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Abstract

Scienti�c computing is marked by applicationswith
veryhighperformancedemands.As technologyhasim-
proved, recon�gurablehardware hasbecomea viable
platform to provide applicationacceleration,even for
�oating-point-intensivescienti�c applications.Now, re-
con�gurable computers—computerswith generalpur-
posemicroprocessors,recon�gurablehardware, mem-
ory, andhigh performanceinterconnect—areemerging
asplatformsthatallow completeapplicationsto bepar-
titionedinto partsthatexecutein softwareandpartsthat
are acceleratedin hardware. In this paper, we study
moleculardynamicssimulation. Speci�cally, we study
the useof the smoothparticle meshEwald technique
in a moleculardynamicssimulationprogramthat takes
advantageof thehardwareaccelerationcapabilitiesof a
recon�gurablecomputer. We demonstratea 2.7–2.9�
speed-upover thecorrespondingsoftware-onlysimula-
tion program.Along theway, wenotedesignissuesand
techniquesrelatedto theuseof recon�gurablecomput-
ersfor scienti�c computingin general.

Keywords: Recon�gurable,FPGA,moleculardynam-
ics,electrostatics

1 Intro duction

Recon�gurable computers—computerswith general
purposemicroprocessors(GPPs),recon�gurablehard-
ware accelerators,memory, and high performance
interconnect—haveemergedasaplatformfor accelerat-
ing scienti�c computingapplications.Thestate-of-the-
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art recon�gurablehardwarefor recon�gurablecomput-
ers is �eld-programmablegatearrays(FPGAs). These
devices can be programmedand reprogrammedwith
application-speci�chardware designs. Until recently,
FPGAsdid not containenoughlogic resourcesto im-
plement�oating-point arithmeticand were, therefore,
notamenableto many scienti�c computingapplications.
Instead,they wereemployedwith greateffectivenessin
�elds suchassignalprocessing,cryptography, andem-
beddedcomputing.Now, largeFPGAsthatalsopossess
hardwarefeaturessuchasdedicatedmultipliersandon-
chipmemorieshave becomeattractive platformsfor ac-
celeratingkernelsin scienti�c applications.

Scienti�c computingapplications,however, areusually
composedof a multitude of kernels. Someof these
kernelsmay be very well-suitedfor executionin soft-
ware. This is whererecon�gurablecomputerscan be
employed: the taskswell-suitedfor softwareexecution
canexecuteontheGPPsandthetasksthatareamenable
to hardwareaccelerationcanexecuteon theFPGAs.So
far, muchof theresearchhasfocusedonacceleratingin-
dividual scienti�c kernels[Underwood2004;Hemmert
andUnderwood2005;Smithetal. 2005b].However, as
will bediscussedlaterin thepaper, acarefulpartitioning
of kernelsbetweensoftwareandhardwareis necessary
to achieve performance[Gokhaleet al. 2006]. That is,
thefocusmustbeon thecompleteapplication.

Oneparticularlyinterestingscienti�c computingappli-
cationto studyis moleculardynamics(MD) simulation,
which is a useful techniquefor simulating the move-
mentsof atomsin a systemover time. It is appliedin
a wide range�elds, including materialsscience,phar-
maceuticals,andnanotechnology[Nakanoet al. 2001;
Tang and Xu 2002; Mao et al. 1999]. Becauseof
its computationaldemands,MD simulationis mostof-
ten performedon large supercomputersandclustersof
commoditygeneralpurposeprocessors(GPPs).Recent
studiesinto therecon�gurable-hardwareaccelerationof
the completeMD simulation application,as opposed
to its individual kernels,have mainly focusedon fairly
simple simulationsthat employ cutoff approximations



for electrostaticscalculations,if they perform them at
all [Azizi et al. 2004; Gu et al. 2005; Scrofano et al.
2006]. In thispaper, weinvestigatetheuseof amoread-
vancedelectrostaticscalculationtechnique—thesmooth
particlemeshEwald(SPME)technique—onarecon�g-
urablecomputerimplementationof MD simulation.

In the next two subsections,we provide further intro-
ductionto FPGAsandrecon�gurablecomputersandto
MD simulations.In Section2, wedescribesomerelated
efforts in accelerationof MD simulations,includingour
prior work. Section3 focuseson implementinga com-
pleteMD simulationthat utilizes the SPMEtechnique
for electrostaticscalculations.It presentsimplementa-
tion detailsandperformanceresults.Section4 presents
adiscussionof theresults.Section5 concludesthework
andnotessomeareasfor futurework.

1.1 FPGAs and Recon�gurable Com-
puters

Recon�gurable hardware is used to bridge the gap
between �e xible but performance-constrainedGPPs
and very high-performancebut in�e xible application-
speci�c integrated circuits (ASICs). Recon�gurable
hardware is programmedandreprogrammedafter fab-
rication. Thus,usingrecon�gurablehardwareis much
lessexpensiveandmuchmore�e xible thanusingASICs
is. Becauserecon�gurable hardware is programmed
for the problemto be solved ratherthan to be able to
solve all problems,it can achieve higher performance
and greateref�ciency than GPPs,especiallyin appli-
cationswith a regular structureand/ora greatdeal of
parallelism. The state-of-the-artdevices usedas re-
con�gurable hardware are FPGAs[Gokhaleand Gra-
ham2005]. Thesedevicesareimplementedasa matrix
of programmablelogic cells and programmableinter-
connectbetweenthe cells. ModernFPGAsoften have
special-purposelogic such as memories(we refer to
theseas“on-chip memories”throughoutthepaper)and
multipliers, embeddedinto the logic fabric. Increased
logic densityas well as improved programmingenvi-
ronmentshave madeFPGAsa promisingtechnologyto
beexploitedby thecomputerscienceandcomputeren-
gineeringcommunities.

The drawback to using FPGAs is that they have low
clock frequencies—typicallyin the 100 MHz to 200
MHz range—whencomparedto GPPs. To over-
comethisclockfrequency disadvantage,parallelismand
pipelining are employed. Parallelism comesin two
forms: �ne-grained and coarsegrained. Fine-grained
parallelisminvolvesindependentoperationsthatarein-
volved in producingthe sameresult and is analogous

to instruction-level parallelismin computingwith GPPs.
Coarse-grainedparallelisminvolvesunits operatingin-
dependentlyandproducingindependentresults. Paral-
lelism in a designis limited by the amountof logic on
theFPGAandtheamountof bandwidthinto theFPGA.

Pipeliningis particularlyimportantin designsemploy-
ing �oating-point arithmetic. Floating-pointcores,es-
pecially thosethat conformto IEEE standard754, are
very complex and require a great deal of logic re-
sourcesto implement. In order to achieve high clock
frequencies,�oating-point cores for FPGAs must be
deeplypipelined:for example,double-precisionadders
and multipliers have about 10 to 20 pipeline stages
while dividersandsquarerootershave about40 to 60
stages[Govindu et al. 2005]. The main dif�culty with
deeplypipelinedunits—for �oating-point arithmeticor
otherwise—isthat their usecan lead to datahazards,
whichmaycausethepipelineto stall.

1.1.1 Recon�gurable Computers

Recon�gurablecomputers,suchastheSRC6 MAPsta-
tion [SRC 2004], the Cray XD1 [Cra 2005], and the
SGI RASC[Sil 2006]bring togetherGPPsandFPGAs,
connectingthemwith a high-performanceinterconnect
network (seeFigure 1). Typically, the recon�gurable
hardwarehaslocal memorybanksthatareon-boardbut
off-chip. Theseon-boardmemoriesaretypically much
smallerthan the RAM usedby GPPs,but alsohave a
lower accesslatency, in termsof cycles. Additionally,
this local memoryis usuallydivided into equally-sized
banks,wherethebankscanbeaccessedin parallel.

Thetargetarchitecturein this paperis theSRC6 MAP-
station.This recon�gurablecomputerhastwo 2.8GHZ
Intel Xeon microprocessorsand one MAP processor.
The MAP processorcontainstwo Xilinx XC2V6000
FPGAsandeight banksof on-boardmemory. Eachof
thesebanksis 64bitswideandcanbeaccessedindepen-
dentlyof theothers.Six of thebankshold4 MB of data
andtheothertwo hold2 MB of data.Datais transferred
betweentheGPPsandtheon-boardmemoriesby DMA
at a rateof 1.4 GB/s in eachdirection. Thedesignsde-
scribedin this paperwill only make useof oneof the
GPPsandoneof theFPGAsin theMAPstation.

The programmingmodel employed is that which we
term the accelerated single-program, multiple data
(ASPMD) model. A high-performancerecon�gurable
computer or a cluster of recon�gurable computers
would contain many nodes,eachwith processorand
FPGA.Eachnodein thesystemexecutesthesamepro-
gram on different data and communicateswith other
nodeswhendataneedsto be exchanged.At the node
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Figure1: Modelof theSystemArchitecture

level, theapplicationmainly runson theGPPresource.
The GPPresourceusesthe RH resourceasan acceler-
ator for intensive partsof the code. In this paper, we
focusonly onasinglenode.

1.2 Molecular Dynamics Background

MD is awidely usedtechniqueto simulatethetrajectory
of an atomic systemover time. For this introduction,
wemainly reference[Allen andTildesley 1987].A sys-
temof atomsis placedinsidea simulationbox. In most
simulations,thesystemis consideredto beperiodic: it
is assumedthat thecentralsimulationbox is replicated
in eachdirectionout to in�nity . Given the initial con-
ditions of the systemat time t = 0, the motion of the
atomsin thesystemuntil timet = t f is simulatedby ad-
vancingthesimulationby small discretetime stepsDt.
Theamountof time simulatedis usuallyon theorderof
nanosecondsor microsecondsandthe time stepis usu-
ally on the orderof femtoseconds.The new positions
of the atomsarecalculatedby integratingthe classical
equationsof motion. Onepopularintegrator is the ve-
locity Verletalgorithm,shown below, where~r i(t),~vi(t),
and~ai(t) arethe position,velocity, andaccelerationof
atomi at timet, respectively.

1. calculate~vi
�
t + Dt

2

�
basedon~vi(t) andacceleration

~ai(t);

2. calculate~r i (t + Dt) basedon~vi
�
t + Dt

2

�
;

3. calculate ~ai (t + Dt) based on ~r i (t + Dt) and
~r j (t + Dt) for all atomsj 6= i;

4. calculate~vi (t + Dt) basedon~ai (t + Dt).

It is well known that �nding the accelerationon each
atom (step3) is the most time-consumingstepof the
simulation.Findingtheaccelerationrequires�nding the
forcesactinguponeachatom.

1.2.1 Force Calculation

Theforcescalculatedin MD simulationscanbebroken
into two types:bondedandnonbonded.Bondedforces
only act betweenatomsthat are in bondgroups. This
is thusan O(n) calculation,wheren is the numberof
atomsin thesimulation,andnotusuallyabottleneck.

Nonbondedforces, on the other hand, are pairwise
forcesthatcanactbetweenany atomsin thesystemthat
arenot in thesamebondgroup. Nonbondedforcecal-
culationcanfurtherbedividedinto short-rangeandlong
rangeforces.Shortrangeforcesdropoff quickly asthe
distancebetweenatomsrises. For theseforces,a cut-
off distanceis employed: if the distancebetweentwo
atomsis greaterthansomedistancerc (oftenabout10 	A
in practice),theatomsareassumednotto interact.Find-
ing pairsof atomsthat interactis naively anO(n2) op-
eration.However, many techniquesexist to reducethis
complexity. In our work, we employ the neighborlist
technique,in which every s steps,wheres is userde-
�ned, a list of atomsis createdanda given atommay
only interactwith thoseatomson its list.

Theforcedueto theLennard-Jonespotential(hereafter
referredto as the Lennard-Jonesforce) is a common
shortrangeforce.Equations1 and2 show theequations
for theLennard-Jonespotentialandforce,respectively,
where~r i j is thedistancevectorbetweenatomsi and j,
r i j is the distancebetweenatomsi and j, andA, B, C,
andD areconstants.ConstantsC andD arenecessary
to compensatefor the useof the cutoff distance.This
approachis calledtheshifted-forcetechnique.Notethat
whenever we referto “force calculation,” in thecontext
of thesimulation,thepotentialenergy is alsocalculated
at thatstep.
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Long rangeforcespresentmoreof a problem.They do
not drop off quickly at long distances. Not only can
atomsinteractwith any otheratomsin thesystem,they
canalsointeractwith their imagesin otherboxes. One
solutionis to usea cutoff scheme,just like for theshort
rangeforces. The long-rangeforce usedmostoften in
MD simulationsis the electrostaticor Coulombforce.
A shifted-forceapproachcanbe usedfor the Coulomb
forceandpotential.Equations3 and4 show theshifted-
forceCoulombpotentialandforce, respectively, where
qi is thechargeof atomi.
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While simple, this techniqueunfortunatelycanleadto
artifacts in the resultsof the simulation [Patra et al.
2003].A moreaccuratetechniqueis theEwaldsumma-
tion,whichbreaksthepotentialenergy calculationinto a
real-space(or direct-space)part,areciprocal-spacepart,
and a correctionterm. The real-spaceand reciprocal-
spacepartsaregivenin Equations5 and6, whereb is a
convergenceparameterthatdetermineshow muchwork
is donein thereal-andreciprocal-spaceparts,the~n are
vectorsrepresentingimagesof the central simulation
box, and the ~m are reciprocallattice vectors(see[Es-
smannet al. 1995]). The asteriskin the summation
meansto omit thecasewhere~n = 0 andi = j. For the
correctionterm,which is notcomputationallyintensive,
see[Essmannetal. 1995].Theexpressionfor Sis given
in Equation7. Forcesarefoundby taking thenegative
gradientof theseterms.In practice,b is oftensetsothat
thereal-spacepartof thecalculationcanbedoneout to
the samecutoff distanceasthe short rangeforcesand,
thus,theonly valueof~n thatmattersis~n = ~0.
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At best,theEwaldsummationis anO(n3=2) calculation.
TheparticlemeshEwald techniqueandits smoothvari-
ant(SPME)reducethecomplexity toO(nlogn) by facil-
itating theuseof the3D FFT in theEwald summation.
For an in-depthdescription,see[Essmannet al. 1995]
or [Lee 2005]. The basicideais to approximatethe S
termin Equation6. Insteadof consideringpointcharges
in space,eachcharge contributesa certainamountto
regularlyspacedgrid points.Theamountof chargecon-
tributedis computedthroughinterpolation.SPMEuses
cardinalB-splinesfor interpolation.Thereal-spacepart
andthe correctionarecalculatedwithout any changes.
Themainstepsfor calculatingthereciprocal-spacepart
are

1. Find B-splinecoef�cients andtheir derivativesfor
eachatom

2. Assignchargesto grid points

3. 3D FFT thegrid

4. Calculatethe energy using the transformedgrid
andotherarrays

5. InverseFFT the productof the grid with otherar-
rays

6. Usethe resultof the step5 andthe derivativesof
theB-splinecoef�cients to �nd theforces

1.2.2 Benchmark Simulations

Weusetwo real-wordsimulationsto benchmarktheper-
formanceof our implementations. One simulation is
of palmitic acid in water. The simulationconsistsof
52558 atomsof 8 different types. The cutoff length
is 10 	A, the time step is 2 fs, and the neighbor list
is rebuilt onceevery 10 steps. The simulationbox is
104� 84:8 � 256 	A3 and the grid usedin the SPME
methodis 128� 96� 256. Fourth order interpolation
is performedto assignchargesto grid points.

The other simulationis of the CheY protein in water.
This simulationconsistsof 32932atomsof 17 different
types.Thecutoff lengthis 10 	A, thetimestepis 2 fs,and
theneighborlist is rebuilt onceevery10steps.Thesim-
ulation box is 73:8� 71:8� 76:8 	A3 andthe grid used
in theSPMEmethodis 64� 64� 64. Fourthorderinter-
polationis performedto assignchargesto grid points.

2 Related Work

In this section,we look at someotherefforts to accel-
erateMD with hardware. One of the most success-
ful of theseefforts is theMolecularDynamicsMachine
(MDM) [Narumi et al. 2001]. MDM usestwo typesof
hardwareaccelerators:MD-GRAPE2 is usedto accel-
erateshort-rangeforcecalculationsandWINE-2 is used
to acceleratethereciprocal-spacepartof thelong range
force calculations. By using large numbersof these
hardwareaccelerators,MDM canachieveTFLOPSper-
formance.The drawbackto usingtheseacceleratorsis
the fact that they areASICs. ASICs, while providing
high performance,have high developmentcostsand,if
they arenot producedin large quantities,high produc-
tion costs.

[Lee 2005] is, to our knowledge, the only work im-
plementingthe reciprocal-spacepart of SPME on an



FPGA. The implementationis limited to �x ed-point
arithmeticandtheauthorstudiesvarious�x ed-pointpre-
cisionsto provide acceptableresults. All tasksof the
reciprocal-spacepartareexecutedin hardware.

Besidesour own work, describedin the next subsec-
tion, we are aware of threeother works studying the
accelerationof the completeMD applicationwith FP-
GAs. In two of them, the entire velocity Verlet algo-
rithm is moved into hardware [Azizi et al. 2004; Gu
et al. 2005]. In eachof thesetwo works, �x ed-point
arithmeticand table lookup and interpolationareused
to calculatetheforcesnonbondedforces.Bondedforces
are not calculated. Both works achieve an impressive
speed-up,but are limited to small simulationsthat can
�t in the on-chip memoryof the FPGA and both uti-
lize theO(n2) techniquethatdoesnot scalewell to �nd
interactingpairsof atoms.Thespeed-upsreportedalso
comewhencomparedtoaslow MD softwareimplemen-
tation[Bargiel etal. 1991].

The third work that acceleratesMD simulationson
a recon�gurablecomputeracceleratesa modi�ed ver-
sion of the NAMD simulation package[Kindratenko
andPointer2006]. Theauthorsstudyvariousarchitec-
tural choicesandreporton their performance.Notably,
single-precision�oating-point arithmeticand32-bit in-
teger arithmeticareemployed andbondedforce calcu-
lation is omitted. While NAMD is certainlycapableof
usingSPMEin simulations,it is unclearwhetheror not
SPME is actually utilized in the simulationsin [Kin-
dratenko and Pointer2006] and in any case,SPME's
impactonperformanceis notaddressed.

2.1 Our Prior Work

In ourprior work, wedevelopedanMD simulationpro-
gramfor theSRC6 MAPstation[Scrofanoet al. 2006].
We summarizetheresultsherebecausethepresentMD
simulationprogrambuilds upon this previously devel-
opedbasicsimulationprogram.

For our study into the accelerationof MD simulations
with recon�gurablecomputers,wewantedto begin with
a basic, yet still scienti�cally useful, simulation pro-
gram, rather than trying to accelerateexisting large-
scalesimulationpackagessuchasNAMD [Kalé et al.
1999]or GROMACS[vanderSpoeletal. 2005].These
large-scalesimulation packagesare highly optimized
andparallelizedandcontainmany features;they present
ratherextremecasesfor studiesinto theappropriateness
of recon�gurablehardware acceleration.At the same
time, if the simulationprogramstudiedwere too sim-
plistic, nousefulinformationwouldbegainedfrom it.

The MD simulationprogramwe developedthus sup-
portsconstantenergy andvolume(constant-NVE)sim-
ulation with an orthogonalperiodicbox. The velocity
Verletintegratoris employed.For bondedforcecalcula-
tion, bondstretch,anglebend,anddihedraltorsionare
supported.For nonbondedforcecalculation,theshifted
force Lennard-Jonesand shifted force Coulombtech-
niquesareused. The Verlet neighborlist techniqueis
usedto identify theinteractingpairsof atoms.Thepro-
gramalsonow implementsthe RATTLE algorithmfor
bondconstraints[Allen andTildesley 1987].

Inputsto theprogramareprovidedat run-time,andthey
includethe cutoff distanceandlist cutoff distance,pe-
riodic box dimensions,numberof stepsin the simula-
tion, and the length of the simulationtime step. The
structureof thesystemcanbespeci�ed in anAMBER-
formattopology�le, which is preprocessedinto �les in
the program's internalformat [AMB 2004]. Initial po-
sitions and velocitiescan be speci�ed in a coordinate
�le in PDBformat[PDB 1996],whichalsogetsprepro-
cessed.

We developedboth a softwareversionof the program
and a hardware acceleratedversion. In the hardware
acceleratedversion,thenonbondedforcecalculationis
movedto therecon�gurablehardwarewhile theremain-
der of the simulation runs in software. There is one
pipeline that calculatesthe force and potential. It ex-
ploits the�ne-grain parallelismwithin theoperationsin
the force calculation. Due to areaand memoryband-
width limitations, only onepipeline �ts on the FPGA,
so the designcannottake advantageof coarse-grained
parallelism. Nonetheless,for eachsimulation,we ob-
tainedabouta2� speed-upfor theentireapplicationby
doingthehardwareacceleration.

Therearetwo main drawbacksto this implementation.
The �rst is that it usessingle-precision,ratherdouble-
precision,�oating-point arithmetic. This limitation is
dueto limited areain thetargetFPGA,thelimited num-
ber of on-boardmemorybanks,and the limited band-
width betweenthoseon-boardmemorybanksand the
FPGA.TheSPMEdesigndescribedin thenext section
also hasthis limitation. This limitation may be over-
comewith theintroductionof new recon�gurablecom-
puters,suchastheproposedSRC7 MAPstation,which
have larger, moremodernFPGAs,moreon-boardmem-
ory, andhighermemorybandwidth[SRC2004].

Theotherdrawbackto this basicimplementationis the
useof theshifted-forceapproximationfor theCoulomb
force calculation. In the next section,we describethe
introductionof themoreaccurateSPMEtechniqueinto
theMD simulationprogramto overcomethis problem.
Wethendiscussseveralissuesthatpresentthemselvesin



any implementationof SPMEon a recon�gurablecom-
puteranddraw someconclusionsaboutwhat theseis-
suesmeanfor the useof recon�gurablecomputersin
scienti�c computingin general.

3 Smooth Particle Mesh Ewald
on a Recon�gurable Computer

UsingSPMEdoesnot changethebasicstructureof the
simulation. The velocity Verlet algorithm, the bonded
forcecalculation,andtheLennard-Jonesportionof the
nonbondedforcecalculationremainthesame.Thema-
jor changesarein theelectrostaticnonbondedforcecal-
culation,asdescribedin Section1.2.1. Comparingthe
shiftedforceapproximationto theSPMEtechnique,we
seethat several changeswill be requiredto the pro-
gram. The real-spacepart of the potentialis similar to
thestandardCoulombpotential(withoutthechangesfor
forceshifting), excepta termwith anerfc(x) operation
is introduced(seeEquation5). The correctionterm is
not of major concernas it includesonly O(n) calcu-
lations. The reciprocal-spacecalculation,however, is
wholly new andrequires3D FFTs, interpolations,and
the multiplication of 3D arrays. The introduction of
thesekernelshasthepotentialto signi�cantly affect the
applicationpro�le, so we begin by examiningthe pro-
�le of a software-onlyimplementationof MD simula-
tion with SPME.

Following [Essmannet al. 1995] and referencingthe
relevant functionsin NAMD and GROMACS, we de-
velopedanimplementationof theSPMEtechniquethat
wasintegratedinto thesimulationprogramdescribedin
the last section. The sizeof the grid and the orderof
the interpolationis speci�ed by the userat run time.
Thecomputationof erfc(x) andits derivative areimple-
mentedwith tablelookup andinterpolation.The FFTs
aredoneusingtheappropriatefunctionsfrom the Intel
MathKernelLibrary, version8.1.14[Int 2006].

3.1 Partitioning

The applicationpro�le for the two benchmarksimula-
tions, obtainedusing Opro�le 0.9.1 [opr ], is shown
in Table 1. Clearly, the real-spacepart of the force
calculation,which includesthe shifted-forceLennard-
Jonesforcecalculation,is taking themosttime. In the
palmitic acid simulation, the next-most time is taken
by the reciprocal-spacepart of the SPME calculation,
which includestheinterpolationandbothFFTs.Build-
ing the neighborlist takes roughly half asmuch time,

and the rest of the taskseven less. So, basedon the
palmitic acid simulation, it seemsthat we should fo-
cus our efforts on the real- and reciprocal-spaceparts
of forcecalculationto obtainthehighestspeed-up.

In the CheY simulation,the constructionof the neigh-
bor list takes the second-mosttime in the simulation,
while the reciprocal-spacepart of the force calculation
takesthe third-mosttime. Note that in theCheYsimu-
lation, the FFTstake hardly any time. This occursbe-
causethe64� 64� 64grid usedby theCheYsimulation
causesvery few cachemissesin theGPP's1 MB cache,
leadingto very high FFT performance.In generalthis
will not be the caseand the FFTs and, consequently,
the reciprocal-spacepart of force calculation,will take
a higherpercentageof thetime. Thus,we focusour ac-
celerationstudyon the real- andreciprocalspaceparts
of the force calculationand leave the remainingtasks,
includingconstructionof theneighborlist, in software.

As mentionedabove, thereal-spacepartof thecalcula-
tion is verysimilar to thecalculationin theshifted-force
approach,with the introductionof an erfc(x) compu-
tation and an e� x2

computationas part of the deriva-
tive of erfc(x). Thesetwo termspresenta challenge
for hardware implementationbecausethereareno ex-
isting �oating-point coresto calculatethem. However,
they canbe calculatedthroughtable lookup and inter-
polation and we describesuch an implementationin
Section 3.2.1. Thus, without too much change,we
can acceleratethe real-spacepart in a similar fashion
to the way the shifted force approachis accelerated
in [Scrofanoet al. 2006]. We will obtainsimilar per-
formanceaswell, which will be a signi�cant speed-up
over thesoftware-onlyimplementationof thereal-space
part. For example, the real-spacepart in the palmitic
acid simulationshould take only about0.34 s/step,a
4.6� speed-upoverthesoftware-onlyversion[Scrofano
et al. 2006]. Similarly, the real-spacepartof theCheY
simulationshouldtake only about0.19 s/step,a 4.8�
speed-upover the software-onlyversion. Clearly, this
taskshouldbeexecutedin hardware.

For the reciprocal-spacepart of force calculation,one
optionis to notaccelerateit andleaveit in softwarewith
the restof thesimulation. Becausethey arenot depen-
dentupononeanother, thetwo partscanexecutein par-
allel, oneontheGPPandtheotherontheFPGA.In this
case,thelengthof time for thetwo tasksto completeis
equalto themaximumof the time the reciprocal-space
part takesto executein softwareandthereal-spacepart
takesto executein hardware.For thepalmitic acidsim-
ulation,we estimatethatthetwo partsof thesimulation
will takeaboutthesametime. For theCheYsimulation,
thereal-spacepartof thesimulationwill still be longer



Table1: Pro�le of theSoftwareImplementationfor Two BenchmarkSimulations
Palmitic Acid CheYProtein

Task Time (s/step) % ComputationTime Time(s/step) % ComputationTime
Real-space 1.56 70.25 0.93 74.42

Reciprocal-space(total) 0.34 15.40 0.10 7.80
FFTs 0.16 7.03 0.01 0.93
Assigncharges 0.08 3.76 0.04 3.51
Find forces 0.06 2.61 0.03 2.09
FindB-spinecoeffs. 0.02 1.07 0.01 1.18
Other 0.02 0.92 < 0.01 0.10

Building NeighborList 0.19 8.55 0.13 10.80
Other 0.13 5.79 0.09 6.96

thanthereciprocal-spacepart,but notasmuchlonger.

The other option is to acceleratethe reciprocal-space
part in hardwareaswell. The reciprocal-spacepart of
thecalculationconsistsof several subtasks:�nding in-
terpolationcoef�cients, assigningcharges to the grid,
forwardandbackwardFFTs,andsoforth. Noneof these
kernelsindividually is responsiblefor muchof thesim-
ulation'soverallcomputationtime. To effectively accel-
eratetheentireapplication,then,thewhole reciprocal-
spacepart mustbe accelerated.The pipelineto do the
real-spacepartof thecalculationandthepipelineto do
thereciprocal-spacepartof thecalculationcannotboth
�t in theFPGAat thesametime becauseof arealimita-
tions.So,only onewill beableto executeon theFPGA
at a time and the FPGA will have to be recon�gured
eachtime eitherof thefunctionsis called.Recon�gura-
tion takesabout0.05seconds,so about0.1 secondsof
overheadwould beaddedat eachcall [SRC2004]. For
theCheYproteinsimulation,this is not a solutionsince
thereciprocal-spacepartonly takes0.1s/step.Evenfor
the palmitic acid simulation,consideringthe addedre-
con�gurationcost,thereciprocal-spacepartof thecom-
putationmaynotbesigni�cantly acceleratedwith acus-
tomhardwaredesign.

For this study, we have chosenthe �rst partitioning
scheme,thatis, thereal-spacepartexecutesin hardware
in parallel with the reciprocal-spacepart executing in
software. To estimatethe speed-upof a hardware im-
plementationbeforeactuallydoingtheimplementation,
we take into accountthe time that the applicationwill
spendin software,in hardware,andcommunicatingdata
betweensoftwareandhardware. We canusethepro�l-
ing datato determinetheamountof time that the tasks
left in softwarewill take. We know theamountof data
the will be transferredbetweenhardwareandsoftware
at eachstepbecauseit is basedon thenumberof atoms
in thesimulation.Wealsoknow thebandwidthbetween
thehardwareandsoftware,sowecancalculatethecom-

municationcost. Finally, we needto �nd thehardware
cost,which is determinedby thehardwareimplementa-
tion,whichwewill describein thefollowing subsection.

Take the palmitic acid simulationasan example. The
tasksleft in softwareareestimatedto take 0.66s/step.
For a 52558-atomsimulation,the communicationtime
is estimatedto be only 1.2 ms, given the positiondata
andforcedatabeingtransferredandthetransferrateof
the MAPstation. The hardware implementationof the
real-spacepartis estimatedto takeonly 0.34s,basedon
ourprior work, soits computationwill beoverlappedby
the reciprocal-spacepart in software. Thus,it doesnot
contribute to the overall time. The total time is, there-
fore,estimatedto be0.66s/step,leadingto anestimated
speed-upof 3.36� .

3.2 Hardware Design for the Real-
Space Part

In [Scrofanoet al. 2006], we determinedthat the best
hardware designfor the nonbondedforce calculation
in the shifted-forcetechniqueis a write-back design.
Since the calculationsin the real-spacepart are very
similar to thosein the shifted-forcetechnique,we em-
ploy thesamebasicdesignin this work. Thealgorithm
for this designin shown in Figure2. In the algorithm,
positionOBM andforceOBMrepresenton-boardmem-
ories, forceRAM representsan on-chip memory, and
CALC REAL representsapplying the real-spaceforce
andpotentialcalculationequations,aswell asothernec-
essarytechniques,suchastheminimumimageconven-
tion [Allen andTildesley 1987].

Thetwo innerloopsin thealgorithmarepipelinedwhile
the outer loop is not pipelined. The inner loop begin-
ning on line 5 is themain forcecalculationloop. Each
atomi'sneighborlist is traversed.Theupdatedforceon
atomi is accumulated.Theupdatedforceoneachneigh-



foreachatomi do1

~r i  positionOBM[ i]2

~fi  forceOBM[i]3

n  04

foreachneighborj of i do5

if
�
�~r i � ~r j

�
� < rc then6

~r j  positionOBM[ j]7

~fi j  CALC REAL(~r i ,~r j )8

~fi  ~fi + ~fi j9

~f j  forceOBM[j]10

forceRAM[n]  ~f j � ~fi j11

n  n+ 112

end13

end14

forceOBM[i]  ~fi15

foreach~f j in forceRAMdo16

forceOBM[j]  ~f j17

end18

end19

Figure2: Algorithm for Write-BackDesign

bor atom j is storedin on-chipmemory. Whenall the
neighborsfor atomi have beenprocessed,the pipeline
for the inner loop is drained. The forcesstoredin on-
chipmemoryarethenwrittenbackto on-boardmemory
in apipelinedfashion(theloopbeginningon line16).

The main bene�t of this designis that it avoids data
hazards.For example,it doesnot requireany on-board
memoriesto bereadandwrittenin thesameclockcycle.
This is importantbecausetheon-boardmemoriesin our
targetrecon�gurablecomputeraresingleported;trying
to accessthe samememoryfrom two different places
within a pipeline causesthe pipeline to stall, which
hurtsperformance.Becausethepipelineis drainedbe-
tweeniterationsof the outerloop, no datahazardsdue
to thelengthy pipelinesin the�oating-point coresarise.
Another bene�t of the designis that it minimizesthe
numberof timesthattheon-boardmemoriesswitchbe-
tweenreadandwrite modes.Sucha switch often car-
riesa penaltyof multiple cycles,which slows down the
pipeline.

Themaindrawbackto thiswrite-backdesignis theneed
to �ush the inner pipelinesbetweensuccessive itera-
tionsof theouterloop. Pipelinesmadeup of pipelined
�oating-point cores are very long, so such pipeline
�ushing reducestheeffectivenessof thepipeline.

3.2.1 erfc(x) and e� x2

Thereare currentlyno librariesavailable for perform-
ing transcendentalfunctions,suchaserfc(x) ande� x2

in
�oating-point on FPGAs. Thus,we hadto developour
own. We usetable lookup and linear interpolationto
calculatethesetwo functionsto � ve digits of precision.
Thismethodworksparticularlywell onFPGAsbecause
thetablecanbestoredin on-chipmemory.

In MD, we are also able to bound the inputs to the
two functions. That is, we know aheadof time what
rangeof valuesthe x in erfc(x) ande� x2

can take on.
In the caseof MD, x = b

�
�~r i � ~r j + n

�
�. In our simula-

tions,weutilize thecommontechniqueof settingb such
that thereal-spaceenergy is 0 at thecutoff distance,rc.
Thus, it is guaranteedthat for any pair of atomsi and
j, 0 � x � brc. For a cutoff distanceof rc = 10 	A, asis
usedin our simulations,it turnsout that this limits the
rangeof inputs0 � x � 3:6. Both erfc(x) ande� x2

are
well-behavedfunctionsin this region.

The table lookup and interpolationstepsare accom-
plishedusing�x edpoint arithmeticandshifting, which
is much more areaef�cient than �oating-point arith-
metic. Any values that are larger than brc return
erfc(brc) � e� (b rc)2

� 0 andany valuesthataresmaller
thana thresholdreturnerfc(0) = e� (0)2

= 1.

3.3 Recon�gurable Computer Imple-
mentation Details and Results

For implementationon theMAPstation,we madea few
modi�cations to the traditionaltechniques.The neigh-
bor list is usually implementedasa long list of atoms
anda separatearraythatpointsto thestartof a particu-
lar atom's setof neighbors.In our implementation,we
insteadinserttheatomindicesinto the list right before
theirneighbors.Weusethemostsigni�cant bit of thein-
dex asa�ag to denotewhichatomsstartnew sets.Also,
we packatomtypesandatomindicesinto 64-bit words
in theneighborlist insteadof having a separatetypear-
ray. We do this to save on-boardmemorybanks.Keep-
ing this addedinformationin theneighborlist doesnot
increasedatatransfercostsbecausethetransferwordon
theMAPstationis 64bitswideanyway. Similarly, rather
thanhaving a separatechargearray, we packthecharge
in thesamearrayasthepositions.Positionshave three
componentsthatareeach32bitsbut theamountof data
transferredmustbe in multiplesof 64 bits, so we have
to transferanextra 32 bits every time thepositionsare
transferredanyway.
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Figure3: DataLayoutin On-BoardMemory

When the programruns, it executesthe velocity Ver-
let algorithm. During the force calculationstep, two
threadsare createdusing pthreads[POS 2006]. One
threadcalls the reciprocal-spacepart softwarefunction
andtheothercalls the hardwareimplementationof the
real-spacepart. The �rst time the real-spacepart is
called,all thenecessaryconstantsaretransferredto the
FPGA andstoredon-chip,either in registersor in em-
beddedmemories. Theseconstantsonly needto be
transferredonceasthey remainon-chipthroughoutthe
simulation. Eachtime the real-spacepart is called,the
position/chargearrayis DMAed to theFPGA'son-board
memory. The neighborlist is effectively streamedto
theFPGAby alternatingDMAs betweenfour on-board
memorybanks.At theendof thecalculation,theforces
are DMAed back to the GPP. The data layout in on-
boardmemoryis shown in Figure 3, wherera and fa
arethea componentsof thepositionandforce,respec-
tively, solid linesdenotebordersof memorybanks,and
dashedlines show datapacked into one word. When
both threadshave �nished, the force calculationpro-
ceedswith bondedforce calculationandthe force cor-
rections.

We implementedMD with SPMEfor theelectrostatics,
asdescribedabove,ontheSRC6 MAPstation.Thesoft-
warecodewaswritten in C andcompiledwith theIntel
C compilerversion8.1.

All of thehardwaredesign,exceptfor the tablelookup
and interpolationfunctions for erfc(x) and e� x2

, was
codedin C for theSRCCartecompiler. This compiler
generateshardwaredesignsfrom C codethat is appro-
priately annotatedwith SRC-provided macrosto per-
form suchtasksasdatamovementbetweentheGPPand
theFPGA's on-boardmemory.

Theerfc(x) ande� x2
tableseachhave 204817-bit wide

elements.Eachtablecan �t in two embeddedmemo-
riesin thetargetFPGA.17-bitwidevalueswerechosen

Table2: MAPstationPerformanceResults
Latency (s/step)

Simulation SWonly SW+ HW Speed-up
Palmitic Acid 2.22 0.76 2.92�
CheYProtein 1.25 0.46 2:72�

because,in additionto providing therequiredprecision
in theresults,they allow eachmultiply doneduringthe
interpolationto useonly oneof the18� 18-bit embed-
ded multipliers in the target FPGA. The valuesin the
tablesweregeneratedby a separatesoftwareprogram.
The thresholdsfor maximumandminimum valuesare
setat4.0and2� 23, respectively. Themaximumis setto
4.0, ratherthan3.6,because4.0canbecheckedsimply
by looking at the exponentof the �oating-point num-
ber. 2� 23 is chosenastheminimumbecauseany num-
ber smaller than that will have all its meaningfulbits
shiftedoutwhenthenumberis convertedto �x ed-point.
Thesecircuitsarecodedin theVHDL hardwaredescrip-
tion languageandsynthesizedusingSynplicitySynplify
Pro,version8.1.

Thecompletehardwaredesignis mappedto theFPGA
usingXilinx' s ISE tools,version7.1.04.

The resultsof the accelerationon the recon�gurable
computerareshown in Table2. We achieved a 2.92�
speed-upanda2.72� speed-upfor thepalmiticacidand
CheY proteinsimulations,respectively, by moving the
real-spacepart into hardware and executing it in par-
allel with the reciprocal-spacepart. The speed-upfor
palmitic acid is lessthanestimatedabove. A largepart
of this is due to a threadingcon�ict betweendesigns
on the MAPstationandthe FFTsfrom the Intel MKL.
Thus,the FFTsexecutemoreslowly in softwarewhen
we introducehardware accelerationfor the real-space
part. Also, in our estimates,we ignoredoverheadssuch
asDMA start-upcostsandthreadcreationcosts.

4 Discussion

We have presenteda preliminary investigation of MD
simulationsthat includetheuseof SPMEfor advanced
electrostaticcalculationon recon�gurable computers.
Wehaveshown thatit is possibleto achieveasigni�cant
speed-upwithoutacceleratingeverythingin theapplica-
tion. Thedesignprocessserved to emphasizetheneed
for pro�ling andperformanceestimationbeforeactual
implementation. By targeting our accelerationefforts
to themostcomputationallyintensive task,we areable
to obtainat leasta 2.7� speed-upover a software-only
implementation.Hadwe insteadtried to acceleratean-
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Figure4: Speed-Upsof Palmitic Acid Simulationwith
VariousParameters

otherpartof theapplication,suchastheFFTswithin the
reciprocal-spacepart,wecouldnothaveachievednearly
ashighof aspeed-up.

4.1 Partition Space

Theintroductionof theSPMEtechniqueto thesimula-
tion programhasaddedtradeoffs to thedesignspacefor
partitioningthe MD applicationbetweenhardwareand
software. So far, we have discussedthepro�le for two
simulationsthatusefourth orderinterpolationandhave
particularFFT sizes. However, the interpolationorder
andthesizeof theFFTsusedin thesimulationcansig-
ni�cantly impacttheapplicationpro�le.

As an example,we considerwhat would happenif the
palmitic acid simulationusedsixth-orderinterpolation
and hada grid size of 256� 192� 512, insteadof its
currentcon�guration. In that case,the speed-upfrom
moving thereal-spacepart to hardwaredropsto 1.30� .
Thereasonis thatthereal-spacepartnow only accounts
for 33.79% of the overall simulation time while the
reciprocal-spacepartaccountsfor 58.44%of theoverall
simulationtime. Thereis thusa tradeoff betweeninter-
polationorder, FFT size,andspeed-up.Figure4 shows
thespeed-upsfor variouscon�gurationsof thepalmitic
acidsimulation,wherei is theinterpolationorderand f
is theFFT size.

Anotherway to look at this is thatchangingtheparam-
eterschangesthe decisionaboutwhich part or partsof
the simulationshouldbe moved into hardware. In the
casedescribedabove in which thereciprocal-spacepart
takes more time than the real-spacepart, it would be
advantageousto acceleratethe reciprocal-spacepart in

hardware insteadof the real-spacepart. Or, it may in
factbebetterto acceleratebothpartsof theforcecalcu-
lation in hardware.

The pro�le would also changeif, throughfurther op-
timization, the real-spacepart took less time to ex-
ecute. For instance,GROMACS usesoptimizations
baseduponthetypesof moleculesinteractingto reduce
the numberof operationsin the real-spacepart of the
forcecalculation.Onx86platforms,they useassembly-
codedroutinesto increasethe performanceeven fur-
ther [van der Spoelet al. 2005]. Increasingthe perfor-
manceof thereal-spacepartof theforcecalculationre-
ducesits contribution to the overall computationtime
which in turn maymake acceleratingotherpartsof the
simulationmoreattractive.

Onemorecasein which we may changeour decisions
aboutwhatshouldandshouldnotbemovedto hardware
is the caseof a highly parallelsimulationimplementa-
tion. In this case,the numberof atomsper nodemay
besmallbecausetheatomsaredistributedamongmany
processors.However, it can be dif�cult to effectively
parallelizethe3D FFT. FPGAshave demonstratedhigh
performancein 1D FFT computations,especiallylarge
FFTs[HemmertandUnderwood 2005]. Theremaybe
a partitioningin which a small numberof FPGAsper-
form theFFTsneededin thereciprocal-spacepartwhile
therestof thecalculationsaredistributedamonga large
numberof GPPs.Whetheror not sucha partitioningis
practicalwill dependuponthe performanceof FPGAs
in executing�oating-point 3D FFTs,which is not well-
studiedat this time.

4.2 Libraries for Recon�gurable Com-
puters

Thefactthat,in this application,solelyacceleratingthe
FFTswouldnothavegreatlybene�tedtheapplicationas
awholeservesto makeapointaboutlibrariesfor recon-
�gurable computers:they mustbe muchmore�e xible
than libraries for GPPs. For GPPs,the fastestlibrary
implementationfor a particularkernel(FFT, for exam-
ple) is bestbecausethetasksin theapplicationmustrun
sequentially. For recon�gurablecomputers,ontheother
hand,thereis aninherentparallelismbetweenhardware
and software. Runninga kernel task more slowly in
software may be bene�cial if it allows another, more
computationallyintensive task, to run in hardware. In
theembeddedcomputingcommunity, thisideais known
assoftwaredeceleration [James-Roxbyetal. 2004].

Thus, libraries for recon�gurablecomputersmust do
morethanprovide a commoninterfaceandhighly op-



timizedimplementationsfor variousplatformsandthey
mustbe morethanjust wrappersaroundhardwareim-
plementationsthatalwaysexecutethehardwareversion
if it is available. At the very least,the usershouldbe
able to give the library “hints” as to whetherthe soft-
ware or hardware versionof the library kernel should
be employed. A more advancedsystemwould allow
the library to choose,at run-time, which implementa-
tion shouldbe employed, basedon parameterssuchas
problemsize (numberof points in the FFT, for exam-
ple). Thesystemwouldprovideaninterfacebetweenthe
library's performancemodelsandtheapplication's per-
formancemodel.An additionalidea,proposedin [Smith
et al. 2005a], is to fuse functionsto make the library
functionsencompassmorecomputationthanis typically
donein librariesfor GPPs.

5 Conclusion

We have developed a preliminary recon�gurable-
computerimplementationof anMD simulationapplica-
tion that includesthe SPMEmethodfor accurateelec-
trostaticcalculations. We were able to obtain speed-
ups of almost3� by moving only the real-spacepart
of the calculationinto hardware. We have then dis-
cussedsomeotherpossiblepartitionsand the ways in
whichthepartitioningschemedependsupontheparam-
etersof thesimulation.Overall, our experiencedemon-
stratesthatin orderto achieveaspeed-upfor ascienti�c
applicationsuchasMD simulation,carefulpartitioning
betweenhardwareandsoftwareis necessary.

Thereare many areasfor future work. One is to de-
velop a better understandingof the application pro-
�le when the simulation is parallelized over multi-
ple GPPs. Insight into the behavior of the applica-
tion whenparallelizedamongmany nodeswill helpfo-
cusour evaluationof the variouspartitioningschemes.
Along thoselines, it will alsobe imperative to under-
standthe hardwareperformanceof the variouskernels
in thereciprocal-spacepartwhenthey areimplemented
in hardware with �oating-point arithmetic. Another
areais to investigatethepossibilitiesfor accelerationof
otherelectrostatictechniques,suchasthefastmultipole
method[GreengardandRokhlin1987].
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