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ABSTRACT
Background:Metamorphic testing emerges as a simple and effec-
tive approach for testing scientific software; yet, its adoption in
actual scientific software projects is less studied.
Aims: In order for the practitioners to better adopt metamorphic
testing in their projects, we set out to first gain a deep understand-
ing about the current qualify assurance workflow, testing practices,
and tools.
Method: We propose to integrate various empirical sources, in-
cluding artifact analysis, stakeholder interviews, and gap analysis
from the literature.
Results: Applying our approach to the Open Water Analytics
Stormwater Management Model project helped to identify four
new needs requiring continued and more research: (1) systematic
and explicit formulation of metamorphic relations, (2) metamorphic
testing examples specific to the scientific software, (3) correlating
metamorphic testing with regression testing, and (4) integrating
metamorphic testing with build tools like CMake and continuous
integration tools like GitHub Actions.
Conclusions: Integrating different empirical sources is promising
for establishing a contextual understanding of software engineering
practices, and for action research, such as workflow refinements
and tool interventions, to be carried out in a principled manner.

CCS CONCEPTS
• Software and its engineering → Software organization and
properties; Software testing and debugging; Empirical software
validation.

KEYWORDS
metamorphic testing, scientific software, empirical software engi-
neering
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1 INTRODUCTION
Scientific software is an essential part in modern scientific discovery
andmany scientists today spend a considerable amount of their time
writing and managing code. Kreyman et al. [15] defined scientific
software as the software with a large computational component
providing data for decision support. Kanewala and Bieman [10]
adopted a broad view and referred to scientific software as the
software used for scientific purposes.

High-quality scientific software can make the difference between
valid, sustainable, reproducible research outputs and short-lived,
potentially unreliable or erroneous outputs. There are cases that
scientists retracted published work because of software faults [20].
There are also cases where scientists believed they needed to modify
the physics model, but later found that the real problemswere subtle
faults in the code [7].

Software testing, a mainstream approach toward assuring soft-
ware quality, is therefore important for developing scientific soft-
ware. However, due to some characteristics of scientific software
such as the complexity of the underlying scientific problem and
the lack of knowledge among the scientists on software testing,
applying testing in this domain is challenging. To understand scien-
tific software testing, researchers have applied different empirical
methods: reviewing the literature [10], surveying and interview-
ing practitioners [27, 33], and analyzing testing-related artifacts in
software repositories [25, 26].

To integrate the various empirical sources, we present an ap-
proach by concentrating on a specific technique, namely metamor-
phic testing (MT) [12]. Our goal is to understand the contexts in
which MT will be adopted, and to use the understanding to better
support the adoption. To that end, we show our long-term plan in
Figure 1 where five main research activities are depicted. In this
paper, we report some initial results of the first four activities of
Figure 1, in order to establish a contextual understanding of the
workflow, practices, and tools relevant to MT adoption in the Open
Water Analytics Stormwater Management Model (OWA SWMM)
project [24].

The main contributions of this paper lie in our approach integrat-
ing the empirical sources of software repositories, stakeholders, and
the research literature. In addition, the emerging results on the MT
gaps can inform the researchers and tool builders to better address
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Figure 1: Integrating various empirical sources to build a contextual understanding via artifact analysis from software reposi-
tories, stakeholder interviews, and gap analysis from literature reviews. Such an understanding could assist in designing better
interventions to improve the focused software engineering practices.

the adoption barriers. In what follows, we provide background
information of SWMM and MT in Section 2. Section 3 discusses
our research method, Section 4 presents the results, and finally,
Section 5 concludes the paper.

2 BACKGROUND
2.1 Stormwater Management Model
Stormwater Management Model (SWMM) maintained by the Open
Water Analytics (OWA) group [24] is a dynamic hydrology-hydraulic
water quality simulation model, used for single event or long-term
(continuous) simulation of runoff quantity and quality from pri-
marily urban areas. The OWA SWMM repository is forked from
the official SWMM source code repository maintained by the U.S.
Environmental Protection Agency (EPA) Office of Research and
Development [32].

SWMM source code is written in the C/C++ programming lan-
guage and released in the public domain. In particular, all the OWA
SWMM project materials created by the authors are released un-
der the MIT License [24], allowing us as researchers to study the
artifacts and publish our study results.

2.2 Metamorphic Testing (MT) for Scientific
Software

Software testing is a systematic approach where the program un-
der test is executed to verify that the produced output is correct
according to the expected behavior of the program. However, the
following quote from an R developer [33] reflects a major challenge
in scientific software testing: “It’s frequently difficult to test scientific
software, since you might not even know in advance what the answer
should be.” Given an input, not knowing the expected output of the
software under test is called the oracle problem [2]. As in most sci-
entific software systems, the oracle problem also exists in SWMM
due to reasons like the unavailability of historical runoff measures
and the modeling and computational approximations [9].

MT is an emerging technique for alleviating the oracle problem,
and has shown to be effective for testing scientific software [12].
Rather than focusing on the correctness of output from a single
execution of the software under test, MT checks whether a relation
(called a “metamorphic relation”) holds among multiple executions.
For instance, “the simulated surface water runoff is expected to
decrease when bioretention cells are added to an area of study” [18]
is a sample metamorphic relation for SWMM, allowing MT to be
performed by checking if the input change of adding bioretention

cells indeed leads to the output change of decreased runoff. In
this sense, the metamorphic relation effectively becomes a test
oracle, eliminating the need for knowing the expected output of
any individual SWMM simulation.

Despite the successful application of MT to a few simulation,
modeling, and numerical programs [29], there exist plenty of op-
portunities to further advance MT. In particular, scientific software
developers, similar to end-user programmers [3], normally have no
formal training in software testing or software engineering [33].
This poses difficulty for them to fully understand the limitations
and technical issues of MT; therefore, the availability of relevant
automated testing tools is important [3]. Another opportunity is to
apply MT to test software released in every iteration of agile devel-
opment [3], which requires a deep understanding of the software
testing practices between the iterations. Gaining such an under-
standing in the context of SWMM development is precisely the
focus of our work.

3 METHOD
Our idea, depicted in Figure 1, is to integrate different empirical
sources to achieve a contextual understanding for some software
engineering practices in scientific software development. In this
paper, our research objectives focus on SWMM developers’ quality
assurance (QA) workflow, software testing practices, and related
tools, because our longer-term goal is to introduce MT in a way
that will fit practitioners’ workflow and enhance testing efficacy in
scientific software development.

The focuses resulted from the first activity of Figure 1 guide
our artifact analysis of SWMM’s GitHub repositories. To model the
current QAworkflow, we paid special attention to the OWA SWMM
development project [24] in our research. This project is aimed
to take a community-driven approach to grow the capabilities of
SWMM. We take advantage of this community-based project since
its GitHub repository contains information about road-mapping,
contributing, testing, etc, allowing us to construct a QA workflow,
and to come up with several software testing and tooling questions
related to the workflow.

These questions drive our “stakeholder interviews” step of Fig-
ure 1. By interviewing six SWMM developers, we are able to clarify
their different testing practices, learn about the tools employed
by them, and elicit their perceptions toward MT. Based on the in-
terview results, we identify four requirements for adopting MT
in scientific software developers’ daily practices. We then survey
a sampled literature to investigate the extent to which the MT
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Figure 2: Quality assurance (QA) workflow extracted from the OWA SWMM’s GitHub repository [24]. Boxes represent main
activities, with the role annotated at the top and the tool annotated at the bottom. The red fonts and questionmarks highlight
what our repository mining failed to identify. We therefore interviewed the SWMM stakeholders to find out the answers.

adoption requirements are satisfied, pointing out the gaps to be
addressed by the research community.

4 RESULTS AND DISCUSSION
4.1 QAWorkflow and Tools
We manually analyzed the community wiki in the OWA SWMM’s
GitHub repository [24], and extracted a QA workflow shown in
Figure 2. The project welcomes issues (bugs or new features) raised
by the community. The community has three defined roles: users
are those who want to use SWMM as it is hosted on GitHub and get
updateswhen they are released, developers are thosewho implement
the changes to SWMM, and maintainers are gate keepers who are
able to push to the upstream repo as well as pushing to their fork.

While the issues are discussed in GitHub, we could not iden-
tify a software development environment (SDE) recommended for
SWMM developers to make code changes (and hence a red-fonted
“local SDE” with question mark in Figure 2). Given that developers
are asked to commit changed code and unit tests, learning about
developers’ local SDE helps to understand if and what MT support
might be needed during coding and committing.

Developer’s pull request (bottom right of Figure 2) informs others
the completion of an issue, and our searching of the OWA SWMM
repository identified only isolated practices of code review, test-
ing, and providing feedback. However, we were not clear about
their relationships and dependencies (if any). More specifically, it
is not clear to us what kinds of testing were performed here by the
maintainers and with which tools. Due to the lack of information
surrounding the pull request approval, we were also not sure if and
how tests were merged into a base branch.

4.2 Stakeholder Interviews and Responses
Analyzing the artifacts from the OWA SWMM’s GitHub repository
allowed us to build some initial understanding of the QA workflow:
who does what to maintain and evolve the scientific software. As

shown in Figure 2, our extracted QA workflow helps to raise sev-
eral questions, which we group into two main areas to guide our
stakeholder interviews: (1) local SDEs used and unit tests written
by the individual SWMM developers, and (2) maintainers’ testing
practices to approve code contributions. In addition, we are open
to receiving our interviewees’ comments about what is modeled in
Figure 2, correcting misunderstandings and filling in omissions.

We interviewed six active members of the SWMM community.
Table 1 uses the pseudonyms to present some SWMM-related back-
ground information of the interviewees. While five interviewees
are affiliated with the EPA, P6 represents a non-EPA contributor to
SWMM who is a hydroinformatics engineer from industry. Half of
the interviewees are developers who implement SWMM changes,
and the other half are maintainers who also review, test, and pro-
vide feedback to other developers’ code. All our interviewees have
worked on SWMM for over two years, and are contributing to the
scientific software project on a continuous and consistent basis.

Our interviews were carried out via web conferencing due to
the COVID-19 pandemic. Each interview session lasted around 30
minutes. We began by introducing our research objectives (i.e., to
understand SWMM’sQAworkflow, testing practices, and tools), and
then projected Figure 2 to the shared screen with the interviewee in

Table 1: Interview Participants and Their SWMM-Related
Status (the “Affiliation” and the SWMM “Role” columns
show the current status, and the “Experience” column re-
ports an estimated time period of total SWMM involvement)

Interviewee Affiliation Role Experience
P1 EPA developer 3.5 years
P2 EPA developer 2.5 years
P3 EPA developer 3 years
P4 EPA maintainer 6 years
P5 EPA maintainer 4 years
P6 industry maintainer 3 years
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Table 2: Participants’ Responses to the Main Interview Questions

Questions developer’s code change maintainer’s change approval
local SDE unit testing regression testing continuous integration (CI)

Visual Studio (P2, P4, P5, P6), Boost library of C++ unit test A set of regression GitHub Actions responsible for
MS Code (P4), XCode (P4), (P1, P4, P5), CTest as part of tests viewed as the running the CI pipeline and

Responses Eclipse (P4), Shell & text CMake (P4), local regression benchmark of the notifying contributors of the
editors (P1, P3, P4, P6), CMake testing (P1), ad hoc MT (P1, P6) entire community workflow, failures, and degree
frees up SDEs & platforms (P4) (P3, P4, P5, P6) of completion (P1, P3, P4, P5)

order to better contextualize our questions. We asked each SWMM
stakeholder to respond to themain questions of software testing and
QA during developer’s code change and during maintainer’s change
approval. We were also flexible in eliciting comments beyond the
main questions, and reserved a time slot toward the end of each
interview to collect the feedback from the participant in an open-
ended way.

The responses to our main interview questions are summarized
in Table 2. The mostly mentioned SDE was Visual Studio, since
SWMMwas written in C/C++. However, using shell and text editors
like notepad was another popular choice among our interviewees.
An important aspect was emphasized by P4: SWMM’s adoption
of CMake frees up individual developers’ SDEs (e.g., Visual Stu-
dio, XCode, or notepad) and platforms (e.g., Windows, Linux, and
MacOS). The impact of CMake extends to unit testing in that the
RUN_TESTS build target is aimed to run the tests registered with
CTest (Req -DBUILD_TESTS=ON). The CMake build map from [24]
illustrates the integral role that Boost plays in SWMM.

It is worth noting that a couple of the interviewees shared their
experience of doing unit testing by using the core idea ofMT, though
the term “MT” was not mentioned by them. P1 stated that, “In a
physical system [and hence in SWMM], we should expect [that if] the
infiltration rate increase, then the runoff will decrease.” The relation
of “infiltration rate increase leading to runoff decrease” is clearly
a metamorphic relation that could help the developer to test the
code and code changes. Although some SWMM developers already
practiced MT, making the metamorphic relations more explicit and
having good examples will help better convey the MT’s core ideas
and promote more MT practices in the context of SWMM.

A majority of our interviewees pointed out the importance of
regression testing as part of maintainer’s QA workflow. In particu-
lar, about 50 regression tests were written by one of the original
developers of SWMM. These tests cover such core computations
that not only the maintainers but the entire SWMM community
rely on them to assure the software preserves certain behaviors
amid changes. Quoting P6 who is a non-EPA contributor, “(The set
of) regression tests is benchmark to me; I don’t think anyone should
be playing with these regression tests.” This raises an interesting
question: When certain behavior is desired to change, how to safely
evolve the benchmark? We believe MT can play a role in this evo-
lution.

Our question about the tooling for handling pull requests and
merges was answered bymore than half of the interviewees: GitHub
Actions provide SWMMmaintainers various continuous integration
(CI) capabilities to run a series of commands after a specified event
has occurred, e.g., commits, pull requests, etc. Thus, integrating

MT into CI tools like GitHub Actions (e.g., via newly defined event-
driven APIs) would fit the software QA workflow. Our stakeholder
interviews uncovered the following needs to facilitate scientific
software developers’ adoption of MT in their daily work:

• N1: Systematic and explicit formulation of metamorphic
relations;

• N2:MT examples specific to the scientific software;
• N3: Correlating MT with regression testing; and
• N4: Integrating MT with build tools like CMake and CI tools
like GitHub Actions.

4.3 Literature Analysis
We conducted a literature analysis in July 2021 to determine how
the current work addresses the four needs listed above. To iden-
tify the relevant articles, we conducted a Google Scholar search
with the keywords: “scientific software”, “ metamorphic testing”,
and “metamorphic relations.” We limited the search results to ar-
ticles published since 2005 as we were interested in analyzing the
latest work. Furthermore, we used the following criteria to filter
the returned articles: (1) must describe a technique/tool developed
for scientific software, and (2) should include an evaluation con-
ducted on scientific software. From the returned search results, we
identified the 15 papers listed in Table 3 as satisfying our criteria.

The majority of the identified papers (11/15) provided examples
(N2) of applications of MT on scientific software from various do-
mains such as bioinformatics and mathematics. However, reusing
the MRs developed in these studies when testing a similar software
is not straightforward, since these MRs are not available in a loca-
tion such as a publicly accessible repository. Seven out of the 15
papers provided several techniques that could assistN1. These tech-
niques include using machine learning to systematically identify
MRs and manual yet systematic approaches for deriving MRs. How-
ever, these techniques are not integrated with scientific software
development; thus, more work needs to be done to incorporate
them with day-to-day scientific software development. None of the
papers that we examined address the needs N3 and N4; thus, more
work needs to be done on developing approaches of utilizing MT
for regression testing and integrating MT with widely used tools
for building and continuous integration.

4.4 Threats to Validity
Our study involves three key constructs: QA workflow, testing
practices, and tools. We relied on artifact analysis from GitHub
to devise a QA workflow model, and stakeholder interviews to
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Table 3: Results of Analyzing Relevant Papers (ordered reverse-chronologically, and in the same year, alphabetically by the
last name of the leading author): MR – metamorphic relation, • – addresses the need, ◦ – partially addresses the need.

Paper Goal of the paper N1 N2 N3 N4
Lin et al. - 2020 [17] Iterative MR development for testing scientific simulations ◦ •
Olsen & Raunak - 2019 [23] Application of MR for testing scientific software •
Shahri et al. - 2019 [30] Application of MR for testing scientific software •
Akgün et al. - 2018 [1] Application of MR for testing scientific software •
Hardin & Kanewala - 2018 [8] Predicting MRs for testing scientific software ◦
Lin et al. - 2018 [16] Incremental development of hierarchical MRs for testing scientific software ◦
Rahaman & Kanewala - 2018 [28] Predicting MRs for testing scientific software ◦
Srinivasan et al. - 2018 [31] Application of MR for testing scientific software •
Ding & Hu - 2017 [5] Iterative MR development of scientific software ◦ •
Ding et al. - 2016 [6] Iterative approach for developing MRs for testing a scientific program ◦ •
Kanewala et al - 2016 [11] Predicting MRs for testing scientific software ◦
Kanewala et al. - 2016 [13] Application of MR for testing scientific software •
Lundgren & Kanewala - 2016 [19] Application of MR for testing scientific software •
Olsen & Raunak - 2016 [22] Application of MR for testing scientific software •
Yan et al. - 2016 [34] Application of MR for testing scientific software •

understand their testing practices and the tools that they used. We
therefore believe the threats to construct validity are low.

Some factors can affect the internal validity of our study. First,
our artifact analysis for modeling the QA workflow might be in-
complete. For example, a couple of interviewees pointed out that
“not approved” changes did exist in the GitHub repository and de-
velopers may work on them when they are free. Nevertheless, all
the interviewees agreed that the workflow of Figure 2 captured
the QA process well, which prevented us from asking open-ended
questions, e.g., “Can you describe the QA workflow?” or “What
testing tools do you use?” In line with Cohene and Easterbrook’s
experience [4], the workflowmodel of Figure 2 took longer to create
yet the responses that we received tended to be shorter and more
focused. Another threat to internal validity is our manual assess-
ment of the literature identified in the gap analysis. To minimize
the threat, two researchers independently assessed how well each
identified paper addressed the needs, and their disagreements were
resolved in a virtual meeting.

Our results may not generalize beyond the particular scientific
software that we studied, presenting some threats to external va-
lidity. In particular, different QA processes and testing tools might
apply to scientific software projects that are not open-sourced, or
not producing a self-contained simulation application. For instance,
there may be different needs to adopt MT in numerical and machine
learning libraries, e.g., GNU Scientific Library (GSL), scikit-learn,
OpenCV (Computer Vision), etc.

5 CONCLUSIONS
Testing software in the scientific domain faces some unique chal-
lenges due to inherent complexities in scientific software and the
scientists’ lack of knowledge in testing. MT can overcome many
of these challenges and be an effective testing technique in this
domain. However, not much work is done toward understanding
scientific software QA workflow and how MT fits. To this end, we

conducted an artifact analysis followed by stakeholder interviews
and literature analysis.

Based on our artifact analysis and stakeholder interviews, we
identified the following four needs that will facilitate the adoption of
MT in scientific software development: N1: Systematic and explicit
formulation of metamorphic relations, N2: MT examples specific to
the scientific software, N3: Correlating MT with regression testing,
andN4: Integrating MT with build tools and continuous integration
tools. Subsequent literature analysis revealed that N2 is addressed
by the majority of the studies that we examined. However, the
developed MT examples and the related metamorphic relations are
not easily accessible to the practitioners. Several studies could assist
with N1, but they need to be applied and evaluated in the context
of scientific software development. We could not find any studies
that address the needs N3 and N4.

In the future, we plan to expand this study to several other scien-
tific software development projects to confirm the identified needs
and discover new requirements. To that end, theoretical replica-
tions [14, 21] may be worth conducting. We also plan to develop
the tools and resources to facilitate the MT adoption in scientific
software development based on the identified needs, continuing
with the step of “Action Research” shown in Figure 1.
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