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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.
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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 al-
lows to keep memory of them, their life cycle as well as

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

their artistic, social, and historical context. If data are
shared, they can be used as a means of enhancing cul-
tural properties, by spreading knowledge on cultural
heritage, and widening its potential consumers. Cul-
tural Heritage (CH) data can have various types of con-
sumers such as citizens, students, scholars, scientists,
managers, public administrations and companies. Con-
sequently, it can impact on different domains such as
tourism, research, management, teaching, etc. More-
over, cultural institutions and research organisations
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2 V.A. Carriero et al. / Pattern-based design applied to cultural heritage knowledge graphs

can mutually benefit from the data they publish, es-
pecially by creating connections between their knowl-
edge bases. The Linked Data paradigm has shown its
effectiveness in supporting this practice [1], and its
adoption in the Cultural Heritage domain is leading to
a significant transformation in the management of CH
data [2-6].

The Italian Cultural Heritage is an important part of
the world’s CH', and a great resource for Italy from
aesthetic, social, historical, cognitive and economic
points of view. More and more cultural institutions are
publishing their data, often as open data, in order to
allow for interchange, interlinking and mutual enrich-
ment.

In [7] we introduce ArCo?, a resource that con-
tributes to this vision by publishing a knowledge graph
(KG), consisting of a network of ontologies that model
the CH domain and a Linked Open Data (LOD) dataset
of 172.5M triples about Italian cultural properties,
along with documentation and software artefacts.

ArCo KG (composed of ArCo ontology network
and LOD data) is available at the MiBAC’s official
SPARQL endpoint®. The endpoint is based on the
Open Source version of Virtuoso*, which is used by
MiBAC for its liked data projects. ArCo KG is also
released as part of a package, which consists of a
docker container available on GitHub® - allowing you
to have everything on your own PC - and its running in-
stance online® - both English and Italian versions. This
package includes: documentation, user guides and di-
agrams; the source code and a human-readable HTML
documentation of the 0nt010gies7; a SPARQL end-
point; examples of Competency Questions and their
corresponding SPARQL queries; RDFizer®, a software
for converting XML data represented according to
ICCD cataloguing standards’ to RDF compliant to
ArCo ontologies. The docker release of ArCo can be
extended and customised in order to use alternative
triplestores or graph databases.

! According to UNESCO, Italy is the country with the highest
heritage sites in the world [7].

2 Architecture of Knowledge, from Italian Architettura della
Conoscenza.

3http://dati.beniculturali.it/sparql

“https://github.com/openlink/virtuoso-opensource

Shttps://github.com/ICCD-MiBACT/ArCo

Shttps://w3id.org/arco

7Created with LODE: http://www.essepuntato.it/lode

8https://github.com/ICCD-MiBACT/ArCo/tree/master/
ArCo-release/rdfizer

9http://www.iccd.beniculturali.it/it/normative

Besides the relevance of the produced resource, de-
scribed in [7], ArCo’s project contributes to push the
state of the art in knowledge graph engineering, with
special focus on the CH domain, by sharing its “be-
hind the scenes”, i.e. the intellectual and methodolog-
ical processes performed, the adopted design princi-
ples and the lessons learned, all of which constitute
the main focus of this paper. ArCo KG development
follows a pattern-based ontology design methodology
named eXtreme Design (XD) [8, 9], and has con-
tributed to extend and improve it, as discussed in Sec-
tion 3.

ArCo KG is an evolving creature, so is the method-
ology it follows i.e. XD. New requirements are con-
tinuously collected, incremental versions are regu-
larly released, and its methodological approach is dis-
cussed with the community, and possibly refined and
evolved!?. The current version of ArCo KG mainly de-
rives from the General Catalogue of Italian Cultural
Heritage!' (GC), which is maintained by the Central
Institute for Catalogue and Documentation (ICCD)
of the Ministry of Cultural Heritage and Activities'?
(MiBAC). ICCD coordinates the cataloguing activities
by collecting and integrating data coming from diverse
institutions all over Italy with the help of a collabora-
tive platform named SIGECweb'?. The General Cat-
alogue data are finally stored in a relational database
(and encoded in XML). In order to convert such data
into a knowledge graph, the conceptual model behind
such database must be formalised in a reference ontol-
ogy.

There are several, valuable existing models for rep-
resenting Cultural Heritage data and publishing them
as LOD. The Europeana Data Model (EDM) [5] and
CIDOC Conceptual Reference Model (CRM) [10] are
two prominent examples. EDM defines a basic set
of classes and properties for describing cultural ob-
jects, which are used to aggregate CH data into the
Europeana portal'*. CIDOC CRM is an international
standard for representing the CH domain, support-
ing the exchange of information between museums,
archives and libraries. Both models focus on support-
ing a linked data encoding of metadata that can be ex-

10ArCo’s implementation of XD is discussed on a dedicated
mailing list arco-project@googlegroups.com as well as during we-
binars and meetups.

http://www.catalogo.beniculturali.it

Zhttp://www.beniculturali.it

Bhttp://www.iccd.beniculturali.it/it/sigec-web

“https://www.europeana.eu/en
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tracted from catalogue records. They successfully sup-
port two main use cases: feeding cultural heritage data
aggregators such as Europeana, and enabling data in-
terchange between cultural institutions.

As compared to EDM and CIDOC CRM, ArCo KG
aims at modelling the Cultural Heritage universe of
discourse with a much finer grain and by addressing a
wider variety of concepts, ranging from cultural prop-
erties’ metadata (e.g. authors, creation date, current lo-
cation, style) to research findings and theories (e.g.
scientific processes performed for analysing a cultural
property, theories and foundations about possible for-
mer settlements in an archaeological site).

By formalising the semantics of cultural properties,
the events they participate in, the types of places they
are located in, the processes they are involved in, etc.
ArCo KG provides the CH and the Semantic Web com-
munities with a set of ontology patterns to encode CH
knowledge graphs. The ultimate goal is to enable re-
searchers and scholars to make new findings about cul-
tural entities, and to develop new theories based on ob-
servations performed on knowledge graphs modelled
by means of ArCo ontologies.

ArCo ontologies are aligned to EDM and CIDOC
CRM, in order to facilitate linking and reuse by ag-
gregators. Alignment and differences between ArCo
ontologies, EDM and CIDOC CRM are discussed in
detail in Section 4 and in Section 8.1. Nevertheless
ArCo ontologies take a different foundational commit-
ment than CIDOC CRM and EDM. The foundations of
ArCo KG are: (i) the theory of Constructive Descrip-
tions and Situations (cDnS) [11] and (ii) the reflection
of an epistemological perspective on cultural proper-
ties. These are discussed in detail in Section 4 and
Section 5. Informally, ArCo KG is situation-centric,
meaning that all facts in its universe of discourse are
modelled as sifuations: occurrences of relational con-
texts involving objects, that can be temporally and spa-
tially indexed (e.g. where a cultural property is located,
why and when; which author is attributed to a cultural
property, based on which criteria, and when). The epis-
temological stance substantiates in distinguishing facts
(e.g. the creation date of a cultural property; the au-
thor of a cultural property) from interpretations (e.g.
dating estimation, authorship attribution) about a cul-
tural property as well as from entities that document
them (e.g. catalogue records) along with their evolving
content (e.g. versions).

Contribution This paper extends [7] by providing an
in-depth analysis of ArCo KG (including examples)

and its development context. Novel contributions can
be summarised as follows:

— an extension of the eXtreme Design methodol-
ogy for dealing with Cultural Heritage ontology
projects (or for knowledge domains with charac-
teristics similar to CH)

— an architectural ontology pattern for implement-
ing large ontology networks

— adetailed explanation of the foundations of Arco
ontologies

— a detailed description of the main modelling is-
sues addressed by ArCo and the related imple-
mented ODPs

— a formal evaluation of ArCo ontologies based
both established structural metrics [12—18], and
XD-based unit testing

— atool (TESTaLOD) for supporting XD-based re-
gression tests

— athorough description of the experience in apply-
ing XD to the development of ArCo KG

After Section 2, which describes the General Cata-
logue of Italian Cultural Heritage, Section 3 describes
the eXtreme Design methodology and discusses how
we applied and extended it in the context of the ArCo
project. Section 4 provide details about the founda-
tions of ArCo ontologies and poses the basis to discuss,
in Section 5, the main modelling issues addressed in
ArCo ontologies and how they have been matched to
existing Ontology Design Patterns. Section 6 evaluated
ArCo knowledge graph. Section 8§ discusses relevant
related work and Section 7 summarises the lessons
learned from the experience of developing ArCo, so
far. Finally, Section 9 wraps up the paper and points
out some ongoing and future work.

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. Along with a continuous interaction with
the administrators of the databases and the domain ex-
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perts, these resources are to be analysed in order to ex-
tract the (often implicit) conceptual model of the do-
main that they encode. ArCo KG main datasources
have been an XML database of catalogue records and
a set of pdf documents describing catalogue standards.

Cataloguing cultural heritage is the process of iden-
tifying and describing, through metadata, entities that
are considered cultural properties, by virtue of their
historic, artistic, archaeological and ethnoanthropolog-
ical interest. In Italy, the Italian Ministry of Cultural
Heritage and Activities'> (MiBAC), regions and lo-
cal agencies are in charge of cooperatively cataloguing
Italian cultural heritage they own, aiming at safeguard-
ing, enhancing and making publicly available 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 Cultural
Heritage!' (GC), which is the official 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 SIGECweb'3, to which national
or regional, public or private, institutional organisa-
tions that administer cultural properties can submit
their catalogue records, i.e. files 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, with
specific profiles (e.g. administrator, cataloguer). The
quality of the database and its highly reliable prove-
nance is guaranteed by (i) an accreditation process that
allows only authorised entities to contribute to the plat-
form, (ii) a data validation phase performed by heritage
protection agencies that assess the scientific quality of
catalogue records, and (iii) an automatic data valida-
tion phase based on compliance with specific catalogu-
ing standards (see Figure 1).

SIGECweb currently contains 2,735,343 catalogue
records, 831,114 of which are publicly accessible
through the General Catalogue. The privacy level as-
sociated with the remaining records prevents them to
be openly published, since they refer to properties ei-
ther private, or being at stake (e.g. items in unguarded
buildings), or still requiring a scientific assessment by
accounted institutions.

2
il
"! SIGEC
¢; web Heritage Protection
L " A;%Ecies
. 4 a4 »]
m | l_.
g
o e

Fig. 1. Accreditation and validation process for contributing to
SIGECweb.

2.2. Italian Cataloguing Standards

In order to guarantee high quality, consistency and
interoperability between data accessible through the
General Catalogue, ICCD defines a set of standards
(normative)® for encoding catalogue records (schede
di catalogo), which provides a template for collect-
ing and organising data on different types of cultural
properties and a methodological base for cataloguing.
Thus, these standards are part of ArCo KG input, along
with data contained in the GC catalogue records.

Each cataloguing standard consists of a PDF docu-
ment'3 that contains, as shown in Figure 2: a table list-
ing all fields for collecting data about a cultural prop-
erty, and the respective rules for compilation. These
fields are grouped into paragraphs with regard to the
topic (e.g. geographical information), following a hi-
erarchical structure. To each paragraph and field in the
hierarchy are associated a tag and generic instructions:
maximum number of characters allowed, whether that
field is repeatable, whether its compilation is manda-
tory, etc. Moreover, all fields are accompanied by rules
for compilation, such as syntactic rules (e.g. the date
format), and useful examples.

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 specific types: archaeological, architec-
tural and landscape, demo-ethno-anthropological, pho-
tographic, musical, natural, numismatic, scientific and
technological, historical and artistic properties. For
each of the 30 typologies, a specific cataloguing stan-
dard has been defined, while a cross cataloguing stan-
dard (Normativa Trasversale) groups and defines the

5These standards are gradually being published also in XML
Schema Definition (XSD) format.
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Fig. 2. An example of the structure of an ICCD cataloguing standard.

eld common to all kinds of cultural property. Never-
theless, the particular features of each cultural property
type require speci ¢ standards for de ning additional
paragraphs and elds, e.g. a paragraph for describing
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tion'’. As a result, the GC contains heterogeneous cat- 22
alogue records, following different versions, thus re- 23
quiring expensive and time-consuming mapping activ- 24
ities: indeed, in moving from a version to the next one, 25

possible accessories, such as the instrument case, of dCCD did not systematically keep track of changes. 26

musical instrument. Moreover, some elds are associ-
ated with controlled lists, i.e. lists of non-overlapping
terms used to control terminology. In many cases,
these controlled lists differ, partially or completely, de-
pending on the cultural property that is being cata-
logued: for example, according to the standard for pho-
tographs, the list associated with the digpe of mea-
surementontains values such as “height x length” or
“height x length x thickness”, while, when catalogu-
ing technological heritage, examples of valid values
are “weight” and “volume”.

Currently, an effort is being made by ICCD in pub-
lishing on GitHuld® 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

While in some cases this mapping is straightforward, 27
in other cases differences over data due to different ver- 28
sions can be signi cant. Let us consider an example, 29
depicted in Figure 3, of the standard F (for cataloguing 30
photographs). In version 3.00 there are three separates!
elds to indicateplace, siteanddateof a photograph 32
(MSTL MSTD MSTS respectively), while in version 33

4.00, they are all encoded in a single elIETL). 34
35

36
37
38
39
40
a1
42
43
44
45

1990: they have undergone changes and updates, re-Fig. 3. The ICCD cataloguing standafdor photographs: difference 46

garding both their structure and rules for compila-

and mapping between version 3.00 and version 4.00. 47
48
49

18nttps://github.com/ICCD-MIBACT/Standard-catalogra ci/
tree/master/strumenti-terminologici

7previous and current versions include: 1.00 and 2.00 (1990- 50
2000), 3.00 (2002-2004), 3.01 (2005-2010), 4.00 (since 2015). 51


https://github.com/ICCD-MiBACT/Standard-catalografici/tree/master/strumenti-terminologici
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2.3. Acloser look at actual catalogue records two paradigms: modular ontology modelling [24] and 1
eXtreme Design (XD) [8, 9]. We follow (and extend) 2

Although catalogue records submitted to SIGECweb the XD methodology for the design of ArCo ontolo- 3
are subject to a validation process, being collaborative gies. 4
in nature means that catalogue records are not error- 5
free. There are cases of: mandatory elds that are not 3.1. eXtreme Design methodology 6
properly lled, thus producing an error code; catalogue 7
records containing values alternative to those provided XD is an ontology design methodology that puts the 8
by controlled lists, hence undermining data homogene- reuse of ODPs at its core both as a principle and as 9
ity; use of non-standard formats (e.g. for dates); minor an explicit activity. It provides guidelines for such ac- 10
bugs and typing errors. ICCD is continuously work- tivity. Experiments have proved its positive impact on 11
ing for improving the collecting process, in order to  ontology engineering and ontology quality [8, 23]. 12
minimise these situations. XD is partly inspired by eXtreme Programming 13
Moreover, catalogue standards themselves could be (XP) [25], an agile software development methodol- 14
improved in their structure, in order to maximize data ogy that aims at minimizing the impact of changes 15
mining from catalogue records: there are still many at any stage of the deve|0pmen[, and producing in- 16
elds allowing for long descriptive texts, from which  cremental releases based on customer requirements?
structured high-quality information could be derived and their prioritization. Although the two approaches 18
and extracted. have similarities, they diverge towards different fo- 19
cuses mainly due to the core differences between soft- 20

ware systems and knowledge bases. Where XP dimin-21

3. Applying eXtreme Design principles to model ishes the value of careful design, this is exactly where 22
the Cultural Heritage domain XD has its main focus. XD is test-driven, and applies 23
the divide-and-conquer approach as well as XP does.?*

In order to deVeIOp ArCo Ontologies, which COpe AlSO, XD adopts pair design (as opposed to pair pro_ 25
with a huge and complex domain such as Cultural gramming). The intensive use of ODPs, modular de- 28
Heritage's, we use ontology design patterns (ODPS) sign, and collaborative approach are the main charac-2’
[19, 20]. Ontology patterns provide solutions to re- terising principles of the method. Further details on the 2
current modelling issues. Their adoption guarantees a rejation between XP and XD, and a thorough descrip- 2°

high level of the overall ontology quality, and favour  tgn of XD are given in [26]. 30
its re-usability [21]. _ . As depicted in Figure 4, after the project initiation, 3!
~ The use of design patterns in ontology engineer- xp js executed by iterating a set of steps, each involv- %
ing is less evident than in software engineering. Soft- ing one or moreeams a customer teagnwhich elic- 33

ware design patterns are such a standard practice thatjis the requirements that guide the design and testing 34
many programming languages have built-in types im-  ,qcess: ajesign teamwhich is in charge of identi-  3°
plementing, or inspired by, them e.g. Observer in Java fying and implementing the ODPs that best address 36
and Iterable both in Java and in Python. ODPs instead, {he given requirements:tasting teamwhich performs 7

although recognised as good practices in general, are (gging and validation of the produced ontology com- 3¢
yet distant to achieve a clear standard reference in the ponents; arintegration teamwhich takes care of in- 39

knowledge engineering community, and very far 10 teqrating the different components. In XD, the design *°
be common practice in the Linked Data community. oam works in parallel and interactively with the test- **
Their introduction in the Semantic Web is relatively ing team: the same requirements are used as input by42

recent [22] and to date, there is still lack of to0ling ¢ gesign team, for producing the ontology, and by the +*
to ease their adoption. A very recent and promising egting team, for translating them into unit tests. 4

cpntrgbunon to Il this gap is CoModIDE [23], a Pro- Figure 5 depicts a simple example that will be used
tegé® plugin supporting pattern-based desfyriThe to illustrate the main steps of the methodology.

design of this tool is inspired by the combination of 47

Requirements engineeringA fundamental step isto 48

18https://protege. stanford.edu/ collect requirements_ and to engineer thgm. R.equire- 49

194t the time of ArCo development the tool was not available, MenNts are collected in the form aer storieswhich 50

we plan to test and use it in future developments. are provided by the customer team. A user story is a sets1

45
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Fig. 4. The XD methodology as implemented for the ArCo knowledge graph.

Fig. 5. An example of a user story translated into CQs, and of the
matching between a CQ and an ODP.

of sentences, which describe by example the kind of
facts that the resulting knowledge graph is required to
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23
encode. The length of a user story is limited to favour 24
keeping them focused; its maximum length is decided 25
by the design team. The customer team is instructed to 26
break possible complex stories into smaller and sim- 27
pler ones. An example of simple user story is (cf. Fig- 28
ure 5): “Leonardo da Vinci was an artist, a philoso- 29
pher and an engineer”. User stories may be associated0
with a priority level, a title, and an IB. The title or ID 31
can be used to express possible dependencies of a story2
on others, meaning that it cannot be analysed until the 33
other stories have been treated. The priority level in- 34
uences the order in which stories are treated. Depen- 35
dencies and priorities are assigned by the design team36

considering input from the customer team. 37

. 38
Competency QuestionsOne or more competency .o

questions (CQs) [27] are derived from a generalisa- ,,
tion of the user stories. CQs are the natural language ,,
counterpart of structured queries that we want to en-
able against the resulting knowledge graph. General-
ising a user story means to identify the main concepts
that they exemplify. This generalisation is carried out .
by the design team, in collaboration with the customer .
team. For example, considering the previous user story, ,,
two CQs may be derived from it: “Which are the g
roles played by an artist?” and “Which artists played ,4

50
20Each ontology project will de ne its own conventions. 51

42
43
44
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a certain role?” (cf. Figure 5). In this case, the design
and customer teams have identi ed that "Leonardo da
Vinci" is an example ofrtist, which is a relevant con-
cept in the domain, and that "artist", "philosopher",
and "engineer" are examplesRblesthat an artist can

play, another relevant concept to include in the ontol-

she has at hand by comparing them with the ODP's 1
CQs. Often, ODP's CQs are more general than the 2
domain-speci ¢ CQs of an ontology project. In such 3
case, the designer will generalise her CQs further, to 4
understand whether the candidate ODP can be reuseds
given a specialisation of its vocabulary. For example 6

the CQ in Figure 5: “Which artist plays a certain role?” 7
can be generalised into “Which agent plays a certain 8
role?”. If we consider this generalised version of the 9

ogy.
In addition to deriving CQs, the design team inter-
acts with the customer team in order to identify pos-

sible general constraints that may accompany them. CQ, we can easily match it to th&gentRol&* ODP, 10
General constraints express possible inferences or available and documented on the ODP péftale de- 11
other rules that apply to the concepts that the story in- scribe this process, with real examples from the ArCo 12
volves. In the example of Figure 5, the following gen- project in Section 5. 13
eral constraints can be drawn: “An artist is a person” 14

Testing and integration. XD is test-driven and fol-
lows a unit testing approach as described in [26, 28]. |
The CQs and general constraints de ned by the de- |
sign team are shared with the testing team. While the ¢
design team uses them for producing a piece of the ¢
ontology, the testing team uses them for designing ,,
unit tests: CQs are translated into possible SPARQL ,,
queries, while general constraints are used to create,,
sample triples, based on the user stories, that are ex-,,
pected to provoke either consistency/coherence errors,,
or inferences. The testing team will use a draft termi- ¢
. ) nology based on the CQs. In other words, unit tests are
cussed in Section 4. sample OWL/RDF les (encoding the user story) and
Matching CQs to ODPs. CQs guide the selection of ~ SPARQL queries, annotated with their corresponding ,q
ODP: a key process in XD, and in general in pattern- expected results. When the testing team receives an on-,q
based design, is tmatchCQs to ODPs. At each iter-  tology piece from the design team, it rstly attemptsto 5,
ation, a coherent set of CQs is selected, i.e. CQs deal- replace the corresponding unit test (draft) terminology 5,
ing with same modelling issues (e.g. roles played by Wwith the provided ontology vocabulary. At this stage s,
agents). Possible existing solutions (ODPs) are anal- possible missing concepts can be spotted, which would 53
ysed in order to nd the most suitable one to be im- make the test pOSiti\;é and cause a feedback to the 24
plemented in the ontology. This is a complex cognitive design team asking them to x and resubmit. Once 35
task that, currently, lack proper tool support. Hence, the terminological coverage is successful, the testing 4
it is better performed by whom has previous knowl- team proceeds with (i) verifying whether the queries 5,
edge about existing ODPs. Nevertheless, if one is not produce the expected results and (ii) checking consis- 34
familiar with ODPs, they can be found on catalogues, tency and coherence of the ontology piece. With ref- 54
such as the catalogue maintained by the University of erence to the example of Figure 5, the testing team 4
Manchestet and the ODP port&, as well as in ref-  Will design and check the result of SPARQL queries 4
erence literature, such as the Workshop on Ontology @imed at retrieving the roles of an artist, against a sam- 4,
Design and Patterns seffésnd [20]. When an ODP ple OWL/RDF le that encodes triples about Leonardo 43
is properly de ned and documented, it thoroughly de- da Vinci being an artist, a scientist and an engineer. 44
scribes the modelling issue that it addresses, by pro- Furthermore, they will check the ontology model e.g. 45

and “A person cannot be a role”. General constraints
are the natural language counterpart of axioms that
will be formalised in the ontology. The CQs and the
general constraints de ne the ontology requirements,
hence contributing to assess the ontological commit-
ment, as far as the ontology domain tasks and scope are
concerned. From the XD perspective, the ontological
commitment includes both meta-level aspects such as
adopting a 3d or 4d view, as well as functional/appli-
cation aspects which draw the boundaries of the scope
of the ontology. ArCo ontological foundations are dis-

viding its related competency questions. A designer is s for the disjointness between the clasgetst 46
able to assess whether an ODP matches the CQs thatdnd :Role : this can be done by creating a sample 47
OWL/RDF les with the following statements: 48

21http://www.gong.manchester.ac.uk/odp/html/index.html 49

22http://www.ontologydesignpatterns.org
23http://ontologydesignpatterns.org/wiki/WOP:Main

24http://www.ontologydesignpatterns.org/cp/owl/agentrole.owl 50
25A positive test means that some error has raised. 51
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gies we soon realised that systematic testing, as rec-1
ommended by XD, needed proper tool support, which 2

:LeonardoDaVinci rdf:type :Artist . was unavailable to the best of our knowledge. We have 3
LeonardoDavinci rdftype :Role . developed _TESTa_LOD to serve this purpose, which is 4
presented in Section 6.1. 5

Integration tests follow a similar process, but focus . ] ) 6
on running regression tedfsand possible additional ~ 3-2- Collecting requirements from an evolving !
unit tests, on the whole ontology, after integrating the heterogeneous community 8
new piece. Integration tests may be performed by a _ ) ) X
dedicated team or by the testing team, depending on ~ When the project started, its magustomerwas 10

the size of the project and available resources. The re- ICCD, i.e. the institute in charge of collecting and pre-
sults of the tests are reported to the design team, which Serving the data of the General Catalogue, and of re- 12

will x and resubmit in case some of the tests are pos- leasing updated cataloguing standards. ICCD domain 3
itive. experts formed the customer team and provided indi- 14

cations to the design team for the selection and pri- 1°
oritisation of requirements. They also supported the 16
design team in gaining a good comprehension of the 17
cataloguing standards. ArCo ontologies re ect (hence '8
are compatible to) ICCD standards. However, they are °
not committed exclusively to their interpretation of

the Cultural Heritage domain, which is limited to the

point of view of cataloguing practices. The situation

we faced is that ICCD wanted to address the need of di-
verse communities of potential consumers of CH data,
while keeping an institutional management of the de-
velopment process. We opted for a twofold approach:
[...] affect the overall shape of the ontology, and (i) we opened the process of requirements collection
dictate "how the ontology should look like'. [...] An in the style of open-source projects, and (ii) we have
ontology that has a simple modular architecture is launched an “Early Adoption Program” aimed at en-

composed of a set of ontologies, called modules, gaging a number of representatives of potential con-
plus one ontology that imports all the modules. sumers, who would provide both requirements and val-
idation. This approach has favoured a relatively quick
creation of an open community as well as widening the

So far, we have described eXtreme Design (XD)
according to [8, 9, 26]. In the context of the ArCo's
project we faced a number of challenges that are not
explicitly tackled by XD, hence we contributed to ex-
tend it. Speci cally, one challenge concerns how to
design the architecture of an ontology network. As
we deal with a wide and complex domain such as
Cultural Heritage, we would have bene t from clear
guidelines. There is some preliminary work described
in [19] about architectural patterns for ontologies, de-
ned as patterns that

To the best of our knowledge there are no catalogues

nor empirical studies reported about these types of pat- ,
terns. scope of the collected requirements. Early Adopters

Another challenge concerns the collection of re- (EAS) are given assistance and support, and the ful-

quirements. Cultural heritage data are relevant for po- llment of their issues and requirements are put high
tentially many diverse consumers and applications. IN Priority. In order to guarantee a lively interaction
Our primary source of data is a catalogue, however Within the project community, regular meetings (e.g.
our ultimate goal is to conceptualise the Cultural Her- Webinars or meetups) are held and issues are discusse
itage domain at large, going far beyond the catalogu- N an open mailing list. Furthermore, proposals for im-
ing perspective. This means that ArCo needs to draw Provementand bugs can be submitted GitHub isSues

its requirements by a plethora of diverse potential con- ~ With this approach, the customer team became an
sumers, which can enter the process at any time, posing €volving creature, which over time will extend by in-
new requirements. XD is adequate to support evolving Volving all representatives of potential producers and

requirements, but how to gather requirements from an consumers of CH data. At the moment, ArCo is col-
evolving community is unclear. lecting requirements from private companies, public .

A third challenge concerns testing. In this case, administrations, researchers and creative developers.48
given the dimension and complexity of ArCo ontolo- These requirements are collected in the form of small 49
50

26A| unit tests passed so far. 2Thitps://github.com/ICCD-MiBACT/ArColissues 51
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stories (according to XD). A story is a non-structured [29, 30]. Ontology modules are meant to identify con- 1
text of maximum 250 characters, exemplifying some ceptually coherent subparts of the domain. In this re- 2
scenario or reporting real use cases. They are submit- spect, XD lacks explicit guidelines on how to approach 3
ted by the customer team to a Google F&tniThe a modular design of potentially large, networked on- 4
form requires to associate each story with one of three tologies. Based on our experience in designing the ar- 5
categories expressing the type of project motivating it: chitecture of the ArCo ontology network, we providea 6
(i) publishing CH data, (i) linking existing LOD to  set of guidelines as well as an architectural pattern that 7
ArCo KG, (iii) feeding some applications with ArCo  can be applied in other contexts with similar character- 8

KG or providing services based on it. More stories can istics as the ArCo's project. 9
be associated with a reference custom project name, 10
and additional material can be uploaded (e.g. a sample 11
of data in the original format). 12
Requirements coming from user stories, as well 13
those extracted from ICCD standards, are translated 14
into Competency Questions. All CQs, and related 15
SPARQL queries, that so far guided ArCo KG design 16
and testing are available onlffe 17
As an example, we report one of the stories collected 18
through the Google form: 19

20
21
22

Type: Linking my data to ArCo data
Title: Cultural heritage and residential property

Story: | am looking for a residential property to 23
buy, and | want to Iter the results based on the 24
type of cultural heritage nearby. 25
This story requires to address the following CQs: 26
“What are the types of cultural properties located in 27
a certain area?”, “Which is the current location of a 28
cultural property?”, “Which are the geographic coor- 29

dinates of the current location of a cultural property?”, Fig. 6. ArCo ontology network, currently including seven modules: 30
“Which is the type of a cultural property?”. Other ex-  arcois the root node of the network, whitereis reused by all other 31
amples of stories concerned: linking cultural properties modules, where concepts related to cultural properties and catalogue 3
to multimedia resources, such as photographic docu- "6°0ds are represented. 33
mentation; describing speci ¢ attributes of drawings 34
or music heritage; tracking over time the availability The root-thematic-foundations architectural pattern. 35
of cultural properties that have been con scated from We name the architectural pattern implemented by the 36
organised crime; relating catalogue records to heritage ArCo ontology network: root-thematic-foundations 37
protection agencies. (Figure 6). It can be described as follows: 38

— a root module acts as thentry point of the 0
network, i.e. it causes the whole network to ,;
be loaded by importing all maithematic mod- 1
ules In ArCo this is thearco module, and it 43

3.3. An architectural pattern for large ontology
networks

Handling large ontologies is a non-trivial challenge

for ontology engineers, reasoners and users. A mod- @S0 contains the ontology top-level hierarchy of 44
ular approach, as opposed to a monolithic design, i.e. classes, with.CulturalProperty as its root 45
one ontology module addressing all CQs, favours read- class. The root module may also contain ontology 46
ability, reusability and maintainability of an ontology alignments. Alternatively, a separate module, i.e. 47

alignment module, may be dedicated to this func- 4s

2ohitps://goo.glforms/zCixt3B1ABYbj9IS2 tion apd |mp0rt- the root module. With this con- 49
29https://github.com/ICCD-MIBACT/ArCo/blob/master/ guration the alignment module acts as an alter- so
ArCo-release/test/CQ/CQs-SPARQLqueries.txt native entry point to the network. 51
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— a second layer of the network is composed of the General Catalogue (GC), and in particular to its cata- 1
main thematic moduleswhich are all imported logue records, their attributes and evolving process. 2
by the root module. These modules may import, Cultural properties, which are the main subjects of 3
in turn, secondary thematic modules, that depend study of the CH domain, are described by means of 4
on them (which may form additional layers in  measurable, intrinsic aspects such as length, weight,5
the network). ArCo ontology network currently — materials, conservation status, as well as propertiesé

contains ve main thematic modulesultural- deriving from an interpretation process, such as au- 7
even denotative-descriptignlocation, context- thorship attribution, dating. This conceptual distinc- 8
description andcatalogue tion suggested us to de ne two additional thematic °

— a leaf module contains foundational concepts modules of the networkdenotative descriptich as 10
such as the part-whole relation, agent, physi- for capturing descriptions of the rst type, agontext 11

cal object, role, etc. i.e. which are not domain-  gescriptio? that encodes interpretation situations and 2
speci c. This module is imported by all mainthe-  heir related objects (e.g. inventories). 13

matic modules. In ArCo this is theoremodule. Finally, it results fairly evident that théocations

The implementation of theot-thematic-foundations ~ associated with a cultural property and tbeltural
pattern requires a conceptual organisation of the do- €ventsin which it participates in, are two major com-
main into separate coherent subdomains. This can be ponents of its lifecycle. As a consequence, the ArCo
achieved by clustering the requirements, based on the- ontology network includes the two thematic modules
matic areas. The criteria for identifying thematic ar- location®® and acultural event’. The moduleloca-
eas, and their granularity, can vary depending on the tion is dedicated to the different types of locations of
project's commitment, design choices and the size of a cultural property (e.g. current location, where it was
the domain. As ontologies are evolving objects, new found, where it was exhibited, where it was created, ,
(main) thematic modules may be added over time in where it was stored, etc.), and to represent physical ,,
case future requirements identify new subdomains. sites (e.g. a palace), geometrical features and related,,

In the context of ArCo, at a very early stage of de- cadastral entities such as cadastral maps. The thematic,
velopment, we could leverage and analyse the ICCD modulecultural events dedicated to classes and prop-
catalogue, its data and standards, as well as the usererties representing attributes of cultural events, includ- ,g
stories provided by the customer team. In agreement ing events that recur over time (cf. Section 5.3), e.g. ,q

with ICCD domain experts, we rst focused on the festivals, recurrent exhibitions, festivities. 30

cross cataloguing standard and related user stories, The foundational concepts captured by thee®® 31
which address concepts that are relevant for all types module, and reused in all thematic modules, are de- 3,
of cultural properties. Our hypothesis is that tress scribed in detail in Section 4. 33

standgrd can give us a plausible overview of the CH Finally, thearco® module is the entry point of the 34
domain. In all cataloguing standards, metadata are network and de nes the top-level hierarchy of CH con- 35

grouped into paragraphs, each containing different cepts in ArCo, which is described in details in Section 36
elds. We performed a manual clustering of these 4 37

elds. This activity allowed us to identify ve topics

that could characterise the main thematic modules of Competency QuestionsEach module of the ontol-

the ArCo ontology network. ogy network addresses a subset of the Competency
A rst observation is that catalogue records contain: Questions elicited by the customer team. Table 1 lists |

(i) data directly describing a cultural property and its some representative CQs for each module, except the,

contexts (e.g. techniques and materials, related exhibi- core module, which is specialised by the other mod- .

tions, surveys); (ii) data about catalogue records them- ules. s
selves (e.g. when they were created, by whom, their 45
version, etc.); (|||)_ data ab_out othgr entities referrl_ng 3a-dd: hitps-//w3id.org/arcolontology/ 46
to cultural properties (e.g. inventories, documentation, genotative-description/ 47
bibliography). Based on this observation, a main the- 323-cd:  https://w3id.org/arco/ontology/context-description/ g
matic module ¢atalogué®) is dedicated to the ICCD %a-loc:  https://w3id.org/arco/ontology/location/ 4

34a-ce: https://w3id.org/arco/ontology/cultural-event/

35core:  https://w3id.org/arco/ontology/core/ 50

30a-cat:  https://w3id.org/arco/ontology/catalogue/ 36; https://w3id.org/arco/ontology/arco/ 51
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Tab

lel

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 culturalCQ21 Which is the time period elapsing between two events
property? 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 hasCQ23 Which is the conservation status of a cultural property
been located? Which are their types? at a certain time?
CQ7 | When has a cultural property been located in a plage€Q24 What is the technical status of a cultural property at a
certain time?
CQ8 | Which are the geographical coordinates of a culturalCQ25 Which are the measurements of a cultural property?
property?
CQ9 | Which are the cadastral data associated to the cultur&Q26 Which are the elements, e.g. inscriptions, af xed on a
property location? cultural property?
Context description module Catalogue module
CQ1Q Which are the authors attributed to a cultural propeftyCQ27 Which is the level of detail of the catalogue record?
based on an interpretation criterion?
CQ11 When has a cultural property been created? CQ28 When was a catalogue record created or updated?
CQ12 Which is the subject represented on a cultural prgp-CQ29 Which are all the versions of a catalogue record?
erty?
CQ13 Which are the current and/or previous owners of a gul-CQ30 Which is the (immediate) previous catalogue record
tural property? version of a catalogue record version? And which is
the (immediate) next one?
CQ14 Who commissioned a cultural property at a certainCQ31 Who, and playing which role, was responsible for cre-
time? ating, editing and updating a catalogue record?
CQ15 Which are the bibliography and documentation 1e-CQ32 Which is the catalogue record describing a cultural
lated to a cultural property? property?
CQ16 Which interventions and surveys have been carrjedCQ33 Which is, and for what reason, the level of privacy of
out on a cultural property at a certain time? a catalogue record?
CQ17 Which collection a cultural property is member of?

4. Ontological foundations in ArCo

that emerge from, and evolve through, applied and
theoretical results. ODPs can have relations among
them, including subsumption, overlap, merge, etc. (cf.
[19]). ODP subsumption is at the core of many for-

mal ontology issues concerning the usefulness of fou

lution is not available for the speci c requirement, we
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38
39

can reuse one that is good for the general requirement.4o
Ontology Design Patterns (ODPs) are established |n practice, when all the predicates from a requirement 41
solutions to modelling problems (i.e. requirements) gare stripped out of speci city, we get a foundational 42

requirement, and if that requirement has a known so-
lution (e.g. theTime Indexed Locatio®DP), we can

apply it directly, by specialising the predicates as ex- jz
n- pressed in the speci ¢ requiremeruftural property

dational ontologies [22, 31]. For example, the compe- currend.
tency questioWhere is a cultural property currently
located?could be subsumed by a general oWhat is
the location of something at some timend if a so-

43
44

47
48

When dealing with an ontology project as complex 49
as ArCo, we need a good deal of generalisation that so
provides a shared modeling style to its data. The details 51
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of the ontological choices made against requirements large-scale experiment that uses DO to detect millions 1

are presented in Section 5. of inconsistencies in the DBpedia knowledge graph 2
(without the relaxation provided by dO many more 3
4.1. Foundational commitmentin ArCo: would have been detected).

4
DOLCE-Zero ArCo foundational distinctions have a similar foun- 5
dational commitment as DOLCE-Zero, so using more 6

The ODPs implemented in ArCo ontologies are speci c DUL's distinctions only when necessary. This 7
mostly taken from a set of interrelated foundational commitment is implemented ihevel @°, which is 8
ODPs, inspired by DOLCE UltraLite+DnS (DU part of the OntoPiA ontology netwotk a standard 9

[32], and DOLCE-Zero (d6¥ [33]. reference for the Italian Public Administration. Fur- 10

DUL is a commonly used foundational ontology thermore, ArCo makes a general constructive commit- 11
that commits to (i) DOLCE [31] distinctions: objects ~ment, embracing a broader, cognitive notion sitf 12
vs. events vs. qualities (speci ¢ attributes of objects uations compared to the one de ned in DUL: the 13
and events) vs. qualia (dimensional representations of ArCo core:Situation class is made equivalent to 14

qualities), and to (i) D&S [11, 34] distinctions for ~ the DOLCE-Zerodo:Eventuality class. This de- 15
second-order entities: situations vs. descriptions vs. cision generalises over different event-like notidnys 16
concepts (see Section 4.2 for details), including e.g. design not only as a means to relax ambiguity, as ex- 17

types, topics, roles, tasks, quality types, parameters, plained in the next section. 18
rei ed relations and classes, etc. 19

DOLCE-Zero contains a small set of classes on top 4.2. Constructive stance in ArCo 20
of DUL, relaxing ambiguity resolution when needed. 21
In particular, it introduces four “union classes”: A cluster of foundational requirements in ArCo is 22
d0:Characteristic , do:Eventuality . d0:Ac- about events, states, actions, and their expressionsgzs

tivity , and do:Location 2° that generalize some  types and interpretations. Literature on these notions 24
disjoint classes from DUL that are sometimes consid- IS heterogeneous [36], applying pragmatical, logical, 25
ered too “strict”, e.g. qualities vs. dimensional regions, and philosophical criteria, often mingled, to draw dis- 26
events vs. situations, actions vs. tasks, space regionstinctions. As an example of the underlying problems, 27

vs. physical locations, etc. A widespread case is co- We can distinguish (i) aestorationevent,eon a cul- 28
predication of physical objects, locations, and organ- tural propertyc, (i) the restored state s of c, (iii) 29
isations. For example, the Ufzi in Florence can be their types or categorizations (e.g. procedures, phaseszo
categorised as a Building (physical object), a Museum t@sks, roles}y..m of e or s, (iv) the propositionsp . 31
(a social object), and a relative Location (a spatial re- thatreporte or s, (v) the relationshig holding be- 32
gion), with experts understanding the Uf zi as a com- tWeenc, the participants ire ands, and the proposi- 33
plex entity, whose heterogeneous features are not sup-tons Pi:n, @s well as (vi) the interpretation relation 34
posed to be analysed into three different categories, | functioning as the intensional counterpartrtoln 35
since they emerge out b-predication35]. ArCo, we have requirements for most of those distinc- 36

However, DOLCE (and its OWL implementation in tions: sometimes we need to talk about events, states,37

DUL) has disjoint classes for physical vs. social ob- theirt.ypes, their report_s, the relat.ionships between. the 38
jects vs. spatial regions), so inducing inconsistencies parumpants, and even interpretations of those relation- 39

in the Uf zi knowledge graph. In practice, those dis- ShiPS: 40

tinctions are seldom represented in lightweight ontolo- A close, only super cially unrelated problemis that 4
gies and natural language lexicons, originating debat- ArCo requirements (as most ontology design projects 42

able inconsistencies, as argued in [33], which reports a for the Semantic Web) need to represent n-ary relations 43
(with n > 2) in a logical language (OWL) thatonly can 44

5 _ express unary or binary predicates. Time indexing is a 45
dul: , http://www.ontologydesignpatterns.org/ont/dul/DUL. major driver of n-ary relations. For example, the loca- 46

owl . L
38d0: , http:/Awww.ontologydesignpatterns.org/ont/dul/d0.owl tion of a cultural _proper.ty can be true ata Cert_am time, 47
3940 unions are formalised as follows: but not another, its of cial name can change, its phys- 4s
dO:Characteristic (dul:Quality t dul:Region) 49
dO:Eventuality (dul:Event t dul:EventType)
dO:Activity (dul:Action t dul:Task) . . : Al 50
dO:Location (dul:SpaceRegion t  dul:PhysicalPlace t 40IO' ’ https.//w3|d.org/ltalla/onto/IO/

dul:[Social]Place) 4https://w3id.org/italia/onto/FULL/ 51
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ical structure can change due to restoration or natural practices seem to prefer binary predicates (catled
events, the location itself or some of its properties, e.g. ject or datatype propertigswhenever useful. In or-
its name, can be indexed in time because of political or der to accommodate the constructive stance of ArCo,
social changes. which requires graphs including multiple triples for
While apparently this is a representation problem, each relation, with the practical bene t of having sim-
rather than an ontological one, there is ample evidence pler graphs, with one triple representing each relation-

1
2
3
4
5
6

(see e.g. [37-40]) that the same cognitive construc- ship, the same relational concepts are represented as

tions apply to events, states, actions, event types, ac- both> 2-ary (situation classes) and projected binary
tion schemas, frames (in the sense of [41]), and rela- relations (OWL properties). This redundancy supports
tions as rst-order objects. both high-level modelling needs (time indexing, evolu-

Based on this assumption, a useful generalisation tion, changes), and lightweight modelling. Where pos-
can be applied, treating those entities as either (i) sible, an OWL property chain abridges a situational
rei ed (extensional) relationships, e.g. the situation graph representing=a 2-ary relation to its binary pro-
of Canova's Venus Victrix being located at Galleria jection(s).

8
9

10
11
12
13
14

Borghese in Rome since 1838, or (ii) rei ed (inten- For instance, agencies related to a cultural property 15

sional) relations, e.g. the Attribution frame represent- (e.g. acataloguing agengycan be represented in ArCo
ing the authorship attribution to cultural properties, as as either: (1) a situation class(e:AgentRole ) that

made by an interpreter based on some criteria. includes the cultural property, the agency, and the role
That generalisation is applied quite often in ontol- it played with respect to that cultural property, and

ogy design. ODPs such astuation description de- (2) an OWL object property:ffasRelatedAgency ),

scriptionsituation planexecution etc. (cf. [32]), in- which directly links the cultural property to the agency,

spired by the theory of Constructive Descriptions and and is subsumed by the property chgiore:has-
Situations (cDnS) [11], provide a framework to sys- AgentRole O core:hasAgent]

tematically relate frames (a.k.a. intensional relations,

schemas, descriptions), and frame occurrences (a.k.a.4.4. Other foundational event-like notions
extensional relations, situations, states of affairs).

The generalisation implements the cognitive as-  Other event-like notions in foundational and cultural
sumption of extensional relations in the world being ontologies can be aligned as subclassesoad:Si-
“framed” or “schematised” through observation, inter- tuation . Two examples are provided here.
pretation, diagnosis, norm, expectation, etc. In other CIDOC CRM E5 Event, subclass of E4 Period, is
words, framing applies a conceptual construction to a de ned as... changes of states in cultural, social or

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

set of sensory perceptions, given data, reported facts, physical systems, regardless of scale, brought about by 32

etc. The correspondence between frames and their oc-a series or group of coherent physical, cultural, tech-
currences leads to assigning contextual roles to par- nological or legal phenomena ... The distinction be-
ticipants (e.g. being eestoredobject in a Restoration tween an E5 Event and an E4 Period is partly a ques-
frame occurrence), tasks/types to actions (e.g. being ation of the scale of observation. Viewed at a coarse
completion phasé a Restoration frame occurrence), level of detail, an E5 Event is an “instantaneous'
parameters to data values (e.g. beinglable dating change of stateCIDOC events are then considered

in an occurrence of a frame for evaluating reliability as a granularity (or “aspectual”) distinction within the

33
34

36

of Carbon-14 dating of an archaeological object). Ex- larger class of periods, which seem to encompass also4o

amples of application of those ODPs can be found in other spatio-temporal phenomena, except E3 Condi-

multiple domains [11, 42—46]. tion State, which is de ned as a particular state of an
ArCo adopts the framing patterns to the representa- entity. Both E4 Period and E3 Condition State are sub-
tion of cultural properties, using the classe:Sit- classes of E2 Temporal Entity, which “encompasses all
uation for frame occurrences. See Sections 5.1, 5.2 phenomena”. Orthogonally, ArCo situations focus on
and 5.3 for the situation types modelled in ArCo. the role structure of event-, state-, and relation-like en-
tities. All CIDOC temporal entities can be considered
4.3. Relations as graph patterns vs. triples situations in ArCo, while their aspectual distinctions
are not directly addressed in ArCo, since they could be
While situations allow to generalise over any rela- de ned as subclasses obre:Situation if needed

tional concept, regardless of their arity, semantic web in a cultural requirement. We remark that in CIDOC

a1
42
43
44
45
46
47
48
49
50
51



© 0O N O U~ W N P

a g b B b D DB B D DB D DWW WWWWWWWWNDNDNDNDNDDNDNDNDNDNERERPRPRRERPRRPRRERPRPRP B
P O © 00 N O O h W NP O O 0 N O O B~ WNP O O 0N OO O M WNERP O O 0NO O MWNDNPRP O

V.A. Carriero et al. / Pattern-based design applied to cultural heritage knowledge graphs 15

CRM participation (and therefore the possible roles of
participants) is only de ned for E5 Event, while all
ArCo situations can have participants with a role.

As a second example, DOLCE [31] notion of Event
(a.k.a. Perdurant or Occurrent) is de ned axiomati-
cally as the class of entities that “happen in time”, i.e.
some of their proper parts/phases may not be present
at each time they are present (extreme cases include
instantaneous and stationary states). Participation is
de ned in DOLCE for all events. An extension of
DOLCE [34] axiomatises also intensional relations
(calleddescription¥ as schemas, with proper roles, for
events or other entities. The notion of frame/descrip-
tion/intensional relation used in ArCo is compatible
with that ofdescriptionin [34], while ArCo situations
do not commit to the distinction between objects and
events as applied in DOLCE (and CIDOC CRM), since
a situation is de ned as the occurrence of a descrip-
tion as observed, diagnosed, aggregated, invented, etc.
In this sense, theonstructiveapproach inherited from
cDnS [11] departs from other foundational ontologies,
which focus on the 3D/4D distinction as primary to de-
clare their commitments. The constructive stance pri-
oritises the dependence of an event-like entity on its
framing, so that a requirement for ontology design can
be directly matched by a frame.

This stance, besides cognitive results, is also in-
spired by Davidson [37], which provides a solid
ground to events as rst-order entities corresponding
to (rei ed) relationships.

Finally, as discussed in Section 4.5, a constructive
stance is immediately applicable to tikerpretedna-
ture of cultural entities: historical, anthropological or
archaeological events are always dependent on some
interpretation for their cultural identity to be estab-
lished, and cultural properties may change their mean-
ing when interpretation conditions change.

4.5. Epistemological stance in ArCo

Related to the previous section, ArCo applies a dis-
tinction between three epistemological levdistual
interpretation andreporting situations, which consti-
tute the core of cultural data dynamics. For example,
havingphysical size, constitution, unique qualities, or
authorship aréactualsituations for a cultural property
¢, while establishingconstitution via Carbon-14 at-
tributing authorship forc areinterpretationsituations.
Finally, providing data and content abawvis areport-
ing situation. The cultural heritage scientist typically
establishes factual situations based both on direct or

sensor-based observation data, and on documented evs
idence, mediated by interpretation activities. Data pro- 2
vided by cultural agencies, researchers, or citizens do3
not necessarily contain the full story of how facts have 4
been established/reported in precise, extended causab
chains. In ArCo, we need to live with incomplete epis- 6
temological foundations, trying to associate situations ’
with their epistemological level. 8

The epistemological stance in ArCo involves the °
distinction between: (i) catalogue versions, e.g. when !
someone adds data in a catalog record; (ii) interpreta- 1
tions, e.g. when a catalogue record reports an attribu- 12
tion, and (iii) current factual data, e.g. the authoritative ii
data for a cultural property at the current state of the 5
art. When the catalogue record is the only source for a 1
knowledge graph, we depend on its versions to recon- 17

struct the epistemological trajectory of with its in-

terpretations, updates, and the current state of its fac-,
tual data. Section 5.1 describes the predicates used for,

9
0

relating cultural property situations and where they are .,

reported e.g. catalogue records.
However, the vision of ArCo goes well beyond

reengineering traditional catalogues, and its episte-

22
23
24

mological stance accommodates for a more complex 25

knowledge graph hosting interpretations with different
provenance and reliability, different reporting sources,
and potentially conicting factual data, so enabling
cultural knowledge graphs as investigation tools for re-
searchers.

4.6. ArCo top level hierarchy and distinctions

The most general Cultural Heritage concept mod-
elled in ArCo is:CulturalProperty . This class in-
cludes all tangible and intangible entities thave
been recognisedo be part of our cultural heritage.

Once an entity is recognised as being part of cultural

heritage, it never stops beingGulturalProperty
For example, a commissioned artwork is not an in-
stance of ArCo'sCulturalProperty , unless or un-
til it is of cially recognised as such. Hence, accord-
ing to the de nition by [47],being a cultural prop-
erty is an essential characteristiof all instances of
:CulturalProperty , i.e. it is a rigid property in all
possible worlds for ArCo's universe of discourse: the
Cultural Heritage domain.

The root of ArCo's hierarchy (depicted in Figure
7) is the classCulturalProperty . In accordance
to the main distinctions in Cultural Heritage identi-

26
27
28
29
30
31
32

46
47
48
49
50
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ed by UNESCO*, :CulturalProperty is mod-
elled as apartition of two classes:TangibleCul-
turalProperty and :IntangibleCulturalPro-

perty . A tangible cultural property is a physical ob-
ject, e.g. a photograph, an amphitheater, ancient gar-
ments. Intangible cultural properties are de ned as in-
cluding ephemeral performances, practices, skills or
knowledge: oral literature, musical, choral or theatri-
cal performances, handcrafted techniques, designs, al-
gorithms. Intangible cultural heritage may be docu-
mented by text as well as audio and/or video record-
ing.

: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), anthmovableCultu-
ralProperty , i.e. objects xed or incorporated into
the ground, which generally occupy a large area (e.g.
an archaeological site, a palace and its gardens).

4.6.1. Further specialisations based on Italian
standards

The ICCD standards extensively address different
aspects of the cultural heritage domain in order to de-
ne the structure and content of catalogue records.
Catalogue records can describe 30 types of cultural
properties (cf. Section 2), each showing distinguishing
features. ArCo's further specialisations in the top level
hierarchy are inspired by these distinctiths

We report the de nitions for the speci c classes, ac-
cording to ICCD standards.

:DemoEthnoAnthropologicalHeritage can be
either intangible or tangible, and is related to socially
shared customs. Intangible demo-ethno-anthropologica
properties are unique and unrepeatable performances,
transmitted orally or bodily, e.g. poems, traditional
dances, music and performing arts, customary norms,
centuries-old techniques, knowledge about ancient
recipes, rituals. Tangible demo-ethno-anthropological
properties include physical objects such as body adorn-
ments, furnishings, means of transportation, ritual in-
struments.

:ArchaeologicalProperty includes tangible cul-
tural properties that are signs of the ancient past, ei-
ther movable or immovable: archaeological complexes

42http://www.unesco.org/new/en/culture/
themeslillicit-traf cking-of-cultural-property/
unesco-database-of-national-cultural-heritage-laws/
frequently-asked-questions/de nition-of-the-cultural-heritage/
43We plan to re ect additional classi cations as provided by of-
cial national or international standards.

consisting of several building units (e.g. inhabited ar- 1
eas, fortied centers), archaeological monuments as 2
single building units (e.g. a tower, a Romdomus a 3
temple) and archaeological sites, i.e. portions of ter- 4
ritory that preserve archaeological evidence, are im- °
movable, while anthropological materials, i.e. biolog- °
ical evidence related to archaeological contexts, and ’
(batches of) archaeological objects (e.g. vases, jewelry,s
clothing, everyday items, masks) are movable.

:ArchitecturalOrLandscapeHeritage is by 1
design immovable, such as monumental complexes, ,,
public or private, religious or rural, fortied or noble |,
buildings of historical and/or artistic relevance. Land- ,
scape heritage includes green areas (parks, gardens)s
e.g. annexed to noble residences, botanical gardens;e
urban parks, cloisters. 17

:HistoricOrArtisticProperty refersto: hand- 18
made drawings on any support (e.g. paper, wood, 19
stone) and different techniques (e.g. ink, pencil, char- 20
coal); (contemporary) artworks (e.g. weapons and ar- 21
mors, paintings, statues); printing plates of various ma-
terials and related prints (e.g. lithographies); historic
and contemporary garments, i.e. clothes to civil use,
connected to private or social life.

:MusicHeritage includes musical instruments:
objects created speci cally to produce sound accord-
ing to different musical cultures, which can be of ar-
chaeological, artistic, ethno-anthropological interest. 4,

:NaturalHeritage represents objects related to 3
botany (e.g. collections of dried plants), mineralogy 32
(mineral specimens such as quartz), paleontology (fos- 33
Isils of animals, plants ichnofossils), petrology (speci- 34
mens of rocks), planetology (specimens of meteorites), 35
zoology (specimens from the animal kingdom such as 36
butter y collections). 37

:NumismaticProperty represents coins and other 38
objects of numismatic interest (monetary punches,
weights for monetary check, medals).

:PhotographicHeritage refers to digital and
analog photographs (e.g. negatives, positives, da-
guerreotypes), complex object like albums and artists'
portfolios, photographic series as collections of pho-
tographs created or published as a unit. 6

:ScientificOrTechnologicalHeritage includes 4,
instruments of interest to the history of science and 43
technology and related to speci ¢ scienti ¢ disciplines 49
(e.g. atelescope, a pendulum, an ancient sundial), ma-so
chines, means of transport, etc. 51

10
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Fig. 7. The taxonomy of cultural properties. 25

26

5. Matching requirements to Ontology Design 2
Patterns 28

29

In this section, we: (i) illustrate some of the main 30
modelling issues that have emerged from ArCo's 81
requirements, along with the modelling solutions 32
adopted for addressing them; (ii) use (i) as driving ex- 33
amples to describe the process of matching require- 3
ments to Ontology Design Patterns (ODPSs), intro- %
duced in Section 3, as part of the XD methodology. 36
Figure 8 shows all the pre xes used in the next dia- 37
grams. 38
Fig. 8. Pre xes used in the next gures. 39

5.1. Representing dynamics 40
object, it can be de ned as anformation objecti.e. a 4

Dynamic concepts, such as situations that change piece of information, independent from how it is con- 42
over time, are present in almost every domain. There cretely realised, describing something in the real word. 43
are different patterns that model dynamic situations: in This concept is de ned in several ODPs, includimg “
this subsection, we exemplify ArCo approach to dy- formation Realizatioff [48], which is reused in ArCo. jz

namicity with catalogue records and cultural property The content of a catalogue record, i.e. the description

. . . . i 47
locations, which may both evolve over time. of a cultural property, can change: “information about .
A catalogue record as a uent information objectA 49
catalogue record is an entity that contains metadata  44ptp:/mww.ontologydesignpatterns.org/cp/owl/ 50

about a cultural property. As it describes a real-word informationrealization.owl 51
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the creation of a catalogue record and possible follow- agents involved in its creation (e.a-cat:hasCat- 1
ing computerisation, update and corrections”. Indeed, aloguingAgent  with its subproperties). The agents 2
different agents with different roles (e.g. the of cial in  involved in changing the catalogue record play some 3
charge) can be recorded, and a date keeps track of therole, which has its own temporal validity, hence we 4
time interval associated with each action. reuse another pattermoapit:TimelndexedRol- 5

A catalogue record is then a uent entity, an infor- e*” is modelled as a time-indexed situation (see Sec- 6
mation object that changes as the description of its de- tion 4 for more details on situations) involving an 7
noted cultural property chand®@sPossible corrections  agent, its role, and the temporal indexing of the agent- 8

and updates implemented by a cataloguer can derive role relation. The object propertiescat:has(Im- 9
from (i) an ontological change of a cultural property's mediate)PreviousVersion and a-cat:is(Im- 10
attributes (e.g. the conservation status from good be- mediate)PreviousVersionOf specialise these- 11
comes mediocre, in a badly preserved cultural prop- quenceODP, representing (in)transitireviousand 12
erty); (i) an epistemological change, if the knowledge, nextversions of a catalogue record. 13
which the catalogue record is based on, is either no  |n Figure 9b we can see an instance of this model. 14
longer complete, due to new knowledge acquired, or The data:CatalogueRecordPST/0301971676 48 15
no longer valid, as a result of new research activities s of typea-cat:CatalogueRecordPST ,i.e. a type 16

(e.g. after discovering new documentation, it turns out of catalogue record describing scientic and tech- 17
that another author played a role in creating the cul- nological heritage: indeed, this resource describes a8
tural property). Pensky-Martens test& It has 2 versions: a rstver- 19

Every change of a catalogue record produces an in- sjon is created when the cultural property is rst cat- 20
formation object, which is a new version of the cata- alogued (2002), and another version follows, as a re- 2

logue record, including the reporting of a new situa- gyt of editing and updating activities (2007). Thus, 2
tion involving a same persistent entity. Nevertheless, the rstversion,data:CatalogueRecordVersion- 23

the catalogue record nds its persistence in describing /9301971676-compilation , is the immediate pre- 24
the same real-word object, i.e. the same cultural prop- yious version of the second one: it has been encoded in?®
erty, independently from different versions of the con- 5002 and involved agents playing different roles in its 2°
tent and the reported entity changes over time. Thus, ¢ompilation (e.g. the scienti ¢ director). This relation %7

the ca'Fangug record i§ represente_d as a _persistem in-jg expressed as both a binary relation and 2-ary re- 28
form_anon ob_Ject, qnd is relatgd to its versions, which lation, whose range israapit: TimelndexedRole , 29
are information objects re ecting changes of its con- | ¢ 5 sjtuation involving an agent, its role and the time *°
tent over time. . of its duration. 31

The Time Interval ODP is used to represent the 32
temporal validity of each version, and the patt&er Multiple time-indexed and typed locations for one cul- 33
quencé® to represent the sequence of consecutive in- tural property. A tangible cultural property, i.e. a 34
formation objects. physical object, is located in a physical place, which 35

Figure 9a depicts catalogue record modeling with can be de ned by a set of components: country, region, 36
the reused ODPs. A catalogue record is represented City, address, etc. For an immovable cultural property 37
by the classa-cat:CatalogueRecord , which is (e.g. a monumental park), this place overlaps with the 38
aligned todul:InformationEntity with anrdfs:- area occupied by the cultural property, and to which it 39
subClassOf axiom, and is related to the cultural is xed. Instead, for a movable cultural property (e.g. 40
property it describes. Catalogue records have differ- a photograph), data about the address and the coor-41

ent a-cat:CatalogueRecordVersion s, which are dinates is referred to the building in which it is situ- 42
linked to (new) data includeda{cat:addsData- ated and preserved, and the related cultural institute. 43
About ), supported by a situation, or to deprecated data While an immovable cultural property, precisely be- 44
that were included in previous version(g-dat:- cause of its nature, will be related to a unique geo- 45
removesDataAbout ). Each version is associated with ~ graphical place during its whole life cycle, a movable 46
a time interval, a-cat:editedAtTime , and with 47
4Troapit:  https://w3id.org/italia/onto/RO/ 8

45Cf. Section 4.5 about the difference between factual and re- “8data: https://w3id.org/arcolresource/ 49
porting situations “Shttps://w3id.org/arcolresource/ 50

4Bhttp://ontologydesignpatterns.org/cp/owl/sequence.owl Scienti cOrTechnologicalHeritage/0301971676 51
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(a) The model for catalogue records and their versions.

(b) An instance of the model in Figure 9a, with two consecutive versions of a catalogue record about scienti ¢ or technological heritage.

Fig. 9. Information Realization and Sequence ODPs reused for modeling catalogue records.

cultural property can be moved from a place to another.
Different locations of a cultural property will hold in
different time intervals. As a consequence, the tem-
poral indexing of the locations associated with a cul-
tural property is represented, also promoting the recon-
struction of the spatial trajectory of the cultural prop-
erty over time. During its life cycle, a movable cul-
tural property is involved at least in as many situations
as the places in which it has been located, and each
situation is associated with a time interval. Thiene

Indexed Situatiot? ODP [39], which represents situ-

ations that have an explicit time parameter, is reused
to satisfy this requirement. We also need to model the

motivationthat links a cultural property to a location:

it can be the place where it was found or created, an

exhibition it was involved in, where it was temporarily
stored, etc. A same place can play differeiésas lo-
cation of one or different cultural properties, thus this
role should be valued in the time indexed situation.

50http://www.ontologydesignpatterns.org/cp/owl/
timeindexedsituation.owl
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(a) The model for time indexed typed locations.

(b) An instance of the model in Figure 10a, with the site where an archaeological property has been temporarily stored in 2010.

Fig. 10. Time indexed situation ODP implemented for modelling different types of locations of a cultural property.

Figure 10a shows the clagsloc:Timelndex-
edTypedLocation  as the core class of the imple-
mentation of this pattern: it is aituation of a cul-
tural property that idocatedin some place, at a cer-
tain point intime, and with the location playing a
speci ¢ role in such situation, so providing a type to
that situation. A time indexed typed location is there-
fore associated with a-loc:LocationType (e.q.
a-loc:FindingLocation , a-loc:Exhibition-

Location , etc.).tiapit:atTime relates the situa-
tion to its temporal validitya-loc:atLocation ex-
presses the geographical entity involved in the situ-
ation, while its subproperty-loc:atSite is used
when this entity is a physical building that hosts cul-
tural properties, and is related to at least one cultural
institute. For instance, the Pitti Palace is tieSi-

te of the cultural institutes “Palatine Galleries”, “Mu-
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33

seum of Custom and Fashion” and others, and hosts3*
many cultural properties. 22

Figure 10b depicts one of the time-indexed typed 37
locations of abalsariumglass from the Imperial Ro- 44
man age': the place where it was temporarily stored. 39
Indeed, data:TimelndexedTypedLocation/10- 40
00176477-alternative-1 has a-loc:Storage- 41
Location as location type, and the associated time 42
interval and cultural site allow us to assert that this ar-
chaeological property has been stored in a Municipal 45

Warehouse in the city of Norcia (ltaly) in 2010. 46
47

48

49

51https://w3id.org/arco/resource/ArchaeologicalProperty/ 50
1000176477 51
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5.2. 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. TI#tuatior??
ODP [39] models the concept of a contexteal-ary
(usually callech-ary) relation (see Section 4.2).

For example, when a coin is issued, many entities
play a role in such context: the cultural property itself,
the issuer, the issuing State, the mint and the minter.
The “coin issuance” is a situation representing the re-
lation that keeps together all these entities for that pur-
pose. Figure 11 shows how we model toén issuance
(a-cd:Coinlssuance ) by implementing this ODP.

A central situation in which a cultural property can
be involved is the authorship attribution, a speci c type
of a-cd:Interpretation , i.e. a situation in which
pieces of information about a cultural property are pro-
cessed by an agent, and produce explicit knowledge,
based on a speci c source or criterion (cf. Section 4.5
for the distinction between factual, interpretive, and
reporting situations). As in Figure 12, anAcd:Au-
thorshipAttribution is a situation in which one
author is attributed to a cultural property, and this attri-
bution is motivated by am-cd:Interpretation-

Criterion , e.g. inscription, bibliography, documen-
tation. Each cultural property has at least one preferred
authorship attribution and/or a cultural scope attribu-
tion (e.g. Swedish workshop), and can have one or
more alternative (i.e. previous and obsolete) authorship
attributions.

Let us take as an example a ctinFigure 13)
from the 20th century, issued by Victor Emmanuel
Il of ltaly: the issuer is expressed as both an
ary relation @-cd:AgentRole ), involving the King
and the role he played, and as an object property
(a-cd:haslssuer ). Moreover, this coin has two pre-
ferred authorship attributions, one of them is de-
picted in the Figure: thelata:PreferredAuthor-
shipAttribution/1400019640-1 has Calandra
Davide as attributed author, which has been attributed
based ondata:InterpretationCriterion/ana-

52http://www.ontologydesignpatterns.org/cp/owl/situation.owl
53https://w3id.org/arco/resource/NumismaticProperty/
1400019640

lisi-stilistica , i.e. “stylistic analysis”. The ob- 1
ject propertya-cd:hasAuthor ~ works as a shortcut 2
for relating the cultural property to the preferred au- 3
thor(s). 4
5

6

7

8

9

10

11

12

13

14

15

16

17

Fig. 11. Situation ODP reused for representing the coin issuance. 18
19

20
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23

24

25

26

27

28

29

30

31

32

33

. I . _— 34

Fig. 12. Situation ODP reused for the authorship attribution. -

36

w
J

The technical status of a cultural propertyAnother

example of situation involving a cultural property is its
technical statuslIn this case, a cultural property is re- 39
lated to a set of technical characteristics, intended as its4o
technical aspects, attributes or qualities. For instance, 41
“the archaeological cultural property realised with pot- 42
tery material and cylindrical in shape”. Technical sta- 43
tus refers to physical features, since it involves char- 44
acteristics of entities that are either physical objects 45
or physical realisations of information objects. These 46
characteristics can change over time, thus modifying 47
the technical status of the cultural property: for ex- 4s
ample, a new survey on an archaeological monument 49
may discover new materials used for its foundation. 50
The temporal validity of a technical status refers to the 51

w
¢}
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12

Fig. 13. An instance of the model in Figures 11 and 12: a numismatic property involved in a coin issuance and a preferred authorship attributidn.
14

moment when the characteristics were observed (and the Classi cation ODP to model the relation between 15
recorded in the catalogue record), until when a new objects of a situation and concepts of the correspond- 16

condition occurs. ing description. 17

Different techm_cal characterlstlcs of a_cult_ural prop- Figure 14a shows how we model theid:Cul- 18
erty can be speci e(.j‘ 'T‘ order to. describe its techni- turalEntityTechnicalStatus , which includes 19
cal status: the constituting materials (e.g. wood, clay), . - 20

. SN ; the a-dd:TechnicalCharacteristic s observed

the employed techniques (e.g. oil-painting, melting), ) 21
the shape (e.g. square, octagon), the le format for O @ cultural property, as a subclasscofe:Situ- 22
a digital photograph (e.g. “.gif’, “.jpeg’), the preva- ation . The technical characteristic is modelled as a 23
lent colour of a garment, etc. All these concepts (i.e. Subclass ol0:Characteristic ,Whichis alignedto 24
material, techniques, shapelpssifythe correspond- d0:Characteristic %6 i.e. a union ofdul:Param- 25
ing technical characteristics (i.e. wood, oil-painting, eter %7, dul:Quality ~ , dul:Region . Each charac- 26
square). Thelassi cation” ODP [11] de nes aclas- teristic isclassi ed bya a-dd:TechnicalConcept ~ , 27
si cation relation between a concept and an object, e g. thea-dd:Shape . For the most common values of 2
which exactly captures this circumstance. technical concepts we provide a controlled vocabulary. zz

A speci ¢ set oftgchnlcal conceptslassifying the These concepts are used in tdd:CulturalEn-
technical characteristicof a cultural property type ) . . 81
(e.g. an artwork), represents a way to conceptualise the t'tyTeChn'C?peSC”pt'on  denedasasubcelass 5,
technical status of a cultural property, hence they con- ©f 0:Description : 33
stitute atechnical descriptior(cf. Section 4.2 for the Let us take a compass by an Italian workshop of the 34
foundational description pattern reused here). For ex- 19th century® as an example. Figure 14b represents 35
ample, anartwork technical descriptionrmay be de- the situation in which this compass has a technical sta- 36
ned as the relation betweegonstituting materiglem- tus, which includes two technical characteristics: “ot- 37
ployed techniqueandshape We say that such tech-  tone” (brass) and “tondo” (circular). The rst one is
nical descriptionusesthese concepts. Thiechnical classi ed by thea-dd:TechnicalConcept material, 39

statusof artwork Al could be wood, oil-painting, and
square, while the technical status of artwé&could

be clay, melting, and octagon. Both technical statuses
are expressed according to tagwork technical de-
scription we say that theatisfyit. The Description

while the second one by the shape. Thus, through theji
technical status we know that this cultural property is ,,
made of brass and is circular. Those technical char- 43
acteristics have been observed and recorded in 200644

and Situatio® ODP [39] models the satisfaction re-  (a-dd:isTechnicalStatusValidAt )- 45

lation between situations and descriptions, and reuses 46

47

48

S4http://www.ontologydesignpatterns.org/cp/owl/classi cation. 56d0: http://www.ontologydesignpatterns.org/ont/d0.owl# 49
owl 57dul:  http://www.ontologydesignpatterns.org/ont/dul/DUL.owl#

55http://www.ontologydesignpatterns.org/cp/owl/ 58https://w3id.org/arco/resource/HistoricOrArtisticProperty/ 50

descriptionandsituation.owl 0300115504 51
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(a) The model for cultural entity technical descriptions and status.

(b) An instance of the models in Figure 14a, with the technical status of a compass made of brass (material) and circular (shape).
Fig. 14. The D&S pattern reused and specialised for modelling technical descriptions and status of a cultural entity.
5.3. Recurrence in cultural events and in intangible of a uniform collection. Cultural properties themselves

cultural heritage can be recurrent: an intangible cultural heritage can
have regular time intervals between its repetitive oc-

© 0O N O U~ W N P

W oW oW WWWRNNNNDNRNDNRNNNRNDNEREERPR B 2 B B op
a8 WO NP O © ® N0 s ®WNRPO O 0 ~NO M WN R O

36

38
39

The involvement of a cultural property in an exhibi-  ¢\rrences, such as a traditional ceremony related to thesg

tion during its life cycle would be referred to, in every-

day language, as a cultural event. When we informally . . o
. . As these particular series of situations unfold, we
refer to the repetition of a cultural event (e.g. differ-

ent editions of an annual painting award), we use the gan recognise_a pattern. i_n their iteration: an exhibi-
term recurrent eventis we are talking about an event tion that has different editions over years usually fol-
that occurs more than once. Actually, we are implicitly ~10ows a pattern in planning consecutive editions at reg-
referring to aseriesof conceptually uni ed situations: ular time intervals (e.g. one edition per year). More-
for example, the Art Biennat&is a series of consecu-  over, it is possible to identify attributes that give all oc-

year cyclg(e.g. Carnival).

a1
42
43
44
45
46
47
48

tive situations that can be somehow considered as part currences a unity: a general topic that does not change,q

i.e. contemporary art, a place that host the situation i.e.

59https://www.labiennale.org/en/art/ Venice, etc.

50
51
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Recurrent situations are usually modelled as a spe-

cial type of events (cf. Wikidafd), while their belong-
ing to a series and the nature of such a unifying en-
tity is neglected in literature or confused with the con-
cept of event (cf. DBpedia resource for Venice Bien-
naléf). We believe that modelling both the unitary se-
ries of situations, e.g. thart Biennalé® intended as
something that occurs biennially under certain condi-
tions, and its individual member situations, e.g. e
Biennale 2019ntended as a particular edition of the

5.4. 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 [50].

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

series with a start date and an end date, is important may jeopardize the stability of the ontology if the evo-

in the CH domain context. We introduce a new ODP
for modellingRecurrent situation seri€$[49], which
reuses other existing ODPs.

rent situation seriesa{ce:RecurrentSituation-

lution of the imported ontologies is outside the control
or monitoring of the team/organisation that is reusing

© 0O N O U~ W N P
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13

. . 14
them: even small changes in the reused ontologies 15
We represent, as depicted in Figure 15a, recur- could introduce inconsistencies in the local one, con-

trary to its original requirements. For this reason, ArCo

Series ) as collections of situations, their members ~directly reuses only two ontologies that are considered .
reference standards by the Italian Government and the19

share at least one common property (e.g. the topic) and €volving process of which is relatively slow and sys-
tematised, and involves ArCo's team. These ontologies

(a-ce:hasMemberSituation ). Member situations

are conceptually uni ed bwnifying factors(a-ce:-
hasUnifyingFactor ) that characterise the series. At

are Cultural-ON3, which is also directly maintained

the same time, a recurrent situation series is a situation, 0¥ MiBAC, and OntoPiA ontology netwofk, which is _
recommended as a standard for open data of the Italian,,

since it provides a relational context to all the mem-

ber situations. Each member situation has its own time

interval and is put in aequencehat relates it to the
other member events of the same series @q:-
hasNextSituation ). The time period that elapses
between member situations is (approximately) regu-
lar and is an attribute of the seriesde:hasRecur-
rentTimePeriod ).

In Figure 15b we can see an instance of this
pattern. Theex:ArtBiennale (Biennale d'arte di

Public Administration (and that now includes ArCo).
Examples of ontology modules directly reused from
OntoPiA are:Address and Locatidf, Time®, etc.

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

Class ) are introduced to support interoperability with

25
26
27
28
29
30
31
32
33

Venezidis a contemporary visual art exhibition, whose ~ Other ontologies and make it evident what parts have 34
been reused. This practice decreases the dependenc§

member situations are conceptually unied by: the

Biennale Foundation as organiser, Venice as place, O" external ontologies, and is widely adopted in ArCo. 36

the promotion of new contemporary art trends as
mission. The time period between two consecutive
situations of the Art Biennale series is of about
ex:2Years . The rst three situations member of the

series are in a temporal sequence: for example, the

ex:ArtBiennale1895 has as immediate next sit-
uation theex:ArtBiennale1897 , while the object
propertya-cd:hasimmediatePreviousSituation

relates the 1899 edition to the one held in 1897.

5.5. Annotating reused ODPs

Annotating reused patterns supports the identi ca-
tion of ontology alignments, which is a tedious, non-
trivial task. In fact, ODP annotations may ease the pro-

37
38
39
40
a1
42

cess to understand and explore an ontology. These as#3

sumptions have driven the development of the simple
Ontology Pattern Language annotation (OPE§1].

80https:/Avww.wikidata.org/wiki/Q15275719

61http://dbpedia.org/page/Venice_Biennale

82http://www.ontologydesignpatterns.org/cp/owl/
recurrenteventseries.owl

63http://dati.beniculturali.it/cis/
64https://w3id.org/italia/onto/CLV
65https://w3id.org/italia/onto/TI
66opla:  http://ontologydesignpatterns.org/opla/

44
45

All (re)used ODPs in ArCo are annotated with OPLa. 46

47
48
49
50
51
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(a) The model for recurrent situation series.

(b) An instance of the model in Figure 15a, with the 3 rst situations member of the Art Biennale.

Fig. 15. The new pattern Recurrent Situation Series as implemented in ArCo.

For instance, OPLa allows to express that a pattern
in a local ontology is a specialisation or a general-
isation of a more general ODP. Let us consider the
cataloguemodule (see Figure 16). Over this module,
two ODPs from theODP portaf’ have been (indi-
rectly) reused: the module is therefore annotated with
the propertyopla:reusesPatternAsTemplate for
representing the reuse 8equenc¥ (see Figure 16a)
and Classi catior®® ODPs. For example, the pat-
tern Catalogue Record Sequefies a specialisa-
tion of the patterrSequencesince it represents a se-
guence of catalogue records, hence it is annotated with
the annotation propertypla:specializationOf-

87http://ontologydesignpatterns.org/
68https://w3id.org/arco/pattern/catalogue-record-sequence/

W W W W W W NN N DN DN DN DNDNDNDN PR P PP
g A W N P O © 0 N O U W NP O © 0N o O

Pattern  (see Figure 16a). For expressing that spe-
ci ¢ properties (e.g.a-cat:isPreviousVersion-

Of, a-cat:hasimmediatePreviousVersion , etc.)
implemented in the catalogue module, belong to this
ODP, the annotation propertypla:isNativeTo is
used, as in Figure 16b.

w W
N O

38
39
40
41
42
6. A formal evaluation of ArCo 43
44

ArCo is evaluated along different dimensions: func- 45
tional, logical, and structural dimensions as identied 46
by [14]. The functional dimension is related to the in- 47
tended use of a given knowledge graph (KG) and of 48
its components, i.e. their function in a context. Itis a 49
core dimension for ontology testing. In fact, it allows 50
ontology designers to assess the ability of an ontol- 51
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(a) The annotation propertpla:reusesPatternAsTemplate

reused over the module. The annotation propepiha:specializationOfPattern relates the pattercatalogue record
sequencénplemented in the module to tiBequenc®DP that has been specialised.

(b) The annotation propertypla:isNativeTo relates the object properties that belong to ¢h&logue record sequence

ODP to the ODP itself.

Fig. 16. An example of a reused ODP annotated with OPLa ontology.

ogy to address requirements and cover the domain. The
logical dimension measures whether an ontology can
be successfully processed by a reasoner (inference en-
gine, classi er, etc.). Finally, the structural dimension
of a KG® focuses on its topological properties mea-
sured by means of context-free metrics that leverage
its graph-based representation. The functional and log-
ical dimensions are utmost important for assessing the
quality of a KG. Nevertheless, the analysis of the struc-
tural dimension provides insights on design choices by

69The authors of [14] 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.

plied to cultural heritage knowledge graphs

© 0O N O U~ W N P
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relates theataloguemodule to the Sequence ODP that is
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means of indicators that might suggest quality weak- 3zs
nesses or strength. 37
38

6.1. Functional and logical dimensions 39
40

CQ veri cation, inference veri cation and error 41
provocation. The logical dimension is addressed by 42
running a reasoner on ArCo KG. This is a necessary 43
step, but not suf cient. We regularly run a reasoner, 44
but we perform additional tests at each iteration of 45
the design methodology, i.e. every time new require- 4s
ments are selected to be addressed. In doing so, wes7
adopt the testing methodology described in [28]. This 48
methodology focuses on evaluating the appropriate- 49
ness of an ontology against its requirements intended 50
as the ontological commitment expressed by meanssi
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of CQs and domain constraints, i.e. functional dimen- property:hasCulturalPropertyComponent —and 1
sion. User stories are translated into one or more CQs runs the reasoner. If the reasoner does not infer that2
and general constraints during the design phase. To the rst instance igdf:itype :ComplexCultural- 3
each CQ and to each constraint corresponds a unit test,Property , this means that the appropriate axiom is 4
which contributes, when run, to validate the ontology. missing from the ontology, i.e. an equivalent axiom 5
Thus, the core element of each unit test is either a CQ betweenComplexCulturalProperty and (has- 6
or a general constraint (e.g. disjointness axiom). Ac- CulturalPropertyComponent some:Cultural- 7
cordingly, three different approaches are followed in PropertyComponent ). 8
the testing activityCQ veri cation, inference veri ca- 9

. . Error provocation. This third testing activity is in-
tion, error provocation

tended to “stress” the knowledge graph by injecting in-
CQ verication. This approach consists in testing consistent data that violate our requirements. 1
whether the ontology vocabulary allows to convert a For instance, the entities representing the concepts .
CQ, re ecting an ontology requirement, to a SPARQL  of dating and attributing an author to a cultural prop- ,
query. Let us consider the CQ “When was a cultural erty should be disjoint, since there can be no individ- 15
property created, and which is the interpretation crite- uals that are dating and authorship attributions at the
rion which the dating is based on?”, which ArCo on- same time. For validating the ontology regarding this
tologies should answer, based on the collected require- requirement, the testers inject in the KG an individual o
ments. The testing team starts verifying the complete- belonging to botha-cd:AuthorshipAttribution 19
ness of the ontologies by translating this question from anda-cd:Dating  classes, and run the reasoner. The ,,
natural language to SPARQL, using classes and prop- expected result is an inconsistency: if this is not de-
erties de ned in ArCo ontologies (e.g. the entities de- tected by the reasoner, it means that the appropriate,,,
ned for representing the date of creation of a cultural (disjointness) axiom is missing. 23
property). This step allows to detect any missing con-
cept or gap in the vocabulary, e.g. whether the concept
of interpretation criterion has been modeled. If the CQ
can be successfully converted, the testers run the re-
sulting SPARQL query over the actual RDF data or,
when missing, over test data generated using Fifseki

Refactoring and integration. Problems spotted dur- 24
ing the testing phase are passed back to the design teand>
as issues. The design team refactors the modules anc®
updates the ontology after performing a consistency 27
checking. The result of this step is validated again by 28
the testing team before including the model in the next 29

and complete the test by comparing the expected re- ojaaqe. 20
sult (i.e. the output they expect from the query) to the 31
actual result. Evaluation tool. We rely on TESTaLOD [52] for 4,

o ] ) dealing with testing activities associated with CQ 55
Inference veri cation. This step focuses on chepklng veri cation, inference veri cation, error provocation. 5,
the inferences over the ontologies, by comparing the TESTaLOD is a tool designed and implemented in
expected inferences to the actual ones. Let us consideriha context of ArCo's project for supporting not only 4
a complex cultural property, which is a cultural prop-  he testing team of ArCo KG, but in general any test-
erty with one or more components, as proper parts. ing team of projects adopting XD methodology or g

If & :ComplexCulturalProperty is dened as @  gher test-driven methodologies. TESTaLOD is devel- s
:CulturalProperty that has one or morecul- oped as a Web applicati6hthat provides a knowl- 4
turalPropertyComponent s, an axiom stating that  gqge graph testing toolbox: as presented in Figure 17, ;
a :CulturalProperty has a:CulturalProper- it implements a two-step work ow, allowing the user 4,

tyComponent - would sufce to infer that the prop- g select and automatically run de ned test cases aim- 43
erty is complex, even if it is not explicitly asserted. jng at verifying CQs. The test cases are OWL les, 44
For comparing this expected inference with the actual ang are modelled by using the TestCase OWL meta 45
one, the testing team injects the necessary data in the yyode| introduced in [9], thus containing: a Compe- 4

knowledge graph —e.g. an instance of the class tency Question and its corresponding SPARQL query, 47
turalProperty  related to an instance of the class  the expected (correct) result and data sample. The testsg
:CulturalPropertyComponent through the object 49

"Ipemo: https://w3id.org/testalod 50

"Ohttps://jena.apache.org/documentation/fuseki2/ Source code: https://github.com/TESTaLOD/TESTaLOD 51
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cases can be either retrieved from a GitHub repository the URI of the SPARQL endpoint or the le, which is
or uploaded from a local le system. Once the tests used by TESTaLOD to run the query.
have been automatically executed, the expected result Terminological coverage.Additionally, we further
is compared to the actual result, and three possible out- analyse the functional dimension by setting up an ex-
puts can be displayed to the user: successful, partially periment aimed at assessing ArCo ontologies with
successful, unsuccessful. regards to their ability in capturing and conveying
domain-speci ¢ terminology. This is of utmost impor-
tant to assess whether ArCo addresses its intendeds
use, i.e. compliance to expertise. Inasmuch as only 9
measuring the terminological coverage for ArCo on- 10
tologies might not be informative, we set up this ex- 11
periment as a comparative analysis. For the compar- 12
ison we select EDNf and CIDOC CRM® as they 13
are two well known and widely used ontologies in 14
the same domain of ArCo. The terminological cov- 15
erage is modelled as an ontology alignment problem 16
between the vocabulary that represent the domain- 17
speci ¢ terminology and the target ontology (ArCo, 18
EDM, and CIDOC CRM, respectively). The vocabu- 19
Fig. 17. Work ow implemented by TESTaLOD based on the user |5y i5 qutomatically extracted with Rapid Automatic 20
interface. Keyword Extraction [53] (RAKE) from a corpus com- 21
. posed of the ICCD cataloguing standards, their asso- 22
, Lef us f:on5|der_ as an example the f:ompetency ques- ciated guidelines, and ArCo's competency questions. 23
tion “Which archival set (fonds, series, subseries) a The resulting vocabulary counts of 55 terms and is 24

~N o o~ WN P

cuI'FurgI property is member Qf?”, anq that we want to publicly available as RDFE. -
verify if our ontology models information on member- Experiments execution and results.The results 26
ship of cultural prgpemgs to arghlval record sets. The recorded are the following. 97
test case for running this test will be an OWL le, an-

notated with the following propertié% test:hasCQ Inference and CQ veri cation, and error provocation.

has the competency question expressed in natural lan-\We de ne 18 test cases for inference veri cation, 29
guage as a valugest:nasSPARQLQueryUnitTest test cases for error provogatlo_n, and 55 test cases for31
the translation of the CQ to SPARQL, using the on- Competency question veri cation. E_ach test case is
tology entitiestest:hasinputTestData points out publicly available on GitHul and it is modelled by .
the test data used as input for running the test;- using thetestannotationschem&ontology. For both 34

hasExpectedResult  stores a set of expected results  Inference veri cation and error provocation we de ne
of running the query over a certain set of test data; dat@ samples to use with the HermiT reaséhéor

test:hasActualResult stores the actual outcome ~ Checking () the soundness of ArCo ontologies in infer-

of a test run. Other properties are used in order to an- 1N correct axioms (i.e. inference veri cation) and (i)
notate who run the test and when. producing expecteiah vitro logical inconsistencies (i.e. 39

In order to allow TESTaLOD to automatically €O provocqtion).We rely on automati_c reasor_1ing as ,,
run this test, two new annotation properflefiave !nfejren.ce veri cation and errorprovopatlon provide an a
been de ned.testalod:hasinputTestDataCat- indication about the computational integrity and ef- .
egory annotates if the input data are available at clency. [14] de nes computational integrity and ef -

a SPARQL endpointtéstalod:SPARQLendpoint ) ciency as the property that prospects an ontology that ,,
or in a le with test data festalod:ToyData- can be successfully processed by a reasoner. We usg,_

set ); testalod:haslnputTestDataUri annotates 46
"4https://pro.europeana.eu/page/edm-documentation 47
"Shttp://www.cidoc-crm.org/ 48

"2test: http://www.ontologydesignpatterns.org/schemas/ 8https://doi.org/10.6084/m9. gshare.7926599.v1
testannotationschema.owl# "Thttps://github.com/ICCD-MiBACT/ArColtree/master/ 49
73testalod: https://raw.githubusercontent.com/  ArCo-release/test 50

TESTaLOD/TESTaLOD/master/ontology/testalod.owl# "Bhittp://www.hermit-reasoner.com/ 51
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TESTaLOD for competency question veri cation by  be easily adapted to multiple views; (ii) transparency 1
providing the corresponding test cases as input to the is the property of an ontology to be analysed in de- 2
tool. The results obtained by using TESTaLOD record tail, with a rich formalisation of conceptual choices 3
all test cases as successful. and motivation; (iii) cognitive ergonomics is the prop- 4
erty of an ontology to be easily understood, manipu- 5
lated, and exploited by its consumers; and (iv) compli- &
ance to expertise is the property of an ontology to be 7
compliant with the knowledge it is supposed to model. s

Table 2° and Table 3 describe the metrics used 9
along with their corresponding results as recorded for 10
ArCo, CIDOC CRM, and EDM. The results for 11
ArCo KG have been reported for three of its different 12
versions resulting by as many iterations of the design 13
methodology. That is, ArCo v0%4, which is the rst 14
development release, ArCo v85which is an inter- 15
mediate development release, and ArCo ¥4 @hich 16
is the latest and current stable release. The compari-17
son of the different versions of ArCo provides indi- 18
cators about the structural evolution of the knowledge 19
graph. Instead, the structural analysis of CIDOC CRM 20
and EDM provides a comparative grid that allows usto 21
assess the indicators computed for ArCo by means of 22
comparison. Table 3 also reports, for the same ontolo- 23
gies, the quality properties that the metrics are an indi- 24
cator of. We use the association between metrics and2s
quality property de ned by [14]. The metrics are com- 26

Terminological coverage. The ontology alignment is
computed with Silk [54] by using theubstringmetric
with 0.5 as threshold. The alignment with the vocabu-
lary is executed three times, i.e. once for each ontology
involved in the comparison. The con guration les
provided as input to Silk are available on FigSHare
Figure 18 reports the results of the terminological cov-
erage for ArCo, EDM, and CIDOC CRM.

Fig. 18. The terminological coverage as recorded for ArCo, EDM,

and CIDOC CRM. puted by using OntoMetri€% a web-based tool aimed 27
at computing statistics about an ontology. 28

We focus on ArCo KG v1.0, which counts 20,030,941 29

6.2. Structural dimension individuals, for analysing the the distribution of those 30

individuals across classes. Such an analysis allows us31

For assessing the structural dimension of ArCo KG to understand how individuals are organised in the 32
we use different metrics that have been de ned and knowledge graph with respect to concepts. This sug- 33
used in literature [12-18]. First, we compute base met- gests possible compliance to expertise. In fact, it pro- 34
rics that record quantitative aspects of ArCo knowl- vides an indication about the recall of classes over the 35
edge graph: classes and their instances, properties, ax-entities of the domain (i.e. the individuals). In this case 36
ioms, etc. Then, we compute schema and graph met- the recall is meant as extensional coverage computeds3?
rics aimed at assessing (i) the richness, width, depth, as the average number of entities captured by ontol- 38
and inheritance at the schema level and (ii) the co- ogy classes. It is worth saying that compliance to ex- 39
hesion, coupling, multihierarchical degree, and exten- pertise has a strong functional characterisation that we 40
sional coverage of the ontologies. Those parameters investigate further by analysing the functional dimen- 41
are used for understanding the quality of ArCo ex- sion. Notwithstanding, the distribution of the instances 42

pressed in terms of (i) exibility, (ii) transparency, 43
(iii) cognitive ergonomics, and (iv) compliance to ex- 80The number of triples and individuals for EDM were retrieved ~ **
pertise. These quality properties have been de ned by querying the SPARQL endpoint of Europeana (i.e. http://spargl. 4®
in [14]: (i) exibility is the property of an ontology to europeana.eu/) on June 1st 2020. 46

81\We use the CIDOC CRM v6.2.1 and EDM v5.2.4. 47

82Available at http://doi.org/10.5281/zenodo.3872004. 48

"The link speci cation les for ArCo, CIDOC CRM, and 83pvailable at http://doi.org/10.5281/zenodo.2630447.

EDM are published with the DOIs https://doi.org/10.6084/m9. 84pvailable at http://doi.org/10.5281/zenodo.3242580. 49
gshare.7925555.v1, https://doi.org/10.6084/m9. gshare.7925573, 85https://ontometrics.informatik.uni-rostock.de/ 50

and https://doi.org/10.6084/m9. gshare.7925867, respectively. ontologymetrics/index.jsp 51
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Table 2

1 1

2 Comparison of base knowledge graph metrics as computed for ArCo v0.1, ArCo v0.5, ArCo v1.0, CIDOC-CRM, and EDM, respectively. Ar(L;o

3 v1.0 is the latest release of the knowledge graph. 3

Metric Description ArCo 0.1 ArCo 0.5 ArCo 1.0 CIDOC-CRM EDM

4 # of axioms The total number of axioms de ned for classes, 715 9,564 13,792 3,503 299 4

5 properties, datatype de nitions, assertions amnd 5

6 annotations. 6

# of logical ax- | The axioms which affect the logical meaning the 180 2,210 3,416 830 130

7 joms ontology network. 7

8 # of classes The total number of classes de ned in the ontg)- 54 329 340 84 41 8

ogy network.

9 # of object| The total number of object properties de ned in 38 332 616 275 51 9
10 properties the ontology network. 10
11 # of datatype| The total number of datatype properties de n¢d 8 153 154 12 12 1

properties in the ontology network.

12 # of annotation| The total number of annotations in the ontology ~ 429 6,357 8,734 2,589 125 12
13 assertions network. 13
DL expressivity | The description logics expressivity of the ontg|- SROIF(D) | SROIQ(D) SROIQ(D) ALH(D) ALCHIN(D)

1 ogy (network). 14
15 # of individuals | The total number of individuals instantiated ih 6,656,408 | 22,651,078 | 20,030,941 n.a. 415,410,190 15
16 the knowledge graph. 16
# of triples The total number of triples available in thg 35,993,563| 169,147,193| 172,580,211 n.a. 2,836,270,332
17 knowledge graph. 17
18 18
19 19
20 across classes is a fair structural metric as it provides — Encapsulationthe measure of knowledge preser- 2o
21 us atool for empirically validating if dense areas (most vation within the given module computed as de- 21
22 populated parts of the ontology) correspond to ontol- ned by [18]. Encapsulation values range from 0 2
23 ogy design patterns. The use of patterns is among the (poor encapsulation) to 1 (good encapsulation); 23
24 indicators suggested by [14] for measuring the quality = — Coupling the measure of the degree of inter- 24
25 properties of transparency and cognitive ergonomics. dependence of a module computed as proposed2s
26 Figure 19 shows the top-50 ranked classes based on by [18]. Possible values range from 0 (high inter- 26
27 the number of individuals they have in the knowledge dependence) to 1 (low interdependence). 27
28 raph. The ranking including all the classes can be re- 28

grap Ing 9 Table 4 reports the values recorded for the afore-
29 trieved by querying the knowledge grdfh ) ;

. Y : mentioned module metrics computed for each ontol-

30 A high degree of modularity in an ontology is an : .

o . ogy module of ArCo. Module metrics are obtained
31 indicator of transparency and exibility. ArCo ontol- . j

. . by using the Tool for Ontology Module Metrigs
32 ogy network is highly modularised, however address- .
33 ing transparency and exibility meaningfully requires (TOMM) [18]. We do not report module metrics for
. y CIDOC CRM and EDM as they are monolithic ontolo-
34 appropriate design of ontology modules. We compute .
. . . gies, thus they do not have any modules to assess.

35 the following metrics to assess the quality of ArCo 35
36 modules. . . 36
a7 6.3. Discussion 37
38 — Atomic sizethe average size of a group of inter- 38
39 dependent axioms in a module; In the context of ArCo's project, performing the test- ¢
40 — Appropriateness of module sizeomputed with ing activities initially resulted in a signi cant manual
a1 the Schlicht and Stuckenschmidt function [16] effort, for both annotating and running the unit tests. ,;
42 that determines the appropriateness of an ontol- For this reason, TESTaLOD has been designed and,,
43 ogy module. The appropriateness value ranges implemented. The successful execution of inference 44
24 from O (i.e. no appropriateness) to 1 (i.e. fully \{eri catipn, error provc_)ca_tion, and competency ques- ,,
45 appropriateness). According to the Schlicht and tion veri cation is an indicator of (i) computational  ,5
46 Stuckenschmidt function a module size is as integrity and ef ciency, and (ii) compliance to exper- 44
47 much more appropriate as the number of axioms tise. The former suggests that the ontology can be suc-,;
48 de ned in such a module is close to 250; cessful processed by a reasoner. The latter suggestsg
49 49
50 86The result set with the ranking of all classes is available at 87The speci ¢ version of the tool we used can be downloaded 50

51 https://bit.ly/20RignM. from https://bit.ly/2nSS2yD. 51
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Schema and graph metrics with corresponding quality properties addressed and values recorded. Values are reported for ArCo v0.1, ArC
ArCo v1.0, CIDOC-CRM, and EDM. ArCo v1.0 is the latest release of the knowledge graph.

Metric

V.A. Carriero et al. / Pattern-based design applied to cultural heritage knowledge graphs

Table 3

Description

Quality prop-
erty

ArCo0.1

ArCo 0.5

ArCo 1.0

CIDOC-CRM

EDM

Relationship
Richness

The ratio between non-inheritance relations and the total number of
tions de ned in the ontology as proposed by [12]. Inheritance relations
rdfs:subClassOf axioms. Values range from O (i.e. the ontology contains
heritance relationships only) to 1 (i.e. the ontology contains non-inheritance relg
ships only).

relaansparency
are

in-

tion-

0.43

0.34

0.44

0.74

0.84

Inheritance
Richness

The average number of subclasses per class computed as proposed by [12]
itance Richness (IR) is expressed on ordinal scale. Its values should be inter
relatively to the number of classes. If IR is much smaller than the number of cla
then the value is low. On the contrary, if IR tends to equalise the number of cla
the value is high. A low value indicates a deep (or vertical) ontology, while a
value indicates a shallow (or horizontal) ontology.

|ihe@nsparency
preted
isses,
sses,

igh

11

2.9

248

117

0.32

Axiom/class
ratio

The ratio between axioms and classes computed as the average amount of axig
class. Its values should be interpreted relatively to the number of classes and aj
If the ratio is much smaller than the number of classes, then the value is lo
the contrary, if the ratio is much greater than the number of classes, the the va
high. Low values (i.e. 0) indicate poorly axiomatised ontologies. On the contrg
higher values indicate better axiomatisations. Extremely high values might ind|
over axiomatisation.

mEaesparency
ioms.

. On

lue is

1y,

icate

13.24

29.7

39.55

41.7

7.3

Class/property

ratio

The ratio between the number of classes and the number of properties. Typicall;

values are in the rang@:3; 0:8] indicating a suf cient number of properties conne

ing things with other things (i.e. object properties) and values (datatype proper
Low values (i.e 0) indicate an ontology with many properties connecting few c
cepts. On the contrary, high values indicate an ontology with many concepts|
nected by few properties. Nevertheless, the interpretation of the ratio always dej
of the ontology size.

gBognitive
t-ergonomics
ties).
on-

con-
pends

0.52

0.31

0.44

0.23

0.5

NoR

The number of root classes as de ned by [13]. A root class is a class that is nof
class of any other class in the ontology. NoR values are on ordinal scale and p
an indication of cohesion, i.e. the degree of relatedness between the different|
logical entities. The interpretation of NoR values depends on the number of cl
in the ontology. For example, 8 as NoR value might be low or high if the numbg
classes is 300 or 10, respectively.

sHexibility,
ovicknsparency
onto-

asses

r of

11

17

16

31

NoL

The number of leaf classes as de ned by [13]. A leaf class is a class that h
sub-class in the ontology. NoL values are on ordinal scale and provide an indi
of cohesion, i.e. the degree of relatedness between the different ontological e
Again, the interpretation of NoL values depends on the number of classes i
ontology. For example, 8 as NoL value might be low or high if the number of cla;
is 300 or 10, respectively.

asFibexibility,
calcansparency
tities.

n the

sses

44

270

277

48

34

NoC

The number of external classes as de ned by [15]. An external class is a class dt
in a different ontology. Values for NoC are on ordinal scale. A low value of NoC g
gests self-containment and semantic independence of an ontology. On the co|
a high value suggests strong semantic dependency of an ontology with concey
ned in external ontologies. As for other metrics on ordinal scale the interpretatiq
good or negative NoC values is relative. For example, if the NoC is comparable

number of internal classes then self-containment and semantic independence|
not be guaranteed. In fact, a large portion of the ontology relies on concepts d

elsewhere. Accordingly, a change in an external ontology might affect the inte
semantics deeply.

e iéekibility,

ugransparency
trary,

ts de-

n of

o the

might
ned

hded

11

35

38

Average
breadth

The average breadth [14] computed on the graph whose nodes are ontology
and edges aredfs:subClassOf axioms. The metric suggests the degree|
horizontal modelling (i.e. atness) of the hierarchies of an ontology. Values are
ordinal scale. The value should be interpreted relatively to the number of clg
For example, average breadth values of 10 and 100 in an ontology consisting
classes are low and high, respectively.

oérgonomics
e on

sses.

f 600

5.7

5.75

257

6.0

Max breadth

The maximal cardinality recorded on ordinal scale over the graph constructed
the average breadth [14]. The interpretation of max breadth is similar to that
gested for the average breadth.

asGognitive
seggonomics

30

35

34

10

31

ADIT-LN

It records the average depth of the graph constructed as for the average bread|
average is computed as the sum of the depth of all paths divided by the total nt
of paths [13]. ADIT-LN values are on ordinal scale and are indicators of cohes
The interpretation of the values depends on the size of the ontology. Accordi
low values occur when ADIT-LN is signi cantly lower then the number of class;
On the contrary, high values occur when the difference between ADIT-LN an
number of classes is less signi cant.

hTidresparency,
in®egnitive
si@rgonomics
ingly,
es.

the

2.45

3.23

3.93

6.4

133

Max depth

The maximal depth obtained by traversirdfs:subClassOf axioms in the
graph constructed as for the average breadth. The interpretation of max depth i
ilar to that suggested for ADIT-LN

Cognitive
is sigenomics

10

Tangledness

The degree of multihierarchical nodes in the class hierarchy computed accord|
the formula provided by [14]. A multihierarchical node is a class having mult
super classes. Values for tangledness range from 0 (i.e. no tangledness) to 1 (i.|
concept in the ontology has multiple super classes)

ngagnitive
plergonomics
e. each

0.09

0.37

0.56

0.18

0.07

31
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