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Abstract

Blue Gene/L(BG/L) is a65,536-nodemassively parallelcomputerbeingdevelopedat the
IBM T. J. WatsonResearchCenterthat promisesto revolutionizelarge-scalescientificcom-
puting. However, its sizealonewill make programmingBG/L a major challenge,both from
a correctnessand from a performanceperspective. This hasmotivatedus to look into new
programmingmodelsthathave beenproposedasanalternative for MPI on parallelsystems.
We find theCo-Arrayprogrammingmodelattractive for its simplicity andhigh performance.
Insteadof implementingthis model in the usualway, aslanguageextensionsto Fortran,we
have chosento implementit asa C++ library. This allowed us to prototypeanddeploy this
implementationwith a relatively smalleffort, andto experimentwith it on existing machines.
Usersalsobenefit,for they canstartexperimentwith thisprogrammingmodelearlyandwith-
out learninga new language.Our preliminaryresultsindicatethat parallelprogramswritten
with ourC++ Co-Arraylibrary canreachgoodlevelsof speedup.

1 Introduction

BlueGene/L(BG/L) [1] is amassively parallelcomputersystembeingdevelopedat theIBM T. J.
WatsonResearchCenter. A fully-configuredBG/L machinewill consistof 65,536dual-processor
nodesinterconnectedas a �����������	��
 three-dimensionaltorus, with messagepassingas the
solemeansof inter-nodecommunication.Programmingsucha massively parallelmachinewill
be a major challenge,from the perspective of both correctnessandperformance.Therefore,we
wish to supporthigh-level parallelprogrammingmodelsthatsupportcommonpatternsof parallel
interactionandsimplify thetaskof parallelprogramming.

We expectBG/L to supporta subsetof MPI-2 [4, 8] to allow programmersto write explicit
message-passingprograms.However, webelievethatMPI asaprogrammingmodelfor massively
parallelsystemsis too low-level, makingit error-proneto code,complex to readandunderstand,
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anddifficult to debug. Otherauthorshaverecognizedthesedeficienciesof MPI andhaveproposed
alternativehigher-level parallelprogrammingmodelsfor largeparallelsystems.Examplesof such
programmingmodelsincludeGlobalArrays [5], Titanium[9], Unified ParallelC (UPC) [3], and
Co-ArrayFortran[6, 7]. Thesevariousmodelshave thefollowing characteristicsin common.

1. They arebasedontheSingleProgramMultiple Data(SPMD)modelof computation.In this
model,parallelismcomesfrom running � imagesof thesameprogram,eachwith its own set
of dataobjects.Executionis asynchronousfor themostpart,exceptfor well-definedglobal
synchronizationpoints.

2. They provideaglobaladdressspacefor placementof theshareddatastructuresin thecompu-
tation.This addressspaceis intendedto beusedlargely in a partitionedmanner. Coherence
of globaldatais usuallyguaranteedonly at globalsynchronizationpoints.

3. They provide convenientmechanismsfor any imageto accessany pieceof shareddata.
However, differentpartsof theglobaladdressspacemayhavedifferentaccesslatencies.

4. They aim at providing levels of applicationperformancethat are competitive with direct
programmingusingMPI.

Of thesefour programmingmodels,GlobalArraysis implementedasa library for C andFor-
tran, whereasTitanium, UPC,andCo-Array Fortranareimplementedaslanguageextensionsto
Java,C, andFortran,respectively. Co-ArrayFortranis uniquein that,for every remotedatarefer-
ence,theremoteimagewherethedataresidesis explicitly identified.Theothermodelsprovide a
degreeof transparency whenaccessingdata,thelocationof databeingderivablefrom theelement
beingaccessed.In thecaseof GlobalArrays,asingledatareferencemayspanmultiple images.

Although we believe all four programmingmodelscanbe valuablein the context of BG/L,
andthey all havebeenshown to achievegoodperformance,wechoseto initially pursueanimple-
mentationof Co-Arrays.Two mainfactorsinfluencedour decision.First, regardlessof theactual
languagebinding,therun timesystemsfor all thesemodelsneedto addresssomecommonissues:
mappingbetweenlocal andglobal addressspaces,managingpoint-to-pointcommunicationand
globalsynchronization,andoverlappingcomputationandcommunication.Developinga run time
systemfor onemodelprovidesimportantinformationfor thedevelopmentof run timesystemsfor
theothermodels.Second,we judgedCo-Array to bethesimplestof theprogrammingmodelsto
implement.Both Global Arrays andUPC supportcomplex datadistributions,whereasTitanium
supportsgeneralinter-nodepointers.

Insteadof implementingtheCo-Arrayprogrammingmodelasalanguageextensionto Fortran,
we implementit asa C++ library, for several reasons.First, the classdefinition, operatorover-
loading,andgenericprogrammingmechanismsof C++ allow muchof theCo-Arraysyntaxto be
implementedwithout theneedof languageextensions.Second,a library-only implementationis
fasterto prototypeanddeploy thana languageextension,which requirescompilersupport.Third,
it is easierto motivateusersto experimentwith anew library for a standardandfamiliar language
thanto convince themto try a new programminglanguage.Finally, a C++ library implementa-
tion of the Co-Array programmingmodel is portableacrossa variety of systems,allowing us to
experimentwith it beforetheBG/L machineis ready.
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The remainderof this paperis organizedasfollows. Section2 coversbackgroundmaterial,
including themain featuresof theCo-Arrayprogrammingmodelandtherelevantcharacteristics
of BG/L. Section3 describesourdesignof theC++ library for theCo-Arrayprogrammingmodel.
Section4 illustratesprogrammingwith the library throughsomeexamples,andpresentsperfor-
manceresults.Section5 concludesanddiscussesfuturework.

2 The Co-Array Programming Model and BG/L

In this section,we review themainfeaturesof theCo-Arrayprogrammingmodelimplementedby
Co-ArrayFortran.We alsodescribethosefeaturesof theBG/L machinethathadthemostimpact
in our designof theC++ library for theCo-Arraymodel.

2.1 Co-Array Fortran

Co-Array Fortranis a small setof extensionsto Fortran95 for SPMD parallelprocessing.With
Co-Array Fortran, a single programis replicateda fixed numberof times for execution. Each
replicais calledan image. Imagesexecuteasynchronouslywith respectto oneanother, andeach
imagehasits own setof dataobjects.OrdinaryFortrandataobjectsdeclaredin theprogramare
replicatedacrossall images,but eachcopy is privateto its image.

Co-Array Fortranintroducesa new kind of object, the co-array, which is formedby the ag-
gregationof objectsreplicatedacrossthe images.A co-arrayis anarrayof objectsthatspansall
imagesandallowscross-imageaccesses.A co-arrayhasbothlocaldimensionsandco-dimensions.
Local dimensionsapplywithin eachimageandaredeclaredwith parentheses.Co-dimensionsap-
ply acrossimagesandaredeclaredwith squarebrackets.For example,

REAL u(nrows)[*]

declaresa two-dimensionalco-arrayu, consistingof a one-dimensionallocal array of nrows
elementsreplicatedacrossall images. Parenthesesareusedto index elementswithin an image,
while squarebracketsareusedto selectanimage.For example,

a = u(i)[p]
u(j)[p] = b

assignsthevalueof thei-th elementof co-arrayu in imagep to variablea in thelocal image,and
assignsthevalueof variableb in thelocal imageto thej-th elementof co-arrayu in imagep. Such
inter-imageassignmentswill, in general,result in inter-nodecommunicationwhenimplemented
on amessage-passingmachine.Whenaco-arrayvariableis usedwithout anexplicit imageindex,
it refersto thelocal image.Thus,

u(k) = u(j)

copiesthevalueof thej-th elementof u in thelocal imageinto thek-th elementof u alsoin the
local image.An efficient implementationshouldperformthisassignmentwithoutcommunication.

In additionto co-arrays,Co-ArrayFortranprovidesasetof intrinsicsfor parallelprogramming.
The most importantintrinsicsarenum images(), this image(), andsync all(). The
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num images() intrinsic returnsthenumberof imagesin theexecution. Thethis image()
intrinsic returnstheindex of thelocal imagein thesetof all images,which is anumberbetween1
andnum images(). Finally,sync all(INTEGER list(*)) is agroupbarrierthatrequires
all operationsbeforethecall on imagesin list to completebeforeany imagein list advances
beyondthecall.

2.2 BG/L

As previously mentioned,the BG/L machineconsistsof 65,536dual-processornodesintercon-
nectedin a torus topology. The interconnectionnetwork supportshigh-bandwidth,low-latency
delivery of variable-sizedpacketsof data. Eachnodecansendandreceive dataat an aggregate
rateof more than4 GB/s whenrunningat 700 MHz. To supportsuchhigh datarates,the pre-
ferredmodeof operationfor aBG/L nodeis to dedicateoneof theprocessorsto handleinter-node
communication,while theotherprocessorrunstheuserapplication.Thetwo processorssharethe
memoryin thenode,but they arenotcachecoherent.Therefore,dataexchangesbetweenthecom-
putationandcommunicationprocessorsarecarriedthroughanon-cacheableregion of theaddress
space.

3 The C++ Library for the Co-Array Model

This sectiondescribesour implementationof theCo-Arraymodelfor BG/L, aswell asthebind-
ing of the Co-Array model to the C++ language. The descriptionhasfour main components:
the implementationof threads(Section3.1), the implementationof co-arrays(Section3.2), the
implementationof point-to-pointcommunication(Section3.3), andthe implementationof group
synchronization(Section3.4). In additionto exploiting the type systemof C++, our implemen-
tation alsousesthe pthreadslibrary to implementthreadsandthe MPI library asthe underlying
messaginglayer.

3.1 Implementing computation and communication agents

Eachnodeof the BG/L architectureconsistsof two processors—thecomputationprocessorand
thecommunicationprocessor. Froma programmingperspective,eachimageof theuserprogram
is mappedto a nodeandis organizedinternallyastwo threads:a computationthreadthatrunson
thecomputationprocessor, andacommunicationthreadthatrunsonthecommunicationprocessor.
We implementthesethreadsusingthepthreads library [2]. Theappropriatenumberof threadsis
spawnedat programstart-up.Thecomputationthreadbeginsby executingthe top-level function
of theuserprogram;thecommunicationthreadrunsin a reactive loop,processingcommunication
eventsfrom its associatedcomputationthreadandfrom othercommunicationthreads.The two
threadson a nodecommunicatewith eachother througha pair of queuesthat residein a non-
cacheableregion of the sharedaddressspace—onedirectedfrom the computationthreadto the
communicationthread(thecomp2comm queue),theotherfrom thecommunicationthreadto the
computationthread(thecomm2comp queue).Both queuesareprotectedby locks. This approach
avoidscomplicationsresultingfrom thenon-coherentcachesin theprocessors.
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3.2 Implementing co-arrays

A co-arrayof elementsof type T is implementedasa C++ templateclassCoArray<T>. On
encounteringthedefinition

CoArray<double> A(100);

the computationthreadin eachimageallocatesa LocalArray<double> object capableof
holding 100doubles, andan arrayof pointersto RemoteArray<double> objectsthat ref-
erencethe LocalArray componentsof this CoArray in eachof the other images. Figure1
illustratesthedesign.Notethata remotepointerin oneimageis a local pointerin anotherimage;
animagecanthereforeperformaddressarithmeticon a remotepointer, but maynot meaningfully
dereferencearemotepointer. Theimagesexchangetheir localpointersin anall-to-all communica-
tion stepwithin theCoArray constructorto setup theRemoteArray referencesin aconsistent
manner.

The CoArray<T> classoverloadsoperator() to allow accessto elementsof the local
portionof a co-array. More interestingly, it overloadsoperator[] to producea referenceto a
RemoteArray<T> byaccessingitscachedcopy. Applyingoperator() toaRemoteArray<T>
returnsaRemotePtr<T>, which is areferenceto aspecificremoteelement.Onesmallsyntactic
differencefromCo-ArrayFortranis thataremoteelementof aco-arrayis writtenasA[node](i)
ratherthanA(i)[node].

The overloadedoperatorsoperator= andoperator T() in theRemotePtr<T> class
initiate inter-imagecommunication.The former operatorhandlesthe caseA[node](i) = x
by sendinga “remotewrite” messageto the remoteimage. The latter operatorhandlesthe case
x = A[node](i) by sendinga “remoteread” messageandconverting the result into the ap-
propriatelocal type. Section3.3 describesthe detailsof the communicationactions. The case
A[node1](i) = B[node2](j) is handledby a combinationof the two operators.In our
current implementation,the constructA(i) = A[this_image()](j) causesan imageto
sendamessageto itself, but this couldbeeasilyoptimizedout.

3.3 Implementing point-to-point communication

Point-to-pointcommunicationin ourimplementationinvolvesthecomputationandcommunication
threadsatboththelocalandtheremoteend.Figures2 and3 show theoverallprotocolsfor various
communicationoperations.

Thelocal computationthreadinitiatesacommunicationoperationasfollows.

1. It initiates a “remote write” by enqueueinga Put requeston its comp2comm queueand
returning.

2. It initiates a “remote read” by enqueueinga Get requeston its comp2comm queueand
waitinguntil it receivesthedatavalue.

Thelocalcommunicationthreaddequeuesrequestsfrom itscomp2comm queueandsendsone
of two kindsof messagesto theremotecommunicationthreadover thenetwork (usingMPI asthe
transportmechanism).
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1. A Put messageis arequestto storethedatacontainedin themessageat thespecifiedaddress
of theremotenode,andis sentin responseto a Put request.It containsthefollowing fields:
theremoteaddress,thesizeof thedata,andthedatavalue.

2. A Get messageis a requestfor datafrom a remotenode,andis sentin responseto a Get
request.It containsthefollowing fields: thelocal addresswherethedatawill eventuallybe
stored,theremoteaddressfrom which to readthedata,andthesizeof thedata.

Theremotecommunicationthreadtakesthefollowing actionsonreceiving amessagefrom the
network.

1. On receiving a Put message,it enqueuesa Put requeston its comm2comp queueandsends
anAck messagebackto thelocal communicationthread.

2. On receiving a Get message,it enqueuesa Get requeston its comm2comp queue.

Theremotecomputationthreaddequeuesrequestsfrom its comm2comp threadandtakesthe
following actions.

1. On receiving a Put request,it completestheremotewrite operationby writing thesupplied
valuesto thespecifiedmemorylocations.

2. On receiving a Get request,it readsthespecifiedmemorylocationandenqueuesa Put re-
questcontainingthedataaddressedto thelocal nodeon its comp2comm queue.

Notethatthecomputationthreadof annodeis responsiblefor drainingthecomm2comp queue
in that node. The computationthreadcurrentlyperformsthis actionat threepoints: when it is
waiting afterhaving issueda Get request,beforeit issuesa Put request,andwhenit engagesin a
groupsynchronizationoperation(Section3.4).

A “remotewrite” operationcompletesat thelocal nodewhenthelocal communicationthread
receivesthe Ack messagefrom the remotecommunicationthread. Note that the local computa-
tion threadis not blockedandcanproceedwith additionalcomputationandcommunication.The
operationcompletesat the remotenodewhenthe remotecomputationthreadhasdequeuedand
processedthePut requestfrom its comm2comp queue.

A “remoteread”operationcompletesat thelocal nodewhenthelocal computationthreadhas
dequeuedandprocessedthe returningPut requestfrom its comm2comp queue. The operation
completesat the remotenodewhenthe remotecommunicationthreadreceivesthe Ack message
from thelocal communicationthread.

The Ack messageis requiredin order to maintainthe invariant that an imagecompletesall
communicationactionsprior to enteringa groupsynchronizationpoint. Communicationthreads
decrementacountof pendingcommunicationactionson receiving anAck message.

3.4 Implementing group synchronization

The library provides functionsfor group synchronization,that is, a barrier betweenall images
(sync_all()) or a subsetof images(sync_all(list of images)). As in the caseof
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point-to-pointcommunication,groupsynchronizationrequirescoordinationamongbothlocaland
remotecomputationandcommunicationthreads.Figure4 illustratestheoverall protocol.

Whenthe computationthreadof an imagereachesa sync_all call, it enqueuesa Sync re-
queston its comp2comm queueand then repeatedlydequeuesandprocessesrequestsfrom its
comm2comp queueuntil it encountersa Sync request.Thelocal communicationthreadsendsout
Sync messagesto eachimageon thelist andwaits for Sync messagesfrom eachof them.Onceit
hasreceivedamessagefrom eachimageonthelist, it enqueuesaSync requeston itscomm2comp
queueto inform thelocal computationthreadthatsynchronizationhasbeenachieved.

Sincedifferentimagescanprogressat differentrates,the local communicationthreadcanre-
ceiveSync messagesfrom remoteimagesatany time. If it receivesaSync messagefrom animage
that is not in the list of imageswith which it is currentlysynchronizing,it recordsthe identity of
theremoteimagein a pendinglist. Otherwise,the imageis in thecurrentsynchronizationlist, in
which caseit deletesthat imagefrom the list anddecrementsthecountof outstandingmessages.
WhenprocessingtheSync requestfrom its local computationthread,it removesfrom thepending
list any imagesfrom thecurrentsynchronizationlist that it finds there,anddecrementsthecount
of outstandingmessagescorrespondingly.

4 Examples

We illustratetheuseof theCo-Arrayprogrammingmodelandtheperformanceof our implemen-
tationusingtwo examples:Jacobirelaxationandmatrixtransposition.Performancemeasurements
wereconductedon a Linux clusterof dual600MHz PentiumIII machines,interconnectedwith a
100Mbit/s Ethernetswitch.

4.1 Jacobi relaxation

The Jacobirelaxationexamplecloselyfollows the examplein Numrich andReid [6,  2.1]. The
two-dimensionalproblemgrid is partitionedacrossimagesin thecolumndimension.Eachimage
is responsiblefor ncol columns,andallocatesspacefor onecolumnof ghostcellsoneitherside.

typedef double vector_t[VECTOR_SIZE];
void laplace(int nrow, int ncol, CoArray<vector_t>& u)
{
int me = u.this_image();
int images = u.num_images();
LocalArray<vector_t> new_u(ncol+2);
int left = me == 0 ? images-1 : me-1;
int right = me == images-1 ? 0 : me+1;
int list[2] = { left, right };
u[left](ncol+1) = u(1); // communication (put)
u[right](0) = u(ncol); // communication (put)
CoArray<double>::sync_all(list,2);
for (int j = 1; j < ncol+1; j++) {
new_u(j)[0] = u(j)[nrow-1] + u(j)[1] + u(j-1)[0] + u(j+1)[0];
for (int i = 0; i < nrow-2; i++)
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new_u(j)[i+1] = u(j)[i] + u(j)[i+2] + u(j-1)[i+1] + u(j+1)[i+1];
new_u(j)[nrow-1] = u(j)[0] + u(j)[nrow-2] + u(j-1)[nrow-1] + u(j+1)[nrow-

1];
}
for (int j = 1; j < ncol+1; j++)
for (int i = 0; i< nrow; i++)
u(j)[i] = new_u(j)[i] - 4.0 * u(j)[i];

}

Notethatu(j)[i] denoteselementi of columnj of co-arrayu in thelocal image,andis a
purelylocal operation.

Figure5(a)showsthespeedupof this codefor variousgrid sizes.Speedupis near-optimal.

4.2 Matrix transposition

Thematrix transpositionexampletransposesasquarematrixorganizedasaco-arrayof blocksthat
is partitionedacrossimagesin thecolumndimension.

typedef double block_t[BLOCK_SIZE][BLOCK_SIZE];
void transposeBlock(block_t& src, block_t& dst)
{
for (int i = 0; i < BLOCK_SIZE; i++)
for (int j = 0; j < BLOCK_SIZE; j++)
dst[i][j] = src[j][i];

}

void MatrixTranspose(CoArray<block_t>&u, int nrow,int ncol)
{
int me = u.this_image();
int comm_size = u.num_images();
CoArray<block_t> b(nrow, ncol, MPI_COMM_WORLD);
block_t temp;
CoArray<block_t>::sync_all(MPI_COMM_WORLD);
for (int I = 0; I < nrow; I++) {
int i = (I+me*ncol) % nrow;
for (int j = 0; j < ncol; j++) {
transposeBlock(u(i,j),temp); // transpose local block
b[i/ncol](j+me*ncol, i%ncol) = temp; //communication (put)

}
}
CoArray<block_t>::sync_all();

}

Figure5(b) shows the performanceof this codefor differentblock sizes. This codeis much
morecommunication-intensivethanthepreviousone,which limits speedupasa functionof num-
berof nodes.
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5 Conclusions and Future Work

Wehavediscussedthedesignandimplementationof aC++ library supportingtheCo-Arrayparal-
lel programmingmodelontheBG/L machine.Wehavevalidatedthecorrectnessof theimplemen-
tationandhave characterizedits performanceusingtwo testcodes:Jacobirelaxationandmatrix
transposition.Theinitial performanceresultsarepromising.

We plan two fronts of future work. First, we needto reducethe run-timecopy overheadsin
our implementation.In particular, it is possiblein somecircumstancesto let thecommunication
processoraccessthe datadirectly. This would reducethe end-to-endlatency of communication
operations.Second,weneedto bettercharacterizetheperformanceof ourimplementation,initially
on asimulatorof BG/L andeventuallyon therealhardware.
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