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Abstract

Structuredadaptve meshrefinement(SAMR) techniqueffer the potential
for accuratesolutionsof physicallyrealisticmodelsof complec physicalphe-
nomenaandarebeingeffectively usedin mary domainsncludingcomputa-
tional uid dynamicspumericarelatiity, astrophysicssubsurbcemodeling
andoil reserwir simulation.However, theinherentspace-timéeterogeneity
anddynamisnof SAMR applicationsoupledwith asimilarly heterogeneous
anddynamicexecutionernvironmentsuchasthe computationalGrid present
significantchallengesn applicationcomposition runtimemanagementp-
timization, and adaptation. This paperpresentghe designof GridARM —
anautonomiauntimemanagemerframevork thatmonitorsapplicationand
systenstateandprovidesappropriatedistribution, configuration scheduling,
and adaptatiorstratgjiesto optimize performanceand supportthe efficient
andscalablesxecutionof SAMR implementationsn Grid ervironments.

Keywords: GridARM framevork, Autonomicruntime management, Struc-
turedadaptivemeshrefinementGrid computing

1 Intr oduction

Dynamically adaptve techniquessuch as structuredadaptve meshrefinement
(SAMR) (Berger 1984) canyield highly advantageousatios for cost/accurag
when comparedo methodsbasedupon static uniform approximations.SAMR
provides a meansfor concentratingcomputationakffort to appropriateregions
in the computationadomain. Thesetechniquescanleadto more efficient and
cost-efective solutionsto time dependenproblemsexhibiting localizedfeatures.
Distributed implementation®©f SAMR methodsoffer the potentialfor accurate
solutionsof physicallyrealisticmodelsof complex physicalphenomenandare
being effectively usedin sereral applicationdomainsincluding computational
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uid dynamics(Berger1983),astrophysic¢Bryan 1999),andsubsurbcemodel-
ing andoil reserwir simulation(Parasharl997). The phenomendeingmodeled
by the SAMR applicationsare, however, inherentlymulti-phaseddynamic,and
heterogeneousn time, spaceandstateyequiringverylargenumberof software
componentsindvery dynamiccomposition@ndinteractiondbetweerthesecom-
ponentdor efficient execution.

FurthermoretheGrid (Foster1998)is rapidly emegingasthedominantparadigm
for wide areadistributed computing. Its goalis to provide a service-orientedn-
frastructurethat leveragesstandardizegbrotocolsand servicesto enablepena-
sive accesdo, and coordinatedsharingof geographicallydistributed hardware,
software, and information resources. The Grid infrastructureis heterogeneous
anddynamic,globally aggrejatinglarge numbersof independentomputingand
communicatiorresourcesgatastores,andsensometworks. Theinherentspace-
time heterogeneityand dynamismof SAMR applicationscoupledwith a simi-
larly heterogeneouand dynamic executionervironmentsuch as the computa-
tional Grid resultsin developmentandmanagementompleities that breakcur-
rent paradigms,and presentsignificant challengesin applicationcomposition,
runtimemanagemenpptimization,andadaptationThe compleity, heterogene-
ity, and dynamismassociatedvith scientific applicationshasmadecurrentpro-
grammingervironmentsandinfrastructureunmanageablandinsecure and has
led researcherto consideralternatve programmingparadigmsandmanagement
techniqueshatarebasedn stratgiesusedby biologicalsystemsSystemsased
on this approachknown as autonomiccomputing(Kephart2003), have the ca-
pabilities of being self-defining, self-healing,self-configuring, self-optimizing,
self-protectingcontectually aware,andopen.

This paperpresentshedesignof GridARM —anautonomicuntimemanagement
framawork that monitorsapplicationand systemstateand provides appropriate
distribution, configuration,schedulingand adaptatiorstratgiesto optimizethe
performancef SAMR applications.The GridARM framewnork modelsthe com-
putationalresourcegsa hierarchyof virtual resourcaunits (VRUs) andtheappli-
cationdomainasa hierarchyof virtual computationalnits (VCUs). GridARM
monitorsandcharacterizeapplicationand systemstate deduceghe appropriate
optimizationstratgyy to managethe applicationat runtime, andthen mapsand
executes/CUsontoavailableVRUs in ahierarchicamanner Theoverall goal of
GridARM is to managedynamismandspace-timéieterogeneitgndsupportthe
efficient andscalableexecutionof SAMR implementation$n Grid ervironments.

Therestof the paperis organizedasfollows. Section2 presentanovervien of
SAMR andthemotivationsandchallengegor autonomicuntimemanagemeruf
SAMR applications Section3 present@narchitecturabverview of the GridARM
framework. Section4 detailsthe designandoperationof the component®f the
GridARM framework. Sections describeshecurrentstatusof theframevork and
evaluationof its prototypecomponentsSection6 presentsoncludingremarks.



2 SAMR: Motivationsand Challenges
2.1 Overview of SAMR

SAMR techniquegrackregionsin the domainthatrequiresadditionalresolution
anddynamicallyoverlayfiner gridsovertheseregions. Thesemethodsstartwith a

basecoarsegrid with minimum acceptableesolutionthat coversthe entirecom-

putationaldomain. As the solution progressesiegionsin the domainrequiring
additionalresolutionare taggedandfiner grids are overlaid on thesetaggedre-

gionsof the coarsegrid. Refinementroceedsecursvely sothatregionson the
finer grid requiringmoreresolutionaresimilarly taggedandevenfiner gridsare
overlaidon theseregions. The adaptve grid hierarchyof the SAMR formulation
by BergerandOliger (Berger 1984)is shavn in Figurel. Figure2 shovsa2-D

snapshobf a sampleGrid-basedSAMR applicationthatinvestigateshe simula-
tion of ames (Ray 2003). This figure shavs the mass-&ctionplots of various
radicalsproducediuringtheignition of ~ -Air mixturein anon-uniformtemper

aturefield with 3 “hot-spots”. The comhustionapplicationis highly dynamicand
heterogeneous spaceandtime, andis representatie of the natureof simulations
targetedby this research.

Figurel: 2-D adaptve grid hierarchy  Figure2: Flamessimulation:ignition
(BergerOliger AMR scheme) of  -Air mixture in a non-uniform
temperaturdield (Courtesy:J. Ray; et
al, SandiaNationalLabs,Livermore)

2.2 Challengesin SAMR

Parallel/distriutedimplementationsf SAMR applicationdeadto interestingcom-
putationalandcomputersciencechallengesn dynamicresourceallocation,data-
distribution andload balancing,communicationsand coordination,and runtime
managementAs aresult,key requirementsor anefficient runtimemanagement
framavork for SAMR applicationsnclude:

Dynamic Partitioning Support: The overall efficiency of the algorithms
is limited by the ability to partition the underlyingdata-structureat run-
time soasto exposeall inherentparallelismminimize communicatiorand
synchronizatioroverheadsandbalancdoad.



Adaptive Communication Support: A critical requirementwhile parti-
tioning adaptve grid hierarchiess the maintenancef logicallocality, both
acrosdifferentlevels of the hierarchyunderexpansionandcontractionof
the adaptve grid structure andwithin partitionsof gridsatall levelswhen
they are decompose@nd mappedacrossprocessors.The former enables
efficient computationalccesdo the grids while the latter minimizesthe
total communicatiorandsynchronizatioroverheads.

Dynamic Application Configuration Support: Applicationadaptatiorre-
sultsin applicationgridsbeingdynamicallycreatedmovedanddeletedon-
the- y, makingit necessaryo efficiently re-partitionthe hierarchyso that
it continuesto meetthesegoals. Furthermore Grid computingerviron-
mentsrequireselectingand configuringapplicationcomponentdasedon
availableresources.

2.3 Application and SystemHeterogeneityin SAMR

Unlike static applicationswhererequirementsare typically known a priori, the
dynamicbehaior of SAMR applicationds basedn the currentstateof the phys-
ical phenomenotbeingsimulatedandcanonly be determinedat runtime. Thus,
it is importantto abstractthe stateof the SAMR applicationin orderto deter
mine its currentcomputationalcommunicationand storagerequirements.This
informationcanthenbeusedo determineanappropriatalecompositiorof theap-
plicationandmappingof thecomputationgo availableprocessinglementof the
computationakrnvironment,andto drive the selectionof appropriatealgorithms
and implementationsboth at the applicationlevel (solvers, preconditionersps
well asthe systemevel (communicatiormechanism).

Furthermore petworked computationakrnvironmentssuchasthe computational
Grid are highly dynamicin nature. Thus, it is imperative that the application
managemensystembe ableto reactto this dynamismand make runtime deci-
sionsto ensurethat the applications requirementsare satisfiedand its perfor
manceoptimized.Thesedecisionsncludeselectingheappropriatenumbertype,
and configurationof the computingelementsappropriatedistribution andload-
balancingschemesthe mostefficient communicatiormechanismaswell asthe
right algorithmsandparametersittheapplicationlevel.

However, thedynamismandheterogeneitpf Grid ervironmentsntroducesanew
level of compleity andmalkesthe selectiornof a“best” matchbetweersystenre-
sourcesapplicationalgorithms problemdecompositiongnappingsandloaddis-
tributions,communicatiormechanismsetc., non-trivial. Systemdynamicscou-
pledwith applicationadaptatiormakesapplicationcompositionyuntimemanage-
ment,optimization,andadaptatiora significantchallenge.

3 GridARM: Architectural Overview

Theoverall goal of GridARM autonomicruntimeframework is to reactvely and
proactively manageandoptimize SAMR applicationexecutionusingcurrentsys-



tem and applicationstate,online predictve modelsfor systembehaior and ap-
plication performanceandan agentbasedcontrol network. It builds on the con-
ceptof vGrid proposedcby M. Parasharand S. Hariri (Khargharia2003). The
GridARM architecturerovidesapplicationdeveloperswith a corvenientabstrac-
tion of avirtual Grid thatmay be significantly largerandmorereliablethancur-
rently availableresourcesThe autonomicruntime framevork managephysical
Grid resourcesallocateshem*“on-demand”,and spatiallyandtemporallymaps
the virtual resourcego thesephysicalnodes. The mappingexploits the space,
time, andfunctional heterogeneityf the simulationsand underlyingnumerical
methodsto define application“working-sets”. GridARM infrastructureservices
areresponsibldor collectingandcharacterizinghe operationalfunctional,and
controlaspectof the applicationandusingthis informationto defineautonomic
componentsgecomposinghe applicationinto natural regions(NRs)andthe NR
into virtual computationalunits (VCUs), andapplyinginnovative allocationand
schedulingstratgiesto map VCUs to physicalGrid resources.Together these
solutionswill allow applicationdevelopersto concentraten the scienceandits
formulationswithouthaving to worry aboutexplicitly addressinghenumberlim-
itations,andavailability of resourcesr targetingandtuningtheirimplementations
to specificarchitecturesndmachines.

Figure3: Conceptuamodelof GridARM frameawork

The conceptualGridARM architecturds shavn in Figure3. The framavork has
threecomponents(1) servicesfor monitoring Grid resourcecapabilitiesandap-
plicationdynamicsandcharacterizinghe monitoredstateinto naturalregions;(2)
deductionengineand objectie functionthat definethe appropriateoptimization
stratgly basedon runtime stateand policies; and (3) autonomicruntime man-
agerwhichis responsibldor hierarchicallypartitioning,schedulingandmapping
VCUsontoVRUSs, andtuningapplicationexecutionwithin the Grid ervironment.



4 GridARM: Operation

4.1 Monitoring and Characterization

Figure4: GridARM operation:monitoringandcharacterization

The monitoring and characterizatiormechanismsn the GridARM framework
consistof embeddedpplication-leel andsystem-lgel sensors/actuatoesxdare
illustratedin Figure 4. The applicationis characterizednto “natural regions”
(NRs)which areregionsof relatively homogeneouactivity in theapplicationdo-
mainandcanspanvariouslevelsof theSAMR grid hierarchy Applicationsensors
monitor the structureandstateof the SAMR grid hierarchyandthe natureof the
refinedregions. Oneway to track suchnaturalregionsfor SAMR applications
is usingthe refinementpatternsdasedon local truncationerrors. For example,a
“hot-spot”in the ame simulationapplicationdescribedn Section2 represents
naturalregion in the applicationdomain. The applicationstateis abstractedis-
ing thesenaturalregionsandis characterizeéh termsof application-l&el metrics
suchascomputation/communicatiaquirementsstoragerequirementsactiity
dynamicsandthe natureof adaptationgSteenslan@002).

Similarly, systemsensorsbuilt on existinginfrastructuresuchasNWS (Network
WeatherServicelJandMDS (Metacomputindirectory Service) sensehecurrent
stateof underlyingcomputationatesourcei termsof CPU,memory bandwidth,
availability, andaccesgapabilities Thesearefedinto thesystenstatesynthesizer
alongwith historyinformation(currentstatestoredovertimein the history mod-
ule) and performanceestimategobtainedusing performancdunctionsfrom the
predictionmodule)to determinehe overall systemruntimestate. The currentap-
plicationandsystemstateareprovided asinputsto the deductionengineandare
usedto definetheautonomiauntimeobjective function.



4.2 Deductionand Objective Function

Thedeductiorengineandtheautonomiauntimemanageprovidetheprimaryde-
cisionmakingcapabilitieswithin the GridARM framawork. As shavnin Figure5,
the currentapplicationand systemstateandthe overall “decisionspace”arethe
inputsto thedeductionengine.The decisionspacecompriseghe adaptatiorpoli-
cies, rules, and constraintsdefinedin termsof applicationmetrics,and enables
autonomicconfiguration,adaptationand optimization. Application metricsin-
cludeapplicationlocality, communicatiormechanismgdatamigration,load bal-
ancing,memoryrequirements/constraintadaptie partitioning,adaptatiorover-
heads,and granularity control. Basedon currentruntime stateand policies/-
constraintswithin the decisionspace the deductionengineformulatesprescrip-
tions for algorithms,configurations,and parametershat are usedto definethe
objective function for adaptingthe behaior of the SAMR application. The de-
ductionenginemay be capableof self-learningby augmentingts decisionspace
with new rulesandconstraints.The prescriptiongprovided by the deductionen-
gine alongwith the objective functionyield two metric— normalizedwork metric
(NWM) andnormalizedresourcanetric (NRM) thatcharacterizehe currentap-
plicationstateandcurrentsystenstate respectiely. Thesemetricareself-defined
basedon the currentapplication/systentontext and enableautonomicruntime
managementy helpingto configurethe SAMR applicationwith appropriatepa-
rametersandexecuteoptimally within the heterogeneouSrid ervironment.

Figure5: GridARM operation:deductiorandoptimization

4.3 Autonomic Runtime Manager

The normalizedmetric, NWM andNRM, form the inputsto the autonomicrun-
timemanagefARM). Usingthesdanputs,ARM definesahierarchicaHistribution
mechanismgonfiguresanddeploysappropriatgartitionersateachevel of thehi-
erarchyandmapsthe applicationdomainontovirtual computationaunits. A vir-



tual computationalnit (VCU) is the basicapplicationwork unit thatis scheduled
by the GridARM framewvork andmay consistof computatiorpatchesn a single
refinementevel of the SAMR grid hierarchyor compositgpatcheghatspanmul-
tiple refinementlevels. VCUs are dynamicallydefinedat runtimeto matchthe
naturalregions(NRs) in the application. Using naturalregionsto define VCUs
cansignificantlyreducecouplingandsynchronizatiortosts.

Subsequento patrtitioning, schedulingoperationson the virtual Grid are per
formedfirst across/RUs (Global-GridSchedulind GGS))andthenwithin aVRU
(Local-Grid SchedulingLGS)). During GGS,VCUs are hierarchicallyassigned
to setsof VRUs, wheread GS is usedto scheduleone or more VCU within a
single VRU. The entire processs first spatialandthentemporal,andcombines
arangeof partitiontechniqguegdomain-basedyatch-basedree-basedgtc.) and
schedulingechniqueggang,backfilling, migration,etc.). A virtual resourceunit
(VRU) may be anindividual resource(compute,storage,jinstrument,etc.) or a
collection (cluster supercomputeretc.) of physicalGrid resources.A VRU is
characterizedby its computationalmemory and communicatiorcapacitiesand
by its availability andaccesolicy. Finally, the VRUs aredynamicallymapped
ontophysicalsystenresourcest runtimeandthe SAMR applicationis tunedfor
executionwithin thedynamicGrid ervironment.

Notethatthework associate@ith aVCU dependenthestateof thecomputation,
the configurationof the componentgalgorithms, parameters)and the current
ARM objectives (optimize performanceminimize resourcerequirementsetc.).
Similarly, thecapabilityof a VRU depend®nits currentstateaswell asthe ARM

objectives(minimizingcommunicatioroverheadsmpliesa VRU with high band-
width andlow lateny hashighercapability). The normalizedmetric NWM and
NRM areusedto characteriz& RUsandVCUsbasedn currentARM objecties.

5 Curr ent Status

The GridARM framework is currently underdevelopmentat The Applied Soft-
wareSystemd.aboratory(TASSL) at RutgersUniversity, with currentefforts fo-
cussedn the design,implementationandevaluationof the corebuilding blocks
of theframawork. Theapplicationusedin the experimentakvaluationof the Gri-
dARM prototypecomponentss the 3-D RichtmyerMeshlov instability solver
(RM3D?) encountereéh compressibleuid dynamics.

Applicationawarepartitioning(Chandra2002)usescurrentruntimestateto char
acterizethe SAMR applicationin termsof computation/communicatiqorappli-
cation dynamics,and the natureof adaptations. This adaptve stratgy selects
and configuresthe appropriatepartitioner that matchescurrentapplicationre-
guirements,thus improving overall executiontime by 5-30% as comparedto
non-adaptre partitioningschemesTheadaptve hierarchicapartitioningscheme
(Li 2003)dynamicallycreatesa grouptopologybasedon SAMR naturalregions

1 RM3D hasbeendevelopedby Ravi Samtang as part of the virtual testfacility at the Caltech
ASCI/ASAP Center



andhelpsto reducethe synchronizatiorcostsneededo maintainthe global hi-
erarchystate,resultingin improved applicationcommunicationtime by up to
70% as comparedto non-hierarchicalschemes. Systemsensitve partitioning
(Sinha2001)usescurrentsystenstateobtainedusingNWSto selectandtunedis-
tribution parameterdy dynamicallypartitioningandload balancingthe SAMR
grid hierarchybasedon the relative capacitiedor eachprocessarIn contrastto
the non-heterogeneouscheme the systemsensitve approachmprovesoverall
executiontime by 10-40%.

In addition, variousoptimizationshave beenincorporatedwithin the GridARM
framework thataim to improve SAMR applicationruntimeparametersArchitec-
ture sensitve communicatiormechanismselectappropriatenessagingchemes
thatare suitedfor the underlyinghardwarearchitectureand help to improve ap-
plicationcommunicatiortime by up to 50%. Theworkloadsensitve loadbalanc-
ing strat@y useshinpacking-basegartitioningto distribute the SAMR workload
amongavailable processorsvhile satisfyingapplicationconstraintsuchasmin-
imum patchsizeandaspectatio. This approachreducesapplicationloadimbal-
anceto 2-15%as comparedo default schemeghat employ greedyalgorithms.
Furthermoreperformanceredictionusingperformancdunctionscanbe usedto
estimatethe applicationexecutiontime basedon currentloads, available com-
municationbandwidth,currentlatencies,and available memory This approach
helpsto determinevhenthe costsof dynamicloadredistrikution exceedthe costs
of repartitioningand datamovement,andcanresultin 25% improvementin the
applicationrecomposdime.

6 Conclusionsand Futur e Work

This papempresentedhedesignof the GridARM autonomiauntimemanagement
framawork that monitorsapplicationand systemstateand provides appropriate
distribution, configuration,schedulingand adaptatiorstratgiesto optimizethe
performancef SAMR applications Theoverallgoalof the GridARM frameawork
is to managalynamismandspace-timdeterogeneitandsupportheefficientand
scalableexecutionof SAMR applicationsin Grid ernvironments. Futurework in
thisresearclaimsto integrateall autonomiccomponentgcurrentlydevelopedand
evaluatedasindependenbuilding blocks)within the GridARM framework using
a component-basedrchitecturewith an intelligent deductionengineto achieve
highly e xible and orchestratedelf-adapting self-optimizing performanceand
self-learningoehaior for Grid-basedSAMR implementations.
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