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Abstract. Ontology Design Patterns (ODPs) have become an established and recognised practice for guaranteeing good quality
ontology engineering. There are several ODP repositories where ODPs are shared as well as ontology design methodologies rec-
ommending their reuse. Performing rigorous testing is recommended as well for supporting ontology maintenance and validating
the resulting resource against its motivating requirements. Nevertheless, it is less than straightforward to find guidelines on how
to apply such methodologies for developing domain-specific knowledge graphs. ArCo is the knowledge graph of Italian Cultural
Heritage and has been developed by using eXtreme Design (XD), an ODP- and test-driven methodology. During its development,
XD has been adapted to the need of the CH domain e.g. gathering requirements from an open, diverse community of consumers,
a new ODP has been defined and many have been specialised to address specific CH requirements. This paper presents ArCo
and describes how to apply XD to the development and validation of a CH knowledge graph, also detailing the (intellectual)
process implemented for matching the encountered modelling problems to ODPs. Relevant contributions also include a novel
web tool for supporting unit-testing of knowledge graphs, a rigorous evaluation of ArCo, and a discussion of methodological
lessons learned during ArCo development.

Keywords: cultural heritage knowledge graph, ontology design patterns, ontology testing, ontology evaluation

1. Introduction

Museums, libraries, archives, private collections and
other cultural institutions have the essential mission to
preserve the cultural objects they collect. Hence, data
about these objects is of utmost importance, since it
allows to keep memory of them, their life cycle as

*Corresponding author. E-mails: valentina.carriero3@unibo.it,
valentina.presutti@unibo.it.

well as their artistic, social, and historical context. If
data are shared, they can be used as a means of en-
hancing cultural properties, by spreading knowledge
on cultural heritage, and widening its potential con-
sumers. Cultural Heritage (CH) data can have various
types of consumers such as citizens, students, scholars,
scientists, managers, public administrations, and com-
panies. Consequently, it can impact on different do-
mains such as tourism, research, management, teach-
ing, etc. Moreover, cultural institutions can mutually
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bene�t from the data they publish, especially by cre-
ating connections between their knowledge bases. The
Linked Data paradigm has shown its effectiveness in
supporting this practice [1], and its adoption in the Cul-
tural Heritage domain is leading to a signi�cant trans-
formation in the management of CH data [2–6].

The Italian Cultural Heritage is an important part of
the whole world CH1, and a great resource for Italy
from aesthetic, social, historical, cognitive, and eco-
nomic points of view. More and more cultural institu-
tions are publishing their data, often as open data, in
order to allow for interchange, interlinking and mutual
enrichment.

In [7] we introduce ArCo, a recent resource that con-
tributes to this vision by publishing a knowledge graph
consisting of a network of ontologies modelling the
CH domain, a LOD dataset of� 169M triples about
Italian cultural properties, along with data, documen-
tation and software artefacts produced along. The se-
mantics emerging from ArCo addresses directly the
CH domain, by distinguishing knowledge of cultural
entities and their context, versus the knowledge dy-
namically assembled in catalographic records. The
�rst type creates a CH ontology unprecedented in its
depth and latitude, while the second allows to trace the
epistemological aspects of CH catalogues.

For this reason, besides the relevance of the pro-
duced resource, addressed in [7], ArCo as a project
can contribute to push the state of the art in knowl-
edge graph engineering, with special focus on the CH
domain, by sharing its “behind the scene”, i.e. the
intellectual and methodological processes performed,
the adopted design principles, and the lessons learned,
which constitute the main focus of this paper.

ArCo is an evolving creature, both as a knowledge
graph, and as a methodology. New requirements are
continuously collected, incremental versions are regu-
larly released, and its methodological approach is dis-
cussed with the community, and possibly re�ned and
evolved2.

1According to UNESCO, Italy is the country with the
highest heritage sites in the world, https://doi.org/10.1007/
978-3-030-30796-7_3

2ArCo releases and issue tracker can be found at https://github.
com/ICCD-MiBACT/ArCo, here you can download ArCo as a
docker and have everything on your own PC. Additional documen-
tation, user guide, and examples can be found at https://w3id.org/
arco. ArCo methodology is discussed on a dedicated mailing list
arco-project@googlegroups.com as well as during webinars and
meetups

ArCo knowledge graph derives from the General
Catalogue of Italian Cultural Heritage3 (GC), which
is maintained by the Central Institute for Catalogue
and Documentation (ICCD) of the Ministry of Cul-
tural Heritage and Activities4 (MiBAC). ICCD coordi-
nates the cataloguing activities by collecting and inte-
grating data coming from diverse institutions all over
Italy with the help of a collaborative platform named
SIGECweb5. The General Catalogue data are �nally
stored in a relational database (and encoded in XML).
In order to convert such data into a knowledge graph,
a reference ontology model that captures the concepts
expressed in the database is required.

There are several good reference models for rep-
resenting Cultural Heritage data and publishing them
as linked open data. The Europeana Data Model
(EDM) [5] and CIDOC Conceptual Reference Model
(CRM) [8] are two prominent examples. However,
their ontological commitment seems focused on allow-
ing a linked data encoding of the metadata that can
be extracted from typical catalogue records. Although
ArCo data source is a set of catalogue records, the am-
bition of the project is larger than transforming them
into linked data. ArCo aims at modelling the entities
that populate the Cultural Heritage domain, the events
they participate in, the types of places they are located
in, the processes they are involved in, etc., hence pro-
viding the CH and the Semantic Web communities
with a set of ontology patterns to represent the cultural
entities' knowledge domain. ArCo's ultimate goal is
to enable researchers and scholars to make new �nd-
ings about cultural entities, and to develop new theo-
ries based on observations performed on CH knowl-
edge graphs modelled by means of its ontologies.

ArCo ontologies are aligned to EDM and CIDOC-
CRM in order to facilitate linking and reuse by aggre-
gators, but they are much richer and extended in the
variety and granularity of concepts they provide. As an
example, the painting “Woman Portrait” by Netscher
Caspar (17th century) is associated with several types
of locations: it is now located at the Uf�zi in Flo-
rence, it was stored in 1942 at Poppi Castle, it was in-
volved (hence temporarily moved) in an exhibition at
Pitti Palace in Florence in 1773 (cf. Figure 1).

CIDOC-CRM allows us to encode the data about all
these locations by means of a “move” event that is both
temporally and geographically indexed. This represen-

3http://www.catalogo.beniculturali.it
4www.beniculturali.it
5http://www.iccd.beniculturali.it/it/sigec-web
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Fig. 1. The painting “Woman Portrait” by Netscher Caspar (17th
century) and the different (types of) locations it is associated with.

tation keeps off the information about the type or mo-
tivation of a speci�c location, i.e. production, exhibi-
tion, storage, etc., as well as the temporal validity of
that location, which is different from the time at which
a moving event occurs. In turn, location types can be
further characterised by other data or entities speci�c
for them. In ArCo it is possible to both represent the
moving event with its temporal and spatial indexing,
and the type of location with its own temporal validity.

Other examples include: the modelling of the cata-
logue records as entities of the CH domain represent-
ing the epistemological perspective on cultural prop-
erties as opposed to their ontological perspective, the
recurrence of cultural events such as periodic festi-
vals, exhibitions, etc., as well as other situations in
which cultural properties are involved: observations,
issuances, etc.

In order to govern a knowledge graph development
process able to address requirements from a diversity
of potential consumers, to provide a rich expressiv-
ity, and to preserve high quality and easiness of reuse,
ArCo follows a pattern-based ontology design method-
ology named eXtreme Design (XD) [9, 10], and has
contributed to extend and improve it.

Contribution This paper signi�cantly extends [7] by
providing further details on ArCo knowledge graph
(including examples) and its development context. Ad-
ditionally, its novel contributions can be summarised
as follows:

– it describes how to implement the eXtreme De-
sign methodology for a CH project, by pointing
out what tools can be used for the various activi-
ties;

– it extends eXtreme Design by implementing an
open gatheringapproach to requirements collec-
tion, which supports the variety of potential con-
sumers of CH data;

– it describes the process of, and motivations for,
key design choices, e.g. the modules composing
the ontology network, the model redundancy by
representing same concepts as bothn-ary and bi-
nary relations, the direct versus indirect reuse of
existing ontologies;

– it describes the intellectual process that leads to
mapping modelling issues to speci�c ontology
design patterns for three key concrete and promi-
nent cases in CH;

– it describes how to perform ontology testing, and
provides a novel web tool for running regression
tests on a knowledge graph;

– it formally evaluates ArCo ontology network ac-
cording to a set of established metrics [11–17];

– it tells the lessons learned during the development
process.

The paper is structured as follows. Section 2 de-
scribes the General Catalogue of Italian Cultural Her-
itage. Section 3 discusses relevant related work, with
regard to both LOD, ontologies and methodologies for
CH data. Section 4 shows how we applied eXtreme
Design principles to ArCo, for modelling the Cultural
Heritage domain. Section 5 provides examples of us-
age of ArCo. Section 6 contains a rigorous evalua-
tion of the presented knowledge graph. In Section 7
the lessons learned during ArCo development are pre-
sented. Finally, Section 8 concludes the paper with on-
going and future works.

2. The journey through semi-structured data on
Italian Cultural Heritage

Building a knowledge graph and its reference on-
tology network requires to understand the domain and
the ontological commitment that its conceptualisa-
tion conveys, and to transform the available data into
linked entities that comply with the resulting ontolo-
gies. There may be different scenarios in terms of what
is available at the beginning of a knowledge graph
project, but one of the most common situations is hav-
ing a (set of) database(s) where the data are stored and
maintained, and that are used as main sources for feed-
ing some presentation interface. Along with a continu-
ous interaction with the administrators of the databases
and the domain experts, these resources are to be anal-
ysed in order to extract the (often implicit) conceptual
model of the domain that they encode. ArCo's main
datasources have been an XML database of catalogue
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records and a set of pdf documents describing cata-
logue standards, encoded as XSD schemas.

Cataloguing cultural heritage is the process of iden-
tifying and describing, through metadata, information
resources that are considered cultural properties, by
virtue of their historic, artistic, archaeological and eth-
noanthropological interest. In Italy, the Italian Ministry
of Cultural Heritage and Activities4 (MiBAC), regions
and local agencies are in charge of cooperatively cat-
aloguing Italian cultural heritage they own, aiming at
safeguarding, enhancing, and making publicly avail-
able data on, cultural heritage.

2.1. The General Catalogue of Italian Cultural
Heritage

ICCD coordinates these cataloguing activities by
maintaining the General Catalogue of Italian Cul-
tural Heritage3 (GC), which is the of�cial institutional
database of Italian cultural heritage, promoting inte-
grated management of data coming from all over Italy
and from diverse institutions and local contexts.

The General Catalogue is built upon a collabora-
tive platform, named SIGECweb5, to which national
or regional, public or private, institutional organisa-
tions that administer cultural properties can submit
their catalogue records, i.e. �les containing data on
cultural properties and compliant with predetermined
standards and guidelines (see Subsection 2.2). Only
users from institutions that are formally authorised by
ICCD can access and contribute to SIGECweb. Each
user is associated with a speci�c pro�le (e.g. admin-
istrator, cataloguer), which determines the (sub-)set
of actions and functionalities that can be executed
through the platform. The entire process of creating a
catalogue record is checked and validated, both auto-
matically and by appointed experts. Thus, the quality
of the database and its highly reliable provenance is
guaranteed by (i) an accreditation process that allows
only authorised entities to contribute to the platform,
(ii) a data validation phase performed by heritage pro-
tection agencies that assess the scienti�c quality of cat-
alogue records, and (iii) a data validation phase based
on compliance with speci�c cataloguing standards (see
Figure 2.

SIGECweb currently contains 2,735,343 catalogue
records, 831,114 of which are publicly accessible
through the General Catalogue. The remaining records
are associated with a privacy level which prevents
them to be openly published, since they refer to either
private properties, or properties being at stake (e.g.

Fig. 2. Accreditation and validation process for contributing to
SIGECweb.

items in unguarded buildings), or properties still re-
quiring a scienti�c assessment by accounted institu-
tions, etc.

2.2. Italian Cataloguing Standards

In order to guarantee high quality and interoperabil-
ity between data accessible through the General Cat-
alogue, ICCD de�nes a set of standards to allow for
consistent cataloguing of various cultural properties,
across different institutions throughout the Italian ter-
ritory. The set of standards (normative)6 for encod-
ing catalogue records (schede di catalogo) provide a
template for collecting and organising data on differ-
ent types of cultural properties, and a methodological
base for cataloguing. Thus, these standards are part of
ArCo's input, along with data contained in the GC cat-
alogue records.

Each cataloguing standard consists of a PDF docu-
ment7 that contains, as shown in Figure 3: a table list-
ing all �elds that can be �lled for collecting data about
a cultural property, and the respective rules for compi-
lation. These �elds are grouped intoparagraphswith
regard to the topic (e.g. geographical information), fol-
lowing a hierarchical structure. To each paragraph and
�eld in the hierarchy are associated a tag and generic
instructions: maximum number of characters allowed,
whether that �eld can be �lled more than once or not,
whether its compilation is mandatory for considering
the catalogue record valid or not, etc. Moreover, all
�elds are accompanied by detailed rules for compila-
tion, such as syntactic rules (e.g. the date format), and
useful examples.

6http://www.iccd.beniculturali.it/it/normative
7These standards are gradually being published also in XSD for-

mat.
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Fig. 3. An example of the structure of an ICCD cataloguing standard.

2.2.1. 30 types of cultural property, 30 cataloguing
standards

ICCD collects catalogue records about 9 categories
of cultural properties, which generalise over 30 dif-
ferent more speci�c types: archaeological, architec-
tural and landscape, demo-ethno-anthropological, pho-
tographic, musical, natural, numismatic, scienti�c and
technological, historical and artistic properties. For
each of the 30 typologies, a speci�c cataloguing stan-
dard has been de�ned. Many parts of these standards
are similar, and a recent effort to map these sections
was made: in 2015 acore cataloguing standard (Nor-
mativa Trasversale) has been released, which groups
and de�nes the �elds common to all kinds of cultural
property. Nevertheless, the particular features of each
cultural property type require speci�c standards for
de�ning additional paragraphs and �elds. For instance,
the standard for cataloguing musical instruments (SM)
contains a paragraph dedicated to the description of
possible accessories, such as the instrument case or
the piano bench. Moreover, some �elds are associated
with controlled lists, i.e. lists of non-overlapping terms
used to control terminology and indicate all the valid
values for �lling one �eld. In many cases, these con-
trolled lists differ, partially or completely, depending
on the cultural property that is being catalogued: for

example, according to the standard for photographs,
the list associated with the �eldtype of measurement
contains values such as “height x length” or “height x
length x thickness”, while, when cataloguing techno-
logical heritage, examples of valid values are “weight”
and “volume”.

Currently, an effort is being made by ICCD in pub-
lishing on GitHub8 many of these controlled lists in
RDF using SKOS.

2.2.2. One cataloguing standard, different versions
over time

ICCD has been sharing cataloguing standards since
1990. These standards have undergone changes and
updates, regarding both their structure and rules for
compilation. Thus, each cultural property type has
been associated with different versions9 of catalogue
standards over time: as a result, the GC contains het-
erogeneous catalogue records, following different ver-
sions, thus requiring expensive and time-consuming
mapping activities: indeed, in moving from a version
to the next one, ICCD did not keep track of changes,

8https://github.com/ICCD-MiBACT/Standard-catalogra�ci/tree/
master/strumenti-terminologici

9Previous and current versions include: 1.00 and 2.00 (1990-
2000), 3.00 (2002-2004), 3.01 (2005-2010), 4.00 (since 2015).
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systematically. While in some cases this mapping is
straightforward, in other cases differences over data
due to different versions can be signi�cant. Let us con-
sider an example, depicted in Figure 4, of the standard
F (for cataloguing photographs). In version 3.00 there
are three separate �elds to indicateplace, site, anddate
of a photograph (MSTL, MSTD, MSTS, respectively),
while in version 4.00, they are all encoded in a single
�eld ( MSTL).

Fig. 4. The ICCD cataloguing standardF for photographs: difference
and mapping between version 3.00 and version 4.00.

2.3. A closer look at actual catalogue records

Although catalogue records submitted to SIGECweb
are subject to a validation process, being collaborative
in nature means that catalogue records are not error-
free. There are cases of: mandatory �elds that are not
properly �lled, thus producing an error code in the �-
nal catalogue record version; catalogue records con-
taining values alternative to those provided by con-
trolled lists, hence undermining data homogeneity; use
of non-standard formats (e.g. for dates); minor bugs
and typing errors. ICCD is continuously working for
improving the collecting process, in order to minimise
these situations.

Moreover, catalogue standards themselves could be
improved in their structure, in order to maximize data
mining from catalogue records: there are still many
�elds allowing for long descriptive texts, from which
structured high-quality information could be derived
and extracted.

3. LOD, ontologies and methodologies in the
cultural heritage domain

The Semantic Web and the LOD principles have
changed how cultural institutions manage and pub-

lish their data, how machines and users can access
linked and enriched data on Cultural Heritage (CH),
and have widened the possibility of reuse and genera-
tion of new knowledge starting from existing data. On-
tologies make it possible to go beyond traditional CH
data production and publication, providing users with
new, more intelligent and eventually personalised Web
applications and services, and with more and richer
data [4].

LOD and ontologies for Cultural Heritage.Projects
such as LODLAM10 and OpenGLAM11 give evidence
of a growing community interested in these themes.
Many cultural institutions are now making cultural
properties they safeguard accessible online, by releas-
ing their datasets as Linked Open Data [18]. In the
Italian context, we can cite as notable examples the
Zeri&Lode12 project, which publishes as LOD existing
metadata collections of the Zeri Photo Archive [6], and
LOD published by the Institute of Artistic, Cultural
and Natural heritage of the region Emilia-Romagna13

(IBC-ER), which include data on libraries and muse-
ums, historic castles, butter�ies and monumental trees,
etc. Other notable examples of Linked Data projects
include the Rijksmuseum Amsterdam collection14 [2],
the Smithsonian Art Museum15 [19], and the German
National Library. A big effort is being made also in or-
ganising knowledge on CH through the publication of
controlled vocabularies, as in the case of Getty Vocab-
ularies16, which contain structured terminology for art,
architecture, archival and bibliographic materials (e.g.
ULAN for artist names, TGN for places relevant to the
CH domain, etc.).

Publishing and interconnecting data is leading to the
creation of international CH portals [4], such as Eu-
ropeana17, Google Arts & Culture18, and MuseumFin-
land [20], which aggregate content from various pub-
lishers into a single site as a point of access of hetero-
geneous collections; they are referred asaggregators.

Along with the publication of LOD collections, on-
tologies representing the CH domain are being mod-
elled, and some of them are becoming widely adopted

10http://lodlam.net
11http://openglam.org/
12http://data.fondazionezeri.unibo.it/
13https://ibc.regione.emilia-romagna.it/servizi-online/lod/
14http://datahub.io/dataset/rijksmuseum
15http://americanart.si.edu/collections/search/lod/about/
16http://www.getty.edu/research/tools/vocabularies/index.html
17https://www.europeana.eu/portal/en
18https://artsandculture.google.com/
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standards, in particular the Europeana Data Model19

(EDM) [5] and CIDOC Conceptual Reference Model
(CRM)20 [8]. In addition to them, many other ontolo-
gies model speci�c domains that can be relevant and
related to CH (e.g. PRO ontology21 for agents' roles).

As explained in [18], EDM has been developed for
integrating and making interoperable various meta-
data standards from a multitude of Galleries, Libraries,
Archives and Museums (GLAM) across Europe, as a
“common denominator” model to use for the Euro-
peana portal.

Therefore, intentionally, it does not deepen in a high
level of granularity or axiomatisation. It provides a ba-
sic set of classes and properties, which also include
many Dublin Core22 constructs, hence its ontological
commitment is underspeci�ed. EDM has an object-
centric approach, where the cultural property is di-
rectly connected to its features, hence reducing the
possibility to express temporal and contextual infor-
mation. While such model can be suf�cient for ad-
dressing the requirements of an aggregator of many
different collections, it hardly answers to the need of a
cultural institution aiming at giving full expressiveness
to its data and at going beyond mere data management.

CIDOC-CRM is a richer model than EDM and has
an event-centric approach, where many of the features
expressed as object properties in EDM are modelled
using an event, better capturing changes over time.
Even in the case of CIDOC, many requirements led
us to the need of new modelling effort. ArCo needs
to satisfy a signi�cant number of modelling issues,
overlooked by other ontologies so far, such as the di-
agnosis of a paleopathology and the interpretation of
sex and age of death in anthropological material, other
types of surveys on cultural properties (e.g. laboratory
tests), the coin issuance, the Hornbostel-Sachs clas-
si�cation of musical instruments, recurrent art exhi-
bitions, etc. Moreover, in many cases CIDOC lacks
the expressiveness needed for modelling ArCo data
without loosing information. For example, according
to CIDOC, changes of the physical location of a cul-
tural property are represented by move events, and we
can only know from and to where the cultural prop-
erty was moved, while there is no means to express
e.g. the location type or its temporal validity. CIDOC
distinguishes, by means of relations between a cultural

19https://pro.europeana.eu/page/edm-documentation
20http://www.cidoc-crm.org/
21http://purl.org/spar/pro/
22http://dublincore.org

property and a place, 3 types of locations: current, cur-
rent or former, current permanent. In order to satisfy
our requirements in representing physical locations as-
sociated with a cultural property, we need more ex-
pressiveness, e.g. for distinguishing between different
types of locations with a temporal validity: the place
were a cultural property was exhibited, the place where
it was found, etc. (see Subsection 4.3.1 for more details
about ArCo ontology design choices associated with
locations).

ArCo is aligned to both CIDOC-CRM and EDM,
as well as to other ontologies such as BIBFRAME23,
FRBR24, FaBiO25 (for bibliographic data), FEntry26

and OAEntry27 (dedicated to photographs and art-
works). The richness and high level of detail of ArCo
requirements though led us to perform a consistent
modelling effort and to release to the community a
number of useful ontology patterns for representing
the CH domain.

Methodologies for CH LOD modelling and publish-
ing. As discussed in [18], when building a knowl-
edge graph for publishing its data, a cultural institu-
tion makes a �rst relevant choice: it can either publish
Linked Open Data by building and using its own in-
frastructure, or give its data to a cultural heritage data
aggregator such as Europeana. A third case is of an
institution that invests in infrastructure for publishing
its data as well as in the whole process for producing
them, by using the ontology model of an aggregator.

In making this choice, a cultural heritage admin-
istrator is in�uenced by different aspects both politi-
cal, economical and technical. An aggregator provides
a single point of access to different collections from
many cultural institutions, giving visibility and guaran-
teeing respective enrichment and interoperability. Nev-
ertheless, the adopted ontologies only capture a sub-
set and a simpli�ed encoding of the available infor-
mation about a cultural property because they prefer
a lightweightmodelling i.e. based on binary relations,
as opposed to more complex predicated, e.g.n-ary re-
lations. Many existing CH institutions provide data to
Europeana and/or use Europeana Data Model, along
with Dublin Core, for representing their collections,
such as the Rijksmuseum dataset [2], possibly extend-
ing it, as in the case of the VVV ontology [21]. In each

23http://id.loc.gov/ontologies/bibframe.html
24http://vocab.org/frbr/core
25http://purl.org/spar/fabio
26http://www.essepuntato.it/2014/03/fentry
27http://purl.org/emmedi/oaentry
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of these projects, the institution intentionally chooses
to publish only a subset of all the features character-
ising cultural properties, which are instead present in
the original dataset, in order to reuse EDM and avoid
a more signi�cant effort in mapping between the in-
put data and the ontology model. In our opinion, when
possible, it is preferable for an institution to carry out
the whole process of data production and publication
and to release as much rich data as possible, while
guaranteeing the interoperability with and the publica-
tion (of simpli�ed or subsets of its data) through ag-
gregators: this is the approach followed by ArCo.

4. Applying eXtreme Design principles to model
the Cultural Heritage domain

In order to cope with such a huge amount of con-
ceptual entities as those covered by the General Cata-
logue and to ensure a high quality modular architecture
of ArCo ontologies, we adopt an established pattern-
based ontology methodology, named eXtreme Design
(XD) [9, 10].

4.1. eXtreme Design methodology

After the ontology project initiation, each iteration
of XD (depicted in Figure 5) involves: acustomer
team, which elicits, in the form of textual stories, the
requirements that guide the design and testing pro-
cesses; adesign team, which is in charge of select-
ing and implementing the Ontology Design Patterns
(ODPs) [22] that best address the given requirements.
Requirements are derived by the customer stories: they
are re�ned through iterative interactions between the
design and customer teams and are transformed into
competency questions (CQs) [23] and general con-
straint statements. The CQs identify the queries that
we want to resolve against the knowledge graph. The
general constraints are formalised as axioms. CQs and
constraints represent the project's ontological commit-
ment; atesting teamwhich performs testing and val-
idation of the produced ontology components against
the CQs and general constraints, and feedback to the
design team. If the validation results in any error or is-
sue to be addressed, the design team will address them
and resubmit to the testing team; anintegration team
which takes care of integrating the different compo-
nents into the ontology network, and of ensuring a con-
sistent and homogenous vocabulary. The results of the

integration are also submitted to the testing team, and
follow the same feedback cycle described before.

The key aspect of XD, and in general of pattern-
based design, is the ability tomatchCQs to ODPs.
Section 4.3 describes this process in detail by moti-
vating why certain choices are made in ArCo. A fun-
damental part of the design process is the testing ac-
tivity. XD is test-driven and follows a unit testing ap-
proach as described in [24]. In Section 4.5, we provide
details on how ArCo KG has been tested, and which
problems have been faced and addressed in perform-
ing this activity. Finally, Section 4.6 shows how XD
has been adapted and implemented in order to handle
an open gathering approach to requirements collection
from a diverse audience of potential consumers, which
is a characterising feature of CH data.

4.2. Identifying the modules of ArCo ontology
network

The input material provided to ArCodesign team
consists of: (i) all versions of the reference cataloguing
standards for 30 types of cultural properties; (ii) acore
cataloguing standard, expressing common information
across all reference standards; (iii) about 800,000 cata-
loguing records; (iv) a set of user stories elicited by the
customer team, i.e. ICCD experts as well as external
actors.

In agreement with ICCD domain experts, we started
by analysing thecorecataloguing standard (Normativa
Trasversale) and related user stories, aiming at �rst ad-
dressing concepts that are common to all cultural prop-
erties. In a later phase, the resulting models have been
integrated with concepts that are peculiar to speci�c
types of cultural property.

In all cataloguing standards, metadata are grouped
into paragraphs, each containing different �elds. A
manual clustering of such �elds led to classify para-
graphs and sub-paragraphs according to a set of topics.
This activity was performed as a step towards identi-
fying conceptual criteria that could guide the identi�-
cation of the ontology modules that form the ArCo on-
tology network, i.e. to design its architecture. An early
observation is that the content of a catalogue record
both contains data directly describing a cultural prop-
erty and its context (e.g. techniques and materials, re-
lated exhibitions, surveys) as well as data about the
catalogue record itself (e.g. when it was created, by
whom, its version, etc.) and about other entities related
to the cultural property (e.g. inventories, documenta-
tion, bibliography). Hence a �rst distinction to be made
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Fig. 5. The XD methodology as implemented for the ArCo knowledge graph.

Fig. 6. ArCo ontology network: it currently includes seven modules.
The modulearcois the root node of the network and models top level
distinctions and the general taxonomy of cultural properties, while
coremodels general concepts that are reused by all other modules.
The modulecataloguemodels catalogue records and their evolving
process, the moduledenotative descriptionandcontext description
encode objective and subjective descriptions of a cultural property,
respectively. The moduleslocation and cultural eventsmodel the
different types of locations of a cultural property and the events it
participates in, respectively.

within the ArCo ontology is between data about the
catalogue and data about cultural properties. Catalogue
records have their own ontological characteristics and

relevance into the CH domain. They areabout cul-
tural properties, hence they encode their epistemic per-
spective. Based on this observation, a module (cata-
logue28) has been dedicated to the General Catalogue
(GC), and in particular to catalogue records and its at-
tributes. This module models also other records de-
scribing the cultural property, such as additional forms,
which deepen the description of speci�c attributes of a
cultural property (e.g. the archaeological stratigraphy).

Cultural properties, which are the main objects of
study of the CH domain, are described both by means
of measurable, intrinsic aspects such as length, weight,
materials, and conservation status, and of subjective
or external aspects such as authorship attribution, dat-
ing that may connect them to other entities and are
usually based on an interpretation process and exter-
nal sources. This conceptual distinction led to identi-
fying two additional modules of the network:denota-
tive description29 as for capturing descriptions based
on objective reference systems, andcontext descrip-
tion30 that encodes situations and objects (e.g. invento-
ries) which represent the context of the cultural prop-
erty, in a broad sense, and can be used in order to re-
trace its life cycle.

28a-cat: https://w3id.org/arco/ontology/catalogue
29a-dd: https://w3id.org/arco/ontology/denotative-description
30a-cd: https://w3id.org/arco/ontology/context-description
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The ICCDcore standard makes it evident that the
locationsassociated with a cultural property and the
cultural eventsin which it participates in, are two ma-
jor components of its lifecycle. For this reason ArCo
ontology network includes a modulelocation31 dedi-
cated to the different types of locations of a cultural
property (e.g. current location, where it was found,
where it was exhibited, where it was created, where it
was stored, etc.), and representing physical sites (e.g. a
palace), geometrical features and related cadastral en-
tities such as a cadastral map. A different modulecul-
tural event32 is dedicated to classes and properties rep-
resenting attributes of cultural events, including events
that recur over time (cf. Section 4.3.3), a type of events
that we found neglected or underspeci�ed in existing
literature although it is of notable importance in the
CH domain e.g. festivals, recurrent exhibitions, festivi-
ties. In addition, thecore33 module is dedicated to gen-
eral concepts, e.g. part-whole relation, and is imported
and specialised by all other modules, and the (arco34)
module contains top-level distinctions, i.e. a taxonomy
of different types of cultural properties, and imports all
the other modules, thus playing as a root ontology and
returning the whole ontology network.

As a result, ArCo ontology network is currently
composed of seven modules, as depicted in Figure 6.

Competency Questions.Each module of the ontol-
ogy network answers to a subset of the Competency
Questions elicited by the customer team. Table 1 lists
representative CQs for each module, except thecore
module, which is specialised by the other modules.

4.3. Matching requirements to Ontology Design
Patterns

In this section, we describe the process that leads
to match requirements to Ontology Design Patterns
(ODPs) for some salient modelling issues addressed by
ArCo.

Figure 7 shows all the pre�xes used in the next dia-
grams.

4.3.1. Representing dynamics
Dynamic concepts, such as situations that change

over time, are present in every domain. There are dif-
ferent patterns that model dynamic situations: in the

31a-loc: https://w3id.org/arco/ontology/location
32a-ce: https://w3id.org/arco/ontology/cultural-event
33core: https://w3id.org/arco/ontology/core
34: https://w3id.org/arco/ontology/arco

Fig. 7. Pre�xes used in the next �gures.

remainder of this subsection, we present how we deal
with catalogue records and cultural property locations,
which may both evolve over time.

A catalogue record as a �uent information object.A
catalogue record is an entity that describes a cultural
property. As it denotes a real-word object, it can be de-
�ned as aninformation object, i.e. a piece of informa-
tion, independent from how it is concretely realised,
describing something in the real word. This concept
is de�ned in several ODPs, includingInformation Re-
alization35 [25], which is reused in ArCo. The con-
tent of a catalogue record, i.e. the description of a
cultural property, can change: “information about the
creation of a catalogue record and possible following
computerisation, update and corrections”. Indeed, dif-
ferent agents with different roles (e.g. the of�cial in
charge) can be recorded, and a date keeps track of the
time interval associated with each action.

A catalogue record is then a �uent entity, an infor-
mation object that changes as the description of its de-
noted cultural property changes. Possible corrections
and updates implemented by a cataloguer can derive
from (i) an ontological change of the cultural property
such as changes in some of its attributes (e.g. the con-
servation status from good becomes mediocre, since
the cultural property has been badly preserved); (ii) an
epistemological change, if the knowledge, which the
catalogue record is based on, is either no longer com-
plete, due to new knowledge acquired, or no longer
valid, as a result of new research activities (e.g. after
discovering new documentation, it turns out that an-
other author played a role in creating the cultural prop-
erty).

35http://www.ontologydesignpatterns.org/cp/owl/
informationrealization.owl
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Table 1

Representative competency questions answered by ArCo ontology network.

ID Competency question ID Competency question

ArCo module Cultural Event module

CQ1 Is a cultural property tangible or intangible? CQ18 In which cultural events and exhibitions a cultural
property has been involved?

CQ2 Is a cultural property movable or immovable? CQ19 Which cultural properties have been involved in a cul-
tural event?

CQ3 Which are the cultural properties of a given type? CQ20 Which are the events of a recurrent event series?

CQ4 Which are the components of a complex cultural
property?

CQ21 Which is the time period elapsing between two events
of a recurrent event series?

CQ5 Which is/are the residual(s) of a cultural property? CQ22 Which are the unifying criteria shared by all the
events in a recurrent event series?

Location module Denotative description module

CQ6 Which are all the places where a cultural property has
been located? Which are their types?

CQ23 Which is the conservation status of a cultural prop-
erty?

CQ7 When a cultural property has been located in a place?CQ24 What is the technical status of a cultural property?

CQ8 Which are the geographical coordinates of a cultural
property?

CQ25 Which are the measurements of a cultural property?

CQ9 Which are the cadastral data associated to the cultural
property location?

CQ26 Which are the elements, e.g. inscriptions, af�xed on a
cultural property?

Context description module Catalogue module

CQ10 Which are the authors and/or cultural scopes at-
tributed to a cultural property?

CQ27 Which is the level of detail of the catalogue record?

CQ11 When a cultural property has been created? CQ28 When was a catalogue record created or updated?

CQ12 Which is the subject represented on a cultural prop-
erty?

CQ29 Which are all the versions of a catalogue record?

CQ13 Which are the current and/or previous owners of a cul-
tural property?

CQ30 Which is the (immediate) previous catalogue record
version of a catalogue record version? And which is
the (immediate) next one?

CQ14 Who commissioned a cultural property? CQ31 Who, and playing which role, was responsible for cre-
ating, editing and updating a catalogue record?

CQ15 Which are the bibliography and documentation re-
lated to a cultural property?

CQ32 Which is the catalogue record describing a cultural
property?

CQ16 Which interventions and surveys have been carried
out on a cultural property?

CQ33 Which is, and for what reason, the level of privacy of
a catalogue record?

CQ17 Which collection a cultural property is member of?

Every change of a catalogue record produces an in-
formation object, which is a new version of the cata-
logue record. Nevertheless, the catalogue record �nds
its persistence in always denoting the same real-word
object, i.e. the same cultural property, independently
from different versions of the content and changes over
time. Thus, the catalogue record denoting a cultural
property is represented as a persistent information ob-
ject, and is related to its versions, which are informa-
tion objects re�ecting changes of its content over time.

The Time IntervalODP is implemented to repre-
sent the temporal validity of each version, and the pat-

ternSequence36 allows us to represent the sequence of
these consecutive information objects.

In Figure 8 we depict how we model catalogue
records by reusing the mentioned ODPs. A cata-
logue record is represented by the classa-cat:Cat-
alogueRecord , which is aligned todul:Informa-
tionEntity , with anrdfs:subClassOf axiom, and
is related to the cultural property it describes. Cat-
alogue records have differenta-cat:Catalogue-
RecordVersion s. Each version is associated with a
time intervala-cat:editedAtTime , and with agents

36http://ontologydesignpatterns.org/cp/owl/sequence.owl
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involved in its creation (e.g.a-cat:hasCatalog-
uingAgent with its subproperties). The agents in-
volved in changing the catalogue record play some role
which has its own temporal validity, hence we here see
the implementation of another pattern.roapit:Ti-
meIndexedRole is modelled as a time-indexed sit-
uation (see Section 4.3.2 for more details on situ-
ations) involving an agent, its role, and the tempo-
ral index of the agent-role relation. The object prop-
erties a-cat:has(Immediate)PreviousVersion
and a-cat:is(Immediate)PreviousVersionOf
specialise thesequenceODP allowing to represent
(in)transitive previous and next versions of a catalogue
record.

Multiple time-indexed and typed locations for one cul-
tural property. A tangible cultural property, i.e. a
physical object, is located in a physical place, which
can be de�ned by a set of components: country, region,
city, address, etc. For an immovable cultural property
(e.g. a monumental park), this place overlaps with the
area occupied by the cultural property, and to which it
is �xed. Instead, for a movable cultural property (e.g. a
photograph), information about the building in which
it is situated and preserved, and the related cultural in-
stitute, is provided. While an immovable cultural prop-
erty, precisely because of its nature, will be related to
one and only one geographical place during its whole
life cycle, a movable cultural property can be moved
from a place to another. Different locations of a cul-
tural property will hold in different time intervals. It
is then clear that the temporal validity of the loca-
tions associated with a cultural property need to be rep-
resented, which also allow to reconstruct the spacial
moving of the cultural property over time. Based on
this, we can say that, during its life cycle, a movable
cultural property is involved at least in as many situ-
ations as the places in which it has been located, and
each situation is associated with a time interval. The
Time Indexed Situation37 ODP, [26] which represents
situations that have an explicit time parameter, can be
reused to this aim. Another important aspect is the mo-
tivation that links a cultural property to a location: it
can be the place where it was found, created, of an ex-
hibition it was involved in, where it was temporarily
stored, etc. A same place can play differentrolesas lo-
cation of one or different cultural properties, thus this
role must be evident in the time indexed situation.

37http://www.ontologydesignpatterns.org/cp/owl/
timeindexedsituation.owl

Figure 9 shows the classa-loc:TimeIndexed-
TypedLocation as the core class of the imple-
mentation of this pattern: it is asituation of a cul-
tural property that islocated in some place, at a
certain point in time, and with the location play-
ing a speci�c role in such situation, thus typing that
situation. A time indexed typed location is there-
fore associated with aa-loc:LocationType (e.g.
a-loc:FindingLocation , a-loc:Exhibition-
Location , etc.). tiapit:atTime relates the situa-
tion to its temporal validity, whilea-loc:atSite and
a-loc:atLocation express the site (intended as a
physical building) and the geographical entity involved
in the situation, respectively.

4.3.2. Situations and their descriptions
A cultural property can be involved in many differ-

ent situations during its life: it can be commissioned,
bought or obtained, used (e.g. a garment wore by one
person), it can be part of a collection, photographic or
numismatic series, can change its availability as a re-
sult of theft, destruction or rescue, etc. Each situation
de�nes a contextual relation between the cultural prop-
erty and the other entities involved. For example, when
a coin is issued, many entities play a role in such con-
text: the cultural property itself, the issuer, the issu-
ing State, the mint and the minter. The “coin issuance”
is a situation representing the relation that keeps to-
gether all these entities for that purpose. The ODPSit-
uation38 [26] models the concept of a contextualn-ary
relation. Figure 10 shows how we model thecoin is-
suance(a-cd:CoinIssuance ) by implementing this
ODP.

The technical status of a cultural property.Another
example of situation involving a cultural property is
its technical status. In this case a cultural property is
related to a set of technical characteristics. For exam-
ple, “the archaeological cultural property realised with
pottery material and cylindrical in shape”. These char-
acteristics can change over time, thus modifying the
technical status of the cultural property: for example, a
new survey on an archaeological monument may dis-
cover new materials used for its foundation. The tem-
poral validity of a technical status refers to the moment
when the characteristics were observed (and recorded
in the catalogue record) until when a new condition
occurs.

Different technical characteristics of a cultural prop-
erty can be speci�ed, in order to describe its techni-

38http://www.ontologydesignpatterns.org/cp/owl/situation.owl
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Fig. 8. Information Realization and Sequence ODPs reused for modeling catalogue records.

Fig. 9. Time indexed situation ODP implemented for modelling different types of locations of a cultural property.

Fig. 10. Situation ODP reused for representing the coin issuance.

cal status: the constituting materials (e.g. wood, clay),
the employed techniques (e.g. oil-painting, melting),

the shape (e.g. square, octagon), the �le format for
a digital photograph (e.g. “.gif”, “.jpeg”), the preva-
lent colour of a garment, etc. All these concepts (i.e.
material, techniques. shape)classify the correspond-
ing technical characteristics (i.e. wood, oil-painting,
square). TheClassi�cation39 ODP [27] de�nes a clas-
si�cation relation between a concept and an object,
which exactly captures this circumstance.

A speci�c set of technical conceptsclassifying the
technical characteristicsof a cultural property type
(e.g. an artwork) represents one way to conceptualise

39http://www.ontologydesignpatterns.org/cp/owl/classi�cation.
owl
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Fig. 11. The D&S pattern reused and specialised for modelling technical descriptions and status of a cultural entity.

the technical status of a cultural property, they consti-
tute atechnical description. For example, aartwork
technical descriptionmay be de�ned as the relation be-
tweenconstituting material, employed technique, and
shape. We say that such technical descriptionuses
these concepts. Thetechnical statusof artwork A1
could be wood, oil-painting, and square, while the
technical status for artworkA2 could be clay, melt-
ing, and octagon. Both such technical status are ex-
pressed according to theartwork technical description,
we say that theysatisfyit. The Description and Situ-
ation40 ODP [26] models thesatisfyrelation between
situations and descriptions, and reuses theClassi�ca-
tion ODP to model the relation between objects of a
situation and concepts of the corresponding descrip-
tion.

Figure 11 shows how we model thea-dd:Cultur-
alEntityTechnicalStatus , which includes the
a-dd:TechnicalCharacteristic s observed on a
cultural property, as a subclass ofcore:Situation .
Each characteristic isclassi�ed bya a-dd:Techni-
calConcept , e.g. thea-dd:Shape . For the most
common values of technical concepts we provide a
controlled vocabulary. These concepts are used in the
a-dd:CulturalEntityTechnicalDescription ,
de�ned as a subclass ofl0:Description .

4.3.3. Recurrence in cultural events and in intangible
cultural heritage

When modelling events, it is possible to distinguish
between at least two event types: those occurring only
once and those recurring over time. The �rst type
refers to events that have a start date and an end date,
and are not repeatable or reproducible; this is the case
of the creation of a cultural property. The second type

40http://www.ontologydesignpatterns.org/cp/owl/
descriptionandsituation.owl

refers to series of events such as theArt Biennale41,
which have something in common and are separated
by regular time intervals. Cultural properties can be in-
volved in different cultural events, such as exhibitions,
during their life cycle. Many of these events have dif-
ferent editions, which occur on a regular basis, e.g. an
annual painting award. Moreover, cultural properties
themselves can be recurrent: an intangible cultural her-
itage can have regular time intervals between its repeti-
tive occurrences, such as a traditional ceremony related
to theyear cycle(e.g. Carnival).

As these particular events unfold, we can recognise
a pattern in their iteration: an exhibition that has dif-
ferent editions over years usually follows a pattern in
planning consecutive editions at regular time intervals
(e.g. one edition per year). Moreover, it is possible to
identify attributes that give all occurrences a unity: a
general topic that does not change i.e. contemporary
art, a place that host the event i.e. Venezia, etc.

Recurrent events are usually modelled as a special
type of events (cf. Wikidata42), while their belonging
to a series and the nature of such a collecting, unify-
ing entity is neglected in literature or confused with
the concept of event (cf. DBpedia resource for Venice
Biennale43). We believe that modelling both the uni-
tary series of events, e.g. theArt Biennale41 intended as
something that occurs biennially under certain condi-
tions thus having different instances, and its individual
events members, e.g. theArt Biennale 2019intended
as a particular edition of the series with a start date and
an end date, is important in the CH domain context.

41https://www.labiennale.org/en/art/
42https://www.wikidata.org/wiki/Q15275719
43http://dbpedia.org/page/Venice_Biennale
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We hence create a new ODP for modellingRecurrent
event series44 [28], which reuses other existing ODPs.

We represent, as depicted in Figure 12, recurrent
event series (a-ce:RecurrentEvent ) as collections
of events, their members (a-ce:hasMemberEvent ).
Event members share at least one common property
(e.g. the topic) and are conceptually uni�ed by aunify-
ing factor(a-ce:hasUnifyingFactor ) which char-
acterises the series. At the same time, a recurrent event
series is a situation, since it provides a relational con-
text to all the event members. Each event member has
its own time interval and is put in asequencethat re-
lates it to the other event members of the same series
(a-ce:hasNextEvent ). The time period that elapses
between event members is (approximately) regular and
is an attribute of the seriesa-ce:hasRecurrent-
TimePeriod .

4.4. Direct and indirect reuse of patterns

Reusing ontologies and ODPs can be done by fol-
lowing two main different approaches, depending on
the conditions and requirements of a project: direct and
indirect reuse [29].

Direct reuse. This approach consists in directly em-
bedding individual entities or importing implementa-
tions of ODPs or other ontologies in the local ontol-
ogy, thus making it highly dependent on them. This
may jeopardize the stability of the ontology if the evo-
lution of the imported ontologies is outside the control
or monitoring of the team/organisation that is reusing
them: even small changes in the reused ontologies
could introduce inconsistencies in the local one, con-
trary to its original requirements. For this reason, ArCo
directly reuses only two ontologies that are considered
reference standards by the Italian Government and the
evolving process of which is relatively slow and sys-
tematised, and involves ArCo's team. These ontologies
are Cultural-ON, which is also directly maintained by
MiBAC, and OntoPiA ontology network, which is rec-
ommended as a standard for open data of the Italian
Public Administration (and that now includes ArCo).

Indirect reuse. In this approach, relevant entities and
patterns from external ontologies are used astem-
plates, by reproducing them in the local ontology
and providing possible extensions. Alignments axioms
(such asrdfs:subClassOf andowl:equivalent-

44http://www.ontologydesignpatterns.org/cp/owl/
recurrenteventseries.owl

Class ) are introduced to support interoperability with
other ontologies and make it evident what parts have
been reused. This practice decreases the dependency
on external ontologies, and is widely adopted in ArCo.

4.4.1. Annotating reused ODPs
All (re)used ODPs in ArCo are annotated with

OPLa45 [30], a simple ontology design pattern an-
notation language, which simpli�es future reuse of
ArCo by third parties as well as matching to other
resources. For instance, it is possible to express that
a pattern in a local ontology is a specialisation or a
generalisation of a more general ODP. Let us con-
sider the catalogue module (see Figure 13). Over
this module, two ODPs from theODP portal46 have
been (indirectly) reused: the module is therefore an-
notated with the propertyopla:reusesPatternAs-
Template for representing the reuse ofSequence36

(see Figure 13a) andClassi�cation39 ODPs. For ex-
ample, the patternCatalogue Record Sequence47 is a
specialisation of the patternSequence, since it repre-
sents a sequence of catalogue records, hence it is an-
notated with the annotation propertyopla:special-
izationOfPattern (see Figure 13a). For expressing
that speci�c properties (e.g.a-cat:isPrevious-
VersionOf , a-cat:hasImmediatePreviousVer-
sion , etc.) implemented in the catalogue module, be-
long to this ODP, the annotation propertyopla:is-
NativeTo is used, as in Figure 13b.

4.5. Testing a Knowledge Graph

Testing an ontology by running a reasoner, in order
to detect any incoherence in the model, is a necessary
step, but not suf�cient. We regularly run the HermiT
reasoner48, but we perform additional tests at each iter-
ation of the methodology, i.e. every time new require-
ments are selected to be addressed. In doing so, we
adopt the testing methodology described in [24], which
focuses on evaluating the appropriateness of an ontol-
ogy against its requirements intended as the ontologi-
cal commitment expressed by means of CQs and do-
main constraints. In order to foster reproducibility and
to offer a useful case study for other projects aiming
at using this type of testing methodology, we publish
all testing activities and resulting data, which are OWL

45opla: http://ontologydesignpatterns.org/opla/
46http://ontologydesignpatterns.org
47https://w3id.org/arco/pattern/catalogue-record-sequence/
48http://www.hermit-reasoner.com/
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Fig. 12. The new pattern Recurrent Event Series as implemented in ArCo.

(a) The annotation propertyopla:reusesPatternAsTemplate relates thecataloguemodule to the Sequence ODP that is
reused over the module. The annotation propertyopla:specializationOfPattern relates the patterncatalogue record
sequenceimplemented in the module to theSequenceODP that has been specialised.

(b) The annotation propertyopla:isNativeTo relates the object properties that belong to thecatalogue record sequence
ODP to the ODP itself.

Fig. 13. An example of a reused ODP annotated with OPLa ontology.
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�les complying to the ontology described in [24], on
GitHub49. Three different approaches are followed in
the testing activity:CQ veri�cation, inference veri�ca-
tion, error provocation.

CQ veri�cation. This approach consists in testing
whether the ontology vocabulary allows to convert a
CQ, re�ecting an ontology requirement, to a SPARQL
query. Let us consider the CQ “When was a cultural
property created, and which is the interpretation crite-
rion which the dating is based on?”, which ArCo ontol-
ogy network should answer, based on the collected re-
quirements. The testing team starts verifying the com-
pleteness of the ontologies by translating this question
from natural language to SPARQL, using classes and
properties de�ned in ArCo ontologies (e.g. the entities
de�ned for representing the date of creation of a cul-
tural property). This step allows to detect any missing
concept or gap in the vocabulary, e.g. whether the con-
cept of interpretation criterion has been modeled. If the
CQ can be successfully converted, the testers run the
resulting SPARQL query over the actual RDF data or,
when missing, over test data generated using Fuseki50,
and complete the test by comparing the expected re-
sult (i.e. the output they expect from the query) to the
actual result.

Inference veri�cation. This step focuses on check-
ing the inferences caused by the ontologies, by com-
paring the expected inferences to the actual ones. Let
us consider a complex cultural property, which is a
cultural property with one or more components, as
proper parts. If a:ComplexCulturalProperty is
de�ned as a:CulturalProperty that has one or
more :CulturalPropertyComponent s, an axiom
stating that a:CulturalProperty has a:Cultur-
alPropertyComponent would suf�ce to infer that
the property is complex, even if it is not explicitly
asserted. For comparing this expected inference with
the actual one, the testing team injects the necessary
data in the knowledge graph – i.e. an instance of the
class:CulturalProperty related to an instance of
the class:CulturalPropertyComponent through
the object property:hasCulturalPropertyCompo-
nent – and runs the reasoner. If the reasoner does not
infer that the �rst instance isrdf:type :Complex-
CulturalProperty , this means that the appropriate
axiom is missing from the ontology, i.e. an equivalent

49https://github.com/ICCD-MiBACT/ArCo/tree/master/
ArCo-release/test

50https://jena.apache.org/documentation/fuseki2/

axiom between:ComplexCulturalProperty and
(:hasCulturalPropertyComponent some :Cul-
turalPropertyComponent ).

Error provocation. This third testing activity is in-
tended to “stress” the knowledge graph by injecting in-
consistent data that violate our requirements.

For instance, the entities representing the concepts
of dating and attributing an author to a cultural prop-
erty should be disjoint, since there can be no individ-
uals that are dating and authorship attributions at the
same time. For validating the ontology regarding this
requirement, the testers inject in the KG an individual
belonging to botha-cd:AuthorshipAttribution
anda-cd:Dating classes, and runs the reasoner. The
expected result is an inconsistency: if this is not de-
tected by the reasoner, it means that the appropriate
(disjointness) axiom is missing.

Refactoring and integration. Problems spotted dur-
ing the testing phase are passed back to the design team
as issues. The design team refactors the modules and
updates the ontology after performing a consistency
checking. The result of this step is validated again by
the testing team before including the model in the next
release.

4.5.1. TESTaLOD
In the context of ArCo project, performing the test-

ing activities initially resulted in a signi�cant manual
effort, for both annotating and running the unit tests.
For this reason, TESTaLOD, a tool for supporting not
only the testing team of ArCo project, but in general
any testing team of projects adopting XD methodology
or other test-driven methodologies, has been designed
and implemented.

TESTaLOD is developed as a Web application51 that
provides a knowledge graph testing toolbox: it imple-
ments a two-step work�ow, allowing the user to select
and automatically run de�ned test cases aiming at veri-
fying CQs. The test cases are OWL �les, and are mod-
elled by using the TestCase OWL meta model intro-
duced in [10], thus containing: a Competency Question
and its corresponding SPARQL query, the expected
(correct) result and data sample. The test cases can be
either retrieved from a GitHub repository or uploaded
from a local �le system. Once the tests have been au-
tomatically executed, the expected result is compared
to the actual result, and three possible outputs can be

51https://w3id.org/testalod
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displayed to the user: successful, partially successful,
unsuccessful.

Let us consider as an example the competency ques-
tion “Which archival set (fonds, series, subseries) a
cultural property is member of?”, and that we want to
verify if our ontology models information on member-
ship of cultural properties to archival record sets. The
test case for running this test will be an OWL �le, an-
notated with the following properties52: test:hasCQ
has the competency question expressed in natural lan-
guage as a value;test:hasSPARQLQueryUnitTest
the translation of the CQ to SPARQL, using the on-
tology entities;test:hasInputTestData points out
the test data used as input for running the test;test:-
hasExpectedResult stores a set of expected results
of running the query over a certain set of test data;
test:hasActualResult stores the actual outcome
of a test run. Other properties are used in order to an-
notate who run the test and when.

In order to allow TESTaLOD to automatically
run this test, two new annotation properties53 have
been de�ned.testalod:hasInputTestDataCat-
egory annotates if the input data are available at
a SPARQL endpoint (testalod:SPARQLendpoint )
or in a �le with test data (testalod:ToyData-
set ); testalod:hasInputTestDataUri annotates
the URI of the SPARQL endpoint or the �le, which is
used by TESTaLOD to run the query.

4.6. Involving external actors for building a KG on
cultural heritage

As mentioned above, the requirements collection is
a crucial step in eXtreme Design projects. These re-
quirements guide the ontology development: once col-
lected, the design team selects and satis�es them se-
quentially in the ontology. Collecting the requirements
is performed at each iteration of the ontology design
process; indeed, as ArCo is published with incremen-
tal releases, new emerging requirements can be elicited
by the customer team, and feedback on previous ver-
sions can lead to changes and updates in the model, or
error correction. Improvement proposals and bugs are
submitted as issues through GitHub54.

52test: http://www.ontologydesignpatterns.org/schemas/
testannotationschema.owl#

53testalod: https://raw.githubusercontent.com/TESTaLOD/
TESTaLOD/master/ontology/testalod.owl#

54https://github.com/ICCD-MiBACT/ArCo/issues

ArCo's requirements are collected in the form of
small stories, as scenarios and real use cases (accord-
ing to XD). They are then translated as Competency
Questions55 (CQs), i.e. questions to be answered by the
ontology [9], and used for selecting ODPs by the de-
sign team, as well as in the testing phase by the testing
team.

Our maincustomerwas ICCD, i.e. the institute in
charge of collecting and preserving the data of the
General Catalogue, and of releasing updated catalogu-
ing standards. The domain experts of ICCD guided
the design team in selecting and prioritising relevant
requirements based on their data and their expertise.
At each iteration, domain experts were invited to give
feedback on the ontologies addressing the selected re-
quirements.

In order not to limit the ontology design only to in-
stitutional and regulatory requirements, the customer
team was extended by involving a wider community,
potentially interested in reusing ontologies and data on
Cultural Heritage (CH), such as private companies and
public administrations working with CH data and ser-
vices. For this purpose, after the project initiation and
before the �rst release, a �rst meetup was held, fol-
lowed by a series of regular meetups and webinars.
This growing community, involving interested stake-
holders and consumers, interacts alsovia a dedicated
mailing-list56.

Stories are submitted by the customer team to a
Google Form57. In this form, the users are asked to ex-
press the use they will make of ArCo: publishing their
data based on, and complying with, ArCo's ontologies,
linking their LOD to ArCo's, reusing ArCo's data in
some applications to provide services. Then, they can
choose a name for their project, and send one or more
stories, possibly uploading additional �les (e.g. a sam-
ple of their data in the original format). For instance,
one of the stories collected by means of the Google
form is the following:

Type: Linking my data to ArCo data

Title: Cultural heritage and residential property

Story: I am looking for a residential property to
buy, and I want to �lter the results based on the
type of cultural heritage nearby.

55https://github.com/ICCD-MiBACT/ArCo/blob/master/
ArCo-release/test/CQ/CQs-SPARQLqueries.txt

56https://groups.google.com/forum/#!forum/arco-project
57https://goo.gl/forms/zCixt3B1ABYbj9JS2
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In order to answer the related CQ, spatial and geo-
metrical information about cultural properties should
be modeled, thus becoming one of the requirements to
be satis�ed.

An “Early Adoption Program” has been launched
since ArCo's early phase of development. It aimed
at ensuring continuous interaction and proper en-
gagement of at least some of theexternalconsumers
involved in the customer team. Anof�cial “Early
Adopter” (EA) would commit to participate in ArCo
meetups, and to test and provide feedback for every
(unstable) release. In exchange, EAs are given assis-
tance and support for reusing ArCo in their projects,
and the ful�llment of their issues and requirements are
put high in priority. EAs may change and/or increase
in number, over time (by means of new open calls).
Candidate EAs submitted a short project description
involving ArCo, and four organisations were �nally se-
lected. The rationale behind the selection was to guar-
antee a reasonable, but manageable, representativeness
of the different uses that organisations and consumers
can make of ArCo.

The “Early Adopter” program has been very impor-
tant to experiment and stabilise the use of Github is-
sues and the mailing list to systematise the open gath-
ering of community requirements. In fact, ArCo is still
an evolving creature and such means are kept in place
to support this activity. In the future, we plan to estab-
lish a process for accepting external contribution to the
ontology network, hence further opening the develop-
ment and evolution of ArCo to the community.

5. ArCo by examples

In the following sections, we provide examples of
usage of the ontology network ArCo for exporting in
RDF the data stored in the ICCD General Catalogue,
with particular focus on some of the Ontology Design
Patterns reused, as explained in Section 4.3.

ArCo's Knowledge Graph (ontology network and
LOD data) is available through MiBAC's of�cial
SPARQL endpoint58. Moreover, ArCo KG is released
as part of a package, which consists of adockercon-
tainer available on GitHub59, and its running instance
online60 - both English and Italian versions. This pack-
age includes: documentation, user guides and dia-

58http://dati.beniculturali.it/sparql
59https://github.com/ICCD-MiBACT/ArCo
60https://w3id.org/arco

grams; the source code and a human-readable HTML
documentation of the ontologies61; a SPARQL end-
point; examples of Competency Questions and their
corresponding SPARQL queries; RDFizer62, a soft-
ware for converting XML data represented according
to ICCD cataloguing standards6 to RDF compliant to
ArCo ontologies.

5.1. A cultural property at a glance

As depicted in Figure 14, the concept of:Cul-
turalProperty is modelled as apartition of two
classes::TangibleCulturalProperty and :In-
tangibleCulturalProperty . A tangible cultural
property is a physical object, i.e. material in na-
ture (e.g. a photograph, an amphitheater, ancient gar-
ments). An intangible cultural property is de�ned as
an ephemeral performance (e.g. a traditional dance,
oral literature, a musical, choral or theatrical perfor-
mance, handcrafted techniques, etc.), which is docu-
mented by audio and/or video recording. While intan-
gible cultural heritage is a “living” entity, tangible cul-
tural heritage is distinguished by its steadiness, due to
its material nature.
:TangibleCulturalProperty is further special-
ized in :MovableCulturalProperty , i.e. objects
that can be handled and moved by nature (e.g. a paint-
ing, a musical instrument, etc.), and:Immovable-
CulturalProperty , i.e. objects �xed or incorpo-
rated into the ground, which generally occupy a large
area (e.g. an archaeological site, a palace and its gar-
dens, etc.).

Additionally, more speci�c types are de�ned down
the hierarchy:

– :DemoEthnoAnthropologicalHeritage , which
can be either intangible (a poem orally transmit-
ted) or tangible (a body adornment);

– :ArchaeologicalProperty , which is tangi-
ble, either movable (a Punic mask) or immovable
(a Roman aqueduct);

– :ArchitecturalOrLandscapeHeritage (a
bell tower);

– :HistoricOrArtisticProperty (a sculpture
group);

– :MusicHeritage (a pipe organ);

61This documentation has been created with LODE: http://www.
essepuntato.it/lode

62https://github.com/ICCD-MiBACT/ArCo/tree/master/
ArCo-release/rd�zer
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Fig. 14. The taxonomy of cultural properties.

– :NaturalHeritage (a fossil);
– :NumismaticProperty (a bronze sestertius);
– :PhotographicHeritage (a negative);
– :ScientificOrTechnologicalHeritage (a

microscope).

By running the following SPARQL query63 against
ArCo KG, it is possible to �nd all cultural properties.

SELECT ?culturalProperty
WHERE

{?culturalProperty
rdf:type/rdfs:subClassOf *

arco:CulturalProperty}

Let us take as an example a painting by Albert
Friscia64. Listing 1 provides the de�nition of the re-

63In all the following SPARQL queries and listings, the pre-
�x data: is used for https://w3id.org/arco/resource/; the pre-
�x arco: for https://w3id.org/arco/ontology/arco/; the pre�x
a-cat: for https://w3id.org/arco/ontology/catalogue/; the pre�x
a-loc: for https://w3id.org/arco/ontology/location/; the pre�x
a-dd: for https://w3id.org/arco/ontology/denotative-description/;
the pre�x a-cd: for https://w3id.org/arco/ontology/context-
description/; the pre�xti: for https://w3id.org/italia/onto/TI/.

64https://w3id.org/arco/resource/HistoricOrArtisticProperty/
1700168615

source as a:MovableCulturalProperty , in partic-
ular a :HistoricOrArtisticProperty . The RDF
schema propertyrdfs:label is speci�ed with a con-
catenation of values: the title of the painting (“Self por-
trait”), its subject (“Autoritratto”), the cultural prop-
erty type (“dipinto”, i.e. painting), the author (“Albert
Friscia”) and the century in which it was created (“sec.
XX”). A cultural property has some identi�ers associ-
ated with it (e.g.:uniqueIdentifier ).

Listing 1: The code snippet for the de�nition of aCul-
tural Property.

data:HistoricOrArtisticProperty
,! /1700168615

a arco:HistoricOrArtisticProperty,
arco:MovableCulturalProperty;
rdfs:label "Self portrait, Autoritratto

,! (dipinto) di Albert Friscia (sec
,! . XX)"@it;

arco:uniqueIdentifier "1700168615";
...
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5.2. A catalogue record and its versions

Different types ofa-cat:CatalogueRecord are
de�ned, based on the typology of cultural property
they describe. The following query returns the cata-
logue record describing a cultural property, and all its
versions.

SELECT ?catalogueRecord
?catalogueRecordVersion

WHERE
{?catalogueRecord

a-cat:describesCulturalProperty
?culturalProperty;

a-cat:hasCatalogueRecordVersion
?catalogueRecordVersion .}

For example, the catalogue record in Listing 2 is
of type a-cat:CatalogueRecordPST , i.e. a type
of catalogue record describing scienti�c and techno-
logical heritage: indeed, this resource describes the
cultural propertydata:ScientificOrTechnolog-
icalHeritage/0301971676 , i.e. aPensky-Martens
tester. It has 3 versions: a �rst version is created when
the cultural property is �rst catalogued, and other ver-
sions follow, as a result of editing and updating ac-
tivities. Let us consider the �rst version, i.e.data:-
CatalogueRecordVersion/0301971676-compi-
lation : it has been encoded in 2002 and involved
agents playing different roles in its compilation (e.g.
the responsible of research and compilation). This re-
lation is expressed as both a binary relation and a n-ary
relation, whose range is aro:TimeIndexedRole 65,
i.e. a situation involving an agent, its role and the time
of its duration.

Listing 2: The code snippet for the de�nition of aCat-
alogue Recordand its versions.

data:CatalogueRecordPST/0301971676
a a-cat:CatalogueRecordPST;
rdfs:label "Catalogue Record n:

,! 0301971676"@en;
a-cat:describesCulturalProperty
data:ScientificOrTechnologicalHeritage

,! /0301971676;
a-cat:hasCatalogueRecordVersion
data:CatalogueRecordVersion

,! /0301971676-compilation,
data:CatalogueRecordVersion

,! /0301971676-agg-1,

65ro: https://w3id.org/italia/onto/RO/

data:CatalogueRecordVersion
,! /0301971676-rvm .

data:CatalogueRecordVersion/0301971676-
,! compilation

a-cat:editedAtTime data:TimeInterval
,! /2002;

a-cat:hasCatalogueRecordVersionRiT
data:TimeIndexedRole/0301971676-

,! compilation-81909
,! ca6a118f792436818a9170374a8;

a-cat:
,! hasResponsibleResearchAndCompilation
,!

data:Agent/81909
,! ca6a118f792436818a9170374a8;

...

5.3. Current and alternative locations for one
cultural property

With the following SPARQL query, we can �nd all
the locations associated with a cultural property during
its life cycle, with their type and time interval.

SELECT ?culturalProperty
?location
?locationType
?locationTime

WHERE
{?culturalProperty

a-loc:hasTimeIndexedTypedLocation
?location .

?location
a-loc:hasLocationType

?locationType ;
ti:atTime

?locationTime .}

Let us consider a portrait by the Dutch artist Netscher
Caspar66. In Listing 3 we report three different situa-
tions in which this portrait has been located, at differ-
ent times, in different places: the place where it was
located at the time of cataloguing, the place where it
has been involved in an exhibition, the place where
it was temporarily stored. In particular,data:Time-
IndexedTypedLocation/0900131533-alterna-
tive-1 is de�ned as aa-loc:TimeIndexedTyped-
Location , which has a-loc:ExhibitionLoca-
tion as location type. The associated time interval

66https://w3id.org/arco/resource/HistoricOrArtisticProperty/
0900131533
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data:TimeInterval/1773 allows us to assert that
this painting has been involved in an exhibition during
1773. Thecis:Site (intended as the physical build-
ing containing movable objects) where the painting
was exhibited isPalazzo Pitti.

Listing 3: The code snippet for the de�nition ofTime
Indexed Typed Locations of a cultural property.

data:HistoricOrArtisticProperty
,! /0900131533

a-loc:hasTimeIndexedTypedLocation
data:TimeIndexedTypedLocation

,! /0900131533-current,
data:TimeIndexedTypedLocation

,! /0900131533-alternative-1,
data:TimeIndexedTypedLocation

,! /0900131533-alternative-4,
...

data:TimeIndexedTypedLocation
,! /0900131533-alternative-1

a a-loc:TimeIndexedTypedLocation ;
rdfs:label "Alternative location 1 of

,! cultural property: 0900131533"@en
,! ;

a-loc:hasLocationType a-loc:
,! ExhibitionLocation ;

ti:atTime data:TimeInterval/1773
a-loc:atSite data:Site/4

,! baeab4f1066985b617b2d01e4e297fc .

data:Site/4
,! baeab4f1066985b617b2d01e4e297fc a
,! cis:Site ;

rdfs:label "Palazzo Pitti" ;
...

5.4. Situations

As an example of possible situations involving a cul-
tural property, we want to focus on a particular type
of a-cd:Interpretation s, i.e. situations in which
pieces of information about an object (e.g. a cultural
property) are detected and recorded by an agent, based
on a speci�c source or motivation.

An a-cd:AuthorshipAttribution is a situation
in which one author is attributed to a cultural prop-
erty, and this attribution is motivated by ana-cd:-
InterpretationCriterion , e.g. inscription, bibli-
ography, documentation. Each cultural property has
at least onea-cd:PreferredAuthorshipAttri-

bution and/or aa-cd:CulturalScopeAttribu-
tion , and can have one or morea-cd:Alterna-
tiveAuthorshipAttribution s, previous and ob-
solete. The following SPARQL query returns the au-
thorship attributions of a cultural property.

SELECT ?culturalProperty
?authorshipAttribution

WHERE
{?culturalProperty

a-cd:hasAuthorshipAttribution
?authorshipAttribution .}

In Listing 4, the cultural propertydata:Numis-
maticProperty/1500626679 , i.e. a medal of the
17th century, has two preferred authorship attributions,
since it has two authors (the object propertya-cd:-
hasAuthor works as a shortcut for relating the cul-
tural property to the preferred authors). Thedata:-
PreferredAuthorshipAttribution/1500626679-1
has Bonzagni Giovan Federigo as attributed author,
which has been attributed based ondata:Inter-
pretationCriterion/analisi-stilistica , i.e.
“stylistic analysis”. Instead, the bibliography (data:-
InterpretationCriterion/bibliografia ) has
determined the attribution of Cesati Alessandro as an
author. Both authors had “implementation” (data:-
Role/esecuzione ) as role played in the creation of
the cultural property.

Listing 4: The code snippet for the de�nition ofAu-
thorship Attributions of a cultural property.

data:NumismaticProperty/1500626679
a-cd:hasAuthorshipAttribution
data:PreferredAuthorshipAttribution

,! /1500626679-1,
data:PreferredAuthorshipAttribution

,! /1500626679-2 ;
a-cd:hasAuthor
data:Agent/5

,! fd1154534ebf5dfb384a59b3c1dd583,
data:Agent/95

,! f6d55ba0304ffa58d7698bbb83a5eb .

data:PreferredAuthorshipAttribution
,! /1500626679-1

a a-cd:PreferredAuthorshipAttribution ;
a-cd:hasAttributedAuthor
data:Agent/5

,! fd1154534ebf5dfb384a59b3c1dd583
,! ;

a-cd:hasInterpretationCriterion
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data:InterpretationCriterion/analisi-
,! stilistica ;

a-cd:hasInterventionRole data:Role/
,! esecuzione .

data:PreferredAuthorshipAttribution
,! /1500626679-2

a a-cd:PreferredAuthorshipAttribution ;
a-cd:hasAttributedAuthor
data:Agent/95

,! f6d55ba0304ffa58d7698bbb83a5eb ;
a-cd:hasInterpretationCriterion
data:InterpretationCriterion/

,! bibliografia ;
a-cd:hasInterventionRole data:Role/

,! esecuzione .

5.5. Cultural entity technical status

In order to have an overview on the technical status
of a cultural property, i.e. of all its technical character-
istics de�ning it, we can run the following query.

SELECT ?culturalProperty
?technicalStatus
?technicalCharacteristic
?technicalConcept

WHERE
{?culturalProperty

a-dd:hasTechnicalStatus
?technicalStatus .

?technicalStatus
a-dd:includesTechnicalCharacteristic

?technicalCharacteristic .
?technicalCharacteristic

a-dd:isCharacteristicClassifiedBy
?technicalConcept .}

The technical status in Listing 5 represents the sit-
uation in which a compass by an Italian workshop of
the 19th century67 has a technical status. This status
includes two technical characteristics: “ottone” (brass)
and “tondo” (circular). The �rst one is classi�ed by the
a-dd:TechnicalConcept material, while the sec-
ond one by the shape. Thus, through the technical sta-
tus we know that this cultural property is made of brass
and is circular.

Listing 5: The code snippet for the de�nition of the
Technical Statusof a cultural property.

67https://w3id.org/arco/resource/HistoricOrArtisticProperty/
0300115504

data:CulturalEntityTechnicalStatus
,! /0300115504

a a-dd:CulturalEntityTechnicalStatus ;
rdfs:label "Technical status of

,! cultural property 0300115504"@en
,! ;

a-dd:includesTechnicalCharacteristic
data:TechnicalCharacteristic/ottone,

,! data:TechnicalCharacteristic/
,! tondo .

data:TechnicalCharacteristic/ottone
a-dd:isCharacteristicClassifiedBy
a-dd:Material .

data:TechnicalCharacteristic/tondo
a-dd:isCharacteristicClassifiedBy
a-dd:Shape .

6. A formal evaluation of ArCo

ArCo is evaluated along different dimensions: struc-
tural, logical, and the functional dimensions as iden-
ti�ed by [13]. The structural dimension of a knowl-
edge graph (KG)68 focuses on its topological proper-
ties measured by means of context-free metrics that
leverage its graph-based representation. The logical di-
mension measures whether an ontology can be suc-
cessfully processed by a reasoner (inference engine,
classi�er, etc.). Finally, the functional dimension is re-
lated to the intended use of a given ontology and of its
components, i.e. their function in a context.

6.1. Structural dimension

Experimental setup and results. For assessing the
structural dimension of ArCo we use different metrics
that have been de�ned and used in literature [11–17].
First, we compute base metrics that record quantitative
aspects of ArCo knowledge graph: classes and their
instances, properties, axioms, etc. Then, we compute
schema and graph metrics aimed at assessing (i) the
richness, width, depth, and inheritance at the schema
level and (ii) the cohesion, coupling, multihierarchi-
cal degree, and extensional coverage of the ontolo-

68The authors of [13] refer to ontologies in their analysis. In
the scope of this paper we generalise their results to knowledge
graphs, since we also compute the distribution of the instances
across classes.
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gies. Those parameters are used for understanding the
quality of ArCo expressed in terms of (i) �exibility,
(ii) transparency, (iii) cognitive ergonomics, and (iv)
compliance to expertise. These quality properties have
been de�ned in [13]: (i) �exibility is the property of
an ontology to be easily adapted to multiple views; (ii)
transparency is the property of an ontology to be anal-
ysed in detail, with a rich formalisation of conceptual
choices and motivation; (iii) cognitive ergonomics is
the property of an ontology to be easily understood,
manipulated, and exploited by its consumers; and (iv)
compliance to expertise is the property of an ontology
to be compliant with the knowledge it is supposed to
model.

Table 2 and Table 3 describe the metrics used along
with their corresponding results. Table 3 also reports
the quality properties that the metrics are an indicator
of. We use the association between metrics and quality
property de�ned by [13]. The metrics are computed by
using OntoMetrics69, a web-based tool aimed at com-
puting statistics about an ontology.

Then, we record the statistics about the distribution
of the instances across classes. This allows us to under-
stand how individuals are organised in the knowledge
graph with respect to concepts. This suggests compli-
ance to expertise. In fact, it provides a structural in-
dication about the recall of classes over the entities
of the domain (i.e. the individuals). In this case the
recall is meant as extensional coverage computed as
the average number of entities captured by ontology
classes. It is worth saying that compliance to exper-
tise has a strong functional characterisation that we in-
vestigate further by analysing the functional dimen-
sion. Notwithstanding, the distribution of the instances
across classes is a fair structural metric as it provides
us a tool for empirically validating if dense areas (most
populated part of the ontology) correspond to ontol-
ogy design patterns. The use of patterns is among the
indicators suggested by [13] for measuring the quality
properties of transparency and cognitive ergonomics.
Figure 15 shows the top-50 ranked classes based on
the number of individuals they have in the knowledge
graph. The ranking including all the classes can be re-
trieved by querying the knowledge graph70.

A high degree of modularity in an ontology is
an indicator of transparency and �exibility. ArCo is

69https://ontometrics.informatik.uni-rostock.de/ontologymetrics/
index.jsp

70The result set with the ranking of all classes is available at https:
//bit.ly/2ORiqnM.

highly modularised, however addressing transparency
and �exibility meaningfully requires appropriate de-
sign of ontology modules. We compute the following
metrics to assess the quality of ArCo modules.

– Atomic size: the average size of a group of inter-
dependent axioms in a module;

– Appropriateness of module size: computed with
the Schlicht and Stuckenschmidt function [15]
that determines the appropriateness of an ontol-
ogy module. The appropriateness value ranges
from 0 (i.e. no appropriateness) to 1 (i.e. fully
appropriateness). According to the Schlicht and
Stuckenschmidt function a module size is as
much more appropriate as the number of axioms
de�ned in such a module is close to 250;

– Encapsulation: the measure of knowledge preser-
vation within the given module computed as de-
�ned by [17]. Encapsulation values range from 0
(poor encapsulation) to 1 (good encapsulation);

– Coupling: the measure of the degree of inter-
dependence of a module computed as proposed
by [17]. Possible values range from 0 (high inter-
dependence) to 1 (low interdependence).

Table 4 reports the values recorded for the afore-
mentioned module metrics computed for each ontol-
ogy module of ArCo. Module metrics are obtained
by using the Tool for Ontology Module Metrics71

(TOMM) [17].

Discussion. The analysis of the structural dimension
shows that ArCo is a large knowledge graph both at
schema (i.e. 3,416 logical axioms, 340 classes, etc.)
and instance level (i.e. 20,030,941 individuals result-
ing in a distribution of 58,914.53 individuals per class
on average). For more clarity we remind that the num-
ber of classes is used interpreting many of the metrics
whose values are on ordinal scale (cf. Table 3). The
indicators recorded suggest good transparency. In fact,
we record:

– a suf�cient axiomatisation of classes having 39.55
axioms per class (i.e. axiom/class ratio);

– a low inheritance richness (=2.48) that suggests a
deep (or vertical) ontology, which, in turns, indi-
cates that the ontology covers a speci�c domain
in a detailed manner;

71The speci�c version of the tool we used can be downloaded
from https://bit.ly/2nSS2yD.
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