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Rigid-body Molecular Dynamics Simulation

Molecular Dynamics Simulation

Our MD simulation implements the following model [1]:

e Treat molecules as spherical rigid bodies composed
of multiple interaction sites.

e Determine force between molecules ¢ and j at distance
r;; according to the Lennard-Jones-12-6 potential:
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o Calculate total force F; and torque ; on molecule i as
F’i — Zj,j;éi Znésitesi Zmésitesj an (T’nm)7

Ty = Znesitesi dn X Fn

e Integrate translational and rotational motion with the
Rotational Leapfrog Algorithm.

Left: Model of rigid-body interaction.
Right: Schematic of the Linked-Cell structure.

To reduce the algorithmic complexity of the force calcula-
tion, the potential can be truncated at a cutoff-distance r..,
reducing the algorithmic complexity from O(n?) to O(n).

Particles interact if the distance between their centers of

mass Is less than r..

Linked-Cell Algorithms

The search for particles : and j with r;; < r. can be efficiently
implemented with the Linked-Cell algorithm:

e Subdivide domain in cells of edge-length [ > r..
e Sort particles into cells.

e In order to find particle pairs, only neighbouring cells
have to be searched.

Challenge:

Vectorization cannot be done automatically by the compller,
due to the if-condition. Other approaches rely on gather/s-
catter hardware [1], or they apply vectorization over the 3d
coordinates [2], reducing possible speedups.

Efficient Implementation for AVX and Intel MIC

SSE/AVX: Based on our implementation for atoms [3,4], we
derive an implementation for multi-centered molecules.

We store particle data in a SoA-structure per cell and vec-
torize over the number of molecules. The SoA-structure
contains positions and interaction parameters for each in-
teraction site. As the cutoff-condition is evaluated based
on the center-of-mass coordinates of the molecule, we re-
dundantly store the molecule coordinates with each center.
The center-based distance computation results in quadratic
increase in computations:
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Intel MIC: For larger vectors, our AVX ® o
implementation suffers from low vector ®
load because of the cutoff condition:
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The table below shows the percentage of interactions, that
are computed but masked afterwards, for SSE and AVX in
double precision for liquid at cut-off radius r. = 5o.

| 1 center 2centers 3centers 4 centers
SSE | 19.1 % 0 % 9.8 % 0%
AVX |1 383% 246%  23.5% 0 %

Gather and scatter allow for full vector exploitation, so we
store element indices instead of masks during the computa-
tion of distances.
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Vectorization of the Lennard-Jones-12-6 force
calculation kernel.

Avoid the quadratic increase by lookup-table for distances:
e For a molecule, compute distances to all other centers
and store interaction mask.
¢ If the current molecule interacts, iterate over its centers
and compute force with all interacting other centers.

= linear increase of computations

If the molecule does not interact with any other molecule
= skip force computation completely. Else, compute forces
for whole vector and mask, where r;; > r..

Computing distances between a molecule and all centers
and evalutation of the cutoff condition delivers the bit mask
we use to compress center indices.

The cost of VCOMPRESS is measurable.
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Pseudo-code of the kernel:

for (i=0;i<cell._num_mol; ++i) {
compute_molecule = 0;
for (j = 0; j < cell2._num_ljcenters; ++4j ) {
dx =cell1._mol_x][i] — cell2._mol_center_x][j];
dy = cell1._mol_y[i] — cell2._mol_center_y[j];
dz = cell1._mol_z[i] — cell2._mol_center_z]j];
r2 = dx x dx + dy x dy + dz % dz;

forceMask =m_r2 < _rc2 ? OxFFFFFFFF : O;
compute_molecule |= forceMask;
_dist_lookuplj] = forceMask;

}

if (!lcompute_molecule ) continue;

for (local_i = 0; local_i < cell1._num_ljc[i]; local_i++ ) {
for (j = 0;j < cell2._num_ljcenters; ++j ) {
compute_potential(cell1, i_center_idx, cell2, j, _dist_lookup);
)

|_center_idX++;

}
}

The index vector is stored, instead of the bit-mask as in the
case of AVX. Only if a molecule interacts with any center,
the force computation is executed. The interaction partners’
data is gathered, and broadcasted after the computation.
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Ongoing work:
¢ Improved shared-memory parallelization

e Load-balancing for heterogeneous systems to exploit
both MIC and host CPU
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Results for AVX

Performance on SuperMUC@LRZ, Munich (2 x 8-core Intel SNB@2.7 GHz per node):
Runtime for 10.7 - 10° molecules initially arranged on a cubic lattice at liquid density.
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SuperMUC node speed. m Xeon Phi 5110P 240 threads (gather/ scatter)

¢ Using gather/scatter boosted to SuperMUC node
speed, but still pure MPI with 120 ranks.

e Using gather/scatter, overhead is shifted to the dis-
tance computation (creation of index vector), but the
force computation is performed more efficiently (less
elements masked).
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