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Abstract: Research outputs in general require certain qualities to facilitate reuse
as described by the FAIR Principles. For research software specifically, software
engineering methods can help realize these goals. However, the desired qualities
may differ between commercial and research software or even software in high-
performance computing (HPC) environments. This work aims to analyze the current
research on software quality in HPC and, in particular, identify important quality
characteristics. Therefore, we conducted a systematic literature review on 29 rel-
evant papers and compared our results to the established ISO/IEC 25010 SQuaRE
(Systems and software Quality Requirements and Evaluation) quality model. In our
analysis, the most frequently considered quality characteristics are performance,
correctness, portability and maintainability, as well as trade-offs between perfor-
mance and other characteristics. Compared to SQuaRE, our findings do not include
compatibility, security and safety aspects. The insights from this study provide a
starting point for research software engineers in quality considerations for their ap-
plications. Additionally, the comparison to SQuaRE could indicate gaps that should
receive more attention to improve the reusability of HPC applications.

Keywords: software quality, high-performance computing, research software engi-
neering, quality characteristics, ISO/IEC 25010, SQuaRE

1 Introduction

The FAIR Principles [WDA ™ 16] describe qualities for research outputs in general that facili-
tate their reuse. For research software specifically, reusability means that a software is “both
usable (can be executed) and reusable (can be understood, modified, built upon, or incorporated
into other software)” as defined in the FAIR4RS Principles [BCK "22]. Similarly, Collberg and
Proebsting [CP16] emphasize the importance of sharing software for repeatability to allow evalu-
ation and for benefaction to enable building upon existing results. Software engineering methods
can help realize these goals but need to be adapted to the needs and conditions of research soft-
ware.

For scientists across many domains, it is often necessary to make use of a high-performance
computing (HPC) system’s computing and memory capabilities. In this context, reuse of existing
software can even be a necessity because it is infeasible to re-implement complex applications
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from scratch. Moreover, executions are expensive with respect to the required resources making
it even more critical to ensure that the software runs without errors and produces the expected
results. In this study, we therefore do not look at research software in general but specifically at
software in HPC environments. HPC software has unique challenges that impact how software
quality is approached including the focus on performance optimization, system heterogeneity,
execution on clusters that are not under the control of the developer or researcher, and increased
complexity due to parallelization [BLC" 16, BCC*08, SB12]. For instance, automated tests run
in a Continuous Integration (CI) pipeline are more difficult since hardware-specific implemen-
tations require actual cluster environments rather than isolated setups like Docker containers.
Additionally, developing reliable tests for parallel code introduces further complications.

This study aims to deepen our understanding of how quality is defined for software in HPC
environments. To achieve this, we conducted a Systematic Literature Review (SLR) of existing
research on the topic. In particular, we analyze the quality characteristics that are discussed. We
employ the established ISO/IEC 25010 SQuaRE (Systems and software Quality Requirements
and Evaluation) software quality model [Int23] for a comparison with our findings to identify
commonalities and potential gaps. As such, our insights provide a starting point for quality
evaluation of HPC research software and contribute towards improving its reusability.

2 Methodology

The purpose of this study is to investigate the existing research on quality characteristics for
software in HPC environments. It can be structured with the following research questions:

RQ1 What is the current state of research on quality characteristics of software in HPC environ-
ments?

RQ2 Which quality characteristics of software in HPC environments are considered in the liter-
ature?

RQ3 How do the quality characteristics from RQ2 compare to existing software quality models?

To address these research questions, we examine the state of research for RQ1 by analyzing
the publication years, types of contribution, domains and connections between publications. We
focus specifically on the quality characteristics and compare them to existing quality models that
will be introduced in Subsection 3.1. Therefore, we have conducted the SLR oriented towards
the guidelines by Kitchenham and Charters [KCO07], which have been specifically adapted for
software engineering research. The steps of our process have been developed and discussed
collaboratively by both authors and will be described in the following sections.

2.1 Data Sources and Search Strategy

We are interested in literature about both software quality and HPC. Thus, we have constructed
our search query to connect both topics. For the HPC part, we included various notations of
high-performance computing. For the software quality part, we also included code quality be-
cause software in HPC is often referred to as “code”. Additionally, we considered software
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sustainability. Although there is no standard and comprehensive definition of software sustain-
ability, it can, from a technical perspective, be viewed as an overarching concern that includes
multiple quality characteristics [VKB21]. Lastly, we included the higher-level field of software
engineering, but only when quality or sustainability are also explicitly mentioned. The resulting
search string is constructed as follows:

"software quality"

or "hpc"
"code quality" or
or and | "high performance comput*"
"software sustainability" or
or "high-performance comput™*"

("software engineering" and ("quality" or "sustainability"))

As relevant literature can come from different domains and disciplines - HPC, software engi-
neering or the application domain of the software - we have used three different indices: Sco-
pus', BASE (Bielefeld Academic Search Engine)’, and dblp computer science bibliography”.
The query has been adapted to the syntax and capability of each search engine.

2.2 Selection Criteria

To find relevant publications, we manually filtered the results based on the inclusion and exclu-
sion criteria outlined in Table 1. This step was conducted solely by the first author. During the
selection process, we were able to exclude many publications by reviewing their titles, abstracts
and keywords because they either fit into one of the exclusion criteria or did not meet one of the
first two inclusion criteria. Applying especially the third inclusion criterion, however, required a
more thorough reading of the full articles. To do so, we initially examined each paper’s introduc-
tion and conclusion to gain an understanding of its context. This also helped us identify which
sections were most relevant to quality characteristics; those sections were read in detail, while
other parts were skimmed to ensure no important information was overlooked.

U https://www.scopus.com/
2 https://www.base-search.net/
3 https://dblp.org/
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Inclusion criteria Exclusion criteria
1. Quality refers to an application software (ex- 1. Written in another language than English
cluding, for exampl'e, HPC inf?astructure 2. Duplicates
software, result quality and quality of ser-

3. Pre-prints or earlier / shorter versions of a
publication that is also included

vice)
2. The software is intended to be executed in an ) )
HPC environment 4. Not in continuous full-text format (e.g. tu-
torials, posters, presentations, extended ab-

3. The characteristics of software quality are de- stracts)

fined and analyzed
5. Primarily about teaching the topics

Table 1: Inclusion and exclusion criteria.

2.3 Data Extraction

The extraction step was also carried out solely by the first author using the same reading process
as described in Subsection 2.2 for filtering. The extracted data was recorded in a CSV file and
the corresponding text was marked in the PDF of each publication. In the following, we describe
the data that was collected for each included publication.

To generally characterize the state of research for RQ1, we collected the publication year.
We also aimed to understand how the publications are interconnected and therefore extracted
all of their references without filtering. Whenever possible, we utilized the DOI (Digital Object
Identifier) as a unique identifier for each resource. The references were partially obtained using
the CrossRef API* but were checked and completed manually.

To group the publications based on their contributions, we use the following categories:

* The proposal of a tool or process that helps to measure or improve software quality or
certain aspects of it.

* The presentation of a software including a description of how software quality is ap-
proached in its development.

* An analysis of software quality, for example, the current state or the impact of certain
factors.

It is important to note that these categories are not mutually exclusive. For instance, the pro-
posal of a tool or process often includes an analysis quantifying its effect on software quality
or references to specific software use cases. Similarly, the presentation of a software often in-
cludes tools and processes employed to achieve quality goals. In such instances, we assigned the
publication to the category that best reflects its primary focus.

Furthermore, we collected whether the publication refers to software within a specific domain
or methodology, helping us evaluate the generalizability of our results. For domains, we used the

4 https://api.crossref.org/
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scientific disciplines of the DFG subject area structure [Deu24]: Humanities and Social Sciences,
Life Sciences, Natural Sciences, and Engineering Sciences. Publications that address multiple
domains or are not specific to an application domain were classified as General.

The most important information for our study is the software quality characteristics, which is
the basis for addressing RQ2 and RQ3. We extracted the characteristics that were stated as being
important for software quality. Moreover, we noted if trade-offs are mentioned between two or
more quality characteristics.

2.4 Data Synthesis and Mapping

To compare the extracted quality characteristics with existing software quality models, we mapped
them to the quality characteristics defined by the International Organization for Standardiza-
tion [Int23]. Therefore, we revisited the marked text from the publications to understand how
the characteristics were defined or in what context they were used, such as the concrete goals
they were associated with. An initial suggestion for the mapping was prepared by the first author
and included explanations where necessary. This draft was then discussed and refined with the
second author and several colleagues. A summary of the characteristics and their mapping can
be found in Table 7 and is detailed in Subsection 4.3.

3 Related Work

In the following, we will provide a brief overview on the software quality models that will be
used for comparison and studies related to our research.

3.1 Software Quality Models

Software quality models formalize the different characteristics that are important to a software’s
quality and show the relationships and hierarchies between them. For the comparison to our
results, we will mainly use the SQuaRE (Systems and software Quality Requirements and Eval-
uation) / ISO 25010 quality model [Int23]. An overview of its characteristics and corresponding
sub-characteristics can be found in Figure 1. Aljarallah and Lock [AL19] find that it is not only
recent, widely accepted and the most complete, but also covers the characteristics important for
software sustainability. Their results suggest that the characteristics for software quality and soft-
ware sustainability are similar, but the focus and therefore the importance of the characteristics
is different.

While SQuaRE addresses software quality in general, Koteska et al. [KMP18] propose a qual-
ity model specifically tailored to scientific applications. In addition to the characteristics shown
in Figure 2, their model includes metrics for quantitative measurement. All of the characteristics
are also present in SQuaRE: Although changeability and portability are not included directly, it
is noted that “[m]odifiability is a combination of changeability and stability” and flexibility was
called portability in the previous version [Int23]. In contrast, the quality model for scientific
software contains significantly fewer characteristics. Therefore, we primarily utilize SQuaRE
for comparison with the quality characteristics from our results while also examining how our
findings align with those identified by Koteska et al.
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Figure 1: Software Product Quality Model in SQuaRE (Systems and software Quality Require-
ments and Evaluation) / ISO 25010 [Int23] with the characteristics in gray boxes on the top row
and their respective sub-characteristics below.
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Figure 2: Software quality model for scientific applications [KMP18] with the characteristics in
gray boxes on the top row and their sub-characteristics below if they exist.

3.2 Similar Studies

There are several studies on software engineering in HPC. Carver et al. [CKSPO7] present lessons
learned from case studies of HPC software for computational science and engineering. In there,
the most highly ranked project goals are correctness, performance, portability and maintainabil-
ity. Moreover, they find that performance often competes with the other goals and that portability
has high importance across all of their case studies. Additionally, a lesson learned is that verifi-
cation and validation is difficult in this environment.

Similar challenges are identified by Basili et al. [BCC'08] in their observations of software
engineers on how code is developed in the domain of HPC simulation software. While their re-
search is not primarily about quality, it is related to two of the challenges they identify: Balanc-
ing performance and development effort - including portability and maintenance - and validating
HPC simulation software, which they find to be qualitatively different from commercial soft-
ware. They conclude that software engineering practices have to be tailored to meet the specific
needs of the HPC community.

In [GSND20], Grannan et al. examine a set of successful HPC scientific simulation applica-
tions regarding their productivity- and sustainability-related practices. They find that developers
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increasingly emphasize software engineering practices and factors like longevity, robustness and
productivity of software developers. This study is also mainly about software engineering prac-
tices which is connected to quality characteristics because they can be improved with certain
practices.

[PMV*16] introduces the “Scalability-Efficiency/Maintainability-Portability Trade-Off” in
HPC simulation software and present an SLR on the topic. They find evidence for the phe-
nomenon in the literature but identify the need for an empirical foundation, metrics and methods.
All attributes involved in the trade-off correspond to quality characteristics in SQuaRE, as shown
in Subsection 3.1.

Arvanitou et al. [AACC21] conduct a study on software engineering practices in research soft-
ware. Their research is not specific to HPC, but they note that “because scientific software often
demands a large number of calculations over vast amounts of data, these applications make heavy
use of High-Performance Computing” [AACC21]. While the study is again mainly focused on
practices, they also collect data on quality attributes to catalog the impact of practices on quality
attributes. They find that the most studied quality characteristics are performance, productiv-
ity, maintainability, portability and scalability. They conclude that, therefore, performance must
always be taken into account and trade-offs should be analyzed.

In summary, there are multiple studies on topics of software engineering in HPC with results
that relate to quality characteristics and thus allow for comparison. The main novelty of our study
lies in its direct focus on quality characteristics themselves and the comparison with software
quality models.

4 Results

The search following the process outlined in Subsection 2.1 yielded a total of 282 results on
August 8th, 2024, after excluding duplicates. After filtering according to the selection criteria
detailed in Subsection 2.2, 29 relevant publications remained. We also included a step to con-
solidate data from multiple publications if they were by the same first author, on the same topic,
and had identical data extracted. All selected works are published as journal articles or confer-
ence proceedings. The data extracted from these publications can be found in [Lum25b] and the
source code for the figures based on this information in [Lum25a].

4.1 General Results

Figure 3 shows the distribution of publications over the years. The earliest included paper was
published in 2004. From 2011, publications appear more regularly. It is important to note that
the count for 2024 includes only publications released up until August.

When analyzing references of the publications to find out how they are connected, we find that
there are only three references to another of the publications. While multiple references are cited
across more than one publication, as summarized in Table 5, none appear more than three times.
Eight publications do not have any common references with others.

The categories proposed in Subsection 2.3 are represented fairly evenly as it can be seen in
Figure 4. A slight majority of the results focus on tools or processes for measuring or improving
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software quality but there are also 33% and 27% respectively about the analysis of software
quality and software quality in specific applications. An overview of the publications in each
category can be found in Table 2, Table 3 and Table 4.

Figure 5 shows the application domains specified in the publications. By far the majority is
classified as “general” meaning that there is either no domain mentioned or multiple domains.
All disciplines are represented except for Humanities and Social Sciences. With half of the
publications being domain specific, the Soffware category has noticeably more than the rest of
the results. However, this is expected, given that these publications are about a concrete software
project which naturally often is specific to an application domain. In addition, we find that
several publications specify their focus on HPC simulation software. Apart from that, no other
methodologies are mentioned. The detailed numbers can be found in Table 6.

Quality Characteristics for Software in HPC Environments

(=)}

o1

software

N

tool /process

w

N

Number of publications

—_

o

analysis

Figure 3: Frequency of publications per
year.

Figure 4: Categorization of the publica-
tions.

Author

Summary

Al-Johany et al. [ASEA24]
Anzt et al. [ACC'19]

Bigot et al. [BLC"16]

Cohen et al. [CCCT14]
Damevski and Dahlgren [Dam11, DD11]
Feld et al. [FGH'21]

Hallissy et al. [HLS™16]
Hussain et al. [HCN21]

Panas et al. [PQV07]

Sdez et al. [SSY T24]

Sgambati and Anderson [SA23]
Tronge et al. [TCG'24]

Static analysis tool for detecting and correcting MPI defects
Framework for automatic performance evaluation

Quality procedures in the development workflow
Component-based framework for platform-agnostic usage
Design by contract with reduced overhead

Automated build and testing infrastructure

Quality assurance for computation-based engineering
Automated detection of code quality rule violation

Code quality feedback tool

Procedures to improve the quality of existing codes

HPC container strategy for software quality assurance
Container-based continuous integration scalability testing tool

Table 2: Summary of the included publications in the tool/process category.

8/28



EH ECEASST

Author Summary

D’ Amore et al. [DMBC14] Insertion of PETSc in NEMO
Dembinski et al. [DNRU19]  Design and development of CORSIKA 8
Feichtinger et al. [FDK"11]  Design and development of WaLBerla

Godoy et al. [GHW 23] Incorporating modern software engineering practices in QMCPACK
Loffler et al. [LBAS14] Design and development of Cactus

Melone and Jones [MJ23] Continuous integration system for the HTR solver

Mirams et al. [MAB™13] Design and development of Chaste

Pfliiger and Pfander [PP16] Trade-off between computational efficiency and other quality attributes in SG++

Table 3: Summary of the included publications in the software category.

Author Summary

Arenaz and Martorell [AM19] Experimental evaluation of Parallelware static code analysis tools

Baker [Bak21] Overview of challenges and employed strategies in HPC for climate science
Bernabé et al. [BGIT19] Portability study of an ADTCA implementation using OpenCL

Killén et al. [KHH14] Evaluation of the effect of refactoring on code quality

Kempf and Bastian [KB19] Comparison of development models regarding quality criteria

Koteska and Mishev [KM13] Analysis of scientific software development to identify suitable practices
Milewicz and Rodeghero [MR19]  Position paper about the importance of usability in scientific HPC software
Post and Kendall [PK04] Lessons learned on quality engineering in the ASCI program

Wagner et al. [WPM15] Structured overview of challenges in simulation software engineering

Table 4: Summary of the included publications in the analysis category.

Description Value

Direct references between the selected publications 3
References that are used in 2 of the selected publications 25
References that are used in 3 of the selected publications 4
Publications that have no common references 8

Table 5: Numbers extracted from the references of the publications.

Category Simulation-specific results
Tool/process  2/12 (16.67%)

Analysis 4/9 (44.44%)

Software 6/8 (75.0%)

Overall 12/29 (41.38%)

Table 6: Specification of the simulation methodology overall and per category.
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life sciences

engineering sciences engineering sciences

natural sciences

general

general

(a) Overall (b) Tool/process

life sciences natural sciences

engineering sciences

general

natural sciences general

(c) Software (d) Analysis

Figure 5: Distribution of application domains for the overall results and per category.

4.2 Quality Characteristics

In our initial analysis of the quality characteristics that were mentioned in the publications, we
mostly left the characteristics as they were extracted. The only modifications were made to sim-
plify certain terms, including that (computational) performance was shortened to performance,
computational efficiency to efficiency and code and performance portability to portability. In one
instance, we have done the opposite and made characteristics more specific due to varying mean-
ings of the same term. Consistency in [Bak21] refers to outputs leading to the same scientific
conclusion even though they are not bit-identical so we specified the term to result consistency.
In [HLS"16], on the other hand, consistency is defined as there being no regression in quality,
which is why we have renamed it to quality consistency.

An overview of all the characteristics and their frequencies can be found in Figure 6. Figure 7
shows the same per category with characteristics mentioned fewer than three times removed for
clarity. Overall, as well as within each category, performance is the most important characteristic
or one of the most important characteristics. This is especially the case in the fool/process cate-
gory. In contrast, the results for software are more evenly distributed. The four most frequently
mentioned characteristics are performance, correctness, portability and maintainability. They
also appear at least three times in every category.
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Figure 6: Frequency of each quality characteristic that appears more than once on the left and a
list of characteristics appearing once on the right.

Software quality characteristic
Software quality characteristic

Software quality characteristic

10

10

(a) Tool/process (b) Software (c) Analysis

Figure 7: Frequency of appearance of each quality characteristic per category. Only characteris-
tics with at least three appearances are shown.

4.3 Mapping to the ISO/IEC 25010 SQuaRE Software Quality Model

For the mapping of the characteristics from Subsection 4.2, there are different scenarios. The
most straightforward case occurs when a characteristics already appears in the SQuaRE model
as either a characteristic or sub-characterstic using the same term, a synonym, or a very simi-
lar term. Examples for direct matches are maintainability as a characteristic and modularity as
a sub-characteristic. Regarding synonyms, we have mapped adaptivity to adaptability. Addi-
tionally, portability was mapped to flexibility and usability to interaction capability because the
terms were used in the previous SQuaRE version ISO/IEC 25010:2011 [Int23]. For portability,
however, it should be noted that in the context of HPC it refers the portability to another platform
and not to other requirements or contexts of use, which flexibility includes as well according to
the SQuaRE definition [Int23]. Similar terms included mapping performance to time behaviour
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and extensibility to modifiability. Accuracy was mapped to correctness because “[p]recision is
one of the attributes of correctness” [Int23].

If terms are used more broadly and include aspects of multiple closely related SQuaRE char-
acteristics, we have looked into the usage in the source material and mapped them to the most
prevalent characteristic. Accessibility appears twice in our results and has been split into inclusiv-
ity and user assistance compared to the previous SQuaRE version ISO/IEC 25010:2011 [Int23].
In [CCC™ 14], the term is used in the context of creating user interfaces that abstract away part of
the complexity of HPC codes to make them more accessible to users with different backgrounds
making it fit best to inclusivity. In contrast, [KB19] emphasizes assisting users and develop-
ers with good error handling, documentation and training resources and thus refer more to user
assistance. Development effort is described as “how difficult [it] is to write and maintain the
code” [BGI"19]. While the complexity of writing the code is relevant when comparing differ-
ent approaches, it does not matter that much for the quality anymore once the software exists.
Therefore, we have mapped it to maintainability.

Next, some characteristics fit under an existing characteristic in SQuaRE but address aspects
not yet represented within the sub-characteristics. These include comprehensibility, simplicity
and transparency under maintainability, quality consistency under reliability, understandability
under interaction capability, and energy efficiency under performance efficiency. We have again
looked at the context of how the terms were used in the sources to map it to the best fitting char-
acteristic. As comprehensibility is used in the context of new developers in [WPM15], we used
maintainability as the main characteristic. Although understandability is a very similar term, it
fit better under interaction capability because it is discussed in the context of scientists extending
the software for their use cases in [FDK " 11]. Additionally, we classify scalability as an added
sub-characteristic of performance efficiency, despite it also appearing as a sub-characteristic of
flexibility in SQuaRE. There, it is described as the “capability of a product to handle growing or
shrinking workloads or to adapt its capacity to handle variability” [Int23]. In the context of HPC,
however, it refers to the ability to improve performance by utilizing additional resources. Thus,
we deemed it more appropriate as a sub-characteristic of performance efficiency.

Lastly, two characteristics could not be mapped directly to any SQuaRE characteristic: re-
producibility and traceability. While they do not fit exactly into existing categories, they are
nonetheless connected to them. For a software to compute reproducible results, it has to function
reliably and have functional requirements that support reproducibility. Traceability contributes
to maintainability, particularly in terms of analysability, as well as flexibility and compatibility.

An important point to highlight is the mapping of sustainability to maintainability. As men-
tioned earlier, we view sustainability as an overarching goal that encompasses multiple charac-
teristics. However, in the publication from which we extracted this term, it is defined as “aspects
of sustainability of the software development process” [KB19], including elements such as test-
ing and documentation. Therefore, we find the mapping to be appropriate within this particular
context.

A summary of the mapping with explanations can be found in Table 7. Figure 8 provides
an overview of the characteristics and their frequencies grouped by the main characteristics of
SQuaRE. Given that certain characteristics have a lot more sub-characteristics than others, we
also visualized the frequency of each main characteristics, counting instances where the char-
acteristic or at least one of its sub-characteristics is considered, in Figure 9. Additionally, it
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is noteworthy that three characteristics are not represented in our results at all:

security and safety.
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Figure 8: Frequency of appearance of each quality characteristic mapped to the SQuaRE main
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4.4 Trade-offs between Quality Characteristics

Eleven of the publications describe a trade-off between different quality characteristics. Nearly
all of them involve performance efficiency characteristics in relation to another characteristic,
often described as the performance cost of a measure aimed at improving other qualities. The
other characteristics include aspects of maintainability (eight times), portability (four times),
usability (two times) and correctness (one time). Other trade-offs that appear one time each
include those between energy consumption and performance, as well as between correctness
and usability. Notably, six of these instances occur within the analysis category, indicating that
trade-offs are predominantly discussed in that context.

For example, Kempf and Bastian [KB19] illustrate trade-offs in software quality characteris-
tics across different development models. They note that while writing HPC code from scratch
yields optimal performance, hardcoding problem and hardware specifics negatively affects other
qualities. To enhance especially extensibility, frameworks can be used instead. They define in-
terfaces and encapsulate code. However, these interfaces may introduce assumptions that limit
performance. Additionally, while frameworks can improve portability when combined with gen-
erative programming, this may restrict extensibility and impact sustainability [KB19]. Similarly,
Kéllén et al. [KHH14] found that refactoring code improved maintainability but reduced perfor-
mance mainly due to the introduction of dynamic polymorphism. They suggest a compromise
by employing static polymorphism in performance-critical parts.

5 Discussion

This section is organized by the research questions introduced in Section 2. We point out the
results that we believe give insight on answering the questions, give our interpretations and - if
applicable - compare them to the results of other studies. Lastly, we reflect on the strengths and
weaknesses of the study.

5.1 State of Research (RQ1)

Research on quality characteristics for HPC software can be described as relatively new, with the
first included study dating back to 2004. This timeframe coincides with the period where Arvan-
itou et al. [AACC21] observed a significant increase in research focused on software engineering
practices for scientific software. In contrast, our results indicate that this substantial increase in
research specifically related to quality characteristics in HPC occurred only around 2011/2013,
nearly ten years later. However, given that we only have 29 datapoints spanning 20 years, any
conclusions drawn regarding trends should be interpreted cautiously. Nevertheless, the results
clearly demonstrate that quality characteristics are a current topic of interest in HPC. Follow-
ing the period covered in Arvanitou et al.’s study through 2019, we identified nine additional
publications, further indicating that this area of research remains active.
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Figure 10: All common references between the included papers (dots). Thick green dashed
arrows indicate direct citations of included papers. References have a descriptive name if they
refer to a website. An interactive version can be found in https://slr-hpc-software-quality-794fea.
pages.git.nrw/ and [Lum25a].
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The majority of the papers in our study can be categorized as tools or processes for software
quality specifically developed for HPC, highlighting the need to adapt those designed for general
software. In this category, the quality characteristic performance is particularly prominent, indi-
cating that the focus on performance is a key distinguishing feature of HPC software that makes
it necessary to adapt tools and processes or create new ones. The other categories, however, also
account for nearly one-third of the papers each, suggesting that this topic is addressed in both
research (the analysis category) and practical software projects (the software category). In these
cases, the distribution of quality characteristics is more balanced.

The publications with at least one common reference are visualized as a network in Figure 10.
They form one connected cluster without significant references connecting many of our results,
as all references are cited by at most three publications. This observation reinforces our as-
sumption that a comprehensive overview connecting all of this research is indeed lacking. It is
important to note, however, that the connections only work “backwards” and do not include other
publications that cite the papers included in our review.

When looking at the works cited by multiple papers from our study, we find two of the studies
mentioned in our related work: [BCC08] and [GSND20]. Additionally, it is noteworthy that
many of the connections are software tools such as GitHub, Doxygen and OpenMP. Many of
these references are websites and not scientific papers. As they are not always included in the
reference list, it is possible that even more publications refer to these tools within their texts. The
varying ways in which the software PETSc is cited - through its documentation, website, a paper
describing it ((BGMS97]), and possibly more - illustrate the challenges associated with citing
software. Lastly, we also see that an earlier version of the SQuaRE quality model ([IntO1]) has
been cited twice.

5.2 Quality Characteristics (RQ2)

Unsurprisingly, performance and other characteristics related to efficiency are important in HPC.
They are described as a “key factor” [TCG™24], “the holy grail” [WPM15] or “the defining mea-
sure” [KB19] for HPC applications. Consequently, several of the included publications present
approaches to integrate performance evaluation into Continuous Integration processes [ACC™ 19,
MJ23, TCG'24]. Additionally, techniques such as Design by Contract must be adapted to re-
duce overhead at runtime [Dam11, DD11]. However, discussions around trade-offs indicate that
while performance and efficiency are an important goal, other aspects are also significant. Pfliger
and Pfander [PP16], for example, call finding the “cut-off between computational efficiency and
usability, flexibility, extensibility” a critical design decision.

Another characteristic that we found to be particularly important in HPC is portability. While
portability generally refers to software flexibility [Int23], it here specifically pertains to soft-
ware functioning across heterogeneous platforms. The detailed study on the portability of an
algorithm in [BGI™19] illustrates different factors that play a role when evaluating portability -
performance, energy consumption and code complexity - and the trade-offs between them.

Correctness is also a main concern according to our results. Therefore, automated testing is
also desirable for HPC applications; however, setting up these tests can be challenging, especially
when different cluster setups should be tested to ensure portability as well [BLC 16, FGH" 21].
Another issue when checking for correctness arises, for example, if results are not bit-identical,
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as described by Baker [Bak21] in the context of earth system models. Additionally, defects can
be introduced through the use of MPI, necessitating separate correctness checks [ASEA24].

The fourth characteristic we found mentioned frequently is maintainability. Considerations
include, for example, feedback tools that are unobtrusive and thus still allow for making trade-
offs for performance [PQV07], as well as design decisions that make frameworks modular and
extensible [DNRU19, FDK 11, LBAS14].

When comparing our findings with existing literature, we also observe the “Scalability/Effi-
ciency-Maintainability/Portability Trade-off” identified by [PMV " 16]. This is evident both in
the importance assigned to each of these characteristics and in discussions surrounding their
trade-offs. Our four most frequently mentioned quality characteristics are the same as the most
highly ranked project goals in [CKSPO7], but in a different order, as performance is ranked sec-
ond after correctness in their results. They find that performance “is important only to the extent
that the software can be used by its customers” [CKSP07]. Additionally, there are similarities to
the quality attributes found by Arvanitou et al. [AACC21]. We especially align with their con-
clusion that performance always needs to be considered and that measures aimed at improving
other characteristics should account for their impact on performance. According to our results,
correctness (ranked 6th in their study) and portability (ranked 4th) are emphasized more in HPC
which can be explained by the complexity from parallelization and system heterogeneity. Pro-
ductivity (ranked 2nd in their study), which refers to development efficiency, was not included
in our results. A reason may be that this attribute is not named explicitly within the context of
software quality characteristics.

5.3 Comparison to Software Quality Models (RQ3)

Figure 11 visualizes the characteristics identified in our results within the SQuaRE quality model.
Six out of the nine main characteristics are represented in our findings. Drawing conclusions
for the sub-characteristics, however, is more difficult as publications often only mention the
main characteristic. Moreover, specific characteristics such as installability may not be explicitly
listed. Notably, especially maintainability comprises several distinct sub-characteristics that are
often considered explicitly in the literature.

During the data extraction and mapping process, we observed that it was often difficult to
decide whether a characteristic referred to interaction capability (usability) or maintainability.
For instance, in [KB19], accessibility is used to describe typical usability aspects like error han-
dling while also referring to “how easy it is for a developer to get the code, run it and adapt it
to its needs”. Similarly, understandability in [FDK " 11] is about the “easy integration of new
simulation scenarios and numerical methods”. This ambiguity can be attributed to a common
characteristic of research software, where the developers are often the researchers themselves
and thus also the users of their own software. When evaluating the quality of a research soft-
ware, it must be taken into account that the two qualities cannot always be separated.
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Figure 11: SQuaRE quality model with the characteristics from the results highlighted depending
on the frequency. New characteristics from the results are added in green.

Another important insight is presented by the characteristics in SQuaRE that were not repre-
sented in our results: compatibility, security and safety. Possible explanations include that the
characteristics are implicitly considered, that they are in general not relevant to HPC software,
or that they represent aspects currently overlooked but deserving of attention. Regarding com-
patibility, we argue that it is not irrelevant as interoperability is one of its sub-characteristics,
which facilitates interaction with other software and is part of the FAIR and FAIR4RS crite-
ria [BCK"22]. Examples like the xSDK (Extreme-scale Scientific Software Development Kit),
where interoperability is one of the main objectives [BDG ' 17], show that it is also not generally
overlooked. It can be argued that aspects of security and safety are often less critical for HPC ap-
plications. However, they can become more important when working with sensitive data, when
making software available for reuse in different contexts, or when integrating code into more
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interactive platforms.

Lastly, there are characteristics in our findings that are not represented in SQuaRE. While
their frequency of occurrence is relatively low, we believe that especially reproducibility should
not be ignored in considerations of HPC software quality, as it is highly relevant in research
contexts. Although reproducibility is more about the results generated by a software than the
software itself, it plays a role in multiple other criteria. A software can have mechanisms and
design decisions that enable or improve reproducibility. An example is adding the option for a
seed in a pseudo-random number generator algorithm [BLC " 16].

In Subsection 3.1 we also introduced a quality model specific to the quality of scientific soft-
ware [KMP18]. When comparing the main characteristics of this model to our results, we note
that all three are included. However, we find that with performance and correctness, two of
the most frequent characteristics from our study, are missing. They are indirectly addressed by,
for instance, requiring reliability to make sure the software works as intended in long execution
times. However, if the model is used for HPC software, we suggest making use of the model’s
flexibility and adding them as separate characteristics to have them included explicitly.

Additionally, usability was not included because “in scientific applications, the end-users are
usually the scientists themselves” [KMP18]. As discussed earlier, we also found it challenging
to differentiate between usability and maintainability and agree with the benefits of merging
them into one characteristic. We recommend, however, to then incorporate usability-related
sub-characteristics such as understandability and accessibility. Especially in HPC, there are
established and popular tools with many users beyond the developers. Moreover, even when
users need to write code themselves, they may only need to interact with certain components
rather than all core implementations.

5.4 Strengths and Weaknesses

A particular strength of the study is that almost a third of the analyzed publications focus on a
specific software in HPC and how quality is approached in these real-world applications. This
means the results do not solely represent an academic or theoretical perspective but also offer
valuable insights into the state of practice and quality characteristics relevant to actual HPC
applications. Furthermore, our analysis indicates that the majority of the results are not specific
to a single application domain. This enhances the external validity of our conclusions, suggesting
that they are generally applicable to HPC software. The notable exception is a high representation
of studies specific to simulation software.

To enhance the internal validity of the study and reduce bias in the design, we discussed the
design of the SLR and took several measures to minimize the risk of missing relevant studies: We
incorporated synonyms in the search strings, used multiple databases and search engines cover-
ing multiple domains, and analyzed common references in the selected publications. Especially
the mapping of the extracted quality characteristics to the SQuaRE model has been discussed
with various colleagues to incorporate diverse perspectives. However, the study selection and
data extraction steps were conducted solely by the first author, which may introduce individual
bias. This limitation could affect the reproducibility and objectivity of our findings.

Lastly, it must be noted that the study by design only considers publications that explicitly
address software quality. Consequently, research on individual quality characteristics is excluded
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if it does not state that it pertains to software quality. There is, for example, extensive research
on the performance of applications that does not mention the term quality. Additionally, it is
possible that there are aspects of HPC software quality that are considered obvious or standard,
rarely stated explicitly, and thus excluded from our analysis. We consciously decided not to
include these implicit perspectives in the scope of our study because it could make an objective
and unbiased data extraction infeasible.

6 Conclusion and Outlook

Overall, we find that performance, portability, correctness, and maintainability are the most fre-
quently considered characteristics for the quality of HPC applications. This covers four out of the
nine main quality characteristics in SQuaRE. Additionally, aspects of reliability and interaction
capability (usability) are considered in HPC. Importantly, trade-offs are often discussed, espe-
cially regarding the performance costs that come with improving other qualities. In our analysis,
we could not find inclusions of compatibility, security, and safety - the remaining characteristics
from SQuaRE. The results confirm that focusing on HPC software specifically is justified due
to the importance of different quality characteristics. However, we also observed overlap with
general software quality attributes and parallels in the employed practices. Existing tools and
processes to enhance software quality can - and should - be used in HPC as well, but may require
adaptation to address the specific characteristics of HPC software.

We hope our findings serve as a baseline regarding key quality aspects worth considering dur-
ing the development or maintenance of HPC applications, but also in evaluating possible risks
when deciding whether a software should be used. We recognize that decisions on how to weigh
different factors, which specific quality goals to set and which measures to use depend on indi-
vidual projects and can not be generalized. Therefore, our goal is to develop a template for such
a documentation structured by the quality characteristics from our results that facilitates assess-
ment and comparison of software by making these decisions clear and linking related resources.

Future research could extend our study and extract data on the metrics used to evaluate the
characteristics to find common metrics that could be used as recommendations or estimates and
find gaps where suitable metrics are missing. In addition, further studies on quality character-
istics in HPC using alternative methodologies could complement our findings by focusing more
on implicit quality aspects and practical experiences. A concrete approach could be to examine
the repositories and documentation of the software mentioned in the publications of this study,
provided that this information is available.
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