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Abstract

High-performancaimulationdn computationascienceofteninvolvethecombinedsoft-
warecontributionsof multidisciplinaryteamsof scientistsengineersmathematiciangnd
computerscientistsOnegoalof component-basesbftwareengineeringn large-scalesci-
entific simulationsis to help managesuchcompleity by enablingbetterinteroperability
amongcodesdevelopedby differentgroups.This paperdiscussesecentwork on build-
ing componentnterfacesandimplementationsn parallelnumericaltoolkits for meshma-
nipulations,discretizationinear algebra,and optimization.We considersereral motivat-
ing applicationdgnvolving partial differentialequationsandunconstraineaninimizationto
demonstrat¢his approachandevaluateperformance.
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1 Intr oduction

Computationakcientisthave benefitedrom the encapsulationf expertisein nu-
merical libraries for mary years.However, the compleity and scaleof today’s
high-fidelity, multidisciplinaryscientificsimulationsmply thatdevelopmentwork
mustbe leveragedover mary individual projects becausevriting andmaintaining
a large customapplicationusually exceedthe resourcef a single group. These
issuescoupledwith the multilevel memoryhierarchiesof distributed-memoryar-
chitecturescreateaver morechallengingdemandsor high-performancaumerical
softwaretoolsthat areflexible, extensible,andinteroperablevith complementary
researclandindustrytechnologies.

The CommonComponentArchitecture (CCA) Forum [1,2], which includesre-
searchersn variousU.S. Departmentof Enegy (DOE) laboratoriesand collab-
oratingacademianstitutions,is developinga componentrchitecturespecification
to addresghe uniquechallengesof high-performancescientific computing,with
emphasi®n scalableparallelcomputationghatusepossiblydistributedresources.
In additionto developingthis specificationa referenceramework, variouscom-
ponentsand supplementarynfrastructure the CCA Forum is collaboratingwith
practitionersin the high-performanceeomputingcommunityto designsuitesof
domain-specifi@bstractomponentnterfacespecifications.

This paperdiscussesomeinitial experiencesn developing CCA-compliantnu-
mericalcomponeninterfacesandimplementationssee[1] for anintroductionto
the CCA approachand|[3] for a discussiorof relatedissuesjncludingthe design
of a CCA-compliantframework. In this paper we focus on interfacesat moder

ategranularities(for example,a linear solve or gradientevaluation)with support
for multiple underlyingcomponenimplementationgfor example,variousmesh
managemertechniquesndalgebraicsolvers).In particular we explorehow well-

definedinterfacesin partial differential equation(PDE) solver and optimization
componentdacilitate the use of external linear solver componentghat employ
the EquationSolver Interface[4], underdevelopmentby a multi-institution work-
ing group.We alsoexplore the useof abstractapplicationprograminterfacesfor

meshmanagemeninderdevelopmenby the Terascal&imulationToolsandTech-
nologiescenter[5]. In addition,we discussexperiencesn adaptingpartsof exist-
ing paralleltoolkits to function as CCA-compliantcomponentshat supportthese
community-definecbstracinterfacedor linearsolversandmeshmanagement.

Theremainderof this papermotivatesour approactto parallelnumericalcompo-
nentdevelopmentand explains our designstratgy. Section2 introducesseveral
motivating applicationsinvolving partial differentialequationsand unconstrained
minimization, while Section3 discussesecentwork in numericallibraries and
community-definedbstracinterfaces Sectiond presentdackgroundaboutcom-
ponenttechnologiedor scientificcomputing,including the approachunderdevel-



opmentby the CCA Forum. In Section5, we presentewnly developednumerical
componentsor meshmanagementliscretizationlinearalgebraandoptimization,
andin Section6 we evaluatecomponenteuseandperformancen severalapplica-
tions. Section7 discusse®bsenationsanddirectionsfor futurework. Throughout
the paperwe adheregto somesimplecorventionsfor differentiatingbetweennter-

facesandimplementationsabstracinterfacesareitalicized, while componentsnd
otherconcretamplementationsisea fixed-width font .

2 Motivating Simulations

The compleity of large-scalescientific simulationsoften necessitatethe com-
bined use of multiple softwarepackagesievelopedby differentgroups.For ex-
ample,several multidisciplinaryprojectsthat motivatethis work involve computa-
tional astrophysicg$6], chemistry[7,8], andfusion[9]; eachhaschallengingres-
olution and complity requirementghat demandmassvely parallel computing
resourcesnda rangeof sophisticatedoftware.As illustratedby Figure 1, typi-
cal present-dayapplicationdike theseinvolve areassuchasdiscretization parti-
tioning, load balancing,adaptve meshmanipulations scalablealgebraicsolvers,
optimization,paralleldataredistrikution, parallelinput/output,performancediag-
nostics,computationakteeringandvisualization.Moreover, the stateof theartin
eachof theseareads constantlyevolving, necessitatingrequentsoftwareupdates
duringthelifetime of a givenapplication.
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Fig. 1. Diagramof computationaphasesén typical multidisciplinaryscientificapplications.

Thispaperfocuseonnewly developedprototypehigh-performancaumericakcom-
ponentdor discretizationmeshmanagementinear algebraandoptimization.To
assistin explaining the componentsdesignandin evaluatingtheir performance,



we considerthree motivating applications:a steady-staté’DE, a time-dependent
PDE, and an unconstrainedninimization problem.We have deliberatelychosen
theseexamplesto berelatively simpleandthereforestraightforwardo explain, yet
they incorporatenumericalkernelsand phasesf solutionthat commonlyarisein
themorecomplicatedscientificsimulationsthatmotivateour work.

Steady-StatePDE Application. The first exampleis a simple applicationthat
shavs the useof meshdiscretizationandlinear solver componentso solve
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with ¢(0,y) = 0, ¢(1,y) = sin(2ry), and%(:c,()) = %(m, 1) = 0. We employed
a linear finite elementdiscretizationand an unstructuredriangularmeshgener

atedusingthe Trianglepackagd10]. This examplehascharacteristicsf thelarge,
sparsejinear systemsthat are at the heartof mary scientific simulations,yet it

is sufficiently compactto enablethe demonstratiorof CCA conceptsandcodein

Section4.2.

Time-DependentPDE Application. Thesecond®DEwe solweis theheatequation
givenby

g_(tp = V2¢($7y7t)7 T € [071]7 ye [071]7
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Theinitial conditionis ¢(z, y, 0) = sin(37z) sin(2ry). As discusseth Section6.1,
this applicationdemonstratethe reuseof mesh,discretizationandlinear algebra
componentemployedby the steady-stat€® DE example,andit introducesheuse

of atime integrationcomponent.

Unconstrained Minimization Application. We also consideran unconstrained
minimizationexampletakenfrom the MINPACK-2 testsuite[11]. Givenarectan-
gulartwo-dimensionatlomainandboundaryaluesalongtheedgesf thedomain,
the objectie is to find the surfacewith minimal areathat satisfiesthe boundary
conditions,thatis, to computemin f(z), where f : R* — R. This example,
which is analogousn form to several computationachemistryapplicationg7,8]
that motivate this work, reusesthe linear algebracomponentemployedfor the
PDE examplesandintroducesa componenfor unconstrainedninimization.

3 Parallel Numerical Libraries and Common Interface Efforts

As the compleity of computationalscienceapplicationshasincreasedthe use
of object-orientedsoftwaremethodsor the developmentof both applicationsand



numericaltoolkits hasalsoincreasedThe migrationtoward this approachcanbe
attributedin partto the encapsulatiorand reusability provided by well-designed
objectsandobjecttoolkits. Object-orientedoftwaremethodsnabledeveloperso
focuson a small part of a complex system ratherthanattemptingto develop and
maintaina monolithic application.Furthermoreyeusejustifies expendingsignifi-
canteffort onthedevelopmenbf highly optimizedobjecttoolkitsencapsulatingx-
pertknowledge,suchasDiffpack[12], Overture[13], ParPre[14], SAMRAI [15],
andPETS([16,17].

As previously discussedthe applicationsof interestwithin high-performanceci-
entific computingoften requirethe combineduseof softwaretools that encapsu-
late the expertiseof multidisciplinaryresearcheams.Current-generationoftware
toolshave demonstratedoodsucces# directpairwisecoupling,wherebyonetool
directly calls anotherby using well-definedinterfacesthat are known at compile
time. Our earlierwork on building two-way interfacesbetweenSUMAAS3d [18]
and PETSc(discussedn [19]), betweenOverture[13] and PETSc(discussedn
[20]), andbetweerPVODE [21] andPETSc(discussedn [22]), shavedthatinter-
facingtwo sophisticatechumericalkoftwaretoolstypically requiresanin-depthun-
derstandingf eachtool’sinterfaceandimplementationThus,developingthesein-
terfacess oftenalaborintensve anderrorpronecodemodificationprocessyhich
severely inhibits the experimentatiorwith tools providing alternatve technologies
for similar functionality. For example,in Figure2 we shav the currentsituationin
which n x m individual interfacesare neededo experimentwith differentcom-
binationsof meshmanagemeninfrastructuressuchas Distributed Arrays [17],
Overture[13], PAOMD [23], andSUMAA3d [18], andalgebraicsolversin pack-
agessuchaslISIS++[24], PETSc[17], andTrilinos [25].
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Fig. 2. Thecurrentinterfacesituationconnectingnary datamanagemergystemso mary
linearsystemsolversthroughm x n interfaces.

Commoninterfacesenableusersto leverageexpertiseencapsulatedvithin vari-
ousunderlyingimplementationsvithout needingo committo aparticularsolution
stratgy andto risk making prematurechoicesof datastructuresandalgorithms.
Usingcommonabstracinterfacesn numericaltool designprovidestheflexibility
for applicationprogrammerdo uselibrary-provided functionality from a number
of differenttoolsfrom the beginningof anapplications developmentThus,imple-
mentationdecisionsdo not have to be madea priori, beforeexperimentatiorwith
realistically sized problemscan determinea codes most seriousbottlenecks.To



enablethis flexibility , variouscommunitiesarebeginningto defineandimplement
domain-specificuitesof commoninterfaces Oncesuchinterfaceshave beende-
fined,applicationscientistanayemploythemin theircodesandtheneasilyexplore
theuseof ary complianttoolkit. This approachsignificantlyreduceghe interface
developmenteffort neededo experimentwith a numberof softwaretools, asis
illustratedin Figure 3. In this scenariothe meshmanagemeninfrastructuresand
linear solvers would eachwrite to abstractinterfacesdefinedby their respectre
communities. Theseinterfacesthen sene asthe point of entry to mary different
underlyingimplementationgor tool-to-toolandtool-to-applicationinteractions.
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Fig. 3. Thedesirednterfacesituation,in which mary toolsthatprovide similar functional-
ity arecompliantwith asingleinterface.

We notethatinterfacedefinition efforts arecomplex andtime-consumingendea-
ors. They arecomplicatedoy the needto provide arich setof functionalitieswhile
preservinghecommonalityof theinterfacesandby maintaininghigh performance
and efficiengy. They are further complicatedby the needto supporta variety of
scientificprogramminganguagesCurrentresearchn creatingcommoninterface
specificationdor numericaltools includesefforts in the algebraicsolver commu-
nity through the Equation Solver Interface (ESI) working group and the mesh
managemertommunitythroughthe TerascaléSimulationToolsandTechnologies
(TSTT) SciDAC center

3.1 TheEquation Solver Interface

One of the most computationallyintensive phasesn semi-implicit and implicit

numericalstratgiesthatarisein mary scientificapplicationss the solutionof dis-
cretizedlinear systemsf theform = = , which often arevery large andhave
sparsecoeficient matrices, . PreconditioneKrylov methodshave beenproven
effective for the parallel solutionof suchproblems,althoughthe performanceof

particularalgorithmsvariesconsiderablydependingon the underlyingphysicsbe-
ing modeled.Application scientistscould benefitfrom the ability to experiment
moreeasilywith thevarietyof preconditionerandKrylov methodgrovidedin dif-

ferentparallellinearsolver librarieswithout having to performthe laborintensve
taskof manuallywriting a differentinterfacefrom applicationcodeto eachlinear
algebraoolkit. Suchflexibility would enableapplicationgo incorporatenew algo-



rithmswith betterlateny toleranceor moreefficient cacheutilization astheseare
discoreredandencapsulatedithin toolkits.

The EquationSolver InterfaceForum [4] is oneeffort thatis addressingheseis-
suesotherrelatedwork includes[26]. The ESIworking group,which wasformed
in 1997by researchens variousDOE laboratoriesgontinuego hold regularmeet-
ingsandwelcomesparticipationfrom the scientificcommunity The ESI specifica-
tion definesabstracinterfacedor themanipulationof variousobjectsthatarecom-
monly usedin the scalablesolutionof linear systemsFor example,the Operator
interfaceis designedo supportmatrices preconditionersandsolversby viewing
themaslinearoperatorsThe Operator interfacedefinesghesetup methodfor ini-
tializing the operatorandthe apply methodfor applyingthe operatorto an ESI
\ector and storing the resultin anotherESI \Vector. The baseESI classObject,
from which all otherinterfacesaresubclassed;ontainsmechanismsor reference
countingandfor specifyingsupportednterfaces.

3.2 TheTSIT Mesh Interface

Justasmary differentalgebraicsolvers provide similar functionality, mary tools
are available that generatea variety of meshtypes, ranging from unstructured
meshego overlappingstructuredmeshesandhybrid meshegfor anextensve list,
seeRobertSchneiders Web page[27]). Approximationtechniquesisedon these
meshesdnclude finite difference finite volume, finite element(e.qg., [28]), spec-
tral element(e.g.,[29]), and discontinuousGalerkin methods(e.g.,[30]). Vari-
ous combinationsof thesemeshand approximationtypesmay be usedto solve
PDE-basegroblems.The fundamentatonceptsarethe samefor all approaches:
somediscreterepresentationf thegeometry(the mesh)is usedto approximatehe
physicaldomain,and somediscretizationprocedurds usedto represenapproxi-
matesolutionsanddifferentialoperatoron the mesh.In addition,the conceptsof
adapte meshrefinementfor local resolutionenhancementjme-varying meshes
to represenimoving geometry datatransferbetweendifferentmeshesand par
allel decompositiorof the meshfor computationon advancedcomputersare the
sameregardlesof theirimplementationin eachcasethesoftwaretools providing
theseadwancedcapabilitiesare becomingincreasinglyacceptedoy the scientific
community but their applicationinterfacesare not compatible Commoninterface
specificationfor thesetools would enablesignificantly more experimentationby
applicationscientiststo determinewhich discretizationstratgy mostaccurately
andefficiently captureghe physicalphenomenowof interest.

To facilitate the developmentof suchinterfacesthe Departmentof Enegy has
recentlyfundedthe TerascaleSimulation Tools and Technologiescenter which
bringstogetherresearcherfrom eightinstitutionswith expertisein meshingand
discretizationtechnologieg5]. The penading themeof the TSTT centeris the



developmentf interoperableandinterchangeablmeshinganddiscretizatiorsoft-
ware. Currentemphasigs on creatingcommoninterfacesfor querying existing
TSTT meshgeneratiortechnologieshatwill allow themto interoperatevith each
other; the objectve is to provide fundamentallyincreasedcapabilitiesin hybrid
meshgeneratiorandto allow applicationscientiststo switch easilyamongdiffer-
entmeshtypes.The queryinterfacesthat are being developedfocus on accesso
informationpertainingto low-level meshobjectssuchasvertices edgesfacesand
regions. A small setof interfacesfor accessingspatial(e.g., vertex coordinates)
andtopological (e.g.,adjaceng information)is also being developed.Particular
attentionis being paid to languageinteroperabilityand efficiency acrossdiffer-
ent scientificlanguagesmostnotably C++, C, and Fortran. Currently the TSTT
grouphasdetermineda preliminarysetof interfacedor accessingoordinateand
adjaceng informationandfor settingandretrieving userdefinedtag information
on meshentities.Discussionareunderway to determinenterfacesor meshser
vices,canonicalorderingof entities,andqueryinterfacedor distributedmeshesn
a parallelcomputingervironment.

4 High-PerformanceComponentTechnologies

Evenwith well-designedibrariesandsuitesof standardnterfacessharingobject-

orientedcodedevelopedby differentgroupss difficult becaus@®f languagencom-

patibilities,thelack of standardizatioffor interobjectcommunicationandtheneed
for compile-timecoupling of interfaces Component-basesoftwaredesigncom-

binesobject-orientediesignwith the powerful featuresof well-definedinterfaces,
programmingdanguagenteroperability anddynamiccomposability{31,32]. This

approachleadsto a softwareengineeringparadigmthat encourageshe develop-

mentof interoperablecomponentsthe reuseof componentsn novel settings,and

the dynamicconstructionof new algorithmsandapplicationsWhile component-
baseddesignwasinitially motivatedby the needsof businessapplicationdevelop-

ers,it alsooffersenormougotentialbenefitso the computationasciencecommu-
nity.

4.1 Overview of the Common Component Architecture

The mostpopularframewnorksfor component-basesloftwareengineeringname-
ly Microsoft's ComponentObject Model (COM) [33,34] and Sun’s (Enterprise)
JaraBeans(EJB) [35,36], are suitablefor some computationalscienceapplica-
tions [37]. As discussedn [1,22], however, mary large-scalescientific applica-
tions that pressthe limits of moderncomputingcapabilitiesrequirefeaturesnot
provided by theseindustry componenttechnologiesFor example,theseframe-
works were not designedto enabletight coupling of componentsxecuting on



massvely parallel machineghat may be networkedin a distributed environment
andhencedo not addressssuesof collective connectionsand paralleldataredis-
tribution amongdistributedcomponentsFurthermore someof theseframeworks
are eitherarchitecture-specifi¢e.g., COM), or language-specifi¢e.g., EJB). Fi-
nally, industrycomponentpproacheslo not supportinteroperabilitywith impor-
tant scientificlanguagesuchas Fortran 90. To addresghis need,the Common
ComponenfArchitectureForum|[1,2] is developinga componentodelspecifica-
tion that providesthe featuresrequiredby advancedcomputationakcienceappli-
cationswhile remainingcompatiblewith COM, EJB,andthe CORBA component
architecturg38,39] to the fullest extent possible.This effort builds on the experi-
enceof researctgroupswho studyhigh-performanceomponentrchitecturesnd
relateddesignissuesjncluding [40—47]. Otherrelatedwork in high-performance
scientificcomputingincludes[48-53].

The currentCCA specificationconsistsof (1) a coreportion defininganinterface
thata componentustimplementto connectto anothercomponentind(2) a col-
lectionof publicinterfacespr ports [1,54]; theseconceptaredemonstrateth an
examplein Section4.2.Portscandefinethe interactionetweerrelatively tightly
coupledparallelnumericalcomponentswhich typically requirevery fastcommu-
nicationfor scalableperformanceports canalso defineloosely coupledinterac-
tionswith possiblyremotecomponent$or monitoring,analysisandvisualization.
CCA portsemployaprovides/useparadigmwherebya componenprovidesa set
of interfaceghatothercomponentsanuse;Section5.1 presentsomeexamplesA
providesportis essentiallya setof functionsthatareexecutedoy thecomponenbn
behalfof the componens “users”. An external“builder” tool, which mayalsobe
implementecasa CCA componentgconnectghe providesportsof onecomponent
to the usesportsof another The usesportsof a componentanbe viewed asthe
connectiorpointsavailableto othercomponentaswell asthe framewnork, where
we considera CCA framework to be a softwareervironmentthatenableslynamic
instantiation coupling,andmethodinvocationon componentsThe simulationsin
this work employthe CCAFFEINE framework [3], which is further discussedn
Section4.3. In the remainderof this paper we alsorefer to portsasinterfacesor
abstracinterfacessinceportsareabstracby definition.

Anotherkey facetof the CCA approachs thedevelopmenbf aninterfacelanguage
calledSIDL (ScientificinterfaceDefinition Language)40,55],which provideslan-

guageinteroperabilityfor CCA port interfaces Sincescientificapplicationsoften

require the integration of componentswritten in a variety of programminglan-

guagessuchasFortran,C, C++, Python,andJava, supportfor languageanterop-

erability is critical. While the prototypecomponengpplicationspresentedn this

work all useportinterfaceswrittenin C++, we planto incorporateSIDL interfaces
in future versions.



4.2 CCA Components

A softwarecomponents anencapsulatedoftwareobjectthatprovidesacertainset
of functionalitiesor servicesandcanbeusedn conjunctionwith othercomponents
to build applicationsin generala componentonsistsof oneor moreabstracin-
terfacesandoneor moreimplementationsand conformsto a prescribedbehaior
within a given computationaframenork. The CCA componenspecificationde-
finesa setof rulesfor implementingcomponentandfor the behaior components
mustexhibit to coexist with othercomponentsn a CCA-compliantframework. In
particulat to be CCA-complianta C++ componentlassmust

inheritfrom the abstractComponent interface,

containa private datamemberof type Services* , which is a handleto the
Services objectprovidedby a CCA-compliantframework, and

declarea public function setServices(Se  rvi ces *cc) , which is usedby
theframework to setthe Services  handle.

To illustrate theserequirementdn more detail, we considerthe driver compo-
nent for the steady-statd®DE applicationdescribedin Section2. This compo-
nentusesmesh,discretization solver, andvisualizationcomponent&nd provides
a gov::cca::GoPort, a standardCCA port that provides an entry point to the ap-
plication, similar to a traditional main routine in Fortranor C. The classdefi-
nition file for the driver componentis shavn in Figure 4. The files cca.h and
stdPorts.h , containingthe CCA specificatiorandseveral standardgortssuchas
the GoPort, respectrely, areincluded.TheDriverCompon ent classinheritsfrom
gov::cca:: Component andgov:: cca:: GoPort andimplementgheir public methods
setServices  andgo, respectrely. In addition,the DriverComponentlasshas
a privatedatamemberof typegov::cca::Ser  vic es.

#include  <cca.h>

#include  <stdPorts.h>

class DriverComponent : public virtual gov::cca::Component,
public  virtual gov::cca::GoPort {

private:

gov::cca::Services *sSvC;

public:

DriverComponent();

virtual “DriverComponent();

virtual void setServices(gov::cca::Services *cc);

virtual int  go();

h

Fig. 4. Theclassdefinitionfile for the steady-stateriver component.

Whenthe components instantiatedthe framewvork acceptsa pointerto the com-
ponentand exclusively holdsit for the lifetime of the componentThatis, other
component®btainandreleasehe componens portsonly throughrequestsnade
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to the frameawork via the gov::cca::Se  rvic es object. This objectis passedo
thesetServices  methodwheneachcomponents createdtypical usagefor the
DriverCompone nt exampleis shavn in Figure5. For eachuses port, two of the
goviicca:Ser  vice s oObjects methodsare calledto registerthe requestwith
theframework. First,aPortinfo  objectis createdwith thecall to createPort-

Info . EachPortinfo  objectcontainsa string identifier name(e.g., mesh) and
the abstractport type (e.g., MeshPort). Oncethe Portinfo  objectis created,t
is passedo the framawork via theregisterUsesP  ort method.The framework
keepsarecordof all suchrequestdo ensurethatportsareproperlymatchedvhen
componentarecreatedandconnected.

void DriverComponent::setServices(gov::cca::Services *cc)
{

gov::cca::Port *p;

if (cc == 0) { /I Close down if not closed already

svc->unregisterUsesPort("MeshPort");
svc->releasePort("mesh");
svc->removeProvidesPort("go");
return;

}

Il register the uses and provides ports
svc->registerUsesPort(sve->createPortinfo(" mesh","MeshPo rt",0));
svc->addProvidesPort(p, svc->createPortInfo("go","gov.cca.GoPort",0));

Fig.5. ThesetServices  methodfor thesteady-statdriver component.

Althoughthey arenot shavn in Figure5, similar callsaremadefor the discretiza-
tion, solver, and visualizationports neededby the driver. For eachport that the
driver provides,in this casea GoPort, a similar protocolis used.Again, a Port-
Info objectis createdusingcreatePortinfo andpassedo theframework with
the addProvidesPor t method.If the components to be shutdown, the frame-
work passes aNULL servicebject.In thiscasehedrivercomponenunregisters
andreleasesry usesportsandremovesframenork accesso its providesports.

MeshPort *mesh_ptr;

gov::cca::Port *n = svc->getPort("mesh");
mesh_ptr = dynamic_cast<  MeshPort * >(p);

mesh_ptr->GetVertices();

svc->releasePort("mesh");

Fig. 6. Themethodseededo accessheMeshPort in thedrivercomponent.

Externalportsareaccessedhroughthe Services  objectmethodgetPort(na-
me), asillustratedin Figure6 for MeshPort. The genericport returnedfrom get-
Port is dynamicallycastto the MeshPort type andassignedo mesh_ptr for use
asillustratedwith the mesh_ptr->GetVert ices method.Whenthe portis no

11



longerneededit canbereleasedy usingthegov::icca::Serv  ice s release-
Port method.If MeshPort functionalityis neededater, it canbe reacquiredrom
thesamecomponenbr from a differentcomponenthatalsoprovidesMeshPort.

4.3 CCA Frameworks

Until recently the draft CCA specificationdid not addressSramework construc-
tion or the mechanismaisedfor instantiatingand connectingcomponentsAs a
result, several differentframeworks suitedfor differentsituationshave beenim-

plemented3,41,42]. Someoptimize the use of componentslistributed acrossa
wide-areaGrid, while otherstarget massvely parallel Single ProgramMultiple

Data (SPMD) componentsThe componentgiescribedin this paperwere tested
in the CCAFFEINEenvironment[3], which supportsSPMD-stylecomputing.

The CCAFFEINEconcepbf SPMDcomponentomputingis asimplegeneraliza-
tion of thetraditional SPMD approachin corventionalSPMD computing thereis
one programper processin the CCAFFEINEimplementatiorof SPMD compo-
nentcomputing,eachinstanceof a componentlassis createdon all the processes
on which the frameawork instanceis running. The conceptis similar to creating
objectsin an MPI environment,with the restrictionthat the objectscomply with
the CCA interfacestandardsin a single CCAFFEINE framework instantiation,
componentsare connectedn the sameprocessaddresspaceonly. This doesnot
precludeinteractionswith remotecomponentshut suchinteractionsare outsideof
theframework’s control.

Despitethe varying environmentsin which differentframewnork implementations
operate the high-level functionality provided by ary given framework is largely
thesame.The CCA Forum hasrecentlyadoptedsereral framework interfaceghat
abstractheimplementatiorof componentmanagemennechanismsvithout limit-
ing their functionality. Theseinterfacesallow a programmeto createapplications
by manipulatinga CCA-compliantframework via standardnterfacesfor compo-
nentdiscovery, instantiationconnectionanddestruction.

5 Numerical Scientific Components

In thissectiorwe describeheabstractnterfaceslevelopedwhile creatingthecom-
ponentsfor the applicationsintroducedin Section2. We alsodiscussthe compo-
nentsimplementingtheseinterfacesand briefly describethe underlyingnoncom-
ponentsoftwareusedin theimplementations.

Figure7 illustratesthe compositionof two of the applicationsusingthe graphical

12



(a) Steady-stat®DE (b) Unconstraineaninimization

Fig. 7. The componentviring diagramsfor (a) the steady-stat€® DE example,and(b) the
unconstrainedninimizationexample.

interfaceof the CCAFFEINE framewnork. The black boxesin the wiring diagram
for thesteady-state DE exampleshav themesh discretization|inearsolwver, visu-
alization,anddriver componentgseeFigure7(a)); thelinesrepresentonnections
betweenusesand provides ports, which are gold and blue, respectiely. For ex-
ample,the discretizationcomponent Mesh usesport is connectedo the mesh
componens Mesh providesport; hencethe discretizationcomponentaninvoke
the methodof the TSTTMeshQuery interfacethatthe meshcomponentasimple-
mented.The specialGoPort (hamed“go” in this application)is usedto startthe
executionof theapplication.Figure7(b) shavs thecomponentsvolvedin the so-
lution of anunconstrainedninimizationproblem.The optimizationsolver compo-
nentin this snapshohasbeenconfiguredto useaninexactNewton methodwhich
requiresthesolutionof alinearsystem.The diagramalsoincludescomponents$or
paralleldatadescriptionandredistrikution.

5.1 Component Interfaces and Implementations

Someof the community-definednterfacesdescribedin Section3, for instance,
TSTTMeshQuery, directly correspondo the CCA ports of the componenimple-
mentationf the applicationsn Section2. The ESI commoninterfacespecifica-
tion is usedin two differentways: as a mechanisnfor passingvectorsand ma-
trices betweencomponentsand as an abstractinterfacefor linear solver compo-
nents.However, not all functionality requiredfor the componenimplementations
of theseapplicationswvasavailablein the form of commonlyacceptedabstracin-
terfaces.The new interfaceq(italicized) andtheir correspondingmplementations
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(with classnamedn afixed-widthfont) arediscussedbelon.

ESFactory. TheESIspecificatiorcontainano provisionsfor objectinstantiation.
Thus,we have definedan ES Factory port, which is anabstracfactoryinterface
for instantiatingobjectsfrom anESl interfaceimplementation.
Implementation: The ESIFactory _Petra componentsupportsthe creation
of ESI-compliantindex spacesyectors,matrices,and solvers. The underlying
softwareis Trilinos (more specifically the Epetralibrary) [25]. The ESIFac-
tory _Petsc componensupportsthe creationof ESI-compliantindex spaces,
vectorsandmatricesusingPETSc[16] astheunderlyingsoftware.

Linear Solver. The LinearSolver port is derived from the ESI Solver interface.
The objective is to enablelinear solver componentdo provide extendedfunc-

tionality thatis not part of the ESI specification Currently the only additional
methodgprovidedareinitialize andfinalize

Implementation: The LinearSolver  _Trilinos ~ componeniprovidesa Lin-

ear Solver portandis basednthe AztecOOlibrary, whichis partof the Trilinos

project[25]. The LinearSolver _Petsc componentimplementations based
on the PETSclibrary [16] and specificallyusesthe ScalableLinear Equations
Solver (SLES)interfaceto variousKrylov subspaceéterative methodsand pre-

conditioners.

TSTTMeshQuery. Using the TSTT interfacesmentionedn Section3.2, we de-
velopeda meshcomponentor astatic,unstructuredriangulargrid.
Implementation: The TSTTMesh componenprovidesaccesdo nodeandele-
mentinformation (edgeandface datawill be supportedshortly) andwas suf-
ficient to implementlinear, finite-elementdiscretizationfor the diffusion PDE
operatorsntroducedn Section2.

FEMDiscretization. Thisinterfaceprovideslinear, finite-elementdiscretizations
for commonlyusedPDE operatorsandboundaryconditions.It currentlyworks
for unstructuredriangularmeshesaccessedhroughthe TSTT interfacesmen-
tionedin Section3.2. It provides the matrix and vector assemblyroutinesto
createthe linear systemsof equationsnecessaryo solve the steady-stateand
time-dependerPDE applicationgntroducedn Section2.

Implementation: Thediscretizatiorcomponenprovidesapproximationgor ad-
vection and diffusion operatorsas well as Dirichlet and Neumannboundary
conditionswith eitherexact or Gaussiamuadrature This componentusesthe
TSTTMeshQuery andLinear Solver ports.

OptimizationSolver. The OptimizationSolver port definesa prototypehigh-level
interfaceto optimizationsolvers.

Implementation: The TaoSolver componenimplementations basedon the
Toolkit for AdvancedOptimization(TAO) [56], which providesa growing num-
berof algorithmsfor constrainedndunconstrainedptimization.Thesingleab-
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stractinterfacefor the TaoSolver componenenablegsheuserto employavariety
of solutiontechniquedor the unconstraineaninimization problemintroduced
in Section2, including Newton-basedine searchand trust region stratajies,
a limited-memoryvariable metric method,and a nonlinearconjugategradient
method.

OptimizationModel. The OptimizationModel port includesmethodsthat define
the optimizationproblemandinheritsfrom the abstracfTAO ES Application in-
terface.The OptimizationModel interfaceincludesmethodsfor function, gradi-
ent,Hessianandconstraintevaluation.

Implementation: The MinsurfModel componentmplementsthe minimum
surfaceareamodel describedn Section2. Marny differentoptimization prob-
lems can be implementedby providing the OptimizationModel port, which is
thenusedby solver componentsuchasTaoSolver .

While developinga high-level CCA componentinterfaceon top of anexisting nu-
mericallibrary is relatively straightforwardthe designissuesaretypically much
morecomplex whenoneaimsto provide interoperabilitybetweencomponentsie-
velopedby differentgroups.We have found that the amountof effort neededo
developinteroperablenumericalcomponent®n top of anexisting library depends
onthedesignof theunderlyingsoftware jncludingthedegreeto which abstractions
andencapsulatiomave alreadybeenemployedin the library’s userinterfaceand
internal design.For example,a significantpart of the overall developmentof the
optimizationcomponentTaoSolver involved incorporatingcommunity-defined
abstractinterfacesfor linear algebrawithin the existing TAO library so that the
componentsmplementingthe Linear Solver interfacecould be usedto solwe linear
subproblemsrisingin the optimizationalgorithms.TAO itself, however, required
no otherchangedecausets designalreadyincorporatedabstractiongor vectors,
matrices,andlinear solvers. In contrast,if startingwith underlyingsoftwarethat
doesnot alreadyemployabstractionandencapsulationmore effort would be re-
quiredbothto build andto useinteroperableeomponents.

Other Interfaces

We mentionadditionalinterfacesandimplementationshatareusedin theseappli-
cationsandhave beendevelopedby collaboratorswithin the CCA Forum. Further
informationabouttheseanterfacesaswell asthosepresente@bore, is availableat
www.cca-forum .org /"‘cc a-s c01.

ODERCK++. Thetime integrationroutinesareprovided by the ODEFACK++
componentwhich wasdevelopedby BenAllan of SandiaNationalLaboratories
(SNL) andis basedonthe LSODE library [57] (LivermoreSolver for Ordinary
DifferentialEquations)or solving stiff andnonstif systemsf ordinarydiffer-
entialequationd ODES). The ODEFACK++ component$rovide portsfor time
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advancementputputof resultsat eachtime step,and parameterconfiguration.
The LSODE componentequiresinput in the form of functionandgradientin-
formationfor the systemof ODEsaswell asapplication-specifieveightingand
norm calculations ODEFRACK++ usesthe ESl interfacedor linearalgebraand
employsthe ES Factory.

Parallel Data Redistritution. To redistritute data betweenvarious application
andvisualizationcomponentsye employthe“MxN” paralleldataredistrilution
specificationthat is underdevelopmentby a CCA working group. This inter-
facesupportghe connectioranddatatransferbetweertwo parallelcomponents
that may be distributed acrossdifferentnumbersof processesA CUMULVS-
based47] CumulvsMxN componentevelopedby Jim Kohl of Oak Ridge Na-
tional Laboratory(ORNL) wasusedfor the“Mx1” transferof databetweenrap-
plicationandvisualizationcomponent$n our examples.

DistributedArray DescriptorsTo perform“MxN”-style paralleldataredistrilu-
tion, we needa meando describehelayoutof dataover multiple processeand
in local memory The DistArrayDescriptor and DistArrayTemplate abstractin-
terfaceswere createdfor this purposeby David Bernholdt(ORNL), as part of
activities within a CCA working groupon scientificdatacomponentsThe Dis-
tArrayDescriptor interfaceis intendedo supportthe creationof distributeddata
objectsthat are structuredike densemultidimensionaldistributedarrays.The
DistArrayTemplate interfacespecifiesmethodsfor definingandqueryingarray
distribution templatedor densemultidimensionakectangula@arrays.The Dis-
tArrayDescript ~ orFa cto ry componenfprovidesa mechanisnfor creating
objectsthatimplementtheseinterfaces.
Visualization.Theseapplicationscanemploya simpleVizFile port to print data
associatedvith the verticesof a TSTT meshin MATLAB or vtk file formats.
We canalsoemployvisualizationcomponentslevelopedby Jim Kohl of ORNL,
which usethe “MxN” anddistributedarray descriptorinterfacesandarebased
on CUMULVS [47]. Thesevisualizationcomponentgrovide a VizProxy portto
print dataassociateavith structuredandunstructureaneshesstext outputor to
directthe outputto simplevtk andAVS viewers.

5.2 Underlying Software

The parallel numericalsoftwareunderlyingthesecomponentsncludeslinear al-
gebracapabilitieswithin PETSc[16,17] and Trilinos [25], optimizationsoftware
within TAO [58,56],andmeshingechnologywithin the TSTT [5].

Onebenefitof theES Factory andLinear Solver interfacesntroducedn Section5.1

is thatwe canreadily incorporatevariousunderlyinglibrariesthat supporteSl in-

terfaceslin particular ESIFactory _Petsc andLinearSolver _Petsc usenewly
developedESI interfacesto vectors,matrices,and linear solvers within PETSc

[16,17], a suite of softwarefor the scalablesolution PDE-basedpplicationsthat
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integratesa hierarchyof coderangingfrom low-level distributed datastructures
for parallelvectorsandmatriceshroughhigh-level linear, nonlinear andtimestep-
ping solvers. Parallel linear solvers available in PETScinclude variousiterative
techniqueqincluding the RichardsonChebychg, restartedGMRES, transpose-
free QMR, conjugategradient,conjugateresidual biconjugategradient,conjugate
gradientsquaredandbiconjugategradientsquareanethodsandarangeof precon-
ditioners(including Jacobi,SOR,incompleteCholesly, incompleteLU, block Ja-
cobi,additve Schwarzandvariouscompositemulti-level, andapplication-specific
methods)Likewise,ESIFactory _Petra andLinearSolver  _Trilinos  employ
new ESI-compliantinterfacedo vectors,matricesandlinear solverswithin Trili-
nos [25], a setof parallel solver libraries for the solution of large-scale multi-
physicsscientificapplications Parallel linear solversprovided in the AztecOOli-
braryof Trilinos includevariousKrylov iterative methodsandpreconditionergin-
cluding the Jacobi,symmetricGauss-SiedelNeumannseriespolynomials,least-
squaregolynomials,andadditve Schwarzmethods).Thus,component-basealp-
plications,including all threeexamplesintroducedin Section2, canusea single
setof abstracinterfacego experimenteasilywith parallellinearsolvertechnology
provided currentlyin PETScandTrilinos; moreover, future algorithmsandtoolk-
its that supporttheseinterfaceswill alsobe accessiblavithout having to modify
application-specificomponents.

The TaoSolver componenemploysthe ESFactory andLinear Solver interfaces
andbuildsontheToolkit for AdvancedOptimization(TAO) [58,56],whichfocuses
onscalableoptimizationsoftware jncludingnonlineadeastsquaresiynconstrained
minimization,bound-constrainedptimization,andgenerahonlinearoptimization.
TAO optimizationalgorithmsusehigh-level abstraction$or matricesyectors,and
linearsolversandcanemployvariousexternalsoftwaretoolsfor thesecapabilities.
Theprimarypartsof TAO usedn thiswork areparallelunconstrainedinimization
solvers,including new supportfor ESlinterfaces.

6 Results

We first discusscomponenteuseamongthethreemotivatingapplicationsandthen
evaluatecomponenperformance.

6.1 Component Reuse

All threecomponentimplementationf the applicationsdiscussedn Section2
reusesomesubsebdf thecomponentslescribedn Section5.1. Reusevasachiered
both throughcommunity-definednterfacesand through ports developedspecifi-
cally for usewith theseapplications.
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Both PDE-base@pplicationgeusecomponentshatimplementthe TSTTMeshQu-
ery and FEMDiscretization interfacesor meshmanagemenanddiscretizationas
well asthe ESFactory and LinearSolver interfacesfor linear algebra(seeFig-
ure 7(a) for the steady-statease).The time-dependenapplicationalso employs
the ODERACK++ componentdor time integrationandvisualizationcomponents
for real-timeaccesgo the solutionfield usingvariousviewers.The dataaretrans-
feredfrom runningsimulationsto visualizationenvironmentsusingthe Cumulvs-
MxNdatatransfercomponenthatemploysthe DistArrayDescr  ipto rFac tor y
for datadescription.

Amongthecomponentgvolvedin theunconstrainedhinimizationproblem those
usedin otherapplicationgncludethe PETScand Trilinos implementation®f the
ESFactory and LinearSolver interfaces.The componentsspecificto this appli-
cationincludethe MinsurfModel ~ componenthatimplementsthe Optimization-

Model interface andthe TAO-basedmplementatiorof the OptimizationSolver in-

terface(seeFigure 7(b)). Further asfor the PDE-basesxamples,whenthis ap-
plicationis runningin visualizationmode theDistArrayDes crip torF act ory ,

CumulvsMxN, andVizProxy implementationsre usedto describeredistritute,
andvisualizethe currentsolution.

6.2 Component Performance

One of the main goalsof the CCA specificationis to achieve high performance
in parallelcode;however, a commonconcernaboutthe useof CCA components
is the effect that componentoverheadmay have on performanceWe conducted
experimentsto evaluatethe performancdifferencedbetweenthe componentand
library-basedmplementationf the minimum surfaceoptimizationproblemin-
troducedn Section2. Our parallelresultswereobtainedon a Linux clusterof dual
550MHz Pentium-Ilinodeswith 1 GB of RAM each connectediia Myrinet. The
uniprocessoresultswereobtainedon a 400 MHz Pentium-IIl Linux workstation
with 256 MB of RAM.

Theseparticularexperimentsusedan inexact Newton methodwith a line search,
which hasthe following generalform for an n-dimensionalunconstraineanini-
mizationproblem:

r 1= — [VZf('r )] 1Vf(7; )7 =0,1, >

wherez € R" is aninitial approximatiorto thesolution,andV?f(z ) is positive
definite. Newton-basedmethods(see,e.qg.,[59]) have proven effective for mary
large-scaleproblems,as they offer the advantageof rapid corvergencewhen an
iterateis nearto a problems solution,andline searchtechniquesan extendthe
radiusof convergence.
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Eachiteration of the Newton methodrequiresa function, gradient,and Hessian
evaluation,aswell asan approximatesolutionof a linear systemof equationsgo

determinea stepdirection. The componentwiring diagramin Figure 7(b) illus-

tratestheseinteractionsvia port connectionsthe library-basedversionof codeis

organizedsimilarly, althoughall softwareinteractionsoccurvia traditionalroutine
calls within applicationand library codeinsteadof employingcomponentforts.
We solvedthelinearizedNewton systemsapproximatelywith a variety of precon-
ditionedKrylov methodstheparallelresultspresentedn Figure8 usedthe conju-
gategradientmethodandblock Jacobipreconditionemith no-fill incompletefac-

torizationasthe solver for eachsubdomainyhile the uniprocessoresultsusedthe
conjugategradientmethodwith a no-fill incompletefactorizationpreconditioner
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Fig. 8. Componenbverheador (a) finding the solutionof the unconstrainedninimization
ona250 x 250grid and(b) theLinearSolver  _Petsc component.

By usingabstracinterfacesat severallevels of theimplementationthecomponent
versionintroducesa numberof virtual function calls, including matrix andvector
acces®perationslinearsolvermethodsandfunction,gradientandHessiarevalu-
ationroutinesusedby the Newton solver. Figure8(a)depictsthedifferencen total
executiontime betweerthecomponenimplementatiorandtheoriginalapplication
onl, 2,4,8,and16 processorsor afixed-sizeproblemof dimension250 x 250.
Overall, the virtual function call overheads negligible, with the mostsignificant
performanceenaltyoccurringfor small problemsizes.Figure8(b) illustratesthe
performanceof the CCA-relatedcodein the LinearSolver _Petsc component
for variousproblemsizeson a singleprocessarAs the problemsizeincreasesthis
fixed overheadbecomedesssignificant,accountingfor 2 to 5 percentof thetotal
linearsolutiontime. Figure8 alsoillustratesthatthesecomponentmplementations
scalewell in alinux clusterernvironment:the time for the total component-based
minimumsurfacecomputatioron asingleprocessors 109 secondswhile the cor-
respondingsixteen-processa@olutiontimeis 9 seconds.
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7 Conclusions

By exploring several motivating scientificapplicationswe have presentechenly
developedhigh-performanceomponent$or discretizationmeshmanagementin-
earalgebra,and optimizationthat are compliantwith the emeging CCA specifi-
cation. The completesourcecode and documentatiorfor thesecomponentsand
applicationsareavailablevia the Web site www.cca-forum. org/ “cca -sc 01 as
partof adistribution of tutorial-styleCCA codes.

We have demonstratethatthe CCA approacho component-basedesignenables
theintegrationof varioushigh-performanc@umericalsoftwaretools developedby
differentgroups.In particular thedirect-connecvariantof the CCA provides/uses
portsinterfaceexchangemechanisnenablessonnectiongshatdo notimpedeinter-
componenperformancen tightly coupledparallelcomputationsvithin the same
addresspacesuchastheinteractionbetweercomponentsor unconstraineanini-
mizationandlinearsystemsolution.Well-definedcomponenportsprovide a clear
separatiorbetweenabstractinterfacesand underlyingimplementationsand dy-
namiccomposabilityfacilitatesexperimentatioramongdifferentunderlyingalgo-
rithmsanddatastructures.

Futureresearchwill include ongoingcollaborationgo explore the further useof
numericalcomponentsn large-scalescientificsimulationsandto developdomain-
specificabstractnterfacespecificationsn conjunctionwith otherhigh-performance
numericakcomputingresearcherdVewill alsoexplorequality-of-servicassuedor
numericalcomponentsincluding how to determinesuitablematchesetweerthe
requirement®f user componentge.g.,aminimizer)for accurag, robustnessper
formance andscalabilityandthe capabilitiesof variouscomponenprovider im-
plementationge.g.,a linear solver). In addition,otherresearcheraredeveloping
tools to help automatethe processof creatingCCA-compliantcomponentdrom
legagy coded60].
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