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Abstract

With advancesin reconfiguable hardware, especially
field-programmablegate arrays (FPGAS), it has become
possibleto usereconfiguable hardware to acceleate com-
plex applications, sud as thosein scientific computing
Thee has beena resultingdevelopmenibof reconfiguable
computes—computes which have both geneial purpose
processos andreconfiguablehardware, aswellasmemory
andhigh-performancénterconnectiometworks.In thispa-
per, we studytheacceleation of moleculardynamicssimu-
lations using reconfiguable computes. We describehow
we partition the application betweensoftwae and hard-
ware and then modelthe performanceof several alterna-
tives for the task mappedto hardware. We describean
implementatiorof one of thesealternativeson a reconfig-
urable computerand demonstate that for two real-world
simulations,it achievesa 2x speed-upover the softwae
baseline We thencompae our designand resultsto those
of prior efforts and explain the advantayes of the hard-
ware/softwae approad, includingflexibility.

1 Intr oduction

Reconfigurablehardware, in the form of FPGAs, has
beenusedsuccessfullyin the acceleratiorof mary appli-
cationsandapplicationtasks.Previously, FPGAswerelim-
ited to performingtasksthatrequiredonly fixed-pointarith-
metic. However, recentadvancesin FPGA hardware, in-
cluding increaseddensity and 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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computingapplicationghatarevery computationallyinten-
sive andrequirefloating-pointarithmetic.

One particularly interestingscientific computingappli-
cationto investigateis moleculardynamics(MD) simula-
tion. MD is a techniquethat modelsthe movementsof
atomsin a substanceover time. Tasksin the simulation
include calculatingforces, updatingpositionsand veloci-
ties, and other supportingtasks. All of thesecalculations
are traditionally performedin single- or double-precision
floating-pointarithmetic. Onetaskin anMD simulation—
the nonbondedorce calculation—isvery computationally
intensive while the other tasksare lessintensive or have
complicatedcontrollogic. It makessensethen,to acceler
atethe nonbondedorce calculationin reconfigurabléard-
warewhile executingthe restof the simulationwith a gen-
eralpurposeprocessar

In this paper we describedesigningand implementing
an MD simulationsystemusing sucha hardware/softvare
approachTheimplementatiorplatformis areconfigurable
computerthathasboth generalpurposeprocessorandre-
configurablehardware. We first develop a softwareimple-
mentationthat hasmostof the importanttasksin an MD
simulationbutis notascomplex aslargeMD softwarepack-
agessuchasGROMACSandNAMD [8, 16]. We thenpar
tition thetasksin thesimulationsuchthatthe mostintensie
is executedn reconfigurabldardwareandtherestareexe-
cutedby the generalpurposeprocessar

This hardware/softvare approachto accelerationis the
key to developinga morecompletesimulationsystemthan
previousacceleratioreffortsthatmovedall tasksof thesim-
ulationinto 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 are control-intensie or which can
be executedvery efficiently by generalpurposeprocessors
shouldbe left in software. Accelerationefforts shouldbe
targetedtowardsthosetaskswhoseacceleratiorwill have
the greatesimpact on the performanceof the overall al-



gorithm. Anotheradvantageof the hardware/softvare ap-
proachis thatit allows for incrementalacceleratiorof the
application.Thatis, onceevenasingletaskis implemented
in hardware,theapplicationis acceleratedOthertasksmay
beacceleratethterto provide evengreaterspeed-updyut at
no time is functionality lost. In a hardware-onlyapproach,
the entire applicationmustbe acceleratedeforeary ben-
efit is realized. Similarly, the hardware/softvare approach
givesthe systemtheflexibility to easilyintegratenew tasks
for advancedsimulations. Thesecanfirst be integratedas
software,then,if necessaracceleratedvith hardware.

In the next subsectionye describereconfigurableeom-
puters.In Section2, we introduceMD simulationsandde-
scribeour software. In Section3, we describethe hard-
ware/softvare partitioning. We thenmodelseveral alterna-
tives for the reconfigurablehardware implementationand
decide baseduponestimatecerformancef thewholeap-
plication, which to implement. In Section4, we describe
ourimplementatioron areconfigurableomputerandcom-
pareits performancdo that of the pure softwareapproach
andto thatpredictedin Section3. We discusselatedwork
andcompareit to oursin Section5. Finally, in Section6,
we drav someconclusionsanddiscusduturedirections.

1.1 ReconfigurableComputers

Reconfigurablecomputersare comprisedof both gen-
eral purpose processorsand FPGAs, as well as high-
performancelow-lateny interconnecbetweenthem. The
FPGAsactasprogrammablepplicationacceleratorfor the
generalpurposeprocessorsReconfigurableomputersare
ideal for executingapplicationsthat containboth control-
intensie portions, which executeon the generalpurpose
processorsand data-intensie portions, which executeon
theFPGAs.While in thiswork we usea singlegenerabpur-
poseprocessond a single FPGA, the high-performance
natureof reconfigurableomputersnakesthemwell-suited
for usein large clustersandsupercomputers.

In this paper we will considerone specific reconfig-
urablecomputertheSRC6eMAPSstation[15]. TheSRC6e
MAPstationhastwo 2.8 GHz Intel Xeonprocessorsa MAP
processorwhich hastwo Xilinx Virtex-1l FPGAsavailable
for customdesigns;anda high-performancénterfacecon-
nectingthem. The choiceof which portionsof the applica-
tion executeon which processinglevicesis left up to the
designer The developmentervironmentsupportsthe de-
signof acceleratorin C, Fortran,VHDL, andVerilog.

2 Molecular Dynamics

MD is awidely usedtechniquefor simulatingthe move-
mentsof atomsin asystemovertime. Thenumberof atoms
in asystemvarieswidely, from about10000atomsin small

simulationsto over a billion atomsin the largestsimula-
tions. In this section,we provide backgroundnformation
aboutMD, thereferencdor whichis [1].

In anMD simulation,eachatomi in the systemhasan
initial position#; (0) andvelocity 77; (0) attimet = 0. Given
theinitial propertiesof the systemthe MD simulationde-
terminesthe trajectory of the systemfrom time ¢ = 0 to
somelatertimet = t. In theprocessthe simulationkeeps
trackof propertiessuchastemperatur@ndtotal enegy.

In orderto computethe systems$ trajectory the positions
of all theatomsattime (¢ + At¢) arecalculatecbasednthe
positionsof all theatomsattime ¢, whereAt is asmalltime
interval, typically on the orderof onefemtosecondOneof
the mostpopularmethodsfor calculatingnew positionsis
the velocity Verlet algorithm. The stepsin this algorithm
are,for eachatom:

1. calculate; (t + 4) basedon v;(t) andacceleration
a;(t);
2. calculater; (t + At) basedn; (t + 4t);

3. calculate a; (t + At) based on r; (t+ At) and
r; (t + At) for all atomsj # i;

4. calculatey; (t + At) basetbna; (t + At).

The mosttime-consumingpart of the simulationis up-
dating the acceleration. The acceleratiorcomesfrom the
forcesactinguponeachof theatoms.

2.1 ForceCalculation

The forcesin an MD simulation can be groupedin
two categories: bondedand nonbonded.Bondedforces—
namely bond stretch, angle bend, and dihedral torsion—
only occurbetweenatomsthat are bondedto one another
Thus,eachatomonly interactswith a few otheratomsand
the computatiorof bondedforcesis not a bottleneck.

Nonbondedforces, on the other hand, can occur be-
tweenary two atomsin a simulationthatarenot partof the
samebond. Thetwo typesof nonbondedorcesmostoften
usedin MD simulationsarethe forcesdueto the Lennard-
Jonesand Coulombpotentials(hereaftereferredto asthe
Lennard-Joneforceandthe Coulombforce,respectiely).

Equationl mustbe evaluatedfor every atom: in a sim-
ulationto find the nonbondedorce actingon atom:. The
first two termsof the equationmalke up the Lennard-Jones
force andthe third makesup the Coulombforce. 77; is the
distancevectorbetweeratoms; and; andr;; is themagni-
tudeof 75, i.e., the distancebetweeratoms: andj. A and
B areconstantghatdependon the typesof atomsi andj.
¢; is thechageon atoms.
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In practice,it is commonto useNewton's Third Law,
namelythat f;; = — f;;, to reducethe numberof calcula-
tions. Sofor eachpairwiseforce calculated,f;; is addedto

f: andsubtractedrom ;.

Whencalculatingthe Lennard-Jonefrces,a cutof dis-
tanceis alwaysemplo/ed. Thatis, j_’}j is only calculated
if r;; is lessthan somedistancer.. There are several
methoddor calculatingthe Coulombforce,includingcutoff
Coulomb,which usesthe samecutoff techniqueasis used
for Lennard-Jone$orces, Ewald summation,and Particle
MeshEwald (PME).

Oneof thedifficulties of nonbondedorce calculationis
that eachpair of atomsmay interact. Naively, this would
requireO(n?) evaluationsat eachstep,asthe distancebe-
tweeneachatom and every other atom mustbe checled.
Two techniquego reducethe numberof pairsthatmustbe
evaluatedarethelinkedcell list andthe \erlet neighborlist.

In thelinkedcell list approachthesimulationboxis bro-
ken into a numberof cells, wherethe length, width, and
heightof eachcellis closeto but greatetthanthe cutof dis-
tance.Theatomsin eachcell, then,only interactwith atoms
in thesamecell or the26 neighboringcells. Thisdrastically
reduceshenumberof pairsof atomsthatmustbeevaluated.

Thepurposeof the neighbotlist is to avoid searchindor
interactingpairsof atomsat every time step. It is basedon
the principle thatif atoms: andj arecloseat time stept,
they shouldstill becloseattime stept + 1. So,theneighbor
list is built at time stept andupdatedat time stept + z,
wherez is commonlybetweenl0 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-encompassingombinationof lists. Whenwe refer to
“atom i’s neighborlist,” we arereferringto only thelist of
atomi’s neighbors.Thelist canbe constructedisingeither
the O(n?) searchfor pairsor the moreefficient linked cell
list approach.

Thefirst stepin implementingthe MD simulationappli-
cationonareconfigurableomputetis to developasoftware
implementatiorthatcanbeprofiledandeventuallymodified
to make useof thereconfigurabléardware.

2.2 Software Implementation

For our work, we have written a softwareimplementa-
tion of a moleculardynamicssimulation. This software
implementsthe Velocity Verletalgorithmin single or dou-
ble precisionarithmetic. For nonbondedorce calculation,
we calculatethe Lennard-Jonegorce and use the cutoff
Coulombtechniquefor the Coulombforce. During force
calculationwe alsocalculatethe potentialenegy. For bet-
teraccurag, we useshiftedforcesandpotentialenepgiesto
remove discontinuitiesin the force and potentialenegy at

thecutoff distancg1]. Doingsoaddstheneedfor two more
type-basedtonstantsand several extra floating-pointoper

ationsto the force calculation. To identify the interacting
pairs of atoms,we usethe Verlet neighborlist technique.
Every z stepswherez is definedby the user alinked cell

list is createdThislinkedcell list is thentraversedto make

the neighborlist. We have also implementedthe bonded
force calculation referencing2] 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 and neighborlist cutof distancesandthe
frequeng atwhich the neighborist shouldbe updated An
Amberformattopologyfile canbeusedto specifythestruc-
ture of thesysten|2]. This specificationincludesthetypes,
chages,andmasse®f the atoms,the groupsof atomsthat
participatein bondedinteractions,and constantsusedin
both bondedand honbondedorce calculation. The initial
positionsof the atomsin the systemcan be specifiedin a
coordinatefile in PDB format[11].

The softwareis written in C. It hasbeencompiledus-
ing Intel’s C compilet version8.1. We profiled the single-
precisionversionof the software running two benchmark
simulationsfor 1000 stepseach. We ran the simulations
on oneof the 2.8 GHz Xeon processori the MAPstation.
Theoperatingsystemis Linux. To profile,we usedOprofile
version0.8.1[9]. Tablel shavstheprofiling results.

2.2.1 Noteson the Implementation

Thesimulationsdescribedn this paperfollow corventional
methodologiesisusedin the simulationcommunity There
area two approximationgnade. Oneis the useof single-
precisionfloating-pointarithmetic. While our purely soft-
ware versioncanusesingle-or double-precisionthe task
running in reconfigurablehardware is limited to single-
precisionaswill becomeavidentin thefollowing section.
The use of double-precisiorarithmeticis the corven-
tional approachin MD simulations,althoughthe widely
used GROMACS software is often used with single-
precision arithmetic [16]. The original driver for using
high precisionarithmeticwasthe desireto avoid cumula-
tive roundingerrorsimplicit in very long simulations,but
this hasbeenof lessconcernin recentwork. Unlessdiver-
gencefrom the “exact” atomictrajectoriesis important,a
systemusing single-precisiorarithmeticwill still explore
realisticconfigurationgluringthe simulation[12].
Theotherapproximatioris thecutoff Coulombapproach
for the Coulombforces. This is more of a concernthan
using single- insteadof double-precisiorarithmetic. Re-
centsimulationsthat comparethe structureof biologically
inspired model membranestructureshave demonstrated
that the bilayer structuresof cells are differentat approx-



Table 1. Profile of the software implementa-
tion for two benchmark simulations

% of ComputationTime
Task Palmitic Acid | CheY Protein
Nonbonded-orces 75.15 74.09
Building NeighborList 20.75 22.76
DihedralTorsionForces 2.14 1.51
Other 1.96 1.64

imatelythe 5% level comparedo whenmoresophisticated
approachesuchasPME areused[10]. Therearealsoindi-
cationsthatthe cutoff Coulombapproactcreatesncorrect
structuresfor simulationsof solvated proteinsand DNA.
However, this effectis still only atthe 5% level or less,and
for somesimulationsthe computationakfficiengy inherent
in this approachmalesit theonly realisticchoice.

2.3 Benchmark Simulations

As benchmarkswe usesimulationsof palmitic acidand
the CheY protein. Palmitic acid self-assemblemto a one-
molecule-thickfilm onwater Thereis very detailedexperi-
mentalinformationthatdescribeshe atomiclevel structure
of this film, andwe are simulatingsuchmonolayergo see
whetherthe currentparameterizationf the interatomicin-
teractionausedin simulationscanreproducehis behaior.

In this simulation,thereare 52558atomsof 8 different
types. The timestepfor the simulationis 2 fs. The cut-
off distances 10 A andthe neighborlist cutoff distances
12A. The neighborlist is built onceevery 10 steps. The
simulationboxis 104 x 84.8 x 256 A3.

Theinterestin simulatingthedynamicsof theCheY pro-
tein is the surprisingobsenation that microbial life forms
canexistin very hotervironments.Therearemary variants
of this proteinandwe are simulatingtwo variantsto come
to anunderstandingf their differing thermalstabilities.

In this simulation,thereare32932atomsof 17 different
types. As is the casefor palmitic acid, thetimestepis 2 fs,
the cutof distanceis 10A, the neighborlist cutoff distance
is 12 A, andthe neighborlist is built onceevery 10 steps.
Thesimulationbox s 73.8 x 71.8 x 76.8 A3.

3 DesignEvaluation

From the profile in Table 1, it is clear that accelerat-
ing the computatiorof nonbondedorceswould benefitthe
overallapplicationrmost.But, beforeimplementinghenon-
bondedforce calculationin reconfigurablehardware, we
needto determineif doing so will provide a significant
speed-ugor the overall application.To make this determi-

nation, we modelthe performanceof reconfigurablecom-
puterimplementationdeforeimplementingthem.

We model the reconfigurablecomputeras consisting
of two typesof nodes: geneal-purpose-pocessor(GPP)
nodes and reconfiguable-hadware (RH) nodes GPP
nodesconsistof one or more generalpurposeprocessors
andmemory RH nodesconsistof reconfigurablénardware,
likely in the form of one or more FPGAs, and on-board
memorybanks.Tasksin the applicationexecuteon eithera
GPPnodeor an RH node,but not both. In orderfor a task
to executeon a particularnode the dataneededdy the task
mustresidein thenodes memory If it doesnot, it mustbe
transferredhere,incurringa communicatiorcost.

In this paper we areusingonegeneralpurposeproces-
soron a single GPPnodeand one FPGA on a single RH
node.Further we areonly moving onetaskto the RH node.
Let Tswasksbethetime taken by thetasksexecutingin soft-
ware, Tyomm be the time requiredto transferthe necessary
data,and Tgy be the time taken by the nonbondedorce
calculationexecutingin reconfigurablédardware. Thetotal
time requiredto perform a stepof the MD simulationon
a reconfigurablecomputeris given by the sumof Tswtasks
Teomm andTIRrn.

Finding Tswiasks IS trivial: we simply use the profil-
ing datafrom the software-onlyversionof the application.
Finding Tcomm is also fairly simple: we determinehow
muchdatais transferredrom/to GPPnodeto/fromRH node
andthendivide by the bandwidthavailablebetweerthetwo
nodes.Determining’ry is morechallenging.

Try is affectedmostby the parallelismand pipelining
of the design. Parallelismis limited by the availablelogic
resource®f the reconfigurabléhardwareandthe percycle
bandwidthbetweerthereconfigurabldardwareandits on-
board memory Data dependencieand hazardsinvolved
with accessindgocal memorycancausepipeline stallsthat
aredetrimentako the overall performance.

Taking thesefactorsinto account,it is possibleto esti-
matethe numberof cyclesa designwill requireto produce
aresult. Estimatesfor achievable frequeng canthenbe
usedto determinethe executiontime.

3.1 System-Lerel Design

At the systemlevel, the partitioning of the MD simula-
tion algorithmbetweerhardwareandsoftwareis asshavn
in Figurel. At eachtime step,the currentatomicpositions
needto betransferredo the RH nodes on-boardmemory
Eachpositionvectorhasthreecomponents So, if n is the
numberof atomsandb is the numberof bytesperfloating-
pointword, 3nb bytesmustbetransferredo the RH nodes
on-boardmemory Further the neighborlist mustbetrans-
ferred to the RH node, althoughit shouldbe possibleto
streamit to the RH node thusoverlappingthe communica-
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Figure 1. Hardware/software partitioning of
the MD simulation application

tion with computation. The reconfigurablehardware must
also have accesso the typesand chages of eachatom,
which areconstanthroughouthe simulationbut vary from
simulationto simulation. Several othervaluesthatarecon-
stantthroughoutthe simulationmust be available aswell,
suchasthe size of the simulationbox andthe constantsn
theLennard-Joneforce equations.

As the nonbondedforces are calculated,they will be
storedin theRH nodes on-boardnemory Theforceacting
on eachatomhasthreecomponentsso the amountof data
thatneeddo be storedis 3nb. At the endof thenonbonded
force calculation,this datawill be transferrecbackto the
GPPnode. Therefore,ignoring the time taken to transfer
datathat remainsconstantinceit is only transferreconce
andignoring the time to transferthe neighborlist sincewe
assumethat it will be streamedthe total communication
time, Ttomm IS 6nb/Bgppry S/Step,where Bgppry is the
bandwidthbetweerthe GPPnodeandthe RH node.

3.2 RH Node-Level DesignAlter natives

The basicdesignfor performingthe nonbondedforce
calculationtask on the RH nodeis a direct translationof
software into hardware. The algorithm and architecture
for sucha designare showvn in Figures2 and 3, respec-
tively. Thoughomittedin the figures,the type andchage
of eachatomis alsousedin the calculation.In thefigures,
posi t i onOBMandf or ceOBMrepresenbn-boardmem-
ories. In Figure 2, CALC_NBF representsapplying the
shifted force versionof Equationl andfinding the poten-
tial enegy, aswell asothernecessaryechniquessuchas
the minimumimage corvention[1].

In this design, the two loops in the algorithm are
pipelinedsuchthatin every cycle, eitheranew i atomis en-
teringthe pipelineor anew j atomis enteringthe pipeline.
If r;; > r, theresultsof the calculationare discardedat
theendof the pipeline. In Figure3, the“force calculation”
box representshis pipeline. Oneproblemwith this design
is thatin orderto subtractnewly calculatedf;; from f;, f;
needgo bereadfromtheforcememory If, asiscommonin

1 foreachatomi do
2 7; «— posi ti onOBM 1]

3 f;, —forceOBM i

4 foreachneighbor;j of i do

5 7j < posi ti onOBM j]

6 if |7 — 7| < rcthen

7 fij — CALC_NBF(7, 7))
8 Ji—=fi+ fij

9 fj < force0BM j]

10 force®BM jl — f; — fi;
11 end

12 end

13 forceOBMi] « f;

14 end

Figure 2. Algorithm for basic design

Neighbor List

positionOBM

Force

Calculation

forceOBM

Write
Controller

Figure 3. Architecture for basic design

presentlyavailablereconfigurableeomputersthe on-board
memoryon the RH nodeis single ported,the pipelinedar
chitecturewill have to stall for onecycle. Theremay also
bepenaltiesassociateavith switchingthememorybetween
readmodeandwrite mode.

Becausef thelengtty pipelinesin floating-pointcores,
this designis alsosusceptiblgo a read-afteiwrite hazard.
Specifically the subtractiorin line 10 of thealgorithmmay
still be taking placefor onei atomwhenanother; atom
causeghereadin line 9 to execute.Sinceit is not possible
to forward valueswithin the floating-pointcores, stalling
will benecessaty

Thetimerequiredto dothecalculationswith thisdesign,
in cycles, is givenin Equation2. L is the length of the
neighborlist ands is averagethe numbercyclesof stalling
dueto conflicting memoryaccessesnd hazards. Put an-
otherway, on averagethepipelineproducesonenew result
every s cycles.

Trn = sL (2)

A secondalternatve is to usea write-badk design The
algorithmfor this designis givenin Figure4. This design
makes use of the fact that an atom j occursin atomi’'s
neighborlist at mostonce. Theloop beginningonline 5 is



pipelined,asis theloop in beginningon line 16. The outer
loop is not pipelined. Thekey is thatthe new f_; valuesare
not storeddirectly into on-boardmemorybut insteadare
storedtemporarilyin on-chipmemory(f or ceRAM. They

are not written back to on-boardmemoryuntil all of the
neighborsof the current; atom have beenprocessed Be-

causeforce calculationfor a new i atomcannotbegin until

afterall of the j atomsfrom the previous: atom’s neighbor
list have beenwritten backto memory the read-aftetwrite

hazardis avoided. The conflictingmemoryaccessesf the
basicdesignarealsoavoided. The numberof timesthatthe
on-boardmemoryswitchesmodesis alsominimized. The
drawbackto this designis thatit requiresthatthe pipeline
be drainedafter the processingf eachi atom. Thus, the
pipelinefill-up lateng is incurredfor eachi atom.

To lessenthe numberof pipeline stagesthat must be
drainedafter each: atom, the pipelinedinner loop canbe
brokeninto two separategipelinesjoined by a FIFO. This
FIFO mustbe large enoughto hold all of the neighborsof
two (or more)consecutie i atoms.Thefirst pipelinereads
the position,chage,andtype datafor eachneighboratom;j
andcalculates;. If rfj < r2, 7i;, thechageof j, andthe
typeof 5 arewrittento the FIFO. Notethatthereareno de-
pendenciest this stage sothis pipelinecanwrite new val-
uesto theFIFO aslong asthereis space Whenthe FIFO is
full, it waitsuntil thesecondipelinehasprocessedatabe-
foreit startswriting new values.The secondpipelinereads
datafrom theFIFOanddoestheremainingstepsn theforce
calculation. This pipeline mustbe drainedafter eachnew
¢ atomthatit readsfrom the FIFO. Sincethefirst pipeline
shouldproducedatafasterthanthesecondipelinecanpro-
cesgt, thereshouldbedatareadyin the FIFO wheneverthe
secondpipelineis readyto begin processingt. Effectively,
then,it is only thesecondpipelinethatmustbedrainedand
whoskefill-up lateng is incurredfor eachatom.

Thetimerequiredto dothecalculationswith thisdesign,
in cycles, is givenin Equation3, wheren is the number
of atoms, N is the averagenumberof neighborsfor each
atom,p is thenumberof pipelinestagegif two pipelinesare
usedp canbeconsideredhenumberof stagesn thesecond
pipeline),ands is the numberof cyclesrequiredto switch
an on-boardmemoryfrom readmodeto write modeand
vice versa.Thefirst termin Equation3 givesthe numberof
cyclesspentin the(secondpipeline. Thesecondermgives
thenumberof cyclesspentwriting databackto memory as-
sumingthesewrites canbe pipelined. Thethird termgives
thenumberof cyclesspentreading; atoms’datafrom mem-
ory. Thelasttermgivesthe numberof cyclesspentswitch-
ing the on-boardmemorybetweerreadandwrite modes.

Tre=n(N +p)+n(N +1)+n+2sn (3)

Thelastdesignalternatie doesnot usethat f;; = — f;;.
Thealgorithmis thesameasthatin Figure2, exceptwithout

1 foreachatom: do
2 7; «— posi ti onOBM 1]

3 f;, —forceOBM i

4 n <+« 0

5 foreachneighbor; of i do

6 if |7 — 7| < r.then

7 7j < posi ti on0BM j]
8 fij < CALC_NBF(, 7})
9

fi—=fi+ fij
10 f; —force0BM j]
11 forceRAM n] — f; — fi;
12 ne—n+1
13 end

14 end
15 forceOBMi] « f;
16 foreachf;inf or ceRAMdo

17 force®BM j] — f;
18 end
19 end

Figure 4. Algorithm for write-bac k design

lines9 and 10. This designrequirestwice asmary force
calculationsbut removesthe hazardsandthe needto read
from the force memory A caveatis thatusingthis method
will requireuseof aseconcheighbotlist: if j is aneighbor
of ¢ in the original list, theni mustbe a neighborof j in

the secondneighborlist. The time requiredto do the cal-

culationswith this design,in cycles,is givenin Equation4,

whereTgnL gpp IS the amountof time it takesto build the
extra neighborlist onthe generapurposeprocessarwWhile

thislattertimeis incurredby atasktakingplaceonthegen-
eralpurposeprocessaiwe includeit hereto emphasizéhat
this methodrequiresbuilding the seconcdheighborist.

Trn = 2L + TenLGPP (4)

Note that Equations2, 3, and 4, assumethat thereis
enough bandwidth betweenthe reconfigurablehardware
andits on-boardmemoryto readall threecomponentsf
the positions,aswell asthe typesand chagesin parallel,
while writing all threecomponent®f theforcesin parallel.

3.3 Choosinga Designfor the Implementation

We now useEquations2, 3, and4 to determinewhich
designwe shouldusein our reconfigurablecomputerim-
plementation.We are only ableto do the nonbondedorce
computationin single-precisiorarithmeticon the reconfig-
urablehardware. Using doubleprecisionarithmeticwould
require more logic thanis availablein the FPGAsin the
MAPstation. Evenif the amountof logic were suficient,



therewould not be enoughon-boardmemoryto storeall of
the necessarylata. The MAPstationhaseightbanks,each
of which is eight byteswide, which is not enoughto hold
position,force, chage, andtype dataandstill have a bank
availablefor streamingheneighborlist. Thus,we focuson
single-precisiorarithmeticandb, the numberof bytesin a
floating-pointword, is four.

An importantpropertyof the MAPstationis its require-
mentthatall hardwaredesignsgun at 100 MHz. While this
doesnot guarante¢hatary of theabove designawill runat
100 MHz, 100 MHz is the bestpossiblefrequeng, sowe
useit in estimatingtimes. Two otherimportantproperties
arethatthe on-boardmemorybanksare single portedand
thatswitchingamemoryfrom write modeto readmodeand
vice versarequiresfour deadcycles[15].

We usethe timing information from our palmitic acid
simulationto make our decisions.From profiling, we have
foundthatonaverageasinglestepof thevelocity Verletal-
gorithmtakes1.27sto executein software. TswiasksiS 0.32
s/stepandwill bethe samefor eachof thearchitectures.

TeommWill alsobethesameno matterwhich architecture
is chosen. We want to stripe the 3 4-byte position com-
ponentsover 2 memorybanks(each8 byteswide) so that
all 3 canbe accessedh parallel. In orderto achieve this,
we musttransfer4 wordsfor eachsetof componentsthe
3 positioncomponentsand 1 extra word. A similar situa-
tion arisesin writing the forcesbackto the GPPnode. So,
ratherthantransferringén words, we actually transfer8n
wordsper step. With the 52558atomsin the palmitic acid
simulation,thistranslatedo transferringl.7 MB perstepat
theMAPstationstransferrateof 1400MB/s, requiringonly
aboutl.2 msperstep[15].

The basicdesignproducespoor results. Becauseof the
memorydependencieshe pipelinewill only produceare-
sult onceevery 10 cycles. The neighborlist in the palmitic
acidsimulationhasabout17 million entries sothe number
of cyclesrequiredper stepis 170 million. This leadsto an
overalltime of about2 s/stepwhichis aslowdown overthe
softwareonly version.

Thewrite-backdesignfaresbetter Fromour knowledge
of thefloating-pointcoresandthe structureof theforcecal-
culation pipeline, we know that the pipeline will be very
long, about200 stages. Throughprofiling the simulation,
weknow thattheaveragenumberof neighborscloseenough
to interactis 192. With this andotherinformationaboutthe
system,we find that even with the long pipeline, the an-
ticipatedtotal time is 0.63 s/step,a 2x speedupover the
softwareimplementation.

Thethird designis hamperedy the needto build a sec-
ondneighborlist andgivesa speedughatis lower thanthat
of thewrite-backapproachThetime spentin forcecompu-
tationis only 0.34 s/step,but every 10 steps,the neighbor
list is rekuilt. Building the seconcheighborlist contritutes

anaverageof 0.27s/stepextra. Thetotalis then0.93s/step,
only a 1.4x speed-upClearly, the alternatve to useis the
write-backapproach.

4 Implementation and Experimental Results

For implementatioron the MAPstation,we madea few
modificationsto the traditional techniques. The neighbor
list is usuallyimplementedby a long list of atomswith a
separatarraythat pointsto the startof a particularatom’s
setof neighbors.To reducethe numberof separatarrays,
we insteadinsertthe atomsinto the neighborlist right be-
foretheirrespectre setsof neighbors We usethe mostsig-
nificantbit of theword asaflag to denotewhich atomsstart
new sets.To save memorybanksin theRH node,we donot
storetheatomtypearrayin its own on-boardnemorybank.
Insteadwe packthetypeandtheatominto theneighbodist
in one64-bitword. This doesnot adwerselyaffectthe com-
municationtime becauseave are streamingn the neighbor
list in 64-bitwordsanyway. We packthechagein thesame
arrayasthepositionsbecauseasmentionedabore, we must
transferd 4-bytewords,insteadof 3, every steparyway.

Thefirst time the nonbondedorce calculationis called,
theconstantgor thesimulationaretransferredo theFPGA.
The dimensionsof the simulationbox are storedin regis-
ters. The constantdor Lennard-Joneforce calculationare
storedin four block RAMs, oneeachfor the A, B, andthe
two force/potentiakhift constants.

Eachtime the nonbondedorce calculationtaskis ex-
ecuted,the position and chage datais transferredbefore
calculationstarts.Dueto limitationswith the MAPstations
streamingDMA, we areunableto streamthe neighborlist.
Instead we useregular DMAs but overlapthemwith com-
putation. We first DMA a sectionof the neighborlist into
two on-boardmemorybanks. While the force calculation
is processinghatsectionof the neighborlist, we DMA the
next sectionof the neighborlist into anothertwo on-board
memorybanks. We switch back and forth betweenread-
ing and writing memorybanksso that the computationis
overlappedvith communication.

For intermediatestorage,we useblock RAMs. From
profiling our simulations we foundthatno atomhadmore
than 750 neighbors.The block RAMSs in the tamget Xilinx
FPGA hold 512 32-bit words each. Thus, for the FIFO
betweenthe distance-and force calculationpipelines,we
usefour block RAMs eachfor the the threecomponent®f
the distancevector the squaredmagnitudeof the distance
vector the type of the atom, andthe chage of the atom.
Thus, we use 24 block RAMs to implementthe FIFO. In
theforce calculationpipeline,we usetwo block RAMs per
force componentsintermediatestorage. We useanother
two block RAMs to storetheindex valuesof theneighbors.

Whenthe forcesarewritten backto on-boardmemory



they arestripedacrosswo on-boardnemoriesUponcom-
pletion of the nonbondedorce calculation,the forcesare
DMAed backto the generalpurposeprocessar

Thecodeis writtenin C for theSRCCartecompiletr The
floating-pointcoresprovided by SRCareusedto carry out
the floating-pointarithmetic. To accumulatehe force act-
ing on ani atom,we usethreeof the accumulatofloating-
point coresprovided by SRC, onefor eachcomponeniof
theforce. We useanotheraccumulatorcoreto accumulate
the potentialenegy. This floating-pointcore allows one
new inputto be presentedo the accumulatoperclock cy-
cle. Whenanew accumulations to start(in our casewhen
force calculationfor anew ¢ atombegins),the accumulator
pipelinemustbe flushed. This flushingof the accumulator
pipelinedoesnotleadto ary extradelaysin our write-back
designbecausedueto the dependenciedescribedabore,
the pipeline must be flushedwhen force calculationon a
new i atomis to begin anyway. Note that calculatingthe
forcesonthe j atomsdoesnotrequireanaccumulatgronly
anadder becauséheforce on a j atomis updatedat most
oncefor ary giveni atom.

We use Carteversion2.1 togetherwith the Xilinx ISE
toolsversion7.2.3andthe Intel C compilerversion8.1to
generatehe executable We useonly oneof thetwo Xilinx
Virtex-1l XC2V6000-4FPGAsontheMAP. TheFPGAarea
of the nonbondedorce calculationis 33,634slices,which
is 99% of the available slices. 28% of the available block
RAMs and 77% of the available multipliers areused. The
requiredl00MHz frequeng is met.

4.1 Performance

We ran eachof the simulationson the MAPstationfor
1000stepsandcomparedhatto the samesimulationsrun-
ning in software only on the MAPstation. Table 2 shavs
the results. For the palmitic acid simulation,we achieve
a 2x speed-upvhile for the CheY simulation,we achieve
a 1.9x speed-up.This is notavorthy becauseve achiee
thesespeed-upslespiteleaving partsof the simulationin
softwareandnotusingthe GPPnodeandRH nodein paral-
lel. Thedifferencen speed-upetweerthetwo simulations
is dueto the tasksleft in softwareaccountingfor a greater
percentag®f the simulationtime thanthe taskmappedio
hardwarein the CheY simulationthanin the palmitic acid
simulation(seeTablel).

The 2x speed-ugdor palmitic acid is the sameaswas
predictedin Section3.3. Thetime for the simulationwas
slightly longerthan predicted,likely dueto overheadsin-
accountedor in the performancemodeling,suchasDMA
start-upcostsandthe costof transferringthe first sections
of theneighborlist.

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

Table 2. MAPstation performance results

Lateng (s/step)
Simulation | SWonly | SW+HW | Speed-up
Palmitic Acid 1.28 0.66 2.0x
CheY Protein 0.74 0.39 1.9x

list lessfrequentlythanonceevery 10 stepsthe speed-ups
achieed would be greaterbecausebuilding the neighbor
list would accountfor lessof the overall simulationtime.
Theneighbotlist cutoff distancecanalsoaffecttheapplica-
tion’s profile, ascanotherphysical properties.

4.2 Scalability

In the purely software domain, the scalability of MD
simulationsis judgedby the speed-upsbtainedby spread-
ing the simulation over multiple processorswhere each
processoexecutesll tasksin thevelocity Verletalgorithm.
Thistypeof scalingis certainlypossiblewith reconfigurable
computers.Indeed,we commenton it in Section6. Here,
we focuson a differentkind of scalability: having oneGPP
nodebut multiple RH nodes.

As in the currentimplementationall tasksin the simu-
lation exceptfor nonbondedorce calculationare executed
on the GPPnode. The constantsare communicatedo all
of the RH nodesduring the first stepof the simulation. At
eachstepof thesimulation the positionandchagedataare
transferredo all of theRH nodes.If thereare R RH nodes,
theneachoneis given approximatelyl /R of the neighbor
list to process. Upon completionof calculatingthe non-
bondedforcesfor its portion of the neighborlist, eachRH
nodethentransmitsthe forcesbackto the GPPnode. For
eachatomi, theGPPnodecalculates; = % | /i , where
f{r is theforceon atom: calculatedoy RH noder.

Figure5 shavstheestimatedime perstepasthenumber
of RH nodesincrease$rom 0 to 4. Equation5 wasusedto
producetheestimatesNotethatthecommunicatiortimeis
sosmallthatit is barelyvisible. We ignorethe costof the
final summationmentionedabove and of decidinghow to
split the neighborlist amongthe RH nodesasthetime for
thesecomputationswill be dwarfed by the other software
tasks. Clearly, oncemorethan2 RH nodesareemployed,
thetasksin softwarebecomedominant.

T
T= TSWtasks+ RTcomm+ % (5)

5 Comparisonto RelatedWork

Several prior works have studiedimplementingtasksin
MD simulationsin hardware[13, 14, 17]. However, these
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Figure 5. Estimates for the performance of the
design when using 0 to 4 RH nodes

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

One suchwork is [3]. In this work, the velocity Ver-
let algorithmis implementedon a hardware platform with
four FPGAs,memory andinterconnectAll stepsof theve-
locity Verletalgorithmareimplementedn hardware. Only
the Lennard-Jonegorce is considered. All the computa-
tionsaredonein fixed-pointarithmetic. TheLennard-Jones
forceis calculatedvith tablelook-upandinterpolation.The
systemusesthe O(n?) 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
force calculationis performedwith tablelookup andinter-
polation,and,it seemstheinteractionpairsarefoundusing
the O(n?) approach.Oneadwancein [7] is the addition of
cutoff Coulombforce calculation.Anotheradwanceis sup-
port for multiple typesof atoms.Two typescanbe accom-
modatedn hardware; morethantwo typesrequiresswap-
ping in tablesfrom externalmemory Yet anotheradwance
is the useof multiple pipelinesin parallelin the design.

Our hardware/softvare approachto acceleratingMD
simulationsis fundamentallydifferent than those of [3]
and [7]. Theseimplementationsmaove all stepsof the
simulation—positionupdate,velocity update,acceleration
update,and force calculation—tohardware. We, on the
other hand, have left most of the simulationin software,
moving only the nonbondedorce calculationto hardware.
Further ratherthanswitchingto a fixed-pointimplementa-
tion, we maintainfloating-pointarithmeticthroughout,in
both hardware and software. Another differenceis in the
way we approactthe calculationof the nonbondedorces.
Both of the otherimplementationsisetablelookupandin-
terpolationwhile ours directly calculatesthe forcesfrom
theirequations.

Our approachgives us the adwantageover the previous
implementationghatit 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 otheradwancedtasksis easilyaccomplishedn our ap-
proach: it is merely a matterof integrating new function
callsin the software.

Our approachhas also madeit easyto handle multi-
ple typesof atoms. Sincewe usedirect calculationof the
forces,we neednot useary block RAMs for table-lookup
in the force calculation. Further the numberof type-based
constantshatneedto bestoredis only four timesthesquare
of the numberof types, as opposedto needingseparate
force calculationtablesfor interactiongor varioustypesof
atoms,asis the casein [7]. Thuswe canhandlea large
numberof typesof atoms.The useof only a smallnumber
of block RAMs for constantss crucialin our approactbe-
causet keepsthe restof the block RAMs availablefor the
intermediatestorageneedsof our write-backdesign.

Finally, ourapproachhasfacilitatedthe useof theneigh-
bor list techniquefor finding interacting pairs of atoms.
This is very importantbecauset drastically reducesthe
numberof pairsthatneedto be evaluatedat eachtime step.
In the O(n?) approachmostof the time is spentfinding
distancesbetweenpairs of atomsthat are too far apartto
necessitat¢he calculationof the forcesthey exert on one
another Even with the advantageof hardware, it is diffi-
cult for a systemusingthis approacho scaleto large sim-
ulations;softwareusingmoreadwancedtechniquesuchas
theneighborlist or thelinked-celllist will likely befaster

Table3 shavs the speed-upsver softwarebaselinegor
thedesignproposecereandthefastesspeed-upseported
in [3] and [7]. Note that the speed-upgeportedin [3]
and[7] aremuchgreatetthanthatreportedfor the proposed
design,but that thosespeed-upsre obtainedby compar
ing against software baselineghat are much slower than
our software implementationdespitehaving fewer atoms
and not calculatingbondedforces. Also notethat bonded
force calculationand potentialenegy calculationare not
donein [3] and[7]. [3] and[7] do, however, usevarying-
precisionfixed-point arithmeticto provide resultsnearly
as accurateas double-precisiorfloating-point arithmetic,
while the accurag of our simulationis limited to single-
precisionfloating-pointarithmetic.

6 Conclusion

In this paper we have presentedan implementationof
moleculardynamicssimulationson a reconfigurablecom-
puterthat achievesa 2x speed-upover the corresponding
software-only solution. The approachtaken here, which
is differentthanthat of prior work, is to tightly integrate



Table 3. Performance Comparison

Proposed| [3] [7]
Numberof atoms 52558 | 8192 | 8192
SW baselindateng (s/step) 13| 10.8| 95
Speed-up 2x | 21x | 89x

thegeneraburposeprocessoandreconfigurabldardware,
having thereconfigurabldardwareperformthenonbonded
forcecalculationandthegenerapurposerocessoperform
therestof thetasksin the simulation. Thisis differentthan
hybrid designapproachessin [18], wherethegenerabur
poseprocessoandreconfigurabléenardware work together
on a commontask. Here, the division is at the tasklevel.
Using this approachallows us to handlelarge, real-world
simulationsandgivestheflexibility to easilyaddfeaturedo
ourimplementationOurwork shavsthatsignificantspeed-
ups can be obtainedwith this approachgven thoughonly
a portion of the problemis accelerated.The main limita-
tionsto the proposedvD systemarethe useof the cutoff
Coulombmethodandtheuseof single-precisiorarithmetic.
Thelatteris dueto limits in the sizeof the FPGAandmem-
ory availablein ourtargetmachineratherthanary inherent
featureof ourdesign.

Thereare several future directionsto pursue.Oneis to
investicate possibilitiesfor implementingdouble-precision
simulations. While this doesnot seempossiblewith the
currently available reconfigurablecomputerconsideredn
this paperit maybe possibleon futurereconfigurableom-
putersthat have more on-boardmemorybanksand larger
FPGAs. Anotherdirectionis to studyparallelimplementa-
tions containingmultiple GPPnodesandRH nodesge.g.,a
MAPstationwith multiple generapurposeprocessorsach
connectedo a MAP processorWhenMD simulationsare
parallelizedover multiple processorsthe linked-celllist is
sometimesusedover the neighborlist becauset is easier
to accountfor atomsmaoving betweenprocessorsWe will
needto determinehebestsetupfor sucha simulation.
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