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Abstract. The Blue Gene/Lsuperconputerwill usesystem-on-a-chifntegration and a highly scalablecellular
architectureo deliver 360 Teraflopsof peakcomputing power. With 65,536computenodesBlue Gene/Lrepresents
anew level of scalabilityfor parallelsystemwith specificchallengesn the areasof scalability maintenarse and
usability In this paperwe presentour vision of a software architecturethat facesup to thesechallengesand a
simulationframenork thatwe have usedto experimert with ourideas.

1 Intr oduction

In November200L IBM announced a partrership with Lawrence Livermore Nationd Labomtory to build the
Blue Gene/Lsupecompuer, a 65,536-nale machinedesigred arouind embeded PaverPCprocessorsThrough the
useof system-ora-chipintegration[4], couped with a highly scalablecellulararchite¢ure,Blue Gene/Lwill deliver
1800r 360 Teraflopsof peakcompuing power, deperling on utilization mode Blue Gene/Lrepresets a new level
of scalabilityfor parallelsystemsWhereasexisting large scalesystemgang in sizefrom hundeds(ASCI White?,
EarthSimulatof) to a few thousand (Cplanf, ASCI Red) of compute nodes, Blue Gene/Lmakesa jump of almost
two ordersof magntude.

Thesystensoftwarefor Blue Gene/Lis acombirationof standardandcustomsolutions Thesoftwarearchitectue
for themachireis divided into threefundional entities(similarto [7]) arrangdhierachically: acomptationd core, a
contol infrastructue anda serviceinfrastructue. Thel/O nodes (patt of the contrd infrastricture)execue aversian
of the Linux kernelandarethe primary off-load engire for mostsystemservicesNo usercodedirectly executeson
thel/O nodes Compue nodesin the compuationalcoreexecutea singleuser singleprocesaninimalist customker-
nel,andarededcatedto efficiently run userapplications.No systemdaemas or sophisticatedystemservicegeside
on conpute nodes. Thesearetreatedas extemally contollable entities,i.e., devicesattachedo 1/0 nodes.Comple-
mentingthe Blue Gene/Lmachire prope, the Blue Gene/Lcomples includes the serviceinfrastructurecompsedof
commecially availablesystemsthatconnet throughanEthernenetwork. Theendusersview of asystemis of aflat,
toroidal, 64K proessorsystembut the systems view of Blue Gene/Lis hierardical: the machinelookslike a 1024
nodeLinux clusterwith eachnode beinga 64-way multiprocessarWe call oneof thesdogical growpingsaprocessing
setor pset

Thescopeof this papelis to presenthesoftwarearchtectureof the Blue Gene/Lmachineandits implemertation.
Sincethe target time framefor completion anddelivery of Blue Gene/Lis 2005 all our software developmen and
expelimentshave beencondictedon architectually accuratesimulatos of the machire. We descrite this simulation
ervironmen andcomirenton our experience.

Therestof this paperis organizedasfollows. Section2 presents brief descriptiorof the Blue Gene/Lsupecom-
puter Section3 discusseshe systemsoftware.Section4 introducesour simulationenvironmentandwe conclude in
Sectionb.

Shttp://ww |1 nl.gov/asci/platforns/white/
“http://ww. es. j anst ec. go. j p/
Shttp://ww.cs. sandi a. gov/ cpl ant/
®http://ww.sandi a. gov/ ASCI / Red/
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2 An Overview of the Blue Gene/L Supercomputer

Blue Gene/L(BGIL) is a new architet¢ure for high perfamanceparallel computersbasedon low costembeded
PaverPCtechrology. A detaileddescriptim Blue Gene/Lis providedin [3]. In this sectiorwe presehashortovervien
of thehardware asbackgourd for our discussioronits systemsystemsoftwareandits simulationervironmen.

2.1 Overall Organizaion

Thebasicbuilding block of Blue Gene/Lis a customsystem-ora-chipthatintegratesprocessorsmemoy andcom-
municdionslogic in the samepieceof silicon. The BG/L chip containstwo standar32-hit embedéd PoverPC440
cores,eachwith private L1 32KB instructionand 32KB datacachesThe coresalsohave a 2KB L2 cacheeachand
sharea4MB L3 EDRAM cacheWhile theL1 cachesrenotcohaent,thel2 cachesrecoterentandactasa prefeth
buffer for theL3 cache.

Eachcoredrivesa custom128bit “Double” FPUthatcanperfam four doubleprecisionfloatingpointoperatios
percycle. This customFPU consistsof two conventiona FPUsjoinedtogetter, eachhaving a 64-ht registerfile with
32 registers.One of the corventioral FPUs (the primary side) is compatilbe with the standard440 FPU. We have
extencedthe PPCinstructionsetto perform SIMD-stylefloatingpointopeationson thetwo FPUs.In mostscenarios,
only oneof the 440 coresis dedicatedo run userapplicdaions while the secondorocessodrives the networks. At a
targe speedf 700Mhz the peakperfomanceof anode is 2.8 GFlop/s.If bothcoresandFPUsin a chip areusedthe
peakperformarce pernoce is 5.6 GFlop/s.

Thestandard®PC44Qcoresarenotdesigne to suppot multiprocessomarchitectues:theL1 cachesarenotcohe-
entandthe architectue lacksatomicmemay operatias. To overcometheselimitations BG/L providesa variety of
synchonizationdevicesin the chip: lockbax, sharedSRAM, L3 scratchpadndthe blind device. The lockbax unit
contairs a limited nunber of memoy locatiors for fastatomictest-and-setandbarriess. 8KB of SRAM in the chip
canbeusedto exchamgedatabetweenhecoresandregionsof theEDRAM L3 cachecanberesenedasanaddessable
scratchpd. ThePPC440corescaninterrup eachotherandtheblind device pernits explicit cachemanagment.

The low power charactestics of Blue Gene/Lpermita very densepackagng asshowvn in Figurel. Two nodes
sharea nock cardthat also contans SDRAM-DDR memoy. Eachnode cansuppat a maxinum of 2 GB exterral
memoy but in the current configuation with 256 Mb DDR chips eachnocde candirectly addess256 MB at 5.5
GB/s bardwidth anda 75 cycle lateng. Sixteencompue cardscanbe pluggedin a noce boad. A cabinetwith two
midplarescontains32 noce boara for atotal of 2048 CPUsanda peakperfamanceof 2.9/57 TFlops.Thecomgete
systemhas64 cabiretsand16 TB of memay.

In additionto the64K computenodesBG/L containsanumberof I/0 nodeq1024in thecurrentdesign) Compue
nodes and I/O nodes are physically identical althoudn I/O nodes are likely to containlarger memay. Their only
differenceis in their cardpackagng which deterninesthe enablechetworks.

2.2 Blue Gene/L Communications Hardware

The PaverPCproessor(sjn the compute nodecanonly addessthe nodes local memay. All inter-node comruni-
cationis doneexclusively through messagesThe BG/L ASIC suppats five differentnetworks: torus,tree,Etherret,
JTAG andglobal interrugs. The maincommunicationnetwork for point-to-pant messages a 3-D torus.Eachnode
contairs six bi-directinal links for direct connectio with nearesmneightors. The 64K nockes are organizedinto a
partitiorable 64x3x32 three-dmensionaltorus.The network hardwarein the ASICs guaanteegeliable,unadered
deadlek-freedelivery of variable length(upto 256bytes)paclets,usingaminima adaptve routingalgorithm. It also
providessimple broadtastfunctionality by depaiting pacletsalongaroute.At 1.4 Gh/sperdiredion, the bisection
bandvidth of a 64K nodk systemis 360GB/s. Thel/O nodesarenot partof thetorusnetwork.

Thetreenetwork suppats fastconfigurablepointto-poirt, broadastandredictionsof paclkets,with a hardvware
latengy of 1.5 microsecadsfor a 64K nodesystem.An ALU in the network cancombine incomng pacletsusing
bitwiseandintegeropeations forwardingaresultingpacletalongthetree.Floatingpoirt reductimscanbeperfamed
in two phasegone for theexporentandanotter onefor themantissaprin onephaseby convertingthefloatingpoint
numterto anextendal 2048hit representationl/O andcompue nodessharethetreenetwork. Therdore, treepaclets
arethemainmechaism for comnunicationbetweerthesenoces.

Following the tree, a separateset of links provides globd OR/AND opeations (alsowith a 1.5 microsecods
latenq) for fastbarriersynchraization.
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Fig. 1. High-level organizationof the Blue Gene/Lsupercompter. All 65,536computenodes are organizedin a 64 x 32 x 32
three-dimensioal torus.

TheBlue Gene/Lcompuationalcorecanbesubdvidedinto partitions, whicharecompgetely (electricdly) isolated
andself-contaied subset®f themachire. A partitionis dedicatedo the exeaution of a singlejob. Thetreeandtorus
wires betweenmidplares (half a rack) are routedthrough a customchip called the Link Chip. This chip canbe
dynanically configuedto skip faulty midplane while maintairing a working torus andto partition thetorusnetwork
into multiple, indegendentorii. The smallestorusin BG/L is a midplare (512nodes) ThetreeandtorusFIFOsare
contrdled by device cortrol registers(DCRS).It is possibleto createsmallermeshedy disablingthe FIFOs of the
bourdary chipsof a partition In the current packagng schemaof nock cardsandboara, the smallestindepemnlent
meshthatwe canbuild contans 128compue nodes and2 I/O nodes.

Finally, eachASIC contairs a 1Gbit/sEtherretmacrofor exterral conrectivity andsuppats aserialJTAG network
for boding, contrd andmonitoiing of the systemthroudh anunarditectednetwork. Only I/O nodesareattachedo a
1Gbit/sEtherné network, giving 1000x1Ght/s links to externd file seners.

Complding the Blue Gene/Lmachire, thereis anumker of servicenodes:atraditionalLinux clusteror SPsystem
thatresidesoutsidethe Blue Gene/Lcore.The servicenodescommunicatewith the computationalcorethrough the
IDo chips. The current packagng cortains one IDo chip per nodeboad and anothe one per midplane. The IDo
chipsare25MHz FPGAsthatreceve commailsfrom the servicenodesusingraw UDP pacletsover atrustedprivate
100Mhz Ethernetontrd network. ThelDo chipssuppaet avarietyof serialpratocolsfor comnunicationwith thecore.
TheI2C network contiols temperatte sensorsfansandpower supplies The SPIprotccol readsa small EPROM that
contairs the serialnumber of eachboard The JTAG protoal is usedfor readingandwriting to ary address of the
8KB SRAMsin theBG/L chips,readirg andwriting to registersandsendirgy interrugs to suspendndresethecores.
Theseservicesareavailablethroughadirectlink betweerthelDo chipsandeachnode anddo notrequire ary software
intervention in thetargetnodes.
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3 Blue Gene/L SystemSoftware

Scalabilityandcompleity arejustafew of thechallenge posedy amachinesuchasBlue Gene/L. To addresshese
challengswe developedthe systemsoftwarearchitectue presentd in Figure2, anddescriledin detailedin the next
sections.
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Fig. 2. Outline of the Blue Gene/Lsystemsoftware. Thecomputationatoreis partitionedinto 1024logical processingets(psets),
eachwith one I/O noderunning Linux and 64 computenodesrunning the customBLRTS kernel. Externalentitiesconnectthe
computatioml corethrough two Ethernetnetworks for 1/0 andlow level managemen

3.1 SystemSoftware for the I/O Nodes

TheLinux kerrel thatexecuesin the l/O nodes(currerly versian 2.4.19) is basedon Monta Vista’s distribution for
PaverPC440@ processors.Although Blue Gene/Lusesstandard®PC440 cores, the overall chip andcarddesign
required chargesin the boding sequene, interrupt managerant, memorylayout, FPU supprt, and device drivers
of the standard_inux kerrel. Thereis no BIOS in the Blue Gene/Lnodes, thusthe configuation of a noce after
poweron andthe initial proglam load (IPL) is initiated by the servicenodesthrough the JTAG network. We also
modifiedthe interrypt andexcepion handlingcodeto support Blue Gene/Ls custominterrypt Controller(BIC). The
implemenation of the kerrel MMU remas the treeandtorus FIFOsto userspace.The Gigabit Etherret contrdler
embededin eachBlue Gene/Lchipis thenenv EMAC4,andwe suppat it in the kernel.We alsoupdaedthekernel
to save andrestorethedouble FPUregistersin eachcontext switch.

The nocesin the Blue Gene/Lmachire aredisklessthusa ramdisklinked agairst the Linux kerrel providesthe
initial root file system.The cortentsof the ramdiskarealsobasedon Monta Vista’s distribution andincludesshells,
simpleutilities, sharedibraries,andnetwork clientssuchasf t p andnf s.

Dueto thelack of coheenceof the L1 cachesthe current versionof Linux for Blue Gene/Lusesonly oneof the
440coreswhile thesecondCPUis captuedatbod time in aninfinite loop. We areinvestigatingtwo mainstrateies
to effectively usethe secondCPU in the /O nodes:SMP mode andvirtuad mode We have successfullycompled a



SMPversionof thekerrel, afterimplemerting all therequred interpracessorcomnunicatiors mechanismgnotethat
the Blue Gene/L’s BIC is not OpenPC [2] complian). In this mode the TLB entriesfor the L1 cachearedisabled
in kernelmoce and pracessesave affinity to one CPU. Forking a process in a different CPU requres additioral
functionality. The performane andeffectivenessf this solutionis still anopenissue.A secondpromising modeof
operdion runsLinux in only one of the CPUs,while the secondCPU is the core of a virtual network card.In this
scenariothe tree andtorus FIFOs are not visible to the Linux kernel. Transfes betweenthe two CPUsappearas
virtual DMA transfers.

We arealsoinvestigatingargepagesuppot. Thestandar®®PC44&mbedddprocessorshande all TLB missesn
software.Theaverag numker of instructiors requred to hande thesemissesassignificantlydecreased\evettheless,
it hasbeenshawvn thatlarger pagesmprove perfamance18].

3.2 SystemSoftware for the Compute Nodes

The “Blue Gene/LRun Time Supervisdr (BLRTS, pronourced “blurts”) is a new customkernelthat runs on the
compute nocesof a Blue Gene/Lmachne. BLRTS providesa simple,flat, fixed size256MB addresspacewith no
pagirg, accomplishig arole similarto PUMA [14]. Thekerné andapplication programsharethesameaddresspace,
with the kerrel residingin protectedmemay ataddess0 andtheapplication programimageloadedabove, followed
by its heapand stack.The kerné pratectsitself from the applicationby appopriately programning the PoverPC
MMU. Resourcesgtorus, mutexes, barriess, scratchpd) arepartitionedbetweerapplicationandkerrel. In the current
implemenation,the entiretorus network is mappedinto userspacewhile thetreenetwork is managd by the kerrel.

BLRTS presenta familiar POSIXinterface:we have ported the GNU Glibc runtime library andprovidedsuppat
for basicfile 1/0 operatios throwgh systemcalls. Multi-processingservicegsuchasfork andexe¢ aremearingless
in singleproceskernelandnotimplemened. Progamlaunch terminatian, andfile I/O is accompishedvia messages
passedetweerthe compute noce andits contiol nodeover thetreenetwork, usinga pointto-poirt pacletaddessing
mode Thisfunctionalityis providedby adaema calledCIOD (Console O Daemon running in thel/O nodes.CIOD
providesjob contrd andl/O managmenton behalfof all the compue nodesin the pset.Unde nomal opeation,
all messagindpetweernCIOD andBLRTS is synchonots: all file 1/O opeationsareblockingonthe application side.
Currentlywe suppat only oneapplicationrunning on a subsetf the nodesof the pset(the subsetcanbe the entire
pset,orif not,thenodesnotin thesubsewill beidle). We usedthe CIOD in two scenarios:

1. driven by aconsoleshell(calledCIOMAN), usedmostlyfor simulationandtestingpumposesTheuseris provided
with a restrictedset of commands:run, kill, ps, setandunsetervironment variables. The shell distributesthe
commauasto all theCIODsrunring in thesimulationwhichin turntake theapprgriateactionsfor theircompue
nodes.

2. driven by ajob schedulefsuchasLoad_eveler) throudh a specialinterfacethatimplemens the samepratocol as
theonedefinedfor CIOMAN andCIOD.

We areinvestigatinga rangeof compute modesfor our customkernel.In heatermode,one CPU exeautesboth
userandnetwork code,while the otherCPUremainsidle. This mode will betheinitial moce of opeationwhenthe
machire is deployed, but it is unlikely to be usedafterwards. In co-processormode, the applicationrunsin a single,
nonpreempablethreadof execution onthe mainprocessoi(cpu0). The copraessoircpul) is usedasatorusdevice
off-load engire that runsaspart of a userlevel applicatia library, communicatingwith the main processothrough
a non<achedregion of sharedmemay. In symmetricmode,both CPUsrun apgications and usersare resposible
for explicitly handlirg cachecoherenceln virtual nodemode we provide suppot for two independen processef a
node Thesystemthenlooks like a machne with 128K nodes.

3.3 SystemManagementSoftware

TheBlue Gene/Lcoreis statelessvhenpoweredon (no nonvolatile memoy, no disk) andall the basiccontrd infras-
tructure is off-loadedto extemal servicenodes. The servicenodeperfamsa variety of systemmanagmentservices,
including: (i) machire boding, (ii) systemmonitaing, and(iii) job execution.The controlinfrastructue is a critical
compnentof our design:withou it the machinewill notboot.

We choseo maintainall thestateof aBlue Gene/Lsystenusingstandardiatatasetechndogy. Databasesatually
provide scalability reliability, security portability, loggng, androbustnes. The Midplane ManagmentandControl



System(MMCS) proessesunring in the servicenodesprovide two pathsinto the Blue Gene/Lcomgex: a custom
library to accessherestricted] TAG network anddirectly manipulateBlue Gene/Lnoces;andsocletsoverthe 1Ght/s
Etherret network to managehe /O nodesandcompue nodeson a boaed partition.

Machine Initializat ion and Booting The bootprocessor a nodeconsistsof the following stepsfirst, a smallboot
loaderis directly writteninto the(computeor I/O) node memoy by theservicenodesusingthe JTAG contiol network.
Thisbootloaderloadsa muchlarger boa imageinto thememay of thenode.

We useonebod imagefor all the compue nodes andanothe boa imagefor all the /O nodes. The boa image
for the compue nodescortainsonly the coce for the compute nodekernel,andis appoximately64 kB in size.The
bootimagefor the /O nodes containsthe cock for the Linux operating system(appoximately2 MB in size)andthe
imageof aramdiskthatcontairs therootfile systemfor thel/O node After anl/O nodebods, it canmourt additioral
file systemsfrom externd file seners.Sincethe samebootimageis usedfor eachnode, additioral noce specific
configuationinformation(suchastoruscoordnates,treeaddresses MAC or IP addressesnustbe loadeal. We call
thisinformationthe personalityof anode.In thel/O nodesthe persomlity is exportedto userprocesghrough anentry
in thepr oc file systemBLRTS implenmentsa systemcall to requestthe noce’s persomlity.

SystemMonitoring Systemmoritoring in Blue Gene/Lis accomgishedthrough a combiration of I/O node and
servicenock functionality. Eachl/O nockis afull Linux machne anduseslLinux servicego gengatesystemogs.

A compementarymonitaing servicefor Blue Gene/Lis implemerted by the servicenodethrough the contol
network. Device information, suchasfan speedsandpower supplyvoltages canbe obtaineddirectly by the service
node (and only the servicenode) through the contrd network. The (conpute or I/O) nodes usea commurtication
protacol to repot eventsthatcanbeloggedor actedupan by theservicenoce. This approachestablishes.complaely
separatenonitoiing servicethatis indepemnlentof ary otherinfrastructurgtreeandtorusnetworks, I/O noces,Etherret
network) in the system.Therefae, it canbeusedevenin the caseof mary system-widdailuresto retrieve important
information.

Job Execution Jobexecuion in Blue Gene/Lis alsoaccomplishd through a combindion of I/0O nodesandservice
nodefundionality. Whensubmittinga job for exeaution in Blue Genel/L, the userspecifiegshe desiredshapeandsize
of the partitionto exeaute that job. (Eachcompute nodeexecues exactly one compute process of the paralleljob.)
Thescheduleselectsanapprriatesetof computenodesto form thepartition. Thecompue (andcorrespadingl/O)
nodes selectedy theschedier areconfiguedinto a partitionby the servicenodeusingthecontrd network. We have
developedtechniaiesfor efficient allocationof nodesin atoradal machire thatareapplicalte to Blue Gene/L [10].
Oncea partitionis createda job canbe launched through the I/O nodes in that partition using CIOD asexplained
before.

3.4 Compiler and Run-time Support

Blue Gene/Lpresentsa familiar programmirg mocel anda standad setof tools. We have portedthe GNU toolchan

(binutils, gcc, glibc andgdb) to Blue Gene/Landsetit up asa cross-canpilation ervironmer. Therearetwo cross-
targes: Linux for I/0O nodesandBLRTS for computenodesIBM’ s XL compilersuiteis alsobeingportedto provide
adwarcedoptimizatian suppat for languaeslike FortrarD0 andC++.

3.5 Communication Infrastructur e

The Blue Gene/Lcomnunicationinfrastrudure abstractghe hardware compleity by providing a layeredAPI. At
the bottomof the hierarcly the padeet layer providesa simpleabstractiorthat matcheghe hardvare,andallows the
transmissiorof single pacletsalongthe torusandtreenetworks. The next layerin the hierachy, the messge layer,
allows thetransmissiorof arbitray sizedbuffers.Finally, the MPI library leveragesthe messagéayerto implement
pointto-poirt commuicationandprovidesa familiar interfaceto users.



The packet layer is designedo simplify accesgo the network hardware. It abstractghe notion of FIFOs,memoy
mapped portsanddevice contol registers(DCRS). It presentsan API consistingof essentiallythreefunctions: ini-
tialization, paclet sendandreceive. Commurication endpants are abstractednto torusandtree devices Hardware
restrictions,suchasthe 256 byte limit on paclet sizeandthe 16 byte alignmen requiementson paclet buffers,are
reflectedby the pacletlayer API.

The essentiafeatureof the paclet layeris thatit providesa medanismto usethe network hardvare but doesnt
imposepolicieson how to useit. For example it providesmultiple deviceswithout cortrolling their managment;all
sendandreceve opeationsarenon-Hocking leaving it up to the higherlayersto implement synchonos, blocking
andinterruptdrivencomnunicationmodels.Thepacletlayeris stateless.

The messagdayer is anactive messageystem[17,6,12,16] built on top of the paclet layerthatallows the trans-
missionof arbitrary buffers amorg torus nodces. Like mary otheractve messagdibraries, it is desigred to work
asynchonously: callbacls areinvoked by the messagéayer whena messagestartsarriving, hasarrived or hasbeen
sent.Becauséhemessagéayeris designedo suppat MPI, it hasabuilt-in notionof messagenatchng: eachmessage
contairs a unique comhnationof identifiers thatcanbe usedby MPI.

Themessagéayerimposepolicy decisions:

— Useof the secondCPU. Several stratgies are underconsideation for making use of the secondproassor
in co-processomock (seeSection3.2), by allowing it to servicethetree/tors hardvare.For example sendilg a
messag@volvespacletizing it andsendinghepaclets.Thesecondgrocessocanbeinvolvedin: sendingoaclets
from acomnonnon-cacheablenemay areapacletizingentiremessagewith various degrees of involvementy
thefirst processor

— Out-of-order delivery of torus packets.TheBlue Gene/Ltorus network hasnoordeing guaanteesthemessage
layerhasto provide enowgh guaanteego allow softwarelayeredontop to work correctly. Within amessageut-
of-order pacletsarehanded by the unpacletizerwhenit recorstitutesthe messageut of its compnentpaclets.

— Alignment issues As discussedefae, the paclet layeris alignmen sensitve. The messagdayerhandes mes-
sagealignmen prodems,but requiresatleastonememoryto-memory copy whenthealignment phaseof thesend
andreceve buffers differ. The memoy copy canbe perfamedeitherby the senderor the recever depeming on
theamoun of informationavailable.

— Polling vs. interrupts The curren implemantationof the Blue Gene/Lmessagédayeris designedo be usedin
polling mode.

MPI: Blue Gene/Lis designedorimaily to run MPI [15] workloads.The degreeto which the MPI implementation
canbemadefastandefficientwill to alarge extentdrive usersatisactionwith themachine

Blue Gene/LMPI is basecbn MPICH2 [1] (currenily in betastage)a puldic doman implenentationof the MPI
2 protacol. MPICH2 providesbetterscalability lower overheadanda modular softwareappioach:it allows porting
to anew architectue basedn the so-calledAbstractDevice Interface[8] layer A defaut implemeantation,calledthe
chanrel interface(well suitedfor TCP/IPlik e pratocols)is alsoprovidedin anexterdible way.

Blue Gene/LMPI implementsthe abstractdevice interface using the actve messaggaradgm of the message
layer, andbypasseshe chanrel interface Hereis a shortlist of the challengswe arefacingin thisimplemenation:

— Scalability of Blue Gene/LMPI is paramaint.In mary MPI implemenationstoday communicationis established
betweenevery pair of MPI processest startuptime (e.g.in MPI LAM [11] TCP/IP soclets are opered from
every MPI procesgo every otherMPI process)The Blue Gene/Limplemetation of MPICH2 canna afford to
opencomrunicationbetweerevery pair of processedyecausehe necessargtateinformationandbufferswould
exhatst alarge partof theavailablememay oneachprocessofThus, comnunicationbetweerMPI| processeshas
to beopenedandclosedon a perneadbasis,andoftenusedcommunicationpatternamay have to becached

— Latency, bandwidth and the secondprocessor:Useof the conmunicationco-piocessorelievesthe mainpro-
cessorof handlirg the network hardware andallows the ovedap of computationand communication; henceit
allows optimd useof the availablebardwidth. However, somelateng is inevitably addecdto every messagsent
throughtheco-processarThus,in somecasegfor examge, whensendingextremelyshortMPI messagem non
bandwdth-critical situations)sendimg pacletsdirectly from the compuation processomayrealizebetterlateny
without othewise affectingperfamance



— Messageordering and MPI semantics:As discusse@bove, the messagéayerdoesnot guarateeordeed de-
livery of incomng messaged-ortunatdy for MPI, suchguarateesarenot really neeed: the only order neede
by MPI semanticgs that of matchirg incoming messagef the orderthey weresent[15]. The messagéayer
provides mechaismsto identify this order. However, out-oforderincoming messagesan causeperfomance
prodems,becase messagemay have to be bufferedto allow earliermessageghathave not yet arrived) to be
matchedirst.

— Collective operations: Thedefaultimplementationof MPI collective opeationsin MPICH2 relieson sequences
of point-to-pant messagedyuilding a treeof connectims to perform broadcastsandreductions. We exploit the

specialpropertiesof thetorusandtreenetworks for implementimg optimized versionsof the collective MPI oper
ationsasfollows:

e Usetheglobd combning treeto perfomal | r educe operatimsonthe MPI  COVMWORL D communicator

e Settingthedepasit bit of atoruspaclet causest to berecevedby every nock it toucheson theway from the
sendetto therecever. Depositbits canbe deplgredto fill lines, planesandsquarevolumesin thetoruswith
data.Hencesomecategyories of broadcastsarebestdore in thetoruswith deposit bits set.

¢ Finally, thebarrier syndronization wirescanbeusedin MPI to implemen very fastbarries.

4 Blue Gene/L Simulation Envir onment

Thefirst hardvare protaypesof the Blue Gene/LASIC aretametedto becomeopertionalin mid-2003. To suppat
the developmert of systemsoftwarebefore hardvareis available,we have implementedan architet¢urally accuate,
full systemsimulatorfor the Blue Gene/Lmachne. The simulator calledbgl si m, is built usingthe principles
in [13,9]. Eachcompmentof the BG/L ASIC is modelal separatelywith the desireddegree of accungy. Accurag
canbe tradedfor perfamance.For our simulationernvironment,we modelthe processorinstructias functiorally,
i.e., eachinstrudion takesonecycle to exeaute. We alsomodel cachebetavior, memorysystembehaior andall the
Blue Gene/Lspecificdevices:tree,torus,jtag, device contmwol registersetc.bgl si mimplemerns enowgh functionality
to runtheLinux kernelfor thel/O nodesandBLRTS for the compute nodes.Applicatiors runontop of thesekernels,
unde usercontol.

bgl si msimulatesanentireBG/L chipatappoximately2 million simulatednstructiors persecondvhenruming
on 1.2 GHz Pentiumlll machire — a slow-down of abou 1000 comparedto the real hardware. By compaison, a
VHDL simulatorwith hardvareacceleratiorhasa slov-dowvn of 106, while a puresoftware VHDL simulatorhasa
slow-down of 10°. As anexanple, bootirg Linux takes30 second®nbgl si m, 7 houss onthe hardware accelerate
VHDL simulatorandmorethat20 daysonthe softwareVHDL simulator

Eachnockin alarge Blue Gene/Lsystemis simulatedby abgl si mprocessMultiple bgl si mprocessesunon
differentworkstatiors and comrunicatethrough a custommessag@assindibrary called CommHmbric. This library
simulateghe conrectivity betweerBG/L chips,IDo chips,andthe externd world asoutlinedin Figure3. We usethis
ervironmen to develgp our commnunicationinfrastricture,andwe have successfullyexecuedthe MPI NAS Parallel
Benchmaks [5].

The physical descripion of a the simulatedBG/L systemis containedin a databasealled BGLMachine.This
databaséncludesnodespecificdata,suchasserialnumbes, andconrectivity information,suchasthe placemat of
nodes, cards,board and midpanes.BGLMachire also contairs a descrigion of a ruming simulation(suchasthe
locationof everybgl si mprocess).

User applicatias, runtime libraries,and the kerné createpacletsand write themto memay mapped devices.
bgl si minterpretsthesewrite requestsandforwardsthe pacletsto CommFRakric. CommPRalric analyzeghe heackr
of the pacletandquerieshe BGLMachinedatabaséo determire pacletrouting.

Our simulationervironmen for large BG/L systemsancludesseveral conponetts in additionto the instruction
level simulatordescribedpreviously. The IDo chip simulatoris a functioral simulatorof anIDo chip thattranslates
paclets betweenthe virtual JTAG network and Etherret. The Tapdaenon and EthernetGateay processegrovide
Linux kernelsin the simulatedl/O nodeswith the ability to moun extemal file systemsUserscanalsoconnet to
the I/O nodes(telnet,ftp, etc.). The developmentof the contmwol infrastructureis thusdecoyled from the simulation
ervironmen.
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Fig. 3. Overview of the Blue Gene/Lsimulationenvironmert. CompleteBlue Gene/Lchipsaresimulatedby a customarchitectural
simulator(bgl si m). A communicationlibrary (CommpFabric) simulateghe Blue Gene/Lnetworks.



10

5

Conclusions

Blue Genel/Lis thefirst of anew seriesof highperfomancemachine beingdevelopedat|IBM ResearchThehardvare
plansfor the machire arecomgete andthefirst smallprototypeswill beavailablein late 200B.

In this paperwe have presente@ softwaresystemthatcanscaleup to thedemand of the Blue Gene/Lhardware.

We have alsodescribedhe simulationenvironmentthat we are usingto develop andvalidatethis software system.
Usingthesimulationenvironment,we areableto demastratea completeandfunctional systemsoftwareenvironment
before hardware becoms available.Neverthelessgvaluding scalabilityandperfamanceof the completesystemnstill
requieshardvareavailability. Many of theimplemenationdetailswill likely changeaswe gainexperiencewith the
realhardvare.
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