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Abstract. TheBlueGene/Lsupercomputerwill consistof 65,536dual-processor
computenodesinterconnectedby two high-speednetworks:a three-dimensional
torus network and a tree topology network. Eachcomputenodecan only ad-
dressits own local memory, makingmessagepassingthe naturalprogramming
modelfor BlueGene/L.In this paperwe presentour implementationof MPI for
BlueGene/L.In particular, wediscusshow weleveragedthearchitecturalfeatures
of BlueGene/Lto arrive at an ef�cient implementationof MPI in this machine.
We validateour approachby comparingMPI performanceagainstthehardware
limits andalso the relative performanceof the differentmodesof operationof
BlueGene/L.Weshow thatdedicatingoneof theprocessorsof anodeto commu-
nicationfunctionsgreatly improvesthe bandwidthachieved by MPI operation,
whereasrunningtwo MPI taskspercomputenodecanhave a positive impacton
applicationperformance.

1 Intr oduction

The BlueGene/Lsupercomputeris a new massively parallel systembeingdeveloped
by IBM in partnershipwith LawrenceLivermoreNationalLaboratory(LLNL). Blue-
Gene/Lusessystem-on-a-chipintegration[5] anda highly scalablearchitecture[2] to
assemblea machinewith 65,536dual-processorcomputenodes.Whenoperatingat its
target frequency of 700 MHz, BlueGene/Lwill deliver 180 or 360 Tera�ops of peak
computingpower, dependingon its modeof operation.BlueGene/Lis targetedto be-
comeoperationalin early2005.

EachBlueGene/Lcomputenodecanaddressonly its local memory, makingmes-
sagepassingthenaturalprogrammingmodelfor themachine.Thispaperdescribeshow
we implementedMPI [10] onBlueGene/L.

Our startingpoint for MPI on BlueGene/L[3] is the MPICH2 library [1], from
ArgonneNationalLaboratory. MPICH2is architectedwith aportability layercalledthe
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AbstractDevice Interface,version3 (ADI3), which simpli�es the job of porting it to
differentarchitectures.With this design,we could focuson optimizing the constructs
thatwereof importanceto BlueGene/L.

BlueGene/Lis a feature-richmachineanda goodimplementationof MPI needsto
leveragethosefeaturesto deliverhigh-performancecommunicationservicesto applica-
tions.TheBlueGene/Lcomputenodesareinterconnectedby two high-speednetworks:
a three-dimensionaltorusnetwork that supportsdirect point-to-pointcommunication
and a tree network with supportfor broadcastand reductionoperations.Thosenet-
worksaremappedto theaddressspaceof userprocessesandcandirectly beusedby a
messagepassinglibrary. We will show how we architectedour MPI implementationto
takeadvantageof bothmemorymappednetworks.

Another importantarchitecturalfeatureof BlueGene/Lis its dual-processorcom-
putenodes.A computenodecanoperatein oneof two modes.In coprocessor mode,
a singleprocess,spanningtheentirememoryof thenode,canusebothprocessorsby
runningonethreadon eachprocessor. In virtual node mode, two single-threadedpro-
cesses,eachusinghalf of thememoryof thenode,runononecomputenode,with each
processboundto oneprocessor. Thiscreatestheneedfor two modesin ourMPI library,
with differentperformanceimpacts.

WevalidateourMPI implementationonBlueGene/Lby analyzingtheperformance
of variousbenchmarksonour512-nodeprototype.Thisprototypewasbuilt using�rst-
generationBlueGene/Lchipsandoperatesat 500 MHz. We usemicrobenchmarksto
assesshow well MPI performscomparedto the limits of the hardwareandhow dif-
ferentmodesof operationwithin MPI compareto eachother. We usethe NAS Par-
allel Benchmarksto demonstratethe bene�ts of virtual nodemodewhen executing
computation-intensive benchmarks.

Therestof thispaperis organizedasfollows.Section2 presentsanoverview of the
hardwareandsoftwarearchitecturesof BlueGene/L.Section3 discussesthosedetails
of BlueGene/Lhardwareandsoftwarethatwereparticularlyin�uential to ourMPI im-
plementation.Section4 presentsthearchitectureof ourMPI implementation.Section5
describesanddiscussestheexperimentalresultsonour512nodeprototypethatvalidate
ourapproach.Finally, Section6 containsourconclusions.

2 An overview of the the BlueGene/Lsupercomputer

TheBlueGene/Lhardware[2] andsystemsoftware[4] havebeenextensively described
elsewhere.In this sectionwe presenta shortsummaryof theBlueGene/Larchitecture
to serveasbackgroundto thefollowing sections.

The 65,536computenodesof BlueGene/Lare basedon a customsystem-on-a-
chipdesignthatintegratesembeddedlow powerprocessors,highperformancenetwork
interfaces,andembeddedmemory. The low power characteristicsof this architecture
permitaverydensepackaging.Oneair-cooledBlueGene/Lrackcontains1024compute
nodes(2048processors)with apeakperformanceof 5.7Tera�ops.

The BlueGene/Lchip incorporatestwo standard32-bit embeddedPowerPC440
processorswith privateL1 instructionanddatacaches,a small2 kB L2 cache/prefetch
buffer and4 MB of embeddedDRAM, which canbe partitionedbetweensharedL3
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cacheanddirectly addressablememory. A computenodealsoincorporates512MB of
DDR memory.

ThestandardPowerPC440coresarenot designedto supportmultiprocessorarchi-
tectures:theL1 cachesarenot coherentandtheprocessordoesnot implementatomic
memoryoperations.To overcometheselimitations BlueGene/Lprovidesa variety of
customsynchronizationdevices in the chip suchas the lockbox (a limited number
of memorylocationsfor fastatomic test-and-setsandbarriers)and16 KB of shared
SRAM.

Eachprocessoris augmentedwith adual�oating-point unit consistingof two 64-bit
�oating-point units operatingin parallel.The dual �oating-point unit containstwo 32
× 64-bit register�les, andis capableof dispatchingtwo fusedmultiply-addsin every
cycle,i.e.2.8GFlops/spernodeatthe700MHz targetfrequency. Whenbothprocessors
areused,thepeakperformanceis doubledto 5.6GFlops/s.

In additionto the 65,536computenodes,BlueGene/Lcontainsa variablenumber
of I/O nodes(1 I/O nodeto 64computenodesin thecurrentcon�guration)thatconnect
the computationalcorewith the externalworld. We call thecollectionformedby one
I/O nodeandits associatedcomputenodesa processingset.ComputeandI/O nodes
arebuilt using the sameBlueGene/Lchip, but I/O nodeshave the Ethernetnetwork
enabled.

Themainnetwork usedfor point-to-pointmessagesis thetorus. Eachcomputenode
is connectedto its 6 neighborsthroughbi-directionallinks. The 64 racksin the full
BlueGene/Lsystemform a64×32×32three-dimensionaltorus.Thenetwork hardware
guaranteesreliable,deadlockfreedeliveryof variablelengthpackets.

The tree is a con�gurablenetwork for high performancebroadcastandreduction
operations,with a latency of 2.5 microsecondsfor a 65,536-nodesystem.It alsopro-
videspoint-to-pointcapabilities.The global interrupt network providescon�gurable
ORwiresto performfull-systemhardwarebarriersin 1.5microseconds

All the torus, tree and global interrupt links betweenmidplanes(a 512-compute
nodeunit of allocation)arewired througha customlink chip that performsredirec-
tion of signals.The link chipsprovide isolationbetweenindependentpartitionswhile
maintainingfully connectednetworkswithin apartition.

BlueGene/L systemsoftware architecture: User applicationprocessesrun exclu-
sively on computenodesunder the supervisionof a customComputeNode Kernel
(CNK). TheCNK is asimple,minimalistruntimesystemwrittenin approximately5000
linesof C++ thatsupportsa singleapplicationrunningby a singleuserin eachBG/L
node.It providesexactly two threadsrunningoneoneachPPC440processor. TheCNK
doesnotrequireor provideschedulingandcontext switching.Physicalmemoryis stati-
cally mapped,protectinga few kernelregionsfrom userapplications.Portingscienti�c
applicationsto run into this new kernelhasbeena straightforwardprocessbecausewe
provideastandardGlibc runtimesystemwith mostof thePosixsystemcalls.

Many of theCNK systemcallsarenotdirectlyexecutedin thecomputenode,butare
functionshippedthroughthetreeto theI/O node.For example,whenauserapplication
performsa write systemcall, the CNK sendstreepackets to the I/O nodemanaging
theprocessingset.Thepacketsarereceivedon theI/O nodeby a daemoncalledciod.



4

This daemonbufferstheincomingpackets,performsa Linux write systemcall against
a mounted�lesystem,andreturnsthestatusinformationto theCNK throughthe tree.
Thedaemonalsohandlesjob startandterminationon thecomputenodes.

I/O nodesrun the standardPPCLinux operatingsystemand implementI/O and
processcontrolservicesfor theuserprocessesrunningonthecomputenodes.Wemount
asmallramdiskwith systemutilities to providea root �lesystem.

The systemis complementedby a control systemimplementedasa collectionof
processesrunningin anexternalcomputer. All thevisible stateof theBlueGene/Lma-
chineis maintainedin a commercialdatabase.We have modi�ed theBlueGene/Lmid-
dleware(suchasLoadLeveler andmpirun) to operatethroughthe ciod systemrather
thanlaunchingindividualdaemonsonall thenodes.

3 Hardwareand systemsoftware impact on MPI implementation

In this sectionwe presenta detaileddiscussionof theBlueGene/Lfeaturesthathave a
signi�cant impacton theMPI implementation.

The torus network guaranteesdeadlock-freedelivery of packets.Packetsarerouted
on an individual basis,usingoneof two routingstrategies:a deterministic routingal-
gorithm,in whichall packetsfollow thesamepathalongthex; y; z dimensions(in this
order);anda minimal adaptive routingalgorithm,which permitsbetterlink utilization
but allowsconsecutive packetsto arriveat thedestinationoutof order.

Ef�ciency: The toruspacket length is between32 and256 bytesin multiplesof
32.The�rst 16 bytesof every packet containdestination,routingandsoftwareheader
information.Therefore,only 240bytesof eachpacketcanbeusedaspayload.For every
256bytesinjectedinto the torus,14 additionalbytestraversethewire with CRCsetc.
Thustheef�ciency of thetorusnetwork is � = 240

270 = 89%.
Link bandwidth: Each link delivers two bits of raw dataper CPU cycle (0.25

Bytes/cycle), or � × 0:25 = 0:22 Bytes/cycle of payloaddata.This translatesinto
154MBytes/s/linkat thetarget700MHz frequency.

Per-nodebandwidth: Addinguptheraw bandwidthof the6 incoming+ 6 outgoing
links on eachnode,we obtain12× 0:25 = 3 bytes/cycle pernode.Thecorresponding
bidirectionalpayloadbandwidthis 2.64bytes/cycle/node.

Reliability: The network guaranteesreliablepacket delivery. In any given link, it
resendspacketswith errors,asdetectedby theCRC.Irreversiblepacket lossesarecon-
sideredcatastrophicandstop the machine.The communicationlibrary considersthe
machineto becompletelyreliable.

Network ordering semantics:MPI orderingsemanticsenforcetheorderin which
incoming messagesare matchedagainst the queueof postedmessages.Adaptively
routedpackets may arrive out of order, forcing the MPI library to reorderthem be-
fore delivery. Packet re-orderingis expensive becauseit involvesmemorycopiesand
requirespacketsto carryadditionalsequenceandoffsetinformation.Ontheotherhand,
deterministicroutingleadsto morenetwork congestionandincreasedmessagelatency
evenon lightly usednetworks.
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The tr eenetwork servesadualpurpose.It is designedto performMPI collectiveoper-
ationsef�ciently , but it is alsothemainmechanismfor communicationbetweenI/O and
computenodes.Thetreesupportspoint-to-pointmessagesof �x edlength(256bytes),
delivering4 bitsof raw dataperCPUcycle (350Mbytes/s).It hasreliability guarantees
identicalto thetorus.

Ef�ciency: The treepacket lengthis �x edat 256bytes,all which canbeusedfor
payload.10 additionalbytesareusedwith eachpacket for operationcontrol andlink
reliability. Thus,theef�ciency of thetreenetwork is � = 256

266 = 96%.
Collectiveoperations: An ALU in thetreenetwork hardwarecancombineincom-

ing andlocal packetsusingbitwise andinteger operations,andforward the resulting
packetalongthetree.Floating-pointreductionscanbeperformedin two phases,oneto
calculatethemaximumexponentandanotherto addthenormalizedmantissas.

Packet routing on the treenetwork is basedon packet classes.Treenetwork con-
�guration is a global operationthat requiresthe con�guration of all nodesin a job
partition.For thatreasonweonly supportoperationsonMPI COMM WORLD.

CPU/network interface: The torus, treeandbarriernetworks arepartially mapped
into user-spacememory. Torusandtreepacketsarereadandwritten with special16-
byteSIMD loadandstoreinstructionsof thecustomFPUs.

Alignment: TheSIMD loadandstoreinstructionsusedto readandwrite network
packetsrequirethatmemoryaccessesbealignedto a16byteboundary. TheMPI library
doesnothavecontroloverthealignmentof userbuffers.In addition,thesendingandre-
ceiving buffer areascanbealignedatdifferentboundaries,forcingpacket re-alignment
throughmemory-to-memorycopies.

Network accessoverhead:Torus/treepacketreadsinto alignedmemorytakeabout
204CPUcycles.Packet writescantake between50 and100cycles,dependingon the
whetherthepacket is beingsentfrom cacheor mainmemory.

CPU streaming memory bandwidth is anotherconstraintof the machine.For MPI
purposeswe are interestedmostly in the bandwidthfor accessinglarge contiguous
memorybuffers. Theseaccessesare typically handledby prefetchbuffers in the L2
cache,resultingin abandwidthof about4.3bytes/cycle.

We notethat the availablebandwidthof main memoryandthe torusandtreenet-
work arein thesameorderof magnitude.Performingmemorycopiesonthismachineto
getdatainto/fromthetorusresultsin reducedperformance.It is imperativethatnetwork
communicationbezero-copy wherever possible.

Inter -core cachecoherency: The two processorsin a nodearenot cachecoherent.
Softwaremusttakegreatcareto insurethatcoherency is correctlyhandledin software.
Coherency handledat thegranularityof theCPUs'L1 cachelines:32bytes.Therefore,
datastructuressharedby the CPUsshouldbe alignedat 32-byteboundariesto avoid
coherency problems.
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4 Ar chitectureof BlueGene/LMPI

TheBlueGene/LMPI isanoptimizedportof theMPICH2[1] library, anMPI libraryde-
signedwith scalabilityandportability in mind.Figure1 shows two componentsof the
MPICH2 architecture:messagepassingandprocessmanagement.MPI processman-
agementin BlueGene/Lis implementedusing systemsoftware services.We do not
discussthisaspectof MPICH2 furtherin thispaper.

Protocol
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Fig.1. BlueGene/LMPI softwarearchitecture.

Theupperlayersof themessagepassingfunctionalityareimplementedby MPICH2
code.MPICH2 providesthe implementationof point-to-pointmessages,intrinsic and
userde�ned datatypes,communicators,andcollective operations,andinterfaceswith
the lower layersof the implementationthroughthe AbstractDevice Interfaceversion
3 (ADI3) layer [8]. The ADI3 layer consistsof a setof datastructuresandfunctions
that needto be provided by the implementation.In BlueGene/L,the ADI3 layer is
implementedusingtheBlueGene/LMessageLayer, which in turnusestheBlueGene/L
Packet Layer.

The ADI layer is describedin termsof MPI requests(messages)andfunctionsto
send,receive,andmanipulatetheserequests.TheBlueGene/Limplementationof ADI3
is calledbgltorus . It implementsMPI requestsin termsof MessageLayermessages,
assigningonemessageto everyMPI request.MessageLayermessagesoperatethrough
callbacks.Messagescorrespondingto sendrequestsarepostedin a sendqueue.When
amessagetransmissionis �nished, acallbackis usedto inform thesender. Correspond-
ingly, thereare callbackson the receive side to signal the arrival of new messages.
Thosecallbacksperformmatchingof incomingMessageLayermessagesto thelist of
MPI postedandunexpectedrequests.

The BlueGene/L MessageLayer is an active messagesystem[7,9,12,13] that
implementsthetransportof arbitrary-sizedmessagesbetweencomputenodesusingthe
torusnetwork. It canalsobroadcastdata,usingspecialtoruspacketsthataredeposited
oneverynodealongtheroutethey take.TheMessageLayerbreaksmessagesinto �x ed-
sizepacketsandusesthe Packet Layer to sendandreceive the individual packets.At
thedestination,theMessageLayer is responsiblefor reassemblingthepackets,which
mayarriveoutof order, backinto amessage.
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The MessageLayer addressesnodesusing the equivalent of MPI COMMWORLD
ranks.Internally, it translatestheseranksinto physicaltorusx; y; z coordinates,thatare
usedby thePacket Layer. Themappingof ranksto toruscoordinatesis programmable
by theuser, andcanbeusedtooptimizeapplicationperformancebychoosingamapping
thatsupportthelogical communicationtopologyof theapplication.

Messagetransmissionin theMessageLayer is implementedusingoneof multiple
availablecommunicationprotocols,roughlycorrespondingto theprotocolspresentin
moreconventionalMPI implementations,suchastheeagerandrendezvousprotocols.

The MessageLayer is ableto handlearbitrarycollectionsof data,including non-
contiguousdatadescriptorsdescribedby MPICH2 data loops. TheMessageLayer in-
corporatesa numberof complex datapacketizersand unpacketizersthat satisfy the
multiple requirementsof 16-bytealignedaccessto thetorus,arbitrarydatalayouts,and
zero-copy operations.

The Packet Layer is avery thin statelesslayerof softwarethatsimpli�es accessto
theBlueGene/Lnetwork hardware.It providesfunctionsto readandwrite thetorus/tree
hardware,aswell asto poll thestateof thenetwork. Toruspacketstypically consistof
240bytesof payloadand16 bytesof headerinformation.Treepacketsconsistof 256
bytesof dataanda separate32-bit header. To helptheMessageLayerimplementzero-
copy messagingprotocols,thepacket layerprovidesconveniencefunctionsthatallow
softwareto “peek” at theheaderof an incomingpacket without incurring theexpense
of unloadingthewholepacket from thenetwork.

4.1 Operating modes

Coprocessormode:To supporttheconcurrentoperationof thetwo non-cache-coherent
processorsin a computenode,we have developeda dual core library that allows the
useof thesecondprocessorbothasacommunicationcoprocessorandasacomputation
coprocessor. Thelibrary usesanon-L1-cached,andhencecoherent,areaof thememory
to coordinatethe two processors.Themainprocessorsuppliesa pool of work units to
beexecutedby thecoprocessor. Work unitscanbepermanent, executedwhenever the
coprocessoris idle, or transient functions,executedonceandthenremoved from the
pool.An exampleof a permanentfunctionwould betheonethatusesthecoprocessor
to help with the rendezvous protocol (Section4.2). To starta transientfunction, one
invokesthe co start function.The main processorwaits for the completionof the
work unit by invoking theco join function.

Virtual nodemode: TheCNK in thecomputenodesalsosupportsa virtual node
modeof operationfor themachine.In thatmode,thekernelrunstwo separateprocesses
in eachcomputenode.Noderesources(primarily thememoryandthe torusnetwork)
areevenly split betweenbothprocesses.In virtual nodemode,anapplicationcanuse
bothprocessorsin a nodesimply by doublingits numberof MPI tasks,without having
to explicitly handlecachecoherenceissues.Thenow distinctMPI tasksrunningin the
two CPUsof a computenodehave to communicateto eachother. We have solvedthis
problemby implementinga virtual torusdevice, servicedby a virtual packet layer, in
thescratchpadmemory.



8

4.2 MPI messagingprotocols

The one-packet protocol in theMessageLayerhandlesshortmessagesthat �t into a
singlepacket.Thatis, messageswith lengthlessthan240bytes.Shortmessagepackets
arealwayssentwith deterministicrouting, in orderto avoid the issueof out-of-order
arrival.

The eager protocol is designedto deliver messagesbetween200 bytesand 10
kbytesin size at maximumnet bandwidth.The receiver of an eagermessagehasto
acceptandprocesseachincomingpacket. Sincethenetwork is reliable,no provisions
for packet retransmissionexist in theMessageLayer.

Theprocessingof eagerprotocolpacketsis muchsimplerwhenthenetwork guar-
anteesin-orderdelivery. Whenpacketsarrive out of order, softwareon thereceive side
spendsprocessorcycles �nding the destinationmessagebuffer and the offset in that
buffer basedon informationin thepacket.

The rendezvous protocol optimizesprocessorusageand multi-link bandwidth.
Whereastheeagerprotocolis ableto maximizesinglelink bandwidth,theper-packet
processoroverheadis too large to supportthe full bandwidthof thenetwork. Reading
a packet from the network requires204 CPU cycles.Sendinga packet takesbetween
50and100cycles.Whenthenetwork is atmaximumcapacity, datacan�o w at therate
of 3 Bytes/cycle onevery node.At 270raw bytesperpacket,a processorhas90cycles
to handleeachpacket. Clearly, that is not possiblewith a singleprocessor, andonly
marginally possiblewith two.

Therendezvousprotocolminimizestheamountof CPUprocessingfor mostpack-
ets,by having packetscarry the destinationbuffer addresswith them.This technique
requiresaninitial dialogbetweenthesenderandthereceiver to establishthedestination
address.The initial handshake costs1500cyclesof processortime each on thesender
andthereceiver;but sincehandlingrendezvouspacketstakesabout150cycleslessthan
handlingeagerpackets,thehandshakecostis amortizedfor largermessages,makingthe
rendezvousprotocolviablebeyondmessagelengthsof 20packets,or 5 kbytes.

Self-containedpackets arealsomoresuitableto be handledby the co-processor.
All packetscarry their destinationaddressesandprocessingthemis a local operation
suitablefor thenon-cache-coherentcoprocessor. Thesoftwarecoherency protocolnec-
essaryfor the hand-over of received datafrom the coprocessorto the main processor
costsabout4000CPUcycles.

Anotheradvantageof self-containedpackets is that they are insensitive to arrival
order. Thusthebulk of rendezvousmessagescanbetransmittedwith adaptively routed
packets,allowing for betternetwork utilization.

5 Experimental results

In this sectionwe presentpreliminaryperformanceresultsusingthe �rst BlueGene/L
512-nodeprototype,which becameoperationalin October2003.We �rst presentmi-
crobenchmarkresultsthatanalyzedifferentaspectsof ourcurrentMPI implementation.
We thencomparedifferentmessagepassingprotocols.Next, we analyzeBlueGene/L-
speci�c implementationsof commoncollectives.Finally, wepresentresultsfor theNAS
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parallelbenchmarksin both coprocessorandvirtual nodemodes.Noneof the results
presentedhereuselink chips – we restrict our studiesto three-dimensionalmeshes
ratherthantori.

Roundtrip latencyanalysis: Wemeasuredthelatency of veryshortmessagesbetween
two neighbornodesonBlueGene/LusingDaveTurner'smpipong program[11]. Cur-
rent 1

2 -roundtrip latency standsat approximately3000cycles (6 microsecondsat the
500MHz CPUfrequency of theprototype),consistingof multiplecomponents.

26% of the total latency, or 800 cy-
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(b) MPI roundtrip latency as a function of Manhattan distance

Fig. 2. Roundtrip latency as a function of
Manhattandistance

cles,is incurredby MPICH2 code.This
overheadcanbeamelioratedby deploy-
ing highercompileroptimizationlevels
and/orusingbettercompilers.

The ADI3 glue layer (bgltorus )
andtheMessageLayertogethercontribute
about400cycles(13%)of overhead,mostly
testingdatatypes,translatingranksand
creatingMessageLayer objectsto han-
dle thedata.

The packet layer costs1000 cycles
(29%) of the total, mostly becausehan-
dling single packets is more expensive
perpacket thanhandlingmultiplepacketsbelongingto thesamemessage.

Finally, actualhardwarelatency is currentlyat32%.Weestimatethatthistimecould
bereducedto 5-6%for veryshortmessagesby usingshorternetwork packets(down to
32 bytesinsteadof 256byteslong whenthemessagewe aretransmitting�ts into such
apacket),resultingin 20-25%overall savingsin latency. Weexpectlatency numbersto
improve astheMPI implementationmatures.

Latencyasa function of Manhattan distance:Figure2 shows 1
2 -roundtriplatency

asafunctionof theManhattandistancebetweenthesenderandthereceiver in thetorus.
The�gure showsaclearlineardependency, with 120nsof additionallatency addedfor
everyhop.Weexpecttheper-hoplatency to diminishasCPUfrequency increases.

Single-link bandwidth: Figure3(a) shows the available bandwidthmeasuredwith
MPI onasinglebidirectionallink of themachine(bothsendingandreceiving). The�g-
ureshowsboththeraw bandwidthlimit of themachinerunningat500MHz (2×125=
250 MBytes/s)andthe net bandwidthlimit (� × 2 × 125 = 220 MBytes/s),aswell
asthemeasuredbandwidthasa functionof messagesize.With therelatively low mes-
sageprocessingoverheadof the MPI eagerprotocol,high bandwidthis reachedeven
for relatively shortmessages:12 bandwidthis reachedfor messagesof about1 KByte.

A comparisonof point-to-point messagingprotocols: Figure3 (b), (c) and(d) com-
parethemulti-link performanceof theeagerandrendezvousprotocols,the latterwith
andwithout the help of the coprocessor. We canobserve the numberof simultaneous
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(d) Rendezvous protocol with coprocessor support
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Fig.3. Comparingmulti-link bandwidthperformanceof MPI protocols.

active connectionsthata nodecankeepup with. This is determinedby theamountof
time spentby the processorhandlingeachindividual packet belongingto a message;
whentheprocessorcannothandletheincoming/outgoingtraf�c thenetwork backsup.

In thecaseof theeagerandrendezvousprotocols,without thecoprocessor's help,
themainprocessoris ableto handleabouttwo bidirectionallinks. Whennetwork traf-
�c increasespast two links, the processorbecomesa bottleneck,as shown by Fig-
uresFigure3 (b) and Figure3 (c). Figure3 (d) shows the effect of the coprocessor
helpingout in the rendezvousprotocol:MPI is ableto handlethe traf�c of morethan
threebidirectionallinks.

Optimized broadcaston the torus network: Oneof thechallengesof implementing
anef�cient MPI library on theBlueGene/Lmachineis to �nd theef�cient algorithms
for theMPI collectivesthatarewell suitedto themachine'snetwork. TheMPICH2im-
plementationof theMPI Bcast primitive hasa limited ef�ciency on theBlueGene/L
machinebecauseit is designedfor amachinewith acrossbartypenetwork.

The BlueGene/LMPI implementationincludesan optimizedbroadcastalgorithm
basedon MPI point-to-pointcommunicationthatcanbeusedwith any communicator
thatmapsontoa regularmeshin thephysicaltorus.
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For ann-dimensionalmeshor torus,thealgorithmconsistsof n concurrentlyexe-
cuting stages(illustratedin Figure4 (a) for the two-dimensionalmeshcase).The ba-
sic operationof the algorithm is a broadcastof a part of the messagealong a one-
dimensionalline in then-dimensionaltopology. On ann-dimensionalmeshthealgo-
rithm hasthepropertythateachprocessreceives 1

n of thecompletemessagefrom each
of then directions.On a torustopologyeachprocessreceives 1

2n of the full message
from eachof the incominglinks. Eachblock of the messageis further subdivided to
pipelinethebroadcastprocess.Theoptimalsubdivision sizeis a functionof total mes-
sagelength,communicatortopologyandManhattandiameterof thenetwork.

TheBlueGene/Lalgorithmhasprovedsuperiorto thestandardMPICH2 broadcast
algorithms,becausethoseareoblivious to underlyingnetwork topology. The current
implementation(Figure4) is limited by theCPUprocessingcapabilityof thenodepro-
cessors.For a meshmappedcommunicatorof size8x4x4 an overall performanceof
140MB/sis seenin singleprocessormodeand170MB/sin co-processormode.

A A A AAAAA
B

B

B

B

A

A

B

B

B

B

A

A

A B

Back copy

Stage 2

Sub�block label

Stage 1

(a) Optimized MPI broadcast algorithm (2D mesh)

4    1.2K 12K  120K 1.2M 12M  
0

20

40

60

80

100

120

140

160

180

200

Message length (bytes)

B
an

dw
id

th
 (

M
B

yt
es

/s
)

(b) Optimized MPI broadcast bandwith (3D mesh, 128 nodes)

Broadcast bandwidth (heater mode)
Broadcast bandwidth (coprocessor mode)

Fig.4. Optimizedmeshbroadcastalgorithm.

Treebandwidth: As mentionedin Section3, the treesupportscollective operations,
includingbroadcastandreductionoperations.The MPI library currentlyusesthe tree
network to implementbroadcastand integer reduceand allreduceoperationson the
MPI COMMWORLDcommunicator. Tree-basedreductionof �oating-point numbersis
underdevelopment.

Figure5 shows themeasuredbandwidthof tree-basedMPI broadcastandallreduce
measuredon the 512-nodeprototype.Broadcastbandwidthis essentiallyindependent
of messagesize,andhits the theoreticalmaximumof 0:96× 250 = 240 Mbytes/s.
Allreducebandwidthis somewhat lower, encumberedby thesoftwareoverheadof re-
broadcastingtheresult.

Coprocessormodevs. virtual nodemode: Figure6 shows a comparisonof per-task
performancein coprocessorandvirtual nodemodes.Weranasubsetof theclassB NAS
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parallelbenchmarks[6] on a 32-computenodesubsystemof the 512-nodeprototype.
Weused25(for BT andSP) or 32(for theotherbenchmarks)MPI tasksin coprocessor
mode,and64 (for all benchmarks)MPI tasksin virtual nodemode.
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Fig.6. Comparisonof per-nodeperformancein
coprocessorandvirtual nodemode.

Ideally, per-taskperformancein virtual nodemodewouldbeequalto thatin copro-
cessormode,resultingin a netdoublingof total performance(becauseof thedoubling
of tasksexecuting).However, becauseof the sharingof noderesources– including
theL3 cache,memorybandwidth,andcommunicationnetworks– individualprocessor
ef�ciency degradesbetween2-20%,resultingin lessthan ideal performanceresults.
Nevertheless,theimprovementwarrantstheuseof virtual nodemodefor theseclasses
of computation-intensive codes.

6 Conclusions

With its 65,536computenodes,theBlueGene/Lsupercomputerrepresentsa new level
of scalabilityin massively parallelcomputers.Given the large numberof nodes,each
with its own privatememory, we needan ef�cient implementationof MPI to support
applicationprogrammerseffectively. TheBlueGene/Larchitectureprovidesavarietyof
featuresthat canbe exploited in an MPI implementation,including the torusandtree
networksandthetwo processorsin acomputenode.

Thispaperreportson thearchitectureof ourMPI implementationandalsopresents
initial performanceresults.Startingwith MPICH2 asa basis,we provided an imple-
mentationthatusesthe treeandthetorusnetworksef�ciently andthathastwo modes
of operationfor leveragingthetwo processorsin anode.Theresultsalsoshow thatdif-
ferentmessageprotocolsexhibit differentperformancebehaviors, with eachprotocol
beingbetterfor a differentclassof messages.Finally, we show that the coprocessor
modeof operationprovides the bestcommunicationbandwidth,whereasthe virtual
nodemodecanbe very effective for computationintensive codesrepresentedby the
NAS ParallelBenchmarks.
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BlueGene/LMPI hasbeendeployed on our 512-nodeprototype,a small system
comparedto thecompleteBlueGene/Lsupercomputer, but powerful enoughto rankat
position73 in theTop500supercomputerlist of November2003.Theprototype,with
our MPI library, is alreadybeingusedby variousapplicationprogrammersat IBM and
LLNL. The lessonslearnedon this prototypewill guideus aswe move to larger and
largercon�gurations.
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