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Abstract

The interrelationship between defeasible argumentation and modal logic is
rooted in their shared goal of capturing and modelling reasoning under uncer-
tainty and changing conditions. In the last years, researchers have explored
different ways to combine these two formalizations to create more robust sys-
tems for handling complex reasoning tasks, in which modal operators can be
incorporated into argumentation systems.
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In this article we analyse three different lines of work to combine modal logic
and argumentation: a) a logic-based framework that combines dynamic logic
and argumentation for value-based planning; b) alternating-time temporal logic
extended with coalitional argumentation; c) different combined approaches for
integrating epistemic logics and argumentation. These three alternatives will
help the reader to understand different interplays that can take place when
combining argumentation and modal logic. On the one hand, we show that
argumentation systems can be combined with very different readings of modal
operators (i.e., dynamic, temporal and epistemic). On the other hand, modal
logic and argumentation can be used in different relative positions. When rep-
resenting and reasoning about plans, modal logic is applied for the reasoning
on the object level and a structured argumentation framework is built on the
meta-level over modal logic. When epistemically reasoning about opponents’
argumentative information, modal logic can be built over argumentation. For
checking the strategic properties of coalitions of agents, argumentation is put
inside modal logic so that the coalition can enlarge according to the theory of
coalitional argumentation.

1 Introduction

While formal argumentation captures diverse kinds of reasoning and dialogue activ-
ities with uncertainty and conflicting information, modal logic plays a major role
in philosophy and related fields as a tool for understanding and reasoning about
concepts such as knowledge, obligation, time, and actions. The combination of ar-
gumentation and modal logic has been of interest for some time [8]. As we can find
a large and heterogeneous body of literature on this subject, the first thing is to
propose a criterion according to which one can divide and categorise the different
works.

One possible such criterion is classifying the different approaches according to
the modal operators that they use (e.g., temporal, epistemic, dynamic, etc). The
most direct way in which one can relate argumentation and modal logic is by noting
that an abstract argumentation framework [41] is nothing but a Kripke frame (that
is, a basic semantic structure in modal logic). A natural research enterprise is
then to use modal techniques to study abstract argumentation. This was done in
a series of papers by Davide Grossi and more people, e.g. [33; 53; 54; 55; 47; 52;
56] (and cf. [33, Sect. 4.4] for an alternative approach following the same basic
idea). In these approaches, the attack relation becomes an accessibility relation
that one can use to interpret different modalities, and different types of extensions
can then be defined in modal-logic-based languages. This is what might be called
an argumentative approach to the combination of formal argumentation and modal
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logic, and it is well studied in [8, Sect. 3.2].

In a different vein, one can use a non-argumentative interpretation of modal op-
erators for increasing the original expressive power of argumentation systems, so as
to jointly reason about argumentation and some other relevant cognitive dimension.
Thus, for instance, the use of modalities can be temporal. In [28], Alternating-time
Temporal Logic is used to reason about what properties a coalition can enlarge to
enforce, extended with argumentation to provide how this very coalition is formed.
Yet another usual interpretation of modal operators, dynamic logic, consists in un-
derstanding that they quantify over possible executions of programs or, more in
general, over actions. In [72], the arrows of the underlying modal structure are asso-
ciated with actions that an artificial agent may execute. Moreover, each arrow is also
possibly associated with a set of values that they promote/demote. Argumentation
frameworks are then used in their value-based version to let the agent decide what
is the best available plan to reach a given goal according to her value scale. Finally,
there is a branch of the literature that works on the combination of formal argumen-
tation and epistemic logic, where we can distinguish two main lines of work. The
first line concerns using arguments to determine beliefs. This is the main intuition
underlying a series of papers [87; 90; 92; 91; 89], which focus on an argumenta-
tive extension of topological epistemic models. In a different technical setting, [30;
31] syntactically capture the relation between argumentation and belief using aware-
ness epistemic logic and ASPICT arguments. The main idea of the second line is to
have beliefs about my opponent’s argumentative information, which plays a crucial
role in the choice of my moves during a dialogue. It was first treated from an epis-
temic logic perspective in the work of Schwarzentruber et al. [86], and later on in [81;
82]. Using these epistemic-argumentative models, we are able to reason about
higher-order and unquantified uncertainty about argumentation frameworks, which
is in turn a key feature in strategical settings for argumentation.

Another criterion that we can employ for categorising the combination of argu-
mentation and modal logic is their relative positions. Modal logic can be used for
reasoning on the object level, while structured argumentation can be built on the
meta-level over modal logic. As an example, in [72], arguments for plan selection
are constructed using a planner agent’s beliefs that are expressed in modal logic. In
contrast, modal logic can be built over argumentation. For example, [86] and [81;
82] see argumentative information as the object that agents reason about using
modal logic. Different from the above two ways, [28] puts argumentation inside
modal logic: given a coalition of agents, the framework can be used to check its
strategic properties, allowing the coalition to be enlarged according to the theory of
coalitional argumentation.

The rest of this article is organised as follows. We provide the minimal necessary
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background on modal logic and abstract argumentation frameworks in Section 2.
Then, in Sections 3, 4 and 5 we cover the three different combinations of modal
operators and argumentation systems that we have just introduced (dynamic oper-
ators, temporal operators and epistemic operators, respectively). Finally, Sections
6 and 7 close the paper by giving some pointers to further literature on the topic
and sketching out current trends and challenges at the intersection between modal
logic and formal argumentation.

2 Formal preliminaries

In this section, we will present definitions for different core concepts in modal logic
and argumentation, which are shared to some extent by the formalisms introduced
in later sections. Other concepts (such as more specific semantics and modalities)
defined later can be related to these core concepts.

2.1 Modal logic

Here we provide the general definitions of the syntactic and semantic notions for
modal logic that we will use in the rest of the article. We are going to work with
different interpretations of modal logic and, therefore, with different interpretations
of modalities. Hence, to keep things abstract enough, we assume as given a finite set
of generic labels L = {l1, ...,1,,}. Depending on the context of application, elements of
L. may denote actions, action profiles, agents or sets of agents. Moreover, we assume
as fixed from now on a denumerable set of atomic propositions ® = {p,q,...}.

Definition 2.1 (Labelled multi-modal language). The language L(P,L) is given by
the following BNF

pu=pl-oo|(eAne) | Oy pedlel.

That is, the language for propositional logic enriched with a set of [J;-modalities.
We will often employ ¢; as the dual of [J;, defined as —[J;— (and we sometimes
take ; as the primitive operator and define [J; as —{;— instead). The rest of
Boolean operators are defined as usual using A and —. £(®) denotes the propositional
fragment of L(®,L) (i.e., the result of dropping the clause [J; from the previous
grammar).

A multi-modal language of this kind is typically interpreted on a labelled transi-
tion system (a.k.a. a multi-relational Kripke frame), defined as follows.
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Definition 2.2 (Labelled Transition Systems and Models). A labelled transition
system over L is a tuple T = (S, R), where

e S is a finite, non-empty set of states; and

e RC S xL xS isa transition relation between states labelled with elements of
L. We use R; to denote the relation {(x,y) € S? | (z,l,y) € R}.

Further, a model (over ® and L) —sometimes called an interpreted labelled tran-
sition system or, more extensively, a multi-relational Kripke model— is defined as a

pair M = (T, V) where:
e T is a labelled transition system; and

e V is a propositional valuation V : S — 2% that assigns each state s with the

subset of atomic propositions which are true at state s; thus for each s € S we
have V(s) C ®.

For notational convenience, we sometimes unravel the content of T" and write
M = (S,R,V). Here again, the labels may stand for different kinds of transition
relations, e.g. (s,t) € R; may denote the execution of an action changing the system
from state s to state t. Or else, when [ stands for an agent, it may indicate that
agent [ considers ¢ as an alternative to s.

Once we define a valuation for propositional atoms, the next fundamental step
is to define the full notion of truth with respect to satisfaction relation =, more
precisely to specify under which conditions a given formula ¢ is true at a given state
s in a model M (denoted M, s |= ). The following definition does it in a recursive
way.

Definition 2.3 (Truth). Formulas of the labelled multi-modal language are inter-
preted in pointed models recursively as follows:

M,sEDp iff peV(s)

M, s |E =g iff M,sEe

M,sE(pNY) iff M,skE v and M,s =y

M, s = Oy iff  forallt €S, sRit implies M,t |= ¢

We say that a formula ¢ is valid in a model M = (S,R,V) iff M,s = ¢ for
every s € S, and that a formula ¢ is valid in a transition system T iff it is valid in
every model M based on T. Further, ¢ is valid in a class of transition systems iff
it 1is valid in every element in the class.
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Some formulas — more precisely some schemes, i.e. general forms of formula — are
valid only in classes of systems where the transition relations satisfy some specific
property. In such case we say that a formula ¢ defines the class of frames satisfying
this property or, more briefly, that it defines this property. Many such formulas
work as axiom schemes for different axiomatic calculi of modal logic. For example
the general scheme (K) = Oi(¢ — ¥) — (O — O), which is in fact valid
in all systems, serves to axiomatise the most basic calculus of modal logic. Some
such schemes, particularly relevant in what follows, are written in the table below,
together with the property of R; they define.

Axiom scheme Property of R;
(K)  Dile = ¢) = (Lhp — L)
(PF) O — O Partial Functionality
(D) e — O Seriality
(T) Op—o Reflexivity
(4) O —00p Transitivity
(5) O — 000 Euclideanity

Before ending this subsection we define some normal modal logics that will be
used in other parts of the paper. The minimal modal system K is the smallest set
of formulas containing all instances of the axiom scheme (K), all the valid formulas
of propositional calculus, and closed under both Modus Ponens — if ¢, p — ¢ € K,
then ¢ € K — and the Necessitation Rule — if ¢ € K, then Up € K. Extensions
of K are defined by adding more formulas to the basic generating set of K and
closing again the resulting set under Modus Ponens and the Necesitation Rule. This
is expressed as K + (S1) + ... + (Sp,) where Si,...,S,, are the new schemata. The
following table defines some well known extensions of K:

Modal system Definition

T K + (T)

S4 K + (T) + (4)

S5 K + (T) + (4) + (5)
KD45 K + (D) + (4) + (5)

2.2 Abstract argumentation

Argumentation frameworks, the general structures for abstract argumentation, are
defined as follows:

Definition 2.4 (Abstract argumentation framework [41]). An Abstract Argumen-
tation Framework (AF) is a directed graph AF = (Ar,att) where Ar is a set of
elements called arguments, and att C Ar x Ar is binary relation over arguments.
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Although Dung called att an attack relation, it is sometimes clearer to interpret
it as a defeat relation. Roughly speaking, an argument a attacks another argument
b if they are incompatible (they cannot be jointly accepted); while a defeats b if a
attacks b and a is at least as strong as b. This distinction (attack vs. defeats) emerges
from the literature on structured argumentation [22; 35] and it will be exemplified
in several parts of this article, where the expression “be as at least strong as” will
be attributed precise formal meanings.

Argumentation frameworks are, in their bare bones, nothing more than directed
graphs. What is fundamental is the specification of their semantics —sometimes also
called solution concepts — which encode different criteria of justification for (sets of)
arguments. The following definition provides the original ones by Dung [41], which
are the ones used in this article.

Definition 2.5 (Argumentation semantics). Given AF = (Ar,att) and € C Ar,
o & is conflict-free iff there does not exist a,b € € such that (a,b) € att.

o An argument a € Ar is acceptable w.r.t. a set £ (a is defended by &), iff
V(b,a) € att, Ic € & such that (c,b) € att.

o A conflict-free set of arguments € is admissible iff each argument in £ is ac-
ceptable w.r.t. .

e & is a complete extension of AF iff £ is admissible and each argument in Ar
that is acceptable w.r.t. &€ is in &.

o & is the grounded extension of AF iff £ is the minimal (w.r.t. set inclusion)
complete extension.

o & is the preferred extension of AF iff € is the maximal (w.r.t. set inclusion)
complete extension.

o & is a stable extension of AF iff £ is conflict-free and Vb € Ar\E, Ja € & such
that {(a,b) € att.

Let AF = (Ar,att) be an AF, let S € {CO,GR,PR,ST} (where CO stands for
complete, GR for grounded, PR for preferred, and ST for stable), we denote by
Es(AF) the set of S-extensions of AF.

For a detailed study of these and further semantics, the reader is referred to [17].
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3 Argumentation and dynamic logic for value-based
planning

Autonomous agents are supposed to be able to perform value-based ethical reasoning
based on their value systems in order to distinguish moral from immoral behavior.
Existing work on value-based practical reasoning such as [11; 20; 69] demonstrates
how an agent can reason about what he should do among alternative action options
that are associated with value promotion or demotion. More than that, agents are
supposed to be able to finish tasks or achieve goals that are assigned by their users
through performing a sequence of actions. Classical planning concerns finding a
successful sequence of actions achieving a goal. Since there might exist multiple plans
that an agent can follow and each plan might promote or demote different values
along each action, the agent should be able to resolve the conflicts between them
and evaluate which plan he should follow. If the decision-making problem concerns
choosing a plan instead of an action, then we first need to know how an agent can
see whether he can follow a particular plan to achieve his goal. Modal logic allows
us to represent and verify whether a goal can be achieved by executing a plan under
specific conditions such as norm compliance assumptions [1; 65; 2], namely telling
agents whether a plan works or not, but cannot tell agents whether it is the best
option. Certainly, agents can collect the representation results regarding whether a
plan promotes or demotes a specific set of values and then compare different plans
using lifting approaches as what has been done in [74]. However, the order lifting
problem is a major challenge in many areas of Al and no approach is ultimately
“correct”. Moreover, the agent in our setting needs to lift the preference over values
to the preference over plans with respect to value promotion and demotion, which
even complicates the problem. Therefore, we need a more natural and intuitive
approach to deal with representation results.

It has been shown that argumentation provides a useful mechanism to model
and resolve conflicts [41], and particularly can be used for the decision making of
artificial intelligence in a dialectical way, and provides explanation for that [80; 10;
83; 71]. In this section, we develop a logic-based framework that combines modal
logic and argumentation for value-based planning. In the first part, modal logic is
used as a technique to represent and verify agents’ belief in terms of whether a plan
with its local properties of value promotion or demotion can be followed to achieve
an agent’s goal. Using the representation results to construct arguments, we then
propose an argumentation framework that allows an agent to reason about his plans
in the form of support and objection. We prove that our framework satisfies a set
of properties consistent with our understanding of rational decision making. Our
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preliminary idea has been presented in [73], where arguments are constructed with
a value for promotion or demotion. However, we notice that arguing about plans
using this way of argument construction is in fact equivalent to arguing about plans
using arguments that are constructed with a set of values for promotion or demotion
in the democratic lifting way. We thus in this version construct arguments with a
set of values for promotion or demotion and allow more lifting ways for comparing
sets of values.

3.1 Modal logic for representation

The basic semantic structure of our approach is a transition system (Def. 2.2) where
the set of generic labels LL is understood as a set of actions Act = {aq, aa, ...., ay, } that
are executable by an agent. This way of looking at transitions systems represents
the computational behavior of a system caused by an agent’s actions in the agent’s
subjective view. Hence, vertices S corresponds to possible states of the system, and
the relation R C S x Act x S represents the possible transitions of the system.
When a certain action o € Act is performed, the system might progress from a
state s to a different state s’ in which different propositions hold. Moreover, some
restrictions are imposed on relation R in order to capture some intuitions. Recall
that ® = {p, q, ...} is a set of atomic propositions.

Definition 3.1 (Action Transition Models). An action transition model is a inter-
preted labelled transition system (i.e., a model) T = (S, R,V) (Def. 2.2) where the
set of labels L represents a set of actions Act = {aq, ...,an}. Moreover, it is assumed
that

o for all s € S there exists an action a € Act and a state s € S such that
(s,a,8")y € R;

o we restrict actions to be deterministic, that is, if (s,«,s’) € R and (s,a,s") €
R, then s’ = s".

Since the relation R is partially functional, we write s[a] to denote the state
s’ for which it holds that (s,«,s’) € R. We also use s[aq,...,ay] to denote the
resulting state for which a sequence of actions «q, ..., a, successively execute from
state s. A pointed action transition model is a pair (T, s) such that 7" is an action
transition model, and s € S is a state from T. Adopted from [66; 67], the language
L(P, Act) is just our generic labelled language £(®,L) (Def. 2.1) with L = Act.
For convenience, we take ¢, instead of [, to be the primitive modal operator. The
notion of truth in a pointed action transition model is then also the generic one
(Sect. 2.1). We just make explicit the cause for {:
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Ry S3

1
ar a3 s
La ;—v.% %

So Si sy Ap}

Figure 1: Transition system 7'. The star loop around state s4 means that the agent
stays in state s; whatever he does.

So Ay, Sy {P}

Figure 2: A value-based action transition model VT'. The star loop around state s4
means that the agent stays in state s4 whatever he does.

T, s E Qup iff s[a] exists and T, s[a] = ¢.

Given a pointed action transition model (7', s), we say that a sequence of actions
A = i ...qp brings about a p-state if and only if T\, s = Qqy - - - Oa, - In the rest
of the section, we will sometimes write ¢ )¢ instead of O, ... On, ¢ for short.

A action transition model represents how a system progresses by an agent’s
actions. Besides, an agent in the system is assumed to have his own goal, which is
a formula expressed in propositional logic £(®). It is indeed possible for an agent
to have multiple goals and his preference over different goals. For example, a goal
hierarchy is defined in [1] to represent increasingly desired properties that the agent
wishes to hold. However, we find that the setting about whether the agent has one
goal or multiple goals is in fact not essential for our analysis, so we simply assume
that the agent only has a goal for simplifying our presentation.

Example 3.2. Consider the action transition model T in Figure 1, which represents
how an agent can get to a pharmacy to buy medicine for his user. State sg is the
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initial state, representing staying at home, and proposition p, representing arriving
at a pharmacy, holds in state s4. The agent can perform actions oy to ag in order
to get to state sq4. From this action transition model, the following formulas hold:

T, S0 ‘: <>a1 <>o¢4p,
Ta S0 |: <>o¢2 <>a3p7
Ta S0 |: <>042 <>a5 <>a6p7

which means that the agent can first perform action oy and then action oy, or action
ag followed by action ag, or action ag followed by actions as and ag, to get to the
pharmacy.

It is important for an agent not only to achieve his goal, but also to think about
how to achieve his goal. As we can see from the running example, there are multiple
ways for the agent to get to the pharmacy, and the agent needs to evaluate which
one is the best to choose. In this section, agents are able to perform value-based
practical reasoning in terms of planning their actions to achieve their goals. We
first assume that an agent has a set of values. A value can be seen as an abstract
standard according to which agents have their preferences over options. For instance,
if we have a value denoting equality, we prefer the options where equal sharing or
equal rewarding hold. Unlike [74] where a value is interpreted as a state formula, we
simply assume a value as a primitive structure without considering how it is defined.
Moreover, agents can always compare any two values, so we define an agent’s value
system as a total pre-order (instead of a strict total order) over a set of values,
representing the degree of importance of something.

Definition 3.3 (Value Systems). A value system V = (Val, 3) is a tuple consisting
of a finite set of values Val = {v1,...,v;} together with a total pre-ordering = over
Val. When v; 3 vj, we say that value v; is at least as important as value v;. As
is standard, we define v; ~ v; to mean v; 3 vj and v; 3 v;, and v; < vj to mean
v; 3 v and v; % v;.

We label some of the transitions with the values promoted and demoted by
moving from a starting state to a ending state. Notice that not every transition can
be labeled, as some transitions may not be relevant to any value in an agent’s value
system. Formally, a function § : {4, —} x Val — 2% is a valuation function over T
which defines the status (promoted (+) or demoted (-)) of a value v € Val ascribed
to a set of transitions. We then define a value-based action transition model V'T" as
a action transition model together with a value system V' and a function 4.
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Definition 3.4 (Value-based Transition Model). A wvalue-based action transition
model is defined by a triple VT = (T,V,§), where T is an action transition model,
V' is a value system and 0 is a valuation function that assigns value promotion or
demotion to a set of transitions.

Given a sequence of actions with respect to a value-based action transition model,
we then express whether the performance of the sequence in a state promotes or de-
motes a specific value, which can be done by extending our language £(®, Act) with
new modalities of the form promoted(v,a; ...a,) and demoted(v, oy ...ay). The
formula promoted(v, a;...a,) (resp. demoted(v, ;... q,)) should be intuitively
read as there exists an action that promotes (resp. demotes) value v in the se-
quence of actions aj,...,a,. Given a pointed value-based action transition model
(VT,s) and a value v € Val, the satisfaction relation VT, s = 1 is extended with
the following new semantics:

o VT,s = promoted(v,ay ...ay) iff there exists 1 < m < n such that
(slaq, .-y m—1], m, s[a1, ..., am]) € §(+,v);

o VT,s = demoted(v, ... ay) iff there exists 1 < m < n such that
(sla, ..oy am—1], am, Sla, ..., aun]) € 0(—,v).

Notice that the formula only expresses the local property of a sequence of ac-
tions in terms of value promotion or demotion by an action within the sequence.
Thus, it is possible that an action within the sequence promotes value v but it
gets demoted by another action within the sequence, meaning that both VT, s =
promoted(v,a ...ap) and VT, s | demoted(v, oy ...«a,) hold at the same time.
Since a sequence of actions is denoted as A, we will sometimes write promoted(v, \)
instead of promoted (v, a; ... ay) and demoted (v, A) instead of demoted(v, oy ... ay)
for short. Having the above formulas, the agent is then aware of which value gets
promoted or demoted along a sequence of actions. We continue our running exam-
ple to illustrate how to use our logical language to express and verify properties of
sequences of actions.

Example 3.5. Suppose the ethical agent has privacy (pv), safety (sf) and good
conditions (gc) as his values and a value system as pv < gc < sf. As in Figure
2, some of the transitions have been labeled with value promotion or demotion with
respect to the agent’s values. Taking action oo in state sg is interpreted as asking for
the permission of taking a private path, which promotes the value of privacy. Taking

836



FORMAL ARGUMENTATION AND MODAL LOGIC

action as means crossing the road without using the crosswalk, which demotes the
value of safety of the agent, and conversely taking action oy in state so promotes
the value of safety of the agent. Finally, performing action as in state s3 means
stepping into water. As the agent is a robot, which should avoid getting wet, this
choice will demote the value of maintaining good conditions of the agent. The agent
can verify whether he can achieve his goal while promoting or demoting a specific
value by performing a sequence of actions. The verification results are listed below:

VT, so = OayQasp A promoted(pv, asag)

VT, s0 = QayQasp A demoted(sf, aaas)

VT, s0 = OayQasQagP A promoted(pv, asasag)
VT, s0 = OayQasQasP A promoted(sf, aaasap)
VT, s0 = QayQasQagP A demoted(ge, agasag)

3.2 Value-based planning: an argumentative approach

Given a action transition model and an agent’s goal, modal logic allows an agent to
represent and verify whether he can achieve his goal while promoting or demoting
a specific value by performing a sequence of actions. Since following different plans
might promote or demote different sets of values, next question is how the agent in-
ternally decides what to do given the representation results. In this section, we pro-
pose to use argumentation as a technique for an agent’s planning. Formal argumen-
tation is a nonmonotonic formalism for representing and reasoning about conflicts
based on the construction and the evaluation of interacting arguments [41]. In par-
ticular, it has been used in practical reasoning, concerned with reasoning about what
agents should do, given different alternatives and outcomes they bring about [20;
7]. Since argumentation resolves conflicts in a dialectical way, it also provides justifi-
cation and explanation to the final solution. In general, epistemic planning considers
the following problem [25; 26]: Given my current state of belief, and a desirable state
of belief, how do I get from one to the other? In particular, each plan is labeled
with a set of values that are promoted or demoted along the plan. The agent needs
to look for a plan that is not only feasible but also optimal with respect to value
promotion and demotion. We first define the notion of plans. A plan is defined as
a finite sequence of actions that will bring about the agent’s goal in the underlying
action transition model.

Definition 3.6 (Plans). Given a value-based action transition model VT, a state s
and a formula g € L(P) as an agent’s goal, a sequence of actions X over Act is said
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to be a plan w.r.t s and g, denoted as \s 4, iff VI, s = Org. Sometimes, we write A
for X 4 if it is clear from the context.

A sequence of actions is denoted as A if it is a plan. Given a set of available
plans, the agent can construct arguments to support or oppose the execution of a
plan. The reason to supporting a plan is that the plan promotes a set of values, and
the reason to opposing a plan is that the plan demotes a set of values, which can
be expressed as formulas in our language £(®). We define two types for arguments
for planning: an ordinary argument supports the performance of a plan, while a
blocking argument opposes the performance of a plan.

Definition 3.7 (Ordinary Arguments for Planing). Given a value-based action tran-
sition model VT, a state s, a goal g and a plan A w.r.t. s and g,

e let A C Val be a set of values, a non-empty ordinary argument is a pair
(+A, \), read as “plan A should be selected because it promotes values A7, iff

VT, s = /\ promoted(v, \),
vEA

o an empty ordinary argument is a pair (—0, \), read as “plan \ should be selected
because it does not demote any values”, such that

VT, s = /\ — demoted(v, \).
veVal

Definition 3.8 (Blocking Arguments for Planning). Given a value-based action
transition model V'T', a state s and a plan A,

e let A C Val be a set of values, a non-empty blocking argument is a pair
(—A, =), read as “plan \ should not be selected because it demotes values
A7 iff

VT,s = /\ demoted (v, A);
vEA

o an empty blocking argument is a pair (+0,—=\), read as “plan X\ should not be
selected because it does not promote any values”, such that

VT,s = /\ — promoted(v, A).
vEVal
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We use AL to denote the set of ordinary arguments and use A} to denote the
set of blocking arguments for planning, and A? = AL U A} to denote the set of
two types of arguments. In the following text, unless it is addressed clearly, an
ordinary argument can refer to a non-empty ordinary argument or an empty ordinary
argument, and a blocking argument can refer to a non-empty blocking argument or
an empty blocking argument. Both an ordinary argument and a blocking argument
correspond to representation results. Conventionally, we represent an argument
using an alphabet a,b, ... and thus the plan that it supports or opposes is denoted
Aas Ap, - - . and the set of promoted or demoted values is denoted as uppercase letters
Va, Vi, etc.

Example 3.9 (Ordinary arguments and blocking arguments). The value-based ac-
tion transition model in Fig. 2 shows that the agent is aware of three plans ajay,
agay and asasag. Plan asas promotes value pv but demote value sf, plan ajay
does not promote or demote any value, and plan asasag promote values pv and sf,
but demote value gc. Based on the representation results, the agent can construct the
following ordinary arguments and blocking arguments: (+0, ~aiay), (+{pv}, asas),
(—{sf}, mazas), (+{pv,sf}, azasas) and (—{gc}, ~azasag).

When we get to choose a plan to follow, there are conflicts between the alterna-
tives as they cannot be followed all at the same time. The conflicts are interpreted
as attacks between two ordinary arguments supporting different plans and one or-
dinary argument and one blocking argument supporting and objecting to the same
plan respectively.

Definition 3.10 (Attacks for Planning). Given a set of ordinary arguments AY and
a set of blocking arguments Ay,

o for any two ordinary arguments a,b € AP, a attacks b iff Ay # Np;
o for any ordinary argument a € AL and any blocking argument b € A,

— a attacks b iff Ay = A\p;
— b attacks a iff Ao = Np.

The set of attacks (an attack relation) over AP are denoted as att?.

It is obvious that our attack relation is mutual. It should be noticed that there
is no attack between two blocking arguments, as a blocking argument only functions
as blocking the conclusion of an ordinary argument but does not make a conclusion
by itself.
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/ I

<+{pv,sf}, aa506> )

\ <-{sf}, ~a05>

<-{gc}, ~aas05>

Figure 3: Attack relation between ordinary arguments and blocking arguments.

Example 3.11. In the running example, there are three ordinary arguments and
three blocking arguments. The attack relation is depicted in Figure 3, where any two
ordinary arquments with different plans mutually attack (for instance, (+{pv,sf},
agasag) and (+H{pv},asas)), and any ordinary argument and blocking argument
with the same plan are mutually attacked (for instance, (+{pv}, asas) and (—{sf},
—|042043>).

The attack relation represents conflicts between plans. However, the notion of
attack may not be sufficient for modeling conflicts between arguments, as an agent
has his preference over the values that are promoted or demoted by different plans.
In structured argumentation frameworks such as ASPIC™T [76], an argument a can
be used as a counter-argument to another argument b, if a successfully attacks, i.e.
defeats, b. Whether an attack from a to b (on its sub-argument b') succeeds as a
defeat, may depend on the relative strengths of a and b, which is a preference over
arguments a and b based on the preferences over their constituent ordinary premises
and defeasible rules. Here we use the same approach to decide an attack succeeds
as a defeat. Recall that an agent has a value system, which was defined as a total
pre-order over a set of values. So there needs to be a lifting way that allows the
planning agent to lift the preference over values to preferences over arguments. Two
lifting ways are commonly used in structured argumentation: the so called FElitist
and Democratic ways. Eli (denoted as <p) compares sets on their minimal and Dem
(denoted as <dp) on their maximal elements.
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Definition 3.12 (Lifting). Given two set of values A and B, < is defined as
follows:
A g B iff there exists vg, € A s.t. for all vy € B : vq 3 vp.

<p is defined as follows:
A <p B iff for all v, € A there exists vy, € B : vg 2 vp.

We use < € {dg,<dp} to denote an arbitrary lifting approach of the above. We
define A ~ B to mean A< B and B< A, and A< B to mean A < B and it is not
the case that A ~ B.

It is easy to prove that < is reflexive and transitive. We can then determine the
defeat relation over two arguments based on the value system. The notion of defeat
combines the notions of attack and preference.

Definition 3.13 (Defeats for Planning). Given a set of arguments AP, a set of
attacks RP over AP and a value system V', for any two arquments a,b € AP, a
defeats b iff a attacks b and it is not the case that V, <V, or b is an empty argument.
The set of defeats (a defeat relation) over AP based on an attack relation att?, a
value system V and a lifting < is denoted as DP(att?,V, Q). We write DP for short
if it is clear from the context.

In words, given mutual attacks between two arguments, the attack from the
argument with less preferred value set to the argument with a more preferred value
set does not succeed as a defeat, and the empty argument is always defeated. One
might ask whether it is more convenient to combine the notions of attack relation
and defeat relation. We argue that two notions represent the relation between two
arguments from different perspectives, one for the conflicts between plans and the
other for the preferences over values. Because of that, defining these two notions
separately can make our framework more clear, even though technically it is possible
to combine them. Here are several properties that characterize our defeat relation.

Proposition 3.14. Given two ordinary arguments a,b € AP, a and b defeat each
other iff \g # X\p and A ~ B. Given an ordinary argument a € AP and a blocking

argument b € AV, a and b defeat each other iff Ay = Xy and (A ~ B or both a and b
are empty arguments).

Proof. Proof follows from Definition 3.13 directly. ]

Proposition 3.15. Given a set of arguments AP, a defeat relation DP on AP never
forms any pure odd cycles.
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Proof. According to Definition 3.13, in order for an argument a to defeat another
argument b, value set A must be not less preferred than B or B is an empty argument.
Given three non-empty arguments a,b,c, since the preference order over sets of
values is transitive, if a defeats non-empty argument b and b defeats ¢, then a also
defeats c. For the case where the set of values are equally preferred, because of
Proposition 3.14, any odd cycles that are formed by DP are always together with
two-length cycles, which are not pure odd cycles. For the case where there exists
empty arguments, if a is an non-empty argument and b is an empty argument, then
c is also empty. As a is an non-empty argument and c is empty, ¢ cannot defeat
a. [

Proposition 3.16. Given a set of arguments AP, a defeat relation DP on AP is
irreflexive.

Proof. 1t is a special case of Proposition 3.15 for the number of arguments in the
odd cycle being one. O

We are now ready to construct a Dung-style abstract argumentation framework
with ordinary arguments, blocking arguments and the defeat relation on them.

Definition 3.17 (Argumentation Frameworks for Planning). Given a pointed value-
based action transition model (V'T,s) and a formula g € L(P) as an agent’s goal, an
argumentation framework for planning over (VT s) and g is a pair PAF = (AP DP),
where AP is a set of arguments and DP is a defeat relation on AP.

Example 3.18. In our running example, the agent has a value system as pv <
gc < sf, which means that safety is more important than keeping good condition,
and keeping good condition is more important than privacy. With lifting <p, we then
can see some of the attacks in Figure 3 do not succeed as defeats. For example, argu-
ment (+{pv, sf}, aeasag) and argument (—{gc}, ~aaasag) are mutually attacked,
but since {gc} <p {pv,sf}, only the attack from argument (+{pv,sf}, ~asasag) to
argument (—{gc}, asasag) becomes a defeat. Notice that argument (+0, —aiay) do
not receive any defeats or defeat any arguments because there is no ordinary argu-
ment with plan ajoy.

With  lifting <g, we should notice the defeat between argument
(+{pv, sf}, avasag) and argument (—{gc}, ~avasag). Since {pv,sf} g {gc},
argument (—{gc}, "aoasag) to argument (+{pv,sf}, asasag). All other defeats
remain the same as with lifting <p. See the defeat relation in Figure 4 and Figure
5 with different lifting ways.
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:f:_' <+0, ~,04>
<+{pv}, ao;>
| <Hpvsf), wasas> ) o

3 \ <{sf}, ~oas> )

™,

<-{gc}, ~oas506>

Figure 4: An argumentation framework for planning with lifting <p.

[ <+0, ~aa>
<+{pv}, ao;>
| <+{pv.sf}, masas> ) e

) \ <-{sf}, ~a05>

\\\

<-{gc}, ~m0505> )

Figure 5: An argumentation framework for planning with lifting <p.
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Given an argumentation framework for planning PAF', the status of arguments
is evaluated, producing sets of arguments that are acceptable together, which are
based on the notions of conflict-freeness, acceptability and admissibility. The well-
known argumentation semantics are listed in Definition 2.5, each of which provides a
pre-defined criterion for determining the acceptability of arguments in a PAF [41].
We use § € {CO,PR,GR,ST} to denote the complete, preferred, grounded and
stable semantics, respectively, and Es(PAF') to denote the set of extensions of PAF
under a semantics in §. The following propositions characterize our argumentation
framework in terms of Dung’s semantics.

Proposition 3.19. Given PAF = (AP, DP), Epr(PAF) = EsT(PAF).

Proof. Since our defeat relation DP never forms any pure odd cycles by Proposition
3.15, which means that PAF is limited controversial, each preferred extension of
PAF is stable. Detailed proof can be found in [41]. O

Proposition 3.20. Given PAF = (AP, DP) and the grounded extension E of PAF,
if E contains an ordinary argument, then Epr(PAF) = Egr(PAF).

Proof. Suppose Epr(PAF) # Egr(PAF), which means that there is more than
one preferred extension. Since an ordinary argument is contained in the grounded
extension F, it should also be contained in each preferred extension. However,
each preferred extension indicates a distinct plan, which will be later proved by
Proposition 3.22 and its implication. Contradiction! O

The notion of optimal plans is then defined under a specific semantics in Defini-
tion 2.5. Similarly to [70], given an argument a, we write concl(a) for the conclusion
of argument a, and Oplans(PAF,S) for the set of conclusions of ordinary arguments
from the extensions under a specific semantics.

Definition 3.21 (Optimal Plans). Given PAF = (AP, DP) and a semantics S, a
set of optimal plans, written as Oplans(PAF,S), are the conclusions of the ordinary
arguments within extensions under semantics S.

Oplans(PAF,S) = {concl(a) |a € AL,a € E and E € Es(PAF)}

We show that the results of our approach are consistent with the rationality
of decision-making through the following propositions. Firstly, all the accepted
arguments within an extension indicate the same plan.

Proposition 3.22. Given an argumentation framework for planning PAF =
(AP, DP) and an extension E of PAF under a specific semantics as defined in Def-
inition 2.5,
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1. for any two ordinary arguments a,b € E, it is the case that A\y, = \p;
2. for any ordinary argument a € E and any blocking argument b € E, Ay # \p.

Proof. For any extension E under a specific semantics, it is required that all the
arguments in F should be conflict-free. 1. By Definition 3.13, we can derive two
cases: either there is no attack between these two arguments, or one argument at-
tacks the other but does not succeed as a defeat. For the former case, two arguments
contain the same plan. For the latter case, since any attack between two arguments
is mutual, if an attack from argument a to argument b fails to be a defeat because
A < B or argument a is an empty argument while argument b is a non-empty argu-
ment, the attack from argument b to argument a will succeed to be a defeat. That
means that the second case is impossible and only the first case holds. Hence, the
two arguments have the same plan. 2. We can prove in a similar way that for any
ordinary argument a € F and any blocking argument b € E, A\, # A\, U

From that we can see, if there are multiple preferred extensions, then each of
them indicates a distinct plan. Secondly, when using lifting <p, our argumentation-
based approach always accepts the argument with the most preferred value. Because
of that, the plan that promotes the most preferred value will be accepted and the
plan that demotes the most preferred value will be rejected.

Proposition 3.23. Given an argumentation framework for planning PAF =
(AP, DP) with lifting <p, let v € Val be a value such that for all arguments a € AP
and all values v' € V, it is the case that v' =3 v, then an argument with value v is in a
preferred extension. If it is not in a cycle, then it is also in the grounded extension.

Proof. Because v/ = v, according to Definition 3.13 and lifting <p, an argument
with value v only gets defeated by an argument with value v’ that satisfies v ~ v’ or
v ='. In such a case, the defeats are mutual so argument a is self-defended. Thus,
it is contained in a preferred extension. If it is not in a cycle, which means that
it is not self-defended but only defeats other arguments, then it is in the grounded
extension. [

When using lifting <g, our argumentation-based approach always rejects the
argument with the least preferred value. Because of that, the plan that promotes
the least preferred value will be rejected.

Proposition 3.24. Given an argumentation framework for planning PAF =
(AP DP) with lifting <g, let v € Val be a value such that for all arguments a € AP
and all values v' € V, it is the case that v = V', then an argument with value v is
rejected under any semantics.
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Proof. In order for an argument with v to be accepted, there must be another
accepted argument that defends the an argument with v. However, since for all
arguments a € AP and all values v/ € V, it is the case that v 3 v/, this argument
will also defeat the argument with v, making it rejected. [

Because of the above three propositions, the agent can conclude to follow an
optimal plan to achieve his goal. However, the notion of optimal plans is defined as
the set of conclusions of ordinary arguments from the extensions, so the set of optimal
plans becomes empty if an extension does not contain any ordinary arguments. The
following proposition indicates the conditions for which the set of optimal plans is
not empty.

Proposition 3.25. Given an argumentation framework for planning PAF =
(AP, DP), Oplans(PAF,S) # 0 iff there exists an ordinary argument a such that
it is not defeated by a blocking argument b with Vi < Vj.

Proof. Having Oplans(PAF,S) # () means that there is at least one extension which
contains at least one ordinary argument. =-: Suppose there does not exists an
ordinary argument a such that it is not defeated by a blocking argument b with
Va < Vb, which means that all the ordinary arguments (if exist) are defeated by
a blocking argument and not self-defended against a blocking argument. In such a
case, there exists a blocking argument that does not receive any defeats, which makes
all the ordinary arguments rejected. Contradiction! <: If there exists an ordinary
argument such that it is not defeated by a blocking argument with V,, < V}, then (1)
the ordinary argument does not receive any defeats and thus it should be contained
in the grounded extension, or (2) the ordinary argument is in a two-length cycle
with a blocking argument and thus it should be contained in a preferred extension,
or (3) the ordinary argument receives defeats from other ordinary arguments and
thus there is always an ordinary argument accepted. Hence, Oplans(PAF, S) is not
an empty set. [

Example 3.26. The argumentation framework for planning PAF with lifting <p
can be represented as Fig. 4. Because

Epr(PAF) =Egr(PAF) = EsT(PAF) =
{{{+{pv, sf}, azas06), (+0, marou4), (—{sf}, ~azas)}}
and thus Oplans(PAF,S) = {asasag}, the agent can follow plan asasag to get

to a pharmacy. The argumentation framework for planning PAF with lifting <p
can be represented as Fig. 5. Because
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SPR(PAF) :EQR(PAF) = EST(PAF) =
{H{(—{gc}, azasag), (+0, maraa), (—{sf}, ~azas)}}

and thus Oplans(PAF,S) = (.

When making plans, an agent must evaluate the available options based on his
value system. Representation results express all the available plans with value pro-
motion and demotion, and the agent has a preference order over values as part of
the agent’s value system. Intuitively, the agent can establish preferences over plans
from representation results and preferences over values. However, since each plan
has a set of promoted values and a set of demoted values, the agent must specify
their preferences over plans from both aspects, which traditional lifting approaches
cannot accommodate. In structured argumentation, like ASPIC+, people use lifting
approaches to determine the defeat between two arguments based on preferences over
rules and premises in each argument. Drawing inspiration from this, we suggest con-
structing both ordinary and blocking arguments for the execution of a plan in order
to account for the promoted and demoted values associated with it. The success of
one argument in defeating another depends on the preference order between the two
sets of values pertaining to the arguments. In essence, rather than directly trans-
lating preferences over values into preferences over plans, we translate preferences
over values into preferences over sets of values when determining the defeat relation
between arguments, ultimately leading to accepted plans. This demonstrates that
our argumentation-based approach serves as a dialogical justification for the use of
lifting approaches and as a mediating mechanism between preferences over values
and preferences over plans.

4 Argumentation and temporal logic for coalition for-
mation

Argumentation has proven useful to provide a sound model to conceptualize rea-
soning processes related to coalition formation in multiagent systems [5; 6]. The
underlying approach is based on using conflict and preference relationships among
coalitions to determine which coalitions should be adopted by the agents accord-
ing to a particular argumentation semantics, which can then be computed using a
suitable proof theory.

A variant of modal logic suitable for temporal reasoning called Alternating-time
Temporal Logic (atr) [4] can provide a further development on the above concept,
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making it possible to reason about the behavior and abilities of agents under various
rationality assumptions [63; 64; 29]. In arL the key construct has the form (A)) ¢,
which expresses that a coalition A of agents can enforce the formula ¢. Under a
model theoretic viewpoint, ((A))¢ holds whenever the agents in A have a winning
strategy for ensuring the satisfiability of ¢ (independently of the behavior of A’s
opponents). However, this operator accounts only for the theoretical existence of
such a strategy, not taking into account whether the coalition A can be actually
formed. Indeed, in order to join a coalition, agents usually require some kind of
incentive (e.g. sharing common goals, getting rewards, etc.), since usually forming
a coalition does not come for free (fees have to be paid, communication costs may
occur, etc.). Consequently, several possible coalition structures among agents may
arise, from which the best ones should be adopted according to some rationally
justifiable procedure.

In this section we present an argumentative approach to extend arr for modelling
coalitions. We provide a formal extension of arr, coaratr, by including a new con-
struct (A)¢ which denotes that the group A of agents is able to build a coalition B,
AN B # 0, such that B can enforce ¢. That is, it is assumed that agents in A work
together and try to form a coalition B. The actual computation of the coalition is
modelled in terms of a given argumentation semantics [41] in the context of coalition
formation [5]. In a second step, we enrich coaaTL with goals. We address the ques-
tion why agents should cooperate. Goals refer to agents’ subjective incentive to join
coalitions. We show that the proof theory for modelling coalitions in our framework
can be embedded as a natural extension of the model checking procedure used in
ATL.

4.1 Alternating-time Temporal Logic in a nutshell

Alternating-time Temporal Logic (atL) [4] enables reasoning about temporal prop-
erties and strategic abilities of agents. The language of atL is defined as follows.

Definition 4.1 (L7 [4]). Let Agt = {a1,...,ar} be a nonempty finite set of all
agents, and ® be a set of propositions (with typical element p). We denote by “a” a
typical agent, and by “A” a typical group of agents from Agt. L srp(Agt, @) is defined
by the following grammar: ¢ ==p |~ | Np | (A) Op | (A)D ¢ | (A)olU¢.

Informally, ((A))¢ expresses that agents A have a collective strategy to enforce
@. Atr formulae include the usual temporal operators: O (“in the next state”), O
(“always from now on”) and U (strict “until”). Additionally, ¢ (“now or sometime
in the future”) can be defined as § ¢ = T U ¢.
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The semantics of atL is defined by concurrent game structures. We recall that
® = {p,q,r,...} denotes a set of atomic propositions, Agt = {a1,...,ar} is a set of
agents, and Act = {ay, ..., a,} is a set of actions.

Definition 4.2 (ccs [4]). A concurrent game structure (ccs) is a tuple M =
(S,V,d,o0), where each of the components is defined as follows:

e S is a set of states.
e V:S5 — 2% js ¢ valuation function.

o d:Agt xS — 24 s a function that indicates the actions available to agent
a € Agt in state g € S. We often write d,(q) instead of d(a,q), and use d(q)
to denote the set dg,(q) X -+ X dq, (q) of action profiles in state q.

e Finally, o is a transition function which maps each state ¢ € S and action
profile @ = (aq,...,ax) € d(q) to another state ¢' = o(q, d@).

Note that these structures can be seen as a special case of our generic labelled
transition systems (Definition 2.2) where the set of labels is instantiated a the set of
all action profiles. Moreover, the underlying relation R (here represented with o) is
partially functional (just as in Definition 3.1). Nota also that “¢” is not to be con-
fused with a propostional variable, it is simply a state in which certain propositional
variables are true (determined by V).

A path A = qoq1--- € S¥ is an infinite sequence of states such that there is a
transition between each ¢;,g;+1.We define \[i] = ¢; to denote the i-th state of .
The set of all paths starting in ¢ is defined by Aa(q).

A (memoryless) strategy of agent a is a function s, : S — Act such that s,(q) €
d,(q). We denote the set of such functions by X,. A collective strategy ss for
team A C Agt specifies an individual strategy for each agent a € A; the set of A’s
collective strategies is given by X4 = [[,ca X and X 1= Xpgt.

The outcome of strategy s4 in state g is defined as the set of all paths that may
result from executing s4: out(q,s4) = {\ € Am(q) | Vi € Ng 3@ = (a1,...,a4) €
d(A[i]) Ya € A (g = s4(A[i]) A o(A[i], @) = Al + 1))}, where s% denotes agent a’s
part of the collective strategy sa.

Definition 4.3 (arL Semantics). Let a cas M = (S,V,d,0) and q € S be given.
The semantics is given by a satisfaction relation = as follows:

M,qE=p iff p€V(q)
M, q =@ iff M,qF o

849



CHESNEVAR, Dix, Liao, Luo, PROIETTI, YUSTE-GINEL

Mgl Nb iff Mgl ¢ and M, q ¢
M, q = (A) Oy iff there is s4 € X4 st. M, A[1] = ¢ for all A € out(q,s4)
M, q = (A)D ¢ iff there is sa st. M, A[i] = ¢ for all X\ € out(q,s4) and i € Ny

M, q = (A)eU iff there is sg € X4 st., for all X € out(q,s4), there is i € Ny
with M, \[i] =4, and M, \[j] = ¢ for all 0 < j <.

We note that the given semantics aligns well with Definition 4.1 and all the
formulae introduced there.

4.2 Coalitions and argumentation

In this subsection, we provide an argument-based characterization of coalition for-
mation that will be used later to extend atr. We follow an approach similar to [5],
where an argumentation framework for generating coalition structures is defined,
generalizing the framework of Dung for argumentation [41], ! extended with a pref-
erence relation. The basic notion is that of a coalitional framework, which contains a
set of elements € (usually seen as agents or coalitions), an attack relation (for mod-
elling conflicts among elements of €), and a preference relation between elements of
¢ (to describe favorite agents/coalitions).

Definition 4.4 (Coalitional framework [5]). A coalitional framework is a triple
CF = (€, att, <) where € is a non-empty set of elements, att C € x € is an attack
relation, and < is a preorder on € representing preferences on elements in €.

Let S be a non-empty set of elements. CF(S) denotes the set of all coalitional
frameworks where elements are taken from the set S, i.e. for each (€,att, <) €

CF(S) we have that € C S.

The set € in Definition 4.4 is intentionally generic, accounting for various possi-
bilities. One is to consider € as a set of agents Agt = {a1,...,ax}: CF = (€, att, <
) € CF(Agt). Then, a coalition is given by C = {a;,,...,a; } C € and “agent” can be
used as an intuitive reference to elements of €. Another possibility is to use a coali-
tional framework CF = (€, att, <) based on CF(248"). Now elements of ¢ C 248 are
groups or coalitions (where we consider singletons as groups too) of agents. Under
this interpretation a coalition C' C € is a set of sets of agents. Although “coalition”
is already used for C' C €, we also use the intuitive reading “coalition” or “group”

!The reader is referred to Section 2.2 for further details about Dung’s approach to abstract
argumentation.
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LN

a1 as as al as — as
(a) by ~—r

where a; < a3 where as < a3

Figure 6: Figure (a) (resp. (b)) corresponds to the coalitional frameworks defined
in Example 4.5 (resp. 4.14 (b)). Nodes represent agents and arrows between nodes
stand for the attack relation.

to address elements in €.2 Yet another way is not to use the specific structure for
elements in €, assuming it just consists of abstract elements, e.g. c¢i, co, etc. One
may think of these elements as individual agents or coalitions. This approach is fol-
lowed in [5]. From now on we will mainly follow the first alternative when informally
speaking about coalitional frameworks (i.e., we consider € as a set of agents).

Example 4.5. Consider the following two coalitional frameworks: (i) CF1 =
(€, att, <) where € = {ay,a9,a3}, att = {{as,a2),{as,a1),(a1,a3)} and agent as
is preferred over ay, i.e. a1 < as; and (i) CFy = (& att’, <) where € =
{{a1} {az} {as}}, att’ = {{{as},{a2}), ({az} . {a1}), {ar}, {as})} and group {as}
is preferred over {ai}, i.e. {a1} <’ {as}. They capture the same scenario and
are isomorphic but CF, € CF({a1,az2,a3}) and CFo € CF(P({a1,a2,as})); that
is, the first framework is defined regarding single agents and the latter over (triv-
ial) coalitions. Figure 6 (a) shows a graphical representation of the first coalitional
framework.

Let CF = (€, att,<) be a coalitional framework. For C,C’ € €, we say that
C attacks C' iff CattC’. The attack relation represents conflicts between elements
of €; for instance, two agents may rely on the same (unique) resource or they may
have disagreeing goals, which prevent them from cooperation. However, the no-
tion of attack may not be sufficient for modelling conflicts, as some elements (resp.
coalitions) in € may be preferred over others. This leads to the notion of defeater
which combines the notions of attack and preference. Following Dung’s approach
to abstract argumentation (see Section 2.2), members in a coalition may prevent
attacks to members in the same coalition, defending each other. This prompts the
following definitions:

Definition 4.6 (Defeater). Let CF = (€, att, <) be a coalitional framework and let

>The first interpretation is a special case of the second (coalitional frameworks are members
CF(2%%)).
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C,C" € €. We say that C defeats C’ if, and only if, C attacks C' and C’ is not
preferred over C (i.e., not C < C"). We also say that C is a defeater for C'.

Definition 4.7 (Defence). Let CF = (€, att, <) be a coalitional framework and
C,C" € €. We say that C" defends itself against C' if, and only if, C' is preferred
over C, i.e., C < C', and C'" defends itself if it defends itself against any of its
attackers. Furthermore, C is defended by a set & C € of elements of € if, and only
if, for all C" defeating C there is a coalition C" € & defeating C'.

In other words, if an element C’ defends itself against C' then C' may attack C’
but C is not allowed to defeat C’. A minimal requirement one should impose on a
coalition is that its members do not defeat each other; otherwise, the coalition may
be unstable and break up sooner or later because of conflicts among its members.
This is formalised in the next definition.

Definition 4.8 (Conflict-free). Let CF = (€, att, <) be a coalitional framework and
S C € a set of elements in €. Then, © is called conflict-free if, and only if, there
ts no C' € G defeating some member of &.

It should be remarked that our notions of “defence” and “conflict-free” are de-
fined in terms of “defeat” rather than “attack”? Given a coalitional framework CF
we will use argumentation to compute coalitions with desirable properties. In argu-
mentation theory, many different semantics have been proposed to define ultimately
accepted arguments [41].

Definition 4.9 (Coalitional framework semantics). A semantics for a coalitional
framework CF = (€, att, <) is a (isomorphism invariant) mapping & which assigns
to a given coalitional framework CF = (€, att, <) a set of subsets of €, i.e., E(CF) C
P(€).

Let CF = (€, att, <) be a coalitional framework. To formally characterize differ-
ent semantics we will define a function Fer : P(€) — P(€) which assigns to a set
of coalitions & € P(€) the coalitions defended by &.

Definition 4.10 (Characteristic function F). Let CF = (€, att, <) be a coalitional
framework and & C €. The function F defined by

Fer : P(€) = P(C)

Fer(6) ={C € €| C is defended by S}

is called characteristic function.*

3In [5; 6] these notions are defined the other way around, resulting in a different characterization
of stable semantics.
“We omit the subscript CF if it is clear from context.
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F can be applied recursively to coalitions resulting in new coalitions. For ex-
ample, F(0)) provides all undefeated coalitions and F2({)) constitutes the set of all
elements of € which members are undefeated or are defended by undefeated coali-
tions.

Example 4.11. Consider again the coalitional framework CF1 given in Example
4.5. The characteristic function applied on the empty set results in {as} since the
agent is undefeated, F(0) = {as}. Applying F on F(0) determines the set {ai,as}
because ay is defended by asz. It is easy to see that {ay,as} is a fized point of F.

We now introduce the first concrete semantics called coalition structure seman-
tics, which was originally defined in [5].

Definition 4.12 (Coalition structure &g [5]). Let CF = (€, att, <) be a coalitional
framework. Then

Ees(CF) = {G f&(@)}

i=1

is called coalition structure semantics or just coalition structure for CF.

For a coalitional framework CF = (€, att, <) with a finite set €° the characteristic
function F is continuous [41, Lemma 28]. Since F is also monotonic it has a least
fixed point given by F(0) 1 (according to Knaster-Tarski). We have the following
straightforward properties of coalition structure semantics.

Proposition 4.13 (Coalition structure). Let CF = (€, att, <) be a coalitional frame-
work with a finite set €. There is always a unique coalition structure for CF. Fur-
thermore, if no element of C € € defends itself then the coalitional structure is

empty, i.e. Ecs(CF) = {0}.

Example 4.14. The following situations illustrate the notion of coalitional struc-
ture:

(a) Consider Example 4.11. Since {a1,as} is a fized point of Fer, the coalitional
framework CF1 has {a1,a3} as coalitional structure.

(b) CFs = (€, att, <) € CF({a1,a2,a3}) (shown in Figure §b)), is a coalitional
framework with € = {a1,a2,a3}, att = { (a1,a2), (a1,a3) , {az,a1), (az,as3),
(az,ay)} and asz is preferred over ag, as < as, has the empty coalition as
associated coalition str., i.e. Ecs(CF) = {0}.

® Actually, it is enough to assume that CF is finitary (cf. [41, Def. 27]).
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Since the coalition structure is often very restrictive, it seems reasonable to
introduce other less restrictive semantics, following Dung’s approach to abstract
argumentation (see Section 2.2). We redefine these semantics in terms of the char-
acteristic function F:

Definition 4.15 (Argumentation Semantics). Let (€, att, <) be a coalitional frame-
work, & C € a set of elements of €. & is called (a) admissible extension iff & is
conflict-free and & defends all its elements, i.e. & C F(&); (b) complete extension
iff & is conflict-free and S = F(&); (c¢) grounded extension iff & is the smallest
(wrt. to set inclusion) complete extension; (d) preferred extension iff S is a maximal
(wrt. to set inclusion) admissible extension; (e) stable extension iff & is conflict-
free and it defeats all arguments not in &. Let Ecs(CF) (resp. Eco(CF), Egr(CF),
Epr(CF) and Es7(CF)) denote the semantics which assigns to a coalitional structure
CF all its admissible (resp. complete, grounded, preferred, and stable) extensions.

There is only one unique coalition structure (possibly the empty one) for a given
coalitional framework, but there can be several stable and preferred extensions. The
existence of at least one preferred extension is assured which is not the case for
the stable semantics. Thus, the possible coalitions very much depend on the used
semantics.

Example 4.16. For CFs3 from Example 4.1/ the following holds:

Ees(CF) = {0}

Eap(CF) = {{a1},{az},{as}, {az, as}}
Eco(CF) = Egr(CF) = {{a1},{az,a3}} =
Epr(CF) = Es7(CF) = {{a1}, {az, as}}

Analogously, for the coalitional framework CF1 from Example 4.5 there exists one
complete extension {a1,as} which is also a grounded, preferred, and stable extension.

4.3 Coalitional ATL

In this section we combine argumentation for coalition formation and artL and in-
troduce Coalitional atr (coaatr). This logic extends art by new operators (A) for
each subset A C Agt of agents. These new modalities combine, or rather integrate,
coalition formation into the original atL cooperation modalities ((A)). The intended
reading of (Al is that the group A of agents is able to form a coalition B C Agt
such that some agents of A are also members of B, AN B # (), and B can enforce
. Coalition formation is modelled by the formal argumentative approach in the
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context of coalition formation, as described in Section 4.2, based on the framework
developed in [5].

Our main motivation for this logic is to make it possible to reason about the
ability of building coalition structures, and not only about an a priori specified
group of agents (as it is the case for ((A))¢). The new modality (A) provides a
rather subjective view of the agents in A and their power to create a group B,
AN B # (), which in turn is used to reason about the ability to enforce a given
property.

The language of coaraTL is as follows.

Definition 4.17 (La7re). Let Agt = {ai,...,ar} be a finite, nonempty set of
agents, and ® be a set of propositions (with typical element p). We use the symbol
“a” to denote a typical agent, and “A” to denote a typical group of agents from Agt.
The logic L arre(Agt, ®) is defined by the following grammar:

pu=ploplonp| (A) Op| (AT ¢ | (A)plUp |
(ADOw [ {A)D » | (AU p

We extend concurrent game structures by means of coalitional frameworks and
an argumentative semantics. A coalitional framework is assigned to each state of the
model capturing the current “conflicts” among agents. In doing so, we allow that
conflicts can change over time, being thus state dependent. Moreover, we assume
that coalitional frameworks are agent-dependent. Thus, two intial groups of agents
may have different skills to form coalitions. Consider for instance the following
example.

Example 4.18. Imagine two agents a1 and ay which are not able (because they do
not have the money) to convince ag and a4 to join. But ai, as and as together have
the money and all four can enforce a property . So {ai,as} are not able to build a
greater coalition to enforce p; but {a1,as,as} are. So we are not looking at coalitions
per se, but how they evolve from others.

We assume that the argumentative semantics is the same for all states.

Definition 4.19 (com). A coalitional game model (cam) is given by a tuple
M=(5V,d,o0,(,S)

where (S,V,d, o) is a ccs, ¢ : 288" — (S — CF(Agt)) is a function which assigns a
coalitional framework over Agt to each state of the model subjective to a given group

of agents, and S is an (argumentative) semantics as defined in Definition 4.9. The
set of all such models is given by M(S, Agt, ®,(,S).
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A model provides an argumentation semantics S which assigns all formable coali-
tions to a given coalitional framework. As argued before we require from a valid
coalition that it is not only justified by the argumentation semantics but that it is
also not disjunct with the predetermined starting coalition. This leads to the notion
valid coalition.

Definition 4.20 (Valid coalition). Let A, B C Agt be groups of agents, M =
(S,V,d,0,(,S) be a cam and q € S. We say that B is a valid coalition with respect
to A, q, and M whenever B € E5(C(A)(q))) and AN B # (. Furthermore, we use
vam (A, q) to denote the set of all valid coalitions regarding A, q, and M (subscript
M is omitted if clear from the context).

Remark 4.21. In [27] we assume that the members of the initial group A work
together, whatever the reasons might be. So group A was added to the semantics.
This ensured that agents in A can enforce 1 on their own, if they are able to do
so. Fven if A is not accepted originally by the argumentation semantics, i.e. A &
Es(C(A)(q)). Here, we drop this requirement. As pointed out in [27] the “old”
semantics is just a special case of this new one: The operator from [28] can be
defined as (A)y Vv (A)~.

Moreover, we changed the condition that the predefined group given in the coali-
tional operator must be a subset of the formed coalition, A C B, to the weaker
requirement that only some member of the inital coalition should be in the new one,

ANB#0.
The semantics of the new modality is given by

Definition 4.22 (coaAaTL Semantics). Let a cam M = (S,V,d,0,(,S) a group of
agents A C Agt, and q € S be given. The semantics of Coalitional atL extends that
of atrL, given in Definition 4.3, by the following rule ((A)Y € Lapre(Agt, ®)):

M, q E (A)Y iff there is a coalition B € vapy (A, q) such that M, q = (B).

Remark 4.23 (Different Semantics, |=g). We have just defined a whole class of
semantic rules for modality (- ). The actual instantiation of the semantics S, for
example ST, PR, and CS defined in Section 4.2, affects the semantics of the coop-
eration modality.

For the sake of readability, we sometimes annotate the satisfaction relation =
with the presently used argumentation semantics. That is, given a cam M with an
argumentation semantics S we write |=s instead of |=.
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(5, %, %) (%, *, %) (%, *, %)

Figure 7: A simple cas defined in Example 4.25.

The underlying idea of the semantic definition of (A is as follows. A given
(initial) group of agents A C Agt is able to form a walid coalition B (where A and
B must not be disjoint), with respect to a given coalitional framework CF and a
particular semantics S, such that B can enforce 1.

Similarly to the different possibilities in our definition of valid coalitions there
are other sensible semantics for coacaTr. The semantics we presented here is not
particularly dependent on time; i.e., except from the selection of a valid coalition
B at the initial state there is no further interaction between time and coalition
formation. We have chosen this simplistic definition to present our main idea—the
connection of arr and coalition formation by means of argumentation—as clear as
possible. A precise approach dealing with time, however, is beyond the scope of this
article.

Proposition 4.24 ([28]). Let A C Agt and (A) € Larre(Agt,®). Then it holds
that (A — V peoner ac p{{(B) Y is a validity with respect to caum’s.

Compared to atL, a formula like (Al does not refer to the ability of A to enforce
¢, but rather to the ability of A to constitute a coalition B, such that ANB # (), and
then, in a second step, to the ability of B to enforce ¢. Thus, two different notions
of ability are captured in these new modalities. For instance, (A)1y A —~(Agt)y
expresses that group A of agents can enforce 1, but there is no reasonable coalition
at all which can enforce v (particularly not A, although they possess the theoretical
power to do so).

The next example motivates the usefulness of the new modality. Classic aTL
can only consider sets of agents that can enforce something, but it can not take
into account whether such sets can indeed by formed (are allowed in the coalitional
framework). The new modality, however, allows to model such situations.

Example 4.25. There are three agents a1, as, and as which prefer different out-
comes. Agent ay (resp. ag, ag) desires to get outcome r (resp. s, t). One may
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assume that all outcomes are distinct; for instance, ai is not satisfied with an out-
come x whenever x # r. Fach agent can choose to perform action o or 3. Action
profiles and their outcomes are shown in Figure 7. The x is used as a placeholder
for any of the two actions, i.e. x € {«, 8}. For instance, the profile (3, ,*) leads
to state g3 whenever agent ay and as perform action B and ag either does o or (3.

According to the scenario depicted in the figure, a; and as cannot commonly
achieve their goals. The same holds for a; and as. On the other hand, there exists
a situation, qi, in which both agents as and as are satisfied. One can formalise the
situation as the coalitional game CF = (€, att, <) given in Example 4.14(b), that is,
¢ = Agt, att = {(a1,a2), (a1, as), (az,a1), (a2, as3), (as,a1)} and ay < as.

We  formalise the example as the ceamv M = (S,
V,d,o0,(,S) where Agt = {a1,a2,a3},5 = {qo, q1, 42, g3}, ® = {r,s, t}, and ((A)(q) =
CF for all states g € S and groups A C Agt. Transitions and the state labeling can
be seen in Figure 7. Furthermore, we do not specify a concrete semantics S yet, and
rather adjust it in the remainder of the example.

We can use pure ATL formulas, i.e. formulas not containing the new modalities
(-], to express what groups of agents can achieve. We have, for instance, that agents
a1 and ay can enforce a situation which is undesirable for az: M, qo = (a1, a2)) Or.
Indeed, {ay,as} and the grand coalition Agt (since it contains {a1,as}) are the only
coalitions which are able to enforce Or; we have

M, qo = =(X) Or (1)

for all X C Agt and X # {a1,as}. Outcomess ort can be enforced by as: M, qo E
{a2)) O(sVt). Agents as and az also have the ability to enforce a situation which
agrees with both of their desired outcomes: M, qo |E {(az2,a3)) O(sAt)

These properties do not take into account the coalitional framework, that is,
whether specific coalitions can be formed or not. By using the coalitional framework,
we get

M, qo Es ((a1,a2)) Or A ={ar) Or A ={az)) Or

for any semantics S introduced in Definition 4.9 and calculated in Example 4.16.
The possible coalition (resp. coalitions) containing ay (resp. az) is {a1} (resp. are
{as} and {az,as}). But neither of these can enforce Or (in qo) because of (1).
Thus, although it is the case that the coalition {a1,a2} has the theoretical ability
to enforce r in the next moment (which is a “losing” situation for as), as should
not consider it as sensible since agents ay and az would not agree to constitute a
coalition (according to the coalitional framework CF ).

The decision for a specific semantics is a crucial point and depends on the actual
application. The next example shows that with respect to a particular argumenta-
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tion semantics, agents are able to form a coalition which can successfully achieve a
given property, whereas another argumentative semantics does not allow that.

Example 4.26. coaraTL can be used to determine whether a coalition for enforcing
a specific property exists. Assume that S represents the grounded semantics. For
instance, the statement

M) qo0 |:5g7z <I®|> Ot

expresses that there is a grounded coalition (i.e. a coalition wrt to the grounded
semantics) which can enforce Ot, namely the coalition {as,as}. This result does
not hold for all semantics; for instance, we have

M, qo l#gcs <|®|> Ot

with respect to the coalition structure semantics, since the coalition structure is the
empty coalition and M, qo = (0) Ot.

Note that it is easily possible to extend the language by an update mechanism, in
order to compare different argumentative semantics using formulae inside the object
language.

4.4 Cooperation and Goals

Why should agents join coalitions? Up to now we did not address this question and
focussed on why not to cooperate. Often cooperation does not come for free and
it requires some kind of incentive (i.e. sharing common goals or getting rewards)
to offer one’s ability in order to support other agents. Coalitional frameworks,
however, were mainly used to model conflicts between agents, and therewith, avoid
cooperation. In [28] the authors propose goals as agents’ incentives to join coalitions;
the following is based on that work.

We are now incorporating a goal framework into coaraTr models. First of all,
each agent is equipped with a set of goals G, where a € Agt and G := U,epgt Ya-
Goals are formulated as arr-path formulae or conjunctions of them. An agent, say
Bill, might have the goal—or rather a dream—that it will sometimes be able to
buy a new car without asking other people (e.g. its wife Ann). Such a goal can be
formulated as ¢ ((Bill)) O buyNewCar. Sometimes Bill would like to enforce to buy a
new car in the next moment. To assign goals to agents a ccowm is extended by a goal
mapping.

Definition 4.27 (Goal mapping g). A goal mapping is a function g : Agt — (ST —
P(G)) assigning a set of goals to a given sequence of states and an agent.
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So, a goal mapping assigns a set of goals to a history. This is needed to introduce
goals into cam’s. The history dependency can be used, for instance, to model when
a goal should be removed from the list: An agent having a goal ¢ s may drop it
after reaching a state in which s holds.

So far, we did not say how goals can be actually used to form coalitions. We
assume, given some task, that agents having goals satisfied or partly satisfied by
the outcome of the task are willing to cooperate to bring about the task. Consider,
for instance, the atr formula ((A))~. It says that A can enforce y—the objective.
In the context of Coalitional ATL it is even more intuitive: (A)y means that A is
able to from a coalition B which can enforce the objective v. Of course, rational
agents should have reasons to bring about v in order to work towards . In the
following we will use the notion objective (or objective formula) to refer to both the
task itself and the outcome of it. A typical objective is written as 0. Agents which
have goals fulfilled or at least partly fullfilled by objective o are possible candidates
to participate in a coalition aiming at 0. We consider coaratr objectives which are
coarATL path formulae.

We say that an objective o satisfies goal g, o — g, if the goal g is fulfilled after
o has been accomplished. Intuitively, an objective O t satisfies goal O (t V s) and
supports goal ¢ t.

4.5 Coalitional at. with Goals

In this section, we merge together Coalitional ATt with the goal framework described
above. The syntax of the logic is given as in Definition 4.17. The necessary change
takes place in the semantics. We redefine what it means for a coalition to be valid.

Up to now, valid coalitions were solely determined by coalitional frameworks.
Conflicts represented by such frameworks are a coarse, but necessary, criterion for a
successful coalition formation process. However, nothing is said about incentives to
join coalitions, only why coalitions should not be joined.

Goals allow us to capture the first issue. For a given objective formula o and a
finite sequence of states, called history, we only consider agents which have some goal
supported by the current objective. cam’s with goals are given as a straightforward
extension of cam’s (cf. Definition 4.19).

Definition 4.28 (cam with goals). A cam with goals (cave) M is given by a model
of MI(S, Agt, @, S, () extended by a set of goals G and a goal mapping g over G. The
set of all such models is denoted by MI(S, Agt, ®,S,(,G,g) or just MY if we assume
standard naming.

To define the semantics we need some additional notation. Given a path A € S
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we use A[i, j] to denote the sequence A[i]A[i+1] ... A[j] for i, 7 € NgU{oc} and i < j.
A history is a finite sequence h = q1 . ..q, € ST, h[i] denotes state ¢; if n > i, g, for
i > n,and € for i < 0 where i € ZU{oo}. Furthermore, given a history h and a path
or history A the combined path/history starting with h extended by A is denoted by
ho .

Finally, we present the semantics of coacaTr with goals. It is similar to Defini-
tion 4.22. Here, however, it is necessary to keep track of the steps (visited states)
made to determine the goals of the agents. The finite list of steps already taken is
denoted by 7.

Definition 4.29 (Goal-based semantics of L 4pze). Let M be a came, q a state, and
1,7 € Ng. Let 7 € S+, any finite sequence of states already visited. The goal-based
semantics of Larre formulae is given as follows:

M, q, 7 E=p iff p e V(g)
Mg, TEeNY iff M q, 7= and M,q, 7 =
M, q, 7=~ iff not M,q,7 = ¢

M, q, 7 = (A) Op iff there is sg € ¥4 such that M, A[1],7 o A[1] | ¢ for all
A € out(q,s4)

M, q, 7 = (A)DO ¢ iff there is sa such that M, \[i],7 o A[1,i] = ¢ for all X\ €
out(q,s4) and i € Ny

M, q, 7 = (A)oU ) iff there is sa € X4 such that, for all A\ € out(q,s4), there is
i € Ng with M, A[i], ToA[1,i] =9, and M, A[j],ToA[1,j] = ¢ forall0 < j < i.

M, q, 7 = (A) O¢ iff there is sa € X4 such that M A[1],7 o A[1] | ¢ for all
A € out(q,s4)

M, q, 7 = (A)D ¢ iff there is sa such that M, \[i],7 o A[1,i] &= ¢ for all X €
out(q,s4) and i € Ny

M, q, 7 = (A)pU Y iff there is sq4 € X4 such that, for all X\ € out(q,sa), there is
i € Ng with M, \[i], 7 o A[1,1]
models, and M, \[j|, 7o A[1, j]
modelsy for all 0 < j < 1.

Ultimately, we are interested in M, q = ¢ defined as M, q,q = ¢
All the new functionality provided by goals is captured by the new valid coalition

function vc9.
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Definition 4.30 (Valid coalitions,vc9(q, A,0,7)). Let M € MY, 7 € ST, A,B C
Agt, 0 an coarATL objective.
We say that B is a valid coalition after 7 with respect to A, o, and M if, and

only if,
1. B e€&(((r[o0])(A)), ANB # 0, and

2. there are goals gy, € gp,(7), one per agent b; € B, such that 0 —amr.B Gy, N

The set vc9(q, A, o0,T) consists of all such valid coalitions wrt to M.

Thus, for the definition of valid coalitions among other things, a goal mapping,
a function ¢ and a sequence of states 7 are required. The intuition of 7 is that it
represents the history (the sequence of states visited so far including the current
state). So, 7 is used to determine which goals of the agents are still active.

Finally, we have to define when a goal is satisfied.

Definition 4.31 (Satisfaction of goals). Let g be an arc-goal, o an Larre-
objective, and T € ST. We say that objective o satisfies g, for short o —ym+5 g,
with respect to M, T, and B if, and only if, there is a strateqy sp € X such that

1. for all A € out(t[oc],sp): M, A\, T |= o implies M, \ |= g, and
2. there is some path \ € out(7[00], sp) with M, \,T |= o.

A goal is satisfied by an objective if each path (enforceable by B) that satisfies
the objective does also satisfy the goal. That is, satisfaction of the objective will
guarantee that the goal becomes true. The second condition ensures that the coali-
tion actually has a way to bring about the goal. However, in [28] it is shown that
the second condition is superfluous.

4.6 Model Checking ATL®

In this section, we present an algorithm for model checking coaratr formulae. The
model checking problem is given by the question whether a given coaatr formula
follows from a given cam M and state g, i.e. whether M, ¢ = ¢ [36]. In [4] it is shown
that model checking arwL is P-complete, with respect to the number of transitions of
M, m, and the length of the formula, [, and can be done in time O(m - [).

For coaratr we also have to treat the new coalitional modalities in addition to
the normal ATt constructs. Let us consider the formula (A)¢. According to the
semantics of (A, given in Definition 4.22, we must check whether there is a coalition
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B such that (i) AN B # 0, (ii) B is acceptable by the argumentation semantics,
and (iii) (B))%. The number of possible candidate coalitions B which satisfy (i)
and (ii) is bounded by |2%8!|. Thus, in the worst case there might be exponentially
many calls to a procedure checking whether ((B))1). Another source of complexity
is the time needed to compute the argumentation semantics. In [43], for instance, it
is stated that credulous acceptance® using preferred semantics is NP-complete.

Both considerations together suggest that the model checking complexity has two
computationally hard parts: exponentially many calls to ((A))1 and the computation
of the argumentation semantics. Indeed, Theorem 4.32 will support this intuition.
However, we show that it is possible to “combine” both computationally hard parts
to obtain an algorithm which is in AY = PNP if the computational complexity to
determine whether a given coalition is acceptable are not harder than NP.

For the rest of this section, we will denote by Lscr the set of all coalitions
A such that A is acceptable according to the coalitional framework CJF and the
argumentation semantics S, i.e. Lscr:={A| A€ &E(CF)}.

Given some complexity class C, we use the notation Lscr € C to state that
the word problem of Lscr, i.e., whether A is a member of Lscr, is in C. Actually
in [28] it was stated that Ls cr € P for all semantics S defined in Definition 4.15. In
Figure 8 we propose a model checking algorithm for coacatr. The complexity result
given in the next theorem is modulo the complexity needed to compute membership

in ,Cg@]:.

Theorem 4.32 (Model checking cosatr [28]). Let a cam M = (S,V,d,0,(,S) be
given, ¢ € S, ¢ € Larre(Agt,®), and Lscr € C. Model checking coaatL with
respect to the argumentation semantics S* is in pNP¢,

The last theorem gives an upper bound for model checking coaraTr with respect
to an arbitrary but fixed semantics S. A finer grained classification of the computa-
tional complexity of Ls ¢ allows to improve the upper bound given in Theorem 4.32.
Assume that Lscr € P and consider the last case of function mcheck in Figure 8
labelled by (x), ¢ = (A]v. First, a coalition B € 2%8' is non-deterministically
chosen and then, it is checked whether B satisfies the three conditions (1-3) in (*).
Each of the three tests can be done in deterministic polynomial time. Hence, the
verification of M, q = (A, in the last case, meets the “guess and verify” principle
which is characteristic for problems in NP. This brings the overall complexity of
the algorithm to AY. More surprisingly, the same result holds even for the case
where Lscr € NP.

5That is, whether an argument is in some preferred extension.
"That is, whether M, ¢ |=s ¢.
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function mcheck(M,q, p);
Given a CGM M = (S,V,d,0,(,S), a state ¢ € S, and ¢ € L 4p;c(Agt, ®) the algorithm returns T if, and
only if, M, q s .

case ¢ contains no (B)): if ¢ € mcheckarr.(M, @) return T else L

case ¢ contains some (B):

case ¢ = —): return —(M,q, 1))

case ¢ = 1) V': return mcheck(M,q, )V mcheck(M,q, ")

case ¢ = ((A)T: Label all states ¢ where mcheck(M,¢',¢) == T with a
new proposition yes and return mcheck(M, g, {(A)Tyes); T stands for O
or O.

case ¢ = (AN U )': Label all states ¢ where mcheck(M,q',) == T with
a new proposition yes, all states ¢’ where mcheck(M,¢',¢') == T with
a new proposition yesy and return mcheck(M, q, (Al yes1 U yesy)

case ¢ = (A)TY, ¢ contains some (C|: Label all states ¢  where

mcheck(M,q' ;1)) == T with a new proposition yes and return
mcheck(M, q, {A)Tyes); T stands for O or O.

case ¢ = (A)YUY', ¢ or 1)/ contain some (C|: Label all states ¢ where
mcheck(M,q' ;1) == T with a new proposition yes;, all states ¢
where mcheck(M, ¢',1') == T with a new proposition yes; and return

mcheck(M, q, {A)yes1 U yes)

case ¢ = (A9 and ¢ contains no (C): Non-deterministically choose B €
2Agt

if

(1) B € (€(¢(A)(9)),

(2) AN B # 0, and (*)
(3) q € mcheckarr,(M, (B))

then return T else L

function mcheckarr, (M, p);
Given a CGS M = (S,V,d,0) and ¢ € L7y (Agt, ®), the standard ATL model checking algorithm (cf. [4])
returns all states g with M, q EaTL -

return {g € S | M, q EaTL ¢}

Figure 8: A model checking algorithm for coaraTy
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Corollary 4.33 ([28]). If Lscr € NP (resp. NP-complete) then model checking
coaatL is in AY (resp. AY-complete) with respect to &.

In [43] the complexity of credulous reasoning with respect to the preferred and
stable extensions is analyzed and determined to be NP-complete. This is in the line
with our result: there can be a polynomial number of calls to mcheck(M, q, (A1)
(where 1 does not contain any cooperation modality ( - ). Now, the problem
of checking whether mcheck(M,q, (A)v) holds is very similar to checking whether
some argument is credulously accepted. In both cases we have to ask for the existence
of a set X with specific properties (in our framework we refer to X as a coalition and
in [43] as an argument) which can be validated in polynomial deterministic time.

Corollary 4.34 ([28]). Model checking coaatr is in AY for all semantics defined
in Definition 4.15.

5 Argumentation and epistemic logic

Doxastic and epistemic logics are the branches of modal logics that investigate the
properties of belief (ddza in ancient Greek) and knowledge (epistéme), both in single
and multi-agent contexts. There are several connections between argumentation and
the analysis of knowledge and belief, that one can abridge as an influence in both
directions. On the one hand, arguments inform our beliefs about the world and
provide the grounds for many things we claim to know. Conversely, our beliefs
and the things we know shape the way we produce and put forward arguments.
The potential of combining analytic tools from doxastic/epistemic logic and formal
argumentation can be easily argued for in many areas of application. Yet, such a
combination is a relatively recent endeavour, most of the work dating back only to
the last decade or so.

In what follows, we present the aim and rationale of the most salient efforts in this
sense, and situate them along to the two just mentioned directions of influence. The
rest of this section proceeds as follows. We first provide some essential background
on epistemic and doxastic logics (Section 5.1) and hint at some advances in their
field that are relevant for combining them with argumentation. In Section 5.2 we
provide a more articulated description of the rationale for combining tools from
these disciplines in both directions of influence, i.e. from arguments to knowledge
and belief in Section 5.2.1 and from knowledge and belief to arguments in Section
5.2.2. Finally, in Section 5.3 we overview recent works exploring the first direction of
influence, and we do the same in Section 5.4 for works along the second direction.®

8Part of the content of the whole section builds upon previous work of Antonio Yuste-Ginel
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5.1 Epistemic logic and reasoning about knowledge

Fundamental philosophical questions such as ‘what is to know something?’ and ‘how
knowledge differs from mere belief?’ can be traced back, in the western philosoph-
ical tradition, at least to Plato’s Theaetetus. Epistemic and doxastic logics as an
axiomatic deductive rendering of the notions of, respectively, knowledge and belief,
have a much more recent history. These fields date back to the seminal work of von
Wright[101] and the subsequent more systematic treatment by Hintikka [62], which
introduced relational (Kripke) models as their standard semantics.

In this framework, knowledge and belief are interpreted as universal modalities
(expressed by a [J-operator) where modal notions such as ‘it is known that ¢’ (resp.
‘it is believed that ¢’) are interpreted as ‘¢ is the case in all states that are ac-
cessible from the actual one’. In most of what follows, to keep things simple, we
treat knowledge and belief as separate and independent modalities, specifying the
interpretation of [J in each context. It should be noticed though that this is not
the only possible option. Indeed, a long tradition in epistemology, dating back to
Plato, identifies knowledge as a derivative notion, i.e. as some form of true belief.
As a consequence, modal approaches inspired by this tradition formalise belief and
knowledge as interdependent modalities, most of the time with belief as a primitive
modality and knowledge as defined by it.? Yet another option, that we will touch
upon in what follows, is to treat both belief and knowledge as derivative modalities,
e.g., by grounding them on the arguably more primitive concept of evidence.

At an intuitive level, knowledge and belief have different properties which trans-
late into specific axioms. Knowledge is usually required to satisfy factivity: to know
that ¢ implies that ¢ is true, which arguably does not hold in the case of simple
belief. Factivity is expressed by the axiom schema (T) O¢ — ¢ (Section 2.1),
which defines reflexivity at the level of structures. Belief is instead often required
to satisfy the condition that it is not possible to believe a contradiction, expressed
by the schema —[J L. The latter is equivalent to schema (D) O¢ — O¢. In fact,
both formulas define seriality of the accessibility relation, i.e. for any state s there is
always some state t accessible from s. Since reflexivity entails seriality, the doxastic
interpretation of [ puts a weaker constraint on the accessibility relation than the
epistemic interpretation.

Additional properties for both knowledge and belief are so-called positive and

and Carlo Proietti [30; 31; 81; 82; 107]. The exposition of the material is inspired by the PhD
dissertation of the first author [106, Chp. 5], although novel approaches are discussed here, and the
presentation has been systematically improved and expanded.

9The converse option to treat belief as derived from knowledge as primitive has also been put
forward in recent epistemological discussion [103; 104] or in well-known approaches to the dynamics
of epistemic attitudes [16].
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negative introspection. Positive introspection postulates that anything that is known
(resp. believed) is also known to be known (resp. believed to be believed), and is
captured by the axiom schema (4) O¢ — 0@, which defines transitivity. Negative
introspection instead means that anything that is not known (resp. not believed) is
also known to be not known (resp. believed to be not believed) and is expressed by
(5) “0¢ — O-0¢, which defines euclidianity: any two states that are accessible
from a third one have access to each other. The more or less ‘standard’ calculus
for doxastic logic is KD45, i.e. the system K of normal modal logic augmented with
axioms (D), (4) and (5). The status of both axioms (4) and (5) is instead debated
with regard to the epistemic reading of [J. Many philosophers tend to reject both
of them, assuming (T) as the only valid axiom schema for knowledge. On the
other hand, computer scientists usually accept both, taking the system S5 (i.e. K
+ (T) + (4) + (5)) as a viable axiomatization of epistemic logic, i.e. one where the
accessibility relation is an equivalence relation.

In general, both knowledge and belief may have different meanings depending
on the context of application. Consequently, their modal rendering as a [J-operator
may obey different properties, which entails the validity or invalidity of different ax-
iom schemas. In this sense, even the axioms and rules of the basic system of normal
modal logic T may be disputed. For example, accepting the necessitation rule N —
inferring - Cl¢ from + ¢ — entails that all logical validities are known. The latter
seems fine when modelling what an agent implicitly knows, or can infer in princi-
ple, but is inadequate when modelling the explicit knowledge of agents with limited
computational resources. This is known as the problem of logical omniscience. Oth-
erwise, in a doxastic context, we may read the belief operator [¢ as the ‘agent
assigns high probability to ¢ being true’. Here, the formula (O¢ A Oy) — CO(¢p A )
fails to hold in general: the fact that two separate events are highly probable does
not entail that their conjunction is. However, this formula is a logical consequence
of the axioms of K.

In cases like these, there are two main strategies of approach. On the one hand,
one can add new operators to the basic language in order to express more nuanced
epistemic or doxastic concepts. This is, for example, the strategy of awareness logics
[45; 46], where an awareness operator A¢ — meaning ‘the agent is aware of ¢’ — is
added to the language and used to define explicit knowledge in conjunction with [l.
On the other hand, one can weaken the basic logic and, consequently, change its
semantics. This is the case of neighbourhood semantics [34] — that we will encounter
in Section 5.3 — which do not validate all axioms and inference rules of K, as the
ones mentioned in the previous paragraph. The same outcome may be obtained by
defining the -operator of knowledge or belief on top of a different operator with a
neighbourhood semantics, in our case an evidence modality [78]. All these strategies
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have been applied at the interplay between argumentation and epistemic logic as we
will see in what follows.

5.2 A twofold influence
5.2.1 Influence 1: From arguments to knowledge and beliefs

Our beliefs about the world are shaped by the evidence we encounter, which can
be either direct (e.g., seeing) or indirect (e.g., by testimony or by inference). Such
evidence is often of an argumentative nature. I may believe that Jones owns a Ford
because I have seen him riding one (direct evidence). Yet, this belief may be defeated
by Smith telling me that Jones is around with his company car, which makes an ar-
gument to the conclusion that I have not seen him riding his own car. In recent years,
doxastic and epistemic logics have been combined with abstract argumentation with
the aim to explore the many senses in which belief can be supported or defeated
by arguments. In Section 5.3 we present some of these approaches [30; 31; 57; 87;
90]. This line of investigation has a strong link with central issues in epistemology.
One of them is the debate around the so-called JTB thesis, according to which knowl-
edge is to be defined as justified true belief. This thesis has been harshly debated
since Edmund Gettier raised a number of famous objections against it in a famous
paper [51]. The core of the issue lies in the fact that the central notion of justification
needs specification. In fact, abstract argumentation provides a full theory of justifi-
cation (as defence against counterarguments). In this respect, it naturally works as a
tool to assess the JTB theory. A first approach along these lines is to be found in [89;
91] and will be presented in Section 5.3.2.

5.2.2 Influence 2: From knowledge and beliefs to arguments

Regarding the second direction of influence, everyone agrees that our beliefs have
a strong impact on the type of arguments we are prone to endorse. Trivially, if
I compare two arguments a and b and I believe that the premisses of a are true,
while I am unsure whether one of the premisses of b holds, then I should con-
ceive, ceteris paribus, argument a as strictly stronger than b. Some of the works
we mentioned in the previous paragraph (e.g., [30]) do take care of these kinds
of principles operating in epistemic argument evaluation. Furthermore, the argu-
ments we produce in a social context are influenced by the beliefs and knowledge
we attribute to our audience. For instance, I may easily fool a child with some
argument that I wouldn’t use in other contexts. In general, arguing requires a
theory of other minds and has many strategic aspects that link argumentation
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to the study of persuasion techniques. Perhaps, this is what determined the de-
velopment of argumentation and rhetoric as separate from logic stricto sensu.'”
Yet, the formal approach to the aspects of strategic argumentation becomes nowa-
days more and more relevant for the purposes of human-machine interaction and
the goal of building intelligent debaters. This is indeed what motivates oppo-
nent modelling in formal argumentation, today a fairly active area of research, as
witnessed by an increasing number of works over the last years [84; 96; 58; 75;
3]. Here again, combining formal argumentation with tools from (dynamic) epis-
temic logics provides a general tool to categorize different approaches to opponent
modelling and to inspire further developments. In Section 5.4, we illustrate work in
this direction and their link to applications.

5.3 From arguments to knowledge and belief

The works presented in this section are those exploring the first direction of influ-
ence, from arguments to knowledge and belief (Section 5.2.1). We proceed from the
most natural and simpler approach by Grossi and van der Hoek [57], which simply
fuses standard modal logic and abstract argumentation. We then go towards the
one initiated by [87], displaying more complex (topological) models for modal logic
in order to account for a notion of argument-based evidence enabling to formalize
the JTB theory. We finally present the most articulated approach, enriching both
the formalism for modal logic, by means of awareness logics, and the one for argu-
mentation, exploiting the richer ASPIC™ formalism for structured argumentation.
This allows for a finer granularity when representing concepts in argumentation,
e.g. different types of attacks among arguments (such as rebuttal, undermining or
undercut from [79]), and therefore the possibility of encoding more articulated types
of argument-based beliefs.

5.3.1 Product models for argumentation and belief

As seen in Section 2.1, Kripke semantics for modal logic provides a natural tool to
talk about graphs and, therefore, to reason about abstract argumentation and its
solution concepts [53; 54; 55; 33]. As illustrated in Section 5.1, they are also the
primary tool for doxastic and epistemic logics. Therefore, combining the respective
Kripke semantics is perhaps the most natural approach for fusing these two different

10Tt should be noticed that in Aristotle’s Organon, argumentation, or dialectic, was intended to
be a branch of logic — which constitutes the object of the Topics and Sophistical Refutations — the
main difference being that the object of dialectic is syllogisms with uncertain or generally assumed
premises (endoxa) rather than true ones.
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frameworks. The work by Grossi and van der Hoek [57] proceeds along these lines
and is one of the first combining epistemic logic and abstract argumentation to
analyse the interactions between beliefs and argumentation. The keystone of the
work is indeed the use of product models [50; 68]. Here, possible worlds are pairs
(s,a) with s a doxastic state and a a given argument. Intuitively, s is the ‘actual’
state of affairs and a is the ‘currently entertained’ argument. This allows, among
other things, the definition and formal analysis of several forms of justified belief.
This and related work by Shi et al. [92] are covered in detail in [8, Sect. 3.2.2.], so
we skip a full presentation to avoid overlapping.

5.3.2 Topo-argumentative models for argument-based epistemic atti-
tudes

The notion of evidence is a central one for epistemology and lies behind that of
justified belief, i.e. a belief supported by strong or undefeated evidence. There are
many ways to frame the interplay between evidence, belief and knowledge in a
modal logical setting. As mentioned, one of them consists in modelling evidence as
a primitive notion by means of neighbourhood semantics, with knowledge and belief
as derived concepts [98; 97; 12].11 Arguments are typical sources of evidence and
solution concepts from abstract argumentation can shed some light on the way they
may serve to justify a belief. The line of work of [88; 87; 90; 89; 91] brings together
all these insights by combining abstract argumentation with so-called topological
models of evidence for doxastic logics.'?

The main point of departure of this approach is to understand pieces of evidence
as members of a topological structure. A topology T over a non-empty set S is a set
of sets 7 C 29, such that: (i) ), S € 7 (the unit and the empty set are its elements);
(i) if A, B € 7, then AN B € 7 (closure under finite intersections); and (iii) for any
—possibly infinite- family {A;},ex € 7, we have that U,cx Az € T (closure under
arbitrary unions). The topology generated by a family of sets B C 2° is the smallest
topology 75 such that B C 75. Given a topology 7, its elements are usually called
opens. These opens represent pieces of evidence in topological models for epistemic
logic [12], and they will be the arguments of the topological argumentation model
we are about to present:

" Another approach runs by adding specific justification terms to the language of doxastic-
epistemic logics [14; 15; 44], a general strategy borrowed from justification logics [9].

12Note that [8] mentions some of these works, but focus on the presentation of a different approach
by the same authors [92] that works without topology and it is somehow closer to [57], so we devote
some space for the introduction of topological tools into the modelling of argument-based beliefs.
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Definition 5.1 (TA-models). A Topological-Argumentation model (TA-model) for
a countable set of atomic variables ® is a tuple M = (S, Eo, Tg,, ~+, V), where

e S #( is a set of possible worlds.
o Ey C 2%\ {0} is a collection of basic pieces of evidence.
e Tg, s the topology generated by Ey.

e ~C TR, X TR, is a defeat relation satisfying:

— for every A € T, \ {0}, we have (A, () €~ and (B, A) ¢~.

— for every A,B € 1g,, we have AN B = 0 iff either (A,B) €~ or
(B, A) e~.

V.S — 2%,

The idea of modelling basic pieces of evidence as sets of possible worlds (elements
of the collection Ey C 29\ {0}) can be traced back to [98; 97]. The main assumption
behind it is that evidence is understood as information-as-range [91], so that if S
represents all the epistemic alternatives of the agent, a piece of evidence A C S
tells the agent that the actual world is in A (and hence S\ A should be disregarded
according to A). Note, however, how A € Ej does not informally mean that the
agent accepts A, but she rather takes it as a starting point for reasoning.

The topological structure 7, represents the possible ways in which the agent
can logically combine her basic pieces of evidence. Importantly, here the elements of
TE, play the role of arguments (see [77] for a discussion) and ~ represents a defeat
relation among them. The idea behind this specific definition is that there is a defeat
from A to B only when A and B are incompatible pieces of evidence and A is ‘as
least as strong as’ B. In sum, ~» functions as a way of modelling how incompatible
pieces of evidence are weighted. This process of evaluation is modelled through the
conflict calculus introduced by [41] (Section 2.2).13

In particular, two forms of argument-based belief are defined over TA-models in
[91]. Both of them are based in the grounded semantics for abstract argumentation

13The relation ~ is deemed an “attack” relation in [87] and the subsequent works. However,
we believe that the notion of defeat makes better sense in the current context (see Section 2.2 for
the distinction between attacks and defeats). In this sense, ‘A attacks B’ is best understood as the
(symmetric) incompatibility relation AN B = (), i.e. the second precondition of A ~» B in definition
5.1, while further properties of ~» (e.g. the first precondition in definition 5.1) act as symmetry-
breaking constraints to assess the relative weight of A and B. We thank one of the anonymous
reviewers of this article for asking us to clarify this point.
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frameworks (see Definition 2.5). Recall that Egr({Ar,~)) is used to denote the
set of all grounded extensions of (Ar,~-) (Section 2.2), and hence | Egr ((Ar, ~))
denotes the grounded extension, since it is unique (as shown by [41]). Let M =
(S, Eo, TEy, ~>, V) be a TA-model, and let P C S be a proposition, then:

o the agent has a grounded belief on P iff there is an A € |JEgr ((Tx,,~>)) such
that A C P.

o the agent has a fully grounded belief on P iff for every A € JEgr((TE,, ~>)),
there is an A’ € UEgr ((TR,,~>)), such that A’ C A and A’ C P.

The authors’ choice of employing only the grounded semantics to define belief
may have several reasons. First, the sceptic flavour of grounded semantics is par-
ticularly significant in the context of epistemic as opposed to practical reasoning,
i.e. reasoning about what to believe as opposed to reasoning about what to do [80].
Second, as mentioned, the grounded extension is always unique. This dodges the
discussion that would arise if a semantics that returns multiple extensions were used,
namely, which of the (mutually incompatible) extension should be the one that ac-
tually serves the agent to ground her/his beliefs. Finally, as pointed out by [91], the
grounded extension is never empty in the current setting, as it can be shown that W
is always undefeated. This guarantees, among other things, that valid propositions
are always groundly believed. However, it seems worthy to investigate whether and
how other semantics sharing the properties of uniqueness and non-emptiness could
work in this framework.

Both notions, grounded belief and fully grounded belief, are possible formaliza-
tions of the first type of influence, i.e. of how arguments determine specific types of
belief. Curiously, while fully grounded beliefs satisfy KD45 axioms, grounded be-
liefs fail to be closed under conjunction (and hence do not satisfy the (K) axiom).!4
Moreover, pairwise consistency among groundly believed propositions is guaranteed,
but this is not the case when we consider sets of groundly believed propositions with
more than two elements. In terms of the literature about rationality postulates for
argumentation systems [32], grounded belief is directly consistent but not indirectly
consistent. In contrast, fully grounded belief is indirectly (i.e. totally) consistent.
Finally, fully grounded belief is strictly stronger than grounded belief, so that the
former implies the latter but not vice versa. This brief comparison among both
notions makes explicit the existing tension between believing more (or more infor-
matively) and believing more consistently (see [88] and [91] for a detailed discussion
on such a tension).

0r, in other words, the grounded extension of (7, , ~) is not always closed under intersections.
See [91] for conditions under which this is actually the case.
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Along the same lines, [89] provides an argumentative account of the JTB charac-
terization of knowledge. Here too, the author defines different notions of knowledge,
namely K1,K5 and K3, ranging from weaker to stronger and investigates their log-
ical properties and the conditions for their equivalence. The weakest K is defined
simply as:

o the agent knows P (K P) iff it has a grounded belief on P and P is true at
the world of evaluation.

In this version of JTB, justified belief is therefore grounded belief. It is also shown
that (grounded) belief implies believing to know (= B¢ — BKj¢), and that many
other properties postulated by standard logics for knowledge and belief hold [95].
Before closing this subsection, we mention a related, interesting work by Wang
and Li [102]. This paper introduces a generalization of neighbourhood models where
arguments are understood as sets of propositions, and propositions are represented
semantically as sets of possible worlds. The main reason for us to leave a detailed
review of this work out of this article is that the approach lacks an explicit mod-
elling of conflicts among arguments, which is an essential feature of all the logical
frameworks introduced here, and of formal models of argumentation in general.

5.3.3 A more syntactic approach

In [30; 31], the authors adopt a more syntactic approach to modelling the inter-
action between arguing and believing. In short, it is based on the combination of
awareness epistemic models [45] with ASPICT arguments [76]. The main reason
behind this move is to bridge epistemic logic with the field of structured argumen-
tation [22], where arguments are essentially understood as composite entities, with
premises, conclusions, inferential links between the two, and which may encompass
subarguments as their parts.

Syntax. Unlike previously reviewed works, here arguments are, together with
other formulas, first-class syntactic citizens, as specified by the definition of the
language.

Definition 5.2 (Language for Awareness of Structured Arguments). The language
Lasa' is the pair (F, Ar) of formulas and arguments, which are defined by mutual
recursion as follows:

5The language is simply denoted £ in [31]. We use ASA as an abbreviation of ‘Awareness of
Structured Arguments’ in order to distinguish it from the rest of the languages that appear in this
article.
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pi=pl | (pAe) | Op|aware(a) | concla) = ¢ |
| strict(«v) | undercuts(a, ) | wellshap(«) peE D ac Ar.

a = () | (a1, ..., an—=>0) | (a1, ..., an = @) peF,n>1.

As in ASPICT, the grammar defines three types of arguments. () is an atomic
argument whose sole premise and conclusion is ¢. (ai,...,ap—>p) is the argu-
ment that deductively concludes ¢ from the conclusions of subarguments aq, ..., a,.
(a1, ..., an = ) is the argument that presumtively/defeasibly concludes ¢ from the
conclusions of subarguments a1, ...,a,. The modal operator [J denotes (implicit)
belief. Concerning other formulas, aware(«) reads “the agent is aware of argument
a”; conc(a) = ¢ reads “the conclusion of « is ¢”; strict(a) reads “argument « is
strict (i.e. it contains no defeasible rule)”. undercuts(a, 5) means that argument «
undercuts argument § (i.e. « attacks the last rule employed in the construction of
B). Finally, wellshap(«r) means that « is well-shaped or well-constructed, in the
sense that it only uses either valid deductive rules or accepted defeasible rules in its
construction.

Semantics. The semantics of Lag4 is strongly meta-syntactic, meaning that
its model theory relies on functions ranging over language constructions. Let us
introduce some of them. SEQ(F) is used to denote the set of all finite sequences
over F and ((¢1, ..., pn), p) denotes an arbitrary element of SEQ(F) with n + 1 el-
ements. These sequences are used to represent defeasible inference steps in the
meta-language. Moreover, the following ASPIC™’s functions are used to analyse
arguments’ structures:

e Prem(a) returns the premisses of o and it is defined as follows: Prem({p)) :=
{¢}, Prem({(a,...,an < ¢)) := Prem(a1)U...UPrem(«,,) where —¢€ {—, =

}.

o Conc(a) returns the conclusion of a and it is defined as follows Conc({yp)) =
{QO} and CO”C((CVI, ceey Oy — g0>) — {Sp} Where S {_»’:>}

o subp(a) returns the subarguments of o and it is defined as follows:

suba({¢)) = {{p)} and subpa({a1,....,cn, — ¢)) = {{a1,....,qn, = @)} U
suba(aq) U ... Usuba(c,) where <€ {—,=1}.

o TopRule(ew) returns the top rule of «, ie. the last rule applied in
the formation of «. It is defined as follows: TopRule({(¢)) is left
undefined, TopRule({aq,...,an,—>¢)) = TopRule({ay,...,an, = ¢)) =
((Conc(a), ..., Conc(ay,)), ).
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o DefRule(ar) returns the set of defeasible rules of o and it is defined as
DefRule((¢)) := (), DefRule({c1, ..., ap—>¢)) := DefRule(a1) U ... U DefRule(ay,)
and DefRule({(aq,...,a, = ¢)) = {{(Conc(ai),...,Conc(ay)),¢)} U
DefRule(a;) U ... U DefRule(a,).

Let us also define semantic propositional negations, for any ¢, € F: ¢ =~
Y abbreviates wellshap(({©)——1)) A wellshap(((¢))——¢)).

Definition 5.3 (Lasa-models). A model for Lasa is a tuple M =
(S,Rp,0,D,n,V) where:

e (S,Rp) is a dozastic structure (i.e., Rg is serial, transitive and euclidean).'®

e O C Ar the awareness set of the agent.

o D CSEQ(F) is a set of accepted defeasible rules. These rules are assumed to
be consistent and invalid according to classic propositional logic.

e n:SEQ(F) — @ is a (possibly partial) naming function for rules, where n(R)
informally means “the rule R is applicable”.

e V is and an atomic valuation, i.e. a function V : S — 22.

Let M = (S,Rp,O0,D,n,V) be a model for Lys4 = (F, Ar). We use ¢ to
denote logical consequence in classical propositional logic. The set of well-shaped
arguments WSM C Ar (depending on D in M) is the smallest set fulfilling the
following conditions:

1. {p) € WSM for any ¢ € F.

2. (a1, .., an—>p) € WSM iff both a; € WSM for every 1 < i < n and
{Conc(a), ..., Conc(a)} Fo .

3. (a1,...,anp = @) € WSM iff both oy € WSM for every 1 < i < n and
({Conc(a), ..., Conc(a,)), @) € D.

Definition 5.4 (Truth in £4g4-models). Let (M, w) be a pointed model for Lasa,
that is, M = (S, Rg, 0, D,n,V) is a model and w € S. The truth relation, relating
pointed models and formulas, is given by:

'6Recall that this is an instance of Definition 2.2 with a single label representing the modelled
agent.
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M,wEO¢ if foralw €8: (w,w') € Rp
implies M, w' = .
M,w |= aware(a) iff a€O.
M,w [= conc(a) = ¢ iff Conc(a) = .
M,w = strict(o)  iff DefRule(a) = 0.
M,w |= undercuts(a, ) iff B = (B1,...,0n = ) and
Conc(a) = —n(TopRule(3)).
M,w = wellshap(a) iff a€ WSM,

Types of beliefs. £ 454 is rich enough to distinguish several kinds of belief. A
general distinction is made between basic and argument-based beliefs (mimicking the
one among intuitive and inferential beliefs in cognitive sciences [94]). Basic beliefs
are based on non-inferential information, such as observation or trusted testimonies.
There are, in turn, two subtypes of basic beliefs, inherited from the epistemic modal
logic tradition: implicit and explicit ones. Basic-implicit beliefs are the ideal beliefs
of a perfect reasoner and are captured by the primitive operator 1. Its explicit
counterparts are defined d la [45], using atomic arguments for simulating awareness
of sentences: [0 := O A aware((y)).

There are also two types of argument-based beliefs: deductive beliefs and
grounded beliefs. Deductive beliefs are defined as BP(a, ) := accept(a) Aaware(a) A
conc(a) = ¢ Astrict(a) A wellshap(a) (to be read as “the agent has a deductive belief
that ¢ based on argument a”), where accept(a) := A cprem(a) D¢ stands for argu-
ment doxastic acceptance. Note that the definition of argument doxastic acceptance
(accept) includes a very simple instance of Influence 2: the only arguments taken
into consideration by the agent are those whose premisses are believed. Moreover,
the definition of deductive beliefs (BP (o, ¢)) is a clear instance of Influence 1: the
arguments that the agent is aware of influence her (deductive) beliefs.

The definition of grounded beliefs needs some preliminary argumentative notions.
The first one is a notion of binary preference among arguments. Many preference
relations are definable in £ g4, capturing different versions of Influence 2. As an il-
lustration, a very simple notion of preference, that assumes that the agent only takes
into account doxastically accepted arguments, consists in preferring strict arguments
over non-strict ones: « > (3 := strict(«) V —strict(f3).

Argument attacks and defeats (= successful attacks), notions imported from
ASPIC™, are definable in £4g4:

e Undercutting a subargument undercuts™(a, /3) =
V g esuby (8) Undercuts(a, 7).

¢ Unrestricted successful rebuttal

876



FORMAL ARGUMENTATION AND MODAL LOGIC

Urebuts(a, ) := —strict(8) AV gresuby () (conc(a) = ¢ A conc(8') = ¥ A =~
Y Aa> [,

o Defeat defeat(a, 5) := undercuts*(«, 8) V Urebuts(«, 3).

Let (M,w) be a pointed model for L4534 = (F, Ar), we define its associated
argumentation framework as AFM := (ArM o) where Ar™ = {a € Ar |
M, w = aware(a) A wellshap(a) A accept(a)} and ~~C ArM x ArM is given by a ~
iff M,w = defeat(a, 3). Finally, we expand our language with the grounded belief
operator B(a, ¢), interpreted in pointed models as follows:

M,w = B(a,p) iff acUEr(AFM) and Conc(a) = .

The relative strength of the four kinds of belief is given by the following diagram:

Implicit belief
/

Basic belief ——— Deductive belief

Grounded belief

5.4 From knowledge and belief to arguments

This section introduces formal work exploring the second direction of influence:
how knowledge and beliefs, especially those about other minds, influence the use
of argument. Historically, the first work combining epistemic logic and abstract
argumentation in this sense is [86], followed by [81; 82], where the original framework
was systematically expanded and dynamified. Unlike the previous section, here, we
will not treat different works separately, but rather introduce some of their high-level
ideas as well as their applications.

One key feature that differentiates the logical frameworks presented here from
those in the previous section is the multi-agent perspective, due to the essential role
played in this context by reasoning about others’ beliefs and knowledge. Therefore,
a preliminary step, before introducing modalities, is to combine abstract argumenta-
tion frameworks and multi-agency. Many options are explored in the literature (see
also [82] for a review). Here, we introduce one of them, probably the most popular
(see [105] for a principle-based analysis of its semantics).

Definition 5.5 (Multi-agent AF). Let Agt and A be two finite, non-empty and
disjoint sets (agents and arguments, respectively), a multi-agent AF (MAF) is a
tuple (Ar,{Ar; | i € Agt}, att) where Ar C A; Ar; C Ar; and att C Ar x Ar. We
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say that the MAF (Ar,{Ar; | © € Agt},att) is based on Ar. We use MAF(Ar) to
denote the set of all MAFs based on Ar.

Intuitively, in such a MAF, (Ar, att) represents all potentially relevant arguments
and their interactions, while Ar; is the set of arguments that agent ¢ is aware of.
We further define att; = att N (Ar; x Ar;) as the set of attacks that agent i is aware
of. Note that the definition of att; implies that an agent is aware of an attack
whenever it is aware of the arguments involved. Therefore, attacks in a MAF have
an ‘objective’ meaning, since no agent can be ‘mistaken’ about them. Nonetheless,
uncertainty and incomplete knowledge about attacks can still be represented at the
modal level, as we shall see in what follows.

We now plug MAFs into worlds of a multi-agent doxastic model. The ideas
underlying the following definition can be traced back to [86]. We get rid of some
of the assumptions presented there and some others introduced in [82].17

Definition 5.6 (EA-models). An Epistemic- Argumentative model (EA-model) for
Ar is a tuple M = (S, R, D) s.t.

o (S,R) is a Kripke frame over Agt, where S is the set of possible worlds and
R specifies the epistemic accessibility relations of different agents (Def. 2.2),
and

e D:S — MAF(Ar) is a function specifying a multi-agent AF (Def. 5.5) for
each possible world.

Let w € S, we denote D(w) as (Ar,{Ar;(w) | i € Agt}, att(w)).

Some interesting properties relating R and D are summarised in Table 1.
Let us illustrate the previous definition through a simple example.

Example 5.7 (An EA-model). Let us consider the EA-model M = (S,R,D) for
Agt = {1,2} and Ar = {a, b, c,d} where: S = {wp,w1}; R(1) = {{wg, w1), (w1, w1)},
R(2) = {{wo, wo), (w1, w1)}; and D is defined for each world: Ari(wgy) = {a,b,c,d},
Arg(wo) = {a,b,c}, att(wg) = {{a,b), (b,a), {(c,b),{c,d),{d,b),{d,c)}; Ari(wi) =
{a,b,c,d}, Ara(wi) = {a,b}, att(wy) = {{a,b), (b,a), {c,b), (c,d),{(d,c)}. This model
is represented graphically in Figure 9. Intuitively, at the actual world (wy) agent 2
is aware of arguments a, b and ¢ (red-circled area in wg). However, agent 1 does not
know that agent 2 is aware of c, for she has access only to wy where the awareness

"The reasons for doing so is that we seck maximum generality here and that some of these
assumptions were introduced for mere technical reasons that are not relevant at the current level
of abstraction.
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M satisfies... iff for every ¢ € Agt, w,u € S...
Positive knowledge of attacks wRiu = att(w) C att(u)
Negative knowledge of attacks wRiu = att(u) C att(w)
Positive introspection of argu- | wR;u = Ar;(w) C Ari(u)

ments

Negative introspection of argu- | wR;u = Ari(u) C Ar;(w)

ments

General negative introspection of | wRiu = U epq Arj(u) C Ari(w)
arguments

Table 1: Some properties of EA-models

area of 2 only contains a and b. Moreover, agent 1 is also mistaken in his/her
understanding of the attacks between arguments, inasmuch as arqument d attacks
argument b in the actual world wy, but 1 believes this fact to be false (no attack in

wl).

Figure 9: A simple EA-model

Languages Different languages have been proposed to talk about EA-models (or
some of their extensions). The common denominator in all of them is the use of
doxastic/epistemic modalities to jump from one possible world to another. The
main differences among them lie in the resources chosen to talk about the MAF
representing each world. Let us briefly comment on them.

Three of these languages were introduced in [86]. The first one, later extended
by [81], is just the standard multi-agent doxastic language with a set of distinguished
atoms {aware;(z) | i € Agt,x € A}, which are used to talk about the set of arguments
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that each agent is aware of at each world (i.e. to talk about Ar;(w)). The lack of
a syntactic device to talk about attacks implicitly assumes that the set of attacks
assigned by D to w (denoted by att(w)) is the same for every w € S. This assumption
is dropped by the second language introduced by [86]: a two-layer language where
one type of formula is used to talk about the MAF assigned to each world and the
other one is used as a way of (modally) jumping from one world to the other. Their
third language, interpreted over a product-model version of EA-models, is essentially
one where the previous two layers are fused together so that argumentative and
doxastic modalities can be nested (just as the one we discussed in Section 5.3.1).

If one restricts to finite sets of arguments, as most of the literature does, then
propositional languages are sufficient for reasoning about AFs and their semantics
[21]. In this case, using modalities to describe a single MAF is an overkill. In line
with this, [82], use an enriched version of [86]’s first language to talk about the
MAF assigned to each world in EA-models. This enrichment consists of a new set
of atoms for describing the attack relation {r,, | ,y € A}. Note that, with the
variables (aware;(x) and r,,), all properties of Table 1 are easily definable (e.g.,
—aware; (z) — U; A\ jept maware;(x) for the last one).!8

Finally, a third approach is presented in [106, pp. 161-165]. This can be under-
stood as some kind of compromise between the full power of bi-modal languages to
describe MAFs [86; 57]) vs. the use of propositional languages [82]. Summing up,
the idea is to use yet a new kind of propositional variable {in, | x € A} meant to
describe an arbitrary set of arguments (e.g., an extension), plus one extra modality
that quantifies over valuations changing the truth values of these variables. This new
modality (inspired by works that combine dynamic logic and abstract argumentation
[38]) allows expressing maximality and minimality checking, and it is therefore ex-
pressive enough to capture all standard argumentation semantics for MAFs through
polynomially long formulas.

Dynamics of information EA-models were systematically dinamised in [82],
where they are combined with event models [13], imported from the field of dynamic
epistemic logic [100]. With the resulting framework, one is able to model nuanced
forms of epistemic and argumentative dynamics, such as the action of privately
searching for a counter-argument in the context of a debate. For presentational pur-
poses, we just introduce here the simplest kind of epistemic-argumentative action,
which was first studied in [81]: the public addition or disclosure of an argument.

8The main shortcoming of this approach is that with no quantifiers over atoms — or any other
equally expressive device — the encoding of some notions (e.g., those requiring maximality checking,
as preferred semantics) requires propositional formulas that are exponentially long (on the size of
A), and therefore not very appealing from a computational point of view.
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Informally, the idea is to model what happens when, within a group discussion, an
agent publicly puts forward an argument. Formally:

Definition 5.8 (Public update with an argument). Given a EA-model M =
(S,R,D) and an arqument a € Ar, the update of M by a is the model M =
(S,R,D‘“) where D only differs from D in the value assigned to the awareness set
of each agent at each world: Ar®(w) = Ar;(w) U {a} for every i € Agt and every
weS.

Applications to opponent modelling The main application of EA-models and
their dynamics is the systematic analysis of different forms of opponent modelling
in abstract argumentation. EA-models represent an expressive and epistemically
transparent formalism where other proposals can be translated, so as to fully un-
derstand their hidden epistemic assumptions. Let us quickly review some of these
reductions.

Incomplete AFs One of the simplest ways for modelling the opponent of an
agent within a debate is through the notion of incomplete argumentation framework
(IAF) [19]. The idea is to provide a compact specification of the uncertain view
that the agent has of her opponent’s information about a debate. Formally, an IAF
is a tuple (Ar, Ar’ | att, att’) where Ar, Ar? C A are two disjoint sets of arguments,
respectively representing certain and uncertain arguments; and att, att’ C (Ar U
Ar’) x (Ar U Ar’) are two disjoint sets of attacks respectively representing certain
and uncertain attacks. Perhaps more intuitively, Ar is the set of arguments that the
agent believes her opponent to be aware of; Ar” is the set of arguments such that the
agent does not know whether her opponent is aware of; and something analogous
for att and att’.

Reasoning about IAFs needs the notion of completion, i.e. a hypothetical removal
of uncertainty from the IAF. Formally, a completion of (Ar, Ar’, att, att’) is any AF
(Ar*, att*) such that Ar C Ar* C ArUAr” and attN(Ar* x Ar*) C att* C (attUatt’)N
(Ar* x Ar*).1? As a key for reduction to EA-models, completions can be understood
as possible worlds. Indeed, an TAF can be seen as a single-agent EA-model where
each possible world represents a completion. If an argument a is present in one
completion, then the atom aware;(a) is going to be true in its corresponding world of
the model, and the same holds for attacks. In this way, reasoning problems over IAFs
become model-checking problems in EA-models[82]. Note that the correspondence
is not strict: There are EA-models that do not represent the set of completions of

19Classical acceptability problems over AFs (sceptical and credulous acceptability) can be refor-
mulated so as to get a new layer of quantification (over completions), obtaining in this way necessary
(in all completions) and possible (in at least one completion) variants of classical problems.
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any IAF. Hence, a legitimate question: what logic would we get if we only consider
EA-models that represent IAFs?

The previous question is answered by [61]. The keystone for this finding is the
connection between IAFs and the epistemic logic of visibility studied in [59]. Inter-
estingly, the two central axioms of the resulting logic are:

i — Qi
Di(ll \/--'\/ln) — (Dill \/-'-\/Diln)

where [y ..., is a sequence of consistent literals from {aware;(z) | v € A} U {ry, |
xz,y € A}. The first axiom is just (D) (see Sect. 2.1 and the introduction to the
current section), so it shows that IAFs model an epistemic attitude that is, at least,
consistent (which seems quite reasonable for intelligent artificial agents). The second
one expresses that the captured epistemic attitudes distribute over disjunctions of
consistent literals (literals that capture the status of arguments and attacks). This
second property looks more difficult to justify, unless for its efficient computational
behaviour.

Control AFs (CAFs) [37] extend IAFs in two directions: uncertainty and dy-
namics. Regarding uncertainty, CAFs include a new attack relation att> which is
meant to capture attacks whose existence is known by the agent but whose direc-
tion is unknown. For example, imagine that a and b are two arguments disclosed,
respectively, by two politicians of opposing parties. Imagine, moreover, that the
agent knows that her opponent is biased towards one side of the political spectrum,
but she is not sure about which side it is. Hence, the agent considers two possible
completions (for her opponent): one where a attacks b and one where b attacks a.
It is easy to show that no IAF represent that precise set of completions, so the pre-
vious kind of scenarios justify the introduction of att*. On the dynamic side, CAFs
expand TAFs with an AF (Arc, attc) formed by control arguments and control at-
tacks. Intuitively, these arguments are the ones that the agent knows privately (she
knows them and knows her opponent does not know). Then, reasoning over CAFs
introduces yet another quantification layer (over subsets of Ar¢), raising so-called
controllability problems: is there a set of control arguments such that a target ar-
gument gets sceptically /credulously accepted in all/at least one completion? These
problems too were reduced to EA-model-checking problems in [82]. Such a reduction
shows at least three interesting things. First, the axiom of TAFs capturing distribu-
tion over disjunctions of consistent literals is dropped because of the introduction of
att™. Second, control arguments are in tight connection with the notion of public
disclosure (see above). Third, the effects of communicating these arguments (e.g.,
the resulting perception of control attacks) are strongly idealised: the agent always
knows what the effects of her communication act are. The last two points motivate
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the study of further forms of representing argument communication in a compact
setting.

Recursive opponent models The reductions of incomplete AFs and control
AFs to EA models do not exploit all the expressive power of the latter. Indeed, and
as far as uncertainty and multi-agency are concerned, incomplete AFs and control
AFs can be seen as depth-1 epistemic attitudes about the arguments and attacks
that the opponent of the agent owns. In other words, incomplete and control AF
only talk about what the agent believes about her opponent’s view of the debate.
However, as pointed out by [96] concerning strategic argumentation, higher-order
epistemic attitudes might as well be relevant in an argumentative context. As an
example, imagine that you want to surprise your opponent. Then you might disclose
an argument that you believe your opponent believes that you are not aware of,
which is a depth-2 epistemic attitude. Along these lines, more expressive (and hence
more complex) forms of opponent modelling have been studied in the context of
strategic argumentation. These opponent models are, in their qualitative version,2’
EA models in disguise. The details of the reduction can be found in [82, Sect. 8.3].

New formalisms In recent years, two different tools for representing qualitative
uncertainty about AFs appeared [85; 3]. Although they have not yet been reduced to
EA-models, they should be reducible if one looks at the respective complexity classes
of the relevant reasoning problems. We believe these reductions to be interesting
open problems, so as to carve deeper into the epistemic assumptions underlying these
new formalisms and get a more complete picture of how to represent qualitative
uncertainty and multi-agency over AFs.

6 Related work

The first works on the combination of formal argumentation and modal logic ap-
peared less than 20 years ago ([24] is the pioneering one, to the best of our knowl-
edge). However, the literature is already quite vast. This section points to further
readings on the topic that were left out of this article either because we wanted to
keep its extension between reasonable limits or because they were already analysed
in [8].

The first line of work, started by [38] and followed by [40; 39; 60; 107], consists in
applying the Dynamic Logic of Propositional Assignments (DL-PA) to reason about
abstract argumentation formalisms. DL-PA is a lightweight, well-behaved variant
of dynamic propositional logic. In the quoted papers, it is used to capture argu-

20The are also probabilistic versions of opponent models for argumentation that go beyond the
expressivity of EA models.
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mentation frameworks, their semantics, their dynamics, and their extensions with
qualitative uncertainty. These works share the same general target of those adopt-
ing an argumentative reading of modalities:*! using modal logic to reason about
argumentation systems. However, instead of interpreting modalities over attack re-
lations and arguments, they are based on propositional encodings of argumentation
formalisms [21], and the role of modalities is basically capturing restricted proposi-
tional quantification.

A second line of work proposes to use modal languages as the object languages of
structured argumentation formalisms (e.g., ASPICT [76] or ABA [42]). A particular
instance of this idea is the insertion of modal languages into deductive argumentation
systems, something that was previously covered in [23]. Going further than deductive
reasoning, and hence incorporating non-monotonic inferences, a recent paper [99]
has approached the use of deontic modalities in an argumentation system from the
ASPIC family.

Finally, there is another interesting research line oriented towards integrating
temporal and modal language formulas to represent arguments in the nodes of an
argumentation network, as done in [18]. This approach can be seen as an extension of
the traditional Dung networks, which depict arguments as atomic entities and study
the relationships of attack between them. That way more content can be added
to nodes in the network (e.g., proofs in some logic or simply just formulas from a
richer language). Argumentation networks have also been applied in modelling so-
called argumentation with many lives [48], where the network stands for a survival
game (and thus the various traditional Dung semantics can be viewed as defining
extensions in the form of possible survival group). With many lives available, there
can be sets of nodes “living together” (so that members can attack but not able to
kill one another). Recent research work in many lives argumentation networks [49]
included temporal aspects, modelled through evolutionary temporal logic.

7 Conclusion

Argumentation and modal logic are two important theories and techniques within
the field of knowledge representation and reasoning. Although their combination
started only a couple of decades ago, the literature of the topic has flourished very
rapidly since then. In this article we analysed three different lines of work to combine
modal logic and formal argumentation: a) a logic-based framework that combines
dynamic logic and argumentation for value-based planning; b) alternating-time tem-
poral logic extended with coalitional argumentation; c¢) a combined approach for

! Those discussed in the introduction and in [8, Sect. 3.2.1], i.e., [53] and subsequent papers.
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integrating epistemic logics and argumentation. These three alternatives give clear
evidence of the heterogeneity of problems that can be approached by the combina-
tion of these two families of formal tools. Moreover, they also show the different
relative positions in which modal logic and argumentation can be put together. In
a broader sense, they also allow us to think about the possible interplay between
classical logics and non-monotonic logics and how they can function respectively
when solving particular problems.

Joint uses of formal argumentation and modal logic face numerous challenges
in the current state of the art. We have seen how each work focuses on a partic-
ular reading of modalities (e.g., argumentative, epistemic, dynamic, or temporal).
Although some papers tackle the fundamental question of their combination (e.g.,
argumentative and epistemic [57]), there are many possibilities which are yet unex-
plored. For instance, there seems to be strong rationale for motivating the design
and study of structured argumentation systems that allow for the integration of
deontic and epistemic modalities for reasoning about complex scenarios. Moreover,
both strategic logic (Section 4.1) and strategic argumentation (end of Section 5.4)
are used for reasoning about agents’ strategic behavior in the context of multi-agent
systems. If one sees the announcement of an argument as the performance of an
action, then it seems natural looking at the transfer of strategic argumentation to
ATL-like logics that are interpreted over transition systems. That would allows us
to represent and reason about the argumentative abilities of agents in the style of
modal logic.
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