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ABSTRACT

The past decades have witnessed a huge growth in scholarly informa-
tion published on the Web, mostly in unstructured or semi-structured
formats, which hampers scientific literature exploration and sciento-
metric studies. Past studies on ontologies for structuring scholarly
information focused on describing scholarly articles’ components,
such as document structure, metadata and bibliographies, rather than
the scientific work itself. Over the past four years, we have been
developing the Science Knowledge Graph Ontologies (SKGO), a set
of ontologies for modeling the research findings in various fields of
modern science resulting in a knowledge graph. Here, we introduce
this ontology suite and discuss the design considerations taken into
account during its development. We deem that within the next years,
a science knowledge graph is likely to become a crucial component
for organizing and exploring scientific work.
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1 INTRODUCTION

This plethora of scientific literature makes it intractable to obtain an
overview of the current state of research results in different science
disciplines. Currently, the unstructured or semi-structured representa-
tion of research data published on the Web still has deficiencies — the
content is not represented in a formal, machine-comprehensible way,
which prevents conceptualization problems as well as the building
of intelligent search, exploration and browsing applications on top.
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Modern information systems could support knowledge discovery ap-
plications such as scientific exploration, thanks to highly structured
ontologies [1]. However, most existing scholarly communication
infrastructures use traditional, keyword-based information retrieval.
Subsequently, knowledge-based representation of scholarly data,
which motivates the development of data models, ontologies and
knowledge graphs, yields a richer representation of this data, thus
making it easier to query and process [2]. The vision of establishing
scholarly communication in a knowledge-based way makes analy-
sis and exploration of scientific data in digital libraries both easier
and more efficient than it is now. Our efforts aim at increasing the
impact that researchers can make, by enabling them to immediately
contribute to a common knowledge base comprising comprehensive
descriptions of their research, thus making research contributions
transparent and directly comparable. In 2017 we made an initial
step [3] towards this goal with the comprehensive Semantic Survey
Ontology (SemSur) for capturing the content of computer science
survey articles. SemSur [4] generally defines how surveys for re-
search fields can be represented semantically, resulting in a knowl-
edge graph that represents individual research problems, approaches,
implementations and evaluations in a structured and comparable
way.

Here, we introduce the Science Knowledge Graph Ontologies
(SKGO), which capture the knowledge of scientific information
typically presented in publications by interlinking domain-specific
information in a highly structured way, thus enabling access to these
data in a machine-readable, transparent and comparable manner.
Currently, SKGO comprises ontologies for five fields of science, in-
cluding computer science (SemSur), chemistry (ChemSci), physics
(PhySci), dentistry (DentSci), and pharmaceutics (PharmSci), as
well as an upper ontology on top, called Modern Science Ontology
(ModSci). This will support the digital transformation of scholarly
communication from documents to a knowledge-oriented represen-
tation in the form of structured and interlinked knowledge graphs,
aiming at analyzing, exchanging and exploiting scholarly knowledge
efficiently. The SKGO ontologies have been made publicly available
in standard formats, at permanent URLS, following best practices
for publishing ontologies [5] and FAIR data [6]. This paper presents
the first complete overview of the SKGO ontology suite as well as
the ModSci ontology.

2 RELATED WORK

Most previous approaches, such as the Semantic Publishing and
Referencing (SPAR) Ontologies [7] and the Journal Article Tag
Suite [8], have focused on particular aspects of scholarly articles,
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such as their structural components or bibliographic information
within them, rather than the scientific results themselves. In this
section, we present research efforts on developing ontologies for
modeling research findings in different fields of science, including
biology, computer science, dentistry and chemistry.

Computer Science-related ontologies: SemSur is a comprehen-
sive ontology for capturing the content of computer science articles
including research problems, implementations used, experiment
setup, etc. [3]. This supports efficient exploration and comparison
of research findings based on an explicit semantic representation
of the knowledge contained in articles. The Computer Science On-
tology [9] is an ontology for characterizing higher-level Computer
Science research areas and their corresponding sub-topics and re-
lated terms. Semantic Web for Research Communities (SWRC) is an
ontology for representing knowledge about researchers and research
communities such as persons, organizations, publications and their
relationships [10]. The scientific EXPeriments Ontology (EXPO)1
formalizes the generic concepts of scientific experiments, such as
experiment setup, experimental design, goal and results [11].

Natural Science-related ontologies: The chemical information
ontology (cheminf) represents chemical entities and richly describes
chemical properties, intrinsic or computed, such as chemical descrip-
tor, boiling point, and molecular descriptor [12]. CombeChem [13]
is a chemical ontology capturing some aspects of chemical struc-
ture, such as organic molecules, molecular properties, as well as
scientific units. Konyk et al. [14] represented chemical knowledge
such as types of objects, e.g., molecules, atoms, or rings, as well
as their connectivity and qualities. Their knowledge base integrates
several data sources, including DrugBank, OpenBabel and DBpedia.
The Oral Health and Disease Ontology (OHD)2 is used to describe
dental practice health records and designed for use in translation
medicine. The Ontology for Biomedical Investigations (OBI) [15]
is an ontology for describing all aspects of how investigations in
the biological and medical domains are conducted. Semantic Web
for Earth and Environmental Terminology (SWEET) [16] is used to
model knowledge about earth system science and related concepts.

3 SCIENCE KNOWLEDGE GRAPH
ONTOLOGIES: THE SUITE

Modern science is commonly divided into three major branches:
natural sciences, social sciences, and formal sciences. Each of them
comprises various specialized yet overlapping disciplines, which of-
ten possess their own nomenclature and expertise [17]. For instance,
ecology is a new branch of biology dealing with the relations of
organisms to one another and to their physical surroundings, i.e.,
overlapping with earth sciences. Modern science follows a set of
core procedures or rules to determine the nature and underlying
natural laws of the universe. This requires collaborations between
scientists from different fields of science. For example, biologists
require mathematics to process, analyze and report experimental
research data and to represent relationships between some biological
phenomena. Statistics is used in economics to measure correlation,
to analyze demand and supply, and to forecast through regression, in-
terpolation and time series analysis. The Science Knowledge Graph
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Ontologies (SKGO) are a suite of OWL ontologies to capture the
knowledge of scientific information from publications, by interlink-
ing domain-specific information, and to make such data accessible
in a machine-readable, transparent and comparable way.

3.1 Development Methodology

The Systematic Approach for Building Ontologies (SABiO) [18]
has been followed when developing SKGO. It comprises five phases:
1) ontology purpose identification and requirements elicitation, 2)
ontology capture and formalization, 3) ontology design, 4) ontology
implementation, and 5) ontology testing. SKGO is being created and
validated through cross-disciplinary interaction between ontology
experts and researchers belonging to the respective fields of science.
Several Ontology Design Patterns [19] have been applied in SKGO,
such as the OWL patterns of Gangemi [20], which are used to capture
inverse relations and composition of relations. SKGO ontologies are
available in multiple RDF serializations, including Turtle, JSON-LD,
RDF/XML and N-Triples, from a GitHub repository.

3.2 Characteristics

The following design considerations have been taken into account in
the development of SKGO:

e Publication. The SKGO ontologies are published with derefer-
enceable URIs, including human-readable HTML content, using
the recipes provided in [5].

o Availability: All SKGO ontologies have been published under a
persistent URL (https://w3id.org/skgo/{mod,dent, chem,phy,pharm}
sci# and http://purl.org/semsur/owl/) under the open CC-BY 4.0
license. The source is available from a GitHub repository (http:
/ltiny.cc/4122dz).

e Readability: The Widoco wizard for documenting ontologies [21]
is used to create HTML documentation, thus facilitating human
understandability of the ontologies. The documentation for each
SKGO ontology is accessible through its PURL.

o Sustainability: The SKGO ontologies are planned to be integrated
into the Open Research Knowledge Graph3. The issue tracker
on GitHub helps to get feedback, suggestions for improvement,
e.g., re-using related ontologies that may appear in future, and to
report any problems.

e Metadata: A checklist has been used to complete the ontologies’
metadata [22].

3.3 Ontologies

In this section, we briefly describe those SKGO ontologies that have
not been published before. For the generic metadata of research
articles, e.g., title, description, and creators, the Dublin Core Meta-
data Initiative and schema.org vocabularies are used in all SKGO
ontologies.

The pivotal concepts of the Modern Science Ontology (ModSci)
are the branches and sub-branches of modern science. Further con-
cepts include (following the definitions of [23]): modern science, sci-
entific discovery, phenomenon, scientific organization, scientist, and
scientific instrument. The Chemistry Ontology (ChemSci) models
high-level descriptions of experiments, such as experiment material,

3 http://orkg.org/
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instruments, and reaction type. The Dentistry Ontology (DentSci)
models abstract descriptions of the main dentistry research proce-
dures, including treatment phases, eligibility criteria of involved
patients, and experiment equipment. The Pharmaceutical Science
ontology (PharmSci) combines a broad range of scientific concepts
related to Drug development, including clinical study, drug, exper-
iment, material, drug effect, and disease. The Physics Ontology
(PhySci) is designed to characterize the description of the scientific
data based on the Physics research domain for both experimental and
theoretical studies, including metadata about scientific observations
and measurements.

4 EVALUATION

To evaluate SKGO ontologies, we performed ontology Verification &
Validation (V& V) following the SABiO guidelines [18]. Verification
has been performed by human evaluation, i.e., by means of expert
judgment, in which the concepts, relations and axioms defined in
the ontology have been checked regarding whether they are able to
answer a predefined set of competency questions (CQs) [24]. This
approach enabled us not only to check whether the ontology can
answer the CQs, but also whether there are irrelevant (should be
removed) or missing (should be added) terms in the ontology. There-
fore, we performed this evaluation step in parallel with the ontology
development in an iterative manner, which significantly helped in
improving the ontology. After several iterations (development-to-
evaluation and vice versa), we obtained the final version of the
ontologies. In parallel, we verified that the SKGO ontologies are
able to answer all competency questions defined by determining
terms that matched the CQs by querying the ontologies.

5 CONCLUSIONS AND FUTURE WORK

This paper is the first that presents a full view of the suite of Science
Knowledge Graph Ontologies (SKGO). Currently, SKGO comprises
five ontologies for modeling scientific work in various fields of sci-
ence, including computer science, chemistry, physics, dentistry, and
pharmaceutical science as well as the Modern Science Ontology.
The SKGO ontologies have been made publicly available in standard
formats, at a permanent URL, following best practices for ontology
publication and vocabulary metadata completion. Several design
principles have been taken into consideration in the development
of the SKGO ontologies, such as publication and configuration to
support semantic web applications, registration in online services for
ontology visualization and exploration, validation, creation of human
readable documentation, and sustainability. The SABiO methodol-
ogy has been followed when developing the ontologies, as well
as FAIR principles for data publication. Ontology verification by
experts and the ontology development have been performed in paral-
lel in an iterative manner, which significantly helped in improving
the ontology. Finally, we hope that SKGO constitutes a significant
step towards facilitating the representation and analysis of scholarly
data in various fields of science, thus supporting the transition from
document- to knowledge-based scholarly communication.

Our future work has three main directions: refining the formal
representation of science in SKGO, covering further fields of science
by dedicated ontologies, and realizing services on top of these on-
tologies. We are planning to complement the ontologies in SKGO by
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integrating more related data models and adding more ontologies to
model research data in other fields of science, such as earth sciences,
biology, as well as mathematics. Finally, to boost real-world applica-
tions of SKGO, we are planning to realize knowledge management
and e-research services on top of the Open Research Knowledge
Graph3, into which we will integrate the SKGO ontologies.
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