SoftwareX 9 (2019) 20-27

journal homepage: www.elsevier.com/locate/softx

Contents lists available at ScienceDirect

1NPOL01

SoftwareX g

Original software publication

GOMC: GPU Optimized Monte Carlo for the simulation of phase )

Check for

equilibria and physical properties of complex fluids

Younes Nejahi”, Mohammad Soroush Barhaghi?, Jason Mick?, Brock Jackman®,

Kamel Rushaidat®, Yuanzhe Li®, Loren Schwiebert®, Jeffrey Potoff**
2 Department of Chemical Engineering and Materials Science, Wayne State University, Detroit, MI 48202, USA

b Department of Computer Science, Wayne State University, Detroit, MI 48202, USA

ARTICLE INFO ABSTRACT
Article history:
Received 21 June 2018

Received in revised form 15 November 2018
Accepted 21 November 2018

Keywords:

Molecular simulation
Monte Carlo

Gibbs ensemble
Adsorption

Phase equilibrium
GPU

GPU Optimized Monte Carlo (GOMC) is open-source software for simulating molecular systems using
the Metropolis Monte Carlo algorithm. It supports simulations in a variety of ensembles, which include
canonical, isothermal-isobaric, grand canonical, and Gibbs ensemble. GOMC can be used to study vapor—
liquid equilibria, adsorption in porous materials, surfactant self-assembly, and condensed phase structure
for complex molecules. GOMC supports a variety of all-atom, united atom, and coarse grained force fields
such as OPLS, TraPPE, Mie, and Martini. The software has been written in object oriented C++, and uses
OpenMP and NVIDIA CUDA to allow for execution on multi-core CPU and GPU architectures.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Motivation and significance

Given a molecular structure, and an accurate description of
interactions between atoms, or groups of atoms, computer sim-
ulations may be used to calculate nearly any physical property
associated with a specified molecule. Using simulations, it is possi-
ble to determine relationships between atomic-level interactions,
nanoscale structure, and macroscopic properties. Hence, computer
simulations are able to provide insight that may otherwise be
impossible to obtain from experiments. Notable examples include
self-assembly of nanoscale structures [1-4], understanding bio-
logical structure-function relationships [5-7], drug design [8-10],
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and materials design for separation and storage of gases [11-16].
Advances in the use of molecular simulation for materials design
have been driven by simultaneous advances in force fields [ 17-25],
algorithms [26-31], computer hardware, and software designed to
take advantage of parallel computer architectures, such as multi-
core CPUs, and graphics processing units (GPUs) [32-39].

Molecular mechanics simulations may be divided into two cat-
egories: molecular dynamics, where the system evolves according
to Newton’s equations of motion, and Monte Carlo, where the
system evolves through trial moves accepted according to proba-
bilities defined by statistical mechanics. Molecular dynamics sim-
ulations have been adopted widely by the research community due
to their ability simulate nearly any molecule, and the widespread
availability of high-quality free, or nearly free, software.

Examples of commonly used molecular dynamics codes in-
clude NAMD [33], AMBER [40], CHARMM [39,41], GROMACS [38],
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Fig. 1. Schematic of GOMC software architecture.

LAMMPS [34,42] and HOOMD ([37,43]. The molecular dynamics
algorithm is inherently parallelizable, and extensive efforts have
been focused on the optimization of these codes for high perfor-
mance on large numbers of CPU cores and GPUs.

Unlike molecular dynamics codes, where many have been de-
veloped by large consortiums of researchers, Monte Carlo codes
have typically been developed on an ad-hoc basis within individual
research groups to solve specialized problems. Some of these codes
were made available to the research community [44-47], with
varying levels of documentation. Others were restricted to use
within a research group, or were commercial software [48]. This
code development model presents a serious challenge for ensuring
data reproducibility [49].

Recognizing the need for a publicly available general-purpose
Monte Carlo simulation engine, Marcus Martin published Towhee
in 2000, the first true open-source code for the simulation of phase
equilibria and condensed phase structure of complex molecular
systems [53]. While having a broad feature set, Towhee runs
on a single CPU core, and has mediocre computational perfor-
mance [54]. In recent years, a number of other open-source codes
have become available, each with varying features, including
HOOMD [55], Etomica [56], FEASST [57], MS2 [47,58,59], RASPA
[60], Cassandra [61], and GOMC (this work). RASPA was designed
primarily for simulation of adsorption in porous materials, and like
Towhee, runs on a single CPU core. Cassandra and GOMC are fo-
cused broadly on the simulation of phase equilibria and adsorption,
and both are capable of parallel computation on multi-core CPUs.
HOOMD supports simulations of hard polyhedrons. GOMC and
HOOMD have the ability to use graphics processing units (GPUs) for
the calculation of non-bonded interactions, leading to significant
performance gains for some systems.

2. Software functionalities

With GOMC, users are able to perform simulations for com-
plex molecules in a variety of ensembles, which include canonical
(NVT), Isobaric-Isothermal (NPT), grand canonical (VT), and NVT
and NPT variants of the Gibbs ensemble algorithm [28]. GOMC has

support for the following Monte Carlo moves: rigid-body displace-
ment, rigid-body rotation, volume exchange (both isotropic and
anisotropic), insertion/deletion within and between boxes, and re-
growth. GOMC supports simulations in non-orthorhombic boxes.
To enhance the rate of acceptance for molecule swap and sampling
molecular configurations, the coupled-decoupled configurational-
bias algorithm is used [62]. GOMC supports a variety of force
fields, including TraPPE [62-69], Mie [20,70-74], OPLS [75] and
Martini [76], which use a Lenard-Jones, or Mie, potentials plus
point charges to represent intermolecular interactions, and a com-
bination of harmonic and cosine functions to account for bonded
interactions. Support is included for scaling of both 1-4 van der
Waals and electrostatic interactions.

When performing Gibbs ensemble Monte Carlo simulations,
the code produces the saturated liquid and vapor densities, vapor
pressure and heat of vaporization at the temperature of interest.
For mixtures, the code also produces the compositions of the corre-
sponding vapor and liquid phases. In grand canonical Monte Carlo
simulations, users can output histograms of the states sampled,
enabling the use of histogram-reweighting methods to determine
coexistence properties [77,78]. Using the FixedAtoms feature, it is
possible to identify atoms/molecules that should not participate
in various moves (insertion/deletion, displacement, etc.) during
the simulation. This feature is especially helpful for simulations of
gas adsorption in rigid porous materials. In all ensembles, GOMC
outputs atomic coordinates in PDB format, while instantaneous
and average values of various properties are written to a plain-text
log file. GOMC uses file formats that are compatible with NAMD
and VMD [33,79], enabling the reuse of as many existing software
components as possible.

3. Software architecture

GOMC s licensed under AGPL 3.0, which allows for commercial,
private, and patent use. The code is publicly available for download
through our GitHub repository [80] and the GOMC website [81].
Users can register on the website to receive notifications about
new releases and bug fixes. GOMC development follows the Git-
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Fig. 2. Parallelization scheme used by GOMC.
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Fig. 3. (A, B) Saturated liquid and vapor densities for n-octane and SPC/E water, (C) Clausius-Clapeyron plots for n-octane and SPC/E water and (D) adsorption isotherm of
CO; in IRMOF-1 predicted by GOMC. Experimental data (black lines), GOMC predictions (red and blue symbols), previous work (green symbols). (A, B, C): NIST Chemistry
WebBook [50] (black lines), GCMC+histogram reweighting calculations (red lines), GEMC predictions for n-octane (blue circles), GEMC prediction for SPC/E water (blue
squares), values obtained by Potoff et al. [20] (green circles), and values obtained by Boulougouris et al. [51] (green squares). (D): Experiment [52] (black line), predictions
of GOMC (red circles), and calculations of Parkes et al. [52] (green squares). . (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Flow branching model, uses CircleCI to test build each commit,

and automated shell scripts are used to increase the reliability of

regression testing. A wide range of test cases have been generated
for this purpose [82], and a number of step by step tutorials are

available [83].

3.1. Code architecture

GOMC has been written in object oriented C++, which offers
a good balance between code development time, interoperabil-
ity with existing software elements, and code performance. The

software may be compiled as a single-threaded application, a
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Fig. 4. (Top left) Speed-up for GCMC simulations in GOMC, relative to calculations performed on a single CPU core, for n-octane with OpenMP (black circle), n-octane with
GPU+OpenMP (black triangle), water with OpenMP (red circle), and water with GPU+OpenMP (red triangles). (Bottom left) Speed-up for Gibbs ensemble Monte Carlo (GEMC)
simulations in GOMC, relative to calculations performed on a single CPU core, for n-octane with OpenMP (black circle), n-octane with GPU+OpenMP (black triangle), water
with OpenMP (red circle), and water with GPU+OpenMP (red triangle). (Top right) Execution time for single core GCMC simulations in GOMC for n-octane (black) and water
(red). (Bottom right) Execution time for single core GEMC simulations in GOMC for n-octane (black) and water (red). . (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig.5. Gibbs ensemble Monte Carlo simulation of SPC/E water. Left: Reciprocal part of Ewald summation is the most expensive calculation in GOMC. (B) OpenMP can reduce
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GPU. Right: The performance in GOMC significantly improved using a combination of the GPU and OpenMP. Although the impact of GPU is much larger than OpenMP.

multi-threaded application using OpenMP, or to use many-core
heterogeneous CPU-GPU architectures using OpenMP and CUDA.

GOMC has a hierarchical architecture where each class is de-
composed into subclasses, as shown in Fig. 1. The main() function
creates a Simulation class that contains the Monte Carlo step

number, handles output to files, timer and an instance of Sys-
tem class. Simulation also reads all of the input files (control,
PDB and PSF) and initializes the System subclass. The System
class holds more comprehensive information, including box di-
mensions, move settings, intermolecular potential type, coordi-
nates of atoms, and their center of mass. System also includes the
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Fig. 6. Performance comparison of GOMC with other Monte Carlo codes [54]. The total time is calculated by running an entire adsorption isotherm of eight pressure points.

subclasses of MoleculeLookup to perform molecule operations,
CalculateEnergy to calculate different types of energies, Ewald
to perform the Ewald summation, CellList to utilize the cell list
implementation, and PRNG to generate random numbers.
ChooseAndRunMove() in System runs a single step, using
PickMove() to randomly select a move, and RunMove( ) to perform
the move. SetParams() prepares each move and initializes parame-
ters, Transform() generates the trial move, CalcEn() calculates the
energy of the trial move, and Accept() determines whether the trial
move should be accepted or not and makes the according changes.

3.2. Parallelization strategy

In GOMC, substantial improvements in computational perfor-
mance have been achieved through the incorporation of a cell
list, and caching components of the Ewald Sum [84,85], which
significantly reduces the number of calculations that are required
for each attempted move. GOMC makes extensive use of polymor-
phism to reduce branching within the code.

Computations in GOMC are parallelized by distributing pair-
wise interactions to CPU threads and/or GPU streams using a
combination of OpenMP and NVIDIA CUDA. A schematic of how
computations are parallelized in GOMC is shown in Fig. 2. For trial
moves that involve a single molecule, van der Waals and real-
space components of the electrostatic interactions are distributed
among available CPU threads. For trial moves that require the
recalculation of energies for the entire system, such as the volume
move, all pairwise interactions are distributed to GPU streams. For
all moves, the reciprocal space contribution to the electrostatic
energy is computed on the GPU. If no GPU is available, reciprocal
space contributions are computed on the CPU.

4. Illustrative examples

To demonstrate the accuracy of algorithms implemented in
GOMC, calculations were performed to predict the coexistence
curves for n-octane [20] and SPC/E [86] water using
GCMC+histogram reweighting methods [77,78] and GEMC [28]. In
Fig. 3-A, B, and C, liquid and vapor densities and vapor pressures
determined from GEMC for n-octane and water are compared to
the values predicted by the GCMC+histogram reweighting method,
NIST Chemistry WebBook [50] and previous simulations [20,51].
For both GEMC and GCMC simulations, potentials were truncated
at 10 A, and analytical tail corrections were applied [87]. The
coupled-decoupled configurational-bias Monte Carlo [62] (CD-
CBMC) algorithm with 10 trials for the first atom, 8 trials for
remaining atoms, 100 angle trials, and 50 dihedral trials was

used to improve sampling efficiency. For polar systems, Coulombic
interactions were calculated using the Ewald summation [88] with
a tolerance of 1x10~>. For GCMC simulations, a cubic box size of
15,625 A3 was used for water; while, a box size of 64,000 A® was
used for n-octane. GCMC simulations were equilibrated for 5x 10°
MC steps, followed by 4.5x 107 production steps. GEMC calcula-
tions were performed on systems containing 1000 molecules, and
each system was equilibrated for 2.5x 10’ MC steps, followed by
2.5% 107 production steps.

In Fig. 3-D, a comparison is presented between results gener-
ated with GOMC and that of Yazaydin et al. [52] for the adsorption
of CO, in IRMOF-1 at 298 K. The atomic coordinates for the IRMOF-
1 atoms were taken from Eddaoudi et al. [89]. The TraPPE [66]
and DREIDING [90] force fields were used for carbon dioxide and
IRMOF-1, respectively. The simulation box wasa 2 x 2 x2 orthogo-
nal supercell (@ = 90, 8 = 90, y = 90). Lennard-Jones potentials
were truncated at 12.8 A without an analytical tail correction.
Excellent agreement was achieved between the predictions from
GOMC and prior calculations.

5. Performance and scaling

To demonstrate the efficiency and performance of GOMC, grand
canonical and Gibbs Ensemble Monte Carlo simulations were per-
formed on n-octane and SPC/E water [91]. Simulations were per-
formed for 256 to 65,536 molecules to demonstrate the scaling of
GOMC. Calculations were performed on a system with a 10-core In-
tel Xeon E5-2680 v2 @ 2.80 GHz processor, 16 GB system memory,
and an NVIDIA Tesla K40c running CentOS 6.8 Linux. The code was
compiled with the Intel Compiler v16 (2016 initial version) and
CUDA toolkit 8.0. The “~03” compiler flag was used to optimize the
performance of the CPU code. Potentials were truncated at 10 A and
analytical tail corrections were applied. The temperature was set to
400 K for n-octane and 300 K for SPC/E water. The distribution of
moves for GCMC simulations were 20% displacement, 20% rotation
(50% target acceptance), and 60% molecule swap move. For GEMC
simulations the distribution of moves was 40% displacement, 40%
rotation, 19% molecule swap, and 1.0% volume exchange.

In Fig. 4 the execution time for GCMC and GEMC simulations of
n-octane and water are presented as a function of system size for
computations performed on a single CPU core. Additional calcu-
lations were performed on systems containing 65,000 molecules
(520,000 interaction sites) to evaluate the speed up achieved by
executing the code on multicore CPUs and GPUs. For GCMC simula-
tions of n-octane, the use of the cell list greatly reduces the number
of pairwise interactions to be calculated. Because of the relatively
low computational load, any gain in performance from the addition
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of multicore processing is erased by communication overhead
(thread startup and lock management) between cores. For GEMC
simulations of n-octane, the computational effort increases with
system size due to the inclusion of a volume exchange, which scales
as O(N?). For a 65,000 molecule system, significant performance
gains can be achieved by running on up to four CPU cores.

Code performance for simulations of SPC/E water scales very
differently than n-octane because of the need to compute elec-
trostatic interactions via the Ewald sum. GCMC simulations of
water show a linear scaling of computational effort with system
size, while for simulations of n-octane the computational effort
was invariant. For a 65,000 molecule system, the use of up 8 CPU
cores results in a speed-up of 7 times that of a single CPU core.
Using additional cores reduces code execution time, but with lower
parallel efficiency. Using 16 CPU cores results in the speed-up of
11 times that of a single CPU core. Execution on one CPU core plus
an NVIDIA K40 GPU results in a factor of 8 speed-up compared to
single CPU core, while using four CPU cores plus the GPU produces
a speed up of 12. The main challenge of optimizing code execution
time on the GPU is reducing the number of copies between GPU
and CPU, since this communication becomes the bottleneck. Fig. 5
shows that cudaMemcpy() and cudaFree() consumes almost 45% of
the execution time.

The application of the GPU to GEMC simulations of water results
in significant performance increases. On the GPU, the O(N?) volume
move can be flattened to O(N) [92]. Additionally, all reciprocal
space k-vectors may be computed in parallel. Unlike CPU compu-
tation, on the GPU it is faster to recalculate all k-vectors for each
move than store them in memory. For a system containing 65,000
water molecules, calculations performed on the GPU and one CPU
core were approximately 100 times faster than that of a single CPU
core; adding more CPU cores did not improve performance. For
code running on multi-core CPUs, using 16 cores produced a speed
up of approximately 10 times that of code executed on a single CPU
core.

Fig. 5 demonstrates the anatomy of GOMC performance for
65,000 molecules of SPC/E water. The reciprocal part of Ewald
summation is responsible for most of the computational cost of the
calculation. The use of OpenMP (B) to parallelize the calculation
of the reciprocal space term can reduce the wall-clock execution
time. The GPU (C, D) can further reduce wall-clock execution time,
improving the performance significantly. Even though GPUs add
significant overhead due to the memory copy between host and
GPU, sufficient workload created by reciprocal part of Ewald can
hide this overhead.

In Fig. 6, the performance of GOMC is compared to other Monte
Carlo codes for the simulation of absorption of CO; in IRMOF-1[91].
The simulation protocol, and timing data for all simulations, except
for GOMC, were taken from Gowers et al. [54]. Calculations were
performed on one core of an Intel Xeon CPU E5-2620 v3 @ 2.40 GHz
processor, which has identical single core performance as the Intel
Xeon CPU E5-2630 v3 @ 2.4 GHz processor used by Gowers et al.
Case study 1 used only Lennard-Jones interactions between CO,
molecules and IRMOF-1. Case study 2 includes both Lennard-Jones
and electrostatic interactions. The data show GOMC has single core
performance that is competitive with other Monte Carlo codes. It
should be noted that these test cases use a very large potential cut-
off of 25.0 A, which limits the effectiveness of the cell-list used
in GOMC. Substantially better performance may be obtained for
systems with a 10 or 14 A cut-off.

6. Conclusions

GOMC software has competitive performance, with other codes,
and has been optimized for high performance on single, multi, or

many threaded architectures. Work is ongoing to add more ad-
vanced sampling algorithms, such as Continuous Fractional Com-
ponent Monte Carlo [93-96], support for simulations of adsorption
in flexible MOF, parallelization across multiple nodes via MPI, and
support for polarizable force fields that use Drude oscillators.
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