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Moving toward sustainable software citation practices to
improve the quality of scientific research

Software is essential for scientific research and is applied in research methodology,
data analysis, and knowledge dissemination. Scientists believe that software plays
a crucial role in their research process, so it is necessary to recognize the contribu-
tion of software developers. This study aims to investigate the current situation of
software citation in scientific research and explore possible solutions to improve its
sustainability via full-text content analysis. There is a gap between the use and the
citation of software in scientific publications, and the lack of information in soft-
ware citations has been a source of both failure and improvement of software in
scientific research. We found various deficiencies that hinder the durability of soft-
ware citations and put forward some suggestions for their stability and develop-
ment, such as designing software citation standards, promoting free open licensing
of scientific software, and implementing strict peer review of software citations.

Keywords: Software citation, software mention, software use, software sustainability, soft-
ware reward

Aknowledgment
We would like to extend our sincere thanks to Shanghai University and all those involved in
making this article a masterpiece.

Author Information
Goodluck Asobenie Kandonga, Shanghai University
https://ischool.shu.edu.cn/
Jingda Ding, Shanghai University
https://ischool.shu.edu.cn/
Yiqing Yuan, Shanghai University
https://ischool.shu.edu.cn/

How to cite this article:

Kandonga, Goodluck Asobenie, Jingda Ding, Yiqing Yuan. “Moving toward sustainable
software citation practices to improve the quality of scientific research”. Informdcids
Tdrsadalom XXII, no. 4 (2022): 49-63.
== https://dx.doi.org/10.22503/inftars.XXI1.2022.4.4 =

All materials
published in this journal are licenced
as CC-by-nc-nd 4.0

T

Z O - P O > v = >




1. Introduction

With the rapid development of digital scholarship, scientific research increasingly
relies on various kinds of software or computer programs. However, the productiv-
ity and the quality of software for scientific research generally fall short of expec-
tations, as the software becomes dated and unable to adapt to continually changing
requirements. One of the main reasons for these failures is that the incentives and
rewards for software developers are insufficient; in addition, most researchers have
little understanding of the software citation process. Silvello (2018) explains that
citations are the cornerstone of knowledge dissemination and the primary means of
both assessing the quality of research and guiding investment. Science is increasing-
ly becoming data intensive, and a large amount of data is often collected and ana-
lyzed by different kinds of software to solve scientific problems or discover intricate
patterns. Therefore, the importance of software references in academic research
is evident. Some software developers are motivated to facilitate the design, devel-
opment, use, testing, and application of their patches by sharing the program code
with the user community, but they rarely receive credit via citations in publications;
for example, research software is rarely cited in the Clarivate Analytics Data Cita-
tion Index (Park and Wolfram 2019).

Traditional reference sources are generally included in bibliographies, but re-
search software is often excluded, even though it is executable and shows creative
work, because metadata standards have yet to be formed. In addition, unlike other
sources included in bibliographies, software references remain informal; for in-
stance, the name or URL of the research software may be mentioned in the text or
in the acknowledgments but not cited in the references, which sometimes leads to
different objects referring to the same research software. Therefore, there is a gap
between the use and the citation of software in scientific publications. The develop-
ers sharing their software code may not receive the appropriate credit or acknowl-
edgment from peer-reviewed or non-peer-reviewed works such as user manuals,
technical reports, or software landing pages(Hwang et al.2017). Consequently, issues
have occurred regarding the visibility of software in scientific research, which may
hinder the motivation of software developers. Now, it is time to take measures to
acknowledge the importance of research software and discuss sustainable software
citation solutions to improve the quality of scientific research.

2. Literature review

Relevant Research on Software Citations

Today, software can help scientists process and analyze scientific data, predict and
test research hypotheses, improve scientific research efficiency, promote science de-
velopment, etc. Therefore, the use and the reuse of software are essential in contem-

porary scientific research and academic exchanges. The communities that recognize
and embrace the diversity of knowledge production also acknowledge software
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as a legitimate contribution to research. Howison and Herbsleb (2013) found that
academic credit is a powerful motivator for the production and improvement of
scientific software. As with the chicken and egg issues in data references (Mooney
and Newton 2012), there is an imbalance between the development and the shar-
ing of scientific software. Its development is usually proprietary rather than open,
which runs counter to the ideal of the “Publicity of Science” and jeopardizes the
ability to validate and reuse software (Gambardella and Hall 2006; Ince et al. 2012).
Some solutions have been proposed to improve the sustainability of software, such
as code-sharing infrastructures and quantitative measures for quality (Goble 2014).
Meta software can reduce the barriers to using research software because it does
not need complicated installation and configuration. Quantitative measure indexes,
such as the number of lines of program code, are easy to calculate. There is a lack
of certainty in showing the core characteristics of research software since the fac-
toring of code can reduce the number of lines and since small changes in the core
algorithm would have a significant impact on the function. Most metrics in software
citation management do not properly credit the insights of the software develop-
ment community (Abbott et al. 2010; Nightingale and Marshall 2012; Sahel 2011).
The detailed information included in reference citations plays a crucial role in
tracking and contributing to the development and implementation of ideas. Moreo-
ver, sufficient information about the software used can promote the sustainability
of software development and the improvement of academic research quality (Hein-
le et al. 2017). Knepley et al. (2013) suggest that research software developers should
take steps to recommend citation preferences for citing their code via readme files,
license agreements, login pages, user manuals, and other documentation. Some
software tools or programming languages allow users and developers to execute
codes that automatically generate the citation information; for example, the statis-
tical programming language R has a function that helps to generate, compile, and
quote information about contributors and their roles in software development in a
fixed format. In addition, software used in the research process needs to be citation
format, so that it can be adapted to fit with new developments in scientific research
(Borgman et al. 2012) because information within the software citation can provide
other researchers access to and identification of the research software. Examples in-
clude access to the version of the software used and the application of configuration
settings. Software citation practices also need to introduce relevant information to
support the validation, replication, and implementation of the software. However,
the verification and the replication of research software require being able not only
to find references but also to acquire and license them (Ince et al. 2012). Thus, the
academic community should make software citation an essential part of research.

Current Software Citation Practices
According to the American Astronomical Society (2016), scientific articles should in-

clude standardized software citations to give the author credibility and give readers
access to the exact version of the software used. However, some code repositories



(such as GitHub) provide different types of software citations by a given platform.
Meanwhile, the existence of various kinds of research software problematizes the
requirements for software citation content. Due to the complexity inherent in cita-
tions and the different software citation standards, “meta software” has emerged to
support the availability of software information in scientific research, as it can help
researchers capture the information they cited and document how the software was
used in their work and the development of the software. It also offers new opportu-
nities to measure the impact of the software used on other factors, such as tenure
review and promotion.

Receiving credit for creating code is just one of the many issues relating to the
sustainability and repeatability of software development. Creating recognition
systems to obtain credit for creating code can increase the visibility of the various
contributors and make the coding process more transparent if the developers have
provided detailed information for citation in the software. To this end, a campaign
has been launched to recognize software developers in the scientific publishing
community,which has already led to the introduction of useful software develop-
ment work in the research support community by examining their ability to devel-
op robust software documents. The development of the “Software Award”has been
independently recognized as a means to document the publication and citation of
software (Bangerth et al. 2016).

Software citation is also essential to research models. If the information about
the software used in a study is lost, it will not be easy to verify that study’s results.
The software citation should include not only the modeling package but also the
complete relevant information about the software was used. Reproducibility is one
of the positive features in academic research, but it often ignores the software used
in the scientific process. Currently, more attention is given to approaches to generat-
ing new knowledge in academic research than to citing software.

Adoption of software citation practices depends on developing a guide to schol-
arly communication standardsfor the scientific research community. Additionally,
most research using software does not mention how to cite the software correctly.
If the software website, citation file, or readme file with the source code specifies
how to reference the software, authors can use this information to cite the software
in their publications (Katz and Hong 2018). Although software citation practices are
currently not standardized or widely implemented, the publication of software ref-
erence guidelines has become the basis for building community guidelines and im-
proving tools and infrastructure for supporting citations.

The challenge of monitoring citation infrastructure through the research liter-
ature is extensive, and no single tool or method can provide a solution that solves
every problem. Interest has been devoted to software citation practices in scientific
research, but the question remains as to which entities will enforce the standards re-
garding such citations in academic publications. The infrastructure of the research
process has changed over time, leading to the introduction and disappearance of
software tools (Mayernik et al. 2017). Currently, there is no standardized mechanism
for evaluating software citations. For software developers and users, assessing con-
tributions and acknowledging sources remain challenging. For example, a software
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engineer’s contribution to the test software is to ensure that updates do not destroy
the code, but that contribution is invisible in all current measurements. It is neces-
sary to take some measures to encourage researchers to share more and promote
the development of software in the research process. Software that is integrated
into the researcher’s workflow can help to facilitate more access, interpretation, and
evaluation of research results.

Proper software citation practices in academic publications can support the ex-
cellent standards and content of the software, which can lead to readers using the
cited software. Large libraries and applications, and even some open-source devel-
opers, have to list appropriate citation methods on their websites or documents to
ensure that the software citation in a scientific publication is complete and accurate.

3. Methods
Data

The data used in this study were extracted from Web of Science. On January 22, 2019,
we obtained 544 papers published between 2015 and 2017 through the search term
“software reference,” limiting the type of publication to “articles.”Web of Science
divides the results into many research areas including agricultural science, biology,
medicine and health science, computer science, education and educational research,
social science, management, and physics; however, some of these areas were very
similar (for example, biology and biology and life sciences). Thus, we categorized
these areas into nine disciplines based on similarity (see Table 1). Due to the nature
of manual coding, we could include only a few articles in the database. We randomly
selected 271 (50%) papers that were representative of these nine disciplines to check
whether the patterns obtained from them are sufficient to describe the characteris-
tics of the software citations.

Grouped disciplines Number of articles
Agricultural science 9

Biology 27

Medicine and health science 44

Computer science 12

Earth science 8

Education and educational research 116

Social science 12

Management 23

Physics 20

Table 1.Discipline classification(Own editing)



Coding Procedure

We applied content analysis as a research tool. Content analysis is an effective meth-
od for finding quantitative patterns from textual data (Krippendorff 2004). Previous
research used this approach to explore communication patterns that often centered
on newspaper collections, journal publications, and online content, such as discipli-
nary discourse patterns (O’Connor et al 2017; Sugimoto et al. 2017), political activity
strategy (Semetko and Valkenburg 2000). In content analysis, coding is the key to all
processes. There is a link between data collection and interpretation that enables
researchers to systematically understand data with a set of guidelines (i.e., coding
schemes).

The first step of coding is identifying the research objectives and creating a trans-
parent coding scheme. We drafted a coding scheme by targeting the research objec-
tives shown in the introduction. The coding items were prearranged, and the latest
code—the so-called emergency code—may appear throughout the code (Saldana
2009). In the process of encoding the 271 papers that we randomly selected from
Web of Science, we marked the emergency code with “*” and applied this coding
scheme to the collected data set. Each sentence of each paper is represented as a
code analysis unit; coded items and explanations are listed in Table 2. For a few sen-
tences that had different codes per paper, we finally obtained the same coding after
rereading and negotiation.

Coded items Explanations

This item refers to whether the article used at least one
software program during the research process. If so, 1.1
was used to encode and continue coding; if not, 1.2 was
used, and the process was stopped.

1. Software use in research
11Y
12N

This item indicates whether the author(s) of an article
used and cited software. If software was used and cited,
then it was encoded as 2.1; otherwise, it was encoded
as 2.2.

2. Software citation
2.1 Cited
2.2 Non-cited

This item refers to whether the article included a sec-
tion/subsection titled “Software” or “Software citation”

3. Software section
31Y

32N

4. Software metadata
collection
4.1 Collection of software
metadata by the author
4.2 Using public software
metadata set

or had a software-related section.

This item refers to the source of the software metadata.

If the author(s) of the article created and used software
citations, it was encoded as 4.1; if the author(s) obtained
the software from a publicly accessible source, it was
encoded as 4.2.
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5. Software reference types
5.1 Citation
5.2 DOI
5.3 URL
5.4 In-text name
5.5 No name

. Section referencing the
software used in the study
6.1 References
6.2 Title
6.3 Abstract
6.4 Keywords
6.5 Acknowledgments
6.6 Methodology

. Types of archive
7.1 Commerce
7.2 Institution
7.3 Government
7.4 Journal
7.5 Others
*7.6 Personal statement

8. Software accessibility
8.1 Inaccessible
8.2 Purchased access
8.3 Free access
*8.4 Software available on
request

This item refers to whether the software used can be
easily traced. If the article included software citations, it
was encoded as 5.1; if a DOI was provided, 5.2 was used;
and 5.3 was used if the URL was included. If a specific
name was used for tracking, it was encoded as 5.4; if
there was no name, it was encoded as 5.5.

Note: These codes are not mutually exclusive; an article
may provide both a DOI and software names.

This item identifies the section of the paper that men-
tions software. For example, if the abstract and meth-
odology sections mentioned software, these mentions
were encoded as 6.3 and 6.6, respectively.

This item refers to the type of software archive men-
tioned.

This item refers to whether the public can access the
software: 8.1 indicates that the software cannot be ac-
cessed, for example where an article mentioned that
some software was used but did not provide any access
points; 8.2 indicates that the software used in the article
provides purchase access rights only; 8.3 means that the
software is free to access; and 8.4 shows that the soft-
ware provided in the article is available upon request.

Table 2. Coding scheme (Own editing)

The credibility of content analysis results depends on the availability of sufficient,
appropriate, and highly saturated data. Therefore, data collection, analysis, and re-
porting of results go hand in hand. Improving the credibility of content analysis be-
gins with comprehensive preparation before research and development of advanced
skills in data collection, credibility discussion, and reporting of results (Polkki et al.
2014). For example, when an article refers to a database, it is difficult to determine
whether the article is merely mentioning the database or has collected data from
it. Coding can avoid this problem by conveying the way in which the researchers
reached their insights. For example, when the code generates the text (Figure 1), we
can see whether the article used the software under study (code 1.1) or not (code 1.2).

— 55



4. Results

Based on the 271 articles we searched and the coding strategies listed above, we
manually calculated the number of articles in each coding category through content
analysis. Figure 1 shows that approximately 80% of the articles (216) used software
in their research, and the remaining 20% (55) did not.

90%
80% -
70% -+
60% -
50% -+
40% -
30% -+
20% -+
10% -

0% -

80%

Number of articles

20%

.

Used Did notused
Software usage

Figure 1. Use of software in surveyed papers (Own editing)

For the 216 articles that used software, only 15.28% of them cited the software
used, thus recording the metadata about the software used via references; 4.17%
of them recorded the URL of the website from which the software was obtained,
50.93% of them provided the DOI of the software used, and 29.63% of them men-
tioned the name of the relevant software within the study. We can see that there is
no uniform standard for citing software, and citation formats vary. Some articles
provided contact information about software developers or copyright owners, but
the researchers did not adequately value and recognize the contribution of those
software developers because they often neglected to cite the software they used in
the article, which affects or even hinders the sustainable use and reuse of software.

60.00

50.93%
50.00 :

40.00

30.00

Percentage

Citation Doi URL Name
Ways software referenced

Figure 2. How software was referenced in the surveyed articles (Own editing)
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Moreover, approximately 43% of the 216 articles included in their methodology
section information about the software used. After that, 15% of articles mentioned
software information in other sections; 17% mentioned it in the abstract; 15% men-
tioned it in the acknowledgments; 4% mentioned it in the keywords section; and 3%
provided it in the title. The survey results are as shown in Figure 3.

&

= References = Title = Abstract = Keywords = Acknowledgements = Methodology

Figure 3. Article sections mentioning software information (Own editing)

According to the survey, different source types of research software exist (see
Figure 4). Commercial software accounts for approximately 52% of the total. Soft-
ware from government and other noncommercial institutions accounts for 4% and
9%, respectively. Approximately 20% of the software comes from specific journals
that are for-profit or nonprofit. Moreover, personal website software metadata ac-
count for only 3%. The software source and archives are essential to software pres-
ervation; an exact copy and proper storage of the software can ensure its use or
reuse in the future.
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Figure 4. Source type of software used in research (Own editing)



Figure 5 shows the types of sources from which software was obtained in var-
ious disciplines. In earth science, agricultural science, computer science, and biol-
ogy, 80%, 60%, 50%, and 35%, respectively, of the software used in articles can be
accessed free. In medical and health sciences (71%) and social sciences (56%), it is
difficult to access the software referenced in the articles. In management and educa-
tion and educational research, most software is not freely accessed or used. Overall,
open access to research software is minimal.

o, = -
1 :?g 1 % T 12%
P
g.’o ? =) o
£ 69%
=S S50%
3 20%
5 5
a- %§{ m Available on request
0% - .
(5] > 'O: @ b%3 : §%3 . —1 «I - Free
[ — z
&§ 8 & &8 &8 &2 8 g & m Purchase required
S 8 £ 8 8 8 8 g &
== 2 5 £ 8 = & = Not accessible
= L 5 & 32 8 &
= =
= = =~ =
2 S
S0 S
<C
Types of sources

Figure 5. The accessibility types of software (Own editing)

Our findings indicate that 93% of software citations mention the name of the soft-
ware; 66% provide an online publication source; 60% include the software accessed
date; and 49%, 36%, 34%, 14%, and 9% indicate the place of publication, author, URL,
publisher, and contributor of the software, respectively. The survey results (see Fig-
ure 6) show that in most of the articles the information about the software that was
used is incomplete. Most of the software citations mentioned indicates only one or
a few accessible types of software; this leads to challenges in tracking how software

is used in research.
e M Data accessed
% H Online publication source

= Place of publication

B Publisher/sponsor

m Title

m URL

m Contributor
i u Author

Figure 6. The information recorded in software citations (Own editing)
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5. Discussion

According to the above analysis, there are some shortcomings in software citation
practices. In this section, we will discuss our findings and the strategies that may
enhance the sustainability of software citation practices to improve the quality of
scientific research.

The evidence obtained through this paper clearly shows that software citation
practices are diverse, and there are substantial problems in implementing these
practices. From Figures 3 and 6, we can see that the ways of mentioning and citing
software vary among the surveyed papers. From the perspective of scientific com-
munication, these different standards of referring to software are certainly better
than no reference, but they often fail to completely convey much of the relevant
information, which reduces the use of specific software and negatively impacts
software citation sustainability. Figure 3 shows that 43% of the surveyed articles
provided software information in the methodology section, i.e., researchers used
the software in the research process, but most of the articles lacked clarity on the
creators of such software. Figure 6 shows that the name of the software appeared in
93% of the articles, which indicates that there is little information on the software
used and that the information provided could provide little help in the development
of software for users who are interested.

Though software is often cited in articles, the content and the placement of cita-
tions need to be revised and standardized. Moreover, unlike articles, software often
changes over time, and the ability to find the specific version used in a given study
is critical. Software citation practices present many common challenges, as data ci-
tation sustainability requires both practice and design innovations. The use and the
reuse of software are essential for contemporary scientific research, and software
citation practices need to be fully and consistently involved in the validation, rep-
lication, and construction of studies. Therefore, obstacles to sustainable software
citation include the lack of citation standards, the difficulty of version control, etc.
(Howison and Bullard 2016).

Software citation standards could be improved via cultural and technical solu-
tions. An example of cultural change is the promotion of free open licensing of sci-
entific software, which includes the improvement of code-sharing infrastructure
and system design in measuring software contributions. One technical solution is
to evaluate current practices and compare them with previously defined citation
standards. With the technical challenges and relative novelty of these practices in
scholarly communication, it is appropriate to make standards and guidelines for
accessible software. Publishing software based on open-source policies, including
links to its source sites, is a reliable way to build valuable resources for noncommer-
cial researchers around the world (Huanget al. 2017). The accessibility of packages/
codes is an essential element to facilitate their independent reproduction, verifica-
tion, and usability. Hence, the reward system is almost entirely based on research
publications, not the software that generates inspiring ideas during the research
process, and the degree of recognition given to software is not proportional to the
importance of the person who introduces or develops the software (Goble 2014).



Public and private organizations should perform software citation training to culti-
vate awareness in researchers and users. Software skills inculcated at the start of a
research career would usually be used continuously throughout the whole research
career. Additionally, strict peer review of software citations is very important for
their sustainability. Addressing the sustainability of software used in the sciences
includes many themes, from developing clear citation practices and building a com-
munity of reviewers to making existing credit and citation ecosystems pertaining to
software more available.

6. Conclusions

We intended to find solutions to developing sustainable software citation practic-
es to improve the quality of scientific research. Our findings show that the use of
software does not match the citations or other references contained in the articles
surveyed. Software citations are different from other elements of research output in
scientific articles. They serve as an artifact, a tool, an agreement, and occasionally a
publication, and they are the focus of ongoing activities.

Moreover, we confirmed our hypotheses about citation practices by focusing on
their various outcomes. After coding and analyzing the results, we found that some
articles entirely failed to mention software or had no section relating to the software
used. Additionally, we discovered that most of the software information that was
included was placed in the methodology section (43% compared with other sections
of the articles), but most articles failed to mention the creators of such software.
Additionally, we investigated the software information in the articles, identified
a shortage of software information, and found to be inadequate the information
on how the software was used, reused, modified, and reproduced in such a way as
to enhance the development of academic research methods. The results indicated
that most of the software archives are commercial; the very small amount of open-
source software has limited the development and continuity of software citations in
scientific research.

Furthermore, we found that there is no clear standard practice in software ci-
tation; we advocate that auditors/reviewers should take action to evaluate the cor-
rectness and practicality of citations. The repeatability of the results presented in
the submission needs to be particularly emphasized. In short, software is both an
artifact and a practice; it is a tool for both developing and simplifying research,
which makes software practices quite complicated. Nonetheless, how software is
implemented also provides an opportunity to address the issues raised in this arti-
cle, which will greatly increase the efficiency of academic exchanges and improve
practices in scientific publications. Our findings show improvements in software
citation standards, rules and guidelines for software accessibility, knowledge about
software citations, incentives in software development, training strategies, and the
functions of reviewers as the means to influence and develop sustainable software
citation practices to help compensate for deficiencies within scientific research. To
address the sustainability of software citations, various objectives from the perspec-
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tive of development and the community of research stakeholders are essential to
improving the availability of software credit and citation ecosystems.

In a scientific study, it is necessary to foster collaboration among innovators, in-
fluencers, and users in the context of uniform software reference standards, which
will enhance the understanding, recognition, and continuity of software citation
practices. Different social entities such as governments, public organizations, pri-
vate institutions, and other stakeholders need to work together to implement soft-
ware citation guidelines.
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