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Featured Application: Cheminformatics is an emerging discipline of chemistry, and software
engineering has a central role in this multidisciplinary research field. The background of chem-
informatics is industry driven and has mainly produced closed-software solutions. However,
the development of the field requires open-source technology. The purpose of this article is to
explore the rationales behind open-source software development in cheminformatics. The ac-
quired knowledge is important for the field in general from an intrinsic perspective, but it is
particularly interesting from a cheminformatics education perspective. Through an understand-
ing of reasons why open-source development is being carried out in cheminformatics, the field
can build educational objectives through research-based knowledge.

Abstract: This qualitative research explored the rationales of open-source development in chemin-
formatics. The objective was to promote open science by mapping out and categorizing the reasons
why open-source development is being carried out. This topic is important because cheminformat-
ics has an industrial background and open-source is the key solution in promoting the growth of
cheminformatics as an independent academic field. The data consisted of 87 research articles that
were analyzed using qualitative content analysis. The analysis produced six rationale categories:
(1) Develop New Software, (2) Update Current Features, Tools, or Processes, (3) Improve Usability,
(4) Support Open-source Development and Open Science, (5) Fulfill Chemical Information Needs,
and (6) Support Chemistry Learning and Teaching. This classification can be used in designing
rationales for future software development projects, which is one of the largest research areas in
cheminformatics. In particular, there is a need to develop cheminformatics education for which
software development can serve as an interesting multidisciplinary framework.

Keywords: open source; cheminformatics; software development; qualitative research; content analysis

1. Introduction

Cheminformatics has been used in chemistry research since the field adopted com-
puters in the 1940s [1]. Depending on the perspective, the first cheminformatics paper
was published in 1946 by King et al. [2] or in 1957 by Ray and Kirsch [3]. According to
Chen [1], King et al. [2] may be the first scholars who applied computers in chemistry
research. However, according to Willet [4], the first actual cheminformatics paper was pub-
lished in 1957 [3], where Ray and Kirsch described an algorithm for substructure searching.
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Willet [4] argues that the importance of this article was its application of graph theory
in searching and visualizing chemical structures. The algorithms have been significantly
developed over the decades, but applying graph theory has been the foundation of major
cheminformatics applications such as structure searching and registration, substructure
searching, and similarity searching [4]. These applications are still the key techniques
used in four traditional cheminformatics research areas, which are (1) chemical databases,
(2) computer-assisted structure elucidation systems, (3) computer-assisted synthesis design
systems, and (4) modeling and visualization tools [1]. On a practical level, cheminformatics
scholars are developing methods, for example, to search large databases efficiently or model
physical, chemical, and biological properties of molecules for predictive purposes [4].

Although cheminformatics as a field has been around for many decades, it has
developed to a recognized and independent sub-discipline of chemistry only in recent
decades [4,5]. Many scholars find this strange, as computers are widely used in chemistry
and it has even been speculated that most novel chemistry entities in the future will be
discovered in silico [6]. One reason is that much of the cheminformatics research has been
conducted in industrial laboratories, not academia. Because of this, many applications and
methods are not published due to intellectual-property-rights issues [4].

In this regard, the key solution for developing the field is to support free and open-
source software (FOSS), which removes all limitations on users or applications [7]. This also
includes industrial applications, which are a major component in the field of cheminformat-
ics [4]. The potential of open-source development in cheminformatics has been recognized
decades ago. There are multiple articles that describe the benefits of open source. For
example, Wegner et al. [8] emphasized the importance of open-source resources in sup-
porting the needs of the pharmaceutical industry by connecting chemistry and computer
sciences via cheminformatical thinking. Gezelter [9] wrote that open source and open data
should be a standard in chemical research. It would enable reproducibility which supports
scientific reliability. Open source code would also lower the research costs significantly.

Derived from the described background, this article aims to promote open cheminfor-
matics by exploring the rationales set for open-source projects declared as cheminformatics
software development in the research literature. We argue that the topic is important because
software development is one of the most active research areas in cheminformatics [1]. Even
though the field produces a great deal of new software, according to our knowledge, there
is no earlier research that has explored open-source software development in cheminfor-
matics in a larger scale. Open source is especially important considering the hindrance that
the industrial background has caused for the development of open cheminformatics [4].

A recent review revealed that cheminformatics research strongly emphasizes software,
databases, and web applications developed for data analysis. This trend is likely continu-
ing because of the current highly active research topics, such as machine learning, which
demand up-to-date technological solutions [5]. In this context, cheminformatics-related
programming skills are essential for chemistry research and education. They enable the cre-
ation of novel needs-based information solutions for solving specific tasks more efficiently
than existing software [10].

In this case study, the rationales of open-source projects were analyzed by exploring
cheminformatics articles (N = 87) using qualitative content analysis [11]. Qualitative
case study as a methodological approach produces descriptive narrative accounts that
enable an understanding of the diverse reasons behind the cheminformatics open-source
development [12]. The aim is not to offer a systematic synthesis of the reasons but rather to
open a discussion of the possibilities, challenges, and solutions.

This research will be useful for the field of cheminformatics in general. Because
software development is an essential cheminformatics research topic [5], there is an intrinsic
rationale to explore the motivational factors [13]. In addition, the acquired knowledge will
be particularly important for cheminformatics education. By generating an understanding
of the reasons behind open-source cheminformatics, we will build a base for educational
cheminformatics software development. Software development offers great possibilities
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for promoting current pedagogical frameworks, such as computational thinking [14] in
chemistry. We hope that our work will inspire and encourage chemists and future chemists
to engage with cheminformatics-related open-source software development. We argue that
this research can support cheminformatics education significantly because, as mentioned,
software development has a central role in cheminformatics research [15,16].

Based on the described justifications, we have formulated the following research
question for guiding the research: Why is open-source development being carried out in
cheminformatics? The field can start research-based discussions on future design objectives
when the rationales are mapped and classified. To answer the set research question, we
applied a qualitative research strategy based on the general-to-specific order. Namely,
we will first define open-source development and review its possibilities and challenges
from a general perspective and reflect this insight on the context of chemistry software
development (see Section 2). After the wider perspective, the focus will be moved to
the specific rationales behind cheminformatics-specific open-source development via an
inductive qualitative content analysis [11] (see Sections 3 and 4).

2. Open-Source Software Development in Chemistry

As mentioned, one major reason hindering the development of cheminformatics as an
academic field has been its industry-driven background [4,17]. Cheminformatics has been
used especially in drug discovery by the medical industry [8]. However, during the last two
decades, cheminformatics has grown into an independent chemistry sub-discipline with
academic objectives and research traditions growing alongside the industrial tradition [18].

In contrast to industrial cheminformatics research that mainly produces closed soft-
ware, the key idea behind academic cheminformatics research is open science, which means
open access to the literature, data, standards, and source code [19]. The closed approach is
understandable for industrial stakeholders, but in an academic cheminformatics context, a
closed approach makes it impossible to reproduce research settings and verify test results.
This approach is against scientific practices, and Gezelter [9] suggests that access to data
and source code should be a standard practice in the chemical research literature. Krylov
et al. [20] partly disagree with Gezelter [9]. They agree that models and algorithms can be
considered as scientific results and therefore published openly for peer-review. However,
they argue that scientific software is a product which contains intellectual property rights
and should not be published open by default. In addition, they highlight that professional
software development includes time-consuming phases such as testing and documenting
that are difficult to conduct without hired employees. Jacob [21] disagrees with Krylov
et al. [20]; Jacob pointed out that all available code is produced via tax money to some
extent. In conclusion, all these perspectives have solid arguments; the scientific discussion
around chemistry FOSS is very active.

Open science practices for chemistry have been developed systematically over two
decades. For example, the Blue Obelisk movement made important contributions in
2005-2011 to bring together researchers to develop open data procedures, open-source
software, and open standards (e.g., Chemical Markup Language, InChl, OpenSMILES,
and QSAR-ML) as resources for the chemistry community [19]. A recent perspective
paper makes an important contribution to defining FOSS and evaluating its educational
possibilities and challenges in the context of educational computational chemistry [7]. In
their article, Lehtola and Karttunen define the following three main criteria for FOSS: it
can be freely used, modified, and redistributed by anyone. Their definition emphasizes the
demand for freedom but also fulfills the other demands for open software [22,23]. Note
that in this article, free software and open software are considered synonymous.

In addition to reproducibility, FOSS has many practical advantages. First, it lowers
research costs. Scholars can reuse software components in building their own solutions.
Second, FOSS is an open declaration of skills and time spent on a project, which can be
included in a CV [9]. A FOSS project may also be much more versatile and offer freedom
for creative programmers and software architects, and can possibly lead to future job offers
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in commercial companies [24,25]. Altogether, it seems that intrinsic motivation is a strong
factor behind open-source development. Bitzer et al. [26] have summarized three initiators
for intrinsic motivation: (1) a need for particular software or feature, (2) a possibility to
have fun in a creative project, or (3) a desire to give a gift to the developer community
that supports the public good. In education, open-source projects have been used as an
educational context. For example, Pereira [27] studied the benefits of using open-source
software in final degree projects. He found out that open-source projects offer practical
real-world software engineering examples that increase students’ skills, knowledge, and
confidence. In addition, students can include the project contribution to their portfolio.

However, working with FOSS solutions does not exclude business. Lehtola and
Karttunen [7] discuss multiple sustainable business models (e.g., maintenance and support)
for FOSS that have worked both with consumer products and science solutions. On
the company side, engaging with the FOSS project enables direct communication with
developer communities [24]. On the other hand, Krylov et al. [20] find these business
models naive. They speculate that this model may encourage FOSS developers to publish
poor-quality solutions to create financial opportunities by making the software usable
via commercial services. According to them, it would be better to make a top-of-the-line
solution for a small fee.

In the last two decades, it has been recognized that there is an imbalance in the de-
velopment of computational science, possibly because the foundations on which some
software has been built are not adapted to keep pace with changes in hardware and appli-
cations. This results in software infrastructures that must constantly deal with the problem
of continuity in maintaining these packages, which translates into lower productivity than
expected by researchers and the industry [28,29]. In this sense, it seems clear that software
sustainability requires time for development and, therefore, funding.

According to Gezelter [9], the sustainability of software development is a major chal-
lenge for chemical open-source software. Scientific software is often developed by domain
scientists without experience in software engineering. This may lead to complex software
architectures, code that is difficult to re-use, and short-lived or bad archiving practices [9].
For example, in the history of open-source development, defect management has been
a challenge in even major projects such as Apache and Mozilla. This challenge could be
addressed via proper project management [30]. On the other hand, open-source devel-
opment offers quality tools such as critical peer review and free idea sharing [31]. Some
papers published from open-source development lifecycle models can help developers
make decisions on good work practices. For example, Saini and Kaur [32] have described
and evaluated the advantages and disadvantages of different models.

There are also more critical perspectives. Hauschild et al. [33] argue that scientific
institutions and funders are many times more interested in novel software solutions rather
than quality. According to Stahl [17], the threshold for open-source projects is low, leading
to a wide range of quality. A professional level is difficult to achieve in a hobby-based
project without proper software engineering skills. Projects may encounter challenges,
e.g., domain knowledge, legal issues, and technical skills. In addition, ideally, open-source
projects have thousands of developers, enabling versatile idea transfer and peer-review.
However, in reality, most projects have only a few developers at best. This is especially true
in science fields that have fewer available developer candidates. For example, developing
chemistry software requires interest towards the field and subject knowledge [17].

The wide range of quality results in varying user support. Swarts [34] studied the kinds
of support questions and requests users have made when using open-source chemistry
software. His data consisted of 25 open-source chemistry packages that had a support
forum and documentation. Documentation was either task-based, focusing on the use
of contexts and generalized principles of how software works, or feature-based, focusing
on what the software can do via its features. According to his research, users had the
following three problem areas: to understand how the program works (transparency); how
to learn to use it (learnability); and how easy it is to use (usability). Software that offered
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task-based documentation seemed to have more challenges in usability, whereas feature-
based documentation led to challenges in transparency and learnability [34]. The above
description is one example of a potential quality challenge among chemistry open-source
development. A general solution for improving the quality would be a close collaboration
between chemists and computer scientists [8].

Another approach to quality improvement would be to adopt good practices from
other closely related research fields, such as health informatics [33]. In health informatics,
the quality of medical device software is maintained via several regulations. These regu-
lations offer standards for the whole software development lifecycle including planning,
architectural design, testing, verification, maintenance, and documentation [35].

In summary, software development is the most active research topic inside chem-
informatics [5]. Moreover, the discussion around this topic is extremely rigorous. This
topic is essential because all chemistry research uses some kind of computer software at
some research stage [21]. Therefore, computer literacy skills in general are important for
all chemists. Such skills help researchers understand how computers and software work,
which enables, e.g., more efficient testing of hypotheses [36].

3. Methods

The research was conducted via a qualitative approach to match the set aim. This
research is classified as a case study of retrieved articles [12]. The selected articles report on
open-source software development projects published in the field of cheminformatics. By
analyzing the aims, justifications, and outcomes described by the authors, we can provide
qualitative answers to the set research question by mapping out the diversity of rationales
that have been driving software development in the field.

3.1. Data Gathering

The data were retrieved between 2019-2023 using Google Scholar, article databases
accessed via information-retrieval tools offered by the University of Helsinki (e.g., PubMed,
Scopus, and ProQuest Databases), and directly from cheminformatics journals, such as the
Journal of Cheminformatics and Journal of Chemical Information and Modeling. The first
data retrieval cycle was conducted in 2019. The data sample was updated during 2020-2023
by adding new software.

Inside cheminformatics journals, the data were gathered via search phrases such as
“open source” and “software development”. For the larger multidisciplinary databases,
such as Google Scholar or the University of Helsinki search tools, we used cheminformatics-
specific strings, such as (“open-source software” and “cheminformatics”), (cheminformatics
and “software development”), and (“open source” and cheminformatics). This information-
seeking strategy resulted in 87 relevant research articles addressing the open-source soft-
ware development of cheminformatics (see Appendix A). These 87 documents are the
case of the study. Note that the set aim and research question did not guide this research
to produce a systematic review of rationales. However, the qualitative approach set an
important requirement for the data: the number of articles must be sufficiently large such
that the number of main categories forming during the analysis will saturate [12].

3.2. Data Analysis

The rationales were analyzed using inductive content analysis [11]. The analysis was
performed in small iterative cycles, in which one researcher contributed to the analysis and
another reviewed the work.

1. First, the articles were read and pre-screened to ensure that they addressed open-
source development in cheminformatics. During the pre-screening, articles were listed
in an Excel sheet with some additional notes for the following stages.

2. After pre-screening, the relevant 87 articles were imported into the ATLAS.ti 9 soft-
ware [37]. Then, the articles were read one by one, and all paragraphs related to
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rationales were highlighted. Abstracts, introductions, discussions, and conclusions were
read with additional care as they are usually the locations for rationale statements.

3. After the screening of rationales, highlights were simplified and reduced into subcate-
gories using the ATLAS.ti coding feature.

4.  Last, subcategories were classified into main categories that were saturated during
the analysis (see Table 1). The main categories were formed via the ATLAS.ti code
group feature.

5. A Cohen’s k inter-rater reliability test was conducted to ensure the reliability and
validity of the analysis. k is a statistical model that illustrates the degree of agreement
among raters. In the inter-rater reliability test, an expert outside the analysis, usually a
member of the research group or larger research community, repeats the classification
based on the prepared class descriptions. This process is used in qualitative content
analysis to improve the validity and reliability of the analysis. A k value > 0.80
indicates a strong level of agreement [38]. In the k verification phase, two authors that
did not participate in the analysis re-categorized approximately 15% of the original
highlights into the main categories via a blind process.

Table 1. Analysis procedure.

Original Expression Sub-Category Main Category
“Despite these efforts, no general
purpose deterministic structure No available open-source Develop New
generator has been developed in an alternative Software

open source format so far.” [39]

“The ChemoPy package aims at
providing the user with
comprehensive implementations of Clear workflow Improve
these descriptors in a unified Usability
framework to allow easy and
transparent computation.” [40]

4. Results

The initial analysis produced nine rationale categories for open-source software devel-
opment in cheminformatics. However, during the k phase, the number of main categories
was reduced to six, providing a k value of 0.83, which indicates strong agreement of the
main categories and their descriptions [38]

Next, we describe the main categories and provide a few examples from each category.
A comprehensive list of all main and sub-categories can be found in Appendix B.

4.1. Develop New Software

There is a need to design software if scholars feel that a certain type of software does
not exist. The lack of available solutions can focus on general or more specific needs. An
example from a more general need would be the development of an open-source software
alternative, mobile version, or a comprehensive solution that is unifying (such as features,
databases, platforms, or frameworks).

e  There is no available open-source alternative.

“Despite these efforts, no general purpose deterministic structure generator has been
developed in an open source format so far.” [39]

e  There is a need for, e.g., cross-platform, cross-database, and web-based mobile solu-
tions that are not available.

“The increasing number of organic and inorganic structures promotes the development of
the “Big Data” in chemistry and material science, and raises the need for cross-platform
and web-based methods to search, view and edit structures.” [41]
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There is a lack of software for certain chemical tasks.

“However, for specific requirements of in-house databases and processes no such solutions
exist.” [42]

An example of a specific need would be to design software for implementing new

features, tools, or processes:

Features such as advanced search features, annotation of search results or the inter-
conversion of chemical files.

“A frequent problem in computational modeling is the interconversion of chemical struc-
tures between different formats. While standard interchange formats exist (for example,
Chemical Markup Language) and de facto standards have arisen (for example, SMILES
format), the need to interconvert formats is a continuing problem due to the multitude of
different application areas for chemistry data, differences in the data stored by different
formats (0D versus 3D, for example), and competition between software along with a lack
of vendor neutral formats.” [10]

Tools for, e.g., importing, exporting, editing, and visualization.

“The field of molecular graphics is dominated by viewers with little or no editing
capabilities,...” [43]

Processes, e.g., based on open file formats, programmatic file conversion, or process
automation for decreasing manual work.

“The success of implementing Jmol SMILES and Jmol SMARTS within Jmol simply pro-
vides an example of the continued power of SMILES and SMARTS in the cheminformatics
open-source community.” [44]

“Processing a large number of compounds through the scheme can be a time-intensive
activity, in an effort to automate such evaluations. ..” [45]

With these specific needs, there are already other software alternatives, but scholars

have experienced challenges in using them, such as software bugs, slow performance,
or poor architecture with, e.g., databases. The rationale can also relate to improving the
research infrastructure if there are only closed-license options available that are expensive
and prevent software development.

Software bugs, slow performance, or poor architecture.

“However, users of those programs must contend with several issues, including software
bugs, insufficient update frequencies, and software licensing constraints.” [46]

Specific needs, such as limited database options or need for workflows for sensi-
tive data.

“The local installation is a good alternative to online solutions without the inconvenient
of sending sensitive structures over the Internet”. [47]

The rationale can also relate to improving the research infrastructure if there are only
closed-license options available that are expensive and prevent software development.

“However, these solutions may be costly especially if they also require a commercial
relational database management system (RDBMS).” [42]

4.2. Update Current Features, Tools, or Processes

The rationale of software development can be justified by improving or updating

already existing parts of the software. These projects often lead to new versions, which
developers are familiar with. For example,

Improving features for the next software generation.

“These include: deposited data sets from neglected disease screening; crop protection data;
drug metabolism and disposition data and bioactivity data from patents. A number of
improvements and new features have also been incorporated.” [48]
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Updating processes and workflows, for example, based on new algorithms or standards.

“In this work, the Ertl algorithm for automated FG detection and extraction is im-
plemented on the basis of the Chemistry Development Kit (CDK) [3-6] with a new
Java class ErtiFunctionalGroupsFinder to extend it open applicability for molecular
research.” [49]

“In order to facilitate the use of the database, a key objective of the ChEMBL com-
pound curation process is to standardise the chemical structures stored in the database

and to assign a unique identifier to each distinct chemical structure regardless of the
source.” [50]

Fixing errors found from the current version.

“We investigate the reason for the predictivity difference with CheS-Mapper. We highlight
the prediction error difference for each compound to determine which compounds are
predicted more accurate by which approach.” [51]

4.3. Improve Usability

Improving usability is one major rationale for cheminformatics software development.

Many authors have aimed to produce user-friendly solutions by developing graphical,
command-line, or web-based interfaces, producing interactive instructions or ready-made
scripts that reduce the need for programming. On the other hand, improvements in
usability can also mean faster calculations or easier installation and maintenance processes,
which save researchers’ time. For example,

Clear workflow;

“The ChemoPy package aims at providing the user with comprehensive implementations of
these descriptors in a unified framework to allow easy and transparent computation.” [40]

“The more concise, clear, and accessible a toolkit is, the less time they spend learning
syntax and the more time they spend solving chemistry problems. Ruby is designed to be
intuitive, concise, and powerful.” [52]

New user interface;

“Along with a new architecture and user interface, this version will include internation-
alization, interactive instructions. ..” [46]

Ready-made resources;

“Unlike various other open source software packages, the primary focus of MayaChem-
Tools is to provide out-of-the-box scripts to appeal to a wider audience.” [53]

Easy installation.

“Second, it is easy to use. Mordred can be installed using only one command, whereas
other Python molecular descriptor calculation libraries (e.g., cinfony, ChemoPy) have
more dependencies that require manual installation.” [46]

4.4. Support Open-Source Development and Open Science

In addition to software and specific features, open-source development also produces

open resources, such as

Technological and chemical frameworks for developers (e.g., related to HTMLS5, CSS,
JavaScript, Ruby, MySQL, SMIRKS, and QSAR).

“SMIRKS package would provide the opportunity for development of new tools for
resolving various reaction-oriented chemical information problems.” [54]

Standards that support the work of software developers (e.g., standards for computa-
tional processes, data management, and software development).

“The establishment of infrastructure in academic institutions is particularly difficult due
to missing standards or policies in data handling and storage...” [55]
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The rationale can also be related to science politics aiming to support open science.
For example,

e To support open data standards and open data policies.

“TB Mobile is a simple to use app with useful functionality for viewing and manipu-
lating data about compounds with activity against Mtb, their targets and other related
information. The app represents a significant development in the effort to make accessible
drug discovery data freely available in a form that is highly useful to scientists in general,
not just cheminformatics experts.” [56]

e  To support FOSS thinking in general and build cooperation between academia and
industry. Enabling this cooperation is dependent on the selected licenses.

“The use of this license is intended to achieve the secondary goal of allowing the integration
of the software into proprietary software, thus facilitating scientific cooperation between
industry and academia by eliminating the need to overcome license limitations. This way,
the use of the library in both commercial and noncommercial environments is encouraged.”
[57]

e  To support sustainable science via open-source development.

“In reviewing options for a sustainable future solution that also removed the dependence
on commercial software it became apparent that none of the existing toolkits fitted the
ChEMBL group’s requirements. Therefore, the decision was made to build a curation
pipeline around the widely used open-source RDKit toolkit and its implementation of the
MolV'S molecule validation and standardisation tool.” [50]

4.5. Fulfil Chemical Information Needs

Another approach for cheminformatics software development is not to improve the
technology itself but to aim to produce some specific knowledge raised from the chemical
information needs. This means research groups need some chemical knowledge that
current software options do not provide. To fulfill the specific information need, they must
develop software that produces it. For example,

e To develop software that produces specific chemical information, such as extract
bioactivity data;
“However, the current SureChEMBL system only extracts compound structures from the
patents and not associated bioactivity data.” [48]

e  To screen chemical space systematically and efficiently;

“Despite the increasing throughput of screening technologies, the almost infinite chemical
space remains out of reach, calling for tools dedicated to the analysis and selection of the
compound collections intended to be screened.” [58]

e  To process ADMET models in drug discovery.

“AZOrange is a general Open Source platform for machine learning, However, developed
to meet the increasing demand for ADMET models in drug discovery in particular.” [59]

4.6. Support Chemistry Learning and Teaching

Cheminformatics knowledge is needed to produce chemistry education software and
applications that aim to support learning and teaching. The past research literature offers
some examples of use cases, such as the following:

e  Support spatial learning by implementing augmented reality;
..., we propose a technological solution to aid the spatial learning process by automati-

cally creating a link between two-dimensional (2D) representations of chemical structures
and three-dimensional (3D) molecular visualization.” [60]
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e  Support learning of structure—property-relationships via calculations;

“The idea was to have students develop a chemical intuition about how molecular structure
affects molecular properties, without performing the underlying calculations by hand
(which would be nearly impossible for all but the simplest chemical systems).” [61]

e  Support chemical reading.

“However, no study has investigated whether a reading-aloud system used prior to a
tactile system can give those with visual disabilities greater understanding of chemical
structures drawn in textbooks, chemical literature, and patents or even on a computer
screen.” [62]

5. Discussion

The analysis produced six main rationale categories for open-source cheminformatics
software development (see Table 2). The perspective of the rationale can be either general
or specific. For example, new software can be developed with the aim to produce an
open alternative to compete with the currently closed solutions [39]. Alternatively, the
rationale may be focused on solving some specific challenge, such as developing a locally
installed software that does not require sending sensitive data or structural trade secrets
over the internet [47]. Usability-related rationales (3) mainly have general objectives,
whereas updates (2) and information needs (5) have more specific aims. Rationales 1 (new
software), 4 (open science), and 6 (learning) may have both general and specific aims.
Most rationales produce technological outcomes (1-4), such as new software, frameworks,
interfaces, and processes. Chemical information needs to (5) produce content-driven
solutions. Open-source development can also be used to promote open science, which
has a science politics perspective (4) [63]. Last, if the rationale is to support teaching and
learning (6), cheminformatics knowledge is used to develop educational technology [64].

Table 2. A Synthesis of findings.

# Rationale Perspective Outcome

1 Develop New Software General/Specific Technological

2 Update Current Features, Tools, or Processes Specific Technological

3 Improve Usability General Technological

4 Support Open-source 'Development and General/Specific Technological / Political
Open Science

5 Fulfill Chemical Information Needs Specific Content-driven

6 Support Chemistry Learning and Teaching General/Specific Pedagogical

The work started in 2005 by the Blue Obelisk movement [19] seems to have a strong
impact, as many of the analyzed projects have been using the central standards defined by
Blue Obelisk. Developing standards is an important objective for the field. The advantage
of standards is clear documentation. Such standards are easily applied by software
development professionals and are needed in multidisciplinary cheminformatics projects.
Domain experts are the best at designing chemistry but lack software development
skills [9]. However, the analysis shows that some scientific software is developed ad
hoc by scientists rather than software engineers, either because of the need for a quick
solution, lack of resources, or the excitement of writing software code. In good agreement
with Blanton [29], this situation could hinder sustainable software development in
cheminformatics due to funding variability, adherence to good software development
practices, iterative software peer review processes, and even formal training of scientists
in software engineering.

According to the earlier research literature, the diversity of the quality of open-source
solutions and maintenance processes were the biggest challenges in the development
of scientific software [9]. This may be the case, but the acquired data did not consider
quality issues. The authors usually do not describe software or process faults in the articles.
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However, one of the rationale categories (2) was updating current features. In these papers,
the authors reported bugs and errors that they aimed to fix [51]. In addition, there were
no descriptions of software development project management, so this cannot be evaluated
with these data. One solution to improve the quality challenge would be to adopt good
practices from other domains that have already developed quality management systems
for scientific software development. See some examples from health informatics [33,35].

Improving usability is another major rationale that is related to many other rationales,
such as updating or developing new features. Usability can mean, e.g., the improvement of
interface, performance, maintenance, or operating logic. The user must experience confi-
dence in using the software. One way to do this is to improve the instructions [65]. With
instructions, the developers must decide whether the emphasis is on tasks or features [34].
The ideal solution would be to assist users in understanding how the software is working
to avoid the black-box effect [39] and help navigating inside the software

Lastly, the most central challenge hindering academic development has been the
industrial background. Industrial solutions cannot be published under open license because
of trade secrets and intellectual property rights [4]. While this is understandable, we see
this as an opportunity and not a challenge. Strong industrial relations are a strength
that enables cheminformatics to grow both academically and industrially [18]. Open-
source development can bridge these two stakeholders, from which there are already good
examples [47,57]. Industry can provide jobs and research resources for academia, and
academia can produce new scientifically validated solutions. Through scientific practices,
the developed solutions are automatically peer evaluated [31].

In conclusion, this research produced six main rationale categories for open-source
cheminformatics software development. The results are reliable, as we retrieved extensive
article data that led to a saturation of findings. Note that the subcategories did not and
cannot ever saturate, as science progresses through a mechanism of finding research gaps
from earlier research. Appendix B can be used as a list of ideas to see what objectives others
have set. In addition, the analysis procedure was conducted via the latest requirements for
qualitative content analysis (k = 0.83) [11,37,38].

This classification can be used for designing rationales for future software develop-
ment projects, one of the biggest research areas in cheminformatics [1,5]. In particular,
there is a considerable need for developing cheminformatics education [15,16,66]. Open-
source software development can serve as a good educational context, as it promotes
multidisciplinary content knowledge (e.g., chemistry knowledge, cheminformatics skills,
and computer sciences) and teaching about open science and scientific practices.
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Appendix B. Comprehensive List of All Main and Sub-Categories

Main Category Sub-Category

(completely new software, features,

Cross-knowledge domain solutions
Cross-platform solutions
Databases are limited
Decrease the black-box effect
Difficult to use
Editing capabilities
Expensive relational database system
Facilitates compilation
Facilitates maintenance
First MOPAC optimization solution
Fix software bugs
Free library management and screening software
High costs
Import and export tools
Improve performance
Insufficient update frequencies
Interconversion of chemical structures
Lack of database creator software
Limited database access
Limited number of R solutions
Local installation to avoid online solution
Loop support
Manual work processes
Mobile application
Mobile-compatible solutions
Module that combines multiple toolkits
Need for supervision
New architecture
No suitable open-source solutions available
No suitable solutions available
Object-oriented suite
Open molecular descriptor platform for macromolecules
Open-source solutions
Poor modularity
Practical solutions
Programmatic file conversion
Reduce costs
Reduce duplication of work
Reduce errors
Restrictive licenses
Scoring functions missing from OS solutions
Sensitive data
Visualization tools
Web-based solutions
Workflow based on open file formats

Develop New
Software

tools, or processes)

Access to experimental data
Apply a new algorithm
Automated affinity prediction
Correct an error from the previous version
Elaboration of protein motion
Ensure stability
Improve performance
Improved animation workflow
Improved machine learning model
Improved workflow
Improves defects present in available solutions
Methods for searching chemical space efficiently
Multiple new features or improvements
Multiple types of data sources
New data sources added
New force field
New operating logic
Software update

Update Current
Features, Tools,
or Processes
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Main Category Sub-Category

Clear workflow
Command line interface
Easy to install
Enable machine learning without programming
Faster calculations
Interactive instructions
Language versions
Optimize speed and accuracy
Improve Usability Ready-made scripts
Reduce functional complexity
Reduce the need for programming skills
Reduced time
Systematic work practices
User-friendly graphical interface
User-friendly operating logic
User-friendly search tools
User-friendly web interface

Allow integration to commercial software

Code transparency

CSS examples
Develop open alternatives

Free software

HTMLS5 technology

JavaScript frameworks
Lack of extensibility
MySQL database
Open data
Open license
Open solution
Support Open-Source Open-source SMIRKS package
Development and Open technology or framework for developers
Open Science Policies for data management
Possibility to publish research results open
Ruby framework
SMIRKS specification
Standards for computational processes
Standards for data management
Standards for software development
Starting point for database integration
Support cooperation between academia and industry
Support QSAR standards
Support sustainable science via OS
Supports integration
Tested technology for developers

Ability to process larger molecules
Analyze relationships and patterns
Analyze the relevance of search results
Bioactivity data are not extracted
Calibrated conformation-dependent molecular electrostatic potentials
Chemical ontologies
Combined data visualizations
Comprehensive information mining from public bioactivity databases
Curated data
Describe objects and their relationships
Efficient and reliable in silico PD-PK-T prediction methods
Expansion to other areas of chemistry
Facilitate extensive drug molecule studies
Generate MCS and rank solutions via multiple variables
Generation of tautomeric forms
Handle crystal structures
Identify reliable data
Improved descriptor handling
Model motion from structural data
More detailed algorithm description
More time to solve chemistry

Fulfill Chemical
Information Needs




Appl. Sci. 2023,13, 9516 19 of 21

# Main Category Sub-Category

No need for prior dataset

Online prediction of Log P
Process ADMET models

QSAR model visualization tools
QSAR predictions on the production environment
RDF information model
Reach large audience
Reliable method for predicting endocrine disruption
Representation of surface physico-chemical properties of proteins
Fulfill Chemical ' Screen mult'iple targets at once
5 Inf } Solutions for experimental data management
nformation Needs e .
Specific calculation method
Specification of SMILES and SMARTS dialects
Structural relations
Support chemical decision making
Support for multiple vs. analysis methods
Support phenotypic screening
Support recursive atom expressions
Systematic discovery of chemical space
Visual validation of models
Visualize dynamical forces on intermolecular interactions

Implement AR into chemistry teaching

Support Support chemical reading
6 Chemistry Support chemistry teaching and learning
Learning and Support learning of the structure—property relationship
Teaching Support spatial learning
Text to speech
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