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Abstract. Guidelines to improve the Findability, Accessibility, Inter-
operability, and Reuse of datasets, known as FAIR principles, were in-
troduced in 2016 to enable machines to perform automatic actions on a
variety of digital objects, including datasets. Since then, the principles
have been widely adopted by data creators and users worldwide with the
‘FAIR’ acronym becoming a common part of the vocabulary of data sci-
entists. However, there is still some controversy on how datasets should
be interpreted since not all datasets that are claimed to be FAIR, nec-
essarily follow the principles. In this research, we propose the OntoUML
FAIR Principles Schema, as an ontological representation of FAIR prin-
ciples for data practitioners. The work is based on OntoUML, an ontolog-
ically well-founded language for Ontology-driven Conceptual Modeling.
OntoUML is a proxy for ontological analysis that has proven effective
in supporting the explanation of complex domains. Our schema aims to
disentangle the intricacies of the FAIR principles’ definition, by resolv-
ing aspects that are ambiguous, under-specified, recursively-specified, or
implicit. The schema can be considered as a blueprint, or a template
to follow when the FAIR classification strategy of a dataset must be de-
signed. To demonstrate the usefulness of the schema, we present a practi-
cal example based on genomic data and discuss how the results provided
by the OntoUML FAIR Principles Schema contribute to existing data
guidelines.
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1 Introduction

Since the publication of the seminal paper in early 2016 [33], the FAIR prin-
ciples gained significant attention. The principles have quickly been embraced
by industry and academic communities, leading to several initiatives aiming at
developing FAIR-compliant implementations. The implementation efforts can
normally be classified into FAIRness assessment [34,1,6], FAIR tooling [30] and
FAIR service support [28,20].

However, these initiatives quickly faced challenges to consistently interpret
the principles in enough detail that could derive proper implementations. A pos-
sible consequence of inconsistent interpretations of the principles is the emer-
gence of potentially incompatible implementations, defeating the original pur-
pose of the FAIR principles. The difficulty in consistent interpretation can be
traced to two aspects: (i) by design, principles do not provide specific imple-
mentation definitions; and (ii) the original FAIR paper did not explain in detail
the intentions behind the principles and related consequences. Almost four years
later, a subset of the original FAIR paper authors, together with other collabora-
tors attempted to provide further explanations for the intended interpretations of
the FAIR principles and implementation considerations related to each principle
and sub-principle [19].

Once someone intends to adopt the FAIR principles to “make my data FAIR”,
three main questions need to be answered: (i) to what extent does my resource
(e.g., dataset) currently follow the FAIR principles, i.e., what is its current FAIR-
ness level?; (ii) what is the intended FAIRness level that I want it to reach?; and
(iii) how can I improve from the current-level to the intended-level FAIRness? To
answer these questions, one must hold a good understanding of the principles.
Ontological models, traditionally employed to provide clear and precise expla-
nations of a domain and enforce its shared understanding among stakeholders,
are particularly suitable for representing the complex world of FAIR principles.

The objective of this research, therefore, is to propose the OntoUML FAIR
Principles Schema resulting from an ontological analysis of the FAIR principles.
OntoUML is an ontologically well-founded language for Ontology-driven Con-
ceptual Modeling, which was built as a UML extension based on the Unified
Foundational Ontology (UFO) [14]. This means that the modeling primitives
of the language reflect the ontological distinctions put forth by the underlying
foundational ontology. In other words, the modeling patterns constituting the
language reflect the axiomatic micro-theories in UFO [27]. As a proxy for on-
tological analysis, OntoUML has proven to be a very effective support for the
explanation of complex domains [16,9,3], because it can improve the understand-
ability of technical concepts over traditional conceptual models [32,8].

Information integration and interoperability are important for the Informa-
tion Systems domain. These aspects can be facilitated by applying the FAIR
principles to both the data handled by information systems and the systems
themselves. We aim to demonstrate that a clear and precise description leads to
a more consistent interpretation of the FAIR principles and can contribute to
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the Information Systems domain by facilitating the development of more inter-
operable information ecosystems.

The contribution of our work is to show how using a foundational ontology-
based model to represent the FAIR principles can provide the following benefits:
(a) Explicit representation of a particular shared interpretation of the principles
in a concrete artifact; (b) Controlled vocabulary for use in semantic annota-
tions of (meta)data entities; (c) Rationale for deriving FAIR evaluation metrics;
(d) Prescriptive guidelines based on the metrics that operationalize the more
abstract guiding principles. Moreover, the ontological schema also facilitates the
use of its concepts and relations to semantically annotate metadata and data to
make explicit, to machines and humans, their semantic commitments with the
interpretation of the FAIR principles that our proposed schema represents.

The remainder of the paper is organized as follows. Section 2 provides an
overview of the FAIR principles. Section 3 briefly describes the modeling lan-
guage applied, OntoUML, the modeling method, and the resulting Schema (i.e.,
the main result of this paper addressing benefit (a) above). Section 4 shows one
application in the genomics domain to illustrate how the schema can be used for
semantic annotation (benefit (b)) and for deriving prescriptive operationaliza-
tion guidelines (benefit (d)). Section 5 discusses the implications and Section 6
concludes the paper.

2 The FAIR Guiding Principles

FAIR Principles were first proposed by Wilkinson et al. [33] and further dis-
cussed and analyzed by the GO-FAIR initiative (https://www.go-fair.org/
fair-principles/). The four FAIR principles are divided into the following sub-
principles.
Findability. The utility of a dataset depends, to a large extent, on how easily
its potential users can find it. The FAIR principles consider both humans and
computers as potential users. Therefore, the means to uniquely identify a given
digital object and the provision of rich enough metadata - so that potential
(re)users can discover it - are the main targets of the findability sub-principles
described below.
F1. (meta)data are assigned a globally unique and persistent identifier.
Both metadata and data should be uniquely identified by persistent identifiers
(e.g., a globally unique and persistent URI). To ensure uniqueness, once an
identifier has been associated with a (meta)data, the same identifier should not
relate to any other object. The persistence aspect relates to the identifier being
associated with the same object over a period of time. F1 is one of the most
relevant FAIR principles, because several others are built upon unique identifiers.
Commonly, data repositories automatically assign globally unique identifiers for
their hosted datasets. However, it is not always the case for the metadata records.
F2. data are described with rich metadata (defined by R1 below).
Although the distinction between data and metadata is arbitrary, this princi-
ple attributes to metadata the specific role of describing other data with, for

https://www.go-fair.org/fair-principles/
https://www.go-fair.org/fair-principles/
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instance, the types of descriptors defined in the R1 sub-principles. The meta-
data should be “generous and extensive”. The richer the metadata, the higher
the chance that potential users find data based on the information provided
in the metadata. Several types of metadata exist, including data about how a
dataset was processed (e.g., the assembly used in a sequencing process); the
context surrounding its acquisition (e.g., the protocol for obtaining a biological
sample); device measurements (e.g., quality data for the devices used to extract
a biological sample); or domain-specific information (e.g., the genes or proteins
considered in a sequencing procedure).
F3. metadata clearly and explicitly include the identifier of the data it
describes. In some approaches or technologies metadata and data are stored in
the same location (e.g., readme-files in the same folder as the described file) or
even in the same file (e.g., EXIF metadata in image files). However, we cannot
rely on file proximity to establish the connection between the metadata record
and the object it describes. When someone discovers a given dataset through
its metadata, the metadata record should explicitly contain the identifier of the
dataset. Since a metadata record may contain a number of different identifiers
(e.g., identifiers of other concepts and relations), the data identifier should be
indicated with a relation/predicate that clearly communicates their connection
(e.g., the isMetadataOf relation in our proposed schema).
F4. (meta)data are registered or indexed in a searchable resource.
Although rich metadata increases datasets’ findability, it is insufficient to ensure
it. If the existence of a dataset is unknown, users will not be able to use it,
regardless of its metadata. Datasets and/or their corresponding metadata should
be indexed in searchable engines. Principles F1, F2, and F3 establish the core
requirements for findability and principle F4 indicates the finding mechanism.
Accessibility. When a user finds a (meta)data and, consequently its identifier,
there should be a mechanism to access the (meta)data. Moreover, in many situ-
ations, data will cease to exist. Even then, it is relevant to keep their metadata
accessible so the existence and characteristics of the data can still be known.
A1. (meta)data are retrievable by their identifier using a standard-
ized communication protocol. Datasets are retrieved with the support of a
communication protocol. Among the several available ones, some are private,
offer limited implementation capabilities, or are poorly documented. To address
these cases, this FAIR principle requires the standardized communication pro-
tocol used to retrieve the (meta)data from its identifier to have the following
properties: 1) the communication protocol should be open, free, and universally
implementable; 2) the communication protocol should provide authentication
and authorization procedures when required. FAIR does not require the data
or metadata to be open or free; rather, it requires that the descriptions of the
mechanism to retrieve the data and/or metadata be open and free (A1.1).
A2. metadata are accessible, even when the data are no longer avail-
able. The metadata associated with a dataset is a valuable resource per se. Data
tend to become inaccessible over time for a variety of reasons, e.g., unsustainable
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maintenance costs. If a dataset becomes inaccessible, its corresponding metadata
should remain accessible. In practice, metadata is much easier and cheaper to
maintain accessible.
Interoperability. This principle considers the ability of (meta)data from one
source to be connected in workflows with (meta)data from other sources for
different purposes, such as analysis, storage, or processing.
I1. (meta)data use a formal, accessible, shared, and broadly applicable
language for knowledge representation. For data to be exchangeable, it
should be in the same format, or appear in formats that can be parsed and
interpreted by its corresponding parties. Therefore, this principle determines
minimal requirements for the language used to represent the (meta)data.
I2. (meta)data use vocabularies that follow FAIR principles. Another
aspect to improve interoperability is the use of (commonly) employed vocabu-
laries, ontologies, thesauri or data models. However, these vocabularies should
also be findable, accessible, interoperable and reusable to a certain degree.
I3. (meta)data include qualified references to other (meta)data. For
links to be meaningful, references between entities must have a clear and infor-
mative semantics (‘is regulator of’ is better than ‘is associated with’). This holds
for both metadata elements and entire datasets. Datasets should be cited and
the scientific links between them described.
Reusability. For optimizing the reuse, metadata and data should be well-
described so their use in different settings can be assessed.
R1. meta(data) are richly described with a plurality of accu-
rate and relevant attributes. If deemed useful in a particular context,
data should be reused. In order to support the potential (re)user to as-
sess whether a particular data is relevant, rich and relevant metadata in-
formation should be provided. The R1 sub-principles provide 3 main cate-
gories of relevant metadata information to foster reuse as well as compose
the rich metadata expected by principle F2. A non-exhaustive list of exemplar
metadata properties is provided at (https://www.go-fair.org/fair-principles/
r1-metadata-richly-described-plurality-accurate-relevant-attributes/).
R1.1. (meta)data are released with a clear and accessible data usage
license. This sub-principle refers to the usage rights attached to a dataset, from
which one can define the possible legal interoperability (licensing) of the data.
Moreover, by defining reuse conditions, which include accessing the (meta)data,
the license determines when the authentication and authorization procedures of
the sub-principle A1.2. are required.
R1.2. (meta)data are associated with detailed provenance. This prin-
ciple refers to the information about how the (meta)data came about, e.g., its
origin and history, including who oversaw its generation and how it did so.
R1.3. (meta)data meet domain-relevant community standards. When
(even minimal) information standards exist for a community, these should be
employed to make similar (meta)data easier to be used together.

https://www.go-fair.org/fair-principles/r1-metadata-richly-described-plurality-accurate-relevant-attributes/
https://www.go-fair.org/fair-principles/r1-metadata-richly-described-plurality-accurate-relevant-attributes/
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3 Ontological Modeling

3.1 OntoUML

The meta-model of the OntoUML language complies with the ontological distinc-
tions and axiomatization of the well-grounded Unified Foundational Ontology
(UFO [17]). Only the main concepts are presented here. The complete presen-
tation of the language, the philosophical justifications, formal characterizations,
and primitives are available in [14].

OntoUML includes the subcategory of endurants, i.e., entities that have es-
sential and accidental properties and, hence, can change over time. Endurant
types include Kinds, the fundamental types of objects that exist in a domain.
Objects classified by a kind could not possibly exist without being of that spe-
cific kind. All objects necessarily belong to exactly one kind and cannot change
kinds. There can be other static subdivisions of a kind, termed Subkinds. Object
kinds and subkinds represent essential properties of objects (rigid types). There
are, however, types that represent contingent or accidental properties of objects
(anti-rigid types). These include Phases (properties that are intrinsic to entities:
‘being a puppy’ is being a dog in a particular developmental phase) and Roles
(properties of entities within a relational context: ‘being a husband’ captures a
cluster of contingent relational properties of a man participating in a marriage).
Kinds, Subkinds, Phases, and Roles are categories of object Sortals (a type that
provides a uniform principle of identity, persistence, and individuation for its
instances).

Relators (such as enrollments, mandates, affiliations) represent clusters of
relational properties that are kept together by a nexus. Relations (as classes of
n-tuples) can be completely derived from relators [12]. Relators are existentially
dependent entities that bind together entities (their relata) by the mediation
relations, which is a particular type of existential dependence relation (A being
existentially dependent on B means that B has to exist in all situations where A
exists). Besides existential dependence, OntoUML countenances the relation of
external dependence: an object A is externally dependent on an object B iff A is
existentially dependent on B and B and A are mereologically disjoint (neither A
is part of B nor B is part of A and they do not share any common part). Objects
typically participate in relationships (relators) playing certain “roles”. We call
RoleMixins those role-like types that classify entities of multiple kinds.

Types that represent properties shared by entities of multiple kinds are
called Non-Sortals. Categories are non-sortals that represent necessary prop-
erties shared by entities of multiple kinds.

Objects have parts (called components) that play different functional roles
with respect to the whole. Collectives are entities that have a uniform structure,
i.e., whose parts play the same role with respect to the whole.

Besides relator, another type of dependent endurant is a mode: an endurant
that is existentially dependent on (inheres in) a singular individual.
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3.2 OntoUML FAIR Principles Schema

Operationally, we first considered the FAIR principles as a whole, capturing
the general spirit they convey. Then, we considered one sub-principle at a time,
evaluating which OntoUML entity stereotypes are needed for representing the
involved concepts and then connecting them with relationship stereotypes or
generalization/compositions. In the following, we describe the OntoUML FAIR
Principles Schema, representing the template of a world that more precisely in-
stantiates FAIR choices within the context of the creation of a scientific dataset.
Findability and Interoperability. The excerpt of the schema related to these
two highly interlinked principles is shown in Fig. 1. Data is a collective of Data
Items. One should notice that Metadata is Data, namely, data that refers to
(is externally dependent of ) Data. Metadata describes, puts into context, and in-
forms the provenance of data. The recursive chain of reference here stops at what
is termed Ground Data, i.e., data that cannot serve as metadata to other data.
Metadata does not have to have metadata itself – otherwise, we would incur in
a vicious regression. However, ground data must be described by metadata (see
F2). Data can play the role of Searchable Data (i.e., data with a metadata
description) when it benefits from a Registration/Indexing relator, within
a Searchable Resource (see F4). Data Items are, in turn, composed of At-
tributes. Since metadata is data, Metadata Items are those data items that
compose metadata resources and, analogously, Metadata Item Attributes
are those attributes that compose metadata items. Note that (meta)data and
their (meta)data item subparts (termed here simply Data Entities) must con-
form to a Data Model, expressed by a Representation Language – which
could be different for each of these (see I1). Data Models and Representa-
tion Languages are Resources. Any resource can be considered as a Com-
munity Standard. The acceptance of a resource as a community standard is
given by the Community Consensus of a given Community (a collective be-
lief of a community, thus, modeled here as a mode), see I1. For example, Data
could be instantiated with a textual genomic file, following an XML schema.
Each item could be a genomic region following the simple schema <chromo-
some, start_coordinate, end_coordinate>. The linked Metadata could be an-
other textual file – each referring to one data file – composed of <key,value>
pairs items. Every attribute is composed of two essential and inseparable parts:
an Attribute Key and an Attribute Value. For both keys and values,
the following principle holds: they can use a self-contained terminology (i.e.,
Self-Explanatory for keys or Intrinsic for values), meaning that they only
provide the information their name conveys, as opposed to linked terminology
(i.e., Explained for keys or Extrinsic for values, termed here as Qualified
Attribute Items), so that the meaning they convey is enriched by the con-
nection (external dependence) with another FAIR dataset (see I3). Qualified
attribute items form parts of IDs, which are special types of attributes issued
by an Identification Service through an ID Registration relator (see F1).
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Fig. 1. OntoUML FAIR Principles Schema: module that represents Findability and
Interoperability aspects.
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Identifiers can then be used to identify (meta)data via these qualified refer-
ences, thereby allowing data sources (through their metadata) to interoperate
with (meta)data of other sources. This mechanism is made possible by means of
explained keys and extrinsic values. The model contains a path that illustrates
this recursive mechanism, which is left implicit in the FAIR principles (see I3).
Note that, based on this representation, we do not need to explicitly model the
‘controlled vocabularies’ mentioned in I2, because they can be intended as repre-
sented by Data sources themselves, referenced by metadata qualified attributes.
IDs are specialized into Data ID - identifiers of a dataset, as well as Data Item
IDs, i.e., not only the whole collective can have identifiers, but single items can
as well. Furthermore, as mandated by F3, a data ID must be represented as
a metadata item attribute. Searchable Resource, Data Model, Repre-
sentation Language, and Identification Service are all Resources and,
hence, consensus and community standards can be established for all these types
of entities.
Accessibility. The excerpt of the schema related to this principle is shown in
Fig. 2. The retrieval of metadata should always be possible, according to FAIR
(A2). Depending on the choices and policies of the data-creators, data can be
(contingently) Accessible Data, which in turn can either be Open Data or
Data with Restricted Access. Data is accessible if it has an identification
scheme (see ID) and explicitly prescribed Data Accessibility Requirements
defined as a contract (in the sense of [10]), but necessarily in a machine-readable
format, i.e., as a machine-readable bundle of social and legal rights, obligations,
powers, etc., connecting a given a data set with a Community. When data
has restricted access, we use the Restricted Data Accessibility Require-
ments. Data accessibility requirements demand Data Access Protocol (see
A1.1), which can be Authorization Protocols or Authentication Pro-
tocols, specifically included in restricted data accessibility requirements (see
principle A1.2). Protocols (and specializations thereof) are Resources and,
once more, they can be subject to a Community Consensus and then accepted
as Community Standards (see A1).

Fig. 2. OntoUML FAIR Principles Schema: module that represents Accessibility.



10 Bernasconi, García S. et al.

Reusability. The excerpt of the schema related to this principle is reported
in Fig. 3. Here, a Rich Metadata is a collective of Rich Metadata Item
Attributes (R1). The latter is a role played by Metadata Item Attributes
when described following Community Standards for accuracy and relevance
(see R1 and R1.3). If a Metadata Item Attribute describes provenance
information then it is also a Provenance Metadata Item Attribute (see
R1.2), and metadata containing Provenance Metadata Item Attributes
are considered to be Provenance Metadata. If a Provenance Metadata
Item Attribute is richly described according to Community Standards then
it is a Rich Provenance Metadata Item Attribute If all the constituents
of a Provenance Metadata collective are Rich Provenance Metadata
Item Attributes, then we have a Rich provenance metadata collective.
One could argue that the above description does not fully characterize what
is intended by ‘rich’ in this context. However, it does emphasize the role of
community standards in this process. That is, the principles prescribed that - if
Community Standards exist - they should be preferred to any other initiative
with the same objective as the standard. Frequently, one standard does not cover
all the needs for (meta)data, requiring the combination with other standards
and/or approaches. (Meta)Data is considered here to be Reusable Data if
it is described by Rich Metadata (including Rich Provenance Metadata,
see R1.2 and R1.3) and if we have explicit Data Usage Licences associated
to it (see R1.1). The latter is a contract (again, ideally in the sense of [10])
directed towards a target Community.

Fig. 3. OntoUML FAIR Principles Schema: module that represents Reusability.

The OntoUML FAIR Principles Schema as an ontology. The described
artifact is a schema that results from a process of ontological analysis. We do
not call it a FAIR ontology, to avoid terminological confusion. In the conceptual
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modeling literature, the term ontology is used in three different ways, which are
briefly discussed in the sequel.

In the first sense, an ‘ontology’ is a theory about what is assumed to exist by
a representation artifact [15]. The process of ontological analysis here reveals the
ontology behind the original description of the FAIR principles. The result of
this analysis is explicitly captured in an OntoUML model, whose primitives make
explicit the ontological categories of the involved domain notions, as well as the
so-called truthmakers of the propositions constituting that description [12]. This
is a process of explanation (of the ontology underlying a certain description) that
is called ontological unpacking. The process of unpacking that we have employed
here is described in [16,9,3]. In this sense, our proposed schema is a representation
of the data ontology behind the FAIR principles.

In the second sense, an ‘ontology’ is supposed to be a “formal, explicit spec-
ification of a shared conceptualization” [4]. Given that (1) the FAIR principles
themselves represent a shared conceptualization of data management guidelines;
(2) they are explicitly represented in the OntoUML model/specification; and (3)
OntoUML has a formal semantics [14], then the proposed OntoUML schema can
be termed an ‘ontology’ (in the second sense).

Finally, there is a third sense in which an ontology is taken to be “equivalent to
a Description Logic knowledge base” [18]. This is typically represented in the Web
Ontology Language (OWL). One of us has argued in depth elsewhere why this
is a problematic interpretation of the term [15]. In any case, the OntoUML tool
set includes a fully automated approach for generating OWL specifications from
OntoUML models [13]. So, an ‘ontology’ in this third sense can be automatically
generated from the proposed schema.

4 Example Implementations

To illustrate the usage of our proposed ontological schema, from the expected
benefits mentioned in Section 1, we discuss an example of data annotation with
the schema (Section 4.1) and the use of our model for deriving prescriptive
guidelines that operationalize the principles in a specific case (Section 4.2):

4.1 Semantic Annotation

Here we present an example concerning the genomic information related to the
BRCA1 gene, which produces proteins that help repair damaged DNA. Cer-
tain harmful mutations in this gene increase the risks of several cancers, most
notably breast, and ovarian cancer. Its information can be obtained from the
Gene Database of the RefSeq data source [24]. From https://www.ncbi.nlm.
nih.gov/gene/672 we downloaded three files, whose partial information is rep-
resented in the Object Diagram in Fig. 4.
– the Ground Data instance gene.fna, i.e. a FASTA file storing DNA se-

quence stretches on different Data Items (rows), with two attributes: 1) a
content-oriented Attribute, with a Self Explanatory Attribute Key

https://www.ncbi.nlm.nih.gov/gene/672
https://www.ncbi.nlm.nih.gov/gene/672
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gene.fna :
Ground Data

rna.fna :
Ground Data

data_report.json :
Metadata

row1 : Data Item

: Attr ibute

sequence :
Self-Explanatory

Attr ibute Key

: Data Item ID

GCTGAGACAAAT... :
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NC_000017.11 :
Extrinsic Attribute Value
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: Data Item ID

NM_007297. 4 :
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Self-Explanatory

Attr ibute Key

[       "17"       ] :
Intr insic Attr ibute Value

: Metadata Item Attribute

NM_007297.4 :
Extrinsic Attribute Value

Instance2

Powered By�Visual Paradigm Community Edition

Fig. 4. Object Diagram of the OntoUML FAIR Principles Schema, for RefSeq data.

called ‘sequence’ and a very long Intrinsic Attribute Value starting
with ‘GCTGAGAC...’; 2) an identifying attribute (the Data Item ID) fol-
lowing the FAIR principle F3, holding an Intrinsic Attribute Value
‘NC_000017.11’.

– the Ground Data instance rna.fna, containing RNA sequence stretches,
with a Data Item identified by the Data Item ID ‘NM_007297.4’.

– the Metadata instance data_report.json, with (1) atomic Metadata
Items with one JSON element (Metadata Attribute), containing infor-
mation, e.g., on the human organism to which the gene belongs (not shown
in the diagram) or on the chromosome (key) and its number ‘17’ (value).
See Fig. 4 (purple background); (2) composite/nested Metadata Items,
e.g., about the transcripts of the gene. Each transcript item includes several
Metadata Item Attributes, e.g., name, length, ensemblTranscript (not
shown), and accessionVersion. The accessionVersion is a Self-Explana-
tory Attribute Key corresponding to the ‘NM_007297.4’ Extrinsic
Attribute Value (see Fig. 4, orange background). This is a Qualified
Attribute Item forming the ID of the rna.fna Ground Data mentioned
above. It is important to note that the extrinsic ‘NM_007297.4’ value allows
us to connect the data attributes of rna.fna with the metadata attributes
of gene.fna.

4.2 Refining and Operationalizing Guidelines

The FAIR principles were originally defined in an abstract manner thus hamper-
ing its direct operationalization. The ontological analysis and resulting schema
conducted here can be systematically employed to refine and propose concrete
guidelines for the operationalization of principles. Due to space limitations, we
will illustrate this process here by addressing only certain aspects of a few prin-
ciples.
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First, consider R1.3. The model of Fig. 3 makes it explicit that community
standards are established by the collective belief of a community (a community
consensus). This consensus can be established with respect to resources in gen-
eral, not only with respect to the rich description of metadata and metadata item
attributes (see Figs. 1–2); for example, data models, representation languages,
as well as data access protocols. In fact, this notion of employing resources that
are deemed consensual in the collective belief of a community, also appears in a
less obvious way when referring to protocols (see “standardized communication
protocols” in A1), to representation languages (“broadly applicable languages”
in I1), and to data models (“vocabularies that follow FAIR principles” in I2) -
the original proposal explicitly refers to these as “community-endorsed vocabu-
laries” [33], for example. Moreover, the community whose consensus one needs to
follow is the target community towards which Data Accessibility Requirements
and Data Usage Licenses are directed by Data entity creators. In fact, our analy-
sis makes the centrality of communities and their collective beliefs clear, despite
the fact that the term community is used only once in the description of the
principles (R1.3).

As a result of this analysis, one can refine the aforementioned principles. It
is important to make explicit that, when creating data entities, data creators
must identify target communities to which accessibility requirements and usage
licenses shall be directed, and which standards regarding protocols, data models,
representation languages, and approaches for metadata description need to be
properly identified and adopted.

5 Discussion

Several aspects of our work require discussion. First, selected aspects of the
FAIR principles need additional effort to achieve a more precise specification. We
highlighted the corresponding areas in Figs. 1- 3 with a light-blue outline. Second,
the FAIR principles, as currently stated [33], provide asymmetric definitions.
Third, there is a need for the identification of communities before community
standards can be created and applied. Finally, the term ‘rich’ seems too broad
to be interpreted properly within a scientific context.
1) Under-specified areas.
In Fig. 1, we highlight that the Identification Service shows another crucial
part of the FAIR ecosystem, as mandated by principle F1. Schwanitz et al. [29]
reviewed 80 representative databases employed in research on low carbon energy
using the automatic evaluation framework proposed by proponents of FAIR prin-
ciples [34]. However, none of these databases complied with F1, which means
that data identifiers are not persistent in any of these cases.

The Data ID should be represented as a Metadata Item Attribute ac-
cording to F3. While this is currently implemented by some genomic data sources
(see [11,2,5]), it is less apparent in others [25,21].

The Data Model is a fundamental entity to comply with principle I1. Data
models currently face many challenges, as highlighted in the Dutch initiative on
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FAIR Genomes [31]. This includes the non-negligible problem of dealing with
the updating strategy of data models, which must remain compliant with the
domain to be represented as well as with the followed principles.

Moreover, the presence of Explained Attribute Keys and Extrinsic
Attribute Values is tightly related to principles I2 and I3. This high-
lights a very important requirement that is not yet broadly accepted in sci-
entific data sources. For example, in The Cancer Genome Atlas (part of
Genomic Data Commons [11]), clinical and biospecimen metadata are ar-
ranged according to a complex XML schema that contains self-explanatory
keys of difficult interpretation, without following a controlled vocabulary. Exam-
ples include the: ‘clinical.ablation.ablation_performed_indicator’ or ‘biospec-
imen.bio.bcr_analyte_barcode’. Instead, in Roadmap Epigenomics [21], tis-
sues are described with values decided in-house by the data curation team of
the source (see https://www.roadmapepigenomics.org/data/tables). Possi-
ble values include ‘GI-COLON’ or ‘MUSCLE-Adult’, which can lead to different
interpretations when the corresponding genomic data is integrated with simi-
lar datasets, thereby hindering the possibility of their joint use. Such intrinsic
attributes would clearly benefit from becoming extrinsic, using, for example,
well-recognized ontologies for Anatomic sites (e.g., UBERON [22]).

According to the A2 principle and, as observed in Fig. 2, when data is inac-
cessible (i.e., the complement class of Accessible Data in that model), Meta-
data should be accessible through the corresponding event. However, there are
still several examples in the literature where this does not occur; e.g., in the
energy domain [29] or the genomics domain [23].

Fig. 3, highlights Community Standards (discussed by R1.3). This is still
a controversial concept because, in a given well-defined domain, it is not clear
who should define the community standards for that domain. Large initiatives are
starting to recognize these issues. For instance, Uniprot [26] claims to be FAIR for
all other principles except R1.3, because the recognized authority is not known
within the field of proteins [7]). Similarly, this aspect also remains unresolved in
the field of low carbon energy data after a systematic assessment [29].
2) Asymmetric definitions. There is an asymmetry in the 4 letters inherent in
FAIR. Findable (F) is fundamentally based on technology, whereas Interoper-
ability (I) is very conceptual. In OntoUML we had difficulties modeling inter-
operability, highlighting that it is highly under-specified or under-formalized in
the current FAIR principles.
3) Unclear community roles. In OntoUML, we modeled Community Stan-
dard as a role played by resources of different kinds when enriching data item
attributes (turning them into Rich Metadata Item Attribute, i.e., a meta-
data attribute that is complete, generous, and explanatory enough to be adopted
and reused by anyone in the Community). Our representation should facilitate
a discussion on the characteristics of a good community standard: Who should
define it? How should it be formalized, communicated, and enforced?
4) How rich is ‘rich’? The ‘rich’ adjective could refer to a property of the
meta-schema or something assigned with a relationship to the community that

https://www.roadmapepigenomics.org/data/tables
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defines or uses the metadata. If a rich metadata attribute is shared by multiple
communities, is it more relevant than one that is only considered by one? A
challenge is how to deal with discrepancies between communities from the same
domain.

Aspects 3) and 4) are tightly related. We consider an ‘unfair’ situation to be
one in which there are no community standards or it is not possible to clearly and
unambiguously identify them. As a result, it might not be possible to define rich
metadata attributes. Consequently, it becomes difficult to ensure that metadata
has the required minimum quality for FAIR (specifically, for R1.3, but also for
Findability and Interoperability-related principles). Overall, our results suggest
the need for more efforts to define and agree upon community standards.

6 Conclusion

The adoption of FAIR principles for datasets is important and well-recognized
by data scientists. In this research, we proposed an OntoUML FAIR Principles
Schema to extend work on the adoption of FAIR principles by providing an
ontologically grounded schema. The schema was applied, and its results shown
to be effective, thereby establishing support for the implementation of FAIR
principles. Further research is needed to apply this schema to other applications
and refine it to support all aspects of the FAIR principles.
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