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1 Introduction

MoleculardynamicgMD) for a classicalinconstrainedimulationof bimolecularsystems
requiresthe solution of Newton’s equationsof motion. At eachstep,one evaluatesthe
contrikution of interactingforces,andtheseare appliedto the systemusinga numerical
integrator The mostcomputationallyexpensve partis the force evaluationamongatoms.
MD is achallengingapplicationbecausehetime scalesarelong (processesf interestare
in the orderof microsecondso secondsandthetime stepsarein the orderof femtosec-
onds),andalsobecaus¢hesystensizesareverylarge (thousandso hundredsf thousands
of atoms). Thetime scaleproblemis typically addressedy usingmultiple time stepping
integrators whereaghe secondoroblemmaybe addressethroughthe useof parallelpro-
cessing.

In this paper we evaluatethe designof PRoTOMoOL [7], a framework for MD that
usesencapsulatioandgenericprogrammingo provide anextensiblecomponenplatform
for parallel algorithmsfor MD. The emphasison designand extensibility distinguishes
ProTOMoOL from other excellent MD programs,suchas GROMOS [15], Amber [18],
CHARMM [2]. A programwith similar goals,which provided the initial inspirationfor
ProTOMOL, isNAMD?2 [8]. However, NAMD 2’sdesigngoalis primarily high scalability
whichforcesthealgorithmdeveloperto considettheparallelizationrschemeof theprogram
from the outset.

We presentanapproactthathidesparallelizationdetailson someobjects,andwhich
thusallows for theincrementallevelopmentof parallelmoduleswithin PRoTOMoOL. Our
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goalis to make paralleloptimizationsimpleandflexible enough sothatthe parallelization
canbe madetransparentor the applicationdeveloper while we rely on genericprogram-
ming techniquego achieve high performanceThis approachasbeenprovenby anumber
of projectssuchasPOOMA [5] project,the MTL [14], Blitz++ [17], andsimilar efforts.

Ourincrementaparallelizationschemeprovidesgenericparallelizatiormechanisms
andfacilities for clusterswith moderatenumberof nodes,e.g. up to 64 nodes.The idea
is thatthe applicationsdevelopermay startwith a sequentialmplementatiorof his or her
algorithm,while transparenthpenefitingfrom alreadyparallelizedpartsin theframework;
later he or shemay parallelizethe whole new algorithm. Our goalis to have a platform
that may extendeventuallyfrom a few processorso large scalesystemsandwhich may
includethe useof multi threadinganddistributedmessag@assing.

Our designis basedn a force decompositiorthatadmitsdifferentwork distribution
approachedrom staticto dynamicdistribution usinga mastesslave paradigm.The paper
is organizedasfollows: First, we presenthe designof PROTOMoOL, andcompareit with
state-of-the-arMD programs.Then,we describeits parallelization presentingesultsof
somebenchmarksusinga 128 nodeOrigin2000,we geta speedumf 24 on 32 nodesfor
a92224atomsystemusinga masterslave paradigmanda speedumf 22 on 32 nodesfor
the samesystem usinga staticdistribution. We concludethatour approactto incremental
parallelizationis flexible, andshowns reasonablecaling. In the lastsection,we proposea
refinementof PROTOMoL thatwill allow usto improve the performanceyith the future
goalof accommodatindarge scalesystemsandimplementationgombiningmulti thread-
ing andmessag@assing.

2 Design of PROTOMOL

ProTOMOL is a componenframenork for MD simulations. It hasgenericcomponents
to represenMD integrators(allowing for arbitrarychainsof multiple time steppingalgo-
rithms),genericforces,bothbondedandnon-bondedandgenericboundaryconditions.It
providesmechanismgor the efficient evaluationof all the computationatomponentslt
reliesheavily ontemplatesandinlining to achieve bothabstractiorandhigh performance.
Fig 1 givesanovervien of PROTOMOL.

The integration— onetime step— consistshasicallyof the evaluationof forces,and
the updatingof positionsandvelocities. The multiple time steppingintegratorscanbe set
in achain,sothatparticularforces(or rangesof forces)areassignea giventime step.The
usercandefinenew integratorsby allocatingsomeforce evaluationsfor eachlevel.

3 Incremental Parallelization of PRoTOMOL

We useanobjectthatparallelizesa givencomputationaivork by distributing thework and
collectingthe contributions. TheimplementatiorusesMPI andone-sideccommunication
featuresof MPI-2 to optimizecommunication.

To meetthesecomputationablemandghereare several sequentiabptimizationap-
proachesandfour basicstrategyies[16] for parallelization:(a) The mastesslave approach,
which allocatesvork amongslavesandhasboth communicatiorandload balancingdiffi-
culties. (b) The atomdecompositionwhich is basedon datareplication;it is an easybut
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Figure 1. TheFramework.

memoryexpensve approactwith poorscalingdueto globalcommunicationProgramsis-
ing this decompositiorinclude GROMOS [15], Amber[18], CHARMM [2], andanearly
versionof EGO.(c) Theforcedecompositionwhichinvolveseitherforcematrixor systolic
loop methods.It scalesetterthanatomdecompositiorby reducingcommunicatiorcosts
throughthe useof ablock-decompositiorasin LAMMPS [13] andCHARMM [6], andas
discussedn referencg12]. (d) Spatialdecompositionwhich useslinked lists andscales
very well, but it is moredifficult to write andextend. It is usedin ddgmq[3], SIGMA,

NAMD?2 [8], PMD [19], EulerGromod4] andit is evaluatedn reference$l, 9].

3.1 Work Distribution and Data Transfer

Work distribution is performedby the mastey througha shortmessagéwork-command).
Slavesretrieve the requireddataindependentlycarry out the work, andnotify the master
whenfinished,seeFig. 2a. Datamay eitherbe centralized distributed or replicated,de-
pendingon the parallelizationmplementatiordesired.To distribute dataamongthe slaves
we useproxies. The slavesexchangedatafor the assignedvork independently(Fig. 2b)
andwithout any explicit synchronizatiorvia proxies;the owner of datamakesits wanted
dataglobally accessible Accessof datais transparentasin the sequentiatase.Caching
and smartreductionof contritutions are also hiddenin the proxies. Communicationis
basedn MPI andfeaturesof one-sideccommunicatiorMPI-2 [9, 10].

3.2 Load Balancing

We testedboth dynamicand staticload balancing. Dynamicload balancingcanbe done
eitheronalocalor onagloballevel, wherethegloballoadbalancings in generabetter but

it usesglobalsynchronizationLoad balancingbecomesnoreimportantfor large number
of nodeg[8, 11]. For our purposewith a moderatenumberof processorsywe canhandle
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loadbalancingby onemasterglobally, whereasfor massvely parallelprocessorsve need
ahierarchyof or severalmasters.

Staticload balancingcanbe appropriate when ever the force work load — at least
for the mostexpensve ones— canbe estimatedanddistributed equallyamongthe nodes
withoutary runtimeinformation. Theadvantageas thatwe do notneedto explicit commu-
nicatework-commandsbut it clearlywill notscalefor large numberof nodesor for small
systems.

3.3 Range Computation

With the datain placeon a local node,the work canbe carriedout. The actualassigned
work (part)is definedby arange— or moregenerallyby aselectiong.g.representing cell
—of atoms.Thisrequiresangecomputatiorcapabilitiesn thefunctionsto be parallelized.
Rangecomputatiorshouldbe simpleto introduceaslong aswe guarante¢hatall thedata
is in place. Theideais thatthe computationfunction only hasto be extendedto handle
rangesor selectionsof atoms. However, the applicationdeveloperdoesnot needto add
selectionor rangecapabilitiesaslong asthework or functiondoesnot needto be executed
in parallel.

During a time stepthe mastersendsa shortwork-commandFig. 2b) telling what
andon which atomsthe work shouldbe carriedout. The slave getsthe neededdatavia
the proxiesand executesthe work. As soonthe slave finished, it notifiesthe masterand
waitsfor furtherwork. The contributionsor resultsaresentbackto masterby the proxies
typically at leastat the endof a time step. We have to considerthatwe may occasionally
rearrangeheatomsfor computationswhereverthe neededlataobjectsarenotcontiguous,
to reducethe datatransfer

slave 1
one-sided master | get() proxyl
. . rox ;
proxy communication "~ proxy proXy 5 e
g
utl ;
expose get| | reduce PO, o slave 2
[T
b= local memory
work-command = geto) proxy D
master done slave : -

Figure 2. (a) Themasterslaveparadigm, (b) The data (memory)exchange be-
tweenthe masterandtheslaves.

3.4 Implementation and Evaluation

We parallelizedthe force group class,by distributing differentforcesto differentnodes.
For example,a simulationmay evaluateseveral bondedforces (suchasbond and angle
forces)and several nonbondedorces (suchas Coulomband Lennard-Jones).Someof
theseforcesarethemselesevaluatedin parallel,providedthe force classesupportrange
computation Range®of atomsaredistributedtransparentiamongavailablecomputational
nodesaccordingto a particularload balancestrateyy, asexplainedbelow.

D global memory
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It is naturalto parallelizethe updatingandforce computatiortogethersuchthatcom-
municationis minimized. Every nodeis assigneda rangeof atomsin which to update
positionsand velocities. Eachnodemalkesits force contribution public using one-sided
communicationin MPI-2. Thenall nodesperform reductionsfor their assignedange.
After alocal updateof positionsandvelocities the nodesmale this datapublic.

The proxieskeeptrack of the stateof the data(valid, unavailable,distributed, etc.)
Thevalidationof datais doneatthis level to allow thetransferof largerchunksof data,for
higherperformance.

We testeda staticload balancing. Sequentiaforcesare distributed equally among
thenodes Parallelforcesdetermineby themseleswhich rangethey have to compute.For
the full nonbondedorceswe divide the force matrix into p equallyareaswherep is the
numberof nodes.For cutoff nonbondedorceswe assignsetsof cellsto thenodes.

Weranourframework for amoderateexamplewith 14281atomsevaluatingCoulomb
forcesandLennard—Joneforceswith a cutof of 7A and bond,angleanddihedralforces
on anOrigin2000. The speedugdor 8 nodesis about6.5 andfor 32 nodesaroundl16. The
reasorfor the poorscalingis load unbalance.

Then, we testeda simple dynamicload balancing,which is basedon the master
slave paradigm.The sizeof the computationaivork variesfrom evaluatingthe interaction
betweerntwo atomsto computingthe contritutionsof oneforcefor all atoms.Wheneera
slave finishesits work, it notifiesthe masterandgetsnew work. Table1 givesanovervien
of the Apo Al benchmarkwith 92224 atomssimulating10fs. We get clearly a better
scalingfor largernumberof nodessincethework is distributedmoreevenly.

Nodes| Static[s] Speedup Dynamic[s] Speedup
1 677.2 1 677.2 1
2 337.4 2.0 343.2 1.97
4 181.6 3.73 175.2 3.87
8 98.85 6.85 89.51 7.57
16 53.48 12.7 47.91 14.1
32 30.83 22.0 28.16 24.0

Table 1. ApoAlbendimark(92224atoms,non-periodic)simulating10fs with a
cutof of 12A on an Origin2000with 195MHzR10000processos. Theleft columnshows
the scaling using static load balancing and the right columnshowsthe scalingusinga
masterslaveload balance For the latter implementationthere is a nodethat actsasboth
masterandslave

4 Conclusions

We have obtainedreasonablepeedu75% efficiengy) usingone-sideccommunicationn

32nodesof anOrigin2000.Sincewe useone-sideccommunicatiorandavoid globalcom-
municationwethink ourapproactwill scalein clustersaswell. One-sidedcommunication
givesflexibility onhow to managecommunicationandmakesour implementatiorsimple
andflexible. The designof PROTOM oL madeit easyto implementdifferentload balanc-



ing and decompositiorstrat@ies. The parallelizationstrat@ies alreadyimplementedare
transparento future applicationdevelopers,andthe genericdesignallows for betterdata
andwork distribution strategies.

Forthefuturewe will avoid replication,whichwill make ourframework alsosuitable
for systemwith muchmorethan10® atoms. For someforceswe do not expectthe same
performanceasfor aspatialdecompositionbut we have thepossibilityto rearrangehedata
to geta nearlyspatialdecomposition.For large scaleparallelmachinesthe sameoverall
designapplies,but the detailsof the datamanagingchangedrastically In particular the
load balancingstratgly would usea hierarchyof mastergo avoid bottlenecks.Also, one
would needto usedistributeddata.
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