and enableautonomicruntime
managementby helpingto configuretheSAMR applicationwith appropriatepa-
rametersandexecuteoptimallywithin theheterogeneousGrid environment.

Figure5: GridARM operation:deductionandoptimization

4.3 Autonomic Runtime Manager

Thenormalizedmetric,NWM andNRM, form the inputsto theautonomicrun-
timemanager(ARM). Usingtheseinputs,ARM definesahierarchicaldistribution
mechanism,configuresanddeploysappropriatepartitionersateachlevelof thehi-
erarchy, andmapstheapplicationdomainontovirtual computationalunits.A vir-
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tualcomputationalunit (VCU) is thebasicapplicationwork unit thatis scheduled
by theGridARM framework andmayconsistof computationpatcheson a single
refinementlevel of theSAMR grid hierarchyor compositepatchesthatspanmul-
tiple refinementlevels. VCUs aredynamicallydefinedat runtimeto matchthe
naturalregions(NRs) in the application. Using naturalregionsto defineVCUs
cansignificantlyreducecouplingandsynchronizationcosts.

Subsequentto partitioning, schedulingoperationson the virtual Grid are per-
formedfirst acrossVRUs(Global-GridScheduling(GGS))andthenwithin aVRU
(Local-GridScheduling(LGS)). During GGS,VCUs arehierarchicallyassigned
to setsof VRUs, whereasLGS is usedto scheduleoneor moreVCU within a
singleVRU. The entireprocessis first spatialandthentemporal,andcombines
a rangeof partitiontechniques(domain-based,patch-based,tree-based,etc.) and
schedulingtechniques(gang,backfilling, migration,etc.).A virtual resourceunit
(VRU) may be an individual resource(compute,storage,instrument,etc.) or a
collection(cluster, supercomputer, etc.) of physicalGrid resources.A VRU is
characterizedby its computational,memory, andcommunicationcapacitiesand
by its availability andaccesspolicy. Finally, theVRUs aredynamicallymapped
ontophysicalsystemresourcesat runtimeandtheSAMR applicationis tunedfor
executionwithin thedynamicGrid environment.

Notethattheworkassociatedwith aVCU dependsonthestateof thecomputation,
the configurationof the components(algorithms,parameters),and the current
ARM objectives(optimizeperformance,minimize resourcerequirements,etc.).
Similarly, thecapabilityof aVRU dependsonits currentstateaswell astheARM
objectives(minimizingcommunicationoverheadsimpliesaVRU with highband-
width andlow latency hashighercapability). ThenormalizedmetricNWM and
NRM areusedto characterizeVRUsandVCUsbasedoncurrentARM objectives.

5 Curr ent Status

The GridARM framework is currentlyunderdevelopmentat The Applied Soft-
wareSystemsLaboratory(TASSL) at RutgersUniversity, with currentefforts fo-
cussedon thedesign,implementation,andevaluationof thecorebuilding blocks
of theframework. Theapplicationusedin theexperimentalevaluationof theGri-
dARM prototypecomponentsis the 3-D Richtmyer-Meshkov instability solver
(RM3D1) encounteredin compressible�uid dynamics.

Applicationawarepartitioning(Chandra2002)usescurrentruntimestateto char-
acterizethe SAMR applicationin termsof computation/communication, appli-
cation dynamics,and the natureof adaptations.This adaptive strategy selects
and configuresthe appropriatepartitioner that matchescurrentapplicationre-
quirements,thus improving overall execution time by 5-30% as comparedto
non-adaptivepartitioningschemes.Theadaptivehierarchicalpartitioningscheme
(Li 2003)dynamicallycreatesa grouptopologybasedon SAMR naturalregions

1 RM3D hasbeendevelopedby Ravi Samtaney aspart of the virtual test facility at the Caltech
ASCI/ASAPCenter.
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andhelpsto reducethe synchronizationcostsneededto maintainthe global hi-
erarchystate,resulting in improved applicationcommunicationtime by up to
70% as comparedto non-hierarchicalschemes. Systemsensitive partitioning
(Sinha2001)usescurrentsystemstateobtainedusingNWSto selectandtunedis-
tribution parametersby dynamicallypartitioningandload balancingthe SAMR
grid hierarchybasedon the relative capacitiesfor eachprocessor. In contrastto
the non-heterogeneousscheme,the systemsensitive approachimprovesoverall
executiontimeby 10-40%.

In addition,variousoptimizationshave beenincorporatedwithin the GridARM
framework thataim to improveSAMR applicationruntimeparameters.Architec-
turesensitive communicationmechanismsselectappropriatemessagingschemes
thataresuitedfor the underlyinghardwarearchitectureandhelp to improve ap-
plicationcommunicationtimeby up to 50%.Theworkloadsensitive loadbalanc-
ing strategy usesbinpacking-basedpartitioningto distributetheSAMR workload
amongavailableprocessorswhile satisfyingapplicationconstraintssuchasmin-
imum patchsizeandaspectratio. This approachreducesapplicationloadimbal-
anceto 2-15%ascomparedto default schemesthat employ greedyalgorithms.
Furthermore,performancepredictionusingperformancefunctionscanbeusedto
estimatethe applicationexecutiontime basedon currentloads,available com-
municationbandwidth,currentlatencies,andavailablememory. This approach
helpsto determinewhenthecostsof dynamicloadredistributionexceedthecosts
of repartitioninganddatamovement,andcanresultin 25%improvementin the
applicationrecomposetime.

6 Conclusionsand Futur eWork

Thispaperpresentedthedesignof theGridARM autonomicruntimemanagement
framework that monitorsapplicationandsystemstateandprovidesappropriate
distribution, configuration,scheduling,andadaptationstrategiesto optimizethe
performanceof SAMR applications.Theoverallgoalof theGridARM framework
is to managedynamismandspace-timeheterogeneityandsupporttheefficientand
scalableexecutionof SAMR applicationsin Grid environments.Futurework in
thisresearchaimsto integrateall autonomiccomponents(currentlydevelopedand
evaluatedasindependentbuilding blocks)within theGridARM framework using
a component-basedarchitecturewith an intelligent deductionengineto achieve
highly �e xible andorchestratedself-adapting,self-optimizingperformanceand
self-learningbehavior for Grid-basedSAMR implementations.
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