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GeogeAlmasi Calin Cagaval Jo®G.Castéios DerekLieber JofE.Moreira
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IBM Thomas]. WatsonResearclCenter
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Abstract

In this papemweintroducethe softwaredevelopmenervironmentfor Blue Geneamassvely parallel
systembeing developedat the IBM T. J. WatsonResearchCenter While the hardwareis still in a
developmentphase we are ableto provide a completesystemsoftware stackconsistingof compiler,
kernel,run-timelibraries,andvisualizerthatcanexecutemary userlevel applicationsuchasthe Splash-
2 benchmarlsuite. Theseapplicationsexecutein aninstruction-leel simulatorthatwe have developedo
validateour architectureandtools. We analyzethe dataobtainedrom theserunsandmalke performance
estimateshatinfluencearchitecturabecisions.

Keywords: cellular architectureparallelcomputing,simulation,tracevisualization,performancesvalua-
tion

1 Intr oduction

Blue Geneis a massvely parallel systemof unprecedentedcale. With a projectedpeakperformanceof
1 Petaflop/secon(l0'® double-precisioriloating-pointoperationgper second)Blue Genewill enablesig-
nificantadvancesin computationakcienceandengineering.The scaleandcompleity of Blue Genegive
riseto mary technicalproblemsthat have to be solved beforethe projectcanbe successfulln this paper
we addresghe challenge®f developingcorrect,efficient systemsoftwarefor Blue Gene.

Thehighlevelsof performancén Blue Geneareachievedthroughmassie parallelism.Full exploitation
of themachineby a singleapplicationrequiresdecomposinghatapplicationinto up to 8 million concurrent
thread=of execution.Parallelismon this scalecanonly beimplementedeconomicallyif we adopta cellular
architecture approach.The machineis built throughregular replicationof a basicmodulewhich contains
processindogic, memory andinterconnectiorhardware. On a machineof this scaleit is certainthatsome
of the componentswill be broken at ary given time, with a fairly high (order of days)hard-filure rate.
Despitethesefailures,the machineasa whole mustcontinueto operateeffectively.

In additionto the unusualscale the Blue Genehardwareimplementsa new instructionsetarchitecture
(ISA). Currentlythereis no hardware that canexecutethis instructionset. Yet, we arefacedwith two im-
portantmissions: (i) verifying correctnessnd performanceof the architectureand providing feedbackio
the hardware designersand (ii) developinga completesystemsoftware stack,which mustbe readywhen
initial operationalhardware is built. Examplesof systemsoftware componentghat comprisethis stack
include compilers,residentrun-time kernel, userlevel libraries (math, message-passinghared-memory
input/output),anddeluggingandperformanceanalysistools. Also of greatimportanceare software com-
ponentghathandlgjob schedulingsystemntest,boot,andmanagemengndfile systenmanagemeniThese
componentareexpectedo run on a hostsystemattachedo the Blue Genecore. Finally, it is necessaryo



developor portbenchmarlkapplicationgo Blue Gene bothto investigatehe performanceharacteristicef
themachineandto exploredifferentprogrammingmnodels.

Our approachto developing and assessingoftware componentdor Blue Geneis basedon multiple
levels of simulation. At the highestlevel, the Blue GeneEMulator (BGEM) implementsthe API exported
by the Blue Generesidentkernelon a Linux cluster Thusall layersabove the kernel,including userlevel
libraries(e.g., communicationsshared-memorynput/output)canbe developedandtestedon corventional
machinesusingnatie tools.

At thenext level of detail,the Blue GeneSIMulator(BGSIM) is acompletearchitecture-teel simulator
thatdirectly executeshbinariesproducedby the Blue Genecompiler Although not cycle accurateBGSIM
modelsthe performanceharacteristicef Blue Gene Jeadingto detailedperformanceredictions. TheBlue
Genekernelitself wasdevelopedandtestedwith BGSIM. Most of thetime, a simplerecompilationis all it
takesto move a softwarecomponenfrom BGEM to BGSIM. TheBlue GeneVISualizer(BGVIS) attaches
to BGSIM to provide agraphicalinterfaceto theinnerworkingsof Blue Gene.With BGVIS it is possibleto
obsere the behaior of anapplicationover time, identifying critical performancecharacteristicsBGSIM
andBGVIS arethe maintoolswe have for developing,testing,andtuning Blue Genecode,from libraries
to applications For thatreasonthey aredescribedn greateretailin this paper

The mostdetailedsimulatorfor Blue Geneis a gate-leel simulationobtaineddirectly from the logic
designof Blue Gene. This simulatoris cycle accuratebut, becausef the compleities of gate-leel sim-
ulation, it is restrictedto simulatingonly small Blue Geneconfigurations.The gate-leel simulatoris not
readyyet. We expectto useit to validatethe Blue Genekernelandto investigatehe behaior of somesmall
benchmarks.

Therestof this paperis organizedasfollows. Section2 describeshe Blue Genereferencearchitecture.
Section3 describeghe Blue Genesimulator(BGSIM) thatwe useto validateandassesshe behaior of
Blue Genecode.Sectiond (BGVIS) presentsletailsof the Blue Genevisualizer on whichwe rely to better
understanavhathappensnsideBlue Gene.Sections describeshemaincomponentsf thesystenmsoftware
stackwe have developedsofar. Section6 discussesesultsfrom runningparallelbenchmarkshroughour
systensoftwarestackon BGSIM. Finally, Section7 presentonclusionsandfuturework for this actwity.

2 The Blue GeneReferenceAr chitecture

In this sectionwe describean early prototypeof the Blue Genearchitectureavhich wasusedduring mostof
our systensoftwaredevelopment.Thisis alsothe architecturdor which we discussxperimentakesultsin
Section6.

The main characteristiof the Blue Genedesignis the integration of embeddedRAM and process-
ing logic on the samechip. The proximity of memoryand processorsesultsin a flat memoryhierarchy
which overcomegheVon Neumanrbottleneck(processoperformancemprovesfasterthanthe capacityof
memoryto sene them)obseredin corventionaldesigns.Evenwith the memoryembeddedn the chip,
accessingamemoryblock takesmorethanonecycle. Thesolutionadoptedoy Blue Geneis to usemultiple
threadsn asinglechip sothat,if athreadstallsafteramemoryreferenceptherthreadscanmale progress.

The building block of our cellular architectureis a node. A nodeis implementedn a single silicon
chip andcontainsmemory processinglementsandinterconnectiorelements A nodecanbeviewedasa
single-chipshared-memornultiprocessorin thedesignsimulatedn this paperanodecontainsl6 MB of
sharednmemoryand256 instructionexecutionunits. Eachinstructionexecutionunit is associatedvith one
threadof execution,giving 256 simultaneoughreadsof executionin one node,and executesinstructions
in athreadstrictly in order Every threadunit includesa registerfile (with its own programcounter)anda
fixedpointunit for integerandlogical operationsTheregisterfile containg4 32-bitregisterswhich canbe
pairedto form doubleprecisionregisters.



Eachgroup of 8 threads(a processor) shareone instructioncacheand one floating-pointunit. Such
simplificationsare necessaryo keepinstructionunits simple, resultingin large numbersof themin a die.
The instructioncacheshave two levels, with the L1 I-cacheimplementedn SRAM (8 KB) andtheL2 I-
cachein DRAM. The floating-pointunits (32 in a node)are pipelinedand canperforma multiply andan
addon every cycle. With a 500 MHz clock cycle, this translatesnto 1 Gflop/s of peakperformanceper
floating-pointunit, or 32 Gflop/sof peakperformancegernode.Thethreadunitscompetdor accesso their
sharedfloating point unit. Hardware selectsa winnerif two threadstry to issuefloating pointinstructions
thatusethe samefunctionalunit in the samecycle.

The in-chip memoryis organizedin 32 banksof 4 Megabitsof EDRAM, giving a total of 16MB per
chip. This memoryis globally addressabland sharedby all threads. The D-cachesare 8KB eachand
implementedn SRAM. Thesecachesareon the memoryside (onecacheper pair of DRAM banks)rather
thanonthe processoside. Thus,thereis no cachecoherenceroblem.

Blue Geneprocessorsglo not supportout-of-orderexecution, speculatie executionor registerrenaming.
Instead extensve multithreadingis usedto cover latencies.In a machinelik e this, performancas derved
from its massie parallelismratherthanby improving the speedof one particulartask. Blue Geneusesa
new instructionset. Thisinstructionsetis very simple,it containsapproximatelyl00instructions.ThisISA
canbecharacterizedsathree-operandpad/storeRISCarchitectureln additionit hasinstructionghatare
appropriatdor parallelprocessingsuchastest-and-seandsync.

Multiple nodesareinterconnectedn a regular fashionto form a muchlarger system. Eachnodehas
six channelsof communicationfor direct interconnectiorwith up to six other nodes,forming a three-
dimensionaimesh.(Nodeson thefacesor alongthe edgesof the meshhave fewer connections.We usea
meshtopologybecausef its regularity andbecausét canbebuilt withoutary additionalhardware. With a
32 x 32 x 32 three-dimensionaheshof nodeswe build a systemof 32,768nodes.Sinceeachnodeattains
a peakcomputatiorrateof 32 Gflop/s,the entiresystemdeliversa peakcomputatiorrate of approximately
1 Petaflop/sWe directly connecthe communicatiorchannelf a nodeto the communicatiorchannelsof
its neighbors.Nodescommunicateby streamingdatathroughthesechannels.With 16-bit wide channels
operatingat 500 MHz, acommunicatiorbandwidthof 1 GB/sperchannelon eachdirection,is achieed.

Communicatiorin Blue Geneis by messag@assingwith fixedlengthpacletsof up to 256 bytes. The
network hardwarein the chip providesa fixed numberinput andoutputbuffers. To senda paclet, the com-
putationthreadcopiesthe payloadinto an emptyoutputbuffer andmarksit ready Softwarealsospecifies
theroutefollowedby the paclet throughthe meshuntil it appearsn aninputbuffer of thedestinatiomode.
All theroutingis performedby hardware:threadsn intermediatenodesdo not getinterrupted.Thenetwork
guaranteemessagelelivery but not messagarrival orderevenif two message®llow the sameroute.

Our designfor a nodeis ambitious,but within the realm of currentor nearfuture silicon technology
Combinedlogic-memorymicroelectronicprocessesvill soondeliver chipswith hundredsof millions of
transistors.Several researclgroupshave advancedprocessein-memorydesignghatrely on thattechnol-
ogy. Examplesncludethelllinois FIexRAM [6, 12], Berkeley IRAM [11] andGilgamesH15] projects.

An applicationrunning on this Petaflopmachinemustexploit both inter andintra-nodeparallelism.
First, theapplicationis decomposethto multiple tasksandeachtaskassignedo a particularnode.As dis-
cussedreviously, thetaskscancommunicatenly throughdatastreams Secondgachtaskis decomposed
into multiple threadsgachthreadoperatingon a subsebf the problemassignedo thetask. Thethreadsn
a taskinteractthroughshared-memoryThe resultspresentedn Section6 only addresghe latter form of
parallelism.For resultsontheformerform of parallelismreferto [1].



3 Blue GeneSimulator

The Blue Genesimulator(BGSIM) is anarchitecturallyaccuratesimulator BecauseBlue Geneis a com-
pletely new andcomplex design,we needtoolsto validatenew architecturafeaturesandto testsoftware
beforethe hardvareis available. Onecouldamguethata gate-leel simulatorprovidesa moreaccurateview
of hardwarebehaior. However, therearetwo majordravbacksin usingagate-leel simulatorin earlystages
of thedevelopmentprocessFirst, gate-level simulationneedghe hardwaredesignto be completedbecause
the simulatoris basedon the actualVLSI specification.Often, this leadsto usingthe gate-leel simulator
asa correctnessool, i.e., changesaremadeonly if the simulationfinds functionalerrors,mostly because
architectsarereluctantto introducemajorchangesn the design,a costly procesncea layoutis obtained.
Thesecondlisadantagds thespeedf gate-leel simulation.A typical VHDL simulatorcanexecuteabout
1000machinecyclespersecondandit cansimulateonly smallsystemgfor example,the AWAN simulator
cansimulatesystemaup to four Blue Genenodes).For thesereasonsa relatvely fast(betweer60,000and
120,000machinecyclesperseconddependingn the numberof threadssimulated)architecturakimulator
suchasBGSIM, allows usto runrealapplicationsandmeasureheimpactof differentarchitecturafeatures
ontheseapplications.

Traditionally simulatorshave beencategyorizedinto two classes:trace-driven and execution-driven.
Trace-dwen simulatorsusetracesof instructionsor memoryreferencef applicationsproducedon dif-
ferentmachinedo analyzethe behaior of proposedarchitecturafeatures Althoughthetracescapturethe
behaior of realisticapplicationsjt is hardto accountfor timing differencesdetweerthe simulatedsystem
andthe systemon which the traceswerecollected[7, 4]. Execution-diwven simulators[3, 5, 13, 9, 8, 10]
interleave the executionof the applicationinstructionsand escapesn the simulatorat specificeventsto
modelthe target architecture.Execution-diven simulatorsusually simulatetarget architecturesvith ISAs
very closeto the hostsystem.

BGSIM is aninstruction-driven simulator It interpretsthe instructionsin the Blue Geneinstruction
set, and, althoughit doesnot modelthe microarchitectureof the Blue Geneprocessorsit executeseach
instructioninsidethesimulator We have takenthis approactbecaus¢heBlue GenelSA is anew instruction
setandit is radically differentfrom the x86 instructionseton which the simulatoris running.

3.1 Features

BGSIM executesinstructionsfrom the Blue Geneinstructionset, modelingresourcecontentionbetween
instructions andthus,estimatingthe numberof cycleseachinstructionexecutes.Thesimulatormodelsthe
sharingof resourcestall levelsin thenodes hierarchy Registerfiles aresharedy instructionsjnstruction
cachesandfloating pointunitsaresharedy threadsdatacachesmemoryandcommunicatiorswitchesare
sharedby processorsAlso, busesinsidethe chip areshareddy all processorsn thenode.The simulatoris
parametrizeduchthatdifferentarchitecturafeaturesanbe specifiedvhentheprogramruns. Examplesof
parametershatcanvary are: the numberof threadunitsin a processqrthe amountof memoryin the chip,
thesize,line sizeandassociatiity of thecaches.

BGSIM producesnstructiontraces,instructionhistogramsand resourceutilization statistics,suchas
floating point unit usageand contention,cachehit and missratio, memoryaccesseand contention. The
outputscanbeturnedon andoff from the userprogram,usinginstructionsaddressinginarchitectedpecial
registers(escapemto the simulator). The statisticscanbe collectedat threadunit level or nodelevel (i.e.,
for all thethreadunitsin thenode).Instructiontracescanbevisualizedon-line or analyzeff-line by other
tools,suchasBGVIS presentedn Sectiord.



3.2 Implementation

TheBlue Genesimulatoris anobject-orientediesignijmplementedn C++. BGSIM modelsthehierarchical
natureof the Blue Genechip, having objectsfor mostof the hardwarefeatureqonefeaturethatwe do not
modelis the JTAG/scan-inrmechanisnior the chip, because¢his mechanismis irrelevantfor theapplication
performance).For example,thereare objectsthat implementthe threadunit, the memory the dataand
instructioncachesand communicatiorswitches. All the resourceswvailable to instructionsare modeled
with default parameter$or latenciesandthe simulatoradjustshesdatenciesdiependingn the contention.

Blue Geneinstructionsarealsomodeledasobjects andhave threeparametersexecution time, pipeline
delay and resource delay. The execution time representgshe numberof cyclesfor which the execution
unit is usedexclusiely by the instruction. The pipeline delay representshe numberof cyclesin which
the instructionexecutesin the executionunit’s pipeline, thus being able to sharethe executionunit with
otherinstructions.The resource delay is the numberof cyclesthataninstructionhasto wait for resources
(registers,executionunits, memorybanks,etc.) to becomeavailable. For all instructionsexceptmemory
instructions the executiontime andthe pipeline delayare given by the architecturakpecifications.In the
caseof memoryinstructions,the executiontime is fixed (the time to executein the load-storeunit); the
pipeline delay dependon wherethe addressediatumis locatedin the memoryhierarchy The resource
delayis alsovariable,dependingon resourceavailability.

The simulatormodelsthe instructionexecutionin threephases.First, aninstructionprobesresource
availability in the threadunit, or, dependingon the resourcerequirementsin the processoor in the chip.
Therearethreeoutcomespossible:(i) the resourcesreavailable,thusthe instructioncanstartexecuting;
(ii) theresourcesrenotavailablebut theresourcalelaycanbecomputedlin this casetheinstructionstalls
thethreadfor resourcalelaycycles(thethreadunitsissueinstructionsin programorder andalthoughthey
canexecuteseveral independeninstructionsper cycle, the instructionsare alsoretiredin programorder),
andit startsexecutingafterthatmary cycleshave passed(iii) andfinally, the resourcesrenot available,
andthedelaycannotbe computed For example,atomicinstructionsblock theaccesto amemorylocation
until the operationis completedthusanotherthreadwill keepthe “resource”(the memorylocation)busy
for anunspecifiecamountof time. In this casetheinstructionstallsthethreadunit for onecycle, andit will
probefor resourcesgain.

Thenext phasen theinstructionexecutionis startingthe execution. In this phasethe instructionallo-
catesresourcedor execution. And finally, thereis a completionphase jn which the resultsarecomputed
andstoredin registers(or memory).Also in this phaseheresourcesredeallocated.

BGSIM loadsthe Blue Genekernel(seeSection5), which in turn, loadsandrunsthe applicationpro-
gram.Theapplicationis optionallyaugmenteavith simulatorescapes orderto produceresultsfor selected
regionsof thecode.Otherwiseresultsfor thewholeprogramexecution,includingthebootingof thekernel,
arereported.

Becausef the non-trvial sizeof the Blue Genemachine the simulatoris designedo simulateseveral
Blue Genenodesn oneprocessandseveralinstance®f theBGSIM collaborateusingMPI, eachsimulating
a subsetof the machine. Blue Genenodescommunicatevith eachotherusingcommunicationchannels.
BGSIM simulateghesechannels.Paclketsin the channelareroutedto the appropriatenodeobjects,intra-
procesdf the nodesare simulatedon the sameBGSIM processor using MPI message#f the nodesare
simulatedon differentBGSIM processes.

The platformfor our simulationis a Linux cluster comprisedof 80 dual processoPIll nodesrunning
at600 MHz. On this systemwe have simulatedup to 400 Blue Genenodesrunninga moleculardynamics
application[1]. Thesimulatorrunsata speedof 60 to 120 KHz on the cluster dependingon the number
of threadssimulated. This corresponds$o a 8000-4000slovdowvn comparedo the Blue Genehardware.
However, the maingoal of the currentimplementatioris functionality not performanceWe hopeto report



muchbetterresultsin thefinal versionof the paper

4 Blue GeneVisualizer

The Blue GeneVisualizer(BGVIS) is the “face” of Blue Gene. Traditional detuggersand performance
analyzersvith commandine interfacescannotcopewith thelevel of compleity andthesizeof Blue Gene.
Even graphicaldeluggerswill have a very hardtime displayinginformationon 8 million threadsrunning
simultaneouslyBGVIS is ourattemptto developtoolsthatcanhelpunderstandinthebehaior of massiely
parallelmachinesvhile executingprogramslt hasalreadyshawn its usefulnesgy helpingdecidebetween
32 and 64 bytescachelinesfor the datacache.Secondthe visualizercanhelpidentify bottlenecksn the
application,andhereagain,we have shavn thatjust by looking at theinstructionmix for all the threadsn
thenode(explainedbelow) we canimmediatelypinpointloadimbalancebetweendifferentthreads.

The visualizeris designedo work with the BGSIM to shav andallow assessmerdf how the users
programis running on the machine. BGVIS consumesdracesproducedby the simulator and displays
graphicallyandaudibly the statusof differentcomponent®f the machine. It provideshierarchicalviews
of the machine,customizableto the desiredlevel of detailsneededby the analysis. It shavs different
parametersuchas: instructionmix, dataandinstructioncachemissratio, the stateof cachelinesandthe
contentf theregistersin theregisterfile, theline in thehighlevel sourcecodewhichis currentlyexecuting,
etc. The visualizerdisplaystwo typesof values: cumulatve and instantaneous.Cumulative valuesare
aggrgatedover the courseof execution,for exampleinstructionmixesandcachemissratios. Instantaneous
valuesarecomputedover anadjustablevindow of instructions.Thesevaluesprovide valuablefeedbackon
the dynamicbehaior of the program,sincethe valuespresentedo the userare not averagesover a large
numberof instructiongthathidethetransitoryeffects.

Themainpanelof thegraphicalinterfaceareillustratedin Figurel. We canexplain betterthefunction-
ality of thevisualizerwith ausagescenarioconsidemanapplicationthatusesall 256threadsn onenode,out
of whichtwo threadspn two differentprocessorsareto befollowed moreclosely Thisview is reflectedn
thetop mainwindow of thevisualizer wherethetwo processorarehighlightedon theright panel. Theleft
panelshavs the cumulative instructionmix for all the threadsin the chip. The smallwindows correspond
to the threadsshaving the line in the sourcecodethat correspondgo the currentinstructionexecutedby
eachthread.Thecentralwindow in Figurel displaysmoredetailsontheexecutionin oneof the processors.
Shawn in the figure is mainly the cachebehaior for this processor The stateof the cachelinesin both
instructionanddatacachesds color coded.Also, a time-linewith valuesfor certainparametersthe ratio of
floating point operationdo total instructions cachemissratios,etc.) is displayedon theright.

Anotherinterestingfeatureof BGVIS is its ability to single stepthroughthe traceallowing the user
to focuson a greaterevel of details,without beingafraid of missingimportantinformation. This feature,
togetherwith the linking of the currentinstructionbackto high level sourcecode, makes the visualizer
invaluablefor dehuggingandperformanceuning.

Not shavn in thefigure,but of muchinterestarethesoundeffects. Sincetherearesomary components
in Blue Gene we believe that,to provide atotal view, we must“immerse”theuserin thetool, thuswe must
actuponall the sensesWe have startedwith soundsandfor example,we have usedthefrequeng of dirty
line cast-outsasanaudibleindicatorof memorybustraffic. The JarasoundandMIDI classeprovide mary
waysto provide audiblefeedbackhatis effective, pleasanandmaybeeven musicallyinteresting.

Written in Java using the JDK1.3 swing and soundclassesand the Sitraka JClasschart classesthe
visualizeris fastenoughto acceptoutputdirectly from the simulator a usefulfeaturethatallows the option
of not saving tracefiles to disk. We will provide directintegrationof thesetoolsin thefuture. Thehierarchy
of objectsin the programreflectsthat of the hardware,to accommodateesignupdates The graphscanbe
editedinteractvely andsaved in seseral formats. A client/serer modeis provided whosecommunication
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protocolis sufiiciently spartanto allow full functionality evenwith only a 28.8K modemconnection.We
are continuingto work with the visualizerand sonifierto add expandeddehugging capabilitiesand novel
modesappropriatg¢o the massve parallelismof Blue Gene.



5 SystemSoftware Stack for Blue Gene

The Blue Genesystemsoftware stack consistsof a compiler kernel and runtime libraries. Thesetools
provide a programmingandoperatingenvironmentwithin the constraintdictatedby the Blue Genehard-
ware. With the additionof the Blue Genesimulator(Section3) andvisualizer(Sectiond) our ervironment
permitsthe developmentof applicationsfor Blue Gene. We usethe resultsobtainedfrom simulationsto
validatethe architectureto measurdhe scalabilityof applicationson Blue Geneandto evaluatetheimpact
of architecturathanges.

Our ervironmentexports a familiar (POSIX) interface without the compleity of a full Unix system
residingon eachnode. In Blue Gene,only the mostcritical systemtasksarehandledby the computational
core. The remainingsupportroutinesexecuteon an attachedhost, a corventional cluster As a result,
the residentportion of the systemsoftware stackis small (30 KB of memoryand3,000lines of C code)
andsimplewhencomparedwith currentoperatingsystemsandit is well adaptedo the limited resources
availablein eachnode. Its simplicity providesthe high reliability necessaryo effectively manageseveral
thousandodes .t alsodelivershigh performanceinceit doesnotrequiretraversingmary layersof software
to accesshehardware.

Thekernel,libraries,andapplicationsarecurrentlybeinggeneratedvith a cross-compilebasednthe
GNU toolkit, re-tagetedfor the Blue Geneinstructionsetarchitecture. This cross-compileisupportsC,
C++ (includingthe StandardrlemplateLibrary), andFORTRAN 77.

Theresidentuntime(or kernel) supportssingleuser singleprogramapplicationswithin eachBlue Gene
partition. Its purposeis two-fold: first, to protectmachineresourcegthreads,memory communication
channelsfrom accidentakorruptionby a misbehaing applicationprogram,sothatresourcesanbe used
reliably for error detection,delugging, and performancemonitoring; and second,to isolate application
librariesfrom detailsof the underlyingBlue Genehardware and hostcommunicationgrotocols,so asto
minimizetheimpactof evolutionarychangesn thoseareas.

Thekernelexecuteswith supervisomprivileges.Context switchingbetweeruserandsupervisomodeis
inexpensve, requiringafew cycles. Thekernelprovidesathin interfaceto thehardwarefor communication,
synchronizationtimers, and interrupts. Datais exchangedwith other nodesvia messageassing. File
systeminput/outputand programloadingis accomplishediia messag@assingto externally attachechost
computerswhich appeamsvirtual nodeson the externalfacesof the Blue Genecube.

The kernel exposesa single-addresspacesharedby all threads. Due to the small addressspaceand
large numberof hardware threadsavailable, no resourcevirtualizationis performedin software: virtual
addressesap directly to physicaladdresse$no paging)and software threadsmap directly to hardware
threads.The kerneldoesnot supportpreemptionexceptin deluggingmode),schedulingor prioritization.
Every software threadis preallocatedwvith a fixed size stack(currently 2KB per thread),resultingin fast
threadcreationandreuse.

We supporinter-nodecommunicatiorusinganactve messagenechanisnfior deliveringpacletsclosely
matchingBlue Genehardware. The systemsupportsa variablenumberof computatiorandcommunication
threads At systemlevel messagearecreatedoy providing the payload the routethatthe messagéollows
to its destinationandtheaddres®f afunctionto be executedoy a communicatiorthreadon the destination
nodeuponmessagearrival. Communicatiorthreadscontinuouslypoll input buffers until aninput buffer is
markedfull. A communicatiorthreadprocessetheincomingpaclet by invoking the function specifiedin
themessagesupplyingthe payloadasanamgument.

As a convenienceto programmergorting codefrom other machineswe provide a C library (libc)
with familiar Unix-style functionsfor file access:fopen,fread, fwrite, fprintf, etc. Theseoperationsare
implementedwith function shipping: the actualfile accesss performedon the host; Blue Genenodes
route userrequestdo the hostusing the Blue Genecommunicatiorfabric. We also provide a subsetof



the pthreadsAPI for threadmanagemenand synchronization. Higher performancecan be obtainedby
usingapplicationlibrariesthatexploit specificfeatureof the Blue Genehardware,suchasintra-chipthread
barriersandinterrupts. To simplify the developmentof parallel applicationswe implementeda message
passindibrary with functionsfor mary commonparallelprogrammingdioms (broadcasts,eductionsgtc)
which aretailoredto the needsof fine graincommunications.

6 Parallel Benchmarksto Validate the Software Stack

To verify and measurehe behaior of our entire systemsoftware infrastructure we selectedhe Splash-
2 benchmarksuite [14]. This suiteis a collection of applicationsusedto study the characteristicsand
performanceof sharedmemory multiprocessors.Theseapplicationscover a wide rangeof areaswhich
allows us to compareand analyzevariationsof our basichardware designusing a representate set of
codes.

In this sectionwe describedataproduceddy our simulations.lt is essentiato emphasiz¢hatthesecodes
arenot optimizedfor Blue Gene.For this reasontheresultsshouldnot be taken asan absolutemeasuref
the capabilitiesof our hardware. On the otherhand,they demonstrateur ability to run realapplicationson
the software stackandallow usto evaluatearchitecturatharacteristicsAlthougha singleBlue Genechip
hasa peakperformancecomparabldo high performanceseners available just a few yearsago,the Blue
Genearchitecturéhasmary significantdifferencedrom traditionalarchitecturessuchaslimited memory
sharedfunctional units and uncomwventional caches. Thesesamplecodesdo not take advantageof these
features.

The setof applicationghat are part of Splash-2aresummarizedn Tablel. They consistof 4 simple
kernels(FFT, blocked LU decompositionwith andwithout contiguoushlocks,Cholesly decompositiorand
radix sort)and8 morecomplex applicationswvhich rangebetweerl,000and12,500linesof C code.These
codessupportsynchronizatiometweermultiple threadsusingbarriersandprotectacces$o shareddatawith
locks. To simplify the portability of the suitebetweerdifferentarchitectureshe synchronizatiorprimitives
arecodedusingPARMACS[2] macros.

After definingthe macrosfor Blue Gene,the modificationsrequiredto port the codeswere minimal.
Difficultiesappeareth justtwo codes:.onethatinvokesafunctionrecursvely in theset-upphase-cholesly;
anothetthetallocatedarge vectorsfrom the stack— raytrace Both thesecodesoverrunour smallstacksand
werechangedWhenpossible we usedthedefaultinputsfor eachbenchmarkin sereralsituationspecause
of memorylimitations, we hadto useareducedproblemsize. Theinput parameterare presentedn Table
1, third column.

Figure 2 shaws the speedupselative to single threadexecutionfor mostof the Splash-2codes. For
simplicity, mary benchmarksxecuteon a numberof processorghatis a power of two. In Blue Gene,
it is necessaryo resere at leastone threadto handlecommunication. Thus, the maximumnumberof
computatiorthreadswe usedto run Splash-2wvithout majorrewriting is 128.

Thekernelcurrentlysupportsasimplethreadallocationpolicy: softwarethreadsaremappedo hardware
threadssequentially As a result,the sharingof resourcegfloating point units and caches)s not optimal.
For example,whenexecutingthesetestswith 64 threads,only 8 FPUsout of the 32 FPUsin a hodeare
actually used. Finding and expressingoptimal policiesfor threadallocationis one of our areasof future
research.

Theresourcesvailableto the 256 threadsin a Blue Genenodeare not scaledby the samenumberof
threadsj.e., threadsshareresourceshatin a moretraditionalarchitecturesrenot shared Evenwith these
constraintsye obtainedspeedupsimilarto theonesreportedn [14] for anumberof benchmarksEFT, LU,
waternsquaredwaterspatialandraytrace Otherbenchmarksgholesk, barnesandoceanshav speedups
within afactorof two comparedo [14].



Tablel: Descriptionof the Splash-Xernelsandapplicationsandinput parameterselected.

Problem Description Input
cholesly tk14.0
fft IDFFT forwardandreverseFFT of 64K complex
numbers
lu blocked LU decomposition 256 by 256 matrix of doubles
radix radix sort 256K keys thatcantake 512K valuesanda
radix of 1024
barnes Barnes-Hutierarchical 2048bodies 3 time steps
n-bodysimulation
fmm FastMultipole 2048bodies,uniformdistribution, 5 time
steps
ocean simulationof oceanmaovementswith | 130by 130grid size
Gauss-Seidehultigrid solver
radiosity iterative hierarchicaimethod testproblem
raytrace 3D scenaenderingwith hierarchical| teapot
grid
volrend renderavolumewith raycasting head-scaledden?2
waternsquared moleculardynamicsof awaterbox | 512watermolecules3 time steps6.21A
(O(n?) algorithm) cutof radius
waterspatial moleculardynamicsof awaterbox | 512watermolecules3time steps6.21A
usinga spatialdecomposition cutof radius
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Figure2: Parallelspeedupsf Splash-Xernelsandapplications.

BGSIM reportsthe numberand type of instructionsper threadand per node. An exampleof these
outputsis illustratedin Figure 3 for the barnesand waternsquaredoenchmarks.The instructionsin the
ISA aregroupedinto eight catgyories: loadsand stores,integer andfloating point operationsjogical op-
erations branchesatomic operationgtest-and-setand systeminstructions(kerneltrapsandotherspecial
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instructions). Theseinstructionhistogramsare usedanalyzethe scalingof the application. For example,

the histogramfor barnedor 64 and128 threadsshaws a significantincreasan the numberof memoryand

branchinstructionsfor a similar amountof floating point operationsOnthe otherhand thewaternsquared
histogramshawvs betterscalability— aboutthe sametotal numberof instructionsis executedfor all thread
configurations.

WATER-NSQUARED BARNES

700 T T T T 500 T T T

[ system [ System

Hl Floats Il Floats

[ Atomic 4507 ] Atomic 1
6001 Il Logical Bl Logical

[ Integer 400+ [ Integer B

Il Branches Il Branches

[] Stores [] Stores
50 350(| mm Loads 1

Instructions executed (millions)
Instructions executed (millions)
N
«a
o

100
100

1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128
Number of threads Number of threads

Figure3: Instructionhistogramdor the waternsquaredleft) andbarnegright) benchmarks.

During execution,threadunitscanbein anumberof statesrunning,stalledwaiting for resourcegeither
FPUsor datafrom memory),executingbranchinstructionsor fetchinginstructions. The total numberof
cyclesspentby all computatiorthreadsn eachof thesestatedor thefft andradix benchmarkss presented
in Figure4.
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Figure4. Breakdavn of threadruntimefor thefft (left) andradix (right) benchmarks.

The cachesimulationresultssummarizedn Figure5 areobtainedfrom BGVIS. The figure shavs the
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cachemissratio versuscachesizeandassociatiity for 32 and64 bytescacheline for the FFT benchmark.
In thisbenchmarkheextrahardwareneededor 8-way associatiity in thedatacachepaidfor itselfin terms

of improved cachemissratio, andrevealedthata longercacheline (64 bytesvs. 32 bytes)is alsoa better
choice.

Cache miss rate x cache size and associativity (32 bytes/line) Cache miss rate x cache size and associativity (64 bytes/line)
90 T T T T 90 T T T T
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Figure 5: Simulateddatacachemissratiosvs. cacheparameterdor FFT forward only, 64K comple
numbers
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Figure6: Effect of multiple threadssharingdatacachefor the FFT benchmark.

Figure6 compareshemissratioswhenonly asinglethreadis usingthe datacachevs. thecasen figure
5, where8 threadsaresharingthe datacache.The single-threadesultsare consistentvith earlierSplash-2
simulationresultspublishedfor the StanfordDASH — for example,the missratio for an8KB cachefor the
FFT problemis about5% in both casesThis missratio risesto 20%when8 threadssharethe cachealess
thanlinear increasewith the numberof threads. However, it shouldalso be notedthat onethreadwith a
1KB cacheresultsin only a 10% missratio, half the valueobtainedwhen8 threadssharean8KB cache.
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7 Conclusions

Blue Geneis a massiely parallel systemwith an entirely new instructionsetarchitectureand systemor-
ganization. The goalsof the systemsoftware team, at this stageof the project, areto verify correctness
andperformancef thearchitectureandto developa completesoftware stackfor runningapplications For
thosepurposeswe developeda completeinstruction-leel simulator(BGSIM) for the Blue Genearchi-
tecture. The simulatoris resource-andtiming-avare, and can computeperformancearametergrom the
executionof benchmarksTo betterunderstandhe inner workingsof the Blue Genearchitectureandthe
behaior of Blue Genecode,we developeda visualizer(BGVIS) that presentsimulationresultsin a more
human-readablform.

With BGSIM we wereableto develop a completesystemsoftware stack,comprisingcompilers,arun-
time kernel, userlevel libraries, and dehugging tools. This software stack, togetherwith the simulator
andvisualizer were usedto run the Splash-2benchmarksuite. Using thesebenchmarkswe conducted
a validation and performancestudy of the architecture. Our performanceevaluation capabilitiesinclude
speedumumbersanalysisof instructionmix with differentnumberf threadsanalysisof processinginits
behaior, andparameterizedachebehaior studies.Thesestudiesareimportantto definesomehardware
parametersuchascacheline sizeandassociatiity.

The next stepis to extendour simulationandsoftware capabilitiesto systemlevel. We needto be able
to simulatea completemeshof nodes,andto executemulti-nodeapplicationsthat communicatehrough
messaged-romasystemnsoftwareperspectie, thisrequirescommunicatiodibrariesandparalleldetugging
tools. The visualizeralso needsto be extendedto the systemlevel. We also needto simulateall the
supportinfrastructurgor Blue Gene,includingfile systemtestingandbooting,job schedulingandsystem
managementAll theseservicesarepartof systemsoftwarethatwill executeon a hostcomputer Although
we usecommerciallyavailable computersas hosts,the interactionwith the Blue Genecore (the meshof
nodesheeddo be properlysimulatedto supportdevelopmentof the softwarecomponents.

While we weredevelopingthe compiler kernelandsimulatorthe hardwaredesigncontinuedo evolve,
in partasaresponsdrom our early performancevaluationsandin partasa resultof manufcturingcon-
straints.However, the basicprinciplesof the projectremainedconstant.Someof the latestchangesre: (i)
fewer threadsper nodewhile maintainingthe total numberof FPUs; (i) lessmemoryper node,with the
ability to acces®ff-chip memory;(iii) new cachearchitecture{iv) new instructions;and(v) anadditional
communicatiormode.We arein the procesf updatingour simulator visualizer andsoftwarestackto the
new design,andwe will soonhave nev andupdatedperformanceesults.
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