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A new modular program system, DMMD (Distributed Memory Molecular Dynamics) has been
designed which employs modern elements of the Fortran 90 language for abstraction and en-
capsulation. The program uses the message passing paradigm which is applicable to both dis-
tributed and shared memory systems. Communication is handled in a special interface library
which efficiently translates high level Fortran 90 concepts into the more primitive addressing
mechanisms of current message passing protocols. Furthermore it allows transparent switching
between message passing libraries. This makes it a powerful, flexible tool for parallel Fortran
90 applications. The modular concept of DMMD allows easy modification and extensions of
its capabilities towards new interaction models or integrators. The design has been tested in a
serial version which also serves as a reference point for the parallel version which will be used
to benchmark several strategies for data and work distribution. We report first results obtained
with DMMD on a Cray T3E system for a simple Lennard-Jones mixture and comparisons with
other massively parallel molecular dynamics codes.

1 Introduction

Within the John von Neumann Institute for Computing (NIC) the Central Institute for
Applied Mathematics (ZAM) acts as a national supercomputer centre and provides access
to high performance computer resources and programming expertise to a wide scientific
community.

...

These applications will be outlined in Sec. 2. Strategies for the parallel evaluation of
forces are discussed in Sec. 3. The design concept of the DMMD molecular dynamics
program is described in Sec. 4 and the key features of a general Fortran 90 communica-
tion interface and other software engineering considerations are the subject of Sec. 5. A
description of important features of the main hardware platform, CRAY T3E, and bench-
mark results are given in Secs. 6 and 7, respectively.
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Figure 1. Schematic picture of the application domains of quantum molecular dynamics (QMD), classical molec-
ular dynamics (CMD), Brownian dynamics (BD) and hydrodynamics on time and spatial scales.

2 Motivation

One challenge in modern high performance computing is the development of programs
which are able to simulate systems on a microscopic basis, i.e. atomic resolution, on large
time and spatial scales, where large means micrometers and microseconds. This will open
the field to treat problems like crystal growth, crack propagation or protein folding which
could, until now, only be described with various simplifications. Fig. 1 gives a schematic
overview over different simulation methods and their range of applicability.

...

3 Parallel Force Evaluation in Molecular Dynamics

This section describes different types of algorithms for short range interactions in paral-
lel molecular dynamics calculations. The two types of algorithms which we discuss in
detail are the particle decomposition (PD) and spatial decomposition (SD) methods. The
characteristics of these algorithms are in principle very different and they have their own
advantages depending on the problem which is to be solved.

...

3.1 Neighbour Lists

Each MD step requires the calculation of the forces acting on a particle due to all other
particles in the simulation box.

...
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Pi: xi, vi, Fi

x
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Figure 2. Example for the PD1 algorithm on 8 processors. Left: The force loop requires the whole vector x on
all processors. The equations of motion are solved on one processor with a subset xi, vi, Fi on processor PEi.
Right: The procedure to copy the whole vector x on one PE requires only log2(P ) steps.

3.2 Particle Decomposition Method

PD1: In this algorithm each processor stores the data of the coordinates, velocities and
forces of a subset of particles Np = N/P , where N is the total number of particles of
the system and P is the number of processors. It is assumed here and in the following
that mod(N/P ) = 0 but it is easy to generalise the algorithm to non-homogeneous dis-
tributions. In order to test for mutual interactions between particles the coordinates of all
particles, stored on other processors, are communicated to the local PE. The most natural
way to realise the communication would be to perform on each processor P-1 send/receive
operations so that the coordinates of all particles in the system are duplicated on each PE.
A more efficient way which needs only log2(P ) send/receive operations, was proposed by
Fox et al.2 and is illustrated in Fig. 2.

...
With this convention one may subdivide the force loop into loops of equal length through

offset = 0
do ij = 1,n loop
offset = offset + 1
do i = 1,Np

j = i + offset
δx = xi − xj

... (force evaluation)
enddo

enddo

where nloop = (Np − 1)/2. The performance of PD1 is summarised in Tab. 1.
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1. All-to-all communication of coordinates: N −Np

local copy of total vector x on each PE
2. Construction of neighbour lists:

if( L < 4Rc) Verlet list Np(N − 1)
if( L ≥ 4Rc) linked cell list Np

3. Calculation of force vector for i ∈ Np Np

4. Update particle positions Np

Table 1. Scaling behaviour with number of particles for PD1.

4 Molecular Dynamics Program Design

5 Software Engineering

6 Hardware Considerations

The DMMD program runs on workstations (SUN, IBM R50, DEC) as well as on powerful
massively parallel processor (MPP) systems like CRAY T3E and Origin 2000. Program
development is done on workstations, while full production runs with large numbers of
particles are performed on MPP systems only; benchmarks and test simulations run on
all platforms available. Target platforms for DMMD are primarily distributed memory
MPP systems, e.g. the CRAY T3E, which have the following advantages over shared
memory systems: (i) programs have the most general structure, i.e. algorithms and
methods developed for distributed MPP systems are also applicable to shared memory
machines, which is not true vice versa! (ii) the CRAY T3E is currently one of the most
powerful supercomputers availablea, and it is especially suited to tackle large-scale MD
problems. This was demonstrated by world record simulations of the groups of Trebin3

and of Kollman4.

...

7 Benchmarks

7.1 Proper MD Programs for Comparison

The simplest benchmark programs available for our purpose are the ones from Steve Plimp-
ton which are freely available on the web5. They simulate Lennard-Jones mixtures with
different parallelisation strategies: particle distribution (PD1, PD2), domain (SD) and force
decomposition1.

aTwo large T3E systems are installed at the Forschungszentrum in Jülich. The first one is equipped with 512
processors of type T3E-600 and a main memory of 128 MByte per PE. The second one consists of 512 processors
of type T3E-1200E with 512 MByte main memory per PE.
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LAMMPS (developed at Sandia National Laboratory within the CRADA project6),
a pure MD program, partially contains these algorithms. It is designed to model large
molecular systems and it is also described on the web.

...

7.2 The Benchmark Run

Our benchmark problem is a simulation of a simple Lennard-Jones fluid with the parame-
ters given in Tab. 2.

...

• System of short range interacting particles:
Argon-Krypton mixed Lennard-Jones (LJ) fluid

• NVE ensemble
• Global physical parameters:

density: n = 0.0181 Å
−3

temperature: T = 116 K
LJ parameters: σAr = 3.405 Å, εAr = 119.8 K

σKr = 3.633 Å, εKr = 167.0 K
mass: mAr = 39.948 amu, mKr = 83.8 amu
cutoff radius: rcutoff = 2.5 σ

skin radius: rskin = 0.5 σ

time step: ∆t = 20 fs
• Global simulation parameters:

system: CRAY T3E-1200, streams enabled

Table 2. Benchmark Parameters

7.3 Further Benchmark Remarks

In a real production run neighbour lists are obligatory. The list update has only to be
performed in certain time intervals, depending on the skin radius and the diffusivity of the
system. DMMD does not yet contain neighbour lists but we have tested this technique
with Plimptons’ kernels where additionally Newton’s third law is not applied (algorithm
PD1) and neighbour lists are updated at regular intervals of 20 time steps. Tab. 3 reports
the results of these runs.

First of all, the table clearly shows that domain decomposition is faster than particle
distribution, nearly independent of the number of particles.

...
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N = 2048 N = 97556
particle domain particle domain

decomposition decomposition decomposition decomposition
Verlet linked Verlet linked Verlet linked Verlet linked

cell cell cell cell
#PEs time/step/N [µs] time/step/N [µs]

1 49.31 41.71 20.65 17.63 927.9 39.10 761.2 16.94
2 24.81 21.01 12.74 10.30 463.3 19.54 245.4 8.87
4 12.67 10.76 7.34 6.01 231.9 9.88 78.8 4.68
8 6.57 5.61 4.19 3.56 116.1 5.09 25.5 2.44

16 3.55 3.07 2.21 2.10 56.7 2.66 8.0 1.28
32 2.09 1.86 1.25 1.29 29.3 1.51 2.6 0.66
64 1.34 1.20 0.82 0.82 14.8 0.86 0.8 0.34

128 1.00 0.94 0.62 0.64 7.5 0.55 0.3 0.19

Table 3. Plimpton-Benchmarks with 2048 and 97556 particles

8 Concluding Remarks

We have described a molecular dynamics package for systems with short range interac-
tions. The program is written in a strong typing Fortran 90 dialect and designed in a strictly
modular form. A message passing wrapper has been developed which supports different
message passing libraries, e.g. MPI, and avoids common problems between Fortran 90
and communication libraries. Several types of algorithms for short range interactions were
discussed and the performance of the program was compared to Plimpton’s benchmark
kernels1.

...
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