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PROTOMOL: A Molecular
Dynamics Framework
with Incremental
Parallelization

T. Matthey � , J.A. Izaguirre �

1 Introduction
Moleculardynamics(MD) for aclassicalunconstrainedsimulationof bimolecularsystems
requiresthe solution of Newton’s equationsof motion. At eachstep,one evaluatesthe
contribution of interactingforces,andtheseareappliedto the systemusinga numerical
integrator. Themostcomputationallyexpensivepart is theforceevaluationamongatoms.
MD is a challengingapplicationbecausethetime scalesarelong (processesof interestare
in the orderof microsecondsto seconds,andthe time stepsarein the orderof femtosec-
onds),andalsobecausethesystemsizesareverylarge(thousandsto hundredsof thousands
of atoms).Thetime scaleproblemis typically addressedby usingmultiple time stepping
integrators,whereasthesecondproblemmaybeaddressedthroughtheuseof parallelpro-
cessing.

In this paper, we evaluatethe designof PROTOMOL [7], a framework for MD that
usesencapsulationandgenericprogrammingto provideanextensiblecomponentplatform
for parallel algorithmsfor MD. The emphasison designand extensibility distinguishes
PROTOMOL from other excellent MD programs,suchas GROMOS [15], Amber [18],
CHARMM [2]. A programwith similar goals,which provided the initial inspirationfor
PROTOMOL, isNAMD2 [8]. However, NAMD 2’sdesigngoalis primarilyhighscalability,
whichforcesthealgorithmdeveloperto considertheparallelizationschemeof theprogram
from theoutset.

We presentanapproachthathidesparallelizationdetailson someobjects,andwhich
thusallows for theincrementaldevelopmentof parallelmoduleswithin PROTOMOL. Our
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goalis to makeparalleloptimizationsimpleandflexible enough,sothattheparallelization
canbemadetransparentfor theapplicationdeveloper, while we rely on genericprogram-
mingtechniquesto achievehighperformance.Thisapproachhasbeenprovenby anumber
of projectssuchasPOOMA [5] project,theMTL [14], Blitz++ [17], andsimilarefforts.

Our incrementalparallelizationschemeprovidesgenericparallelizationmechanisms
andfacilities for clusterswith moderatenumberof nodes,e.g. up to 64 nodes.The idea
is that theapplicationsdevelopermaystartwith a sequentialimplementationof his or her
algorithm,while transparentlybenefitingfrom alreadyparallelizedpartsin theframework;
later he or shemay parallelizethe whole new algorithm. Our goal is to have a platform
thatmay extendeventuallyfrom a few processorsto largescalesystems,andwhich may
includetheuseof multi threadinganddistributedmessagepassing.

Our designis basedon a forcedecompositionthatadmitsdifferentwork distribution
approaches,from staticto dynamicdistribution usinga master-slave paradigm.Thepaper
is organizedasfollows: First, we presentthedesignof PROTOMOL, andcompareit with
state-of-the-artMD programs.Then,we describeits parallelization,presentingresultsof
somebenchmarks:usinga 128nodeOrigin2000,we geta speedupof 24 on 32 nodesfor
a92224atomsystem,usinga master-slaveparadigm,andaspeedupof 22 on 32 nodesfor
thesamesystem,usinga staticdistribution. We concludethatour approachto incremental
parallelizationis flexible, andshows reasonablescaling. In the lastsection,we proposea
refinementof PROTOMOL thatwill allow us to improve theperformance,with the future
goalof accommodatinglargescalesystemsandimplementationscombiningmulti thread-
ing andmessagepassing.

2 Design of PROTOMOL

PROTOMOL is a componentframework for MD simulations. It hasgenericcomponents
to representMD integrators(allowing for arbitrarychainsof multiple time steppingalgo-
rithms),genericforces,bothbondedandnon-bonded,andgenericboundaryconditions.It
providesmechanismsfor the efficient evaluationof all the computationalcomponents.It
reliesheavily on templatesandinlining to achievebothabstractionandhigh performance.
Fig 1 givesanoverview of PROTOMOL.

The integration– onetime step– consistsbasicallyof theevaluationof forces,and
theupdatingof positionsandvelocities.Themultiple time steppingintegratorscanbeset
in achain,sothatparticularforces(or rangesof forces)areassignedagiventimestep.The
usercandefinenew integratorsby allocatingsomeforceevaluationsfor eachlevel.

3 Incremental Parallelization of PROTOMOL

Weuseanobjectthatparallelizesagivencomputationalwork by distributing thework and
collectingthecontributions.TheimplementationusesMPI andone-sidedcommunication
featuresof MPI-2 to optimizecommunication.

To meetthesecomputationaldemandsthereareseveralsequentialoptimizationap-
proachesandfour basicstrategies[16] for parallelization:(a) Themaster-slave approach,
which allocateswork amongslavesandhasbothcommunicationandloadbalancingdiffi-
culties. (b) Theatomdecomposition,which is basedon datareplication;it is aneasybut
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Figure 1. TheFramework.

memoryexpensiveapproachwith poorscalingdueto globalcommunication.Programsus-
ing this decompositionincludeGROMOS[15], Amber [18], CHARMM [2], andanearly
versionof EGO.(c) Theforcedecomposition,whichinvolveseitherforcematrixor systolic
loop methods.It scalesbetterthanatomdecompositionby reducingcommunicationcosts
throughtheuseof ablock-decomposition,asin LAMMPS [13] andCHARMM [6], andas
discussedin reference[12]. (d) Spatialdecomposition,which useslinked lists andscales
very well, but it is moredifficult to write andextend. It is usedin ddgmq[3], SIGMA,
NAMD2 [8], PMD [19], EulerGromos[4] andit is evaluatedin references[1, 9].

3.1 Work Distribution and Data Transfer

Work distribution is performedby themaster, througha shortmessage(work-command).
Slavesretrieve the requireddataindependently, carryout thework, andnotify the master
whenfinished,seeFig. 2a. Datamay eitherbe centralized,distributedor replicated,de-
pendingon theparallelizationimplementationdesired.To distributedataamongtheslaves
we useproxies. Theslavesexchangedatafor theassignedwork independently(Fig. 2b)
andwithout any explicit synchronizationvia proxies;theownerof datamakesits wanted
dataglobally accessible.Accessof datais transparent,asin thesequentialcase.Caching
and smartreductionof contributionsare also hiddenin the proxies. Communicationis
basedon MPI andfeaturesof one-sidedcommunicationMPI-2 [9, 10].

3.2 Load Balancing

We testedboth dynamicandstatic load balancing.Dynamicload balancingcanbe done
eitheronalocalor onagloballevel,wherethegloballoadbalancingis in generalbetter, but
it usesglobalsynchronization.Loadbalancingbecomesmoreimportantfor largenumber
of nodes[8, 11]. For our purpose,with a moderatenumberof processors,we canhandle
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loadbalancingby onemasterglobally, whereasfor massively parallelprocessorswe need
ahierarchyof or severalmasters.

Static load balancingcanbe appropriate,whenever the force work load – at least
for the mostexpensive ones– canbe estimatedanddistributedequallyamongthe nodes
withoutany runtimeinformation.Theadvantageis thatwedonotneedto explicit commu-
nicatework-commands,but it clearlywill not scalefor largenumberof 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 aselection,e.g.representingacell
– of atoms.This requiresrangecomputationcapabilitiesin thefunctionsto beparallelized.
Rangecomputationshouldbesimpleto introduceaslong aswe guaranteethatall thedata
is in place. The ideais that the computationfunction only hasto be extendedto handle
rangesor selectionsof atoms. However, the applicationdeveloperdoesnot needto add
selectionor rangecapabilitiesaslongasthework or functiondoesnotneedto beexecuted
in parallel.

During a time stepthe mastersendsa shortwork-command(Fig. 2b) telling what
andon which atomsthe work shouldbe carriedout. The slave getsthe neededdatavia
the proxiesandexecutesthe work. As soonthe slave finished,it notifiesthe masterand
waits for furtherwork. Thecontributionsor resultsaresentbackto masterby theproxies
typically at leastat theendof a time step.We have to considerthatwe mayoccasionally
rearrangetheatomsfor computations,wherevertheneededdataobjectsarenotcontiguous,
to reducethedatatransfer.

proxy

expose

communication

one−sided

proxy

reduce

slavemaster
work−command

done

get
local memory

global memory

slave 1
proxy

In
te

rc
on

ne
ct

proxy
slave 2

master
proxy

get()

get()

put()

Figure 2. (a) Themaster-slaveparadigm,(b) Thedata (memory)exchange be-
tweenthemasterandtheslaves.

3.4 Implementation and Evaluation

We parallelizedthe force groupclass,by distributing different forcesto differentnodes.
For example,a simulationmay evaluateseveral bondedforces(suchasbondandangle
forces)and several nonbondedforces(suchas Coulomband Lennard-Jones).Someof
theseforcesarethemselvesevaluatedin parallel,providedtheforceclassessupportrange
computation.Rangesof atomsaredistributedtransparentlyamongavailablecomputational
nodes,accordingto a particularloadbalancestrategy, asexplainedbelow.
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It is naturalto parallelizetheupdatingandforcecomputationtogethersuchthatcom-
municationis minimized. Every nodeis assigneda rangeof atomsin which to update
positionsandvelocities. Eachnodemakes its force contribution public usingone-sided
communicationin MPI-2. Then all nodesperform reductionsfor their assignedrange.
After a localupdateof positionsandvelocities,thenodesmake this datapublic.

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

We testeda static load balancing.Sequentialforcesaredistributedequallyamong
thenodes.Parallelforcesdetermineby themselveswhich rangethey haveto compute.For
the full nonbondedforceswe divide the forcematrix into � equallyareas,where� is the
numberof nodes.For cutoff nonbondedforcesweassignsetsof cellsto thenodes.

Weranourframework for amoderateexamplewith 14281atomsevaluatingCoulomb
forcesandLennard–Jonesforceswith a cutoff of 7Å andbond,angleanddihedralforces
on anOrigin2000.Thespeedupfor 8 nodesis about6.5andfor 32 nodesaround16. The
reasonfor thepoorscalingis loadunbalance.

Then, we testeda simple dynamicload balancing,which is basedon the master-
slave paradigm.Thesizeof thecomputationalwork variesfrom evaluatingtheinteraction
betweentwo atomsto computingthecontributionsof oneforcefor all atoms.Whenevera
slavefinishesits work, it notifiesthemasterandgetsnew work. Table1 givesanoverview
of the Apo A1 benchmarkwith 92224atomssimulating10fs. 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. ApoA1benchmark(92224atoms,non-periodic)simulating10fs with a
cutoff of 12Å on an Origin2000with 195MHzR10000processors. Theleft columnshows
the scalingusingstatic load balancing, and the right columnshowsthe scalingusinga
master-slaveload balance. For thelatter implementation,there is a nodethatactsasboth
masterandslave.

4 Conclusions
We haveobtainedreasonablespeedup(75%efficiency) usingone-sidedcommunicationin
32nodesof anOrigin2000.Sinceweuseone-sidedcommunicationandavoid globalcom-
munication,wethink ourapproachwill scalein clustersaswell. One-sidedcommunication
givesflexibility on how to managecommunication,andmakesour implementationsimple
andflexible. Thedesignof PROTOMOL madeit easyto implementdifferentloadbalanc-
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ing anddecompositionstrategies. The parallelizationstrategiesalreadyimplementedare
transparentto futureapplicationdevelopers,andthe genericdesignallows for betterdata
andwork distributionstrategies.

For thefuturewewill avoid replication,whichwill makeourframework alsosuitable
for systemwith muchmorethan ���
	 atoms.For someforceswe do not expectthe same
performanceasfor aspatialdecomposition,but wehavethepossibilityto rearrangethedata
to geta nearlyspatialdecomposition.For largescaleparallelmachines,thesameoverall
designapplies,but the detailsof the datamanagingchangedrastically. In particular, the
loadbalancingstrategy would usea hierarchyof mastersto avoid bottlenecks.Also, one
wouldneedto usedistributeddata.
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