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Abstract

With the increasing availability of high-performance

massivelyparallel computersystemsthe prevalenceof so-
phisticated scienti ¢ simulation has grown rapidly. The
compleity of thescienti ¢ modelsbeingsimulatechasalso
evolved,leadingto a variety of coupledmulti-physicssim-
ulation codes. Sud coopeating parallel programs re-
quire fundamentally new interaction capabilities, to
efciently exchange parallel data structues and collec-
tively invoke methodsacrossprograms.So-called'M  N”
reseach, as part of the CommonComponentArchitec-
ture (CCA) effort, addresseghesespecialand challenging
needsto provide generlizedinterfacesandtoolsthat sup-
port exible parallel data redistritution and parallel
remote method invocation. Using this technology, dis-
tinct simulation codes with disparate distributed data
decompositiongan work togetherto achieve greater sci-
enti ¢ discoveries.

1. Intr oduction

Scienti ¢ computingis adoptingmoresophisticatedci-
enti c modelsthatcombinemultiple physicalmodelsinto a
singleadvancedsimulationexperimentFor example by ap-
plying severallive simulationprogramsasdynamicbound-
ary conditionsjn placeof themoretraditionalstatichound-

Figure 1. The “M N” Problem

ary approachesnew resultsof a higher delity arepossi-
ble.Projectsnow usingthis approachncludebiologicalcell
modeling,climatemodeling,spaceweather uid-structure
coupling, andfusion enegy simulation.Yet suchcoupled
simulationmodelsintroduceawholesuiteof complications,
especiallywheneachindividual modelcanhave a different
temporakcale spatialimeshorganizationand/ordistributed
datadecompositionindividual simulationmodelsare also
oftendevelopedindependentlyy differentresearcheams,
leadingto challengingsoftwareintegrationobstaclesAlso,
there are major applicationmodeling and applied mathe-
maticsproblemsinvolvedin combiningmultiple models.
High-performancecomputingintroducesan additional



complicationwhenthe individual modelsare parallel pro-

grams:the“M N ” problem(pronouncedM by N”). In

theM N problem,two parallel simulationprogramamust
cooperateandexchangedata.However, onesimulationex-

ecuteon asetof “M” processesndthe otherexecuteon

apotentiallydistinctsetof “N” processessofor a dataob-

jectto beshareetweerthetwo simulationsamappingoe-

tweencorrespondinglataelementsnustbe made andsoft-

ware infrastructuremust provide for the scheduling,syn-

chronizationand transferof dataelementsde ned by the

mapping.This arrangemeris illustratedin Figurel, where
M=8 andN=27,andmultiple processesnthe N sidemust
export datavaluesfor eachsingleprocessesnthe M side.
Thesetof operationgequiredfor suchdatamanipulationis

referredto as“parallel dataredistritution” becauséhe data
is effectively translatedrom onedistributeddatadecompo-
sitioninto another

Mostof theliteraturein parallelcomputingaboutdatare-
distribution dealswith balancingwork loadswhenshifting
from one computationaphaseto anotheron the sameset
of processesExamplesinclude reassigningegionsin an
adaptve meshre nement algorithm or a uids-structures
interactionsimulation.In distributed computing,“data re-
distribution” refersto how a distributed data object from

onesetof processess assignedo a new setof processes.

This reassignmeninay try to achieve load balanceon the
receving setof processedyut the essentiaproblemis how
to specifyandde ne which receving process(esyetsdata
from which sendingprocess(es).

Suchcomplicationshave madescienti ¢ simulationsoft-
ware increasinglyunmanageableprompting a variety of
software developmenttechniqueso handlethe complex-
ity of integratingsoftwaremodulestoolsandlibraries.One
solutionfor managinghis softwarecomplexity is anevolu-
tion of the object-orientegorogrammingconceptknown as
component-basesbftwae engineering(CBSE)[37]. This
methodologyhasbeensuccessfuln the businesssoftware
domain(e.g.CORBA [33], DCOM [31] andEnterpriselar/-
aBeangd[36]), andis migratinginto the scienti c domain
in projectssuchasthe CommonComponentArchitecture
(CCA) [2]. The CCA extendsthe conceptof components
ports and framavorksto high-performancecienti ¢ com-
putingin parallelanddistributedenvironments.

As part of the open CCA Forum [8] and the Cen-
ter for Component Technology for Terascale Simula-
tion Software [9] (partof the Scienti ¢ Discovery through
Advanced Computing (SciDAC) program [39]), the
M N problemhasbeenexploredasa key enablingtech-
nologyfor component-basestienti ¢ simulationsoftware.
An M N Working Group, in cooperationwith a Scien-
tic Data Component3Norking Group and the Terascale
Simulation Tools and Technology [15] SciDAC Cen-
ter, have beendeveloping interfacesand technologythat

alleviate the burdenon the scienti ¢ applicationsprogram-
mer in trying to assembldarge coupledsimulationappli-
cations.The work hasemphasizedhe fundamentalnfras-
tructurerequiredfor two basicsetsof capabilities,namely
parallel data redistribution and collective method execu-
tion.

Usingageneriodescriptionof eachcomponens parallel
data,avarietyof dataexchangeoperationganbeappliedto
transparentlycoupleparalleldataobjectscon gured at run
time. Beyond paralleldataexchangeor redistritution capa-
bilities, thereis alsothe needfor concatenatingomponent
“lters,” e.g.for spatialandtemporalinterpolationor unit
corversions Suchcapabilitiesform the basisfor ageneral,
extensibleM N toolkit to encompasthefull rangeof gen-
eralizedmodelcouplingtechnologyGeneralizinghe exist-
ing setof numericalinterpolationand Itering schemess
a major undertakingand apartfrom somepreliminary ex-
perimentsis beyond the scopeof our currentwork, which
concentratesn parallelcomponentnteractionghatcanbe
solvedby computersciencemiddlewvare.

A related problem is when parallel componentsin-
voke methodson eachother, referredto asparallel remote
methodinvocation(PRMI). Although the term RMI origi-
natedin the Jasza community hereit refersto the general
problem of interacting parallel object-orientedcompo-
nents. No well-de ned widely acceptedsemanticsexist
yet for the possiblewide range of types of parallel in-
vocations. Methods could be invoked between serial
or parallel callers and callees,and usedto perform ei-
ther coordinatedparallel operationsor to independently
updatelocal statein parallel. Suchinvocationscould re-
quire data argumentsor return results in either serial
or parallel (decomposedor replicated) data arrange-
ments.

PrototypeM N componentand framewvork solutions
have beendevelopedo explorethedesiredcapabilitiesThe
remainderof this paperdescribeghesesolutionsin more
detail. Section5 describeselatedwork in M N /coupling
researchSection2 provides basic backgroundon CBSE
and componentonceptsgspeciallyin the context of par
allel anddistributed ervironments.This overview includes
a generalizedriew of paralleldatastructuresandtheir un-
derlying distributed datadecompositionsas well asa re-
view of thesemanticsindissuegelatingto PRMI. Sectiord
presentsa suney of component-basell N solutionsthat
have beengeneratedh conjunctionwith the CCA effort. Fi-
nally, Section6 concludesandlookstoward future work in
thisarea.



2. Overview
2.1. De nitions and Overview

Within the CCA Forum,a components a software unit
whichmaybeinstantiatecspartof arunningprocessoron
a setof multiple processes.g.,asan MPI job. It is there-
fore possibleto have one componentrunning as multiple
processesaswell ashave multiple componentsll running
within oneprocessPartitioningajob into parallelprocesses
typically implementsdomainor datadecompositionyhile
partitioningataskinto componentimplementsafunctional
or computationaphasedecompositionln ary casethede-
compositioninto componentss independenof arny decom-
positioninto parallelprocessesandwithin the CCA acom-
ponentcanspanmultiple MPI-lik e parallelprocesses.

CommunicationbetweenCCA componentds through
portswhich emplogy a uses/preidesdesignpattern.A pro-
vides port is a public interface that a componentimple-
ments,that can be referencedand usedby other compo-
nents.A usesport is a connectiorendpoint thatcanbe at-
tachedo a providesport of the sametype.Onceconnected,
the usesport becomesa referenceo the providesport and
thecomponentanmake methodinvocationsonit.

Interfacesin the CCA are speci ed with the Scienti c
InterfaceDe nition Languagg(SIDL). SIDL is objectori-
ented, designedwith an emphasison scienti ¢ comput-
ing [25].

In mostscienti c computing,the decompositiorof the
datain a problemto be solved using parallelcomputingis
basedon domaindecompositionwhile the decomposition
providedby softwarecomponenimethodologys typically a
functionaldecompositionTheproblemsntroducedy par
allel componentsare particularly dif cult whenthe prob-
lem has other forms of functional decompositionsome-
timesbasedon accessinglistributedor specializedlatare-
sources.

In parallel computinga communicatiorscheduleis the
sequenceof messagepassingrequiredto correctly move
dataamonga set of cooperatingprocessesA communi-
cationschedules typically the mostdif cult designissue
in parallel programmingand requirescomplex bookkeep-
ing aboutdataownershipby processesndthe corrector-
deringof sendsandrecevesto keeplocal copiesupto date,
andto avoid deadlock.Someparallel programmingenvi-
ronmentgprovide sophisticatecidin relieving usersof this
burdensomeproblem,andin somesensethe M N prob-
lemis the component/ersionof the communicatiorsched-
ule problem.

Framework is the term usedin the CCA to describethe
executionervironmentof a component-basedpplication.
In this context, it is usefulto distinguishdirect-connected
framavorksanddistributedframeavorks althoughto anap-
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Figure 2. Direct-connected and Distrib uted
Frameworks

plication userthereis no differencein the interfaces.In

direct-connectedrameworks, all componentsn one pro-

cesslive in the sameaddressspaceand a port invocation
thenlooks like a re ned form of library call (seeleft side
of Figure?2). A setof identicalcomponeninstancescross
a givendirect-connectedramework is calleda cohortand
constitutes parallel componentin Figure2 acohortwould

bethecirclesin the samecolumn.All externalinteractions
betweenthis parallel componeniand the rest of the com-
ponentsoccurthroughport connectionswhereasall inter-

nal interactionsamongthe cohortoccur out-of-bandfrom

the CCA framawork (e.g.usingMPI).

In contrastcomponentsn adistributedframewvork each
runin differentsetsof processesvhich may be distributed
acrosgnultiple machinesin this case portinvocationsbe-
comeare ned form of RemoteMethod Invocation(RMI),
using a network communicationlibrary or other form of
interprocesscommunicationsuch as sharedmemory The
right side of Figure 2 shavs how 3 componentsareinter-
connectedn adistributedframework. Ideally, a frameawork
would provide bothdirectanddistributedconnectiormech-
anisms.

All  intercomponent communication in distributed
framavorksis M N . On the other hand,in the direct-
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connectioncasethereis no M N becausethe compo-
nents are co-locatedin the same processesHowever,

M N communicationcan still happenbetween paral-
lel programsrunning in separatedirect-connectedrame-
work instancesin this casethe standardapproachs to let

programscommunicatethroughintermediateM N com-
ponentsthat are instantiated co-located on both sides
of a connection.The M N componentsprovide a ba-

sic API for parallel data transfer and redistritution be-

tweentwo parallel componentgor for self connections,
suchasfor transposeperations)The pair of M N com-

ponentinstancesfor a given connectionmust commu-
nicate with eachother using an internal mechanismthat
is out-of-band as far as the CCA speci cation is con-
cerned. This scenariois shovn in gure 3. One such
implementatiorof anM N components describedn Sec-
tion4.1.

In a purely distributed case,componentdy de nition
cannotbeco-locatedn thesameprocessThereforet is not
possibleto usean M N componento mediatethe com-
municationlike it is donein the inter-framevork casede-
scribedabore. Now theM N communicationrmustoccur
insidethe framawork, aspart of the port abstractionPorts
in distributedframeworks arebasedon the RMI paradigm,
sothatideamustbe expandedo handlecallsbetweerpairs
of parallelcomponentsThe framenvork mustde ne all the
semanticof this parallel RMI interaction,including vari-
ous synchronizatiorissuesand the transferof methodar
gumentsandthe resultingreturnvalue(s).Two implemen-
tationsof distributedframeworksthatsupportparallelcom-
ponentsandsomebasicPRMI capabilitiesare presentedn
Sections4.2and4.3.

2.2. Parallel Data Representation

Whena datastructureis distributedacrosghe processes
in a parallelervironment,mary differentlayoutsare pos-
sible for the data. The datatransferand redistrikution as-
sociatedwith anM N or PRMI interaction,requiresrep-
resentatiorof the datalayout on both sidesof the transac-
tion in a uniform way that is understoodby eachcompo-
nentandthe entity (usually anothercomponentor frame-
work) that makesthe transfer The tools describedn this
papertake two primary approacheso representinghe par
allel decompositiorof arrays.

2.2.1. Linearization Meta-Chaog35, 13], a couplingli-
brary developedat the University of Maryland,introduced
theconcepbf linearization In this method the elementof
thesourcearrayaremappedo alinear, one-dimensiongr-
rangementyhich constituteghe abstracintermediateep-
resentation.The mapping betweenthe sourceand tarmget
templatess thereforeimplicit andindirect. Theapplication
hascompletecontroloverthe mappingto andfrom thislin-
earrepresentation.

Linearizationis alsousedin the MPI-IO M N device
developedat Indiana University [6]. In this system,each
proces®nthereceiersidebroadcastf thesendersvhich
chunksof datait requiresreferencinghemto thelineariza-
tion. At theexpenseof this smallcommunicatioroverhead,
no communicatiorschedulds required.

Linearizationsimpli es the task of matchinga variety
of datastructuresfrom multidimensionakrraysto treesor
graphs.However, the applicationmust often know about
how the senderlinearizedthe datain orderto make sense
of thede-linearizedlataattherecever'send.Thistypically
involves implicit knowledge of the data structureon the
senders side, or the explicit transferof informationabout
thesenders linearizationschemeo therecever.

2.2.2. Distributed Array Descriptor The dominanceof
arraysin scienti c computingcalls,in generalfor aspecial
level of supportfor distributedarray(DA) datastructuresin
component-basedpplicationsone issuethat must be ad-
dresseds how componentsising differentdistributed ar
ray (DA) representations/packageaninter-operate(even
without dataredistributionissues).

A top-dawn solutionmight be to standardizeon a sin-
gle DA packageand force all componentgo either use
it directly, or develop adaptersthat can corvert between
the standad and native DA representationsThis solu-
tion would also requiresigni cant modi cations to exist-
ing code,andtheuseof adaptersnight have seriousconse-
guencedor performanceandmemoryrequirementgwhere
in-placecorversionbetweerDA representationis not pos-
sible). Therefore,asa simplerstartingpoint, the CCA has
chosento take a bottom-upapproach developing a Dis-



tributedArray Descriptor (DAD) that providesglobal data
distribution information and provides accessto the local
storageof eachprocesss patch(espf thedistributedarray

Sucha descriptorcan be usedto facilitate the corver-
sion betweenDA representationsllowing the useof 2N
distinct corvertersto/from the DAD's intermediaterepre-
sentationratherthan N 2 corvertersdirectly coupling in-
dividual DA representationsr packagesHowever, mary
componentslo not needto interactwith acompletelyfunc-
tional DA packagebut ratherthey just needto be ableto
accesshe memorylocationsconstitutingthe DA to acquire
a speci cation of the global layout of the data.An exam-
ple of this might include data-parallecomponentswhich
performoperation®ntheirlocal portionof adistributedar
ray. For parallelM N dataredistribution, directaccesgo
the DA's local memoryis often sufcient (on the recev-
ing side,the DA may rst have to be allocatedusing the
DA package).Thoughthere may be philosophicalobjec-
tionsto short-circuitingthe DA packages interfacein this
way, this is a practicalapproachto facilitating interoper
ability of componentsisingdistributedarraysin thenearto
mediumterm. The approachis highly pragmatic,andwill
work for most DA packagesandrepresentationsve have
investigated.

The DAD interface supportsthe descriptionof dense
multidimensionalarrays. Work on other data structures,
suchassparsematricesandparticle elds is planned.

Thegeneramodelof distributedarrays aswell asmuch
of the speci ¢ terminologyusedin the CCA's DAD inter
face(versionl) [4] is largely patternedafter the High Per
formanceFortran (HPF) [17, 21] distributed array model.
Both DAD and HPF distinguishbetweenarray templates
andthe actualarraysthat hold the data. Templatescanbe
thoughtof asvirtual arraysthat specify the logical distri-
bution of the array acrossthe processesAny numberof
actualarrayscan be aligned or mappedto a given tem-
plate,simplifying computatiorandreuseof communication
schedulesand otherforms of pre-planningfor datamove-
mentoperations.The mappingof actualarraysonto tem-
platesis alsoextremely e xible in the HPF model, allow-
ing the expressiorof complex relationshipsn the distribu-
tionsof multiple actualarrays.

With oneexception thetypesof distributionssupported
by the CCA distributedarraydescriptorareperaxis,sothat
thecompletedatadistribution requireshespeci cationof a
distribution on eachaxis of the array The supportedistri-
butionsinclude:

Collapsedall elementsof the axis belongto a single
process.

Block-Cyclic: the elementsare divided into regular
blocks and distributed cyclically acrossall processes
the axis. If blocks are sizedso that eachprocessre-
ceivesexactly oneblock, this is oftenreferredto sim-

ply asablock distribution,andtheotherextremeof one
elementperblock is commonlyknown asa cyclic dis-
tribution. Intermediatesizedblocksresultin morethan
oneblock assignegerprocess.

Generalizedlock: a variantof the block distribution
introducedby the Global Array [32] packagethat al-
lows oneblock per processhut the blocks can be of
differentsizes.

Implicit: a distribution type usedin HPFthat provides
completee xibility in how thedatais distributedatthe
costof oneindex elemeniperdataclementandpoten-
tially expensve queriesinto thedescriptor

Thereis oneadditionaldistributiontype supportedn the
CCA DAD which is global to the entire array ratherthan
axis-speci c:

Explicit: allows completelyarbitrary distributions to

bespeci edasacollectionof (multidimensionalyect-

angularpatcheseachassignedo a particularprocess.
The patchesmust not overlap and must completely
coverthetemplate.

The generalizelock, HPF-styleimplicit, and explicit
datadistributions allow descriptionof moreirregular data
distributionsthanthe more commonblock-gyclic distribu-
tion!. This facilitatessupportfor applicationswith irregu-
larly distributedarrays,but may posea barrierfor interop-
erability in somecasesbecausenary DA packageslo not
supporthesemoregeneraldistributions.

The e xibility of the DAD allows for compactdescrip-
tions of mary typesof distributions.Using the mostcom-
pactdescriptorappropriatefor a given distribution usually
allows a DA packageto provide better performancethan
is possiblefor acompletelygeneralstructureles$ineariza-
tion, suchasthe DAD' simplicit distributiontype.

2.3. Data Redistribution

Often, two componentsn a coupledsimulation must
both accessa distributed array over a long period of time
usingdifferentdistributions. The contentsof the arraycan
changeso a persistentmechanisnfor keepingthe two lo-
cal copiesidenticalis required.In this context, we saythat
the two objectsare coupled This coupling can be asym-
metrical,for examplewhenonecopy (therecever'sor syn-
chronizedcopy), is actuallyasamplingof thelarger, remote,
copy. On the otherhand,sometimeghe dataonly needbe
transferednce.

The API of the CCA M N component(Section4.1)
implementsboth one-time and persistentcommunication

1 Implicit andexplicit distributionsallow the expressionof completely
arbitrary datadistributions, while generalizedlock is morelimited,
but still supportsa broadrangeof irregular distributions.



primitives. The PRMI model (section2.4), however, only
supportsone-time communicationbecauseof the limita-
tionsof the RMI paradigm.

A communicatiorschedulefor distributedarraysspeci-
es the destinationprocesof eachof the dataelementsn
the sourcearray andtheir locationsin the destinationpro-
cessesThis schedulds computedprior to thetransferoper
ation,andcanbe reusedn consecutie transfersandeven
for differentarraysaslong asthey conformto the samedis-
tribution template.

Communicatiorschedulesanbe expensveto calculate,
especiallyif the varietiesof sourceand destinationtem-
platesarenumerousOneway to simplify this operationis
to have anintermediaterepresentatiorin the mappingpro-
cesdrom thesourcdayoutto thetargetlayout. Ratherthan
matchingsourceand target templatesdirectly, the system
refersthe layoutsto this intermediaterepresentationlt is
importantto noticethatit is not necessaryor the systemto
arrangethe actualdataaccordingto this intermediaterep-
resentationit canexist only in anabstracform, asa theo-
reticalreferenceor the computatiorof the communication
schedule.

As mentionedabove, ervironmentssuchasMeta-Chaos
andtheIndianaMPI-10-basedM N device uselineariza-
tion to representdata distributions. The application has
somecontroloverthemappingo andfrom thislinearrepre-
sentationln theIndianaM N implementationgachpro-
cesson the recever side broadcastdo the senderswhich
chunksof datait requiresreferencinghemto thelineariza-
tion. Linearizationis a usefultool that can be usedby a
systemto implementcommunicatiorscheduleslt doesnot
imply serialization- the linearizationis a logical process,
but actualtransferscanbe carriedout fully in parallel.Lin-
earizationsimpli es the taskof matchinga variety of data
structuresfrom multidimensionahrraysto treesor graphs.
However, asalreadynoted theapplicationmustoftenknow
abouthow the sendetinearizedthe datato interpretthe de-
linearizeddataat the destination.

Anotherapproacho the problemof calculatingcommu-
nication scheduleds to deferthe taskto the application.
This is the stratg)y usedin the Distributed CCA Architec-
ture(DCA), describedrie y in Sectiord.3.In DCA theap-
plicationmustspecifythedestinatiorof eachchunkof data.
It doessothroughspecialarraysthatmimic MPI's all-to-all
communicatiorprimitives.

2.4. Parallel Remote Method Invocation Seman-
ticsin CCA

Supporting®?RMl is aproblemuniqueto theCCA. Com-
mercialcomponensystemssupportonly serial RMI, hav-
ing no needfor the addedcomplicationsof massve paral-
lelism and the SPMD model for a componentThe CCA

programmingmodelrequiresnew semanticspolicies,and
corventionsfor invoking parallel methodsand appropri-
ately communicatingunction algumentsandresults.Syn-
chronizationis alsoa fundamentatoncernwith PRMI, to
ensureconsisteninvocationorderingandthe coordination
of paralleldataargumentsandto avoid deadlocksandvar
iousfailuremodes.

Parallelremoteportsarethe CCA communicatioomech-
anismfor distributed parallelcomponentsParallel remote
ports differ from regular CCA portsin that they connect
parallelcomponentshataredeployedin adistributedfash-
ion over the network. The semanticsoof anM N remote
methodinvocationmustbe de ned. Challengesn de ning
PRMI semanticsnclude:

Delivery of agumentsHow arethemethodarguments
fromtheM processesnthecalling (client) sidedeliv-

eredto theN processeen the providing (sener) side?
If M is not equalto N, thenwhich of the N provid-

ing componentservicegheinvocationfor agivenset
of theM invokers?

Procesgsparticipation. The framewvork must de ne a
policy andimplementa mechanisnthat allows com-
ponentsto make collective methodcalls. Seemingly
independentethodcalls that eachof a setof paral-
lel processemalke at somepointin the executionof a
componentmustbegroupedogethemndpresentecs
a single effective invocationto the component(spro-
viding the port implementationThis groupingis pri-
marily a logical one,anddoesnot imply serialization
of the invocation.For sucha collective invocationto
happertheremustbe away for the calling component
to tell the framework which processesire participat-
ing in agivenportinvocation.

Concurreng issues.In a distributed framework the
componentsun independenthandfor ef ciency this
concurreng shouldnot be unnecessarilynhibited by
CCA requirementd-or thatreasonthecallingcompo-
nentcannotarbitrarily block until the providing com-
ponentreturnswith the resultof the call. This portion
of the standardRMI modelmustberevised.

Parallelconsistenyg. Severalother, low-level detailsof
parallelremotemethodinvocationmustbe addressed
by the framawork. Thesedetailsrelateto the potential
needfor enforcingsynchronizatiorbetweenthe pro-
cessegshat participatein a collective call, anddealing
with issuesf invocationorderguaranteeésee[19]).

In the CCA model,parallelport methodscande ne two
kind of aguments:isimpleand parallel. The currentCCA
corventionis thatasimpleagumentmusthave the sameac-
tualvaluein all the processesriginatingagivenmethodn-
vocation.However, someframavorks may not actively en-
force this policy becausecheckingthat the actual values



matchmight incur in a performancepenalty Regardless,
this policy ensureghat a provider componentan always
assumehata simpleargumenthasthe sameactualvaluein
all theprocesses.

A parallel agumentrepresents: dataarrayor structure
thatis decomposedmonga setof parallelcomponenpro-
cessesSuchparallelalgumentvaluesmustbegatheredand
transferredandpossiblyredistritutedaccordingto the cor
respondingM N layout (given somepolicy for handling
casesvherea one-to-onemappingbetweerprocessedoes
notexist). The speci ¢ actionsarestronglytied to the num-
ber of processef the sourceanddestinatiorcomponents,
aswell assomesemanticknowledgeof the given method
beinginvoked,namelythe expectedform, if ary, of thede-
composednput data.

In the processof transferringa parallel argument,the
framavork must know the layout of the dataat both the
calling and the calleesides.The applicationmust corvey
thisinformationto the framework prior to the actualtrans-
fer of data.This is not a problemon the calling side, be-
causethe applicationspeci es this information inside the
paralleldataarraysobject,or maybein aseparatéayoutob-
ject suchasa DAD thatis passedasan extra algumentto
theportmethod.

On the callee side, however, the applicationdoesnot
have the opportunityto setthelayoutprior to thecall. Prior
to a call, the components blockedwaiting for remoteport
invocations.Several stratgies are being explored to deal
with this problem. For simple layout patternslike homo-
geneousblock distributions, however, thereis no needfor
theapplicationto specifyary layoutparameters.

Supportingmore complex datadistribution layoutsre-
guiresa way for the providescomponento tell the frame-
work how thedatahasto bedeliveredprior to thedatatrans-
fer. Two solutionsarecurrentlybeingexploredin the CCA
Forum. Oneis to allow the componento specifythe lay-
out usinga specialframenork servicebeforethe call is re-
ceived (for examplefrom insideanothemethod,or during
initialization routines).The secondpossibility is to passto
the providessidea refeenceto the dataobjecton the uses
side,andto delaythe actualtransferof datauntil the pro-
videssidehasspeci edits layout.

Anotherdifferencebetweerregular, directly-connected,
ports and distributed remoteports is that of processpar-
ticipation. Procesgarticipationis the problemof de ning
which processe boththe calling andcalleecomponents
will participatein ary given port methodinvocation.The
problemof procesgarticipationis closelyrelatedto thatof
de ning the scopeof collective calls.

In a direct-connectedramework the application de-
veloper can establishprocessparticipationthrough mary
means.For example,the caller componenttan communi-
catethe setof participatinginstancego the calleecompo-

nentby passingan MPI communicatogroupor someother
parallelruntimesystemobject. This informationcould eas-
ily besentasoneof thefunctionalargumentgo themethod
invocation.The framawvork neednot be aware of thesede-
tails becausét doesnotneedto know which processepar

ticipatein ary call. It is the applications taskto usethe
communicatorgroup (or equivalent object) to link to-

getherthe seeminglyindependentnethodcalls and inter

pretthemasa singlecollective invocation.This strateyy is

the standardprocedurefor collective calls in SPMD pro-
gramming.

However, in distributedframewnorksthe framenvork must
know which processe# the calling componentre partic-
ipatingin the collective call. The framaevork mustmediate
somecommunicatiorbetweenthoseprocesse@ orderto
redistributetheparalleldataanddelivertheargumentsPro-
cesarticipationonthecallerandcalleesidesmustbedealt
with distinctly becausehe processeswvolvedaredifferent,
andeachsideis unavareof the con guration on the other
side.

One approachto solwe this problemis to require that
all processesn both componentqcaller and callee) par
ticipatein the remotemethodinvocation.This is the strat-
egy followed in the PRMI model by Damerski [10]. In
this case, processparticipationis implicit and static (it
doesnot changefrom invocation to invocation). Indeed,
Damerski [10] providestwo kinds of remoteinvocations:
theall-to-all collective invocationjust describedcanda one-
to-onenon-collectveinvocationin whichoneproces®f the
calling componentcalls one processof the calleecompo-
nent.Although this stratay is less e xible thanthe direct
framawork casejt providessimplicity andmaximumtrans-
pareng to the applicationprogrammerwho neednot be
awareof thedetailsof theM N communication.

Another approachs presentedn the Distributed CCA
Architecture(DCA) [5]. In DCA the applicationprogram-
mercandecideprocesgarticipationon the calling sidevia
anMPI communicatogroupthatis passedsthelastargu-
mentin all portmethodinvocationswhile onthecalleeside
all processemustparticipate This solutionis more e xible
in de ning procesgparticipationputis tiedto usinganMPI-
basedramewnork. However, ary parallelremoteinvocation
mustsomeha includesufcient informationto identify the
participatingtasksat the caller and calleesides.For trans-
pareng and interoperability it would be bene cial to in-
cludethisinformationgenericallyin eachport's methodin-
terfacespeci cationin someway, for examplethroughthe
useof descriptorsanalogoudo the DAD.

In currentdirect-connectrameavorksthereis generallya
singlethreadof execution,eventhoughthatthreadmaytake
theform of anSPMDparallelprogramIn otherwords,only
onecomponents active atary logical pointin theprogram.
In distributed frameworks simultaneousxecutionof com-



ponentsis possibleandis generallydesirableto increase
concurreng. The problemis that the port systemin dis-
tributedframeworks is RMI-basedandthe calling compo-
nentwill block until the calledcomponenhas nished ser
vicing thecall. In orderto overcomehisdif culty , CCA has
introducedthe notion of one-waymethods(adoptedfrom
CORBA [33]). In one-way methodshe calling component
continuesexecutionimmediately without waiting for the
remoteinvocationto complete One-way methodsmustnot
have ary returnvalue(thatincludesargumentswith the out
attribute).

3. Characteristicsof M N Systems

Before describingparticularM N implementationsn
detail,alist of characteristicill helpin understandingel-
ative strengthsand weaknesseg:-eaturesvhich have been
valuedin atleastoneM N context or anothelinclude

LanguageinteroperabilitybetweencomponentsThe

language€, C++, andFortranareparticularlyneeded
in HPC scienti c computing,and scriptinginterfaces
like Python,Perl,andMatlabarealsovalued.

Supportof componentconcurreng. This meansthe
implementatiordoesnot assumeor rely uponmodels
like alternatingexecutionof component$o assurecor-

rectnes®r integrity of the data.

Completegeneralityin the valuesof M andN. Soiit
shouldnot be requiredthatM andN are commensu-
rate,orthatM j N, etc.

Scalabilityfor large valuesof M andN. This implies

that communicationsbetweenthe componentss not

serializedthrougha single datamanagemenprocess,
and that the creationof communicationscheduleds

notserialized.

Genericmechanismgor descriptionof datadistribu-
tions.For densearraysof valuesa distributedarrayde-
scriptorsenesthis purpose.

Distributedcomponentsunningat differentlocations.
This is the distinction betweena direct-connectear
distributedframework.

Asynchronousnonblockingtransfersof databetween
componentgo allow overlappingof computationand
communications.

Well-de ned semanticdor a broadrangeof possible
parallel remote methodinvocationsbetweencompo-
nents.

No direct dependeng on using a particular parallel
run-timesystemlike MPI or PVM.

The lastitem refersto the underlyingrun-time systemand
not necessarilythe API presentedo an end user Some
M N systemshave taken the view that presentinga user
with a familiar interfacelike MPI for carrying out inter-
componenparallelcommunicationss moredesirablethan
requiringlearninga completelynew API.
Anotherpotentialfeatureis directsupportfor numerical
conversionsneededor modelcoupling,suchasinterpola-
tion. However, this papersdealsonly with thecomputersci-
encesystemsssuesof theM N problembecausdhe nu-
mericalonesareoftenapplicationdependent.

4. Implementations

M N researchwithin the CCA hasrangedfrom gen-
eralizedspeci cationsof semanticgo implementationof
practicalcomponenframavorks.Speci cationsandimple-
mentationsare likely to evolve as more applicationsuse
M N technologiesMuch of this researctstartedfrom ex-
isting partial solutions,and currently no single framework
supportghefull desiredrangeof M N capabilities Rather
thantrying to createa singleframework with all of the ca-
pabilities,currentwork looks to bridgeframaworks so that
userscanaccessnorespecializedeaturesasneeded.

Given the diversity of the parallel datalayouts at the
sourceanddestinationsidesof anM N transfer generat-
ing an ef cient communicatiorscheduleto move the var
ious dataelementgo their correctdestinationds dif cult.
Severaltools have developedtechnologyto addresghis is-
sue,including CUMULVS [23, 14, 22, 24], PAWS [19, 3].
andMeta-Chaog13, 35]. Thesesystemsall provide ways
to describethe subsetof datathatareto be collectedand
movedto aparticulardestinatiorprocessThisis oftendone
by distilling agivendatadecompositioron a perdimension
basisinto subrejionsor sub-samplegatchesWhile this
approachis typically both practicaland ef cient for most
commoncasesijt canrequiresomecomplex datatransfor
mationsin the worst case.This paperdealswith only the
mostfundamentabf dataexchangeand redistritution op-
erationsanddoesnot addresghe numericalcapabilitiesof
true model coupling,including spatialand temporalinter-
polation,enegy or ux conseration,datareductionsmesh
mediation,and units corversion.Thesearduous and typi-
cally application-speci casksarebeyondthe scopeof this
initial M N work.

4.1. M N Parallel Data Redistribution Compo-
nents

A preliminaryM N CCA componentspeci cation for
direct-connectframeworks was developedusing two dis-
tinct existing software tools to de ne and generalizepar
allel dataredistritution — CUMULVS and PAWS. These



Project ParallelData Language| PRMI | Prod.Level
Dist. CCA Arch. (DCA) MPI-basedarrays C Yes No
InterComm Densearrays C/Fortran | No Yes
Model CouplingToolkit (MCT) | Dense/sparsarraysgrids | Fortran No Yes
MxN Component SIDL Babel No Yes
SciRun SIDL C Yes Yes

Figure 4. M N projects and features. Some CCA frameworks use Babel [27] for langua ge inter oper -
ability , whic h provides SIDL bindings for C, C++ and FORTRAN.

tools have complementarynodelsof paralleldatasharing
andcoupling.PAWS is built on a “point-to-point” modelof
paralleldatacoupling,with matching‘send” and“receive”
methodson correspondingidesof a dataconnection CU-
MULVS is designedor interactive visualizationand com-
putationalsteering so providesprotocolsfor persistenpar
allel datachannelswith periodictransfers,usinga variety
of synchronizatioroptions.A generalizedM N speci ca-
tion hasbeendevelopedwithin CCA that covers both of
theseconnectiormodelswith a singleuni ed interface.

The CCA M N interfacehasmethodsthat de ne key
operationsn parallel dataexchange.Parallel components
canregistertheir paralleldata elds by providing a handle
to aDistributedArray Descriptor{DAD) object(seeSection
2.2). The DAD interfaceprovidesrun-timeaccesgo infor-
mationregardingthelayout,allocationanddatadecomposi-
tion of agivendistributeddata eld. TheM N registration
processallows a componento expressthe requiredDAD
informationfor any denserectangulaarraydecomposition,
andalsoindicateswhich accessnodesfor M N transfers
with thatdata eld areallowed (read,write or read/write).
Parallel communicatiorschedulesanthenbe de ned and
appliedto de ne M N connectionsisinga variety of syn-
chronizationoptions.M N connectionganprovide either
one-shotransfersor persistenperiodictransferghatrecur
automaticallyasde ned whenthe connectioris created.

For agivenM N transferoperation,eachindependent
pairwisecommunicatiorfor the overall transferis initiated
when a single instanceof the parallel sourcecohort (1 of
M) invokesthedataReady() = methodjndicatingthatthe
stateof its local portionof thedatais consistenand‘ready”
for thetransfer A matchingdataReady() call atthecor-
respondingdestinationcohortprocesg1 of N) completes
thegivenpairwisecommunicationWhenall suchmessages
have beenexchangedaccordingto the associate@dommu-
nicationschedulethenthetransferis consideredcomplete.
By breakingdown the overallM N transferinto thesein-
dependenasynchronougoint-to-pointtransfers,no addi-
tional synchronizatiorbarriersare requiredon either side
of thetransferThisfeatureallowsef cient implementations
for avarietyof situations.

M N connectionganbe initiated by eitherthe source

or destinationcomponentspr by a third party controller
Therefore,neither side of an M N connectionneedbe
fully aware,if atall, of the natureof arny suchconnections.
This situationexpeditesthe incorporationof existing paral-
lel legagy codesinto thecomponenervironment.Decisions
aboutthe connectiity of paralleldataobjectscanbe made
dynamicallyat run-time,asno fundamentathangego the
sourceor destinationcomponentcodesare strictly neces-
sary

Several challengesemainto achiese areliableandef -
cientM N implementationA variety of paralleldatalay-
outsmustbe recognizedo decodethe locationof speci c
dataelementsn boththe sourceanddestinatiorprocesses.
Initial prototypeshave focusedon the densedatadecompo-
sitions supportedby the DAD interface (seeSection2.2),
including “explicit array patch” decompositiongor more
arbitrary or optimizedmeshingschemesTo supportmore
complex datastructuredecompositionsa “particle-based”
containersolutionis alsounderdevelopment.

4.2. SciRun2

Oneway of creatinga distributed framework that sup-
ports parallelcomponentss by utilizing the codegenera-
tion procesof theinterfacede nition languag&IDL) com-
piler. The IDL compilercanbe usedto performthe neces-
sarydatamanipulation@&ndprovide consistenbehaior for
parallelcomponenmethodinvocations.Thisis themethod
thatis usedin SCIRun2[42], and hasbeenleveragedbe-
forefor similar problemg20]. Both PRMI andparalleldata
redistribution primitivesare de ned in an extensionto the
SIDL languagdg?25], theScienti ¢ IDL extensiondeveloped
aspartof the CCA project.

In the SCIRuUN2SIDL extensionthe method<f a paral-
lel componentanbe speci ed to be independen{one-to-
one)or collective(all-to-all) with respecto RMI. Collective
callsareusedin casesvherethe parallelcomponent pro-
cessenter-operateo solve a problemcollaboratvely. Col-
lective callsarecapableof supportingdiffering numbersof
processesntheusesandprovidessideof thecall by creat-
ing ghostinvocationsand/ometurnvalues Theuserof acol-
lective methodmust guarantedhat all participatingcaller



processemake theinvocation.The systemguaranteethat
all calleeprocessesgeceve thecall, andthatall callerswill
receveareturnvalue.

In orderto accomplishthis functionality, algumentand
returnvaluedatais assumedo bethe sameacrosghe pro-
cesse®f a componen{the componentevelopermusten-
surethis). The constraintcan be relaxed by usinga paral-
lel dataredistribution mechanismas describedbelow. In-
dependeninvocationsare providedfor normalserialfunc-
tion call semanticsFor eachof theseinvocationtypes,the
SIDL compilergeneratethegluecodethatprovidestheap-
propriatebehaior. This mechanismvorksregardles®f the
differentnumbersf processewith which eachcomponent
may be instantiatedIf the needsof a componenthangeat
run-timeandthe choiceof processeparticipatingin a call
needsto be modi ed, thena sub-settingnechanisnis en-
gagedo allow greatere xibility .

To enableparallel dataredistritution, a distributed ar-
ray type wasaddedto the SIDL languagelnstancef the
distributed array type can be de ned as parameterf a
method.At run-time,the instancesare setby participating
processeso the desired/gailable part of the global array
Thedataredistributionis automaticallyperformedvhenthe
methodinvocationis made.The dataredistritution mecha-
nism describecdhereis very similar to the one provided by
PAWS [3]. For moreinformationon this approactsee[10].

4.3. DCA: A Distributed CCA Framework based
on MPI

The Distributed CCA Architecture (DCA) is a proto-
type of a parallel and distributed CCA-compliantframe-
work, basecbnMPI. TheDCA usesMPI constructionsuch
ascommunicatogroupsandall-to-all MPI communication
primitivesto solve the challengesof a distributed frame-
work, concentratingpntheM N problemsof dataredistri-
bution, processarticipation,and PRMI semanticghatare
morecomple thanthe onessupportedy SCIRun2.

DCA usesMP| communicatoigroupsto determinepro-
cessparticipation.The stubgeneratothat parseghe SIDL
sourceles automaticallyaddsanextraargumento all port
methodspf type MPI_Comm,thatis usedto communicate
to the framawork which processegarticipatein the paral-
lel remotemethodinvocation.Also, parallelargumentsare
identi ed in the SIDL le with the specialkeyword “paral-
lel”.

This communicatogroup de nes the scopeof parallel
arguments(i.e. on which processes parallel agumentis
deployed). Also, it is usedto perform a barrier syndiro-
nization requiredto ensurethat the orderof invocationis
presered whendifferentbut intersectingsetsof processes
malke consecutie portcalls.Figure5 shavshow adeadlock
canoccurunlessbarriersynchronizations performed.The

Proc.1 Proc.2 Proc.3

Collective

[ IR /.>__ call 2

R S <‘ R
[ R (} ................
L R R, () —aeee | Collective

call 1

Figure 5. The sync hronization problem: if the
PRMI call is delivered as soon as one pro-
cess reaches the calling point, the remote
component will block at t; waiting for data
from processes 2 and 3, and will not accept
the second collective call at t; and t3. The re-
mote component will be blocked inde nitel y
because processes 2 and 3 will never reach
t4 and ts to complete the r st call. The so-
lution is to delay PRMI deliver y until all pro-
cesses are ready.

solutionto this problemis to delaythedelivery of remotein-
vocationsuntil all participatingprocessetave reachedhe
calling point by insertinga barrier beforethe delivery. In
otherinvocationschemesvhereall processemustpartici-
pate,the barrieris not requiredbecausell calls aredeliv-
eredin orderto the remotecomponen{notethatthe prob-
lem shawn in Figure5 disappear$ processl participates
in theseconctall).

DCA also employs the MPI all-to-all communication
modelto implementparalleldataredistribution. This works
by having the userde ne the datadistribution layoutusing
MPI datatypes,displacemenand countarrays(see[30]).
This informationis passedo the frameawork at in the re-
motecall usingextraargumentsautomaticallygeneratedy
the SIDL parserThis stratgyy of dealingwith paralleldata
hastheadwantageof beingfamiliarto MPI usersandof be-
ing e xible by giving usersthe toolsto describetheir own
dataredistributionlayout. This e xibility alsohasits disad-
vantagesbecausét placesmoreresponsibilityon the user
for de ning thedatadistribution layouts.Dealingwith MPI
datatypesanddisplacemenandcountarraysis in general
more complex than dealingwith higherlevel abstractions
likethe CCA DistributedArray Descriptor(DAD). Also, al-
thoughit would be beyondthe currentscopeof the DCA, it
would be possibleto supportthe DAD asa layeron top of
the DCA abstractions.

Componentconcurrenyg is achieved in two ways. On



one hand,all CCA Go ports? are called at startuptime,
so all componentghat provide a Go port will be started
concurrently On the other hand,componentsan execute
concurrentlyby usingone-waymethodsThe DCA is more
fully describedn [5].

4.4, InterComm

InterComm|[28, 29] is a framework for coupling dis-
tributed memory parallel programs,which correspondio
CCA componentsandis mainly targetedat coupledphys-
ical simulations.Suchprogramsincludethosethat directly
usea low-level message-passirldprary, suchas MPI. To
date, InterCommhasfocusedprimarily on providing ef-
cientcommunicationn the presencef complex datadis-
tributionsfor multidimensionalrraydatastructuresinter-
Commis adescendartdf Meta-Chao$13, 35, butaddssig-
ni cant new functionalityandprovidesmuchbetterperfor
manceInterCommusesdts own distributedarraydescriptor
(DAD), andthe CCA DataGroupis in the procesof com-
pletely de ning the capabilitiesandinterfacesof its DAD,
asdescribedin Section2.2.2.In InterCommarray distri-
butions are classi ed into two types:thosein which en-
tire blocksof anarrayareassignedo processedlock dis-
tributions andthosein which individual elementsare as-
signedindependentiyto a particularprocessijrregular or
explicit distributions.For block distributions,thedatastruc-
turerequiredto describethedistributionis relatively small,
so canbe replicatedon eachof the processegarticipating
in the inter-programcommunicationFor explicit distribu-
tions,thereis a one-to-onecorrespondencketweerthe el-
ementsof the array andthe numberof entriesin the data
descriptorthereforethe descriptoiitself is ratherlargeand
mustbepartitionedacrosgheparticipatingprocessednter-
Commprovidesprimitivesfor specifyingtheseypesof dis-
tributionsandhasoptimizedthe creationof reusablecom-
municationschedule$or moving regionsof bothtypesfrom
one array to anotherusing point-to-pointcommunication
calls. A linearizationis the methodby which InterComm
de nesanimplicit mappingbetweerthesourceanddestina-
tion of the transferdistributedby anothetibrary or overan
unequahumberof processesThislinearizationis aonedi-
mensionalintermediaterepresentationthe order of which
is dependenbn the order of the regions speci ed for the
transferInterCommcurrentlysupportcomponentsvritten
in multiplelanguagesncludingC, C++, Fortran7 7andFor-
tran90.

In additionto providing runtimesupportfor determining
whatdatais to be movedbetweersimulationsnterComm
also provides supportfor decisionsthat mustbe madeon

2 GoportsarespecialCCA portswhich arerecognizedby framevorks
asaway to starta CCA applicationrunning.They arethe component
equialentof the@main®functionin a C program.

whendatais to betransferred41]. Insteadof requiringeach
programto containlogic to determinewhen a datatrans-
fer should occur using the communicationschedulede-

scribedabove, programsonly expresspotentialdatatrans-
ferswith importandexport calls, therebyfreeingeachpro-

gram (component)developerfrom having to know in ad-

vancethe communicatiorpatternsof its potentialpartners.
The actualdatatransferstake placebasedon coorination

rulesdeterminedy athird partyresponsibldor orchestrat-
ing theentirecoupledsimulation,consistingof two or more
componentsThe key ideafor the coordinationspeci ca-

tionis theuseof timestamp$o determinevhenadatatrans-
fer will occur, via varioustypesof matchingcriteria.In ad-

dition to the e xibility enabledby a separatecoordination
speci cationthatmalkesit relatively easyto addnew com-

ponentsandreplacecomponentsvith othershaving similar

functionality, separatiorof control issuesfrom datatrans-
fersenablednterCommto potentiallyhide the costof data
transferdehindotherprogramactvities.

4.5. The Model Coupling Toolkit

Modelcoupling[12, 43, 38, 7, 1] frequentlyalsorequires
MxN couplingbecaus®f thewide variancan workloadby
theindividual models As anexample,the Model Coupling
Toolkit (MCT) [26] is asoftwarepackagehatextendsMPI
to easeémplementatiorof parallel couplingbetweenMPI-
basedparallel applications.Currently MCT is being em-
ployed to couplethe atmospherepcean,seaice, andland
modulesin the Community Climate SystemModel [16],
and to implementthe coupling API for the WeatherRe-
searchand ForecastingModel [40]. Becausehe form of
model coupling usedin climate and weathermodelingis
well-advanced MCT internallyimplementaM N capabil-
ities at a higherlevel thanthe other CCA projects.For ex-
ample, distributed array descriptorsare essentiallyimple-
mentedat the meshlevel, andMCT automaticallyprovides
the array datatransfersas well as numericalinterpolation
andcommunicatiorschedulingwith a simplerandhigher
levelinterfacein Fortran90.

MCT providesthefollowing objectsandservicesneeded
to constructdistributed-memonparallelcoupledmodels:

A lightweight model registry that de nes the MPI
processeson which a module resides,and a pro-
cess ID look-up table that obviates the need for
inter-communicatorsbetween concurrently execut-
ing modules;

A multi- eld datastorageobjectthatis the common
curreny modulesusein dataexchange;

Domain decompositiondescriptors,communications
schedulerdor intermoduleparallel datatransferand



intra-moduleparalleldataredistribution, andthefacil-
ities to implementintermodulehandshaking;

A classencapsulatinglistributed sparsematrix ele-
mentsandcommunicatiorschedulersisedn perform-
ing interpolationas parallelsparsematrix-vectormul-
tiplicationin amulti- eld, cache-friendlyfashion;

A dataobjectfor describingphysicalgrids capableof
supportinggrids of arbitrary dimensionand unstruc-
tured grids, andis capableof supportingmaskingof
grid elementge.g.,land/oceamask);

Spatial integral and averagingfacilities that include
pairedintegrals and averagedfor usein conseration
of global ux integralsin inter-grid interpolation;

Registersfor time averagingandaccumulatiorof eld
datafor usein coupling concurrentlyexecutingcom-
ponentshat do not sharea commontime-step,or are
coupledatafrequeny of multiple time-steps;

A facility for memging of stateand ux datafrom mul-
tiple sourcedor useby a particularmodel(e.g.,blend-
ing of land,oceanandseaice datafor useby anatmo-
spheremodel).

MCT supportdothsequentiaandconcurrentouplings
(and combinationsthereof), and can supportcoupling of
componentgunning as multiple executableimagesif the
implementatiorof MPI usedsupportshis feature. MCT is
implementedn Fortran90.The MCT programmingmodel
is scienti c-programmeifriendly, consistingof F90module
useto declareMCT-type variablesandinvocationof MCT
routinesto createcouplingg34]. Work is in progresgo em-
ploy the Babellanguagenteroperabilitytool to createMCT
bindingsfor otherprogrammindanguages.

5. RelatedWork

The Data Reoganizationinterface Standard(DRI-1.0)
[11] is theresultof a DARPA-sponsoreceffort targetedat
the military signalandimageprocessingcommunity DRI
datasetsare arraysof up to threedimensiongsupportfor
higherdimensionss optional).Block andblock-gyclic par-
titions are supportedandlocal memorylayoutsaredistin-
guishedrom the datadistribution. The datatypesspeci ed
in the DRI standardinclude oat, double,comple, dou-
ble comple, integer, short,unsignedshort,long, unsigned
long, char unsignedchar andbyte. Reoganizationopera-
tionsin DRI arecollective, andarehandledat a low level.
The userprovidessendandreceve buffers andrepeatedly
calling DRI get/putoperationsuntil the operationis com-
plete. The speci cation is languageindependentbut a C
binding is included.Relative to the work discussedn this
paperthe DRI canbethoughtof asa specializedandlow-
level DistributedArray DescriptorandM N component.

X Changenxn [1] is a middlewvare infrastructure
for coupling componentsin distributed applications.
X Changemxn usesthe publish/subscribparadignto link
interactingcomponentsanddealspeci cally with dynamic
behaiors, suchasdynamicarrivalsanddeparture®f com-
ponentsandthe transformatiorof data“in- ight” to match
endpointrequirements.

Anothertool for model couplingis the the Distributed
DataBroker (DDB) [12], which is a generalpurposetool
from UC Berkeley for coupling multiple parallel models
that exchangearge volumesof data.The DDB providesa
mechanismfor coupling codeswith differentgrid resolu-
tionsanddatarepresentations.

Roccom [18] is an object-orientedsoftware frame-
work for high performanceparallelrocket simulation.Roc-
com enablescoupling of multiple physicsmodules,each
of which modelsvarious parts of the overall problemto
build a comprehensie simulationsystem. A physicsmod-
ule builds distributed objects (data and functions) called
windowsandregistersthemin Roccomso that othermod-
ules can sharethem with the permissionof the owner
module.

6. Summary

Exchangingelementsamongdisparateparallel or dis-
tributeddatastructuress merelythebeginningof truetech-
nology for parallel model coupling and transparentdata
sharing.Dependingon the natureof the actualdatastruc-
turesinvolved,signi cant datatranslationsouldbeneeded
beyondthe simpleM N mappingof dataelementslf the
sourceand destinationdata use different meshesor spa-
tial coordinaterepresentationsyr are computedin differ-
entunitsor at differenttime frames thenseveraladditional
datatranslatiorandcorversioncomponentsvill berequired
to fully transformandsharesemanticall}comparablgaral-
lel data.

A wealth of interpolationand sampling schemesare
availablefor translatingdataamongdesiredspatialor tem-
poral formats.Historically, suchschemesarry with them
analmostreligiousstigma,andthereis muchdebateamong
scientistson the merits of one schemeover another We
hopeto extendour collection of interfacespeci cationsto
include appropriatehooks for supportingvarious generic
datatransformationandcorversionsGivensufcient e x-
ibility in the agumentsfor theseinterfaces,a wide range
of implementationganbe built to cover commoninterpo-
lation or corversionalgorithms.Becauseof the wide vari-
ety of spaceandtime discretizationaisedin scienti ¢ com-
puting, therewill always be a needto allow usercreated
inter-componentlatamodi cations.

To utilize theresultingsequencef datatransformations
and dataredistritutions, a pipeline of componentcan be



assembledAn importantpragmaticissuethat ariseswith

suchpipelining is how efciently redistribution functions
composewith one another Techniqueamust be explored
to operateon datain place and avoid unnecessarylata
copies.Supercomponensolutionscould also be explored
for somecommoncaseshy combining several successie
redistribution andtranslationcomponentsnto a single op-
timized componentThis will requirea uniform way of de-
scribingdatadistributions,suchasthe DAD for arrays,and
with moredif culty , a uniform way of describingtransfor

mations.

In the nearterm, the primaryresearchgoal of this effort
will be to develop higherlevel operationson top of these
fundamentaM N datatransferfunctions. The complex-
ity of the currentport interfacesalludesto the low-level
“assembly-languagehatureof our currentunderstanding
of this technology More userfriendly simpli cations will
bedevelopedfor themostcommonoperationsto make this
technologymore readily available and practicalfor every-
dayusage.

M N technologyis only now startingto emege asan
importanttool for composingparallelcomponentandeven
completeapplicationsinto larger cross-disciplinarysimu-
lations.M N connectionsare neededfor more than just
computationsdynamicallyinsertingdatafrom largesensor
arraysinto a running computation(suchasweathermod-
eling) or accessingdatain parallel from distributed sci-
enti ¢ databasesill meanconnectingnon-computational
componentsith computationabnes.The basicissuesof
the meaningof PRMI, ef cient redistritution of data,and
shieldingusersfrom the compleities of parallelcodesin-
teractingatrun-timearethesame.

Acknowledgment

This work is supportedby National ScienceFounda-
tion GrantsCDA-0116050and EIA-0202048,and by the
U. S. Departmenbdbf Enegy's Scienti ¢ Discovery through
the AdvancedComputing(SciDAC) initiative, throughthe
Centerfor ComponentTechnologyfor TerascaleSimula-
tion Software,of which Argonne Lawrencelivermore L os
Alamos, Oak Ridge, Paci ¢ Northwest,and SandiaNa-
tional Laboratories)ndianaUniversity, andthe University
of Utaharemembers.

Researclat Oak RidgeNationallLaboratoryis supported
by the Mathematics Information and ComputationalSci-
enceOf ce, Of ce of AdvancedScienti c ComputingRe-
searchlJ. S.Departmenbf Enegy, undercontractNo. DE-
ACO05-000R2272%vith UT-Battelle,LLC.

References

[1] H. Abbasi, M. Wolf, K. Schwan, G. Eisenhauer and
A. Hilton. XChange:Couplingparallelapplicationsn ady-
namic ervironment. In IEEE International Confeenceon
ClusterComputing Septembe2004.

[2] R. Armstrong,D. Gannon,A. Geist,K. Keahg, S. Kohn,
L. Mclnnes,S. Parker, and B. Smolinski. Toward a Com-
mon ComponentArchitecturefor high-performancescien-
ti®c computing. In Proceedingsof the The Eighth IEEE
International Symposiunon High PerformanceDistributed
Computing 1998.

[3] P.BeckmanpP Fasel,W. Humphreg, andS. Mniszevski. Ef-
®cientcouplingof parallelapplicationsisingPAWS. In Pro-
ceedingof the 7th IEEE International Symposiunon High
PerformanceDistributedComputationJuly 1998.

[4] D. E. Bernholdt. CCA distributed arrary descriptor
(DAD). http://lwww.cca- forum.org/"data- wg/
dist- array/

[5] F BertrandandR.Bramley. DCA: A distributedCCA frame-
work basedon MPI. In Proceedingof HIPS 2004, 9th In-
ternationalWbrkshopon High-Level Parallel Programming
Modelsand SupportiveErvironmentsSantaFe, NM, April
2004.1IEEE Press.

[6] F. Bertrand,Y. Yuan,K. Chiu, and R. Bramlgy. An ap-
proachto parallelMxN communication.In Proceedingof
the Los AlamosComputerSciencdnstitute (LACSI) Sympo-
sium SantaFe,NM, October2003.

[7] Californialnstituteof Technology.Centerfor simulationof
dynamicresponsef materialshomepage http://www.
cacr.caltech.edu/ASAP/ ,2003.

[8] CCA Forum. CCA Forum homepage. http://www.
cca- forum.org/ ,2004.

[9] Centerfor ComponenfTechnologyfor TerascaleSimulation
Software (CCTTSS). CCTTSSSciDAC Centerweb page.
http://www.cca- forum.org/ccttss/ ,2004.

[10] K. Damerski. ParallelRMI andM-by-N dataredistritution
usingan IDL compiler Masters thesis, The University of
Utah,May 2003.

[11] DataReoganization(DRI) Forum. Documentfor the data
reoganizationinterface(dri-1.0) standard.http://www.
data- re.org/ ,SeptembeR52002.

[12] L. A. Drummond,J.Demmel,C. R. MechosoH. Robinson,
K. Sklower, andJ. A. Spahr A databroker for distributed
computingervironments. In Proceedingsof the Interna-
tional Confeenceon ComputationalScience pages31-40,
2001.

[13] G. Edjlali, A. Sussmanand J. Saltz. Interoperability of
data-paralletuntimelibraries.n InternationalParallel Pro-
cessingSymposiumGenea, Switzerland April 1997.1EEE
ComputerSocietyPress.

[14] G. A. Geist,J. A. Kohl, and P. M. Papadopoulos. CU-
MULVS: Providing fault tolerance yvisualizationand steef
ing of parallel applications. The International Journal of
High PerformanceComputingApplications 11(3):224-236,
1997.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

J. Glimm, D. Brown, andL. Freitag. TerascaleSimulation
Tools and TechnologiegTSTT) Center http://www.

tstt-  scidac.org/ ,2001.

L. Harperand B. Kauffman. Community Climate System
Model. http://www.ccsm.ucar.edu/ ,2004.

High Performancd-ortran Forum. High Performancd-or-
tran languagespeci®cation. Scienti®cProgramming 2(1—
2):1-170,1993.

X. Jiao,M. Campbell,andM. Heath. Roccom:An object-
oriented, data-centricsoftware integration framework for
multiphysicssimulations. In Proceedingsof the 2003 In-
ternationalConfeenceon Supecomputing pages358—368.
ACM PressJune2003.

K. Keahg, P. Fasel,andS. Mniszewvski. PAWS: Collective
interactionsand datatransfers. In Proceedingf the High
PerformanceDistributed ComputingConfeence SanFran-
cisco,CA, August2001.

K. Keahg andD. Gannon. PARDIS: A parallelapproach
to CORBA. In Proceedingof the High PerformanceDis-
tributedComputingConfeence pages31-39,1997.

C. Koelbel,D. Loveman,R. Schreiber G. Steele,Jr, and
M. Zosel. TheHigh PerformanceFortran Handbook MIT
Press1994.

J. A. Kohl. High performancecomputersinnovative assis-
tantsto science. ORNL Review, Speciallssueon Advanced
Computing 30(3/4):224—-2361997.

J. A. Kohl and G. A. Geist. Monitoring and steeringof
large-scaldistributedsimulations.In IASTEDInternational
Confeenceon Applied Modeling and Simulation Cairns,
QueenslandAustralia,Septembe999.

J.A. Kohl andP. M. PapadopoulosA library for visualiza-
tion and steeringof distributed simulationsusing PVM and
AVS. In High PerformanceComputingSymposiumMon-
treal,CA, July 1995.

S. Kohn, G. Kumfert, J. Painter and C. Ribbens. Divorc-
ing languagedependenciesom ascienti®csoftwarelibrary.
In Proceedingof the EleventhSIAM Confeenceon Paral-
lel Processindgor Scienti®cComputing SIAM, Mar. 2001.
J.W. Larson,R. L. Jacob]. T. FosterandJ. Guo. TheModel
CouplingToolkit. In V. N. Alexandr, J.J.DongarraB. A.
Juliano,R. S.RennerandC. J.K. Tan,editors,Proceedings
of the International Confeenceon ComputationalScience
(ICCS) 2001, volume 2073 of Lecture Notesin Computer
Sciencepagesl85-194Berlin, 2001.SpringerVerlag.
Lawrence Livermore National Laboratory Babel home-
page.http://www.lInl.gov/CASC/components/
babel.html , 2004.

J. Leeand A. Sussman.Ef®cient communicationbetween
parallel programswith InterComm. TechnicalReportCS-
TR-4557 and UMIA CS-TR-2004-04 University of Mary-
land, Departmeniof ComputerScienceand UMIACS, Jan-
uary2004.

J.-Y. LeeandA. Sussman.High performancecommunica-
tion betweerparallelprogramsin Proceeding®f2005Joint
Workshopon High-PerformanceGrid Computingand High-
Level Parallel ProgrammingModels (HIPS-HPGC 2005)
IEEE ComputerSociety Press Apr. 2005. To appearwith
theProceedingsf IPDPS2005.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]
[40]

[41]

[42]

[43]

MessagéPassinginterfaceForum. MPI: a message-passing
interfacestandard.International Journal of Supecomputer
ApplicationsandHigh PerformanceComputing8(3/4):159—
416,Fall-Winter 1994,

Microsoft Corporation. Distributed ComponentObject
Model. http://www.microsoft.com/com/tech/
dcom.asp , 2004.

J. Nieplocha,R. J. Harrison,and R. J. Little®eld. Global
Arrays:A non-uniform-memory-accegsogrammingmodel
for high-performancecomputers. J. Supecomputing
10(2):169,1996.

Object ManagemeniGroup. CORBA componentmodel.
http://www.omg.org/technology/document s/
formal/components.htm ,2002.

E. Ong,J. Larson,andR. Jacob A real applicationof the
Model Coupling Toolkit. In C. J. K. Tan, J. J. Dongarra,
A. G. HoekstraandP. M. A. Sloot, editors,Proceedingof
the 2002 International Confeence on ComputationalSci-
ence volume 2330 of Lectue Notesin ComputerScience
pages748-757 Berlin, 2002.Springer\Verlag.

M. RanganathanA. Acharya,G. Edjlali, A. Sussmanand
J. Saltz. Runtime coupling of data-parallelprograms. In
Proceeding®f the 1996InternationalConfeenceon Super
computing PhiladelphiaPA, May 1996.

Sun Microsystems. EnterpriseJavaBeansdowvnloadsand
speci®cations. http://java.sun.com/products/
ejb/docs.html ,2004.

C. SzyperskiComponenSoftwae: BeyondObject-Oriented
Programming ACM PressNew York, 1999.

G. Toth, I. V. Sololov, K. J. Kane, T. I. Gombosi,D. L.
de Zeeuw, A. J. Ridley, O. Volbeg, K. C. Hansen,W. B.
Manchesterl. I. Rousse, Q. F. Stout,and K. G. Powell.
SpaceWeatherModeling Framavork: Modeling the Sun-
Earth SystemFasterThan Real Time. AGU Fall Meeting
Abstracts pagesB325+,Dec.2004.

U. S.Dept.of Enegy. SciDAC Initiative homepagehttp:
/Iwww.osti.gov/scidac/ ,2003.

WRF OversightBoard. WeatherResearctand Forecasting
Model. http://www.wrf- model.org/ ,2000.

J.Wu andA. SussmanFlexible controlof datatransferde-
tweenparallelprograms. In Proceedingf the Fifth Inter-
national Workshopon Grid Computing- GRID 2004 IEEE
ComputerSocietyPressNov. 2004.

K. Zhang, K. Damersski, V. Venkatachalapathyand
S. Parker. SCIRun2:A CCA framework for high perfor
mancecomputing. In Proceedingof the 9th International
Workshopon High-Level Parallel ProgrammingModelsand
SupportiveEnvironmentgHIPS 2004) SantaFe,NM, April
2004.IEEE Press.

S. Zhou. Coupling earthsystemmodels:An ESMF-CCA
prototype http://webserv.gsfc.nasa.gov/ESS/

esmf _tasc/ ,2003.



