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1 Intr oduction

Computationalscientistshave benefitedfrom theencapsulationof expertisein nu-
merical libraries for many years.However, the complexity and scaleof today’s
high-fidelity, multidisciplinaryscientificsimulationsimply thatdevelopmentwork
mustbeleveragedover many individualprojects,becausewriting andmaintaining
a large customapplicationusuallyexceedthe resourcesof a singlegroup.These
issues,coupledwith themultilevel memoryhierarchiesof distributed-memoryar-
chitectures,createevermorechallengingdemandsfor high-performancenumerical
softwaretools thatareflexible, extensible,andinteroperablewith complementary
researchandindustrytechnologies.

The CommonComponentArchitecture(CCA) Forum [1,2], which includesre-
searchersin variousU.S. Departmentof Energy (DOE) laboratoriesand collab-
oratingacademicinstitutions,is developingacomponentarchitecturespecification
to addressthe uniquechallengesof high-performancescientificcomputing,with
emphasisonscalableparallelcomputationsthatusepossiblydistributedresources.
In additionto developingthis specification,a referenceframework, variouscom-
ponents,andsupplementaryinfrastructure,the CCA Forum is collaboratingwith
practitionersin the high-performancecomputingcommunityto designsuitesof
domain-specificabstractcomponentinterfacespecifications.

This paperdiscussessomeinitial experiencesin developingCCA-compliantnu-
mericalcomponentinterfacesandimplementations;see[1] for an introductionto
theCCA approachand[3] for a discussionof relatedissues,including thedesign
of a CCA-compliantframework. In this paper, we focuson interfacesat moder-
ategranularities(for example,a linear solve or gradientevaluation)with support
for multiple underlyingcomponentimplementations(for example,variousmesh
managementtechniquesandalgebraicsolvers).In particular, weexplorehow well-
definedinterfacesin partial differential equation(PDE) solver and optimization
componentsfacilitate the useof external linear solver componentsthat employ
theEquationSolver Interface[4], underdevelopmentby a multi-institutionwork-
ing group.We alsoexplore theuseof abstractapplicationprograminterfacesfor
meshmanagementunderdevelopmentby theTerascaleSimulationToolsandTech-
nologiescenter[5]. In addition,we discussexperiencesin adaptingpartsof exist-
ing paralleltoolkits to functionasCCA-compliantcomponentsthat supportthese
community-definedabstractinterfacesfor linearsolversandmeshmanagement.

Theremainderof this papermotivatesour approachto parallelnumericalcompo-
nent developmentandexplains our designstrategy. Section2 introducesseveral
motivatingapplicationsinvolving partial differentialequationsandunconstrained
minimization, while Section3 discussesrecentwork in numericallibraries and
community-definedabstractinterfaces.Section4 presentsbackgroundaboutcom-
ponenttechnologiesfor scientificcomputing,includingtheapproachunderdevel-
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opmentby theCCA Forum. In Section5, we presentnewly developednumerical
componentsfor meshmanagement,discretization,linearalgebra,andoptimization,
andin Section6 weevaluatecomponentreuseandperformancein severalapplica-
tions.Section7 discussesobservationsanddirectionsfor futurework. Throughout
thepaper, we adhereto somesimpleconventionsfor differentiatingbetweeninter-
facesandimplementations:abstractinterfacesareitalicized, while componentsand
otherconcreteimplementationsusea fixed-width font .

2 Motivating Simulations

The complexity of large-scalescientific simulationsoften necessitatesthe com-
bined useof multiple softwarepackagesdevelopedby differentgroups.For ex-
ample,severalmultidisciplinaryprojectsthatmotivatethis work involve computa-
tional astrophysics[6], chemistry[7,8], andfusion [9]; eachhaschallengingres-
olution and complexity requirementsthat demandmassively parallel computing
resourcesanda rangeof sophisticatedsoftware.As illustratedby Figure1, typi-
cal present-dayapplicationslike theseinvolve areassuchasdiscretization,parti-
tioning, load balancing,adaptive meshmanipulations,scalablealgebraicsolvers,
optimization,paralleldataredistribution, parallel input/output,performancediag-
nostics,computationalsteering,andvisualization.Moreover, thestateof theart in
eachof theseareasis constantlyevolving, necessitatingfrequentsoftwareupdates
duringthelifetime of a givenapplication.

Fig.1.Diagramof computationalphasesin typicalmultidisciplinaryscientificapplications.

Thispaperfocusesonnewly developedprototypehigh-performancenumericalcom-
ponentsfor discretization,meshmanagement,linearalgebra,andoptimization.To
assistin explaining the components’designand in evaluatingtheir performance,
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we considerthreemotivating applications:a steady-statePDE, a time-dependent
PDE, andan unconstrainedminimization problem.We have deliberatelychosen
theseexamplesto berelatively simpleandthereforestraightforwardto explain,yet
they incorporatenumericalkernelsandphasesof solutionthat commonlyarisein
themorecomplicatedscientificsimulationsthatmotivateour work.

Steady-StatePDE Application. The first example is a simple applicationthat
shows theuseof mesh,discretization,andlinearsolvercomponentsto solve
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a linear finite elementdiscretizationand an unstructuredtriangularmeshgener-
atedusingtheTrianglepackage[10]. Thisexamplehascharacteristicsof thelarge,
sparse,linear systemsthat are at the heartof many scientific simulations,yet it
is sufficiently compactto enablethedemonstrationof CCA conceptsandcodein
Section4.2.

Time-DependentPDEApplication. ThesecondPDEwesolveis theheatequation
givenby
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this applicationdemonstratesthe reuseof mesh,discretization,andlinearalgebra
componentsemployedby thesteady-statePDEexample,andit introducestheuse
of a time integrationcomponent.

Unconstrained Minimization Application. We also consideran unconstrained
minimizationexampletakenfrom theMINPACK-2 testsuite[11]. Givena rectan-
gulartwo-dimensionaldomainandboundaryvaluesalongtheedgesof thedomain,
the objective is to find the surfacewith minimal areathat satisfiesthe boundary
conditions,that is, to computemin C �#	D�

, where CFEHGJILKBM G . This example,
which is analogousin form to several computationalchemistryapplications[7,8]
that motivate this work, reusesthe linear algebracomponentsemployedfor the
PDEexamplesandintroducesacomponentfor unconstrainedminimization.

3 Parallel Numerical Libraries and Common Interface Efforts

As the complexity of computationalscienceapplicationshas increased,the use
of object-orientedsoftwaremethodsfor thedevelopmentof bothapplicationsand
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numericaltoolkits hasalsoincreased.The migrationtoward this approachcanbe
attributed in part to the encapsulationand reusabilityprovided by well-designed
objectsandobjecttoolkits.Object-orientedsoftwaremethodsenabledevelopersto
focuson a small part of a complex system,ratherthanattemptingto developand
maintaina monolithicapplication.Furthermore,reusejustifiesexpendingsignifi-
canteffort onthedevelopmentof highlyoptimizedobjecttoolkitsencapsulatingex-
pertknowledge,suchasDif fpack[12], Overture[13], ParPre[14], SAMRAI [15],
andPETSc[16,17].

As previously discussed,theapplicationsof interestwithin high-performancesci-
entific computingoften requirethe combineduseof softwaretools that encapsu-
latetheexpertiseof multidisciplinaryresearchteams.Current-generationsoftware
toolshavedemonstratedgoodsuccessin directpairwisecoupling,wherebyonetool
directly calls anotherby usingwell-definedinterfacesthat areknown at compile
time. Our earlierwork on building two-way interfacesbetweenSUMAA3d [18]
andPETSc(discussedin [19]), betweenOverture[13] andPETSc(discussedin
[20]), andbetweenPVODE [21] andPETSc(discussedin [22]), showedthatinter-
facingtwo sophisticatednumericalsoftwaretoolstypically requiresanin-depthun-
derstandingof eachtool’sinterfaceandimplementation.Thus,developingthesein-
terfacesis oftenalabor-intensiveanderror-pronecodemodificationprocess,which
severely inhibits theexperimentationwith toolsproviding alternative technologies
for similar functionality. For example,in Figure2 we show thecurrentsituationin
which NPORQ individual interfacesareneededto experimentwith differentcom-
binationsof meshmanagementinfrastructures,suchas Distributed Arrays [17],
Overture[13], PAOMD [23], andSUMAA3d [18], andalgebraicsolversin pack-
agessuchasISIS++[24], PETSc[17], andTrilinos [25].

Fig. 2. Thecurrentinterfacesituationconnectingmany datamanagementsystemsto many
linearsystemsolversthrough SUT�V interfaces.

Commoninterfacesenableusersto leverageexpertiseencapsulatedwithin vari-
ousunderlyingimplementationswithoutneedingto committo aparticularsolution
strategy andto risk makingprematurechoicesof datastructuresandalgorithms.
Usingcommonabstractinterfacesin numericaltool designprovidestheflexibility
for applicationprogrammersto uselibrary-providedfunctionality from a number
of differenttoolsfrom thebeginningof anapplication’sdevelopment.Thus,imple-
mentationdecisionsdo not have to bemadea priori, beforeexperimentationwith
realisticallysizedproblemscandeterminea code’s most seriousbottlenecks.To
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enablethis flexibility , variouscommunitiesarebeginningto defineandimplement
domain-specificsuitesof commoninterfaces.Oncesuchinterfaceshave beende-
fined,applicationscientistsmayemploythemin theircodesandtheneasilyexplore
theuseof any complianttoolkit. This approachsignificantlyreducesthe interface
developmenteffort neededto experimentwith a numberof softwaretools, as is
illustratedin Figure3. In this scenario,themeshmanagementinfrastructuresand
linear solvers would eachwrite to abstractinterfacesdefinedby their respective
communities.Theseinterfacesthenserve as the point of entry to many different
underlyingimplementationsfor tool-to-toolandtool-to-applicationinteractions.

Fig. 3. Thedesiredinterfacesituation,in whichmany toolsthatprovidesimilar functional-
ity arecompliantwith asingleinterface.

We notethat interfacedefinitionefforts arecomplex andtime-consumingendeav-
ors.They arecomplicatedby theneedto providea rich setof functionalitieswhile
preservingthecommonalityof theinterfaces,andby maintaininghighperformance
andefficiency. They are further complicatedby the needto supporta variety of
scientificprogramminglanguages.Currentresearchin creatingcommoninterface
specificationsfor numericaltools includesefforts in thealgebraicsolver commu-
nity through the EquationSolver Interface(ESI) working group and the mesh
managementcommunitythroughtheTerascaleSimulationToolsandTechnologies
(TSTT) SciDAC center.

3.1 The Equation Solver Interface

One of the most computationallyintensive phasesin semi-implicit and implicit
numericalstrategiesthatarisein many scientificapplicationsis thesolutionof dis-
cretizedlinear systemsof the form W 	X�ZY

, which often arevery large andhave
sparsecoefficient matrices,W . PreconditionedKrylov methodshave beenproven
effective for the parallel solutionof suchproblems,althoughthe performanceof
particularalgorithmsvariesconsiderablydependingon theunderlyingphysicsbe-
ing modeled.Application scientistscould benefitfrom the ability to experiment
moreeasilywith thevarietyof preconditionersandKrylov methodsprovidedin dif-
ferentparallellinearsolver librarieswithout having to performthe labor-intensive
taskof manuallywriting a differentinterfacefrom applicationcodeto eachlinear
algebratoolkit. Suchflexibility wouldenableapplicationsto incorporatenew algo-
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rithmswith betterlatency toleranceor moreefficient cacheutilization astheseare
discoveredandencapsulatedwithin toolkits.

The EquationSolver InterfaceForum[4] is oneeffort that is addressingtheseis-
sues;otherrelatedwork includes[26]. TheESI workinggroup,whichwasformed
in 1997by researchersin variousDOElaboratories,continuesto holdregularmeet-
ingsandwelcomesparticipationfrom thescientificcommunity. TheESIspecifica-
tion definesabstractinterfacesfor themanipulationof variousobjectsthatarecom-
monly usedin thescalablesolutionof linear systems.For example,the Operator
interfaceis designedto supportmatrices,preconditioners,andsolversby viewing
themaslinearoperators.TheOperator interfacedefinesthesetup methodfor ini-
tializing the operatorandthe apply methodfor applyingthe operatorto an ESI
Vector and storing the result in anotherESI Vector. The baseESI classObject,
from which all otherinterfacesaresubclassed,containsmechanismsfor reference
countingandfor specifyingsupportedinterfaces.

3.2 The TSTT Mesh Interface

Justasmany differentalgebraicsolversprovide similar functionality, many tools
are available that generatea variety of meshtypes, ranging from unstructured
meshesto overlappingstructuredmeshesandhybrid meshes(for anextensive list,
seeRobertSchneiders’s Webpage[27]). Approximationtechniquesusedon these
meshesinclude finite difference,finite volume,finite element(e.g., [28]), spec-
tral element(e.g., [29]), and discontinuousGalerkin methods(e.g., [30]). Vari-
ous combinationsof thesemeshand approximationtypesmay be usedto solve
PDE-basedproblems.The fundamentalconceptsarethesamefor all approaches:
somediscreterepresentationof thegeometry(themesh)is usedto approximatethe
physicaldomain,andsomediscretizationprocedureis usedto representapproxi-
matesolutionsanddifferentialoperatorson themesh.In addition,theconceptsof
adaptive meshrefinementfor local resolutionenhancement,time-varyingmeshes
to representmoving geometry, datatransferbetweendifferentmeshes,and par-
allel decompositionof the meshfor computationon advancedcomputersare the
sameregardlessof their implementation.In eachcase,thesoftwaretoolsproviding
theseadvancedcapabilitiesare becomingincreasinglyacceptedby the scientific
community, but their applicationinterfacesarenot compatible.Commoninterface
specificationfor thesetools would enablesignificantlymoreexperimentationby
applicationscientiststo determinewhich discretizationstrategy most accurately
andefficiently capturesthephysicalphenomenonof interest.

To facilitate the developmentof such interfaces,the Departmentof Energy has
recently fundedthe TerascaleSimulationTools and Technologiescenter, which
bringstogetherresearchersfrom eight institutionswith expertisein meshingand
discretizationtechnologies[5]. The pervading themeof the TSTT centeris the
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developmentof interoperableandinterchangeablemeshinganddiscretizationsoft-
ware.Currentemphasisis on creatingcommoninterfacesfor queryingexisting
TSTT meshgenerationtechnologiesthatwill allow themto interoperatewith each
other; the objective is to provide fundamentallyincreasedcapabilitiesin hybrid
meshgenerationandto allow applicationscientiststo switcheasilyamongdiffer-
ent meshtypes.The queryinterfacesthatarebeingdevelopedfocuson accessto
informationpertainingto low-level meshobjectssuchasvertices,edges,faces,and
regions.A small set of interfacesfor accessingspatial (e.g.,vertex coordinates)
and topological(e.g.,adjacency information) is also beingdeveloped.Particular
attentionis being paid to languageinteroperabilityand efficiency acrossdiffer-
ent scientific languages,mostnotablyC++, C, andFortran.Currently, the TSTT
grouphasdetermineda preliminarysetof interfacesfor accessingcoordinateand
adjacency informationandfor settingandretrieving user-definedtag information
on meshentities.Discussionsareunderway to determineinterfacesfor meshser-
vices,canonicalorderingof entities,andqueryinterfacesfor distributedmeshesin
a parallelcomputingenvironment.

4 High-PerformanceComponentTechnologies

Evenwith well-designedlibrariesandsuitesof standardinterfaces,sharingobject-
orientedcodedevelopedby differentgroupsis difficult becauseof languageincom-
patibilities,thelackof standardizationfor interobjectcommunication,andtheneed
for compile-timecouplingof interfaces.Component-basedsoftwaredesigncom-
binesobject-orienteddesignwith thepowerful featuresof well-definedinterfaces,
programminglanguageinteroperability, anddynamiccomposability[31,32].This
approachleadsto a softwareengineeringparadigmthat encouragesthe develop-
mentof interoperablecomponents,thereuseof componentsin novel settings,and
the dynamicconstructionof new algorithmsandapplications.While component-
baseddesignwasinitially motivatedby theneedsof businessapplicationdevelop-
ers,it alsooffersenormouspotentialbenefitsto thecomputationalsciencecommu-
nity.

4.1 Overview of the Common Component Architecture

The mostpopularframeworks for component-basedsoftwareengineering,name-
ly Microsoft’s ComponentObject Model (COM) [33,34] and Sun’s (Enterprise)
JavaBeans(EJB) [35,36], are suitablefor somecomputationalscienceapplica-
tions [37]. As discussedin [1,22], however, many large-scalescientific applica-
tions that pressthe limits of moderncomputingcapabilitiesrequirefeaturesnot
provided by theseindustry componenttechnologies.For example,theseframe-
works were not designedto enabletight coupling of componentsexecuting on
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massively parallelmachinesthat may be networkedin a distributedenvironment
andhencedo not addressissuesof collective connectionsandparalleldataredis-
tribution amongdistributedcomponents.Furthermore,someof theseframeworks
are eitherarchitecture-specific(e.g.,COM), or language-specific(e.g.,EJB). Fi-
nally, industrycomponentapproachesdo not supportinteroperabilitywith impor-
tant scientific languagessuchas Fortran90. To addressthis need,the Common
ComponentArchitectureForum[1,2] is developinga componentmodelspecifica-
tion thatprovidesthe featuresrequiredby advancedcomputationalscienceappli-
cationswhile remainingcompatiblewith COM, EJB,andtheCORBA component
architecture[38,39] to the fullest extentpossible.This effort builds on theexperi-
enceof researchgroupswhostudyhigh-performancecomponentarchitecturesand
relateddesignissues,including [40–47].Otherrelatedwork in high-performance
scientificcomputingincludes[48–53].

ThecurrentCCA specificationconsistsof (1) a coreportiondefiningan interface
thata componentmustimplementto connectto anothercomponentand(2) a col-
lectionof public interfaces,or ports [1,54]; theseconceptsaredemonstratedin an
examplein Section4.2.Portscandefinetheinteractionsbetweenrelatively tightly
coupledparallelnumericalcomponents,which typically requirevery fastcommu-
nication for scalableperformance;portscanalsodefineloosely coupledinterac-
tionswith possiblyremotecomponentsfor monitoring,analysis,andvisualization.
CCA portsemployaprovides/usesparadigm,wherebyacomponentprovidesaset
of interfacesthatothercomponentscanuse;Section5.1presentssomeexamples.A
providesport is essentiallyasetof functionsthatareexecutedby thecomponenton
behalfof thecomponent’s “users”.An external“builder” tool, which mayalsobe
implementedasaCCA component,connectstheprovidesportsof onecomponent
to theusesportsof another. Theusesportsof a componentcanbeviewedasthe
connectionpointsavailableto othercomponentsaswell asthe framework, where
we considera CCA framework to bea softwareenvironmentthatenablesdynamic
instantiation,coupling,andmethodinvocationon components.Thesimulationsin
this work employthe CCAFFEINEframework [3], which is further discussedin
Section4.3. In the remainderof this paper, we alsorefer to portsasinterfacesor
abstractinterfaces,sinceportsareabstractby definition.

Anotherkey facetof theCCA approachis thedevelopmentof aninterfacelanguage
calledSIDL (ScientificInterfaceDefinitionLanguage)[40,55],whichprovideslan-
guageinteroperabilityfor CCA port interfaces.Sincescientificapplicationsoften
require the integration of componentswritten in a variety of programminglan-
guages,suchasFortran,C, C++, Python,andJava, supportfor languageinterop-
erability is critical. While the prototypecomponentapplicationspresentedin this
work all useport interfaceswritten in C++,weplanto incorporateSIDL interfaces
in futureversions.
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4.2 CCA Components

A softwarecomponentis anencapsulatedsoftwareobjectthatprovidesacertainset
of functionalitiesor servicesandcanbeusedin conjunctionwith othercomponents
to build applications.In general,a componentconsistsof oneor moreabstractin-
terfacesandoneor moreimplementations,andconformsto a prescribedbehavior
within a given computationalframework. The CCA componentspecificationde-
finesa setof rulesfor implementingcomponentsandfor thebehavior components
mustexhibit to coexist with othercomponentsin a CCA-compliantframework. In
particular, to beCCA-compliant,aC++ componentclassmust

[ inherit from theabstractComponent interface,[ containa privatedatamemberof type Services* , which is a handleto the
Services objectprovidedby aCCA-compliantframework, and[ declarea public function setServices(Se rvi ces *cc) , which is usedby
theframework to settheServices handle.

To illustrate theserequirementsin more detail, we considerthe driver compo-
nent for the steady-statePDE applicationdescribedin Section2. This compo-
nentusesmesh,discretization,solver, andvisualizationcomponentsandprovides
a gov::cca::GoPort, a standardCCA port that providesan entry point to the ap-
plication, similar to a traditional main routine in Fortran or C. The classdefi-
nition file for the driver componentis shown in Figure 4. The files cca.h and
stdPorts.h , containingtheCCA specificationandseveralstandardportssuchas
theGoPort, respectively, areincluded.TheDriverCompon ent classinheritsfrom
gov::cca::Component andgov::cca::GoPort andimplementstheir public methods
setServices andgo, respectively. In addition,theDriverComponentclasshas
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 *svc;

public:
DriverComponent();
virtual ˜DriverComponent();
virtual void setServices(gov::cca::Services *cc);
virtual int go();

};

Fig. 4. Theclassdefinitionfile for thesteady-statedrivercomponent.

Whenthecomponentis instantiated,theframework acceptsa pointerto thecom-
ponentandexclusively holds it for the lifetime of the component.That is, other
componentsobtainandreleasethecomponent’s portsonly throughrequestsmade
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to the framework via the gov::cca::Se rvic es object.This objectis passedto
thesetServices methodwheneachcomponentis created;typical usagefor the
DriverCompone nt exampleis shown in Figure5. For eachuses port, two of the
gov::cca::Ser vice s object’s methodsare called to register the requestwith
theframework. First,aPortInfo objectis createdwith thecall to createPort-

Info . EachPortInfo object containsa string identifier name(e.g.,mesh) and
the abstractport type (e.g.,MeshPort). Oncethe PortInfo object is created,it
is passedto the framework via the registerUsesP ort method.The framework
keepsa recordof all suchrequeststo ensurethatportsareproperlymatchedwhen
componentsarecreatedandconnected.

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

gov::cca::Port *p;

if (cc == 0) { // Close down if not closed already
svc->unregisterUsesPort("MeshPort");
svc->releasePort("mesh");
svc->removeProvidesPort("go");
return;

}

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

}

Fig. 5. ThesetServices methodfor thesteady-statedrivercomponent.

Althoughthey arenot shown in Figure5, similar callsaremadefor thediscretiza-
tion, solver, andvisualizationports neededby the driver. For eachport that the
driver provides,in this casea GoPort, a similar protocolis used.Again, a Port-

Info objectis createdusingcreatePortInfo andpassedto theframework with
the addProvidesPor t method.If thecomponentis to beshutdown, the frame-
workpassesin aNULLservicesobject.In thiscasethedrivercomponentunregisters
andreleasesany usesportsandremovesframework accessto its providesports.

MeshPort *mesh_ptr;

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

mesh_ptr->GetVertices();
...

svc->releasePort("mesh");

Fig. 6. Themethodsneededto accesstheMeshPort in thedrivercomponent.

ExternalportsareaccessedthroughtheServices objectmethodgetPort(na-

me), asillustratedin Figure6 for MeshPort. Thegenericport returnedfrom get-

Port is dynamicallycastto the MeshPort typeandassignedto mesh ptr for use
as illustratedwith the mesh ptr->GetVert ices method.When the port is no
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longerneeded,it canbereleasedby usingthegov::cca::Serv ice s release-

Port method.If MeshPort functionality is neededlater, it canbereacquiredfrom
thesamecomponentor from a differentcomponentthatalsoprovidesMeshPort.

4.3 CCA Frameworks

Until recently, the draft CCA specificationdid not addressframework construc-
tion or the mechanismsusedfor instantiatingandconnectingcomponents.As a
result,several different frameworks suitedfor differentsituationshave beenim-
plemented[3,41,42].Someoptimize the useof componentsdistributed acrossa
wide-areaGrid, while otherstarget massively parallel Single ProgramMultiple
Data (SPMD) components.The componentsdescribedin this paperwere tested
in theCCAFFEINEenvironment[3], which supportsSPMD-stylecomputing.

TheCCAFFEINEconceptof SPMDcomponentcomputingis asimplegeneraliza-
tion of thetraditionalSPMDapproach.In conventionalSPMDcomputing,thereis
oneprogramper process.In the CCAFFEINEimplementationof SPMD compo-
nentcomputing,eachinstanceof a componentclassis createdonall theprocesses
on which the framework instanceis running. The conceptis similar to creating
objectsin an MPI environment,with the restrictionthat the objectscomply with
the CCA interfacestandards.In a single CCAFFEINE framework instantiation,
componentsareconnectedin thesameprocessaddressspaceonly. This doesnot
precludeinteractionswith remotecomponents,but suchinteractionsareoutsideof
theframework’scontrol.

Despitethe varying environmentsin which differentframework implementations
operate,the high-level functionality provided by any given framework is largely
thesame.TheCCA Forumhasrecentlyadoptedseveral framework interfacesthat
abstracttheimplementationof componentmanagementmechanismswithout limit-
ing their functionality. Theseinterfacesallow a programmerto createapplications
by manipulatinga CCA-compliantframework via standardinterfacesfor compo-
nentdiscovery, instantiation,connection,anddestruction.

5 Numerical ScientificComponents

In thissectionwedescribetheabstractinterfacesdevelopedwhilecreatingthecom-
ponentsfor the applicationsintroducedin Section2. We alsodiscussthe compo-
nentsimplementingtheseinterfacesandbriefly describethe underlyingnoncom-
ponentsoftwareusedin theimplementations.

Figure7 illustratesthecompositionof two of theapplicationsusingthegraphical
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(a) Steady-statePDE (b) Unconstrainedminimization

Fig. 7. Thecomponentwiring diagramsfor (a) thesteady-statePDEexample,and(b) the
unconstrainedminimizationexample.

interfaceof theCCAFFEINEframework. The blackboxesin the wiring diagram
for thesteady-statePDEexampleshow themesh,discretization,linearsolver, visu-
alization,anddrivercomponents(seeFigure7(a)); thelinesrepresentconnections
betweenusesandprovidesports,which aregold andblue, respectively. For ex-
ample,the discretizationcomponent’s Mesh usesport is connectedto the mesh
component’s Mesh providesport; hence,thediscretizationcomponentcaninvoke
themethodsof theTSTTMeshQuery interfacethatthemeshcomponenthasimple-
mented.The specialGoPort (named“go” in this application)is usedto start the
executionof theapplication.Figure7(b) showsthecomponentsinvolvedin theso-
lution of anunconstrainedminimizationproblem.Theoptimizationsolver compo-
nentin thissnapshothasbeenconfiguredto useaninexactNewtonmethod,which
requiresthesolutionof a linearsystem.Thediagramalsoincludescomponentsfor
paralleldatadescriptionandredistribution.

5.1 Component Interfaces and Implementations

Someof the community-definedinterfacesdescribedin Section3, for instance,
TSTTMeshQuery, directly correspondto the CCA ports of the componentimple-
mentationsof theapplicationsin Section2. TheESI commoninterfacespecifica-
tion is usedin two differentways:as a mechanismfor passingvectorsandma-
tricesbetweencomponents,andasan abstractinterfacefor linear solver compo-
nents.However, not all functionality requiredfor thecomponentimplementations
of theseapplicationswasavailablein theform of commonlyacceptedabstractin-
terfaces.The new interfaces(italicized) andtheir correspondingimplementations
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(with classnamesin afixed-widthfont) arediscussedbelow.

[ ESIFactory. TheESIspecificationcontainsnoprovisionsfor objectinstantiation.
Thus,we havedefinedanESIFactory port,which is anabstractfactoryinterface
for instantiatingobjectsfrom anESI interfaceimplementation.
Implementation: The ESIFactory Petra componentsupportsthe creation
of ESI-compliantindex spaces,vectors,matrices,andsolvers.The underlying
softwareis Trilinos (more specifically, the Epetralibrary) [25]. The ESIFac-

tory Petsc componentsupportsthe creationof ESI-compliantindex spaces,
vectors,andmatricesusingPETSc[16] astheunderlyingsoftware.

[ LinearSolver. The LinearSolver port is derived from the ESI Solver interface.
The objective is to enablelinear solver componentsto provide extendedfunc-
tionality that is not part of theESI specification.Currently, theonly additional
methodsprovidedareinitialize andfinalize .
Implementation: The LinearSolver Trilinos componentprovidesa Lin-
earSolver portandis basedon theAztecOOlibrary, which is partof theTrilinos
project [25]. The LinearSolver Petsc componentimplementationis based
on the PETSclibrary [16] andspecificallyusesthe ScalableLinear Equations
Solver (SLES)interfaceto variousKrylov subspaceiterative methodsandpre-
conditioners.

[ TSTTMeshQuery. Using theTSTT interfacesmentionedin Section3.2,we de-
velopeda meshcomponentfor astatic,unstructuredtriangulargrid.
Implementation: The TSTTMesh componentprovidesaccessto nodeandele-
ment information(edgeandfacedatawill be supportedshortly) andwassuf-
ficient to implementlinear, finite-elementdiscretizationfor the diffusion PDE
operatorsintroducedin Section2.

[ FEMDiscretization. This interfaceprovideslinear, finite-elementdiscretizations
for commonlyusedPDEoperatorsandboundaryconditions.It currentlyworks
for unstructuredtriangularmeshesaccessedthroughthe TSTT interfacesmen-
tioned in Section3.2. It provides the matrix and vector assemblyroutinesto
createthe linear systemsof equationsnecessaryto solve the steady-stateand
time-dependentPDEapplicationsintroducedin Section2.
Implementation: Thediscretizationcomponentprovidesapproximationsfor ad-
vection and diffusion operatorsas well as Dirichlet and Neumannboundary
conditionswith eitherexact or Gaussianquadrature.This componentusesthe
TSTTMeshQuery andLinearSolver ports.

[ OptimizationSolver. TheOptimizationSolver port definesa prototypehigh-level
interfaceto optimizationsolvers.
Implementation: The TaoSolver componentimplementationis basedon the
Toolkit for AdvancedOptimization(TAO) [56], whichprovidesagrowing num-
berof algorithmsfor constrainedandunconstrainedoptimization.Thesingleab-
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stractinterfacefor theTaoSolver componentenablestheuserto employavariety
of solution techniquesfor the unconstrainedminimizationproblemintroduced
in Section2, including Newton-basedline searchand trust region strategies,
a limited-memoryvariablemetric method,anda nonlinearconjugategradient
method.

[ OptimizationModel. The OptimizationModel port includesmethodsthat define
theoptimizationproblemandinheritsfrom theabstractTAO ESIApplication in-
terface.TheOptimizationModel interfaceincludesmethodsfor function,gradi-
ent,Hessian,andconstraintevaluation.
Implementation: The MinsurfModel componentimplementsthe minimum
surfaceareamodel describedin Section2. Many differentoptimizationprob-
lemscan be implementedby providing the OptimizationModel port, which is
thenusedby solver componentssuchasTaoSolver .

While developinga high-level CCA componentinterfaceon top of anexisting nu-
merical library is relatively straightforward,the designissuesaretypically much
morecomplex whenoneaimsto provide interoperabilitybetweencomponentsde-
velopedby differentgroups.We have found that the amountof effort neededto
developinteroperablenumericalcomponentson top of anexisting library depends
onthedesignof theunderlyingsoftware,includingthedegreeto whichabstractions
andencapsulationhave alreadybeenemployedin the library’s userinterfaceand
internaldesign.For example,a significantpart of the overall developmentof the
optimizationcomponentTaoSolver involved incorporatingcommunity-defined
abstractinterfacesfor linear algebrawithin the existing TAO library so that the
componentsimplementingtheLinearSolver interfacecouldbeusedto solve linear
subproblemsarisingin theoptimizationalgorithms.TAO itself, however, required
no otherchangesbecauseits designalreadyincorporatedabstractionsfor vectors,
matrices,andlinear solvers. In contrast,if startingwith underlyingsoftwarethat
doesnot alreadyemployabstractionsandencapsulation,moreeffort would be re-
quiredbothto build andto useinteroperablecomponents.

Other Interfaces

Wementionadditionalinterfacesandimplementationsthatareusedin theseappli-
cationsandhave beendevelopedby collaboratorswithin theCCA Forum.Further
informationabouttheseinterfaces,aswell asthosepresentedabove, is availableat
www.cca-forum .org /˜cc a-s c01 .

[ ODEPACK++. Thetime integrationroutinesareprovidedby theODEPACK++
component,whichwasdevelopedby BenAllan of SandiaNationalLaboratories
(SNL) andis basedon theLSODElibrary [57] (LivermoreSolver for Ordinary
Dif ferentialEquations)for solvingstiff andnonstiff systemsof ordinarydiffer-
entialequations(ODEs).TheODEPACK++ componentsprovide portsfor time
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advancement,outputof resultsat eachtime step,andparameterconfiguration.
TheLSODEcomponentrequiresinput in the form of functionandgradientin-
formationfor thesystemof ODEsaswell asapplication-specificweightingand
normcalculations.ODEPACK++ usestheESI interfacesfor linearalgebraand
employstheESIFactory.[ Parallel Data Redistribution. To redistribute databetweenvariousapplication
andvisualizationcomponents,weemploythe“MxN” paralleldataredistribution
specificationthat is underdevelopmentby a CCA working group.This inter-
facesupportstheconnectionanddatatransferbetweentwo parallelcomponents
that may be distributedacrossdifferentnumbersof processes.A CUMULVS-
based[47] CumulvsMxN componentdevelopedby Jim Kohl of OakRidgeNa-
tional Laboratory(ORNL) wasusedfor the“Mx1” transferof databetweenap-
plicationandvisualizationcomponentsin our examples.[ DistributedArray Descriptors.To perform“MxN”-style paralleldataredistribu-
tion, weneedameansto describethelayoutof dataovermultiple processesand
in local memory. The DistArrayDescriptor andDistArrayTemplate abstractin-
terfaceswerecreatedfor this purposeby David Bernholdt(ORNL), aspart of
activities within a CCA working groupon scientificdatacomponents.TheDis-
tArrayDescriptor interfaceis intendedto supportthecreationof distributeddata
objectsthat arestructuredlike dense,multidimensionaldistributedarrays.The
DistArrayTemplate interfacespecifiesmethodsfor definingandqueryingarray
distribution templatesfor densemultidimensionalrectangulararrays.TheDis-

tArrayDescript orFa cto ry componentprovidesa mechanismfor creating
objectsthat implementtheseinterfaces.[ Visualization.Theseapplicationscanemploya simpleVizFile port to print data
associatedwith the verticesof a TSTT meshin MATLAB or vtk file formats.
Wecanalsoemployvisualizationcomponentsdevelopedby JimKohl of ORNL,
which usethe “MxN” anddistributedarraydescriptorinterfacesandarebased
onCUMULVS [47]. Thesevisualizationcomponentsprovidea VizProxy port to
print dataassociatedwith structuredandunstructuredmeshesastext outputor to
directtheoutputto simplevtk andAVS viewers.

5.2 Underlying Software

The parallelnumericalsoftwareunderlyingthesecomponentsincludeslinear al-
gebracapabilitieswithin PETSc[16,17] andTrilinos [25], optimizationsoftware
within TAO [58,56],andmeshingtechnologywithin theTSTT[5].

Onebenefitof theESIFactory andLinearSolver interfacesintroducedin Section5.1
is thatwe canreadily incorporatevariousunderlyinglibrariesthatsupportESI in-
terfaces.In particular, ESIFactory Petsc andLinearSolver Petsc usenewly
developedESI interfacesto vectors,matrices,and linear solvers within PETSc
[16,17], a suiteof softwarefor the scalablesolutionPDE-basedapplicationsthat
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integratesa hierarchyof coderangingfrom low-level distributeddatastructures
for parallelvectorsandmatricesthroughhigh-level linear, nonlinear, andtimestep-
ping solvers.Parallel linear solvers available in PETScinclude variousiterative
techniques(including the Richardson,Chebychev, restartedGMRES, transpose-
freeQMR, conjugategradient,conjugateresidual,biconjugategradient,conjugate
gradientsquared,andbiconjugategradientsquaredmethods)andarangeof precon-
ditioners(includingJacobi,SOR,incompleteCholesky, incompleteLU, block Ja-
cobi,additiveSchwarz,andvariouscomposite,multi-level,andapplication-specific
methods).Likewise,ESIFactory Petra andLinearSolver Trilinos employ
new ESI-compliantinterfacesto vectors,matrices,andlinearsolverswithin Trili-
nos [25], a set of parallel solver libraries for the solution of large-scale,multi-
physicsscientificapplications.Parallel linearsolversprovided in theAztecOOli-
braryof Trilinos includevariousKrylov iterativemethodsandpreconditioners(in-
cluding the Jacobi,symmetricGauss-Siedel,Neumannseriespolynomials,least-
squarespolynomials,andadditive Schwarzmethods).Thus,component-basedap-
plications,including all threeexamplesintroducedin Section2, canusea single
setof abstractinterfacesto experimenteasilywith parallellinearsolver technology
providedcurrentlyin PETScandTrilinos; moreover, futurealgorithmsandtoolk-
its that supporttheseinterfaceswill alsobe accessiblewithout having to modify
application-specificcomponents.

TheTaoSolver componentemploysthe ESIFactory andLinearSolver interfaces
andbuildsontheToolkit for AdvancedOptimization(TAO) [58,56],whichfocuses
onscalableoptimizationsoftware,includingnonlinearleastsquares,unconstrained
minimization,bound-constrainedoptimization,andgeneralnonlinearoptimization.
TAO optimizationalgorithmsusehigh-level abstractionsfor matrices,vectors,and
linearsolversandcanemployvariousexternalsoftwaretoolsfor thesecapabilities.
Theprimarypartsof TAO usedin thisworkareparallelunconstrainedminimization
solvers,includingnew supportfor ESI interfaces.

6 Results

Wefirst discusscomponentreuseamongthethreemotivatingapplicationsandthen
evaluatecomponentperformance.

6.1 Component Reuse

All threecomponentimplementationsof the applicationsdiscussedin Section2
reusesomesubsetof thecomponentsdescribedin Section5.1.Reusewasachieved
both throughcommunity-definedinterfacesand throughportsdevelopedspecifi-
cally for usewith theseapplications.
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BothPDE-basedapplicationsreusecomponentsthatimplementtheTSTTMeshQu-
ery andFEMDiscretization interfacesfor meshmanagementanddiscretizationas
well as the ESIFactory and LinearSolver interfacesfor linear algebra(seeFig-
ure 7(a) for the steady-statecase).The time-dependentapplicationalsoemploys
the ODEPACK++ componentsfor time integrationandvisualizationcomponents
for real-timeaccessto thesolutionfield usingvariousviewers.Thedataaretrans-
feredfrom runningsimulationsto visualizationenvironmentsusingtheCumulvs-

MxNdatatransfercomponentthatemploystheDistArrayDescr ipto rFac tor y

for datadescription.

Amongthecomponentsinvolvedin theunconstrainedminimizationproblem,those
usedin otherapplicationsincludethePETScandTrilinos implementationsof the
ESIFactory and LinearSolver interfaces.The componentsspecific to this appli-
cationincludethe MinsurfModel componentthat implementsthe Optimization-
Model interface,andtheTAO-basedimplementationof theOptimizationSolver in-
terface(seeFigure 7(b)). Further, as for the PDE-baseexamples,when this ap-
plicationis runningin visualizationmode,theDistArrayDes crip torF act ory ,
CumulvsMxN, andVizProxy implementationsareusedto describe,redistribute,
andvisualizethecurrentsolution.

6.2 Component Performance

Oneof 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 performance.We conducted
experimentsto evaluatethe performancedifferencesbetweenthe componentand
library-basedimplementationsof the minimum surfaceoptimizationproblemin-
troducedin Section2. OurparallelresultswereobtainedonaLinux clusterof dual
550MHz Pentium-IIInodeswith 1 GB of RAM each,connectedvia Myrinet. The
uniprocessorresultswereobtainedon a 400 MHz Pentium-III Linux workstation
with 256MB of RAM.

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

	4\^] � �P	2\ K�_ � � � C �
	2\`� �ba � � C �#	2\c�5��de�P��� � �gfgfgfh�

where
	�ij� G I is aninitial approximationto thesolution,and

� � C �
	 \ �
is positive

definite.Newton-basedmethods(see,e.g., [59]) have proven effective for many
large-scaleproblems,as they offer the advantageof rapid convergencewhenan
iterateis nearto a problem’s solution,and line searchtechniquescanextend the
radiusof convergence.
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Eachiteration of the Newton methodrequiresa function, gradient,andHessian
evaluation,aswell asan approximatesolutionof a linear systemof equationsto
determinea stepdirection.The componentwiring diagramin Figure 7(b) illus-
tratestheseinteractionsvia port connections;the library-basedversionof codeis
organizedsimilarly, althoughall softwareinteractionsoccurvia traditionalroutine
calls within applicationand library codeinsteadof employingcomponentports.
We solvedthelinearizedNewton systemsapproximatelywith a varietyof precon-
ditionedKrylov methods;theparallelresultspresentedin Figure8 usedtheconju-
gategradientmethodandblock Jacobipreconditionerwith no-fill incompletefac-
torizationasthesolver for eachsubdomain,while theuniprocessorresultsusedthe
conjugategradientmethodwith a no-fill incompletefactorizationpreconditioner.
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Fig. 8. Componentoverheadfor (a) finding thesolutionof theunconstrainedminimization
on a250 T 250grid and(b) theLinearSolver Petsc component.

By usingabstractinterfacesatseverallevelsof theimplementation,thecomponent
versionintroducesa numberof virtual functioncalls, includingmatrix andvector
accessoperations,linearsolvermethods,andfunction,gradient,andHessianevalu-
ationroutinesusedby theNewtonsolver. Figure8(a)depictsthedifferencein total
executiontimebetweenthecomponentimplementationandtheoriginalapplication
on 1, 2, 4, 8, and16 processorsfor a fixed-sizeproblemof dimension250 O 250.
Overall, the virtual function call overheadis negligible, with the mostsignificant
performancepenaltyoccurringfor smallproblemsizes.Figure8(b) illustratesthe
performanceof the CCA-relatedcodein the LinearSolver Petsc component
for variousproblemsizesona singleprocessor. As theproblemsizeincreases,this
fixedoverheadbecomeslesssignificant,accountingfor 2 to 5 percentof thetotal
linearsolutiontime.Figure8 alsoillustratesthatthesecomponentimplementations
scalewell in a linux clusterenvironment:the time for the total component-based
minimumsurfacecomputationonasingleprocessoris 109seconds,while thecor-
respondingsixteen-processorsolutiontime is 9 seconds.
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7 Conclusions

By exploring several motivating scientificapplications,we have presentednewly
developedhigh-performancecomponentsfor discretization,meshmanagement,lin-
earalgebra,andoptimizationthat arecompliantwith the emerging CCA specifi-
cation.The completesourcecodeanddocumentationfor thesecomponentsand
applicationsareavailablevia theWebsitewww.cca-forum. org/ ˜cca -sc 01 as
partof adistribution of tutorial-styleCCA codes.

We have demonstratedthattheCCA approachto component-baseddesignenables
theintegrationof varioushigh-performancenumericalsoftwaretoolsdevelopedby
differentgroups.In particular, thedirect-connectvariantof theCCA provides/uses
portsinterfaceexchangemechanismenablesconnectionsthatdonot impedeinter-
componentperformancein tightly coupledparallelcomputationswithin thesame
addressspace,suchastheinteractionbetweencomponentsfor unconstrainedmini-
mizationandlinearsystemsolution.Well-definedcomponentportsprovidea clear
separationbetweenabstractinterfacesand underlyingimplementations,and dy-
namiccomposabilityfacilitatesexperimentationamongdifferentunderlyingalgo-
rithmsanddatastructures.

Futureresearchwill includeongoingcollaborationsto explore the further useof
numericalcomponentsin large-scalescientificsimulationsandto developdomain-
specificabstractinterfacespecificationsin conjunctionwith otherhigh-performance
numericalcomputingresearchers.Wewill alsoexplorequality-of-serviceissuesfor
numericalcomponents,includinghow to determinesuitablematchesbetweenthe
requirementsof usercomponents(e.g.,aminimizer)for accuracy, robustness,per-
formance,andscalabilityandthecapabilitiesof variouscomponentprovider im-
plementations(e.g.,a linear solver). In addition,otherresearchersaredeveloping
tools to help automatethe processof creatingCCA-compliantcomponentsfrom
legacy codes[60].
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