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Executive Summary

Task 2.2 of the MultiXscale CoE aims to make the open-source molecular-dynamics code ESPResSo “pre-exascale-
ready”, so that typical mesoscopic simulations (10° to 10° particles) run efficiently on 500 or more CPU cores and
multiple GPUs with fewer particles per core than today. The main goal is to improve time to solutions for large en-
sembles of mid-sized simulations, while also allowing for occasional large simulations. The following areas are ad-
dressed:

¢ Short-range forces

— We re-implemented the force kernel with Cabana/Kokkos, changing particle data from array of structures
(AoS) to structure of arrays (SoA) to improve cache re-use, making use of shared memory parallellism, and
paving the way for future portable GPU off-loading.

- Moreover, we added an optional “no-ghost-force-reduction” mode that skips one MPI reduction per sim-
ulation step. On workstations with a high clock rate, it breaks even for eight cores for 100-500 particles per
core. On HPC Vega it yields a small speed-up starting at 128 cores.

Electrostatics.

— Here, we integrated the heFFTe fast Fourier transform (FFT) backend into the P3M solver, bringing thread-
parallel and distributed 3D FFTs and a path to multi-GPU support

Hydrodynamics.

— We replaced the bespoke lattice-Boltzmann solver from previous ESPResSo versions with a solver based
on wal .Berla/PyStencils/LbmPy, unlocking multi-GPU execution that retains 75% weak-scaling efficiency
on multiple GPUs.

Shared-memory parallelism.

— We are adding OpenMP/Kokkos/Cabana shared-memory parallelism throughout ESPResSo, so that one
MPI rank can drive an entire GPU while all host cores remain busy.

— Shared-memory parallelism is provided by Kokkos for the integration of equations of motion, by Cabana
for short-ranged force calculations, by OpenMP for CPU lattice-Boltzmann via wal.Berla, and the FFTs in
the P°M solver via heFFTe.

L]

Parallel 1/0.

— Arewritten HDF5 backend improves write bandwidth by over an order of magnitude on a 16-core worksta-
tion and also performs well on larger simulations on parallel file systems, enabling tractable output from
large runs

In summary, work was undertaken in all major areas concerning the scalability of the software. Our goals with regards
to the scalability of simulations involving hydrodynamics and parallel I/O have been achieved. For short-ranged force
calculation and electrostatics, the implementations based on Cabana and heFFTe have been developed and shown to
work correctly. However, here, further optimization work is ongoing.
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1 Introduction

Extensible Simulation Package for Research on Soft Matter Systems (ESPResSo) is a simulation package mainly fo-
cused on coarse-grained models. To address research in soft matter, statistical and biological physics as well as pro-
cess engineering, it provides both particle- and lattice-based approaches. Algorithms include molecular dynamics,
Monte Carlo methods, lattice-Boltzmann hydrodynamics, and electrokinetics. ESPResSo consists of an MPI-parallel
simulation core written in C++, but is controlled via a Python interface. This makes the software particularly accessi-
ble to domain scientists without extensive programming experience, while allowing for highly customised simulation
protocols. As part of the MultiXscale Center of Excellence, we are preparing ESPResSo for use on large High Perfor-
mance Computing (HPC) systems, covering topics like scalability, multi-GPU support, and parallel I/O. In this report,
we outline the progress made in this regard.

1.1 Target audience

This deliverable is aimed at (but not limited) to:
¢ people employing molecular dynamics (MD) simulations,
* people using ESPResSo MD simulation code,

¢ people who want to test scaling of ESPResSo.

1.2 Deliverable outline

Section 2 covers the expected usage scenario for ESPResSo when it comes to consuming exa-scale level computing
resources. Section 3 outlines the specific actions that have been taken to ensure that ESPResSo is well prepared for
this usage scenario.

1.3 Partner contributions

USTUTT contributed as planned to the work in this deliverable.
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2 Usage Scenario and Goals

As ESPResSo [1,2] is targeted at coarse-grained models, typical simulations contain fewer particles than in an atomistic
simulation. At the same time, when modeling at the mesoscale, a solvent such as water is typically not modeled
explicitly via particles but by coupling the simulation to a hydrodynamics solver—in the case of ESPResSo, the lattice-
Boltzmann method [3].

On the mesoscale, Brownian motion is one of the main factors influencing a system’s behavior. This implies that the
simulations contain inherent randomness. Therefore, observations are made by averaging over several simulations
with the same parameters.

In summary, a typical usage scenario would be a large number of simulations with approximately 100 000 to 1 000 000
particles interacting via short-ranged and electrostatic interactions, coupled to a lattice-Boltzmann solver. Our goal is
to provide excellent time to solution for these simulations, but also allow for larger simulations, where needed.
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3 Improving Scalability

Each component of the simulation, short-ranged forces, electrostatics, and the lattice-Boltzmann hydrodynamics
solver, has individual computation and communication patterns, and thus, its scalability has to be addressed sepa-
rately.

3.1 Short-ranged forces

Short-ranged forces, such as the Lennard-Jones interaction, but also short-ranged contributions of electrostatic forces,
make up the bulk of the computational effort. ESPResSo uses both a linked-cell algorithm and neighbour lists to ef-
ficiently discover pairs of particles for which interactions have to be calculated. However, the implementation in
ESPResSo 4.2 present at the start of the MultiXscale CoE is not optimal in terms of scalability and performance.
The two main issues with regards to short-ranged forces are: first, a memory layout for particles that does not use
the CPU cache efficiently; and second, a communication pattern involving potentially avoidable synchronization
points.

3.1.1 Improved memory layout

ESPResSo uses an array of structures (AoS) memory layout for the particles, i.e., all attributes of a particle (position,
mass, velocity, etc.) are stored contiguously. However, most of these properties are not needed for short-ranged force
calculation, so most of the memory loaded into the cache when accessing a particle’s position is never re-used. Fig. 1
depicts a more cache-friendly memory layout, structure of arrays (SoA). While it is not feasible to switch the memory
layout everywhere in the code, we have done so for short-ranged force calculation. To this end, we implemented
short-ranged force calculation using the Cabana library [4]. Backed by Kokkos [5], Cabana provides performance-
portable infrastructure for particle-based methods, in particular a cache-friendly layout for storing particle data and
neighbour lists. The implementation of Cabana-based short-ranged force calculation into ESPResSo turned out to
be challenging. The main reason is that ghost particles are handled differently in Cabana and in ESPResSo’s original
implementation. As a result, we cannot rely on Cabana’s implementation for constructing the neighbour lists. At this
point, the Cabana-based force calculation works for the entire set of ESPResSo features, but does not yet have good
scaling efficiency on large core numbers. This is mainly caused by remaining serial code and by memory locality
issues in the Verlet list construction and conversion of the data layout. For example, according to profiling done with
Caliper, preparing the particle data in SoA format takes around 8% of simulation time on one thread but close to 60%
of the runtime for 16 threads, at 5000 particles per thread. We expect scalability to become adequate once this code is
optimised.

Struct of Arrays (SoA)

Memory Read X Cache
memory Block 1[ X | X | X | X | X | X valves [T X X [ X [ x [ x| | |

MemoryBlock2| Y | Y | Y | Y | Y | Y |::>

memoyBocka| Z | Z |z |z [z ]z
Array of Structs (AoS)
Memory Read X Cache
MemoryBlock 1| X | Y | Z XY |z Values XY ]z XY ]|z
MemoryBlock2| X | Y | Z Xy |z l::> X |y |z XY |z
Memory Block 3| X Y z X Y z X Y z X Y z

Figure 1: Common memory layouts for particle data. Top: the SoA memory layout stores the x-, y- and z-coordinates
of a collection of 6 particles in three arrays (blue, green, and red bytes); when an algorithm needs the x-position of
the particles, a single cache line fits all the data. Bottom: the AoS memory layout stores each particle coordinates in
a separate structure, which leads to data striping (data for different particle properties are interleaved) and possibly
extra padding (white memory cells between structures); when an algorithm needs the x-coordinate of the particles,
three cache lines are needed. Image credits: Paul Hohenberger.

3.1.2 Avoiding synchronization barriers

Molecular dynamics with short-ranged forces typically involves two rounds of communications per time step. Before
forces are calculated, particles close to the domain boundary of an MPI rank are communicated into a halo layer on
the neighbouring MPI rank. Second, after forces are calculated, the forces accumulated on particles in the halo layers
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are communicated back to the particles from which they are derived. Each of these communications introduces a
synchronization barrier. This is particularly problematic in simulations with a large number of MPI ranks, as the
number of particles on each rank fluctuates and all ranks have to wait for the rank that takes longest.

For some simulations, the communication of forces on particles in halo layers can be avoided by recomputing them on
the MPI rank from which the halo was derived (Fig. 2), i.e., one purposefully does not make use of Newton’s third law
for these particles. In effect, delays due to communication are avoided at the expense of more effort in the short-range
force calculation.

We have implemented this procedure in ESPResSo for systems containing only short-ranged forces and electrostatics.
Initial analysis shows that avoiding the communications is only worth it for quite low particle numbers per MPI rank
(= 100), as otherwise, the short-range force calculation time is significantly larger than the communication time. The
break-even for the new communication scheme is hardware-dependent. On a workstation with a high CPU clock
rate, it is found for approximately eight MPI ranks for a system with 100-500 particles per core. On the HPC Vega
supercomputer, there is a marginal performance improvement starting at 128 cores (Fig. 3), which can be explained
by the overhead of interconnect message passing (starting after 64 cores) and inter-node communication (starting
after 128 cores). The break-even is expected to shift towards lower core numbers, once the optimised memory layout
for short-ranged force calculation is used, and particularly, if short-ranged force calculation can be off-loaded to a
GPU.

P, P,

o o)

X \

ﬁ I_:’2 N~
OP, oP,

Figure 2: A periodic 2D system with a 3x3 domain (blue tiles) and a halo layer (gray tiles with red green markers). Two
particles P; and P, interact with each other across the periodic boundaries through their ghost images P; and P, in
the halo layer, imparting a force F1 on P; and F2 on P,. With the current implementation, ESPResSo calculates the
force 132 on particle Py, but not the force 131 on particle Py, instead the value —132 is stored on ghost particle P, to be
communicated later to P; (ghost force reduction). Forces are only calculated for particles in a domain cell (blue tile)
interacting with a particle in either a domain cell or red halo cell (gray tile with red marker). To remove the reduction
operation, the force F is calculated on particle P, directly, and ghost forces are no longer needed.
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Figure 3: Weak scaling efficiency of a Lennard-Jones simulation with and without ghost force reduction on HPC Vega
(two 64-core AMD EPYC Rome 7H12 CPUs per node). The simulated system contains 100 particles per core.
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3.2 Electrostatics

ESPResSo uses the P°M algorithm for electrostatics. The main idea is to split electrostatics into a short-ranged part,
calculated together with other short-ranged forces such as Lennard-Jones, and a long-ranged part calculated in Fourier
space. Therefore, 3D Fourier transforms are a key ingredient of the method. These scale poorly when using distributed
memory parallelism, as the data has to be redistributed across the MPI ranks several times. To address this, we im-
plemented a version of P°M based on the heFFTe library for 3D FETs [6]. It supports both shared- and distributed-
memory parallelism on the CPU as well as multi-GPU FETs. At this point, we only make use of CPUs, a GPU version
will follow.

Once available, we will also interface ESPResSo to the performance-portable electrostatics library developed by our
partners at FZ], potentially allowing us to concentrate the Fourier transforms on a single GPU, while the other re-
sources perform different parts of the simulation.

3.3 Multi-GPU support for lattice-Boltzmann

ESPResSo 4.2 provides a custom GPU implementation of the lattice-Boltzmann method. It is, however, limited to a
single GPU, inherently limiting the scalability of such a simulation. As part of WP3, we replaced ESPResSo’s custom
lattice-Boltzmann implementation by one provided by wal.Berla. The wal.Berla framework, along with its compan-
ion packages PyStencils and LbmPy, provides solvers for stencil methods such as lattice-Boltzmann, and has been
demonstrated to scale well on HPC systems [7]. In particular, the transition to wal.Berla for lattice-Boltzmann allowed
us to provide multi-GPU support (Fig. 4). A technical description of the implementation and molecular dynamics to
lattice-Boltzmann coupling can be found in Deliverable 3.3.

100% ==

—-— theoretical maximum

—e— LB GPU

80% 1

60% 1

40% A

Efficiency

20%

0%

1 2 4 8 16 32 64
Number of GPU accelerators
Figure 4: Weak scaling efficiency of a multi-GPU unthermalised lattice-Boltzmann fluid simulation with particle cou-

pling on HPC Vega (two 64-core AMD EPYC Rome 7H12 CPUs and four NVIDIA A100 GPUs per node). The simulated
system contains 10k particles and approx. 4 million cells per GPU on a 158x158x158 grid for a volume fraction of 1%.

3.4 Shared-memory parallelism

Using one or multiple GPUs also has consequences for the CPU part of the simulation. In particular, GPU perfor-
mance drops drastically if more than one MPI rank interacts with the same GPU. Typically, HPC nodes provide 16
to 32 processor cores per GPU. Therefore, to make efficient use of the CPU, shared-memory parallelism has to be
employed. The scalability improvement compared to the original MPI-based implementation in ESPResSo 4.2.2 is
shown in Fig. 6. Moreover, using shared-memory parallelism on the HPC node level mitigates some of the perfor-
mance penalties incurred by the synchronization barriers due to message passing.

We are in the process of implementing shared-memory parallelism throughout ESPResSo, using Kokkos, Cabana and
OpenMP. For short-ranged force calculation, shared-memory parallelism is provided by Cabana; for electrostatics, by
the heFFTe library via OpenMP; and for lattice-Boltzmann, when run on the CPU, by wal.Berla via OpenMP (Fig. 5). As
mentioned in section 3.1.1, the shared memory implementations are working, but further performance and scalability
engineering is needed.
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—— LB CPU MPI
LB CPU OpenMP

101,

Performance (ms)

1 2 4 8 16 32 64
Number of CPU cores
Figure 5: Strong scaling performance (time per simulation step) of lattice-Boltzmann, using MPI communication
and OpenMP shared-memory parallelism, on the Ant cluster (two 32-core AMD EPYC 9374F CPUs per node). For low
core numbers, OpenMP is faster, due to reduced need for communication. However, at high core numbers, remaining
serial code limits the performance. The simulated system contains approx. 2 million cells on a 128x128x128 grid.

100% ——
80%
S 60%/
c
L
=
£ 40%
20% 1 , ,
—— theoretical maximum
—e— LB GPU MPI / ESPResSo 4.2.2
0% 1 LB GPU OpenMP / ESPResSo 5.0-dev

1 2 4 8
Number of CPU cores
Figure 6: Weak scaling efficiency of lattice-Boltzmann with particle coupling at 3% volume fraction, using the original
MPI implementation from ESPResSo 4.2.2 and the new OpenMP shared-memory parallelism implementation from
ESPResSo 5.0-dev, on a desktop workstation equipped with an Intel i7-12700K CPU and an NVIDIA GeForce RTX
3070 Ti GPU. The simulated system contains 1k particles and 27k GPU lattice-Boltzmann cells on a 30x30x30 grid per
core. The shared-memory parallelized version shows improved parallel performance, as the MPI gather and scatter
operations collecting and spreading the particle data to/from the MPI rank interacting with the GPU are not needed.
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3.5 Parallell/O

Lastly the scalability of writing the state of the simulation in the HDF5 [8] format has been improved drastically (Fig. 7).
This makes it possible to use the trajectories from large simulation as input for other packages. A technical description
and benchmarks on parallel file systems can be found in Deliverable 3.3.

103 ]
w
~
[ea)
=
<
3 102}
2
k]
c
@
—— Old HDF5 backend
1014 New HDF5 backend

1 2 4 3 16
Number of CPU cores

Figure 7: Strong scaling performance of particle-based writers (HDF5 [8] and MPI-IO [9]) on an ext4 [10] file system
(2800 MB/s serial write rate) on a desktop workstation equipped with a 16-core AMD Ryzen 9 CPU. The simulated

system contains 16k particles.
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4 Conclusion and Outlook

As part of the MultiXscale CoE, it is our goal to improve the scalability and performance of ESPResSo and provide scal-
able couplings. To this end, we have undertaken work throughout the codebase. For example, multi-GPU support of
lattice-Boltzmann coupled to CPU-based molecular dynamics was made available by coupling ESPResSo to wal.Berla
and was shown to scale well.

To improve scalability of short-range force calculation, we implemented a modified communication scheme, which
reduces synchronization barriers. This turned out to be relevant mostly for low particle numbers per core. To im-
prove cache efficiency and reduce communication, we introduced short-ranged force calculation base don the Ca-
bana library. Here, further work is needed to parallelise remaining serial code, which dominates at high thread num-
bers.

Shared-memory parallelism is also being implemented in other parts of ESPResSo. For instance, the FFTs under-
pinning the P*M electrostatics solver are now provided by the heFFTe library, which provides both, shared-memory
parallelism and GPU support.

In summary, progress has been made on all major areas of the code. Still, further performance engineering is neces-
sary, particularly on the Cabana-based short-ranged force calculation, for these benefits to come together.

Lastly, parallel writing efficiency of the simulation data in the standardised HDF5 format has been improved drasti-
cally, allowing for data exchange with other simulation packages.
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