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Abstract—Molecular dynamics (MD) simulation provides the
atomic-level characterization of biomolecular systems and their
transitions, such as conformational changes in proteins. The
computational demands of such simulations and limits of parallelization techniques have prevented simulations of real-world
systems from reaching the microsecond timescales, which are
relevant for real-world applications. The notable exceptions are
the supercomputers specifically designed for MD simulations. An
example of such supercomputers is the Anton supercomputer,
nowadays in its third iteration, which uses a substantial number
of application-specific integrated circuits (ASICs) for MD simulation and is not generally available. Recent advances in algorithms,
software, and hardware towards exascale supercomputing have
made microsecond-timescale simulations of practically relevant
biomolecular systems reachable within days. Data processing
units (DPUs) are already being used in data centers for the inflight processing of network packets (e.g. encryption, decryption,
and intrusion detection) and are expected to be used in future
exascale supercomputers in some form. The usage of DPUs
in the supercomputers unlocks the potential to accelerate MD
simulations that were previously available only in networking
ASICs in supercomputers such as Anton. This paper proposes the
usage of DPUs for MD simulation acceleration in an innovative
way inspired by the Anton supercomputer.
Index Terms—molecular dynamics, NVIDIA, data processing
unit, DPU, heterogeneous computing, BlueField, DOCA, Anton,
Desmond, GROMACS, LAMMPS

I. I NTRODUCTION
Molecular dynamics (MD) simulations allow scientists to
study the behavior of biological macromolecules and are
becoming a more important tool in the field of molecular
biology [1]. The past decades have seen breakthroughs in
MD performances in the form of parallelization, algorithmic
advances, and hardware specialization, leading to several scientific discoveries [2].
Exploiting parallelism to accelerate a computation typically
involves dividing it into many small tasks that can be assigned
to different processing elements, which may require significant
communication between nodes [3]. Performing MD simulations at the scale and speed necessary to address research
questions requiring microsecond simulation timescales within
practical time frames, however, remains an extreme challenge
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in high-performance computing and requires specialized hardware [4, 5].
The advent of NVIDIA’s Compute Unified Device Architecture (CUDA) technology in the late 2000s enabled general
computing on graphics processing units (GPUs) [6]. Specifically, it enabled the acceleration of scientific and professional
software by offloading large parts of the computation from the
CPU to the GPU both in the context of workstations and highperformance computers. NVIDIA’s catalog of GPU accelerated
applications [7] today contains hundreds of readily available
applications, including MD simulation applications such as
GROMACS [8, 9]. After the GPUs, especially with the advent
of artificial neural networks and machine learning demand for
computing power, a number of hardware solutions similar to
GPUs appeared; somewhat general field-programmable gate
arrays (FPGAs) were followed by domain-specific applicationspecific integrated circuits (ASICs) such as Google tensor
processing units (TPUs) [10].
Several state-of-the-art MD simulation software packages
use parallel computing technologies to utilize available hardware resources, including both offload to accelerators, often
using CUDA, and distributed computing technologies using
Message Passing Interface (MPI). The examples of such
software packages, listen in alphabetical order, are Amber
[11], CHARMM [12], GROMACS [13], HOOMD-blue [14],
LAMMPS [15], OpenMM [16], and Tinker [17].
Amber is a set of numerous programs that work together
to set up, run, and perform analysis of MD simulations. It
supports both CUDA and MPI. While it is licensed under a
proprietary license, its tools are licensed under GNU General
Public License (GPL).
CHARMM is a general and flexible molecular simulation
and modeling program that uses classical and quantum mechanical energy functions for simulation of various molecular
systems. CHARMM supports MPI and also supports CUDA
via OpenMM (described below). It is licensed under a proprietary license.
GROMACS is one of the most widely used open-source
and free software codes in chemistry, used primarily for
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dynamical simulations of biomolecules and provides a rich set
of calculation types, preparation, and analysis tools. It supports
both CUDA and MPI. It is licensed under the GNU Lesser
General Public License (LGPL).
HOOMD-blue is a particle simulation toolkit for molecular
dynamics and hard particle Monte Carlo simulations. It supports both CUDA and MPI. It is licensed under 3-Clause BSD
License.
LAMMPS (an acronym for Large-scale Atomic/Molecular
Massively Parallel Simulator) is a classical molecular dynamics code with a focus on materials modeling, which offers
potentials for metals, biomolecules, and others. It supports
both CUDA and MPI. It is licensed under GNU GPL.
OpenMM is an MD simulation toolkit focused on extensibility. Its users can to easily add forces with novel functional
forms, new integration algorithms, and new molecular simulation protocols, among others. It supports CUDA, but not
MPI due to its focus on single-node computer systems with
accelerators and usage of Markov state models for multi-node
simulations [18]. It is licensed under the permissive MIT and
LGPL licenses.
Tinker is a complete and general package for molecular
mechanics and dynamics simulation. It supports both CUDA
and MPI It is licensed under a proprietary license.
We observe that all of the state-of-the-art molecular dynamics support CUDA and most support MPI, with the sole
exception of OpenMM for which the lack of support is a
choice. Therefore, when targeting new hardware for running
MD simulation, it would be easier to enable wide usage if it
would be possible to support it via CUDA or MPI.
Nowadays, in addition to CPUs and GPUs, there is a
third type of processing unit that is completely new, the data
processing unit (DPU). In the computer system including the
CPU, the GPU, and the DPU, the computation is ideally
divided as follows:
∙
∙
∙

CPU is the core of the system that does general-purpose
computation,
the GPU accelerates parallel computation (such as single
instruction, multiple data (SIMD) operations), and
the new DPU is designed to process data that gets sent
and received over the network.

To be able to process in-flight network data, the DPU has to
contain its own CPU- or GPU-like accelerator in addition to
the network interface. In this way the network interface gets
augmented with additional computational functionality and
some vendors are calling these devices smart network interface
controllers (SmartNICs). There are several DPUs/SmartNICs
available on the market at present:
∙
∙
∙
∙
∙
∙

Pensando (acquired by AMD) Capri, Elba, and DSC,
Broadcom Stingray,
Fungible F1 and S1,
Intel Infrastructure Processing Unit (IPU) C5000X-PL
Platform and Platform Codenamed Oak Springs Canyon,
Kalray K200-LP,
Marvell Technology OCTEON and ARMADA,
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Mellanox Technologies (acquired by NVIDIA) BlueField,
ConnectX, and Innova.
In addition to the broad interest from processor and networking hardware vendors in producing such devices, the
acquisitions of Pensando and Mellanox by AMD and NVIDIA
(respectively) show the expectations by hardware vendors of
increasing application support as well as growth of usage in
data centers and supercomputers.
In order to reach exascale supercomputing at the same
power envelope as petascale supercomputing, a large increase
in performance per watt is needed. GPUs, FPGAs, and ASICs
have demonstrated the potential of heterogeneous architecture
in the achievement of a greater density of computing elements.
A possible approach includes adding compute elements to
other components, including network and storage [19, 20],
where existing commercially available DPUs are an option.
When equipped with DPUs, conventional general-purpose supercomputers are closer to specialized supercomputers for MD
simulations equipped with custom networking ASICs such as
Anton [4] and MDGRAPE [5].
We decided to focus on using NVIDIA BlueField DPUs due
to hardware being available to us for academic research and
having a well-documented application programming interface
(API), but we expect the DPUs from other vendors with
comparable features to be applicable as well. NVIDIA’s line
of BlueField data processing units (DPUs) is designed with
the goal of adding compute elements to network interface
controllers (NICs), specifically ARM CPU and an optional
programmable accelerator that can perform advanced packet
processing. For example, Netflix is using SmartNICs [21]
for the TLS encryption of HTTP(S) traffic, offloading the
encryption from the central processing units (CPUs).
BlueField DPUs are programmed using DOCA [22, 23],
which is currently in the limited early access phase; DPUs
from other vendors have their own proprietary vendor-specific
APIs. Despite the early access phase of DOCA, it is already
being used for transparent malicious traffic detection and
mitigation [24], routing [25], DNN training [26], and other
applications are becoming possible with the evolution of its
functionality.
Liu et. al. completed a performance study of BlueField2 to understand how much processing power is available on
the SmartNIC during transfers [27]. They found that, from a
computational perspective, encryption, memory, and on-card
processing operations on the SmartNIC perform significantly
better than the general-purpose servers that were used for
comparison. Additionally, they concluded that applications
with a focus on these operations may be good candidates for
the offloading to the SmartNIC.
While scientific software is seldom using encryption, various memory and on-card processing operations are performed.
Therefore, in this paper we consider the potential for offload
of molecular dynamics operations to (DPUs such as) NVIDIA
BlueField SmartNICs.
The paper is organized as follows. First we describe the
specialized computer systems for MD simulation, including
∙
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its specialized networking hardware. Afterwards we propose
a possible approach to using DPUs for the acceleration of
molecular dynamics simulation inspired by such specialized
hardware. Finally, we conclude.
II. S PECIALIZED H ARDWARE FOR M OLECULAR
DYNAMICS
Aside from the Anton supercomputer on which we will
focus in this description of specialized hardware, other supercomputers specifically designed for MD simulation also
exist. For example, MDGRAPE-4A, an improved version of
MDGRAPE-4 [5], is a 512-node special-purpose machine built
with one custom chip per node. Its capacity is not known,
but it is possible to estimate its performance to be order of
magnitude or two slower than Anton [4]. There is also FPGAbased specialized hardware [28, 29] with the performance
comparable to single GPUs.
One of the most challenging problems remaining in supercomputing is, of course, the magnitude of the time frame
within which certain MD simulations are performed. One
always wants to find a compromise between the scale and
speed needed to solve a research question and the practicality
of the needed time frame to solve it.
While many users successfully used and still use generalpurpose hardware for performing molecular dynamics simulations, there is also an effort from David E. Shaw Research to
develop specialized hardware for molecular dynamics [3]. Two
generations of Anton supercomputers, Anton 1 [30, 31, 32]
and Anton 2 [33], were previously designed, built and implemented. When comparing them to the fastest general-purpose
supercomputer of the time, the fact is that all of them reached
multiple orders of magnitude more in terms of nanoseconds
per day of MD simulations.
These increases in performance have translated into significant scientific progress. The development of Anton 3, a
supercomputer designed around a new custom chip, once again
increased the speed and scale of the required MD simulations
for basic science and drug design [4]. In the following we
focus on Anton 2 for which more information is available.
The goal is to perform each simulation step faster and
therefore be able to reach longer timescales. To do so,
Anton 2, a special-purpose parallel computer for molecular
dynamics simulations, uses a combination of packet filtering
in networking ASICs, intra-network reduction, and log-weight
synchronization to reduce the communication requirements of
MD simulations [2].
The quadratic computational complexity of the long-range
Coulomb and van der Waals interaction makes its use impractical for larger systems. Therefore, it is important to
maintain accuracy while ensuring that computational costs
increase linearly with size. The common approach is to shorten
interactions at some cutoff distance, Figure 1. This reduces the
number of operations to 𝑂(𝑛) or 𝑂(𝑁 𝑙𝑜𝑔𝑁 ), particularly for
the Coulomb interaction. Commonly used values in modern
MD simulation software packages are in the range of 1−1.5
nanometers.
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𝑅𝑐𝑢𝑡

Fig. 1. (from [2]) The ball-and-stick icons represent water molecules. On every
time step, pairwise (electrostatic and van der Waals) forces must be computed
for all pairs of atoms up to a cutoff radius (𝑅𝑐𝑢𝑡 ). This requires communication
when the simulation is distributed. The cutoff radius is illustrated for a single
atom, with some of its interactions indicated explicitly. Note that all the
interaction forces acting on the atom in question, are zero outside the cutoff
radius.

In general, the chemical system is contained in a box with
periodic boundary conditions which are unphysical. In that
case, the system being simulated corresponds to infinite space,
paved in all three dimensions with identical copies of the
box. At each time step, the forces acting on each atom are
calculated, where the positions and velocities of the atoms
progress according to the classical laws of motion.
The simplest way to send an atom’s position to its export set
is with a sequence of unicasts, but this wastes both on- and
off-chip bandwidth by communicating the position multiple
times across individual network links (Fig. 2a).
Anton 2 improves the efficiency of this communication
with a hardware mechanism for multicasting a position to an
arbitrary set of nodes along with a specified set of channels
(Fig. 2b). Following the computation, the sums of partial
forces on atoms are returned to the source nodes. Generally,
force reduction is done by taking a set of forces, specifically their numerical values, and conjuring up a smaller set
by taking their sum in a specific way. In general-purpose
supercomputers, this is done through the partial sum of the
atom’s node. Anton 2 uses in-network reductions to sum partial
forces within the network, decreasing the cost of force return
(Fig. 2d).
By summing the partial forces it receives and the locally
computed forces, the atom’s home node can obtain the total
force acting on a specific atom.
On Anton 2, the approximation is to divide each home box
into a set of sub boxes of identical size and construct export
sets for the entire sub boxes. This allows export sets to be
precomputed and converted to multicast patterns before the
simulation begins.
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Fig. 3. (from [2]) a) A position packet is multicast to three nodes, only one
of which is in the atom’s precise export set. All three nodes compute and
Fig. 2. (from [2]) a) When an atom’s position is unicast to each node in the return partial forces, which will be zero for the two "extra" nodes. b) The
atom’s export set, it must traverse several network links multiple times. b) On position packet is filtered en route to the extra nodes. Only the header is sent,
Anton 2, a hardware multicast mechanism eliminates this excess communication no computation is performed, and no forces are returned.
so that the position traverses each network link at most once. c) Partial forces
for the atom are returned in the reverse direction. d) Anton 2 uses in-network
reductions to sum partial forces within the network, again decreasing the amount atom.
of communication.

When the position of the atom is updated, the new position
may fall into a new box, which requires communication across
the network to update the simulation state at all the nodes.
Therefore, a larger effective cutoff radius must be used to
reduce atomic migration, further increasing the size of the import region. Also, the use of fine-grained sub boxes mitigates
this effect by providing a better approximation to the exact
import regions, however increasing the total number of sub
boxes, resulting in greater bookkeeping and synchronization
overheads.
The import synchronization mechanism requires that the
position packet be delivered to all nodes within its export
set, including additional nodes introduced by sub boxes and
migration. Anton 2 implements position filtering by extending
the multicast mechanism.
Most additional nodes do not actually need a position for
any calculation. For example, the receiving node will try to
calculate the interactions with the atom, only to find that all
interactions are zero because the atom always lies outside the
cutoff radius. The node must then return zero force to the atom,
increasing the amount of force communication (Fig. 3a).
To solve this problem Anton 2 provides a position filtering mechanism to dynamically remove unnecessary positions
from the network. Position filtering is an extension of Anton
2’s network multicast mechanism that further optimizes this
communication by dynamically cutting a multicast tree when
it can be determined that certain endpoints do not require a
copy of the atom’s position (Fig. 3b).
The initial node of the atom must determine when all
packets of atomic force have been received. When the number
of force packets is known in advance, it is sufficient to simply
count the packets. However, position filtering and reductions
within the network create a synchronization problem: we no
longer know how many force packets to expect for a given
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The solution to this synchronization problem is to assign a
fixed "weight" to each atom. The weight is distributed between
the atomic position packets and then transferred to its force
packets after the force calculation. Instead of simply counting
the force packets that are returned, their weights are added.
The force of an atom fully accumulates after its full weight
has been received (Fig. 4).
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Fig. 4. (from [2]) Weight splitting. An atom’s weight (1) is split at

each multicast point. The weight delivered to a destination node varies
depending on the node’s location within the multicast tree. Weights
are transferred to the returned force packets; all forces have been
accumulated when their weights sum to 1.

Anton runs a specifically-developed proprietary molecular
dynamics software Desmond [34].
Until the advent of DPUs, non-specialized supercomputers
had no components comparable to Anton 2’s network hardware. Now that DPUs are generally available, it is worth
considering whether the approach used by Anton 2 can be
applied on supercomputers with DPUs.
III. M OLECULAR DYNAMICS S IMULATION S OFTWARE
D EVELOPMENT FOR DATA P ROCESSING U NITS
The present generation of DPUs, BlueField-2, provides 8
64-bit ARMv8 CPU cores with 1MB of L2 cache per 2
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cores (4MB in total), 6MB of L3 cache, and 16GB or 32GB
of onboard DDR4 RAM with error correction. The nextgeneration BlueField-3 DPU, originally announced in April
2021, is expected to sample the first quarter of 2022 [35].
This generational shift increases the on-chip processing power
of the BlueField NIC from 8 CPU cores to a heterogeneous
processor containing 16 CPU cores with larger cache than
the previous generation and, in addition, a 16-core 256-thread
accelerator for multi-threaded applications.
Applications for the BlueField DPUs are developed using
DOCA [23], which provides Data Plane Development Kit
(DPDK) for networking [19], similar to what CUDA provides
for GPUs.
A. Overview of the DOCA Software Development Kit
The current version of DOCA software is 1.2 and is
considered early access by NVIDIA and therefore made
available only to select developers [22]. DOCA software, just
like CUDA Toolkit, consists of an software development kit
(SDK) and a runtime environment. The DOCA SDK offers
several frameworks that are used to simplify the offload of
computations to BlueField NICs using acceleration packages.
The runtime environment is executing the application on the
DPU. The SDK is divided into five distinct libraries [23], each
with its own API:
∙ App Shield, which offers intrusion detection capabilities
using the DPU services to collect data from the host’s
memory
∙ Deep packet inspection (DPI), which is a method of
examining the full content of data packets as they traverse
a monitored network checkpoint and provides a tool for
enforcing network packet filtering
∙ Flow, which offers building generic execution pipes in
hardware, where each pipe consists of packet match
criteria and a set of actions that are taken on packets
matching the criteria
∙ NetFlow, which simplifies the working with Cisco NetFlow packets
∙ Telemetry, which provides a way to collect user-defined
data and send it to a telemetry service
While all of these libraries could be useful for data center
applications, for the use of DOCA in scientific software we
focus on the utilization of the Flow library.
B. DOCA Flow Library and Uses
Using the Flow library in DOCA, it is possible to develop hardware-accelerated packet processing. Packets can
be modified or even dropped upon reception, as necessary.
Packet headers (including TCP/UDP and IPv4/IPv6) can be
processed in userspace, enabling the development of an MPI
implementation on top of DOCA.
In particular, Bayatpour et. al. asked whether the features
of SmartNICs can be utilized to reach pure communication
performance while overlapping communication and computation for dense non-blocking collective communication, such
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as used by MPI [36]. They proposed BluesMPI which implements MPI Alltoall communication pattern [37] on DPUs:
non-blocking collective operations are offloaded to a set of
worker processes spawned to the ARM cores of BlueField,
which communicate on the behalf of host processes.
C. Development of DPU Offload Library
To enable the offload of molecular dynamics to DPUs, we
are proposing the development of a similar MPI library, potentially by extending an existing open-source implementation of
MPI such as Open MPI, MPICH, or MVAPICH. We examined
the usage of MPI in open-source MD simulation software
packages GROMACS, HOOMD-blue, and LAMMPS to find
out which MPI communication patterns are being utilized. In
addition to Alltoall, to fulfill the requirements of the examined
MD simulators, such a library will look into implementing the
following MPI communication patterns: Send and Recv, Isend
and Irecv, Wait, Test, Broadcast, Scatter, Gather, Reduce, and
Scan. The library will be released under an open-source license
so the other communication patterns can be added at a later
date if needed.
This MPI library will be utilized by the molecular dynamics
software for performing operations offloaded to the SmartNIC.
Among the software described earlier, due to licensing and
support for MPI, it is possible to implement this approach
in GROMACS, HOOMD-blue, and LAMMPS. Due to its
popularity, we propose using GROMACS for the development
and testing of this approach. With the library being released
under an open-source license, other software will be able to
use it as well.
Initially, the target is the offload of the force reduction over
the network, in which case DPUs perform a similar role as the
networking ASICs in Anton 2. In addition, the benchmarks
of BluesMPI [36] show that a parallel implementation of 3D
fast Fourier transform (FFT), P3DFFT is sped up by 30%
when DPUs are used. 3D FFT is an important part of particle
mesh Ewald (PME), which is used for the computation of
long-ranged components of the non-bonded interactions in
molecular dynamics. Therefore, offloading this operation to
the DPU is an interesting idea for the future.
IV. C ONCLUSION
The authors of this paper are proposing the development
of a novel DPU offload library implementing a subset of the
MPI and using it to offload the force reduction in molecular
dynamics to consumer hardware, as well as other operations
in the future. The motivation for this development is providing molecular dynamics acceleration previously limited to
Anton 2 supercomputer to a wide range of high-performance
computers. The developments are planned in existing opensource projects (such as GROMACS and LAMMPS) so the
implementation is widely available for future developments.
The promised maintenance of backward compatibility between
BlueField generations will, in particular, enable the proposed
molecular dynamics computation offloading to benefit from
the increased computing power.
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