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ABSTRACT

This paper introduces PeriLab, a modern Peridynamics solver developed in the Julia programming language.
Emphasizing easy installation, usability, and implementation of new features, the code’s structure is detailed,
accompanied by illustrative examples illustrating some of the code’s core functionality. The fully Message
Passing Interface (MPI) parallelized code undergoes a separate benchmark problem with two million degrees
of freedom, revealing large scale capabilities and analyzing the communication cost occurring in such analysis.
The paper highlights key considerations for the adoption of Peridynamics, including the need for a straightfor-
ward installation process, user-friendly interfaces, efficient research code development, and well-documented as
well as tested functionalities. Overcoming these challenges is crucial for Peridynamics’ widespread acceptance
in engineering applications, and PeriLab serves as a valuable contribution to addressing these issues.
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Glossary

BB Bond-based

BSD Berkeley Software Distribution
CSV Comma-separated values
DCB Double cantilever beam

DOF Degrees of freedom

FEM Finite Element Method

HPC High-performance computing
MPI Message Passing Interface
NOSB Non-ordinary state-based
OSB Ordinary state-based

PD Peridynamics

1. Motivation and significance

In engineering applications, the mechanical behavior of materials
and structures is typically modeled using classical continuum me-
chanics. Because of its limitations in describing fracture problems an
alternative modeling approach was proposed in the early 2000’s in
the form of PD [1,2], thought of as a continuum version of molecular
dynamics. In recent years a lot of research in PD took place summarized
in various review papers and books [3-11].

Mesh-free particle-based methods are most commonly used for
the numerical approximation of PD equations, Table 1 provides an
overview of current PD software developments. In addition to this list,
many local research groups are also developing their own software.
Most of the listed tools are problem-specific or developed by a single
person. Peridigm and EMU are the most sophisticated software tools.
EMU is not open source, but researchers can request the code. However,
because the code development is done at the Sandia National labs, the
code is officially not usable in many countries because the terms of use
lead to a violation of the “Treaty on the Non-Proliferation of Nuclear
Weapons”.

Peridigm on the other hand is an open-source tool. It includes mul-
tiple material laws, simple damage models, and all three PD modeling
approaches (Bond-based (BB), Ordinary state-based (OSB) and Non-
ordinary state-based (NOSB)). Peridigm is usable under a Berkeley
Software Distribution (BSD) license. Currently, there is some irregular
development ongoing. It provides multiple ways of model input and
provides Paraview' readable output. The whole code allows the analy-
sis of large-scale problems using MPI parallelization. A lot of research
has been done utilizing the software [12-16].

One significant challenge still remains: How can PD gain widespread
adoption? In the engineering field, classical continuum mechanics is ex-
tensively utilized through the Finite Element Method (FEM). A plethora
of both commercial and non-commercial software tools are readily
available for this purpose. However, when it comes to PD, the situation
is quite different. While Peridigm stands as one of the most advanced
options, it offers an open-source code with a rich set of functionalities.
Nevertheless, the implementation process is quite demanding, and the
installation can be both arduous and time-consuming.

To implement even the simplest material law in Peridigm, you are
required to modify a minimum of five files. Additionally, by introducing
new files and directories to the project, you must contend with CMake
scripts and the associated complexities.

Furthermore, it is worth noting that Peridigm is only partially
maintained. This results in valuable research discoveries being under-
utilized. Consequently, PD struggles to find applications beyond specific
niche problems. There is an evident and pressing need for software that

1 https://www.paraview.org/
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seamlessly combines functionality, user-friendly installation, and easy
integration.

This paper introduces a solution called PeriLab, which is built
using Julia and incorporates MPI to manage a large number of degrees
of freedom [17]. The objectives for PeriLab encompass:

« Installation: The installation process must be straightforward
and not pose a barrier to using the tool.

« Usability: The tool should offer simplicity and flexibility to cater
to various user needs.

« Implementation & Extension: It should be designed in a way that
facilitates efficient research code development and extension.

o Functionality: All existing functionalities must be well-
documented and thoroughly tested.

2. Software description

The main focus of PeriLab is the easy installation, implementation
and extension of PD methods in a parallelizable code. For this purpose
the Julia language was chosen. It is a modern language specifically
designed to create high performance code for large scale problems and
has some key advantages compared to C, Fortran or C++. Julia is
comparable fast and has a modern packaging system. This allows an
easy installation and compiling of code. Also, it allows the easy use of
packages and external functionalities. This modern language minimizes
the length of the code, simplifies the software testing and allow the
developers far more comfort and less errors.

The installation part of PeriLab is realized via this modern pack-
aging system. The software project dependencies will be automatically
downloaded. This reduces the installation time to minutes.

2.1. Software architecture

For implementing, e.g. a new material model in PeriLab, only one
file is created with a provided template and placed in the material
directory or sub directory. The integration is done by using the meta
programming feature provided by Julia. Fig. 1 shows the workflow.
The software searches for available modules within the project folder.
Within the yaml definition the model name is specified. This has to be
defined within the module in a certain function. If the name of any
module and the definition are equal, the module is included into the
code base and the software will be compiled again. The whole proce-
dure is done automatically and works for the basic models (additive,
damage, material and thermal). Extensions are possible using the same
strategy.

After starting the main.jl with a batch command the yaml file is
expected, cf. Fig. 2. This file is parsed in the IO module. This module
is used to read all files needed for model creation and to distribute
all the data in the datamanager and onto different processors if MPI
is specified. This was a design decision, because the communication
with the MPLjl package is comparable to its C++ counterpart [32]
and more efficient for large scale problems than working with shared
memory. This is supported by the findings of Diehl et al. [33]. They
modeled a simple 1D problem and used Julia threads which resulted
in a deficiency compared to C++ MPI solutions. For the currently
implemented solver the step width is determined and all fields for
the different solver options are initialized. Also the physics models
are initialized if they are needed. An Exodus output file and / or
the Comma-separated values (CSV) file export will then be created.
Afterwards the solving process starts. The solver runs and within the
physical models are evaluated. The results will be written in parallel
and can be accessed while the simulation is running. At the end of this
process the result files are merged if needed, and the program stops.
The results are than accessible via Paraview or another exodus reader.
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Fig. 1. Concept of macro usage to include modules in PeriLab.

Table 1

Overview about PD software tools.
Name Focus Language Maturity level License References
PeriPy bond-based Python Medium MIT [18]
PeriDem Digital image correlation C++, Python Low [19]
PeriPyDIC 2D Python Low BSL [20]
PeriPyVFM Virtual field Python Low GPLv3.0 [21]
BB_PD 2D, bond-based Matlab, C Low-medium No defined [22]
LAMMPS Molecular dynamics, bond-based Python Low GPLv2 [23]
PeriFlakes 2D, coupling FEM Python, C Low GPLv3.0 [24]
NLMech 2D C++ Medium [19]
Relation-Based Software Ordinary state-based, bond-based C++ Medium MIT [25]
EMU 3D, multiphysics, large scale problems Fortran High Closed source [26]
Peridigm 3D, multiphysics, large scale problems C, C++ High BSD [27-29]
PeriHub 2D & 3D, Extension of Peridigm Python, JS High BSD [30,31]

2.2. Software functionalities

The system’s design prioritizes ease of development and scalability.
Consequently, structs have been avoided in favor of a data manager. It
plays a pivotal role in memory allocation and ensuring the assignment
of unique names to variables or fields.

Listing 1: Template for material modules

module Material_ template
export compute_forces
export material_name

function material_name ()
return "Material Template"

end
function compute_forces (datamanager, nodes,
material_parameter, time, dt)

return datamanager
end
end

As discussed before, integrating custom models in Peridigm can
be challenging. You need to have a deep understanding of how the
compiler works and where to call your functions. In the context of
PerilLab, creating a new material model involves copying your module
file into the ‘material’ folder, effectively creating a new material model
using the template shown in Listing 1. You have the flexibility to choose
your module name. The material name serves as an identifier within

your input deck. When you use this name as a material model option in
your input deck, this module is activated. It is also possible to combine
material models via +, e.g. to create an elastic plastic model.

3. Illustrative examples

PeriLab provides basic features. Within this paper three examples
of those features are shown. All of them were compared with FEM or
Peridigm and were in good agreement. The dogbone model highlights
the deformation of a one dimensional tensile test applying OSB PD, cf.
Fig. 3. The undeformed state is shown with the black dots. A DCB model
shows a correspondence elastic model coupled with a energy based
damage criterion [30], cf. Fig. 4. And the temperature distribution of
a rectangular plate is visible in Fig. 5. Because parallelization is an
important part a simple benchmark of the current not optimized version
1.0.0 was done.

A squared grid was defined with 10, 100, 1000 numbers of points np
in x- and y-directions with a structured mesh with a point distance of dx
in x- and y-direction. The size of the neighborhood was varied between
3 and 5dx. To avoid potential solver issues, no loads were applied to the
benchmark problem. The number of time integration steps was equal
for all discretizations. To measure the time and memory consumption
the TimeOutputs. j1 package was used.

In Fig. 6 the results show that for lower discretizations, e.g. 200
Degrees of freedom (DOF), the single core usage is already quite
efficient and due to the MPI communication overhead adding more
processes lead to slower simulations. By utilizing 100 processes the
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Listing 2: Automated integration of modules

SoftwareX 26 (2024) 101700

function create_module_specifics (name::String, module_list::Vector{Any},

specifics::Dict{String,String}, values::Tuple)
for m in module_list
parse_statement =

"module_name=" *m["Module Name"] % "." % specifics["Name"]x " ()"
if eval (Meta.parse(parse_statement)) == name
parse_statement = m["Module Name"] *"." % specifics["Call Function"]

function_call =eval (Meta.parse (parse_statement))
return function_call (values...)
end
end
end
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Fig. 3. Displacement plot of a dogbone model, where the black points are the undeformed state and the colored points the scaled deformation state.
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running time of the two million degrees of freedom example will be
reduced by a factor of 30. Overall the benchmark results acknowledge
the correct MPI implementations and the future software potential.

4. Conclusions

The paper introduces PeriLab, showcasing its fundamental func-
tionalities successfully. This encompasses damage models, material,
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Fig. 6. Simulation time of different meshes depending on the number of processes.

thermal, and additive models. The integration of additional models was
also presented, demonstrating a uniform procedure across all material
types. To illustrate parallelization capabilities, a benchmark was con-
ducted, revealing a significant acceleration in computational time. The
installation of the software on an High-performance computing (HPC)
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cluster proved to be straightforward, requiring only a minimal time
investment of minutes.
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