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CLASSIC MOLECULAR DYNAMICS

The simulation method based on numerical
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MO - 3TO CYNEPKOMIBbIOTEPHAA 3AOAYA

COCTABNAET 3HAYUTEIIbHYIO OOJ1HO HATPY3KWU HA BOJbLUKUX CYNEPKOMIBIOTEPAX
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Innovate and Novel Computational Impact on Theory and Experiment (INCITE)



Molecular dynamics
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Smith (Physics of Fluids, 2015)

Charan&Ganesh

Rapaport (Phys. Rev. Lett., 1986)

(Physics of Plasmas, 2016)

N = 3*108

N = 6*104

N =10*
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2D
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Hardware

__________Memory __Bandwidth

AMD MI50 32 GB 1 TB/s 13.3 TFlops/sec SP,
6.6 TFlops/sec DP
Nvidia A30 24 GB 0.9 TB/s 10.3 TFlops/sec SP,
5.2 TFlops/sec DP
Nvidia V100 32 GB 0.9 GB/s 14 TFlops/sec SP,
7.1 TFlops/sec DP
Nvidia A100 80 GB 2 TB/s 19.5 TFlops/sec SP,

9.7 TFlops/sec DP



Fast Parallel Algorithms for Short-Range
Molecular Dynamics, S. Plimpton, J Comp Phys,
117, 1-19 (1995).

Steven J. Plimpton, Sandia

LAMMPS - a flexible simulation tool for particle-based materials modeling at the
atomic, meso, and continuum scales, A. P. Thompson, H. M. Aktulga, R. Berger, D. S.
Bolintineanu, W. M. Brown, P. S. Crozier, P. J. in 't Veld, A. Kohlmeyer, S. G. Moore, T. D.
Nguyen, R. Shan, M. J. Stevens, J. Tranchida, C. Trott, S. J. Plimpton, Comp Phys Comm,
271 (2022) 10817.



Extremely scalable:

Full load of the petascale Titan machine with about
16000 nodes at Oak Ridge National Laboratory

One of the longest simulations in the world to the 2017
at LLNL on the Sequoia Blue Gene Q machine with
petascale performance

Simulation using over 100,000 processor at Los Alamos
National Laboratory on the Trinity machine

Simulation using 4,650 nodes (27,900 NVIDIA V100
GPUs) at Oak Ridge National Laboratory on the Summit
machine that was #1 supercomputer in 2018-2020

Nguyen, T.D. et al. Rupture mechanism of liquid crystal
thin films realized by large-scale molecular simulations.
Nanoscale 6(6), 3083—3096 (2014)

Zepeda-Ruiz et al. Probing the limits of metal plasticity
with molecular dynamics simulations. Nature
550(7677), 492—-495 (2017)

Wood et al. Multiscale modeling of shock wave
localization in porous energetic material. Physical
Review B 97(1), 014109 (2018)

Nguyen-Cong et al. Billion atom molecular dynamics
simulations of carbon at extreme conditions and
experimental time and length scales (2021)




Domain decomposition

a east/west exchanges c
B R s

b porth/south exchanges

A
2

Y up/down exchanges

FIG. 8. Method by which a processor acquires nearby atom positions in
the spatial-decomposition algorithm. In six data exchanges all atom positions
in adjacent boxes in the (a) east/west, (b) north/south, and (c) up/down direc-
tions can be communicated.

Fast Parallel Algorithms for Short-Range Molecular Dynamics, S. Plimpton, ] Comp Phys, 117, 1-19 (1995).



Acceleration backends:

kokkos
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CpaBHeHMe AOCTYNHOCTU KOMMOHEHTOB,
ncnonb3yemblix B moaenmn soabl SPC/E

LAMMPS component |GPU_____|KOKKOS _______

Neighbor Lists
Pair Style
PPPM

Fix

Integrator

Compute
Bond Style
Angle Style
Other

calc_neigh_list_cell

k_lj_coul _long

interp, make_rho,
particle_map

zero, etc.

NPairPotential
PairLJCutCoulLong
PPPM

FixShake

FixNVEInitialIntegrate
FixXNVEFinallntegrate

ComputeTemp
BondHarmonic
AngleHarmonic

View, Fill, Zero, etc.
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GPU with 4 MPI ranks per GPU

3s 45 55 [ 7s 8s 9105 115 125 135 14 5 155 165
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Compute

KOKKOS with 4 MPI ranks per GPU

36s 37s 38 s 395 20l 415 425 43s 44s 455 46's 47s

=¥ MemCpy (HtoD)
“ 3 MemCpy (DtoH)
Compute

=7 MemCpy (HtoD)
~ ¥ MemCpy (DtoH)
Compute

- MemCpy (HtoD)
- MemCpy (DtoH)
Compute

= MemCpy (HtoD)
- MemCpy (DtoH)

Compute

0 N1 L A 0 A AR B 1 EREHIN Y
W WL 0RO TOEED NP0 COVR OO VIR 0O (OO OO DA
I 2520 000 D00 U0 A NN 0 A 10 RO 10 MO0 0 0 MO 1 1 A
0 S 10 1R SRRV R R R R CEATRNTRY T RO T TR 1
0 I PIHORPO O ORI OE O PO IER PRI O 0 00 DR OO ORS00 0F PRI 10 OO TR 0 IONCRIE FI R
S0 00O P00 000 DO
X 01 0 RN R R 1 RN
I PRI IECOE TR ORT RN R OO OR OO0 RO LRV OGO TOE PO DO PRI
I voie YL RO TR TR e Y10 A Y G R R voie 1 VI
NS 11 NS T A TR TR N 1

A O AR

e T e TP _c T T o PV T R T AT I 1 WY

KOKKOS with 1 MPI rank per GPU
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ObmeHbl mexxay MY n oCHOBHOM NaMATbIO

GPU Kokkos Kokkos
4 rank / GPU | 1rank / GPU | 4 ranks / GPU

Invocations 3288 13759 89615
Total GB 78 29 572
Avg. 23.7 2.1 6.38
MB per

Invocation

13
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z\_r.;% OpenMM

High performance, customizable molecular simulation.

« High performance

molecular dynamics library

o Itis able to efficiently utilize GPUs
« Convenient C++ and Python APIs
« Easy to customize and extend

Dr. Peter Eastman, Stanford University

15



.;;‘«. OpenMM

I‘. High performance, customizable molecular simulation.

CUDA OpenCL

Common Compute

HIP
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<“—— Atoms

Force decomposition

Marked as “interacting”

Atoms —>»

Eastman, Pande
(Computing in science and engineering, 2010)



Time for 10000 steps (N_, =16384000)

atoms

Strong scaling 4000@

Lennard-Jones liquid benchmark with
16384000 atoms (the largest size that fits
into 32 GB of one AMD MI50)
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Average number of neighbors is ~180
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Weak scaling

Same particle density but different
number of atoms

Average number of neighbors is ~180
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OpenMM internal algorithm

Atoms ———»

00 32 64 96 O(NAZ)
E ' Domain
2 Linked cell decomposition
J 32 algorithm
O(N) O((N/M)"2)

64

96

e

Eastman, Pande
(Computing in science and engineering, 2010) 20
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[NpeactasneHbl pesynbratbl TectoB LAMMPS ¢ ncnonbsosaHnem naketoBs GPU n KOKKOS. lokasaHo
OT/INYME TUX NAKETOB NPU CONOCTaBUMOM 0bLLEM YPOBHE NPOU3BOANUTENBHOCTMU.

Konunyectso nepenasaembix gaHHbIX B KOKKOS cyuwectBeHHO 3aBUCUT OT HAaCTPOEK 3arycka Ha O4HOM
N TOM e obopygoBaHMKU. Micnonb3oBaHME HECKO/IbKMX MPOLECCOB Ha OAWH YCKOPUTENb B Cay4vae
KOKKOS moxeT cyuwecTtBeHHO NoBbIWaTb KOMYECTBO NepefaBaembiX AAHHbIX, B TO BpemMa KaKk AnA
naketa GPU xenatenbHo MCnonb3oBaTb H0/bLLIOE KONMYECTBO NMPOLECCOB Ha YCKOPUTEND.

CunbHoe macwTtabupoBaHne LAMMPS npu 3anycke Ha HECKONIbKMX y31ax C ceTblo AHrapa He XyXKe,
yem npu ucnonb3oBaHum nnatdopmbl Nvidia Delta ¢ 6bictpbim MHTEpKOHHEKTOM Nvlink yepes
NVSwitch

Mpn 61M3KOM ypOBHE MNMKOBOM Npou3BoanTenbHOCTM yckoputenb AMD MIS50 noka3sbiBaeT gsoe
MEHbLLY NPOMN3BOAUTENBHOCTb NPK ncnonbdosaHnm KOKKOS Ha peanbHoM 3aaa4e, yem Nvidia A30.

OpenMM cyuwecTBeHHO NpeBoCcxoanT No ckopocth cyeta LAMMPS Ha Hebonblmx cuctemax, HO €ro
MacwTabupyemoctb Ha HecKonbko GPU 3HaumtenbHo orpaHudyeHa B OpenMM wu3-3a O(N”2)
anropuTma.



