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Abstract.

This paper presents lessons learned from the creation and management of FAIR (Findable,
Accessible, Interoperable, Reusable) data and metadata in two recent robotics projects, in
order to derive principles and building blocks for collaborative (meta)data management in field
research. First, an inventory of metadata purposes and topics is presented, distinguishing
between executive metadata necessary for data producers, and rich reusable metadata
satisfying the FAIR principles. A model of the metadata creation process is developed and
compared with the Metadata4lng ontology. Second, social aspects of FAIR research data
management (RDM) are discussed in the project context and beyond. The primary tasks of a
FAIR research data manager are analyzed in three domains: data production team, research
domain, and FAIR RDM community. Third, some improvements on prominent data lifecycle
models are proposed to support the requirements of collaborative RDM, and to foster an

iterative improvement of RDM systems.

1 Introduction

1.1 Motivation

The FAIR principles are formulated in generic terms and without reference to any particular
scientific discipline [1]. According to Jacobsen et al. (2020), ”[t]his has likely contributed to
[their] broad adoption [...], because individual stakeholder communities can implement their
own FAIR solutions. However, it has also resulted in inconsistent interpretations that carry the
risk of leading to incompatible implementations. Thus, [...] for true interoperability we need to
support convergence in implementation choices that are widely accessible and (re)-usable.” [2]
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Communities who wish to develop their own FAIR conventions may greatly benefit from
successful real-world examples that allow researchers and practitioners to identify, evaluate, and
select best practices for research data management (RDM). However, the application of RDM in
practical applications is still lacking in literature. Many approaches and models exist in theory,
but their value to the community remains low if their practice is not systematically examined.

This paper presents lessons learned from the creation and management of FAIR data and metadata
in two recent robotics field research projects, RoBivaL. and DeeperSense, conducted at the
Robotics Innovation Center (RIC) of the German Research Institute for Artificial Intelligence
(DFKI) [3] [4]. The paper is an extended and revised version of a presentation given at the
NFDI4Ing Conference 2023 [5].

We chose to present RoBivaL and DeeperSense together for two complementary reasons. On
the one hand, their commonalities allow us to generalize RDM principles to some degree in
certain circumstances: Both projects are field studies, conducted over extended periods of time
by diverse research teams from multiple institutions and disciplines. Their differences, on the
other hand, allow us to examine the application of RDM principles in different research scenarios:
RoBival is a terrestrial robotics project studying the performances of different hardware systems
at a single location in the context of agriculture. DeeperSense is an underwater robotics project
developing an Al for the translation of sonar outputs into camera-like images based on training

data collected both at a laboratory and at multiple field locations.

Openly available datasets are crucial to advancing the field of robotics. One reason is that robotics
research often requires access to specialized hardware, sensors, and environments. Making high-
quality data accessible to more researchers, including those without the means to collect such
data on their own, fosters innovation from a wider range of perspectives. Furthermore, open
datasets provide common ground for the community to develop and benchmark algorithms
collaboratively on standardized data.

Our discussion of RDM, however, is not supposed to be applicable just to robotics. In principle,
our findings can be applied to any collaborative (field) research project employing humans and
technical systems for data acquisition in multiple steps and iterations. The purpose of our study
is to derive requirements and strategies for the creation and management of ”rich” metadata in
the FAIR sense.

1.2 Outline

Section 2 presents related work on FAIR RDM in general, on open data in robotics in particular,

and on formal knowledge representation in robotics.

Section 3 features brief summaries of RoBivaL and DeeperSense. We present their overall project
objectives and contrast their base data requirements from a high-level perspective.

The main body of the paper is divided into three parts (Sections 4 - 6). Specific desiderata
and additional related work are introduced at the beginning of each part if necessary. The
models and concepts presented in these parts were extracted from the experience in RoBivaL
and DeeperSense and shall be applied in future projects.
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The first main part (Section 4) discusses the content dimension of FAIR RDM. We distinguish
between executive metadata necessary for producers to achieve their project goals, and reusable
metadata necessary for reusers to satisfy the FAIR principles. We introduce this distinction into
the FAIR data debate, because we believe that data producers are more likely to adopt FAIR
principles if the specific needs of producers are taken into account by the FAIR community.
Both metadata types are illustrated with examples from RoBivaL and DeeperSense. Further, this
section introduces base elements for a model of the metadata creation process at the micro level
in the context of collaborative metadata management. We relate our model to the ”processing
step” class of the Metadata4Ing (M4I) ontology. Though M4I acknowledges the existence of
metadata, it does not appear to address the process of metadata creation.

The second main part (Section 5) expands the distinction between different stakeholder groups
from the previous section and explores the social dimension of collaborative FATR RDM more
broadly. We argue that a FAIR research data manager acts as a link between three social domains
where they perform different primary tasks. We are not aware of a discussion about the social
implications of FAIR RDM, but we believe such a discussion to be indispensable for a definition
of the FAIR data manager role.

The third main part (Section 6) examines the time dimension of collaborative and iterative FAIR
RDM at the macro level. Based on a critical appraisal of prominent data lifecycle models, we
suggest a model of a self-improving data lifecycle geared towards collaborative and iterative
RDM. We introduce a data provision phase which is necessary for internal collaboration. Fur-
ther, we introduce an evaluation phase at the end of the lifecycle complementing the planning
phase at its beginning, to foster iterative improvement of the data management system. Lastly,
we recognize that planning and evaluation are different kinds of activities than data creation,
provision, processing, publishing, etc., which gives rise to a lifecycle model with two nested
loops. Our model is illustrated with lessons learned from RoBival. and DeeperSense.

2 Related work

This section presents some recent developments in open data and FAIR RDM with applications
in robotics, and on formal knowledge representation in robotics.

The need for large-scale, real-world datasets in robotics is highlighted by the rise of Robotics
Foundation Models (RFMs) [6]. Extensive multimodal training data can lead to high-level task
performance in many different scenarios, as illustrated by the RT model class presented by
Brohan et al. (2023) [7]. The RT-1-X model was trained on the Open X-Embodiment dataset,
developed and published by Google DeepMind in 2024 in collaboration with over 20 research
institutions [8] [9]. This initiative demonstrates the benefits of shared open data. Still, according
to Firoozi et al. (2024), the scarcity of robot-relevant training data remains a major open research
challenge in the improvement of RFMs [10].

Robotics-enabled marine research has seen some advancements towards FAIR RDM. Schoening
et al. (2022) observe that published marine image datasets have been lacking metadata to describe
their high technical heterogeneity; the authors propose a concept for image FAIR digital objects
(iFDOs) as a remedy [11]. Motta et al. (2023) present a method for the creation of FAIR marine
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robotic telemetry data and metadata about marine robotic missions; they observe a general lack of
controlled vocabularies in robotics [12]. In the context of space robotics, Dominguez et al. (2020)
developed a modular framework for multisensor data fusion including a suite of data management
tools; their approach for describing complex data processing systems might feed into FAIR
metadata components for robotics [13]. Arundel et al. (2023) offer a data management case
study focused on conveyance of big data over multiple stages; though motivated by geospatial

data processing, their methods seem applicable to many domains, including robotics [14].

Several initiatives in science and industry are working to represent robotics knowledge using for-
mal ontologies and terminologies. Olivares et al. (2019) review five ontology-based approaches
to autonomous robotics and quote four additional ontological efforts in robotics that either don’t
address autonomy or lack relevant qualities [15]. The IEEE 1872 group of standards comprises
six ontologies which were released between 2015 and 2024 [16], [17], [18]. They define more
than 100 terms addressing general robotics concepts, robot parts, pose, tasks, and autonomy. An
additional IEEE ontology about reasoning on multiple robots is in development [19]. A parallel
standardization enterprise at the terminological level are the ISO vocabularies for robotics [20]
and for mobile robots [21]. Though ISO 8373 is a normative reference in IEEE 1872, there are
considerable differences which must be navigated by practitioners. The ROS middleware offers
the URDF specification for a formal description of kinematic and dynamic aspects of individual
robots that consist of rigid links connected by joints [22]. A proposal to cure some shortcomings
and limitations of URDF has not yet been addressed [23]. Considering applications of ontologies
and terminologies in robotics research, Jorge et al. (2015) evaluate the POS ontology in a use
case where heterogeneous robots and humans interact in a manufacturing task [24]. Neto et al.
(2019) apply the CORA ontology in a simulated robotics reconnaissance mission with interaction
between autonomous aerial and ground robots [25]. Yiiksel (2023) explores the application of
ontologies at the robot component level for the automated design of robotic systems in relation
to robot tasks and capabilities; the work introduces the Korcut ontology family [26].

DeeperSense and RoBivaL did not employ any formal ontologies or terminologies for devel-
opment or data management. This is in line with the usual practice in the respective research
teams. Applying ontologies on top of the primary project requirements would have posed a major
challenge exceeding the available resources. Formal knowledge representation with ontologies

and terminologies will therefore be explored in future work.

3 Project summaries

This section gives brief summaries of the projects RoBivaLl. and DeeperSense, focusing on
general project objectives and the base data that was created.

3.1 RoBivalL

The project RoBivaL [3] [27] was conducted between August 2021 and October 2023 by an
interdisciplinary and multi-institutional team of roboticists and agriculture researchers in Ger-
many. The project compared different robot locomotion concepts both from space research and
agricultural applications on the basis of experiments conducted under agricultural conditions.
The goal was to promote knowledge and technology transfer between space and agriculture
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