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Abstract
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Argumentation is a highly dynamical and dialectical process drawing on human cognition. Successful argumentation is ubiquitous to human interaction. Comprehensive formal modeling and analysis
of argumentation presupposes a dynamical approach to the following phenomena: the deductive
logic notion, the dialectical notion and the cognitive notion of justified belief. For each step of an
argumentation these phenomena form networks of rules which determine the propositions to be
allowed to make sense as admissible, acceptable, and accepted.
We present a metalogic framework for a computational account of formal modeling and systematical analysis of the dynamical, exhaustive and dialectical aspects of adversarial argumentation and
dispute. Our approach addresses the mechanisms of admissibility, acceptability and acceptance of
arguments in adversarial argumentation by use of metalogic representation, reflection, and Artificial Intelligence-techniques for dynamical problem solving by exhaustive search.
We elaborate on a common conceptual framework of board games and argumentation games for
pursuing the alternatives facing the adversaries in the argumentation process conceived as a game.
The analogy to chess is beneficial as it incorporates strategic and tactical operations just as argumentation. Drawing on an analogy to board games like chess, the state space representation, well
researched in Artificial Intelligence, allows for a treatment of all possible arguments as paths in a
directed state space graph. The traversal of the state space graph unravels and collates knowledge
about the given situation/case under dispute. It will render a game leading to the most wins and
fewest losses, identifying the most effective game strategy. As we model and incorporate the private knowledge of the two parties, the traversal results in an increased knowledge of the case and
the perspectives and arguments of the participants.
We adopt metalogic as formal basis; hence, arguments used in the argumentation, expressed in a
non-monotonic defeasible logic, are encoded as terms in the logical argumentation analysis system.
The advantage of a logical formalization of argumentation is that it provides a symbolic knowledge
representation with a formally well-formed semantics, making the represented knowledge as well
as the behavior of knowledge representation systems reasoning comprehensible. Computational
logic as represented in Horn Clauses allows for expression of substantive propositions in a logical
structure. The non-monotonic nature of defeasible logic stresses the representational issues, i.e.
what is possible to capture in non-monotonic reasoning, while from the (meta)logic program, the
sound computation on what it is possible to compute, and how to regard the semantics of this computation, are established.
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This dissertation supports the thesis:
Argumentation is a highly dynamical and dialectical process drawing
on human cognition. Successful argumentation is ubiquitous to human
interaction. Comprehensive formal modeling and analysis of argumentation
presupposes a dynamical approach to the following phenomena: the
deductive logic notion, the dialectical notion and the cognitive notion of
justiﬁed belief. For each step of an argumentation these phenomena form
networks of rules which determine the propositions to be allowed to make
sense as admissible, acceptable, and accepted. By means of explicit analogies
to other human problem solving activities, and a metalogic representation
drawing on Artiﬁcial Intelligence techniques, a ﬂexible, and transparent, yet
computational account of the above phenomena can be accommodated.
In order to make this dissertation available to a broader audience, with the
intent of facilitating the assessment and evaluation of our research, we focus
on providing the tools for the examination of this work by the methods of
research upon which it touches. Hence, to accommodate the reader who may
be unfamiliar to some of these scientiﬁc methods, in the initial Chapters
1, 2, 3, 4 and 5, of the dissertation, we include a general introduction
to the theories and methods upon which our scientiﬁc approach draws.
Consequently, the expert reader may be well advised to skim these sections.
‘These’ is here to be understood as a parameter to be instantiated according
to the reader’s ﬁeld of expertise and liking.
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Part I:
Setup

1. Introduction

In this chapter we provide an introduction to the work underlying this thesis.
The work is positioned in the research area of Artiﬁcial Intelligence, drawing
on logic and Artiﬁcial Intelligence techniques. We explain how our work contributes to the research in this area, as well as its underlying motivation. This
initial chapter does not presuppose any previous knowledge in the ﬁeld, even
though familiarity with introductory computer science will be helpful.

1.1

Human Problem Solving and Argumentation

Human problem solving is an important cognitive process [64], [178] 1 . As
most conscious-level reasoning performed by humans, human problem solving is conducted by means of natural language [28]. For this purpose, sentences in natural language are used for expressing knowledge and beliefs in
the environment and sequences of such sentences express pieces of reasoning.
In other words, in problem solving the sentences expressing available relevant
knowledge and beliefs are combined to sequences of such sentences, forming
arguments and counterarguments to arrive in a justiﬁed opinion to the issue
under dispute.
Involving knowledge from more than one source, the problem solving process may involve more than one party. Here the parties sharing and exchange
of knowledge, expressed as sentences put forward from the private knowledge of the parties, result in a shared pool of knowledge dedicated to justify
or refute the disputed issue. Viewing the ﬁnal outcome of such a process as
the justiﬁed result of reasoning, argumentation may thus be conceived as an
adversarial or collective form of human problem solving, cf. our [52].
As it permeates most of our every day activities, successful argumentation
is ubiquitous for human interaction. However in many domains where human
reasoning is applied, we ﬁnd that for the problems under disputation only
assumptions or fragmentary information are available. Take for instance a legal proceeding. Here the parties normally construct and put forward as their
arguments what they conceive to be the most attractive interpretation of the
situation. It is possible to put forward almost inﬁnitely many perspectives on
the events under dispute, neither one guaranteed to be justiﬁed in a cross1 The

formal study of arguments and dispute has been prominent in history at least back to
Aristotle.
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examination. As presented by a computer system devised as an automated aid
for the human analysis of the case, a systematic and exhaustive presentation of
the arguments brought forward may be very useful. In order to provide support
for such activities, formal argumentation addresses aspects of these activities
by means of mathematics or formal logic.

1.2

Formal Argumentation

Traditionally, formal argumentation is mainly concerned with how to construct arguments; how an argument can be defeated; and ﬁnally how to determine the dialectical status of arguments in a particular argumentation framework. As arguments can chain and dialogues can be of arbitrary depth, argumentation also provides a comprehensive alternative for resolving conﬂicts in
formal systems where knowledge could come into conﬂict. Hence, formal argumentation models are also to support dialogues, protocols and negotiations
in agent-based (computerized) systems 2 .
For the design of such systems, these formal argumentation models may
provide a natural correspondence to human linguistic convention and inferential limitation in various domains e.g. law, political science and rhetoric [38].
Here it is important to point out that, as most researchers in the ﬁeld of formal
argumentation, we are aiming for computerized support of human activities,
and not computerized decision-making. In this sense this work intends to contribute to improve models of human argumentation, and as a consequence, to
improve the quality of human decision making. This is especially important
for domains where the human argumentation has a legislative or normative
effect, e.g. legal reasoning and evolution of systems of justice. To us, this
computational approach in itself presupposes the interaction with the human
user.
For the construction of, for their purpose adequate, and yet robust computer
systems, these formal models of argumentation need to adequately handle aspects of common sense reasoning on validity or justiﬁed belief. Hence, for
the dispute relevant phenomena of argumentation need to be accounted for in
a way that captures the principles and the criteria that characterize valid patterns of human argumentation and problem solving in the particular domain
of dispute. In addition, this account need to be dynamical and ﬂexible in order
2 In

the broadest sense an agent is an entity, artiﬁcial or human, that acts on behalf of its user.
If the agent is to replace the human in a task requiring autonomous behavior, or a task that
normally would require intelligence if carried out by a human, to some extent depending on the
rationality by which the agent pursue its goal, the agent is called an ‘intelligent’ or ‘rational’
agent cf. e.g. [166]. If the tasks carried out is distributed over a number of agents, we call the
system a multi-agent system. Hence, one agent alone cannot carry out the task, and thus the
accomplishment of the set goal requires a form of communication amongst the agents of the
system.
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to adhere to the conversational setting and to cope with any changes in the
available pool of knowledge.
In the following section we outline the research directions in formal argumentation.

1.3

Research in Formal Argumentation

The area is heterogeneous and not connected. Mainly because of the diversity
of the focus of the research conducted, the area is heterogeneous and with
very little overlap. At least three approaches drawing on argumentation as a
dialogical process can be distinguished [156]:
• The constructivist approach of P. Lorenzen and K. Lorenz [124], drawing
on semantic tableaux for labeling winning strategies of dialogue games.
• The game-theoretical approach of J. Hintikka, who uses a two player semantics for studying logical systems, cf. e.g. the Independence-Friendly
Logic [97], logical truth of propositions or epistemological aspects of the
truth of propositions. Further developed by the Amsterdam School of Logic
Language and Information van Benthem cf. e.g. [189],[190].
• The argumentation theory approach of E. Barth and E. Krabbe, linking
dialogical logic with informal logic of Perelman [142], Toulmin [184], D.
Walton [199] and others.
Due to the purpose of our dissertation, in the following we focus in particular on the latter of these approaches. The research in this domain has, besides from the extensive ﬁeld of argumentation theory, the probabilistic argumentation systems of Haenni, Anrig, Kohlas and Lehman [83] and Besnard
and Hunter’s [24] logic-based theory of deductive arguments, beneﬁted from
the rich contributions from the Artiﬁcial Intelligence and Law-community 3 .
These investigations have increased the understanding of the procedural argumentation structures (Dung [44]), the legal ways of negotiation (Governatori
et al. [70]) and the complexity of the underlying mechanisms governing argumentation. For persuasion or adversarial dialogue games Dung [45] introduces
an assumption-based abstract argumentation-theoretic framework and showed
how it could be used for the semantics of default reasoning. The admissibility semantics allows for the parties of a dispute to admissibly hold contrary
beliefs. Vreeswijk [197] and Prakken [148], Cayrol [4], Dunne and BenchCapon [47] all developed dialectic proof procedures for the admissiblity semantics of Dung [29]. Moreover, Pollock [143, 144], Nute [140], Gordon [65],
Loui [126] and Prakken and Sartor [152] have made substantial contributions
on how argumentation can be understood in formal logical terms. In [46] Dung
3 One

of the ﬁrst uses of argumentation for Artiﬁcial Intelligence and Law was in the domain of
case-based reasoning with the HYPO system of Rissland and Ashley, Ashley [11]., and as the
original model for rulebased systems of the legal domain stands the formalization of the British
Nationality Act of Sergot et al. [174]
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et al. present a framework with proof procedures drawing on backward reasoning to generate proofs. [46] uses a generalization of negation as failure to
show that an assumption is admissible (because its contrary cannot be shown).
In this setting, Lodder [121] acknowledges the importance of including rhetorical arguments in legal argumentation. The passing of acceptance has been
the interest of Amgoud and Cayrol [4], Verheij [194] and Dung [44]. Kakas
and Moratis [107] have developed a framework where the parties of the dispute are inﬂuenced by a multi-layered social environment of interaction. The
framework for protocols for dynamic disputes by Prakken [148] extends the
investigations of logics for defeasible or non-monotonic argumentation (Pollock [144]; Dung [44]) to dialectical proof theories of protocols for dynamic
disputes. Still, the proof procedures of different logics for default reasoning
differ mainly in their differing notions of assumption and of the contrary of an
assumption [38].

1.4

Logic-Based Artiﬁcial Intelligence

For reasons explained above, formal argumentation draws on and contributes
to the research ﬁeld of Artiﬁcial Intelligence. The ﬁeld is concerned with the
construction of systems that, for some restricted domains, can be conceived as
behaving intelligently by means of simulation or imitation of human cognition
and reasoning cf. [131], [176].
The ﬁeld of Artiﬁcial Intelligence has emerged from the synergy of several
ﬁelds of research, all of which have contributed with theories and methods
of research. Contributions include mathematical logic, decision theory, computability and complexity theory, but also theories on cognition and neuroscience as tools for investigation of the human mind. From linguistics and
philosophy, contributions of theories on structure and the meaning of language are to be mentioned. In the subﬁeld of logic-based Artiﬁcial Intelligence, many sub-specialties of applied logic and computer science have been
developed and contribute with precise and well-understood methods of hypothesis formation, logical deduction and empirical testing [207].
In symbol-processing Artiﬁcial Intelligence systems, human reasoning is
imitated by means of a representational language using sequences of symbols
for expressing facts of the world and a mechanism to reason about those facts
by performing manipulations of the symbol-sequences. To be able to perform
a (computerized) systematic handling of the knowledge, this representational
language needs to be formal of some sort. In Logic-Based Artiﬁcial Intelligence systems the system represents its knowledge as logical sentences and
uses formal derivations from those logical sentences as means for reasoning
on those facts.
In this setting we investigate human problem solving as adversarial argumentation.
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1.5

Thesis and Contribution

As shown above, formal argumentation and validity of argument is a well
researched ﬁeld cf. e.g.[38]. However, little research has been conducted that
by formal, computable means, and explicit analogies to other human activities,
is to emphasize the need of capturing the dynamical and exhaustive aspects
of the process, while in the same time highlight argumentation as a highly
pragmatic, and cognitive process of establishing admissible, acceptable and
accepted arguments for a given issue under dispute.
By use of a metalogic formalization of the knowledge, the logical sentences that express the knowledge and the formal derivations that express the
reasoning on the logical sentences, are encoded as terms of a formal logical
(meta)language. As a result, for the introduction, the deﬁnition as well as the
construction of new theories of the available knowledge, and subsequently
by explicit control drawing on well-deﬁned and precise logical methods, the
reasoning on the theories can be conducted in a computerized setting, while
adhering to human linguistic convention and inferential limitation of the domain of dispute.
We argue that:
Argumentation is a highly dynamical and dialectical process drawing on human cognition. Successful argumentation is ubiquitous to human interaction.
Comprehensive formal modeling and analysis of argumentation presupposes a
dynamical approach to the following phenomena: the deductive logic notion,
the dialectical notion and the cognitive notion of justiﬁed belief. For each step
of an argumentation these phenomena form networks of rules which determine the propositions to be allowed to make sense as admissible, acceptable,
and accepted. By means of explicit analogies to other human problem solving
activities, and a (declarative)4 metalogic representation drawing on Artiﬁcial
Intelligence techniques, a ﬂexible, and transparent, yet computational account
of the above phenomena can be accommodated.

Hence, our aim with this dissertation is twofold: to contribute to formal philosophy a characterization of argumentation, capturing aspects of the above
identiﬁed phenomena in a way precise enough for scientiﬁc evaluation and
prediction, and to provide a speciﬁcation for future computer systems. In this
ﬁrst sense this formal theory contributes to enrich argumentation in computation. Its formal explication facilitates a comprehensive assessment of this
4 By

the declarative paradigm of problem solving, the explicit representation of the problem is
kept separated from the reasoning procedures of the problem solving mechanism. Hence, after
explicitly representing the problem, without speciﬁcation of how the problem is to be solved,
the reasoning is carried out by a separate problem solver, e.g. a theorem prover or modelinterpreter. This simpliﬁes the treatment of knowledge intensive problems as any changes in
the problem statements or available background knowledge ideally do not require any changes
in the problem solving procedures.
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approach as well as the already used mechanisms; hence illuminating the appropriateness and limitations of the approximations inherent in existing formal models of argumentation compared to the informal reality they suggest to
depict. In the latter sense the formal theory directly enables the evolution of
systems in the addressed domain; here computational argumentation. In both
respects the formal study of argument is necessary and useful for many ﬁelds,
among them, the above described ﬁeld of Artiﬁcial Intelligence [38], [36].

1.6

Research Approach

Pursuing the above presented goals, the focus of this dissertation is the representation framework, the reasoning mechanisms, the procedural context and
system construction of a tool for modeling human interaction and argumentation.
In the subsequent Chapter 2.1, we give a more in-depth account of argumentation according to Aristotle in Posterior Analytics [10]. To us this account implies that the argument has to be found adequate in the following
three senses: Its
acceptability given its cause and meaning in the dialogue
admissibility for the particular dialogue, i.e. relevance for its setting
acceptance or impact on the participating parties
These initial claims are further speciﬁed, and the following classiﬁcation and
research questions are proposed and pursued in the below speciﬁed chapters
of this dissertation:
Acceptability of Arguments
• How do we deﬁne acceptability of arguments? Chapter 2
• What is the relation between acceptability of arguments, and the deductive
logic, the dialectical and cognitive notions of validity? Chapter 2
• How could this notion of acceptability of arguments be axiomatized and
computed? Chapter 4, Chapter 6, Chapter 10
Admissibility of Arguments
• How do we deﬁne admissibility of arguments? Chapter 2
• How could this notion of admissibility of arguments be axiomatized and
computed? Chapter 7
Acceptance of Arguments
• How do we deﬁne acceptance of arguments? Chapter 2
• How could these notions of acceptance of arguments be axiomatized and
computed? Chapter 8, and Chapter 9
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1.7

Research Methods

To answer the above stated research questions in a manner necessitated by the
formal environment the model is to inhabit, this work has been conducted using a number of development and analysis methods, originating from the ﬁeld
of logic-based Artiﬁcial Intelligence. For the reasons discussed in the above
Section 1.4, in order to provide a theory contributing to the above two aims
in the ﬁeld of computerized support of modeling human argumentation, the
theory has to be formal. Also, in order to facilitate evaluation and veriﬁcation,
the model provided beneﬁts from a well-understood and precise formulation.
For the aim of this dissertation, by investigating argumentation by formal
logic-based methods, a precise well-understood theory can be devised. Hence
a computable strategy for the scientiﬁc endeavor in the ﬁeld can be achieved,
drawing on the precise canons of logic inherent in formal logic-based approaches of Artiﬁcial Intelligence.
Hence, the research underlying this dissertation consists of two parts: The
informal characterization of the domain, and the formal characterization of
the domain. For the ﬁrst part, the Chapter 2, the main technique is description and analysis, as a pre-theoretic investigation of the underlying domain.
A hypothesis of the characteristics of the informal domain is formulated with
the intent of developing a viable theoretical framework for the formal study of
argumentation.
For the latter part, presented in Chapters 5, 6, 7, 8 and 9, as being concerned with the applied logic and the Artiﬁcial Intelligence ﬁeld of logicbased knowledge representation and reasoning, we combine the methods of
metalogical analysis of arguments, approaches on the dialectical and dynamical nature of argumentation processes, and Artiﬁcial Intelligence-techniques
for problem solving by exhaustive search; hence here we are concerned with
the design and construction of a computational and metalogical framework for
the analysis of the various types of inference involved in scientiﬁc inquiry in
the domain under scrutiny. Our formal scientiﬁc approach is further elaborated
on in Chapter 3, Chapter 4, and Chapter 5.
Our proposal draws on explicit analogies to other human activities to emphasize the need of capturing the dynamical and exhaustive aspects of the process, while in the same time highlight argumentation as a highly pragmatic,
and cognitive process of establishing admissible, acceptable and accepted arguments for a given issue under dispute.
For facilitating validation of this proposal against existing research
approaches, our discussion on the adequacy of our formal study of
argumentation modulo the pre-theoretical characterization of the informal
domain, we have found the layered model for the study of argumentation
presented by Prakken [146], Prakken and Sartor [152] to be an appropriate
setup for the presentation of our research. Originally devised for the study of
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legal argumentation, four layers are distinguished:
• The logical layer for representation of knowledge to construct arguments,
• the dialectical layer accommodating evaluation and comparison of arguments,
• the procedural layer governs the process and admissible moves of the dispute,
• the heuristic layer where knowledge on successful argumentation is introduced.
In addition Walton argues for a ﬁfth, relevance, layer in legal and political
debates for handling relevance in argumentation that goes beyond logical relevance, i.e. rules for admissible evidence [202]. This ﬁve layer model, with its
clear stratiﬁcation, is useful for making explicit the various notions of validity
to be discussed in Chapter 2, while accommodating the dialectical, dynamical nature of argumentation and the strategies and ﬁeld-dependent principles
needed for successful argumentation.

1.8

Outline of the Thesis

In this work we present an approach to modeling of adversarial argumentation
by means of formal theories deﬁned and analyzed in a computational metalogical framework. We investigate justiﬁed arguments and argumentation as
the result of a dynamical and cognitive process. The following four chapters;
Chapter 2, Chapter 3, Chapter 4, and Chapter 5 are setting the stage by presenting our view on the nature of the domain and motivates the methodology
for our research. Hence, in Chapter 2 we elaborate on the nature of argumentation. We present an informal characterization of argumentation, in which
we focus on argumentation as a dynamical cognitive process and validity of
arguments as being inherently intertwined with this process.
Chapter 3 outlines the methods and mechanisms upon which our approach
builds. Initially we give a presentation of some key notions underlying our
model of argumentation as presented in the following Chapter 6. With the
intention of making this research available to a broader and heterogeneous
audience, to accommodate the reader a brief presentation of classic propositional logic, ﬁrst order predicate logic, logic programming and defeasible
propositional logic is given in this Chapter 3.
Chapter 4 outlines the key issues and strategies for our approach as it also
holds an elaboration on chess and argumentation games as instances of a common framework from our previous [55]. We suggest setting up an analogy between board games and argumentation. The resulting investigation provides us
with support for analyzing dynamical and dialectical processes as game trees,
drawing on analogies to board games like chess. In Chapter 5 an appropriate
formal language and methods used for describing our model are investigated.
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We illustrate the adequacy of a formal metalogical setup for dynamical games
by the example formalization of boardgames like chess from our [55].
In Chapter 6 and the subsequent Chapters 7, 8, 9, and 10, we present our
approach on how to devise a robust, customizable framework and computational system that draws on well established Artiﬁcial Intelligence techniques
for handling analysis of practical reasoning and argumentation. As an illustration, we are using examples from the domain of legal reasoning being well researched in both legal philosophy and the ﬁeld of Artiﬁcial Intelligence called
Artiﬁcial Intelligence and Law. We will show that our approach provides a
starting point for ﬁne-grained approximation to practical reasoning and argumentation, as it accommodates that the parties do not hold full insight in the
future plays of the adversary, while accommodating for an adapted, dynamical, ﬂexible and exhaustive computation and assessment of the dispute stated
in metalogic.
In Chapter 7 we present a reasoning mechanism adequate to reason on hierarchical fragmentary knowledge as inherent in e.g. legal proceedings, and
open textured terms. We show that it outlines an alternative ﬂexible, dynamical
and speciﬁc way to superiority relations for handling priorities. The static setting is discussed. Thereafter we present our approach on how to dynamically
construct and revise formal theories of argumentation games. The suggested
formal theories are composed and assessed as an acceptable and meaningful
representation of the given dispute and relevant contextual information. The
reasoning mechanism makes use of a semiformal reasoning scheme relying
on upward reﬂection. The resulting formal theories are analyzed in our metalogical computational framework, acknowledging the dynamic progression of
argumentation.
In Chapters 5, 6 and 7, we conduct the argumentation game analysis by a
single ﬁxed set of termination criteria. In Chapter 8 we survey the different sets
of termination criteria, taking the starting point in our board game analogy.
We relate the acceptance of the terminal state as constituting a winning or
losing situation for a party to the corresponding human intuitions on what is to
constitute a winning situation in a given dispute of a particular domain; hence
this chapter concerns the passing of acceptance of the claim under dispute.
In Chapter 9 we focus on disputes in the form of complex argumentation
games and goal-oriented dynamical computation of optimum strategies. Here
we examine the underlying goals of an argumentation game as consisting of
sometimes conﬂicting subgoals, and how the winning or concession of subgoals will inﬂuence a player’s chance of winning the overall argumentation
game. Traditional theories are based on a utility-based approach, which given
a certain goal, assigns a probability distribution to the different actions of the
game. We acknowledge that humans may use a goal-oriented approach for
setting the preferences of what to count as a successful outcome. Hence, the
preferences of the goal are set by taking into account the implications of the
available actions of the speciﬁc case.
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Chapter 10 holds the presentation of our computational tool, initially
developed in [55]. We outline our computational tool by elaboration on its
implementation-speciﬁc features. We describe the main components of the
tool, and we elaborate on some important issues for the interaction between
the logical and argumentation layers of our framework.
Chapter 11 contains a comparative discussion on work related to our approach.
In the ﬁnal Chapter 12 we summarize the contributions of the research conducted. We discuss the implications of the research and the validity of the
research approach. We outline some future research directions and conclude
by some reﬂections on what we have learned.
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Part II:
Opening

2. Argumentation

In this chapter we motivate our approach by conveying our understanding of
the nature of argumentation. We provide an informal characterization of argumentation as a dynamical and cognitive process. The ideas underlying the
insights in Section 2.3.1 were initially presented in our [51]. We start by discussing justiﬁed belief or validity of arguments. This elaboration is followed
by insights on argumentation as a dynamical and dialectical process, and the
need of conducting investigation of argumentation in a dynamical setting. The
resulting characterization is to serve as a basis for the formalization and the
investigation we pursue in the following chapters.

2.1

The Nature of Argumentation

Reasoning is a cognitive process about acquiring reasons for beliefs, conclusions, actions or feelings [110]. Given our earlier assumptions of argumentation as reasoning this implies that argumentation is concerned with the process
of justifying belief and validity or truth of arguments for and against a certain
belief. Aristotle concludes in Posterior Analytics that the proper object underlying scientiﬁc knowing is something which after scrutinizing cannot be other
than it is.1 [10]
Characterizing argumentation or reasoning, here we are advised to investigate the cause on which the fact depends, that this cause is of that fact and of
no other, and that the fact could not be other than it is.2
This suggests looking at argumentation as
• a process of establishing chains of validity between a fact and its cause, but
also as to whether;
1 “We

suppose ourselves to possess unqualiﬁed scientiﬁc knowledge of a thing, as opposed to
knowing it in the accidental way in which the sophist knows, when we think that we know the
cause on which the fact depends, as the cause of that fact and of no other, and, further, that the
fact could not be other than it is. Now that scientiﬁc knowing is something of this sort is evident
- witness both those who falsely claim it and those who actually possess it, since the former
merely imagine themselves to be, while the latter are also actually, in the condition described.
Consequently the proper object of unqualiﬁed scientiﬁc knowledge is something which cannot
be other than it is.”
2 As this is a thesis conﬁned to Artiﬁcial Intelligence and the nature of knowledge being inconclusively settled despite extensive studies by philosophers since the antiquity, we beg the
epistemological aspects of the question, while characterizing the process.
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• the fact/cause itself is what it purports to be.
When considering the validity or truth of an argument, we need to adopt a
concept of validity that for the particular system in which the argument is to be
validated is consonant with its informal counterpart [82]. Thus the argument
being validated itself has to be scrutinized for being “what it purports to be”.
To us this implies that the argument has to be found adequate in the following
three senses: Its
• admissibility for the particular dialogue, i.e. relevance for its setting
• acceptability given its cause and meaning in the dialogue
• acceptance or impact on the participating parties
Study of the validity of arguments have been conducted in various ﬁelds, e.g.
philosophy, linguistics, psychology and mathematics. In order to systematically analyze the validity of arguments one approach has been to conduct the
investigation within a formal framework. In the following sections we investigate the above presented characteristics of argumentation. We pursue our
investigations by an informal study of a suitable concept of justiﬁed belief.
Our ﬁndings are then utilized to provide a formal understanding of the notions of admissible, acceptable and accepted arguments which are consonant
with the nature of argumentation.

2.2

Justiﬁed Belief and Valid Arguments

The basis of validity or truth in formal systems has been thoroughly investigated in formal logic.3 In the subﬁeld of mathematical logic, where informal notions of logical concepts are given a mathematical explication, there
are two major approaches for dealing with the validity of arguments, the
proof-theoretical view or the model-theoretical view. According to the prooftheoretical view, logical consequence is a derivation or construction of a sentence from a set of assertions by use of some inference rule(s) of the language.
In the model-theoretical view logical consequence is handled by assigning values (most often True and False) to the atomic assertions. The assignment of
values is extended by means of composition to compound assertions. Hence
a sentence that is true for all possible assignments of the values of its atomic
sentences is a logical consequence of its atomical parts. As such this directs
us to a closer scrutiny of contributions in logic-based investigations of validity
of arguments.
3 Important and groundbreaking logical investigations have been conducted e.g.initially by Aris-

totle, in Organon and during the 20th century by logicians like G. Frege, Die Grundlagen der
Arithmetik (The Foundations of Arithmetic), 1884, B. Russell and A. N. Whitehead, Principia
Mathematica, 1910-1913. A dialectical notion of validity has been emphasized and mainly
informally investigated by e.g. Toulmin, Lorenzen, and Walton. For the purpose of formal handling of defeasible reasoning, different logics and mechanisms have been devised see e.g. Nute,
Reiter, Rescher, Pollock, Loui, Prakken and Sartor. [140, 9].
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Below for our purpose relevant perspectives on justiﬁed belief are elaborated on.

2.2.1

Deductive Logic Validity

The classical deductive logic view on validity of arguments cf. mathematical
argumentation is to hold an argument as valid only if the conclusion
necessarily follows from the premises. In other words, an argument in the
classical deductive logic sense can only be considered valid if it never
simultaneously could have true premises and a false conclusion. The perhaps
most well known example of a valid argument where one proposition is
inferred from two other is given by the following syllogism, i.e. logical
argument:
All men are mortal.
Socrates is a man.
Therefore, Socrates is mortal.
Regardless whether we substitute the arguments to another setting or not, due
to its logical form, this syllogism can never simultaneously have true premises
and a false conclusion. In other words, for such arguments a chain of validity
between its conclusion (the fact) and its premises (its cause) is readily established. We call such a chain a proof for the conclusion. By the very nature of
this consequence relation the pool of knowledge available increase monotonically. It means that any proposition found valid will continue to be valid for
any extension of the premises. Thus the hypotheses of any derived fact may
be freely extended with additional assumptions without the need to retract or
update the status of validity for these underlying hypotheses.
In this sense the notion of classical validity relies on the idea of the infallibility of human knowing. However in many domains where human reasoning
is applied, for the problems under dispute only assumptions or fragmentary
information are available. Thus the parties of any dispute normally construct
and put forward as their arguments what they conceive to be the most attractive interpretation of the situation. It is possible to put forward almost inﬁnitely
many perspectives on the subject under dispute, neither one guaranteeing to
be justiﬁed in a cross-examination 4 . Still if a model of such fallible, common
sense reasoning requires the formalization of principles and criteria that char-

4 As

will be discussed in Section 2.3.1 a substantial body of evidence from the cognitive psychology research ﬁeld shows that humans use unsubstantiated explanations as a substitute for
scarce or missing evidence when trying to justify an opinion. This goes regardless of whether
the human agent possesses a capability of critical thinking or not and to the extent where the
mere mentioning of a source of data can alter the evaluation as well as the construction of
explanations and evidence [34].
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acterize valid patterns of inference, a relaxed notion of deductive validity is
needed 5 .

2.2.2

Defeasible Arguments

In lack of complete and perfect knowledge of all aspects of the world, we
ﬁnd that humans rely on default assumptions when assessing issues under
dispute. These default assumptions are often based on previous experience or
commonly accepted knowledge which suggest that some arguments are to be
justiﬁed merely as their contrary cannot be shown by the available evidence.
Take the following statement as an example:6
Reindeers usually cannot ﬂy
X is a reindeer.
Thus X cannot ﬂy.
The classical notion of validity is to hold for all X. One such case is if X is a
reindeer named say Rudolph the Reindeer. The example would then yield the
following:
5 The

justiﬁcation of such models is assumed by this investigation. However, if one views validity as only concerning infallible, a priori, universal and necessary truths with normative and
epistemic implications, it would be plausible for the informal characterization of this domain
to stop here and the rest to be passed over in silence “Wovon man nicht sprechen kann, darüber
muß man schweigen” [209].
6 We present a Scandinavian version of the Tweety-example well-known from the ﬁeld of nonmonotonic reasoning. Although established in folklore since 1939 by a popular Christmas story
and subsequently a song Rudolph the Red-Nosed Reindeer is by many considered as Santa
Clause’s ninth and lead reindeer who possesses an unusually red-colored nose that gives off
its own light, powerful enough to illuminate the team’s path through inclement weather [206].
However, according to Clement Clarke Moore 1779-1863, Professor and founder of Classics at
General Theological Seminary, NYC, who wrote the poem Account of a Visit from St Nicholaus
in which the reindeers pulling Santa Clause’s sleigh for the ﬁrst time is called by name:

When, what to my wondering sight should appear, But a miniature sleigh, and
eight tiny rein-deer, With a little old driver, so lively and quick, I knew in a moment it must be St. Nick. More rapid than eagles his coursers they came, And he
whistled, and shouted, and called them by name; "Now, Dasher! now, Dancer!
now, Prancer and Vixen! On, Comet! on, Cupid! on, Donder and Blitzen! To
the top of the porch! To the top of the wall! and off and off we will ﬂy! Now
dash away! Dash away! Dash away all! [134]
Santa Claus has no reindeer named Rudolph. To further complicate matters, Santa Clause’s
reindeers are a team of ﬂying reindeers which according to tradition are held to pull his sleigh.
However in Finnish folklore Santa Clause’s reindeers cannot ﬂy. Consequently we ask to beg
the metaphysical questions.
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Reindeers usually cannot ﬂy
Rudolph the Reindeer is a reindeer.
Thus Rudolph the Reindeer cannot ﬂy.
If the above ﬁrst two propositions “Reindeers usually cannot ﬂy” and that
“Rudolph the Reindeer” is a reindeer” constitute all the available knowledge
of the domain it sounds reasonable to justly conclude that Rudolph the
Reindeer cannot ﬂy. Still, this statement is not valid in the classical logical
sense as there might be cases where the premises are true but the conclusion
false. Take for instance that this additional knowledge is available:
Rudolph the Reindeer is Santa Clause’s Reindeer
Santa Clauses’ Reindeers can ﬂy
We note that when we, in search for a justiﬁed opinion, allow for such statements to be admissible in our system, reasoning on such plausible but not
valid statements may result in conﬂicts. We both have evidence supporting
that Rudolph the Reindeer cannot ﬂy and evidence that supports the opposite
conclusion that Rudolph the Reindeer can ﬂy. Normally contradictory conclusions are incompatible as it from an inconsistent pool of knowledge e.g.
including p and ¬ p by the classical consequence relation any proposition can
be derived. It would render the entire system useless. Thus, in this and similar domains if such new information becomes available we need to allow for
hypotheses to be revised by contrary evidence.7
When a piece of information, e.g. evidence or assumption, supporting a
conclusion is compelling but not deductively valid i.e. may be defeated by new
information we call it defeasible [140, 143]. In resemblance to the chains of
validity discussed in the previous sections we may call a chaining of defeasible
reasons to reach a conclusion, arguments, instead of proofs. Discerning which
arguments are justiﬁed in an everyday-life dispute clearly move beyond the
classical deductive logic notion of validity as it for some domains resorts to
assessing defeasibility as a relaxed notion of validity.
Addressing the issue of validity or justiﬁed belief, we note that the justiﬁcation of an issue by defeasible arguments solely is conditional to the successful refutation of opposing arguments. Aristotle’s deﬁnition of the term
‘refutation’ as “reasoning accompanied by a contradiction of the conclusion”
involves reasoning directed towards a speciﬁc proposition, with the aim of
proving that proposition to be false 8 [202]. However we recall from the pre7

As this property is related to the dynamical nature of argumentation this issue will be further
discussed in the following Section 2.5 dedicated to the disputation of these matters.
8 For to refute is to contradict one and the same attribute - not merely the name, but the reality
- and a name that is not merely synonymous but the same name - and to confute it from the
propositions granted, necessarily, without including in the reckoning the original point to be
proved, in the same respect and relation and manner and time in which it was asserted [86].
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vious Section 2.2.1 that the classical logic notion of validity merely states that
a valid argument ‘if A then B’ can never simultaneously have true premises
A and a false conclusion B. Albeit if the premises, as common in real-life
problem solving and dispute, are inconsistent cannot be true. Hence, we could
never have a situation where simultaneously A is true and B is false. This
means that the argument is valid even though the premises and possibly also
the conclusion are false 9 . As we see here the defeasible arguments as well
as the classical deﬁnition of validity solely provide sufﬁciency criteria for the
relation between premises and conclusion. Thus neither qualiﬁcation criteria
ensure that the argument is a “good” argument in the sense that any restriction prevents circularity of the argument i.e. that the premises A somehow is
included in the conclusion B, that the premises A is equal to the conclusion
B, or that the minimal and consistent set of premises are being utilized. We
are pursuing a notion of validity or truth of an argument that for the particular
system in which the argument is to be validated is consonant with its informal
counterpart cf. Section 2.1. This indicates that sometimes an argument, though
defeasibly justiﬁed or even valid by the classical deductive notion of validity,
given the case-speciﬁc circumstances is not to be considered acceptable in a
particular dispute.
Thus, our focus turns to how the justiﬁcation of arguments, both defeasible
as well as classically valid, seems to rely on the assessment of the argument
as it appears in the dispute and the conversational framework. In the below
Section 2.3.1 we investigate the discernment of the issue itself.

2.2.3

Dialectic Validity

As indicated in Section 2.1 an argument could fail for other reasons than its
logical form, e.g. for the mere reason of being unable to justify the relation
between the argument and the issue being disputed. As we recall from the
previous Sections 2.2.1 and 2.2.2, the deﬁnitions of classical validity and
defeasible arguments solely provide sufﬁciency criteria for the relation
between premises and conclusion. As a consequence they do not ensure
relevance of neither the argument nor the individual premises involved in the
argument [202]. For our ﬂying reindeer example, this would e.g. be to put
forward the argument
Rudolph the Reindeer is a reindeer
Reindeers in a Boing 747 can ﬂy
Therefore, Rudolph the Reindeer can ﬂy

merely know of a valid argument that we have ¬ A or B. In other words, the premises of
a valid argument do not have to be true as long as the conclusion is true. An argument valid in
the classical sense may therefore have false premises (and a false conclusion).

9 We
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To remedy this, Aristotle provides nine aspects to be considered; that the reality is being contradicted and not only the name, the proof is not for a synonymous word but for the actual issue, the premises are not acceptable, the
premises are not necessary, the original issue is one of the premises, the refutation does not refute in the same respect, the same relation, the same manner
or the same time [202]. Hence the justiﬁcation of arguments is to rely on assessment of whether the argument in its context of use is relevant for the actual
issue under dispute.
Additional reasons to assess validity of arguments and justiﬁed belief by
contextual knowledge are given by Toulmin [184]. Initially referring to the
ﬁeld of legal reasoning, Toulmin states that some aspects of arguments are speciﬁc to the particular domain. Hence they are “ﬁeld-dependent”, while other
aspects of argument are generally applicable throughout all ﬁelds and thus
called “ﬁeld-invariant” 10 [184]. In contrast to the above nine “ﬁeld-invariant”
aspects of Aristotle, these “ﬁeld-dependent” aspects could be viewed as normative canons of rules, which are mainly related to the structure of the speciﬁc
domain rather than to the relevance or structure of the argument. This means
that these “ﬁeld-dependent” canons form rules that adjudicate arguments and
behavior as admissible only when the arguments are consonant with the higher
level principles of the domain. Consequently only the arguments that are acceptable and meaningful given these rules are allowed to direct the outcome
of the dispute. For the issue of validity of arguments, this means that albeit
defeasibly justiﬁed or valid in the classical logic sense, an argument may not
be considered justiﬁed as it is not admissible within the framework given the
rules for that particular domain.
As this assessment concerns the above requested “chains of validity between a fact and its cause”, we ﬁnd that the reasons for allowing for a compelling but not deductively valid argument to be admissible highly depend on
whether the argument in its context of use furthers the dialogue. Accordingly,
we denote as dialectically valid only arguments that by their contribution in
their conversational framework, a positive evolution of the particular argumentation process is to obtain.
Evidently as an emphasis is laid on furthering the issue of the particular
dispute, we now turn to discuss the discernment of whether the fact/cause
itself is what it purports to be.

2.3

The Issue Under Dispute

Acknowledged by Aristotle in Topica a syllogism can be perfectly valid in
the classical logical sense but still, given the setting of the dispute, to be discarded if it does not lead to the “right” conclusion with respect to what was
10 The

ﬂaw of absolutism, Toulmin believes, lies in its unawareness of the ﬁeld-dependent aspect
of argument; absolutism assumes that all aspects of argument are ﬁeld invariant.
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to be proved [202]. So how do we establish that the conclusion is the “right”
one or in other words, that the fact, or issue under dispute, is what it purports to be? A starting point is to investigate the fact as to how it is held and
recognized by the disputing parties. We initially investigate its meaning as a
linguistic construct, and then expand our view to the parties and the human
cognitive processes underlying argumentation. As syntax traditionally is held
to examine relationships among signs without assessing meaning, our focus
initially turns to the semantic and the pragmatic perspectives on the meaning
of a word.
Semantics as Meaning
Semantics is said to focus on the actual objects to which a word refers. However, when dealing with assessment of propositions expressing knowledge
about the world, in many cases the natural language deﬁnitions of important
concepts and categories of the disputed domain, are not as deﬁnite and concise as needed to support veriﬁcation of the meaning of an argument by the
classical logic means. Vagueness, i.e. whether a particular object belongs to a
certain concept, or complexity in the deﬁnition of the concepts, e.g. exceptions
to the general deﬁnitions 11 or open-textured terms 12 make them difﬁcult or
even impossible to reduce to semantic primitives for which truth or falsehood
of all objects in the domain easily could be veriﬁed [198]. Instead the meaning as well as the validity of an argument has to be settled by an interpretation
of the natural language concepts 13 . Wittgenstein points out that for an utterance to be meaningful it must be possible in principle to subject it to public
standards and criteria of correctness. The signs in language can only function
when there is a possibility of judging the correctness of their use, “So the use
of [a] word stands in need of a justiﬁcation which everybody understands”
(PI 261) [26]. Grammar functions as means for justiﬁcation of a word as the
11 As

an example, to enter into an agreement of purchase is binding to the vendee, but this agreement cannot be enforced under Swedish law (FB 9 Chapter 1 §) if the vendee is under-aged.
12 For an open textured concept it is by its nature not possible to provide a complete a priori
deﬁnition by means of necessary and sufﬁcient conditions that taken together will include all
and no other but the objects to which the concept is to refer. Wittgenstein uses the example of a
“game” “How should we explain to someone what a game is? I imagine that we should describe
games to him, and we might add: ’This and similar things are called ‘games’.’ And do we know
any more about it ourselves? Is it only other people whom we cannot tell exactly what a game
is? But this is not ignorance. We do not know the boundaries because none have been drawn.”
Wittgenstein Philosophical Investigations aph. 69 [208]. Of relevance to our later investigations
it should be noted that open-textured concepts are inherent in legal reasoning and thus take part
in shaping the ﬁeld-speciﬁc characteristics of legal reasoning.
13 Trying to explicate this intricacy of natural language Wittgenstein elaborates on “family resemblance” as an alternative to the classical logic notion of validity [208], while Austin in his
early “Are there A Priori Concepts?” [14] circumvent the problem by refuting the concept of
concept itself. Austin rejects the idea that concepts are “an article of property”. Thus, such
questions as “Do we possess such-and-such a concept” are meaningless, because concepts are
not the sort of thing that one possesses.
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grammatical rules are to express the norms of meaningful language, i.e. what
linguistic move is allowed as making sense. It should be noted that agreement
on what is to constitute meaningful language should be “not only in deﬁnitions but also in judgments” (PI 242), and this is “not agreement in opinions
but in form of life” (PI 241) [26]. ‘Form of life’ can be perceived as context,
culture and history dependent, but it requires an agreement according to “the
common behavior of mankind” which is "the system of reference by means
of which we interpret an unknown language" (PI 206). Hence Wittgenstein
suggests that the use of language is made possible by the human form of life
in which it is used [26].
This suggests that the interpretation of whether the stipulated meaning is
appropriate, is to be determined by its “conventional” meaning for the parties
involved in the interaction.
Pragmatics as Meaning
Pragmatics rejects the notion that all meaning comes from signs existing
purely in the abstract space of language. When performing the evaluation of
the acceptability of the standpoint, Groenendijk et al. [79] argue that humans
do not attach the meaning of an utterance to the truth conditions of the
utterance. Instead its inherent meaning lies in the way that it changes the
information status of the interpreter [79]. Hence, (rational) argumentation is
“. . . a verbal and social activity of reason aimed at increasing (or decreasing)
the acceptability of a controversial standpoint for the listener or reader, by
putting forward a constellation of propositions intended to justify (or refute)
the standpoint before a rational judge.” [191]. Consequently we ﬁnd that
meaning is ascribed to a proposition by means of satisfaction and direction
of ﬁt i.e. creating a correspondence of the word and the world it signiﬁes by
adjustment of either the world, the word or both to ﬁt the other [171].
For the purpose of our investigation, inspiration from the ﬁeld of Artiﬁcial
Intelligence is provided by Steels who draws on semiotics for considering the
agent as providing the grounding relation between the symbol and its referent.
Steels connects to the pragmatic ﬁeld of Peirce as Steels argues that without
this mediating relation of the agent the symbol is meaningless 14 .
Entertaining the idea of the parties as the grounding relation of the
cause/fact and what it purports to be, our focus now turn to the cognitive
implications of the relationship between language and their users.

2.3.1

Cognitive Validity

Viewing argumentation as human problem solving suggests argumentation as
composed of important cognitive processes. The ability to reﬂect on the argu14 Semiotics

(in the Peircean sense) takes languages as sign systems divided in signiﬁers, i.e. the
symbol or word, and the signiﬁed, i.e. the concept to which the signiﬁer refers by use of the
recipient’s associations learned by our experience and conventions [210].
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ments put forward during communication and information distribution is essential for the construction of arguments and successful passing of acceptance
of a disputed standpoint concerning the issue under dispute [191]. Thus, as we
suggested in [51] successful human argumentation is based on our metacognitive abilities and our capabilities of reﬂection. Metacognition “encompasses
the knowledge and cognitive processes whose object is cognition and whose
task is to control and verify one’s own cognitive functioning” [100]. In other
words, it is the monitoring and controlling of one’s own cognitive processes by
use of cognitive processes to enable a strategic, reﬂective and self-regulative
behavior. In addition, the analysis of what actually transfers the acceptance
of a standpoint is even more complex, since in the communication itself humans rely on the reﬂexive intention of the communication being perceived as
such [78], and also require that the disputing parties possess some methods
for attributing mental states of others. Hence, the uttering agent’s perception
of the recipient agents’ knowledge and capabilities of evaluating the utterance
is a source of inﬂuence on the strategy and construction of argumentation 15 .
For the purpose of our investigation we discern the use of metacognitive processes for carrying out argumentation, from the necessity of simulating the
impact of metacognitive abilities when modeling analysis of arguments 16 .
Consequently we approach the latter by a perspective of language as a vehicle or competence for realizing goals, and not merely as representation of our
thoughts. As such an emphasis on critical thinking or rationality is laid on
validity and justiﬁed belief in argumentation.

2.3.2

The Passing of Acceptance

A rational agent, human or artiﬁcial, could be perceived as an ideal mapping
from percept sequences to actions; or at least as an agent pursuing the actions, which given the knowledge of the environment that the agent holds,
will maximize its chances of success for achieving the set goal of the agent
[166]. Several models of rational agents are successfully deployed in Artiﬁcial Intelligence and the engineering of software applications cf. e.g. BDI
(belief, desire, intention) architecture, and the abstract personoids deployed
for the socio-cognitive engineering IPK (information, preference, knowledge)
model. Searle [172] however complements this view by arguing that rationality is a construction of ﬁnding rules that are consistent with the patterns we
judge as rational. This inclination is supported by investigations in Cognitive
Psychology, according to which humans are to adopt a standpoint and then
actively and one-sidedly try to justify it [34]. On this note a substantial body
of investigation shows that humans rely on unsubstantiated explanations as a
15 Cf.

the new rhetoric of Perelman and Olbrechts-Tyteca [142]. For a comprehensive study see
[191]
16 For a comprehensive survey of Metacognition in computation cf. [41]
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substitute for scarce or missing evidence when trying to justify an opinion 17 .
This goes regardless of whether the human agent possesses a capability of critical thinking or not and to the extent where the mere mentioning of a source
of data can alter the evaluation as well as the construction of explanations and
evidence [34].
As the analysis of rational argumentation is to build on assessing the cognitive impact of the recipient, to us this suggest that the same goes for the
assessment of an argument. Here the own intentions of the arguer and the setting of the dispute can change the evaluation of the given argument. As an
example, when the aim is to amuse and not persuade the participating parties,
a broader scope of relevance could be justiﬁed in evaluation of the acceptance
of the argument [51]. Returning to our ﬂying reindeer example, take for instance that the dispute were to take place in a friendly banter, or presented as
the main issue at say a scientiﬁc disputation in Zoology.
We are elaborating on the notion of cognitive validity or justiﬁcation of the
argument as the ability of passing the acceptance of a disputed standpoint by
establishing a chain from a cause to the fact (as it purports to be). However,
as stated above, in lack of sufﬁcient knowledge or expertise, humans seem
to be very susceptible to argumentation. Hence, as Eco [48] we note that if
a sign could be used for communication, it can also be used to communicate
lies. Here Walton points to the fact that humans often are inﬂuenced by issues
beside from the issue under dispute e.g. personal appearance. “This factor
of how a person appears to a jury has been the explanation of many cases of
unjust conviction where it is a puzzle why a jury would convict a defendant on
the basis of so little real evidence.” [202]. This is one example of consequences
of fallacious reasoning by which argumentation has a strong potential to be
deceptive [202]. Hence, the goals and abilities of the parties involved in the
dispute are to be examined in context of the (in)fallibility of human knowledge
and reasoning.

2.3.3

Rationality as Goals and Abilities

As stated, Searle points out that much of rational deliberation involves adjusting our (often inconsistent) patterns of desire to decide between outcomes,
not the other way around [172]. We ﬁnd that this explication is to obtain in the
cases in which an agent deviates from seemingly rational behavior, as its be17 When

a chain of arguments is created by the generation of hypotheses for ﬁnding the most
plausible explanation of an observation or the optimum actions for reaching a particular goal
given the available facts we call the reasoning abductive. If we see a ﬂying reindeer, in order to
ﬁnd an explanation for this event we generate hypotheses to ﬁnd the most likely explanation for
this extraordinary event. Also in ﬁnding explanations for less extraordinary events humans use
abductive reasoning, e.g. on observing that the grass is wet, we might hypothesize that it is due
to a recent thunderstorm. We note that although it might be a highly plausible explanation it
might not be the originating event but e.g. instead the reason for the grass being wet is because
the kids were playing with the garden hose.
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havior is to maximize the chances of success of goals is higher by other goals
than those generally considered of highest preference. Examples include goals
that are: altruistic, e.g. allowing a child to win over its parent at chess; social
as to conform to moral or ethical standards manifest in the society e.g. give
up the seat for an elderly person; or enforced behavior maintained by an institution or authority in the particular domain of the agent e.g. the presumption
of innocence enforced in many legislations. Here our underlying assumption
is that rational actors act rationally [59]; hence, the actions undertaken by
any agent are the agent’s reasoned opinion on how to best secure a positive
outcome. As such, the cognitive abilities to choose goals by assessing the current status of the situation and evaluate the strategy for achieving the goal are
known to be crucial for a successful outcome. We now turn to investigation of
the abilities as bounded rationality and extend it to the explication of human
error and expert knowledge.

2.3.4

Human Error and Bounded Rationality

Problem-solving knowledge can be deﬁned as plans that express how a certain
task can be accomplished. During problem-solving an agent could use poor
strategies, hence resulting in poor or non-optimal solutions. This could be
the result from using incorrect strategies, slips or inefﬁcient problem-solving
techniques for examining too much information [81]. Analogously strategies
for successful argumentation could be perceived as plans that express how to
commit one’s opponent to a certain standpoint, cf. the persuasion dialogue
schema by Walton [200]. As argued by Ertmer and Newby, novice agents
differ from expert agents as the expert is “more aware than novices of when
they need to check for errors, why they fail to comprehend, and how they need
to redirect their efforts.” [56]. This leads us to examine human error and the
role of expert knowledge.
Silverman investigated human expert knowledge and proposed a model of
error (cf. Figure 2.1). The model illuminates the components of a human
agent’s actual strategy and the strategy needed to accomplish the task at hand.
[A], [B], [C], [D] are to be seen as logic variables, and hence holders for
semantic information and cues [177]. Here the human agent’s solution besides from correct knowledge (Figure 2.1 [B]), consists of irrelevant knowledge (Figure 2.1 [A]), overlooked knowledge (Figure 2.1 [C]), and missing
knowledge (Figure 2.1 [D]). In order to accomplish the task, the agent needs
to discover and incorporate the knowledge [C] and [D] while ignoring the
knowledge [A].
The relevance of the level of domain knowledge for the abilities of an agent
can be illustrated by studies on predictions of the learning of new information,
i.e. ease of learning judgments. Here the human abilities of judgment of one’s
own abilities have been investigated. As different strategies might be beneﬁcial for accomplishing a given task, the utilization of the assessment of how
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What the human
actually does:

What the human
needs to do:

Knowledge the human focuses on
B is correct
A is irrelevant due to bias in judgment

Knowledge
omitted by
the human
because of
bias in judgment

A

B

C

Irrelevant
knowledge

Correct
knowledge

Overlooked
knowledge

Ignore
irrelevant
knowledge

Knowledge
omitted by
the human
because of
lack of training

D
Missing
knowledge

Use the required knowledge needed to
solve the problem in a satisfactory way

Figure 2.1: Categorizing a human expert’s knowledge [177]

difﬁcult the material is for the particular individual is key. “It is central that
such judgments accurately reﬂect actual level of learning so that attention can
be directed towards the word-pairs that are in need of additional learning on
the expense of those already well taught” [105].
Analogously for the domain of argumentation the importance of
self-assessment and regulation is illustrated by letting a layman and an expert
encounter a situation in which they are to examine presentations covering the
same information but with different underlying rhetorical structures and thus
supporting different standpoints due to their different intended messages.
When deciding on a standpoint the available heuristics come into play. As
we suggested in [51] for the layman the lack of sufﬁcient disclosure of these
structures and agendas results in an illusory objectivity of the presented
material, which together with the human predisposition of relying to heavily
on heuristics as explanations, facilitates the passing of acceptance of the
standpoint for the less experienced agent. For our purpose this suggests the
importance of differentiating a valid or justiﬁed belief from the state of affairs
taken to be valid [141].
Hence, when employing a relaxed notion of validity in the sense that we
include cognitive aspects in our assessment of validity and justiﬁed belief,
we need to ensure that fallacious arguments are not prevalent. This could
be dealt with in one of two ways: Either by a deliberation mechanism such
that reﬂection and the creation and adaption of strategies for the analysis on
the argument, the adversary and its context are enabled. Or, as in some domains of human problem solving, by introducing the earlier mentioned “ﬁelddependent” aspects that express the higher-level principles maintained in a
particular domain cf. [161]. Take as an example in legal proceedings, in order to ensure that relevance in issue and arguments is to obtain, the use of ad
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hominem arguments, i.e. discrediting arguments referring solely to the person
under scrutiny, not being generally allowed.
Conclusively for a model of common sense reasoning that requires the formalization of principles and criteria characterizing valid patterns of inference,
the meaningfulness of the argument, the acceptability of the argument given
its cause and meaning, as well as its admissibility in the particular dialogue
become important to acknowledge.

2.4

Meaningful Acceptable and Admissible Arguments

In a general analysis of the available pool of knowledge in which a dispute exists, and in a systematical analysis in particular, many arguments are expected
to be found unacceptable or inadmissible as they simply are meaningless, irrelevant for the particular situation or cannot be defended in light of available
contrary evidence. Hamfelt 1992 [87] investigated the meaningfulness of legal
concepts. To these ﬁndings we now turn.

2.4.1

Meaningfulness

Even though other attempts exist18 , in a logic-based investigation, normally
the conditions of meaningfulness is outside or preparatory to the assessment
of justiﬁed belief. 19 It means that before applying logic analysis to the concept
we ﬁrst have to ensure that the objects involved will provide for a meaningful
use of the concept, and as such “bridge logic and semantics” [87]. According
to [87] one perspective on meaningfulness whence applying logic to any concept, is to ensure its meaningfulness by typing conditions cf. Russell [165],
[195]. In our case it is to ensure that when addressing ﬂying reindeers the
object under consideration is in fact meaningful for the concept of being a
reindeer and that it is (somehow) meaningful to talk about the object Rudolph
the Reindeer in a context of ﬂying Reindeers. Here we note that alternative
approaches exist; to use a null entity for missing values of descriptive terms
or permitting non-designating terms [169].
As having established the intrinsic or conceptual meaningfulness of the
components of our arguments, thereafter, from these meaningful arguments
the admissible and acceptable arguments for a given dispute is to be discerned
cf. [87]. We now turn to the discernment of acceptable arguments by means
of refutation.

18 Examples

include relevance logics [5] and probability calculus [32].

19 “The idea that ﬁrst one must know the prerequisites for any statement to be meaningful, before

one could enquire about the conditions of its veracity, has justly been stated as one of the
greatest and most consequential ﬁndings of modern logic. One may say that it bridges logic
and semantics.”[195] in [87].
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2.4.2

Refutation and Acceptability

The acceptability of arguments concerns the sufﬁciency of “the causes of a
fact” in the context of other available arguments in the dispute cf. [45]. Thus,
that an argument is acceptable, means that it is successfully defended in a set
of other arguments. As this depends on the refutation of available opposing arguments, which in turn opposes and refutes other arguments, the acceptability
of an argument is not always a directly solved issue. One approach of argumentation theorists have been to label arguments as abstract entities and to
represent their relations as a directed binary graph see e.g. the seminal work
by e.g. Dung [45]. Here a main goal is to reﬂect dispute, and discern whether
an argument is acceptable given a (ﬁnite) pool of knowledge that forms a set
of arguments. The central notion is the notion of “support”; how a (set of)
arguments is to defend a given proposition against refutation by other (sets
of) arguments. The minimal consistent set of arguments supporting the claim
could thus be discerned.
Let us return to our ﬂying reindeer example:
B2. Santa Clauses Reindeers can ﬂy
C1. According to Finnish folklore Santa Clauses’ reindeers
cannot ﬂy
As the example shows here we note that arguments may attack each other.
Clearly, to justify any conclusion on whether Santa Clauses’ reindeers can
ﬂy or not depends on whether we will give B2. precedence over C1. or vice
versa. To enable an assessment of acceptability of arguments and thus the justiﬁcation of a particular belief, the impact or strength of an argument relative
other (conﬂicting) arguments need to be established. Often the relevance of
arguments “depends on the institutional context in which there may be deﬁnite procedural rules governing relevance” [202] 20 . Hence, commonly these
precedence relations are represented by a partial order imposed on the available arguments. In the same way, if an argument does not participate in evolving the dialogue it should not affect the status of other arguments. Thus, in
the following we investigate admissibility of an argument as its potential to
contribute to a particular dispute, given the available knowledge and stated
purpose or goal of the dialogue.

2.4.3

Admissible and Relevant Arguments

In Section 2.2.3 we adopted the notion of a dialectically valid argument as an
argument, which relative a claim furthers the assessment of the claim in the
20 Take

for instance, in the ﬁeld of legal reasoning the principle of “lex specialis derogat lex
generalis”, i.e. a more specialized law is to have precedence over a more general law.

45

sense that it is more plausible than before the argument was considered, cf.
Walton [202]. Arguments that delays or even interferes with the argumentation process are cumbersome in more than the respect of delaying, but also
for the assessment of justiﬁed belief, as it may obscure or block relevant arguments if space or time constraints are set [202]. The implications may be
severe as we recall from Section 2.3.2 that the mere mentioning of a source
of information could inﬂuence the agent to alter its judgement and then pursue it singlehandedly. As we noted in Section 2.2.2 this issue is of importance
to the assessment of justiﬁed belief as defeasible arguments are deﬁned by a
refutation of opposing beliefs based on available evidence.
Let us once again return to our ﬂying reindeer example:
A1. Reindeers usually cannot ﬂy
A2. Rudolph the Reindeer is a reindeer.
B1. Rudolph the Reindeer is Santa Clause’s Reindeer
B2. Santa Clauses’ Reindeers can ﬂy
C1. According to Finnish folklore Santa Clauses’ reindeers do not
ﬂy.
Here we have the situation where our ﬁrst two propositions A1. and A2. give
us support for the conclusion that Rudolph the Reindeer cannot ﬂy, and the
additional information in the latter propositions B1. and B2. give us support
for the conclusion that Rudolph the Reindeer can ﬂy. We see that this new support is based on the latter proposition B2. telling us that there are exceptions to
the “normal” case stated in A1. Hence, the ﬁrst proposition A1. is challenged
in this context as proposition B2. suggests otherwise. However, (as the above
presented propositions are all the available knowledge in this case) the applicability of B2. to this particular case determines if A1. is or is not challenged
by any other proposition in the available pool of knowledge. Thus, depending
on the admissibility of B2., A1. should either be considered defeasible according to the provisions of B2. (and B2. admissible in the particular dispute), or
A1. should be considered unchallenged and thus undisputed in this situation
(and B2. discarded from impacting the dispute) [53].
For investigating and formulation of rules for disputation of problems in
such domains, the pure mathematical notion of validity is clearly not sufﬁcient cf. [158] [94]. Instead argumentation emerges as a highly dialectical
process, where the background knowledge as well as the pleas in support of a
claim could be contested and defeated by a later presented counterargument.
Opposing argumentative material need to be put forward without causing logical contradictions or forced retracts of prior speech acts. Hence what is to
be justiﬁed as relevant and rational at any given stage of the argumentation,
seems to depend on how the argumentation has evolved at that stage. Thus, it
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does not grow monotonically with the available information. In the following
section we investigate the dynamical and dialectical aspects of common sense
reasoning and argumentation.

2.5

The Dynamics of Common Sense Reasoning

Reasoning on human argumentation or problem solving are for many disciplines examples of domains, where the background knowledge as well as the
arguments in support of a claim could be contested and defeated by new opposing knowledge. In addition, in acknowledging the dialectical nature of argumentation, a convincing argument unfolds in the sharing and exchange of
information between the parties manifest as a sequence of speech acts [89].
So addressed argumentation incorporates a variety of phenomena which each
involve for each step of the dispute to take into account the context of the interaction 21 . It entertains a kind of relevance that is embedded in a framework
of how the argument is being used to prove something in a practical way. To
us this suggests argumentation as a highly dynamical process, and as such in
need of a dynamical approach.
Here the comparing of reasons to other available knowledge and resolving
possible conﬂicts between such is the process of determining which beliefs
are justiﬁed.

2.5.1

Dialectical Disputation

The term ‘dialectic’ was introduced by Aristotle as to concern the investigation and formulation of rules for the disputation of problems for which
only assumptions are available for the solution [94]. Developed as the logical method of philosophy according to Socrates and Plato, dialectics emphasizes the disputation as a synthesis of arguments and counterarguments or a
cross-examination of arguments for the purpose of refutation.
As devised by Walton [202] for persuasion dialogues we need the following:
1. premises that the adversary cannot refuse to accept as they are shown to be
supported by the facts of the case
2. a valid chain of arguments from these premises to the actual conclusion or
issue under dispute
3. relevant arguments that are structurally correct as being either deductively
valid, inductively strong or abductively plausible
However, according to [38] dialectic refers to the disputation being inﬂuenced
by the informed decision of the disputing parties. In other words, a dialectic
disputation refers to the setting where a party’s move is inﬂuenced by the
21 “Argumentation

could be seen as part of an activity, or of a form of life”(PI 69.)[208]

47

other party’s earlier moves. Hence a process of adversarial argumentation
normally proceeds stepwise, where the disputing parties take turn in presenting arguments, thus providing new information for each step in the dialogue.
Consequently the assessment of validity or justiﬁed belief of arguments need
to be dynamically conducted for each step of the dialogue. To us this suggests,
as pointed out by Brewka [36] that “Formal models of argumentation
must be highly ﬂexible and adjustable, otherwise they simply will be
unable to capture important aspects of realistic argumentation processes” [36].

2.5.2

Non-Monotonicity

In our previous examples we noted that, in the deductive logical notion of validity as expressed in the form of mathematical proofs, the monotonicity of
the consequence relation would not allow us to retract or update our conclusion regardless whether opposing arguments or evidence were to establish that
Rudolph the Reindeer could ﬂy. In other words, in the pure monotonic consequence relation, to add a proposition to an existing theory or knowledge base
could never result in a reduction of the set of consequences. As a result, upon
acquiring new knowledge any changes to what is currently known and held
as valid cannot be handled. Hence reasoning on epistemic knowledge (what
is known), incomplete or conﬂicting assumptions, or hypothetical knowledge
for deducing plausible explanations, cannot be conducted.
For the domains in need of a model of such fallible, common sense reasoning the concept of non-monotonicity has been particularly useful in bridging
logic and dialectics [67]. A non-monotonic logic is a formal logic whose consequence relation is not monotonic, but allows for opposing material to be put
forward. Various logics with a nonmonotonic consequence relation have been
devised, cf. e.g. Reiter [158], Nute [140]. Here we ﬁnd logics that are able to
handle arbitrary default assumptions such as defeasible logic, answer set programming, default logic; but also the closed world assumption and circumscription that provide a formalization of a more speciﬁc default assumption
meaning that any fact not known to be true can be assumed false by default.

2.5.3

Exhaustive Search

We recall the assumption of Section 2.3.2 that everything else being equal,
the efﬁciency of algorithms and heuristics of an agent determines the level of
rationality of its decisions as better algorithms and heuristics ensure a more
rational performance or behavior than those of an agent with poorer decision
procedures [185].
The concept of bounded rationality revises the rationality assumption as it
argues that perfectly rational decisions are often not feasible in practice due
to the ﬁnite computational resources available for making them. Agents with
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bounded rationality are only partly rational as they “experience limits in formulating and solving complex problems and in processing receiving, storing,
retrieving, transmitting information” [179]. The complexity of the situation
and the limits of processing or computational capabilities make the agent employ heuristics for making decisions rather than purely opt for the optimum
move.
For our purpose we want to discern what is valid in the above investigated
sense from what due to fallacies and inexperience is taken to be valid. Hence
we now turn to examining techniques for exhaustive search of the knowledge
base.
Even though today a standard technique in the ﬁeld of Artiﬁcial Intelligence, in 1976, Newell and Simon [136] pointed to the problem solving technique of systematical state space search as the essential basis of human problem solving. The state space representation allows an exhaustive treatment of
all possible arguments and counterarguments as paths in a directed state space
graph. It will survey the options in a dispute, uncovering potential for wins
and threats of losses. As we suggested in [52], “as an alternate conceptualization, the traversing of the state space graph could be seen as the unraveling of
the knowledge about the given situation/case under dispute. Including the private knowledge of the two parties, the traversal would result in an increased
knowledge of the case, the perspectives, and arguments of the participants.
Here the sequence and combinations of the sentences put forward also add
valuable knowledge as it reﬂects the perspectives and arguments of the participating agents.”
Conclusively, an argument starts out from a point where everything in the
argumentative discourse, i.e. the premises, implicit assumptions and the following arguments are judged for accuracy, relevance, plausibility and level of
endorsement of a particular standpoint. Hence we ﬁnd that ideally we need a
ﬂexible, dynamical and adaptable way to combine the logical and dialectical
aspects of analysis of arguments, as well as the dialectical and pragmatical
nature of establishing the relevance of a particular argument to the issue under
dispute. Hence an argument is to be exhaustively evaluated during the process
of argumentation dialogue, while discerning what to hold as valid from what
is accepted as valid in a given step of the dialogue. Here the passing of acceptance of an argument emerges as a criterion of relevance and rationality that
is guided by the goals of the disputing parties.

2.6

Demarcation

In this dissertation we address the representation framework, the reasoning
mechanisms, the procedural context and system construction of a tool for
modeling human interaction and argumentation. As stated in Chapter 1, the
focus of this dissertation is an adequate formalisation of three notions of va49

lidity argued important for the formal modeling of argumentation and human
problem solving.
To provide a formalization of a domain, ﬁrst an account of for the purpose
important aspects of the domain has to be discerned. Despite the substantial interest during more than two millennia, no ﬁnally settled and undisputed
model of argumentation has prevailed. Hence this thesis rests astute with a
preparatory analysis of aspects important for an understanding of the domain
to further our purpose.
However, given the above focus of this dissertation, the resulting characterization can be viewed as a postulated theory without any metaphysical claims
on its correspondence to the nature of argumentation. In this sense the results
in Chapters 5 to 10 are independent of the informal characterization of Chapter 2, as they address the issues of representing an informal theory as a formal
theory adequate for that purpose.
As argued by Walton [200, 202] the type of dispute is of great importance.
To us the interest of this investigation is adversarial or persuasion dialogues,
where the parties have already agreed on the conﬂicting nature of their respective claims, and as such have undertaken roles of the dispute as challenging
each other by advancing arguments. Even though most dialogues consist of
a combination of and shifting between different types of dialogues, we only
consider pure adversarial argumentation. We also simplify the setting as we
in this thesis do not consider issues of semantic heterogeneity 22 . Hence the
parties in our framework have the same model of the domain of the dispute
even though their different aims and roles to a certain extent are accounted
for. As a simplifying assumption, for the preparatory processes we assume
that the dialogue has already been conducted, and that the dialogue is available for analysis. Somewhat restrictive on the range of arguments considered
for this computation, the simpliﬁed mechanism is although still useful for e.g.
auditing tasks and for dynamical computation of the relative importance and
classiﬁcation of arguments.
For the formal setup of the particular argumentation games to be analysed
in our framework, any implicit or missing premises are not extracted by our
framework. Thus we assume that the background knowledge and evidence are
available to us; either directly as sentences of the formal language, or indirectly via the informal theory interpretation of the relevant pool of knowledge
to be constructed as sentences of the formal language.
Our implementation is restricted to the above subject matters, without reference to a context of implementation of the parties environment, actions and
protocols for communication. Subsequently, in the presentation, important aspects of construction of Artiﬁcial Intelligence Systems are not covered. Hence,
the implementation of the proposed logic-based speciﬁcation into a computational tool is to be seen as an illustration and ﬁrst application of the proposed
22 By

semantic heterogeneity we denote agent systems in which e.g. different agents can hold
different representations of the domain for interactions.
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approach. In addition, as this work primarily has focused on the adequacy of
expressiveness of the approach, the feasibility and tractability of the resulting
tool is left as further work.
Further evaluation of whether and in which aspects the proposed argumentation framework actually supports and enhances human argumentation, is
considered out of range of this thesis, even though within the scope of the
author’s interest.
However, even though a number of simpliﬁcations of the subject matter are
to be found, as the task set and addressed in this dissertation is an issue for
the adequacy of even very simple approximations of human problem solving
and interaction, it is our hope that the set demarcation focuses and beneﬁts the
treatise of chosen subject matter.

2.7

Summing Up

So what are the results of our investigation? We have shown that a useful
formalization of argument may require the encompassment of three disparate
degrees or perspectives of validity; the deductive logic notion of validity as a
necessary relation between the premises and the conclusion, and the dialectical notion of validity, how the argument furthers the speciﬁc argumentation
process in a given context, and the cognitive notion of validity as the ability to
pass the acceptance of the communicated message.
Still, even as so discerned the notion of validity merely serves as a plausibly
adequate interpretation of these real world phenomena expressed in natural
language. For a way of conducting computerized reasoning and assessment
of a theory based on these notions of validity, we need to express the sentences in an appropriate formal language. Moreover, we need a mechanism
to manipulate the symbols of the formal language we are using, into chains
of valid reasoning by use of accepted proof procedures that are adapted for
the formal language in question. Thereafter, as above deﬁned, the validity of
arguments within a particular system of the informal domain could be systematically investigated. In the following we investigate the methods available for
formalization and assessment of valid arguments and argumentation.
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Part III:
Middlegame

3. Layers of Logic-Based Argumentation

We pursue our investigations by dealing with the formalization and assessment
of arguments. This chapter contains a presentation of some of the theoretical
and methodological mechanisms used or developed for the formal study of
argumentation. We have found the layered approach of [146, 152] to be an
appropriate point of departure for our study of formal argumentation. Hence
this elaboration is initiated by a presentation of some key notions underlying
our model of argumentation as presented in the following Chapter 6. To facilitate the evaluation of the validity and reliability assessment of our formal
study of argumentation, an introductory presentation of classic propositional
logic, ﬁrst order predicate logic, logic programming and defeasible logic is
given.

3.1

Five Layers of Argumentation

As brieﬂy discussed in Chapter 1, a layered approach on the study of arguments is presented by Prakken [146] and Prakken and Sartor [152] cf. also
Bench-Capon [21]. Originally devised for the study of legal argumentation,
four layers of argumentation are distinguished: The logical layer, the dialectical layer, the procedural layer and the heuristic layer. In addition Walton
argues for a ﬁfth, relevance, layer in legal and political debates for handling
relevance in legal argumentation that goes beyond logical relevance, i.e. evidence rules [202].
logical layer accommodates the construction or generation of sound arguments in some logic or formal language, cf. the logic notion of validity
of Section 2.2.1 and Section 3.2.6.
dialectical layer is concerned with the determination, evaluation and comparison of arguments belonging to a certain argumentation framework
according to their relationships given by the logical layer cf. the labeling
approach of Dung [45] discussed in Section 2.4. Even though various
semantics have been deﬁned for the relationships, most models build on
the above Dungean like argumentation framework.
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procedural layer governs the process and admissible moves in the dispute,
where the parties are to introduce their arguments according to proper
conduct in the conversational setting, cf. Section 3.4.1. Even though
other approaches exist, here it is common to use dialogue games as the
model for such procedural concerns.
strategic or heuristic layer concerns knowledge on how to play the game
well, i.e. strategies for passing the acceptance of arguments cf. Section
2.3.1. Here we ﬁnd the value-based approach of Bench-Capon [22],
but also [46] incorporates a look-ahead feature for determining the best
strategy for a particular argumentation state in their argumentation
framework.
relevance layer concerns strategies for rationalization of dispute given the
third level, e.g. how to evaluate evidence cf. Section 2.4.3.

3.2

Logical Layer: A Logic for Argumentation

The logical layer deals with the construction or generation of sound arguments. In other words, it addresses what is to constitute an appropriate logic
or formal language for the given purpose.
In order to illuminate the different relationships of arguments, we ﬁnd that
for one approach of argumentation systems, the arguments are abstract. This
means that the internal structure of the arguments are left unspeciﬁed cf. e.g.
Dung [45]. For the most part however, a speciﬁc logic is devised or utilized.
Here two main approaches are distinguished; either to utilize a coherence approach, i.e. to utilize a consistent fragment or subset of the domain for reasoning on, cf. e.g. [24, 4]. Gordon [65] used conditional entailment in his fully
implemented argumentation model, cf. Geffner and Pearl [60].; or a defeasible approach cf. our Section 2.2.2 and Section 3.2.6. Here the speciﬁc logic
language is deﬁned over a set of literals, and it draws on a division of strict,
i.e. undisputable knowledge and defeasible knowledge expressing default assumptions.
As a foundation for the subsequent presentation, to accommodate the reader
a presentation of classic propositional logic, ﬁrst order predicate logic, logic
programming and defeasible logic is given.

3.2.1

Logic Reasoning in Natural Language

This illustration of human problem solving is based on a presentation of the
motivations of automated logic-based reasoning by Bolander [28]. The presentation has been adapted by us to our setting and the world of ﬂying reindeer
examples as an illustration of the correspondence of human problem solving
and formal logic inference.
56

From previous Chapter 2 we recall the human way of argumentation
as problem solving. Let us consider the following piece of (logical)
reasoning:
Reindeers usually do not ﬂy. Rupert is a reindeer. Since Rupert is a reindeer he
will generally not be able to ﬂy. Unless he is Santa Clause’s reindeer, Rupert
cannot ﬂy. Non-ﬂying reindeers can be held in a fenced enclosure. Thus, Rupert
can be kept in a fenced enclosure, unless he is Santa Clause’s reindeer.

We also have the following information on the current state of affairs:
Rupert is owned by a young Laplander named Sampo Lappelill.

By this information, the laplander owning Rupert uses his knowledge about
the world, as expressed in the above natural language sentences, that he is the
owner of Rupert, to arrive at the conclusion that it is sufﬁcient to keep his
reindeer in a fenced (non-roofed) enclosure.
Here the reasoning is conducted in natural language sentences. We note that
the (logical) reasoning solely makes explicit the knowledge already implicitly
available in the sentences above. However the reasoning mechanism relies on
the human interpretation of the sentences used and their relationships. As the
argumentation or reasoning could concern a substantial number and variation
of sentences, the arguments could relate to each other in a complex chain of
arbitrary depths. Here the advantage of an exhaustive systematical approach,
as provided by computer systems, becomes apparent. However, due to the fact
that computer systems cannot reason on natural language, in order to enable
a computerized aid, the language used must be formal of some sort. In addition the derivation of those conclusions has to be carried out by means of
mere manipulation of the symbols of the formal language. By use of a logical language, e.g. propositional logic, we could express the above available
knowledge by such formally well-formed sentences, and then utilize its wellunderstood proof-theory for reasoning on this knowledge.
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3.2.2

Propositional Logic

A classical propositional logic is used for the study of propositions 1 by
stating them in a formal language, to which is applied the logical canons
of rules for ‘correct’ or logical reasoning. Our presentation gives a deﬁnition of the language, the formal meaning and the logic inference mechanism.
The Language
A propositional language traditionally consists of the following components:
Table 3.1: The Propositional Language

Propositional variables
Logical constants
Boolean connectives
Parentheses

A, B,C, . . . , A1 , A2 , A3 , . . . , An
 true and ⊥ f alse
∧∨ →↔¬
(, )

Each occurrence of the propositional variables can be interpreted as any one
declarative statement e.g. A1 could be denoting the declarative statement
‘Rudolph is Santa Clause’s Reindeer.’ 2 . Hence they represent either atomic
propositions as above, or complex statements composed by combinations
of atomic propositions e.g. A1 and A2 respectively denoting ‘Rudolph is a
mammal’ and ‘Rudolph is a Reindeer’ into A1 ∧ A2 . The resulting composed
formula A1 ∧ A2 is to be interpreted as ‘Rudolph is both a mammal and a
reindeer’. The composition of well-formed complex formulas is conducted
1 Here

we distinguish between sentences and propositions. We deﬁne a proposition to express
the content of every sentence with the same intended message, cf. Austin [15] on illocutionary
acts, where an utterance could be truth-evaluable sentences and not truth-evaluable. In the latter
category we ﬁnd performative utterances. A performative utterance is about performance of
a certain kind of action “more generally the senses in which to say something may be to do
something, or in saying something we do something”. By use of our senses we produce an
output that could be interpreted as a sound, phone. If it is to conform to linguistic conventions
the utterance is a pheme. If the pheme is used by the utterer to refer to something it is a rheme.
Together the performance of these three is the performance of a locution, i.e. it is the act of
saying something. If the utterer uses a locution, says something, with the intent to produce a
result, i.e. make an act by saying something, this is a perlocutionary act as it uses a certain
force, to perform an illocutionary act. In this sense our framework as presented in Chapter 6 is
generally applicable, as it may accommodate both linguistic as well as other sensory output e.g.
a bodily movement such as pointing, expressed as a speech act, cf. also [170] on speech acts.
By human interpretation cf. Section 2.3.1 in principle also illocutionary speech acts could be
expressed as propositions or rules of interpretation in our framework.
2 The real world correspondence of a formula is discussed in the perspective presented in Section 2.4 as we ﬁnd that the meaningfulness of the formula is outside of logical regimentation.
However, it should be noted that one occurrence of a propositional variable can only be interpreted as one declarative statement.
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by means of the below recursive deﬁnition of a well-formed formula in the
language.
Deﬁnition 1 A well-formed formula of propositional logic is a ﬁnite sequence
of alphanumeric symbols denoting a statement or proposition in natural language such that:
• If A is a propositional variable, A is a well-formed logic formula of the
language.
• If A is a well-formed formula, ¬A is a well-formed logic formula of the
language.
• If A and B are well-formed logic formulas of the language, so are the formulas A ∧ B, A ∨ B, A → B and A ↔ B, all composed by the propositional
variables A and B and the boolean connectives in the above stated way.
The parentheses are used for enhancing readability, as they indicate how a
composed formula of the language is constructed and thus to be understood,
e.g. without parentheses, the formula A → B → C is ambiguous. Hence A →
(B → C) cannot be distinguished from the formula (A → B) → C.
Semantics of Propositional Logic
The propositional logic semantics of a proposition is both determined by and
restricted to its formal interpretation, i.e. a function that assigns exactly one of
the two truth values, i.e. logical constants (True or False) to each well-formed
formula in a particular state.
By use of truth tables for the logical connectives, the truth value of any
arbitrary well-formed logic formula of the language can be determined.
This means that for our propositional language, we could compose the wellformed logical formula A corresponding to the above example and examine its
truth value given the available knowledge. However, if the formula A is composed of n propositional variables, e.g. α1 , α2 , α3 , . . . , αn , to each of these
propositional variables could be assigned either the value True or the value
False. This gives 2n different combinations of assignments for our n propositional variables. This in turn results in there being for n propositional varin
ables 22 possible n-place truthfunctions, i.e. possible combinations of True
and False that refers to a given assignment of truth-values for its atomic constituents. Hence for a truth function for one propositional variable α1 there
1
are 22 , i.e. four, different 1-place truthfunctions. For two propositional vari2
ables α1 and α2 there are 22 , i.e. 16, different 2-place truthfunctions. Each
truthfunction can be used as the precise formal meaning of a connective of
the language. As customary, here were we only utilize the above four binary
connectives ∧ ∨ → ↔ and one unary connective ¬. Below we present the
truthfunctions of these ﬁve connectives. We note that by use of either of the
minimal sets of connectives {¬, ∨} or {¬, ∧} we can express the other connectives, and hence provide the minimal complete variant of classical propositional logic.
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Table 3.2: Truth Table for negation

A

¬A

T
F

F
T

A

B

A∧B

T
T
F
F

T
F
T
F

T
F
F
F

Table 3.3: Truth Table for conjunction

The way of determining the truth value of a proposition in the propositional
logical language extends to any well-formed formula in the propositional logical language by setting up truth tables covering all possible assignments of
truthvalues to the constituent parts of the formula.
Deﬁnition 2 An interpretation V of a well-formed formula A in classical
propositional logic language L is a function V:FORMULAS  {T, F}, where
FORMULAS is the set of well-formed formulas in L, as expressed by the
equivalences that follows from the truthtables.
In other words, each row in a truth table is an interpretation of the combinations of truthvalues of the constituent atomic parts of the formula. Take as an
example the second row in the table for conjunction, illustrated in the following Table 3.7:
Here the statement ‘A ∧ B’ is false if ‘A’ is true and ‘B’ is false. E.g. A and B
respectively denoting ‘Rudolph the Reindeer is a mammal’, which we assume
to be true, and ‘Rudolph the Reindeer is a bird’, which we assume to be false,
into A ∧ B. The resulting composed formula A ∧ B is to be interpreted as

Table 3.4: Truth Table for disjunction
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A

B

A∨B

T
T
F
F

T
F
T
F

T
T
T
F

Table 3.5: Truth Table for implication

A

B

A→B

T
T
F
F

T
F
T
F

T
F
T
T

A

B

A↔B

T
T
F
F

T
F
T
F

T
F
F
T

Table 3.6: Truth Table for equivalence

‘Rudolph the Reindeer is both a mammal and a bird’. Given the truthvalues
of its constituent parts, we ﬁnd (for this case well corresponding to human
intuitions and linguistic conventions) the truthvalue ‘False’ assigned to the
composed formula.
However, for a particular domain or theory we are often more interested in
the true statements.
Deﬁnition 3 An interpretation V of a well-formed formula A in classical
propositional logic language L is a model M for a well-formed formula A
iff (if and only if) the interpretation of the formula is True. We say that if the
interpretation V is a model M for a formula A, then V satisﬁes A, in symbols
V  A. The interpretation can be extended to a model for a set of formulas Γ
iff the interpretation V(α ) for each α ∈ Γ, V(α )=True. If a set of formulas Γ
has a model M we say that the set of formulas Γ is consistent.

Table 3.7: Interpretation of a Conjunctive Formula

A

B

A∧B

T
T
F
F

T
F
T
F

T
F
F
F
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We use a particular propositional framework or model for describing the formulas that are to represent true propositions under interpretations of its atomic
parts.
Deﬁnition 4 A formula A is valid (a tautology) iff all of its possible (simultaneous) interpretations are models of the formula A. We write,  A.
Thus, a valid formula or tautology is always true. As an example in classical
propositional logic, we have the formula A ∨¬ A.
Deﬁnition 5 A formula A is inconsistent (a contradiction) iff no interpretation satisﬁes the formula A.
In the above case the formula A has no model.
By a contradiction, e.g. A ∧¬ A any formula can be derived.
We see that the semantics of a logic provides a precise formal meaning of
the formulas of the logical language. This could be extended to a formula in
relation to a particular set of well-formed formulas of the language, either by
logical entailment or the notion of valid inference 3 .
Deﬁnition 6 We say that a well-formed formula A in classical propositional
logic language L is entailed by a set of formulas Γ in the classical propositional logic language L, Γ  A iff for all models M, M  A.
Deﬁnition 7 We say that a well-formed formula A in classical propositional
logic language L is a valid inference from a set of formulas Γ in the classical
propositional logic language L iff Γ  A.
We note, as stated in Section 2.4, even though the semantics of a logic provides a precise formal meaning of the formulas of the logical language, the
correspondence of this extensional semantics to the human intuitions of meaningfulness of the corresponding informal language normally is outside of the
logical regimentation.
Derivations in Propositional Logic
By use of a proof theory we ﬁnd an alternative syntactical way of deﬁning
classical propositional logic.
Deﬁnition 8 A proof theory Ψ in a classical propositional language extended
with parameters that
is instantiated by the sentences of the language L is given

i
by R ⊆ Li × L = n+1
i=1 L , for n ∈ Z. We call the (possibly empty) subset of R
where i = 1, Ax as it constitutes the set of logical axioms of Ψ.
3 In

this sense truth-tables are a way of deducing a formula from a sequence of formulas, but the
computation is carried out in the informal metalanguage [92].
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In a proof theory some sentences or formulas of the language L will be taken
as logical axioms and some rules of inference will be established for making the inferences from some sentences to another sentence [111]. Here we
draw on deduction systems for a way of considering inferences in propositional logic systems. Hilbert-style calculi are a form of deduction systems that
are characterized by a set of logical axioms and a small set of rules of inference. The most commonly used Hilbert-style system draws on several axiom
schemata and only one rule-schema of inference, Modus Ponens,
A → B, A
B
Here a derivation of a formula B is a ﬁnite sequence of parameterized sentences that ends with B, such that A and B are parameters instantiated with
sentences of the classical propositional language L, and each instance in the
sequence is either an axiom of the system, an assumption, or derived from
earlier formulas in the sequence by applying the inference rules to it. One
example of such an instantiation of Modus Ponens is as follows:
(p ∧ q) → r, p ∧ q
r
Thus, deﬁned in this way, a logic (and the deductive closure) is the minimal
set of formulas that based on the axioms are closed under a set of inference
rules.
The correspondence of the semantics of the logic and the proof theory as
given by the classical consequence relation A1 , A2 , A3 , . . . , An B ⇔ A1 , A2 ,
A3 , . . . , An  B is desirable as the semantics is to explain the pre-theoretical
meaning of the logical constants and connectives, while the syntactical deﬁnitions provide an efﬁcient way of proving them.
However, the expressivity of propositional logic is limited as classical
propositional logic only allows for the expression of atomic propositions
and their combinations. Formalization of statements ranging over relations
of individuals cannot be expressed. In other words, in order to formalize and
subsequently perform reasoning and analysis of even simple forms of human
disputes, we need to be able to reason on statements like “All Reindeers
owned by Santa Claus can ﬂy” and “There is a ﬂying reindeer”. For this
matter we turn to predicate logic 4 .

4 However,

we note that if the variables are ranging over ﬁnite domains, by use of grounding or
instantiation, we are effectively in a propositional logic subset of ﬁrst order predicate logic, cf.
[204].
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3.2.3

First Order Predicate Logic

First order predicate logic extends propositional logic. First order predicate
logic is concerned with individuals and relations or properties of individuals
of the domain under scrutiny. Even though much more simple than natural
language, it has been claimed to be expressive enough to capture many aspects
of the real world, and the logic provides a precise instrument for reasoning
about these phenomena. Even though higher order predicate logics have been
devised 5 , our presentation is restricted to ﬁrst order predicate logic.
The Language
In ﬁrst order predicate logic, the language consists of logical and non-logical
symbols according to the following:
Table 3.8: Logical Symbols

Variables
Logical constants
Boolean connectives
Parentheses
Quantiﬁer symbols
Identity

x, y, z . . . , x1 , x2 , x3 . . .
true and ⊥ f alse
∧∨ →↔¬
(, )
∀, ∃
=

Table 3.9: Non-Logical Symbols

Constants
Predicates
Function symbols

a, b, c, . . . a1 , a2 , a3 . . .
n-place predicates P, Q, R, . . . , P1 , P2 , P3 . . . ,
n-place function symbols f , g, h, . . . , f1 , f2 , f3 . . .

Each of the constants of Table 3.9 refer to a particular individual of the domain, while variables range over, i.e. refer to any arbitrary individual in the
domain. Individuals could be anything we could describe often belonging to
some domain, e.g. for the domain of reindeers, the individual Rudolph, here
denoted by the constant ‘rudolph’.
A predicate usually denotes a relation or property of individuals, e.g. the
property of ﬂying here denoted by the unary predicate Flying/1. Thus, we can
5 Higher

order logics are distinguished from ﬁrst-order logics as in higher order logics no restriction on the type of variables over which the quantiﬁcations range, e.g. quantiﬁcation over
predicates is permitted. Subsequently higher-order logics differs also in the constructions of the
underlying type theory. Higher order logics are claimed to have more expressivity, however this
is normally superﬁcial, as their their properties, in particular with respect to model theory, make
them less well-behaved for many applications. For higher-order logics in general a (recursively
axiomatized) sound and complete proof calculus cannot be established.
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express that Rudolph is ﬂying by the following statement: Flying(rudolph).
We can also express relations e.g. by the binary predicate Owner/2, we can
express that Rudolph is owned by Santa Claus as Owner(santaClaus,rudolph).
As variables of ﬁrst order predicate logic by means of the quantiﬁers can
range over arbitrary individuals of the domain, we can categorize and reason
on general properties or relations of the individuals of the domain. Hence,
for an n-ary relation or function, the individuals form sets of n-tuples. Function symbols capture constructions that are consisting of heterogeneous or
complex elements of the domain. As an example, we may express that the
Christmas Team consists of Santa Claus and a set of reindeers as follows:
ChristmasTeam(santaclaus,Reindeers(dasher,dancer,prancer,vixen,comet,
cupid,donder,blitzen,rudolph))
A particular predicate logic language PL may be recursively deﬁned in the
following way:
Deﬁnition 9 We deﬁne a term of the predicate logic language PL as follows.
We say that:
• A variable of the predicate logic language PL is a term,
• A constant of the predicate logic language PL is a term,
• if f is a n-place function symbol of the predicate logic language PL and
t1 ,t2 ,t3 , . . . ,tn are terms then f (t1 ,t2 ,t3 , . . . ,tn ) is a term.
We use terms for denoting individuals in the domain corresponding to our area
of interest.
Deﬁnition 10 We deﬁne an atomic well-formed formula of the predicate logic
language PL as follows. We say that:
• if t1 and t2 are terms of the predicate logic language PL, then t1 = t2 is an
atomic well-formed formula of the predicate logic language PL,
• if P is an n-place predicate of the predicate logic language PL and
t1 ,t2 ,t3 , . . . ,tn are terms of the predicate logic language, PL, then
P(t1 ,t2 ,t3 , . . . ,tn ) is an atomic well-formed formula of the predicate logic
language PL.
Deﬁnition 11 We deﬁne a well-formed formula of the predicate logic language PL as follows. We say that:
• if A is an atomic well-formed formula of the predicate logic language PL,
then A is a well-formed formula of the predicate logic language PL,
• if A and B are well-formed formulas of the predicate logic language PL,
then ¬A, (A ∧ B), (A ∨ B), (A → B), (A ↔ B) are well-formed formulas of
the predicate logic language PL,
• if x is a variable and A is a well-formed formula of the predicate logic
language PL, then ∀xA and ∃xA are well-formed formulas of the predicate
logic language PL.
A ground formula is a formula without any variables.
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Semantics of Predicate Logic
As stated in the introductory Section 3.2.3, predicate logic provides a formal
representation of statements denoting individuals and relations or properties
of individuals of the domain under scrutiny. In this way the domain can be
perceived as an abstraction of some real world phenomenon. For establishing a precise formal meaning of a predicate logic language, unfortunately,
countable truth tables, with variables ranging over inﬁnite domains, cannot be
constructed for predicate logic, cf. [111]. Instead, traditionally the semantics
of a predicate logic language is deﬁned as follows:
Deﬁnition 12 An interpretation V ={D, v} of a ﬁrst order predicate language
PL consists of a nonempty domain D of individual values and an assignment
function v deﬁned on the constants and variables of PL as follow:
• If x ∈ PL is an individual variable, then v(x) ∈ V (x) is an individual member of D ,
• If f n is an n-ary function symbol f n ∈ PL then v( f n ) ∈ V ( f n ) is a function
V ( f ) : Dn  D, where Dn is the set of ordered n-tuples of values vn of
elements in D ,
• If p is a propositional variable p ∈ PL, then v(p) ∈ V (p) is a truthvalue,
• If Pn is an n-ary predicate symbol, where Pn ∈ PL, then v(Pn ) ∈ V (Pn ) is
an n-ary relation over individual values in D, v(Pn ) ⊆ Dn expressed by the
function V (Pn ) : Dn  {T, F}, where {T, F} is the set of truthvalues.
Hence, we see that the semantics of the well-formed formulas of the predicate
logic language is given by the relation to the tuples of individuals of the domain. We call this relation an interpretation V of the predicate logic language
PL.
As an example f n is an n-ary function symbol interpreted as denoting an
n-place function, thus its semantics is given by the extension of n-tuples of
individual values in D resulting from an n-argument function Dn  D.
Pn is an n-place predicate V (P) ⊂ Dn , where the n-place predicate in PL
is interpreted as the n-place relation, and thus the semantics is given by the
relation between the extension of n-tuples of individual values in D .
As in propositional logic, the semantics of predicate logic is compositional,
i.e. depends on the truth value of its atomic parts. The semantics of a
well-formed formula from propositional logic are extended to predicate logic.
Hence, the interpretation function assign a value in D to each ground term,
and a truth-value to each ground formula.
Deﬁnition 13 If in V the assignment to A is the value True i.e. V (A) = True
we write M  A and If in V the assignment to A is the value False i.e. V (A) =
False we write M  A.
Deﬁnition 14 An interpretation V of a predicate logic language PL ranges
over a nonempty domain D, where all non-ground formulas have been assigned a ﬁxed value by a valuation v that maps the variables to the domain of
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an interpretation. Here the value or semantics M of a well-formed formula B
and C we deﬁne as:
• M  t1 = t2 iff V (t1 ) = V (t2 )
• M  P(t1 ,t2 ,t3 , . . . ,tn ) iff V (t1 ),V (t2 ),V (t3 ), . . . ,V (tn ) ∈ V (P)
• M  ¬B iff M  B
• M  B ∧C iff M  B and M  C
• M  B ∨C iff M  B or M  C
• M  B → C iff M  B or M  C
• M  B ↔ C iff M  B and M  C, or M  B and M  C
• M  ∀xB(x) iff M  B(a) for every v(a) ∈ D
• M  ∃xB(x) iff M  B(a) for at least one v(a) ∈ D
Deﬁnition 15 A is a set of closed formulas. Then a closed formula B is a
logical consequence of A iff B is true in every model of A. Hence we write
A  B.
Derivations in Predicate Logic
Deﬁnition 16 A proof theory Ψ in a ﬁrst order predicate logic language extended with parameters that is instantiated by the sentences
of the language

i for some n ∈ Z.
PL is deﬁned by a set of inference rules R ⊆ Li × L = n+1
L
i=1
We call the (possibly empty) subset of R where i=1 Ax, as it constitutes the
set of logical axioms of Ψ.
Deﬁnition 17 A proof of a formula Φn from a theory Γ, in symbols Γ Φn is
ﬁnite sequence of statements Γ1 Φ1 , Γ2 Φ2 , . . . , Γn Φn meaning that for
each formula Γi Φi either
i Φi ⊆ Ax, or
ii Γ j1

Φ j1 Γ j2

Φ j2 ... Γ jm

Φ jm , Φi ⊆ Ψ, and j1 . . . jm < i.

Hence, we see that provability of a formula manifests a formula as either i)
an axiom of the theory or ii) derived by a ﬁnite sequence of applying the
inference rules to the axioms and previously derived formulas.
The inference rules r ∈ R are schemata ranging over parameterized
sentences. Hence these are to be instantiated with sentences of the
predicate logic language PL, or more precisely, with admissible sentences
as given from the given logical theory governing the parameter. As
illustrated by the following general case deﬁnition from Nilsson [138]. Here
we let Γ denote a given logical theory, which is constituted by the logical axioms of the applied proof system and any given case-speciﬁc sentences.
Γ1

Φ1 Γ2

Φ2 ... Γn
Γ Ξ

Φn
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The deﬁnition states that Ξ is provable from Γ if Φ1 can be proved given Γ1
and ... and Φn can be proved given Γn .
As desirable for any logic, the correspondence of
A1 , A2 , A3 , . . . , An

B ⇔ A1 , A2 , A3 , . . . , An  B

holds for predicate logic in its classical minimal deﬁnition. However, the following important metalogical theorems hold for ﬁrst order predicate logic:
• Gödel’s completeness theorem: the decision problem for validity is recursively enumerable, meaning that a sentence is valid iff it is provable, i.e.
true in all models. Conversely, for any consistent logic, any provable formula is valid.
• As proved by Church and Turing, ﬁrst order logic is undecidable (although
semidecidable). This is related to the unsolvability of the Halting problem,
i.e. that whether an arbitrary sentence is provable cannot be decided in a
ﬁnite number of steps (unless for very simple classes of ﬁrst-order logic) 6 .

For this reason, mechanisms for dealing with the computational aspects of
predicate logic have been devised, and will be brieﬂy surveyed in the subsequent Section 3.2.4.

3.2.4

Logic Reasoning in Classical Logic

As we have seen in the previous Section 3.2.3, ﬁrst order predicate logic provides enough expressivity for speciﬁcation of arbitrary problems, often in a
way that is in a reasonable correspondence to a human treatment.
Coming back to our initial example of Section 3.2.1, a ﬁrst order predicate
logic formalization of our example is as follows:
Reindeer(rupert)
Owner(rupert, sampo)
Reindeer(x) ∧ Owner(x, y) ∧ (y = santaclaus) → NotFlies(x)
Reindeer(x) → NotFlies(x)
NotFlies(x) → HeldinFencedEnclosure(x)

6 However some restricted subsets of ﬁrst order predicate logic are decidable. Monadic predicate

logic (i.e. predicate logic with only predicates of one argument and no functions) is decidable,
and so is the Bernays-Schönﬁnkel class of ﬁrst-order formulas. The latter corresponds to formulas which, when written in prenex normal form, have an ∃∗ ∀∗ quantiﬁer preﬁx and do not
contain any function symbols. This class of logic formulas is also sometimes referred as effectively propositional since it can be effectively translated into propositional logic formulas by a
process of grounding or instantiation [204]. This is appealing for our purpose as it suggests the
application of our framework as presented in Chapter 6 to a ﬁrst order setting.
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A formal proof using a proof theory including Modus Ponens MP,
with inclusion of the above statements as axioms of the logic:
1.Reindeer(rupert)
axiom
2.Owner(rupert, sampo)
axiom
3.Reindeer(x) ∧ Owner(x, y)∧
(y = santaclaus) → NotFlies(x)
axiom
4.NotFlies(x) → HeldinFencedEnclosure(x)
axiom
5.Reindeer(rupert) ∧ owner(rupert, sampo)∧
(sampo = santaclaus) → NotFlies(rupert) instance o f 3
6.NotFlies(rupert)
MP 1, 2, 5
7.NotFlies(rupert) →
HeldinFencedEnclosure(rupert)
instance o f 4
8.HeldinFencedEnclosure(rupert)
MP 6, 7
In this way, we see that just as in our previous reasoning on natural language,
we arrive at the same conclusion, i.e. that Rupert can be kept in a fenced
enclosure.
We note that if we in some way would be able to use an efﬁcient computational way of making these logical inferences such that these are corresponding to human intuitions of logical problem-solving, computerized support of many important human activities is enabled. As stated in the introductory Chapter 1 of this dissertation, this is the pursuit underlying the research
conducted in the ﬁeld of Artiﬁcial Intelligence in general, as well for the research presented in this dissertation.
The advantage of such an approach with a logical formalization of argumentation and dispute would be that it provides a symbolic knowledge representation with a formally well-formed semantics, making the represented knowledge as well as the behavior of the Artiﬁcial Intelligence systems reasoning
comprehensible. Below, and in the following Chapter 5 some mechanisms for
dealing with the computational aspects of predicate logic are surveyed.

3.2.5

Logic Programming

Logic programming is the use of logic for mechanising problem solving by
programming of computers. Differing to other programming paradigms,
logic is used as both a purely declarative representation language, and a
procedural programming language for guiding the problem solving. Hence,
logic programming is making use of logical inferences for hypothesis
formulation, inference making and testing, while a theorem-prover or
model-generator is used for drawing the logical inferences. Originally based
on natural deduction methods of predicate logic devised by Jaskowski and
Gentzen, logic programming languages like PROLOG by Colmerauer has
been proven efﬁcient for logic programming [92], and is commonly used in
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Artiﬁcial Intelligence. Below the major developments of logic programming
for mechanised problem solving are brieﬂy surveyed:
Robinson: SLD Resolution
In 1965 J. Alan Robinson presented the resolution and uniﬁcation algorithm
for logical deduction [163]. It was an important breakthrough in the pursuit of
mechanized problem solving, as it enabled an efﬁcient method for automatic
theorem proving. Here ﬁrst order logic is used for representation of problems by interpreting provability as deduction for derivation of logical consequences.
The procedure is based on a reduction of A |= B to |= A ⊃ B; i.e. reducing
the concept of truth in a model to its provability.
In a logic program a theory Γ consists of deﬁnite clauses. A deﬁnite clause
is a Horn Clause with exactly one positive literal. A clause is a Horn Clause if
it contains at most one positive literal. Any variable is assumed to be universally quantiﬁed and thus left implicit. We call a Horn Clause without a positive
literal a goal.
Deﬁnite clauses of the below form, are used to express positive declarative
statements of the existing states of affairs.
p0 (t01 , ...,t0n0 ) ← p1 (t11 , ...,t1n1 ) ∧ ... ∧ pm (tm1 , ...,tmnm )
Here the pi are predicates, and the ti j are terms, which serve as the data structures of the program.
Nilsson [138] states the form of the problem reduction inference rule restricted to deﬁnite clauses as
A0 ← A1 ∧ ... ∧ Am ← B1 ∧ ... ∧ Bl
(← B1 ∧ ... ∧ Bi−1 ∧ A1 ∧ ... ∧ Am ∧ Bi+1 ... ∧ Bl )θmgu
where
1. A0 ← A1 ∧ ... ∧ Am ∈ C, where C is the collection of deﬁnite clauses in a
program P,
2. ← B1 ∧ ... ∧ Bl is a goal clause
3. θmgu is a most general uniﬁer of the atoms A0 and Bi .
4. (← B1 ∧ ... ∧ Bi−1 ∧ A1 ∧ ... ∧ Am ∧ Bi+1 ... ∧ Bl )θmgu
is the resulting goal clause.
Once i is selected, the inference rule may be applicable to 0, 1 or more of
the given deﬁnite clauses, i.e. a ﬁnite set of conjunctions of atomic formulas,
depending on existence of a (most general) uniﬁer. Even though the selection
index i can be arbitrary, usually in logic programming the selection index is
set to 1. Hence the goal clauses are managed as stacks of atoms.
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When following this convention the ∧ in bodies and goals are usually replaced by “,” as customary in logic programming systems:
p(t1 , . . . ,tn ) ← A1 , . . . , Am
we arrive in the above statement of the inference rule, known as the SLDresolution rule.
Kowalski: Horn Clause Logic Programming
However, as ﬁrst order predicate logic is merely semi-decidable and undecidable for the general case, a nonrestricted implementation of the resolution and
uniﬁcation algorithm is computationally complex or may result in cycles or
inﬁnite paths. As a result, in 1974 R. Kowalski suggested the representation
of logical expressions as Horn Clauses. It enables a reduction of logical deduction to SLD-resolution by backward chaining, which applies a depth-ﬁrst
search of the space of resolvents [113].
To show that Ψ is a logical consequence of a theory Γ, we need to show that
it is derivable from the clauses constituting Γ.
A logic program is initiated by a goal clause, that is not part of the program,
of the form
← B1 ∧ ... ∧ Bl
where also the Bi s are atoms.
A logic program is executed by means of an inference engine, i.e. the refutation proof scheme. It is based upon a backwards reasoning 7 theorem-prover
applied to declarative sentences in the form of implications for which the variables are existentially quantiﬁed. By logical inference, term instances are created as instances of these variables. In the refutation proof the hypothesis goal
is negated, by which the variables becomes universally quantiﬁed. A successful proof is reached when obtaining the empty clause resolvent.
Here logic is used as both a declarative and a procedural representation
language. This means that the program designer exploits the problem-solving
behavior of the theorem-prover. The declarative, logical interpretation, helps
to ensure the correctness of the program, while the procedural interpretation
is the common way of using programs to control the behavior of a program
executor.
In the following, we adopt the deﬁnition of logic programming from [92]
as an automatized form of Horn Clause logic deﬁned by:
• a ﬁrst order predicate logic language PL,
• the set of all Horn Clause formulas in PL,
7 Backward

reasoning is a method of reasoning where the theorem-prover starts from the desired goal node and then reason backwards on the actions, to tell which actions that are to be
preferred.
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• the class of all identity axioms for PL,
• backwards resolution and uniﬁcation as the rules of inference,
• an algorithm for backwards resolution, based on a breadth ﬁrst search implementation
• the complete uniﬁcation algorithm as deﬁned by [63]

Tärnlund: Horn Clause Computability
In 1977 S.-Å. Tärnlund [182], showed that a Universal Turing machine can
be deﬁned and executed in logic programming 8 . Following as corollaries of
this proof, the results shows that i) every computable recursive function can
be computed in logic programming and ii) all algorithms can be deﬁned and
executed in logic programming. Hence, the effects of restricting ﬁrst order
logic to the subset of Horn Clause logic formulas are very limited when it
comes to concerns of expressivity, while enabling efﬁcient computation [92].
It further stresses logic as a suitable formalism for the formal modeling and
automation of aspects of human problem solving.
Clark: Negation as Failure
In order to capture a notion of negation without losing the efﬁciency of implementation, logic programming was extended by negation as failure by K.
Clark [39]. Negation as failure is a formalization of the closed world assumption for knowledge bases as it equates a failure to prove a predicate with falsity
9.
Hence, a proof of ¬A by use of negation as failure is implemented as a failure to prove A, i.e. where all possible proofs of A fail, most often by use of
SLDNF-resolution (SLD resolution extended with negation as failure). Formally:
CA
∼ A
here C is the collection of deﬁnite clauses of a logic program P, and A a literal.
Negation as failure has an abductive semantics that allows it to be exploited
for non-monotonic reasoning 10 [115].

8A

proof based on the deﬁnition of recursive functions was given in 1982 by J. Sebelik and P.
Stepanek [173].
9 The opposite of the closed world assumption is the open world assumption, stating that lack
of knowledge does not imply falsity. The open world assumption is commonly used for models
underlying web-applications and related protocols
10 The usefulness of non-monotonic reasoning was illustrated in the previous Section 2.2.2, as it
could naturally be held consistent with our view of justiﬁed belief for the situations when the
knowledge is known to be complete, but also by a relaxed notion of validity for other situations
when the best deﬁnite explanation must be derived from the available knowledge.
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This is particularly important in models of legal domains, where the argumentation is modeled as the interaction between positive and negative information cf. [115].
Coupled with the implementation of SLDNF-resolution not being negation
in the classical sense, comes the problem that the proof procedure deriving a
negative literal from a deﬁnite clause theory is unsound. To circumvent this
problem Clark [39] proved its correctness with respect to the completion of the
logic program. Here implication is interpreted as equivalence, on the assumption that free variables on the right hand side are considered as existentially
quantiﬁed, and equality axioms have to ensure that individuals for distinct
names are distinct.
By simulation of reasoning explicitly with the completion, both sides of
the equivalence are negated and negation on the right-hand side is distributed
down to atomic formulas.
Hence, the completion semantics justiﬁes interpreting a resulting “not p” of
an SLDNF-inference as the classical negation ¬p of p. 11
In addition, we note that in order to cater for arbitrary default assumptions,
negation as failure only provides a general default rule; hence, new information requires a revision of the original clauses. In the previous Chapter 2.5.2
we discussed non-monotonicity for reasoning on epistemic knowledge (what
is known), incomplete or conﬂicting assumptions, or hypothetical knowledge
for deducing plausible explanations.
For this purpose, belief revision is the process of changing beliefs to accommodate a new belief that might be inconsistent with the previous. In order
to preserve consistency some old beliefs may have to be retracted. This retraction in response to an addition of a new belief requires any logic for belief
revision to be non-monotonic. However belief revision is not suitable for handling exceptions as the revision amounts to update the general rule itself i.e.
the exception becomes the new general rule.
As a response to these issues, various logics with a non-monotonic consequence relation have been devised, cf. e.g. circumscription by McCarthy
[131], and default logic for default assumptions by Reiter [158]. Here we also
ﬁnd logics that are able to handle arbitrary default assumptions such as defeasible logic, originally devised by [140], and answer set programming cf.
e.g. [137]. In the following section we give a presentation of a non-monotonic
logic that accommodates our objectives for the logical and dialectical layers
of our framework, cf. Chapter 3.

11 It

should be noted that interpretation of not p literally as “p can not be shown”, “p is not
known”, or “p is not believed”, has furthered the development of extended logic programming
cf. the stable semantics of [61].
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3.2.6

A Tractable Non-Monotonic Logic

Defeasible reasoning enables a representation of facts, rules, priorities among
rules, as well as exceptions to rules by drawing on a more speciﬁc form of
non-monotonicity than expressed in negation as failure. To avoid the issues of
negation as failure, defeasible logic uses rules and a priority relation among
them. Hence the unique labeling of rules allows for update of the available
knowledge by introduction of new rules and assimilation of the new rules by
establishing a priority relation between the new rule and the existing knowledge.
Commonly, a key issue of non-monotonic formalizations is its computational complexity. Most other non-monotonic logics, e.g. circumscription and
default logic are intractable when it comes to inference. This means that the
time or space resources needed for compute some of these conclusions are
vast even for computers, which results in the infeasibility of implementation
of these theories.
As we are aiming for a computational approach, we look for a
non-monotonic formalism that has a possibility of being implemented. For
this we need a formalism that is not only computationally tractable, but also
ﬂexible and easily adapted to the semantics of argumentation.
Defeasible logic is a non-monotonic logic that was originally devised by
Nute [140] [8]. The propositional form of the logic has been shown to have linear computational complexity [128]. As efﬁcient implementations of reasoning with large knowledge bases holding inconsistent information have been
proposed and subsequently shown cf. [80], and [129], defeasible logic is by
now well-established as a simple, ﬂexible, rule based non-monotonic formalism that is able to capture different and sometimes incompatible facets of nonmonotonic reasoning [7]. The below presentation of defeasible logic follows
[27] and [69].
The Language
The language of defeasible logic allows for representation of knowledge as
facts or rules. It consists of literals, rules, and a partial order on the rules.

Deﬁnition 18 For a set of propositional atoms Prop, and a set of labels Lab.
The minimal closed set is deﬁned as
• Literals Lit=Prop ∪{¬p|p ∈ Prop}
• Superiority
relations Sup={s  r|s, r ∈ Lab}
⎧
⎪
{r : a1 , . . . , an → c|r ∈ Lab, a1 , . . . , an , c ∈ Lit};
⎨ StrictRule,
• Rule
De f easibleRule, {r : a1 , . . . , an ⇒ c|r ∈ Lab, a1 , . . . , an , c ∈ Lit};
⎪
⎩
De f eater,
{r : a1 , . . . , an  c|r ∈ Lab, a1 , . . . , an , c ∈ Lit}.
Rule = StrictRule ∪ Defeasible Rule ∪ Defeater
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Facts are represented as indisputable statements, i.e. states of affairs, or actions expressed by predicates. For example, “Rudolph the Reindeer is a
reindeer” is represented by Reindeer(Rudolph the reindeer).
Rules are used to describe relationships between a set of literals r : a1 , . . . , an
(premises) and a literal c, i.e. the conclusion. Depending on the nature of this
relationship, rules are expressed as strict rules a1 , . . . , an → c, defeasible rules
a1 , . . . , an ⇒ c or defeaters a1 , . . . , an ; c. Here a1 , . . . , an is a possibly empty
set of prerequisites and c is the conclusion of the rule. By use of these rules,
new conclusions can be derived. Defeasible logic is propositional and hence,
rules that contain free variables are interpreted as the set of their ground instances.
Strict rules are rules in the classical sense: whenever the premises are indisputable then so is the conclusion. Thus they can be used for deﬁnitional
clauses. An example of a strict rule is “The only ﬂying reindeers are
Santa Clauses’ reindeers”, formally expressed as:
Reindeer(X) ∧ Fly(X) → SantaClausesReindeer(X).
Defeasible rules are rules that can be defeated by contrary evidence. Take the
rule “Reindeers usually do not ﬂy”: Reindeer(X) ⇒∼ Fly(X). The idea
as sketched in Section 2.2.2 is that if we know that X is a reindeer, we
may conclude that X cannot ﬂy unless we have available other evidence
that is to suggest that X can ﬂy.
Defeaters are used to prevent conclusions by blocking a defeasible rule. A
defeater cannot be used as support for a conclusion. For example:
FromFinnishChristmasFolklore(X) ∧ Reindeer(X) ;∼ Fly(X).
This rule states that if something is part of Finnish Christmas folklore
then it might not ﬂy. This rule can prevent the derivation of a “ﬂy”
conclusion. We note that a defeater rule cannot be used as support of
the opposite conclusion “not ﬂy”.
Superiority relations are imposing orders of precedence between rules, as
an instance of a superiority relation gives the relative strength of the
rules involved. Hence, s  r is to express that the rule s has precedence
over the rule r. The superiority relation has to be acyclic. Here Riveret
2008 [161] points to the fact that the superiority relation in many cases
is to be left unspeciﬁed as there is no natural way of a priori assigning
precedence.
This deﬁnition is extended to a defeasible logic theory [27] formalized as
a structure D = (F, R, >) where F ⊆ Lit is a ﬁnite set of facts, R ∈ Rule a
ﬁnite set of rules with unique labels, and ∈ Sup a set of acyclic superiority
relations on R.
75

We follow [27] in that given a set R of rules, we denote the set of all strict
rules in R by Rs , the set of strict and defeasible rules in R by Rsd , the set of
defeasible rules in R by Rd , and the set of defeaters in R by Rd f t . R[q] denotes
the set of rules in R with consequent q. In the following ∼ p denotes the
complement of p, that is, ∼ p is ¬q if p = q, and ∼ p is q if p is ¬q. For a
rule r we will use A(r) to indicate the body or antecedent of the rule and C(r)
for the head or consequent of the rule. A rule r consists of its antecedent A(r)
(written on the left; A(r) may be omitted if it is the empty set) which is a ﬁnite
set of literals, an arrow, and its consequent C(r) which is a literal.
Semantics of Defeasible Logic
In its original setup, Defeasible Logic has a “directly sceptical” semantics 12 ;
hence it does not support contradictory conclusions cf. [99] in [71]. Deﬁned
with strong negation 13 , it requires the inapplicability of all counterarguments
¬A for provability of a defeasible argument A even for situations where support of A is available. Hence, conﬂicting rules of the same priority are not
invoked and thus consistency is preserved.
Here we see the use of the superiority relation Sup. If we have r2  r1 ∈
Sup, it means that the rule r2 is prioritized over the rule r1 . Hence, r2 may
override the conclusion of r1 . For our ﬂying reindeer example, given the contradictory defeasible rules
r1 : Reindeer(X) ⇒∼ Fly(X)
r2 : SantaClause sReindeer(X) ⇒ Fly(X)
where the additional knowledge is available:
Reindeer(rudolph)
SantaClause sReindeer(rudolph)
In a sceptical semantics of Defeasible Logic, no conclusive decision can be
made about whether an X can ﬂy or not. But if we introduce the above superiority relation Sup with r2  r1 , then we can indeed conclude that Rudolph the
Reindeer can ﬂy since he is Santa Clause’s reindeer.
However, for Defeasible Logic various argumentation semantics have been
devised cf. [8, 161, 69, 71]. An argumentation semantics is appealing to our
purpose as it emphasizes the interpretation of non-monotonic logics as a di12 For

most non-monotonic logics the derivation of an extension is a nontrivial issue, and as the
application of the default rules may be in different order, different extensions may result, cf.
the Nixon diamond originally in the form of [159], where the default theory has two different
extensions, either applied, the other is not applicable. As default theories can have more than
one extension, we ﬁnd that different semantics can be formulated, over which the intuitions
may clash. By the sceptical semantics, a formula is entailed by a default theory if it is entailed
by all its extensions, while in a credulous semantics, a formula is entailed by a default theory if
it is entailed by at least one of its extensions. As this latter approach allows for proving both a
formula and its complement, the sceptical semantics is often preferred.
13 The strong negation of a formula (rule) is a constructive approximation of the conditions where
the formula (rule) is not applicable. “The principle of strong negation is closely related to
the function that simpliﬁes a formula by moving all negations to an innermost position in the
resulting formula” [6].
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alectical interaction of arguments. In the below Section 3.3.3 we will give an
account following [69] on how derivations are conducted in defeasible logic.
Derivations in Defeasible Logic
Let D be a theory in DL (i.e., a ﬁnite collection of facts, rules and a ﬁnite set
of acyclic superiority relations). A conclusion of D is a tagged literal as given
by one of the following four forms:
+Δq denotes that q is deﬁnitely provable in D (i.e., using only facts and strict
rules).
−Δq denotes that we have proved that q is not deﬁnitely provable in D .
+∂ q denotes that q is defeasibly provable in D .
−∂ q denotes that we have proved that q is not defeasibly provable in D .
Strict derivations are obtained by forward chaining of strict rules, while a defeasible conclusion p can be derived if there is a rule whose conclusion is p,
whose prerequisites (antecedent) have either already been proven or given in
the case at hand (i.e., facts), and any stronger rule whose conclusion is ¬p has
prerequisites that fail to be derived.
Provability of a literal q given a theory D is a derivation in D. A derivation
is a ﬁnite sequence P = (P(1), . . . , P(n)) of tagged literals, where P(1..i) denotes the initial part of the sequence P of length i. Each tagged literal satisﬁes
some proof conditions. A proof condition corresponds to the inference rules
corresponding to one of the four kinds of conclusions as mentioned above.
A literal q is deﬁnitely provable +Δq if q is a fact; or there is an applicable
strict rule r ∈ Rs [q]. Formally:
If P(i + 1) = +Δq then
(1) q ∈ F, or
(2) ∃r ∈ Rs [q], ∀a ∈ A(r) : +Δa ∈ P(1..i).
By application of strong negation cf. [6], we derive the proof conditions for
negative derivations of a formula. Here a function is applied that moves all
negations of a formula to its innermost position and substitution of negation
for its complement and vice versa.
A literal q is not deﬁnitely provable −Δq if all deﬁnite proofs of −Δq fail.
Hence q is not a fact in the theory D and no strict rule r ∈ Rs [q] is applicable.
Formally:
If P(i + 1) = −Δq then
(1) q ∈
/ F, and
(2) ∀r ∈ Rs [q], ∃a ∈ A(r) : −Δa ∈ P(1..i).
Defeasible provability for a literal q is based on either (1) q is a fact, so q is
deﬁnitely provable by the monotonic kernel of the theory D ; or (2) there is
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(2.1) an applicable (supported) defeasible or strict rule r ∈ Rsd [q], and (2.2)
we have proven that no rule s ∈ Rsd [∼ q] holds deﬁnitely and (2.3) for every
possible attack i.e. here in the form of a rule s ∈ Rsd [∼ q] either (2.3.1) all rules
s are proven inapplicable, or (2.3.2) every rule s is weaker than an applicable
strict or defeasible rule t ∈ Rsd [q]. 14
If P(i + 1) = +∂ q then
(1) +Δq ∈ P(1..i), or
(2) (2.1) ∃r ∈ Rsd [q]∀a ∈ A(r) : +∂ a ∈ P(1..i) and
(2.2) −Δ ∼ q ∈ P(1..i) and
(2.3) ∀s ∈ R[∼ q] either
(2.3.1) ∃a ∈ A(s) : −∂ a ∈ P(1..i) or
(2.3.2) ∃t ∈ Rsd [q] ∀a ∈ A(t) : +∂ a ∈ P(1..i) and t  s.
The defeasible provability presented above is based on the notion of team defeat, i.e. where a set A of applicable rules ri ∈ Rsd [q] and a set B of applicable
rules s j ∈ Rsd [∼ q], then the above deﬁnition of the logic allows the sets A
and B to compete with each other. For a set of rules A to win, all rules in the
opposing set B have to be defeated by at least some rule in A. Only for this
case the provability of +∂ q is to hold. Hence, as shown by [7] a variant of
defeasible logic excluding team defeat is accomplished by the following substitution of the proof conditions for defeasible provability. Hence, a rule r can
only be defended if by itself it is stronger than the attacking rule s.
If P(i + 1) = +∂ q then
(1) +Δq ∈ P(1..i), or
(2) (2.1) ∃r ∈ Rsd [q]∀a ∈ A(r) : +∂ a ∈ P(1..i) and
(2.2) −Δ ∼ q ∈ P(1..i) and
(2.3) ∀s ∈ R[∼ q] either
(2.3.1) ∃a ∈ A(s) : −∂ a ∈ P(1..i) or
(2.3.2) r  s.
A literal q is not defeasibly provable −∂ q if all proofs of q fails.
If P(i + 1) = −∂ q then
(1) −Δq ∈ P(1..i), and
(2) (2.1) +Δ ∼ q ∈ P(1..i), or
(2.2) ∀r ∈ Rsd [q], ∃a ∈ A(r) : −∂ a ∈ P(1..i), or
(2.3) ∃s ∈ R[∼ q], such that
(2.3.1) ∀a ∈ A(s) : +∂ a ∈ P(1..i), and
(2.3.2) ∀w ∈ Rsd [q],∃a ∈ A(w), −∂ a ∈ P(1..i), or w  s.
we note as Riveret [161] that the interpretation of a literal tagged by +∂ q as a defeasible
conclusion based on the derivation of D +∂ q from D +Δq cannot be withdrawn in light of
new evidence, despite appearance. This treatment of strict rules also include that a strict rule
not automatically is superior to defeasible rules. Instead, the preference order is given by the
set of superior relations Sup.

14 Here
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Hence, for defeasible nonprovability, either (1) it is already proven that q is
not deﬁnitely provable and, (2) (2.1) ∼ q is already deﬁnitely provable; or
(2.2) there is no applicable strict or defeasible rule r ∈ Rsd [q]; or (2.3) there
exist at lest one applicable (supported) strict or defeasible rule s ∈ Rsd [∼ q]
that is stronger than every applicable rule w ∈ Rsd [q].
As shown by Billington [27], the following two important properties may
hold for a defeasible logic:
Deﬁnition 19 A defeasible logic theory is coherent if there is no q such that
D +Δq and D −Δq, or D +∂ q and D −∂ q.
Hence, no literal is both simultaneously provable and unprovable.
Deﬁnition 20 A defeasible logic theory is consistent if for every q such that
D +∂ q and D +∂ ∼ q also D +Δq and D +Δ ∼ q.
The consistency property guarantees that defeasible inference does not introduce inconsistency, as long as the theory is consistent in the classical sense
[6].
Argument Construction
An argument in defeasible logic is a (set of) possibly inﬁnite proof tree(s)
according to the following:
Deﬁnition 21 An argument for a claim κ based on a defeasible theory DT h
is a possibly inﬁnite proof tree +∂ κ of the claim κ . Nodes are literals φi ∈
Φ, where i = 1, 2, 3, . . . and arrows connecting nodes correspond to ground
instances of rules rsd [φ ] such that:
• If φ1 , φ2 , . . . , φn are labels of the children of a node ϕ then there exist a
ground instance of a rule r[ϕ ] ∈ DT h for which A(r) = φ1 , φ2 , . . . , φn
• If r ∈ Rd f t then ϕ is the root node of the proof tree +∂ κ .
• The arcs of the proof tree +∂ κ are labeled by the rule schema from which
the children are obtained as premises.
We note that the above second criterion states that no chaining of defeater
rules is allowed. This is due to the intuition that a supportive argument has to
be one from which a conclusion can be drawn [72].
A proper subargument A of an argument is a proper subtree of the tree
associated to A. A literal is a conclusion of A iff it labels a node of A. The set
of arguments that can be generated from a defeasible theory Dth is denoted by
ArgsDth . Depending on the strength of the rules used we distinguish between
the arguments as follows:
Deﬁnition 22 A supportive argument is a ﬁnite argument in which no arc
r ∈ Rd f t . A strict argument is a ﬁnite proof tree in which all arcs r ∈ Rs . A
defeasible argument is a ﬁnite proof tree in which all arcs r ∈ Rsd .
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The interested reader is directed to [8] for a more comprehensive presentation
of the logic, and to [69] for an account of the construction of arguments.
In the below Section 3.3.3, the argumentation semantics of [69] will be
accounted for.

3.3

Dialectical Layer: Comparison of Arguments

As stated above the dialectical layer is concerned with the determination, evaluation and comparison of arguments of a certain argumentation framework according to their relationships given by the logical layer. In an argumentation
framework the constructs are described as arguments, attacks on arguments
by counterarguments and justiﬁcation of an argument. The abstract argumentation semantics presented by Dung [45] attempts to provide a unique status
assignment to all arguments cf. Section 2.4.3.

3.3.1

Abstract Argumentation Semantics

Formal argumentation is usually concerned with the construction of arguments for or against a given claim, the identiﬁcation of conﬂicts between
these arguments, determination which arguments are acceptable and which
statements are to be justiﬁed.
Deﬁnition 23 An abstract argumentation framework is a pair (U,R) where U
is a set of arguments and R is a binary relation over U, R ⊆ U × U.
Deﬁnition 24 An argument A attacks B iff the relation R(A,B) holds. Thus, A
is a counterargument for B iff
• a conclusion of a subargument of A is the complement of a conclusion of
B, or
• a conclusion of a subargument of A is the complement of an assumption
of B
We recall from Section 2.4 that here an argumentation framework is represented as a directed graph, where the nodes are the arguments in U and the
arcs correspond to a relationship r ∈ R(A, B) between arguments deﬁned as
e.g. attack, rebut and defeat. These relationships are extended to sets of arguments. A very simple example of an argument framework is ({a,b},attacks)
depicted as the graph
a−→b

This graph could illustrate the argumentation
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a=Santa Clauses’ reindeers could ﬂy
b=Reindeers usually do not ﬂy

Deﬁnition 25 An argument A is coherent iff it does not attack itself. Thus, for
all coherent arguments the relation R/2 is irreﬂexive and antisymmetric.
These characteristics extends to a set of arguments according to the following:
Deﬁnition 26 A set of arguments Args is conﬂict free iff no argument A ∈
Args attacks any argument B∈ Args.
Here a very simple example is
({a,b,c,d},attacks) depicted as the graph

the

argumentation

framework

a−→b−→c−→d

Here e.g. the set of arguments {a,d} is conﬂict free.
As stated above a main point of argumentation semantics is the evaluation
and comparison of arguments of a certain argumentation framework according
to their relationships given by the logical layer.
Deﬁnition 27 An argument A ∈ U is acceptable given a set Args ∈ U iff for
each argument B ∈ U, if B attacks A then Args attacks B.
Deﬁnition 28 A set of arguments Args is admissible iff Args is conﬂict free
and all arguments A∈ Args are acceptable with respect to Args.
For any set of arguments the key notion is the concept of support, i.e. whether
from a consistent set of rules, facts or assumptions it is possible to derive
supported argument as conclusion. Hence a conclusion is justiﬁed, and thus
provable, if there is a set of supporting arguments and all counterarguments are
deﬁcient when we consider the arguments in the set of supporting arguments.
According to Dung [44], there always exist at least one admissible set for a
given argumentation framework, as the empty set is always admissible.
Deﬁnition 29 A set of arguments Args is a complete extension iff Args is conﬂict free and all and no other arguments in Args are acceptable with respect
to Args.
This means that only and all the arguments that are supported by the set Args
belongs to the set Args.
Deﬁnition 30 A set of arguments Args is a preferred extension iff Args is conﬂict free and all and no other arguments in Args are acceptable with respect
to Args, and no argument B can be added to Args without either i) attack or
be attacked of an argument A ∈ Args or ii) for some argument β ∈ B is not
acceptable with respect to Args.
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Deﬁnition 31 A set of arguments Args is a stable extension iff Args is conﬂict
free and attacks all arguments B ∈
/ Args.
The intuitions of a stable extension is that it provides a clear stratiﬁcation of
Args and the remaining arguments B ∈
/ Args of the argumentation framework
U. Not all argumentation frameworks have a stable extension, however if a
non-empty argumentation framework has a stable extension it is not empty
[44].
Deﬁnition 32 A set of arguments Args is a grounded extension iff Args is the
least complete extension.
However for ﬂoating conclusions, i.e. where there are more than one disparate and mutually conﬂicting way of deducing a conclusion, this so called
grounded semantics poses a problem. Here one solution has been the use of
multiple labels of arguments, whereas both scenarios each are represented by
one instance where it is the prevailing scenario. Still, as argued by Prakken, in
human dialogues this is settled by asking more questions. As a particular dialogue game can be devised as a proof theory for an argumentation framework,
a conversational setting of the justiﬁcation of arguments can be achieved.

3.3.2

Monological Argumentation Structures

In the following we describe the logic-based coherence framework for modeling monological 15 argumentation of [24]. Here, as above presented the statements are denoted by formulas of classical logic and the method of inference
is entailment of classical logic.
In [25] a systematical exploration of the arguments for a given claim and
their counterarguments is conducted using recursion. A game tree structure is
used for an exhaustive presentation of the relevant chains of arguments and
counterarguments for a given argument.
Deﬁnition 33 An argument tree for a claim κ is a tree where the nodes are
arguments such that
• The root is an argument supporting κ .
• For no node Φ, β , with ancestor nodes Φ1 , β1 , . . . , Φn , βn  is Φ a subset of Φ1 ∪ Φ2 ∪ . . . ∪ Φn .
• The children nodes of a node i consist of all canonical undercuts for i that
obey 2.
15 Monological

argumentation as deﬁned by [25], a set of possibly conﬂicting formulas is structured as a constellation of arguments and counterarguments pertaining to a given claim of interest. Monological argumentation is to be contrasted to dialogical argumentation, which is conducted between at least two agents, involving e.g. issues of multi-agent interaction, dialogue
protocols, and strategies.
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The account is based on the assumption that arguments are not independent.
Hence a more conservative argument is more general than a less conservative
argument. Take for instance, the (abstract) argument {p, p → q}, q. It is more
conservative than the related (abstract) argument {p, p → q, q → r}, q ∧ r.
Hence, a maximally conservative defeater is intuitively the defeater for a
given arguments that are representative of all defeaters of an argument. In
proposition 3.3.6 [25] states that if Ψ, β  is a maximally conservative defeater of Φ, α , then Ψ, β   is an undercut of Φ, α  for some β  that is logically equivalent with β . Thus, in this account, all the most general defeaters
are undercutters. This motivates restricting the search for counterarguments
for any given argument. The canonical undercuts are a maximally conservative undercut such that no undercuts are strictly more conservative than it. A
maximally conservative undercut of an argument is a maximally conservative
defeater. As given by proposition 3.4.1 If Ψ, ¬(φ1 ∧ . . . ∧ φn ) is a maximally
conservative undercut for an argument Φ, α , then Φ = {φ1 ∧ . . . ∧ φn }. The
consequent of a maximally conservative undercut for an argument is exactly
the negation of the full support of the argument, thus the canonical undercuts
provide the best representative of all defeaters for an argument, and the set
of all canonical undercuts of an argument represents all the defeaters of that
argument.
Deﬁnition 34 An argument structure for a claim κ is a pair of sets  ArgsTree,
ComplArgsTree , where ArgsTree is the set of argument trees for κ and ComplArgsTree is the set of argument trees for ¬κ
The argument structure is used to gather the argument trees for and against a
claim.
In summary, the framework of [25] is distinguished by the introduction and
use of so called canonical undercuts which are to ensure an exhaustive coverage of the available arguments. Argumentation trees and argumentation structures are used for an exhaustive collation of arguments and counterarguments
relevant for a particular claim. The conservative arguments give a pre-ordering
over the arguments.

3.3.3

Argumentation Semantics for Defeasible Reasoning

For the relations of arguments, by the argumentation semantics for defeasible
logic presented in the above Section 3.2.6, Defeasible Logic is an intuitive
non-monotonic formalism for representing the interaction between arguments.
Here facts are considered to be strict rules with an empty body, i.e. an empty
set of premises.
The construction of an argument κ as a proof tree of that conclusion in
defeasible logic was stated above in Section 3.2.6.
Following [69], the dialectical notions of support and attack of an argument
are formally deﬁned as:
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Deﬁnition 35 A set of arguments Args supports a defeasible argument κ if
every proper sub-argument of κ is in Args.
Deﬁnition 36 An argument A1 attacks another argument A2 if the argument
A1 supports a literal κ , while the argument A2 supports any literal ∼ κ .
The status of an argument can be deﬁned relative to a set of arguments Args,
via the deﬁnition of undercut arguments:
Deﬁnition 37 A defeasible argument Ad1 is undercut by a set of arguments
Args if Args supports an argument A2 attacking a proper subargument of Ad1 .
Deﬁnition 38 A defeasible argument Ad1 that is attacked by a set of arguments
Args but not undercut is rebutted.
With a grounded semantics (ambiguity propagating form) of basic Defeasible
Logic the deﬁnition of acceptability of an argument A1 given a set of arguments Args. Formally:
Deﬁnition 39 An argument A1 is acceptable given a set of arguments Args if
A1 is ﬁnite and
• A1 is strict, or
• every argument that attacks A1 is attacked by Args.
However, the original form of basic Defeasible Logic attains a directly sceptical semantics that is ambiguity blocking. Hence this can be reﬂected in the
deﬁnition of acceptability of an argument A1 given a set of arguments Args.
Formally:
Deﬁnition 40 An argument A1 is acceptable given a set of arguments Args if
A1 is ﬁnite and
• A1 is strict, or
• every proper subargument of A1 is supported by Args, and
• every argument that attacks A1 is undercut by Args.
A justiﬁed argument JA resists all refutation; hence it is defeasibly provable
+∂ JA given a set of arguments Args. Formally:
Deﬁnition 41 
The set of justiﬁed arguments JArgs in a defeasible theory DT h
is JArgsDT h = ∞
i=0 where
• JArgsDT h,0 = ∅
• JArgsDT h,i+1 = {A1 ∈ JArgsDT h |A1 is acceptable given JArgsDT h,i }
Deﬁnition 42 A literal κ is justiﬁed by a set of justiﬁed arguments JArgsDT h
iff it is the conclusion of an argument in JArgsDT h .
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Deﬁnition 43 An argument A1 is rejected given a set of arguments Args and
JArgs when A1 is not strict and, if
• a proper subargument of A1 is in Args, or
• A1 is attacked by an argument supported by JArgs
Deﬁnition 44 The set ofrejected arguments RArgs in a defeasible theory DT h
is DArgsDT h (JArgs) = ∞
i=0 RDT h,i where
• RArgsDT h,0 (JArgs) = ∅,
• RArgsDT h,i+1 (JArgs) = {A1 ∈ ArgsDT h |A1 is rejected given
RArgsDT h,i (J)and(JArgs)}
Hence the conclusions of defeasible logic is given an argumentation semantics
characterization as follows:
Deﬁnition 45 For a defeasible theory DT h and a literal κ ,
• DT h +Δκ iff there is a strict argument that supports +Δκ in ArgsDT h
• DT h −Δκ iff there is no strict argument that supports +Δκ in ArgsDT h
• DT h +∂ κ iff +∂ κ is justiﬁed.
• DT h −∂ κ iff +∂ κ is rejected by (JArgs)DT h .

3.4

The Procedural Layer

The procedural layer governs the process and admissible moves in a dispute.
Here the parties introduce their arguments according to proper conduct in the
conversational setting, i.e. relevant and rational argumentation. For the procedural concerns it is common to use dialogue games as the model. As such
the concept of ‘dialogue game’ provides a conversational nature or context of
conversation to the dispute.

3.4.1

Models of Dialogue Games

There exist a vast number of different models for dialogue games. A categorization based on the focus of the dialogue and the participating agents could
be viewed as illustrated in the Table 3.10:
In this setting a dialogue game can be viewed as a proof-theoretical process
where the parties construct a proof for a proposition by taking turns in presenting arguments. This perspective extends the abstract argumentation semantics
as proposed in the seminal work of Dung [45].
A substantial contribution comes from the ﬁeld of Artiﬁcial Intelligence
and Law, where formal models of dialogues provide computational and procedural representations of aspects of legal reasoning cf. [38] and [154] for a
comprehensive survey.
Here various argumentation semantics elaborating on the notion of support
of Dung [45] have been proposed to capture different relationships between
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Table 3.10: Models of Dialogue Games

dialogue game

monological interaction

information seeking

the interaction serves an agent’s pursuit
to acquire an (acceptable) answer some question

persuasion

passing the acceptance of a standpoint whereas
an agent tries to persuade another agent
to accept an argument

deliberation
dialogue game
coalition formation
deliberation
inquiry

an agent reﬂects over the course of actions
to be undertaken to achieve its goals
dialogical interaction
the participating agents interact to form a group
the participating agents argue about the
course of actions to be undertaken by the agents
collaboration between the parties
for the purpose of solving a problem

persuasion

the participating agents are engaged in an adversarial dispute where their goals are conﬂicting

negotiation

the participating agents argue about how to agree
on e.g. sharing and trade-off of some resource

supporting and opposing set of arguments. In general some forms of abstract
argumentation semantics are able to provide a characterization of dialogue
games [148]. Here Prakken suggests the use of dialectic disputation in the
form of an argumentation proof-theory. Also by use of metalogic programs,
Dung et al. [46] present dialectic proof procedures for argumentation.

3.4.2

Research on Adversarial Dialogue Games

An early speciﬁcation and implementation of a dialogue game based on the
Toulmin argument-schema is presented in [20]. The framework is based on
the Toulmin argument-schema without a speciﬁed underlying logic.
The Pleadings Game
Focusing on the identiﬁcation of the issues in civil pleadings, a fully implemented computational model of argumentation called The Pleadings Game is
presented by Gordon [65]. The Pleadings Game is a normative formalization
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prescribing the procedural aspects to follow standards for efﬁcient and fair use
of argumentation.
The game is conducted between two parties, the proponent and the opponent. Here for each of the parties a ﬁxed main claim, a set of rejected statements, a set of conceded statements, and a set of open statements are devised
as formulas in classical logic by entailment. The utterances consist of claiming a formula or a set of formulas to be a warrant of some other formula. The
moves of the parties are assertions on the statements, formulas or rules. The
focus of the game is on the open statements of the parties, as these have not
yet been addressed by the other party. The rules of the game gives a detailed
account for admissible, acceptable moves and their effect on the statements of
the players. Whence all open statements concerning the main claim or a direct
denial of such a statement, have been addressed by an appropriate assertion,
e.g. a denial of the statement or a concession of the statement, the game ends.
The proponent is to win the game if his claim is entailed by the set of
facts and rules that are supported by the mutually conceded statements. The
opponent wins if all relevant issues are addressed and the claim is not entailed.
If neither player wins, then the game is declared a draw, and thus to be resolved
in court.
Gordon elaborates on notions of relevance between the issue and the already
established knowledge. An issue is a formula that is neither known to be derivable from the conceded statements, nor entailed by the formulas known to be
derivable. Hence, the goal of the model was to identify issues in the case, i.e.
the culprit of the argumentation, rather than elaborating on the status of the
arguments.
DiaLaw
Dialaw by [120] is a computationally implemented model of a two-player
persuasive argumentation game in which rhetorical as well as psychological
issues of argumentation are highlighted. The focus of the model is to enable
fair procedure for persuasion dialogues, and draws on the idea of the pure
procedure approach of [157]. Here only the procedure itself is to ensure for
legal justiﬁcation. The basis of the game is two players that are to convince
and commit the adversary of the justiﬁcation of a claim.
The main focus for the two players is to convince each other rather than
defeating the adversary. Each party uses speech acts with a propositional content expressed as sentences in a logical language. The moves consist of putting
forward statements of one of the four types: claims, questions, acceptance or
withdrawal related to a speciﬁc speech act. Admissible moves are given by a
protocol for the game.
A commitment store is used for relating the parties to the arguments they
have committed to. The game reaches a terminal state when all open issues
have been addressed, i.e. no issues to which only one party has committed
remain. Hence, a terminal state always includes the acceptance or withdrawal
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of the original claim. A game is won by the proponent if the original claim is
accepted by the opponent, and it is won by the opponent if the proponent has
to withdraw the original claim.
Augmented Litigation Inference System
Other signiﬁcant contributions on models of dialogue games have been made
by Prakken and Sartor. Extending their previous systems for defeasible argumentation, [153] proposes Augmented Litigation Inference System (ALIS)
which distributes the burden of prosecution as a result of an argumentationbased reasoning.
Inference System (IS) was proposed in [150] as a dialectical model of legal
arguments, where arguments are attacked by counterarguments. Arguments
are formed by chaining rules A(r) → C(r), where each antecedent a ∈ A(r) of
a conclusion C(r) is a conclusion C(r)[a] of a rule s appearing earlier in the
chain.
Hence, a theory in IS is represented by TIS = (R, ≤) where R is set of strict
and defeasible rules and ≤ is partial preorder which resolves the conﬂicts between rules. Arguments are assigned justiﬁed, overruled and defensible status
depending on the result of the conﬂict. The game is played between two parties, a proponent and an opponent. The aim of the proponent is to prove the
initial legal claim as justiﬁed, while the opponent is to show that attacks on the
legal claim remain unrefuted. The admissible moves of any particular stage of
the game is restricted by a protocol. The parties take turns, starting with the
initial claim by the proponent. Reﬂecting the asymmetry of the parties, the
proponent must in each move refute the previous move by the opponent while
the opponent merely needs to pose an admissible attack on the previous move
of the proponent. A game is in a terminal state if no admissible arguments
remain. The party who’s turn it is to move has lost the game.
Building on [150], [149] provides an elaboration on different burdens of
proof that are associated with the dialectical setting of IS. Three disparate
kinds of burdens of proof are characterized as (1) Burden of Persuasion (2)
Burden of Production and (3) Tactical Burden of Proof. The Burden of Persuasion determines which party is to lose if the evidence presented in the case
is balanced. The Burden of Production is said to determine the party who is
to propose evidence at any time of the game. Finally, the Tactical Burden of
Proof provides means for a party to assess the risk of losing a game.
In [150], players have ﬁxed roles as the burden of prosecution is always
placed on the proponent, leaving the opponent with the burden to interfere. In
[147] IS is modiﬁed as it proposes switching of roles in Litigation Inference
System (LIS). A theory in LIS is represented as TLIS = (R, ≤, bπ , bδ ) where
(R, ≤) is an IS theory. bπ , bδ are the Burden of Prosecution for the proponent
and the opponent respectively. In [153] LIS is extended into the Augmented
Litigation Inference System (ALIS) which generates the content of bπ , bδ as
a result of a argument based reasoning. A theory in ALIS is represented as
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TALIS = (R, ≤), where (R, ≤) is a IS theory described by a language which
has a binary predicate burden which expresses which player holds the burden
of prosecution for a given argument. Here as burden(p, l) means player p has
a burden of prosecution for the literal l. In ALIS, a dialogue move has three
components: (1)pl(m) the player of the move (2) r(m) the role of the player,
and (3) a(m) the argument put forward in the move. The protocol imposed on
the players of a particular game in ALIS differs from the protocol proposed in
LIS by allowing a party who weakly defeated an argument of the other party
to argue that the adversary now holds the burden of proof for that literal. In
addition, if the players weakly defeat each other in their opponent role, then
the plaintiff can argue that defendant has the burden of proof.
Dialogue Games for Defeasible Logic
A model for dialogue game in defeasible logic is suggested in [183] and extended to an asymmetrical protocol in [49]. Here a dialogue is a set of defeasible rules that are parsed into a sequence using the time for putting forward
the rule as delimiter. This model is based on ALIS [153] but draws on the
approach presented in [89] as each player has an own private knowledge base
of argument. The common public knowledge forms the common set of arguments, which is a theory in defeasible logic. Defeasible logic proof procedures
are applied to determine the burden of proof and the winner of a particular dialogue game.
In [49] Defeasible Logic is used to capture an asymmetrical protocol for
argumentation games. This model extends [183] as it provides for a closer
approximation of argumentation games for heterogeneous agent settings. The
agent characteristics or the agents’ relative importance in fulﬁlling the overall
goal of the system could be captured, while all the same the agent is allowed to
argue its case in the best way it knows, e.g. choosing at what time any subset
of its arguments (i.e. private knowledge) be disclosed to its adversary.

3.5

Strategical Layer

In Artiﬁcial Intelligence and Law the least attention has been given to the
strategical layer [19]. However, exceptions are found, e.g. Perelman 1969, and
Bench-Capon [22]. We note that, via elaboration on strategies of games in the
ﬁeld of Game Theory, substantial research have been devoted to the issues of
how to play the game well. A brief presentation of research on strategic games
will be given in the following chapter.
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3.6

Relevance Layer

As seen in the previous Section 2.4.3, the notion of an admissible argument is
tightly coupled to the notion of relevance. According to Walton “Something
is properly judged to be irrelevant, according to the new dialectical theory, if
it delays or interferes with the progress of dialogue, instead of contributing
to its movement forward towards its goal.” [202]. However, as pointed out
by Walton not all relevant arguments are to be found admissible in a given
dispute. Take as an example, in legal situations, evidence sometimes may be
excluded as inadmissible although relevant if it will create unfair prejudice,
confusion for the issues, misleading the jury, or by considerations for undue
delay, waste of time or needless presentation of cumulative evidence [202].
Arguments that delays or even interferes with the argumentation process are
cumbersome in more than the respect of delaying, but also for the assessment
of justiﬁed belief, as it may obscure or block relevant arguments if space or
time constraints are set [202]. In Chapter 7 we present a formal approach
addressing matters of relevance.

3.7

Summing Up

By use of the augmented four layer model of Prakken [146], Prakken and Sartor [152], we have given a presentation of the theoretical and methodological
underpinnings of the research ﬁeld to which this research adheres. The layered
model, with its clear stratiﬁcation, provides an appealing setup as it allows for
the accommodation of the various notions of validity discussed in the previous Chapter 2, as well as makes explicit the dialectical, dynamical nature
of argumentation and the strategies and ﬁeld-dependent principles needed for
successful argumentation. In this sense, we have prepared for the evaluation
of the validity and reliability of our formal study of argumentation modulo
the existing research approaches, the applied research methods, and our pretheoretical characterization of the informal domain.
In the following we pursue a dynamical, adaptive and ﬂexible, but also exhaustive approach on the modeling of argumentation. Hence, we opt for the
deﬁnition or construction of formal theories that, consonant to the informal
theories they are to depict, adequately are analyzed in a computational metalogic framework for their acceptability, admissibility and acceptance in the
conversational setting.
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Part IV:
Promotion

4. Graphs and Logical Games for
Argumentation Decomposition

In this chapter we present our account of the dynamical, exhaustive and dialectical aspects of formal modeling and analysis of adversarial argumentation dialogues. Our presentation draws on our approach from [54], [89],
[52], [53], where we have investigated this formal modeling approach for argumentation dialogues. By making explicit analogies between the tactics and
strategies of board-games like chess and notions in adversarial argumentation games, we elaborate on a general model of two-agent games subsuming
board games of chess and adversarial argumentation games. We show that
this analogy ﬁts well with the ﬁve layer model.
To accommodate the reader, an introductory presentation to AND/OR
graphs and game trees, as techniques for devising Artiﬁcial Intelligence
systems, is given in Section 4.5.

4.1

Persuasion Dialogues as Board Games

In this chapter we approach adversarial argumentation, where two parties debate over one topic. As our point of departure, we recall the various dialogue
game types presented in Section 3.4.1. For our purpose the persuasion dialogue games are of interest. It leads us to view in closer scrutiny the dialogue
schema for persuasion dialogues devised by Walton [201] and Walton and
Krabbe [203].
A dialogue schema can be conceived as a model of the patterns that the
particular dialogue is seen to follow. In Walton [201] we see the constituents
of a persuasion dialogue, of which adversarial argumentation is a special case,
as follows:
• The party accepts the premises as commitments, that is, if the party does
not challenge the premises or cannot defeat the premises they are accepted.
• Each inference in the chain of arguments is structurally correct.
• The chain of argumentation must have the proponent’s thesis as its (ultimate) conclusion.
• Arguments that meet these criteria are the only means that count as fulﬁlling the proponent’s goal in the dialogue.
In this setting a dialogue game can be viewed as a proof-theoretical process
where the parties construct a proof for a proposition by taking turns in present93

ing arguments. This perspective extends the abstract argumentation semantics
as proposed in the seminal work of Dung [45]. As discussed in the previous
Chapter 3, one approach is the defeasible litigation framework of Prakken and
Sartor [152].
However, as stated in Chapter 2, argumentation is highly dynamical. Thus,
we aim for a ﬂexible approach taking into account that human argumentation draws on complex cognitive processes and thus, is neither monolithic
nor static. To us this suggest that we need to look at argumentation and the
validity of arguments in a goal-directed setting, where the parties exchange
utterances from separate and private sources of knowledge, while aware of
the other party’s previous moves.

4.2 Privacy Exhaustiveness and Dynamical Computation
In contrast to the approach presented in the defeasible reasoning framework of
Governatori et al. [69], and the defeasible argumentation system of Prakken
and Sartor [150, 149, 147, 153], we consider a key aspect of argumentation
that the parties in general advance their available knowledge and claims stepwise, in full knowledge of the previously presented knowledge by their adversary.
Hence, a salient feature is that the knowledge of a party is partitioned into
private knowledge and shared knowledge. Knowledge becomes available as
the party put forward the knowledge as arguments, whereas the private knowledge, which is unknown to the other party, may be withheld for some time or
during the whole dispute with the intent to optimize the chances of success of
a party.
Unlike some of the in Section 3.4.1 mentioned frameworks, in our view, for
many cases such argumentation games are expected to come out as a draw.
That is, the proponent can defend her proposition against attack, but on the
other hand she is not able to justify it by logical means given the available
evidence and presented counterarguments.
In addition, we acknowledge that the general acceptance of the argumentation game analysis is dependent on the correspondence between the termination criteria and the informal notion of what is to constitute an acceptable
ﬁnal state of affairs for the dispute cf. Chapter 8.
Conclusively, the justiﬁed arguments cf. Chapter 2 will be examined for
their meaningfulness and acceptability in the particular dialectical argumentation framework by emphasis of the following aspects:
• Dynamical progression
• Privacy
• Exhaustive representation
• Case-adapted dialectical setting
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4.3

Adversarial Argumentation Games

We consider an adversarial argumentation game as a game where we have two
players called the Proponent and the Opponent. Each player has at its disposal
a set of arguments, a subset of which the players move as an exchange of
utterances or speech acts, i.e., take turns in putting forward. In the simple case
here presented the speech acts consists of propositions expressing facts, legal
statutes, evidence etc. in some formal language [89] 1 .
In our model the knowledge of a party is partitioned into private information and shared information. The private information, which is unknown to the
other party, becomes part of the shared information by a party putting forward
speech acts from its private knowledge base. Hence, a party may withhold
claims for some time or during the whole dispute in order to strengthen its own
position. Thus, a salient feature of the framework in [89, 52] is the formalization of the interaction between the logical layer of defeasible argumentation
and the dynamic progression in the argumentation dialogue. In addition we
need a mechanism for deriving logical consequences of the claims given the
available background knowledge. As the goals of the parties are conﬂicting 2 ,
the parties strive to justify their conclusion and refute the adversary’s claim,
while adhering to the particular protocol scheme that governs the particular
game. The protocol of the game directs the moves of the players according to
the intended rules for the game, it establishes the criteria for termination of
the game, and the meaning of the terminal state i.e. outcome for a particular
game.

4.3.1

A Basic Protocol

A basic protocol for the admissible moves of the players could be, for the
proponent, that the current move attacks the previous move of the opponent,
and that the main claim (the content of the dispute) follows from the arguments
assessed as currently valid. For the opponent we have that the arguments of
the move attack the previous move, and the main claim is not derivable. Even
though more complex winning conditions are possible, by a basic protocol
a player wins the dialogue game when the other party is out of admissible
moves. These aspects are to be detailed below in the subsequent sections.

1

In the presented example in Section 6.4, we are only considering linguistic speech acts. However, our framework also accommodates the use of physical acts of communication and retaliation. This suggests applications in multiagent-systems. Cf. the broader discussion in Schelling
[168].
2 However this does not imply that agents in an adversarial scenario cannot cooperate in parts of
their interaction. Conﬂicting sub-goals often are found amongst agents in a cooperative setting,
while all the same in an adversarial discussion one agent may partially accept a proposal of her
adversary as it provides for a stronger justiﬁcation of her case [183].
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4.3.2

Non-Monotonicity and Defeasible Arguments

Our focus are adversarial argumentation games, hence we formally have to
accommodate the opposing claims and arguments put forward by the parties.
Hence, we have to accommodate that arguments may be defeated by new information. By a monotonic consequence relation, if one party claims p and
the other party claims ¬p these claims together would constitute an unacceptable contradiction. Therefore in formal argumentation one often resorts to defeasible reasoning, where new information can be introduced without causing
logical contradictions. Here defeasible propositions are often used for expressing assertions which are to be rejected by stronger assertions, in particular by
classical indisputable propositions. This we distinguish from the fact that in
argumentation utterances are irrevocable and thus, are not to be withdrawn in
argumentation games.
We also need to further elaborate on the adversarial nature of the interaction.
As supported by the characterization of the nature of argumentation elaborated
in Section 2.5.2, as well as our formal approach presented in [89, 52], we wish
to stress the computational dialectics of argumentation. This implies that we
consider a dialogue to be a process where the two parties take turns in putting
forward utterances as propositions in defense of their respective claims.

4.4

Two-Person Perfect-Information Games

The above described setting is akin to two person perfect-information games
like board games. These games are played by two players that make moves alternately. Traditionally board games involve movement of physical objects on
a board, hence the name ‘board games’, like in chess or tic tac toe. However,
expressed at the level of information analysis and modeling, the movement of
physical objects are described as speech acts put forward according to protocols for the game [55]. In contrast to most card games, here both parties have
a complete information of the current state of the game. For instance for chess
there are game description systems as discussed in the below Section 5.2 cf.
[62]. The subsequent presentation draws on our [54].

4.4.1

Terminal States for Board Games

For board games, a completed game consists of a succession of completed
states ending in a won or lost state. The rules characterizing a particular game
are to determine when a state is ‘terminal’, the interpretation of such a terminal
state, and the moves that are admissible for a given state in the game.
In chess the prime completion criterion for a game is mate and for tic tac
toe it is three in a row. For chess this is speciﬁed in the following Table 4.1.
As in chess, the parties are denoted as white and black.
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Table 4.1: Won, lost and draw chess games

won

lost

draw

some act leads to lost

mate for white
all acts lead to won

no act and

for black

for black

not mate

(at turntaking)

(at turntaking)

(stalemate)

some act leads to lost

mate for black
all acts lead to won

no act and

for white

for white

not mate

(at turntaking)

(at turntaking)

(stalemate)

white

black

In this table we do not account for the form of draw manifesting itself as a
cycle or an inﬁnite path through the game tree that we ﬁnd for some types of
board games. In chess this is exempliﬁed by leaving only the two kings at the
table to move inﬁnitely, while no such equivalent is available in tic tac toe.

Table 4.2: Won and not-won chess games

won

not-won

some act leads to not-won

mate for white
all acts lead to won

for black

for black

(at turntaking)

(at turntaking)

some act leads to not-won

mate for black
all acts lead to won

for white

for white

(at turntaking)

(at turntaking)

white

black

In preparation of the formalization of the game tree decomposition, we note,
as in Table 4.2, that such games can be reduced to a game where only two
outcomes are possible, namely won and not-won.
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4.5 AND/OR Graphs, Game Trees and Strategic
Games
In Artiﬁcial Intelligence games are analyzed algorithmically by use of the
notion of game trees cf. e.g. [139].
A game tree is a directed acyclic graph. A node in a game tree represents a
state or situation in a game and the immediate subnodes of a node represent
admissible subsequent states after a party has made a move. The root note
represents the initial position of the game, for chess the initial position of the
pieces on the board. The leaf nodes correspond to the terminal states, i.e. some
desired goal situations.
The modeling of many problems as a graph of nodes and directed connections (arcs) is intuitive and well-known in Artiﬁcial Intelligence where the
technique is frequently utilized for validating systems. However, it can be
proved that connectedness cannot be fully expressed in (predicate) logic, as
connected graphs cannot be axiomatized [204]. Instead, given a binary relation R encoding a graph, one can describe R in terms of a conjunction of ﬁrst
order formulas, and write a formula ϕR which is satisﬁable if and only if R
is connected [103]. Hence, for a logic-based game tree setup, the nodes are
deﬁned as ﬁnite sets of sentences in the logic, and the game tree exploration,
as the mechanism deﬁning the transition relation between the nodes.

Table 4.3: Game Tree Analysis

pro

opp

won

lost

some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)

Depending on the nature of the game, game trees may make it possible to
determine whether a certain game state is won or lost according to the speciﬁcation in Table 4.3. We note that the notion of won and lost are mutually
recursively deﬁned. The notion of won is associated with existential quantiﬁcation whilst the notion of lost is associated with universal quantiﬁcation.
These rules for winning correspond to the AND/OR graph representation,
of which game trees are a specialization. Hence the concepts of AND/OR
graphs can be adapted for searching game trees, and subsequently adapted to
our argumentation games.
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Figure 4.1: An AND/OR Graph

Here the problem is recursively deﬁned whereas each transition is to represent
a relation to an independent subproblem. The solution tree T is deﬁned as
follows:
• The original problem P is the root node of the tree T;
• if P is an OR node then exactly one of its successors together with its own
solution tree is in T;
• if P is an AND node then all of its successors, together with its own solution
tree are in T.
We note that this is a special kind of a state space search. The leaf nodes
correspond to a goal state, which is a representation of a trivial problem. The
arcs correspond to admissible moves between the nodes. We could represent
a state by the relation move(S1, S2), which is true if there is a legal move in
the state space from node S1 to S2 . Hence the immediate subnodes of a node
represent admissible subsequent states after a party has made a move. We note
that for the representation of the nodes, it has to be possible to evaluate the
successor relation by efﬁcient executions of operations. To win in the initial
position we need to ﬁnd a move from state S, where all nodes are OR nodes,
to state S+1 such that the state S+1 is to be won for all the subsequent moves
of the opponent. This means that all moves for the opponent are AND nodes.
The same technique is also known from Game Theory as extensive sequential two party zero sum games. Extensive game trees can be perceived as state
spaces for some agent process [189]. The game trees are process models expressed as labeled transitions system with some special annotation for players
activities. Here a strategy U for a player p is a binary relation between two
nodes, often equipped with a cost 3 .
3 For

some types of games, e.g. some forms of argumentation games, a cost of the nodes are
assigned and included in the computation.
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Figure 4.2: An Extensive Game with Payoff

The optimization of a strategic tree is done by computing the sum of the arc
costs, arriving in a payoff for each strategy cf. Table 4.2.
As stated by [25], with a general algebraic explication, a tree is deﬁned
formally as:
Deﬁnition 46 A tree is a triple (A, Σ,W ) where A is an arbitrary set (of
states). Σ is a set of symbols in a isomorphic correspondence with A. Σ∗ is
the free monoid over the set of strings over Σ with operation concatenation. ε
is the identity of the monoid.
W ⊆ Σ∗, such that W is a nonempty subset of the free monoid over Σ, such
that 
• w∈W
preﬁx(w)⊆ W .

• v ∈ w∈W preﬁx(w) for a unique v ∈ Σ.
Here Σ∗ is the free monoid, i.e. the set of all ﬁnite strings over A formed by
string concatenation as the single associative binary operation and the empty
string ε as its identity element.
Deﬁnition 47 If u∈ W and u= ε , then u is a node of the tree.
Deﬁnition 48 If u is a node of the tree and there is no v∈ Σ such that uv ∈ W,
then u is a leaf of the tree.
Deﬁnition 49 For v in v ∈
the tree.


w∈W

preﬁx(w) for a unique v ∈ Σ, v is the root of

Deﬁnition 50 For each node u of the tree and each v∈ Σ, if uv∈ W, then u is
the parent node of uv and uv is a child node of u. If u and w are distinct nodes
of the tree such that u∈ preﬁx(w), then u is an ancestor node of w.
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Deﬁnition 51 A branch of the tree is a subset W’ of W such that W’ = preﬁx(w) for some leaf w of the tree. The length of a ﬁnite branch is the length of
the longest node on the branch.
The depth of a ﬁnite tree is the length of its longest branch.
Deﬁnition 52 If w is a node of the tree, the subtree rooted at w is the tree (A,
σ , W’ ∪{ε }) such that W’ = {vx|uvx∈ W} where w=uv for some v∈ Σ.
W is the structure of tree labeled with A. The tree is ﬁnite iff W is ﬁnite. Hence
we note that the Σ∗ is descriptive of a ﬁnite state machine 4 .
According to Zermelo’s Theorem all ﬁnite zero-sum two player games are
determined. This means that our argumentation games, as deﬁned by the above
Table 4.3, could be exhaustively implemented as game trees, possibly drawing
on a depth ﬁrst strategy 5 . Such an implementation by itself does not prevent
cycles, but we note as Bratko [33], for chess as well as argumentation, these
cycles are often superﬁcial as additional rules of the game secure that after a
three-fold repetition the game may be called a draw. In argumentation, for e.g.
the legal setting ﬁlibustering is not allowed, whereas in every day argumentation irrelevant repetition would mean that the party repeating itself would
break conventions of rational argumentation cf. Grice [78].

4.5.1

Strategic Analysis of Games

The outcome of a game is dependent on the strategies adopted by the parties
of the game.
In an argumentation, for a successful outcome, a party has to refrain from
creating contradictions by putting forward speech acts that are inconsistent
with the party’s previous moves, or with the protocols governing the dispute.
Hence, by putting forward some speech act the utterer may be prevented from
presenting some other speech act later on in a particular dialogue. Analogously, for board games the presence of a piece in a position may prevent
a party from making certain moves. Thus, in argumentation games as well as
in board games, to secure the most successful outcome possible, a party need
to reﬂect on how a move will effect future moves. The game tree exploration
discussed in the previous Section 4.5 is an algorithmic process for performing
this deliberation.
In addition, strategies for how to play a game well are thoroughly investigated in the research ﬁeld of Game Theory, such mechanisms traditionally
draw on decision theory, and the Game Theoretical apparatus. Here we brieﬂy
this sense it can be conceived as consisting of a set A of states, a set Σ called the input
alphabet, and a function T: A × Σ  A called the transition function that acts on the set of
states A.
5 The above table falls short of explaining cases where the state is neither won nor lost. Moreover, the table also has to account for analysis of leaf nodes in the game tree corresponding to
states where the game is completed.
4 In
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account for two approaches that are directly related to the research area of
argumentation.
Strategic Argumentation
Roth et al. [164] are using strategic games to measure the probabilities of a
claimed conclusion being defeasibly provable. The approach builds on defeasible logic and probability calculus. The game is played between a proponent,
Prop, and an opponent, Opp, that take turns in presenting their arguments.
The aim for the proponent is to maximize the probability that the claimed
conclusion will be defeasibly provable in the game, while the opponent is to
minimize this probability.
The approach draws on the game theoretic notion of a history. Formally
deﬁned as:
Deﬁnition 53 A history h is a sequence Ak1 , Ak2 , Ak3 , . . . , Akn of moves by the
players where Ak ∈ ArgsDT h We let (h, Ai ) denote the history resulting from
advancing the argument Ai to follow the history h.
Except from the ﬁrst argument Ak1 presented by the proponent, only moves
that alters the balance of the game is allowed, i.e. a move Aki must defeat the
previous move Aki−1 . Hence a protocol for a strategic argumentation game in
[164] is as follows:
• Ak ∈ ArgsDT h ,
• player = Prop if for Aki i is odd, and player = Opp if for Aki i is even, and
• a move Aki must defeat the previous move Aki−1 .

The game is terminated when a previous move is repeated. This means that a
new premise has to be introduced for each new admissible move, otherwise
the game has reached a terminal state.
This protocol is based on the intuition that at some point introducing more
premises will give the opponent opportunities for counterarguments [164].
The probability is based on the likelihood that the conclusion is accepted
by an audience expressed by means of standard probability calculus as the
probabilities assigned to factual premises. Hence probability is the function p
assigning an unique number between 0 and 1 to the state where some statement κ is defeasibly provable p(κ ), or that it is not defeasibly provable p(¬κ ).
The function assignment is subjected to the law of excluded middle and hence
the probability of p(¬κ ) and p(κ ) should be 1. The resulting calculation interpreted by means of game theoretical constructs is utilized for prescribing
preferred strategies for the players. Hence, this implementation presupposes
an ambiguity blocking semantics for the utilized defeasible logic. For each
step of the game the probabilities are recomputed.
These probabilities are then utilized as strategies for a player as a prescription on how to move at a given state of the game.
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We note that this is based on the presumption that the assignment of probabilities as well as the available arguments are shared knowledge. However, in
an argumentation, the ﬁrst information is not always known, cf. Section 2.3.2.
Strategic Analysis of Multi-agent Protocols
Van Otterloo [193] presents a protocol for strategic analysis of multi agent interaction. Here an agent can have complex goals and by use of nondeterministic strategies, these goals can be better achieved by use of strategies based on
multiple actions. Here such strategies can be deployed to optimize the agents’
chances by making the agent’s strategies becoming unpredictable. A study of
the feasibility of the computational approaches is also conducted.

4.6

A Common Framework

We are approaching a computational model of argumentation. As ideally, our
objective is set on an approximation that, for the relevant phenomena, is in
close correspondence to the characterization resulting from our Chapter 2.
Hence, we need to combine the methods of logical analysis of arguments,
approaches on the dialectic and pragmatic-cognitive nature of argumentation
processes, and Artiﬁcial Intelligence-techniques for dynamical problem solving by exhaustive search.
As pointed out by van Benthem “We can use standard logical languages to
describe games, and then go on to use games to reinterpret what these logical languages are.”[190]. The following Tables 4.4, 4.5, and 4.6 from our [54]
established an analogy between chess notions in the ﬁrst column and argumentation dialogues in the second column.
We elaborate on this analogy for the dialectical, procedural, and strategic layers of argumentation.

4.6.1

Procedural Layer Analogy

“Games are characterized by a number of players or decision makers who
interact, possibly threaten each other and form coalitions, take actions under
uncertain conditions, and ﬁnally receive some beneﬁt or reward or possibly
some punishment or monetary loss.” [58].
For the logical speciﬁcation, we strive to achieve a generalized formal
model of games, which also is to subsume dialogues for adversarial
argumentation.
Winning Conditions
As for any other game, the termination criteria for the game are of importance
in adversarial argumentation games. As we have seen, simple winning con-
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Table 4.4: Analogous Dialectical Layer Chess Notions and Argumentation notions

general chess notions

argumentation notions

piece moved to position
on the board
move of piece

defeasible proposition put forward as
speech act
defeasible proposition retracted and
a new one put forward
defeasible proposition rebutted
proposition logically supporting
other propositions
deductive closure of proposition
threat of proposition in effect
constraint for speech acts
e.g. consistency

capture of piece
support/defence of piece
effect of piece
threatening effect of piece
rules and constraints for pieces

ditions of board games can be expressed as in the above Tables 4.1 and 4.2.

Table 4.5: Chess and Argumentation Notions: Termination

chess notions

argumentation notions

capture
check
check mate

irrefutable rejection of captured argument
a proposition, which attacks though not defeat the keyclaim
refutation of the adversary’s keyclaim

The parties strive at arguing convincingly in favor of their respective claims.
Often the proponent is to argue in favor of the distinguished keyclaim, while
the opponent is to present arguments that opposes or refutes the keyclaim.
Illustrated in the Table 4.5, as stated by corresponding argumentation game
notions, the speech acts put forward are to enable the termination of the game
in analogy to checkmate conditions of chess.

4.6.2

Dialectical Layer Analogy

In board games the effect of the pieces is to prevent certain constellations of
the other party and at the same time promote a support of other pieces. Analogously in argumentation games propositions are put forward by the parties
in order to refute or support a claim. In the below Table 4.6 from our [54], we
elaborate on the notion of threat:
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Table 4.6: Chess and Argumentation Notions: Threatening Moves

chess notions

argumentation notions

quiet move

a speech act neither posing a threat nor
effecting the balance
move effecting the balance
immediate threat of adversary’s argument
undercutting of adversary’s argument
by attack on its premise
defeater argument, blocking the conclusion p
but not supporting ¬p
immediate threat to adversary’s attacking argument

threat
attack
undermining
refute of p
counterattack

As shown, we consider attacks of an argument on another argument to be
analogous to the immediate threat posed by one piece to another.

4.6.3

Strategic Layer Analogy

In board games there are restrictions on the admissible moves depending on
the current state. Similarly, for argumentation games we have to consider contextual restrictions on speech acts.
Order Consistency
From a logical point of view, there are no ordering restrictions among the
clauses. Hence the speech acts may be put forward in any order. However,
from a common sense point of view, there are often restrictions on the order
of speech acts. For instance it would not make sense in a legal argumentation
to object to legal documents of which the existence have not yet been claimed
or manifested.
Combinations of Moves
For argumentation games, we do not allow the parties to create contradictions
by putting forward propositions that are inconsistent with previously uttered
propositions or with rules of the game. Hence, by uttering some speech act
the utterer may be prevented from uttering some other speech act later on in a
particular dialogue. This general requirement is analogous to how the presence
of a piece in a position may prevent a party from making certain moves. Thus,
in argumentation games as well as in chess, throughout the game, a party
should reﬂect on how a move will effect future moves. We note that the game
tree exploration discussed in the previous Section 4.5 is an algorithmic process
for performing this deliberation.
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In this section we elaborate on some more advanced chess notions from
our [54] in relation to argumentation games. In most cases these notions are
referring to sequences of moves.
Deﬁnition 54 A combination is a sequence of arguments/moves that together
force the adversary to put forward a speciﬁc counterargument that will leave
the adversary with very few possible lines of continuation.
In an adversarial dispute a party may refrain from putting forward utterances
prima facie in support of her claim. This is because utterances may backﬁre
during the course of the dispute, say by providing evidence that happens to be
in favor of the other party.
Deﬁnition 55 A pin is when a party cannot present an admissible argument
because it would backﬁre and become a supporting argument for the adversary.
Deﬁnition 56 An absolute pin is a pin against the keyclaim.
Deﬁnition 57 A gambit is a sacriﬁce by corroborating some subargument of
the adversary in order to support the own claim.
In the following Chapter 6 we provide an example of a particular argumentation game concerning a legal dispute in which the opponent may choose to
play a gambit, by choosing to corroborate a subargument of the proponent,
and thus is to support the own claim and win the game. At the same time, the
proponent is in a pin situation, as he by presenting his admissible argument,
have it backﬁring as it subsequently strengthens the opponent’s claim.
Deﬁnition 58 A zwischenzug is the putting forward of a proposition that
forces a response e.g. a pin from the other party that weakens his position.
A zwischenzug could be compared to forced self-incrimination in a interrogation situation. Here a party is forced to disclose information of a selfincriminatory nature. In many legislative systems the right to silence, Nemo
tenetur se ipsum accusare (‘no man is bound to accuse himself’), or privilege of non self-incrimination is guaranteed by constitutional legislation cf.
e.g. The Fifth Amendment to the United States Constitution 6 and the Section
Thirteen of the Canadian Charter of Rights and Freedoms 7 .
6 “No

person shall be held to answer for a capital, or otherwise infamous crime, unless on a
presentment or indictment of a Grand Jury, except in cases arising in the land or naval forces,
or in the Militia, when in actual service in time of War or public danger; nor shall any person be
subject for the same offence to be twice put in jeopardy of life or limb; nor shall be compelled
in any criminal case to be a witness against himself, nor be deprived of life, liberty, or property,
without due process of law; nor shall private property be taken for public use, without just
compensation.” The Fifth Amendment to the United States Constitution
7 “A witness who testiﬁes in any proceedings has the right not to have any incriminating evidence so given used to incriminate that witness in any other proceedings, except in a prosecu-
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As seen above, in most cases these strategic notions are referring to sequences of moves. However, sometimes like in the case of a fork as stated
below, a single proposition may play the role of a combination of moves.
Deﬁnition 59 A fork is the putting forward of a complex question, i.e. a
proposition implying a double attack which cannot be countered with one
admissible speech act.
We ﬁnd the argumentation equivalent in complex questions. Complex questions are deﬁned as putting forward a statement or proposition that includes
false or questionable presuppositions. Often such complex questions cannot
be answered directly without compromising the party. Take the following example from Carroll, Alice’s Adventures in Wonderland [37] Chapter 6:
“ . . . ‘How am I to get in?’ asked Alice again, in a louder tone.
‘Are you to get in at all?’ said the Footman,
‘That’s the ﬁrst question, you know.’ ”

4.6.4

Relevance Layer Analogy

Even though possibly played as a simultaneous or imperfect information
game or by removing pieces, chess is characteristically a sequential
perfect-information game, for which there seldom is need for changing
the protocol. Albeit possible, this would alter the game characteristics to
constitute another game. Also for argumentation dialogues, by changing
characteristics of the dialogue, the dialogue type would be altered and hence,
different protocols for the dispute would come into play cf. the dialogue
types of Walton [201].
However, the matter still is slightly more complicated. For argumentation,
albeit within a given legal procedure, the admissibility of any speech act could
be contested (cf. the dynamical coherence view of law [93]). This renders all
arguments, including the rules, to initially be considered unascertained as to
their legal acceptability and meaning for a given legal dispute. It is only after
considering the circumstances of the particular dispute, either explicitly or
implicitly inferred from the parties utterances or lack of such, the acceptability
of a particular rule and its impact are to be determined. This constrains the
pending litigation while directing its outcome in accordance to the speech acts
and evidence put forward. Similarly, in chess, the impact and acceptability of
a particular move is determined from the current constellation of the board.
In addition, in resemblance to procedural statutes enacted to ensure rational
dispute in legal argumentation, in chess, we ﬁnd rules that are instigated to
ensure a rational game.
tion for perjury or for the giving of contradictory evidence.” Section Thirteen of the Canadian
Charter of Rights and Freedoms
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Take as an example, the 50-moves rule in chess 8 . As in argumentation, the
intended reason for the rule is to prevent a player from winning purely based
on the opponent’s fatigue or to force a game to go on indeﬁnitely [98]. Hence,
aspects of rationality are placed on board games as well as most semiformal argumentation settings cf. relevance judgements of admissible evidence
and testimonies in Anglosaxian legislation. Here admissible evidence or testimonies have increasingly been legally excluded from the court proceedings
due to prejudicial, time or relevancy constraints [202].

4.7

Summing Up

In this chapter we have presented an account of the dynamical, exhaustive and
dialectical aspects of formal modeling and analysis of adversarial argumentation dialogues. For our purpose we have elaborated on a common framework of board games and argumentation games. Various analogous notions
have been discussed for the different layers of argumentation as presented
above. We are approaching a computational model of argumentation as characterized in Chapter 2. For this purpose we have found it appealing to combine the methods of logical analysis of arguments, approaches on the dialectic and pragmatic-cognitive nature of argumentation processes and Artiﬁcial
Intelligence-techniques for dynamical problem solving by exhaustive search.
The importance of the termination criteria in fulﬁlling the goal of the dialogue, and what to constitute adequate termination criteria for a certain dispute, we further discuss and elaborate on in the following Chapter 8.
In the subsequent Chapters 5 and 6 we go on investigating a suitable logic
formalism and computational model of argumentation.

8 In

an endgame either player can claim a draw if no capture has been made and no pawn has
been moved in the last ﬁfty consecutive moves. Rule 9.3 [1] of the ofﬁcial FIDE laws of chess
states: “The game is drawn, upon a correct claim by the player having the move, if (a) he writes
on his scoresheet, and declares to the arbiter his intention to make a move which shall result
in the last 50 moves having been made by each player without the movement of any pawn and
without the capture of any piece, or (b) the last 50 consecutive moves have been made by each
player without the movement of any pawn and without the capture of any piece.”

108

5. A Logic-Based Formalization of the
Layers of Argumentation

We are to show in this and subsequent chapters that computational metalogic
frameworks adequately accommodate modeling and analysis of the dynamical and dialectical nature of argumentation while addressing the three different notions of justiﬁed belief, cf. Chapter 2. In this chapter, we start out
by discussing the use and ramiﬁcations of metalogic for our purpose. In the
following sections, we give a descriptive introduction to metalogic.

5.1 Metalogic for Argumentation Representation and
Analysis
As stated by Hill and Lloyd [96] “The quality of a programming language
depends mainly on two factors: its expressiveness and its semantics.”
A declarative logic language is highly expressive as it allows for program
construction at a high level of abstraction. Its simple and elegant mathematical
semantics allows for a more easily proved correctness of programs. In Chapter
3 we have showed how logic has been used as the building blocks of argumentation frameworks. In this chapter we elaborate on metalogic, i.e. “the logical
modeling of logical concepts themselves” [138].
Metalogic programming is a declarative language that has proven successful for representation, reasoning and assimilation of knowledge [116] cf. [40].
While still within a ﬁrst order logic framework , metalogic can be used for
programming the control strategies of an inference process, thus providing a
declarative speciﬁcation of domain speciﬁc heuristics. Furthermore, it enables
the construction and identiﬁcation of chains of valid reasoning, while coping
well with change of the domain and the assimilation of new knowledge to be
accounted for. By its representational power its expressiveness enables a logically pure structure that is ideal for representation of dynamical processes,
based on fragmentary knowledge, where the knowledge cannot be fully axiomatized.
Below, we will discuss key features of metalogic and use this as a starting
point to consider the beneﬁts of metalogic for our purpose. As with most logicbased formalisms there are many proposals for representation and modeling
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of knowledge and problem-solving. For the purpose of this dissertation we are
using metalogic in the following three aspects:
• As control mechanism for explicit control of the reasoning on the object language arguments as encoded as terms in the metalanguage. A noncreative extension.
• To compute or construct the object theory for the purpose of giving it certain properties. A creative extension.
• Discussed by us in [50], as a combination of control and construction of the
object theory, augmented with a duplicate of the object theory for guiding
the control of the reasoning. A creative extension.
The following presentation is in signiﬁcant parts from Nilsson [138]. Any
incorrectness in the presentation is to be attributed to the author of this dissertation.

5.1.1

Representation of Sentences

A metaprogram is any program which uses another (object)program as data
[96]. The formal language of a metaprogram is called the metalanguage. The
language of the (object)program used as data for the metaprogram is called the
object language. Examples of metaprograms are compilers, and debuggers.
The language of both the metaprogram and the data (object program) may be
the same, e.g. both being deﬁnite clauses. This naturally simpliﬁes the writing,
maintenance and transparency of metaprograms.
We use the injective representation function  for the encoding of
sentences of propositional logic into predicate logic, cf. Table 5.1. The
sentences are encoded in the form of ground terms that reﬂect their abstract
syntax:
 (P ∧ Q)

=d f and( P , Q )
=d f or( P , Q )
 (P → Q)
=d f if ( Q , P )
 (¬P)
=d f non( P )
 P
=d f atm(P) for P being atomic
true
=d f true
 f alse
=d f false
The last two lines tell that propositions true and false are represented as the
term (constant) true and false respectively.
 (P ∨ Q)

5.1.2

Formalization of Truth-Semantics

We formalize the truth-functional semantics of propositional logic by means
of a binary predicate istrue and its complement isfalse. Here the arguments
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Figure 5.1: Term encoding

are a proposition P and an interpretation I. Hence the ﬁrst predicate expresses
that the argument P is true in the given argument interpretation I, while the
latter predicate expresses that the argument P is false in the given argument
interpretation I.
The interpretations are mappings of symbols into truth values, hence they
can be represented by list terms in the form e(P, B) where P is an atomic
proposition and B is either of the constants true or f alse. Accordingly from
[138]:
istrue(and(P, Q), I) ← istrue(P, I) ∧ istrue(Q, I).
istrue(atm(P), I) ← member(e(P,true), I).
and for the complementary predicate isfalse:
isfalse(and(P, Q), I) ← isfalse(P, I).
isfalse(and(P, Q), I) ← isfalse(Q, I).
isfalse(atm(P), I) ← member(e(P, f alse), I).
We utilize the above truth-value predicates to formalize the satisﬁability of a
sentence by appealing to the predicate inter. The predicate speciﬁes the possible interpretations for a given alphabet A of propositional symbols.
satisﬁable(P, A) ← inter(I, A) ∧ istrue(P, I).
Here we note that the satisﬁability of propositional logic sentences is decidable, as there are only a ﬁnite number of interpretations to validate [138].

5.1.3

Formalization of Inference and Proof

A formalization of provability has to address the inference rules of the proof
system, the inference scheme and the representation of the proof, possibly in
the form of a proof tree.
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Encoding Deﬁnite Clauses
For propositional logic, we express deﬁnite clauses with non-empty body by
introduction of the proposition true. It serves as a unit deﬁnite clause p according to the following from [138]:
p ← true
Hence the metalanguage encoding  p ← q1 ∧ . . . ∧ qn  of a deﬁnite clause
p ← q1 ∧ . . . ∧ qn
may become the term
i f (atm(p), and(atm(q1 ), and(atm(q2 ), ...and(atm(qn ),true)...)))
Formalization of Inference Rules
Recall the general form of an inference rule
Φ1 Φ2 . . . Φn
Ψ
where Φi and Ψ are parameterized formulas.
By logical formalization of inference rules expressed as clauses in the
metalanguage, the general principle is as follows [138]:
infer( Ψ ) ← infer( Φ1  ), infer( Φ2  ), . . . , infer( Φn  )
Here the parameters, subjected to appropriate encodings of parameterized formulas, can be handled as metalanguage variables.
The relevant inference rules for the above form of clauses are
(P ← Q) Q
(modus − ponens)
P
P Q
(and − intro)
P∧Q
true

(truth − axiom)

where P is an atomic proposition, and where the third rule serves to adopt the
proposition true as an axiom.
Following the problem reduction proof scheme as discussed in the previous
Section 3.2.4 on logic programming, these inference rules may be formalized
as predicate logic deﬁnite clauses:
solve(P) ← solve(if (P, Q)) ∧ solve(Q)
solve(and(P, Q)) ← solve(P) ∧ solve(Q)
solve(true)
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For the case where the object language deﬁnite clauses are assumed given
rather than to be inferred, the ﬁrst clause may preferably be given the following form:
solve(P) ← clause(if (P, Q)) ∧ solve(Q)
where the predicate clause is introduced for representing the object level
clauses as metalevel unit clauses.
Formalization of SLD-resolution
The SLD-resolution formulation can be conceived as a version of the problem
reduction scheme for which the stack of pending “problems” to be solved is
made explicit. Here an object language clause
p ← q1 ∧ . . . ∧ qn
as the ground term i f (p, [q1 , . . . , qn ]) for n ≥ 0.
For the propositional case, the unary predicate resolve expresses existence
of a proof in the form of an SLD-refutation. The argument is a goal clause
encoded as a list term:
resolve([])
resolve([P|Plist]) ←
clause(if (P, B)), append(B, Plist, Newgoal),
resolve(Newgoal))
The ﬁrst clause expresses that the empty goal is trivially solved.
The second clause applies the resolution rule to the head P of the current
goal in order to obtain a new goal clause in the sequence of goals that is
constituting the refutation.
General Clauses
As seen above metalogic is about, within the framework of ﬁrst order logic,
admitting sentences to be arguments of other sentences. Encoding of predicate
atomic formulas with terms P into metalevel P is conducted by either of two
ways of handling the semantics of metaprograms, and the transformations in
them.
Ground term representation object level variables or terms are directly represented as ground, i.e. variable-free terms (constants) of the metalanguage.
Non-ground encoding object level variables are represented as variables of
the metalanguage (cf. [116]).
In the latter case it is possible to obtain a “metainterpreter”, i.e. a logic program interpreter in the form of a logic program.
We note that for a ground term representation in the non-propositional case,
the uniﬁcation has to be reiﬁed for each level. The non-ground representation
facilitates exploiting the “built-in object level reasoning mechanism ” including uniﬁcation. However, possibly at the risk of causing confusion between
variables of the different language levels [91].
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Formalization of Multilayered Theories and Provability
We recall the logical formalization of the inference rule presented in the previous Section 3.2.4
Φ1 Φ2 ... Φn
iff infer( Ψ ) ← infer( Φ1  ) ∧ . . . ∧ infer( Φn  )
Ψ
The extended rule form presented in the previous Section 3.2.4 as a more
general inference rule from possibly different theories Γi
Γ1

Φ1 Γ2

Φ2 ... Γn
Γ Ψ

Φn

is logically formalized as a binary predicate Demo for the proof relationship
. Accordingly:
Demo( Γ , Ψ ) ← Demo( Γ1  , Φ1  ) ∧ . . . ∧ Demo( Γn  , Φn  )
Hence, a theory consisting of a logic program P, comprised of a collection
of deﬁnite clauses is encoded as a term, and the provability relation is formalized as the binary predicate Demo. The predicate is deﬁned by clauses
and constitutes in itself a logic program often referred to as a metainterpreter.
Hence, the arguments are the object theory P and the goal goal to be proven.
Accordingly
P goal iff PDemo Demo(P, goal)
these are regarded as a pair of opposite reﬂection principles for passing between the object level and the metalevel.
The explicit availability of the proof (computation) predicate Demo through
the interpreter clause program PDemo in metalogic programming renders it possible to customize, monitor, and control the deduction process. Hence, it is
also possible to control the construction of the object theory cf. [87].

5.2

Metalogic for Dynamical Game Analysis

Kowalski [114] showed how logic can be used for implementation of basic
state space search. The game states are conceptualized by ﬁnite sets of sentences in an appropriate logic, and logic is used as the mechanism for deﬁnition of legality, state and update of the states cf. [62].
In the below sections, we illustrate the adequacy of metalogic for handling
the representation and reasoning on game analysis. By a logical speciﬁcation
of the game analysis, as presented in our [54], we can ﬁnd a general conceptualization that subsumes both board games and argumentation games.
Logical Speciﬁcation of Game States
By specifying a state of the board in a chess game as a list of the positions
of the pieces present at the board, a compacted representation of the game is
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enabled 1 . The following predicate may be used for modeling the presence
and position of a piece.
piece(colour, type, column, row)

Moves are state changes. The legality of a move is given by the protocol of the
board game. In chess a move is to retract a piece from its current placement
on the board and placing that piece in another position. Occasionally this may
imply the removal of the adversary’s piece if present at the new position. The
legality of the move may depend on the placement of other pieces. With this
setup as a starting point, one may elaborate a logical speciﬁcation of the rules
of chess deﬁning admissible moves in a given state. A speciﬁcation of chess as
deﬁnite clauses is given in [62]. For instance the presence of the white queen
at d1 is stated as piece(white, queen, d, 1). The move of the queen from d1 to
e2 is then modeled by removing the above atomic sentence from the state and
replace it with piece(white, queen, e, 2).
Logical Speciﬁcation of Won and Lost
To handle the state transformations, in all the logical speciﬁcations, we assume a predicate move(S1 , S2 ) available. It provides all the successor states
of a game state S1 . So for a given S1 there are 0 or more successor states
S2 . A speciﬁc game proceeding to a state Sn can be speciﬁed as a sequence
S1 , S2 , . . . , Sn where Si+1 is an admissible move in state Si , for some i in accordance to the move predicate.
As the type of game can be seen as deﬁned by its rules, we cannot accept
moves that are inconsistent with the state of the game. Hence, the admissible
moves for a given state are all the moves that are consistent with the rules of
the game and the particular state of the game. Thus the predicate move is a
state transformer.
The winning and losing of a game may be formalized by two mutually recursively deﬁned predicates won and lost cf. Table 4.2.
won(S1 )← move(S1 , S2 ) ∧ lost(S2 )

lost(S1 )← mate(S1 )

lost(S1 )← ∀S2 (move(S1 , S2 )→ won(S2 ))

The ﬁrst clause expresses that a state S1 is won if there is an admissible move
leading to a successor state S2 , which is lost. Whereas S1 is universally quan1 Some

additional information may be needed e.g. whether a rooking has taken place.
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tiﬁed S2 can be understood as existentially quantiﬁed as it only appears in the
antecedent of the implication, cf. the AND/OR graphs of Section 4.5.
This allows us to formally specify won and lost as logic programming
clauses where the universal quantiﬁcation for lost is managed by negation
as failure by way of the following rewriting of the third clause above:
lost(S1 )← ¬∃S2 (move(S1 , S2 ) ∧ ¬won(S2 ))

We note that in case of inﬁnite game trees this program is not necessarily
terminating unless a depth bound is included.
When the game states S1 and S2 are formulated as sets of logical sentences
we have to take resort to metalogic and metalogic programming for accommodating the dynamical update of the game states. This means that the logical
sentences of the states have to be encoded as terms in the above logic program.
This mechanism is to be elaborated in the following Chapter 6.
Updating the Knowledge Base States
In sum, (the rules of) the game are deﬁned by the state transformer
move(S1, S2) and the winning/losing criteria. However, we have to
distinguish between monotonic and nonmonotonic updates in the course of
the argumentation game.
Deﬁnition 60 (movemonotonicextension ) In a monotonic extension of the shared
knowledge base a move is constituted by the putting forward of a speech act,
in resemblance to putting a chess-piece on a position on the board.
In a monotonic extension of the shared knowledge base a move is constituted
by the putting forward of a speech act, in resemblance to the placing of a
chess-piece on a position on the board. Contrasting the board-game analogy,
uttered speech acts are never retracted from the knowledge base during the dialogue, hence committing the party to all its advancement of sentences. Thus,
in the course of the dialogue the knowledge base is monotonically extended
whereas the repositories are dynamically retracted. We note that the repositories delineate possible future utterances for the purpose of the game analysis.
Alternatively, we could consider a move to retract uttered speech acts, in
analogy to moving a piece to another position at the board. As such our knowledge base bears resemblance to the notion of epistemic states in Gärdenfors
[75] and belief revision 2 .
Deﬁnition 61 (movebelie f revision ) In a non-monotonic extension of the shared
knowledge base a move is constituted by a removal of speech acts and the
putting forward of another speech act.
2 We

note for reasons earlier discussed that belief revision is not necessarily a good choice
for argumentation. Hence, for our argumentation framework, we will draw on the monotonic
extension of knowledge bases.
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As we have shown above metalogic is a technique well suited for handling the update of the knowledge base/state transformer. The statements in
the metalanguage of the metatheory link symbols of the formal object theory
to their intended interpretation in the informal theory [87]. Heuristics, encoded
in the metalanguage, facilitates an interpretation of the domain in accordance
to domain-speciﬁc aspects of the domain. For our purpose, this implies that
we are able to capture the relevant phenomena and control the theory construction and reasoning in accordance to their pretheoretical interpretation, cf.
Chapter 2.
The nonmonotonic aspects may be handled by appeal to negation as failure.
Negation as failure has an abductive semantics, which naturally leads to an
argumentation-theoretic interpretation of default reasoning in general.

5.3 Metareasoning for Layers
Relevance

of Strategy and

Upward reﬂection is a powerful method of reasoning [88]. Starting with the
seminal work of [57], reﬂection was adapted for metalogic programming by
[31]. It has proven useful for the representation of agent belief and knowledge
cf. [109], [2].
For the purpose of this dissertation, the informal domain requires that the
parties and the domain-speciﬁc rules are part of the construction of the formal
theory. Due to this dynamic and dialectical nature, an a priori perfect formal
representation of the object theory is unattainable cf. Hamfelt on Horowitz
description of legal knowledge 3 [87]. As Hamfelt, we note that even if we
would be able to attain such a theory it would “...yield a static formalization
consisting of an enumeration of non-logical axioms representing suggestions
for object theory rules”.
Again given the nature of argumentation, what we are aiming for is a dynamic formalization in which the rules of construction of the particular domain and situation are used to ensure the validity or justiﬁcation of the propositions expressed in logical form. More formally, as in the previous section
we assume that the two-place predicate demo(n(T), n(A)) represents T A
i.e. logic provability between an object theory T and an object language formula A named n(T) and n(A) respectively in the metalanguage. This means
that demo is expressed as a non-ground metainterpreter augmented with the
upward reﬂection rule from [87, 88]:
demo(n(Ti ), n(A)) ←
demo(n(Ti+1 ), n(demo(n(Ti ), n(A))))
3 Consider

Horovitz’ unattainable “perfect” legal system and try to imagine its “ideal” complete formalization. ... An ideal formalization devoid of interpretation would be “...a potentially
inﬁnite object theory explicitly embracing all valid object theory legal rules.”
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The upward reﬂection rule allows the construction and assessment of a formal object theory. In particular for domains where the knowledge is based on
hierarchical layers of rules that impose restrictions on what to constitute as
meaningful and acceptable arguments, by iteration the reﬂection mechanism
allows us to construct and assess a meaningful and acceptable object theory
for each level of the hierarchy [90], [88]. By this approach we note that the
uniqueness of each set of justiﬁed arguments is ensured by the creation rather
than representation of the object theory.

5.3.1

IT/OT/MT

For the study of the mechanisms of reasoning here adopted, we will utilize the
methodology of [87] as introduced by [111].
Kleene §37 [111] describes a process of formalization as involving three
separate and distinct theories:
IT the informal theory as a characterization of for the purpose important
facets of the real life domain it is to depict
OT the formal system or object theory that is to correspond to the informal
theory
MT the metatheory, which describes or even constructs, and assesses the formal system

The formal theory is addressed as a construction of a meaningful and acceptable interpretation under which it constitutes a formalization of the informal
theory. This methodological approach should be contrasted to addressing the
formal theory without making use of interpretation. However as pointed out
by [87] this latter approach would require the access to an a priori known
formal theory which could constitute an “isomorphic” characterization of the
informal theory.
This architecture is useful for domains where an inﬁnite regression may be
an issue. As Hamfelt [88], we note that by allowing the object theory OT to
be stratiﬁed into the (hierarchical) layers corresponding to the domain, pragmatical reasons would making inﬁnite regression a theoretical issue, cf. the
discussion of open-texture and inﬁnite regression in [18].
In other words, as soon as there are no more rule-schemata to be instantiated
by a adjacent higher level, the upward reﬂection process is to stop. The use of
MT as a control mechanism for this purpose, ﬁts well with the above described
Kleene-structure.
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5.4

Layered Theories

Elaborating on the above described architecture of Kleene, we go on to consider an abstract layered architecture. It consists of a metalayer stratiﬁed into
three additional layers, the ground level layer, the deliberation layer, and the
metacognitive layer. We assume a clear stratiﬁcation of the three layers. Metalevel control is exercised by the metalayer as it monitors and dynamically
adapts the underlying object level theory OLa . A key feature in this model is
that the architecture is augmented by the introduction of a second object-layer
OLb . As the metalevel representation of the object theory is adapted for efﬁcient metareasoning purposes, the deliberations in this second object layer
OLb serve the metalevel with computations on a full representation of the
ground level percepts. Thus, also for situations where the ground level layer
holds insufﬁcient or inconclusive data on the situation to be computed, the
metatheory is able to have at its disposal a comprehensive base for its reasoning.
Using metalogic, we create an adapted theory of interpretation of an
adapted decision for the current situation, mapping the decisions from
meaningful and acceptable interpretations of the percepts i.e. known facts
and assumptions. We construct a theory of acceptable and meaningful
interpretations by requiring all strategies/rules of a resulting theory at level
i to be assessed by a theory of acceptable strategies, i.e. metarules, at the
adjacent higher level i+1. Our metatheory characterizes the object theory.
Each level Ti is characterized in the adjacent level Ti+1 by schematic
descriptions of its sentences and rules for deciding which specializations
of these are meaningful and acceptable. As such it provides the upward
reﬂective feature of our model, cf. [116, 40].
Hence as discussed in the previous section, we assume the two-place predicate Demo(n(T), n(A)) to represent T A i.e. logic provability between
an object theory T and an object language formula A named n(T) and n(A)
respectively in the metalanguage. Demo is expressed as a non-ground metainterpreter (cf. [116]) augmented with the following upward reﬂection rule:
Demo(n(Ti ), n(A)) ←
Demo(n(Ti+1 ), n(Demo(n(Ti ), n(A)))).
The upward reﬂection rule allows the construction and assessment of a meaningful and acceptable theory of strategies at each level of the hierarchy described above [87]. In the following the formulas are named autonymously.
Occasionally, for efﬁciency purposes, the metalevel representation of the
object level formulas might be insufﬁcient for some reasoning required in establishing logic provability between an object theory T and an object language
formula A. To accommodate the need for computations on the formula of the
object level rather than its representations n(T) and n(A) at the metalevel, we
augment Demo with the following ‘artiﬁcial’ downward reﬂection rule allow-
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ing for simulations of the object theory reasoning to be conducted in a full
scale model Tib , although not executed in the actual object layer:
Demo(Ti+1 , Demo(Ti , A)) ←
Demo(Tib , A) ∧
not(Demo(Ti+1 , not(Demo(Ti , A)))).
This downward reﬂection rule facilitates the optimization of the interpretations as the metatheory has precedence over the object theory at each level of
the stratiﬁed system. This is captured in the second condition
not(Demo(Ti+1 , not(Demo(Ti , A)))) of the above described downward reﬂection rule.

5.5

Summing Up

In this chapter we have elaborated on the expressive power and adequacy of a
metalogic formalization for the formal modeling of and analysis of dynamical
knowledge. We have found metalogic as a technique well suited for the representation and analysis of dynamical knowledge in the form of games. Here, as
the statements in the metalanguage of the metatheory link symbols of the formal object theory to their intended interpretation in the informal theory [87],
domain speciﬁc knowledge and heuristics can be used for directing the reasoning. One additional advantage of a logical formalization of argumentation
is that it provides a symbolic knowledge representation with a formally wellformed semantics, making the represented knowledge as well as the behavior
of knowledge representation systems reasoning comprehensible.
Moreover, we have pointed to the advantages of utilizing metareasoning
for the construction and reasoning of theories. In this sense the formal theory
is addressed as a construction of a meaningful and acceptable interpretation
under which it constitutes a formalization of the informal theory. This methodological approach should be contrasted to addressing the formal theory without making use of interpretation, which for many domains of open-textured,
vague or dynamical character, simply would be unfeasible or at least highly
impracticable.
To facilitate the evaluation of our approach, an introduction to metalogic
has been given.
In the following chapter we present our approach on the formal modeling
and analysis valid arguments and justiﬁed beliefs for adversarial argumentation, as it has been set up to investigate argumentation as a dynamical and
cognitive process by means of particular formal theories deﬁned and analyzed
in a computational metalogic framework.
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6. A Metalogic Computational
Framework for Argumentation

We are to show in this and the subsequent Chapters 7, 8, 9, and 10, our approach on how to devise a customizable framework and computational system
that draws on the previously described methods of metalogic and Artiﬁcial
Intelligence for handling formal modeling and analysis of argumentation. We
present a dynamical, exhaustive procedural layer of dialectical disputation,
in which the control of the game reasoning mechanism is exercised in an explicit way via the metalogic formalism. Based on the analogy to chess, we
augment our framework with a strategic layer for case-adaptive accommodation of the conversational setting. In addition a computational dynamical
defeasible logic dialectical layer is devised.
We will show how our approach provides a natural correspondence to relevant aspects of argumentation. It accommodates that in most non-trivial disputes, the parties do not hold full insight in the future plays of the adversary,
and it caters for a dynamical, ﬂexible and exhaustive computation of the game
stated in metalogic.
As an illustration, we are using examples from the domain of legal reasoning being well researched in both legal philosophy and the ﬁeld Artiﬁcial
Intelligence and Law. However, our key objective, rather than addressing the
ﬁeld of legal argumentation theory per se, is primarily to devise an adequate,
customizable framework and computational system utilizing Artiﬁcial Intelligence methods for formal modeling and analysis of argumentation for the
beneﬁt of humans or artiﬁcial agents. A comprehensive manuscript [55], on
which this chapter is based, has been circulated, and a brief preliminary version of the manuscript appeared in [89].

6.1

Argumentation Games

Consider argumentation games or disputes between two parties called the proponent and the opponent. The two parties put forward and exchange utterances
(speech acts) according to certain protocol schemes. In the simplest case, the
speech acts consist of propositions expressing facts, laws, evidence etc., stated
in an appropriate logic. There should be available also means of deducing
logical consequences of the claims together with the available background
knowledge.
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As a key point in argumentation dialogues we formally have to accommodate the conﬂicting claims by the parties. One suggestion to accommodate such conﬂicts is Dung’s admissibility semantics [45, 44] adapted by e.g.
Prakken [148], Prakken and Sartor [152] and Dung, Kowalski and Toni [46].
However, in the present framework we wish to stress the computational dialectics of argumentations. This implies that we consider a dialogue to be a
process where the two parties take turns in putting forward utterances, propositions in defence of their respective claims. The challenge of the dialogue or
argumentation game is to conduct a winning strategy in analogy to the accomplishment or elaboration of a winning strategy in two-player zero-sum games
as in a board game like chess. More precisely, the proponent is to justify or at
least defend a key claim, whereas the intent for the opponent is to dispute or
preferably defeat this key claim as to be detailed below. In many cases these
dialogue games may be expected to come out as a draw. That is, the proponent can defend her proposition against attack, but on the other hand she is not
able to justify it by logical means given the available evidence and presented
counter-arguments.
As stated, we cannot model the argumentation dialogue as monotonic extensions of a pool of ordinary logical sentences with additional propositions.
That is because the opposing positions of the parties are likely to introduce a
plain contradiction. This leads us to adopt in the proposed framework defeasible reasoning, which allows presence of opposing beliefs, yet maintaining logical consistency. However, in contrast to the pure defeasible reasoning framework of Governatori et al. [69], in the present framework the parties in general
advance their available knowledge and claims stepwise. They may withhold
claims for some time or during the whole dispute in order to strengthen their
positions. Thus, a salient feature of our framework is the formalization of the
interaction between the logical layer of defeasible argumentation and the dynamic progression in the argumentation dialogue. In the presented example
in section 6.4, we are only considering linguistic speech acts. However, our
framework also accommodates the use of physical acts of communication and
retaliation. This suggests applications in multiagent-systems, cf. the discussion in Schelling [168].
A certain state in the argumentation game is like a state in a board game.
In a state in the argumentation game there are certain admissible speech acts
in analogy to the admissible moves in the board game. The argumentation
game has to stipulate appropriate winning/losing conditions in analogy to
checkmate conditions in chess. The computational analysis of the argumentation game then proceeds in analogy to the analysis of game trees for board
games, having been studied extensively in Artiﬁcial Intelligence, cf. e.g. Nilsson [139].
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6.2

Preliminaries

This chapter extends and describes in more detail the argumentation model
that we have presented in [89, 52, 53]. Our argumentation model and system
is inspired by contemporary research in legal argumentation, cf. Chapter 3,
e.g. [152, 148, 197, 127].
There are also afﬁnities to Dung’s abstract argumentation framework, especially as elaborated in [46] as well as to the negotiation framework of Governatori et al. [70].
We take as point of departure the earlier discussed layers of legal argumentation proposed by Prakken and Sartor [152].
In the present context, argumentation is conceived of as a dialectical process
in contrast to say mathematical arguments in the form of proofs eventually
shaped as proof trees. Accordingly, in the present framework a convincing
argument comes about in the sharing and exchange of information between
the parties manifest as a sequence of speech acts.
However, our approach is intended to be a general framework for analyzing
disputes and negotiations in so far the object level sentences are expressible in
propositional defeasible logic. Accordingly in this initial presentation, our approach remains neutral with respect to legal principles and domain-dependent
judicial reasoning principles. Instead it obtains its distinct character by adoption of the general-purpose Artiﬁcial Intelligence-technique of game trees, as
presented in Chapter 4.
We handle the logical and dialectical layers by means of the defeasible logic
framework of Governatori et al. [69]. This defeasible logic framework being
elaborated in metalogic programming ﬁts well with our model of the argumentation layer. The two latter layers are elaborated at our formal metalevel,
thereby assuring a clear stratiﬁcation. This facilitates the easy replacement of
the defeasible logic with some other appropriate logic. In Section 6.8, for the
purpose of our argumentation game framework, we provide formalizations of
two variants of the logical and dialectical layer, one ambiguity propagating
and one ambiguity blocking cf. [6]. Hence, the two variants are differing in
their underlying intuitions of attack and support of arguments.
As suggested in Chapter 4 argumentation may preferably be modeled as a
two-party zero-sum board game [139] with speech acts replacing moves. This
means in turn that we can exploit game tree analysis and formalize the notion
of won, lost and draw for argumentation games.
The choice of speech acts during the dialogue may be constrained in
various ways as to be discussed in the following sections. We introduce
general-purpose pure logical constraints as well as constraints imposed by
the application as common sense rules. These constraints stress the dynamics
of the evolving argumentation process, preventing it from trivializing into
unordered blackboard argumentation devoid of an evolving committed
attack/counterattack structure.

123

The background knowledge as well as the admissible speech acts take form
of propositional statements in a defeasible logic. This logic provides strict
rules for modeling knowledge undisputed by the parties and defeasible rules
for modeling assumptions or witness reports subject to dispute. The logic
allows opposing argumentative material to be put forward without causing
logical contradictions or forced retracts of prior speech acts. Apart from the
strict/defeasible distinction there are no speech act modalities.
The argumentation process is modeled in a metalogic setting with background knowledge and speech acts forming object language clauses encoded
as terms. The nondeterministic nature of the argumentation process is then
conveniently captured as a metalogic program managing the speech act sequence forming the dialogue.
In addition a repository contains the two distinguished atomic clauses,
resting, which is a performative speech act meaning that the party rests, and
rejecting, which is a performative speech act meaning that the party reject the
admissibility of the other party’s previous utterance.
Both clauses are performative speech acts. We remember from the previous
Section 3.2.2 that a performative utterance is about performance of a certain
kind of action “more generally the senses in which to say something may be
to do something, or in saying something we do something”.
The clause resting is an illocutionary speech act in the sense that it is used to
put forward a statement that means that the party refrains from putting forward
any new speech acts. This opens up for the adversary to present new evidence,
but with the risk of backﬁring on the party or the chance of strengthening the
case to the adversary’s favor.
The meaning of putting forward the resting clause is given by the conversational setting, and the role of the utterer. As an example, if the defence in a
criminal litigation puts forward the resting clause, this is a procedural move
that causes the end of the particular phase of the litigation. If a witness puts
forward the resting clause it may be interpreted as an appeal to higher level
principles, e.g. Fifth Amendment to the United States Constitution. It may also
be the case that the party is satisﬁed with his case. We have to prevent that the
resting clause is not being used for ﬁlibustering purposes, as it would inhibit
procedural relevance in the litigation.
The clause rejecting is in analogy to chess to be actively used to protest
against a violation of the rules of the game. This opens up a new game where
the culprit of the game is the rejected argument. Cf. the burden of proof according to Prakken and Sartor [153]. However, in our approach this appeal is
to the admissibility of the speech act given the previously presented arguments
and the background knowledge. The assessment of the argument as admissible is to be determined by use of the mechanism described in the following
Chapter 7. A move without putting forward the rejecting clause, is to be seen
as an implicit acceptance of the adversary’s moves. Hence, as a party refrains
from putting forward rejecting, it should be interpreted as a formalisation of
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the Latin proverb, Qui tacet consentire videtur, i.e. Silence gives consent. In
this sense our model adheres to the dialogue-schema of Walton for persuasion
dialogues cf. Section 4.1.

6.3

Argumentation Game Setup and Dynamics

We remember from Chapter 2 that argumentation is highly dynamical and that
humans, while arguing, draws on complex cognitive processes.
Thus, we aim for a ﬂexible approach taking into account the above, and
thus, conclude that argumentation is neither monolithic nor static. To us this
suggest that we need to look at argumentation and the validity of arguments in
a dynamical, goal-directed setting, where the parties exchange utterances from
separate and private depositories, while aware of the other party’s previous
moves.
As a result, in the present framework, we consider a key aspect of argumentation that the parties in general advance their available knowledge and
claims stepwise, taking into account the previously presented knowledge by
their adversary.

6.3.1

The Shared Knowledge base

The basis for our argumentation games is a shared knowledge base being
steadily extended during the argumentation with the speech acts. The knowledge base contains in general strict and defeasible rules. Uttered speech acts
are never retracted from the knowledge base during the dialogue, in contrast
to the belief revision of epistemic states considered e.g. by Gärdenfors [75].
Accordingly, the non-monotonicity of our defeasible framework is only at the
object level, since we do not consider retraction of speech-acts, only committed advancement of sentences for realistic argumentation reasons.
In a dialectical dispute a party may refrain from putting forward utterances
prima facie in support of her claim. This is because utterances may backﬁre
during the course of the dispute, say by providing evidence that happens to be
in favor of the other party. An illustration is given in the example in Section
6.4. This partial and stepwise disclosure of sentences motivates our dynamic
argumentation framework in the ﬁrst place.
Each party may internally entertain contradictory propositions. However,
for any distinguished argumentation game, we require the speech acts put forward by either party to be consistent in the sense that a party cannot contradict
herself, not even defeasibly. The technique of ‘arguing in the alternative’, often occurring in criminal legal argumentation 1 , in our approach is treated as
separate argumentation games.
1 Arguing

in the alternative is a technique often used to address any counterargument preemptively by providing the ﬁrst blow to the presumed warrant and subsequently counter it. As we
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This means of course that the uttering of some speech act may prevent the
utterer from uttering some other speech act later on in a particular dialogue.
In general this ensures the dynamical argumentation dialogue from being reducible to blackboard models of argumentation. Only in exceptional cases our
framework is reduced to a blackboard argumentation where the propositions
put forward are considered as an unordered set.
Initially this knowledge base is like the initial situation of the board game
comprising jointly accepted knowledge, say like clauses in statutory law. In
addition, each of the parties have a repository of their own comprising the
sentences that they can put forward in the course of the argumentation. This
means that the game is closed in the sense that we in the form discussed here
do not consider adducing new sentences in the course of the argumentation
game.
For our framework we assume that logical consistency in the classical sense
is preserved in the shared knowledge base. However, due to the very nature of
disputing, the knowledge base is usually not defeasibly consistent. We cannot
have both Si κ and Si ¬κ for any 0 ≤ i ≤ n, where S0 is the initial state
of a particular argumentation game, and Sn is a terminal state of a particular
argumentation game.
Defeasible Consistency
We suggest defeasible consistency as a requirement on each party given his
previous utterances. The rationale for this is that a party should avoid contradicting oneself. However it does not prevent a party from entertaining contradictory beliefs internally in the repository. Thus, a party is not allowed to utter
a speech act ∼ s that will contradict an earlier speech act s in his previous line
of argumentation.
It could be noted that a party is not precluded from temporarily weakening
her position in analogy to a gambit in chess.
This does not prevent a party from arguing several, mutually inconsistent,
lines of defense. Here the inconsistency is in the correspondence of the claims
to the actual states of affairs by hypothetical reasoning, rather than the actual
contradiction of an earlier statement. Hence, we distinguish a party stating that
he admits to being present at the incident from hypothetically stating that, if he
was present at the shooting, he is not the killer: {} → present at the shooting
from present at the shooting → not the killer
Order Consistency
Recall the discussion on ordering restrictions of speech acts in the above Section 4.6.3. We choose to model such common sense restrictions in our framework by means of a binary relation wrongorder. wrongorder is a relation over
see it, arguing in the alternative is often risky, as it may confuse a jury who in the worst case
feels that the party has admitted liability.
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the two repositories taken together. If the pair (C1,C2) appears in this relation,
then the speech act C1 has to await the speech act C2.
This means that in the below example in Section 6.4, the validity of the
permission should not be questioned before the permission is presented. This
pruning mechanism is to enrich the dynamical dialogue with a ﬂavor of common sense.

6.3.2

The Repositories

The current state of the game deﬁned as the content of the knowledge base and
the arguments put forward in the dialogue so far are known to both parties. In
this sense the game could be conceived as a perfect information game. This
is even though the content of the adversary’s repository is disguised from the
other party. The repositories delineate possible future utterances at the current
state for the purpose of the game analysis. Thus, in the course of the dialogue
the knowledge base is monotonically extended whereas the repositories are
dynamically retracted.
As stated, our knowledge base and repositories comprise at present sentences in propositional defeasible logic e.g., as in Governatori et al. [69]. We
can make a distinction between strict rules representing indisputable assertions and defeasible rules expressing beliefs, which can be overruled by additional information and in particular of strict rules. In contrast to our previous
framework [89, 55, 54], we can also reason on the strength of different rules of
the same type. The defeasible rules accommodate claims subject to disputes
unlike the usual strict rule which cannot be disputed. This does not imply that
we are using defeasible logic as a proper belief logic, since the belief modality
cannot be nested.
Some sentences are tied together: As an example p → q is used to denote
that in Swedish and Danish legislation legal ownership of land by purchase
requires that a written agreement of purchase has been brought forward at
civil court [77]. Thus, putting forward p denoting a claim of legal ownership
by purchase also commits the party in claiming q denoting the existence of a
written agreement. This must be acknowledged in a representation of evidence
that for legal reasons cannot be split into independent statements.

6.3.3

Termination Criteria

Deﬁnition 62 A dialogue is a speech act sequence with alternating contributions of the parties of a particular argumentation game.

Deﬁnition 63 A completed dialogue is constituted by a whole speech act sequence uttered ending in a terminal state. A state is a terminal state if a repository is exhausted.
127

The goal of the proponent is to justify or at least defend the key claim, while
the goal of the opponent is to attack and possibly defeat the key claim. The
two parties alternately put forward sentences from their respective repository
until an acceptable terminal state is reached. The acceptable terminal states
are speciﬁed according to the considerations of the domain, cf. Chapter 8. The
putting forward of a rule as a speech act step in the argumentation is called a
move appealing to the board game analogy.
If the proponent can justify the key claim, we say that the argumentation
game is won, whereas if the opponent succeeds in rejecting the key claim,
we say that the game is lost. Otherwise, it is a draw. A key objective here is
formally to specify whether a given game is won, lost or a draw for a party,
see further Section 6.6. Moreover, using metalogic programming speciﬁcations we aim at using this speciﬁcation for analyzing the argumentation game
tree with the purpose of calculating the winning strategies, meaning optimum
moves for the two parties. Hence, the framework is useful for a party when
preparing his plea, as by putting forward his own repository and the plea of
the opponent, distinguishing the best strategy for pleading the case can be
supported. The implications of our framework is further discussed in the concluding Chapter 12.

6.4

Playing Argumentation Games

In the following, we are illustrating our approach by a simpliﬁed legal dispute
concerned with prescriptive rights 2 In many legislations, including the Danish and Swedish law, it is still possible to gain ownership through prescriptive
rights [104].
A prescriptive right is a legal right principle dating back to Roman law,
enabling the obtaining of ownership by sustained use or possession of land
or physical objects. However, legal ownership is not granted if the possessor
has obtained or received permission (often called precarium3 , see e.g. Long
[122]) or has engaged in a contract with the legal owner. This legal principle
in Danish is called ‘hævd’ and in Swedish ‘hävd’. As a main rule, the possession must have lasted without interruption at least for twenty years, possibly
through a succession of possessors.

2 The

use of logic for formalization of legal reasoning precedes computerized treatment [161],
cf. e.g. L. Allen advocated the use of predicate logic for formalization of legal statutes, S.
Kanger [180]and L. Lindahl [118] investigated normative legal concepts by formal means.
3 “It is Precarium when a man permits another to exercise ownership over his property, but
retains the right of demanding the property back when he pleases. It is called Precarium because
the person who received such permission usually obtained it by request (prece); though request
was not necessary to constitute Precarium, for it might arise by tacit permission (Paulus, S. R.
v. tit.6 s11).”
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We adopt the defeasible logic of Governatori et al. [69] discussed in Section
3.2.6. We remember that in Defeasible Logic sentences are expressed as rules.
A rule r may be perceived as a binary relationship between a set of premises
A(r) and a conclusion C(r). Ordinary strict rules use the implication symbol
→, whereas defeasible rules use ⇒.
Content of shared knowledge base:
possession ⇒ ownership
possession ∧ permission → ¬ownership
permission → possession

6.5

Prescriptive Rights Argumentation Game

Now we set up a particular argumentation game by specifying repositories of
the two parties and a key claim.
Repository of party 1 (proponent):
⇒ possession
The keyclaim κ of the proponent is ownership. The single clause without
premises ⇒ possession within the repository admits that the proponent claims
that possession has taken place.
Repository of party 2 (opponent):
⇒ ¬possession
→ permission
The opponent has the option of claiming that possession has not taken place.
On the other hand, she has also at her disposal the second clause enabling her
to disclose a permission, meant here as evidence of which its existence is not
to be disputed. For this simple example the argumentation game tree unfolds
as follows:
The proponent initiates the argumentation by uttering her ﬁrst clause.
⇒ possession
The opponent can choose between the two clauses available as speech acts in her
repository:
Speech act opt. A
⇒ ¬possession
∴ The dispute becomes a draw

Speech act opt.B
→ permission
∴ The game is won by the opponent.

Table 6.1: Argumentation game tree for claiming ownership through prescriptive
rights

The proponent initiates the argumentation by uttering her ﬁrst clause. Then
the opponent can choose between the two clauses available in her repository.
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If the opponent utters the ﬁrst clause the dispute becomes a draw (see Table
6.1 Speech act opt. A), because the question of possession remains unsettled and hence, ownership is not established. Neither the key claim nor the
negation of the key claim is justiﬁed. However, the opponent may choose another move, namely putting forward evidence of a permission being granted.
In this case the negation of the key claim is justiﬁed in the defeasible logic
and the game is then won by the opponent, in spite of possession then being
acknowledged (see Table 6.1 Speech act opt. B). As illustrated in Table 6.1, it
should be noted that playing both these two notions will result in a different,
less favorable, outcome than playing solely the second clause. The upshot of
this argumentation game analysis is that the opponent, by solely playing her
second choice and refraining to put forward the ﬁrst speech act, can win the
argumentation in spite of the fact that the claim put forward by the proponent
remains undisputed.
Hence, we see here, as noted in Chapter 4, that the outcome of the dispute
is dependent not only on the arguments available to the parties, but also on
the strategies that the parties choose to pursue. In the following Chapter 9, we
elaborate on games where the interaction is repetitively occurring or includes
conﬂicting goals for at least one of the parties, to be managed for an optimum
long term outcome.
These simple games end with one of the parties having exhausted her repository. As to be explained, additional termination criteria may end the dialogue
prior to exhaustion of a repository.

6.6

Properties of Argumentation Games

A speciﬁc argumentation game is determined by the following components:
A shared knowledge base of sentences kb, repositories of each of the parties
RepParty , a key claim κ for the proponent and a binary relation wrongorder
imposing commonsense restrictions on the ordering of utterances. The binary
relation wrongorder is empty if there are no restrictions on the ordering. In
the framework we assume that the three ﬁrst sets of clauses taken together
are logically consistent, albeit usually not defeasibly consistent, cf. the below
Section 6.3.1. Here follows the deﬁnitions of our argumentation games:
Deﬁnition 64 An argumentation game is constituted by a quintuple
(kb,repprop ,repopp ,keyclaim,wrongorder).
where kb is the initial knowledge base, repprop and repopp are the repositories
of the parties, keyclaim is the proponent’s keyclaim, wrongorder is a binary
relation putting constraint on the order of the clauses as speech acts. The ﬁrst
three components are ﬁnite sets of clauses in the defeasible logic and keyclaim is a single clause. In addition a repository contains the two distinguished
atomic clauses, resting, which is a performative speech act meaning that the
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party rests, and rejecting, which is a performative speech act meaning that the
party reject the admissibility of the other party’s previous utterance.
The resting clause as well as the rejecting clause are always implicitly
present in an argumentation game.
Deﬁnition 65 An argumentation game is playable iff every player p,
except for the resting and rejecting speech acts, has at least one legal move
m(Si , Si+1 ) in every non-terminal state.
As we are dealing with a general model for games, we have use for notions of
a game being an actual game, where players are able to act. Hence, we draw
on the notion of playability [62].
Referring to the previous Section 6.6, the current argumentation state of the
game comprises the shared knowledge base, the repositories and the speech
acts put forward in the argumentation so far. Recall that the argumentation
game is won for the proponent if the keyclaim is not even defeasible when
the dialogue is completed, whereas it is lost if the denial of the keyclaim is
conﬁrmed when the dialogue is completed.
Deﬁnition 66 A repository is exhausted if there do not exist any admissible
moves for that party from the current state.
Deﬁnition 67 A terminal state is a state in a particular argumentation game
where at least one of the repositories is exhausted except for the resting and
rejecting speech acts, which replenish themselves.
We consider an argumentation to have reached a terminal state in the following
cases:
• No admissible speech acts for either party.
• The keyclaim or its denial follows strictly from the current knowledge base.
• The keyclaim or its denial follows defeasibly from the current knowledge
base and the party aiming at rejecting this consequence has no admissible
speech acts in the repository.
• The keyclaim does not follow even defeasibly from the current knowledge
base and the party pleading it has no admissible speech acts in the repository.
The rationale for the second case is that once the keyclaim or its denial has
been established strictly, no further extensions of the knowledge base can
withdraw this strict consequence, since the putting forward of speech acts
represent monotonic extensions of the knowledge base [75]. By contrast, in
the third case, when the keyclaim or its denial is established only defeasibly,
further speech acts might overrule this consequence.
Deﬁnition 68 A completed dialogue is won by the proponent if the keyclaim
holds at least defeasibly in the terminal state.
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Deﬁnition 69 A completed dialogue is won by the opponent if the negation of
the keyclaim holds at least defeasibly in the terminal state.
Deﬁnition 70 A completed dialogue is lost for a party if it is ending in a
terminal state that is won by the other party.
Accordingly, a game is always lost for the adversary of the winner. However,
other more elaborate termination criteria can be deﬁned cf. Chapter 8.
Deﬁnition 71 Draw means draw for both parties.

6.7 A Metalogical Dynamical Exhaustive Procedural
Layer
In exploration of game trees for board games like chess, the state of the game
is determined by the situation on the board. In our context the game states
used in the game tree exploration consist of the current state S of the shared
knowledge base and the two repositories. Moreover, moving a piece in board
games is replaced by uttering a speech act in the argumentation. The below
logical speciﬁcations refer to states S comprising propositions in the knowledge base. In particular in the below speciﬁcation we introduce a predicate
move(S,S ). The states are represented as lists in the metalogic program. In a
board game this predicate expresses admissible moves leading from the state
S to S . In the present context, the predicate represents admissible speech acts
leading from the argumentation state S to the argumentation state S , where
the knowledge base components of S is the extension of the knowledge base
components of S. In general there would be several admissible speech acts in
a given state. All of these options are taken care of in the logic programming
clauses since the move-predicate yields one branch for each admissible speech
act non-deterministically.
Having classiﬁed terminal states, we now want to extend this classiﬁcation
to all argumentation states entertaining the following deﬁnition.
A terminal argumentation state is said to be won for the proponent (lost for
the opponent) if the keyclaim follows at least defeasibly, and is said to be lost
for the proponent (won for the opponent) if the denial of the keyclaim follows
at least defeasibly. A non terminal argumentation state is won if there exists
a move to a subsequent state that is lost for the other party. A non terminal
argumentation state is lost if all admissible moves leading to a subsequent
state being won by the other party.
This mutual deﬁnition of won and lost is known from exploration of game
trees using the minimax principle, cf. Nilsson [139]. As discussed in Chapter
5 the game tree explorer applies to argumentation games as well as board
games. In predicate logic we specify won and lost for the non-terminal states
with the following two mutually recursive clauses.
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won(S) ← ∃S (move(S, S ) ∧ lost(S ))
lost(S) ← ∀S (move(S, S ) → won(S ))
The clauses explain exploration of the game tree using existential and universal quantiﬁcation alternately.
Observing that the latter clause can be rewritten to the logically equivalent
clause:
lost(S) ← ¬∃S (move(S, S ) ∧ ¬won(S ))
and appealing next to negation as failure, not, we may obtain the game tree
explorer with the Prolog clauses 4 :
won(S) : −move(S, S ), lost(S ).
lost(S) : − not(defensible(S)).
defensible(S) : −move(S, S ), not(won(S )).
where defensible is an auxiliary predicate.
The draw predicate is deﬁned by the clause:
draw(S) : − not (won(S)), not(lost(S)).
In the argumentation game move implements the argumentation state transition with a selected speech act according to appropriate contextual and termination criteria for the argumentation.

6.8

A Dynamical Defeasible Logic Dialectical Layer

As illustrated in our example legal case in Section 6.5, our argumentation
framework the game states comprise propositional clauses stated as rules in
the defeasible logic, cf. Section 3.2.6.
The defeasible logic prover in Governatori et al. [69] is adapted to our dynamical framework by introducing the argumentation state S as parameter as
indicated in the below inference rules.
Y1 , . . . ,Yn → X Y1 , . . . ,Yn
in state S
→X
→X
in state S
⇒X

4 Actually,

this speciﬁcation can be compacted into the speciﬁcation of van Gelder [192],
won(S) : −move(S, S ), not(won(S )).
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|∼ ¬X Y1 . . . ,Yn ⇒ X |∼ Y1 , . . . , |∼ Yn
in state S
⇒X
The ﬁrst inference rule expresses a generalized form of modus ponens for
classical propositional logic. The second inference rule expresses that if X
holds strictly it also holds defeasibly. The third inference rule is a variant of the
generalized Modus Ponens for defeasible clauses, where there is an additional
premise that the denial of X must not be provable in the defeasible logic.
The above three inference rules are formalized below in our metalogic
setting 5 . Here we distinguish when the proposition X is being deﬁnitely
provable in state S, S X, and the proposition X being merely defeasibly
provable in state S, S |∼ X.
We present an ambiguity propagating variant of defeasible logic 6 . Only if the
denial of X is not defeasibly provable, and there is a defeasible rule with X in
the conclusion that is stronger than all rules with ∼ X in the conclusion, then
we have X defeasibly.
The term (supporter(strict(R, X, [Y1 , . . . , Yn ]), S)) represents the clause
named R with the form [Y1 , . . . ,Yn ] → X.
The term (supporter(defeasible(R, X, [Y1 , . . . , Yn ]), S)) represents the clause
named R with the form [Y1 , . . . ,Yn ] ⇒ X.
The term (defeater(R, X, [Y1 , . . . , Yn ]), S) represents a defeater named R with
the form [Y1 , . . . ,Yn ]  X.
The term (sup(R, T), S) represents an instance of the superiority relation
schema  with the form  (r,t).
Here a supporter is either a strict or a defeasible rule with head X and
premises [Y1 , . . . ,Yn ]. A defeater is a defeater rule with head X and premises
[Y1 , . . . ,Yn ]. The superiority relation is an instance of the superiority relation
 expressed as a binary predicate that takes two rules R, T as argument.
The predicates deﬁnitely and defeasibly are given by the clauses:
deﬁnitely (X,S) iff S X
defeasibly (X,S) iff S|∼X
deﬁnitely(X, S) ← member(strict(R,
X, [Yi , . . . ,Yn ], S)

∧ ni deﬁnitely(Yi , S))
5 An

ambiguity propagating form of defeasible logic without team defeat was discussed in our
[55, 52, 89]. The check for non-provability in the third inference rule was handled by appeal
to negation as failure in the logic programming clause. Thus, the non-monotonicity of the defeasible logic is purely achieved by negation as failure in the logic program. As a result, if the
denial of X is not provable and there is a defeasible clause with X in the conclusion, then we
have X defeasibly.
6 For a comprehensive account of variants of defeasible logic cf. e.g. [6].
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defeasible(X, S) ← deﬁnitely(X, S)
defeasible(X, S) ← negation(X, X  ) ∧
not(defeasible(X  , S)) ∧
member(supporter(R, X, [Y1 , . . . ,Yn ]), S) ∧
n
i defeasible(Yi , S) ∧
not overruled(R, X, S).
overruled(R, X, S) ← negation(X, X  ) ∧
member(supporter(T, X  , [U1 , . . . ,Un ]), S)∧
n
i defeasible(Ui , S) ∧
not (member(sup(R, T ), S)).
overruled(R, X, S) ← negation(X, X  ) ∧
member(defeater(T, X  , [U1 , . . . ,Un ]), S) ∧
n
i defeasible(Ui , S) ∧
not (member(sup(R, T ), S)).
The ﬁrst two clauses formalize the provability of the monotonic kernel of the
logic, i.e. the “classical” provability. The latter three clauses deal with defeasible provability as they address the interaction between different rules in an
object theory stated in defeasible logic. In this ﬁrst case, we have formalized
an ambiguity propagating logic that cannot handle team defeat of a rule, cf.
[6]. Hence, an attacking rule T in support of the negation of the claim X, i.e.
T[∼ X] can only be defeated by the rule R[X] itself. The game tree explorer is
to appeal to the defeasible logic prover with a termination criterion in order to
check whether the key claim or its denial hold, i.e. whether the keyclaim or its
denial has become irrefutably defeasible in the current argumentation state.
In order to tune our dynamical defeasible logic to an ambiguity blocking
semantics, the above formalization is contrasted by the variant of defeasible
logic discussed in the previous Section 3.2.6 cf. [27].
By elaborating on the third inference rule above, we
 ¬X Y1 . . . ,Yn ⇒ X |∼ Y1 , . . . , |∼ Yn
in state S
⇒X
Now the third inference rule becomes a variant of the generalized Modus Ponens for defeasible rules, the denial of X must not be deﬁnitely provable in the
defeasible logic.
For this latter case, the predicates deﬁnitely and defeasibly are given by the
clauses:
deﬁnitely (X,S) iff S X
defeasibly (X,S) iff S|∼X
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deﬁnitely(X, S) ← member(strict(R,
X, [Yi , . . . ,Yn ], S)

∧ ni deﬁnitely(Yi , S))
defeasible(X, S) ← deﬁnitely(X, S)
defeasible(X, S) ← negation(X, X  ) ∧
not(deﬁnitely(X  , S)) ∧
member(supporter(R,
X, [Y1 , . . . ,Yn ]), S) ∧
n
i defeasible(Yi , S) ∧
not overruled(R, X, S).
overruled(R, X, S) ← negation(X, X  ) ∧
member(supporter(T, X  , [U1 , . . . ,Un ]), S) ∧
n
i defeasible(Ui , S) ∧
not defeated(T, X  , S).
overruled(R, X, S) ← negation(X, X  ) ∧
member(defeater(T, X  , [U1 , . . . ,Un ]), S) ∧
n
i defeasible(Ui , S) ∧
not defeated(T, X  , S).
defeated(T, X, S) ← member(sup((W, T ), S)) ∧
negation(X, X  ) ∧
member(supporter(W, X, [V1 , . . . ,Vn ]), S) ∧
n
i defeasible(Vi , S).
The two ﬁrst clauses handle “classical” provability. The latter three clauses
deals with defeasible provability as they address the interaction between different rules in an object theory stated in defeasible logic. The game tree explorer is to appeal to the defeasible logic prover with a termination criterion
in order to check whether the key claim or its denial hold, i.e. whether the
keyclaim or its denial has become irrefutably defeasible in the current argumentation state.
Above, we have given formalizations of an ambiguity propagating defeasible logic without team defeat, and an ambiguity blocking defeasible logic
drawing on team defeat cf. the previous Section 3.2.6. As according to [6],
the intuitions on which is to prefer may clash. Hence, by this preparation, we
can tune our argumentation framework according to the preferred intuitions
of the domain under dispute. This is further discussed in the Chapter 10 on
implementation speciﬁc issues.
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6.9

Summing Up

In this chapter we have shown how computational metalogic frameworks adequately can accommodate the formal modeling and analysis of the dynamical
and dialectical nature of argumentation.
We have elaborated on a framework for logical analysis and formalization
of argumentation as a dialectical process.
Our approach is distinguished by using game trees, being well-known in
Artiﬁcial Intelligence, for pursuing the alternatives facing the adversaries in
the argumentation process conceived as a game. Here the structures of each
argument are judged for appropriateness and adequacy and the underlying
argumentation schemes are evaluated for suitability and correctness of application.
The argumentation process is modeled in a metalogic setting with background knowledge and speech acts forming object language clauses encoded
as terms. The nondeterministic nature of the argumentation process is then
conveniently captured as a metalogic program managing the speech act sequence forming the dialogue.
The advantage of a logical formalization of argumentation is that it provides
a symbolic knowledge representation with a formally well-formed semantics,
making the represented knowledge as well as the behavior of knowledge representation systems reasoning comprehensible.
We have demonstrated how computational logic as represented in Horn
Clauses allows for expression of substantive propositions in a logical structure. The non-monotonic nature of defeasible logic stresses the representational issues, as to what is possible to capture in non-monotonic reasoning,
while from the (meta)logic program the sound computation on what it is possible to compute, and how to regard the semantics of this computation is established.
However as earlier emphasized, accompanying the shortcomings of classical logical consequence discussed in the previous Section 2.2.1 is the fact
that in many domains where human reasoning is applied, for the problems
under disputation only assumptions or fragmentary information are available.
To us this suggests argumentation as ﬂexible and adaptable models that are
governed by protocols for interaction in pursuit of some goal. In the following
chapters we pursue this investigation.
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Part V:
Queen versus Two Knights

7. Establishing Chains of Validity
between a Fact and its Cause

In this chapter we present a reasoning mechanism adequate to reason on hierarchical open-textured or fragmentary knowledge as inherent in e.g. legal
proceedings. Our objective is to address relevance in argumentation by dynamically determining the set of admissible and acceptable arguments (or
rules) and their relative strength for a particular argumentation game. We illustrate how this theory-construction mechanism outlines an alternative way
to static superiority relations for handling priorities between rules in defeasible argumentation systems. As discussed in Section 3.2.6, for any defeasible
reasoning system, including all argumentation systems based on defeasible
reasoning, the order of priority between rules is very important. This is because it is the basis of the update and introduction of new information, and
hence guarantees the consistency of the system. In addition, as a “correct” order of arguments is difﬁcult to establish a priori [161], this approach enables
a possibility to dynamically construct new theories of the dispute that captures
the case circumstances of the dispute and domain dependent knowledge.
In addition, for situations for which the case circumstances, the law as well
as the parties pleas and argumentation strategies are available to us, this
approach is useful for devising e.g. tools for auditing a litigation.
Initially we discuss the structure and characteristics of legal knowledge. In
the following sections we provide a metalogic characterization of the set of
meaningful and acceptable arguments (or rules) and their relative strength
for a particular argumentation game by use of logic provability. An example
legal dispute on property law illustrates the creation of a legally acceptable
and meaningful theory of dispute for a particular setting. The chapter is a
revised and extended version of our [53].

7.1 Adapted and Dynamical Ordering of Defeasible
Rules
In the following, we illustrate the applicability of the reasoning mechanism
for dynamical construction of a theory of legally acceptable and meaningful
provisions. It allows us to reason on the status and the strength of rules that
are applicable in a particular legal dispute. The approach presented in this
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chapter builds on [88] in which a representation of fragmentary multilayered
knowledge is devised.
As our model could be used for determining rule priorities it provides an
alternative approach to the work of Antoniou and Billington [8] and Prakken
and Sartor [152] on modeling dynamic priorities of arguments in a defeasible
framework. In [152] the ordering is derived from the premises, using a distinguished binary predicate, ≺, to capture object language information on the priorities and a deﬁnition of rebutting and undercutting arguments that excludes
any arguments relating to each other with a circular ordering. However, in our
model the initial content of the theory consists of the legal code characterized
as rule-schemata. While we acknowledge the parties to present the interpretation for their case, the preparatory process we present enables a specialization
of the theory to the case-speciﬁc circumstances which would be impossible
without examining the parties pleas. As we use reﬂection as provability represented in metalogic for specializing the general rule schemata of the law into
strict or defeasible rules according to the case at hand, (and thus determining
acceptability of the rules and arguments of the dispute), we also provide an
alternative technique for deriving rules in a defeasible theory compared to existing work by e.g. Song and Governatori [181] on nested rules in defeasible
logic; Governatori, Palmirani, Riveret, Rotolo and Sartor [73, 161] acknowledging how temporal aspects affect the modiﬁcation of norms, and Governatori, Padmanabhan and Rotolo [73] focus on extending cognitive agent implementations by use of temporalized defeasible logic.
Vreeswijk [197] presents abstract argumentation systems, studying argumentations whereas arguments are the object of defeat by devising metagames
for changing the rules of argumentation games. Brewka [36] incorporates metalevel argumentation on debating rules, while utilizing situation calculus as
basis to formalize protocols for dispute. The focus is set on determining the
acceptance of each participant in the dispute. Verheij [194] presents an argumentation model in which he studies the status of an argument given its structure and context by an extended, generalized form of deduction. Arguments
are viewed as treelike sequences of argumentation stages. Here an argumentation stage is determined of the set of presented arguments and the associated
status of each argument.
Here our objective is to determine the set of meaningful and legally acceptable arguments (or rules) and their relative strength for a particular legal
dispute by use of logic provability. We derive a meaningful and legally acceptable jurisprudence 1 for the particular litigation through assessment of the
information manifested by the parties. This provides for a more realistic setting as the legal effect of an utterance put forward is created from assessing
the parties pleas and the case-speciﬁc circumstances rather than being set a
priori for a ‘typical’ dispute. By elaborating on the example from our [52],
1 Here

‘jurisprudence’ is used in the meaning of “a body of law dealing with a speciﬁc issue or
area” [132].
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we show how the resulting analysis is to be carried out in the argumentation
framework presented in Chapter 6, .

7.2

Legal Knowledge as a Hierarchy of Exceptions

With the goal of securing fair, legitimate and effective decisions, legal argumentation comes about as a highly structured form of argumentation. Thus,
when analyzing a particular legal dispute, only the set of rules and speech
acts adjudicated for the case at hand should direct the outcome of the dispute.
However, within a particular statute the legislation itself often contains exceptions to the statute and scope instructions for its applicability. The exceptions
to the statute give the law its defeasible character, while various instructions
on the scope of the stated exceptions provide for situations where the initial
provision is not regarded as defeasible by means of the stated exception. Naturally, this constrains the body of law applicable for the particular case and
directs the outcome of the litigation.
As analyzed in Hamfelt [88], legal knowledge appears as a multilayered
hierarchy of fragmentary descriptions of interpretation principles. As such it
allows for multiple interpretations of what to rule as meaningful and acceptable jurisprudence in a particular dispute. Thus, in a realistic legal setting, all
arguments including the legal acceptability and impact of rules could be the
topic of debate [93].

7.3

Multilayered Legal Knowledge

Normally, a rule is constructed by relating the premises of the rule, logical
connectives and the consequent. However, as law is open-textured, for the
legal domain, each component signiﬁes the connection between a legal ﬁeld,
a legal provision and a legal case.
However, “[...] a relation represents a vague legal concept with a totally
unspeciﬁed extension which is only intuitively understood. Other legal principles decide whether or not a given specialization of a relation is an element of
this extension. Only when a schema is completely specialized it could become
a legal rule dedicated to a legal case and a provision of a legal ﬁeld.” [88] p.18.
Hence, we consider the structure of legal knowledge in Figure 7.1 as a hierarchy of theories where the language of each level i consists of all meaningful
rules expressed by schemata and conditions for their specialization on the level
i + 1. Each level Ti is characterized in the adjacent level Ti+1 by schematic descriptions of its sentences and rules for deciding which specializations of these
are meaningful and legally acceptable.
As presented in Chapter 5, we assume the two-place predicate
Demo(n(T), n(A)) to represent T A i.e. logic provability between an object
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Figure 7.1: Structure of legal knowledge

theory T and an object language formula A named n(T) and n(A) respectively
in the metalanguage. Demo is expressed as a non-ground metainterpreter (cf.
[116]) augmented with the following upward reﬂection rule:
Demo(n(Ti ), n(A)) ←
Demo(n(Ti+1 ), n(Demo(n(Ti ), n(A))))
The upward reﬂection rule allows the construction and assessment of a semantically meaningful and legally acceptable theory at each level of the hierarchy
described above. In the following we let theories and formulas name themselves autonymously. Here the uniqueness of each set of justiﬁed arguments
is ensured by creation, rather than representation, of the object theory.

7.4

On the Acceptability of Legal Arguments

Laws that impose duties or obligations on individuals are described by Hart
[93] as ‘primary rules of obligation.’ In order for a system of primary rules
to function effectively, ‘secondary rules’ may also be necessary in order to
provide an authoritative statement of all the primary rules. Secondary rules
may be necessary in order to allow legislators to make changes in the primary
rules if the primary rules are found to be defective or inadequate. Secondary
rules may also be necessary in order to enable courts to resolve disputes over
the interpretation and application of the primary rules. The secondary rules of
a legal system may thus include
• rules of recognition,
• rules of change,
• rules of adjudication.

Primary rules of obligation are not in themselves sufﬁcient to establish a system of laws that can be formally recognized, changed, or adjudicated. Hart
[93] states that primary rules must be combined with secondary rules in or144

der to advance from the pre-legal to the legal stage of determination. A legal
system may thus be established by a union of primary and secondary rules
2 . In accordance to the view of legal positivism put forward by Hart [93],
any speech act could be contested as to its legal acceptability and meaning
for a particular dispute. When modeling legal argumentation accordingly, we
initially consider all arguments, including the provisions, unascertained as to
their legal acceptability and meaning for the particular dispute. As a key point
of this approach, we accommodate that the parties of a dispute are allowed to
construct and put forward as their plea what they conceive to be the most attractive, yet legally acceptable and meaningful, interpretation of the situation.
To enable a fair, legitimate litigation, we express a dynamical legal positivistic
theory of acceptable jurisprudence as an interpretation of the parties pleas and
the schemata of legal knowledge available for the legal dispute at hand. We
require that the plea put forward by either party be consistent in the sense that
the party cannot contradict herself even defeasibly. This means that the party
at any stage Si cannot present an argument for the conclusion ¬P if she at an
earlier stage Si−x where x > 0 has presented a defeasible or strict argument
for the conclusion P. Moreover, a party may only plea for the acceptability of
a strict interpretation of a relation for a rule Ai if it is indisputably supported
by facts and the legal code as captured by general rule-schemata for the legal
ﬁeld in question.
A rule A is characterized as a rule-schema α → β where α is the antecedent
of the rule deﬁned as a ﬁnite set of literals or rules α1 , α2 , . . . , αn . β is the conclusion of the rule, which is a literal or a nested rule. → signiﬁes the relation
between the antecedent and the conclusion of the rule-schema. In specifying
the relation → we uphold the distinction between strict rules α → β representing indisputable assertions and defeasible rules α ⇒ β expressing default
assumptions. As such these default assumptions can be overruled by additional information and in particular by strict rules. Thus, we adopt the concept
of rule strength of [181] and deﬁne rule strength for the dynamical legal positivistic theory as a (at present two-level) partial order → A > ⇒ A where
→ is a strict rule and ⇒ is a defeasible rule. Rules of the same type → and
relation have the same rule strength. Hence, rules of the same relation can be
compared for their strength.
The theory of legally acceptable and meaningful provisions is constructed
prior to the analysis carried out in the argumentation framework presented in
[89]. The acceptability of a rule-schema α → β as well as its status as being
strict → or defeasible ⇒ are being determined by a metalevel examination of
the repositories or knowledge bases KBCode , KBParty1 and KBParty2 . Expressed
in the metalanguage, the relation (KBx B) ⊃ (KBx A) states that that the
acceptability of an object-level formula A ∈ KBx is dependent on the prov2 It

should be noted that Hart does not claim that this union of primary and secondary rules is
the only valid criterion of a legal system or that a legal system must be described in these terms
in order to be properly deﬁned
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ability (or non-provability ) of the object-level formula B ∈ KBx , where
x ∈ {Code, Party1, Party2}.

7.5

On the Swedish Property Law JB(1970:994)
A. Agreement on purchase of land must be conducted by a written offer and
acceptance agreement signed by the seller and the buyer. Agreement on purchase of land not adhering to these provisions shall cause the agreement to be
considered invalid.
B. If the provisions in A have not been met, purchase of land is still valid, if the
case falls under the law (1985:658) on the rights of a tenant of land to acquire
the land of tenure.
C. The provisions of B are only applicable if the property constitutes the permanent residence of the tenant.

Here we have the situation where A gives us a rule, and B tells us that there
are exceptions to this rule (rendering the rule defeasible). However, if the circumstances of the case are not as described in C, A is not defeasible by means
of B. Thus, the focus of a case where B is put forward as an argument for the
defeasibility of A, the case circumstances have to be analyzed in comparison
to the conditions in C. If the case circumstances give at hand that the property
is a permanent residence for the tenant (and no other legislation or agreement
is to be regarded), for the case at hand A should be considered defeasible according to the provisions of B. Else, A should be considered strict as C is not
applicable for this particular case.

7.5.1

Assessing the Pleas

In its original form in Chapter 6, the applied provisions of the argumentation game analysis consisted of a ﬁxed formalization of the legal code. No
provisions for dynamically acknowledging the parties pleas, case-speciﬁc circumstances or the applicability of other legal provisions by e.g. analogia legis
were made. However, we recognize legal knowledge as a hierarchy of fragmentary descriptions of interpretation principles and adhere to the dynamical legal positivistic view that all rules could be contested. We construct the
legally acceptable and meaningful theory for a given dispute by assessment of
the parties pleas and the available legal knowledge.
We set up a speciﬁc argumentation dialogue by specifying pleas of the two
parties and a key claim on a legal dispute concerned with a verbal (nonwritten) agreement of purchase of land. In this particular dispute the main
issue concerns the legal applicability of the above provision on the scope of
verbal agreements on purchase of tenured land. The legal effect of this provi146

sion could be disputed e.g. on the basis of the permanency of residence of the
tenant, as stated in the provision C of the above example.
The initial content of the theory consists of the legal code characterized
as rule-schemata. Corresponding to the provisions A, B and C respectively,
the initial content of the theory consists of the legal code characterized as the
following three rule-schemata:
agreement ∧ noContract → ¬validPurchase
tenant & agreement ∧ noContract → validPurchase
 permanentResidence ⊃ ¬( tenant & agreement ∧ noContract →
validPurchase)
The ﬁrst schema is asserted in the theory, while the latter two are to be established by an interpretation of the higher level provisions.
We note that an a priori constructed theory may resort to expressing the
legal code as the following rules:
agreement ∧ noContract ⇒ ¬validPurchase
(tenant ∧ agreement) ∧ noContract ⇒ validPurchase
permanentResidence ∧ (tenant ∧ agreement ∧ noContract ⇒
validPurchase)
In this case the argumentation framework needs to provide a resolvent for
determining the relative acceptability of the arguments. Thus the precedence
relationship to hold among them has to be a priori encoded into the formalization by a partial ordering. As stated in Section 3.2.6, the a priori assignment
of precedence in a way that is corresponding to human intuitions is in many
cases difﬁcult or impossible; hence resulting in an assignment of precedence
that is artiﬁcial, handcrafted for the example, or leaving instances of the precedence relation unresolved. Neither alternative provides a satisfactory way for
enabling a comprehensive analysis of the dispute according to our intentions
cf. Section 2.1.

7.5.2

A Sample Audit

Repository of party 1 (proponent):
⇒ tenant
⇒ ¬permanentResidence
⇒ agreement ∧ noContract
tenant & agreement ∧ noContract ⇒ validPurchase
The keyclaim κ of the proponent is validPurchase.
Expressed in the ﬁrst two rules ⇒ tenant and ⇒ ¬permanentResidence, the
proponent claims that the land is a property of his tenure, although he admits
being a non-permanent resident at the property. The third single rule without premises ⇒ agreement ∧ noContract states that the proponent cannot
deny that the purchase of the property was conducted without written con147

tract. However, by the ﬁnal rule
tenant &
agreement ∧ noContract ⇒
validPurchase the proponent claims that if provision B is found applicable,
it provides an exception to the requirement of provision A, in which a written
contract is required for an agreement to constitute a valid purchase.
Repository of party 2 (opponent):
⇒ tenant
⇒ ¬permanentResidence
⇒ agreement ∧ noContract
 permanentResidence ⊃
¬( tenant & agreement ∧ noContract → validPurchase)
By the ﬁrst three rules the opponent corroborates the proponent’s plea of
the property being tenured, although not for permanent residence, and she
agrees that there might exist an agreement. Regardless she denies there being
a written contract. However, she claims by the last rule that if it cannot be
shown that the buyer is a permanent resident of the property, the tenure does
not bring about the ruleschema ¬( tenant & agreement ∧ noContract →
validPurchase) as applicable in the theory. Hence, neither the weaker instance agreement ∧ noContract ⇒ validPurchase nor the stronger instance
agreement ∧ noContract → validPurchase are admissible in this particular litigation.
In other words, the opponent claims that even if B provides an exception
of A (where the purchase is valid), A is still applicable in this case as B is
dependent on the provability of the circumstance speciﬁed in C (permanent
residence of the tenant). In this case, she argues, instead the opposite can be
proven.

7.6

Metalogic Formalization

We construct a legally acceptable and meaningful formal theory for the case
at hand by the formalization Demo of provability given the legislation Code
and the speech acts and evidence put forward in the parties pleas Party1 and
Party2.

7.6.1

Characterization of the Applicable Legal Arguments

We deﬁne a meaningful and legally acceptable jurisprudence at level Ti
through the metalevel-investigation of the legally acceptable and meaningful
metarules of the metalanguage in the level Ti+1 . The link between Ti and
Ti+1 is accomplished characterizing Demo on Ti+1 as deﬁning the provability
relation on the lower level Ti by upward reﬂection, cf. Chapter 5.
Demo(Ti , A) ← Demo(Ti+1 , Demo(Ti , A)).
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The deﬁnition states the conditions for acceptability of the formula A in the
theory Ti . We consider a theory T1 that is constructed from the metalanguage
in the adjacent theory T2 (which is constructed from the metalanguage in its
adjacent theory T3 etc.) as specialized to serve as a legally acceptable and
meaningful provision for the legal ﬁeld in question and dedicated to the particular case. Here a formula A is encoded as a composite term for instance representing rule(rulestrength, antecedent, consequence) . Here antecedent
could be the empty clause {}, thus rule(→, {}, A) represents the fact → A.
rulestrength represents occurrences over distinct variables, ranging over the
terms {→, ⇒}.
To enhance readability, we write:
→ A for the formula expressing the rule α → β , here represented by the
composite term rule( →, α , β ) .
⇒ A for the formula expressing the negation of the rule α ⇒ β , here represented by the composite term rule(⇒, α , β ) .
¬ → A for the formula expressing the negation of the rule α → β , here represented by the composite term ¬(rule( →, α , β )) .
¬ ⇒ A for the formula expressing the negation of the rule α ⇒ β , here represented by the composite term ¬(rule( ⇒, α , β )) .
The interpretation of the above negated formula as the inadmissibility of the
formula (A(r) → C(r)) in a knowledgebase may be either of the following:
• the nonexistence of the formula (A(r) → C(r)),
• the existence of a rule with the consequent (A(r) → ¬C(r)), or
• the existence of a (stronger) negated rule of the form ¬(A(r) → C(r))
In the below example for our metainterpreter we adopt the third interpretation.
In our example legal dispute, we have the following situations:
1. A formula A follows from both parties pleas as well as from the legal code.
For the litigation it is indisputable and is considered legally acceptable
and strict. To be noted is that in accordance to the above explicated
dynamical legal positivistic view, a formula A expressing a provision
as stated in the repositories or knowledge bases KBCode could never be
indisputable. Hence, a formula A could never be strict, i.e. of the form
α → β represented as rule(→, α , β ), unless its status is inferred from the
knowledge base i.e. by provability of ϕ ⊃ α → β and ϕ , cf. the
Aristotelian syllogisms discussed in Chapter 2.2.1.

2. A formula A follows from both parties pleas whilst the negation ¬A does
not follow from legal code. We decide this weaker statement sufﬁcient to
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render the provision indisputable and consider it legally acceptable and
strict.
3. A formula A follows from one party’s plea and the formula ⇒ A from
the legal code. Neither the negation of the formula ¬A nor the formula A
follow from the other party’s plea. We deﬁne the formula A as legally
acceptable and defeasible.
4. A formula A follows from one or both parties pleas but the negation ¬A
follows from the legal code. For the current litigation the formula is not
legally acceptable and is discarded. As an example, consider as A the plea
nonTenant ⊃ agreement ∧ noContract ⇒ validPurchase. Unless supported
by other legal provisions, as deviating from the legal code the formula A
cannot be admitted as a legally acceptable and meaningful argument for
the current litigation.
5. A formula A follows from one party’s plea and its negation ¬A follows
from the other party’s plea. Neither the formula → A nor the formula ¬ → A
follow from the legal code. Here we have the following situations:
a Both formulas have the same rule strength, i.e. ¬ ⇒ A and ⇒ A. We deﬁne both the formula ¬A as well as the formula A as legally acceptable
and defeasible. This is to acknowledge the parties right to plea the
most favorable yet legally acceptable and meaningful interpretation
of the situation. We propose that a resulting defeasible inconsistency
is resolved in the argumentation game analysis.
b The formulas have different rule strength, i.e. ¬ → A and ⇒ A. To be
noted is that no opposing plea ¬A could be of a stronger rule strength
than the code formula A. Also, a party could never make a strict plea
for the complement of a code formula A, i.e. a plea for → ¬A. Here
we have the resulting admissible situations:
i do not attack/defeated attack: Here the situation is that:
KBCode ⇒ A,
KBParty1 ¬ ⇒ A and
KBParty2 → A.
Since we restrict a party from introducing a fact unless it is undisputable as evidence, and no undefeated attack occurs from the
other party, the situation is considered as indisputable and strict.
ii attacks: Here the situation is that:
KBCode ⇒ A,
KBParty1 → A and
KBParty2 ¬ ⇒ A where
KBParty1 → A poses an undefeated attack on KBParty2 ¬ ⇒ A.
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Given the above described restrictions, also here the result is
strict A.
6. A formula B and the relation between the formula B and a formula A in the
object theory Ti follows from the acceptable and meaningful metarules of
the metatheory of the adjacent levelTi+1 .
In the following, we present a formalization of Demo, devised to adequately
handle the above cases.
We deﬁne the predicate Demo for our strict rules in the above ﬁrst case
according to the following:
Demo(T1, rule(→, Ante, Cons)) ←
Demo(Code, rule(_, Ante, Cons))
Demo(Party1, rule(_, Ante, Cons)),
Demo(Party2, rule(_, Ante, Cons)).

Except for our ﬁrst and fourth case, at level T1, due to the appeal to the
non-provability of formulas, we cannot enable an instantiation of our
predicate. Hence, we deﬁne the predicate Demo for our rules by upward
reﬂection to the adjacent level T2 according to the following:
Demo(T1, rule(→, Ante, Cons)) ←
Demo(T2, Demo(T1, (rule(→, Ante, Cons))))
At level T2, we deﬁne the predicate Demo for our strict rules of the second
case as follows:
Demo(T2, Demo(T1, rule(→, Ante, Cons))) ←
Demo(T2, ¬Demo(Code, ¬( rule(→, Ante, Cons)))),
Demo(T2, Demo(Party1, rule(_, Ante, Cons))),
Demo(T2, Demo(Party2, rule(_, Ante, Cons))).

For our third case, we deﬁne the predicate Demo as follows:
Demo(T2, Demo(T1, rule(⇒, Ante, Cons))) ←
Demo(T2, Demo(Code, rule(⇒, Ante, Cons))),
Demo(T2, Demo(Party1, rule(, Ante, Cons))),
Demo(T2, ¬(Demo(Party2, rule(, Ante, Cons)))),
Demo(T2, ¬(Demo(Party2, ¬( rule(, Ante, Cons))))).

For our fourth case, the predicate Demo expresses the inadmissibility of the
rule as follows:
Demo(T1, ¬(rule(→, Ante, Cons))) ←
Demo(Code, ¬(rule(→, Ante, Cons))),
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Demo(Party1, rule(_, Ante, Cons));
Demo(Party2, rule(_, Ante, Cons)).

Acknowledging the dynamical legal positivistic view of Hart, we deﬁne the
predicate Demo for our defeasible rules as expressed in the case 5. a) as follows:
Demo(T2, Demo(T1, rule(⇒, Ante, Cons))) ←
Demo(T2, ¬Demo(Code, ¬ ( rule(→, Ante, Cons)))),
Demo(T2, Demo(Party1, rule(⇒, Ante, Cons))),
Demo(T2, Demo(Party2, ¬( rule(⇒, Ante, Cons)))).
Demo(T2, Demo(T1, ¬( rule(⇒, Ante, Cons)))) ←
Demo(T2, ¬Demo(Code, rule(→, Ante, Cons))),
Demo(T2, Demo(Party1, rule(⇒, Ante, Cons)))),
Demo(T2, Demo(Party2, ¬ ( rule(⇒, Ante, Cons)))).

We deﬁne the case 5. b) as:
Demo(T2, Demo(T1, rule(→, Ante, Cons))) ←
Demo(T2, Demo(Code, rule(⇒, Ante, Cons))),
Demo(T2, Demo(Party1, rule(→, Ante, Cons))),
Demo(T2, Demo(Party2, ¬ ( rule(⇒, Ante, Cons)))).

Here we maintain the claim of not allowing a party with an opposing
plea ¬(rule(⇒, Ante, Cons)) be of a stronger rule strength than the
code formula rule(→, Ante, Cons). A party could never make a plea for
¬(rule(→, Ante, Cons)) unless it is indisputable given the facts of the
situation. Also, we restrict a party from introducing a fact unless it is
undisputable as evidence. Hence, both cases 5.b.i and 5.b.ii are captured by
the above presented speciﬁcation.
For the last case we deﬁne Demo to serve as a rule constructor for the object
theory, establishing any formula A at the object level Ti through provability in
Ti+1 of the formula B given the metarules of the language in the metametatheory at level Ti+2 .
Demo(T2, Demo(T1, A)) ←
Demo(T2, (Demo(T1, A) ⊂ B)),
Demo(T2, B).

7.7

A Dynamical and Adapted Characterization

The initial content of the theory consists of the legal code characterized
as rule-schemata. We propose that the acceptability (i.e. specialization)
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of a rule-schema α → β into either a strict rule → or defeasible rule ⇒
is determined by examining the repositories or knowledge bases KBCode ,
KBParty1 and KBParty2 .
We establish the following status for this particular provision given the particular case and the legal ﬁeld:
a) The circumstances → tenant,
→ ¬permanentResidence and
→ agreement ∧ noContract are established as legally acceptable facts by our
second case Demo.
b) The rule-schema tenant & agreement ∧noContract → validPurchase
is found inadmissible for the particular case due to the provability of
→ ¬permanentResident by our second case Demo and the provability of
 permanentResident ⊃ ¬( tenant & agreement ∧ noContract →
validPurchase)
& agreement ∧ noContract ⇒
validPurchase) by our sixth case Demo which we here utilize as rule constructor for the object theory, establishing any formula A at the object level
Ti through provability in Ti+1 of the formula B given the metarules of the
language in the metametatheory at level Ti+2 .

7.8

Prescriptive Rights Argumentation Game II

This extended example is previously presented in [55]. In this section the example is used for illustration of an argumentation game with construction of
theories of admissible, meaningful and acceptable knowledge, in other words,
theories constructed by, for the dispute, relevant knowledge.
We set up a speciﬁc argumentation game by specifying pleas of the two
parties and a key claim on the analyzed legal dispute concerned with prescriptive rights from Section 6.4. In this particular dispute the main issue concerns
the legal consequences of a permission. The legal effect of such a permission
could be disputed e.g. if the permission is not in force because it, although
existing as a legal document, never was presented to the receiver.
Legal code:
possession → ownership
possession ∧ permission → ¬ownership

Plea of party 1 (proponent):
possession ⇒ ownership
⇒ possession
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→ ¬presented
¬presented ⊃  possession ∧ permission → ¬ownership

The keyclaim κ of the proponent is ownership. The single clause without
premises ⇒ possession states that the proponent claims that he has taken and
uninterruptedly held possession of the land for the prescribed twenty years.
Moreover, the proponent claims that possession entitles him the ownership.
As an argument to counter the second schema of the theory, possession ∧
permission → ¬ownership, the proponent claims that no permission was ever
presented to him ⇒ ¬presented.
He pleas unless presented is proven, the legal effect of any instance of the
rule-schema possession ∧ permission → ¬ownership is inadmissible.
Plea of party 2 (opponent):
possession ∧ permission ⇒ ¬ownership
⇒ ¬possession
→ permission

The opponent disputes the proponent’s plea of possession. As the
rule-schema
possession ∧ permission → ¬ownership

is available in the theory, viz. being consonant to the legal code on prescriptive rights, she cannot deny the implication altogether but merely defeasibly.
However she has also at her disposal a permission document, of which the
authenticity is not to be disputed. Thus, the opponent claims that even if possession has taken place no ownership should be granted since there exists a
permission → permission from the legal owner to the possessor.

7.8.1

Metalogic Formalization

We deﬁne a meaningful and legally acceptable jurisprudence at level Ti
through the metalevel-computation of legally acceptable and meaningful
rules as instances of rule-schemata expressed in the language of the
metatheory Ti+1 . The link between Ti and Ti+1 is deﬁned by upward reﬂection
as stated in the previous Chapter 5.
We construct the following knowledge base of legally acceptable and meaningful formal jurisprudence, where T2 is the metatheory of theory T1 , for the
case at hand. The theory is established as a metalogic formalization of provability given the legislation Code and the speech acts and evidence put forward
in the parties pleas Party1 and Party2.
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For our example we have established the following knowledge base of
acceptable and meaningful jurisprudence:
a) The following rule possession ⇒ ownership is established as legally acceptable and meaningful for the particular case as to its acceptability and rule
strength by:
Demo(T1, rule(⇒, possession, ownership)) ←
Demo(T1, Demo(Code, rule(⇒, possession, ownership))),
Demo(T1, Demo(Party1, rule(⇒, possession, ownership))),
Demo(T1, ¬(Demo(Party2, rule(⇒, possession, ownership)))),
Demo(T1, ¬(DemoParty2, ¬(rule(⇒, possession, ownership)))).

b) The rule-schema possession ∧ permission → ¬ownership was
found inadmissible for the particular case. The non-provability in
theory T1 of the rules i.e,  possession ∧ permission → ¬ownership and
 possession ∧ permission ⇒ ¬ownership respectively are established from
the theory T2 as follow:
Demo(T2, ¬(Demo(T1, rule(→, possession∧permission, ¬ownership)))) ←
Demo(T2, ¬(Demo(T1, rule(→, possession ∧ permission,
¬ownership))) ⊂
Demo(T1, rule(→, {}, ¬presented))),
Demo(T2, Demo(T1, rule(→, {}, ¬presented))).

Demo(T2, ¬(Demo(T1, rule(⇒, possession∧permission, ¬ownership)))) ←
Demo(T2, ¬(Demo(T1, rule(⇒, possession ∧ permission,
¬ownership))) ⊂
Demo(T1, rule(→, {}, ¬presented))),
Demo(T2, Demo(T1, rule(→, {}, ¬presented))).

Repository of party 1 (proponent):
⇒ possession
⇒ ¬presented

The keyclaim κ of the proponent is ownership.
Repository of party 2 (opponent):
⇒ ¬possession
→ permission
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In order to pursue the argumentation analysis as to whether the key claim
or its denial holds, we utilize the game tree explorer of our argumentation
framework for appealing to the defeasible logic prover with the termination
criteria (see Section 4.4.1).

7.8.2

Running the Argumentation Game

However, as given by the pure dynamics of the dialogue, it is not always beneﬁcial for a party to utter all/some of his undisputable speech acts. Even though
the existence of the permission is undisputable, and the relevance of this evidence settled, the argumentation strategy of the party still could make a difference.
The argumentation game tree unfolds as follows:
The proponent initiates the argumentation by referring to the facts of the case.
⇒ possession
possession ⇒ ownership
The opponent utters either of the following alternatives:
Speech act opt. A Speech act opt.B
⇒ ¬possession
→ permission
The proponent responds by
contesting that permission
has been received:
⇒ ¬presented
As all rule types of the instance possession ∧ permission ⇒ ¬ownership
have been settled as inapplicable.
Speech act opt. A Speech act opt.B
∴ The dispute
∴ The game is won
becomes a draw
by the proponent.
Table 7.1: Argumentation game tree for claiming ownership through prescriptive
rights

In the situation where the opponent utters Speech act opt.B, the opponent,
by putting forward evidence of permission being granted, will lose the game,
while if he utters Speech act opt. A, the game is a draw, cf. Table 7.1. As the
repositories are exhausted, this game ends accordingly. As to be explained,
additional termination criteria may end the dialogue prior to exhaustion of a
repository. We refer to the previous Chapter 6 for a comprehensive account of
the metalogic formalization and the below Chapter 10 for the logic program
realization.
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7.9

Summing Up

In this chapter we have presented a reasoning mechanism adequate to reason
on hierarchical open-textured or fragmentary knowledge as inherent in e.g.
legal proceedings. It also applies to cases where the complete knowledge is
yet to be presented, whereas an intermediate analysis of the current standing
of a case is needed, e.g for assessing the strategic burden of proof discussed by
Prakken and Sartor in [153], or for the assessment of a complaint of procedural
nature, cf. the rejecting clause being put forward as discussed in Chapter 6.
Here we illustrated how this mechanism outlines an alternative way to
static superiority relations for handling priorities between rules in defeasible
argumentation systems. In this way we have presented a dynamic and
adapted way of establishing and manifesting the chains of validity between
a fact and a cause. In this sense we have given acceptable answers to the
questions posed by Besnard and Hunter [25] ‘Where does the knowledge
about reliability of the sources (of the orderings over formulas) come from?’
‘How can it be assessed?’ ‘How can it be validated?’ in a way as indicated
by [25] as “reliability is not universal (nor a priori) but comes in specialized
instances” We devised a dynamically constructed dynamical legal positivistic
characterization of legally acceptable and meaningful jurisprudence. The
dynamical construction of a case-adapted legal theory for utilization in legal
audits or as an alternative to defeasible priorities allows for a more realistic
legal analysis of the applicable rules for a given legal dispute. The resulting
theory clariﬁes and directs the outcome of the dispute by assessment of the
available legal knowledge and the parties pleas for the case at hand. The
formal model is formulated using metalogic programming. Moreover, we
show that the approach provides an adaption as well as an optimization
of the argumentation analysis for which no general case a priori labeling
of the acceptability, priority and impact of the resulting admissible legal
provisions are needed. Hence, the resulting theory becomes streamlined to
the actual dispute, which enables a closer correspondence to the informal
domain it is to depict. The approach presented in this chapter addresses these
complications as it is thought to simplify the maintenance of knowledge as
well as the creation of new theories. This should be compared to a theory
devised a priori without any analysis of the case-speciﬁc circumstances. In
this case, the theory easily gets complex as it has to accommodate the dispute
without consideration of the case speciﬁc circumstances. Hence, the resulting
theory becomes less adapted to the speciﬁc dispute, but also less transparent,
which in turn makes the update and maintenance of theories for defeasible
reasoning more difﬁcult. The relations of the existing knowledge and the new
pieces of reasoning have to be given considerable concerns to overlook all
the consequences of the new relations to be introduced.
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8. The Cause as what It Purports to Be

In this chapter we show that depending on the conversational setting, and
case-speciﬁc circumstances, different sets of termination criteria are to deﬁne
acceptable terminal states for a particular argumentation game. We survey
the different sets of termination criteria that deﬁnes the terminal states of adversarial argumentation games. Taking as point of departure the termination
criteria for formal models of board games like chess, we elaborate on accepted termination criteria for adversarial argumentation games.

8.1 Termination Criteria Accommodating the Parties’
Goal
In the previous Chapters 4, 6, and 7, the outcome of an adversarial argumentation game has been determined by one generalized set of termination criteria.
However, devised to identify adequate terminal states for the game, termination criteria may also be interpreted in terms of winning (losing) conditions
for the parties participating in the dispute, cf. The different standards of proof
[12].
As seen in Chapter 2, on the acceptance of our ﬂying reindeer example in
a scientiﬁc disputation compared to a friendly banter, the acceptance of a termination criterion as constituting winning or losing for either party cannot
be taken for granted. Instead, to correspond to the informal notion of winning/losing, the set of termination criteria relevant for a particular dispute, has
to be computed based on the case circumstances and the dialectical setting 1 .
As an alternative conceptualization, the interpretation of the terminal states
could be understood as making explicit what makes certain speech acts effective in furthering the dialogue.
In preparation for this investigations cf. Chapter 4, we focused on the persuasion dialogue type of Walton [201]. Here we see the following constituents
of a persuasion dialogue of which an adversarial dialogue is a special case.
• The respondent accepts the premises as commitments. If the party does not
challenge the premises or cannot defeat the premises they are accepted.
• Each inference in the chain of arguments is structurally correct.
1 Constituents

of acceptance may be e.g. aspects of higher level principles and culture.
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• The chain of argumentation must have the proponent’s thesis as its (ultimate) conclusion.
• Arguments that meet these criteria are the only means that count as fulﬁlling the proponent’s goal in the dialogue.
In particular we note that by the fourth criterion, these criteria are the only
means that is to count as valid for fulﬁlling the proponent’s goal in the dialogue. Thus, by the third criteria, the thesis of the party have to adequately
reﬂect the notion of ‘winning’ for the particular conversational setting. Here
we focus on the context-dependent interpretation of terminal states, as the acceptance of proponent’s thesis; which, although important, to our knowledge
is overlooked in most formal models of argumentation 2 .
Our key objective in this chapter is to investigate accepted interpretation
of the terminal states among the parties, rather than the acceptable strategies
relative a party’s own goals. The latter is elaborated on in Chapter 9.

8.2 Characteristics
Games

of

Completed

Argumentation

We recall from Chapter 6 that the challenge of the parties of an argumentation
game is to conduct a winning strategy analogous to the accomplishment or
elaboration of a winning strategy in two-player games. More precisely, the
proponent is to justify or at least defend a key claim, whereas the intent for
the opponent is to dispute or preferably defeat this key claim as to be detailed
below.
Deﬁnition 72 A completed argumentation game is a game tree for a particular argumentation framework Args. The tree is determined by an initial state,
at least one terminal state, and a path between these.
We are interested in ﬁnite sequential games. This means that the games take
place in an environment with ﬁnitely many states, with one initial state and at
least one terminal state. The updates of the environment is done solely by the
parties moves; hence the binary move predicate is a state transformer. Naturally there could be several terminal states. Each game is restricted to a two
player game, for which a ﬁnite number of arguments are available in a separate knowledge base. Each terminal state is assigned a goal value for each
player.
As we are dealing with a general model for games, we ﬁnd use for notions of
a ‘good’ game, where the parties are able to act and have a chance of achieving
their goal. Hence, we draw on the notions of playability and winnability [62].
2 For

e.g. the strategic games discussed in Chapter 4 it is important to establish the accepted
interpretation of the chosen outcome. In order to calculate the game payoff, we need to make
sure that the goal is accepted as to what it purports to be.

160

To accommodate the reader, we repeat the deﬁnition of playability from our
previous Section 6.1.
Deﬁnition 73 A game is playable iff every party p has at least one legal move
move(Si , Si+1 ) in every non-terminal state.
Deﬁnition 74 A game is strongly winnable iff for some party p there is a
sequence of individual moves of that party that leads to a terminal state of the
game where that party’s goal value is maximal.
Deﬁnition 75 A game is weakly winnable iff for every party, there exist a
sequence of joint moves of all parties that leads to a terminal state where that
party’s goal is maximal.
For the games discussed below, we require that every game must be weakly
winnable. This means that in any game there is at least one chance of winning
for every party.
The deﬁnition of terminal states is consistent with Zermelo’s theorem in the
sense that it follows that for any terminal state of any argumentation game, no
terminal state is both won and lost by the same party, and thus every ﬁnite
argumentation game is determined. If an argumentation game is not determined by the above deﬁnitions, the indeterminacy can only be a result of the
non-termination of the argumentation game.

8.3

Classiﬁcation of Termination Criteria

In our pursuit of establishing accepted termination criteria, we could beneﬁt
from a classiﬁcation. For the following survey of sets of termination criteria,
we will be drawing on the below deﬁned notions of unique assignment and
collectively exhaustive classes of termination criteria.
Deﬁnition 76 A unique assignment of the values won or lost, to the parties of
a completed argumentation game, is constituted by each value simultaneously
being assigned to no more than one party in each of the terminal state of a
particular argumentation game.
Deﬁnition 77 A collectively exhaustive assignment of the values won or lost
to the parties of a completed argumentation game is constituted by both values
won, and lost, assigned to at least one party respectively, for every possible
terminal state of a particular argumentation game.
Deﬁnition 78 A pairwise mutually exclusive assignment of the values won
and lost, to the parties of a completed argumentation game, is constituted by
assigning at most one of the values won or lost to a party in the terminal state
of a particular argumentation game.
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For our adversarial argumentation setting we assume that a game cannot be
won and lost for a party in the same time; hence won and lost as the outcome
of a game for a party are pairwise mutually exclusive.
Deﬁnition 79 A admissible assignment to the parties of a completed argumentation game, is constituted by assigning either the values won or lost to a
party in the terminal state of a particular argumentation game.
For our adversarial argumentation setting we also assume that a game cannot be undetermined for a party; hence, won or lost is the only admissible
outcomes of a game for a party.
According to the above criteria, in the subsequent sections we survey the
set of termination criteria as four subgroups.
In the following, the symbol represents strict or classical proof, while the
symbol |∼ represents defeasible proof. A classical proof of the proposition is
also a defeasible proof of the proposition but not vice versa.
As presented in all sets of termination criteria, the last criteria of won and
lost for a party deﬁne the exploration of the game tree using existential and
universal quantiﬁcation alternately (cf. the minimax principle for exploring
game trees [139]). Thus, the game is won for a party in the state Si if some
admissible act leads to lost for the other party in a subsequent state Si+1 . Accordingly, the game is lost for a party when all admissible acts recursively lead
to won for the other party.

8.4

Unique Assignments and Collectively Exhaustive

This section surveys the set of termination criteria where the assignment of
won and lost are unique assignments to either of two parties and collectively
exhaustive for all possible events of the game. For all possible outcomes of a
game, either the game is won by the proponent and lost by the opponent, or
vice versa. We have the following situations:
won
lost

lost
won

Our ﬁrst case is the argumentation setting of Table 8.1, where the opponent’s
claim is granted by the proponent’s failure to prove the keyclaim κ cf. Table
4.2. This setting is characteristic for most disputes where a deﬁnite decision
on the outcome of the game is required, e.g. a civil legal setting. As such this
symmetrical characterization does not accommodate for the draw situation cf.
Table 4.2 and Table 4.1. won and lost are mutually recursively deﬁned in the
underlying game-tree exploration as follows from the Table 8.1.
The table tells that the game is lost for the proponent and won for the opponent if the negation of the key claim is afﬁrmed strictly or if the game is
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completed, if the negation of keyclaim follows at least defeasibly, or the keyclaim cannot be proven even defeasibly. As in check mate in the Table 4.1, we
consider the game as won for the proponent (Pro) and lost for the opponent
(Opp) if the keyclaim κ is deﬁnitely proven in the state Si , Si κ . In order to
accommodate the dynamic character of our approach, an argumentation state
is also won for the proponent and lost for the opponent if either the keyclaim
is defeasibly proven or the negation of the keyclaim cannot be proven in state
Si and in the subsequent state Si+1 the opponent has exhausted all his moves.
Equivalently to check mate and the ﬁrst won criteria for the opponent, the
game is lost for the proponent when the negation of the keyclaim is deﬁnitely
provable in the state Si , Si ¬κ .
Evaluation Case I
These termination criteria are too strong for most situations as the inability
to show one’s claim to hold defeasibly will render the game lost. In addition,
the adversary’s claim automatically becomes accepted as a winning condition
without a requirement of this claim to hold defeasibly. We also note that if
the semantics of defeasible logic is credulous, i.e. allows for both defeasibly
κ and defeasibly ¬κ , we will eventually have to cater for the situation where
both parties have won and lost, or relax the requirement of pairwise mutually
exclusive assignments.

8.5 Not Unique
Exhaustive

Assignments

but

Collectively

This section surveys the terminal state characterizations where the game could
be won by both parties as well as lost by both parties, but always collectively
exhaustive. By our previous Deﬁnition 71, for any two party game there is no
accommodation of a draw.
We have the following situations:
won
lost

lost
won

won
won

lost
lost

Evaluation Case II
We note that the ﬁrst two situations of Case II subsumes the termination criteria of the previous Case I. However, for the additional situations, by a credulous semantics where ambiguity is blocked, the defeasible logic proer may in
theory allow for both defeasibly κ and defeasibly ¬κ , or not defeasibly κ and
not defeasibly ¬κ to be established in our shared knowledgebase. However,
given the dynamical character of argumentation that is reﬂected in the deﬁnition of our metalogical dynamical exhaustive procedural layer cf. Section
163

6.7, for any given state the status of both the keyclaim and its negation cannot
be simultaneously found to hold (neither strictly nor defeasibly) in the same
state.

8.6 Unique
Exhaustive

Assignments,

but

not

Collectively

An alternative here is to strengthen the notion of lost.
We have the following situations:
won
lost

lost
won

won
-

won

Our Case III:a characterizes an argumentation setting where a party only may
lose if the the negation of its keyclaim, i.e. ¬κ is proven strictly, cf. Table 8.2.
This would be compared to a situation in criminal litigation where the prosecution has to prove the claim beyond reasonable doubt, however extended to
both parties. A failure by the other party to justify this claim while still being
able to defend the claim against attack is the same as the ﬁrst party winning
the game, but this does not constitute a loss for the ﬁrst party. As all possible states are represented here, although not constituting a loss, as such this
symmetrical characterization does not accommodate for the draw situation cf.
Table 4.1.
Evaluation Case III:a
In this case either party is pronounced winner for all situations, as “innocent
until proven guilty” in the classical sense without even having to provide the
slightest evidence of their case being substantiated. Both parties are treated
as the defendant in a criminal litigation, which may be counterintuitive in an
adversarial argumentation game, for which the particular dispute protection
according to higher level principles, e.g. the presumption of innocence, is not
to be enforced.
One variation of this case are to relaxing the lost to also include the situation
of Si |∼ κ ∧ adversary exhausted in Si+1 . Regardless, the criteria for winning in
a terminal state is too weak, as the failure to prove one’s case even defeasibly
constitutes a win for the adversary.
Likewise, we could elaborate on strengthening the notion of what is to constitute a winning situation. Our analysis for this Case III:b concerns an argumentation setting where a party has to prove its claim strictly to win, cf.
Table 8.3. This would be compared to a situation in criminal litigation where
the prosecution has to prove the claim beyond reasonable doubt, however extended to both parties. We note that failure to justify this claim strictly, while
still being able to justify the claim defeasibly, or defend the claim against
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attack is the same as losing the game. As in the above Case III:a, all possible states are represented here, although not constituting a win, as such this
symmetrical characterization does not accommodate for the draw situation cf.
Table 4.1. won and lost are mutually recursively deﬁned in the underlying
game-tree exploration as follows from Table 8.3.
Evaluation Case III:b
For this scenario, either party lose even if being able to defend its claim defeasibly. The area of applicability of this case include situations where the parties
are competing over a resource that has a minimum requirement or prerequisite
for authorization.
One variation of this case are to relaxing the won to also include the situation of Si |∼ κ ∧ adversary exhausted in Si+1 . Regardless, the criteria for
losing in a terminal state is too weak, as the ability to prove one’s case defeasibly still constitutes a loss. Apparently, we have to extend our deﬁnition of
an admissible game, to include situations where neither party wins nor loses.
Including Draw: A Symmetrical Characterization
Interpreted in terms of an argumentation game setting, the keyclaim in chess
effectively says that the white king is persistently defensible and the black
king is not persistently defensible. In other words, this means that white can
mate black. Hence, white is not losing if this keyclaim is not proven. Likewise,
many cases of argumentation games are expected to come out as a draw.

Deﬁnition 80 Analogous to the stalemate, a draw is when the game is neither
won nor lost for either party.

That is, as analogous to a stalemate in chess, e.g. the proponent can defend
her proposition against attack, but on the other hand she lacks admissible arguments/moves to justify it by logical means given the available evidence and
presented counter-arguments. The opponent can defend his proposition accordingly, but cannot adequately refute the proponent’s proposition.
Thus, we elaborate on the termination criteria in the following sections by
extending the setup to include a draw situation.
This section surveys the characterizations where the assignment of won and
lost are unique assignments to either of two parties, pairwise mutually exclusive for a party but not necessarily collectively exhaustive for all possible
outcomes of a game, cf. Table 8.4. For all possible outcomes of a game, the
game is either i) won by the proponent and lost by the opponent, ii) won by
the opponent and lost by the proponent, or iii) neither lost nor won for either
party. This situation we term draw.
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Here we have the following situations:
draw

won

lost

draw

not won and
not lost

not won and
not lost

not won and
not lost
won

not won and
not lost
lost

Our second analysis characterizes an argumentation setting where the opponent’s claim is not automatically granted by the proponent’s failure to prove
the keyclaim κ . A failure to justify this claim while still being able to defend the claim against attack is not the same as losing the game. As such this
symmetrical characterization accommodates for the draw situation cf. Table
4.1. In a setting characteristic for most dispute where the parties are considered equal, won and lost are mutually recursively deﬁned in the underlying
game-tree exploration as follows from Table 8.4.

8.7 Neither Unique Assignments nor Collectively
Exhaustive
This section surveys the characterizations that are neither unique assignments
but not collectively exhaustive. This implies that either both parties win, both
parties lose, or the game is a draw. Here we have the following situations:
won lost draw
won lost draw
Evaluation Case IV
As for Case II, this Case IV, for the additional situations, by a credulous semantics where ambiguity is blocked, the defeasible logic prover may in theory
allow for both defeasibly κ and defeasibly ¬κ , or not defeasibly κ and not defeasibly ¬κ to be established in our shared knowledgebase. However, given
the dynamical character of argumentation that is reﬂected in the deﬁnition
of our metalogical dynamical exhaustive procedural layer cf. Section 6.7, for
any given state the status of both the keyclaim and its negation cannot be simultaneously found to hold (neither strictly nor defeasibly) in the same state.
Hence, only if the assignments of won (lost) for both parties are given to the
same states of affairs, e.g. the situation defeasibly κ , would ﬁt this category.
However, this would not constitute an adversarial dispute, and hence not to be
considered for our setting.
Conclusively, we ﬁnd that for a symmetrical situation where the parties are
equal, the Table 8.4. seems to provide a natural correspondence to the informal
notions of won and lost for argumentation games.
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An Asymmetrical Characterization
Human interaction is governed by many higher level principles incorporating institutional (societal) values on the dispute resolution cf. [88]. As stated
above, for some real-life domains the draw situation is not modeled as an
equal situation. Instead the game is solved by placing a burden of proof on either party in accordance to the norms or higher level principles governing that
particular interaction. e.g. in a criminal litigation, in case of doubt, the prosecutor has to convince/prove that the accused is guilty beyond a reasonable
doubt, while the accused only has to produce an exception to the accusation.
This implies that we need a characterization that do not include a draw
situation and allows the characterizations of won and lost to be asymmetrical,
cf. Table 8.5.
Our analysis refers to an argumentation setting where the opponent’s claim
is granted merely by the proponent’s failure to prove the keyclaim κ as it
appears in the Table 4.2. This asymmetrical case is common in e.g. legal settings. Thus, won and lost are mutually recursively deﬁned in the underlying
game-tree exploration as follows in the Table 8.5.
Our characterization captures that the opponent’s claim is granted merely by
the non-provability of the proponent’s keyclaim rather than its classical negation. Thus, the second lost criteria for the proponent, Si |∼ κ ∧ prop-rep exhausted in Si+1 , requires that in the state Si+1 the proponent has exhausted
all her admissible moves and the keyclaim cannot be defeasibly proven in the
given state Si . This should be contrasted to the second won criteria for the opponent, Si |∼ ¬κ ∧ prop-rep exhausted in Si+1 , which states that the game is
won for the opponent when the negation of the keyclaim has been defeasibly
proven in the given state Si .

8.8

Interpretation of Terminal States

In Chapter 4, we elaborated on the notion of a terminal state as being determined by the rules characterizing a particular game. Hence, the acceptability
of a terminal state can in a sense be said to determine the type of dialogue or
argumentation game.
An acceptable set of termination criteria TCAcc is a set of termination criteria
that is found meaningful and acceptable for a particular argumentation game
according to the case-speciﬁc circumstances and the dialectical setting.
Deﬁnition 81 An interpretation I assigning a value v ∈ {won, lost, draw} to
a terminal state ST S . is an accepted interpretation for a given argumentation
game iff it is supported by the set of acceptable termination criteria TCAcc for
that particular argumentation game.
Hence, we consider the structure of the acceptable interpretation of a terminal
state as a hierarchy of theories where the language of each level i consists of
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all meaningful interpretation for the particular argumentation game expressed
by schemata and conditions for their specialization on the level i+1. Each level
Ti is characterized in the adjacent level Ti+1 by schematic descriptions of its
sentences and rules for deciding which specializations of these are meaningful
and acceptable for the particular theory.
For the computation of an accepted interpretation of a terminal state, we
draw on the mechanism presented in Chapter 5 where provability between
an object theory T and an object language formula A named n(T) and n(A)
respectively in the metalanguage is formalized by use of metalogic augmented
with reﬂection.

8.9

Summing Up

In this chapter we have surveyed the terminal states of argumentation games
and what to consider as an adequate termination criteria for a particular type
of dispute.
Our objective is the adaption of the argumentation game analysis, to adequately reﬂect the corresponding informal domain notions. The game trees
for the various termination criteria could be collated and analyzed for their
differences, cf. [24].
For the tuning of our in Chapter 6 discussed framework, the investigations
of the previous chapters are utilized in setting up a suitable logic framework
for our computational model of argumentation.
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Table 8.1: Case I: A Symmetrical Case where lost(Partyx ) implies won (Partyy )

won

κ

Si

Si

¬κ

Si |∼ κ ∧ opp-rep exhausted in Si+1

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

Si |∼ ¬κ ∧ opp-rep exhausted in Si+1

Si |∼ κ ∧ prop-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

pro

Si
opp

lost

¬κ

Si

κ

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

Si |∼ κ ∧ opp-rep exhausted in Si+1

Si |∼ κ ∧ prop-rep exhausted in Si+1

Si |∼ ¬κ ∧ opp-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)

Table 8.2: The Symmetrical Case: won(Partyx ) Does not Imply lost(Partyy ), but
lost(Partyx ) Implies won(Partyy )

won
Si
pro

κ

lost
Si

¬κ

Si |∼ κ ∧ opp-rep exhausted in Si+1
Si |∼ ¬κ ∧ opp-rep exhausted in Si+1
some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

Si
opp

¬κ

Si

κ

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1
Si |∼ κ ∧ prop-rep exhausted in Si+1
some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)
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Table 8.3: The Symmetrical Case: won(Partyx ) Implies lost(Partyy ), but lost(Partyy )
Does Not Imply won(Partyy )

won
Si

lost

κ

Si

¬κ

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

pro

Si |∼ κ ∧ prop-rep exhausted in Si+1
some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

Si

¬κ

Si

κ

Si |∼ κ ∧ opp-rep exhausted in Si+1

opp

Si |∼ ¬κ ∧ opp-rep exhausted in Si+1
some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)

Table 8.4: The Symmetrical Case with Draw: lost(Partyy ) implies won(Partyx )

won
Si
pro
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Si

¬κ

Si |∼ κ ∧ opp-rep exhausted in Si+1

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

Si
opp

κ

lost

¬κ

Si

κ

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

Si |∼ κ ∧ opp-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)

Table 8.5: The Asymmetrical Case: Without a Draw Situation

won
Si
pro

Si

¬κ

Si |∼ κ ∧ opp-rep exhausted in Si+1

Si |¬ ∼ κ ∧ prop-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the opponent

for the opponent

(at turntaking)

(at turntaking)

Si
opp

κ

lost

¬κ

Si

κ

Si |∼ ¬κ ∧ prop-rep exhausted in Si+1

Si |∼ κ ∧ opp-rep exhausted in Si+1

some act leads to lost

all acts lead to won

for the proponent

for the proponent

(at turntaking)

(at turntaking)
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9. Goal-Oriented Dynamical
Computation of Preference of Strategy

In this chapter we introduce a mechanism for goal-oriented deliberation that
does not presuppose availability of a probability distribution for the different
actions or goals. We show how to construct a theory of acceptable strategies
that, according to some preference order of the goals, strives at maximizing
the overall goal-fulﬁlment while acknowledging the inﬂuence of perspectives
and context of the speciﬁc case. In this Chapter 9, we illustrate the approach
by modeling an argumentation game as consisting of subgoals, and we show
how the winning or concession of subgoals will inﬂuence a player’s chance of
winning the overall game.

9.1

Complex Games and Strategies for Goal Fulﬁlment

Effective overall goal fulﬁlment for an agent presupposes comprehensive introspective monitoring of individual preferences, as well as a goal-oriented
approach to the strategies for actions. This means that the ability of an agent
to fulﬁl its goals, improves on the ability of the agent to reﬂect on how the
valid chains of inference found established between the available actions and
a particular goal of the agent, effects the fulﬁlment of other goals.
In Section 2.3.2 we argued that humans choose the goal that best will promote overall success, by taking into account available means. Agents, in a
non-trivial setting, often hold several goals. For these situations, we note that
sometimes the optimum strategy for achieving one goal may lead to the inability to accomplish another goal.
This extends to the construction of strategies of the parties of complex argumentation games. We consider complex argumentation games an argumentation game where several, possibly conﬂicting, (sub)goals are dependent on
the strategy of actions displayed in the argumentation game. A preference order of these goals, or a hierarchical ordering, by which a particular goal gi is
a subgoal of its adjacent superior goal gi+1 , are assumed.
For complex argumentation games, we note that winning a subgame or accomplishing a subgoal might lead to an overall loss, while concession or withholding an argument leading to a loss of a subgame may strengthen the party’s
position and enable an overall win. Hence, for complex argumentation games
or dialogues that occur in a setting of repetitative interaction of the disputing
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parties cf. [13], to determine the optimum strategy, i.e. line of reasoning, in a
given stage of the dispute may be a difﬁcult task.
Using metalogic, we create an adapted theory of interpretation of an ideal
strategy for the current situation, mapping the best alternative from meaningful and acceptable interpretations of the alternatives.
Our mechanism provides a complement to the probabilistic approach of e.g.
[164],[162]. In contrast to the probability distribution approach accounted for
in [164] and [162], we do not assume that the adjudicator’s preferences of
acceptance of the parties statements or strategies are known a priori. Besides
from the concerns discussed in [162], it may reduce an argumentation game
to a blackboard computation. For realistic reasons, an a priori computation
of the preferred expected utility cannot be readily accounted for in most disputes. This is mainly due to the unavailability of the future moves to be played
by the adversary, cf. our key objectives of privacy of the party’s knowledge,
discussed in Chapter 4, as well as our adherence to the legal positivistic view
of Hart [93] in which the admissibility and strength of a given speech act are
to be decided based on the parties pleas and the case-speciﬁc circumstances,
cf. Chapter 7.

9.2

Strategies for Complex Argumentation Games

Consider an optimum strategy as an ideal mapping from the available set of
arguments to the set of goals of the agent. For a single goal of the agent,
often expressed as proving the keyclaim or its refutation in a particular argumentation game, the agent merely moves to win the game by the available
arguments. Thus, by this approach, the strategy is unascertained as to its potential for overall success in a complex argumentation game or a setting of
repetitative interaction. Only after deliberation that takes into account all the
goals of a higher order of priority, the appropriate strategy can be determined.
Unfortunately, as above stated, in a complex argumentation game or a
repetitative setting, the value obtained by ideally exploiting the available
arguments for accomplishing a certain goal depends on or may even be
countered by a strategy for achieving a subgoal. Thus, the set of available
strategies constitutes a canon of sometimes incoherent fragments of an
ideal strategy for achieving the party’s overall goals. As such it allows
for multiple interpretations of what to rule as an acceptable strategy for
a particular argumentation game played by a particular agent in a given
situation. By a goal-oriented approach, only after measuring the actual effect
of the particular strategy on the agent’s overall goal, the appropriateness of
a certain strategy could be determined for the argumentation game. Thus,
an ideal strategy needs to collect the acceptable and meaningful strategies
of the (sub)goals of the argumentation game and dynamically compute for
each goal the strategies acceptable and meaningful for ideally accomplishing
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the system’s overall goal, while also taking into account the context and
dialectical setting.

9.3

Stratiﬁcation for Adaptation of the Strategy

A strategy can be understood as a relation between the available actions of the
strategy and the goal to be reached. For a particular agent involved in interaction, this relation signiﬁes the connection between the agent’s environment, a
preference for a particular situation in the environment and such a particular
situation occurring in that environment. From the perspective of the agent, a
strategy at a given level represents a partial description on realizing the overall
goal. As one cannot exclude different strategies that sometimes represent incoherent extensions, especially for repeated interactions or complex disputes,
the overall goal might be less than ideally accounted for. Only when a particular relation also is acceptable and meaningful for the set of preferred goals
of the agent, the relation could become an ideal strategy for achieving a particular goal and an ideal strategy of the agent.
Consider the structure of the ‘optimum’ strategy of an agent as a hierarchy
of theories where the language of each level i consists of all meaningful strategies for achieving that subgoal expressed by schemata and conditions for their
specialization on the level i + 1. Each level Ti is characterized in the adjacent
level Ti+1 by schematic descriptions of its sentences and rules for deciding
which specializations of these are meaningful and acceptable for the above
supergoal.
As in the previous Chapter 7 we draw on metalogic augmented with reﬂection for formalization of provability between an object theory T and an object
language formula A named n(T) and n(A) respectively in the metalanguage.
This mechanism is presented in Chapter 5.

9.4

Reﬂection for Optimum Strategies

We recall from Chapter 5, our approach for construction of a theory of acceptable and meaningful interpretations by requiring all strategies of a resulting theory at level i to be assessed by a theory of acceptable strategies, i.e.
metarules, at the adjacent higher level i+1. Our metatheory characterizes the
object theory. As such it provides the upward reﬂective feature of our model,
cf. [116, 40].
In order to allow for collated strategic concerns to be included in the theory, the resulting object level is stratiﬁed. It is important that the object level
merely constructs the theory (deliberative reasoning) rather than also controlling and monitoring it (metamanagement). Therefore our model is augmented
by the introduction of a second intelligent layer that is to handle the metaman175

agement, cf. the structure of Kleene described in Chapter 5. This metalayer
controls and evaluates the object level. Hence, the overall goal of the metalayer is to monitor and adapt the object layer processes. The metalayer is
modeled as a deliberative layer integrated on top of the object level. The symbolic representation of deliberative layer allows for the design of intelligent
behavior needed to reason on ideal strategies of the subordinate layer. Incorporating a proactive feature, the knowledge on possible erroneous strategies
is augmented by the knowledge available from the different strategies in the
second object level.
As the availability of the strategies and their performance is to depend on
the other player’s strategies, only in an ideal environment, the metalevel is
fully able to extract all necessary data for strategic analysis. As means of facilitating the metamanagement by enabling efﬁcient and comprehensive metalevel reasoning, we introduce a stratiﬁed theory OLb that provides a more
comprehensive representation of the domain than the object level theory OLa .
This results in circumventing the problem of non-cooperativeness and fragmentary as well as missing knowledge on the adversary’s future moves and
preferences, as we, for efﬁcient reasoning purposes, deal with different levels
of granularity in the metalevel representation of the object theory. To prevent
the metalevel deliberations from being constrained by insufﬁciencies due to
the level of abstraction of the metarepresentation of the object theory, some
computations in the metatheory may be based on actual formulas in the object
theory OTb .
Below we consider an abstract hierarchical architecture of a player where
the metalevel control is handled by the metalayer as it monitors and dynamically adapts the player’s strategies generated by the underlying object level
theory OLa . A key feature in this model is that the multiagent system is augmented by the introduction of a second object-layer OLb . As the metalevel
representation of the object theory is adapted for efﬁcient metareasoning purposes, the deliberations in this second object layer OLb serve the metalevel
with computations on a full representation of the ground level interaction.
Thus, during the game, the metatheory is allowed a more comprehensive, and
yet cooperative, base for its reasoning.

9.5

An Example

Let us turn to the legal example provided in [162] to illustrate our approach in
a comparative setting:
“The proponent Pro, John Prator, is the new owner of a ﬂat in Rome. The previous owner sold the ﬂat to John Prator, for the symbolic amount of 10 euros,
through a notary deed. The previous owner had signed with Rex Roll, the opponent Opp, a rental agreement for the ﬂat, which should apply for two more
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years. John has an interest in kicking out Rex, since he received an offer from
another party, who intends to buy the ﬂat paying 300 000 euros upon the condition that Rex leaves the ﬂat. Rex Roll needs to stay two more years in Rome
and refuses to leave the ﬂat, as the rental fee was 500 euros per month, which
is a convenient price (other ﬂats in Rome have a rental fee of at least 600 euros per month). Hence, John sues Rex and asks the judge to impose to Rex
to leave the ﬂat. We assume that legislation states that any previously signed
rental agreement still applies to the new owner when (1) a ﬂat is donated, or (2)
ﬂat value is less than 150 000 euros. John’s main argument A runs as follows:
we do not have a donation since the ﬂat was paid, thus the rental agreement is
no longer valid and so Rex Roll has no right to stay. The opponent may present
argument C that paying a symbolic amount of money indeed conﬁgures a case
of donation, and John may reply with argument E that it is not the case because
the property transfer was a sale formalized by a notary deed. Alternatively, Rex
may present the argument B that the market value of the ﬂat is of 120 000 euros
and so the rental agreement is valid, whereas John may reply with D saying that
he will pay within 10 days 210 000 euros to the previous owner, thus amending the transfer deed in order that it indisputably be a sale concerning a good
of a value greater than 150000 euros. [. . .] So the problem is the following.
According to the analysis of the case, which strategy to adopt?”

Exclusive to illustration of our mechanism, we also learn that John wants to
secure a deal with Rex Roll, who indisputably is a very talented young person
that could contribute to John Prator’s already blossoming business.
We use this example for illustrating the construction of a theory of strategies
adapted for the particular adversarial argumentation game. Here, the overall
goal is to win the dispute.
However, when it comes to coordinating the strategy for achieving this
goal, winning the argumentation game, for Prator in the initial state of the
game, the optimal strategy is to put forward the argument most advantageous
for winning the argumentation game, here the above argument D. However,
even though winning the argumentation game is important, the victory should
be accomplished by means of which the consequences do not unconquer the
beneﬁts of the purchase. Hence the strategy most advantageous for winning
the argumentation game might be less optimal for achieving the goal. This
is because the successful victory of the argumentation game by this means
would commit Prator to accepting that the purchase price of the ﬂat increases
to at least 150 000 euros. As an additional overall preferred goal of gaining
an upswing for John Prator’s business by signing Rex Roll to his company, it
might be the best strategy for fulﬁlling this goal to accept a deal that maintains
the good relations with Rex. The underlying assumption is that the chances of
signing Rex are lost by kicking Rex out of the ﬂat. As such, for the initial state
of the game, the best strategy is to make a move advantageous for winning the
argumentation game by which neither a good income for selling the ﬂat nor
signing Rex Roll for the business are inhibited.
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9.6

A Metalogic Formalization

We deﬁne Demo to serve as a rule constructor for any object level formula
A. We establish the formula A at the object level Ti through admissibility by
provability in Ti+1 of the formula A. Here we draw on the metarules of the
language in the metametatheory at level Ti+2 , etc.
If the available knowledge, i.e. the rules of the shared knowledge base and
the party’s own repository, at the object level Ti do not sufﬁce to establish
provability of the formula A, the reasoning is reﬂected upwards to its adjacent
metalevel Ti+1 .
Demo(Ti , S, A) ←
Demo(Ti+1 , S, Demo(Ti , S, A)).
As the metalevel model of the object layer model’s computational processes is
represented in a form suitable for the deliberations at the metalevel, the knowledge about each strategy is less speciﬁc. Thus, occasionally the metalevel cannot resolve the issue without computation utilizing the full representation of
the strategy at the object level. Forcing a formula to be included in a theory Ti
due to its established provability using the ‘imperfect strategic knowledge’ of
the lower level Ti−1 is unsound for a hierarchical system as it might contradict or unjustly constrain the goal interpretation or strategies ascribed at the
metalevel. Thus, if the object theory simulations of the metatheory reasoning
need to be conducted in a full scale model, although not executed in the actual
object layer, we deﬁne our downward reﬂection rule as:
Demo(Ti+1 , S, Demo(Ti , S, A)) ←
Demo(Tib , S, A).
To be noted is that the downward reﬂection mechanism of our system is
‘artiﬁcial’, as the metatheory draws on its own deliberations with simulations
of its reasoning in the the object theory Tib .
Moreover, we deﬁne Demo for AND-introduction for strategies at level Ti ,
establishing any formula (A ∧ Q) at the level Ti through provability in the
adjacent level Ti+1 of the formula A and the formula Q given the metarules of
the language in the metametatheory at level Ti+2 , etc. We accommodate the
precedence of the metatheory reasoning on Ti over the inferences on Ti carried
out at the object level through requiring non-provability in the metatheory Ti+1
of the non-provability of both formulas A and Q at the object level Ti .
Demo(Ti , S, A ∧ Q) ←
Demo(Ti , S, A),
Demo(Ti , S, Q),
We deﬁne Demo to serve as a rule constructor for an object level formula
A. We establish the formula A at the object level Ti through admissibility by
provability in Ti+1
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Demo(Ti , S, A) ←
Demo(Ti , S, A ⊂ Q),
Demo(Ti , S, Q).
Whether an object level formula A is acceptable is given by the query:
← Demo(Ti , S, A)

9.7

A Scenario - Flat War

Consider the legal example of [162] provided in Section 9.5. The example
concerns a litigation of eviction of a tenant, Rex, however, with three goals
of the proponent Prator. Accomplished by the strategy ς1 we have the goal
of securing the win of the litigation. Inﬂuencing this strategy is strategy ς2
for achieving the goal of preserving the good deal of the ﬂat purchase. At
the topmost level the strategy ς3 , where the long term economical interest
of signing Rex Roll to augment the already successful Prator-business, is the
issue.
Here, the goal is to win the litigation in the optimum way given the three
goals. Accommodating the ﬁrst level goal the optimal strategy, given the goal,
is to ﬁnd the most solid argument for a win, e.g. that Prator will pay the additional 149990 euros to the previous owner, which would under all circumstances allow for the legal eviction of Rex Roll.
In the example, each level Ti consists of distinct subtheories ς j ⊆ Ti ,
j ∈ 0..n. We accommodate the precedence of subtheory inferencing
such that ςl has precedence over the inferences on ςl−1 , 1 ≤ l ≤ n.
Hence, we add to the deﬁnition of Demo the following unit deﬁnite
clauses 1 . In the following clauses ⊂, and(. . .,. . .) are term level descriptions of implication and conjunction without any meaning to a theorem prover.
Demo(Ti , S, (D ∈ ς1 ⊂
/ ς2 ))).
and(included(S, D), not(D ∈ ς1 ) ∈
Demo(Ti , S, (E ∈ ς1 ⊂
and(included(S, E),
/ ς2 , not(D ∈ ς1 ))))).
and(not(E ∈ ς1 ) ∈
Demo(Ti , S, (resting ∈ ς1 ⊂
and(included(S, resting),
/ ς2 ,
and(not(resting ∈ ς1 ) ∈

1 cf.

Section 5.1.3 Formalization of Inference and Proof
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and(not(D ∈ ς1 ), not(E ∈ ς1 ))))).
Here the binary predicate included is an auxiliary predicate that checks the
membership of the second argument in the shared knowledgebase or the party
repository in the given state S.
For the goal of winning without severe consequences for the revenue of the
purchase that strategy might be less optimal. In order to achieve the goal it
is required that no arguments committing Prator to pay additionally for the
purchase are used to win the litigation. Therefore, given this preference Prator
entertains the following strategy:
Demo(Ti , S, (E ∈ ς1 ) ∈ ς2 ⊂
/ ς3 )))).
and(included(S, cannot_secure_revenue), (not((E ∈ ς1 ) ∈
Demo(Ti+1 , S, (Demo(Ti , S, included(S, cannot_secure_revenue) ⊂
and((Demo(Ti , S, (included(S, cannot_secure_revenue) ⊂
included(S, committed_to_pay_higher_price)))),
Demo(Ti , S, included(S, committed_to_pay_higher_price)))))).
Finally, at the topmost-level, for the long term goal of Prator, it might be the
best strategy to withdraw from that particular litigation. This is if the chances
of either retaining the revenue and signing Rex Roll is dependent on the withdrawal of the litigation.
Demo(Ti , S, ((resting ∈ ςx ) ∈ ς3 ⊂
included(S, risk_not_signing_rex))).
Demo(Ti+1 , S, (Demo(Ti , S, included(S, risk_not_signing_rex) ⊂
and((Demo(Ti , S, (included(S, risk_not_signing_rex) ⊂
included(S, leave_rome_in_anger_rex)))),
Demo(Ti , S, included(S, leave_rome_in_anger_rex)))))).
In this particular litigation from STi+1 follows:
claim_in_court_higher_price → committed_to_pay_higher_price.
evicted_rex → leave_rome_in_anger_rex.
Hence, the current strategy for the argumentation game is to play the speech
act resting as the best strategy, according to the below:
Demo(Ti , S, (resting ∈ ς1 ) ⊂
and(included(S, resting),
/ ς2 ), (not(E ∈ ς1 ) ∈
/ ς2 )))).
and((not(D ∈ ς1 ) ∈
Due to the current:
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Demo(Ti , S, ((resting ∈ ςx ) ∈ ς3 ⊂ included(S, risk_not_signing_rex))).
During the game, additional information becomes available:
Demo(Ti , S, included(S, no_risk_not_signing_rex)).
/ ςx ⊂
Demo(Ti , S, ((resting ∈ ς1 ) ∈
Demo(Tib , S, included(S, Rotolo_already_signed_rex)))).

9.8

Summing Up

The ideal strategy for achieving a player’s overall goal could be characterized
as the coordination of the acceptable and meaningful strategies for accomplishing each subgoal of the game, according to some set preference order.
In this chapter we have shown how metalogic stratiﬁcation may be used as a
mechanism for goal-oriented deliberation that does not presuppose available
a probability distribution to compute an adapted theory of interpretation of an
ideal strategy for the current situation, mapping the strategies as meaningful
and acceptable given the subgoals and the available arguments.
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Part VI:
Baby Blue

10. From Speciﬁcation to Computational Tool

In this Chapter 10 we outline our computational tool by elaboration on its
implementation speciﬁc features.
The metalogical formalization presented in Chapter 6 is utilized as a speciﬁcation for developing a computational tool for argumentation analysis. Below we describe the main components of the system; the game state, the game
tree explorer and the underlying defeasible logic framework. Important issues
for the interaction between the logical and procedural/strategical layers of
our framework are discussed. We discuss the consequences of ambiguity for
the defeasible logic and the incorporation of priorities through superiority
relations. Finally some optimization protocols are brieﬂy discussed.

10.1

The Game State

In order to preserve the dynamics of the game (see also Chapter 6 on defeasible consistency), the content of the shared knowledge base and the respective
repositories are encoded as separate knowledge bases, schematically appearing as a unary predicate taking a list of clauses as argument:
repository name([clause1 , clause2 , . . . , clausen ])
Here repository name is the name of the repository, clausei is either a strict or
a defeasible clause with name R, origin O, head X, and premises [Y1 , . . . ,Yn ].
A premise Yi is either a strict or a defeasible clause with head Xi and premises
[Y1i , . . . ,Yni ]. The representation of the repository content as a list of speech
acts is utilized by the state transition mechanism described in the following
Section 10.2. The order of the clauses in the list does not matter since the
list represents a set of clauses. The empty clauses resting and rejecting are
encoded into the repositories of the two parties. We remeber from Chapter
6 that resting is to denote the speech act when a party chooses to rest her
case, i.e. not to put forward all arguments available in her repository, cf. our
sample legal case in Chapter 6. rejecting is used to plead that the adversary
is violating the procedural protocol, or that the argument put forward is not
admissible. However, in order to prevent repeated use of the empty clause for
ﬁlibustering purposes, it is to be constrained by the protocols governing the
argumentation game
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The state comprising the shared knowledge base and the two repositories
is represented as three lists of propositions. Likewise as for the private
knowledge bases, the order of the clauses in the list does not matter since the
list represents a set of clauses. As an example, below we show the initial state
components in our sample legal case in Chapter 6 given as ground clauses
in the system. The propositions are the strict or defeasible clauses outlined
below.
commonkb([supporter(co, ownership, [possession])
strict(co, non(ownership, [possession, permission])),
strict(co,possession, [permission])]).
prokb([ supporter(p,possession,[ ]),strict(p,resting,[ ])]).
oppkb([supporter(o,permission,[ ]),supporter(o,non(possession,[ ])),
strict(o,resting,[ ])]).
For later use we attach a label, co, p or o, to each clause, telling whether the
clause stems from the original shared knowledge-base, from the proponent
or the opponent. The keyclaim is stated by a unary predicate keyclaim. The
argument is a single clause.
We require that the union of the strict clauses in the shared knowledge base
and the two repositories be consistent. Thus, it is not possible during the argumentation to provoke a strict inconsistency. This conforms with the requirement in board games that illicit moves are not accepted. We note that uttering
a stronger clause, and in particular a strict clause may effectively retract the
consequence of a defeasible clause uttered by the same or the other party even
though the defeasible clause is still there.

10.2

The Game Tree Explorer

The game tree explorer appeals to the defeasible logic prover with a
termination criteria checking whether the key claim or its denial has become
irrefutably defeasible in the argumentation state. Since the contents of the
shared knowledge base and the two repositories change in the course of
the computation, these three state components are given as arguments to
predicates in the game tree explorer. The initial contents of the arguments are
fetched from the above presented ground clauses.
In the Table 10.1 we survey the won and lost analysis from our [54]:

10.2.1

Winning Criteria

The exploration of the game tree could be achieved by stating a symmetrical
termination criteria for the two parties. However, to accommodate the
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Table 10.1: Won and lost dialogues

pro

won

lost

κ

¬κ

|∼ κ ∧ opp-rep exhausted

| κ ∧ prop-rep exhausted

some act leads to lost

all acts lead to won

for the opponent (at turntaking)

for the opponent

¬κ
opp

κ

|∼ ¬κ ∧ prop-rep exhausted

|∼ κ ∧ opp-rep exhausted

some act leads to lost

all acts lead to won

for the proponent (at turntaking)

for the proponent

strong negation of the keyclaim not necessarily being the main claim of the
opponent, the winning criteria is devised in two separate procedures. In this
sense, the game tree explorer respects the underlying logic and accommodates
for protocols of realistic representation of the domain-dependent rules for
justiﬁed belief cf. Chapter 2 and 8. The winning criteria for the proponent are
encoded as follows:
won(pro, AS, Pro, Opp, B) : −
keyclaim(K),
deﬁnitely(K, AS).
won(pro, AS, Pro, Opp, B) : −
not(move(AS, AS2, Opp, Opp2)),
keyclaim(K),
defeasible(K, AS).
won(pro, AS, Pro, Opp, B) : −
move(AS, AS2, Pro, Pro2),
lost(opp, AS2, Pro2, Opp, B).
The game is won if the keyclaim of the proponent is deﬁnitely proven in the
argumentation state AS. In order to accommodate the dynamic character of
our approach, the won procedure provides for a more elaborate termination
criteria where an argumentation state AS is also won if the keyclaim is defeasibly defended and the opponent has exhausted all his moves. In the same
sense, an argumentation state AS is lost for the opponent if there exists a state
where the proponent’s keyclaim is not even defeasibly disputed and the op187

ponent has exhausted all his moves. Observe the analogy to Nash equilibrium
[135], the situation in which for all players, a change in strategy would lead to
a lesser result than if remaining with the current strategy. By providing protocols restricting admissible moves, the framework further allows for imposing
domain-speciﬁc constraints on the argumentation game. This enables the acknowledgement of the domain dependency of argumentation schemes shown
by Toulmin [184] cf. Chapter 2, and the dialogue type dependency investigated by Walton [200] cf. Chapter 4.
The last won predicate encodes the actual exploration of the game tree.
The game is won by the proponent in the state ASi if the game is lost for the
opponent in a subsequent state ASi+1 .
As stated above, the game tree explorer accommodates the more general
case when the main claim of the opponent not necessarily is the falsity or
classical negation of the keyclaim, but merely the rejection or non-provability
of the keyclaim. Thus, the winning criteria for the opponent is devised as
follows:
won(opp, AS, Pro, Opp, B) : −
keyclaim(K),
deﬁnitely(negation(K), AS).
won(opp, AS, Pro, Opp, B) : −
not(move(AS, AS2, Pro, Pro2)),
keyclaim(K),
defeasible(negation(K), AS).
won(opp, AS, Pro, Opp, B) : −
move(AS, AS2, Opp, Opp2),
lost(pro, AS2, Pro, Opp2, B).
It should be noted that using existential and universal quantiﬁcation
alternately for the exploration of the game tree, the game could in principle
be stated as in the example of van Gelder [192]. In our framework, the
exploration would then be formulated as follows:
won(Party1 , AS, Party1 rep1 , Party2 rep1 , B) : −
move(AS, AS2, Party1 rep1 , Party1 rep2 ),
not(won(Party2 , AS2, Party1 rep2 , Party2 rep1 , B)).
However, in e.g. a legal setting, non-provability of the proponent’s keyclaim,
rather than its classical negation, constitutes the opponent’s keyclaim. Thus,
albeit covered by the third option of Table 10.1 in Section 10.2, in this setting
the procedure lost cannot be fully encoded as equivalent to not(won) for the
other party. In order to accommodate this asymmetry the procedure lost is
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deﬁned as follows:
lost(pro, AS, Pro, Opp, B) : −
keyclaim(K),
deﬁnitely(negation(K), AS).
lost(pro, AS, Pro, Opp, B) : −
not(move(AS, AS2, Pro, Pro2)),
keyclaim(K),
not(defeasible(K, AS)).
Equivalently to the ﬁrst won criteria for the opponent, the game is lost for the
proponent in the situation where the negation of the keyclaim is deﬁnitely
provable in the state S. The second lost criteria for the proponent requires
that the proponent has exhausted all her admissible moves and the keyclaim
cannot be defeasibly proven for the given state S. This should be contrasted
to the second won criteria for the opponent which states that the game is
won for the opponent when the negation of the keyclaim has to be defeasibly
proven. This is due to the use of strong negation utilized in the design of the
defeasible logic requiring that all counterarguments must be inapplicable for
provability of a defeasible argument.
lost(pro, AS, Pro, Opp, B) : −
not(defensible(pro, AS, Pro, Opp, B)),
keyclaim(K),
not(defeasible(K, AS)).
lost(pro, AS, Pro, Opp, B) : −
not(defensible(pro, AS, Pro, Opp, B)),
keyclaim(K),
defeasible(K,AS)).
defensible(pro, AS, Pro, Opp, B) : −
move(AS, AS2, Pro, Pro2),
not(won(opp, AS2, Pro2,Opp,B)).
The third lost predicate for the proponent encodes the situation when the proponent has exhausted all her admissible moves, the key claim is defeasibly
proven in the state Si , but the game is won in the subsequent state Si+1 by
the opponent. This is to accommodate the dynamical approach of our framework, which non-monotonically unravels the status of the argumentation game
according to the speech acts put forward. Here defensible is an auxiliary predicate for the argumentation state transition.
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The game is lost for the opponent in situations where the keyclaim is
deﬁnitely provable in symmetry with the situation when the game is won for
the proponent, but also for the case when the opponent has exhausted all his
admissible moves and the keyclaim is defeasibly proven in the current state.
lost(opp, AS, Pro, Opp, B) : −
keyclaim(K),
deﬁnitely(K, AS).
lost(opp,S,Pro,Opp,B) : −
not(move(AS,AS2,Opp,Opp2)),
keyclaim(K),
defeasible(K,AS).
lost(opp,AS,Pro,Opp,B) : −
not(defensible(opp,AS,Pro,Opp,B)),
keyclaim(K),
not(defeasible(negation(K),AS)).
lost(opp,AS,Pro,Opp,B) : −
not(defensible(pro,AS,Pro,Opp,B)),
keyclaim(K),
defeasible(negation(K),AS),
defensible(opp,AS,Pro,Opp,B) : −
move(AS,AS2,Opp,Opp2),
not(won(pro,AS2,Pro,Opp2,B)).
The game is also lost for the situation when the opponent has exhausted all
his moves and the the negation of the keyclaim is not defeasibly proven. In
the situation when the opponent cannot move but the negation of the keyclaim
is defeasibly proven, the game is still lost for the opponent if it is won by the
proponent in a subsequent state. Also here defensible is an auxiliary predicate.
If the game is neither won nor lost, it is a draw.
gamedraw(AS,Pro,Opp) : −
not(won(Party1,AS,Pro,Opp)),
not(won(Party2,AS,Pro,Opp)).

10.2.2

Argumentation State Transition

In the game tree explorer, the procedure move encodes the argumentation state
transition utilized in the above given termination criteria. The ﬁrst and second
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argument of move is the present and next knowledge base state, and the third
and the fourth argument are the present and next content of the pertinent repository. The predicate move implements the various state transitions taking place
for all admissible moves. To enhance readability, we use C and D respectively
to denote either of the following terms:
The term (supporter(strict(C, X, [Y1 , . . . , Yn ]), S)) represents the clause
named C with the form [Y1 , . . . ,Yn ] → X.
The term (supporter(defeasible(R, X, [Y1 , . . . , Yn ]), S)) represents the clause
named C with the form [Y1 , . . . ,Yn ] ⇒ X.
The term (defeater(C, X, [Y1 , . . . , Yn ]), S) represents a defeater named D
with the form [Y1 , . . . ,Yn ] → X.
move(AS1, [C|AS1], Rep1, Rep2) : −
member(C, Rep1),
dialogueconsistent(C, AS1),
orderconsistent(C, AS1),
notripleresting(C, AS1),
remove(C, Rep1, Rep2).
move(AS1, AS2, [ ], Rep2) : −
fail.
dialogueconsistent(C, AS1) : −
extract(C, AS1, AS2),
negation(C, Cnon),
not(defeasible(Cnon, C, AS1)).
Here extract(C, AS1, AS2) is a predicate which extracts those clauses from the
state AS1 which have the same party label(co, o or p) as C. This consistency
check implies that in general the admissible speech acts depend on what the
party already has uttered. This in turn in general implies that the party cannot
use its entire repository along a particular argumentation branch in the game
tree.
orderconsistent(C, AS) : −
not(member(C1 , AS))),
wrongorder(C1 , C).
The predicate notripleresting ensures that a party does not utter resting as a
third speech act in a row of the dialogue. This condition forces the parties to
utter a proper speech act after uttering resting.
The predicate move is non-deterministic, providing in general several possible moves stemming from different choices of C. Accommodating turntaking of the parties, a selected speech act C is put forward by insertion in
the shared knowledge base and then subsequently removed from the party’s
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repository. The predicate remove is an auxiliary predicate which removes a
selected clause C1 from the Rep1 giving the new Rep2. Thus, the predicate
remove rules out the possibility of repeatedly putting forward the speech act
C in any successive state. We exclude the distinguished clause resting from
remove.
The second move clause makes it explicit that no state transition is made if
the repository is exhausted.

10.2.3

Protocols Governing the Game

The framework could be adjusted to ﬁt different protocols, i.e. sets of rules
governing the game. The presented setting is tuned for a protocol of one-toone with a single issue dispute. By adding a predicate turntake and introducing the variables Turn1 , Turn2 . . . Turnn in the procedures of the game tree
explorer, the argumentation framework is easily adjusted to a one-to-many
protocol.

10.3

The Defeasible Logic Prover

In this section we elaborate on the defeasible logic prover outlined in Chapter
6. The defeasible logic prover consists of two main procedures deﬁnitely and
defeasible. The sole predicate of the procedure deﬁnitely handles indisputable
inference rules of the logic, corresponding to the monotonic kernel of the
logic for the given state S.
deﬁnitely(X, S) : −
member(strict(R, O, X, Body), S),
deﬁnitelybody(Body, S).
deﬁnitelybody([ ], S).
deﬁnitelybody([Y|Ylist], S) : −
deﬁnitely(Y, S),
deﬁnitelybody(Ylist, S).
The analysis performed establishes deﬁnite provability of a speech act X in the
given state S by checking membership of X and all its premises of the set of
strict, i.e. indisputable clauses of S. Thus, deﬁnitely together with the auxiliary
predicate deﬁnitelybody impose the requirement of deﬁnite provability on both
the speech act itself as well as on all its premises.
The procedure defeasible and the auxiliary predicate defeasiblebody
encode the defeasible provability for the theory formalization of rules that
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can be defeated by contrary evidence.
defeasible(X, S) : −
deﬁnitely(X, S).
defeasible(X, S) : −
negation(X, X1),
non(deﬁnitely(X1, S)),
member(supporter(R, O, X, Body), S),
defeasiblebody(Body, S),
non(overruled(R, X, S)).
defeasiblebody([], S).
defeasiblebody([Y|Ylist], S) : −
defeasible(Y, S),
defeasiblebody(Ylist, S).
overruled( R,X,S) : −
negation(X, X1),
member(supporter(T, O, X1, Body), S),
defeasiblebody(Body, S).
not(member(sup(R, T), S)).
overruled(R,X,S) : −
negation(X, X1),
member(defeater(T, O, X1, Body), S),
defeasiblebody(Body, S).
not(member(sup(R, T), S)).
The ﬁrst predicate establishes the monotonic kernel as a subset of the defeasible logic, whereas all deﬁnitely provable clauses in S are also considered
defeasibly provable in S due to commonsense reasons.

10.3.1

Ambiguity Blocking or Ambiguity Propagation

A literal p is ambiguous if there is a branch of the game tree supporting the
conclusion of p and another that supports the contradicting conclusion of ¬p.
Accommodating a defeasible logic in which ambiguity is blocked, the second procedure defeasible and the auxiliary predicate defeasiblebody described
in the previous section 10.3, handle provability of the defeasible part of the
logic.
defeasible(X, S) : −
negation(X, X1),
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non(deﬁnitely(X1, S)),
member(supporter(T, O, X1, Body), S),
defeasiblebody(Body, S).
non(overruled(R, X, S)).
overruled( R,X,S) : −
negation(X, X1),
member(supporter(T, O, X1, Body), S),
defeasiblebody(Body, S),
non(defeated(T),X1), S)).
overruled(R,X,S) : −
negation(X, X1),
member(defeater(T, O, X1, Body), S),
defeasiblebody(Body, S),
non(defeated(T),X1), S)).
defeated(R,X,S) : −
negation(X, X1),
member(supporter(T, O, X1, Body), S),
defeasiblebody(Body, S),
member(sup(T, R), S).
The ﬁrst two clauses of the predicate encode that the strong negation of the
speech act X here denoted by non(X) has to be not deﬁnitely provable in S.
Second, in order to successfully establish the existence of a supporter clause in
the given state S, S is checked by the use of member for a strict or defeasible
supporter clause. In this setting, a supporter is either a strict or a defeasible
predicate with head X, and as premises a list named Body. The speech act
being at least defeasibly proven complies with all clauses with head non(X)
being inapplicable in S.
In the ambiguity blocking defeasible logic more argumentation games
could be determined as won or lost by either party. However, for some
domains, the ambiguity blocking does not provide satisfying results given
realistic argumentation settings.
A consequence for our argumentation framework is that default assumptions of the domain that are instigated to protect one party may result in counterintuitive consequences being unjustly enforced. As an example, consider a
modiﬁed example of our sample legal case and the particular argumentation
game presented in Chapter 7:
agreement ∧ noContract → ¬validPurchase
tenant & agreement ∧ noContract → validPurchase
¬permanentResidence ⊃ ¬( tenant & agreement ∧ noContract →
validPurchase)
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The ﬁrst schema is asserted in the theory, while the latter two are to be established by an interpretation of the higher level provisions.
Repository of party 1 (proponent):
⇒ tenant
⇒ permanentResidence
⇒ agreement ∧ noContract
tenant & agreement ∧ noContract ⇒ validPurchase
The keyclaim κ of the proponent is validPurchase.
Expressed in the ﬁrst two rules ⇒ tenant and ⇒ permanentResidence, the
proponent claims that the land is a property of his tenure, as a difference
to our original setting he claims being a permanent resident at the property.
The third single rule without premises ⇒ agreement ∧ noContract states
that the proponent cannot deny that the purchase of the property was conducted without written contract. However, by the ﬁnal rule
tenant &
agreement ∧ noContract ⇒ validPurchase the proponent claims that if provision B is found applicable, it provides an exception to the requirement of
provision A, in which a written contract is required for an agreement to constitute a valid purchase.
Repository of party 2 (opponent):
⇒ tenant
⇒ ¬permanentResidence
⇒ agreement ∧ noContract
¬permanentResidence ⊃
¬( tenant & agreement ∧ noContract ⇒ validPurchase) &
¬( tenant & agreement ∧ noContract → validPurchase)
By the ﬁrst three rules the opponent corroborates the proponent’s plea of the
property being tenured, although not for permanent residence, and she agrees
that there might exist an agreement. Regardless she denies there being a written contract. However, she claims by the last rule that if it can be shown that
the buyer is not a permanent resident of the property, the tenure does not bring
about the applicability of neither agreement ∧ noContract ⇒ validPurchase
nor the stronger rule agreement ∧ noContract → validPurchase.
In other words, the opponent claims that even if B provides an exception
of A (where the purchase is valid), A is still applicable in this case as B is
dependent on the provability of the circumstance speciﬁed in C (permanent
residence of the tenant). In this case, she argues, the opposite can be proven.
So here we have the situation where there is both equally
strong evidence for ⇒ ¬permanentResidence and the opposite
conclusion ⇒ permanentResidence. In an ambiguity blocking
defeasible logic, this ambiguity is blocked and hence, we derive
tenant & agreement ∧ noContract ⇒ validPurchase, which then is
concludes validPurchase in favor of the proponent.
In order to obtain in this setting the more realistic result of | ¬validPurchase
as well as | validPurchase leading to a draw, we need to utilize an ambi195

guity propagating framework. It is to be noted that an ambiguity propagation
results in more dialogues come out as draws. However, as shown above, this
is preferable to inferring an incorrect or disputable conclusion.
Accommodating the ambiguity propagation adds complications. Here the
system might run in to problems with inﬁnite cycles due to defeasible(X) being
deﬁned in terms of non(defeasible(¬X)). Thus, the system needs handle nontermination. For an extensive analysis see [9].
It should be noted that termination issues in principle also could arise in
the ambiguity blocking setup. However, these are only occurring in the case
of allowing dependency circles to appear. In an argumentation game, putting
forward speech acts like p → p or p → ¬p would be meaningless, and thus,
the termination problem a theoretical issue.
Sceptical conclusion under the stable model semantics requires the condition of decisiveness. To loose the condition a three-valued Kuhnen semantics
is required. However, decisiveness is guaranteed in defeasible theories with an
acyclic atom dependency graph [27]. Thus, by use of a loop-detection mechanism the problem of nontermination can be circumvented.

10.3.2

Supporting Priorities through Superiority Relations

The argumentation model presented here is of a simple kind with ﬁnite sets
of speech acts and for instance no imposition. However, it is useful for the
purpose of devising our computational tool.
As the traditional alternative to our preprocess of Chapter 7, priority
relations of the defeasible logic allowing for more conclusions to be drawn
e.g. by specialization of rules through an ﬁxed ordering of the defeasible
rules or a priority relation.
priority(X,Y) : −
not(priority(Y,X)).
priority(Y,X) : −
not(priority(X,Y)).
However, the acknowledgement of dynamical metarules would accommodate
priorities that are not static but defeasible, thus allowing more ﬂexible argumentation. Cf. the dynamical priorities by Prakken and Sartor [152]. See our
above Chapter 7 on an alternative way of computing the relative strength of
the rules and incorporation of this ordering of the arguments.
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10.4

Optimization Protocols

The clauses in the knowledge base and the repositories introduce a dependency relation on atomic propositions expressing that the atom in the head is
dependent on the atoms in the premises. The transitive closure in this dependency relation can be used to rule out atoms and clauses that are irrelevant
to the present keyclaim and game state. Thus, the dependency relation can be
used to discard irrelevant clauses in the game analysis. This is relevant for
application with large knowledge bases and repositories.
The game trees in the present framework are bound to be ﬁnite due to the
ﬁnite repositories. The shortest winning dialogue may be computed by means
of an iterative staged depth-ﬁrst search [139] readily obtained by introducing a
depth parameter into our predicates cf. e.g.[33]. This will constrain our search
beyond a given maxdepth.

10.5

Remarks on Feasibility and Tractability

We have devised and illustrated the principles of our argumentation games.
For a practical handling of these techniques we need to resort to other techniques devised by Artiﬁcial Intelligence. As the search space of games like
chess as estimated by Bratko [33] for a completed game is 10120 positions
based on 30 legal moves from each chess position and that a game of chess
takes approximately 40 plys or 20 plays to reach a terminal node, the combinatorial complexity of the games are infeasible 1 .

10.5.1

On Game Tree Complexity and Optimization

The basic techniques of depth-ﬁrst search is inefﬁcient. However, by use of
iterative deepening we get a simple way of exhaustive search, by very little
space requirements, as they are reduced to basically one path between the root
node and the current node to be searched. “Paths are generated, checked and
forgotten” [33]. The time requirements of iterative deepening are affected by
the recomputation of the previously computed paths for each extension of the
depth parameter. However, as “most computation is done at the deepest level
of search; therefore, repeated computation at upper level adds relatively little
to the total time.”[33]
For our argumentation games, in smaller examples of a restricted domain
the computation is feasible as an order restriction is imposed on the admissible arguments. The composite structure of a state in an argumentation game,
conceptualized as players, arguments, orders over these arguments and admissibility of moves given the protocol and other domain speciﬁc rules, make it
1 It

has been showed that also after pruning symmetrical subtrees of the game tree the unique
positions of the tree is far beyond manageable
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possible by use of a logic language to encode the argumentation game in a
form that is more compact than a direct representation cf. Genesereth [62].

10.5.2

On Prolog Implementations of Logical Consequence

As deﬁned logic programming using Horn clauses are complete, i.e. if a clause
C(r) is a logical consequence of a set of premises A(r), it can be deduced.
However, the implementation in Prolog, drawing on depth ﬁrst search is not
complete, for non-ﬁnite search trees. This goes for all logic programming languages using depth-ﬁrst algorithms, including depth bounded ones. Regardless the depth there are always problems where the shortest proof is longer
than the depth [92].
The alpha-beta algorithm provides an efﬁcient implementation of the minimax principe cf. [175]. In its best case, alpha-beta reduces branching factor
of a game tree to its square root. For a more interesting argumentation game,
regardless if relying on reﬁnements of the alpha-beta algorithm like progressive deepening and heuristic pruning, in theory exhaustively computable, in
practice intractable due to time and space constraints, the exhaustiveness of
our argumentation games has to be relaxed.

10.6

Summing Up

We have devised a formal framework in which argumentation dynamics being analyzed as game trees is integrated with formulations in defeasible logic.
Central to the framework are the notions of won, lost and draw for argumentation games. The choice of speech acts during the dialogue may be constrained
in various ways by general-purpose pure logical constraints as well as constraints imposed by the application as common sense rules. These constraints
stress the dynamics of the evolving argumentation process.
This formal model is formulated in metalogic programming. The considerations made in the engineering of a computational analysis tool from the
metalogic speciﬁcation have been described and elaborated on.
Our approach is intended to be a general framework for analyzing disputes
and negotiations in so far the object level sentences are expressible in propositional defeasible logic. Although illustrated by legal argumentation it remains
neutral with respect to legal principles and domain-dependent judicial reasoning principles. Instead it obtains its distinct character by adoption of the
general-purpose Artiﬁcial Intelligence technique of game trees.
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Part VII:
+

11. Related Work

In this Chapter 11 we discuss how research in formal argumentation is related
to our research. We draw on the distinguishing features of our approach for
the comparative study.

11.1

Preliminaries

Our argumentation model and the accompanying system are inspired by
contemporary research in dialectical dispute and legal argumentation, cf. e.g.
[150, 149, 147, 153, 148, 66, 197]. Focusing on various aspects concerned
with admissibility, acceptability and acceptance of arguments cf. e.g. [45],
[194], [152], our approach can be distinguished by its computational,
coherent yet modular approach, consistently based on metalogic and
metareasoning, and the elaboration on a common conceptual framework for
board games and argumentation games. In particular the following features
of formal modeling and analysis of argumentation are addressed:
• Computational argumentation game of private knowledge and dynamical
advancement
• Dynamical construction of context-adapted, relevant and acceptable (defeasible) theories
• Dynamical computation of coherent theories for goal-oriented strategies

Based on the above distinguishing aspects, related research is surveyed.

11.2

Argumentation as Games

With a dialogical perspective on argumentation, at least three approaches can
be distinguished [156]: The Dialogue Logic of P. Lorenzen and K. Lorenz
[124], drawing on semantic tableaux for labeling winning strategies of dialogue games; The game-theoretical approach of J. Hintikka, who uses a
two player semantics for studying logical systems, cf. e.g. the IndependenceFriendly Logic [97], logical truth of propositions or epistemological aspects
of the truth of propositions. Further developed by cf. e.g. [189],[190]; and The
argumentation theory approach of E. Barth and E. Krabbe, linking dialogical
logic with informal logic of Perelman [142], Toulmin [184], D. Walton [199].
201

Given the explication of this dissertation, we brieﬂy touch upon the two ﬁrst
approaches before turning to the explication of formal argumentation theory.

11.2.1

Dialogue Logic

The use of dialogue games for proof theories of argumentation, has been
prominent since the Dialogue Logic of [123] and [125]. Here the parties were
to exchange arguments, either to support a claim or to reject the claim. Purely
declarative, the focus was set on the relations of the claim. By a ﬁxed set of arguments with an a priori determined strength and applicability, little emphasis
was given to the dialectical process [66].
Rescher
Drawing on Lorenz’ approach, [160] presents a semiformal system with a
dialectical approach to a defeasible theory of knowledge. Its concern is the
disputation of plausible reasoning and it is based on Lorenz strip diagrams
[38]. In Rescher’s view a formal disputation involves three parties, the proponent, the opponent and the determiner. The root is the proponent’s initial
claim. Rescher elaborates on three kinds of assertions, categorical, which is
to represent “P is the case”; cautious for maintaining that “P is compatible
with all assertions presented”; and provisoed to establish a default relation between P and Q implying that “if Q is the case then usually P is also the case”.
The proponent’s initial claim is always a categorical assertion and it initiates
the disputation. Protocols for the legal responses are devised.
The disputation continues until one party accepts the arguments of the other,
relevant moves are no longer available, or if some time limit has been reached.
The outcome of the disputation is determined by the determiner, which bases
the decision on the plausibility of those assertions of the proponent that remain
in culprit. The central mechanism in rational dialectics is plausibility i.e. how
well the presumption ﬁts in the set of accepted knowledge.
To be noted is that Rescher relies on the “burden of proof” as the mechanism for progression of the disputation. The probative burden of an initiation
assertion is placed on the proponent, then the evidential burden of further reply in the face of contrary considerations shifts between the parties in order to
make the argumentation process progress. In addition, Rescher’s presentation
is semiformal and the arguments are stated as logical propositions to simplify
the possible relationships among conﬂicting arguments [38].
Brewka
Brewka [36] presents a formal model for argumentation abstracted as a formal
reconstruction of Rescher’s theory.
In Brewkas view protocols are to be seen as normative standards from
which the parties could deviate, and at all times question and subject to dispute.
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“Protocols provide the legal moves of a particular stage of an argumentation.
To provide ﬂexibility and adjustability a declarative representation is necessary
for reason on and make changes to the protocol.”

Thus a protocol should only weakly constrain the argumentation, and allow
the parties to conduct their argumentation as they se ﬁt.
This general framework captures both logical and procedural aspects of argumentation processes. As a difference to our approach, Brewka draws on
situation calculus for the metalevel argumentation that formalizes the argumentation protocol, i.e. declarative rules for which speech acts are legal in a
particular state of the argumentation.
Moreover, in contrast to our approach, which pursue analysis of optimum
moves of the parties, [36] inheriting the ideas of Rescher, focuses on determining the acceptance of each participant in the dispute.

11.2.2

Games and Game Theory

By a standard game-theoretical deﬁnition, a two player game could be viewed
as a bisimulation. A bisimulation is a binary relation between state transition systems [205]. 1 This means that the two systems can match each others
moves. An attacker, usually denoted by ∀, is to go ﬁrst and choose a valid transition from a state to the adjacent next. The Defender, usually denoted as ∃, is
to match that transition. Highly useful for modeling issues in human problem
solving, economy, politics, system validation et c, a bisimulation is deﬁned
as a system for which there exist a winning strategy of the defender. Even
though this notion could be relaxed into a weaker variant of bisimulation 2 ,
there is always one winner. In contrast to our approach, the focus is to ﬁnd out
if there exists a winning strategy, rather than to use the process to elaborate on
the argumentation process as optimum moves and strategies of the different
players.
However, it should be noted that games in a game-theoretical explication
are vastly applied, and serious coordinated attempts to explore their boundaries in mathematics, computer science, linguistics and social interaction are
1

Described by Hamblin 1970 [86] in [202], a bisimulation can be seen as a development of
the medieval game called the Obligation Game. The Obligation Game was a formalistic way of
training students in logical reasoning. The game was played between two parties, the opponent
and the respondent. Here the respondent was to defend a thesis called the positum (most often a
false proposition), while the opponent was to trap the respondent into a contradiction by posing
yes/no questions to the respondent. Walton [202] notes that, by the dynamical progression of
the game, the relevance of a proposition can be evaluated as its persistence in the context of the
dialogue.
2 A weaker variant of bisimulation may be where two states p and q are bisimilar and there is
some internal actions leading from the state p to the state p . To be a bisimulation, then there
must exist a state q such that there is a sequence of actions that leads from the state q to the
state q .
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being made from the Institute of Logic Language and Computation in Amsterdam [188]. van Benthem [188] points to that mathematicians often use games
as a visualization tool for dealing with abstract objects. Hence, a broad range
of applications of inﬁnite two-player games (with perfect information as well
as imperfect information) can be found in core mathematics e.g. for a theory
of inductive deﬁnitions, and as a calibrating principle for higher set-theoretic
axioms (cf. e.g. Moschovakis, Steel, Tanaka) in [188]. In Computer Science,
computation is given a game-theoretical explication for the purpose of characterizing complexity classes (Feigenbaum), and theory of algorithms (Gurevich). For the ﬁeld of linguistics, and social interaction, games are applied for
devising models of interpretation as well as for the evolution of communication (van Rooij), economics, cognitive sciences and their areas of application
(Parikh, Jennings, Wooldridge, van der Hoek) [188].

11.3

Games and Frameworks in Argumentation Theory

The use of dialectically ﬂavored proof theories has been prominent since the
above discussed work of Lorenz and Lorenzen, cf. e.g. [196], [35], [65], [150],
[149], [147], [153],[4]. Categorized by the underlying logic, we discuss a selection of related work in argumentation theory in the following four categories: assumption-based argumentation systems, coherence based systems,
systems drawing on defeasible theories, and rule-based defeasible systems.
We will brieﬂy touch upon some frameworks in the ﬁrst two categories, before
discussing the computational dialectics of [66], and the defeasible argumentation frameworks of [150, 149, 147, 153].

11.3.1

Assumption Based Argumentation

In assumption based frameworks, defeasibility arises from the use of a special
kind of statement. An argument is the set of assumptions that can be consistently added to the theory. Conclusions are drawn by applying deductive
consequence to the theory extended with assumptions. Bondarenko et al. [30]
have developed an abstract, argumentation-theoretic approach to default reasoning, which builds on Dung’s admissibility semantics [44].
Kakas and Toni [108] draw on generalized abductive proof procedures for
dispute derivation in a logic program. Although presented as a form of argumentation tree, it is not utilized for emphasis of the dialectical nature of their
proof procedures [46].
The dialectic proof procedures presented by Dung et al. [46] are as ours
expressed in the form of metalogic programs with the focus set on the dialectic
nature of argumentation. The proof procedures of Dung are more general than
negation as failure, because their procedures allow for the counterattacking
of all attacks against an assumption to be interleaved with the other parts of
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the search for a dispute tree. However, as the proof procedures of Dung et
al. focus on minimizing the culprit in the argumentation, the arguments and
the attack relation between arguments are deﬁned entirely abstractly, ignoring
their internal structure.
There are also differences in the syntactic limitations as the Dung approach
is built on assumptions that are atomic. As earlier stated our aim is to provide
a general framework for analyzing argumentation dialogues in so far the object level sentences are expressible in propositional defeasible logic. For this
purpose, we draw on the defeasible logic of [27, 6], for which the abstract
argumentation framework underlying Dung et al. is not directly applicable
[71].

11.3.2

Coherence Systems

In an argumentation system drawing on coherence, reasoning is conducted by
the use of consistent subsets of the (possibly inconsistent) knowledge base.
Some systems use a preference order that is introduced over the arguments in
the subset cf. e.g. [4].
[4], the abstract argumentation framework of [45] is instantiated as a framework with an explicit preference order. In the framework the reasoning is conducted on minimal consistent subsets entailing the conclusion. A key feature
is determining the acceptability of the ﬁnal state. The preference order, based
on speciﬁcity, allows for the differentiation of categories of arguments based
on their force.
Although substantial contributions are included in this category, a drawback for the majority of coherence approaches is that, in comparison to e.g.
defeasible approaches, in general the reasoning is more restricted. This becomes apparent when changes and updates of the knowledge are necessitated.
As there is no way to resolve inconsistencies within the knowledge base, one
must rely on belief revision mechanisms.
Presented by the classical logic approach of [25], arguments on why the
defeasible approach is less preferable, primarily lie in presupposition of the
generality and static deﬁnition of the priority relation. As elaborated in Chapter 7, in our approach, we accommodate for dynamically computed priorities,
while taking into account the case-speciﬁc circumstances.

11.3.3

Defeasible Systems

To distinguish between strict and defeasible inference rules, defeasibility is introduced by the use of a special kind of inference. Arguments are conceived of
as premise conclusion structures that instantiate some inference rule-schema.
Pollock [143] addressed justiﬁcation by defeasibility, drawing on notions of
warranted defeasible and nondefeasible reasons. By the use of notions of defeat, i.e. rebutters and undercuts, the prima facie reasons are deﬁned.
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An early study conducted on protocols for dispute is presented in [127].
The study focuses on resources and the distribution and use of these. The
computation is conducted from a knowledge base, based on conﬂicting rules
as policies to be input in a deliberation process. As in our situation, the dynamics is achieved by the partial disclosure of the knowledge of the parties.
The intuitions were implemented in C, GAWK, LISP and C++.
Even though sharing many features with our approach, the underlying logic
is ambiguity propagating in contrast to ours that is tuneable for the domain
in question. In addition, our approach allows for violations of the procedural protocol by the parties. By the availability of the rejecting clause in each
repository, the responsibility to regulate the violations is placed on the adversary, cf. Section 4.5 for analogous chess protocols. This means that in our
approach, violations are allowed and subsequently handled by appeal to relevance, and activity of the adversary. As argued by [106], only when violations
of a protocol are realistically possible, the usefulness of norms as a way of
directing the modiﬁcations of rights and responsibilities of the parties is fully
enacted.
The Pleadings Game
Gordon [65, 66] presented The Pleadings Game as a normative formalization
and fully implemented computational model, using the nonmonotonic reasoning of conditional entailment [60] in combination with game theoretical
notions for argumentation. The Pleadings Game is a dialogical model of argumentation, reasoning on the validity and priority of defeasible rules. Gordon
elaborates on notions of relevance between the issue and known derivability
. Hence an issue is a formula that is not known to be derivable from the conceded statements, nor entailed by the formulas known to be derivable. Based
on the discourse theory of legal argumentation of R. Alexy, by which judicial discretion is regulated by rational presentation of arguments, the goal of
the model was twofold; to identify issues in the case, i.e. the culprit in the
argumentation, rather than elaborating on the status of the arguments; and by
means of prescribing the procedural aspects to follow standards for efﬁcient
and fair use of argumentation.
The game is conducted between two parties, the proponent and the opponent. For each of the parties, a ﬁxed main claim, a set of rejected statements,
a set of conceded statements, and a set of open statements, are devised as
formulas in classical logic by entailment. The utterances consist of claiming a
formula or a set of formulas to be a warrant of some other formula. The moves
are assertions on the statements, formulas or rules. The focus of the game is
on the open statements of the parties, as these have not yet been addressed
by the adversary. The rules of the game give a detailed account of admissible,
acceptable moves and their effect on the statements of the parties. In total, ten
moves are presented. Whence all open statements concerning the main claim
or a direct denial of such a statement, have been addressed by an appropriate
206

assertion, e.g. a denial of the statement or a concession of the statement, the
game ends. The proponent is to win the game if his claim is entailed by the
set of facts and rules that are supported by the mutually conceded statements.
The opponent wins if all relevant issues are addressed and the claim is not
entailed. If neither player wins, then the game is declared a draw, and thus to
be resolved in court.
We allow for the strength of the rules to be computed relative the case speciﬁc circumstances as well as the parties pleas. Our approach focuses on the
optimum move and an exhaustive presentation of the different game trees,
while Gordon focuses on the division of burden of proof between the parties.
The protocol of the game is also differing from ours, as e.g. the proponent
may assert an atomic formula only after it has been previously asserted by the
opponent.
A Dialectical Model of Legal Arguments
Signiﬁcant contributions on models of dialogue games have been made by
Prakken and Sartor. Extending their previous systems for defeasible argumentation, [153] proposes Augmented Litigation inference system (ALIS) which
distributes the burden of prosecution as a result of an argumentation-based
reasoning.
Inference System (IS) was proposed in [150] as a dialectical model of legal
arguments, where arguments are attacked by counterarguments. Arguments
are formed by chaining rules A(r) → C(r), where each antecedent a ∈ A(r) of
a conclusion C(r) is a conclusion C(s)[a] of a rule s appearing earlier in the
chain.
Hence, a theory in IS is represented by TIS = (R, ≤) where R is set of strict
and defeasible rules and ≤ is partial preorder which resolves the conﬂicts between rules. Arguments are assigned justiﬁed, overruled and defensible status
depending on the result of the conﬂict.
The game is played between two parties, a proponent and an opponent. The
aim of the proponent is to prove the initial legal claim as justiﬁed, while the
opponent is to show that attacks on the legal claim remain unrefuted. The admissible moves of any particular stage of the game are restricted by a protocol.
The parties are to take turns, starting with the initial claim by the proponent.
Reﬂecting the asymmetry of the parties, the proponent must in each move refute the previous move by the opponent while the opponent merely needs to
pose an admissible attack on the previous move of the proponent. A game is
in a terminal state if no admissible arguments remain. The party who’s turn it
is to move has lost the game.
Building on [150], [149] provides an elaboration on different burdens of
proof that are associated with the dialectical setting of IS. Three disparate
kinds of burdens of proof are characterized as Burden of Persuasion (2) Burden of Production and (3) Tactical Burden of Proof. The Burden of Persuasion determines which party is to lose if the evidence presented in the case
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is balanced. The Burden of Production is said to determine the party who is
to propose evidence at any time of the game. Finally, the Tactical Burden of
Proof provides means for a party to assess the risk of losing a game.
In [150], players have ﬁxed roles as the burden of prosecution is always
placed on the proponent, leaving the opponent with the burden to interfere. In
[147] IS is modiﬁed as it proposes switching of roles in Litigation inference
system (LIS). A theory in LIS is represented as TLIS = (R, ≤, bπ , bδ ) where
(R, ≤) is an IS theory. bπ , bδ are the Burden of Prosecution for the proponent
and the opponent respectively. In [153] LIS is extended into the Augmented
Litigation inference system (ALIS) which generates the content of bπ , bδ as
a result of a argument based reasoning. A theory in ALIS is represented as
TALIS = (R, ≤), where (R, ≤) is a IS theory described by a language which
has a binary predicate burden that expresses the player to hold the burden
of prosecution for a given argument, i.e. burden(p, l) means player p has a
burden of prosecution for the literal l. In ALIS, a dialogue move has three
components: (1) pl(m) the player of the move (2) r(m) the role of the player,
and (3) a(m) the argument put forward in the move. The protocol imposed on
the players of a particular game in ALIS differs from the protocol proposed in
LIS by allowing a party who weakly defeated an argument of the other party
to argue that the adversary now holds the burden of proof for that literal. In
addition, if the players weakly defeat each other in their opponent role, then
the plaintiff can argue that defendant has the burden of proof.
Establishing a computational metalogic program framework, our model and
system focus on the winning/losing criteria of argumentation. As we model argumentation dialogues and analyze them in game trees, our approach draws
more on general Artiﬁcial Intelligence-techniques. The discussed approaches
as well as [148] do appeal to the notion of game trees in the analysis. However in contrast, in our formalization the game trees are implicitly present as
part of the formal setup. A key feature of our approach, we acknowledge the
dialectical nature of argumentation, as the present framework establishes a
convincing dialogue from the sharing and exchange of information between
the parties as uttered speech acts. Our approach places emphasis on the dynamical aspects of the dialogue at each state, modeling the burden of proof by
elaborating on the proof standards for winning, cf. Chapter 8. Hence, we take
an amalgamated approach to the process level and the action level cf. [68].
By the appeal to relevance, given the dialectical setting and the activity of the
parties, our approach provides an alternative attempt for aligning the process
level and the action level. The logic of [150, 149, 147, 153] is an ambiguity propagating variant of defeasible reasoning without team-defeat, while our
approach at present is tunable for the particular domain.
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Moreover, our framework accounts for a draw situation. As discussed in the
above section 4.4.1, this may be an appealing alternative for situations where
the cost of a disputable conclusion is high 3 .
Drawing on the defeasible framework of [6], our approach inherits the speciﬁc notion of attack, rather than the abstract notion of [45].

11.3.4

Inference-Based Defeasible Systems

As discussed in Chapters 6 and 10, our dynamical defeasible logic prover is
adapted from the defeasible logic framework of [6]. This approach, as presented in [71] utilizes the notion of proof trees. However [71], [6] do not
present a dynamical computational framework for the argumentation-theoretic
characterization of defeasible logic.
[183] presents dialogue games for defeasible logic. The dialogue is parsed
into defeasible rules drawing on the time of the dialogue to label the rule. This
model is based on ALIS [153] and inspired by our [89]. Hence, the knowledge
base is separated into private knowledge and public knowledge. The shared
public knowledge forms the shared set of arguments, which is a theory in
defeasible logic. By use of defeasible logic proof procedures the burden of
proof and the winner of a dialogue game is determined. The authors outline
a foundation to develop a strategy to win the game. However, the outlined
strategy draws on cost functions for maximizing the payoff of the game [164].
In [49] the authors extend the above approach by presenting an asymmetric
protocol for an adversarial argumentation game in defeasible logic. Here the
authors draw on our [53] as each agent is allowed to argue the case according
to its own preferences and capabilities, e.g. choosing at what time any subset
of its arguments (i.e. private knowledge) be disclosed to its adversary.

11.4

Context-Adapted (Defeasible) Theories

An early approach to comparison of rules is presented in [60]. Geffner and
Pearl [60] use conditional entailment in an approach for comparing rules. In
contrast to our approach, in which any heuristics or higher level principle of
the domain may be used for the analysis, here the standard for overriding is set
as speciﬁcity to override generality. A metalevel reasons about the reasoning
in the system.
Also, in this context [197] presents abstract argumentation systems,
studying argumentations as arguments are the object of defeat by devising
metagames for changing the rules of argumentation games. The results
3 As

a draw is not allowed for in most procedural rules of legal reasoning, our framework,
when applied in a legal setting, may be tuned by the choice of adequate termination criteria, cf.
Chapter 8.
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however are more related to stable semantics than sceptical as in the
defeasible logic utilized in our framework.
[16] used a stratiﬁed theory for construction of theories able to cope with the
interpretation of open textured concepts. Our work draws on the approach as
presented in [87]. In Hamfelt [88] metalogic is used for the construction and
analysis of multilayered knowledge, represented as hierarchies of schemas
and rules for their interpretation in the adjacent lower level as meaningful and
acceptable interpretations of legal statutes. Drawing on a stratiﬁed theory of
acceptable legal arguments, we adapt the formalization of provability for our
purposes, elaborating on the admissibility, defeasibility and strength of the
available knowledge of the dispute and the parties pleas with the purpose of
constructing a theory of acceptable jurisprudence.
Reason-Based Logic
Verheij [194] presents an argumentation model in which he studies the status
of an argument given its structure and context by an extended, generalized
form of deduction. Although arguments are viewed as treelike sequences of
argumentation stages, an argumentation stage is determined of the set of presented arguments and the associated status of each argument. As a difference
from ours, Verheij’s model does not incorporate a relation between the status
of arguments in a given state and the status of arguments in its subsequent
state. In addition, the model builds on a domain-dependent extension of FOL
called ‘Reason-Based Logic’.
Defeasible Priorities
Prakken and Sartor [151] present an approach for dynamically determining the
priorities of rules by use of the premises. Here a logic program setting is used
for analysis of aspects of defeasibility in law and defeasible priorities in law.
Hence the priorities are defeasibly derived from the premises in the form of
conclusions in the system. [151] acknowledge that the criteria for comparing
arguments are part of the theory itself, and can be debatable 4 . When such criteria conﬂict, the resulting conﬂict is resolved as part of a defeasible reasoning
process. The dynamic priorities are amalgamated in the proof theory, ‘truly’
dynamically recomputed via the set of justiﬁed and defeated arguments, while
ours is given a modular approach.
In contrast to the approach of [151], we construct the rules, and their relative
importance for the litigation by drawing on rule schemata and the available
knowledge and the parties pleas. An ordering of the origin of the rule is also
established. It is important to note that we draw on rule schemata and higher
level rules in order to construct, rather than control, the resulting acceptable
theory.

4

[151] do not address strict rules.
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Theory-Based Argumentation
Sartor 2002 [167] presents a theory-based dialectics, for which the construction is directed by teleological arguments. A set of theory constructors is provided. The objective for each party of a dialectical dispute is to provide a theory that both is able to explain the available evidence, and support the desired
outcome. The dispute is an exchange of competing theories that support alternative outcomes by their interpretation of the case at hand. The winner is decided based on coherency, relative the adversary. At their respective disposal
each party entertain certain evidence, and share the background knowledge,
here consisting of two components a factor background, represented as a set
of rules, and a value-background, consisting of a goal and a teleological link
able of promotion of this goal. A shared set of heuristics are given to the parties for the construction of theories. In [23] this set is extended by additional
theory-constructors to promote value preferences and value hypotheses. The
argumentation is carried out in the logic framework of [151].
We draw on upwards reﬂection and the notion of provability for the admissibility of rules in our constructed acceptable theory. Drawing on a legal
positivist view, we allow for the parties to plea the case the best they know
how, while any inconsistencies are regulated by the activity of the adversary
and the precedence of the legal code.

11.4.1

Deriving Defeasible Rules

The importance of nested rules for various every day reasoning as well as
agent societies and normative reasoning activities are discussed in Song and
Governatori [181]. The modiﬁcations of these are discussed in [74]. Norm
modiﬁcations are discussed in [73]. Both describe techniques for deriving
rules in defeasible logic theories. In addition, in [181] the inference conditions
are reﬂection on the inference structures, hence an amalgamated reﬂective
system with an implicit reﬂection mechanism. Here a nested rule is deﬁned
as a rule where either the antecedent or the consequent of the rule are rules
themselves. The proof theory extends basic Defeasible logic as presented in
Chapter 3, as a conclusion is a tagged rule and not a tagged literal. The derivations are drawing on auxiliary subtheories of the basic theories. One major
difference to our approach is that these approaches only allow for one level
of nested rules. In addition, our rule construction draws on metareasoning by
upward reﬂection for this purpose; hence we are able to handle rules with
multiple nesting.

11.5

Strategies of Games

Game theory is clearly a very interesting approach. However, our approach is
‘knowledge-intensive’ in the sense that our focus is the explanation in con211

ceptual and not numerical terms. As our approach is intended as a support for
human argumentation the emphasis has to be on the explanation, commentary
and advice, rather than the more search intensive approach of game theory. If
reﬁning the analogy to a more complex approximation of argumentation, the
knowledge intensive approach seems necessary, due to combinatorial complexity issues of computational representation. Cf. the much greater combinatorial complexity of go compared to chess.
Also, when it comes to the strategic games, the game theoretical approach
is given a simultaneous modeling, hence the strategy is computed based on
the choices of the players in the initial state [162]. Hence it does not allow
for reconsideration of strategy, nor for adaption of the strategy to the previous
information of the adversary.

11.5.1

Theory Construction and Revision

Hage and Sartor [85] presents an approach on how to adapt legal theory construction as tinkering with goals, their relative importance, and with cases to
construct a coherent theory of law.
In [84] logic is used for the comparison of regulations given the goals they
are to realize. Closely related to the approaches of [167] and [23], a model of
Dworkin’s principles is set in the Reason-Based Logic. Our approach draws
on the stratiﬁed representation of legal knowledge of [88], hence the logical
computation of the strategy is accomplished by the formalization of provability as presented in Chapter 5.
[162] add a game theoretical aspect to serve as the heuristic layer of argumentation games. Here our approach the probabilities are plausible preferences is set by the game speciﬁc circumstances, rather than the general probabilities generated from strong assumptions on the available knowledge of the
other party.

11.6

Conclusion on Related Research

In this chapter we have given a comparative presentation of research closely
related to our framework. As discussed, the relations are diverse as our approach both have beneﬁted and been the source of inspiration of the related
approaches. The contribution of the research approach defended in this dissertation is discussed in the following Chapter 12.
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12. Conclusion, Contribution and
Further Work

In this ﬁnal chapter we conclude the work presented in this dissertation. The
contributions and some implications of theoretical, practical, and ethical concerns are discussed. We outline further work, and as a ﬁnal reﬂection, we
conclude this chapter and the dissertation with some remarks on the lessons
learned.

12.1

Conclusion

In this dissertation, we presented an account of the dynamical, exhaustive and
dialectical aspects of formal modeling and analysis of adversarial argumentation dialogues. For this purpose we elaborated on a common framework of
board games and argumentation games. Various analogous notions have been
discussed for the different layers of argumentation as presented in the above
Chapter 3. The result is a computational model of argumentation as characterized in Chapter 2. Hence, this dissertation is an attempt to, within some
artiﬁcial boundaries, adequately address the mechanisms of applicability, acceptability and acceptance of arguments in a formal setting. For this purpose
we combined the methods of logical analysis of arguments, approaches on the
dialectic and pragmatic-cognitive nature of argumentation processes and Artiﬁcial Intelligence-techniques for dynamical problem solving by exhaustive
search.
Our approach is to dynamically construct and revise formal theories of the
informal theory. In particular we focused on a logical approach to deal also
with dialogical argumentation. We pursued a systematical analysis of adversarial argumentation and dispute by use of computational methods. Hence we
presented a formal framework for construction, logical analysis and formalization of argumentation as a dialectical and cognitive process.
The advantage of a logical formalization of argumentation is that it provides
a symbolic knowledge representation with a formally well-formed semantics,
making the represented knowledge as well as the behavior of knowledge representation systems reasoning comprehensible.
We demonstrated how computational logic as represented in Horn Clauses
allows for expression of substantive propositions in a logical structure. The
non-monotonic nature of defeasible logic stresses the representational issues,
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i.e. what is possible to capture in non-monotonic reasoning, while from the
(meta)logic program, the sound computation on what it is possible to compute,
and how to regard the semantics of this computation, are established.
This model subsumes both board games and argumentation games, for pursuing the alternatives facing the adversaries in the argumentation process conceived as a game. The analogy to chess is beneﬁcial as it incorporates strategic
and tactical operations just as argumentation. In addition the representation of
chess playing as game trees is well researched in Artiﬁcial Intelligence [139].
As stated in the above Chapter 2, the state space representation allows a treatment of all possible arguments as paths in a directed state space graph. It will
render a game leading to the most wins and fewest losses, identifying the most
effective game strategy. As an alternate visualization, the traversal of the state
space graph unravels and collates knowledge about the given situation/case
under dispute. Including the private knowledge of the two parties, the traversal results in an increased knowledge of the case and the perspectives and
arguments of the participants. This implies that also the collected knowledge
could be utilized in understanding the other party while arguing. In this sense,
by our approach, prediction of the party’s future behavior is facilitated.
The accompanying argumentation tool comes about as a metalogic program. As we adopted metalogic as formal basis, it means that arguments used
in the argumentation are encoded as terms in the logical argumentation analysis system. The argument/counterargument dialectics is facilitated by defeasible reasoning. Within this framework we are able to survey adversarial argumentation considering the notions of admissibility, acceptability and acceptance.
We also presented our approach on the formal modeling and analysis of
notions of valid arguments and justiﬁed belief for adversarial argumentation,
as the model was set up to investigate adversarial argumentation as a dynamical and cognitive process. Transparency of the manipulations is supported, as
the approach accommodates that the construction and analysis of relevant theories, and the manipulations of the devised control mechanisms, mainly are
carried out on syntactically deﬁned constructs.
Conclusively, in this dissertation we have shown how computational metalogic frameworks adequately can accommodate the formal modeling and analysis of the dynamical and dialectical nature of argumentation, while addressing the three different notions of justiﬁed belief.

12.2

Contribution

What have we accomplished? We have presented a formal model recursively
deﬁned in metalogic. By extending our speciﬁcation with metareasoning capabilities, drawing on reﬂection for provability in the stratiﬁed theory, we incorporate various notions of argumentation in a seamless formalism. Hence,
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we set out to show how computational metalogic frameworks adequately can
accommodate relevant aspects of argumentation, within one formalism, coherently drawing on the analogy to board games for the different conceptual
concerns of the model.
Our approach has been discussed for the following aspects:
A Game of Private Knowledge and Dynamical Advancement
A formal model where the parties private knowledge is separate. It provides
a ﬁne-grained approximation of the dialectic aspects of the game as well as
prepare for the accommodation of an intelligent agent setting. The key feature
lies in acknowledging the dialectical nature of argumentation, and that a convincing argument unfolds in the sharing and exchange of information between
the parties manifest as a sequence of speech acts. Hence we model argumentation as a two-party zero-sum board game with speech acts replacing moves
[139] . Our model is distinguished by capturing the interplay between defeasible reasoning and the dynamics of the dialogue. The dialectic progression
as well as the nondeterministic nature of the argumentation process is then
implemented as a metalogic program managing the speech act sequence that
evolves stepwise in forming the dialogue [89, 52].
Dynamical Construction of Context-Adapted, Relevant and Acceptable
(Defeasible) Theories
A reasoning mechanism adequate to reason on hierarchical open-textured or
fragmentary knowledge as inherent in e.g. legal proceedings. By dynamically
determining the set of admissible and acceptable arguments (or rules) and
their relative strength for a particular argumentation game, we address relevance in argumentation . This theory-construction mechanism outlines an
alternative way to static superiority relations for handling priorities between
rules in defeasible argumentation systems. The order of priority between rules
is very important for argumentation systems based on defeasible reasoning.
In addition, as a “correct” order of arguments is difﬁcult to establish a priori,
this approach enables a possibility to dynamically construct new theories of
the dispute that captures the case circumstances of the dispute and domain
dependent knowledge. This adapts a particular argumentation framework to
correspond to the notions of validity of the specialized context. In particular
for “legal disputes, it is often possible to admit the validity of an argument,
while denying that it is, in some sense strong enough to defeat the argument
it attacks” [17] p. 4. This mechanism may be used for computing the relative
strengths of the arguments of a given theory.
The mechanism may also be used for auditing a legal proceeding with the
purpose of assessing the chances and strategies of a party appealing to a higher
court. As such our framework allows a party to assess different argumentation
alternatives and strategies of different contents of the repository of the other
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party with a clear view of the legal theory that is applicable for the circumstances of the case.
Dynamical Computation of Coherent Theories of Goal-Oriented
Strategies
A mechanism for goal-oriented deliberation of ideal strategies for adversarial
argumentation games composed of subgoals or inﬂuenced by interdependent
strategies for interaction. We provide an approach on construction and assessment of theories of acceptable strategies that, according to some preference
order of the goals, maximizes the overall goal-fulﬁlment while acknowledging the inﬂuence of perspectives and context of the speciﬁc case. We elaborate
on how the strategy of winning or concession of the various subgoals are to
inﬂuence a party’s chance of achieving its overall goals. This metalogic approach on how to choose the strategy is based on a reﬂective goal-oriented
deliberation process. It presents an alternative to the computation of optimum
strategies based on probability distribution for the different actions or goals,
while acknowledging the inﬂuence of perspectives and context of the speciﬁc
case.

12.3

Discussion

As initially stated,
“...our aim with this dissertation is twofold: to contribute to formal philosophy
a characterization of argumentation, capturing aspects of the above identiﬁed
phenomena in a way precise enough for scientiﬁc evaluation and prediction,
and to provide a speciﬁcation for future computer systems. ”

In this section, we will discuss the aim of our research in a broader theoretical
perspective; hence touching upon the theoretical method, practical implications, and some ethical issues relevant for this work.

12.3.1

Theoretical Implications of the Research

As a result of this research, we wanted our formal theory to contribute to
enrich argumentation in computation, by facilitating a comprehensive assessment of the approach and other available mechanisms, with the intent of illuminating the appropriateness and limitations of the approximations inherent
in existing formal models of argumentation compared to the informal reality
they suggest to depict.
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On the Relevance of Theory Construction and Its Evaluation
As stated by Popper, a scientiﬁc theory must be in the form of a universal
statement capable of being refuted by experience. It has to clearly rule out
speciﬁc possible occurrences, so that there will be no question as to whether
or not it is indeed falsiﬁed if these events do, in fact, come to pass [102].
Still, we note, as stated by Kuhn 1961 p. 166 [117] on the theory-laden
character of observation,
“once it has been adopted by a profession . . . no theory is recognized to be
testable by any quantitative tests that it has not already passed”.

Differing in the function of the scientiﬁc test, as to afﬁrm increasing verisimilitude (Kuhn), or that only falsiﬁcation can ensure validity and reliability (Popper), both recognize the prerequisites of commensurability and testability. Allegedly, they both agree on
“[ . . . ] that a single falsiﬁcation discrediting an entire scientiﬁc theory is not
normally accepted at once. ‘It is usually not accepted until the falsiﬁed theory
is replaced by a proposal for a new and better theory. As Max Planck remarked,
one must often wait until a new generation of scientists has grown up (Popper
1983 [145], xxv)’ ” Duffy Hutcheon 1995 [102]

Hence, Kuhn and Popper are arriving in a similar understanding of “[ . . . ] the
essentially cumulative nature – not of scientiﬁc theory, but of the facts which
a fruitful theory unearths.” [102].
With this clariﬁcation relevant to our scientiﬁc methodology and purpose,
we ﬁnd support of our aim to contribute to our theoretical framework a formal explication in order to render the hypothesis as distinct as possible for
future comparison and evaluation. Next, we also have to ﬁnd warrant for the
scientiﬁc methodology upon which our framework draws.
Sufﬁcient Correspondence to the Informal Domain
In accordance to all metaphysical views on logic but the instrumentalist,
formal logical systems aim to provide a rigorous and precise representation
of informal arguments in which the concept of extra-system validity is
held inﬂuential on the system-relative validity (and vice versa). Thus, an
acceptable formal logical system should represent the informal arguments of
the discourse in such a way that the formal argument should be valid in the
system iff the informal argument is valid in the extra-systematic sense [82].
This claim rises the question on what is to be counted as an extra-systematic
valid argument. According to Haack, in an informal setting an argument
is valid if its premises could not be true and its conclusion false. Whether
this criterion is positively met for a given informal argument is practically
impossible to answer deﬁnitely for larger domains, furthering the question of
extra-system validity in an unsettling way. Moreover, it should be observed,
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as in [82], this deﬁnition of validity is by no means undisputable. Also, there
is some unclarity on how precise the desired correspondence between the
system-relative validity and the extra-systematic validity actually can be, as
well as really ought to be. Given the level of abstraction imposed by the aim
of formalization; the incomplete understanding or vagueness of some areas
of discourse; and, for the ﬁeld of computer science, the restraints imposed
by computability and complexity issues, sometimes all there is left using a
one-to-one correspondence to informal arguments as a strict demarcation,
is a naive theory. Clearly, even when allowing for rephrasing of the formal
representation or extending the formalism to better correspond to the
informal argument, no one-to-one correspondence with informal arguments
should be expected. One is faced with logical truth and validity as relative
to the system-relative and extra-system validity correspondence, groomed
from the Logica Docens relativization of truth; imposing a coherence
characterization, rather than what ﬁrst seems as a correspondence deﬁnition,
of system-relative validity and logical truth. Thus, remaining as the basis of
validity are intuitive judgments, which, as indicated by Haack, takes one
deeply into the truth-theoretical exposition of necessary truth.
Logic and Thought
The question of whether logic is revisable, is connected to the responses
to the question of what logic has to do with the way we think. Strong
psychologism, as expressed by Kant, sees logic as descriptive of mental
processes. Logical principles describe how we must think. The problem with
humans making logical errors during reasoning, Kant explained as a ﬂaw in
our reasoning powers. The weak psychologism adopted by Peirce holds logic
as prescriptive of mental processes (prescribing how we should think). The
argument goes: Logic is primarily concerned with the validity of arguments
as the connection between premises and conclusion; and reasoning is a
mental process as coming to believe that ’q’ on the strength of one´s belief
that ’p’. Hence, logic is normative with respect to reasoning in this sense that
logically valid arguments provide a guarantee not to result in one holding a
false belief given a true one. Note that this argument requires one to place
importance on the correspondence of the system validity/truth to its extra
system counterpart, logic to be prescriptive to other reasoning than, to
borrow Russell’s phrase, consistent fairy-tales. Anti-psychologism, strongly
advocated by Frege, states that logic has nothing to do with mental processes,
on the basis that the mental unlike logic is not objective and public. Whereas
the mental processes are subjective and private, the sense of a sentence is
not an idea (a mental, essentially private, entity) it is a thought (an abstract
object, a proposition). To Frege, one can no more have another person’s idea
than one can have that person’s headache. But, since propositions are public
and objective, both persons can grasp the same proposition. Haack poses on
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propositions an accessibility requirement, which she claims cause them to fail
the use advocated by Frege. Instead Haack proposes sentences as the object
logic deals with. Sentences, she claims, are both objective and accessible
because the verbal behaviour of users of a language is coherent. However,
we doubt Haack’s claim that the verbal behaviour of users of a language
really is coherent and thus, objective and accessible in regards to meaning.
Due to conventions and the recipients abilities to understand the speaker’s
intent from the utterance and context, the meaning of the utterance might be
different to different listeners and even disclosed from others. This would
not be the case if the verbal behaviour of users of a language is coherent.
When talking about language use, we hold that the sense of an argumentation
is passing the acceptance of an idea in the form of a proposition, a mental
activity, to the interlocutors. Even though this clearly requires of the speaker
to make the interlocutors aware of a mental activity, what Haack [82] calls
the mysteriousness of our supposed ability to grasp the propositions, it is to
our belief, no mystery but merely part of human metacognitive abilities. But,
ironically, this defence of the propositions as the objects of thought might
lead further into psychologism than Frege anticipated, whereas it provides an
explication of an objective accessibility to and understanding of the mental
processes he regards as private and subjective.
Defeasibility vs. Valid Arguments as Universal, Necessary and a Priori
Upon viewing logic in a traditional stance, “Logic is concerned with the
principles for correct reasoning and valid arguments; its principles are
universal, necessary, a priori and formal; logically valid arguments are
necessarily truth-preserving and have a fundamental epistemic signiﬁcance;
and ﬁnally, logic is in some sense a normative discipline” [119]. Hence,
“what can be said at all can be said clearly, and what we cannot talk about we
must pass over in silence” 1
In this spirit, Popper refuses to extend fallibilism to logic, while Quine
holds that logic is revisable in the sense that we could be mistaken about what
the truths of logic are. Haack states that the question of whether fallibilism
extends to logic is purported by the question on whether we are liable to hold
false beliefs on logic, and that proposition infallibilism does not guarantee
agent infallibilism. In other words, the necessity of logical laws does not
entail that humans are unable to hold false logical beliefs. Moreover, she
argues, ’self-evidence’ bear no guarantee for necessary truth. Empirically
shown, self-evident propositions even in the core of formal logic have been
found false. Hence, either truly self-evident propositions could be false or
they were not really self-evident, but merely appeared to be. This in turn
1 Wittgenstein

Wovon man nicht sprechen kann, darüber muss man schweigen. Whereof one
cannot speak, thereof one must be silent. [209]
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would imply that we have no certain way to ﬁnd out if a proposition really
is self-evident. Likewise, neither could we trust in the notion of analyticity,
whereas even if the logical truths might be true in virtue of their meaning,
there is no infallible way to make certain that one correctly has understood a
candidate logical truth. If fallibilism extends to logic it may need revision,
but due to logics extreme generality, revisions will have far-reaching
consequences.
As we initially argued:
“As it permeates most of our every day activities, successful argumentation is
ubiquitous for human interaction. However in many domains where human reasoning is applied, we ﬁnd that for the problems under disputation only assumptions or fragmentary information are available. Take for instance a legal proceeding. Here the parties normally construct and put forward as their arguments
what they conceive to be the most attractive interpretation of the situation. It is
possible to put forward almost inﬁnitely many perspectives on the events under dispute, neither one guaranteed to be justiﬁed in a cross-examination. As
presented by a computer system devised as an automated aid for the human
analysis of the case, a systematic and exhaustive presentation of the arguments
brought forward may be very useful.”

Supported by Walton [202], we argue that clearly logic has something to say
about sophist reasoning. This brings us to examine the validity of logic itself.
On the Validity of Logic Itself
Logic is about the validity of arguments. As we have shown and applied, a
formal logical system represents and assesses in a schematic way the structure and characteristics of groups of informal arguments. However, questions
concerning the scope, the aim as well as the interpretation of formal logical
systems have resulted in a plurality of formal systems aspiring to count as systems of logic. Moreover, the concept of validity raises issues concerning the
appropriateness of formal logic systems handling vague arguments, as well as
the interpretation of non-classical logic truth-values. According to Haack [82]
a formal logic system has
“[. . .] an interpretation according to which it can be seen as aspiring to embody
canons of valid argument [. . .] applicable to reasoning irrespective of its subject
matter”, “[. . .] based on form rather than content.”

This deﬁnition is admittedly both broad and vague; and can be contrasted with
other more formal as well as conservative deﬁnitions. Kneale [112] in [82])
presents a metalogic criterion which only allows as logics those formal systems which are complete. Thus, the criterion excludes as logic systems those
theories in which the basic concepts cannot be formalized; posing a decidability criterion on a system of logic. From the computer science-perspective of
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logic, restricted by the boundaries of computability and complexity, Kneale´s
suggestion poses an appealingly austere deﬁnition. Still, we believe it to be a
too strong restriction on the scope of logic. We have to distinguish useful logic
systems from computational logic systems, and hence, accept that useful logic
systems cannot offer “mechanical” proof of all its own truths. Apparently the
question of demarcation of logic is not simple. However, given the epistemological perspective on logic as self-evident or at least normative; as well as
the plurality of (alleged) logic systems applied within computer science, we
conclude that the question should be handled conservatively and at least not
simply be begged or overlooked within our ﬁeld.

12.3.2

Practical Implications

In the latter sense, the aim of our research was by the formal theory to directly
enable the evolution of systems in the addressed domain; here computational
argumentation. As stated, the focus of the dissertation was the representation framework, the reasoning mechanisms, the procedural context and system construction of a tool for aiding human interaction and argumentation.
Some additional remarks on the implementation speciﬁc issues are presented
in Section 10.5, as well as relevant issues of practical implications discussed
in Section 12.4.
The Use of Formal Models of Argumentation
[62] suggests the use of formal analysis of argumentation as an evaluation
technique for argumentation and its reliability and validity for human interaction. Most often, formalized argumentation analysis is based on specialized
algorithms and models that presupposes the mental work in large being handled by their designers. However, this does not prevent human arguers from
drawing from the strengths of specialized computer programs, to the beneﬁt
of e.g. business process management, e-commerce and strategic operations.
In this sense formal models of argumentation intends to contribute to improve argumentation skills, and as a consequence to improve the quality of
human decision making. This is especially important for domains where the
human argumentation has a legislative or normative effect, e.g. legal reasoning and evolution of systems of justice. This computational approach in itself
presupposes the interaction with the human user.
Argumentation models have become increasingly more important with the
increased use of implementing systems on distributed autonomous agents
[17]. Hence, our model is also to support agent dialogues, protocols and
negotiations in multiagent systems. Here the underlying assumption is that
everything else being equal, the efﬁciency of algorithms and heuristics of an
agent determines the level of rationality of its decisions as better algorithms
and heuristics ensure a more rational performance or behavior than those of
an agent with poorer decision procedures [185].
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Our aim with this dissertation was set on to contribute to formal philosophy
a characterization of argumentation capturing certain phenomena in a precise
way, and to provide a speciﬁcation for future computer systems.
We have shown the applicability of our approach to domains where opentexture and relevance of arguments are of high priority, as here illustrated e.g.
the legal domain. According to Walton, relevance in argumentation also exerts
to the political domain of argumentation. Hence, by our stress on acceptability, admissibility and acceptance of arguments, this suggests the applicability
of our model for the construction and analysis of political argumentation disputes.
Metalogic for Argumentation
As we have shown above, metalogic is a technique well suited for handling
the update of the knowledge base/state transformer needed for modeling dynamical games. The statements in the metalanguage of the metatheory link
symbols of the formal object theory to their intended interpretation in the informal theory [87]. The domain speciﬁc knowledge thus facilitates an interpretation of the pretheoretical aspects discussed in Chapter 2. The dialectic
process is controlled by the metalogic and so is the dynamic perspective. The
nonmonotonic aspects are handled by appeal to negation as failure. The abductive semantics of negation as failure leads naturally to an argumentationtheoretic interpretation of default reasoning in general and can also be used to
implement abduction.
As stated above, for the purpose of this dissertation, the informal domain
requires that the parties and the domain-speciﬁc rules are part of the construction of the formal theory. Due to this dynamic and dialectical nature, an a
priori perfect formal representation of the object theory is unattainable. As
Hamfelt [87], here we note that even if we would be able to attain such a theory it would “...yield a static formalization consisting of an enumeration of
non-logical axioms representing suggestions for object theory rules”.
Again given the nature of argumentation, what we are aiming for is a dynamic formalization in which the rules of construction of the particular domain and situation are used to ensure the validity or justiﬁcation of the propositions expressed in logical form.
In summary, to us metalogics provide a comprehensive alternative for our
purpose. But what are our alternatives?
Higher Order Logics
Higher order logics are distinguished from ﬁrst-order logics as in higher order
logics no restriction on the type of variables over which the quantiﬁcations
range, e.g. quantiﬁcation over predicates is permitted. Subsequently higherorder logics differs also in the constructions of the underlying type theory.
Higher order logics are claimed to have more expressivity, however this is nor-
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mally superﬁcial, as their their properties, in particular with respect to model
theory, make them less well-behaved for many applications.
For domains of vague knowledge or open textured concepts, e.g. legal reasoning, the use of higher order logics for representation of such concepts,
would leave the interpretation of concept, via predicate variables, to refer to
an a priori ﬁxed extension of the concept. Hence, the meaning of the concept
[88] is still unknown.
In addition, the major drawback is that for higher-order logics in general a
(recursively axiomatized) sound and complete proof calculus cannot be established.
Modal Logics
Aiello, Cialdea et al. [2] state that for representation of the expressivity of
reasoning about knowledge in agent scenarios, two main approaches to formalizing agent’s knowledge and belief can be distinguished. One approach
is the family of logical languages based on the use of a modal operator for
interpretation of knowledge and belief, and one based on ﬁrst-order logic enriched with metalevel capabilities. A modal logic is a formal logic system that
incorporates modal operators in its attempts to deal with modalities.
Quine claims that modal logic is not needed to achieve a precise language
adequate for science, and depending on the degree of modal involvement, interpretation is disabled altogether. The reason for Quine’s discomfort is the
behavior of singular terms and, more importantly, bound variables within the
scope of the modal operators, requiring one to acknowledge de re modalities and essentialism. However, if all conditions specifying the same object in
the universe are necessarily equivalent, substitutivity could be restored. Unfortunately, this only comes to the cost of rendering all identity statements
necessary, and as its consequence, it brings the collapse of modal distinctions.
Plantinga and Marcus defends modal logics by claiming essentialism and necessary identities being rightful consequences and also denying the anomalous
behaviors of quantiﬁers given a substitutional reading, while Smullyan contests the failure of substitutivity on the basis of the nature of the connection
between names and descriptions of objects. According to Quine this is not
a satisfying solution because it allows quantiﬁers to bind variables within a
modal context. Since modal operators according to Quine are predicates for
sentences (talking about talk about things) and quantiﬁers talk about objects,
quantifying over modal expressions leave us in total unclarity on what we are
talking about.
Admittedly that recent developments in modal logics make promises of an
adequate formal treatment of modal concepts. However, especially when applied for the ﬁeld of computer science, we share some of Quine’s doubts on
the feasibility of modal logic.
The independence requirement cannot be met unless ’consistent’ is explained as ’possibly true’; either giving up the idea of modalities expressing
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the utterers relation to the verb for the consistency requirement or rendering
the ’possible worlds’ unaccessible. The transworld identity of the individuals
holds considerable disagreement also among the interlocutors of modal logic,
and highlights Quine’s critique that it is obscure what the quantiﬁed modal
logic actually quantiﬁes over.
The singular terms of formal logical systems are the formal analogues of
proper names in natural languages. Their formal interpretation in a purely existential theory, such as ﬁrst order metalogic is straightforward. Each singular
term denotes one speciﬁc individual from the domain over which the variables
range. This stated, ﬁrst order metalogic seems to provide an alternative that,
not only superﬁcially, is more viable for our purpose than the above presented
alternatives.
In addition, as it has been shown that a pure syntactical treatment of
modalities imposes the need for restrictions without which the standard
modal systems are inappropriate for their purpose (Montague [133] in [82]).
Even though possible, shown by results of a more balancing character from
e.g. Turner [186], and Davies [42] in [2], a combined approach of metalevel
and modal systems in the form of syntactical treatment of modalities still
seems to lack the extra-expressive power inherent in a ﬁrst order metalogic
framework [2].
Plausible Arguments as Probabilities
According to a probabilistic Bayesian approach to argumentation, human
problem solving and reasoning is based on assigning probabilities to the
premises of the propositions. By a calculation of the probability values of the
premises, using Bayes theorems and probability calculus, the probability of
the conclusion is established.
However, Walton [202] argues that for adversarial disputes there exists a
fundamental contradiction or conﬂict of opinions, often both highly plausible. Moreover, Walton continues, in the probability calculus, the probability
of ¬A is represented as 1-the probability of A. But in adversarial argumentation, often both a proposition and its complement can be highly plausible. For
these reasons, probabilistic calculus is difﬁcult to utilize for the assessment of
arguments.
A Theory of Design
In pursuit of information systems able to adequately address the task at hand,
as well as using methods of validity, design science focuses on designing information system artifacts to fulﬁl the norms of the domain in question.
According to Alavi and Leidner [3] in Hrastinski [101]
“the ﬁeld of IS has a history and tradition of research and development that involves the application of information technologies to cognitive processes (e.g.,
decision making and problem solving)”, as well as being “based on a long
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tradition of research in the appropriate structures and processes to enhance information systems success”.

The objective of our work is to contribute to enrich argumentation in computation, by facilitating a comprehensive assessment of already used mechanisms
in the ﬁeld; hence illuminating the appropriateness and limitations of the approximations inherent in existing formal models compared to the informal
reality they suggest to depict. It was also set on enabling the evolution of systems in the addressed domain; here computational argumentation. Hence, the
objectives and domain of our research may be of interest to the ﬁeld of design
science.
With the focus set and currently conﬁned to the characterization and construction of a formal model of argumentation, could this dissertation be interpreted as a design theory?’
In an early paper, March and Smith 1995 [130], although arguing for the
need of both natural science research activities and design research for relevant and effective IT-research, differentiate between the natural science research activities such as “build, evaluate, theorize and justify” from the design
research “representational constructs, models, methods, and instantiations”.
In order to use the information system as a driver for enhanced support
and human argumentation and problem solving, [187] in [101] states that the
design theory is “to develop valid knowledge that can be used by professionals
in the ﬁeld in question to design solutions to their ﬁeld problems”. One major
argument against ‘traditional’ design science solutions is that they leave out
the bigger picture of the use of the IS artefact [101]. Hence, such research is to
not only concern technological products and applications but also designing
methodologies and interventions cf. e.g. as advocated by Hevner et. al 2004
[95].
In addition, to constitute a theory of design, it has been advocated that the
theory under scrutiny is adequately grounded in existing theory cf. e.g. Gregor
and Jones 2007 [76]. Hence, for our approach, as it is presented in this dissertation, at least two concerns may arise: 1) epistemological 2) ontological
groundedness. For the ﬁrst issue, as our theory is grounded in the multitude of
theories presented in our informal characterization, the epistemological origin of our theory may be questioned. However, to our understanding, neither
the pluralistic origin of the theory, nor the formal explication of the metarequirements of our methods for designing the artefact„ in principle rule out an
adequate grounding of our theory cf. [130] on research outputs [76] on kernel
theories as justiﬁcatory knowledge . The informal characterization of our domain as it is structured, adequately present the ontological assumptions of our
theory. Hence the justiﬁcation of our resulting theory may be scrutinized, and
scientiﬁcally evaluated. In this sense the characterization in Chapter 2,3, and
5 aim to provide a sufﬁcient guide to the epistemological and ontological assumptions underlying the theoretical perspective that brought about this work,
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while the Chapters 6,7,8,9 and 10 are to demonstrate the method of formalization, for allowing our approach to be scrutinized for practical relevance, in
the context of related research as presented in Chapter 11.
Although we suggest a theoretical groundedness of our approach, while issues of the practical usefulness to information systems of our work to be further discussed in the Section 12.4, we conclude that the initial question ‘With
the focus set and currently conﬁned to the characterization and construction
of a formal model of argumentation, could this dissertation be interpreted as a
design theory?’ needs further elaboration to be adequately settled.

12.3.3

Ethical Implications

In this dissertation, we stated our focus as primarily set on the computerized
support of human activities, and not computerized decision-making. However,
it may be conceived that by our approach, the automated assessment of dispute, especially for the domain of legal reasoning, may be of inﬂuence to
legislative or normative tasks. Hence, the questions i) what issues of legal
character is there to anticipate?, and ii) whether our ﬁeld of research is compatible with ethical and moral demands, are justly posed.
The discipline to assess any arguments for or against this matter is ethics,
or moral philosophy. Hence, it is beyond the scope of this dissertation to comprehensively pursue the ramiﬁcations of these philosophical issues. Regarding
the above question ii) as stated by Riveret 2008 [161], we ﬁnd that legal issues
concerning the use of agent software are already discussed cf. [1] in [161].
As matters of ethics or morality are not to be taken lightly, we will discuss
the latter question drawing on reasoned recommendations of morality in science as presented by Nicholson, Hale et al. [155]. Applied to the perspectives
of the content of our models and the observations of the same, the guidelines
of [155], to be adopted by ethics committees, provide an illustrative discussion
on the importance of a nuanced perspective of the discourse.
In particular, [155] points to the implications of using a pure utility-based
approach of arguments of moral importance; hence providing the perspectives
of both deontologists, basing their perspective on common moral convictions
of rights and duties of the individual; and utilitarians, that hold a utility-based
perspective 2 for the agent:
... if we allowed ourselves to carry out elaborate risk/beneﬁt analyzes on particular occasions, we should nearly always get them wrong, either from a human
inability to predict the consequences of our actions, or from an equally human tendency to deceive ourselves about the probabilities of beneﬁt and harm.
A researcher may convince himself that he will revolutionize the treatment of
2 Here

the risks and beneﬁts of any given action is computed to a probability of an outcome and
its utility for the agent. The preferred choice is to take the action that maximizes the expected
utility, i.e. the highest sum of the products over all possible outcomes of the available actions
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cancer by carrying out some questionable experiment, when his more judicious
and less involved colleagues could tell him that the risks were much greater
than he thinks and the likelihood for a major breakthrough very small. That
is why we have ethics committees to sanction research projects, and why they
should have ﬁrm guidelines such as we shall propose.

as well as the shortcomings of a puristic deontologist’ approach to morality in
arguments:
However, though it is right that we should think like deontologists in the normal
course of our life and practice, it may be suggested that something has been left
out of the account. Intuitive thinking is, as we have seen, not self-sustaining.
We need a way of deciding what principles we should entrench, what intuitions
we should cultivate, and what to do when they conﬂict.

As the intersection of these views, we ﬁnd an appeal to rights and duties and
the utilities for particular individuals. Here Nicholson, Hale et al. [155] describes two levels of moral and ethical thinking. A practical level, where the
intuitive principles (sometimes manifest as legal statutes or written ‘bills of
rights’) of rights and duties are of great authority are to be enacted. And, a
higher, ‘critical’ level of thinking. To us this suggest that our formal model,
(albeit naturally a coarse approximation of the complex reality it suggests to
depict), with its clear stratiﬁcation, building on methods that are well-studied
and with comprehensible ramiﬁcations, ﬁts well for computerized systems of
which the purpose is endorsement of moral and ethical human activities.

12.4

Further Work

In this section we present some suggestions for further work.

12.4.1

Dynamical Computation of Acceptable Arguments

We discuss an extension of our framework where the preprocess of Chapter 7,
the computation of accepted termination criteria of Chapter 8, as well as the
goal-oriented strategies of Chapter 9, are embedded into the argumentation
analysis steps to accommodate the dynamical character of such deliberations.

12.4.2

Temporal Argumentation Games

As we discussed above in Chapter 10, a space of the size needed for an arbitrary argumentation game, although ﬁnite, is not exhaustively searchable in
practice. In addition, for most games a time constraint is set. Also in argumentation, temporal aspects of arguments and assertions come into play. We
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are interested in outlining an approach to incorporate temporal aspects of the
argumentation into our argumentation games. Here we have only elaborated
on the static fragment of our logic. Thus no temporal evolution is present. For
such argumentation games the object language may be a form of propositional
temporal defeasible logic, cf. [161], deﬁned and analyzed in an appropriate
logic metalanguage. Here our main interest concerns the boundaries of temporal persistence of different types of arguments or dialogues. At the time Ti
P is true, and at the time Ti+1 P is true, where i = 1, 2, 3..., does P hold for the
interval in between?

12.4.3

Repeated Argumentation Games

After playing multiple instances of a single game, or multiple games against
one player, there may be generalizations from one game instance to another.
This will provide characteristics for the game. As stated by Aumann [13] on
equilibria of repetitive games, a cooperative outcome is normally enabled by
repetition. As the only way of using private information is by revealing it,
a cooperative outcome can be achieved. Also by enforceability of contracts
or norms, cooperation can be achieved. Hence, repetition is an enforcement
mechanism, that works for a longer term, and by which we may establish a
connection between morality and rationality [13].
The elaboration and extension of repetition for argumentation games and
as mechanism for determining the goal of a debate is of interest for further
development.

12.4.4

Implementation and Test

An implementation of our argumentation analysis tool into an IS-environment
and subsequent empirical study will provide useful information on whether
our formal model of argumentation exhibits the claimed correspondence to
the informal domain, as well as whether our tool actually is to support and
enhance human argumentation. A study focusing on these aspects is useful
as a test of quality of the model and relevance of use. Also, the primary (and
perhaps only) way to observe whether our model is to fulﬁl its purpose is to
observe the user’s actions.
Hence, a future phase in the design and development of our tool is an empirical study exploring our approach in the environment of use, i.e. how adequately the tool is to respond to the user’s needs and expectations.

12.5

Summing Up

Summing up this dissertation and my experiences with the research leading
up to, surrounding and underlying it, I will resort to quoting Edsger Dijkstra’s
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words in his acknowledgement of one of the greatest Logicians, trained as a
lawyer and active diplomat and librarian, the last polyhistor and perhaps ﬁrst
Computer Scientist of the previous millennia:
“As far as I know, Gottfried Wilhelm Leibniz, who lived from 1646 to 1716,
has been the ﬁrst to tackle effective reasoning as a technical problem. As a
youngster of 20 years of age he conceived, possibly inspired by the work of
Descartes, a vision of reasoning as applying a calculus. Like modern computing scientists, he invented impressive names for what had still to be invented,
and, for good reasons not overly modest, he called his system no more and
no less than "Characteristica Universalis". And again like modern computing
scientists, he grossly underestimated the time the project would take: he conﬁdently prophesied that a few well-chosen men could do the job in ﬁve years,
but the whole undertaking was at the time of such a radical novelty that even
the genius of Leibniz did not sufﬁce for its realization, and it was only after
another two centuries that George Boole began to realize something similar to
the subsystem that Leibniz had called the "calculus raticinator".
Let me quote from E.T. Bell young Leibniz’s description of what he was
aiming at:
"a general method in which all truths of the reason would be reduced to a
kind of calculation. At the same time this would be a sort of universal language
or script, but inﬁnitely different from all those projected hitherto; for the symbols and even the words in it would direct reason; and errors, except those of
fact, would be mere mistakes in calculation."
I think it absolutely astounding that he foresaw how "the symbols would
direct the reasoning", for how strongly they would do so was one of the most
delightful discoveries of my professional life.”
E.W. Dijkstra, Austin, 22 April 2000. [43]

Even though in one sense we are far from realizing Leibniz’s dream of a universal language, able to infallible calculation of all general truths, with the
discovery of the power of symbolic reasoning already realized dawning on
me during the work with this dissertation, I remain as Dijkstra truly delighted
over what has been accomplished, as well as conﬁdent in what is to come.
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