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Summary

This paper presents the results of a survey conducted by the working group on
research software metadata within the NFDI (Nationale
Forschungsdateninfrastruktur / National Research Data Infrastructure) to gain a
better understanding of the requirements and practices for research software
metadata in the different NFDI consortia. The survey consisted of four main parts:
usage of research software, FAIRness of research software, state of metadata on
research software, and artifacts developed to support FAIRness. The survey was
distributed to representatives of the 26 NFDI consortia, with responses from 21 of
them.

The survey showed that research software is primarily used for data processing,
simulation, and software prototyping. Analysis scripts, libraries, stand-alone
software, and web services are the most common software types. Some
consortia reported that research software could be considered a research output,
while others only viewed it as a supplement to traditional publications.

Proper citation of software is crucial for ensuring FAIRness. Approximately half of
the domains represented by the surveyed NFDI consortia already use DOls for
citing software. Some domains had not yet fully adopted practices for
documenting research software, posing challenges for both developers and
users. Researchers typically search for software using generic search engines,
academic papers, and community-specific marketplaces where they exist.

In respect to metadata, only a few domain-specific metadata schemas for
research software were identified by the consortia, with generic metadata
schemas such as Codemeta, Bioschemas, schema.org, and the Citation File
Format being the most commonly mentioned. Relevant metadata elements for
research software include algorithms, methods, software/hardware requirements,
and tasks performed by the software.

The survey results will guide activities in the NFDI working group on research
software metadata and will also be a relevant foundation for the base service
nfdi.software.



1. Motivation

Research software is software created during the research process or for a research
purpose [1]. It is commonly used in various disciplines to conduct research, e.g., to solve
equations, simulate complex systems, analyze or transform data, and statistically test
models (e.g., climate or meteorological models). Provenance and rich descriptions of
research software are important to improve scientific transparency, reproducibility, software
security, and reusability. To enhance the FAIRness of research software [2], software
metadata plays an important role [3].

Metadata helps researchers describe their research software so others, whether researchers
or machines, can get a quick overview without delving into the code. Such an overview
should provide enough information for others to decide whether or not the software could be
(re)used for their own purposes. Defining requirements or guidelines for rich metadata is not
an easy task as it may need some domain-specific understanding. However, it is also
possible to identify some common elements aligned to, for instance, the FAIR for Research
Software (FAIR4RS) principles [4] (e.g., providing PIDs for different version of the software),
Software Management Plans (SMPs) [5,6] (e.g., providing releases for stable versions of the
software), best practices (e.g., providing instructions on how to install the software) and so
on.

As a working group on research software metadata, we want to provide a common metadata
vocabulary for research software that can be used to derive guidelines at the consortium
level of Germany’s Nationale Forschungsdateninfrastruktur (NFDI). This will also help
promote and adopt research software metadata practices across the different research
domains covered by the NFDI consortia [3]. Therefore, we first want to gain a good
understanding of the different requirements for research software metadata from different
research domains covered by the NFDI consortia and their planned services in respect to
research software (metadata). Based on this, the WG will later focus on how and if the
different existing approaches already fulfill these requirements. Consequently, as the first
step, we want to get an overview of the current state and plans on research software and
especially research software metadata in the different NFDI consortia.

In the next section, we explain our methodology. Afterwards, we outline the results for the
different dimensions we looked at. After a short discussion, we present our outlook on further
work.

2. Methodology

To aggregate the state of research software and research software metadata within NFDI,
we decided to use an online survey. The survey consisted of four parts:
1. Usage of research software in your domain: With this part we want to get a general
understanding of what type of research software exists in which domains.
2. FAIRness of research software in your domain: With this part we want to better
understand the current state of FAIRness in the different domains.
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3. State of metadata on research software in your domain: With this part we want to
understand current and common practices in the consortia with respect to research
software metadata.

4. Artifacts developed in consortia to support the FAIRness of research software: We
would like to understand what the consortia are currently planning and how this
involves metadata for research software.

While our main focus is on research software metadata, we also saw the need to get some
general information on research software in the different domains to see the answers on
metadata from the right perspective. The full questionnaire we used can be found on Zenodo
(https://doi.org/10.5281/zenodo.127044149) but the questions will also be included to frame
the discussion of results.

To refine the questionnaire, we first tested it within our WG. Afterwards, we sent out the
questionnaire to representatives of all 26 NFDI consortia. The results came back in January
and February 2024. In sum, we got answers from 21 consortia, with two consortia entered
two sets of answers.

3. Results

The results are structured in our four parts of the survey.

Usage of research software in your domain

Within this part, we asked about the typical usage of research software in the domain that
the NFDI consortium wants to cover.

Question U1: Which research tasks are supported by research software in your
domain? e.g., data processing, data visualization, simulation, prototyping, ...

In respect to typical tasks for which research software is used, we saw that nearly all
consortia (20 of 21) see a need for research software to process data.

Around half of the consortia also named simulation as a task typically supported by research
software. These consortia are mainly from engineering and natural science.

Additionally, some consortia (4-5) named software prototypes and hardware control as
additional relevant use cases for research software in their domain.

Question U2: Which types of software are typically used in your domain? e.g.,
analysis scripts, libraries, stand-alone software

The consortia mainly named the same types of software: analysis scripts, libraries, and
stand-alone software. A few consortia (5) also named web services as relevant software
types.

Question U3: What research software examples are also considered research results
in your domain?


https://doi.org/10.5281/zenodo.127044149

The responses received were diverse regarding examples of research software considered a
research output. While some consortia answered that research software (especially
high-quality ones) could be considered a research output, others reported that research
software could only support the contributions of traditional paper publications in their
discipline. Other consortia gave specific examples of research software in their domain.

FAIRness of research software in your domain

Ensuring the FAIRness (Findability, Accessibility, Interoperability, and Reusability) of
research software is crucial. This part of the survey focuses on aspects related to FAIRness.

Question F1: How is third-party software typically cited/referred to in your research
domain? (If PIDs are used, which ones?)

Properly citing software is an important aspect of ensuring FAIRness. Approximately half of
the answers indicated that DOIs are used in their corresponding domains. It was often stated
that DOlIs are issued from Zenodo. If a DOl is unavailable, alternatives include citing the
software's GitHub or GitLab repository or related academic papers.

Question F2: Are there any recommended practices on how to describe research
software in your domain? e.g., readme, instructions to compile/install/run/use

In most communities, there are no universally accepted best practices for documenting
research software other than a readme file. This lack of standardization can pose challenges
for both developers and users. However, some answers refer to community overarching
activities to ensure the quality of research software.

Question F3: How and in which situations do researchers typically search for existing
software?

When it comes to searching for research software, most people rely on generic search
engines like Google. This search is typically conducted at the beginning of a project or when
they encounter problems during analysis. Some researchers are also beginning to use Large
Language Models (LLMs) for software searches. Additionally, references in research papers
can be valuable resources for finding relevant software.

Question F4: Once a researcher in your domain finds a software of interest, how does
the researcher decide whether or not to use it for hers/his own research?

The answers indicate that ease of use, thorough documentation, community support,
functionality, performance, compatibility, licensing, and cost are critical factors in a
researcher's decision to adopt new software. In particular the researchers emphasize that
difficulty in installation and configuration can be major obstacles to adoption. Even though
the choice largely depends on the experience level of the researcher, high-quality
documentation, including examples and troubleshooting guidance, as well as active
community support, are repeatedly highlighted as critical factors. Nevertheless, the software



needs to provide the specific functionalities required for the research. Researchers assess
whether the tool meets their specific needs and objectives. Also efficient performance and
compatibility with existing workflows and data formats are key considerations, as well as the
open-source nature or favorable licensing terms.

Question F5: What resources for finding research software already exist in your
domain? e.g., software repositories, directories, marketplaces. If such resources
exist, please provide links to them.

Again most researchers rely on general search engines, only approximately 25% of the
researchers indicate that a domain specific marketplace exists. Predominantly mentioned
are marketplaces in bioinformatics and medical imaging, machine learning, energy research,
mathematics and archeology, but also social sciences and culture. However, many
researchers state that within their NFDI activities they now start to create community specific
marketplaces.

State of metadata on research software in your domain

With this section of the survey, we intended to better understand what metadata practices
already exist in NFDI consortia and whether some metadata schemas, whether generic or
domain-specific, are already known and/or in use. This information will guide activities in the
NFDI Research Software Metadata Working Group, in particular with respect to crosswalks
for different metadata schemas and their alignment to FAIR4RS, SMPs, and research
software best practices.

Question M1. Which domain-specific metadata schemas for research software do
already exist in your domain? If possible, please provide links to them.

From the answers we got, we can identify three main groups: generic metadata schemas,
approaches to collect or describe information about research in general, and approaches to
describe domain-specific data (but not software). Generic software metadata schemas are
covered in question M3 while the other two groups are out of the scope of the planned
activities for the NFDI Research Software Metadata Working Group. The summary of the
answers is as follows:
e 3 participants did not answer this question
e 10 of the participants expressed that none domain-specific schema was used for
research software
e 5 participants commented on some metadata approaches tailored to their domain or
to describe research in general. Those describing research in general could include
some elements related to software at a high level (e.g., link to software used to
produce some dataset).
e 2 participants indicated the existence of metadata schemas for datasets but not for
software.



e Generic software metadata schemas mentioned in answers to this question include
Codemeta [7], Bioschemas [8], schema.org [9], Citation File Format (CFF) [10].
These will be discussed below as part of Question M3.

Question M2. What domain-specific information about research software is relevant
for your domain?

Our aim with this question was collecting information on possible metadata elements (e.g.,
license of the software, bias concerns that users of the software would be aware of, task
performed by the software). Although some of the answers were highly domain-specific, we
also got some few common elements that can be recognized (by us) as good candidates for
metadata elements, these include: algorithms, methods, software/hardware requirements,
task performed by the software, bias declaration (particularly for Machine Learning and
similar), input and output, general functionality/description, citation/provenance information,
usage. The answers to this question will be used during crosswalks for different metadata
schemas and their alignment to the needs expressed by the consortia.

Question M3. Which generic-purpose metadata schemas for research software are
used in your domain? If possible, please provide a link to them.

Some of the generic-purpose metadata schemas for research software had been already
mentioned in Question M1, i.e., Codemeta [7], Bioschemas [8], schema.org [9], Citation File
Format (CFF) [10]. Below we can see the summary of responses:

CFF: 7 mentions

BioSchemas and/or Schema.org: 4 mentions

CodeMeta: 4 mentions

Dublin Core [11]: 2 mentions

DCAT [12]: 1 mention

DataCite [13]: 1 mention

pyproject.toml [14]: 1 mention

Question M4. Where can requirements or similar information on research software
metadata in your domain be found? (e.g., publications)

Publications, as observed below, (either peer reviewed, preprints, or conference
proceedings) are still the most common place to report research activities, including
information about research software. The responded can be summarized as follows:
e Publications: 9 mentions.
e Repositories: 4 mentions, including software repositories with elements such as the
CFF and the README file.
e Websites: 3 mentions, including those providing documentation on a software.
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Artifacts developed in consortia to support the FAIRness of research
software

In this fourth part of the survey, we used eight questions to collect information on resources
such as tools or services that are intended to improve the FAIRness of research software. In
addition to listing and categorizing the individual resources, the questions aim to uncover
which approaches and metadata they use to target FAIRIfication and whether these are
universally valid or tailored to the needs of a specific research domain.

Question A1. Who is responsible for developing these resources in your consortium?

The interpretable answers show that the development of such resources is not addressed in
5 consortia. 14 consortia stated that they were working on developments of this kind,
although clear responsibilities were only named in 11 cases. The development of these
resources often appears to be carried out as a cross-sectional task in various working
groups within a consortium.

Question A2. What kind of resources in respect to FAIRness of research software
does your whole consortium plan/develop (not only the ones you develop yourself)?

16 consortia named specific resources or resource types related to the FAIRIfication of
research software. The various objectives mentioned can be assigned to the following four
categories. The percentages given are a rough estimate of the proportion of the total amount
of resources mentioned that the categories cover.

A. Infrastructure for the publishing, registering, and accessing of resources and their
linking and integration (~ 40%)

B. Support for the manual or automated creation, publication, and collection of FAIR
metadata (~ 25%)

C. Support for the (combined) execution of software (~ 10%)

D. Support for users, covering different aspects regarding the handling of research
software (~ 25%)

Question A3. How should these resources improve or help improve the FAIRness of
research software?

In response to this question, 16 consortia have named approaches to FAIRIfying research
software that are implemented through the resources they are developing. The qualitative
classification of the approaches is based on the four FAIR principles to which they mainly
contribute.

Findability: The approaches for supporting the findability of research software initially
concern its stable identification. While Git is used to identify software versions, the Open
Researcher and Contributor ID (ORCID) is to be linked more closely with GitHub. Another



focus is on the development of central software registries, directories, marketplaces and
knowledge graphs, which are meant to enable the browsing of software based on metadata.
In particular, the focus is on the networking and joint searchability of different platforms. A
recurring example is Zenodo, which is to be connected to GitHub, OpenAIRE and EOSC,
among others, via common interfaces. The search itself is to be implemented as
user-oriented as possible in various search options, including content browsing, keyword
and faceted searches. Finally, both manual and automated metadata collection is addressed
and supported by software tools.

Accessibility: The only direct approach mentioned to improve the accessibility of research
software is to provide it as a service.

Interoperability: Interoperability is to be strengthened through the use and further
development of vocabularies, taxonomies and ontologies for labeling research software.
Furthermore, they should enable application-related metadata that links software with data
and text publications in order to be able to transparently track which resources were used to
conduct a study. To support the technical integration and joint execution of software,
co-simulation and containerization tools as well as Jupyter notebooks are mentioned.

Reusability: To promote the reusability of software, its documentation processes are to be
supported and its licensing simplified and standardized. Furthermore, the standardization of
metadata standards and vocabularies, taxonomies, and ontologies is to be promoted.

Across the board, many consortia pursue the approach of supporting the FAIRness of
research software by creating and disseminating guidelines, best practices, and teaching
materials.

Question A4. How do these resources contribute to improving the findability of
research software?

As this question focuses on an aspect that was already covered in the previous question,
there is a strong overlap in the content of the answers. For this reason, this question was not
evaluated independently, but newly mentioned approaches regarding the discoverability of
research software were included in the evaluation of question A3.

Question A5. (If applicable) For what do these resources use metadata?

In response to this question, 8 consortia were able to name clear purposes for which they
use metadata. A broad spectrum of objectives was named, which can be roughly grouped
into four sub-areas. Metadata is used for the...

A. Sustainable filing of resources (e.g., identification, description, documentation, and
registration)

B. Provision of resources (e.g., organization, linking, findability, and discoverability)

C. Selection of individual resources (e.g., quality assessment, suitability assessment,
validation, and selection)



D. Contrasting of several resources (e.g., comparison, compatibility assessment, and
integration)

Within the answers, the term resource can include all types of research data artifacts, such
as data, software, workflows, terminologies, templates, papers, documentation, algorithms,
etc.

Question A6. Do you have additional information on your resources?

In the context of this question, 4 consortia provided further links. A statistical or
content-related evaluation does not appear to be meaningful.

Question A7. What kind of resources for finding research software does your
consortia plan?

This question was only answered directly twice. An ontology and a search service were
named as resource types.

Question A8. Are the developed resources community-specific or are they usable by
all?

The responses indicate that both domain-agnostic and domain-specific resources are being
developed, with some resources becoming less useful as their use diverges from a particular
context. An exact ratio should not be derived from the responses collected, although it is
quite clear that domain-agnostic resources significantly predominate.

4. Discussion

Research software plays a fundamental role in research and research infrastructures.
Despite its importance, research software is not yet recognized as a first-class citizen in
research, which is observed in the responses as some consortia see software mostly as a
means (e.g., to transform data needed for a scholarly publication) rather than as a research
output. However, software is recognized as an important piece of the puzzle. In the NFDI
consortia, research software is heavily used to process data, from collection to final results
and publication, which aligns to the NFDI focus as research data infrastructures. Research
software is used by NFDI (e.g., libraries) but also created (e.g., prototypes) and offered back
to the community (e.g., as web services). Some consortia also consider research software
as relevant research artifacts and, therefore, develop services for it as well.

With regards to how researchers search for software, the survey results align with
international studies [15,16]. General purpose search engines play a large role, next to the
researchers' social network, even before consulting the literature of their own field. Software
metadata is of utmost importance when publishing or searching for software. Ideally,
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“research software should be findable by content based search criteria like the problem
solved through this software, the method implemented and its parameter sets” [17]. Some
disciplines created domain-specific registries, such as ASCL.net or swMATH.org, to ease
findability for their community.

As for the use of metadata to describe software, there is an increased awareness of
metadata schemas for software (e.g., CodeMeta, Bioschemas, schema.org) and citation
practices (CFF) but not that much adoption yet. There is still a tendency to use
data-centered efforts (DCAT, DataCite) to describe software (i.e., data is still seen as “more
important/relevant” than software). However, efforts such as software mention extraction
from scholarly publications using machine learning, show again that software importance is
already recognized. It is worth mentioning efforts at NFDI aligned to improve access to
software and increase its recognition as a research output. For instance, the NFDI base
service nfdi.software considers metadata as key for searching purposes but also to increase
FAIRness of software.

We also identified some limitations to our work, as follows. Although we received a good
number of responses with regards to the number of NFDI consortia, they probably do not
always represent all efforts towards research software (metadata) in the consortia since
these activities are often distributed over different task areas without clearly using the term
research software in their titles. On one hand, it was difficult to contact the right persons in
the consortia. On the other hand, getting a more comprehensive view would require a
different questionnaire targeting individuals rather than consortia. Our questionnaire also
included a good number of open questions with free-text answers that could be interpreted in
different ways; in these cases we did our best attempt to be objective and interpret the
response based only on the written text, avoiding personal interpretations. Finally, from the
responses, we realized that some additional questions would have been of interest. In
particular, we did not ask whether the consortia already had come across some success
stories about finding software (more easily) precisely because its metadata was available.

5. Future Work

With the presented survey we got a general overview on the coverage of research software
by the different NFDI consortia. Also, the results gave an important overview which schemas
for research software metadata are already in use in the consortia.

These results present a good foundation for the base service nfdi.software which plans to
create a software registry for nfdi consortia.

As a next step the working group will work on a better overview and comparison of existing
approaches. Based on this comparison an overall recommendation as a community
standard for a common vocabulary for research software metadata in the NFDI should be
developed. Additionally, based on the requirements of the consortia we will also identify
necessary changes in the existing standards, e.g., in bioschemas or CodeMeta and will
discuss these with the communities around the existing standards.
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