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Creating a unified, interoperable representation by integrating diverse datasets is a key
challenge in interdisciplinary research. Heterogeneous information networks (HINs) offer a
graph-based approach to linking datasets while preserving their semantic structure. This
study examines data-driven community standards, with a particular focus on ontologies,
to ensure semantic interoperability in cultural heritage HINs.

Using the CIDOC Conceptual Reference Model (CIDOC-CRM) alongside other com-
monly used or domain-specific ontologies, this study develops the hybrid ArNO ontology
for archaeo-natural research data based on the experience gained in NFDI4Objects Task
Area 3. The data integration follows Linked Open Data principles to ensure schema-
level consistency through ontology-based modelling, while enforcing data-level consistency
through terminologies. This work contributes to the development of FAIR-compliant re-
search infrastructures by establishing standards at schema and data level, thereby en-
hancing the reuse of data across the humanities and natural sciences.

This approach is demonstrated by integrating ancient DNA datasets from the Poseidon
framework to enable cross-dataset analysis by linking natural, archaeological, and contex-
tual data. The study also addresses challenges in CIDOC-CRM-based modelling, such as
its event-centric nature.
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1 Introduction

Interdisciplinary research requires disparate datasets to be integrated into a unified repre-
sentation, enabling holistic, cross-dataset analyses to uncover hidden patterns and depen-
dencies. This provides a foundation of combined data on which network analysis methods
can be applied to derive new insights and solve problems — the second generation of seman-
tic cultural heritage (CH) systems (Hyvonen 2019). Heterogeneous information networks
(HINs) provide a flexible, graph-based framework for integrating diverse datasets (e.g. Pa-
tel, Paraskevopoulos, and Renz 2018a). They are particularly effective at preserving both
the complex relationships of the data and the contextual information in an intuitively
understandable graph structure consisting of typed nodes and edges.

Interdisciplinary initiatives related to research data management, such as the German Na-
tional Research Data Infrastructure (NFDI, see Hartl, Wossner, and Sure-Vetter 2021), are
creating knowledge graphs using ontologies, reference models and standards such as the
Resource Description Framework to promote FAIR (Wilkinson et al. 2016) research data
management and the NFDI vision of applying open science principles. Several domain-
focused consortia within the NFDI are working on the interdisciplinary task of FAIRifying
research data related to the material remains of human history. All resulting domain-
specific knowledge graphs must be interoperable using the Base4NFDI Basic Services!,
such as TSANFDI and KGI4NFDI. The NFDI4Objects consortium (N4O, see Rummel,
Keller, and Fricke 2025; Thiery et al. 2023) addresses these challenges by fostering in-
terdisciplinary collaboration across the humanities, cultural and natural sciences. The
initiative covers data spanning approximately 2.6 million years and encompasses various
types of objects, including human-made artifacts, biological specimens, and geological
specimens. These objects evolve through various transformations, resulting in a so-called
object biography, with Task Area 3 “Analytics and Experiments” (TA3) taking the lead
in natural science research data. A key challenge in this process is the interdisciplinarity
within the CH and archaeological domains (e.g., Strohm, Buenning, and Renz 2023), and
the challenges of joint semantic modelling with the humanities, natural and life sciences,
and geosciences.

This work presents the Archaeco-Natural Ontology (ArNO), a hybrid ontology for archaeo-
natural research data that is developed within TA3. Archaeo-natural data refers to re-
search data produced at the intersection of archaeology and the natural sciences, including
anthropology, archaeogenetics, archaeozoology and archaecobotany, among others. The
term highlights the necessity of integrative modelling approaches that can represent both
cultural-historical context and scientific measurements within a unified semantic frame-
work. ArNO is an application ontology that incorporates classes and properties from
multiple foundational (Steller et al. 2025, p. 11) and domain ontologies (Guarino 1998,
p. 8). It provides a self-contained schema that is suitable for representing interdisciplinary
archaeo-natural research data in an HIN. It is also designed to integrate with existing in-

1 https://basednfdi.de/projects; Visited on May 20, 2025.
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frastructures modelled using the contained ontologies, such as the CIDOC-CRM-based
NFDI4Objects Knowledge Graph (e.g., Vof et al. 2024; Vof§ and Heers 2024).

The aim of this work is to integrate anthropological ancient DNA (aDNA) data from the
Poseidon framework (Schmid et al. 2024) into a generalisable format that allows it to be
combined with other archaeo-natural and CH data. Therefore, the data representation
must transcend the boundaries of the dataset, relating the information it contains to a
wider context by matching different instances of a common object (Doerr 2005), such as
spatial and temporal information or involved agents.

Using HINs for data integration enables cross-dataset analysis (e.g., Patel, Paraskevopou-
los, and Renz 2018b) through common concepts, such as spatial and temporal information,
which act as connectors between objects of different origins. Incorrect data integration
results in invalid HINs, which may consequently lead to incorrect analysis results. This
creates the need for standards at schema and data level to ensure semantically correct
data integration. The proposed interoperable ontology provides these standards at the
schema level. At the data level, terminologies — from keywords to enriched thesauri — are
employed (Thiery and Engel 2016, pp. 259-261).

2 Preliminaries

2.1 Data Integration

In the context of this work, data integration refers to the fusion of datasets at the record
level. This involves synchronising different representational instances of the same object
in different datasets to create a consistent, interconnected data foundation under a me-
diated schema. The main challenges are finding corresponding schema elements (Legler
and Naumann 2007) and equivalent object descriptions (duplicate detection) in different
datasets, in order to create a single, consistent representation of the integrated data from
both datasets (Bleiholder and Naumann 2008, p. 2).

2.2 Information Networks

An information network is a directed graph G = (V, E, ¢, 1), where the set of nodes V
represents information objects — also known as entities — and the set of edges E represents
relationships between pairs of these information objects — also known as relationships or
properties. The functions ¢ and @ map nodes and edges to their corresponding types,
ie,¢:V — Aand ¢ : E — R, where the set A contains all object types and the set
R contains all relationship types. When more than one node or edge type is considered,
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ie., |[A| > 1 or |R| > 1, this information network is called a heterogeneous information
network (HIN, see Sun et al. 2011). HINs are represented using task-specific formats, e.g.,
by using adjacency matrices for efficient querying.

The network schema of an HIN G, denoted as T = (A, R), is a directed graph containing
the object types A as labelled nodes (Sun et al. 2011). Two nodes are connected by a
labelled edge for each relationship type in R that connects them. An example of a simple
network schema containing nodes of the types Sample, Site, Country and Time Period, as
well as the relationship types found in, in country and dated as, can be seen in Figure 1.

) dated as found in in country
Time Period

Figure 1: Network schema illustrating relationships among archaeological entities.

HINs are closely related to knowledge graphs (KGs), which are networks designed to
store and convey knowledge about the real world. Their nodes represent entities of in-
terest, while their edges capture the relationships between these entities. The underlying
network conforms to a graph-based model, such as a directed edge-labelled graph, e.g.,
RDF (Cyganiak, Hyland-Wood, and Lanthaler 2014), or property graphs (Rodriguez and
Neubauer 2010), e.g., Neo4J. Knowledge, which is defined as what is known, can be de-
rived from external sources or inferred from the graph itself. It can consist of simple
factual statements or more complex quantified assertions. To represent and reason about
such structured knowledge, more expressive formalisms, such as ontologies or rules, can
be employed (Hogan et al. 2021). Sun et al. (2022) state that KGs are special cases of
HINs with a much richer schema than most HINs considered, and that they can add a
hierarchical structure to the flat structure of an HIN at the schema or object instance
level. Shi et al. (2017) state that KGs can be considered as HINs. They also note that
KGs are too complex to be modelled as an HIN with a simple network schema because
they are schema-rich networks that cannot be represented by a simple network schema.
Similarly, Zheng, Qu, and Yang (2024) describe KGs as large-scale HINs.

2.3 Data Modelling

The Resource Description Framework (RDF, see Cyganiak, Hyland-Wood, and Lanthaler
2014) represents graph data in the form of subject-predicate-object triples, where the
predicate represents a relationship linking the subject to the object. Internationalised Re-
source Identifiers (IRIs)? are the standard way for uniquely identifying entities in RDF.

2 https://datatracker.ietf.org/doc/html/rfc3987; Visited on May 20, 2025.
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An ontology is a knowledge organisation system (Zeng 2008) that is often defined from the
perspective of a specific domain and specifies terms by describing their relationships with
other terms (Hitzler et al. 2012). It is a structured model of the scientific research pro-
cess that defines general concepts, their internal structure and the relationships between
them. Unlike a taxonomy, which organises entities hierarchically, an ontology explicitly
represents relationships, enabling semantic networks for exploratory analysis and infer-
ence (Hughes, Constantopoulos, and Dallas 2015, p. 15). In computer and information
science, an ontology is a technical artefact that describes a particular reality by defining
a case-specific vocabulary consisting of explicit assumptions about the intended meaning
of words (Guarino 1998, p. 4).

The Web Ontology Language (OWL) builds on RDF by providing a more expressive
formalism based on Description Logic, which enables reasoning capabilities. It is used
to formally represent ontologies, allowing the definition of object types (classes), rela-
tionships between object types (object properties) and associations between objects and
literals (data properties) in a machine-interpretable way (Hitzler et al. 2012; Motik, Patel-
Schneider, and Parsia 2012). In the context of Linked Open Data (LOD), which aims to
provide openly available and interlinked online datasets that are ready for cross-querying
(Schmidt, Thiery, and Trognitz 2022), Berners-Lee’s (2006) linked data principles model
are a well-known guideline.

2.4 Introducing the Used Ontologies

The schema-level ontology for archaeo-natural data, presented in Figure 2, contains seven
top-level concept domains: (A) Cultural Heritage as the central domain within N4O,
(B) the Application Domain (here, Biology is the first use case), the trinity of (C) Time,
(D) Space and (E) Agent, as well as the metadata-focused entities (F) Bibliography
and (G) Provenance. Note that the concept domains are intertwined. In bibliographic
information, for example, agents are involved as authors, while time is represented by the
year of publication.

(A): The CIDOC Conceptual Reference Model (CIDOC-CRM, Version 7.1.3) is “a formal
ontology intended to facilitate the integration, mediation and interchange of het-
erogeneous CH information and similar information from other domains” (Bekiari
et al. 2021, p. 9). CIDOC-CRM is used to represent, for example, aDNA samples
as biological object individuals.

(B): To define biological features as part of the application domain for the Poseidon data,

such as tissue, contamination or genetic sex, the Uber-anatomy ontology (UBERON,
Version 2025-01-15)3, the Phenotype And Trait Ontology (PATO, Version v2025-02-

3 https://www.ebi.ac.uk/ols4/ontologies/uberon; Visited on May 20, 2025.
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Figure 2: The ontologies grouped by the concept domain they are used for.

01)* and the Gender, Sex, and Sexual Orientation ontology (GSSO, Version 2.0.5)°
are used respectively.

: Temporal concepts, such as time positions, durations, and temporal relations (in-

cluding the ordering of intervals and instants), are represented using the OWL-Time
ontology (Cox and Little 2022). The standardised definition of temporal features,
such as time periods or years, is achieved using the Extended Date/Time Format
(EDTF, Version from February 4, 2019)°.

: Standardised representation of spatial data types (Simple Features) together with

spatial query functions are provided by the GeoSPARQL ontology (Car et al. 2024;
Car and Homburg 2022, Version 1.1) and used to represent concepts such as (discov-
ery) sites. This enables effective use in geographic information systems and linked
data contexts (e.g. Thiery et al. 2021). The humanities’ perspective on geolocations,
in addition to GeoSPARQL, is incorporated by including the concepts of Pleiades
Place and Location (Elliott 2017, Version 4.0.1).

: People and other types of agents, such as organisations, are modelled by the Friend

of a Friend (FOAF) Vocabulary Specification 0.99 (Brickley and Miller 2014).

: Bibliographic information, such as documents and journals, is represented using

the Bibliographic Ontology (BIBO), which facilitates interoperability between data
sources (Giasson and D’Arcus 2009, Version 1.3). A standardised set of metadata
elements is defined by DCMI Metadata Terms (dcterms) and used to specify the
concept of an author in accordance with BIBO (Board 2020, Version from January
20, 2020).

4 https://www.ebi.ac.uk/ols4/ontologies/pato; Visited on May 20, 2025.
5 https://www.ebi.ac.uk/ols4/ontologies/gsso; Visited on May 20, 2025.
6 https://www.loc.gov/standards/datetime/; Visited on May 20, 2025.
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(G): The PROV Ontology (PROV-0) is a framework for representing relationships be-
tween entities, activities and agents (Lebo, Sahoo, and McGuinness 2013, W3C
Recommendation 30 April 2013). It will mainly be used to describe the process of
transforming data into RDF triples. CRMy;, (Doerr and Theodoridou 2011, Ver-
sion 4.0) is an extension of CIDOC-CRM to represent the provenance of digital data
generated from scientific observations. It is used to represent software executions
for analysis.

The ontologies selected for the schema were chosen based on a balance of domain coverage,
semantic interoperability, maturity, and uptake within the relevant research communities.
While the chosen ontologies are well-established, there are issues with their use, and
there are alternatives that warrant consideration. For example, the FOAF vocabulary,
which is used to model agents, has not seen significant content updates since 2014 and
is therefore considered outdated for modern Semantic Web applications. However, it is
still included because many existing datasets are modelled using FOAF, and the aim is to
achieve interoperability with these datasets. In the context of biological data, the selected
ontologies (UBERON, PATO and GSSO) are all part of the OBO Foundry, a collaborative
initiative that aims to create interoperable ontologies related to the life sciences. While
integrating these ontologies provides a strong semantic basis for representing anatomical
and phenotypic features, further aligning them with OBO or other upper-level categories
could enhance cross-domain interoperability. However, such extensions were deemed out
of scope for the current use case, which focuses on representing aDNA-related attributes.
Regarding provenance modelling, PROV-O and CRMy;, were chosen due to their formal
W3C endorsement (in the case of PROV-0O) and compatibility with CIDOC-CRM-based
N40 modelling approach.

Overall, the selected ontologies provide a coherent foundation for the integration of het-
erogeneous archaeo-natural data. However, ontology evolution must be continuously mon-
itored, particularly with regard to maintenance and adoption. Future iterations of the
schema may involve replacing or augmenting inactive vocabularies, such as FOAF, with
robust alternatives that are actively maintained.

3 Related Work

The presented approach aims to extend CIDOC-CRM to be applicable to archaeo-natural
data, allowing integration with data not based on CIDOC-CRM. There is prior work about
combining ontologies, which also include CIDOC-CRM. Relevant approaches in the scope
of this work are presented below.

Binding, May, and Tudhope (2008) demonstrate how CIDOC-CRM and its English Her-

itage extension (CRM-EH) can facilitate the integration of heterogeneous archaeological
datasets by transforming relational databases into RDF. They highlight the challenges
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and benefits of ontology-based data integration, particularly when modelling archaeologi-
cal processes, ensuring semantic interoperability and improving dataset accessibility. They
also emphasise the role of semi-automatic mapping and extraction tools in streamlining
the transformation process.

Deicke (2016) explores the application of the CIDOC-CRM for modelling archaeological
catalogues, focusing specifically on Late Bronze Age elite burials. The study shows that
structured semantic modelling improves data reuse, provides a better understanding of
archaeological contexts and enables integration into LOD initiatives The paper emphasises
the advantages of using ontologies to structure research for greater transparency and
interoperability, particularly in the fields of digital humanities and archaeology.

Nys, Ruymbeke, and Billen (2018) propose a hybrid ontology that integrates GeoSPARQL
and OWL-Time with CIDOC-CRM, enhancing spatio-temporal reasoning. Although
CIDOC-CRM includes spatial and temporal elements, a lack of standardisation limits
its computational reasoning capabilities. To address this issue, the authors link CRM,,
an extension of CIDOC-CRM designed for geospatial data, with GeoSPARQL for spatial
representation and OWL-Time for temporal relationships. This enables complex spatio-
temporal queries and demonstrates how semantic, spatial and temporal reasoning can
facilitate knowledge discovery in archaeological datasets. This integration enhances the
interoperability and analytical potential of CIDOC-CRM-based systems and is also con-
sidered in this work.

Hyvonen (2019) examines the evolution of semantic portals in CH, tracing their develop-
ment from first-generation systems focused on data aggregation and search to second-
generation systems that incorporate tools for data analysis and knowledge discovery.
Third-generation systems, which integrate automated knowledge discovery and explain-
able Al, are then introduced. The paper introduces the Sampo model: a framework for
building linked data infrastructures that support digital humanities research by providing
interactive tools for filtering, visualising and analysing large datasets.

Koho et al. (2020) extend CIDOC-CRM with military history ontologies to create the
WarSampo knowledge graph, which semantically represents spatio-temporal events related
to Finland during the Second World War. They introduce CIDOC-CRM subclasses and
SKOST vocabularies to ensure interoperability while leveraging the event-based structure
of CIDOC-CRM for data harmonisation. The WarSampo KG integrates heterogeneous
historical datasets, enabling linked data queries and providing a foundation for semantic
applications in digital humanities and military history research.

Tzitzikas et al. (2022) explore the integration of machine learning (ML) into CIDOC-
CRM processes, addressing challenges posed by its event-centric structure and complex

hierarchy, such as the manual effort required for schema alignment. They analyse key
tasks in which ML could enhance CIDOC-CRM-based workflows, such as information

7 https://www.w3.0rg/2004/02/skos/; Visited on May 20, 2025.
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extraction, data transformation and instance matching. The paper reviews successful
applications of ML, outlines future research directions and highlights its potential to
improve semantic interoperability, particularly when processing unstructured data. It
also provides a curated list of publicly available CIDOC-CRM datasets that can be used
to train and evaluate ML models.

4 From Data to Standards

4.1 Use Case: Poseidon Framework

The Poseidon Framework (Schmid et al. 2024) aims to enable FAIR and open management
of ancient DNA (aDNA) data. It enriches genotype data with metadata and archaeological
context data in a structured yet flexible format. The Poseidon Framework consists of
three different archives, one of which is the Poseidon Community Archive®. It contains
publication-wise genotype data to ensure reproducibility and is maintained by the Max

Planck Institute for Evolutionary Anthropology and researchers worldwide.

In addition to other information, the Janno file contains standardised contextual infor-
mation and metadata for genotyped individuals. This information — consisting of over
18,000 rows, each representing a contextualised genetic sample — originates from 194
datasets and their associated bibliographic metadata files. It is incorporated into the
constructed HIN.

4.2 Motivating Community Standards

Data linkage is difficult to achieve due the variety of schemas and formats resulting from
different requirements and modelling choices (Mountantonakis and Tzitzikas 2019). A
naively created Poseidon network schema that only considers the attributes and their
descriptions cannot be integrated with records containing similar information represented
using different modelling decisions. For example, suppose the object type Place is called
Region or Location in an HIN created from other data. There is no way to automatically
infer that these node types represent the same object type and should therefore be unified.
This highlights the need for standards at the schema level to ensure the interoperability
of networks representing the same node types. Adherence to such standards, achieved
by creating a common ontology, in well-structured data with the potential for analysis
beyond the context of a specific dataset (Deicke 2016). Formal ontologies and terminolo-
gies are essential for achieving the precision of human-mediated knowledge (Doerr 2005).

8 https://github.com/poseidon-framework /community-archive/tree/master; Visited on May 20, 2025.
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Standards are also needed at the data level to match and map differently represented
instances of the same object (Thiery and Mees 2023).

Schema-Level Standards

One of the main barriers to working with linked data is the lack of a semantically consistent
representation of object types (Middle 2024). Matching datasets to a global, dataset-
overarching network schema provides unified representations of concepts and enables the
semantic interoperability of data from different sources. Using ontologies as modelling
standards addresses this by providing a unified conceptual framework that enables the
semantic integration of network data at schema level. Well-known foundational ontologies
or reference models can be used as the basis for such a global network schema, for example,
CIDOC-CRM (e.g., Bekiari et al. 2021) for the CH domain or BFO (Otte, Beverley, and
Ruttenberg 2022) for NFDI4Culture (Steller et al. 2025, p. 11). CIDOC-CRM offers a
formal structure of object and relationship types that supports cross-dataset integration
and exploration within the cultural heritage domain (Doerr 2005; Doerr, Light, and Hiebel
2020). It is also employed as the reference model for the application ontology (Guarino
1998, p. 8) of the N4O KG. The Archaeo-Natural Ontology (ArNO), which is presented
in this work, is thus based on CIDOC-CRM to ensure the HIN’s schema-level consistency
with other CH datasets.

However, CIDOC-CRM alone is insufficient for representing the anthropological, ar-
chaeobotanical and archaeozoological data considered in TA3, no for ensuring interop-
erability with datasets from domains other than CH. Using CIDOC-CRM alone for the
semantic modelling of spatial information (e.g., Padfield et al. 2019; Stein and Balandi
2019; Doerr 2003) raises conceptual issues in the context of cultural heritage (see Vof3
2025). The CIDOC-CRM class E53 Place covers extents in the natural space in a purely
physical sense, independent of temporal phenomena and matter. In contrast, E27 Site
covers pieces of land or sea floor represented by photographs, paintings, and maps. This
does not allign the Pleiades logic of Place — a descriptive and conceptual context for
geographic or toponymic information — and Location — a record information about mea-
surable points on the Earth’s surface. To be interoperable with the CH domain and to be
able to model the presented view of spatial concepts, this work uses CIDOC-CRM as a
reference model, integrating domain-specific extensions, such as archaeology.link’s LADO
(e.g. Thiery and Mees 2025). This intertwines CIDOC-CRM classes with the Pleiades
Place and Location concepts and GeoSPARQL to represent spatial objects.

Therefore, modelling all archaeo-natural data directly with CIDOC-CRM alone does not
address the domain-specific and interdisciplinary requirements of TA3. To bridge this
gap, the hybrid ArNO ontology (Nys, Ruymbeke, and Billen 2018) is being developed,
combining classes and properties from the ontologies introduced above (see Section 2.4).
This allows for a fine-grained representation of the considered archaeo-natural data and
enables integration with datasets from CH and other domains that use some of the same
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ontologies. ArNO is being developed on GitHub? (Straten and Thiery 2025). Subclasses
and custom properties are used to accurately represent the Poseidon data (see Figure 3)
while ensuring interoperability with other systems based on the used ontologies (Koho et
al. 2020). All object types shown in the network schema Figure 3 are subclasses of classes
from the ontologies incorporated in ArNO, particularly the CIDOC-CRM classes.
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Figure 3: The network schema of the Poseidon network without data properties for better read-
ability.

However, not all relationships are subproperties of properties from the used ontologies,
particularly not from CIDOC-CRM. This is because CIDOC-CRM properties are not
suitable for subtyping to create the relationship types of the Poseidon HIN, as they are
designed to be generally applicable in the CH domain and do not specify the approach
used for analysis in the natural and life sciences. As an event-centric approach, CIDOC-
CRM typically models a series of events in which an object has been involved, rather than
placing the individual object at the centre of the schema (Middle 2024; Bruseker, Carboni,
and Guillem 2017; Bekiari et al. 2021). CRM-EH creates “virtual” events that are not
part of the considered dataset in order to correctly connect such entities in their network.
Currently, ArNO adopts an object-oriented approach by considering CIDOC-CRM as a
reference model rather than applying it holistically to model the data. This results in the
creation of new types of relationships linking aDNA Samples to their respective measure-

9 https://archaeonatural-cloud.github.io/archaeonatural-ontology/; Visited on May 20, 2025.
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ments. This avoids definiting an event that contains no additional information, which
would artificially increase the complexity of the network and hinder network analysis,
resulting in slow and overly complex queries (Koho et al. 2020). This is particularly im-
portant for meta path-based HIN analysis (e.g., Sun et al. 2011), where the complexity of
the network schema complicates the query definition. The hybrid ontology introduced in
this work thus introduces new relationships that are not inherited from the CIDOC-CRM
properties. These relationships directly connect the aDNA Samples to their respective
measurements, without the need to create an event as a connector.

HIN data is stored in a task-specific format, enabling attribute values for nodes and rela-
tionships to be stored directly when modelling them similar to property graphs. However,
when OWL and RDF are used to represent the network, it becomes necessary to use data
properties to represent attributes. It is not possible to represent data properties of object
properties (i.e. attributes of relationships). Therefore, an additional class, aDNA Sample
Relation, had to be introduced in ArNO to enable attributes to be added to the relation-
ship between aDNA Samples. An alternative way of representing this information is to
use quintuples, which add both attributes to the relation using blank nodes, in a manner
similar to the use of quadruples in AMT modelling (Thiery et al. 2022).

Data-Level Standards

In order to successfully integrate diverse datasets into a single HIN, it is crucial to map
multiple instances of the same object to the same object representation. The same ob-
ject may be referred to in different languages, by various identifiers or by conflicting
modelling choices, which complicates entity identification and affects entity resolution.
Gazetteers, controlled vocabularies and authority files — such as GeoNames' or the Inte-
grated Authority File (GND)! — provide standardised identifiers and labels that support
the harmonisation of different representations of the same object. In contrast, community-
driven vocabularies, which are often created during domain-specific database projects
(e.g., Thiery and Mees 2024, pp. 68-69), are less rigidly standardised and offer greater
flexibility and adaptability to emerging needs. However, they may have limited potential
for generalisation.

Different instances that refer to the same object can be resolved by canonicalisation, i.e.,
by transforming both objects into the same representation, or by binding, i.e., by estab-
lishing an additional relationship between these objects (Mountantonakis and Tzitzikas
2019). As one of the goals of the integrated network presented in this work is to per-
form holistic network analysis, canonicalisation is used to ensure that all of an object’s
semantics are captured in a single representative instance for use in network analysis.
Binding would result in multiple linked instances of the same object, which would pre-

10 https://www.geonames.org/; Visited on May 20, 2025.
11 https://explore.gnd.network/en/; Visited on May 20, 2025.
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vent the semantic integration and incorporation of all modelled information about the
object into a single representative instance. If binding is chosen instead of canonicali-
sation, not all information — e.g., attributes and relationships to other objects — of all
instances of the query object can be considered when using a single representative as
the query object in network analysis tasks. However, canonicalisation might introduce
limitations. By reducing multiple instances to a single representation, important nuances
may be lost, e.g., various provenance trails, uncertainty in the original data sources or
obfuscating contextual ambiguity. For example, if different datasets refer to an object
with varying spatial precision or conflicting temporal attributions, canonicalisation may
obscure these discrepancies in favour of a unified representation. Therefore, the trade-off
between analytical clarity and the preservation of interpretative richness must therefore
be carefully considered. The presented work represents spatial and temporal information
as separate classes, enabling such conflicting information to be represented using multiple
relationships.

Consistency at the data level is achieved through the use of IRIs where available. Rather
than retrieving all relevant bibliographic information directly from the data files them-
selves, Digital Object Identifiers (DOIs) are used to consistently retrieve it via the Crossref
API*2. This prevents different representations of bibliographic objects from resulting in
multiple instances of the same object being created. ISO 3166 country codes are used
to ensure the consistent representation of Countries in the source datasets. Data-level
consistency can be further ensured by providing IRIs for objects obtained using appro-
priate gazetteers for spatial data. However, the name of a Site alone, as it is found in
most existing datasets, is not sufficient to correctly map it to an existing IRI using a
gazetteer, since several Sites may have the same name. Therefore, geographic coordinate
information must also be (created and) taken into account to make the mapping more
likely to be correct.

The presented framework aims to create a semantically consistent integrated HIN that
is interoperable with future datasets from the archaeo-natural domain and related fields.
This is achieved by combining well-known ontologies and terminologies. The resulting
LOD provides an opportunity to address new research questions and discover previously
unknown relationships between objects (Middle 2024) by applying network analysis meth-
ods to a shared digital heritage rather than isolated datasets.

5 Discussion

Although CIDOC-CRM enables the representation of detailed and well-structured data,
mapping data to it is a time-consuming and manual process that requires expertise, as
the quality of the mapping depends on familiarity with both the dataset and the complex

12 https://api.crossref.org/; Visited on May 20, 2025.
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ontology (Deicke 2016; Tzitzikas et al. 2022; Middle 2024). Several projects have avoided
using CIDOC-CRM due to the high resources required for its correct implementation
(Middle 2024). Nevertheless, this study uses CIDOC-CRM as a reference model to ensure
interoperability in the CH domain and to facilitate the data integration into the N40 KG.
Despite the fact that the data considered includes well-documented metadata and comes
in well-structured formats, extensive and repeated consultations with domain experts
were required to accurately map it to CIDOC-CRM. Without close collaboration between
modellers and data owners, models that are semantically correct but misrepresent the
underlying data may be created. Therefore, continuous communication is required for
interdisciplinary collaboration to ensure that the structures accurately reflect the data
content, enable future integration and meet the needs of researchers.

Representing the network data using RDF enables the use of blank nodes for missing data,
which act as connectors. For example, this could be used for missing Discovery Site where
Site information is available (see Figure 3). In traditional HINs, it would be difficult to
associate the Site information with the aDNA Sample if there were no details about the
connecting Discovery Site (see Figure 3). Therefore, HINs may be based on a star network
schema (Sun, Yu, and Han 2009) to prevent the loss of link information. However, this
limits the analytical depth obtained through meta-path-based analysis, in which objects
are connected by a semantic sequence of edge types. This is because these paths always
pass through the central node type of the star network schema when connecting a pair of
object types.

In conventional RDF-based KGs, purely spatial or temporal information, e.g., Discovery
Site or Time Period, is usually defined as a literal (attribute) using data properties.
However, in order to discover patterns of spatial or temporal similarity in HINs, it is
crucial to have objects representing such information. Therefore, the object types of
Discovery Site and Time Period are included in ArNO.

The ArNO ontology is a work in progress, with the Poseidon datasets currently forming
its foundation. Other archaeo-natural datasets from TA3, such as the archaeozoological
data from the Ossobook framework (Kriegel et al. 2009) or the archaeobotanical data
from ArboDat (Kreuz, Elger, and Frenzel 2022), will be integrated into the unified HIN
based on ArNO and will be followed by other archaeo-natural data. The WarSampo
KG (Koho et al. 2020) has extended its class structure iteratively when considering new
datasets. The class structure of ArNO may also change when integrating such datasets
in a community-driven manner. However, ArNO’s modular structure, the use of CIDOC-
CRM as a reference model and its extension using standard ontologies — e.g., for spatial
and temporal information — allow for an integrated foundation that only needs to be
extended when previously unseen classes or properties are added, for example, from a
new application domain. Ontologies such as ArNO are introduced to the community
through discussions within the NFDI consortium. These discussions take place in N40O
groups such as Temporary Working Groups and Community Clusters, as well as groups
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that transcend the N4O consortium, such as Memorandum of Understanding groups and
NFDI sections.

The mapping of ArNO’s classes and properties to top-level ontologies (Guarino 1998,
p. 7) and other existing ontologies will be discussed later, with the aim of producing
a consistent mapping of the data to other systems, e.g., by including their concepts
to ArNO. For example, one could incorporate ETS!3, SOSA' or OBOE" in ArNO,
allowing interoperability with natural data modelled in NFDI4Biodiversity. One could
also incorporate BFO to enable interoperability with NFDIcore-based systems'®, aiming
to ensure data interoperability across NFDI consortia. After the successful extension and
integration into the N4O KG, extended documentation and exemplary data modelling
will be provided.

6 Conclusion & Future Work

This work promotes community standards for research data that enhance the interoper-
ability of heterogeneous datasets in an interdisciplinary context. Adherence to schema-
and data-level standards ensures alignment with the FAIR principles, guaranteeing that
integrated HINs are semantically consistent and interoperable with other datasets. This
creates a rich source of reusable data for future research. Using standardised ontologies
to enforce schema-level standards results in a unified representation of broad, multidisci-
plinary resources. This connects disparate datasets and makes connections to the wider
Linked Data ecosystem (Middle 2024). By sharing this approach, this work aims to
contribute to wider efforts to promote the interoperability and semantic consistency of
heterogeneous datasets within CH and other related research fields.

KGs typically focus on structured knowledge representation and reasoning, often leverag-
ing ontologies. In contrast, HINs are typically used for applying network analysis methods
to discover new knowledge (e.g., Hogan et al. 2021; Shi et al. 2017). Sun et al. (2022)
distinguish KGs and HINs by the fact that KGs may contain a hierarchical structure,
whereas HINs are not defined to consider a hierarchical network schema. However, the
use of ontologies presented here to standardise HINs at the schema level incorporates
a taxonomic hierarchy into the network schema, where the node types are subclasses
of ontology classes. Conventional HIN analysis methods also only consider flat, non-
hierarchical network schemas and therefore fail to adequately represent hierarchically
structured information modelled by ontologies. When ontologies are used to define the
HIN network schema and IRIs to identify object instances, the distinction between HINs
and KGs becomes less clear, particularly when data models that can accommodate both

13 https://biodivportal.gfbio.org/ontologies/ETS; Visited on May 20, 2025.
14 https://biodivportal.gfbio.org/ontologies/SOSA; Visited on May 20, 2025.
15 https://biodivportal.gfbio.org/ontologies/ OBOE; Visited on May 20, 2025.
16 https://ise-fizkarlsruhe.github.io/nfdicore/; Visited on May 20, 2025.
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heterogeneous networks and semantic representations are employed. Therefore, the pre-
sented standards will lead to greater interoperability between HINs and KGs, especially
if standardised formats such as RDF are used for HIN representation. The achieved in-
teroperability could enable the integration of separate HINs into a large, unified KG, and
could also facilitate the application of HIN analysis methods to large-scale KGs. However,
meta path-based methods require a manageable network schema in order to define rele-
vant paths. Future work could therefore focus on discovering how HIN analysis methods
can be applied to KGs and RDF data. Current HIN analysis methods typically use a flat
network schema for knowledge discovery. Another promising area for future research will
therefore be to extend HIN analysis methods (e.g., Sun et al. 2011; Rossi et al. 2019) to
consider hierarchical ontology structures (e.g., Huang 2021).

Future work will also involve integrating the Arbodat and Ossobook datasets into ArNO,
primarily through mapping them to existing object and relationship types. If neces-
sary, new classes will be added to ArNO, particularly within the application domain (see
Figure 2). The average of the Discovery Site coordinates will be computed to obtain rep-
resentative spatial information for mapping the Site and Location label to IRIs. Different
spatial granularities and inexact spatial matches can also be considered when mapping
Sites to gazetteers. Future work will also involve incorporating top-level ontologies and on-
tologies from related domains into ArNO. This will facilitate ontology alignment, enable
semantic mapping across domains, and improve compatibility with existing knowledge
graph infrastructures.
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