Journal of Computational Physié$1,250-263 (2000) :
doi:10.1006/jcph.2000.6501, available online at http://www.idealibrary.col DE &L

An Adaptive Load Balancing Method for
Parallel Molecular Dynamics Simulations

Yuefan Dend’ Ronald F. Peierl$,and Carlos Rivera

Center for Scientific Computing, State University of New York, Stony Brook, New York 11794-3600;
and *IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598
E-mail: *deng@ams.sunysb.edypeierls@ams.sunysb.edu, afuliverac@ams.sunysb.edu

Received July 13, 1999; revised March 10, 2000

We describe an adaptive method for achieving load balance in parallel computa-
tions simulating phenomena which are distributed over a spatially extended region,
but are local in nature. We have tested the method on standard short-ranged parallel
molecular dynamics calculations. The performance gain we observe confirms the
value of the method for this type of calculation. We discuss possible generalizations
of the method, for example, to higher dimensionsg 2000 Academic Press
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1. INTRODUCTION

We extend earlier work [1-3] on load balancing for parallel computations in modelir
localized phenomena spreading over an extended region of two- or three-dimensional s
Modeling classical molecular dynamics with short-ranged interactions and solving par
differential equations are typical of such problems. The usual approach to paralleliz
these computations is to decompose the spatial region into subdomains, one assoc
with each processor. The local nature of the computation helps ensure that communice
costs remain small. We shall focus in this paper on the molecular dynamics problem.
computational work for a given processor at each time step depends on the numbe
particles in the corresponding spatial domain. This dependence will be somewhere betv
linear and quadratic, determined by the interaction range and the spatial distribution of
particles. (For partial differential equations, the corresponding parameters would be
number of mesh points and the choice of finite difference algorithm.)

For such computations it is natural to decompose the space by constructing a unif
rectangular grid, the spatial domains being the resulting rectangles (in 2D) or hexahe
(in 3D). In general, because the distribution of particles is not uniform, the computatiot
loads will differ between domains, and the calculation will be inefficient as processors w
for the one with the heaviest load.
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Our approach is to adaptively repartition the space by moving the vertices of the gl
maintaining its original topology but abandoning its uniformity and rectangular natut
We introduce an algorithm for determining how to move a given vertex depending on
relative loads of the domains which have that vertex in common. This vertex movement
well as any resultant transfer of particle information from one processor to another, car
carried out in parallel. In general, because of the heuristic nature of the algorithm, comp
balance is not achieved in a single step and the procedure must be iterated. Furthermo
the simulation proceeds, the particles move and so the whole balancing procedure mu
repeated at intervals.

The main contribution in this paper is the refinement of the algorithm presented
[3], its extension to 3D, and some test examples to investigate its performance. We t
carried out three sets of tests. The first uses stationary synthetic data in 2D to explore
validate the method. The second simulates the motion of a set of noninteracting parti
in 3D in order to explore issues of how many iterations are needed for a single balanc
step and how often to rebalance. Finally the third involves a molecular dynamics simulat
computing the trajectories of particles interacting under short-ranged Lennard—Jones fol
This demonstrates the degree of speedup achievable by our technique.

The idea of adaptively repartitioning by moving vertices has much in common wi
certain approaches to adaptive grid generation [1]. In particular, the algorithm describe
Subsection 2.1 is similar to the mean value relaxation approach discussed in [4]. Howe
there are a number of crucial differences from the load balancing problem. For adap
gridding, the objective is to match the density of grid points to the distribution of a we
defined weight function so as to achieve an optimal global error. For load balancing, wk
the weight function is the workload per processor, the objective is locally to minimize t
workload of the busiest processor. If perfect balance is not achievable, it is irrelevant t
the residual imbalance is distributed among processors. In addition, the workload is n
well-behaved function of position, so the careful analytical considerations which can
used for adaptive gridding are not available.

Other approaches to short-ranged molecular dynamics have also involved probl
dependent tiling of the spatial domain, but their methods of rearranging the grid are q
different from ours, and generally are restricted to two dimensions. One approach wt
has had some success is recursive bisection, but it is hard to carry it out efficiently v
a constraint on the total number of subdivisions, and as the distribution evolves, suc
decomposition does not change smoothly, but may need to be restarted from the top le

In Section 2, we present the algorithm in 2D and 3D and indicate how it might be extenc
to higher dimensions.

In Section 3, we discuss the test cases: stationary tests in 2D and noninteracting and
full molecular dynamics in 3D, with particular attention to the latter.

In Section 4, we present the results of the tests.

2. ALGORITHM

As discussed in the previous section we focus on molecular dynamics. The region be
simulated is partitioned by a logically rectangular grid into cells, each associated w
a particular processor. For each simulated time step, the computational workload fi
processor depends on the number and distribution of particles in the corresponding
and its neighbors. We wish to move the grid points so that cells corresponding to the rr
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FIG. 1. Basic notation.

heavily loaded processors are reduced in size, in order to distribute the load more equall
do this, we adopt a physical analogy imagining that each grid pointis acted upon by “forc
directed toward the interior of more heavily loaded regions. The details of the algoritt
have to do with how these fictitious “forces” are specified in terms of the workloads, and h
the grid point is moved once the resultant “force” is known. Stability considerations requ
that the motion be constrained so as to maintain convexity of all the cells which result.

2.1. Two Dimensions

To illustrate the method, we begin with a 2D rectangular decomposition. Figure
illustrates the configuration of the grid at one particular point at some intermediate st:
in the calculation. LetP be an arbitarary grid point, shared by four quadrilateral cells
Co, ..., Cs. The neighboring grid points a1, N1, N, Ny, as shown. LeW; be the
workload associated with cell andWnax, W be the maximum and average valued/gf
Thenlp =1 — (Wimnay/W) is a measure [3] of the degree of imbalance of these four cells

One approach is to consider each of the four cells as a separate region and constr
“force” component into the interior of each cell for whitk > W. This is, in fact, the
approach we adopt in the 3D case below. For 2D, however, we can get better stability if
consider the “force” components associated with pairs of adjacent cells. There are fou
these, Co, C1), (Cy, C3), (Co, Cyp), and C;, Cz), but only two “force” components need be
considered.

Consider first the two pair<p, C;), and C,, C3). Only one of the two can have a total
workload above average. Define

5 — (W2 + W5) — (Wo + Wh)
1= W ,

where the sign o8; determines which pair has the higher load. Lgbe the vector from
P to N1, andv_; be the vector fronP to N;. Then we can define one component as

¢ {|51|V1, 81>0
YT Usiviy, <.
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The second componefitis constructed by comparing cell8{, C,) with (C,, C3), and
definingéy, V2, V_», andf, in a similar way.
The shift in the position of verteR is then given by the vector

f1+ 12
5

Ap=(1-¢)

wheree is a parameter which controls how aggressively we seek to relax the grid. For lo:
which are fairly smoothly distributed within the cellscan be chosen to be quite small,
but if it is possible that the majority of the excess load lies near the region boundary, tt
a larger value is called for.

We need to make several remarks:

(1) The above discussion assumes tRdts an interior point. For boundary points we
adopt reflective boundary conditions to extend the region, and apply the algorithm as bef

(2) If Wo=~ W3 > W, ~ W,, then the imbalancks can be large, but both ands, small.
This checkerboard case can be easily identified and then we introduce a third compo
f3, based on comparingg, C3) with (C,, C,). The vector directions are now

Vg = (V1 +V2)/2
V3 = (V1 — V)/2.

(3) Itis essential that the new quadrilaterals which result from moRingmain convex.
This will not necessarily be true; for example, in the configuration of Fig. 1, if the load
cell C3 is sufficiently large,P can be moved so far int€3 that the new celC, will be
concave. In order to prevent this, we repld¢gby N3, the point where the extrapolated
edge ofC; intersects the lin® N,.

(4) In moving P we assume that all the neighbd\g are held fixed. Other mesh points
may be simultaneously moved without affecting the relocatiorPoflt is easy to see
that we can apply a red-black coloring scheme to adjacent points and that in a par:
implementation half the total number of mesh points can be moved at each step.

(5) The approach can be carried out hierarchically. This involves an initial uniform d
composition into the coarsest mesh of exactly four cells. The interior point and bound
points are moved according to the algorithm to balance these loads. Each distorted re
gular cell which results is then uniformly subdivided into four subcells and the procedt
repeated at the next level. This is a more efficient procedure if there exists signific
imbalance at the coarsest level.

The main steps of the algorithm are:

Step |. For vertexP compute the shift in position according to the above prescriptior
Carry this out simultaneously for the set of grid points reachable firoby a succession
of moves of two grid units in either direction.

Step Il. Redistribute the load between processors according to this new decomposit
If P’"is the new position oP, then the point$, P’ together with each one of the neighbor
pointsN form a triangle. Only the portion of the load lying inside these four triangles nee
be relocated. To test whether a given point lies inside a given triangle the results of tt
affine transformations of the point coordinates must all be nonnegative. The paramete
these transformations need only be computed once for each triangle. Verifying that a p
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lies inside a bounding rectangle containing the triangle is even simpler, so that the worl
relocation is at worst linear in the number of particles in the cell.

Step lll. Repeat these steps for the grid points held fixed in Step I.

Step IV. Repeat the above procedure until the desired balance (see Section 3) has|
attained, or some specified cost has been exceeded.

2.2. Three Dimensions and Generalization to Higher Dimensions

The 3D version of the algorithm is fundamentally the same as the 2D version. Howe\
there is an implicit asumption in the 2D case that is no longer true for higher dimensio
The four vertices of a quadrilateral in 2D uniquely determine its interior because there
a unigue straight line between the two vertices specifying an edge. In 3D a hexahedrc
not uniquely determined by its vertices. In general there is no single plane which pas
through the four vertices specifying a face. Any three points do define a plane, and so
usual procedure is to construct the face as two triangles, with a dihedral angle between
planes. However, this is still not unique, since either of the two diagonals can be uset
specify the triangular decomposition. For a logically rectangular grid, the choice of how
specify a face must be the same for both hexahedral cells sharing that face, but each
choice is independent. One way of resolving the ambiguity is to consider the subdivis
of each hexahedron into five tetrahedra, and consider the grid to be a tetrahedral tilini
the region. In this case once the diagonal specifying one face of one cell has been chc
the rest are uniquely determined, so that for any logically rectangular grid there are exa
two ways of representing it as a tetrahedral tiling.

We should note, however, that for the molecular dynamics problem we consider in t
paper, it is not necessary to confront this ambiguity. We always begin with a strictly re
angular mesh for which the faces are in fact planes (the two triangular decompositions
identical, having zero dihedral angle). There is therefore no difficulty in making the initi
assignments of particles to the interior of grid cells. At any subsequent stage, when the
is no longer rectangular, our task is to determine which particles, initially in one particul
cell, must be moved to another as a result of the movement of a vertex. In the 2D case, «
edge, as the vertex moved, swept out a triangle, and it was necessary to determine w
particles lay within those four triangles. In 3D, each face, as the vertex moves, sweeps
a tetrahedron, and all that is needed is to determine which particles lie within these
terahedra. This task is well defined and straightforward.

For the 2D algorithm there are four cells having any given grid point in common. The
are also four pairs of cells having one of the edges through the grid point in common, ¢
we focused on these pairs as the regions for balancing. In 3D there are eight cells she
a given grid point, but only six groups of cells sharing an edge, so we would lose so
discrimination power if we adopted the analogous algorithm. It should also be emphasi
that the checkerboard type of imbalance which was most easily resolved in the con
of considering pairs of cells is less likely to be a problem in 3D, since there are ma
more components which would have to cancel. More importantly, in the 2D examples,
studied static problems. For dynamic problems, such metastable configurations would ¢
be transient and therefore less of a problem. For 3D, therefore, we focus on the indivic
grid cells as regions to generate “forces.”

The notation is a natural extension of the 2D caBaepresents a general grid point,
Ni,Ni,i=1...,3, represent the neighboring points in each of the three grid directior
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andC;,1 =0, ...,7, are the eight cells sharing the grid polt The vectors fromP to
N;, I\T. arev;, v_j, respectively. If [yl2l3) is the binary representation bfthen the cellC,
is spanned by the vectovs),_1, Va,—1, Va,—1. Thus,C; containsP N; N2 N3, Cs contains
P N; I\TZ N3, etc.

The algorithm is then as follows:

Step |. For vertexP compute for each cell; the vectorf| by

- 3
W=W) 5% vy : —
= {—lzsu-ovz' LW > W,

0 otherwise

wherel =0, ..., 7.

Step Il. Construct the vector

7
Ap=(1—e)> f.
1=0

Step Ill. Move vertexP by the vectorAp.
Step IV. Proceed in the same manner with other vertices.
Step V. Reassign the load acording to this new decomposition.

Step VI. Ifthe desired degree of balance (see Section 3) has not yet been attained, re
the above steps unless improvement has ceased, or some specified cost has been exc

3. TEST CASES: 2D STATIC SIMULATIONS AND 3D MD

We first studied the algorithm for simulations of static loads in 2D. The purpose was
see if the algorithm was able to find near optimum redistribution of loads under a variety
highly imbalanced initial cases. We were able to solve difficult and artificial problems su
as the checkerboard distribution. More realistic tests were performed in 3D. Static testsv
done to evaluate the capabilities of the algorithm and to set balance parameters for ful
tests. Next tests on molecular dynamics were performed to observe if the algorithm was
capable of working adaptively under changing load distributions. The ultimate goal was
observe whether the application of our load balance algorithm reduced the computati
time required for MD problems. We report the load imbalance ratio and timing results. T
load imbalance ratio is a measure how far the system is from perfect balance. It is defi
in [3] as | =1 — W/ Winax WhereW is the average load antinay is the maximum load
among all subdomains.

We also give some guidance on choosing the parameters for a particular problem.
remark that the parallel MD code used is a standard one. Each processor does an av
of N(N + 1)/ P force computations, whend is the total number of particles arlis the
total number of processors. It does not implement a method such as linked cell that fur
reduces the force calculation count. The elements that are redistributed between proce
are particles, while in a more efficient linked cell calculation one would redistribute linke
cells or virtual domains [6].
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4. TEST RESULTS
4.1. Static 2D Simulations

We show results for three artificial cases, each case involving Subdomains containing
1024 particles. The loads in the first two cases are fairly easy to balance and our algori
finds a balanced decomposition after approximately 100 steps (see Figs. 2 and 3). The

\ | # Subdomains
2

50 |—

ol
D200 400 800 800 1000 Load

# Subdomains
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FIG. 2. (Top) This figure shows how we balance the loads on®subdomains with the upper left corner
having the mostload using uniform decomposition. (Bottom) Plot of the load imbalance ratio which falls from ab
65% to nearly zero. Insetin this figure are three histograms showing the initial, midpoint, and final load distributic
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(Top) This figure shows the solution for a dominant load along one of the diagonals. (Bottom) P

of the load imbalance ratio which falls from about 60% to nearly zero. Inset in this picture are three histogre
showing the initial, midpoint, and final load distributions.

case, involving checkerboard-like load distribution, is much more subtle to balance;
convergence to a balanced distribution is slower due to oscillation (see Fig. 4).

4.2. 3D MD Computations

Problem |I. The domain is decomposed tox3 x 3 subdomains, containing 2048 par-
ticles, with reflective boundary conditions. Force is calculated but not used; particles mi
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FIG. 4. (Top) This figure shows the solution for an initial load distribution in a checkerboard pattern. (Bottor
Plot of the load imbalance ratio which falls from about 44% to nearly zero. Inset in this figure are three histogre
showing the initial, midpoint, and final load distribution.

by inertia (one can think of this as molecular dynamics for which the only acting forc
is gravity, and hence it is negligible). This helps create a greater load imbalance since

system is never in equilibrium. The result is an oscillatory load imbalance ratio for tl
dynamic case.
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FIG.5. Test 1 for Problem I. Load imbalance ratio vs balance iteration step. Static case, 35 balance itere
steps.

A static problem was performed several times until satisfactory balance parameters v
found. The parameters were set as follows: 0.1, Spax= 20, I;°" =5%, |;"°" = 10%.
The parameter was introduced in Subsection 2.2 and it is used to control stability. Whil
a large value for will slow the balance convergence artoo small can create stability
problems, in particular for rapidly varying loads. In our dynamic tests we found no stabil
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FIG. 6. Test2 for Problem I. Load imbalance ratio vs MD step. Imbalance case, 10,000 MD steps.
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problems wher was set to 0.1. Almost perfect balance was achieved in approximately .
iterations. This is shown in Fig. 5. Hence the param8igg, which is the maximum number
of balance steps allowed per balance routine call, was set t@%is the total amount of
load imbalance necessary to actually do a load balance routine call. In our implementa
an attempt to run the load balance routine is made every fixed number of MD steps

imbalance(%) imbalance(%)
70 70

® s |-

0 = 500 =

0 20 |

o 5000 10000 15000 20000 Siep ¢ 5000 10000 Step.
imbalance(%) imbalance(%)

7 .

® o |-

0 0 |-

o o -

o 2000 4000 5000 8000 10000 12000 Step o 2000 4000 6000 8000 10000 12000 Step
imbalance( %) imbalance(%}
n
0 |-
o |-
o -
0 - 0 -
o [~ w0 |
0 30 |-
! %
» |-
0 -
10 |-
o |-
1 I | | 1 ! | | | | {
° 2000 4000 6000 2000 10000 Siep [] 2000 4000 6000 8000 Siep

FIG. 7. Sixtests for Problem I. Load imbalance ratio vs generic steps which include the usual MD steps «
the load balance calls. In all tests, 10,000 MD steps are mixed with some load balance calls. Each load ba
call allows up to 20 iterations. The figures, ordering from left to right and then top to bottom, show the rest
with one load balance call for every 10, 40, 50, 100, 250, and 1000 MD steps.
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imbalance is less thalj - then no balance routine call is performed and the flow contrc
returns to the MD calculation. Whenever the balance routine is called the maximum num
of balance steps, as described in the algorithm description in Sect®p,ds performed
unless the load imbalance ratio falls beld)g\PL in which case control returns to the MD
calculation.|,™" is a parameter used during the balance computation to decided whet
a force vector is set to zero, i.e., to actually perform a particular vertex move. If local o
imbalance of a set of four (2D) or eight (3D) subdomains is lessti@nthe corresponding
force vector is set to zero. The values used for the parameters were obtained form Te
whose imbalance ratio curve is shown in Fig. 5.

In Figs. 6 and 7, we show dynamic results for different frequencies of load balance ce

In Fig. 8, we plot the computation time for different load balance experiments relati
to the time for the unbalanced case. The number labeling each curve is the number of
steps between load balance attempts for that computation. We note the oscillations, an
observe that they originate from the oscillatory behavior of the load imbalance, the rea
being that particles are bouncing from the walls, moving together in a periodic fashi
Clearly, the more often one balances the better, up to a certain point, where balancing i
costs more than it gains. Therefore an optimal frequency exists for a particular problen
can be seenin the plot that from among the curves obtained the best result is for 40 MD s
between load balance applications. For 10 MD steps between load balance the perform
is already worse. However, itis interesting to see that while 50 MD/Ib is worse than 40 MD
it is however also worse than the 100 MD/Ib case. This can be explained by the fact 1
the load imbalance is periodic. Hence one would also expect that the performance is r
monotone function of the balancing frequency (although it seems to have a global optil
value).

Relative time.
10 e
\ \ unbalanced
0% |— N T e T e e
w | N\
’ 1000 md1b
070 —
0.60 — “
. 50 mdb
o -k 250 ma/b
040 [
0.30 —
100 md1b
020 —
010 |
0
| | l ! | !
0 2000 4000 6000 8000 10000 MD step

FIG. 8. Relative times versus number of generic steps for Problem I. The different curves are for differ:
frequencies of load balancing. The numbers labeling each curve are the number of MD steps between load be
attempts.



262 DENG, PEIERLS, AND RIVERA

imbalance(%)
90 — /\/‘—\/’_'\/‘/
)
: unbalanced
|
80 |-
1
:
i
70 1
|
i
60
1
1
i
so |-t
Vi
I
i
40 = 11iq) [
et I
AEERRTET N
At b
30 _|};::’/I’h B l,"l':vl,}l' 40 Ib/md
T Y
I RN
) \ 2
T (L TV
! ' :
i | P Lo "“:::\II"
oty At St s
0 t’:;;,'z‘,".,"»ufy’i"g;:;' ‘y’.' e b W,’l:.ﬁli
H ) It il
AR H ]
o | | | | i |
0 500 1000 1500 2000 2500 Step

FIG.9. Tests 1 and 2 for Problem Il. Load imbalance ratio vs generic step. Imbalance case and balance €
40 steps. 10,000 MD steps. 20 balance steps max.

It is also interesting to see that the performance does not really change that much \
frequency. A frequency of 40 MD/Ib is only slightly better than the worst case show
at 250 MD/Ib. The difference in timing is about 9% for 10,000 MD steps. A first roug|
analysis of the algorithm shows that while the MD computation takes aoNt+ 1)/ P
steps, balancing takes of the orderf P steps. Hence once one balances enough tt
computational time is dominated by the MD calculation and not the balancing, whi
explains the aforementioned insensitivity to balancing frequency.

Problem 1. The domain is decomposed tox3® x 3 subdomains, containing 2000
particles, with reflective boundary conditions. The MD computation is now done fully. W
put a very heavy particle in the center of the domain, a cloud of 1999 lighter particl
orbiting it. The force is an inverse square law. The initial angular distribution of particle
is not uniform, but concentrates on a particular solid angle region, hence creating a f
imbalance. This region circles the large particle periodically. Imbalance is also guarant
by the fact that the distribution is spherical and the domain is a cube; hence the proces
on the boundary always get fewer particles than the central processor. The imbalance
is high (about 90%) and the imbalance algorithm is shown to succeed in Fig. 9.

5. CONCLUSION

The performance of load balance algorithms is usually highly problem dependent. Th
have been other tiling approaches, but few are applicable to 3D problems. Recursive bi
tion is an approach which has been carried out with some success, but the resulting topc
depends on the bisection history and cannot always be used to easily follow dynamic
varying loads.
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This paper is meant to establish the principle of the method and to demonstrate th
can succeed in a variety of load distributions.

We believe that this method can be used in a variety of similar problems, where sc
type ofload balance unifsee [6]) exists or can be defined. For example, in finite differenc
methods where mesh refinement leads to an unbalanced load, one could subdivide the
into square blocks or units which are then transferred among processors to improve |
balance. Of course, this implies that changes in current implementations must be
to adapt the particular problem to the load balance scheme. In finite difference meth
load balance issues can also arise when an adaptive triangular grid generation meth
implemented, so that different regions have different densities of grid points.

The method can also be extended to higher dimensions, with tetrahedra being repl:
by the appropriate higher order simplices. However, with increasing dimension, the nun
of processors needed for even a very coarse grid rapidly becomes prohibitive.
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