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Abstract The majority of existing work on agent dialogues considers negotiation,
persuasion or deliberation dialogues; we focus on inquiry dialogues, which allow agents
to collaborate in order to find new knowledge. We present a general framework for
representing dialogues and give the details necessary to generate two subtypes of in-
quiry dialogue that we define: argument inquiry dialogues allow two agents to share
knowledge to jointly construct arguments; warrant inquiry dialogues allow two agents
to share knowledge to jointly construct dialectical trees (essentially a tree with an argu-
ment at each node in which a child node is a counter argument to its parent). Existing
inquiry dialogue systems only model dialogues, meaning they provide a protocol which
dictates what the possible legal next moves are but not which of these moves to make.
Our system not only includes a dialogue-game style protocol for each subtype of in-
quiry dialogue that we present, but also a strategy that selects exactly one of the legal
moves to make. We propose a benchmark against which we compare our dialogues,
being the arguments that can be constructed from the union of the agents’ beliefs,
and use this to define soundness and completeness properties that we show hold for all
inquiry dialogues generated by our system.

Keywords agent interaction - argumentation - inquiry - dialogue - cooperation

1 Introduction

Dialogue games are now a common approach to characterizing argumentation-based
agent dialogues (e.g. [33,39,42]). Dialogue games are normally made up of a set of
communicative acts called moves, and sets of rules stating: which moves it is legal
to make at any point in a dialogue (the protocol); the effect of making a move; and
when a dialogue terminates. One attraction of dialogue games is that it is possible
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to embed games within games, allowing complex conversations made up of nested
dialogues of more than one type (e.g. [34,45]). Most of the work so far has looked
only at modelling different types of dialogue from the influential Walton and Krabbe
typology [49], meaning that they provide a protocol which dictates what the possible
legal next moves are but not which one of these legal moves to make. Here we present
a generative system, as we not only provide a protocol but also provide a strategy for
selecting exactly one of the legal moves to make.

Examples of dialogue systems which model each of the five main Walton and Krabbe
dialogue types are: information-seeking [30,40] (where participants aim to share knowl-
edge); inquiry [32,40] (where participants aim to jointly discover new knowledge); per-
suasion [4,17] (where participants aim to resolve conflicts of opinion); negotiation (3,30,
35,47] (where participants who need to cooperate aim to agree on a method for doing
this that resolves their conflicting interests); and deliberation [29] (where participants
aim to jointly decide on a plan of action).

Walton and Krabbe classify their dialogue types according to three characteristics:
the initial situation from which the dialogue arises; the main goal of the dialogue, to
which all the participating agents subscribe; and the personal aims of each individual
agent. This article focuses on two subtypes of inquiry dialogue that we define. Walton
and Krabbe define an inquiry dialogue as arising from an initial situation of “general
ignorance” and as having the main goal to achieve the “growth of knowledge and
agreement”. Each individual participating in an inquiry dialogue has the goal to “find
a ‘proof’ or destroy one” [49, page 66].

We have previously proposed a dialogue system [12] for generating a subtype of
inquiry dialogue that we call argument inquiry. In an argument inquiry dialogue, the
‘proof’ that the participating agents are jointly searching for takes the form of an
argument for the topic of the dialogue. In this article we adapt the system proposed in
[12] to generate a second subtype of inquiry dialogue that we call warrant inquiry. In a
warrant inquiry dialogue, the ‘proof’ that the participating agents are jointly searching
for takes the form of a dialectical tree (essentially a tree with an argument at each node,
where each child node is a counter argument to its parent and that has at its root an
argument whose claim is the topic of the dialogue). Warrant inquiry dialogues are so
called as the dialectical tree produced during the dialogue may act as a warrant for
the argument at its root.

The goal, then, of the participants in an argument inquiry dialogue is to share beliefs
in order to jointly construct arguments for a specific claim that none of the individual
participants may construct from their own personal beliefs alone; the goal of agents
taking part in a warrant inquiry dialogue is to share arguments in order to jointly
construct a dialectical tree that none of the individual participants may construct from
their own personal beliefs alone. In an argument inquiry dialogue, the agents wish
to exchange beliefs in order to jointly construct arguments for a particular claim;
however, an argument inquiry dialogue does not allow the agents to determine the
acceptability of the arguments constructed (i.e. whether the arguments are ultimately
defeated by any other conflicting arguments). In a warrant inquiry dialogue, the agents
are interested in determining the acceptability of a particular argument; they do this
by jointly constructing a dialectical tree that collects all the arguments that may be
relevant to the acceptability of the argument in question.

Argument inquiry dialogues are often embedded within warrant inquiry dialogues.
Without embedded argument inquiry dialogues, the arguments that can be exchanged
within a warrant inquiry dialogue potentially miss out on useful arguments that involve



unexpressed beliefs of the other agent. (We have presented the system for generating
argument inquiry dialogues previously [12]; we present it again here as it is neces-
sary for generating warrant inquiry dialogues.) The main contribution of this article
is a protocol and strategy sufficient to generate sound and complete warrant inquiry
dialogues.

As far as we are aware, there are only two other groups that have proposed inquiry
protocols. Amgoud, Maudet, Parsons and Wooldridge proposed a protocol for general
argument inquiry dialogues (e.g. [3,39]), however this protocol can lead to unsuccessful
dialogues in which no argument for the topic is found even when such an argument
does exist in the union of the two agents’ beliefs. In [32], McBurney and Parsons
present an inquiry protocol that is similar in spirit to our warrant inquiry protocol in
that it allows the agents involved to dialectically reason about the acceptability of an
argument given a set of arguments and the counter argument relations between them.
Although their protocol allows agents to exchange arguments in order to carry out the
dialectical reasoning, it does not allow the agents to jointly construct arguments and
so the reasoning that they participate in may be incomplete in the sense that it may
miss important arguments that can only be constructed jointly by two or more agents.
Neither of these groups have proposed a strategy for use with their inquiry protocol,
i.e. their systems model inquiry dialogues but are not sufficient to generate them.

A key contribution of this work is that we not only provide a protocol for modelling
inquiry dialogues but we also provide a specific strategy to be followed, making this
system sufficient to also generate inquiry dialogues. Other works have also considered
the generation of dialogues. For example, [44] gives an account of the different factors
which must be considered when designing a dialogue strategy. Parsons et al. [39] explore
the effect of different agent attitudes, which reduce the set of legal moves from which
an agent must choose a move but do not select exactly one of the legal moves to
make. Pasquier et al.’s cognitive coherence theory [41] addresses the pragmatic issue
of dialogue generation, but it is not clear what behaviour this would produce. Both
[2] and [31] propose a formalism for representing the private strategy of an agent to
which argumentation is then applied to determine the move to be made at a point in
a dialogue; however, neither give a specific strategy for inquiry dialogues.

Whilst much of the work on argumentation has been intended for use in adversar-
ial domains such as law (e.g. [5,7,10,28,43]), we have been inspired by the cooperative
medical domain. In adversarial domains, agents participating in a dialogue are typi-
cally concerned with defending their own arguments and defeating the arguments of
their opponents; in cooperative domains, agents instead aim to arrive at the best joint
outcome, even if this means accepting the defeat of their own arguments. Medical
knowledge is typically uncertain and often incomplete and inconsistent, making argu-
mentation an attractive approach for carrying out reasoning and decision making in
the medical domain [24]. Inquiry dialogues are a type of dialogue that are of particular
use in the medical domain, where it is often the case that people have distinct types
of knowledge and so need to interact with others in order to have all the information
necessary to make a decision.

Another important characteristic of the medical domain is that is safety-critical [23];
if our dialogue system is to be used in such a domain, it is essential that the dialogues
our system produces arrive at the appropriate outcome. We wish the outcome of our
dialogues to be predetermined by the fixed protocol, the strategy being followed and
the belief bases of the participating agents; i.e. given the agents’ beliefs, we want to
know what outcome they will arrive at and that this will be the appropriate outcome.



As discussed in [39], this can be be viewed as a positive or negative feature of a dialogue
system depending on the application. In a more competitive environment it may well
be the case that one would wish it to be possible for agents to behave in an intelligent
manner in order to influence the outcome of a dialogue. However, we want our dialogues
to always lead to the ‘ideal’ outcome. That is to say, we want the dialogues generated
by our system to be sound and complete, in relation to some standard benchmark. We
compare the outcome of our dialogues with the outcome that would be arrived at by
a single agent that has as its beliefs the union of both the agents participating in the
dialogue’s beliefs. This is, in a sense, the ‘ideal’ situation, where there are clearly no
constraints on the sharing of beliefs.

As the dialogue outcome we are aiming for is the same as the outcome we would
arrive at if reasoning with the union of the agents’ beliefs, a natural question to ask
is why not simply pool the agents’ beliefs and then reason with this set? In some
situations, it may indeed be more appropriate to pool the agents’ beliefs (e.g. as part of
computer supported collaborative learning, [27]); however, in many real world scenarios,
such as within the medical domain, there are often privacy issues that would restrict
the agents from simply pooling all beliefs; what we provide here can be viewed as a
mechanism for a joint directed search that ensures the agents only share beliefs that
could be relevant to the topic of the dialogue. It could also be the case that the belief
bases of the agents are so vast that the communication costs involved in pooling all
beliefs would be prohibitive.

The main contribution of this article is a system for generating sound and complete
warrant inquiry dialogues. We build on the system we proposed in [12] in the sense
that we use the same underlying formalism for modelling and generating dialogues.
However, whilst in [12] we provided only a protocol and strategy for generating sound
and complete argument inquiry dialogues, here we also include a protocol and strategy
for generating warrant inquiry dialogues and give soundness and completeness results
for all inquiry dialogues generated by our system. We have presented the details relating
to argument inquiry dialogues (that were previously given in [12]) again in this article
as they are necessary for generating warrant inquiry dialogues.

The rest of this article proceeds as follows. In Section 2 we present the knowledge
representation used by the agents in our system and define how this knowledge can be
used to construct arguments, and in Section 3 we present a method for constructing
a dialectical tree in order to carry out a dialectical analysis of a set of arguments.
Sections 2 and 3 thus present the argumentation system on which this dialogue system
operates, which is based on Garcia and Simari’s Defeasible Logic Programming (DeLP)
[25]. The presentation of the argumentation system here differs only slightly from that
in [25] and does not represent a contribution of this work.

In Section 4 we define the general framework used to represent dialogues. In Sec-
tion 5 we give the protocols for modelling both argument inquiry and warrant inquiry
dialogues, and also give a strategy for use with these protocols that allows agents to
generate the dialogues (completing our inquiry dialogue system). In Section 6 we define
soundness and completeness properties for both argument inquiry and warrant inquiry
dialogues and show that these properties hold for all well formed inquiry dialogues
generated by our system. Finally, in Section 7 we discuss other work related to this
and in Section 8 we summarise our conclusions.



2 Knowledge representation and arguments

We adapt Garcia and Simari’s Defeasible Logic Programming (DeLP) [25] for repre-
senting each agent’s beliefs. DeLP is a formalism that combines logic programming
with defeasible argumentation. It is intended to allow a single agent to reason inter-
nally with inconsistent and incomplete knowledge that may change dynamically over
time and has been shown to be applicable in different real-world contexts (e.g. [14,
26]). It provides a warrant procedure, which we will present in Section 3, that applies
a dialectical reasoning mechanism to a set of arguments in order to decide whether a
particular argument from that set is warranted.

The presentation here differs only slightly from that in [25]. Garcfa and Simari
assume that, as well as a set of defeasible rules, there is a set of strict rules. They
also assume that facts are non-defeasible. As we are inspired by the medical domain
(in which we know knowledge to often be incomplete, unreliable and inconsistent),
we wish all knowledge to be treated as defeasible. We deal with this by assuming the
sets of strict rules and facts are empty and by defining a defeasible fact (essentially
a defeasible rule with an empty body). We use a restricted set of propositional logic
and assume and that a literal is either an atom a or a negated atom —a. We use
the notation F to represent the classical consequence relation; we use L to represent
classical contradiction; we use @& to represent the complement of «, i.e. & = a if and
only if @ = —a, @ = —a if and only if @ = a.

Definition 1 A defeasible rule is denoted a1 A ... A an — g where «; is a literal
for 0 <7 < n. A defeasible fact is denoted o where « is a literal.

The warrant procedure defined in [25] assumes that a formal criterion exists for
comparing two arguments. We use a preference ordering across all knowledge, from
which a preference ordering across arguments is derived. We imagine that the preference
ordering on medical knowledge would depend on the knowledge source [50]; we might
assume, for example, that knowledge from an established clinical guideline is preferred
to knowledge that has resulted from a small clinical trial. We associate a preference
level with a defeasible rule or defeasible fact to form a belief; the lower the preference
level the more preferred the belief.

Definition 2 A belief is a pair (¢, L) where ¢ is either a defeasible fact or a defeasible
rule, and L € {1,2,3,...} is a label that denotes the preference level of the belief.
The function plLevel returns the preference level of the belief: pLevel((¢, L)) = L. The
set of all beliefs is denoted B.

We make a distinction between beliefs in defeasible facts (called state beliefs, as
these are beliefs about the state of the world) and beliefs in defeasible rules (called
domain beliefs, as these are beliefs about how the domain is expected to behave). We
also consider the set of defeasible facts and the set of defeasible rules, and the union
of these two sets.

Definition 3 A state belief is a belief (¢, L) where ¢ is a defeasible fact. The set
of all state beliefs is denoted S. A domain belief is a belief (¢, L) where ¢ is a
defeasible rule. The set of all domain beliefs is denoted R. The set of all defeasible
facts is denoted S* = {¢ | (¢,L) € S}. The set of all defeasible rules is denoted
R*={¢| (¢,L) € R}. The set of all defeasible rules and all defeasible facts is denoted
B*={¢|(¢,L) € B} =S UR".



We assume that there are always exactly two agents (participants) taking part in a
dialogue, each with its own identifier taken from the set Z = {1, 2}. Although we have
restricted the number of participants to two here for the sake of simplicity, we believe
it is straightforward to adapt the system to allow multiple participants. Many of the
difficult issues associated with multi-party dialogues (e.g. What are the agents’ roles?
How to manage turn taking? Who should be addressed with each move? [18]) can be
easily overcome here due to the collaborative and exhaustive nature of the dialogues
we are considering (e.g. all agents have the same role; each agent is assigned a place in
a sequence and that sequence is followed for turn taking; each move made is broadcast
to all the participants). We are currently working on multi-party dialogues that use
the framework presented here.

Each agent has a, possibly inconsistent, belief base.

Definition 4 A belief base associated with an agent x is a finite set, denoted X%,
such that X* C Band z € T = {1, 2}.

Example 1 Consider the following belief base associated with agent 1.

_ (a’71)’(_'a71)’(b72)7(d71)7
o= { (a—¢,3),(b— —¢2),(d— —b,1),(-a — —b,1) }

The top four elements are state beliefs and we can see that the agent conflictingly
believes strongly in both a and —a. The bottom four elements are all domain beliefs.
pLevel((a,1)) = 1. pLevel((—a, 1)) = 1. pLevel((b,2)) = 2. pLevel((d, 1)) = 1. pLevel((a —
¢,3)) = 3. pLevel((b — —¢,2)) = 2. pLevel((d — —b,1)) = 1. pLevel((—a — —b,1)) = 1.
Recall that the lower the pLevel value, the more preferred the belief.

We now define what constitutes a defeasible derivation. This has been adapted
slightly from [25] in order to deal with our definition of a belief.

Definition 5 Let ¥ be a set of beliefs and « a defeasible fact. A defeasible deriva-
tion of a from ¥, denoted ¥ |~ a, is a finite sequence aj,ag,...,an of literals such
that au, is the defeasible fact a and each literal am (1 < m < n) is in the sequence
because:

— (am, L) is a state belief in ¥, or
— 3B1A...ABj = am,L’) € ¥ s.t. every literal 8; (1 < i < j) is an element oy
preceding am in the sequence (k < m).

The function DefDerivations : p(B) — S* returns the set of literals that can be defeasi-
bly derived from a set of beliefs ¥ such that DefDerivations(¥) = {¢ | there exists ¢ C
¥ such that @ |~ ¢}.

Ezxample 2 If we continue with the running example started in Example 1 we see that
the following defeasible derivations exist from L.
a. -a. b. d. a,c. b, —c. d, —b. —a, —b.

We now define an argument as being a minimally consistent set from which the
claim can be defeasibly derived.

Definition 6 An argument A constructed from a set of, possibly inconsistent, beliefs
¥ (¥ C B) is a tuple (@, ¢) where ¢ is a defeasible fact and @ is a set of beliefs such
that:



L. oCw,
2. @ |~ ¢,

3. Vp,¢' s.t. @ |~ ¢ and & |~ ¢', it is not the case that p U ¢’ -1,
4. there is no subset of @ that satisfies (1-3).

& is called the support of the argument and is denoted Support(A); ¢ is called the
claim of the argument and is denoted Claim(A). For two arguments A; and Ag, A1 is
a subargument of Ay iff Support(A;) C Support(A2). The set of all arguments that
can be constructed from a set of beliefs ¥ is denoted A(¥).

Example 3 Continuing the running example, the following arguments can be con-
structed by the agent.

= ({(a, 1)}, a), a5 = ({(a,1),(a — ¢,3)},0),

az = ({(=a, 1)}, na), = ({(6,2), (b — ¢, 2)}, ),

a3 = <{(b7 2)} b> a7 = <{(d7 1) (d — b, 1)}’ _‘b>a
({(@, 1)}, d), ag = ({(=a,1), (ma — =b, 1)}, =b)}

!
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Note, a; is a subargument of a5, as is a subargument of ag, a3 is a subargument of ag
and a4 is a subargument of a7. Every argument is a subargument of itself.

As ¥ may be inconsistent, there may be conflicts between arguments within A(¥).

Definition 7 Let A; and Ag be two arguments. A; is in conflict with Ag iff Claim(A;1)
U Claim(A2) L (i.e. Claim(A;) = Claim(A3), as the claim of an argument is always a
literal).

FEzample 4 Continuing the running example, aj is in conflict with a2, a3 is in conflict
with a7, a3 is in conflict with ag, and as is in conflict with ag.

Note that, as we are using F to represent classical implication, two arguments
are in conflict with one another if and only if their claims are the complement of one
another. For certain applications, we may need a different definition of conflict between
two arguments, depending on the meaning of the arguments’ claims and the purpose
of the argumentation process; for example, if the purpose of the argumentation is to
decide between alternative actions to try to achieve a goal, we may want to define two
arguments as being in conflict if their claims are two distinct actions.

We now define the attack relationship between arguments.

Definition 8 Let A7, A2 and As be arguments such that A3 is a subargument of As.
A; attacks As at subargument Ag iff A; is in conflict with As.

Note that in the previous definition the subargument As is unique, as we will now
show. Ay and As conflict, and so the claim of A; is the negation of the claim of As.
Let us assume that there is another disagreement sub-argument such that A; attacks
Ao at Ay, Ay and Ay conflict, and so the claim of A; is the negation of the claim of
Ay4. As Ay is a literal, this means that the claim of A4 is the same as the claim of As.
As an argument is minimal, this means that A3 and A4 must be the same arguments.

FEzample 5 Continuing the running example: a; attacks as at az, a1 attacks ag at ag,
ao attacks a; at ai, ag attacks as at ay, ag attacks a7y at a7, ag attacks ag at asg,
as attacks ag at ag, ag attacks as at as, ay attacks as at as, ay attacks ag at as, ag
attacks a3 at a3, and ag attacks ag at ag.



Given that we know one argument attacks another, we need a mechanism for decid-
ing whether the attacking argument successfully defeats the argument being attacked
or not. We base this on the preference level of the argument, which is equal to that of
the least preferred belief used in its support.

Definition 9 Let A be an argument. The preference level of A, denoted pLevel(A),
is equal to pLevel(¢) such that:

1. ¢ € Support(A),
2. V¢’ € Support(A), pLevel(¢) < pLevel(¢).

Given that we have an argument A; that attacks an argument As at subargument
As, we say that A; defeats Ao if the preference level of A; is the same as or less
(meaning more preferred) than the preference level of Ag. If it is the same, then A; is
a blocking defeater for Ag; if it is less, then Ay is a proper defeater for As.

Definition 10 Let A;, A2 and A3 be arguments such that As is a subargument of Ag
and Aj attacks Ag at subargument A3. Aj is a proper defeater for Ay iff pLevel(A41) <
pLevel(As). A; is a blocking defeater for As iff pLevel(A4;) = pLevel(As).

Ezample 6 Continuing the running example: a; is a blocking defeater for as, ap is a
blocking defeater for ag, az is a blocking defeater for aj, a2 is a blocking defeater for
as, ag is a proper defeater for as, ay is a proper defeater for ag, a7 is a proper defeater
for ag, ag is a proper defeater for as and ag is a proper defeater for ag.

In this section we have proposed a criterion for deciding whether an argument A;
that attacks an argument Ao defeats it or not. In the next section we introduce the
warrant procedure from [25], which allows an agent to decide whether, given a set of
interacting arguments, a particular argument from this set is ultimately defeated or
undefeated.

3 Dialectical analysis of arguments

Given a set of beliefs ¥ and an argument A; € A(¥), in order to know whether A;
is defeated or not, an agent has to consider each argument from A(¥) that attacks
A1 and decide whether or not it defeats it. However, a defeater of A; may itself be
defeated by another argument Ay € A(¥). Defeaters may also exist for Ag, themselves
of which may also have defeaters. Therefore, in order to decide whether A; is defeated,
an agent has to consider all defeaters for Aj, all of the defeaters for those defeaters,
and so on. Following [25], it does so by constructing a dialectical tree, where each node
is labelled with an argument, the root node is labelled A1, and the arcs represent the
defeat relation between arguments. Each path through the dialectical tree from root
node to a leaf represents an argumentation line, where each argument in such a path
defeats its predecessor.

Garcia and Simari impose some extra constraints on what is an acceptable argu-
mentation line. This is because they wish to ensure that their system avoids such things
as circular argumentation and that it imposes properties such as concordance between
supporting or interfering arguments. For more information on acceptable argumenta-
tion lines and their motivation the reader should refer to [25].



Definition 11 If A = [(Pg, o), (P1, ¢1), (P2, d2),...] is a sequence of arguments such
that each element of the sequence (®;, ;) is a defeater (proper or blocking) of its
predecessor (®;_1,¢;—1), then A is an argumentation line. A is an acceptable
argumentation line iff

1. A is a finite sequence,

2. oUPUP4U... 1/ Land P UP3UP5U... I L,

3. no argument (®y, ¢;) appearing in A is a subargument of an argument A; that
appears earlier in A (j < k),

4. Vi s.t. (D, ¢;) is a blocking defeater for (@;_1, ¢;—1), if (Pj41,¢Pi+1) exists, then
(Piy1,di+1) is a proper defeater for (D;, ¢;).

Ezxample 7 Continuing the running example, the following are all examples of argumen-
tation lines, however only As is an acceptable argumentation line. A7 is not acceptable
as it breaks constraints (3) and (4), whereas A3 is not acceptable as it breaks constraint

(2).

Al = [a57a27a17a27a17a2]
Ag = [as, a6, a7]
A3 = [as, ag, ag]

In order to determine whether the claim of an argument Ag is warranted given a set
of beliefs ¥, the agent must consider every acceptable argumentation line that it can
construct from A(¥) which starts with Ag. It does this by constructing a dialectical
tree.

Definition 12 Let ¥ be a, possibly inconsistent, belief base and Ag be an argument
such that Ag € A(¥). A dialectical tree for Ay constructed from ¥, denoted T(Ag, ¥),
is defined as follows.

1. The root of the tree is labelled with Ag.

2. Let N be a node of the tree labelled Ay, and let A; = [Ag, ..., An] be the sequence
of labels on the path from the root to node N. Let arguments By, Ba,..., B be
all the defeaters for A,, that can be formed from ¥.

For each defeater B; (1 < j < k), if the argumentation line A} = [Ay, ..., An, B;] is
an acceptable argumentation line, then the node NN has a child N; that is labelled
B;.

If there is no defeater for A, or there is no B; such that Aj is acceptable, then N
is a leaf node.

To ensure that the construction of a dialectical tree is a finite process we must
show that it is not possible to construct an infinite argumentation line that meets
conditions 2-4 of an acceptable argumentation line (Definition 11). Fortunately, we can
show that if condition 3 holds (subarguments of arguments that appear earlier in an
argumentation line cannot be repeated) and the arguments in the argumentation line
come from a finite set (as they do in the construction of a dialectical tree), then the
argumentation line is finite.
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Proposition 1 Let A = [Ag, A1, Aa,...] be an argumentation line such that, for any
A; appearing in A, A; € A(P) where @ is a finite set of beliefs. If no argument Ay
appearing in A is a subargument of an argument A; that appears earlier in A (j < k),
then A is a finite sequence of arguments.

Proof: Since ¢ is a finite set, it follows from the definition of an argument (Def. 6)
that A(P) is also a finite set. Since the arguments from the sequence A come from this
finite set, and since we are constrained that no argument in A can be repeated, it follows
that A is a finite sequence.

From the above proposition we see that, although we may go on constructing a
dialectical tree indefinitely and never know if a branch violated condition 1 of an
acceptable argumentation line, by meeting condition 3 of an acceptable argumentation
line we ensure that this will never be the case.

Note that the root node of a dialectical tree T is denoted Root(T). Also note, we
define two dialectical trees as being equal if and only if, if a sequence of labels appears
from the root node to a node in one tree then it also appears as a sequence of labels
from the root node to a node in the other. Our definition of dialectical tree equality
takes into account the labels of all nodes that appear in the trees (as opposed to,
for example, Chesievar et al.’s definition of isomorphic dialectical trees [15], where
blocking and proper defeaters are distinguished but no general constraint is made on
the arguments that appear at the nodes of the trees). We have taken this approach as
we will later show that the dialectical tree constructed by two agents during a warrant
inquiry dialogue is equal to the dialectical tree that could be constructed from the
union of their beliefs.

Definition 13 The dialectical trees T; and Ty are equal to one another iff

1. the root of Ty is labelled with Ag iff the root of T, is labelled with Ag,

2. if Ny is a node in T1 and [Ay,..., Ay] is the sequence of labels on the path from
the root of T1 to Ny, then there is an N3 s.t. N2 is a node in Ty and [Ag, ..., An]
is the sequence of labels on the path from the root of Ty to Na,

3. if Ny is a node in Ty and [Ay,..., An] is the sequence of labels on the path from
the root of T to N2, then there is an N s.t. N1 is a node in T7 and [Ag, ..., An]
is the sequence of labels on the path from the root of T; to Nj.

Following from [25], in order to determine whether the root of a dialectical tree is
undefeated or not, we have to recursively mark each node in the tree as D (defeated)
or U (undefeated), dependent on whether it has any undefeated child nodes that are
able to defeat it.

Definition 14 Let T(A,¥) be a dialectical tree. The corresponding marked dialec-
tical tree of T(A,¥) is obtained by marking every node in T(A,¥) as follows.

1. All leaves in T(A,¥) are marked U.

2. If N is a node of T(A,¥) and N is not a leaf node, then N will be marked U iff
every child of NV is marked D. The node N will be marked D iff it has at least one
child marked U.

Ezample 8 Following the running example, the corresponding marked dialectical tree
of T(as, 21) is shown in Figure 1. Note that the arguments a; and ag do not appear in
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{(a,1),(a = ¢,3)},c) D

/\

<{(ﬁa7 1)}7 ﬁa> u <{bv 2)7 (b — TG 2)}7 ﬁC> D

{(d,1),(d — —b,1)},-b) U

Fig. 1 A marked dialectical tree, T(as, X1).

the tree even though they are defeaters of arguments that do appear in the tree, this
is because their inclusion would break conditions of an acceptable argumentation line
(Definition 11); the inclusion of a1 would break conditions 3 and 4, the inclusion of ag
would break condition 2.

The function Status takes an argument A and a set of beliefs ¥. If the root node of
the dialectical tree that has A at its root and is constructed from ¥ is marked U, then
Status returns U; if it is marked D, then Status returns D.

Definition 15 The status of an argument A given a set of beliefs ¥ is returned by the
function Status : A(B) x p(B) — {U, D} such that Status(A,¥) = U iff Root(T (A4, ¥)) is
marked U in the corresponding marked dialectical tree of T(A, ¥), and Status(A,¥) = D
iff Root(T(A,¥)) is marked with D in the corresponding marked dialectical tree of
T(A,V¥).

The claim of an argument is warranted by the belief base if and only if the status
of the root of the associated dialectical tree is U.

Ezample 9 Following the running example, as the root node of the the tree T(as, 21) is
marked D (shown in Figure 1), and hence Status(as, £') = D, we see that the argument
as is not warranted by the belief base L.

This warrant procedure makes it possible for a single agent to reason with incom-
plete, inconsistent and uncertain knowledge. In the following two sections we propose a
dialogue system that allows two agents to use this warrant procedure to jointly reason
with their beliefs.

4 Representing dialogues

In this section we provide a general framework for representing dialogues. We define
how dialogues may be nested one within another, what it means for a dialogue to
terminate, and what we mean when we refer to the current dialogue. The framework
given in this section is not specific to warrant inquiry and argument inquiry dialogues
(the details of which will not come until the following section) and it can be used to
represent dialogues of other types (e.g. [13]).

The communicative acts in a dialogue are called moves. We assume that there are
always exactly two agents (participants) taking part in a dialogue, each with its own
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Move | Format

open (z, open, dialogue(6,~))
assert | {(x,assert, (P, d))

close (z, close, dialogue(0, 7))

Table 1 The format for moves used in warrant inquiry and argument inquiry dialogues, where
z € Z, (P,¢) is an argument, and either § = wi (for warrant inquiry) and v € S* (i.e. v is a
defeasible fact), or § = ai (for argument inquiry) and v € R* (i.e. 7 is a defeasible rule).

identifier taken from the set Z = {1,2}. Each participant takes it in turn to make a
move to the other participant. For a dialogue involving participants 1,2 € 7, we also
refer to participants using the variables x and & such that if z is 1 then & is 2 and if =
is 2 then % is 1.

A move in our framework is of the form (Agent, Act, Content). Agent is the iden-
tifier of the agent generating the move, Act is the type of move, and the Content
gives the details of the move. The format for moves used in warrant inquiry and ar-
gument inquiry dialogues is shown in Table 1, and the set of all moves meeting the
format defined in Table 1 is denoted M. Note that the framework allows for other
types of dialogues to be generated and these might require the addition of extra moves
(e.g. such as those suggested in [13]). Also, Sender : M — 7 is a function such that
Sender({Agent, Act, Content)) = Agent.

A dialogue is simply a sequence of moves, each of which is made from one participant
to the other. As a dialogue progresses over time, we denote each timepoint by a natural
number (N = {1,2,3,...}). Each move is indexed by the timepoint when the move was
made. Exactly one move is made at each timepoint. The dialogue itself is indexed with
two timepoints, indexing the first and last moves of the dialogue.

Definition 16 A dialogue, denoted DY, is a sequence of moves [mr, ..., m¢] involving
two participants in Z = {1,2}, where r,t € N and r < ¢, such that:

1. the first move of the dialogue, my, is a move of the form (x, open, dialogue(0,~)),
2. Sender(ms) € I (r < s <t),
3. Sender(ms) # Sender(mst1) (r < s <t).

The type of the dialogue DY is returned by Type(D?) such that Type(Df,) =0 (i.e. the
type of the dialogue is determined by the content of the first move made). The topic
of the dialogue D! is returned by Topic(DL) such that Topic(DL) = ~ (i.e. the topic
of the dialogue is determined by the content of the first move made). The set of all
dialogues is denoted D.

The first move of a dialogue D% must always be an open move (condition 1 of the
previous definition), every move of the dialogue must be made to a participant of the
dialogue (condition 2), and the agents take it in turns to make moves (condition 3).
The type and the topic of a dialogue are determined by the content of the first move
made; if the first move made in a dialogue is (x, open, dialogue(6,+)), then the type
of the dialogue is 6 and the topic of the dialogue is . In this article, we consider two
different types of dialogue (i.e. two different values for 6): wi (for warrant inquiry) and
ai (for argument inquiry). If a dialogue is a warrant inquiry dialogue, then its topic
must be a defeasible fact; if a dialogue is an argument inquiry dialogue, then its topic
must be a defeasible rule; these are requirements of the format of open moves defined
in Table 1. Although we consider only warrant inquiry and argument inquiry dialogues
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here, our definition of a dialogue is general so as to allow dialogues of other types to
be considered within our framework.

We now define some terminology that allows us to talk about the relationship
between two dialogues.

Definition 17 Let D. and DE be two dialogues. DE! is a sub-dialogue of DI iff
Df}l is a sub-sequence of D} (r<r <t <t). Dt is a top-level dialogue iff r = 1;
the set of all top-level dialogues is denoted Diop. D'{ is a top-dialogue of D} iff either
the sequence Df is the same as the sequence Dl or Dlisa sub-dialogue of Dﬁ. If DL is
a sequence of n moves, D!? extends DL iff the first n moves of D! are the sequence

Dt.

In order to terminate a dialogue, two close moves must appear next to each other
in the sequence (called a matched-close); this means that each participating agent must
agree to the termination of the dialogue. A close move is used to indicate that an agent
wishes to terminate the dialogue; it may be the case, however, that the other agent still
has something it wishes to say, which may in turn cause the original agent to change
its mind about wishing to terminate the dialogue.

Definition 18 Let D! be a dialogue of type 6 € {wi,ai} with participants Z = {1,2}
such that Topic(D%) = . We say that ms (r < s < t) is a matched-close for D! iff
ms—1 = (x, close, dialogue(,~)) and ms = (Z, close, dialogue(0,7)).

So a matched-close will terminate a dialogue DY but only if DY has not already ter-
minated and any sub-dialogues that are embedded within Df have already terminated;
this notion will be needed later on to define well-formed inquiry dialogues.

Definition 19 Let D be a dialogue. D terminates at ¢ iff the following conditions
hold:

1. my is a matched-close for DL,
2. EDf,l s.t. D' terminates at t; and D! extends Df},
3. VDiI1 if Dﬁ} is a sub-dialogue of DL,
then HDE s.t. Df?l terminates at to
and either D2 extends D{ or DE extends D!2,

and Dﬁi is a sub-dialogue of DE.

As we are often dealing with multiple nested dialogues it is often useful to refer to
the current dialogue, which is the innermost dialogue that has not yet terminated. As
dialogues of one type may be nested within dialogues of another type, an agent must
refer to the current dialogue in order to know which protocol to follow.

Definition 20 Let D! be a dialogue. The current dialogue is given by Current(Dﬁ)
such that Current(Dﬁ) = Dfal (1 <r <7y <t) where the following conditions hold:

1. mp, = (z, open, dialogue(8,~)) for some = € I, some v € B* and some 0 € {wi,ai},
2. VDf«l2 if Df‘Z is a sub-dialogue of Dﬁl,
then 3D2 s.t. either D}2 extends DEL or
DiL extends D2,
and D2 is a sub-dialogue of DL,
and D% terminates at to,
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3. /HDfﬁ s.t. D$1 extends Dfij and fol terminates at t3.

If the above conditions do not hold then Current(DL) = null.

The topic of the current dialogue is returned by the function cTopic(Dﬁ) such that
cTopic(DL) = Topic(Current(DL)). The type of the current dialogue is returned by
the function cType(D?) such that cType(D%) = Type(Current(DL)).

We now give a schematic example of nested dialogues.

Ezample 10 An example of nested dialogues is shown in Figure 2. In this example:

Current(D}) = D} Current(Difl) = DTl Current(DF) = DF
Current(lefl) = D;“il Current(D}) = null Current(fol) = DE*I
Current(DF) = D¥ Current(DF~1) = pk—1 Current(Dé-“) = null

i
k—1y _ -1
Current(D;™") = D}
We have now defined our general framework for representing dialogues, in the

following section we give the details needed to generate argument inquiry and warrant
inquiry dialogues.

5 Generating dialogues

In this section we give the details specific to argument inquiry and warrant inquiry
dialogues that, along with the general framework given in the previous section, comprise
our inquiry dialogue system. In Sections 5.1 and 5.2 we give the protocols needed to
model legal argument inquiry and warrant inquiry dialogues, we define what a well-
formed argument inquiry dialogue is and what a well-formed warrant inquiry dialogue
is (a dialogue that terminates and whose moves are legal according to the relevant
protocol), and we define what the outcomes of the two dialogue types are. In Section 5.3
we give the details of a strategy that can be used to generate legal argument inquiry
and warrant inquiry dialogues (i.e. that allows an agent to select exactly one of the
legal moves to make at any point in the dialogue).

We adopt the common approach of associating a commitment store with each agent
participating in a dialogue (e.g. [34,39]). A commitment store is a set of beliefs that the
agent is publicly committed to as the current point of the dialogue (i.e. that they have
asserted). As a commitment store consists of things that the agent has already publicly
declared, its contents are visible to the other agent participating in the dialogue. For
this reason, when constructing an argument, an agent may make use of not only its
own beliefs but also those from the other agent’s commitment store.

Definition 21 A commitment store is a set of beliefs denoted C'S% (i.e. CcSt C B),
where x € 7 is an agent and ¢t € N is a timepoint.

When an agent enters into a top-level dialogue of any kind a commitment store
is created and persists until that dialogue has terminated (i.e. this same commitment
store is used for any sub-dialogues of the top-level dialogue). If an agent makes a
move asserting an argument, every element of the support is added to the agent’s
commitment store. This is the only time the commitment store is updated.
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[mlv"'7

My ceyMp—1, Mt

My, ..., M1, M

l<i<j<k<t—1
DY =[mi,..., M4, ..., My, M, M1, - - -, Mt—1, T
m1 = (P1, open, dialogue(61, ¢1)) m; = (P;, open, dialogue(8;, ¢;))
m; = (Pj, open, dialogue(8;, ¢;)) mp_1 = (Px_1, close, dialogue(6;, ¢;))
my, = (Pg, close, dialogue(0;, ¢;)) mi—1 = (Pi_1, close, dialogue(0;, $;))
my = (P, close, dialogue(0;, ¢;))

Fig. 2 Nested dialogues. D! is a top level dialogue that has not yet terminated. Df is a sub-
dialogue of D! that terminates at ¢. D;? is a sub-dialogue of both D} and D}, that terminates
at k. D% is a top-dialogue of D’i. D]f is a top-dialogue of D;-“. Di is a top-dialogue of Df. D’f
is a top-dialogue of D’f.

Definition 22 Commitment store update. Let the current dialogue be D! with
participants Z = {1, 2}.

] iff t =0,
CSL ={ CSET Uit my = (&, assert, (D, §)),
Cngl otherwise.

The only move used in argument inquiry or warrant inquiry dialogues that affects an
agent’s commitment store is the assert move, which causes the support of the argument
being asserted to be added to the commitment store; hence the commitment store
of an agent participating in an argument inquiry or warrant inquiry dialogue grows
monotonically over time. If we were to define more moves in order to allow our system
to generate other dialogue types, it would be necessary to define the effect of those
moves on an agent’s commitment store. For example, a retract move (that causes a
belief to be removed from the commitment store) may be necessary for a negotiation
dialogue, in which case the commitment store of an agent participating in a negotiation
dialogue will not necessarily grow monotonically over time.

In the following subsection we give the details needed to allow us to model well-
formed argument inquiry dialogues.
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5.1 Modelling argument inquiry dialogues

An argument inquiry dialogue is initiated when an agent wants to construct an argu-
ment for a certain claim, let us say ¢, that it cannot construct alone. If the agent knows
of a domain belief whose consequent is that claim, let us say (a1 A ... Aan — ¢, L),
then the agent will open an argument inquiry dialogue with a3 A ... A an — ¢ as its
topic. If, between them, the two participating agents could provide arguments for each
of the elements a; (1 < ¢ < n) in the antecedent of the topic, then it would be possible
for an argument for ¢ to be constructed. We define the query store as the set of literals
that could help construct an argument for the consequent of the topic of an argument
inquiry dialogue: when an argument inquiry dialogue with topic a1 A ... Aan — 0
is opened, a query store associated with that dialogue is created whose contents are
{a1,...,an, 3} Throughout the dialogue the participating agents will both try to pro-
vide arguments for the literals in the query store. This may lead them to open further
nested argument inquiry dialogues that have as a topic a rule whose consequent is a
literal in the current query store.

Definition 23 For a dialogue D! with participants Z = {1,2}, a query store, de-
noted QSr, is a finite set of literals such that

0S8, = {a1,...,an, B} iff my = (z, open, dialogue(ai,a1 A ... A\ an — 3))
" 0 otherwise.

The query store of the current dialogue is given by cQS(D") such that cQS(DY.)
= QSy, iff Current(D}) = DL .

A query store is fixed and is determined by the open move that opens the associated
argument inquiry dialogue. If the current dialogue is an argument inquiry dialogue, then
the agents will consult the query store of the current dialogue in order to determine
what arguments it might be helpful to try and construct (i.e. those whose claim is a
member of the current query store).

A protocol is a function that returns the set of moves that are legal for an agent to
make at a particular point in a particular type of dialogue. Here we give the specific
protocol for argument inquiry dialogues. It takes the top-level dialogue that the agents
are participating in and returns the set of legal moves that the agent may make.

Definition 24 The argument inquiry protocol is a function I, : Diop — p(M).
If D} is a top-level dialogue with participants Z = {1,2} such that Sender(m:) = &,
1 <t and cTopic(D!) = v, then IT,;(D}) is

2 (Dhy u mre" (DY) U {(z, close, dialogue(ai, v))}

where

1335°(DY) = {(x, assert, (4, )]
(1) ¢ € cQS(DY),
(2) At'st. 1<t <tand my = (x,assert, (P, ¢)) and 2’ € T}

mren (DY) = {(x, open, dialogue(ai, B1 A ... A Bn — a))]
(1) a € cQS(D?),
(2) At'st. 1<t <tand my = (z',open,B1 A...ABn — a) and 2’ € T}
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The argument inquiry protocol tells us that an agent may always legally make a
close move, indicating that it wishes to terminate the dialogue (recall, however, that
the dialogue will only terminate when both agents indicate they wish to terminate the
dialogue, leading to a matched-close). An agent may legally assert an argument that
has not previously been asserted, as long as its claim is in the current query store
(and so may help the agents in finding an argument for the consequent of the topic of
the dialogue). An agent may legally open a new, embedded argument inquiry dialogue
providing an argument inquiry dialogue with the same topic has not previously been
opened and the of the topic of the new argument inquiry dialogue is a defeasible
rule that has a member of the current query store as its consequent (and so any
arguments successfully found in this new argument inquiry dialogue may help the
agents in finding an argument for the consequent of the topic of the current dialogue).
It is straightforward to check conformance with the protocol as it only refers to public
elements of the dialogue.

We are now able to define a well-formed argument inquiry dialogue. This is a
dialogue that starts with a move opening an argument inquiry dialogue (condition 1 of
the following definition), that has a continuation which terminates (condition 2) and
whose moves conform to the argument inquiry protocol (condition 3).

Definition 25 Let D% be a dialogue with participants Z = {1,2}. D! is a well-
formed argument inquiry dialogue iff the following conditions hold:

1. my = {(z, open, dialogue(ai,v)) where z € Z and v € R” (i.e. 7y is a defeasible rule),
2. 3t s.t. t <t', D! extends DE, and D terminates at ¢,
3. Vss.t. r < s<tand DL extends DS,
if Di is a top-dialogue of D! and
D7 is a top-dialogue of D; and
DY extends D and
Sender(ms) = x’ (where 2’ € 7),
then mgq1 € I,;(D$,2') (where 3’ € T,3" # 2).

The set of all well-formed argument inquiry dialogues is denoted Dg;.

We define the outcome of an argument inquiry dialogue as the set of all arguments
that can be constructed from the union of the commitment stores and whose claims
are in the query store.

Definition 26 The argument inquiry outcome of a dialogue is given by a function
Outcome,; : Dy — p(A(B)) U {}. If DL is a well-formed argument inquiry dialogue
with participants Z = {1, 2}, then

Outcome,; (DY) = {(®, ¢) € A(CSTUCSL) | ¢ € QSr}

We are now able to model well-formed argument inquiry dialogues and determine
their outcome. In the following subsection we give the details that we need to model
well-formed warrant inquiry dialogues.

5.2 Modelling warrant inquiry dialogues

The goal of a warrant inquiry dialogue is to jointly construct a dialectical tree whose
root is an argument for the topic of the dialogue; the topic of the dialogue is warranted
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if and only if the root of the dialectical tree is undefeated. The participants take it in
turn to exchange arguments in order to construct this tree. The argument for the topic
of the dialogue that is at the root of the dialectical tree is called the root argument.
As it may be the case that more than one argument for the topic are asserted during
the dialogue, the root argument is the first argument for the topic that gets asserted.
If the root argument is null then this means that no argument for the topic has been
asserted yet.

Definition 27 The function RootArg : D — A(B) U {null} returns the root ar-
gument of a warrant inquiry dialogue. Let D% be a warrant inquiry dialogue with
participants Z = {1, 2}.

(I,) if 3s s.t. r < s <t and
ms = (z, assert, (I, 7)) and Topic(DL) =~ and = € T and
As’ such that r < s’ < s and
Ar' s.t. my = (&', assert, (I, 7))
and ¢’ € Z,
null otherwise.

RootArg(D}) =

As a warrant inquiry dialogue progresses, a dialectical tree is constructed from the
union of the commitment stores whose root node is labelled with the root argument of
the dialogue. This tree may, at the end of the dialogue, act as a warrant for the topic
of the dialogue if and only if the status of the root node is U.

We now give the protocol for modelling legal warrant inquiry dialogues. As with the
argument inquiry dialogue, this only refers to public elements of the dialogue, hence it
is straightforward to check an agent’s conformance to the protocol.

Definition 28 A warrant inquiry protocol is a function I1y; : Diop — g(M). If
D’i is a top-level dialogue with participants z,# € Z such that Sender(m¢) = &, 1 <¢
and Topic(D}) = v, then IT,;(D}) is

2 (Dh) U Pe" (DY) U {(z, close, dialogue(wi, v))}

where

I3 (DY) = {(z, assert, (P, 6))|
(1) either RootArg(D!) = null and ¢ =, or
T(RootArg(D?),CSt U CSE U B) # T(RootArg(DY), CSE U CSE)
(2) At st. 1<t <tand my = (2’ assert, (®,¢)) and =’ € T}

H@?en(Di) = {(z, open, dialogue(ai, 1 A ... A Bn — @))|
(1) either RootArg(D!) = null and o = ,
or —a € DefDerivations(C'St U C'S%)
(2) At'st. 1<t <tand my = (x',open,dialogue(ai, B1 A ... A Bn — a))
and 2’ € T}
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As with the argument inquiry dialogue, an agent can always legally make a move
closing the current dialogue. An agent can legally assert an argument that has not
previously been asserted as long as that argument is either the first to be asserted for
the topic of the dialogue, or if asserting the argument causes the dialectical tree being
constructed to change in some way (and so has the potential to affect the dialogue
outcome). An agent can legally open an embedded argument inquiry dialogue with a
defeasible rule as its topic as long as no such embedded argument inquiry dialogue has
previously been opened and either no argument for the topic of the dialogue has yet
been asserted and the consequent of the defeasible rule is the topic of the dialogue, or
it is possible to defeasibly derive the negation of the consequent from the union of the
commitment stores (and so any arguments successfully found may have some bearing
on the outcome of the dialogue).

Note that, as the only type of open move that it is legal to make within a warrant
inquiry dialogue is one that opens an embedded argument inquiry dialogue, the only
type of dialogue that can be embedded within a warrant inquiry dialogue is an argu-
ment inquiry dialogue. Recall that argument inquiry dialogues may themselves have
argument inquiry dialogues embedded within them, and so it is possible to have mul-
tiple nested argument inquiry dialogues embedded within a warrant inquiry dialogue.
However, it is not possible to nest warrant inquiry dialogues within other warrant
inquiry dialogues or within argument inquiry dialogues.

We now define a well-formed warrant inquiry dialogue. This is a dialogue that
starts with a move opening an warrant inquiry dialogue (condition 1 of the following
definition), that has a continuation that terminates (condition 2) and whose moves
conform to the warrant inquiry protocol (condition 3).

Definition 29 Let D% be a dialogue with participants Z = {1,2}. D! is a well-
formed warrant inquiry dialogue iff the following conditions hold:

1. my = {(z, open, dialogue(wi,~)) where z € Z and v € §* (i.e. v is a defeasible fact),
2. I st t <t Dﬁ/ extends Df,, and Dfa/ terminates at ¢/,
3. Vs s.t. r < s <t and D! extends D,
if Di is a top-dialogue of D! and
D7 is a top-dialogue of D; and
DY extends D and
Sender(ms) = x’ (where 2’ € 7),
then mgy1 € IT,;(D5,4") (where 2’ € Z,3' # /).

The set of all well-formed warrant inquiry dialogues is denoted D,,;.

Note that hereinafter we will use the term well-formed dialogue to refer to either a
well-formed argument inquiry dialogue or a well-formed warrant inquiry dialogue.

The outcome of a warrant inquiry dialogue is determined by the dialectical tree
that is constructed from the union of the commitment stores. If the root argument is
undefeated in the dialectical tree then a warranted argument for the topic of the dia-
logue has successfully been found and the outcome of the dialogue is the root argument,
otherwise the outcome of the dialogue is null.

Definition 30 The warrant inquiry outcome of a dialogue is a function Outcome,;
such that Outcomey; : Dy — A(B) U{}. Let D! be a well formed warrant inquiry
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dialogue with participants 7 = {1, 2}.

RootArg(DL) if Status(RootArg(DL), C'S} U CSh)
= U, else

{} if Status(RootArg(D?), C'St U C'SE)
=D or RootArg(DL) = null.

Outcomewi(Dﬁ) =

We have now given protocols for both the argument inquiry and warrant inquiry
dialogue. In the following subsection we provide a strategy that allows an agent to
select exactly one of the legal moves returned by the relevant protocol.

5.3 Generating dialogues

We will shortly give the strategy function that allows an agent to select exactly one
legal move to make at any point in either an argument inquiry or a warrant inquiry
dialogue. It is this function that sets our system apart from many of the comparable
existing systems, as it allows the actual generation of dialogues. Most dialogue systems
only go so far as to provide something equivalent to our protocol function (e.g. [40,
42]). Such systems are intended for modelling legal dialogues, whilst our system allows
generation of dialogues by providing a specific strategy function that allows agents to
select exactly one legal move to make. A strategy function takes the top-level dialogue
that an agent is participating in and returns exactly one move to be made.

A strategy is personal to an agent, as the move that it returns depends on the
agent’s private beliefs. The exhaustive strategy that we give here states that if there
are any legal moves that assert an argument which can be constructed by the agent,
then a single one of these moves is selected (according to a selection function that we
define shortly, denoted Picka); else if there are any legal open moves with a defeasible
rule from the agent’s beliefs as their content, then a single one of these moves is selected
(according to a selection function that we define shortly, denoted Picko); else a close
move is made.

In order to select a single open move from a set of open moves, we assign a unique
number to each move content and carry out a comparison of these numbers. Let us
assume that B* is composed of a finite number Z of atoms. Let us also assume that
there is a registration function p over these atoms: so, for a literal o, p(a) returns a
unique single digit number base Z (this number is only like an id number and can be
arbitrarily assigned). For a rule a1 A ... A an — ant1, plar A ... Aan — any1) is
an 1+ 1 digit number of the form u(aq) ... u(an)u(an+1). This gives a unique base Z
number for each formula in B* and allows an agent to select a single open move using
the natural ordering relation < over base Z numbers.

Definition 31 Let = = {(z,open,dialogue(61,¢1)), ..., (x,open, dialogue(Oy, ¢r))}
be a set of legal open moves that could be made by agent x. The function Picke returns
the selected open move to make. Picko(Z) = (z, open, dialogue(0;, ¢;)) (1 < i < k)
such that for all j (1 < j < k) if i # 4, then pu(¢;) < pu(o;).

If the set = taken by the function Picko is not the empty set, then (as p assigns
a unique number to the content of each open move) Picko, deterministically returns a
single open move.
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Example 11 Let us assume that
= = {(1, open, dialogue(ai,a A b — c)), (1, open, dialogue(ai, ~a — d))}
and that p arbitrarily assigns a single digit base 5 number to the atoms that appear
in = as follows: u(a) =1, p(—a) =2, u(b) = 3, u(c) =4, p(d) = 5.
This gives us the following unique base 5 numbers for the defeasible rules that appear
in = plaNb— c) =134, pu(—-a — d) = 25.
As p(—a — d) < pla ANb— c), we get Picko(Z) = (1, open, dialogue(ai, ~a — d)).

In order to select a single assert move from a set of assert moves, we similarly assign
a unique tuple of numbers to each move content and carry out a comparison of these

tuples. We assign a tuple of numbers to each argument in A(B) using a registration
function A together with p. For an argument that takes the form

<{(¢17L1)7 SRR (¢W7L7l)}7¢n+l>

we get
A{(¢1,L1), -, (&n, Ln)}, dn1)) = (di, ... dn, dnt1)
where
di <...<dn <dp41
and

(d1,...,dn,dn+1) is a permutation of (u(é1),. .., uw(dn), u(Pn+1))

(where p is the registration function for B). The function A returns a unique tuple
of base Z numbers for each argument. We use a standard lexicographical comparison,
denoted <., of these tuples of numbers to select a move to make (i.e. the one whose
content is the maximum element in the lexicographical ordering).

Definition 32 Let & = {(z,assert,(P1,¢1)),...,{(x,assert, (P, dr))} be a set of
legal assert moves that could be made by agent x. The function Pick, returns the
chosen assert move to make. Picka(Z) = (z,assert, (;, ¢;)) (1 < i < k) such that
for all j (1 <j <k)ifi#j, then A((Ds,$3)) <iex A(Dj, ¢5))-

If the set = taken by the function Picka is not the empty set, then (as A\ assigns
a unique tuple to the content of each assert move) Picka deterministically returns a
single assert move.

Ezxample 12 Let us assume that

= ={(1,assert, {({(a, 1), (b,1), (aAb — ¢,1)},¢)), (1,assert, {({(—a, 1), (-a — d,1)},d))}
and that p arbitrarily assigns a single digit base 5 number to the atoms that appear
in £ as follows: u(a) =1, u(—a) =2, u(b) =3, u(c) =4, u(d) =5.

This gives us the following unique tuples of base 5 numbers for the arguments that
appear in =: A(({(a,1),(b,1),(a Ab — ¢, 1)},¢)) = (1,3,134), A(({(—a,1),(-a —
d,1)},dy) = (2,25).

As >‘(<{(a7 1)7 (b7 1)7 (a ANb — ¢ 1)}7C>) <lex A(({(ﬁaﬁ 1)7 (ﬁa — d, 1)}7d>)7 we get
Picka(Z) = (1, assert, ({(a,1), (b,1),(a Ab — ¢, 1)}, ¢))).

We now define the exhaustive strategy, so called as it ensures that all moves which
might have a bearing on the outcome of the dialogue will get made. This strategy
defines a subset of the legal assert moves and a subset of the legal open moves. If the
subset of legal assert moves is not empty, then Pick, is used to select one of these moves
to make; else if the subset of legal open moves is not empty, then Picke is used to select
one of these moves to make; else a close move is made.
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Picka (Assertsg (DY) iff Assertsy (DY)
02, (D%) = { Picko(Opens, (D1)) iff Assertsm(Dig
D

£
(x, close, dialogue (0, y)) iff Asserts, (D) =

0
() and Opens,, (DY) # 0
0 and Opens,(D%) =0

where 6 = cType(D?), v = cTopic(D?) and the choices for the moves are given by the following
subsidiary functions.

Asserts, (DY)

H (w,assert, (P, ¢)) € Hy(DY) | (D, ) € A(XTUCSE)}
Opens, (D})

=A{ |
= {(z, open, dialogue(ai,)) € Iy(DY) | (v,L) € X=}

Fig. 3 The exhaustive strategy function uniquely selects a legal move to be made in either a
warrant inquiry or an argument inquiry dialogue.

Definition 33 The exhaustive strategy for an agent x participating in a well-
formed top-level dialogue D’i is a function {2 : Dyop — M given in Figure 3.

Note the restrictions on the sets of legal moves from which an agent can pick a
next move. As we are considering a cooperative domain, an agent will only assert
an argument that it can construct from the union of its beliefs and the other agent’s
commitment store (and so will not make arguments up or deliberately deceive). Agents
are restricted to only opening a new argument inquiry dialogue with topic ¢ if they
have a belief (¢, L). This prevents an agent from opening a nested sub-dialogue unless
it at least knows of a rule that might help construct the desired argument.

As the strategy we define here is exhaustive, in the sense that it ensures all legal
moves get made, our simple selection functions Picka and Picke (that depend only on
an arbitrary registration function) are sufficient. It would be interesting to consider
more sophisticated selection functions that might, for example, aim to minimise the
length of the dialogues produced whilst still arriving at the same dialogue outcome.

We now define a well-formed exhaustive dialogue. This is either a well-formed
argument inquiry dialogue or a well-formed warrant inquiry dialogue that is generated
by two agents who both follow the exhaustive strategy at all times.

Definition 34 Let D be a well-formed dialogue with participants Z = {1,2}. D% is
a well-formed exhaustive dialogue if the following condition holds.

1. Vs s.t. r <s<tand DL extends DS,
if DY is a top-dialogue of DY and
D7 is a top-dialogue of D; and
D! extends D and
Sender(ms) = x (where z € 7),
then Mms4+1 = QQ(DT)

We have now provided a strategy for use with either the argument inquiry protocol
or the warrant inquiry protocol, allowing agents to generate both well-formed warrant
inquiry dialogues and well-formed argument inquiry dialogues. In the following section
we give some examples of dialogues generated with the exhaustive strategy.

5.4 Dialogue examples

In this section we give examples of well-formed exhaustive dialogues. The first example
we give is a well-formed exhaustive argument inquiry dialogue.
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t] CSt mi Cs?t QS
1 (1, open, dialogue(ai, c — d) QS1 = {c,d}
2 (2, close, dialogue(ai,c — d))
3 (1, open, dialogue(ai, b — c)) QS3 ={b,c}
4 (2, assert, ({(b,1)},b)) (b,1)
5| 1) || (Lassert, ({(b, 1), (b— e, 1)}, )

(b— 1)
6 (2, close, dialogue(ai, b — c))
7 (1, open, dialogue(ai, a — b)) QS7 = {a,b}
. (2, assert, ({(a, 1)}, 0)) (a,1)
9| (a1) |[[(assert, {{(a1), (a — b 1)},5)

(@ —b,1)
10 (2, close, dialogue(ai,a — b))
11 (1, close, dialogue(ai,a — b))
12 (2, close, dialogue(ai, b — c))
13 (1, close, dialogue(ai, b — c))
14 (2, close, dialogue(ai,c — d))
15|(c¢ — d,1)|(1, assert, ({(a, 1), (a — b, 1),

(b— 1), (c — d, 1)}, d))

16 (2, close, dialogue(ai, c — d))
17 (1, close, dialogue(ai, ¢ — d))

Table 2 Argument inquiry dialogue example.

5.4.1 Argument inquiry dialogue example

Agent 1 wishes to enter into an argument inquiry dialogue with agent 2 in order to try
to find an argument for d (where both agents are following the exhaustive strategy).
We have

S ={(c—d,1),(b—c1),(a—b1)} 2% ={(a,1), (b, 1)}

Agent 1 is aware of a defeasible rule whose consequent is d and so opens an argument
inquiry dialogue with this defeasible rule as its topic. Assume p(a) = 1, u(—a) = 2,
w(b) = 3, p(=b) =4, p(c) =5, p(—c) = 6, p(d) = 7 etc. The dialogue proceeds as in
Table 2. The table represents the top-level dialogue, the first column gives the value
of ¢, the second column gives the commitment store of agent 1, the third column gives
the move m¢, the fourth column gives the commitment store of agent 2, and the fifth
column gives the details of any query stores that are not equal to the empty set.

As there are two arguments for d that can be constructed from the union of the
two commitment stores at the end of the top-level dialogue D%7, the outcome of this
dialogue is the set of these two arguments.

Outcomeq; (D17) = {({(a, 1), (a — b,1), (b — ¢, 1), (c — d, 1)},d),
{6, 1),(b—¢,1),(c—d, 1)}, d)}

There are two sub-dialogues of D%7: D%S that terminates at 13 and has topic b — ¢;
and D}! that terminates at 11 and has topic a — b. D! is also a sub-dialogue of D33,
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t CSt my CS} QS

1 1, open, dialogue(wi, b))

2 (2, close, dialogue(wi, b))

3 (a‘7 4) <17a5587‘t7 ({(a74)7(a - b74)}7b>>

(a— b,4)
4 (2, assert, ({(d, 3), (d — —a, 3)}, —a)) (d,3)
(d - Ta, 3)
5 (C) 3) <17 assert, <{(C’ 3)a (C — b, 3)}7 _‘b>>
(c — —b,3)

6 <27 assert, <{(“d7 1)}’ “d>> (“d» 1)

7 (1, open, dialogue(ai, a — b) QS7 = {a,b}
8 (2, close, dialogue(ai,a — b))

9 (1, close, dialogue(ai, a — b))

10 (2, open, dialogue(ai, d — —a)) QS0 = {d, ~a}
11 (1, close, dialogue(ai,d — —a))

12 (2, close, dialogue(ai,d — —a))

13 (1, open, dialogue(ai, c — —b)) QS13 = {c, b}
14 (2, close, dialogue(ai,c — —b))

15 (1, close, dialogue(ai, c — —b))

16 (2, open, dialogue(ai, e — —d)) QS16 = {e,~d}
17| (@2 |(Lassert, ({(2)},e)

18 (2) assert, <{(8, 2)7 (e — —d, 2)}7 _'d>> (67 2)

(6 — —d, 2)

19 (1, close, dialogue(ai, e — —d))
20 (2, close, dialogue(ai, e — —d))
21 (1, close, dialogue(wi, b))
22 <27 assert, <{(“67 1)}? "e>> (“67 1)
22 (1, close, dialogue(wi, b))
23 (2, close, dialogue(wt, b))

Table 3 Warrant inquiry dialogue example.

Outcome,i(D3%) = {{{(a,1), (a — b,1), (b — ¢, 1)}, ), ({(b,1), (b — ¢, 1)}, ¢)}

OUtcomeai(D%l) = {<{(a7 1), (a — b, 1)}7 b), <{(b7 1)}7 b>}

The following example is of a well-formed exhaustive warrant inquiry dialogue.

5.4.2 Warrant inquiry dialogue example

Agent 1 wishes to enter into a warrant inquiry dialogue with agent 2 in order to try to
find a warrant for an argument for b (where both agents are following the exhaustive
strategy). We have

Xt ={(a,4),(a — b,4),(c,3), (c — —b,3), (e,2)}

2% ={(d,3),(d — —a,3),(~d, 1), (e — ~d, 2), (me, 1)}
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{(a,4), (a — b,4)},b) D

/\

{(¢,3),(c = —b,3)},-by U {(d,3),(d = —a,3)},—-a) D
({(ﬁd, 1)}7 ﬁd> u <{(€, 2)7 (e — —d, 2)}7 ﬁd) D

({(=e, 1)}, me) U

Fig. 4 The marked dialectical tree for warrant inquiry dialogue example.

Agent 1 opens a warrant inquiry dialogue with b as its topic. The dialogue proceeds
as in Table 3. Again, we assume p(a) = 1, p(—a) = 2, p(b) = 3, p(=b) =4, p(c) = 5,
u(—c) =6, u(d) =7 ete.

The root argument of this dialogue is ({(a,4),(a — b,4)},b) (as this is the first
argument asserted for the topic), and so the outcome of the top-level warrant inquiry
dialogue D?® depends on the dialectical tree T(({(a,4), (a — b,4)},b), CST> U CS33).
The marked version of this dialectical tree is shown in Figure 4.

As the root argument of the tree is defeated, the outcome of the dialogue is the
empty set.

Outcomey,; (D%S) ={}

Note that there are four nested argument inquiry dialogues that appear as sub-
dialogues of D%gz DY, D%(z), D%}:’ and D%g.

Outcomea;(D?) ={}
Outcome, (Dip) = {}
Outcome,i(Di3) = {}

OUtcomeai(D%g) = {<{(€, 2)7 (e — ~d, 2)}’ ﬁd>}

The final example we give is an example of a well-formed exhaustive warrant inquiry
dialogue from the medical domain.
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t CSt mg CS} QS:

1 (2, open, dialogue(wi, mam))

2 (1, close, dialogue(wi, mam))

3 (2, open, dialogue(at, QS3 =
pain A nonCyc — mam)) {pain,

nonCyc, mam}

41 (pain,1) ||(1,assert, {{(pain,1)}, pain))

5 (2, close, dialogue(ai,

pain A nonCyc — mam))

6 |(nonClyc, 1)||(1, assert, ({(nonCyc, 1)}, nonCyc))

7 (2,assert, ({(pain, 1), (nonCyc, 1), (pain, 1)

(pain A nonCyc — mam, 3)}, mam)) (nonCye, 1)

(pain A nonCyc
— mam, 3)

8 (1, close, dialogue(ai,
pain A nonCyc — mam))
9 (2, close, dialogue(ai,

pain A nonCyc — mam))

10 (1, close, dialogue(wi, mam))
11 (2, open, dialogue(ai, preg — —mam)) QS11 =
12| (preg,2) ||(1,assert, ({(preg,2)},preg)) {preg, -mam}
13 (2, assert, ({(preg, 2), (preg, 2)
(preg — —mam, 1)}, ~“mam))||(preg — —mam, 1)
14 (1, close, dialogue(ai, preg — —mam))
15 (2, close, dialogue(ai, preg — —mam))
16 (1, close, dialogue(wi, mam))
17 (2, close, dialogue(wi, mam))

Table 4 Warrant inquiry dialogue example from medical domain.

5.4.8 Warrant inquiry dialogue example from medical domain

Agent 1 represents a specific patient’s agent, and keeps track of all data relevant to
the patient (and so subsumes the role of electronic patient record). The patient is
suffering from breast symptoms and is worried she may have breast cancer. She has
been referred by her general practitioner to a breast surgeon for diagnosis of these
symptoms. The breast surgeon’s agent is agent 2. As part of the diagnostic procedure,
the breast surgeon must decide whether the patient needs imaging and what form this
imaging should take (mammogram or ultrasound), and so the surgeon must collect
all acceptable arguments for and against these options in order to decide which is the
best course of action. There are many things that the surgeon must take into account
during the argumentation process and, as this example covers only a very small part
of this space, the reader should not assume anything about the validity of the medical
knowledge represented here. We have

' = {(pain, 1), (nonCyc, 1), (preg, 2)}

2% = {(pain A nonCyc — mam, 3), (preg — —mam, 1)}
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{(pain, 1), (nonCyc, 1), (pain A nonCyc — mam, 3)}, mam) D

{({(preg,2), (preg — ~mam, 1)}, ~mam) U

Fig. 5 The marked dialectical tree for warrant inquiry dialogue example from medical domain.

where pain represents that the patient has breast pain, nonC'yc represents that the
patient’s breast pain is non-cyclical, preg represents that the patient is pregnant, and
mam represents that the patient should have a mammogram.

Agent 2 opens a warrant inquiry dialogue with mam as its topic. The dialogue
proceeds as in Table 4 (where both agents are following the exhaustive strategy). We
assume p(pain) = 1, u(nonCyc) = 2, u(preg) = 3, p(mam) = 4, u(—-mam) = 5.

The root argument of this dialogue is

({(pain, 1), (nonCyc, 1), (pain A nonCyc — mam, 3)}, mam)

as so the outcome of the top-level warrant inquiry dialogue D%7 depends on the dialec-
tical tree

T({{(pain, 1), (nonCyc, 1), (pain A nonCyc — mam, 3)}, mam), C’S%7 U 05217).

The marked version of this dialectical tree is shown in Figure 5. As the root argument
of the tree is defeated, the outcome of the dialogue is the empty set.

Outcome,,;(D17) = {}

Note that there are two nested argument inquiry dialogues that appear as subdialogues
of DI7: DY and Di3.

Outcome,i(D3) = {{{(pain, 1), (nonCyc, 1), (pain A nonCyc — mam, 3)}, mam)}

Outcome,;(Di3) = {{(preg, 2), (preg — —mam, 1)}, -mam)}

6 Properties of the dialogue system

We believe it is important to consider soundness and completeness properties if we
are to understand the behaviour of our dialogues. This is particularly the case when
dealing with a domain such as the medical domain, where we wish the appropriate
outcome to be guaranteed given a particular situation. One can imagine that in a
competitive domain we would want it to be possible for the agents to behave in an
intelligent manner in order to be able to influence the outcome of the dialogue; in the
safety-critical medical domain, we wish the agents to always arrive at the best possible
outcome given their beliefs. When defining soundness and completeness properties, we
compare the outcome of our dialogues with the benchmark that is the set of arguments
that can be constructed from the union of the participating agents’ beliefs.

We consider this benchmark to be the ‘ideal’ outcome, as there are clearly no
constraints on the sharing of beliefs. However, it is only ideal if we accept that the
agents each have the same level of expertise regarding the beliefs. Consider the situation
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in which a medical student is discussing a diagnosis with a consultant. In this situation,
the ideal benchmark might be the outcome that the consultant would reach without
taking into account any of the student’s beliefs. Or there may be a situation in which
we wish our argument inquiry dialogues not to produce every argument that the agents
can jointly construct for a certain claim, but only those which are considered to be the
‘best’ in some sense. We would like to explore other possible benchmarks as future
work.

In this section we define soundness and completeness properties for both argument
inquiry and warrant inquiry dialogues and show that all dialogues generated by our
system are sound and complete. We first deal with argument inquiry dialogues and
then with warrant inquiry dialogues.

6.1 Argument inquiry dialogues

We say that an argument inquiry dialogue is sound if and only if, when the outcome of
the dialogue includes an argument, then that same argument can be constructed from
the union of the two participating agents’ beliefs.

Definition 35 Let D! be a well-formed argument inquiry dialogue. We say that D}
is sound iff, if (@, $) € Outcome,;(DL), then (&, ¢) € A(Z! U %?).

In order to show that all argument inquiry dialogues are sound we need to introduce
some lemmas. The first states that if an agent asserts an argument, then it must be
able to construct the argument from its beliefs and the other agent’s commitment store.
This is clear from the definition of the exhaustive strategy.

Lemma 1 Let DL be a well-formed argument inquiry dialogue. If Dﬁ is a top-dialogue
of DL and Q,(D%) = (x,assert, (D, $)), then (®,¢) € AT UCSL).

Proof: The exhaustive strategy (Def. 33) states that if 2,(D%) = (z,assert, (P, ¢))
then the condition (®, ¢) € A(X* UCSL) must hold. O

From Lemma 1 and the fact that the commitment stores are only updated when
an assert move is made, we get the lemma that a commitment store is always a subset
of the union of the two agents’ beliefs.

Lemma 2 If D! is a well-formed ezhaustive argument inquiry dialogue, then C’Sf U
cshc xtux?,

Proof: The only time that a commitment store is changed is when an agent x makes
the move (x, assert, (P, $)) (Def. 22). From Lem. 1, we see that for (x,assert, (P, P))
to be a move made at point t + 1 in a dialogue, the condition (®,¢) € A(X* U CSL)
must hold, hence & C X* UCS;7 (Def. 6). As a commitment store is empty when t = 0,
any member of the union of the commitment stores must also be a member of the union
of the agents’ beliefs, hence C’S{ U CS% cxtux? o

The next lemma states that if we have a set @ that is a subset of a set of beliefs
¥, then the set of arguments that can be constructed from @ is a subset of the set of
arguments that can be constructed from W¥.



29

Lemma 3 Let ® C B and ¥ C B be two sets. If ® C ¥, then A(P) C A(W).

Proof: Assume that ® C W and (II, ) is an argument s.t. {(II,w) € A(®). From Def. 6,
we see that [ C ®. As I1 C &, ® C ¥ and the subset relationship is transitive, IT C W.
Hence, (I, ) € A(¥) (Def. 6). Hence, if ® CW¥ and A € A(P) then A € A(W). Hence,
if ® C ¥ then A(P) C AW). O

We now show that argument inquiry dialogues generated with the exhaustive strat-
egy are sound.

Proposition 2 If DL is a well-formed ezhaustive argument inquiry dialogue, then D}
is sound.

Proof: Assume (¥, ¢) € Outcome,(DL). From Def. 26, (®,¢) € A(CSEUCSE). From
Lem. 2, C’Sf UC’S% C x'UX?. Hence, from Lem. 3, (D, 9) € A(El UE2). Hence, D!
is sound. OJ

Similarly, an argument inquiry dialogue is complete if and only if, if the dialogue
terminates at t and it is possible to construct an argument for a literal in the query
store from the union of the two participating agents’ beliefs, then that argument will
be in the outcome of the dialogue at ¢.

Definition 36 Let D! be a well-formed argument inquiry dialogue. We say that Df
is complete iff, if D! terminates at ¢t and ¢ € QS, and there exists ¢ such that
(®, ) € A(Z' U X?), then (@, ¢) € Outcome,i(DL).

In order to show that all exhaustive argument inquiry dialogues are complete we
need to give some further lemmas. The first states that if a well-formed exhaustive
dialogue (either argument inquiry or warrant inquiry) terminates at ¢, then the set of
legal moves from which an agent must choose the move m¢ does not include any open
or assert moves. This is clear from the definition of the exhaustive strategy.

Lemma 4 If DL is a well-formed ezhaustive dialogue that terminates at t such that
Sender(m¢—1) = & and Dt extends D,tfl and Di_l is a top-dialogue of fol, then
(for = € T) Assertsy(DY™') = 0 and Opens, (D!™1) = 0.

Proof: A dialogue is terminated with a matched-close (Def. 19). The exhaustive strat-
egy (Def. 38) states that a close move will only be made by x if the sets Assertsy (D?)
and Opens, (DY) are empty. Hence, Assertsy (DY) = Opens, (D}) = 0. O

The following lemma states that if two agents are in an argument inquiry dialogue
that terminates at ¢t and there exists some r (1 < r < t) such that ¢ € QS and there
is an argument for ¢ of the form ({¢}, ¢) that can be constructed from the union of the
two agents’ beliefs, then ¢ will be in the union of the commitment stores at timepoint
t. We get this lemma from Lemma 4 and the definitions of the exhaustive strategy and
the argument inquiry protocol.

Lemma 5 For all v (1 < r < t), if Dt is a well-formed exhaustive argument in-
quiry dialogue that terminates at t such that ¢ € QSr and there exists ({(¢, L)}, d) €
AZTUE?), then ¢ € CSTUCSS.

Proof: Let us assume that ¢ € QSr and ({(¢, L)}, ¢) € A(ZUX?), hence (forx € T)
{(s, L)}, ¢) € A(X* U CS?) for all values of ta s.t 1 < tg <t (from Def. 6). From
Def. 24 and Def. 33, for all t3 s.t. r < t3 <t, (x,assert, ({(¢,L)}, ¢)) € Assertsw(D?)
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unless there exists a ta, 1 < t4 < t3, s.t. my, = (_,assert, ({(¢,L)}, 9)). As D termi-
nates at t and from Lem. 4, Assertsy (DY) = Opens,, (D) = 0, hence it must be true that
there exists t4 (1 <ty <t), s.t. me, = (_,assert, ({(¢, L)}, ¢)), hence ¢ € CSE UC’S;%4
(1 <ty <t) hence p € CSEUCSE. O

From Lemma 4 and the definitions of the exhaustive strategy and the argument
inquiry protocol we also get the following lemma that if there is a defeasible rule whose
consequent is present in the query store, then there will be a timepoint at which a
query store will be created that contains all the literals of the defeasible rule.

Lemma 6 Forallr (1 <r <t), if Dt is a well-formed ezhaustive argument inquiry
dialogue that terminates at t such that ¢ € QSr and there exists a domain belief (a1 A
oANan — ¢, L) € XU X2, then there emists t; (1 < t; < t) such that QS;, =
{a1,...,an, ¢} and DL extends Dt

Proof: Assume (a1 A...Aan — ¢, L) € X% (wherex € Z), ¢ € QSr, {a1,...an, ¢}
QSr and the dialogue D2 terminates at ts. From Def. 24 and Def. 33, we see that,
for t3 s.t. Current(Di‘"‘) = D, (z,open,a1 A ... Na — @) € OpensI(D?) (r <
t3 < t2) unless such a move has already been made at timepoint t4 (1 < t4 < t3)
in which case QSt, = {ai1,...,an,d}. As D terminates at to and from Lem. 4,
Assertsz(D?) = Opens, (D) = 0, hence there exists ty (1 <ty <tz <t) s.t. my, =
(z,0pen, a1 A ... Na — @), hence QSt, = {a1,...,an,¢}. O

We now show that argument inquiry dialogues generated with the exhaustive strat-
egy are complete.

Proposition 3 If D! is a well-formed ezhaustive argument inquiry dialogue, then D}
is complete.

Proof: If DL does not terminate at t then D! is complete. So assume Dt terminates
at t, ¢ € QSr, and ($,¢) € AN U X?). By Def. 6, & C X1 U X2, There are two
cases. (Case 1) & = {(¢,L)}. Hence by Lem. 5, ¢ € CS% U CSs. From Def. 26,
(®, ¢) € Outcome,(DL). (Case 2) There exists (a1 A ... A oan — ¢, L) € ®. By Def. 6,
for all a; there exists @; s.t. (P;, ;) € .A(E1 U 22). From Lem. 6, there exists t1
(1 <ty <t)s.t. QS ={a1,...,an,d}. Each @; is either an example of case 1 or case
2, so, by recursion, there exists ra,ta (r < re <ty <t) s.t. (D;, ;) € Outcomeai(D%).
Hence, from Def. 6, (B, $) € Outcome,(DL). O

The soundness and completeness results we have given here are particularly inter-
esting if we know that an argument inquiry dialogue terminates. Fortunately, we can
show that all dialogues (both argument inquiry and warrant inquiry) generated with
the exhaustive strategy terminate (as agents’ belief bases are finite, hence there are
only a finite number of assert and open moves that can be generated and agents cannot
repeat these moves).

Proposition 4 For any well-formed ezhaustive dialogue D, there exists a t1 r<t<
t1) such that D!t terminates at t1 and DY extends Dt.

Proof: An agent’s belief base is assumed to be finite. The ezhaustive strategy (Def. 33)
states that the set of assert moves from which an agent may select a move to make
depends on the arguments that an agent can construct from the union of its beliefs and
the other agents commitment store. The other agent’s commitment store is a subset of
the union of the agents’ beliefs (Lem. 2) and so is also finite, hence there can only be
a finite number of assert moves that are available to an agent throughout the dialogue.
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Similarly, the exhaustive strategy states that an agent can only make an open move if
the content of that move is a belief of the agent, as the beliefs are finite this means
that there can only be a finite number of open moves available to the agent throughout
the dialogue. As both the protocols (Def. 24, Def. 28) state that agents cannot repeat
moves, each agent participating in a dialogue will, therefore, eventually exhaust the set
of assert or open moves they may make. The exhaustive strategy states that when this
happens the agents must each make a close move, hence giving us a matched close and
terminating the dialogue. O

From combining our completeness proposition with the fact that exhaustive argu-
ment inquiry dialogues always terminate, we get the desired result that if an argument
can be constructed from the union of the two participating agents’ beliefs whose claim
is a literal from the current query store, then there will come a timepoint at which that
argument is in the outcome of the dialogue.

Proposition 5 Let DL be a well-formed ezhaustive argument inquiry dialogue. If ¢ €
QS and there exists D such that (D,$) € AT U £?), then there ewists t1 (1 < t1)
such that DI extends DL and (®, ¢) € Outcome,i(DE).

Proof: This follows from Prop. 8 and Prop. 4. O

To summarise this section, each argument inquiry dialogue generated with the
exhaustive strategy terminates such that the set of arguments that is its outcome is
exactly the same as the set of all arguments that have as their claim a literal from
the query store and that are constructed from the union of the participating agents’
beliefs.

6.2 Warrant inquiry dialogues

The goal of a warrant inquiry dialogue is for two agents to share relevant parts of
their knowledge in order to jointly construct (from the union of their commitment
stores) a dialectical tree that has an argument for the topic of the dialogue at the root
(henceforth referred to as the dialogue tree). This tree then acts as a warrant for the
root argument if and only if the status of the root node is U (i.e. it is undefeated). When
defining soundness and completeness properties, the benchmark that we compare this
to is the dialectical tree that has the same root argument as the dialogue tree but is
constructed from the union of the two agents’ beliefs. Again, this benchmark is in a
sense the ‘ideal’ situation, in which there are no constraints on the sharing of beliefs.

We say that a warrant inquiry dialogue is sound if and only if, if the outcome of the
terminated dialogue is an argument (@, ¢) and T is a dialectical tree that has (@, ¢) at
its root and is constructed from the union of the participating agents’ beliefs, then the
status of the root node of T is U.

Definition 37 Let D! be a well-formed warrant inquiry dialogue. DY is sound iff, if
D! terminates at ¢ and Outcome,;(DL) = (¥, ¢), then Status((®, ¢), X1 U £?) = U.

Similarly, a warrant inquiry dialogue is complete if and only if, if the root argument
of the dialogue is (@, ¢) and the status of the root node of a dialectical tree that has
(P, ¢) at its root and is constructed from the union of the participating agents’ beliefs
is U, then the outcome of the dialogue when it is terminated is (@, ¢).
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Definition 38 Let D! be a well-formed warrant inquiry dialogue. D! is complete
iff, if D% terminates at ¢, RootArg(D%) = (&, ¢) and Status((®, $), >ty 22) = U, then
Outcome,,;(DL) = (®, ¢).

In order to show that warrant inquiry dialogues are sound and complete, we will
show that the dialogue tree is in fact equal to the dialectical tree that has the same
argument at its root but is constructed from the union of the participating agents’
beliefs. As the outcome of the warrant inquiry dialogue is determined by the status of
the root node of the dialogue tree, it is clear that if the outcome of the warrant inquiry
dialogue is the argument (@, ¢) then the status of the root node of the dialectical tree
that is constructed from the union of the agents’ beliefs and has (@, ¢) at its root is
U (given that the dialogue tree is equal to this dialectical tree). Similarly, if the root
argument of the dialogue is (@, ¢) and the status of the root node of the dialectical
tree that is constructed from the union of the agents’ beliefs and has (@, ¢) at its root
is U, then the outcome of the dialogue must be (2, ¢).

To show that the dialogue tree is equal to the dialectical tree that has the root
argument of the dialogue at its root and is constructed from the union of the agents’
beliefs, we must show that if a path from the root node appears in one then it will
also appear in the other. First, we will show that if we have an exhaustive warrant
inquiry dialogue D! that terminates at ¢, whose root argument is (@, ¢), and there is a
path from the root node [(®, @), (P1,d1), ..., (Pn, dn)] that appears in the dialogue tree
constructed during D?, then the same path from the root node appears in the dialectical
tree that is constructed from the union of the two participating agents’ beliefs and has
(P, @) at its root. This is due to the relationship between the commitment stores and
the agents’ beliefs (i.e. the union of the commitment stores is a subset of the union of
the beliefs).

Lemma 7 Let D! be a well-formed ezhaustive warrant inquiry dialogue that terminates
at t such that RootArg(DL) = (®, ¢). If there exists a path (D, ¢), (B1,d1), ..., (Pn, dn)]
in the dialogue tree T((®, ¢),C'St U CSY), then the same path exists in the dialectical
tree T((®, ¢), X1 U X?).

Proof: Assume the path [(®, @), (P1, 1), ..., (Pn, dn)] appears in T((P, ¢), CSTUCSE).
From Def. 12, Vi (1 <i < n) (®;,¢;) € A(CSLUCSY), hence (®;,¢;) € AX' U X?)
(from Lem. 2 and Lem. 8), hence the path (D, d), (P1,d1),...,{(Pn, dn)] can also be
constructed from YU X2, As [(D,6), (B1, 1), ..., (Pn, dn)] is an acceptable argumen-
tation line in T((®,$),CSE U CSY), it must also be an acceptable argumentation line
in T((®, ¢), X1 U £2) (from Def. 11). Hence, if there exists a path [(D,), (P1,¢1),
ooy (P, d0)] in T((D, ), CSE U CSL), then there exists a path (P, $), (D1, 1), ...,
(B, )] in T((D, ¢), 21U X?). O

The next lemma is complementary to the previous one. It states that if we have an
exhaustive warrant inquiry dialogue D! that terminates at ¢, whose root argument is
(P, ¢), and there is a path [(D, @), (P1, 1), ..., (Pn, ¢n)] that appears in the dialectical
tree that is constructed from the union of the two participating agents’ beliefs and
has (P, ¢) at its root, then the same path [(D, ¢), (P1,d1), ..., (Pn, dn)] appears in the
dialogue tree. This is due to the fact that the warrant inquiry protocol along with the
exhaustive strategy ensures that all arguments that change the dialogue tree (i.e. cause
a new node to be added to the tree) get asserted during the dialogue.

Lemma 8 Let D! be a well-formed exhaustive warrant inquiry dialogue that termi-
nates at t such that RootArg(DL) = (&,¢). If Dt is a top-dialogue of D% and there
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exists a path (P, &), (P1, 1), ..., (Pn,¢n)] in T{D, qb),Zl U 22), then there exists a
path [(D, @), (D1, 1), ..., (Pn, ¢n)] in the dialogue tree T((®, ¢), C'St U CSE).

Proof: Assume the path (D, d),(P1,d1),- .-, (Pn, Pn)] appears in T((D, P), >y 22).
Also assume there exists t1 such that & C C’Si1 U C’S;1 and there does not exist t'

such that 1 <t' < t1 and & C C’S{I U CS%I (i.e. t1 is the timepoint at which the Toot
argument is asserted). From Def. 12, (B;,¢;) € A(XT U X?) (1 < i < n). There are
two cases.

(Case 1) (D;, d;) € A(XT) where z € T.

(Case 2) (®;, ¢;) ¢ A(ZY) and (B, ¢;) ¢ A(5?), in which case there exists a defeasible
rule (a1 A...ANam — ¢;, L) € ®; such that (ax A...ANam — ¢4, L) € X, wherexz € T.
Let us now consider (P1,¢1). It is either an instance of case 1, or of case 2.

If it is case 1: From Def. 28 and Def. 33, for all to such that t; < to < t and D}
extends Diz, (x,assert, (P1, P1)) € Assertsz(D?) unless T((®, ¢),CS§2 U CS;2 Udy)
equals T((P, P), C’S’{2 U C’S’éz) (i.e making the move to assert (P1,¢1) does not change
the dialogue tree).

As the path [(D, d), (D1, P1)] appears in T((@,d)),El U 22) it must be the case (from
Def. 12) that (D1, 1) is a defeater for (D, ¢p) and the argumentation line [(D, @), (P1, P1)]
is acceptable. Hence if (x,assert, (D1, P1)) & Assertsz(D?) then the argumentation line
(D, p), (D1, Pp1)] must already appear in the dialogue tree T({D, ¢), C’Si2 UCS?), other-
wise asserting (P, ¢) would certainly change the dialogue tree. As Assertsy (D’i_l) =0
(Lem. 4) it must be the case that {x,assert,(P1,¢1)) & Assertsm(Di_l) and so the
argumentation line [(D, ¢), (P1, $1)] must already appear in the dialogue tree T((P, ¢),
C’Sffl UC’S;fl). Hence, there must exist t3 such that t1 <tz <t and [(®, ¢), (D1, d1)]
appears in T((P, @), CS?’ U 0333).

If it is case 2: As (D1, P1) is a defeater for (D, p), —¢p1 € De1’Derivations(C’S{1 UCS;l).
Hence, from Def. 28 and Def. 33, for all t4 such that t; < t4 <t, (x, open, dialogue(ai,
a1 A Nam — ¢1)) € Opensx(Di“) unless there exists a ts such that 1 < t5 < t4
and QSty = {a1,...,am,P1}, in which case, from Prop. 5, there exists tg such that
ts <tg <t and (P1,¢1) € Outcomea;(Df.G). As Opensm(D’i_l) =0 (Lem. 4), it must
be the case that there exists tg such that ts5 < tg < t and ($1,¢1) € Outcomeai(DﬁG).
From Def. 26, (P1,¢1) € C’Si6 U CSEG, hence (from Def. 12) [(®, $), (P1, P1)] appears
in the dialogue tree T((P, ¢), C'Si6 U CS;G).

Now let us consider (o, p2). We can apply the same reasoning again to show that
there will exist a timepoint at which [(@, @), (P1,P1), (P2, P2)] appears in the dialogue
tree. If we now consider (P3,p3) we can apply the same reasoning to show us that
there will exist a timepoint at which [(®, @), (D1, 1), (P2, p2), (P3, d3)] appears in the
dialogue tree. Hence, if we continued in this way, by recursion there exists a path
(D, @), (D1, 1), ..., (P, Pn)] in the dialogue tree T((®,p), CSt U CSE). O

From the previous two lemmas we get the following proposition, which states that
if we have a well-formed exhaustive warrant inquiry dialogue D! that terminates at ¢,
whose root argument is (@, ¢), then the dialogue tree equals the dialectical tree that
is constructed from the union of the two participating agents’ beliefs and has (&, ¢) as
its root.

Proposition 6 If DL is a well-formed ezhaustive warrant inquiry dialogue that termi-
nates at t such that RootArg(DL) = (D, ), then the dialogue tree T((®,¢), X1 U £?)
equals the dialectical tree T((®, $), CSL U CSH).

Proof: This follows from Lem. 7 and Lem. 8. O
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Now we have shown that the dialogue tree produced in a warrant inquiry dialogue
is equal to the dialectical tree that is constructed from the union of the agents’ beliefs
and has the same argument at its root, it follows that warrant inquiry dialogues are
sound and complete.

Proposition 7 If D! is a well-formed erhaustive warrant inquiry dialogue, then Dt
is sound.

Proof: If DL does not terminate at t, then DL is sound. So, assume DL terminates at
t and that RootArg(DL) = (@, ¢). If Outcomeyi(DL) = (®, ¢), then Status((P, ¢), CSTU
CSL) = U (from Def. 30), hence if Outcomeyi(DL) = (B, $), then Status((®,$), X U
%) = U (as T((®,¢),CS? U CSY) equals T((®,$), 51 U X?), from Prop. 6). Hence,
DL is sound. O

Proposition 8 If D! is a well-formed exhaustive warrant inquiry dialogue, then D}
is complete.

Proof: If D! does not terminate at t, then DL is complete. So, assume that DE ter-
minates at t and that RootArg(DL) = (@,4). Prop. 6 states that the dialogue tree
TP, ¢),CS? UCSLE) equals T((P, ), B U X?). Hence if Status((®, ¢), 1 U X?) = U,
then Outcome,;(DL) = (P, ¢) (from Def. 30). Hence, Dt is complete. O

We can combine these propositions with our result that all dialogues terminate to
give us the following two propositions. The first states that all warrant inquiry dialogues
have a continuation such that if the outcome of this continuation is (@, ¢), then the
status of the root node of the dialectical tree that is constructed from the union of the
agents’ beliefs with (@, @) at its root is U.

Proposition 9 Let DL be a well-formed ezhaustive warrant inquiry dialogue. There
exists t' such that v < t', Df«l extends DL, and if Outcomewi(Dﬁ/) = (D, ¢), then
Status((®, ¢), 1 U ¥?) = U.

Proof: This follows from Prop. 4 and Prop. 7. O

The next Proposition states that all warrant inquiry dialogues have a continuation
such that if the root argument of the dialogue is (@, ¢) and the status of the root node
of the dialectical tree that is constructed from the union of the participating agents’
beliefs and has (P, ¢) at its root is U, then the outcome of the continuation of the
dialogue is (P, ¢).

Proposition 10 Let Dt be a well-formed exhaustive warrant inquiry dialogue. There
existst' such thatr < t', Df extends DL, and if RootArg(DL) = ($, ¢) and Status((P, ¢),
1 U x?) = U, then Outcome,,;(DL) = (&, ¢).

Proof: This follows from Prop. 4 and Prop. 8. O

We have now shown that all warrant inquiry dialogues generated by the exhaustive
strategy terminate such that the dialogue tree produced is equal to the equivalent di-
alectical tree constructed from the union of the participating agents’ beliefs. The reader
may be interested to know that we have defined another strategy (in the first author’s
PhD thesis [11]) that produces sound and complete warrant inquiry dialogues in which
the dialogue tree is a pruned version of the equivalent dialectical tree constructed from
the union of the participating agents’ beliefs
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7 Related work

There is another group who have done work on distributing Garcia and Simari’s Defea-
sible Logic Programming. They have presented a system [48] which allows a group of
agents (including a moderator) to share arguments and jointly construct a dialectical
tree. However, whilst they give a functional description of the argumentation process,
they do not provide a protocol or strategy for the agents to follow in order to carry
out the argumentation process. As we have done, they compare the behaviour of their
system with that produced by a single agent reasoning with the union of the dis-
tributed agents’ beliefs. They also give soundness and completeness results; however,
these depend on the assumption that arguments are not split between agents, i.e. for
each argument that can be constructed from the union of all agents’ beliefs, it must be
the case that a single agent can construct the argument from its beliefs alone. These
results are weaker than our soundness and completeness results, which hold no matter
how the beliefs are split across the agents.

Another work that has an equivalent aim to ours is [16]. The authors of [16] present a
framework in which agents can exchange arguments to determine the acceptability of an
argument in question. Notably, the agents are also able to jointly construct arguments.
However, although they informally define a protocol and sketch an algorithm for multi-
agent argumentation it is not clear that this is sufficient for agents to generate dialogues,
nor do they give soundness and completeness results for their system.

The soundness and completeness results given here represent a key contribution of
this work. As most existing dialogue systems provide a protocol but no strategy, it is
hard to analyse the behaviour of the dialogues produced and hard to consider sound-
ness and completeness results for such systems. There are some results on termination
of dialogues, e.g.: Sadri et al. [47] show that a dialogue under their protocol always
terminates in a finite number of steps; Parsons et al. [38,39] consider the termination
properties of the protocols given in [3,4]. There are also some complexity results, e.g.:
Parsons et al. [38,39], and Dunne et al. [21,22] consider questions such as “How many
algorithm steps are required, for the most efficient algorithm, for a participant to de-
cide what to utter in a dialogue under a given protocol?” and “How many dialogue
utterances are required for normal termination of a dialogue under the protocol?”.

Bentahar et al. [8] show soundness and completeness properties of their dialogue
system that are equivalent to the soundness and completeness properties we define
(i.e. they use the union of the agents’ knowledge to define their benchmark). Their
system, like ours, allows two agents to share knowledge to establish the acceptability
of an argument; as they allow partial arguments to be exchanged, their dialogues can
also take into account arguments that cannot be constructed by a single agent alone.
However, their system (which is based on assumption-based argumentation) assumes
that the each agent shares the same set of rules, whereas we make no assumptions about
the division of beliefs between the agents. They also do not use different dialogue types
to distinguish the joint construction of arguments from the process of determining their
acceptability, as we do with our definitions of argument inquiry and warrant inquiry
dialogues. Bentahar et al. classify their dialogues as merging persuasion with inquiry
but we would argue that their dialogues are not persuasion as the agents are not aiming
to convince the other to accept their position, but rather aim to arrive at the same
outcome as would be achieved when reasoning with the union of the agents’ knowledge.

We believe the only other similar works that consider soundness and completeness
properties are [37,42,46]. Rather than consider a specific dialogue system, [37] defines
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different classes of protocol based on types of move relevance, and looks at complete-
ness properties for these classes of protocol. As with [48], the notion of completeness
considered in [37] is weaker than our notion of completeness in the sense that it does
not consider arguments that can only be constructed jointly by two agents. [46] defines
different agent programs for negotiation. If such an agent program is both exhaustive
and deterministic then exactly one move is suggested by the program at a timepoint,
making such a program generative and allowing consideration of soundness and com-
pleteness properties. As [46] deals with negotiation dialogues, however, their results
are not comparable with ours. Prakken [42] presents a dialogue system for modelling
persuasion dialogues, where he considers soundness and fairness properties of the sys-
tem. However, Prakken is interested in showing that his definition of the outcome of
the dialogue (based on a labelling of the moves made) does indeed produce the same
outcome as the dialectical graph that is implicitly produced during the dialogue, rather
than in comparing the outcome of his system with the outcome of another system.

It is interesting to note that, although Prakken’s dialogue system models persua-
sion dialogues, the dialogues it produces appear very similar to our warrant inquiry
dialogues, in that they both allow the exchange of arguments with the aim of jointly
constructing a dialectical graph (although Prakken’s system does not allow agents to
jointly construct arguments). A main aim of the warrant inquiry protocol is to ensure
that the dialogue stays on topic, which it achieves by only allowing the participants to
assert arguments that will alter the dialogue tree; Prakken’s protocol for liberal per-
suasion dialogues shares this aim, which it achieves by only allowing the participants to
make moves that reply to a move that has previously been made. What makes one of
these systems an inquiry dialogue system and the other a persuasion dialogue system
is the strategical manoeuvring within the space of legal moves defined by the protocols.
The exhaustive strategy was defined to ensure that cooperative agents participating in
a warrant inquiry dialogue exchange all arguments that may have some bearing on the
outcome of the dialogue, without any consideration of how an agent might manipulate
the dialogue (e.g. by holding back certain knowledge) in order to convince the other
to accept its position; this allows the agents to jointly arrive at some new knowledge
that was not previously known be either agent alone (i.e. the status of the root argu-
ment given the union of the agents’ beliefs), hence the term inquiry. When considering
persuasion dialogues, it is assumed that agents are self-interested and each will make
their choice of legal move in order to maximise the possibility of persuading the other
to accept their position.

To conclude this discussion section we consider Dung’s seminal piece of work on
defining semantics for the acceptability of arguments [19]. Under Dung’s semantics, one
can construct an argument graph of all arguments under consideration and then assess
the acceptability of arguments from this graph. As our protocol deals with dialectical
trees, which are a special form of argument graph, we believe it would be possible to
adapt our system so that it used Dung semantics rather than those of DelLP. The work
we have presented in this article, whilst focussing on DeLP semantics, illustrates a
general approach to jointly assessing the acceptability of an argument; the important
point here is that our system ensures consideration of all arguments that may affect
the acceptability of the argument in question. We believe that we could adapt our
system to use the semantics and defeat relation of any argumentation system where
the acceptability of an argument depends on the argument graph constructed around
it, such as [1,6,9,20,36]. We intend to show this in future work.
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8 Conclusions

We have presented a general framework for representing dialogues and given details of
two specific protocols and a strategy for generating two subtypes of inquiry dialogue
between two agents; together, this framework, the protocols and the strategy comprise
our inquiry dialogue system. The argument inquiry dialogue allows two agents to share
knowledge in order to jointly construct arguments for a specific claim that neither may
construct from their own personal beliefs alone. The warrant inquiry dialogue allows
two agents to share arguments in order to jointly construct a dialectical tree that neither
may construct from their own personal beliefs alone, effectively allowing two agents
to use Garcfa and Simari’s Defeasible Logic Programming [25] (intended for internal
reasoning by a single agent) to carry out intra-agent argumentation. As argument
inquiry dialogues may be embedded within warrant inquiry dialogues, our system allows
agents participating in a warrant inquiry dialogue to consider all arguments that can
be constructed from the union of their beliefs when constructing the dialectical tree,
something that is not possible in most other comparable systems (e.g. [32,48]). The
assumption-based system defined in [8] does allow joint construction of arguments;
however, it assumes that each agent shares the same set of rules and so only the
assumptions are distributed between the agents. The only system we are aware of that
allows agents to jointly construct arguments without making any assumptions about
the split of beliefs across the agents is [16]; however, they do not provide a precise
protocol and strategy, nor do they provide soundness and completeness results for
their system.

This system is intended for use in a cooperative, safety-critical domain (such as
the medical domain) where we wish the results of the dialogue to be predetermined
by the agents’ beliefs and the protocol and strategy being used. Other groups have
presented protocols capable of modelling inquiry dialogues (e.g. [32,39]); however, none
have provided the means to select exactly one legal move at each timepoint. We have
addressed this problem by providing a strategy function that selects exactly one move
from the set of legal moves returned by the protocol. We have proposed a benchmark
against which to compare the outcome of our dialogues, being a single agent reasoning
with the union of the participating agents’ beliefs, and have shown that dialogues
generated by our system are always sound and complete in relation to this benchmark;
we have done this without imposing any restrictions on the division of beliefs between
the agents. No other group has considered such properties of inquiry dialogues unless
they have also made some assumption about the division of beliefs between the agents.
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