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Abstract: High-quality research software metadata is crucial to achieve Findable,
Accessible, Interoperable, and Reusable research software (FAIR4RS). Currently,
software metadata is created using a wide range of schemas and vocabularies that
differ in structure and scope. This heterogeneity limits interoperability and reuse,
leading to inconsistencies across systems. Existing initiatives such as Schema.org'
and CodeMeta” provide an important foundation for research software metadata,
but they do not fully capture the diversity of metadata concepts used across the
broader ecosystem. In this work, we present a systematic crosswalk analysis of 21
metadata resources including research software metadata schemas, vocabularies,
and ontologies, using a reference set of properties from CodeMeta and Schema.org.
From this analysis, we identify overlaps and inconsistencies across existing meta-
data approaches, and assess the extent to which CodeMeta properties are represented
across the analyzed schemas. Our analysis identifies distinct areas of gaps within
CodeMeta, revealing that dimensions such as research context, operational behav-
ior, modern software infrastructure, and accessibility and ethical considerations are
currently missing or underrepresented. Also, our findings provide a consolidated,
community-informed view of the current research software metadata landscape,
highlighting areas of convergence and divergence among the analyzed resources.
This work contributes to ongoing efforts toward implementing the FAIR4RS princi-
ples and thus improving the interoperability and reuse of research software.

Keywords: Software Metadata; Schema.org; CodeMeta; Crosswalk; Research Soft-
ware; Metadata Schema; FAIR4RS

! https://schema.org/; accessed 27/07/2026
2 https://codemeta.github.io/; accessed 27/07/2026

1/25

ECEASST


https://orcid.org/0009-0008-7998-3965
https://orcid.org/0000-0002-1435-0584
https://orcid.org/0000-0001-5844-3021
https://orcid.org/0000-0002-2831-8868
https://orcid.org/0000-0003-4925-7248
https://orcid.org/0000-0002-3246-3531
https://orcid.org/0000-0003-1793-9615
https://orcid.org/0000-0003-1881-9172
https://orcid.org/0000-0002-6767-5905
https://orcid.org/0000-0001-9523-7227
https://orcid.org/0000-0003-3986-0510
https://schema.org/
https://codemeta.github.io/

A Community-Based Crosswalk Analysis of Research Software Metadata Schemas Eﬁ

1 Introduction

Research software plays a central role in modern science, enabling data analysis, simulation,
and reproducibility across disciplines [HMS"09]. To make such software discoverable, reusable
and citable, rich and (semantically) structured metadata is essential [LGK"20]. However, the
description of research software is currently fragmented across multiple metadata schemas, for-
mats, and community practices. This fragmentation limits the findability and interoperability
of software artifacts and complicates their integration into and comparison across research in-
frastructures. Addressing these challenges is a key requirement for implementing the Findable,
Accessible, Interoperable, and Reusable principles for research software (FAIR4RS) [CKB22].
FAIR4RS corresponds to a community-driven adaptation of the original FAIR principles to the
specific needs of research software, emphasizing practices that improve discoverability, acces-
sibility, interoperability, and reuse of software artifacts such as source code, workflows, and
executable software [BHK 22, CKB*22]. Since its inception, FAIR4RS has catalyzed policy
statements, case studies, and implementation guidance that promote software as a reusable asset
across many disciplines [BHK 722, WAB*25, GWB"25].

A number of metadata schemas and standards have been developed to describe research soft-
ware, including CodeMeta [JBC "], Citation File Format (CFF) [DSC*21], and ERSmeta [Fer25].
Although these schemas share common concepts, such as authorship, versioning, and licensing,
they differ in structure, terminology, and scope. As a result, achieving interoperability between
systems that rely on different metadata standards remains challenging [LGK20]. CodeMeta
has been proposed as a unifying schema to facilitate interoperability by providing a common vo-
cabulary and crosswalks between existing standards [JBC]. Crosswalks are a long-established
instrument in metadata practice for bridging heterogeneous schemas without forcing every sys-
tem onto a single standard [WRV "23]. The mapping specifies how the elements (properties
or fields) of one metadata schema correspond to those of another: as an exact equivalence, a
broader or narrower relation, or a partial overlap, allowing metadata to be translated, harvested,
and reused across systems that would otherwise be incompatible [WRV *23, CFKS23].

To achieve a better understanding of the diverse landscape of metadata approaches for re-
search software, we mapped different metadata approaches together with contributors from the
NFDI Section (Meta)Data Working Group on Research Software Metadata (NFDI-RSM-WG)
[CFF26]. In total, we created crosswalks from 21 distinct resources, including 5 ontologies,
3 vocabularies, 12 metadata schemas, and one knowledge graph, to a reference set taken from
CodeMeta and Schema.org. These mappings capture correspondences between heterogeneous
metadata approaches and provide a consolidated view of shared and divergent concepts. Based
on the crosswalks, we conducted a workshop titled Towards a Community-based Extension for
Research Software Metadata from the German Research Community® to evaluate the existing
CodeMeta properties and to discuss a set of potential additional elements for a unified metadata
schema for research software. The workshop was part of the deRSE26 Conference for Research
Software Engineering in Germany*.

3 https://events.hifis.net/event/2945/contributions/21102/; accessed 27/07/2026
4 https://events.hifis.net/event/2945/; accessed 27/07/2026
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In this paper, we present (i) a systematic crosswalk analysis of 21 software-related resources
including metadata schemas, vocabularies, and ontologies, all mapped to a reference set of
CodeMeta and Schema.org properties, (ii) an analysis of the coverage vs. underrepresented di-
mensions identified in CodeMeta through these mappings, and (iii) identification of the common
metadata concepts vs. inconsistencies across the analysed metadata approaches. The property
mapping process was conducted collaboratively within the NFDI-RSM-WG, and was informed
by feedback from the workshop at the deRSE26 Conference. Ultimately, our work contributes to
ongoing efforts toward interoperable and FAIR research software metadata by linking large-scale
schema mapping with community-based schema refinement.

2 Background

In this section, we provide a review of the landscape of metadata approaches used to describe
research software. We focus on their conceptual foundation, the heterogeneity of existing ap-
proaches, and the resulting interoperability challenges. Building on this, we discuss schema
alignment strategies, particularly crosswalks centered around CodeMeta, and highlight remain-
ing gaps in the current ecosystem.

2.1 Metadata Schemas and Standards for Research Software

Metadata schemas provide structured representations of information about research software, en-
abling its description, discovery, and reuse. These schemas vary in scope, ranging from general-
purpose vocabularies to domain-specific and ontology-based approaches.

At the foundation, Schema.org has emerged as a widely adopted vocabulary for describing
digital objects on the web. It enables machine-actionable metadata through formats such as Re-
source Description Framework (RDF)° and its serializations such as JSON-LD®, supporting inte-
gration into search engines and knowledge graphs. Its extensibility through domain-specific pro-
files (e.g., Bioschemas [GGGD17] for life science content, and CodeMeta for software) has fa-
cilitated interoperability across repositories, registries, and search engines [WRV ™23, WAB 25,
[IR"21]. CodeMeta provides domain-specific terms that improve semantic alignment for soft-
ware descriptions, while crosswalks between CodeMeta and other standards (e.g., DataCite
[Dat] and RO-Crate’) enable broader integration with data and workflow registries [WRV 723,
LGK ™20, SSC*22].

Building on Schema.org, CodeMeta has emerged as a general-purpose vocabulary for software
description [I[IR 21, Hab19]. It provides a machine-readable JSON-LD encoding for software
metadata that supports core FAIR4RS goals; namely, enabling precise identification, citation,
and discovery of software artifacts [[IR*21, KGK*24]. The vocabulary covers a broad range
of metadata, from descriptive information such as authors, licenses, identifiers, and repository
links to selected technical aspects such as operating systems, runtime platforms, software re-
quirements, and build instructions. These properties support discovery, citation, metadata ex-

3 https://www.w3.org/TR/rdf12-primer/; accessed 27/07/2026
6 https://json-1d.org/; accessed 27/07/2026
7 https://www.researchobject.org/ro-crate/; accessed 27/07/2026
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change, and reuse across repositories and registries. Multiple analyses emphasize CodeMeta’s
role as a practical “Rosetta Stone” that maps diverse software descriptions into a unified frame
and as a basis for crosswalks that translate content between dialects used by different platforms
[IIR"21, Hab19, PSMH23], as well as its ongoing integration with Schema.org terms to maxi-
mize machine-actionable interoperability [Hab19].

Beyond these general approaches, several complementary schemas exist that differ in expres-
siveness and intended use. Formats such as Citation File Format (CFF) [Drul7, DSC*21] are
designed to be both human- and machine-readable and focus on citation-related metadata for re-
search software, provided in CITATION.cff files. On the other hand, ontology-based approaches
such as Software Description Ontology (SDO) [GRGK], OntoSoft [Ont, GRG15], and Software
Ontology (SWO) [MBL ™ 14] provide richer semantic representations. These enable more expres-
sive descriptions of software functionality, provenance, and relationships. OntoSoft organizes
software metadata around six reuse-orientated dimensions [GRG15], while SDO is presented as
an evolution of OntoSoft [GRGK]. SWO offers detailed representations of software types, tasks,
versions, licensing, provenance, and associated data [MBL " 14].

Domain-specific metadata schemas further extend this landscape by providing depth within
particular scientific areas. For example, biotoolsSchema [IIR*21] offers a formalized XML?®
(Extensible Markup Language) schema for bioinformatics software, anchored to the biotools
registry and using EDAM’ as a value vocabulary to describe function, inputs, and outputs; it
is designed to align with CodeMeta, Schema.org, and other initiatives to foster interoperability
among life-science software descriptions [IIR"21]. Bioschemas [GGJ17], built on Schema.org,
provides domain-tailored markup profiles for life-science resources and supports a wide range
of discovery use cases for biological data and tools. Additional crosswalks and extensions facil-
itate integration with schemas such as DataCite, Dublin Core, and Data Catalogue Vocabulary
(DCAT) [W3C(], reflecting a broader ecosystem in which software metadata is embedded within
catalogs, repositories, and registries [KGK ™24, Hab18].

Taken together, these approaches illustrate a diverse ecosystem in which different schemas ad-
dress overlapping but not identical aspects of research software metadata. Therefore, an overar-
ching metadata framework or alignment strategy is needed to enable interoperability, reduce frag-
mentation, and support consistent, machine-actionable descriptions of research software across
platforms.

2.2 Heterogeneity of Metadata Representations

The key challenge in research software metadata ecosystem is not only that many schemas exist,
but that they differ along several dimensions, e.g., in representation format (RDF/ XML, OWL,
JSON-LD, YAML, XML Schema), in modeling style (record-oriented vs. graph-oriented), and
in scope. Metadata descriptions also vary in terminology, granularity, and the balance between
descriptive and technical metadata. Similar concepts are often represented differently across
schemas, both structurally and semantically. A “dependency”, for example, may be represented

8 https://www.w3.org/TR/xml/; accessed 27/07/2026
9 The ontology of data analysis and management, https://edamontology.org; accessed 27/07/2026
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10

as softwareRequirements'” in CodeMeta, as reference'' in CFF, or modeled through ontology
classes and relationships in SWO. Such differences complicate direct alignment and increase the
risk of confusion or information loss during integration.

This heterogeneity is further intensified by community specializations. Domain-specific schemas
such as biotoolsSchema [IIR"21] are optimized for particular scientific contexts, while more
general frameworks such as DataCite serve broader citation and discovery purposes across re-
search outputs, including software and workflows. Similarly, the Description Of A Project
(DOAP) [Dum] provides an XML/RDF vocabulary tailored to describe open-source software
projects. As a result, the ecosystem exhibits both overlap and asymmetry: while many schemas
share core elements such as title, identifier, license, authorship, and version, they diverge in
representing runtime, interfaces, inputs and outputs, or domain-specific functionalities.

2.3 Interoperability Challenges and Crosswalks

The heterogeneity of metadata schemas introduces substantial challenges for interoperability.
Integrating metadata from different sources requires aligning both semantic meanings and struc-
tural representations, which is often non-trivial. Crosswalks address this by making the corre-
spondences between schemas explicit: rather than harmonizing schemas into one model, they
document, element by element, how a concept expressed in one schema maps onto another,
which relationships are exact, and where meaning is lost or only partially preserved [WRV 23,
CFKS23].

The crosswalk methodology used in this study is related to the broader literature on schema
matching, where the central task is to identify correspondences between heterogeneous con-
ceptual structures in order to support data integration and interoperability [RBO1, ES13]. Un-
like many ontology-alignment approaches that aim to generate formal logical mappings between
classes, properties, and axioms, our work focuses on metadata-property correspondences that are
interpretable by domain experts and directly usable for research software metadata exchange.

The CodeMeta project has established crosswalks'? to a number of existing metadata stan-
dards, providing an important foundation for interoperability across software metadata ecosys-
tems. These mappings illustrate how software metadata can be harmonized to support attri-
bution, discovery, and reuse across platforms [WRV 23, [IR"21]. However, these mappings
introduce limitations such as loss of granularity, semantic ambiguity, incomplete alignment be-
tween schema elements, or asymmetric information loss due to omission of mapping direction-
ality. In particular, while CodeMeta enhances software findability and citation, it may not fully
capture all distinctive traits of software such as dependencies, versioning, and build environ-
ments, necessitating complementary schemas and mappings to ensure robust interoperability
[VAF23, KGK*24].

The practical utility of CodeMeta is reinforced by ecosystem tooling, including generators,
validators, and converters (e.g., CodeMeta generator/validator'? and CodeMeta—Zenodo convert-

10 https://schema.org/softwareRequirements; accessed 27/07/2026

' https://w3id.org/cff/1.2.0/#definitionsreference; accessed 27/07/2026
12 hps://codemeta.github.io/crosswalk/; accessed 27/07/2026

13 https://github.com/codemeta/codemeta- generator; accessed 27/07/2026
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ers'®), which facilitate the creation, validation, transformation, and exchange of codemeta.json
metadata while supporting software citation, reproducibility, and FAIR4RS-oriented metadata
practices [WRV 23, IR 21].

Within the FAIR4RS landscape, the CodeMeta schema aligns with the Findable and Inter-
operable dimensions by enabling persistent identifiers and machine-actionable metadata, while
also supporting Reusable metadata practices through clear licensing, versioning, and dependency
specifications [VAF 23, IIR"21]. These features contribute to improved interoperability, but do
not fully resolve the need for richer and more expressive metadata. Recent analyses highlight
the need to complement CodeMeta with richer, domain-specific descriptors to better capture
software ecosystems, including build systems, containerization, and computational workflows
[KGK*24, MDR*24, GWB*25].

The above-mentioned crosswalk efforts primarily focus on enabling interoperability, but do
not systematically identify or evaluate metadata properties that are absent from the current
CodeMeta schema. Among the schemas analyzed in our work, 11 approaches, namely On-
toSoft, DCAT, SPDX, Wikidata, DataCite, DOAP, SWO, CFF, Java (Maven), Python Packaging
Metadata, and R packaging metadata, overlap with existing CodeMeta crosswalks. Our work ex-
tends the existing landscape by systematically mapping a total of 21 software-related schemas,
vocabularies, and ontologies to CodeMeta. Furthermore, our approach identifies elements not
currently covered by CodeMeta. The next section describes the methodology used to perform
the crosswalk analysis.

3 Methodology

This section describes the methodology used for the crosswalk analysis of 21 software and re-
search software metadata approaches. The goal of this analysis is to examine how metadata
concepts are represented across different approaches, assess the extent to which these concepts
are covered by CodeMeta as a reference schema, and identify common concepts and inconsis-
tencies in the current software metadata landscape.

To evaluate semantic interoperability and identify architectural overlaps, we applied a struc-
tured metadata crosswalk approach. A metadata schema crosswalk is a well-established technical
procedure used in data science to map equivalent terms across disparate systems, align diverse
metadata elements, and identify underlying structural gaps [CFKS23, WRV *23]. Utilizing a
baseline or reference schema to analyze correspondences against multiple external schemas is a
standardized methodology in the metadata ecosystem for creating unified frameworks and iden-
tifying underrepresented dimensions [Sci25].

To support this analysis, we defined a reference set of 68 metadata properties, comprising 60
properties from CodeMeta and 8 additional properties from Schema.org. This set represents a
broad range of metadata concepts commonly used to describe research software and serves as a
common basis for comparing heterogeneous software metadata approaches.

The crosswalk mappings were used to systematically identify correspondences between meta-
data concepts across the selected schemas and the reference set of properties. In addition to
close matches, partial matches were considered in cases where no direct equivalence existed but

14 https://github.com/marketplace/actions/codemeta-to- zenodo-converter; accessed 27/07/2026
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the semantics were sufficiently similar. This approach enabled a comprehensive comparison of
metadata coverage while accounting for differences in terminology and structure.

A direct outcome of the analysis is the distinction between (i) metadata elements that can be
directly aligned with the reference set of properties and (ii) metadata elements with no appro-
priate match within this set. The latter were collected and further analyzed to better understand
gaps in the reference schema, particularly with respect to research-specific aspects.

In this section, we discuss the selection of metadata schemas, vocabularies, and ontologies in-
cluded in the analysis (Section 3.1), the rationale behind the reference schema and the reference
set (Section 3.2), the reference property set and its categorization into nine conceptual groups
(Section 3.3), and the mapping strategy and collaborative process used to establish correspon-
dences between the 21 metadata resources and the reference set (Section 3.4).

3.1 Schema Selection

Prior to the mapping process, we selected a number of relevant metadata approaches, including
21 metadata schemas, vocabularies, and ontologies. The selected sources represent a diverse set
of metadata models used to describe software and research software, including domain-specific
approaches, general-purpose schemas, and purpose-specific formats.

Candidates were identified through a community-based process involving members of the
NFDI-RSM-WG, who proposed schemas, vocabularies, and ontologies based on their direct
experience with metadata standards and research software in their respective domains and com-
munities. The initial pool of candidates included 28 schemas and vocabularies. Next, candidates
were collectively discussed within the working group and retained if they addressed research
software in a sufficiently general manner; candidates tied to a single proprietary tool or platform
rather than to software description as such were excluded. For example, metadata associated
with MathWorks was not included, as it is specific to describing MATLAB code rather than re-
search software in general. This filtering step ensured that the final set of schemas is applicable
across a broad range of software and research contexts rather than being tied to individual tools,
while still allowing schemas with a narrower scientific scope (e.g., domain-specific schemas
such as biotoolsSchema or ERSmeta) to be included, since these remain generalizable within
their respective research domains rather than being bound to a single proprietary product.

As a result, the final selection of metadata schemas, vocabularies, and ontologies is a broad
and representative coverage of metadata models across different domains and use cases, while
relying on the collective expertise of the working group. To the best of our knowledge, this
work compiles a comprehensive set of software related metadata schemas, vocabularies, and
ontologies, while addressing the lack of a systematic overview of research software metadata
approaches in the existing literature (as described in Section 2). An overview of the analyzed
metadata approaches, including 5 ontologies, 3 vocabularies, 11 metadata schemas, one knowl-
edge graph, and one registry, is provided in Table 1.

3.2 Rationale Behind the Reference Set

We selected CodeMeta as the central target for all mappings for several reasons. First, unlike
domain-specific schemas such as biotoolsSchema [IIR "21] and ERSmeta, CodeMeta describes
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research software in a domain-agnostic manner, so using it as the reference set avoids biasing
the analysis towards any single scientific field. Second, in contrast to general-purpose data and
citation schemas such as DataCite or DCAT, CodeMeta is built for software and was explicitly
designed as an interoperability vocabulary, providing a common frame and a set of established
crosswalks to other standards [JBC']; this makes it a natural hub in the mediated-schema de-
sign. Third, being built on Schema.org and encoded in JSON-LD, CodeMeta inherits web-scale
interoperability and is supported by mature tooling for generation and validation, which makes
CodeMeta as a reference set directly actionable.

The reference set of properties was defined prior to the crosswalk creation process by the
NFDI-RSM-WG, based on a criterion reflecting the close relationship between CodeMeta and
Schema.org: a property was included in the reference set if it either originates from CodeMeta
or is a software-relevant property defined in Schema.org that had not been incorporated into
CodeMeta. Applying this criterion yielded a reference set comprising the 60 properties of
CodeMeta version 3 together with 8 additional Schema.org properties considered relevant to
describing research software.

Table 1: Overview of metadata schemas, vocabularies, and ontologies mapped to CodeMeta

Name Type Scope

AlgoOnto [Mat] Ontology Algorithms & computational methods
HITO [JAD "] Ontology Health IT ontology

OntoSoft [Ont, GGMR16] Ontology Software metadata & provenance
SDO [GOK™19] Ontology Software description & classification
Software Ontology [Sof] Ontology General software concepts

DCAT [W3C] Vocabulary Data catalog metadata

DOAP [Dum] Vocabulary Description Of A Project

SPDX [Lin] Vocabulary Software licensing & compliance
BARTOC [Led] Schema Terminology registry metadata
biotoolsSchema [bio16, IIRT21]  Schema Bioinformatics tools metadata
Citation File Format [DSC*21] Schema Software citation metadata

DataCite [Dat] Schema DOI & publication metadata
DataDesc [KGK ™, KGK24] Schema Dataset & software description
ERSmeta [Fer25, FWN26] Schema Energy research software metadata
Java (Maven POM) [Apa] Schema Java build & dependency metadata
maSMP [CGG24a, CGG'24b] Schema Software Management Plans

Python Package Metadata [Pyt] ~ Schema Python packaging ecosystem

R Package Metadata [R C] Schema R packaging ecosystem

RSD Data Model [NH] Schema Research Software Directory metadata
swMath [CDSS24, GS14] Schema Mathematical software metadata
Wikidata [Wik, VK14] Knowledge Graph  Universally valid Linked Open Data

3.3 Mapped Properties

A total number of 68 properties were selected, comprising 60 properties from CodeMeta and
8 additional properties from Schema.org that are not included in CodeMeta. These properties
represent a broad range of metadata concepts used to describe research software and serve as the
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basis for evaluating the coverage of CodeMeta. These properties include CodeMeta introduced
terms (13 properties), as well as properties from Schema.org types, including schema:Thing
(5 properties), schema:CreativeWork (22 properties), schema:SoftwareSourceCode (5 proper-
ties), schema:SoftwareApplication (22 properties), and schema: WebPage (1 property). As men-
tioned above, 60 of these properties are included in CodeMeta. The 8 additional properties from
Schema.org include: codeSampleType, applicationSuite, availableOnDevice, countriesNotSup-
ported, countriesSupported, featureList, screenshot, and softwareAddOn. The complete list of
the mapped properties, together with their source (CodeMeta vs. Schema.org), is available in the
Appendix A.

To structure this set of properties, we grouped them into 9 categories represented in Table 2.
These categories reflect common dimensions of research software metadata and support a struc-
tured interpretation of the mapping results. Among these categories, two categories: Develop-
ment, Project Status and Management and Technical Requirements and Environment contain the
largest number of properties, with 12 and 11 properties, respectively. This indicates that metadata
related to these two categories play a central role in describing research software in CodeMeta.
Categories such as Software Classification and Type and Publication and Citation, also show
relatively high representation, highlighting the importance of describing both the functional role
of software and its scholarly context.

ECEASST

Table 2: Categories of mapped properties

Category Description Count
Core Software Identity Basic identification and general metadata 7
Source Code and Repository Where the code lives 4
Distribution and Packaging How the software is packaged and deliv- 5
ered
Authors, Contributors and Maintenance People and organizations responsible for 8
the software
Development, Project Status and Management Project life cycle and management 12
Technical Requirements and Environment Dependencies and runtime environment 11
Software Classification and Type Nature and purpose of the software 9
Documentation, Help and Support Documentation and supporting resources 4
Publication and Citation Academic and citation-related metadata 8

3.4 Mapping Strategy

The mappings were developed through a collaborative process involving 15 contributors from
the NFDI-RSM-WG. To synchronize the development of the mappings between the contribu-
tors, a hackathon (focused on creating and discussing crosswalks for software metadata using
CodeMeta as a reference set) was organized by ZB MED Information Centre for Life Sciences'’
in July 2025 and conducted at GESIS-Leibniz Institute for the Social Sciences'® in July 2025.
This effort was followed by regular weekly meetings to continue collaboration and refinement.

15 https://www.zbmed.de; accessed 20/08/2026
16 hitps://www.gesis.org/home; accessed 27/07/2026
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For every crosswalk, an initial mapping from the selected schema to the set of 68 reference
properties was created by one contributor and subsequently reviewed by three other contributors.
Following these reviews, all four contributors jointly analyzed and refined the mappings based
on the reviews to ensure consistency and completeness. In cases where reviewers disagreed on a
mapping, the discrepancy was first discussed among the four contributors to reach a consensus.
If no consensus could be reached, the mapping was escalated to the working group for a final
decision. This process ensured that ambiguous or contested mappings were resolved through
collective judgement rather than individual interpretation.

Mappings were established on the basis of semantic equivalence between metadata properties.
A one-to-one correspondence between the schema properties and the CodeMeta properties was
preferred. Where multiple properties from a source schema corresponded to a single CodeMeta
property, many-to-one mappings were accepted. In contrast, mappings from a single source
property to multiple CodeMeta properties were avoided to preserve semantic clarity.

The crosswalk analysis identified three groups of mappings: close matches, partial matches,
and unmapped properties. In addition to close matches, partial mappings were introduced in
cases where no fully equivalent CodeMeta property existed but the semantics were sufficiently
similar. Three types of partial mapping were distinguished. First, a property from one of
the analyzed schemas may be broader than the corresponding CodeMeta property, covering a
wider range of concepts than CodeMeta intends. Second, a property may be narrower than its
CodeMeta counterpart, capturing only a specific subset of the concept that CodeMeta defines
more generally. Third, two properties may overlap without either fully subsuming the other,
meaning each captures some aspect of the concept that the other does not.

An example of a broader partial mapping is platform (P400) in Wikidata — defined as the plat-
form for which a work was developed or released, or the specific platform version of a software
product — partially mapped to runtimePlatform in CodeMeta, which is more narrowly defined as
a runtime platform or script interpreter dependency. While both properties concern the technical
environment of the software, the Wikidata property is broader in scope, encompassing hardware
platforms and operating systems beyond runtime environments.

An example of an overlapping partial mapping is supportingData in CodeMeta — defined
as supporting data for a software application with a range of DataFeed — partially mapped to
hasRelevantDataSources in OntoSoft, defined as any relevant data catalogs that can be used with
the software, with a range of TextEntity. While both properties concern data associated with
the software, they differ in two respects: structurally, CodeMeta expects a machine-readable
DataFeed object while OntoSoft accepts a plain text string; and semantically, CodeMeta refers
specifically to data that supports or belongs to the software, while OntoSoft refers more broadly
to any data catalogs that can be used alongside it. Neither property fully subsumes the other,
making this a case of overlapping partial mapping.

In all three cases, these mappings were retained to maximize coverage while acknowledging
minor differences in meaning. Properties for which no suitable CodeMeta property could be
identified were classified as unmapped and subsequently analyzed to identify gaps in CodeMeta’s
coverage of research software metadata concepts. To better illustrate the mapping process, one
representative crosswalk is provided in Appendix A. In addition to the mapping results, this
appendix provides the complete list of the 68 reference properties organized by their categories.
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4 Results and Analysis

This section reports the results of the crosswalk analysis of 21 software-related metadata schemas,
vocabularies, and ontologies against a reference set of 68 properties derived from CodeMeta and
Schema.org. Section 4.1 identifies dimensions that are not yet captured by CodeMeta. Sec-
tion 4.2 presents the metadata concepts that are broadly recognized and consistently represented
across the analyzed schemas, reflecting areas of community consensus. Section 4.3 reports the
inconsistencies identified across schemas in how shared metadata concepts are represented, in-
cluding terminological divergence, conflicting semantics, and structural mismatches.

4.1 Coverage and Gaps in CodeMeta

The crosswalk analysis confirms that, of the 60 properties from CodeMeta in the reference set,
CodeMeta provides strong coverage for fundamental aspects such as identification, authorship,
licensing, and technical requirements. However, crosswalk analysis also revealed several areas
where relevant metadata concepts are not represented in CodeMeta. These gaps concern four
broad aspects of research software that go beyond CodeMeta’s primarily descriptive focus.

Operational behavior and execution characteristics. These aspects are underrepresented in
CodeMeta. Properties such as haslnput (links a model configuration to the input types expected
by it), hasOutput (expresses what are the outputs of a model), and hasConfiguration (links a
model to one of its configurations) [GRGK], describe how software interacts with data and its en-
vironment at runtime, aspects that are essential for reproducibility but not covered by CodeMeta.

Research context and intended use. These aspects are not explicitly modeled in CodeMeta.
Properties such as hasPurpose (objective or main functionality that can be achieved by run-
ning the software) [GRGK], and domain (research domain for which the software was created)
[Fer25], capture the primary objective of the software and the research domain for which it was
developed, both of which are important for discoverability and reuse in scientific contexts, and
can be considered for the future metadata schema.

Accessibility and ethical considerations. These aspects are absent from CodeMeta. Proper-
ties such as conditionsOfAccess (conditions that affect the availability of, or method(s) of access
to an item) and ethicalLegalSocial (considerations with regard to ethical, legal, and social as-
pects) [CGG'24a), address aspects that are increasingly relevant in the context of open and
responsible research software.
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Modern software infrastructure and governance. These aspects are not captured in CodeMeta.
Properties such as hasSoftwarelmage (function to link a software with its corresponding con-
tainer) [GRGK] and hasiInterface (provides a method of asserting what type of interactions are
possible for the class in question) [Sof], reflect contemporary practices such as containerization
and interface specification. Also contactPoint (relevant contact information for the cataloged
resource) [W3C], developerStructure (structure of the development team) [Fer25], and hasAc-
knowledgements (string with the people, organizations and other contributors acknowledged by
the authors) [GRGK] capture project-level and governance-related information.

It should also be noted that after the crosswalk analysis, three properties: encoding, provider,
and producer were removed from the reference set following feedback from the NFDI-RSM-
WG and the deRSE workshop, resulting in 65 properties in the final reference set. Provider,
which describes who hosts or offers software as a service, was considered not central to most
research software contexts. Producer originates from media domains and overlaps semantically
with publisher. Also, encoding was considered redundant given that the core distribution surface
is already covered by codeRepository, downloadUrl, and hasSourceCode properties.

Collectively, these findings indicate that while CodeMeta provides a solid foundation for re-
search software metadata, it does not fully capture the broader research context and operational
characteristics of research software. These gaps highlight the need to extend CodeMeta with
additional properties, which will be addressed in our future work as mentioned in Section 6.

4.2 Common Metadata Concepts Across Schemas

The crosswalk analysis also reveals a set of metadata concepts that are broadly recognized and
consistently represented across the analyzed schemas. These shared concepts reflect the metadata
dimensions that the research software community has converged on as essential for describing
software artifacts, regardless of domain or format.

Universally represented concepts. A small core of metadata properties appears across nearly
all analyzed schemas. The software name, description, identifier, and version are the most widely
represented concepts, mapped in almost every schema from domain-specific approaches such
as biotoolsSchema and ERSmeta to general-purpose vocabularies such as DCAT and DOAP.
Similarly, license and url (the official homepage or landing page of the software) are consistently
present, reflecting the centrality of accessibility and legal clarity in software metadata. The
author or creator of the software is also universally recognized, appearing across all schema
types, although its exact definition and structure varies. These universally represented properties
closely align with the core identification and attribution requirements of the FAIR4RS principles,
suggesting a broad community consensus on the minimum information needed to make research
software findable and citable.

Widely represented concepts. A second tier of properties appears across a substantial major-
ity of the analyzed schemas, indicating broad but not universal recognition. Keywords and pro-
grammingLanguage are present in most schemas, highlighting the importance of classification
and technical context for software discovery. Repository location (codeRepository) and down-
loadUrl are widely represented, reflecting the practical need to locate and access software arti-
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facts. Dependencies (softwareRequirements), operatingSystem, and datePublished also appear
frequently, indicating that technical requirements and temporal context are generally considered
important dimensions of research software metadata. Funding-related properties (funder, fund-
ing) and referencePublication appear across a notable subset of schemas, reflecting the scholarly
and institutional context of research software, though they are less universally adopted than iden-
tification and attribution properties.

Narrowly represented concepts. In contrast, several properties in the reference set are mapped
by only a small number of schemas or appear in only one. Properties such as embargoDate, em-
bargoEndDate, softwareSuggestions, continuousIntegration, isSourceCodeOf, availableOnDe-
vice, codeSampleType, and featureList are present in very few of the analyzed schemas, suggest-
ing that these concepts are either niche, platform-specific, or not yet widely recognized as stan-
dard metadata dimensions across the community. Similarly, applicationSuite, encoding, coun-
triesSupported, countriesNotSupported, permissions, and softwareAddOn received no mappings
across the 21 schemas, indicating that these properties, while present in the reference set, do not
correspond to concepts actively used in the broader research software metadata ecosystem. This
finding directly informed the community feedback process, which led to the removal of encoding
from the final reference set, as discussed in Section 4.1.

SPDX
Wikidata

Java (maven/pom)

ERSmeta
DCAT
swMath
BARTOC
DataCite Metadata Schema
HITO Bl core_software_identity
DataDesc | stl)ur.ce_clode_repomFory
© Bl distribution_packaging
g maSMP BN authors_contributors_maintenance
S AlgoOnto I development_project_status_management
n B technical_requirements_environment
DOAP - e
mmm software_classification_type
Citation File Format (CFF) B documentation_help_support

RSD Data Model publication_citation
Python Package Metadata
R Package Metadata
biotoolsXSD
Software Ontology
Software Description Ontology

OntoSoft

reference_set | I

0 10 20 30 40 50 60 70
Property count

Figure 1: The crosswalk mapping property count information distributed over 9 categories from the 21
metadata approaches in comparison to the reference set.
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Distribution across categories. When viewed through the lens of the nine categories defined
in Section 3.3, the crosswalk results show that the Core Software Identity and Authors, Contribu-
tors and Maintenance categories achieve the highest average coverage across schemas, confirm-
ing that identification and attribution are the most universally addressed dimensions of research
software metadata. The Publication and Citation and Technical Requirements and Environment
categories show moderate and consistent coverage, while Documentation, Help and Support and
Source Code and Repository show lower average coverage, suggesting these aspects are ad-
dressed more selectively across schemas. The Development, Project Status and Management
category shows the highest variability, with some properties such as developmentStatus and is-
sueTracker being widely recognized while others such as embargoDate and continuouslntegra-
tion appear in very few schemas.

Figure 1 further illustrates these findings by showing the per-category property count across
all 21 analyzed schemas in comparison to the reference set. The distribution confirms that prop-
erties in the Core Software Identity category are represented across all 21 metadata approaches,
while all other categories are absent in at least one schema, reflecting the uneven coverage land-
scape described above. These findings provide a consolidated, empirically grounded view of the
research software metadata landscape, identifying both the areas of strong community consensus
and the dimensions where standardization efforts are still needed.

4.3 Identified Inconsistencies Across Analyzed Schemas

Beyond the common metadata concepts illustrated in the previous section, the crosswalk analysis
also revealed a number of inconsistencies in how metadata concepts are represented across the
analyzed schemas. These inconsistencies complicate direct alignment and increase the risk of
semantic ambiguity or information loss during integration. We identify three main types in this
section.

Terminological divergence for equivalent concepts. A recurring pattern across the analyzed
schemas is the use of different property names to refer to semantically equivalent or closely re-
lated concepts. For example, the concept of a software version, is expressed as softwareVersion in
CodeMeta, version in CFF and biotoolsSchema, hasVersion in SDO, revision in DOAP, and has-
SoftwareVersion in OntoSoft. Similarly, the concept of a download location is captured as down-
loadUrl in CodeMeta, downloadURL in DCAT, downloadLocation in SPDX, and hasDownload-
URL in SDO. Likewise, the repository location of source code is expressed as codeRepository in
CodeMeta, repository in DOAP, hasCodeLocation in OntoSoft, and source code repository URL
in Wikidata. While these properties are semantically equivalent, their terminological divergence
requires explicit mapping rules to enable consistent cross-schema integration.

Conlflicting semantics for shared concepts. Several concepts appear across multiple schemas
but are defined with subtly different semantics or scope. The concept of software authorship
is a prominent example: it is represented as author in CodeMeta, SDO, ERSmeta and maSMP,
creator in DCAT, hasCreator in OntoSoft, and developer in DOAP and Wikidata, yet these
properties differ in whether they refer strictly to individuals, organizations, or both. Similarly,

14 /25



Eg ECEASST

the concept of a dependency is captured as softwareRequirements in CodeMeta — referring to
required software dependencies — as requires in DCAT, hasDependency in OntoSoft, and de-
pends on software in Wikidata, each carrying slightly different semantic scope regarding what
constitutes a dependency. The concept of a contributor shows similar divergence: CodeMeta
uses contributor, CFF uses contributors, DCAT uses prov:qualifiedAttribution with a role qual-
ifier, DataCite uses a structured contributorType enumeration, and R Package Metadata encodes
contributor roles through a controlled vocabulary within its Author field. These differences mean
that even apparently equivalent properties cannot always be directly aligned without resolving
semantic ambiguities.

Structural mismatches. In addition to terminological and semantic differences, the analyzed
schemas also differ substantially in how they structure the same metadata concept. Licensing
information illustrates this well. CodeMeta represents license as a URL or CreativeWork, CFF
splits it into separate license and license-url fields with different applications, license as an SPDX
license identifier and license-url as the URL of a custom license text under which the work is
licensed and that does not have an SPDX identifier. DataCite encodes it within a rights element
with a controlled rightsldentifier attribute, and Python Package Metadata represents License-
Expression as a string with valid SPDX license expression syntax, including one or more SPDX
License Identifier(s). Similarly, contributor information is a plain text field in some schemas
but it is modeled as a structured object (Organization or Person) in CodeMeta, OntoSoft and
DataCite. Funding information is captured as a free-text funding field in CodeMeta, while as a
structured fundingReference element with funder name and identifier in DataCite, and as Funding
Information object in SDO. Such structural differences mean that even semantically equivalent
properties require transformation or data loss during mapping.

Overall, these three types of inconsistency highlight that achieving interoperability across re-
search software metadata approaches requires more than simply identifying equivalent proper-
ties. It also requires resolving differences in terminology, semantics, and structure. This under-
scores the importance of a consolidated reference schema as a shared foundation for consistent
metadata practices.

5 Limitations

Two stages of our methodology rely on expert judgement and community consensus rather than
on a fully deterministic procedure: the selection of schemas to analyze, which was based on
nomination by members of the NFDI-RSM-WG, and the mapping decisions, which rely on as-
sessments of semantic equivalence and on the classification of close and partial mappings. As
a consequence, a different community or expert group might select a partially different set of
schemas and, in borderline cases, arrive at partially different mappings, and therefore at different
conclusions about coverage and gaps. This reflects an inherent characteristic of metadata align-
ment, where correspondences frequently depend on interpretation rather than on formally decid-
able equivalence, and it is a known limitation of manual matching more generally [RBO1, ES13].
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We took several steps to constrain this subjectivity and to support verification. Each crosswalk
was produced by one contributor and independently reviewed by three others, with disagreements
reconciled collectively and escalated to the full working group when no consensus was reached,
so that mappings reflect collective rather than individual judgement. All schemas were mapped
against a single shared reference set, and partial mappings were explicitly recorded, making
the basis of each decision transparent. The analysis also draws on a broad and diverse set of
contributors and schemas, reducing the influence of any single perspective.

We also note that since both stages involved input and feedback from the research software
community, various impacts on the crosswalk process have been observed. In addition to the
potential bias introduced by the selected expert group, it took extra time to recruit and follow the
input of the research community compared to a designated working team. Moreover, achieving
consensus in the full working group on escalated properties also induced lengthy discussion and
negotiation. Nevertheless, it is undeniable that community feedback makes the research process
more relevant and grounded to the community, which drives us to overcome the difficulties of
this community-driven approach.

6 Conclusion and Future Work

In this paper, we presented a systematic, community-driven crosswalk analysis of 21 research
software metadata resources — including metadata schemas, vocabularies, and ontologies — us-
ing 68 properties from CodeMeta and Schema.org as a reference point. The crosswalks were
collaboratively developed as part of the activities in the NFDI-RSM-WG and refined through
community feedback at the deRSE26 Conference workshop.

Our analysis confirms that CodeMeta, already well-known in the research software engineer-
ing community, provides a solid foundation for research software metadata, with strong and
consistent coverage of core descriptive dimensions such as software identity, authorship, licens-
ing, and technical requirements. At the same time, the analysis revealed gaps in areas such as
research context and intended use, operational behavior and execution characteristics, accessi-
bility and ethical considerations, and modern software infrastructure. These gaps highlight the
need for targeted extensions to CodeMeta to better support the description and reuse of research
software across domains. In addition, the analysis identified inconsistencies such as termino-
logical divergence, where different property names refer to semantically equivalent concepts;
conflicting semantics, where shared concept names carry subtly different definitions; and struc-
tural mismatches, where equivalent concepts are represented with incompatible data types or
granularity. Indeed, achieving interoperability across research software metadata schemas would
require more than identifying equivalent properties, as it would also require resolving differences
in terminology, semantics, and structure.

Based on our findings, we have identified two lines of future work. First, the core set will
be complemented with additional properties, selected from the unmapped properties identified
during the crosswalk analysis, to address the gaps that are currently not covered by CodeMeta.
The resulting extension will be released as the ConnOSS metadata schema, a unified research
software metadata schema currently under development within the ConnOSS project'”. Second,

17 https://connoss-project.github.io/; accessed 27/07/2026
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a ConnOSS profile, i.e, usage guidelines on the schema, will be released, including obligation
levels, usage examples, and cardinality constraints for properties. This will ease adoption by the
community and facilitate validation by automatic means. Such a profile layer is essential to move
beyond a list of properties toward a usable and actionable standard supporting consistent meta-
data quality across research software repositories and registries, in alignment with the FAIR4RS
principles.
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A Sample Crosswalk: CodeMeta to OntoSoft

Table 3 presents the crosswalk mapping between the reference set properties and OntoSoft on-
tology, serving as a representative example of the mapping process. We selected CodeMeta —
OntoSoft crosswalk as the representative example because it illustrates the full mapping method-
ology particularly well, as it contains instances of all three partial mapping types described in
Section 3.4.

Table 3: Crosswalk mapping between CodeMeta and OntoSoft

Reference Property Source OntoSoft Property Mapping Type
Core Software Identity

name CodeMeta hasName Close match
description CodeMeta hasShortDescription Close match
identifier CodeMeta hasUniqueld Close match
software Version CodeMeta hasSoftware Version Close match
url CodeMeta hasProjectWebsite Partial match
sameAs CodeMeta — Unmapped
keywords CodeMeta hasDomainKeywords Close match
Source Code and Repository

codeRepository CodeMeta hasCodeLocation Close match
hasSourceCode CodeMeta — Unmapped
isSourceCodeOf CodeMeta — Unmapped
buildInstructions CodeMeta haslInstallationInstructions Close match

Distribution and Packaging

downloadUrl CodeMeta — Unmapped
installUrl CodeMeta hasExecutableLocation Close match
fileSize CodeMeta — Unmapped
encoding CodeMeta — Unmapped
encodingFormat CodeMeta — Unmapped

Authors, Contributors and Maintenance

author CodeMeta hasCreator Close match
contributor CodeMeta hasMajorContributor Close match
maintainer CodeMeta hasEmailContact Partial match
editor CodeMeta — Unmapped
publisher CodeMeta hasPublisher Close match
copyrightHolder CodeMeta — Unmapped
producer CodeMeta — Unmapped
provider CodeMeta — Unmapped
Development, Project Status and Management

developmentStatus CodeMeta — Unmapped
issueTracker CodeMeta — Unmapped
continuousIntegration CodeMeta — Unmapped
releaseNotes CodeMeta — Unmapped
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Reference Property Source OntoSoft Property Mapping Type
dateCreated CodeMeta — Unmapped
dateModified CodeMeta — Unmapped
datePublished CodeMeta hasVersionReleaseDate Close match
embargoDate CodeMeta — Unmapped
embargoEndDate CodeMeta — Unmapped
funding CodeMeta hasFundingSources Close match
funder CodeMeta — Unmapped
sponsor CodeMeta — Unmapped

Technical Requirements and Environment

programminglanguage
runtimePlatform
operatingSystem
softwareRequirements
softwareSuggestions
processorRequirements
memoryRequirements
storageRequirements
permissions
availableOnDevice
supportingData

CodeMeta
CodeMeta
CodeMeta
CodeMeta
CodeMeta
CodeMeta
CodeMeta
CodeMeta
CodeMeta
Schema.org
CodeMeta

hasImplementationLanguage

supportsOperatingSystem

hasDependency

requiresAverageMemory

hasRelevantDataSources

Close match
Unmapped
Close match
Close match
Unmapped
Unmapped
Close match
Unmapped
Unmapped
Unmapped
Partial match

Software Classification and Type

applicationCategory CodeMeta hasSoftwareCategory Close match
applicationSubCategory =~ CodeMeta — Unmapped
applicationSuite Schema.org — Unmapped
targetProduct CodeMeta — Unmapped
codeSampleType Schema.org — Unmapped
featureList Schema.org — Unmapped
softwareAddOn Schema.org — Unmapped
hasPart CodeMeta — Unmapped
isPartOf CodeMeta — Unmapped
Documentation, Help and Support

softwareHelp CodeMeta hasSoftwareSupport Close match
readme CodeMeta hasDocumentation Partial match
relatedLink CodeMeta — Unmapped
screenshot Schema.org — Unmapped
Publication and Citation

citation CodeMeta hasCitationLocation Close match
referencePublication CodeMeta hasPreferredCitation Close match
review CodeMeta — Unmapped
license CodeMeta hasLicense Close match
copyrightYear CodeMeta — Unmapped
countriesSupported Schema.org — Unmapped
countriesNotSupported Schema.org — Unmapped
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Reference Property Source OntoSoft Property Mapping Type
isAccessibleForFree CodeMeta — Unmapped
OntoSoft properties without a mapping from CodeMeta

— — hasAdopter Unmapped
— — hasAverageRunTime Unmapped
— — hasBenchmarkInformation Unmapped
— — hasCitationText Unmapped
— — hasCommitmentOfSupport Unmapped
— — hasCompatibleSoftware Unmapped
— — hasCompositionDescription Unmapped
— — hasFileld Unmapped
— — hasFileType Unmapped
— — hasInput Unmapped
— — hasInputParameter Unmapped
— — hasInteroperableSoftware Unmapped
— — hasOtherImplementationDetails ~ Unmapped
— — hasOutput Unmapped
— — hasPersonldentifier Unmapped
— — hasRating Unmapped
— — hasSalientQualities Unmapped
— — hasSoftwareCommunity Unmapped
— — hasTestData Unmapped
— — hasTestDataDescription Unmapped
— — hasTestDatalLocation Unmapped
— — hasTestInstructions Unmapped
— — hasUsagelnformation Unmapped
— — hasUseLimitations Unmapped
— — hasUseStatistics Unmapped
— — hasUsesAndAssumptions Unmapped
— — hasWorkflowDescription Unmapped
— — similarSoftware Unmapped
— — supersededBy Unmapped
— — supersedes Unmapped
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