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Context: Research software is instrumental in producing research results. It plays a special role in advancing
scientific discovery through tasks such as data analysis, simulation, and visualization. However, despite its
importance, the organizations that produce research software face challenges in managing research software
projects. Existing frameworks for software engineering often overlook the needs of research software, including
research software engineering practices and open science principles. Without clear guidance, organizations that
produce research software must develop and invent new techniques for research software engineering, which
is a slow and costly process.

Objective: This work presents RSMM, a maturity model designed to improve organizational practices in
research software project management.

Methods: The initial version of RSMM was developed through a systematic literature review. Expert interviews
were then conducted to evaluate and refine the model. Finally, multiple case studies were carried out to
validate RSMM and demonstrate its applicability in real-world settings.

Results: The final version of RSMM (v1.0) comprises 79 best practices, 17 capabilities, and 10 maturity
levels, organized into 4 focus areas: ‘Software Project Management’, ‘Research Software Management’, ‘Community
Engagement’, and ‘Software Adoptability’. We provide a comprehensive analysis of RSMM v1.0 and demonstrate
its practical applicability through two illustrative case studies.

Conclusion: The RSMM is designed to help organizations in evaluating and improving their research software
project management by assessing a project’s current maturity level and providing best practices across four
focus areas to guide its progression.

1. Introduction insufficient in addressing the unique requirements of research software.

For instance, existing models do not adequately address aspects of

Research software is defined as source code files, algorithms, scripts,
computational workflows, and executables created during the research
process or for research purposes [1]. It generates, processes, or analyses
results intended to appear in a publication, such as a journal, con-
ference paper, monograph, book, or thesis [2]. Despite its importance
and widespread use across various research domains, the development
and maintenance of research software often remain ad hoc and poorly
coordinated, resulting in fragile infrastructures that are challenging to
sustain and reproduce [3].

While standard software engineering practices offer many tools for
the development and maintenance of software [4,5], they often prove

* Corresponding author at: Utrecht University, Utrecht, The Netherlands.

research software engineering, such as building user communities,
managing licensing, creating training materials, making software easy
to adopt in research workflows, and aligning with open-science princi-
ples. Furthermore, there are no accredited formal courses or programs
in research software engineering [6]. This existing knowledge gap
highlights the importance of establishing and promoting best practices
for research software projects.

Several initiatives, such as the FAIR (Findable, Accessible, Inter-
operable, and Reusable) principles for research software [1,7], Re-
search Software MetaData (RSMD) guidelines [8], and Open Source
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Security Foundation (OpenSSF) badge program [9] target different
aspects of research software development. These guidelines aim to
improve the findability, accessibility, interoperability, reusability, and
usability of research software and its metadata. However, they are
fragmented across various domains and lack a unified framework that
offers comprehensive research software project management guidance.

Managing research software is challenging due to limited funding,
lack of long-term support, and a widespread lack of digital literacy
and software management skills among (non-technical) researchers. As
noted by Goth et al. [10], a digital literacy gap persists in academic
education, often leaving students and early-career researchers unpre-
pared to communicate effectively with technical colleagues or maintain
software beyond the lifecycle of a PhD project. As a result, research
software is often no longer maintained after a project ends, and be-
comes outdated or unusable, which makes it harder to share, reuse,
or reproduce scientific work over time. In addition to individual-level
challenges, Research Software Engineers (RSEs) and other stakeholders
face systemic issues, such as unclear governance structures, insufficient
recognition, and pressure to meet funder and policy expectations [11-
13]. These diverse demands highlight the need for a framework to
support the management of research software projects throughout their
lifecycle [14,15].

There exists a line of research on maturity models in software
development that offers recommendations to improve software man-
agement and governance [5,16]. Two studies have developed focus area
maturity models for specific functional domains: software ecosystem
governance [17] and API management [18]. In these two models,
the authors combined best practices and used the focus area maturity
model to measure the maturity of an organization in their functional
domain. We were inspired by these two works and developed Research
Software project management focus area Maturity Model (RSMM): a matu-
rity model to evaluate and improve research software project manage-
ment for organizations that produce research software. An organization
can vary in the context of research software projects. Some research
software projects are run by academic institutes (e.g., CMasuer [19])
and some are run by a research software center (e.g., CrratioN FiLE
FormaT [19]). Some are networks of many organizations that col-
laboratively contribute, support and fund further research software
development (e.g. Invento [20]). In addition, individual researchers,
in some cases in collaboration with (a team of) RSEs, produce es-
sential software for their research [21]. RSMM aims to provide a
structured analysis of research software engineering practices that can
help organizations that produce research software regardless of their
structure.

The contributions of this study are as follows.

» Maturity model for research software projects: We present
RSMM to assess the maturity of research software projects within
research software project management, using best practices from
this field.

Comprehensive best practices: The framework includes 79 best
practices that cover code quality and security, sustainability,’
reproducibility, community building, and many other aspects re-
quired to evaluate and improve research software project manage-
ment capabilities. These practices are grouped across four focus
areas: ‘Software Project Management’, ‘Research Software Manage-
ment’, ‘Community Engagement’, and ‘Software Adoptability’.
Extension of FAIR principles: The RSMM framework takes the
FAIR principles as a baseline while extending its focus to in-
clude aspects such as reproducibility, community building, impact
measurement, and other quality factors relevant to open science
principles.

1 Throughout this paper, we use sustainability to mean technical
sustainability as defined in the Karlskrona Manifesto [22].
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+ Community-based approach: RSMM is developed based on in-
sights gathered from a systematic literature review (SLR) and
interviews with researchers, RSEs, and project managers.
Practical applicability: The model is validated through multiple
evaluation cycles, including case studies, to ensure its applicabil-
ity and alignment with stakeholder needs.

Published dataset: RSMM and a complete description of the 79
practices are publicly available as a dataset [23]. This descrip-
tion includes when the practices are implemented and is orga-
nized based on the MoSCoW prioritization (Must have, Should
have, Could have, Will not have). Additionally, it details the re-
sources required for execution, dependencies among neighboring
practices, and literature in which these practices are discussed.

The RSMM should be viewed as a diagnostic and prioritization tool
rather than a procedural manual. Its value lies in enabling a shared un-
derstanding of project maturity among researchers, research software
engineers, and managers. Through the cyclical use of RSMM and soft-
ware process improvement, research software projects can iteratively
improve.

The remainder of the paper is structured as follows. Section 2 in-
troduces maturity models and compares RSMM against existing frame-
works. Section 3 provides the study design of RSMM, and Section 4
details the focus areas of RSMM, including a tabular representation of
the model. Section 5 illustrates the method for assessing the maturity
of research software projects using RSMM on two selected examples.
Section 6 provides case study results, and Section 7 presents evalua-
tion results from the expert interview and the case studies. Section 8
provides a discussion and limitations of the study. Finally, Section 9
concludes the paper by summarizing the findings, contributions, and
future work.

2. Background and comparison

In this section, we introduce the concept of maturity models and
provide some examples that address maturity in certain aspects of
project management. Additionally, we summarize best practices in
research software engineering and compare them to RSMM.

2.1. Concept of maturity models

Maturity is an evolutionary progress in demonstrating a specific
ability or accomplishing a target from an initial stage to a desired end
stage [24]. The purpose of maturity models is to guide this evolutionary
process by using improvement activities [25]. Pullen (2007) defines a
maturity model as “a structured collection of elements that describe the
characteristics of effective processes at different stages of development. It
also suggests demarcation points between stages and methods of transitioning
from one stage to another”. These tools are developed for organizations
to evaluate and compare, providing a basis for improvement and in-
formed strategies for strengthening capabilities in specific areas [27].
Capabilities encompass the practices and processes within a particular
functional domain of the organization. A capability refers to the ability
to achieve a specific goal tied to a maturity level [28]. Maturity
levels outline the expected, desired, or typical evolution path of these
capabilities as discrete stages [29]. To reach a particular maturity
level, an organization must meet criteria and characteristics related to
capabilities or process performance. The initial stage represents a start-
ing point where the organization may have limited capabilities in the
assessed domain. At the same time, the highest maturity level indicates
organizations that have achieved the most advanced capabilities in that
domain [28]. This maturity level assessment of capabilities helps to
derive and prioritize improvement measures.

Another type of maturity model is the so-called focus area maturity
model, as defined by van Steenbergen et al. [28]. It helps organiza-
tions to measure their performance in a specific functional domain. A
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Table 1
Comparison table: This table compares a few maturity models and guidelines relevant to research software development.
Model Scope Structure/Levels Strength Limitation
CMMI Improving organizational 5 maturity levels Broad process maturity model, Ignores openness, community,
processes (beyond software) covers quality assurance, citation and many other research
configuration management and software-specific practices
others
OSMM Open source software (OSS) 3 levels Assesses OSS trustworthiness Lacks research software-specific
practices
FAIR4RS Research software principles Best practice checklist Covers indexing, metadata, Does not consider the research
citation, and licensing software project’s full lifecycle
RSMD Research software discovery Best practice checklist Covers accessibility, metadata, Lacks community engagement,

OpenSSF badge program

ADORE.software

Open Source Guides

FLOSS Security & quality

Research software policy &
funding support

OSS practice support

145 practices

Recommendation based

Topic based

and recognizes developer
attribution

Mainly testing and security

Research software policy

Community and onboarding
support

sustainability, and other research
software management capabilities

Lacks sustainability, openness
Lack of Software Adoptability,
and many other practices, as the

focus is different

No research software-specific
practices

RSMM Research software project 10 maturity levels Combines research software Does not cover advanced security
management development, research or test planning
software-specific, and open source
software practices (e.g., value
developer attribution)
Table 2

Alignment table: This table compares how well other models align with RSMM by showing the proportion of RSMM practices they cover. Alignment is visualized
using up to five bubble-filled circles, each representing a range: 0%-19%, 20%-39%, 40%—-59%, 60%-79%, and 80%-100%. The final column lists the number of
RSMM practices each model includes (out of 79). While models such as CMMI, OSMM, FAIR4RS, RSMD, OpenSSF, ADORE.software, and the Open Source Guide

offer valuable practices, most do not fully address research software management.

Model Software Research Community Software No. of practices
project software engagement adoptability
management management

CMMI 00000 00000 [ Jelelele} 00000 11

OSMM 00000 [ 1 lelele} [ Jelelele] 11

FAIR4RS [ Jelelele] [ ] lelele} [ Jelele]e)} 00000 6

RSMD [ 1 Jelele] [ 1 lelele} [ 1 lelele} [ ] Jelele] 13

OpenSSF badge program [ 1 1 Jele] [ lelele]e] [ 1 lelele] @®0000 17

ADORE.software [ Jelelele] [ ] lelee} [ 1 leleje]} (e]e]ele]e] 7

Open Source Guides [ 1 I Jele] [ Jelelele) 00000 @0000 17

functional domain includes activities, responsibilities, and stakeholders
involved in fulfilling a well-defined function within an organization and
consists of different focus areas. A functional domain can be software
testing or software management. A focus area is an aspect that must be
implemented to a certain extent for a functional domain to be effec-
tive. Each focus area includes several capabilities, and each capability
provides actions or practices to guide the gradual improvement of
the corresponding functional domain. A focus area maturity model is
not a fixed-type model; its maturity levels start from O and extend to
any positive integer. Each focus area is evaluated separately, with its
maturity levels.

As shown in Table 1, various maturity models and best practices
are compared with RSMM. Table 2 presents their alignment with RSMM
practices. The following subsection discusses these comparisons in more
detail.

2.2. Comparison

Capability Maturity Model Integration (CMMI) and its predeces-
sor Capability Maturity Model (CMM) are industry standard maturity
models [5]. They include five maturity levels. CMM evaluates an
organization’s software engineering processes through maturity levels.
It aims to help developers improve software quality and the over-
all software engineering process. The scope of CMMI v3.0 extends

beyond software development to cover organizational processes such
as process quality assurance, configuration management, monitoring
and control, planning, estimating, requirements development and man-
agement, governance, implementation infrastructure, organizational
training, process management, verification and validation. As a re-
sult, it involves developers and other departments such as marketing,
finance, and purchasing. CMMI covers many quality and security prac-
tices, along with some elements of requirements management and
limited community engagement. However, CMMI focuses on improving
internal organizational processes, which do not directly address aspects
of research software development such as openness, sustainability,
community involvement, and citation. As a result, it is less suitable
for guiding open and collaborative research software practices. CMMI
mainly supports internal teams, whereas RSMM emphasizes external
community practices such as licensing, community events, and devel-
oper onboarding, aspects of open and collaborative research software
development.

Open Source Maturity model (OSMM) is an assessment model for
the Free/Libre Open Source Software (FLOSS) development process
evaluation. It includes 12 trustworthiness elements, grouped into three
levels: basic, intermediate, and advanced. However, OSMM remains
quite general and does not go into detail about how practices should be
implemented. For example, while it includes “Product Documentation”
as an element, it does not specify what good documentation should look
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like. In contrast, the RSMM includes a capability for documentation and
describes how it should support users and enhance usability. Another
example is the OSMM element “Results of Assessment of the Product
by third Party Companies”, which focuses on external evaluations.
RSMM includes a similar idea through the practice “Acknowledged
by a research software center”, offering a community-based form of
recognition more suited to the research context. The OSMM aligns
with four practices under software project management in RSMM.
However, it includes more advanced areas such as test planning, which
RSMM does not currently cover. For research software management,
OSMM mentions popularity measurement, while RSMM focuses more
appropriately on impact measurement, which is more relevant in a
research context [7]. In terms of community engagement, OSMM ad-
dresses aspects like licensing and user-stakeholder relationships. These
correspond to a few of the RSMM practices.

We also examined existing best-practice frameworks for open-source
software projects, noting their similarities and differences with RSMM.
A few models integrate best practices of research software engineering
and open-source software standards: FAIR principles, RSMD guidelines,
OpenSSF badge program, Open Source Guides, and ADORE.software.

The FAIR principles (FAIR4RS)? are designed for researchers aiming
to make their research software Findable, Accessible, Interoperable,
and Reusable. These guidelines emphasize creating software that is
easy to locate and use across disciplines and research contexts. The
FAIR principles primarily focus on enhancing the discoverability and
usability of data and software. They do not extensively cover broader
software project management or sustainability aspects, making them
narrower in scope. However, it covers one practice of that focus area,
‘Store project in public repository with version control’. In ‘Research Soft-
ware Management’, it covers four out of 22 practices: ‘Make code citable’,
‘Enable indexing of project meta-data’, ‘Publish in a research software
directory’, and ‘Enable indexing of the project’s source code’. Similarly,
‘Community Engagement’ has only one practice ‘select a license’ covered
by FAIR4RS, and ‘Software Adoptability’ has no overlap with FAIR4RS.

The RSMD Guidelines® target end-users of research software, includ-
ing researchers across various disciplines. These guidelines are highly
adaptable and flexible, offering user-friendly recommendations that can
be applied in different contexts. They cover extensive areas, includ-
ing accessibility and preservation, licensing, reuse, and legal aspects,
emphasizing standardizing metadata to improve software discoverabil-
ity and usability. However, the guidelines focus less on community
engagement or software adoptability. The RSMD framework aligns
with a subset of practices from the RSMM across multiple focus areas.
It addresses three practices of ‘Software Project Management’, It also
supports four practices from ‘Research Software Management’, three
from ‘Community Engagement’, and three from ‘Software Adoptability’.
However, as outlined in their guidelines, these practices primarily
focus on making project data and metadata accessible, and do not
cover a significant portion of the practices related to ‘Research Software
Management’ and other RSMM focus areas, as their objectives and scope
differ.

The OpenSSF badge program* is designed for FLOSS projects, with
a focus on security-conscious developers and users. Its ease of use
lies in its checklist-style approach, which allows projects to self-certify
their adherence to over 40 best practices. The program’s scope is
relatively narrow, concentrating on code quality, security, testing, and
documentation. OpenSSF includes 17 practices from RSMM and focuses
on detailed security and testing practices. In contrast, RSMM includes
only two practices related to security and two of testing. However,
OpenSSF lacks broader considerations such as community building,
sustainability, and research-specific practices.

2 https://www.go-fair.org/fair-principles/
3 https://github.com/FAIR-IMPACT/RSMD-guidelines
4 https://bestpractices.coreinfrastructure.org/
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Open Source Guides® is a collection of resources for individuals,
communities, and companies to launch and grow open-source projects.
They cover aspects such as contributing to open source, starting new
projects, building welcoming communities, maintaining projects, get-
ting new users, getting paid for open-source work, legal considerations,
and code of conduct. The guides aim to support both newcomers
and experienced contributors. While these guidelines apply to open-
source research software projects, they lack specific considerations
relevant to the research software context, such as sustainability, impact
measurement, visibility, ethical considerations, and reproducibility.

The ADORE.software® toolkit aims to support the implementation of
the Amsterdam declaration on funding research software sustainabil-
ity. It provides examples of funder programs, policies, and resources
for each declaration’s recommendations in research software prac-
tice, research software ecosystem, research software personnel, and
research software ethics. Each focus area outlines recommendations
and provides examples of funder programs, relevant funder policies,
and resources. However, it does not include specific practices to follow,
as it is more resource-oriented.

Existing maturity models and project management frameworks are
not designed to address the specific challenges of research software
development. While best practices for research software development
exist, they are fragmented across domains and lack a comprehensive
and actionable framework to guide development. Current frameworks
also lack mechanisms to evaluate the maturity of research software
project management, making it difficult to assess progress and identify
areas for improvement.

To the best of our knowledge, RSMM is the first research soft-
ware maturity model that combines the best practices of software
development and open-source software development while empha-
sizing research software engineering practices. The focus of RSMM
extends beyond the developmental aspects of research software, plac-
ing equal emphasis on non-code considerations such as building a
community around the research software and enhancing its impact,
sustainability, and adoption within the research community.

RSMM is designed from the perspectives of users, researchers, RSEs,
funders, and policymakers, addressing the needs of all these stakehold-
ers equally. Our dataset is freely available as an open dataset [23],
and includes a complete description of all components of RSMM. The
dataset can help individuals with limited software engineering training
understand the practices and resources required to implement them. In
the following section, we explain the design phases of RSMM.

3. Study design and implementation

Organizations that produce research software often lack unified
tools or frameworks designed for research software project manage-
ment. To address this problem, the study formulates the following
research question: How can organizations that produce research software
evaluate their project management practices?

To develop RSMM, we adopted the maturity model development
method proposed by de Bruin et al. [27], which structures model
construction into five phases: Scope, Design, Populate, Test, and Deploy.
These phases guided the complete development of the model, as shown
in Fig. 1, and are described in detail below.

3.1. Scope
The initial phase in developing a maturity model involves defining

its scope, which includes deciding the focus and the target audience.
The focus of RSMM is to evaluate and improve research software

5 https://opensource.guide/
6 https://adore.software/toolkit/
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review (50 articles) interviews (12) confirmation (8) 1 studies (20) |!
== J
l Y Y
[ RSMM v0.1 | Focus Capabilities| 1 2 RSMM v1.0

Focus areas (4) e

Focus areas (4)

Capabilities (18)

Practices (61) [A,B...]

A-pPpB »| [Capabilities (17)
—— Practices (79)
o A - Maturity levels (10)
A’t----»B

Maturity matrix

Fig. 1. The development phases of RSMM follow de Bruin et al. [27]: Scope, Design, and Populate, where a literature review led to v0.1. The Test phase, includes
expert interviews and validation, produced version 1.0 (v1.0). Between v0.1 and v1.0, two intermediate versions were developed. In v0.2, the practices in the
maturity matrix were revised, such as added, removed, or merged based on insights gathered from the expert interviews. In v0.3, the practices were positioned
within the maturity matrix according to the mode of the responses. In v1.0, we considered dependency among practices. Additional statistical analyses were also
conducted based on the collected responses, and these intermediate versions are available upon request. The Deploy phase used case studies to assess RSMM’s
applicability. The practices of RSMM are illustrated with A and B, and arrows represent their dependencies.

project management by identifying and describing practices that con-
tribute to the maturity of research software projects. The target au-
dience of RSMM includes research software-producing organizations,
along with a broader group such as RSEs, funders, policymakers, and
project managers, who are directly involved in or concerned with
research software project management.

3.2. Design

The second phase of the proposed framework defines the overall
design and architecture of the model. It considers the needs of the
target audience by addressing four questions: why they seek to apply
the model, how it can be applied, who should be involved, and what
outcomes it is intended to support. RSMM is designed to assist organiza-
tions that develop research software in evaluating and improving their
project management capabilities by assessing and improving project
maturity (why). It provides a structured, self-assessment-based guide-
line that allows organizations to implement best practices aligned with
their desired maturity level (how). The model is applicable to a broad
range of organizations, regardless of their structure (who). The what is
demonstrated in Section 6, where we present 20 case studies involving
researchers, RSEs, and principal investigators applying RSMM to assess
research software projects. These case studies showcase the model’s real
world applicability and its value in identifying improvement areas.

3.3. Populate

The Populate phase involves defining the model’s content by iden-
tifying what aspects should be measured in the maturity assessment
and how this can be measured. To support this process, we conducted
an SLR by adapting the methodology developed by [30]. The objective
of the SLR was to identify the practices and capabilities of research
software project management to design RSMM. We initiated the SLR
by searching for keywords related to research software project man-
agement. The first and last authors jointly conducted the search across
four academic databases: ACM Digital Library, Google Scholar, Scopus,
and IEEE Xplore. After applying inclusion and exclusion criteria, we
selected 50 relevant articles. We then reviewed the abstracts and
key sections of these papers to identify practices and grouped these
practices into capabilities. When a paper did not clearly specify a
capability, we assigned the practice based on our interpretation and
domain knowledge. The full SLR procedure, including the databases
used, search strategy, selection process with numbers at each stage,
and detailed inclusion and exclusion criteria, is described in the sup-
plementary material [31]. From the final set of 50 selected articles,

we identified 61 best practices, which were grouped into 18 capa-
bilities and 4 focus areas based on thematic connections identified
in the reviewed literature and discussions between the first and last
authors, following both top-down and bottom-up approaches [27]. The
validity of these groupings was subsequently verified during expert
interviews, where participants reviewed practice-to-capability assign-
ments and suggested reassignments or identified missing practices as
needed.

As shown in Fig. 2, we placed practices into RSMM v0.1 with-
out considering their maturity levels. The practices were distributed
across consecutive maturity levels, ensuring that no single level con-
tained multiple practices. At this stage, dependencies among practices
were avoided. However, in RSMM v1.0, such dependencies are consid-
ered, and there is a “natural progression”, where higher-level practices
typically build upon the implementation of lower-level ones. We in-
corporated expert feedback to refine the placement of practices within
capabilities, focus areas, and maturity levels. This process is described
in detail in the Test phase.

3.4. Test

Once a model was populated, we conducted 12 expert interviews to
determine the positioning of the collected practices and verify the com-
pleteness of the model. Table 3 presents details about the interviewees,
and the expert selection criteria are as follows: the participants must

v be knowledgeable in at least two of four focus areas of RSMM.

v has a minimum of three years of experience in either developing
or managing research software projects.

v work at an organization as an RSE, researcher, or project manager
as a part of a team working on research software projects or any
comparable role related to research software.

We shared the interview protocol, which details the procedural
steps, guidelines, and interview questions, with the selected experts.
In addition, the protocol includes a description of the focus areas,
capabilities, and practices used in RSMM. As part of the interview
study, the Utrecht University Ethics Department reviewed and ap-
proved the protocol. The first and last authors of this paper conducted
the expert interviews, with the last author participating in 3 out of
12. The interviews were conducted via team communication channel
(Microsoft Teams), with one held offline. All interviews were recorded
and transcribed for further data processing.

The expert interview included an online card-sorting task [32],
where experts categorized practices based on maturity and provided
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Fig. 2. RSMM vO0.1 (not the final model): The initial model with 4 focus areas, 18 capabilities, and 61 practices, collected through SLR of academic and gray
literature. These practices have maturity levels from 1 to 7 but are not yet organized by maturity.

Table 3

The table summarizes interviewees’ current roles, years of experience with research software projects, and expertise in the RSMM’s four
focus areas. Experience levels are shown with shaded bubbles: black (significant), gray (some), and empty (none). Each interviewee has

a unique identifier. Only one interview was conducted in person.

Interviewee Experience Software Research Community Software Interviewee
(Years) Project Software Engagement Adoptability Code
Management Management
Professor 10+ ) o (@) @) v1
Prof. and Research Scientist 10+ [ o O O v2
RSE 10+ [ ) [ ) O o V3
Co-leader and Lead RSE 10+ ) ) (@) (@) v4
Research Scientist 4 ) @) O @) WA
Dep. Head of Div. Computing 10+ ) ) @) @) V6
Research Group Leader 10+ o o o O w7
Assistant Professor 10+ ) ) @) @) v8
RSE 7 o o (@] (@] V9
RSE 10+ o o @] @) 1v10
Programme Manager 10+ (@) ) O (Y V11
Section Head 10+ ® ® ©) ©) V12

feedback. We used a Miro dashboard template (an online collaborative
workspace) to conduct this task. This template includes initial com-
ponents of the RSMM, such as focus areas, capabilities, and practices.
Practices were written on individual cards, while each capability was
represented as a large rectangular box within its corresponding focus
area. The practices were not yet organized according to maturity levels
and were placed sequentially. The initial template was shared with the
first interviewee, who, during the card-sorting task, was asked to move
the practice cards into the appropriate capability boxes and arrange
them according to maturity levels. After each interview, we updated

the Miro template with any new practices suggested by the partici-
pant. The revised template was then used in the subsequent interview,
following the same procedure. Each interviewee received the updated
Miro template, which included all components, with the practices
left unarranged according to maturity levels. Through this iterative
process, the template was progressively refined as each participant
reviewed, categorized, and adjusted the practices. Experts also iden-
tified missing capabilities or practices and reclassified them as needed.
This iterative process, applied across all focus areas to ensure the
model’s completeness and accurate classification. Additionally, experts
provided feedback on the RSMM’s completeness, effectiveness, ease of use,
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Table 4

Statistical comparison between two RSMM versions.
Model Focus Areas Capabilities Practices Modified Replaced Merged Maturity Levels
RSMM vO0.1 4 18 61 - 7
RSMM v1.0 4 17 79 10

Table 5

Inclusion and exclusion criteria for selecting projects for our case studies. Only one
explicit exclusion criterion was defined; other fields have no specific exclusions.

Inclusion Criteria (must)

Exclusion Criteria (should not)

be in a public repository

be infrastructure software (DB, OS, Docker, etc.)

be a research software

be cited in a paper

have a group of contributors

deliver working research software

have documentation written in English

have a license

give access to source code

be in a research software directory

have a minimum of 25 stars

be in active development in the last 12 months

usability, and operational feasibility (see Section 7). We followed the
same approach used in API-m-FAMM to determine maturity levels. The
maturity levels were determined by taking the mode of the rankings
assigned by the experts. We also considered dependencies between
different practices within a capability and other capabilities in the same
focus area, and the various focus areas for the final placement of prac-
tices. For example, out of 12 experts, four recommended positioning
the Provide executable tests practice at level 4. Then, we assigned this
practice to maturity level 4, considering its dependencies with another
practice, Execute tests in a public workflow. It is because the practice,
Provide executable tests must be implemented or executed before the
Execute tests in a public workflow. However, additional data was needed
for practices introduced in the final interviews to determine their
maturity levels. These practices were placed in RSMM v1.0 based on
maturity levels suggested in the most recent interviews as a pragmatic
solution. Thus, in RSMM v1.0, we positioned practices within the
maturity matrix based on expert judgment and dependencies among
practices.

Table 4 summarizes changes made to RSMM v0.1 from the Pop-
ulate phase to the Test phase. In addition to these changes, we also
updated the naming conventions for practices to follow the ‘Verb Object
(Qualifier)’ structure. Additionally, we made minor adjustments to the
terminology used for the focus areas and capabilities. Consequently,
RSMM v1.0 was sent to the interviewees for confirmation, allowing
experts to review the new additions and provide final feedback or
suggestions for further refinement.

3.5. Deploy

Following the population and testing phases, the model must be
available to assess its generalizability [27]. Accordingly, the Deploy
phase focused on applying RSMM to research software projects to eval-
uate its applicability in practice. In this phase, we conducted 50 case
studies of research software projects, and we selected these projects
based on criteria in Table 5. To collect data for the case studies, we used
platforms such as the Research Software Directory (RSD), including
those from the Netherlands eScience Center [33], Helmholtz software,
Imperial College London, and the Research Software Encyclopedia.
We selected these platforms because GitHub lacks a mechanism to
differentiate research software from software used in research [34]. Ad-
ditionally, these platforms offer curated collections of research software

projects, and we selected only those that met the inclusion criteria out-
lined in Table 5. We excluded infrastructure software (e.g., databases
and containers), as our study focuses on research-specific tools that
advance scientific goals.

We conducted case studies from May 2023 to August 2024. For each
case study, we employed multiple data collection methods to ensure
comprehensive assessment and triangulation of findings. First, we col-
lected data from GitHub repositories, including practices such as code
of conduct, citation guidelines, and licensing. Second, additional prac-
tices were identified through searches in research software directories
and public information available on project websites, including partner
details and crash reports. Third, the preliminary findings were then
shared with the case-study participants to confirm the information and
fill in any missing details, allowing us to validate documentary evidence
against developer knowledge and identify practices not publicly visible.
Finally, a short survey was provided to the participants to evaluate the
model based on their experience with their project evaluation using
RSMM.

The first author initiated contact with the primary representatives
of each case study project using the information available on their
respective RSD project pages. For projects that did not provide a des-
ignated contact person, we identified recent contributors by examining
GitHub activity and other publicly accessible sources. These individuals
were contacted via email and provided with the preliminary case study
report. They were invited either to supply the requested information
themselves or to forward the request to the appropriate project main-
tainer. In several instances, project owners subsequently coordinated
internally and encouraged their contributors to complete the required
details. During this process, project owners received only descriptions
of the practices. For practices that were confusing, participants added
clarification questions to the shared Excel spreadsheet. Subsequently,
we added assessment questions for each practice in the supplementary
material to improve understanding of the practices. The material also
includes an example contact spreadsheet.

The final case study results were updated based on the information
received from these contributors. For each project, binary values were
assigned in the results based on compliance with the corresponding
practices.

To illustrate the maturity assessment process, we used two projects,
GGIR [35] and ESMvaLrooL [36], from the Netherlands eScience Center
RSD. The results are presented in Section 5. For instance, GGIR met
all the inclusion criteria listed in Table 5, had 66 stars (as of April
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Fig. 3. RSMM v1.0: Four focus areas, 16 capabilities and their codes.

24, 2023), and included the required license and documentation. Ad-
ditional data for each project was collected from its website, RSD, and
GitHub. Binary values were then assigned to indicate adherence to each
RSMM practice.

Lastly, the evaluation of RSMM was conducted in three distinct
phases: the first phase occurred during the expert interviews, the
second phase occurred during the confirmation step, and the final
phase was carried out with the case study participants (results of
these phases are provided in Section 7). To evaluate RSMM, we used
five artifact-quality aspects: completeness, effectiveness, ease of use, us-
ability, and operational feasibility. Completeness assesses whether the
model sufficiently covers the relevant practices and capabilities for
research software project management. Effectiveness evaluates whether
the model yields meaningful maturity profiles and supports distinguish-
ing maturity levels across projects. Ease of use and usability capture
whether practitioners can understand the model and apply it without
excessive guidance, which is essential for self-assessment settings. Op-
erational feasibility assesses whether applying the model is realistic in
terms of required effort, information availability, and organizational
constraints.

We selected these quality aspects intentionally. Prat et al. [37]
emphasize that artifact evaluation criteria are not universal, but must
be chosen in relation to the artifact type and the evaluation setting.
Their empirical analysis shows that evaluation practice commonly fo-
cuses on a limited subset of criteria that can be assessed reliably using
naturalistic methods such as interviews and case studies. In our study,
expert interviews and real-world case studies provide credible evidence
for the five selected aspects, whereas other criteria discussed by Prat
et al. (e.g., long-term organizational impact, economic feasibility, or
ethical considerations) would require different research designs, longer
observation periods, or additional instrumentation beyond the scope of
this work.

During evaluation, we collected only qualitative data. Our objective
was to obtain a detailed and context-rich evaluation of the RSMM
rather than a numerical score. Qualitative responses allowed us to
explore whether the current model aligns with the needs of the research
software engineering community and to identify potential updates or
extensions to the existing practices. Our aim was to gain an in-depth
understanding of developers’ experiences, perceptions, and challenges
when applying the RSMM. The data analysis process is described in
Section 7 and [31].

4. Focus area maturity model for research software project man-
agement

RSMM covers four focus areas related to research software project
management, namely, ‘Software Project Management’, ‘Research Software
Management’, ‘Community Engagement’, and ‘Software Adoptability’. Fig.
3 shows these focus areas, capabilities, and corresponding codes.

Fig. 4 provides the full version of RSMM. Each capability within the
focus area consists of several practices organized in a maturity matrix
based on their maturity level and the dependencies with neighboring
practices. When the research software project follows these practices,
the corresponding capability improves, achieving maturity in that focus
area and improving the research software project capabilities. This
section briefly lists capabilities across all focus areas. The taxonomy
is structured as follows: “Focus area” (paragraph description), “capa-
bility” (listed with brief descriptions), “practice” (selected examples).
As Research Software Management is a key focus area specific to the
academic and research environment (in contrast to general open source
or commercial software development), Section 4.2 provides a detailed
illustration of the model’s structure and documentation approach. This
includes an illustrative practice description with its code, MoSCoW
categorization, dependencies, and references. The design of RSMM is
described in Section 3, and how RSMM can help improve research
software project management capabilities is discussed in the following
section.

4.1. Software project management

Software project management involves organizing the resources
and work activities needed to develop and modify software-intensive
systems [38]. Various factors influence the management of software
projects, and are equally relevant in the context of research software
development. The ‘Software Project Management’ focus area of RSMM
addresses this by incorporating practices that are fundamental to the
development and maintenance of quality software, also in the context
of research projects. In total, this focus area includes 3 capabilities and
19 practices aimed at improving aspects such as code quality, security,
issue tracking, and fostering collaboration within developer teams.

Key capabilities include managing software project requirements
during initial stages (‘Requirements’), improving code quality and ad-
dressing software security (‘Code Quality & Security’), and fostering
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Fig. 4. RSMM v1.0: The updated version of RSMM. It includes 4 focus areas, 17 capabilities, and 79 practices. These practices are placed between maturity levels

1-10.

effective communication within research teams and building collabora-
tive relationships with the broader research community (‘Communication
& Collaboration’). The ‘Code Quality & Security’ capability, for instance,
includes practices with self-descriptive names such as ‘Use automated
testing’ and ‘Implement continuous integration’. Together, these practices
help ensure that research software is reliable, secure, and maintain-
able, thereby contributing to the overall quality and reproducibility of
scientific research [39].

4.2. Research software management

Although software project management provides the framework
for organizing development activities, managing research software
presents unique challenges that extend beyond traditional software
practices. The focus area ‘Research Software Management’ concerns
the process of ensuring that software developed in a research project
remains usable and maintainable in the long term [40], addressing chal-
lenges specific to the academic and research environment. Given the
increasing use of research software across various research domains,
adherence to best practices has become essential [1]. We identified 4
capabilities and 22 best practices within this focus area that address
common challenges such as making research software visible, impact-
ful, and sustainable, as well as promoting ethical development and
use.

Key capabilities include evaluating software effectiveness and reach
through audience definition and periodic impact assessments (‘Impact

Measurement’), ensuring long-term sustainability through funding
strategies, software management planning, and end-of-life policies
(‘Sustainability’), improving visibility through citation, indexing, and
software directories (‘Visibility’), and addressing often-overlooked as-
pects of privacy, ethical considerations, and cost management (‘Usage
Cost and Ethics’). To illustrate the structure and documentation of
practices across all focus areas, we use the ‘Visibility’ capability as
an example. It includes practices such as ‘Make code citable’, ‘Enable
indexing of project meta-data’ [1], and ‘Publish in a research software
directory’ [33]. Fig. 5 describes the latter practice in detail. The prac-
tice code “2.3.5” is generated by combining the focus area (2), the
capability (3), and the maturity level (5). The description of when
this practice is implemented is categorized into MoSCoW categories
(with W omitted), including the resources required to complete it, its
dependencies on other practices (if present), and references provided
within the practice description set. All practices are documented in a
similar way within the published dataset.

To provide additional context, the ‘Sustainability’ capability focuses
on ensuring the long-term sustainability of research software projects
through organizational and economic mechanisms such as securing
funding, creating comprehensive software management plans, and es-
tablishing end-of-life policies. However, software sustainability is a
multidimensional concept covering technical, economic, social, and
other dimensions (see e.g., [41,42]). Consistent with the Karlskrona
Manifesto’s framework [22], RSMM addresses these dimensions across
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Practice Code: 2.3.5

community.
When implemented:

selected directory.

database and search interface.

research software releases.

Resources required:

requirements for research software projects.

Dependencies:-
References: [46]

Practice Name: Publish in a research software directory
Description: Publishing research software projects in a research software directory (RSD) facilitates discovery,
citation, and collaboration among researchers, research software engineers, and users within the research

e (M) Identifying and selecting suitable RSDs that align with the project focus area, target audience, and
visibility goals, considering factors such as reputation, coverage, and accessibility.

e (M) Preparation and submission of meta-data and documentation for the research software project to the

e (S) Compliance with directory-specific submission guidelines, metadata standards, and Quality Assurance
criteria to ensure accurate representation, indexing, and visibility of the research software project within the

e (C) Monitoring and updating project listings and meta-data in the RSD to reflect changes, updates, or new

e Time: Required for researching and selecting appropriate research software directories, preparing and
submitting project listings, and maintaining directory entries over time. Ongoing time and effort may be
needed to monitor directory performance, respond to inquiries, and update project information.

e Knowledge or expertise in directory submission processes, metadata standards, and documentation

e Collaboration: With the RSD team to publish projects on their website.

Fig. 5. Description set for the practice ‘Publish in a research software directory’. “When implemented” is categorized using the MoSCoW method: M:- Must have,

S:- Should have, C:- Could have, W:- Will not have (excluded).

different focus areas: this capability emphasizes organizational and eco-
nomic sustainability, while ‘Software Project Management’ (Section 4.1)
and ‘Community Engagement’ (Section 4.3) address technical sustain-
ability [43] and social sustainability, respectively. This distribution
emerged from our data collection with the research software commu-
nity.

4.3. Community engagement

A community that evolves and maintains research software fosters
an ecosystem of competing and collaborative products. It is shaped by
the culture of sharing, collaboration, and collective development of the
open-source movement [44]. The focus area ‘Community Engagement’
emphasizes strategies for engaging with the research community and
fostering a strong, inclusive community around the project. We have
identified 4 capabilities and 16 practices associated with this focus area.

Key capabilities include fostering partnerships with research groups
and institutions (‘Partnerships’), encouraging research collaboration
and promoting inclusion (‘Community’), supporting developers through
practices for public recognition, collaboration, timely code review, and
training (‘Developers’), and addressing software licensing (‘Licensing’).
As an example, the ‘Developers’ capability includes practices with self-
descriptive names such as ‘Make developer names and roles publicly
available’, ‘Document how to join the team’, ‘Set maximum response time
for pull requests’, and ‘Provide access to developer training and skill
development’. Additionally, the ‘Licensing’ capability addresses licensing
concepts that may be unfamiliar in academic environments, including
practices such as ‘Select a license’, ‘Get institutional support for license
choice’, and ‘Evaluate license policy regularly’. These capabilities and
practices collectively support a collaborative and inclusive environment
for research software projects.
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4.4. Software adoptability

While community engagement builds the collective effort needed to
sustain software, successful adoption depends on making the software
accessible to potential users. The focus area ‘Software Adoptability’
concerns how easily and effectively research software can be adopted
and utilized by users. We identified 6 capabilities and 22 practices that
address user experience, accessibility, and adoption strategies within
the research community.

Key capabilities include providing clear purpose statements and
usage instructions (‘Ease of use’), offering comprehensive documen-
tation (‘Documentation’), using established technologies that integrate
into scientific workflows (‘Technology’), enabling research workflow
integration and replication (‘Reproducibility’), developing educational
materials and training events (‘Education’), and facilitating deployment
through standard tools and broad technology support (‘Deployability’).
As an example, the ‘Documentation’ capability focuses on making re-
search software clear and accessible to users. Hermann et al. [45]
argue that good documentation is needed to reuse research software.
Practices include ‘Provide a common example usage’, which gives users
a starting point for experimentation, and ‘Provide a documentation as
repository/documentation wiki’, which uses a wiki platform to share
comprehensive and detailed information about a project [46], helping
individuals create, edit, and organize information in a structured way.

4.5. How to use the RSMM

Algorithm 1 describes a step-by-step process for conducting a ma-
turity assessment of research software projects. The assessment starts
by selecting a research software project whose maturity in research
software project management is to be evaluated and initiating the
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Mapping RSMM levels to learning types (mental model perspective).

RSMM level range Type of learning

Description

1-3 Single loop

4-6 Transitional- Single loop to Double loop
transitioning

7-10 Double loop

Basic practices: start with existing practices and improve them
without changing underlying assumptions.

From basic to advanced: Intermediate practices emerge, but
advancing further typically requires proper guidance and support
Advanced maturity requires new values, new assumptions, and
resources.

assessment using RSMM v1.0. To evaluate practices, the assessor trans-
forms each practice defined in the model into a self-assessment question
(assessment questions are documented in [31], Section Assessment) to
determine whether the practice is implemented in the selected project.

The assessor then examines whether the project follows the prac-
tices outlined in the first focus area of the maturity model and records
“Yes” if a practice is implemented and “No” otherwise. Only cells
containing practices are considered during the evaluation, while empty
cells are ignored. After completing the evaluation for a focus area, the
maturity level is determined by inspecting the maturity columns. Levels
that contain no practices are skipped, and all practices at lower levels
must be marked “Yes” to attain a higher level. The maturity level is de-
fined as the highest level in the longest continuous sequence for which
all practices are marked “Yes.” For example, if the maturity levels of
the first, second, and third levels are 3, 2, and 2, respectively, the
maturity level of the focus area is 2. The maturity levels are cumulative,
meaning that all practices at lower levels must be implemented before
a higher maturity level can be attained. This process is repeated for
each focus area, while any focus areas not relevant to the assessment
may be excluded.

Algorithm 1 Maturity Measurement for Any Research Software Project

Input: Software project
Output: Maturity level of the project

1. Select any Project: Choose the software project for which you
want to measure maturity.

2. Start Maturity Model Assessment: Initiate the assessment of the
project using RSMM v1.0.

3. Evaluate Practices: Examine whether the selected project follows
the practices outlined in the first focus area of a Maturity
Model. If a practice is followed, mark ‘yes’; otherwise, mark ‘no’.
Consider only the cell with practices.

4. Check Maturity Levels: Inspect the maturity columns for the focus
area. If a level contains no practices, skip it; all practices at lower
levels must be marked “Yes” to attain a higher level. Determine
the maturity level as the highest level in the longest continuous
sequence for which all practices are marked “Yes.”

5. Return: Maturity level of the project for the particular focus area.

o)}

. Repeat: Repeat Steps 3, 4 and 5 for all other focus areas.

7. Skip: Skip any focus area that you do not want to include in the
evaluation.

8. Return: Maturity level of the project.

4.6. Theoretical foundation

While in the previous section we described how to use RSMM,
understanding why it works requires theoretical grounding. Research
software teams face challenges not only in determining what to im-
prove, but in achieving consensus on priorities and action strategies.
Action theory provides a framework for understanding how matu-
rity models address these challenges by enabling shared reasoning
about practice-consequence relationships. This practice-consequence
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reasoning is captured in Argyris and Schon’s definition of theories of
action [47].

According to their framework, a theory of action can be expressed
as: “In situation S, if you want consequence C, under assumptions
a...a,, do action A.” In RSMM, the situation (S) corresponds to
the current maturity level, the consequences (C) are the capabilities,
and the action strategies (A) are the specific practices implementing
each capability. The assumptions (a; ... a,) reflect the project’s mental
model, including priorities, values, and perceived feasibility.

Based on this mapping, we can interpret the patterns in practice
adoption using Argyris and Schon’s concepts of single-loop and double-
loop learning (see Table 6). Single-loop learning occurs when projects
refine or optimize practices without changing underlying assumptions
or values. Double-loop learning occurs when projects question and
modify the assumptions themselves, resulting in deeper changes in
priorities, governance, or mental models. In our case study, adoption
of foundational practices at levels 1-3 aligns with single-loop learning,
while low adoption of advanced practices at levels 7-10 suggests
that double-loop learning is constrained by resource or organizational
limitations. Levels 4-6 represent a transitional phase, where projects
begin shifting from single-loop to double-loop learning.

5. GGIR and ESMValTool Project Assessments using RSMM

We selected two research software projects, GGIR and ESMVaLTooL
from a set of 50 case studies conducted to illustrate the assessment of
maturity levels using RSMM v1.0. The results from several other case
studies are discussed in more detail in Section 6.

We collected data related to GGIR and ESMVaLTooL from their
websites and GitHub repositories. Based on these data, we evaluated
both research software projects using RSMM v1.0, resulting in maturity
scores of 4-3-6-7 for GGIR and 5-4-8-8 for ESMVaLTooL across the corre-
sponding focus areas. The details of our initial assessment are presented
in Table 7. The tick mark in the practices box indicates that the tool
follows those practices, whereas the cross mark indicates that it does
not. Assessing whether a project follows the practices outlined in RSMM
v1.0 helps determine its maturity. Maturity scores are determined by
evaluating the longest continuous sequence of implemented practices
within each focus area.

The report was sent via email to the repository owners or contrib-
utors to validate the evaluation. After they reviewed the case study
results, the evaluation report was slightly revised. Several practices
were updated, such as in the case of GGIR, where practices such
as ‘Define code coverage targets’, ‘Execute tests in a public workflow’
and ‘Evaluate whether the audience’s goals are met’, which were pre-
viously marked as ‘not followed’. However, the repository owners
indicated compliance with these practices and provided links to the
corresponding documentation on GitHub and their project websites. We
validated their responses by examining these sources and revised our
data accordingly.

Additionally, the practice, ‘Provide with standard deployment tools’
was initially marked as ‘following’, but after the review, it was up-
dated to ‘not following.” We revised the maturity level of the ‘Software
Adoptability’ focus area from 6 to 5 based on feedback from repository
owners. These changes highlight the importance of validating our case
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Assessment of the research software GGIR (left) and ESMVaLToor (right) using RSMM v1.0: A tick mark means the tool follows the practice, whereas a cross
mark means it does not. Gray shading of the cells highlights the longest continuous sequence of implemented practices in each focus area, which determines the

achieved maturity level.

Focus Capa- 1 2 3 4 5 6 7 8 9 10 Focus Capa- 1 2 3 4 5 6 7 8 9 10
Area bility Area bility
1.1 v v v v X 1.1 v v v v v
1 1.2 (4 (4 v v X X v X X X 1 1.2 v (4 v v (4 X v v v X
1.3 v v X X 1.3 v v v v
2.1 v v X v X 2.1 v v v v X
2 2.2 v X v x| x | X 2 2.2 v v v | v v | X
2.3 v v v v (4 v v 2.3 v v v v v v X
2.4 v X X X 2.4 v X X X
3.1 v X 3.1 v v
3 3.2 v v v v X X X 3 3.2 v v v v v X X
3.3 v (4 X X 3.3 v v v v
3.4 v v X 3.4 v v v
4.1 v v v 4.1 v v v
4.2 v v v v X 4.2 v (4 v v v
4 4.3 v v X 4 4.3 v v X
4.4 v v v v 4.4 v v v v
4.5 v vV | v 4.5 v v | X
4.6 v v X X 4.6 v v X X
(a) The maturity level of GGIR is 4-3-6-7 (b) The maturity level of ESMVaLTooL is 5-4-8-8.
Table 8

Updated assessment of the research software GGIR (left) and
practices are differentiated using yellow color.

ESMVaLTooL (right) using RSMM v1.0 (after review by the repository owners). Changes in the

Focus Capa- 1 2 3 4 5 6 7 8 9 10 Focus Capa- 1 2 3 4 5 6 7 8 9 10
Area bility Area bility
1.1 v v v v X 1.1 v v v v v
1 1.2 v | v v v | x X v | v | v | x 1 1.2 v v v | v v X v | v v | x
1.3 v v X X 1.3 v v (%4 v
2.1 v v v v X 2.1 v (4 v v X
2 2.2 v X v X | x | x 2 2.2 v v v | v v | X
2.3 (4 v (4 v v v v 2.3 v v v v v (4 X
2.4 X X X X 2.4 v v X v
3.1 v X 3.1 v v
3 3.2 v |v|v | v | X x | x 3 3.2 v |v | v v | v x | x
3.3 v v X X 3.3 v v X v
3.4 v v X 3.4 v v v
4.1 v |V v 4.1 v | v v
4.2 v v v v v 4.2 v | v v v v
4 4.3 v v v 4 4.3 v v X
4.4 v v v v 4.4 v v v v
4.5 v v i|iv 4.5 v v | v
4.6 X v I iXx |x 4.6 v v v | X
(a) The maturity level of GGIR is 4-3-6-5 (b) The maturity level of ESMVaLTooL is 5-5-7-8.

study results. Due to these changes, we included only the 20 validated
case studies (out of 50 evaluated) in Section 6. Table 8 presents the
final evaluation results for GGIR and ESMvarTooL. The new maturity
levels of GGIR and ESMvaLTooL are 4-3-6-5 and 5-5-7-8, respectively.
GGIR adheres to 66% of the best practices outlined in RSMM, while
ESMvacToor follows 88.5% of them.

GGIR achieves a moderate level of maturity in ‘Software Project Man-
agement’ but requires further improvement in capability ‘Code quality
and Security’ to achieve higher maturity. However, it shows a high level
of maturity in ‘Community Enagement’, indicating they followed well-
defined strategies to build or develop a community around the tool.
ESMVarTooL also achieves a moderate level of maturity in ‘Software
Project Management’ due to its lack of adherence to security practices.
However, as an open-source community-developed tool for climate
science, it excels in ‘Community Engagement’ and ‘Software Adoptabil-
ity’ and has implemented numerous practices in these focus areas to
improve its capabilities.
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Case Study Highlight: GGIR

GGIR is an open-source R package designed to process and analyze
multi-day raw accelerometer data collected from wearable devices,
with a focus on applications in physical activity, sleep, and circa-
dian rhythm research. GGIR was initiated in 2013 by researchers in
the field of epidemiology and movement science. Since then, GGIR
has become a widely adopted tool in academic studies, clinical
research, and large-scale cohort studies, such as the UK Biobank.*
Its adoption is supported by an active research community, with
more than 100 scientific publications referencing it. Currently, it
has over 40 contributors, though development is largely driven by
a core group of 3-5 active developers.

@ https://journals.humankinetics.com/view/journals/jmpb/2/3/
article-p188.xml
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Case Study Highlight: ESMValTool

ESMValTool (Earth System Model Evaluation Tool) is an open-
source, Python-based software package for evaluating and com-
paring Earth System Models (ESMs). It supports reproducible
benchmarking by validating model outputs against observational
and reanalysis datasets. Widely used in the European climate
modeling community, ESMValTool has more than 80 contributors,
regular development activity, and more than 23 official releases.
Its modular design and extensive diagnostics library make it a
key tool in climate data analysis, supporting research, policy, and
environmental monitoring.

Thus, using RSMM, users can evaluate the research software project
management by identifying areas that need improvement and practices
that need to be followed to achieve higher maturity. For example, in
the case of GGIR, evaluating the ‘Code quality and Security’ capability of
the code within the focus area of ‘Software Project Management’ reveals
the absence of a few practices, such as ‘Use crash reporting’, ‘Conduct
security reviews’, and ‘Follow industry standard for security’. The lack of
these practices currently prevents GGIR from achieving a high maturity
level in this focus area.

These two case studies illustrate how RSMM facilitates project ma-
turity assessment and helps identifying appropriate next steps or areas
for improvement. This observation is corroborated from interview and
case study participants. It may assist users in choosing existing software
for adoption and allow them to track progress and improvements
over time. RSMM can be used by research organizations and fund-
ing agencies to assess the maturity and viability of research software
projects, allowing them to decide which projects to support and fund.
Additionally, policymakers can utilize RSMM to review and improve
policies as needed based on the evaluation of the previous projects.

The maturity assessment provides a foundation for structured im-
provement planning. The model does not prescribe how practices
should be implemented, as this falls within the domain of software
process improvement (SPI) [48]. Instead, stakeholders can use the
results to identify capabilities where maturity is low, define concrete
goals for change, such as improving test automation or community
documentation. Based on these goals, they can develop an SPI plan,
identifying actions, responsibilities, and timelines to gradually increase
their maturity level in the chosen focus area [49].

In practice, this means the RSMM should be viewed as a diagnostic
and prioritization tool rather than a procedural manual. Its value
lies in enabling a shared understanding of project maturity among
researchers, research software engineers, and managers. Through the
cyclical use of RSMM and software process improvement, research
software projects can iteratively improve.

6. Case studies: 20 research software project results

The case studies were conducted during the Deploy phase to eval-
uate the applicability of RSMM in research software projects. We
selected 50 projects from RSDs and a team of 8 Ph.D. students evaluated
40 projects, while the first author evaluated 10 projects. The assessment
was conducted from May 2023 to August 2024, with sessions lasting
between 30 and 180 min. Data were collected from each project’s
GitHub pages, websites, and other online resources, and the results
were compiled into an Excel spreadsheet. We were unable to identify
some practices from available online sources, so we sent all 50 initial
reports to the respective project owners or contributors for validation
and completion. This took place between June and August 2024. Each
communication included the draft report and the published dataset
to familiarize reviewers with RSMM. We also scheduled one-on-one
meetings with four participants to clarify doubts and discuss practices
they found unclear. After validating the reports, participants completed
a brief survey to assess RSMM’s operational feasibility, ease of use,
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usefulness, and effectiveness. As a result, we obtained 20 complete
validation reports, summarized in Table 9. The table lists the number
of practices implemented for each capability and the percentage of
practices implemented in each focus area.

A brief description of each project is provided in [31]. The selected
projects vary in research domain, purpose, number of contributors, and
usage, reflecting the broad spectrum of objectives within the research
landscape. Some projects are supported by active contributor commu-
nities (such as 3D Sticer), others by national research software centers
(such as ESMVaLTooL), while a few are largely maintained by individual
contributors (such as GGIR and Ocean Parcris). Several projects lack
consistent funding, human resources, or time dedicated to project
management, which is reflected in the results. Projects supported by
active contributor communities or national centers tend to follow most
best practices and achieve higher maturity levels according to our
evaluation using RSMM. For example, the 3D Suicer project started
more than 10 years ago and is supported by a team of developers
and sustained funding; it has implemented approximately 90% of the
practices in RSMM.

Several projects do not fully implement certain capabilities within
specific focus areas. Discussions with project owners indicate that
these projects are nevertheless working to improve sustainability and
foster collaboration through initiatives such as training activities and
community outreach aimed at attracting funding. Our evaluation also
shows that some practices, such as front-page chat support, are often
considered non-essential for research software projects. Case study
participants reported using alternative communication channels, such
as GitHub Discussions, instead of front-page chat support.

Many practices are difficult to implement for smaller projects with
limited contributors, funding, or organizational support. Participants
indicated that some practices do not align with the project’s current
goals or priorities. In particular, many projects only partially address
practices related to the focus areas ‘Research Software Management’ and
‘Community Engagement’, which received average scores of 60% and
62%, respectively. These scores are lower compared with the other two
focus areas. Insights from the expert interviews and feedback from case
study participants further indicate that researchers and RSEs generally
adhere to core software project management practices. Fig. 6 provides
an overview of the projects adhering to the practices outlined in RSMM.

The heatmap shows that a larger proportion of projects adhere to
practices associated with maturity levels 1 to 3. These levels repre-
sent foundational practices that help establish a structured research
software project before progressing to more advanced stages. At matu-
rity levels 4 to 6, projects implement practices to a moderate extent.
While these projects demonstrate a higher level of maturity, not all
practices are consistently adopted. Adoption decreases further at ma-
turity levels 7 to 10, where practices require greater organizational
maturity, resources, or institutional support. Examples include ‘Follow
an industry standard for security’, ‘Provide newsletter’, ‘Define end-of-life
policy’, ‘Garner industrial partner adoption’, and ‘Generate Software Bill
of Materials (SBOM)’. These findings suggest that advanced practices
remain difficult to implement for many research software projects.

None of the case study participants indicated that these advanced
practices were irrelevant. Instead, participants acknowledged their im-
portance but noted that limited funding, time, and human resources
constrain their ability to implement them. Practices related to the
capabilities ‘Usage costs and Ethics’ (2.4) and ‘Reproducibility’ (4.4) are
therefore less widely adopted. In contrast, capabilities such as ‘Ease
of use’ (4.1), ‘Documentation’ (4.2), ‘Visibility’ (2.3), and ‘Requirements’
(1.1) are implemented by a larger number of projects.

There is a strong correlation between the focus areas ‘Software
Project Management’ and ‘Software Adoptability’. When one of these
areas is effectively managed, the other tends to perform well, so that
many practices from that focus area are followed. The capability ‘Code
quality and Security’ achieved the highest average value of 6.5 com-
pared to other capabilities. This suggests that the practices of this
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Table 9

Results of 20 case studies: The table shows the number of practices implemented per capability. The number of practices per capability and focus area is included in parentheses. Cells with the highest and lowest
averages are also highlighted in green and red. Please note that the low percentage indicates missing RSMM practices, not poor performance; the maintainers plan to update future releases to better reflect some

of these practices.
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Heatmap of Maturity Matrix Practices Adoption
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Fig. 6. The statistics show how many projects follow each practice, and the legend explains the color variations (right). In the first capability (1.1 Requirements),
for instance, we observe that all 20 projects fulfill the requirements for 3 of the practices, e.g., “File issues in an issue tracker”.

capability are well-established, more straightforward to implement, and
considered important. In contrast, ‘Usage costs and Ethics’ capability has
an average value of 0.7, the lowest value among other capabilities,
indicating that many projects fail to follow those practices or consider
them less important in their work. The assessment prompted teams to
plan or raise GitHub issues for future implementation of a few practices,
such as a code of conduct.

The case study results show that RSMM is applicable across research
domains and supports the evaluation and improvement of research soft-
ware project management through widely adopted and useful practices.
However, case study participants identified a few challenges related to
the adoption of RSMM, which are discussed in Section 8.

7. Evaluation of RSMM

The evaluation of RSMM is carried out in three phases: (1) expert
interviews with 12 participants, (2) a survey with 8 interview partic-
ipants, and (3) another survey with 20 case study participants. We
applied the following characteristics to evaluate RSMM: completeness,
effectiveness, ease of use, usability, and operational feasibility.

Table 10 presents the evaluation questions used across the three
evaluation phases and their corresponding evaluation dimensions. All
survey questions were designed to operationalize the evaluation di-
mensions and to capture descriptive feedback. In Evaluation Phase 2,
responses were primarily binary (Yes/No), as this phase focused on
validating RSMM v1.0 and confirming participant agreement.

The qualitative data was analyzed using thematic analysis [50]
with the support of ATLAS.ti, a qualitative analysis software. We be-
gan by defining an initial set of themes derived from the survey
questions and aligned with our devised evaluation criteria. Each re-
sponse was first coded against these predefined themes using deductive
coding. Additionally, ATLAS.ti assisted in identifying additional emer-
gent themes, which were subsequently reviewed and refined through
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manual coding. Both positive and negative sentiments were detected
using the software’s automated features and then manually validated.
While responses containing straightforward statements were easily cat-
egorized, several responses were more complex and addressed multiple
questions simultaneously. These were analyzed in greater depth, with
semantic coding applied to capture the full range of meanings and
ensure that all relevant themes were appropriately represented. The
questions, the responses of the participants, and the extracted themes
are detailed in [31].

Table 11 summarizes the RSMM evaluation results. Regarding the
completeness of RSMM, 6 out of 12 experts agreed that it covers most
of the aspects of maturity, with some describing it as comprehensive
and inclusive of various dimensions. Another noted its broad coverage
of practices and multiple aspects, including use and quality. However,
one interviewee (IV6) pointed out that RSMM shares similarities with
other maturity models, remarking, “In some sense, yes. It’s one of many
other maturity models that checks this”. 10 case study participants agreed
that RSMM covers many of the best practices of the research soft-
ware project management process without noticeable omissions. One
respondent (CP8) stated, “It looks very thorough and seems to cover many
aspects”. However, two experts and three case study participants shared
negative views, expressing concerns that there is a risk of requiring
research software projects to follow all the practices of RSMM, which
could be burdensome and impractical. We received seven positive
responses from the experts related to the usefulness of RSMM, and
participants agreed that RSMM is valuable. They indicated that the
model can effectively guide users and inspire improvements in the
capabilities of the research software management.

Furthermore, an interviewee (IV4) viewed RSMM as a “good starting
point” for identifying considerations at various stages of the matu-
rity of a research software project: “I think it is a good starting point
to collect ideas what a software project should consider in its various
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Table 10
Evaluation questions and their corresponding evaluation dimensions.
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No. Questions Evaluation dimensions
Evaluation phase 1

1. Do you think this model will accurately reflect the maturity of research projects that develop Completeness

research software?

2. Do you think this model helps organizations improve their research software production practices? Effectiveness

3. How easily can organizations adapt this model to improve their practices? Ease of use
Evaluation phase 2

4. Does RSMM accurately represent our discussions? Effectiveness

5. Do you find RSMM useful? Usefulness

6. Do you anticipate using RSMM (can be practically implemented) in your future work? Operational feasibility
Evaluation phase 3

7. Is the evaluation useful for your project? Usefulness

8. Is RSMM complete? Completeness

9. Do you intend to use RSMM to manage your project? Operational feasibility

Table 11

Evaluation of RSMM. The following symbols are used to reflect the sentiments in the comments according to an evaluation characteristic: v - strong support, <
- a mixed response, X - strong opposition. Interview participants were assigned codes starting with ‘IV’, and case study participants were assigned codes starting

with ‘CP’.
Quality # Example Excerpt(s)
Evaluation phase 1
§ v 6 1IV9 ...you [RSMM] cover a broader range of, yeah, many practices, ...And also different aspects of the software, not only the use
g and quality.
% < 4 IV3 ...I think it touches on a lot of aspects that go into the maturity of projects. Not all the aspects are necessarily applicable to each
E project.
© X2 IV7 ...I think there is a risk of like requiring research software projects to respond to each of those 64 yeah questions or aspects...
° v 4 IV3 I do think it can help. Having such a model can make it explicit for an organization to know what they should be doing.
k= - 4 IV7 ...to a certain degree, but I don’t think this would be a game changer.
5]
£ 8 X4 IV9...you don’t need the software to be very mature. And where there’s nothing on the goal of the software, but...I think this is
e maybe for general software.
v 6 1V3 easy. For applications, its checklists are much easier...
g - 2 IV9 ...I think if you can somehow find like proxies for these practices that you can measure easily and automatically that would
g2 really help.
Mo X4 IV5 ...I would not say it is easy to adopt...I don’t think organizations can do all of them.
Evaluation phase 2
g V5 V10 I think it’s accurate.
§ <3 IV4 There are some deviations from the order I would have in mind and which I mentioned in our discussions but this is certainly to
2 be expected since the outcome is the aggregate of various views on that aspects.
& X0
ol
7 IV6 Yes, the model is very useful. I can imagine that many RSEs will be very happy to have the list of criteria for their work.
B <1 IV7 In principle yes, but for most real-life choices to be made, it’ll only be realistic to use if the assessment is provided and doesn’t
g g have to be done by the user.
2 e X0
= V5 IV6 Yes, I will use input from this model in my future work.
.5 E‘ -1 1IV4 Potentially yes. Use case would be to use it to cross-check for an existing software project which aspects should probably be
s B considered next.
gn é X2 IV10 Not directly no.
Evaluation phase 3
v 12 CP1 Yes, it was useful to have such a comprehensive and systematic overview of the different capabilities and focus areas.
% - -6 CP2 To some extent, surely. It gives an overview of the options for improvement, despite the fact that some are unattainable for us
a
5 g X2 CP5 Not really, not the whole scope of the project was captured
g v 10 CP7 We consider it very comprehensive and detailed. We do not see anything missing right now.
-f—; -7 CP10 Hard question, but it seems to capture the status of a software quite well. The only thing that struck me as odd was the idea
g g with ‘chatbot support on the project website’.
O & X3 CP12 It’s hard to tell, but I think completeness should not be the focus perhaps.
= v 6 CP12 I do like that the scope of the model is a bit broader than only the software, also including a focus on education, enabling
.5 z (reproducible) research workflows, listing partners and funding resources and such.
‘5 B < 12 CP15 I would use to see how well it would score, but I would also use my own intuition [...] whether [...] to implement certain
§4 g practices.
= X3 CP6 Haven't generally got capacity to deal with anything beyond urgent issue implementation, for existing packages.

stages.”. However, a challenge identified by one of the experts was
that the users might face difficulty evaluating all the criteria inde-
pendently due to the extensive number of practices in the model.
Additionally, 12 case study participants found that RSMM provides a
comprehensive and systematic overview of capabilities and focus areas
and offers a good framework for evaluation. Participants appreciated
its usefulness, describing it as helpful and valuable to have this mapping
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for practices and maturity levels. From the expert’s perspective, RSMM
is a tool for organizations, helping them structure and improve their
research software project management processes. Many participants
mentioned that our study suggests a model with several best practices
to help organizations or principal investigators assess their standing
within the community, research software management, and other areas.
Additionally, it helps to determine the next steps needed to improve
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their project capabilities. We received equal positive, neutral, and
negative responses for the effectiveness of RSMM.

During the expert confirmation step (second phase of evaluation),
we wanted to check whether the discussion points raised during the
interviews are consistent with the model we developed. We received
five positive responses from our experts. Three acknowledged some
deviations in the final model, RSMM v1.0, due to the aggregation of
different experts’ perspectives, and the outcome reflects the discussions.
One of the participants (IV6) responded as follows: “According to my
notes, the order of the indicators for the respective levels does not correspond
exactly to how I had lined it up on the Miro Board. However, that is not to
be expected when the input from different interviews is combined.”.

The 12 case study participants expressed mixed opinions regard-
ing the operational feasibility. Six participants viewed the model as a
reference or checklist for future use. Additionally, they acknowledged
the RSMM as a tool for improving the maturity of research software
projects in project management. However, some participants indicated
that they were implementing many of the practices recommended
by RSMM, which limited its immediate applicability in their current
workflows. Two participants highlighted that their primary focus was
resolving immediate project issues rather than prioritizing maturity
assessment using the model. After seeing an evaluation of their projects
using RSMM, some participants wanted to add educational materials
to their projects and were inspired to add a code of conduct. Others
also shared their aim of improving sustainability. Feedback suggests
that RSMM is helpful to researchers and RSEs who want to measure
their project maturity. It is also beneficial to benchmark their projects
with others; in fact, one respondent noted that they were already
benchmarking their project against others as a means of improvement.
Regarding operational feasibility, five experts expressed positive opin-
ions. Five experts indicated they would consider using RSMM as a
reference, guideline, or benchmark tool in future projects, suggesting
the model could support project management improvement efforts.
Additionally, six experts found the model easy to use and suitable for
research software-producing organizations.

We assessed the RSMM process with 20 participants across 15
projects. Completing the evaluation took 20 min to 2 h, and the manual
extraction of evidence for 79 practices proved demanding. Some prac-
tices were misunderstood, requiring additional clarification—consistent
with later case study observations. Despite these challenges, approxi-
mately 70% of preliminary assessments aligned with case study partic-
ipants’ responses, suggesting reasonable reliability.

Regarding coverage, existing models lacked some information re-
quirements specific to research software. Applying RSMM across 20
projects from different domains demonstrated its potential generaliz-
ability. These findings show that the evaluation is feasible within a
reasonable timeframe, though participants sometimes required clarifi-
cation. The 70% alignment with case study responses indicates reliable
assessment, and the successful application across these projects pro-
vides initial evidence that the model can be applied to diverse research
software projects.

RSMM can serve as a guide for developers and institutions, given its
applicability across diverse projects and its utility for tracking progress
over time. Both groups suggested automating the evaluation process to
make it more accessible.

8. Discussion and limitations

The present section discusses the significance of RSMM, explores
the challenges associated with adopting best practices of RSMM, and
outlines the study’s limitations.

8.1. Adoption of best practices

The case study findings indicate that, among the 20 projects ana-
lyzed, 77 practices were implemented by at least one project, and 33
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practices were adopted by more than 75% of the projects. Over 50% of
the projects implemented 51 practices, demonstrating that 65% of the
model’s practices have been broadly adopted. This result indicates that
RSMM captures widely applicable and relevant best practices for the
management of research software projects. Additionally, the findings
indicate that RSMM can be applied to research software projects across
various domains, as the selected case study projects represent a range
of research disciplines and diverse organizational structures. However,
despite the comprehensive and diverse nature of the RSMM, effective
implementation may require additional resources, as highlighted by a
few of the case study participants. Some practices may also require re-
positioning within the maturity matrix to better align with evolving
challenges in research software development. We plan to implement
mechanisms for ongoing assessment, including community feedback,
surveys, and longitudinal studies, to support the iterative refinement
of the model.

Beyond its application at the project level, the RSMM may also sup-
port emerging policy initiatives aimed at improving the sustainability
and quality of research software. National research funders, research
infrastructures, and initiatives such as the European Open Science
Cloud (EOSC) increasingly emphasize the importance of sustainable
research software practices, including reproducibility, documentation,
long-term maintenance, and community engagement [1]. RSMM pro-
vides a structured framework that can help institutions and funding
agencies operationalize these expectations by offering a transparent
way to assess and improve research software management capabilities.
For example, research institutes could use RSMM to benchmark internal
practices across projects, while funders might incorporate selected
maturity indicators when evaluating software sustainability plans in
grant proposals. In this sense, RSMM not only supports individual
project teams but may also contribute to broader efforts to profession-
alize research software engineering and strengthen the sustainability of
software in the scientific ecosystem [2,51].

8.2. Challenges

Some of the practices of RSMM were categorized as “not applicable”
or “not relevant” to many projects, as identified by interview experts
and case study participants. For example, security-related practices
were noted as more relevant to specific projects and not applicable to
all projects. We argue that software-related practices are required for
all research software projects. Any software we use could be vulnerable
to an exploit or an attack. For instance, a recently discovered critical
vulnerability related to the widely used Log4j library [52] illustrates
how even indirect dependencies can expose a project to serious risk.
Even if a developer considers the issue irrelevant to their project, such
vulnerabilities can act as entry points for malicious attacks, potentially
affecting other systems. Neglecting these risks may lead to a loss of
trust, as researchers might hesitate to reuse insecure software. There-
fore, adopting software best practices is needed to promote security and
encourage broader adoption in the research community. Additionally,
practices such as ‘Define end-of-life policy’, ‘Set maximum response time for
pull requests’, ‘Document the cost of running the application’, and ‘Generate
SBOM’ were implemented by only one or two projects. Participants
mentioned resource constraints, such as limited time, funding, and the
absence of full-time staff, as primary barriers to adopting a few of
these highly matured practices. Similarly, we observed that the prac-
tice ‘Define end-of-life policy’ was considered important by case study
participants. They were planning to adopt this practice. However, they
highlighted the need for guidance on implementing this practice. One of
the practices, crash reporting, was seen as valuable but challenging to
implement due to the lack of free infrastructure and funding. However,
crash reporting also contributes to code quality, so adopting manual
crash reporting methods for smaller projects, such as user-submitted
emails or GitHub issues, may be enough to collect and address errors.
The challenges arise as these manual approaches become cumbersome
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and inefficient as projects scale. In contrast, automated crash reporting
systems offer more scalable solutions, with both free and paid versions.

Within the capability ‘Community’, participants highlighted chal-
lenges such as the difficulty of community engagement for independent
developers. One participant noted, “Community engagement is difficult
to do as a freelancer.” We acknowledge this challenge, mainly faced by
young researchers and RSEs, who find it difficult to build networks and
establish credibility early in their careers. Participants also emphasized
the need for national-level recognition of the importance of research
software and support from institutional bodies, which includes recog-
nizing the contributions of research software developers [53]. Another
participant observed: “Funding and recognition and reward. This is on the
national agenda, but little is practically changing.”

8.3. Limitations

RSMM can act as a guide for RSEs, researchers, and users by outlin-
ing practices to improve the maturity of research software projects in
different focus areas of research software project management. How-
ever, it does not provide specific instructions or suggest methodologies
for implementing these practices. This lack of guidance may hinder
users, particularly junior researchers or early-stage Ph.D. students, who
often have limited experience with software development and project
management processes.

In addition to guidance limitations, smaller projects, such as those
initiated as part of a PhD, often lack the support, time, and funding
necessary to implement all recommended practices. Lower-level prac-
tices of RSMM are more accessible and feasible for smaller projects,
while higher-level practices are often challenging to implement due
to resource limitations. Furthermore, the manual evaluation of 79
practices can be time-consuming, especially for users wishing to assess
multiple projects simultaneously.

Beyond resource constraints, some practices in RSMM, such as
“Obtain support from a national research software center” (2.2.3) and
“Acquire research software center acknowledgment” (2.3.4), rely on
infrastructure that is not globally available. This creates challenges for
researchers in regions without such centers, potentially limiting their
ability to progress through the maturity levels. Additionally, feedback
from case study participants indicated that certain practices, such as
providing front-page chat support (3.2.8), were often considered non-
essential. Their inclusion and maturity level placement may not reflect
the priorities or resource constraints of many projects. In future work,
we will refine the placement of these practices based on recurring
patterns and correlations identified through additional case studies
across projects from diverse research domains.

Regarding generalizability, interview experts and case study partic-
ipants raised concerns about the applicability of RSMM across diverse
research software projects and disciplines. While this is a valid con-
sideration, one of the benefits of the focus area maturity model is
its customisability. Users can tailor RSMM to their specific needs by
removing capabilities or practices that may not be relevant to their
projects during the evaluation process. This flexibility improves usabil-
ity across various project contexts and allows stakeholders to focus on
practices most aligned with their goals and resources. An avenue for
future research is the creation of cross-disciplinary models, as research
software increasingly spans multiple fields. Integrating domain-specific
practices into RSMM could better address unique requirements, such
as handling sensitive data in medical research or maintaining real-time
reliability in environmental simulations.

From a methodological perspective, this study has several limita-
tions. The interviews involved 12 experts primarily from the Nether-
lands and Germany, which provided valuable insights but represent a
geographically limited sample that may not fully represent the broader
international RSE community. However, the work is also supported by
an SLR of 50 papers, which grounds the model in established research
and addresses widely recognized challenges within research software
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engineering. While this systematic approach provides a foundation
based on existing literature, establishing generalizability across all
research domains, geographic regions, and project contexts requires
further empirical validation in diverse settings. Additionally, the SLR
process has several limitations. First, we included only open-access
publications, which may have resulted in the exclusion of relevant
studies available behind paywalls. Second, the search strings may not
have captured all relevant terminology used in the literature, poten-
tially omitting some studies. Third, manual extraction of practices is
time-consuming and prone to researcher bias. The latter was confirmed
during our interview study, where experts rediscovered practices that
had been missed during this process. Finally, although we searched
four widely used academic databases, relevant studies indexed in other
databases may have been overlooked.

Concerning the evaluation process, the current RSMM evaluation re-
lies on self-reporting, with project maturity assessed primarily through
self-assessment and final responses provided by developers. These re-
sponses are partially validated using publicly available evidence such
as project websites and GitHub repositories, and developers often pro-
vide supporting proof of their practices, which helps strengthen the
reliability of the assessment. Furthermore, not all 79 practices can
be manually or automatically verified, and internal practices may not
be publicly documented. The final maturity levels for each practice
were determined by aggregating all 12 participant responses. Although
two participants expressed concerns that certain results did not fully
reflect their own assessments, this type of variation is common in
qualitative evaluations, and the majority of participants (eight) agreed
with the outcomes and supported the applicability of the model. Nev-
ertheless, the reliance on self-reporting represents a methodological
constraint that should be addressed in future work through more robust
independent assessment methods.

Finally, the feedback from expert interviews and case study partici-
pants is subjective and influenced by their individual experiences, roles,
and the context of their projects. While this input offers rich qualitative
insights, it introduces the potential for bias or personal preferences. For
instance, discussions about security-related practices of RSMM showed
varying opinions on their applicability and implementation. Future
studies in other domains and with larger, more diverse samples can
help strengthen and refine the proposed approach.

9. Conclusion and future work

We present the focus area maturity model RSMM for research soft-
ware project management. RSMM integrates best practices from three
complementary domains: software engineering practices (e.g., require-
ments analysis, code quality, and security), open-source development
practices (including code review, public repository storage with version
control, and community building), and research software engineering
practices (such as making software citable and discoverable). The
model supports organizations producing research software in assessing
and improving their research software project management capabili-
ties. The development of RSMM addressed the research question: How
can organizations that produce research software evaluate research software
project management practices?

Several contributions emerge from this work. A structured frame-
work capturing the key processes and organizational capabilities in-
volved in research software project management is introduced. The
development of the model drew on insights from the literature together
with input from the research software engineering community. A de-
tailed description of the focus area maturity model and its components
is provided, supported by an accompanying dataset. Researchers and
RSE practitioners can use this description as guidance when under-
standing and implementing practices associated with each capability.
The application of De Bruin’s maturity model development methodol-
ogy, combined with card sorting techniques for maturity level assign-
ment, is demonstrated through multiple evaluation cycles. Case studies
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further indicate that RSMM can be deployed in practice with minimal
involvement from researchers, highlighting its practical applicability
and ease of adoption.

Several limitations of existing models discussed in Section 2 are
addressed by RSMM. With 79 practices, 17 capabilities, and 4 focus
areas, the model provides a comprehensive perspective on research
software project management. Such breadth introduces moderate com-
plexity, requiring users to invest time in understanding and applying
the framework, but also enables organizations to address a broader
range of concerns than traditional software maturity models. Sustain-
ability, community engagement, and usability are considered alongside
more traditional software development practices. Feedback from inter-
view experts and case study participants indicates that RSMM provides
a practical mechanism for projects to assess their current maturity level,
compare progress with other projects, and identify areas requiring
improvement.

Future work. Future research will focus on improving the usability
and adoption of RSMM through partial automation of the assessment
process. For example, dashboards could automatically analyze compli-
ance with RSMM practices using data from GitHub or other software
repositories. Such tools could generate reports on code quality, docu-
mentation standards, and reproducibility; analyze project metadata and
suggest improvements for FAIR compliance; and evaluate sustainability
indicators such as funding continuity and community engagement.
An online implementation of RSMM is currently under development
and will be evaluated with developers from several research software
projects.

Further research will also investigate the relationship between ma-
turity and project sustainability, including potential correlations be-
tween maturity levels and project longevity. Examination of how re-
search software projects evolve across maturity levels over time, as
well as identification of factors that trigger transitions between levels
(such as organizational changes or long-term funding), forms another
direction for future work. Additional analysis of dependencies and
sequencing between practices within RSMM may provide deeper insight
into how improvements in one capability influence others.

Refinement of the placement of practices within RSMM will also
continue based on feedback from interview and case study participants,
with the goal of improving clarity and applicability across different
research software contexts. Additional focus areas may emerge as the
model evolves. Ethical considerations surrounding research software,
including issues related to Al-driven decision-making, transparency,
and privacy, represent one potential extension. Further expert consulta-
tion may also lead to the inclusion of practices related to user interface
design, accessibility, and internationalization.
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