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1 Intr oduction
In scientific programming,the never-endingpushto increasefidelity, flops, andphysics
is hitting a major barrier: scalability. In the context of this paper, we do not meanthe
run-timescalabilityof codeon processors,but implementationscalabilityof numbersof
peopleworkingonasinglecode.With thekindsof multi-disciplinary, multi-physics,multi-
resolutionapplicationsthat are hereand on the horizon, it is clear that no single code
group— nor any singleorganization— hasall therequiredexpertiseor time availableto
independentlycreateall of thesoftwareneededto solvetoday’scutting-edgecomputational
problems.

Scientificprogramminglibrarieshavealleviatedsomeof thispressurein thepast,but
scalingproblemsarebecomingincreasinglyapparent.Theupshotof softwarelibrarieshas
beenthatdifferentcodegroupsin differentorganizationscanbring their expertiseto bear
on particularsub-problems.Unfortunately, different groupsand different organizations
alsobring with themimplicit dependencieson differentsoftwaredevelopmentplatforms,
differentprogramminglanguages,anddifferentconceptualmodelsof theproblemdecom-
position— all of which mustberesolvedif thelibrariesthey produceareto beusefulin a
final application.Thegoodnews is thatscientificcomputingis not alonein thesesoftware
scalabilityproblemsandseveral industrysolutionshave provensuccessful.Thebadnews
�
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Figure 1. Languageinteroperability without(a), andwith (b) IDL techniques

is thatscientificcomputingis differentenoughin its naturefor an“off-the-shelf” solution
from industryto not quitefit thescientificcomputingdomain.

This paperdescribesthe ideas,process,andresultsof the first year in an ongoing
collaborationbetweenmembersof the ComponentsProjectandthe Hypre Projectin the
Centerfor Applied ScientificComputing(CASC) in LawrenceLivermoreNationalLabo-
ratory. TheComponentsProjecthasdevelopeda tool calledBabelthataddresseslanguage
interoperabilityandre-usefor high-performanceparallelscientificsoftware.Its purposeis
to enablethecreationanddistributionof languageindependentsoftwarelibraries.Hypreis
a parallel,scalablescientificlibrary of linearsolversandpreconditioners.By usingBabel
tools on Hypre in this collaboration,we found that Babelenablesbettersoftwaredesign
andis aneffective tool for producinglanguageindependentscientificsoftwarelibrariesat
anegligible performanceoverhead.

2 SIDL
It is alreadyvery commonin scientific computingto have libraries written in different
languagesinteroperate.Considerthe commoncaseof BasicLinear AlgebraSubroutines
(BLAS) written in Fortran77andinvokedfrom C/C++. Althoughvendorshave provided
customsolutionsfor this problemfor years,this solutionhasscalingproblemsfor general
libraries.First, BLAS areoftentunedspecificallyfor thetargetarchitecture.Second,glue
codehasto be written for C/C++ to call the Fortran subroutines.Third, the Fortran77
standarddoesnot definethebinarycalling interfacebetweenC/C++andFortran77,sothe
wrappersarealsovendorspecific.

Many programminglanguagescancall otherlanguages,but only on a pairwiseba-
sis.Thesepairsoftenrequiresignificanteffort (meaningwrappersor “glue code”),arenot
guaranteedto beportable,andmay requirespecialinterconnecttechnology. This is illus-
tratedin Figure1(a).For instance,Matlabcanbecoaxedto run anexternallibrary written
in C, but to do someanswriting specialMex-Files. GettingMatlabto run a Pythonscript
natively is anothermatterentirely.

In large, multidisciplinary scientific applications,we are increasinglyobservinga
needfor truly languageindependentpiecesof software.Onecaneasilyenvision anappli-
cationwith Java or Tcl/Tk graphicaldisplays,Pythonscriptsdriving thehighestlevelsof
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logic, Fortranlinear algebraroutines,solverswritten in C, andthe adaptive meshrefine-
mentand time-steppingmanagementinfrastructurewritten in C++. Suchan application
wouldbealmostimpossibleusingthetechnologyrepresentedin Figure1(a).

Thisproblemis addressedin industryusingcomponenttechnologiessuchasCORBA
andCOM. In both cases,languageinteroperabilityis achievedusingInterfaceDefinition
Languages(IDLs).

The ComponentsProjecthasdesigneda Scientific InterfaceDefinition Language
(SIDL) that addressesthe particularneedsof parallel scientific computing. SIDL sup-
portscomplex numbersanddynamicmulti-dimensionalarraysaswell asparallelization
attributesandcommunicationdirectivesthat are requiredfor generalparalleldistributed
datastructures,all of which arelackingfrom industryIDLs. SIDL alsoprovidesotherfea-
turesthataregenerallyusefulbut notnecessarilyrelatedto scientificcomputing,suchasan
object-orientedinheritancemodelsimilar to Java, namespacemanagement,andinterface
versioning.

SIDL is not a “lowest-common-denominator”solution betweenprogramminglan-
guages.SIDL supportsfull object-orientedprogramming,evenin nonobject-orientedlan-
guages. It implementsreferencecountinganddynamictype casting,even in Fortran77
which hasno aliasingandlimited typecastingthroughequivalencestatements.

3 Babel
The Babel tool suitetakesthe SIDL descriptionsanda language/platformdescriptionof
a softwarelibrary andgeneratesall of the glue-codeon demand.It consistsof a number
of interrelatedpieces:a SIDL parser, a codegenerator, a small run-timesupportlibrary,
anda softwarerepository. Currently, BabelsupportsFortran77,C, andC++; efforts are
underwayto supportJava,Python,Fortran90,andMatlab.

The Babelparser, which is availableeitherat the command-lineor througha web
interface,readsSIDL interfacespecificationsandgeneratesan intermediateXML repre-
sentation. XML is a useful intermediatelanguagesinceit is amenableto manipulation
by tools suchasa web-basedrepositoryor a GUI developmentenvironment. XML in-
terfacedescriptionsarestoredlocally or in a sharedweb-basedsoftwarerepositorycalled
Alexandria1. Thevision is thata scientistdownloadinga particularsoftwarelibrary from
the repositorywill receive not only that library but also the requiredlanguagebindings
generatedautomaticallyby theBabeltools.

TheBabelcodegeneratorreadsXML files andgeneratesgluecodefor linking from
a softwarelibrary to an intermediateobjectrepresentation(IOR), andfrom theIOR to the
applicationprogrammer’s languageof choice(seeFigure1(b)). This glue codemediates
differencesamongcalling languagesandsupportsefficient inter-languagecallswithin the
samememoryaddressspace.TheIOR usedby thecodegeneratoris similar to thatusedby
COM, CORBA’s PortableObjectAdaptor, or by scientificlibrariessuchasPETSc[2, 3].
TheIOR handlesthevirtual functiondispatchfor all themethodsin anobject’s interface,
maintainsthe object’s statedata,and managessomeinternal Babel datastructuresand
metadata.

1Also developedin theComponentsProject,but beyondthescopeof this paper.
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Figure 2. Theoriginal visionof hypreandBabel

4 Hypre-Babel Collaboration
Hypre[5] is a suiteof scalableparallellinearsolversandpreconditionersfor thesolution
of large,sparselinearsystemsof equationsondistributed-memoryparallelcomputers.The
primaryalgorithmicemphasisin Hypreis onrobustnessandscalableparallelperformance.
In addition,importantdesigngoalsfor thelibrary includeeaseof use,flexibility , therapid
incorporationof new algorithms,andcompatibilityandinteroperabilitywith othersimilar
libraries.Thesegoalsandemphasesaredrivenby theneedsof themostdemandingscien-
tific simulationcodes,astypifiedby theU.S.Departmentof Energy’sAcceleratedStrategic
ComputingInitiative(ASCI).

ThecollaborationbetweenHypreandBabelbeganby identifying four primarygoals
anda vision of how thetwo projectsinteract.Thefour primarygoalsare:

1. TheBabelteamwantedto demonstratethetechnologyandgetfeedbackfrom library
developers.

2. TheHypreprojecthadanimmediateneedfor automaticallygeneratedFortranbind-
ings thatwould trackchangesin thelibrary. Futureneedsfor bindingsto otherlan-
guages(e.g.,Python)wasconsideredextremelylikely. Previously, a numberof dif-
ferentFortranbindingsweredevelopedby varioususersonvariousplatformsbut fell
into obsolescencewith new changesto theHyprelibrary.

3. Hypredeveloperswantedto integratesoftwaredevelopedby othergroupswho had
writtencodein C++ andFortran.

4. The Hypre teamwantedto explore new designoptionsusing object-orientedand
component-basedsoftwaretechniques,but the teamhadno desireto generateand
supportthe necessaryobject-orientedinfrastructureby hand. This includeda de-
sire to participatein the EquationSolver Interface(ESI) working group[6], which
requiresworking implementationsto verify proposeddesigns.

The original vision of how Babelwasto interfaceto Hypre is shown in Figure2. Hypre
makesa cleardistinctionbetweentheir “official” (meaningpublishedandsupported)pro-
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interface Vector {
int Clear();
int Copy( in Vector x );
int Clone( out Vector x );
int Scale( in double a );
int Dot( in Vector x, out double d );
int Axpy( in double a, in Vector x );

};

interface Operator {
int Apply( in Vector x, out Vector b );

};

interface LinearOperator extends Operator {
};

interface Solver extends LinearOperator {
int GetSystemOperator( out LinearOperator op );
int GetResidual( out Vector resid );
int GetConvergenceInfo( in string name, out double value );

};

interface PreconditionedSolver extends Solver {
int GetPreconditioner( out Solver precond );

};

interface RowAccess extends LinearOperator {
int GetRow( in int row, out int size,

out array<int,1> col_ind,
out array<double,1> values );

};

Figure 3. SIDLdefinitionof somebasicHypre interfaces.Not all methodsareshown.

gramminginterfacein ANSI C andthelibrary properwhich wassubjectto morefrequent
changeduring thecourseof research.Theoriginal expectationwasto supplyanoptional
Babelinterfaceto supportotherlanguagesasthey cameon line.

Dueto theoverallsizeof Hypre,ourinitial focuswasondesigningandimplementing
a Babelinterfacefor a representative subsetof the library. We developeda SIDL file that
matchedtheprogramminginterfacesof this Hypresubsetwhile adheringto SIDL’s object
model. We thengeneratedthe glue codebetweenHypre and the Babel IOR, andhand-
editedtheimplementationdetailsto finish thenew language-independentlibrary.

SIDL’s object-modelfollows thatof Objective-CandJava, usingclassesand inter-
faces. For C++ programmers,interfacesaresimilar to classesexceptthatall methodsare
purevirtual, meaningthey have no implementation.In this model,a classcaninherit an
implementationfrom only oneclass,but mayinherit multiple interfaces.Figure3 showsa
SIDL definitionof severalkey interfacesin theHypreobjecthierarchy.
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Table 1. Runtime(in seconds)for a SMGmultigrid solveron a 	�
��	�
���	�

structuredmeshwith a sevenpoint stencilon ASCI-BluePacific

setup solution
standardHypreC interface 8.07 43.08
standardHypreC interface 8.07 42.96
Babel-generatedC interface 8.09 42.45
Babel-generatedC interface 8.05 42.76

5 Results
Weareverypleasedandencouragedby theresultsof thiscollaborationbetweenthetwo re-
searchgroups.Theperformanceandinteroperabilityresultswerein line with expectations.
Additionally thereweresomeunexpectedresultsthatwereverypositiveandconstructive.

Negligib le Runtime Overhead. Resultsof four runsof astandardHypretestproblem
arereportedin Table1. ThetestproblemusesHypre’sSMGmultigrid solveron aPoisson
equationin threedimensions,finite-differencedonaseven-pointstencil,onauniform 	�
��
	�
���	�
 structuredmesh.Thetimingsweremeasuredusingeightprocessorson two nodes
of ASCI Blue-Pacific, a largesystembasedon IBM RS/6000.The timesreportedarethe
sumof the timesof the eight processors.Most of the manipulationthrougheithersetof
interfacesis doneduringthesetupphase.Thesolutionphaseis practicallyentirelywithin
theHyprelibrary proper.

It is clearto seein thisexamplethattheoverheadof usingtheBabelinterfaceis well
within thenoiseof thesystem.Moreover, it is reassuringto seethatBabelcanbeaddedto
existingMPI basedSPMDcodewithout ruining parallelperformance.

Reduced Code Size Through Polymorphism. SomeHypreimplementationsproved
to be unnecessaryoncethe SIDL definedinterfaceswereavailable. For example,it was
easyfor theHypreteamto write genericimplementationsof commonsolvers.Givendefi-
nitionsof interfacessuchasVector , LinearOperator , andRowAccess , it is natural
to implementKrylov solverssuchasconjugategradientandGMRESin termsof thesein-
terfaces.Thesesolverscanthenwork with any concreteclassesthatimplementtherequired
interfaces.Thereis no longera needto write andmaintainmultiple versionsof common
solvers,onefor eachmatrix datatype.

Originally, Hypreincludedeightimplementationsof PCG(preconditionedconjugate
gradient),someof themalmostidenticalexcept for how they handledthe matrix-vector
multiply, becauseof data-structuredifferences. To take advantageof Babel’s polymor-
phismcapabilities,we codeda PCGsolver which exclusively usedtheBabelinterfaceto
manipulatevectors. We have Babel interfacesfor two vector typesso far, so this PCG
solver effectively replacestwo separateimplemenationsin the Hypre library. Likewise
Hypredevelopershave similarly beenableto reducethenumberof GMRES(generalized
minimal residual)solvers.
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Table 2. Runtime(in seconds)for a SMGmultigrid solveron a ��
�����
�����

structuredmeshwith a sevenpoint stencilon SunSparcstationUltra 10

setup solution
standardHypreC interface 0.14 0.26
Babel-generatedF77interface 0.14 0.27

Hypredevelopersinvolvedin thiscollaborationfeel thatusingBabelwill allow users
to get the benefitsof object-orienteddesignwithout requiringobject-orientedlanguages
suchasC++,which is muchlessportablethanC.

Automatic Langua ge Bindings. Babelwasusedto generateaFortraninterfaceto the
sameHyprelibrary (which is written in ANSI C). We ransomeof thesametestproblems
from a Fortrandriver andobtainedthesamenumericalresultson a Sunworkstation.This
successfullydemonstrateda key goalto theHypredevelopers.PreviousFortraninterfaces
haverequiredfrequentmaintenanceandlackedportability.

We presentin Table2 someruntimeresultsthat againshow no real differencebe-
tweentheperformancethroughtheHypreandBabelinterfaces.This wasdoneon a single
processorSunworkstationusinga smallerversionof theproblemin theprevioussection.

Hypredevelopersinvolvedin thiscollaborationareconfidentthatanapplicationcode
written in termsof a particularsetof interfacescoulduseany solver or library that imple-
mentsthoseinterfaces,with virtually nochangeto theapplicationcode.Userscouldeasily
experimentwith usingdifferentsolver librariesby simply replacingonelibrary’s imple-
mentationof therequiredinterfaceswith anotherlibrary’s implementation.

Explore New Design Options. In additionto thebasicHypreobjectsdefinedby the
interfacesshown in Figure 3, a secondset of interfaces,called builder interfaces,were
developedandplaysa role of increasingimportance.A builder interfaceis a setof meth-
odsfor constructingoneor morebasicobjectsandfollows theBuilder designpattern[7].
Thesebuildershave no concreteanalogin theHypre library andareexclusively available
throughtheBabelinterface.A majorbenefitof thebuildersis thatusersarepreventedfrom
accessingpartiallyconstructeddatastructures.

The most interestingexamplesare the MatrixBuilder andSolverBuilder
interfaces.A MatrixBuilder canbe thoughtof asa particularuserinterfacethrough
which usersdefineproblems. EachMatrixBuilder is accompaniedby a Vector-
Builder for building compatiblevectors.A SolverBuilder is usedto setthecompo-
nentsandparametersthatdefinea Solver . Partial SIDL definitionsof builder interfaces
aregivenin Figure4.

SIDL as a Design Langua ge. To generateinterfacecodeBabelrequiresa SIDL file
definingtheinterfaces.This forcedtheHypredevelopersto considertheuserinterfaceas
a separateissuefrom the implementation,andprovidedanautomatedmechanismto keep
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interface MatrixBuilder {
int SetMap( in Map map );
int Setup();
int GetConstructedObject(out LinearOperator obj);

};

interface StructuredGridMatrixBuilder extends MatrixBuilder {
int Start( in StructGrid grid, in StructStencil stencil,

in int symmetric, in array<int,1> num_ghost );
int SetValue( in array<int,1> where, in double value );
int SetBoxValues( in Box box, in array<int,1> stencil_indices,

in array<double,1> values );
};

interface IJMatrixBuilder extends MatrixBuilder {
int Start( in MPI_Com com, in int m_global, in int n_global );
int SetLocalSize( in int m_local, in int n_local );
int SetRowSizes( in array<int,1> sizes );
int InsertRow( in int n, in int row,

in array<int,1> cols,
in array<double,1> values );

};

interface SolverBuilder {
int Start( in MPI_Com comm );
int SetParameterDouble( in string name, in double value );
int SetParameterInt( in string name, in int value );
int SetParameterString( in string name, in string value );
int Setup( in LinearOperator A, in Vector b, in Vector x );
int GetConstructedObject( out Solver obj );

};

interface PreconditionedSolverBuilder extends SolverBuilder {
int SetPreconditioner( in Solver precond );

};

Figure 4. Examplesof Builder interfacesin Hypre. Not all methodsare shown.

thecodeconsistentwith theuserinterfacedesign.Therewasno opportunityto clutter the
interfacewith quick, one-timehacks. The resultwasa morestableandpredictableuser
interface.

Thesimplicity of theSIDL file madeit themostconvenientlanguagefor Hyprede-
velopersto useto discussuserinterfacedesign. We could limit our discussionto pure
interfaceissueswhile remainingconfidentthatwhateverwecameupwith wouldbepracti-
cal. SIDL wasaneasylanguageto pick upand(unlikeUML) waseasyto write up in email
andsendto collaborators.
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Impr ovements to SIDL. The Hypre interfaceprojectalso provided useful feedback
to the Babelproject. Our experiencewith practicaluseof Babel led to several features
andtools which now make Babeleasyto use. Onecommonmistake that wasmadewas
confusionover how to make a concreteclass,i.e. onefor which all the inheritedvirtual
functionshaveanimplementationto handlethecalls. It waseasyfor classesto inherita lot
of interfaces,andthewriter of theSIDL file to forgetto addasinglemethodsignaturethat
wassupposedto be implementedonly to find thatBabelcreatedanabstract,not concrete
class.

To correctthe situation,SIDL wasmodifiedin two ways. First, the keyword “ab-
stract” wasaddedto classesthat may have unimplementedmethods. If a methodis left
unimplementedandthe classis not declaredabstract,thereis an error. Additionally, the
keyword “implements-all” was added. If a classinherits an interfacethrougha regular
implementsdirective,it overridesonly thosemethodsexplicitly mentionedin theclassdef-
inition. If theinterfaceis inheritedthroughan“implements-all”directive,all themethods
of the interfaceareexpectedto be overriddenby theclassandwriting the methodcall in
theclassdefinitionbecomesredundant.

Impr ovements to Babel Tools. Basedonobservingtheuseof theBabeltoolsandin-
terviewswith theHypredevelopersinvolved,two featureswereaddedto improveusability:
automaticmakefilegeneration,andpreservationof usereditsto generatedcode.

EvenonasmallSIDL file, theBabeltoolscangenerateasurprisingnumberof header
andsourcefiles, often in variouslanguages.TheBabelcodegeneratorsweremodifiedso
that a makefile fragmentis generatedin eachdirectorywherecodeis generated.These
makefile fragmentsdefinemacrosthatlist therelevantfilenamesandaresuitablefor inclu-
sioninto largermakefiles.

In additionto thegluecodethattheBabeltoolsgenerate,they alsogeneratesocalled
Impi fileswith emptyfunctionbodies.Developersof new librariesmaywantto build their
implementationdirectly in thesefiles,but developersof legacy librariesusethis asa place
to simplydereferencepointersandcall theirown code.Weaddedfunctionalityto theBabel
tools so that if the SIDL file waschangedincrementally, theseeditsto the Impl files are
preserved.This improvementhassavedHypredevelopersasignificantamountof cut-and-
paste.

Revised Hypre Architecture . At theendof oneyearof aHypre-Babelcollaboration,
anew visionis emergingabouttheHyprearchitectureasshown in Figure5. In thisnew de-
sign,theHyprelibrary will dependon theBabelruntimelibrary to provideobject-oriented
supportthroughouttheentirehyprelibrary, not just theBabelinterfaces.Additionally, all
thepublishedinterfaces,includingtheANSI C interfacewill beprovidedwith Babel.

Thedesignin Figure5 representsamajorshift in theHyprelibrary andhasyet to be
finally decided.TheBabeldevelopersareparticularlypleasedthat thoughthis collabora-
tion, Hypredevelopershavedevelopedsomuchenthusiasmfor Babeltools.
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Figure 5. Therevisedvisionof hypreandBabel

6 Conc lusions and Future Work
Babeldid thelanguageinterfacingjob it hadbeendesignedfor, atnocostto theHypreuser
andgreatadvantageto Hypredevelopers.TheHypre-Babelcollaborationled to improved
codes,andmethodologiesfor bothgroups.

In the long term, Hypre plansto increaseits relianceon the Babel tools andmay
eventuallybedistributedwith pregeneratedinterfacesfor severallanguagesandplatforms,
anda BabelLiteruntimelibrary. In this configuration,it is entirelypossiblethat theusers
of thelibrary don’t evenhaveto beawarethatthey areusingBabelaswell. Membersof the
Hypre teamalsoplan to continueparticipationin the EquationSolver Interface(ESI) [6]
workinggroup,developingstandardsfor linearsolver interfaces.

Babel continuesto mature. Work is constantlybeing doneto supportadditional
languagesand platforms. Much of the currentresearchwithin the ComponentsProject
at LLNL is focusedon handlingparallel remotemethodinvocationsanddataredistribu-
tion in a languageindependentmanner. TheComponentsProjectalsomaintainscloseties
to a larger, grass-rootsinitiative calledthe CommonComponentArchitecture(CCA) Fo-
rum [1, 4]. The goal of the CCA is to bring moderncomponenttechnologyto scientific
computing.TheBabeltoolsaretargetedto providethelanguageindependenceto theCCA.

As scientificapplicationsbecomemoreinterdisciplinarytheneedfor interoperability
betweendifferentlibrariesandamongpiecesfrom differentlibrariesbecomesevenmore
important.An importantquestionis how a Babel/SIDLskincaneasilybewrappedaround
existinglibraries.TheHypredevelopersfeel thatif theexistinglibrary wasreasonablywell
organized(evenif not usinganexplicit OO language)theeffort is reasonable,theruntime
costsnegligible, andthepotentialpayoff in increasedinteroperabilityhuge.
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