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Abstract

We have developed the topology-aware parallel
molecular dynamics (TAPMD) algorithm, in which
the processors are rearranged automatically
according to resource topology so as to minimize
the cost required for the simulation. It is
demonstrated that TAPMD can reduce the
communication time to less than half compared to
the time in the worst case on a distributed PC
clusters. This improvement is expected to be more
significant when the communication time is
dominating over the total wall-clock time and when
the resource topology consists of more types of the
clusters. Additional tests involving several clusters
having different types of connections as well as
different types of processors are under progress.
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1. Introduction

Distributed and parallel computing could
revolutionize scientific computational research [1].
The availability of useful middleware/software,
such as Globus (http://www.globus.org/), MPICH-
G2 (http://www3.niu.edu/mpi/), etc., and
inexpensive PC clusters enable us to construct a
distributed infrastructure at each research-group
level. It is not only increasing the computational
capacity but also increasing the diversity of the
research through collaboration with expertise of
different background. The resulting infrastructure
creates a complicated resource topology, which

involves many types of processors with different
speeds and a wide variety of intra- and inter-cluster
connection links. In the Grid and/or distributed
computing environment, the resource manager
monitors the status of the resources throughout the
entire infrastructure and provides the available
resources to the user. Many algorithms have been
developed by researchers to achieve high efficiency
and scalability of the scientific and engineering
parallel programs on supercomputers and/or
massively parallel machines, in which each
processor is tightly coupled [2-8]. The programs
developed in such environments, however, often
fail to scale on any distributed computing
infrastructure due to the communication bottleneck;
only a few applications have been reported their
performance and scalabilities on the such resources
[9,10]. Furthermore, the arrangement of resources,
given by the resource manager in such applications
is independent of the resource topology. The lack of
the resource information in the applications causes
an inefficient use of the resource thereby causing
substantial performance degradation. To
demonstrate the effectiveness of the resource
topology awareness in the simulation, we chose the
molecular dynamics (MD) technique, which is one
of the most widely used techniques in scientific
computing. Over the years, the MD simulations
have been so widespread that essentially all types
of materials from metals, to semiconductors, to
ceramics, to minerals, to biomolecular systems are
simulated at atomic scales on a routine basis. One
can now simulate very complex, large-size >10°
m, or >10" atoms) and long time (>107sec)
phenomena with the MD technique on massively
parallel computers [11-13].

This paper describes how the topology-aware



parallel molecular dynamics method improves the
performance and efficiency for a given set of
resources, compared to the conventional parallel
molecular dynamics. In the Section 2, we have
described the parallel MD and topology-aware
parallel MD programs with case studies. Their
implementation and preliminary benchmark results
are discussed in the Section 3. The conclusions are
given in the Section 4.

2. Topology-Aware Parallel Molecular
Dynamics Algorithm

We have developed a topology-aware parallel
molecular dynamics (TAPMD) program that
rearranges the computing resources to the physical
subsystems so as to minimize the communication
cost in the simulation.

Parallel Molecular Dynamics: The molecular
dynamics (MD) obtains the phase-space trajectories
of the system (positions and velocities of all atoms
at all time) [14, 15]. Atomic force laws for
describing how atoms interact with each other is
mathematically encoded in the interatomic potential
energy, EMD(rN), which is a function of the
positions of all N atoms, = {ri, ra, ..., ry}, in the
system. For parallelization, we use spatial
decomposition [16], in which total volume of the
system is divided into P subsystems of equal
volume and each subsystem is assigned to a
processor in an array of P processors. To calculate
the force on an atom in the subsystem, the
coordinates of the atoms in the boundaries of
neighbor subsystems are “cached” from the
corresponding processors. After updating the
coordinates, some atoms may have moved out of its
subsystem, and are “migrated” to the proper
processors.

Load balancing: In practical MD simulations on a
Grid environment, there are two types of load
imbalances caused by the irregular atomic
distribution and heterogeneous resource topology.
We use a computational-space-decomposition
approach, which involves a curvilinear coordinate
transformation, for the load balancing [17, 18]. The
optimal system coordinate is determined to
minimize the cost for the load imbalance and
communication (see Equation 1).

3D Spatial Decomposition: We use a 3D spatial
decomposition algorithm in our parallel MD code
[19]. The physical system is partitioned into
subsystems. The processors are logically arranged
according to the topology of the physical
subsystems in simple manner, i.e., the atoms
located in a particular subsystem are assigned to the
corresponding processor. In six-way message
passing scheme, each processor, which has twenty-
six neighbors, only needs to send/receive data
to/from the six face-sharing neighbors. Copies to
the other twenty non-face-sharing neighbors are
done by a message forwarding mechanism. Figure
1 is a schematic view of four steps in message
passing. In the first two steps, the central node
receives the atoms in the boundary regions (shaded
areas) from the right/left neighbor nodes. Also, the
atoms in the boundary regions within the central
node are sent to the left/right neighbor nodes. In
effect, the physical subsystem corresponding to the
central node gets extended. In the next two steps,
the boundary atoms in the extended subsystem (the
central node) are sent to the lower/upper neighbor
nodes while the central node is receiving the
boundary atoms from the upper/lower neighbor
nodes at same time. Finally, in the last two steps
(not shown in Figure 1), the resulting boundary
atoms from the previous four steps are
sent/received to/from the front/back neighbor nodes
by the central node. The communication in this
message passing scheme is highly anisotropic: The
size of the data to be transferred to the proper
neighbor nodes in the step 1 and 2 is the smallest;
the size in the step 3 and 4 is larger than that in the
step 1 and 2 but smaller than that in the step 5 and
6. With the spatial decomposition algorithm (with a
finite cutoff imposed), the computational cost
scales as (IV/P) while the communication cost scale
in proportion to (N/P)*? for an N-atom system.
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Figure 1. A schematic view of the first four steps in
the six-way message-passing scheme.



Topology-aware parallel MD program: In a
common parallel MD program, the way the
processors are assigned to different subsystems is
independent of how a given set of resources are
physically distributed. However, such a simple
choice often fails to utilize the resources efficiently,
especially in the Grid and/or distributed
environment, due to their heterogeneous nature. In
the MD program, the communications required to
send/receive atoms across the processors have to be
synchronized at each MD step. Then, a cost
function of the program can be written by following
expression:

® = max(c;) + max(g,) fori=0,1,...,P-1 (1)

Here P is the total number of processors under
consideration. The first term represents the
computational cost function for each processor: o;
is the weight representing computational cost of the
i-th processor, which is proportional to the ratio
between the number of atoms assigned to the
processor, N; and the speed of the processor, G;:

N, :
a, OCE’. And @, =Eﬁs’i represents the

i s=0
communication cost function on each processor: f;;
is the weight for the communication cost of the i-th
processor along the s-direction, which is
proportional to the ratio between the amount of the
data to be transferred to the proper neighbor
processor along the s-direction, D,; and the
bandwidth between the i-th processor and the
neighbor processors along the s-direction, Bj;:

I 8,0
8,1

. To obtain better performance using the
8,0

same resource, the mapping between the processors

and the subsystems has to be generated so as to

minimize P at the beginning of the MD simulation.

Figure 2 illustrates three distinguishable cases
for the resource topology consisting of two clusters,
A and B, each with 8 processors. A total of 16
processors thus need to be allocated by a resource
manager. For the sake of simplicity, we partition
the physical system into 4x4x1 subsystems. The
number in the Figure 2 denotes the index of the
subsystem varying from 0 to 15. The subsystems in
the shaded and white areas are assigned to the
processors in the clusters A and B, respectively.
Typically, the connection speed between the
processors within the cluster is much higher than

the speed between the clusters, i.e., the intra-cluster
bandwidth is much larger than the inter-cluster
bandwidth. The first case (left in Figure 2) has three
face-sharing neighbors inside the same cluster
along both x- and y-directions but has only one
face-sharing neighbor across the two clusters along
the x-direction. The second case (center in Figure 2)
has again three intra-cluster face-sharing neighbors
along the x-, y directions and one inter-cluster face-
sharing neighbor along the y-direction. However,
the third case (right in Figure 2) has two intra-
cluster and two inter-cluster face-sharing neighbors
along both x- and y-directions. In the six-way
message passing scheme (see Figure 1), the data
transfers across the boundary along the y-direction
is larger than that along the x-direction but smaller
than that along the z-direction.
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Figure 2. Topology of the resources and the
physical system: the subsystems in the shaded and
white areas are allocated to the processors in the
cluster A and B, respectively.

Table 1. Weights for different communication
directions and bandwidths.

x-direction | y-direction | z-direction
1 Gbps 0.01 0.012 0.045
100 bps 0.1 0.12 0.45
10 Mbps 1.0 1.2 4.5

We have used the following weights for the test
runs in this study: o; = 5, assuming that the speed
among all allocated processors is the same. The
weights f;; shown in the Table 1 were obtained
from several runs and they are consistent with the
communication times obtained from the test runs
(see the Section 3). The connection bandwidth
between the cluster A and B is 10 Mbps, and the
bandwidth within the both clusters is 1 Gbps. Then,




the calculated cost function values are 6.03, 6.23
and 7.22 for the first, second and third case,
respectively. These numbers imply that the
topology case (left in Figure 2) is the best choice
among the three selections. This is, in fact,
coincident with the topology obtained from our
topology-aware MD scheme.

Now we present a relatively more complicated
test case by considering a system of three clusters.
As in the previous two-cluster case, the program
requests a total of 16 processors. Also the physical
system is partitioned to the 4x4x1 subsystems.
However, in this case, the resource manager
provides four processors from cluster A (light-
shaded areas), three processors from cluster B
(dark-shaded areas) and the other nine processors
from cluster C (white area). Again assume that
CPU speed is the same among all processors. The
intra-cluster bandwidth of all three clusters is 1
Gbps, the inter-cluster bandwidths are 100 Mbps
between the clusters A and B, 10 Mbps between the
clusters A and C, and 10 Mbps between the clusters
B and C. This mimics a real world situation in
which the cluster A and B are located at the same
institute but not the cluster C.
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Figure 3. The value of the cost function @ on each
processor for four given topologies using three
clusters. The physical subsystems in the light- and
dark-shaded areas are assigned to the processors in
the cluster A and B, respectively. The other
subsystems (white areas) are distributed among the
processors in the cluster C.

The values of the cost function @ on each
processor obtained by using the Table 1 and o; =5
are given in the cells in the Figure 3. The cost
function gives 8.41 for the first case (upper left);
7.51 for the second case (upper right); 8.21 for the
third case (lower left) and 8.41 for the fourth case
(lower right). The best choice among the four
selections is the second case (upper right in Figure
3). To find the best topology for the MD
simulation is now non-trivial. The difference
between the best and the worst cases become more
significant when the time required for the
communication is comparable to the total wall-
clock time. Topology-aware parallel MD, which
automatically generates the best mapping between
the processors and the subsystems, is necessary in
such case.

3. Implementation and Performance
Measurements

The proposed topology-aware mapping generator
between the processors and the physical subsystems
can be easily encoded in the parallel MD program.
It is highly modular and needs to be called at the
beginning of the program. We have implemented
the topology-aware parallel molecular dynamics
algorithm within a single-program multiple-data
programming paradigm, in which all the processors
execute the same program on different datasets
using the MPI and Fortran 90.

In the TAPMD program, all the communication
tasks are associated with a single MPI
communicator and all the processes are assigned to
unique (processor) IDs. The IDs are determined so
as to minimize the cost function ®, while the ID in
normal parallel MD program is usually set to
identical to rank given in the MPI. All the
information required for the topology-aware
mapping process, such as processor speed,
connection bandwidth, number of allocated
processors inside the i-th cluster P, etc., are
obtained from a database according to the
hostname. The hostnames are obtained by calling
MPI_Get_processor_name in the program. The
database, which has extensive information about
the available resources, can be created manually
before the test runs.



Exploring all possible mapping topologies
could be extremely exhaustive so it could introduce
an unwanted huge overhead in the simulation
especially when the simulation requires a large
number of processors. Therefore, in the mapping
process, we first construct objects such that each
processor has to share at least one face with a
neighboring processor from the same cluster, i.e.,
the number of processors in the object is equal to
the number of processors in the cluster. Then
objects are constructed with the clusters that have
the second largest number of processors. Finally,
the processors in the cluster that has the largest
number of processors are mapped to the remaining
subsystems. With these constraints, all possible
mapping topologies can be explored in a more
efficient way to minimize the cost function.

We have implemented the TAPMD code on
two PC clusters. Each cluster has eight processors
with the same CPU speed (Pentium Xeon 550
MHz). The clusters are interconnected via 10 Mbps,
while the processors within the cluster were
connected through 1 Gbps. Three topologies
mentioned in the previous section (Figure 2) are
used for the preliminary test runs. We have used a
Lennard-Jones potential. The length of the
partitioned subsystem and the width of the
boundary region are set at L = 27.50 and A = 50,
respectively (see Figure 1), where o is one of the
Lennard-Jones parameters. The dynamic
management of distributed linked cell list makes
the program scale linear. The entire system
consists of 262,144 atoms. The three topologies
used in this study were manually configured
through the machinefile.

The Table 2 shows the measured values for the
wall-clock, CPU and communication times per 20
MD steps for the three cases (see Figure 2) and one
case using the topology-aware parallel MD
program. The CPU times are the same within the
reported uncertainties for all four cases. The
communication time in the second case is larger
than that in the first case, but smaller than that in
the third case as we discussed in the previous
section. The ratios of the communication time to
the wall-clock time are 0.12, 0.16 and 0.24 for the
first, second and third cases, respectively. The cost
of the communication required for
sending/receiving the data across the neighboring
nodes in the third case is two times more expensive

than the cost in the first case. The best topology
obtained directly from topology-aware parallel MD
1s, in fact, identical to that of the first case; the wall-
clock, CPU and communication times are the same
between the first case and TAPMD within the
reported uncertainties.

Table 2. Wall-clock, CPU and communication
times (in seconds) per 20 MD steps for three cases
and TAPMD using two clusters.

Wall-clock |CPU Comm.
First 109.01=1.55 (94.07+0.69 {13.36+0.15
Second |113.05+0.52 [93.78+0.65 |17.95+0.15
Third  |125.21+0.76 [93.60+0.70 (30.62+0.25
TAPMD {109.23+0.86 [94.37+0.62 |13.38+0.14
4. Conclusions
We have demonstrated the performance

improvement by introducing the topology-aware
parallel MD simulation over the conventional
parallel MD simulation on a distributed PC clusters.
The proposed TAPMD method automatically
chooses the best topology so as to minimize the
performance degradation due to the communication
bottleneck. Performance measurements have shown
that the total communication time in the simulation
was reduced to less than half of that of the worst
case. The improvement using TAPMD becomes
more significant when the communication time is
dominating over the total wall-clock time. It
enables us to study long time phenomena, such as
dislocation dynamics and protein folding by
increasing the number of processors P while the
total number of atoms N is kept same to reduce the
computational time over the distributed computing
resources. Larger tests involving more many
clusters should consider not only different types of
connections but also the different types of
processors.
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