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, JośeE. Moreira

�
, Alda Sanomiya

�
, and

Karin Strauss
�

�
IBM ThomasJ.WatsonResearchCenter
Yorktown Heights,NY 10598-0218�

gheorghe,ralphbel,brunhe,cascaval,castanos,pgc,erway,
jgaglia,lieber,jmoreira, sanomiya � @us.ibm.com�

Departmentof ComputerScience
Universityof Illinois at Urbana-Champaign

Urabana,IL 61801�
luisceze,kstrauss � @uiuc.edu

Abstract. The Blue Gene/Lsupercomputerwill usesystem-on-a-chipintegrationanda highly scalablecellular
architectureto deliver360Teraflopsof peakcomputing power. With 65,536computenodes,BlueGene/Lrepresents
a new level of scalabilityfor parallelsystem,with specificchallengesin theareasof scalability, maintenanceand
usability. In this paperwe presentour vision of a softwarearchitecturethat facesup to thesechallenges,and a
simulationframework thatwe have usedto experiment with our ideas.

1 Intr oduction

In November 2001 IBM announced a partnership with Lawrence Livermore National Laboratory to build the
Blue Gene/Lsupercomputer, a 65,536-nodemachinedesigned around embeddedPowerPCprocessors.Through the
useof system-on-a-chipintegration[4], coupled with a highly scalablecellulararchitecture,Blue Gene/Lwill deliver
180or 360Teraflopsof peakcomputing power, depending on utilization mode. Blue Gene/Lrepresents a new level
of scalabilityfor parallelsystems.Whereasexisting large scalesystemsrange in sizefrom hundreds(ASCI White3,
EarthSimulator4) to a few thousands (Cplant5, ASCI Red6) of computenodes,Blue Gene/Lmakesa jump of almost
two ordersof magnitude.

Thesystemsoftwarefor BlueGene/Lis acombinationof standardandcustomsolutions.Thesoftwarearchitecture
for themachineis divided into threefunctionalentities(similar to [7]) arrangedhierarchically:acomputational core, a
control infrastructureanda serviceinfrastructure. TheI/O nodes (part of thecontrol infrastructure)execute a version
of theLinux kernelandaretheprimaryoff-loadengine for mostsystemservices.No usercodedirectly executeson
theI/O nodes.Compute nodesin thecomputationalcoreexecutea singleuser, singleprocessminimalist customker-
nel,andarededicatedto efficiently runuserapplications.No systemdaemonsor sophisticatedsystemservicesreside
on computenodes.Thesearetreatedasexternally controllableentities,i.e., devicesattachedto I/O nodes.Comple-
mentingtheBlue Gene/Lmachine proper, theBlue Gene/Lcomplex includes theserviceinfrastructurecomposedof
commercially availablesystems,thatconnect throughanEthernetnetwork. Theenduser’sview of asystemis of aflat,
toroidal, 64K processorsystem,but thesystem’s view of Blue Gene/Lis hierarchical: themachinelookslike a 1024
nodeLinux cluster, with eachnodebeinga64-waymultiprocessor. Wecall oneof theselogicalgroupingsaprocessing
setor pset.

Thescopeof thispaperis to presentthesoftwarearchitectureof theBlueGene/Lmachineandits implementation.
Sincethe target time framefor completion anddelivery of Blue Gene/Lis 2005, all our softwaredevelopment and
experimentshave beenconductedon architecturally accuratesimulators of themachine.We describe this simulation
environment andcommentonourexperience.

Therestof thispaperis organizedasfollows.Section2 presentsabrief descriptionof theBlueGene/Lsupercom-
puter. Section3 discussesthesystemsoftware.Section4 introducesour simulationenvironmentandwe concludein
Section5.

3 http://www.llnl.gov/asci/platforms/white/
4 http://www.es.jamstec.go.jp/
5 http://www.cs.sandia.gov/cplant/
6 http://www.sandia.gov/ASCI/Red/
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2 An Overview of the Blue Gene/L Supercomputer

Blue Gene/L(BG/L) is a new architecture for high performanceparallel computersbasedon low cost embedded
PowerPCtechnology. A detaileddescription BlueGene/Lis providedin [3]. In thissectionwepresent ashortoverview
of thehardware asbackground for ourdiscussionon its systemsystemsoftwareandits simulationenvironment.

2.1 Overall Organization

Thebasicbuilding block of Blue Gene/Lis a customsystem-on-a-chipthat integratesprocessors,memory andcom-
munications logic in thesamepieceof silicon.TheBG/L chip containstwo standard32-bit embeddedPowerPC440
cores,eachwith private L1 32KB instructionand32KB datacaches.Thecoresalsohave a 2KB L2 cacheeachand
sharea4MB L3 EDRAM cache.While theL1 cachesarenotcoherent,theL2 cachesarecoherentandactasaprefetch
buffer for theL3 cache.

Eachcoredrivesa custom128-bit “Double” FPUthatcanperform four doubleprecisionfloating-pointoperations
percycle.This customFPUconsistsof two conventional FPUsjoinedtogether, eachhaving a 64-bit registerfile with
32 registers.Oneof the conventional FPUs(the primary side) is compatible with the standard440 FPU. We have
extendedthePPCinstructionsetto performSIMD-stylefloatingpointoperationsonthetwo FPUs.In mostscenarios,
only oneof the440coresis dedicatedto run userapplicationswhile thesecondprocessordrives thenetworks.At a
target speedof 700Mhz thepeakperformanceof a node is 2.8GFlop/s.If bothcoresandFPUsin achipareused,the
peakperformancepernode is 5.6GFlop/s.

ThestandardPPC440coresarenotdesigned to support multiprocessorarchitectures:theL1 cachesarenotcoher-
entandthearchitecture lacksatomicmemory operations.To overcometheselimitationsBG/L providesa varietyof
synchronizationdevicesin the chip: lockbox, sharedSRAM, L3 scratchpadandthe blind device. The lockbox unit
contains a limited numberof memory locations for fastatomictest-and-setsandbarriers. 8KB of SRAM in thechip
canbeusedtoexchangedatabetweenthecoresandregionsof theEDRAM L3 cachecanbereservedasanaddressable
scratchpad. ThePPC440corescaninterrupt eachotherandtheblind devicepermits explicit cachemanagement.

The low power characteristics of Blue Gene/Lpermita very densepackaging asshown in Figure1. Two nodes
sharea node cardthat alsocontains SDRAM-DDR memory. Eachnode cansupport a maximum of 2 GB external
memory but in the current configuration with 256 Mb DDR chips eachnode candirectly address256 MB at 5.5
GB/s bandwidth anda 75 cycle latency. Sixteencompute cardscanbeplugged in a node board. A cabinetwith two
midplanescontains32nodeboards for a totalof 2048 CPUsandapeakperformanceof 2.9/5.7 TFlops.Thecomplete
systemhas64cabinetsand16TB of memory.

In additionto the64K computenodes,BG/L containsanumberof I/O nodes(1024in thecurrentdesign). Compute
nodes and I/O nodes are physically identical although I/O nodes are likely to containlarger memory. Their only
differenceis in their cardpackaging whichdeterminestheenablednetworks.

2.2 Blue Gene/L Communications Hardware

ThePowerPCprocessor(s)in thecomputenodecanonly addressthenode’s local memory. All inter-nodecommuni-
cationis doneexclusively through messages.TheBG/L ASIC supports five differentnetworks: torus,tree,Ethernet,
JTAG andglobal interrupts.Themaincommunicationnetwork for point-to-point messagesis a 3-D torus.Eachnode
contains six bi-directional links for direct connection with nearestneighbors. The 64K nodes areorganizedinto a
partitionable64x32x32three-dimensionaltorus.Thenetwork hardwarein theASICsguaranteesreliable,unordered,
deadlock-freedeliveryof variable length(upto 256bytes)packets,usingaminimal adaptiveroutingalgorithm. It also
providessimplebroadcastfunctionality by depositing packetsalonga route.At 1.4Gb/sperdirection, thebisection
bandwidth of a 64K node systemis 360GB/s.TheI/O nodesarenotpartof thetorusnetwork.

Thetreenetwork supports fastconfigurablepoint-to-point, broadcastandreductionsof packets,with a hardware
latency of 1.5 microsecondsfor a 64K nodesystem.An ALU in the network cancombine incoming packetsusing
bitwiseandintegeroperations,forwardingaresultingpacketalongthetree.Floatingpoint reductionscanbeperformed
in two phases(one for theexponentandanotheronefor themantissa)or in onephaseby convertingthefloating-point
number to anextended 2048-bit representation.I/O andcomputenodessharethetreenetwork. Therefore,treepackets
arethemainmechanism for communicationbetweenthesenodes.

Following the tree,a separateset of links provides global OR/AND operations(alsowith a 1.5 microseconds
latency) for fastbarriersynchronization.
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Fig.1. High-level organizationof the Blue Gene/Lsupercomputer. All 65,536computenodes areorganizedin a ���
	����	���
three-dimensional torus.

TheBlueGene/Lcomputationalcorecanbesubdividedinto partitions, whicharecompletely(electrically) isolated
andself-containedsubsetsof themachine.A partitionis dedicatedto theexecution of a singlejob. Thetreeandtorus
wires betweenmidplanes (half a rack) are routedthrough a customchip called the Link Chip. This chip can be
dynamically configuredto skip faultymidplanes while maintaining a working torus andto partition thetorusnetwork
into multiple, independenttorii. Thesmallesttorusin BG/L is a midplane (512nodes).ThetreeandtorusFIFOsare
controlled by device control registers(DCRs).It is possibleto createsmallermeshesby disablingthe FIFOsof the
boundary chipsof a partition. In the current packaging schemaof node cardsandboards, the smallestindependent
meshthatwe canbuild contains 128compute nodes and2 I/O nodes.

Finally, eachASIC containsa1Gbit/sEthernetmacrofor external connectivity andsupportsaserialJTAG network
for booting, control andmonitoring of thesystemthrough anunarchitectednetwork. Only I/O nodesareattachedto a
1Gbit/sEthernet network, giving 1000x1Gbit/s links to external file servers.

Completing theBlueGene/Lmachine,thereis anumberof servicenodes:a traditionalLinux clusteror SPsystem
that residesoutsidetheBlue Gene/Lcore.Theservicenodescommunicatewith thecomputationalcorethrough the
IDo chips.The current packaging contains one IDo chip per nodeboard andanother oneper midplane.The IDo
chipsare25MHzFPGAsthatreceivecommandsfrom theservicenodesusingraw UDPpacketsovera trustedprivate
100MhzEthernetcontrol network. TheIDo chipssupport avarietyof serialprotocolsfor communicationwith thecore.
The � ��� network controls temperaturesensors,fansandpowersupplies.TheSPIprotocol readsasmallEPROM that
contains the serialnumber of eachboard. The JTAG protocol is usedfor readingandwriting to any addressof the
8KB SRAMsin theBG/L chips,reading andwriting to registersandsending interrupts to suspendandresetthecores.
Theseservicesareavailablethroughadirectlink betweentheIDo chipsandeachnodeanddonotrequireany software
intervention in thetargetnodes.
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3 Blue Gene/L SystemSoftware

Scalabilityandcomplexity arejusta few of thechallengesposedby amachinesuchasBlueGene/L. To addressthese
challengeswe developedthesystemsoftwarearchitecture presented in Figure2, anddescribedin detailedin thenext
sections.
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Fig.2. Outlineof theBlueGene/Lsystemsoftware.Thecomputationalcoreis partitionedinto 1024logicalprocessingsets(psets),
eachwith one I/O noderunningLinux and64 computenodesrunning the customBLRTS kernel.Externalentitiesconnectthe
computational corethrough two Ethernetnetworks for I/O andlow level management.

3.1 SystemSoftware for the I/O Nodes

TheLinux kernel thatexecutesin the I/O nodes(currently version 2.4.19) is basedon MontaVista’s distribution for
PowerPC440GP processors.Although Blue Gene/LusesstandardPPC440cores, the overall chip andcarddesign
required changesin the booting sequence, interrupt management,memorylayout,FPU support, anddevice drivers
of the standardLinux kernel. Thereis no BIOS in the Blue Gene/Lnodes, thus the configuration of a node after
power-on and the initial program load (IPL) is initiated by the servicenodesthrough the JTAG network. We also
modifiedtheinterrupt andexception handlingcodeto support Blue Gene/L’s customInterrupt Controller(BIC). The
implementationof the kernel MMU remaps the treeandtorus FIFOsto userspace.TheGigabitEthernet controller
embeddedin eachBlue Gene/Lchip is thenew EMAC4,andwe support it in thekernel.We alsoupdatedthekernel
to save andrestorethedouble FPUregistersin eachcontext switch.

Thenodesin theBlue Gene/Lmachine arediskless,thusa ramdisklinkedagainst theLinux kernel providesthe
initial root file system.Thecontentsof theramdiskarealsobasedon MontaVista’s distribution andincludesshells,
simpleutilities, sharedlibraries,andnetwork clientssuchasftp andnfs.

Dueto thelack of coherenceof theL1 caches,thecurrent versionof Linux for Blue Gene/Lusesonly oneof the
440cores,while thesecondCPUis capturedat boot time in aninfinite loop. We areinvestigatingtwo mainstrategies
to effectively usethesecondCPUin the I/O nodes:SMP mode andvirtual mode. We have successfullycompiled a
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SMPversionof thekernel, afterimplementing all therequired interprocessorcommunications mechanisms(notethat
theBlue Gene/L’s BIC is not OpenPIC [2] compliant). In this mode, theTLB entriesfor theL1 cachearedisabled
in kernelmode andprocesseshave affinity to oneCPU. Forking a process in a different CPU requires additional
functionality. Theperformance andeffectivenessof this solutionis still anopenissue.A second, promisingmodeof
operation runsLinux in only oneof the CPUs,while the secondCPU is the coreof a virtual network card.In this
scenario,the treeandtorusFIFOs arenot visible to the Linux kernel.Transfers betweenthe two CPUsappearas
virtual DMA transfers.

Wearealsoinvestigatinglargepagesupport. ThestandardPPC440embeddedprocessorshandle all TLB missesin
software.Theaveragenumberof instructionsrequiredtohandle thesemisseshassignificantlydecreased.Nevertheless,
it hasbeenshown thatlargerpagesimproveperformance[18].

3.2 SystemSoftware for the ComputeNodes

The “Blue Gene/LRun Time Supervisor” (BLRTS, pronounced “blurts”) is a new customkernel that runs on the
computenodesof a Blue Gene/Lmachine.BLRTS providesa simple,flat, fixed-size256MB addressspace,with no
paging,accomplishing arolesimilarto PUMA [14]. Thekernel andapplication programsharethesameaddressspace,
with thekernel residingin protectedmemory at address0 andtheapplication programimageloadedabove, followed
by its heapandstack.The kernel protectsitself from the applicationby appropriatelyprogramming the PowerPC
MMU. Resources(torus,mutexes,barriers,scratchpad) arepartitionedbetweenapplicationandkernel. In thecurrent
implementation,theentiretorus network is mappedinto userspacewhile thetreenetwork is managedby thekernel.

BLRTSpresentsa familiarPOSIXinterface:we haveported theGNU Glibc runtime library andprovidedsupport
for basicfile I/O operations through systemcalls.Multi-processingservices(suchasfork andexec) aremeaningless
in singleprocesskernelandnot implemented.Programlaunch, termination, andfile I/O is accomplishedvia messages
passedbetweenthecomputenode andits control nodeover thetreenetwork, usingapoint-to-point packet addressing
mode. This functionality is providedby adaemon calledCIOD (ConsoleIO Daemon) running in theI/O nodes.CIOD
providesjob control andI/O managementon behalfof all the compute nodes in the pset.Under normal operation,
all messagingbetweenCIOD andBLRTS is synchronous: all file I/O operationsareblockingon theapplication side.
Currentlywe support only oneapplicationrunning on a subsetof thenodesof thepset(thesubsetcanbe theentire
pset,or if not,thenodesnot in thesubsetwill beidle). We usedtheCIOD in two scenarios:

1. driven by aconsoleshell(calledCIOMAN), usedmostlyfor simulationandtestingpurposes.Theuseris provided
with a restrictedsetof commands:run, kill, ps, setandunsetenvironment variables. The shell distributesthe
commandsto all theCIODsrunning in thesimulation,whichin turntaketheappropriateactionsfor theircompute
nodes.

2. driven by a job scheduler(suchasLoadLeveler) through a specialinterfacethatimplements thesameprotocol as
theonedefinedfor CIOMAN andCIOD.

We areinvestigatinga rangeof compute modesfor our customkernel.In heatermode,oneCPU executesboth
userandnetwork code,while theotherCPUremainsidle. This mode will bethe initial mode of operationwhenthe
machine is deployed,but it is unlikely to beusedafterwards.In co-processormode, theapplicationrunsin a single,
non-preemptablethreadof execution on themainprocessor(cpu0). Thecoprocessor(cpu1) is usedasa torusdevice
off-loadengine that runsaspartof a user-level application library, communicatingwith themainprocessorthrough
a non-cachedregion of sharedmemory. In symmetricmode,both CPUsrun applicationsandusersareresponsible
for explicitly handling cachecoherence.In virtual nodemode we provide support for two independent processesin a
node. Thesystemthenlooks likea machine with 128Knodes.

3.3 SystemManagementSoftware

TheBlue Gene/Lcoreis statelesswhenpoweredon(nononvolatilememory, nodisk)andall thebasiccontrol infras-
tructure is off-loadedto external servicenodes.Theservicenodeperformsa varietyof systemmanagementservices,
including: (i) machine booting, (ii) systemmonitoring, and(iii) job execution.Thecontrol infrastructure is a critical
componentof ourdesign:without it themachinewill notboot.

Wechosetomaintainall thestateof aBlueGene/Lsystemusingstandarddatabasetechnology. Databasesnaturally
provide scalability, reliability, security, portability, logging, androbustness.TheMidplane ManagementandControl
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System(MMCS) processesrunning in theservicenodesprovide two pathsinto theBlue Gene/Lcomplex: a custom
library to accesstherestrictedJTAG network anddirectlymanipulateBlueGene/Lnodes;andsocketsoverthe1Gbit/s
Ethernet network to managetheI/O nodesandcompute nodesona bootedpartition.

Machine Initializat ion and Booting Thebootprocessfor a nodeconsistsof thefollowing steps:first, a smallboot
loaderis directlywritteninto the(computeor I/O) nodememory by theservicenodesusingtheJTAG control network.
Thisbootloaderloadsa muchlarger boot imageinto thememory of thenode.

We useoneboot imagefor all thecompute nodes andanother boot imagefor all the I/O nodes.Theboot image
for thecompute nodescontainsonly thecode for thecomputenodekernel,andis approximately64 kB in size.The
bootimagefor theI/O nodes containsthecode for theLinux operatingsystem(approximately2 MB in size)andthe
imageof aramdiskthatcontains therootfile systemfor theI/O node. After anI/O nodeboots, it canmount additional
file systems,from external file servers.Sincethe sameboot imageis usedfor eachnode, additional node specific
configuration information(suchastoruscoordinates,treeaddresses,MAC or IP addresses)mustbe loaded. We call
this informationthepersonalityof anode.In theI/O nodesthepersonality is exportedto userprocessthroughanentry
in theproc file system.BLRTS implementsa systemcall to requestthenode’s personality.

SystemMonitoring Systemmonitoring in Blue Gene/Lis accomplished through a combination of I/O node and
servicenode functionality. EachI/O node is a full Linux machine andusesLinux servicesto generatesystemlogs.

A complementarymonitoring servicefor Blue Gene/Lis implemented by the servicenodethrough the control
network. Device information,suchasfanspeedsandpower supplyvoltages,canbeobtaineddirectly by theservice
node(andonly the servicenode) through the control network. The (computeor I/O) nodes usea communication
protocol to report eventsthatcanbeloggedor actedupon by theservicenode.Thisapproachestablishesacompletely
separatemonitoringservicethatis independentof any otherinfrastructure(treeandtorusnetworks,I/O nodes,Ethernet
network) in thesystem.Therefore, it canbeusedevenin thecaseof many system-widefailuresto retrieve important
information.

Job Execution Jobexecution in Blue Gene/Lis alsoaccomplished through a combination of I/O nodesandservice
nodefunctionality. Whensubmittinga job for execution in BlueGene/L, theuserspecifiesthedesiredshapeandsize
of the partition to execute that job. (Eachcompute nodeexecutesexactly onecompute processof the parallel job.)
Theschedulerselectsanappropriatesetof computenodes to form thepartition.Thecompute (andcorrespondingI/O)
nodes selectedby thescheduler areconfiguredinto apartitionby theservicenodeusingthecontrol network. Wehave
developedtechniquesfor efficient allocationof nodesin a toroidal machine thatareapplicable to Blue Gene/L [10].
Oncea partition is created,a job canbe launched through the I/O nodes in that partition usingCIOD asexplained
before.

3.4 Compiler and Run-time Support

Blue Gene/Lpresentsa familiar programming model anda standard setof tools.We have portedtheGNU toolchain
(binutils, gcc,glibc andgdb) to Blue Gene/Landsetit up asa cross-compilationenvironment. Therearetwo cross-
targets: Linux for I/O nodesandBLRTS for computenodes.IBM’ s XL compilersuiteis alsobeingportedto provide
advancedoptimization support for languageslikeFortran90andC++.

3.5 Communication Infrastructur e

The Blue Gene/Lcommunicationinfrastructure abstractsthe hardwarecomplexity by providing a layeredAPI. At
thebottomof thehierarchy thepacket layer providesa simpleabstractionthatmatchesthehardware,andallows the
transmissionof singlepacketsalongthe torusandtreenetworks. Thenext layer in thehierarchy, themessage layer,
allows thetransmissionof arbitrary sizedbuffers.Finally, theMPI library leveragesthemessagelayer to implement
point-to-point communicationandprovidesa familiar interfaceto users.
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The packet layer is designedto simplify accessto thenetwork hardware. It abstractsthenotion of FIFOs,memory
mapped portsanddevice control registers(DCRs).It presentsan API consistingof essentiallythreefunctions: ini-
tialization,packet sendandreceive. Communication endpoints areabstractedinto torusandtreedevices. Hardware
restrictions,suchasthe256byte limit on packet sizeandthe16 bytealignment requirementson packet buffers,are
reflectedby thepacket layerAPI.

Theessentialfeatureof thepacket layer is that it providesa mechanismto usethenetwork hardwarebut doesn’t
imposepolicieson how to useit. For example, it providesmultiple deviceswithout controlling their management;all
sendandreceive operationsarenon-blocking leaving it up to thehigherlayersto implementsynchronous, blocking
andinterruptdrivencommunicationmodels.Thepacket layeris stateless.

The messagelayer is anactive messagesystem[17,6,12,16] built on top of thepacket layer thatallows the trans-
missionof arbitrarybuffers among torus nodes.Like many otheractive messagelibraries, it is designed to work
asynchronously: callbacks areinvokedby themessagelayerwhena messagestartsarriving, hasarrivedor hasbeen
sent.Becausethemessagelayeris designedto support MPI, it hasabuilt-in notionof messagematching: eachmessage
contains a unique combinationof identifiers thatcanbeusedby MPI.

Themessagelayerimposepolicy decisions:

– Use of the secondCPU. Several strategies are underconsideration for making useof the secondprocessor
in co-processormode (seeSection3.2), by allowing it to servicethetree/torus hardware.For example, sending a
messageinvolvespacketizing it andsendingthepackets.Thesecondprocessorcanbeinvolvedin: sendingpackets
from acommonnon-cacheablememory area,packetizingentiremessageswith variousdegreesof involvementby
thefirst processor.

– Out-of-order delivery of torus packets.TheBlueGene/Ltorusnetworkhasnoordering guarantees;themessage
layerhasto provideenoughguaranteesto allow softwarelayeredontopto work correctly. Within amessage,out-
of-orderpacketsarehandled by theunpacketizerwhenit reconstitutesthemessageoutof its componentpackets.

– Alignment issues.As discussedbefore, thepacket layeris alignment sensitive.Themessagelayerhandlesmes-
sagealignment problems,but requiresat leastonememory-to-memorycopy whenthealignment phaseof thesend
andreceive buffers differ. Thememory copy canbeperformedeitherby thesenderor thereceiver depending on
theamount of informationavailable.

– Polling vs. interrupts Thecurrent implementationof theBlue Gene/Lmessagelayer is designedto beusedin
polling mode.

MPI: Blue Gene/Lis designedprimarily to run MPI [15] workloads.Thedegreeto which theMPI implementation
canbemadefastandefficientwill to a large extentdriveusersatisfactionwith themachine.

Blue Gene/LMPI is basedonMPICH2 [1] (currently in betastage),a public domain implementationof theMPI
2 protocol. MPICH2 providesbetterscalability, lower overhead, anda modular softwareapproach:it allows porting
to a new architecture basedon theso-calledAbstractDevice Interface[8] layer. A default implementation,calledthe
channel interface(well suitedfor TCP/IPlike protocols)is alsoprovidedin anextendibleway.

Blue Gene/LMPI implementsthe abstractdevice interfaceusing the active messageparadigm of the message
layer, andbypassesthechannel interface. Hereis a shortlist of thechallengeswe arefacingin this implementation:

– Scalability of BlueGene/LMPI is paramount.In many MPI implementationstoday, communicationis established
betweenevery pair of MPI processesat startuptime (e.g. in MPI LAM [11] TCP/IPsocketsareopened from
every MPI processto every otherMPI process).TheBlue Gene/Limplementationof MPICH2 cannot afford to
opencommunicationbetweeneverypairof processes,becausethenecessarystateinformationandbufferswould
exhausta largepartof theavailablememory oneachprocessor. Thus,communicationbetweenMPI processeshas
to beopenedandclosedona per-needbasis,andoftenusedcommunicationpatternsmayhaveto becached.

– Latency, bandwidth and the secondprocessor:Useof thecommunicationco-processorrelievesthemainpro-
cessorof handling the network hardware, andallows the overlap of computationandcommunication;henceit
allows optimal useof theavailablebandwidth.However, somelatency is inevitably addedto every messagesent
throughtheco-processor. Thus,in somecases(for example, whensendingextremelyshortMPI messagesin non-
bandwidth-critical situations)sending packetsdirectly from thecomputationprocessormayrealizebetterlatency
withoutotherwiseaffectingperformance.
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– Messageordering and MPI semantics:As discussedabove, themessagelayerdoesnot guaranteeorderedde-
livery of incoming messages.Fortunately for MPI, suchguaranteesarenot really needed: theonly order needed
by MPI semanticsis that of matching incoming messagesin the orderthey weresent[15]. The messagelayer
providesmechanisms to identify this order. However, out-of-order incoming messagescancauseperformance
problems,becausemessagesmayhave to bebufferedto allow earliermessages(thathave not yet arrived) to be
matchedfirst.

– Collectiveoperations: Thedefault implementationof MPI collectiveoperationsin MPICH2 reliesonsequences
of point-to-point messages,building a treeof connections to perform broadcastsandreductions.We exploit the
specialpropertiesof thetorusandtreenetworks for implementing optimizedversionsof thecollective MPI oper-
ationsasfollows:

� Usetheglobal combining treeto performallreduce operationsontheMPI COMM WORLD communicator.
� Settingthedeposit bit of a toruspacket causesit to bereceivedby everynode it toucheson theway from the

senderto thereceiver. Depositbits canbedeployedto fill lines,planesandsquarevolumesin thetoruswith
data.Hencesomecategoriesof broadcastsarebestdone in thetoruswith deposit bits set.

� Finally, thebarrier synchronization wirescanbeusedin MPI to implement very fastbarriers.

4 Blue Gene/L Simulation Envir onment

Thefirst hardwareprototypesof theBlue Gene/LASIC aretargetedto becomeoperationalin mid-2003.To support
thedevelopment of systemsoftwarebefore hardwareis available,we have implementedanarchitecturally accurate,
full systemsimulatorfor the Blue Gene/Lmachine. The simulator, calledbglsim , is built using the principles
in [13,9]. Eachcomponentof theBG/L ASIC is modeled separatelywith thedesireddegree of accuracy. Accuracy
canbe tradedfor performance.For our simulationenvironment,we model the processorinstructions functionally,
i.e., eachinstruction takesonecycle to execute.We alsomodel cachebehavior, memorysystembehavior andall the
BlueGene/Lspecificdevices:tree,torus,jtag,devicecontrol registers,etc.bglsim implementsenoughfunctionality
to runtheLinux kernelfor theI/O nodesandBLRTS for thecomputenodes.Applications runontopof thesekernels,
under usercontrol.

bglsim simulatesanentireBG/L chipatapproximately2 million simulatedinstructionspersecondwhenrunning
on 1.2 GHz PentiumIII machine – a slow-down of about 1000 comparedto the real hardware. By comparison, a
VHDL simulatorwith hardwareaccelerationhasa slow-down of ����� , while a puresoftwareVHDL simulatorhasa
slow-down of ����� . As anexample,booting Linux takes30secondsonbglsim , 7 hours on thehardware accelerated
VHDL simulatorandmorethat20daysonthesoftwareVHDL simulator.

Eachnode in a largeBlue Gene/Lsystemis simulatedby abglsim process.Multiple bglsim processesrunon
differentworkstations andcommunicatethrough a custommessagepassinglibrary calledCommFabric. This library
simulatestheconnectivity betweenBG/L chips,IDo chips,andtheexternal world asoutlinedin Figure3. We usethis
environment to develop our communicationinfrastructure,andwe have successfullyexecuted theMPI NAS Parallel
Benchmarks [5].

The physical description of a the simulatedBG/L systemis containedin a databasecalledBGLMachine.This
databaseincludesnodespecificdata,suchasserialnumbers, andconnectivity information,suchastheplacement of
nodes, cards,boards andmidplanes.BGLMachine alsocontains a description of a running simulation(suchas the
locationof everybglsim process).

Userapplications, runtimelibraries,and the kernel createpacketsandwrite themto memory mapped devices.
bglsim interpretsthesewrite requestsandforwardsthepacketsto CommFabric. CommFabric analyzestheheader
of thepacketandqueriestheBGLMachinedatabaseto determine packet routing.

Our simulationenvironment for large BG/L systemsincludesseveral components in additionto the instruction
level simulatordescribedpreviously. The IDo chip simulatoris a functional simulatorof an IDo chip that translates
packetsbetweenthe virtual JTAG network andEthernet. The Tapdaemon andEthernetGateway processesprovide
Linux kernelsin the simulatedI/O nodeswith the ability to mount external file systems.Userscanalsoconnect to
the I/O nodes(telnet,ftp, etc.).Thedevelopmentof thecontrol infrastructureis thusdecoupled from thesimulation
environment.
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Fig.3. Overview of theBlueGene/Lsimulationenvironment. CompleteBlueGene/Lchipsaresimulatedby acustomarchitectural
simulator(bglsim ). A communicationlibrary (CommFabric)simulatestheBlue Gene/Lnetworks.
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5 Conclusions

BlueGene/Lis thefirst of anew seriesof highperformancemachinesbeingdevelopedatIBM Research.Thehardware
plansfor themachine arecompleteandthefirst smallprototypeswill beavailablein late2003.

In this paperwe havepresenteda softwaresystemthatcanscaleup to thedemands of theBlue Gene/Lhardware.
We have alsodescribedthe simulationenvironmentthat we areusingto develop andvalidatethis softwaresystem.
Usingthesimulationenvironment,weareableto demonstrateacompleteandfunctionalsystemsoftwareenvironment
before hardware becomes available.Nevertheless,evaluating scalabilityandperformanceof thecompletesystemstill
requireshardwareavailability. Many of theimplementationdetailswill likely changeaswe gainexperiencewith the
realhardware.
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