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Abstract— Technological advances have made FPGAs an at- for double precision floating point arithmetic. While we wer
tractive platform for the acceleration of complex scientifc appli- gble to make use of existing adders, multipliers, and digide

cations. These applications demand high performance and 8- \ye developed our own square root unit that meets the needs
precision floating point arithmetic. In this paper, we present a of this kernel

design for calculating the Lennard-Jones potential and foce as ] . . .
is done in molecular dynamics simulations. This architectte In the next section, we give background information about

employs IEEE 754 double precision floating point units, inalding MD simulations. In Section Ill, we describe existing worlath
a square root unit developed for this kernel. The design presnted  js related to ours. In Section 1V, we describe our designier t
is a modular, very deeply pipelined architecture that explats .4 \cation of Lennard-Jones forces and potentials. Gedti

the fine-grained parallelism of the calculations. With the Xlinx d ibes th inelined floati int its | desi
Virtex-1l Pro as a target device, an implementation using two escribes the pipelined floatng point units in our design,

pipelines operating in parallel achieves 3.9 GFLOPS. especially the square root unit developed specifically fios t
_ Index Terms—molecular dynamics, square root, supercomput- design. In Section VI, we describe our design’s performance
ing and compare it with the performance of the same calculations

on a general purpose processor. Finally, Section VII catesu
the work and presents areas for future study.

Scientific computing applications are very computatignall
intensive and thus good candidates for hardware accelarati
However, these applications also often require high preci-MD is a simulation technique that is used in many different
sion, floating point arithmetic. Until recently, reconfigbte fields, from materials science to pharmaceuticals. Here, we
computing devices, such as FPGAs, did not have the logltye some background information about MD. In so doing,
resources necessary to implement even a single floating poi¢ reference [1] and [2].
unit, let alone the multiple floating point units that would MD is a technique for simulating the movements of particles
be needed to effectively accelerate scientific applicatiorin & system over time. Each of the particids the system has
However, recent advances in FPGA technology, such as dradf initial positions(t,) and an initial velocityv;(to) at time
increases in the amount of logic resources and the inclugfiont = to. Given the number of particles in the system, the initial
embedded hardware multipliers, have made FPGAs a viakfnperature, the initial density, and the volume of theesyst
platform for accelerating scientific computing applicaso ~ the MD simulation determines thieajectory of the system

In this paper, we investigate the acceleration of Lennariom timet¢ = ¢, to some later time = ¢;. The trajectory is
Jones force and potential calculations for molecular dyinam basically the positions of the particles in the system a tim
(MD) simulations. Force calculation is the most computatio @dvances. The simulation also keeps track of properties of
ally intensive part of an MD simulation, so its acceleratioff® system such as total energy, potential energy, andidkinet
will lead to the greatest overall speedup of a simulatio&fNergy.

Force and potential calculations are also difficult becanegg ~ In order to compute the system’s trajectory, the positidns o
require many floating point operations. Lennard-Joneseforéll the molecules at tim¢t + At) are calculated based on the
and potential calculations are relatively simple and thiy s positions of all the molecules at time whereAt is a small
require 16 floating point operations, including two divisso time interval. There are many methods for calculating new
and a square root. However, there are also many operati®@sitions; the most popular is the velocity Verlet algarith
that can be performed in parallel and the whole calculatidhe steps in this algorithm are

can be pipelined. In this paper, we present such a parallell) calculate the velocity of each molecule at til(ﬁei— %)
pipelined architecture for the force and potential caltata based on the acceleration of each molecule at time
and analyze its performance. The pipelined design accepts o 2) using the newly calculated velocities, calculate the
input per cycle and produces two results—a potential and a molecular positions aft + At);

force—per cycle. This architecture performs all compotadi  3) based on the new positions, calculate accelerations
with floating point units that comply with IEEE standard 754 a; (t + At);

I. INTRODUCTION

II. BACKGROUND



4) based on these newly calculated accelerations, cadculabmputational model in our work. Between our work and MD-
the velocities at timét + At). GRAPE, there are, however, differences that go beyond our
The literature is in agreement that the most timdise of reconfigurable hardware instead of an ASIC. Rather

consuming step of an MD simulation is step 3. The accdPan use a polynomial approximation, we calculate the force
eration is computed using Newton's Second Law of Motiornd potential using their respective equations. Further, o

F}(t) = m;d;(t), wherem; is the mass of particle and entire design uses double precision floating point humbers,
Fi(t) is the force acting on particlé at time ¢. There are whereas MD-GRAPE employs a combination of floating and

three general types of forces: van der Waals (intermoleguldixed point numbers. _ _ _
intramolecular, and electrostatic. The force studied iis th An FPGA-based system for accelerating MD simulations
paper is a van der Waals force. In this paper, we also wifi Presented in [4]. In this system, the velocity and positio
assume a system in which all the molecules are the same Calculations of the VeIocny_ Verlet algonthm.have been peg _
We develop an architecture for calculating the scalar co® @ FPGA. The calculations are done with IEEE 754 32-bit
ponent of the Lennard-Jones force. The Lennard-Jonesiforcd0ating point arithmetic. The performance for two types of

one of the simplest types of van der Waals forces to calculafdatform FPGAs is presented. The implementation on an Al-
It arises due to the potential between two moleculesid j tera Stratix achieves 5.69 GFLOPS while the implementation

that are a distance;; apart, as shown in Equation 1. Thison a Xilinx Virtex-1l Pro achieves 4.47 GFLOPS. This effast i

potential is also calculated by our pipeline. Equation Zgiv COmplimentary to ours in that it accelerates a differentipor

the equation for the Lennard-Jones force. of MD simulations than we are targeting. It is also one of the
early examples of using reconfigurable hardware with flgatin

u(ry) =4 <% _ i(j) U+ dU, (rij —1e) (1) point units for scientific computations.
B. Reconfigurable Computing for Scientific Applications

"ij ij
. 48 [ 1 1 dU. An earlier example of the use of reconfigurable hardware
Fi(t) = T \ 12 T 96 (2)  in the acceleration of scientific computations is PROGRAPE-
P (PROgrammable GRAPE-1) [5]. PROGRAPE-1 is an FPGA-
h based, programmable, multipurpose computer for many-body
Simulations. It is especially targeted for scientific teiques

ij ij T'ij
wherer; = 7;(t) —7;(t) andr;; is the magnitude of;;. Bot
of the equations are in terms of normalized units. Normdliz > - o ’
units are dimensionless quantities that allow the simuatith@t have many different algorithmic implementations and

to use larger numbers so that underflow is much less likef§ Which new algorithms are still being developed. The

r. in Equation 1 is thesutoff distanceThe potential between €*@mple cited in [S] is the SPH force calculation algorithm.
moleculei and moleculg and the forces that these moleculeE ROGRAPE-1 is implemented with two Altera EPF10K100

exert on one another are only calculated if the distanE&GAS: €ach of which contains about 100,000 gates. With
between the two molecules is less than some cutoff distar}B Now somewhat outdated technology, the developers were
r.. The use of the cutoff distance leads to discontinuities; tiP€ t0 achieve a throughput equivalent to 0.96 GFLOPS for
simulation must “shift” the potential and the force in order a gravitational interaction calculation. Note that they diot

compensate for these discontinuiti&s.anddU, are constants IMPlement IEEE standard floating point units due to size

in the simulation, related to., used in this shift. limitations of the FPGAs. _
[6] is recent work that uses reconfigurable hardware to

I1l. RELATED WORK accelerate three kernels in computational fluid dynamius: t
Euler, Viscous, and Smoothing algorithms. The design em-
ploys Nallatech boards comprised of multiple FPGAs. Using
We begin by studying previous efforts in hardware acceingle precision floating point numbers, the authors aehiev
eration of MD simulations. The most prominent example df0.2, 23.2, and 7.0 GFLOPS, respectively, for the kernstedi
hardware acceleration for MD simulations is the MD-GRAPR&bove.
project [3]. ) ) )
MD-GRAPE (and its successors, MD-GRAPE-2 and MDS: FPGA Floating Point Units
GRAPE-3) is an ASIC chip that is capable of calculating a [7] describes a parameterized floating point library and
wide variety of forces and potentials, including electatist uses this library to implement the SPH force calculation on
and Lennard-Jones forces and potentials. The MD-GRAREVirtex-Il FPGA. The library has addition, multiplication
chip uses a 1024-piece, fourth order polynomial to approxdivision, and square root units. For each floating point,unit
mate the calculation of the force or potential. The coeffitse performance up to 24 bits of precision is listed. The FPGA
in this polynomial determine which force or potential iSmplementation of SPH using the floating point units with
calculated. The chip also keeps a sum of the forces on 2¢-bit precision was able to achieve a performance of 3.9
potential due to each particle. MD-GRAPE only acceleratésFLOPS.
the force and potential calculation, leaving the rest of the [8] describes adders and multipliers that follow the IEEE 32
MD simulation to a host processor. We follow a similaand 64-bit formats, as well as a 48-bit format. [9] uses these

A. Hardware Acceleration of Molecular Dynamics



adders and multipliers in a high performance floating poitype of floating point unit may require a different number of

matrix multiplication design. This design is able to ackiev stages. Thus, the graph does not break up as cleanly as is

performance of 8.3 GFLOPS. In the implementation of owhown in Figure 1.

design, we employ the same 64-bit adders and multipliers asVe also note that the square root can be performed at

are used in this work and we will describe these units motiee very beginning of the pipeline but its results are not

thoroughly in Section V. needed until almost the end of the pipeline. Thus, it would
In [10], a parameterized floating point library is presentetbe acceptable for the square rooter to have many more stages

The library contains addition and multiplication units asliw than the other operations. To put it more formally,det, m,

as units for the conversion from (to) floating point format tandd be the number of pipeline stages in the square rooter,

(from) fixed point format. adder/subtractor, multiplier, and divider, respectivé@lgen as
Clearly, there has been much work that is related to outeng as

However, to the best of our knowledge, we are the first to use s + max(m,d) < d + max ((4m + 2a), (3m + 3a))

IEEE 754 double precision floating point units on an FPGfyg square root will finish its computations early enough so
and apply these units to the acceleration of MD simulationg,a¢ it does not add extra latency to the force and potential

IV. DESIGN calculation pipeline. We take this fact into account in dasig
In thi . q i desian f i ththe floating point square root unit.
n this section, we gescribe our design for computing eAIso, notice from the data flow graph that there are many

LgnT_ardd—Jgnqs pgtent:jals agd fct>.rces. 1We ddgvflotph a deffﬁlé{tances in which more than one computation is happening
PIpelined design based on Equations 1 and 2. In the con gfﬂ\ultaneously in the same stage. By exploiting this fdut, t

of an MD _S|mu|at|on,_ our design W(_JUId ac_celerate the forcf%rce and potential calculation pipeline takes advantdghe
and potential calculations that occur immediately followthe ¢ grained parallelism present in the calculations.
determination that the distance between two moleculess le There are several benefits to this force and potential cal-

than the cutoff distance.. The outpqt of our design would .ctlllation pipeline. First, it produces two results, a forecel a
then be used as part of a calculation of the total potentia potential, for every one input that it receives. Second,

energy of he system _and a calculatpn of t.he vechr COMRRere is no control overhead. Any synchronization due to
nents of the force acting on moleculesind j. Specifically,

. the varying latencies in floating point units is accomplizhe
our design calculates through the addition of delay stages. Additionally, there a
1 1 no data hazards in the pipeline, so it never needs to statl or t
u=4 (76) (r_ﬁ N 1) +(dUere = Ue) +dUer— (3) forward data. Thus, early stages never need to communicate
with later ones. This fact leads to the third benefit: the glesi
1 1 1 dU. is very modular. Each of the floating point units is self-
T_2> <7_6> <r_6 - 0-5> + (4)  contained. The force and potential pipeline could be spiétro
multiple chips, if necessary. Further, multiple pipelireild
be implemented without any dependencies between the two
pipelines, thus taking advantage of coarse-grained |gdisafi.

F =48 <
,
Equation 3 is simply Equation 1 rearranged and with r;;.
Note that(dU.r. — U,) is a constant. Equation 4 is a rear
rangement of Equation 2 for moleculeand; wherer = 7;.

Also, Equation 4 does not contain the multiplication by wect V. FLOATING POINT UNITS
7; because this multiplication will not be performed in our As seen in the dataflow diagram, the force and potential
pipeline. calculations require four different types of floating paipera-

In practice, rather than comparewith r., MD simulations tions: addition/subtraction, multiplication, divisioand square
comparer? with 72. Thus, we assume that the input to ouroot. We briefly describe the floating point adder, multiplie
pipeline will ber?. We design the pipeline such that it acceptand divider used in this design. We then describe in greater
new data on every clock cycle and outputs bathnd F' on detail the floating point square root unit, which was devetbp
every clock cycle once the pipeline is full. specifically for our implementation of the force and potehti

Figure 1 shows the dataflow graph for our pipeline. Thealculations.
horizontal, dashed lines show the places at which it appears-or our floating point adders and multipliers, we chose the
natural to break the design into pipeline stages. AnywHeae t 64-bit adder and multiplier described in [8]. These floating
an arrow crosses a stage without going through a computatipoint units follow the IEEE 754 double precision floating ioi
the data represented by that arrow will have to be stored farmat, except for that they do not handle denormal numbers
that stage. or NaNs. However, because we are using normalized units

We see from the data flow diagram that each set of forage our MD simulations, it is very unlikely that any denormal
and potential calculations requires 16 floating point oppena, or special numbers will occur. Thus, the adder and multiplie
including two divisions and one square root. Each of thesescribed in [8] are sufficient for our design. Currentlye th
computations will be performed bpipelined floating point multiplier also supports only the truncation mode of roumdi
units (see Section V). Thus each stage denoted in Figure IThese adders and multipliers are parameterized by the num-
will actually consist of many pipeline stages. Moreoveghea ber of pipeline stages. They have been analyzed to determine
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Fig. 1. Dataflow graph for the MD force and potential caldolatkernels

TABLE |

the number of pipeline stages required to achieve the highes EROPERTIES OF THEFLOATING PoINT UNITs

frequency/area ratio when these devices are implemented jn
a Xilinx Virtex-1l Pro XC2VP125. The frequency/area ratio

Number of Frequency| Area Frequency/
Pipeline Stage§ (MHz) (slices) Area

relates the throughput of the floating point unit to the ared™ Adder 17 160 884 0.180
that it occupies on the FPGA. Pipelining a floating point unit Ml:l){ltiz"ef ég igg 4%2 8’5;8
H H H L wiaer .

increases the frequency at which the unit can run. Howevet, Square T 123 T 1730 5078

after a certain number of pipeline stages, adding additiond Rooter
pipeline stages leads to only small increases in frequenty b

large increases in area. Thus, the number of pipeline staggsnbers are assumed to be normalized, so there is also
leading to the highest frequency/area ratio is considened t;, implied 1 (the “hidden bit"). The number represented is
optimal number of pipeline stages for the unit. By experimer(_l)s x 1.m x 2¢~%, whereb is the exponent's bias.

it has been determined that the optimal number of pipeline| g e, andm, be the exponent and mantissa, respectively,
stages for the adder is 17 while the optimal number of pigeligyt the result of the square root operation. Then, as destribe

stages for the multiplier is 12. The performance of thesésuni;,, [12], the following is the basic algorithm for floating mai
as well as that of the divider and square rooter, are givené'auare root.

Table |I. fthe ¢ i finde. = dm, = V1.mO0. If
The divider is described in [11]. Currently, it requires 32 1 ils to;}dt,a ]:;de;/sei ('enji)_/;éi(?;s":“\/_ﬁﬁo‘ It e

ipeline stages and can achieve a frequency of 125 MHz.
pip g q y 2) Normalizem, and update the exponesy.

A. Square Root 3) Round.

i i 4) Determine exception flags and special values.
For our force and potential calculations, we developed a 64-

bit square rooter that follows the IEEE standard 754 for deub_ W& developed a pipelined design to perform these steps.
precision floating point arithmetic with two exceptionstski 19ure 2 shows the stages in our square root pipeline. In
as with the adder, multiplier, and divider, denormal nursbef€ first stage of the pipeline, the hidden bit is prepended
are not supported. As stated previously, for our particul 7 forming the significand I(n), and the exponent and
application, denormal number are unlikely to arise. Sectred Significand are adjusted if the exponent is odd. _
square root unit only supports the round-to-the-nearistgt !N thg f|r_st stage of the p|pellne, the pipeline also_ begins to
even) method of rounding. This is the most popular roundmﬂ@termme if the input received requires that a special rermb

mode and is thus sufficient for our design. or zero be output. The following four cases are looked for.
In IEEE format, a double precision floating point num- 1) If the input was positive or negative zero, a flag is set in-
ber consists of three parts: a sign hi),(an 11-bit biased dicating that positive zero or negative zero, respectjvely

exponent ¢), and a 52-bit mantissar{). The floating point should be output.



root is determined by thék — 1) bits of the square root
that have been calculated so far, the remainder calculated i
stage(k — 1), and bits(110 — k) and (110 — k£ — 1) of the
extended significand. Theth bit of the square root is found
by performing either an add or subtract, depending upon the
(k — 1)th bit. Every step of the algorithm uses two bits of the
extended significand to produce one bit of the result and a
(k + 1)-bit remainder.

A naive pipelining of this design would require 55 stages to
calculate the square root of the 110-bit extended significan
However, we note that the early stages of such a pipeline
would compute far less than the late stages. For example, the
first stage would perform a 3-bit addition while the last stag
would perform a 57-bit addition. Clearly, the 57-bit adaliti
will be the critical path in the design. Hence, early stagah®
naive pipeline can be combined without affecting the adatdev
frequency, so long as their combined delay is not greater tha
that of the final stage. We have been able to combine stages
so that the square rooting of the extended significand resguir
‘ 43 pipeline stages. If a smaller pipeline latency were néede

more stages could be combined with the penalty of a lower
clock frequency.
) ) After the 55-bitm, has been computed, it is normalized: if
2) If the input was a NaN, a nonzero negative number, @t most significant bit is a Op, is shifted left one bit and
negative infinity, a flag is set to indicate that NaN shoulgs is decremented by 1; otherwise, no change is made. The
be output. o _ ~_ most significant 1 becomes the hidden bit and the next most

3) Ifthe input was positive infinity, a flag is set to indicatejgnificant 53 bits are then passed to the rounding stage.

that positive infinity should be output. _ In the rounding stage, the 53-bit normalized result is incre

4) If none of the above conditions apply, a flag is set tgented byl. The 52 most significant bits of this addition as

indicate that the computed result should be output. \ye|| as the carry out are passed to the final stage.

The determination of the type of input and the special-caseln the final stage of the pipeline, the special case flags
flag to be set takes four pipeline stages. After that, the flagdre examined. If one of them is set, the corresponding value
passed unchanged from stage to stage of the pipeline untilitwritten to the output register. Otherwise, there are two
is used in the final stage. possibilities.

In parallel with the special output determination, the 1) The carry out of the rounding stage was In this
pipeline computes,. This requires only one stage as it is case, the exponent and the unchanged output from the
only a simple right shift of. The result is then passed from rounding stage are written to the output register, along
stage to stage of the pipeline until; has been computed and with a sign bit of 0.
es is needed. The carry out of the rounding stage whsThis carry

In parallel with the special output determination and firgdin would be added to the hidden bit, giviig+ 1 = 10.

e, starting in the second stage of the square root pipelire, th  The 1 from this sum is considered the hidden bit. The
unit begins taking the square root of the significand (caleul 0 from this sum is prepended to the output of the

[ <]

[ Adjust Exponent }

Halve Exponent f

~

Square Root

Significand

|

[ Normalize }

[ Round }

S

Fig. 2. Operations in the Square Root Pipeline
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ing m,). The output of a square root operation has only half
as many bits as the input to the square root operation. Our
unit must calculate a 55-bit output: 52 bits for the mantissa

rounding stage. The most significant 52 bits of this
value are written to the output register. The exponent
is incremented and the result is written to the output

1 bit for the hidden bit, 1 bit for normalization (the guard)bi register. A sign bit of 0 is also written to the output
and 1 bit for rounding (the round bit). The input is only 54 register.
bits: 52 from the mantissa, 1 from the hidden bit, and 1 from In total, there are 47 stages in the square root pipeline.
the exponent adjustment. Thus, the unit appends 56 bits withis large number of pipeline stages is perfectly accept-
value 0 to the end of the significand, giving a 110-bit numbeable for our force and potential calculation design. As de-
Taking the square root of this 110-bit number yields a 55-tstribed in Section IV, the square root can have up to
output, as desired. d+max ((4m + 2a), (3m + 3a)) — maz(m, d) stages for the

To perform the square root, the unit employs the nomsquare root data to be available soon enough to not delay the
restoring square root algorithm described in [13]. In thigipeline. Since our multiplier, adder, and divider hae 17,
algorithm, one bit of the square root is determined at a timand32 stages, respectively, the square root could have as many
starting with the most significant. Thigth bit of the square as87 stages and still finish in time to do the force and potential



TABLE I
PERFORMANCE FORONE AND TWO PIPELINES IN THEXC2VP125-7

4500

Number of | Frequency| Area No. of Embedded| Throughput 4000
Pipelines (MHz) (slices) Multipliers (MFLOPS) 2388 1
1 122 21113 128 1952 & 2500 |
2 122 43133 256 3904 T 2000 -
= 1500 -
. . C e 1000 4
calculations. Therefore, our square rooter is well-witbumr 500 | |:|
0 B e e

allowed Ijange' A A Our Design  Athlon XP Athlon XP Itanium-2 Itanium-2
To verify the functionality of our square rooter, we coded 1700+ 3200+ (900MHZ) (1500 MH2)*
it in VHDL, synthesized it with Xilinx XST, and placed-and-
routed the design using Xilinx PAR. We then configured th'@_gr-] e C;gpf;i(fg” th}he ;(*goé’ggggggg o plipe".”es 2°f O‘:Sli%go
. . . witl thlon +, Athlon 3 Z Itanium 2, an
Virtex-Il Pro XC2VP7 FPGA on Xilinx ML300 board with MHz Itanium 2 implementations for force and potential calculation withi

the design using IMPACT. To provide data to the design aratsimulation { indicates estimated results)

reat()JI the output re.sults,ll_we. ushed tq_e Xilinx Migrﬁprocessmat we would be able to measure the performance of the force
Debug (XMD) engine utility in the Xi Inx EDK. V,V't XMD. * ang potential calculations using AMD CodeAnalyst version
we could tell the embedded PowerPC in the Virtex-1l Pro t9 54 5 and Intel VTune version 2.0 for Linux [14], [15].fFo

yvrite to the square root design_’s if‘p“t register and 1o reg, A¢hion system, we compiled the code with the Microsoft
Its output register. The commun|cat|o_n betwe_en the POwer'?ﬁSual C/C++ compiler, version 6, using full optimizatiorhe

and the square rooter was accomplished \,N'th an OPB bH"ﬁ’oughput, in MFLOPS, of this implementation is presented
We provided several test inputs to the design and, from t Figure 3 against the throughput of our design with two

debugger output, verified that the output was indeed Correcﬁipelines. We also scale the Athlon XP 1700+ performance
VI. PERFORMANCE by 3200/1700 to estimate the performance of the program

We used the floating point units described in the last secti@ff " A:jhlon fXP 3200+.’ th? fastﬁst Athlor'l.proce;soFr. Thri]s
to compose the force and potential pipeline described Gytimated performance is also shown in Figure 3. For the

Section IV. Given the delays of the various floating pointsini Itanlur_r|1 S¥Séefm’ z\_/e compnedhthef COdi.V\ath the _Int_el (.:++
the entire force and potential pipeline calculation has 1 mpiler 7.0 for Linux, using the -fast (highest optimiza]

stages; it is very deeply pipelined. However, the pipeliaean static Ii_nking, inter.procedl..lrall optimization) and -ObZIi(r'ne.
has to stall and there is never an occasion for the pipelihpetoany suitable function) optimizations. Not(_a that the.comqbll
flushed. It can accept input in the form of one 64-bit floatinr%?de used only one of the two processors in the ltanium system

point number every clock cycle and, once the pipeline is fu T_Ie r;mdnlng. l'l'hfe resijggof(,)vrl;heltlta_mum sytstem, as \r/]vell as
outputtwo 64-bit results (one potential and one force) every: Imated resufts fora Z ftanium system, are shown in

clock cycle. For a typical 10000-molecule simulation, the igure 3. We can see that, in this case, our force and potentia

will be approximately 5800 force and potential Calcu|‘,3‘$i0ncalculation pipeline significantly outperforms even thetést

per position update. Including the pipeline fill-up latenoyr Athlon XP and Itanium processors.

design will require 5919 cycles to perform these compuiio As an_othgr comparison, we isolated the force and potential
for an average of 1.02 cycles/(2 results)@51 cycles/result calculation in a separate program and measured the general

The entire design was coded in VHDL, including th@urpose processors’ performances in executing this pnogra

appropriate synchronization logic to deal with the facttthd hat IS, we made a program that just contained the compu-

the floating point units all have different numbers of pipeli tations for force and potential calculation. The input dimta

stages. In the current design, this synchronization logis Wthe computations was randomly generated squares of déstanc

2 2 i i
coded as shift registers. The design was then synthesinegl ud < 7 < 1z As seen in F|gur§ 4, Fhe general purpose
Synplicity Synplify Pro 7.2. We then used the place-ancteouP 0CeSSOrs p_erform much better in this scenario. However,
tools in Xilinx ISE 5.2. We targeted the Xilinx Virtex-1 Pro OUr design still outperforms the fastest of the general psep

XC2VP125-7. Table Il shows the frequency, area, number Bfocessors by over 1100 MFLOPS.
embedded multipliers, and throughput for up to two p|pe§|neB_ Contrasting Our Work with Existing FPGA-based Acceler-
A. Comparison with General Purpose Processor ation for MD

We compared our design against implementations on twolt is difficult to compare our design’s performance with that
general purpose processor systems. One system has an AMDhe design in [4]. Instead, we state the key differences
Athlon XP 1700+ processor, has 512 MB of memory, andetween our work and theirs. First, the two designs accel-
runs the Microsoft Windows 2000 operating system. The otherate different portions of the simulation. Second, ourigies
system has dual 900 MHz Intel Itanium 2 processors, 8.3 GBes 64-bit precision while that in [4] uses 32-bit precisio
of memory, and runs the Red Hat Linux Advanced Servéaird, our design employs area-hungry and comparatively lo
2.1 operating system. To obtain the performance results foequency dividers and square rooters while the other desig
the general purpose processors, we first we began with thel@s not. And finally, for the Virtex-Il Pro implementation,
code from [2]. We made minor modifications to the code smur design is targeted to a much larger device than that in [4]



4500
4000
3500 -
3000
2500
2000
1500
1000

:l m N m

0 T T T T

Our Design  Athlon XP Athlon XP
1700+ 3200+

are

MFLOPS

Itanium-2
(1500 MH2)*

Itanium-2
(900 MHz)

forces and their associated potentials may require an &ppro
mation method such as table lookup and interpolation. There

also the other two classes of forces—intramolecular and

electrostatic—to be investigated. Finally, we would likeir-
vestigate the reconfigurable hardware acceleration ofijpheilt
kernels for a given simulation.
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VII. CONCLUSION

In this paper, we have presented a pipeline for the calcula-
tion of the Lennard-Jones forces and potentials that ard use
in MD simulations. This pipeline uses 64-bit, IEEE standardll
754 floating point arithmetic. A square root unit has bee I
developed especially for this force and potential caléoitat
pipeline. It has 47 pipeline stages and can achieve up to a 148
MHz clock frequency.

The force and potential pipeline overall has 119 pipeline
stages. It can achieve a frequency of 122 MHz with either
one or two pipelines present on the FPGA. With two pipelineé
present, a throughput of 3.9 GFLOPS is achieved. This
throughput is a significant improvement over even the fastes
general purpose processor implementation. 5

A. Future Work

There are many areas for future work, starting with thée]
floating point units. The square root and divider both achiev
low frequencies when compared to the multiplier and th%]
adder, so we would like to investigate ways for improving
the speed. We would also like to analyze these floating point
units to determine the optimal frequency/area ratio. g

We also believe that the area of the floating point unité
and the area of the entire force and potential pipeline can be
reduced by utilizing the on-chip, embedded memory. Any datf!
that is just stored for multiple pipeline stages could beesto
in a Block RAM until the stage in which it is needed. This
will eliminate the need for shift registers and free up thelt!
logic for other uses, or allow us to use a smaller FPGA for
the same pipeline.

There are many future directions to pursue in the aréd]
of reconfigurable hardware acceleration for MD simulation.
There are many van der Waals forces beyond the Lennard-
Jones forces. The approach used in this paper, in which
break the force and potential calculation into stages aptbéx [13]
both fine- and coarse-grained parallelism, can be usedtier ot
van der Waals forces whose calculation is similar to thahef t . ,

: L ]
Lennard Jones force. Such forces include those arising fropg
the 12-6, n-m, and hydrogen bond potentials [16]. [16]

There are also forces that have much more complicated
formulas for their calculation, including the use of trigen [17]
metric functions [1]. To implement the calculation of these

discussion regarding the floating point units and their &npl
mentation. The authors also wish to thank Maya Gokhale,
rans Trouw, Aiichiro Nakano, and Priya Vashishta for their
valuable insights into molecular dynamics and the apptoat

of reconfigurable computing to it.

REFERENCES

M. Allen and D. Tildeseley,Computer Simulation of Liquids New
York: Oxford University Press, 1987.

A. Nakano, “Class notes for CSCI 599: High performanceerstific
computing,” University of Southern California, Fall sertexs 2003.

M. Taiji, T. Narumi, Y. Ohno, N. Futatsugi, A. Suenaga, Mkada, and
A. Konagaya, “Protein explorer: A petaflops special-pugpesmputer
system for molecular dynamics simulations,”"Rmoceedings of the 2003
ACM/IEEE Conference on SupercomputingNew York: ACM Press,
November 2003.

4] C. Wolinski, F. Trouw, and M. Gokhale, “A preliminary sty of

molecular dynamics on reconfigurable computersPiaceedings of the
2003 International Conference on Engineering Reconfigler&ystems
and Algorithms June 2003.

] T. Hamada, T. Fukushige, A. Kawai, and J. Makino, “PROGHAL:

A programmable, multi-purpose computer for many-body $atons,”
Publications of the Astronomical Society of Japaol. 52, pp. 943-954,
October 2000.

W. D. Smith and A. R. Schnore, “Towards an RCC-based acatdr
for computational fluid dynamics applications,” Proceedings of the
2003 International Conference on Engineering Reconfigler&ystems
and Algorithms June 2003.

G. Lienhart, A. Kugel, and R. Manner, “Using floating-pbiarithmetic
on FPGAs to accelerate scientific N-body simulations,Pioceedings
of the 11th Annual IEEE Symposium on Field-Programmabletd@us
Computing Machines IEEE Computer Society Press, April 2002.

G. Govindu and V. K. Prasanna, “Analysis of high performoa floating
point arithmetic on FPGASs,” ifProceedings of the 11th Reconfigurable
Architectures Workshop (RAW 200#pril 2004.

L. Zhuo and V. K. Prasanna, “Scalable modular algoritHimsfloating-
point matrix multiplication on FPGAs,” irProceedings of the Inter-
national Parallel and Distributed Processing Symposiund£2QPDPS
2004) April 2004.

P. Belanovic and M. Leeser, “A library of parameterizéldating
point modules and their use,” iRroceedings of the 12th International
Conference on Field Programmable Logic and ApplicatioBerlin:
Springer-Verlag, September 2002, pp. 657—666.

V. Daga, G. Govindu, V. K. Prasanna, S. Gangadhargaiid V. Sridhar,
“Floating-point based block LU decomposition on FPGAs,Proceed-
ings of the 2004 International Conference on EngineeringdrRég-
urable Systems and Algorithm3une 2004.

M. D. Ercegovac and T. LangDigital Arithmetic
Morgan Kaufman, 2004.

Y. Li and W. Chu, “A new non-restoring square root alglom and

its VLSI implementations,” inProceedings of the 1996 International
Conference on Computer DesjgBctober 1996.

AMD. Inc., http://www.amd.com.

Intel Corp., http://www.intel.com.

W. Smith, M. Leslie, and T. R. Forestéfhe DLPOLY_2 User Manual
http://www.cse.clrc.ac.uk/msi/software/DROLY/USRMAN2/USRMAN.html,
April 2003.

Xilinx. Inc., http://www.xilinx.com.

San Francisco:



