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Abstract. This conference abstract introduces our progress with using the FAIR Digital
Object (FDO) paradigm, implemented through RO-Crate, as an interoperability frame-
work in the Biodiversity Digital Twin (BioDT) project. After providing some background
on the project and the importance of FAIR in it, the approach followed concerning FDO
and RO-Crate is explained, together with our current efforts in structuring the different
digital object types in BioDT, as well as the development of metadata profiles and our
attempts at aligning with community practices.
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1. Background

Originally, the FAIR principles (Findable, Accessible, Interoperable, Reusable) were
proposed by Wilkinson et al. [1] to tackle issues concerning data, but they have already
been adapted to other digital objects such as software, workflows, or machine learning
models. Nonetheless, the core idea remains the same: to ensure that such elements
can be consistently found, accessed (when appropriate) and reused by the scientific
community in a variety of ways. This includes topics such as persistent identification,
compliance with open standards or machine-actionability, to name a few. In that sense,
it is useful to add a level of abstraction and treat all the aforementioned elements as
digital objects in order to establish (meta)data formats and protocols that apply to all
of them. That is the core idea behind the FAIR Digital Objects (FDOs) paradigm from
De Smedt et al. [2], a concept we are using as an interoperability framework in the
Biodiversity Digital Twin (BioDT) project funded by the European Union [3].

BioDT aims to push the current boundaries of predictive understanding of biodi-
versity dynamics by developing digital twins providing advanced modelling, simulation
and prediction capabilities. A digital twin (as defined by the Digital Twin Consortium)
is a virtual representation of real-world entities and processes, synchronised with real-
world data at a specified frequency and fidelity. In turn, digital twinning refers to the
process of designing and developing digital twins, and integrating them into their wider
operational environment. To that end, the project deals with heterogeneous use cases,
each involving different data, models, and workflows. These use cases range from
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well-established and domain-specific, such as BEEHAVE [4], to citizen-science mon-
itoring mobile apps that are in active development and rapidly evolving [5]. Conse-
quently, the models that are at the core of the use cases are diverse in their nature
and objectives: apart from species distribution models, some of them take a different
modelling approach (i.e. agent-based, machine learning, or dynamic data driven appli-
cation systems). In that sense, rather than a single biodiversity digital twin, the project
is developing several scoped digital twins that are fundamentally independent among
each other. Within the project, they are referred to as ”prototype digital twins” (pDTs).

This heterogeneity is also reflected in the volume and type of data sources the
pDTs need, as well as the underlying software and workflows they rely on. From the
outset of the project, there was not necessarily much overlap on their data requirements
or technical implementation. Nonetheless, they all benefit from the developments hap-
pening within the BioDT project, which aims to establish common foundations for this
wide array of use cases. The challenge lies in organising and integrating these com-
ponents to support the digital twinning effort. For example, a particular digital twin is
based on a certain set of data to compute its prediction (for which it depends on certain
software and workflows). Inherent to the concept of a digital twin is its ability to remain
synchronised, which might involve updating certain components (i.e. updating some
of its data sources or software packages). Those changes and dependencies must be
captured to provide reliable provenance about how the digital twin’s outputs were pro-
duced. In this context, the FAIR principles and implementation thus play an important
role for future sustainability. Recognising the importance of adhering to FAIR data prin-
ciples, the BioDT project has dedicated a work package to improve data, workflows,
and models through FAIR Principles.

2. The FDO layer and RO-Crate

The FAIR principles are mostly aspirational and offer little guidance on the specific
implementation choices one must make to achieve them. Each of the pDTs started
at different points in their FAIR implementation journey, possibly having taken different
paths to address the same FAIR principle. To accommodate this diversity, we need
a lower-level framework that allows us to structure the different elements of the pDTs
at the technical level such that we can work towards more coherent and coordinated
implementations for improving their machine-actionability and other aspects regarding
FAIR.

FAIR Digital Objects as a framework can provide a foundation to organise multidis-
ciplinary heterogeneous data by improving machine-actionability, interoperability and
reusability. Through the FAIR data principles and the FDO framework, it is possible
to achieve contextual and machine-actionable metadata such that enough information
for agents (both human and machine) is provided, while also supporting operational
requests on each digital object [6], [7]. In other words, we can build a foundation for
the Research Infrastructures (RIs) to work with a unified data layer that accommodates
computational workflows, interlinking and reusability for the BioDT Digital Twin techni-
cal platform. Examples of an infrastructural approach exist in the context of biomedical
application [8] and academic publishing [9].

This vision is further developed through the FDO layer, a conceptual view of how to
integrate FDO records within BioDT and the RIs taking part in the project (see Figure 1).
The FDO layer serves two main purposes:
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1. Provide a reference for the design of digital objects within BioDT such that they
are coherent and can interact with each other as part of the larger system.

2. Harmonise the description of digital objects to external resources provided by
different RIs and the other data and service providers.

Figure 1. The FDO layer as an interoperability framework for BioDT. Through machine-actionable
metadata in the form of FDO records, it would serve as a middle layer between the RIs and the

Persistent Identifier (PID) system.

Because the FDO layer was envisioned to support different possible implemen-
tations, it is inherently conceptual. To put these principles into practice, we need an
additional, adaptable implementation that could easily be integrated into the existing
use cases. RO-Crate [10], based on Schema.org annotations in JSON-LD, is a mature
specification for packaging research data with their metadata. Thanks to its flexibility, it
can be used in conjunction with other tools —most notably, FAIR Signposting [11]— to
achieve a lightweight yet powerful approach to FDOs that is based on well-established
technologies. While we are using FDOs to give a coherent structure to our the technical
developments concerning FAIR, the distributed nature of BioDT calls for a bottom-up
approach. That is where RO-Crate excels; its simplicity and ease of use made the
development of metadata descriptions more approachable for the pDTs.

RO-Crate might not be the most straightforward implementation of the FDO frame-
work (i.e. when compared against the digital object concept with DOIP V2.0 [12]).
Following the RO-Crate guidelines, despite helping in achieving FAIR, doesn’t guaran-
tee alignment with the FDO framework per se. However, much work has been done
in bridging the FDO specifications with the Linked Data world (to which RO-Crate be-
longs), as shown by Soiland-Reyes et al. [13], and showcasing how RO-Crate can
indeed be a valid approach to FDOs, as already mentioned [11] [10]. Similarly, the
adequacy of RO-Crate for truly complex distributed resources has been challenged by
some. A thorough examination of FDO and Linked Data is given by Soiland-Reyes
et al. [14], including the shortcomings and areas of improvement of both sides for the
purpose of achieving FAIR. From that research, we would like to highlight some of the
concluding thoughts:
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”We find that both FDO and Linked Data approaches can benefit significantly
from each-other and should be aligned further.
[...]
By implementing the goals of FAIR Digital Objects with the mature technol-
ogy stack developed for Linked Data, EOSC research infrastructures and re-
searchers in general can create and use FAIR machine-actionable research
outputs for decades to come.”

Indeed, we think that using RO-Crate (and its rich ecosystem) as a vehicle, we
will be able to build up from the common but necessary groundwork of developing
metadata descriptions and tackling some of the basic aspects of achieving FAIR into
developing a community practice that increasingly conforms to the requirements laid
out by the FDO specifications by Anders et al. [15]. Naturally, we acknowledge the
critical importance for FAIR and FDO of some aspects that we are not fully addressing
yet, most notably Persistent Identifiers (PIDs) and PID records. However, this is a
conscious decision which is influenced by several factors from the context of the project,
like its distributed nature. From the researchers’ perspective, dealing with RO-Crate
metadata files and URLs is more approachable than working with PID records from the
Handle system. Focusing on the bottom-up collaboration with the use cases results
in a better integration of the concepts regarding FAIR and FDO that we envision for
the project, even if some aspects are not addressed from the start as a result. While
implementing the FDO record with a Persistent Identifier (PID) system like Handle is
one way to achieve it, it is important to remember that it is an implementation choice.
The core concept of the FDO specification and its approach of abstracting metadata
remain consistent regardless of the chosen PID system.

3. Progress on implementation

To that end, some of the earlier work within the project consisted in conceptualising the
frameworks and approaches discussed here and informing our project collaborators
about such ideas, their significance, and our overall vision. Once our goals for the FDO
layer were established, the next steps fell in place accordingly. The first prominent task
was to start developing metadata profiles that could be used to gather the digital object
types and metadata attributes that were needed to describe digital objects within the
use cases in BioDT.

However, these goals were set out just before the definition of the prototype digital
twins within BioDT took place, which changed the internal distribution of the project
from traditional work packages into pDTs, centered around the use cases but involv-
ing collaborators from all areas (technical infrastructure, FAIR implementation, etc...).
This change in the working paradigm of the project led to the development of meta-
data descriptions for the pDTs’ digital objects co-occurring with the development of the
metadata profiles they would eventually conform to, namely the FDO profiles. As dis-
cussed earlier, a positive outcome of this change was a more back-and-forth discussion
on topics like alignment with community standards.

3.1 FDO Profiles and Kernel Attributes

These FDO profiles, as well as some other parts of the FDO work in BioDT, are in
active development, growing dynamically according to the needs of the project. So far,
progress has been made in the definition of metadata attributes that should be present
in all BioDT digital objects, regardless of their type, as well as some type-specific at-
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tributes. The former align with the Kernel Attributes as defined by the FDO specifica-
tions by Broeder et al. [16], while the latter would fall into the Community Attributes. Yet,
following our current thinking about what information would be necessary for the differ-
ent digital object types to seamlessly work together, we foresee that we need stronger
restrictions on the cardinality of the metadata attributes than those stated on [16].

As stated previously, we are not dealing with PID records yet (although it remains
a key objective of the FDO layer) but with metadata descriptions that exist as RO-Crate
metadata files and could be referenced in different ways. Nevertheless, we have started
adopting some recent developments in the RO-Crate specification (i.e. RO-Crate draft
version 1.2, [17]) that will facilitate the definition of ”Profile Crates” to collect different
resources linked to a certain profile. Those include the specification, schema, valida-
tion, examples, and others, as defined by The Profiles Vocabulary [18] from W3C. Such
resources will help greatly in generalising the metadata efforts happening around RO-
Crate into PID records and the wider FDO framework, a task that will likely be tackled
in the later part of the project, after a wider consensus has been reached about certain
project-wide choices, such as common solutions for repositories and data storage.

3.2 FDO Types and Community Attributes

The fundamental digital object types within BioDT were initially considered to be Dataset,
Model and Workflow, but others might be added as required (i.e. Mapping Set, relevant
for a one of our work package’s tasks). The selection of their type-specific metadata
attributes has been centred around the needs of the pDTs which are more advanced
in their usage or have them as a distinctive feature. We have aimed at aligning with
existing community standards and protocols in their respective domains, although we
are exploring several avenues simultaneously even though we might not be able to
fully commit to all of them for the duration of the project. Current efforts for each digital
object type include the following:

• Model: developing a machine-actionable version of the ODMAP (Overview, Data,
Model, Assessment and Prediction) protocol for reporting species distribution
models [19]; aligning with HugginFace’s Model cards for sharing machine learning
models [20]; adopting FAIR-IMPACT’s Research Software Metadata Guidelines
[21].

• Dataset: reusing granular terms from Darwin Core [22] and DCAT-3 [23]; interop-
erability with the research infrastructures of BioDT (such as the GBIF Data Model
[24], the DiSSCo Open Digital Specimen [25], or the LTER Digital Asset Register);
alignment with Biodiversity Data Cubes [26] (possibly via the Reliance RO-Crate
profile [27]) and other data formats.

• Workflow: conformance with Bioschemas’ ComputationalWorkflow profile [28];
use of WorkflowHub from Goble et al. [29] as the standard working repository for
workflows; capturing provenance from HPC workflows (possibly through the more
granular Workflow Run RO-Crate [30]); integration with the OPeNDAP protocol
[31].

• Mapping Set: adoption of the Simple Standard for Sharing Ontology Mappings
(SSSOM) [32]; registration in EOSC’s Metadata Schema and Crowsswalk Reg-
istry (MSCR) [33]; integration with mapping.bio (based on Cordra [34]).
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4. Conclusion and future directions

All in all, there is still much to be done in terms of increasing the breadth and depth
of our current FDO implementation within BioDT. Current FDO profiles need to be de-
veloped further, new ones might need to be established, and metadata descriptions
conforming to them need to be created for all of the pDTs in a more systematic man-
ner. Our current bottom-up approach, driven by RO-Crate implementation, needs to
mature enough to meet the FDO layer ideas defined earlier in the project. This should
become easier as BioDT’s technical platform takes shape and the pDTs start adopting
more definitive solutions.

As a notable advancement on this front, we have started to shape out how to
implement the FDO layer as a service that can interact with BioDT’s technical archi-
tecture. This could involve defining certain operations on digital objects coming from
the research infrastructures such that they can be served following the specifications
established within the project. We envision transforming the FDO layer into a service
or framework that seamlessly integrates with BioDT’s technical architecture, aligning
with the different data and services expertise provided by the different research infras-
tructures.

This strategic move aims to enhance accessibility, interaction, and overall efficiency
within, solidifying BioDT’s position at the forefront of innovative biodiversity research
and digital twinning endeavours.
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