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Abstract

We presenta designand proof-of-conceptimplementa-
tion of a component-basedscienti�c simulationtoolkit for
hydrodynamics.We employedtheCommonComponentAr-
chitecture, a minimalist, low-latencycomponentmodelas
our paradigmfor developinga setof high-performancepar-
allel componentsfor simulating�ows on structured adap-
tively re�ned meshes.Our �ndings demonstrate that the
architecture is suf�ciently �exible and simpleto allow an
intuitive and straightforward decompositionof a complex
monolithiccodeinto easy-to-implementcomponents.The
resultis a setof stand-aloneindependentcomponentsfrom
which a simulationcodeis assembled.Our resultsshow
that the componentarchitecture imposesnegligible over-
headson single processorperformancewhile scaling to
multipleprocessors remainsunaffected.

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

1. Intr oduction

Most scienti�c codestodayarehand-tooledby a small
group, and the usualpracticeis to embodyall numerical
anddomain-speci�calgorithmsin a monolithicsimulation
code. The small groupis responsiblefor maintainingand
developing the code,a fact that restrictsthe size and the
scopeof parallelsimulationsto theabilitiesandexpertiseof
a few people.A detaileddiscussionof thesoftwareissues
in scienti�c simulationscanbefoundin [7]. An obviousan-
swerto theproblemof maintaining,reusingandexchanging
scienti�c codedevelopedby expertsis thecreationof spe-
cialized,individualscienti�c modules.

The scienti�c communityaddressedthe modularity is-
sueby developing individual libraries of specialpurpose,

widely usedalgorithms.Librarieslike theBasicLinearAl-
gebraLibrary (BLAS), the Linear Algebra Package(LA-
PACK), andthe MessagePassingInterface(MPI) provide
very speci�c computingsolutionsandareavailableon all
high performanceplatforms.Librarieshave a well de�ned,
standardizedinterfacebut their actualimplementationsare
vendor-speci�c. Theuserfollowsthestandard;oncelinked,
the libraries “just work”. Another approachto modular-
ity wasachievedthroughobject-orientedprogrammingwith
thedevelopmentof frameworks(e.g. POOMA[18], OVER-
TURE[12]) for parallelscienti�c computing.Theseframe-
works provide a set of data-structuresand a large set of
commonlyusednumericalalgorithms. Developingcodes
usingthe framework's own algorithmsanddata-structures
is fastandusuallystraightforward;howeverone'scodesare
tightly coupledto theframeworkandarenolongerindepen-
dent.Therearelessintrusive frameworks,e.g. GrACE[23]
andUintah[15], which only serve asdatamanagers.They
haveadatamodelandaninterfacefor othercodesto access
thedata. Orchestrationandsynchronizationof thework is
left to theuser.

A valuablepointerfor achieving modularityin scienti�c
computingcomesfrom commercialpractices.Thebusiness
world hasimplementedmodularityby adoptingthecompo-
nent model (e.g. Visual Basic [5], CORBA [1] and Java
Beans[16]). In thismodelanobjectimplementsafunction-
ality, which is exploited via interfaces;an object's adher-
enceto a speci�cation(dictatedby the componentmodel)
transformsit into acomponentwithin theframework. Com-
ponentsarepeers,i.e. they do not inherit from othercom-
ponents,andareeasilyextensiblesincecomponentsimple-
mentingan agreed-to,well de�ned interfacecanbe devel-
opedin completeisolation. While component-basedsoft-
waredesignenhancestheco-operative developmentof ap-
plications, the commercialmodel is unsuitablefor scien-
ti�c computing[7], themaindrawbacksbeinghigh latency
and lack of supportfor parallel (not distributed) comput-
ing. TheCCA (CommonComponentArchitecture)compo-
nentmodelwasdesigned[8] to meetthehigh performance



requirementsof scienti�c computing;to datethreeCCA-
compliantframework implementationshave beendemon-
strated(CCAFFEINE[7], Uintah[15] andXCAT[6]). The
CCA standardis �e xible; while allowing an evolutionary
pathforwardfor new scienti�c applications,it is alsoanef-
�cient wayof “wrapping” legacy codes.An interestingdis-
cussionof thelatteralongwith simpleillustrativeproblems
(e.g. Laplaceequation)canbefoundin [22].

The presentwork is the �rst comprehensive accountof
how oneidenti�es a classof signi�cant computationalsci-
enti�c problems(involving realisticphysicalmodels,non-
linearPDEsanda spectrumof time andlengthscales)and
createsaCCA-compliantcomponent-basedsoftwareinfras-
tructureto solve them. This infrastructureconsistsof sci-
enti�c components, whereeachcomponenthasa distinct
functionality in termsof physicalmodelingor implemen-
tation of a numericalalgorithm. In this paperwe study
andlay out a formalism(the “classical”approach[14]) by
whichoneidenti�es asystemanddecomposesit recursively
to a component-level granularity, thus identifying the so-
lution architecture.We thencreatethesecomponentsand
assemblethemto studytwo very differentproblems;a re-
acting�o w problemwith two differenttestcases( � D igni-
tion and � D reaction-diffusion)andashockhydrodynamics
problem. Despitethe differentphysicalnature,both prob-
lemsadhereto the mathematicalabstraction(system)that
thesoftwareinfrastructureis expectedto solve. Ourdomain
of interestis hydrodynamics,andthemathematicalabstrac-
tion of the physicalproblemswe target is a setof nonlin-
earpartial differentialequations.We discussthe physical
model for eachof the two problems,the associatedcom-
ponentassemblies,andpresentcomputationalresultshigh-
lighting theperformanceof thecomponent-codein termsof
overheadandparallelscalability.

2. The CCA ComponentModel

The CCA model [8] usesthe provides-usesdesignpat-
tern.Componentsprovidefunctionalitiesthroughinterfaces
thatthey export; they useothercomponents'functionalities
via interfaces.TheseinterfacesarecalledPorts; thusacom-
ponenthasProvidesPortsandUsesPorts.Componentsare
peersandareindependent.They arecreatedandexist inside
aframework; this is wherethey registerthemselves,declare
their UsesPortsandProvidesPortsandconnectwith other
components.

CCAFFEINE[7] is theCCA framework we employ for
our research. CCAFFEINE is a low latency framework
for scienti�c computations.Componentscanbewritten in
mostlanguageswithin theframework; we developmostof
our componentsin C++ or assetsof F77librarieswrapped
in C++. All CCAFFEINEcomponentsarederived from a
data-lessabstractclasswith onedeferredmethodcalledset-

Services(Services*q). All componentsimplementthe set-
Servicesmethodwhichis invokedby theframeworkatcom-
ponentcreationandis usedby the componentsto register
themselvesandtheirUsesPortsandProvidesPorts.Compo-
nentsalsoimplementotherdata-lessabstractclasses,called
Ports,to allow accessto their standardfunctionalities.Ev-
ery componentis compiledinto a sharedobjectlibrary, i.e.
a dynamically loadablelibrary. Most Ports are domain-
speci�c andtheir designis left to theusercommunity.

A CCAFFEINEcodecanbeassembledandrun through
a script or a GraphicalUser Interface(GUI). All compo-
nentsexist on the sameprocessorand the sameaddress
space. Once componentsare instantiatedand registered
with theframework, theprocessof connectingportsis just
the movementof (pointersto) interfacesfrom the provid-
ing to theusingcomponent.A methodinvocationon a Us-
esPortthus incurs a virtual function call overheadbefore
theactualimplementedmethodis used.CCAFFEINEuses
the SCMD (Single ComponentMultiple Data) [7] model
of parallelcomputation.Identical frameworks, containing
thesamecomponents,areinstantiatedon all � processors.
“Parallelness”is implementedby thecomponentsvia MPI
communicationsbetweenthesamecomponentonall � pro-
cessors,i.e. acrossall � processors,� instancesof a given
component� form a cohort[7] within which all message
passingis done.Thustheframework doesnot provide any
message-passingservices. The framework adheresto the
MPI-1 standard,i.e. dynamicprocesscreation/deletionand
a dynamicallysizedparallel virtual machineare not sup-
ported.This minimalistnaturerendersCCAFFEINElight,
simple,fast,andvery unobtrusive to thecomponents.Per-
formanceis left to the componentdeveloperwho is in the
bestposition to determinethe optimal algorithmsandim-
plementationsfor theproblemathand.

A CCAFFEINEjob is generallystartedusingmpirun(or
equivalent). “ � ” instancesof the framework, run with the
samescript, cause� identically con�gured frameworks to
loadandexist onasmany processors.Theframework lends
outaproperlyscopedMPI communicatorto any component
to allow accessto the parallel virtual machinecreatedby
mpirun. This conventionalmodeof startinga component-
basedcode makes job submissionto a queuing system
rathereasy. CCAFFEINEcanalsobestartedvia aGUI. The
framework comeswith anapplicationframerwhich allows
the userto composean applicationby dragginganddrop-
ping componentsfrom anavailablelist into an“arena”and
connectingtheappropriateports.Fig. 1 showsasmallcode
assembledin thearena– componentsareblackboxes,with
ProvidesPortson the left, UsesPortson theright, andlines
connectingthe Ports. Any actionperformedin theGUI is
convertedto thecorrespondingscriptcommandactionand
fed into a “multiplexer”, which reproducesthe action � -
fold andissuesit to eachinstanceof the framework. The



outputfrom theframework instancesis de-multiplexedand
displayedby theGUI. TheGUI-to-framework communica-
tion employing themultiplexerusessockets.

3. Problem Speci�cation

Our objective is thecreationof a component-basedsoft-
ware infrastructurefor computationalhydrodynamics,in-
cluding chemically reacting �o ws. We target scienti�c
problemsde�ned on simplegeometries,i.e. logically rect-
angulardomains. Typically a meshof rectangularcells is
overlaid on the domainand �o w quantities(density, mo-
mentumin � , � , � directions,temperature,speciesconcen-
trations,etc.) are de�ned at the cell corners(henceforth
calledmeshor grid points).Evolutionin timeof thesequan-
tities is governedby PDEswhichareof thegeneralform:
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where
�

is the vector of �o w variablesat a given mesh
point. Notethat

�

involvesvariablesonly at a meshpoint
while 
 involvesspatialderivativeswhicharecomputedus-
ing �nite differenceor �nite volumeschemes[17] andcon-
sequentlydependuponthemeshpoint andits closeneigh-
bors.For differentphysicalproblems,

�

, 
 and
�

vary. In
somecases
 or

�

maybeabsent.
Often

�

exhibits steepspatial variations in scattered
time-evolving regionsof the domain. The dependenceof


 onneighboringpointsrequiresthatthesesteepvariations
befully resolved,usuallyby locally increasingthegrid den-
sity. As the�o w�eld evolves,theregionsof high gradients
moveandthelocally-resolvedgrid adapts.Oneof themost
commontechniquesof adaptive grid re�nement is Struc-
turedAdaptive MeshRe�nement(SAMR) [10]. As a �rst
step,a uniformcoarsemeshis overlaidon thedomain.The
coarsenessof the meshcauseserrors(suitablyde�ned) in
regionsof high gradients.Basedonanerrorthreshold,grid
pointsin theseregionsare�agged, collatedinto rectangles,
and �ner meshesare createdby dividing the coarsecells
symmetricallyby a constantre�nementfactor. This occurs
recursively, leadingto a hierarchyof patches.The details
are in [23]. The patchhierarchyis periodicallyrecreated.
Thesolutionis passedthrougha �lter to determineregions
needing�ner meshes,wherebynew patchesarecreatedand
initializedwith datafrom thecoarsemeshes(providedthere
doesnot exist a patchof thesameresolutionover thatsub-
domain,wholly or partly). This processis calledprolon-
gation. Regionswhich aredeemedover-re�ned have �ne
patchesdestroyed. Upon patchrecreationthe domainde-
compositiononmultipleprocessorsis re-de�ned.An initial

�

is imposedonall patches(Initial Condition)andthesys-
temis evolvedin time by integratingover time-steps.This

alsoresolvestemporalchangesin
�

. Eachtime-stepis as-
sumedto advancein time from

� �

to
�!�
�#"$�

�
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.
We assumethat

�

, in Eq. 1, is stiff (the ratio of the
largestand the smallesteigenvaluesof
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is large)
while 
 is non-stiff. We employ anoperator-splitting [28]
technique. Below, we outline the design of a CCA-
componentbasedinfrastructurethatenablesthesolutionof
equationslikeEq.1.

4. Designof Componentsand Interfaces

In this sectionwe demonstratethe rationalefor the re-
cursivedecompositionof thesolutionstrategy of Eq.1 into
softwaresubsystemsandthe interfacesdeveloped.A soft-
waresubsystemis acollectionof componentsthatembodies
a physicalor numericalfunctionality (e.g., an Explicit in-
tegration subsystemincludesthetime integrator, theRHS
evaluatorand miscellaneouscomponentsthat identify the
largesteigenvalueof thediscretizationmatrix to enabledy-
namictime-stepsizing).Thesoftwaresubsystemswe iden-
ti�ed are:

1. Mesh: It servesasameansof declaringandmaintain-
ingpatchesin themeshhierarchy. It is geometricin na-
ture,anddeterminesandadministersthechild-parent-
sibling relationshipsand the spatio-temporallocation
of patches.Loadbalancinganddomaindecomposition
functionalitiesareimplementedhere.

2. Data Object: It maintainsthe collection of arrays
which containdatadeclaredon patches,1 array per
patch. Typically a numberof relatedvariablesare
storedtogetherin a DataObject; equally typically, a
simulationwould contain2-3 DataObjects.This sub-
systemimplementsthe actual movement/copying of
data betweenpatchesand the packing/unpackingof
databefore/aftermessagepassing.Currentlywe have
wrappedGrACE[3, 23] into aC++ componentto per-
form theData Object andtheMesh tasks.

3. Initial Condition: This subsystemconsistsof a setof
componentsthat imposeInitial Conditionson a Data
Object.

4. Explicit Integration subsystem: It consistsof a re-
cursive time integratorthatadvancesasetof DataOb-
jectsovera time stepaswell ascomponentsthateval-
uateand assemblethe Right Hand Side (RHS), one
patchatatime. Theevaluationof theRHScanbedone
by onecomponentor by a further subsystemof com-
ponents.This alsocontainscomponentsthat analyze
the �eld to determinean approximationof the high-
esteigenvaluethat the integratorwill encounter. This
information is usedby the integrator to dynamically
adjustthetimestep.



5. Implicit Integration subsystem:This consistsof an
implicit time integrator, which advancesa vector of
variables,RHScomponent(s),andanadaptorthatcol-
latesdatafrom apatchto a vector.

6. Inter polation components:Theseimplementvarious
spatialandtemporalinterpolationoperators.

7. Boundary Condition: It is applied on a patch by
patchbasis. BCs areappliedat eachof the stagesof
a multi-stageintegrationscheme;henceapplicationof
theboundaryconditionshasto bedoneona�ner basis
thanoneDataObjectat a time. Thusthe granularity
will beapatch.

8. Databasecomponents:Thesecomponentsstorecer-
tain parameters(e.g. meshsize,gasproperties,etc),
that are retrieved using a key-valuepair mechanism.
They are essentially maps between the (character
string)propertynameanda number.

9. Adaptors: Dependingon the physical problem at
hand,case-speci�cadaptorsareoften usedto consol-
idate and �lter outputsfrom variousphysicscompo-
nents.

Given the functionaldescriptionabove, it is clearwhat
typesof Ports (interfaces)are needed: (a) Port(s) (pro-
vided by the meshcomponent)that allow (i) geometrical
manipulationof the domain, (ii) the declarationof �elds
on the mesh(via Data Objects), and(iii) allow taskslike
setting/queryingof domain-decompositiondetails.Our de-
signfor type (a) Portsis calledMeshPort [4]. (b) An ab-
stractinterfacefor theData Object allowing manipulation
of patchesandthedatade�ned on them. (c) Portsthatac-
ceptanarrayof Data Objectsandactonthemin asynchro-
nizedmanner. Integratorsusuallysupporttheseports. (d)
Portsthatacceptanarrayfrom apatch.(e)Portsthataccept
vectors. (f) Portsthat allow setting/queryingof key-value
pairs.

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

� D/homogeneousignition, ignition in a two-dimensional
( � D) reaction-diffusionsystemandashockinteractingwith
adensityinhomogeneitymodeledusingtheEulerequations
(anapproximationof shock-inducedmixing of two gases).

4.1. Zero DimensionalIgnition Problem

The � D ignition problemis describedby thesystem:
�
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where
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 , � is the gastempera-
ture,

���

is themassfractionof species� in themixture, ���

is thestagnationpressure,� is thetotalnumberof species,
and

�

is the array of chemicalsourcetermsfor
�

com-
putedfrom theheatequation,thespeciesequationsandthe
conservation of mass. Eq. 2 is identical to Eq. 1, without
thespatialderivative term 
 . We usea ��� –Air mechanism
with � speciesand ��� reversiblereactions[26]. This setof
equationsis a � D reductionof the low Machnumberform
of theNavier-Stokes,energy, andspeciesequations;details
abouttheequationscanbefoundin [20, 21].

Thesolutionof this systemrequiresthefollowing mod-
ules(a) Initial Condition(b) Stiff Integrator(c) RHSEval-
uatorand(d) BoundaryCondition. Thesemodulesareim-
plementedasthe(a) Initialize , (b) CvodeComponent, (c)
ThermoChemistry, (d) ProblemModeler anddPdt com-
ponentsrespectively. Fig. 1 shows the � D ignition codeas
assembledin theCCAFFEINEframework GUI. Thecom-
ponentdesignmappingto thedescriptionin Sec.4 is in Ta-
ble1.

SoftwareSubsystems 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 .

ComponentInitializer imposesthe initial condition; a
vectorof doubleprecisionnumbersspecifyingthestoichio-
metric massfractionsfor the species,the initial tempera-
ture ( � � � � K), and the initial pressure( � atm). The Im-
plicit Integrationsubsystemconsistsof CvodeComponent
and ThermoChemistry components.CvodeComponent
is an implicit stiff/non-stiff integrator that time-advances
the systemas it ignites. This is a thin wrapperaround
theCvode[13] integratorlibrary. TheThermoChemistry
componentembodiesthechemicalinteractions;it provides
thesourcetermsfor temperatureandspeciesdueto chem-
istry andis a thin C++ wrapperaroundFortran77 subrou-
tinesabstractedfrom pre-existing codesfor chemicallyre-
acting�o ws. ThermoChemistry alsoservesasa Database
subsystem,i.e. it holdsthegasproperties.BetweenCvode-
ComponentandThermoChemistry is theproblemMod-
elercomponentwhichactsasanAdaptor, i.e. for thisclosed
systemit addsthepressureterm to theheatequation.The



pressureterm dependson the boundaryconditionsof the
problem(rigid walls, i.e. constantmassandvolume)andis
computedby thedPdt component.Thecodeintegratesup
to 1 msandexecutesin 1.5secsona1 GHzPentiumIII Red
Hatworkstation.

Figure 1. GUI shot of the � D ignition code .

4.2. 2D Reaction­DiffusionFronts

In this examplewe expandthe � D ignition testcaseto
includespatialtermsto modeldiffusion.Theequationsare:

���

� �

���

���

���

� �������

(3)

where
�

� ���

���

'

� ������� � �
	

'


 , � �

'

	

�

'


��

�

�

���������

� 
 , � �

��


�����

'

������������� � 	

'


 ,
�

is the reactive productionof heat
andspecies,while �

���

���

�����

is the diffusive transport
sourceterm(by Fick's Law) of theheatandthespecies.


is the thermalconductivity and
� �

are the diffusion coef-
�cients. Thechemicalproductionof a speciesis governed
by thechemicalreactionsit undergoes;heatproduction(by
chemicalreactions)is governedby thesummationover all
the speciesof the enthalpy changeof eachspecies. This
systemof partialdifferentialequationsmodelsa Reaction-
Diffusionsystem.

This is a reaction-diffusion �ame model that includes
chemistryandthediffusionof heatandspecies,but nocon-
vection; pressureis assumedto be constantin time and
space(i.e. burningin anopendomain).Thespeciesareas-
sumedto diffuseindependentlyinto themixture at a mesh
point, i.e. thediffusioncoef�cient

�
�

of the ����� speciesis
mixture averaged.The modelwasdevelopedto studythe
behavior of an actual�ame simulationunderSAMR in a
componentbasedinfrastructure.We usedthesame�

� –Air
mechanismweusedfor the � D ignition testcase.Thediffu-

sionof speciesprovidesa goodapproximationof the“pre-
dictable” part of the workloadof a real �ame simulation,
i.e. the computetime per meshpoint at re�nement level �

canbepredictedandis uniformly applicableacrossall mesh
points. Chemistry integration in our reaction-diffusion
example is expensive mostly inside the �ame, and con-
tributestremendouslyto load-imbalance.Patchesarecol-
latedanddistributedamongprocessorsto maximizeload-
balancewhile keepingparentsandchildrenonthesamepro-
cessors.Fig. 2 shows the componentassemblydesignde-
scribedin Table2. TheInitialCondition componentinitial-

SoftwareSubsystems ComponentInstance
Mesh GrACEComponent

DataObject GrACEComponent
Initial Condition InitialCondition

ExplicitIntegrator,
Explicit Integration DiffusionPhysics,

DRFMComponent
Implicit Integration CvodeComponent,

ThermoChemistry
BoundaryCondition GrACEComponent

Database ThermoChemistry
Adaptors ImplicitIntegrator

Table 2. Component Design for the 2D
Reaction­Diffusion code .

izesa con�guration with threehot-spots.The Mesh,Data
ObjectandBoundaryConditionsubsystemsareaccommo-
datedby GrACEComponent, which is the componetized
version [4] of the GrACE library. The Implicit Integra-
tion subsystemis identicalto thatof the0D ignition code.
TheImplicitIntegrator componentis anAdaptorthatcalls
on the Implicit Integrationsubsystemfor all cells and all
patches. The Explicit Integration subsystemconsistsof
threecomponents:aRunge-Kutta-Chebyshev integrator[9]
(ExplicitIntegrator ), a componentto calculatethe diffu-
sion�ux es(DiffusionPhysics) andacomponentthatcalcu-
latesthe mixture-averageddiffusion coef�cients (DRFM-
Component). DRFMComponent is a thin C++ wrapper
aroundthe Fortran77DRFM [24] package.(MaxDiffCo-
effEvaluator) componentis usedby theexplicit integrator
to evaluatethemaximumdiffusioncoef�cient over thedo-
main to determinethemaximumstabletimestep.Err orE-
stAndRegrid) componentestimatesthe gradientsat a cell
and�ags regionsfor re�nement/coarsening.Thecoderuns
for 58 hourson 28 CPUs(Beowulf cluster, RedHat 7.2,1
GHz,512kB cache,PentiumIII processors,1 GB RAM per
node,2 CPUspernode)connectedby 100bT switchedfast
Ethernet.

The simulationis donewithin a 10 mm squaredomain.



CvodeComponent

DensePort

PropertiesPort

CvodePort DensePort

PropertiesPort

MeshPort
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InitCondPort MeshPort
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DiffFlux DiffCoeffs

DiffCoeffProp

DRFMComponent

DiffCoeffs
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ExplicitIntegrator
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ImplIntegPort

GoPort

TheDriver

GrACEComponent

TimeInterpPort

MeshPort
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ImplIntegPort MeshPort

PropertiesPort

CvodePort

ImplicitIntegrator

Figure 2. Reaction­Diffusion code assemb ly.

A 100� 100coarsemeshis laid on thedomain.A stoichio-
metric � ���

�����

mixtureis de�ned onthesquarewith three
hot-spotswhichignite. In Fig.3 weplot theevolutionof the
temperature.The �nest structuresarearound � � ��� � �

	
	

mmin size;the�nest grid resolutionis � ��� � �

	�	

mm. The
re�nementratio is 2. Thespectrumof lengthscales,span-
ning two ordersof magnitude,is resolvedusingSAMR as
shown in Fig. 4.

Figure 3. Temperature �eld at t = 0, 0.265,
0.395 ms.

4.3. 2D Shock­InterfaceInteraction

In this example,we show reuseof thecomponentsmen-
tioned above in the interactionof a shockwith a density
interface.Thesystemis modeledusingthe2D Eulerequa-
tion (inviscid Navier-Stokes);detailsof theequationsused
and the interactionare in [27]. The governingequations
(compressibleEulerequations)in conservativeform are:
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Figure 4. AMR patc h distrib ution with �
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mass fraction plotted on the �nest mesh.
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is thetotalenergy, relatedto thepressure
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and
�

is a interfacetrackingfunction.
We usetheidealgaslaw astheequationof state.

Theequationsaresolvedona 3 level adaptivemesh,us-
ing a�nite volumeGodunov method[27]. Themeshis cell-
centered,i.e. themeshdividesthedomaininto small rect-
angularcellsand�uid variablesarede�ned andindexedat
thecell centers.The Godunov methodinvolvesconstruct-
ing thestateson the left andright of a cell interfaceusing
slope-limiters,upwindingandsolving a Riemannproblem
[27]. The constructionof left and right statesholds true
for most�nite volumemethods;solvinganexactRiemann
problemcouldbesubstitutedby agas-kineticsscheme(e.g.
EquilibriumFlux Method[25]).

The codeassemblyof components(Fig. 5) is described
in Table3. Thereis a ConicalInterfaceIC componentthat
setsup theproblem- ashocktubewith Air andFreon(den-
sity ratio 3) separatedby an oblique (30+ from the verti-
cal) interfacewhich is rupturedby a Mach1.5 shock. The
GrACEComponent, StatisticsComponent, and Err orE-
stAndRegrid components�rst 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 theequation,patch-by-patch.InviscidFlux compo-
nentusesa Statescomponentto setup theRiemannprob-
lem at eachcell interfacewhich is thenpassedto the Go-
dunovFlux componentfor theRiemannsolution.Charac-
teristicQuantities determinesthecharacteristicspeedsand



SoftwareSubsystems ComponentInstance
Mesh GrACEComponent

DataObject GrACEComponent
Initial Condition ConicalInterfaceIC

ExplicitIntegratorRK2,
Explicit Integration GodunovFlux,

States
Implicit Integration N/A
BoundaryCondition BoundaryConditions

Database GasProperties
Adaptors InviscidFlux

Table 3. Component Design for the 2D Shoc k­
Interface Interaction.

ProlongRestrict performsthecell-centeredinterpolations.
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 steeppressureanddensitygradients(shockwaves
andgas-gasinterfacerespectively) areresolvedwith Level
3 meshes.In Fig. 7 we plot thecirculationon the interface
( �

���

��� � �

'��
	��

��� �
�����

�

�

���

) as we increasethe levels of
re�nement.We notethatwe achieveconvergenceof thein-
terfacialcirculationdepositionsincethereis noappreciable
differencebetweenthe2-leveland3-level runs.Further, the
maximumdeposition,correspondingto the “knee” in the
plot, is closestto the analyticalestimateof -0.592for the
3-level run.

ErrEstimAndRegrid

RegriderPort MeshPort

MeshPortCharProperties

DataPort GasProperties

CharacteristicQuantities

ExplIntegPort

FluxProperties

DataPort

CharProperties

ConvFlux

MeshPort

ExplicitIntegratorRK2 InviscidFlux

StatesCompute

StatesProperties

FluxCompute

FluxProperties

FluxProperties

ConvFlux

GasProperties

States

StatesProperties

StatesCompute

ExplIntegPort

StatisticsPort

RegriderPort

ImplIntegPort

GoPort

HydroDriver

InitCondPort

MeshPort

GasProperties

GasProperties

ProlongRestrict

ProlongRestrict

BoundaryConds

BoundaryConditions

MeshPort

GodunovFlux

FluxCompute

FluxProperties
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StatisticsPort MeshPort

StatisticsComponent

InitCondPort MeshPort

GasProperties
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GrACEComponent

BoundaryConds

ProlongRestrict

TimeInterpPort

MeshPort

Figure 5. A component assemb ly to sim u­
late shoc k interactions with density inhomo­
geneities.

Figure 6. Density �eld at �

)��

� 2.096, where
�

is the elapsed time and
�

the time needed by
the shoc k to traverse the oblique interface .

The Godunov 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 componentim-
plementinga morediffusivegas-kineticscheme[25].

5. Performance of Component-Assembled
Code

In thissectionweexaminetheperformancerami�cations
of theCCA architecture.All C andC++ codeswerecom-
piledusinggcc ( g++ ) version2.95;Fortranlibrarieswere
compiledwith Portlandgroup's pgf77 . -O2 and -
fast were usedfor the GNU and PG compilersrespec-
tively.

5.1. SingleProcessorPerformance

This subsectionaddressesthe questionof serialperfor-
manceof component-basedcodes. Typically the imple-
mentedmethodis calledvia a methodin an interface,in-
curring theoverheadof calling via a virtual function. This
overheadis expectedto berelatively small.

Wecreatedacodeidenticalto theonein Sec.4.1,except
that the utilized mechanismhad � speciesand � reactions
(as opposedto � speciesand ��� reactions). The problem
wassolved on multiple identicalcells, so that the elapsed
time could be accuratelymeasuredwith getrusage() .
Wedeliberatelyuseda light-weightRHS,sothatthevirtual
functioncall wouldbealargerfractionof thecomputational
time. Two testsweremadeby changingthenumberof times
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Figure 7. Convergence with respect to grid
re�nement of the interfacial cir culation as the
mesh hierar chy is allo wed to have 1, 2 and 3
levels respectivel y.

theThermoChemistry componentwascalled(doneby in-
tegrating for a longer time), in an effort to rack up larger
overheads.The numbersarecomparedwith thoseof a C-
codein which theintegrator(Cvode)wasimplementedasa
library.

Thecodeswererunona600MHz AMD Athlon proces-
sorwith 512kB cacheand256MB RAM, runningRedHat
6.0. The results,in Table 4 indicatesmall differencesin
theperformancewith no cleartrend.

"$�

refersto the time
overwhich theproblemwasintegrated,Ncellsrefersto the
numberof meshpoints.NFE=numberof RHSevaluations,
i.e thenumberof timestheThermoChemistry component
wascalledpercell. Timingsarein seconds.% differenceis
thepercentagedifferencein executiontime. The overhead
in CCA componentsis in themethodinvocation, not in the
actualmethodexecution.[11] showshow CCA methodin-
vocationsareconsistently��� timesmoreexpensive than
simple Fortran subroutineinvocations;however sincethe
invocationoverheaditself is �

�

� � � � � �����

�

, a more ex-
pensive componentmethodinvocationis still insigni�cant
comparedto the time spentin themethodexecution.Con-
sequently, evenfor sucha light-weightmechanism,theef-
fect of the moreexpensive componentoverheadcould not
bereliablyquanti�ed. Thus,unlessadesigninvolvesavery
�ne-grained decomposition,componentsdo not adversely
affectsingleprocessorperformance.

5.2. ScalingTo Multiple Processors

We ran the Reaction-Diffusioncode(Sec.4.3) on San-
dia's CPlantcluster(433MHz. EV56 CompaqAlpha 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 single­pr ocessor
code . Comp. and diff . are abbre viations for
Component and diff erence .

cessors,192 MB RAM). Messagepassingwasdoneusing
MPICH compiledfor a1 Gb/sMyrinet messagingfabricus-
ing 32-bit PCI32ccards.Thecodewasrun for 5 timesteps,
eachof � � � �

	��

.
We performedconstantsingle-processorand constant

global problemsize test to determine(a) communication-
time characteristicsas the machinesize increasesand (b)
communicationcostversuscomputationalcosts. Adaptiv-
ity wasturnedoff sinceit rendersscalabilityextremelysen-
sitive to theperformanceof theload-balancer. Keepingthe
computationalload on a processor�x ed, the problemwas
run on up to 48 processors.Thusasthenumberof proces-
sorsincreased,so did the problemsize. Eachmeshpoint
has9 variableson it. Runsweredonefor single-processor
domainsizesof � �'� � � , � � �'� � � � and �
	 �*� ��	 � . In
Fig. 8 we plot the run times for the threecases- we see
that increasingthenumberof processors(andtheproblem
size) doesnot make an appreciabledifference. From Ta-
ble5 weseethattherun timesscaleasthesingle-processor
problemsize. The problemsizerefersto themeshsizeon
eachprocessor. Themean,medianandstandarddeviations
( �

�

��


� and � respectively) for the datain Fig. 8 show that
the machinebehavesas“homogeneous”,i.e. thereareno
suddenjumps in run-time as the job spreadsitself across
themachine.Timingsarein seconds.ThusCPlantcanbe
treatedasa “homogeneous”machine,i.e. thecommunica-
tion timesarenot affectedby machinesizeor thecommu-
nicationtimesaretoo small to be of any signi�cance. We
addressthisquestionnext.

ProblemSize ÅT T̃ �

� � � � � 43.94 44.4 2.72
� � � � � � � 161.7 159.6 5.81
�
	 � � �
	 � 507.1 506.05 20.57

Table 5. Timings for the Reaction­Diffusion
code .
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Werantwo caseswheretheglobalproblemsizewaskept
constantwhile thenumberof processorswereincreased.It
wasexpectedthat at a point the single-processorproblem
sizewould getsmallenoughto becomparableto thecom-
municationcosts. Fig. 9 shows the run time versusideal
run time for two problemsizesfor up to 48 processorson
Cplant [2]. The two problemstreatedare � � �*� � � � and

� � ��� � � � on up to 48 nodes. The ideal curvesareplot-
tedin lines(solid for � � � � � � � anddashedfor � � � � � � �

meshes);individual measurementsaresymbols(boxesfor
� � � � � � � andcirclesfor � � � � � � � meshes).We seethat
for the larger problemthe measuredrun times follow the
ideal closely. The parallelscalingef�ciency ( �

�

'

)

�

�

�

���

where
�

' is thesingle-cpuruntimeand
���

is theruntimeon
� processors)is foundto beworston a � � � � � � � grid on
48processors- 73%. Thesingle-CPUproblemsizefor this
lastrunwas � � � � � .

6. Conclusionsand Future Work

Computationalscienceusually abstractsphysical sys-
temsassystemsof Partial or Ordinary DifferentialEqua-
tions. We have focusedon a certainset of PDEswhich
are commonin hydrodynamicsand emphasizeda certain
classof solutionmethodologies(explicit integrationof spa-
tially coupledterms,implicit integrationof all otherterms).
Within the boundariesset by theseassumptions,we have
developedafairly generalsetof componentsthatcanbeas-
sembledto simulateverydifferentkindsof �o ws. TheCCA
architectureis shown to be suf�ciently �e xible andsimple
to allow a straightforwarddesignanddevelopmentof com-
ponentsby computationalscientists.Thecomponentarchi-
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Figure 9. Scalability of the Reaction­Diffusion
code (Fig. 2) without mesh re�nement. The
worst scalability ef�cienc y is 73 % for the
smaller problem on 48 nodes.

tectureimposesnegligible overheadvis-a-visa traditional
codeanddoesnotadverselyaffectparallelscalability.

Our study with CCA-based scienti�c components
demonstratesthefollowing:

1. Reuseof the CvodeComponentandThermoChem-
istry componentsin the � D ignition and the � D
Reaction-Diffusion simulations (instances Cvode-
ComponentandThermoChemistryin Fig. 1, instances
CvodeSolverandReactionTermsin Fig. 2).

2. Reuseof the Mesh and ErrEstAndRegrid compo-
nents in the Reaction-Diffusion and shock-interface
simulations (instances AMR Mesh and ErrE-
stAndRegrid in Fig. 2, instancesAMRMesh and
ErrEstimatorin Fig. 5).

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

Recompilation/relinkingof the codewas not required.
Thecomponentsweredevelopedwithin thegroupin a de-
coupledmanner. Interfaces(andunits)wereagreedto and
the componentswerecodedto their agreedspeci�cations.
Language“interoperability” was achieved by wrappingC
andFortran77librariesinto components;Decompositionof
thecodeinto subsystemswasdone�rst coarselyalongnu-
mericalalgorithmlinesandthen�nely alongphysicalmod-
els.

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



which will beusedto simulate�ames in SAMR. This will
alsoincludeaneffort to de�ne interfacesto load-balancers
prior to testinga numberof them. (2) We will useCCA
interoperabilitytools for theautomatedwrappingof C and
Fortranlibrariesascomponents.(3) We will port our com-
ponentsto otherimplementationsof theCCA standard,as
parallelCCA frameworksbecomemoreinteroperable.(4)
By usingTAU [19], we intend to characterizethe perfor-
mancecharacteristicsof individual componentsand their
assemblies.
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