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Abstract. We introduce OpenPME, the Open Particle-Mesh Environ-
ment, a problem solving environment that provides a Domain Specific
Language (DSL) for numerical simulations in scientific computing. It
is built atop a domain metamodel that is general enough to cover the
main types of numerical simulations: simulations using particles, meshes,
and hybrid combinations of particles and meshes. Using model-to-model
transformations, OpenPME generates code against the state-of-the-art
C++ parallel computing library OpenFPM. This effectively lowers the
programming barrier and enables users to implement scalable simulation
codes for high-performance computing (HPC) systems using high-level
abstractions. Plenty of recent research has shown that higher-level ab-
stractions and problem solving environments are well suited to alleviate
low-level implementation overhead. We demonstrate this for OpenPME
and its compiler on three different test cases—particle-based, mesh-based,
and hybrid particle-mesh—showing up to 7-fold reduction in the number
of lines of code compared to a direct OpenFPM implementation in C++.
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1 Introduction

Computer simulations are the third pillar of science, alongside theory and ex-
periment. Scientists increasingly rely on simulated models to investigate scales
that are not experimentally accessible and nonlinearities that are not theoreti-
cally treatable. However, the complexity of modern high-performance computing
(HPC) systems, and the complexity of HPC programming models increasingly
limit implementation efficiency and performance portability. Alleviating this has
therefore become a key research focus for HPC [25]. Examples are problem solv-
ing environments (PSE) [6], which reduce the programming barrier by provid-
ing higher-level domain-specific abstractions. Since higher-level abstractions en-
able more powerful compiler transformations, this often leads to performance
improvements over hand-written code [21]. A PSE typically consists of a Do-
main Specific Language (DSL) and an Integrated Development Environments
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(IDE) [6]. In scientific computing, such approaches have successfully been pro-
posed for array programming [28,29], finite-element simulations [9,16,18,22,23],
and for tensor expressions in numerical simulations [3, 24].

Most numerical simulations can be expressed in terms of particles, meshes,
or a combination thereof. Meshes are often used to discretize continuous fields,
e.g., for finite-differences or finite volumes. Particles can be used to represent
either discrete objects, like atoms in a molecule or cars in road traffic, or as
arbitrarily discretization points for continuous fields. The classic Particle-In-Cell
(PIC) codes in plasma physics [10] are an example of a combination of particles
and meshes. Existing DSLs for particle-mesh simulations include PPML [2],
PPME [14], and FDPS [12]. Of these, FDPS and PPME are limited to particles,
with FDPS focusing on N-body simulations. PPML supports both particles and
meshes, but relies on the discontinued Fortran library PPM [27]. To the best of
our knowledge, there exists no DSL that supports particles, meshes, and hybrid
particle-mesh codes on a modern and actively maintained platform library.

This paper presents a DSL and IDE for particle, mesh, and hybrid particle-
mesh simulations on parallel computers, the Open Particle-Mesh Environment
(OpenPME). OpenPME is based on the Open Framework for Particles and
Meshes (OpenFPM) [11], a recent and actively maintained open-source C++
library. Compared to writing C++ code for OpenFPM, OpenPME reduces
the implementation effort and lowers the entry barrier for users. It hides the
distributed-memory constructs of OpenFPM and provides error messages that
are easier to understand than the template-engine errors of the C++ compiler.

Our DSL rests on a metamodel that captures all five types of simulations:
particles (continuous and discrete), mesh (continuous), and two types of hybrid
simulations. The OpenPME compiler implements a staged compilation process,
where high-level DSL constructs are reduced to an intermediate metamodel. The
metamodel provides a language-independent representation and enables model-
to-model transformations. This allows the OpenPME compiler to automatically
inject OpenFPM communication operations for distributed-memory programs,
freeing the user of having to write them. In a second step, the metamodel is trans-
lated to OpenFPM C++ code. We showcase the expected productivity increase
and DSL design of OpenPME using three real-world examples that highlight the
seamless support for hybrid particle-mesh simulations and the automatic inser-
tion of data-movement and parallel communication primitives by the compiler.

2 Background and Motivation

We introduce the general structure of particle-mesh simulations, describe the
OpenFPM library, and detail our motivation for developing OpenPME.

2.1 Hybrid particle-mesh simulations

Particle-mesh methods provide a universal framework for numerical simulations
in scientific computing. They can be used to simulate both discrete and contin-
uous models, either deterministically or stochastically [20,26]. When simulating
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discrete models, particles directly represent entities in the model. In continu-
ous models, particles correspond to mathematical discretization points. Parti-
cles are point objects that have a position and a list of properties. They can
interact with other particles through pairwise interactions, and then evolve as
a consequence of the interactions, i.e., particles change their position and/or
their properties. These interactions can be deterministic or probabilistic. Hybrid
particle-mesh methods are used to obtain more efficient simulations or to sim-
ulate multi-physics models. Particle-to-mesh and mesh-to-particle interpolation
allows transferring data between the two representations [10].

2.2 The OpenFPM library

OpenFPM [11] is an open-source C++ template library for implementing scal-
able parallel particle-mesh simulations on multi-CPU and multi-GPU computer
hardware. It provides multiple layers of abstraction: based on memory alloca-
tors and memory-layouting abstractions, OpenFPM implements single-core data
structures. Using data-decomposition and network communication abstractions,
these are then transformed to multi-core and distributed-memory data struc-
tures. Finally, a library of frequently used numerical solvers is implemented using
these data structures. A profiling interface and transparent in-situ visualization
of simulation results [8] complete the library.

In OpenFPM, particles can carry any composite container of C++ objects
as properties, and simulations can be performed in arbitrary-dimensional do-
mains. It guarantees transparent memory layout conversion (e.g., between CPU
and GPU) and run-time dynamic load-balancing to distribute data evenly and
adapt to changes in local mesh resolution or particle density. OpenFPM includes
checkpointing, parallel file I/O, and communications abstractions, including the
ghost get operator to transparently communicate boundary data between pro-
cessors in a domain decomposition.

2.3 Motivation

OpenFPM heavily relies on C++ templates and template meta-programming
to achieve its flexibility and performance. This renders the source code more
complex, leading to programming mistakes and cryptic error messages from the
C++ compiler. A typical example of OpenFPM code is shown in Fig. 1 for a
simulation of the three-dimensional Navier-Stokes equation of fluid mechanics
(only one dimension shown). The more concise OpenPME three-dimensional
representation in Fig. 9, point 4 will be discussed in Sec. 4.3. Not only is
the C++ more error-prone, but also makes it impossible for the compiler to
detect semantic errors that arise from accessing objects in the wrong place or
misplaced operators in the formula. User also must manually place ghost get

communication operations to account for data exchange on a parallel computer.
These calls must be in the right place and include the correct properties to be
communicated, which is not always obvious for users. Extraneous ghost get

calls reduce the scalability and performance of the simulation.
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g_dwp.template get <rhs >(key)[x]=
fac1*( g_vort.template get <vorticity >(key.move(x,1))[x]+
g_vort.template get <vorticity >(key.move(x,-1))[x])+
fac2*( g_vort.template get <vorticity >(key.move(y,1))[x]+
g_vort.template get <vorticity >(key.move(y,-1))[x])+
fac3*( g_vort.template get <vorticity >(key.move(z,1))[x]+
g_vort.template get <vorticity >(key.move(z,-1))[x])-
2.0f*(fac1+fac2+fac3)*
g_vort.template get <vorticity >(key)[x]+
fac4*g_vort.template get <vorticity >(key)[x]*
(g_vel.template get <velocity >(key.move(x,1))[x]-
g_vel.template get <velocity >(key.move(x,-1))[x])+
fac5*g_vort.template get <vorticity >(key)[y]*
(g_vel.template get <velocity >(key.move(y,1))[x]-
g_vel.template get <velocity >(key.move(y,-1))[x])+
fac6*g_vort.template get <vorticity >(key)[z]*
(g_vel.template get <velocity >(key.move(z,1))[x]-
g_vel.template get <velocity >(key.move(z,-1))[x]);

Fig. 1. OpenFPM C++ code snippet to calculate the x-component of the three-
dimensional Navier-Stokes equation.

OpenPME’s goal is to allow computational scientists to write efficient sim-
ulations with domain-specific abstractions and error messages. OpenPME’s ab-
stractions enable high-level optimizations that would otherwise require complex
and brittle analysis in a custom C++ compiler pass. We demonstrate this by
automatically placing ghost get operations.

3 OpenPME Design and Implementation

We detail the design and implementation of OpenPME based on a metamodel
that captures all (hybrid) particle-mesh methods.

3.1 Design overview

OpenPME introduces an intermediate layer between the user’s simulation ap-
plication and the OpenFPM C++ library, as illustrated in Fig. 2. It is based on
two metamodels representing particle-mesh simulations and the C++ code us-
ing OpenFPM. Model-to-model transformations identify syntactic elements and
semantic relations that enable, e.g., expression rewriting or automatic insertion
of communication statements. The generated code executes on any platform
supported by OpenFPM. This includes multi-core CPUs, GPUs, distributed-
memory CPU clusters, and multi-GPU clusters. Parallel efficiency and scalability
are inherited from OpenFPM [11]. OpenPME is implemented in Jetbrains MPS.5

The simulation metamodel is implemented as a stack of sub-languages (see
Fig. 2). The use of sub-languages enables separation of concerns and keeps
the implementation modular, extensible, and maintainable. Lower levels pro-
vide foundational elements of the language that are used to build more complex
features higher in the stack.

5 Jetbrains Meta Programming System (MPS) https://www.jetbrains.com/mps/
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openpme.cpp
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openpme.expressionsopenpme.statements
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Open Particle Mesh Environment (OpenPME)
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Language stack Code generator

Fig. 2. Modular architecture of OpenPME. An intermediate layer between HPC ap-
plication domains interfacing OpenFPM for HPC architecture systems.
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Fig. 3. Excerpt from the metamodel to describe particle-mesh simulations.

The OpenFPM C++ metamodel captures the domain of imperative, object-
oriented programs. It is implemented in the openpme.cpp language (see Fig. 2).
This model is expressive enough to generate the complete C++ code of a simula-
tion using OpenFPM. We also use this model as an intermediate representation
when lowering simulation code using model-to-model transformation.

3.2 Metamodel for particle-mesh simulations

The metamodel for particle-mesh simulations builds on our prior work in [14]. It
supports three types of simulations: particle-only, mesh-only, and hybrid particle-
mesh of both continuous and discrete models. Fig. 3 shows an excerpt of the
model as UML diagram. An OpenPME program consists of modules, each with
a sequence of statements. A statement can declare variables or a boundary condi-
tion, or define the simulation domain and dimensionality (see Fig. 3). A TimeLoop

statement supports different time-discretization methods as first-class concepts
in the model. The model supports basic data types found in most program-
ming languages, as well as domain-specific types such as Particle or Mesh.
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