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Chapter 1 Introduction and a bit of context

The success of modern artificial intelligence (AI) relies heavily on the realisation of general-purpose autonomous systems capable of behaving rationally in a given environment. Such systems are usually called (artificial) agents and may be of various types such as application software (e.g. a semantic search engine), or a hardware artefact (such as a network router), or even both (a robot). The environment in question can be a physical space, or a virtual realm such as the Web, or even some hybrid combination thereof.

Rational behaviour is commonly understood as the general ability of an autonomous system to make well-informed deliberations followed by appropriate interactions with the environment or with other agents within the system. 1 That is, rational autonomous systems have to be responsive to the environment, interact with it and with other programs or human users the way a human would normally do or sometimes in ways that are better than a human would do it. Such processes involve and are usually driven by goals to be achieved, questions posed by humans or by other artificial agents, or a need for adaptation when changes in the environment occur, amongst others.

What allows agents to be responsive to the intricacies of their environment is the fact they have an internal representation of the relevant aspects of the restricted part of the world they act upon. It is by consulting and manipulating this internal representation, which stands as a substitute for the real system, that agents are able to deliberate and interact with the environment and the human users. Such a representation constitutes the agents' knowledge about themselves, the environment and other agents, and should be as accurate as possible in capturing the agents' surroundings.

We expect agents to behave rationally (or at least sensibly) in their environment. It turns out that an agent's competence is largely influenced by its knowledge. Indeed, how successful an agent is in exhibiting rationality will depend, to a large extent, on how the agent can deal with and use the information in the internal representation at its disposal. 2 Such information comprises both the knowledge the agent started off with as well as new information that is acquired through interaction with the environment and other agents. In particular, it is worth noting that the information we refer to here may be of a much more complex nature than that stored in standard data bases [START_REF] Abiteboul | Foundations of Databases[END_REF]: It is not only factual, but it can also be prescriptive [START_REF] Mcnamara | Deontic logic[END_REF] (telling what the agent should do in certain circumstances); it can be taxonomic [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF] (telling the agent how the entities in its environment are related to each other); it can be causal [START_REF] Varzinczak | Causalidade e dependência em raciocínio sobre ações[END_REF][START_REF] Varzinczak | What is a good domain description? Evaluating and revising action theories in dynamic logic[END_REF] (providing a description of the effects a given course of action will lead to), or several combinations thereof. Therefore the level of complexity of an agent's internal representation goes far beyond that of standard data base systems.

In order to perform rationally in their environment, agents should be able to manipulate not only the information that is explicitly available to them, but also the information that implicitly follows from that which is explicitly stored. In other words, to be effective in taking appropriate decisions and interacting with its peers, an agent should be able to draw conclusions from what it knows. This amounts to the ability to perform reasoning, a faculty that goes beyond information retrieval from a data base. Therefore, the understanding and formalisation of human reasoning is an endeavour of great importance to AI and related disciplines.

Several approaches have been proposed for the representation of an agent's internal knowledge and to allow it to perform reasoning on that representation [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF][START_REF]Handbook of Knowledge Representation[END_REF]. Some of them are based on data structures mimicking the inner workings of the human brainthe stance usually adopted in neural networks and, more recently, in machine learning, while others focus on rule-based procedural specifications -an approach commonly found in expert systems. Common to both approaches is the lack of a semantics [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF], i.e., a shared and unambiguous understanding of the intuition behind the representation which is independent of a specific application domain. In that respect, ad hoc data structures and tailor-made algorithms are not general enough to serve alone as solid foundations for the diverse patterns of reasoning that are required.

Formal (mathematical) logic [START_REF] Mendelson | Introduction to Mathematical Logic[END_REF][START_REF] De Swart | Logic: Mathematics, Language[END_REF], as it has been studied for the past millennia, and in particular as developed during the 20th century, provides us with solid foundations on which to base the study and formalisation of reasoning. This stems from at least three important features of logic: (i ) its well-founded formal semantics, rendering it clear of ambiguity, (ii ) its great degree of generality, making it applicable to different contexts, and (iii ) its amenability to implementation in computer systems, allowing for reasoning not only in the physical world but also in the digital one. In this respect, the study of formal logic and its associated tools and techniques is of potential utility to numerous research fields, ranging from applied mathematics, philosophy and law to cognitive sciences, artificial intelligence and economics, to name but a few. As a result, the field of logic has established itself as one of the foundational areas of modern science and technology, in particular in knowledge representation and reasoning (KR&R).

In logic-based KR&R, the internal representation of an autonomous system's knowledge is materialised in the form of knowledge bases [START_REF] Levesque | The Logic of Knowledge Bases[END_REF]. A knowledge base (KB) consists of a set of statements specified in some formal, machine-processable, language. Such a language is based on mathematical logic, which, as alluded to above, provides us with a well-defined formal semantics and an associated method for performing reasoning that can be automated in computer systems. The information in the KB is intended to capture or represent knowledge about some particular domain of interest in a concise and unambiguous way [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF]. It is usually specified with the help of a domain expert. The prototypical logical formalisms behind knowledge representation languages in AI are classical (propositional and first-order) logic [START_REF] Brachman | Knowledge Representation and Reasoning[END_REF][START_REF]Handbook of Knowledge Representation[END_REF][START_REF] Mueller | Commonsense Reasoning[END_REF][START_REF] Reiter | Knowledge in Action: Logical Foundations for Specifying and Implementing Dynamical Systems[END_REF]. Therefore, the idea behind the use of knowledge bases is for the agent to start off with a finite explicit representation of knowledge about the domain and then, by performing logical reasoning, derive pieces of knowledge that are implicit, i.e., consequences following logically from the explicit knowledge in the KB, allowing the agent to make informed decisions [START_REF] Levesque | The Logic of Knowledge Bases[END_REF].

The type of language one chooses to represent knowledge is driven by the nature of the knowledge one wants to represent and the type of application one has in mind. State-of-the-art research in KR&R has a strong focus on the development of generalpurpose logic-based representation languages and therefore issues related to expressivity and complexity are at the core of current open problems in the area [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF][START_REF] Brachman | Knowledge Representation and Reasoning[END_REF][START_REF]Handbook of Knowledge Representation[END_REF].

All of this has to be done taking into account the human user (e.g. a knowledge engineer) who will encode the knowledge in the agent's KB. This means that knowledge representation languages should be designed according to common principles of software ergonomics [START_REF] Pressman | Software Engineering: A Practitioner's Approach[END_REF], in other words they should be neat and elegant. Moreover, technical intricacies such as the complexity of the semantics or the reasoning mechanism itself should be hidden from the user. These issues have a direct impact on the usability of a logical formalism in the implementation of real-world applications.

A core aspect of rational behaviour is the ability to perform commonsense reasoning [START_REF] Mccarthy | Programs with common sense[END_REF][START_REF] Mueller | Commonsense Reasoning[END_REF], i.e., the type of reasoning (quite often tentative and even unsound from a logical point of view) that humans do in everyday life. The term commonsense reasoning is actually a quite broad notion encompassing many different yet interrelated reasoning tasks. It involves for instance the capacity to deal with exceptions or special cases [START_REF] Britz | Semantic preferential subsumption[END_REF][START_REF] Giordano | Preferential description logics[END_REF][START_REF] Giordano | Reasoning about typicality in preferential description logics[END_REF], the ability to adapt one's knowledge in the presence of new, possibly conflicting information [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF][START_REF] Van Ditmarsch | Dynamic Epistemic Logic[END_REF][START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF], and, fundamentally, the aptitude to make decisions under incomplete or uncertain information about some aspect of the environment [START_REF] Lehmann | Another perspective on default reasoning[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF], amongst others. These features are all examples of the fundamental component of commonsense reasoning commonly known as defeasible reasoning, the type of reasoning in which conclusions can be defeated, or withdrawn. Completing the picture, it is worth noting that as finite entities, agents usually have limited resources, both in time and space. Knowledge being a fundamental resource of an intelligent agent, it is obviously limited, too. This means that in many situations an agent will have to make decisions under incomplete or uncertain information about some aspect of its environment. Of course, 'guesses' of this type may be wrong -they are defeasible, but an agent with the ability to retract knowledge would not collapse when making incorrect assumptions. Hence the ability to make provisional, tentative conclusions depends on the capacity of handling exceptions and retracting previous knowledge as mentioned above. Without a proper formalisation of defeasible reasoning, the understanding and eventual realisation of the broader notion of commonsense reasoning in machines will never see the light of the day.

Historically, logical formalisms have shed light on how to reason correctly, i.e., how one ought to reason in ideal circumstances. However, it is equally important to understand how we ought to reason when these ideal circumstances are not met, notably in human quotidian contexts. It turns out that classical reasoning is not flexible enough when directly applied to certain aspects of human decision making. This is so because of properties and principles of classical reasoning that, in spite of making perfect sense in an ideal mathematical setting, are hard to justify or to deal with in everyday life. These comprise, for instance, the law of non-contradiction, the law of excluded middle, the so-called 'paradoxes' of relevance, and monotonicity, to mention just a few. Among these, monotonicity, which in its most basic form states that deductions are always incremental (if α |= β, then α ∧ γ |= β), has been acknowledged in the literature as the major stumbling block in a proper understanding and formalisation of commonsense reasoning [START_REF]Readings in nonmonotonic reasoning[END_REF][START_REF] Mccarthy | Circumscription, a form of nonmonotonic reasoning[END_REF][START_REF] Moore | Semantical considerations for nonmonotonic logic[END_REF][START_REF] Mueller | Commonsense Reasoning[END_REF][START_REF] Reiter | A logic for default reasoning[END_REF]. As such, the eschewal of monotonicity, or rather a careful neutralisation thereof, is the main focus of the area of qualitative analysis of uncertainty in reasoning, also known as non-monotonic reasoning. 3The field of non-monotonic reasoning is quite broad and comprises several research domains. In this document, I will focus for the most part on the following areas: Reasoning about Actions and Change, Belief Revision, and Defeasible Consequence Relations. These are the areas in which I have mostly been active over the past twelve years and the purpose of the present memoir is precisely to provide a summary of my contributions to the area along that period. Before doing so, it is worth emphasising that when it comes to research methodology I have relied on the following fundamental assumptions [START_REF] Mueller | Commonsense Reasoning[END_REF]:

1. I assume, along with most cognitive scientists, that reasoning involves the use of representations and computational processes that operate on those representations;

2. I assume, along with researchers in symbolic artificial intelligence, that these representations are of a symbolic nature;

3. I assume, along with researchers in logic-based AI, that knowledge is best represented declaratively rather than procedurally, and 4. I have used as basic building blocks the declarative languages of modal logics and description logics, as well as fragments and extensions thereof, and their associated reasoning services.

Research in knowledge representation and reasoning usually focuses on two fundamental aspects, namely the representational dimension, i.e., that of designing suitable representation languages, and the reasoning dimension, i.e., that of devising correct algorithms and techniques for reasoning both with and about the representation in knowledge bases. In that respect, I have worked on these two intertwined dimensions by investigating representation languages with appropriate expressive power as well as methods for automating different forms of reasoning in such languages.

Organisation of the document The present memoir is organised as follows: In Chapter 2, I summarise my personal perspective on (logic-based) non-monotonic reasoning, its main aspects and the different levels at which it has to be dealt with. Chapter 3 contains a summary of my scientific contributions to non-monotonic reasoning for the period spanning from 2007 up until now and that I deem as the most relevant in the context of the present "habilitation". Chapter 4 closes the memoir by highlighting some of the challenges in future developments of defeasibility in reasoning and specifying the directions I plan to follow in pursuing them. The appendices contain the required administrative documents, namely a complete CV and copies of the relevant publications for the period under consideration (2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019).

A Disclaimer The purpose of the present document is to provide a general overview of the work I have done over the past twelve years and its significance, as well as how its different pieces fit together as a hotbed for further investigation into the area. Technical details can be found in the relevant papers referenced along the text and made available in the appendix. The presentation style here adopted is semi-technical, although formal. The companion monograph titled Defeasible Description Logics presents with a much higher level of detail my technical contributions to the development of defeasible reasoning for formal ontologies and on which I have worked from 2011 to 2019.

Chapter 2

My personal view on non-monotonic reasoning

New logics can be created in several different ways. We can add new constructs to a given language or restrict its grammar. We can enrich the semantic structures or impose restrictions on them. We can alter the underlying entailment relation, obtaining the socalled infra-or supra-classical logics. We can even restrict or augment the corresponding proof theory.

In a certain sense, non-monotonic reasoning shares some of the aims of traditional non-classical logics such as paraconsistent [START_REF] Priest | Paraconsistent logic[END_REF], intuitionistic [START_REF] Heyting | Intuitionism: An Introduction[END_REF], relevance [START_REF] Dunn | Relevance logic[END_REF] and adaptive [START_REF] Batens | Adaptive Logics and Dynamic Proofs[END_REF] logics inasmuch as it gets to grips with one or more features of classical logic seen as problematic. Contrary to them, though, logics of non-monotonicity are not to be taken as replacements for or opposed to the classical one. They do not entirely reject classical consequence as incorrect; instead they build on it to get consequence relations that are at the same time stronger and more flexible. In that sense, logics of non-monotonicity are not to be seen as a family of non-classical logics [START_REF] Makinson | Bridges from Classical to Nonmonotonic Logic[END_REF]. They are (in general) supra-classical. 1Designed to be stronger while more versatile than classical logics, non-monotonic formalisms usually show the two fundamental intertwined aspects below:

• Ampliative aspect: augmenting the underlying reasoning by allowing more conclusions. In practical contexts, this amounts to the ability to make inferences that venture beyond the scope of the premises, somehow in an 'unsound' but justifiable way. Prominent examples are (i ) default reasoning [START_REF] Reiter | A logic for default reasoning[END_REF]: jumping to conclusions deemed as plausible 'by default', i.e., in the absence of information to the contrary, such as applying negation as failure [START_REF] Clark | Negation as failure[END_REF] or adopting the closedworld assumption [START_REF] Reiter | On closed world data bases[END_REF], and (ii ) inductive and abductive reasoning [START_REF] Flach | Abduction and induction: Essays on their relation and integration[END_REF]: taking chances in drawing conclusions that implicitly call for further scrutiny or tests by empirical observations, as in making inductive hypotheses in scientific theories or finding abductive explanations in forensics.

• Defeasible aspect: curtailing the underlying reasoning either by disregarding or by disallowing some conclusions that somehow ought not to be sanctioned. In practice, this amounts to the ability to backtrack one's conclusions or to admit exceptions in reasoning. Some examples of this are (i ) retractive reasoning [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF]: withdrawing conclusions that have already been derived, such as in belief contraction [START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF] or in negotiation, and (ii ) preemptive reasoning [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Mccarthy | Circumscription, a form of nonmonotonic reasoning[END_REF]: preventing or blocking the inference of some conclusions by disallowing their derivation in the first place, as in dealing with exceptional cases in multiple inheritance networks [START_REF] Touretzky | Implicit ordering of defaults in inheritance systems[END_REF] and in regulation specification [START_REF]Defeasible Deontic Logic[END_REF].

Hence, put simply, the central research question in non-monotonic reasoning revolves around the problem of determining for a given context how one can sanction more conclusions as well as how to sanction fewer of them.

It turns out that the two aforementioned aspects of non-monotonicity manifest themselves in logical approaches, to a greater or lesser extent, at various different levels in the following way: 1. Object level, i.e., that of the logical symbols of the language: in this case the connectives can behave non-monotonically, as for instance a non-monotonic version of material implication ;, showing an ampliative behaviour (α ; β holds even if α → β doesn't) and a defeasible one (α ; β is the case but not α∧γ ; β). [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF][START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF] and argumentation theory [START_REF] Besnard | Elements of Argumentation[END_REF]. In both cases, the entailment relations that are reasoned with remain Tarskian (monotonic). Non-monotonicity shows up in the passage from one classical theory to a new one created through a series of revision cycles (additions and removals of theorems)2 or through a dialectical process of evolving possibly conflicting knowledge bases.

Over the past 40 years, efforts have been put into the study and definition of logical formalisms within which the aforementioned aspects of non-monotonic reasoning could adequately be captured in one or another of the above levels [START_REF] Brachman | Knowledge Representation and Reasoning[END_REF][START_REF] Brewka | Nonmonotonic Reasoning: Essays Celebrating its 30th Anniversary[END_REF][START_REF] Friedman | Plausibility measures and default reasoning[END_REF][START_REF] Gabbay | Roadmap for preferential logics[END_REF][START_REF]Readings in nonmonotonic reasoning[END_REF][START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF][START_REF]Handbook of Knowledge Representation[END_REF][START_REF] Makinson | Bridges from Classical to Nonmonotonic Logic[END_REF]. These include, in particular, default logic [START_REF] Reiter | A logic for default reasoning[END_REF] (entailment level), autoepistemic logic [START_REF] Moore | Semantical considerations for nonmonotonic logic[END_REF] (entailment level), AGM belief revision [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF] (meta-reasoning level), circumscription [START_REF] Mccarthy | Circumscription, a form of nonmonotonic reasoning[END_REF][START_REF] Mccarthy | Applications of circumscription to formalizing common-sense knowledge[END_REF] (entailment level), abstract argumentation frameworks [START_REF] Dung | On the acceptability of arguments and its fundamental role in nonmonotonic reasoning, logic programming, and nÐperson games[END_REF] (meta-reasoning level), dynamic epistemic logic [START_REF] Van Ditmarsch | Dynamic Epistemic Logic[END_REF] (at the object level) and preferential logics [START_REF] Gabbay | Roadmap for preferential logics[END_REF][START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF][START_REF] Shoham | Reasoning about Change: Time and Causation from the Standpoint of Artificial Intelligence[END_REF] (both object and entailment levels), to name but a few. These have mainly been developed by philosophers and computer scientists, but of course this does not affect their mathematical interest or value.

Despite the importance and relevance of the foregoing approaches, all of them have somehow fallen short of providing a general and comprehensive account of nonmonotonic reasoning. This is so because either they have not dealt with all the aforementioned levels of non-monotonicity, or they have only partially explored the two aspects of non-monotonicity within a given level, or both. We make this claim more precise in the following paragraphs.

At the object level, there have been many proposals of non-monotonic versions of conditional-like connectives [START_REF] Boutilier | Conditional logics of normality: A modal approach[END_REF][START_REF] Britz | Preferential reasoning for modal logics[END_REF][START_REF] Britz | Semantic foundation for preferential description logics[END_REF][START_REF] Casini | Rational closure for defeasible description logics[END_REF][START_REF] Crocco | On the connections between nonmonotonic inference systems and conditional logics[END_REF][START_REF] Delgrande | An approach to default reasoning based on a first-order conditional logic: Revised report[END_REF][START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF]. These allow for exceptiontolerant reasoning in the object language by blocking the conditional's consequent in non-typical situations. The usual example is that birds normally fly but penguins normally don't [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF]. In spite of the success in characterising the intuitive behaviour of such non-monotonic connectives [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF], research in non-monotonicity at the object level remains somewhat limited in that it is restricted to non-monotonic implication, even in logics with more expressive power than the propositional one [START_REF] Britz | Ordered interpretations and entailment for defeasible description logics[END_REF][START_REF] Britz | Preferential reasoning for modal logics[END_REF][START_REF] Britz | Semantic foundation for preferential description logics[END_REF][START_REF] Casini | Rational closure for defeasible description logics[END_REF][START_REF] Lehmann | Preferential logics: the predicate calculus case[END_REF][START_REF] Quantz | A preference semantics for defaults in terminological logics[END_REF]. Except for a few recent preliminary attempts [START_REF] Baltag | Dynamic belief revision over multi-agent plausibility models[END_REF][START_REF] Booth | PTL: A propositional typicality logic[END_REF][START_REF] Britz | Preferential role restrictions[END_REF][START_REF] Britz | Defeasible modes of inference: A preferential perspective[END_REF][START_REF] Britz | Defeasible modalities[END_REF][START_REF] Van Der Torre | The many faces of defeasibility in defeasible deontic logic[END_REF][START_REF] Veloso | On vague notions and modalities: a modular approach[END_REF], existing approaches have somehow left open the question of whether other logical connectives could also exhibit some aspect of non-monotonic behaviour.

At the level of entailment, which is the most thoroughly investigated level in nonmonotonic reasoning, there has been a great deal of work done on how to define entailment relations with a built-in mechanism for allowing the jump to conclusions while still permitting the withdrawal of previously sanctioned inferences [START_REF] Arieli | General patterns for nonmonotonic reasoning: From basic entailments to plausible relations[END_REF][START_REF] Britz | Entailment, duality, and the forms of reasoning[END_REF][START_REF] Lehmann | Another perspective on default reasoning[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF][START_REF] Makinson | How to go nonmonotonic[END_REF][START_REF] Mccarthy | Circumscription, a form of nonmonotonic reasoning[END_REF][START_REF] Mccarthy | Applications of circumscription to formalizing common-sense knowledge[END_REF][START_REF] Reiter | A logic for default reasoning[END_REF]. In particular, the notions of prototypical reasoning (or rational closure) [START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF] and presumptive reasoning [START_REF] Lehmann | Another perspective on default reasoning[END_REF] have shown to be quite promising in a propositional setting. Recent developments in the field have seen quite a few extensions of rational closure beyond propositional logic [START_REF] Britz | Ordered interpretations and entailment for defeasible description logics[END_REF][START_REF] Britz | Preferential reasoning for modal logics[END_REF][START_REF] Britz | Semantic foundation for preferential description logics[END_REF][START_REF] Britz | Normal modal preferential consequence[END_REF][START_REF] Casini | Rational closure for defeasible description logics[END_REF][START_REF] Giordano | A minimal model semantics for nonmonotonic reasoning[END_REF][START_REF] Giordano | A non-monotonic description logic for reasoning about typicality[END_REF][START_REF] Giordano | Semantic characterization of rational closure: From propositional logic to description logics[END_REF], while those of presumptive reasoning are on their way. There seems to be an agreement, though, that both prototypical reasoning (delivering a more 'conservative' entailment relation) and presumptive reasoning (giving rise to more 'venturous' consequences) represent rather extreme cases and that there may be a whole spectrum of equally interesting consequence relations between the two. There is therefore a need to explore other types of non-monotonic entailment, in particular in the context of more expressive logical languages like those of modal logic [START_REF] Blackburn | Modal Logic[END_REF][START_REF] Chellas | Modal logic: An introduction[END_REF] and fragments of first-order logic such as description logics [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF].

At the meta-reasoning level, an extensive body of research has been erected in the context of theory change (notably following the AGM paradigm [START_REF] Fermé | AGM 25 years[END_REF][START_REF] Gärdenfors | Knowledge in Flux: Modeling the Dynamics of Epistemic States[END_REF][START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF]), abstract argumentation frameworks [START_REF] Besnard | Elements of Argumentation[END_REF][START_REF] Dung | On the acceptability of arguments and its fundamental role in nonmonotonic reasoning, logic programming, and nÐperson games[END_REF] and their intersection [START_REF] Baumann | Parameterized splitting: A simple modification-based approach[END_REF][START_REF] Bisquert | Duality between addition and removal: A tool for studying change in argumentation[END_REF][START_REF] Cayrol | Revision of an argumentation system[END_REF]. While argumentation frameworks usually disregard the underlying logical language (thereby not addressing non-monotonicity at the object level), AGM-style revision assumes the formalism of (full) classical propositional logic. This stands as one of the historical limitations of the AGM paradigm, since there are good reasons to investigate the problem of belief change in logics other than the propositional one, such as modal logic, first-order logic and fragments thereof. It is only recently that theory change has been explored in less expressive logics such as Horn logic [START_REF] Booth | Next steps in propositional Horn contraction[END_REF][START_REF] Booth | On the link between partial meet, kernel, and infra contraction and its application to horn logic[END_REF][START_REF] Delgrande | Horn clause belief change: Contraction functions[END_REF], and in some application-oriented fragments of modal and first-order logics [START_REF] Flouris | Generalizing the AGM postulates[END_REF][START_REF] Moodley | Debugging and repair of description logic ontologies[END_REF][START_REF] Varzinczak | On action theory change[END_REF]. Moreover, an outstanding issue of both argumentation frameworks and belief revision remains the imposed restriction to underlying entailment relations that are monotonic. It is quite reasonable to envisage theory change and argumentation frameworks based on logics that do not have a Tarskian consequence relation.

Given the discussion above, we can conclude that there are still many relevant issues across the three levels at which uncertainty shows up in reasoning that remain to be properly studied and formalised. Therefore, new and more general formal theories of non-monotonic reasoning, supplementing the existing ones in some crucial aspects, are called for.

In the next chapter, I will provide an overview of how I have dealt with the different aspects and levels of non-monotonic reasoning over the past twelve years in some application scenarios that are relevant from the standpoint of AI.

Chapter 3

My contributions from 2007 to 2019

In the following, I present a summary of the contributions I have made to the area of non-monotonic reasoning over the past twelve years. These have resulted in several papers in international conferences and articles in journals. The most significant of these publications are mentioned in the following sections.

Reasoning about actions

The area of reasoning about actions and change is central to artificial intelligence not least because it studies the foundations of intelligent agents interacting with the environment and with other agents. In order to behave rationally, agents have to make plausible decisions and perform appropriate actions. To achieve that, artificial agents therefore have to be equipped with an accurate description of which actions are available and what their effects and preconditions for executability are. It turns out that specifying such descriptions, as well as reasoning with them, is a hard task, in particular due to the frame problem and the ramification problem.

A solution to the frame and ramification problems

The so-called frame problem was first identified in the late 60's and is concerned with the things that are not affected by the execution of an action, i.e., the action's 'noneffects'. Indeed, when an action is performed, those aspects of the world that are, in a sense, irrelevant to the action remain unchanged through the action's execution. Having an accurate description of which aspects of the environment are not affected by a given action is crucial for intelligent agents. The problem is that for each action there are too many things that it does not affect. Hence, defining a correct and parsimonious way of specifying such information is of paramount importance.

The ramification problem, identified in the 80's, is, in a sense, the 'complement' of the frame problem. Actions may have effects that are directly observable (and therefore relatively easy to specify), but they may also produce a domino-like chain of effects, called 'ramifications' or indirect effects. Specifying and deriving all the relevant effects that a given action may produce as outcome is the core of the ramification problem.

Both the frame and the ramification problems received a lot of attention from the AI community in the 90's. In particular it has been observed that a satisfactory approach to the ramification problem should provide an appropriate account of the notion of causality. Nevertheless, two main criticisms can be made about the solutions that were proposed in that period. First, for the most part they were based on full first-order (predicate) logic, which besides being undecidable has a syntax that is not particularly user-friendly. Second, existing solutions to the frame and the ramification problems either could not cope with or did not deliver the expected results in more complex domains, notably scenarios involving actions with non-deterministic indirect effects. All of this questions the suitability and generality of the mentioned approaches for real-world applications.

I have contributed to this area by defining a new formalism for reasoning about actions and change with a solution to both the frame and the ramification problems. This formalism, called LAPD, the logic of actions and plans with a ternary dependence relation, is based on an expressive fragment of propositional dynamic logic (PDL) and therefore does not suffer from the decidability issues of first-order logic. (Indeed, I devised a sound and complete tableaux-based proof procedure for the new logic, which makes it amenable to implementation.) Moreover, the syntax of LAPD is much simpler than that of first-order based approaches, making it a suitable formalism in which to specify dynamic domains.

In line with contemporaneous approaches, LAPD is also equipped with a notion to express causality. The main difference, though, is that in LAPD the latter is formalised as a dependence relation between actions, their effects and execution contexts. This formalisation of causality allows for a solution to the frame problem via the assumption that facts which do not depend on an action in a given context remain unchanged. A solution to the ramification problem is ensured by the properties of the dependence relation: it can be semi-automatically generated from the set of direct effects for each action. Finally, LAPD does not suffer from the same counter-examples that plague other causality-based approaches because with dependence relations the link between indirect effects and the action originating a chain of changes is not broken.

Significance of the contribution In summary, the significance of LAPD is twofold: (i ) it challenged and refuted one of the widely-accepted assumptions in the community, namely that indirect effects do not depend on the actions triggering them, and (ii ) it provided a formalism which allows for the representation of and correct reasoning within complex scenarios that other approaches cannot cope with. As a result, I have chosen LAPD as the underlying formalism for the specification of action domain descriptions and their evaluation in the contribution reported in Section 3.1.3, which appeared as an article in the journal Artificial Intelligence [START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF].

Foundations of regression for modal logics

An elegant solution to the frame and the ramification problems in domains with deterministic actions arose from a series of papers in the early 90's. In the context of the Situation Calculus (a dialect of full first-order logic), one can specify the effects of actions by stating a number of formulas of a special kind, called successor-state axioms. Roughly, each successor-state axiom says that a given property of the world changes its truth value if a specific action takes place under certain preconditions, and remains the same in any other context, in particular if some other action is executed. In other words, successor-state axioms allow for a quite concise specification of the effects and non-effects of actions in many scenarios.

With a domain specified in terms of successor-state axioms, it becomes possible to decompose any query about a deterministic domain into an equivalent simpler one by applying a rewriting procedure, called regression. Roughly, regression consists in reducing a given first-order formula with special symbols (such as actions) into another, equivalent one with just propositional constants. As a consequence, checking for validity of a first-order formula can then be done by checking validity of its regressed propositional counterpart, which is computationally more efficient.

With regression we can substitute a first-order formula by an equivalent sentence in propositional logic in which all action symbols (and other first-order constructs) have been adequately dismissed. The immediate advantage of this equivalence-preserving transformation is that when performing reasoning with the dynamic description of the world, one can reduce first-order satisfiability check to the problem of satisfiability in propositional logic, of which the computational cost is much lower.

It turns out that the 90's have seen a move towards logics that have a cleaner syntax and more appealing computational properties than first-order logic, notably modal logic, description logics, and combinations thereof. This raised the obvious question on whether regression techniques could also be developed for these formalisms. As it turns out, I contributed to the establishment of the foundations for regression in modal logics [START_REF] Demolombe | Regression in modal logic[END_REF] by introducing a rewriting technique for reducing entailment of complex formulas specified in a fragment of quantified modal logic to entailment of plain Boolean sentences in classical propositional logic.

Significance of the contribution This work is significant to the reasoning about actions community in that it has shown that regression in formalisms other than the situation calculus is not only viable but also more elegant and fruitful in many contexts beyond that of reasoning about actions. In particular, this is witnessed by several spinoff papers by peer researchers on various extensions of modal logics of actions to deal with knowledge and beliefs. The body of research around this topic stands in support of the significance of this contribution to the field and of modal logic as a suitable core formalism for reasoning about actions, knowledge, beliefs and related notions, as well as several combinations thereof. As a result, I have chosen modal regression as the underlying proof procedure for the verification of specifications of deterministic scenarios in the contribution reported in Section 3.1.3, which appeared as an article in the journal Artificial Intelligence [START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF].

Design principles for action theory specification

Knowledge bases formalizing the specification of a dynamic domain are pieces of software applications and, as such, they should be designed according to good principles of software development. Notwithstanding the obvious need for a set of guidelines and practical tools to aid the specification of action domain descriptions, the reasoning about action community lacked formal principles on which to base the conception of action theories and the pinpointing of design errors in them.

In addressing this problem, I have investigated what makes a formal specification of a dynamic domain suitable for reasoning, error discovering and maintenance. As an approach towards answering the question, I studied and proposed a set of formal guidelines, borrowed from the well-established area of software engineering, to the specification of dynamic environments in a logic-based language. Going beyond the mere notion of logical consistency of a knowledge base, I proposed a set of postulates (metaproperties) that every domain description in reasoning about actions ought to satisfy. I have then devised algorithms that not only check whether an action theory satisfies the postulates but that also provide hints to the human user (a knowledge engineer in charge of debugging and maintaining the knowledge base) on why that is not the case. (These algorithms have been proved correct with respect to the set of postulates.) The main outcome of this work is an article in the top AI journal Artificial Intelligence [START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF].

The design principles that were put forward in this work have since been employed in many follow-up articles by researchers world-wide. In particular, the results of this investigation carried over to other areas of logic-based knowledge representation and reasoning such as general game playing as well as ontology engineering and debugging.

Significance of the contribution The significance of this contribution to the field resides in the fact that it has established formal links between reasoning about actions and software engineering by exploiting the formalisation in an action context of principles commonly adopted in software specification. It has provided the theoretical foundations of verification tools for knowledge engineers to evaluate logical formalisations of dynamic environments. Furthermore, the definitions for action theory evaluation provided in this contribution turned out to be fruitful in the definition of revision operators for action laws, summarised in Section 3.2.1. Indeed, domain descriptions abiding by the design principles I have put forward are more amenable to changes. The main publications resulting from this contribution have received 120+ citations altogether according to Google Scholar.

Belief change

When deploying knowledge bases for real-world applications, the use of the reasoning capabilities of the underlying logical formalism is not limited to deductions of what follows from the knowledge base at the object level (reasoning with the knowledge represented therein). A particularly important class of reasoning services associated with knowledge bases is that of knowledge base evolution and maintenance, which are examples of reasoning about the KB itself and that are defined more precisely in the paragraphs below.

During their lifetime, knowledge bases may need to be modified, and that may be due to different specific reasons. For instance, it may be the case that the world that the KB models has evolved since its first formalisation and therefore the knowledge base does not describe it accurately anymore. This is an example where the KB needs to be updated with new information. It might also be the case that the initial representation of the knowledge in the base was incomplete or incorrect with respect to the real world, or even inconsistent on its own or with respect to some new incoming piece of information. In that case, the knowledge base should go through a revision process.

Furthermore, during the lifetime of a knowledge base, there may also be a need to change the language in which it is formalised, i.e., one might eventually discover that the language used to formalise the domain is either not expressive enough to allow for expressing some intended subtleties, or it is too expressive, making the underlying reasoning unnecessarily more complex. Indeed, even in the case when the logical substratum is not meant to be changed, specific, localised, changes in the underlying signature of some constructs may occur (think of a 2-argument function that should now get 3 arguments when invoked). Finally, it might also be the case that different knowledge bases have to be somehow integrated in such a way for them to be operable together. In this scenario, possible conflicts between the merging KBs should be identified and removed, and information with equivalent meaning in different KBs should not be considered as different in the bigger system. This is the problem of knowledge base integration or alignment.

All the aforementioned operations are instances of the problem of evolving knowledge bases. The most prominent approach in the literature on (classical) knowledge base revision and update is the so-called AGM paradigm [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF][START_REF] Gärdenfors | Knowledge in Flux: Modeling the Dynamics of Epistemic States[END_REF]) and extensions thereof. Issues related to knowledge base integration have been dealt with via merging operators [START_REF] Konieczny | DA 2 merging operators[END_REF]. These approaches essentially deal with knowledge bases specified in classical propositional logic.

Given that knowledge bases may evolve over time, there is a need for an automated way of storing, retrieving, controlling and articulating their several different versions. This is what we call knowledge base maintenance. Therefore knowledge engineers also need tools for maintaining and controlling existing different versions of the same knowledge base [START_REF] Franconi | Semantic diff as the basis for knowledge base versioning[END_REF]. That also means that knowledge engineers need appropriate methods and tools for evaluating different versions of a KB and ensuring that each of them has good properties with respect to its intended applications [START_REF] Herzig | Cohesion, coupling and the meta-theory of actions[END_REF][START_REF] Herzig | A modularity approach for a fragment of ALC[END_REF][START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF][START_REF] Varzinczak | What is a good domain description? Evaluating and revising action theories in dynamic logic[END_REF]. Needless to say, all these operations should be carried out in an efficient way, both in terms of computational and data complexities. They should also allow for both human supervised and unsupervised functioning.

Despite the obvious importance of maintenance frameworks for KBs, they are relatively neglected objects of investigation. This matter has only recently been given some attention in the ontology community [START_REF] Kontchakov | Can you tell the difference between DL-Lite ontologies[END_REF][START_REF] Noy | PromptDiff: A fixed-point algorithm for comparing ontology versions[END_REF] and in the case of classical (propositional) knowledge bases [START_REF] Franconi | Semantic diff as the basis for knowledge base versioning[END_REF]. As a consequence of being a novel research area, a prominent and widely accepted paradigm is still lacking in this field.

As already argued before, it turns out that, according to specific needs, many interesting applications require languages that are more expressive than classical propositional logic, yet having attractive computational properties. It may also be the case that one needs languages that are less expressive than propositional logic. Examples of the former are modal logics [START_REF] Blackburn | Handbook of Modal Logic[END_REF] and description logics (DLs) [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF]. The most prominent example of the latter in computer science is Horn logic. There may also be good reasons for using extensions of first-order logic, or even higher-order logics.

As expected, the problems of evolution and maintenance also make sense for knowledge bases specified in logical formalisms other than standard propositional logic: As an example, consider ontologies specified in some DL. In that setting, revision cycles are normally the rule: information is added and removed frequently (ontology update, debugging and repair). Moreover, when developing or maintaining an ontology collaboratively, different simultaneous (possibly conflicting) versions thereof might exist at the same time. That can happen due to many reasons, such as different teams working on different modules of the same ontology in parallel, or different developers having different views of the domain, among many others.

A further example is that of changing an agent's beliefs regarding the expected behaviour of actions and their effects [START_REF] Eiter | Updating action domain descriptions[END_REF][START_REF] Herzig | Elaborating domain descriptions[END_REF][START_REF] Varzinczak | Action theory contraction and minimal change[END_REF][START_REF] Varzinczak | On action theory change[END_REF]. After attempting to perform an action, the agent may discover that the action in question actually has an outcome that is different from the one that it has always believed that action had. Alternatively, it might be the case that the action under consideration is no longer executable (due to some unforeseen reason), or that now it has unexpected side effects. Moreover, specific versions of an action theory can also be seen as configurations in which the agent might be according to specific contexts. Selecting and maintaining these configurations so that the agent is able to switch between them at run time in an efficient way becomes an issue of paramount importance.

All of this would be good and well if only the traditional AGM paradigm and related techniques could be directly applied to logics other than classical propositional logic. It turns out that logics that are more expressive than propositional logic, such as modal logics and DLs, have more structure, and therefore belief change for these logics needs to take this into account. Indeed, as shown by recent work [START_REF] Flouris | Generalizing the AGM postulates[END_REF][START_REF] Varzinczak | On action theory change[END_REF], existing methods for propositional theory change do not take care of the additional structure in these logics and therefore will give either incomplete solutions or unintuitive results when deployed in the evolution of more expressive KBs.

Similarly, limitations of the underlying language may also constrain the applicability of traditional methods for theory change. For instance, the fact that a given logic is a fragment of classical propositional logic does not necessarily mean that the existing theory change paradigm for full propositional logic applies to it: the result of the change operator might not be expressible in the underlying object language [START_REF] Booth | Next steps in propositional Horn contraction[END_REF][START_REF] Booth | A contraction core for Horn belief change: Preliminary report[END_REF][START_REF] Delgrande | Horn clause belief change: Contraction functions[END_REF], compromising the completeness and therefore the reliability of these approaches.

From the above it follows that there is a clear need for new paradigms of KB evolution for logics that are either extensions or fragments of classical logic. It is also reasonable to expect this to hold for knowledge bases formalised in some specific infraor supra-classical logical formalism.

I have made investigations into the problem of belief change for both logics that are more expressive and less expressive than classical propositional logic. The results are summarised in what follows.

Action theory revision

In a paper which appeared at the prestigious KR conference [START_REF] Varzinczak | Action theory contraction and minimal change[END_REF] and of which I am the sole author, I addressed the problem of changing a domain description for reasoning about actions specified in dynamic logic. At that time this was a novel and ill-explored area of research. In the referred paper, I have formalised the notion of contraction of action laws from an action domain description.

More specifically, I have defined semantic operations on the set of models of the underlying theory capturing the intuition of the changes that ought to be performed in order for an action law (effect law, executability law and static law) to be removed from an agent's set of beliefs about the actions under consideration. I have also provided the algorithmic counterpart of these semantic operations and shown their correspondence. An important point of the contribution is the role of a notion of minimality: modifications should be carried out in a minimal way, i.e., one should neither remove too much information nor add irrelevant new knowledge. I have shown that the proposed approach provides for a suitable notion of minimality when changing action domain descriptions.

This work was subsequently extended also to the case of action theory revision. I have defined the semantic operations corresponding to the notion of minimally revising action laws and I have provided the corresponding algorithms that effectively perform the expected changes at the level of the knowledge base. As done for the case of contraction, I have shown a correspondence result between the semantic constructions and the algorithms.

All the aforementioned results, together with the detailed proofs, appeared as an article in the prestigious Journal of Artificial Intelligence Research (JAIR), of which I am the sole author [START_REF] Varzinczak | On action theory change[END_REF].

Significance of the contribution This contribution is significant in that it was the first to have defined contraction and revision operators for action laws in a reasoning about actions context, in particular for a modal-based formalism. Furthermore, the proposed approach stands as a bridge between standard AGM revision and existing approaches to ontology debugging and repair in description logics, which are closely related to modal logics. The main publications resulting from this contribution have received 40+ citations altogether according to Google Scholar.

Horn contraction

Horn logic is a fragment of classical propositional logic of great importance in computer science and artificial intelligence, notably because it is the backbone of logic programming. As a result, the ability to make modifications to Horn knowledge bases is a relevant matter. As it turns out, just applying the standard AGM approach to fragments of propositional logic is not enough: the expected result of revision is not always expressible in the target language of Horn logic. Quite surprisingly, it was only recently that this problem started drawing attention from the community [START_REF] Delgrande | Horn clause belief change: Contraction functions[END_REF].

In a paper which appeared at IJCAI [START_REF] Booth | Next steps in propositional Horn contraction[END_REF], together with my collaborators I identified issues with existing preliminary construction methods for Horn contraction, namely they were not complete. In order to overcome the problem, we have proposed a new, more fine-grained construction method for contracting Horn clauses from Horn theories, with an accompanying set of AGM-style postulates, and we have shown the corresponding representation result. Furthermore, we have introduced a new form of contraction allowing for the contraction of the disjunction of sentences, which is not directly expressible in Horn logic.

In a follow-up paper which appeared in the Journal of Artificial Intelligence Research (JAIR) [START_REF] Booth | On the link between partial meet, kernel, and infra contraction and its application to horn logic[END_REF], we investigated the problem of Horn belief base contraction and compared it with the aforementioned proposal of ours. The main conclusion of this work is that the approach to contraction known as belief base contraction is more appropriate in the Horn case than the one based on belief sets.

Significance of the contribution These contributions are significant in the sense that they have surpassed those of previous approaches and have opened an avenue for exploration of belief change at the intersection of both belief base and belief setbased approaches. Moreover, they have strengthened the interest of the community for the problem of belief revision in fragments of propositional logic. This is witnessed by the number of publications having followed the aforementioned ones. The main publications resulting from this contribution have received 90+ citations altogether according to Google Scholar.

Propositional typicality logic

A fundamental, albeit tacit, semantic notion in belief revision, in particular of the AGM approach, is that of normality (alias plausibility or typicality). Indeed, semantically the result of revising a (propositional) knowledge base with a new sentence should correspond to the most normal (or plausible or typical ) models of the knowledge base satisfying the new incoming piece of information. The same observation applies to the so-called KLM approach to defeasible reasoning [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF], where defeasible conditionals of the form α |∼ β are read as "the most normal (alias typical or plausible) α-worlds are β-worlds." Given the correspondence between the AGM and the KLM approaches [START_REF] Gärdenfors | Nonmonotonic inference based on expectations[END_REF], it is known that one can seamlessly switch between the two when reasoning non-monotonically.

Curiously enough, neither the AGM approach nor the KLM one allow for referring explicitly to a notion of typicality, be it at the object language or at the meta-level. This has important implications from the standpoint of knowledge representation and reasoning. In many cases, one wants to be able to capture the fact a given situation is typical in the object language and use it in more complex constructs. Moreover, as proven in the DL case [START_REF] Giordano | Preferential description logics[END_REF][START_REF] Varzinczak | A note on a description logic of concept and role typicality for defeasible reasoning over ontologies[END_REF], an explicit notion of typicality comes in handy when modelling exceptions in a given domain of application (also see Section 3.4.3).

In a paper which appeared at the JELIA conference [START_REF] Booth | PTL: A propositional typicality logic[END_REF] and of which the extended version appeared as a book chapter [START_REF] Booth | A propositional typicality logic for extending rational consequence[END_REF], we have filled precisely this gap. We have introduced an explicit operator to talk about typicality which intuitively allows us to single out those most typical states of affairs in which a given formula holds. We have shown that the resulting framework, called propositional typicality logic (PTL), delivers a more expressive language than that of standard KLM-style conditionals and, moreover, is also expressive enough to embed AGM belief revision.

In a paper which appeared at IJCAI [START_REF] Booth | On the entailment problem for a logic of typicality[END_REF] and in its more recent, expanded version, published in the journal Artificial Intelligence [START_REF] Booth | On rational entailment for propositional typicality logic[END_REF], we investigated different notions of (non-monotonic) entailment for PTL, each one based on the definition of rational closure as introduced by Lehmann and Magidor for KLM-style conditionals [START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF], and constructed using different notions of minimality. These results have shed light on the interplay between the expressive power of the underlying language and the associated notion of rational closure and constitute a springboard with which to investigate rationality in e.g. description logics (see Section 3.4).

Significance of the contribution PTL combines two important features, namely (i ) it is a simple framework since it is plain propositional logic with an extra typicality operator added, and (ii ) it is more expressive than the KLM approach and powerful enough in order to capture full AGM belief revision. Given the latter, PTL can also serve as a formal tool with which to analyse and compare different belief revision operators. Furthermore, in spite of being a simple syntactic superset of propositional logic, PTL shows that even minimal extensions such as the addition of a typicality operator widens the choices for an appropriate notion of defeasible entailment. Indeed, in the basic KLM framework, different semantic notions of minimality collapse to the same form of entailment, namely rational closure. In the case of PTL, different semantic constructions correspond to different definitions of entailment, some of which extending rational closure and some being incomparable to it. This makes PTL a good framework within which to investigate the properties of different definitions of defeasible entailment and to assess which ones are more appropriate in a given context. The main publications resulting from this contribution have received 70+ citations altogether according to Google Scholar.

Modal logics of defeasibility

For the most of AI's existence, propositional logic was sufficient for the implementation of knowledge-based systems, in particular for the non-monotonic reasoning community. That used to be the case at least until the early 90's. Nevertheless, modern KR&R applications require languages that are more powerful than the propositional one and with the ability to express e.g. the effects and preconditions of actions [START_REF] Reiter | Knowledge in Action: Logical Foundations for Specifying and Implementing Dynamical Systems[END_REF][START_REF] Shanahan | Solving the frame problem: a mathematical investigation of the common sense law of inertia[END_REF]; an agent's beliefs [START_REF] Van Ditmarsch | Dynamic Epistemic Logic[END_REF][START_REF] Fagin | Reasoning about Knowledge[END_REF]; a system's regulations [START_REF] Mcnamara | Deontic logic[END_REF]; ontologies [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF], and several combinations thereof. Notions such as these cannot properly be captured within the framework of propositional logic. This is because propositional languages are not expressive enough to represent the different types of knowledge mentioned above.

On the other side of the spectrum is First-Order Logic (FOL) [START_REF] Barker-Plummer | Language, Proof and Logic[END_REF][START_REF] Mendelson | Introduction to Mathematical Logic[END_REF], within which all the notions mentioned above can be expressed, but that also turns out to be too expressive for our purposes, making it hard for users to understand and apply it in practice. To make things even worse, full FOL has bad computational propertiesit is undecidable, and therefore it is not suitable as the core formalism of real-world applications. Even if full FOL is not assumed, the complexity of reasoning can easily become intractable [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF].

One of the best alternatives to propositional and first-order logic has been the use of different systems of modal logics [START_REF] Van Benthem | Modal Logic for Open Minds[END_REF][START_REF] Blackburn | Handbook of Modal Logic[END_REF][START_REF] Chellas | Modal logic: An introduction[END_REF]. Modal logic allows for more expressive power than propositional logic without being hampered by the complexity and decidability issues of FOL. Amongst its features are a simplified syntax, an intuitive semantics and its amenability to implementation (especially via tableaux systems [START_REF] Goré | Tableau methods for modal and temporal logics[END_REF]).

Despite its philosophical origins, modal logic turned out to meet a variety of applications in artificial intelligence. Indeed, well-established formalisms for dealing with these notions in the AI literature are mostly variants of modal logic: The above mentioned examples illustrate applications of dynamic logic [START_REF] Harel | Dynamic Logic[END_REF] and logics of action [START_REF] Castilho | It depends on the context! A decidable logic of actions and plans based on a ternary dependence relation[END_REF][START_REF] Demolombe | Regression in modal logic[END_REF][START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF][START_REF] Zhang | EPDL: A logic for causal reasoning[END_REF][START_REF] Zhang | Interpolation properties of action logic: Lazy-formalization to the frame problem[END_REF][START_REF] Zhang | Frame problem in dynamic logic[END_REF], epistemic logic [START_REF] Fagin | Reasoning about Knowledge[END_REF][START_REF] Van Ditmarsch | Dynamic Epistemic Logic[END_REF], and deontic logic [START_REF] Mcnamara | Deontic logic[END_REF]. This is because modalities are quite versatile and can be interpreted as actions, beliefs and obligations, to name but a few.

Given the aforementioned reasons, modal logics stand as the foundation of a very important class of knowledge representation formalisms in artificial intelligence. Nevertheless, modal logics do not have all the ingredients that are necessary to give a satisfactory account of defeasible reasoning.

Beyond propositional defeasible consequence

As classical formalisms, standard modal logics do not provide an adequate framework within which the different aspects and levels of non-monotonic reasoning described in Chapter 2 can be captured. Therefore enriching modal logics with non-monotonic reasoning capabilities constitutes a natural step in their development.

Although the KLM approach can directly be transplanted to a certain number of logics, it turns out that those constructions suffer from the limitation that they are largely propositional in nature -they do not cater for the additional expressivity of target languages other than the propositional one. Indeed, research on preferential reasoning has reached maturity only in a propositional context, whereas many logics of interest, like modal logic, have more structure in both the syntax and the semantics. If one wants to be able to capture the different forms of defeasible reasoning, then one has to fully move beyond propositional preferential consequence.

There has by now been a number of attempts to incorporate defeasible reasoning in logics other than propositional logic. After a first tentative exploration of preferential predicate logics by Lehmann and Magidor [START_REF] Lehmann | Preferential logics: the predicate calculus case[END_REF] and of a preference semantics for defaults in description logics by Quantz and Royer [START_REF] Quantz | A preference semantics for defaults in terminological logics[END_REF], some more recent investigations have attempted to define notions of defeasibility in deontic logics [START_REF]Defeasible Deontic Logic[END_REF], and of defeasible subsumption relations in DLs [START_REF] Britz | Semantic preferential subsumption[END_REF][START_REF] Casini | Rational closure for defeasible description logics[END_REF][START_REF] Giordano | ALC + T : a preferential extension of description logics[END_REF]. One of the main obstacles in moving beyond the propositional setting is the lack of a generally accepted formal semantics which appropriately generalizes the propositional structures of Kraus et al.

The aforementioned extensions of the KLM approach have mostly been driven by either extending only the syntax [START_REF] Casini | Rational closure for defeasible description logics[END_REF][START_REF] Giordano | ALC + T : a preferential extension of description logics[END_REF][START_REF] Quantz | A preference semantics for defaults in terminological logics[END_REF] or just the underlying preferential semantics [START_REF] Britz | Semantic preferential subsumption[END_REF][START_REF] Lehmann | Preferential logics: the predicate calculus case[END_REF]. An intuitive semantics, with a corresponding representation result, was still missing until my collaborators and myself provided a semantic foundation for extending defeasible consequence relations to modal logic [START_REF] Britz | Preferential reasoning for modal logics[END_REF][START_REF] Britz | Normal modal preferential consequence[END_REF].

Our first contribution was the definition of a preferential semantics by enriching Kripke models with preference relations on possible worlds [START_REF] Britz | Preferential reasoning for modal logics[END_REF]. Such a semantics characterises appropriately the class of preferential modal defeasible conditionals. In particular, we have shown a representation result à la KLM linking the semantic constructions to a set of properties that basic modal conditionals deemed appropriate in a non-monotonic setting ought to satisfy. Besides that, we have also lifted the notion of rational closure as defined by Lehmann and Magidor in the propositional case [START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF] to modal logics, thereby providing a first account of this construction in formalisms with more structure than the propositional one.

In a spin-off paper [START_REF] Britz | Normal modal preferential consequence[END_REF], we investigated how the set of KLM-style properties can be extended in order to make use of the extra expressive power that a modal language provides. We have introduced one such a property, defined the corresponding semantic constraint to be imposed on preferential Kripke models, and shown new representation results linking the extended set of properties with the new semantics.

Significance of the contribution Besides providing the first account of KLM-style defeasible reasoning for modal logics, these results also paved the way for further exploration of different forms of defeasibility in modal and description logics, in particular at the object level (see Section 3.3.2). The publications resulting from this contribution have received 30+ citations according to Google Scholar.

Beyond defeasibility of conditionals

Defeasible reasoning, as traditionally studied in the literature on non-monotonic reasoning, has focused mostly on two aspects of defeasibility that we encountered in Chapter 2, namely exceptionality and information withdrawal. In particular, exceptionality, i.e., defeasibility at the object level, usually takes the form of an 'argument': in a statement (or a 'conditional', as it is also referred to) of the form α |∼ β, α plays the role of a 'premise', while β is its (defeasible) 'conclusion'. Such is the case in the KLM approach [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF] and related frameworks [START_REF] Boutilier | Conditional logics of normality: A modal approach[END_REF][START_REF] Crocco | On the connections between nonmonotonic inference systems and conditional logics[END_REF].

Nevertheless, there are many other appealing and equally useful aspects of defeasibility besides that of arguments or conditionals. These include notions such as typicality [START_REF] Booth | PTL: A propositional typicality logic[END_REF][START_REF] Booth | A propositional typicality logic for extending rational consequence[END_REF][START_REF] Boutilier | Conditional logics of normality: A modal approach[END_REF][START_REF] Delgrande | A first-order logic for prototypical properties[END_REF][START_REF] Giordano | ALC + T : a preferential extension of description logics[END_REF][START_REF] Lehmann | Stereotypical reasoning: logical properties[END_REF], concerned with the most typical cases or situations (or even the most typical representatives of a class), degrees of belief [START_REF] Baltag | Dynamic belief revision over multi-agent plausibility models[END_REF][START_REF] Baltag | A qualitative theory of dynamic interactive belief revision[END_REF], relating to the most plausible epistemic possibilities held by an agent, vague notions [START_REF] Veloso | On vague notions and modalities: a modular approach[END_REF] such as 'generally', 'rarely' or 'most', and relative normality [START_REF] Britz | Defeasible modes of inference: A preferential perspective[END_REF][START_REF] Britz | Defeasible modalities[END_REF], amongst others. For instance, one may want to formalise the expected effect of an action, which may still fail; or plausible beliefs, which might be wrong; or certain forms of obligation that may be overridden.

It turns out that with KLM-style defeasible statements one cannot capture these aspects of defeasibility. This has to do partly with the syntactic restrictions imposed on |∼, namely no nesting of conditionals, but more fundamentally, it relates to where and how the notion of normality is used in such statements. The semantics of a conditional α |∼ β says, roughly, that "the normal α-situations are β-situations". 1 This sounds like the normality spotlight is somewhat put on α, as though normality was a property of the premise and not necessarily of the conclusion. Whether the β-situations alone are normal or not plays no role in the reasoning that is carried out. Furthermore, normality is assumed to be a property relating to the premise as a whole, and not of its sub-formulae. Technically this means one cannot refer directly to normality of a sentence in the scope of other logical operators. (This is also the case in all the aforementioned extensions of the KLM approach to logics that are more expressive than the propositional one.)

The ability to capture forms of defeasibility beyond that of arguments is another fundamental challenge in the definition of a comprehensive theory of defeasible reasoning. In a recent work [START_REF] Britz | Defeasible modes of inference: A preferential perspective[END_REF][START_REF] Britz | Defeasible modalities[END_REF] we investigated notions that we refer to as defeasible modes of inference. These amount to preferential versions of the traditional notions of knowledge, obligations and actions as studied in classical modal logics. For instance, in an action context, one may want to say that the outcome of a given action a is usually α [START_REF] Laverny | From knowledge-based programs to graded belief-based programs, part I: on-line reasoning[END_REF], i.e., in the most normal situations resulting from a's execution, α holds. This is notably different from saying that in the most normal worlds, the result of performing action a is always α. In the latter case, the normality of the situation, or state, before the action takes place is assessed, whereas in the former the relative normality of the situation is assessed against all possible outcomes [START_REF] Britz | Defeasible modalities[END_REF]. Here we are interested in the formalisation of the former type of statement, where it becomes important to shift the notion of normality from the premise of an inference to the effect of an action, and, importantly, use it in the scope of other logical constructors.

The importance of defeasibility in modes of reasoning is also illustrated by the following example [START_REF] Britz | Defeasible modes of inference: A preferential perspective[END_REF]. Although one may envisage a situation where the velocity of a sub-atomic particle in a vacuum is greater than c (the speed of light in a vacuum), it is in a sense known that c is the highest possible speed. We are then entitled to derive factual consequences of this scientific theory that also will be 'known'. This venturous version of knowledge, which patently differs from belief, provides for a more fine-grained notion of knowledge that may turn out to be wrong but that is not of the same nature as suppositions or beliefs. 2Scenarios such as the ones depicted above require an ability to talk about the normality of effects of an action, normality of knowledge or obligations, and so on. While existing modal treatments of epistemic reasoning and of preferential reasoning can express preferential semantics syntactically as modalities [START_REF] Boutilier | Conditional logics of normality: A modal approach[END_REF][START_REF] Britz | Modelling object typicality in description logics[END_REF][START_REF] Giordano | ALC + T : a preferential extension of description logics[END_REF], they do not suffice to express defeasible modes of inference as described above.

Our contribution filled this gap by introducing non-standard modalities encapsulating a notion of defeasibility which allows us to talk about relative normality, i.e., about what is normal or expected relative to a given situation (or possible configuration of the world). These operators were defined within the extension of our preferential modal semantics [START_REF] Britz | Preferential reasoning for modal logics[END_REF][START_REF] Britz | Normal modal preferential consequence[END_REF]. Given a possible world in a Kripke model, the normality (or exceptionality) of its accessible worlds are determined by a preference order on possible worlds, which unlike in the plausibility models of Baltag and Smets [START_REF] Baltag | Dynamic belief revision over multi-agent plausibility models[END_REF][START_REF] Baltag | A qualitative theory of dynamic interactive belief revision[END_REF], does not define an agent's knowledge or beliefs. Rather, our notion of preference is part of the semantics of the background ontology described by the theory or knowledge base at hand. As such, it is used in providing a meaning for defeasible actions, which can fail in their outcome, or defeasible knowledge, which may not hold in exceptional accessible worlds, in that the preference relation alters the classical semantics of these modalities. This allows for the definition of a formalism in which defeasible modes of inference can be expressed, and which can be integrated with existing non-monotonic modal logics.

Significance of the contribution For a long time defeasibility had been confined to conditionals. This contribution is significant in that it explored defeasibility also in other logical connectives and established a general semantic framework within which they can be studied and further extended. These allow for the exploitation of several nuances of quotidian reasoning at the object level. The main publications resulting from this contribution have received 60+ citations altogether according to Google Scholar.

Rationality in formal ontologies

For the past decades, there has been an increasing interest in formal ontologies and their role in the design of 'smart' applications. That has been the case not only in AI but also in other areas of computer science such as databases and semantic technologies. Description Logics (DLs) provide us with solid foundations on which to base the study and formalisation of ontologies as well as on reasoning and querying methods associated to them.

As it turns out, DLs still allow for meaningful, decidable extensions, as new knowledge representation requirements are identified. A case in point is the need to allow for exceptions and defeasibility in reasoning over logic-based ontologies. The different DL-based formalisms that have been proposed in the literature provide us with a wide choice of constructors in the object language. Nevertheless, these are intended to express only classical, unquestionable knowledge, and, as a consequence, they fall short of adequately capturing the different aspects of uncertainty and vagueness that often show up in everyday life. Examples of these comprise the various guises of exceptions, typicality (and atypicality), approximations and many others, as usually encountered in the different forms of human quotidian reasoning. A similar argument can be put forward when moving to the level of entailment, i.e., that of the sanctioned conclusions from an ontology. DL systems provide for a variety of standard and non-standard reasoning services, but the underlying notion of logical consequence remains classical and therefore, depending on the application one has in mind, DLs inherit most of the criticisms raised in the development of the so-called non-classical logics.

In this regard, endowing DLs and their associated reasoning services with the ability to cope with defeasibility is a natural step in their development. Even if some of the issues related to uncertainty in reasoning have been studied using probabilistic approaches and statistical methods, their qualitative computational nature remains a large avenue for exploration.

The past two decades have witnessed the surge of some attempts to introduce nonmonotonic reasoning capabilities in a DL setting, ranging from preferential approaches to circumscription-based ones, amongst others. Each of them investigated particular constructions and DL variants of existing approaches to defeasibility in propositional logic. Nevertheless, a comprehensive study of the formal foundations of (preferential) defeasible reasoning in DLs was still missing until we published a series of papers at logic and AI conferences [START_REF] Britz | Preferential role restrictions[END_REF][START_REF] Britz | A KLM perspective on defeasible reasoning for description logics[END_REF][START_REF] Britz | Semantic foundation for preferential description logics[END_REF][START_REF] Britz | Introducing role defeasibility in description logics[END_REF][START_REF] Britz | Toward defeasible SROIQ[END_REF][START_REF] Britz | Rationality and context in defeasible subsumption[END_REF][START_REF] Britz | Preferential tableaux for contextual defeasible ALC[END_REF] and journals [START_REF] Britz | Contextual rational closure for defeasible ALC[END_REF][START_REF] Varzinczak | A note on a description logic of concept and role typicality for defeasible reasoning over ontologies[END_REF], in which we have filled precisely this gap.

Roughly, in these papers we have (i ) defined a general and intuitive semantics; (ii ) shown that the corresponding representation results linking our semantic constructions with a set of desirable properties hold, and (iii ) presented an appropriate analysis of entailment in the context of ontologies with defeasible information with associated decision procedures that are implementable. Furthermore, we have also made a case for a number of additional defeasible constructs at the object level enriching the underlying DL concept language, to which we have given a corresponding intuitive semantics and devised associated reasoning methods. We have shown that these extensions do not negatively affect decidability or complexity of reasoning for an important class of DLs, and that many nuances of defeasible reasoning in natural language can be expressed in terms of our new constructs.

In what follows, I summarise the specific contributions to this area and their respective significance. More details, including the technical constructions, can be found in the companion document titled Defeasible Description Logics.

Defeasible subsumption and representation results

My first technical contribution to the development of defeasible description logics was the definition of a simple and intuitive semantics for the notion of defeasible subsumption [START_REF] Britz | Semantic foundation for preferential description logics[END_REF]. In particular, together with my peers, we have provided a characterisation of two important classes of defeasible subsumption relations, namely preferential and rational subsumption, via the respective representation results, evidencing the fact that our semantic constructions are appropriate. In a follow-up publication [START_REF] Britz | A KLM perspective on defeasible reasoning for description logics[END_REF], we revisited our semantics by making it simpler and more intuitive. The corresponding representation results carry over to the new semantics and their proofs are available in an article to appear in the ACM Transactions on Computational Logic [START_REF] Britz | Principles of klm-style defeasible description logics[END_REF].

Significance of the contribution These results are significant in that they show our basic framework is general enough to serve as a hotbed for (i ) the definition of the notion of rational closure for DLs (see below), and (ii ) the introduction of further non-monotonic extensions to DLs, as witnessed by the results in the sections below. The main publications resulting from this contribution have received 100+ citations altogether according to Google Scholar.

Rational closure for defeasible DLs

Once the semantic foundations of defeasibility in DLs have been established, we carried out a thorough investigation of what an appropriate notion of defeasible entailment in a defeasible DL context means. In particular, we have analysed the suitability of a good candidate, namely rational entailment. Moreover, we have established the formal connection between rational entailment, the notion of rational closure of a defeasible knowledge base, and we have provided an algorithm for its computation. The proofs establishing the correctness of our approach are available in an article to appear in the ACM Transactions on Computational Logic [START_REF] Britz | Principles of klm-style defeasible description logics[END_REF].

Significance of the contribution These results are important in that they stand at the foundation of defeasibility at the entailment level and can be extended to more expressive formalisms, as witnessed by the contribution reported in Section 3.4.4. Furthermore, the main advantages of our approach are as follows: (i ) it relies completely on classical entailment, i.e., entailment checking over defeasible ontologies can be reduced to a number of classical entailment checks over a rewritten ontology, (ii ) it has computational complexity that is no worse than that of entailment checking in the classical underlying DL, and (iii ) it is amenable to implementation, e.g. as a Protégé plugin 3 . Indeed, the referred implementation by a Ph.D. student I have co-supervised allows us to make experiments with large ontologies containing defeasible subsumption statements and its performance has been shown to scale well in practice [START_REF] Casini | Introducing defeasibility into OWL ontologies[END_REF]. The main publications resulting from this contribution have received 90+ citations altogether according to Google Scholar.

Typicality of concepts and relations at the object level

In another journal publication as the single author [START_REF] Varzinczak | A note on a description logic of concept and role typicality for defeasible reasoning over ontologies[END_REF], I have introduced ALCH • , a description logic allowing for an explicit notion of typicality that can be applied to both concepts and roles and of which the intuition is to capture the most typical instances of, respectively, classes and relations. In particular, I showed that reasoning w.r.t. ALCH • knowledge bases is decidable through the definition of a tableau-based decision procedure that I have shown to be sound and complete w.r.t. the underlying preferential semantics.

When compared with other existing approaches to non-monotonicity in DLs, the novelty of ALCH • resides in the provision of a framework for typicality of both classes and relations and that can serve as the foundation for further extensions of defeasible DLs of increasing expressivity, with non-monotonicity at the level of concepts as well as that of roles.

Significance of the contribution The significance of this contribution is supported by the fact that it was the recipient of the first Louis Couturat Logic Prize (France, 2018). It was then presented at the Universal Logic Contest at UNILOG 2018 in Vichy (https://www.uni-log.org/vichy2018) and subsequently won the first Universal Logic Prize.

Contextual defeasibility

Next, I have also carried out an investigation of defeasibility beyond concept subsumption along two main lines: First by introducing defeasible versions of value and existential restrictions [START_REF] Britz | Preferential role restrictions[END_REF][START_REF] Britz | Introducing role defeasibility in description logics[END_REF], thereby bringing defeasibility also to the object level; and second by introducing a (primitive) role-informed notion of context, which gives rise to multiple orderings on objects and the ability to model different, possibly incompatible, contexts of normality, making typicality a relativised construct [START_REF] Britz | Rationality and context in defeasible subsumption[END_REF].

Technically, this contribution addresses an important limitation in previous defeasible extensions of description logics, namely the restriction in the semantics of defeasible concept inclusion to a single preference order on objects. Semantically, it also answers the question of the meaning of multiple preference orders, namely that they reflect different contexts. Moreover, I have defined a tableau-based algorithm for checking preferential consistency of contextual defeasible knowledge bases [START_REF] Britz | Preferential tableaux for contextual defeasible ALC[END_REF], and I showed its soundness and completeness w.r.t. the underlying preferential semantics. These results are significant in that they are a central piece in the definition of other forms of contextual defeasible reasoning over ontologies.

Since the notion of entailment assumed in the above contribution is monotonic, there was a need to lift the definition of rational closure to a notion of contextual rational closure. We have achieved that by providing a semantic construction and a method for the computation of such a notion of closure, along with a correspondence result between the two [START_REF] Britz | Contextual rational closure for defeasible ALC[END_REF].

Significance of the contribution These results are significant because they provide a more fine-grained version of the constructions reported in Section 3.4.2 and moreover they have the potential to be applied to a wide class of real-world ontologies in which context plays an important role in modelling the knowledge.

Finally, I have also defined a meaningful extension of the highly expressive description logic SROIQ with defeasible reasoning constructs in the concept language, in both concept and role inclusions, and in role assertions, together with an intuitive preferential semantics [START_REF] Britz | Toward defeasible SROIQ[END_REF]. In particular, I have shown a translation of the entailment problem w.r.t. dSROIQ knowledge bases to concept satisfiability relative to DTBoxes and RBoxes only. I have also devised a terminating, sound and complete tableaubased algorithm for checking concept satisfiability w.r.t. dSROIQ knowledge bases. This logic can serve as the theoretical foundation for a defeasible version of the Web Ontology Language OWL. 4Chapter 4

Perspectives and future directions of investigation

The study of the theoretical foundations of uncertainty in reasoning is of paramount importance for both the understanding of human rationality and the design of fullyautomated decision-making systems. In spite of all the progress obtained by the nonmonotonic reasoning community over the past 40 years, including the work done by myself during the last 12 years, there still remain several open questions in the area and technical challenges to be addressed.

In particular, there are still many relevant issues across the three levels at which non-monotonicity shows up in reasoning (see Chapter 2) that remain to be more deeply studied and formalised, or even integrated with emerging non-symbolic approaches in AI. Indeed, specifications in defeasible knowledge bases can be learned from commonsense knowledge repositories via machine learning and help knowledge engineers to fine tune the formalisation of a given domain of application. Therefore, newer and even more general formal theories of non-monotonic reasoning, supplementing the existing ones in many crucial aspects, are still called for.

In that respect, for the upcoming five years I plan to pursue further investigations into the nature of non-monotonic reasoning and ways in which its two distinct aspects can be dealt with computationally at all its three different levels. In order to achieve the stated goal, I intend to bring to fruition the following specific objectives:

• Objective 1: At the object level, define new non-monotonic logical operators beyond standard non-monotonic implications or conditionals, endowed with an intuitive formal semantics together with a corresponding study of their formal properties and potential practical usefulness, in particular in capturing the various nuances of natural language. This point might benefit from e.g. a machinelearning component helping in identifying such constructs and their various syn-onyms as they are usually used in making utterances. Furthermore, as alluded to above, the specification of knowledge bases, in particular of ontologies, a complex task that in the standard case requires many iterations and revisions by domain experts, can be made more efficient and less error prone by deploying tailor-made machine learning tools.

• Objective 2: At the entailment level, define new non-monotonic consequence relations that are neither limited to propositional languages nor to classical connectives, equipped with both an intuitive semantic characterisation and accompanying proof methods. Given that the formalisms I will take as point of departure, namely modal and description logics, are pspace-complete, an integration with the latest developments around the satisfiability problem (SAT) is envisaged in order to improve performance of the associated reasoning tools.

• Objective 3: At the meta-reasoning level, devise a comprehensive family of belief revision operators to logics of various expressivity and with a possibly non-monotonic underlying consequence relation. 1 This is admittedly the most ambitious part of the whole project. In a recent paper published at the KR conference [START_REF] Casini | A semantic perspective on belief change in a preferential non-monotonic framework[END_REF], we have made the first steps towards this direction.

To bring about Objectives 1-3 set out above, I will pursue the activities motivated and laid out below. (The research tasks that are mentioned do not, by any means, constitute an exhaustive list of the activities that will be carried out. Rather, they are mentioned here because all of them are, to some degree, an important component of the proposed research. For the sake of presentation, technical details shall be omitted for now, especially since most if not all of them still remain to be worked out.)

• At the object level: I will investigate aspects of non-monotonicity in logical operators other than implication, both in propositional as well as in more expressive logics. For instance, I plan to investigate ampliative and defeasible versions of the propositional connectives (negation, conjunction and disjunction), of modalities (necessity and possibility), and of quantifiers in general first-order logic and fragments thereof, giving rise to exception-tolerant versions of these connectives. I will also examine the extent to which there is room for new defeasible connectives having no classical counterpart [START_REF] Booth | PTL: A propositional typicality logic[END_REF][START_REF] Booth | A propositional typicality logic for extending rational consequence[END_REF].

• At the entailment level: I intend to explore new types of non-monotonic entailment relations, both for propositional and for less or more expressive logical languages. For example, I will investigate different propositional supra-classical non-monotonic entailment relations, and assess their scalability beyond the propositional setting, namely in modal and predicate languages. In particular, I want to study how to define the respective proof methods for each of these consequence relations and how these can benefit from latest results from the SAT community. Finally, I will also explore non-monotonic consequence relations for the logical languages enriched with non-monotonic connectives as those mentioned above.

• At the meta-reasoning level: I will investigate the definition of new approaches and construction methods for belief revision in (i ) logics that are more expressive than the propositional one, notably the different systems of modal logic and fragments of first-order logic; (ii ) logics enriched with non-monotonic connectives but with an underlying classical entailment relation; (iii ) logics with a non-Tarskian consequence relation, and finally (iv ) logics with both non-monotonic connectives and an underlying non-monotonic entailment relation.

In order for me to realise the foregoing tasks, I will use formal methods to (i ) design and specify the new logical languages, their underlying consequence relations and corresponding revision methods; (ii ) endow them with an appropriate formal (unambiguous) semantics; (iii ) design algorithms for the corresponding proof methods, and (iv ) give mathematical proofs of the consistency of each formalism and correctness of the corresponding algorithms. Moreover, I will also analyse the computational complexity of the entailment problem for each new formalism. Whenever appropriate and scientifically significant, implementation of the results will be realised and tested in real-world applications.

It is worth pointing out that my agenda is not to diverge from the existing body of work in non-monotonic reasoning, but rather to build on it when striving for the stated objectives. The answer to the question of which existing approaches to nonmonotonicity are more appropriate to serve as the substratum for the investigations that I have in mind is not cast in stone. A promising starting point is to consider those non-monotonic formalisms that are general enough in the propositional case, the most successful of which being the preferential approach [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF][START_REF] Shoham | Reasoning about Change: Time and Causation from the Standpoint of Artificial Intelligence[END_REF] and the AGM paradigm [START_REF] Alchourrón | On the logic of theory change: Partial meet contraction and revision functions[END_REF][START_REF] Gärdenfors | Knowledge in Flux: Modeling the Dynamics of Epistemic States[END_REF][START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF]. The main reason for doing so is that such formalisms satisfy well-established abstract properties which should also be present in general theories of uncertainty in reasoning.

The question as to which logical framework should be the backbone of the new representation languages and reasoning methods will mostly be guided by current trends in logic-based knowledge representation and reasoning [START_REF] Baader | The Description Logic Handbook: Theory, Implementation and Applications[END_REF][START_REF]Handbook of Knowledge Representation[END_REF]. This means that we shall strive for a good trade-off between expressive power on the one hand and computational tractability on the other [START_REF] Brachman | Knowledge Representation and Reasoning[END_REF]. The prototypical logical formalisms usually considered are classical propositional and first-order logic. It turns out that propositional logic is not expressive enough for the needs of modern KR&R, whereas (full) first-order logic is too expressive and has bad computational properties, the worst of which being semidecidability of the entailment problem. In this regard, from a KR&R perspective, the choice for modal logics and description logics as the core representation languages on which to initially base our general framework sounds appealing. These are elegant and well-established logical frameworks with a good balance between expressivity and computational complexity. This will provide the exploratory phase of our research with a strong initial boost, and will ensure that tangible results are obtained much sooner than would otherwise have been the case.

An important aspect of the conceptual framework to be deployed here is the fact that all tasks specified above will be carried out with an eye on the potential users of the new logical formalisms. This means that we shall design our new representation languages and reasoning methods in accordance with commonly adopted principles of software ergonomics [START_REF] Pressman | Software Engineering: A Practitioner's Approach[END_REF]; in other words, besides being significant and mathematically sound, the formalisms I intend to develop should be neat, elegant and amenable to implementation in order to be applied in practice.

It is legitimate to raise the question on whether the research here described could be based on probabilities instead of logic. Indeed probabilistic reasoning [START_REF] Pearl | Causality: Models, Reasoning, and Inference[END_REF] is also non-monotonic in that any inference of probability less than 1 can in principle fail (defeasible aspect). There are results showing that non-monotonic reasoning can be given a probability-based account. Examples of these are Pearl's system Z [118], Hawthorne's conditionals [START_REF] Hawthorne | Nonmonotonic conditionals that behave like conditional probabilities above a threshold[END_REF], and the possibilistic approach [START_REF] Benferhat | Possibilistic and standard probabilistic semantics of conditional knowledge bases[END_REF], which give essentially the same results as the (non-probabilistic) preferential approach [START_REF] Kraus | Nonmonotonic reasoning, preferential models and cumulative logics[END_REF]. In that respect, one could in principle base our investigations on a probabilistic setting. The requirement for that would be the availability of appropriate probabilistic (and possibilistic) treatments of the three levels we have encountered above on which to initially base our work. At the moment it is not clear whether all this machinery is available and therefore the logic-based route seems to be more viable. Since probabilistic and logical approaches to reasoning are not antagonistic but rather complementary, possible combinations of both is certainly a point that will be investigated in more depth during the exploratory phase of this research.

Finally, it is worth emphasising that my goal is not to propose yet another family of disconnected formalisms for non-monotonic reasoning, each one dealing with a single aspect or level of non-monotonicity. Instead, I aim at developing a unifying comprehensive approach to all different aspects and levels of non-monotonicity, benefitting from existing results in the literature that show the links among frameworks sitting at different levels. For instance, there is a close connection between classical knowledge base revision [START_REF] Katsuno | Propositional knowledge base revision and minimal change[END_REF] and KLM-style rational consequence relations [START_REF] Lehmann | What does a conditional knowledge base entail?[END_REF] in the sense that each one can be defined in terms of the other [START_REF] Gärdenfors | Nonmonotonic inference based on expectations[END_REF]. A similar result established the link between KLM rational consequence and belief revision in PTL (see Section 3.2.3). It is reasonable to expect results like these to provide the basic springboard with which to develop the general overarching approach I have in mind.

Once all of this is in place, further research questions will arise. From a knowledge representation and reasoning perspective, when one deals with knowledge bases, issues related to modularisation [START_REF] Grau | Modularity and web ontologies[END_REF][START_REF] Garson | Modularity and relevant logic[END_REF][START_REF] Herzig | On the modularity of theories[END_REF][START_REF] Herzig | A modularity approach for a fragment of ALC[END_REF], consistency checking [START_REF] Herzig | Domain descriptions should be modular[END_REF][START_REF] Herzig | Cohesion, coupling and the meta-theory of actions[END_REF][START_REF] Lang | Causal theories of action -a computational core[END_REF][START_REF] Zhang | Consistency of action descriptions[END_REF], knowledge base integration [START_REF] Meyer | Knowledge integration for description logics[END_REF], maintenance and repair [START_REF] Herzig | Elaborating domain descriptions[END_REF][START_REF] Varzinczak | Action theory contraction and minimal change[END_REF][START_REF] Varzinczak | On action theory change[END_REF] as well as versioning [START_REF] Franconi | Semantic diff as the basis for knowledge base versioning[END_REF][START_REF] Noy | PromptDiff: A fixed-point algorithm for comparing ontology versions[END_REF] show up. These are tasks acknowledged as important by the community in the classical case [START_REF] Herzig | Metatheory of actions: beyond consistency[END_REF][START_REF] Konev | The logical difference problem for description logic terminologies[END_REF][START_REF] Moodley | Debugging and repair of description logic ontologies[END_REF][START_REF] Thielscher | A unifying action calculus[END_REF][START_REF] Varzinczak | What is a good domain description? Evaluating and revising action theories in dynamic logic[END_REF] and that also make sense in a non-monotonic setting, such as the one here envisaged. Nevertheless, when moving to a defeasible approach, such tasks have to be reassessed and specific methods and techniques redesigned. This constitutes an extra challenge in my research endeavour and definitely an avenue worthy of exploration.

The innovation of the present research project relies mostly in the investigation of nuances of reasoning hitherto largely unexplored and in the quest for a comprehensive framework for multifarious non-monotonic reasoning. By pushing the frontiers of formal logic in the ways described above, I hope to advance the body of knowledge in several disciplines and at the same time provide more solid foundations for the realisation of a new variety of relevant real-world computer-based applications. The following are good examples of the latter:

• Application in artificial intelligence: the definition of several forms of consequence relations for a variety of languages together with more powerful methods for belief revision will allow for the design of more fine-grained exception-tolerant intelligent systems capable of adapting themselves to an ever-changing environment, whether real or virtual.

• Application in computer science and software engineering: the definition of non-monotonic constructs in the object language will allow for the design of methods for program verification and software specification capable of dealing with foreseeable exceptions.

• Application in diagnosis: the formalisation of several ampliative consequence relations will provide the basis for the generation of explanations in failure diagnosis based on the formal specification of the expected behaviour of a given device or system or process.

• Application in reasoning about actions and planning: the definition of constructs capturing the notions of defeasible actions, defeasible plans and retractable goals will allow for the design of systems that can recover when facing 'hidden' preconditions preventing an action or a whole plan from succeeding.

• Application in general game playing: an analysis of defeasibility at the three different levels will uplift the conception of robust intelligent systems. It will allow for the deployment of agents that can be reprogrammed to play new games and that do not collapse when exceptions to the rules are met or when other players bend the rules.

• Application in information systems and the semantic web: by enriching description logics with multifarious non-monotonic reasoning capabilities, we will provide for more accurate representations of exceptions in formal ontologies together with methods to better deal with the dynamics of ontologies.

• Other applications: the outcomes of this project will also meet potential applications in machine vision (default conclusions about the rest of a scene one cannot see) and in natural language understanding (default conclusions about presuppositions, or how a given sentence or story or dialogue will continue). Of course, this will have to be complemented by current advances in learning-based AI.

Non-monotonic reasoning as I intend to investigate here may prove useful not only in real-world applications like the above mentioned ones, but also in other theoretical domains beyond artificial intelligence and mathematical logic. These comprise, for instance, cognitive science and philosophical logic, since I will analyse and formalise linguistic constructs and reasoning patterns not yet fully explored.

For a more detailed description of my recent research, the reader is referred to the companion monograph titled Defeasible Description Logics, which is the main scientific document for this "Habilitation à diriger des recherches".

Different notions of appropriateness of actions can be defined. For instance, in game theory, actions deemed as appropriate are those maximising an agent's expected utility.

Of course, there are other factors that directly or indirectly contribute to the realisation of this goal, such as the accuracy of the agent's sensors and actors (if it is a physical agent), amongst others. Here we are interested in the cognitive aspects of these agents, and therefore we do not investigate issues of the aforementioned nature, which are dealt with by the robotics community.

Sometimes the term non-monotonic logics is also used, although it seems to be less consensual. Here I shall use non-monotonic reasoning, which is broader in that it also includes methods of belief revision[START_REF] Hansson | A Textbook of Belief Dynamics: Theory Change and Database Updating[END_REF] and argumentation theory[START_REF] Besnard | Elements of Argumentation[END_REF].

There are also examples of infra-classical logics exhibiting non-monotonic features[START_REF] Britz | Constrained consequence[END_REF][START_REF] Restall | Relevant and substructural logics[END_REF].

In this level, the ampliative aspect is more 'conservative' than in the others in that the new piece of information must follow classically from the resulting theory, i.e., it is not necessarily regarded as being just provisional. This stems from the principle of primacy of new information[START_REF]Investigations into a theory of knowledge base revision: preliminary report[END_REF], usually adopted in the field.

Friedman and Halpern [67] propose the alternative reading "the α ∧ β-situations are more normal (or more plausible) than the α ∧ ¬β-situations".

Our proposal is not aimed at challenging the position of knowledge as indefeasible, justified true belief[START_REF] Gettier | Is justified true belief knowledge?[END_REF][START_REF] Lehrer | Undefeated justified true belief[END_REF], but rather provides an extension to epistemic modal logics to allow for reasoning with a modality that we shall, arguably for lack of a more suitable term, refer to as "defeasible knowledge".

https://github.com/kodymoodley/defeasibleinferenceplatform

https://www.w3.org/OWL

For now I will not address abstract argumentation frameworks, but will leave open for argumentation systems based on the above mentioned new non-monotonic consequence relations to be defined.