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ABSTRACT direct-sum can be computed in a way similar to the LJ inter-
actions. The greater challenge is to speedup the reciprocal
sum calculation in hardware.

This paper describes the design and verification effort of
a fixed-point FPGA compute engine, named the Reciprocal
Sum Compute Engine (RSCE) that speeds up the SPME re-
ciprocal sum calculation. In addition to the hardware imple

tionl na;héihvéovrle(}i f\ﬁl: Zt?oensg;;g?t g;zndﬁé'gk ;2;;‘;?:;?3?;2' mentation, results of a fixed-point precision analysis &ed t
' X s ' description of a parallelization strategy are also presgnt
named the Reciprocal Sum Compute Engine (RSCE), that P D gy P

lculates th . | tribution to the @ect The primary goal of this work is to undertake the task of
C? gu ates tne r((ajc]lproca spac?hcogl:::vllé |o|n O'th € T?:': r building the engine as a way of learning the issues involved
static energy and forces using the aigorithm. TRIS 1S iy, implementing this computation in hardware.

the first known attempt to fully capture the entire computa- . L . . .
tion in dedicated FPGA hardware. We also investigate the This paper is divided into ten sections. Section 2 pro-
' vides a brief background for the SPME reciprocal sum cal-

fixed-point precision requirements, a strategy for palialle . . . .
ing the RSCE and present an estimate of potential speedup.CUIat'on' Section 3 dlscusses_ relevant work.. Section 4 de-
scribes the development environment for this work. Sec-
tion 5 describes the overall architecture of the RSCE and
1. INTRODUCTION provides a brief overview of its design blocks. Section 6
describes the RSCE operations for calculating the SPME re-
Molecular Dynamics (MD) is a numerical method for pre- ciprocal sum. Section 7 presents a parallelization styateg
dicting the time-dependent microscopic behavior of a many- for using multiple RSCEs. Section 8 describes the test en-
body system [1]. Due to its computational complexity, it is vironment and a precision analysis of the fixed-point com-
often solved using large supercomputers and clustershwhic putations. Section 9 describes a more efficient RSCE design
makes it a candidate for hardware acceleration. and provides an estimation for its degree of speedup. Lastly
Since the majority of MD simulation time is spent on Section 10 concludes this paper and offers recommendations
non-bonded energy and force calculations, it is vital to for future work.
speedup these non-bonded calculations. There are two types
of non-bonded interactions; they are short-range Lennard-
Jones (LJ) interactions and long-range Coulombic interac- 2. SPME RECIPROCAL SUM BACKGROUND
tions.
For the Coulombic interactions, the Smooth Parti- The reciprocal-sum component of the energy and force com-
cle Mesh Ewald (SPME) algorithm [2], which scales as putations are approximated by [2]:
Nlog(N), is one approach used for computing the electro-

Molecular Dynamics simulations have become an interest-
ing target for acceleration using Field-Programmable Gate
Arrays (FPGA). Still to be attempted completely in FPGA
hardware is the computation of the Coulombic interactions
using the Smooth Particle Mesh Ewald (SPME) algorithm.

stz;tic energy and forc_e. _In the _SPI\/_IE glgorith_m, the calcu- ; o exp(—mm?/6%)
lation of the Coulombic interaction is divided into a short- ree T v =, - 2z (m1,ma2, ms)
range direct sum and a long-range reciprocal sum. The "
J g-range recip F(Q)(m1, ma, m3)F(Q)(~m1, ~ma, —m3)
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4. DEVELOPMENT ENVIRONMENT
Ki1—-1Ko—1Ks—1
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Ore mzo mzo mZ;O B (T M2, M) The development environment used is a Xilinx Multimedia

_(;_ i ZQ_)(md_m ) @ board [8] that contains a Xilinx XC2V2000 FPGA and five

" b . banks of 2MB ZBT memory. To validate the hardware, the
oir!?stgﬁsg gﬁ;’r‘pgta:%n:bt?heaﬂ]haer gféﬁ%ﬁ”é?%%‘?ée?o tOserial link of the development board is used to communicate

P ge gl ) with a PC running NAMD2 [9] and drivers have been written
reduce the computation order fdlog N from N-. The . . : :
« symbol represents a convolution operator and the arrayt© interface NAMD2 with the RSCE. Figure 1 illustrates the
B(m1,mg, m3) is defined as: validation environment for RSCE. The Xilinx EDK6.3 and

ISE6.2 development tools are used.
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The pair potentiab,... is given by the Fourier transform of 5
array(B - C), that is,0,.. = F(B - C) whereC is defined S5 o Nicrobiazs] OPB rscE kel N
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The valueV indicates the volume of the simulation box, the 267 || zBT

valueg is the Ewald coefficient, and the valuks, K5, and
K3 are the grid dimensions. The lattice vectat( ma,
andmg) indicates the grid point location and the value Fig. 1. RSCE Validation Environment
represents its distance from the origin. The charge@rid
defined in (3) and”(Q)(m1, ma, m3) represents the Fourier
transform of the charge gri@ [2].

The description of the functional blocks of the RSCE in
Section 5.1 will provide a more physical understanding of 5. RSCE ARCHITECTURE
what (1) and (2) represent.

The architecture of the RSCE is shown in Figure 2. The

3. RELATED WORK RSCE is composed of five functional blocks (oval shapes)
and five memory banks (rectangle shapes). Each of the five

There have been several custom ASIC accelerators that typfunctional blocks performs part of the SPME reciprocal en-

ically work in conjunction with a host processor. The MD- ergy and force calculations shown in (1) and (2).

Engine [3] is comprised of 76 custom MODEL chips, each
calculating the non-bonded force for a group of particles.
The MODEL chip comprises a floating-point pipeline capa-
ble of computing both the Coulombic and the LJ forces. Address for
The Molecular Dynamics Machine (MDM) [4, 5] uses particle i
two custom ASIC systems, MDGRAPE-2 and WINE-2, IJ:
PI

::12.:: Forces in memory
lower half

{9}

and a host computer. The MDGRAPE-2 system calculates
the LJ interactions and the Ewald real-space sum while the
WINE-2 system calculates the Ewald reciprocal-space sum. upper
A complete system requires 320 MDGRAPE-2 chips and
384 WINE-2 chips.

The Protein Explorer [6] is the latest in the MDGRAPE
series. It uses 6,144 MDGRAPE-3 custom chips, each con-
taining 20 floating-point force calculation pipelines.

Recent work has investigated the acceleration of the
direct-space component of SPME on the SRC 6 MAPsta-
tion, a reconfigurable computer [7].

Fig. 2. RSCE Architecture



5.1. RSCE Functional Blocks then computes the total reciprocal enefgy, by summing
up the energy contributions from all grid points. In additio
to the energy computation, the EC block is also responsible

for updating the charge gri@ for the force calculation [10].

The five functional blocks of the RSCE are described in the
following sections with the help of some simple diagrams
representing a 2D simulation space.

5.1.1. B-Spline Coefficient Calculator (BCC) 5.1.5. Reciprocal Force Calculator (FC)

The BCC block is responsible for calculating the B-Spline Slmllgr o Fh‘? MC block, t.he F.C block examines each par-
ticle, identifying all the grid points that a particle hassbe

coefficientsM,, (u; — k) for all particles. As shown in (3), internolated to. Then. it computes the directional for
these coefficients are used in the composition of the charge erpofated to. 1hen, it computes the directional foroes e

grid Q. It also computes the derivatives of the coefficients, erteddpn t_he partllcledby _S(;Jmm'”g up the fo;ces th_atl the sur-
which are necessary in the force computation as shown infounding Interpolated grid points exert on the particle.

(2). As illustrated in Figure 3, for an interpolation ordér o

two, each charge (e.g; in Figure 3) is interpolated to four ~ 5.2. RSCE Memory Banks

surrounding grid p0|r_1ts. Each g”d. point gets a portion of There are five memory banks that facilitate the RSCE calcu-
the charge and the size of the portion depends on the Valu?ation:
of the B-Spline coefficients.

1. Particle Information Memory (PIM) - The upper half

N
Q(k1,k2,k3) = Z Z [giMpn(u1; — k1 —n1 K1)

i=1mn1,n2,n3

My (u2i — k2 —noKa)

stores the shifted and scaled fractiofaly, ) coor-
dinates and the charge of all particles; while the lower
half stores the computed directional forces for all par-

My (uz; — k3 — n3K3)] (3) ticles. The size of this memory limits the total number

of particles in the simulation system.

2. B-Spline Coefficients Lookup Memory (BLM) - The
BLM stores the slope and function values of the B-
I.\ Spline coefficients and their respective derivatives at
the predefined lookup points. The size of this memory
limits the maximum B-Spline interpolation order.

W(1,3)=03 W(2, 3)=0.2

W(1,2=03 w2 2)=02

3. Charge Mesh Memory Real and Imaginary
K (QMMR and QMMI) - The QMMR(l) stores
the real(imaginary) part of the charge giigl The
size of these memories limits the simulation grid size.

0 Interpolation order = 2

Fig. 3. B-Spline Interpolation

4. Energy Term Memory (ETM) - The ETM stores the
values of the “energy term” for all grid points. These
values are used in the reciprocal energy and force cal-
culations. The energy term is defined in (4). The size
of this memory limits the simulation grid size.

5.1.2. Mesh Composer (MC)

The MC block goes through all particles and identifies the
grid points each particle should be interpolated to. Then, i
composes the charge griglby assigning the charge portions
to the grid points using (3).

exp(—m2m?/8?) B (m1, m2, m3)
TVm?2

4

eterm =

5.1.3. 3D-Fast Fourier Transform (3D-FFT)

The 3D-FFT block performs the three-dimensional forward 6. RSCE OPERATIONS

and inverse Fast Fourier Transform on the charge @rid ) ] ]

As shown in (1) and (2), the charge grid transformations In this section, the steps to calculate the SPME reciprocal
(e.9. F(Q)(m1, m2, m3)) are necessary in both the recip- Sum are described. These steps follow closely with the steps
rocal energy and force calculations. use_q[ inl ]the software SPME program written by A. Touk-
maji .

Table 1 describes the steps and the corresponding com-
plexity order for computing the reciprocal energy and ferce
The EC block goes through all grid points in the charge grid using the RSCE with a host computer. The step number in
@, calculates the energy contribution of each grid point, and Column 1 is also shown in the architectural diagram of the

5.1.4. Reciprocal Energy Calculator (EC)



RSCE (Figure 2) as dashed circles for easy reference. In
Column 3,Ki is the grid size NV is the number of particles,

andP is the interpolation order.

By analyzing the complexity order of each step, it can
be concluded that the majority of the computation time is
spent in steps 7 (mesh composition), 8 (3D-FFT), 11 (3D-
IFFT), and 12 (force computation). The computation time .
of steps 8 and 11 depends on the grid si&e, (K>, andK3),
while that of steps 7 and 12 depend mainly on the number

of particlesN and the interpolation ordé?.

Tab
#

le 1. Steps for SPME Reciprocal Sum Calculation

Operation

Complexity
Order

Host computes the reciprocal lattice ve|
tors for x, y, and z directions.

c-1

Host computes the B-Spline coefficien
and derivatives for all lookup fractiong
coordinates and stores them into f
BLM.

S
| 21(7okup_p'recision

ne

Host computes the energy terms for &
grid points that are necessary in e
ergy calculation and stores them into t
ETM.

il
’]-Kl X K2 X K3
e

Host loads or updates the x, y, and z ¢
ordinates of all particles.

0-3 X N

Host computes scaled and shifted frg
tional coordinates for all particles an
loads them into the upper half of the PI
memory. It also zeros all entries in th
QMMR and QMMI.

C-

N3 x N

FPGA BCC performs lookup and corn
putes the B-Spline coefficients for a
particles for x, y, and z directions.

I13x N x P

FPGA MC composes the grid charg
grid using the computed coefficient:
The calculated values are stored in t
QMMR.

e
.NXPxPxP
he

FPGA 3D-FFT compute—1(Q) by

performing inverse FFT on each row fg
each direction. The transformed valu
are stored in the QMMR and the QMM|

I‘KlXKQXKSX
eslog(Kl X K9 X
| K3)

FPGA EC goes through each grid poi
to compute the reciprocal energy and u|
date the QMM. It uses the grid index t
lookup the energy terms.

nt
p-K1 X Ko X K3
o]

10

FPGA BCC performs lookup and corn
putes the B-Spline coefficients an
derivatives for all particles for all x, v,
and z directions.

d2 x3x N x P

11

FPGA 3D-FFT computes the forwari
F(Q) and loads the values into th
QMMR.

0 K1 x Ko x K3Xx
elog(K1 x K9 X
K3)

12

FPGA FC goes through all particles
identifies their interpolated grid pointg
and computes the reciprocal forces for
y, and z directions. The forces will b
stored in the lower half of the PIM.

1

, BXNXPxPxP
X

+]

13

Repeat 4 — 12 until simulation is done.

N/A

7. RSCE PARALLELIZATION STRATEGY

This section describes a strategy to parallelize the SPME re
ciprocal sum calculation using multiple RSCEs. It discasse
the data communication requirement among the RSCEs and
the synchronization ability of the RSCE, which is necessary
for the parallelization. The parallelization strategyatésed

in this section is similar to the way NAMD2 parallelizes its
reciprocal sum computation [9, 12].

To illustrate the basic steps involved in the paralleliza-
tion strategy, a 2D simulation system example is assumed
and is shown in Figure 4. In this 2D simulation system, the
grid size isKx x Ky = 8 x 8, the number of particles is
N = 6, the interpolation order i® = 2, and the number of
RSCEs ilNumP= 4.

Ky F

Fig. 4. 2D System with Six Particles

To parallelize the calculation, each RSCE is assigned a
portion of the grid at the beginning of a simulation timestep
After the grid-point assignment, each RSCE is responsible
for the B-Spline coefficients calculation and mesh composi-
tion for all charges that are either inside its mini-gridaaoe
are P/2 grid points away from its mini-grid boundary. The
mini-grid assignment and its boundary are indicated by the
dashed lines in Figure 5.

K
y oF
p1|°P P2
A 5
N
p3
P4
.
B =
0 Kx

Fig. 5. Parallel Mesh Composition

To realize the grid point distribution step, the host only
programs the PIM memory with the coordinates and charges
of the particles that the RSCE is responsible for. Further-
more, it also sets the number of particlds The BLM
memory is programmed with the full content as in the single
RSCE case. Upon finishing mesh composition, each RSCE
holds its mini-grid in the QMMR memory and it is then



halted until all other RSCEs finish their mini-grid compo- For a 3D simulation system, the steps taken for par-

sition; this is the first synchronization point. allelizing the SPME calculations into multiple RSCEs are
The next step is the inverse 2D-FFT operation. In this similar; a detailed description can be found in Lee’s the-

operation each RSCE is responsible f&x x Ky/Nump ~ sis [10].

grid points. Before performing the IFFT, data communica-

tion is needed among all RSCEs such that each RSCE holds 8. TESTING AND PRECISION ANALYSIS

the grid-point data for the IFFT rows it is responsible for. |

our 2D example, the 2D-IFFT is broken down into x- and The RSCE design is verified using a self-checking design

y-direction 1D-IFFTs. During the x-direction 1D-IFFT op- verification testbench written in SystemC [13]. In addition

eration, each RSCE holds, /NumProws of grid pointsand  to being a verification model for the design, the simulation

each RSCE hold&’, /NumPcolumns during the y-direction ~ model for the RSCE can be also configured to use either

1D-IFFT. As in the single RSCE case, the energy calculation fixed-point or double-precision floating-point arithmedie

can be overlapped with the 1D-IFFT for the last dimension. lowing for some precision analysis to be done. The SPME

Thus, at the end of the y direction 1D-IFFT step, each RSCE software implementation [11] is used as a reference to en-

has calculated the energy contribution of its grid-poimiso  sure the correctness of this simulation model.

and has also updated the QMMR and QMMI memories. The

total reciprocal energy can then be calculated by adding theg 1. Design Verification Environment

calculated energy from all RSCEs.

Following the inverse transformation and the QMM up-
date, the forward 2D-FFT can be performed on the updated

grid. The data communication requirement is _t_he same as 1 A testcase that takes a Protein Data Bank (PDB) file
that of the 2D-IFFT step. To save one transposition, the for- as inputand provides the simulation configuration set-
ward 2D-FFT can be performed in reverse order. That is, tings to the RSCE testbench (RSTB) via an On-

the _1D-FFT fpr they direct.ion_is d_one before_ that of di- chip Peripheral Bus (OPB) packet (OpbPkt).
rection. Again, synchronization is needed in between the

The RSCE verification environment is shown in Figure 6; it
consists of the following components:

1D-FFT passes. 2. A host model that loads the PIM with particle infor-
Before the force calculation can proceed, each RSCE mation and loads the BLM and the ETM with the
should hold the grid-point data of its previously assigned lookup values.

mini-grid. The force calculation involves interpolatintget
force from the grid points to the particles. After the calcu-
lation, each RSCE writes the calculated forces into the PIM
memory. For a particle (e.g. partiatein the centre of Fig-
ure 5) that interpolated its charge to several RSCEs, itefor
is calculated by a summation of the calculated forces from
all RSCEs. This summation is carried out by the host after
all RSCEs report the partial forces of the particle.

As observed from the above steps, the sizes of the mem-
ories for each RSCE can be reduced when multiple RSCEs

3. An RSCE testbench that instantiates the RSCE RTL
design, the RSCE SystemC behavioral model, an OPB
bus functional model that sends the register program-
ming instructions to the RSCE RTL and behavioral
model, the five memory models, and a checker that
compares the calculated energy and forces from the
RSCE RTL and its behavioral counterpart.

are used. The PIM memory needs only hold the data for RSCE_TB
approximatelyN/NumPparticles. The QMMR and QMMI Syeene

memories need only hold the grid-point values for the mini- OpbPKt, || oopgim | 2| | RSCE

grid or the FFT rows. The ETM memory need only hold Testcase verlog RTL

the energy term that corresponds to the grid points of the m
mini-grid. However, the BLM memory has to hold the same omt | e | [ow |[ouwm |[own | | S
amount of data as in the single RSCE case. =

e
Backdopr _ 1" =Z-" emAccessPkt
=

With the described parallelization strategy, there is a re- = wopkt | FSCE Systeme
striction on the number of RSCEs that the computations can Fixed-Point

be parallelized to. The reason is that when performing the
FFT, it is more efficient for an RSCE to hold all grid-point

data for the FFT rows. The simplest configuration is to set Fig. 6. RSCE SystemC Verification Environment
NumP= K such that each RSCE can perform the FFT for
a 2-D plane. On the other hand,NumPis set toK x K, A verification testcase is done by running a single

then each RSCE can perform the FFT for one row. timestep MD simulation of a molecular system described by



the input PDB file with predefined interpolation order and

grid size. Table 2. Error Results of 200 Single-Timestep Simulations

FFT BSP Avg. Max. Avg. Max.
SFXP | SFXP | Energy Energy Force Force
8.2. Precision Analysis with the RSCE Model Relative | Relative | RMS RMS
Error Error Relative | Relative
The RSCE uses fixed-point arithmetic to reduce resource (E-06) (E-06) Error Error
utilization [10]. However, the accuracy of the fixed-point (E-06) | (E-06)
ithmetic is limited. To obtain an accurate MD simulation |—rao 21 | 0.755 212 36.7 276
ar : ' , 1426 | 1.24 | 0687 | 1.45 .01 39.2
result, Narumi [5] shows that it should be enough to set the 1226 T 1.27 0611 117 335 20.8
relative error bound for the reciprocal energy and forcecom | 14.26 | 1.30 | 0.601 1.03 2.06 11.2
putations tol0~*5. To further ensure the accuracy of the
RSCE computations, the relative error bound goal for the ﬂgg i;ﬁ 8;;615 %g g'gg 2279
. e S . . . . ; .
RSCE s set ta0~°. Because of the resource limitation, 7357127 0599 178 198 980
the current RSCE implementation is not able to achieve this [1230 | 1.30 | 0570 1.01 1.70 7.80

precision goal. The precision settings to achieve the error
bound goal ofl0~° are studied with the RSCE SystemC
model operating in fixed-point mode. ) ) o

This section describes how the fixed-point precision of ~ Based on the simulation results, it is found that an FFT
the B-Spline calculation and the 3D-FFT calculation affect Calculation precision 0f14.3G; (14 integer bits, 30 frac-
the errors of the reciprocal energy and force calculations. tional bits) and a B-Spline calculation precision {df.27}

_ _ CE j , : o ;
Furthermore, this section also states the minimum required®@n achieve the relative error goal af in all 200 simu-
B-Spline and 3D-FFT calculation precision to achieve the lation runs. A much more thorough analysis of fixed-point

relative energy and force error goal of less than?®. pre_cision throughout the system is required to completely
To derive the relationship between the calculation pre- Validate these results.

cision and the magnitude of the relative force and energy

errors, a script to cycle through different precision sejsi 9. BETTER DESIGN AND SPEEDUP ESTIMATION

and different MD simulation configurations is written to au-

tomate the precision analysis simulation process. Usiag th The RSCE implementation uses approximately 88% of the

script, 200 single-timestep MD simulations are carried out logic resources available in the XC2V2000 FPGA. This

with each precision setting for different simulation config means that it is not possible to add more logic and limits

urations (i.e., different grid siz& and interpolation order  the maximum operating frequency to 40MHz.

P). The system being simulated is charge-neutral and it  Based on the drawbacks [10] of the current implemen-

contains 100 randomly located particles with randomized tation, a “better” RSCE design should have the following

charge within the range of [5.0, -5.0]. The simulation box is improvements:

orthogonal with dimensions of 1680<16.04 x16.0A. The . )

errors are computed and recorded for each simulation run. 1. Overlapping of the BCC and the MC/FC calculations,

The absolute error, the relative error, and the RMS relative 2

error in the energy and force computations are calculated us

ing (5), (6), and (7) respectively. The “Golden” subscript i

the equations indicates that the reciprocal energy or force 3. Utilization of the fastest FFT LogiCore,

are calculated with the SPME software package [11] while

the “FxptSc” subscript indicates those are calculated with ~ 4- Utilization of multiple sets of QMM memories, and

the fixed-pointed SystemC RSCE model.

. Parallelization of the—, y—, andz— direction force
calculations,

5. Utilization of an FPGA with higher speed grade or
with better technology.

Erraps = |ResultG01den - Resultpzptsc| (5)
ResultGolgen — Resultppprse With the above improvements and the assumption that
Brr et = ‘ Resultaomgon © the RSCE can operate at 100 MHz with newer FPGA tech-
nology, it is estimated that the RSCE could provide a 3-fold
\l 3 (ResultGotgen — Resultpoprse)” to 14-fold speedup compared to the software implementa-
Errpms po = \| =2 ¥ @) tion running on an Intel P4 machine [10]. An RSCE with

more QMM memories can further accelerate the SPME cal-

The precision analysis result for the simulation setting culation by increasing the QMM memory access bandwidth.
of P=8, K=64, andN=100 is partially presented in Table 2. More information on the RSCE speedup estimation can be
Complete results are found in Lee’s thesis [10]. found in Lee’s thesis [10].



10. CONCLUSIONS AND FUTURE WORK

(3]

This paper discusses the design and implementation of the
reciprocal space part of the SPME algorithm in an FPGA.
It is believed this work is the first such effort. In this paper

several key findings are discussed.

Itis found that to limit the energy and force relative error

to be less than0~?, {1.27} fixed-point precision in the B-

Spline coefficients and derivatives calculation §id.30

(4]

fixed-point precision in the 3D-FFT calculation are neces-
sary. It is also shown that the relative error for energy and

force calculations increases with increasing grid $izand
interpolation ordef”.

The precision analysis performed in this work empha-

(5]

sizes the intermediate calculation precisions. More Betai
precision analysis on the precision of the input variables
should be performed to make the analysis more complete.

To further enhance the precision analysis, the effect of pre [6]
cision used in each arithmetic stage should also be investi-
gated. The RSCE SystemC model developed in this work

can help with the analysis.

The current fixed-point FFT core should be replaced
with a block floating-point core to avoid overflow due to the
FFT dynamic range expansion and to increase calculation [7]

precision of the 3D-FFT operation.
With larger FPGAs becoming available, in addition

to

implementing the recommendations described in Section 9,
it may be simpler to just use floating-point arithmetic every

where and not worry about the precision analysis.

This work has shown that it will be difficult to achieve

(8]

significant speedups (much greater than 10) of the reciproca
sum calculation for SPME in hardware because the overall
computation is not amenable to fine-grain techniques such [9] J. C. Phillips, G. Zheng, S. Kumar, and L. V. Kale.
as pipelining. Portions of the computation can be pipelined
but eventually, the parallelism becomes limited by access
to the charge mesh memory, which must be accessed sev-
eral times throughout the computation. This also makes it

difficult to achieve overlapping of the various phases of

the [10]

computation. Partitioning of the charge mesh memory will
help, but it will also bring in the overhead of communication

between the partitions.

It is also important to remember that the SPME calcula- [11] A. Toukmaji. PME and DPME software package. The

tion is only part of the overall MD simulation. How a hard-
ware SPME accelerator fits with the rest of the system will

determine the speedup of the overall MD simulation.
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