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Abstract

This thesis stems from the need to identify and evaluate issues related to information
modelling and management that are typical in manufacturing companies and, more
broadly, in the industry. The thesis, which was funded by the company Adige S.p.A.,
a laser-cutting machines manufacturer, has as main objective the solution of problems
raised by the following points:

• I1: Information, given its variegated nature and sources, tends to be serialized,
structured, and organized in a heterogeneous manner.

• I2: Information is generally structured in a rigid way, in monolithic, non commu-
nicating silos.

• I3: Information is difficult both to store into and retrieve from the underlying
information systems, leading to further issues of information sharing.

The three preceding points are interrelated. For instance, it is challenging to provide
a modular (non-monolithic) structure to information that is heterogeneously structured.
Moreover, sharing redundant and non-modular information is difficult1. In a broader
sense, any difficulty or inefficiency in organizing information adds to technicians’ natural
reluctance to allocate their energy to feeding information systems – an activity that
might not be perceived as immediately and directly beneficial to their work. This
reduces the utility of these systems and, consequently, their impact on the work practices
of the staff.

The conceptual tools used in the thesis to face these criticalities are part of a re-
search area known as applied ontology. Applied ontology aims to produce practical
applications through the exploitation of methods and theories from logic and philo-
sophical ontology. An introduction to applied ontology will be presented later in the
thesis, for the time being we remark that the choice to work within this research area is
because the highlighted issues fall into the type of problems that have already benefit
by the application of ontological techniques in knowledge engineering. As reported in
the literature, the use of an ontology promotes:

1For instance, imagine a long and complex technical document that is continuously updated, pro-
ducing a series of versions. Sharing the document and keeping an alignment with the correct version
is difficult. More so if the document is managed in a non-modular, monolithic way, where the change
of a single line is drowned in the change of the whole document.
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• terminological precision and conceptual clarity in defining concepts,

• analysis and formalization of domain knowledge, including the explicit statement
and serialization of otherwise implicit assumptions in a way that facilitates certain
computational tasks,

• reuse and sharing of information.

The first two points promote the serialization and structuring in a homogeneous way,
helping with I1. The second and third points hold (also) because applied ontology can
establish formal and precise mappings between different conceptual schemas, breaking
down silos, a capability that addresses Issue I2. The ability to map between conceptual
schemas facilitates modularization, which is also studied by its own accord; in addition,
ontologies allow information to be stored in ways renown to be flexible (e.g., by using
knowledge graphs), both these facts help with I2. Finally, technologies associated with
applied ontology (such as (knowledge-)graph databases, automated reasoning, logic-
based modelling, etc)2 possess various techniques for storing and retrieving information
that can help with I3. The other characteristics of ontologies are also synergistic to this
end: for example, difficulties experienced by technicians in systematically entering data
into an information system may be exacerbated by a complex and confusing information
structure, and alleviated by a clear and simple information structure.

It must be noted that the fields of maintenance and manufacturing are enormously
complex and varied, so that our analysis should have a limited scope and only focus on
certain specific topics within these disciplines. The choice of this thesis is to focus on
functions and malfunctions of engineering systems: in addition to having a rich history
in both the engineering and applied ontology literature, they are pivotal aspects of main-
tenance and manufacturing and are especially relevant in Adige’s use case. Therefore,
we hope their analysis will particularly help with issues I1, I2, and I3, even though it
is limited in scope with respect to the full extension of the topics that are relevant for
these three issues.

It is also important to note that this thesis focuses more on the formal ontological
analysis of functions and malfunctions, as this topic is sufficient to fill completely the
work of the thesis. A systematic study of the connection between issues I1, I2, and I3
and said formal ontological analysis is outside the scope of this thesis, although chapters
1 and 5 do discuss some connections, both in general and by means of examples. More
specifically, the thesis focuses on answering the following research questions:

• RQ1 What are the main fundamental issues in knowledge representation in the
notions of function, failure and malfunction in engineering, and how can applied
ontology contribute to their solution?

Question RQ1 will be addressed both for pure research interest as well as to lay
down the foundational basis of the ensuing work.

2Note also that these technologies are currently being exploited in the context of neuro-symbolic
approaches to the latest trends in artificial intelligence.
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• RQ2 How can the analysis of the fundamental knowledge representation issues of
RQ1 enable applied ontology and semantic technologies to represent knowledge
about functions and malfunctions in a well-founded way?

Question RQ2 is addressed because Adige’s research interest in this case is mainly
related to interoperability issues, and well-founded knowledge representation is
known to be a good answer to such issues. While we are interested in the particular
cases provided by Adige’s factory and products, from a scientific perspective, we
want to develop solutions applicable to a broader set of cases sharing the same
domain.

Lastly, we want to showcase, by means of examples, how these solutions can be
used to address application scenarios.

• RQ3 What are some possible ways to use ontologies (and semantic technologies
more in general) to drive examples of relevant enterprise applications?

Here by ‘relevant’ we mean relevant to any enterprise struggling with issues I1,2,3
mentioned above.

To answer these questions, the thesis starts from foundational concepts and grad-
ually builds up to practical applications, thereby providing an exploration of applied
ontology to knowledge management in some engineering contexts of interest. In partic-
ular, the thesis is structured as follows: In the first chapter, the discipline of applied
ontology is introduced, as well as the host of semantic technologies spawned by the
Semantic Web vision, providing an overview of the techniques used in the subsequent
parts and explaining why they can be used, and are being currently used, in enterprises.
Then, second chapter chapter contains a literature review detailing the state of the
art of modelling of functions and malfunctioning in engineering and ontology. Informed
by this review, the third chapter lays the groundwork for a theoretically sound adop-
tion of semantic technologies by an enterprise: using the applied ontology approach to
modelling, functional modelling of engineering systems is analyzed. Building on this,
the fourth chapter focuses on modelling malfunctions. The fiveth chapter resumes
the semantic methodologies and technologies presented and developed in the first three
chapters, to exemplify how to exploit them in enterprises. In particular, this chapter
showcases a few practical examples demonstrating the application of the theoretical
concepts discussed in the preceding chapters on real use cases, and illustrating the
benefits of applied ontology. Lastly, a brief, conclusive chapter summarizes the thesis
content and contributions.

It is important to note that some of the work of this thesis has been serialized
into various files, which are made openly available by means of two GitHub reposito-
ries. When appropriate, the repositories are mentioned in the thesis. However, for the
convenience of the reader, links to the repositories are also provided here:

• Mainly for the work in Chapter 3: https://github.com/kataph/function-method-
ontology.
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• Mainly for the work in Chapter 4: https://github.com/kataph/MALFO3.

Additionally, the core work of this thesis has been published in a series of papers,
although this document modifies and expands their content most extensively, and adds
original material. These papers are referenced in the thesis where relevant, but are also
listed here for the convenience of the reader:

• for Chapter 3: [30, 55, 54, 52, 56].

• For Chapter 4: [53].

These works do not exhaust the works published during the Ph.D., but are the most
representative of this thesis.

Keywords
Ontology, Function, Malfunction, Failure, Knowledge Graph

3Including a file with an alignment to the other repository’s work.
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Chapter 1

Background: Applied Ontology and
Semantic Technologies

The main theoretical framework applied by this thesis is the one of Applied Ontology.
In this introductory chapter this discipline is presented, together some of the most
important technologies it is connected with.

1.1 Applied Ontology and the Semantic Web

Applied ontology aims to solve practical applications, especially in the context of con-
ceptual and knowledge modeling, through the use of methods and theories from philo-
sophical ontology. We will see later some examples of these methods, while we start
this section by clarifying the meaning of some (buzz)words that are commonly heard
of in and around this discipline:

Ontology: In this context, this word does not refer to the philosophical discipline
of studying what exists, as much as to either certain logical theories and(/or) their
implementation as software artifacts. Various definitions of ‘ontology’ exist: a typical
one on the more general side is that “an ontology is a formal, explicit specification of
a shared conceptualization” [237]. The ontology is ‘formal’ to ensure it is machine-
readable, this means that an ontology employs a formal language, such as the Unified
Modelling Language (UML), mathematical First-Order Logic (FOL), or the Ontology
Web Language (OWL)1, etc. Note that these languages are not ontological-languages
but instead ontologically-neutral in the sense that they do not take any particular onto-
logical commitment2. The formal language employed can be more or less complex and
more or less expressive, and there is always a tradeoff between these two characteris-
tics. In fact, the more a language is able to describe complex ideas, facts, situations the

1Througout this thesis, preexisting familiarity with FOL is assumed, while OWL will be discussed
later in this section. UML is another language for conceptual modelling, but we don’t focus on it in
this thesis.

2Some small commitments are taken, e.g. in OWL there is an instantiation relation between ‘classes’
and ‘individuals’.
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1.1. Applied Ontology and the Semantic Web

higher the complexity class of (relevant computational tasks3 related to) the language
is.

Additionally, in any model or specification, there are things in the cognitive domain
of the model designer that are relevant to the model but left unsaid. One wants to
minimize the quantity of these unsaid things and put as much as possible into words or
symbols, hence the ‘explicit’ part. Then, the ontology is ‘shared’ because it encodes the
understanding shared among a community (e.g. the domain experts of some domain),
and this part emphasizes the goal of facilitating knowledge exchange. Finally, an on-
tology is a conceptualization in the sense that, roughly, it describes the target domain
intentionally, by specifying characteristics and relations of the relevant entities, and not
(just) by listing examples.

We do not tarry more on this kind of definition, though the interested reader can
consult e.g. [95] (as well as [199] for an example of criticism). Instead, we remark
that in many (but not all) communities, such as the Semantic Web Community or
the Natural Language Processing (NLP) community, the term ‘ontology’ has usually
a much narrower meaning: the specification mentioned in the previous definition is
specialized to software artifact that serializes a theory written using the Ontology Web
Language to model some domain. The Ontology Web Language is one of the languages
most often used to develop ontologies [251] and we will expand on its characteristics in
the following paragraphs.

The Ontology Web Language (OWL), and the Semantic Web: OWL is a
logical language used for knowledge representation that constitutes a pivotal part of
the Semantic Web Stack: a set of technologies developed by the (W3C) to promote
data standardization on the World Wide Web by facilitating the integration of semantic
content within web pages (see Figure 1.3). OWL is frequently used in the context of
ontology development [251], and the reasons for this are likely to be a complex mix of
scientific and historical reasons. Regardless of the precise reasons behind its use, some
of its main distinctive characteristics are:

• it has good computational properties4.

• It is a widely recognized standard.

• It has a formal semantic.

3For instance, a classic computational task for a logical language, such as FOL or OWL, is to
determine whether a formula is derivable by a theory. For OWL there is an algorithm that can do this
in finite time for every theory and formula, thus OWL is said to be ‘decidable’. FOL, which is more
expressive than OWL, happens to be un-decidable precisely due to its espressivity.

4By this we mean that certain relevant computational tasks belong to tractable (i.e. at least
polinomial in time) computational classes. However, since OWL is actually a set of dialectes called
‘profiles’, one must take care in determining the profile and the task. This will be discussed more in
depth in the following, see e.g. Figure 1.2, but consider in particular that not all OWL dialects are
decidable.
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Chapter 1. Background: App. On. and Sem. Tech.

• It employs the open world assumption (facts not stated are not assumed to be
false by default), it rejects the unique name assumption (two entities with different
identifiers may be equal), and it uses IRIs as global entity identifiers.

Before describing OWL more in-depth, we will introduce briefly the original vision that
spawned OWL: the Semantic Web. Though such a topic is not strictly necessary for
understanding OWL, it is nevertheless essential to understand the ratios behind OWL
design choices and a part of history that is tightly connected to applied ontology.

The Semantic Web: In 2001, Tim Berners-Lee and colleagues kickstarted a new
vision for the web, called the Semantic Web, with an article in the Scientific American
[23]. In the article, they imagined a scenario where automated agents automatically
carried out tasks for users, such as turning off local audio devices or scheduling medical
appointments. Arguably, the main characteristics were:

• Ontologized: some words in the thought-scenario are in italics (e.g., ‘location’,
‘time’, ‘volume control’, . . . ). This is because these words are supposed to belong
to ontologies, intended as “document[s] or file[s] that formally defin[e] the relations
among terms. The most typical kind of ontology for the Web has a taxonomy
and a set of inference rules”. The goal of these ontologies was to make explicit the
meaning of the content of webpages to automated agents or to answer queries.
Some examples made by Berners-Lee are entity disambiguation, search result
enrichment, and complex information retrieval tasks “you met [Ms. Cook] at a
trade conference last year. You don’t remember her first name, but you remember
that she worked for one of your clients and that her son was a student at your
alma mater. An intelligent search program can sift through all the pages of people
whose name is ‘Cook’ (sidestepping all the pages relating to cooks, cooking, the
Cook Islands and so forth), find the ones that mention working for a company
that’s on your list of clients and follow links to Web pages of their children to
track down if any are in school at the right place”.

• Distributed: the Semantic Web would be free from oligopolies. In 2001 Tim
Berners-Lee and colleagues imagined a distribution of data up to the individual
level: a web user would have their own webpage and their own web-agent exchang-
ing data with other users’ agents “[Pete’s web-agent] then began trying to find a
match between available appointment times (supplied by the agents of individual
providers through their Web sites)”.

• Crawled by trusted agents: the Semantic Web would have been traveled by au-
tomated agents whose capabilities would have exponentially grown together with
the quantity of machine-readable information. The agents would have had ways
of establishing trust among them and with humans.

In 2001, the ontology languages used as examples were the Simple HTML Ontology
Extension (SHOE) and DAML+OIL5, and logical proofs were suggested to be used for

5https://www.w3.org/TR/daml+oil-reference/.
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establishing trust. Work was later started that produced OWL in 2004, itself strongly
based on DAML+OIL. Later, in 2006, Berners-Lee introduced a new keyword: ‘linked
data’, which indicates the data produced a set of rules summarizing the idea of the
Semantic Web6:

• “Use URIs as names for things”.

• “Use HTTP URIs so that people can look up those names”.

• “When someone looks up a URI, provide useful information, using the standards
(RDF*, SPARQL)”.

• “Include links to other URIs. so that they can discover more things”.

One also speaks of ‘linked open data’ if, in addition, the data is released with an
open license. Under the banner of linked data, various databases were created, even of
enormous size, such as DBpedia (a transposition of part of Wikipedia information into
a structured, ontologized form, started in 20077) and Wikidata (an ontologized RDF
graph that everyone can freely contribute to, started in 20128). The Google Knowledge
Graph was also introduced in 2012 [68], as a way to enrich Google’s search results, and
grew rapidly to a gargantuan size. In 2011, the owners of the biggest search engines of
the time (Google, Yahoo!, and Bing) published Schema.org9, an ontology for tagging
webpages content, analogously to the use of ontologies envisioned by Berners-Lee in
2001, to make search engines better understand the webpages’ semantic. The set of
datasets published as linked open data is pictorially summarized by the Linked Open
Data Cloud project10, for instance, the picture corresponding to the year 2014 is in
Figure 1.1.

Semantic Web ideas, however, never gained widespread application, and activities
such as ontology development and linked open data publication and maintenance mostly
dried up, except for a few domains, such as medicine and cultural heritage. Most of
all, the Semantic Web never materialized, at least not in the precise sense described in
2001. A series of articles started to trickle down, stating the death of the Semantic Web
project. We collect some of them in Table 1.1, with a concise summary of the reasons
they claim caused the project failure.

Currently, efforts to produce the Semantic Web have long since evaporated: socially,
the last PhD students supervised by James Hendler (co-author of the 2001 Semantic
Web article) do not make a single mention of Semantic Web technologies, in place of
the Semantic Web there are the API economy and the internet oligopolies; technically,
Semantic Web technology adoption was always low and the rise of machine learning and
neural networks (arguably) falsified the 2001-notion that a machine could not derive
meaning from unstructured data.

6Such summary can be found here: https://www.w3.org/DesignIssues/LinkedData.html.
7https://www.dbpedia.org/.
8https://www.wikidata.org/wiki/Wikidata:Main_Page.
9https://schema.org/.

10https://lod-cloud.net/.

4

https://www.w3.org/DesignIssues/LinkedData.html
https://www.dbpedia.org/
https://www.wikidata.org/wiki/Wikidata:Main_Page
https://schema.org/
https://lod-cloud.net/


Chapter 1. Background: App. On. and Sem. Tech.

Figure 1.1: Some of the datasets published as linked open data in August 2014, and
the relationships among them. Produced by the Linked Open Data Cloud project
(https://lod-cloud.net/).
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Source Date Causes
[66] 2001 People would maliciously manipulate the markup. There is no unique

way to classify things, and any such way carries economic interests,
so organizations will not agree upon a standard.

[236] 2005 The Semantic Web would need to solve semantic heterogeneity, which
has never been solved before by analogous AI efforts because it is hard.
It may have limited success in producing cross-enterprise information
sharing when the enterprises have a favorable business perspective,
because e.g. they are especially advantaged by collaboration, or deal
with semantically simple data, or if they are sufficiently big to control
the market.

[215] 2014 No tool ecosystem was developed. Ontology interoperability is a hard
issue. Modeling carries high effort.

[6] 2014 Putting semantic markup to a webpage carries high effort but no re-
ward.

[113] 2016 OWL usage was never widespread, it focuses on various ways OWL
could be improved.

[206] 2017 An open and decentralized location parallel to the (classical) web
where to store the semantic information was not developed, and it
is difficult to do so.

[184] 2017 SEO is only reason to markup (thus limited vocabulary and no link to
related terms). Ontology efforts were centralized (e.g. Schema.org).
Data privately held: KG not public, lack of trust.

[74] 2018 People would maliciously manipulate the markup. Metadata interop-
erability is a hard issue. The Semantic Web technology stack was too
complex and too little expressive at the same time, and the automated
inferencing was too limited.

[117] 2018 The Semantic Web technology stack was too complex. Almost every-
body finds it easier to delegate its data to a centralized, privately-
owned repository.

[182] 2022 The Semantic Web technology stack was too complex, and some of its
underlying characteristics (non-unique name assumption, open world
assumption) are unfortunate.

[202] 2024 “We can finally see the full realization of the original vision ” due to
successes in establishing massive knowledge graphs and the recent rise
of generative AI, which should enable autonomous agents with open-
ended conversational interfaces.

Table 1.1: Summaries of the causes of the failure of the Semantic Web in the opinion of
various sources, with the exception of a recent quote from Lassila that has a different
tone (see why at the start of Section 1.2).
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However, Bernards-Lee is still working on similar ideas with the Solid (Social Linked
Data) project11. Moreover, it must be noted that the recent rise of generative AI, caused
a renewed interest in the Semantic Web. Indeed, Lassila claims that “[w]e can finally
see the full realization of the original vision” [202]

While the Semantic Web never came close to its original goal (at least for now),
that is, the production of a gargantuan ontologized knowledge graph spanning the
whole content of the web travelled by autonomous agents, the vision did have various
impacts: linked open data are currently of interest to restricted domains, such as public
administration, biology, and cultural heritage, and, more recently, manufacturing12;
and some technologies of the Semantic Web Stack have had a considerable impact (e.g.
RDF-based knowledge graphs). Whatever the reasons for the Semantic Web project’s
failure, they are likely less prevalent in restricted, controlled domains, as similar projects
in these environments have been more successful.

OWL, a little bit more in detail: After the digression on Semantic Web of the
previous section, we can return to OWL, and describe it somewhat more in detail.

OWL comes in many dialects (‘profiles’), but all of these are fragments of mathe-
matical first-order logic. Specifically, OWL allows for expressions containing at most
two variables and limits how variables are quantified. A full treatise on OWL is beyond
the scope of this introduction and can be found e.g. at https://www.w3.org/TR/owl2-
syntax/. Here we just make some examples to clarify some key points, for instance,
the following formula:

ex1 ∀x CarPart(x) ⇐⇒ ∃y(Car(y) ∧ partOf(x, y))

“x is a car-part if and only if there is a car of which x is part of.”

is an OWL formula, since it makes use of two variables only and the inner existential
quantification introduces a variable y which is related to x through a binary predicate.
On the other hand,

ex2 ∀x, y (uncleOf(x, y) ⇐⇒ Man(x) ∧ ∃z(siblingOf(x, z) ∧ parentOf(z, y)))

“x is the uncle of y if and only x is a man and is the sibling of a parent of y.”

is a first-order logic sentence, but not an OWL sentence. In fact, the concept of ‘being-
the-uncle-of-somebody’ cannot be expressed in OWL. The topic is nuanced, for instance,
one can say things such as ‘if x is the brother of a parent of y, then x is y’s uncle’.
Additionally, while the following is not an OWL formula:

ex3 ∀x, y, z(ancestorOf(x, y) ∧ ancestorOf(y, z) =⇒ ancestorOf(x, z))

“ancestorOf is a transitive property.”

OWL allows nonetheless to state that a binary-predicate is transitive, using ad-hoc
syntax:

ex4 Transitive(ancestorOf).

11https://github.com/solid/process.
12See e.g. the Horizon 2020 project OntoCommons, https://ontocommons.eu/.
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More in general, OWL (profiles) are variations of certain description logics (DLs, they
are a family of fragments of FOL known for having ‘good’ computational properties).
For instance OWL2 is based on the description logic known as SROIQ(D), while OWL-
DL is based on SHOIN (D) [118]. The names of these description logics hints to their
expressiveness:

• S means that appropriate restrictions of negation, intersection, and universal and
existential quantification are allowed, as well as transitive binary predicates.

• R means that binary predicates can be said (with some restrictions) to be one
the specialization of/disjoint with another (e.g. brotherOf is a specialisation of
siblingOf and is disjoint with sisterOf), as well as reflexive or irreflexive.

• O means that unary predicates can be defined extensionally, by enumeration: e.g.
a Continent is exactly one of {Africa, Asia, Australia, America, Europe}

• I means that binary predicates can be declared one the inverse of another (e.g.
hasPart is inverse of isPartOf).

• Q stands for qualified cardinality restrictions (e.g. to say that a car has exactly
4 wheels as parts).

• (D) stands for the use of datatype properties, data values or types (e.g. to state
that the second argument of the hasName predicate are only string-literals).

• H means that binary predicates can be said (with some restrictions) to be one
the specialization of another (a restriction of the expressivity entailed by R).

• N stands for (unqualified) cardinality restrictions, to allow saying, e.g., that a
car has at least four parts, but not to specify that 4 of these parts are wheels (a
restriction of the expressivity entailed by Q).

Additionally, the languages of first-order logic, description logics, and OWL are slightly
different, so that, for example, FOL-‘binary predicates’ are ‘roles’ in DLs and ‘object
properties’ in OWL. Similarly, FOL-‘unary predicates’ are called classes in both DLs
and OWL. The syntax style is also different: for instance

ex5 CarPart ≡ ∃partOf.Car
is a ‘DL-style’ rewriting of Sentence (ex1), while the corresponding OWL functional
style syntax would be:

ex6 EquivalentClasses( ex:CarPart
ObjectSomeV aluesFrom(ex:partOf ex:Car))

where the “ex:” before the classes and the object property is a prefix name: since on-
tology elements must identified by Internationalized Resource Identifiers (IRIs), which
may be quite lengthy, a shortcut (prefix name) for an IRI (prefix IRI) is usually defined
and prepended to the remaining part of the IRI (the local name, e.g. CarPart), form-
ing an abbreviated IRI. The use of IRIs to identify ontology entities has the (optional)
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advantage of making each entity point to a resource, in a Web-compatible way, which
could e.g. consist of definitions or illustrations of the entity itself or of related entities.

As a general rule, there is a trade-off between how much a formal language can
express and how difficult are reasoning tasks using that language and OWL is no ex-
ception. In addition, the optimal degree of this trade-off depends on the use case and
the domain of application. This is the reason why OWL comes in dialects that vary
in expressivity and complexity. For example, the consistency checking task (checking
if a theory is consistent) in FOL is undecidable13, while in OWL2-DL it is decidable14,
albeit with a considerable degree of complexity15. In some other less expressive profiles
consistency checking is instead decidable with a lesser degree of complexity16, see Figure
1.2 or consult Table 10 at https://www.w3.org/TR/owl2-profiles/ for details.

Another essential characteristic of OWL is its choice of the open world assumption
and refusal of the unique name assumption. The open world assumption is the assump-
tion that facts that are not explicitly negated may be true (the opposite assumption is
called ‘closed world assumption’). The unique name assumption is the assumption that
different identifiers (names) refer to different entities. The reason why OWL adopts the
first and rejects the second is to be found in its origin in the Semantic Web project.
Indeed, on the web the closed world assumption would make little sense: an ontology
on the web would contain only a small part of the whole set of true facts present in
the web at any given moment. Additionally, such a set of true facts would change in
time. Therefore such an ontology could not assume the falsity of facts not contained in
itself: to do so would contradict most facts present in other ontologies of the Semantic
Web at any given time and cause problems with the addition of new facts. Similarly,
since there wasn’t (and isn’t) an authority on the web that assigns unique names to
things, the same entity will tend to have different identifiers in different ontologies, thus
motivating a refusal of the unique name assumption.

(RDF-based) Knowledge Graphs: OWL uses IRIs: this is something it inher-
its from the Resource Description Framework (RDF) language, another fundamental
component of the Semantic Web Stack, which OWL expands. The basic idea be-
hind the RDF language is to represent a single statement about some resources as
a subject-predicate-object triple, RDF documents themselves as then constituted by
sets of triples. A triple is naturally interpretable as a labeled edge (the predicate) be-
tween two nodes (the subject and the object), so that RDF documents are naturally
interpretable as graphs, and typically are called as such. The syntax of RDF is quite
simple: RDF graphs correspond to labeled directed multigraphs where the labels are
either (certain) IRIs, (typed) literal values, or ‘anonymous’ variables. With the re-
striction that literal nodes can only be the targets (objects) of the edge-arrows (called
properties), and anonymous variables can only label nodes, which are then called blank

13That is, there is no algorithm that, given any FOL theory, will always determine in finite time if
the theory is consistent or not.

14That is, the opposite of undecidable.
152NExpTime complete.
16Polynomial or less.

9

https://www.w3.org/TR/owl2-profiles/


1.1. Applied Ontology and the Semantic Web

Figure 1.2: Complexity of some OWL profiles. In particular, the data complexity for
conjunctive query answering or consistency checking is the same for OWL QL, RL, EL,
and full is the same and is as indicated in the picture; while for OWL 1 DL and OWL
2 DL the complexity class is that of the taxonomical complexity or of the combined
complexity (these two complexity classe are the same for these profiles, see Table 10 at
https://www.w3.org/TR/owl2-profiles). The picture is taken from [2]
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nodes. On the other hand, RDF puts a heavy emphasis on the ‘semantic’, that is, on
the attribution of meaning to RDF graphs. Briefly, while the full meaning of an RDF
graph may depend on many factors that cannot be understood by machines (such as
human habits or common sense notions), it was decided to make use of model-theory-
based formal semantics to encode a part of meaning that can be easily understood by
machines. That is, the RDF standard defines entailment rules and interpretations17.
Entailment rules show how to deduce one graph from another, while interpretations are
analogous to Tarski’s interpretations of FOL-theories within set-theory. So that it is
formally possible to assert statements such as ‘this RDF graph models this situation
(as a collection of real things and their relations)’ and ‘if this RDF graph models true
situations then this other RDF graph also models true situations’. Notice also that
RDF has a vocabulary, a list of special URIs, which must be interpreted in any model
of an RDF graph, together with some triples built with these URIs. The full list of
these URIs is quite simple:

rdf:type
rdf:Property
rdf:langString
rdf:subject rdf:predicate rdf:object
rdf:first rdf:rest rdf:value rdf:nil
rdf:List rdf:_1 rdf:_2 ...

These URIs clearly have precise intended meaning (e.g. the last two rows are intended
to be a vocabulary used for lists, while the row just above for triples-reification), but
their meaning is not constrained in the RDF interpretations, if not minimally (some
constraints related to datatypes, plus the request that <ex:p> rdf:type rdf:Property
must hold for any property <ex:p> appearing in the graph as well as every URI of
the RDF vocabulary except for rdf:nil, which must be interpreted as a rdf:type of
rdf:Property).

RDF Schema (RDFS) is an extension of RDF, which expands the RDF vo-
cabulary (some of the main additions are rdfs:Class and rdfs:subClassOf,
rdfs:subPropertyOf to build taxonomies of classes, and properties, respectively;
rdfs:domain and rdfs:range to state domain and ranges of properties; and the prop-
erties rdfs:label and rdfs:comment to annotate nodes with literals). The entailment
regime also is extended with many rules, for instance, ex:A rdfs:subClassOf ex:B
and ex:a rdf:type ex:A together entail ex:a rdf:type ex:B. A full list of the entail-
ment rules can be fond at https://www.w3.org/TR/rdf11-mt/#rdf-interpretations.

In the previous section, we said that OWL is ‘based’ on the SROIQ(D) DL. This
means that the entailment rules of OWL and its formal semantic are defined almost in
the same way as those of SROIQ(D) (OWL extends that DL a little bit). This way of
specifying the semantic of OWL is called the ‘the direct semantic’ of OWL18. However,
OWL can be built also an extension of RDFS and, in that case, it is natural to describe

17https://www.w3.org/TR/rdf-mt/.
18https://www.w3.org/TR/2012/REC-owl2-direct-semantics-20121211/#Direct_Model-

theoretic_Semantics_for_OWL_2.
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Figure 1.3: Pictorial representation of the Semantic Web Stack. The Technologies on
the bottom enable the technologies on top of them, for instance, OWL is serialized on
top of the RDF language, and SPARQL is a query language for RDF graphs.

its semantic as an expansion of RDFS’. This is called ‘the RDF-based semantic’ of
OWL, and is known to be (almost) equivalent to the direct semantic19. For instance,
the OWL sentence (ex6) can be rewritten into an RDFS graph:

ex:CarPart owl:equivalentClass _:AnonymousClass .
_:AnonymousClass rdf:type owl:Restriction .
_:AnonymousClass owl:onProperty ex:partOf .
_:AnonymousClass owl:someValuesFrom ex:Car .

Note that in this translation it was necessary to use blank nodes (the ‘Anonymous
Class’).

This emphasis of RDF, RDFS, and OWL on semantics, together with the fact that
sets of triples can be represented as graphs (see e.g. Figure 1.4 for a graph-rendition of
the triples corresponding to Formula (ex6)), makes quite reasonable to call such graphs
as ‘semantic graphs’. However, now the alternative ‘knowledge graph’ sees much more
use currently20. The term came to popularity after its use in 2012 by Google to indicate

19https://www.w3.org/TR/2012/REC-owl2-rdf-based-semantics-20121211/.
20As revealed by Google Trends, last checked in 2024.
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Figure 1.4: Graph that represents the RDF triples encoding the OWL Formula (ex6)

their solution to semantically enrich Google’s search engine [3]. In this introduction,
we are not interested into an analysis of definitions of the term knowledge graph. In-
stead, we simply quote Ehrlinger [68]: “the term knowledge graph does not constitute
a new technology. Rather, it is a buzzword reinvented by Google and adopted by
other companies and academia to describe different knowledge representation applica-
tions”. Furthermore, Ehrlinger remarks that the term ‘knowledge base’ is often used
interchangeably with ‘knowledge graph’, and, if a difference is present is usually that
a knowledge base does not include a reasoning/entailment system, while a knowledge
graph does.

Of course, the idea of representing knowledge using graphs is not new: it is, in all
likelyhood, a very old idea that predates the first known appearances in the literature.
Just to mention a few of these appearances, in the 1960s a graph-based formalism
for knowledge representation was developed [105], which was called ‘semantic nets’ or
‘semantic networks’. Then, in the 1980s, a joint project of the Universities of Twente
and Groningen started to develop an ontology composed of a small set of relations,
which was used to guide graph-based conceptual modelling efforts [14]. The Twente-
Groningen team was probably the first to use the term ‘knowledge graph’ in systematic
fashion.

Applied Ontology: In the previous sections We introduced Semantic Web technolo-
gies, indeed, the Semantic Web was for many years the main use case of applied ontology.
However it is important to note that applied ontology is a distinct discipline that has
also different use cases, interacts with many different communities, and both predates
and survives the Semantic Web. One could say that, in essence, the discipline of applied
ontology supplies philosophically-based methodologies to knowledge engineering. Here
we exemplify this by recalling a famous example: the OntoClean methodology [98]. On-
toClean offers guidelines for constructing taxonomies: it requires manual input, as each
class of the taxonomy must be annotated with appropriate meta-properties, but, apart
from that, it lists a series of constraints that must hold among the meta-properties be-
longing to different classes that can be verified automatically. If the taxonomy violates
the constraints it should then be ‘cleaned’ up. Take, for the sake of example, Formula
(ex6). It could be part of a wider ontology, including a taxonomy. A portion of such
an ontology will reasonably look like the following:
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. . .

ex7 ∀x Car(x) ⇒ Device(x)

“Cars are devices.”

ex8 ∀x CarPart(x) ⇒ Device(x)

“Car-parts are devices.”

ex9 ∀x CarPart(x) ⇐⇒ ∃y(Car(y) ∧ partOf(x, y))

“x is a car-part if and only if there is a car of which x is part of.”

ex10 ∀x Engine(x) ⇒ CarPart(x)

“Engines are car-parts.”

ex11 ∀x Wheel(x) ⇒ CarPart(x)

“Wheels are car-parts.”

. . .

One of OntoClean meta-properties is rigidity: a class is rigid if its instances are
necessarily so. Now, the modality of being-necessarily-something must be assigned by
the human user. In this case, considering the domain in question, it would be reasonable
to say that Car, Engine, Wheel are rigid, while CarPart is not, because something that
is part of car is not necessarily so (for instance, a combustion engine may not always be
installed in a car, components could be replaced form one car to another, and certain
components could be part of things that are not cars – the seat of a car and the seat of a
truck are not much different, say). In this case, Axiom (ex11) conflicts with OntoClean
constraint that rigid classes cannot be subsumed into non-rigid classes, suggesting that
the taxonomy should be modified appropriately21.

The previous example shows how applied ontology can help with modeling, and,
of course, OntoClean is far from being the only methodology/set of principles that
can help to achieve high-quality schema or data models. Such sets of principles may
space from pure heuristics (e.g., compare [249]) to heavily-philosophically-founded (e.g.
[263]). One classical principle is the use of foundational ontologies, which we will touch
briefly in the following.

Sharing meaning with ontologies, inter-ontology interoperability, and top-
level ontologies: In disciplines such as knowledge engineering and data governance,
ontologies and semantic graphs are not the only way to represent knowledge, and orga-
nize and store data. They are (or should be) used when the goal is to share meaning,
which is the main point of ontologies. In practice, this means that ontologies will most
often appear when interoperability and data integration are most sought after.

Whatever the reason for needing an ontology, if a suitable ontology already exists,
that one should be reused instead of developing a new one; in the same way that, if a
library of a programming language that carries out efficiently a task exists already, one

21Indeed, classes similar to CarPart are often ill-advised.

14



Chapter 1. Background: App. On. and Sem. Tech.

should not spend the effort to develop a new one. However, due to a variety of reasons,
not least the fact that an ontology may have been not shared publicly or it may not
precisely answer each and every need of the ontology developer, ontologies for the same
domain or application may be re-developed multiple times.

In addition, since application domains often overlap (consider e.g. the couples
mechatronics and electric engineering, manufacturing and resource planning, main-
tenance and failure analysis), corresponding ontologies will likely overlap. This was
especially true for the Semantic Web project, and its successive incarnations, due to
the envisioned size of the project (consider, for instance, this quote about Linked Open
Data “[w]e work towards a future in which people share the power to collect and orga-
nize the data that shapes humanity’s understanding of the world”22, which appears to
envision a a patchwork of ontologies covering the whole of human knowledge).

Since domains also have different levels of generality (e.g. manufacturing versus
addictive manufacturing versus defects in addictive manufacturing), ontologies can even
be completely ‘embedded’ one into the other. It is natural, therefore, to consider the
issue of how to make the ontologies themselves interoperate, both ‘horizontally’ (i.e.
between ontologies of comparable levels of generality) and ‘vertically’ (i.e. between
ontologies of different levels of generality).

Therefore one must add links between the ontologies, explaining how they are re-
lated. On a practical, operative level, this typically translates to enumerating a series
of inclusion or equivalence axioms, to say which class or property in one ontology is
more specific or equivalent to which class or property of the other ontology.

Using an ontology of a more general scope that is already linked to both ontologies
would solve or at least greatly simplify the problem, since the desired links can then
be deduced completely or partially. Doing so, however, would seem more complicated,
since now one must relate the more specific ontologies to the more general one, thus
needing two alignments in place of a single one. Nevertheless, there are two advantages:

• first, using higher generality ontology is a natural way to start and guide the
alignment process, simplifying it.

• If there are not just two ontologies, but, say, n (n >> 2) ontologies that have to
be aligned, then aligning each ontology to all others requires O(n2) alignments.
Instead, repeatedly using higher-generality ontologies to bridge couples of on-
tologies naturally produces a tree structure among ontologies, which needs just
O(n) alignments (the remaining alignments should be then either automatically
deducible, or at least easy to derive).

It is natural, then, to suggest high-generality ontologies, usually called upper-level
ontologies, as guides for the ontology development process. In fact, their use for that
activity has the additional advantage that basic patterns or even complex axiomatics
encoding precise meaning can be reused without having to redevelop these.

Of course, there is no unique way to model any given situation, and this is also true
for high-generality entities and relations, so that multiple upper-level ontologies were

22https://meta.wikimedia.org/wiki/LinkedOpenData/Strategy2021/Joint_Vision.
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developed over time, such as BFO [16], GFO [115], YAMATO [195], UFO [101], and
DOLCE [176]. In this thesis, we focus mostly on DOLCE, so that we will summarily
introduce it in the next section. However, before doing so, let us take a step back
to OntoClean and to the formal languages used for modelling, and see an example of
how the use of an upper ontology can fit in and enhance these. OntoUML [102] is an
extension (a ‘profile’) of UML that introduces terminology and constraints from the
upper ontology UFO. UFO itself uses and extends23 the meta-properties of OntoClean,
and speaks of rigid properties (properties that are necessary for their instances, as
discussed briefly in the paragraph about OntoClean above), sortals (properties that
provide a criterion, called identity criterion, for determining if two instances of the
properties are the same. E.g. ‘person’ would be a sortal class because there is a way, in
principle, to say that two people are the same or different; while ‘being red’ would not
be a sortal, because it does not have an identity criterion), dependent or independent
entities (e.g. ‘size’ is a dependent class because it is always the size of something),
etc. UFO uses these meta-properties to describe meta-classes: for instance, a ‘kind’
is an (existentially) independent rigid sortal 24 and similarly other meta-classes are
defined, such as category, role, phase, mixin, . . . . UFO’s axiomatization then restricts
the meaning of such meta-classes: similarly to OntoClean, roles (which are antirigd)
cannot subsume kinds (which are rigid), and so on. UFO’s meta-classes and axioms
are then translated into OntoUML as ‘stereotypes’ and constraints. Stereotypes are
used to annotate the classes of a UML class diagram, the constraints then ensure that
the UFO’s axioms are respected, forcing the user to comply with UFO’s ontological
commitments and thereby improving the quality of models [250]. This showcases how
one can reuse complex semantic constraints in modelling without having to redevelop
them.

DOLCE: The Descriptive Ontology for Linguistic and Cognitive Engineering was first
fully formalized in 2001 [177]. As reflected by its name, has a descriptionist approach,
in the sense that it tries to capture the ontological categories used in the human com-
monsense and language: DOLCE categories are to be intended as cognitive artifacts
depending on human perception and conventions. As a consequence, DOLCE does not
make use of four-dimensional entities (a DOLCE-object is therefore wholly present at
each instant it is present).

DOLCE is an ontology about particulars (entities that do not have instances) and
not about universals (entities that do have instances). That is, it uses universals to
categorize and talk about particulars, but doesn’t talk about universals themselves
(e.g. one can say ‘John’s car is an (instance of) object’, but cannot say ‘the object-
universal is a category’). Furthermore, it adopts a multiplicative approach, since it
cares for expressivity without trying to reduce the number of primitives, and accepts
the existence of co-located entities (e.g. the clay a statue is made from and the statue
are different entities).

23Note that UFO has a much broader terminological scope than OntoClean.
24The definition of kind is more specific than ‘an independent rigid sortal’, since that applies also to

‘quantity’ and ‘collective’, but these are the key characteristics and we simplify for the sake of brevity.
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DOLCE taxonomy can be seen in Figure 1.5. It has four top categories: endurants,
perdurants, qualities, and abstracts. The distinction between endurants and perdurants
is at the core of the ontology: endurants (e.g., a car, a tree, a crack in a wall, a liter
of water, etc.) are wholly present at any time they are present. On the other hand,
Perdurants (e.g., a marathon, an action, a storm, the fall of a leaf), on the other hand,
are made by the sum of parts that exist at different times: when they are present, they
are only partially present.

Endurants can be physical or not, depending on if they have a spatial location. Ad-
ditionally, if they are physical, they can be: (i) features (F(·)), if they depend on some
other entity for their existence (e.g. a crack in a wall depends on the wall existence);
(ii) physical objects (POB(·)), if there is a relation that holds among their parts, which
can be temporary, and make them a coherent whole (e.g. a tree); (iii) otherwise they
are amounts of matter (M(·)), e.g. a given set of sand grains. Physical objects can be
agentive (APO(·)) or non-agentive (NAPO(·)). Non-physical endurants that depend on
a community of agents are called social objects. A subclass of social objects we are
especially interested in are roles. Roles were introduced as an extension to DOLCE
[179] and have now become integral to the expanded taxonomy [31]. Roles are charac-
terized as antirigid and dependent (also known as founded) classes [98, 97, 179]. An
antirigid class implies that its instances are not inherently so, while a dependent class
stipulates that all its instances existentially rely on an external entity, often referred to
as the context. For instance, a particular individual may assume the role of a student,
but no individual is inherently a student. In fact, it is expected that an individual
ceases to be a student after a certain period. In contrast, every individual inherently
belongs to the class of persons, irrespective of external entities. An ontological class is
considered dependent or founded on another if the presence of an instance of the first
class necessitates the presence of a corresponding instance of the second. For example,
the citizenship of an individual depends on the country, as every citizen is associated
with a specific country. Such a dependence is usually identified with some flavour of
DOLCE’s specific dependence relation (SD(·, ·)):

df1 SD(x, y) ⇐⇒ (∃t(PRE(x, t)) ∧ ∀t(PRE(x, t) =⇒ PRE(y, t))) “x is specifically depen-
dent on y if and only if every time x is present so is y (and x is present at least at
some time to exclude an empty quantification).”

While this chapter will delve into different forms of dependence and founding, the basic
concept is encapsulated in the citizen-country example.

Furthermore, some authors categorize roles based on the nature of their context.
For instance, [168] distinguishes relational, processual, and social roles, classifying them
depending on whether the context is a relation, a process, or a social object. In DOLCE,
roles (RL(·)) are reified and treated as concepts (CN(·)), which, in turn, fall under the
class of non-agentive social objects (NASO(·)), as it can be seen in Figure 1.5.

To differentiate perdurants (PD(·)), DOLCE employs three mereological properties:
cumulativity, homeomericity, and atomicity. Cumulativity holds for a perdurant-type
when the sum of two instances of a type yields the same type, indicating closure of that
type under mereological sum. Consider the example of ‘walking’: if we contemplate
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two instances of walking activities, the composite activity remains of the ‘walking’
type. Perdurants of a cumulative type are termed stative, whereas those that lack
cumulativity are labeled eventive. Homeomericity applies to a perdurant type if any
parts of its instances are instances themselves. For example, in the case of ‘sitting’,
portions of a sitting action remain classified as sitting actions. Homeomeric stative
perdurants are termed states (S(·)), while those that are stative but have parts of
different types are designated as processes (PRO(·)). An illustration is walking, where
completing a specific leg movement is a prerequisite for it to be considered a walking
movement. Another instance is the buzzing of a clapper (or buzzer): the clapper
alternates between two states during clapping (opened/closed circuit), and neither state
is inherently of the buzzing type. DOLCE refers to the temporal relationship between
a perdurant and the object involved in it as participation, denoted as PC(·, ·, ·): in the
aforementioned example, the clapper is a participant in the buzzing.

DOLCE defines various relations holding between perdurants, that we will also use
in the oncoming chapters. They are parthood (P(·, ·)), specialized in either temporal
parthood (P(·, ·)T ) or spatial parthood (P(·, ·)S); temporal inclusion (⊆T ); and spatial
inclusion (⊆S). Reciprocal temporal or spatial inclusion is called coincidence (≈T , ≈S).
Except for parthood, these are all defined relations. Definition of temporal and spatial
part and temporal inclusion is straightforward, while the spatial inclusion makes use of
the spatial location of perdurants, which is stipulated to be the same spatial location as
that of their maximal total participant. Introduction of the maximal total participant
is slightly effortful, and we don’t report it here, in any case the spatial location of
perdurants is inherited by the location of their participants. We report the remaining
definitions here for sake of clarity (they are copied from [177, p.29-30]):

df2 x ⊆T y ⇐⇒ ∃t, t′(ql(t, x)T ∧ ql(t′, y)T ∧ P(t, t′))

“x is temporally included in y if the time extension of x (indicated by the special
quale relation ql(·, ·)T ) is part of that of y.”

df3 x ≈T y ⇐⇒ x ⊆T y ∧ y ⊆T x

df4 x ⊆S< y, t >⇐⇒ ∃s, s′(ql(s, x, t)S ∧ ql(s′, y, t)S ∧ P(s, s′))

“x is spatially included in y at time t if the time spatial extensions of x at time t
(indicated by the special quale relation qt(·, ·)[·]S) is part of that of y at the same
time.”

df5 x ⊆ST y ⇐⇒ ∃tPRE(x, t) ∧ ∀t(PRE(x, t) =⇒ x ⊆S< y, t >)

“x is spatio-temporally included in y if at all times x is present it is spatially
included in y at that time (and there is at least one such time).”

df6 x ≈ST y ⇐⇒⇐⇒ x ⊆ST y ∧ y ⊆ST x

df7 PS(x, y) ⇐⇒ PD(x) ∧ P(x, y) ∧ x ≈T y

“Perdurant x is a spatial part of y if it is a part of y and it temporally coincides
with y.”

df8 PT (x, y) ⇐⇒ PD(x) ∧ P(x, y) ∧ ∀z((P(z, y) ∧ z ⊆T x) =⇒ P(z, x))
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Figure 1.5: DOLCE taxonomy, taken from [31].

“Perdurant x is a temporal part of y, which is maximal with respect to all other
parts of y that are temporally included in x.”

DOLCE-qualities were influenced by trope theory [44] but exhibit some differences
from those. DOLCE-qualities, such as the weight of a car or the color of a flower,
represent specific attributes inherent to individual objects. Consequently, the weight
property of a given car is unique to that particular car, which is referred to as the
‘bearer’ of the quality. Each quality functions as an individual entity and is affiliated
with its bearer. For instance, if we consider a group of five cars, the colors of these cars
manifest as five distinct color qualities, each associated with a specific car. This occurs
despite the potential visual indistinguishability of the five cars regarding their color. In
contrast to tropes, qualities are linked to values that can undergo changes over time.
For instance, the color quality of a flower may transition from red in summer to brown
in fall. The values of qualities, termed ‘quales’, are separate entities from the qualities
themselves. This enables a flexible assignment of values to qualities, following the
schema of object-quality-quale (or bearer-individual quality-value). Quales are always
part of an appropriate space, which in DOLCE is an instance of the region category,
which is the most important sub-category of abstracts. Spaces of quales are called
quality spaces and are based on the theory of conceptual spaces [77]; also each quality
type has a corresponding quality space [177] and individual qualities are unique given
a bearer and a quality type. In [177] qualities have to have the same time extension of
their bearer, however, in a more recent axiomatization ([175]) this has been relaxed and
qualities may have shorter lives than their bearer, so it is possible that a bearer gains or
loses a quality. It is also possible that a bearer gains or loses the same quality multiple
times, as there is no commitment on the convexity of the time region constituting the
life of the quality. Since this is desiderable property for the framwork of the thesis we
adopt the axiomatization of [175] in this regard. In DOLCE, qualities constitute the
class Q (with the predicate Q(·)), and the (direct) inherence relation is denoted as ‘direct-
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Class Name
ED Endurant
PED Physical Endurant
NPD Non-physical Endurant
AoM Amount of Matter
POB Physical Object
APO Agentive Physical Object
NAPO Non-Agentive Physical Object
NASO Non-Agentive Social Object
CN Concept
RL Role
A Artefact
TQ Temporal Quality
PQ Physical Quality
PD Perdurant
E Event
S State
ACH Achievement
ACC Accomplishment
SV Description
PRO Process
Q Quality
R Region
T Time interval

Table 1.2: DOLCE’s classes that are most relevant for this thesis.

quality-of’ (written as dqt(·, ·)). There is also an indirect quality-of relation (qt(·, ·)),
the difference is that the indirect version is transitive, while the direct version does not
present intermediate dqt relations whenever it holds; moreover the indirect version is
used to represent quality dimensions: for example, the color of a rose directly inheres in
the rose and the brightness of that color directly inheres in the rose’s color itself, while
indirectly inhering in the rose. A temporal quale relation associates a quality with a
specific value, which can vary over time and is expressed as ql(·, ·, ·).

Since we are going to use DOLCE as an upper ontology to guide the ontology
development throughout this thesis, in Table 1.2 and Table 1.3 the main classes and
relations of DOLCE that will appear in logical formulas are listed.

On the choice of foundational ontology and implementation language As it
is implicitly suggested by the subjects of the above sections, this thesis will proceed
on using the language of first order logic, and using the ontology DOLCE as a guide
on foundational ontological issues. The ensuing ontologies will also be translated into
OWL, which is (more) implementation-oriented than FOL.

One could object to this choice: why not YAMATO, or perhaps GFO, or BFO,
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Relation Name Holds between
qt Indirect Quality A quality, endurant, or perdurant, and

any of its qualities
dqt Direct Quality A quality, endurant, or perdurant, and

any of its qualities
ql Quale A quality and the corresponding value

(at a given time)
PRE Presence An entity and a time it exists at
P (Temporary) Part-

hood
An endurant, perdurant, or abstract
entity, and another endurant, perdu-
rant, or abstract entity that contains
the former (at a given time, in the case
of endurants)

CP Constant parthood Same as temporary parthood
PT Temporal parthood Two perdurants
PS Spatial parthood Two perdurants
K Constitution An endurant or perdurant, and another

endurant or perdurant that is consti-
tuted by the former (at a given time)

CK Constant constitution Same as constitution; defined in the
same way as for constant parthood

PC Participation An endurant participating in a perdu-
rant (at a given time)

⊆S Spatial inclusion (at a
time)

Two physical endurants, two perdu-
rants, or two physical qualities

⊆T Temporal inclusion Two endurants, two perdurants, or two
qualities

⊆ST Spatio-temporal in-
clusion

Two endurants, two perdurants, or two
qualities

Table 1.3: DOLCE’s predicates that are most relevant for this thesis.
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or UFO as a choice of foundational ontology. And why OWL and not some language
from the logic programming community (some recent version of Datalog, say) imple-
mented in some deductive database, or perhaps something more near to object-oriented
programming with UML or SysUML, or something else (possibly also another language
still from the Semantic Web community, such as SHACL)? On an even more applicative
level, why focus on RDF and SPARQL and not, say, property graphs and Chypher25.

Indeed, it is important to note that DOLCE is far from the only upper-level ontology,
and users may prefer another ontology of choice and argue that DOLCE has alleged
limitations. For instance, users of BFO or UFO will likely highlight that DOLCE does
not contain a category for dispositions, and users of UFO may also point to the fact
that the theory of relational qualities is not much developed, and so on. DOLCE users
may in turn point to other alleged limitations of the other ontologies and so on. This
could start a debate, that we do not address (except for Jansen and Röhl’s argument
[218, 133] against internally-grounded functions, which is a classical in the literature):
we simply use DOLCE as a guide in foundational matters because it is some good
characteristic to do so. In particular:

• DOLCE is a prominent upper ontology, which underwent extensive testing across
various applications and is an ISO standard (part of the ISO 21838).

• DOLCE demonstrated remarkable stability over two decades, underscoring its re-
liability, in contrast to the frequent reworkings observed in other upper ontologies,
which were often extensively reworked along the lines of DOLCE.

• We follow Jansen and Röhl’s opinion [218, 133] on the relation of functions
with malfunctions, in particular, we agree that (some) functions are externally
grounded. Thus, our reluctance to adopt ontologies like BFO, which espouse
opposite ontological views.

• The last, and most important point is that DOLCE “aims at capturing the onto-
logical categories underlying natural language and human commonsense” [177], in
this sense it is a descriptive ontology. In addition to making theories formulated
using DOLCE more accessible and comprehensible, this is critically important
because of our choice of a descriptive approach towards engineering functions.

Of course, the choice of DOLCE is still (up to a point) arbitrary, from a scientific point
of view, and putative users of this thesis’ framework may want to make use of other
foundational ontologies. In order to minimize potential issues derived from this, this
thesis follows the broad design principle of taking minimal ontological commitment on
foundational ontological issues: this ensures that the thesis framework is as lean as
possible and that mapping it to other ontologies is as easiest as possible. Consider e.g.
the case of the ontology MALFO developed in Chapter 4. The intended mapping with
DOLCE is just five relatively simple axioms: (mp3), (mp4), (mp5), (mp6), (df50). It is

25The most known query language for property graphs, see https://neo4j.com/docs/getting-
started/cypher/.
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easy then for a user to swap these mappings in favour of mappings with another ontol-
ogy. This design choice also facilitates modularization (as exemplified by the MALFO
ontology-module), which helps with issue I2 from the abstract.

On the other hand, this means that many times we will not commit to some point
of view and instead we will just say that multiple points of view are possible, without
supplying further indications. This could be considered a downside of the underlying
design choice.

Coming to a more applicative level, the choice of OWL is similarly arbitrary (up to
a point): such a language does have some good properties, listed in the sections above,
but, as with all other modeling languages, it is not perfect. Manifest, well-known alleged
issues, which users of other languages may point to, are the open world assumption and
the non-unique name assumption. These fundamental choices entail that reasoning in
OWL is infamous to be counter-intuitive and too ‘weak’ to constrain information. In
fact, especially in the database community and enterprise environments, the opposite
choices are often made: entities have unique identifiers, and information not stated
is assumed to be false. More in general, it is critical to remark that Semantic Web
technologies are not the only way to do conceptual modeling: OWL is not the only
language that can be used to formalize ontologies (some other languages we have men-
tioned above); nor RDF, a language for graph-based knowledge representation that will
be described in the following, is the only way to serialize knowledge in the shape of a
graph, for instance property graphs, also called attributed graphs26 [5] constitute one
competing serialization solution. This could be the start of another debate, which is
also outside the scope of the thesis. Again, we proceed on with OWL even though
we recognize that it has critical aspects, but we try to do so in a ‘neutral’ way: the
use of OWL should also be understood as an exemplification of an application-oriented
language, whose discussion introduces various characteristics that are critical to every
implementative language used for knowledge representation. We also try to go (ad-
mittedly slightly) beyond the use of OWL: for instance, the ontology MALFO is also
serialized in (a certain version) of Datalog, and in a FOL-based format used by tools
from the automatic theorem provers community. The use of FOL as a basic modeling
language also helps with trying to be neutral w.r.to more implementative languages:
FOL has the virtue of being free from implementative details, and is considerably ex-
pressive and flexible; using FOL-theories as references, putative users can then translate
them into more applicative languages.

1.2 The Use of Semantic Technologies in Enterprises:
Why and How

This section aims to continue the historical narration of the previous section and to
provide a reason for the adoption of semantic technologies in enterprise environments.

26They are called so because they store information, attributes, in the graph edges. Semantic Web
style graph serializations do not.
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Note, in particular, that this section is not a motivation behind the specific research
activities carried out in this thesis, but it provides a context to undestand why and how
semantic technology (including the artefacts developed in the thesis) can be fruitfully
used.

In Section 1.1 we have touched upon characteristics and genesis of semantic technolo-
gies27, mentioning that one of the main visions that pushed for semantic technologies,
the Semantic Web, did not materialize. However, this should not lead the reader to
think that semantic technologies have no use or application. In fact, the adoption of
these technologies has never been bigger. For instance, (some of) the open knowledge
graphs spawned by the Semantic Web efforts28 have reached gargantuan dimensions
and their use for, say, natural processing language or machine learning tasks is routine.
Also, the adoption by companies of semantic technologies has recently been trending
and growing [227]: For example, Ora Lassila recently declared the ‘victory’ of the Se-
mantic Web project in the sense that enterprise-level of huge and efficient knowledge
graph has already came into being, and exemplifying this with some projects realized
by Amazon Neptune [202], and observed that the shifting of focus from the Web to the
enterprise environment has been a good thing due to the reduction in scope. Addition-
aly he (among many others) expresses optimism for the future of the Semantic Web
project due to the recent rise of generative AI: open-ended conversational interfaces for
automatic agents are now possible.

In this section, we will touch on (some of the main reasons of) how and why semantic
technologies currently find their space in enterprises.

The problems of integrating and sharing the meaning of data As mentioned
in Section 1.1, semantic technologies are mostly employed when there is a need for
data integration or sharing the meaning of data. Let us see how this need could arise.
Speaking in very general terms, data and knowledge29 have always been important for
enterprises, and their importance has continuosly increased: data was called “the new
oil” in 2006 [8], and, since then, its importance has only grown [264].

In the context of an enterprise, we can distinguish the roles of data sources or data
producers, which generate the data, and the roles of data consumers, which process
the data to pursue some business goal. An example of a data source could be a plane
technician on an aircraft carrier who is required to fill out forms about his interventions
(an example from [201]) or, say, a component in an assembly line owning a rich array
of sensors (a typical example in I4.0 contexts). An example of a data consumer could
be a data analyst, trying to find meaningful knowledge from the data, or a manager,
trying to ground a business decision on knowledge based on data.

The process of using data for some goals leads, in practical settings, to some typical

27Semantic technologies is an old buzzword, still in use, which indicates a broad set of technologies
and methodologies, including those described in the previous section.

28Such as, e.g., YAGO https://yago-knowledge.org/, KBpedia https://www.kbpedia.org/, DB-
pedia https://dbpedia.org, or Wikidata https://www.wikidata.org/.

29Data and knowledge are sometimes used interchangeably. Here, by knowledge we mean the infor-
mation gained by giving meaning to the data, that can be used e.g. to make business decisions.
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issues, especially in the interface between producers and consumers: since data produc-
ers and data consumers are generally different entities30 they may not share the same
interpretation of the data. For instance, a data analyst may receive some data from a
relevant data engineer, but could realize of not being able to exploit the data, because
he/she does not understand their meaning. This will likely prompt the analyst to ask
the engineer for a thorough description of the data, causing significant time loss. Worse,
the data analyst may misunderstand the data without realizing the error, and use it er-
roneously, potentially causing some failures in downstream work. Similar issues, which
are issues in sharing data meaning, see are multiplied when many, separated, sources
and/or consumers are involved in the process. This latter case is typical, and occurs, for
instance, because every branch/team/technician stores data on different, non-aligned
databases, which at some point must be all used coherently. And, of course, these issues
grow in severity as the underlying enterprise(s) grow bigger and more complex and are
notorious for their potential costs [87, 227].

Issues preventing data interoperability Since they are so important, let us discuss
a little bit more in depth and categorize data interoperability issues. Interoperability
is often divided into syntactical and semantic interoperability [238], so we shall divide
interoperability issues into two corresponding categories: syntactic (semantic) inter-
operability issues are those interfering with syntactic (semantic) interoperability. By
syntactic interoperability we mean, in the context of this thesis, the interoperability
caused by the harmonization of data/information format and structure (e.g. data ex-
change between two databases is easier if there are similarly named tables, with similar
columns containing similarly formatted fields). We define semantic interoperability as
the ability to communicate data and information ensuring a mutual, clear understand-
ing of their meaning. Issues related to semantic interoperability are usually considered
as instances of ‘semantic heterogeneity’ [109], which could be defined as the opposite
of semantic interoperability and synonymous with ‘semantic interoperability issues’.
Notice that data quality is known to be a ‘make it or break it’ factor [140], for this
reason, data quality issues will be included in the enumeration of data interoperability
issues. Additionally, though when talking about interoperability one imagines the case
that there are two systems between which communication is being attempted, many
of the issues preventing interoperability may manifest in a single system without the
need to reference a second system. Therefore in the following list we do not always
reference two systems when speaking of an issue. For example, synonymy is a possible
issue hindering interoperability, it happens when there are two different terms sharing
(approximately) the same meaning. The terms may belong to the two different systems
that need to communicate, or they can belong to a single system. Synonymy could be
an issue in both cases, because in both cases both systems need to know the synonym
relationships to share meaning.

Note that the following is no pretense of systematical classification of interoperability
issues, just one of the possible ones, hopefully useful, where we stay on a very general

30We say entity because they could be people but also, say, software programs.
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level and do not commit to a precise context. More complex classification efforts can
be found in e.g. [200, 21, 22].

Syntactic interoperability issues:

• Missing items: for instance, a relational database table could be missing a record
pertaining to some real entity, or, within a given record, some field value may be
missing.

• Wrong or inconsistent format: when a symbol should have a shape following
some predetermined requirements but those are violated, or when heterogeneous
syntaxes are used to represent similar things. For instance, dates in a database
could be represented with inconsistent format (e.g. DD/MM/YYYY and MM/D-
D/YYYY, etc.). Similarly, in the context of natural, written language, a word
could be misspelled, or various different abbreviations and acronyms could be
used to write the same word. In the context of software systems, this issues also
occurs when dealing with, say, different file extensions

• Incorrect values: values can be either false and plausible (e.g. a wrong but plau-
sible date of birth in an HR database) or false and meaningless (e.g. a gibberish
string in a name field). Sometimes it is possible to determine what data is wrong,
sometimes one can only determine that some data is wrong, without being able
to pinpoint the exact items that are wrong. The latter is the case that an incon-
sistency in the data is discovered. The inconsistency here could mean different
things: for instance that there is data that violates a business rule (e.g. date
of hiring precedes the date of the enterprise foundation) or that violates a con-
straint in a database (e.g. the zip code and country fields are ‘85577’ and in
‘Germany’, then the city must be ‘Neubiberg’ [75, p.30]); or that, if one makes
use of logic-based databases (such as OWL ontologies), there is a formal, logical
inconsistency.

Semantic heterogeneity issues:

• Different symbols sharing the same meaning: in the written, natural language,
this reduces to the presence of synonymous words (e.g. ‘tank’ could mean either a
water container for fishes or a military vehicle [24], or ‘couch’ and ‘trainer’ could be
both acceptable values for an occupation field [75, p.38], or ‘latex hand protection’
for ‘rubber glove’ [236]). Another well-known example regards primary keys in
relational databases, or, more generally identifiers in information systems: a given
entity should have a unique identifier within a given system. Already this could
go wrong if there is an error in a given system31, and, more frequently, different
systems may attribute different identifiers to the same entity.

• Same symbol having different meanings: this is the case of, e.g., homonymity
and polysemy. For instance, ‘salary’ meaning either “salary after taxes in French
Francs including a lunch allowance” or “salary before taxes in US dollar” [236].

31Of course, relational databases actually prevent insertion of data that would violate a uniqueness
constraint.
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• Adoption of a symbol having a different but related meaning in place of the origi-
nal symbol. In linguistics, this is the case of metonymy and synecdoche. There are
some noticeable subcases: replacement of an instance for a type; replacement of a
hyponym with a hypernym or vice versa, which happens when the two meanings
are concepts related by the subsumption relation (e.g., the ‘command [device]’ in
place of ‘valve’); replacement of a whole with a part or vice versa, when the rela-
tion is meronymy (e.g., ‘cable’ for the numerous copper wires contained therein);
the constituent for the object, e.g. ‘iron’ in place of a tool made of iron. In man-
ufacturing, a common case is also the replacement of an object with the object’s
supplier (e.g. a ‘Pentax’ for ‘camera’).

This is also the case of trying to communicate between different natural languages,
or between two ontologies describing similar entities, or between two relational
database management systems having different schemas despite containing similar
information.

• Different sets of symbols are employed, with different meanings: in this case the
issue is the difficulty in relating the symbols between the two separate set and their
meanings, to produce a coherent whole. The addition of said relations enriches
the information attached to the symbols and can be understood as a process of
discovery (e.g. there is a list of drugs and a list of illnesses, and the effectiveness
of a drug w.r.to an illness must be determined), but also as wasted time if the
relations were known in advance and were never communicated (e.g. somebody
had already carried out some data analysis to link the drugs to the illnesses, but
this was never shared). The latter case is an issue stemming from the absence of a
unique, explicit, and universally (at intra- or inter-enterprise level) shared master
information source.

Data integration and data interoperability both aim to lessen the previous issues.
These two terms are sometimes used interchangeably. However, we define data integra-
tion as the activity of merging data from different sources into a semantically consistent
whole, while for us data interoperability is ensuring beforehand that the generated data
is easily integrated (by using e.g. standard-based and vendor-agnostic technologies).

The main case for using semantic technologies in enterprises. Not having
integrated data has detrimental effects while having integrated data may lead to ad-
vantages, and there are many success stories32. In addition, the need for data integration
and interoperability is reinforced by the tendency of most enterprises of creating data
silos, in a number that grows with the enterprise size [248].

On the other hand, pursuing a data integration project is costly. For instance, in
[227] data warehousing33 projects are estimated to take at least 6 months and cost 1
million USD.

32E.g. data warehousing within Amazon, in addition to data warehousing as a business-to-business
service from Amazon.

33Data integration can be achieved in at least three ways: federation, mediation, and materialisation
(data warehouse) [42]. In a federated database system each component controls its interaction with
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Therefore, it is critical to lower the difficulty of data integration, and attack the
syntactic and semantic interoperability issues discussed above. Semantic technologies
are a solution of choice for this goal, for various reasons. In fact, while currently in
enterprises one will find most typically relational databases, and data integration ap-
proaches are also usually implemented with additional relational databases, knowledge
graphs have various advantages and this is a critical reason for their adoption [227].
Their growing adoption may become evident by consulting e.g. appropriate reviews of
‘data federation’ systems: for instance, in [91] 24 of the 48 systems reviewed support
SPARQL as a language for querying the system.

One advantage is that the emphasis of ontologies on terminology makes it possible
for the data consumers to access data using their own terminology, reducing semantic in-
teroperability issues and tremendously improving the easiness of gathering high-quality
data to answer business questions. This doesn’t strictly need to happen only with
ontologies, and relational databases could spend the same attention to terminological
matters. However, de facto, for both historical and technical34 reasons, actual relational
databases tend to sacrifice the integrity of their conceptual schemas (which is the same
as an ontology) in favor of the efficacy of their logical and physical schemas in the con-
text of the application to be developed [227]. This often results in schemas that cannot
be understood by data consumers, even though data consumers know the underlying
domain the data that follow the schema is about. This advantage mitigates the issue
of sharing data meaning.

Moreover, knowledge graphs are very flexible: their schema can be easily modified
even when they are currently storing data, while in relational databases this may be
very complicated. In fact, using the RDF language, there is not even a strict separation
between the schema and the data. This advantage mitigates the costs that a global
schema carries, since it makes schema changes (e.g. adaptations of current or future
local schemas to the global schema, or modifications of the global schema itself) cheaper.
Additionally, this flexibility in schema modification makes it so that the integration of
knowledge graphs can be carried out in a native, obvious, way: it is sufficient to add
appropriate concepts and relations to the knowledge graphs to be merged.

SPARQL has also a native way to carry out explicit (in the sense that the user
specifies which part of a query is addressed to which source) data federation, by using
the SERVICE keyword35.

For these reasons, and for the fact that relational databases are the standard legacy
database technology, current knowledge-graph-based federation systems focus on the

the other components. Mediated database systems, instead, contain a mediator component, which
consists of a global virtual database that allows integrated access to the components. The mediator
is virtual in the sense that the data it provides access to is not stored locally, but must be retrieved
from the original source when requested. The data warehouse architecture is similar to a mediated
system, only the mediator is now a materialized centralized database (in the sense that the data is
copied, duplicating it from the sources).

34For instance, using OWL one can formulate concept definitions, this cannot be done in relational
databases.

35https://www.w3.org/TR/2013/REC-sparql11-federated-query-20130321/.
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case that the federated sources are relational, while the offered global virtual schema36

is a graph.
On top of this, semantic technologies can use reasoning to infer new knowledge from

the data. This is not used often, but the more advanced systems (such as ontology-based
data integration, mentioned below) make effective use of the reasoning.

All the previous points are related to data integration per se, but semantic tech-
nologies are naturally useful also to ensure that the data is interoperable:

• they are standard-based, due to the rich galaxy of well-specified standards that
the W3C has produced throughout the years.

• they are vendor-neutral, mainly as a consequence of them being consistently
standard-based: a knowledge graph managed by the system of a given vendor,
may be put as-is into the system of a different vendor. Another thing that is
difficult to do with relational databases [248, p.249]

Notice that semantic technologies can be used in both materialization-based37 (by
copying the data into a knowledge graph) and virtualization-based approaches to data
integration (by supplying access to the data through a virtual knowledge graph). The
most known case is the so-called ontology-based data integration (OBDI), often reduced,
for the sake of simplicity when studying academic topics, to ontology-based data access
(OBDA)[43], that is, to the case that there is only one source database38 (in this case
there is no data integration between distributed databases, but there still is the issue
of sharing data meaning to be solved). OBDI is a type of mediated data federation
architecture, in which the mediator is an ontology. This has the effect that (i) the
global schema is actually a semantically rich description of domain concepts and their
relations, and (ii) ontology reasoning is actually pivotal for the tasks that the mediator
has to carry out, especially query answering.

For instance, in the flagship implementation of OBDI, Ontop39, query answering
is carried out through query rewriting. In particular, the SPARQL query received by
the mediating ontology is first expanded by rewriting it using the knowledge contained
in the OWL ontology axioms, then it is expanded again into a SQL query, this time
by using the knowledge of the mapping, which can be expressed either in a native
format or in the R2RML40 mapping language41. In this way, the ontology axioms allow
queries to return also implicit information, and act, effectively, as a way to compress

36This terminology refers to the mediated data integration architecture, see Note 33.
37Again, refer to Note 33.
38Actually, since the authors of [43] apparently consider the disjoint union of source schemas as a

valid case of a federated database, there is little difference between OBDA and OBDI, since, at that
point, a virtual ontology layer on top a trivially federated union of schemas would have to do the whole
data integration by itself.

39https://ontop-vkg.org/guide/.
40https://www.w3.org/TR/r2rml/.
41The alternative to query rewriting would be materialization, where the query is first rewritten into

a SQL query using the mapping, the query is then executed on the relational database, and finally the
ensuing results are expanded by recursively applying the ontology axioms.
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the queries, by delegating some logic to the axioms. This is very important, at least
because a good deal of business knowledge is usually included in business rules which
are encoded into programs and queries located in and around database management
systems. Classically, this results in interoperability issues, which can be dispelled by
putting the business logic in the ontology. Of course, there are also various limitations.
In particular, the expressivity of the language allowed for the axioms must be rather
limited: for example Ontop allows at most OWL 2 QL42.

Other uses of semantic technologies in enterprises. Above, we focused on data
interoperability and integration, which are important aspects of data management, but
not the only ones. Data quality, data governance, metadata management, and data
security are other essential aspects.

One discipline with well-developed semantic-technologies tools (in addition to data
integration) is data quality assurance, and, in particular, data validation. Indeed,
data validation is the goal of the Semantic Web standards SHACL and ShEx [163],
which are well-known in the industry (at least in the context of semantic technologies).
Unfortunately, valid data, i.e. data that respects a series of predetermined rules, is not
the only ingredient that makes data accurate: data is accurate when it contains true
values that are correctly represented [201]. For example, if a database contains the
information that ‘John Smith’ has the address ‘10339 W Grand Ave’ and that ‘Mary
Sue’ has the address ‘1a39 W.! Grand’, say these are two rows in a table. Then, the
second address is invalid (it does not have the form a U.S. address should have), while
the first is valid (it looks like a correct address) but is inaccurate because the address
does not exist. Accuracy is not the only relevant aspect of data quality: timeliness
(the data is not stale), completeness (no data is missing), intelligibility (the meaning of
the data is understood), and trust are others; however, accuracy is the most important
[201].

In any case, data validity is still an important part of data quality, and SHACL and
ShEx can be used to check that, both on the level of a single data item and on the
level of relations between data items. Violations of the latter case can also be found by
reasoning engines deliberating that a set of statements is inconsistent.

This concludes our brief, introductory excursus in the history of applied ontology
and in the uses of semantic technologies in industry.

42See e.g. Figure 1.2.
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Chapter 2

State of Art Review: Functions and
Malfunctioning in Manufacturing

In this chapter we review the state of the art of the literature about functionality and
malfunctioning in engineering and ontology.

2.1 State of the Art of Function Modelling

Functional reasoning, that is, thinking of entities in terms of their purpose, is an es-
sential part of science1 and technology2, not least because it’s natural for scientists and
technicians alike to think in teleological3 (functional) terms when analyzing a system,
be it a biological system, or an engineered product4.

We are especially interested in the last case, this means that we focus on the activities
of an engineered product and not, say of a natural or social system. Additionally, this
also means that many properties of an engineering product are outside the scope of our
work, such as its form, cost, history, aesthetic design, among others, which are usually
called ‘non-functional’ properties.

Consider, for the sake of discussion, that motors are often described as having the
function of obtaining mechanical energy by converting some other type of energy (say,
electrical energy in electrical motors or chemical energy in combustion motors). Surely
producing electrical energy is something that motors do, but, as motors do also other
things such as making noise or vibrating, functionality cannot be reduced to the set of

1Consider e.g. Ayala that states “teleological[i.e. functional] explanations in biology are not only
acceptable but indeed indispensable”[11].

2Consider e.g. “[t]he concept of a function is of great importance in [engineering] design” from [123],
and the considerable attention dedicated to functions in priminent engineering methodologies [205, 49].

3The adjective ‘teleological’ here indicates explanation by reference to purpose, goal, or, indeed,
function. For instance, to say that a sheeps exists to provide wool is a teleological explanation the
existance of sheeps, while to say that they exist because a certain evolutionary process took place is
not.

4Indeed, consider as examples of this Dimanzo that describes functional reasoning as apparently
ubiquitous in human behavior [65], and Love that states “Darwin’s primary reasoning style was func-
tional” [169].
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actions that a device (or an organ, or a person) carries out. Indeed, what functions
are, exactly, has been the object of lasting discussion. In engineering, this discussion
is motivated by strong practical interests as, for example, engineers commonly use
functions in order to design [204] and diagnose devices [164], while philosophers and
ontologists focus is towards understanding what functions are and what is the meaning
of expressions such as “the function of X is to Y-ing”, where X and Y usually are a noun
and a verb, respectively.

The review in this section is divided in three parts: first the content of the main en-
gineering methodologies developed to deal with functions is discussed, then the same is
done with the main ontological treatment of functions, lastly a final section summarizes
some selected main points.

2.1.1 Early history

Whatever functions are, they have been studied as full-fledged research subjects in
engineering, since at least the 70s. For example, in [79]5, they are heavily involved
in the design process, and are conceptualized as ‘black-box transformations’ that acts
on inputs to produce outputs (both input and outputs are called flows). As engineers
make strong use of graphical languages, the idea of functions as transformations has
graphical counterparts. The names used to refer to these graphical languages are many,
for example, an early instance from 1962 can be found in [110] (but their use by engineers
is surely older) and is called ‘functional block diagrams’ (see e.g. Figure 2.1). In this
language, functions are represented as blocks, possibly labeled with appropriate names
(e.g. ‘discriminator’) or drawn with conventional shapes; while the flows they act upon
are represented as arrows, possibly labeled with names (e.g. ‘video-in’) and properties
(0.2-2.5V).

2.1.2 The German school of funktionenstrukture

The idea of functional block diagrams grew and differentiated into various subsequent
methodologies. We focus in particular on engineering of manufactured artefacts, but, of
course, many other engineering disciplines employ this kind of modelling: for instance,
the Structured Analysis and Design Technique methodology does so and was developed
in the late 1960s [219] in the context of software engineering.

Coming back to functions of engineered artefacts, the contributions to their study
by some German researchers working on engineering design since the late sixties are es-
pecially important in this context. In particular, Rodenacker [216] proposed a method-
ology for design consisting in the decomposition of a system function into sub-functions,
which should, in turn, be decomposed into further sub-functions and so on, up to the
point that the final sub-functions can be realized by mechanical element chosen from a
pre-existing catalog. Roth authored one of the most known catalogs [220], which consists
in tables of mechanisms or engineering systems organized depending on their function
and other relevant properties (such as symmetry or shape). Within the framework of

5This is the original German version, which was afterward translated in English [204].
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Figure 2.1: Functional block diagram of some FM radio terminal, taken from [110].
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these design catalogs, functions and the mechanisms that execute them are aligned on
a common abstract-concrete spectrum, varying based on their ‘degree of embodiment’.
In this approach to design, which we shall refer to as the German school of funktionen-
strukture, functions play an essential role, because the functional decomposition of a
product largely determines its structure.

In particular, in the works of Pahl and Beitz in the 70s, collected in their classi-
cal book about engineering design [204] (original German edition [203]), functions are
conceptualized as “relationships between the inputs and outputs of a plant, machine or
assembly”, where the inputs and outputs are divided into three types: energy, material,
and signal.

Flows The three types of energy, material, and signal are usually exemplified by
enumerating some of their sub-types, for instance:

• energy can be thermal energy, mechanical energy, electrical energy, and so on.

• A material could be categorized by its aggregation state or as a component, a
workpiece, etc.

• Signals can carry information about the status of a system or can be commands
sent to a system.

Thus, a function is a (or a series of) transformations (umsatzes) of these three entities.
For instance, an electrical motor converts electrical energy into mechanical energy and,
as a waste product, thermal energy; while materials can be transformed by e.g. being re-
shaped, coated, mixed, transported, and so on; and signals can be received, elaborated,
transmitted, and so on. It is argued that such transformations can be conveniently
considered as flows (flusses) of the operands. Using this metaphor, the operands flow
in the functions, are there transformed, and finally flow out. Since the operands are
consistently divided into the three categories of material, energy, and information, there
are thusly three kinds of flows: material -flow (stoff-fluss), energy-flow (energie-fluss),
and signal -flow (signal-fluss). Naturally, this means that are three corresponding types
of transformations (stoff-umsatz , etc.), and corresponding functions.

This tri-partition is most probably taken from the work of Weizsäcker [262], and
is expanded, in particular, by Roth [220], see Figure 2.2. However, this tri-partition
was probably already used before the German school and is still used in contemporary
engineering. Further, it is assumed that one can identify a main-flow (haupt-fluss) of an
engineering system, which is the operand of the most important transformation carried
out by the system. For instance, the main-flow-kind of a television is signal-flow, while
the main-flow-kind of a motor is energy-flow.

Function vocabularies The term ‘transformation’, by itself, can be used with a vast
quantity of meanings. Therefore, many controlled vocabularies were proposed in the
literature to capture such meanings. Pahl and Beitz [204] themselves use one introduced
by Krumhauer [160], which divides functions into types depending on the property
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(a) (b)

Figure 2.2: Original and translated table showing different categorizations of flows,
taken from [220]. “Rest mass” is interpreted in the relativistic sense. The union, in the
relativistic sense, of material and energy is called “substance”, the union of information
and energy is called “signal”, and the union of information and material is called “formed
material”. Finally, the union of information, energy, and matter is called (self-organized)
matter, the latter concept is taken from [267, 58].

(time, number, magnitude, place, or type) of the operand that the function transforms
(notice that this division is perpendicular to the division of functions depending on their
main-flow-type), see Figure 2.3. Such function-types are called generally valid functions
to highlight their independence from any possible engineered system that can execute
them. Therefore generally valid functions, which are the most abstract functions in this
approach, can be used to classify engineered systems in an implementation-independent
way.

Generally valid functions are divided into five types depending on the type of flow
property that is changed by the function: type, magnitude, number, place, and time
(see Figure 2.3).

2.1.3 Other engineering approaches to functions

2.1.3.1 Functional Basis (FB)

Based on the German School various other vocabularies for engineering functions were
produced, one that had considerable diffusion is the Functional Basis (FB) [235, 116].
This vocabulary is also used, by its authors, to enable a methodology for functional
modeling, so that, in this thesis, by FB we refer to both the vocabulary and the
methodology. The FB vocabulary contains two categories of entities: functions and
flows.

Flows are essentially the things engineering devices operate on when carrying out
their functions. Consistently with the German School, flows are divided into three
main types: energy (e.g., mechanical energy, electrical energy, and such), material (the
fuel used in a combustion motor, the workpieces a machine operates on, and so on),
signal (e.g., the control signal sent by a yoke to an airplane elevator, the acoustic signal
emitted by a car alarm when beeping, . . . ). Signal flows are recognized as peculiar in
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Figure 2.3: The generally valid functions of Pahl and Beitz [205].

the sense that they are energy (e.g. low voltage electrical signals) or material flows (e.g.
ink on paper, a punched card) that have the role of carrying information. For instance,
a radio signal is an electromagnetic wave, which by itself could be considered an energy
flow, but, since it is used to transfer information, say a news bulletin, it is classified as
a signal.

The second category of entities is functions, which are conceptualized as (black-
box descriptions of) operations carried on the flows. The function terms are always
verbs (convert, supply, store, branch, . . . ), while the terms for flows are nouns. This
is because, since functions operate on flows, one can rend this linguistically by a verb-
object (function-flow) format, for example ‘the motor converts electrical energy into
mechanical energy’. Functional terms (as well as flow terms) are organized into a three-
level taxonomy in order of specificity. The full taxonomy is reported in Figure 2.4.
Functional models developed using FB then take the shape of graphs whose nodes are
boxes labeled with function terms, and whose edges are arrows labeled with flow terms.

2.1.3.2 Functional Representation (FR)

Another relevant methodology is Functional Representation (FR), proposed by Sem-
bugamoorthy and Chandrasekaran [226] with the goal to build “deep” device models
enabling reasoning about such devices, especially diagnostic reasoning.

They use the term “deep” because they claim their models generate novel diagnostic
rules based on underlying functional knowledge. Instead, shallow models would be
those that make diagnoses based on explicit rules linking symptoms to malfunction
hypotheses. They call shallow models “compiled”, because the symptom-malfunction
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Figure 2.4: Full taxonomy of functional terms, reported from [116]

rules are obtained by compiling (synthesizing) the deep knowledge of domain experts
into an actional form (see [50] for a more detailed discussion of deep vs. compiled
diagnostic systems).

Coherently to its original purpose of achieving deep diagnostic reasoning, and in
opposition to design-centric methods, FR requires a model of the physical structure of
the already-existing device. In particular, the device is modeled as a set of components,
each one with relevant parameters and input-output ports, as well as relations between
the devices (examples of relations are electrical connection or the containment of a
component into another). Then, different device states are described by the use of
state variables, and the device behavior is characterized by a network of transitions
among these states. Such networks are called “causal process description” (CPD), since

37



2.1. State of the Art of Function Modelling

they are directed graphs whose edges are interpreted as the causation relation among
neighboring states. Each transition in a CPD is justified with an explanation, of which
there are three types:

• CPDs: another causal process description can be invoked in the explanation of an
initial CPD (e.g. the process of ‘cooking pasta’ may use the process of ‘boiling’
in its explanation).

• Component functions: the function of another device, say one of the components
of the original device, may be invoked in the explanation of a causal link.

• Domain laws: known physical principles may be invoked during explanation, for
instance Ohm’s law in electronics.

In this context, typically, functions are themselves state transitions from a precondition
to a function goal, and they are themselves explained with a CPD. Both the precondition
and the function goal are states, and the interpretation of the functional goal depends
on the function type, while the precondition is always the initial state of the CPD. In
fact, functions are divided into the four types introduced by Keuneke [138]: “toMake”,
“toMaintain”, “toControl”, “toPrevent”. In functions of “toMake” type the functional
goal is (or holds in) the final state of the CPD explaining the function, and must
come into being due to the causal action of the device operations. Analogously, in
functions of “toPrevent” type the functional goal must not hold for any state of the CPD,
while in the “toMaintain” case it must be maintained. Finally, in the “toControl” case,
a predetermined functional relation must hold between some independent controlling
variables and some dependent controlled variable, whose value is causally determined
by the controlling variables (a full explanation of the four function types, as well as a
formal discussion of CPDs is present in [130]).

In addition to its original purpose of diagnosis of engineering systems, FR has been
proposed as the basis for design environments allowing designers to ensure that the
designed device is going to satisfy all required functions, by carrying out a simulation
of the device behavior in a way strictly linked to its functional description [259, 131].
Moreover, FR has been argued useful to designers in order to capture the causal aspect
of the rationale behind various design activities [47]

In later works, Chandrasekaran expanded on the concept of function (the previous
works can be regarded as focusing on the descriptions of functions more than defining
functions): first functions were defined as “behavior constraints” [48]:

Let F be a set of constraints defined in some W[environment]. Let Θ be
a new object introduced into W, in a relationship R(Θ,W) and let WΘ be
the extension of W when Θ is included. If Θ causes F to be satisfied in W,
we say that Θ plays, performs or has the role F in WΘ. If F is intended or
desired by some agent A, then we say that Θ has or performs, the function
F in W for A. Often A is understood to refer to a designer or a user, and is
dropped.
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Here, a behavioral constraint is defined as logical expressions about devices properties,
e.g. “If diameter of pipe 1 is greater than the length of pipe 1, then the diameter
of pipe 2 should be greater than the length of pipe 3” [48], additionally, the relation
R(Θ,W) between the device and the environment is called “mode of deployment”. Then,
in [49], the previous definition is called “environment-centred” definition of functions,
which are now heuristically described as “roles+intentions”. Moreover, a different kind
of definition of functions (“device-centred”) is introduced:

Let F be a set of behavioural constraints defined on, and satisfied by, an
object D. If F is intended or desired by an agent A, then D has function F
for A.

Essentially, this new definition is foreign the interaction of the device with the environ-
ment.

Some acknowledged limits of FR are:

• the difficulty in representing “passive” functions [46, 47], such as that of a chair
that supports the weight of a person, or the one of a pipe that allows the movement
of fluid just by virtue of its physical shape. In fact, functions such as these are not
naturally explained by a succession of states and thus are not naturally explained
by CPDs: a more natural explanation consists of describing the function as a
single state made possible by the virtue of the physical properties of the underlying
devices. In this sense, the more natural explanation of such functions is a ‘static’
one. Still, engineers do sometimes make use of ‘dynamic’ language even in these
cases: for instance, one can talk about how a beam transmits the load, or how the
load is split among the chair legs. In such a way, one can recover the use CPDs to
explain also “passive” functions. To our knowledge, modeling of “passive” functions
with FR was only carried out in Korda’s thesis [159].

• In addition to “passive” functions, there are other classes of phenomena for which
an explanation as state sequences may not work well, the only one of such classes
explicitly mentioned by Chandrasekaran are “behavior that depends on shapes of
objects” [47].

• Some occurrences that one would like to make part of CPD are not states. For
example, a sawtooth signal is not a state by itself, but it would be more likely
represented by the continuous cycling among a charged and a discharged state
[47].

2.1.3.3 Function and Behaviour Representation Language (FBRL)

This framework [150, 223]commences with a structural model of the system, akin to the
structural models in FR, obtained through a distinct module known as ‘device ontology’.
In FBRL, a function is a role played by the behavior of a device within the context of
a system, when contributing to the attainment of predetermined goals. Behaviors and
functions are separated and this separation clarifies how a device can possess different
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functions while its behavior remains constant (for instance, a heat exchanger can either
cool or warm a liquid based on the system configuration: the behavior is the same,
while the function changes depending on the system configuration). Another notable
point is that the vocabulary of functional terms (such as ‘to join’) is distinguished from
the vocabulary of ‘way-of-achievements’ (such as ‘welding’, a possible way to realize
the ‘to join’ function): in this framework, functions are considered domain-independent
and can be stored in a unique, shared ontology, while way-of-achievements are domain-
dependent and can be stored in domain-specific databases. Both the functions and
the way-of-achievements are organized in rich taxonomies. To provide a teleological
explanation of a system, a set of ‘meta-functions’ is introduced, which consists of purely
teleological relations between functions (e.g., the ‘give-heat’ function of the boiler drives
the ‘rotate-shaft’ function of the turbine). Note that the introduction of these meta-
functions allows the engineer to draw functional diagrams on a purely teleological level,
while in other methodologies (e.g. FB) the functions in the diagrams are linked by
arrows (the flows) which represent concrete entities (e.g. the ‘wood’ and ‘electricity’
flows link the ‘cutting’ function to other functions of an electric bench saw, and these
flow refer to concrete entities: pieces of wood, and quantities of electric energy; on
the other hand, the ‘driving’ meta-function that links the give-heat function to the
rotate-shaft function in the previous example, does not refer to any concrete entity).

2.1.3.4 Other functional methodologies

In addition to those mentioned above, numerous other modeling frameworks have been
developed to address the functional and behavioral representation of engineering sys-
tems, such as Umeda et al.’s FBS (Function Behaviour Structure) [246], Goel et al.’s
SBF (Structure Function Behaviour)[85], and Qian and Gero’s FBS (Function Behav-
ior Structure)[209]. Briefly explaining the characteristics and differences among all
these frameworks would be challenging. However, simplifying, commonalities can be
isolated: these frameworks generally view the structure of a device as a set of parts
(components) along with their attributes and the relations between them. Typically,
they describe behavior as a sequence of states of the components, and the definition of
function primarily recognizes a dependence of functions on behaviors and of behaviors
on the structure.

Despite these commonalities, there are key differences. For instance, in Chan-
drasekaran’s FR, (functional) behavior refers to a causal process, while in Gero’s FBS
representation, behavior is linked to the properties of structural components. Another
distinction lies in the fact that Gero, Chandrasekaran, and Goel explicitly allow for the
decomposition of functions into behaviors: for instance, in Goel’s approach, the func-
tional decomposition of a system can mix different kinds of entities, since a function
is a state transition, which could be explained by either functions or behaviors, alter-
natively, at different levels of granularity. On the other hand, in Sasajima’s approach,
functions only decompose into other functions.
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2.1.4 De Kleer’s principles

It is necessary to mention another set of foundational works, (partially) contemporary
to the development of the German School: those of De Kleer [61, 60, 153]. We are
interested in these works due to two foundational principles they outline6: the principle
of the locality of functions and the ‘no function in structure’ (NOFIS) principle.

The principle of locality “demands that the laws for a part cannot specifically refer
to any other part”[153]. More precisely, a device should have ports7 that allow for
connection to other devices, and the functional description of the device may at most
reference the value of some quantity of interest at these ports, so that, say, ‘the voltage
drop across the resistor is half of the voltage supplied by the battery’ is not a local
description of the resistor function because a battery is mentioned.

The NOFIS principle was originally stated as [61, p.287]:

the rules for specifying the behavior of any constituent part of the over-
all system can in no way refer, even implicitly, to how the overall system
functions.

Respecting this principle is tricky, since, for example, describing a switch by “if the
switch is off, no current flows; and if the switch is on, current flows”[153] violates the
principle. Indeed, so tricky that De Kleer considers its complete achievement impossible
[153, p.16], and proposes a weakened version, in which one can make assumptions
about the context of the device, if these assumptions are class-wide (e.g. ignoring
compressibility of fluid for most hydraulic devices). The goal of this principle is to
ensure the production of robust models simulation or explanation of for engineering
system functions. De Kleer explains later that a model is “robust with respect to its
device structure, if the questions that can be asked about the device structure can be
answered correctly” [61, p.289]. However, by accurately reading his work, it appears
that his idea of robustness is more similar to the idea that a model can answer correctly
when the default, standard assumptions regarding a system characteristics and context
are perturbed: e.g., if a component malfunctions or is wired to the circuit with reversed
polarity. Clearly, then, the more context-free functional8 descriptions of devices are, the
more robust will be the models explaining how systems produced by the combination
of these parts are.

The NOFIS principle is central among the principles predicated by De Kleer and
the one that was mostly discussed in the literature. Indeed De Kleer himself says that
the locality principle helps with the satisfaction of the NOFIS principle. In particular,
Keuneke and colleagues [137] discuss the principle in depth. In summary, their con-
clusion is that there is a tradeoff between how much functional descriptions of devices
are context-free and how complex must be the background theory of physics used for
simulation or description of the system workings. E.g., if one assumes the device is a
component in a linear electrical circuit, then a few simple equations suffice; if one would

6There are other principles, but they are less relevant for this discussion.
7The term port is not actually used by De Kleer.
8Note that in [61] there are no stated difference between a system function and a system behavior.
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like to give a context-free description of the behavior of a piece of wood that can explain
the behavior of the wood both as a wave breaker (groin), as the keel of a boat, and
as foundation for a house in Venice, then one needs very complex fluidodynamics and
chemical theories. For this reason is better to violate the NOFIS principle, but, similar
to De Kleer’s class-wide assumptions, limit this violation to assuming knowledge about
“classes of devices about which some knowledge is available, and which are meaningful
to domain experts”.

From our point of view, these principles are useful because they naturally classify
functional descriptions depending on the level of their violation: for instance, the meta-
function-based description “the ‘give-heat’ function of the boiler drives the ‘rotate-shaft’
function of the turbine”, as a description of the boiler function strongly violates the
NOFIS principle, since it refers to other devices belonging to a given system, while a
“the boiler function is to-give-heat” does not (at least not at the same level). We will
refer back to this point in Section 5.1.

2.1.5 Functions in philosophy and applied ontology

Of the sizeable literature related to functions in ontology, We focus only on a few
things that are especially relevant for this thesis: the main philosophical approaches
to functions, some classification of functions and especially some classical dualities
related to functions, the treatment of functions in upper ontologies, and classical list of
desiderata about theories of functions.

Dualities about and classification of functions. The two dualities that are prob-
ably most considered by philosophers are:

• Intrinsic vs extrinsic: there exist a debate on whether functions are entities intrin-
sic to their bearer or something else. For example, Kitamura and Mizoguchi [147]
speak of ‘capacity functions’, which are properties that belong to the artifact, live
‘inside’ it, and depend on it; differently from ‘actual functions’, which are instead
related to the device performance and are external to it and less dependent on
it. They also state that capacity functions are the capacity to perform an ac-
tual function. Rhöl and Jansen make a similar distinction [218]: they say that
functions are externally grounded, that is ‘optional given the physical structure’,
while the entities that are internally grounded are dispositions.

• Essential (or proper) vs accidental: intuitively, there is a difference between the
screw-screws function of a screwdriver, and the cut-paper-envelope function that
a user may sometimes use the screwdriver for. For example, Rhöl and Jansen
say [218] say that functions are essential properties to their bearers, while it is
roles (which are not functions) that are accidental, so that they would probably
say that only the function the screwdriver was designed for is a proper function
(let us call it the ‘design function’), while the function devised by the user (let
us call it the ‘use function’) and not by the designer is actually a role. Kitamura
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and Mizoguchi [147] instead consider both such things as functions, and just call
essential the former and accidental the latter.

In addition to these, for the sake of coherence, we append two other dualities, which
are however more specific to engineering functions, and are not discussed as much in
other domains.

• Function vs behavior: this is a classical distinction present in many engineering
methodologies. We just mention that is frequent in engineering to define functions
as intentionally selected device behaviors, and redirect the reader to the previous
sections of this chapter, as well as Section 2.1.8.1, for more information.

• Device (or component) function vs Environment (or effect or external) functions:
this duality is founded on the separation between a system and the environment
it operates in. Roughly, the idea is that functions can be seen as the effect a
device/system can have on its external environment (e.g. ‘the function of the
light switch is to light the room’), or they can be seen as their contribution to the
functioning of a system their bearer is embedded in (e.g. ‘the function of the light
switch is to allow current to pass through’). Chandrasekaran tackles this duality
with his device-centred and environment-centred functions (recall Section 2.1.3.2),
while Kitamura, Takafuji, and Mizoguchi [147, 152] talk about component or de-
vice functions (which ‘represents changes of entities within the system boundary’
[152, p.3] and depends on a functional decomposition of a device, which supplies
a so-called ‘system function context’) and external functions (which depends on
a user supplying an ‘external function context’).

All these dualities naturally lead to rich classifications/taxonomies of functions, since
one could speak of accidental functions, essential functions, etcetera. In addition, richer
classifications that can not be derived just from the previous dualities have also been
considered. We mention only three examples, the reader can find others in the references
of [152].

Burek [39, Section 7.4] divides functions also depending on the time length of their
goal (e.g. ‘to maintain a high temperature in the room’ would be a continuous function,
‘to move a car in the truck’ would be an instantaneous function), depending on the
relations they have with other functions (so that there are ‘enabler’ functions, and so
on, similar to the relata of SOFAST’ meta-functions), depending on the agent that
intentionally ascribes the function (design function, user functions, . . . ), depending on
whether they are active (e.g., moving something) or passive (e.g., allowing something),
and so on. Kitamura, Takafuji, and Mizoguchi [152] produced a complex taxonomy
of functions (see Figure 2.5) that classifies functions depending on the value of their
descriptors, which are attributes, participants, or parts of a more general ‘goal-oriented
context’. For example, flowing-object functions are functions in which an agent acts on
operands that are ‘flowing objects’ (generalized input-outputs entities); while in inter-
device functions both agents and operands are devices. Finally, Rausand and Øien [211]
consider also some classes of functions that are somewhat different from those considered
by the previous classification systems: protective functions, which protect people, the
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environment, and the equipment; information functions, whose output operands are
information; and superfluous functions, which may be present in a device if it operates
in an operation environment different from its specified one.

General philosophical accounts of functions. Let us now take a more holistic
approach and consider theories about functions on a more general level. First, in-
tentionality is a pivotal aspect of engineering functions, in particular, one can divide
functions depending on the agent who project an intention on the function object, for
example, the users, or the designers and manufacturers.

Second, approaches to functions can be divided into (at least) two main branches:
causal and etiological [33]. Causal accounts of functions (e.g. [59]) identify the function
of a trait or object based on the role it plays in bringing about (causing) the achievement
of certain goals within a system, specifically, on being disposed to have that causal role.
Etiological accounts (e.g. [187]) identify the function of a trait or object in terms of its
history and how it has been selected and maintained through evolutionary processes.
For the sake of simplicity, we also call etiological those accounts of functions based on
intentional attribution by some agent (designer, manufacturer, user, etc.) at some point
of the life of some entity.

Both approaches have known limitations [33]: causal accounts do not have a way
to distinguish accidental from essential functions: there is no clear systemic criteria
that could differentiate between, say, the contribution of the nose to breath from the
contribution of the nose to read by supporting glasses. Also, they may have difficulties
in supplying a way to separate the cases of not having a function at all and not having a
function due to accidental malfunctioning. Etiological accounts do not take into account
the actual behavior of an individual entity, only its history or even the history of its
kind. Therefore, it appears difficult that these accounts can explain all phenomena
related to function, e.g. the aforementioned possibility of malfunctioning.

Now, note that these philosophical approaches include the analysis of engineering
functions but also embrace other domains. For example, etiological accounts are typical
in (philosophy of) biology. However, both approaches mentioned above may and their
discussion may be applied to the engineering domain. The same can be said for (some
of) the approaches described in the following section, which focuses on applied ontology.

2.1.6 Functions in Applied Ontology.

Despite the potential benefits of ontological analysis of functions in the engineering
domain, the existing attempts have been (relatively) limited. Some research endeavors
have formalized aspects of the Functional Representation (FR) system [27], initiated the
formalization of the Functional Basis vocabulary and its underlying conceptualization
using the upper ontology DOLCE [26, 28], compared the Functional Basis with either
the FR system [76] or both FR and FBRL [151]. The function decomposition relation
has also been scrutinized using ontological techniques [254, 256].

Furthermore, applied ontology has left its mark on engineering literature, as evi-
denced by the depiction of functions as roles played by behaviors [193, 141, 49], or by
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Figure 2.5: A reference taxonomy of functions, reported from [152]
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the categorization of behaviors as occurrents [141].
Nevertheless, a universally accepted reference ontology for functions is still absent,

and top-level ontologies generally do not delve into theories of functions as understood
in engineering. For instance, DOLCE doesn’t incorporate the concept of function within
its specifications [177]. While in YAMATO, functions are categorized as roles, and be-
haviors are classified as processes9. Specifically as processes that are actions carried
out by non-intentional actors (‘doers’). On the other hand, BFO defines functions as
dispositions inherent in their bearer’s physical makeup, such that the physical makeup
came into existence through (at least in the case of engineering) intentional design.
Similarly, GFO acknowledges that functions can be realized by other entities but does
not mention dispositions. Instead, it terms functions as ‘intentional entities’ [115]. An-
other important upper level ontology, born explicitly as an industry standard, is ISO
15926. Such an ontology went through many changes throughout the years, but in both
the second-last iteration (ISO 15926-14 [154]) and the latest one (The Industrial Data
Ontology – IDO, which is ISO CD 23726-3 [128, 37]) adopt BFO’s perspective, viewing
functions as dispositions realized in specific processes. Finally, “[t]here is no explicit
definition of function in UFO” [101], however in UFO functions are exemplified as dis-
positions “The category of modes include [sic.] dispositions (e.g., functions, capabilities,
capacities, vulnerabilities, etc.)”

In truth, despite the limited attention given to functions in these upper-level on-
tologies, their authors have more extensively discussed functionality in various research
papers. For instance, the creators of DOLCE propose viewing functions as specific
types of events, while describing behaviors as ‘qualifications of the participation re-
lation’, elucidating the specific manner in which a device participates in a particular
event [34, 28, 76]. The authors of YAMATO delve deeper into their functional ontology
concept in additional papers, including [141, 148, 194], where they reaffirm and elab-
orate on their assertion that functions are roles played by behaviors, with behaviors
themselves being a specific class of processes (it is noteworthy that both YAMATO and
FBRL were developed by the same research group).

The perspective of GFO’s authors shares some similarities with that of FBRL. Al-
though functions are not roles themselves, they are connected to ‘functional items’,
which are roles played by entities realizing the function. Functions are complex enti-
ties, comprising a functional item, an identifying label, and descriptions of the initial
and final states corresponding to the function execution, referred to as ‘requirements’
and ‘goals’, respectively [38, 40]. A typical example is the function ‘to transport oxy-
gen’, linked to the functional item ‘oxygen transporter’, which can be performed by
a red blood cell. A requirement for the realization of the function is the presence of
oxygen in the red blood cell environment, and the goal is the presence of oxygen in the
body cells requiring it for cellular respiration. Another resemblance to FBRL is the
establishment of teleological relations between functions, akin to meta-functions. For
instance, [38] mentions relations like ‘support’, ‘enable’, and ‘prevent’, depending on

9Note that processes exist as a category both in DOLCE and YAMATO, but they are different
things: in YAMATO, processes exist wholly at each point in time, while in DOLCE this is not true
since DOLCE-processes are a specialized form of perdurants.
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whether the goal of the first function fulfills partially, completely, or is incompatible
with the requirement of the second function (cf. with [142], which also employs terms
like ‘enable’ and ‘prevent’, among others).

Coming to BFO, the notion of functions as specialized dispositions has been elab-
orated and defended by its creators [7, 232], while some philosophers, such as Jansen
and Röhl [218, 133], have criticized this perspective. A comprehensive discussion of
this debate is beyond the scope of this thesis, but it’s worth noting that while BFO
maintains functions as a subclass of dispositions, Jansen and Röhl argue that functions
and dispositions are distinct but related categories.

Specifically, BFO defines functions as follows [232]:

“f is a disposition & f exists in virtue of its bearer’s physical make-up &
this physical make-up is something that this bearer possesses because it
came into being, either through evolution (in the case of natural biological
entities) or through intentional design (in the case of artifacts), in order to
realize processes of a certain sort”.

This implies that when a function ceases to exist the physical make-up of its bearer
changes as well (since this holds true for all dispositions in BFO). On the other hand,
Jansen and Röhl argue that functions are “externally grounded”. Another significant
point of contention involves malfunctions, with Jansen asserting that malfunctioning
entities possess a function but lack the means to realize it, for example, due to a loss
of required dispositions. In contrast, Smith and colleagues assert that when an entity
undergoes malfunction, it forfeits its function, either partially or entirely. The entity
is then recognized as a member of its kind solely based on its history, if at all. For
instance, a cancerous lung is not classified as a lung in this perspective. It’s important
to note that in both Smith’s and Jensen’s perspectives, functions and roles are assumed
to be separate subclasses of realizable entities, because roles are considered accidental
for their players, while functions are deemed essential for their players.

THe approach of the Industrial Data Ontology (IDO) is similar to BFO’s. Such an
ontology gives a very similar definition of functions “A ‘capability’ [useful disposition]
which is the reason for existence of the bearer. The bearer’s physical design (or evolved
form, in the case of natural biological entities) is there in order to enable participation
in activities of the specified kind, in a specified way” [37, github repository]. This
is almost the same definition of BFO (in BFO functions are capabilities, which are
dispositions, and IDO adopts this), however there is a key difference: while the end of
a BFO-dispositions entails a change in the physical structure of the bearer, this does
not hold for IDO-dipositions. Of course, this entails a significant difference of IDO-
dispositions w.r.to BFO-dispositions that may make them escape Jensen’s argument,
but further discussion on this topic is beyond the scope of this thesis10.

Neither YAMATO nor BFO commit to an axiomatization of functions (except for
stating the place they occupy in the respective taxonomies). From this point of view,

10see the discussion on externally grounded dispositions in [243] for an example of work further
analyzing this topic.
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GFO is an exception, since its OWL version of GFO11 explicitly relates functions to
goals, requirements, and functional items. Additionally, in GFO functions can be re-
alized not only by process-like12 things (e.g. the act of transporting some goods) but
also by entities existing fully at some time instant (the given example is the situation
of a moth camouflaging on a tree)13 [114].

Classical desiderata for theories of function. Finally, let us come to what philoso-
phers considered the good properties that a theory of functions should have. We
rephrase14 a list by Rhöl and Jansen [218], which they re-elaborateed from Artiga [9],
Houkes and Vermaas [122], and Burek [39]:

• Teleology15: the existence of the function bearer should be explained by the func-
tion itself.

• Restriction: the theory explains the duality between essential and accidental func-
tions.

• Normativity16: functions can be performed well or badly according to some norm
that is present in the function ascription.

• Malfunction: A thing can have a function even though it fails to perform accord-
ing to the function. In particular, malfunctions and non-functionings should be
accounted for.

• No Epiphenomenalism17: the fact that a thing has a function or not is explained
(also) by the performance of the thing and not only by ‘causally inert’ facts

11https://github.com/Onto-Med/GFO, last accessed in January 2024.
12GFO divides entities not between endurants/continuants/objects and perdurants/occur-

rences/happenings like DOLCE, UFO, and BFO. Instead it divides entities into presentials and (GFO)-
processes [114]. Presentials are things that are can be “entirely present at a timepoint” [114] and do
not have a time extension, while GFO-processes do have a time extension.

13The entities existing fully at some time instant would be the presentials of GFO, which are, for
GFO, different from continuants/endurants. Presentials also include the situation of a moth camou-
flaging.

14In particular, note that the couples of items Normativity and Malfunctions, and No Epiphenome-
nalism and Support are located into the same item in the original list, due to their tight connection.

15The word ‘teleology’ here stands for a nominalization of the adjective ‘teleological’ used before in
the text. In this context, it indicates that the explanation of some entity should reference its purpose,
goal, or, indeed, function. For instance, to say that a sheeps exists to provide wool is a teleological
explanation the existance of sheeps, while to say that they exist because a certain evolutionary process
took place is not.

16Normativity is the social phenomenon of designing certain things as good and others as bad. E.g.
‘it is good for children to eat vegetables’ is a normative statement.

17Epiphenomenalism is a term that suggests that there is some process that accidentally produces
something else (the epiphenomenon). In this context, the epiphenomenon is the function and the
process is some kind of selection process (natural selection being the prime example, but generalizations
to, e.g., social processes are included). Epiphenomenalism is then the defect of etiological theories (i.e.
theories pertaining to causal history, they were introduced in Section 2.1.5) of functions, for which
functions do not need to be explained by the current performance of their bearer, but only by their
past history.
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such as the thing’s history or decisions made by the thing’s observers, users,
manufacturers, or designers.

• Support: The structure of the thing should be involved in explaining the fact that
the thing has a given function.

• Innovation: the theory makes possible to ascribe new functions to innovative
artifacts or to newly evolved organisms.

• Continuants18: functions and their realizations should be differentiated.

• Domain bridging: the theory should encompass functions of different domains,
e.g. both engineering and biological functions.

• Processes: the theory should allow for also processes to be bearers of functions.

• Decomposition: functional decomposition should be accounted for.

We will come back to this list in the oncoming chapters of this thesis, after having laid
down our approach to functions (cf. Section 3.0.11).

2.1.7 Summary of approaches to functions

In conclusion, ‘function’ is a term with multiple meanings, and multiple approaches
exist to deal with these. We do not carry out a schematic (e.g. tabular) listing of
various meaning and approaches, since reviews doing that exist already. For example,
the throughout work of Erden [70] sums up 18 proposed functional frameworks, and we
have already mentioned some classification schemas in Section 2.1.5. More interestingly,
it is natural to wonder how to handle these different meanings of function. Carrara and
colleagues [45] suggest that there are essentially three possible ways: the revisionary
strategy, which aims to identify one single concept of function and a corresponding
definition; the overarching strategy, which aims to identify multiple concepts of func-
tion and recursively capturing their similarities until one single overarching concept of
function is found that subsumes all others; and the descriptive strategy, which tries to
pinpoint the main concepts that engineers use when speaking of functions and formalize
them in a single framework.

Since it appears that the multiplicity of meanings is useful for engineers [45, 253],
we will not attempt a revisionist strategy, but a more descriptive one, defining various
‘sub-concepts’ of function within a unifying framework. In particular, nor the term
‘function’ not ‘engineering function’ will be given a definition. This will be done in
Chapter 3.

18Here the term ‘continuant’ is philosophical jargon that can be taken to be synonymous with
DOLCE’s endurants and antonym with occurrents/perdurants: a house is a continuant, the event of
that house being on fire is a perdurant. This term is used to constrast functions with their realizations:
the latter should be perdurants, the former continuants.
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2.1.8 Some related concepts

A review of functionality in engineering cannot be thoroughly complete without men-
tioning some important related concepts. We briefly review some of these, whose onto-
logical status is quite complex: behaviors, capabilities, capacities, and affordances.

2.1.8.1 Behavior

As highlighted by the previous literature review, there is a widespread acknowledgment
that functionality is contingent upon the agent’s intention, exemplified by the designer’s
intent [145], also referred to as “design rationale” [47]. Consequently, functions are not
entirely objective. It raises the question of what aspects of a function are genuinely
objective. Typically, the response lies in behavior, defined as the actions of a device
determined by physical laws.

Of course, the term “behavior” is also employed with ambiguity, lacking a universally
shared definition. This ambiguity has prompted some authors to categorize the various
uses of behavior in the engineering literature. For instance, Kitamura et al. [145]
identify four types of device behavior19. The classification is based on whether the
device alters the state of another device, its own state, or the state of one of its operands.
Within the latter behavior type, two additional cases are distinguished: the operand
can either remain in the same position or ’move’ from the input to the output ports.
The latter case is termed B1 behavior. For example, “a motor converting electrical
energy to torque” and “the signal intensity increased by the amplifier” are instances
of B1 behavior, while “the temperature in the room increased by the oven” is not B1
behavior, nor is “the turbine is rotating”. Chandrasekaran and Josephson categorize
six types of behaviors, primarily depending on their duration (instant, interval, or
unspecified) and the values of the state variables during that time.

The relation between behavior and function is a reflection of the one between objec-
tivity and intentionality, indeed a typical distinction is that behavior is what a device
does, while function is what a device is for [153]. Others describe behavior as a se-
quence of state changes and functions as abstractions of behaviors with a goal in mind
[246]. Another classical distinction is saying that functions and behaviors answer the
questions “why?” and “how?”, respectively. For example, Goel [86, 85] maintains that
behaviors are generic transitions between system states that express how a purpose is
achieved, while functions express that purpose itself. Goel’s definition, though, in a
typical case of conceptual opacity, does not completely clarify what the difference is,
especially since they also say that functions are merely a subset of system output be-
haviors. Additionally, functions are, de facto, used as annotations of state transitions,
together with physical laws, behaviors, and other explanations, and no clarification is
given about why functions differ from other annotation types.

Kitamura’s team, instead, defines a function as “a teleological interpretation of a B1
behavior under a goal”. Then, they explain that ‘interpretation’ is to be understood
in terms of the ontological concept of role. Therefore, the difference between functions
and behaviors is the same as between roles and their players.

19Note that static behaviors such as supporting are explicitly excluded by Kitamura et al.
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In the work by Sasajima et al. [223, 224], it is stated that function is composed
of behavior plus additional teleological information called “functional topping”. The
functional topping allows distinguishing different functions that a device can execute.
For instance, a heat exchanger could be devised either for heating or for cooling some
environment or apparatus, and the functional topping in these two cases is different,
though the device’s behavior is the same. More specifically, given a component, the
functional topping of that component’s behavior is constituted by a few different as-
pects: the goal of the given component, its function type, a focus on a certain subset of
input and/or output flows, and the (non-)attribution of necessity to the presence of a
focused input or output flow. These aspects are somewhat complex to explain in detail
and the interested reader can consult [223] for a fuller explanation. Here we just offer
a brief exemplification: consider the example of the heat exchanger, assuming that it
has two input and two output flows corresponding to the two different fluids that are
being thermally coupled, considered as input flows before the thermal coupling and as
output flows after. The heat exchanger goal would be made of state descriptions such
as ‘output coolant does not exceed 500°C’; its function type would be a choice of one
of Keuneke’s function types, e.g. ‘toMaintain’ [138]; the focused flows would be the
two corresponding to the lower temperature flow if the function is ‘to heat fluid’, or to
the two corresponding to the higher temperature flow if the function is ‘to cool fluid’;
finally if the function of the heat exchanger is also to being used to heat some further
thing, then the thermal energy of the heated fluid at the output is labelled as necessary,
while if the heat exchanger was being used to cool something, then the thermal energy
of the cooled fluid at the input is labelled as not necessary.

In another perspective presented in [49], functions are considered as the sum of
intentions and sets of behavioral constraints, where the latter are defined as causal
relations between device states.

2.1.8.2 Capabilities and capacities

‘Capability’ is another term that has a fast link with the concept of function. It is also
frequently accompanied by the term ‘capacity’, especially in the context of manufactur-
ing resource modeling [134, 222, 34]. These two terms are often employed with varying,
and at times opposing, interpretations.

In the standard MANDATE [126], capability is defined as “The quality of being
able to perform a given activity. [...] The capability is defined by a group of char-
acteristics that describes functional aspects of manufacturing resources or system[s]”.
Furthermore, the standard says that, while capacity is a quantitative term indicating
the “capability of a system, subsystem or resource to perform its expected function
from a quantitative point of view”, and capability is fundamentally a “functional and
qualitative concept”. For instance, a machine tool’s capacity could be ‘the quantity of
workpieces the machine can process in an hour’, whereas one of its capabilities could
be ‘the ability to drill a counterbore hole’. The same standard warns against reducing
capacities as characteristics of capabilities and forbids reducing capabilities as char-
acteristics of capacities. This is quite different from, say, Solano [231], for whom a
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“Capacity is a Capability expressed in terms of amount of production”.
In the literature, there is also a terminological confusion between capabilities and

functions, as well as between capabilities and (manufacturing) processes. For example,
the ReCaM project deliverables [212] state “a capability is a functionality of a resource,
such as “milling”, “drilling”, “screwing” and so on” (emphasis is ours). While the MaRCO
ontology20 uses a “process-oriented definition of capabilities” to allow for “the match-
ing of a product’s processing requirements with the resource capabilities” [134]. For
example, ‘hammering’ is a class representing a capability in the context of a capability
taxonomy. That class is also a subclass of a different but homonymous class, this time
representing a process and belonging to a taxonomy of manufacturing processes. Addi-
tionally, some names, like ‘storing’, align with traditional function names, while others
are explicitly labeled as functions, such as ‘RivetingToolFunction’ (emphasis is ours).
An analogous ambiguity arises when Köcher et al. [157, 156] adopt the standard VDI
2860 [252] to construct a capability taxonomy. That standard contains a vocabulary
of actions that machines carry out when manipulating products, such as ‘guide’, ‘ro-
tate’, etc. However, the standard specifically refers to these actions as “Teilfunktionen
des Handhabens” [partial functions for handling]. Consequently, Köcher uses the term
“capabilities” for what the VDI standard identifies as “functions” and is not clear what
is the difference, if any.

Various ontological analyses tried to resolve the lack of consensus about the meaning
of capabilities and capacities. For instance, the aforementioned MaRCO ontology [134]
(which is not aligned with a top-level ontology) defines capability as “the inherent
ability of a resource or system to perform change in the properties of materials, parts
or assemblies, or to perform activities which may be required to change the properties
of material, parts or assemblies, in order to produce tangible products”. In MaRCO,
capabilities are either simple or combined: combined capabilities are made of simple
capabilities. For instance, ‘joining parts by blind riveting’ is a combined capability
that requires simple capabilities of basic capabilities such as ‘moving’ and ‘pulling’.
Furthermore, capabilities are characterized by specific parameters, such as velocity and
acceleration, which describe the ‘moving’ capability. These parameters are used to
differentiate the different degrees that various resources possess the same capability.

A different research line expanded the top-level ontology BFO, adding capabilities
as a subclass of dispositions [222, 155, 183]. Sarkar and Šormaz [222] belong to this
research line, and they define capabilities as dispositions constraining the functionality
of resources by describing “the extent by which some function f , inhering in artifact
a, is realized when the a participates in some process p’. Merrel et al. [183] instead
do not mention functions in the definition of capabilities: for them, capabilities are
those dispositions “in whose realization someone (or some organism, or some group of
organisms) has or had an interest”. Given this definition, they claim that functions
are a subclass of capabilities: functions are those capabilities that belong to an entity
either by design (if the entity is an engineered artifact) or by natural selection (if the
entity is an organism). Similarly, works from UFO’s authors take a similar stance: they
“understand that capabilities should be interpreted as types of dispositions (disposition

20Available at https://resourcedescription.rd.tuni.fi/ontology/resourceModel.owl.
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universals in UFO)” [12].
A third approach is instead based on the top-level ontology DOLCE [34, 239, 54].

Here, capabilities are (DOLCE-)qualities, this entails that they always inhere in a bearer
on whom they depend. Precisely, capabilities are (DOLCE-)qualities inhering in re-
sources and describing their ability to participate in the execution of a function, by
contributing to achieve the final state brought about by the function execution [34].
Capacities are also qualities of resources, but they describe the extent the resource can
execute a function. Take, for the sake of example, a container: one of its capabilities
is ‘storing’, which is characterized by its volume, which is a capacity. This approach is
similar to the one of Kitamura and colleagues [149]: they talk about ‘capacity functions’
that are properties ascribed to devices that indicate the capacity of the device to perform
a function. Kitamura’s capacity functions and the capabilities of the DOLCE-based ap-
proach are analogous because they are both classes of entities inhering resources: “a
capacity function is a thing (property) that a device has (or is ascribed to a device),
exists inside the device, and is dependent on the device” [149]; because they both rep-
resent the “possibility to perform an actual function” [149]; and because they are both
based on “a set of appropriate properties (e.g., physical attributes, structure, geometry
and material)” [149]. Interestingly, Kitamura and colleagues [152] distinguish between
capacity functions and capability functions, the difference being that capability func-
tions are properties of entities signifying their ability to perform an activity that has no
effect on others (e.g. a person has the capability function of walking); moreover they
introduce ‘functional properties’, which are qualities inhering in entities that (partly)
explain the entities’ capacity functions. Therefore, Kitamura-functional properties are
more similar to what other authors call capacities, while Kitamura-capacity functions
and Kitamura-capabilities are different disjointed subsets of ‘typical’ capabilities.

As mentioned above, capabilities and capacities are frequently employed in resource
modeling [134, 222, 126, 231, 221]. This is because the main goal of resource modeling
is, at least in the context of the manufacturing system design [240], to make it pos-
sible to match the various requirements to manufacture products with corresponding
resources. Capabilities and capacities enter the fray here, since the ability of a resource
to implement a requirement is based on its capabilities/capacities. For this reason, it
has been argued that it is crucial to model capabilities and capacities in conjunction
with process and production plans [239], because process plans provide specific instruc-
tions on the operations necessary to transform a workpiece into its intended form, while
production plans allocate appropriate resources for executing the required operations.

This is the approach of Sanfilippo and colleagues [221], which compare three dif-
ferent conceptualizations of manufacturing resources using first-order logic. These con-
ceptualizations highlight the connection between resources, and their capabilities and
capacities; and activity occurrences, activity requirements, and manufacturing goals.
In addition, a fourth approach that unifies these conceptualizations is suggested, and
its application in a use case is compared with a preexisting model [247] based on the
Industry Foundation Classes standard [167]. The main characteristics of this approach
are:

• its alignment with DOLCE.
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• the conceptualization of manufacturing activities, along with specifications of
technical artifacts, capabilities, and states, are conceptualized as DOLCE-descriptions.
This allows experts to explicitly represent the process plans or design models that
activities and artifacts must adhere to.

• The reuse of the Process Specification Language (PSL, [89]) ontology. In partic-
ular, activities and activity occurrences are distinguished: the former represents
the types of activities and the latter represents the processes occurring in time.

• The conceptualization of manufacturing resources are objects that play specific
roles. Precisely they are the objects that meet the requirements for the execution
of a manufacturing activity. For example, a machine tool becomes a manufactur-
ing resource when it complies with the specifications of a specific activity, such as
being able to drill a hole with a given depth, diameter, and precision in a given
material.

2.1.8.3 Affordances

The last engineering concept tightly linked to functions that we analyze in this thesis
is the notion of affordance. Gibson, a psychologist, first introduced affordances in 1979
[82], and they were later popularized in the context of engineering design by Maier and
Fadel in a series of works ([172, 171], among others). Those works described affordances
as a shift in paradigm from a function-based design to interaction-based design, with a
focus on all potential user interactions with a product, including those unintended by
the designer and not strictly related to the product’s function. Gibson originally defined
affordances, using an animal interacting in its environment as an example, as “what it
[the environment] offers the animal, what it provides or furnishes, either for good or
ill” [82]. In other words, they represent potential behaviors that the environment, or a
part of it, allows an agent to perform. Gibson’s original example was a flat surface that
affords footing to an animal, while other examples are a pool full of water, which affords
a person the ability to swim, or a briefcase, which affords a person the opportunity to be
grabbed. Thus, one could say that ‘swimmability’ and ‘grabbability’ are affordances of
the pool and the briefcase, respectively. In an engineering context, Gibson’s definition
would shift to “the set of all the behaviors that an artifact allows a user to perform”
[36], however, this definition is not universally accepted. The concept is not surprisingly
difficult to pinpoint, to the extent that some authors have called for their abandonment
[197]. Currently, there is an ongoing debate in disciplines that utilize the concept of
affordances regarding their meaning [36].

Conclusion In the previous sections, we analyzed the literature about engineering
functions, various related concepts, and engineering systems dealing with those. These
various topics, including the connection between functions and malfunctions, the dis-
tinction between functions and behaviors, and the methodology for decomposing a func-
tion, have been approached differently by these systems. Overall, there doesn’t appear
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to be a consistent and shared perspective emerging, indeed the discussion regarding the
use of these systems and functional vocabularies is not settled yet, with various research
paths currently being investigated. This encompasses topics such as simulating system
behavior derived from a functional model [162] or formally and automatically creating
the functional model itself [84, 161].

Additionally, frameworks utilized for modeling functions in engineering often lack
grounding in, or alignment with, ontological theories. We argue that connecting these
frameworks and ontological theories would be beneficial, given the prevalence of such
engineering systems and the importance of clarifying underlying terminological and
conceptual issues. Moreover, engineers frequently eschew the use of formal languages
like first-order logic or OWL21. Instead, they prefer natural language or pseudocode to
produce informal descriptions22.

Given this, in this thesis, we set about to outline and formalize a unifying conceptual
framework encompassing engineering functionalities and related concepts. To do this,
in Chapter 3, we shall use DOLCE as a guide, leveraging, and extensively modifying
and extending previous works in this direction [55, 54, 239, 221].

2.2 State of the Art of Malfunction Modelling

2.2.1 Fault analysis from an ontological point of view

The are many terms employed by engineers to indicate that within an engineered sys-
tem something is not as it should be. In this chapter, the most common among these
are reviewed along with their use and associated methodologies. Maintaining the on-
tological viewpoint of this thesis, we will sometimes intermix the engineering literature
with the philosophical one, especially for some terms (e.g. ‘malfunction’) that are more
typical in the latter.

Failure The main term used to indicate that something in an engineered system is
not as it should be is probably ‘failure’. This term has a wide range of meanings: it
may stand (at least) for the “condition in which an engineering member exhibits plastic
deformation” [180, p.16] or for the “loss of ability to perform as required ”[124, 192-
03-01]. Many other definitions of failure can be found in the literature, and many of
those cannot be reduced to one another. Conveniently, Del Frate carried out a detailed
analysis, collecting more than 50 definitions from the literature [63] and clustered them
into three general, independent types [62]:

• Function-based failure: the termination of the ability of an item to perform a
required function [due to an internal state]. (this is the same definition as in the

21It’s worth noting that OWL was first published in 2004, while many functional modeling works
predate this.

22Exceptions are, for example, Kitamura et al. [141] and Yang et al. [266], which present an
implementation of an industrially deployed version of FBRL called SOFAST, and an OWL and SWRL
formalization of the Functional Basis, respectively.
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IEC vocabulary [124], we added the part in square brackets as it is an important
part of the intended meaning).

• Specification-based failure: the termination of the ability of an item to per-
form as specified provided it has been operated under the stated operational
environment for which it is designed.

• Material-based failure: any permanent change in the values of geometrical or
physicochemical properties of the materials of an item which (i) renders the item
unable to perform as specified or (ii) increases substantially the likelihood that
the item will become unable to perform as specified.

Del Frate then presents a definition, which he argues possesses favorable properties,
particularly for interdisciplinary application: “Failure is the inability of an engineering
process, product, service or system to meet the design team’s goals for which it has
been developed” [63]. Notice that the distinction between the first and the second defi-
nitions is twofold: the specification-based definition imposes more restrictions compared
to the function-based one. Specifically, failures caused by operators’ improper use of
equipment are not considered specification-based failures. Furthermore, an item may
still perform its function despite not adhering to design specifications. For instance, a
pipe could still transfer fluid even if its diameter is less than the specified value due to
corrosion.

Fault Usually, with some exceptions, a failure is typically referred to as an event,
whereas a fault is described as a state that arises from a failure23. This is done by,
e.g., Del Frate, which individuates a corresponding fault concept for each of his three
concepts of failure [63], by the IEC vocabulary [124], and by Rausand and Øien [211]
(see also Figure 2.6a).

Other authors propose the opposite interpretation: for Avizienis the results of faults
are failures, by means of an error, which is the deviation between the expected and
actual states of a system [10]. This interpretation and the previous ones, though they
appear as opposites, may not need strictly irreconcilable (cf. Section 4.1.1), however, it
is inevitable that their coexistence will lead to confusion. Vesely attributes yet another
meaning to the terms [260]: in this case, failure has a similar meaning to function-based
failure, while the term fault is a strictly general case of failure (a hypernym) that also
includes the scenario in which the incapacity to execute is not due to an internal state
and is instead the result of a malfunction in a distinct component. The distinction
between failure events and fault states is crucial when conducting failure analysis since
it “describes the borderline between what is a failure and what is not” [211].

The term ‘down state’ (sometimes also ‘failure state’ [265]) [1] is another term closely
associated to faults and failures. In the EN 13306 standard, a down state is the “state

23In Section 1.1, we provided further explanation on the distinction between events and states. Here,
we emphasize that a failure event can occur suddenly (e.g., the instance when a shaft ruptures), while
a fault state can persist for an undetermined duration (e.g., a fractured shaft). Also note that the
DOLCE’s interpretation of states and events is not the unique one in applied ontology.

56



Chapter 2. State of Art Review: Functions and Malfunctioning in Manufacturing

(a) A diagram taken from Rausand work
[211], which shows the difference between fail-
ures and faults. ‘Error’ is also present, with
the same meaning as in IEC vocabulary: “dis-
crepancy between a computed, observed or
measured value or condition, and the true,
specified or theoretically correct value or con-
dition”

(b) One possible understanding of the causal
relations among failure mechanisms, modes,
and effects. Taken from [210]. Precisely, the
top half of the figure, constituted by three
boxes and arrows is Figure 3.5 at page 62 of
[210], while the bottom half is Figure 3.12 at
page 71 of the same reference. The caption of
the latter recites ‘[f]ailure causes and mecha-
nisms. A failure mechanism is a specific type
of failure cause”.

Figure 2.6

of an item being unable to perform a required function due to preventive maintenance
or a fault”. Therefore, down states appear to be strictly more general than faults:
down states include the case that an item is unable to perform due to a scheduled
preventive maintenance shutdown. EN 13306 also introduces the terms ‘disabled state’
(or ‘outage’) and ‘external disabled state’. The former is defined as “state of an item
characterised by its inability to perform a required function, for any reason”, while the
latter is the “subset of the disabled state when the item is in an up state [i.e. is able to
perform the required functions under the correct conditions], but lacks required external
resources or is disabled due to planned actions other than maintenance”. Since external
disabled states are a subset of disabled states and their complement is the set of down
states, down states are also called ‘internal disabled states’ in EN 13306. A summary
of these terms is shown in Figure 2.7.

Failure states are again mentioned in [67], however this time they appear to be
similar to Del Frate’s faults, because they are ‘brought about’ by a failure occurrence
(in particular, this makes them incompatible with the failure states of [265]). For the
rest the work in [67] is somewhat similar to Avizienis’, with the noticeable exception
that errors in the former (‘Erroneous User Action’) do not correspond to Avizienis’
errors but instead to Avizienis’ ‘Human Fault’.

Malfunction The term ‘malfunction’ is frequently used as a synonym for failure or
fault in engineering: in the IEC vocabulary it is a “situation for which the electrical
equipment does not perform the intended function due to a variety of reasons [. . . ]”.
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Figure 2.7: Taxonomy of some of the states described in the sandard EN 13306, with
the top one being ‘disabled state’. All child sets are complete and the top one is also
disjoint.

Applying IEC’s definitions, malfunction then means ‘being at fault’. In engineering,
malfunction is perhaps a less used variation of these two terms, after all there exists
an engineering journal titled ‘Engineering Failure Analysis’, while none other of the
414 engineering journals listed on Scimago24 contains the word malfunction. Instead,
in philosophy and applied ontology, malfunctions, referred to as such, have been the
focus of various analyses. For instance, Baker [13] provides a definition of malfunction
that bears resemblance to the concept of function-based failure by Del Frate, and posits
that malfunctions, although defined by the negation of functional performance, hold the
same ontological significance as artifacts and functions: “There are no technical artefacts
without functions; there are no functions without the possibility of malfunction”.

Jansen [133] draws attention to the distinction between malfunction and malfunc-
tioning, which is comparable to the distinction between function (a property) and func-
tioning (an occurrence). According to Jansen, “a material object x has a malfunction
at t with respect to the function to F-in-situation-S if and only if x has the function
to F-in-situation-S but would not F in S because, at t, it lacks the disposition to F-in-
situation-S”. On the other hand, “a material object x is malfunctioning at t with respect
to the function to F-in-situation-S if and only if, at t, x is in situation S but does not F”.
Based on this definition, Jansen argues that functions are not dependent on or inherent
in dispositions. This conclusion is supported by the existence of malfunctions, which
involve the presence of a function without “the matching disposition”. A similar per-
spective can be found in Mizoguchi et al. [192], where it is suggested that malfunction
can only be explained if functions, which are “roles played by behaviors in a function
context”, do not inhere in objects. Vieu and Borgo also have a similar view [261], where
malfunctioning occurs if an artifact does not have all the capacities (abilities) required
from it by somebody. Spear instead opposes such an approach [232], using the BFO
upper-ontology to state that (i) functions inhere into objects and (ii) an object’s life
ends if it meets a (complete) malfunction.

24https://www.scimagojr.com/journalrank.php?category=2201, last accessed in November 2022.
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Failure mode, failure mechanism, and failure effect Other common terms in
this context, which are linked to ‘failure’, are failure mode, failure effect, and failure
mechanism. These terms are most often encountered when dealing with FMEA (Failure
Mode and Effect Analysis) since that methodology explicitly gives their definition and
prescribes to collect instances of such terms during the analysis [186]. In FMEA, failure
mode is defined as “the manner by which a failure is observed. Generally describes the
way the failure occurs and its impact on equipment operation.” [186]. This is quite
different from the laconic definition present in the IEC vocabulary: “manner in which
failure occurs”, and from the definition given, e.g., in [69]: “The consequence of the
mechanism through which the failure occurs, i.e., short, open, fracture, excessive wear”.

Irrespective of their definition, reliability engineers compile tables filled with com-
prehensive examples of failure modes, such as [213, 69, 71, 225]. Examples of failure
modes found in these tables are, for an actuator, ‘leaking’, ‘seized’, ‘worn’, ‘contami-
nated’; for a circuit breaker ‘opens without stimuli’, ‘does not open’ [213]; for electric
generators ‘abnormal instrument reading’, ‘breakdown’, ‘external leakage’, ‘fail to start
on demand’, ‘vibration’, . . . [225]; for a pinion ‘spalled’ (i.e., a portion of the gear surface
flaked away), for a shaft ‘snap ring not installed properly causes sun gear to interfere
with plate’ [71]. Examining these examples, we see that in practice things quite dif-
ferent from each other can be failure modes, such as failures to execute the required
function (‘fail to open’), or conditions that may cause failures in the future (‘worn’,
‘vibration’).

There are, at least, two common ways in which failure modes are defined: they may
be specific parts of a causal chain, together with ‘failure effects’ and ‘failure mechanisms’
(cf. [69], in which failure modes are ‘consequences’, or Figure 2.6b). In these causal
chains, failure mechanisms are processes that lead to failure [124, 210], which itself has
the failure mode as a consequence, which, in turn, causes a ‘failure effect’. Therefore,
in this view, failure modes are intermediate elements of causal chains started by failure
mechanisms and producing failure effects.

The alternative perspective characterizes failure modes as the immediately perceiv-
able symptoms of a malfunction (e.g., “a failure mode is a manifestation of the failure
as seen from the outside” [211], “The effect by which a failure is observed on the failed
unit” [225, p. 41]). According to this viewpoint, the crucial aspect of failure modes
is their ease of observation. Consequently, a failure mode of a valve can be “internal
leakage”, whereas “wear of the valve seal” is not, since the latter can only be detected
by disassembling the valve (see [211]).

Failure modes are sometimes associated with some attributes [186, 25], [211]25, we
collect some of these in Table 2.1. These attributes are also employed for categorizing
failure (modes) into taxonomies based on the attribute values they possess [211]. Per-
haps bafflingly, these attributes, which could be reasonably called modes-of-failure, are
often not used identify to failure modes.

Perhaps surprisingly, these attributes, which could reasonably be called modes-of-
failure, are often not used to identify failure modes. For example, a failure mode identi-
fied by the attributes of Table 2.1 could be ’extended-partial-gradual failure’ or ’sudden,

25The latter mentioned above associates the attributes directly with failures instead of failure modes.
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high-criticality leak’. Instead, the terms typically associated with failure modes, such
as ’abnormal instrument reading’, ’breakdown’, ’external leakage’, and others, are not
always directly related to the attributes of Table 2.1, at least not terminologically.

ATTRIBUTE NAME DESCRIPTION EXAMPLE VAL-
UES

Persistence The time extension
during the item is
at fault. Intermit-
tent means that the
fault will cease spon-
taneously (and pos-
sibly return). Ex-
tended means that to
interrupt the fault a
repair is necessary

Intermittent, Ex-
tended

Severity (or Degree) The degree to which
the affected function
is altered

Complete, Partial

Suddenness The speed with the
failure mechanism
produces the failure.
Gradual (sudden)
means that there is
(not) enough time to
forecast the failure.

Gradual, Sudden

Criticality The extension of
the negative effects
caused by the failure,
taking into account
their probability of
occurrence

High, Medium, Low,
Negligible

Phase of occurrence The life-cycle phase
during which the fail-
ure happens

Design, Assembly,
Transportation, In-
stallation, Operation

Table 2.1: Attributes most frequently associated with failure modes, present in the
engineering literature at least since a work of Blache and Shrivastava [25]. The terms
in the table are not standard in the literature, except for ‘criticality’, which has seen
widespread use since at least from 1949 [186]. Note that complete and sudden failures
are sometimes referred to as ‘catastrophic’.

Cause, root cause, immediate cause, and other causes Causality is critical
in the analysis of failures: one must determine the cause of a failure to understand
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how to prevent a similar failure from reoccurring and/or to assign blame for the fail-
ure. Therefore, a rich terminology for causes and effects was developed in the related
literature.

The most common expression is simply ‘failure cause’. For the IEC vocabulary it is
the “set of circumstances that leads to failure” [124], but many other definitions exist.
Moreover, specialized terms (hyponyms) are used to individuate more precise types of
causes, such as ‘direct’ and ‘root’ causes. ‘Direct’ or ‘proximate’ [210] or ‘immediate’
[260] causes are those causes that are considered as adjacent to the failure in both
temporal and spatial terms, and are obvious to determine. ‘Basic’ [260] or ‘root’ [210]
causes, on the other hand, may have occurred a considerable time before the examined
failure and are considered to provide a more comprehensive explanation for the failure
analysis26. Note that, for the view for which failure modes are intermediate elements
of causal chains started by failure mechanisms and producing failure effects (cf. the
previous section), failure mechanisms must also be failure causes, in some sense.

Root causes are often the most analyzed type of causes, since it is argued that their
individuation may prevent similar failures from reoccurring. Del Frate [64] surveyed
definitions of the root cause found in the literature, dividing them into two main types:
those that espouse a forward-looking view, which highlights the effects that correcting
the root cause will have on the system, and those that have a backward-looking view,
which emphasizes the role of the root cause in leading to the failure. Important diffi-
culties that these approaches must solve are separating the search for a correction from
a search for blame assignment (which is an undesirable side-effect, in some cases), and
identifying the root cause in place of keep looking for further causes, respectively.

Ultimately, Del Frate tries to reconcile these two approaches by proposing a rec-
onciled definition of root causes: “that element of the factors and causes that is, if
corrected, the most likely to prevent failure phenomena similar to the one under inves-
tigation from happening again”.

Another point of discussion is the interplay between causal and mereological rela-
tions: whenever a system is divided into hierarchical layers, one can consider how causa-
tion propagates between the layers. One typical case is the subdivision of a system into
different functional levels, such as ‘system’, ‘subsystem’, ‘equipment’, and ‘part’, taken
from ISO 14224 [127]. In that case, a fault from, say, a piece of equipment may cause
a failure to a subsystem, and so on. Following the causal propagation of events among
hierarchical layers, Rausand and Øien [211] suggested that the triple made from failure
cause, mode, and effect can be instantiated by different triples of events depending on
the layer that one is concerned with. That is, they suggest that what was the failure
mode on, say, the equipment level is the failure cause on the subsystem level, and so
on. See Figure 2.8 for a clarification.

Koji et al. [158] also investigate the propagation of a malfunction in a low-level
function within a functional decomposition of a system to higher-level functions. For
instance, the in left side of Figure 2.9 a causation tree explains why a wire, used to

26This is not a rule, as, for instance, Matthews [180] employs the adjective ‘proximate’ (meaning
proximate in efficiency concerning other probable causes) in a manner akin to ‘root ’ cause and makes
reference to the use of such an adjective from English law.
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Figure 2.8: The causal propagation of a failure throughout the different hierarchical
levels of a system. Taken from [211]

split silicon ingots, broke: the heat caused by friction weakened the wire. Moving to
the right side, the execution of a low-level function (‘application of frictional force to
the ingots’) is prevented by the wire rupture and this causes cascading malfunctionings
of upper-level functions, up to the interruption of the main function of the wire saw
itself: splitting ingots.
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2.2. State of the Art of Malfunction Modelling

2.2.2 Engineering methodologies for diagnosis, recording, or anal-
ysis of failure and related occurrences

In this section, we list some of the most common engineering methodologies that are
used to analyze failures, before comparing them and highlighting some of their critical-
ities.

Failure Modes and Effects Analysis (FMEA) The FMEA methodology aims to
identify potential failures within a system, prioritize them depending on their effects,
and determine corrective or preventive actions [186, 69]. It was originally developed by
the U.S. Department of Defense. Typical steps are:

• Divide the system under analysis into its distinct components and/or functions, for
instance utilizing a functional block diagram. Note that instead of the components
of a material system one could consider a set of relevant processes, in that case
one talks of process FMEA.

• For every component and function, identify the specific ways in which they fail
their purpose (the ’Failure Modes’ in FMEA), as well as the resulting impacts
on the overall system (the failure ’Effects’). Then, determine appropriate correc-
tive actions to address these failures. Note that sometimes one links modes to
only components, sometimes to only functions, sometimes to couples <compo-
nent,function>.

• If the FMEA activity incorporates criticality analysis27, then, one calculates the
failure rate, relative frequency of the failure mode, and the probability of system
failure for each failure mode of a particular item. These three values are then
multiplied to obtain the criticality index of the failure mode for the specific item.

• After having collected the previous information, risk mitigation strategies should
be carried out. One typical example is modifying the system design to use more
reliable components or introduce redundancies.

FMEA is usually applied during design to inform the design process itself, but it may
also be applied to an already-developed product, to, for example, get a better under-
standing of the product criticalities and inform maintenance strategies.

Failure Reporting, Analysis, and Corrective Action System (FRACAS) FRA-
CAS, similarly to FMEA, aims to record, analyze, and correct failures; and it was
also developed by the U.S. Department of Defense [185]. Differently from FMEA, the
FRACAS methodology analyzes actually-occurred failures during the use of a system,
focusing on managing and learning from them. FRACAS basic steps are:

• Record instances of failures using standard forms.

27So that FMEA expands to Failure Modes, Effects, and Criticality Analysis (FMECA).
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• Investigate the failures to identify their cause(s). This step may require more
or less detailed failure analysis methodologies, such as any methodology for root
cause analysis mentioned in an oncoming section.

• Identify, document, and implement corrective measures to prevent or reduce the
chances of recurrence of the failures.

These steps should be carried out continuously, in a closed loop. For this reason this
methodology is also called closed-loop analysis and correction action process [111]. This
methodology can also work in tandem with FMEA28: an occurred failure mode can
either have been detected during FMEA already or not. If it has been, then possible
corrective actions should already have been identified; if not, the FMEA should be
updated with the new possible failure mode and the relative corrective actions.

Fault Tree Analysis (FTA) The FTA methodology represents the sequences of
events culminating in a system failure [260]. It represents potential failure causes using
a tree structure that shows cause-and-effect relationships. These relationships can occur
in parallel (when multiple events contribute to an effect simultaneously) or in series
(when events happen sequentially, forming a chain of causes and effects). Parallel
contributions are represented as logical gates (e.g.m two events merging into an ‘OR’
gate will cause the event at the output of the gate if both or only one among them
happens). The events in the tree structure are categorized into different types: basic
events (simple events that don’t require further explanation and may refer to a single
component), undeveloped events (events that could be explained further but are not
convenient to do so), and intermediate events (non-leaf nodes of the FTA tree). The
analysis continues until the events reach the desired level of detail, such as when only
undeveloped or basic events remain. Each FTA focuses on a specific system failure and
should be repeated for every relevant failure.

For any given FTA tree minimal cut sets can be identified. These sets consist of leaf-
level events that have the potential to cause the top failure if they occur simultaneously.
By conducting a qualitative analysis of the failure causes, corrective action can be
taken to prevent them during the design. If the probabilities/distributions of the leaf-
level events are estimated, along with knowledge about possible dependencies between
events, a quantitative probabilistic/statistical analysis can be performed. This analysis
can, for example, rank the minimal cut sets based on their probability of occurrence or
determine the rate at which the system failure occurs.

Human Factors Analysis and Classification System (HFACS) The HFACS is
based on four taxonomies of human errors [230]: One for ‘unsafe acts of operators’ (such
as decision errors, perception errors, routine violations, . . . ), another for ‘preconditions
for unsafe acts’ (fatigue, . . . ), another one for ‘unsafe supervision’ (e.g. bad training),
and a last one for ‘organisational influences’ (say, no appropriate funding for training).

28Of course, all the methodologies described in this section can be carried out in synergetic groups.
The coupling of FMEA and FRACAS just happens to be one of the most common.

65



2.2. State of the Art of Malfunction Modelling

The basic idea is that any occurrence of human error can be attributed to a failure
within a broader organizational context (e.g., the operator made an incorrect decision
due to inadequate documentation). Specifically, any human error should be in, or have
origins in, each of the four organizational levels mentioned earlier.

This framework can systematically identify (latent) failures within an organization
that (may cause) have caused an accident, making it possible to amend these by ap-
propriate interventions.

Root Cause Analysis (RCA) RCA analyzes past occurrences of failures to prevent
or mitigate reoccurrences. In particular, the main goal is the identification of the ‘root’
cause of such occurrences. RCA is a single coherent methodology, but rather a collection
of various guidelines and techniques [17, 214], [207, p. 1] are used to make RCA into a
structured activity.

One of these methodologies is the ‘5 whys’ [228]. Such a methodology recursively
identifies the cause of a failure at least five times. By continuously digging deeper into
the causes, the aim is to avoid getting stuck with superficial explanations of the initial
failure.

Another methodology is the ‘6M’: this time investigators are required to divide the
cause(s) of an event into 6 distinct categories: ‘Man’, ‘Machine’, ‘Method’, ‘Measure’,
‘Mother-Nature’ e ‘Material’29. For each type, one or more causes should be listed,
and each cause can be accompanied by a dedicated further analysis. For instance, a
workplace accident could have been concomitantly caused by the distraction of the
personnel (‘Man’), by a defect in a tool supplied by a third party (‘Material’), and by a
lack of implementation of workplace safety norms (‘Method’). A fishbone-, or Ishikawa-,
diagram [125] may be used as a graphical tool to assist this activity.

Overall, The various methodologies mentioned above can be divided into inductive
(which proceed from particular causes to system-level effects, such as FMEA, FRACAS,
HFACS) versus abductive30 (which, oppositely, go from the effects to the causes, such
as FTA, RCA); a-priori (which can start before the failure takes place, such as FMEA,
FTA) versus a-posteriori (which focus on a failure already occurred, such as FRACAS,
RCA, HFACS); they can also direct their attention towards human errors (HFACS)
or not. Additionally, certain methodologies may have initially been used in specific
engineering domains (e.g. HFACS in aviation and FRACAS in the military) and later
extended to other disciplines.

Whatever the category they belong to, these methodologies are known to be prob-
lematic, for various reasons. For one, causality is a challenging subject, and these
methodologies do little to alleviate the inevitable terminological and conceptual issues
that arise [53]. Consequently, terms such as ’Failure Mode,’ ’Failure Cause,’ ’Failure
Effect,’ ’Fault,’ etc., which are the fundamental concepts of these methodologies, are
used without providing clear definitions, resulting in inconsistent usage.

29Sometimes the number of ‘M’s varies. Same for the names of the categories.
30Note that we are following Vesely with this division, who actually he speaks of inductive and

deductive metodologies [260, I-8]. However, the term abductive seems more fitting.
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These approaches also cannot be used to consistently and systematically investigate
causation: regarding the 5 whys, for example, the number 5 is arbitrary and may not
be suitable for complex problems, the questions (“why did this happen?”) may not
provide helpful insights, and the answers may lack consistency [228]. Moreover, a-
priori methods enable systematic enumeration of failures but do not address causation,
since the relationships between a failure mode, its cause, and its effect are left with a
considerable degree of arbitrariness. While inductive methods are limited to addressing
single point failures (with the exception of very small systems, as seen in the Double
Failure Matrix analysis [260, p. II-5]), as the number of possible failure combinations
would become unmanageable. Deductive methods, instead, may allow for the analysis
of multiple causes (e.g., FTA, 6M, HFACS) or not (5 whys).

Storing the knowledge generated by these methodologies in databases that are easily
accessible, preferably in an interdisciplinary manner, also poses challenges, particularly
for a-posteriori methods (FMEA and FTA results have a convenient-to-store structure:
tables and trees, respectively). After all, many RCA techniques, such as 5 whys or 6M,
aim to facilitate brainstorming, not effective organization of data in databases or their
use in knowledge-retrieval systems.

Finally, significant sociological issues exist. Among these issues are the ‘political’
implications associated with assigning blame, as blame is closely tied to any causal
analysis of pertinent failures. Such implications may impede the analysis process. An-
other issue is the challenge of taking effective action following a root cause analysis,
often due to organizational inertia [207].

The discussion carried out in this section will inform Chapter 4, where we will
develop a formal ontology of malfunctions. In the next chapter we will finally address

the core of our proposal, by studying engineering functions, through the lenses of applied
ontology.
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Chapter 3

An Ontology of Functions in
Engineering Systems

Here we propose a formal, overarching DOLCE-guided conceptualisation of functions,
informed by the review in Chapter 2, with the goal of offering a a unifying framework
for (engineering) function modelling. Note that the content of this chapter is based on
previous works in this direction ([30, 55, 54, 52, 56]), but most extensively modifies and
extends them with novel elements and results.

3.0.1 Motivation

As observed in Section 2.1.6, the term ‘function’ carries ambiguity even for ontologists.
Furthermore, it is generally not regarded as a top-level concept, receiving limited at-
tention in top-level ontologies. To the best of our knowledge, the ontology community
has yet to produce a shared middle or domain-level ontology specifically addressing
functions1.

Considering the current state of affairs, an ontological analysis elucidating the realm
of functionality would be highly beneficial. This thesis endeavors to contribute towards
a comprehensive ontological framework for functionality, at least in the engineering
domain. While it may be acknowledged that the ambiguity in function terminology is
considered essential and rational by engineers [253, 45], we contend that formalization is
imperative for ensuring interoperability and highlighting distinctions among potential
approaches. Furthermore, such formalization proves valuable, if not essential, for the
development of applications that rely on functional reasoning. In any case, we consider
seriously the presence of this ‘strategic’ ambiguity, and, for this reason, we opt for a
descriptive approach in the sense of Carrara and colleagues [45], that is, we will isolate
and describe various sub-concepts of function in a unique framework.

We are especially interested in answering the following research questions (RQ):

RQ1 How can the wide range of ‘function’ concepts be ontologically differentiated and
explained?

1A possible taxonomy of such an ontology was proposed by Borgo et al. in [34] and [29].
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RQ2 How can the functional decomposition of a system be explained and formalized?

RQ3 What are capabilities and capacities, what is the difference between them (if any),
how do they relate to functionality?

3.0.2 Behaviors, systemic functions, and ontological functions
in DOLCE

We will use DOLCE as upper-level ontology as a guide in foundational ontological
issues. The reasons for this choice are discussed at the end of Section 1.1.

We are especially interested in roles, since, we anticipate, it will be argued that a
certain meaning of the word function corresponds to a subcategory of roles. Therefore
we start the analysis with them. As mentioned in the introduction, roles are founded,
meaning that they depend in some sense on some external entity. This is particularly
important in this thesis, thus, we will proceed on with a formalization. In the following
formulas, CL(·, ·, ·), ‘classified-by’, is a relation holding between concept and one indi-
vidual, at a certain time, if the individual is recognized as an instance of that concept
(cfr [179]); while K(·, ·, ·) (‘constitutes’) is DOLCE’s relation linking substrata to their
object; and O(·, ·, ·) is the temporal overlap relation that is obtained by parthood in the
usual way2; and PRE(·, ·) stands for being present at a time (cfr Table 1.3).

df9 externalTo(x, y) ⇐⇒ ¬(qt(x, y) ∨ qt(y, x) ∨ ∃t(K(x, y, t) ∨ K(y, x, t) ∨ O(x, y, t)))

“x is external to y if and only if x is neither a quality of y, nor y of x, nor x(y)
is one of y(x)’s constituents (at any time), nor x and y have parts in common (at
any time)3 (at any time).”

df10 SD(x, y) ⇐⇒ (∃t(PRE(x, t)) ∧
∀t(PRE(x, t) =⇒ PRE(y, t)))

“x specifically (existentially) depends on y if and only if x exists at some time and
at any time when x exists so does y.”4 Note that this is the same as Definition
(df1): we duplicated the definition for sake of readability.

We also specialize the founding relationship to concepts:

df11 instantiationFoundedOn(x, y) ⇐⇒ (CN(x) ∧ CN(y) ∧ ∃z, t(CL(z, x, t)) ∧
∀z, t(CL(z, x, t) =⇒ ∃w(externalTo(z, w) ∧ CL(w, y, t))))

“the concept x is instantiation-founded on the concept y if and only if, whenever
z is a given entity that plays as x, there is also an external entity w that is an
instance of y.”

2Two entities overlap if and only if they have a common part.
3Substrata, parts, and qualities may not exhaust all possibilities if a different top-level ontology

were used.
4Without the existential quantifier something that is never present would depend on everything.

Due to this logical technicality, analogous existential quantifiers will be required by axioms having a
similar structure.
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For us the case that the classified entity is a perdurant (e.g. an engineering behavior)
is especially important. In Masolo’s original work on roles, concept-instances are limited
to DOLCE-endurants. Therefore, we explicitly extend the domain of the classification
relation to perdurants. Additionally, we consider a non-temporalized version of CL
holding for perdurants.

ax1 CL(x, y, t) =⇒ (ED(x) ∨ PD(x))

“if x is classified by a concept at some time, then x is either a perdurant or an
endurant.”

ax2 CL(x, y) =⇒ PD(x) ∧ ∀t(PRE(x, t) =⇒ CL(x, y, t))

“x is (constantly) classified by y if it is a perdurant and is classified by y at all
times it is present.”5

We also introduce another type of founding relation, which we term definition-
founding (defFoundedOn(·, ·)). We refrain from formalizing this relation in detail, as it
entails discussing the formal definition of roles, a topic beyond the scope of this thesis.
Instead, we provide an informal interpretation:

df12 “x is definition-founded on some entity y if and only if y is used to define x.”

For instance, if the role of a doctor is defined as someone who treats sick individuals,
then the doctor-role is definition-founded on the sick-person concept. A slightly more
extensive comparison with Masolo’s work on social roles is also present in Section 3.0.9.
It’s worth noting that instantiation-founding and definition-founding may not always
coincide. For instance, an individual may be a doctor without actively treating any sick
individuals at a given time. In such cases, the doctor-role is not instantiation-founded
on someone being sick.

Given all this, we can explicitly say that DOLCE’s roles are founded:

ax3 RL(x) =⇒ ∃y defFoundedOn(x, y)

“if x is a role, then there is a y on which it is definition-founded.”6

5Note that this formula is actually highly non-trivial, ontologically speaking: the temporal argu-
ment of the ternary CL relation can account for antirigidity of role-concepts: (anti-)rigidity requires
a modality to be expressed, and time can be such a modality (I am a student today, day, but not
tomorrow). If the CL relation loses the temporal argument, how can the antirigidity of role-concepts
be accounted for? It is still possible: in our case, the modality that makes a perdurant (say, a device
behavior) into a role (say, a function), is the subjective evaluation of an agent in the context of a causal
analysis of an engineered system, under some goal, cf. (df16). In particular, the same perdurant may
be a function in one analysis but not in different one.

6Note that in Masolo’s [179] a concept (x) is said to be founded if there is another concept (y) such
that, in our terminology, x is instantiaton-founded (df11) and definition-founded (df12) on y. However,
we consider only this weaker axiom and exclude the instance-founding because it may exclude the
example of doctors and patients. Note that one could still ensure instance-founding of the doctor-role,
e.g. if one instance-founds it on individual medical licences. However, doing so would require the
addition of such social objects in the conceptualization and a modeller may or may not prefer to do
so. In any case, Axiom (ax3) is compatible with both approaches since it is compatible with Masolo’s
axiom.
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For instance, in the context of the definition provided in (df11), the role of ‘husband’
(x) is instantiation-founded on the concept of ‘marriage’ (y). This is because whenever
a person (z) is a husband, there exists an individual marriage (w) involving that person
and another individual, which is external to the husband.

Furthermore, considering DOLCE’s view of roles and concepts as reified classes,
there must exist a binary relation corresponding to the subsumption relation between
classes. Such relation is called ‘sub-concept-of’ (subConceptOf(·, ·)).

df13 subConceptOf(x, y) ⇐⇒ (CN(x) ∧ CN(y) ∧ ∃z, t(CL(z, x, t)) ∧ ∀z, t(CL(z, x, t) =⇒
CL(z, y, t)))

“A concept x is a sub-concept of a concept y if and only if all instances of x are
also instances of y.”

As an illustration, consider the scenario where the role of the Italian Prime Minister
is a sub-concept of the role of Prime Minister. It’s important to note that this notion
of sub-concept is ontologically weak. Ideally, one would want to introduce a modal
characterization, indicating that Definition (df13) holds necessarily across all possible
worlds. However, delving into these logical technicalities is not particularly pertinent
to this thesis. Therefore, in this thesis, we will utilize this formula and similar ones,
under the assumption that in appropriate languages, such as first-order modal logic, a
suitable formula would be substituted. Additionally, note that we refrained from calling
this relation ‘specialization’ because sub-concept-of and specialization are sometimes
distinguished (e.g. Masolo does it [179]), however we will sometimes use specialization
as a synonym for sub-concept-of, to improve readability7.

We also need to introduce a specialization of DOLCE’s qualities, dividing them into
‘intrinsic’ and ‘relational’ (or extrinsic) [174]. Mass, length, and shape, are standard
examples of intrinsic qualities. On the other hand, weight (which varies depending on
the gravitational field)8, personal marathon records (which are tied to the societal notion
of marathons), and distances between objects (which rely on the presence of multiple
objects), are examples of relational qualities. Relational qualities are inherently tied to
external factors beyond the object itself. For instance, the distance of the Moon from
the Earth, seen as a property of the Moon, cannot be thought of without considering
the Earth, indicating that it is a relational quality of the Moon (likewise for the distance
of the Earth from the Moon). Conversely, if a certain brick possesses a given tensile
strength, this does not depend on other entities, rendering tensile strength an intrinsic
quality9. Similarly, other mechanical or chemical qualities, such as ductility or the
structure of atomic lattices in crystals, can be deemed intrinsic. Another example
is the voltage at a point of an electric circuit, which necessarily requires a second
point used as reference (the ground of the electrical circuit). Moreover, intrinsic and

7Also, in some oncoming formulas containing the sub-concept-of relation, such a relation could be
replaced with the stronger specialization relation.

8This one is very debatable. With less controversy, we can say that, if mass and weight must be
said one intrinsic and the other extrinsic, then mass is the intrinsic one and weight is the extrinsic one.

9One needs other entities to measure the tensile strength value, but note that this dependence is
relative to establishing the value only, and is not related to the tensile strength’s existence.
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relational qualities are, arguably, present in the engineering literature. For example, in
[209], Qian and Gero discussed various types of ‘behavioral variables’: structural, such
as the dimensions of a room or the size of a water tap, and exogenous, such as water
flow through a tap. In the latter case, water flow is deemed an exogenous variable
because “water is not part of the water tap design, it is only related to the design”. It
is natural to see a correspondence between this structural-exogenous duality and the
intrinsic-relational duality.

Delineating relational qualities is a nuanced task that extends beyond the scope of
this thesis. Interested readers may explore a proposed framework on relational and
intrinsic qualities in [73]. Hence, we just introduce intrinsic and relational qualities as
primitive subcategories of DOLCE qualities, which will be used in the following sections:

ax4 RelationalQuality(x) =⇒ Q(x)

“Relational qualities are qualities.”

df14 IntrinsicQuality(x) ⇐⇒ (Q(x) ∧ ¬RelationalQuality(x))

“Intrinsic qualities are those qualities that are not relational.”

The last brick we need before coming to functions and behaviors more properly, is
a concept for engineering systems and their components. Various terms are utilized
to denote these, such as part, component, tool, machine, technical artifact, functional
object, etc. We adopt the term ‘technical artifact’10 to signify any physical object11

(ax5) originating from an intentional technical process. Examples include cars, planes,
tooling machines, and, broadly, devices designed for specific tasks. We’ll also treat
the terms ‘device’ and ‘technical artifact’ interchangeably. Moreover, we employ the
term ‘system’ to emphasize the mereological structure of a complex artifact. While the
concept of a system is intricate and cannot be fully encapsulated by that of a techni-
cal artifact, its precise delineation remains an ongoing challenge (as discussed in, e.g.,
[191]). Here, we establish the notion of a system as fundamental, introducing a primitive
class, System(·), wherein technical artifacts are encompassed. The mentioned mereol-
ogy is constructed conventionally from the temporalized parthood relation of DOLCE,
denoted as P(·, ·, ·). Additionally, DOLCE provides a non-temporalized parthood rela-
tion, CP(·, ·), defined in (df15). We also incorporate DOLCE Axiom (ax6) (recall that
POB(·) represents the category of physical objects, see 1.2).

ax5 TechArtifact(x) =⇒ POB(x)

“a technical artifact is a physical object.”

df15 CP(x, y) ⇐⇒ ∃t(PRE(y, t)) ∧ ∀t(PRE(y, t) =⇒ P(x, y, t))

“x is constantly part of y if and only if whenever x exists, it is part of y.”

ax6 P(x, y, t) =⇒ (PRE(x, t) ∧ PRE(y, t))

10For a deeper exploration of technical artifacts, refer to [32].
11Of course, one could also consider non-physical objects such as software artefacts or methodologies

and call also these ‘technical artefacts’. However, since the focus of this thesis is on physical technical
artefacts, we follow [32] and consider ohysical objects only.
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“if x is part of y at time t, then x and y are both present at time t.”

After these DOLCE-related preliminaries, we want to start building a framework
to characterize engineering artifacts behaviors and functions, in such a way to explain
the engineers’ speech in different areas, including engineering design, manufacturing,
maintenance, process and product planning, etc.

Engineering behaviors. The behavior of an artifact refers to how it realizes specific
interactions between itself and elements of the environment, as exemplified by state-
ments like “[the car] rattled when it hit the curve” [49]. While DOLCE addresses the
occurrence of interactions as perdurants, ontologically understanding behavior is more
complex. In the literature, the term ‘behavior’ is employed with diverse connotations.
It may denote simplified parts or descriptions of processes, as indicated by excerpts such
as “The causal rules that describe the values of the variables under various conditions”
[49], or “the behavior represents objective conceptualization of its input-output relation
as a black-box” [141], or “situation-independent conceptualization of the change between
input and output of the device” [194]. In the YAMATO framework [196], behaviors are
modeled as processes involving an agent or agent-like object as a doer. On the other
hand, Borgo et al. [27] characterize behaviors as relational qualities that describe the
specific manner in which an object participates in individual events.

In order to make a conscious decision on how to assimilate the concept of behavior
in this thesis, we will discuss several key ontological properties that help distinguish
among various definitions of behavior. There are at least four axes along which different
interpretations of behavior can vary in the literature.

First, there’s the occurrence-property dichotomy: behaviors can be viewed as some-
thing that unfolds in time and in which the entity in question actively participates.
In this perspective, behavior is often described as a transition between states or sim-
ply as staying in a state. Examples of this view can be found in works by Goel [86],
Chandrasekaran [49], Umeda [246], and the authors of YAMATO [194]. Alternatively,
a behavior can be conceptualized as a quality inherent to the behaving entity itself.
Examples of this perspective are provided by Borgo et al. [27], and similar notions are
discussed by Vermaas and Gero and colleagues, who refer to attributes or dispositions
[257, 80].

Next, there’s the token-type distinction: behaviors can be considered as a class
or concept, as argued by Mizoguchi [194], alternatively, a behavior can be seen as
an instance or entity relative to a specific event, as proposed by Chandrasekaran and
Josephson [49], and by Borgo et al. [27], respectively.

Moreover, there’s the external-internal axis: a behavioral description of an artifact
may solely refer to characteristics intrinsic to the artifact itself, or they may need to
reference external entities. For instance, “the electric switch can alternate between
open and closed states” is an internal behavioral description, while “the current passing
through an open switch is zero, if the applied voltage stays within operating conditions”
is an external description. Different authors may use behavior with either an internal
or external meaning, as exemplified by works such as those by Zhao et al. [270] and
Kitamura et al. [146].
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Lastly, there’s the modal axis: behaviors can be perceived as either expected (as
envisioned by engineers) or actual (what actually occurs). This duality is implied by
Gero [81], particularly in the context of design activity, but it can also be applied to
discussions of malfunctioning. This axis also encompasses discussions of causal laws
or relations, as they could be conceptualized as changes of a system under certain
modalities, i.e., changes that necessarily occur when specific conditions are met. While
not advocating for this conceptualization of causal laws, it’s important to acknowledge
this perspective, as it’s encountered frequently in literature.

In the context of this thesis, we chose to lean towards the occurrence, type, and
external directions. The main reason is that this is the most natural fit to our oncoming
characterization of (certain) functions as roles. In particular, we introduce ‘engineering
behavior’ as a DOLCE perdurants subcategory, whose instances are related to external
entities.

Engineering behaviors, referred to simply as behaviors hereafter, encompass perdu-
rants in which two processual12 roles can be identified: an active role termed ‘doer’ (the
subject(s) of the behavior) and a passive role referred to as ‘operand’ or ‘flow’ [205]
(the object(s) in the behavior). This role-based conception of behavior is motivated by
and limited to the domain of functional modeling, where it underscores a prevalent en-
gineering perspective. It complements the broader ontological viewpoint of behavior as
a relational quality between an entity and its environment, as elucidated in [27]. While
the role-based approach portrays behavior as a perdurant and aligns naturally with the
ontological view of function that will be explored later, the ontological understanding
of behavior can be refined to differentiate between the behavior of the doer and that
of the operand, as necessary. For example, consider a cutting action, which involves a
subject (such as a saw or the system comprising a person or machine using the saw) and
an object (such as a beam of wood). Simultaneously, the saw exhibits its own distinct
manner of interacting with its environment (to which the wood belongs), i.e., its unique
ontological behavior, and similarly, the wood demonstrates its behavior concerning its
environment (to which the saw belongs). This distinction applies to other behaviors
described by transitive verbs, such as pumping, joining, and so forth.

The behaviors described above, which we denote by the predicate Behavior(·), are
external behaviors, given that the flow and the behaving artifact (the doer) are external
to each other. We model the two processual roles using two specializations of DOLCE’s
participation relation: participateAsDoer(·, ·, ·), indicating participation in a process
of an entity with the role of an agent or agent-like doer, and participateAsFlow(·, ·, ·),
representing the role of an operand:

ax7 participateAsDoer(x, y, t) =⇒ (TechArtifact(x) ∨ Agent(x)) ∧ Behavior(y) ∧
PC(x, y, t)

“if x is a doer in y at time t then x is a technical artifact or an agent, y is a
behavior, and x participates in y during that time.”

ax8 participateAsFlow(x, y, t) =⇒ Behavior(y) ∧ PC(x, y, t)
12following the terminology introduced by Loebe [168], which refers to general perdurants, not to

the category of DOLCE’s processes specifically.
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“if x is a flow in y at time t then y is a behavior, and x participates in y during
that time.”

ax9 Behavior(x) =⇒ ∃y, z, t(participateAsDoer(y, x, t)∧participateAsFlow(z, x, t)∧
y ̸= z)

“x is a behavior only if there are at least a doer and a flow that participate in x.”

From Axiom (ax9), it follows that behaviors are perdurants. Additionally, we assume
that behaviors can be combined to provide causal explanations of complex perdurants,
such as the ‘beam was cut, therefore it fell to the floor’. This is formalized using a causal
relation between perdurants: posCausalCon. This relation will actually be defined and
discussed in the next chapter (df44), but we anticipate its use here.

The roles of doer and flow are also not expanded upon, and left as primitive notions.
For a deeper discussion of these notions, refer to [168]. The combination of the role-
based approach with the causal contribution relation allows us to model behavior from
the perspective of the participating device, as outlined in Axiom (ax9). However, it
also introduces certain limitations. For example, consider the case of an artificial agent
altering its own settings, which represents a function where the doer and flow coincide.
Such a case is ruled out by Axiom (ax9), but, for example, is discussed and called
‘change over’ in [29]. A comprehensive analysis of the relationships between the two
approaches to behavior (relational quality vs. perdurants with roles) has not yet been
conducted in this thesis, but it is worth noting again that these approaches are mutually
compatible within DOLCE. Henceforth, when referring to behavior, we will generally
mean engineering behavior unless otherwise specified.

Having touched on behaviors as role-based views of perdurants, we come now the
states of engineering systems. In DOLCE, states are cumulative and homeomeric per-
durants, as discussed in Section 1.1. These properties should also apply to states of
engineering systems. If we understand states, as many engineers do, as conditions de-
termined by constraints over state variables, then such conditions are homeomeric (if a
device satisfies a constraint over a time period, then it also satisfies it during a fragment
of that period) and cumulative (if a device satisfies a constraint over some time periods,
then it satisfies it during the union of those periods). However, the engineers’ use of
the term is often more liberal than DOLCE’s concept of states. For example, engi-
neers use the “state” to describe oscillating phenomena and similar occurrences (e.g.,
the buzzing action of a clapper, which alternates between two different DOLCE-states
while buzzing, namely open-circuit and closed-circuit). While one could consider an
oscillating phenomenon as characterized by a variable constrained to a constant value
(say, the frequency equal to some value), ontologically, it is intrinsic to, say, the buzzing
motion to be composed by more than one subphase (e.g. contact or non-contact be-
tween the clapper’s components). Consequently, the appropriate DOLCE category to
conceptualize system states is that of stative perdurants. To avoid terminological confu-
sion, we will use the term ‘state’ following engineering terminology, while ontologically,
it is understood as a ‘stative condition’ in DOLCE.

Given that engineers typically understand how to define the desired state for a
system, we assume that specific ‘types’ of states are selected as goals for a given technical
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artifact. These goals typically involve selecting the conditions that a state must satisfy,
which refers to a concept rather than a specific instance of a state. Consequently, we
can state:

ax10 Goal(x) =⇒ CN(x) ∧ ∀y, t(CL(y, x, t) → STV(y))

“a goal is a concept that classifies stative perdurants only.”

Hence, expressions such as ‘the temperature at the port B of the heat exchanger is
between 80 and 110 Celsius degrees’ and ‘the buzzer is clapping with a frequency of at
least 10kHz’, which describe states, may correspond to goals.

Systemic functions. we come now to propose a preliminary formalisation of ontolog-
ical functions, based on the concepts introduced in the previous paragraphs. We start
with defining ‘systemic functions’, primarily inspired by Mizoguchi’s definition of such
very term in [193] (cfr. also Cummings’ definition in [59]): a function is seen as the con-
tribution of an individual component’s activity to the activity of the system as a whole,
and teleological aspects are introduced through goals imposed on the system. This
definition is based on the so-called ‘systemic view’ of devices, which posits that devices
are complex aggregates of components, whose interaction with the rest of the system
contributes to generating the activity of the whole system. Note that our ‘behavior’ is
different from Mizoguchi’s [193], in particular, our approach facilitates decomposition
(and recomposition) of a system’s behavior into the behaviors of its components: the
latter are parts of the first.

df16 systemicFunctionOf(x, y) ⇐⇒ (RL(x) ∧ ∃z, g, b, t(System(z) ∧ goalOf(g, z) ∧
CL(b, x, t) ∧ P(y, z, t)
∧ ∀b′, t′(CL(b′, x, t′) =⇒ (Behavior(b′) ∧ participateAsDoer(y, b′, t′) ∧ P(y, z, t′)
∧ posCausalCon(b′, g)))))

“x is a systemic function of y if and only if x is a role and there exists a system z
and a goal g for z such that x classifies only behaviors which have y as doer and
part of z, and that causally contribute to achieve g.”1314

df17 SystemicFunction(x) ⇐⇒ ∃y systemicFunctionOf(x, y)

“x is a systemic function if and only if it is the systemic function of some object
y.”

There are numerous function conceptualizations in the literature, each pertinent
from a distinct engineering perspective. We commence with Definition (df16) because,

13This implies that the term ‘systemic’ in ‘systemic function’ denotes the reliance of such a role-
concept on a system, without suggesting that the player artifact itself is a system. For instance, in
the case of a wood table held together by screws, each screw serves a systemic function within the
table-system: it connects one of the table-legs to (a side of) the table-top, despite none of the screws
being a system.

14This definition entails that systemic functions always classify some behavior at some time. But
what of a system that is never operated or a system-as-designed? If one wishes to consider these
cases they must accept (only-)possible perdurants as entities in the formula. This topic is however
ontologically complex, cf. the discussion of non-actual events in the next chapter.
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unlike others, it provides ontological clarity and aids in elucidating the assumptions
underlying alternative meanings.

Upon observing Definitions (df16) and (df17), one realizes that systemic functions
are specifically-dependent on systems. Moreover, it also appears that systemic functions
are definition-founded on systems. However, this cannot be proven since we gave no
definition of definition-founding, and must be state explicitly:

ax11 SystemicFunction(x) =⇒ ∃y(System(y) ∧ defFoundedOn(x, y))

“each systemic function is definition-founded on some system.”

Ontological functions. Engineers discuss functions even independently of any spe-
cific system, especially in early system design phases. For example, when addressing
the task of identifying devices capable of realizing a required transformation, these de-
vices cannot be inherently associated with a particular system at the outset, as there
is no system defined yet. The system remains a variable input in the problem-solving
process. Therefore, to address such scenarios, a more general concept of function is
required, as discussed in [29]. In this thesis, these functions are referred to as ‘ontolog-
ical functions’, as they are relative solely to the upper ontology being employed. The
idea behind ontological functions is to delineate very general transformations without
specifying how such transformations occur or which entities they apply to. Informally,
ontological functions are categorized primarily based on the ontological distinctions
they impose between input and output states, independent of systemic functions.

For instance, consider modeling the activity of walking as the realization of a moving
function. While walking may seem like a simple action, it is actually a highly coordi-
nated, continuous, and dynamic process. To simplify its modeling, one might choose
to ‘constrain’ the walking model to certain aspects, such as the variation in distance
of the feet from the floor, the trajectory of the body’s center of mass, the changing
contact forces between the feet and the floor, and the forces developing within the leg
joints, among others (cf. [93]). There are numerous aspects to focus on, leading to the
question of which aspects should be utilized.

Assuming a fixed upper ontology, one examines the state transitions made available
by the ontology that are relevant to the transition of interest. In the case of walking, the
pertinent feature(s) characterizing walking at the upper level of DOLCE are the changes
in the entity’s location. At this high level, the ontology provides only space and location
qualities among the entities relevant to walking, without characterizing or committing
to classes such as foot or center of mass, or qualities like speed and force. Consequently,
the perdurant cannot be classified as walking since DOLCE lacks a walking category
or the requisite ontological commitments to introduce one. If walking is characterized
only by the change in location quality at this level, it cannot be distinguished from
swimming or flying (depending on the richness of the upper-level ontology). However,
even at this level of characterization, substantial differences can be made; for instance,
cutting can be distinguished from walking. Cutting is characterized by the presence
of one entity at the initial state and two or more entities at the final state, which
walking lacks. (In DOLCE, entities can be distinguished by number, thus cutting
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Figure 3.1: A non-exhaustive taxonomy of the logical formulas that describe differences
between states, based on what predicates differ between initial and final states.

and walking are different types of perdurants even at this level.) Since functions are
realized by perdurants, we can utilize this ontology-driven categorization of perdurants
to introduce a categorization of functions.

We refer to these functions as ontological functions, which are carried out by trans-
formations characterized by the ontological commitments present in the upper ontology.
This provides only a high-level (coarse) characterization of functions. Since the result-
ing taxonomy of functions strictly depends on the adopted ontology, we use the qualifier
‘ontological’ and refer to them as ontological functions (when more than one upper-level
ontology is used, one should be more precise by indexing the ontological functions by
the ontology they depend upon, e.g., ‘DOLCE-ontological functions’). Continuing the
discussion with DOLCE as the upper ontology, the ontology offers categories such as
region, quality, physical object, amount of matter, etc. (see Figure 1.5), which give
rise to several ontological function-types based on change in quality-value (e.g., ‘the
controller increased the internal temperature of the oven’), change of physical object
(e.g., ‘the employee assembled four legs and a table-top to form a table’), change of
amount of matter (e.g., ‘the water was vaporized by the boiler’), and so on, as shown
in Figure 3.2.

Note that an ontological category can be implicated in a transition in various ways:
an instance of that category could cease to exist, if the instance was present in the
state before the transition but not after. Conversely, an instance could be created, if
it was not present before the transition but only afterward. Another possibility is a
change in a relation of the ontology; for example, in the initial state, there may be two
individuals, one part of the other, say, while in the final state they are not. Addition-
ally, in most cases, the same event may be classified by several ontological functions.
For instance, a cutting-by-knife event is also a squeezing event (i.e., a compression, a
change of the shape quality of the initial object) and a moving event (a change of the
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Figure 3.2: An illustration of how a taxonomy of ontological functions might be struc-
tured. The rounded white rectangles encompass the categories of ontological functions
(classes of perdurants with identified doer and flow roles). The gray circles denote
functional concepts utilized to specialize ontological functions as defined in (df22), ref-
erencing Figure 3.1. The rectangles with sharp corners enumerate alternative terms
used in the literature to denote that very functional concept: ‘H’, ‘P&B’, and ‘O’ cor-
respond to [116], [205], and [223], respectively. (It’s worth noting that terms may have
different meanings in the literature than in this figure, and that the same occurrence
could be categorized by multiple functional concepts). The inclusion of ‘Amount of
Energy’ is purely for illustrative purposes; it is not a part of DOLCE.

80



Chapter 3. Ontology of Functions

device’s location relative to the object’s location). In such a way, more complex changes
could be described by composing simple examples such as these. Some of these cases
are illustrated in Figure 3.1, which is not exhaustive. These distinctions are naturally
similar to those obtained via the ontological analysis of events by Guarino et al. [93],
however, while Guarino and colleagues focus on what they call ‘qualitative events’ (es-
sentially our changes in quality value), we must encompass a wider variety of cases, e.g.
creation/destruction events. Another similarity is with UFO-B, in whose axiomatiza-
tion [20, Section 3.9] creation and destruction of objects is explicitely considered, and
in which would be therefore easier to define creation and destruction events. However,
in such a work UFO-predicates (mainly situations and causal relations between situ-
ations and events15) are used to formulate the definition in such a way that a linear
comparison with our oncoming approach is difficult.

The function names used in this paragraph are inspired by the literature, which is
not homogeneous. For instance, ‘reclassification’ (change where an instance changes
type) of energy is sometimes called ‘convert’ [116, 223] and some other times ‘change’
[205] or ‘transform’ [146].

Functional terms associated with domain-level concepts (e.g., ‘vaporize’, ‘moisten’,
‘heat’) are not encompassed at the level of ontological functions and necessitate a
domain or middle-level ontology containing relevant concepts (e.g., vapor, humidity,
temperature) to extend the framework described earlier to that level of ontological
distinctions. The ontological status of certain concepts, such as ‘energy’, remains un-
clear [181], despite being fundamental in engineering and physics. However, with an
ontology containing a conceptualization of energy, it becomes feasible to introduce a
corresponding ontological function, which may differ in another ontology with a distinct
conceptualization of energy.

For example, one may conceptualize energy as a quality, as demonstrated in [28].
This is applicable when referring to the energy ‘of something’, such as the energy of
a battery. In this scenario, our ontology would feature an ‘energy content’ quality
type, giving rise to a corresponding ‘increase energy’, or ‘store energy’, etc. ontological
functions. Alternatively, energy can be conceptualized as an enduring entity that can
inhabit entities, as demonstrated in [223, 194] where energy is considered an “operand”
which inhabits a “medium”, and has the possibility of changing its location and its type
(e.g., ‘before the impact the energy was in that body, after the impact part of the
energy was transferred to that surface with its type junged from kinetic energy to heat
energy’, etc.). In this case, the ‘convert energy’ ontological function would represent a
reclassification-type transformation.

An ontological function essentially serves as an event classifier, examining the alter-
ations (or continuities) occurring within the event. This approach implies that specific
ontological functions may be defined by comparing initial and final states. For instance,
consider introducing a ‘connect’ function in the following manner, where sState(y, si, ti)
(eState(·, ·, ·)) means that si is a state with time extension ti, and is part of y such
that no parts of y’s time extension precedes (follows) ti:

15These primitives can also express our initial and final states introduced in the following.
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df18 Connect(x) ⇐⇒ (CL(y, x) ⇐⇒
E(y)∧∃a, b, c, si, sf , ti, tf (sState(y, si, ti)∧eState(y, sf , tf )∧Goal(sf )∧POB(a)∧
POB(b)∧POB(c)∧PC(a, si, ti)∧PC(a, sf , tf )∧PC(b, si, ti)∧PC(b, sf , tf )∧PC(c, sf , tf )∧
P(a, c, tf ) ∧ P(b, c, tf )) ∧ ¬∃c′(POB(c′) ∧ PC(c′, si, ti) ∧ P(a, c′, ti) ∧ P(b, c′, ti)))

“A ‘connect’ function is a classifier of events that are transitions between a starting
state (si, with time extension ti) and a final state (sf , with extension tf ) and two
entities (a and b) participate in such states such that in the final state, but not in
the starting one, they form a single object (c).”

Notice that Connect represents the act of forming a single object out of two. To talk
about, say, an ‘assembly’ function, the final object should also be required to be a
single, self-connected, piece. Additionally, reversing the initial and final states would
produce a definition for the ‘divide’ function. Note also that in (df18) CL appears as
a binary predicate, while, when it was originally introduced in [179], it was a ternary
predicate holding between an endurant and a concept at a given time. We extend the
original predicate to the case of a concept classifying a perdurant. In this latter case,
we suppress the temporal argument and we mean that the classification is w.r.to the
whole perdurant and not just a temporal slice of it.

Then, to define ‘convert’ one could write (where Φ and Ψ are types belonging to the
set NR of all non-rigid types of the underlying ontology):

df19 Convert(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a,Φ,Ψ (sState(y, si, ti)
∧ eState(y, sf , tf ) ∧ Goal(sf ) ∧ Φ ∈ NR ∧Ψ ∈ NR ∧Ψ ∩ Φ = ∅
∧ PC(a, si, ti) ∧ PC(a, sf , tf ) ∧ Φ(a, ti) ∧Ψ(a, tf )))

“A ‘convert’ function is a classifier of events that are transitions between a starting
state (si, with time extension ti) and a desired final state (sf , with extension tf )
and, moreover, there is an entity (a) that at time ti is instance of a type (Φ), while
at time tf is instance of a different, disjoint, type (Ψ).”

In the previous definition, we quantified over the set of all non-rigid classes of an
ontology (NR). When such a set is finite, as in the case of DOLCE, this quantification
corresponds to a finite disjunction of predicates. Therefore, Formula (df19) becomes a
first-order formula. Additionally, upper-level ontologies typically consist only of rigid
categories, meaning that an individual categorized as a physical object will always
remain a physical object. Hence, the convert function becomes particularly useful
when modeling changes in entities that undergo phases [98], or when modeling entities
that change their processual role, as described earlier, or in combination with non-rigid
categories provided by middle or domain-level ontologies.

Ontological functions involving changes in quality values (cfr. the qualitative events
of [93]) could be described as:

df20 ChangeQualityValue(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a, q, vi, vf
(sState(y, si, ti)∧Goal(sf )∧eState(y, sf , tf )∧qt(q, a)∧PC(a, si, ti)∧PC(a, sf , tf )∧
ql(q, vi, ti) ∧ ql(q, vf , tf ) ∧ vi ̸= vf ))

“A ‘change of quality-value’ function is a classifier of events that are transitions
between a starting state (si, with time extension ti) and a desired final state (sf ,
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with extension tf ) with a participating entity (a) which has a quality (q) with
different values, vi and vf , at times ti and tf , respectively.”

These changes in quality values can be further specialized by specializing the quality
types in this formula. For instance, if the quality is a spatial location quality, the
ontological function will become a ‘channel’. If the quality takes numerical values (e.g.,
‘temperature’, ‘humidity’, etc.), then the ontological function becomes ‘vary’, possibly
an ‘increase’ or ‘decrease’, as discussed in [116, 205]. Functions like ‘store’ and ‘support’
imply the absence of change. For example, a battery effectively stores energy if it
maintains its charge over time, and a load-bearing wall supports the roof only if the
roof remains in place. In these cases Formula (df20) should be adjusted to ensure that
the initial and final values of the quality are identical, possibly within some tolerance.

So far we have given examples of possible definitions of the ontological functions
present in most of the branches of Figure 3.2: if we assume that reclassification-type on-
tological functions about amounts of matters are defined analogously to reclassification-
type ontological functions about amounts of energy, we miss only the ‘creation’ and
‘elimination’ branches. We give just one example of an ontological function specializ-
ing ‘creation’ and ‘about feature’, definitions for elimination-type ontological functions
or creation-type ontological functions about different ontological categories should be
analogous. To do this, suppose that we have a domain ontology containing the class
‘Groove’ as a specialization of DOLCE’s category of features. Then we can define:

df21 ToGroove(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a, f
(sState(y, si, ti)∧Goal(sf )∧eState(y, sf , tf )∧Groove(f)∧SD(f, a)∧PC(a, si, ti)∧
PC(a, sf , tf ) ∧ ¬PRE(f, ti) ∧ PRE(f, tf )))

“A ‘change to groove’ function is a classifier of events that are transitions between
a starting state (si, with time extension ti) and a desired final state (sf , with
extension tf ) with a participating entity (a) that has16 a feature (f) of ‘Groove’
type at time tf but not at time ti.”

Note that we do not give a list of definitions that exhausts all the nodes of the tree
in Figure 3.2: they would be too many and would distract from our main point that
is to show how such definitions can be constructed in general. In addition, note that
Figure 3.2 itself is not exhaustive and certain nodes (e.g. vaporize) have been added
only to exemplifies selected instances from the literatue.

At this point, it’s important to make three observations:

• Ontological functions, by their nature, lack fine-grained detail. They are con-
strained by the language of the upper ontology and do not account for the dy-
namics between initial and final states. For instance, consider a temperature-
controlled oven where the controller adjusts the heat output to maintain the tem-
perature within a specific range. As a result, the temperature fluctuates around

16Note that, in DOLCE, the dependence between features and non-agentive physical objects is, in
general, constant generic dependence [177, p.23], which is weaker than specific dependence. However,
in this definition, ‘having a feature’ stands for the stronger specific dependence. This is because, in
this particular case, specific dependence seems more appropriate.
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the target value, a process that cannot be inferred solely from observing initial and
final states. Therefore, distinguishing events that maintain a stable temperature
from those with oscillations requires additional constraints on the temperature
values during the event (e.g., via variation patterns, see [93]). This aligns with
our understanding of ontological functions, emphasizing the need to consider only
conditions expressible within the ontology’s language.

• Events are often intricate, involving numerous entities, as seen in activities like
walking from a biomechanical perspective. This complexity, combined with the
acknowledgment that ontological functions can also describe the absence of cer-
tain changes (e.g., ‘support’), means that many events may be categorized by a
combination of ontological functions. This aligns with the inherent flexibility of
teleological thinking. Consider a load-bearing wall as an example. Its function
could be described as ‘supporting’ the weight of the roof, but it may also ‘trans-
mit’ the load to the floor, ‘prevent’ wind from entering the house, or ‘partition’
the space into smaller rooms, among other functions. Determining the most rel-
evant aspect in a given context is a task for engineers or technicians, who use
a contextual viewpoint to identify the key aspects to focus on and define the
target function. This underscores the rationale for using the term ‘function’ in
conjunction with ‘ontological’ to characterize these classifiers. Given the inherent
openness to interpretation of events, multiple perspectives may arise.

• Finally, ontological functions are quite flexible. Throughout the preceding dis-
cussions, functional terms were predominately sourced from the Functional Basis
[116] or the influential perspective presented by [205]. While these vocabularies
are proficient in expressing a considerable quantity, if not the entirety, of functions
employed within engineering domains, they may not always do so in the most in-
tuitive manner. For instance, imagine working with tooling machines that create
holes, slots, grooves, and so forth in workpieces. Relying solely on the Functional
Basis confines one to employ the term ‘remove [a specific material]’ to describe the
functions responsible for producing such features in the workpiece. Conversely,
employing a domain ontology containing concepts like hole, slot, groove, etc.,
enables the development of corresponding functional terms such as ‘make hole’,
‘make slot’, ‘to groove’, and so on, defined analogously to the previously discussed
formulas. These terms may offer a more intuitive representation than simply us-
ing ‘remove’ and may even diverge significantly from it depending on their precise
formalization. Consider another example: within the Functional Basis vocabu-
lary, the term ‘stop’ denotes ‘to cease the transfer of a flow’, as illustrated by the
phrase “A reflective coating on a window stops the transmission of UV radiation
through a window” [116]. However, what if perdurants play a significant role in
our domain, and we wish to express that something ‘stops a process’ (e.g., “The
addition of a respiratory inhibitor stops the absorption of amino acids”)? Here,
we’re not merely describing the cessation of the flow of amino acids and materi-
als, but rather the halting of the absorption process itself, where absorption is a
crucial element of the domain. In such cases, deriving functional terms from an
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appropriate domain ontology that manages concepts related to domain processes
could yield valuable insights.

In the previous paragraphs, We have defined examples of types of ontological func-
tions, but We did not define the concept of ontological function. A possibility is to
define ontological functions by comprehension of a list of specific types of ontological
functions, provided that such a list is actually exhaustive. For example:

df22 OntologicalFunction(x) ⇐⇒ (Connect(x) ∨ Divide(x) ∨ Convert(x) ∨ . . . )

On the other hand, one could supply an intrinsic definition, along the lines of, say:

df23 “A concept is an ontological function if and only if it classifies exactly those events
consisting in a transition such that the changes (or the absence thereof) between
the initial and final states is characterized in terms of a formula expressed in the
language of an upper ontology.”

However, a formalization of this latter definition would require higher-order logic. Since
we don’t want to wander that far with the theory, we refrain from giving an intrinsic
definition of ontological functions.

Link between systemic functions and ontological functions. Observe that sys-
temic functions are system-dependent functional descriptions, while ontological func-
tions are system-independent functional descriptions and, therefore, more general:

ax12 OntologicalFunction(x) =⇒ (∃y(subConceptOf(y, x) ∧
SystemicFunction(y)) ∧ ∀y(subConceptOf(y, x) ∧
¬OntologicalFunction(y) =⇒ SystemicFunction(y)))

“any ontological function x has only systemic functions or ontological functions
as sub-concepts, additionally, any ontological function has at least one systemic
function as sub-concept.”

For example, if the system is a tooling machine such as a CNC lathe using two
electrical motors, one for rotating the spindle and the other for moving the cutting
tool horizontally, then both motors execute the same ‘convert’ electrical energy into
mechanical energy (an ontological function). They also perform each an additional
systemic function specializing the ontological function in the context of the lathe-system:
the first motor ‘converts (electrical energy into mechanical energy) to rotate the spindle’,
and the second motor ‘converts (electrical energy into mechanical energy) to translate
the spindle’. The underlying idea is that systemic functions can be grouped based
on shared characteristics, as demonstrated by definitions (df18) to (df20), abstracting
away from specific systems.

Additionally, note that the two categories of functions introduced in this paragraph
reflect at least two distinct notions of functions employed by engineers: there are ‘gen-
eral’ functions utilized by engineers when describing or gathering information from
diverse systems. For instance, in his analysis of failure experience data [51], Collins
discusses ’elemental mechanical functions’, which are universal characterizations of fun-
damental functions. Similarly, Pahl et Beitz [205] mention ’generally valid functions’ as
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Figure 3.3: Scheme of a hydraulic system, from [170].

references for organizing design knowledge concerning function implementation. These
types of functions can be represented through ontological functions. Engineers use also
system-specific functions: when engineers focus on a particular system, they employ dif-
ferent terminology to refer to its components. Though the terminology varies, common
terms include ‘serial number’, which identifies a specific component instance, ‘compo-
nent code’, denoting the type of component or assembly, and ‘functional location’ or
‘tag’, which considers the component’s position within a system. For instance, Figure
3.3 illustrates a hydraulic system with four solenoid valves, labeled EPF1 to EPF4.
These labels cannot solely indicate the valve type, as all four valves might share the
same type, nor can they solely denote valve instances, as schematics typically repre-
sent multiple, different, system instances. In our conceptualization, it is natural to
identify tags with functional roles played by system components: since the functions of
the components contribute to the system function, tags can be formalized as systemic
functions.

3.0.3 Functional decomposition

In engineering, a critical feature of functions is their potential for decomposition into
sub-functions, this enables a finer level of detail in system descriptions.

First, observe that such decomposition cannot be reduced to a partial order relation
between functions. That is, if we represent the functional decomposition of a function,
say f, into sub-functions, say f1, f2, . . . , fn, as decom(f; f1, f2, . . . , fn), then it does not
seem possible to find a parthood relation such that decom reduces the mereological sum.
This is caused by, at least, the following reasons:

First, it’s important to note that such decomposition cannot be reduced to a partial
order relation among functions. In other words, if we represent the functional decompo-
sition of a function f into sub-functions f1, f2, . . . , fn, as decom(f; f1, f2, . . . , fn), then
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it is difficult to establish a mereological relation such that f = f1 + f2 + · · ·+ fn. This
is due to at least the following reasons:

• Functions are teleological entities, which need corresponding objective substrata
to be executed, encompassing both behaviors and objects. Then, any decompo-
sition of functions must consider the decomposition of the underlying objective
substrata.

• The sub-functions of a function must ‘organize’ (compare [254]) to realize the
decomposed function. Specifically, the composition of a mere set of functions is
not unique because sub-functions can be organized in different ways.

• A single function can be decomposed in multiple ways, therefore the relation-
ship of (possible) decompositions within functions is necessarily many-to-many.
However, not all combinations of sub-functions are feasible due to physical and
technical constraints. Moreover, among all possible combinations, engineers typ-
ically recognize certain patterns and employ them systematically.

Additionally, Vermaas has demonstrated that modelling functional decomposition
as some parthood relation, using the Functional Basis approach – where functional
models are represented graphically as directed graphs with flows as edges and functions
as nodes, leads to contradictions [256]. These contradictions arise assuming that if a
function-token is part of another function-token, the same holds for their corresponding
types, and that flow loops are feasible. Consequently, there are formal barriers hindering
the application of classical mereology to functional decompositions. For now, we refrain
from proposing a solution to this challenge of harmonizing mereology and functional
decomposition; instead, we assume the existence of the decom relation and concentrate
on its description, while a more in-depth discussion will occur in Section 3.0.8.3.

Taking inspiration from the work of Kitamura et al. on the ‘ways of functional
achievement’ [141, 144], we start with introducing engineering methods, conceptualized
as individual DOLCE’s non-agentive social objects. Engineering methods represent the
shared engineering knowledge about ways of implementing functions through functional
decomposition:

ax13 EngMethod(x) =⇒ NASO(x)

“Engineering methods are non-agentive social objects.”

Formally, such individual non-agentive social objects can be understood as reifications of
functional decomposition relation instance17. More precisely, we introduce relational18

roles MainFunction(·) and SubFunction(·) such that:

ax14 (MainFunction(x) ∨ SubFunction(x)) =⇒
(RL(x) ∧ ∃m (EngMethod(m) ∧ instantiationFoundedOn(x, m)))

17Instantiation of a relation in the sense analogous to instantiation of a class: if, say, ‘being-part-of’
is a binary relation, then the fact that a crtain handle is part of a certain door is an instance of that
relation.

18Relational as in the sense of Loebe in [168] or Masolo [178].
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“main-functions and sub-functions are roles instantiation-founded on some engi-
neering method.”

ax15 (MainFunction(x) ∨ SubFunction(x)) =⇒
∃y(OntologicalFunction(y) ∧ subConceptOf(x, y))

“Each main-function or sub-function role is a sub-concept-of an ontological func-
tion concept.” That is, main- and sub-functions are always functions of some
ontological-function-type.

Additionally, we assume that methods are linked to a main-function and a certain
number of sub-functions (axiom (ax16)meta is actually an axiom-schema, for this reason
we mark it with a meta-subscript. Given a finite set of methods, such an axiom can be
substituted with a finite set of axioms in FOL).

ax16schema EngMethod(m) =⇒ ∃!n engMethodNum(m, n), and n is integer

“Each method, say m, has a (unique) number, say n, of sub-functions that are
contextualized by the method.”

ax17schema engMethodNum(m, n) ⇐⇒ ∃!main, sub1, . . . , subn(MainFunction(main)
∧ SubFunction(sub1) ∧ . . . ∧ SubFunction(subn) ∧
instantiationFoundedOn(main, m) ∧ instantiationFoundedOn(sub1, m) ∧ . . . ∧
instantiationFoundedOn(subn, m))

“For any engineering method of functional decomposition, say m, having a given
number of sub-functions, say n, there exist a main-function role and n sub-function
roles, which are instantiation-founded on m and are uniquely determined.”

Given that the roles of the main-function and the n sub-functions of a method are
uniquely determined, they can be denoted them using functional symbols. Specifically,
we write mainm for the main function and subm1 , subm2 , . . . , for the sub-functions
corresponding to the method m, in accordance with Axiom (ax17) (for simplicity, we
omit explicitly denoting the functional dependence of n on m). The connection between
methods and decompositions is outlined in the subsequent definition schema:

df24schema decom(f; f1, f2, . . . , fn) ⇐⇒ (SystemicFunction(f)∧SystemicFunction(f1)
∧ . . . ∧ SystemicFunction(fn) ∧ ∃m(EngMethod(m) ∧ subConceptOf(f, mainm) ∧
subConceptOf(f1, subm1) ∧ . . . ∧ subConceptOf(fn, submn)))

“f is decomposed in f1, . . . , fn if and only if they are all systemic functions and
there is a method with corresponding main-function mainm and sub-functions subm1,
. . . , submn, which are specialized by f and f1, . . . , fn, respectively.”

This approach offers numerous advantages. Firstly, it facilitates the organization of
method types within hierarchical taxonomies, allowing for nuanced categorization. For
instance, ‘spot welding’ can be classified as a specialization of the broader method
‘welding’, which, in turn, serves as an implementation method for the function ‘to join’.
Secondly, it enables the description of method properties, such as their underlying work-
ing principles. For example, one can specify Kirchhoff’s law as the working principle for
a method like ‘voltage divider’. Furthermore, this approach enables the introduction
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of properties related to functional decomposition. For instance, if one desires to assert
that all functions are decomposable, they can state:

ex12 SystemicFunction(x) =⇒ ∃y MainFunction(y) ∧ subConceptOf(x, y) ∧ x ̸= y

“For each systemic function (x) there is a main function (y) such that x is a proper
subconcept of y.”

Instead, if one wishes to state that a function, say f, is not decomposable:

ex13 ¬∃y (MainFunction(y) ∧ subConceptOf(f, y) ∧ f ̸= y)

“There is no main function such that f is a proper subconcept of y.”

Finally, this approach can be used to formally define a new function concept: solved
functions, which we define to be functions that are main-functions of some method.

df25 SolvedFunction(x) ⇐⇒ MainFunction(x)

“Solved functions are exactly main-functions.”

Hence, solved functions represent the roles that systemic functions can fulfill in the
context of a functional decomposition. For example, in the lathe scenario mentioned
earlier, it’s likely that the systemic functions of the two motors are both realized through
the method of, let’s say, ‘three-phase electric motor’. Consequently, they assume the
role of solved functions. In such a case, the functional decomposition implied by the
method encompasses sub-function roles such as ‘supply electrical energy’ (one for each
phase), ‘drive the motor’, and ‘output mechanical energy’.

3.0.4 Capabilities and capacities

In this section, we try to analyze capabilities and capacities exploiting our previous
analysis of functions. Critically, we will base this distinction on an ontological argu-
ment that goes beyond the perspective of ISO 15531-31[126], which proposes associating
capacities with a quantitative viewpoint and capabilities with a qualitative viewpoint
solely on practical grounds. Recall that the characteristics of a technical artifact con-
stitute its physical makeup and determine its interactions with the environment. For
instance, an individual pump is constructed in a manner that enables it to pump water
at a certain flow rate. Both the physical attributes of the technical artifact and its
‘ability’ to perform a function can be conceptualized as DOLCE individual qualities,
since they are, as all DOLCE qualities are, specifically dependent on their bearers, and
also unique to their bearer (once a given capability/capacity-type is fixed), and this
will be our choice.

It is natural to state, in light of our theory, that an entity possesses a capability
if it can participate as a doer in an ontological function: an entity has a capability of
a certain type (e.g., the capability of dividing) if and only if it can be the doer of an
ontological function of corresponding type (e.g., it can be the divider in the ‘divide’
function). Hence, we posit that each ontological function-type defines a corresponding
type of capabilities, and an entity has a capability only if it can perform (participate as
a doer) the corresponding ontological function. These very abstract capabilities, which

89



could be termed ‘ontological capabilities’, can then be specialized, again reflecting what
happens with functions, so that functions like cutting, loading, etc. can characterize
cutting capability, loading capability, and so forth.

Another critical characteristic of capabilities and capacities, we argue, is their re-
lational nature. For instance, one cannot discuss a device’s capacity, like a machine’s
ability to process a certain number of items in a given time, without necessarily ref-
erencing (at least) another entity, for instance the (standard) item being processed.
Relational qualities rely on an entity external to their possessor. However, the precise
nature of this dependency varies across the examples that were made in Section 1.1.
Specifically, in the case of capacities, the dependency is ‘potential’, as a device may
possess the capacity to process a product even in the absence of the actual product.
Conversely, regarding, say, relative distance, the dependency is ‘actual’, as a physical
object is consistently positioned at a certain distance from another. This is a fine onto-
logical point that we shall not delve into. Regardless, we assume that capabilities and
capacities are relational qualities.

Capabilities vs. capacities Each realization of a capability depends on various
external entities, in particular, on various qualities of the underlying artifact, which
make possible the realization of the capability. Using our terminology it is (at the very
least) specifically dependent on those qualities. For instance, the capability of a pump
to exert pressure is dependent on having a flow rate capacity for some type of material.
Returning to Gero and Qian’s example of a water tap mentioned in Section 1.1, which
bears similarity to that of the pump, we might state that the faucet has the capability
of delivering water when requested, which is dependent on its flow rate capacity, which
in turn is dependent on its diameter quality (Gero and Qian suggest that the flow rate
is ‘controlled’ by the diameter [209]). Now, in this example, diameter is an intrinsic
quality, whereas the flow rate is a relational quality. This suggests that ‘capacities’ are
those relational qualities upon which a capability is dependent on, analogously to the
approach in [34]; while capacities themselves are dependent on intrinsic qualities of the
bearing object. The key idea is that capacities are relational qualities that offer insights
into how the capability that is dependent on them can be realized in practice, and this
is the key difference between capabilities and capacities.

Consider electronic components like resistors, transistors, and others, which are typ-
ically accompanied by datasheets detailing their technical specifications. These speci-
fications often include properties such as failure rate, maximum temperature, current,
or voltage that the component can reliably handle under standard conditions. Given
the above discussion, all these properties are considered capacities: they can manifest
only when the component is integrated into a functioning electrical circuit. As men-
tioned earlier, a prime example is voltage, which requires a fixed reference point for
measurement due to its potential nature. These properties serve to parameterize cer-
tain capabilities of the component, such as the ability of a resistor to induce a voltage
drop. For instance, the maximum operating current depends on the material properties
of the conductor metal, such as its diameter and its resistivity.

Given the previous discussion, we characterize capacities as follows:
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ax18 Capacity(x) =⇒ RelationalQuality(x) ∧
∃y(SD(x, y) ∧ IntrinsicQuality(y) ∧
(CP(topBearerOf(y), topBearerOf(x)) ∨ CK(topBearerOf(y), topBearerOf(x))))

“A capacity (x) is a relational quality and is specifically dependent on some intrinsic
quality, which is carried by the a bearer that is a constant part of (or a constant
constituent of) x’s bearer.” Note that, since CP is not antireflexive, this formula
allows for the case that the bearer of the capacity and the bearer of the intrinsic
quality are the same; it also allows for the case that the intrinsic quality is beared
by some sub-part of the capacity’s bearer (a sub-system of a functional complex,
say).

ax19 Capacity(x) =⇒ ∃y(Capability(y) ∧ SD(y, x))

“For each capacity there is a capability that is specifically dependent on that
capacity.”

In Formula (ax18), the topBearerOf(·) is the (top)19 bearer of a quality, which is unique.
We speak of ‘top’ bearer because in DOLCE contains both a direct quality relation
(dqt), and its transitive, indirect version (qt). This allows for, and can only happen
when, qualities inhere in other qualities. Thusly, a quality can indirectly inhere in more
than one bearer (while the direct beare is unique, since the entity-quality relation in
DOLCE is reverse-functional). Moreover, a chain of indirect inherences must always
end with a unique bearer that is either a perdurant or an endurant (see [177, axioms
Ad46, Ad47, Ad48]), we call said bearer as ‘top bearer’:

df26 topBearerOf(x) = ιy(qt(x, y) ∧ (PD(y) ∨ ED(y)))20

“the (top) bearer of a quality is the perdurant or endurant that has the quality
(the only one the quality inheres in).” For example, if r is a rose, c is the rose’s
color, and b is the brightness of the color, then b and c directly inhere in c and r
respectively, and the top bearer of b is r. Instead, the direct bearer of c is r, which
is also the top bearer of c.

Axioms (ax18) and (ax19) characterize capacities only partially. A more throughout
modelling would require further investigations. A possible such a way defines a capacity
as a ‘parameter’ of the capabilities that depend on it, a statement that could be made
precise as follows:

ex14 Capacity(x) ⇐⇒ RelationalQuality(x) ∧
∃y, z(SD(x, y) ∧ IntrinsicQuality(y) ∧ SD(z, x) ∧ Capability(z)
∧ P(topBearerOf(y), topBearerOf(x)) ∧ P(topBearerOf(x), topBearerOf(z)) ∧
∀u, t(ql(u, z, t) =⇒ ∃v(ql(v, y, t) ∧ P(v, u))))

“Capacities are precisely those relational qualities that are specifically dependent
on some intrinsic quality (whose top bearer is part of the capacity’s top bearer), and

19We sometimes drop the ‘top’ part for simplicity.
20Note the analogy between topBearerOf and UFO’s ultimateBearerOf [101, d3], indeed using the

same definition structure for topBearerOf as for UFO-ultimateBearerOf (i.e. topBearerOf(x) =

ιy(qt(x, y) ∧ (¬Q(y))) ) would not change the predicate due to DOLCE’s axiomatization.
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on which some capability (whose top bearer contains the capacity’s top bearer)
depends, such that every time that the capability takes a range-value (u), the
capacity takes a value (v) which is part of u.” Note that, as in Formula (ax18),
the case that all three top bearers are the same is allowed.

The formula says that capacities are the parameters of capabilities and gives an onto-
logical foundation to practical approaches like that of ISO 15531-31[126]. However, this
is only a possible interpretation that we do not fully commit to (also, further discussion
on (ex14) will happen in Section 3.0.6).

3.0.5 Capabilities vs. functions

The ability to perform a function is a modal concept, entailing discussion of possible
events. This is, after all, the reason for the various dispositional accounts of capabilities.
Therefore, the relationship between capabilities and functions-occurrences (behaviors)
of specific types could be expressed as follows (where e represents a possible event,
which may not necessarily be actual):

ex15 ∃c(PumpingCapability(c) ∧ qt(c, x)) ⇐⇒
∃e, f, t(participateAsDoer(x, e, t) ∧ PumpingProcess(e) ∧

PossiblePerdurant(e) ∧ CL(e, f) ∧ ConvertEnergyIntoFluidMotion(f))21

“An object x carries an individual capability of pumping if and only if it executes
some possible perdurant of type ‘pumping process’ executing a function of type
‘convert energy into fluid motion’ (f) at some time.”

Example (ex15) seems to suggest that capabilities depend on types of functions (not
just processes or behaviors, for any behavior such as that of (ex15) will always execute a
function, at least when speaking of capabilities of engineering interest), which are used in
their definition. Such dependence can be captured by the definition-founding relation
introduced in Section 3.0.2. Also, as said before, we treat capabilities as individual
qualities22:

ax20 Capability(x) =⇒ RelationalQuality(x) ∧
∃y(OntologicalFunction(y) ∧ defFoundedOn(x, y))

“x is a capability only if it is a relational quality definition-founded on some onto-
logical function.”

Additionally, we suppose that each capability is characterized by at least one capacity
(cf. (ax19)):

ax21 Capability(x) =⇒ ∃y(Capacity(y) ∧ SD(x, y))

“A capability is specifically dependent on some capacity.”

21Reformulations of this formula using modal logic are natural, however we do not indulge in them
for the sake of simplicity.

22An alternative is to consider them dispositions, see [222], and [173] for this modelling path and a
broader discussion on dispositions.

92



Chapter 3. Ontology of Functions

As mentioned earlier in this section, the underlying idea is that capabilities are relational
qualities that link their bearers to ontological functions, necessitating a reference to
those functions which is in our framework the definition-founded relation. It’s worth
noting that they are not instantiation-founded, as defined in (df11), since an artifact
could possess the capability to function without actually doing so. Additionally, the
function must be ontological rather than systemic because, otherwise, the bearing object
would be a priori associated with a predetermined system, which is something that is
not necessary when talking of capabilities.

Our characterization of capacities and capabilities ((ax18), (ax21), (df20)) explains:

• the strong connection between functions and capabilities (capabilities are definition-
founded on ontological functions);

• the difference between capacities and capabilities (capabilities are specifically de-
pendent on capacities, but not vice-versa).

The potential aspect remains unaccounted for, explicitly. Therefore, only a partial
characterization of capabilities is supplied (and it is possible that additional aspects
are still unaccounted for). One could think of extending DOLCE with a primitive sub-
category for dispositions (or realizable qualities, or something similar) collecting exactly
those qualities with a potential character. However, in that case, if an interesting
ontological analysis is to be made of such a category, genuine issues would arise. For
example, Guarino [92] argues that most qualities can actually be considered to have
a dispositional character: for example, a color quality could manifest/realize when
reflecting light, and even mass could be defined as the disposition to maintain a body’s
velocity. Guarino, instead, states that qualities can be more (e.g., fragility) or less (e.g.,
length) complex, and both simple and complex qualities could be seen as dispositional
or not. Guarino’s argument is (one) main reason that we do not introduce a disposition
category. Instead, our approaches tries to order qualities by complexity using specific
dependence, which is the relation mentioned by Guarino.

Coming to the distinction between capacities and capabilities on a quantitative vs
qualitative basis, this is only marginally elucidated by our approach, which, instead,
opts to differentiate capacities and capabilities on a hierarchical basis (using the order-
like relations of dependence and parthood).

3.0.6 The issue of capacity and capability quality spaces

Having conceptualized capacities and capabilities as DOLCE-qualities, the issue of their
corresponding conceptual spaces arises (in DOLCE each quality type is associated with
a conceptual space called quality space). Up to our knowledge, this issue was never
tackled before. Here we propose a possible, interesting approach coherent with the rest
of our theory, however do note that the content of this section is marked for future
work and needs a more detailed analysis. To go on, we have to give some details on the
theory of conceptual spaces.

Gärdenfors’ theory of conceptual spaces [77], on which DOLCE qualities and quality
spaces are based, states that there is a correspondence between basic adjectives (e.g,
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red, heavy, long) and regions in abstract, mathematical structures called conceptual
spaces. For example, the biconical hue-saturation-intensity model for colors is a con-
ceptual space and color is a region (subset, part) of the space. Gärdenfors also treats
different linguistic elements in the same way, so that also verbs (e.g. ‘walking’) and
nouns (e.g., ‘apple’) correspond to a region in some conceptual space. Each simple
adjective, which Gärdenfors call property, correspond to a region within a conceptual
space composed of integral dimensions, known as a domain. Complex nouns or verbs,
referred to as concepts, correspond to regions in the product space of multiple domains.
More specifically, Gärdenfors says that two dimensions are integral if “one cannot as-
sign an object a value on one dimension without giving it a value on the other” [77]23,
then a domain is a maximal set of integral dimensions and two dimensions that are
not integral are separable. Gärdenfors emphasizes that regions corresponding to con-
cepts are convex and the convexity is used to establish a link with prototype theory.
Finally, Gärdenfors notes that abstract terms, such as ‘democracy’, may be difficult or
impossible to analyze from this point of view.

Now, since we want to extend the conceptual space machinery to treat capabilities,
it must be highlighted that Gärdenfors, and cognitive scientists more in general, aims
to find structures that are characteristics of the human mind, and not necessarily to
find structures that are ontologically-sound and/or useful for some task. Instead, we
aim to model some aspects of the engineering domain and are more interested in the
ontological soundness and usefulness of putative structures required to model capabili-
ties. Additionally, Gärdenfors has already tried to model with conceptual spaces what
he calls ‘functional properties’24, which he exemplifies with artifact functions and af-
fordances (see Sections 3.0.6.1 and 2.1.8). In fact, after some initial doubts about the
feasibility of this25, he suggested to reduce functional properties to the actions that an
object affords, which, in turn, are to be represented through an appropriate conceptual
space for actions, itself based on dynamic force patterns [106]. Other authors follow a
similar approach, for instance, Janowic and Raubal compare the moveability of desks
with that of books based on spaces constructed using appropriate numerical descrip-
tors of these affordances, then compare different entity types taking an average of the
similarities between affordances characterizing the types [132].

While these approaches are interesting, they focuse on the actions of the human
body (e.g., pushing, walking, running, throwing, etc.) and on affordances. Instead we
focus on technical functions of designed artefacts and their capacities and capabilities,
therefore we will not follow them verbatim. Instead, we start our analysis by noting
that cognitive scientists, and Gärdenfors in particular, sometimes hypothesize that a

23Gärdenfors intends this not in the sense a dimension cannot exist without the other, but more in
the sense that one dimension cannot be perceived, or has no cognitive existence, without the other.
For example pitch and loudness are integral dimensions, though there is no logical/physical restriction
on their coupling. However, the distinction is nuanced [78].

24We will adopt this term in the first part of this section, until we will give more precise terminological
definitions.

25In [77] he warns that “it is clear that the theory of properties and concepts based on conceptual
spaces, as developed in this book, applies primarily to natural kinds, and it may only be indirectly
useful for an analysis of the other types [including functional properties]”.
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certain set of meaningful domains really is the one employed by the human mind to
describe a (class of related) concept(s) (see e.g. [19, 77, 106]). To corroborate such
a hypothesis, there is (at least) a fundamental argument: one can obtain similarity
measures among individual examples of different concepts, e.g. by questionnaires, then
employ multidimensional scaling26 to determine a mapping between the examples and
points in an N -dimensional vector space, and finally check if there is a correspondence
between the vector space dimensions and the domain (see e.g. [19]). One can see,
then, that the possibility of comparing entities belonging to a concept or property
is a necessary and fundamental aspect of the conceptual space theory. Comparability
between product types and, in particular, their capacities/capabilities is also an essential
aspect of engineering practice. Therefore we wonder: can capabilities (and capacities)
be compared among themselves, and if so how?

First, let us consider a counterexample: Borgo and Vieu [35] speak of the capacity
of an object as an individual quality representing the sum of all the abilities of the
object to behave in some way. For example a pen capacity includes the ability to fit
in one’s palm, write fluidly on paper, make a certain noise when crushed by a rock,
etcetera. It seems very difficult to compare this BV-capacity27 of an object to the
one of another, due to the very abstract nature of such things, that apparently are an
infinite sum of other entities, also complex and abstract. Even restricting to the case
of comparing the BV-capacity of the same object at different times seems undoable:
take for instance a round pen that has a clip at t, then, at t′ > t the clip is broken.
It would seem that the pen’s BV-capacity at t′ is smaller than at t, since the sum
now lacks the addendum of being able to be clipped to something; however, it also has
gained the ability to roll on an inclined plane since it is now the clip would not get
in the way. Since one is not limited to useful behaviors of the pen, one could likely
enumerate a host of useless, specific abilities gained by the clip-less pen, possibly even
more than the useful behaviors. Therefore, a slight change in the object properties
could result in a big, nonmonotonic change in the respective BV-capacities, rendering
the feasibility of a meaningful comparison doubtful. Therefore, we argue, there cannot
be any meaningful quality space associated with such BV-capacities and thus they are
not DOLCE-qualities, at least not in the sense of [177].

Constraining the set of abilities to be somehow useful28 may be necessary. Indeed,
engineers can and do compare different systems, products, or services and the capa-
bilities of these are a main point of comparison. In this context, the comparison is
usually called benchmarking. Take, for sake of example, Quality Function Deployment
(QFD) [268]: it is a methodology that aims to ensure the highest product quality as
a result of design processes and can be used to (among other things) technical bench-
marking different products, say to choose the better design option or to understand

26A set of algorithms that, given a predetermined number of dimensions (N , say), a vector norm,
and a matrix of numbers representing similarity (or dissimilarity) between a set of (say, M) entities,
assign to each of the M entities an N -dimensional vector such that the dissimilarity between a couple
of entities is very similar to their distance in the norm.

27Since Borgo and Vieu capacities are different from the capacities of this thesis, they are prefixed
with ‘BV-’ in this section, for the sake of clarity.

28Borgo and Vieu speak of attributed capacities, see Section 3.0.9.
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competitors advantages and weaknesses. One key tool of QFD is the House of Quality:
a matrix that correlates the (qualitative) customer requirements with the (quantitative
and measurable) product technical characteristics [112]. Each technical characteristic is
weighted depending on how well it correlates to important customer requirements and
its value in a given set of competitor products is assessed. This way, an existing product
or a product-to-be can be compared against existing products (or other designs) and
thoughtful decisions can be taken on how to increase its quality. Additionally, note that
typically it happens that some technical characteristics correlate positively with some
requirement, but negatively with some other requirement, entailing the presence of a
trade-off between the maximization of the first requirement with the second. This is to
be expected, since trade-offs are a natural, inescapable feature of engineering design.
Now, some customer requirements do not consist of abilities29 (e.g., ‘being cheap’) but
those that are functional requirements do (e.g., for a vacuum cleaner robot, ‘can move
silently’), and we note a suggestive resemblance of these with capacities/capabilities.
Moreover, we note an analogy with the method of Janowicz and Raubal of comparing
entity types by using affordances and numerical affordance-descriptors [132] (the anal-
ogy would link product types with general entity types, functional requirements with
affordances, and technical characteristics with affordance-descriptors).

Given all this, it seems natural to try to compare capacities and capabilities by
proxy of other, simpler qualities. However, we must be careful in the details of how this
is done. In particular, we must ensure the ontological soundness and the compatibility
with DOLCE of our approach, as well as its ability to inform essential engineering tasks
such as trade-off evaluation and product comparison.

Now, in Axioms (ax19) and (ax21) we used specific dependence as the relation hold-
ing between capabilities and capacities, and capacities and intrinsic qualities. Therefore,
before pointing to the exact nature of capacities and capabilities, we should wonder if
the correlation relation is compatible with specific dependence, assuming that the items
related by a House of Quality correlation matrix are indeed qualities.

Consider the example of a car with an ‘easy to open and close door’ requirement
that is positively correlated with the ‘[low] energy to close the door’ and negatively
correlated with the ‘door seal resistance’, taken from Figure 3.4a. The correlation rela-
tion is n to m in general, in fact ‘door seal resistance’ is also positively correlated with
the requirement ‘isolation’. The fact that the relation is n to m suggests to exclude
that it is interpretable with DOLCE’s inherence relation, which is functional. This also
excludes that the matrix relates qualities with the dimension-qualities describing the
underlying quality space. Instead, it suggests that there is a relation of causal nature30,

29Indeed, in typical use, the elements linked by the House of Quality seems to escape any systematic
rule regarding their ontological categorization, since requirements can be described by adjectives,
adjective-qualified nouns or processes, nouns of technical artifacts, etc., while technical characteristics
can be physical qualities, subjective evaluations, number of technical artifacts, etc. In any case, note
that we do not want to ontologize the QFD process, only take inspiration from it to produce an
ontological modelling that takes into account some essential phenomena present in QFD.

30Note that the correlation relation in the matrix does not always appear to be a genuine causal
relation: e.g. ‘is light’/‘is cheap’ correlated with ‘made of aluminum’, ‘second hand component’ do
not appear to be genuine causal relations. However, correlations regarding functional requirements do
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(a) Example of House of Quality correlation matrix,
taken from [112]. The columns correspond to tech-
nical characteristics, the rows to product require-
ments. Checks (crosses) in the cells indicate the
presence of a positive (negative) correlation. Cells
in the square grid relate requirements to character-
istics, cells in the triangular grid relate character-
istics among themselves. On the bottom there are
evaluations of the characteristics of a few compared
products.

(b) Example of the quality space
of a functional property built
upon the spaces of its correlated
characteristics. F is some func-
tional property, whose perfor-
mance is determined by the for-
mula X−Y . The region X−Y >
0 determines high-performance,
the region X−Y < 0 determines-
low performance.

Figure 3.4

in the sense that when the seal resistance is high, this causes a high isolation value,
while obstacling the action of opening or closing the door. More precisely, it appears
that positive/negative correlation between two qualities is to be interpreted as a posi-
tive/negative31 causal statement between instances of types of occurrences constituted
by the change or stasis of the corresponding properties. Since these occurrences, when
they are stasis, consist in states described by the fact that a certain quality has a cer-
tain value, we could reasonably call them ‘simple states’, modifying the terminology
from Guarino and colleagues32 [93]. Given the causal relation between stases, then,

appear to be of causal nature, we are interested in those. Consider also Note 29.
31These adjectives are intended in the sense of Toyoshima’s causal ontology, which will be explained

in Section 4.0.1.1. Positive would be ‘normal’ causation, where the cause facilitates the effect, negative
causation is the case of causes that completely or partially hinder something from happening.

32In [93] simple events are either direct or indirect. Direct simple events are “the occurrence of a
change (or a stasis) in an object with respect to one of its qualities”, while in the indirect case the
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necessarily, changes in a technical characteristic also cause changes in the correlated
qualities and both changes appear to be examples of Guarino’s simple events [93]. If
the requirement-quality is a functional property (as in the car example), it should be
interpreted as the property of being able to participate in a certain way to a certain
type of process along the lines of (ex15). Then one can say, using our terminology, that
the correlated qualities, in base of their value, contribute to causally determine the
behavior of their bearer33. However, since in this section we are interested in qualities
and since behavior-based explanations bring into question entities of potential/possible
nature while quality-based explanations are actual, we proceed on by considering the
case of causal links between qualities.

It appears that these causal relations characterize the corresponding product types,
in the sense that, for each individual car of the analyzed type, this car has the qualities
listed in the correlation matrix, and every time one of the technical-characteristic-
qualities has a certain value (e.g. the door seal strength is high) this influences the values
of the correlated qualities (e.g. the car isolation is high and the ability to open/close the
door with ease is low). Therefore, we claim that the correlation relation is compatible
with specific dependence, because if a requirement-quality is correlated with a technical
characteristic, then every time the former quality is present the latter is also present.
Specific dependency in the opposite direction may not hold, if one considers e.g. the case
that a product completely loses a requirement-quality correlated to multiple technical-
characteristic-qualities due to the loss of one of the latter (e.g. one cannot open the
car door anymore due to the lock mechanism being broken, while the car seal has
nominal strength). Moreover, the correlation relation appears to be strictly stronger
than specific dependence due to its causal nature.

Let us come now to discuss the structure of the qualities spaces of these qualities,
taking into account the presence of the causal relations discussed above. Technical
characteristics are to be easy to model with simple spaces, like e.g. a single positive half-
line with an adequate unity of measure for the seal strength, since they are prescribed
to be (easily) quantifiable by the QFD methodology. Under certain cases, functional
requirements may also be likewise easy to model (consider e.g. the case of ‘stays open on
a hill’ from Figure 3.4a, which could be modeled simply with the graph of the function
that links a given inclination level with the corresponding strength required to open the
door). However, more typically, it appears a complex endeavor: in the cases that the
functional property is associated with a human action or cognitively similar occurrences,
one could follow the path of Gärdenfors and build a multidimensional conceptual space
grounded on dynamic force patterns (see e.g. [83, 107] and Figure 3.5). However,
engineers often discuss functional properties not directly reducible to human actions,
for which this approach looks difficult (what would be the action space corresponding to,
say, ‘high-efficiency laser cutting’?). From the previous discussion, in particular from
the efforts of Gärdenfors, and Janowicz and Raubal [77, 106, 132], and the example of
QFD, it seem natural to build the quality spaces of functional properties from the spaces

changing quality inheres in a proper part of the object.
33Again, this does not hold for non-functional properties, for whom the correlation relation may also

not be interpretable through genuine causation (cfr Note 30).
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Figure 3.5: Action space for walking, limping, marching, and running. In the triangle
there are four poles, one for a prototype of each action (walking in the center, the
other three in the triangle vertices). The prototype are constituted by recordings of the
actions performed by a subject, on which points corresponding to certain anatomical
references were marked. Each of the other hexagonal cells also indicate a video showing
a dynamical pattern of moving dots, this time obtained by weighted interpolation of the
four prototypical patterns (the nearer to one of the poles, the higher the corresponding
weight). The dots in the hexagon correspond to the number of test subjects that
categorized the corresponding video as the type written in the upper-left corner of the
small squares. The picture is taken from [83].
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of the qualities they causally depend on. Let us see how. Take, for sake of example,
a functional property F of some product P1, which is positively correlated with a
technical characteristic X and negatively correlated with the characteristic Y . Assume
for simplicity that these are the only relevant correlated characteristics for F , that they
take values on the positive real half-line, and the trade-off between the two is such that
there is a high-performance region for F when X > Y , and a low-performance region
when X < Y . Then one would naturally consider as quality space for F the cartesian
product Π := [0,+∞) × [0,+∞) endowed with an additional structure consisting in
a (almost-)partition P := {{(x, y) ∈ Π | x > y}, {(x, y) ∈ Π | x < y}} (see
Figure 3.4b), which could be generalized to finer partitions if one desires a finer level of
granularity for the performance regions. The ensuing space, call it SF , also takes into
account that there is (at least) an ordering between the partition elements, because
we know that performance-wise it is better if X > Y and worse if X < Y 34. If there
was another functional property, say F ′, correlated to positively to Y and negatively
to Y its quality space would be still built upon the product Π and partition P , but
the partition member would be ordered in the opposite way w.r.to SF , so that, in
particular SF ̸= SF ′ . This procedure could be generalized to more complex cases, it is
sufficient to have some information about the how the performance of the functional
property causally relates to the underlying qualities. Now, in the very simple example
of SF , one could also argue that SF is not made by Π and P , but, since F is basically
such that F = X − Y , one could say that the quality space of F is simply the line
of real numbers (R), and the dependency F = X − Y is something that holds in
addition and independently from that. However, in more complex cases (think e.g. F
as a vector function of several components having additional independent variables,
F = (f(X, Y ), f2(X, Y, Z, . . . ), f3(X, Y, Z . . . ), . . . ), such that the range of F is not a
simple subset of F ’s codomain35) it is probably more effective modeling-wise to focus
on the qualities the functional properties causally depend on, and we are considering
exactly these complex cases. Note that this and the previous considerations are analogus
to similar considerations of Guizzardi and colleagues in [103]: they also privilege the
explicit modeling of more basic properties (in approriate cases). Moreover, a strong
analogy is that they also propose to do so especially in the case that there are causal
relations between such properties (which would mainly be modes, in their language)
and in that case causal properties should also be represented explicitely.

In any case, the resulting quality space structure may not be cognitively-founded
in the same way that classical conceptual spaces are, but it encodes information about
the quality correlations, including synergies and trade-offs. Moreover, it is founded on
engineering domain knowledge, thus one could point to, say, appropriate engineering
facts and methodologies to ground the quality space, in place of the cognitive features
of the human mind.

34Note that, in the simple example of Figure 3.4b, the relation from X,Y to F is functional, however
this does not need to be true in general. Regardless, when it is true one could also chose to identify
SF with the graph of the functional relation plus some criteria to order the function values.

35Also note that a faithful mathematical model of the matrix in Figure 3.4a would resemble more
this latter case than the simple F = X − Y , due to the high number of items.
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However, comparability between so-obtained quality spaces raises some issues: sup-
pose e.g. that there is second product type P2, which has a functional property F2,
apparently of the same type as F (e.g. P1 is the car from above and F is ‘easy to open
and close door’, P2 is an armored door that has as F2 its own individual property of
‘easy to open and close door’), then if we construct the quality space of F2, it will be
founded on a different set of technical characteristics (there is no seal strength, say).
Since in DOLCE quality types correspond to quality spaces, we are forced to conclude
that F2 and F actually belong to different types (they may still belong to the same
category on a higher level of abstraction than the one of types, for instance they could
belong to the same category36 of qualities based on the fact that they are associated to
the same ontological function). In particular, we observe that the comparability may
be fully absent, partial, or complete depending on the quantity and importance, and
relations holding w.r.to the shared characteristics. Therefore, if we accept that quality
spaces of functional properties can be constructed in this way, we are forced to accept
that their types are associated to the precise way the functional properties is achieved,
suggesting a link with the way-of-achievements. In fact, we could strengthen Axiom
(ax20) with the addition of:

ax22 Capability(x) =⇒ ∃y(EngMethod(y) ∧ defFoundedOn(x, y))37

“capabilities are definition-founded on engineering methods.”

We now need just one last ingredient to speak about capacities and capabilities: we
need to interpret their quantitative vs qualitative duality. To do this, we go back to
the difference between Gärdenfords-concepts and Gärdenfords-properties, itself based
on the the fact that the conceptual spaces of the former are made of multiple, separable
domains, the latter correspond to single domains (recall that domains are sets of integral
dimensions), and we suggest the following:

ex16 38 “Capabilities are those physical qualities that (i) are relational qualities, (ii)
signify the ability of their bearer to participate in a certain way in processes of
a certain type, which specializes some ontological-function type, (iii) their corre-
sponding quality space is built (in the way described above) upon the product of
multiple, separable domains.” In particular, they points (i) and (ii) entails the
satisfaction of Axiom (ax20).

ex17 “Capacities are those physical qualities that: (i) are relational qualities, (ii) char-
acterize some aspect(s) of how their bearer is able to participate in a certain way
in a process of a certain type, which specializes some ontological-function type,

36Consult e.g. [99] or [97] for a discussion on the differences between such meta-level terms as
‘category’ and ‘type’.

37In passing, if capabilities are definition-founded on engineering methods and each engineering
method is associated with an ontological function through its main-function role, it is natural to assume
this entails that capabilities are definition-founded on ontological functions, so that this axiom entails
the last conjunction of Axiom (ax20). However, since we supplied no axiomatization of defFoundedOn,
this cannot be proven.

38Note that this definition and the ones below are given for sake of example, and we postpone our
full commitment to them after some future work will be carried out to analyze them more holistically.
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(iii) their corresponding quality space is built from a single domain.”

Adding to this the postulates that:

ex18 “Every capacity is causally dependent on some intrinsic quality.”

ex19 “Every capability is causally dependent on some capacity.”

We deduce Axiom (ax21) (because causal-dependence would be a specialization of spe-
cific dependence) and we are one step away from Definition (ex14). In particular, the
last conjunction of (ex14) is to be interpreted in the sense that every region in a capacity
quality space is isomorphic to a region of the quality space of the corresponding capa-
bility39, in the sense that the region X1 < X < X2 (call it v′) of the quality space of X
in the example of Figure 3.4b injects in the rectangle between the dotted lines (that is
{(x, y) ∈ Π | X1 < x < X2}, call it u) since it is isomorphic to {(x, 0) | X1 < x < X2}
(call it v). Then the statement P(v, u) in (ex14) is interpreted with v ⊂ u. Note that our
interpretation of quantitative and qualitative entails that capabilities are more complex
than capacities40 in the cognition-based sense of Gärdenfords. Also, note that in the case
of capacities, one could chose to represent the quality space separately from the causal
relation with simpler properties (e.g. representing SF above with R or representing the
quality space of ‘stays closed on a hill’ with just a strength-required-to-open-space, sep-
arated from its dependency on the inclination level); putative guidelines for the choice
of a modeling path over the other would require additional study and analysis.

Let us discuss some examples to showcase the ideas behind (ex16) and (ex17). In the
example of the car door, the door seal strength is a capacity because (i) it is relational41

in the sense that it exists to seal something by preventing the penetration of something
else in that something (it is, in some way, existentially depended on some external
entity), (ii) it characterizes one aspect of how its bearer42 can perform the function of
sealing, (iii) its quality space can be modeled with a single positive half-line with some
strength unit. Additionally, it also satisfies the postulate (ex19), because there are some
intrinsic physicochemical properties that causally determine the strength value.

Similarly, the ‘stays closed on a hill’ property from Figure 3.4a is a capacity because,
briefly, (i) it makes sense only in the context of an environment, (ii) it characterizes how
its bearer can participate in the ‘easy to open and close’ process type, (iii) its quality
space can be modeled with an integral domain (e.g. the graph of the function linking the
inclination level to the strength required to open the door, as mentioned above). The
‘easy to open and close’ property looks more similar to a capability, instead, because
its quality space appears to be non-reducible to a single domain: in fact, in Figure 3.4a
it is ‘decomposed’ into various sub-properties, (at least some of) which seems to be

39The existence of that capability is postulated in (ex14) itself.
40This does not necessarily mean that a capacity is easy to represent, since a domain can be, in

principle, a complex, highly-dimensional space.
41We recognize that the relational/intrinsic duality is sometimes fuzzy, and likely depends on the

precise way an agent conceptualize the underlying quality and its relation with the environment.
However, said duality is a classic presence in philosophy, and a foundational analysis of how (and if)
to un-fuzzy it is beyond the scope of our analysis.

42Either the seal, the door, or the car depending on the conceptualization details.
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capacities. The quality space of ‘easy to open and close’ can then be built from the
product spaces of the ‘decomposing’ properties endowed with a structure taking into
account the causal relations between these properties themselves and between these
properties and the performance of the opening/closing process.

As a final example, consider the property of color: for Gärdenfords it is linked to an
integral domain, the biconical hue-brightness-intensity color space. Coherently, color
is the archetypical example of DOLCE-quality type. Prima facie, color looks like an
intrinsic quality, inhering in its bearer irrespective of any external entity. However,
consider e.g. the case of commercial carbon nanotube-based black coatings [166]. The
objects coated with these products are extremely black, by virtue of the coating struc-
ture, and this blackness is the main feature of the products. To the physicist engineering
this feature, the coating color appears to be the result of a complex phenomena involv-
ing the interaction of light waves and the material structure. Is this color the same
quality as that whose quale is perceived by a casual observer? The issue is complex,
but it appears that the previous discussion suggests a negative answer: to the casual
observer the black object has a color which is a DOLCE-quality taking values in re-
gions of the biconical color space very near to the black pole; instead, the physicist
conceptualizes a color quality that is capacity, which should probably be better called
‘reflectance’, that takes values in the region of “uniformly low reflectance over a broad
range of wavelengths from the visible to far infrared” [166], and is causally determined
by “the intrinsic properties of graphitic material as well as the morphology (density,
thickness, disorder, and tube size)” [166]. The quality space of the latter should then
be different from the biconical color space, since it should also take into account the
causal relations among reflectivity and the intrinsic properties.

We postpone further analysis on the quality spaces and causal relations between ca-
pacities and capabilities to further work, and start looking to the topic of malfunctions.

Performing badly versus not being able to: losing, and gaining capabili-
ties Since we are also interested in malfunctions (see Chapter 4), we want to address
bad-performing and broken objects as well. In our framework, it is natural to identify
the performance of an object (w.r.to a function) as the value taken by its correspond-
ing capability in its quality space (which is also determined by the values of certain,
appropriate capacities as postulated in (ex19)).

Given this identification, poor performance can be explained in two qualitatively
different ways: in the first way, the quality space of the capability can be divided
into different subregions, corresponding to various degrees of performance, so that if a
performance-value falls in (is part of a) a low-performance region, we can say that the
object is performing bad. For example, a system of coupled gears has the capability of
transmitting and/or amplifying or reducing torque, and is therefore able to participate
(in a certain way) to appropriate torque-transmitting processes. We assume that the
capability quality space has multiple domains, coherently with (ex16), and we focus,
for the sake of simplicity, on a single domain corresponding to the gears backlash43.

43The gap between the teeth of coupled gears that cause them to move independently of each other
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The latter could also be identified as the quality space of a certain capacity (e.g., ‘the
capacity to backlash’, as discussed above) on which the capability is dependent on, since
it can be modeled with a single integral domain: e.g. some arc of circumference marked
with, say, sexagesimal degrees as a unit of measure44. Depending on the specific appli-
cation45, a subregion of the space may be specified as the region of correct performance
(say, the interval 0.14°±0.1°) and another as the region of degraded performance (say,
the interval [0.15°, 0.18°]), yet another as the region of unacceptable performance (say,
[0.18°,∞). Coupled gears with a backlash value of 0.15°at time t0 will be said to have
an acceptable performance, if at time t1 > t0 the backlash has increased to 0.17°due to
wear, the gear system will be said to have a degraded performance46.

In the second way, an object can completely lose its ability to perform a function.
This happens when the capability of the object is lost. That is, the object at that time
does not have the capability-quality. Continuing the example above, if a gear system
breaks, say the axis of one toothed wheel fractured and the wheel fell off, the gear
system does not have the capability of transmitting torque anymore. Indeed, in that
case it would be meaningless to speak of the backlash of the missing wheel w.r.to other
wheels, so quality space values could not be assigned, and also the capability could
not be present, since is specifically-dependent on the backlash-quality. An object that
has lost its capability to perform a desired function will typically be disposed of or
repaired. In the case it is repaired, it recovers the capability quality. As remarked in
the introduction (Section 1.1), in this case the time extension of the capability life is
non-convex.

Let us formalize the gear example to clarify: assume that there is a simple gear
system47, (s), a gear train made by four tooted-wheel gears (g1, g2, g3, g4) coupled by
meshing teeth (g1 with g2 and g3 with g4) or co-axiality (g2 with g3). The only properties
of the system considered are the backlash between the gears: b12, b34. The capability
of the system of transmitting and amplifying torque is called c. We assume that at t0
the value of b12 and b34 is 0.12°, then the value of b12 decreases and at time t1 > t0 is
0.14°, while b34 value stays the same. Then, at time t2 > t1 the axis of g1 breaks and
that wheel falls off; later, at t3 > t2 the wheel has been repaired and the backlash has
been regulated back to 0.12°. Then the following holds at every time:

ex20 Q(b12) ∧ Q(b34) ∧ Q(c) ∧i=1,2,3,4 POB(gi) ∧ POB(s) ∧ PR(0.12°) ∧ PR(0.14°)

“The backlashes and the capability are qualities, the gears and the gear system are
physical objects, the backlash values are physical regions.”

for a small distance when starting or inverting motion.
44In this case, we are separating the backlash-capacity space from its dependencies (e.g., the teeth

shape, the distance between the gears, etc.) and leaving the latter implicit, again for the sake of
simplicity.

45The ideal backlash level is application dependent.
46In passing, note that even an apparently simple quality as backlash could be argued to be a

disposition, since it is usually relevant only during start and inversion of rotating motion. As argued
before, this ambiguity of many qualities if they are or not potential is one reason we do not introduce any
category of realizable qualities and instead focus on the characterization of capabilities and capacities.

47This example is roughly inspired by https://khkgears.net/new/gear_knowledge/
gear_technical_reference/gear_backlash.html, Section 6.4, last accessed in November 2024.
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ex21 qt(b12, g1 + g2) ∧ qt(b34, g3 + g4) ∧ qt(c, s)

“The backlash b12 (b34) inheres in the mereological sum of the first (last) two gears,
the capability c inheres in the gear system.”

Instead, the relations that hold at some time are:

ex22 ∧i=2,3,4P(gi, s, t0 + t1 + t2 + t3) ∧ P(g1, s, t0 + t1 + t3) ∧ ¬P(g1, s, t2)
“The last three gears (g2, g3, g4) are part of the system at all times, while the first
gear (g1) is part of the system at all times except for t2.”

ex23 ql(0.12°, b12, t0+t3)∧ql(0.14°, b12, t1)∧ql(0.12°, b34, t0+t1+t2+t3)∧¬PRE(b12, t3)
“The quale of b34 at all times is 0.12°; while b12 has this value at t0 and t3, that
changes to 0.14°at t1, while b12 itself is not present at t2 (therefore, it also does
not have a value).” Regarding the values of c, we assume they are completely
determined by the gear backlash. This is, of course, a simplification for the sake
of this example as gear-system performance in general depends on more factors
(also if there were no other factors we would be forced to declare c a capacity and
not a capability by account of our own definitions (ex16) and (ex17)). Therefore,
the value of c is a function of the value of the backlashes at those times. Precisely,
assuming that the ratio between the diameters of the second and first, and fourth
and third gears is 0.5 in both cases, the formula is c = b12 + 0.25 ∗ b34, which is
the value of the ‘composite’ backlash affecting the system. Therefore at times t0
and t3 the value of c is 0.15°, increasing to 0.17° at time t1 (if more factors were
to be considered, these two values would be only part of the quale of c at the
corresponding times). At time t2 the capability is not present, therefore it has no
value:

ex24 ql(0.15°, c, t0 + t3) ∧ ql(0.17°, c, t1) ∧ ¬PRE(c, t2)
“At times t0 and t3 the value of c is 0.15°, at time t1 the value is 0.17° and at time
t2 c is not present.”

Adopting the choice of performance regions of the previous example, we can say that
the gear train has nominal performance at t0 and t3, poor performance at t1, and is
broken at t2.

Subsumption between capability classes Since in this section we discuss capabil-
ities in relation to their conceptual spaces, it is natural to wonder about how conceptual
spaces influence the subsumption of capability classes. For example, it is natural to say
that the capability of ‘being able of moving’ is a generalization of ‘being able to move
silently’, which in turn is specialized by ‘being able to move silently and smoothly from
A to B in less than 10 seconds’, etcetera. Can these generalizations be explained in
terms of quality spaces associated to quality spaces? To answer we have to consider first
how are the conceptual spaces associated to such quality classes (if they exist at all).
Such putative conceptual spaces cannot be built using qualities inhering in a capability
bearer, because the construction we proposed in the previous sections depends on the
precise way in which is the moving is realized (see e.g. Axiom (ax22)): these conceptual
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spaces do not have the necessary generality to be associated to generic classes such as
‘being able to move silently’. One could still think that, since each moving occurrence
has temporal qualities (such as the time extension of the occurrence, if the moving ac-
tion was smooth or clunky, if it was silent or noisy, any attribute that can be attributed
to the occurrence itself), such temporal qualities could be used as dimensions of the con-
ceptual space. Then subsumption hierarchies of capability classes could be explained by
restricting the allowed quality values. However, adding temporal qualities dimensions
to the capability quality spaces (which are otherwise physical) would make the regions
of the ensuing space heterogeneous: some of its parts would be temporal regions, some
other parts would be physical regions. But temporal regions are closed w.r.to parthood
in DOLCE, and the same holds for physical regions. Morevoer, in DOLCE objects
cannot have qualities that take values in temporal regions, only in physical regions.
Therefore, the possibility of heterogeneous quality space should be rejected.Since we
don’t see other ways to associate a conceptual space to such capability classes, we are
forced to state that these capability classes are not associated to conceptual spaces,
and, therefore, they are not qualities types. They must be a more general, weaker,
sort of quality-classes. Since these classes appear to be rigid, we opt to consider them
categories [97]. So that, though one can group capability-types depending on the type
of function they execute into categories, and these categories can be specialized into
other categories by specializing the properties of the function execution, these classes
are not associated with quality spaces. As a corollary, there cannot be individual qual-
ities belonging ‘just’ to a category such ‘being able to move’, but they must always
belong to a type since individual qualities do have a quality space, for instance ‘being
able to move as a vacuum cleaner robot’ is such a type and its conceptual space is built
using some qualities corresponding to vacuum cleaner robots. In passing, note that
Guarino and colleagues in [93] make a similar argument, although in their terminology
they call ‘kind’ what we say type: transposing their argument here, they would likely
say that ‘being able to move as a vacuum cleaner robot’ is an event-kind(type) because
it supplies ‘individuation criteria’, while this does not hold for ‘being able to move’.

consider the stabbing of Caesar by Brutus and the ensuing death of Caesar and
state that ‘killing’ and ‘stabbing’ individuate the same event because “from the fact
that a killing event occurred we get no information on the nature of such event”. The
anlogous to stabbing would be ‘to move water using gear pumps’ and ‘to move water’
would be analogous to killing. Then, if one espouses [93] and takes z to be the instance
of ‘to move water’ spation-temporally coincident with x and y, it must be that z = x.

Summary. To summarize:

• Functional properties are difficult to model with the tool of conceptual spaces. We
suggest that, at least in certain cases, it is appropriate to build their conceptual
space from the spaces of the properties they causally depend on, along the lines
of SF from Figure 3.4b and the other examples discussed.

• In particular, capabilities and capacities quality spaces can be also built in this
way, and the difference is that capability quality spaces are more complex (since
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they are composed by multiple domains), while capacity quality spaces are simpler
(a single domain). In this sense capabilities are more similar to Gärdenfords
concepts than to Gärdenfords properties. For the rest both are relational qualities
and both (albeit in different ways) predicate about how their bearer participates
in certain processes, and capabilities causally depend on capacities (see (ex17) to
(ex19))

• In this framework, poor performance phenomena can be modeled by either lo-
cating a capability quale in a designed subregion of the quality space, or by
eliminating the capability itself (see the backlash example above).

• Additionally, a capability type can only be the capability of executing a function
in a certain way and individual capabilities must always instantiate a capability
type. Capabilities of ‘just’ executing a certain function are subcategories of the
category of capabilities and are not associated with quality spaces. Such categories
can be into subclasses by specifying qualities of the function execution, but these
subclasses remain categories, not types.

3.0.6.1 Affordances

Affordances, which are described (in engineering) as “interaction[s] between artifact
and user in which properties of the artifact offer a potential use to the user” [171] (see
also the end of Section 2.1.8), form another important class of functional properties.
They are, however, less interesting for this thesis, which focuses more on functional
decomposition and less so on, say, human-machine interaction. In any case, we suggest
a possible way to relate them to capabilities:

ex25 “If an engineering artifact affords a user (or another artifact) to do something
then the user (or the other artifact) has the capability to that something and
the engineering artifact’s affordance is its relational quality corresponding to the
user’s (or another artifact’s) capability. Corresponding in the sense that, if the
Earth’s distance to the Moon is a relational quality of the Earth, the corresponding
relational quality is the Moon’s distance from the Earth.”

From this perspective, our analysis of capabilities may provide some insight into affor-
dances.

Of course, it must be noted that our brief discussion of affordances is just a passing
mention and is marginal in the context of this thesis. The interested reader may benefit
of more serious ontological analyses, such as that of Toyoshimas and colleagues [241].

3.0.7 Other relevant meanings of functions: essential and acci-
dental functions

In the previous sections we discussed some possible meanings of ‘function’, that we
termed systemic functions, solved functions, and ontological functions. As mentioned
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in Section 2.1.7, we detailed these three meanings to describe some of the concepts
that engineers associate to functions, not to claim that these three concepts are the
correct ones or even just the only ones. Indeed, there are many others relevant con-
cepts of functions that are significantly different from these three. For example, let us
consider the properties of intentionality (is there an agent that attributes the function
to something?) and essentiality (is the function essential for some entity?). Ontological
functions are types of events (for what concerns us in this thesis, types that are relevant
for engineers), therefore, intentionality is only slightly relevant for them. Additionally,
while being classified as a given ontological function type is an essential property of an
event (e.g., a ‘divide’ event is necessarily so), the ontological function type is not by
itself a property ascribed to some other entity. Systemic functions do relate to other
entities (the system component y in (df16)), however, they are only roles of the com-
ponent behavior, so their attribution to the component or to its behavior is contextual,
not essential. In addition, in their definition, intentionality has a background charac-
ter, being hidden in the goal g. Lastly, what holds for systemic functions holds also for
solved functions since we defined the latter to be systemic-functions as-implemented
by an engineering method. Since essentiality and intentionality are clearly important
in the topic of functionality (consider e.g. that for both Jansen and Smith functions
are essential properties of their bearers, and are not roles for these reasons [133]), it
appears that the triplet of concepts defined up to here are severely lacking from the
point of view of the range of meaning that they cover.

To ameliorate this issue, we want to introduce another concept of function charac-
terized by these two properties. From Section 2.1.5, essential functions are typically
explained using an etiological/intentional approach, that is, in the engineering domain
context, they are essential because they were ascribed to an entity as essential properties
by an agent, usually the designer. However, etiological/intentional accounts are known
to lack the desiderata ‘No-epiphenomenalism’/‘Structure’ [218, 258], because they usu-
ally do not explain the strong link between the structure of the function bearer and
the function ascription to such a bearer. However, one can mix causal and intentional
accounts to solve this issue, as done e.g. by Houkes and Vermaas with their ICE theory
[121]. Taking inspiration from this, and also from previous DOLCE-based works such
as [35], we introduce the following definition (where intentionalSel is a predicate
describing an event in which an agent intentionally selects a certain quality of some
entity):

df27 hasFunction(x, f) ⇐⇒ ∃a, qintentionalSel(a, e, x, q) ∧ defFoundedOn(q, f)
∧ Capability(q) ∧ qt(q, x)

“An entity has/bears/carries/has ascribed a function iff there is some agent (a)
that intentionally selects (though event e) a capability (q) of that entity that
makes the entity able of executing the function.” Here we express the link between
the capability and the function with the definition-founding relation, as was done
before. Notice that f may be an ontological function, but also some more specific
class, such as a systemic function.

We call any such function a ‘selected function’:
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df28 SelectedFunction(f) ⇐⇒ ∃x(hasFunction(x, f))

“Selected functions are, by definition, exactly those attributed to an entity by an
agent.”

By specialization of the agent type in the definition, selected function can be specialized.
For instance, we can talk of ‘design function’, or ‘user function’, depending on the role
of the agent (designer or user). One usually gives special importance to the design
function and may call it the proper function (or essential function) of an object, while
a user function is called accidental. However, Definition (df28) does not change when
changing the role of the agent doing the selection, so that it is difficult to believe that
in one case the selected function is essential, while in the other is accidental. The usual
argument applied in these cases is to strengthen the definition of selected function by
saying that a selected function is an essential function when its bearer48 came to be
precisely with the goal of executing the essential function (for instance, since a product
is manufactured exactly for the goal of executing the function ascribed to it by its
designer, the product’s design function is essential; on the other hand, if a user makes
use of the product to execute a different function –using a hammer as a door stop, say–
this latter user function is accidental, because the product was not manufactured for
that). However, this argument is not without weaknesses: imagine, say, the case that a
drug is designed to cure a certain illness and it is therefore manufactured and sold to that
scope. Later, the same non-redesigned drug is discovered to have the capability of curing
another, different condition, and is also manufactured and commercialized to (possibly
only) that new goal49. Note that this phenomenon, known as drug repositioning, is
not discountable since it was estimated that in 2014 repositioned drugs accounted for
a quarter of the revenue of the whole pharmaceutic industry [135]. Which is then the
function to execute whom the drug came to be, the one it was designed for or the one
it was manufactured and sold for? Borgo and Vieu would likely claim that there are
three relevant types of entities: two different drug-artefacts, the first born from the
selection of the capability to cure the first illness, and the second from the selection of
the capability to cure the other illness, both constituted by the physical-drug-object or
substance the drug is made (which would be the y in Definition (df37)). Then, these
three entities may be instantiated by co-located individuals: the constituent is always
co-located with the constituted, and even two different individual drug-artefacts could
be co-located, if different agents select the same underlying object or substance. Finally,
each drug-artefact bears its selected function as an essential property (quality), while
the constituent object or substance does not bear a selected function as a quality

This approach explains which selected function is essential to which artefact, but
(i) it requires a multiplicativist point of view, which may or may not be desirable and
(ii) it does not account for accidental functions, since it is symmetric w.r.to user and
design function. Point (i) depends on the ontological commitments one wishes to make
and its discussion is out of the scope of this section, while point (ii) could be hand-

48Of course, in our framework, the function is not a quality and does not have a bearer. The quality
is the selected capability, and in this sentence we use a metonymy for the sake of simplicity.

49Aspirin is the typical example of this phenomenon.
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waved by saying that there are different types of agents and of selection events, and
some are more relevant than others (e.g., designers, manufacturers, and the design and
manufacturing processes are more important/essential than any capability-selection by
a user), ignoring the cases when there is an ambiguity or conflict in the important types
(as in the drug-related example above), and say that, informally:

df29 a selected function (f ′) is an accidental function of the artefact a if and only if it
is a user function (more generally, a selected function of a less important agent-
type) borne by a different artefact (a′) co-located with the first artefact (a) that
bears a design function (f , more generally, a selected function of a more important
agent-type)50.

After all, etiological/intentional accounts are considered to deal easily with the distinc-
tion between essential and accidental functions [218], so it seems excessive worrying
about such issue in the context of an intentional account. Moreover, the reason to
consider accidental functions in the engineering domain is mainly to discuss unintended
uses of a product by the users: depending on the context, the designer may need to
discourage, or prevent or reduce possible side-effects of the unintended uses.

In passing, note also that systemic functions look similar to selected functions, since
both are attributed to objects, either by the hasFunction or by the systemicFunctionOf
relation. Additionally, systemic functions are also linked implicitly to an agent (the one
supplying the goal g in Definition (df16)). However, they are different concept classes.
The biggest differences are that systemic functions depend on a system and selected
functions do not; and selected functions depend on a selection event, while systemic
functions are contextualized by a causal analysis of a system behavior. For example,
consider the hydraulic system in Figure 3.3: ‘convert mechanical energy to fluid pres-
sure for Cyl1’ is a systemic function of pump P1, while the function selected by, say, the
pump’s manufacturer is ‘to convert mechanical energy to fluid pressure’. In this exam-
ple, all realizations of the systemic function are realizations of the selected functions.
One could then extrapolate

ex26 systemicFunctionOf(f, x) ∧ hasFunction(x, f’) =⇒ subConceptOf(f, f’)

“If a systemic function and a selected function are attributed to the same entity,
the systemic functions is a sub-concept of the selected function.”

However, while this may be the typical case, it entails some kind of concordance between
the goal for the system and the intention of the agent selecting the desired properties
of the object. This needs not to be always the case, therefore we do not commit to this
formula in our system.

Note that the function bearer (the x in Definition (df27)) is usually intended to be
an object, like an engine or a pump, say. However, some authors question that this is a
necessity. For instance, Burek [39] argues that any kind of entity can bear a function: a
flight process may have the function of transporting goods, the color quality value of a
moth has the function of camouflaging. Our framework may be extended to functions

50Note that in this definition we assume that f and f ′ specialize different ontological-function-types,
otherwise a and a′ would have been the same artefact.
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Figure 3.6: The primary concepts and relationships explained in this section at (class
level only). For simplicity the diagram is based on the corresponding OWL model. Note
that a filled black arrow between between classes indicates that the object property
corresponding to the edge’s label enjoys an existential restriction axiom between the
classes (e.g. any solved function is main-function-of some engineering method).

of these other categories may very well be possible, but it would require further work.
For instance, one would have to study the attribution of capabilities to such categories
as quality values and processes. Depending on the case this may sound acceptable
(‘flying has the capability of transporting goods’) or dubious (‘this gray-brown color
has the capability of camouflaging’). In DOLCE, it would also entail that capabilities
may be physical, temporal, or abstract qualities depending on their bearer. Since these
are strong ontological commitments, which are also not necessary to model the cases
we focus on, we do not explore such possibilities.

As a final note, we add a picture that shows a schema indicating the main relations
and concepts used in our theory of engineering functions in Figure 3.9.

3.0.8 Relations holding between functions

Having discussed in the previous sections the function concepts considered by this thesis,
in this section we move to the relations holding between these concepts. The main
references for this topic we consider here are Burek’s Ph.D. thesis [39], which proposes
an overall theory of such relations; Vermaas and Garbacz discussion about functional
decomposition [255]; and FBRL-related literature about metafunctions [142].

The most common semantic relations in modeling are instantiation (Socrates is a
man), specialization (or subsumption, e.g. man are mortals), aggregation (parthood,
constitution, composition), and attribution (associating a property to an object). These
relations typically hold between concepts named with nouns. Indeed, in linguistic, sub-
sumption corresponds to hypernymy/hyponymy and parthood to holonymy/meronymy.
However, when discussing functions, which are typically named with verbs, using these
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relations may not be as appropriate as in the case of noun-concepts. In fact, while Word-
Net also uses meronymy and hyponymy as semantic relations between nouns, WordNet
uses entailment, troponymy, causation, and presupposition to relate verbs [72]. A verb
‘to X’ entails a verb ‘to Y ’ if for each individual Xing there is a corresponding Y ing.
Depending on the relation holding between the time extension of the verb-executions,
different kinds of entailment are defined: if the temporal extensions are the same one
talks of troponymy, which replaces hyponymy for verbs51 (to X is a troponym of to Y if
to X is to Y in some manner, e.g. ‘to lisp’ is a troponym of ‘to talk’). If one temporal
extension precedes the other the relation is either backward presupposition (e.g., to for-
get presupposes to know) or causation (to feed causes to eat) If the temporal extension
of Xing properly includes or is included into that of the Y ing there is no special name
and one just talks of entailment. For example to snore entails to sleep and is contained
in the time extension of sleeping, while to buy entails to pay, but contains the time
extension of paying.

Since verbs naturally describe types of perdurants, including perdurants that are
behaviors, and moreover we used verbs to denote the various function concepts we
introduced, it is natural to expect that WordNet semantic relations holding between
English verbs correspond to the relations between functions. In particular, since in
our framework functions classify behaviors perdurants, any relation holding between
behaviors can be lifted to a relation between functions by an appropriate composition
with the classification relation.

DOLCE defines various such relations holding between perdurants, some of which
were described already in Section 1.1. The main ones are parthood (a ‘John traveled
by car from Rome to Paris’ – call it X – has as part ‘John crossed the Alps’), temporal
inclusion (‘Mary traveled from Rome to Turin immediately after John’s departure’ is
temporally included in X), and spatial inclusion (‘the engine of John’s car had low
oil level the whole time’ is spatially included in X). These are all specializations of
specific dependence. Similarly, by introducing ordering relations between time intervals
(Allen’s algebra, say), DOLCE could define temporal precedence and subsequence. In
this way, we argue, all WordNet semantic verb relations would be covered by DOLCE:
entailment is the specific dependence between perdurants, while WordNet-causation
and precondition between perdurants could be defined as follows, (assuming a time-
ordering relation is present and written as ≤ – it could e.g. be the union of Allen’s
precedes and meet relations):

df30 precedes(x, y) ⇐⇒ ∃t, t′(ql(t, x)T ∧ ql(t′, y)T ∧ t ≤ t′)

“x precedes y if the time extension of x precedes that of y.”

df31 follows(x, y) ⇐⇒ precedes(y, x)

“x follows y if and only if y precedes x.”

Finally, troponymy can be arguably interpreted as either subsumption between perdurant-
types or as spatio-temporal coincidence: in the first case any lisping is also a talking,

51Perhaps confusingly, hypernymy is maintained, meaning that the relation hypernym/hyponym for
nouns is called hypernym/troponym for verbs.
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in the second case a lisping can be co-located with a talking and these two actions can
be different individual entities.

Having noted this, how are these relations translated to functions? To answer,
we group the relations in taxonomical, dependence-like, parthood, and causal. We
start the discussion with taxonomical relations. Dependence and parthood will then
follow. However, notice that the discussion of causal relation will be postponed in the
next chapter (in Section 4.1.4) because it needs Toyoshima’s causal ontology therein
discussed.

3.0.8.1 Taxonomical relations between functions

Specialization of functions can happen in various ways, focusing on various different
semantic elements. For instance, a ‘to move’ ontological function could be specialized
by type of operand (‘to move a fluid’, ‘to move water’), by goal (‘to move water in
the tank’), by precondition (‘to move water from the lake to the tank’), by temporal
properties of the underlying endurant (‘to move water from the lake to the tank in
less than 1 hour’). Burek introduces different kinds of specialization relations for all
these cases [39], we don’t, as that level of granularity does not directly benefit our
framework. However, we do make two critical distinctions (that Burek does not high-
light): in case of the semantic element that specializes the event-type is the engineering
method (or means, or way) of execution, i.e. the way-of-achievement in SOFAST-speech
(e.g., ‘to move water using gear pumps’); and in case the semantic element is (part of)
a system (as in the examples above where a specific lake or tank is mentioned). In
the latter case we speak of systemic functions, which specialize more general function-
categories. In the former case, there is an explicit relation between the function, which
is termed SolvedFunction, and the engineering method: the solved function is the
mainFunctionOf the method. Then, the solved-function-type is subsumed by a more
general function-type (in particular, by an ontological function: each ‘to move water
using gear pumps’ is a ‘to move water’), but is not subsumed by the method. Instead, if
we assume that engineering methods can have instances, then any instantiation of a ‘to
move water using gear pumps’-function is spatio-temporally coincident with an instance
of ‘using gear pumps’. Since DOLCE does not force spatio-temporally coincident per-
durants to be the same, one has two choices: either the two descriptions correspond to
different perdurants or they indicate the same perdurant. Both are compatible with our
framework, but we don’t make an assumption either way: we only assume that solved
functions specialize ontological functions and are related by spatio-temporal coincidence
with engineering methods (cf. Axiom (ax17)):

ax23 CL(x, mainm) =⇒ ∃y(CL(y, m) ∧ x ≈ST y)

“The main function of an engineering method is such that any of its realizations
is spatio-temporally coincident with an occurrence of the engineering method.”
Again, this requires assuming that methods can be instantiated. For instance, if
methods are conceptualized similarly as plans, this means to assume that they can
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be executed in a similar way as plans are (cfr. DOLCE-ultralite52).

In passing, the work in [93] is very much relevant here: let us take a certain instance
of ‘to move water using gear pumps’ and call it x. Let us also call y the correspond-
ing instance of ‘using gear pumps’ that is coincident with x. Then the issue in the
paragraph above is to decide if x = y holds or not. In the framework of [93], x and
y are both ‘complex events’, i.e. they are made from sets of simpler ‘simple events’,
and to decide if they are the same or not one should check if they are made by the
same set of simple events. Simple events are changes in a single quality of a certain
entity, so that we should focus on what are the qualities that change in x and y: if the
same qualities change in both, then they are made from the same set of simple events
and x = y; if some quality-change differentiates them, then they are different. Now,
there is a prominent participant that could be most relevant in this matter: the water.
That is, the water position surely is relevant in x, this is less sure for y. In particular,
one could see an analogy with an example from [93], where that work says that in a
gesticualting event the heart of the gesticulator does not participate in the event: “the
heart of the gesticualating person is not a participant in the gesticulating event, de-
spite the fact that a proper heart beating necessarily must occur when such an event
occurs. This is because the heart beat is not cognitively relevant for describing how the
gesticulation event occurred”. Accepting that this is true, the question now becomes ‘is
water movement cognitively relevant for describing the using-gear-pumps event’. For-
mulated this way, and committing to the assumption that the gear pumps in questions
are not strictly water-only pumps, it appears that the answer is ‘no’, and, therefore,
what explained above entails that x! = y. However, the above line of reasoning needs
various requirements to work, first of all the commitment to the work in [93]. This is
compatible with our framework, but we shy away from adopting such a work due to
our design choice of minimal commitment. As a further digression, we observe there
is another example in [93] that has an obvious analogue in this section: Guarino and
colleagues consider the stabbing of Caesar by Brutus and the ensuing death of Caesar
and state that ‘killing’ and ‘stabbing’ individuate the same event because “from the fact
that a killing event occurred we get no information on the nature of such event”. The
anlogous to stabbing would be ‘to move water using gear pumps’ and ‘to move water’
would be analogous to killing. Then, if one espouses [93] and takes z to be the instance
of ‘to move water’ spation-temporally coincident with x and y, it must be that z = x.

Coming back to the topic of taxonomical relations among functions, in summary,
the only taxonomical relation that we consider between functions is sub-concept-of (as
in Axiom (ax12)), though other more specific relations could be considered. In addition,
we consider a spatio-temporal coincidence between solved functions and corresponding
engineering methods (ax23)

3.0.8.2 Dependence-like relations between functions

We come now to dependence-like relations. By dependence-like, we mean a relation
that is defined similarly to specific existential dependence. Specific existential depen-

52http://www.loa.istc.cnr.it/index.php/dolce/.
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dence (between two individuals) would be Definition (df1), while specific existential
dependence holds between two classes (say Φ and Ψ) iff for all instances of the first
class there is an instance of the second class on which the instance of the first class
depends:

ex27 GD(Φ,Ψ) ⇐⇒ ∀xΦ(x) =⇒ (∃yΨ(y) ∧ SD(x, y))

By ‘similar’ we mean that we consider both syntactical variations and specializations
of formulas (df1) and (ex27) to be dependence-like relations.

Using this definition, spatio-temporal coincidence is one example of dependence-like
relation (because it specializes specific dependence), another example is the relation
between a method and its subfunctions. precedes and follows are also important
examples of dependence-like relations. The oncoming definitions (df32) to (df35) are
also examples of dependence-like relations since they are syntactical variations of (ex27).
Definitions (df31) and (df30) hold among perdurants, but can be lifted to types of
perdurants and reified concepts in the obvious way (in the following Φ and Ψ are
perdurant-types and c and d are DOLCE concepts):

df32 precedes(Φ,Ψ) ⇐⇒ ∀x(Ψ(x) =⇒ ∃y(Φ(y) ∧ precedes(y, x)))

“Φ precedes Ψ if for every instance of Ψ there is an instance of Φ that precedes it.”

df33 follows(Φ,Ψ) ⇐⇒ ∀x(Ψ(x) =⇒ ∃y(Φ(y) ∧ follows(y, x)))

“Φ follows Ψ if for every instance of Ψ there is an instance of Φ that follows it.”

Mutata mutatis, the previous definitions hold for reified concepts:

df34 precedes(c, d) ⇐⇒ ∀x(CL(x, d) =⇒ ∃y(CL(y, c) ∧ precedes(y, x)))

“c precedes d if for every x classified by d there is some y classified by c that
precedes x.”

df35 follows(c, d) ⇐⇒ ∀x(CL(x, d) =⇒ ∃y(CL(y, c) ∧ follows(y, x)))

“c follows d if for every x classified by d there is some y classified by c that follows
x.”

Notice that precedes(Φ,Ψ) does not entail follows(Ψ,Φ), while this is true on an
instance level.

We used ‘follows’ and ‘precedes’ as terms to remark the difference between other
causal relations that were introduced and will be introduced in the thesis. In fact, at a
type-level, the first argument of WordNet-presuppose can be interpreted as a necessary
precondition for the second, while the second argument of WordNet-causes can be
interpreted either as physically/logically-necessary consequence (e.g., to die follows to
kill) or as a probabilistic consequence (e.g., to feed an animal, in a broad sense, does not
necessarily entail that the fed animal eats: it could refuse to eat) of the first argument.
Our follows and precedes can reproduce these meanings, in any case we will touch
upon causal relations more in depth later, after Section 2.2.1, so we postpone the
discussion.

follows and precedes relations between functions are common, at least between
systemic functions: for instance, the presence of a flow-arrow between two functions
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in a FB model, entails that any realization of the target systemic function follows a
realization of the source systemic function. Similarly, in the context of a functional
decomposition, if the subfunctions are arranged in a sequence, that sequence is ordered
by precedes/follows relations.

The same relations are less common among functions at the type level (ontological
functions level): they are present if there is a couple of ontological function types such
that every time a systemic function specializing the first type is realized by a behavior-
perdurant, such behavior is preceded or followed by another behavior instantiating a
function of the second type. However, it is difficult for this to happen, because given
a system in which (ontological) functions are realized in a certain temporal order, it is
easy to find a different system in which the arrangement between (ontological) functions
is different. For instance, consider the function ‘transport water from an A to a B’: it
could be preceded by an instance of a ‘transport water from a C to an A’ but this is
not a necessity, since the water could have been there all along (location A is a lake,
say). Similarly, a ‘transport water from an A to a B’ may be followed by a ‘rotate
turbine’ function (e.g., if the water is in a hydroelectric plant), but also by an ‘irrigate
fields’ function (e.g., if the water is part of an irrigation system of a farm). Indeed,
it appears that a follows or precedes relation holding between ontological-function-
types independently of a given, implemented system would constrain the design space
of any product, since only certain combinations of function would be possible, and the
same holds for spatial and temporal inclusion and coincidence.

Since such constraints could help with the design process, it would be unsurprising to
find bodies of work dealing with such a topic. In fact, we know of at least one such body
of work: Function grammar rules. Consider for example [233, 234], those works aim to
automatize design leveraging the Functional Basis methodology, in particular they aim
to automatize the development of Functional Basis graphs. They do so by establishing
constraints on functions and flows so that the design space size is reduced. These rules
are distillate from domain knowledge and reverse engineering of various products. One
such rule is depicted in Figure 3.7 and states that every time an electric energy flow
is imported into a system, it is later transmitted and actuated. In our speech we can
say that this rule entails that the type ‘import electric energy’ is followed by the type
‘transmit electric energy’.

3.0.8.3 Parthood relations among functions

Decomposition of a main-function into subfunctions is usually considered akin to a
parthood relation. We already discussed the relations between a main-function and a
method, and between a method and a subfunction. In our framework these relations
are not parthood-like, but (only) dependence-like. However, this does not say much
about the nature of the relation holding between a main-function and any of its sub-
functions: for one, dependence does not exclude nor entail parthood, additionally, the
composition of the main-function-to-method and method-to-sub-function relations may
have different properties than its two constituents. We mention this because researchers
have argued the impossibility of viewing such relation as a parthood relation [256]. In
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Figure 3.7: A rule for constraining the design space when using the Functional Basis
methodology, taken from [233]
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this section we will therefore analyze such discussion in relation to our framework and
explain a few possible ways to introduce parthood relations among functions.

First of all, note that Vermaas distinguishes two types of hypothetical (non-temporalized)
parthood relations: one between “function-tokens”, and one between “function-types”.
Let us call them ∗Pin(·, ·) and ∗Pty(·, ·) (starred predicates and axioms belong to other
frameworks, or that in any case are used just for sake of discussion, exemplification, or
mapping). The type level relation is lifted by the instance level by mere possibility:

ax24* ∀f, f′(∗Pin(f, f′) ∧ F(f) ∧ F′(f′) =⇒ ∗Pty(F, F′)) where f, f′ are function-token,
F, F′ are corresponding function-types

“If a function token of some function type is (a token-level) part of some function
token of some second type, then the first function type is (a type-level) part of the
second function type.”

Moreover, Vermaas follows closely the Systemic Design and Functional Basis literature
and identifies function-token with couples of finite sets of flow-tokens. For instance,
if a, b, c, d are flow-tokens a function is < {a, b}, {c, d} >, and another is < c, b >
(removing singleton brackets for brevity). Flows have types, and a function-type is
determined by the types of its input and output flows. With the convention that
flow-tokens identified by the same letters (e.g., c and c′) belong to the same type,
an example of two functions of the same type is < c, b > and < c′, b′ >. We also
convene that different letters entail different flow-tokens. Finally, Vermaas defines the
composition (∗Comp(·, ·), a binary operation) of two functions as the function whose
inputs are the union of the inputs of the composed functions, minus the inputs of one
function that are also outputs of the other; and whose outputs are the union of the
outputs of the composed functions, minus the outputs one function that are inputs
of the other. Therefore, for instance, < a, b >= ∗Comp(< a, c >,< c, b >), and
< {a, b, a′, b′, e′, f ′}, {d, d′} >= ∗Comp(< {a, b}, {c, d} >,< {c, a′, b′, e′, f ′}, {d′} >),
< c, b >= ∗Comp(< a, b >,< c, a >), etcetera.

Given this formalization, Vermaas supplies various counter-arguments to the thesis
that ∗Pin and ∗Pty are parthood relations linked to the ∗Comp relation. The main one
is as follows:

• assume, by absurd, that the composition relation is linked with the instance-level
parthood relation in the natural way:

ax25* f = ∗Comp(f1, f2) =⇒ ∗Pin(f1, f) ∧ ∗Pin(f2, f).

• Consider then the functions f1 =< a, b >, f2 =< c, d >, f3 =< d, c >.

• Define f4 ⇐⇒< {a, c}, {b, d} >. Then, f4 = ∗Comp(f1, f2), therefore ∗Pin(f1, f4).

• Note that ∗Comp(f4, f3) = f1. Therefore, ∗Pin(f4, f1).

• By antisymmetry of parthood, f1 = f4. A contradiction, since we assumed that
different letters correspond to different tokens.

118



Chapter 3. Ontology of Functions

This counterexample can be read as a functional model of a chemical plant in which
a liquid (a) is transformed to another liquid (b) through a reaction taking place in a
tank (f1), if such reaction also needs a stream of air entering the tank (c) and leaving
the tank, polluted by some gases (d), before being depurated and sent back to the tank
(f3)

Now, regardless of specific examples, Vermaas composition relation manifestly has
properties that make it unsuited for functional decomposition: for one it is commuta-
tive: ∗Comp(f, f′) = ∗Comp(f′, f), while, in general, the order or function realization
matters. It is also degenerate, in the sense that a null-function is admitted, which can
be decomposed into non-null functions: ∗Comp(< c, d >,< d, c >) =< ∅, ∅ >, that is,
the result of doing various things may be doing nothing. Therefore, our basic argument
is that Vermaas formalizes an algebra of boxes with input/output arrows, but does
not formalize a composition relation between functions. Note that this argument is
independent of stating that the composition of solved functions is linked to a parthood
relation or not.

Let us see how our framework would deal with Vermaas’ chemical plant example.
First, let us refer to the type of liquid a as A, the type of liquid b as B, the type of
the purified air as C and of the polluted air as D, and the type of chemical reaction
happening in the tank as CH. For Vermaas, token functions are made up from token
flows, and token flows are “specific flow[s] that [occur] only once. A token flow of
electrical energy a, for instance, is a flow of energy that exists within one specific period
in time and at one specific place in space” [256]. Therefore, in our framework, the token
functions fi(i = 1, 2, 3, 4) must be interpreted as particular behaviors, and the token
flows as particular participants to those behaviors. Some of these behaviors are also
classified by corresponding individual functions. Those individual functions can belong
to the categories we introduced, such as SolvedFunctions, OntologicalFunctions, or
SystemicFunctions (multiple individual functions of different categories can classify
the same behavior). Intuitively, f2 should not be considered a function, since it is an
unwanted side effect. However, we can still introduce a perdurant-type to classify it:
‘to pollute air using reaction CH’ (pollair,CH, say). Additionally, we introduce another
perdurant, f′2, part of f2, of type ‘to inject air in the liquid to facilitate reaction CH’
(injair,CH), which is a function. We also introduce three ontological functions: ‘to
transform’ (tr), ‘to transform liquid A to liquid B’ (trAB), ‘to depurate air’ (depair);
one engineering method: ‘use chemical reaction CH facilitated by injecting back the
depurated gases from CH in the solution’ (mCH), with corresponding main function ‘to
transform liquid A to liquid B using chemical reaction CH’ (trAB,CH), and subfunctions
‘to depurate air polluted by reaction CH’ (depair,CH). Then, the following relations
hold:

ex28 CL(f1, trAB,CH) ∧ subConceptOf(trAB,CH, trAB) ∧ subConceptOf(trAB, tr) ∧
CL(f3,depair,CH) ∧ subConceptOf(depair,CH,depair) ∧ CL(f′2, injair,CH)

“f1 is classified by trAB,CH, which is a subconcept of trAB, itself a subconcept of
tr. Additionally, f3 is classified by depair,CH which is a subconcept of depair, and
f′2 id classified by injair,CH.”
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ex29 P(f2, f′2)

“f2 is part of f′2.”

ex30 mainFunctionOf(f1,mCH) ∧ subFunctionOf(f2,mCH) ∧
subFunctionOf(f3,mCH)

“f1 is the main function of the method bfmCH , which also has f2 and f3 as sub-
functions.”

Regarding f4, it could be described as an occurrence of the class ‘to transform liquid A
to liquid B using chemical reaction CH and to pollute air using reaction CH’. Such a
class is, however, not a natural perdurant type (nor a function, since polluting is not a
linked to a goal for some agent in this context), and f4 is more naturally described as
the sum of f1 and f2 using DOLCE-perdurant mereology: f4 = f1 + f2.

Indeed, we never introduced a composition relation among functions in our frame-
work, only a decomposition relation. Still, we go on replacing Vermaas’ composition
with perdurant sum: for one it is natural to do so and the sum is also symmetric,
moreover Axiom (ax25)* becomes a classical property of the mereological sum53.

Now, assume that behavior f1 is a DOLCE-event resulted by the culmination of a
process that kept going continuously during a certain time interval t, delimited, say,
by two time periods of inactivity due to scheduled maintenance. Then f2, f3, and f4
are also events ongoing that took place during t. Therefore, all these four perdurants
are temporally coincident. Do some parthood relations hold among the behaviors? For
sure, by definition of mereological sum, P(f2, f4) and P(f1, f4); and we also stipulated
that P(f′2, f2). For the rest, DOLCE does not commit strongly to how parthood between
perdurants should be interpreted, and leaves open the possibility that events may be
spatial, temporally, or spatiotemporally coincident and still be different. Neither is
specified any correspondence between perdurant parthood and spatial, temporal, or
spatiotemporal inclusion (except that the time extension of the parts is included in
the time extension of the corresponding wholes). Therefore, we have some freedom in
modelling. We chose to state that the air pollution and depuration are part of the liquid
transformation: P(f2, f1), P(f3, f1). In particular, they are spatial parts since they are
temporally coincident with their whole. However, P(f2, f1) plus the definition of f4 as
the sum of f2 and f1 entail that f1 = f4, like in Vermaas’ proof.

Is this a contradiction? It is not. The key point is that in Vermaas’ framework the
identity criteria for tokens is equality of the sets of their input and output flows, that
was the reason f1 had to be different from f4. On the other hand, DOLCE’s perdurants
do not necessarily coincide if they have the same participants. Indeed, both cstf4 and
cstf1 are participated by a, b, c and d, let us see why: cstf ′

2 reasonably is participated
by the purified air (c) only (at any given instant t′ in the interval t, c is made from the
amount of purified air present at t, note that this amount varies with t, so c is more
correctly not a constant but a function of time). cstf2 is participated by the purified
air (c) and by the polluted air (d, note that also d is a function of time), cstf3 is again
participated by c and d. Finally, both cstf4 and cstf1 are participated by a, b, c and

53I.e., that the mereological sum of some entities has those entities as parts.
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d because participants of parts are also participants of the whole (Axioms Ad58 from
[175]), moreover, since the air and the polluted gases are integral parts of the conversion
process, it is only natural that they are both participants in f1.

Moreover, in our framework, the f1 is decomposed into f′2 and f3: decom(f1; f′2, f3).
As discussed above, Axiom (ax25)* (with ∗Pin replaced with DOLCE’s P) can be ac-
cepted without contradiction. Note that such an axiom may be accepted but we do
not commit to accept it in this framework. Additionally, the other two criticalities
of Vermaas’ composition relation, symmetry and degeneracy, are also bypassed in our
framework: the decom relation, as it has been defined, is not symmetric (it appears
symmetric in the example above, but it is not so in general). Regarding degeneracy,
we must first establish what a null event is in DOLCE: if null events are events with
no participants, then these do not exist in DOLCE, since in DOLCE every event has
some participant at some time, thus the decom relation cannot be degenerate. If null
events have participants, then they should be interpreted as stasis, i.e. non-changes
(e.g. ‘nothing happened to my garden yesterday’), then these null events should be
properly interpreted as DOLCE-states. Due to the homeomericity of the category of
DOLCE-states, any part54 of the stasis should also be a null event, therefore a null
event cannot be decomposed into non-null events, provided that we adopt (ax25).

Regarding the relation of parthood between function types, we come instead to
the same conclusion of Vermaas: if it is defined by Axiom (ax24)* (mutata mutatis
to adhere with our notation), then it cannot be a parthood relation. The reason is
simple: the above example and (ax24)* entail, in particular, that ∗Pty(depair, tr). It is
then sufficient that a ‘to depurate air’ function is decomposed into a series of functions
containing at least one function of type ‘to convert’ (and the existence of such decom-
position is certainly possible if not certain given the variety of devices and functional
decompositions in any given engineering discipline) to have that ∗Pty(tr,depair) and
thus depair = tr, which we reject as absurd since it is an equality between two different
concepts.

Summary. We claim Vermaas’ proof for the impossibility of token-level function part-
hood does not apply in our framework. The key point is that the identity criteria of
Vermaas’ function-token are different from the identity criteria of the behaviors of our
framework, which are DOLCE-perdurants. Additionally, while Vermaas composition
relation is symmetric (∗Comp(f, f′) = ∗Comp(f′, f)) and degenerate (there are non-
null functions that compose to a null function), our decomposition relation is neither.
Therefore, (ax25)* may be accepted without contradiction, though we do not commit
to it.

On the other hand, in our system as in that of Vermaas, type-level parthood between
functions defined from token-level parthood by mere possibility is not acceptable.

54Actually, any temporal part of the stasis. However, this is a technical subtlety and given that, in
DOLCE, for any part of a perdurant there is a corresponding temporal part (consider e.g. the fusion
of all the parts temporally included in the starting part: said fusion is the smallest temporal part
containing the starting part), we can assume that the parts mentioned in our argument are temporal
parts, and our application of homeomericity is valid.
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In addition, note that the issue of functional parts of organisms and artefacts is
an important topic, which is different from but connected with the topic of parthood
between functions addressed in this section. It is also a topic outside this analysis,
however, for the sake of completeness, we refer the interested reader to the works
[100, 242].

3.0.9 Comparison with some previous formalizations

Starred predicates are taken from other works.

Comparison with Masolo’s Social Roles The attentive reader could have noticed
that while we base our approach to roles on (parts) of the work of Masolo et al. on social
roles [179], we consciously maintain some differences. Masolo defines roles as antirigid
and founded concepts. Regarding rigidity, we already mentioned at the start of Section
3.0.2 that, while for Masolo roles classify endurants only, we allow roles to classifies
perdurants, and that in that case the antirigidity of roles can be obtained by considering
a modality other than time. Regarding roles being founded, for Masolo this means that
roles are (i) generically existentially dependent on some other, external, concept and (ii)
definitionally-dependent on the same concept from (i). Generic existential dependence
on an external concept would be the same as our instantiationFoundedOn, modulo
some minor aesthetic differences in the formalization. Instead, definitional dependence
is analogous to our definition-founded relation. A first difference is that we consider
(i) and (ii) separately, to be more flexible: depending on the precise conceptualization,
a role-player could sometimes be present while no instance of the concept on which
the role definitionally-depends is present (as in the example of the doctor and patient
roles).

Another difference is that we introduce definition-founding only informally, while
Masolo defines definitional-dependence by means of other, primitive predicates:

ex31*55 ∗definitionallyDependentOn(x, y) ⇐⇒ ∃d∗definedBy(x, d) ∧ ∗usedBy(y, d)

“The concept x is definitionally dependent on the concept y if and only if there is
some description (d) that defines x and uses y.”

Where defined-by is a relation linking a concept to the one description that defines
it, which always exists and is unique in Masolo’s role theory, and where used-by links
a concept to a description that contains the concept in some form (e.g. the Italian
constitution, if conceptualized as a description, uses various concepts, including that
of ‘republic’). We did not adopt such a formal machinery, because it would bring into
play various topics and issues that are tangential to this thesis. However, we argue
that the theory developed in this thesis could be extended along the lines of (ex31), by
identifying definition-founding with definitional dependence without any issue.

Actually, some issues do seem to appear with the ontological categories of the relata:
for Masolo definitional dependence must relate concepts only, while for us definition-
founding seems to sometimes relate concepts (as in the doctor and patient example) and
some other times individuals and concepts (as in axioms (ax20) and (ax22)). However,
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this is not an insurmountable obstacle: one can, for instance, consider concepts classi-
fying unique individuals (i.e. definite determiners) and their definitions. Then, by an
innocuous abuse of notation consisting of identifying the definite determiner with the
underlying individual, definition-founding can be reduced to definitional dependence
and still relate individuals and concepts.

Comparison with Vermaas’ formalization of parthood between functions An
example was already discussed in depth in Section 3.0.8.3. Here we just summarize
that Vermaas argument about the impossibility of a parthood relation applies to our
framework at the type-level only, while at token-level it is possible to link a parthood
relation to function decomposition.

Comparison with IOF Core ontology The Industrial Ontology Foundry56 Core
ontology57 adopts BFO’s concept of function, which, as discussed at the start of Section
3.0.2, espouses dissimilar ontological commitments than ours. Regardless, IOF Core
contains a definition of ‘design functions’ (also called ‘artifact functions’):

df36* ∗ArtifactFunction(x) ⇐⇒ ∗Function(x) ∧ ∃d(∗DesignSpecification(m) ∧
∗prescribedBy(x, d))

“Artifact functions are exactly those functions prescribed by some design specifi-
cation.”

And it is clear that this definition is strongly similar to our definition of design func-
tion discussed in Section 3.0.7, provided that one interprets the prescription of design
specifications under the light of an intentional selection event.

Comparison with Burek’s ontology of functions relations Burek’s work is quite
detailed, and here we can only summarize and paraphrase it briefly. First, note that
his concept of functions is the same as GFO’s (discussed in Section 2.1.6), so we don’t
repeat it here. Instead, we are especially interested in the part of his theory that de-
scribes relations holding between functions. Burek analyzes many of these, in particular,
instantiation, subsumption, parthood, and causal relations. Essentially, his strategy re-
garding subsumption (which he distinguishes into subsumption proper, specialization,
and individualization) and instantiation is as follows: in his framework functions are
complex statements including a goal (the desired output of the function), a functional
item (the actor executing the function), a requirement (the state preceding the function
execution). A function is thus determined by a triple (Requirement, Item,Goal). Each
of the three elements of the triple is called function determinant and may be a class or
a single individual. A function is an individual if all its determinants are individual,
otherwise is a class. Then, a function-class is subsumed by another if their determinants
are classes and each class of the triple of the first is subsumed by the corresponding class

56https://oagi.org/pages/industrial-ontologies.
57We refer specifically to the commit https://github.com/iofoundry/ontology/commit/

7903ea00e44edca1da56bae827cb78e25a8a8cdf.
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of the triple of the second; a function-class specializes another if it is subsumed by it and
one of the three element subsumptions is strict; a function-class individualizes another
if some determinants of the first are instances of the corresponding determinants of the
second; an individual function instantiates a function-class if all the determinants of
the first function instantiate the corresponding determinants of the second. For exam-
ple, ‘today the White House was renovated’ instatiates ‘to renovate the White House’,
which individualizes ‘to renovate a house’, which specializes ‘to renovate a building’.

Burek employs the same strategy of lifting determinant-level relations for parthood:
a function is a function-part of another if the requirement and the goal of the first are
part of the corresponding determinants of the second function. A function can also
be made up from a sequence of sub-functions (where the goal of one element of the
sequence is part of the requirement of the next element), in that case each sequence
element is a sequence-part of the whole function.

Similarly, if the goal of the first function-class (f1) is part of the second class (f2),
then f1 supports f2. f1 enables f2 if, instead, the goal of f1 is part of f2’s requirement.
If the goal of f1 is incompatible with the requirements of the second function, then f1
prevents f2.

The previous three relations hold between function-classes, and have a causal nature
since they are interpreted as either leading to or removing necessary preconditions.
Similar relations hold between function instances58: an instance triggers another if it
directly causes it, while an instance improves another if it neutralizes its side-effects.

A summary mapping of his relations with those of our framework can be established
as follows: Burek’s hierarchical relations (instantiation, subsumption, specialization,
and individualization) are not directly subcases of ours (CL, subConceptOf59), since
Burek analyzes cases that are more specific than what we are interested in considering,
due to his analysis of function determinants. Neither are our hierarchical relations direct
subcases of Burek’s, mainly due to our emphasis on differentiating functions and way-
of-achievements. The approach to parthood is very different: Burek lifts the parthood
relations between function determinants, while we adopt DOLCE perdurant mereology
at token-level and reject the possibility of a parthood relation between functions at
type-level. Burek’s causal relation between function universals should be interpreted,
in our framework, with the precedes, follows, and similar dependence-like relations
holding at type-level. Finally, the causal relations at token-level should be interpreted
with relations that will be introduced in the oncoming chapter (Section 4.1.4), after the
introduction of Toyoshima’s causal ontology, so we don’t discuss them here.

Burek discusses also two other important classes of relations, this time holding
between functions and non-functions: ascription and realization. As anticipated in Note
58, the discussion about realization is too long for the size of this section, moreover its

58Burek actually talks about function realizations, and for Burek function the instantiation relation is
a strict subcase of the realization relation. However, since the discussion about realizations is complex,
and its essence is preserved by the instantiation relation, we consider only function instantiations.

59These two are relations holding among tokens and reified concepts, if one whishes to make away
with reification and uses only non-reified classes, the analogue of CL is instantiation and the analogue
of subConceptOf is subsumption.
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essential core is preserved by the instantiation relation, thus we have considered only
the latter. Instead, regarding the ascription relation, it corresponds arguably to our
hasFunction relation defined in (df27).

Comparison with Borgo and Vieu artefacts From [35] we took mainly the
intentionally-selects predicate that was originally (Formula A2 at p. 297) defined as:

df37* ∗PhysArt[x] ⇐⇒ ∃e, p, y, q ∗intentionalSel(e, p, x, y, q)

“x is a physical artefact if and only if there is some event e where the agent p obtains
the artefact x by intentionally selecting the material entity y and attributing to it
capacity q.”

ax26* ∗intentionalSel(e, p, x, y, q) =⇒ E(e)∧(APO(p)∨ASO(p))∧∗PhysArt(x)∧(M(y)∨
NAPO(y)) ∧ ∗AttributedCap(q) ∧ qt(q, x) ∧ ∃t(qlT (t, e) ∧ PC(y, e, t) ∧ PC(x, e, t) ∧
PC(p, e, t) ∧ K(y, x, t))

“In the intentional selection predicate, e is an event, p an agentive social or physical
object, x is a physical artefact, y is an amount of matter or non-agentive physical
object, and q is an attributed capacity. Additionally, q is a quality of x and
during the time extension of e, y, x,and p are participants in such an event, and y
constitutes x.”

First, note that what they call ‘capacity’ in this thesis is referred to a ‘capability’,
while the capacities of this thesis go in the direction of grounding the complexity of
capabilities as individual qualities, which is a putative direction of research considered
in [35]. Second, the relations between the modified and original intentional selection
predicate arguably are:

mp1 ∗intentionalSel(e, a, x, y, q) =⇒ intentionalSel(e, a, x, q)

“By ignoring the underlying amount of matter or object in intentional selection
predicate from [35] we obtain the analogous predicate from Definition (df27).”

mp2 intentionalSel(e, a, x, q) =⇒ ∃y ∗intentionalSel(e, a, x, y, q)

“Every time an agent (a) intentionally selects (though event e) a capability (q) of
some artefact x, there is some amount of matter or non-agentive physical object
y such that the intentional selection predicate from [35] holds between a, e, q, x,
and y.” Here we express the link between the capability and the function with the
definition-founding relation, as was done before. Notice that f may be an onto-
logical function, but also some more specific intentional predicate from Definition
(df27)

That is, we adopt the same intentional-selection account, only ignoring, for sake of
simplicity, the possibility that the artifact, after the selection event, becomes a different
object but colocated with the object it was before. We still admit that possibility, only
do not mention it explicitly. Additionally, in [35] the authors speak of the capacity of
an object, as, essentially, the sum of all the abilities of the object to behave in some
way: “the quale corresponding to the capacity of an entity at a given time collects
all the various dispositions or behaviors the entity is able to express at that time”.
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However, they recognize the possibility of needing to associate multiple, different types
of capacities of smaller scope to an entity, which is the direction we pursued. And, in
any case, the attributed capacity values are typically smaller than the whole capacity.

Comparison with UFO A full comparison with UFO, which would inevitably beckon
a full comparison between DOLCE and UFO, is far beyond the scope of this thesis.
However, a brief, limited comparison with UFO’s analogues of DOLCE-qualities is in-
teresting, especially in light of our proposal about capacities and capabilities in Section
3.0.6 (especially the latter, since UFO literature focuses on those). The main reference
that we use for this section is Guizzardi’s thesis [99].

Very briefly, UFO introduces an inherence relation, similar to DOLCE’s, and a class
‘moments’ made exactly from those (UFO-)endurants that inhere in some other UFO-
endurant60. Additionally, UFO divides moments into intrinsic and relational. Put this
way, UFO’s moments would appear to be the same as DOLCE’s qualities, with intrinsic
(relational) moments aligning to the intrinsic (relational) qualities introduced in this
thesis. However, there are some critical differences: for one, Gärdendfords-inspired
qualities are also called qualities in UFO and make up a class strictly smaller than
intrinsic moments: they are defined as those intrinsic moments that are associated to
a ‘quality structure’ [99, Axioms (24, 25)], roughly a conceptual space made from an
integral domain. Second, UFO-qualities are all intrinsic moments, in contrast with
our liberal use of relational DOLCE-qualities. Moreover, the complement of UFO-
qualities within intrinsic moments is the class of ‘modes’ [99, Axiom (41)], and modes
are described as “conceptualized in terms of multiple separable quality dimensions”
and exemplified by (also) “skills”, suggesting a strong similarity with our treatment
of capabilities. A further suggestion in this direction is the introduction in UFO of
externally dependent modes, which (despite being intrinsic) are existentially dependent
on some entity independent61 from the mode’s bearer [99, Axiom (42)]: the replacement
of our term ‘relational’ with the locution ‘dependent on some entity independent from
their bearer [or just external]’ would take care of the mismatch caused by the presence
of relational qualities. However, externally dependent modes are also founded by some
event [101, Axiom 71], in the sense that, e.g., the conjugal commitment of the husband
to the wife is founded by the event of their marriage, and we did not consider analogues
of founding events for capabilities.

Additionally, UFO divides qualities into simple and complex: simple qualities are
those that do not bear other qualities, complex qualities are those that do [99, (28),(29)],
and complex quality can only bear simple quality. Due to this, there cannot be long
chains of qualities inhering in other qualities; modes instead can bear their own mo-
ments, either modes or qualities [101]. We did not define classes for simple and complex
qualities62, because we eventually used the term simple (complex) to refer to spaces

60Already we can see a mismatch with DOLCE, since in DOLCE endurants do not inhere in other
entities. However, this point is very high-level and thus outside the scope of this section.

61Independence in UFO is defined as reciprocal non-dependence, which is different from our definition
of external-to (df9), but has the same goal.

62In any case it is possible to copy UFO’s definition in DOLCE without any issue.
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made from a single (multiple separable) integral domain(s). This is a minor mismatch
that could also be amended with an appropriate change in terminology63.

Another important category in UFO is that of relators: relators are (non-intrinsic)
moments that mediate between the relata of a material64 relation. The mediation
relation holds between relators and endurents that are relata of a material relation.
In order for such relata to be mediated by the relator, they must bear another type
of moments: qua individuals. Qua individuals are UFO-externally-independent-modes
that inhere in the relata of material relations, are part of the corresponding relator (one
relator-instance corresponds to one material-relation instance), and exemplify the set of
properties that the relatum they inhere in has in the scope of the relation. For example,
the relation relating together the buyer, the acquired good, and the shop of an individual
purchase is a material relation. Therefore, for any such individual purchase there is a
relator individual that mediates the relevant relata. For instance, if John buys a copy of
a book on Amazon, then there is a relator (say, r) that mediates with John, the book,
and Amazon; there are also three qua individuals, which are all part of the relator:
the qua individual corresponding to John represents all of John’s properties relevant in
the context of the purchase (e.g. John’s willingness to buy the book). UFO-relators
are especially important in the context of this thesis because they could be used to,
e.g., conceptualize entities that appear to be tightly linked to material relations, such
as affordances and relational qualities. In particular, in [94] relational qualities are
mentioned in this context and in [96] is said that “relational qualities typically come in
bundles called relators”. However, we do not examine the issue of UFO-relata further
for the sake of brevity.

More importantly, capabilities are considered as dispositions [12, 188], which is a
modeling path we have consciously decided to avoid, although we do not reject neces-
sarily, preferring to highlight the dependence relations between capabilities and other
qualities instead. Moreover, there are differences in the attribution of values to quali-
ties: UFO uses a time-slice formalization, in the sense that its predicates do not have
time as an argument and instead the modal formalism of possible worlds is used to
allow for reference to different situations, including to the same entities at different
times. Even discounting this difference as one related to the logical formalism, quality
spaces for modes remain (to the best of our knowledge) not developed in UFO, in fact
in [101] it is stated that modes cannot be projected into a value space (although they
can bear qualities themselves that can be used to qualify them). Additionally, (what
looks like UFO’s version of) capabilities performance (by which we mean how a capa-
bility is manifested, e.g. well or bad, slow or fast) seems to be described in UFO by the
value of a quality inhering in the capability itself (which, as an UFO-mode can bear
UFO-qualities) “a DispositionType (such as ‘Passenger Carrying Capability’) may be

63Another minor mismatch is the conceptualization of integral dimensions: in [99] the day, month,
and year fields of a date are examples of integral dimensions of the date domain, however, the depen-
dence among these fields is formal and conventional in nature, distinct from the perceptual nature of,
say, the dependency between pitch and loudness.

64That is, a relation with a structure of their own, such as employments or flight connections. The
opposite of ‘material’ relation is ‘formal’ relation, e.g. ‘one is smaller than two’ or the quale-of relation.
See [99] for a more detailed discussion.
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characterized [i.e. instances of the first type may bear instances of the second type] by a
QualityType (e.g., ‘Passenger Capacity’). This opens us the possibility for representing
capability measurement and capability improvement over time” [188]. In this way UFO
can indicate the degree of performance of a capability or the fact that the capability
changes overs time.

Another important point is that UFO modes inhere contingently in they bearers
(e.g. they can be lost or found) while DOLCE qualities, at least in the Wonderweb
Deliverable 18 version [177], necessarily has the same temporal (and possibly spatial,
for physical qualities) extension of their bearers. However, in a more recent version of
DOLCE (OntoCommons Deliverable D2.7 [175]), such a fact has been weakened, and
the life of a DOLCE-quality can be strictly smaller than the life of its bearer: in this
latter case, if we assume contingency/necessity issues have been reduced to only the
temporal modality, then the two approaches are in principle compatible and an entity
may lose or gain qualities, as also exemplified in the gear train example.

In conclusion, UFO’s moments share strong similarities with DOLCE-qualities and
our conceptualization of capabilities could almost be directly translated into UFO.
The analogy between the fact that we have founded DOLCE-quality-capabilities on
other DOLCE-qualities and the fact that in UFO UFO-disposition-capabilities can bear
UFO-qualities (e.g. the example of Passenger Carrying Capability bearing Passenger
Capacity) is particularly striking. However, there are various subtle obstacles preventing
this, that cannot be resolved by a single, simple modification to either DOLCE, UFO,
or this thesis work. For instance, even when assuming that all incompatibilities between
DOLCE-qualities and UFO-moments have been amended, one possible, minimal way
to modify our approach to fit in UFO by mapping capabilities to externally dependent
modes would still require to (i) explain what are founding events for capabilities, (ii)
take care of ensuring that contingency of UFO-capabilities and DOLCE-capabilities is
aligned (as mentioned above this may be possible if using DOLCE’s axiomatization
from [175]), (iii) specify what are relational qualities in DOLCE and how they relate
to relational qualities in UFO, (iv) take care of also mapping the rest of the formal
machinery of this thesis in UFO in such a way as to preserve the most links between
capabilities and related entities.

Further analysis of this topics is no easy task. We conclude here for brevity.

3.0.10 Reduction to OWL ontology

As mentioned in Chapter 1, we serialize our theory of function, which was developed
in this chapter, in the OWL language, for sake of applicability. There are methods to
(semi-)automatically produce an OWL-theory from a first-order logic one, which is, in
some sense, a good approximation [108]. We start from these, however, since we want
to preserve the best the aspects that we consider most important, the OWL version is
mostly manually curated.

Note that the only part of the first-order theory developed in the previous sections
that is not already in the OWL fragment is constituted by the set of expressions where
either ternary relations appear, or at least three variables are necessary. Relevant
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examples are the definition of systemic-function-of (df16), the instantiation-founding
definition (df11), and the engineering method schema (df24). In these cases we have
to decide how to suitably modify the axioms. For instance, we decided to modify the
definition of systemic functions in

ax27owl SysFunction ⊑(∀classifies.(Behavior ⊓ ∃posCausalCon.Goal)⊓
∃sp-dependent-on.System)

“Every systemic function classifies only behaviors that positively causally con-
tribute to some goal; and is specifically dependent on some system.”

where classifies is the inverse relation of CL(·, ·) (constantly classified by, defined
below in (df38)). In this way, we highlight and preserve the fact that systemic functions
are definition-founded on systems.

Then, all the ternary temporalized relations used in the first-order version, such as
CL(·, ·, ·) and participateAsDoer(·, ·, ·), have corresponding OWL analogues that have
the temporal argument removed. The passage from a temporalized relations to a non-
temporalized analogue can be carried out in different ways [239]. One way is to state
that the non-temporalized relation holds if and only if the temporalized relation holds
whenever one of its arguments exists. Notice that the meaning of the ensuing relation
in general depends on which argument is chosen for this definition. For example, in
the case of temporalized parthood, the arguments are ‘part’ and ‘whole’ and the part
is-part-of the whole at some time, whenever the temporalized parthood relation holds;
then, we can arrive at two non-temporalized analogues: one holds whenever the part
is-part-of the whole life of the part, the other holds whenever the part is-part-of the
whole for the whole life of the whole. An example of the latter and not of the former is
a heart, which is part of a person from their birth to their death and later is donated
to another person; an example of the former and not of the latter is a tree, which
is part of a forest from its birth to its death. The former case is also our choice
for the parthood (df15), classification, and temporal quale relations; while we chose
the latter for participation-like relations (the following axioms are labeled as meta-
rules because they are formulated in first-order logic but they explain how to link two
different languages together):

df38meta CL(x, y) ⇐⇒ ((∃tPRE(x, t)) ∧ ∀t(PRE(x, t) =⇒ CL(x, y, t)))

“x is constantly classified by y if and only if x is classified by y whenever x exists.”

df39meta ql(x, y) ⇐⇒ ((∃tPRE(x, t)) ∧ ∀t(PRE(x, t) =⇒ ql(x, y, t)))

“y is a constant temporary quale of the quality x if and only if y is a temporary
quale of y whenever x exists.”

df40meta participateAsDoer(x, y) ⇐⇒ ∃t(PRE(y, t)) ∧
∀t(PRE(y, t) =⇒ participateAsDoer(x, y, t))

“x constantly participates-as-doer to y if and only if x participates-as-doer to y for
the whole of y duration.”

There are other ways to obtain a non-temporalized analog in addition to those described
above, e.g. one could also state that the non-temporalized relation holds if and only if
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the temporalized relation holds at some given time:

ex32meta participateAsDoer(x, y) ⇐⇒ ∃t participateAsDoer(x, y, t)
“x participates-at-some-time as doer in y if and only there is some time t such that
x participates as doer in y at time t.”

This does not exhaust the list of methods, and the choice of one over is contextual
to the concerns of the given ontology, since this choice affects the intended models.
For example, (df40) excludes participation in a process only for a given temporal part,
while (ex32) allows it, but in OWL no difference is apparent. Removing the temporal
argument diminishes the flexibility of the resulting ontology. For instance, it becomes
impossible to directly track dynamic aspects of roles, such as a component that performs
one function at a certain time and then switches to another function later. Additionally,
it is not possible to express scenarios like a chemical process that is driven by different
catalysts in different phases.

Furthermore, we need two additional binary relations that we use to implement and
simplify (df24) and redefine (df25):

df41meta mainFunctionOf(f, m) ⇐⇒ (subConceptOf(f, mainm) ∧ SysFunction(f))

“f is main-function-of a method m if and only if it is a systemic function specializing
the main-function role corresponding to m.”

df42meta subFunctionOf(f, m) ⇐⇒ (subConceptOf(f, submi ) ∧ SysFunction(f))

“f is main-function-of a method m if and only if it is a systemic function specializing
any of the sub-function roles corresponding to m.”

df43owl SolvedFunction ≡ ∃MainFunction.EngMethod
“Solved functions are exactly the individuals that are main-function-of some engi-
neering method.” Note that an solved function must be a systemic function due
to (df41).

Finally, various axioms that require more than two variable are simply suppressed
(e.g., (df27) and (ax23)).

DOLCE is a (modal) first-order logic theory, but OWL versions exist, such as
DOLCE-lite and DOLCE-ultralite65. Any of these could be used to align the OWL
version of our ontology with DOLCE: we used the OWL version of DOLCE that was
recently submitted as part of the ISO 21838 standard. A serialisation of the resulting
theory can be found on GitHub66. The ontology is populated by some example instances
and its consistency was tested using the Hermit reasoner.

Brief exemplification To wrap up this section, we give a picture (3.9) expanding
the schema in Figure 3.6 to add a few instances, with the goal of demonstrating how
the concepts introduced earlier coalesce to provide a comprehensive description of a
functional scenario.

65Available at http://www.loa.istc.cnr.it/index.php/dolce/.
66https://github.com/kataph/function-method-ontology.git.
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Figure 3.8: The ontology taxonomy in Protegé.

3.0.11 Evaluation of FOL and OWL ontologies

Various techniques exist to evaluate the quality of FOL and OWL ontologies. However,
in this section we focus on evaluating the OWL version, since the techniques for OWL
ontologies are more specialized. However, before coming to that, we shall summarily
discuss how our framework compares to the desiderata listed in Section 2.1.6:

• Teleology: it is not always true in this framework that the existence of the func-
tion bearer is explained by the function itself, consider the discussion of drug
repositioning in Section 3.0.7: a certain drug may bear the function of curing a
certain illness, despite having been manufactured to treat a different illness, i.e.
it was brought into existence to execute a different function.

• Restriction: the duality between essential and accidental functions has been dis-
cussed in Section 3.0.7: cf. definitions (df28) and (df29).

• Normativity and Malfunction: performance of function execution has been dis-
cussed in Section 3.0.6, and bad performance at some time does not prevent the
corresponding function from being present at that time.

• No epiphenomenalism and Support: this was discussed in Section 3.0.7, in sum-
mary the structure of the function bearer is linked to the ascribed function by
proxy of the selected capability (cf. Definition (df27)), since the capability itself
is grounded in the physical structure of the function bearer (cf. Section 3.0.6).
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Figure 3.9: The primary concepts and relationships explained in this section. To en-
hance simplicity and clarity, the diagram is based on the corresponding OWL model,
and numerous relations and concepts are omitted. Note that a filled black arrow be-
tween individuals indicates that the relevant object property holds between those two
individulas, while a filled black arrow between classes indicates that the object property
corresponding to the edge’s label enjoys an existential restriction axiom between the
classes (e.g. any solved function is main-function-of some engineering method). This
picture illustrates the underlying OWL ontology and its axiomatization with some ex-
ample instances, in particular it is not meant as a mandatory modeling pattern. Such
minimal patterns would look more like Those in Figure 3.10.
An example instantiation of the schema for a voltage divider is included. The dotted
instance-of arrow is inferable, as the associated systemic function serves as the main
function of a certain engineering method (cfr. (df43)).

132



Chapter 3. Ontology of Functions

(a) Example of minimal modeling pattern
for functional decomposition, extrapolated
from Figure 3.9 by maintaining only engi-
neering methods, and systemic functions
and their generalizations.

(b) Example of minimal modeling pattern
for functional decomposition, extrapolated
from Figure 3.9 by leaving only capabili-
ties and capacities and their relation, on-
tological function the capabilities depend
on, and the capability bearer.

Figure 3.10

• Innovation: since functions were separated from ways-of-achievements, innova-
tion happens by adding new ways to achieve functions (which, at a high level of
generality can be a fixed, finite amount).

• Continuants: functions and their realizations are differentiated in our framework,
the former are concepts/roles the latter are perdurants.

• Domain bridging: we conciously decided to only focus on engineering functions.

• Processes: this was also argued by Burek, however, we opted not to purse this
possibility (cf. the end of Section 3.0.7).

• Decomposition: functional decomposition has been accounted for in the dedicated
section.

This list also thoroughly answer to Research Question (RQ1).
Coming to the techniques used to evaluate OWL ontologies, many of these are not

applicable in this case. For instance, there is no “gold standard” [229] or set of formal
ontologies available for comparison using typical ontology metrics67, nor there is, at

67such as those provided by OntoMetrics68.
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this general level, a specific task against which to conduct a performance evaluation.
Instead, we will make use of the OntoClean methodology [98], of the Ontology Pitfall
Scanner [208], and of the competency questions technique [90] (in which we also include
the research questions (RQ1)-(RQ3)).

OntoClean. None of the meta-level rules that OntoClean enforces are violated, that
is, the ontology is ‘clean’. Since we extend DOLCE categories, which are already known
to satisfy such rules, OntoClean violations may only be introduced by subsuming a non
anti-rigid class in a role-concept extension (i.e., the set of entities that, at a given time,
are classified by the role-concept). This does not happen since (systemic, engineering,
main-, sub-)functions, as we define them, are indeed anti-rigid (e.g., a heat exchanger,
with its behavior, may be used to heat a substance or to cool it, depending on the
context).

Ontology Pitfall Scanner We evaluated the OWL ontology with the Ontology Pit-
fall Scanner (OOPS!) [208]. OOPS! is a tool that, given an OWL ontology, searches
for matches from a list of 41 common design errors. Some pitfall were found but not
discarded, since they were related to imported ontology. Among the remaining pitfalls,
some are minor stylistic issues69, which we also ignored; but some are important: P11
(“Missing domain or range in properties”), P24 (“Using recursive definitions”), and P30
(“Equivalent classes not explicitly declared”). P11 means that some object property has
domain or range axioms missing, but this is a deliberate design choice to minimize the
ontological commitment of the ontology. P24 arises because OOPS! mistakenly inter-
prets (ax12) as a recursive definition (due to the ontological functions class appearing
on both sides of the material implication), although this is not the case. Similarly,
P30 occurs because OOPS! incorrectly assumes that the class of resistors (technical
artifacts) and the class of resistances (capacities) should be equivalent.

Research questions and competency questions The answers to 1-3 are as follows:

• Answer to (RQ1). This was answered at the start of this section, however, as
a brief summary We modeled functions as DOLCE-concepts that classify certain
classes of perdurants and this modelling choice has at least the advantage of ex-
plaining the why-how and abstraction-implementation ambiguities in the mean-
ing of ‘function’: it is possible to separate engineering methods from (proper)
functions; and systemic functions from ontological functions, depending on their
abstraction level. It also explains how functions can exist even when they are not
executed, and various other classical issues and dualities related to functions.

• Answer to (RQ2). The functional decomposition of systemic functions is dis-
cussed in Section 3.0.3: functions are decomposed into a tree of alternating func-
tions and engineering methods.

69Some inverse object-properties are missing, and the naming convention differs between object-
properties and classes.
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• Answer to (RQ3). Capabilities and capacities are discussed in Section 3.0.4.
Capabilities are defined by leveraging ontological functions, capacities are roughly
considered parameters of capabilities. Moreover, and capabilities are specifically
dependent on capacities.

We also consider some related competency questions, to confirm the expressive power
of the ontology. In addition, since it is (arguably) self-evident that these questions can
be of interest for applications, given the literature review of Chapter 2, the fact of the
ontology has the expressive power to formulate these questions constitutes a validation
mechanism:

CQ1 Given a function, which artifacts have the capability of satisfying it? (Here func-
tions will be interpreted here as ontological functions)

CQ2 How can the given function be implemented? (Here function will be interpreted
as ontological function)

CQ3 What are the capacities that a given capability has? (Where ‘has’ will be inter-
preted as ‘depends on’)

CQ4 Which parameters explain the performance of some component in a given system?
(Interpreted as ‘what are the capacities of the capabilities of the component that
are relevant in executing its function?’)

CQ5 Which is the functional decomposition of a given system?

CQ6 Which is the function of the given tag and what is its purpose? (Tags here will
be interpreted as systemic functions or identifier thereof)

The ontology, after being suitably populated with an Abox, can answer the questions
(CQ1)-(CQ6) by, e.g., means of SPARQL queries. For instance, this is a SPARQL query
implementing (CQ1):

PREFIX : <https://github.com/kataph/function-method-ontology#>
SELECT ?component
WHERE {
?capability :definition-founded-on :<the given function> .
?capability :quality-of ?component}

While this implements (CQ4):

PREFIX : <https://github.com/kataph/function-method-ontology#>
SELECT ?component ?ontologicalFunction ?capacity
WHERE {

?systemicFunction :function-of ?component .
?systemicFunction :sp-dependent-on :<the given system> .
?systemicFunction :sub-concept-of ?ontologicalFunction .
?capability :definition-founded-on ?ontologicalFunction .
?capability :quality-of ?component .
?capability :sp-dependent-on ?capacity .
?capacity :quality-of ?component}
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And this implements (CQ5), by returning the list of all systemic functions of components
in a given with their corresponding method and role (main-function or sub-function):

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX : <https://github.com/kataph/function-method-ontology#>
SELECT ?component ?systemicFunction ?role ?method
WHERE {

?systemicFunction ?role ?method .
?method rdf:type/rdfs:subClassOf* :EngineeringMethod .
?systemicFunction :function-of ?component .
?component :constant-part-of :<the given system>}

The remaining competency questions can be implemented similarly (see also Fig.3.11
for (CQ3); also note that to answer, say, (CQ2) one just needs the pattern 3.10b).

Figure 3.11: The Query (CQ3) implemented in Protegé.

Alternatively, some of the competency questions70, such as (CQ1) can be formalized
as an OWL class expression (see Figure 3.12); in this case, if the question has the
shape “Which are all the Xs such that P (X)?” and the instances of the class are the
individuals (the Xs) to be retrieved by the question. This type of queries is called
‘DL queries’. The difference is that this latter method necessarily employs reasoning to
carry out the classification task, meaning that it has the potential of retrieving instances
that are known to satisfy the properties prescribed by the question (the P (X)) only
implicitly; additionally, this DL queries can execute other reasoning tasks, such as
finding subclasses or equivalent classes of the specified OWL class expression. These
reasoning tasks correspond to questions roughly of shape “Which are some types of
entities that satisfy P?” and “Which are some types of entities that exactly satisfy P?”.
SPARQL queries, instead, may or may not employ reasoning, and if they do, they may
employ a particular entailment regime developed by a particular RDF-database vendor.
However, considering only syntax aspects, SPARQL queries are strictly more expressive
than DL queries. Therefore DL and SPARQL queries are not strictly comparable.

70Precisely, those that can be formulated in OWL, i.e. either require at most two variables or are
constituted by variables chained together by a series of object properties.
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Figure 3.12: Example of competency question formalized as a DL query.

137



138



Chapter 4

An Ontology of Malfunctions in
Engineering Systems

In this chapter, we carry out an ontological analysis of malfunctions based on the review
of Section 2.2 as well as the theory of functions built in the previous chapter, with the
hope of developing a solid technical foundation or even a unifying framework to talk
about malfunctions in engineering. Note that the content of this chapter is roughly
based on some already published work ([53]), but said content has been extensively
modified and enriched. One motivation for this analysis stems from the recognition
that engineering language about malfunctions is often hindered by terminological and
conceptual confusion within the domain. Different stakeholders, even though they have
expertise in similar or the same areas, might use different terms to describe the same
failure phenomenon, as demonstrated in Chapter 2, leading to miscommunication and
reduced efficiency in identifying and addressing the root causes. By conducting an on-
tological analysis and providing clear definitions for key domain concepts, this work
aims to establish a common understanding and language for treating engineering mal-
functions, failure analysis in particular. This standardized approach could bridge the
gap between various engineering disciplines, facilitating interdisciplinary collaboration
and knowledge-sharing, and solving interoperability issues. In particular, some key
properties of the language introduced in this chapter are:

• it is grounded in a robust ontological analysis of malfunction-related concepts.

• As a formal language, it ensures recorded facts can (i) be validated for compliance
with the underlying ontology and (ii) be enhanced through inferencing.

• The language has been serialized using various technologies to facilitate ease of
use across different contexts.

• It enables the recording and analysis of failure occurrences as knowledge graphs,
aiding systematic knowledge storage and retrieval.

• The language is domain-independent, built on a general ontology of causation.
While primarily inspired by engineering, it could also be applied to other fields,
such as medical failures.
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We also propose an ontology-driven methodology to describe root cause analysis
activities and record such descriptions in knowledge graphs conforming to an ontol-
ogy. The knowledge graph can then be enriched by classification tasks and be ensured
compliant with the ontology through the use of a reasoner.

4.0.1 Ontological analysis of malfunctions

In the rest of the work, while we work through more precise definitions, we use the
term ‘malfunction-related happening’ as a catch-all term for any occurrence considered
unwanted by domain experts. We also take ‘unwanted’ and ‘abnormal’ as synonymous
primitive terms to mean that there is a mismatch between what is occurring and the
ideal mental model of a domain expert.

Given the discussion of malfunction-related happenings in CHapter 2, we claim that
there are at least three key aspects that must be highlighted to carry out a successful
ontological analysis of these concepts:

• Ontological categorisation: malfunction-related happenings are distinguished
into the ontological categories of occurrences, namely, event, process, and state.

• Causal relations: malfunction-related happenings are defined by the role they
take into a causal chain.

• Granularity: malfunction-related happenings can be directly decomposed (as in
[158]) or associated with a decomposition of an engineering system (e.g., Figure
2.8), so that finding a suitable granularity level for failure analysis or determining
how to transition from one granularity level to another is critical.

• ‘Internality’: In addition to granularity, it is important to establish whether
a malfunction-related happening is internal to a system or component, or not.
This distinction is often essential, as evident in the definition of fault in the IEC
vocabulary [124, 192-04-01], or in the differentiation between internal and external
causes/faults as discussed in [143, 10].

We believe that ‘internality’ can be traced back to granularity, for instance, by saying
that an occurrence is internal to a system if all its participants are part of that system.
For this reason, we will consider the latter two aspects as a single point, on a practical
level.

There are other relevant aspects of malfunction-related happenings but we limit our
analysis to those listed above. In particular, there exist in the literature two recurrent
aspects that we call ‘culpability’ (that is, distinguishing failures depending on who is
responsible for them) and ‘observability’ (that is, the property of a happening of being
easily observable by the technicians working with an engineering system). Those two
aspects are surely important, but we exclude them from the current analysis: regarding
culpability, causal analysis is a solid basis and necessary precondition to establishing
culpability, while the opposite is not true. Regarding observability, it is an epistemic
aspect, not ontological, so it is different from what we are studying in this work.
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Moreover, in practical settings, malfunction-related happenings are distinguished on
the base of the severity of the material, social, and economical damage that they cause.
In particular, the countermeasures to prevent them, and the methodologies employed
to study small, routine occurrences, and complex and catastrophic ones are drastically
different. However, we consider this aspect more a social one, and put it too outside
the scope of this analysis.

4.0.1.1 Brief formalisation of general causation

We report now and expand the ontology proposed by Toyoshima, Mizoguchi, and Ikeda
in [244] on which we will base the core of this chapter.

We follow a fairly common approach (e.g., see [165, 244]) and assume that causation
is a relation that holds between occurrents such as states, processes, or events. Starting
from this, we introduce the needed predicates and their taxonomical relations as primi-
tives (the predicates itemized by pr are primitives in the logical theory). In particular,
the primitives related to concurrent classes are only minimal characterized, since we
aim to (i) preserve compatibility of this work to multiple possible upper-level ontolo-
gies; and (ii) avoid the genuine ontological problem of characterizing occurrents (which
is a work for upper-level ontologies1), in accorfance to the design principle expressed at
the end of Section 1.1. We still use DOLCE as a guide, again as explained in Section
1.1, therefore, an alignment between DOLCE and the occurrent-primitives will be pre-
sented after their introduction. The reason for maintaining the concurrent-primitives
is duplex: (i) Toyoshima’s causation ontologies uses the same primitives, and (ii) we
want to ensure the modularity that the oncoming body of work so that potential users
could utilize it independently of the rest of this thesis’ work.

pr1 Occurrent(x)

“x is an occurrent.” An occurrent is something that takes place in time and is not
(necessarily) wholly present at any time it is present.

pr2 State(x)

“x is a state.” In engineering states are often described by specifying some charac-
teristics (form, value of a process variable, . . . ) of the entities participating in the
state (e.g. ‘the shaft is broken’, ‘high oven temperature’, or ‘the oven temperature
is increasing’).

pr3 Process(x)

“x is a process.” In engineering, a typical example of process is a sequence of states
(or, equivalently, of state transitions) related to some physical phenomena. For
instance corrosion is a sequence of many single chemical reactions that change the
arrangement of the relevant atoms.

pr4 Event(x)

1The interested reader can consult appropriate reviews, e.g. [217], to see the main ways in which
occurrents are classified in various ontological approaches.
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“x is an event.” Typical examples events are those occurrences that are ‘unitary
whole[s] with respect to time, representing a distinct individual episode with a
definite beginning and end’2 [217, p.9]. In engineering, important classes of occur-
rences that are encompassed in the above description, and which in this work we
consider as archetypical examples of events, are (a) those occurrences that, being
very brief, may be considered instantaneous3, such as impacts, brittle fractures,
crack formations, and (b) those occurrences that have a definite time extension,
e.g. ‘the ceramic was heated in the oven for two hours’.

Note that the difference between states, processes, and events may be nuanced. For
example the difference may be linked to verb tenses (e.g., recognizing ‘I am sitting’ as
a state description and ‘I sat for two hours’ as an event description), and some authors
argue from a multiplicativist point of view that the changing of states or the succession
of events constitute processes which, in turn, constitute events when completed [189].
Additionally, distinct top-level ontologies make the difference more precise but take
distinct stances on what such differences are. Following Toyoshima, we postulate that
occurrents are partitioned into these three categories:

ax28 State(x) ∨ Process(x) ∨ Event(x) =⇒ Occurrent(x)

“States, processes, and events are occurrents.”

ax29 State(x) =⇒ ¬(Process(x) ∨ Event(x)) ∧
Process(x) =⇒ ¬Event(x)
“States, processes, and events are disjoint classes.”

In DOLCE upper ontology, as explained in Section 1.1, homeomericity and cumu-
lativity are useful proprieties to decide if an occurrence is or not a state: DOLCE-
processes are cumulative (a sum of processes of a certain type is still a process of that
type), but not homeomeric (in the classic example of a running process, there are brief
temporal parts that are not themselves running-occurrences). DOLCE-states are both
cumulative and homeomeric (a part of a sitting state is still a sitting state). DOLCE-
events are not cumulative (two individual election-events taken together do not consti-
tute a single election-event). The naive alignment between the occurrence-predicates
of Toyoshima’s ontology and those of DOLCE in the following:

mp3 State ≡ S4

2This is actually a description of YAMATO-events. Descriptions of events in other foundational
ontologies can be significantly different. The reason we privilege this one, is that it is that it was found
to be easy to work with in practice, in modelling scenarios such of those of figures 4.7 and 4.8.

3Note that, one of the key ontological assumptions of Toyoshima’s causal ontology is that there are
no instantaneous occurrents. So, when we say ‘instantaneous’, we actually refer to an occurrent that is
perceived as a unitary whole in time due to its short duration. The key ontological aspect that makes
it an event is the ‘unitary whole in time’, not the ‘being very short’, see also [217].

4We use the symbol ≡ to mean that there are two symbols that are equivalent though they belong
to different theories. From a formal logic point of view, we mean that, when discussing the union of the
two theories, either there is only one predicate in the signature that can be written using one symbol or
the other, interchangeably; or that in the signature there are two equivalent predicates. Both options
are fine, since the difference in the theory structure caused by choosing an option over the other are
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mp4 Process ≡ PRO

mp5 Event ≡ E

mp6 Occurrent ≡ PD

“Toyoshimas’ states, processes, events, and occurrents correspond to DOLCE’s
states, processes, and perdurants, respectively.”

Since the rest of our framework is based on DOLCE, we commit to this alignment.
However, note that this commitment is non-trivial: for instance, associating Occurrents
to BFO-occurrents would introduce a considerable amount of ontological baggage quite
different from the one entailed by (mp6).

Now, we introduce a binary relation between occurrents, called causal relation (or
causation, for short) and written causeOf, which we will specialize in the following:

pr5 causeOf(x,y)

“x causes y.” In this work, causeOf is a binary relation between occurrence-tokens.
This means that a statement like ‘smoking causes cancer’ cannot be modelled.
Formula ‘causeOf(x, y)’ can model only expressions like, e.g., ‘John has cancer
(state y) because smoked for 20 years (event x)’.

ax30 causeOf(x, y) =⇒ Occurrent(x) ∧ Occurrent(y)

The arguments of the causation relation are both occurrents.

ax31 ¬causeOf(x, x) ∧
causeOf(x, y) =⇒ ¬causeOf(y, x)
Causation is irreflexive and asymmetric.

The latter two axioms are standard, for instance see [244].
We take the general terms ‘cause’ and ‘effect’ to be (relational [168]) roles relative to

the causal relation causeOf. Therefore, whenever causeOf(x, y) holds we can say that
x is the cause of y and y is the effect of x. In this approach, there is a correspondence
between the causal relation and the cause and effect roles, so our theory does not need
to introduce predicates for causes and effects (e.g. we never write‘Effect(x)’). In the
same way, the specialization of the concept of cause, say in root cause analysis, will be
formalized through the specialization or generalization of the causation relation.

In [244], a theory of causation is proposed, which distinguishes causation along
two axes: causation can be either direct, or indirect. Additionally, causation can be
positive or negative. Direct and positive causation is called achieves and requires tight
coupling between the arguments, in particular the juxtaposition or overlapping of their
time extension. Direct and negative causation is called prevents. Indirect and positive
causation is called allows, while indirect negative causation disallows. An important
aspect of such a theory, which we also adopt, is that it refers to occurrent-instances (cfr
Axiom (pr5)).

These relations can hold between actual occurrents or non-actual occurrents. Ac-
tual occurrents are those that have happened or will happen, at some time. Non-actual

trivial.

143



occurrents are those that may never happen, such as impossible events or events de-
scribed in negative terms (e.g. ‘the machine did not work’). For example, a prevented
or disallowed occurrent is always non-actual since it did not (and does not) happen.

Below we report the formal theory of causation of [244] except that, for sake of
simplicity, we do not use different notation for actual and non-actual events. In par-
ticular, the achieves, prevents, allows, and disallows relations are specializations
of causation and any causal relation can be recognized into one of these four types.
Among these four, achieve is the only primitive relation, the others will be defined from
it and other auxiliary notions. we also define the subcase of positive causation that we
will use in the next section:

pr6 achieves(x, y)

“x achieves y.”

ax32 causeOf(x, y) ⇐⇒ achieves(x, y) ∨ prevents(x, y) ∨ allows(x, y)
∨ disallows(x, y)

“x causes y if and only if it either achieves or allows or prevents or disallows y.”

df44 posCausalCon(x, y) := achieves(x, y) ∨ allows(x, y) ∨ facilPrecondFor(x, y)

“x positively contribute to cause y if and only if it either achieves or allows or is
a facilitative precondition for y.”

Note that the use of the locution ‘positively contribute to cause’ in place of a simpler
‘positively cause’ is due to the former case includes facilitative preconditions, so it not
a strict subcase of the causeOf relation. Additionally, not all types of occurrents can
be related by the achieves relation: for example, processes cannot achieve states, and
events are never achieved. The reasoning for this is detailed case by case in [244], and
we do not report it here5.

ax33 achieves(x, y) =⇒ (Event(x)∨Process(x)∨State(x))∧(Process(y)∨State(y))∧
¬(State(x) ∧ Process(y))

Next, prevents (the negative counterpart of achieves) is defined as achieving a state
which is incompatible with the caused occurrence, where incompatible-with is a primi-
tive of the theory that roughly indicates the physical impossibility of coexistence:

pr7 incompatibleWith(x,y)

“x is incompatible with y.” For example, if we call x the occurrence that ‘yesterday
I ate exactly two apples’ and call y the occurrence that ‘yesterday I ate exactly
one apple’, then we say incompatibleWith(x, y).

df45 prevents(x, y) := ∃z(State(z) ∧ incompatibleWith(z, y) ∧ achieves(x, z))

“x prevents y if and only if there is some state z that is incompatible with y and
is achieved by x.”

5This is because such a discussion is not strictly necessary to understand the subsequent sections.
In addition, it would also be several pages long.
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We shall further discuss the incompatibleWith primitive when expanding the causation
ontology at the end of this section. Additionally, prevents has the same argument
constraints seen for achieves:

ax34 prevents(x, y) =⇒ (Event(x)∨Process(x)∨State(x))∧(Process(y)∨State(y))∧
¬(State(x) ∧ Process(y))

“If x prevents y then x is either an event, a process, or a state, y is either a process
or a state, but x cannot be a state if y is a process.”

Then, a primitive is introduced to (roughly) indicate that a state is a necessary or prob-
able (pre-)condition for the happening of an occurrence (facilPrecondFor). Similarly,
a primitive is used to state that a state is a (pre-)condition preventing or obstacling the
happening of an occurrence (prevPrecondFor):

pr8 facilPrecondFor(x,y)
“x is a facilitative precondition for y.”

pr9 prevPrecondFor(x,y)
“x is a preventive precondition for y.”

ax35 facilPrecondFor(z, y) =⇒ (State(z) ∧ (Event(y) ∨ Process(y) ∨ State(y)))

“If z is a facilitative precondition for y then z is a state and y is either an event, a
process, or a state.”

ax36 prevPrecondFor(z, y) =⇒ (State(z) ∧ (Event(y) ∨ Process(y) ∨ State(y)))

“If z is a preventive precondition for y then z is a state and y is either an event, a
process, or a state.”

Additionally, it is assumed that, if some state z is incompatible with a preventive
precondition w for some occurrence y, then z is a facilitative precondition for y. For
example, if “being properly cleaned” is a preventive precondition for a valve “being
clogged”, then “being dirty”, which is incompatible with “being properly cleaned”, is
a facilitative precondition for “being clogged”. The same holds when facilitative and
preventive are switched:

ax37 incompatibleWith(z, w) ∧ prevPrecondFor(w, y) =⇒
facilPrecondFor(z, y)

“If z is incompatible with w and w is a preventive precondition for y, then z is a
facilitative precondition for y.”

ax38 incompatibleWith(z, w) ∧ facilPrecondFor(w, y) =⇒
prevPrecondFor(z, y)

“If z is incompatible with w and w is a facilitative precondition for y, then z is a
preventive precondition for y.”

Coming to indirect causation, allows is defined as either (i) achieving or maintaining
a facilitative precondition, or (ii) preventing a preventive precondition (and assuming
that, at the same time, no additional preventive precondition was achieved). Also, the
only argument restriction for allows is that states cannot allow other occurrences:
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pr10 maintains(x,y)

“x maintains y.” This is a primitive concepts which is only exemplified in [244],
for example, “the process of Suzy’s omission to take vitamin C from her diet”
maintains “the state of the lack of vitamin C in Suzy’s body” [244, Example 10]6.

df46 allows(x, y) := ∃z(((achieves(x, z) ∨ maintains(x, z)) ∧
facilPrecondFor(z, y)) ∨ (prevents(x, z) ∧
prevPrecondFor(z, y) ∧
¬∃w(State(w) ∧ achieves(x,w) ∧ prevPrecondFor(w, y)))

“x allows y if and only if there exists z such that (i) x achieves or maintains z,
and z is a facilitative precondition for y, or (ii) x prevents z and z is a preventive
precondition for y and there is no state w, preventive precondition for y achieved
by x.”

ax39 allows(x, y) =⇒ (Event(x)∨ Process(x))∧ (Event(y)∨ Process(y)∨ State(y))

“If x allows y, x is either an event or a process and y is either an event, a process,
or a state.”

Finally, disallows is the negative counterpart of allows, with ‘facilitative’ and
‘preventive’ exchanged:

df47 disallows(x, y) := ∃z(((achieves(x, z) ∨ maintains(x, z)) ∧
prevPrecondFor(z, y)) ∨
(prevents(x, z) ∧ facilPrecondFor(z, y)))

“x disallows y if and only if there exists z such that (i) x achieves or maintains z,
and z is a preventive precondition for y, or (ii) x prevents z and z is a facilitative
precondition for y.”

ax40 disallows(x, y) =⇒ (Event(x)∨Process(x))∧(Event(y)∨Process(y)∨State(y))
“If x disallows y, x is either an event or a process and y is either an event, a process,
or a state.”

As a final remark, notice that Toyoshima’s theory of causation specifies that, from
an ontological viewpoint, each causal relation needs a context. we do not discuss what
a context is, but we notice that it contains information required to make causal relation
works. For example, a door being closed prevents somebody from entering a house
only in the context of that house not having other accessible openings. In the following
we will always assume the existence of a suitable context which we leave implicit.

Extensions of the causation ontology In the causation theory (ax32)-(ax40), one
cannot say that an occurrence is internal to another occurrence, where "internal" means
that the spatial location of the first occurrence is included in the spatial location of
another occurrent or of an object. Hence, we introduce a further primitive:

6The choice of involving omissive/negative/non-actual occurrences in causation is a non-trivial
ontological commitment taken by Toyoshima’s onotlogy, which we shall discuss a little bit more in
depth below, after having introduced the (expanded) Toyoshima’s ontology.
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pr11 internalTo(x,y)

“x is internal to y.” For example, consider the case that the right headlight of a
car that is not working because the filaments of its light bulb are burned. Then,
the occurrence ‘the filaments are burned’ (in other words, ‘the filaments are dis-
connected’) is internal to the occurrence ‘the right headlight is not working’. How-
ever, note that there are some complications with this predicate, e.g., see (df48*)
and (df49*).

For the sake of clarity, we briefly discuss how such a primitive may be defined using
a formal ontology supplying both a mereology of objects and an object-occurrence
participation relation (e.g., the DOLCE ontology). The first possibility, is to use spatio-
temporal inclusion:

ax41* internalTo(x, y) ⇐⇒ x ⊆ST y

“If x is internal to y, x is spatio-temporally included in y.”

However, DOLCE’s spatio-temporal inclusion between perdurants is built on perdurant
locations, whose constraction is itself somewhat complex [177]. Then, for the sake of
simplicity, we supply a simplified treatement: we say that one occurrence is internal to
another when each participant of the first occurrence are proper parts of some partic-
ipant of the second occurrence. Analogously we define the case that an occurrence is
internal to an object. In what follows, logical expressions marked by an asterisk (*) are
not taken as part of the ontology, they are added to introduce points of discussion.

df48* internalTo(x, y) ∧ Occurrent(x) ∧ Occurrent(y) ⇐⇒
∀z, t(participatesIn(z, x, t) =⇒
∃w(participatesIn(w, y, t) ∧ partOf(z, w, t) ∧ z ̸= w))

“An occurrent x is internal to the occurrent y, if and only if, for each participant
z of x (at time t), there is a participant w of y (at t) which has z as proper part
(at time t).”

df49* internalTo(x, y) ∧ Occurrent(x) ∧ Object(y) ⇐⇒
∀z, t(participatesIn(z, x, t) =⇒ partOf(z, y, t) ∧ z ̸= y))

“An occurrent x is internal to the object y, if and only if each participant z of x
(at time t), is proper part of y (at time t).”

Notice that (df48*) says that the first occurrence of internalTo is such that all its
participants are proper parts of participants in the second occurrence. Analogously for
(df49*). The reason for this particular definition can be seen (at least also) with the
following example: assume that, in a chemical plant, a part of a device breaks off and
flows downstream, until it arrives in the chamber of a valve, making the valve stuck and
causing malfunctioning. Then, by (df48*), the occurrence “there is a foreign object in
the valve” is not internal to the valve, because the foreign object is not part of the valve.
we would have reached the opposite conclusion if we, instead, had defined internalTo
by, say, building the spatial location of an occurrence from those of their participants,
and stated that x is internal to y if the corresponding spatial locations are subset one
of the other, since then the location of the foreign object is within the location of the

147



valve. We want to exclude this interpretation, as, together with the oncoming definition
of fault (df55) would entail that the valve itself is at fault, while in that case we would
say that it is the broken component that is at fault, while properly speaking the valve is
in a external disabled state (df56). Compare the aforementioned example of the burned
light bulb filaments. In that case, the occurrence ‘the filaments are burned’ is internal
to the occurrence ‘the right headlight is not working’ due to the filaments being part
of the headlight, so we will say, by Definition (df55), that the headlight is at fault, as
needed.

Coming back to the incompatibleWith primitive, we interpret it as physical in-
compatibility between two occurrences. For example, if we call x the occurrence that
‘yesterday I ate exactly two apples’ and call y the occurrence that ‘yesterday I ate ex-
actly one apple’, then we say incompatibleWith(x, y). Similarly, if z is ‘yesterday I ate
less than three apples’ then is clear that x and y both ‘imply’ z, meaning that if x or y
happened, also z happened. Since this kind of implication (that we call ‘physical con-
sequence’) is often mentioned in failure analysis (e.g. ‘peak vibration is 1.13 times over
nominal limit’ causing the ‘fatigue imposed on the axis to be 1.13 times than normal’
– taken from [180]), we introduce it explicitly below:

pr12 physicalConseqOf(x, y)

“y is a physical-consequence of x.”

ax42 physicalConseqOf(x, y) =⇒ Occurrent(x) ∧ Occurrent(y)

“The argument of the physical-consequence of relation are occurrents.”

ax43 physicalConseqOf(x, y) ∧ physicalConseqOf(y, z) =⇒
physicalConseqOf(x, z)

“physical-consequence is transitive.”

Note that physical-consequence is a different type than causal-consequence (e.g., achieves).
For instance, a key difference is that causal-consequence requires a (possibly extended)
spatial and temporal contiguity or overlapping, while physical-consequence is ‘immedi-
ate’/‘synchronous’ and does not take place somewhere nor during some time. Another
difference is that causal-consequence is antisymmetric and not (generally speaking) tran-
sitive, while physical-consequence is transitive and could be bidirectional. Formally, we
assume that physical-consequence extends causal-consequence as follows:

ax44 X(x, y) ∧ physicalConseqOf(y, z) =⇒ X(x, z)
for X ∈ {achieves, allows}

“If x achieves y, which physically-entails z, then x achieves z.” (Analogous case
for ‘allows’.)

ax45 X(x, z) ∧ physicalConseqOf(y, z) =⇒ X(x, y)
for X ∈ {prevents, disallows}

“If x prevents z, which is physically-entailed by y, then x prevents y.” (Analogous
case for ‘disallows’.)
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For example, if x, y, z stand for ‘the table is under the silverware‘, ‘the fork is falling’,
and ‘some silverware is falling’, respectively, then x prevents z and z is a physical-
consequence of y, so that x prevents y also, by (ax45).

Dealing with non-actual occurrences. Above, we have referenced non-actual oc-
currences. The need for these arises due to negative causation often needed in failure
analysis. For instance, if the operation of a pressure relief valve prevents the pressure
in a tank from exceeding a certain threshold, the occurrence of the pressure rising is
non-actual. However, non-actual occurrences are a complex ontological issue, and some
potential ontology users may prefer to avoid dealing with these.

For this reason, we list a few possible strategies to handle this issue:

• Rephrasing to eliminate negative causation: one can rephrase statements to re-
move instances of negative causation. For example, instead of saying x prevents
y because x achieves a z that is incompatible with y, we could say x achieves ∼ y.
E.g., changing ‘the fracture of the headlight’s filament prevents the flowing of
current in the filament, since the open failure of the filament is incompatible with
a current flow’ to ‘the filament fractured, achieving the state of no current flow
in the filament’. However, this strategy may not always be possible or desirable.

• Replacing negative occurrences with types: one can instead change the definition
of negative causation. Instead of stating that, by definition, x prevents y if x
achieves a state z that is incompatible with y, we state x (an occurrence-token)
prevents Y (an occurrence-type) if x achieves a state z that is not compatible with
Y . Similarly, we can adjust the definition for disallowing. See e.g. [15] for an
implementation of this strategy in an UFO-based framework. Such a reference in
particular employs the this strategy to define type-level analogous of Toyoshima’s
incompatible-with and prevents relations. However, in whenever following this
approach introduces complexity as the incompatibility of a token with a type
cannot be reduced to merely stating that no type-instance occurs while the token
occurs. It is necessary to clarify that the non-occurrence is essential; otherwise,
the token would be incompatible with any type that happens not to have instances
occurring at the same time as the token.

Time extension of occurrences and causation. Throughout the axiomatization
of Toyoshima’s causation ontology, we omitted to formalize relations about the temporal
extensions of occurrences and the link between these and the causal relations. A most
classical example of relations between temporal extensions would be Allen’s algebra [4],
which deals with time intervals and defines relations such as ‘meet’ (two time intervals
meet if the end of one coincide with the start of the other) and ‘precedes’ (if one ends
before the other starts), among others. It is possible to extend Toyoshima’s ontology
with Allen’s algebra or similar theories and specify further constraints, such as that an
effect cannot occur before a cause. However, Allen’s algebra is a well-known ontology
and the links between its relations with the causal relations would not have relevant
effects on the rest of the work of the thesis, so we omit such formalization for the sake
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of brevity and simplicity. An example of a different theory of occurrences that includes
both causation and some of Allen’s algebra relations is UFO-B [20, 104]: for instance,
it is a theorem in that ontology that, if e1 directly causes e2 and e2 directly causes e3,
then e1 meets e2, e2 meets e3, and e1 is before e3. In passing, note also that UFO-B
is (also) an example of an ontology of causation in which causation is mediated by
dispositions: an event (e1) directly causes another (e2) if e1 brings about a situation
that triggers (i.e. activates a disposition that manifests in) e2. This is much different
from Toyoshima’s ontology, but at the same time analogous: in such an ontology it is
states that are mediators, since e1 (indirectly) causes e2 if e1 achieves a state that is a
facilitative precondition for e2.

4.0.1.2 Taxonomy of malfunction-related happenings

At the beginning of this section, we identified three key aspects of malfunction-related
happenings. Using these aspects, we construct a taxonomy. At the top of this taxonomy
(excluding ‘occurrent’) is the term ‘malfunction-related happenings’, which we have
used as a comprehensive term to encompass all occurrences related to a failure.7. This
taxonomy is depicted in Figure 4.1, a decision diagram for classification of malfunction-
related happenings is present in Figure 4.2. Below, we provide formal definitions for the
elements of this taxonomy and discuss them in detail.

We begin by introducing the relation functionIncompatible to identify malfunction-
related occurrences that directly disrupt the normal functionality of artifacts, which we
refer to as malfunctions. The purpose of this predicate is to link the previously de-
veloped functional theory with the oncoming taxonomy, by defining the Malfunction
class; it is not a concept included in the taxonomy proper (Figure 4.1). Specifically, the
predicate makes use the ascription of a systemic function as defined in (df16). Note
that, alternatively, such a predicate could be directly introduced as a primitive, with-
out committing to the rest of the framework presented in this thesis, the remaining
definitions would stay unchanged. This ensures the modularity of this portion of the
theory, so that a putative user could utilize it independently.

df50 functionIncompatible(x, f) := ∃o, b, t(participatesIn(o, x, t) ∧
systemicFunctionOf(f, o) ∧ CF(b, f, t) ∧ incompatibleWith(x, b))

“x is function-incompatible (or not function-compatible) with f if and only if
there exist o, b, t such that o is an object participating in x at time t, f is one
of x’s systemic functions, b is a behavior through which f is realized at time t,
and b is incompatible with x.” Note that the b in (df50) must be the behaviour
o participates-in-as-doer due to Definition (df16). An occurrent is functional-
incompatibile with a function if it is physical-incompatibility with any execution
of the function by some object that participates in the current. For instance, if an
electric wire’s function is to carry electricity, then the “the wire being cut in two”
is an occurrence that is physically-incompatible with any execution of the wire’s

7Ontologically speaking, the class ‘malfunction-related happening’ is introduced as a subclass of
occurrents relevant to this work. This introduction does not imply that these occurrents have a special
ontological status.
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Figure 4.1: The taxonomy introduced in this chapter.

Figure 4.2: A decision tree that, by following top-down the tree and answering the
relative questions, helps classify malfunction-related happenings into MALFO’s classes.
Such questions are only mnemonic heuristics.
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function, hence it is functionIncompatible with the function itself. Conversely,
if a light beam is present in front of the headlights of a car, such an occurrence is
compatible with the function of the headlights.
This idea of incompatibility does not consider future effects of the current, e.g. a
small crack can exist simultaneously with the normal operation of an axis trans-
mitting torque, even though the such a crack may potentially lead to a fracture
in the future, and the fracture itself is incompatible with the axis functionality.
Another example: if the function of an electric wire is to carry electricity, and a
logically-necessary requirement for the wire of doing that is being physically con-
nected, then ‘the wire being cut in two’ is functionIncompatible with the wire’s
function.

df51 Malfunction(x) := ∃ffunctionIncompatible(x, f)
“x is a malfunction means that there is some function f which is function incom-
patible with x.” Examples are, from the previous examples, the fracture of an axis
(incompatible with the axis’ function of transmitting torque) or the occurrence
that a headlight of a car does not turn on when it should (incompatible with the
headlight function of lighting the environment in front of the car when requested).
This definition of malfunction is almost a literal interpretation of the term mal-
function, except that, in reality, the compatibility could be complete or partial.
We ignored this for the sake of simplicity.

df52 FailureMechanism(x) := ((Process(x) ∨ Event(x)) ∧
(¬Malfunction(x)) ∧ ∃y(Failure(y) ∧ posCausalCon(x, y)†))

“x is a failure mechanism means that x is not a malfunction, is either a process or an
event, and is the positive causal contributor, eventually, of some failure.” Examples
are common occurrence-types such as corrosion, wear and cracking which are not
typically classified as failures themselves but do cause failures in some sense, which
is made precise here.

df53 FailureCondition(x) := (State(x) ∧ (¬Malfunction(x)) ∧
∃y(Failure(y) ∧ (posCausalCon(x, y)† ∨
∃z(prevPrecondFor(x, z) ∧ disallows(z, y)))))

“x is a failure condition means that x is not a malfunction, is a state, and is either
the positive causal contributor, eventually, of some failure, or it is the preventive
precondition for some occurrence that disallows a failure.” Failure conditions are
similar to failure mechanisms, only they are states and not processes (e.g. ‘con-
stant high temperature’ in ‘place of rising temperature’). Negative causation is
considered explicitly because it can happen that, e.g., a safety valve is in a corroded
state and this inhibits its safety function, subsequently leading to a failure.

df54 MereSymptom(x) := ¬Malfunction(x) ∧ ¬FailureMechanism(x) ∧
¬FailureCondition(x) ∧ ∃z(Malfunction(z) ∧ causeOf(z, x))

“x is a mere symptom means that x is not a malfunction, nor a failure mechanism,
nor a failure condition, and is caused by a malfunction.” A mere symptom does
not causally affect a system. For instance, if the right headlight of a car fails
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to illuminate, the state of ‘there is no light beam from the headlight’ is a mere
symptom: this state does not lead to the failure of other components8. Negative
causation (included in causeOf) is relevant here because a symptom could be, say,
the absence of an occurrence prevented by the malfunction. This is the case of the
missing light in the example above.

df55 Fault(x) := Malfunction(x) ∧ State(x) ∧ ∃z(internalTo(z, x) ∧
achieves(z, x))

“x is a fault means that x is a malfunction and a state and is achieved by some
occurrence internal to itself.” We weakened the classic definition of fault “inability
to function due to an internal state”, by not requiring the z to be a state: we
consider relevant the possibility that z may be of another type. For instance,
if ‘fracture of the main axis’ (z) causes ‘the industrial fan is completely non-
operational’ (x), then the fracture is an event internal to x. Since x is a function-
incompatible state, the fracture is classified as a fault even though is not a state.
Another example, this time in which the z is a state, is the ‘being cut into two
parts’-state (z) of an electrical wire, which is an internal state that causes the state
of ‘being unable to transmit electricity’ (x), which is then a fault by definition9.

df56 AbExtDisabledSt(x) := Malfunction(x) ∧ State(x) ∧ ¬Fault(x)
“x is an abnormal external disabled state means that x is a malfunction and state
but not a fault.” External disabled states are introduced to separate the mal-
function states that need corrective actions from those that do not, because the
malfunction to be corrected resides somewhere else. For example, when the right
headlight of a car is not lit when it should, there are at least two scenarios to
consider. The headlight itself may be faulty, say there is a blown lightbulb inside
the headlight; in this case the headlight not being lit is a fault that requires re-
pairing the headlight. In the second scenario, another component is faulty, say
there is a severed wire, external to the battery, connecting the headlight to the
car’s battery. Here, the wire must be replaced, and not being lit is an abnormal
external disabled state. Note also that the term ‘abnormal external disabled state’
is very similar to EN 13306-‘external disabled states’. The difference is that the
latter correspond to the union of the two leftmost leaf classes in Figure 2.7, while
MALFO-‘abnormal external disabled states’ are more specific and correspond to
just the ‘lacks required external resources’ leaf. This is because we have declared
that malfunction-related happenings are unwanted occurrences, while planned oc-
currences are not unwanted.

8The absence of light while driving might indeed cause a failure of the car by causing an accident.
However, we are excluding this scenario. Imagine, say, that the car is being repaired by a mechanic,
rather than being driven.

9Notice that, if we were to introduce in our conceptualization performance parameters that allow us
to speak about acceptable/unacceptable functional performance, we could talk about ‘partial functional
incompatibility’: when an occurrence is incompatible with the execution of a function within specified
nominal bounds. In that case, we could also talk of ‘partial faults’, for instance, if the wire is not
broken but, say, half of its cross-section has been cut away, then the wire has a ‘partial’ fault. As said
before, we are not concerned with these matters in this chapter.
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df57 Failure(x) := Malfunction(x) ∧ Event(x) ∧ ∃y(Fault(y) ∧ achieves(x, y))

“x is a failure means that x is a malfunction and an event that achieves some
fault.” This definition follows the common idea of failure as the loss of the ability
to perform a function, which brings about a fault. For instance, consider a wire
that is gnawed by a rat. When the wire fractures it ceases to be able to execute
its function, that is to transmit electricity. In this case, the fracture is a Failure
and the ensuing state of the wire is a Fault10.

df58 NonPerformanceEvent(x) := Malfunction(x) ∧ Event(x) ∧ ¬Failure(x)

“x is a non-performance event means that x is a malfunction and an event, but not
a failure.” For example, if, when attempting to turn on the right headlight of a car,
its lightbulb is broken, ‘the right headlight did not turn on’ is a non-performance
event, because it is a malfunction but does not lead to any additional failures by
itself.

df59 MalfunctionProcess(x) := (Malfunction(x) ∧ Process(x))

“x is a malfunction process means that x is a malfunction and a process.” Mal-
function processes complete the partition of malfunctions into subclasses. An ex-
ample of malfunction process is the ‘erroneous calculation process’ that Avizienis
describes in [10]: a faulty integrated circuit is invoked to calculate some quan-
tity and this causes wrong voltage values at various times during the calculation
process and in different circuit locations.

In summary, ‘failure’, ‘fault’, and ‘failure mechanism’ are defined to encapsulate
their commonly associated descriptions. Other terms are introduced as variations or
in opposition to these concepts: Failure condition describes occurrents that play a
similar causal role to failure mechanisms. However, failure conditions are categorized
as states, whereas failure mechanisms are typically processes. Non-performance events
contrast with failures because they neither constitute a failure nor cause one, despite
being incompatible with nominal functionality. Mere symptoms differ from the previous
terms in that they do not cause or consist of a malfunction; they are merely effects of
such an occurrence. A malfunction is defined as any occurrence that is incompatible
with nominal functionality. To categorize malfunctions further, malfunction processes
are introduced as a subclass. External disabled states contrast with faults, as they
indicate the inability to execute functions not due to an internal state.

All partitions of the taxonomy classes in subclasses are complete, except for {Failure
Mechanism, FailureCondition, MereSymptom }, which may fail to cover the comple-
ment of the Malfunction category. This depends on what malfunction-related hap-
penings are, exactly. We did not give a definition, however, one could stipulate, say,
that malfunction-related happenings are exactly the union of all the taxonomy classes

10Of course, considering other functions of the wire are considered gives raise to different failure
occurrences. For example, considering also the protective function of the insulation, the event of
the insulation piercing becomes a failure. Also, considering degraded performance in the function
execution, e.g. increase of the electric resistance of the wire due to reduction of cross-sectional area,
would naturally give raise to ‘partial’ faults and failures, which we do not consider for sake of simplicity.
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(df60)*, in this case the partition is trivially complete. One could also opt for an inten-
tional definition: a malfunction-related happening is, say, any occurrent that is transi-
tively related to some malfunction by any combination of the causal relations (df61).
Then there may exist some malfunction-related happenings that are (non-malfunctions
and are) not covered by the taxonomy, since they are related to a malfunction by an
‘exotic’ causal chain, not considered in the taxonomy definitions.

df60* MalfunctionRelHapp(x) ⇐⇒ (Malfunction(x) ∨ MereSymptom(x) ∨
FailureMechanism(x) ∨ FailureCondition(x))

“x is a malfunction-related happening if and only if x is either a mere symptom, a
malfunction, a failure mechanism, or a failure condition.”

df61* MalfunctionRelHapp(x) ⇐⇒ ∃y(functionIncompatible(x, y) ∧
((causeOf(x, y)†) ∨ (causeOf(y, x)†)))

“x is a malfunction-related happening if and only if there is a function-incompatible
occurrence that is related with x by the transitive closure (causeOf†) of the
causeOf relation plus the facilPrecondFor relation (which has to added so that
posCausalCon is a subcase of causeOf†).”

Axioms (df51) to (df59) constitute our formal taxonomy. Failure-mode is not part
of the taxonomy because in the literature it is a polysemous term with (at least) the
following meanings:

• domain-level sub-type of malfunction-related happenings (‘mode’, or ‘manner’, in
the sense of ‘type’). So that ‘rupture’, ‘overheating’, ‘wear’, ‘electrical corrosion’
would be failure modes. These types are also (possibly) related to a system
component, in the sense that, given a certain component in a certain system, if
that component participates in a malfunction-related happening, that happening
must belong to a set of occurrence-types, which are the (typical) failure-modes
of the component. Given that, in this case, the name of a failure mode is the
name of an occurrence type that an underlying system or component has can
participate in, this sense of ‘failure mode’ is very similar to dispositions: consider
e.g. the example of the disposition to break and the disposition to crack of a vase
by Barton et al. [18].

• Any attribute of Table 2.1, or a similar one (‘mode’, in the sense of ‘attribute’).
Persistency, criticality, etc. would be failure-modes.

• A specific role in a causal chain of malfunction-related happenings (‘mode’ as a
causal, relational role intermediate between cause and effect). This is the apparent
meaning in e.g. figures 2.6a and 2.6b, and [25]. Therefore, any malfunction-related
happening could be a failure-mode, if considered in appropriate causal chain and
granularity level.

The first and second of these meanings are not (fully) treatable with the three aspects
that we used to create the taxonomy (occurrence-category, causal role, and internal-
ity). The third is, but we claim to already have a taxonomy that covers effectively all
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malfunction-related happenings using these three aspects, so the third meaning can be
ignored; similarly, while the component-to-failure-mode relation of the first meaning
cannot be treated, each of those failure-mode is still a sub-type of a category of our
taxonomy.

Importantly, note that the meaning of failure modes as types of malfunction-related
happenings is likely the meaning employed in FMEA. Since that meaning is at type-
level more than token-level, it is difficult to treat with the tools used in this chapter.
Additionally, a FMEA table collecting failure modes of components is also an epistemic
artefact, in the sense that it collects the known failure modes of components, not all
possible failure modes: even considering only failure modes of a certain relevance, and
assuming that such failure modes are only a finite number, an engineer will never be
sure that a FMEA table contains all modes, even after an extensive refinement from,
say, a FRACAS methodology. The following formula, where Φ is a type of occurrents,
tries to capture this idea of failure modes:

ex33 failureModeOf(Φ, f, o) ⇐⇒ systemicFunctionOf(f, o) ∧ ∀eΦ(e) =⇒ ∃e, f, t
((Fault(e) ∨ Failure(e)) ∧ PC(o, e, t) ∧ functionIncompatible(e, f))

“A type of occurrents is a failure mode of a systemic function (f) of some object
(o) if and only if it instantiates only occurrents that are either faults or failures,
(ii) are participated by the object at some time, and (iii) are incompatible with
a function of said object.” Note that the choice for faults or failures is due these
two classes are the ones most linked with an internal condition of the object.

However, due to (ex33) containing a second-order relation and important epistemic
issue of knowing about the occurrent e in (ex33), we keep this definition outside of
MALFO proper.

As a consequence of our claim that the taxonomy covers effectively malfunction-
related happenings, we should be able to classify the terms of malfunction-related
happenings found in the literature within our taxonomy, and also to map the vari-
ous failure-modes taxonomies within ours. We show this in Table 4.1 for an important
part of the terminology used in the literature. The classification should be taken as an
approximation in a couple of cases since sometimes terms are introduced only informally
in the literature. We also discuss, in the next section 4.1.1, informal mappings of our
theory with a few taxonomies present in the literature.

TERM CLASSIFICA-
TION

ORIGINAL CLASSIFICATION SOUR-
CE

Abnormal
instrument
reading

Mere symptom Failure mode [False alarm, faulty instrument
indication]

[127]

Plugged/chockedAb. External dis-
abled state

Failure mechanism [External influence – Flow
restricted/blocked due to fouling, contamina-
tion, icing, flow assurance (hydrates), etc.]

[127]

Breakage Failure Failure mechanism [Material failure – Frac-
ture, breach, crack]

[127]
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Breakdown Malfunction-
related happening
[anything ‘high
severity’?]

Failure mode [Breakdown, serious damage
(seizure, breakage), and/or major process
fluid leak]

[127]

Burst Failure [explosion is
DOLCE-event]

Failure mechanism [Item burst, blown, ex-
ploded, imploded, etc.]

[127]

Cavitation Failure mechanism Failure mechanism [eroded, worn out, worn] [127]
Clearance/
alignment fail-
ure

Failure mechanism
[can operate while
misaligned]

Failure mechanism [Failure caused by faulty
clearance or alignment]

[127]

Contamination Failure mechanism Failure mechanism [Contaminated fluid/gas/-
surface, e.g. lubrication oil contaminated,
gas-detector head contaminated]

[127]

Control/ signal
failure

Failure Failure mode [No, or faulty monitoring or reg-
ulation failure to transmit or receive com-
mand or data, or failure to actuate function]

[127]

Corrosion Failure mechanism Failure mechanism [All types of corrosion,
both wet (electrochemical) and dry (chemi-
cal)]

[127]

Corrosion Failure mechanism Failure mode [245]
Corrosion Failure mechanism Failure mode [129]
Crack initiation Failure mechanism Event [180]
Deformation Failure mechanism

[a deformation is a
fault, but creeping
etc. are fail. mech.]

Failure mechanism [Distortion, bending,
buckling, denting, yielding, shrinking, blister-
ing, creeping, etc]

[127]

Deformation,
plastic

Failure mechanism Failure mode [creep, buckling, . . . ] [245]

Deformation,
plastic

Fault Failure mode [permanent deformation] [129]

Delayed opera-
tion

Non-performance
event

Failure mode [Delayed response to commands] [127]

Earth/ isolation
fault

Fault [low electrical
resistence state]

Failure mechanism [Earth fault, low electrical
resistance]

[127]

Electrical failure
- general

Malfunction* Failure mechanism [Failures related to the
supply and transmission of electrical power,
but where no further details are known]

[127]

Erosion Failure mechanism Failure mechanism [Erosive wear] [127]
Erosion, electri-
cal

Failure mechanism Failure mode [129]

Erratic output Non-performance
event [intermittent]

Failure mode [cillating, hunting, instability] [127]

Failure to start
on demand

Non-performance
event

Failure mode [Doesn’t start on demand] [127]
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Failure to stop
on demand

Non-performance
event

Failure mode [Doesn’t stop on demand] [127]

Fan fails Failure Event [180]
Fatigue Failure mechanism Failure mechanism [127]
Fatigue Failure mechanism Failure mode [245]
High/cycle fa-
tigue conditions

Failure mechanism Failure mechanism [180]

High output Non-performance
event

Failure mode [Overspeed/output above ac-
ceptance]

[127]

Instrument fail-
ure - general

Mere symptom Failure mechanism [Failure related to instru-
mentation but no details known]

[127]

Insufficent
power

Abnormal external
disabled state

Failure mode [Lack of or too low power sup-
ply]

[127]

Leakage Failure condition or
fault*

Failure mechanism [External and internal
leakage, either liquids or gases]

[127]

Leakage, exter-
nal - fuel

Failure condition or
fault*

Failure mode [External leakage of supplied fu-
el/gas]

[127]

Leakage, inter-
nal

Failure condition or
fault*

Failure mode [Leakage internally of process or
utility fluids]

[127]

Looseness Failure mechanism Failure mechanism [Disconnection, loose
items]

[127]

Low output Non-performance
event

Failure mode [127]

Minor in-service
problems

Malfunction-
related happening
[anything low
criticality?]

Failure mode [Loose items, discoloration, dirt] [127]

No power/ volt-
age

External disabled
state

Failure mechanism [Missing or insufficient
electrical power supply]

[127]

No signal/indi-
cation/alarm

Mere symptom** Failure mechanism [No signal/indica-
tion/alarm when expected]

[127]

Noise Mere symptom Failure mode [Abnormal noise] [127]
Normal oper-
ation of the
fan

Failure mecha-
nism***

Contributory factor [180]

Open circuit Fault Failure mechanism [Disconnection, interrup-
tion, broken wire/cable]

[127]

Out of adjust-
ment

Fault Failure mechanism [Calibration error, param-
eter drift]

[127]

Overheating Fault Failure mechanism [Material damage due to
overheating/burning]

[127]

Overheating Malfunction mecha-
nism

Failure mode [Machine parts, exhaust, cooling
water]

[127]

Principal shear
stresses exist

Failure condition Failure mechanism [180]
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Rupture Failure Failure-mode [245]
Short circuiting Fault Failure mechanism [127]
Spurious stop Non-performance

event
Failure mode [Unexpected shutdown] [127]

Sticking Non-performance
event

Failure mechanism [Sticking, seizure, jam-
ming due to reasons other than deformation
or clearance/alignment failures]

[127]

Stress con-
centration at
keyway corners

Failure condition Failure mechanism [180]

Structural defi-
ciency

Fault Failure-mode [Material damages (cracks,
wear, fracture, corrosion)]

[127]

Vibration Failure mechanism
or mere symptom*

Failure mechanism [Abnormal vibration] [127]

Vibration Failure mechanism
or mere symptom*

Failure mode [Abnormal vibrations] [127]

Vibration Failure mechanism Contributory factor [180]
Wear Failure mechanism Failure mechanism [Abrasive and adhesive

wear, e.g. scoring, galling, scuffing, fretting]
[127]

Wear Failure mechanism Failure-mode [245]
Wear Failure mechanism Failure-mode [129]
Wear Failure mechanism Contributory factor [180]

Table 4.1: A list of some terms taken from the engineering literature, asso-
ciated with their original classification and a putative one from our ontology
(items in the first column are to be intended as subclasses of the corre-
sponding items in the second column). Notice that the classification may
use non-leaf terms from our taxonomy (*) or it may be a partially arbitrary
choice due to the term’s meaning being under-specified in its original context
(**). Square brackets in the second column refer to the attributes of Table
2.1.

4.0.1.3 Finer causal roles

In the previous section, we introduced concepts such as Failure based on their causal
relationships with other occurrences. These concepts do not require comparison with
other causes. In this section, however, we delve into causes that can be compared to
other causes.

In Section 2.2.1, we briefly mentioned immediate causes, defining them as occur-
rences directly related to an effect through the causeOf relation. Here, ‘immediate’
contrasts with causes situated further along a causal chain, where non-immediate causes
are related to an effect through the transitive closure of the causeOf relation. This ex-
ploration is valuable when discussing cause-types that lie between immediate-cause and
transitive-cause, as the latter is too broad and the former too specific.

Root causes exemplify such intermediate cause-types. Defining this concept poses
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challenges. We cannot rely on Del Frate’s forward-looking perspective, which involves
hypothetical scenarios of amending the root cause, as Toyoshima’s causal ontology
focuses solely on actual occurrences. Thus, we adopt a backward-looking perspective,
aiming to discern the relative contributions of different causes to an effect.

Effective sufficient causes Determining what constitutes the ‘true’ cause of an
effect is ontologically complex. Consider a force pushing an object, resulting in its
movement. We might intuitively attribute the cause of the movement to the application
of the force. However, while the force’s application is necessary (if we mean to obtain
the object’s acceleration), it is not sufficient on its own: the presence of a wall or
excessive static friction could prevent movement. The absence of these obstructions
is necessary but not sufficient, suggesting an equivalence with the force’s application,
which is counterintuitive.

To address this issue, Mizoguchi and collaborators recently proposed a development
in the causation ontology11. They suggest that genuine sufficient causation, interpreted
as the achieves predicate, occurs only between an event and a state or between two
states. For instance, an event like ‘the deer was killed’ achieves the state ‘the deer being
dead’, or a state like ‘the valve being half-open’ achieves ‘the flow rate being half of the
capacity’.

In other cases, what seems like genuine sufficient causation is often a form of indirect
causation (necessary-causes or ‘allowments’). For example, the application of force is
not genuinely sufficient to move a body because its effectiveness relies on a context where
multiple states set up the conditions for movement. These states negate preventive
preconditions and include all facilitative preconditions for body movement except for
one: the application of some strong enough force. When an event achieves this final
precondition the body moves. It appears that the event ‘the body started to move’
was achieved by the force application, but the force application merely allowed the
movement. Hence, the event causing movement should be termed an ‘effective sufficient
cause’, which effectively achieves the effect. The determination of which causes are
effective depends on the context, but ontologically, only an accumulation of allows
exists in the effective-causation scenario12. Consider e.g. 4.3, a sequence of events
achieves corresponding states such that each event allows the body movement. These
events do not happen at the same time, but some happen before and some later. Assume
that the body is very heavy and, even though various preparations took place, even
pushing on it does not budge, but, when John start helping to push the body, it finally
starts to move. Then, ‘John started pushing the body’ is the effective sufficient cause
for the body movement.

We do not explore this further here; related discussions are available in [190, p. 11
and onwards]. In this chapter, we do not explore this complex issue further, limiting
ourselves to notice that it is often the case that, to cause an occurrent, multiple con-
ditions must ‘accumulate’ together, as it is the case in the examples of Section 4.1.2,
where often multiple occurrences concur to the causation of the same effect.

11Riichiro Mizoguchi, personal communication, March 2023.
12See also https://arxiv.org/abs/2307.07517.
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Figure 4.3: Exemplification of the sufficient cause mechanism.
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4.1. Evaluation of the MALFO ontology

The examples of Section 4.1.2 also show a possible way to determine (backwards-
view) root causes heuristically: see Example 4.1.2.2. We remark that such heuristics
may very well be useful in applications, but are not intended to constitute an ontological
analysis of the root cause concept. In particular, root cause is not assumed to be an
ontological category, instead is taken to be a label attributed to an occurrence depending
on the perspectives of the person carrying out the causal analysis.

4.1 Evaluation of the MALFO ontology
In this section, we follow a series of standard steps frequently used in the literature to
demonstrate the quality of an ontology

Our first claim is that MALFO’s taxonomy effectively captures key aspects of the
language used in failure analysis. Specifically, that it is possible to classify malfunction-
related terms from the literature within our taxonomy and align them with various
existing failure-mode taxonomies. Table 4.1 demonstrated this mapping13 for a selection
of relevant terms extracted from the literature. This is esplored further in the following
section, MALFO is aligned with other ontologies from the literature. Both these efforts
serve to showcase how MALFO can help address the challenge of semantic heterogeneity
and to demonstrate its high-level of terminological and conceptual coverage.

We now address the most fundamental requirement from a formal logic perspective:
ensuring the consistency of the ontology. This has been verified for both the first-order
theory, using an automated theorem prover, and for the OWL approximation, using an
OWL reasoner. The first-order consistency proof is available in our GitHub14 repository,
while OWL consistency can be independently verified by running any standard OWL
reasoner on MALFO-OWL within Protegé. In fact, within ontology engineering, one
often aims for a stronger notion of consistency: that the ontology remains consistent
even when all predicates are instantiated simultaneously. In the OWL setting, this can
be demonstrated by populating the ABox with appropriate individuals and checking
consistency with a reasoner. To support this, we have included in the GitHub repository
a set of sample models represented in a readable diagrammatic format, along with a
Python script that converts these into OWL. We argue that the same level of consistency
holds for the first-order version of the ontology, as it is evident that the diagrammatic
models also satisfy the axioms of the first-order theory.15

From a logical standpoint, it is noteworthy that MALFO constitutes a definitional
extension of Toyoshima’s causal ontology (as expanded in the previous section), with

13The classification shown in the table was performed manually by ‘reverse engineering’ the meanings
of terms from their usage in the texts. Inevitably, this process involves a degree of subjectivity, as the
meanings of terms are often under-specified. Nonetheless it is a good example of how the mapping
process can be carried out.

14https://github.com/kataph/MALFO, also note that therein a version of MALFO with an alignment
to the work of Chapter 3 is present: MALFO-plusDOLCE-functions.owl.

15One could attempt to confirm this by using first-order provers to test the consistency of the base
theory augmented with existential axioms that guarantee non-emptiness of MALFO classes. However,
such attempts typically fail due to timeouts. This was confirmed using the SystemOnTPTP platform
(https://tptp.org/cgi-bin/SystemOnTPTP) with several provers, including Vampire.
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the addition of the functionIncompatible predicate.16 In other words, MALFO intro-
duces only defined terms that build upon pre-existing symbols, as outlined in definitions
(df51)-(df59). Constructing an ontology in this way (by extending a well-founded base
through definitions) is a methodologically robust approach, as it ensures that the ex-
tended ontology preserves both the ontological soundness and consistency of the original
framework.

Another evaluation step involves using the OOPS! tool17 [208], which analyzes an
OWL ontology and produces a checklist highlighting common pitfalls in ontology devel-
opment. When applied to MALFO-OWL, the tool identified only three non-trivial is-
sues: (i) The object properties functionIncompatible and FunctionOfSys lack explicit
domain and/or range axioms. This omission is intentional, as these properties relate to
functions, which fall outside the intended scope of MALFO. They are included solely
to facilitate future mappings with function-oriented ontologies. (ii) Certain SWRL18

classes are flagged as RDFS classes rather than OWL classes. However, this is an
expected characteristic of the SWRL language and does not indicate an error. (iii)
The class State is flagged due to recursive definitions. In MALFO-OWL, we specify
that states can only achieve or prevent other states. This means that if x is a state
and x achieves y, then y is also a state, a valid and harmless inference. Since no fur-
ther significant issues were detected by OOPS!, we consider this evaluation successfully
passed.

OntoClean [98] is a widely recognized methodology for evaluating the ontological
soundness of taxonomies that we have already used in the previous chapter. In the
case of MALFO, the class Occurrent and its subclasses (Event, Process, and State)
are categorized as OntoClean “categories”, characterized by the metaproperties -O, -I,
+R (i.e., they do not supply or inherit identity criteria, but are rigid).19 All other
classes, such as Malfunction, are considered “formal roles”, bearing the metaproperties
-O, -I, ∼R, +D (i.e., they do not supply or inherit identity criteria, are anti-rigid, and
are generically dependent on external entities).20 MALFO thus contains three types
of subsumption relationships: category-to-category, role-to-category, and role-to-role.
All of these are permitted within the OntoClean framework, indicating that MALFO
respects OntoClean’s constraints.

Another common aspect of ontology evaluation involves the use of competency ques-
tions. These are typically formulated in natural language and are intended to be trans-
lated into formal SPARQL queries using the vocabulary of the OWL ontology, as we
did in Chapter 3. The underlying idea is that an ontology demonstrates its value by
being expressive enough to support the translation of questions that are particularly

16This predicate is intended to facilitate potential alignments between MALFO and ontologies
that address functional concepts. In such cases, MALFO can be seen as a definitional extension
of Toyoshima’s ontology together with the selected function ontology.

17https://oops.linkeddata.es/.
18SWRL: https://www.w3.org/submissions/SWRL/, is a rule language for OWL. We used it to

encode the sufficient condition in the definition of Fault (df55), which cannot be fully expressed in
standard OWL.

19-O -I +R.
20-O -I ∼R +D.
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relevant to its intended users. Originally, however, competency questions were meant to
be translated into reasoning tasks that rely on first-order inference over the ontology’s
axioms [88]. In contrast, basic SPARQL does not utilize OWL axioms in its reasoning
process.21 Even within this more reasoning-oriented view, competency questions come
in a range of forms and complexities [136]. In the context of MALFO, we believe the
most meaningful approach is to employ reasoning to fully determine a partially specified
interpretation of the ontology. Specifically, consider the following reasoning task:

MALFO Interpretation Expansion Problem: Given a (finite) model
M of Toyoshima’s ontology in which each occurrence is labeled as either
function-incompatible or not, determine the unique22 MALFO model that
extends M by assigning interpretations to all predicates in MALFO’s sig-
nature.

An example input to this problem is the directed graph shown in Figure 4.7 (excluding
the information within angle brackets). The output consists of determining which nodes
correspond to which MALFO classes, if any.

This reasoning task corresponds to a broad set of competency questions (e.g., “What
are the failure mechanisms in this scenario?”, “Is X a fault or a failure?”, “Does X cause a
failure directly or indirectly?”). All of these questions can, in principle, be answered once
the reasoning task is resolved. While MALFO does, in theory, solve this problem, since
the expanded model exists and is unique, this does not necessarily imply the existence
of an effective or automated procedure for computing the expansion in practice.

Before addressing the practical solvability of the expansion problem, we first consider
a more foundational question: Does solving this problem provide evidence of MALFO’s
quality? We argue that it does, to the extent that the classification of occurrents under
MALFO’s taxonomy is itself of interest. Supporting the relevance of such classification
is the broader claim, presented in the introduction, that a clear, precise, and onto-
logically well-founded vocabulary enhances semantic interoperability in the context of
failure analysis. Moreover, the interpretation expansion problem is not specific to the
current state of MALFO; it generalizes to any definitional extension of the ontology.
Thus, its significance could increase as more conceptually rich notions are integrated
into MALFO. For instance, at the end of Section 4.1.1, we introduce definitions for Kita-
mura and Mizoguchi’s notions of ultimate causes and absolute causes [143]. These and
similar future extensions would enrich MALFO in ways that are intrinsically valuable,
particularly due to their relevance for root cause analysis.

Turning to the issue of actually solving the expansion problem: we have success-
fully translated the first-order theory into OWL, including equivalence axioms for all
MALFO classes,23 and this translation allows the use of OWL reasoners for classifi-
cation. One might therefore expect OWL reasoners to effectively solve the expansion
problem by classifying individuals into the appropriate ontology classes. However, a

21Although it is possible to manually craft SPARQL queries that emulate some inference steps, this
approach can become unwieldy and may not be ideal.

22Uniqueness is guaranteed since MALFO is a definitional extension of Toyoshima’s ontology.
23With the exception of Fault, which requires SWRL rules to represent its sufficient conditions.
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limitation arises due to the necessity of using negation in the definitions of five spe-
cific classes24 during the translation. Due to OWL’s open-world assumption, even after
populating the ABox with a complete model, a reasoner will always assume the pos-
sibility of missing information and hence cannot confirm that certain conditions do
not hold. This prevents accurate classification into those five classes. To address this
issue, we developed a custom script that implements a reasoning mechanism based
on negation-as-failure semantics (available in the repository). This allows for correct
and unrestricted classification of instances under all MALFO classes. Additionally, we
translated MALFO into DLV System’s disjunctive datalog language, which also sup-
ports negation-as-failure and benefits from DLV’s efficient reasoning algorithms. This
makes the expansion problem effectively solvable in that setting as well. As for first-
order logic, although the expansion problem is evidently decidable, general-purpose
automated model provers may not yield practical results due to the semi-decidability
of first-order logic. While a custom first-order prover could in principle be constructed
to handle this task efficiently, we consider the OWL-based solution, combined with the
auxiliary tools described above, satisfactory for our current goals.

Finally, a thorough evaluation of MALFO would involve assessing its impact on
engineering practices and knowledge sharing in failure analysis. This, however, is left
for future work, as the current paper focuses on presenting MALFO as a formal theory.

4.1.1 Aligning concepts in the literature with our ontology

In this section, we discuss how our ontology can be linked to several malfunction-related
concepts present in the literature. Except for the material in [143], we describe such
links only informally since the concepts in the literature are given only informally.

Del Frate’s definitions Our definition of failure, as presented in (df57) fits well
with the function-based definition of Del Frate. The main difference between ours and
Del Frate’s definition is that in the former we speak of bringing about the inability to
execute a required function, while the latter mentions the termination of the ability to
execute a required function. It could be argued that such phrases are equivalent (one is
a sort of double negation of the other). In any case, MALFO does not contain an ‘ability
to execute a required function’-concept since it focuses on abnormal conditions only.
Instead, such a concept seems to be naturally interpreted as a capability. Following
this lead, together with the discussion in Section 3.0.6 and our definition of slected
functions, a more faithful representation of Del Frate’s failures is as follows (where
Life is functional symbol indicating the time extension of a perdurant for introduced
for the sake of simplicity):

mp7 ∗Failure(x) =⇒ Event(x)∧∃y, f, q, ta, tb(PC(y, x, Life(x))∧hasFunction(y, f)∧
defFoundedOn(q, f) ∧ PRE(q, ta) ∧ ¬PRE(q, tb) ∧ ta < Life(x) < tb

24Namely: mere symptoms, non-performance events, failure mechanisms, failure conditions, and
down-states.
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“If x is a Del Frate-failure, then x is an event and there exist a participant (for
the whole of x extension) that has a selected capability (in the sense of Definition
(df27)) that is lost during the time extension of x.”

Note that this definition is only partial (only a necessary condition): a full definition
would need to specify the particular role of the failed object and to specify the causal
link between the failure event x and the loss of the selected capability q. However, this
is a very complex ontological endeavor. For this reason, we opted for a ‘capability-free’
definition in MALFO mediated by the incompatible-with predicate between perdurants.

Coming to specification-based failures, they suggest that an engineered device is tied
to a designer’s plan for its intended use, detailing how, under what conditions, and in
what environment the device should operate. This definition aims to shift culpability for
a failure from the equipment manufacturer to the user if the user operates the equipment
outside its specified conditions. Since our ontology does not address culpability or
specifications/plans, this concept of failure differs from (df57) and cannot be formulated
within our framework.

Material-based failures can be divided into two scenarios based on their definition:
(i) if the change in material properties makes the item unable to perform, it falls under
a function-based failure. In our ontology, this corresponds to specific subtypes of the
Failure class, such as ‘rupture’, or ‘deformation[-event]’. (ii) When the change in
material properties increases the likelihood of a failure, we cannot accurately represent
this scenario, as we do not consider stochastic relationships, only causation between
individual occurrences. Instead, we can represent cases where a change in material
properties directly causes a failure.

Jansen’s definitions Jensen’s discussed varied expressions related to malfunctions
[133, 218]. In particular, he distinguished among, at least, ‘having a malfunction’,
‘being malfunctioning’, and ‘having no function’. He apparently did not determine
what a malfunction is, however.

Jansen’s definition of being-malfunctioning (“a material object x is malfunctioning
at t with respect to the function to F-in-asituation-S, if and only if, at t, x is in
situation S but does not F”) looks very similar to stating participation in a MALFO
non performance event. In fact, naively, one would translate it to participation in a
MALFO-malfunction, however, MALFO-malfunctions would include MALFO-failure
events, such as the fracture of an axis. Now, suppose that such an event happened
while the axis was not functioning (say a forklift hit it). Then Jansen’s definition does
not apply because the axis is not in the situation to execute the function. Restricting
the participated occurrence type to non performance events should ameliorate such this
issue.

Jansen’s definition of having-a-malfunction (“a material object x has a malfunction
at t with respect to the function to F-insituation-S, if and only if x has the function to
F-in-situation-S but would not F in S, because, at t, it does not have the disposition
to F-in-situation-S”) looks similar to participation in a MALFO-fault. Alternatively,
we could use the capability framework of Chapter 3 to replace the disposition and
paraphrase to “a material object x has a malfunction at t with respect to the function
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to F if and only if (i) F is a function attributed to x (either one of its systemic or
selected functions), (ii) the corresponding capability of x is, at time t, either completely
lost or with a quale located in a low/no performance region”. For example, part of the
above prosaic definition can be translated into symbols into the following partial formal
definition:

ex34* ∗hasMalfunction(x, f, t) ⇐= hasFunction(x, f) ∧ ∃qqt(q, x) ∧
defFoundedOn(q, f) ∧ ¬PRE(q, t)

“The object x has a malfunction at time t with respect to the function f if f is a
function of x and there is a capability q of x founded on f that is not present at
t.”

Note that our two alternative definitions are very similar, since the degradation or
loss of the capability will likely have some cause internal to the object, and, therefore,
this cause will be a likely candidate for the z in Definition (df55), entailing that the
condition of degradation or loss of the capability is a MALFO-fault.

Jensen insists also on differentiating the previous expressions from the condition
of not having a function. In our framework, not having a function correspond to not
having attributed systemic or selected functions, which is clearly different from the
previous cases.

Finally, since having a malfunction and being malfunctioning have been mapped
to participation to either non performance events or faults, it is natural to map the
concept of Jansen-malfunction with the union of Fault and NonPerformanceEvent.

Blache’s failure taxonomy The taxonomy of (specification-based25) failures built
by Blache [25] utilizes the attributes of Table 2.1 (see 4.4a). In Blache’s taxonomy,
failures are initially divided into two main categories: extended failures and intermit-
tent failures. Extended failures are then further classified based on their severity and
suddenness.

Any ontology that includes the first three attributes from Table 2.1 and the spec-
ification based failure concept could define Blache’s taxonomy classes. However, since
these failures are specification-based and cannot be associated with our concept of fail-
ure, as discussed in the previous section, our ontology does not qualify. In passing, we
note that persistence and suddenness are not exclusive to the failure category; these
attributes can also be attributed to other malfunction-related happenings (e.g., ‘inter-
mittent noise’) and even to more general occurrences.

OREDA failure mode taxonomy The OREDA project handbook [225] describes
another subdivision of failure modes. We pictorially represent this taxonomy in Figure
4.4b. Failure modes are described as observed effects of failures, indicating that ‘ob-

25Blache’s definition is “An event when machinery/equipment is not available to produce parts
at specified conditions when scheduled or is not capable of producing parts or perform scheduled
operations to specification. For every failure, an action is required” – the emphasis on the production
of parts is due to the focus on manufacturing equipment.
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(a) Blache’s failure taxonomy [25]. (b) Taxonomy of failure modes, described
in [225, p. 41]. The source remarks that,
about the bottom-right category, “[t]his cate-
gory does not affect the function immediately,
but may do so if not attended to within a rea-
sonable time”.

Figure 4.4

servability’ is a key aspect of the top node of the taxonomy. Since our ontology does
not consider observability, we cannot align with such a definition.

Considering the taxonomy’s leaf nodes, and especially their examples, the category
‘demanded change of state is not achieved’ can arguably be mapped as a subclass of
NonPerformanceEvent (‘fail to start’ is an example of an occurrence-type common to
both classes). For the category ‘undesired change in manner of operation’, which is said
to be a state but exemplified with occurrences looking like events (e.g. ‘spurious stop’),
we propose a division for mapping purposes. This category could be split into ‘alteration
in the manner of operation’ (e.g., ‘high output’), considered a subclass of malfunction
states (i.e., either faults or abnormal external disabled states), and ‘interruption of
operation’ (e.g., ‘spurious stop’), which could be mapped to NonPerformanceEvent.

Finally, the category ‘undesired change of condition’ should be considered a subclass
of occurrences that are states and function-compatible (i.e., not function-incompatible).
While our ontology cannot express the potential impact of such occurrences on the
underlying function if not attended to, an actual instantiation of this scenario could be
represented in a model of the theory. Additionally, we could state that addressing the
undesired condition prevents a failure from occurring.

Avizienis’ fault-error-failure chain As previously mentioned, Avizienis [10] states
that faults cause failures via errors. This may appear incompatible with our definitions,
which follow Del Frate, and Rausand and Øien in stating the opposite: that failures
cause faults. However, this is not a contradiction. In our ontology, it is still possible
for a fault to cause a failure. Similarly, Avizienis acknowledges that failures may cause
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faults [10]. Therefore, while Avizienis’ characterizations of failures and faults differ from
ours, they can be further specialized to achieve compatibility.

Another distinction between Avizienis’ conceptualization and ours is his specification
that faults can be either dormant or active: an active fault produces an error, while a
dormant fault does not. In our ontology, this can be approximated as follows: an active
fault is the part of a Fault that occurs during (or immediately before) the causation of
an error, while a dormant fault is the remaining part. Another interpretation, based on
an ontology that admits dispositions, could view a fault as a disposition, active when
realized and dormant when not. This latter interpretation aligns with [119] and with
[67], with the difference that, in that work, ‘malfunctions’ are dispositions that result
in ‘failure events’ when active.

Another critical difference is the presence of errors. We did not define this concept
in our ontology, partially because Avizienis’ definition and examples of errors, as well
as his statement that “error propagation within a given component [...] is caused by
the computation process” [10], suggest that errors are specific to the software domain.
However, we assert that any Avizienis-style causal chain can be reformulated into a
MALFO-ontology causal chain: errors can be mapped to some kind of malfunction,
depending on the occurrence type (event, state, or process) the error is recognized as.
Example 4.1.2.1 demonstrates this mapping.

For Avizienis, errors propagate within a component, resulting in other errors, and
only when an error reaches the boundary of a system (e.g., when a second system re-
quests a service from the first), a failure occurs. Thus, Avizienis’ distinction between
failures and errors also hinges on what we termed observability in Section 4.0.1: the
difference between errors and failures is that failures are observed by an external sys-
tem. Our theory does not consider observability, therefore it cannot explain this latter
difference.

IOF modular maintenance ontology The IOF’s maintenance ontology (IOF-maint)
[120] provides another relevant source of malfunction-related concepts. Since this ontol-
ogy is based on the Basic Formal Ontology (BFO), a comprehensive mapping between
MALFO and BFO would be required for proper integration. However, such an exten-
sive mapping is outside the scope of this work. Instead, we offer a preliminary, partial
analysis here. Some of the most relevant terms in IOF-maint are ‘failure event’, ‘fail-
ure process’, ‘failure effect’, and ‘failed state’, with formal definitions available in the
IOF’s documentation26. These definitions are complex, and we reproduce them verba-
tim (some predicates are starred to avoid homonymy with our predicates). Then we
try emphasize key aspects (the interested reader can consult IOF documentation for
an in-depth treatment), this is essential as the IOF-maint is still in provisional status,
meaning that while details may change, the key aspects are likely to remain consistent.

df62* FailureEvent(e) ⇐⇒ ∗Event(e) ∧ ∃o(FailedState(o) ∧ initiates(e, o)) ∧
∃i, f, p1(MaintainableMaterialItem(i) ∧ hasParticipantAtAllTimes(e, i) ∧

26Accessible at https://github.com/iofoundry/ontology/blob/master/maintenance/
Maintenance.rdf, we specifically refer to commit 3467e52.
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PrimaryFunction(f) ∧ hasFunction(i, f) ∧ FunctioningProcess(p1) ∧
realizes(p1, f) ∧ precedes(p1, e) ∧ ¬∃p2(FunctioningProcess(p2) ∧
realizes(p2, f) ∧ precedes(p1, p2) ∧ precedes(p2, e)))

df63* FailedState(o1) ⇐⇒ MaintenanceState(o1) ∧
∃i(MaintainableMaterialItem(i) ∧ hasParticipantAtAllTimes(o1, i) ∧
∃e(FailureEvent(e) ∧ initiates(e, o1)) ∧ ∃o2((DegradedState(o2) ∨
OperatingState(o2) ∧ hasParticipantAtAllTimes(o2, i)) ∧ precedes(o2, o1)) ∧
¬∃o3((DegradedState(o3) ∨ OperatingState(o3)) ∧
hasParticipantAtAllTimes(o3, i) ∧ precedes(o2, o3) ∧ precedes(o3, o1)))27

df64* FailureEffect(x) =⇒
∗Process(x) ∧ ∃f((FailureEvent(f) ∨ FailureProcess(f)) ∧ precededBy(x, f))

df65* FailureProcess(x) ⇐⇒
∗Process(x) ∧ ∃y(DispositionToFail(y) ∧ realizes(x, y))

First, note that the starred ∗Event and ∗Process belong to BFO, and as such do not
need to be the same as MALFO’s. Indeed, since FailedState and all other IOF-maint’s
states are subclasses of ∗Process, MALFO’s Process and State must be different from
the homonymous BFO concepts. Analysis of BFO’s predicates definitions suggests that
the following mapping is the most appropriate:

mp8 (State(x) ∨ Process(x) ∨ Event(x)) =⇒ (∗Process(x) ∧ ∗Event(x))

This is because BFO-events that are also BFO-processes are those BFO-processes that
are relevant for some agent, and the latter class appears to be the smallest BFO class
(defined with the predicates from IOF-maint) that contains MALFO’s occurrents.

More importantly, the IOF-maint has just one relation that suggests a causal link:
initiates. Defined as the “comes before an event or process in time and results in
beginning or creation of the event or process”, this looks like direct positive causation
from Toyoshima’s ontology, but initiates definition is too general to make precise
mapping statements. Third, the IOF-maint strategy to define failure events and failed
states is to assert that the failed component (a “maintainable material item”) functioned
one last time before failing. This entails that failure events and failed states in IOF-
maint are significantly different from MALFO-failures and MALFO-faults, despite their
terminological similarities. In MALFO, malfunctions (including faults and failures) are
explicitly stated to be incompatible with normal functionality, not merely that they are
preceded by a single instance of functioning. In IOF-maint’s failed states are intended
to indicate that the underlying item cannot perform its function (with the heuristic
definition stating “state of an item being unable to perform a required function due to
a failure event”), but is not explicitly made clear in the formal definition. Thus, a failed
state (or failure event) in IOF-maint is not necessarily equivalent to a MALFO-fault
(or MALFO-failure). Conversely, the inclusion in the opposite direction also does not
hold, as IOF-maint requires that failed items must have functioned at least once, while
MALFO does not impose such a requirement. The misalignment between MALFO and

27Note the circularity between this definition and (df62). We assume that at least one of the is hence
intended to be an axiom and not proper definition.
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IOF-maint regarding failed events implies that no direct alignment can be established
with failure effects either.

Fourth, IOF-maint’s use of dispositions, derived from BFO, to describe failure pro-
cesses as realizations of dispositions is a concept that MALFO cannot express. Dis-
positions could fit nicely with the first meaning of failure mode we mentioned at the
end of our taxonomy, as they could provide a link between system components and
types of malfunction-related happenings. This is indeed done in IOF-maint, where the
definition of the term ‘failure mode codes’ entails that failure modes are ‘undesirable
dispositions’. However, it is important to note that ‘failure mode’ is not a formal term
within the ontology itself.

Kitamura and Mizoguchi ontological analysis of faults Kitamura and Mi-
zoguchi’s work contains a nuanced classification of faults and their causes, some of
which can be mapped to MALFO: in Kitamura and Mizoguchi’s classification, causes
are either internal or external to a given system. This distinction can be mapped to
MALFO using the internalTo predicate. Specifically, an internal cause in Kitamura
and Mizoguchi’s terminology would be a cause in MALFO that is internalTo a given
system. Second, Kitamura and Mizoguchi’s “abnormal states” (which are abnormal
“only because of the propagation of abnormal input”) and “faults” (irreversible changes
in the internal state of a component) mirror MALFO’s abnormal external disabled states
and faults, respectively. Third, Kitamura and Mizoguchi divide causes into “relative”,
“absolute”, and “ultimate” causes: a fault may start a chain of “propagation events”,
each causing an abnormal state, which is considered as just superficial symptom of the
fault. In this context, the first fault in the chain is the absolute cause of the last ab-
normal state, and the second-before-last abnormal state is the relative cause of the last
abnormal state. The fault itself may have been caused by and preceded by multiple
made from various faults and abnormal states. In such a case, the initial cause origi-
nating outside the analyzed system is considered the ultimate cause of all subsequent
occurrences.

Given these descriptions, we deduce the following definitions of Kitamura and Mi-
zoguchi’s concepts mentioned above (labeled with a star ∗) in terms of those of our
ontology28:

df66* ∗AbnormalState(x) ⇐⇒ AbExtDisabledSt(x)

“Kitamura and Mizoguchi’s abnormal states are equivalent to our abnormal exter-
nal disabled states.”

df67* ∗Fault(x) ⇐⇒ Fault(x)

“Kitamura and Mizoguchi’s faults are equivalent to our faults.”

df68* ∗relativeCause(x, y) ⇐⇒ posCausalCon(x, y)

“Kitamura and Mizoguchi’s relative causation is equivalent to the positive causal
contribution relation.”

28Note that (df69*) and (df70*) are second-order logic formulas.
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df69* ∗absoluteCause(x, y) ⇐⇒
(∃z(Fault(z) ∧ posCausalCon(x, z)) ∧
∃x1, x2, . . . , xn(x1 = z ∧ xn = y ∧
∀j = 2, 3 . . . , n− 1 (posCausalCon(xj−1, xj) ∧ ¬Fault(xj))))

“x is a Kitamura and Mizoguchi’s absolute cause of y if and only if x positively
causally contributes to some fault z and there is a (positive) causal chain of oc-
currences x1, x2, . . . , xn, none of which is a fault except possibly the first and the
last, which starts with z and ends with y.”

df70* ∗ultimateCause(x, y, s) ⇐⇒ (externalTo(x, s) ∧ ∃z(Fault(z) ∧
posCausalCon(x, z) ∧ ∃x1, x2, . . . , xn(x1 = z ∧ xn = y ∧ ∀j = 2, 3 . . . , n
(posCausalCon(xj−1, xj) ∧ internalTo(xj, s)))))

“x is a Kitamura and Mizoguchi’s ultimate cause of y with respect to the system
s if and only if x is external to s and positively causally contributes to some fault
z and there is a (positive) causal chain of occurrences x1, x2, . . . , xn, all internal to
s except for the first, which starts with z and ends with y.”

4.1.2 Examples of application

Here we describe possible applications of MALFO regarding causal analysis of malfunction-
related happenings.

4.1.2.1 Errors and failures in an integrated circuit

We reformulate this example, taken from Avizienis [10], using our ontology to demon-
strate both a mapping with an alternative conceptualization of malfunction-related
happenings and to explore the connection between causation and the temporal dura-
tion of occurrences.

Avizienis’ example consists of a short circuit occurring in an integrated circuit. The
short circuit is an Avizienis-failure29 that causes a connection of the circuit being stuck
at a boolean value, the latter being an Avizienis-fault. The Avizienis-fault remains
dormant until the circuit is invoked, at which point it becomes active and generates an
error. This error then propagates, causing additional errors. If these errors adversely
affect the service provided by the circuit, a subsequent failure occurs.

This example is illustrated in Figure 4.5: the upper chain, with ellipses as nodes,
represents the fault-error-failure conceptualization according to Avizienis. The lower
chain depicts the corresponding model using Toyoshima’s causal ontology. Dashed
lines connect corresponding occurrences between the two chains, while dotted lines at
the bottom link each occurrence in the lower chain to its time extension, represented
by a gray bar along the time axis. Specifically, let’s assume the short circuit involves a
particular failure event: the breakdown of some insulation (1). This breakdown achieves
the condition of being stuck at a certain boolean value (3), and the time extensions of
(1) and (3) are juxtaposed, enabling the tight causal interaction required by achieves.

29Avizienis’ concept of failures may be different from MALFO’s Failure.
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Occurrence (3) is also a facilitative precondition for the erroneous calculations (5), but
this alone is not sufficient to cause (5). There is a time interval during which (3)
persists without (5) commencing, allowing us to say that the facilitative precondition is
‘dormant’ during this period. To trigger (5), several other occurrences must transpire
(e.g., the IC must be powered, its data connections must be at least partially linked to
adjacent components, etc.). For simplicity, let’s assume the only trigger required to start
the calculation process is the circuit’s invocation, such as by sending the correct signal
to a connection (2). At that moment, the calculation process begins, characterized by
a complex sequence of states (identified by various voltage levels at different circuit
points) that are tightly coupled both temporally and causally. We isolate two of these
states (4, 6), which are part of the entire process and occur at different times. These
states are not the only ones in the process; there is also a sequence of additional states
between (4) and (6). The final state in this chain involves an incorrect value at the
circuit’s output (7), which acts as a facilitative precondition for the erroneous service
delivery (8). Occurrence (7) is only a precondition for (8), as multiple conditions (not
discussed in the example) must accumulate for (8) to occur.

MALFO axioms entail that (1) is a Failure, (8) is a NonPerformanceEvent, (3) is
a Fault (assuming (1) is internal to (3)). Additionally, (4), (6), and (7) are abnormal
external disabled states, because they are not achieved by some internal occurrence;
and (5) is a Malfunction Process. This classification may be done manually or it can
be also automated as it will be discussed in Section 4.1.2.3. To begin the classification
process, it is necessary to specify the causal arrows, the basic ontological categories
of the occurrences (Event, Process, State), and their function-compatibility. Some
causal relationships can be inferred; for instance, the allows relation between (1) and
(5) in Figure 4.5 can be deduced from the arrows connecting (1) to (3) and (3) to (5).

4.1.2.2 Explaining a root cause analysis of a material failure

With this example, we aim to show how our ontology-based approach can be exploited
to enhance the precision of root cause analysis. Consider Matthew’s case study on the
failure of the main drive shaft of a radial fan [180]: the fan’s shaft broke, leading to
the catastrophic failure of the entire machine. Matthews’ analysis identifies multiple
contributing factors, such as the impeller’s low balance grade, high vibration levels,
bearing wear, and specific design details of the shaft that increased stress concentration
near the keyway. Importantly, Matthews distinguishes the varying levels of contribution
from these causes. He identifies the primary cause, that he terms “proximate [in effect]”,
as the shaft design, while categorizing the other factors, like the impeller’s balance,
vibrations, and bearing wear, as “contributory factors”, entailing that they played a
lesser role.

Matthew summarizes his analysis in the pictures of Figure 4.6, and the complete
analysis can be found in [180]. Here, we will present some re-interpretations of his
analysis through the lenses of our approach. It’s important to note that, despite our
best efforts, our interpretation may not perfectly align with Matthews’ original analy-
sis. Nonetheless, our objective is to demonstrate the application of our ontology in a
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Figure 4.5: Avizienis’ example of a failure in an integrated circuit. The top row is
Avizienis’ original conceptualization, the bottom row is a revised conceptualization us-
ing Toyoshima’s ontology. Dashed lines between the two conceptualizations link corre-
sponding occurrences.Red nodes are function-incompatible occurrences. Since MALFO
is a definitional extensions of (an adequate extension of) Toyoshima’s ontology, the
bottom row is also a model of MALFO and the MALFO’s class of an occurrence is put
between double angle quotation marks (“«” and “»”).

practical use case, rather than to precisely replicate Matthews’ analysis.
Our interpretations are ontology models, and, since they contain only asymmetric

binary relations they can be depicted as labelled directed graphs. The first interpreta-
tion is shown in Figure 4.7. Individual occurrences are represented as nodes, and their
labels provide descriptions serving as unique identifiers. Each event’s MALFO class
is denoted between double-angle quotation marks30. The nodes shape indicates if the
occurrence is an event, process, or state. The arrows colors help to (i) Disambiguate
how a (dis-)allows arrow can be deduced (for example, achieves + facilitative/
preventive entails allows/ disallows), as seen between nodes (16), (17), and (18).
(ii) Show that multiple arrows contribute to the causation of the same occurrence. For
instance, in nodes (21), (22), and (24), achieves causation is supported by an allows
causation of the same color. This is a typical scenario in Toyoshima’s ontology, where
achieves causation is assisted by allows causation pointing to the same occurrence.

30Note that some classifications depend on the implicit context. For instance, the shaft design (1)
could be viewed as a failure concerning the function of the design team or process. Consequently, the
rough surface finish (4) would be a fault regarding the shaft as a design object, of, say, preventing
crack formations). Also 17 is not a malfunction-related happening.
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Figure 4.6: Example of material failure root cause analysis from [180]. Notice that here
the fracture is called “ductile”, but on page 193 is called “brittle”. We use the latter
term in Figures 4.7, 4.8.
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The graph can be summarized as follows: the target event being analyzed is the
catastrophic failure of the whole machine (27), caused by the shaft rupture (25). This
rupture is a result of the excessive fatigue conditions near the keyway (12) and the
reduction of the shaft diameter (29) due to the propagation of a previously initiated
crack (22). Fatigue conditions also lead to both the initiation and propagation of the
crack. The fatigue conditions are determined by multiple occurrences, divided into three
subgraphs: The first subgraph (1-8) is initiated by the shaft design (1). The second
subgraph (10-9-18-20-19) begins with the erroneous balancing of the rotor (19). The
third subgraph (11-14-15-16-17) is initiated by the normal operations of the machine
(16).

Analyzing a RCA using a MALFO model. Examining the graph reveals nodes
25 and 12 as crucial because their removal would result in disconnected (non-singleton)
parts of the graph. There exists a single causal chain mediated by states that links Node
25 to the target event (27). Therefore, it can be argued that the root cause problem for
the target event can be traced back to the same problem for Node 25. Undoubtedly, it
was the shaft rupture that directly caused the catastrophic failure.

The rupture is caused by the fatigue conditions, as depicted in the subgraph between
nodes 12 and 25. Essentially, abnormal stresses lead to the formation of a crack in the
shaft, which subsequently propagates due to high-cycle fatigue, ultimately resulting
in the brittle fracture of the remaining portion of the shaft. Note that the fatigue
conditions contribute to both the initiation and propagation of the crack, as well as to
the final rupture itself.

The key issue now shifts to identifying the cause of Node 12. Bearing wear, vi-
brations, and the shaft design collectively contribute to the emergence of this node
through the three subgraphs mentioned earlier. Specifically, they lead to three distinct
yet similar conditions (8, 10, 11) that share comparable quantitative parameters. Upon
comparing these parameters, it becomes evident that the segment of the graph initiated
by the shaft design plays the most significant role in causing the critical Node 12.

In the graph, there are exactly three nodes positioned leftmost from the others:
the shaft design (1), normal operations (16), and the erroneous balancing (19). We
these nodes as potential candidates for identifying the root cause. Based on the earlier
discussion, we designate the shaft design as the ‘root cause’, and nodes 16 and 19 as
‘contributory factors’. In particular, normal operations, although not inherently abnor-
mal, are still considered a contributing factor. In another context, normal operations
could even be the main responsible for the shaft rupture: this happens, say, in the case
that the catastrophic failure is due to expected wear due to aging.

The result of this analysis is an agreement with Matthews’ as it is indeed based on
his analysis, but notice that, while in our case the critical point of the analysis is clear:
determining (through the comparison of some relevant parameters) the most important
causal chain that brought about Node 12; in Matthews’ case the critical point is the
same but is only implicitly stated. In fact, this very important point is reduced to a
few sentences in Matthews’ analysis. In detail, he states:

In our analysis, we align with Matthews’ conclusions. This is unsurprising, since
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4.1. Evaluation of the MALFO ontology

we are rephrasing his work. However, there is a noticeable difference: the critical point
in the RCA analysis is identifying the primary causal chain leading to Node 12 by
comparing relevant parameters. We explicitly highlight this point, while Matthews
only implicitly touches on it in a few sentences:

• “If there had not been a stress concentration (caused by the design) to start with,
then the fatigue alone would not have resulted in this particular failure.” [180, p.
188]

• “The relatively small deviations from impeller balance grade and maximum vi-
bration limits tell us that the imposed fatigue condition was mild, and therefore
acted as a contributory factor only.” [180, p. 189]

• “The combination of sharp corners and rough surface finish of the key slot - and
its proximity to the small radius change of shaft section - produced high stress
concentrations. These were sufficient to result in crack initiation under fatigue
conditions.” [180, p. 189]

There are some concerns with the first and third sentences: the first would still ap-
ply if stress concentration and fatigue were swapped (fatigue is essential since stress
concentration alone wouldn’t cause failure). The third sentence describes stress con-
centration as sufficient, but the exact meaning of sufficient is not clarified. It cannot
simply mean physical sufficiency because external factors could prevent fracture even
with stress concentration present. For instance, the fan operated for a significant period
with stress concentration but without failure, and under different conditions or with
a different shaft material, the same stress concentration might not lead to failure at
all. The second sentence implies a comparison of relevant parameters, a point that we
emphasized in the causal graph.

RCA based on graph-topology. Next, we present an alternative approach to as-
sessing the relative contributions of causes to a failure. We reinterpret the graph shown
in Figure 4.7 as Figure 4.8 with a different causal structure: here, we posit that high-
cycle fatigue (21 – from now on all nodes refer to Figure 4.8 unless otherwise specified)
primarily propagates the crack, while the initiation of the crack (22) is attributed to
excessive stresses near the keyway (3). The preference for either the causal structure
of 4.7 or that of 4.8 or another will depend on the specific material theory adopted
regarding fractures. Additionally, we partition the incorrect design of the shaft into an
event and a state, which we assume are functionally incompatible with the intended
function of the design itself.
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In this revised structure, nodes 21 and 24, when removed, partition the graph into
two disconnected parts. The first part, initiated by nodes 16 and 19 contributes solely
to the propagation of the crack without initiating it. Conversely, the part initiated by
Node 1 contributes in various ways to both the initiation and propagation of the crack.
This critical distinction, coupled with the observation that the incorrect balancing of
the rotor (19) holds a comparable causal role in the graph to normal operations (16),
which are not abnormal, suggests once more that nodes 16 and 19 play a minor role
in causing the target event compared to the shaft design (1). Once again, we align
with Matthew’s analysis, this time based on the topology of the graph rather than a
quantitative comparison.

RCA based on formal ontology concepts. This time we make use of the concepts
of absoluteCause and relativeCause to help the analysis.

For example, in Figure 4.8, Node (19) is the only absolute cause of (25); while Node
(1), assuming that all nodes to the left/right of the dashed line are external/internal to
the fan system31), is the only ultimate cause of (25).

Then, to find the root cause of an event, one could just focus on the absolute and
ultimate causes of that event, filtering out any different causal role. In particular,
searching for ultimateCauses is a formalization of the process of seeking root causes
across different organizational contexts, as seen in models like HFACS. In the context of
Figure 4.8, the ultimate cause of (25), situated within the context of machine operations,
is node (1), situated in the context of the design process.

A more targeted approach may focus solely on specific categories of malfunction-
related occurrences when searching for root cause(s) (e.g., Failure, Fault, Failure
Condition, and FailureMechanism), while disregarding others (MereSymptom, Malfunc-
tion Process, AbExtDisabledSt, NonPerformanceEvent).

4.1.2.3 Using automated reasoning and queries

Inferencing may be used to enhance the use of the ontology, as it will show in the
following.

The inferencing process must begin with some established facts. In the context of
intended instantiations of our ontology, as shown in Figures 4.5, 4.7, and 4.8, these facts
include:

• the classification of each occurrent as either State, Event, or Process,

• each occurrent is classified as either functionIncompatible (i.e. a malfunction)
or not,

• all the primitive ontology relations (achieves, facilitative, preventive, has
PhysicalConseq, and internalTo)32 need to be asserted. Non-primitive causal

31Then nodes (1) and “Shaft design is incorrect” must be thought as referring to e.g. the shaft design
as a design-object which is not internal to any given physical fan system.

32In Toyoshima’s causal ontology there exist additional primitive relations. For simplicity, we exclude
those.
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relations (allows, disallows, prevents) may also be asserted in addition or as
a replacement for the assertion of a set of primitives.

These facts need to be provided a priori, and we do not investigate, in this chap-
ter, the methods for their collection. Nonetheless, these facts are not mere arbitrary
assertions: for example, in Figure 4.8 Node (19) is internalTo Node (20), therefore
every object participating in (19) is part of some object participating in (20). If we
assume that the objects participating in these occurrents are exactly those mentioned
in the occurrent descriptions (i.e. ‘rotor’ in (19) and ‘impeller’ in (20)), then we the
rotor is part of the impeller. This is true if, for instance, rotor and impeller indicate the
same entity (‘impeller’ being the specific type of ‘rotor’ used in the fan), since part-of
is reflexive (anything is part-of itself). But it is false if, for instance, the rotor is an
assembly containing all rotating components of the fan, which are not limited to the
impeller. Similar observations apply to all other types of initial facts. The key point is
that, for each asserted fact, the ontology provides guidelines to constrain its meaning,
even if these guidelines are not implemented through a formal/automatic process.

Another requirement for a set of asserted facts is consistency, which can be formally
verified using the ontology axioms. After verifying consistency, one can use the ontology
axioms to infer (i) the presence of non-primitive causal relations, (ii) the classification of
an occurrent into one of the classes of MALFO’s taxonomy, and (iii) the presence of finer
causal relations such as absolute and ultimate causes. While this consistency checking
and inferencing process can be performed manually, it is impractical and unscalable.
Fortunately, numerous methods exist to automate the inferencing process:

• First-order theorem provers, of which many are available online, such as Vampire33

or Prover934 and many others. Most of these theorem provers are also available as
a service from the TPTP library35). These provers reason using first-order logic
and as such their typical application is restricted to academic problems due to
complexity and non-decidability issues (i.e. the reasoning process may not return
a solution once started). Nonetheless, we have developed serializations of MALFO
in prover9 and TPTP formats36 that can be utilized with these tools.

• Logic programming. A portion of MALFO’s first-order logic axioms can be
straightforwardly implemented as rules using logic programming. Models, such as
Figure 4.7, can be stored in any database system that supports inferencing in a
logic-programming style, such as DLV37. We provide an intensional database writ-
ten as a disjunctive Datalog program, roughly equivalent to first-order MALFO.

• OWL reasoners. MALFO has also a version as an OWL-ontology. Models can
33https://vprover.github.io/.
34https://www.cs.unm.edu/~mccune/prover9/.
35https://www.tptp.org/cgi-bin/SystemOnTPTP.
36These, as any oncoming serialization is available in the GitHub repository https://github.com/

kataph/MALFO, also note that therein a version of MALFO with an alignment to the work of Chapter
3 is present: MALFO-plusDOLCE-functions.owl.

37https://www.dlvsystem.it/dlvsite/dlv-user-manual/#.
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be stored as knowledge graphs (RDF(S) graphs) using the ontology vocabulary,
enabling application of OWL-reasoners.

• Ad-hoc reasoning on knowledge graphs. We provide a library of SPARQL rules
that implement the described reasoning tasks. This extends MALFO capabilities
to RDF triplestores that may have limited or no built-in reasoning support.

MALFO is fundamentally a first-order theory (with the addition of transitivity clo-
sure of predicates), meaning that any translation into decidable languages will only par-
tially preserve MALFO’s axioms. Additionally, OWL operates under the open world
assumption, making it challenging, if not impossible, to assert negative facts about
entities.

For example, the primary distinction between first-order MALFO and its OWL
version is that OWL lacks the capability to classify an instance as a predicate defined
through negation. In MALFO, these correspond to MereSymptom, NonPerformanceEvent,
and AbExtDisabledSt; for instance, a functionally compatible occurrence is considered
a mere symptom if it does not cause any failure. Therefore, instances belonging to
these classes cannot be recognized by an OWL reasoner.

Using a functional-programming-style language one could infer such predicates, as-
suming that the language used allows for negated statements. In functional program-
ming there are different types of negation, the one that we intend to be used for MALFO
reasoning task is negation-as-failure: a fact is assumed false if it cannot be deduced from
the available facts. However, using negation-as-failure can lead to incorrect inferences
if a negated fact is actually true but has been omitted from the initial set of facts for
any reason. The ad-hoc inference rules we encoded as queries also implement negation-
as-failure, using the “FILTER NOT EXISTS” SPARQL construct. These queries ma-
terialize the rule heads into the graph whenever the pattern specified in the rule-body
appears. It’s crucial to execute these rules in a specific order since some predicates are
dependent on others, a script that takes care of this is also provided on GitHub.

Lastly, note that absolute causes and ultimate causes cannot be defined in OWL.
However, they can be identified programmatically. For instance, a SPARQL query
(supplied on GitHub) can select all absoluteCauses. Similarly, the sufficient conditions
for FailureCondition and for Fault cannot be expressed in OWL and have been
implemented as SWRL rules instead.

To illustrate the inference process described previously and in the preceding sections,
we provide the GraphML files that were used to generate the images 4.5, 4.7, and 4.8.
Additionally, a script is supplied that converts these GraphML files into RDF knowledge
graphs. Any method described above can then be used to test the inference process.

OWL reasoning, despite its limitations, offers benefits such as consistency checking
and providing explanations. For example, consider Figure 4.8. If, erroneously, instead
of a hasPhysicalConseq arrow from Node (3) an achieves arrow was inserted, then
the reasoner would reveal the error: given the ‘facilitative’ arrow into Node (25), one
would erroneously conclude that (3) allows (25). However, (25) being a State, is
outside the domain of allows, resulting in a contradiction. This inconsistency can
be highlighted and explained through OWL reasoning, as illustrated in Figure 4.9.
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Similarly, a facilitative arrow instead of an achieves pointing to (21) would also
lead to inconsistency, explained by the fact that a process is outside the domain of
facilitative.

Additionally, OWL reasoning can explain correct inferences. For instance, an ex-
planation of why Node “Vibrations” is a FailureMechanism is found in 4.10.

Figure 4.9: Explanation of why an achieves departing from Node (3) in Figure 4.8 leads
to an inconsistency, as identified by the Hermit reasoner (version 1.4.3.456).

Summarizing, the proposed methodology for the use of MALFO consists of the
following steps:

1. gather an initial set of facts and represent them as a model of the ontology using
the ontology’s language (refer to Section 4.1.2.3).

2. Utilize reasoning techniques to verify adherence to the ontology and derive further
facts (refer to Section 4.1.2.3).

3. Leverage the structure of the model and the ontological knowledge to elucidate the
fundamental cause of a specific target event, akin to what was done in Example
4.1.2.2.

4. Record the outcomes of the analysis in a knowledge graph.

Note that we do not provide specific instructions on identifying the root cause, as we
believe that no universally applicable instructions exists. The methodology’s strength
lies in a formal language for causation, where terms have precise and constrained mean-
ings, rather than using purely descriptive textual documents. After all, “[p]eople solve
failures; the methodology or process is just a tool to find the root causes”[214, p. 21].

Additionally, note that certain issues present in existing methodologies, as discussed
in Section 2.2.2, such as lack of terminological and conceptual clarity, systematic ap-
proach, comprehensive treatment of causation, and efficient storage of knowledge in
readily accessible databases, are addressed by our methodology.

4.1.3 Main limitations

MALFO’s language enables the description of causation patterns in a flexible yet struc-
tured manner. For example, a common causation pattern observed in failure scenarios is
causation by the accumulation of factors. In MALFO, this can be depicted by multiple
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Figure 4.10: Explanation of why “Vibrations” in Figure 4.8 is classified as a failure
mechanism, as determined by the Hermit reasoner (version 1.4.3.456). Note the SWRL
rule in step 17.

allows or facilitative arrows pointing to the same occurrence. This happens e.g. in
Figure 4.7 for nodes (12) and (24). Upon closer examination, this fact reveals some of
MALFO’s limitations, since MALFO cannot assert ‘collective causation’. For instance,
We would like to express collective causation of (8) by occurrences (5), (6), and (7),
possibly differentiating the degree of causal contribution (e.g., (5)’s contribution to (8)
is 1.4 and (6)’s is 1.67, etc.). Semantic Web Stack technologies restrict prevent the
achievement of these goals, as they only support classes and binary relations, not the
n-ary statements that would be needed. Reification could solve this and indeed it is a
possibility to consider. Similarly, expressing ‘(21) achieves (24) due to (22) facilitating
(24)’ requires statements about statements, which cannot be done for the same reasons.

Another limitation is the impossibility of making general assertions like ‘smoking
causes lung cancer overall’, since the causation is always at token-level. Similarly,
expressing probabilistic statements, such as ‘smoking increases the probability of lung
cancer by 30 times’, is problematic due to the need for both type-level causation and
quantitative weights for causal relationships.
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4.1.4 Causal relations between functions

It is finally time to discuss relations of causal nature between functions, completing
the discussion about started in Section 3.0.8. First of all, it is clear that we can lift
all causal relations from occurrences to functions, similarly to what has been done
for other relations holding between perdurants. More precisely, we can establish new
relations at the concept level that reflect the corresponding relations between behaviors
associated with these functions. It remains to consider when this lifting process is
of engineering interest. Causal relations of interest between functions already exist
in the literature, Kitamura and Mizoguchi metafunctions [142] are probably the most
prominent example. In particulr, they introduce 8 types of metafunctions, defined
in base of the type of causal contribution and the types of flows involved in the two
functions. For instance, a function (f) has the ‘toDrive’ metafunction w.r.to another
function (f’) if it is a mandatory prerequisite for that function, it has a proportional
effect on f’ performance, and it provides an energy flow that f’ consumes. After careful
consideration, we can state the following:

mp9 (provides(f, f’) ∨ drives(f, f’) ∨ enables(f, f’) ⇐⇒ ∀b′(CL(b′, f’) =⇒
∃b(CL(b, f) ∧ posCausalCon(b, b′)))) where f, f’ are functions.

“f provides for or drives or enables f’ if and only if for all behaviors b′ classified
by f’ there is a behavior b classified by f such that b positively causally contribute
to b′.”

mp10 (controls(f, f’) ∨ improves(f, f’) ∨ enhances(f, f’) ⇐⇒ ∀b(CL(b, f) =⇒
∃b′(CL(b′, f’) ∧ posCausalCon(b, b′)))) where f, f’ are functions.

“f controls or improves or enhances f’ if and only if for all behaviors b classified by
f there is a behavior b′ classified by f’ such that b positively causally contribute
to b′.”

The distinction between the disjuncted relations in the defined has to be carried out
by specializing the positive causal contribution relation, and by explaining the relation
between the functions flows. Consider e.g. the toDrive metafunction example above,
or the toControl metafunction, which holds if the first function realization maintain
the realizations of second function to stay within given performance parameters (the
first function ‘regularizes’ the second). Since some of these specialization processes are
not currently expressible in our framework, we do not refine alignments (mp9)-(mp10)
further.

There are two final metafunctions: toPrevent and toAllow38. They consist of pre-
venting a malfunction of or directly positively causing a negative side effect of the target
function. We define only the former, since our framework does not (immediately) have
the ‘side effect’ concept required for the latter:

mp11 prevents(f, f’) ⇐⇒ ∀b(CL(b, f) =⇒ ∃b′,m(Malfunction(m) ∧
functionIncompatible(m, f′) ∧ prevents(b,m) ∧ CL(b′, f’) ∧ allows(b′,m)))
where f, f’ are functions.

38Note the homonymy with the corresponding negative causal relations.
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“f prevents f’ if and only if for all behaviors b classified by f there exist a
behavior b′ classified by f’ and a malfunction m such that m is functionally
incompatible with f’, prevented by b, and allowed by b′.”

Another relevant author is Burek [39], who defines two relations relevant for this
section: triggers and improves. Burek-improves is different from the metafunction
toImprove: the latter increases the performance, the former reduces side effects. For
the same reasons that we skipped alignment with toAllow above, we skip the alignment
with Burek-improves. Regarding the triggers relation, it is described as providing “the
necessary and sufficient condition for the function realization. In this sense a trigger
can be understood as a direct cause of the function realization”, therefore it is a subcase
of (mp9), where the positive causation is either an achieves or an effective sufficient
cause.
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Chapter 5

Some Applications

After the two previous chapters concerned with formal matters about developing an
overarching framework for engineering systems functions and malfunctions, in this chap-
ter we expand our results into methodologies aimed to industrial applications. The ap-
plicative turn we take takes advantage of the theory developed earlier and showcasing
its potentiality through two semantic-technology-based tools.

5.1 Domain Terms Glossary

Domain-specific glossaries1 can be employed to increase data quality, reduce semantical
heterogeneity and ease communication, facilitate translation efforts, and standardize
enterprise documentation, both for internal and customer use. The development of
such glossaries is not trivial, as, in addition to the standard difficulties of building a
vocabulary, specific technical expertise is required.

For manufacturing companies, technical terms vocabularies rotate around prod-
ucts their components and related processes, including operational, manufacturing, and
maintenance processes (and also anomalous conditions). Adige S.p.A. falls in this case,
and extrapolation of technical terms from technical manuals indeed revealed a promi-
nence of nouns related to product and component, especially from the electromechanical
domain.

In this section we discuss a possible way to use ontologies to help to build a high-
quality glossary in the specific case of Adige, but the outlined procedure is relevant
more in general, e.g. in the manufacturing domain.

Brief review of industrial vocabularies Vocabularies related to domains of in-
terest for some industrial settings (industrial vocabularies for short) present the same

1As a terminological note, we use ‘vocabulary’ in two senses: either as some part of the natural
language specific to some domain, or as a document describing such a part of the language. In the
latter sense vocabulary is synonymous with dictionary. We call a dictionary ‘glossary’ to emphasize
either that it is limited to a specific domain, or that it contains a list of terms with short explicatory
definitions and/or comments, i.e. their glosses. Finally, we do not distinguish between sense, meaning,
and concept.
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variety that can be found in general settings: they may be constituted by simple al-
phabetically ordered lists of terms, such as Oracle’s glossary of networking terms2 and
IEEE’s glossary for software engineering terms6; or they may extend to comprehensive
dictionaries, such as the Oxford Dictionary of Electronics and Electrical Engineering7.

Glossaries of non-small size will often contain homonymous or polysemous8 terms.
This may be managed by either allowing multiple entries for the same term (one entry
per meaning) and identifying each entry with a unique key (such is the case for SAP
terms and IEV), or by using one entry per term and listing the multiple meanings in
the gloss of the term (as in IEEE’s glossary). Bigger glossaries will also be divided into
subsections grouping terms by (sub-)domain.

Note that important semantic relations, such as hyponymy/hypernymy and merony-
my/holonymy are not usually made explicit, but are only implicit in the definitions (e.g.,
‘an actuator is a special case of a transducer’ [41]).

Development of an ontology-based vocabulary For Adige, early approaches to
the development of a glossary revealed some critical issues. Among those, and in ad-
dition to the classical issues of dictionaries such as managing synonyms etc., the main
ones are:

• determine how to represent the relationship between components and user inter-
face software elements, as well as that between machine components and machine
cycles.

• Manage terms with ambiguous meanings (e.g., ‘CAD’ can refer to different soft-
ware products depending on the context).

• Manage hierarchies among terms (e.g. a ‘valve’ can be a ‘pressure regulator valve’,
a ‘check valve’ etc.).

We divide these issues into two categories: (G1) determine and manage the relevant
semantic relations between terms, and (G2) determine and manage semantic ambiguity
between terms.

As a solution fit to solve the above-mentioned issues, after an analysis of the tech-
nical language employed by the company, a prototype hand-curated glossary of several

2https://docs.oracle.com/cd/E53394_01/pdf/E54755.pdf or the vocabulary of ISO 142243; mul-
tilingual thesaurus containing acronyms, abbreviations, synonyms, antonyms, deprecated or obsolete
terms, associated terms, and explicatory notes, in addition to the glosses, such as the IEV4, SAP
terminological database5, last accessed September 2024.

6Institute of Electrical and Electronics Engineers, https://ieeexplore.ieee.org/document/
159342, last accessed September 2024.

7https://www.oxfordreference.com/display/10.1093/acref/9780198725725.001.0001/acref-
9780198725725, last accessed September 2024.

8Two terms are homonymous if they have different grammatical and/or semantic roots but the
same lexical expression (e.g., ‘I set up the tent’ and ‘the set of all prime numbers’ are homonymous).
A term is polysemous if it is linked to multiple meanings stemmed from the same semantic root (e.g.,
‘argument’ may a variable in an arithmetic equation, or it may be an input variable for a function in
a programming language).
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hundred terms was developed. The glossary is ontology-based in the sense that it is a
sort of WordNet of terms, containing various semantical and lexical relations, and the
semantic relations are taken from the ontology developed in the previous chapters.

Now, to solve issue (G1), an analysis of the relevant semantic relations between
domain terms revealed, as is to be expected, that subsumption and parthood are the
pivotal semantic relations. Participation-like relations are also common to relate com-
ponents to processes. Moreover, function attribution (‘X does Y’, ‘the function of X
is Y’, etc.), together with ‘failure mode attribution’ (‘the breaking of X’, ‘problems in
Y’), is a semantic relation that is especially important in this domain, much more than
for the non-technical language. In summary, we claim that the use of the semantic
relations taken from a top-level ontology (DOLCE in our case) augmented by those
relations studied in this thesis, are sufficient to answer (G1).

Regarding (G2), it is a multi-faceted issue. On one hand, there is the issue of record-
ing and describing the multiple senses of polysemous words, and collecting the multiple
synonymous words that can be used to indicate a sense. On the other hand, there is the
issue of retrieving the correct sense of a term given a context. All of these various facets
can be treated by dictionaries. In particular, semantic dictionaries9, such as WordNet,
can detail the meaning of a term by relating it to other terms through the appropriate
semantic relations. Sense disambiguation of a term can then happen by analysis of the
semantic relations of that term in a local context. Of course, this procedure can be
either manual or automatic. Automated determination of the correct meaning of a pol-
ysemous word given some of its context is called Word Sense Disambiguation (WSD),
a classical task in natural language processing. Various classes of approaches to WSD
exist, but, for the limited scope of this section, we just mention that some of these
approaches are knowledge-based: those that are based on a knowledge base, such as a
glossary [198]. Additionally, though those methods have been outperformed by LLM-
based methods, they may still be relevant for the cheap data and energy consumption
and for the good performance on tasks over specific domains with little data available
[57]. Moreover, even current SotA high-performance LLM-based algorithms make use
of semantic dictionaries (e.g. WordNet) to feed high quality data to ML-pipelines [269].
In summary, any semantic dictionary, in particular, any dictionary constituted by the
lexical content of an ontology can be an answer to (G2), even to the point of driving
automated NLP applications (the development of such applications is, however, outside
the scope of this thesis).

In addition to these semantic issues, technical language is also peculiar at the lexical
level. For instance, abbreviations and acronyms are quite common (e.g., CAD10, QBH11,
. . . ), as the use of numeric or alphanumeric codes to identify specific components or
processes.

9By semantic dictionary, or semantic lexicon, we mean a dictionary that makes heavy use of semantic
relations between terms, while a thesaurus uses at most hyponymy, synonymy, and general association.
In this sense, the lexical content of an ontology is a semantic dictionary.

10Computer Assisted Design.
11Quick Buttons and Holder. This term refers to a device used specifically to connect optical fibers

to optical systems, however.
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For all these reasons, the glossary was created as the lexical content of a systemat-
ically annotated ontology. The ontology is constituted by (a part of) DOLCE and (a
part of) the ontological analysis developed in the previous chapters. In particular, the
preferred terms for the relevant top-level classes of the ontology are:

• device: called engineering artefact in [32], the definition of this concept is outside
the scope of this thesis (a marginal discussion is present in Section 3.0.7), and an
in-depth discussion can be found in e.g. [32]. In the glossary the preferred word is
‘device’ due to such a term being preferred in use in technical language. The gloss
of the word is also simplified to ‘an artifact performing one or more functions’.

• Function: this term is used as an umbrella for the various concepts of engineering
function analyzed in this thesis.

• Operand: this term is used to indicate function operands, synonym to flow from
the systematic design literature.

• Engineering method: the way-of-achievement of functions relevant for functional
decomposition.

While the main top-level relations between these concepts are:

• subsumption: to build taxonomical tree.

• parthood: to build partonomies. The archetypical use is for the bill of materials
(BoMs) of products. Note that on the class level the parthood relation is lifted
from the instance level using existential quantification (always and only from the
whole to the part): X has Y as part means:

ex35 X ⊑ ∃has-part.Y
“Each X has as part some Y .”

• functional ascription: functional ascription was discusses in the previous chapter
and is intended to be either hasFunction or systemicFunctionOf (for the sake of
simplicity, they are collapsed to the same relation. Formally we are talking about
the union of these two relations). It links a device to (one of) its function(s).
Again, on a class level the relation is lifted from the instance level using existential
quantification: X has function Y becomes

ex36 X ⊑ ∃has-function.Y
“Each X has as function some Y .”

• method-function relation: an individual method solves an individual function,
and an individual function is solved by an individual method. At a class level a
method X solves only a class Y of functions:

ex37 X ⊑ ∀solves.Y
“Each X solves some Y .”
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• operand-function relation: an individual function can have as input or as output
an individual operand. At a class level these relations are lifted using universal
quantification:

ex38 X ⊑ ∀has-input.Y
“If an X has an input the input is a Y .”

ex39 X ⊑ ∀has-output.Z
“If an X has an output the output is a Z.”

Note that taxonomical trees of devices were built making use of the other semantic
relations, for instance, devices are first classified by type of ascribed function, then by
type of implemented engineering method, then by other characteristics (e.g., shape). For
instance, torque-transmission devices are devices whose function is to transmit torque,
gears are those torque-transmission devices that use coupling of toothed components to
execute their function, cogwheels are wheel-shaped gears, and sprockets are cogwheels
whose teeth are designed to bite a chain or other transmission member coupled to a
pinion. Thus, the following subsumption chain is produced: device > transmission
device > gear > cogwheel > sprocket.

Note that the description of a device in functional terms takes into account the
discussion about the No-function-in-structure (NOFIS) principle from the engineering
literature: as argued by Keuneke and Allemang it is impossible to describe device
functions strictly adhering to the NOFIS principle; the description of the function of a
device may therefore reference other classes of devices known to experts and intended
to function in some way, without the assumption that those devices function correctly
[139].

Coming to functions, their taxonomy was obtained by producing various ontologi-
cal function types in the manner discussed in Section 3.1 (see Figure 5.1). Then, an
attentive analysis of Adige’s documentation was carried out to extract a complete set
of functional verbs (e.g., move, translate, control, etc.) to ensure that the function
taxonomy covers all verbs used in Adige’s documents. Of course, the assumption is
that a functional verb corresponds to a unique (modulo synonyms) ontological function
concept.

In addition to the above semantic relations, a set of annotation properties was
selected to carry the lexical information. We decided to use SKOS12 since it is a well-
known standard that supplies annotations for definitions, notes, preferred labels, alter-
native labels, deprecated labels, etc. (skos : definition, skos : note, skos : prefLabel,
skos : altLabel, skos : hiddenLabel, etc.). In particular, each concept is linked to a
set of synonymous terms (some valid, using skos : altLabel and some deprecated, using
skos : hiddenLabel) and one term is selected to be the preferred term for that concept.
The preferred term is then used, once concatenated with an appropriate namespace, as
the unique13 identifier for the concept. Note that this is essentially a WordNet synset

12https://www.w3.org/TR/2008/WD-skos-reference-20080829/skos.html.
13Uniqness requires paying attention that preferred terms are unique within a given namespace.
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Figure 5.1: Excerpt of the taxonomy of functional terms.

Figure 5.2: Example of a natural language definition of the term ‘bush’.

structure, albeit differently encoded. Additionally, the glossary was developed in par-
allel in two languages, Italian and English. Terms of different languages are annotated
with corresponding language tags.

A remarkable feature of the glossary is that natural language glosses were semi-
automatically built from the semantic network neighbourhood of the corresponding
term. See e.g. Figure 5.2, in which a gloss for ‘bush’ is present that is mainly constituted
by sentences automatically generated using hypernyms and associated functions and
engineering methods.

5.2 Semantic Search of Documents for Customer Ser-
vice

Another need for Adige is storing, sharing, and retrieving maintenance-related infor-
mation. In particular, a search application to retrieve relevant documents (e.g. service
manuals, maintenance field reports, technicians’ notes, etc.) was considered critically
helpful in this context.

Some of the main requirements collected for the application search are:

• The necessity of finding relevant items within the first few (2-5) results.

192



Chapter 5. Some Applications

• The ‘smartness’ of the search application (i.e. some kind of semantic awareness
from part of the application).

• The need to be able to filter search results with a variety of “logical” (precise,
punctual) filters, in particular component codes (the EMS keys for the product
types), especially when arranged in a relevant bill of materials, should be pivotal
for the search and retrieval of the documents14.

• The need for gen-ai augmentation techniques (such as summarization of search
results).

• The need to deal with documents in different languages.

After requirement collection various search applications were reviewed and a proto-
type was developed using the Elasticsearch engine. This choice was motivated by the
fact that Elasticsearch is well-known in enterprise environments, is (albeit partially)
open source, and has capabilities sufficient to implement all the desired requirements.

The data and knowledge flow in the application is schematically represented in
Figure 5.3: the documents of interest are heterogeneous and contained in different
applications (1), these are indexed (2) by the Elasticsearch engine (5), using both
ontology(4)-enriched keywords and vector embeddings. When a user (6) queries the
application, results are returned by searching the indexed data. The search makes
use of keywords, and categorical and numerical filters. The filters requires information
coming from other databases (3) of the EMS, for instance for the product types codes
and bill of materials.

The ensuing search can be considered ‘smart’ or ‘semantic’ for various reasons: the
ontology-based enrichment consists of an expansion of keyword indices using (some of)
the semantic and lexical relations of the glossary discussed in the previous section, al-
lowing the retrieval of semantically related terms from the search keywords. The vector
embeddings in the indices also have the same function (vector embeddings are more
flexible and work-free, however they are more computationally expansive and it is not
trivial to inject domain knowledge in them, the opposite holds for the keyword expan-
sion). Finally, an LLM is prompted with an additional query (e.g. for summarization)
and the search results, implementing a basic RAG (retrieval augmented generation).
Compare Figure 5.4.

In this context the ontology has three roles: as said above it enriches the document
indices. Additionally, it supplies (some of) the application filters, and, moreover, it
provides semantic integration capabilities.

Regarding the application filters, they were derived by reviewing similar contem-
porary applications, classical related engineering methodologies (mostly FRACAS, cf.
Section 2.2.2), derivation from MALFO ontology, and discussions with domain experts.

14Notice that the use of precise filters requires that the documents to be retrieved be conspicuously
annotated with relevant metadata. Doing these annotations has a cost that must be delegated to
manual labor or NLP knowledge-extraction tools, either during data acquisition or to the historical
document databases. In any case, this is an important issue, but it is outside the scope of the search
application.
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In particular, the key, pivotal ontological distinctions in this context appear to be the
trifecta component-defect-cause and duality problem-issue. Using MALFO, defects and
causes should be interpreted as individual occurrences of some of the categories of
MALFO taxonomy (of course the component is the bearer of the function attacked by
the malfunction). In particular, the component-defect relation is participation, and the
cause-defect relation is some flavor of positive causation, as intended in Toyoshima’s
ontology. The precise flavor of causation can be determined only through failure anal-
ysis of the precise happening (in practice causations of disparate types can, and are,
collected), however this is most often not necessary. If a throughout root cause analysis
is required, then the originating happening (recorded as an ‘issue’ in the indexed docu-
ments) is escalated to start the assignation of the resources necessary for the analysis.
An escalated issue is usually termed a ‘problem’, and multiple issues can be escalated
to the same problem. Formally, a (product-defect-cause) issue can be formalized as a
triple (p, d, c), where p is a technical artefact (TechArtifact); and d and c instanti-
ate two (possibly different) categories of MALFO; p participates in d (for the whole
of d’s life), and posCausalCon(c, d)† holds; finally, p must be the bearer of the func-
tion with whom d is incompatible with (cf. Definition (df51)). On the other hand,
a reasonable interpretation of ‘problems’ is any individual MALFO’s malfunction that
is able to cause multiple issues, of such quantity and quality to be a problem for the
enterprise (e.g., a design error causing excessive stresses on system components, thus
systematically causing (gear-fracture-fatigue) issues is a ‘problem’).

Regarding the integration capabilities, they are necessary to (at least) interoper-
ate between different data presentations. For instance, BoM used for manufacturing
processes are generally too complex for document retrieval tasks. For this reason, a sim-
pler, (partially) function-based, ontologized15 BoM was developed for some of Adige’s
machines. Mappings between these two BoM types are necessary (also) for the search
tasks (cf. the bottom-left of Figure 5.4), and they can be realized with ontology-based
methods.

Confront with service technicians gave a positive outlook on the ability of the appli-
cation described above of satisfying the requirements listed at the start of this section.
More precisely, the interaction with the company’s personnel in regard to this docu-
ment search application was as follow: a first step consisted of an extensive series of
interviews16 to service technicians and managers carried out in order to establish the
main characteristics (especially weak points and desiderata) of the knowledge manage-
ment strategy of the service department. This set of interviews was conducted in the
context of broader efforts to better Adige’s knowledge management and an extensive
list of requirements and desiderata was derived, a subset of these directly related to a
hypothetical document-search application. Later, a more specific set of interviews was
conducted with a reduced set of technicians and managers, in order to better pinpoint
the requirements for the search application. As a result the requirement list at the start
of this section was produced, together with a first serialized prototype of the applica-
tion of Figures 5.3 and 5.4. Finally, an iterative process was carried out in which three

15This ontologization is based on, and aligned with, the ontologies of chapters 3 and 4.
16Most of this first set of interviews were directed by external consultants.
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Figure 5.3: ‘Smart’ document search application architecture: (1) the documents of in-
terest, which are heterogeneous and contained in different applications; (2) the Elastic-
search engine index; (3) the EMS, containing e.g. the machine BOMs; (4) the ontology;
(5) the Elasticsearch engine proper; (6) the user.

Figure 5.4: View of the document search application graphic user interface.
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service technicians gave feedback about the prototype that was used for its betterment.
The result of this process was that the feedback of the service technicians about the
ability of the prototype to satisfy its requirements was mainly17 positive.

As a final remark, note that the core challenge of this documental search task
is data integration, on multiple levels: for collecting heterogeneous documents in a
standardized manner, mapping between different data presentations, providing a unique
interpretation of the labels attached to issue reports. Note also that the ontological
efforts of the previous sections have a positive impact on such data integration.

5.3 Ontology-Driven Root Cause Analysis
For Adige, as well as for all manufacturing companies, equipment and product mainte-
nance is essential. Maintenance itself is a broad discipline, and, since our main target
use-case is breakdown maintenance (i.e., something breaks or otherwise malfunctions
and must be repaired), we mainly focused, in Chapter 4, on the analysis of malfunc-
tions. There we also introduced our MALFunction Ontology (MALFO) and discussed
how it can be used to enrich root cause analysis efforts. Since the details have been
already discusses there, here we briefly outline how a MALFO-based methodology could
be used in an enterprise environment.

First, it must be noted that it is typical, in practical settings, to distinguish between
simple, routine malfunctions that cause limited material and economical damage, and
extensive, catastrophic ones, which cause more extended damage. This is reflected also
in commercial products18. This may lead to different workflows and applications being
used to manage malfunctions depending on their damage. Additionally, in this context,
an enterprise may also have available various FMEA tables (or otherwise results from
similar methodologies, such as RCA reports). The data from each of these sources is
likely to be very semantically complex and difficult to integrate together with the data
coming from the other sources. Hence, we highlight the usefulness of using an ontology,
such as MALFO, for describing the metadata to attach to the original documents, or
to revision and restructure the original documents in an ontologized way.

More specifically, data collected from malfunctions of limited damage will likely con-
tain causal information such as cause, failure mode, and effect of the incident, and the
vocabulary of MALFO could be used to formally define and relate such concepts. Like-
wise, RCA documents could be enriched with MALFO-based tagging, or being replaced
directly by MALFO models, as described in Chapter 4. Advantages of this approach
are the use of an overarching conceptual model for the data, and its serialization in a
queryable way. However, this proposal must be refined by further work before arriving
to an operative level and the work in Chapter 4 is mainly of theoretical nature.

17The main exception here consists of the technicians’ doubts about the difficult to make operative
the information flow from heterogenoeous documents (item (1) in Figure 5.3) into the search database.
This concern is correct and on point, but is outside the scope of the scope of this search application,
as discussed also in Note 14.

18Such as in the difference between incidents and problems in Relyance’s FRACAS application
https://relyence.com/help/user-guide/introduction-to-fracas.html.
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Final Considerations

This thesis addressed some of the challenges in information modeling and management
commonly found in the industry and especially manufacturing companies, with a focus
on Adige S.p.A.. The main objectives were to resolve issues related to heterogeneity in
information (I1), rigid information structures (I2), and absence of systematic data inte-
gration (I3). To tackle these issues, the thesis employed Applied Ontology, a field that
leverages logical and philosophical methods to address practical problems, especially in
conceptual modeling and knowledge engineering.

Using this approach, the thesis focused on the modeling of functions and malfunc-
tions in engineering systems (RQ1), which are pivotal topics for information modeling in
manufacturing and maintenance, and especially for Adige. This was done to facilitate
(RQ2) and to exemplify (RQ3) the adoption of semantic technologies, which, in turn,
facilitate semantic data integration and tackle the issues I1, I2, and I3.

More precisely, the thesis opened with a thorough introduction to Applied Ontology,
the Semantic Web and, more generally, semantic technologies (Chapter 1), explaining
both foundational and practical aspects, and providing information about their his-
torical development. In particular the upper ontology DOLCE was introduced and
the critical role of semantic technologies for data interoperability and integration was
explained. The second chapter (2) analyzed the history, use, and conceptualization
of functions, behaviors, capabilities, and of malfunctions, failures, and faults in engi-
neering, finding key conceptual issues and informing the development of subsequent
chapters. The third chapter (3) developed an overarching ontological DOLCE-based
formal theory encompassing various specialized aspects of engineering function, and
addressing topics such as resource modeling and functional decomposition. The fourth
chapter (4) linked and disambiguated a host of malfunctions-related terms and analyz-
ing various connected engineering methodologies. Again, an overarching formal theory
was proposed, which was linked to the efforts of Chapter 3 and tackled the causal as-
pects of failure analysis. Note that in both the third and fourth chapter the research
results there obtained, which include formal ontologies serialized in both first-order logic
and OWL, were compared with various other pre-existing approaches taken from the
literature. Finally, Chapter 5 exploited chapters 3 and 4 to exemplify how ontologies
can have a pivotal role in practical enterprise knowledge-management applications: a
plan to use the malfunction ontology to enrich failure data collection and analysis was
detailed, and the development of an actual ontology-based glossary and ontology-driven
smart document search application were described.

The research questions can now be answered as follows:
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• RQ1 What are the main fundamental issues in knowledge representation in the
notions of function, failure and malfunction in engineering, and how can applied
ontology contribute to their solution?

There are many fundamental issues in knowledge representation of functions and
malfunctions of engineering systems, many of which are discussed in depth in the
literature reviews of Chapter 2 and are otherwise too long to be detailed here.
However, some honorable mentions are, regarding function:

– the duality between generally valid functions and function-means/way-of-
achievements: what is the difference between what a function does with
respect to how a function does it, is there a difference between e.g. a ‘divide’
event and a ‘cut’ event?

– The ontological categorization of functions and behaviors: what are engi-
neering behaviors and what are functions? Is function a polysemous term
with meanings corresponding to a single ontological category or does it have
multiple heterogeneous meanings?

– The difference between functions and capabilities: sometimes ‘function’ and
‘capability’ are treated as synonyms, are there genuine ontological differences
that can differentiate them?

– Capability can be compared and change in time: which are ways to model
this ontologically?

And, regarding malfunctions:

– causality is an essential aspect of malfunction-related happenings: which are
the main causal relations between these?

– How can malfunction-related happenings be differentiated: can we build a
taxonomy?

– Engineering methodologies in failure analysis have to deal with difficult onto-
logical issues. Can the development of a well-founded relevant ontology help
such methodologies, in particular with abductive engineering methodologies?

For all these issues, applied ontology helps to drive conceptual modeling and
provide an overarching conceptual framework that can be used to explain key
concepts and realize mappings with and between other frameworks. We elaborate
on said framework in the next research question.

• RQ2 How can the analysis of the fundamental knowledge representation issues of
RQ1 enable applied ontology and semantic technologies to represent knowledge
about functions and malfunctions in a well-founded way?

Paraphrasing Studer [237], Applied Ontology can lead conceptual modeling and
produce formal, explicit, and shared specifications, called ontologies, of conceptu-
alizations of domains contained in manufacturing and maintenance. This is the
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main fruit of our work and was done in chapters 3 and 4. The ontologies de-
veloped there model important pieces of engineering knowledge, including infor-
mation about functional modeling, functional decomposition, resource modeling,
FMEA, and root cause analysis. In this way, the fact that the ontologies are well-
founded (from an ontological point of view) ensures their high quality, which, in
turn, facilitates interoperability in the way described in Section 1.2.

Going more in detail, unsurprisingly, we can divide the framework developed in
the thesis into two main modules: one ontology for functions19 and one for mal-
functions20. The ontology of functions individuates and disambiguates different
meanings of the term ‘functions’: systemic functions are roles contextualized by
a system and represent the causal contribution of a part of the system to the
whole of the system’s behavior. Ontological functions are essentially event types
representing a change between initial and final states of engineering interest. En-
gineering methods are social objects (as e.g. descriptions and plans) that describe
a way a certain ontological function can be executed (e.g. laser-cutting is an
engineering method for the ontological function to-divide). Engineering meth-
ods contextualize certain roles, in particular main-functions, which we call Solved
functions and classify the individual function decomposed by the method, and
sub-functions, which are the functions required for the method’s implementation.
Moreover, engineering functional decomposition is explained through engineer-
ing methods. Finally functions can also be ascripted to a bearer by means of
an appropriate selection event, in that case they are essential properties of the
bearer and are called selected functions. These are all extrinsic entities w.r.to the
function’s bearer (except for selected functions). Relevant intrinsic entities are
instead capabilities, which are similar to dispositions (if not outright a subclass
of) and explain the ability of their bearer to execute a function of a certain type.
Capabilities can be analytically and intrinsically explained by simpler qualities on
which they depend on. In particular, capacities are the most relevant category of
said simpler qualities.

This ontology arguably does have some virtues, among which, in particular:

– the punctual disambiguation of various related but different ontological en-
tities that are often indicated by engineers with the same term: ‘function’.
As stated in the thesis, we espouse a descriptional approach [45], since it ap-
pears that such a multiplicity of meanings is strategically useful for engineers
[253].

– The topic of functional decomposition is discussed at length in the ontology:
ontological modelling of functional decomposition is described and exempli-
fied. Additionally, the issue of parthood between functions (which is related
but somewhat different from decomposition) is also tackled.

19Serialized in OWL and other formats in https://github.com/kataph/function-method-
ontology.

20Serialized in OWL and other formats in https://github.com/kataph/MALFO.
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– Analogously, an ontologically-founded intrinsical analysis of capabilities is
outlined, which explains their performance. In particular, the issue of capa-
bility quality spaces is discussed, together with the dependence of capabilities
on other categories of quality.

– Comparison and mapping between this ontology of functions and some other
approaches present in the literature is discussed extensively.

The ontology of malfunctions (called MALFO for short), instead mainly does
three things: (i) it supplies an ontological framework for causation, especially in
the context of malfunction-related happenings. To do this, we mainly exploit the
causation ontology of Toyoshima, although with some modifications and an at-
tention to important details such as the treatment of non-actual occurrents and of
synchronous relations between occurrences. And (ii) it contains a formal taxon-
omy of malfunction-related happenings. We do not mention all its elements, but,
in particular, malfunctions are conceptualized as occurrences incompatible with
functions, failures are malfunctions that are events resulting in faults, which are
states that are malfunctions due to some internal conditions, failure mechanisms
are processes that eventually cause failures, and mere symptoms are malfunction-
related happenings that are not malfunctions and do not cause faults. External
disabled states, non-performance events, and failure conditions exhaust MALFO’s
taxonomy.

MALFO also (arguably) has some virtues, among which:

– it has at its core a formal taxonomy of malfunction-related happenings, that
disambiguate and clarify the meaning of many terms used in failure analysis.

– It also contains an ontology of causation, which can be used to model causa-
tion between occurrences and explains the main relations between malfunction-
related happenings.

– The causation ontology and the formal taxonomy of MALFO can be used
to describe malfunctions in industrial cases in an ontologically-sound way.
Moreover this is discussed and exemplified in detail.

– As for the ontology of functions, comparison and mapping between MALFO
and some other approaches is discussed extensively.

• RQ3 What are some possible ways to use ontologies (and semantic technologies
more in general) to drive examples of relevant enterprise applications?

On a general level, this question is addressed in Section 1.2, which discusses briefly
the usefulness of semantic technologies in data integration and data interoperabil-
ity. However and moreover, this question was answered by examples: this is the
scope of Chapter 5, which showcases some semantic-technology-based tools.

In particular, an ontology-based domain glossary is described, together with guide-
lines on how to enrich typical workflows related to failure analysis and reporting.
The glossary is based on the ontologies discussed in RQ2 and, in particular, a
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faceted taxonomy of devices is obtained by using (also) selected functions and
engineering methods as facets. Moreover an application to facilitate access to
enterprise knowledge is discussed: it uses ontologies to enrich document indices,
supply metadata for filtering, and integrate different data presentations imported
from different silos of the enterprise management system. Particular issues that
this approach mitigates are the complexity and heterogeneity of bills of materials,
the need to map between different (views of) bills of materials, the need to be
able to have complex logical filters (e.g. by BOM codes).

Future work. As a final remark, further work is both needed and planned, not least
due to the various limits of this thesis. In particular, the current functional theory
should be further developed, especially along the following directions:

• more practical tools for functional decomposition should be developed. The anal-
ysis of this thesis is mainly carried out at a formal level, so it would be most
useful to delve further into (executions of) engineering methodologies, examples,
comparative analyses, and design of supporting toolsets.

• In the same spirit, methodologies to exploit the developed ontologies for fail-
ure analysis and reporting, for which only the theoretical foundations have been
solidly established, should be developed in detail (also addressing the limitations
discussed in Section 4.1.3). Furthermore, we have only scratched the surface of
what is possible from this point of view: we have focused on a-posteriori de-
scriptive methodologies, but engineering has plenty of methodologies to analyze
ontologically (FMEA, FRACAS, HFACS, FTA, . . . ). Field studies would be es-
pecially interesting.

• Various foundational ontological issues should also be better developed. These are
many, but, in particular, we mention relational qualities, which have only received
a passing treatment in this thesis (we used them to characterize capabilities and
capacities, but described them only briefly). Occurrents are protagonists in this
thesis, but we have been more concerned with their properties at a domain level,
so to speak, (sometimes) evading or touching only briefly important foundational
issues such as identity and identification criteria, and unit criteria. Therefore a
more in-depth analysis would be useful. Dispositions constitute another topic that
has been evaded, albeit not completely, in this thesis. They should also receive
detailed analysis (e.g. what are dispositions? Are capabilities dispositions? What
are the causal relations between dispositions and dispositions or other entities?
Etc.). Finally, while function mereology has been discussed, functional-object
mereology has been only mentioned. This is another possible line of research, in
addition to a more in-depth analysis of the criteria that a set of functions should
have to be able to constitute a decomposition of another function. Note that the
reasons that all these topics did not receive full attention in this thesis include
scope costraints and, moreover, the design choice of taking minimal ontological
commitments in the thesis.
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• Additionally, the discussion on the nature of capabilities and capacities quality
spaces and the causal relation between them strongly needs further analysis: as of
now, we have only started delving into it, and a more systematic treatment should
be devised. In particular, it should also be investigated the correspondence, if any,
between functional decomposition and hierarchical decomposition of capabilities
into simpler qualities.

• The work developed in the thesis would benefit from using it to build a systematic
showcase of modeling patterns tackling common knowledge representation issues
in manufacturing and maintenance.

• Finally, while we made considerable efforts to compare to and establish mappings
with as many other relevant framework as possible, the result is still patchworked
and could be made more systematic. In particular (i) a systematic comparison
of the most established upper ontologies w.r.to selected topics of this thesis could
be realized, to schematically determine which ontological commitments and mod-
elling patterns are possible and how commitments effect patterns, (ii) a systematic
mapping of industrial standards concepts and terms into this thesis’ framework
could also be realized.
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Appendix A

Collected Axioms

In this appendix we copy all the axioms of the framework developed in this thesis,
to have them collected in the same location. This set of axioms is intended to be a
middle-level ontology extending DOLCE (therefore formulas belonging to DOLCE are
not reported), with focus on technical functions and malfunctions (plus a rephrasing
of Toyoshima’s causal ontology). Note that formulas belonging to the ‘base’ DOLCE
theory, formulas belonging to theories of other authors that were considered only for sake
of mapping and discussion, and OWL formulas are not reported here. Also note that
consistency of the theory is trivial, since the theory (including DOLCE) can be empty.
Stronger consistency results where some predicates are instantiated were obtained by
explicitly showing models for the OWL versions of some portions1 of the whole theory,
as was documented in chapters 3 and 4 and on Github23.

High-level DOLCE extension.

df9 externalTo(x, y) ⇐⇒ ¬(qt(x, y) ∨ qt(y, x) ∨ ∃t(K(x, y, t) ∨ K(y, x, t) ∨ O(x, y, t)))

df11 instantiationFoundedOn(x, y) ⇐⇒ (CN(x) ∧ CN(y) ∧ ∃z, t(CL(z, x, t)) ∧
∀z, t(CL(z, x, t) =⇒ ∃w(externalTo(z, w) ∧ CL(w, y, t))))

ax1 CL(x, y, t) =⇒ (ED(x) ∨ PD(x))

ax2 CL(x, y) =⇒ PD(x) ∧ ∀t(PRE(x, t) =⇒ CL(x, y, t))

ax3 RL(x) =⇒ ∃y defFoundedOn(x, y)

df13 subConceptOf(x, y) ⇐⇒ (CN(x) ∧ CN(y) ∧ ∃z, t(CL(z, x, t)) ∧ ∀z, t(CL(z, x, t) =⇒
CL(z, y, t)))

1In any case, the consistency of the whole FOL theory with all predicates instantiated is almost
self-evident (most of the theory is a definitional extension of DOLCE, which is consistent). However,
the most direct way to prove this would be to explicitly show a model, and, since the model would have
to instantiate all the predicates it would be exceedingly big (thousands upon thousands of assertions,
depending on how they are written); additionally, one would need to check that it actually satisfies
the hundreds of axioms of DOLCE plus the theory of this appendix. For these reasons we do not carry
out such effort.

2https://github.com/kataph/MALFO.
3https://github.com/kataph/function-method-ontology.git.
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ax4 RelationalQuality(x) =⇒ Q(x)

df14 IntrinsicQuality(x) ⇐⇒ (Q(x) ∧ ¬RelationalQuality(x))
ax5 TechArtifact(x) =⇒ POB(x)

DOLCE extention with high-level function-related concepts.

ax7 participateAsDoer(x, y, t) =⇒ (TechArtifact(x) ∨ Agent(x)) ∧ Behavior(y) ∧
PC(x, y, t)

ax8 participateAsFlow(x, y, t) =⇒ Behavior(y) ∧ PC(x, y, t)

ax9 Behavior(x) =⇒ ∃y, z, t(participateAsDoer(y, x, t)∧participateAsFlow(z, x, t)∧
y ̸= z)

ax10 Goal(x) =⇒ CN(x) ∧ ∀y, t(CL(y, x, t) → STV(y))

Systemic functions, ontological functions.

df16 systemicFunctionOf(x, y) ⇐⇒ (RL(x) ∧ ∃z, g, b, t(System(z) ∧ goalOf(g, z) ∧
CL(b, x, t) ∧ P(y, z, t)
∧ ∀b′, t′(CL(b′, x, t′) =⇒ (Behavior(b′) ∧ participateAsDoer(y, b′, t′) ∧ P(y, z, t′)
∧ posCausalCon(b′, g)))))

df17 SystemicFunction(x) ⇐⇒ ∃y systemicFunctionOf(x, y)

ax11 SystemicFunction(x) =⇒ ∃y(System(y) ∧ defFoundedOn(x, y))

ax12 OntologicalFunction(x) =⇒ (∃y(subConceptOf(y, x) ∧
SystemicFunction(y)) ∧ ∀y(subConceptOf(y, x) ∧
¬OntologicalFunction(y) =⇒ SystemicFunction(y)))

Engineering methods and functional decomposition.

ax13 EngMethod(x) =⇒ NASO(x)

ax14 (MainFunction(x) ∨ SubFunction(x)) =⇒
(RL(x) ∧ ∃m (EngMethod(m) ∧ instantiationFoundedOn(x, m)))

ax15 (MainFunction(x) ∨ SubFunction(x)) =⇒
∃y(OntologicalFunction(y) ∧ subConceptOf(x, y))

ax16 EngMethod(m) =⇒ ∃!n engMethodNum(m, n),

ax17 engMethodNum(m, n) ⇐⇒ ∃!main, sub1, . . . , subn(MainFunction(main)
∧ SubFunction(sub1) ∧ . . . ∧ SubFunction(subn) ∧
instantiationFoundedOn(main, m) ∧ instantiationFoundedOn(sub1, m) ∧ . . . ∧
instantiationFoundedOn(subn, m))

df24 decom(f; f1, f2, . . . , fn) ⇐⇒ (SystemicFunction(f) ∧ SystemicFunction(f1)
∧ . . . ∧ SystemicFunction(fn) ∧ ∃m(EngMethod(m) ∧ subConceptOf(f, mainm) ∧
subConceptOf(f1, subm1) ∧ . . . ∧ subConceptOf(fn, submn)))
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df25 SolvedFunction(x) ⇐⇒ MainFunction(x)

Capacities and capabilities

ax18 Capacity(x) =⇒ RelationalQuality(x) ∧
∃y(SD(x, y)∧IntrinsicQuality(y)∧(CP(topBearerOf(y), topBearerOf(x))∨CK(topBearerOf(y), topBearerOf(x))))

ax19 Capacity(x) =⇒ ∃y(Capability(y) ∧ SD(y, x))

df26 topBearerOf(x) = ιy(qt(x, y) ∧ (PD(y) ∨ ED(y)))

ax20 Capability(x) =⇒ RelationalQuality(x) ∧
∃y(OntologicalFunction(y) ∧ defFoundedOn(x, y))

ax21 Capability(x) =⇒ ∃y(Capacity(y) ∧ SD(x, y))

ax22 Capability(x) =⇒ ∃y(EngMethod(y) ∧ defFoundedOn(x, y))

Relations that relates functions to functions or other entities. Note that there is
some overloading of symbols depending on the type of their arguments.

df27 hasFunction(x, f) ⇐⇒ ∃a, qintentionalSel(a, e, x, q) ∧ defFoundedOn(q, f)
∧ Capability(q) ∧ qt(q, x)

df28 SelectedFunction(f) ⇐⇒ ∃x(hasFunction(x, f))
df29 systemicFunctionOf(f, x) ∧ hasFunction(x, f’) =⇒ subConceptOf(f, f’)

df30 precedes(x, y) ⇐⇒ ∃t, t′(ql(t, x)T ∧ ql(t′, y)T ∧ t ≤ t′)

df31 follows(x, y) ⇐⇒ precedes(y, x)

ax23 CL(x, mainm) =⇒ ∃y(CL(y, m) ∧ x ≈ST y)

df32 precedes(Φ,Ψ) ⇐⇒ ∀x(Ψ(x) =⇒ ∃y(Φ(y) ∧ precedes(y, x)))

df33 follows(Φ,Ψ) ⇐⇒ ∀x(Ψ(x) =⇒ ∃y(Φ(y) ∧ follows(y, x)))

df34 precedes(c, d) ⇐⇒ ∀x(CL(x, d) =⇒ ∃y(CL(y, c) ∧ precedes(y, x)))

df35 follows(c, d) ⇐⇒ ∀x(CL(x, d) =⇒ ∃y(CL(y, c) ∧ follows(y, x)))

Mappings of Toyoshima’s ontology occurrent categories with DOLCE perdurant
categories.

mp3 State ≡ S

mp4 Process ≡ PRO

mp5 Event ≡ E

mp6 Occurrent ≡ PD

Toyoshima’s ontology.
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ax28 State(x) ∨ Process(x) ∨ Event(x) =⇒ Occurrent(x)

ax29 State(x) =⇒ ¬(Process(x) ∨ Event(x)) ∧
Process(x) =⇒ ¬Event(x)

ax30 causeOf(x, y) =⇒ Occurrent(x) ∧ Occurrent(y)

ax31 ¬causeOf(x, x) ∧
causeOf(x, y) =⇒ ¬causeOf(y, x)

ax32 causeOf(x, y) ⇐⇒ achieves(x, y) ∨ prevents(x, y) ∨ allows(x, y)
∨ disallows(x, y)

df44 posCausalCon(x, y) := achieves(x, y) ∨ allows(x, y) ∨ facilPrecondFor(x, y)

ax33 achieves(x, y) =⇒ (Event(x)∨Process(x)∨State(x))∧(Process(y)∨State(y))∧
¬(State(x) ∧ Process(y))

df45 prevents(x, y) := ∃z(State(z) ∧ incompatibleWith(z, y) ∧ achieves(x, z))

ax34 prevents(x, y) =⇒ (Event(x)∨Process(x)∨State(x))∧(Process(y)∨State(y))∧
¬(State(x) ∧ Process(y))

ax35 facilPrecondFor(z, y) =⇒ (State(z) ∧ (Event(y) ∨ Process(y) ∨ State(y)))

ax36 prevPrecondFor(z, y) =⇒ (State(z) ∧ (Event(y) ∨ Process(y) ∨ State(y)))

ax37 incompatibleWith(z, w) ∧ prevPrecondFor(w, y) =⇒
facilPrecondFor(z, y)

ax38 incompatibleWith(z, w) ∧ facilPrecondFor(w, y) =⇒
prevPrecondFor(z, y)

df46 allows(x, y) := ∃z(((achieves(x, z) ∨ maintains(x, z)) ∧
facilPrecondFor(z, y)) ∨ (prevents(x, z) ∧
prevPrecondFor(z, y) ∧
¬∃w(State(w) ∧ achieves(x,w) ∧ prevPrecondFor(w, y)))

ax39 allows(x, y) =⇒ (Event(x)∨ Process(x))∧ (Event(y)∨ Process(y)∨ State(y))

df47 disallows(x, y) := ∃z(((achieves(x, z) ∨ maintains(x, z)) ∧
prevPrecondFor(z, y)) ∨
(prevents(x, z) ∧ facilPrecondFor(z, y)))

ax40 disallows(x, y) =⇒ (Event(x)∨Process(x))∧(Event(y)∨Process(y)∨State(y))
ax41 internalTo(x, y) ⇐⇒ x ⊆ST y

df48 internalTo(x, y) ∧ Occurrent(x) ∧ Occurrent(y) ⇐⇒
∀z, t(participatesIn(z, x, t) =⇒
∃w(participatesIn(w, y, t) ∧ partOf(z, w, t) ∧ z ̸= w))

df49 internalTo(x, y) ∧ Occurrent(x) ∧ Object(y) ⇐⇒
∀z, t(participatesIn(z, x, t) =⇒ partOf(z, y, t) ∧ z ̸= y))

ax42 physicalConseqOf(x, y) =⇒ Occurrent(x) ∧ Occurrent(y)

ax43 physicalConseqOf(x, y) ∧ physicalConseqOf(y, z) =⇒
physicalConseqOf(x, z)
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ax44 Pred(x, y) ∧ physicalConseqOf(y, z) =⇒ Pred(x, z)

ax45 Pred(x, z) ∧ physicalConseqOf(y, z) =⇒ Pred(x, y)

Link between MALFO and functional theory

df50 functionIncompatible(x, f) := ∃o, b, t(participatesIn(o, x, t) ∧
systemicFunctionOf(f, o) ∧ CF(b, f, t) ∧ incompatibleWith(x, b))

MALFO Axioms

df51 Malfunction(x) := ∃ffunctionIncompatible(x, f)
df52 FailureMechanism(x) := ((Process(x) ∨ Event(x)) ∧

(¬Malfunction(x)) ∧ ∃y(Failure(y) ∧ posCausalCon(x, y)†))

df53 FailureCondition(x) := (State(x) ∧ (¬Malfunction(x)) ∧
∃y(Failure(y) ∧ (posCausalCon(x, y)† ∨
∃z(prevPrecondFor(x, z) ∧ disallows(z, y)))))

df54 MereSymptom(x) := ¬Malfunction(x) ∧ ¬FailureMechanism(x) ∧
¬FailureCondition(x) ∧ ∃z(Malfunction(z) ∧ causeOf(z, x))

df55 Fault(x) := Malfunction(x) ∧ State(x) ∧ ∃z(internalTo(z, x) ∧
achieves(z, x))

df56 AbExtDisabledSt(x) := Malfunction(x) ∧ State(x) ∧ ¬Fault(x)
df57 Failure(x) := Malfunction(x) ∧ Event(x) ∧ ∃y(Fault(y) ∧ achieves(x, y))

df58 NonPerformanceEvent(x) := Malfunction(x) ∧ Event(x) ∧ ¬Failure(x)
df59 MalfunctionProcess(x) := (Malfunction(x) ∧ Process(x))

Debatable or informal axioms, or axioms given for the sake of exemplifications, which
we did not commit to. Note that some of these axioms are couples of alternatives.

df18 Connect(x) ⇐⇒ (CL(y, x) ⇐⇒
E(y)∧∃a, b, c, si, sf , ti, tf (sState(y, si, ti)∧eState(y, sf , tf )∧Goal(sf )∧POB(a)∧
POB(b)∧POB(c)∧PC(a, si, ti)∧PC(a, sf , tf )∧PC(b, si, ti)∧PC(b, sf , tf )∧PC(c, sf , tf )∧
P(a, c, tf ) ∧ P(b, c, tf )) ∧ ¬∃c′(POB(c′) ∧ PC(c′, si, ti) ∧ P(a, c′, ti) ∧ P(b, c′, ti)))

df19 Convert(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a,Φ,Ψ (sState(y, si, ti)
∧ eState(y, sf , tf ) ∧ Goal(sf ) ∧ Φ ∈ NR ∧Ψ ∈ NR ∧Ψ ∩ Φ = ∅
∧ PC(a, si, ti) ∧ PC(a, sf , tf ) ∧ Φ(a, ti) ∧Ψ(a, tf )))

df20 ChangeQualityValue(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a, q, vi, vf
(sState(y, si, ti) ∧ Goal(sf ) ∧ eState(y, sf , tf ) ∧ qt(q, a)[ti] ∧ qt(q, a)[tf ] ∧ vi ̸=
vf ∧ PC(a, si, ti) ∧ PC(a, sf , tf ) ∧ ql(q, vi, ti) ∧ ql(q, vf , tf )))
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df21 ToGroove(x) ⇐⇒ (CL(y, x) ⇐⇒ E(y) ∧ ∃si, sf , ti, tf , a, f
(sState(y, si, ti)∧Goal(sf )∧eState(y, sf , tf )∧Groove(f)∧SD(f, a)∧PC(a, si, ti)∧
PC(a, sf , tf ) ∧ ¬PRE(f, ti) ∧ PRE(f, tf )))

df22 OntologicalFunction(x) ⇐⇒ (Connect(x) ∨ Divide(x) ∨ Convert(x) ∨ . . . )

df23 “A concept is an ontological function if and only if it classifies exactly those events
consisting in a transition such that the changes (or the absence thereof) between
the initial and final states is characterized in terms of a formula expressed in the
language of an upper ontology.”

ax23 P(f, f′) ∧ F(f) ∧ F′(f′) =⇒ P(F, F′)

ax24 decom(f; f1, f2) =⇒ P(f1, f) ∧ P(f2, f)

ex16 “Capabilities are those physical qualities that (i) are relational qualities, (ii) signify
the ability of their bearer to participate in a certain way in processes of a certain
type, which specializes some ontological-function type, (iii) their corresponding
quality space is built (in the way described above) upon the product of multiple,
separable domains.”

ex17 “Capacities are those physical qualities that: (i) are relational qualities, (ii) char-
acterize some aspect(s) of how their bearer is able to participate in a certain way
in a process of a certain type, which specializes some ontological-function type,
(iii) their corresponding quality space is built from a single domain.”

ex18 “Every capacity is causally dependent on some intrinsic quality.”

ex19 “ Every capability is causally dependent on some capacity.”

df60 MalfunctionRelHapp(x) ⇐⇒ (Malfunction(x) ∨ MereSymptom(x) ∨
FailureMechanism(x) ∨ FailureCondition(x))

df61 MalfunctionRelHapp(x) ⇐⇒ ∃y(functionIncompatible(x, y) ∧
((causeOf(x, y)†) ∨ (causeOf(y, x)†)))
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