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Abstract Existingsoftwareintegrationframeworkstypically requirelargemanualrewrites
of existing codes,or specifictailoring of codeswritten to beusedin theframe-
work. The result is usuallya special-purposecodewhich is not usableoutside
of the framework. In this paper, we proposean alternative to that model - a
framework that requireslittle hand-modificationof the programswhich useit.
Our proposedframework is compiler-based,mesh-aware,numerics-aware,and
physics-aware. Descriptionsof the codesand the systemmake it possibleto
semi-automaticallygenerateinterfacingcode,while theinternalparallelization,
communicationandnumericalsolution methodsare left intact. We reporton
somepreliminaryexperimentswith anautomaticloadbalancingframework that
demonstratethefeasibility of thisapproach.

Keywords: Componentarchitectures,softwareintegration,automaticloadbalancing

�
This work wassupportedin part by the US Departmentof Energy throughthe University of California

underSubcontractnumberB341494.

1



2

1. INTRODUCTION

It hasbecomeincreasinglyclear in the large-scalesimulationcommunity
that developingefficient programsfor complex simulationson large parallel
computersis alaboriousanddifficult task.Therefore,severalframeworkshave
beendevelopedtoeasetheimplementationof large-scale,parallel,simulations,
suchasPOOMA [3], Overture[7], SAMRAI [12], ALEGRA [6], ALICE [1],
andSIERRA[22]. Theseframeworksgenerallyblendinnovationsin computa-
tional techniqueswith innovationsin softwaretechnology;however, typically
focusingon a few techniquesandapplications.Sincetheseframeworks sim-
plify the implementationof parallel applications,it was assumedthat these
frameworkswouldbetheright platformsfor implementingthecombinedsim-
ulationsof physicalprocesses.However, althoughtheefforts of constructing
theseframeworks in themselves have beensuccessful,noneof theseframe-
workshasattracteda largeuserbaseor beenwidely adoptedoutsidetheirfield
of application.A majorconcernof theapplicationcommunityis therequired
completeconversionof theirsoftwareto makeuseof oneof theseframeworks,
which meansrewriting, lossof control over many aspectsof their software,
andthecode’s resultingdependenceon theexistenceof andcontinuedsupport
for theframework. Moreover, no framework supportsthewide varietyof dis-
cretizationschemesandnumericaltechniquesthatexist, andcombiningcodes
from differentframeworksis still hard.

TheCommonComponentArchitecture(CCA) [2] andinitiativeslikePAWS[4]
have beenstartedto addressthis problem. Most researchfocuseson either
thegeneralaspectsof components(CCA) or thedevelopmentof very specific
components,suchaslinear solvers(ESI) [8] andtheir interfaceto finite ele-
mentprograms(FEI) [10].

Weaimto applycomponentprinciplesat thelevel of wholeapplications,so
thatparallelapplicationscanrun bothstand-aloneandwith otherapplications
in our programmingenvironment. Thechangesto existing parallelprograms
shouldremainminimal.

In this paper, we will describeour first experimentswith this approachus-
ing theCharm++[14] parallelruntimesystemin theCenterfor Simulationof
AdvancedRockets.

Wearebuilding anintegratedmulti-physicsRocketCodefromseveralstand-
alonepieces,includingacomputationalfluid dynamicscode(ROCFLO),anda
structuralanalysiscode(ROCSOLID).Thesecodesaretied togetherusingan
interfacecode(ROCFACE).Jointly thesecodesareusedto simulatesolidpro-
pellantrockets.ROCFLOsolvestheequationsdescribingthecoreflow in the
innerpartof therocket. ROCFLOalsomodelsthecombustionof thepropel-
lant, at present(while a full 3D combustioncodeis beingdeveloped).ROC-
SOLID solves the equationsdescribingthe movement(deformation)of the
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solidpropellant,liner, andcasing.ROCFACEtakescareof thetransferof data
andthenecessary(conservative) interpolationof physicalvalues(temperature,
pressure,and displacement)betweenthesetwo applications. Sincethe two
applicationswereoriginally constructedindependentlyfor differentpurposes,
they containdisparatemeshes.Thetransferof databetweenthesemeshesin-
volvesfinding a matchingbetweenadjacentelementson thetwo meshes,and
determiningthe functionsthat needto be usedto interpolatevaluesbetween
thoseelements.

In the future, we hopeto be able to integrateadditionalcodesto handle
specificsituationswithin the rocket. A 3D combustion codemay be added
to the system. A crack propagation codewill be usedto modelcracksthat
sometimesopenupwithin thesolidpropellant.Theseareimportantbecauseif
apressurizedcrackreachestherocketcasing,thecombustioncanburnthrough
thecase,causingtherocketto explode.A codesimulatingthepathsof particles
of aluminum,releasedfrom thesolid propellant,which enterandburn within
the core flow of the rocket, is being prototyped. Other capabilitiesmay be
implementedasstand-alonecodesoradditionsto existingcode,suchasmodels
of themechanicaljoints in therocketcase,turbulencewithin thecoreflow, and
theablationof therocket nozzle.

Althoughourapproachseemstobeaneffectivewayto solvehighlycomplex
problems,separatetheconcernsof simulationsof differentphysicalprocesses,
andpreserve pasteffort in developing simulationprograms,we know of no
groupthathaspursuedit asa systematicapproach.Thatis, to our knowledge,
no programmingenvironmenthasbeendeveloped,to date,thatcouples,with
minimal changes,existingstand-aloneapplications.

Several groupshave worked on the mathematicalandphysicalaspectsof
simulatingtwo interactingprocesses(suchas fluid-structureinteraction)by
simulatingeachpartseparatelyandsolvingthecombinedproblemby forcing
consistentsolutionson theinterfaces.This is referredto asa partitionedsolu-
tion procedure[9]. However, this hasonly beendonefor specificandspecial
problems,andthe main resultsarespecific,detailedschemesfor thoseprob-
lems.Probablytheseschemescanbeextendedto otherproblems,andthishas
beenpointedout [19]. However, againit seemsa generalprogrammingenvi-
ronmentthatsupportscombiningmultiplegrid-basedapplicationsfor complex
multi-physicssimulations,especiallyinvolving highly dynamicadaptive sim-
ulations,hasnotbeenstudiedor built.

1.1. THE INTEGRATION OF NUMERICAL
METHODS

The efforts in the CCA and other componentprojectsaim at exchanging
datawithoutany semantics(meaning)associatedwith thedata.Theseprojects
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addressflexible, but raw, datatransfer. The aim of thesestandardsis to be
ableto carryout theexchangeof databetweenaswide a classof components
aspossibleby settingstandardsfor genericmechanismsandby encouraging
componentsto supportmultiple formatsfor dataexchange.

Althoughthisis importantandshouldgreatlyenhancere-usabilityandinter-
operability, it is not enoughto really easethecompositionof multiple numer-
ical codesthat werenot developedtogetheror with a differentusein mind.
Moreover, in orderto reachtrueplug-and-playfor numericalcomponents,as
advocatedin [2], especiallywithouttheneedto bringall specialiststogetherfor
eachextensionof thesimulationcode,we needan environmentthat is aware
of theinteractionbetweennumericalmethods.

On theotherhand,existing componentprojectswhich do dealwith these-
manticsof dataat the interface,suchas the FEI (Finite ElementInterface),
arevery limited in scope(andthey do not sharea strict definition of compo-
nentswith theCCA group).They addressonly oneimportantcoupling:finite
elementcodeswith linearsolvers.

2. A NEW TYPE OF INFRASTRUCTURE FOR
COUPLED SIMULATIONS

The emphasisin this paperis on an infrastructureto facilitate the imple-
mentationof multi-physicssimulations.Addressingthespecialrequirements
of coupledapplicationssignificantlycomplicatesthe implementation,andwe
briefly outline themostimportantfunctionalityhere.We divide thefunction-
ality into threemajorcategories:

Applicationcouplingtechnology,

Orchestrationof multiple independentsimulationprogramswith highly
dynamicbehavior,

ComputationalSteering(physicalmodel,mathematicalmodel,andper-
formance).

Withoutgoinginto greatdetail,wewouldlike to outlineheresomeof themost
importantissuesfor partitioned,coupledsimulations.

2.1. APPLICATION COUPLING TECHNOLOGY

Thecouplingof applicationsin apartitionedsimulationinvolvesfour major
issues:meshmatching,physicallyandmathematicallyconsistentmappingof
boundarydata,thecouplingof theseparatesolutionprocessesin eachapplica-
tion, andthecoordinationof theseparatetime-steppingprocedures.

Generally, the constituentapplicationscomewith their own meshes,dis-
cretizations,and internal datastructures.As the meshesmay differ in type
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from applicationto application,they may not be alignedor even coincideat
thephysicalinterface.Moreover, thesemesheswill typically have beenparti-
tionedindependentlyfor parallelization.In addition,they may differ signifi-
cantlyin spatialresolution.As a result,thetransferof datain aphysicallyand
mathematicallycorrectway is very complicated.

We needto computea matchingbetweenthe meshesof interactingappli-
cations. This matchingwill indicatethe interactionbetweeninterdependent
applicationsat the level of individual elementsor cells. Togetherwith the
equationsthat mustbe satisfiedon the boundary, constraintson the mapped
values,andpossibleconditionsto besatisfied,the resultsof themeshmatch-
ing will definethemappingof variablesbetweenapplications[18, 13,15,19].

After identifying which partsof separatemeshescorrespond,we needto
definemappingsof thosevariablesthatareneededto make themathematical
modelin theneighborapplicationwell-defined.Thephysicsof theunderlying
applicationor mathematicalstabilityconstraintsmayrequirethatcertainfunc-
tionsof mappedvariablefieldsbeconserved. This canberelatively simpleas
in theconservationof asinglevariablelikemass,or it canbemorecomplicated
asin theconservationof anintegralovera functionof multiplevariables,such
aswork expressedastheproductof displacementtimesforce,andmomentum
expressedasmasstimesvelocity [5, 9]. However, even the conservation of
a singlevariablemaynot be trivial if we mapvariablesbetweenmeshesthat
differ in type of discretization(finite elementversusfinite volume),element
type (tetrahedralvs hexahedral),finite elementbasisfunctions,or if meshes
varywidely in spatialresolution(notethattheremaybeaccuracy constraints).
In addition,somevariablesmayhavespecificconstraints.For example,amass
valuewouldberequiredto benon-negative.

In thepartitionedapproachwe run eachapplicationseparately, andthey in-
teractthroughtheir boundaries.If we requireat each(major) time stepthat
valueson a sharedboundarybe consistentamongapplications,thenwe call
suchanapproachstronglycoupled[9]. In this casewe have to decideon the
toleranceson the convergenceacrossapplications. If we do not requirethis
consistency wecall theapproachlooselycoupled[20]. Weenvisionusingboth
approaches.Thesechoiceshave aninfluenceon theoverall solutionaccuracy
andefficiency. A potentialproblemthatarisesin thestronglycoupledproce-
dureis divergenceor stagnationof convergenceacrossmultiple applications.
Eventhoughin eachstepall applicationsconverge,their sharedrepresentation
of the(fieldsof) variableson oneor moreboundariesmaynot.

The issuesinvolved in settingtime stepsare closely linked with orches-
tration, but therearealsoindependentissues.We needa sequenceof global
(maximum)time stepsat which eachapplicationmustdeliver a solution. In
thecaseof astronglycoupledapproach,werequireconsistency at theseglobal
timesteps.Within thelimits of aglobaltimestep,eachapplicationcanchoose
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its own time steps.Theglobal time stepswill generallybedeterminedby ac-
curacy constraints,thetime-scaleof relevantphysicalphenomena,or a global
CFL-likecondition.

2.2. ORCHESTRATION

Theorchestrationof acollectionof applicationsdefinesat ahigh level how
thevarioussimulationsinteract,how eachdoesits time integration,andhow
thesedifferent time integrationschemesarecombined.Furthermore,several
problemscanarisewhile runningsuchamulti-applicationsimulationin apar-
titioned approach.Convergenceproblemsmay occur, in a singleapplication
or acrossmultiple applications.Moreover, the environmentmay have to dy-
namicallystartadditionalapplications,suchasturbulencein a Computational
Fluid Dynamics(CFD) application,or crack propagationin a structuralap-
plication, and dynamicallyswap applicationsif requiredby the simulation.
The programmingenvironmentmustorchestratehighly dynamicinteractions
of parallelpartitionsof applications,basedonassumptionsof applications,re-
quirementsonboundaryexchanges,andconvergenceacrossapplications.

2.3. STEERING

Sincesimulationsmayrunfor longperiodsof timeonparallelsupercomput-
ers,wemustbeableto interactintelligentlywith thesesimulationsandmaybe
spin-off additionalsimulationsderived from intermediateresultsof the main
simulation. It mayalsobenecessaryto adjustloadbalancingandparalleliza-
tion schemesperiodically, to optimizethe performancewhile the application
is runningor to adjusttheseschemesto changesin the computationalenvi-
ronment. Therefore,our programmingenvironmentneedsto include steer-
ing, both from a mathematical/physicalpoint of view and from a computa-
tional/performancepoint of view [16, 21]. Giventhat theseprogramswill run
for very long times,it is unlikely that the resultswill be continuouslymoni-
tored.Hence,weenvisiontheuseof smart,event-drivencheckpointing.Based
on a descriptionof therelevantstatesof thesimulatedprocesses,or of therel-
evantdynamicbehavior, theprogrammingenvironmentshouldbeableto save
the necessarydatawhentriggeredby the appropriatecondition. The check-
pointeddatacouldbeusedlaterto run thesimulationwith higherprecisionor
with moreappropriatemodels.

Conceptually, a controlchannelwould bekeptopenbetweenthecodes,fa-
cilitating orchestrationandsteering.This channelwould allow a codeto re-
questservicesfrom, andreportconditionsto, the framework andothercodes.
Thiscontrolchannelwouldallow theframework to “call” theindividual codes
at the appropriatetimes,initiate datatransfers,startcodesin responseto dy-
namicevents,andhandleexceptionalsituations.
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3. AUTOMATIC TRANSLATION INTO A
FRAMEWORK

The simulationcodesshouldbe independent,eachcapableof runningby
itself, but alsoableto cooperatewith otherswhenusedwithin theframework.
To avoid re-writing a codeto fit into the framework, we proposethe useof
automatictoolswhichcoulddo thetranslationrequiredto allow thecodeto fit
into theframework.

The translationof a given codewould be guidedby a CodeDescription
(CD). The CD would essentiallybe an interfacespecificationfor the code,
giving all theinformationnecessaryto

locatedatawithin thecodewhichwouldbeavailablefor othercodes,

drive theconversionof datafrom onecodeto another,

definetheconditionsplacedondatapassedto thecodefrom theoutside,
and

describespecialfunctionality of the codewhich might be usedunder
exceptionalconditions.

An OrchestrationDescription(OD) wouldbeusedto describehow thevarious
componentcodesshouldinteract. It would describewhich modulesshould
exchangedata,how to convert thedatafrom onecomponentto theother(in-
cluding the matchingof meshpoints [13]), conditionsunderwhich certain
modulesshouldbe invoked, a system-widecoordinatesystemfor thevarious
meshes,andany system-wideconstraintsor informationwhich spanscompo-
nents.Triggerconditionscouldbespelledout in thisspecificationwhichshow
how unusualsituationsshouldbehandled,whenit is necessaryto switchto a
differentsimulationcode,andwhencheck-pointingshouldoccur.

TheCD andtheOD couldtake theform of asetof annotations,interspersed
with thestatementsof thesimulationcodeitself, suchasthestructuredcom-
mentsof OpenMP[17]. It could alsotake the form of a separatedescription
file, written in somelanguage,suchasPython[23]. Thestructuredcomment
approachhasthe advantagethat a direct correspondencecould be drawn be-
tweenthedescriptionandthecodeitself. Theseparatedescriptionfile hasthe
advantagethatit pulls all thepiecesof thedescriptiontogetherin oneplace.

The CD would guidethe placementof dataports[2] within a given code,
allowing the codeto communicatethe valuesof certainvariableswith other
codesandtheFramework. TheFramework would employ interpolationfunc-
tions appropriateto the quantitiesandnumericalmethodsdescribedin each
code’s CD.

The OD would guide the automaticcreationof a “driver” routine for the
simulation,calling theindividual componentsin theproperorderandwith the
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properparameters.Thedriver routinewould containthe properconvergence
criteria,andtestsfor thetriggerconditions,asspecifiedin theOD.

A well-known guidingprinciple from SoftwareEngineeringis to automate
thoseprogrammingtasksthatcanbebestdoneby thecomputer, while giving
humanprogrammersthetools to carryout tasksbestdoneby them. TheCDs
and the OD for a simulationsystemwould give the programmera human-
friendly way of describingthe complex codesto be combined,and how to
combinethem.

Theframework wouldemploy compilertechnologyto analyzeeachcompo-
nentcode,theCDs andtheOD. It would thencarryout the tedioustransfor-
mationto automaticallygeneratethecombinedcode.

4. PRINCIPLES OF APPLICATION INTEGRATION

To guide the implementationof our modelof applicationintegration, we
stateasetof generalprinciples.A framework whichadheresto theseprinciples
shouldbeableto couplemultiple stand-aloneapplicationcodessuccessfully.
Cooperative Interoperability Principle: “Different stand-aloneapplication
modulesshouldcoexist as a part of a singlesimulation.” The codesshould
executeconcurrentlyandexchangethe resultsof their computationswithout
humanintervention.Theframework would not imposeits own restrictionson
the parallelizationor memoryusageof the codes. It shouldacceptwhatever
codeoptimizationsareusedby eachcode.
Minimal Source Change Principle: “Thechangesrequiredof a stand-alone
simulationcodefor usewithin a frameworkshouldbeminimal.” Thisprinciple
addressesthesoftwareengineeringissuesof usingan integrationframework.
The ideais that thereshouldbeonly a singleversionof a code. Thatcodeis
thenconvertedautomaticallyfor usein theframework. Developmentmaythen
continueon the singleversion,which is convertedfor usein the framework
whenever necessary. This lessenstheerror-pronework neededfor converting
the codeby hand,allows the programmerto maintaina single versionof a
code.andallows thecodeauthorto retainownershipof thecode.
Correct Data Exchange Principle: “The framework shouldexchange data
betweencodesin a mesh-,numerics-,andphysics-aware fashion.” This prin-
ciple addressesthe easeof converting databetweencodes. The framework
shouldcontainfacilitiesfor mesh-cell-matchinganddataconversion,relieving
theprogrammerfrom theeffort of programmingthesethings.Theframework
shouldhave a set of physically-correct,numericallystableconversion tech-
niquesalreadydeployed.
Dynamic Adaptation Principle “Theframeworkshoulddynamicallyrespond
to exceptionalsituationswithin thesimulation.” This principleaddressesthe
ability of thesimulationsystemto adjusttheoperationof theoverallsimulation
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in averyfine-grainedway, in responseto dynamicsituations.If theconditions
within thesimulationgo beyondtheboundsof a givencodein onepartof the
mesh,adifferentcodemayhave to bestartedto take over thesimulationfrom
thatcode,for thatpartof themesh.

5. PROOF OF CONCEPT WITH A LOAD
BALANCING FRAMEWORK

The classof frameworks describedthus far in this paperis broad. Many
frameworks could be built, basedon the principlesoutlinedin Section4. In
ourown project,wehaveproceededin measuredstepstowardthegeneralgoal
of anintegrationframework for simulationcodes.Wearebuilding ontheexpe-
rienceof integratingourrocketsimulationcodeby hand.TheRocketCodede-
velopers(PrasadAlavilli, DennisParsons,Ali Namazifard,andJimJiao)man-
ually integratedthe two simulationcomponents(ROCFLO andROCSOLID)
with aninterfacecode(ROCFACE).

However, the taskof building a generalmulti-simulationcodeintegration
framework from scratchis a dauntingone,sowe have decidedto do a proof-
of-conceptwith a lessambitioustask- implementinga framework for doing
load-balancingfor our hand-integratedRocket Code. The basisof the load-
balancingsystemis theCharm++system,developedby Kale,etal.

Toward that end, we first choseto implementthe hand-integratedrocket
simulationcodeon top of theCharm++system.We choseto useCharm++as
a substratefor our integrationframework becauseof its supportfor automatic
interleaving of multiple components,andbecauseof its dynamicloadbalanc-
ing abilities. We developeda methodologyfor converting this codeto the
Charm++systemthatwe believe is automatable,sothatacompiler-basedtool
couldbebuilt for automaticallyconvertingacodefor usewith Charm++.This
automationof theconversionprocesswill satisfytheMinimal SourceChange
Principle.

In thefollowing sections,wewill briefly describetheCharm++system,and
how wechoseto useit with ourRocket Code.

5.1. THE CHARM++ SYSTEM

Charm++is an explicitly parallel object-orientedsystem. Charm++pro-
gramsaretypically written usingC++, andusea small interfacedescription
language,alongwith theCharm++runtimesupportsystem(RTS).

The basicentity in Charm++programsis a data-driven object. A compu-
tation comprisesmany suchobjects(or indexed collectionsof suchobjects),
which aremappedto processorsunderthecontrolof theCharm++RTS.Such
objectshave a global,system-wideID, andcancommunicatewith eachother
via asynchronousmethodinvocationsusingtheseIDs. As theIDs remainthe
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same,even whenthe RTS migratesobjectsfrom processorto processor, the
application-writercan write their codewithout concerningthemselves with
loadbalancing(i.e. they write thecodefor oneobjectto communicatewith the
otherwithout concerningthemselveswith wheretheseobjectslive).

Thecoreof theCharm++RTSconsistsof amessage-drivenscheduler. Mes-
sagesin Charm++representcomputationsto beperformed(methodsto bein-
voked on data-driven objects). The schedulerrepeatedlychoosesmessages
from a processor-wide pool and executesmethodsdenotedby them. Thus,
messagesdirectedat different objects(possiblybelongingto different mod-
ules)areinterleavedallowing concurrency acrossdifferentcomponentson the
sameprocessor.

Thedata-driven objectsprovide a natural“grain” of executionto bemoni-
toredfor possibleloadimbalance.TheCharm++RTSincorporatesa loadbal-
ancingsupportmodule,which keepstrackof executiontimesfor eachobject,
andcommunicationpatternsamongobjects.Thesestatisticsarethenprovided
to a“plug-in” loadbalancingstrategy modulethatdecideswhetherandhow to
remaptheseobjectsamongprocessors,to getbetterloadbalance.

5.2. OUR APPROACH TO USING CHARM++

Thecomponentcodes,ROCFLOandROCSOLID,werebothwrittenin For-
tran90,usingMPI to implementparallelismandmessagepassing.MPI forces
the userto identify processorswith integersrepresentingthe processornum-
bers.With MPI, thenumberof MPI processesis equalto thenumberof pro-
cessors.To connectthe MPI codewith Charm++,we choseto replacethe
MPI runtimelibrary with a library implementedon top of Charm++. In this
form, the integersin thesourcecodeno longerrepresentprocessornumbers,
but insteadindicatechunknumbers.

A chunk in this context refersto the combinationof a threadof execution
andits data. In thecontext of anMPI program,a chunkis similar to anMPI
process,but without theseparationof addressspacesthat is normallypresent
with MPI processes.

By doingthis, we decoupletheapplicationcodefrom a specificnumberof
processors,and decouplea specificchunk from a specificprocessor. Then,
Charm++is free to allocatemorechunksthanprocessors,andmove chunks
aroundfrom processorto processor, if load-balancingis required.

5.3. LOAD BALANCING METHODOLOGY

The approachthat we areexploring for the load balancingframework in-
volvesmulti-partitiondecompositions.Computationsin eachindividual mod-
ule arepartitionedinto a large numberof chunks,suchthat therearemany
morechunksthanprocessors.The codeanddatafor simulatingeachchunk
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is encapsulatedwithin a data-driven object. Theprogramis written in sucha
way that theobjectssendmessagesto otherobjects,ratherthansendingmes-
sagesto processors.As processorsarenot partof theprogrammer’s ontology,
thesystemis freeto moveor migrateobjectsamongprocessors,thuseffecting
loadbalancingwhenneeded.

As multiple chunks,possiblybelongingto different modules(or applica-
tions) aremappedto eachprocessor, their executionmustbe interleaved by
the runtimesystem.Data-driven interleaving, which dependson a scheduler
to schedulecomputationsof individual chunks,dependingon the availabil-
ity of their data(messages),accomplishessuchinterleaving efficiently. As
thechunksaremigratedfrom processorto processor, their messagesmustbe
correctly forwarded. Both of thesefeaturesareeffectively supportedby the
Charm++system.

For accomplishingload balancing,Charm++incorporatesa sophisticated
load balancingsubsystem.The particularstrategy we useexploits the “prin-
ciple of persistence”:the fact that in mostscientificcomputations,the com-
putationalloadsof the chunks,andtheir communicationpatterns,arehighly
correlatedwith their valuesin the immediatepast.This is trueeven for com-
putationsthat requireabruptadaptive refinements,sincesuchrefinementsare
relatively infrequent.Theloadbalancingframework carriesoutmeasurements
of thesecharacteristics,andthenbalancestheloadwhenneeded,usingasuite
of strategiesthatareusefulin differentcircumstances.

5.4. AUTOMATIC CODE CONVERSION TO THE
CHARM++ FRAMEWORK

Oneof thechallengeswe facedwasreconcilingtheneedto useCharm++,
with our desireto make minimal changesto existing applicationcodes.This
challengewas overcomewith the developmentof an additionalrun-time li-
brary. The Adaptive MPI (AMPI) library was built on top of Charm++to
provideacompleteimplementationof theMPI library routines.TheMPI calls
in the original codeareinterceptedby this library. With thesetechniques,it
becamepossibleto port the existing MPI codes,written usingFortran90, to
our run-timeframework.

A few otherchangesto theapplicationswerestill neededwithin theappli-
cationcodes.WhentheMPI processesof theapplicationcodesareconverted
to chunks,they losethe addressspaceseparationof the original codes.This
meansthat all globally-visibledataof the original codesfor the chunksexe-
cuting on a singleprocessorwould be placedat the samememorylocations,
andinterferewith eachotherduringexecution.So,suchreferenceshadto be
eliminatedfrom the applicationcodes.This is possibleby dynamicallyallo-
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catingthemat run-time,or elseby staticallyallocatingexpandedversionsof
theglobalvariablesandindexing themby thechunknumber.

In addition,subroutinesthatpackandunpackthechunk’s privatedatawere
codedby hand.However, this processis quitemechanical,andcouldbecom-
pletedeasilyoncetheprincipleswereunderstood.ROCFLOandROCSOLID
wereconvertedwith afew daysof effort, whereasROCFACE(whichwaswrit-
ten in C++ with MPI) wasconvertedin 45 minutes. The observationsmade
during this conversion process,coupledwith the compiler expertisein our
team,ledusto realizethatthisconversionprocesscanbefully automatedwith
thehelpof acompilerthatcanperforminterproceduralanalysisandsource-to-
sourcetransformations.Work on suchanautomaticconversionprogramis in
progress.

With theseconversions,the rocket simulationprogramsarenow readyfor
adaptive automaticloadbalancing.Weexpectto testtheseabilitiesin thenear
future,whentheapplicationincorporatessuchfeaturesasadaptivemeshrefine-
ments,andalsowhenrunningon dynamicenvironmentssuchasworkstation
clusters.

6. EXPERIMENTAL RESULTS

Table1 Comparisonof MPI andAMPI versionsof ROCFLO& ROCSOLID.All timesarein
seconds.Notethatthis is scaledproblem.

Processors ROCFLO ROCSOLID
MPI AMPI MPI AMPI

1 9.0192 8.8122 18.240 17.797
8 8.0796 8.0958 18.413 18.458
16 8.1908 8.2682 18.564 18.830
32 8.3415 8.3093 19.410 18.947
64 8.5535 8.6183 19.236 19.500
128 9.4889 9.6370 19.766 20.499

Original ROCSOLID and ROCFLO performanceresultswere compared
with their implementationson our framework. Referto Table1 for theperfor-
manceresults.ExperimentswereperformedatNationalCenterfor Supercom-
puting Applications(NCSA) on an Origin2000machine(250 MHz R10000
processors).A versionof Charm++thatusesnative MPI asa communication
layerwasdeliberatelychosenin orderto measuretheoverheadthatAMPI in-
cursover MPI. Charm++canalsobe madeto usesharedmemoryarenasfor
communication,resultingin betterperformance.
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In theprocessof conversionto ourframework, theglobaldataitemsusedby
bothcodeswere“privatized”with respectto threads,so thatmultiple threads
couldco-exist on thesameprocessor. Timingson 1 processorpoint to theef-
fectsof this privatization.In ROCFLO,thisprivatizationwasdoneby extend-
ing thedimensionsof globaldataitems,wherethethreadnumberwasusedas
an index to accessthread-private data. In ROCSOLID, we encapsulatedthe
globaldataitemsin asingleuser-definedtype,which is dynamicallyallocated
by every threadat initialization. Eachdataitem wasthenaccessedwith anin-
directreference.Surprisingly, thisspeededupexecutionof bothROCFLOand
ROCSOLIDon 1 processor. Wesuspectthiseffectwasdueto coincidentalre-
arrangementof dataitems,reducingcachemisses.Thesearestill preliminary
results,andmorethoroughexperimentsarebeingperformed.

It shouldbe notedthat the communicationoverheaddueto the additional
communicationlayer of Charm++andAMPI is eclipsedby bettercachebe-
havior, andis lessthan4%evenonahighernumberof processors.Wesuspect
thattheoverheadonmoreprocessorsis becausecollectiveoperationsin AMPI
arenot tunedfor highernumberof processors.

7. SUMMARY

Existingcodeintegrationframeworkshave not attracteda large numberof
users. We believe that this is due to primarily SoftwareEngineeringissues,
suchasthe needto rewrite a codeto usea framework, the needto maintain
multiple copiesof a code,and the error-pronenatureof recodinga working
program.

We have proposeda setof codeintegrationprinciplesthat we believe will
make integrationframeworksmorewidely acceptedby theapplicationscom-
munity, becauseframeworks adheringto theseprincipleswould supportthe
plug-and-playuseof acodewithin any of them.

A preliminaryexperimenthastargetedcodesfor a Charm++load balanc-
ing framework andwe have foundthatautomatictranslationof codesfor that
framework is indeedfeasible.
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