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Preface

This volume collects all the contributed papers that have been presented in
the Domain Ontologies for Research Data Management in Industry Commons
of Materials and Manufacturing (DORIC-MM 2021) workshop. The event was
held on-line on the 7th of June 2021, co-located with the 18th European Semantic
Web Conference (ESWC), and was preceded by an on-line kick-off, on the 15th

of March.
The purpose of this activity was to support the semantic landscape analysis

in the field of materials and manufacturing (MM), and it aimed to gather all
interested parties, including MM domain experts and ontologists.

DORIC-MM has been organized in the framework of the OntoCommons
H2020 project1: for more information, we point the reader to the event website2

and to the dedicated project deliverable3. In particular, the latter contains sum-
maries of keynotes and invited contributions, highlights from the participants’
input, and the workshop conclusions.

The Programme Committee for the event was constituted as follows (where
organizers’ names are underlined):

• Stefano Borgo (CNR, Italy)

• Welchy Leite Cavalcanti (Fraunhofer IFAM, Germany)

• Silvia Chiacchiera (STFC/UKRI, United Kingdom)

• Fabien Duchateau (University of Lyon 1, France)

• Iker Esnaola González (Tekniker, Spain)

• Anna Fensel (University of Innsbruck, Austria)

• Joana Francisco Morgado (Fraunhofer IWM, Germany)

• Gerhard Goldbeck (Goldbeck Consulting Ltd & EMMC ASBL, UK & Belgium)

• Martin Thomas Horsch (HLRS, Germany)

• Dimitrios Kyritsis (EPFL, Switzerland & UiO, Norway)

• Maŕıa Poveda Villalón (Universidad Politécnica de Madrid, Spain)

• Umutcan Şimşek (University of Innsbruck, Austria)

Daresbury, Stuttgart, Silvia Chiacchiera, Martin T. Horsch,
Freiburg, and Cambridge Joana Francisco Morgado and Gerhard Goldbeck
August 2021

1https://ontocommons.eu/
2https://ontocommons.eu/doric-mm-2021
3OntoCommons Deliverable 3.9, to appear on Zenodo.
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DORIC-MM event program

Kick-off of DORIC-MM, 15th March (14:30-17:30 CET)

• 14:30-15:30: Initial plenary session. Introduction, interactive
session. Input from the survey and recent events within the
field of semantics applied to materials and manufacturing

– Welcome by the Organizers

– Introduction to OntoCommons and WP3 (Industrial domain ontolo-
gies) [by Hedi Karray, ENIT, France WP3 Leader and Project Tech-
nical Manager]

– Landscape analysis [by Yann Le Franc, e-Science Data Factory, France]

– Introduction to the Industrial Ontologies Foundry [Dimitris Kiritsis,
EPFL, Switzerland & UiO, Norway]

– Input from the EMMC 2021 International Workshop [Gerhard Gold-
beck, Goldbeck Consulting Ltd & EMMC ASBL, UK & Belgium]

– Interactive presentation [Silvia Chiacchiera, UKRI, UK]

• 15:30-16:30: Domain-specific interactive parallel sessions (D1,
D2, D3, D4)

– D1: Physics and Chemistry [Moderator: Gerhard Goldbeck]

– D2: Mechanical and Industrial Engineering [Moderator: Hedi Kar-
ray]

– D3: Thermal Engineering/Process Engineering [Moderator: Martin
Thomas Horsch]

– D4: Material Science and Engineering [Moderator: Yann le Franc]

• 16:45 - 17:30: Final plenary session - Joining, analyzing and
wrapping up

– 16:45-16:50: General intro and exchange

– 16:50-17:10: Reports from each of the domain parallel sessions D1,
D2, D3, D4

– 17:10-17:25: Panel discussion

– 17:25-17:30: Closing

DORIC-MM Workshop, 7th June (full day)

• Morning session (10:30-13:45 CEST, 7th June): Introduction, 1
keynote, 4 contributions (3 papers + 1 invited) on “Materials &
modelling” and discussion.

– 10:30-10:40 Welcome and introduction

– 10:40-11:05 [20+5 min] Hedi Karray, “Ontologies Interoperability:
concerns and perspectives”

– 11:05-12:00 “Materials & modelling” session
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∗ 11:05-11.20 [10+5 min] M. Abd Nikooie Pour et al, “A First Step
towards Extending the Materials Design Ontology”

∗ 11:20-11:35 [10+5 min] M. T. Horsch et al, “Domain-specific meta-
data standardization in materials modelling”

∗ 11:35-11:50 [10+5 min] F. Le Piane et al, “Introducing MAMBO:
Materials And Molecules Basic Ontology”

∗ 11:50-12:05 [10+5 min] J. Friis and E. Ghedini, “Domain-level
ontologies and the methodology to connect them to a Top-level/Middle-
level ontology”

– 12:05-12:20 Break

– 12:20-13:45 Discussion (Panel + all, interactively). Panel members:
Alexander Behr (Dortmund Univ., Germany), Jesper Friis (SINTEF,
Norway), David Leal (CAESAR Systems Ltd, UK), Heinz Preisig
(NTNU, Norway). Moderator: Gerhard Goldbeck (Goldbeck Con-
sulting Ltd & EMMC ASBL, UK & Belgium). Initial interactive
presentation by Silvia Chiacchiera (UKRI, UK).

• 13:45-15:00 Lunch break

• Afternoon session (15:00-18.15 CEST, 7th June): Highlights from
material gathered during the 15/03 preparatory event, 1 keynote,
5 contributions (3 papers + 2 invited) on “Industry & engineer-
ing” and discussion.

– 15:00-15:15 Highlights from the material gathered during the 15/03
preparatory event

– 15:15-15:40 [20+5 min] Evgeny Kharlamov: “Industrial ontologies
for manufacturing”

– 15:40-16:55 “Industry & engineering” session

∗ 15:40-15:55 [10+5 min] M. M. Vegetti et al, “SCONTO: A Mod-
ular Ontology for Supply Chain Representation”

∗ 15:55-16:10 [10+5 min] S. Borgo, F. Compagno et al, “An overview
of some ontological challenges in engineering maintenance”

∗ 16:10-16:25 [10+5 min] I. Esnaola-Gonzalez and I. Fernandez,
“Materials Tribological Characterisation: an OntoCommons Use
Case”

∗ 16:25-16:40 [10+5 min] Johan Wilhelm Klüwer, “READI: Ontology-
based requirements management for industry”

∗ 16:40-16:55 [10+5 min] Maja Milicic Brandt, “Industrial Ontol-
ogy Library at Siemens”

– 16:55-17:05 Break

– 17:05-18:05 Discussion (Panel + all, interactively). Panel members:
Mehwish Alam (KIT, Germany), Gianmaria Bullegas (Perpetual Labs
Ltd, UK), David Cameron (Univ. of Oslo, Norway), Irlan Grangel-
Gonzalez (Bosch, Germany), Johan Klüwer (DNV, Norway), Boon-
serm Kulvatunyou (NIST, Usa), Maja Milicic Brandt (Siemens AG,
Germany), Robert Young (Loughborough Univ., UK). Moderator:
Martin T. Horsch (HLRS, Germany).

– 18:05-18:15 Wrapping up and closing
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A First Step towards
Extending the Materials Design Ontology

Mina Abd Nikooie Pour1, Huanyu Li1,3,
Rickard Armiento2,3, and Patrick Lambrix1,3

1 Department of Computer and Information Science,
Linköping University, 581 83 Linköping, Sweden

2 Department of Physics, Chemistry and Biology,
Linköping University, 581 83 Linköping, Sweden

3 The Swedish e-Science Research Centre, Linköping University,
581 83 Linköping, Sweden

firstname.lastname@liu.se

Abstract. Ontologies have been proposed as a means towards mak-
ing data FAIR (Findable, Accessible, Interoperable, Reusable) and has
recently attracted much interest in the materials science community. On-
tologies for this domain are being developed and one such effort is the
Materials Design Ontology. However, to obtain good results when using
ontologies in semantically-enabled applications, the ontologies need to be
of high quality. One of the quality aspects is that the ontologies should
be as complete as possible. In this paper we show preliminary results re-
garding extending the Materials Design Ontology using a phrase-based
topic model.

Keywords: ontology, ontology extension, materials design, topic model

1 Introduction

In many areas there is a recent interest in making data FAIR, i.e., Findable,
Accessible, Interoperable, and Reusable [16]. Findable refers to the fact that
data and metadata should be easy to find, accessible to the fact that it should
be clear how to access the data, interoperable to the fact that the data needs to
be integrated with other data and be usable by applications and workflows, and
reusable to the fact that data and metadata are well described such that the
data can be replicated or combined in different settings. Ontologies have been
proposed as a means towards making data FAIR. Also in the materials science
domain there is an awareness regarding the importance of the FAIR principles [4]
and efforts are on the way to develop upper ontologies such as EMMO (European
Materials & Modelling Ontology), and domain ontologies regarding different
sub-domains of materials science such as Mat-Onto [2], Materials Ontology [1],
NanoParticle Ontology [14], eNanoMapper ontology [6], ontologies related to
computational molecular engineering [7], Materials Design Ontology (MDO) [11],
and Materials Graph Ontology [15].
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However, to obtain good results when using ontologies for semantically-
enabled applications, the ontologies need to be of high quality. One of the quality
aspects is that the ontologies should be as complete as possible which relates to
the requirement of domain coverage in [12].1 Many techniques exist for finding
missing information in ontologies (see overview in [8]) and extending them. In
this paper we show preliminary results of using a variant of the method for
extending ontologies that we developed in [10] on MDO.

The remainder of the paper is organized as follows. In section 2 we describe
MDO, while in section 3 we describe the method for extending ontologies. In
section 4 we show preliminary results of applying the method to MDO. The
paper concludes in section 5.

2 The Materials Design Ontology (MDO)

MDO [11] was developed using the NeOn ontology engineering methodology [13],
as an answer to the need for an ontology to represent concepts which are the
basis for materials design, such as structures of materials, properties of materi-
als, materials calculations and relationships among them. The development was
guided by the schemas of the Open Databases Integration for Materials Design
(OPTIMADE2) project which aims at making materials databases interopera-
ble by developing a common API. The OPTIMADE schemas are based on a
consensus reached by several of the materials database providers in the field.

The current version of MDO is publicly available at w3id.org3 and consists of
four modules (Figure 1) [11]. The Core module consists of the top-level concepts
and relationships of MDO that are reused in other modules. The Structure mod-
ule represents the structural information of materials. The Calculation module
represents a classification of different computational methods. The Provenance
module represents provenance information of materials data and calculations.
The OWL2 DL representation of the ontology contains 37 classes, 32 object
properties, and 32 data properties.

3 Method for extending ontologies

In [10] we presented a general approach for extending ontologies, shown in Figure
2, and showed its use by extending two ontologies in the nanotechnology field.
In this paper we use a variant of the approach. We mention the changes from
the approach in [10] while describing how we extend MDO in section 4.

Our approach contains two steps. In the first step a phrase-based topic model
is created using the ToPMine system [5]. Given a corpus of documents related

1 In practice, it is difficult to know when an ontology is complete according to the
domain, but it is possible to define an ’is more complete than’ relation between
ontologies which can be used for comparing completeness [8].

2 https://www.optimade.org/
3 https://w3id.org/mdo/full/1.0/
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Fig. 1. The Materials Design Ontology [11].

Fig. 2. Approach: The upper part of the figure shows the creation of a phrase-based
topic model with unstructured text as input and phrases and topics as output. The
lower part shows the formal topical concept analysis with as input topics and as output
a topical concept lattice. In both parts a domain expert validates and interprets the
results. [10]

to the domain of interest and the number of requested topics, representations of
latent topics in the documents are computed. The phrases as well as the topics

DORIC-MM 2021 Proceedings 3



are suggestions that a domain expert should validate or interpret and relate to
concepts in the ontology.

The second step generates suggestions to the domain expert regarding rela-
tions between topics based on formal topical concept analysis [10].

Based on the validations and interpretations of the domain expert, concepts
and axioms are added to the ontology.

4 Extending the Materials Design Ontology

4.1 Data

A first step is to collect the corpus that is used as input. The approach in [10]
does not specify how the corpus should be collected. In that paper we used an
existing library of documents related to the field. In this paper we use MDO
as a seed for querying journal databases. We use two journals in the field of
materials design: NPJ Computational Materials4 and Computational Materials
Science5. We use the 37 concepts of MDO as search phrases in the two journals
to find relevant articles and retrieve titles and abstracts of the returned articles.
The corpus contains titles and abstracts from 403 articles of NPJ Computational
Materials and 8,193 from Computational Materials Science.

In the preprocessing step characters are set to lower case and punctuations
are removed. Further, we remove words of length one or two. After preprocessing
there are 21,548 distinct words which together occur 808,862 times. An overview
of the frequency of the words is presented in Table 1. Most of the words (72.27%)
occur less than 10 times, while there are 17 words that occur more than 3000
times. These are ‘based’, ‘properties’, ‘method’, ‘calculations’, ‘phase’, ‘materi-
als’, ‘study’, ‘structure’, ‘temperature’, ‘density’, ‘results’, ‘energy’, ‘electronic’,
‘model’, ‘molecular’, ‘simulations’, ‘surface’.

Table 1. The distribution of word frequency after preprocessing.

Frequency Percentage of words

less than 10 72.27

10-30 13.25

31-100 7.76

101-500 5.25

501-1000 0.83

1001-2000 0.44

2001-3000 0.12

More than 3000 0.08

4 https://www.sciencedirect.com/journal/computational-materials-science
5 https://www.nature.com/npjcompumats/
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4.2 Frequent phrases

Given a minimum support threshold min support, we say that phrases that occur
at least min support times are frequent phrases. ToPMine generates frequent
phrases of a length up to a maximum length that is given as an input parameter.
In our experiments this was set to 10. Further, ToPMine does not generate all
frequent phrases but uses a method based on partitioning documents and using
a significance score for deciding which words likely belong together, to produce
high-quality frequent phrases [5].

The second column of Table 2 shows the number of frequent phrases that
ToPMine generates for different values of min support. The higher the min support,
the fewer frequent phrases are generated.

Table 2. Number of frequent phrases for min support 10, 15, 20, 25 and 30 respectively,
and three different versions of the ToPMine algorithm.

min support original TopMine New ToPMine New ToPMine
without stemming with stemming

10 6901 6,478 5,452

15 3826 3,578 3,022

20 2542 2,402 2,046

25 1816 1,722 1,477

30 1375 1,298 1,119

In addition, in this paper we also define a maximum support threshold
max support word. Words that occur more than max support word times are
removed. These words are usually very general terms that are not interesting
for an ontology or that would not be interesting for a domain ontology, but
possibly for an upper ontology. We do note, however, that some of these words
could be useful such as ‘method’, ‘electronic’, ‘model’, and ‘molecular’. In the
remainder we call ‘New ToPMine’ the algorithm that adds max support word
as well as the preprocessing step. The second column in Table 3 shows how
max support word influences the number of generated frequent phrases with a
constant min support of 10. The higher max support word, the more frequent
phrases are generated. Note that no word occurs more than 8000 times in our
corpus, so setting max support word to 8000 allows all words (or, in other words,
max support word is not used).

Another way to look at the influence of min support and max support word
is to compare how many of the frequent phrases are the same and different for
different settings. In Figure 3 we show this comparison of different settings to
the base setting where min support is 10 and max support word is 8000 (i.e.,
max support word is not used) which is shown in the middle of the figure. The
‘Same’ bars show how many generated phrases occur both in the base setting
and the compared setting. The ‘Removed’ bars show how many frequent phrases
occur in the base setting, but not in the compared setting. For the cases where
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Table 3. Number of frequent phrases for min support to 10 and for max support word
500, 1000, 3000, 5000, and 8000, respectively for two different versions of the ToPMine
algorithm.

max support word New ToPMine New ToPMine
without stemming with stemming

8,000 6,478 5,452

5,000 5,947 5,023

3,000 4,692 4,090

1,000 1,878 1,692

500 932 866

Fig. 3. Comparison of the frequent phrases of new ToPMine algorithm with
min support 10 (and max support word 8000) to settings with min support in 15, 20,
25 and 30, respectively, and settings with min support 10 and max support word 500,
1000, 3000, 5000, respectively.

we change min support, these would be phrases that are frequent phrases for
min support 10, but not for the higher min support in the compared setting.
For example ‘computational screening’ is removed for min support 15. For the
cases where we change the max support word, these would be phrases with words
that occur more often than the max support word in the compared setting. For
instance, ‘sheet metal forming’ contains the word ‘metal’ with frequency 3457
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and would be removed for max support word 1000. The ‘Added’ bars show which
frequent phrases occur newly in the compared settings. This happens, as stated
before, because ToPMine does not generate all frequent phrases, but focuses on
high-quality frequent phrases. As an example, ‘exchange correlation potential’
appears at least 10 times and less than 30 times and ‘exchange correlation’
appears at least 30 times. Both are frequent phrases for min support 10. However,
ToPMine does not generate ‘exchange correlation’ for min support 10, but it
does generate ‘exchange correlation potential’. For min support 30 ‘exchange
correlation potential’ is not a frequent phrase, while ‘exchange correlation’ is,
and ToPMine does generate ‘exchange correlation’ as a frequent phrase.

Further, in this paper we also investigate using stemming on the frequent
phrases. As an example, the phrases ‘molecular dynamics simulations’, ‘molec-
ular dynamics simulation’, ‘molecular dynamic simulations’ and ‘molecular dy-
namic simulation’ have the same stem ‘molecular dynam simul’. Stemming allows
for removing redundant phrases and thus reduces the work of the domain expert.
The influence on the number of generated phrases can be seen by comparing the
last two columns in Tables 2 and 3. A disadvantage is that in some cases possible
concept candidates may be removed. To alleviate this problem we show the do-
main expert for each of the stemmed frequent phrases the list of corresponding
original phrases. This also helps the domain expert to choose terms to be added
to the ontology.

In Table 4, we show the candidate concepts based on the validation of a
domain expert on the frequent phrases from the experiment with min support
30 and max support word 500. In total, 88 candidate concepts are suggested
based on 81 out of 131 frequent phrases generated by the experiment. Some
candidate concepts can be added into MDO as sub-concepts of existing concepts.
For instance, ‘Linearized Augmented Plane Wave Method’ is a sub-concept of
‘Density Functional Theory Method’. Some candidate concepts are relevant to
materials design domain but may be not interesting for data access or data
integration over materials design databases. For instance, ‘Covalent Bond’ is a
bonding type that can be used to describe materials structures.

4.3 Topics

Using the frequent phrases, PhraseLDA, a variant of Latent Dirichlet Allocation,
is used to generate topics. The number of topics (num topic) is an input param-
eter to ToPMine. Each topic contains a set of phrases and these sets do not
have to be disjoint. For instance, Figure 4 shows the overlap of phrases between
topics for different settings of input parameters. In general, when we increase
the number of topics, the number of frequent phrases in each topic decreases
and the overlap between topics decreases as well.

The domain expert validates these topics and if possible, labels them to gen-
erate concepts for the ontology. In Table 5, we show the domain expert validation
on 10 topics generated by the New ToPMine with stemming, min support 30 and
max support word 500. Among these topics, there are two topics (topics 0 and
9) that are interpreted with multiples labels, i.e., the domain expert divided the
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Table 4. Candidate concepts based on domain expert validation on the experiment
with min support 30 and max support word 500.

Stacking Fault Stone-wales Defect Cement Paste

Van der Waals Force Covalent Bond
Perdew-Burke-Ernzerhof (PBE)
Exchange-Correlation Functional

Functionally Graded Material
Symmetric Tilt Grain Boundary
Structure

Fatigue Limit

Linearized Augmented
Plane Wave Method

Asymmetric Tilt Grain Boundary
Structure

Edurance Limit

Face Centered Cubic Rock Salt Structure Porous Media
Boron Nitride Rock Salt Microstructural Features
Nearest Neighbor Projector Augmented Wave Method Hall-Petch Relation
Body Centered Cubic Iron Conduction Band
Coarse Grained Model Cahn–Hilliard Equation Slip Plane
Fiber Reinforced Cauchy-Born Rule Vapor Deposition
Zinc Blende Domain Wall Spinodal Decomposition
Core Shell Armchair Spontaneous Polarization
Rare Earth Zigzag Absorption Spectrum
Refractive Index Double Walled Nanotube Charpy Impact Test
Half metallicity Power Factor Alkaline Earth Metal
X-ray diffration Carbon Nanotube (cnt) Contact Angle
Modified Embedded Atom Method Mixed Mode Fracture Vickers Hardness
Unit Cell Homo-lumo Energy Gap Rutile Titanium Dioxide (TiO2)
Absorption Spectra Stainless Steels Kinematic Hardening
Glass Formation Vibrational Modes Hexagonal Close Packed (hcp)
Brillouin Zone Domain Switching Anomalous Hall Effect
Lennard Jones Sound Velocity Valence Band
Dispersion Curves Anatase (TiO2) Voight Model
Cohesive Zone Model Austenitic Stainless Steel Reuss Model
Quasi-harmonic Debye Model Crystallographic Orientation Solute Segregation
Additive Manufacturing Brittle Transition Directional Solidification
Real Space Methods Ductile Transition Muffin-tin Orbital method
Quasi-harmonic Model Brittle-Ductile Transition Muffin-tin Orbital Approximation

Quantum Dot
Modified Becke-Johnson
Exchange-Correlation Functional

Hexagonal Boron Nitride Kohn-Sham

(a) min support 10, num topic 10 (b) min support 10, num topic 20

Fig. 4. Number of common phrases between pairs of topics.

topic in different parts. The other topics received one label. Further, representa-
tive phrases are given for each topic. The labels and the representative phrases
can all lead to new concepts.
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Table 5. Topic labelling based on domain expert validation on the experiment with
min support 30 and max support word 500 (Up to five representative phrases are se-
lected for each label).

Topic NO. Topic Labels Representative Phrases

0

Computational Method Categories

Linearized Augmented Plane
Wave Method
Hartree-Fock Method
Perdew-Burke-Ernzerhof (PBE)
Exchange-Correlation Functional
Modified Becke-Johnson
Exchange Correlation Functional
Kohn-Sham

Materials Properties and Features

Absorption Spectrum
Refractive Index
Homo-lumo Energy Gap
Alkaline Earth Metal
Dispersion curves

Electronic Structure Features
Conduction Band
Valence Band

Materials Categorizations
Half metallicity
Rare Earth

Experimental Method Categories X-ray Diffraction
Specific Materials Zinc Blende
Applications Optoelectronic Devices

1 Hardness-related Materials Concepts

Quasi-harmonic Debye Model
Quasi-harmonic Model
Rock Salt
Sound Velocity
Zinc Blende

2 Materials Strength-related Concepts

Stacking Fault
Van der Waals Force
Tension Compression
Uniaxial Tension
Symmetric Tilt Grain Boundary
Structure

3
Materials Fatigue/Fracture-related
Concepts

Functionally Graded Material
Fiber Reinforced
Cohesive Zone Model
Unit Cell
Cement Paste

4 Materials Synthesis Concepts

Additive Manufacturing
Vapor Deposition
Directional Solidification
Microstructural Features
Crystallographic Orientations

5 Battery-related Materials Concepts

Ion Batteries
Anatase (TiO2)
Lithium Ion Batteries
Rutile Titanium Dioxide (TiO2)
Boron Nitride

6 Materials Structural Categorizations

Face Centered Cubic
Body Centered Cubic
Coarse Grained Model
Hexagonal Close Packed (hcp)
Iron

7 Nanotube-related Concepts

Armchair
Boron Nitride
Hexagonal Boron Nitride
Carbon Nanotube (cnt)
Cross Section

8 Artificial Intelligence-Methods (NO)

Artificial Neural
Neural Networks
Open Source
Degrees Freedom
Artificial Neural Networks

9

Materials Concepts for Solar-cells

Solar Cells
Quantum Dots
Domain Wall
Power Factor
Electric Fields

Materials Magnetism Concepts
Domain Switching
Anomalous Hall Effect

Materials Polarization Concepts Spontaneous Polarization
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5 Conclusion

In this paper we started our work on extending MDO using a topic model-based
approach that relies on domain experts to validate whether candidate concepts
should be added to the ontology. We investigated the influence of different set-
tings on the number of frequent phrases that are generated. This is important as
it influences the amount of work for the domain expert. Further, we have shown
preliminary results on candidate concepts that are generated in the frequent
phrases phase and the topics generation phase.

For future work we continue to validate the results of the different variants
and settings of the approach for generating frequent phrases and topics. We will
also decide which of the candidate concepts should be added to MDO. Then,
we will perform formal concept analysis to produce relations between the added
concepts. Further, we will use complementary approaches such as Text2Onto [3]
and RepOSE [9] to find more concepts and relations.

As a side effect of the validation work by the domain expert we found that
in addition to a validation protocol, it would be valuable for the domain expert
if there would be a system that helps the expert, e.g., by recommending valida-
tions, by allowing for easy search in the results and by clustering similar results
together. Further, the system would allow for easy validation, notify when con-
cepts with the same or similar names already exist in the ontology and generate
OWL statements for the ontology extension. Developing such a system is one of
our current priorities.

Acknowledgements. This work has been financially supported by the Swedish
e-Science Research Centre (SeRC), the Swedish National Graduate School in
Computer Science (CUGS), and the Swedish Research Council (Vetenskapsr̊adet,
dnr 2018-04147).
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1 Introdu
tion

Metadata standardization can be implemented in a wide variety of ways. It
is therefore unsurprising that in materials modelling, similar to other fields,
many different approaches have been applied to support findability, accessibility,
interoperability, and reusability, i.e., the FAIR principles of data management [1,
2]. What these approaches have in common is that they are applications of
semantic technology in that they need to go beyond expressing formal, syntactic
requirements on input/output conventions and formats (e.g., “a configuration
input for code X consists of an integer number N followed by 6N floating-
point values”) by giving an indication on the meaning of the communicated
data and metadata; by annotating data (i.e., by providing metadata), data
become information, and in a semantic-web based approach, ontologies are used
to associate data and metadata with an agreed meaning.

Whenever a collection of codes or platforms interact systematically or on a
regular basis, interoperability is required. This implies semantic interoperability,
i.e., agreement on the meaning of the exchanged information, since the output
of one workflow element needs to be understood correctly when it acts as input
for the next element. In this sense, any thoroughly documented serialization,
graphical notation, or other syntactic standard can act as a metadata standard;
substantial efforts have been dedicated to this sort of documentation by which
guidelines on the structure, content, and use of databases [3, 4], interfaces [5, 6],
or workflow management systems [7, 8, 9, 10, 11, 12, 13] can play this role.

Most, if not all, metadata standardization from this kind of work is intended
for human readers, e.g., as support for programmers who aim at coupling or
linking two or more codes correctly. For compendia such as the Review of
Materials Modelling (RoMM), cf. de Baas [14], or documentation forms such
as MODA [15] (abbreviation of “Materials Modelling Data”) and the EMMC
Translation Case Template [16] (ETCT), which consist of sets of tables with
text content to be filled in by a user [17], the situation is similar: Such meta-
data standards, which instruct members of a community on a recommended
way of annotating their data, are human-readable, but not machine-processable.
However, metadata standards can only fully exploit the capabilities of semantic
technology if they are machine-processable, supporting (at least in principle)
computational tasks such as automated reasoning, validity checks, the formu-
lation and processing of queries, and the transformation or mapping from one
representation to another [18]. The two main technologies [19] that fulfill these
requirements are, first, markup languages specified by XML schema definitions
(XSD) and, second, the semantic web based on the resource description frame-
work (RDF). The main ordering feature in markup language technology is con-
tainment, i.e., one XML tag (or an object in JSON) contains others, yielding a
structural inclusion hierarchy.

Applications of this approach to materials modelling include CML [20, 21,
22], CSX [23], EngMeta [24, 25, 26, 27, 28], MSML [29], and UDLS [30]. In se-
mantic web technology, employing RDF schemas and the web ontology language
OWL, concepts are structured taxonomically by a subsumption hierarchy, while
the information content itself takes the non-hierarchical form of a knowledge
graph. Many existing domain ontologies are relevant to the domain of knowl-
edge discussed here; this includes ChemAxiom [31], OntoCAPE [32, 33, 34],
OntoCompChem [35, 36], OntoKin [36, 37], PHYSSYS [38], the PSO [39], the
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simulation intent ontology [40], multiple domain ontologies from the Virtual Ma-
terials Marketplace (VIMMP) project [12, 28, 41, 42], and some of the domain-
level modules of the European Materials and Modelling Ontology (EMMO),
cf. Goldbeck et al. [43], Francisco Morgado et al. [44], and Ghedini et al. [45].

The present group of authors comprises both developers and end users of
domain-specific metadata standards in materials modelling. Most of us are af-
filiated with organizations that act as translators in the sense given to the term
by the EMMC ASBL community: The Fraunhofer Institute for Mechanics of
Materials (IWM) is an institution with the explicit purpose of facilitating indus-
try uptake of new technologies, Goldbeck Consulting Ltd. is an independent con-
sultancy, and the High Performance Computing Center Stuttgart (HLRS) is a
facility that provides services to both academic and industrial users. Helmholtz-
Zentrum Geesthacht is a scientific institution developing and implementing in-
dustrially relevant research topics, innovation platforms, and knowledge transfer
systems. Below, we comment on specific lines of work, all of which are promising
in our view; however, they are also disparate efforts, and the attempts to create
robust connections (or any connections at all) between them have so far been
insufficient. Working toward a convergence or an alignment between existing
standards will create significant synergies. It will permit integrating more di-
verse software components into materials modelling workflows and facilitate an
interaction between a greater number of digital infrastructures.

2 State of the art

2.1 CAPE-OPEN interoperability

CAPE-OPEN, wherein CAPE stands for computer-aided process engineering
(and OPEN stands for “open”), has long been a widespread technical interop-
erability standard for flowsheet-based process simulation; developed from 1997
onward as a community-driven effort coordinated by the CAPE-OPEN Labora-
tories Network (CO-LaN), cf. Belaud and Pons [5, 6], it is presently supported by
a multitude of process simulation packages, referred to as process modelling envi-
ronments (PMEs) in CAPE-OPEN nomenclature, including leading commercial
solvers such as Aspen (cf. Hillestad et al. [46]), COMSOL (cf. von Schenck et
al. [47]), and gPROMS (cf. Moreira et al. [48]) as well as a dedicated free im-
plementation by van Baten and Szczepanski [49] called COCO (“CAPE-OPEN
to CAPE-OPEN”). Process modelling components (PMCs) that form part of a
PME can exchange information on thermodynamic quantities; in this way, any
code that provides predictions for thermodynamic data, including but not lim-
ited to fluid phase equilibria, can be connected to process simulation software
if both components interoperate through CAPE-OPEN interfaces [50]. Popular
thermodynamic property packages that can function as PMCs include gSAFT,
MultiFlash [51], REFPROP [48], and Simulis Thermodynamics [50].

At a comparably early stage of development of CAPE-OPEN, Morbach et
al. [32] introduced OntoCAPE as a recommended ontologization, aiming at
connecting the COM based (and more recently .NET based) technical-level in-
teroperability with data integration solutions grounded in semantic interoper-
ability [34]; a detailed discussion of OntoCAPE is given in a reference man-
ual by Marquardt et al. [33]. On the basis of OntoCAPE, Farazi et al. [36,
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37] developed OntoKin, which specifically addresses continuum-level models of
chemical reaction kinetics; their solution [37] includes an ABox converter that
imports/exports description logic ABoxes (assertional boxes, i.e., knowledge
graphs) from and into the widespread file format used by the CHEMKIN-III re-
action kinetics solver [52] and other interoperable packages [53], e.g., for coupling
reaction kinetics with CFD simulations [54]. A more recent attempt to combine
CAPE-OPEN with semantic technology was made by Tolksdorf et al. [30] who
introduced User-Defined Language Specificators (UDLS), based on the metadata
standard for equations MathML [55], to support automated code generation.

2.2 EngMeta and Metadata4Ing

Within the project DIPL-ING, a metadata model for Engineering Metadata
(EngMeta) was developed on the basis of requirements and use cases from ther-
modynamics and aerodynamics [24, 27]. EngMeta is a hierarchical metadata
model, formalized in XSD, that serves as a convention on semantics in com-
putational engineering [25, 26]; it is data-centric and permits including infor-
mation on the underlying research processes (i.e., the data provenance), which
is crucial to data reusability. Beside process metadata, also technical, descrip-
tive, and subject-specific metadata information from computational engineering
can be stored. EngMeta is based on pre-existing metadata standards such as
CodeMeta [56], DataCite [57], ExptML, and PREMIS [58]. It covers information
on computational engineering research data and processes; e.g., methods with
their parameters, (computational) environments, and tools (hard- and software),
the observed systems/research objects with their components and variables, the
temporal and spatial resolution, and boundary conditions, among other data
and metadata items. Metadata blocks based on EngMeta were integrated into
the data repository of the University of Stuttgart and are widely used to describe
research assets [59].

Figure 1: Classes and relations used to describe a CFD simulation.

EngMeta undergoes a process of continuous improvement and extension and
should therefore be understood as a form of scientific communication follow-
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ing Edwards et al. [60, p. 667] rather than as a finalized outcome or product.
Facilitating the scale-up from the level of a single university to academic ac-
tivities at the national level, EngMeta serves as one of the starting points to
metadata standardization within the German national research data infrastruc-
ture (NFDI) programme, in particular concerning the engineering sciences and
the NFDI4Ing project, aiming at developing a system of ontologies for engi-
neering and high performance computing (referred to as Metadata4Ing and
Metadata4HPC). Within Metadata4Ing, the basic model of EngMeta, cf. Se-
lent et al. [27], is combined with a hierarchical and modular approach. The
main subject-specific building blocks (i.e., Method, Tool, ObjectOfResearch, and
Environment) are specified in more detail with the help of ontology branches;
e.g., Fig. 1 illustrates how the class NumericSimulation and its data and ob-
ject properties can be used to annotate a CFD simulation. Apart from direct
relations between the object of research and methods at a conceptual level, pro-
cessing steps allow to describe specific research processes in a fine-grained way,
specifying information on the employed methods, tools, and environments as
well as input and output assets. This enables the provision of detailed prove-
nance information associated with each research result. Metadata4Ing makes
use of references to pre-existing semantic assets such as the Data Catalog Vo-
cabulary [61] (DCAT), wikidata [62], and schema.org.

2.3 Chemi
al Markup Language

The Chemical Markup Language (CML) is a metadata standard for the chem-
ical sciences, going back to the late 1990s [20], that is formalized as an XML
schema [22]. While it was originally mainly employed to represent chemical
formulas, its scope has in the meantime been generalized, covering computa-
tional chemistry and molecular dynamics simulation in general [21]; its use for
data integration in molecular modelling includes the Simulation Foundry by
Gygli and Pleiss [11]. An extension covering these domains is called CML-
Comp [63] and was developed until 2012. In this branch of CML, information
on the machine configuration and computational environment, control para-
meters, computational methods, thermodynamic properties, and the employed
algorithms can be represented, allowing for a high level of detail, including the
representation of molecules. Another standard that envolved out of CML is
CompChem2 [64], which enriches CML with semantics for computational chem-
istry [65]. Krdzavac et al. [35] use concepts from CompChem2 as the foundation
for OntoCompChem, an ontology for quantum chemistry, which has mainly been
applied to the Gaussian code by its creators so far [35, 36].

The Molecular Simulations Markup Language (MSML) is a variant of CML
adapted to the Molecular Simulation Grid (MoSGrid) platform [29]. Typically,
in a first step, MSML can be used by researchers to document their workflows,
providing a high-level logical (i.e., non-technical) provenance description that is
simulation-code agnostic. MoSGrid then uses this information to generate the
simulation-code specific input data (e.g., job files). After the simulation run,
the MSML document is complemented by parsing the output information, e.g.,
concerning the simulated compounds, the employed force fields and thermo-
dynamic boundary conditions, and the computational environment. Thereby,
MSML takes a role as an information broker for the simulation itself and, beyond
this, for a subsequent metadata-extraction step that transforms all information
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from the MSML document to JSON and registers the data and metadata in
a central repository service. MSML is strongly tied to the MoSGrid platform
for defining workflows and extracting information, where acts as a mediator,
not as the final metadata document itself. The XML schema CSX (Common
Standard for eXchange), cf. Wang et al. [23], is an alternative to CompChem2
and MSML that is based on a similar choice of technology and targets roughly
the same domain of knowledge, i.e., MD simulation and quantum mechanics, at
present mainly for GAMESS.

2.4 Thermodynami
s Markup Language

The Thermodynamics Markup Language (ThermoML), an XML-based hierar-
chical metadata schema following a similar technological approach as EngMeta
or CML, is developed by NIST and endorsed by IUPAC [66] to facilitate the
annotation of thermodynamic data published in journals [67, 68]; so far, prac-
tices supporting the availability of data and metadata in ThermoML XML and
JSON formats have been implemented by five journals: Fluid Phase Equilib.,
Int. J. Thermophys., J. Chem. Eng. Data, J. Chem. Thermodyn., and Ther-
mochim. Acta, i.e., journals covering a significant research output which, as
discussed by Frenkel [69, 70], has been growing by “more than a factor of 2
every 10 years” [70]. The aim of this effort consists in advancing research data
infrastructures such as the NIST/TRC SOURCE data archival system [71], even-
tually yielding a “Global Information System in Thermodynamics” [69, 70]; at
present, the annotated data, including over six million thermodynamic data
points, are ingested into the ThermoData Engine (TDE) expert system at
NIST [72]. By means of the TDE, data can be assessed for mutual consis-
tency [73], and the accessible amount of thermodynamic data permits conduct-
ing comparably complex uncertainty analyses for models, e.g., as applied by
Cheung et al. [74] to phenomenological equations of state. ThermoML has so
far only been used to annotate experimental data; however, the journals Fluid
Phase Equilib. and J. Chem. Eng. Data, both with a strong focus on quanti-
tatively characterizing the behaviour of concrete thermodynamic systems (pre-
viously, experimentally only), have in the meantime expanded their scope to
include molecular modelling and simulation; the other three journals tradition-
ally address both experimental and theoretical methods. From the ThermoML
Archive [75] it is evident that nonetheless, the present implementation of the ap-
proach simply ignores simulation-based data published in these journals: Where
combined experimental and simulation work has been published, the ThermoML
annotation covers the experimental data only; for articles that exclusively report
on molecular modelling and simulation, no XML and JSON files are generated
at all. Revising ThermoML and appropriately adjusting editorial policies might
provide the community with a substantial corpus of published molecular sim-
ulation results annotated in ThermoML and, thereby, advance efforts toward
coherently integrating experimental and simulation data in research data in-
frastructures. Alternatively, European funded repositories could take over the
NIST data and supplement them by simulation results; for this purpose, the
NOMAD centre of exellence could be a promising candidate [76].
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2.5 MODA-OSMO provenan
e des
riptions

Interoperability between data and simulation tools, including thermodynamic
property and model databases, data analysis software, and LIMS/ELN systems,
and solvers for materials modelling at different granularity levels, is a significant
challenge for implementing multiphysics approaches that rely on complex data
processing and simulation workflows [77]. Additionally, including in the analysis
a business-relevant data component increases the complexity of the problem, in
particular by connecting modelling and simulation to decision-making in materi-
als design and the application of new functional materials in industry. Moreover,
the interdisciplinarity of the problem requires the collaboration of multiple sci-
entific or industrial communities participating in the development of new prod-
ucts. Usually, these communities rely on their own terminologies that deviate
from each other. Hence, there is a strong need for standardization of model and
provenance descriptions and for the development of translation services for in-
dustry, so that partners from industry and academia can exchange information
reliably. An initial effort in this direction has been undertaken by the European
Materials Modelling Council (EMMC ASBL), which created a set of recommen-
dations concerning good practices in materials modelling translation [41, 78]
as well as business decision support systems (BDSS), cf. Dykeman et al. [79];
as a prerequisite for these developments, the EMMC coordinated efforts that
led to a CEN Workshop Agreement (CWA 17284) on modelling terminology,
classification, and metadata for materials modelling [15]; this CWA provides
a standardized template for describing materials modelling data (i.e., MODA),
accounting for multiphysics approaches in terms of a uniform vocabulary [14, 15].

MODA serves as an instrument for documenting complex modelling and
simulation approaches; MODA provenance descriptions facilitate the provision
of metadata concerning the general modelling workflow, specifying qualitatively
in what way multiple models, solvers, and data-processing operations are com-
bined in order to obtain the final simulation outcome. At present, MODA is used
mainly within the EMMC community, including many projects from the LEIT
NMBP part of the EU’s Horizon 2020 research and innovation programme [80].
MODA contains a use-case description that is separate and independent of any
modelling information, allowing benchmarking of different simulation and ex-
perimental approaches [15]. In combination with the use-case description and
a general overview, a materials simulation is described at a logical level, i.e., it
is stated between what elements of a workflow there is a transfer of informa-
tion. This graphical representation is targeted at human readers and aims to
support them at understanding the basic reasoning underlying the implemented
approach; for a set of examples, the reader is referred to de Baas [14]. Beyond
the CWA, the MODA metadata schema has in the meantime been extended
to cover BDSS and bespoke model design for specific business cases [79]. An
ontologization of these standards is provided by two components of the VIMMP
system of domain ontologies [28, 42]: The Ontology for Simulation, Modelling,
and Optimization [12] (OSMO) in combination with the Materials Modelling
Translation Ontology [41] (MMTO). In this way, data annotated according to
MODA [15], the ETCT [16, 17], and the EMMC Translators’ Guide [78] can be
integrated into a semantic-web framework.

Sections constitute the basic elements of a MODA-OSMO workflow. They
can be of the following types:
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• A simulation overview (summary, rationale, access conditions, etc.), cor-
responding to a MODA cover sheet.

• An application case describes the real phenomenon under consideration;
this can be a use case (following MODA), referring to a simulated physical
system, or a business, industrial, or translation case (following the ETCT).

• A materials model represents a physical entity by similarity and through
a mathematical formalism, constituted by its governing equations (GEs);
following de Baas [14], depending on the way in which the considered
physical system is represented, a model is categorized as being at the
electronic, atomistic, mesoscopic, or continuum granularity level.

• A solver provides a computational representation for the GEs and is em-
ployed to solve these equations numerically. Its scope is strictly limited to
the GEs and the variables explicitly occurring in these equations.

• A processor represents any software carrying out computational operations
that go beyond solving the GEs of a model. Usually, a simulation code
plays the role of a solver and a processor; these roles are split in the logical
workflow representation. OSMO distinguishes preprocessors (run before
a simulation), coupled processors (synchronous with it), postprocessors
(succeeding it), and data processors (independent of solver execution).

Metadata associated with these sections according to MODA (and the ETCT,
respectively, in the case of business, industrial, and translation cases) are re-
ferred to as their aspects. Concepts and relations from OSMO and the MMTO
cover a) sections and their aspects, b) coupling and linking of sections within a
workflow, and c) the exchanged logical variables and key performance indicators
(KPIs); in particular, every MODA workflow description has a canonical map-
ping into OSMO, which thereby functions as the ontology version of MODA.
The logical data transfer (LDT) representation of workflows associated with
OSMO includes a graphical notation that eliminates ambiguities, present in the
graphical notation from MODA, concerning the precise way in which multi-
ple elements are connected [12]. More detailed illustrations of OSMO and the
MMTO are to be found in previous work [12, 28, 41, 81].

2.6 European Materials and Modelling Ontology

The EMMO is a community effort towards unifying the nomenclature within
the materials science field that is led by the European Materials Modelling
Council and applied in various EU projects (VIMMP, MarketPlace, H2020 DT-
NMBP-09-2018 projects, etc. [80]). As a top-middle-level ontology, the EMMO
provides a common semantic framework for representing the complex and mul-
tidisciplinary domain of materials science (including materials, models, charac-
terization, and data) with the possibility of addressing any domain of knowledge
within the applied sciences [43, 44, 45]. Its foundations in physical sciences, an-
alytical philosophy (i.e., mereotopology and semiotics [43, 82, 83, 84, 85, 86])
as well as information and communication technologies offer a representational
approach to describing the real physical world and ultimately facilitate data in-
tegration and interoperability. The EMMO framework is structured into levels
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– the top, middle, and domain levels – that consist of modules describing funda-
mental concepts (at the top) followed by generic cross-domain concepts (middle)
down to application-specific representations (domain). At its middle level, the
EMMO provides different options to categorize real-world objects through mul-
tiple perspectives, cf. Fig. 2, that are used as a root for the development of
EMMO-compliant domain ontologies [28, 44]:

• The Reductionistic perspective provides classes, relationships, and axioms
to describe real-world objects by a hierarchy of direct parts (temporal and
spatial) down to its fundamental elementary level. This strict hierarchy
of parts is achieved through non-transitive direct parthood relations.

• The Holistic perspective enables the description of objects as a whole. This
perspective supports describing processes in terms of their participants. In
particular, this is applied to represent a semiotic process (i.e., a semiosis)
following the theory by Charles S. Peirce [82, 84]; accordingly, a semiosis
is an elementary cognitive process that involves a sign, an object, and
an interpretant [45, 82, 86]. In the EMMO, semiosis is fundamental to
describing models, formal languages, and properties, including thermo-
dynamic and mechanical properties of physical systems [43, 45].

• The Perceptual perspective concerns symbolic objects; it provides a con-
ceptualization of formal languages, pictures, geometry, and mathematics.

• The Physicalistic perspective represents real-world objects based on applied
physics. This branch categorizes the physical objects into matter, fields,
and elementary particles following the standard model of particle physics.

Combining multiple EMMO perspectives can facilitate bridging the gap between
different domains [44, 86, 87, 88, 89].

Figure 2: EMMO perspectives (from Ghedini et al. [45]).

3 Dis
ussion and 
on
lusion

The ongoing and pre-existing work discussed above shows that, on the one
hand, metadata standardization and interoperability are of great concern to de-
velopers, and that both developers and users in materials modelling increasingly
prioritize adherence to the FAIR principles in dealing with data; this reflects
trends in scientific research and development at large. On the other hand,
the existing approaches to data technology in materials modelling are poorly
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integrated or aligned with each other so far, and there is little common under-
standing of best and good practices (even “FAIR” is typically only used as a
fashionable label), while promises and expectations associated with ontologies
and semantic interoperability are often exaggerated irresponsibly. All this is
characteristic of technology uptake in its early stages, particularly when there
is a hype surrounding it. To suggest a way forward based on this assessment of
the situation, we recommend to focus on five lines of development as a priority
for realizing FAIR data management at the domain-specific level. We thereby
limit ourselves to domains of knowledge that involve modelling and simulation.
The recommended strategy can be summarized as follows:

(D) Diversification

Interoperability is only present to the extent that different approaches and
solutions are combined with each other. Despite obverse claims, the widespread
tendency among developers to say that their specific platform or tool will inte-
grate all that exists in the field does not endorse, but counteract interoperability;
“everybody will be using X in the future” not only aims at a situation where in-
teroperability is not needed and therefore absent, it also creates conflict rather
than cooperation in the predictable case of there being multiple X’s. Beside
addressing semantic heterogeneity as such, which can be done by implementing
existing alignment techniques [90, 91, 92], the main perspective for advancing
interoperability consists in technological diversification, since metadata stan-
dards that are given as interface specifications (Section 2.1), hierarchical XML
schemas (Sections 2.2 to 2.4), and ontologies (Sections 2.5 and 2.6) represent
different paradigms that need to be reconciled with each other [19] to prop-
erly communicate information on materials and processes. This includes the
problem of specifying non-heuristic, canonical ways of eliminating cycles from
knowledge graphs to obtain a tree-like structure that can be given a hierarchical
representation [28, Chapter 5].

(O) Observation

The annotation of data must occur where the data are generated: In actual
research practice. However, in metadata standardization efforts, the observation
of research practices too often limits itself to “doing a survey,” i.e., encouraging
or requesting prospective users to fill in a multitude of complicated forms. This
cannot replace listening and actual engagement. We suggest to proceed to
more interactive forms of community involvement, e.g., as outlined in previous
work [24]. As an outcome, agreed semantics and pragmatics must go hand in
hand, such that user rights and roles as well as good (or minimally required)
and best practices are specified, facilitating pragmatic interoperability [41, 93].

(R) Realistic objectives

Ontology engineering is among the fields that have in recent years been sur-
rounded by a considerable hype, though to a lesser extent than other fields such
as quantum computing or artificial intelligence which, however, is often taken
to include automated reasoning and knowledge representation. In such situa-
tions, it is common for people who are superficially acquainted with a certain
technology (including, but not limited to politicians) to formulate exaggerated
expectations of what can be immediately accomplished to improve certain sys-
tems or entire industries. It is the responsibility of practitioners to correct them;
nobody else can do it. Where a call for proposals is formulated along the lines
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of “apply for the sum of money X for a project that will reduce the cost of the
industrial process Y by a factor Z,” the relation between X, Y, and Z needs to
be appropriate. It should not be wildly unrealistic; otherwise, project consortia
will be encouraged to fuel the hype. In the worst case, this will even promote un-
academic behaviour. We refrain from giving concrete examples, since this is not
intended as a criticism of any institution or organization (or even any particular
project or person), and doing justice to the topic would require a dedicated
work of its own. This is a common challenge to technological innovation that
has historically affected many new disciplines; it either ends in disappointment
or, if practitioners succeed at educating decision makers and potential users, in
a successful technology uptake. Under the presently predominant paradigm of
organizing research work, this challenge is further exacerbated by the fact that
according to conventional practices of project management, the desired out-
comes are specified in advance – sometimes down to the level of detailed KPIs.
That makes it even more important for such objectives to be actually realistic.

(I) Incentivization

Incentives must be in place for researchers to provide citable software [94, 95,
96] and citable open data [97]. This requires a revision of the system of metrics
by which academics are evaluated, where the Hirsch index and the total number
of journal-article citations are presently of major importance, whereas other
modes of propagating research outcomes do not count; this creates a situation
where authors are indirectly discouraged from making data and software citable
in any other way than by referencing a journal article. We further refer to
Mons [97] for an analysis of challenges related to incentivizing open data and to
Katz et al. [96] for a discussion of Software Citation Implementation Challenges.

(C) Co-design

To ensure that the bulk of the research output in molecular and multiscale
modelling and simulation is appropriately annotated and made available to all
through an ingest into FAIR research data infrastructures, it is essential for
solver development to go hand in hand with the development of the targeted
digital platforms. Since many different solvers produce data that need to be
processed by many digital infrastructures, this is a n:n communication prob-
lem that requires genuine interoperability, both at the semantic and at the
technical level. As Gygli and Pleiss [11] observe, interoperability in molecular
modelling and simulation can only be achieved when simulation deployment is
linked to automated annotation in accordance with metadata standards that
enjoy widespread recognition. The required co-design of data technology and
simulation technology can be mediated by a workflow management system that
ensures technical interoperability with respect to multiple solvers and process-
ing elements, while ensuring semantic interoperability in its interactions with
digital platforms. In this respect, best practice in the field is represented by
SimPhoNy [10], a workflow management system that is co-designed with the
EMMO through EMMO-CUDS, a semantic data structure; other promising de-
velopments include AiiDA [8, 13], from which provenance descriptions can be
obtained [9, 13], and the Salome/YACS workflow management system [7] which
is connected to the VIMMP ontologies by an XSD-based common data model.

These five recommendations or principles, the DORIC principles, are pro-
posed to the community for a thorough critique and discussion at the DORIC-
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MM 2021 workshop so that they can become a part of the associated Onto-
Commons project deliverable. Where appropriate, we suggest that they be
implemented into work programmes of EMMC and RDA task groups as well as
collaborative projects, e.g., within Horizon Europe.1
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Recent advances in computational and experimental technologies applied to the design and develop-
ment of novel materials have brought out the need for systematic, rational and efficient methods for
the organization of knowledge in the field. In this work, we present the initial steps carried out in the
development of MAMBO - an ontology focused on the organization of concepts and knowledge in
the field of materials based on molecules and targeted to applications. Our approach is guided by the
needs of the communities involved in the development of novel molecular materials with functional
properties at the nanoscale. As such, MAMBO aims at bridging the gaps of ongoing efforts in the
development of ontologies in the materials science domain. By extending current work in the field,
the modular nature of MAMBO also allows straightforward extension of concepts and relations to
neighboring domains. Our work is expected to enable the systematic integration of computational
and experimental data in specific domains of interest (nanomaterials, molecular materials, organic
an polymeric materials, supramolecular and bio-organic systems, etc.). Moreover, MAMBO can be
applied to the development of data-driven integrated predictive frameworks for the design of novel
materials with tailored functional properties.

Keywords: Ontology; Materials Science; Nanomaterials; Molecular Materials; Knowledge Rep-
resentation; Machine Learning

1 Introduction

The progress of several relevant fields in science and technology is often related to the design and de-
velopment of novel materials. Accordingly, advancements in the materials development domain are
considered key enablers for innovation in application fields of great technological and socio-economic
relevance[1]. Recent developments of data-centric technologies have empowered significant progress in
a very broad range of application sectors[2, 3]. As for many other fields, these advancements have had a
significant impact also on research and innovation for materials[4, 5, 6].
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This trend has also been boosted by the outstanding breakthroughs in multiscale materials modelling
and in applied data-intensive approaches[7, 8]. In particular, advances in high-performance and high-
throughput computing (HPC/HTC) and data-driven technologies, including artificial intelligence, have
further accelerated the process.
The approaches currently pursued by the community involved in the process of design and development
of materials leverage the integration of both computational and experimental methods. Computational
techniques in the materials development domain cover a broad range of methods and approaches, from
electronic structure calculations to continuum (full-scale) simulations[9]. Multi-scale techniques are
generally applied to bridge the knowledge about materials across a wide range of spatial and temporal
scales. From the experimental point of view, a huge variety of methodologies is commonly used to gather
information about materials throughout the development process. These approaches lead typically to a
very large amount of unstructured and uncorrelated information on materials.
The tremendous increase of the growth rate of data related to materials development has therefore led to
the need for an organization and structuration in the field. Moreover, the application of FAIR (Findable,
Accessible, Interoperable, Reusable) concepts to data that are relevant to the domain of materials devel-
opment will trigger new paradigms[10]. Recent work has demonstrated the relevance of FAIR principles
for the automatic retrieval of information or extraction of knowledge from materials data. These efforts
are expected to put forward cutting-edge and efficient technologies for using/reusing data on materials
and to support the development of data-centric predictive models for innovation[11, 12].
Ontologies constitute a valuable and powerful tool to address the issues related to the organization of
knowledge within a given domain. Although still in its early stages, the development and application of
ontologies in the materials domain is already displaying the tremendous potential of this approach[13,
14]. In consequence of this emerging interest, recent research and cooperation activities have addressed
the development of ontologies targeted to materials. Cooperative efforts in the development of ontologies
and semantic technologies for materials are expected to enable the implementation of efficient platforms
for the organization of materials data or the realization of complex workflows in the research and in-
novation process[15]. These steps can be considered key enablers for the digitalisation of the materials
development process at several levels.
A significant amount of work focused on the development of top- and middle-level ontologies for mate-
rials. The most relevant contribution to the field has been provided by the development of the European
Materials Modelling Ontology (EMMO)[16], which is still in progress. Beside that, domain ontologies
for specific use cases related to materials also began to be developed[17]. Indeed, the broad scope of
the research on materials requires an extensive work covering a manifold of different aspects and knowl-
edge. In this context, recent work has addressed specific application domains, such as simulations of
crystalline materials or single-molecule systems[17, 5, 18]. However, attempts in the organization of
knowledge focused on materials where aggregation properties at the molecular level are relevant seem to
still be lacking.
In this work, we introduce MAMBO - the Materials and Molecules Basic Ontology. MAMBO is focused
on concepts and relations emerging on materials where the relationship between individual molecules and
molecular aggregation is relevant to the properties of the system. This is the case, for example, of molec-
ular materials, nanomaterials, supramolecular materials, molecular thin-films and other similar systems
of interest. These materials play a crucial role in several application fields and technologies, includ-
ing organic electronics and optoelectronics (OLEDs, organic thin-film transistors), organic and hybrid
photovoltaics (organic and perovskite solar cells), bioelectronics (neural and brain interfaces), molecular
biomaterials, and several others.
In an essentially modular structure, MAMBO can easily be extended to cover other aspects of the do-
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main considered (for example, introducing new computational methods for molecular materials) or to
neighboring domains. Concepts and relations introduced in MAMBO could also possibly be used to
develop new ontologies for modelling specific tasks, integrating them with top-level ontologies in or-
der to provide full-level interoperability between different applications and computational methods. The
development of MAMBO can lead to efficient tools for retrieving and analysing computational and exper-
imental information in the development of materials based on molecular systems. Moreover, MAMBO
can provide the basis for the implementation of data-driven technologies and workflows, for example
based on machine learning, for the design and development of novel functional materials.

2 Related Work

Previous work has focused on the development of ontologies in the materials domain, focusing on differ-
ent aspects of the problem and at different levels of details. As stated before, EMMO constitutes one of
the most significant efforts in the field. EMMO aims at developing a general ontology for materials and
modelling[19]. Other ontologies related to MAMBO address more specialized sub-topics in the domain
of materials. ChEBI (Chemical Entities of Biological Interest) is an ontology focused mostly on chem-
ical systems[18] . Despite the very focused scope, several concepts introduced in ChEBI can be related
to the domain covered by MAMBO. A very recent effort led to the Materials Design Ontology (MDO),
which defines concepts and relations to cover knowledge in the field of materials design and especially
in solid-state physics[17]. Moreover, other ontologies developed in the framework of digitalisation and
virtualisation can be related to MAMBO. These include OSMO (ontology for simulation, modelling, and
optimization), and ontologies developed within the European project VIMMP (Virtual Materials Market-
place Project)[15, 20]. In addition, MAMBO also aims at connecting with other efforts focused on the
development of materials databases (OPTIMADE, NOMAD)[21, 22, 12].

3 Typical application scenarios

The application scenarios addressed by MAMBO focus on frameworks occurring in the development of
the class of molecular materials and related systems. The main application scenarios we have selected,
stemming from potential use cases, are:

• The retrieval of structured information from databases on molecular materials.

• The definition of complex workflows for the modelling of systems based on molecular materials.
These scenarios were defined on the basis of the analysis of current work in the field of ontology develop-
ment in the materials science domain and discussions with domain experts. For example, MAMBO will
enable semantic searches in databases on multi-scale modelling and characterization data on OLEDs[23,
24]. Here, data can include information about the basic chemico-physical entities constituting parts of
the active systems (for example molecules, polymers, etc.), aggregated systems and full-scale devices.
In other applications, MAMBO can be used to model the steps of a complex computational workflow
which addresses a specific scientific/technological problem in the framework of molecular materials. For
example, the modelled workflows can lead to the implementation of efficient computational approaches
for the screening of properties of a given class of molecular systems. The data obtained by simulations
can further be used to implement predictive data-driven models, for example for designing novel materi-
als. The semantic interoperability provided by MAMBO will enable the integration between simulation
data, possible integration with data stemming from other sources (experiments, characterization, etc.)
and the application of data-centric approaches.
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4 Basic principles, development process and methods

MAMBO was designed and developed to address the challenges in material science we have highlighted.
We started with in-depth discussions and meetings between the MAMBO development team and domain
experts to define a set of possible application scenarios and use cases. These steps led us to the definition
of:

• A set of competency questions, that is a set of typical questions for which the information in
MAMBO should provide answers.

• A set of typical tasks, which will be supported by the MAMBO ontology.

• A set of typical use cases, as in the examples outlined above.

Due to the peculiar nature of the typical development approaches pursued in the considered application
area, we modelled the main concepts of the ontology associating them to specific problem solving meth-
ods (PSMs)[25]. PSMs can be used to define operations to be performed to accomplish a given goal,
related to a task. According to standard PSMs development approaches, complex tasks, defined by spe-
cific use-cases, were decomposed into subtasks. In each task and subtask, the required set of pre- and
post-conditions was also defined. This approach helped us to individuate relevant terms and connections
between concepts in the considered application scenarios and use cases. A wide set of different tech-
niques was used, aimed at catching relevant terms and concepts on the basis of the textual content of the
discussions. In this way, we have individuated an initial set of terms to be used as a ground basis for
MAMBO.
We interviewed experts in many different sub-domains of the general fields related to the main MAMBO
topics (researchers and professionals working in the field of molecular and nanostructured materials and
their applications). The collection of information involved asking the experts a general description of
their research work, also identifying the most crucial terms and concepts without which they are unable
to describe or define their activities. This step allowed us to identify the main common concepts used
and to annotate an initial list of relevant terms. An initial group of 5 experts was initially involved with
in-depth interview taking place over the course of several days. This work is still in progress, involving
a much larger group of experts. Namely, about 80 experts have been contacted for a survey to be used in
the next development stage. From the terms obtained in these first steps, an initial representation of the
concepts and relations was drafted. In more detail, a “hybrid” approach (bottom-up and top-down) was
used, to better represent the different nature of concepts involved in the development of the MAMBO
ontology. A tentative set of relationships among terms was initially built and adjusted iteratively. Further
details about the development process of MAMBO will be provided in a future work.

AMB

4.1 Integration with other ontologies

Beside the interaction with domain experts and knowledge engineers, one of the steps considered in the
development of MAMBO concerns the possible integration with other ontologies. The integration will
also involve reuse of concepts and terms from other ontologies. In particular, the specific domain of
application of MAMBO suggests connections with the following ontologies:

• EMMO - a reference ontology with possibile links at the upper level

• ChEBI - connections with MAMBO on concepts related to individual molecules
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• MDO - integration between crystalline (typically inorganic) systems and molecular (organic) ma-
terials.

To approach this problem, we started a conceptualization process based on the efforts made in the devel-
opment of these ontologies and, when needed, we partly redefined some of the concepts on the basis of
the specific target domain. We stress that, at the current stage of development, we are focusing on the
conceptualization of entities and relationships in the domain of interest, trying to capture relevant con-
cepts in a very complex field. The full formalization of MAMBO will follow this step, and will be the
subject of a forthcoming paper. Acoordingly, the formalization of the integration with other ontologies
and of the reuse in terms of concepts and relationships in MAMBO is still in progress.

5 Realization of MAMBO

To address the design principles outlined above, we started the design of MAMBO with an essentially
modular structure in mind. According to this set-up, we defined a set of core concepts and basic rela-
tionships, which are connected to other lower-level hierarchies, as it will be shown below.

5.1 Main concepts defined in MAMBO

The basic initial structure of MAMBO provides a generalisation of terms and relationships emerged
throughout the development process. The main concepts will be represented by classes in the formalized
ontology. In a nutshell, the output of this process is the identification of the MAMBO “entities” (more
specifically, materials entities), which are the objects of our investigations and can have a structure and/or
a property. Structure and Material Property1 can therefore be defined as concepts related to the main
class Material. Other relevant concepts are Calculation and Measurement. The scheme of the main
concepts defined in MAMBO is shown in Fig. 1.

5.2 Drafting the ”Structure” class

As an example of the strategy pursued in the development of MAMBO, we briefly discuss the initial draft
of the Structure class. Some of the concepts and relationships identified are shown in Fig. 2. This
schema aims at providing a semantic asset for the organisation of knowledge concerning the structure of
systems based on molecular materials. Generally speaking, the Structure class relates to the structural
property (in 3D space and time) of an object (Material) that can be measured and/or simulated. In
the context of molecular materials, we found it useful to consider a structure as made by “structural
entities”, which can have different features. A structural entity can be a molecular system (for example,
a molecule), a molecular structural unit (for example, a functional group/subgroup), a particle or an atom.
On the basis of these definitions and of the analysis performed in the previous steps, we started to define
lower-level concepts and attributes. In particular, our effort aims at generalising and extending some of
the cases considered in other similar ontologies. For example, the position in space of a molecular system
can be defined through the concept of “orientation”, which can have a rotation matrix or a quaternion
vector as properties defining the actual molecular orientation. The Structure class can have properties
that are related to the object (simulated or measured) as a whole, for example defining the periodicity of
the system. Clearly, in Fig. 2 only a subset of the full set of required concepts and relationships is shown.

1It must be noted that Material Property should not be intended as a concept taken from particular ontology languages
but it is a proprietary definition of MAMBO, opt to represent the concept of ”property” in the chemical/materials science realm.
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Figure 1: Core concepts of MAMBO: the ontology revolves around the concepts of Material, Calcu-
lation and Measurement. An object (Material) is represented by its structural features and properties,
while Computational and experimental (Measurement) workflows are connected through a common
interface to Material Property.

Initial instantiation tests on different use cases provided encouraging results. For example, let us consider
the case of a simulation workflow involving a liposome in a water solution. One of the main objects of
our investigation will be the liposome structure, which can be considered as a particular shape of a lipid
bilayer. Therefore, the liposome will be the instance of the Structure class. The particular phospholipid
constituting the liposome bilayer (for example, dipalmitoylphosphatidylcholine or DPPC) will be an
instance of the Molecular System class. A phosphate group is a possible instance of Structural
Unit. Information about this class can for example be useful in some simulation methods (molecular
dynamics, etc.). A phosphorus atom can be an instance of the Atom class. In the same example, the
water solution surrounding the liposome (and contained within the liposome cavity) can be considered
as another instance of the Structure class. The analysis of use cases is currently in progress to extend
the scope of the Structure class and of other classes shown in Fig. 1.

5.3 Drafting the ”Property”, ”Measurement” and ”Calculation” classes

We then proceeded defining the bigger picture, focusing in particular on three classes, Property, Measurement
and Calculation, investigating their mutual relationships. These three classes are deeply linked: the
latter two act as a middle ground that let us treat experimental and computational results in all their
specificity, merging then the results into Property. This allow us to convey the general characteristics
(i.e. both computationally and experimentally accessible) of a system into the more general Property
class, while keeping more specific attributes in the Measurement and Calculation classes. In turn,
Measurement and Calculation classes are connected to a specific class for their corresponding method
(Experimental Method and Computational Method, respectively) which represent the set of differ-
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Figure 2: Draft scheme of the Structure class. The main concepts and relationships used in the Struc-
ture class are related to the analysis of actual workflows emerging from typical problem solving tasks
involving molecular materials. Terms and relationships are connected to both computational and experi-
mental techniques and methods.

ent methodologies and their respective parameters.
These relationships are represented in Fig. 3 and Fig. 4.

5.4 Formalization and implementation procedures

Current steps in the development of MAMBO concern the initial formalisation of relationships between
concepts. This strategy is initially applied to the classes shown in Fig. 1, and progressively extended to
include a more structured representation. To this end, we used the OWL 2 language[26], while we are
evaluating the possibility of re-implementing MAMBO with the OWLReady framework and library[27].
At the moment, we are using the RDF/XML syntax. First of all, we drew the informal representation
of a module of the ontology, trying to define the relationships between different concepts and trying to
identify the main properties of each class and subclass. This step also involved extracting the main hierar-
chical relationships between classes, identified according to the hybrid (top-down/bottom-up) approach
mentioned above. Once we reached a results that we felt to be consistent, we then shifted to the formal
implementation in OWL to see if the proposed schema can be effectively modelled in a formal way. In
this initial implementation stage, we applied OWL constructs to define the relationships between classes.
Moreover, instantiation tests allowed us to validate the relationships between the defined classes. As
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Figure 3: Scheme of the Material Property class. This class is mainly described by name and
value attributes. The Material Property class is also symmetrically linked to Measurement and
Calculation classes.

Figure 4: Scheme of the Measurement and Calculation classes. They both have their respective
”method” class (Experimental Method and Computational Method, respectively) which lead to the
different experimental and computational methods, while gathering their parameters.

expected, our reasoning turned out to be slightly imperfect but the conceptual structure of the actual im-
plementation was almost identical to that of the informal scheme. In particular, we used the WebProtégé
editor[28] for editing the project interactively and collaboratively.
At the time of this writing, we implemented a testing version of the Core and Structure hierarchies
shown in Fig. 1 and Fig. 2, respectively. However, we stress that the formal implementation of MAMBO
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is still at its early stages, and the relationships and classes shown in the aforementioned Figures are sus-
ceptible to changes. Also, we are currently setting up a consistent naming standard, able to support and
express the semantic relationships involved in the ontology modelling. An initial version of the MAMBO
ontology is available on GitHub2.

6 Future steps

The development of MAMBO is still in progress and will require several additional steps. As mentioned
above, we are currently working at the formalization and implementation of the basic structure of the
ontology, encoding the main concepts and hierarchies. This initial implementation step will also guide
us in defining a set of useful relationships between classes. These relationships will possibly be reused
for other hierarchies in MAMBO. This work will also allow us to assess the possibilities offered by
different implementation strategies. Another development step will concern the extension of MAMBO
to cover specialized domain areas. This extension process will be focused on the classes shown in Fig.
1. One of the ambitions of MAMBO is to organize in a comprehensive formal way the computational
and experimental knowledge emerging from research on molecular materials. As such, MAMBO will
target a broad range of concepts and relationships in the domain, ranging from multiscale computational
methods to experimental characterization of the specific class of materials considered. Tho address
this general goal, however, we plan to reuse concepts and terms from other ontologies, defining new
relationships targeted to the specific use cases and tasks in a functional way. Finally, we will carry out
a thorough evaluation of MAMBO, targeted especially to the assessment of the performance in terms of
tasks defined by specific use-cases.

7 Conclusions

In summary, we introduced MAMBO - an ontology focused on the representation of the terminological
knowledge relevant for applications and computational processes involving materials based on molecules
and similar systems. The knowledge modelled in the proposed ontology relates to both computational
and experimental information about molecular materials and related systems, providing a fully interop-
erable platform. The ambition of MAMBO is also to model a broad range of concepts and relationships
of common use in the field. These include for example methods and approaches involved in the multi-
scale modelling of molecular materials. Treating empirical and computational information on materials
on the same footing will also enable a full integration of data. Beside the realization of a platform for
the organization of pre-evaluated data, MAMBO will also find application in the definition of compu-
tational, experimental or integrated workflows targeted to specific tasks. The approach pursued in the
development of MAMBO will allow the extension of the semantic asset towards other similar fields of
interest in the domain of molecular materials. Moreover, the concepts and relationships defined within
MAMBO can also be structured in the framework of other top-level ontologies. Although still in an early
development stage, our initial assessment and instantiation tests demonstrate the potential of MAMBO in
the specific field of molecular materials and nanostructures. Work is in progress to implement the formal
structure of MAMBO, to extend the scope of classes and to test performance and use in applications.

2https://github.com/egolep/MAMBO
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Abstract. Supply Chain Management (SCM) involves coordinating and integrating material, 

information and money flows, both within and across several companies. The information 

associated with these flows is perceived differently by distinct companies, raising semantics-

related problems. Industry 4.0 and the Digital Supply Chain initiative request a seamless 

integration. This implies achieving technical, syntactic, semantic and organizational 

interoperability. For several years, ontologies have been considered the key technology to achieve 

semantic integration. Therefore, this contribution presents SCOPRO, which is the main module of 

SCONTO, supply chain ontology. SCOPRO is an ontology that formally describes a supply chain 

(SC) at various abstraction levels, by specifying its associated business processes based on the 

SCOR de facto standard and by sharing a precise meaning of the information exchanged among 

the many stakeholders involved in the SC. 

Keywords: SCOR model, Supply Chain, Ontology, Interoperability 

 

1. Introduction 

To efficiently operate a Supply Chain (SC), all its participants (suppliers, manufacturers, distributors, customers, 

third and fourth party logistics) must have an enhanced and common understanding of it. Reaching a shared 

vocabulary allows SC partners to communicate more efficiently, achieving a genuine integration of the activities 

executed by the different actors. This challenge has motivated several research efforts that addressed the 

development of models in two different directions. One of them has proposed models that describe the elements 

and processes associated with a supply chain. The other one has tackled specific SC integration problems.   

Despite several models exist, the only de facto standard is the Supply Chain Operations Reference (SCOR) model 

(Supply-chain Council, 2012).  It is a good starting point for communication among SC stakeholders because it 

provides slender modeling of business processes. However, neither the syntax nor the semantics of SCOR are well 

defined. In addition, resources and their relationships with processes are not explicitly captured. Therefore, the 

formalization of SCOR becomes a requirement for a more comprehensive usage of the model (Böhm et al. 2008). 

In the last decades, ontologies appear as a tool to reach a semantic agreement. According to Gruber (1993), an 

ontology is a formal, explicit specification of a shared conceptualization. It captures the knowledge accepted by a 

community about a specific domain. In general, ontologies are expressed using not ambiguous and formal 

languages. Such formality allows a computer to interpret them and infer new knowledge.  

After the rise of the Semantic Web, several SC ontologies implemented with these technologies appeared (Grubic 

and Fan, 2010). Some use linked data principles to represent traceability-specific domain knowledge in supply 

chains (Solanki and Brewster, 2016), as well as to improve and facilitate knowledge management among SC 

partners (Rodríguez-Enríquez et al., 2015). Other proposals formalize the SCOR model using OWL (Ontology Web 

Language), but in a partial fashion. Ontologies have been developed to support the knowledge management of 

supply chain operation (Zdravkovic et al., 2010), the alignment of strategic knowledge (Sakka et al., 2011), the 

modeling of processes (Grubic et al., 2011), or the simulation of SC processes (Fayez et al., 2005). In addition, 

there are proposals with the aim of describing SC partners and their relationships (Chi 2010), managing product 

data flows in the SC (Lu et al., 2013), and providing a core vocabulary for logistics. To infer or validate knowledge, 

some authors add rules and queries using SWRL (Semantic Web Rule Language) and SPARQL to their ontologies. 

Leukel and Sugumaran (2013) focus on the development of SWRL rules for the correct construction of threads, 

based on the articulation of SCOR's “Make”, “Source” and “Deliver” processes. In turn, Petersen et al. (2016) 

propose the SCORVoc lightweight ontology, which provides a set of SPARQL queries that enable the evaluation 

of metrics and key performance indicators (KPIs) defined by SCOR. 

In conclusion, several contributions whose aim is SC modeling exist, but none is complete and expressive enough 

to represent all the SC related concepts, such as its structure, involved organizations, business processes, resources 

and the roles they play in each process, as well as SC performance measurement and benchmarking notions. In 

addition, the existing proposals lack a semantic well-defined domain vocabulary. In consequence, there is a need to 

provide more comprehensive and formal definitions of the SC domain and its performance 

measurement/benchmarking concepts. This will lead to a common understanding of the field, as well as a proper 

interpretation of the shared information. 

This proposal aims at contributing towards the formalization of the SC domain. The goal of this paper is to present 

SCOPRO, a SC sub-ontology, which is part of SCONTO, a comprehensive ontology based on the SCOR model. In 
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the next section, SCONTO is concisely described to give place to a more detailed presentation of SCOPRO. Section 

3 briefly illustrates SCOPRO´s application to a case study and Section 4 describes its evaluation from structural, 

content, consistency, and complexity perspectives. In section 5, conclusions are drawn. 

 

2. Supply Chain Ontology (SCONTO)  

The Supply Chain ONTOlogy (SCONTO) aims at describing supply chains having different features through a 

generic vocabulary. SCONTO is organized in three complementary sub-ontologies: SC processes (SCOPRO), 

performance evaluation (SCOBE) and benchmarking (SCOME), which are shown in Fig. 1. Despite its generality, 

SCONTO can be specialized to include more specific concepts. A similar approach has been followed regarding 

SC performance evaluation and benchmarking. The proposed ontology specifies the necessary terms to define an 

evaluation system that provides a common understanding to all the SC participants. Although SCONTO is defined 

in terms of the three modules mentioned above, this article focuses on the first one.  

SCOPRO specifies the main concepts that are needed to capture the essence of a supply chain by formalizing and 

extending the SCOR reference model (Supply Chain Council, 2012). SCOPRO includes the basic terms that 

represent the SC structure, its processes and associated resources, the resource roles, as well as the relations among 

these concepts. In addition, SCOPRO makes explicit the organizational units that participate in a SC, their 

organizational components and roles, as well as the way these units are linked to processes. 

An ad-hoc methodology based on well accepted principles has been proposed for the development of SCONTO. It 

has the following main stages: 

1. Requirements specification; this stage identifies the scope and purpose of the ontology.  

2. Conceptualization; which organizes and converts an informally perceived view of the domain into a semi-

formal specification using UML diagrams and OCL specifications.  

3. Implementation; stage that implies the codification of the ontology using a formal language. 

4. Evaluation, step at which a technical judgment of the ontology quality and usefulness with respect to the 

requirements specification, competency questions, and/or the real world is made. 

It is worth mentioning that these stages are not truly sequential. In fact, ontology development is an iterative and 

incremental process. If deficiencies are detected at any stage in the process, it is possible to return to any of the 

previous steps to make modifications and/or refinements. 

 

 

Fig. 1. SCONTO organization 

2.1 Supply Chain Process Ontology  

As already mentioned, SCOPRO integrates concepts representing the SC structure, as well as the business processes 

and resources involved in its operation. This ontology is presented in the following paragraphs using textual 

definitions, UML diagrams, and tables. The tables introduce concepts, relationships, and constraints that are 

expressed in natural language. Due to space limitations, the OCL specifications (OMG, 2014) of the textual 

constraints are not included in this article. The conceptualization of SCOPRO could be implemented in several 

languages. In particular, an OWL2 (W3C, 2004) implementation was made, which can be found in 

https://industrialonto.github.io/SCOPRO/OnToology/SCOPRO.owl/documentation/index-en.html. 

Figure 2 presents an UML class diagram showing the SCOPRO main concepts, which are organized around three 

perspectives, labeled as structure, process and resource dimensions. The model includes the "SC Entity" concept, 

which is a generic and abstract notion representing every entity of a SC. 

2.1.1. SCOPRO - Structure Dimension 

This perspective comprises the terms that are identified when conceiving the SC as an extended organizational 

network, including the roles that the organizations play in it. The main concepts belonging to this dimension 

are: Supply Chain, Organizational Unit, Organizational Unit Role and Functional Area.  
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Definition 1: An Organizational Unit (OU) represents the enterprises or enterprise components that participate in 

the SC operation.    

Each Organizational Unit can take part in more than one supply chain playing different roles (producer, supplier, 

distributor, etc.). Therefore, SCOPRO represents the role that is played by an OU in a specific SC through the 

concept Organizational Unit Role. Optionally, an OU can be related to one or more Resource Role and to one or 

more Functional Areas by the associations that are shown in Table 1. Regarding this table and the following ones, 

it is worth noting that each association is only included in the table of one of its end concepts. In addition, the 

constraints appearing in some of the tables are described in natural language.  

 

Fig. 2. SCOPRO main concepts 

In order to specify the internal organization of the SC participants, the OU class is specialized into: 

• Dependent Organizational Unit: is an OU that is a subordinate of another one, without losing its 

administration and functions. This concept is further specialized into any business entity, branch, or 

subsidiary of an enterprise or company.  

• Independent Organizational Unit: is an autonomous OU to which belong, if any, all divisions, subsidiaries, 

branches, or other organizational components of a business. An Independent OU may be a company, a 

society, or an enterprise. 

 
Table 1. Organizational Unit class relationships 

Relationships 

hasFunctionalArea It is optional. If exists, it relates an OU with one or more Functional Areas. 

obtainsResourceR It is optional. It specifies which organizational unit has a resource available once the 

resource participation in a process ends 

providesResourceR It is optional. It indicates the organizational unit responsible for making available a 

resource for its use in a process 

Definition 2. An Organizational Unit Role represents the functionality assumed by an organizational unit when 

participating in a given supply chain. The isRoleOf association, which is shown in Fig. 2 and Table 2, between 

Organizational Unit and Organizational Unit Role classes agrees with the isRole generic relationship defined by 

Olivé (2007). In consequence, an instance of Organizational Unit Role is always the role of the same individual 

belonging to  Organizational Unit.  

In addition, SCOPRO specifies the following role types: 

• Primary Producer Role: it is assumed by an organizational unit that carries out activities related to the 

primary production, such as agriculture, livestock, fishing, mining, fossil fuels extraction, etc. 

• Secondary Producer Role: role that is played by an organizational unit when performing activities where 

raw materials or intermediate products are transformed into higher-value products.  
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Customer Role: a role that is performed by an organizational unit that carries out activities related to the 

purchase of goods for use, consumption or exploitation.  

• Service Provider Role: a role that is played by an organizational unit that only performs activities related 

to transportation, marketing, storage, etc., that add value to a product without transforming it in a physical 

and/or chemical way. 

The functional organization of work within organizational units is captured through the Functional 

Area and Functional SubArea concepts.  

Table 2. Organizational Unit Role class relationships and constraints 

Relationships 

isRoleOf Relates an Organizational Unit with one or more roles that the OU plays within a specific Supply 

Chain  

performs Links an Organizational Unit Role with one or more Processes that the OU carries out.  

Constraints 

If an Organizational Unit performs through a certain role some part of a complex process, it will also execute such 

complex process 

All the roles that carry out a process have to belong to the same supply chain to which such process belongs. 

An OU playing a Primary Producer or Secondary Producer role can take part in any business process except in 

the Deliver Retail Product one.  

An OU playing the Service Provider role can perform any process except the Make process.  

Every organizational Unit playing as a Customer cannot participate in the Make, Deliver and Deliver Return 

business processes.  

 

Definition 3. The Functional Area class captures the function-based work division that often occurs within 

organizations. This concept is further specialized into Purchasing, Production. Logistics, Marketing, Sales, R&D 

and Finance, based on the functions defined by Lambert (2008a). Table 3 presents the relationships in which this 

concept participates and its restrictions. 

Table 3. Functional Area class relationships and constraints 

Relationships 

areaPerforms Represents the link between a functional area of an organization and the SC process in which 

this area participates. 

hasFunctionalArea Specifies the link between a Functional Area with one or more Functional Subareas. 

Constraints 

The range of an areaPerforms relationship is restricted to instances of the Process Element class. 

If a functional area belonging to an organizational unit executes a Process Element, then an Organizational Unit 

Role associated with such Process Element has to exist. 

 

Definition 4. A Functional SubArea is a grouping of activities that are part of a Functional Area and that deals with 

a type of common tasks within the functional area of which they are part. Table 4 presents the relationships in which 

the Functional SubArea concept participates and its restrictions. 

Table 4. Functional SubArea class relationships and constraints 

Relationships 

subAreaPerforms Specifies the link between a Functional SubArea of an OU and one or more Tasks belonging 

to the process in which this subarea participates. 

Constraints 

If a functional subarea belonging to an OU performs a task, then this task has to be linked to some role of such OU. 

 

Definition 5. The Supply Chain class represents a network of Organizational Units (OUs) that transforms or adds 

value to materials, ranging from raw materials sourcing, to the final product distribution in specific markets. The 

relations in which this class participates and its constraints are listed in Table 5. 
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Table 5. Supply Chain class relationships and constraints 

Relationships 

isTargetedAt Links a Supply Chain with at least one Market. 

isProvidedBy Relates a Supply Chain with at least one Material Resource 

hasMember Connects a Supply Chain with two or more organizational units playing a specific role 

Constraints 

Each SC must have at least a member playing the primary producer or secondary producer role 

 

Definition 6. A Market is a set of actual and potential buyers that are grouped together because they share certain 

distinctive characteristics.   

2.1.2. SCOPRO - Process Dimension 

This dimension includes the concepts that are needed for a detailed description of processes. In particular, the terms 

required for defining processes and their sub-processes, the temporal relations among them, the resource 

participation in processes and the occurrences of the defined processes. Figure 3 presents the main classes of this 

dimension. In this figure the classes belonging to other dimensions are identified using their corresponding names.  

Definition 7. A process represents an activity chain that is carried out in a SC to achieve certain results. A process 

execution implies the creation, modification, use or movement of several resources, which may be physical or 

conceptual ones.   

In order to properly describe a SC, the business processes belonging to it should be modeled at different levels of 

abstraction. SCOPRO represents the process decomposition into more specific activities using 

the isSubProcessOf association., which is shown in Table 6. This table also presents the materialize 

Process relationship, which links a Process with one or more Process Occurrences. 

Definition 8. The Process Occurrence concept represents a particular execution of a process in a given period.  

Based on the SCOR model (Supply Chain Council, 2012), SCOPRO considers three different types of processes 

that are needed to model and analyze a SC. The three concepts that specialize the Process class are introduced in 

Fig. 4, and are labeled as Business Process, Process Element and Task. 

 

 

Fig. 3. Main classes of the Process Dimension  

Definition 9. A Business Process is a type of process that is composed of value-added activities. It is designed for 

achieving a result having a significant impact on clients and in the efficient management of SC flows. Each Business 

Process is composed of Process Elements. 

Table 6. Process class relationships and constraints 

Relationships 

isSubProcessOf This association represents a Process decomposition into more specific activities.  

materialize 

Process 

It connects a Process with one or more of its occurrences. The semantics of this relation is the 

same one proposed by Olivé (2007) for the materialize association. 
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isRestrainedBy This association represents a temporal relationship between a process and another one that 

restrains its start time. 

withRespectTo It represents a temporal relationship between a process and another one that imposes a limit on 

its end time. 

Constraints 

If two processes are linked, then there is only one temporal relationship (atomic or composite) that connects them.  

Temporal relationships can be defined between business processes, between process elements or between tasks, but 

never between processes of different type. 

 

 

Fig. 4. SCOPRO - Process Dimension. Specialization of the Process concept 

Definition 10. A Process Element is an activity or a logical structure of activities that is part of a Business Process. 

The detail level that is provided by the Process Element class allows the decomposition of a Business Process into 

specific operations but, at the same time, is general enough to describe activities that are valid for different types of 

supply chains.  

Definition 11. A Task is an activity or a logical structure of activities that is part of a Process Element in a certain 

SC. For example, in a particular supply chain the process element labeled as "Schedule Product Deliveries" is 

decomposed into the following tasks: "Send material orders", "Coordinate delivery place and date." However, in 

other SC, in which the provider is responsible for monitoring and maintaining the client stock, the same process 

element is broken down into different tasks, like "Monitor stock inventory", "Send information to client" and 

"Propose delivery date and terms". 

Table 7 presents the relationships associated with Business Process, Process Element and Task, as well as their  

constraints. 

Table 7. Relationships and constraints of the Business Process, Process Element and Task classes 

Relationships 

isComprisedOfPE It relates a Business Process with the Process Elements belonging to it. 

isComprisedOfTask It links a Process Element with its Tasks. 

isComprisedOfST It connects a Composite Task with one or more Tasks that are part of it. 

Constraints 

Each Business Process is only composed of Process Elements 

Each Process Element is only composed of Tasks 

Each Task must be part of a Process Element or a Composite Task, but not both at the same time. 

An Atomic Task cannot be further decomposed 

 

SCOPRO extends the Business Process and Process Element concepts using the vocabulary of the SCOR 

reference model (Supply Chain Council, 2010). This proposal recognizes as the main business processes 

of a SC the following ones: Sources, Make and Deliver, as well as the activities of material returns to 

providers (Source Return) and from clients (Deliver Return). The model also includes the planning of the 

operational activities related to material transformations and movements (Plan). As seen in Fig. 5, these 

processes are specializations of the Business Process class. 

The SCOR reference model also includes a classification of the activities belonging to business processes. In 

SCOPRO, such activities specialize the Process Element class. As already mentioned, Organizational Units 

participate in supply chain processes playing several roles, which can be Primary Producer, Secondary Producer, 
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Service Provider or Client. Each role implies that the organizational unit playing it performs a specific set of 

activities in a particular SC. If an Organizational Unit performs a Process Element or Task, then such OU also 

executes the Business Process from which the Process Element or Task belongs to. Therefore, constraining which 

business processes may be performed when adopting a specific organizational unit role, also restricts the process 

elements and tasks that such organizational unit can execute. 

 

 

Fig. 5. Business Process class specialization 

As seen in Fig. 3, SCOPRO introduces the Temporal Relationship class, which explicitly represents temporal links 

between two processes. In the following paragraphs, a refinement of such a concept is presented.   

Definition 12. Temporal Relationship represents different constraints related to the partial order between the 

executions of two processes in a SC. To specify this class, this proposal uses the conceptualization developed by 

Allen (1983) that considers the time intervals in which the processes or activities are performed and the relations 

between them.  Figure 6 introduces the different partial order relations associated with the execution of two 

processes. 

  

 

Fig. 6. Temporal Relationships in SCOPRO 

As shown in Fig. 6, SCOPRO considers two types of temporal relation: atomic and composite ones. The former 

(Allen, 1983) includes the following subtypes: 

• Before than: if the P1 process is executed before than P2, the time interval in which P1 takes place is 

previous to the P2 time interval. In other words, the end of P1 is prior to the P2 start time.   

• Meets: if P1 meets P2, then the time interval in which P1 is executed ends at the same time the P2 

activity begins. The end of P1 is equal to the start time of P2. 
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• Overlaps: If P1 overlaps P2, the start time of  P1 takes place before the beginning of P2, but P1 ends while 

activity P2 is still executing. Therefore, the start time of P1 is prior to the beginning of P2 and the end time 

of P1 takes between the start and the end time of P2. 

• Equals: If P1 equals P2, the time interval at which P1 is performed is the same as the one associated with 

the P2 activity. In other words, the start and end times of P1 and P2 coincide. 

• During: If P1 is performed during P2, P1 begins after P2 starts and ends before P2 finishes. 

The Composite Temporal Relationship combines different atomic temporal relationships as disjunctions. As seen 

in Fig. 6, a composite temporal relationship involves at least two atomic temporal relationships as parts. 

Definition 13. The Utilization concept represents the way in which a process affects a resource that participates in 

a given component (subprocess, activity) of such process: Creation, Elimination, Modification, Use, and Material 

Transfer (See Fig. 3). This last type of utilization may occur inside a facility or between different ones. SCOPRO 

employs the Movement and Transportation classes, respectively, to represent these material transfer types. The 

Transportation class represents a material flow between two different geographic points. Table 8 presents the 

relationships associated with the Utilization class. 

Table 8. Utilization class relationships 

Relationships 

entails  This relation links a Process with one or more Utilization types 

Involves It associates a Utilization type with the role that  a Resource plays in such utilization. 

2.1.3. SCOPRO Resource Dimension 

This dimension specifies the resources and the role they play when participating in processes. Figure 7 illustrates 

these concepts and their associations.  

 

 
Fig. 7 Specialization of Resource and Resource Role classes 

 

Definition 14. A Resource can be any type of physical or conceptual medium that participates in a process via one 

of its roles. This class represents resources that flow through the network (e.g., commercialized goods) and those 

that remain static (e.g., industrial plants). Supply Chain resources include buildings or facilities, material handling 

equipment, different types of products, information and financial resources, among others. Therefore, SCOPRO 

specializes the Resource class into the Material Resource, Information Resource, Financial Resource, Human 

Resource and Facility classes, which are further specialized.  

Definition 15. A Resource Role reflects the participation type that a resource has in a given process. The same 

resource can play different roles in distinct processes. For example, a drill can be the final product of a production 

process and can be a tool in another one. SCOPRO specializes Resource Role into subclasses to represent more 

specific roles, and these subclasses are also further specialized. For example, Payment and Proceeds are a 

specialization of Financial RR. Similarly, Responsible, Supervisor and Executor are subclasses of Human RR. Table 

9 presents the relationships associated with the Resource Role class, as well as its  constraints. 

Table 9. ResourceRole class relationships and constraints 

Relationships 

providesResourcesR It states which is  the OU responsible for making available a Resource for its use in a 

Process 

obtainsResourceR It specifies the OU that has a Resource available after the end of the resource participation 

in a given process.  

isResourceRoleOf It links a Resource with its Resource Roles. The stereotype <<isRoleOf>> in the association 

constraints that an instance of Resource Role is always connected to the same instance of 
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Resource. In contrast, an instance of Resource can be linked to several instances of the 

Resource Role class.   

Constraints 

SCONTO includes several specifications that state which are the roles that the different resources can play, and 

which are the utilizations that may be associated with them. Due to space limitations, it is not possible to describe 

all of these constraints in this table.   

3. Case Study 

This section illustrates the application of SCOPRO to represent an orange juice supply chain. This SC comprises 

three farms located in the Corrientes province of Argentina, which produce and pack oranges; the CITRIX Company 

that is the orange juice manufacturer, and the ArgenTruck company, which takes care of the material transportation 

between SC partners. Figure 8 illustrates this value chain in a very simplified way.  

The CITRIX Company owns two production plants, the BellaVista plant (FCojPlant) and the NaranUp plant 

(RojPlant), which are managed as separate business units. The FcojPlant, which is also located in Corrientes, 

manufactures frozen concentrated orange juice (FCoj). In turn, the RojPlant, sited nearby Buenos Aires, produces 

and bottles reconstituted orange juice (Roj). Finally, the ArgenTruck company provides transportation to and from 

the various farms, plants, resellers and retail stores. 

 

Fig. 8. Orange Juice Value Chain 

 

Due to space limitations, only a small portion of the case study is addressed in this contribution. The delivery 

process associated with the distribution of frozen concentrated orange juice (FCoj) from the Bella Vista plant to the 

NaranUp one is represented. This process, which is carried out by both the CITRIX Company and ArgenTruck, is 

modelled through the DFCoj (Deliver frozen concentrated orange juice) business process, an instantiation of the 

Deliver Make-to-Order Product process that was presented in Fig. 5.   

Figure 9 shows the decomposition of DFCoj, which is performed by the CITRIXCompany Independent 

Organizational Unit through its FCoj production Primary Producer Role. Similarly, ArgenTruck also participates 

through its 3PL Provider Role. The figure depicts the seven Process Elements comprising the DFCoj business 

process; for instance, the :Receive, Enter & Validate Order one that is performed by the CITRIX Company and the 

:Ship Product process element, which is performed by ArgenTruck. The model also shows the various temporal 

relationships (e.g., :Before, :Meets) among the different process elements. 

The DFCoj business process takes place because there is a sourcing need at the NaranUp plant, which employs 

frozen concentrated orange juice as one of its raw materials. In fact, there is a SFCoj (Source frozen concentrated 

orange juice) business process that is an instantiation of Source Make-to-Order Product (See Fig. 5), which is 

carried out by NaranUp. Both, the SFCoj and DFCoj processes represent, respectively, the customer and the 

provider views of the same business process. The SFCoj sourcing process includes ordering the frozen concentrated 

orange juice from the supplier, receiving the lot and transferring it to an area of the raw materials deposit of the 

RojPlant. In turn, DFCoj corresponds to the supplier vision for the same process, comprising the reception, 

management, and fulfilment of the frozen concentrated orange juice procurement order, as well as the product 

delivery to the RojPlant. 

The SFCoj and DFCoj processes are shown side by side in Fig. 10, which captures the strong interactions that exist 

between these two processes. This figure presents the process elements belonging to both processes and the temporal 

relationships linking them. In addition, the model displays the resources that participate in each process element, 

the roles that the different resources play, and the way each process elements affects a given resource. For instance, 

it can be seen that the :Procurement Order resource participates with its output role in the :Schedule Product 

Deliveries process element, which is part of SFCoj. This process element affects the resource by creating it 

(:Creation in Fig. 10). It is important to note that the same resource also partakes through its input role in the 
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:Receive, Enter & Validate Order process element that comprises the DFCoj business process. However, in this 

case the :Receive, Enter & Validate Order process element uses the resource (:Use in Fig. 10).  

The model depicted in Fig. 10 represents all types of resources that take part in the orange juice SC. For instance, 

it includes a portion of the flow of materials that occurs in such value chain. In particular, it shows the transport 

(:Transportation linked to the :Ship Product process element in Fig. 10) of the FCoj material resource from the 

FCojPlant to its destination, which is the RojPlant. It is also shown that this material resource plays the role of a 

load (:Load in Fig. 10) with regards to such transportation. 

From the above description, it is possible to appreciate the close link that exists between certain supply chain 

business processes involving different organizations. The modeling of the process interactions is an essential step 

to achieve the semantic interoperability of the SC information, the design of information systems that support SC 

collaborative management, as well as the generation of information systems supporting materials traceability and 

allowing a comprehensive visibility of the SC information. In addition, this small example allows us to appreciate 

the important extensions that have been made on the SCOR model. 

 

 

Fig. 9. Decomposition of the DFCoj Business Process 
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Fig. 10. Representation of DFCoj and SFCoj process elements, temporal relationships and resource flows 

4. Ontology Evaluation 

In order to evaluate SCONTO, aspects like content, structure, syntax and semantics have been analyzed. In such 

evaluation, the following methodologies and approaches have adopted: 

• Ontoclean (Guarino and Welty, 2009) has been used to verify the correctness of the conceptual model 

structures  

• A comparison with standards has been made to validate the ontology content depth and completeness. 

• The tools available in the Protégé-OWL editor have been used to verify the consistency of the OWL 

implementation of the ontology. 

In addition, a set of metrics have been adopted to obtain a quantitative description of the proposed ontology.  
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4.1. SCOPRO structure evaluation 

The OntoClean methodology has been employed to validate the structure of SCOPRO. This methodology allows 

analyzing the ontology concepts and their hierarchical relations based on rigidity, identity, dependency and unity 

properties.  

A concept is rigid (+R) if its instances are necessarily instances of it in all times. If all its instances can stop being 

instance of a concept in any time, this concept is anti-rigid (~R). A concept is not rigid if some instances can stop 

being instances of it. 

The identity property qualifies the ability to distinguish between different individuals which instantiate a concept. 

A concept has an identity criterion (+I) if each of its instances can be distinguished. Otherwise, it has no identity (-

I). The identity property can be inherited. Therefore, it is necessary to identify when the identity property is inherited 

or is owned by a concept. In this last case, the concept supplies identity (+O). 

Regarding the dependency property, a concept is constantly dependent (+D) if each of its instances needs another 

individual to exist. In this situation does not hold, it is independent (-D). 

An individual is considered a whole if its parts are linked among them by a relation R, and they are not associated 

with any other individual. The parts of a whole may also be a whole. The Unity property refers to the problem of 

describing the way the parts of an individual are bound together as a whole. A concept carries unity (+U) if all its 

instances exhibit a common unity criterion. A concept carries no unity  (-U) if all its instances are wholes but with 

a different identity criterion. A concept carries anti-unity (~U) if all of its instances are not necessarily a whole. 

Ontoclean proposes to analyse the ontology taxonomy using a set of rules that can help identifying problematic 

modelling choices. Given two concepts A and B, such that B subsumes A, the following rules must hold: 

1. If B is anti-rigid, the A must be anti-rigid. 

2. If B carries an identity criterion, then A must carry the same criterion. 

3. If B carries a unity criterion, then A must carry the same criterion. 

4. If B has anti-unity then A must also have anti-unity 

5. If B is constantly dependent on a concept C, then A must also be dependent on C 

6. Each individual belonging to A has to instantiate a unique class providing the identity criterion 

The following paragraphs present a brief analysis of the SCOPRO concepts considering these properties. The 

classes that have been identified as rigid or anti-rigid, unity or anti-unity and the dependent ones are the only classes 

that may violate the OntoClean rules. Therefore, they are the only ones that are included in Table 10. 

In the SCOPRO ontology, the Independent OU, Dependent OU classes and their subclasses are anti-rigid because 

the organizational units can be instances of one or the other at different times. For example, an independent 

organizational unit may become dependent when a company buys another one.  

The SCOPRO classes that provide an identity criterion have also been identified. For each of them, their subclasses 

have been analyzed to check if there is no other class providing an incompatible identity. Besides, the verification 

that each "leaf" class has an identity (either own or inherited) has been done.  

The Supply Chain class has its own identity (+O) because it is possible to distinguish a given OU network from 

other ones and this condition is not inherited. Similarly, Market, Process, Process Occurrence, Organizational Unit, 

Organizational Unit Role, Resource Role, Functional Area, Functional SubArea, 

Utilization and Temporal Relationship classes provide identity (+O). Considering resources, Facility and Human 

Resource classes provide identity while Material Resource, Information Resource and Financial Resource do not 

(-O), because their instances do not share a unique identity criterion. Therefore, these classes should be further 

specialized. 

Table 10. SCOPRO concepts and their classification according the OntoClean philosophical properties 

Property SCOPRO Concepts 

Anti-rigidity (~R) Independent OU Dependent OU All Facility subclasses 

Proper Identity (+O) Supply Chain Market Process 

Process Occurrence Organizational Unit Organizational Unit Role 

Functional Area Functional Subarea Utilization 

Temporal Relationship Facility Human Resource 

Resource Role   

No identity -I Material Resource Information Resource Financial Resource 

Unity (+U) Supply Chain Process Process Occurrence 

Functional Area Functional Subarea Utilization 

Temporal Relationship All Organizational Unit 

subclasses 

 

Without Unity (-U) SC Entity   

Dependence (+D) Supply Chain Process Organizational Unit Role 

Resource Role Process Occurrence Dependent OU 

Functional Area Functional Subarea Utilization 
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In turn, the Independent OU, Dependent OU concepts, and their subclasses inherit the identity from Organization 

Unit class. Similarly, Resource Role, Process, Functional Area, Utilization, Temporal Relationship and Facility 

classes, inherit their identity from their superclass (Organizational Unit Role). 

To analyze SCOPRO under OntoClean unity-related rules it was necessary to identify the classes carrying unity 

criterion and to verify that their subclasses carry the same unity criterion. Also, it was required to check that the 

super classes of a concept having unity do not denote anti-unity. In SCOPRO, the Supply Chain class carries unity 

(+U) because it is possible to identify all the organizations belonging to each SC.  The following classes also carry 

a unity criterion (+U): Process, Process Occurrence, Functional Area, Functional SubArea, Utilization, Temporal 

Relationship and all Organizational Unit subclasses.    

OntoClean defines a class X as a dependent (+D) on another class W if each instance of X needs an instance of W 

to exist and the later instance is not part of the former. OntoClean states that all the subclasses of each dependent 

concept are also dependent. Table 11 shows the classes Organizational Unit Role, Resource Role, Process, Process 

Occurrence, Dependent OU, Functional Area, Functional SubArea and Utilization, which are considered as 

dependent concepts, and the classes on which they depend. All the subclasses of the class shown in the second 

column of Table 11 are also dependent (+D). Therefore, it can be concluded that the OntoClean rules regarding 

concept dependency are satisfied. 

Since it was verified that the OntoClean rules have been fulfilled in terms of rigidity, identity, unity and dependence 

of its classes, it was determined that the SCOPRO conceptual models has an adequate structure. 

Table 11. SCOPRO constantly dependent concepts   

Constantly dependent class (+D) Depends on 

Supply Chain Organizational Unit 

Organizational Unit Role Organizational Unit and Supply Chain 

Resource Role Resource and Utilization 

Process Organizational Unit Role 

Process Occurrence Process 

Dependent OU Organizational Unit  

Functional Area Organizational Unit  

Functional Subarea Functional Area 

Utilization Process and Resource Role 

4.2. SCOPRO content evaluation  

The ontology content evaluation has been carried out by comparing SCOPRO against a set of models considered as 

references in the domain, like IDEF 0, IDEF 3, ARIS, TOVE, among others. The analysis took into account whether 

a topic is treated or not in a proposal, as well as the depth of such treatment. For this, a score of 1 to 3 was adopted. 

It was scored 3 when a concept is modelled with precision appropriate to the domain, with a score of 2 if it is only 

vaguely modeled, and with 1 if the concept is mentioned by the proposal, but is not part of the model. Table 12 

presents a summary of the evaluation results. When there is not enough information to demonstrate that a topic is 

addressed by a certain proposal there is a hyphen. It is important to mention that although 3 points have been 

assigned to certain proposals in a specific topic, an improvement in the treatment of such topic may be required in 

some cases. 

Table 12. Content included in different proposals in relation to business processes, enterprises and supply chains.  
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IDEF 0a 2 2 2 - - - - - - 

IDEF 3 a 3 2 3 2 - - 2 - - 

UML Activity Diagramb 3 2 2 3 - 2 2 - - 

BPMNc 3 2 2 3 - 3 2 - - 

CIMOSAd 3 3 3 3 3 2 2 - - 

GRAI-GIMe 2 2 2 - 2 - - - - 

ARIS 3 3 3 3 3 2 2 - - 

Enterprise Ontologyf 3 3 3 3 3 - 2 - - 

TOVEg 3 3 3 3 3 - 2 - - 

SCORh 3 2 2 2 1 3 2 - 1 

GSCFi 3 2 2 2 1 3 - 3 3 

SCOPROj 3 3 2 3 3 3 2 - 3 
-  = topic not addressed      1= topic only mentioned      2= topic super partially modeled     3 =  topic modeled with enough depth 

a US-ICAM, 1981; Mayer et al., 1995 - b OMG, 2007 - c OMG, 2011 - d Vernadat, 1992; Kosanke et al., 1999 - e Doumeingts et al., 1992 - 
fScheer & Schneider 2005 - g Uschold et al., 1998 - h Fox and Grüninger, 1998; Grüninger and Fox, 1994 –– i Cooper et al., 1997b; 

Lambert & Cooper, 2000; Croxton et al., 2001; Rogers et al., 2002; Croxton et al., 2002; Lambert, 2008b - i Supply-Chain Council, 2012 
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The analysis has considered the following topics: i) Process; ii) Resource; iii) Resource Flows; iv) Temporal 

Information; v) Organizational Unit; vi) Interorganizational Business Processes; vii) SC Topological Structure; viii) 

SC Management; and ix) SC Organizational Structure. Although in some cases the first three topics are vaguely 

modeled, these topics are included in all the analyzed proposals.  

SCOPRO has obtained the highest marks in topics (i) and (ii). In addition, it also models with enough depth topics 

labeled as (iv), (v), (vi) and (ix), and vaguely addresses topics numbered as (iii) and (vii). Since SCOPRO formalizes 

and extends the SCOR model, the analysis has shown that both proposals have building blocks for representing the 

same issues. However, since SCOPRO has incorporated several extensions, this ontology outperforms the SCOR 

model in the following subjects: Resource, Temporal Information, Organizational Unit, and SC Organizational 

Structure. 

4.3. SCOPRO consistency evaluation 

The three sub ontologies of SCONTO have been implemented with the ontology editor Protégé-OWL version 4.3.0. 

Therefore, the evaluation of the consistency of SCOPRO has been done using two reasoners provided with this 

editor, which are called HermiT 1.3.8 (Horrocks et al., 2012) and FaCT++ (Tsarkov and Horrocks, 2006). The latter 

is a description logic-based reasoner that permits satisfiability checking by means of tableaux algorithms (Baader 

et al., 2010). Hermit 1.3.8 allows satisfiability validation, using new algorithms developed in recent years based on 

hypertableaux calculations (Motik et al., 2009). Horrocks et al. (2012) state that these new algorithms generate a 

more complete reasoning in terms of data object properties and instance classifications. 

The use of both reasoners allowed verifying the consistency of all SCOPRO definitions that have been implemented 

in OWL 2  (W3C, 2004). Therefore, it is considered that the syntax and semantics of the OWL 2 implementation 

of the SCONTO ontology are correct. In addition, the OWL implementation has been tested using OOPS! Pitfall 

Scanner (Poveda-Villalón et al., 2004). The results of this evaluation can be found in the following link: 

https://industrialonto.github.io/SCOPRO/OnToology/SCOPRO.owl/evaluation/oops.html.  

4.4. Quantitative Metrics  

Several methodologies, frameworks and metrics have been proposed to quantify the quality of ontologies (Yao et 

al., 2005; Gangemi et al., 2006; Tartir et al., 2010; Burton-Jones et al., 2005; Zhang et al., 2010;  Yu et al., 2009;  

Manouselis et al., 2010). From the set of metrics proposed in the literature, the following subset has been selected 

to evaluate SCOPRO structural characteristics: 

• NOC (Number of Classes), and NOR (Number of Relations) are simple counts of the number of classes 

and properties, respectively, defined in the ontology. 

• NORC (Number of Root Classes) and NOLC (Number of Leaf Classes) metrics correspond to the number 

of classes without superclasses and classes without subclasses, respectively.   

• RR (Relationship Richness), which is also called relation diversity, reflects the variety of relationships 

in the ontology. It is defined as the ratio of the number of non-inheritance relationships (P) divided by 

the total number of relationships, i.e. the sum of the inheritance relationships (H) and the non-inheritance 

ones (P) 

• IR (Inheritance Richness) represents the average number of subclasses per class. It is computed as: 

FALTA 

• DOSH (Depth of subsumption Hierarchy)  ̧which is also called depth of inheritance, measures the length 

of the longest path from a given class C to the root class in an ontology subsumption hierarchy. 

• AR (Attribute Richness) is defined as the average number of attributes per class. It is computed as the 

number attributes for all classes (ATT) divided by the number of classes (C). 

The quantitative evaluation of SCOPRO has been done based on the information extracted by using the Protégé 

tool. The Thing OWL concept (superclass of all concepts in an OWL ontology) has not been considered to compute 

NOC, NOR, IR and AR. Table 13 shows the values of the adopted metrics that have calculated for SCOPRO.  

Table 13. SCOPRO measures  

Metric SCOPRO 

Number of Classes 200 

Number of Relations 45+195 = 240 

Number of root classes 5 

Number of Leaf Classes  142 

Relationship richness  45/240=0,19 

Inheritance richness   195/200 =0,98 

Depth of the subsumption hierarchy  6 

Attribute richness 0 
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The result of the formula that computes the Inheritance Richness (IR) is a real number representing the average 

number of subclasses per class. The computed IR for SCOPRO is 98%. Such measure, together with the DOSH 

one, suggests that the proposed ontology is of a horizontal nature, which means that it represents a wide range of 

general knowledge. This was SCOPRO´s original aim, since it was conceived as general purpose ontology, capable 

to be specialized for different kinds of supply chains. In order to be reusable, the proposed ontology has to represent 

generic concepts common to different types of industrial organizations. Concept attributes describing particular 

characteristics of specific industries are out of the scope of SCOPRO. In consequence, the attribute richness metric 

value is equal to 0 attribute per concept. However, the amount of attributes per classes would increase as SCOPRO 

will be specialized to represent particular supply chains in the future. The Relationship Richness value is low; it 

implies that the hierarchy relationships overpass the other kinds of associations. 

All these metric values give an idea about the characteristics and complexity of the ontology. However, the 

complexity measures provide no guarantee about the ontology quality, because there is no consensus or standard to 

compare with (Marquardt et al., 2010). The analysis of certain ontology characteristics, like usability and reuse, can 

only be measured and improved by using the ontology in different application contexts. 

5. Conclusions  

This paper presents the SCONTO ontology that contributes towards the formalization of the SC domain. SCONTO 

provides the basis for describing the supply chain structure, its associated processes, and evaluation system. This 

article just focuses on SCOPRO that is the main module of the ontology. This module includes and integrates the 

structure, process, and resource dimensions, emphasizing the SC processes knowledge. SCOPRO provides the 

following capabilities 

• To describe supply chains that are composed of one or more enterprises. 

• To represent the SC structure and the organizations that participate in it.  

• To specify organizational processes and their decomposition into interrelated subprocesses. 

• To define atomic and composite temporal relationships between processes. 

• To describe resources, the effects that activities have on them, and the multiple functions they can fulfill 

in the SC processes. 

• The explicit representation of material movements between SC partners. 

This representation made it possible to establish a common vocabulary for all the SC actors, general enough to be 

valid in supply chains of  different industries and having dissimilar sizes. Besides, SCONTO can be extended to 

allow its specialization to consider the characteristics of particular supply chains. 
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Abstract. Maintenance is an important technical aspect that must be consid-
ered in engineering practices. In this paper we present a preliminary ontologi-
cal investigation of questions such as “What is a component of an engineering
system?” and “What happens when a component is replaced after a malfunc-
tioning?”, which are both fundamental from a maintenance modeling stance. We
focus in particular on two inter-related problems, which we call the missing com-
ponent and the replacement problems. We describe different approaches dealing
with them. First, we start representing kinds of components and systems as tem-
porally qualified first-order logic predicates, eventually reified. We then consider
a four-dimensionalist (4D) perspective, mainly based on the ISO 15926. Lastly,
we briefly mention a novel point of view based on possible worlds. By the end of
the paper, we shortly compare the approaches by discussing their advantages and
shortcomings.

Keywords: Maintenance · Ontology .

1 Introduction

In this preliminary research work, we address two inter-related problems relative to the
ontological conceptualization of experts’ knowledge with respect to engineering main-
tenance. We call these challenges the missing component problem and the replacement
problem. From the perspective taken in the paper, both challenges regard engineering
systems, hereby simply understood as products composed of various inter-related com-
ponents. Both problems are documented in the literature [2,3,8,11] and emerge from
real-world engineering practices. The analysis we propose is part of a study that we are
carrying out in collaboration with Adige S.P.A (BLM Group), a company specialized
in the manufacturing of laser cutting machines (Fig. 1), being developed in the con-
text of the European H2020 project OntoCommons: Ontology-driven data for industry
commons.3 The purpose of the collaboration is to support expert decision making about
maintenance procedures through the development of an ontology-based maintenance
information system. The examples we shall discuss come from this scenario.

3 Website: https://ontocommons.eu, last accessed April 2021.
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Some approaches to deal with the aforementioned problems have been already pro-
posed. However, each of them assumes its own ontological principles and formal sys-
tem, so that it is not clear to which extent they (dis-)agree, nor what their (dis-) advan-
tages are. This paper aims therefore at comparing them to support knowledge engineers
in selecting one approach over the others.

Fig. 1. An Adige LT8 laser machine. These machines cut metal tubes using a cutting head moving
along three axes, together with the translatory and rotatory motion of the tube.

The paper is structured as follows. Section 2 briefly describes and discusses the
aforementioned problems. Section 3 compares four different approaches for modeling
engineering systems and their components, discussing for each of them their relation
with the missing component problem and the replacement problem. Finally, Section 4
concludes and summarizes our contribution.

2 The two problems

The missing component problem. The problem of the missing component has been
documented in the literature in various places (see for instance [2,3,11]). Here we
present it as specifically concerning maintenance scenarios. In these contexts, indeed,
components may be physically removed from their hosting systems, e.g., to be con-
trolled, cleaned or repaired (and sometimes even replaced). However, even when a com-
ponent is not installed in the system, technicians may refer to it as if it were already in
its right place; e.g., they can say “This cable leads to the laser head”, “The laser head
is placed in this position”, “The laser head of this machine has not been installed yet”.
This talk seems to presuppose a sort of augmented reality scenario, which in certain
situations would indeed be useful (so that it is often artificially created nowadays): for
instance, in the context of an assembly task, it may be useful to visualize a component
in its expected position, even though it is not physically present. Of course, the techni-
cal problem is how to clarify the semantics of the statements above, and, in particular,
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how to make sense of the fact that engineers talk and reason about an entity that is not
physically present (see Fig. 2 for an example of laser cutting head).

Fig. 2. The LT8 laser cutting head in action.

The replacement problem. Let us consider a particular laser cutting machine, like the
one in Fig. 1, that has at time t a protective window4 installed in the appropriate position
within the cutting head, we call it protective-window1. Assume that, due to malfunction-
ing, protective-window1 is replaced at time t + 1 with a new one, protective-window2.
Technicians who replace the protective window are therefore primarily concerned with
two specific physical objects: the defective one and the new one. In some cases, how-
ever, the same technicians seem to refer to something else. For instance, when claiming
“The protective window of this cutting head has been replaced 3 times in the last year”,
they clearly don’t refer with the expression ‘the protective window of this cutting head’
to an ordinary physical object (since no physical object was replaced three times), but
to some other entity whose ontological nature is unclear.

The reader should notice the strong connection between the two problems just men-
tioned. In both cases, engineers talk about entities whose nature is different from that
of ordinary physical objects; first, by referring to them even when they are not physi-
cally present, second, by thinking of them as items that keep their identity even when
replaced. One has therefore to bite the bullet and make sense of these entities from an
ontological stance. In particular, the two problems above are intimately related to the
possibility for a system to lack some component or have a component replaced. This
involves subtle notions concerning the existence conditions of engineering systems and
their persistence through time.

In engineering practice, the design process commonly ends up with the production
of a technical specification (a.k.a. design model). Hence, to understand when a material

4 The protective window is a particular glass that protects the laser beam optics from, e.g., the
metal sparks flying around during a cutting process.
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realization of a certain specification physically exists, it is crucial to clarify the condi-
tions by which a physical system complies with the specification. For instance, suppose
to have an object a that has only some of the components required by the specification.
There are at least two possibilities here: (i) no system (of the given kind) exists be-
cause the object a does not fully comply with the specification; (ii) a is a system (of a
certain kind) because it sufficiently complies with the specification. To define what ‘suf-
ficiently’ means, one may refer to the relevance of the components, e.g., it may be nec-
essary for a to have only the fundamental components. This approach would however
require to characterize fundamental vs. non-fundamental, or even optional, components
while being sure that this manner of framing compliance matches well with engineer-
ing practices. The possibility of replacing the components of a system makes the overall
situation more complex, because (at least in principle) fundamental components can be
replaced and maintained, too. During maintenance operations, therefore, a system may
lack some of its fundamental components and, thus, stop existing, at least in principle.5

3 Overview of approaches

We provide in this section an overview of some ontological approaches that address the
problems previously mentioned. We will assume that an engineering system of a certain
kind (e.g., a mechanical assembly) can be described by means of technical specifica-
tions in terms of the features of its components and the relations holding among them.
To depict a specification, we use a graph like the one in Fig. 3, where nodes stand for
components (with their characterizing features), and arcs for relations between compo-
nents. For instance, the graph in Fig. 3 describes a generic system with four components,
denoted Ci, each characterized by some (complex) feature6, Fi, and five relationships
Ri j holding between them.

Generally speaking, the Cis could be recursively specified and further decomposed
into components. However, we assume that the Cis do not have proper parts. The main
designing activity regards therefore the choice of both the components and the way in
which they are structurally related. For the sake of the discussion, we will often refer to
the example in Fig. 3, although the analysis is generalizable to arbitrary specifications
given in terms of features and relations between components.

5 A practical choice to avoid this problem (not discussed here) might be to admit that, in a service
and maintenance context, the identity of the system to be repaired or maintained is assumed
by convention, independently of the status of its components. For instance, we may say that,
as long as a certain machine maintains its serial number, and a service contract concerning a
machine with that serial number is still operational, the machine to be serviced exists (although
possibly in a nonfunctional state), independently of the presence and functional state of its
components

6 We assume that a complex feature is a boolean combination of a property that characterizes the
component’s kind (say, pump or just physical object) plus one or more qualitative properties
describing a particular shape, size, color, etc. For instance, F1 could mean that C1 is a physical
object that weighs 2kg ± 0.1kg, is made of metal or plastic but not wood etc.
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Fig. 3. An example of graph-based technical specification

3.1 Approach 1: system kinds as predicates

In this first approach, the specification of a certain system is conceived as a specification
of its most specific kind (i.e., the most specific property it shares with all its duplicates).
In turn, the latter consists in stating the necessary and sufficient conditions for being,
at a certain time, an instance of that kind. Formally, a temporally indexed monadic
predicate Kt will be used to represent the property of being an instance of kind K at time
t. Let us assume that Fig. 3 specifies a system of kind K. The corresponding logical
specification would be expressed by (f1), where o1⊕ . . .⊕on denotes the mereological
sum of n mutually disjoint objects, and o1 ≡t o2 means that, at time t, the objects o1
and o2 have the same parts. Formula (f1) ensures therefore the full compliance of all
K-systems with respect to the specification in Fig. 3.

f1 Ktx↔∃abcd(x≡t a⊕b⊕ c⊕d∧F1ta∧F2tb∧F3tc∧F4td∧
R12tab∧R14tad∧R23tbc∧R43tdc∧R24tbd)

To address the replacement problem, we need now to suitably characterize the tags
Ci, which denote the unique role played by each component in the system. In general,
this role depends on all the relations holding among components, so, for example, C1
would be defined as follows:7

f2 C1tx↔ F1tx∧∃sbcd(s≡t x⊕b⊕ c⊕d∧F2tb∧F3tc∧F4td∧R12txb∧
R14txd∧R23tbc∧R43tdc∧R24tbd)

However, in some cases it is possible to uniquely characterize a certain Ci just in terms
of the relations holding between the i-th component and its neighbor components, as in
formula (f3), where o1≤ to2 stands for ‘at time t, the object o1 is part of the object o2’.

f3 C1tx↔ F1tx∧∃sbd(Kts∧ x+b+d≤ ts∧F2tb∧F4td∧R12txb∧R14txd)

Note that, in this particular case, the necessary and sufficient conditions in (f3)
may be further weakened out, since C1 is the only component with feature F1 in a
K-system, but, in general, relational constraints are needed when systems have several
components with the same features (which is typically the case). For instance, should
we only consider constraints on features, C2 and C4 would turn out to be indistinguish-
able if F2 = F4, the relations they have with the other components are the same (i.e.,
R12 = R14 and R23 = R43), and R24 is symmetric.

7 If a K system is defined by (f1), then (f2) implies that x can be a C1-instance only if there
exists a K-system s which has x as a part, i.e., C1-components are existentially dependent on
K-systems.
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Note also that the lack of a single Ci-component could induce the lack of all other
kinds of components. In the example in Fig. 3 this happens when a C2- or C4-component
is missing. The mutual existential dependencies between components need therefore to
be carefully taken into account.

Let us show now how we can address the replacement problem with this approach.
Observe first that component definitions can be relativized to a specific system by
adding a system-argument in the antecedent of the formula and discarding the ex-
istential quantification on systems in the consequent; see (f4) representing x as C1-
component of the specific system s. The replacement of the C1-component of s can be
then represented as in (f5).

f4 C1txs↔ F1tx∧∃bd(Kts∧ x+b+d≤ ts∧F2tb∧F2td∧R12txb∧R14txd)
f5 C1t0xs∧C1t1ys∧C1t2zs∧ x 6= y 6= z

What (f5) says is that the role of ‘being the C1-component of s’ is played by three
different objects at different times. Note that no single individual corresponding to the
expression ‘the C1-component of s’ is present in the domain of quantification.

However, this approach does not allow dealing with the missing component problem
in the strict sense, since only the actual physical components are included in the domain
of discourse. On the other hand, however, having isolated the properties of system-kinds
and their components, one can talk of systems and their components in general without
pointing to their physical realizations. According to the defenders of this approach, this
view seems close to design practices where experts commonly talk about and reason
over design specifications and their background knowledge without necessarily pointing
to physical items.

3.2 Approach 2: system-kinds as individual constants

The approach considered in this section is conceptually similar to the previous one, the
main difference being technical. System-kinds are indeed not represented via predicates
but by means of individual constants: Ktx is now replaced by x ::t k where k represents
the kind K and :: stands for the instantiation relation so that x ::t k reads ‘x is an in-
stance of kind K.’ Similarly for relations, e.g., Rtxy is replaced by xy ::t r where the new
instantiation relation has four arguments (i.e., x,y, t and r).8 We can follow the discus-
sion in Sect.3.1 by observing that the previous formulas can be rewritten in this new
framework; e.g., (f1) can be rewritten as in (f6).

f6 x ::t k↔∃abcd(x≡t a⊕b⊕ c⊕d∧a ::t f1∧b ::t f2∧ c ::t f3∧d ::t f2∧
ab ::t r12∧ad ::t r12∧bc ::t r23∧dc ::t r23∧bd ::t r24)

The introduction of system-kinds in the domain of quantification allows taking into
account their intensional and intentional dimensions. Different kinds could have the
same instances and their difference can be grounded on some meta-information, e.g.,
that a design feature (or an entire specification) has been designed by an engineer work-
ing in the company, therefore copyrights apply to it. Furthermore, rather than relying
on formulas like (f6) or on the counterpart of (f5), system-kinds can be considered as

8 For simplicity we write in the same way all the instantiation primitives.
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composed by their component-kinds (e.g., by writing k= c1+c2+c3+c4), which is
an approach similar to what done in formal ontology with respect to the debate on struc-
tural universals [9]. In this view the mereological structure of a system-kind is aligned
with the one of its instances; see (f7)-(f8).

f7 x ::t k∧ c≤k→∃y(y ::t c∧ y≤ tx)
f8 x ::t k∧ y ::t c∧ y≤ tx→ c≤k

This idea can be pushed further towards the introduction of component-kinds rela-
tivized to a specific system. These component-kinds—that indeed, at a given time, can
have only one instance —can be intended as the subject of replacements, i.e., they can
have different realizations (instances) through time. Furthermore, they can be deployed
also to address the missing component problem because their existence is independent
from the one of their material instances, i.e., they can be ‘empty’ (i.e., not instanti-
ated) at some times. However, in order to exist they require the whole system to exist,
therefore one needs to accept partial compliance with the drawbacks discussed before.

3.3 Approach 3: systems as four-dimensionalism objects

Four-dimensionalism (4D) is the philosophical perspective according to which the ob-
jects of everyday experience have both spatial and temporal parts. To understand this,
let us shortly comment on the opposite position, called three-dimensionalism (3D). Ac-
cording to 3D, objects have only spatial parts; e.g., a laser cutting machine has a cutting
head, a laser source, a water chiller, etc. The machine can lose and acquire parts, but
whenever it is present in time, it consists of all parts that it has at that time. Differ-
ently, for four-dimensionalists an object x exists at a time t if and only if there exists
its temporal slice x@t (which is present only at t). That is, if my laser cutting machine
c exists at both t and t ′, it has two different temporal slices at those times, i.e., c@t and
c@t ′ , respectively. A whole object consists therefore in the mereological sum of all its
temporal parts.9

In the landscape of applied ontology, West [11] has developed a 4D-approach for
engineering which has eventually led to the standard ISO 15926 [5]. Similarly to Ap-
proach 1 (see Section 3.1), according to this theory, system-kinds are intended in an
extensional way but both physical systems and their components are now conceived as
4D-objects in the sense just introduced. Following the 4D approach, a proposition Ptx,
which reads ‘x satisfies P at t’, can be reduced to Px@t , i.e., ‘the temporal slice of x
existing at and only at t satisfies P’. In the same line, (f1) can be rewritten as in (f9).

f9 Ktx↔∃abcd(x@t = a@t ⊕b@t ⊕ c@t ⊕d@t ∧F1a@t ∧F2b@t ∧F3c@t ∧F2d@t ∧
R12a@tb@t ∧R12a@td@t ∧R23b@tc@t ∧R23d@tc@t ∧R24b@td@t)

Looking at West’s position more deeply, he argues that systems’ components (1)
are existentially dependent on the systems they are part of, and (2) are non-ordinary
physical objects which can undergo moments of non-existence. Recall the example of
a particular LT8 cutting machine and consider its cutting head. According to West’s

9 Admittedly, this is a simple way to look at the distinction between 3D and 4D. The reader can
refer to [4] for more information.
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first claim, the cutting head exists as a system component of the whole machine only
when the latter exists. In this sense, being a system component is a sort of role property
which an object might satisfy at some time. For the second claim, the idea is that a
component of a certain system s is the mereological sum of all the temporal slices of
the ordinary objects which have played the corresponding component-role in relation
to s. For instance, the C1-component of a system s can be defined as in (f10) (note that
the formula makes explicit the existential dependence of components on the system s).

f10 C1xs↔ x = σy(∃tz(y = z@t ∧ y≤s∧C1y))

By (f10), x is a single individual that represents the succession of all the (temporal slices
of the) ordinary objects playing the C1-role. This is an interesting move to deal with the
replacement problem. According to West, indeed, the 4D-component of a system (the
object x in (f10)) is the sum of the temporal slices of the different ‘ordinary’ objects
(the slices z@t in (f10)) that are placed in the system during its existence. It follows,
as noted by West, that components’ existence can be intermittent, i.e., when no ordi-
nary object plays the C1-role in the system s, the C1-component of s does not exist.
Hence, in principle, also the whole system s can intermittently exist, e.g., when one of
its (fundamental) components is missing (a fact which is reflected in (f9)). However, it
should be clear that in order to talk about missing components of a system s, one needs
to include a notion of partial compliance into the framework in such a way to guarantee
the existence of the system s even when it lacks components. For, a component can be
said to be missing at some time t only if the system of which it is a component exists at
t notwithstanding it lacks parts.

3.4 Approach 4: Embracing possibilism

Let us now briefly introduce a fourth approach based on some former work [3], which
is however still a research hypothesis that deserves a proper formalization. Differently
from Approach 1, we assume here that the Ci do not denote properties, but specific
parts of a certain system. The tags are therefore part names, as usual when describing
assemblies, and not property names. We also assume that a system s is an individual
that exists even at design time, when the system has not been physically realized yet.
Of course, we need to characterize the ontological nature of these entities, which turns
out to be definitely non-standard.

We shall consider design objects as possible (although non-actual) physical objects.
Under this view, designing an object means choosing a possible physical object among
many others, and describing it. For example, the design object satisfying the specifica-
tion of Fig. 3 would be simply described as follows(where s,c1,c2,c3,c4 are constants
denoting distinct elements of the domain of discourse);

f11 s = c1⊕ c2⊕ c3⊕ c4∧F1c1∧F2c2∧F3c3∧F4c4∧
R12c1c2∧R14c1c4∧R23c2c3∧R43c4c3∧R24c2c4

Differently from the previous cases, where the formulas fully specify the conditions
for an object to be of a particular kind K, corresponding to a certain product model, this
formula simply presupposes that a certain object s exists in the mind of the designer,
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and provides a description of its nature in terms of the properties (Pi) of its components
and the relations (Ri j) among them. So, under this view, the content of a design activity
(i.e., what is designed) is an individual and not a kind. The corresponding kind K would
be defined as the most specific property shared by all duplicates of s, i.e. (forgetting
tolerances), by all individuals which share s’s intrinsic properties.

To account for the peculiar way design objects exist, we shall adopt Lewis’ possi-
bilist realism [7,12], according to which a possible (physical) object is simply a part
of a maximally spatiotemporally related whole, i.e., a whole among whose parts spa-
tiotemporally relations hold. More exactly, forgetting temporal relations for the sake
of simplicity, we shall assume that a possible physical object is an object such that a
certain spatial distance relation holds among its parts (this means that all the relations
occurring in Fig. 3 imply some spatial relation between their arguments). Under this
view, objects are physical not because they are located in a region of space, but simply
because they are extended in space, in the sense that spatial relations hold between their
parts. Of course, they may also have a location, but only relative to some other physical
objects.

Following this line of thought, we shall think of a design object as a maximally
spatially related whole. Forgetting temporality, this means that a design object is just a
possible world, in Lewis’ terms. So, we can think that formula (f11) holds in a world
(different from the actual one) where only an instance of K exists. For example, a laser
cutting machine that has been designed but has not been built yet is something like a
possible object floating in the void, i.e., a world of which it is the only inhabitant.

We shall assume that the actual physical world is the largest spatially related whole
that includes us. For a physical object to exist means to be part of some maximal spa-
tially related whole, and to actually exist means to be part of the actual world. So, we
can have a physical object that exists, but it is not actual. If, in addition, this object is the
content of an intentional design act (whose author is an agent who inhabits the actual
world), then it is a design object: design objects exist but they are not actual.

We have therefore a solution to a variant of the missing component problem: when
engineers talk of a certain component within a system (possibly even before the system
is realized), they may talk of it in a generic way, as in the statement ‘the protective
window is a part of the cutting head of the LT8 machine.’ In this case we shall say that
they are talking of a design object, i.e., of a physical object that exists in a non-actual
world and is the content of an intentional design act.

In most cases, however, the missing component problem concerns a specific, actu-
ally existing system, one of whose components has been removed. To address this case
we must discuss the relationship between design objects and actual objects. We shall
say that an object x is a realization of a design object y iff x is a duplicate of y (forgetting
tolerance) and x exists in the actual world, that is, the spatial distance of its parts from
the other objects belonging to the actual world is defined. We shall assume that, when
engineers talk of a missing component as if it was there, they talk of a virtual entity,
which is a sort of projection of a design system’s component on the actual world: it is a
duplicate of that component which is assumed to have a location (and therefore exist) in
the actual world, although it is not real, since it is not capable of causal interactions with
the actual world. The actual world can host therefore both real and virtual entities. The
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latter are intentional entities (like design objects), which are existentially dependent on
one or more agents. In conclusion, when technicians talk of a missing component as if
it were there (e.g., using the expression ‘This frame supports the cutting head’s protec-
tive window’ they refer to a virtual component, which is a projection of a design object
on the actual world. Such a virtual component may be visualized by using augmented
reality techniques.

Finally, let us briefly mention how the replacement problem may be addressed in
this approach. The problem is the reference of a certain identifier i, which in our exam-
ple is ‘the protective window of this cutting head’, used to talk of something related to
a real object existing in the actual world. Assuming that i denotes a virtual object does
not work, since when the protective window is installed we expect i to refer to the real
window. On the other hand, one cannot assume that the i denotes a real physical object,
since the reference link would break as soon as the object is removed.

A solution is to assume that the identifier refers to a variable object, i.e., following
Fine [1], an object that is a variable embodiment of other objects. Suppose to have a
function f that, at each time when an object exists, tells us what its parts are. Such
object is called the variable embodiment of f, and the sum of its parts at t is called its
manifestation at t. In our case, we can assume that ‘the protective window of the cutting
head’ denotes a variable embodiment such that, when a physical protective window is
installed, its manifestation is just that physical window. When the physical window is
removed, its manifestation is the virtual window.

4 Discussion and conclusions

The paper presented an initial analysis of ontological problems in the maintenance do-
main. In particular, it addressed what happens in the world when system components
are missing or replaced. These problems are inextricably intertwined with compliance
conditions, as one must consider how a system can be compliant with its specification
when some of its components are not in place, and how it survives the replacement of
some components.

We have presented four different modeling approaches with the purpose of analyz-
ing their ontological commitments and modeling (dis-)advantages. The first two (Sect.
3.1 and Sect. 3.2) are very similar from a conceptual perspective in that system kinds
and their characterizing features (all represented through design specifications) stand
for properties that particular physical systems satisfy (if compliant at some suitable
degree). In both approaches, dealing with the missing component and the replacement
problems means looking at the physical items that, at different times, do physically ex-
ist. As we have seen, a sentence like ‘the protective window of this cutting head has been
replaced twice’ needs to be rephrased in something like ‘this cutting head had three dif-
ferent protective windows at different times.’ As said, the only difference between the
two approaches is that in the second one properties are reified. Among other advan-
tages, we have noticed that this choice allows one to deal with the missing component
problem, because one can (at least) point to the reified properties that the missing com-
ponent is meant to satisfy, although, again, there is no way to account for the superficial
semantics of sentences like This cable leads to the laser head.
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The third approach (see Sect. 3.3), based on West [11], relies on a 4D ontological
framework. Similarly to Approach 1, system-kinds, their components, and features are
(first-order) properties that particular entities satisfy. Hence, although West does not
explicitly address the representation of compliance conditions, the considerations done
in Sect. 3.1 and Sect. 3.2 could be tuned to this approach by adopting a 4D representa-
tional system. For the replacement problem, this approach offers an interesting solution.
Indeed, a whole 4D-component of a certain system can well correspond to the mere-
ological sum of the temporal slices of different physical objects, which (at different
times) are linked to that system. Similarly to the previous cases, the missing component
problem remains problematic: if at a certain time there is no temporal slice in the world
to which one can point to, there is no 4D-component altogether at that time.

Finally, the paper (preliminarily) introduced a fourth approach (Sect. 3.4), which re-
lies on the introduction of a new type of objects, namely design objects, which depend
on the intention of an agent, have a spatial extension, and yet are not actual (i.e., they
do not physically exist in the common-sense reality). Differently from the previous ap-
proaches where formulas represent system kinds (as represented in specifications), this
one is mainly focused on design objects, logically treated as possible individuals that
may be realized in the actual world, originating real individuals, or just ‘projected’ onto
the actual world, originating virtual individuals. From this perspective, when a real com-
ponent is missing from a larger system, one can still refer to its virtual counterpart in the
physical world. The replacement problem remains more challenging and we discussed
a way to deal with it based on Fine’s [1] theory on variable embodiments.

To conclude, the results of the paper are still preliminary and further work is nec-
essary at both the conceptual and representational levels. All approaches have their
(dis-) advantages. For instance, the 4D perspective, adopted in the third approach, is
not very popular in applied ontology. The fourth approach is appealing but it com-
mits to modal realism, whose assumptions are hotly debated in analytic ontology [12].
In addition, since design objects are individual entities, this approach may face some
problems when dealing with design tolerances and variants, which are however crucial
in engineering design, since a design specification is typically underdetermined. From
this perspective, the first two approaches are more flexible; in addition, they both rely
on a 3D ontological framework that is standardly used in engineering (see, e.g., [6,10]
and the references thereby quoted). Detailing the engineering use case may help to set
a suitable benchmark for comparing the approaches and their consequences on related
notions.
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Abstract

Tribology is the science that deals with the design, friction, wear, and
lubrication of interacting surfaces in relative motion (as in bearings or
gears), being one of the key enabling technologies in the development of
novel products and the driving of new materials into sustainable solutions
within any machine or mechanical system. The goal of one of the Onto-
Commons project’s use case is to help tribologists shortening the time,
number and size of experiments required to identify the behaviour of a
material or combination of them with respect to specific operation con-
ditions. To do so, semantic technologies and more specifically, ontologies
are proposed to abstract tribologists from the underlying vaguely docu-
mented experiments’ data structures and ease their finding. Furthermore,
the mapping of the needed ontologies with relevant information sources
will enable developing a holistic Semantic Federated Search service to
look for relevant information in additional sources such as patents and
repositories containing scientific articles.

1 Introduction

Although the literal translation of the word tribology, which is derived from
the Greek, would be the science of rubbing, it is actually understood as the
science and technology of interacting surfaces in relative motion and of related
subjects and practices [1]. Generally speaking, the tribology is the science that
deals with the design, friction, wear, and lubrication of interacting surfaces in
relative motion (as in bearings or gears), being one of the key enabling tech-
nologies in the development of novel products and the driving of new materials
into sustainable solutions within any machine or mechanical system. Wherever
moving bodies are in contact with each other, the constitutive materials con-
tributing to friction and wear are also determining the tribological performance
of engineering components and machines.
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In this context, experiments are carried out towards the understanding of the
behaviour of different materials with regards to mechanisms of friction, mechan-
ical wear, chemical wear (corrosion) and the wear-corrosion synergy at different
scales. Many of these experiments are similar in terms of the type of materials
used. However, this type of experiments are not adequately documented nor
publicly available.

The goal of one of the OntoCommons project’s1 use case is to help tribolo-
gists shortening the time, number and size of experiments required to identify
the behaviour of a material or combination of them (e.g., metal, coating, lu-
bricant) with respect to specific operation conditions. To do so, semantic tech-
nologies and more specifically, ontologies are proposed to abstract tribologists
from the underlying vaguely documented experiments’ data structures and ease
their finding.

The rest of the article is structured as follows. Section 2 presents the ap-
proach proposed and in Section 3 the next steps are discussed.

2 The proposed approach

In order to support tribologists and shorten the time, number, and size of exper-
iments that they need to perform to identify the behaviour of a given material
under certain operation conditions, this section describes the approach proposed
by the OntoCommons Use Case 4.

First of all, let us explain that the scenario presented in this article takes
place in the context of the i-TRIBOMAT H2020 project2. i-TRIBOMAT is
aimed at providing an open innovation test bed dedicated to validating and up-
scaling new materials, thereby enabling intelligent tribological materials char-
acterisation and fostering industrial innovation in the European manufacturing
industry, through a completely new, cross-institutional collaborative approaches
in sharing infrastructure, competence and data approach.

The modelling of the information is one of the key and basic aspects for a
success full sharing approach. Without a common data model, the integration
of data coming from different sources becomes almost an unfeasible work: dif-
ference in used units, result variable descriptors and configuration parameter
names need to be avoided in order to combine data. A well-organised data
model can be exploited to find relationships and similarities between different
characteristics such as experiment conditions and sample materials. This can
be further enhanced with the use of semantic reasoning, complementing the
data with information coming from external databases and material research
approaches [5].

Since most of the times, the results from tribological experiments are not
made open to external stakeholders, in this scenario, other sources of information
will also be considered towards helping tribologists. Namely, databases where

1https://ontocommons.eu/
2https://www.i-tribomat.eu/
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Figure 1: Semantic Federated Search approach

materials’ non-tribological information (i.e., mechanical and chemical proper-
ties) are stored, as well as patents and repositories containing scientific articles
will be targeted. In order to avoid performing manual searches in each of these
repositories, the proposed approach advocates for developing an intermediate
abstraction layer that enables accessing all this information in a homogeneous
way, even dealing with normalisation issues and providing filters for advanced
searching options such as alternative materials able to behave in a similar man-
ner under certain conditions. Furthermore, in order to enhance security and
abstract the underlying configuration of the whole system, RESTful APIs are
considered. Figure 1 summarises the proposed approach.

Semantic Technologies in general, and ontologies in particular, will play a
key role in the proposed approach, not only providing a formal and shared
representation of the data, but also providing an homogeneous access to hetero-
geneous data stored with different structures and in different systems via the
intermediate abstraction layer. As a matter of fact, once data is annotated with
ontological resources, there is no need for the user to be aware of raw data’s
underlying structure. A common data model for tribological experiments has
been proposed in the context of the i-TRIBOMAT project, although this model
is not formalised and it could benefit from being aligned to ontologies because
of the aforementioned reasons.

In this regard, ontologies for describing the information contained in different
storage systems will be necessary. Namely, ontologies for describing tribological
experiments, materials information relevant from a tribological point of view,
scientific contributions and patents. Following the Semantic Web best practices,
the reuse of existing ontologies will be aimed. However, likewise to other do-
mains (e.g. the building domain), not every existing ontology is reusable [3].
This is a direct consequence of neglecting factors that influence the quality of an
ontology such as the lack of an explicit license, a proper documentation page or
careful metadata with explanatory description of the intended meaning of the
ontology terms [4].

Although a thorough analysis of existing ontologies is necessary in order
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to decide which of them could be reused (if there is such a possibility), there
are some ontologies that have already been identified to be considered. The
European Materials and Modelling Ontology (EMMO) is an upper ontology
to establish semantic standards that apply at the highest possible level of ab-
straction, under which all conceivable domain ontologies can be subsumed and
interoperated [7]. The TribAIn [6] ontology aims to provide a formal and ex-
plicit specification of knowledge in the domain of tribology to enable semantic
annotation and the search of experimental setups and results. Likewise, other
ontologies may be necessary for representing the rest of areas of knowledge such
as the BIBO ontology [2] for representing the information gathered from the
scientific publications or patents repositories according to best practices of the
Semantic Web.

3 Challenges and next steps

After performing a methodical and thorough analysis of the existing ontolo-
gies covering the targeted areas of knowledge, this use case will focus on the
formalisation of the final ontology that will be the basis for the Intermediate
Semantic Abstraction Layer (see Figure 1). This task may involve dealing with
low-quality ontologies (e.g., ontologies with a scarce documentation or insuffi-
cient metadata), as well as the need of extending them to address the use case
requirements.

Once the ontology is defined, the next step will consist in the mapping of
the ontology with relevant information sources to be able to provide a holistic
Semantic Federated Search service.
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