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ABSTRACT

Knowledge organization systems (KOSs), such as term lists, thesauri, taxonomies, and
ontologies, play a fundamental role in categorizing, managing, and retrieving information. In
the academic domain, KOSs are often adopted for representing research areas and their
relationships, primarily aiming to classify research articles, academic courses, patents, books,
scientific venues, domain experts, grants, software, experiment materials, and several other
relevant products and agents. These structured representations of research areas, widely
embraced by many academic fields, have proven effective in empowering AI-based systems to
enhance the retrievability of relevant documents, enable advanced analytic solutions to
quantify the impact of academic research, and analyze and forecast research dynamics.
We aim to present a comprehensive survey of the current KOS for academic disciplines.
We analyzed and compared 45 KOSs according to five main dimensions: scope, structure,
curation, usage, and links to other KOSs. Our results reveal a very heterogeneous scenario in
terms of scope, scale, quality, and usage, highlighting the need for more integrated solutions
for representing research knowledge across academic fields. We conclude by discussing the
main challenges and the most promising future directions.

1. INTRODUCTION

Knowledge organization systems (KOSs), such as term lists, thesauri, taxonomies, and ontol-
ogies, play a fundamental role in categorizing, managing, and retrieving information
(Mazzocchi, 2018). Specifically, they “model the underlying semantic structure of a domain
and provide semantics, navigation, and translation through labels, definitions, typing, relation-
ships, and properties for concepts” (Zeng, 2008).

In the academic domain, KOSs are often adopted for representing research areas and their
relationships (Sugimoto & Larivière, 2018), with the primary aim of classifying research arti-
cles, books, courses, patents, grants, software, experiment materials, scientific venues, domain
experts, organizations, and several other relevant items and agents. These structured represen-
tation of knowledge have been adopted by most academic fields and proved very effective in
improving the retrievability of relevant documents (Newman, Noh et al., 2010; Salatino,
Osborne et al., 2019); enabling advanced analytic solutions to quantify the impact of research
(Ding, Rousseau, & Wolfram, 2014; Qiu, Zhao et al., 2017; Salatino, Angioni et al., 2023;
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Sugimoto & Larivière, 2018); and understanding and forecasting research dynamics (Qiu et al.,
2017; Scharnhorst, Börner, & van den Besselaar, 2012).

More recently, these KOSs have become even more instrumental given the fast-growing
number of publications, the rise of Open Science and Open Access articles, the thriving role
of interdisciplinary research, and the emergence of vast online repositories of articles, aca-
demic courses, and other academic materials (Auer, Kovtun et al., 2018). This transformation
poses new opportunities but also new challenges. For example, in the recent COVID-19 pan-
demic, there was a lot of discussion on how the scientific community was “drowning in
COVID-19 papers” and had to resort to new tools based on robust representations of research
concepts (Brainard, 2020). To address these issues, KOSs have been increasingly incorporated
into various AI systems to assist researchers in navigating literature (Dai, You et al., 2020) and
semiautomating systematic reviews (Bolaños, Salatino et al., 2024). Despite the emergence of
new AI systems based on large language models (LLMs) in the last 2 years, structured and
machine-readable representations of domain knowledge continue to be invaluable, as they
aid in formulating precise queries to identify relevant publications, reduce hallucinations,
and enhance interpretability (Ayala & Bechard, 2024; Gnoli, Golub et al., 2024).

KOSs of research areas are very heterogeneous in terms of scope, scale, quality, and usage.
Some fields (e.g., “Biomedical”) are well covered by a variety of KOSs (e.g., MeSH, UMLS,
NLM ) that are used to categorize research products and are routinely adopted by libraries,
online repositories, researchers, and organizations. Other fields (e.g., “Mathematics”) preva-
lently rely on one widely accepted KOS (e.g., Mathematics Subject Classification). A few
research areas (e.g., “Geography,” “History,” “Material Science,” “Political Science,” and
“Sociology”) do not even have their own specific KOSs. Several large KOSs cover multiple
academic disciplines, but often with coarse-grained representation that is not sufficient for
the needs of the specific fields. To the best of our knowledge, we still lack a systematic and
in-depth analysis of these knowledge organization systems and their characteristics.

The objective of this paper is to present a comprehensive survey of KOSs for academic
fields. We defined formal inclusion and exclusion criteria that led to the identification of 45
candidates. We analyzed them according to five main aspects. The first is the scope of a KOS
in terms of its coverage of academic disciplines. The second aspect is the structure, which
includes features such as the number of concepts, the maximum depth, the type of hierarchy,
and the presence of synonyms. The third aspect is curation, which includes information about
the formats, the license, the frequency of updates, the procedure used for its generation, and
the languages in which the KOS is available. The fourth aspect deals with the links to other
KOSs, which allow users and tools to interconnect and adopt multiple KOSs for a richer
characterization of research areas. The final aspect regards their usage in digital libraries,
repositories, and research communities.

We conclude the paper by discussing the main challenges and opportunities in this field,
highlighting the most promising future directions. We also analyze how current solutions
could be integrated and interlinked to produce a more comprehensive and granular represen-
tation of all academic disciplines.

In adherence to Open Science principles, we release the table that describes all the iden-
tified KOSs according to the 15 features of the Open Research Knowledge Graph1, as well as
the code2 we developed for processing them.

1 Full table describing the analyzed KOSs according to the 15 features: https://doi.org/10.48366/R732033.
2 The code for processing the analyzed KOSs is available on GitHub: https://github.com/angelosalatino/kos-rf.
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The rest of this manuscript is organized as follows. Section 2 introduces KOSs and discusses
their applications. Section 3 describes the methodology that we employed to identify the 45
KOSs and introduces the full set of features used for the analysis. Section 4 presents the results
of our analysis, offering a thorough, feature-by-feature assessment of the current landscape,
and illustrating significant patterns. Section 5 discusses the ongoing challenges and possible
future directions. Section 6 outlines the threats to the validity of our analysis. Finally, Section 7
concludes the paper by summarizing the contributions and the main findings.

2. BACKGROUND

KOSs play a crucial role in research by providing structured frameworks for organizing com-
plex information, allowing researchers to establish clear categories, discern relationships, and
navigate large data sets with increased efficiency. To underscore their importance, we will
draw upon the literature to describe their usage in the research domain, specifically focusing
on two main angles: digital libraries (Section 2.1) and information science (Section 2.2).

2.1. Knowledge Organization Systems in Digital Libraries

Knowledge organization systems form the backbone of effective search and retrieval in digital
libraries, providing a systematic means for categorizing and organizing knowledge, retrieving
information, facilitating preservation, and ensuring interoperability (Hodge, 2000). Annotating
research products with appropriate research concepts facilitates semantic searches, leading to
more effective information retrieval.

In the literature, we can find different types of KOSs, such as taxonomies, glossaries, dic-
tionaries, synonym rings, gazetteers, authority files, subject headings, thesauri, classification
schemes, semantic networks, and ontologies (Hodge, 2000; Zeng, 2008). Zeng (2008) com-
prehensively emphasizes the interplay between the complexity of their structures and their
expected functions. The complexity of their structure can range from simple “flat” structures
(e.g., pick lists, dictionaries), to two-dimensional hierarchical structures (e.g., taxonomies), and
finally, to multidimensional structures, creating networks according to diverse semantic types
and relationship (e.g., ontologies). Generally, KOSs with higher structural complexity exhibit
greater capacity to suit various functions, including disambiguation of terms, management of
synonyms or equivalent terms, establishment of semantic relationships, particularly hierarchi-
cal and associative links, and representation of both conceptual relationships and attributes
within knowledge models. We refer the interested reader to Hodge’s book (Hodge, 2000)
and Zeng (2008) for additional details on the various types of KOSs.

Because KOSs are means for organizing information, they are at the heart of every digital
library (Hodge, 2000). Indeed, well-known publishers like Elsevier, Springer Nature, the
Institute of Electrical and Electronics Engineers (IEEE), and the Association for Computing
Machinery (ACM) have developed their own systems to provide the full text of documents
linked to bibliographic records. Major bibliographic databases like Web of Science, Scopus,
Dimensions, and OpenAlex also employ KOSs to organize their vast collections of biblio-
graphic records.

The annotation of documents based on the concepts within KOSs can be performed either
manually or automatically. Manual annotation tasks are undertaken by human experts, typi-
cally experienced curators or editors, who leverage their domain knowledge to critically assess
document content and assign the most pertinent concepts. In contrast, automatic annotation
employs a range of computational tools that often incorporate advanced artificial intelligence
techniques (Salatino et al., 2019). For instance, OpenAlex, which is a major bibliographic
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catalogue of scientific papers, employs a deep learning model that, based on research papers’
title, abstract, citations, and journal name, can define the appropriate topics drawn from the
OpenAlex Topics vocabulary (OpenAlex, 2024).

In addition to the automatic classification of content, KOSs also support additional tasks,
such as augmented retrieval (Shiri, Revie, & Chowdhury, 2002), recommender systems
(Cleverley & Burnett, 2015), integration and interoperability (Zeng & Mayr, 2019), and
knowledge management and preservation (Chowdhury, 2010; Kopácsi, Hudak, & Ganguly,
2017). For augmented retrieval, KOSs support precision search and query expansion by
allowing users to execute highly specific queries using controlled vocabulary and discover
more relevant content. In particular, by leveraging the related terms or broader concepts
within KOSs, users can either manually expand their searches through user interfaces (Shiri
et al., 2002) or rely on the search engine to automatically expand their queries (Mu, Lu, &
Ryu, 2014).

With regard to recommender systems, KOSs enable the development of applications that
enhance content discovery by suggesting related content based on subject matter and provid-
ing personalized recommendations derived from user search patterns, fostering serendipitous
discovery and richer user engagement (Cleverley & Burnett, 2015; Thanapalasingam, Osborne
et al., 2018).

In the context of integration and interoperability, KOSs establish a framework for the seman-
tic enrichment of data, facilitating seamless integration of research products across different
digital libraries or repositories and consequently enhancing their interoperability (Zeng &
Mayr, 2019).

Finally, KOSs can also contribute to the long-term preservation of information by ensuring it
is organized logically and can be easily retrieved and understood in the future (Chowdhury,
2010). In this regard, Kopácsi et al. (2017) argue that adding standardized values as metadata,
selecting them from predefined controlled vocabularies rather than guessing keywords,
improves the long-term preservation of digital objects.

In conclusion, digital libraries often employ KOSs to improve document organization and
provide a wide range of advanced features.

2.2. Knowledge Organization Systems in Information Science

The research community has utilized KOSs of research topics to enable and support a variety
of tasks in this domain, such as analysis of the scientific landscape (Angioni, Salatino et al.,
2022a; Reymond, 2020; Yang & Lee, 2018), trend analysis and forecasting (Salatino, Osborne,
& Motta, 2018; Yan, 2014), analyze the composition of a research team (Salatino et al., 2023),
and assessing impact (Sjögårde & Didegah, 2022). Here we outline a small sample of
approaches employed for these tasks.

In the context of analyzing the scientific landscape, Angioni et al. (2022a) developed the
AIDA Dashboard, a tool that facilitates the analysis of conferences and journals in Computer
Science, providing valuable insights into main authors, organizations, and countries. The
dashboard leverages the Computer Science Ontology (Salatino, Thanapalasingam et al.,
2018) to provide a very granular representation of the venues’ research topics, as well as to
rank venues within topics using various metrics. Further contributions include Reymond
(2020), who examined patents in the Humanities using the UNESCO Thesaurus. Their findings
provided useful insights into potential research questions and unexplored research avenues.
Furthermore, the work of Yang and Lee (2018) introduced a tool that assists users in analyzing
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research trends by expanding initial queries usingMeSH terms, facilitating a more comprehen-
sive exploration of the research landscape.

For research trends analysis, Ilgisonis, Pyatnitskiy et al. (2022) performed a systematic ret-
rospective analysis of the frequencies of MeSH concepts across 12 years. Their analysis
revealed potential shifts in scientific priorities, and they employed the same patterns to predict
emerging trends within a 5 year timeframe. In addition, Ovalle-Perandones, Gorraiz et al.
(2013) studied whether the European Framework Programmes shaped the scientific output
in “nanotechnology” of its member states. Their study compared this output to global trends
as well as patterns of international collaboration. The authors relied on the representations of
“nanotechnology” within EuroVoc, MeSH, and three additional KOSs to construct a refined
search query for retrieving relevant papers from Web of Science.

Within the analysis of research team composition, Salatino et al. (2023) investigated how
the diversity of expertise of a research team can influence their scientific impact. In this exper-
iment, research topics from the Computer Science Ontology (Salatino, Thanapalasingam et al.,
2018) were employed to model the researcher’s expertise. Specifically, they characterize the
expertise of an author at the time of collaboration as the distribution of research topics of their
paper over the preceding 5 years. Additionally, Kang, Li, and Coppel (2015) mapped
researchers’ expertise according to MeSH terms and developed a matching algorithm to find
potential interdisciplinary collaborators.

Regarding citation impact, Sjögårde and Didegah (2022) performed an analysis of the cor-
relation between topic growth and article citation. Their methodology leverages an in-house,
automatically generated KOS (Sjögårde & Ahlgren, 2020) to systematically categorize topics
and disciplines within their data set. Their topic-based analysis yields compelling insights that
could shape future research policy decisions. Moreover, Chatzopoulos, Vergoulis et al. (2020)
introduced a method for estimating the impact of recently published papers, based on the pre-
mise that similar papers often experience comparable popularity trajectories. In this context,
they leveraged citation networks and metadata, including the Computer Science Ontology, to
assess similarity.

These analyses and approaches underscore the value and importance of KOSs in research,
as they provide the essential structure and organization needed for developing various down-
stream applications (Salatino, Osborne, & Motta, 2020).

3. SURVEY METHODOLOGY

In this section, we describe the process we followed to identify and analyze KOSs of academic
disciplines. We first define the types of KOSs that are objects of this analysis (Section 3.1) and
describe the inclusion and exclusion criteria adopted in the survey (Section 3.2). We then
describe the strategy we adopted to find the KOSs (Section 3.3) and discuss the set of features
that we will use for describing and comparing them (Section 3.4).

To ensure clarity and consistency, we adopt the following typographical conventions: KOSs
are indicated in italics (e.g., Medical Subject Headings) while research concepts (topics and
disciplines) are enclosed in double quotation marks (e.g., “Medicine”). These conventions are
designed to help readers easily distinguish between different types of entities.

3.1. Concepts

In this survey, we focus on KOSs of academic fields. KOSs are commonly used to categorize
items into specific classes. In this context, classes correspond to research topics within various
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disciplines. The items categorized can include a wide range of artefacts, such as documents
(e.g., research papers, patents, project reports), videos (e.g., university courses), data sets, soft-
ware, projects, and more. As proposed in Salatino (2019), we define a research topic as the
subject of study or issue that is of interest to the academic community, and it is explicitly
addressed by research papers. Examples of research topics are “Acoustics”3 in the PhySH4

taxonomy, “Hydrocodone”5 in MeSH6, or “Web Ontology Language (OWL)”7 in ACM
CCS8. On the other hand, we define a research field or discipline as a broad area of knowl-
edge within academia that consists of several research topics. For instance, “Mathematics” and
“Medicine” are disciplines encompassing various and more specific research topics such as
“algebra,” “calculus,” “oncology,” and “cardiology.”

KOSs in this space primarily fall into four possible types of system: term lists, hierarchical
taxonomies, thesauri, and ontologies. In the following, we describe each one of them.

A term list is a flat list of subject headings or descriptors that support the organization of a
collection of documents (Hedden, 2010; Zaharee, 2013). The ANSI/NISO Z39.19-2005 stan-
dard refers to it also as “pick list” (ANSI/NISO Z39.19-2005(R2010); National Information
Standards Organization, 2010), whereas within the ISO 25964-2, it is referred to as “terminol-
ogy” (BS ISO 25964-2:2013; International Organization for Standardization, 2013). The most
important distinction from other types of KOS is that term lists do not define any relationships
between the subjects.

A hierarchical taxonomy (from here on just taxonomy) organizes the classes in a hierarchi-
cal structure with parent-child relationships (Rasch, 1987). In practical terms, as shown in
Figure 1(a), a taxonomy is typically organized in a tree structure, with a root node at the
top that unfolds in several subbranches. An important characteristic is that all items classified
according to a class can also be considered under all its superclasses. For instance, in
Figure 1(a), all “Bacteria” are also “Organisms.”

A thesaurus can be seen as an extension of the taxonomy. Subjects are organized in a hier-
archical structure and they can also be described according to additional properties, such as a
description, related terms, and synonyms (ANSI/NISO Z39.19-2005(R2010); National Informa-
tion Standards Organization, 2010).

Finally, an ontology, from the “Information Technology” perspective, is a formal and
explicit description of knowledge within a domain, categorizing things according to their
essential or relevant qualities (Gruber, 1993). Ontologies conceptualize a subject area accord-
ing to an abstract model of how domain experts rationalize knowledge in the domain. In prac-
tice, ontologies consist of a set of concepts, objects, and other entities and the relationships
between them (Genesereth & Nilsson, 2012). Compared to thesauri, ontologies are more
expressive because they can also express axioms and restrictions, and so provide local con-
straints on properties. As an example, Figure 1(b) shows a portion of the MeSH ontology. In
particular, the two mesh:broaderDescriptor relationships define the superclass of both
“Alveolata” and “Amoebozoa” which is “Eukaryota.” Next, rdfs:label provides a human-
readable version of a given class. Moreover, the mesh:previousIndexing points to the

3 Acoustics: https://physh.aps.org/concepts/40a5bd01-6544-4502-8321-458c33878bf3.
4 PhySH: https://physh.aps.org.
5 Hydrocodone: https://meshb.nlm.nih.gov/record/ui?ui=D006853.
6 MeSH: https://meshb.nlm.nih.gov.
7 Web Ontology Language (OWL): https://dl.acm.org/topic/ccs2012/10002951.10003260.10003309
.10003315.10003316.

8 ACM CCS: https://www.acm.org/publications/class-2012.
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same element in a previous version of the KOS, and the mesh:annotation provides a
human-readable description of the class.

In certain circumstances, as we will see from the analysis, the naming conventions are
somewhat disorganized. Some KOSs are named after a particular category but, upon closer
examination, actually represent a different category based on the definitions discussed above.
For instance, the UNESCO Thesaurus and the STW Thesaurus for Economics, despite their
names, have evolved away from traditional thesaurus structures, aligning with the expressive-
ness of ontologies (Martínez-González & Alvite-Díez, 2019).

3.2. Selection Criteria

In this section, we define standard inclusion (IC) and exclusion (EC) criteria for the survey.

We selected all KOSs which match the following inclusion criteria:

IC 1. They describe academic research topics as defined in Section 3.1;

IC 2. They cover at least one of the following 19 broad research fields: “Art,” “Biology,”
“Business,” “Chemistry,” “Computer science,” “Economics,” “Engineering,” “Environmental
science,” “Geography,” “Geology,” “History,” “Materials science,” “Mathematics,”
“Medicine,” “Philosophy,” “Physics,” “Political science,” “Psychology,” and “Sociology”;

IC 3. They are adopted by the main bibliographic databases or regularly used by the
scientific community.

For the IC 2, we adopted the top-level fields of the Microsoft’s Fields of Study (Sinha, Shen
et al., 2015) due to their comprehensive coverage.

In contrast, we excluded KOSs that match the following criteria:

EC 1. Do not offer an English version;

EC 2. Are exclusively tailored to the content of a specific library and therefore are not
adopted by a community of users.

We established the EC 2 criterion because there is an abundance of KOSs created by spe-
cific libraries (e.g., the Aarhus University Library Classification System9) for internal needs, but
not available or (re)used by the scientific community.

9 Aarhus University Library Classification System: https://web.archive.org/web/20210721074627/https://
library.au.dk/en/subject-areas/political-science/classification-system.

Figure 1. A small portion of the Medical Subject Headings represented both through a taxonomy (a) and an ontology (b). The taxonomy
consists solely of a set of terms connected by hierarchical relationships. The ontology is instead a rather complex structure as it contains entities
(grey ovals) and literals (white boxes), connected through semantic relationships.
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3.3. Methodology for the Retrieval of Relevant KOSs

Identifying all the relevant KOSs has proven to be a challenging task. A common approach,
when pursuing a survey or a review of the literature, is to rely on a search engine (e.g., Scopus,
Web of Science, Google Scholar) and construct a particular query that would return all
research papers reporting the objects under review (Pranckutė, 2021). However, a good num-
ber of systems organizing research areas are not well described or documented in research
papers. Therefore, relying on this typical approach would have produced limited results. To
this end, we designed and performed the following systematic strategy.

Phase 1: We started by querying Google Scholar for potential candidates using the follow-
ing query “(controlled vocabulary OR taxonomy OR thesaurus OR ontology OR
subject headings OR subject classification) AND (research OR science)”. This step
identified seven KOSs.

Phase 2: We analyzed the websites of academic publishers, preprint archives, and aca-
demic search engines to identify the KOSs they use to organize their content. Spe-
cifically, we considered Scopus, Web of Science, Dimensions.ai, PubMed, the
Springer Nature portal, ACM, IEEE, OpenAlex, ArXiv, and the last instance of
Microsoft Academic Graph. This led to the identification of nine additional KOSs.

Phase 3: We adopted the Google search engine to identify additional KOSs, using the query
“(“controlled vocabulary” OR “term list” OR “taxonomy” OR “thesaurus” OR
“ontology”OR “subject headings”OR “subject classification”)” in combination with
the 19 broad fields listed in IC 2. As a result, we identified 12 additional KOSs.

Phase 4: We contacted researchers working in the field of “Digital Libraries” and asked
them whether they could point us toward any additional effort. They suggested
two more KOSs.

Phase 5: We expanded the resulting KOSs by analyzing their links on Wikipedia. Specifi-
cally, we relied on the “See also” section, typically listing online databases and
other related KOSs, which allowed us to discover five additional ones.

Phase 6: We retrieved and considered all the KOSs that are explicitly connected, or other-
wise referenced into the KOSs identified at previous stages. As a result, we gath-
ered eight additional KOSs.

Phase 7: Whenever we could not find at least one KOS within one of the 19 disciplines
defined in IC 2 (e.g., “History”), we reached out to professors in the missing dis-
ciplines, asking which KOS they employ, if any. Their response directed us toward
two additional multifield KOSs.

3.4. Methodology for the Analysis of KOSs

We analyzed each KOS according to the five main aspects summarized in Figure 2: Scope,
Structure, Curation, External links, and Usage.

3.4.1. Scope

The scope is the set of research fields covered by a KOS. Some KOSs focus on one specific
field, such as PhySH for “Physics” or Mathematics Subject Classification for “Mathematics.”
These may also include elements from other complementary fields. This is the case of PhilPa-
pers Taxonomy, which mainly focuses on “Philosophy” but also describes some concepts from
other fields, including “Mathematics.” Another category of KOSs covers multiple fields by
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design, typically because they aim to offer good coverage of an extended set of scientific or
academic disciplines. A good example is the UNESCO Thesaurus, a well-known KOS that
aims to cover all academic disciplines and is adopted by several libraries.

3.4.2. Structure

The structural characteristics of a KOS include many aspects based on its topology and the
way subjects are arranged. First, we classified each KOS according to the four types defined
in Section 3.1: term lists, taxonomies, thesauri, and ontologies. For example, the Web of
Science Categories is a flat list of terms, and thus, we characterized it as a term list. The
Mathematics Subject Classification and ANZSRC’s Fields of Research are taxonomies because
they arrange topics in a hierarchy. The IEEE Thesaurus is a thesaurus as it offers hierarchical
information as well as synonyms. Finally, TheSoz is an ontology because, in addition to the
hierarchical structure and synonyms, it adds axioms and constraints.

We then considered the number of concepts and the maximum depth of the hierarchical tree
(which is one in the case of term lists). The depth was computed as the number of levels from
the most generic concept (root) to the most specific concepts (leaves). Depth can be generally
used as an indicator of specificity, as deep taxonomies tend to include a granular representation
of very detailed (narrow) topics and may allow for more fine-grained content organization.

If the KOS is hierarchical, we also characterized it as either monohierarchical or poly-
hierarchical according to the type of employed hierarchy. In monohierarchical KOSs, each
concept is assigned to a single parent category. In contrast, poly-hierarchical KOS enable con-
cepts to belong to multiple parent categories. As we will see, some KOSs attempt to organize
their concepts within a strict monohierarchical structure (e.g., the Mathematics Subject

Figure 2. The aspects and features used for the analysis of KOSs.
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Classification), while others (e.g., STW Thesaurus for Economics, Medical Subject Headings)
are organized in a poly-hierarchical structure.

We also considered if the KOS contains synonyms that can be used to refer to the same
concept or related terms. For instance, the Computer Science Ontology uses “Ontology
Matching” and “Ontology Mapping” as different labels for the same research topics. The IEEE
Thesaurus offers instead a set of related terms that are not necessarily synonyms but are
semantically similar. For instance, “4G mobile communication” is a related term of “5G
mobile communication.” The presence of different labels typically facilitates the classification
of documents by both human annotators and automatic approaches.

We used Python scripts for automatically extracting the structural features from the KOSs
published in standard formats (e.g., RDF). The scripts are publicly available as Jupyter note-
books on a GitHub repository10. For the knowledge organization systems that are available
only as HTML or PDF, we manually extracted these features.

3.4.3. Curation

The curatorial aspect takes into consideration many features regarding the creation, update,
and publication of the KOS. First, we considered how the KOS was generated according to
four categories: manual, automatic, semiautomatic and community effort. The first and more
common category includes all the KOSs that were crafted manually by domain experts, such
as the ACM Computing Classification Scheme. The automatic category covers the KOSs that
were generated automatically using NLP or Machine Learning approaches, such as the Com-
puter Science Ontology. The semiautomatic category covers KOSs generated by blending
domain experts and automatic tools. For instance, OpenAlex Topics uses a manual approach
for the first three levels and an automatic one for the last level. The community effort category
includes the KOSs that were crowdsourced with the support of the community, such as Phys-
ical Subject Headings.

We also considered the format used for publishing the KOSs. A good number of KOSs are
published according to W3C standard formats such as Ontology Web Language (OWL), Terse
RDF Triple Language (TTL), and N-Triples (NT) for expressing data in the Resource Description
Framework (RDF)11 data model, as well as JSON and CSV. An alternative is the OBO format12,
which is still a working draft standard for representing ontologies, based on the principles of OWL
and predominantly used in the field of “Biology.” Other KOSs are instead published in semi-
structured formats, for instance, as a list of terms in HTML pages or PDF files. These solutions
are typically not machine-interpretable and offer very limited support to automatic classifiers.

Next, we observed the distribution license. Some KOSs are open and released under Cre-
ative Commons licenses13, while some others are copyrighted and may require a subscription
fee. We also reported the frequency of updates and the date of the latest release, which is a
good indication of whether the KOS is actively maintained. In addition, we considered
whether the KOS is distributed in languages other than English. This is crucial for the interop-
erability of digital libraries across the different languages. Finally, we reported the current
maintainers of those KOSs, as they are the first point of contact for interested readers. All of
these curatorial features have been identified from the official websites and relevant literature.

10 Jupyter notebooks for analyzing KOSs: https://github.com/angelosalatino/kos-rf.
11 Resource Description Framework (RDF): https://www.w3.org/RDF.
12 OBO Format: https://purl.obolibrary.org/obo/oboformat/spec.html.
13 Creative Commons: https://creativecommons.org.
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3.4.4. External links

Links to other KOSs allow the integration of different knowledge bases, potentially offering a
more comprehensive representation of scientific disciplines. Therefore, we documented
whether a KOS includes links to other KOSs, including those referencing general knowledge
graphs, such as DBpedia14 and Wikidata15. For example, the STW Thesaurus for Economics is
mapped to Wikidata, DBpedia, and others. We discuss the crucial implications of this mech-
anism in Section 5.

3.4.5. Usage

The final aspect that we considered regards the presence of collections of documents or other
artefacts that are annotated or organized according to the KOS. Their existence attests to the
fact that a portion of the community actively uses that KOS. Furthermore, annotated data sets
can also be used for training machine learning classifiers able to categorize new documents
according to the original KOS (Kandimalla, Rohatgi et al., 2021; Salatino, Osborne et al.,
2022). For instance, Fields of Research is currently adopted by institutional repositories in both
Australia and New Zealand as well as Dimensions.ai16 to index their publications metadata.
Another example is Physical Subject Headings employed to classify the articles of the Physical
Review journal17.

4. ANALYSIS OF KNOWLEDGE ORGANIZATION SYSTEMS

This section analyzes the KOSs of research fields utilizing the 15 features reported in Figure 2.
We identified 45 KOSs: 23 specializing in single disciplines and 22 covering multiple fields.
Table 1 summarizes these KOSs according to some key characteristics (i.e., primary discipline,
number of concepts, hierarchical depth, type of system, kind of hierarchy, and whether it con-
tains related terms). An extended version of this table with all the analyzed features is available
at https://doi.org/10.48366/R732033.

This section presents the outcomes of our analysis, structured according to the hierarchical
structure illustrated in Figure 2. The subsections correspond to the five key aspects introduced
in Section 3.4 (Scope, Structure, Curation, External links, and Usage) and are further divided
into smaller subsections, each addressing a specific feature.

It is important to note that the results presented in this section are based on an analysis
conducted up to April 2024. Due to the dynamic nature of some KOSs, minor discrepancies
in values may have occurred since then; however, the overall insights and conclusions of this
manuscript remain valid.

4.1. Scope

Out of the 45 identified KOSs, 22 cover multiple fields, while 23 focus on a single field of
science. However, only 12 of the 19 fields under analysis (see IC 2, Section 3.2) are addressed
by at least one single-field KOS, while the remaining ones rely exclusively on broader multi-
field solutions.

Notably, six fields are covered by more than one KOS. In “Medicine,” we identified four
single-field KOSs: Medical Subject Headings, the Unified Medical Language System, the

14 DBpedia: https://wiki.dbpedia.org.
15 Wikidata: https://www.wikidata.org.
16 Dimension.ai: https://app.dimensions.ai/discover/publication.
17 Physical Review journal: https://journals.aps.org.
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Table 1. An overview of the 45 knowledge organization systems, reporting their main discipline, number of concepts, depth, type of system
(Sy = Ontology, Taxonomy, ThesaUrus, and Term List), kind of hierarchy (Hr = Poly-hierarchical or Monohierarchical), and related terms (RT =
Yes or No)

Knowledge organization system Main discipline #Concepts Depth Sy Hr RT
Agrovoc Thesaurus Agriculture 41,000 14 O P Y

Art and Architecture Thesaurus Art & Architecture 58,000 13 O P Y

EDAM Bioinformatics 264 7 O P Y

Open Biological and Biomedical Ontology Biology 5.3 million 39 O P Y

Biomedical Ontologies from BioPortal Biomedicine 13 million – O P Y

ChemOnt Chemistry 4,825 11 O M Y

ACM Computing Classification Scheme Computer
Science

2,114 6 T P N

Computer Science Ontology Computer
Science

14,000 13 O P Y

Computer Science Subject Headings from Wikipedia Computer
Science

7,354 20 T M N

Journal of Economic Literature Economics 859 3 T M N

STW Thesaurus for Economics Economics 14,000 13 O P Y

IEEE Thesaurus Engineering 12,000 3 U P Y

GeoRef Thesaurus Geology 33,000 5 U M Y

U.S. Geological Survey Library Classification System Geology 2,000 6 T M N

Mathematics Subject Classification Mathematics 6,598 3 T M Y

Medical Subject Headings Medicine 30,000 13 O P Y

National Library of Medicine classification Medicine 4,761 4 T M N

Unified Medical Language System Medicine 3.3 million 30 U P Y

PhilPapers Taxonomy Philosophy 7,447 5 T P N

Physical Subject Headings Physics 3,749 6 O P Y

Physics and Astronomy Classif. Scheme Physics 8,260 5 T M N

PsycInfo and PsycTests Classification Systems Psychology 188 3 T M N

TheSoz Social Science 8,223 6 O P Y

All Science Journal Classification Codes Multifield 334 2 T M N

ArXiv Subjects Multifield 176 3 T M N

Dewey Decimal Classification Multifield 60,000 14 T P Y

DFG Classification Multifield 278 4 T M N

European Commission Taxonomy Multifield 629 3 T M N
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National Library of Medicine classification, and the Biomedical Ontologies from BioPortal,
although the last expands toward Biomedicine and hence more into the biological basis of
health and disease. “Computer Science” can rely on three KOSs: the Computer Science Ontol-
ogy, the ACM Computing Classification Scheme, and Computer Science Subject Headings
from Wikipedia. In the field of “Biology,” we identified two KOSs: the Open Biological and
Biomedical Ontology and EDAM. However, EDAM focuses more on “Bioinformatics,”
describing the applied side of “Biology” with “Computer Science” tools. In the field of “Geol-
ogy,” we found the GeoRef Thesaurus and the U.S. Geological Survey Library Classification
System. Economics is also covered by two KOSs: the Journal of Economic Literature Classifi-
cation System and the STW Thesaurus for Economics. “Physics” can rely on the Physics and
Astronomy Classification Scheme and Physical Subject Headings.

On the other hand, four KOSs were not directly assigned to one of the standard 19 broad
fields, as they focus on more specialized areas. Specifically, we associated Agrovoc to
“Agriculture,” which is a subarea of the “Environmental Science”; Biomedical Ontologies
from BioPortal to “Biomedicine,” which covers both “Biology” and “Medicine”; EDAM to
“Bioinformatics”, which includes both “Biology” and “Computer Science”; and TheSoz to
“Social Science,” which is typically considered a superarea of “Economics,” “Sociology,”
“Psychology,” and “Political Science.”

Table 1. (continued )

Knowledge organization system Main discipline #Concepts Depth Sy Hr RT
European Research Council Taxonomy Multifield 431 3 T M N

EuroVoc Multifield 7,439 6 O P Y

Fields of Research (ANZSRC) Multifield 4,406 3 T M N

Fields of research and development (OECD) Multifield 48 2 T M N

KNOWMAK Multifield 72 3 O P Y

Library of Congress Class. (and Subj. Head.) Multifield 467,000 29 O P Y

Microsoft’s Fields of Study Multifield 704,000 6 T P N

Modern Science Ontology Multifield 369 6 O P N

Nature Subjects Multifield 2,852 8 O P N

OpenAIRE’s Field of Science Taxonomy Multifield 50,000 6 T P N

OpenAlex Topics Multifield 4,798 4 T M N

Research Fields, Courses and Disciplines (ASRC) Multifield 1,061 3 T M N

Science Metrix Classification Multifield 199 3 T M N

Socio-Economic Objective (ANZSRC) Multifield 1,974 3 T M N

Subject Resource Application Ontology Multifield 435 8 O P Y

UNESCO Thesaurus Multifield 4,482 6 O P Y

Web of Science Categories Multifield 254 1 L – N
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We were unable to identify a single-field KOS for the following seven fields: “History,”
“Political Science,” “Environmental Science,” “Material Science,” “Geography,” “Sociology,”
and “Business.” We reached out to a number of professors and domain experts in such fields,
who confirmed this finding and mentioned that they usually rely on generic multifield KOSs,
such as the Dewey Decimal Classification and the Library of Congress Classification. To the
best of their knowledge, KOSs for such fields are yet to be developed.

In the category of multifield KOSs, we observed a substantial diversity in topic coverage.
Figure 3 outlines the various fields covered by each KOS. For each system, the green fields
represent the primary areas of focus, the blue fields indicate secondary areas with only a
limited number of research topics, and the orange fields are those that are merely mentioned
without any specific subareas. Notably, only five of these KOSs, emphasized in bold within the
table, consistently cover all the 19 top-level research areas presented in Section 3.

4.2. Structure

This section analyzes the KOSs based on the previously defined structural features, focusing on
their size, depth, type, hierarchical organization, and the presence of related terms.

4.2.1. Type of KOS

Table 1 (column “Sy”) indicates the category of each system using the following designations:
T (taxonomy), O (ontology), U (thesaurus), and L (term list). Taxonomies (23 KOSs) and ontol-
ogies (18 KOSs) demonstrated the highest prevalence. In contrast, term lists and thesauri were
less represented, with only one (Web of Science Categories) and three KOSs (UMLS, IEEE
Thesaurus, and GeoRef Thesaurus), respectively.

This scenario suggests a clear division between the two approaches to categorizing
research topics. On one side, some communities prefer to use straightforward hierarchical
taxonomies, often encoded in very simple formats or structured documents. On the other side,

Figure 3. Coverage of the multifield KOSs. In green the main fields, in blue the minor ones, only partially represented, and in orange
the fields that are just mentioned. In bold are the KOSs that consistently cover all research fields.
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other communities embrace the richer expressivity of ontologies, which enable detailed
descriptions of research topics, the relationships between them (e.g., causal, contributory,
part/whole, and ancestral), and constraints (Kendall & McGuinness, 2019). Thesauri may be
less common because they are more complex than hierarchical taxonomies but lack the full
expressive power of ontologies.

4.2.2. Number of concepts

The number of concepts within KOSs varies widely, spanning from smaller systems like Fields
of Research and Development (48 concepts) to vast ontologies like the Biomedical Ontologies
from BioPortal (13 million concepts). Fourteen KOSs contain fewer than 1,000 concepts, 17
have between 1,000 and 10,000 concepts, nine include 10,000 to 100,000 concepts, and five
have more than 100,000 concepts.

The median number of concepts within the analyzed KOSs is approximately 4,700. Sixteen
single-field KOSs exceed this median in concept count, while 16 of the multifield KOSs con-
tain fewer concepts. This pattern suggests a trend: Single-field KOSs tend to be larger and more
specialized, likely to capture the intricacies within their specific domains. In contrast, multi-
field KOSs seem to be designed to offer a broader overview across various fields, often result-
ing in a smaller number of concepts.

The six multifield KOSs that exceed the median number of concepts, thereby providing a
more granular representation of topics, are OpenAlex Taxonomy (4,798 concepts), EuroVoc
(7,423), OpenAIRE’s Field of Science Taxonomy (50,000), Dewey Decimal Classification
(60,000), Library of Congress Classification (467,000), and Microsoft’s Fields of Study
(704,000).

4.2.3. Depth

Similarly to the number of concepts, the depth of KOSs also displays considerable variety,
ranging from 1 (Web of Science Categories) to 39 (Open Biological and Biomedical Ontology).
Specifically, 15 KOSs have up to three levels, six feature between four and five levels, nine
employ exactly six levels, three use between seven and 10 levels, and 11 extend beyond 10
levels, as illustrated in Figure 4.

The median depth stands at six, with 18 of the 22 multifield KOSs falling below this thresh-
old. This finding further supports the notion that the majority of multifield systems aim to pro-
vide a broad overview across diverse research fields.

Figure 4. Depth distribution for single-field and multifield KOSs.

Quantitative Science Studies 581

A survey of knowledge organization systems

D
ow

nloaded from
 http://direct.m

it.edu/qss/article-pdf/doi/10.1162/qss_a_00363/2509880/qss_a_00363.pdf by guest on 04 M
arch 2026



4.2.4. Kind of hierarchy

Column “Hr” in Table 1 reveals a near-equal distribution between poly-hierarchical (24) and
monohierarchical (20) KOSs. Only one KOS (Web of Science Categories) is considered non
hierarchical as it is a flat list of terms. An analysis of the 23 single-field KOSs reveals that
poly-hierarchical structures are more prevalent than monohierarchical ones (see Table 2). In
contrast, multifield systems display a nearly balanced distribution, with 11 monohierarchical
and 10 poly-hierarchical structures. This trend suggests that single-field KOSs tend to favor
poly-hierarchical structures, potentially due to the need to represent finer-grained research
topics that often stem from multiple parent topics.

4.2.5. Related terms

Table 1 (column “RT”) reveals that the 21 KOSs incorporating related terms are mainly ontol-
ogies and thesauri. This aligns with the inherent capacity of these structures to express asso-
ciative relationships (e.g., related terms). Interestingly, 15 of them are single-field KOSs.

Noteworthy exceptions are the Mathematics Subject Classification and the Dewey Decimal
Classification. Although the Mathematics Subject Classification is traditionally considered a
taxonomy (Dunne & Hulek, 2020), it also includes related terms. This functionality is enabled
on the zbMATH website18, where the KOS is displayed with a “see also” anchor, without
adherence to the ANSI/NISO standard (ANSI/NISO Z39.19-2005(R2010); National Informa-
tion Standards Organization, 2010). Similarly, the Dewey Decimal Classification uses the
“see-also” references for synonyms and related terms (Mitchell, 2001).

4.3. Curation

This section explores the creation of KOSs, focusing on their generation methodologies, dis-
tribution formats, licensing, update frequency, available languages, and curators.

4.3.1. Generation

As previously discussed, the generation of KOSs can be categorized as manual, automated,
semiautomated, or community based.

The majority (32) of the analyzed KOSs are developed manually. Developing these large
knowledge bases manually is typically both time-consuming and very expensive.

Six KOSs have already adopted semiautomatic methodologies: Biomedical Ontologies
from BioPortal, KNOWMAK, Microsoft’s Fields of Study, OpenAIRE’s Field of Science Taxon-
omy, Subject Resource Application Ontology, and OpenAlex Topics. For instance, OpenAlex
Topics combines manually curated concepts from the All Science Journal Classification Codes,

Table 2. Distribution of KOSs according to the type of hierarchy and their coverage (single or
multifield). The * value does not account for Web of Science Categories, which is nonhierarchical

Monohierarchical Poly-hierarchical Total
Single-field KOSs 9 14 23

Multifield KOSs 11 10 21*

Total 20 24

18 zbMATH: https://zbmath.org/classification.

Quantitative Science Studies 582

A survey of knowledge organization systems

D
ow

nloaded from
 http://direct.m

it.edu/qss/article-pdf/doi/10.1162/qss_a_00363/2509880/qss_a_00363.pdf by guest on 04 M
arch 2026

https://zbmath.org/classification
https://zbmath.org/classification
https://zbmath.org/classification
https://zbmath.org/classification
https://zbmath.org/classification


with over 4,500 new research topics automatically identified through citation clustering. The
approach first involved clustering papers based on citation patterns to form thematically
related groups. These groups were then labeled using large language models and subsequently
integrated with the existing concepts in the All Science Journal Classification Codes
(OpenAlex, 2024).

Only two KOSs are generated using a fully automated pipeline, both within the field of
computer science: the Computer Science Ontology and Computer Science Subject Headings
from Wikipedia. The Computer Science Ontology was generated using Klink-2 (Osborne &
Motta, 2015), which processed 16 million scientific publications. Klink-2 identifies relation-
ships between topics by analyzing various indicators, including co-occurrence patterns,
temporal distributions, and label similarity. The Computer Science Subject Headings from
Wikipedia was created through an automated approach aimed at enhancing and refining
the “Computer Science” branch of the Wikipedia category system. This approach integrates
community detection, machine learning, and manually developed heuristics to identify and
incorporate additional topics from Wikipedia articles (Han, Yang et al., 2020).

Finally, five KOSs leverage direct community expertise for their construction: Open Biolog-
ical and Biomedical Ontology, Medical Subject Headings, Unified Medical Language System,
PhilPapers Taxonomy, and Physical Subject Headings. They use various technologies to facil-
itate collaboration and enable researchers to suggest modifications to the KOSs. For instance,
Physical Subject Headings encourages researchers to propose changes through GitHub issues,
while Medical Subject Headings requests researchers to submit cases on their portal to suggest
new terms, alterations, or corrections to the tree structure. PhilPapers Taxonomy consults
experts in relevant areas, gathers insights from forum discussions, and incorporates feedback
provided to the editors.

4.3.2. Distribution formats

Table 3 details the diverse formats in which KOSs are released. These range from PDF and
HTML to more machine-readable options like CSV (and Excel), TSV, MARC, and RDF19

(Resource Description Framework), an open standard established by the World Wide Web
Consortium20 (W3C). Several KOSs are released in multiple formats to cover different use
cases.

The majority of KOSs (27) are accessible in HTML format, primarily through their providers’
websites. In this format, the KOS is essentially a webpage listing and connecting concepts.
While this is human readable, the underlying data lack the structured organization necessary
for direct and automated processing by computer systems. Several KOSs are available in
machine-interpretable formats: 17 utilize the RDF standard, and 10 are available in CSV for-
mat. Finally, six KOSs are exclusively available in PDF format, which complicates their inte-
gration with other KOSs and hinders automatic analysis.

4.3.3. License

The majority of the KOSs under analysis (26) employ open licenses from Creative Commons
(CC), Open Data Commons (ODC), Open Database License (ODbL), or MIT licenses. Their
openness varies considerably, as systems like Physical Subject Headings (CC0 1.0) are highly
open, while others, such as TheSoz (CC BY-NC-ND 3.0), impose slightly stricter terms. None-
theless, the CC BY license remains the most prevalent.

19 Resource Description Framework: https://www.w3.org/RDF.
20 World Wide Web Consortium: https://www.w3.org.
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Table 3. Analysis of the formats in which the different KOSs are currently released. Single-field KOSs are in the upper part and multifield
KOSs are in the lower part

Knowledge organization system RDF CSV/Excel HTML PDF Other formats
Agrovoc Thesaurus x x

Art and Architecture Thesaurus x x

EDAM x x x TSV

Open Biological and Biomedical Ontology x x OBO

Biomedical Ontologies from BioPortal x x OBO

ChemOnt x OBO, JSON

ACM Computing Classification Scheme x x x

Computer Science Ontology x x

Computer Science Subject Headings from Wikipedia x

Journal of Economic Literature x XML

STW Thesaurus for Economics x

IEEE Thesaurus x

GeoRef Thesaurus x

U.S. Geological Survey Library Classification System x

Mathematics Subject Classification x x

Medical Subject Headings x x MARC

National Library of Medicine classification x x

Unified Medical Language System x RRF, ORF, SQL

PhilPapers Taxonomy x

Physical Subject Headings x x

Physics and Astronomy Classif. Scheme x

PsycInfo and PsycTests Classification Systems x x

TheSoz x

All Science Journal Classification Codes x

ArXiv Subjects x

Dewey Decimal Classification x x

DFG Classification x x

European Commission Taxonomy x

European Research Council Taxonomy x

EuroVoc x x x MARC
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Eleven KOSs are freely accessible online but maintain copyright restrictions, meaning that
they can be browsed but cannot be downloaded, modified, or redistributed without explicit
permission from the copyright holder.

Two KOSs are free from copyright: Medical Subject Headings and National Library of
Medicine classification. Four KOSs are copyrighted and inaccessible online. For instance, both
the Dewey Decimal Classification and the Library of Congress Classification necessitate
licensing fees even for browsing purposes.

Finally, Open Biological and Biomedical Ontology and Biomedical Ontologies from Bio-
Portal represent broader initiatives that integrate multiple ontologies. The licensing terms for
these efforts are contingent on the individual ontologies they incorporate. For the former, its
mission dictates that all incorporated ontologies must be openly accessible under licenses
such as CC BY 3.0, CC BY 4.0, or CC0 1.0, ensuring unrestricted use. In contrast, BioPortal
presents a more diverse licensing landscape. Indeed, while many ontologies are openly avail-
able, some have specific terms of use set by their providers.

4.3.4. Frequency of updates

Determining the frequency of updates proved to be a significant challenge, as providers rarely
disclose their updating schedules explicitly. In some instances, we were able to infer updating
patterns by analyzing the dates of previous releases.

Table 3. (continued )

Knowledge organization system RDF CSV/Excel HTML PDF Other formats
Fields of Research (ANZSRC) x x

Fields of research and development x

KNOWMAK x JSON

Library of Congress Class. (and Subj. Head.) x MARC

Microsoft’s Fields of Study TSV

Modern Science Ontology x

Nature Subjects x

OpenAIRE’s Field of Science Taxonomy x JSON

OpenAlex Topics x JSON

Research Fields, Courses and Disciplines (ASRC) x x

Science Metrix Classification x

Socio-Economic Objective (ANZSRC) x x

Subject Resource Application Ontology x

UNESCO Thesaurus x x

Web of Science Categories x
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Eight KOSs are continuously updated and maintained, with new revisions produced
monthly or more frequently. These include the Library of Congress Subject Headings, the
Art & Architecture Thesaurus, the UNESCO Thesaurus, TheSoz, the Dewey Decimal Classifi-
caion, the Open Biological and Biomedical Ontology, the PhilPapers Taxonomy, and Agrovoc.

Three systems are updated regularly, although less frequently, with revisions taking place
twice a year: Unified Medical Language System, National Library of Medicine classification,
and EuroVoc.

Seven KOSs are updated once a year: the STW Thesaurus for Economics, the Medical
Subject Headings, the Computer Science Ontology, OpenAlex Topics, the IEEE Thesaurus,
OpenAIRE’s Field of Science Taxonomy, and the Subject Resource Application Ontology. Five
KOSs receive less frequent updates (roughly every 10–15 years); these include the ACM
Computing Classification System, the Mathematics Subject Classification, the Science Metrix
Classification, Socio-Economic Objective, and the Fields of Research.

Finally, three KOSs are no longer actively maintained but continue to be used by their
respective communities: Research Fields, Courses and Disciplines, Microsoft’s Fields of Study,
and the Physics and Astronomy Classification Scheme.

There are many factors that can influence the frequency of updates of a KOS. One factor is
related to the discipline and its evolution pace. For instance, the field of “Medicine” is a fast-
advancing field, and for this reason, there is a new version of Medical Subject Headings
released every year.

Another factor influencing the frequency of updates is the depth (i.e., specificity) of a KOS.
For instance, Agrovoc Thesaurus, whose depth equals 14, requires more frequent updates to
include new emerging topics and readjust the hierarchical structure due to epistemological
changes. For this reason, Agrovoc Thesaurus receives monthly updates. In contrast, the Fields
of Research (ANZSRC) consists of only three levels, and because the modeled concepts can be
considered quite generic, it is reasonable to assume that their structure will uphold over a rel-
atively longer timespan. Indeed, the Fields of Research (ANZSRC) received its most recent
update in 2020, after 12 years.

We also investigated whether the frequency of updates is related to the type of system, as
shown in Figure 5. Our analysis revealed that among the 18 KOSs updated within a year, the
majority were ontologies (11), followed by taxonomies (five), and thesauri (two). In contrast,
the eight KOSs that were either updated every 10 years or discontinued were taxonomies. This
suggests that while taxonomies might be effective initially for organizing subjects hierarchi-
cally, they may become increasingly challenging and expensive to maintain over time due
to the growing complexity and unique characteristics of the subjects they represent. On the
other hand, ontologies, often implemented in flexible formats such as OWL and RDF, may be
easier to maintain.

4.3.5. Last update

Twenty systems received their most recent update in 2023 or later, while 13 were last updated
between 2020 and 2022. This indicates that within the last five years, 33 KOSs have been
revised to reflect the evolving nature of their respective fields. Of these, 17 are single-field
systems and 15 are multifield. The remaining 12 systems either received their last update
before 2020 or their latest release date could not be determined.

Notably, key disciplines such as Chemistry (with ChemOnt, last updated in 2016) and
“Geology” (with the U.S. Geological Survey Library Classification System, last updated in
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2000, and the GeoRef Thesaurus, last updated in 2008) can only rely on possibly outdated
KOSs. This is potentially a significant issue, as the outdated representations in these disciplines
can hinder the dissemination of modern research efforts that address topics not fully covered
by these KOSs.

4.3.6. Languages

Our exclusion criteria ensured that all KOSs included in this study had at least one version
available in English. Specifically, 35 KOSs are exclusively available in English. In contrast,
10 KOSs provide research topics in multiple languages, reflecting their intended applications
and jurisdictional requirements. For instance, EuroVoc, developed by the Publications Office
of the European Union, supports 23 languages, enabling interoperability across European dig-
ital libraries. Table 4 lists the 10 multilingual KOSs, detailing the number of languages they

Figure 5. Frequency of update of KOSs in relation to their type.

Table 4. This table presents a comparison of 10 multilingual KOSs, detailing the number of languages they cover, whether language coverage is
uniform, their scope coverage (Single-field or Multifield), type of system (Sy = Ontology, Taxonomy, and ThesaUrus), number of concepts
(#Concepts), and depth

Knowledge organization system Languages Uniform Scope Coverage Sy #Concepts Depth
Art and Architecture Thesaurus 167 Single-field O 58,000 13

Agrovoc Thesaurus 42 Single-field O 41,000 14

Dewey Decimal Classification 30 Multifield T 60,000 14

Unified Medical Language System 28 Single-field U 3.3 million 30

Science Metrix Classification 26 Yes Multifield T 199 3

EuroVoc 23 Yes Multifield O 7,439 6

Fields of research and development 6 Yes Multifield T 48 2

UNESCO Thesaurus 5 Yes Multifield O 4,482 6

TheSoz 4 Single-field O 8,223 6

STW Thesaurus for Economics 2 Yes Single-field O 14,000 13
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support and other relevant characteristics to provide a comprehensive overview of their
features.

The 10 multilingual KOSs exhibit substantial variability in the number of supported lan-
guages. Some provide broad language support, such as the Science Metrix Classification (26
languages) and the Agrovoc Thesaurus (42 languages). Notably, the Art and Architecture The-
saurus demonstrates exceptional linguistic inclusivity with its impressive coverage of 167 lan-
guages. In contrast, other KOSs support only a few languages, such as the STW Thesaurus for
Economics (German and English), the UNESCO Thesaurus (five languages), and the Fields of
research and development (six languages).

Furthermore, KOSs often vary in the number of concepts available in different languages.
Typically, non-English versions only provide a partial representation of the domain described
by the English version. For instance, as shown in Figure 6, Agrovoc provides good coverage in
English, French, Turkish, Spanish, Arabic, and a few other languages. However, the number of
available concepts is significantly limited in languages such as Estonian, Burmese, Khmer, and
Greek. Naturally, achieving uniform coverage poses greater challenges for KOSs with both a
high volume of concepts and extensive multilingual support. Only a few smaller KOSs, such as
Eurovoc, UNESCO Thesaurus, Fields of Research and Development, Science Metrix Classifica-
tion, and STW Thesaurus for Economics, have managed to maintain consistent representation
across all supported languages, as reported by the column “Uniform” in Table 4. Notably,
TheSoz provides near-uniform coverage in English, German, and French, while its Russian
counterpart remains under development.

Finally, an analysis of the 10 multilingual KOSs reveals that the majority (six) are ontologies,
while three are taxonomies, and one is a thesaurus. This trend likely reflects the inherent
capacity of ontologies to effectively manage concept labels across multiple languages
(Montiel-Ponsoda, De Cea et al., 2011).

4.3.7. Providers and maintainers

We categorized the providers of all knowledge organization systems into five distinct groups:
Publishers & Information Service Providers, Funding Bodies & Government Agencies &
Research Councils, & Policy Makers, Research Institutes & Universities, National Libraries,
and Open Initiatives & Consortia.

Figure 6. Distribution of terms per language in the Agrovoc Thesaurus. Produced with term counts available on https://agrovoc.fao.org
/browse/agrovoc (Agrovoc v.2024-04, April 2024).
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Publishers & Information Service Providers represent the most prevalent category, with 16
KOSs, including notable members such as Elsevier, Springer Nature, the Institute of Electrical
and Electronics Engineers (IEEE), the Association for Computing Machinery (ACM), Clarivate,
and the American Psychological Association (APA). Indeed, KOSs are essential for publishers
as they need to organize, manage, and deliver content effectively in order to enhance disco-
verability, accessibility, and user engagement (Salatino et al., 2019).

The second-largest group comprises Funding Bodies, Government Agencies, Research
Councils, & Policy Makers. This category includes 12 organizations such as the European
Commission, UNESCO, the Food and Agriculture Organization (FAO), the Australian Research
Council, the New Zealand Ministry of Business, and the Organisation for Economic Co-
operation and Development (OECD). In this context, KOSs are crucial for streamlining oper-
ations, promoting transparency, and enhancing decision-making.

Research Institutes and Universities, including The Open University (United Kingdom),
University of Sheffield (United Kingdom), University of Illinois at Urbana-Champaign (United
States), University of Alberta (Canada), Athena Research Center (Greece), and The Getty
Research Institute (United States) produced eight KOSs.

National Libraries, including the US National Library of Medicine, the Library of Congress,
the German National Library of Economics (ZBW), and the German National Library of Sci-
ence and Technology (TIB) provided seven KOSs.

Finally, only two KOSs are supported by Open Initiatives and Consortia: the Open Biolog-
ical and Biomedical Ontology (OBO) Foundry (Open Biological and Biomedical Ontology)
and FAIRsharing (Subject Resource Application Ontology).

Our analysis showed that Funding Bodies & Government Agencies & Research Councils, &
Policy Makers primarily developed multifield KOSs (nine out of 12), likely due to their inter-
disciplinary focus. In contrast, Research Institutes & Universities predominantly created single-
field KOSs (six out of eight), possibly because research teams tend to specialize in a specific
area. The remaining organizational categories demonstrated a balanced approach in develop-
ing both single and multifield KOSs.

4.4. External Links

Nineteen KOSs provide links to external knowledge bases. This is typically done by defining
mappings that indicate that two entities in different representations refer to the same real-world
object or concept. They typically rely on well-known semantic relationships such as owl:

same_as, skos:exactMatch, and skos:closeMatch. As an example, the concept “sun-
flowers” available in Agrovoc Thesarus21 has a skos:closeMatch with sunflower in
Eurovoc22.

The KOSs under analysis typically connect either to general knowledge graphs (Peng, Xia
et al., 2023), such as Wikidata23 or DBpedia24, or to other KOSs. Such interconnections are
generally beneficial, as they create a network of related resources, providing diverse perspec-
tives on research topics and facilitating the creation of novel resources.

21 Sunflowers (plural) in Agrovoc Thesarus: https://aims.fao.org/aos/agrovoc/c_aad037e4.
22 Sunflower (singular) in Eurovoc: https://eurovoc.europa.eu/4472.
23 Wikidata: https://www.wikidata.org.
24 DBpedia: https://www.dbpedia.org/.
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Wikidata stands out as the most externally linked knowledge graph as it is reached by con-
cepts from Agrovoc Thesaurus, Computer Science Ontology, STW Thesaurus for Economics,
EuroVoc, Open Biological and Biomedical Ontology, and the Library of Congress Class. (and
Subj. Head.). Conversely, Agrovoc Thesaurus, ChemOnt, STW Thesaurus for Economics, and
EuroVoc are the KOSs with the highest number of externally connected knowledge bases. For
instance, the Agrovoc Thesaurus is highly interconnected, linking its concepts to EuroVoc,
Wikidata, DBpedia, the UNESCO Thesaurus, and the Library of Congress Subject Headings
(LCSH). Similarly, EuroVoc is linked not only with the Agrovoc Thesaurus, but also with The-
Soz, LCSH, UNESCO, STW, MeSH, Wikidata, and several other knowledge organization
systems.

Thirteen out of the initial 19 earn a five-star rating within the Linked Open Data deployment
scheme proposed by Sir Tim Berners-Lee in 201025. Their extensive interconnections, facili-
tated by RDF standards such as OWL and SKOS, establish a rich network of information with
related KOSs. Adhering to the five-star scheme26 optimizes discoverability, reusability, and the
potential for integration into the broader knowledge web, fostering innovative applications
and the development of more comprehensive knowledge organization systems.

4.5. Usage

A KOS can be widely adopted across various applications, such as organizing digital libraries,
enhancing metadata, and ensuring interoperability between different data systems. For exam-
ple, the Fields of Research (ANZSRC) is utilized by Dimensions.ai to organize research meta-
data, by Figshare to manage research repositories, and by the Australian and New Zealand
governments to measure and analyze research and experimental development.

Our analysis showed that KOSs are being employed to organize four main categories of
resources: digital libraries, which contain research articles, policy documents, grant proposals,
patents, and other kinds of digital documents; research repositories, which contain research
data, code, research protocols, models, and any other kinds of research artefacts; bibliographic
databases, which organize metadata about publications and research artefacts; and physical
libraries, which contain printed books and periodicals, as well as other media.

Twenty-nine KOSs are currently being employed to organize digital libraries including
ACM Digital Library, IEEE Digital Library, MEDLINE/PubMed, Scopus, Nature, EconLit, Phys-
ical Review, and Mathematical Reviews. Ten KOSs are employed to organize research outputs
like Modern Science Ontology for the Open Research Knowledge Graph, ChemOnt for Drug-
Bank, T3DB, ChEBI, LIPID MAPS, TheSoz for the Social Science Research Project Information
System in Germany, EDAM for bio.tools and Training eSupport System (TeSS), OpenAIRE’s
Field of Science Taxonomy for OpenAIRE, and Subject Resource Application Ontology for
FAIRsharing. Ten KOSs are employed to organize bibliographic databases, including Web of
Science, Dimension.ai, Microsoft Academic Graph, APA PsycInfo database, the International
System for Agricultural Science and Technology, and GeoRef database. Finally, the National
Library of Medicine classification, Dewey Decimal Classification, and Library of Congress Clas-
sification are mainly being employed for physical libraries.

Various KOSs are also utilized across a wide array of initiatives to directly advance research
and create additional knowledge and tools. For instance, the Computer Science Ontology has

25 Linked Data: https://www.w3.org/DesignIssues/LinkedData.html.
26 Linked Open Data 5 Star: https://www.w3.org/DesignIssues/LinkedData.html.
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been employed for exploring and analyzing scholarly data through platforms like Rexplore
(Osborne, Motta, & Mulholland, 2013), ScholarLensViz (Löffler, Wesp et al., 2020), Concept-
Scope (Zhang, Chandrasegaran, & Ma, 2021), and VeTo (Vergoulis, Chatzopoulos et al., 2020).
It has also been instrumental in generating knowledge graphs, such as AIDA KG (Angioni,
Salatino et al., 2022b) and CS KG (Dessì, Osborne et al., 2022), as well as in recommending
video lessons (Borges & dos Reis, 2019). However, thoroughly analyzing these specific appli-
cations would require a dedicated survey, as exemplified by Jing’s usage analysis of the Uni-
fied Medical Language System (Jing, 2021).

5. CHALLENGES AND FUTURE DIRECTIONS

In this section, we present the main challenges and future directions of this field. In Section 5.1,
we focus on what we consider the most important challenge in this field: the creation of a
comprehensive and granular KOS representing all academic disciplines. Section 5.2 discusses
the most important limitations and challenges regarding the integration of KOSs. We then pres-
ent several other important challenges characterizing this space, including: expanding the
coverage of different languages (Section 5.3); reconciling expert disagreements (Section 5.4);
assessing the quality of KOSs (Section 5.5); handling ambiguous labels (Section 5.6); improv-
ing the generation and frequency of updates (Section 5.7); and developing scalable and accu-
rate approaches for item classification (Section 5.8).

5.1. Towards a Comprehensive and Granular Representation of All Academic Disciplines

An important limitation of the KOSs described in this work lies in their high fragmentation. On
one side, we have a good number of multifield systems that cover multiple academic areas,
but tend to be quite shallow and miss many research topics. On the other, we have a plethora
of single-field KOSs, typically offering a much more granular representation of scholarly
knowledge. However, there is no KOS that is simultaneously comprehensive (i.e., it encom-
passes all the main academic fields); granular (i.e., it represents all the specific research areas
that are typically used by researchers to refer to their work); maintained (i.e., it is constantly
updated to reflect the latest developments); and open (i.e., it can be used freely, without
restrictions).

We argue that such a resource would be transformative in this field and allow organizing
content across various digital libraries, thereby enhancing interoperability; facilitating the
retrieval and analysis of research outputs (e.g., articles, patents, project reports) and agents
(e.g., researchers, organizations); enabling the monitoring of research, development, and inno-
vation activities; ensuring data quality and compatibility across research institutions; and sup-
porting evidence-informed policymaking.

A potential approach to creating this resource is to adopt one or more multifield KOSs to
represent broad research areas and then integrate several single-field KOSs to effectively cover
specific disciplines. As a first step, this section will explore which KOSs could be integrated to
develop a comprehensive system. In Section 5.2, we will discuss current methods for interlink-
ing multiple KOSs.

5.1.1. Multifield KOSs that may support the creation of a general KOS

It is useful to analyze to what extent the current multifield KOSs fulfill the requirements
defined in the previous session. Figure 7 presents an evaluation of the 22 multifield KOSs
examined in this study, considering four key features: comprehensiveness, depth, frequency
of updates, and openness. Each of these categories is characterized using a color-coded
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system to indicate performance levels: strong (green), acceptable (orange), or poor (red). The
criteria for assigning these performance levels are as follows.

For the comprehensiveness aspect, colors are assigned based on how well the KOSs cover
the various fields, as detailed by Figure 3. Specifically, green indicates comprehensive cover-
age, orange denotes partial coverage, and red signifies that the KOSs cover only a limited set of
fields. In the depth column, the color coding is as follows: Red indicates a depth of 2 or less
(low or nonexistent), orange represents a depth between 3 and 5 (medium), and green signifies
a depth of 6 or higher (high). In the frequency of update column, red indicates that the KOS is
discontinued with no future updates planned, orange is used for slow updates (i.e., 5–10
years), and green denotes more frequent updates (i.e., within 5 years). If such information is
unavailable, it is marked in white. Last, in the openness column, red indicates that the KOS is
copyrighted and requires a special license for use, orange denotes that the KOS is available
online and can be used with certain restrictions, and green signifies a fully open resource with
no usage limitations.

Only five KOSs include all 19 broad fields of study: All Science Journal Classification
Codes, Fields of Research (ANZSRC), Research Fields, Courses and Disciplines (ASRC), Micro-
soft’s Fields of Study, and Web of Science Categories. However, none of these KOSs fulfills all
the other requirements. All Science Journal Classification Codes and Web of Science Catego-
ries are very shallow and not open. The Fields of Research, Research Fields, Courses and
Disciplines (ASRC), and Microsoft’s Fields of Study offer more depth compared to the previ-
ous two, but they were discontinued. Fields of Research (ANZSRC) is limited in depth, with
many specific categories still overly broad, and updates are infrequent, often taking several
years to implement. The Dewey Decimal Classification and Library of Congress Subject
Headings offer extensive coverage across nearly all areas, along with substantial depth and
frequent updates. However, their openness remains an issue, as users need to pay subscrip-
tion fees to use them.

Figure 7. Analysis of KOSs according to their comprehensiveness, depth, frequency of update,
and openness. Features of each KOS are evaluated using a color-coded system: green indicates
a strong performance, orange signifies an acceptable performance, and red reflects poor per-
formance. A feature is blank when the information is not available.
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In conclusion, the current state-of-the-art multifield and open KOSs do not yet provide all
the essential features necessary to serve as a robust foundation for a comprehensive general
KOS. However, there are a few promising candidates that, if integrated effectively, could pro-
vide a solid starting point. In particular, one potential research path could begin with Eurovoc
as a multifield KOS, incorporating missing concepts from specialized single-field KOSs like
Mathematics Subject Classification, PhilPapers Taxonomy, and Physical Subject Headings.

5.1.2. Academic fields that are not currently covered by specific KOSs

Several disciplines lack dedicated KOSs and are only superficially addressed by multifield
systems, making it challenging to categorize documents with the necessary precision. In par-
ticular, we were unable to identify any KOS that offers a good characterization of seven
research fields: “History,” “Political Science,” “Environmental Science,” “Material Science,”
“Geography,” “Sociology,” and “Business.” In the fields of “Political Science” and “Sociology,”
TheSoz could potentially be utilized. However, TheSoz mostly focuses on “Social Science”
and does not fully cover these two disciplines. The absence of fine-grained representation
for these seven major areas is notable and underscores the need for further development in
this space. Automated methods for generating KOSs can offer a valuable solution in this
regard, a topic we will further discuss in Section 5.7.

5.2. Integration of Multiple KOSs

In the following, we discuss future directions regarding the integration of multiple KOSs,
which may lead to creating a more comprehensive and granular representation of research
fields.

A few of the KOSs that we described in this survey are already interlinked. For instance,
some concepts in the Subject Resource Application Ontology are mapped to concepts within
AgroVoc and EDAM, as well as to a number of ontologies available in OBO. AgroVoc, on its
turn, has some concepts mapped to the UNESCO Thesaurus, and the Library of Congress Sub-
ject Headings. However, several KOSs, like the Mathematical Subject Classification and the
Physical Subject Headings, are not (yet) connected to any other KOS. Moreover, the existing
mappings between KOSs are often incomplete. The integration of KOSs presents several
challenges, which can be categorized into the following subchallenges:

• Subchallenge 1: Generating mappings between KOSs;
• Subchallenge 2: Adopting standard formats;
• Subchallenge 3: Developing tools for facilitating the integration of KOSs.

5.2.1. Generating mappings between KOSs

Generating links between KOSs is a complex task. In the academic domain, this is usually
done by identifying that two subjects from different systems refer to the same concept and
linking them with a relation, such as owl:sameAs and skos:exactMatch. This process
can be either manual, automatic, or semiautomatic (Kalfoglou & Schorlemmer, 2003).

Manual approaches are convenient for small KOSs, but they typically require a lot of
effort and high-level expertise and may suffer from scalability issues. In addition, manual
integration can lead to the introduction of inconsistencies, especially for large KOSs
(Erdogan, Erdem, & Bodenreider, 2010; Halper, Morrey et al., 2011; Solimando, Jiménez-
Ruiz, & Guerrini, 2014).
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Automatic approaches typically use a combination of similarity metrics, natural language
processing, and machine learning (Declerck, 2013; Salatino, Thanapalasingam et al., 2020;
Zapilko, Schaible et al., 2013). For instance, Salatino, Thanapalasingam et al. (2020) associ-
ated research topics to the corresponding DBpedia entity with the DBpedia Spotlight API
(Daiber, Jakob et al., 2013). They fed the tool with artificial sentences listing the labels of
the topic and of its direct sub- and supertopics, and then it returned the related DBpedia
entities alongside the similarity score. Zapilko et al., (2013) mapped TheSoz to Agrovoc
and DBpedia, using string similarity between terms and retaining the matches that had
Levenshtein distance lower than a threshold. In the domain of KOSs of academic fields,
we still typically rely on simple approaches, which mainly use lexical heuristics, and may
lead to three potentially unintended consequences (Shvaiko & Euzenat, 2008; Slater,
Gkoutos, & Hoehndorf, 2020; Solimando et al., 2014). First, the mapping might introduce
new internal relationships between the entities of one system, and therefore modify inadver-
tently the description of the domain. Instead, the mapping should just enable the interaction
across KOSs. Second, the automatic integration can introduce logical inconsistencies. Finally,
the mapping might connect entities belonging to different contexts, indicating a potential
mapping error (Jiménez-Ruiz, Grau et al., 2011). Some recent approaches address these lim-
itations by relying on description logic (Dhombres & Bodenreider, 2016) or deep learning
(Yip, Nguyen, & Bodenreider, 2019). For instance, Dhombres and Bodenreider (2016) devel-
oped an approach for mapping Human Phenotype Ontology (HPO) and the Standardized
Nomenclature of Medicine Clinical Terms (SNOMED CT) using both lexical and logical
approaches. The latter approach consists of using a representation based on description logic
to compare the concepts. This method can mitigate the limitations of the lexical approach;
however, not all KOSs are developed through description logic. Yip et al. (2019) developed a
deep learning model with a Siamese recurrent architecture to identify synonyms across
UMLS concepts. The model provides good results; however, it still requires more research
and fine-tuning because it presents several false positives (matches together nonsynonyms)
and false negatives (fails to identify synonyms). The community still needs to further inves-
tigate and develop these new solutions in practical settings.

Finally, in Semiautomatic approaches, domain experts analyze, correct, and give feedback
on candidate mappings produced by automatic approaches (Salvadores, Alexander et al.,
2013; Yip et al., 2019). It is worth mentioning two big endeavors in this space: Unified Medical
Language System and the Biomedical Ontologies from BioPortal. The Unified Medical Lan-
guage System is maintained by the US National Library of Medicine and currently integrates
more than 200 vocabularies across different languages in the field of Medicine (Bodenreider,
2004). The US National Library of Medicine is willing to include new additional vocabularies
as long as they meet the criteria for inclusion27. These include whether the vocabulary brings
new or unique content, is actively maintained, and is available in a machine-readable format.
The Biomedical Ontologies from BioPortal integrates more than 1,100 ontologies in the field of
“Biomedicine”. Differently from UMLS, registered users can submit new ontologies to the Bio-
Portal without constraints.

In conclusion, generating new interconnections between KOSs—either manually or
through automatic approaches—is still an open challenge.

27 Unified Medical Language System inclusion evaluation criteria: https://www.nlm.nih.gov/research/umls
/knowledge_sources/metathesaurus/source_evaluation.html.
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5.2.2. Adopting standard formats

The format of a KOS has a great impact on our ability to interconnect it with other knowledge
bases. As shown in Table 3, some KOSs are published in RDF28 (i.e., Resource Description
Framework), which is a World Wide Web Consortium29 (W3C) standard and used for repre-
senting highly interconnected data, such as the UNESCO Thesaurus, and the Medical Subject
Headings. Some other KOSs are published in CSV, PDF, or browsable through web pages
(HTML).

Based on the 5-star deployment scheme for open data30, among the possible publishing
formats, RDF is the one that fosters better integration. A system published according to this
standard consists of a set of RDF statements. Each statement is a three-part structure (also
known as triple) which is the smallest irreducible representation for binary relationships, and
it is expressed in the form of <subject, predicate, object> (Berners-Lee, Hendler, & Lassila,
2001). For instance, <Social Sciences, narrower, Politics> indicates that Social Sciences is a
broader area of Politics. In this way, two entities (both subject and object) are linked via a
predicate or verb. In addition, every part of a triple is individually addressable through
unique URIs, such as: <https://www.nature.com/subjects/social-sciences, https://www.w3
.org/2004/02/skos/core#narrower, https://www.nature.com/subjects/politics>. Such represen-
tation allows AI systems to interconnect, identify, disambiguate, and integrate data
effectively.

In contrast, KOSs published in CSV or HTML are more challenging to treat because the
relevant knowledge is not described in a structured format, and relations may be implicit or
interpretable only in a wider context. Generating a representation of these KOSs in a standard
format such as RDF is not a trivial task. For example, when working with CSV files, it is essen-
tial to understand the structure and data types of the columns (e.g., string, integer, float, date).
Tools such as RML (Dimou, Vander Sande et al., 2014) can be used to automate the conversion
process from CSV to RDF. However, this process still requires careful consideration of the
data’s format and structure to ensure accurate transformation. Similarly, KOSs published in
HTML often have arbitrary structures, making it necessary to develop custom parsers to con-
vert them into RDF. When KOSs are available only as PDF files, parsing and extracting the
information becomes even more challenging.

In conclusion, the RDF format is adopted by only half (11 out of 23) of the single-field KOSs
across the different disciplines, as shown in Table 3. Several significant academic fields (e.g.,
“Psychology,” “Chemistry,” “Geology,” “Engineering,” “Philosophy”) do not yet rely on stan-
dard machine-readable formats, hindering the reuse and integration of their KOSs. In the lit-
erature, we can find a few research efforts to RDFy31 KOSs. Examples include the RDFification
of the Mathematics Subject Classification32 and IEEE Thesaurus33. However, these RDF ver-
sions are not maintained by the original curators of the KOSs, making them difficult to update
and reuse.

28 Resource Description Framework: https://www.w3.org/RDF.
29 World Wide Web Consortium: https://www.w3.org.
30 5-star Open Data: https://www.w3.org/DesignIssues/LinkedData.html.
31 RDFication refers to the process of converting data into Resource Description Framework (RDF) format.
32 MSC2020_SKOS (TIBHannover): https://github.com/TIBHannover/MSC2020_SKOS.
33 ieee-taxonomy-thesaurus-rdf (The Open University): https://github.com/angelosalatino/ieee-taxonomy

-thesaurus-rdf.
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5.2.3. Developing tools for facilitating the integration of KOSs

The first KOSs were of relatively small size, such as the Library Classification for Environmental
Science34, developed by Plate (1966). Typically, their creation would involve sketching ideas
on paper or writing down topics on sticky notes, which would then be arranged on a table to
create a hierarchical structure (Motta, 1999). Today, we have access to a wide range of tools
that streamline this process, enabling the creation of more structured and complex KOSs. For
instance, the German Centre for Higher Education Research and Science Studies35 (DZHW)
used Trello to build the Research Core Dataset36 (RCD), a classification of interdisciplinary
research fields (Stiller, Trkulja et al., 2021). Trello37 is a web-based project management tool
implementing the Kanban system, and it allows multiple users to collaborate on the same
board. To build RCD, the experts created a card for each subject and then arranged them over
the board to create the hierarchical structure. However, building complex KOSs using Trello
presents some limitations, as it does not allow users to nest cards on more than two levels. In
addition, as Trello is not intended for this task, it does not provide any tool to handle disagree-
ment among the experts due to their different backgrounds.

More advanced tools for building KOSs are Protégé38, Semantic MediaWiki39,
VocBench340, and PoolParty41. Protégé is an open-source software developed by Stanford Uni-
versity to support developers in creating reusable ontologies and building knowledge-based
systems (Musen, 2015). Its graphical interface offers a range of functionalities for browsing
and editing ontologies. While the original Protégé software lacks native collaborative features,
its cloud-based counterpart, WebProtégé, enables multiple users to work simultaneously on
ontology development (Tudorache, Nyulas et al., 2013).

Semantic MediaWiki is an open-source extension of MediaWiki, the engine that runs
underneath Wikipedia (Vrandečić & Krötzsch, 2009). Semantic MediaWiki provides a stable,
powerful, and scalable environment, enabling users to browse and collaboratively edit ontol-
ogies. It also provides facilities for rating pages and users.

VocBench3 is an open-source web application that allows users to create, manage, and
share ontologies and thesauri (Stellato, Fiorelli et al., 2020). It provides a user-friendly interface
for editing and managing RDF data, supports collaborative editing and version control,
enabling tracking of changes and the ability to revert to prior versions.

PoolParty is a suite that supports the creation and maintenance of taxonomies, ontologies,
knowledge graphs, and semantic search applications (Schandl & Blumauer, 2010). Similarly to
WebProtégé, it allows users to browse and work collaboratively. Other commercial solutions
include Data Harmony42 and Synaptica43, providing similar functionalities.

34 We excluded the Library Classification for Environmental Science from our analysis because it was devel-
oped over five decades ago and is no longer actively maintained or used by the scientific community.

35 German Centre for Higher Education Research and Science Studies (DZHW): www.dzhw.eu.
36 Research Core Dataset: https://w3id.org/kdsf-ffk. Despite being a KOS of academic disciplines, RCD was not

included in our analysis in Section 4 because it is available only in German (see selection criteria in
Section 3.2).

37 Trello: https://trello.com.
38 Protégé: https://protege.stanford.edu.
39 Semantic MediaWiki: https://www.semantic-mediawiki.org.
40 VocBench: https://vocbench.uniroma2.it.
41 PoolParty: https://www.poolparty.biz.
42 Data Harmony: https://www.accessinn.com/data-harmony.
43 Synaptica: https://www.synaptica.com.
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In brief, a wide collection of tools facilitating the integration of the different KOSs is avail-
able. However, all these tools are general-purpose and built to support a multitude of use
cases. As a result, users unfamiliar with the relevant technologies and the semantic web might
find them quite complex and difficult to learn. We still lack user-friendly tools that are able to
effectively support the creation and curation of KOSs.

5.3. Improving the Language Coverage

English is the de facto language of science nowadays (Sugimoto & Larivière, 2018). Most inter-
national conferences are held in English, and the world’s top scientific journals are published
in English. However, some countries, like China, Russia, and Japan, have several dedicated
journals and conferences publishing scientific papers in their own language. It is crucial then
to have KOSs in other languages as well so as to facilitate interoperability and the cross-
language exploration and exploitation of digital artefacts (Lei Zeng & Mai Chan, 2004). This
would also benefit students in non-English-speaking countries, allowing them to understand
and navigate KOSs without requiring fluency in English.

In Section 4.3.6, we acknowledged that some KOSs already have partial translations in
other languages, such as the Dewey Decimal Classification, the Agrovoc Thesaurus, and the
UNESCO Thesaurus. However, the process is far from being complete. The UNESCO Thesau-
rus is available in only five languages (English, Arabic, Russian, French, and Spanish). The
Agrovoc Thesaurus has a very wide variety of languages; however, not all the 42 languages
are equally represented, as reported in Figure 6. Notably, the Food and Agriculture Organiza-
tion, which coordinates Agrovoc, allows international institutions to contribute to Agrovoc by
authoring translations. This is an interesting solution that may be beneficial for several other
KOSs.

Overall, the support for languages different from English is still very poor for most of the
KOSs analyzed in this survey. We need further work to produce resources able to support mul-
tiple languages (Tudhope & Nielsen, 2006). In this context, large language models offer a
promising solution, as they have proved to be highly effective on automatic language transla-
tion (Lu, Zhu et al., 2024).

5.4. Reconciliating Expert Disagreements

One of the major challenges appearing when working in collaborative environments is con-
flict management, and the process of building and integrating KOSs is not immune to this.
Indeed, Chilton, Little et al. (2013) argue that the main characteristic of taxonomies, and by
extension KOSs, is that they are subjective. Experts have different backgrounds, based mainly
on the paradigms they inhabit (Kuhn, 1962), and therefore, they often tend to disagree on the
properties and the structure of the system. Such disagreement also has an impact on the fre-
quency of updates because it requires time to be addressed, with a consequent delay in the
new release.

In the literature, we can find different works studying disagreement among experts in the
context of building KOSs. Gu, Hripcsak et al. (2007) audited the semantic types assigned to
UMLS concepts with the support of four experts. In particular, the experts assessed whether the
current semantic types assigned to the concepts were correct. In some cases, the disagreement
prevailed even after multiple rounds and was eventually resolved with a subsequent discus-
sion. This experience indicates that the process of mitigating disagreement between experts is
quite challenging and certainly time consuming. Osborne, Muccini et al. (2019) analyzed the
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agreement of experts in characterizing articles according to research areas in Software Archi-
tecture and highlighted that, in this domain, most of the disagreement was between domain
experts of different seniority (e.g., Full Professor vs. PhD students). Fan and Friedman (2007)
also explored the issue of disagreement among experts on research topics. They developed a
classifier to annotate research documents with concepts derived from UMLS and then asked
experts to categorize UMLS concepts into nine different types. While the interannotator agree-
ment was relatively high (0.82), their ablation study revealed that experts often disagreed on
vague concepts. For instance, the concept of “promotion” was classified both as a behavior
and as a biological function. The authors emphasize that unresolved disagreements can intro-
duce errors into gold standards, which in turn can propagate into downstream applications.

In conclusion, creating and integrating different KOSs is a collaborative effort, leading to
experts’ disagreement. We thus need to develop new tools and methodologies for handling
disagreement and reconciling different suggestions.

5.5. Assessing the Quality of KOSs

A high-quality KOS must be coherent at two different levels: structural and conceptual (Ayele,
Chevallet et al., 2012; Morrey, Geller et al., 2009; Raad & Cruz, 2015).

At the structural level, the KOS can present logical inconsistencies, i.e., contradictions hin-
dering the integrity of the system (Ayele et al., 2012). Here, we illustrate two of the most fre-
quent cases of logical inconsistencies: cyclic and transitive. Figure 8 shows the two examples,
and specifically the arrows identify the skos:narrower44 relationship, for instance
“A”→ “B” equals <A, skos:narrower, B> meaning “B” is a narrower concept of “A,” and hence
“A” is broader than “B.” The first case, shown on the left, is the cyclic inconsistency (also
known as loop): “A” is broader than “B,” “B” is broader than “C” and “C” is broader than
“A.” This is inconsistent because the concept C cannot be simultaneously narrower (via
“B”) and broader than “A.” Mougin and Bodenreider (2005) highlight that automatically
addressing this problem is challenging because identifying the appropriate connection to
break is difficult, and performing this operation may introduce additional errors.

The second case of inconsistency is when there is a transitive hierarchy45: “A” is broader
than “B,” “B” is broader than “C,” but “A” is also broader than “C.” Although, in both cases
“A” is broader than “C,” hence it may not be considered as a real mistake; however, it adds

Figure 8. Example of inconsistencies within the KOSs. On the left the cyclic inconsistency and on
the right the redundant inconsistency.

44 skos:narrower: https://www.w3.org/TR/skos-reference/#semantic-relations.
45 Transitive hierarchies: https://www.w3.org/TR/skos-primer/#sectransitivebroader.
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confusion to the hierarchical structure which needs to be addressed. Besides, by convention,
skos:narrower and skos:broader must be used to assert a direct or immediate hierar-
chical link between concepts and are not declared as transitive properties.

These two cases have been simplified just for the sake of clarity, but such inconsistencies
might occur across longer chains of concepts (Bodenreider, 2001). However, ontology rea-
soners can help to identify these logical inconsistencies (Jiménez-Ruiz et al., 2011).

At a conceptual level, several challenges can hinder the quality of a KOS. These are related
to the accuracy (Lambe, 2014), i.e., how the concepts are related to each other, such as ensur-
ing correct hierarchical relationships between two subjects and addressing ambiguities in pre-
serving multiple semantic views. Additional challenges are instead related to the completeness
of the concepts (Lambe, 2014), such as whether an area needs to be refined or enriched with
subareas; whether the description of concepts, including definition, scope, and editorial infor-
mation, is appropriate; and if all related terms are correct and sufficient.

The literature presents various approaches for assessing the quality of KOSs (Morrey et al.,
2009). For instance, Raad and Cruz (2015) discusses four categories of ontology evaluation
approaches: gold standard based, corpus based, task based, and criteria based. Gold-
standard-based evaluation approaches compare the KOS with a reference system. Corpus-
based evaluation approaches assess the extent of coverage of the system in a given domain.
Task-based evaluation approaches measure to what extent the system helps to improve a task.
Finally, criteria-based evaluation approaches measure the extent of a system in adhering to
certain criteria. The wide range of evaluation methods highlights the complexity of assessing
the quality of a KOS. Indeed, for gold-standard-based evaluations, Raad and Cruz (2015) point
out that it is hard to find a suitable gold standard because it needs to be created with the same
conditions as the evaluated system. Corpus-based evaluation approaches also have similar
issues. On the other hand, task-based and criteria-based evaluation approaches have fewer
challenges to tackle, but they fall short in assessing KOSs at the conceptual level (i.e., accu-
racy and completeness).

In conclusion, when creating or integrating KOSs it is crucial to continuously assess the
quality of the resulting knowledge representation (Shvaiko & Euzenat, 2008). The community
needs to further advance tools, metrics, and methodologies in this space.

5.6. Handling Ambiguous Labels

Polysemy is a linguistic feature whereby a term has multiple meanings in different contexts. For
instance, “Java” is both a programming language and an island in Indonesia. Polysemy has a
negative effect during the process of building and aligning KOSs because it introduces ambi-
guity (Djeddi & Khadir, 2014; Johnson, Bretonnel Cohen, & Hunter, 2007).

In the literature, we can find several approaches attempting to disambiguate the various
senses of a term. Bella, Giunchiglia, and McNeill (2017) mapped Eurovoc with Universal Dec-
imal Classification (UDC)46, and they observed that indeed polysemy induces the appearance
of false positives, matching together terms that are syntactically similar but have different
semantics. To address this problem, they created a Word Sense Disambiguation (WSD)
method. Other methods developing WSD techniques are applied to UMLS (McInnes,
Pedersen, & Carlis, 2007; Widdows, Peters et al., 2003); however, these methods necessitate

46 We did not include UDC in our analysis because it has restricted access and requires paying a license.
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the surrounding context of a term and struggle to infer its correct sense when applied directly
to concept labels. In the context of ontologies, Pisanelli, Gangemi et al. (2004) suggest for-
mally representing the several meanings of a word, specifying their types. For instance, the
“Java” entity, in the sense of programming language, can be defined both as a skos:Concept
as well as the type that defines it as a programming language. In this way, the two Java entities
will be properly disambiguated through their specific type. Gu, Perl et al. (2004) audited UMLS
and found several polysemic concepts, and in a shared view with Pisanelli et al. (2004), they
also suggest replacing the polysemous concept with new different concepts according to the
different intersecting semantic types.

In general, disambiguating subjects according to an explicit representation of their meaning
is the de facto solution to tackle ambiguous labels. However, it can also lead to some issues,
because the resulting KOSs are more complex (Shi, Maly et al., 2011), harder to maintain, and
the type assignment may cause disagreements among domain experts (Fan & Friedman, 2007).

5.7. Automatic Generation and Updating KOSs

The current landscape of KOSs reveals gaps in coverage for certain areas (see Section 4.1) and
highlights the vulnerability of some KOSs to becoming outdated (see Section 4.3.4). Given the
critical role KOSs play in various downstream services, the scientific community should pri-
oritize developing more automatic tools that facilitate their creation, maintenance, and con-
tinuous updating.

The literature presents various automated solutions for creating KOSs. These can either be
employed to generate KOSs from scratch (e.g., Osborne & Motta, 2015), or to scan the recent
literature and extend existing ones (e.g., Huang, Xie et al., 2020; Pisu, Pompianu et al., 2024).
Klink-2 (Osborne & Motta, 2015) demonstrated high effectiveness in automatically generating
large-scale and granular ontologies of research areas. On a similar note, Shang, Zhang et al.
(2020) introduced NetTaxo, which is an automated topic taxonomy construction framework
that leverages both text data and network structures to build hierarchical topic representations,
whereas, Zhang, Tao et al. (2018) presented TaxoGen, an unsupervised method that employs
term embeddings and hierarchical clustering to recursively build a topic taxonomy. On the
other hand, Huang et al. (2020) introduced a technique for building topic taxonomies guided
by seed concepts. Given a text corpus and an initial taxonomy of concepts, their approach
develops a more comprehensive taxonomy. This approach is potentially valuable in the con-
text of updating existing KOSs.

In recent years, we have witnessed the emergence of new automatic approaches that
leverage advanced language models. For instance, Pisu et al. (2024) introduced an AI-driven
pipeline that extracts research concepts from articles and then determines their semantic rela-
tionships (hierarchical or synonymous) using SciBERT (Beltagy, Lo et al., 2019). Other
approaches rely on Large Language Models, which possess a deeper understanding of
language, enabling them to identify semantic relationships between concepts more accurately
(Aggarwal, Salatino et al., 2024; Revenko, Breit et al., 2024). This challenge is attracting
growing attention from the community due to the new possibilities offered by AI.

5.8. Automatic Classification of Items

The main objective of KOSs is to categorize a vast amount of items, such as articles, books,
courses, patents, software, and experiment materials. Classifying them manually may be
unfeasible on a large scale. In recent years, various methods have been developed for the
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automatic classification of these items. The literature typically categorizes these approaches
into two main types: supervised and unsupervised methods.

Supervised methods need to be trained according to a set of labeled samples, each associ-
ated with one or more research topics to learn from. The resulting model can be used to auto-
matically classify new items according to the relevant research topics. For instance, Mai,
Galke, and Scherp (2018) employed deep learning techniques to develop a classifier applied
to a set of papers annotated with the STW Thesaurus for Economics and MeSH. Similarly,
Chernyak (2015) presented a classifier in “Computer Science” with topics drawn from the
ACM Computing Classification System. Caragea, Bulgarov, and Mihalcea (2015) trained their
classifiers on a corpus of 3,186 papers distributed over six classes (subjects): agents, artificial
intelligence, information retrieval, human computer interaction, machine learning, and data-
bases. Kandimalla et al. (2021) developed a deep attentive neural network for classifying
papers according to 104 (out of 254) Web of Science subject categories. Their classifier was
trained on 9 million abstracts from Web of Science.

Recently, the OpenAlex team developed a large deep learning model that leverages the
research paper’s title, abstract, citations, and journal name to assign classifications drawn from
the 4,500 topics within the OpenAlex Topics (OpenAlex, 2024). This model demonstrates
modest accuracy, with the correct label appearing as the top prediction for 53% of papers
and within the top 10 predictions for 73% of papers. To date, it represents a potentially unique
example of a deep learning model deployed with such a large number of categories. Super-
vised approaches often face two significant limitations. First, they typically struggle with han-
dling a large number of categories, which can lead to underperformance when applied to very
large KOSs. Second, they are impractical for KOSs that lack a sufficiently large dataset of
labeled items.

Unsupervised methods in this space typically aim to associate research areas described in
the KOSs to specific text segments using semantic similarity metrics, word embeddings, and a
variety of NLP techniques. Their main advantage is that they do not require a training set.

For instance, the CSO Classifier (Salatino et al., 2022) is a tool designed to classify research
documents within the field of Computer Science. It processes the textual elements of a
research document, such as the title, abstract, and keywords, and outputs the relevant topics
based on the Computer Science Ontology. This classifier consists of two main modules. The
first aims at identifying the CSO concepts that are explicitly mentioned in the document. The
second module leverages word embeddings to infer semantically related topics. Finally, an
additional component postprocesses the identified topics and removes outliers. Soldaini
and Goharian (2016) developed QuickUMLS, a scalable approach for annotating documents
with concepts drawn from UMLS. This approach takes the document, extracts parts of speech,
then preprocesses the text to identify valid tokens and finally matches them against the labels
in UMLS. It is able to get comparable results with state-of-the-art solutions, but it tends to con-
fuse polysemic terms. MetaMap (Aronson & Lang, 2010) is a similar approach for annotating
documents with UMLS concepts. MetaMap extracts tokens and their part of speech, then it
selects the candidate and matches them against UMLS labels. It also implements word sense
disambiguation to identify the right sense of the concept in the case of polysemic terms. How-
ever, it suffers from scalability issues and only identifies concepts whose labels are syntacti-
cally available in the text. Savova, Masanz et al. (2010) developed cTAKES, which is an
approach for extracting UMLS concepts from medical records. It implements a named-entity
recognition approach, identifying UMLS terms within a noun-phrase lookup window. How-
ever, cTAKES currently does not resolve ambiguities.
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A well-known limitation of unsupervised approaches is that they rely on language models,
which typically need to be trained on a specific field. Therefore, they are typically unable to
work cross-discipline. The emergence of large language models has opened up exciting new
possibilities due to their ability to generalize across diverse research areas (Kojima, Gu et al.,
2023). However, further investigation is necessary before they can be confidently deployed in
real-world applications.

In conclusion, only a few fields (e.g., “Medicine,” “Biology,” “Chemistry,” “Computer
Science,” “Economics”) currently have access to high-quality classifiers based on a granular
representation of the discipline. Furthermore, these classifiers still face several technical
limitations. As a result, it is essential to develop new solutions that not only expand the range
of disciplines involved, but also improve accuracy and scalability.

6. THREATS TO VALIDITY

This section examines potential threats to validity of our study. We identify four key areas
where the validity of our study could be challenged: internal validity, external validity, con-
struct validity, and conclusion validity, as discussed in Wohlin, Runeson et al. (2024). In the
following discussion, we evaluate these potential threats and detail the measures we have
taken to minimizse their impact.

6.1. Internal Validity

Internal validity in surveys pertains to the rigor and accuracy of the adopted methodology. To
guarantee the replicability of our survey, we carefully devised a methodologically sound pro-
tocol that included systematic and transparent phases for selecting knowledge organization
systems. The initial protocol was developed by the first author and subsequently reviewed
and refined by coauthors to establish consensus before initiating the survey process. We uti-
lized well-known search engines (e.g., Google Scholar, Google) and various sources such as
publishers, Wikipedia, and interconnections among the collected KOSs. Additionally, we con-
sulted domain experts in relevant research fields to expand our result set further.

We performed a multistage selection process to ensure a rigorous evaluation and minimize
selection bias. Initially, the first author analyzed and selected all tools based on their descrip-
tion. Subsequently, all authors collaboratively conducted a comprehensive review of the short-
listed KOSs. In cases where information was unclear or unavailable, the first author directly
contacted the curators of the respective KOSs for clarification.

Although we employed a systematic approach, biases could still arise from subjective deci-
sions made during the application of inclusion and exclusion criteria. To address this, we con-
ducted collaborative reviews of the shortlisted KOSs, which helped to minimize the impact of
individual biases on the selection process.

In summary, although another research team replicating this study might find minor differ-
ences in the specific KOSs, the rigorous and systematic methodology used, combined with the
collaborative nature of the process, strongly supports the internal validity of our results.

6.2. External Validity

External validity refers to how well the results of this survey can be generalized and applied to
other contexts and areas of study. To maximize the applicability of our findings, we utilized a
variety of sources when choosing the KOSs for conducting this analysis. While we aimed for a
comprehensive identification of tools, some relevant KOSs may have been inadvertently
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excluded due to limitations in the search engines or query terms used. This could occur if
KOSs were not adequately described or indexed using appropriate keywords. To address this,
we continuously refined our search terms and consulted domain experts to ensure a wider
range of potential KOSs were captured. Additionally, we explored the external links of iden-
tified KOSs to discover further relevant tools.

With regard to the inclusion and exclusion criteria, we identified two main potential threats
to external validity. The first concerns the exclusion of KOSs that do not offer an English ver-
sion. This was set due to the predominance of English as the language of scientific communi-
cation (Sugimoto & Larivière, 2018). Additionally, the absence of English versions would have
hindered our ability to conduct in-depth analyses, such as the one presented in Figure 3. The
second threat arises from the exclusion of KOSs that are designed specifically for individual
digital libraries and have not been widely adopted by the broader community. This exclusion
was necessary to avoid an unmanageable increase in the number of KOS candidates, which
would have made the analysis impractical. Additionally, these KOSs are often customized to fit
the unique content of their respective libraries, which could result in a skewed portrayal of the
broader scientific landscape.

6.3. Construct Validity

Construct validity refers to the extent to which the operational measures used in a study accu-
rately represent the concepts under investigation. In our survey, the primary concern is
whether the 15 analyzed features comprehensively cover all relevant aspects.

To address any potential omissions in our analysis, all authors collaboratively and itera-
tively defined the five feature categories for evaluation (i.e., scope, structure, curation, external
links, and usage) and the 15 specific features.

We recognize that our analysis may not have fully addressed all relevant aspects. For
instance, evaluating the quality of each KOS could offer valuable insights. However, there
is no universally accepted definition of “quality” in the context of KOSs, which could lead
to potential bias if a specific definition were adopted. Moreover, such an evaluation would
be time-consuming, expensive, and require specialized expertise across various scientific
disciplines.

6.4. Conclusion Validity

Conclusion validity in surveys refers to how well the conclusions drawn are supported by the
evidence and are reproducible. In our analysis, we placed great emphasis on minimizing
threats to conclusion validity by using a systematic approach to identify relevant KOSs and
extract the relevant features.

To ensure precise and reliable data collection, we developed a data extraction form based
on the 15 selected features and a protocol for identifying relevant information.

Each author independently analyzed a sample of KOSs using this standardized form and
protocol. Furthermore, for KOSs available in machine-readable formats, we created custom
Python scripts to extract structural features and external links (available on our GitHub repos-
itory: https://github.com/angelosalatino/kos-rf). Our protocol also included cross-checking our
analyses to guarantee accuracy and consistency.

A continuous challenge to the validity of our conclusions is the dynamic nature of KOSs.
Many of them are updated annually, acquiring new concepts. Consequently, it is anticipated
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that many KOSs will evolve in the near future. While our findings provide a snapshot of the
current landscape, they may not fully capture the ongoing developments in this field.

7. CONCLUSIONS

Knowledge organization systems of academic fields (e.g., term lists, taxonomies, thesauri,
ontologies) are an important part of the academic ecosystem and enable the categorization,
management, and retrieval of items and information. These solutions have become particularly
important in the last few years given the ever-growing number of publications, the rise of Open
Science, and the emergence of vast online repositories of articles, courses, and other academic
materials (Auer et al., 2018).

This article provides a systematic overviewof 45 KOSs, with 23 focusing on a single field
and 22 covering multiple fields. We propose an analysis framework that characterizes them
according to five main dimensions: scope, structure, curation, usage, and links to other
KOSs. The comparative table describing the 45 KOSs according to the 15 features is available
at https://doi.org/10.48366/R732033, as a living review. All the code produced and the data
retrieved during this analysis are openly available at https://github.com/angelosalatino/kos-rf.
These resources can be freely reused by researchers to rerun the analysis in the future.

Our findings indicate that the current generation of KOSs requires substantial enhance-
ments in scope, quality, and granularity. Notably, seven disciplines (“History,” “Political
Science,” “Environmental Science,” “Material Science,” “Geography,” “Sociology,” and “Busi-
ness”) lack dedicated, field-specific KOSs. Additionally, among the existing multidisciplinary
KOSs, only five provide comprehensive coverage of the 19 fields analyzed in this study.

The analyzed KOSs exhibit considerable diversity in both the number of concepts and
structural depth. Some KOSs include as few as 48 concepts (e.g., Fields of research and devel-
opment) with a relatively shallow structure, while others encompass more than 3 million con-
cepts and feature a very deep structure, extending beyond 30 levels (e.g., Open Biological and
Biomedical Ontology and Unified Medical Language System). The majority of the KOSs ana-
lyzed (24) are still traditional taxonomies. However, a growing number of more recent KOSs
(18) are now based on ontologies. Regarding hierarchical structures, there is a fairly balanced
distribution: 24 KOSs utilize a poly-hierarchical structure, while 20 employ a mono-
hierarchical one. Traditionally, KOSs have been created and maintained manually. However,
in recent years, there has been a significant shift toward more automated methods. Conse-
quently, eight KOSs, including OpenAlex Topics and Microsoft’s Fields of Study, have
implemented modern automatic or semiautomatic pipelines for their generation and updating
processes. Eighteen KOSs are updated annually, demonstrating a significant commitment to
maintaining up-to-date resources in some disciplines (e.g., “Medicine,” “Engineering,” “Agri-
culture,” and “Computer Science”). Finally, 26 KOSs are available under open licenses.

Our findings indicate that there is currently no existing multifield KOS that simultaneously
is comprehensive in topic coverage, granular, consistently updated, and openly accessible
(see Figure 7). The creation of such a KOS could revolutionize the field by dramatically
improving content organization across digital libraries, simplifying the process of research
information gathering, facilitating the monitoring of research and development activities,
ensuring high data quality, and supporting evidence-based policymaking.

We have identified key future research directions in this domain, along with the challenges
that accompany them. These priorities include generating higher-quality multifield KOSs,
developing new automatic methods for integrating and updating KOSs, adopting standardized
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formats, expanding language coverage, and evaluating KOSs across diverse characteristics.
Furthermore, there is a critical need for more precise and scalable methods for automatically
classifying articles according to these systems.

Overall, this is a promising area of research that has yet to fully capitalize on recent
advances in generative AI, which hold significant potential to drive progress in the field. To
achieve this, we believe it is essential for the Open Science, Digital Libraries, and Artificial
Intelligence communities to collaborate in developing a unified framework of interlinked
resources. We hope that this survey paper serves as a meaningful first step toward this
direction.
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