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Shannon K. Kuntz, Richard C. Murphy, Michael T. Niemier,
Jesus Izaguirre, and Peter M. Kogge

1 Intr oduction
ProteinFolding is consideredoneof today’s mostsignificant“grandchallenge”problems
and, togetherwith othercomputationalchemistryproblems,hasbeenoneof the driving
forces for the developmentof bigger, better, fastersupercomputers.IBM is currently
proposingto build the “Blue Gene”[5], a petaflopcomputerto tacklethe proteinfolding
problem,while Silicon Graphicshasbeencontinuallyworking to producemorepowerful,
multiprocessorsystemsfor researchersworking in this area[8]. Proteinfolding hassig-
nificancein numerousareasof healthcareincludingbetterunderstandingof diseasesand
thedevelopmentof drugsto combatthem. However, thesize,complexity, andtime scale
of thethree-dimensionalstructuresin proteinfolding make simulationextremelymemory
andcomputationallyintensive. Therefore,larger morepowerful machinesarenecessary
to enablethe larger, moreaccuratesimulationsneededto furtherunderstandthis complex
process.

This paperaddressesthemappingof proteinfolding to a million-processorarrayfor
petaflopperformance.A new scalabilitymodelis definedwhich incorporatesthe charac-
teristicsof highly-distributedmultithreadedarchitectures.The model is usedto compare
the scalability of variousalgorithmsand decompositionsand facilitatesthe prototyping
of a million nodeProcessing-In-Memoryarrayto achieve petaflopperformanceduring a
moleculardynamicssimulationtypicalof proteinfolding. In addition,simulationsareused
to validatethe modelandparallel implementationsaredemonstrated.Although parallel
implementationsof MD simulationsexist, nonehave beenattemptedat the scalethatwe
areproposingandmore accuratealgorithmic complexity modelsareneededto assistin
suchattempts.
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2 The Core of Protein Folding
Proteinfolding is usedto describetheinteractionsandmotionsof proteinsdueto theforces
aroundthem. Proteinfolding is estimatedto take 10’s of microsecondsand, due to its
complexity, cannotbe fully simulatedwith the currentcomputingtechnology. Molecular
dynamicssolves the classicalequationsof motion for a systemof N atomsinteracting
accordingto a potentialenergy force field and,assuch,canprovide a goodestimateof
proteinfolding.

In a moleculardynamicssimulationthereare two main componentsof eachtime
step,calculatingforcesandupdatingthepositionsandvelocitiesof atoms.Theforcecom-
putationsmake up themajority of thesimulationtime andcanbedivided into two types,
bondedandnon-bondedwith thenon-bondedforcecomputationsmakingup 80 to 95 per-
centof thecomputationandinvolvingmany pairwiseinteractionsoftenoverlongdistances.
However, becausetheeffectsof theseforcesoververy long distancesareminimal a cutoff
is often usedto computeonly the force contributionsfrom thoseatomswithin the cutoff
radius,reducingthenumberof forcecomputationsneeded.

Also, for accuratesolutionsthe time stepmustbe very small, on the orderof fem-
toseconds.This small time stepposesa seriouslimitation to the total time of simulation
becauseevena nanosecondsimulationwould involvea million timesteps,thereforeamil-
lion calculationsfor energy, positionandvelocity. This is a problemnot only becauseof
the time it would take to executethesecomputationsbut becauseof the degradationof
accuracy duringsuchlong simulationruns. Finally, moleculardynamicssimulationsmay
containa large numberof atomsmaking it difficult to simulateon a traditionalmemory
machine.

Ourwork focusesonmappingthecorecomputationsof moleculardynamicssimula-
tion to aPIM arrayutilizing themobilethreadmodel.Theissuesinvolvedin decomposing
the computationsaswell as the structureof the PIM arrayandexecutionmodelwill be
explainedin moredetail in thefollowing sections.

3 PIM Arra y Configuration
The systemto which we are mappingthe MD simulationis an array of Processing-In-
Memory(PIM) chips.In classicsystems,processinglogic andmemorylogic areplacedon
separatechips.However, new fabricationprocesseshaveallowedbothprocessorandmem-
ory to beplacedonthesamechip,creatingPIMs. OnagivenPIM chipyoumayhavemore
thanoneprocessor/memorypair termeda node. Eachof thesenodescancommunicate
with othernodeson chip very quickly while they mustcommunicatewith nodeson other
chipsvia thecommunicationnetwork. As such,PIMsprovidethebasicbuilding blocksfor
many differenttypesof systems.

A PIM systemcouldcomein severalforms(seeFigure1): it couldbeanarraycon-
sistingentirelyof PIM nodes;relatively smallarraywhich constitutedpartof thememory
hierarchyof a conventionalprocessor;or oneor more levels of a complex parallel ma-
chine’smemoryhierarchy. Giventhedivergingassumptionsneededby any of thechoices
above,this work will concentrateon inter-PIM memoryaddressingandcommunication.

Sincethepurposeof PIM is to utilize theon-chipbandwidthof alocalmemorymacro
(henceeliminatingthevonNeumannbottleneck),emphasiswill beplacedon theability to



“SIAM01paper”
2000/12/4
page3�

�

�

�

�

�

�

�

3

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

PIM PIM PIM PIM

MEMORY

HIERARCHY OTHER PROCESSORS

PIM

PIM

PIM

CONVENTIONAL
CPU

A HOMOGENIOUS PIM ARRAY                                          PIM AS THE MEMORY FOR A CONVENTIONAL SYSTEM

PIM AS PART OF A LARGE MEMORY HIERARCHY

Figure 1. Types of PIM Systems

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

ThePIM communicationmechanismis assumedto bea parcel. Parcels, asdefined
in [3] have the capability both of simple message-basedcommunication,and of thread
initiation (similar to active messages[12]). Sincethe systemis multithreaded,special
attentionwill be madein regardto codeaccessandloading,aswell as the potentialfor
coveringmemoryaccesslatency with threads.It shouldbenotedthatbecauseparcelscan
containthestateof a runningthread,they arenot merelya light-weightremoteprocedure
call.

Thefabricationprocessbeingconsideredis IBM’ s Blue Logic SA-27E[4]. Assum-
ing we canfabricate.13 � PIM chips in this technologywe candeterminemany of the
configurationandperformancecharacteristicsof the PIM chipsin our array. Thesebasic
configurationandperformancenumbersare: 250,000chips,4 nodesper chip, 8 MB of
memoryper node,13 ns memoryrandomaccesstime, 6 ns memoryaccesstime in page
mode,anda simple32-bit RISC processorrunningat 1 GHz. Given thesenumberswe
have �������	�
������
���� million processorsrunningat � GHzwhichgivesusthepotentialfor
petaflopperformance.

We mustalsoconsidertheinterconnectionnetwork. Theconfigurationthatprovides
the bestperformanceis oneof the parameterswe needto determine.A hypercubewith
anassumed4 Gb/sis onethatwe areconsidering,basedon work by Dally andHorowitz
at Stanford[9]. The Data Vortex [2], a high bandwidthoptical network with a parallel
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cylindrical topology, is anotherpossibilityasit boasts640Gb/soneachport. As wefurther
developour modelandsimulationswe will be betterableto analyzethe interconnection
configuration.

4 The Execution Model
Previouswork [6] indicatesthata givenPIM nodecansustainsignificantcomputationby
accessingonly thecontentsof its workingset,whichis definedasthequantumof dataupon
whichagiventhreadoperatesoverafinite periodof time. This is primarily how all parallel
machinesfunction.Executionproceedsover theworking setuntil theworking setmustbe
updatedor altered. Whenthat happens,executionstops(at leastfor the threadwhich is
attemptingto accessdataoutsideworking set)until the setcanbe updated.Theexpense
of updatingthe working setis definedby eacharchitecture.On moretraditionalparallel
machines,that cost is driven by the speedof the interconnectionnetwork andcoherency
hardware.Multithreadingamelioratesthiscostby allowing anotherthreadto executein the
placeof theblockedthread.However, onaverylargePIM systemthesheerscalemaymake
it verydifficult for theprogramto provideenoughthreadsto keepthemachineoccupied.

The proposedmethodof updatingthe working setfor the purposesof this paperis
the mobile thread, or rolling snowball. Ratherthanbringing the neededdatato a thread
which requestsit, the thread’s executionis broughtto thedata.PIMs aredesignedto take
advantageof localmemoryaccesses.Therefore,theidealsituationis for athreadto execute
for avery longperiodof timeononenodethenmoveto thenext.Thecostof local memory
accessesis toleratedby having enoughthreadsexecutingon a given node. The costof a
remote memoryaccessis amortizedby the presumptionthat a thread,oncemoved, will
executeon the nodeto which it movesfor a significantperiodof time. The dataplace-
mentandstructureof theprogrammustmatchtheseassumptionssothathighperformance
(measuredin termsof thesystem’sthroughput)canbeachieved.Dataplacement,aswell as
capturingthesmallamountof datawhich mustbemovedwith a thread,is critical to avoid
thrashing.Additionally, “hot-spots”mustalsobe carefully avoided. How this execution
modelis utilized to mapamoleculardynamicssimulationto aPIM arraywill bediscussed
in moredetail laterin thesimulationdescription.

5 Computational Model
A computationalmodelof algorithmicscalabilityis beingdevelopedto allow usto deter-
mine computationallythe variousscalabilityandsystemparametersneededto achieve a
petaflop.Thismodeltakesinto accountthemultithreadedexecution,communicationcosts,
and other characteristicsof the moleculardynamicssimulationand PIM arrays. Com-
putationalmodelsandsimulationareusedfrequentlyin the developmentandanalysisof
architecturesbothto determinedesignparametersandto analyzeperformance.Thesemod-
els frequentlyprovide numberswhich fairly accuratelyreflectactualexecutiondataasil-
lustratedby Agarwal in [1] wherehe proposedandvalidatedan analyticalperformance
modelfor multithreadedprocessorsthat includedcacheinterference,network contention,
andcontext-switchingoverheadeffects.

In orderto analyzethemoleculardynamicssimulationona PIM arraywe mustcon-
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siderthemappingof thesimulationfunctionsto individual threadsandtheir resultingcom-
putationandcommunicationbehavior aswell asthemappingof thedatato PIMs. At the
threadlevel thisrequiresconsideringsuchissuesastheaveragenumberof integerandfloat-
ing point instructionsbetweenloadsandthenumberof loadsfrom local versusnon-local
memory, while at thesystemlevel we mustconsiderthenumberof threadsperprocessor
andthenumberandsizeof threadsthatmovebetweenprocessors.

Wehaveaninitial modelthataddressestheissueof thenumberof threadsneededper
processingnodeto maskthememoryaccesslatencies.Thismodelfocuseson anumberof
differentvariablesincluding:

����� = Numberof instructions��������� = Numberof operationsbetweenmemoryaccesses����� = Numberof remotememoryaccesses(communications)����� � � = Numberof localmemoryaccesses

Themodelcanthenusethis informationcombinedwith latenciesto predictthenumberof
threadsneededfor optimumthroughput.

In order to develop this computationalmodel we focus on the instructions,most
specificallythememoryreferenceinstructions,found in a givenprogramandtheir break-
down. Every instructioncan either be a memoryreferenceor a non-memoryreference
(operation)andthe associatedprobabilityof eachtypecanbestatisticallydeterminedfor
a specificpieceof code. Memory referenceinstructionscan againbe divided into two
categoriesdependingon whetherthey arelocal or non-localreferences.Finally, local ref-
erencescanbedifferentiateddependingon whetherthe item referencedis alreadyheld in
thememorymacro’s row buffer or whetherit hasto berandomlyaccessedandpulledinto
the row buffer. Eachof thesedifferent typesof memoryaccesseshasa differentaccess
latency aswell asadifferentprobabilityof for aspecificcode/dataset.

We definethreedifferenttypesof memoryaccesslatency equations:a “normal ac-
cess”(row hit), a local randommemoryaccess,andaremotememoryaccess.In a“normal
access”thedatais foundin thelocalmemorymacro’srow buffer andtheequationis

!#"%$ � !'&�(*),+*- � !#$�(*. �0/ $1(*.
where

! �32 representstheprobabilityof a memoryreference,
!54�687:9<;

representstheprob-
ability that the referenceis local,

! 2 6*= representsthe probability the datais in the row
buffer, and / 2 6	= representsthelatency of anaccessto therow buffer which weassumeto
beapproximatelyoneclock cycle. In a local randommemoryaccessthedatais not found
in therow andtheassociatedequationis

!#"%$ � !'&�(*),+*- �?>@�BA !'$1(*.DC �0/ � � �
where / � �<� representsthelatency for a randommemoryaccess.Finally, a remotemem-
ory accessis representedby

! �E2 �?>@�BA !54�687:9<;FC �0/ 2HG:I 6@J G
where/ 2HG:I 6*J G is thelatency for accessto datain a remotememory. Currently / 2HG:I 6*J G is
a singlevaluebut, in actuality, it dependson thelocationof theremotevalueandthechar-
acteristicsof thecommunicationsystem.As we revisethemodelto increasetheaccuracy
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this will betakeninto accountand / 2HG:I 6*J G will likely becomea functionreflectingthese
parameters.

Giventheselatency equationswecandefineourmodelfor determiningthenumberof
threadsneededto maskmemoryaccesslatency. Ideallywewantto masktheremoteaccess
latency asthatwould bethelongest.In orderto computethenumberof threadsneededto
do thiswecomputethelatency of a remoteaccessdividedby thenumberof operationsper
thread.Thusthenumberof threadsis:

/ 2HG:I 6*J G
� 6 ���

However, in morepracticaltermswe wantto beableto masktheaverage memoryaccess
latency where /�K representstheaveragetime for anarithmeticoperation.In this casethe
numberof threadsis representedby:

! �E2
/ K > !�4�6	7:9 ;L! 2 6	= / 2 6	=NM�!54�687:9<; >*�BA ! 2 6*=OC / � � � M >@�BA !�4�6	7:9 ;FC / 2HG@I 6*J G C

This initial modelallows us to determinethe numberof threadsnecessaryto mask
the averagememorylatency for a given pieceof code. The useof simulationswill both
providesomeof theparametersfor themodelaswell asprovideameansof comparisonto
determinetheaccuracy of model.

Giventhissimplemodelwehavebegunto extendit to allow comparisonof different
implementations.We assumethefollowing characteristics:

� / � = Latency for a parcelcommunication(remoteaccess)� /'P ��� = Latency for anarithmeticoperation� / � � � = Latency for a localmemoryreference

So,ourequationfor total executiontimeperthreadis

��� >Q/ �R�S�T������� M / � � �U� � � � M / � C

For eachof thesevalues,averagescanbeassumedsuchastheaverageremoteaccess
latency thatwe assumedfor our initial modelor statisticscanbegatheredto furtherbreak
down thecharacterizationsuchaswasdonefor memoryaccesses.

/ � � � �3� � � � � � � ! "V$ � ! &�(	)W+*- �?>*�BA ! $1(*. C �0/ � � �
A similar breakdown for the arithmeticoperationswould require that we considerdif-
ferencesin instructionlatencies.For simplicity in our initial modelwe assumethat one
instructionis equivalentto oneclockcyclewhile in actualitytherearedifferencesbetween
variousintegerandfloatingpoint operations.Most significantly, dividestake muchlonger
thanotheroperations.By finding thepercentageof dividesin a givencodeandtheassoci-
atedlatenciesandincorporatingthesefactorsinto themodelwe canincreasetheaccuracy
of theexecutiontime.

/ ����� �3����� � �3� �?> !�X �TY �0/ X �TY M >*�VA !�X �TY C �0/ �<ZB[
\ C
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Finally, we canextendthecommunicationto includeparcelpackingandunpackingover-
head,/ � � , parcelsize, ] � , andinterconnectionbandwidth,̂E_ , yielding:

/ � �`/ � � M ] �'a ^3_
Togetherthesegiveusamuchmoreaccuraterepresentationfor theexecutiontimeof

a thread.However, themodelstill doesnot accuratelyrepresenttheinteractionof multiple
threadsboth within a processorand within the interconnectionnetwork. Currently our
simulationsfocusontheactivitieswithin asinglethreadbut furthersimulationswill address
theissuesof themovementandinteractionof threadsamongnodesin thesystemandwill
help to provide this additionaldata.Thefinal model,in conjunctionwith simulation,will
be usednot only to predict the numberof threads,but also other systemconfiguration
parametersto allow usto reachpetaflopexecution.Thedetailsof thevarioussimulations
andtheir rolesis discussedin thenext section.

6 Code Decomposition
Thesimulationcodeusedfor ourinitial numbersis SAMD2,aserialobject-orientedmolec-
ular dynamicssimulationusingBlitz++ [13]. Forcecomputationis themostperformance-
intensivepartof thesimulation,sothispartof theprogramhasbeenoptimized.To compute
thenon-cutoff non-bondedforces,blocksof atompairsareevaluated,andeachdistinctpair
is passedto the one-atom-pairevaluator. For cutoff non-bondedforces,cell list pairsare
pre-tested,and if they pass,they are loopedthroughandevaluatedby the samedo-one-
atom-pairevaluatorasbefore.On eachpair, if theswitchingfunction is enabled,a rough
testis performedto determineif thispair is completelyoutof range.If it is not, theswitch-
ing functionandnon-bondedforcefunctionareevaluated.Theproductrule for derivatives
is usedto computethe forces,which are thenmultiplied by the differencebetweenthe
atoms,andthis is addedinto theatomforces.To computebondedforces,a list of theatoms
andtypeof eachbondedforceis kept.To evaluatetheforces,this list is loopedthroughone
forceatatime,andabondedforceclassis calledoneachone.Thebondedandnon-bonded
forcesarefrom aCHARMM forcefield from theNAMD Programming Guide, Version1.5.

Becauseof thesize,complexity, andtime scaleof moleculardynamicssimulations,
parallelimplementationsareoftennecessary. Thereareanumberof approachesto decom-
posingan MD simulationto enableit to be implementedin parallelacrossa numberof
processors.Theseapproachesfocuson both the distribution of the atomsandassociated
stateaswell asthedistribution of theforcecomputation.Forcedecomposition(FD) is an
approachwheretheN x N forcematrix is partitionedinto Pblocksandeachblockassigned
to a differentprocessor. Eachblock requires�B�?> �ba
c !�C

atomsto computetheforceand,
assuch,may requireup to O( �da�c !

) non-bondedcommunications.Spatialdecomposi-
tion (SD) is anapproachwherethesystemis partitionedinto boxes(cells)of a sizea little
larger thanthe cutoff distance.Theseboxesarethendistributedacrossthe processorsin
thesystemandthecomputationof theforcesfor eachatomin thebox is computed.In this
way all thecommunicationsfor cutoff computationsarewith neighboringboxes,possibly
on thesameprocessor.

The type of decompositionthat is mostefficient dependslargely on the configura-
tion and executionmodel of the systemon which the simulationis being run. For our
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Figure 2. Execution Flow of a Thread

simulations,the serialcodefor the non-bondedforce computationwasbrokendown into
individual threadsto be mappedonto the multithreadedSHADE simulator. A spatialde-
compositionwasusedwherebyeachcell-list wasplacedon a differentprocessor. Each
atomwastheninstantiatedasa separatethreadandthatthreadcomputedtheforcecompu-
tationsfor theatomassociatedwith it. In this way, eachthreaditeratedthroughtheatoms
in the cell-list computingthe accumulatedforce on its atomandthenmoving to another
processor’s cell list. The instructionsin eachindividual threadweretrackedto determine
datasuchasthenumberof integerandfloatingpoint instructionsbetweenmemoryaccesses
andthenumberof localandremotememoryaccesses.Thedetailsof thesimulationwill be
discussedin thenext section.

In additionto theSHADEsimulation,ahybridsimulationwasdevelopedthatconsid-
ersasystemof chipsandthecommunicationandmovementof threadsamongchips.In this
waywewill beableto gatherdataoncommunicationpatternsandlatenciesto facilitatethe
evaluationof variousconfigurationparameters.The sequentialcodeandSHADE results
wereusedto developtheexecutionflow shown in Figure2 for mappingthemoleculardy-
namicssimulationto thehybridPIM systembasedon thespatialdecompositiondescribed.
The flow representsthe executionfor onethreadduring oneiterationof a moleculardy-
namicssimulation.Thebulk of theexecutiontakesplaceduringthecomputationof forces.
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This threadrepresentsoneatomcomputingthe sumof its forceswith every otheratom
within its cutoff range.For eachinstructionissuedit is eithercomputingtheforcesor it is
accessingmemorywith thememoryaccesstime determinedby the typeof accessasdis-
cussedpreviously. If it doesa non-localmemoryaccessthis impliesthat thereferencehas
movedoutsideof its currentcell andoff-chip. This producesa parcelcommunication(la-
beled1) whichcarriesthethreadto anew chip (andnew cell) within which it will continue
with its memoryaccessandforce computations.(Note that the dottedlines in the figure
representparcelmovementto a new chip.) Ultimately, whenthethreadhascompletedits
forcecomputationsit mustupdateits local positionandvelocity which mayor maynot be
on its currentchip. Then,basedon thatnew position,it mayor maynot residein thesame
cell aspreviouslyandmustupdatethecell-list of thecell within whichit now residesbefore
repeatingtheprocessfor thenext iteration. It is alsoimportantto notethatall atomsin a
cell musthaveupdatedtheir localstateandtheassociatedcell-listsbeforethenext iteration
canbegin.

This decompositionallows many threadsto be runningsimultaneously, taking ad-
vantageof themultithreadingavailablein thePIM system,andallows thethreadto move
its computationto take advantageof the locality provided. Additional discussionof the
simulationsandassociatedresultsfollows.

7 Simulation
Two phasesof simulationareusedin ourwork. First,aSHADEbasedsimulationwasused
to analyzethefunctionsthatimplementasinglethreadandto tracememoryaccesspatterns
overseveraliterationsof theforcecalculations(currentlyonly thenon-bondedcalculation
sinceit is the mostcomputationallyintensive). Second,using the informationcollected
from SHADE, a hybrid PIM systemsimulatorcreatestheoreticalthreadsexecutingon a
machineof virtual nodes. The virtual nodesdo not performthe actualexecution,rather
they accountfor threadexecutionandremoteandlocal memoryaccesslatenciesusinga
dynamicallyreconfigurablemachinemodelandprovide additionalinformationon system
overheadandotheraspectsof theexecution.Ultimately thesimulatorcanbeextendedto
simulateup to millions of threadsexecutingonmillions of processors.

7.1 SHADE Simulation

Oneprinciple mechanismfor benchmarkingthroughoutthis researchwas the useof the
SHADEsuite[10] developedby SunMicrosystems.Thetool allowsany SPARC binaryto
beanalyzedarchitecturallyin detailby providing asimplemechanismfor analyststo write
theirowncodeto tracktheexecutionof anapplication.SHADEprovidesinformationabout
every instructionwhich is executed,aswell astheeffectswhich thatinstructionhadon the
SPARC machinesimulated.

As Figure 3 shows, programsare viewed simply as streamsof instructions. The
simulatorwrittenfor thepurposesof thiswork usesthosestreamsof instructions,combined
with informationSHADE providesaboutthestateof themachine,to performaccounting
for whatever is beingtracked.Therearesomekey thingswhich SHADE does not do. It is
incapableof tracingcallsto thekernel,andthereforedoesnotincludeaccountingfor system



“SIAM01paper”
2000/12/4
page10�

�

�

�

�

�

�

�

10

ANALYSIS ENGINE CODE

DATA REPORTING
CODE

SHADE

STATE OF USER
ANALYZED OBJECTS
(CACHES, PAGED
DATA, ETC.)

INSTRUCTION 1

INSTRUCTION N

INSTRUCTION STREAM

MACHINE STATE
(REGISTER FILE 
CONTENTS, 
CONDITION CODES,
STATUS OF
BRANCH
INSTRUCTIONS, ETC)

USER WRITTEN ANALYZER

OP CODE, REGISTERS USED,
TARGET (EFFECTIVE ADDRESS),
ANNULED STATUS, ETC.

INSTRUCTION INFORMATION:

MACHINE INFORMATION:
(PRIMARILY STATE)

Figure 3. SHADE Simulations

overhead.Generally, for thetypeof benchmarkingweareperformingthatis advantageous
sinceonly usercodeis of interest. Furthermore,SHADE doesnot tracemultithreaded
applications.However, a packageto allow SHADE to performaccountingon simplerun
to completionthreadswas developedandusedto simulatesimple multithreading. This
requiredextensivekernelmodificationsandaccounting.

7.2 SHADE Results and Anal ysis

The datafrom the initial SHADE simulationshave allowed us to computethe averages
acrossthethreadsfor anumberof differentvariables.Furtheranalysiscanyield additional
informationsuchasprobability distributionsandaccesspatterns,which sometimesyield
additionalinsight.Theimportantinitial simulationresultsareasfollows:

� Percentof remotememoryaccessesperthread– ��ikj� Averagenumberof integeroperationsbetweenmemoryaccesses– �ml 


� Averagenumberof floatingpoint operationsbetweenmemoryaccesses– �nlo��p FP� Numberof instructionsperthreadperiteration– 3,653

AdditionalSHADEdataincludesthenumberof eachtypeof memoryaccessandthe
totalnumberof instructions.Giventhisinformation,thepercentagesthatareneededby our
computationalmodelcanbecomputed.

� ! �E2 ���q�ml �rj� ! 2 6	= �si
�
j� ! 4�687:9<; �ut
tklo�v

p
irj� ! 2HG:I 6*J G ���BA ! 4�687:9<; �s�
�nlwt���irt�j
In additionto thememoryaccesspercentages,thememoryaccesslatenciesareneeded

for themodel.Assumptionsfor theselatenciesweremadebasedon our work with various
systems.Theseareasfollows:
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� /�K��x� ns(i.e, 1 GHz clock)� / $1(*. �y/ K ��� ns� /Bzk{ " �x�q� ns� / $1|,}~(8��| �y����� ns

Finally wehavetheinformationnecessaryto utilize ourmodelandcomputethetotal
numberof threadsneededto masktheaveragememorylatency in this application.
Numberof threads(T) =

� l������
�S���

� >@lwt�t��v

p
i C >@l i
� C >@����� C�M >@lwt�t C >@l p
� C >@�q����� CRM >*l �
�
t���irt C ���������S�����B����p
However, if we usethenumbersspecificto our IBM processbasedPIM we have /0KU���
ns(i.e,1 GHzclock), / $1(*. �`p ns, /Bzn{ " ����i ns,and / $1|,}~(8��| �y����� nsyielding:

� l������
�S���

� >@lwt�t��v

p
i C >@l i
� C >Fp���� C�M >@lwt�t C >@l p
� C >@�qi���� CRM >*l �
�
t���irt C ���������S�����B�����
Thesenumbersarevery closeto what our initial estimatesindicated. They imply

thatto achievepetaflopperformancewe would need ��p to �q� million threadsrunningon a
systemof �������	�
��� chipswith � GHzprocessors.For somevery largesimulationsthismay
bereasonableaswewouldhave � 9 JF6 IB� threadscomputingforcesandmayhaveadditional
threadsfor othercomputationssuchascutoffs, non-bondedforce calculations,andother
aspectsof protein folding not includedhere. Theseresultswill be usedasa part of the
hybrid simulatorasparametersto further examinethe simulationson a systemof PIMs.
Thishybridsimulationis discussedin moredetail in thenext section.

7.3 Hybrid PIM System Simulation

TheHybrid PIM SystemSimulatoris aanobject-orientedsimulatordevelopedin C++with
an integratedevent-basedsimulationpackage.It modelsa systemof multithreadedPIM
chipswith a user-definedinterconnectionschemeandallows a numberof systemconfigu-
rationandtiming parametersto bevariedsuchasthenumberof processors,interconnection
scheme,parceltransmissiontimes,andmemoryaccesstimes. This allows the systemto
efficiently determinedesignparameters,analyzeperformance,andsimulateapplications.
The timing parametersfor the simulationaredeterminedin a numberof waysincluding
modelingandotherlower level simulations.For this work, the resultsfrom the SHADE
simulationwereusedto specifythedistributionof memoryreferencesandassociatedtimes
aswell astheaverageexecutiontimesbetweenmemoryreferences.

The simulationwassetup as illustratedin Figure2. In this simulationthe actual
moleculardynamicscomputationsarenot executedbut the associatedtimingsandmove-
mentsareaccountedfor. It is assumedthat the datais distributedspatiallywith a cell on
eachprocessorandwe focussedon theforcecomputations.Onethreadis createdfor each
atomin thespaceto computetheforceswith everyotheratom.Thedatafrom theSHADE
simulationis usedto probabilisticallycreatetheaveragenumberof eachtypeof memory
referenceandtheaveragenumberof instructionsbetweenmemoryreferencesfor a thread.
Then,basedon thetypeof memoryreferenceor instruction,theassociatedsimulationtime
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is applied. In additionthe overheadof threadandparcelmanagementareincluded. The
interconnectionschemeusedis a crossbarasit logically representstheDataVortex which
cansendamessagefrom any chip to any othersimultaneously.

7.4 Hybrid Simulation Results and Anal ysis

Simulationwasinitially focusedon onethreadexecutingon a systemof 1000PIM pro-
cessors.We assumethatonetime stepin the simulationis � ns. The percentageof each
type of instructionmatchedwhat wasset in the parametersfrom the SHADE simulator,
illustratingtheaccuracy of theprogramwith respectto theSHADE parameters.However,
it alsoprovided informationregardingadditionaloverheadnot taken into accountby the
model.Theimportantinitial threadresultsinclude:

� Total threadlifetime = 
r�rtv�
� ns� Execution= i
p���� ns= tkl irj� Row Access= �
��� ns= �mlo�v
nj� RandomAccess= �����
� ns= 
�l��vj� RemoteAccess= 
������
i ns= �
�rj� Overhead= ��

�
� ns= i�l��vj
Thesenumbersreflectthe importanceof multithreadingin maskingmemoryaccess

time, especiallythe remoteaccesstime. As we incorporatemoreaccurateparametersfor
theparcelcommunicationscheme,suchasthe bandwidth,parcelhandlingoverhead,and
parcelsizeswecanmoreaccuratelygaugethisaspectof theapplication,whichis extremely
importantfor performance.The resultsalsoallowed us to examinethe effect additional
overheadof threadandparcelmanagementhave in comparisonto memoryaccessesand
computation.In thiscasetheinterconnectionwasacrossbar, socongestionon thenetwork
wasnot a factor. However, this couldbea factorin caseswith a differentinterconnection
or simulationswith thousandsof threadsrunningsimultaneouslyon thousandsof proces-
sors.Thesimulatorallows accessto varioustypesof metadataincludingqueuedepthsfor
interconnectionnetworks,andtime spentin threadschedulingandparcelhandling. Now
that thebasicsimulationstructureis in placewe planto extendthesimulationto usesuch
metadatafor anincreasinglydetailedmodelof parcelcommunication,instructionmix and
associatedexecutiontimes.

8 Future Work
In additionto theincorporationof a moredetailedmodelparameters,we will work to de-
velopandsimulatedifferentdecompositionmethods.For example,a forcedecomposition
couldbeimplementedwith onethreadperatom,or evenonethreadperblock, illustrating
the tradeoff betweennumberof threadsfor amountof computation. Also, load balanc-
ing in thespatialdecompositionwould beanissueto considerfor simulationswherelarge
changesin positionoccur. Thehybrid simulationwill alsobeextendedto examinethread
movementandcommunicationsissuesin moredetail andincorporatethe resultsinto the
computationalmodel. Finally, a larger andmoredetailedsimulationof the PIM system
configurationwith up to millions of processorsandthreadswill bedevelopedto examine
theconfigurationsandparametersnecessaryfor petaflopperformance.



“SIAM01paper”
2000/12/4
page13�

�

�

�

�

�

�

�

Bib liograph y

[1] Agarwal A., “PerformanceTradeoffs in MultithreadedProcessors,” PrivateCommu-
nication,1989.

[2] BergmanK., ”Ultra-High SpeedOpticalLANs,” Conference on Optical Fiber Com-
munications, Workshopon LANs andWANs, SanJose,CA, February, 1998.

[3] Kogge,PeterM. andet al., ”Final Report:PIM ArchitectureDesignandSupporting
TradeStudiesfor theHTMT Project”,September, 1999.

[4] IBM: ASIC SA-27E Standard Cell/Gate Array.
http://www.chips.ibm.com:80/products/asics/products/sa-27e.html (7 Apr. 2000)

[5] IBM: IBM Unveils $100Million ResearchInitiative to Build World’s FastestSuper-
computer. http://www.ibm.com/news/1999/12/06.phhtml (10Apr. 2000)

[6] Murphy, R., Design Parameters for Distributed PIM Memory Systems, MS Thesis,
CSEDepartment,Universityof NotreDame,May 2000

[7] Narumi, T., R. Susukita,T. Ebisuzaki,G. McNivern, andB. Elmegreen,“Molecu-
lar DynamicsMachine:Special-PurposeComputerfor MolecularDynamicsSimula-
tions” in MolecularSimulation.Vol. 21,1999,pp.401-415.

[8] Silicon Graphics,Inc.: The GreatLeapForward in MolecularStructureSimulation
andModeling.http://www.sgi.com/features/1999/mar/chemistry/index.html (10 Apr.
2000)

[9] Stanford,”High SpeedSignaling”,http://pasta.stanford.edu:80/hssp/,(April 2000).

[10] SunMicrosystems,Introduction to Shade, June,1997.

[11] Thornley, J.,M. Hui, H. Li, T. Cagin,andW. Goddard,“MolecularDynamicsSimula-
tion on CommodityShared-memoryMultiprocessorSystemswith LightweightMul-
tithreading”in Proceedings of High Performance Computing, 1999.

[12] vonEicken,T., D. Culler, S.Goldstein,andK. Schauser, ”Acti veMessages:aMech-
anismfor IntegratedCommunicationandComputation”,Proceedings of the 19th In-
ternational Symposium on Computer Architecture, ACM Press,1992.

[13] Willcock, J., “SAMD2: A MolecularDynamicsSimulatorUsingBlitz++” Proceed-
ings of CSE598E, University of Notre Dame, May 2000

13


