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Abstract

With advancesin reconfigurable hardware, especially
field-programmablegate arrays (FPGAs), it has become
possibleto usereconfigurablehardware to acceleratecom-
plex applications, such as those in scientific computing.
There hasbeena resultingdevelopmentof reconfigurable
computers—computers which have both general purpose
processorsandreconfigurablehardware, aswell asmemory
andhigh-performanceinterconnectionnetworks.In thispa-
per, westudytheaccelerationof moleculardynamicssimu-
lations usingreconfigurable computers. We describehow
we partition the application betweensoftware and hard-
ware and thenmodelthe performanceof several alterna-
tives for the task mappedto hardware. We describean
implementationof oneof thesealternativeson a reconfig-
urable computerand demonstrate that for two real-world
simulations,it achievesa 2 � speed-upover the software
baseline. We thencompare our designandresultsto those
of prior efforts and explain the advantages of the hard-
ware/softwareapproach, includingflexibility.

1 Intr oduction

Reconfigurablehardware, in the form of FPGAs, has
beenusedsuccessfullyin the accelerationof many appli-
cationsandapplicationtasks.Previously, FPGAswerelim-
itedto performingtasksthatrequiredonly fixed-pointarith-
metic. However, recentadvancesin FPGA hardware, in-
cluding increaseddensityand the inclusion of embedded
multipliers,have madefloating-pointarithmeticon FPGAs
possible. Several libraries for performing floating-point
arithmeticon FPGAshave beendeveloped[4, 5, 6]. An
exciting challengeis to useFPGAsto acceleratescientific
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computingapplicationsthatareverycomputationallyinten-
siveandrequirefloating-pointarithmetic.

Oneparticularly interestingscientificcomputingappli-
cation to investigate is moleculardynamics(MD) simula-
tion. MD is a techniquethat modelsthe movementsof
atomsin a substanceover time. Tasksin the simulation
include calculatingforces,updatingpositionsand veloci-
ties, andothersupportingtasks. All of thesecalculations
are traditionally performedin single- or double-precision
floating-pointarithmetic.Onetaskin anMD simulation—
the nonbondedforce calculation—isvery computationally
intensive while the other tasksare less intensive or have
complicatedcontrol logic. It makessense,then,to acceler-
atethenonbondedforcecalculationin reconfigurablehard-
warewhile executingtherestof thesimulationwith a gen-
eralpurposeprocessor.

In this paper, we describedesigningand implementing
an MD simulationsystemusingsucha hardware/software
approach.Theimplementationplatformis a reconfigurable
computerthathasbothgeneralpurposeprocessorsandre-
configurablehardware. We first developa softwareimple-
mentationthat hasmost of the importanttasksin an MD
simulationbut is notascomplex aslargeMD softwarepack-
agessuchasGROMACSandNAMD [8, 16]. We thenpar-
tition thetasksin thesimulationsuchthatthemostintensive
is executedin reconfigurablehardwareandtherestareexe-
cutedby thegeneralpurposeprocessor.

This hardware/softwareapproachto accelerationis the
key to developinga morecompletesimulationsystemthan
previousaccelerationeffortsthatmovedall tasksof thesim-
ulation into hardware[3, 7]. It takesinto accountthe fact
that not all tasksin a large scientific program,suchas a
programfor MD simulation,are good candidatesfor ac-
celeration.Taskswhich arecontrol-intensive or which can
beexecutedvery efficiently by generalpurposeprocessors
shouldbe left in software. Accelerationefforts shouldbe
targetedtowardsthosetaskswhoseaccelerationwill have
the greatestimpact on the performanceof the overall al-



gorithm. Anotheradvantageof the hardware/softwareap-
proachis that it allows for incrementalaccelerationof the
application.Thatis, onceevenasingletaskis implemented
in hardware,theapplicationis accelerated.Othertasksmay
beacceleratedlaterto provideevengreaterspeed-ups,but at
no time is functionality lost. In a hardware-onlyapproach,
the entireapplicationmustbe acceleratedbeforeany ben-
efit is realized. Similarly, the hardware/softwareapproach
givesthesystemtheflexibility to easilyintegratenew tasks
for advancedsimulations.Thesecanfirst be integratedas
software,then,if necessary, acceleratedwith hardware.

In thenext subsection,we describereconfigurablecom-
puters.In Section2, we introduceMD simulationsandde-
scribeour software. In Section3, we describethe hard-
ware/softwarepartitioning.We thenmodelseveralalterna-
tives for the reconfigurablehardware implementationand
decide,baseduponestimatedperformanceof thewholeap-
plication, which to implement. In Section4, we describe
our implementationonareconfigurablecomputerandcom-
pareits performanceto that of the puresoftwareapproach
andto thatpredictedin Section3. We discussrelatedwork
andcompareit to oursin Section5. Finally, in Section6,
wedraw someconclusionsanddiscussfuturedirections.

1.1 ReconfigurableComputers

Reconfigurablecomputersare comprisedof both gen-
eral purposeprocessorsand FPGAs, as well as high-
performance,low-latency interconnectbetweenthem. The
FPGAsactasprogrammableapplicationacceleratorsfor the
generalpurposeprocessors.Reconfigurablecomputersare
ideal for executingapplicationsthat containboth control-
intensive portions,which executeon the generalpurpose
processors,anddata-intensive portions,which executeon
theFPGAs.While in thiswork weuseasinglegeneralpur-
poseprocessorand a single FPGA, the high-performance
natureof reconfigurablecomputersmakesthemwell-suited
for usein largeclustersandsupercomputers.

In this paper, we will considerone specific reconfig-
urablecomputer:theSRC6eMAPstation[15]. TheSRC6e
MAPstationhastwo 2.8GHzIntel Xeonprocessors;aMAP
processor, whichhastwo Xilinx Virtex-II FPGAsavailable
for customdesigns;anda high-performanceinterfacecon-
nectingthem.Thechoiceof which portionsof theapplica-
tion executeon which processingdevices is left up to the
designer. The developmentenvironmentsupportsthe de-
signof acceleratorsin C, Fortran,VHDL, andVerilog.

2 Molecular Dynamics

MD is awidely usedtechniquefor simulatingthemove-
mentsof atomsin asystemover time. Thenumberof atoms
in asystemvarieswidely, from about10000atomsin small

simulationsto over a billion atomsin the largestsimula-
tions. In this section,we provide backgroundinformation
aboutMD, thereferencefor which is [1].

In an MD simulation,eachatom � in the systemhasan
initial position �	�

����� andvelocity ���

����� attime ��� � . Given
the initial propertiesof thesystem,theMD simulationde-
terminesthe trajectoryof the systemfrom time ��� � to
somelatertime ������� . In theprocess,thesimulationkeeps
trackof propertiessuchastemperatureandtotal energy.

In orderto computethesystem’s trajectory, thepositions
of all theatomsat time � ����� � � arecalculatedbasedonthe
positionsof all theatomsat time � , where� � is asmalltime
interval, typically on theorderof onefemtosecond.Oneof
the mostpopularmethodsfor calculatingnew positionsis
the velocity Verlet algorithm. The stepsin this algorithm
are,for eachatom�

1. calculate� 
 ���"!�#$ basedon � 
 � � � andacceleration%�

� � � ;
2. calculate	�
&� ����� � � basedon ��
 ��� !�#$ ;

3. calculate %'
&� ���(� � � based on 	�
)� ����� � � and	�*+� ����� � � for all atoms,(-�.� ;
4. calculate��
&� ���(� � � basedon %�
&� ���(� � � .
The most time-consumingpart of the simulationis up-

dating the acceleration.The accelerationcomesfrom the
forcesactinguponeachof theatoms.

2.1 ForceCalculation

The forces in an MD simulation can be groupedin
two categories: bondedandnonbonded.Bondedforces—
namelybond stretch,anglebend, and dihedral torsion—
only occurbetweenatomsthat arebondedto oneanother.
Thus,eachatomonly interactswith a few otheratomsand
thecomputationof bondedforcesis notabottleneck.

Nonbondedforces, on the other hand, can occur be-
tweenany two atomsin asimulationthatarenotpartof the
samebond.Thetwo typesof nonbondedforcesmostoften
usedin MD simulationsarethe forcesdueto theLennard-
JonesandCoulombpotentials(hereafterreferredto asthe
Lennard-JonesforceandtheCoulombforce,respectively).

Equation1 mustbeevaluatedfor every atom � in a sim-
ulation to find the nonbondedforce actingon atom � . The
first two termsof theequationmake up theLennard-Jones
forceandthethird makesup theCoulombforce. �	�
/* is the
distancevectorbetweenatoms� and, and	�
0* is themagni-
tudeof �	�
/* , i.e., thedistancebetweenatoms� and , . 1 and2

areconstantsthatdependon the typesof atoms� and , .3�
 is thechargeonatom� .
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In practice,it is commonto useNewton’s Third Law,
namelythat �4 
/* � ? �4 *D
 , to reducethe numberof calcula-
tions. Sofor eachpairwiseforcecalculated, �4 
/* is addedto�4 
 andsubtractedfrom �4 * .

WhencalculatingtheLennard-Jonesforces,acutoff dis-
tanceis alwaysemployed. That is, �4 LJ
/* is only calculated
if 	�
/* is less than somedistance	�M . There are several
methodsfor calculatingtheCoulombforce,includingcutoff
Coulomb,which usesthesamecutoff techniqueasis used
for Lennard-Jonesforces,Ewald summation,and Particle
MeshEwald (PME).

Oneof thedifficultiesof nonbondedforcecalculationis
that eachpair of atomsmay interact. Naively, this would
require N �0O $ � evaluationsat eachstep,asthedistancebe-
tweeneachatom and every other atom must be checked.
Two techniquesto reducethenumberof pairsthatmustbe
evaluatedarethelinkedcell list andtheVerletneighborlist.

In thelinkedcell list approach,thesimulationboxis bro-
ken into a numberof cells, wherethe length, width, and
heightof eachcell is closeto but greaterthanthecutoff dis-
tance.Theatomsin eachcell, then,only interactwith atoms
in thesamecell or the26neighboringcells.Thisdrastically
reducesthenumberof pairsof atomsthatmustbeevaluated.

Thepurposeof theneighborlist is to avoid searchingfor
interactingpairsof atomsat every time step.It is basedon
the principle that if atoms� and , arecloseat time step � ,
they shouldstill becloseat timestep��� 8 . So,theneighbor
list is built at time step � andupdatedat time step �P�RQ ,
where Q is commonlybetween10 and 20. The neighbor
list is really a combinationof lists, whereeachatomhasa
list of atomswith which it might interact. Throughoutthe
paper, whenwe refer to “the neighborlist,” we meanthe
all-encompassingcombinationof lists. Whenwe refer to
“atom � ’s neighborlist,” we arereferringto only the list of
atom� ’s neighbors.Thelist canbeconstructedusingeither
the N �/O $ � searchfor pairsor themoreefficient linkedcell
list approach.

Thefirst stepin implementingtheMD simulationappli-
cationonareconfigurablecomputeris to developasoftware
implementationthatcanbeprofiledandeventuallymodified
to makeuseof thereconfigurablehardware.

2.2 Software Implementation

For our work, we have written a software implementa-
tion of a moleculardynamicssimulation. This software
implementstheVelocity Verletalgorithmin singleor dou-
ble precisionarithmetic. For nonbondedforcecalculation,
we calculatethe Lennard-Jonesforce and use the cutoff
Coulombtechniquefor the Coulombforce. During force
calculation,we alsocalculatethepotentialenergy. For bet-
teraccuracy, weuseshiftedforcesandpotentialenergiesto
remove discontinuitiesin the force andpotentialenergy at

thecutoff distance[1]. Doingsoaddstheneedfor two more
type-basedconstantsandseveral extra floating-pointoper-
ationsto the force calculation. To identify the interacting
pairsof atoms,we usethe Verlet neighborlist technique.
Every Q steps,whereQ is definedby theuser, a linkedcell
list is created.This linkedcell list is thentraversedto make
the neighborlist. We have also implementedthe bonded
forcecalculation,referencing[2] while doingso.

The inputs to the simulationare provided at run-time.
They include the numberof stepsin the simulation, the
length of the time step, the dimensionsof the simulation
box, the cutoff andneighborlist cutoff distances,and the
frequency at which theneighborlist shouldbeupdated.An
Amber-formattopologyfile canbeusedto specifythestruc-
tureof thesystem[2]. Thisspecificationincludesthetypes,
charges,andmassesof theatoms,thegroupsof atomsthat
participatein bondedinteractions,and constantsusedin
both bondedandnonbondedforce calculation. The initial
positionsof the atomsin the systemcanbe specifiedin a
coordinatefile in PDBformat[11].

The software is written in C. It hasbeencompiledus-
ing Intel’s C compiler, version8.1. We profiledthesingle-
precisionversionof the software running two benchmark
simulationsfor 1000 stepseach. We ran the simulations
on oneof the2.8GHz Xeonprocessorsin theMAPstation.
Theoperatingsystemis Linux. To profile,weusedOprofile
version0.8.1[9]. Table1 shows theprofiling results.

2.2.1 Noteson the Implementation

Thesimulationsdescribedin thispaperfollow conventional
methodologiesasusedin thesimulationcommunity. There
area two approximationsmade. Oneis the useof single-
precisionfloating-pointarithmetic. While our purely soft-
wareversioncanusesingle-or double-precision,the task
running in reconfigurablehardware is limited to single-
precision,aswill becomeevidentin thefollowing section.

The use of double-precisionarithmetic is the conven-
tional approachin MD simulations,althoughthe widely
used GROMACS software is often used with single-
precisionarithmetic [16]. The original driver for using
high precisionarithmeticwas the desireto avoid cumula-
tive roundingerrorsimplicit in very long simulations,but
this hasbeenof lessconcernin recentwork. Unlessdiver-
gencefrom the “exact” atomic trajectoriesis important,a
systemusing single-precisionarithmeticwill still explore
realisticconfigurationsduringthesimulation[12].

Theotherapproximationis thecutoff Coulombapproach
for the Coulombforces. This is more of a concernthan
using single- insteadof double-precisionarithmetic. Re-
centsimulationsthat comparethe structureof biologically
inspired model membranestructureshave demonstrated
that the bilayer structuresof cells aredifferentat approx-



Table 1. Profile of the software implementa-
tion for two benc hmark sim ulations

% of ComputationTime
Task Palmitic Acid CheYProtein

NonbondedForces 75.15 74.09
Building NeighborList 20.75 22.76
DihedralTorsionForces 2.14 1.51

Other 1.96 1.64

imatelythe5% level comparedto whenmoresophisticated
approachessuchasPMEareused[10]. Therearealsoindi-
cationsthat thecutoff Coulombapproachcreatesincorrect
structuresfor simulationsof solvatedproteinsand DNA.
However, this effect is still only at the5% level or less,and
for somesimulationsthecomputationalefficiency inherent
in thisapproachmakesit theonly realisticchoice.

2.3 Benchmark Simulations

As benchmarks,weusesimulationsof palmiticacidand
theCheYprotein. Palmitic acidself-assemblesinto a one-
molecule-thickfilm onwater. Thereis verydetailedexperi-
mentalinformationthatdescribestheatomiclevel structure
of this film, andwe aresimulatingsuchmonolayersto see
whetherthecurrentparameterizationof the interatomicin-
teractionsusedin simulationscanreproducethisbehavior.

In this simulation,thereare52558atomsof 8 different
types. The timestepfor the simulation is 2 fs. The cut-
off distanceis 10 Å andtheneighborlist cutoff distanceis
12 Å. The neighborlist is built onceevery 10 steps. The
simulationbox is

8 � F �TS F&U SV� 9�WCA Å L .
Theinterestin simulatingthedynamicsof theCheYpro-

tein is the surprisingobservation that microbial life forms
canexist in veryhotenvironments.Therearemany variants
of this proteinandwe aresimulatingtwo variantsto come
to anunderstandingof their differing thermalstabilities.

In this simulation,thereare32932atomsof 17 different
types.As is thecasefor palmitic acid,thetimestepis 2 fs,
thecutoff distanceis 10 Å, theneighborlist cutoff distance
is 12 Å, andthe neighborlist is built onceevery 10 steps.
Thesimulationbox is X:Y U SZ��X 8 U SV��X A U S Å L .
3 DesignEvaluation

From the profile in Table 1, it is clear that accelerat-
ing thecomputationof nonbondedforceswould benefitthe
overallapplicationmost.But,beforeimplementingthenon-
bondedforce calculationin reconfigurablehardware, we
needto determineif doing so will provide a significant
speed-upfor theoverall application.To make this determi-

nation,we model the performanceof reconfigurablecom-
puterimplementationsbeforeimplementingthem.

We model the reconfigurablecomputeras consisting
of two typesof nodes: general-purpose-processor(GPP)
nodes and reconfigurable-hardware (RH) nodes. GPP
nodesconsistof one or more generalpurposeprocessors
andmemory. RH nodesconsistof reconfigurablehardware,
likely in the form of one or more FPGAs,and on-board
memorybanks.Tasksin theapplicationexecuteon eithera
GPPnodeor anRH node,but not both. In orderfor a task
to executeon a particularnode,thedataneededby thetask
mustresidein thenode’s memory. If it doesnot, it mustbe
transferredthere,incurringacommunicationcost.

In this paper, we areusingonegeneralpurposeproces-
sor on a singleGPPnodeandoneFPGA on a singleRH
node.Further, weareonly moving onetaskto theRH node.
Let [ SWtasksbethetimetakenby thetasksexecutingin soft-
ware, [ comm be the time requiredto transferthe necessary
data,and [ RH be the time taken by the nonbondedforce
calculationexecutingin reconfigurablehardware.Thetotal
time requiredto perform a stepof the MD simulationon
a reconfigurablecomputeris given by the sumof [ SWtasks,[ comm, and[ RH.

Finding [ SWtasks is trivial: we simply use the profil-
ing datafrom thesoftware-onlyversionof theapplication.
Finding [ comm is also fairly simple: we determinehow
muchdatais transferredfrom/toGPPnodeto/fromRHnode
andthendivideby thebandwidthavailablebetweenthetwo
nodes.Determining[ RH is morechallenging.[ RH is affectedmost by the parallelismand pipelining
of the design. Parallelismis limited by the availablelogic
resourcesof thereconfigurablehardwareandtheper-cycle
bandwidthbetweenthereconfigurablehardwareandits on-
boardmemory. Data dependenciesand hazardsinvolved
with accessinglocal memorycancausepipelinestallsthat
aredetrimentalto theoverall performance.

Taking thesefactorsinto account,it is possibleto esti-
matethenumberof cyclesa designwill requireto produce
a result. Estimatesfor achievable frequency can then be
usedto determinetheexecutiontime.

3.1 System-Level Design

At the systemlevel, the partitioningof the MD simula-
tion algorithmbetweenhardwareandsoftwareis asshown
in Figure1. At eachtime step,thecurrentatomicpositions
needto be transferredto theRH node’s on-boardmemory.
Eachpositionvectorhasthreecomponents.So, if O is the
numberof atomsand \ is thenumberof bytesperfloating-
pointword, Y O \ bytesmustbetransferredto theRH node’s
on-boardmemory. Further, theneighborlist mustbetrans-
ferred to the RH node,althoughit shouldbe possibleto
streamit to theRH node,thusoverlappingthecommunica-
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Figure 1. Hardware/software par titioning of
the MD sim ulation application

tion with computation.The reconfigurablehardwaremust
also have accessto the types and charges of eachatom,
whichareconstantthroughoutthesimulationbut vary from
simulationto simulation.Severalothervaluesthatarecon-
stantthroughoutthe simulationmustbe availableaswell,
suchasthesizeof thesimulationbox andtheconstantsin
theLennard-Jonesforceequations.

As the nonbondedforces are calculated,they will be
storedin theRH node’son-boardmemory. Theforceacting
on eachatomhasthreecomponents,so theamountof data
thatneedsto bestoredis Y O \ . At theendof thenonbonded
force calculation,this datawill be transferredback to the
GPPnode. Therefore,ignoring the time taken to transfer
datathat remainsconstantsinceit is only transferredonce
andignoringthetime to transfertheneighborlist sincewe
assumethat it will be streamed,the total communication
time, [ comm, is

A O \ U 2 GPP, RH s/step,where
2

GPP, RH is the
bandwidthbetweentheGPPnodeandtheRH node.

3.2 RH Node-Level DesignAlter natives

The basicdesignfor performing the nonbondedforce
calculationtask on the RH nodeis a direct translationof
software into hardware. The algorithm and architecture
for sucha designare shown in Figures2 and 3, respec-
tively. Thoughomittedin the figures,the type andcharge
of eachatomis alsousedin thecalculation.In thefigures,
positionOBM andforceOBM representon-boardmem-
ories. In Figure 2, CALC NBF representsapplying the
shiftedforce versionof Equation1 andfinding the poten-
tial energy, aswell asothernecessarytechniques,suchas
theminimumimageconvention[1].

In this design, the two loops in the algorithm are
pipelinedsuchthatin everycycle,eitheranew � atomis en-
teringthepipelineor a new , atomis enteringthepipeline.
If 	�
/*WV 	�M , the resultsof the calculationarediscardedat
theendof thepipeline. In Figure3, the“force calculation”
box representsthis pipeline. Oneproblemwith this design
is thatin orderto subtractanewly calculated �4 
0* from �4 * , �4 *
needsto bereadfrom theforcememory. If, asis commonin

foreachatom� do1 �	�
YX positionOBM[� ]2 �4 
ZX forceOBM[� ]3

foreachneighbor, of � do4 �	 * X positionOBM[, ]5

if [��	'
 ? �	�* []\ 	�M then6 �4 
/*^X CALC NBF( �	�
 , �	�* )7 �4 
ZX �4 
 � �4 
/*8 �4 *_X forceOBM[, ]9

forceOBM[, ] X �4 * ? �4 
0*10

end11

end12

forceOBM[� ] X �4 
13

end14

Figure 2. Algorithm for basic design
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Figure 3. Architecture for basic design

presentlyavailablereconfigurablecomputers,theon-board
memoryon theRH nodeis singleported,thepipelinedar-
chitecturewill have to stall for onecycle. Theremay also
bepenaltiesassociatedwith switchingthememorybetween
readmodeandwrite mode.

Becauseof thelengthy pipelinesin floating-pointcores,
this designis alsosusceptibleto a read-after-write hazard.
Specifically, thesubtractionin line 10of thealgorithmmay
still be taking placefor one � atom when another� atom
causesthereadin line 9 to execute.Sinceit is not possible
to forward valueswithin the floating-pointcores,stalling
will benecessary.

Thetimerequiredto dothecalculationswith thisdesign,
in cycles, is given in Equation2. ± is the length of the
neighborlist and ² is averagethenumbercyclesof stalling
due to conflicting memoryaccessesandhazards.Put an-
otherway, onaverage,thepipelineproducesonenew result
every ² cycles.

[ RH �³²*± (2)

A secondalternative is to usea write-back design. The
algorithmfor this designis given in Figure4. This design
makes useof the fact that an atom , occursin atom � ’s
neighborlist at mostonce.Theloop beginningon line 5 is



pipelined,asis theloop in beginningon line 16. Theouter
loop is not pipelined.Thekey is that thenew �4 * valuesare
not storeddirectly into on-boardmemorybut insteadare
storedtemporarilyin on-chipmemory(forceRAM). They
are not written back to on-boardmemoryuntil all of the
neighborsof the current � atomhave beenprocessed.Be-
causeforcecalculationfor a new � atomcannotbegin until
afterall of the , atomsfrom theprevious � atom’s neighbor
list have beenwritten backto memory, theread-after-write
hazardis avoided. Theconflictingmemoryaccessesof the
basicdesignarealsoavoided.Thenumberof timesthatthe
on-boardmemoryswitchesmodesis alsominimized. The
drawbackto this designis that it requiresthat the pipeline
be drainedafter the processingof each� atom. Thus, the
pipelinefill-up latency is incurredfor each� atom.

To lessenthe numberof pipeline stagesthat must be
drainedafter each� atom,the pipelinedinner loop canbe
broken into two separatepipelinesjoined by a FIFO. This
FIFO mustbe largeenoughto hold all of theneighborsof
two (or more)consecutive � atoms.Thefirst pipelinereads
theposition,charge,andtypedatafor eachneighboratom,
andcalculates�	�
/* . If 	 $
0* \ 	 $M , �	�
/* , thechargeof , , andthe
typeof , arewritten to theFIFO.Notethatthereareno de-
pendenciesat this stage,sothis pipelinecanwrite new val-
uesto theFIFOaslongasthereis space.WhentheFIFOis
full, it waitsuntil thesecondpipelinehasprocesseddatabe-
fore it startswriting new values.Thesecondpipelinereads
datafromtheFIFOanddoestheremainingstepsin theforce
calculation. This pipelinemustbe drainedafter eachnew� atomthat it readsfrom the FIFO. Sincethe first pipeline
shouldproducedatafasterthanthesecondpipelinecanpro-
cessit, thereshouldbedatareadyin theFIFOwhenever the
secondpipelineis readyto begin processingit. Effectively,
then,it is only thesecondpipelinethatmustbedrainedand
whosefill-up latency is incurredfor eachatom.

Thetimerequiredto dothecalculationswith thisdesign,
in cycles, is given in Equation3, where O is the number
of atoms, ´ is the averagenumberof neighborsfor each
atom,µ is thenumberof pipelinestages(if two pipelinesare
used,µ canbeconsideredthenumberof stagesin thesecond
pipeline),and ² is thenumberof cyclesrequiredto switch
an on-boardmemoryfrom readmodeto write modeand
viceversa.Thefirst termin Equation3 givesthenumberof
cyclesspentin the(second)pipeline.Thesecondtermgives
thenumberof cyclesspentwriting databackto memory, as-
sumingthesewritescanbepipelined.Thethird termgives
thenumberof cyclesspentreading� atoms’datafrom mem-
ory. Thelasttermgivesthenumberof cyclesspentswitch-
ing theon-boardmemorybetweenreadandwrite modes.

[ RH � O�� ´ �¶µ � � O�� ´ � 8 � � O � 9 ² O (3)

Thelastdesignalternative doesnot usethat �4 
/* � ? �4 *D
 .
Thealgorithmis thesameasthatin Figure2,exceptwithout

foreachatom� do1 �	�
YX positionOBM[� ]2 �4 
ZX forceOBM[� ]3 O·X �
4

foreachneighbor, of � do5

if [��	'
 ? �	�* []\ 	�M then6 �	'*_X positionOBM[, ]7 �4 
/*^X CALC NBF( �	�
 , �	�* )8 �4 
ZX �4 
 � �4 
/*9 �4 *_X forceOBM[, ]10

forceRAM[O ] X �4 * ? �4 
/*11 O·X O � 812

end13

end14

forceOBM[� ] X �4 
15

foreach �4 * in forceRAM do16

forceOBM[, ] X �4 *17

end18

end19

Figure 4. Algorithm for write-bac k design

lines 9 and 10. This designrequirestwice asmany force
calculationsbut removesthe hazardsandthe needto read
from theforcememory. A caveatis thatusingthis method
will requireuseof a secondneighborlist: if , is a neighbor
of � in the original list, then � mustbe a neighborof , in
the secondneighborlist. The time requiredto do the cal-
culationswith this design,in cycles,is givenin Equation4,
where [ BNL,GPP is the amountof time it takesto build the
extra neighborlist on thegeneralpurposeprocessor. While
this lattertime is incurredby atasktakingplaceonthegen-
eralpurposeprocessor, we includeit hereto emphasizethat
thismethodrequiresbuilding thesecondneighborlist.

[ RH � 9 ±�� [ BNL,GPP (4)

Note that Equations2, 3, and 4, assumethat there is
enoughbandwidth betweenthe reconfigurablehardware
and its on-boardmemoryto readall threecomponentsof
the positions,aswell as the typesandchargesin parallel,
while writing all threecomponentsof theforcesin parallel.

3.3 Choosinga Designfor the Implementation

We now useEquations2, 3, and4 to determinewhich
designwe shouldusein our reconfigurablecomputerim-
plementation.We areonly ableto do thenonbondedforce
computationin single-precisionarithmeticon thereconfig-
urablehardware. Usingdoubleprecisionarithmeticwould
requiremore logic than is available in the FPGAsin the
MAPstation. Even if the amountof logic weresufficient,



therewould not beenoughon-boardmemoryto storeall of
thenecessarydata. TheMAPstationhaseightbanks,each
of which is eight byteswide, which is not enoughto hold
position,force,charge,andtypedataandstill have a bank
availablefor streamingtheneighborlist. Thus,we focuson
single-precisionarithmeticand \ , thenumberof bytesin a
floating-pointword, is four.

An importantpropertyof theMAPstationis its require-
mentthatall hardwaredesignsrun at 100MHz. While this
doesnot guaranteethatany of theabove designswill run at
100 MHz, 100 MHz is the bestpossiblefrequency, so we
useit in estimatingtimes. Two otherimportantproperties
arethat the on-boardmemorybanksaresingleportedand
thatswitchingamemoryfrom write modeto readmodeand
viceversarequiresfour deadcycles[15].

We usethe timing information from our palmitic acid
simulationto make our decisions.Fromprofiling, we have
foundthatonaverage,asinglestepof thevelocityVerletal-
gorithmtakes1.27s to executein software. [ SWtasksis 0.32
s/stepandwill bethesamefor eachof thearchitectures.[ comm will alsobethesamenomatterwhicharchitecture
is chosen. We want to stripe the 3 4-byte position com-
ponentsover 2 memorybanks(each8 byteswide) so that
all 3 canbe accessedin parallel. In order to achieve this,
we musttransfer4 wordsfor eachsetof components:the
3 positioncomponentsand1 extra word. A similar situa-
tion arisesin writing the forcesbackto theGPPnode.So,
ratherthantransferring

A O words,we actually transferS O
wordsperstep. With the52558atomsin thepalmitic acid
simulation,this translatesto transferring1.7MB perstepat
theMAPstation’stransferrateof 1400MB/s, requiringonly
about1.2msperstep[15].

Thebasicdesignproducespoor results.Becauseof the
memorydependencies,thepipelinewill only producea re-
sult onceevery 10 cycles.Theneighborlist in thepalmitic
acidsimulationhasabout17 million entries,sothenumber
of cyclesrequiredperstepis 170million. This leadsto an
overall timeof about2 s/step,which is aslowdown over the
softwareonly version.

Thewrite-backdesignfaresbetter. Fromourknowledge
of thefloating-pointcoresandthestructureof theforcecal-
culation pipeline, we know that the pipeline will be very
long, about200 stages.Throughprofiling the simulation,
weknow thattheaveragenumberof neighborscloseenough
to interactis 192.With thisandotherinformationaboutthe
system,we find that even with the long pipeline, the an-
ticipatedtotal time is 0.63 s/step,a

9 � speedupover the
softwareimplementation.

Thethird designis hamperedby theneedto build a sec-
ondneighborlist andgivesaspeedupthatis lower thanthat
of thewrite-backapproach.Thetimespentin forcecompu-
tation is only 0.34s/step,but every 10 steps,the neighbor
list is rebuilt. Building thesecondneighborlist contributes

anaverageof 0.27s/stepextra. Thetotal is then0.93s/step,
only a

8 U F � speed-up.Clearly, thealternative to useis the
write-backapproach.

4 Implementation and Experimental Results

For implementationon theMAPstation,we madea few
modificationsto the traditional techniques.The neighbor
list is usually implementedby a long list of atomswith a
separatearraythatpointsto thestartof a particularatom’s
setof neighbors.To reducethenumberof separatearrays,
we insteadinsertthe atomsinto the neighborlist right be-
fore their respectivesetsof neighbors.Weusethemostsig-
nificantbit of thewordasaflagto denotewhichatomsstart
new sets.To savememorybanksin theRH node,wedonot
storetheatomtypearrayin its own on-boardmemorybank.
Instead,wepackthetypeandtheatominto theneighborlist
in one64-bitword. This doesnot adverselyaffect thecom-
municationtime becausewe arestreamingin theneighbor
list in 64-bitwordsanyway. Wepackthechargein thesame
arrayasthepositionsbecause,asmentionedabove,wemust
transfer4 4-bytewords,insteadof 3, every stepanyway.

Thefirst time thenonbondedforcecalculationis called,
theconstantsfor thesimulationaretransferredto theFPGA.
The dimensionsof the simulationbox arestoredin regis-
ters.Theconstantsfor Lennard-Jonesforcecalculationare
storedin four block RAMs, oneeachfor the 1 ,

2
, andthe

two force/potentialshift constants.
Eachtime the nonbondedforce calculationtask is ex-

ecuted,the position and charge datais transferredbefore
calculationstarts.Dueto limitationswith theMAPstation’s
streamingDMA, we areunableto streamtheneighborlist.
Instead,we useregularDMAs but overlapthemwith com-
putation. We first DMA a sectionof the neighborlist into
two on-boardmemorybanks. While the force calculation
is processingthatsectionof theneighborlist, we DMA the
next sectionof theneighborlist into anothertwo on-board
memorybanks. We switch back and forth betweenread-
ing andwriting memorybanksso that the computationis
overlappedwith communication.

For intermediatestorage,we useblock RAMs. From
profiling our simulations,we foundthatno atomhadmore
than750 neighbors.The block RAMs in the target Xilinx
FPGA hold 512 32-bit words each. Thus, for the FIFO
betweenthe distance-and force calculationpipelines,we
usefour block RAMs eachfor thethethreecomponentsof
the distancevector, the squaredmagnitudeof the distance
vector, the type of the atom, and the charge of the atom.
Thus,we use24 block RAMs to implementthe FIFO. In
theforcecalculationpipeline,we usetwo block RAMs per
force componentas intermediatestorage.We useanother
two blockRAMs to storetheindex valuesof theneighbors.

Whenthe forcesarewritten backto on-boardmemory,



they arestripedacrosstwo on-boardmemories.Uponcom-
pletion of the nonbondedforce calculation,the forcesare
DMAed backto thegeneralpurposeprocessor.

Thecodeis writtenin C for theSRCCartecompiler. The
floating-pointcoresprovidedby SRCareusedto carryout
the floating-pointarithmetic. To accumulatethe force act-
ing on an � atom,we usethreeof theaccumulatorfloating-
point coresprovided by SRC,one for eachcomponentof
the force. We useanotheraccumulatorcoreto accumulate
the potentialenergy. This floating-pointcore allows one
new input to bepresentedto theaccumulatorperclock cy-
cle. Whenanew accumulationis to start(in ourcase,when
forcecalculationfor a new � atombegins),theaccumulator
pipelinemustbeflushed.This flushingof theaccumulator
pipelinedoesnot leadto any extra delaysin our write-back
designbecause,dueto the dependenciesdescribedabove,
the pipeline must be flushedwhen force calculationon a
new � atomis to begin anyway. Note that calculatingthe
forceson the , atomsdoesnot requireanaccumulator, only
anadder, becausethe forceon a , atomis updatedat most
oncefor any given � atom.

We useCarteversion2.1 togetherwith the Xilinx ISE
tools version7.2.3andthe Intel C compilerversion8.1 to
generatetheexecutable.We useonly oneof thetwo Xilinx
Virtex-II XC2V6000-4FPGAsontheMAP. TheFPGAarea
of thenonbondedforcecalculationis 33,634slices,which
is 99% of the availableslices. 28% of the availableblock
RAMs and77% of the availablemultipliers areused.The
required100MHz frequency is met.

4.1 Performance

We ran eachof the simulationson the MAPstationfor
1000stepsandcomparedthat to thesamesimulationsrun-
ning in softwareonly on the MAPstation. Table2 shows
the results. For the palmitic acid simulation,we achieve
a
9 � speed-upwhile for the CheY simulation,we achieve

a
8 U ¸ � speed-up.This is noteworthy becausewe achieve

thesespeed-upsdespiteleaving partsof the simulationin
softwareandnotusingtheGPPnodeandRH nodein paral-
lel. Thedifferencein speed-upbetweenthetwo simulations
is dueto the tasksleft in softwareaccountingfor a greater
percentageof the simulationtime thanthe taskmappedto
hardwarein the CheY simulationthanin the palmitic acid
simulation(seeTable1).

The 2 � speed-upfor palmitic acid is the sameas was
predictedin Section3.3. The time for the simulationwas
slightly longerthanpredicted,likely dueto overheadsun-
accountedfor in theperformancemodeling,suchasDMA
start-upcostsandthe costof transferringthe first sections
of theneighborlist.

Thesespeed-upsareinfluencedby theparametersof the
simulation. For example,were we to build the neighbor

Table 2. MAPstation perf ormance results
Latency (s/step)

Simulation SW only SW + HW Speed-up
Palmitic Acid 1.28 0.66 2.0�
CheYProtein 0.74 0.39 1.9�

list lessfrequentlythanonceevery 10 steps,thespeed-ups
achieved would be greaterbecausebuilding the neighbor
list would accountfor lessof the overall simulationtime.
Theneighborlist cutoff distancecanalsoaffect theapplica-
tion’sprofile,ascanotherphysicalproperties.

4.2 Scalability

In the purely software domain, the scalability of MD
simulationsis judgedby thespeed-upsobtainedby spread-
ing the simulation over multiple processors,where each
processorexecutesall tasksin thevelocityVerletalgorithm.
Thistypeof scalingiscertainlypossiblewith reconfigurable
computers.Indeed,we commenton it in Section6. Here,
we focusonadifferentkind of scalability:having oneGPP
nodebut multipleRH nodes.

As in thecurrentimplementation,all tasksin thesimu-
lation exceptfor nonbondedforcecalculationareexecuted
on the GPPnode. The constantsarecommunicatedto all
of theRH nodesduring thefirst stepof thesimulation. At
eachstepof thesimulation,thepositionandchargedataare
transferredto all of theRH nodes.If thereare ¹ RH nodes,
theneachoneis givenapproximately

8 U ¹ of theneighbor
list to process. Upon completionof calculatingthe non-
bondedforcesfor its portionof theneighborlist, eachRH
nodethentransmitsthe forcesbackto the GPPnode. For
eachatom� , theGPPnodecalculates�4 
 � º» 7 ; �4 
d¼ , where�4 
�¼ is theforceonatom� calculatedby RH node	 .

Figure5 showstheestimatedtimeperstepasthenumber
of RH nodesincreasesfrom 0 to 4. Equation5 wasusedto
producetheestimates.Notethatthecommunicationtime is
sosmall that it is barelyvisible. We ignorethecostof the
final summationmentionedabove andof decidinghow to
split theneighborlist amongtheRH nodes,asthetime for
thesecomputationswill be dwarfedby the othersoftware
tasks. Clearly, oncemorethan2 RH nodesareemployed,
thetasksin softwarebecomedominant.

[ ��[ SWtasks �½¹I[ comm � [ RH

¹
U

(5)

5 Comparison to RelatedWork

Severalprior workshave studiedimplementingtasksin
MD simulationsin hardware[13, 14, 17]. However, these
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Figure 5. Estimates for the perf ormance of the
design when using 0 to 4 RH nodes

works do not considerthe MD simulationapplicationasa
whole. So, we insteadfocusour comparisonson the two
worksin whichmostof themajortasksin anMD simulation
have beenimplemented.

One suchwork is [3]. In this work, the velocity Ver-
let algorithmis implementedon a hardwareplatform with
four FPGAs,memory, andinterconnect.All stepsof theve-
locity Verletalgorithmareimplementedin hardware.Only
the Lennard-Jonesforce is considered.All the computa-
tionsaredonein fixed-pointarithmetic.TheLennard-Jones
forceis calculatedwith tablelook-upandinterpolation.The
systemusesthe N �/O $ � methodto find interactingpairs.

[7] is anotherwork in which the entire velocity Ver-
let algorithmis considered.This work is similar to [3] in
that both implementationsperform all stepsof the algo-
rithm in hardware using fixed-pointarithmetic,only non-
bondedforce calculationis implemented,this nonbonded
forcecalculationis performedwith tablelookupandinter-
polation,and,it seems,theinteractionpairsarefoundusing
the N �0O $ � approach.Oneadvancein [7] is theadditionof
cutoff Coulombforcecalculation.Anotheradvanceis sup-
port for multiple typesof atoms.Two typescanbeaccom-
modatedin hardware;morethantwo typesrequiresswap-
ping in tablesfrom externalmemory. Yet anotheradvance
is theuseof multiplepipelinesin parallelin thedesign.

Our hardware/software approachto acceleratingMD
simulationsis fundamentallydifferent than those of [3]
and [7]. Theseimplementationsmove all stepsof the
simulation—positionupdate,velocity update,acceleration
update,and force calculation—tohardware. We, on the
other hand,have left most of the simulation in software,
moving only thenonbondedforcecalculationto hardware.
Further, ratherthanswitchingto a fixed-pointimplementa-
tion, we maintainfloating-pointarithmeticthroughout,in
both hardwareandsoftware. Anotherdifferenceis in the
way we approachthecalculationof thenonbondedforces.
Both of theotherimplementationsusetablelookupandin-
terpolationwhile ours directly calculatesthe forces from
their equations.

Our approachgivesus the advantageover the previous
implementationsthat it is simpleto integratetasksthatare
well-suited for software. For example, we have imple-
mented(in software) the bondedforce calculation,which
the earlier implementationshave not. Further, integrat-
ing otheradvancedtasksis easilyaccomplishedin our ap-
proach: it is merely a matterof integrating new function
callsin thesoftware.

Our approachhas also madeit easyto handlemulti-
ple typesof atoms. Sincewe usedirect calculationof the
forces,we neednot useany block RAMs for table-lookup
in theforcecalculation.Further, thenumberof type-based
constantsthatneedto bestoredis only four timesthesquare
of the numberof types, as opposedto needingseparate
forcecalculationtablesfor interactionsfor varioustypesof
atoms,as is the casein [7]. Thus we can handlea large
numberof typesof atoms.Theuseof only a smallnumber
of block RAMs for constantsis crucial in our approachbe-
causeit keepstherestof theblock RAMs availablefor the
intermediatestorageneedsof ourwrite-backdesign.

Finally, ourapproachhasfacilitatedtheuseof theneigh-
bor list techniquefor finding interactingpairs of atoms.
This is very important becauseit drastically reducesthe
numberof pairsthatneedto beevaluatedat eachtime step.
In the N �0O $ � approach,most of the time is spentfinding
distancesbetweenpairs of atomsthat are too far apartto
necessitatethe calculationof the forcesthey exert on one
another. Even with the advantagesof hardware,it is diffi-
cult for a systemusingthis approachto scaleto largesim-
ulations;softwareusingmoreadvancedtechniquessuchas
theneighborlist or thelinked-celllist will likely befaster.

Table3 shows thespeed-upsover softwarebaselinesfor
thedesignproposedhereandthefastestspeed-upsreported
in [3] and [7]. Note that the speed-upsreportedin [3]
and[7] aremuchgreaterthanthatreportedfor theproposed
design,but that thosespeed-upsare obtainedby compar-
ing against software baselinesthat are much slower than
our software implementation,despitehaving fewer atoms
andnot calculatingbondedforces. Also notethat bonded
force calculationand potentialenergy calculationare not
donein [3] and[7]. [3] and[7] do, however, usevarying-
precisionfixed-point arithmetic to provide resultsnearly
as accurateas double-precisionfloating-point arithmetic,
while the accuracy of our simulationis limited to single-
precisionfloating-pointarithmetic.

6 Conclusion

In this paper, we have presentedan implementationof
moleculardynamicssimulationson a reconfigurablecom-
puter that achievesa 2 � speed-upover the corresponding
software-onlysolution. The approachtaken here, which
is different than that of prior work, is to tightly integrate



Table 3. Performance Comparison
Proposed [3] [7]

Numberof atoms 52558 8192 8192
SW baselinelatency (s/step) 1.3 10.8 9.5

Speed-up
9 � 9�8 � S ¸ �

thegeneralpurposeprocessorandreconfigurablehardware,
having thereconfigurablehardwareperformthenonbonded
forcecalculationandthegeneralpurposeprocessorperform
therestof thetasksin thesimulation.This is differentthan
hybrid designapproaches,asin [18], wherethegeneralpur-
poseprocessorandreconfigurablehardwarework together
on a commontask. Here, the division is at the task level.
Using this approachallows us to handlelarge, real-world
simulationsandgivestheflexibility to easilyaddfeaturesto
ourimplementation.Ourwork showsthatsignificantspeed-
upscanbe obtainedwith this approach,even thoughonly
a portion of the problemis accelerated.The main limita-
tions to the proposedMD systemarethe useof the cutoff
Coulombmethodandtheuseof single-precisionarithmetic.
Thelatteris dueto limits in thesizeof theFPGAandmem-
ory availablein our targetmachineratherthanany inherent
featureof ourdesign.

Thereareseveral future directionsto pursue.Oneis to
investigatepossibilitiesfor implementingdouble-precision
simulations. While this doesnot seempossiblewith the
currently available reconfigurablecomputerconsideredin
thispaper, it maybepossibleon futurereconfigurablecom-
putersthat have moreon-boardmemorybanksand larger
FPGAs.Anotherdirectionis to studyparallelimplementa-
tionscontainingmultiple GPPnodesandRH nodes,e.g.,a
MAPstationwith multiplegeneralpurposeprocessors,each
connectedto a MAP processor. WhenMD simulationsare
parallelizedover multiple processors,the linked-celllist is
sometimesusedover the neighborlist becauseit is easier
to accountfor atomsmoving betweenprocessors.We will
needto determinethebestsetupfor suchasimulation.
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