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Abstract. Numerous implementations of FAIR Digital Objects (FDOs) are actively
emerging and are being evaluated against FDO specifications. Here, we focus on the
Nanopublication Framework as a possible implementation of FDOs. Nanopublications
are unitary, standardised, and self-contained RDF-based knowledge graphs consisting
of three subgraphs: an assertion graph that includes the main content, a provenance
metadata graph, and a publication information graph. In a thorough analysis of the
FDO specifications (represented by the efforts of the FDO Forum) and based on Se-
mantic Web (represented by the FDO Framework) we demonstrate that the existing
Nanopublication Framework aligns with the overall FDO definitions and requirements.
We conclude that appropriately designed nanopublications can indeed be deployed as
a general purpose FDO implementation. This nanopublication-based FDO approach is
initially applied through the extension of a commonly used nanopublication template,
now aligned with the FDO Framework. The original template is currently used in real-
world applications where communities of practice describe the FAIR Supporting Re-
sources that constitute FAIR Implementation Profiles.
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1. Introduction

The explosion of research data created over the past three decades presents chal-
lenges to data reuse. The FAIR Guiding Principles, originally conceived at the Lorentz
conference in 2014 [1] and published in 2016 [2] address this problem by defining the
characteristics digital objects should have to make them findable, accessible, interop-
erable and reusable by computational agents. Key findings from the second European
Open Science Cloud (EOSC)’s High-Level Expert Group report Turning FAIR into Re-
ality [3] were that FAIR practices require a major shift of research culture and practice,
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and the presence of a FAIR data ecosystem, where FAIR Digital Objects (FDOs) would
play a central role.

The FDO concept took shape during the Moving Forward on Data Infrastructure
Technology Convergence workshop in Paris in 2019 (see https://tinyurl.com/FD0-
Paris), involving a global community of experts covering different backgrounds. The
workshop aimed to combine the FAIR Principles with the extensive work of several
RDA working groups, such as Data Foundation and Terminology WG which resulted
in the development of a Core Data Model known as the Digital Object Model [4].This
builds on the Digital Objects (DO) introduced by Robert Kahn [5] in the early 1990s
and addresses the need to support information management and enable interoperabil-
ity between information systems. The Paris event inspired the formation of the FAIR
Digital Object Forum (FDO Forum, see https://fairdo.org/) which in recent years
has developed specifications for the implementation of FDOs [6]. In parallel, Bonino
developed the FDO Framework [7] which is also implemented as an ontology (see
https://raw.githubusercontent.com/utwente-scs/fdof-o/main/owl/fdof-o.ttl).

While the promise of FDOs is evident, a consensus on how to implement FDOs
remains challenging. This has resulted in a variety of implementations [8], each fo-
cusing on specific aspects of the problem without providing a complete implementa-
tion solution. One of these approaches is based on the Digital Object Architecture
(DOA) that leverages Handles as persistent identifiers and Digital Objects as a core
data model. FDO prototypes include components like the Digital Object Interface
Protocol, the Data Type Registry, and the Typed Kernel Attributes with specific op-
erations in projects like DiSCCo and CLARIN. Furthermore, Research Object Crates
(see https://www.researchobject.org/ro-crate/) and FAIR Signposting (see
https://signposting.org/FAIR/) have emerged as promising technologies sup-
porting the FDO concept. Despite the various implementations demonstrating specific
components of FDOs, no single FDO infrastructure is yet fully operational.

Recently, a systematic comparative investigation of the FDOs applied in typical
approaches of Linked Data implementation was performed [9], analyzing different di-
mensions including data, metadata, service, access, operations and computation. An
important conclusion of this study is that the diverse and open deployment of Linked
Data makes the alignment to the FDO requirements challenging. Linked Data have
typically been underconstrained leaving too many degrees of freedom that, ironically,
impede interoperability and make it difficult for machines to consistently orchestrate
multiple, machine-actionable resources across repositories and data providers. The
study proposes that an “FDO profile for Linked Data” should be established.

One particular technology that emerged on top of Linked Data called nanopublica-
tion is noteworthy however, in that it provides a consistent container format to attach
provenance and metadata to an atomic RDF statement realized as named graphs. A
brief comparative analysis [10] of the Nanopublication Framework with early versions
of the FDO Framework (FDOF) [7] led to the identification of a close match.

This paper examines in more technical detail the extent to which nanopublications
comply with FDOs based on the set of FDO recommendations defined by the FDO
Forum, and the FDO Framework.

The paper is structured as follows: Section 2 takes a closer look into nanopublica-
tions and how they are applied for describing resources used in FAIR Implementation
Profiles; Section 3 analyses the compliance of Nanopublication Framework with the
FDO Forum FDO Requirements specifications; Section 4 discusses the conformity of
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the Nanopublication Framework with the FDO Framework; Section 5 presents our con-
clusions.

2. The form and function of nanopublications

As early as 2009, nanopublications had been conceptualized as minimal, uniform con-
tainers for machine-interpretable information, employing Linked Data principles and
semantic specifications [11]. Originally they were designed specifically for scientific
assertions, providing researchers with the format to express statements in their re-
search domain, as stand-alone (scholarly) publications. The first practical application
of nanopublications was demonstrated in 2015 in the publication of millions of instances
as part of the FANTOMS5 Project [12]. Soon after, the first steps were taken to deploy
a distributed server network offering essential services to orchestrate nanopublications
[13], including identifier resolution, creation, storage, search and access. The nanop-
ublication server network currently hosts millions of nanopublications representing a
diverse spectrum of knowledge domains, as well as approximately 40 services that
support routine, FAIR-related operations on nanopublication templates and instances.

Essentially, a nanopublication is a small RDF knowledge graph consisting of three
sub-graphs: (1) the assertion graph, which constitutes the main content of the nanop-
ublication, (2) the provenance metadata graph describing how the information was gen-
erated, and (3) the publication information graph including metadata about the creator,
date and time of the nanopublication creation, the metadata template used and the us-
age license. Nanopublications are permanently and uniquely identified using a service
that provisions resolvable Trusty URIs [14] which use cryptographic hash functions to
create persistent, globally unique and content-addressable identifiers. Trusty URIs en-
sure the integrity and immutability of nanopublications and allow for decentralized and
redundant retrieval.

While nanopublications were originally conceived to have a single RDF statement
in the assertion to express a fact, observation or hypothesis [11], this paradigm has
shifted towards a more general approach that allows for multiple RDF triples in order
to express more complex statements. Furthermore, since their original conception,
nanopublications have been broadened in their scope of use, to cover not only scien-
tific statements, but also data points and datasets, workflows, social relations, reviews,
annotations, and in general, all kinds of statements on the domain, meta, and social
levels. For example, efforts around the FAIR Implementation Profile (FIP) have de-
veloped methods to list declarations of technological choices made by a community
to meet the FAIR principles [15]. Here nanopublications are used to reference and
describe not only the community itself but also the diverse array of FAIR Supporting
Resources (FSRs) that compose the FAIR ecosystem. This approach builds on rel-
evant classes and object properties defined in the FIP ontology that includes a FSR
typology reflecting the GO FAIR Foundation’s Interpretations of the FAIR Principles
(see https://www.gofair.foundation/interpretation). Depending on the FSR type
(for which 22 types have been defined), various minimal metadata schemas have been
defined and implemented as nanopublication templates by reusing standard metadata
elements.

In general, nanopublications can be used to make objects FAIR by providing for-
mally precise statements about their nature and contexts. In addition, the Nanopublica-
tion Framework provides stable and persistent identifiers for the addressed objects but
also for nanopublications serving as their metadata records. Whether the Nanopublica-
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Figure 1. Structure of an FSR nanopublication highlighting components compliant with the FDO Forum
specifications.

tion Framework might be helpful for implementing FDOs is further explored in section
3 and 4.

3. Nanopublication compliance to FDO Forum FDO Requirements
Specifications

The working groups of the FDO Forum (see https://fairdo.org/wg/) have produced
detailed requirements documents, which outline the technical path towards the realisa-
tion of FDOs. The FAIR Digital Object Overview [16] provides a full technical definition
for FDOs that essentially states that a FDO is a unit composed of machine interpretable
data having (1) an assigned globally unique and persistent identifier (PID), (2) a type
definition for the object and (3) associated metadata about the object making it FAIR
for both humans and computers. Stated more succinctly, the PID should resolve to a
standard unit of information, further referred to as FDO record. Based on this definition,
Figure 1 shows the mapping of the required FDO elements onto the nanopublication
model used for FSR descriptions. Here, the FSR nanopublication as a whole can be
taken as the FDO record; the FSR nanopublication is referenced by its Trusty URI which
corresponds to the FDO record PID; the FSR nanopublication contains the persistent
identifier to the object itself (object PID), the object type specification (as defined in
the FIP Ontology) and the descriptive metadata based on the attributes defined in the
metadata schema for the object it represents, depending on its type.

The FDO overview document [16] points to the FDO Forum Requirements Spec-
ification [6] and 11 other related documents that detail the specifications. We as-
sessed the compliance of FSR nanopublications to requirements listed in [6], namely
the Generic Guidelines (GG), the General Requirements (GR), the PID Layer Specifi-
cations (PR), the FDO Layer Specifications (FR) and the Resource Layer Specifications
(RR). Here we focuses on only the most relevant requirements (see for more details
https://osf.io/qndu8) grouped by topic, namely:
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» Long-term infrastructure investments (GG1, GG2): Long-term infrastructure in-
vestment should provide confidence in data survival over time. Nanopublications
are supported by the nanopublication server network that guarantees their per-
sistence. Long term infrastructure investments are being explored with the FAIR
Connect Foundation but a definitive commitment has not yet been made.

 Technology independence (GG1, GG8): The implementation of FDOs should not
be tied to any particular technology stack to avoid vendor lock in. Nanopublica-
tions reuse non-proprietary RDF technology according to the W3C standards and
support all applicable RDF serialization formats.

* Abstraction principle (GG5, GR11). Abstracting away details should be possible,
as well as creating FDOs that constitute FDO collections. Nanopublications can
follow the abstraction principle because details can be separated from the main
information by dividing them into separate nanopublications, and because they
can be grouped in collections. The latter are represented as an nanopublication
index, which is also a nanopublication itself.

* FAIR Principle F1 (globally unique, persistent and resolvable identifier) (GG3,
GG6, GR1, PR4). Every FDO is assigned one or more PIDs. Nanopublications
are implemented in alignment with Semantic Web technologies using RDF triple
statements and are permanently and uniquely identified using resolvable Trusty
URls.

» Encapsulation and Typing system (GG7, GR7). FDOs should be linked to their
supported operations according to their type. FAIR Supporting Resources are
typed in the FIP Ontology [17]. Types can be defined, published, and structurally
retrieved with properly formed nanopublications, and associated to specific opera-
tions and their definitions. We have not modeled nanopublications yet to precisely
follow the FDO specifications, but the formats and the system for doing so are
available and ready.

* FDO profile and Data Type Registry (GR2, GR4, GR13, PR2, PR3, FR1, FR2).
A PID resolves to a FDO record compliant with a machine-actionable FDO Pro-
file specifying community-specific FDO attributes in order to lead to predictable
results. The profile and the attributes should be defined in a Data Type Registry.
FSR nanopublications are described based on type-specific metadata schemas
that might be interpreted as minimal profiles. Their definition is based on Linked
Data Principles and not on symbolic grammar, but both approaches allow for
machine-actionability.

» CRUD operations (GR6): It should be possible to Create, Read, Update and
Delete FDOs. While nanopublications can be created, read and updated, they
cannot be fully deleted once they have been published. Instead, they can be
retracted while retaining their traceability, even if they are no longer valid.

Although the FDO Overview [16] acknowledges the possibility to implement FDOs
as web-based implementation approach, the specifications are kept technology inde-
pendent and do not suggest specific alignments for Linked Data solutions. For con-
formance, attributes of FDO nanopublications must be registered in a FAIR registry,
and profiles with links to machine-actionable specifications should be provided. This
would ensure that the Nanopublication Framework meets all of the FDO Forum’s re-
quirements.
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Declaring a FAIR Digital Object *

of this FDIO sa FAIR Digital Information Object (FDIO)

isa FAIRDigitalMediaObject

has the format  the MIME type | MiME type, such as “text/csv* or “application/trig

Figure 2. Template for creating an FDO compliant nanopublication annotated with FDOF concepts.

4. Nanopublication compliance to the FDO Framework

We evaluated the FSR nanopublications also against the requirements proposed in the
FDOF [7] because this framework uses Semantic Web and just like nanopublications
it explicitly requires RDF as the representation language to support semantic interop-
erability and machine actionability at the same time. The FDOF aims for compliance
with the FAIR principles by leveraging URIs as PIDs and Linked Data as the core data
model. An essential features of this framework is a predictable identifier resolution
behaviour which is a method to access more information about the object (metadata)
given its identifier and an object typing system. The FDOF aims to provide the mini-
mal requirements for answering the following questions in a machine-actionable way:
“What is the object that is identified by this identifier? How can | get more information
(e.g., how to handle it?, who can handle it?, what is it allowed to do with it?) about this
object? What can be done with the object? What am | allowed to do with this particu-
lar object?” [7]. To answer these questions we need to identify the type of object with
respect to both its encoding format and its informational content.

Based on the conceptual model behind the FDOF [18] a FAIR Digital Object can be
either a FAIR Digital Media Object (FDMO) or a FAIR Digital Information Object (FDIO),
whereby the latter is materialized by at least one FDMO. The FDMO is connected
to its characteristic encoding format. A given FDO is generally characterised by one
sub-type of FDO Type (FDOT) which aggregates the set of properties that charaterise
FDIOs of that type. The FAIR Metadata Record (FMR) as a specialization of FDIO
describes FDOs with a number of metadata attributes based on its type and the specific
instance being described. To enable a predictable identifier resolution behaviour and
conformance with the FAIR principle F3, the object property fdof : isMetadata0f should
connect the FMR with its described FDO.

Nanopublications can be structured according to this Framework by using the ob-
ject properties defined in the FDOF ontology. We created a nanopublication tem-
plate (Figure 2) that includes references to the FDOT, FDMO and FMR (see https:
//nanodash.knowledgepixels.com/publish?285&template=https://w3id.org/n
p/RAJHSYGX-R2BcGQj-plaT2Qaw44Yk7Bmco2nlBjyfZEfA). We also drafted an im-
plementation of the required properties in the FSR nanopublication templates to com-
ply with the FDOF requirements by adding these RDF triples in the assertion graph
(see https://nanodash.knowledgepixels.com/publish?289&template=https:
//w3id.org/np/RAgtyrSb4TTLfyfB24u002x91nPcd2DGRzUUy jE5iuC6g).
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5. Conclusions

We have conducted a detailed technical comparison of the Nanopublication Framework
with two FDO specifications: the FDO Forum Requirements and the FDO Framework.
Our analysis shows that the existing Nanopublication Framework is consistent with the
general definitions and requirements of both approaches. Any outstanding require-
ments can be accommodated with trivial modifications to the nanopublication schema.
A key challenge for the future would be the design and development of a typing system
for machine-actionable specifications for FDOs. We fully agree that an FDO profile for
Linked Data as suggested by Soiland et al [9] would be beneficial.
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