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Abstract

In thispaperweintroducethesoftwaredevelopmentenvironmentfor BlueGene,amassively parallel
systembeing developedat the IBM T. J. WatsonResearchCenter. While the hardware is still in a
developmentphase,we areable to provide a completesystemsoftwarestackconsistingof compiler,
kernel,run-timelibraries,andvisualizerthatcanexecutemany user-levelapplicationssuchastheSplash-
2 benchmarksuite.Theseapplicationsexecutein aninstruction-levelsimulatorthatwehavedevelopedto
validateourarchitectureandtools.Weanalyzethedataobtainedfrom theserunsandmakeperformance
estimatesthatinfluencearchitecturaldecisions.

Keywords: cellular architecture,parallelcomputing,simulation,tracevisualization,performanceevalua-
tion

1 Intr oduction

Blue Geneis a massively parallelsystemof unprecedentedscale. With a projectedpeakperformanceof
1 Petaflop/second( ���	��
 double-precisionfloating-pointoperationspersecond),Blue Genewill enablesig-
nificantadvancesin computationalscienceandengineering.Thescaleandcomplexity of Blue Genegive
rise to many technicalproblemsthathave to besolved beforetheprojectcanbesuccessful.In this paper,
we addressthechallengesof developingcorrect,efficient systemsoftwarefor BlueGene.

Thehighlevelsof performancein BlueGeneareachievedthroughmassiveparallelism.Full exploitation
of themachineby asingleapplicationrequiresdecomposingthatapplicationinto upto 8 million concurrent
threadsof execution.Parallelismon thisscalecanonly beimplementedeconomicallyif weadoptacellular
architecture approach.Themachineis built throughregular replicationof a basicmodulewhich contains
processinglogic, memory, andinterconnectionhardware.On a machineof this scaleit is certainthatsome
of the componentswill be broken at any given time, with a fairly high (orderof days)hard-failure rate.
Despitethesefailures,themachineasawholemustcontinueto operateeffectively.

In additionto theunusualscale,theBlue Genehardwareimplementsa new instructionsetarchitecture
(ISA). Currentlythereis no hardwarethatcanexecutethis instructionset. Yet, we arefacedwith two im-
portantmissions:(i) verifying correctnessandperformanceof the architectureandproviding feedbackto
thehardwaredesigners,and(ii) developinga completesystemsoftwarestack,which mustbe readywhen
initial operationalhardware is built. Examplesof systemsoftware componentsthat comprisethis stack
includecompilers,residentrun-timekernel,user-level libraries(math,message-passing,shared-memory,
input/output),anddebuggingandperformanceanalysistools. Also of greatimportancearesoftwarecom-
ponentsthathandlejob scheduling,systemtest,boot,andmanagement,andfile systemmanagement.These
componentsareexpectedto run on a hostsystemattachedto theBlue Genecore.Finally, it is necessaryto
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developor portbenchmarkapplicationsto BlueGene,bothto investigatetheperformancecharacteristicsof
themachineandto exploredifferentprogrammingmodels.

Our approachto developing and assessingsoftware componentsfor Blue Geneis basedon multiple
levelsof simulation.At thehighestlevel, theBlue GeneEMulator (BGEM) implementstheAPI exported
by theBlue Generesidentkernelon a Linux cluster. Thusall layersabove thekernel,includinguser-level
libraries(e.g., communications,shared-memory, input/output)canbedevelopedandtestedon conventional
machines,usingnative tools.

At thenext level of detail,theBlueGeneSIMulator(BGSIM) is acompletearchitecture-level simulator
thatdirectly executesbinariesproducedby theBlue Genecompiler. Althoughnot cycle accurate,BGSIM
modelstheperformancecharacteristicsof BlueGene,leadingto detailedperformancepredictions.TheBlue
Genekernelitself wasdevelopedandtestedwith BGSIM. Most of thetime,a simplerecompilationis all it
takesto movea softwarecomponentfrom BGEM to BGSIM. TheBlue GeneVISualizer(BGVIS) attaches
to BGSIM to provideagraphicalinterfaceto theinnerworkingsof BlueGene.With BGVIS it is possibleto
observe thebehavior of anapplicationover time, identifying critical performancecharacteristics.BGSIM
andBGVIS arethemain toolswe have for developing,testing,andtuningBlue Genecode,from libraries
to applications.For thatreason,they aredescribedin greaterdetail in thispaper.

The mostdetailedsimulatorfor Blue Geneis a gate-level simulationobtaineddirectly from the logic
designof Blue Gene. This simulatoris cycle accuratebut, becauseof thecomplexities of gate-level sim-
ulation, it is restrictedto simulatingonly small Blue Geneconfigurations.The gate-level simulatoris not
readyyet. Weexpectto useit to validatetheBlueGenekernelandto investigatethebehavior of somesmall
benchmarks.

Therestof thispaperis organizedasfollows. Section2 describestheBlue Genereferencearchitecture.
Section3 describesthe Blue Genesimulator(BGSIM) that we useto validateandassessthe behavior of
BlueGenecode.Section4 (BGVIS) presentsdetailsof theBlueGenevisualizer, onwhichwerely to better
understandwhathappensinsideBlueGene.Section5 describesthemaincomponentsof thesystemsoftware
stackwe have developedsofar. Section6 discussesresultsfrom runningparallelbenchmarksthroughour
systemsoftwarestackonBGSIM. Finally, Section7 presentsconclusionsandfuturework for thisactivity.

2 The Blue GeneReferenceAr chitecture

In this sectionwe describeanearlyprototypeof theBlue Genearchitecturewhichwasusedduringmostof
oursystemsoftwaredevelopment.This is alsothearchitecturefor whichwediscussexperimentalresultsin
Section6.

The main characteristicof the Blue Genedesignis the integrationof embeddedDRAM andprocess-
ing logic on the samechip. The proximity of memoryandprocessorsresultsin a flat memoryhierarchy
whichovercomestheVonNeumannbottleneck(processorperformanceimprovesfasterthanthecapacityof
memoryto serve them)observed in conventionaldesigns.Even with the memoryembeddedon the chip,
accessingamemoryblock takesmorethanonecycle. Thesolutionadoptedby BlueGeneis to usemultiple
threadsin asinglechipsothat,if a threadstallsafteramemoryreference,otherthreadscanmakeprogress.

The building block of our cellular architectureis a node. A nodeis implementedin a singlesilicon
chip andcontainsmemory, processingelements,andinterconnectionelements.A nodecanbeviewedasa
single-chipshared-memorymultiprocessor. In thedesignsimulatedin thispaper, anodecontains16MB of
sharedmemoryand256instructionexecutionunits. Eachinstructionexecutionunit is associatedwith one
threadof execution,giving 256 simultaneousthreadsof executionin onenode,andexecutesinstructions
in a threadstrictly in order. Every threadunit includesa registerfile (with its own programcounter)anda
fixedpointunit for integerandlogicaloperations.Theregisterfile contains6432-bit registerswhichcanbe
pairedto form doubleprecisionregisters.
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Eachgroupof 8 threads(a processor) shareone instructioncacheandonefloating-pointunit. Such
simplificationsarenecessaryto keepinstructionunitssimple,resultingin large numbersof themin a die.
The instructioncacheshave two levels,with the L1 I-cacheimplementedin SRAM (8 KB) andtheL2 I-
cachein DRAM. The floating-pointunits (32 in a node)arepipelinedandcanperforma multiply andan
addon every cycle. With a 500 MHz clock cycle, this translatesinto 1 Gflop/sof peakperformanceper
floating-pointunit, or 32Gflop/sof peakperformancepernode.Thethreadunitscompetefor accessto their
sharedfloatingpoint unit. Hardwareselectsa winner if two threadstry to issuefloatingpoint instructions
thatusethesamefunctionalunit in thesamecycle.

The in-chip memoryis organizedin 32 banksof 4 Megabitsof EDRAM, giving a total of 16MB per
chip. This memoryis globally addressableandsharedby all threads. The D-cachesare8KB eachand
implementedin SRAM. Thesecachesareon thememoryside(onecacheperpair of DRAM banks)rather
thanon theprocessorside.Thus,thereis no cachecoherenceproblem.

BlueGeneprocessorsdonotsupportout-of-orderexecution,speculative executionor registerrenaming.
Instead,extensive multithreadingis usedto cover latencies.In a machinelike this, performanceis derived
from its massive parallelismratherthanby improving the speedof oneparticulartask. Blue Geneusesa
new instructionset.This instructionsetis verysimple,it containsapproximately100instructions.This ISA
canbecharacterizedasa three-operand,load/storeRISCarchitecture.In additionit hasinstructionsthatare
appropriatefor parallelprocessing,suchastest-and-setandsync.

Multiple nodesareinterconnectedin a regular fashionto form a muchlarger system.Eachnodehas
six channelsof communication,for direct interconnectionwith up to six other nodes,forming a three-
dimensionalmesh.(Nodeson thefacesor alongtheedgesof themeshhave fewer connections.)We usea
meshtopologybecauseof its regularityandbecauseit canbebuilt without any additionalhardware.With a������������

three-dimensionalmeshof nodes,webuild asystemof 32,768nodes.Sinceeachnodeattains
a peakcomputationrateof 32 Gflop/s,theentiresystemdeliversa peakcomputationrateof approximately
1 Petaflop/s.We directly connectthecommunicationchannelsof a nodeto thecommunicationchannelsof
its neighbors.Nodescommunicateby streamingdatathroughthesechannels.With 16-bit wide channels
operatingat500MHz, acommunicationbandwidthof 1 GB/sperchannel,on eachdirection,is achieved.

Communicationin Blue Geneis by messagepassingwith fixedlengthpacketsof up to 256bytes.The
network hardwarein thechip providesa fixednumberinput andoutputbuffers. To senda packet, thecom-
putationthreadcopiesthepayloadinto anemptyoutputbuffer andmarksit ready. Softwarealsospecifies
theroutefollowedby thepacket throughthemeshuntil it appearsin aninputbuffer of thedestinationnode.
All theroutingis performedby hardware:threadsin intermediatenodesdonotgetinterrupted.Thenetwork
guaranteesmessagedelivery but notmessagearrival orderevenif two messagesfollow thesameroute.

Our designfor a nodeis ambitious,but within the realmof currentor near-future silicon technology.
Combinedlogic-memorymicroelectronicsprocesseswill soondeliver chipswith hundredsof millions of
transistors.Several researchgroupshave advancedprocessor-in-memorydesignsthat rely on that technol-
ogy. ExamplesincludetheIllinois FlexRAM [6, 12], Berkeley IRAM [11] andGilgamesh[15] projects.

An applicationrunningon this Petaflopmachinemustexploit both inter- and intra-nodeparallelism.
First, theapplicationis decomposedinto multiple tasksandeachtaskassignedto a particularnode.As dis-
cussedpreviously, thetaskscancommunicateonly throughdatastreams.Second,eachtaskis decomposed
into multiple threads,eachthreadoperatingon a subsetof theproblemassignedto thetask.Thethreadsin
a taskinteractthroughshared-memory. The resultspresentedin Section6 only addressthe latter form of
parallelism.For resultson theformerform of parallelismreferto [1].
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3 Blue GeneSimulator

TheBlue Genesimulator(BGSIM) is anarchitecturallyaccuratesimulator. BecauseBlue Geneis a com-
pletely new andcomplex design,we needtools to validatenew architecturalfeaturesandto testsoftware
beforethehardwareis available.Onecouldarguethatagate-level simulatorprovidesamoreaccurateview
of hardwarebehavior. However, therearetwomajordrawbacksin usingagate-level simulatorin earlystages
of thedevelopmentprocess.First,gate-level simulationneedsthehardwaredesignto becompletedbecause
thesimulatoris basedon theactualVLSI specification.Often, this leadsto usingthegate-level simulator
asa correctnesstool, i.e., changesaremadeonly if thesimulationfinds functionalerrors,mostlybecause
architectsarereluctantto introducemajorchangesin thedesign,a costlyprocessoncea layoutis obtained.
Theseconddisadvantageis thespeedof gate-level simulation.A typicalVHDL simulatorcanexecuteabout
1000machinecyclespersecond,andit cansimulateonly smallsystems(for example,theAWAN simulator
cansimulatesystemsup to four Blue Genenodes).For thesereasons,a relatively fast(between60,000and
120,000machinecyclespersecond,dependingon thenumberof threadssimulated)architecturalsimulator
suchasBGSIM, allows usto runrealapplicationsandmeasuretheimpactof differentarchitecturalfeatures
on theseapplications.

Traditionally, simulatorshave beencategorizedinto two classes:trace-driven and execution-driven.
Trace-driven simulatorsusetracesof instructionsor memoryreferencesof applicationsproducedon dif-
ferentmachinesto analyzethebehavior of proposedarchitecturalfeatures.Althoughthetracescapturethe
behavior of realisticapplications,it is hardto accountfor timing differencesbetweenthesimulatedsystem
andthe systemon which the traceswerecollected[7, 4]. Execution-driven simulators[3, 5, 13, 9, 8, 10]
interleave the executionof the applicationinstructionsandescapesin the simulatorat specificeventsto
modelthe target architecture.Execution-driven simulatorsusuallysimulatetargetarchitectureswith ISAs
very closeto thehostsystem.

BGSIM is an instruction-driven simulator. It interpretsthe instructionsin the Blue Geneinstruction
set,and,althoughit doesnot model the microarchitectureof the Blue Geneprocessors,it executeseach
instructioninsidethesimulator. WehavetakenthisapproachbecausetheBlueGeneISA is anew instruction
setandit is radicallydifferentfrom thex86 instructionseton which thesimulatoris running.

3.1 Features

BGSIM executesinstructionsfrom the Blue Geneinstructionset,modelingresourcecontentionbetween
instructions,andthus,estimatingthenumberof cycleseachinstructionexecutes.Thesimulatormodelsthe
sharingof resourcesatall levelsin thenode’shierarchy. Registerfilesaresharedby instructions,instruction
cachesandfloatingpointunitsaresharedby threads,datacaches,memoryandcommunicationswitchesare
sharedby processors.Also, busesinsidethechip aresharedby all processorson thenode.Thesimulatoris
parametrizedsuchthatdifferentarchitecturalfeaturescanbespecifiedwhentheprogramruns.Examplesof
parametersthatcanvary are: thenumberof threadunits in a processor, theamountof memoryin thechip,
thesize,line sizeandassociativity of thecaches.

BGSIM producesinstructiontraces,instructionhistogramsandresourceutilization statistics,suchas
floating point unit usageandcontention,cachehit andmissratio, memoryaccessesandcontention.The
outputscanbeturnedonandoff from theuserprogram,usinginstructionsaddressingunarchitectedspecial
registers(escapesinto thesimulator).Thestatisticscanbecollectedat threadunit level or nodelevel (i.e.,
for all thethreadunitsin thenode).Instructiontracescanbevisualizedon-lineor analyzedoff-line by other
tools,suchasBGVIS presentedin Section4.
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3.2 Implementation

TheBlueGenesimulatoris anobject-orienteddesign,implementedin C++. BGSIM modelsthehierarchical
natureof theBlue Genechip, having objectsfor mostof thehardwarefeatures(onefeaturethatwe do not
modelis theJTAG/scan-inmechanismfor thechip,becausethismechanismis irrelevantfor theapplication
performance).For example,thereareobjectsthat implementthe threadunit, the memory, the dataand
instructioncaches,andcommunicationswitches. All the resourcesavailable to instructionsaremodeled
with default parametersfor latencies,andthesimulatoradjuststheselatenciesdependingon thecontention.

BlueGeneinstructionsarealsomodeledasobjects,andhave threeparameters:execution time, pipeline
delay and resource delay. The execution time representsthe numberof cycles for which the execution
unit is usedexclusively by the instruction. The pipeline delay representsthe numberof cycles in which
the instructionexecutesin the executionunit’s pipeline, thusbeingable to sharethe executionunit with
otherinstructions.Theresource delay is thenumberof cyclesthatan instructionhasto wait for resources
(registers,executionunits, memorybanks,etc.) to becomeavailable. For all instructionsexceptmemory
instructions,theexecutiontime andthepipelinedelayaregivenby thearchitecturalspecifications.In the
caseof memoryinstructions,the executiontime is fixed (the time to executein the load-storeunit); the
pipelinedelaydependson wherethe addresseddatumis locatedin the memoryhierarchy. The resource
delayis alsovariable,dependingonresourceavailability.

The simulatormodelsthe instructionexecutionin threephases.First, an instructionprobesresource
availability in the threadunit, or, dependingon the resourcerequirements,in theprocessoror in thechip.
Therearethreeoutcomespossible:(i) the resourcesareavailable,thusthe instructioncanstartexecuting;
(ii) theresourcesarenotavailablebut theresourcedelaycanbecomputed.In thiscase,theinstructionstalls
thethreadfor resourcedelaycycles(thethreadunits issueinstructionsin programorder, andalthoughthey
canexecuteseveral independentinstructionspercycle, the instructionsarealsoretiredin programorder),
andit startsexecutingafter thatmany cycleshave passed;(iii) andfinally, the resourcesarenot available,
andthedelaycannotbecomputed.For example,atomicinstructionsblock theaccessto amemorylocation
until theoperationis completed,thusanotherthreadwill keepthe “resource”(thememorylocation)busy
for anunspecifiedamountof time. In thiscase,theinstructionstallsthethreadunit for onecycle,andit will
probefor resourcesagain.

Thenext phasein the instructionexecutionis startingtheexecution. In this phasethe instructionallo-
catesresourcesfor execution. And finally, thereis a completionphase,in which the resultsarecomputed
andstoredin registers(or memory).Also in thisphasetheresourcesaredeallocated.

BGSIM loadstheBlue Genekernel(seeSection5), which in turn, loadsandrunstheapplicationpro-
gram.Theapplicationis optionallyaugmentedwith simulatorescapesin ordertoproduceresultsfor selected
regionsof thecode.Otherwise,resultsfor thewholeprogramexecution,includingthebootingof thekernel,
arereported.

Becauseof thenon-trivial sizeof theBlue Genemachine,thesimulatoris designedto simulateseveral
BlueGenenodesin oneprocessandseveralinstancesof theBGSIM collaborateusingMPI, eachsimulating
a subsetof the machine.Blue Genenodescommunicatewith eachotherusingcommunicationchannels.
BGSIM simulatesthesechannels.Packetsin thechannelareroutedto theappropriatenodeobjects,intra-
processif the nodesaresimulatedon the sameBGSIM process,or usingMPI messagesif the nodesare
simulatedon differentBGSIM processes.

Theplatformfor our simulationis a Linux cluster, comprisedof 80 dualprocessorPIII nodes,running
at 600MHz. On this systemwe have simulatedup to 400Blue Genenodesrunninga moleculardynamics
application[1]. Thesimulatorrunsat a speedof 60 to 120KHz on thecluster, dependingon thenumber
of threadssimulated. This correspondsto a 8000-4000slowdown comparedto the Blue Genehardware.
However, themaingoalof thecurrentimplementationis functionalitynot performance.We hopeto report
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muchbetterresultsin thefinal versionof thepaper.

4 Blue GeneVisualizer

The Blue GeneVisualizer(BGVIS) is the “f ace” of Blue Gene. Traditionaldebuggersandperformance
analyzerswith commandline interfacescannotcopewith thelevel of complexity andthesizeof BlueGene.
Evengraphicaldebuggerswill have a very hardtime displayinginformationon 8 million threadsrunning
simultaneously. BGVIS is ourattempttodeveloptoolsthatcanhelpunderstandingthebehavior of massively
parallelmachineswhile executingprograms.It hasalreadyshown its usefulnessby helpingdecidebetween
32 and64 bytescachelines for thedatacache.Second,thevisualizercanhelp identify bottlenecksin the
application,andhereagain,we have shown that just by looking at theinstructionmix for all thethreadsin
thenode(explainedbelow) we canimmediatelypinpointloadimbalancebetweendifferentthreads.

The visualizeris designedto work with the BGSIM to show andallow assessmentof how the user’s
programis running on the machine. BGVIS consumestracesproducedby the simulator, and displays
graphicallyandaudibly the statusof differentcomponentsof the machine.It provideshierarchicalviews
of the machine,customizableto the desiredlevel of detailsneededby the analysis. It shows different
parameterssuchas: instructionmix, dataandinstructioncachemissratio, thestateof cachelinesandthe
contentsof theregistersin theregisterfile, theline in thehighlevel sourcecodewhichis currentlyexecuting,
etc. The visualizerdisplaystwo typesof values: cumulative and instantaneous.Cumulative valuesare
aggregatedover thecourseof execution,for exampleinstructionmixesandcachemissratios.Instantaneous
valuesarecomputedover anadjustablewindow of instructions.Thesevaluesprovide valuablefeedbackon
thedynamicbehavior of the program,sincethe valuespresentedto theuserarenot averagesover a large
numberof instructionsthathidethetransitoryeffects.

Themainpanelsof thegraphicalinterfaceareillustratedin Figure1. Wecanexplainbetterthefunction-
ality of thevisualizerwith ausagescenario:consideranapplicationthatusesall 256threadsin onenode,out
of which two threads,on two differentprocessors,areto befollowedmoreclosely. Thisview is reflectedin
thetopmainwindow of thevisualizer, wherethetwo processorsarehighlightedon theright panel.Theleft
panelshows thecumulative instructionmix for all the threadsin thechip. Thesmallwindows correspond
to the threadsshowing the line in the sourcecodethat correspondsto the currentinstructionexecutedby
eachthread.Thecentralwindow in Figure1 displaysmoredetailsontheexecutionin oneof theprocessors.
Shown in the figure is mainly the cachebehavior for this processor. The stateof the cachelines in both
instructionanddatacachesis color coded.Also, a time-linewith valuesfor certainparameters(theratio of
floatingpointoperationsto total instructions,cachemissratios,etc.) is displayedon theright.

Another interestingfeatureof BGVIS is its ability to singlestepthroughthe traceallowing the user
to focuson a greaterlevel of details,without beingafraidof missingimportantinformation. This feature,
togetherwith the linking of the currentinstructionback to high level sourcecode,makes the visualizer
invaluablefor debuggingandperformancetuning.

Not shown in thefigure,but of muchinterest,arethesoundeffects.Sincetherearesomany components
in BlueGene,webelieve that,to providea total view, wemust“immerse”theuserin thetool, thuswemust
actuponall thesenses.We have startedwith sounds,andfor example,we have usedthefrequency of dirty
line cast-outsasanaudibleindicatorof memorybustraffic. TheJavasoundandMIDI classesprovidemany
waysto provide audiblefeedbackthatis effective,pleasantandmaybeevenmusicallyinteresting.

Written in Java using the JDK1.3 swing and soundclassesand the SitrakaJClasschart classes,the
visualizeris fastenoughto acceptoutputdirectly from thesimulator, ausefulfeaturethatallows theoption
of notsaving tracefiles to disk. Wewill providedirectintegrationof thesetoolsin thefuture.Thehierarchy
of objectsin theprogramreflectsthatof thehardware,to accommodatedesignupdates.Thegraphscanbe
editedinteractively andsaved in several formats. A client/server modeis provided whosecommunication
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Figure1: TheBlue Genevisualizer. Top: themainwindow. Theleft panelshows a threadinstruction-mix
histogram,with two openthreadsource-linewindows. Thecorrespondingprocessorsarehighlightedin the
right panel. Center:processordetailspanel,with cachestatesandmissratio history. Lower left: control
panel.Lower right: registerdetails.

protocolis sufficiently spartanto allow full functionalityeven with only a 28.8K modemconnection.We
arecontinuingto work with the visualizerandsonifierto addexpandeddebuggingcapabilitiesandnovel
modesappropriateto themassive parallelismof Blue Gene.
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5 SystemSoftwareStack for Blue Gene

The Blue Genesystemsoftware stackconsistsof a compiler, kernel and runtime libraries. Thesetools
provide a programmingandoperatingenvironmentwithin theconstraintsdictatedby theBlue Genehard-
ware.With theadditionof theBlue Genesimulator(Section3) andvisualizer(Section4) our environment
permitsthe developmentof applicationsfor Blue Gene. We usethe resultsobtainedfrom simulationsto
validatethearchitecture,to measurethescalabilityof applicationson BlueGeneandto evaluatetheimpact
of architecturalchanges.

Our environmentexportsa familiar (POSIX) interfacewithout the complexity of a full Unix system
residingon eachnode.In Blue Gene,only themostcritical systemtasksarehandledby thecomputational
core. The remainingsupportroutinesexecuteon an attachedhost, a conventionalcluster. As a result,
the residentportion of the systemsoftwarestackis small (30 KB of memoryand3,000lines of C code)
andsimplewhencomparedwith currentoperatingsystemsandit is well adaptedto the limited resources
availablein eachnode. Its simplicity providesthehigh reliability necessaryto effectively manageseveral
thousandnodes.It alsodelivershighperformancesinceit doesnotrequiretraversingmany layersof software
to accessthehardware.

Thekernel,libraries,andapplicationsarecurrentlybeinggeneratedwith a cross-compilerbasedon the
GNU toolkit, re-targetedfor the Blue Geneinstructionsetarchitecture.This cross-compilersupportsC,
C++ (includingtheStandardTemplateLibrary), andFORTRAN 77.

Theresidentruntime(or kernel) supportssingleuser, singleprogramapplicationswithin eachBlueGene
partition. Its purposeis two-fold: first, to protectmachineresources(threads,memory, communication
channels)from accidentalcorruptionby a misbehaving applicationprogram,sothat resourcescanbeused
reliably for error detection,debugging, and performancemonitoring; and second,to isolateapplication
librariesfrom detailsof the underlyingBlue Genehardwareandhostcommunicationsprotocols,so asto
minimizetheimpactof evolutionarychangesin thoseareas.

Thekernelexecuteswith supervisorprivileges.Context switchingbetweenuserandsupervisormodeis
inexpensive, requiringafew cycles.Thekernelprovidesathin interfaceto thehardwarefor communication,
synchronization,timers, and interrupts. Data is exchangedwith other nodesvia messagepassing. File
systeminput/outputandprogramloadingis accomplishedvia messagepassingto externallyattachedhost
computers,whichappearasvirtual nodeson theexternalfacesof theBlue Genecube.

The kernelexposesa single-addressspacesharedby all threads.Due to the small addressspaceand
large numberof hardware threadsavailable, no resourcevirtualization is performedin software: virtual
addressesmapdirectly to physicaladdresses(no paging)andsoftware threadsmapdirectly to hardware
threads.Thekerneldoesnot supportpreemption(exceptin debuggingmode),schedulingor prioritization.
Every software threadis preallocatedwith a fixed sizestack(currently2KB per thread),resultingin fast
threadcreationandreuse.

Wesupportinter-nodecommunicationusinganactivemessagemechanismfor deliveringpacketsclosely
matchingBlueGenehardware.Thesystemsupportsavariablenumberof computationandcommunication
threads.At systemlevel messagesarecreatedby providing thepayload,theroutethatthemessagefollows
to its destination,andtheaddressof a functionto beexecutedby acommunicationthreadon thedestination
nodeuponmessagearrival. Communicationthreadscontinuouslypoll input buffersuntil aninput buffer is
markedfull. A communicationthreadprocessestheincomingpacket by invoking thefunctionspecifiedin
themessage,supplyingthepayloadasanargument.

As a convenienceto programmersporting codefrom other machines,we provide a C library (libc)
with familiar Unix-style functionsfor file access:fopen, fread, fwrite, fprintf, etc. Theseoperationsare
implementedwith function shipping: the actualfile accessis performedon the host; Blue Genenodes
routeuserrequeststo the hostusing the Blue Genecommunicationfabric. We alsoprovide a subsetof
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the pthreadsAPI for threadmanagementand synchronization.Higher performancecan be obtainedby
usingapplicationlibrariesthatexploit specificfeaturesof theBlueGenehardware,suchasintra-chipthread
barriersandinterrupts. To simplify the developmentof parallelapplicationswe implementeda message
passinglibrary with functionsfor many commonparallelprogrammingidioms(broadcasts,reductions,etc)
whicharetailoredto theneedsof finegraincommunications.

6 Parallel Benchmarksto Validate the SoftwareStack

To verify andmeasurethe behavior of our entiresystemsoftware infrastructure,we selectedthe Splash-
2 benchmarksuite [14]. This suite is a collection of applicationsusedto study the characteristicsand
performanceof sharedmemorymultiprocessors.Theseapplicationscover a wide rangeof areaswhich
allows us to compareand analyzevariationsof our basichardware designusing a representative set of
codes.

In thissectionwedescribedataproducedby oursimulations.It is essentialto emphasizethatthesecodes
arenot optimizedfor Blue Gene.For this reason,theresultsshouldnot betakenasanabsolutemeasureof
thecapabilitiesof ourhardware.On theotherhand,they demonstrateourability to run realapplicationson
thesoftwarestackandallow usto evaluatearchitecturalcharacteristics.Althougha singleBlue Genechip
hasa peakperformancecomparableto high performanceserversavailable just a few yearsago,the Blue
Genearchitecturehasmany significantdifferencesfrom traditionalarchitectures,suchaslimited memory,
sharedfunctional units and unconventionalcaches. Thesesamplecodesdo not take advantageof these
features.

The setof applicationsthat arepartof Splash-2aresummarizedin Table1. They consistof 4 simple
kernels(FFT, blockedLU decompositionwith andwithoutcontiguousblocks,Cholesky decompositionand
radix sort)and8 morecomplex applicationswhich rangebetween1,000and12,500linesof C code.These
codessupportsynchronizationbetweenmultiplethreadsusingbarriersandprotectaccessto shareddatawith
locks.To simplify theportabilityof thesuitebetweendifferentarchitecturesthesynchronizationprimitives
arecodedusingPARMACS[2] macros.

After definingthe macrosfor Blue Gene,the modificationsrequiredto port the codeswereminimal.
Difficultiesappearedin justtwocodes:onethatinvokesafunctionrecursively in theset-upphase–cholesky;
anotherthetallocateslargevectorsfrom thestack– raytrace.Both thesecodesoverrunoursmallstacksand
werechanged.Whenpossible,weusedthedefault inputsfor eachbenchmark.In severalsituations,because
of memorylimitations,we hadto usea reducedproblemsize.Theinput parametersarepresentedin Table
1, third column.

Figure2 shows the speedupsrelative to single threadexecutionfor mostof the Splash-2codes. For
simplicity, many benchmarksexecuteon a numberof processorsthat is a power of two. In Blue Gene,
it is necessaryto reserve at leastone threadto handlecommunication. Thus, the maximumnumberof
computationthreadsweusedto runSplash-2withoutmajorrewriting is 128.

Thekernelcurrentlysupportsasimplethreadallocationpolicy: softwarethreadsaremappedto hardware
threadssequentially. As a result,thesharingof resources(floatingpoint units andcaches)is not optimal.
For example,whenexecutingthesetestswith 64 threads,only 8 FPUsout of the 32 FPUsin a nodeare
actuallyused. Finding andexpressingoptimal policiesfor threadallocationis oneof our areasof future
research.

The resourcesavailableto the256 threadsin a Blue Genenodearenot scaledby thesamenumberof
threads,i.e., threadsshareresourcesthat in a moretraditionalarchitecturesarenot shared.Evenwith these
constraints,weobtainedspeedupssimilarto theonesreportedin [14] for anumberof benchmarks:FFT, LU,
water-nsquared,water-spatialandraytrace.Otherbenchmarks,cholesky, barnes,andocean,show speedups
within a factorof two comparedto [14].
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Table1: Descriptionof theSplash-2kernelsandapplicationsandinput parametersselected.

Problem Description Input
cholesky tk14.o
fft 1D FFT forwardandreverseFFTof 64K complex

numbers
lu blockedLU decomposition 256by 256matrixof doubles
radix radixsort 256K keys thatcantake 512Kvaluesanda

radix of 1024
barnes Barnes-Huthierarchical 2048bodies,3 timesteps

n-bodysimulation
fmm FastMultipole 2048bodies,uniformdistribution,5 time

steps
ocean simulationof oceanmovementswith 130by 130grid size

Gauss-Seidelmultigrid solver
radiosity iterative hierarchicalmethod testproblem
raytrace 3D scenerenderingwith hierarchical teapot

grid
volrend renderavolumewith raycasting head-scaleddown2
water-nsquared moleculardynamicsof awaterbox 512watermolecules,3 timesteps,6.21A

( ��������� algorithm) cutoff radius
water-spatial moleculardynamicsof awaterbox 512watermolecules,3 timesteps,6.21A

usingaspatialdecomposition cutoff radius
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Figure2: Parallelspeedupsof Splash-2kernelsandapplications.

BGSIM reportsthe numberand type of instructionsper threadand per node. An exampleof these
outputsis illustratedin Figure3 for the barnesandwater-nsquaredbenchmarks.The instructionsin the
ISA aregroupedinto eight categories: loadsandstores,integer andfloating point operations,logical op-
erations,branches,atomicoperations(test-and-set)andsysteminstructions(kerneltrapsandotherspecial
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instructions).Theseinstructionhistogramsareusedanalyzethe scalingof the application. For example,
thehistogramfor barnesfor 64 and128threadsshows a significantincreasein thenumberof memoryand
branchinstructionsfor asimilaramountof floatingpointoperations.On theotherhand,thewater-nsquared
histogramshows betterscalability– aboutthesametotal numberof instructionsis executedfor all thread
configurations.
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Figure3: Instructionhistogramsfor thewater-nsquared(left) andbarnes(right) benchmarks.

Duringexecution,threadunitscanbein anumberof states:running,stalledwaitingfor resources(either
FPUsor datafrom memory),executingbranchinstructionsor fetchinginstructions.The total numberof
cyclesspentby all computationthreadsin eachof thesestatesfor thefft andradix benchmarksis presented
in Figure4.
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Figure4: Breakdown of threadruntimefor thefft (left) andradix (right) benchmarks.

Thecachesimulationresultssummarizedin Figure5 areobtainedfrom BGVIS. Thefigureshows the
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cachemissratio versuscachesizeandassociativity for 32 and64 bytescacheline for theFFT benchmark.
In thisbenchmarktheextrahardwareneededfor 8-wayassociativity in thedatacachepaidfor itself in terms
of improvedcachemissratio, andrevealedthata longercacheline (64 bytesvs. 32 bytes)is alsoa better
choice.
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Figure 5: Simulateddatacachemiss ratios vs. cacheparametersfor FFT forward only, 64K complex
numbers.
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Figure6: Effectof multiple threadssharingdatacachefor theFFTbenchmark.

Figure6 comparesthemissratioswhenonly asinglethreadis usingthedatacachevs. thecasein figure
5, where8 threadsaresharingthedatacache.Thesingle-threadresultsareconsistentwith earlierSplash-2
simulationresultspublishedfor theStanfordDASH – for example,themissratio for an8KB cachefor the
FFT problemis about5% in bothcases.Thismissratio risesto 20%when8 threadssharethecache,a less
thanlinear increasewith the numberof threads.However, it shouldalsobe notedthat onethreadwith a
1KB cacheresultsin only a10%missratio,half thevalueobtainedwhen8 threadssharean8KB cache.
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7 Conclusions

Blue Geneis a massively parallelsystemwith an entirely new instructionsetarchitectureandsystemor-
ganization. The goalsof the systemsoftware team,at this stageof the project,are to verify correctness
andperformanceof thearchitectureandto developa completesoftwarestackfor runningapplications.For
thosepurposes,we developeda completeinstruction-level simulator(BGSIM) for the Blue Genearchi-
tecture. The simulatoris resource-andtiming-aware,andcancomputeperformanceparametersfrom the
executionof benchmarks.To betterunderstandthe inner workingsof theBlue Genearchitecture,andthe
behavior of Blue Genecode,we developeda visualizer(BGVIS) thatpresentssimulationresultsin a more
human-readableform.

With BGSIM we wereableto developa completesystemsoftwarestack,comprisingcompilers,a run-
time kernel, user-level libraries, and debugging tools. This software stack, togetherwith the simulator
andvisualizer, wereusedto run the Splash-2benchmarksuite. Using thesebenchmarks,we conducted
a validationandperformancestudy of the architecture.Our performanceevaluationcapabilitiesinclude
speedupnumbers,analysisof instructionmix with differentnumbersof threads,analysisof processingunits
behavior, andparameterizedcachebehavior studies.Thesestudiesareimportantto definesomehardware
parameterssuchascacheline sizeandassociativity.

Thenext stepis to extendour simulationandsoftwarecapabilitiesto systemlevel. We needto beable
to simulatea completemeshof nodes,andto executemulti-nodeapplicationsthat communicatethrough
messages.Fromasystemsoftwareperspective, thisrequirescommunicationlibrariesandparalleldebugging
tools. The visualizeralso needsto be extendedto the systemlevel. We also needto simulateall the
supportinfrastructurefor BlueGene,includingfile system,testingandbooting,job scheduling,andsystem
management.All theseservicesarepartof systemsoftwarethatwill executeon ahostcomputer. Although
we usecommerciallyavailablecomputersashosts,the interactionwith the Blue Genecore (the meshof
nodes)needsto beproperlysimulatedto supportdevelopmentof thesoftwarecomponents.

While we weredevelopingthecompiler, kernelandsimulatorthehardwaredesigncontinuedto evolve,
in partasa responsefrom our earlyperformanceevaluationsandin partasa resultof manufacturingcon-
straints.However, thebasicprinciplesof theprojectremainedconstant.Someof thelatestchangesare: (i)
fewer threadsper nodewhile maintainingthe total numberof FPUs;(ii) lessmemoryper node,with the
ability to accessoff-chip memory;(iii) new cachearchitecture;(iv) new instructions;and(v) anadditional
communicationmode.Wearein theprocessof updatingoursimulator, visualizer, andsoftwarestackto the
new design,andwewill soonhave new andupdatedperformanceresults.
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