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Abstract
Scientists develop research codes so as to process and
produce scientific results through simulations and exper-
iments. The resulting code base is of high value and
potential but often suffers from poor software quality
mainly due to the lack of knowledge about software en-
gineering principles. As a result, the sustainability of
the developed software is endangered limiting the code’s
life to a narrow time span. To confront this problem
to a great extent, one can adopt sustainable research
code development and deployment approaches like con-
tinuous integration, testing, containerization and docu-
mentation. In this contribution, the various approaches
are introduced in view of application to an acoustic re-
search software based on finite element method (FEM).
Finally, the adoption of these sustainable research code
approaches has shown significant advantages in terms of
ease of software development, usage, reproducibility of
scientific results and software’s robustness. The success-
ful application to the acoustic FEM research software and
its effectiveness is presented with the help of a publicly
accessible code repository.

Introduction
In recent times, the sustainability of software has been
receiving significant attention in the field of academic
research in addition to research data management. The
main motivation is to enhance reproducibility in research
and also in the long run. Moreover, newly emerging
research projects, irrelevant of the field, have to com-
ply with certain information management guidelines that
highlight the management of research software as cru-
cial. An example is the proposal guidelines for projects
seeking funding from the German Research Foundation
(Deutsche Forschungsgemeinschaft, DFG) [6].

Producing scientific results is a chain of processes involv-
ing the processing or generation of data. In the majority
of cases, the software is used to perform various opera-
tions on the data and to obtain the desired results. In
addition to commercial software, scientists develop codes
to achieve their research goals and are termed as research
software. And the developers of the software are the sci-
entists who are mainly doctoral students and perform the
developments by implementing their research. In most
cases, the duration of their contribution is their respec-
tive project timespan. Later, a significant part of them
change to different research projects or change working
institutions. As a consequence, the developed implemen-
tation is not guaranteed to be functional or maintained
or reusable in the long run.

The term reproducibility crisis is highly pronounced at

the moment in the scientific community where a survey
point out that 70% of the scientists fail to reproduce
experiments performed by other scientists and also by
themselves [8]. In the current scenario where program-
ming is an inevitable part of all fields of research, aca-
demic institutions face significant challenges to develop
and maintain scientific codes. Many of the academic re-
search codes can be categorized as legacy code which are
(1) less maintained and documented, (2) contributed by
a lot of developers who are no longer involved in the de-
velopment, (3) untested and finally (4) a large part of
code are inactive or a stable operation of those function-
alities is not guaranteed. Due to these characteristics of
legacy code, the reproducibility crisis is highly evident.
One way, which has shown great success in many fields
of applications, to tackle this situation is to adopt the
sustainable development and deployment approaches into
the research software development life-cycle [1].

This contribution addresses the successful application of
the various sustainable approaches to a use case from
the field of acoustics. The readers are advised to refer [1]
for other use cases that include research software from
various disciplines like theoretical chemistry, informatics,
electronics and civil engineering.

Use case
An in-house vibroacoustic simulation tool based on FEM
[2] is chosen as the use case to demonstrate the sustain-
able development and deployment approaches presented
in the upcoming sections. The research code “Elemen-
tary Parallel Solver (elPaSo)” is constantly developed
since 1996 at TU Braunschweig. The code is written in
C++ and contains approximately 120,000 lines of source
code. Repository in [2] accounts for the elPaSo core mod-
ule with fundamental FEM implementations and is pub-
lished open-source. Whereas, the advanced implemen-
tation under research is currently closed-source and is
available to the readers upon interest. This legacy code is
modularly constructed for vibroacoustic simulations like
aircraft cabin noise assessments [3] and efficient solver
implementation targeted for high-performance comput-
ing (HPC) cluster applications [4, 5]. The developer and
user circle of elPaSo includes academic researchers (inter-
nal and external), students and collaborating partners.

Before the adoption of sustainable software approaches,
the use case software project suffered a number of limita-
tions. The main challenges addressed in this contribution
and that are subjective to the use case are as follows:

C1. Software quality: As the software is developed by
a number of academic developers over a large period of
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time, the project was highly prone to errors that endan-
gered its software quality in terms of accuracy, perfor-
mance and code quality. Testing was not a part of the
development routine and hence the functionality of the
various features of this legacy code was a question when
new implementations were integrated.

C2. Dependency hell: The term “dependency hell” refers
to the complexity involved when software depends on a
lot of external factors such as compilers, operating sys-
tems and library packages. The use case which is a C++
code base depends on a large number of external libraries
so as to benefit from state-of-the-art implementations
for mathematical operations (such as PETSc1, SLEPc2,
ARPACK3, Intel Parallel Studio4) and routines handling
input-output with the fast HDF55 file format. Managing
the compatibility of the above-listed dependencies with
regard to various package releases and compiler types was
highly challenging and error-prone which may lead to
lowered performance and even broken functionalities.

C3. Sophistication to develop: When contributing to a
legacy code like the considered use case, developers of-
ten face a long non-productive phase during which the
developer set up the necessary environment for code de-
velopment, compiling and execution. For academic de-
velopers, this means that they face a high entry barrier so
as to get started with implementing their new ideas. As a
result, the importance of enabling a “ready to develop”
concept to lower this entry barrier for new researchers
was identified.

C4. Sophistication to use: Likewise to the sophistica-
tion faced by developers, targeted users and the research
community often fail to prepare the essential require-
ments to run the software. This is one major cause
that endangers research reproducibility. Consequently,
enabling the “ready to use” concept is identified as cru-
cial to aid sustainable sharing and usability of the soft-
ware, thereby circumventing the tedious, error-prone and
time-consuming preparation process.

C5. Complying to the FAIR principles and software ci-
tation: For software that is extensively deployed for re-
search and which is a key component for many scientific
publications, it is important to comply with the FAIR
principles of Findability, Accessibility, Interoperability,
and Reuse [7]. Also, a sustainable way to publish and
archive specific software versions used to produce certain
results is to be addressed in view of long-term preserva-
tion. Moreover, publishing the used dataset and software
artifacts are starting to become a part of the require-
ments so as to realize a successful scientific publication
in standard research journals.

Some promising approaches to address the above key
challenges are elaborated on in the next section. Other
challenges often occurring in academic software devel-

1https://petsc.org/
2https://slepc.upv.es/
3https://cmor.rice.edu/software/ARPACK/
4https://software.intel.com/parallel-studio-xe/
5https://www.hdfgroup.org/solutions/hdf5/

opment include a lack of documentation and a lack of
proper software design. However, they are not addressed
in this contribution for the sake of brevity and are also
an ongoing research question.

Sustainable development and deployment
approaches
In this section, the various approaches used to enhance
the sustainability of the use case research code are out-
lined in view of the challenges listed in the previous
section. This contribution focuses on the following ap-
proaches and tools:

S1. Version control : A version control helps to track
changes and allows easy development involving multiple
developers who work on the same code base. A popular
example of a version control system is git and repositories
can be hosted for instance in GitLab or GitHub.

S2. Continuous integration (CI) and deployment : A CI
platform can perform a sequence of procedures, known
as a CI pipeline, upon every code change so as to assure
the quality of the software, reduce risks and enable local-
ization of bugs. Details on the positive effects of CI on
software can be referred to [9]. On every code commit
and push to the git repository, the CI platform runs the
pipeline that checks for the stability of the software with
newly integrated code change by performing automated
build and testing. As a result, the various functionalities
are constantly checked for stable operation. Any prob-
lems encountered by the CI platform are informed to the
developer for a closer look and resolution. Therefore, a
stable software release is available at all times and can
be continuously deployed for use.

S3. Testing : “Scientists spend 57% of the time finding
and fixing bugs.” - P. Prabhu et al.: A Survey of the
Practice of Computational Science, 2011. Software test-
ing is a powerful tool to ensure the functionality of the
software at all times. Software testing is an important
practice to check the proper functioning and to ensure
high software quality. Hence, it is important to inte-
grate software testing into a researcher’s software devel-
opment lifecycle. Integrating software testing method-
ologies helps a researcher and the research institution
in many ways such as easy identification of defects/bugs,
high software code quality and easy merging of codes and
features. A main component of the CI platform is per-
forming automated tests. A wide range of tests, around
150 types, are available; where popular among them are
unit testing, acceptance testing, and code-quality tests.
Unit tests help in testing the smallest unit of a code base
and are highly powerful when it comes to localizing and
fixing bugs. Here, test-driven development (TDD) prac-
tices, refer to [10], can be adopted to write test cases
efficiently and iteratively besides actual implementation.
Whereas, acceptance testing checks the application as a
whole from start to end and ensures proper operation.
This type of testing performs verification of the program
outcome against an expected outcome and is more of
a black-box type of testing. Hence, acceptance testing
scripts are readable documentation of a software’s sta-
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ble behavior. Finally, the code quality checks ensure
high code quality standards which are more helpful in
a project with more than one contributor, where it is
hard to manually maintain certain code standards. Here
one can use linters which are static code analysis tools
that can automatically check the code base for improve-
ments and report if the code has not met the desired code
quality standards or coding conventions.

S4. Containerization and handling dependencies: Using
container technologies, the software and required depen-
dencies like libraries and also the operating system can
be encapsulated. Unlike a virtual machine, containers are
lightweight and easy to share. As a result, the code en-
vironment is isolated and provides a stable environment
that can be shared between developers and users. As the
container includes all the required components, sharing
containers rather than sharing only the code improves the
chance of reproducing results to a great extent. For large
projects depending on a significant amount of external li-
braries like the presented use case, containers can highly
alleviate the effort to maintain these dependencies. Also,
code development can be performed inside these contain-
ers using IDE like Visual Studio Code6, which makes the
initial set-up a lot easier. With regards to the container
platform, popular choices are Docker7 containers for nor-
mal use and CI executions, and Apptainer/Singularity8

containers for deployment in HPC platforms.

S5. Publication and archival for long-term preservation:
A good scientific practice in publishing scientific results
includes publishing the accompanying data and software.
As mentioned earlier, a major outcome of the CI platform
for a successful pipeline is the availability of stable soft-
ware at any point in time. Meaning the software can be
published or archived to any publication repository like
Zenodo9 for long-term preservation. The software meta-
data can be handled for instance with Citation File For-
mat (CFF)10. The publication process can also be auto-
mated to provide a streamlined experience. The respec-
tive version can be then cited along with the scientific
article being published.

Application
Finally in this section, the successful application of the
presented approaches is shown for the use case - the el-
PaSo project. The whole application is illustrated with
the help of Fig. 1. In general, the use-case adopted the
approaches S1-S5 to confront the key challenges C1-C5.
The use case utilizes an institutional GitLab instance
[2] and established an extensive CI pipeline that ensures
proper compiling of the code, testing environment, error
diagnosis and deployment using docker containers.

Implementing a test cluster (see S3) in the elPaSo CI
pipeline (see S1 and S2) addresses challenge C1 (soft-
ware quality) considerably. The main duty of the test
cluster is to check for stable software behavior. Here

6https://code.visualstudio.com/
7https://www.docker.com/
8https://apptainer.org/
9https://zenodo.org/

10https://citation-file-format.github.io/
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Figure 1: Use case approaches for attaining a sustainable
development and deployment environment

for elPaSo, the test cluster executes numerous tests for
various test types: unit tests with GoogleTest11, accep-
tance tests (including the correctness and performance
checks) with elPaSo AUTOMATE tool12 and code qual-
ity checks with the C++ linter tool Clang-Tidy13. The
AUTOMATE tool is an in-house python implementation
that verifies the actual version of the code by executing
a set of vibroacoustic benchmarks [11] and producing de-
tailed test reports to enhance bug-localization based on
domain-specific information like error norms and com-

11https://google.github.io/googletest/
12https://git.rz.tu-bs.de/akustik/elPaSo-AUTOMATE/
13https://clang.llvm.org/extra/clang-tidy/
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parison of frequency response functions. As a result, any
problem-level errors can be tracked down using these de-
tailed reports. Any encountered errors are reported back
to the CI platform, here by creating a new issue auto-
matically within the GitLab issue board using python-
gitlab14.

Challenge C2 (dependency hell) is highly evident in the
case of elPaSo. The usage of container technologies
(S4) has helped with the sharing of the whole devel-
opment/usage environment. For the elPaSo project, a
base container and a software container are administered
in GitLab’s container registry. The base container in-
cludes the operating system and all dependencies. On
the other hand, the software container additionally in-
cludes CI-built elPaSo software releases. However, the
resulting software container images are heavy in terms
of size and also the time to build the containers. This
issue is addressed by centrally hosting pre-built versions
of the various dependencies in GitLab’s package registry.
For the elPaSo C++ dependencies, CONAN15 package
manager was used. This reduced the heavy installation
process to a few minutes where the building script can
automatically access these pre-built dependencies.

The framework of developing the elPaSo code in contain-
ers facilitates (S5) easy entry into the development envi-
ronment thereby addressing challenge C3. Similarly for
challenge C4, the users can easily pull the latest software
container to benefit from the latest implementations. In
HPC platforms, Apptainer/Singularity images are gener-
ated by converting the respective docker images.

Finally, with the help of publication and archival ap-
proaches (S5), challenge C5 is addressed by publishing
code and the respective container image generated by the
CI pipeline to an institutional repository LeoPARD16 for
long-term preservation. A digital object identifier (DOI)
is obtained for this software release that can be used for
citing the particular software version.

Conclusion
The effectiveness of the presented sustainable develop-
ment and deployment approaches was demonstrated us-
ing a use case vibroacoustic FEM software. The use case
incorporated a CI pipeline, various software testing rou-
tines, bug reporting, container technologies and efficient
handling of various dependencies. This has enhanced
the ease and quality of development, software citability
and usability of the software. In summary, the sustain-
ability of the research implementations is enhanced by
the adoption of the presented approaches and the men-
tioned challenges were addressed to a great extent. Fu-
ture challenges include automated streamlined workflows
for the publication/archival process, integration into nor-
mal work routines and sustainable approaches by improv-
ing software design.

14https://python-gitlab.readthedocs.io/
15https://conan.io/
16https://leopard.tu-braunschweig.de/
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