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offer general objectives rather than specific implementation instructions, scientific data; FAIRness
discrepancies exist due to different interpretations, domain-specific quality maturity matrix
requirements, and intended applications. These discrepancies hinder

direct comparisons and integration of assessment outcomes. To address

this issue, we propose a novel framework, including a consolidated FAIR

vocabulary. This framework establishes quality measures upfront in

FAIRness assessment workflows to surpass the intricacies arising from the

aforementioned dependencies. The established quality measures

encapsulate the distinctive core concepts inherent in individual FAIR

principles and can serve as common, fundamental pillars of holistic

FAIRness assessment workflows. Building upon this fundamental set of the

quality measures, we introduce a FAIRness quality maturity matrix (FAIR-

QMM) as a structured, tiered, and progressive approach for evaluating and

reporting the degree of FAIR-compliance. The FAIR-QMM can be used as a

FAIRness assessment tool independently and/or as a translator between

other FAIRness assessment tools or models.
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1. Introduction

The FAIR Principles lay out a set of high-level data management and stewardship behaviors that
digital data objects should exhibit to be findable, accessible, interoperable, and reusable (i.e.
FAIR; Wilkinson et al. 2016, 2022). FAIR aims to support open science by optimizing data sharing
in a machine-friendly environment across systems, disciplines, and regional boundaries for both
human and machine end-users (Mons et al. 2017). The FAIR Principles were intentionally designed
to be domain- and technology-agnostic (Mons et al. 2017; Wilkinson et al. 2022). Moreover, Wit-
tenburg and Strawn (2018, 11) emphasized: ‘experts widely agree that the FAIR principles express
policy goals, not blueprints for data infrastructure building.’

With rapidly increased acceptance and adoption of the FAIR Principles by policymakers, funders,
and organizations worldwide for promoting data sharing and enabling open science, the requirements
have increasingly arisen for data professionals, publicly funded projects, and repositories to demon-
strate the FAIR-compliance, i.e. FAIRness, of their digital data objects and supporting infrastructures.
To meet these requirements, various organizations have attempted to operationalize ways of testing
compliance with the FAIR Principles (e.g. Devaraju et al. 2022; Wilkinson et al. 2019).

The characteristics of specific communities for which data products were created significantly
influence the framing of some FAIR principles such as data accessibility and data usage license
requirements. (In this paper, the term ‘FAIR principles’, with ‘principles’ in lowercase, is used to
refer to individual principles, e.g. F1, F2, etc.) Additionally, these characteristics provide context
for standards related to descriptive metadata, communication protocols, vocabularies, knowledge
representation languages, and more (Berg-Cross and Arbor 2022; Bernasconi et al. 2023).
Consequently, these implementations and practices have led to the emergence of a range of FAIR-
ness assessment models and indicators. While beneficial in implementing the FAIR Principles and/
or assessing FAIRness, large disparities exist among those assessment models and metrics due to
different subjective interpretations of the FAIR Principles, domain-dependent specifications, and
the targeted applications (e.g. Bahim et al. 2020; Candela, Mangione, and Pavone 2024; Jacobsen
et al. 2020; Peters-von Gehlen et al. 2022; Wittenburg and Strawn 2018).

Unique application priorities can lead to assessment models that address only a subset of the
FAIR Principles or implementation from a particular perspective. While examining compliance
with a few specific FAIR principles may be important for a particular use case, such examination
lacks a holistic view of FAIR-compliance. In addition, the lack of consistency among different
approaches poses several challenges. Firstly, it makes comparing assessment results across tools
and systems difficult (Peng 2023a). Secondly, it hinders the implementation of machine readability
and interpretability of data and associated information, which requires far more rigorous specifica-
tions and standardization than is needed for human understandability of data. Peng (2023a), there-
fore, called for a common set of harmonized FAIRness indicators that adhere to the original
definitions of the FAIR principles. A method was introduced in Peng (2023a) for systematically
breaking down definitions into key categories, category-specific requirements, core concepts, and
focus elements. The method adopted the basic structure of the subject-predicate-object part of
the principles, separating the subject data, metadata, and infrastructure entities. The resulting com-
plete mappings of those entities are captured in Peng (2023b).

In this paper, we enhance the formalization of the mapping processes and present a novel frame-
work that includes the establishment of FAIRness quality measures and a common vocabulary. This
framework helps rise above the complexity that stems from subjective interpretations and the
domain and application dependencies. The established quality measures represent the unique
core concepts captured in individual FAIR principles and can serve as common, fundamental pillars
of holistic FAIRness assessment workflows.

It has been recognized that the degree to which digital data adhere to the FAIR Principles can
vary along a continuum, and the process of making data FAIR involves incremental steps and con-
tinuous improvement (e.g. Mons et al. 2017). Built on the established quality measures, a FAIR-
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compliance maturity matrix is constructed. The matrix provides a structured, tiered, and progress-
ive approach to evaluating and reporting the FAIRness of individual digital data objects and associ-
ated infrastructure. Improved structuring of FAIRness maturity will also assist in moving towards
machine-actionable quality information.

The remainder of this paper is organized as follows. The next section provides an overview of exist-
ing models, indicators, and metrics for assessing FAIRness. Section 3 provides description of the
characteristics of the FAIR Principles and methodologies employed to identify the core concepts
associated with these principles. Subsequently, we introduce a framework for FAIRness quality
measures in Section 4. This framework focuses specifically on the core concepts of the FAIR principles.
We then establish a comprehensive set of quality measures and craft a maturity matrix framed around
these FAIRness quality measures. This matrix offers a systematic and incremental approach to eval-
uating and documenting FAIRness. In Section 5, we examine various issues related to FAIRness assess-
ment, such as variations in implementing specific quality measures within particular domains and
applications. Finally, in Section 6, we present our conclusions and discuss potential future activities.

2. Review of existing FAIR implementations, assessment models, and metrics

There are numerous existing efforts to develop models, indicators, and metrics for implementing
the FAIR Principles and assessing the FAIRness of digital data. Without being exhaustive, outcomes
from some of those efforts are highlighted in this section.

(1) The Research Data Alliance (RDA) FAIR Data Maturity Model Working Group (2020) defined
41 FAIR data maturity indicators (RDA FAIR-DMIs) by applying 15 FAIR principles to data
and metadata separately with a consideration for modifiers. For example, four indicators are
defined for F1 - (Meta)data are assigned a globally unique and persistent identifier:

e Metadata is identified by a persistent identifier,

» Metadata is identified by a globally unique identifier,
o Data is identified by a persistent identifier, and

e Data is identified by a globally unique identifier.

One might also note the subtle differences between the verb in the original F1 definition (i.e.
assigned) and that in the indicators (i.e. identified). The RDA FAIR-DMIs are framed around
verbs and the subjects of the indicators are always either data or metadata, for example, A1.2 -
the protocol allows for an authentication and authorization procedure, where necessary, is rep-
resented by ‘Data is accessible through an access protocol that supports authentication and author-
isation’ (RDA FAIR Data Maturity Model Working Group 2020, 11). Each indicator is assigned
with three levels of priorities: Essential, Important, and Useful. Among the 41 FAIR-DMIs, 20
are considered as Essential, 14 as Important, and 7 as Useful. Moreover, each indicator is evaluated
against five levels of implementation: 0 (not applicable), 1 (not being considered this year), 2 (under
consideration or in planning stage), 3 (in implementation phase), and 4 (fully implemented). This
RDA FAIR data maturity model can be used by data providers and publishers for a self-assessment
that identifies where to concentrate efforts to make data and metadata more FAIR, including expli-
cit consideration for human users.

(2) FAIR Implementation Profiles (FIPs) developed by GO-FAIR (Schultes et al. 2020) are based
on the two principal concepts: FAIR Implementation Community (a self-identified organiz-
ation that seeks to create and share FAIR data and services) and FAIR-Enabling Digital
Resources (FEDR), such as datasets, metadata, code, protocols, data policies, identifier mech-
anisms, and standards. Each FEDR is a digital object, which in itself requires compliance with
the FAIR Principles, including the assignment of a Globally Unique Persistent Resolvable
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Identifier (GUPRI) (Schultes et al. 2022; Wittenburg et al. 2019). FIP Questionnaires are
designed with 21 questions, each of which can have multiple associated FAIR Enabling
Resource (FER) types. They also separate data and metadata entities, while still retaining infra-
structure-related entities. The last FAIR principle, i.e. R1.3, is not explicitly addressed.

For example, two questions are included on FI:

e What globally unique, persistent, resolvable identifiers do you use for metadata records?
o What globally unique, persistent, resolvable identifiers do you use for datasets?

With another two on A1.2:

e Which authentication & authorization technique do you use for metadata records?
e Which authentication & authorization technique do you use for datasets?

Each community can publish an FIP at the granularity of a dataset, collection or repository. The FIP
explicitly declares the choices made by a given community on the specific resource types used for
each of the FAIR principles, such as considering Digital Object Identifier (DOI) as an identifier type
in response to the questions on F1. Each FIP itself can be version-controlled, time-stamped, and
published with a DOI that can also be linked to the dataset/data collection/repository (Wyborn
et al. 2023). As more communities publish these questionnaires, a convergence emerges. This con-
vergence leads to aggregated insights, revealing the most commonly adopted resource types by
communities or identifying challenges they encounter in their development endeavors (Schultes
et al. 2020, 2022). FIPs (and their related FERs) allow at least two types of comparison between indi-
vidual datasets. Firstly, it is possible to use knowledge graphs to map across the communities that
are using specific FERs to enhance machine-to-machine interoperability. Where FERs are not the
same, it is possible to develop crosswalks, e.g. using the Simple Standard for Sharing Ontological
Mappings (SSSOM) of Matentzoglu et al. (2022). Secondly, each FIP can be used to assess the FAIR-
ness of a particular dataset and determine whether a higher level of maturity is required for any of
the FAIR principles for more effective machine-to-machine interoperability.

(3) Providing a framework for evaluating implementations, Schultes (2023) defined 5 layers of
FAIR implementations. The framework separated the FAIR Principles into two classes: infor-
mation technology-related and data content-related; and in addition, grouped the FAIR
implementation activities into two distinct phases: FAIRification for data to be FAIR-ready
and FAIR Orchestration to allow data integration and sharing (Schultes 2023). Their frame-
work in some way denotes the readiness for data sharing, integration and analysis. However,
that framework is not specified at the level of individual FAIR principles.

(4) The FAIR Metrics established by FAIRSFAIR defined 14 core and universal metrics (Wilkinson
et al. 2018) and subsequently developed 15 maturity indicators (MIs) with 22 associated com-
pliance tests for all FAIR principles except R1.2 and R1.3 (Wilkinson et al. 2019). The infor-
mation on implementation maturity levels is conveyed in MIs as either ‘loose’ or ‘strict’ for
two specific cases: the use of knowledge representation language and the use of FAIR
vocabulary.

(5) The self-evaluation FAIR assessment tool from the Australian Research Data Commons
(ARDC) contains 12 assessment questions with a dropdown menu (ARDC 2022). The options
include progressive criteria for attaining greater maturity for most, if not all, FAIR principles.

(6) The DataONE suite of FAIR checks consists of 52 checks spread across all the dimensions of
FAIR (Jones, Slaughter, and Habermann 2019). Checks were developed by community consen-
sus at the Earth Science Information Partners (ESIP) 2019 summer meeting session. The checks
have been implemented programmatically across multiple metadata dialects including
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DataCite, Dryad, EML, and ISO-19115/19115-2, and have been deployed to assess the metadata
of all datasets in DataONE (Slaughter et al. 2023). Each check is classified as either required,
optional, or informational, and returns either a pass or fail depending on metadata content.
An overall FAIR metric can be calculated to evaluate FAIRness along a continuum. This
approach rewards passing both required and optional checks, while only penalizing failures
in required checks.

(7) The FAIR rubric of the United States Geological Survey (USGS; Hutchison et al. 2024) consists
of 62 questions with options of ‘Yes’, ‘No’, and ‘Not Applicable’. Questions are separated for
data and metadata. Some of the questions imply a progressive level of maturity. For example,
questions for data identifier are:

e Is an identifier assigned for the data release and documented in the data release’s metadata
record?

o Is the assigned identifier persistent?

o Is the assigned identifier unique (i.e. has a unique value)?

The USGS questions are categorized into three levels: essential, intermediate, and advanced, based
on their importance for the FAIR principles. However, some questions are beyond the original defi-
nitions of the FAIR principles and include implementation practices that are tailored specifically to
the USGS.

(8) Adhering to the original definitions of the FAIR principles, Peng (2023a, 2023b) decom-
posed the principles into a set of core indicators using the basic structure of the subject-pre-
dicate-object part of the principles, separating the subject data, metadata, and
infrastructure entities. A set of supplemental indicators is constructed with objective
nouns, modifiers and characteristics to provide a comprehensive set of harmonized indi-
cators (Table 1; from Peng 2023b). For example, for F1. (meta)data are assigned a globally
unique and eternally persistent identifier, the subject-predicate-object part of the principle
is ‘(meta)data - are assigned - identifier’ and ‘identifier’ is the core concept of F1. ‘Globally
unique’ and ‘eternally persistent’ are modifiers for ‘identifier’, referred to as focus elements.
The resultant indicators for F1 are:

e FI1-01D: Data are assigned an identifier,

o FI-01M: Metadata are assigned an identifier,

e F1-02D: Data identifier is globally unique,

e F2-02M: Metadata identifier is globally unique,

e F3-03D: Data identifier is eternally persistent,

e F3-03M: Metadata identifier is eternally persistent.

Where F1-01D and F1-01M are core indicators, formulated with a category and a core concept. The
other four indicators are supplemental indicators, constructed with a category-specific core concept
and a focus element.

Building upon these existing efforts, we have developed a more systematic way that abides by the
definitions of the FAIR principles to promote data sharing in machine-to-machine environments.
The methodology for it is described in the following section.

3. Methodology

As a part of our methodology, we first identify key entities contained in the FAIR principles, then
utilize a concept-mapping approach for our analysis while drawing upon the design principles of
Semantic Web and Web Ontology frameworks, such as the Resource Description Framework
(RDF) developed by the World Wide Web Consortium (W3C). Additionally, we incorporate
concepts from the FAIR ontology specification created by Kuhn and Dumontier (n.d.). We
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Table 1. List of harmonized indicators derived from FAIR principles.

Harmonized Indicators (HI) For the FAIR Guiding Principles
Principle
ID Hl Type HI ID Description
Core F1-01D Data are assigned an identifier
Core F1-01M Metadata are assigned an identifier
F1 Modifier F1-02D Data identifier is globally unique
Modifier F1-02M Metadata identifier is globally unique
Modifier F1-03D |Data identifier is eternally persistent
Modifier F1-03M Metadata identifier is eternally persistent
Core F2-01D data are described with rich metadata
Modifier F2-01M Metadata include data usage licence
F2 Modifier F2-02m Metadata include data provenance
Extension F2-03M Metadata include attributes for discovery
Extension F2-04M Metadata include attributes for data retrieval
Extension F2-05M Metadata include attributes for data access
Core F3-01M Metadata include the identifier of the data it describes
F3 Modifier F3-02M Metadata clearly include the data identifier
Modifier F3-03M Metadata explicitly include the data identifier
Core F4-01D Data are registered or indexed in a resource
Core F4-01M Metadata are registered or indexed in a resource
Modifier F4-02IS  [Resource for data is searchable
Modifier F4-03IS  [Resource for metadata is searchable
Core A1-01D  |Data identifier resolves to the digital data object
Al Core A1-01M Metadata identifier resolves to the digital metadata object
Modifier A1-011S The communication protocol for data refrieval is standardised
Modifier A1-02IS  |The communication protocol for metadata retrieval is standardised
Modifier A1.1-01IS | The protocol is open
Al Modifier A1.1-02IS | The protocol is free
Modifier | A1.1-03IS |The protocol is universally implementable
Core A1.2-01IS |The protocol allows for procedure, where necessary
A12 Modifier A1.2-02IS | The procedure includes that for authentication
Modifier A1.2-03IS | The procedure includes that for authorization
A2 Core A2-01M are il
Core 1-01D Data use language for knowledge representation
Core 1-01M Metadata use language for knowledge representation
Modifier 11-02D The data language is formal
Modifier 11-02M The metadata language is formal
" Modifier 11-03D The data language is accessible
Modifier 11-03M  [The metadata language is accessible
Modifier 11-04D The data language is shared
Modifier 11-04M The metadata language is shared
Modifier 11-05D  |The data language is broadly applicable
Modifier 11-05M The metadata language is broadly applicable
Core 12-01D Data use vocabulary
Core 12-01M Metadata use vocabulary
Modifier 12-02D The data vocabulary is findable
Modifier 12-02M The metadata vocabulary is findable
Modifier 12-03D The data vocabulary is accessible
Modifier 12-03M The metadata vocabulary is accessible
Modifier 12-04D The data vocabulary is interoperable
Modifier 12-04M The metadata vocabulary is interoperable
Modifier 12-05D The data vocabulary is reusable
Modifier 12-05M The metadata vocabulary is reusable
Core 13-01D Data include references
Core 13-01M Metadata include references
Modifier 13-02D The data references are qualified
Modifier 13-02M The metadata references are qualified
Modifier 13-03D References included in data are to other data
Modifier 13-03M References included in metadata are to other data
Modifier 13-04D References included in data are to other metadata
Modifier 13-04M References included in metadata are to other metadata
Core R1-01D  |Data are described with attributes
Core R1-01M  |Metadata are described with attributes
Modifier R1-02D Data attributes are plural
Modifier R1-02M Metadata attributes are plural
Modifier R1-03D  |Data attributes are accurate
R1 Modifier R1-03M  [Metadata attributes are accurate
Modifier R1-04D Data attributes are relevant
Modifier R1-04M  [Metadata attributes are relevant
Extension R1-05M Metadata include attributes for data use
Extension R1-06M Metadata include attributes for data contextual information
Extension R1-07M Metadata include attributes for data processing information
Core R1.1-01D |Data are released with a data usage licence
Core R1.1-01M [Metadata are released with a data usage licence
R1.1 Modifier R1.1-02D [Data licence is clear
Modifier R1.1-02M  [Metadata licence is clear
Modifier R1.1-03D [Data licence is accessible
Modifier R1.1-03M |Metadata licence is accessible
Core R1.2-01D |Data are associated with provenance
R12 Core R1.2-01M are i with p
Modifier R1.2-02D [Data provenance is detailed
Modifier R1.2-02M |Metadata provenance is detailed
Core R1.3-01D [Data meet standards
Core R1.3-01M |Metadata meet standards
Modifier R1.3-02D |Data standards are domain-relevant
Modifier R1.3-02M are dt s t
Modifier R1.3-03D [Data standards are community standards
Modifier R1.3-03M __[Metadata standards are community standards

Notes: The naming convention for indicators is: {FAIR-ID}—0{n}{Category ID}, where {FAIR-ID}consists of [F1, F2, F3, F4; A1, A1.1,
A1.2, A2; 11, 12, 13; R1, R1.1, R1.2, R1.3], denoting an individual FAIR principle; {Category ID} consists of [D, M, IS], denoting the
Data, Metadata, or Infrastructure category, respectively. {n} can take on any value from the set [1, 2, ..., 7], denoting the nth
indicator associated with the given principle and category, respectively. The core indicators are denoted in bold — they are
fundamental indicators formulated with only a category and a core concept, while those in gray are extended indicators
defining additional category-specific focus elements that are not explicitly defined in the original FAIR Principles. The rest
are supplemental indicators which further modify the related core concepts. From Peng (2023b).
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aim to establish a common vocabulary for systematically and consistently describing the multi-
dimensional, multi-layered, and multi-faceted nature of the FAIR principles. The goal is to pro-
vide a structural framework without delving into axiom scheme, structural specifications, and
annotations, which may be addressed at a later stage when implementing the FAIRness quality
measures and assessment specifications.

3.1. Identification of key entities in the FAIR principles

Wilkinson et al. (2016) designed high-level guiding principles under four nonfunctional requirements
- Findability, Accessibility, Interoperability, and Reusability. In this paper, we subsequently refer to
these four nonfunctional requirements as four FAIR quality dimensions, following Peng (2023a).

Wilkinson et al. (2016) also developed 15 FAIR principles to establish specific functional require-
ments for digital objects along the four FAIR quality dimensions in a computational environment.
These 15 FAIR principles cover three unique high-level entities, or categories: data, metadata, and
infrastructure. The principles also entail essential properties or specific functional requirements for
each of the three categories. For example, the F1 principle requires that data and metadata should
each be assigned a property: identifier; the identifier is further qualified to be globally unique and eter-
nally persistent. After mapping the 15 principles onto the three categories, 28 category-specific require-
ments are identified for data, metadata, and infrastructure (Table 2; adapted from Peng 2023b).

In contrast to its simple acronym, the FAIR Principles are highly complex even before account-
ing for domain and application dependencies. The FAIR principles are inherently multi-dimen-
sional. They are also multi-layered and multi-faceted, revolving around core concepts with
multiple elements, as depicted in Figure 1 and outlined in Figure 2. The approaches for identifying
core concepts are described next.

3.2. Conceptual mapping of the FAIR principles

Concept mapping is a visual and systematic technique to organize and graphically
represent knowledge, ideas, concepts, or relationships between concepts. It is well-established and
widely used to clarify complex topics and facilitate understanding. This approach is utilized in this
study to identify the core concepts associated with the definitions of the FAIR principles.

Our concept mapping process starts with each category entity (denoted by ovals in Figure 1;
based on Peng 2023b). The definitions of individual principles are first decomposed into the sub-
ject-predicate-object structure, similar to the design principle of RDF triplets that are commonly
utilized in semantic web and web ontology frameworks. In this structure, the ‘subject’ is a category
entity (e.g. Data), and ‘object’ is an objective noun (e.g. Identifier for the F1 principle). The ‘predi-
cate’ denotes the connection (relationship) between the subject and the object (e.g. are assigned).
This process yields a total of 21 category-specific core concepts associated with the objective
nouns (denoted by rounded rectangles in Figure 1), excluding duplicates such as ‘Data Identifier’
and ‘Metadata Identifier’ from the A1 principle for the Data and Metadata categories, respectively.
At the end of this process, the following 12 unique core concepts emerge: Identifier, Rich Metadata,
(Searchable) Resource, (Communication) Protocol, Language, Vocabulary, Reference, Procedure,
Attribute, License, Provenance, and Standard, which together are referred to as FAIRness quality
measures. Parentheses are used to specify the scope of the underpinning concept. While ‘Rich’ is
also a modifier, ‘Rich Metadata’ is treated as a single term to distinguish it from ‘Metadata’ and
focuses on measuring metadata richness.

Utilizing the same concept mapping approach, Peng (2023b) also derived 48 additional elements
consisting of modifiers and characteristics to the core concepts, which are utilized for a set of har-
monized indicators for the FAIR Principles (recaptured in Table 1).
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Figure 1. A conceptual map illustrates the key categories and associated concepts and elements that have been mapped from

the definitions of the FAIR principles using a concept mapping approach (explained in Section 3). {F, A, |, RIn.m denotes the

association to the individual principle, e.g. R1.3. Shape and color legends are on the diagram. Created using Cmap (IHMC
d.). Source: Peng et al. (2023). Version: v01r00-20230226.

3.3. Semantic ontology perspective of FAIR principles

Semantic models and ontologies have been used to organize the identified concepts and to identify
relation between concepts. The approach is to leverage well-defined models and community
standards to help understand details of, and supporting relationships between, some of the core
concepts. This understanding contributes incrementally to the development of a formal, consistent,
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Figure 2. A schematic diagram shows the complexity of the FAIR Principles in terms of multi-dimensions, multi-layers, and multi-
facets. A filled circle indicates an additional layer in the current branch while an open circle signifies the end of the branch.

and well-defined terminology, aiding in the comprehension of the underlying entities and their
relationships (Berg-Cross and Arbor 2022).

While a full ontology implementation of the FAIRness quality measures is beyond the scope of this
paper, here we provide an example of viewing the FAIR principles from a semantic ontology perspective.

In semantic web and web ontology frameworks, an RDF triple in the form of a subject-predi-
cate—object expression is well-used to represent a semantic relationship. We adapt this RDF triplet
approach to analyze the FAIR principles. For example, the FI principle: ‘meta(data) are assigned a
globally unique and eternally persistent identifier’, indicates a basic semantic triplet relation: meta-
data or data is the subject, identifier is the object, and ‘are assigned’ specifies a relationship between
the subject and the object. The identifier for ‘meta(data)’ is further assigned the qualities of being
globally unique and eternally persistent, similar to a subtype of ‘hasCharacteristic’ from the Infor-
mation Artifact Ontology (IAO; Ruttenberg et al. 2022). Therefore, the F1 principle simply ensures
that a globally unique and persistent identifier be used to identify a data element, while also ensur-
ing an associated link can be resolved, as specified by the Al principle.

In our derived FAIRness quality measure framework, subjects or objects are categories and core con-
cepts, while the semantic relations are executable actions for making connections between the two.

The outcomes of the simplified semantic and ontology analysis and the systematic concept map-
ping of the FAIR principles are a set of formally defined FAIRness quality measures, as described
next in Section 4. These measures establish a strong foundational framework for a holistic FAIRness
assessment workflow, enabling machine-actionable reporting of FAIRness assessment and out-
comes, which is presented next.

4, FAIRness quality measure framework
4.1. Common vocabulary for the FAIR principles

The concept mapping and the semantic approaches as described in Section 3 are applied to the
definitions of individual FAIR principles to identify and organize core concepts. The visual depic-
tion of the results is captured in Figure 3 and outlined below.

We categorize the top level of the FAIR Principles as Class (the most inner circle, dark-shaded in
Figure 3), following Kuhn and Dumontier n.d.:
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Table 2. Category-specific requirements mapped from FAIR principles.
FAIRID REQ ID Description

F1 (meta)data are assigned a globally unique and eternally persistent identifier
F1-REQ-D  data are assigned a globally unique and eternally persistent identifier
F1-REQ-M  metadata are assigned a globally unique and eternally persistent identifier
F2 data are described with rich metadata (defined by R1 below)
F2-REQ-D  data are described with rich metadata
F2-REQ-M  rich metadata are defined by R1 below

F3 metadata clearly and explicitly include the identifier of the data it describes
F3-REQ-M  metadata clearly and explicitly include the PID-D
F4 (meta)data are registered or indexed in a searchable resource

F4-REQ-D  data are registered or indexed
F4-REQ-M  metadata are registered or indexed
F4-REQ-IS The registering or indexing resource is searchable
Al (meta)data are retrievable by their identifier using a standardized communications protocol
A1-REQ-D  data are retrievable by their identifier
A1-REQ-M  metadata are retrievable by their identifier
AT-REQ-IS  The retrieving communications protocol is standardized

A1.1 the protocol is open, free, and universally implementable
A1.1-REQ-IS  the protocol is open, free, and universally implementable

A1.2 the protocol allows for an authentication and authorization procedure, where necessary
A1.2-REQ-IS  the protocol allows for an authentication and authorization procedure, where necessary

A2 metadata are accessible, even when the data are no longer available
A2-REQ-M  metadata are accessible permanently

11 (meta)data use a formal, accessible, shared, and broadly applicable language for knowledge

representation
11-REQ-D  data use a formal, accessible, shared, and broadly applicable language for knowledge representation
11-REQ-M  metadata use a formal, accessible, shared, and broadly applicable language for knowledge
representation
12 (meta)data use vocabularies that follow FAIR principles
12-REQ-D  data use vocabularies that follow FAIR principles
12-REQ-M  metadata use vocabularies that follow FAIR principles
13 (meta)data include qualified references to other (meta)data
I13-REQ-D  data include qualified references to other (meta)data
13-REQ-M metadata include qualified references to other (meta)data
R1 (meta)data are richly described with a plurality of accurate and relevant attributes
R1-REQ-D  data are richly described with a plurality of accurate and relevant attributes
R1-REQ-M  metadata are richly described with a plurality of accurate and relevant attributes
R1.1 (meta)data are released with a clear and accessible data usage license
R1.1-REQ-D  data are released with a clear and accessible data usage licence
R1.1-REQ-M  metadata are released with a clear and accessible data usage licence
R1.2 (meta)data are associated with detailed provenance
R1.2-REQ-D  data are associated with detailed provenance
R1.2-REQ-M  metadata are associated with detailed provenance
R1.3 (meta)data meet domain-relevant community standards
R1.3-REQ-D  data meet domain-relevant community standards
R1.3-REQ-M  metadata meet domain-relevant community standards

Notes: Descriptions of individual FAIR principles are in blue. The naming convention for requirement identifiers (REQ IDs) is: {FAIR
ID}-REQ-{Category ID}, where, {FAIR ID} = [F1, F2, F3, F4; A1, A1.2, A1.2, A2; 11, 12, 13; R1, R1.1, R1.2, R1.3], denoting individual
FAIR principles, respectively; {Category ID} = [D; M; IS], denoting the Data, Metadata, and Infrastructure category, respectively.
Based on Peng (2023b): F3-REQ-D has been removed as deemed to be redundant with F3-REQ-M.

Class:
¢ FAIR Principles

The FAIR Principles encompass four quality dimensions by design:
Dimensions:

 Findability (F),
e Accessibility (A),
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Figure 3. Visual depiction of the FAIR dimensions represented by each quadrant; class and its subclasses represented by dark-
shaded circles; associated categories in light-shaded ovals; and identified core concepts in rounded rectangles. Color-coded oval
outlines denote three key categories: Blue — Data (D); Orange — Metadata (M); and Green - Infrastructure (IS), respectively.
Dashed lines extending from FAIR subclass entities (F2, F4, A1) to the respective categories (M, IS, IS) indicate the category’s
presence without it being the subject of the sub-principle. Pink-filled rounded rectangles are used to highlight the unique
core concepts — to be established as FAIRness quality measures. Additional elements or modifiers are not included in the diagram
for simplicity.

e Interoperability (I),
e Reusability (R)

The FAIR Principles are composed of 15 sub-principles (second inner circle, dark-shaded circles
in Figure 3), representing as Sub-Classes; adopted from Kuhn and Dumontier (n.d.):

Sub-Classes:

o FAIR Sub-Principles: {F1, F2, F3, F4, A1, Al.1, A1.2, A2, 11, I2, I3, R1, R1.1, R1.2, R1.3}
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(In this paper, both terms ‘FAIR sub-principle’ or ‘FAIR principle’, with ‘principle’ in lowercase,
may be used interchangeably to denote one of the above 15 individual sub-principles.)

The key entities in the FAIR sub-principles can be further categorized into three categories
(light-shaded ovals in Figure 3):

Categories:

e Data (D),
e Metadata (M),
o Infrastructure (IS)

Applying the concept mapping approach to the subject-predicate-object portion of all 15 FAIR
sub-principles yields 12 unique core concepts (pink-filled rounded rectangles in Figure 3).

Core Concepts:
(Descriptions consolidate existing community FAIR interpretations including those from
GO-FAIR Foundation (n.d.))

e Identifier, a unique and persistent identifier for data and/or metadata;

e Rich Metadata, a set of descriptors of data including those minimally required for search and
discovery, as well as those needed for understanding and reuse. This core concept is closely
related to ‘Attribute’ in the context of (re)use.

* Resource, infrastructure such as search engines like Google that users can perform searches to
find relevant data;

e Protocol, a computational agent such as HTTPS (Secure Hypertext Transfer Protocol) or FTP
(File Transfer Protocol) that facilitates efficient information retrieval;

o Procedure, a set of defined and implemented specified rules and roles in the data search and
retrieval infrastructure for user authentication (e.g. Single Sign-on with Two-Factor-Authentica-
tion) and access control (user permission/profile);

e Language, a formal system used to express the context of data and/or metadata in a format such
as XML (eXtensible Markup Language) and RDF (Resource Description Framework) that can be
utilized by machines;

e Vocabulary, a standardized set of terms and their meanings or definitions; A data vocabulary
may consist of terms and definitions that describe the types of data, their characteristics, and
the relationships between different data elements. A metadata vocabulary includes terms and
definitions used to describe metadata attributes, properties, and relationships.

e Reference, a reference to another resource that provides additional relevant and useful infor-
mation, including references to published documents (journal articles, reports, conference pro-
ceeding papers, etc.) on data product algorithms and validation, (meta)data standard
specifications, as well as that to previous metadata records, if appropriate.

o Attribute, closely related to Rich Metadata, a set of attributes that focus on providing information
for use suitability and conditions of the discovered data;

e License, a license that describes under which conditions the discovered data can be used;

e Provenance, information on when and how the data or metadata was created and modified, and
by whom, its sources and ownership throughout its lifecycle;

e Standard, an established or agreed-upon set of guidelines, rules, specifications, or criteria used as
a reference or norms.

4.1.1. FAIR-compliance quality measures
These unique core concepts are fundamental building blocks of the FAIR principles and FAIRness
assessment and are therefore designated as Quality Measures to facilitate a holistic FAIR-
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compliance assessment. They encompass most of the entities within the FATIRSFAIR metrics as well
as most of the FER types defined in the GO FAIR FIPs.

4.2. FAIR-Compliance maturity matrix (FAIR-QMM)

Beyond the variability of FAIRness across individual datasets, the level of FAIR-compliance
requirements may be influenced by available resources and the potential impact of the datasets.
Highly influential data include those that inform important policy and decision-making processes
such as data used by government agencies for climate assessments and resilience in formulating pol-
icies (Ramapriyan et al. 2016; Tilmes et al. 2015). Climate assessments and related policies help
reduce vulnerability and enhance the ability to withstand and adapt to climate-related shocks
and stressors that affect humans and their lives. Highly influential data should have a higher degree
of FAIR-compliance compared to other general research data, due to the enhanced level of require-
ments on transparency and reproducibility. To this end, a multi-level maturity matrix with pre-
defined, progressive behaviors in discrete stages can help evaluate and document a dataset’s current
state of being FAIR. An organization can begin by defining its desired level of maturity based on its
own objectives for providing a data product. It can then use a maturity matrix to determine the
FAIRness requirements, identify gaps, and develop a roadmap for meeting the requirements, as
depicted in Figure 4. This process is similar to the approach described by Peng et al. (2015) for
scientific data stewardship. The approach has been shown to be effective in ensuring the data stew-
ardship maturity and demonstrating the trustworthiness of organizations’ core datasets (e.g. Dunn
et al. 2021; Peng et al. 2019).

Metrics-Based FAIR Digital Object Improving Process

Establish
Current
FAIRness Level

Create
Improvement
Roadmap

Define
Targeted
FAIRness Level

Implement &
Measure
Improvement

FAIR-Compliance Maturity Indicator Diagram

@ Current State
@ Desired State

Improvement
Roadmap

Version: v01r00-20231014; POC: ge.peng@uah.edu;
CC-BY-4.0 International

Figure 4. Visual depiction of a metrics-based FAIRness improvement process, incorporating FAIR-compliance maturity indicators.
The current/desired states of FAIR-compliance maturity matrix indicators are represented by solid blue/green dots, respectively.
The red arrows denote the direction of the improvement needed to reach the desired state.



14 (&) G.PENGETAL

Building on the aforementioned quality measures and elements deduced from the FAIR
principles, a FAIRness quality maturity matrix (referred to FAIR-QMM hereafter) is
developed, leveraging existing data management and FAIR-enabling practices and information tech-
nologies. Three maturity levels are defined, depicting the stages of minimal (Level 1), intermediate
(Level 2), and optimal (Level 3) compliance with the FAIR principles, respectively. When reporting
the maturity evaluation results, one may use Level 0 to denote the state of ‘None or No Information
Available’. It is recommended to include evidence or justification on the achieved maturity level to
provide traceability and transparency of the FAIRness assessment. Additionally, it is important to
describe the targeted domain and community, especially with regard to standards.

The definitions of the FAIR-QMM are documented in Appendix A (included in the supplemen-
tary material), accompanied by explanations and examples illustrating potential realizations of var-
ious maturity levels. For demonstration purposes, we will describe the maturity levels for the F1 and
I2 principles, focusing on their associated quality measures, namely Identifier and Vocabulary. An
in-depth discussion on F2 in terms of Rich Metadata and domain-specific use cases can be found in
the Discussion Section.

4.2.1. F1-Identifier
The maturity levels of F1-compliance in terms of (meta)data identifiers are measured by the levels
of uniqueness and persistence, which are defined as follows:

e Level 1 (L1): Data and metadata are assigned identifiers;

e Level 2 (L2): L1 + identifiers are either: (i) eternally persistent but not globally unique; (ii) glob-
ally unique but not eternally persistent; or (iii) unique within a particular scientific discipline;

e Level 3 (L3): L1 + identifiers are globally unique and eternally persistent.

At Level 1 - a minimal stage, (meta)data are assigned identifiers, usually just locally unique within
an internal database or (meta)data management system. Examples include concept IDs for data pro-
ducts and associated data files in the Common Metadata Repository (CMR) of the National Aeronau-
tics and Space Administration (NASA). CMR assigns a collection concept ID (like C1996881146-
POCLOUD) to each data product. The collection concept ID is associated with the assigned DOI
(like https://doi.org/10.5067/ GHGMR-4F]J04) and resolves to the data product landing page (like
https://podaac.jpl.nasa.gov/dataset/ MUR-JPL-L4-GLOB-v4.1). A granule concept ID (like
G2743390617-POCLOUD) is assigned to each associated data file, which is internal to CMR.

At Level 2 - an intermediate stage. Identifiers assigned can be eternally persistent but not glob-
ally unique. Or they may be unique within a particular domain/group such as International Virtual
Observatory Identifier (VOID). On the other hand, identifiers assigned may be globally unique but
not eternally persistent such as UUID or Uniform Resource Locator (URL) - both can be persistent
if managed well. In some cases, identifiers may be valid only for the duration of a project. Identifiers
may or may not be resolvable.

At Level 3 - an optimal stage, identifiers are globally unique and eternally persistent, such as
Digital Object Identifiers (DOIs), Persistent Uniform Resource Locator (PURL), or Archival
Resource Keys (ARK). These types of identifiers are by design globally unique and eternally persist-
ent. Being eternally persistent implies persistent binding and identifier resolution which is explicitly
addressed in Al. In practice, identifier persistence in terms of identifier resolution, as measured by
the Al principle, depends largely on the sustainability of the identifier hosting services and resol-
ution infrastructures. Utilizing a GUPRI ensures the compliance to both F1 and Al.

4.2.2. |12-Vocabulary

The 12 principle requires that vocabularies used by (meta)data follow the FAIR principles, especially
to be machine actionable. The maturity levels of I12-compliance in terms of vocabularies are
defined as:


https://doi.org/10.5067/GHGMR-4FJ04
https://podaac.jpl.nasa.gov/dataset/MUR-JPL-L4-GLOB-v4.1
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e LI1: Data and metadata use vocabularies;

e L2: L1 + vocabulary is managed, findable and accessible; with a GUPRI assigned to the vocabu-
lary itself;

e L3: L2 +vocabulary is governed, version controlled, interoperable and reusable; with a GUPRI
assigned to each term within the vocabulary.

At Level 1, (meta)data use internal vocabularies or glossaries, often created and utilized by an
individual project or institution, available only internally to associated entities, such as a project
glossary in a shared Google Document.

At Level 2, vocabularies are managed and available online in HTML or PDF format (not
machine-actionable); Being managed implies that there is a recognized entity that oversees the
updating (adding, removing terms, modifying definitions, etc.). GUPRIs should also be assigned
for the vocabularies themselves. An example includes NASA Atmospheric Composition Variable
Standard Names (Silverman et al. 2023).

At Level 3, vocabularies are governed, version-controlled, interoperable and reusable. Controlled
vocabularies are formally defined and version controlled with an established formal process to man-
age the vocabularies. Definition of each term is accompanied by a comprehensive description of its
source and interconnection to other terms and/or sources as appropriate. A GUPRI is assigned to
each of its terms, such as the practice used by Global Change Master Directory (GCMD) keywords
(GCMD 2023). Ideally, the vocabularies are also available in multiple languages for enhanced
reusability.

4.2.3. Importance of repositories and data service providers

At the core of the FAIR principles, i.e. subject-predicate-object expression parts, the definitions are
the actionable terms such as ‘are assigned’, ‘are described by’, ‘are indexed’, ‘allow for’, ‘are released
with’, as captured in the definitions of Level 1 stages in the FAIR-QMM (Table A2, which is
included in the supplementary material). They underpin workflows that can be established by repo-
sitories. From this perspective, repositories can play a central role in offering FAIR-enabling capa-
bilities, which reinforces previous opinions (Stall 2020; d’Aquin et al. 2023).

Standardizing those workflows offers an opportunity to systematically create, publish, and access
datasets. It may involve how the Rich Metadata are defined, what Identifier to utilize, and which
format/schema to adopt, leading to enhanced data and metadata interoperability.

By providing a centralized resource/protocol established by repositories and/or data service pro-
viders for discovery and retrieval of the data, it helps ensure that the technologies are open, secure
and widely implemented. This leads to a higher FAIR-compliance of individual datasets.

The most important aspect of such an approach is to alleviate burdens on individual scientists of
having to learn about the FAIR Principles and determining how to implement them, which could
involve knowledge and expertise from other domains (data management and technology). The
approach will not only help to enhance FAIRness of all of the repository’s data holdings but also
make sharing data more inclusive and equitable.

5. Discussion

The most challenging aspect of implementing the FAIR Principles and evaluating the FAIRness of
individual data products is the variation in FAIR practices and enabling resources across organiz-
ations, science disciplines, knowledge domains, communities, topical areas, and applications.
Known as dependencies, these variations often occur in intertwined and nested ways, affecting
the standardization of FAIR practices and FAIRness assessments. Shown below is an example
scenario:

(1) Across different science disciplines (e.g. physics, biology, astrology, etc.),
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(a) within one organization such as Earth science and Planetary science in NASA;
(i) Across different topic areas, within one science discipline, such as physical oceanogra-
phy and atmospheric chemistry in NASA Earth science;
(i.1) Across different applications, such as satellite measures for weather prediction
and climate monitoring.
(b) Across different organizations,
(if) within the same science discipline, topic area, and application, such as NASA and
USGS in Earth sciences for drought monitoring;
(2) Across different knowledge domains (e.g. science, data management, and technology) and
communities (e.g. Environmental science, Biodiversity, Genomics).

In FAIR implementation and FAIRness assessments, Rich Metadata and Vocabulary are two of
the quality measures that exhibit various dependencies. In this section, the discussion begins by
exploring the organization-dependency of Rich Metadata through implementation examples of
established community metadata standards by different Earth science organizations. It then pro-
ceeds to the benefits of utilizing the FATR-QMM to assess and document the FAIRness of individual
data products, including mitigating the discipline dependency of Vocabulary. Moreover, the discus-
sion addresses how the combination of data and metadata, as well as the relevance of standards,
affects the FAIRness assessment. This Discussion section concludes with examples of community
effort towards the convergence of FAIR implementations, which is essential for achieving optimal
interoperability across disciplines and systems.

5.1. Domain dependency of rich metadata

Rich’ depends on its intended use. Fenner et al. (2019) proposed a minimum set of descriptive
metadata properties (i.e. creator, title, publisher, publication date, summary, keywords, identifier,
resource type) that support data discovery and citation, representing a good intersection among
sets of metadata elements used by domain-agnostic metadata standards: Dublin Core, DCAT-2,
Schema.org, and DataCite metadata schema. (As these may be insufficient from a data reuse per-
spective, rich metadata should also include provenance, standard vocabularies for variables,
measures, etc.) Crosswalks from 15 metadata standards/schemas to that of Schema.org carried
out by the RDA Metadata Interest Group (Wu et al. 2023; Wu, Hagan et al. 2021) clearly show vari-
ation of how individual metadata fields are encoded in them.

Table 3 captures the minimum set of metadata fields from four U.S. Earth science organizations.
The first three are federal agencies with NASA focusing on space exploration, NOAA (National
Oceanic and Atmospheric Administration) on the Earth’s atmosphere, oceans, climate, and
weather, and USGS on the Earth’s natural resources, natural hazards, geology, and ecosystems.
The fourth one, DataONE, is a federation of earth and environmental science repositories.
Additional fields such as ‘Spatial Coverage’, “Temporal Coverage’, “Topic Category’ are added as
they are important in searching for geo-spatiotemporal science data - also indicated by the meta-
data schema of Science on Schema.org (SOSO; Shepherd et al. 2022). It is intended to show if and
how the fields suggested by Fenner et al. (2019) are implemented in various Earth science
organizations.

The results demonstrate that the metadata schemas employed by the four organizations encom-
pass most of the essential metadata fields. Notably, the ‘Resource Type’ field is not commonly
included in these schemas since they are designed for data, making the resource type implicit. How-
ever, explicitly including this field could enhance machine understanding.

The terms used or the ways they are implemented can be quite different. For interoperability
within an organization, crosswalks among different metadata schemas, including the use of ‘syno-
nyms’, have been shown to be useful. For example, NASA’s Unified Metadata Model (UMM) is a
crosswalk for several NASA supported metadata standards such as NASA’s Earth Observing System
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Table 3. Mapping of essential rich metadata fields suggested by Fenner et al. (2019) for data discovery and citation based on
collection-level metadata schemas from different U.S. Earth science organizations.

Rich Metadata
(Fenner et al.
2019)

NASA-ESDIS (Reiter and

Stevens 2023)

NOAA-NCEI (NCEI Metadata
Working Group 2019)

USGS (Data Catalog
Vocabulary, DCAT US
1.19)

DataONE (DataONE 2020)

Title
Resource Type
Creator

Summary /
Description
Identifier

Version

Keywords

Publisher

Publication
Date

License

Related
Dataset(s)

Related
Publication
(s)

Data
Repository
/Archive

Extra Fields
Spatial
Coverage

Temporal
Coverage

Topic
Category

Entry Title [M]

CollectionDataType [O]

CollectionCitations/
Creator [O],

ContactPersons/Role =
Metadata Author [O]
Abstract [M]

DOI [M]

Version [M]

AncillaryKeywords [O],
LocationKeywords
(o1,

ScienceKeywords [M],

TemporalKeywords
[or*

* Also keywords for
platform, instrument,
data center, and
project

CollectionCitations/
Publisher [O]

DataDate/Type =
CREATE [0],
MetadataDate/Type
= CREATE [O]

UseConstraints [M]

Associated DOIs/DOI
[0]

Publication References
[0]

DataCenters [M]

SpatialExtent [M]

TemporalExtents [M]

ISOTopicCategory [O]

Title [M]

Citation [M]

Abstract [M]
DOI [M]

hierarchyLevel [M]

descriptiveKeywords [M], theme
[M], Datacenter [M], Place [M],

Project [R], platform [R],

instrument [R], resolution [R]

citedResponsibleParty [M]

dateStamp [M]

resourceConstraints [M]

MD_Aggregatelnformation [M] for

data if applicable

MD_Aggregatelnformation [M] for

publications if applicable

citedResponsibleParty [M]

geographicElement [M]

temporalElement [M]

topicCategory [M]

title (M)

creator* (M)

*not DCAT-US but
collected by USGS

description (M)

identifier (type DOI)
(R)

keywords (M)

Locationkeywords,
ScienceKeywords

publisher (M)

publication date (M)

rights (M)

related publication
(0)

harvest source*
* this is an internal
USGS field

Coordinates

temporal information
(start date and end
date)

Theme

title [M]

origin/investigator [M]

abstract [R]

identifier [M]

*

* A version chain is
established via fields
obsoletes/obsoletedBy
that are populated by
identifiers

keywords [R]

originMemberNode [M]

datePublished [M]

licenseDescription [R]*
* not yet released

originMemberNode [M]

eastBoundCoord,
westBoundCoord,
northBoundCoord,
southBoundCoord [R]

beginDate, endDate [R]

Notes: [M/R/O] denotes ‘Mandatory’ or ‘Recommended’ or ‘Optional’, respectively.

®https://resources.data.gov/resources/dcat-us/ (accessed: 2023-11-27).
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(EOS) Clearinghouse (ECHO) metadata model, the Directory Interchange Format (DIF) content
metadata, and ISO 19115-2 (Reiter and Stevens 2023). The DataONE terms are themselves a har-
monization of seven commonly used metadata standards including the Ecological Markup
Language (EML), DublinCore, and ISO 19115. The same is expected to be useful across organiz-
ations and disciplines, reconfirming the philosophy behind the Metadata Schema and Crosswalk
Registry (MSCR) by FAIRCORE4EOSC (n.d.).

5.2. Benefits of utilizing the FAIR-QMM

If the FAIR-QMM is applied, the quality maturity can be compared at the same level across disci-
plines. Taking the Vocabulary quality measure as an example, there is no specific vocabulary that is
stipulated in each level, but each level specifies what the status of a vocabulary should be. At Level 1,
a vocabulary should be adopted for data and metadata. For Level 2, no matter which vocabulary is
adopted, it should be managed, findable and accessible, as well as assigned a GUPRI. For Level 3, a
chosen vocabulary should be governed, version controlled, interoperable and reusable, and more-
over, a GUPRI should be assigned to each term of the vocabulary.

The concept, category and qualifier of the FAIR-QMM are at the atom level, systematic, and
comprehensive. They are derived by adopting the Semantic Web Ontology framework and con-
cept mapping approach in analyzing each of the FAIR principles. The FAIR-QMM could be
regarded as an abstract model, which other FAIR implementation and maturity models could
be mapped to and thus enable interoperability among FAIR maturity models. For example,
in the RDA FAIR - DMIs by the RDA FAIR Data Maturity Model Working Group (2020),
RDA-F1-01M (Metadata is identified by a persistent identifier) and RDA-F1-02M (Metadata
is identified by a globally unique identifier) can be mapped to FAIR-QMM identifier - level
2 and level 3 respectively. In the FAIR-QMM, this identifier quality maturity levels can be
applied to any resources - i.e. data, metadata and IS. The questions in the FIP mini-question-
naire can be more rigorously measured by the FAIR-QMM model. For example, the question
‘What globally unique, persistent, resolvable identifiers do you use for metadata records’,
instead of proving identifier type(s) as an answer which may indicate binary assessment of
the implementation, FAIR-QMM provides three levels of maturity that can be consistently
applied to any identifier and could potentially be coded in a way that is easier for machines
to understand and interpret.

5.3. Inter-dependencies and potential impact of whether data and metadata are
combined

In practice, requirements of individual FAIR principles may not be interdependent for data and
metadata. As a result, meeting FAIR requirements is not entirely autonomous but rather contingent
on whether data and metadata are integrated or separate.

When combined, data and metadata are treated as a single digital entity — meeting a data-specific
requirement automatically fulfills the corresponding metadata-specific requirement and vice versa.

When they are separated, however, implementation and assessment of quality measures such as
assigning identifiers, providing licenses, and capturing provenances, need to consider both data -
and metadata-specific requirements, although different workflows may potentially impact this.

We use Identifier to illustrate the last point. The assignment of a persistent identifier and the level
at which it is assigned often depend on the institutional data management workflow. For example,
NOAA workflow consists of assigning a DOI at the dataset-level and an internally unique identifier
to the associated dataset-level metadata record that is indexed in a search engine and drives the
dataset/DOI landing page. NASA and USGS have a similar workflow. This type of workflow appears
to be sufficient to satisfy both F1 and Al principles, even though F1-REQ-M is satisfied at a lower
maturity level.
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Conversely, it is also possible for data and metadata to be integrated. In this situation, an
assigned and resolvable DOI will satisfy both F1-REQ-D and F1-REQ-M as well as A1-REQ-D
and A1-REQ-M. It also satisfies F3-REQ-M if the DOI is captured in the data file metadata.

5.4. Relevance of standard

While ‘Standard’ is designated as a specific quality measure for R1.3, modifying Attribute (R1), it
underpins many of the other FAIR principles and associated quality measures such as:

 F1: Standard for establishing Identifier that is globally unique and eternally persistent;
e Al: Standard for communication Protocol for retrieval;

e Al.2: Standard for security Procedure;

e I1: Standard for knowledge representation Language;

e I2: Standard for Vocabulary;

e I3: Standard for linking Reference;

e R.1: Standard for providing License;

e RI1.2: Standard for capturing Provenance.

Therefore, some FAIRness assessment tools have indicated that the assessment of R1.3 is
embedded in that of other FAIR principles (Devaraju et al. 2022; Wilkinson et al. 2019). We
agree with their reasoning but recommend to indicate the level of maturity of the standard utilized
in each aspect, using the levels of maturity for Standard as defined in the FAIR-QMM (Table A2 in
the supplementary material).

5.5. Examples of community effort on convergence of FAIR implementations

To overcome the large disparity in FAIR implementations, many coordinated community efforts
have been carried out or are underway, seeking to enable the gathering and convergence of
FAIR implementations both within and across various disciplines. For example, FAIRsharing ser-
vices as a general registry of diverse and often manually curated terminology artifacts, models/for-
mats, reporting guidelines, identifier schema, and metrics; and its Subject Resource Application
Ontology (SRAO) provides a formal, hierarchical structure and richer semantics of the collected
contents, leveraging other domain and community ontologies (FAIRsharing n.d.). The Go FAIR
Implementation Profile (FIP) collects and synthesizes community implementation choices (GO
FAIR n.d.), recognizing that some are primarily associated with technical implementation while
others are associated with content- and domain-specific standards and practices (Schultes 2023).
The WorldFAIR project strives to harmonize FIPs within eleven specific disciplines and to develop
a cross-domain interoperability framework to foster interdisciplinary research across all these dis-
ciplines (Gregory and Hodson 2022; Hodson and Gregory 2023; WorldFAIR n.d.). To improve
metadata interoperability under the European Open Science Cloud (EOSC) and beyond, the Hor-
izon Europe projects FAIR-IMPACT and FAIRCORE4EOSC have teamed up to establish a Meta-
data Schema and Crosswalk Registry (MSCR) (FAIRCORE4EOSC n.d.).

6. Conclusion

This paper consolidates the FAIR vocabulary which is essential in harmonizing FAIRness assess-
ment and reporting. The paper demonstrates the nature of multi-dimensions, multi-layers, and
multi-facets of the FAIR principles and therefore the complexity of implementing them across
disciplines.

This paper designates a set of quality measures upstream of the FAIRness assessment
workflow, striving to overcome challenges related to subjective interpretations and domain-
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specific dependencies. The established quality measures align with unique core concepts in indi-
vidual FAIR principles, serving as fundamental pillars for a holistic FAIRness assessment
workflow.

Building upon this foundational set of quality measures, a FAIR-compliance maturity matrix
is formulated, offering a structured and tiered approach to quantify and report progressive
FAIR-compliance levels, referred to as FAIR-QMM. The criteria presented in the FAIR-QMM
not only facilitate the assessment of current FAIRness status but also aid in defining the desired
level of FAIRness and formulating a strategy to achieve that goal. To ensure that sharing the
results of assessments is also in line with the FAIR Principles, we recommend following the
FAIR quality information guidelines established by Peng et al. (2022) for documenting and
reporting the assessed quality measures, assessment methods, approaches, and outcomes.

We envision that the integration of the FAIRness quality measures, the FAIR-QMM, harmo-
nized FAIRness indicators, and the quality information guidelines, will play a role in fostering
the creation of comprehensive FAIRness assessment workflows and the generation and integration
of machine-actionable FAIRness quality information. Case studies on climate data, including both
observational and modeling data, are currently being developed in collaboration with the World
Meteorological Organization (WMO) and the European Centre for Medium-Range Weather Fore-
casts (ECMWF). The results of these efforts will be reported in the future.
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