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1 Introduction

ProteinFolding is consideredneof today’s mostsignificant“grand challenge”problems
and, togetherwith othercomputationatchemistryproblems,hasbeenone of the driving
forcesfor the developmentof bigger, better fastersupercomputers.IBM is currently
proposingto build the “Blue Gene”[5], a petaflopcomputerto tacklethe proteinfolding
problem,while Silicon Graphicshasbeencontinuallyworking to producemore powerful,
multiprocessosystemdor researchersvorking in this area[8]. Proteinfolding hassig-
nificancein numerousareasof healthcareincluding betterunderstandin@f diseasesind
the developmentof drugsto combatthem. However, the size,compleity, andtime scale
of the three-dimensionastructuresn proteinfolding make simulationextremelymemory
and computationallyintensve. Therefore larger more powerful machinesare necessary
to enablethe larger, moreaccuratesimulationsneededo furtherunderstandhis complex
process.

This paperaddressethe mappingof proteinfolding to a million-processolrrayfor
petaflopperformance A new scalabilitymodelis definedwhich incorporateghe charac-
teristicsof highly-distributedmultithreadedarchitectures.The modelis usedto compare
the scalability of variousalgorithmsand decompositionsand facilitatesthe prototyping
of a million nodeProcessing-In-Memorgrrayto achieve petaflopperformanceduring a
moleculardynamicssimulationtypical of proteinfolding. In addition,simulationsareused
to validatethe modeland parallelimplementationsare demonstrated Although parallel
implementation®f MD simulationsexist, nonehave beenattemptecat the scalethatwe
are proposingand more accuratealgorithmic complexity modelsare neededo assistin
suchattempts.
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2 The Core of Protein Folding

Proteinfolding is usedto describeheinteractionsaandmotionsof proteinsdueto theforces
aroundthem. Proteinfolding is estimatedto take 10’s of microsecondsnd, dueto its
compleity, cannotbe fully simulatedwith the currentcomputingtechnology Molecular
dynamicssolves the classicalequationsof motion for a systemof N atomsinteracting
accordingto a potentialenepy force field and, as such,can provide a good estimateof
proteinfolding.

In a moleculardynamicssimulationthere are two main componentof eachtime
step,calculatingforcesandupdatingthe positionsandvelocitiesof atoms.Theforce com-
putationsmake up the majority of the simulationtime and canbe divided into two types,
bondedandnon-bondedvith the non-bondedorce computationsnakingup 80 to 95 per
centof thecomputatiorandinvolving mary pairwiseinteraction®ftenoverlongdistances.
However, becausehe effectsof theseforcesover very long distancesareminimal a cutoff
is often usedto computeonly the force contributionsfrom thoseatomswithin the cutoff
radius,reducingthe numberof force computationseeded.

Also, for accuratesolutionsthe time stepmustbe very small, on the orderof fem-
toseconds.This small time stepposesa seriouslimitation to the total time of simulation
becausevenananosecondimulationwouldinvolve amillion time stepsthereforeamil-
lion calculationsfor enegy, positionandvelocity. Thisis a problemnot only becausef
the time it would take to executethesecomputationsbut becauseof the degradationof
accurag during suchlong simulationruns. Finally, moleculardynamicssimulationsmay
containa large numberof atomsmakingit difficult to simulateon a traditionalmemory
machine.

Ourwork focuseon mappingthe corecomputation®f moleculardynamicssimula-
tion to a PIM arrayutilizing the mobilethreadmodel. Theissuesnvolvedin decomposing
the computationsaswell asthe structureof the PIM array and executionmodelwill be
explainedin moredetailin thefollowing sections.

3 PIM Array Configuration

The systemto which we are mappingthe MD simulationis an array of Processing-In-
Memory (PIM) chips.In classicsystemsprocessindogic andmemorylogic areplacedon
separatehips.However, new fabricationprocessebave allowedbothprocessoandmem-
ory to beplacedonthesamechip, creatingPIMs. OnagivenPIM chipyoumayhave more
than one processor/memorpair termeda node. Eachof thesenodescan communicate
with othernodeson chip very quickly while they mustcommunicatevith nodeson other
chipsvia thecommunicatiometwork. As such,PIMs provide the basicbuilding blocksfor
mary differenttypesof systems.

A PIM systemcould comein severalforms (seeFigurel): it couldbe anarraycon-
sistingentirely of PIM nodes;relatively smallarraywhich constitutedpart of the memory
hierarchyof a corventionalprocessoror one or more levels of a complex parallel ma-
chines memoryhierarchy Giventhe diverging assumptionseededy ary of the choices
above,thiswork will concentraten inte-PIM memoryaddressingndcommunication.

Sincethepurposeof PIM is to utilize theon-chipbandwidthof alocalmemorymacro
(henceeliminatingthevon Neumanrbottleneck) emphasiwill beplacedon theability to
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Figure 1. Types of PIM Systems

effectively uselocal memory Sincea full row of memory(approximately2 K-bits) must
be readduring eachmemoryaccessandthis full row canbereusedat low cost,effective
re-useof thedatain theserowsis alsoimportant. Thus,the questionof dataplacementill
consistof several parts: placementwithin the array; placementwithin a givennode;and
placementvithin an“openrow” andpotentiallyevena “wide word” (256 bits).

The PIM communicatiormechanisms assumedo be a parcel. Parcels, asdefined
in [3] have the capability both of simple message-basetbmmunication,and of thread
initiation (similar to active message$12]). Sincethe systemis multithreaded special
attentionwill be madein regardto codeaccessandloading,aswell asthe potentialfor
coveringmemoryaccesdateng with threads.It shouldbe notedthatbecausgarcelscan
containthe stateof arunningthread they arenot merelya light-weightremoteprocedure
call.

Thefabricationprocesseingconsidereds IBM’ s Blue Logic SA-27E[4]. Assum-
ing we canfabricate.13 . PIM chipsin this technologywe candeterminemary of the
configurationand performancecharacteristic®f the PIM chipsin our array Thesebasic
configurationand performancenumbersare: 250,000chips, 4 nodesper chip, 8 MB of
memoryper node,13 ns memoryrandomaccesgime, 6 ns memoryaccesgime in page
mode,and a simple 32-bit RISC processorunningat 1 GHz. Giventhesenumberswe
have 250, 000 * 4 = 1 million processorsunningat1 GHz which givesusthepotentialfor
petaflopperformance.

We mustalsoconsiderthe interconnectiometwork. The configurationthatprovides
the bestperformanceas one of the parametersve needto determine. A hypercubewith
anassumed! Gb/sis onethatwe are consideringpasedon work by Dally andHorowitz
at Stanford[9]. The DataVortex [2], a high bandwidthoptical network with a parallel
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cylindrical topology, is anothempossibilityasit boast640Gb/soneachport. As wefurther
develop our modeland simulationswe will be betterableto analyzethe interconnection
configuration.

4 The Execution Model

Previouswork [6] indicatesthata given PIM nodecansustainsignificantcomputatiorby
accessin@nly the contentf its working set,whichis definedasthequantunof dataupon
whichagiventhreadoperate®verafinite periodof time. Thisis primarily how all parallel
machinedunction. Executionproceed®ver the working setuntil the working setmustbe
updatedor altered. Whenthat happensgxecutionstops(at leastfor the threadwhich is
attemptingto accesglataoutsideworking set) until the setcanbe updated.The expense
of updatingthe working setis definedby eacharchitecture.On moretraditional parallel
machinesthat costis driven by the speedof the interconnectiometwork and cohereng
hardware.Multithreadingameliorateshis costby allowing anothethreadto executein the
placeof theblockedthread.However, onaverylargePIM systenthesheesscalemaymake
it very difficult for the programto provide enoughthread<o keepthe machineoccupied.

The proposedmethodof updatingthe working setfor the purposef this paperis
the mobile thread, or rolling snowball. Ratherthanbringing the neededdatato a thread
whichrequestst, the threads executionis broughtto the data. PIMs aredesignedo take
adwantageof localmemoryaccessesThereforetheidealsituationis for athreadto execute
for averylong periodof time on onenodethenmoveto the next. Thecostof local memory
accessess toleratedby having enoughthreadsexecutingon a given node. The costof a
remote memoryaccesss amortizedby the presumptiorthat a thread,oncemoved, will
executeon the nodeto which it movesfor a significantperiod of time. The dataplace-
mentandstructureof the programmustmatchtheseassumptionsothathigh performance
(measuredh termsof thesystemsthroughputcanbeachiesed. Dataplacementaswell as
capturingthe smallamountof datawhich mustbe movedwith athread,is critical to avoid
thrashing. Additionally, “hot-spots”mustalso be carefully avoided. How this execution
modelis utilized to mapa moleculardynamicssimulationto a PIM arraywill bediscussed
in moredetaillaterin the simulationdescription.

5 Computational Model

A computationamodelof algorithmicscalabilityis beingdevelopedto allow usto deter
mine computationallythe variousscalability and systemparametersieededo achieve a
petaflop.This modeltakesinto accounthe multithreadedexecution,communicatiorcosts,
and other characteristicof the moleculardynamicssimulationand PIM arrays. Com-
putationalmodelsand simulationare usedfrequentlyin the developmentandanalysisof
architecturebothto determinedesignparameterandto analyzeperformanceThesemod-
elsfrequentlyprovide numberswhich fairly accuratelyreflectactualexecutiondataasil-
lustratedby Agarwal in [1] wherehe proposedand validatedan analytical performance
modelfor multithreadedprocessorshatincludedcacheinterferencenetwork contention,
andcontext-switchingoverheadeffects.

In orderto analyzethe moleculardynamicssimulationon a PIM arraywe mustcon-
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siderthemappingof thesimulationfunctionsto individual threadsandtheir resultingcom-
putationandcommunicatiorbehaior aswell asthe mappingof the datato PIMs. At the
threadevel thisrequiresconsideringsuchissuesastheaveragenumberof integerandfloat-
ing pointinstructionsbetweenoadsandthe numberof loadsfrom local versusnon-local
memory while at the systemlevel we mustconsiderthe numberof threadsper processor
andthe numberandsizeof threadghatmove betweerprocessors.

We have aninitial modelthataddressetheissueof thenumberof threadsneedeger
processingnodeto maskthe memoryaccessatencies.This modelfocuseson anumberof
differentvariablesincluding:

N1 = Numberof instructions

Nops = Numberof operationdetweermemoryaccesses
N¢ = Numberof remotememoryaccessegcommunications)
Npry = Numberof local memoryaccesses

Themodelcanthenusethis informationcombinedwith latenciego predictthe numberof
threadsneededor optimumthroughput.

In order to develop this computationalmodel we focus on the instructions,most
specificallythe memoryreferencanstructions foundin a given programandtheir break-
down. Every instructioncan either be a memoryreferenceor a non-memoryreference
(operation)andthe associategbrobability of eachtype canbe statisticallydeterminedor
a specificpiece of code. Memory referenceinstructionscan againbe divided into two
catgyoriesdependingon whetherthey arelocal or non-localreferencesFinally, local ref-
erencesanbe differentiateddependingon whethertheitem referenceds alreadyheldin
the memorymacros row buffer or whetherit hasto berandomlyaccessedndpulledinto
the row buffer. Eachof thesedifferenttypesof memoryaccessesasa differentaccess
latengy aswell asa differentprobability of for a specificcode/dataset.

We definethreedifferenttypesof memoryaccesdateny equations:a “normal ac-
cess”(row hit), alocalrandommemoryaccessandaremotememoryaccessin a“normal
access'thedatais foundin thelocal memorymacros row buffer andthe equationis

PMR * PLocal * PRow * LRow

where Py g representshe probability of amemoryreference Procq; representshe prob-
ability thatthe referenceis local, Pr,,, representshe probability the datais in the row
buffer, and L g, representshelateng of anaccesgo therow buffer which we assumeo
be approximatelyoneclock cycle. In alocal randommemoryaccesghe datais not found
in therow andtheassociate@quationis

PMR * PLocal * (]- - PRow) * LPIM

whereLpry representshe lateng for arandommemoryaccessFinally, aremotemem-
ory accesss representetly

PMR * (1 - PLocal) * LRemote

whereLgemote iS thelateng for accesdo datain aremotememory Currently L gepmote iS
asinglevaluebut, in actuality it depend®n thelocationof theremotevalueandthe char
acteristicof the communicatiorsystem.As we revise the modelto increasahe accurag



thiswill betakeninto accountand Lge.,0:e Will likely becomea functionreflectingthese
parameters.

Giventhesdateng equationsve candefineour modelfor determininghenumberof
threadseededo maskmemoryaccessateng. Ideally we wantto masktheremoteaccess
lateng asthatwould bethelongest.In orderto computethe numberof threadsneededo
dothis we computethe lateng of aremoteaccesslividedby thenumberof operationger
thread.Thusthe numberof threadss:

LRemote
Nops

However, in more practicaltermswe wantto be ableto maskthe average memoryaccess
latengy whereL ), representshe averagetime for anarithmeticoperation.In this casethe
numberof threadds representedy:

PLLf(PLOCalPRowLROW + PLocal(]- - PRow)LPIM + (]- - PLocal)LRemote)

This initial modelallows usto determinethe numberof threadsnecessaryo mask
the averagememorylateng for a given pieceof code. The useof simulationswill both
provide someof the parametergor the modelaswell asprovide ameansf comparisorto
determinghe accurag of model.

Giventhis simplemodelwe have begunto extendit to allow comparisorof different
implementationsWe assumeéhefollowing characteristics:

e L = Lateng for a parcelcommunicatior(remoteaccess)
o Ly,s = Lateng for anarithmeticoperation
e Lpry = Lateng for alocalmemoryreference

So,our equationfor total executiontime perthreadis
Nc(LopsNops + LermNprv + Le)

For eachof thesevalues averagesanbeassumeduchastheaverageremoteaccess
latengy thatwe assumedor our initial modelor statisticscanbe gatheredo further break
down the characterizatiosuchaswasdonefor memoryaccesses.

LpiyNpryr = Np* Pyg * Procat ¥ (1 — Prow) * Lprm

A similar breakdavn for the arithmetic operationswould require that we considerdif-
ferencedn instructionlatencies. For simplicity in our initial modelwe assumehat one
instructionis equivalentto oneclock cycle while in actualitytherearedifferencedetween
variousintegerandfloating point operations Most significantly dividestake muchlonger
thanotheroperationsBy finding the percentagef dividesin a givencodeandthe associ-
atedlatenciesandincorporatingthesefactorsinto the modelwe canincreasahe accurag
of theexecutiontime.

LopsNops = N1 x (Pprv * Lpry + (1 — Pprv) * LinsT)
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Finally, we canextendthe communicatiorto includeparcelpackingandunpackingover
head,Lpo, parcelsize,Sp, andinterconnectiobandwidth,BW , yielding:

Lo =Lpo + Sp/BW

Togethelithesegive usamuchmoreaccurateepresentatiofor the executiontime of
athread.However, the modelstill doesnotaccuratelyrepresentheinteractionof multiple
threadsboth within a processorand within the interconnectiometwork. Currently our
simulationsfocusontheactiitieswithin asinglethreadout furthersimulationswill address
theissuesof the movementandinteractionof threadsamongnodesin the systemandwill
helpto provide this additionaldata. The final model,in conjunctionwith simulation,will
be usednot only to predictthe numberof threads,but also other systemconfiguration
parameterso allow usto reachpetaflopexecution. The detailsof the varioussimulations
andtheirrolesis discussedn thenext section.

6 Code Decomposition

Thesimulationcodeusedfor ourinitial numberdgs SAMD2, aserialobject-orienteanolec-
ulardynamicssimulationusingBlitz++ [13]. Forcecomputations the mostperformance-
intensive partof thesimulation sothis partof the programhasbeenoptimized.To compute
thenon-cutof non-bondedorces,blocksof atompairsareevaluatedandeachdistinctpair
is passedo the one-atom-paievaluator For cutoff non-bondedorces,cell list pairsare
pre-testedandif they pass,they areloopedthroughand evaluatedby the samedo-one-
atom-pairevaluatorasbefore. On eachpair, if the switchingfunctionis enableda rough
testis performedo determindf this pairis completelyout of range.If it is not, the switch-
ing functionandnon-bondedorce functionareevaluated.The productrule for derivatives
is usedto computethe forces,which are then multiplied by the differencebetweenthe
atoms,andthisis addednto theatomforces.To computebondedorces,alist of theatoms
andtypeof eachbondedorceis kept. To evaluatetheforces thislist is loopedthroughone
forceatatime,andabondedorceclasss calledoneachone. Thebondedandnon-bonded
forcesarefrom a CHARMM forcefield from theNAMD Programming Guide, Versionl.5.

Becausef the size,compleity, andtime scaleof moleculardynamicssimulations,
parallelimplementationgsreoftennecessaryTherearea numberof approaches decom-
posingan MD simulationto enableit to be implementedn parallelacrossa numberof
processorsTheseapproache$ocuson both the distribution of the atomsandassociated
stateaswell asthe distribution of the force computation.Forcedecompositior{FD) is an
approactwheretheN x N forcematrixis partitionedinto P blocksandeachblock assigned
to adifferentprocessarEachblock requires2  (N/+/P) atomsto computetheforceand,
assuch,may requireup to O(N/+/P) non-bondeccommunications Spatialdecomposi-
tion (SD) is anapproachwherethe systemis partitionedinto boxes(cells) of asizeallittle
largerthanthe cutoff distance.Theseboxesarethendistributedacrossthe processorsn
the systemandthe computatiorof theforcesfor eachatomin thebox is computedIn this
way all thecommunicationgor cutoff computationsarewith neighboringboxes,possibly
onthe sameprocessar

The type of decompositiorthatis mostefficient dependdargely on the configura-
tion and executionmodel of the systemon which the simulationis beingrun. For our
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Figure 2. Execution Flow of a Thread

simulations the serialcodefor the non-bondedorce computationwas broken down into
individual threadsto be mappedonto the multithreadedSHADE simulator A spatialde-
compositionwas usedwherebyeachcell-list was placedon a differentprocessar Each
atomwastheninstantiatedasa separat¢hreadandthatthreadcomputedheforce compu-
tationsfor the atomassociatedvith it. In this way, eachthreaditeratedthroughthe atoms
in the cell-list computingthe accumulatedorce on its atom andthenmoving to another
processos cell list. Theinstructionsin eachindividual threadweretrackedto determine
datasuchasthenumberof integerandfloatingpointinstructiondbetweermemoryaccesses
andthe numberof localandremotememoryaccessesl hedetailsof the simulationwill be
discussedh the next section.

In additionto the SHADE simulation,a hybrid simulationwasdevelopedthatconsid-
ersasystenof chipsandthecommunicatiorandmovemenif threadsamongchips. In this
waywewill beableto gatherdataon communicatiorpatternsandlatenciedo facilitatethe
evaluationof variousconfigurationparameters.The sequentiacodeand SHADE results
wereusedto developthe executionflow shown in Figure?2 for mappingthe moleculardy-
namicssimulationto the hybrid PIM systembasedn the spatialdecompositiorescribed.
The flow representshe executionfor onethreadduring oneiterationof a moleculardy-
namicssimulation.Thebulk of theexecutiontakesplaceduringthe computatiorof forces.
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This threadrepresent®ne atom computingthe sum of its forceswith every otheratom
within its cutoff range.For eachinstructionissuedit is eithercomputingthe forcesor it is

accessingnemorywith the memoryaccesgime determinedy the type of accessasdis-

cussedreviously. If it doesa non-localmemoryaccesshis impliesthatthereferenceéhas
moved outsideof its currentcell andoff-chip. This producesa parcelcommunicatior(la-

beledl) which carriesthethreadto anew chip (andnew cell) within whichit will continue
with its memoryaccessandforce computations.(Note that the dottedlinesin the figure
represenparcelmovementto a new chip.) Ultimately, whenthe threadhascompletedts

force computationst mustupdateits local positionandvelocity which may or maynot be
onits currentchip. Then,basedn thatnew position,it mayor maynotresidein thesame
cellaspreviouslyandmustupdatethe cell-list of the cell within whichit now residesdefore
repeatinghe procesgor the next iteration. It is alsoimportantto notethatall atomsin a
cellmusthave updatedheirlocal stateandthe associatedell-listsbeforethe next iteration
canbegin.

This decompositiorallows mary threadsto be running simultaneouslytaking ad-
vantageof the multithreadingavailablein the PIM system,andallows the threadto move
its computationto take advantageof the locality provided. Additional discussiornof the
simulationsandassociatedesultsfollows.

7 Simulation

Two phase®f simulationareusedin ourwork. First,aSHADE basedsimulationwasused
to analyzehefunctionsthatimplementa singlethreadandto tracememoryaccesgatterns
over severaliterationsof theforce calculationgcurrentlyonly the non-bondectalculation
sinceit is the most computationallyintensive). Second,usingthe information collected
from SHADE, a hybrid PIM systemsimulatorcreatesheoreticalthreadsexecutingon a

machineof virtual nodes. The virtual nodesdo not performthe actualexecution,rather
they accountfor threadexecutionand remoteandlocal memoryaccesdatenciesusinga

dynamicallyreconfigurablenachinemodelandprovide additionalinformationon system
overheadandotheraspectof the execution. Ultimately the simulatorcanbe extendedto

simulateup to millions of threadsexecutingon millions of processors.

7.1 SHADE Simulation

One principle mechanisnfor benchmarkinghroughoutthis researchwasthe use of the
SHADE suite[10] developedby SunMicrosystemsThetool allows any SFARC binaryto

beanalyzedarchitecturallyin detailby providing asimplemechanisnior analystgo write

theirown codeto tracktheexecutionof anapplication.SHADE providesinformationabout
everyinstructionwhichis executed aswell asthe effectswhich thatinstructionhadon the
SFARC machinesimulated.

As Figure 3 shows, programsare viewed simply as streamsof instructions. The
simulatorwrittenfor thepurpose®f thiswork useghosestream®f instructionscombined
with information SHADE providesaboutthe stateof the machine to performaccounting
for whateveris beingtracked. Therearesomekey thingswhich SHADE does not do. It is
incapableof tracingcallsto thekernel,andthereforedoesnotincludeaccountingor system
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Figure 3. SHADE Smulations

overhead Generallyfor thetype of benchmarkingve areperformingthatis advantageous
sinceonly usercodeis of interest. Furthermore, SHADE doesnot trace multithreaded
applications.However, a packageto allow SHADE to performaccountingon simplerun
to completionthreadswas developedand usedto simulatesimple multithreading. This
requiredextensie kernelmodificationsandaccounting.

7.2 SHADE Results and Analysis

The datafrom the initial SHADE simulationshave allowed us to computethe averages
acrosghethreaddor anumberof differentvariables.Furtheranalysiscanyield additional
informationsuchas probability distributions and accesgatternswhich sometimesyield
additionalinsight. Theimportantinitial simulationresultsareasfollows:

Percenf remotememoryaccesseperthread- 23%

Averagenumberof integeroperationdetweemrmemoryaccesses 5.44
Averagenumberof floating point operationdbetweermemoryaccesses 2.56 FP
Numberof instructionsperthreadperiteration— 3,653

Additional SHADE dataincludesthe numberof eachtype of memoryaccesandthe
totalnumberof instructions Giventhisinformation,the percentagethatareneededy our
computationamodelcanbe computed.

Pur = 12.5%

Prow = 35%

Procat = T7.2463%

Premote =1 — Procar = 22.7537%

In additionto thememoryaccespercentageshememoryaccessatenciesareneeded
for themodel. Assumptiondor thesdatenciesveremadebasecbn our work with various
systemsTheseareasfollows:
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Ly = 1ns(i.e,1 GHzclock)
Lpow =Lyx=1ns

Lpiy =10ns

L gemote = 500 Ns

Finally we have theinformationnecessaryo utilize our modelandcomputethetotal
numberof threadsneededo maskthe averagememorylateng in this application.
Numberof threadqT) =

[%[(.?72463)(.35)(1713) + (.77)(.65)(10ns) + (.227537)500ns]]] = 16

However, if we usethe numbersspecificto our IBM processasedPIM wehave Ly = 1
ns(i.e,1 GHzclock), Lg,y = 6 NS, Lprys = 13 ns,and L gepmote = 500 nsyielding:

f%[(.772463)(.35)(6ns) + (.77)(:65)(13ns) + (:227537)500ns]]] = 18

Thesenumbersare very closeto what our initial estimatedndicated. They imply
thatto achieve petaflopperformanceve would need16 to 18 million threadsunningon a
systemof 250, 000 chipswith 1 GHz processorsiFor somevery large simulationsthis may
bereasonablaswe would have N,;,.,,s threadscomputingforcesandmayhave additional
threadsfor othercomputationsuchas cutoffs, non-bondedorce calculations,and other
aspectof proteinfolding not includedhere. Theseresultswill be usedasa part of the
hybrid simulatoras parameterso further examinethe simulationson a systemof PIMs.
This hybrid simulationis discussedn moredetailin the next section.

7.3 Hybrid PIM System Simulation

TheHybrid PIM SystemSimulatoris aanobject-orientegimulatordevelopedn C++with
an integratedevent-basedimulationpackage.lt modelsa systemof multithreadedPIM
chipswith a userdefinedinterconnectiorschemeandallows a numberof systemconfigu-
rationandtiming parameterso bevariedsuchasthenumberof processordnterconnection
schemeparceltransmissiortimes,and memoryaccesdimes. This allows the systemto
efficiently determinedesignparametersanalyzeperformanceand simulateapplications.
The timing parameterdor the simulationare determinedn a numberof waysincluding
modelingand otherlower level simulations. For this work, the resultsfrom the SHADE
simulationwereusedto specifythedistribution of memoryreferencesindassociatetimes
aswell asthe averageexecutiontimesbetweermemoryreferences.

The simulationwas setup asillustratedin Figure 2. In this simulationthe actual
moleculardynamicscomputationsare not executedbut the associatedimings and move-
mentsareaccountedor. It is assumedhatthe datais distributed spatiallywith a cell on
eachprocessoandwe focussedn the force computationsOnethreadis createdor each
atomin the spaceio computetheforceswith every otheratom. The datafrom the SHADE
simulationis usedto probabilisticallycreatethe averagenumberof eachtype of memory
referenceandthe averagenumberof instructionshetweermemoryreferencegor athread.
Then,basednthetype of memoryreferenceor instruction theassociatedimulationtime
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is applied. In additionthe overheadof threadand parcelmanagemenareincluded. The
interconnectiorschemeusedis a crossbamsit logically representshe DataVortex which
cansendamessagérom ary chipto any othersimultaneously

7.4 Hybrid Simulation Results and Analysis

Simulationwasinitially focusedon onethreadexecutingon a systemof 1000 PIM pro-
cessors.We assumehat onetime stepin the simulationis 1 ns. The percentagef each
type of instructionmatchedwhat was setin the parametergrom the SHADE simulator
illustratingthe accurag of the programwith respecto the SHADE parametersHowever,
it alsoprovidedinformationregardingadditionaloverheadnot taken into accountby the
model. Theimportantinitial threadresultsinclude:

Total threadlifetime = 48780 ns
Execution= 3600 ns=7.3%

Row Access= 119 ns=0.24%
RandomAccess= 1980 ns=4.1%
RemoteAccess= 41583 ns=85%
Overhead= 1498 ns=3.1%

Thesenumbergeflectthe importanceof multithreadingin maskingmemoryaccess
time, especiallythe remoteaccesdime. As we incorporatemoreaccurateparametersor
the parcelcommunicatiorscheme suchasthe bandwidth,parcelhandlingoverheadand
parcelsizeswe canmoreaccuratehygaugethis aspecbf theapplicationwhichis extremely
importantfor performance.The resultsalsoallowed us to examinethe effect additional
overheadof threadand parcelmanagemenhave in comparisorto memoryaccesseand
computationln this casetheinterconnectiorwasa crossbarsocongestioron the network
wasnot a factor However, this could be a factorin caseswith a differentinterconnection
or simulationswith thousand®f threadsrunningsimultaneouslon thousand®f proces-
sors. Thesimulatorallows accesgo varioustypesof metadatancluding queuedepthsfor
interconnectiometworks, andtime spentin threadschedulingand parcelhandling. Now
thatthe basicsimulationstructureis in placewe planto extendthe simulationto usesuch
metadatdor anincreasinglydetailedmodelof parcelcommunicationjnstructionmix and
associate@xecutiontimes.

8 Future Work

In additionto theincorporationof a more detailedmodelparametersywe will work to de-

velopandsimulatedifferentdecompositiomethods.For example,a force decomposition
couldbeimplementedvith onethreadperatom,or evenonethreadperblock, illustrating

the tradeof betweennumberof threadsfor amountof computation. Also, load balanc-
ing in the spatialdecompositiorwould beanissueto considerfor simulationswherelarge

changesn positionoccur The hybrid simulationwill alsobe extendedto examinethread
movementand communicationsssuesin more detail andincorporatethe resultsinto the

computationaimodel. Finally, a larger and more detailedsimulationof the PIM system
configurationwith up to millions of processoraindthreadswill be developedto examine
theconfigurationsandparametersiecessarjor petaflopperformance.
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