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Abstract

We presenta designand proof-of-concepimplementa-
tion of a component-basescienti ¢ simulationtoolkit for
hydrodynamicsWe employedhe CommonComponen#r-
chitecture, a minimalist, low-latencycomponenmodelas
our paradigmfor developinga setof high-performancear-
allel componentgor simulating ows on structued adap-
tively re ned meshes. Our ndings demonstate that the
architecture is sufciently exible and simpleto allow an
intuitive and straightforwaid decompositiorof a comple
monolithic codeinto easy-to-implemerntomponents.The
resultis a setof stand-alonéndependentomponent§rom
which a simulationcodeis assembled.Our resultsshow
that the componentarchitectue imposesnggligible over
headson single processorperformancewhile scaling to
multiple processaos remainsunaffected.

Keywords: Common Component Architecture
(CCA), StructuredAdaptive Mesh Re nement (SAMR),
component-basedoftware, high performancecomputing,
hydrodynamics.

1. Intr oduction

Most scienti ¢ codestoday are hand-tooledoy a small
group, and the usual practiceis to embodyall numerical
anddomain-speci calgorithmsin a monolithic simulation
code. The small groupis responsiblgor maintainingand
developingthe code, a fact that restrictsthe size and the
scopeof parallelsimulationgo theabilitiesandexpertiseof
afew people. A detaileddiscussiorof the softwareissues
in scienti ¢ simulationscanbefoundin [7]. An obviousan-
swerto theproblemof maintaining reusingandexchanging
scienti ¢ codedevelopedby expertsis the creationof spe-
cialized,individual scienti c modules.

The scienti ¢ community addressedhe modularity is-
sueby developingindividual libraries of specialpurpose,

widely usedalgorithms.Librarieslik e the BasicLinearAl-
gebralLibrary (BLAS), the Linear Algebra Package(LA-
PACK), andthe MessagePassinginterface (MPI) provide
very speci ¢ computingsolutionsand are available on all
high performanceplatforms. Librarieshave awell de ned,
standardizedhterfacebut their actualimplementationsre
vendorspeci c. Theuserfollowsthestandardpncelinked,
the libraries “just work”. Another approachto modular
ity wasachiezedthroughobject-orienteghrogrammingvith
thedevelopmenbf framavorks(e.g. POOMA[18], OVER-
TURE[12)) for parallelscienti c computing.Theseframe-
works provide a set of data-structuresind a large set of
commonlyusednumericalalgorithms. Developing codes
usingthe framevork's own algorithmsand data-structures
is fastandusuallystraightforward; howeverone's codesare
tightly coupledto theframewvork andarenolongerindepen-
dent. Therearelessintrusive frameworks,e.g. GrACE [23]
andUintah[14, which only sene asdatamanagersThey
have a datamodelandaninterfacefor othercodego access
the data. Orchestratiorand synchronizatiorof the work is
left to the user

A valuablepointerfor achieving modularityin scienti ¢
computingcomesrom commerciabracticesThebusiness
world hasimplementednodularityby adoptingthe compo-
nentmodel (e.g. Visual Basic[5], CORPBA [1] and Java
Beand16]). In thismodelanobjectimplementsafunction-
ality, which is exploited via interfaces;an object's adher
enceto a speci cation (dictatedby the componenmodel)
transformst into acomponentvithin theframewvork. Com-
ponentsarepeers,.e. they do notinherit from othercom-
ponentsandareeasilyextensiblesincecomponentsmple-
mentingan agreed-towell de ned interfacecanbe devel-
opedin completeisolation. While component-basesboft-
waredesignenhanceshe co-operatie developmentof ap-
plications, the commercialmodel is unsuitablefor scien-
tic computing[7], themaindravbacksbeinghigh lateng
and lack of supportfor parallel (not distributed) comput-
ing. The CCA (CommonComponenfrchitecture)compo-
nentmodelwasdesigned8] to meetthe high performance



requirementsf scienti ¢ computing;to datethree CCA-
compliantframewvork implementationshave beendemon-
strated(CCAFFEINE[7, Uintah[1§ and XCAT[6]). The
CCA standardis e xible; while allowing an evolutionary
pathforwardfor new scienti ¢ applicationsit is alsoanef-
cient way of “wrapping” legag/ codes.An interestingdis-
cussionof thelatteralongwith simpleillustrative problems
(e.g. Laplaceequation)canbefoundin [22].

The presentwork is the rst comprehensie accountof
how oneidenti es a classof signi cant computationakci-
enti ¢ problems(involving realistic physicalmodels,non-
linear PDEsanda spectrumof time andlengthscales)and
create® CCA-compliantcomponent-basezbftwareinfras-
tructureto solve them. This infrastructureconsistsof sci-
enti c componentswhere eachcomponenthasa distinct
functionality in termsof physicalmodelingor implemen-
tation of a numericalalgorithm. In this paperwe study
andlay out a formalism (the “classical” approach14]) by
whichoneidenti es asystemanddecomposeis recursvely
to a component-leel granularity thus identifying the so-
lution architecture.We then createthesecomponentsand
assemblehemto studytwo very differentproblems;a re-
acting o w problemwith two differenttestcaseq D igni-
tionand D reaction-difusion)andashockhydrodynamics
problem. Despitethe differentphysicalnature,both prob-
lemsadhereto the mathematicabhbstraction(system)that
thesoftwareinfrastructuras expectedo solve. Ourdomain
of interestis hydrodynamicsandthe mathematicahbstrac-
tion of the physicalproblemswe targetis a setof nonlin-
ear partial differentialequations. We discussthe physical
modelfor eachof the two problems,the associatedtom-
ponentassembliesandpresentcomputationatesultshigh-
lighting the performancef thecomponent-codim termsof
overheadandparallelscalability

2. The CCA ComponentModel

The CCA model[8] usesthe provides-useslesignpat-
tern. Componentgrovidefunctionalitiesthroughinterfaces
thatthey export; they useothercomponentsfunctionalities
viainterfaces.ThesenterfacesarecalledPorts; thusacom-
ponenthasProvidesPortsand UsesPorts.Componentsire
peersandareindependentThey arecreatecandexistinside
aframawork; thisis wherethey registerthemseles,declare
their UsesPortaand ProvidesPortsand connectwith other
components.

CCAFFEINE[7] is the CCA framework we employ for
our research. CCAFFEINE is a low lateny frameawork
for scienti c computations.Componentganbe written in
mostlanguagewvithin the framework; we develop mostof
our componentsn C++ or assetsof F77 librarieswrapped
in C++. All CCAFFEINEcomponentarederived from a
data-lessbstractlasswith onedeferrednethodcalledset-

Services(Servicew). All componentsmplementthe set-
Servicesnethodwhichis invokedby theframewvork atcom-
ponentcreationandis usedby the componentgo register
themselesandtheir UsesPortandProvidesPortsCompo-
nentsalsoimplementotherdata-lesabstractlassescalled
Ports,to allow accesgo their standardunctionalities. Ev-
ery components compiledinto a sharedobjectlibrary, i.e.
a dynamically loadablelibrary. Most Ports are domain-
speci ¢ andtheir designis left to the usercommunity

A CCAFFEINEcodecanbe assemble@ndrunthrough
a script or a GraphicalUser Interface (GUI). All compo-
nentsexist on the sameprocessorand the sameaddress
space. Once componentsare instantiatedand registered
with the frameawork, the procesof connectingportsis just
the movementof (pointersto) interfacesfrom the provid-
ing to theusingcomponentA methodinvocationon a Us-
esPortthus incurs a virtual function call overheadbefore
theactualimplementednethodis used. CCAFFEINEuses
the SCMD (Single ComponentMultiple Data)[7] model
of parallelcomputation. Identical frameworks, containing
the samecomponentsareinstantiatecbnall  processors.
“Parallelness’is implementedoy the componentvia MPI
communicationbetweerthesamecomponenbnall  pro-
cessorsi.e. acrossall  processors, instance®f agiven
component form a cohor{7] within which all message
passings done. Thusthe framewnork doesnot provide ary
message-passirgervices. The framewvork adherego the
MPI-1 standardj.e. dynamicprocessreation/deletiomnd
a dynamically sized parallel virtual machineare not sup-
ported. This minimalist naturerendersCCAFFEINE light,
simple,fast,andvery unobtrusie to the componentsPer
formanceis left to the componendeveloperwho is in the
bestpositionto determinethe optimal algorithmsandim-
plementationgor the problemathand.

A CCAFFEINEjobis generallystartedusingmpirun (or
equialent). “ " instancesf the frameawork, run with the
samescript,cause identically con gured framewnorksto
loadandexist onasmary processorsTheframework lends
outaproperlyscopedVPl communicatoto ary component
to allow accesdo the parallel virtual machinecreatedby
mpirun. This conventionalmodeof startinga component-
basedcode makes job submissionto a queuing system
rathereasy CCAFFEINEcanalsobestartedviaaGUI. The
framewnork comeswith anapplicationframerwhich allows
the userto composean applicationby draggingand drop-
ping componentdrom an availablelist into an“arena”and
connectinghe appropriatgorts.Fig. 1 shovs asmallcode
assembledh thearena- componentareblack boxes,with
ProvidesPorton theleft, UsesPort®n the right, andlines
connectinghe Ports. Any actionperformedin the GUI is
corvertedto the correspondingcriptcommandactionand
fed into a “multiplexer”, which reproduceghe action -
fold andissuesit to eachinstanceof the framework. The



outputfrom theframework instancess de-multiplexedand
displayedby the GUI. The GUI-to-framevork communica-
tion employing the multiplexer usessoclets.

3. Problem Speci cation

Our objectiveis the creationof a component-basesbft-
ware infrastructurefor computationalhydrodynamicsjn-
cluding chemically reacting ows. We target scienti c
problemsde ned on simplegeometriesi.e. logically rect-
angulardomains. Typically a meshof rectangularcellsis
overlaid on the domainand o w quantities(density mo-
mentumin , , directionstemperaturespeciesoncen-
trations, etc) are de ned at the cell corners(henceforth
calledmeshor grid points).Evolutionin time of thesequan-
titiesis governedby PDEswhich areof the generaform:

— (1)

where is the vectorof o w variablesat a given mesh
point. Notethat involvesvariablesonly ata meshpoint
while involvesspatialderivativeswhicharecomputedis-
ing nite differenceor nite volumescheme$17] andcon-
sequentlydependuponthe meshpoint andits closeneigh-

bors.For differentphysicalproblems, , and vary. In
somecases or maybeabsent.
Often  exhibits steepspatial variationsin scattered

time-evolving regions of the domain. The dependencef
onneighboringoointsrequiresthatthesesteepvariations
befully resohed,usuallyby locally increasinghegrid den-
sity. Asthe ow eld evolves,theregionsof high gradients
move andthelocally-resohedgrid adapts Oneof the most
commontechniquesof adaptive grid re nementis Struc-
tured Adaptive MeshRe nement(SAMR) [10]. As a rst
step,a uniform coarsemeshis overlaidonthedomain.The
coarsenessf the meshcauseserrors(suitably de ned) in
regionsof high gradientsBasedon anerrorthresholdgrid
pointsin theseregionsare agged, collatedinto rectangles,
and ner meshesare createdby dividing the coarsecells
symmetricallyby a constante nementfactor This occurs
recursvely, leadingto a hierarchyof patches.The details
arein [23]. The patchhierarchyis periodicallyrecreated.
Thesolutionis passedhrougha Iter to determineregions
needingner mesheswherebynew patchesrecreatedand
initialized with datafrom thecoarsemeshegprovidedthere
doesnot exist a patchof the sameresolutionover that sub-
domain,wholly or partly). This processs called prolon-
gation. Regionswhich aredeemedover-re ned have ne
patchesdestryed. Upon patchrecreationthe domainde-
compositioron multiple processorss re-de ned. An initial
is imposedon all patcheqInitial Condition)andthe sys-
temis evolvedin time by integratingover time-steps.This

alsoresohestemporalchangesn . Eachtime-stepis as-
sumedo adwancein timefrom  to .

We assumethat , in Eq. 1, is stiff (the ratio of the
largestand the smallesteigervaluesof is large)
while is non-stif. We employ anoperatorsplitting [28]
technique. Below, we outline the design of a CCA-
componenbasednfrastructurehatenableghe solutionof

equationdike Eq. 1.

4. Designof Componentsand Interfaces

In this sectionwe demonstratehe rationalefor the re-
cursive decompositiorof the solutionstrateyy of Eq. 1 into
software subsystemsndthe interfacesdeveloped. A soft-
ware subsysteris acollectionof componentshatembodies
a physicalor numericalfunctionality (e.g., an Explicit in-
tegration subsystemincludesthetime integrator, the RHS
evaluatorand miscellaneousomponentghat identify the
largesteigervalueof the discretizatiomrmatrix to enabledy-
namictime-stepsizing). The softwaresubsystemsve iden-
tied are:

1. Mesh: It senesasameansf declaringandmaintain-
ing patchesn themeshhierarchy It is geometridn na-
ture,anddeterminesandadministerghe child-parent-
sibling relationshipsand the spatio-temporalocation
of patchesLoadbalancinganddomaindecomposition
functionalitiesareimplementechere.

2. Data Object: It maintainsthe collection of arrays
which containdatadeclaredon patches,1 array per
patch. Typically a numberof relatedvariablesare
storedtogetherin a Data Object; equally typically, a
simulationwould contain2-3 DataObjects. This sub-
systemimplementsthe actual movement/copging of
data betweenpatchesand the packing/unpackingf
databefore/aftemessag@assing.Currentlywe have
wrappedGrACE [3, 23] into a C++componento per
form the Data Object andthe Meshtasks.

3. Initial Condition:; This subsystentonsistof a setof
componentghatimposelnitial Conditionson a Data
Object.

4. Explicit Integration subsystem: It consistsof a re-
cursivetime integratorthatadvancesa setof DataOb-
jectsover atime stepaswell ascomponentshateval-
uate and assemblehe Right Hand Side (RHS), one
patchatatime. Theevaluationof theRHScanbedone
by onecomponenor by a further subsystenof com-
ponents. This also containscomponentghat analyze
the eld to determinean approximationof the high-
esteigervaluethattheintegratorwill encounter This
informationis usedby the integratorto dynamically
adjustthetimestep.



5. Implicit Integration subsystem: This consistsof an
implicit time integrator, which advancesa vector of
variablesRHS component(s)andanadaptotthatcol-
latesdatafrom a patchto a vector

6. Inter polation components: Theseémplementvarious
spatialandtemporalinterpolationoperators.

7. Boundary Condition: It is applied on a patch by
patchbasis. BCs are appliedat eachof the stagesof
amulti-stageintegrationschemehenceapplicationof
theboundaryconditionshasto bedoneona ner basis
thanone DataObjectat a time. Thusthe granularity
will beapatch.

8. Databasecomponents: Thesecomponentstorecer
tain parameterge.g. meshsize,gasproperties,eto,
that are retrieved using a key-value pair mechanism.
They are essentially maps betweenthe (character
string) propertynameanda number

9. Adaptors: Dependingon the physical problem at
hand,case-speci cadaptorsare often usedto consol-
idate and Iter outputsfrom variousphysicscompo-
nents.

Given the functional descriptionabove, it is clearwhat
typesof Ports(interfaces)are needed: (a) Port(s) (pro-
vided by the meshcomponent}hat allow (i) geometrical
manipulationof the domain, (ii) the declarationof elds
on the mesh(via Data Objects), and(iii) allow taskslike
setting/querying@f domain-decompositiodetails. Our de-
signfor type (a) Portsis calledMeshPort [4]. (b) An ab-
stractinterfacefor the Data Object allowing manipulation
of patchesandthe datade ned onthem. (c) Portsthatac-
ceptanarrayof Data Objectsandactonthemin asynchro-
nizedmanner Integratorsusually supporttheseports. (d)
Portsthatacceptanarrayfrom apatch.(e) Portsthataccept
vectors. (f) Portsthatallow setting/queryingpf key-value
pairs.

In this section we will shawv the use and reuse of
a set of componentsdeveloped for solving mathemati-
cal systemslike Eg. 1. Theserelate, physically to a

D/homogeneouggnition, ignition in a two-dimensional
( D) reaction-difusionsystemanda shockinteractingwith
adensityinhomogeneitynodeledusingthe Eulerequations
(anapproximatiorof shock-inducednixing of two gases).

4.1 Zero Dimensionallgnition Problem
The D ignition problemis describedy the system:

— )

where , is the gastempera-
ture, isthemassfractionof species in the mixture,

is thestagnatiorpressure, is thetotalnumberof species,
and s the array of chemicalsourcetermsfor  com-

putedfrom the heatequationthe speciesquationsandthe

conseration of mass. Eq. 2 is identicalto Eq. 1, without

thespatialderivativeterm . Weusea —Air mechanism
with speciesand reversiblereactiong26]. This setof

equationdgs a D reductionof the low Mach numberform

of the Navier-Stokes,enepgy, andspeciesquationsgetails
abouttheequationsanbefoundin [20, 21].

The solutionof this systemrequiresthe following mod-
ules(a) Initial Condition(b) Stiff Integrator(c) RHS Eval-
uatorand(d) BoundaryCondition. Thesemodulesareim-
plementedasthe (a) Initialize , (b) CvodeComponent (c)
ThermoChemistry, (d) ProblemModeler anddPdt com-
ponentsrespectiely. Fig. 1 shovsthe D ignition codeas
assemblednh the CCAFFEINEframevork GUI. The com-
ponentdesignmappingto thedescriptionin Sec4 isin Ta-
ble1.

Software Subsystems|| Componentinstance
Mesh N/A
DataObject N/A
Initial Condition Initializer
Explicit Integration N/A
Implicit Integration CvodeComponent,
ThermoChemistry
BoundaryCondition problemModeler
dPdt
Database ThermoChemistry
Adaptors problemModeler

Table 1. Component Design for the 0D ignition
code.

Componenthnitializer imposesthe initial condition; a
vectorof doubleprecisionnumbersspecifyingthe stoichio-
metric massfractionsfor the speciesthe initial tempera-
ture ( K), andthe initial pressurg( atm). The Im-
plicit Integrationsubsystentonsistsof CvodeComponent
and ThermoChemistry components. CvodeComponent
is an implicit stiff/fnon-stiff integrator that time-adwances
the systemasiit ignites. This is a thin wrapperaround
the Cvode[13] integratorlibrary. The ThermoChemistry
componenembodieghe chemicalinteractionsjt provides
the sourcetermsfor temperatureandspecieslueto chem-
istry andis a thin C++ wrapperaroundFortran77 subrou-
tinesabstractedrom pre-«isting codesfor chemicallyre-
acting o ws. ThermoChemistry alsosenesasa Database
subsystemi,e. it holdsthegasproperties BetweenCvode-
Componentand ThermoChemistry is the problemMod-
elercomponentvhichactsasanAdaptor;i.e. for thisclosed
systemit addsthe pressurgermto the heatequation.The



pressureerm dependson the boundaryconditionsof the
problem(rigid walls, i.e. constantmassandvolume)andis
computedoy the dPdt component.The codeintegratesup
to 1 msandexecutesn 1.5secsonal GHz Pentiumlll Red
Hatworkstation.

Figure 1. GUI shot of the D ignition code.

4.2 2D Reaction-Diffusion Fronts

In this examplewe expandthe D ignition testcaseto
includespatialtermsto modeldiffusion. Theequationsre:

— ®3)

where , - — ,

, isthereactive productionof heat
andspecieswhile is the diffusive transport
sourceterm (by Fick's Law) of the heatandthe species.
is the thermalconductvity and  arethe diffusion coef-

cients. The chemicalproductionof a specieds governed
by the chemicalreactionst undegoes:heatproduction(by

chemicalreactions)s governedby the summatiorover all

the speciesof the enthally changeof eachspecies. This
systemof partial differentialequationamodelsa Reaction-
Diffusionsystem.

This is a reaction-difusion ame model that includes
chemistryandthediffusionof heatandspeciesbhut no con-
vection; pressureis assumedo be constantin time and
spacg(i.e. burningin anopendomain).The speciesareas-
sumedto diffuseindependentlynto the mixture at a mesh
point, i.e. the diffusion coefcient of the  specieds
mixture averaged. The modelwas developedto studythe
behaior of an actual ame simulationunder SAMR in a
componenbasednfrastructure We usedthesame  —Air
mechanismve usedfor the D ignitiontestcase.Thediffu-

sionof speciegrovidesa goodapproximatiorof the “pre-
dictable” part of the workload of a real ame simulation,
i.e. the computetime per meshpoint at re nementlevel
canbepredictedandis uniformly applicableacrossall mesh
points. Chemistry integration in our reaction-difusion
example is expensve mostly inside the ame, and con-
tributestremendouslyto load-imbalance.Patchesare col-
lated and distributed amongprocessorso maximizeload-
balancewhile keepingparentsandchildrenonthesamepro-
cessors.Fig. 2 showvs the componenaissemblydesignde-
scribedin Table2. ThelnitialCondition componeninitial-

Software Subsystems|| Componentinstance
Mesh GrACEComponent
DataObject GrACEComponent

InitialCondition
Explicitintegrator,

Initial Condition

Explicit Integration DiffusionPhysics,
DRFMComponent
Implicit Integration CvodeComponent,
ThermoChemistry
BoundaryCondition GrACEComponent
Database ThermoChemistry
Adaptors Implicitintegrator
Table 2. Component Design for the 2D

Reaction-Diffusion code.

izesa con guration with threehot-spots.The Mesh, Data
ObjectandBoundaryConditionsubsystemareaccommo-
datedby GrACEComponent, which is the componetized
version[4] of the GrACE library. The Implicit Integra-
tion subsystenis identicalto that of the OD ignition code.
Thelmplicitintegrator components anAdaptorthatcalls
on the Implicit Integration subsystenfor all cells andall
patches. The Explicit Integration subsystemconsistsof
threecomponentsa Runge-Kutta-Chebysheintegrator[9]
(Explicitintegrator ), a componentto calculatethe diffu-
sion ux es(DiffusionPhysicg anda componenthatcalcu-
latesthe mixture-averageddiffusion coefcients (DRFM-
Componenf). DRFMComponent is a thin C++ wrapper
aroundthe Fortran77DRFM [24] package.(MaxDiffCo-
effEvaluator) components usedby the explicit integrator
to evaluatethe maximumdiffusion coefcient over the do-
main to determinethe maximumstabletimestep.Err orE-
stAndRegrid) componenestimateghe gradientsat a cell
and ags regionsfor re nement/coarseningThe coderuns
for 58 hourson 28 CPUs(Beawulf cluster RedHat 7.2, 1
GHz,512kB cachePentiumlll processorsl GB RAM per
node,2 CPUspernode)connectedy 100bT switchedfast
Ethernet.

The simulationis donewithin a 10 mm squaredomain.



Goport | [MeshPort [TimeinterpPort]
| [nitCondPort | [ MeshPort
TnitCondPort MeshPort Bou"daryc(md
ImplintegPort InitialCondition
GrACECcmpcnem
—[1mplintegPort | [MeshPort
[Cvodeport | CvodePor{[DensePort__|-{DensePort | [MeshPor
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plinteg
RegriderPort

StatisticsPort

[

TheDriver
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DifiCoefProg

DataPort ‘ ‘ MeshPort TheTimelnterpolator

MaxDiffCoeffEvaluator

S THepar Meshpm.

StatisticsComponent ErrEsnmAndRegr\d

Figure 2. Reaction-Diffusion code assembly.

A 100 100coarsameshis laid onthedomain.A stoichio-
metric mixtureis de ned onthesquarewith three
hot-spotswvhichignite. In Fig. 3 we plottheevolution of the
temperature.The nest structuresarearound

mmin size;the nest grid resolutionis mm. The
re nementratio is 2. The spectrumof lengthscalesspan-
ning two ordersof magnitudejs resohed using SAMR as
shavnin Fig. 4.

Figure 3. Temperature eld att = 0, 0.265,
0.395 ms.

4.3, 2D Shock-InterfacelInteraction

In this example,we showv reuseof the componentsnen-
tioned above in the interactionof a shockwith a density
interface. The systemis modeledusingthe 2D Eulerequa-
tion (inviscid Navier-Stokes); detailsof the equationaused
andthe interactionarein [27]. The governing equations
(compressibl&ulerequations)n conserative form are:

(4)

where

Figure 4. AMR patch distrib ution with
mass fraction plotted on the nest mesh.

is thetotal eneny, relatedto the pressure by
- and is ainterfacetrackingfunction.
We usetheidealgaslaw asthe equationof state.

Theequationsresolvedon a 3 level adaptve mesh,us-
ing a nite volumeGodunw method27]. Themeshis cell-
centeredj.e. the meshdividesthe domaininto smallrect-
angularcellsand uid variablesarede ned andindexedat
the cell centers.The Godunw methodinvolvesconstruct-
ing the stateson the left andright of a cell interfaceusing
slope-limiters,upwindingandsolving a Riemannproblem
[27]. The constructionof left andright statesholds true
for most nite volumemethods;solvinganexactRiemann
problemcouldbesubstitutey a gas-kineticschemde.g.
Equilibrium Flux Method[25]).

The codeassemblyof componentgFig. 5) is described
in Table3. Thereis a ConicallnterfacelC componenthat
setsup the problem- ashocktubewith Air andFreon(den-
sity ratio 3) separatedy an oblique (30 from the verti-
cal) interfacewhich is rupturedby a Mach 1.5 shock. The
GrACEComponent, StatisticsComponent and Err orE-
stAndRegrid componentsrst utilized in the Reaction-
Diffusion simulation (Sec.4.2, Fig. 2), are being reused.
A Runge-Kutta time integrator (ExplicitintegratorRK2 )
with an InviscidFlux componentsuppliesthe right-hand-
sideof the equation patch-by-patchinviscidFlux compo-
nentusesa Statescomponento setup the Riemannprob-
lem at eachcell interfacewhich is then passedo the Go-
dunovFlux componenfor the Riemannsolution. Charac-
teristicQuantities determineshe characteristicspeedsand



Software Subsystems

Componentinstance

Mesh

GrACEComponent

DataObject

GrACEComponent

Initial Condition

ConicallntericelC

ExplicitintegratorRK2,

Explicit Integration GodunaFlux,
States
Implicit Integration N/A
BoundaryCondition BoundaryConditions
Database GasProperties
Adaptors InviscidFlux

Table 3. Component Design for the 2D Shock-
Interface Interaction.

ProlongRestrict performsthe cell-centerednterpolations.
The shocktube hasre ecting boundaryconditionsabove
andbelow andout ow on theright, which aresetwith the
BoundaryConditions component.

In Fig. 6 we plot the density eld after the shock-
interfaceinteraction;the thick black line indicatesthe in-
terface . Re ectedshocksareseen.Note that re-
gionsof steeppressureanddensitygradientyshockwaves
andgas-gasnterfacerespectiely) areresohed with Level
3 meshesin Fig. 7 we plot the circulationon the interface
( ) aswe increasethe levels of
re nement. We notethatwe achieve corvergenceof thein-
terfacialcirculationdepositionsincethereis no appreciable
differencebetweerthe 2-level and3-level runs. Further the
maximumdeposition,correspondingo the “knee” in the
plot, is closestto the analyticalestimateof -0.592for the

ACondPort | [MeshPort
GasPropertieq [GasPropertie:
ConicalinterfacelC GasProperties
Goport] [ InitCondPort ProraResT
MeshPort TimelnterpPort
TmpintegPort] MeshPort
[ExpiiegPory BoundaryConds| BoundavyCund% ‘MeshPun
[RegrderPort |
[StatisticsPori] GrACEComponent BoundaryConditions
HydroDriver
StatesCompute ||
ExplintegPort] MeshPort ’7 SatesProperie
onvFlux |- ConvFlux StatesCompute ‘ States
I rEors——
perties |} perties| | P
Pawpor | FluxCompute
—
P L i
2 InviscidFlux
T
LDalaPmt [ TcasProperties |+ luxCompute
CharProperties| [MeshPort |4 lux
CharacteristicQuantities GodunovFlux
[Reg Meshport_|
StatisticsPort| | MeshPort
EnEstimAndRegrid
StatisticsComponent

Figure 5. A component assembly to simu-
late shock interactions with density inhomo-
geneities.

Figure 6. Density eld at 2.096, where
is the elapsed time and the time needed by
the shock to traverse the oblique interface .

The Godunw methodwith RK2 becomesunstablefor
strongshocks. The e xibility of CCA allows oneto suc-
cessfully reusethe code assemblyin Fig. 5 to simulate
strongshocks(Mach  3.5) by simply replacingthe Go-
dunovFlux componentwith EFMFlux, a componenim-
plementinga morediffusive gas-kineticschemd?25].

5. Performance of Component-Assembled
Code

In thissectionwe examinetheperformanceami cations
of the CCA architecture.All C andC++ codeswerecom-
piledusinggcc (g++ ) version2.95;Fortranlibrarieswere
compiledwith Portlandgroup'spgf77 . -O2 and -
fast were usedfor the GNU and PG compilersrespec-
tively.

5.1 Single ProcessorPerformance

This subsectioraddressethe questionof serial perfor
manceof component-basedodes. Typically the imple-
mentedmethodis calledvia a methodin an interface,in-
curring the overheadof calling via a virtual function. This
overheads expectedo berelatively small.

We createch codeidenticalto theonein Sec.4.1,except
thatthe utilized mechanismhad speciesand reactions
(asopposedo speciesand  reactions). The problem
was solved on multiple identical cells, so that the elapsed
time could be accuratelymeasuredvith getrusage()

We deliberatelyusedalight-weightRHS, sothatthevirtual
functioncall would bealargerfractionof thecomputational
time. Two testsweremadeby changinghenumberof times
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Figure 7. Convergence with respect to grid
re nement of the interfacial circulation as the
mesh hierar chy is allowed to have 1, 2 and 3
levels respectivel vy.

the ThermoChemistry componentvascalled(doneby in-
tegratingfor a longertime), in an effort to rack up larger
overheads.The numbersare comparedwith thoseof a C-
codein which theintegrator(Cvode)wasimplementedasa
library.

Thecodesvererunona600MHz AMD Athlon proces-
sorwith 512kB cacheand256 MB RAM, runningRedHat
6.0. Theresults,in Table 4 indicate small differencesin
the performancewith no cleartrend.  refersto thetime
overwhich the problemwasintegrated Ncellsrefersto the
numberof meshpoints. NFE=numbeiof RHS evaluations,
i.e the numberof timesthe ThermoChemistry component
wascalledpercell. Timingsarein seconds% differences
the percentagalifferencein executiontime. The overhead
in CCA componentss in the methodinvocation notin the
actualmethodexecution.[11] shavs haw CCA methodin-
vocationsare consistently times more expensve than
simple Fortran subroutineinvocations;however sincethe
invocation overheaditself is , @ more ex-
pensve componenimethodinvocationis still insigni cant
comparedo the time spentin the methodexecution. Con-
sequentlyevenfor sucha light-weightmechanismthe ef-
fect of the more expensve componenbverheadcould not
bereliably quanti ed. Thus,unlessadesigninvolvesavery
ne-grained decompositioncomponentsio not adwersely
affectsingleprocessoperformance.

5.2 ScalingTo Multiple Processors

We ran the Reaction-Difusion code(Sec.4.3) on San-
dia's CPlantcluster(433MHz. EV56 CompadgAlpha pro-

Ncells || NFE || Comp. || C-code|| % diff.
1 1000 || 150 4.93 4.98 -0.88
1 5000 || 150 || 28.78 || 28.66 0.42
1 || 10000|| 150 || 58.71 || 58.19 0.89
10 || 1000 || 424 || 13.68 || 13.74 || -0.44
10 || 5000 || 424 || 77.14 || 78.33 || -1.54
10 || 10000 || 424 || 165.85| 164.74| 0.67

Table 4. Timings for the single-pr ocessor
code. Comp. and diff. are abbreviations for
Component and diff erence.

cessors192 MB RAM). Messaggrassingvasdoneusing
MPICH compiledfor a1 Gb/sMyrinet messagindabricus-
ing 32-bit PCI32ccards.The codewasrunfor 5 timesteps,
eachof

We performedconstantsingle-processoand constant
global problemsize testto determine(a) communication-
time characteristicas the machinesize increasesand (b)
communicatiorcostversuscomputationakosts. Adaptiv-
ity wasturnedoff sinceit rendersscalabilityextremelysen-
sitive to the performancef theload-balancerKeepingthe
computationaload on a processorx ed, the problemwas
run on up to 48 processorsThusasthe numberof proces-
sorsincreasedso did the problemsize. Eachmeshpoint
has9 variableson it. Runsweredonefor single-processor
domainsizesof , and . In
Fig. 8 we plot the run timesfor the threecases we see
thatincreasinghe numberof processorgandthe problem
size) doesnot make an appreciablaifference. From Ta-
ble 5 we seethattheruntimesscaleasthe single-processor
problemsize. The problemsizerefersto the meshsizeon
eachprocessarThe meanmedianandstandardieviations
( and respectiely) for the datain Fig. 8 show that
the machinebehaesas“homogeneous”j.e. thereareno
suddenjumpsin run-time asthe job spreadstself across
the machine.Timings arein seconds.ThusCPlantcanbe
treatedasa “homogeneousinachine,.e. the communica-
tion timesarenot affectedby machinesize or the commu-
nicationtimesaretoo smallto be of ary signi cance. We
addresshis questiomext.

Py

ProblemSize R T
43.94 44.4 2.72
161.7 || 159.6 5.81
507.1| 506.05| 20.57

Table 5. Timings for the Reaction-Diffusion
code.
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Figure 8. Timings for constant-pr ocessor -
workload test for diff erent single-CPU mesh
sizes.

Werantwo casesvheretheglobalproblemsizewaskept
constantvhile the numberof processorsvereincreasedIt
was expectedthat at a point the single-processoproblem
sizewould getsmall enoughto be comparableo the com-
municationcosts. Fig. 9 shaws the run time versusideal
run time for two problemsizesfor up to 48 processorsn
Cplant[2]. Thetwo problemstreatedare and

onup to 48 nodes. Theideal curvesare plot-
tedin lines (solid for anddashedor
meshes)individual measurementare symbols(boxesfor
andcirclesfor meshes)We seethat
for the larger problemthe measuredun times follow the
ideal closely The parallelscalingef ciency (
where isthesingle-cpuuntimeand istheruntimeon
processorsis foundto beworston a grid on
48 processors 73%. Thesingle-CPUproblemsizefor this
lastrunwas

6. Conclusionsand Futur e Work

Computationalscienceusually abstractsphysical sys-
temsas systemsof Partial or Ordinary Differential Equa-
tions. We have focusedon a certainset of PDEswhich
are commonin hydrodynamicsand emphasized certain
classof solutionmethodologiegexplicit integrationof spa-
tially coupledterms,implicit integrationof all otherterms).
Within the boundariesset by theseassumptionsye have
developedafairly generaketof componentshatcanbeas-
sembledo simulatevery differentkindsof o ws. TheCCA
architecturds shawvn to be sufciently e xible andsimple
to allow a straightforvarddesignanddevelopmentof com-
ponentsby computationakcientists.The componengrchi-
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Figure 9. Scalability of the Reaction-Diffusion
code (Fig. 2) without mesh re nement. The
worst scalability efcienc y is 73 % for the
smaller problem on 48 nodes.

tectureimposesnegligible overheadvis-a-visa traditional
codeanddoesnot adwerselyaffect parallelscalability

Our study with CCA-based scientic components
demonstratethefollowing:

1. Reuseof the CvodeComponentand ThermoChem-
istry componentsin the D ignition and the D
Reaction-Difusion simulations (instances Cvode-
ComponenandThermoChemistryn Fig. 1, instances
CvodeSolerandReaction®rmsin Fig. 2).

2. Reuseof the Mesh and ErrEstAndRegrid compo-
nentsin the Reaction-Difusion and shock-interéce
simulations (instances AMR_Mesh and ErrE-
stAndRgrid in Fig. 2, instancesAMRMesh and
ErrEstimatorin Fig. 5).

3. Incorporationof a differentnumericalmethodin our
2D Shock-Inter&celnteraction,by replacingthe Go-
dunovFlux componentwith the EFMFlux compo-
nent.

Recompilation/relinkingof the code was not required.
The componentsveredevelopedwithin the groupin a de-
coupledmanner Interfaces(and units) wereagreedo and
the componentsvere codedto their agreedspeci cations.
Languag€‘interoperability” was achieved by wrappingC
andFortran77 librariesinto componentsDecompositiorof
the codeinto subsystemsvasdone rst coarselyalongnu-
mericalalgorithmlinesandthen nely alongphysicalmod-
els.

In the future, our thrustwill be four-fold. (1) We will
continueto develop numericaland physical components



which will be usedto simulate ames in SAMR. This will
alsoincludean effort to de ne interfacesto load-balancers
prior to testinga numberof them. (2) We will use CCA
interoperabilitytools for the automatedvrappingof C and
Fortranlibrariesascomponents(3) We will portour com-
ponentsto otherimplementation®f the CCA standardas
parallel CCA frameworks becomemoreinteroperable.(4)
By using TAU [19], we intendto characterizeéhe perfor
mancecharacteristicof individual componentsand their
assemblies.
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