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Abstract — The increasing demand for reliable, secure, and
sovereign cross-organizational data exchange has led to the
emergence of data spaces. Effective collaboration hinges on
shared semantic models, positioning collaborative ontology
design as a critical research area. However, existing literature
on approaches is limited and often overlooks the combination of
essential factors for successful collaboration in engineering
contexts, such as processes, stakeholders, and artifacts. This
paper introduces the Collaborative Ontology Development
approach for data Spaces (CODeS approach) considering these
factors. The paper concludes with a discussion and proposes the
next steps for evaluation.
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L INTRODUCTION

Collaborative ontology development is increasingly
relevant in the context of knowledge management and
information sharing across diverse domains. Especially the
conception of semantic web technologies was based on the
advantages of sharing and reusing ontologies across various
domains. The collaborative development facilitates the
integration and alignment of heterogeneous data from
multiple perspectives and stakeholders ensuring that
ontologies are representative of a broader range of expertise
and use cases [1]. The collaborative approach not only
enhances the quality and usability of the ontologies but
supports in lifecycle management of the ontologies and its
applications, as it has verified inputs from various
stakeholders working together as a team [2].

Over the last few years, the concept of data space has
gained popularity and support to manage and integrate large,
heterogeneous and distributed data sources over company
boarders [3]. Data spaces are decentralized infrastructure
which enable trustworthy, sovereign, and secure data
exchange based on common principles and policies [4]. To
manage heterogeneous data sources within such data spaces,
the use of ontologies is becoming increasingly important, as
they have proven to be beneficial for enhancing
interoperability and integrating diverse data [4].
Consequently, they have already been incorporated into
several initiatives, such as Catena-X or Gaia-X with more
initiatives expected to follow [5].

Collaborative ontology development involves various
processes, activities, artefacts, roles, and IT tools and

technologies. Ontology engineering and management
encompasses  ontology  requirements  specification,
implementation, evaluation, publication, evolution and

maintenance [6][7]. These processes are made up of various
activities, artefacts, roles, IT tools, and technologies. All these
aspects need to be considered in the context of data space
ontology development. There are very few publications which
present approaches to deal with ontology engineering for data
space involving various internal and external stakeholders
[81[9]. These publications, however, do not focus on the
aspects of harmonization of data models, of ontologies and of
architectures, interactions between the stakeholders, change
and dependency management and governance of the
ontologies [5][8][10].

This publication aims to present the current state of the art
for collaborative ontology development in data spaces, to
derive the research challenges (Section II). This is followed
by the presentation of the Collaborative Ontology
Development for Data Spaces (CODeS) approach (Section
III). The conclusion is documented in Section IV, and the
outlook underscores the need for evaluation of the approach
in practical projects. Furthermore, it highlights the importance
of focused research and exploration of individual topics to
strengthen the foundation of collaborative ontology design.

II.  STATE OF THE ART: COLLABORATIVE ONTOLOGY
DEVELOPMENT IN ENGINEERING DOMAINS

Semantically aligned ontologies play a pivotal role in the
context of data spaces; however, significant research gaps
persist across various related topics, both within and beyond
data spaces. This section organizes and categorizes key topics
essential for collaborative ontology  development,
emphasizing existing research while identifying areas
requiring further investigation. The concluding subsection
focuses on outlining research challenges to be addressed to
support the progress of collaborative ontology development
for data spaces.

A. Collaborative ontology development approaches

The authors of [2] present the evolution of ontology
approaches over three generations. Early ontology
engineering methodologies, such as [11], [12] emphasized
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core  activities  including  requirements  analysis,
conceptualization, implementation,  evaluation, and
maintenance. These methodologies assumed that formal
domain  knowledge  specification precedes  system
development. In contrast, second-generation methodologies
adopted a more iterative approach, integrating application-
specific requirements into the requirements analysis phase and
allowing for incremental releases of ontology versions to
accommodate changing needs. A notable characteristic of
these approaches is the clear division of responsibilities
among domain experts, knowledge engineers, ontology
engineers, and users, with engineers driving the process by
gathering requirements, implementing them, testing
ontologies, and managing their evolution. Examples include
Methonotology [13] and OnToKnowledge [14][15]. The
current third generation employs a participatory approach,
emphasizing collaboration among a diverse group of
contributors and providing technological support to enable
non-experts to engage in ontology development activities
beyond requirements of engineering. Several methodologies
detail the collaborative engineering process for developing
and maintaining ontologies in decentralized scenarios, with
DILIGENT [16] and HCOME [17] being the most notable
examples. However, these methodologies are limited in terms
of concrete case study descriptions and associated
technological support. In this context, approaches, such as
Ontology Maturing [18], suggest and evaluate tool support
based on degree of maturity and phase of ontology usage.
Additionally, RapidOWL [19] presents a valuable set of
guidelines that can inform the design of collaborative
ontology engineering methodologies and help align existing
methodologies with broader principles of agile engineering
and rapid prototyping. In the Hozo approach an environment
for distributed ontology development is described based on
types of dependencies between ontologies and resulting
change patterns, as well as collaborative implications [20].
This evolution in methodology underscores the ongoing need
for adaptable frameworks to support effective ontology
development in diverse and dynamic environments. However,
these methodologies do not focus on the dynamics and
challenges of collaborative ontology engineering specific to
data spaces.

The authors of [9] present the AIME methodology for
collaborative ontology development in data spaces. They
focus on the data space challenges, integration of FAIR
principles and various stakeholders. However, the
identification and management of change and dependency
management are not explicitly detailed. The authors of [21]
focus on ontology-based data access for data spaces and do
not provide a methodology for collaboratively engineering the
ontology. In [22], the authors present agile-based
collaborative steps for developing the information model for
the international data space initiative. The model includes the
following conceptual areas: digital resources, participants,
roles, identities, usage of contracts / policies, metadata, and
infrastructure processes. However, no explicit approach is
defined as a detailed collaborative approach to develop
ontologies in data spaces.

B. Identified research challenges

As identified in the preceding subsections, there are
several research gaps in literature, which need to be addressed
or further explored. The gaps have been grouped into five
challenges based on the type of gap:

Challenge 1 (C1) — Aligned knowledge management:
Managing knowledge across varied domains poses substantial
challenges due to differences in conceptual understanding,
workflows, data models, and contextual data interpretation.
Effective knowledge integration requires harmonizing
disparate perspectives, aligning processes, and coordinating
multiple stakeholders [23]. A critical aspect of this effort
involves developing unified ontology for the shared data
space or establishing effective mechanisms to integrate
existing ontologies with newly defined ones.

C2 - Access and governance in data spaces: Data spaces
face challenges in access and governance, stemming from
ambiguity around who holds the authority to define key
elements, their roles within the ecosystem, and the rights they
possess [8][9]. Participation is constrained by sector-based
eligibility and closed governance, limiting cross-domain
expertise and innovation. Opaque decision rights and unclear
ownership of ontology elements deter external contributors
and create bottlenecks.

C3 - Collaborative models in data spaces: The key
challenge is to identify and implement collaborative structures
that actively engage diverse participants with varying
motivations. This requires a framework that aligns incentives,
appreciates the complexities of collaboration, and clarifies the
nature of shared responsibilities in defining data spaces and
their semantics. There is a need to understand different types
of open-source collaboration, as these models significantly
impact participation incentives [24]. Commonly, a core team
manages development, while other contributors suggest or
implement changes — a structure that may limit broader
engagement.

C4 - Harmonization of data models, ontologies and
architectures: This challenge concerns the establishment of
harmonized semantic annotations within the data space and
with particular use cases it supports. Hence, there is a need for
collaboration formats, mapping standard and operating
procedures to integrate and improve interoperability [8].

C5 - Data value: Despite advancements in transaction
metadata and data format specifications, data spaces face a
critical challenge in the absence of shared, machine-readable
semantics for exchanged data. Distribution mechanisms
remain fragmented and proprietary [1].

The solution lies in developing methods, processes, and
governance frameworks to collaboratively create and
maintain shared, extensible ontology and semantic profiles.
These must facilitate consistent interpretation and integration
of heterogeneous data across data spaces and support
incremental adoption.
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III. CODES APPROACH: COLLABORATIVE ONTOLOGY
DEVELOPMENT FOR DATA SPACES APPROACH

To address the previously identified challenges, this
section outlines a structured approach built upon best
practices identified in the literature and insights gained from
practical experience in developing data spaces [25][26][27].
This methodology integrates established theoretical
frameworks with lessons learned from real-world projects, for
the development of a novel approach tailored to the
complexities of data spaces. Figure 1 outlines the ten steps of
CODeS for collaborative ontology development in data
spaces. The steps are outlined in detail below:

Step 1: Setting the scope

Scope setting & domain/s for ontology
development
Operations Step 3: Specification of

Step 2: Analysis of
Stakeholders

collaboration approach
in data space

Step 5: Derivation of
requirements List

configuration

Requirements

generation
Step 6: Definition of Step 7: Specification of
Ontology ontology modules alignment strategy

development
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development teams

Step 9: Ontology module
Development

maintenance

Figure 1. Visualization of CODeS approach steps.

A. Step 1: Setting the scope of ontology to be developed in
data space

There are two main parts in this step. The first is to
determine the domain/s the data space aims to address. The
second is to identify the existing ontologies, semantic
artefacts, governance frameworks and standards in the
identified domain/s [5][9]. Selecting relevant state of the art
for the data space with the existing stakeholders. This includes
commonly used data, models, communication and
certification mechanisms, infrastructure (protocols, interfaces,
etc.) and tooling in the domains and their development
environments.

B. Step 2: Stakeholder Analysis

Stakeholder analysis defines roles, responsibilities, and
collaboration approaches through two sub-steps: (1)
identifying and verifying stakeholder coverage across
development areas, and (2) documenting assignments and
commitments while acknowledging their evolution over time.

Figure 2 illustrates role distribution in ontology
engineering within data spaces. Indirect roles (data space
participants, domain experts) contribute content with varying
involvement levels. Direct roles focus on ontology
development across three levels.

Roles in data space ontology development define general
semantics for data space basis or federation services at the

most abstract level, with largely decoupled collaboration to
individual dataspace communities.

Federation ontology development roles specify semantics
for core services and standards (versioning, interfaces),
requiring close collaboration with data space design teams.

Roles for domain ontology development collaborate with
domain experts and participants, adapting to domain-specific
engagement forms.
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Figure 2. Semantic distribution and roles in data space setting.

Examples of stakeholders can be found in [2][9][28]. The
key stakeholders are summarized below, although this list is
not exhaustive: Participant/Technology user roles (end-users,
Original Equipment Manufacturers (OEMs), suppliers);
Domain roles (domain experts, engineers, data stewards,
legal/business representatives); Ontology roles (engineers,
stewards, maintainers); Collaboration roles (project
managers, team leaders, contributors); Federation roles
(federators, governance/compliance managers); and external
roles (standardization bodies, prospective participants)
ensuring continuity, alignment, and adoption.

C. Step 3: Specification of collaboration approach in the
data space

While not directly a development step for collaborative
ontology development, the selected collaboration model (e.g.,
open/closed source or consortium-based) plays a critical role
in shaping stakeholder participation in ontology development
within the data space [24][29]. This step involves the
following key aspects:

1) Specification of collaboration scope

Building on the stakeholder documentation from step 2,
this involves defining the roles, activities, and responsibilities
required for collaboration, along with their timeframes and
allocation.
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2) Specification of collaboration roles and cruciality
Collaboration roles depend on the chosen collaboration
model and the data space structure. Key roles may include the
core team (comprised of associations, standardization bodies,
research  institutions, and industry representatives),
contributors (data space participants), driving forces, and
federators.
3) Specification of collaboration processes
Collaboration processes define how and when
stakeholders interact. For instance, contributors might
propose ideas, while the core team evaluates, develops,
integrates, and communicates these contributions.
Additionally, the mechanisms for redefining or reassigning
roles and processes over time need to be outlined in this step.
4) Specification of collaboration technology stack
Identify the tools, platforms, and documentation formats
required to support collaboration. This includes tools for
ontology specification and processes, such as annotating
ontologies with custom metamodel attributes during
collaboration.
5) Specification of communication artifacts and channels
Define what information will be visible to external parties,
how contributors will be informed, and strategies to foster
engagement. For example, regular releases of models and
specifications can serve as communication artifacts to
maintain transparency and encourage participation.

D. Step 4: Definition of use cases

This step focuses on identifying and specifying the use
cases that will guide activities within the data space. It is a
critical step for determining the actions to be performed and
the information required for successful implementation [9],
[30]. The process consists of the following activities:

1) Define Use Cases

Stakeholders should collaboratively define the use cases
for the data space. This includes outlining specific scenarios
where the data space will be used for offering and consuming
various services, ensuring a comprehensive understanding of
user needs and operational requirements.

2)  Cluster and prioritize Use Cases

Domain experts and participants play a pivotal role in
clustering the defined use cases based on relevance and
interdependence. Prioritization should follow to ensure that
the most critical use cases are addressed first, aligning with
the overall goals of the data space.

3) Document Use Cases (Backlog)

Finally, all defined and prioritized use cases should be
thoroughly documented in a backlog. This documentation
serves as a reference point for the next sprint of collaborative
development process, ensuring alignment and clarity as the
project progresses.

4) Map Roles to Use Cases

It is essential to map the roles identified in Step 2 to the
defined use cases. This mapping should focus on specifying
responsibilities in the collaborative process and the expected
outcomes for each role, ensuring that everyone understands
their contributions to the use cases.

5)  Match Stakeholders with Roles
Once roles are mapped, individual stakeholders should be
matched to these roles based on their expertise and capacity.
Open and transparent communication during this phase is
vital, allowing stakeholders to express their capabilities and
constraints, such as their availability.

E. Step 5: Derivation of requirements list for ontology
development

In collaborative developments involving diverse expertise,
it is essential to translate stakeholder needs into clear
requirements. Since data spaces combine content-related and
technical components, multiple requirement categories must
be considered when designing data space semantics.

Content-related requirements are derived from domain
vocabularies, standards, specifications, and data models.
Competency questions validate the ontologies by comparing
expected and actual query results.

Functional and technological requirements define
semantic functionalities and technologies, such as supported
languages (e.g., Resource Description Framework (RDF),
Web Ontology Language (OWL), JavaScript Object Notation
for Linked Data (JSON-LD)), software tools (e.g., for
modeling or wvalidation), inference depth, rule usage,
validation mechanisms (e.g., Shapes Constraint Language
(SHACL)), ontology topologies (e.g., single vs. multiple
ontologies), modularization, versioning, alignment strategies,
and lifecycle management.

Quality requirements encompass structural, syntactic,
and content checks for ontology instances, as well as
maintainability, maturity, and usability. Best practices for
modeling and overarching quality criteria should be
collaboratively defined and applied.

Performance requirements focus on system and
semantic performance (e.g., query and reasoning efficiency)
and influence decisions on technologies and semantic
networks, such as virtualization vs. materialization,
distributed reasoning, query batching, networked repositories,
and database partitioning.

However, the requirement categories depend on the data
spaces and the use cases and are not exhaustive.

Nachabe et al. [9] present interaction modules for
requirement identification. The method for identifying and
documenting requirements must be defined among
stakeholders according to the agreed collaboration form.
Extensive approaches, such as data flow analysis [31], offer
deeper insights for specifying infrastructure, performance,
and functional requirements of the ontology topology and core
data space services within holistic development environments
[25].

F. Step 6: Definition of ontology modules

In data spaces, multiple domains converge with
overlapping information requirements, necessitating a
modular ontology structure. Decomposing complex domain
semantics into manageable subgraphs — referred to as
ontology modules [9] — improves maintainability,
reusability, access control, and interdisciplinary collaboration,
while enabling standardized linkage across heterogeneous
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environments [32]. The resulting ontological topology is
derived from the requirements established in the preceding
step. Three module types are proposed:

Ontology domain modules represent domain-specific
subgraphs developed collaboratively by domain experts. They
define and refine concepts from existing sources, adapted to
the data space context, while managing internal dependencies
and alignment with shared vocabularies.

Ontology alignment modules act as bridges between
domain ontologies, defining cross-domain dependencies and
relationships, such as equivalence or similarity (e.g., via
Simple Knowledge Organization System (SKOS) ontology).
They support structured queries, interoperability, and
governance functions including versioning and dependency
management [20].

Ontology metamodules provide generic, administrative
models applicable across all modules, defining lifecycle
management guidelines, versioning, quality assurance, and
modeling standards (e.g., via SHACL shapes). They enforce
governance and compatibility across the data space and can
elevate domain models to meta-level hierarchies where
required (e.g., via Data Catalog Vocabulary (DCAT)).

Together, these three module types simplify ontology
development, enhance cross-domain collaboration, and
ensure long-term maintainability within the data space.

G. Step 7: Specifation of alignment startegy

In this step, alignment strategies and alignment modules
are individually defined. An alignment module specifies the
links or mismatches between ontologies that need to be
addressed. The specification should include documentation of
conditions under which alignments were established, the use
cases and requirements covered, and the stakeholders
involved. Ideally, this information should be incorporated
directly into the model itself.

There are several ways to detect and express ontology
alignments [33]. The authors of [20] propose strategies for
handling dependencies in distributed environments, defining
a variety of relationship types. The authors of [32] introduce
the concept of "linkset," describing dependencies and
alignments between ontologies. As a lightweight approach,
alignments are formulated as a triple structure between two
ontologies, each as a subject and object. Thus, posing as
simple way to specify alignments in a model-wise manner and
as easy way to communicate between model domains. These
approaches offer additional advantages when embedded in the
data space context, such as reduced complexity, enhanced
manageability, and extensibility. Expressing links between
ontologies as independent, customizable concepts allows for
further detailing or restriction, such as using metamodules for
dependency management if required.

For each alignment module, the following elements must
be specified, mapped, and documented: the dependencies
between interfacing concepts and their relating domain
ontologies; the involved stakeholders and notification
requirements; the targeted ontology requirements; and the
applicable circulation criteria, including temporal or event-
based triggers and communication channels. Additionally, the
collaboration type between domain developments must be

defined (e.g., separate, joint, or partially integrated
workflows), alongside the alignment type (e.g., ontology
merging, OWL axiom or SKOS mapping, custom translators,
or shared vocabularies). Finally, the technical and IT
requirements necessary to implement the specified alignment
must be established, and detailed alignment specifications
documented accordingly.

H. Step 8: Specification of ontology module development
teams

Building on the previous steps, it is essential to establish
cross-domain teams responsible for developing and managing
the different ontology modules. This step should be conducted
in parallel with defining the ontology modules and specifying
alignments between domains. The collaborative principles
guiding each module development team should be outlined to
ensure integration into the overall data space collaboration
framework while allowing flexibility for team-specific
workflows. The following key aspects should be addressed:

1) Assignment of ontology modules

Map ontology modules to their respective requirements
and assign them to the appropriate stakeholders or
development teams.

2) Specification of requirements

Clearly define the requirements for each ontology module

and document them for the development process.
3) Collaboration format

Allow each team to establish its own collaboration format,
provided it aligns with the overarching collaboration
framework for the data space (Step 3). Teams may choose
formats, such as agile workflows, workshops, or distributed
version control (e.g., Git-based workflows).

4)  Circulation criteria for dependencies and alignments

Define how identified dependencies and alignments will
be communicated and managed. Ensure these criteria are
consistent with the agreed collaboration approach (Step 3) to
facilitate smooth coordination across teams.

1L Step 9: Ontology module development

Once individual ontology modules and their collaboration
frameworks have been defined, the modules are developed in
parallel. Various procedural models for ontology
development are available in the literature, such as the NeOn
Methodology [7] and the Methontology Framework [13].
These models provide structured approaches for creating,
managing, and iterating ontologies. The choice of method
should align with the specific requirements of the domain and
the overarching data space framework.

During development, the specified circulation criteria for
interactions with alignment and metamodules must be
adhered to. These criteria ensure that dependencies and
alignments between modules are effectively managed.
Alignment modules and linksets can also be used to monitor
and control iterative progress across modules, ensuring
consistency and interoperability.

New requirements arising during ontology module
development should be carefully evaluated. Decisions must be
made on whether to include these requirements in the use case
backlog for future consideration or to address them
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immediately through iterative alignment and updates to the
module.

It is important to note that ontology module development
is a highly domain-specific and individualized process. The
complexity of the domain, the roles of the stakeholders, and
the specific use cases will significantly influence the approach
taken. Collaborative tools, versioning systems, and regular
coordination meetings are often critical to ensuring progress
and alignment across parallel developments.

J. Step 10: Documentation, publication and maintenance

The final step in the approach involves systematically
documenting, publishing, and maintaining all developments.
This encompasses every aspect of the process, from domain
and stakeholder analysis to use case definitions, requirement
derivations, and the specification and development of
individual ontology modules. Documentation should be
structured to provide a clear, traceable history of decisions,
assumptions, and development artifacts. It should also outline
next steps and anticipated challenges, referencing the use case
backlog or requirements that have already been addressed and
iterated upon. The documentation should answer key
questions, such as:

e  What has been defined? This includes key use cases,
requirements, and assumptions.

e Who has participated? Identifying stakeholders,
roles, and contributions.

e How has the work been conducted? Detailing
collaboration formats, workflows, and processes.

e What are the scope, development horizon, and
timeline of the ontology modules?

Publishing ensures that ontology modules and related
artifacts are accessible, reusable, and transparent. Metadata
must accompany the ontology, detailing its purpose, version,
authorship, licensing, and usage instructions. To enhance
credibility, validation results from tools, such as SHACL or
OWL reasoners should be included to demonstrate
correctness. Additionally, access permissions should be
clearly defined, whether open, restricted, or tiered, depending
on the collaboration model. A clear process for versioning and
publishing updates is also essential to maintain consistency
and compatibility over time.

Maintaining ontology modules is critical for ensuring their
long-term functionality and relevance. This involves regularly
reviewing the use case backlog to identify new requirements
and evaluating change requests to decide whether they should
be implemented. Alignment modules play a key role in
managing the cascading effects of changes across modules,
ensuring that dependencies are addressed effectively. Version
control systems, such as Git, should be used to maintain clear
versioning and compatibility tracking. Updates must be
validated using semantic tools like Pellet, HermiT, or SHACL
to ensure consistency and correctness, and all changes should
be thoroughly documented to keep records of updated
requirements and refinements. Lifecycle management
processes should be established to retire outdated modules,
introduce new ones, and manage transitions. Engaging
stakeholders through regular feedback ensures continuous

improvement and alignment with the evolving needs of the
data space.

IV. CONCLUSION AND FUTURE WORK

This paper identified key elements for collaborative
ontology development in data spaces, analyzed semantic
interoperability gaps, and derived challenges inadequately
addressed by current methodologies. Building on existing
approaches and practical experience, we proposed CODeS —
a structured ten-step methodology guiding stakeholders from
domain analysis through collaborative ontology development
via a modular, stakeholder-driven process applicable across
heterogeneous organizational contexts.

CODeS addresses the identified challenges through its
modular approach: ontology domain and alignment modules
decompose complex semantic graphs into negotiable
subgraphs (C1); meta modules enforce consistent modeling
guidelines and clarify roles and decision rights (C2); pre-
defined, reusable modules lower participation barriers across
expertise levels (C3); structured collaboration formats and
standardized mapping procedures enable systematic
integration while preserving domain autonomy (C4); and
metamodules provide a foundation for machine-readable
semantics and incremental adoption of shared data exchange
mechanisms (C5).

Several aspects require further attention. Versioning,
change management, and comprehensive documentation
remain indispensable for long-term sustainability, and
appropriate tooling for co-creation, alignment validation, and
deployment must be developed. Future work will therefore
focus on: empirical validation through real-world use cases
with measurable metrics; development of a supporting tooling
ecosystem; governance frameworks for managing modules
across organizational boundaries; incentive mechanisms
encouraging broader participation; and practitioner guidance
in the form of a comprehensive handbook. These efforts aim
to transform CODeS into a proven, tool-supported
methodology for data space initiatives.
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