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somepreliminaryexperimentswith anautomatidoadbalancingramewvork that
demonstrat¢he feasibility of this approach.
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1. INTRODUCTION

It hasbecomeincreasinglyclearin the large-scalesimulationcommunity
that developing efficient programsfor complex simulationson large parallel
computerss alaboriousanddifficult task. Therefore severalframevorkshave
beendevelopedio easégheimplementatiorof large-scaleparallel,simulations,
suchasPOOMA[3], Overture[7], SAMRAI [12], ALEGRA [6], ALICE [1],
andSIERRA[22]. Theseramevorksgenerallyblendinnovationsin computa-
tional techniqueswith innovationsin softwaretechnology;however, typically
focusingon a few techniquesandapplications.Sincetheseframeavorks sim-
plify the implementationof parallel applications,it was assumedhat these
frameavorkswould betheright platformsfor implementingthe combinedsim-
ulationsof physicalprocessesHowever, althoughthe efforts of constructing
theseframewnorks in themseles have beensuccessfulnoneof theseframe-
workshasattractedh large userbaseor beenwidely adoptedutsidetheir field
of application.A majorconcernof the applicationcommunityis the required
completecorversionof their softwareto make useof oneof theseframavorks,
which meansrewriting, loss of control over mary aspectsof their software,
andthe codesresultingdependencen the existenceof andcontinuedsupport
for theframavork. Moreover, no framavork supportshe wide variety of dis-
cretizationschemesndnumericaltechniqueshatexist, andcombiningcodes
from differentframeworksis still hard.

TheCommonComponenArchitecturg(CCA) [2] andinitiativeslike PAWS[4]
have beenstartedto addresshis problem. Most researchfocuseson either
the generalaspectof componentgCCA) or the developmentof very specific
componentssuchaslinear solvers (ESI) [8] andtheir interfaceto finite ele-
mentprogramyFEI) [10].

We aimto apply componenprinciplesatthelevel of wholeapplicationsso
thatparallelapplicationscanrun both stand-aloneandwith otherapplications
in our programmingenvironment. The changedo existing parallel programs
shouldremainminimal.

In this paper we will describeour first experimentswith this approachus-
ing the Charm++[14] parallelruntimesystemin the Centerfor Simulationof
AdvancedRoclets.

Wearebuilding anintegratedmulti-physicsRocket Codefrom severalstand-
alonepiecesjncludingacomputationafluid dynamicscode(ROCFLO),anda
structuralanalysiscode(ROCSOLID). Thesecodesaretied togetherusingan
interfacecode(ROCFACE). Jointly thesecodesareusedto simulatesolid pro-
pellantrockets. ROCFLO solvesthe equationgdescribingthe coreflow in the
inner partof the rocket. ROCFLO alsomodelsthe comhustionof the propel-
lant, at present(while a full 3D comhustioncodeis beingdeveloped). ROC-
SOLID solwes the equationsdescribingthe movement(deformation)of the
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solid propellantjiner, andcasing. ROCFACE takescareof thetransferof data
andthenecessaryconserative) interpolationof physicalvalues(temperature,
pressureand displacementbetweenthesetwo applications. Sincethe two
applicationswvereoriginally constructedndependentlyfor differentpurposes,
they containdisparateneshes.The transferof databetweerthesemeshesn-
volvesfinding a matchingbetweermdjacenelementson the two meshesand
determiningthe functionsthat needto be usedto interpolatevaluesbetween
thoseelements.

In the future, we hopeto be able to integrate additionalcodesto handle
specificsituationswithin the rocket. A 3D comhustion codemay be added
to the system. A crack propeagation codewill be usedto model cracksthat
sometime®penup within the solid propellant.Theseareimportantbecauséf
apressurizedrackreachesherocket casingthecomhustioncanburnthrough
thecasecausingherocketto explode.A codesimulatingthepathsof particles
of aluminum,releasedrom the solid propellant,which enterandburn within
the coreflow of the rocket, is being prototyped. Other capabilitiesmay be
implementedisstand-aloneodesor additionsto existing code, suchasmodels
of themechanicajointsin therocket caseturbulencewithin thecoreflow, and
theablationof therocket nozzle.

Althoughourapproaclseemdo beaneffective wayto solve highly comple
problemsseparaté¢he concernof simulationsof differentphysicalprocesses,
and presere pasteffort in developing simulationprograms,we knowv of no
groupthathaspursuedt asa systemati@pproachThatis, to our knowledge,
no programmingervironmenthasbeendeveloped,to date,thatcoupleswith
minimal changesexisting stand-aloneapplications.

Several groupshave worked on the mathematicabnd physicalaspectof
simulatingtwo interactingprocessegsuchas fluid-structureinteraction) by
simulatingeachpartseparatelyandsolving the combinedproblemby forcing
consistensolutionson theinterfaces.This is referredto asa partitionedsolu-
tion procedurd9]. However, this hasonly beendonefor specificandspecial
problems,andthe main resultsare specific,detailedschemedor thoseprob-
lems. Probablytheseschemeganbe extendedto otherproblems andthis has
beenpointedout [19]. However, againit seemsa generalprogrammingervi-
ronmenthatsupportombiningmultiple grid-basedpplicationsor comple
multi-physicssimulationsespeciallyinvolving highly dynamicadaptve sim-
ulations,hasnot beenstudiedor built.

1.1 THE INTEGRATION OF NUMERICAL
METHODS

The efforts in the CCA and other componentprojectsaim at exchanging
datawithoutarny semanticgmeaning)associateavith the data. Theseprojects
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addresdlexible, but raw, datatransfer The aim of thesestandardss to be
ableto carry out the exchangeof databetweeraswide a classof components
aspossibleby settingstandardgor genericmechanismsndby encouraging
componentso supportmultiple formatsfor dataexchange.

Althoughthisisimportantandshouldgreatlyenhancee-usabilityandinter
operability it is not enoughto really easethe compaositionof multiple numer
ical codesthat were not developedtogetheror with a differentusein mind.
Moreover, in orderto reachtrue plug-and-playfor numericalcomponentsas
advocatedn [2], especiallywithouttheneedto bringall specialistsogetheifor
eachextensionof the simulationcode,we needan environmentthatis aware
of theinteractionbetweemumericalmethods.

Onthe otherhand,existing componenprojectswhich do dealwith the se-
manticsof dataat the interface, suchasthe FEI (Finite Elementinterface),
arevery limited in scope(andthey do not sharea strict definition of compo-
nentswith the CCA group). They addres®nly oneimportantcoupling: finite
elementcodeswith linearsolvers.

2. A NEW TYPE OF INFRASTRUCTURE FOR
COUPLED SIMULATIONS

The emphasign this paperis on an infrastructureto facilitate the imple-
mentationof multi-physicssimulations. Addressingthe specialrequirements
of coupledapplicationssignificantlycomplicateghe implementationandwe
briefly outline the mostimportantfunctionality here. We divide the function-
ality into threemajor cateyories:

= Applicationcouplingtechnology

m  Orchestratiorof multiple independensimulationprogramswith highly
dynamicbehaior,

s ComputationaBteering(physicalmodel,mathematicamodel,andper
formance).

Withoutgoinginto greatdetail, we wouldlik e to outlineheresomeof the most
importantissuedor partitioned,coupledsimulations.

2.1 APPLICATION COUPLING TECHNOLOGY

Thecouplingof applicationsn apartitionedsimulationinvolvesfour major
issues:meshmatching,physicallyandmathematicallyconsistentnappingof
boundarydata,thecouplingof the separateolutionprocessem eachapplica-
tion, andthe coordinationof the separatéime-steppingprocedures.

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

We needto computea matchingbetweenthe meshesf interactingappli-
cations. This matchingwill indicatethe interactionbetweeninterdependent
applicationsat the level of individual elementsor cells. Togetherwith the
equationghat must be satisfiedon the boundary constraintson the mapped
values,andpossibleconditionsto be satisfied the resultsof the meshmatch-
ing will definethe mappingof variablesbetweerapplicationg18, 13,15, 19].

After identifying which partsof separataneshescorrespondwe needto
definemappingsof thosevariablesthat areneededo make the mathematical
modelin theneighborapplicationwell-defined.The physicsof theunderlying
applicationor mathematicastability constraintsmayrequirethatcertainfunc-
tions of mappedvariablefields be consered. This canberelatvely simpleas
in theconserationof asinglevariablelike masspr it canbemorecomplicated
asin theconserationof anintegral over afunctionof multiple variablessuch
aswork expresseasthe productof displacementimesforce,andmomentum
expressedas masstimes velocity [5, 9]. However, even the conseration of
a singlevariablemay not be trivial if we mapvariablesbetweenmesheghat
differ in type of discretization(finite elementversusfinite volume), element
type (tetrahedrals hexahedral) finite elementbasisfunctions,or if meshes
vary widely in spatialresolution(notethattheremaybeaccurag constraints).
In addition,somevariablesmayhave specificconstraintsFor example,amass
valuewould berequiredto be non-ngative.

In the partitionedapproachwe run eachapplicationseparatelyandthey in-
teractthroughtheir boundaries.If we requireat each(major) time stepthat
valueson a sharedboundarybe consistenamongapplicationsthenwe call
suchan approactstronglycoupled[9]. In this casewe have to decideon the
tolerancesn the corvergenceacrossapplications. If we do not requirethis
consisteng we call theapproacHooselycoupled20]. We ervision usingboth
approachesThesechoiceshave aninfluenceon the overall solutionaccurag
andefficiengy. A potentialproblemthatarisesin the stronglycoupledproce-
dureis divergenceor stagnatiornf corvergenceacrossmultiple applications.
Eventhoughin eachstepall applicationscorvemge, their sharedepresentation
of the (fields of) variableson oneor moreboundariesnaynot.

The issuesinvolved in settingtime stepsare closely linked with orches-
tration, but thereare alsoindependenissues.We needa sequencef global
(maximum)time stepsat which eachapplicationmustdeliver a solution. In
thecaseof astronglycoupledapproachye requireconsisteng attheseglobal
time steps.Within thelimits of aglobaltime step,eachapplicationcanchoose
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its own time steps.The globaltime stepswill generallybe determinedoy ac-
curag constraintsthetime-scaleof relevant physicalphenomenagr a global
CFL-like condition.

2.2. ORCHESTRATION

Theorchestratiorof a collectionof applicationdefinesat a high level how
the varioussimulationsinteract,how eachdoesits time integration,and how
thesedifferenttime integration schemesre combined. Furthermore several
problemscanarisewhile runningsuchamulti-applicationsimulationin a par
titioned approach.Corvergenceproblemsmay occur in a singleapplication
or acrossmultiple applications.Moreover, the environmentmay have to dy-
namicallystartadditionalapplicationssuchasturbulencein a Computational
Fluid Dynamics(CFD) application,or crack propagationin a structuralap-
plication, and dynamically swap applicationsif requiredby the simulation.
The programmingervironmentmustorchestratéighly dynamicinteractions
of parallelpartitionsof applicationshasedn assumptionsf applicationsre-
quirementon boundaryexchangesandcornvergenceacrossapplications.

2.3. STEERING

Sincesimulationgnayrunfor long periodsof time onparallelsupercomput-
ers,we mustbeableto interactintelligently with thesesimulationsandmaybe
spin-of additionalsimulationsderived from intermediateresultsof the main
simulation. It may alsobe necessaryo adjustload balancingandparalleliza-
tion schemegperiodically to optimize the performancenhile the application
is runningor to adjusttheseschemedo changesn the computationakervi-
ronment. Therefore,our programmingervironmentneedsto include steer
ing, both from a mathematical/physicgdoint of view andfrom a computa-
tional/performanceoint of view [16, 21]. Giventhattheseprogramsawill run
for very long times, it is unlikely thatthe resultswill be continuouslymoni-
tored.Hencewe ervisiontheuseof smart,event-drivencheckpointing. Based
on adescriptionof therelevantstatesof the simulatedprocessesyr of therel-
evantdynamicbehaior, the programmingervironmentshouldbe ableto save
the necessarglatawhentriggeredby the appropriatecondition. The check-
pointeddatacouldbe usedlaterto run the simulationwith higherprecisionor
with moreappropriatenodels.

Conceptuallya controlchannelould be keptopenbetweerthe codes fa-
cilitating orchestratiorand steering. This channelwould allow a codeto re-
questservicesrom, andreportconditionsto, the frameavork andothercodes.
This controlchannelwould allow theframework to “call” theindividual codes
at the appropriatdimes, initiate datatransfers startcodesin responsedo dy-
namicevents,andhandleexceptionalsituations.
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3. AUTOMATIC TRANSLATION INTO A
FRAMEWORK

The simulationcodesshouldbe independentgachcapableof running by
itself, but alsoableto cooperatavith otherswhenusedwithin the framework.
To avoid re-writing a codeto fit into the framewvork, we proposethe useof
automatiadoolswhich coulddo the translatiorrequiredto allow the codeto fit
into the framework.

The translationof a given codewould be guidedby a Code Description
(CD). The CD would essentiallybe an interface specificationfor the code,
giving all theinformationnecessaryo

m |ocatedatawithin the codewhich would be availablefor othercodes,
m drive the corversionof datafrom onecodeto another

= definetheconditionsplacedon datapassedo the codefrom the outside,
and

m describespecialfunctionality of the codewhich might be usedunder
exceptionalconditions.

An Orchestratiobescription(OD) would beusedto describehow thevarious
componenttodesshouldinteract. It would describewhich modulesshould
exchangedata,how to corvert the datafrom onecomponento the other(in-
cluding the matchingof meshpoints[13]), conditionsunderwhich certain
modulesshouldbe invoked, a system-widecoordinatesystemfor the various
meshesandary system-wideconstraintor informationwhich spanscompo-
nents.Triggerconditionscouldbe spelledoutin this specificatiorwhich shav
how unusualsituationsshouldbe handledwhenit is necessaryo switchto a
differentsimulationcode,andwhencheck-pointingshouldoccur

TheCD andthe OD couldtake theform of asetof annotationsinterspersed
with the statement®f the simulationcodeitself, suchasthe structuredcom-
mentsof OpenMP[17]. It could alsotake the form of a separatalescription
file, writtenin somelanguagesuchasPython[23]. The structuredcomment
approachhasthe advantagethat a direct correspondenceould be dravn be-
tweenthe descriptionandthe codeitself. The separat@escriptionfile hasthe
advantagethatit pulls all the piecesof thedescriptiontogetherin oneplace.

The CD would guide the placemenbf dataports[2] within a given code,
allowing the codeto communicatethe valuesof certainvariableswith other
codesandthe Frameavork. The Framevork would employ interpolationfunc-
tions appropriateto the quantitiesand numericalmethodsdescribedn each
codes CD.

The OD would guide the automaticcreationof a “driver” routine for the
simulation,calling theindividual componentsn the properorderandwith the
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properparameters.The driver routinewould containthe propercorvemgence
criteria,andtestsfor thetrigger conditions,asspecifiedn the OD.

A well-known guiding principle from Software Engineerings to automate
thoseprogrammingasksthat canbe bestdoneby the computerwhile giving
humanprogrammershe toolsto carry out tasksbestdoneby them. The CDs
and the OD for a simulationsystemwould give the programmera human-
friendly way of describingthe complex codesto be combined,and how to
combinethem.

Theframavork would employ compilertechnologyto analyzeeachcompo-
nentcode,the CDs andthe OD. It would thencarry out the tedioustransfor
mationto automaticallygenerateéhe combinedcode.

4. PRINCIPLES OF APPLICATION INTEGRATION

To guide the implementationof our model of applicationintegration, we
stateasetof generaprinciples.A frameavork whichadhereso theseprinciples
shouldbeableto couplemultiple stand-alon@pplicationcodessuccessfully
Cooperative Interoperability Principle: “Different stand-aloneapplication
modulesshouldcoeist as a part of a single simulation? The codesshould
executeconcurrentlyand exchangethe resultsof their computationsvithout
humanintervention. The framavork would notimposeits own restrictionson
the parallelizationor memoryusageof the codes. It shouldacceptwhatever
codeoptimizationsareusedby eachcode.

Minimal Source Change Principle: “Thechangesrequired of a stand-alone
simulationcodefor usewithin a frameavork shouldoeminimal.’ Thisprinciple
addressethe software engineeringssuesof usingan integrationframework.
Theideais thatthereshouldbe only a singleversionof a code. Thatcodeis
thencorvertedautomaticallyfor usein theframavork. Developmenimaythen
continueon the single version,which is corvertedfor usein the framework
wheneer necessatyThis lessenghe errorpronework neededor corverting
the codeby hand, allows the programmerto maintaina single versionof a
code.andallows the codeauthorto retainownershipof the code.

Correct Data Exchange Principle: “The framavork shouldexchang data
betweercodesn a mesh-numerics-and physics-awas fashion.” This prin-
ciple addresseshe easeof converting databetweencodes. The framevork
shouldcontainfacilitiesfor mesh-cell-matchingnddataconversion,relieving
the programmeirom the effort of programminghesethings. The framavork
shouldhave a setof physically-correcthumerically stableconversiontech-
niquesalreadydeplg/ed.

Dynamic Adaptation Principle” Theframeavork shoulddynamicallyrespond
to exceptionalsituationswithin the simulation? This principle addressethe
ability of thesimulationsystento adjustthe operatiorof theoverallsimulation
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in averyfine-grainedvay, in responsdo dynamicsituations.If theconditions
within the simulationgo beyondthe boundsof a given codein onepartof the
mesh,a differentcodemay have to be startedto take over the simulationfrom

thatcode for thatpartof themesh.

S. PROOF OF CONCEPT WITH A LOAD
BALANCING FRAMEWORK

The classof framewvorks describedthusfar in this paperis broad. Many
frameaworks could be built, basedon the principlesoutlinedin Section4. In
ourown project,we have proceedednh measuredtepsowardthegeneralgoal
of anintegrationframework for simulationcodes We arebuilding ontheexpe-
rienceof integratingourrocket simulationcodeby hand.The Roclket Codede-
velopergPrasadilavilli, DennisParsonsAli Namaziard,andJim Jiao)man-
ually integratedthe two simulationcomponentROCFLO and ROCSOLID)
with aninterfacecode(ROCFACE).

However, the taskof building a generalmulti-simulationcodeintegration
framawork from scratchis a dauntingone,sowe have decidedto do a proof-
of-conceptwith a lessambitioustask- implementinga framework for doing
load-balancingor our hand-intgratedRocket Code. The basisof the load-
balancingsystems the Charm++systemdevelopedby Kale, et al.

Toward that end, we first choseto implementthe hand-intgrated rocket
simulationcodeon top of the Charm++system.We choseto useCharm++as
a substratdor our integrationframewvork becausef its supportfor automatic
interleaving of multiple componentsandbecause®f its dynamicload balanc-
ing abilities. We developeda methodologyfor corverting this codeto the
Charm++systemthatwe believe is automatablesothata compilerbasedool
couldbebuilt for automaticallycorvertinga codefor usewith Charm++.This
automatiorof the corversionprocesswill satisfythe Minimal SourceChange
Principle.

In thefollowing sectionswe will briefly describehe Charm++systemand
how we choseto useit with our Rocket Code.

5.1. THE CHARM++ SYSTEM

Charm++is an explicitly parallel object-orientedsystem. Charm++pro-
gramsaretypically written using C++, andusea small interface description
languagealongwith the Charm++runtimesupportsystem(RTS).

The basicentity in Charm++programss a data-drven object. A compu-
tation comprisesmary suchobjects(or indexed collectionsof suchobjects),
which aremappedo processorsinderthe controlof the Charm++RTS. Such
objectshave a global, system-widdD, andcancommunicatevith eachother
via asynchronousnethodinvocationsusingtheselDs. As the IDs remainthe
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same,even whenthe RTS migratesobjectsfrom processoito processqrthe
application-writercan write their code without concerningthemseles with
loadbalancing(i.e. they write thecodefor oneobjectto communicatavith the
otherwithout concerninghemseleswith wheretheseobjectslive).

Thecoreof theCharm++RTS consistof amessage-drenschedulerMes-
sagesn Charm++representomputationgo be performed(methodgo bein-
voked on data-dnven objects). The schedulerepeatedlychooseanessages
from a processcwide pool and executesmethodsdenotedby them. Thus,
messageslirectedat different objects(possibly belongingto different mod-
ules)areinterleaved allowing concurreng acrosdifferentcomponent®nthe
sameprocessor

The data-drven objectsprovide a natural“grain” of executionto be moni-
toredfor possibledoadimbalance.The Charm++RTS incorporates loadbal-
ancingsupportmodule,which keepstrack of executiontimesfor eachobject,
andcommunicatiorpatternsamongobjects.Thesestatisticsarethenprovided
to a“plug-in” loadbalancingstratgy modulethatdecidesvhetherandhow to
remaptheseobjectsamongprocessorgpo getbetterload balance.

5.2 OUR APPROACH TO USING CHARM ++

ThecomponentodesROCFLOandROCSOLID,werebothwrittenin For-
tran 90, usingMPI to implementparallelismandmessag@assingMPI forces
the userto identify processorsvith integersrepresentinghe processonum-
bers. With MPI, the numberof MPI processess equalto the numberof pro-
cessors. To connectthe MPI codewith Charm++,we choseto replacethe
MPI runtimelibrary with a library implementedon top of Charm++. In this
form, theintegersin the sourcecodeno longerrepresenprocessonumbers,
but insteadindicatechunknumbers.

A chunkin this contet refersto the combinationof a threadof execution
andits data. In the contet of an MPI program,a chunkis similar to an MPI
processhut without the separatiorof addresspaceghatis normally present
with MPI processes.

By doingthis, we decouplethe applicationcodefrom a specificnumberof
processorsand decouplea specificchunk from a specificprocessor Then,
Charm++is free to allocatemore chunksthan processorsand move chunks
aroundfrom processoto processqrif load-balancings required.

5.3. LOAD BALANCING METHODOLOGY

The approachthat we are exploring for the load balancingframework in-
volvesmulti-partition decompositionsComputationsn eachindividual mod-
ule are partitionedinto a large numberof chunks,suchthat thereare mary
more chunksthan processors.The codeand datafor simulatingeachchunk
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is encapsulatedvithin a data-drven object. The programis written in sucha
way thatthe objectssendmessageto otherobjects, ratherthansendingmes-
sagedo processorsAs processorsrenot partof the programmes ontology
the systenis freeto move or migrateobjectsamongprocessorghuseffecting
loadbalancingwhenneeded.

As multiple chunks,possiblybelongingto different modules(or applica-
tions) are mappedto eachprocessqrtheir executionmustbe interleared by
the runtime system. Data-drven interleaving, which dependsn a scheduler
to schedulecomputationsof individual chunks,dependingon the availabil-
ity of their data(messages)accomplishesuchinterlearing efficiently. As
the chunksare migratedfrom processoto processqrtheir messagemustbe
correctly forwarded. Both of thesefeaturesare effectively supportecby the
Charm++system.

For accomplishingoad balancing,Charm++incorporatesa sophisticated
load balancingsubsystem.The particularstratgy we useexploits the “prin-
ciple of persistence”ithe fact thatin mostscientificcomputationsthe com-
putationalloadsof the chunks,andtheir communicatiorpatterns,are highly
correlatedwith their valuesin theimmediatepast. This is true evenfor com-
putationsthatrequireabruptadaptve refinementssincesuchrefinementsare
relatively infrequent.Theloadbalancingramework carriesout measurements
of thesecharacteristicsandthenbalancesheloadwhenneededusinga suite
of stratgiesthatareusefulin differentcircumstances.

5.4. AUTOMATIC CODE CONVERSION TO THE
CHARM++ FRAMEWORK

Oneof the challengesve facedwasreconcilingthe needto useCharm++,
with our desireto make minimal changego existing applicationcodes. This
challengewas overcomewith the developmentof an additionalrun-time li-
brary The Adaptve MPI (AMPI) library was built on top of Charm++to
provide acomplete@mplementatiorof the MPI library routines.The MPI calls
in the original codeareinterceptedby this library. With thesetechniquesit
becamepossibleto port the existing MPI codes,written using Fortran90, to
our run-timeframeawork.

A few otherchangego the applicationswerestill neededwithin the appli-
cationcodes.Whenthe MPI processesf the applicationcodesarecorverted
to chunks,they losethe addresspaceseparatiorof the original codes. This
meansthat all globally-visible dataof the original codesfor the chunksexe-
cuting on a single processomwould be placedat the samememorylocations,
andinterferewith eachotherduring execution. So, suchreferencesadto be
eliminatedfrom the applicationcodes. This is possibleby dynamicallyallo-
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catingthemat run-time, or elseby statically allocatingexpandedversionsof
theglobalvariablesandindexing themby the chunknumber

In addition,subroutineshatpackandunpackthe chunks privatedatawere
codedby hand.However, this processds quite mechanicalandcould becom-
pletedeasilyoncethe principleswereunderstoodROCFLO andROCSOLID
werecorvertedwith afew daysof effort, whereadROCFACE (which waswrit-
tenin C++ with MPI) wasconvertedin 45 minutes. The obserationsmade
during this corversion process,coupledwith the compiler expertisein our
team,led usto realizethatthis conversionprocessanbefully automatedvith
thehelpof acompilerthatcanperforminterprocedurahnalysisandsource-to-
sourcetransformationsWork on suchan automaticconversionprogramis in
progress.

With thesecorversions,the rocket simulationprogramsare now readyfor
adaptve automatidoadbalancing We expectto testtheseabilitiesin thenear
future,whentheapplicationncorporatesuchfeaturesasadaptve mestrefine-
ments,andalsowhenrunningon dynamicernvironmentssuchaswaorkstation
clusters.

6. EXPERIMENTAL RESULTS

Tablel Comparisorof MPI andAMPI versionsof ROCFLO& ROCSOLID.All timesarein
secondsNotethatthisis scaledproblem.

Processos 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 theirimplementation®n our framewnork. Referto Tablel for the perfor
manceresults.Experimentavereperformedat NationalCenterfor Supercom-
puting Applications (NCSA) on an Origin2000machine(250 MHz R10000
processors)A versionof Charm++that usesnative MPI asa communication
layerwasdeliberatelychosenin orderto measurahe overheadhat AMPI in-
cursover MPIl. Charm++canalsobe madeto usesharednemoryarenador
communicationresultingin betterperformance.
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In theproces®f corversionto our frameawork, theglobaldataitemsusedby
both codeswere“privatized” with respecto threads sothat multiple threads
could co-exist on the sameprocessarTimingson 1 processopointto the ef-
fectsof this privatization.In ROCFLO, this privatizationwasdoneby extend-
ing thedimensionof globaldataitems,wherethethreadnumberwasusedas
anindex to accesghread-pnvate data. In ROCSOLID, we encapsulatethe
globaldataitemsin a singleuserdefinedtype,whichis dynamicallyallocated
by every threadat initialization. Eachdataitem wasthenaccessewith anin-
directreference Surprisingly this speededip executionof bothROCFLOand
ROCSOLIDon 1 processorWe suspecthis effect wasdueto coincidentake-
arrangemenbf dataitems,reducingcachemisses.Thesearestill preliminary
results,andmorethoroughexperimentsarebeingperformed.

It shouldbe notedthatthe communicationoverheaddueto the additional
communicationayer of Charm++and AMPI is eclipsedby bettercachebe-
havior, andis lessthan4% evenon a highernumberof processorsWe suspect
thattheoverheadn moreprocessors becauseollective operationsn AMPI
arenottunedfor highernumberof processors.

1. SUMMARY

Existing codeintegrationframeavorks have not attracteda large numberof
users. We believe that this is dueto primarily Software Engineeringissues,
suchasthe needto rewrite a codeto usea framawork, the needto maintain
multiple copiesof a code,andthe errorpronenatureof recodinga working
program.

We have proposedh setof codeintegration principlesthat we believe will
make integrationframevorks morewidely acceptedy the applicationscom-
munity, becausdrameavorks adheringto theseprincipleswould supportthe
plug-and-playuseof a codewithin arny of them.

A preliminary experimenthastargetedcodesfor a Charm++load balanc-
ing framevork andwe have foundthat automatictranslationof codesfor that
framawork is indeedfeasible.
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