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1. Introduction

The study and implementation of systems that exhibit autonomous intelligence guiding their behavior
has been a long term concern of Artificial Intelligence researchers. Argumentation, as an area of Knowledge
Representation and Reasoning, specializes in modeling the process of human reasoning to determine which
conclusions are acceptable in a context of disagreement. Broadly speaking, argumentation theories deal
with the interactions between arguments that are in favor of or against a specific conclusion, such as
support or attack, with the final goal of determining when a conclusion is acceptable (see [4,29] for a
general account); these theories are extensively used in diverse domains such as legal reasoning, dialogue
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and persuasion, recommender systems, intelligent web search, autonomous agents and multi-agent systems,
and many others [27,24,9,29,21].

In certain applications of argumentation, it is necessary to provide further details of the arguments that
represent real-world features aiming to obtain more refined results. Moreover, the properties related to the
intrinsic logical soundness of an argument are not always the only ones that matter in determining its
acceptability; other qualities can be weighted in the decision process of acceptability. For instance, each
argument may have associated different characteristics such as its strength [3,7], weight [13], or reliability
varying on time [6]. In the domain of agents and multi-agent systems, it is important to associate each
argument with the reliability degree of their source and an accuracy measurement associated with the
information on which the arguments are based, increasing the information that is used to determine their
acceptability.

Based on this intuition, the argumentation process is defined in two steps: the determination of the
argument valuations, and the selection of the set of most acceptable arguments. The former can be obtained
independently of the interactions with other arguments as [3,14], or those that are dependent on the relations
(support and attack) that the argument has with other arguments [17,7]. For the latter, it is possible to
analyze this in two ways: the individual acceptability, where the acceptability of an argument depends on its
attributes [3,22], and the collective acceptability, where a set of arguments satisfies certain properties [12,8].
Recently, a combination of both points of view was considered, increasing the capability of representing real
world applications, and providing more information about argument acceptability [7,13].

We will address here a combination of these proposals, generalizing them and providing a flexible structure
which allows different instantiations of its elements to create models tailored for particular goals. Our
formalization, called Labeled Argumentation Framework (LAF), combines the capabilities of knowledge
modeling of the Argument Interchange Format (AIF) [10] with an Algebra of Argumentation Labels which
allows to manipulate and propagate labels through a series of operations defined for that purpose. These
labels will be combined and propagated through an argumentation graph according to the manner in
which the interactions between arguments are defined: support, conflict, and aggregation. Each one of
these has received extensive attention, in particular, aggregation has been studied in the form of argument
accrual [28,33,25]; for each of these interactions, an associated operation in the algebra is introduced. Once
completed the propagation process which produces the definitive argumentation labels associated with the
arguments, we continue to establish the arguments’ acceptability using the information on the labels to
offer, for example, the reliability degree of an acceptability status or an explanation. In addition, using
the information provided by the labels we will define an acceptability threshold to determine whether an
argument satisfies certain conditions to be accepted in a particular query and also to specify when an
argument is better to another.

This paper is structured as follows: in Section 2, we introduce a particular abstract algebra for han-
dling the labels associated with the arguments that we call Algebra of Argumentation Labels; the core
contribution of the paper is presented in Section 3 as the formalism characterizing Labeled Argumenta-
tion Frameworks (LAF) together with an example of application in the domain of agents and multi-agents
systems; finally, in Section 4 we discuss related work, and in Section 5 we conclude and propose future
work.

2. An initial example

The aim of our work is to increase the representation capability of argumentation systems through the
use of labels that represent real world features of the arguments, bringing the possibility of operating
over these labels to compute the corresponding labels of derived arguments. This information will be used
to refine the assessment process providing additional details attached to the conclusions offered by the
system. Additionally, we will show how our formalism is suitable to be used in different artificial intelligence
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applications, including but not limited to decision support systems, recommender systems, autonomous
agents and multi-agents systems. Next, we will motivate the usefulness of our formalization in the context
of autonomous agents and multi-agent systems as an example where the formalism could help achieve an
enhanced behavior.

Consider the following scenario where an agent must decide whether it is riskier to invest in a real estate
property or to invest in gold bullion. To reach a decision the agent ponders these arguments:

I should invest my savings in land because it doesn’t depreciate quickly, and this leads to financial safety.
Buying land is a good way to invest as long as it is a in quiet and safe area.

It is not wise to invest in land as involves a significant maintenance expenditure.

It is better to invest in gold bullion because it does not deteriorate, and it does not require maintenance.
I should not invest in gold bullion, since it is expensive and the results are unpredictable.

Investing in gold bullion is expensive as you have to store it in safekeeping.

Q=EEI9 aOE >

Buying foreign currency is an investment of unpredictable results because it depends on the global econ-
omy.

As it is possible to appreciate in this example, the knowledge used to make a decision can be naturally
structured in arguments, and to reach a decision it will be necessary to consider how these arguments affect
each other. This interaction include the support between arguments (e.g., E and F), their aggregation in
the form of different arguments for the same conclusion (e.g., A and B), and the conflicts represented as
contradictory conclusions (e.g., A and C).

In some applications of argumentation, like those in which the objective is to find all the arguments
for and against a specific conclusion, it is often natural to consider all those arguments sharing the same
claim as a single argument structure instead of assessing them individually. This is known as aggrega-
tion or accrual, and it is based on the intuition that having more reasons for a given conclusion makes
it more credible [28,33,25]. In the example, the arguments supporting investing in land A and B provide
reasons which should be considered together, against the reason given by C backing the contrary posi-
tion.

The pros and cons to proceed with a particular decision (i.e., invest in property or in gold bullion), have
associated certain features that influence the final decision; that is to say, the agent uses this information
to determine which of these options is the most convenient. Thus, the agent analyzes each case to obtain
information on the advantages and disadvantages of each option determining which of them is the most
appropriate. In our particular example, it would be interesting to assign to the arguments a reliability
degree (the reliability that the agent gives to the information source) and an accuracy measurement (which
represents the accuracy level for the information).

Usually, in argumentation systems the conflict between two arguments is resolved producing defeat in
the following way: if two arguments X and Y are in conflict, and X is “better” (in some agreed sense)
than Y, then Y becomes defeated by X; but, conflict is a symmetrical relation, i.e., X and Y are in effect
attacking each other. Nevertheless, in most argumentation formalisms the defeating argument X is regarded
as unaffected by the attack of the defeated argument Y. We propose a different way to treat disputes
between arguments allowing the strength of X to become diminished by Y’s attack, i.e., when there is
no counterargument, the strength of an argument that supports a decision should not be the same as
when a counter-argument exist. Thus, it is interesting to model the diminishing effect over an undefeated
argument when counterarguments exist; i.e., the reliability and certainty that an argument provides to
support a decision of the agent should not be the same when it is free of counterarguments as when it is
controversial.

Next, we will introduce the elements necessary to develop our formalism, including the possibility of rep-
resenting meta-information associated with arguments using labels, and providing the capability of defining
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acceptability by combining and propagating these labels according to the interactions of support, aggrega-
tion, and conflict. Finally, we will instantiate the proposed formalization to model the example presented
in this section.

3. Algebra of argumentation labels

In this section, we will introduce the use of labels as a tool for aiding in the assessment of arguments. To
be useful, these labels must represent information about the arguments and how the arguments interact.
A natural way of representing this information is to use a scale that measures a particular feature of the
argument, such as the trust the argument has, the temporal availability of the argument, et cetera. We
will consider a scale, that will be further characterized below, where the valuations range between two
distinguished elements: L and T, where L represents the least possible degree in which an argument may
possess a certain attribute, and T the maximum.

Proposed by L.A. Zadeh [36] in 1965, Fuzzy Logic provides a ready made set of tools for dealing with
values in the real interval [0, 1] as if it were a set of truth values of propositions. We borrow some of those
tools as explained below, and add a new operation. The effectiveness of these methods has been proven by
many applications, see for example [37].

We define an algebra of argumentation labels as an abstract algebraic structure, and over its carrier
the set the necessary operations related to the argument manipulation will be performed. The effect of
aggregation, support, and conflict of arguments will be reflected on their labels, and in that manner, the
labels will inform on how the arguments have been affected by the process. The algebra will be based on an
ordered set allowing the comparison of the labels, and this set is characterized in the most abstract way to
accommodate the different requirement of a particular application.

Definition 1 (Algebra of argumentation labels). An algebra of argumentation labels is a 6-tuple which has
the form A = (A, <, ®,®,6, T, L) where:

A is a set of labels called the domain of labels.
— < is a partial order relation on A (that is, a reflexive, antisymmetric, and transitive relation).

®:AxA— Ais called a support operation and satisfies that:
® is a commutative operation: for all o, 8 € A,aa ©® =0 ©® a.
® is monotone: for all a, 8,y € A, ifa < B, thena © v< B8 © 7.
© is associative: for all a, S,y € A, a0 © (B8 © v)=(a ©® B) ©@ 7.
- ®:Ax A— Ais called an aggregation operation and satisfies that:
@ is a commutative operation: for all a,f € A,aa @ f=0 & a.
@ is monotone: for all a, 5,y € A, if a < J,thena & vy< 5 & 7.
@ is associative: for all o, B,y € A, a & (B @ v)=(a & B) © 7.
- 6:AXx A— Ais called a conflict operation and satisfies that:
Foralla,f € A, a & B<a.
Foralla€e A, a 6 a= L.
Right neutral element: for alla € A,a & 1L = a.
Forall o, e A, ifa & = Land 8 6 a= 1,thena = £.
Forall o, € A, (¢ @ B) < T, then (¢ ® B8) © B) = o
— T is the greatest element of A, while L is the least one. Furthermore:
T is the neutral element for @: foralla € A, a ©® T = «a.
L is the neutral element for ®: foralla € A, a & L = «.
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The operation ® is used to determine the valuation of an argument based on the valuations of the
arguments supporting it. It is clear that one wants this dependency to be invariant of the order in which
the supporting arguments are considered, and therefore the operation is both commutative and associative.
Monotonicity is also easy to justify: If an argument is supported by stronger arguments, its valuation must
be higher than that of one with lesser valuations for its supporters. Finally, an argument should not have
a valuation higher than the lesser one of its supporters (weakest-link principle); these conditions can be
summarized by saying that © is a T-norm (see [30,31]).

The operation @ determines the valuation of an argument based on the valuations of various sources of
support for it. Thus, an argument that can be supported by independent sources can accrue or aggregate
the valuations of those sources. The most natural way of doing this would be to directly add the valuations,
if that operation is available. The operation @ has some of the properties of the addition instead. It is then a
commutative and associative operation, with a neutral element: arguments with the least possible valuation
1 do not add to the accrual. These conditions on @ may be summarized saying that it is a T-conorm.

The conditions on the operation & say that the conflict operator acts with respect to the aggrega-
tion operation somewhat as the subtraction acts with respect to the addition of real numbers. Note that
if an argument has a label with valuation o @ 8 because it has accrued the valuations of other argu-
ments, and then it is attacked by an argument with valuation £, and a @ f < T its valuation becomes
reduced to «. Thus, the conflict operation is in some sense an inverse of the accrual operation. In the case
that a @ 8 = T, some information is lost and for that reason © is not an inverse of the accrual in all
cases.

We will show how labels composed of elements from the algebra of argumentation labels allow to represent
the different features concerning arguments, and provide assistance, by taking this information into account,
in the process of determining argument acceptability. Note that, by using the information attached to the
arguments it is possible to provide different degrees of acceptability. For example, as was proposed by
Cayrol and Lagasquie-Schiex in [7], when an attacked argument is not defeated (but just weakened), the
argument that is effectively attacked can be less acceptable than one that is not; in a different approach,
Elvang-Goransson et al. in [14] associate an uncertainty degree to arguments defining different acceptability
classes, and assigning a linguistic qualifier to a claim.

There are many possible examples of algebras of argumentation labels, and it is important to determine
the most appropriated one to use in each case. This is a methodological question involving the semantics
of the domain that could be tackled by devising experiments using examples where the desired conclusion
is well known, or by performing tests using the cognitive evaluation of human subjects to approximate
their assessment of the valuations obtained after their interactions. We have chosen functions ranging over
partially ordered sets with additional operations as our representation. A full discussion of the generality of
this choice for representing uncertain information can be found in [35].

4. Labeled argumentation framework

It is useful to attach additional information about their effectiveness and acceptability to arguments; for
instance, arguments could be built from an agent’s knowledge, each of them having a reliability measure of
the information source attached. In the end, the agent determines the decision, recommendation, or action
to be taken based on the most reliable information.

In this section we will focus on the development a formalism, called Labeled Argumentation Frame-
work (LAF), that will allow us to represent arguments, their internal structure, the interactions between
arguments, and certain special features of the arguments through argumentation labels. The argument in-
teractions of support, conflict, and aggregation, have associated operations in the algebra of argumentation
labels; moreover, these operations allow the system to propagate and combine argumentation labels to obtain
the final label attached to each argument. Using this information, we can establish the acceptability status
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of arguments providing additional information, such as degree of justification, restrictions on justification,
and explanation.

Having additional information associated with the arguments, it is possible use this information to es-
tablish when an argument is better than another; furthermore, the representation power of argumentation
labels enables us to set a threshold, which will be used to determine which arguments are strong enough
to be accepted, e.g., in application domains where decisions are critical or high-risk, we should only accept
those arguments that satisfy the conditions imposed by the threshold.

As we have mentioned, it is necessary to use a knowledge representation framework to enable modeling
of the argumentation structures and the relationships that exist among them. For this purpose, we will use
the Argument Interchange Format (AIF) which is composed of a set of argument-related concepts used to
unify the representation of different argumentation formalisms and schemes. In this formalism, arguments
are represented as a set of nodes in a directed graph, called an argument network (see [10] for full details),
where it is possible to visualize the relationships that exist among argument structures.

Definition 2 (Labeled argumentation framework). A Labeled Argumentation Framework (LAF) is a 5-tuple
of the form ® = (£, R, K, A, F) where:

— L is a logical language for knowledge representation (claims) about the domain of discourse. We assume
that the connectives of this language include one distinguished symbol “~” denoting strong negation,’
so that ~~ is considered equivalent to ¢ for every formula ¢ in £. Thus, we can assume that no
subexpression of the form “~~” appears in the formulas of the language, yet the set of formulas in £
is closed with respect to “~”.

— R is a set of (domain independent) inference rules Rj, Ro,..., R, defined in terms of £ (i.e., with
premises and conclusion in £).

— K is the knowledge base, a set of formulas of £ describing knowledge about the domain of discourse.

— A is a set of algebras of argumentation labels (Definition 1) Ay, Ag, ..., A,, one for each feature that
will be represented by labels.

— F is a function that assigns to each element of K, an n-tuple of elements? in the algebras A;,s =1,...,n.
Thisis, F: K — A1 X Ay X -+ X A,,.

It is important to understand that the use of two or more consecutive “~” in £ is not allowed in order
to simplify the definition of conflict between claims; this does not limit its expressive power or gener-
ality of the representation. We denote with @ the negation of a formula in £, so $ is ~p and ~p is

simply .

The language L is used to specify knowledge about a particular domain. The inferences that can be made
from the knowledge expressed in £ will be specified by inference rules which represent domain-independent
patterns of reasoning, such as deductive inference rules (modus ponens, modus tollens, etc.) or defeasible
inference rules (defeasible modus ponens, defeasible modus tollens, etc.).

Example 1. Let & = (£, R, K, A, F) be a LAF, where:

— L is the language of first-order classical logic, with the proviso made in Definition 2 on how we write
negations. Over this language, we consider only the ground formulas (Herbrand base).

1 We refer to the term strong negation as the concept of constructible falsity introduced by Nelson in [26] and presented in the
form of an axiomatic system by Vorob’ev in [34].

2 When no confusion can occur we will follow the usual convention of mentioning elements in an algebra instead of referring to
elements in the corresponding carrier set of that algebra.
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R = {dMP}, where the inference rule dMP is defined as follows:

P,....P, C—<P,...,P,

dMP: c (Defeasible Modus Ponens)
The symbol “—” represents a defeasible rule which are ordered pairs C'— Py, ..., P,, whose first com-
ponent, C is a claim, and whose second component, Pj,..., P,, is a finite non-empty set of claims

premises [32,19,20].
A = {A,B} the set of algebras of argumentation labels where:

— A is an algebra of argumentation labels representing the reliability degree attached to arguments.
The domain of labels A is the real interval [0, 1] and represents a normalized reliability valuation,
where T = 1 is the maximum reliability valuation and neutral element for ®, while 1. = 0 is the
minimum reliability valuation.

Let a, 8 € A be two labels, the operators of support, conflict and aggregation over labels repre-
senting the reliability valuations associated with arguments, are specified as follows:

Reliability attribute

a © B =min(a,p) The support operator reflects that an argument is as reliable as its

weakest support, based on the weakest link rule.

a@pf=a+p—ap The aggregation operator states that if there are more than an argument

for a conclusion, its reliability valuation is the sum of the reliability of
the arguments supporting it with a penalty term on this aggregation.

This conflict operator reflects that the reliability valuation of a conclu-

a—p
ad B = { 1-8 ifa>pp#1 sion is weakened by the reliability of its contrary.

0 otherwise.

- B is an algebra of argumentation labels representing an accuracy measurement attached to argu-
ments. The domain of labels B is again the real interval [0, 1] and represents a normalized accuracy
valuation.

The operations of the algebra B are specified as follows:

Accuracy attribute

a ©® B =min(a, ) As in A.

a® B =min(a+ B,1) The aggregation operation reflects the idea that if we have more than

one argument for a conclusion, its accuracy valuation is the sum of the
accuracy valuations of the arguments that support it.

0 otherwise. ened by the accuracy valuation of its contrary.

o5 { a—pB ifa>p This conflict operation reflects that valuation of a conclusion is weak-
« =

KC is the following knowledge base showing next to each claim the reliability and accuracy valuation
associated by F. These valuations are indicated between brackets, where the first element represent
the reliability valuation and the second the accuracy valuation, using a colon to separate it of a claim.
In particular, the valuations attached to rules represent the reliability and accuracy of the connection
between the antecedent and consequent of the rule. Strict and defeasible rules are ground. However, fol-
lowing the usual convention [23], some examples will use “schematic rules” with variables; to distinguish
variables from other elements of a schematic rule, we will denote variables with an initial uppercase
letter. We display below the set of claims forming K:
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r1 : invest(X) —< ~depreciate(X), safetyInvest(X) : [1,1]
Ty : invest(X) —< goodArea(X) : [0.6,0.8]

r3 : goodArea(X) — quietArea(X), safeArea(X) : [0.8, 1]

ry : ~invest(X) — maintCost(X) : [0.7,0.5]

r5 : invest(X) — ~maintCost(X), ~deteriorate(X) : [1,1]
re : ~invest(X) —< expensive(X),unpredictable(X) : [1, 1]
r7 : expensive(X) — placeStore(X) : [0.5,0.5]

rs : undeprictable(X) — globalEconomy(X) : [1,1]

~depreciate(land) : [0.5,0.8] ~maintCost(gold) : [0.9,0.9]
safetyInvest(land) : [0.5,0.9] ~deteriorate(gold) : [0.8,0.9]
quietArea(land) : [0.9,0.8] placeStore(gold) : [0.5,0.8]
safeArea(land) : [0.7,0.8] globalEconommy(gold) : [0.8, 1]
maintCost(land) : [0.3,0.7]

Next, we present the notion of argumentation graph which will be used to represent the argumentative
analysis derived from a LAF. We assume that there are no two nodes in a given graph which are named
with the same sentence of £, so we will use the naming sentence to refer to the I-node in the graph.

Definition 3 (Argumentation graph). Let ® = (L, R, K, A, F) be a LAF. Its associated argumentation graph
is the digraph Go = (N, E), where N is the set of nodes and F is the set of the edges constructed as follows:

i) each element X € K or derived from K through R, is represented for an I-node X € N.

ii) for each application of an inference rule defined in ®, there exists an RA-node R € N such that:
— the inputs are all I-nodes: Py,..., P, € N representing the premises. These include the defeasible

rules in /C that may be applied;

— the output is an I-node C' € N representing the conclusion.

iii) if both X and X are in N, then there exists a CA-node with edges going to and coming from both
I-nodes X and X.

iv) for all X € N there exists no path from X to X in G that does not pass through a CA-node. This is,
Gg without the CA-nodes is an acyclic graph.

The condition iv) forbids cycles other than the mutual attacks between nodes. This seems to be too restric-
tive, but it must be noted that RA-node cycles are mostly generated by fallacious specifications.

Associated with a LAF ® we have the set of arguments Argg that can be built from K and R, i.e.,
an argument can be represented by linking a set of I-nodes denoting premises to an I-node denoting a
conclusion via a particular RA-node.

Definition 4 (Simple argument). Let ® = (L, R, K, A, F) be a LAF. Let Gg = (N, E) be its derived argu-
mentative graph as in Definition 3. A simple argument is a tuple A = (P, R, C') where P = {Py,..., P} C T
is a set of premises, C' € I is a conclusion and R € RA represents an application of an inference rule, such
that for all premises P; € P there exist edges (P;, R) and (R,C) € E connecting the premises to the
conclusion. We say that each of the premises supports the conclusion (Fig. 1).

In LAF, a simple argument A supports an argument B if the conclusion of the argument A is part of the
premises that support the conclusion of the argument B. Then, simple arguments can be aggregated into a
more complex argument structures called arguments.
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Fig. 2. Representation of argument accrual.

Also, it is possible that two or more arguments share the same conclusion. This corresponds to with
the notion of argument accrual developed in [33,28,25], where the strength of the shared conclusion is the
aggregation of the strengths of each individual argument supporting it.

Definition 5 (Argument accrual). Let ® = (L, R, K, A, F) be a LAF, and let G = (IV, E) be its associated
argumentative graph. Let Args be a set of argument, and let Argg be set of argument supporting the same
conclusion @, where Argg C Argg. We define the argument accrual for ) from the set Argg as the union
of these arguments, after identifying their roots (Fig. 2).

Example 2. From the knowledge base K presented in the Example 1, we get the argumentation graph in
Fig. 3, where arguments are surrounded by dotted lines. This argumentation graph can be analyzed in two
groups.

In the upper group, on the right, there are two arguments composing an argument accrual for the literal
invest(land). In turn, the argument with premises goodArea(land) and rs is supported with another
argument increasing the information about land investments; on the left, there is an argument for the claim
~invest(land) supported by the premises ~maintCost(land) and ry. In the lower group, on the right,
there is an argument for the literal invest(gold) with premises ~maintCost(gold), ~deteriorate(gold)
and rs5; on the left, there is an argument for the claim ~invest(gold), supported by two arguments, one with
premises placeStore(gold) and r7, the other with premises globalEconomy(gold) and rs. The CA-nodes
link complementary literals.

Once we obtain a representation of Argg through the argumentative graph Gg, we proceed to attach a
label to each I-node in G¢ representing the valuations with the extra information we want to represent. For
each feature represented in the label, we assign two valuations to each I-node, from each of the algebras
in A. For a given feature, the valuations from the algebra A; that appear in the label of the I-node X will
be denominated p;X and §;¥, where p;X represents the aggregated valuation assigned to X, obtained through
the accrual and support operations defined in the algebra A;, while 6% is the weakened valuation, obtained
through the conflict operation, if applicable. The labeling process is captured in the following definition.

Definition 6 (Labeled argumentation graph). Let ® = (L, R, K, A, F) be a LAF, and G be the corresponding
argumentation graph. Let A; be one of the algebras in A, representing a feature to be associated to each
I-node X. A labeled argumentation graph is an assignment of two valuations in each of the algebras to
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Fig. 3. Representation of an argumentation graph.

each I-node of the graph, denoted as u:X and §;X, where X, 6% € A;, are such that pX accounts for the
aggregation of the reasons supporting the claim X, and & displays the state of the claim after taking
conflict into account. Thus, if X is an I-node, then:
i) If X has no inputs, then X has a label that corresponds to it as an element of /C, thus we define
pi = F(X). B
ii) If X has input from a CA-node representing conflict with an I-node X, then:

5 =pfe pf.
If there doesn’t exist an I-node X, then
5X = MZX-

iii) If X has inputs from the RA-nodes Ry, ..., Ry, where each R, has premises XlRS, . ,X,IZS, then:

Rg
p =@k (ep, 6.

To get this equation, we first use the support operation applied to the weakened valuations assigned to
the premises of each of the rules R, that form the body of an argument supporting X, and then we
calculate the accrual of all these arguments.
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The label of an I-node X is then an n-tuple of pairs of valuations:

(5 87)s (1350 )y (i 5 07 )-
The properties mentioned in the following proposition follow directly from the definition of ;X and 6;¥.

Proposition 1. Let ® = (L, R, K, A, F) be a LAF, and Gg be ils argumentation graph, and let X be an
I-node in Gg. Then the labels pX and 5% satisfy:

— For all X and i, 5% < puX.
— If for some X and 1, uf_" = L, it follows that 5X = L as well.
— If for some X and i, pX = L, then 6 = puX.

The following underlying principles can be directly mapped to the principles laid out in [7] and are satisfied
by all the valuations defined according to our scheme:

Property 1 (Underlying principles). The valuations given by Definition 6 respect the following principles:

Py The weakened valuation is equal to the accrued valuation for the arguments without attackers, and for
an attacked but undefeated argument the weakened valuation is less than the accrued valuation, if the
attacking arguments are strong enough to weaken it.

P, The weakened valuation for an argument depends, in a non/increasing manner, on the accrued valuation
of the attacking argument.

P3 The valuations of arguments supporting a claim X contribute to increase the accrued valuation of X,
and for this reason they increase the strength of the direct attack to the argument that supports the
opposite claim X.

Once the I-nodes are labeled, we can consider their acceptability status. First, we present a classic version
of this notion, where the acceptability status for an argument is either accepted or rejected. Then, we use
the information attached to the arguments in order to provide different degrees of acceptability.

Definition 7 (Acceptability status). Let ® = (L, R, K, A, F) be a LAF, and G be the corresponding argu-
mentation graph. Let X be an I-node in Gg. For each of the algebras A; in A, representing a feature to be
associated to each I-node X, with L; the neutral element for ®;. Then, the I-node X has assigned one of
two possible acceptability status accordingly to their associated labels:

— Accepted iff 6Z»X # 1,; foreach 1 <7< mn.
— Rejected iff 6 = 1; for any 1 <i < n.

The following proposition is immediate from the definitions above.

Proposition 2. Let ® be a LAF, and Gg be the corresponding argumentation graph, then the acceptability
status of Gg is uniquely determined.

Definition 8 (Acceptability degree status). Let ® = (L, R, K, A, F) be a LAF, and G be the corresponding
argumentation graph. Let X be an I-node in Gg. For each of the algebras A; in A, representing a feature
to be associated to each I-node X, with L; the neutral element for the operation ®;, the I-node X has
assigned one of the following possible acceptability status:
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A - Assured
U - Unchallenged
W - Weakened

R - Rejected

Fig. 4. Status degree for a claim based on two attributes.

— Assured iff §X = T,.
Unchallenged iff p* = §;%.
— Weakened iff 1 < 5% < pX.
— Rejected iff 6 = 1;.

Finally, for each claim, we form a vector with the acceptability of that claim with respect to each of the
attributes, and take the least degree of those that appear in the vector as the acceptability degree for the
claim as whole.

Note that the status of “Assured” can only be granted to a claim when §;X = T, for every 1 <i < n. In
the other end of the spectrum, it is enough that there exists one 7 such that 5;-){ = 1; to rule a claim X as
“Rejected”. In Fig. 4, we illustrate Definition 8, where we take into account Example 1, and the attributes
associated to a claim, in order to determine the overall status for that claim.

From the acceptability status assigned to a specific claim it is possible to obtain the acceptability status
associated with an argument, i.e., if the claim that represents the conclusion of the argument is marked as
accepted, then the argument is accepted respectively.

Example 3. Going back to Example 2, we calculate the label for each I-node (or claim) of the argumentation
graph, according to Definition 6. First, we calculate i, d;, representing the reliability valuation associated
with each I-node.
Minvest(land) _ (51~deprecia‘ce(land) o (ﬁafetylnvest(land) o 67]:-1) ® ((foodArea(land) o (5{2)
= min((min(0.5,0.5),1) & min(0.8,1)) =0.5® 0.8=0.5+0.8—-0.5%x0.8 =0.9
’U/%oodArea(land) _ 6<11uietArea(1and) ® 6TafeArea(land) o 5{3 _ mm(09708, 1) —0.8

pyievest(iend) _ gnaintCostQland) o) sra i ((0.3,0.6) = 0.3

inves an inves an ~inves an 09 - 03
5t t(land) _ u t(land) i t(land) e 0.85

§1~invest (1and) -0

'u:‘invest(gold) _ 5flvmaintCost(gold) o) 6;deteriorate(gold) o) 5{5 _ mzn(09, 08, 1) — 08

Mflvinvest(gold) _ 6§xpensive(gold) ® 51impredictable(gold) o 5{6 _ mm(05, 0.8, 1) —05

’u?xpensive(gold) _ 6§1aceStore(gold) o) (5{7 _ mzn(05, 05) —05

Iullmpredictable(gold) _ 5%10balEconomy(gold) o) 5{8 _ mm(OS, 1) —08
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Next, we calculate the functions pu,, d5, representing the accuracy valuation associated with each I-node.

;nvest(land) :(6;depreciate(land) o 5;afetylnvest(land) ® 5;1) ® (5§oodArea(1and) o 6;2)

= min(0.8,0.5,1) ®min(0.8,1)) = 0.5 @ 0.8 = min(0.5 + 0.8,1) = 1
IugoodArea(land) _ 5guietArea(land) ® 5SafeArea(land) ® 6;3 _ mm(OS, 0.8, 1) — 08

lu;invest(land) _ 5gaintCost(1and) o 6;4 _ mm(()?, 05) — 05

62invest(land) _ Mivaest(land) = ﬂ;invest(land) —1-05=05

~invest(land
gy tmvestiand) —

’uénvest(gold) _ 5;maintCost(gold) o) 6f2vdeteriorate(gold) o) 655 _ mzn(09,09, 1) —0.9

’u;invest(gold) _ 5§xpensive(gold) o) 5;.npredictab1e(gold) o 6;6 _ mzn(05, 1, 1) — 05

M;xpensive(gold) _ 5glace3tore(gold) o) (5;7 _ mm(O& 05) — 05

unpredictable(gold lobalEconomy(gold .
T (go1d) 55 vieeld) o 052 =min(1,1) =1

6;nvest(gold) _ Mi2nvest(gold) o M;invest(land) —09-05=04

62~ invest(gold) -0

On one hand, based on the classical acceptability status, the sets of accepted and rejected claims are:

~ 84 = {invest(land), ~depreciate(land), safetyInvest(land),
goofArea(land),quietArea(land), safeArea(land), maintCost(land),
invest(gold), expensive(gold), ~maintCost(gold), ~deteriorate(gold),
unpredictable(gold), globalEconomy(gold), placeStore(gold)}

— SF = {~invest(land), ~invest(gold)}

On the other hand, based on the acceptability degree status, the claims are classified as follows:

- 54=0

~ SY = {~depreciate(land), safetyInvest(land), goofArea(land), quietArea(land),
safeArea(land),maintCost(land), expensive(gold), ~maintCost(gold),
~deteriorate(gold), unpredictable(gold), globalEconomy(gold),
placeStore(gold)}

— SW = {invest(land), invest(gold)}

— SB = {~invest(land), ~invest(gold)}

Once the acceptability status of the arguments in favor and against investing in gold bullion is analyzed,
(or in favor and against investing in land), different scenarios may occur. If the argument in favor of investing
in gold bullion is defeated by the argument against it, and the argument in favor of investing in land is
strong enough to withstand its counterargument, then the agent should invest in land. In the opposite
situation, when the argument in favor of investing in gold bullion is undefeated, and the argument in favor
of investing in land is defeated by its opposition, then the agent should invest in gold. In a third case, both
arguments (invest in land and invest in gold bullion) are defeated, so the agent should not invest. Finally,
if both arguments are strong enough to withstand the attacks of their opponent arguments, then a conflict
in the strict sense does not exist, since the arguments are not contradictory. However, the domain imposes
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Fig. 5. Representation of labeled argumentation graph.

the additional constraint that the agent only has enough money to make one investment. To solve these
special situation, we will define when an argument is better than other based on their features. This notion
is formalized below.

Definition 9 (Better argument). Let ® = (L, R, K, A, F) be a LAF, G be the corresponding argumentation
graph, and Argg the set of arguments. Let A, B be two arguments and A, B € Argg. Let X and Y be two
I-nodes that represent the conclusion for the arguments A and B respectively. Then, A is better than B iff
82X > Y for each 1 <i < n.

Example 4. Going back to Example 3, under the condition “the agent only has enough money to make
one investment”, based on the information depicted in Fig. 5 and applying Definition 9, we conclude that
the accrual argument supporting the conclusion invest(land) is better than the argument supporting the
conclusion invest(gold), since
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6:1'mvest(land) —0.85> 05— 5linvest(gold)

and

52invest(land) 07> 04— 5:2‘anest(gold)

As mentioned previously, in certain real-world applications agents need to take decisions to meet their goals
with requirements that depend of the domain. For that, we set a threshold that determines the minimum
acceptable valuation that an argument must satisfy to be a part of the justification for a recommendation
or decision. To do this we must verify that each piece of knowledge that is part of an argument satisfies the
set of thresholds proposed. Using this form of comparing argument’s labels, we can extend LAF into E-LAF
considering a threshold in the form of a tuple that allows to decide whether each label is good enough.
Formally:

Definition 10 (E-LAF). An Extended Labeled Argumentation Framework is a 6-tuple ¥ = (L, R, K, A, F, T),
where (L, R, K, A, F) is a labeled argumentation framework, and 7 = (71,...,7,) € A} X --- x A,, will be
called threshold, where 7; is a distinguished element in A;, i = 1, ..., n, that refers to the particular threshold
of the corresponding label.

Definition 11 (Labeled argumentation graph with threshold). Let ¥ = (L, R,K, A, F,T) be an E-LAF, and
Gy be the corresponding argumentation graph. Let 7 = (71,...,7,) be a threshold. A labeled argumentation
graph with threshold is a labeled argumentation graph where the labels X and §;X satisfy:

i) If X has no inputs, then X has a label that corresponds to it as an element of K, thus we define:
- pX = F(X)if F(X) > 7,
— puX = 1 otherwise.

ii) If X has input from a CA-node C representing conflict with an I-node X, then:
S0t = e pfitut e uf 2w,
— 6% = L otherwise.
If an I-node X has no corresponding X, then §;X = pX.

iii) If X has inputs from the RA-nodes Ry, ..., Rg, where each R, has premises XlRS, e ,X,?S, then:

Rs

X . X[t
X = ob (000 ) if @b (07,0, ) > T,
— X = L otherwise.

The following proposition follows directly from the definition.

Proposition 3. Let U = (L, R, K, A, F, ) be an E-LAF, where 7 = (T1,...,Ts) is the threshold. Let Gy be
the corresponding labeled argumentation graph, and X an I-node in Giy. Then, the labels X and 55 satisfy
that if 6 # L, then 6% > 1, and X > 7, fori=1,...,n.

Example 5. We analyze the Example 3, using the described marking process and defining a threshold
71 = 06 € A and o = 0.7 € B (see Fig. 6). In this case, under the restrictions imposed by the
thresholds 71 and 7o, the following situations obtain. In the upper group, on the right, one of two ar-
guments composing an argument accrual for the literal invest(land) is defeated, because the reliability
of the literals ~depreciate(land) and safetyInvest(land) are below 7; and the accuracy measure of
safetyInvest(land) is below 73; on the left, the argument for the claim ~invest(land) supported by
the premises ~maintCost(land) and ry is defeated, because ~maintCost(land) does not satisfy 73 and
ry does not satisfy 72. In the lower group, on the left there is an argument for the claim ~invest(gold),
supported for two arguments, one of them with premises placeStore(gold) and r7, with placeStore(gold)
not satisfying 7, and r7 not satisfying 7 nor 7.
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Fig. 6. Representation of marked argumentation graph with threshold.

Based on the classical acceptability status, the sets of accepted and rejected claims are:

~ 4 = {invest(land), goofArea(land),quietArea(land), safeArea(land),

~maintCost(gold), ~deteriorate(gold), unpredictable(gold),

globalEconomy(gold)}
— SF = {~depreciate(land), safetyInvest(land), maintCost(1land), invest(gold),

expensive(gold), placeStore(gold), ~invest(land), ~invest(gold)}

On the other hand, based on the acceptability degree status, the claims are classified as follows:

L

~ SY = {invest(land), goofArea(land), quietArea(land), safeArea(land),
~maintCost(gold), ~deteriorate(gold), unpredictable(gold),

invest(gold), globalEconomy(gold)}

~ SF = {~depreciate(land), safetyInvest(land), maintCost(land),
~invest(land), ~invest(gold), expensive(gold), placeStore(gold)}

549

Finally, based on Definition 9, we conclude that the accrued argument supporting the conclusion

invest(land) is better than the argument supporting the conclusion invest(gold),

since 0,

1

nvest(land)
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1>09= 5;nveSt(g°1d). Note that, based on the reliability degree associated to the claims invest(land)
and invest(gold), both options have the same strength. However, the claim invest(land) has a higher
accuracy degree than invest(gold), and for that reason it is the best option in this model.

In summary, the valuations associated to the arguments through labels provide us with the means to
model peculiarities of an application domain. In a model, the arguments are related in different ways,
and these relationships influence the information attached to them, so we presented a general scheme
to propagate such information through the argumentative graph. Thus, we get more details about the
arguments, which in turn reveal different degrees of acceptability for them. In addition, there are certain
domains in which the arguments must satisfy specific conditions to be taken into account; for example,
knowledge used for decision making must satisfy a specific degree of reliability; to do that, in the second
part of our formalism, we proposed a tool to model these situations.

5. Discussion and related work

Dov Gabbay’s groundbreaking work on Labeled Deductive Systems [15,16], has provided a clear and
direct motivation for this work. The introduction of a flexible and rigorous formalism to tackle complex
problems using logical frameworks that include labeled deduction capabilities has permitted to address
research problems in areas such as temporal logics, database query languages, and defeasible reasoning
systems. In labeled deduction, the formulas are replaced by labeled formulas, expressed as L : ¢, where L
represents a label associated with the logical formula ¢. Labels are used to carry additional information
that enrich the representation language. The intuitions attached to labels may vary accordingly with the
system modeling needs. The idea of structuring labels as an algebra was present from the very inception of
labeled systems [15].

In [16], Gabbay’s proposal was applied to argumentation systems. There, the authors proposed a frame-
work with the main purpose of formally characterizing and comparing different argument-based inference
mechanisms through a unified framework; in particular, two non-monotonic inference operators were used
to model argument construction and dialectical analysis in the form of warrant. Labels were used in the
framework to represent arguments and dialectical trees. Our proposal shares with those works the charac-
teristic of also involving the use of labels together with an algebra of argumentation labels. Nevertheless,
our intention is focused on pursuing a different goal; we are not to trying to unify the presentation of dif-
ferent logics and formally compare them, but to extend the representational capabilities of argumentation
frameworks by allowing them to handle additional domain specific information. Certainly, it can be argued
that due to the extreme generality of Gabbay’s framework, somehow it could also be instantiated in some
way to achieve this purpose, but we have aimed in our proposal to provide a concrete framework in the
context of the Argument Interchange Format, showing how to propagate labels in the specific case of the
argument interactions of aggregation, support, and conflict.

Dov Gabbay in [17], concerned with a different problem, proposes a numerical approach to the problem
of merging of argumentation networks; in this work, he considers an augmented network containing the
arguments and attacks of all the networks to be merged. Then, agents put forward their vote on the
components of the network depending on how they perceive these components locally, where a vote means
reinforcement in the sense that the more a component appears locally, the more it is represented globally.
In addition, he presents a way to calculate the values of arguments in the weighted augmented network, and
discern how the attacks to an argument affect its initial support value; finally, he presents a threshold for
acceptance to determine the acceptability of an argument based on its weight. In the work presented here,
we have been focusing in arguments with structure and with the way the integration of these arguments
affect acceptability; thus our proposal also involves the assignment of valuations to arguments, and a way of
propagating these valuations through an argumentation graph. However, in the presented framework, it is
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possible to associate more than one attribute to the arguments; also, we used an abstract algebraic structure
in which we can perform the operations of aggregation, support, and conflict of arguments depending the
relationship that exist among them and we determine the valuation associated with an argument trough its
internal structure. In addition, the conflict operator models situations in which an undefeated argument is
weakened when counter-arguments exist; we used the valuation associated with arguments for determining
when an argument is better than another, and we used a threshold valuation throughout the process of
propagation of labels to establish the conditions that an argument must satisfy to be considered as accepted.

Elvang-Goransson, Krause, and Fox in [14] analyze the fact that in an inconsistent database non-trivial
arguments may be constructed for and against a specific proposition; under this situation, the problem
arises when determining which conclusion must be accepted. In this work, they define a particular concept
of acceptability, which is used to reflect the different acceptability levels associated with an argument; then,
they argue that “the more acceptable an argument, the more confident we are in it”. Additionally, they
define acceptability classes to assign linguistic qualifiers to the arguments. This work has similarities with
our proposal, starting from a knowledge base from which it is possible to find the parts that compose
an argument. Then, the relationships that exist among the arguments are analyzed, and the acceptability
class that they belong to is determined; however, they do not take into account the domain dependent
characteristics associated with the arguments. In another related work, Krause et al. in [22] hold that
“arguments have the form of logical proof, but they do not have the force of logical proof”; thus, they present
a concrete formal model for practical reasoning in which a structured argument rather than some measure
is used for describing uncertainty, i.e., the degree of confidence in a proposition is obtained by analyzing
the structure of the arguments relevant to it. In this way, this formalism is focused on the representation
of uncertainty, and proposes a way to calculate the aggregation of reasons for a certain proposition. In our
formalism, depending on the application domain, we introduce a general framework in which it is possible to
instantiate each of the elements to represent various attributes associated with the arguments; in addition,
the formalism not only allows the aggregation of the valuations associated with a particular conclusion, but
also provides ways to effect the weakening of the valuations for a conclusion produced by the existence of
reasons against it.

Cayrol and Lagasquie-Schiex in [7], describe the argumentation process as a process which is divided into
two steps: a valuation of the relative strength of the arguments and the selection of the most acceptable
among them. Their focus is on defining a gradual valuation of arguments based on their interactions, and
then establish a graded concept of acceptability of arguments. They argue that an argument is all the
more acceptable if it can be preferred to its attackers. They propose a domain of argument valuations,
and define aggregation and reduction operators; however, they do not consider the argument structure,
and the evaluations of the arguments are solely based on their interaction. In our work, we determine
the valuation of arguments through their internal structure considering the different interactions among
them, propagating the valuations associated to the arguments using the operations defined in the algebra
of argumentation labels. It is important to note that, unlike the proposal of Cayrol and Lagasquie-Schiex,
the operations assigned to each relation among arguments are defined by the user providing the possibility
of considering the domain of the problem. Also, we provide the ability of assigning more than one valuation
to the arguments depending on the features we want to model. Finally, after analyzing all the interactions
among arguments we obtain final valuations assigned to each argument; then, through these valuations the
acceptability status (assured, unchallenged, weakened, and rejected) of the arguments is obtained.

T.J.M. Bench-Capon and J.L. Pollock have introduced systems that currently have great influence over
research in argumentation, we will discuss them in turn. Bench-Capon [3] argues in his research that often-
times it is impossible to conclusively demonstrate in the context of disagreement that either party is wrong,
particularly in situations involving practical reasoning. The fundamental role of argument in such cases is
to persuade rather than to prove, demonstrate, or refute.
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Considering the intuitions of these research lines, we formalized an argumentative framework, additionally
integrating AIF into the system. Labels provide a way of representing salient characteristics of the arguments,
generalizing the notion of value. It is important to note that the characteristics or properties associated with
an argument could vary over time and that they can be affected by various characteristics that influence the
real world; for instance, the reliability of a given source [6,5]. Using this framework, we established argument
acceptability, where the final labels propagated to the accepted arguments provide additional acceptability
information, such as degree of justification, restrictions on justification, and others.

6. Conclusions

Giving an argumentation formalism more representational capabilities can enhance its use in different
applications that require different elements to support conclusions. For instance, in an agent implementation,
it would be beneficial to establish a measure of the success obtained by reaching a given objective; or, in the
domain of recommender systems, it is interesting to provide recommendations together with an uncertainty
measure or a reliability degree associated with it.

Our work has focused on the development of a Labeled Argumentation Framework, (LAF) combining the
KR capabilities provided by the Argument Interchange Format (AIF) [10] together with the management
of labels by an algebra developed to that end. We have associated operations in an algebra of argumen-
tation labels to three different types of argument interactions, allowing to propagate information in the
argumentation graph. From the algorithm used to label an argumentation graph, it is possible to determine
the acceptability of arguments and the resulting extra data associated to them. A peculiarity of the con-
flict operation defined in the algebra is that it allows the weakening of arguments contributing to a better
representation of application domains.

In the example presented, we used the reliability of the source and a measure of the accuracy associated
with the arguments supporting decision making. We defined when an argument is better than other based
on these features, and we extend LAF into E-LAF to consider a threshold, using it to specify constraints
arguments need to satisfy to be part of a justification for a recommendation.

Finally, currently we are developing an implementation of LAF extending the existing system DeLP
[20,18] which has been taken as a basis.® Currently, as part of a computationally oriented sequel of the
work presented here, we are analyzing the complexity of the algorithms for labeled argumentation graphs
and labeled argumentation graphs with threshold—where the support, conflict and accrued relations are
taken into account—in the context of DeLLP. The resulting implementation will be exercised in different
domains requiring to model extra information associated with the arguments, taking as motivation studies
and analysis of P-DeLP [11,2,1].

References

[1] T. Alsinet, C.I. Chesfievar, L. Godo, S. Sandri, G.R. Simari, Formalizing argumentative reasoning in a possibilistic logic
programming setting with fuzzy unification, Int. J. Approx. Reason. 48 (3) (2008) 711-729.

[2] T. Alsinet, C.I. Chestievar, L. Godo, G.R. Simari, A logic programming framework for possibilistic argumentation: for-
malization and logical properties, Fuzzy Sets Syst. 159 (10) (2008) 1208-1228.

[3] T.J.M. Bench-Capon, Value-based argumentation frameworks, in: S. Benferhat, E. Giunchiglia (Eds.), NMR, 2002,
pp. 443-454.

[4] P. Besnard, A. Hunter, Elements of Argumentation, MIT Press, 2008.

[5] M.C. Budan, M.J.G. Lucero, C.I. Chesfievar, G.R. Simari, An approach to argumentation considering attacks through
time, in: SUM, in: Lect. Notes Comput. Sci., vol. 7520, Springer, 2012, pp. 99-112.

[6] M.C. Budan, M.J.G. Lucero, C.I. Chesiievar, G.R. Simari, Modelling time and reliability in structured argumentation
frameworks, in: G. Brewka, T. Eiter, S.A. Mcllraith (Eds.), KR, AAAI Press, 2012.

[7] C. Cayrol, M.-C. Lagasquie-Schiex, Graduality in argumentation, J. Artif. Intell. Res. 23 (2005) 245-297.

3 See http://lidia.cs.uns.edu.ar/delp.


http://refhub.elsevier.com/S1570-8683(15)00039-7/bib416C73696E65744347535330382D32s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib416C73696E65744347535330382D32s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib416C73696E65744347533038s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib416C73696E65744347533038s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib564241462D4243s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib564241462D4243s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4265736E61726448756E74657232303038s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib427564616E4C435353554D32303132s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib427564616E4C435353554D32303132s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib427564616E4C43534B5232303132s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib427564616E4C43534B5232303132s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib636179726F6C323030356772616475616C697479s1
http://lidia.cs.uns.edu.ar/delp

M.C.D. Buddn et al. / Journal of Applied Logic 13 (2015) 534-553 553

[8] C. Cayrol, M.-C. Lagasquie-Schiex, On the acceptability of arguments in bipolar argumentation frameworks, in: Symbolic
and Quantitative Approaches to Reasoning with Uncertainty, Springer, 2005, pp. 378-389.
[9] C.I. Chesnevar, A.G. Maguitman, G.R. Simari, Recommender system technologies based on argumentation 1, in: Emerging

Artificial Intelligence Applications in Computer Engineering, 2007, pp. 50-73.

[10] C.I. Chesiievar, J. McGinnis, S. Modgil, I. Rahwan, C. Reed, G.R. Simari, M. South, G. Vreeswijk, S. Willmott, Towards
an argument interchange format, Knowl. Eng. Rev. 21 (4) (2006) 293-316.

[11] C.I. Chestievar, G.R. Simari, T. Alsinet, L. Godo, A logic programming framework for possibilistic argumentation with
vague knowledge, in: D.M. Chickering, J.Y. Halpern (Eds.), UAI, AUAI Press, 2004, pp. 76-84.

[12] P.M. Dung, On the acceptability of arguments and its fundamental role in nonmonotonic reasoning, logic programming
and n-person games, Artif. Intell. 77 (2) (1995) 321-357.

[13] P.E. Dunne, A. Hunter, P. McBurney, S. Parsons, M. Wooldridge, Weighted argument systems: basic definitions, algo-
rithms, and complexity results, Artif. Intell. 175 (2) (2011) 457-486.

[14] M. Elvang-Ggransson, P. Krause, J. Fox, Dialectic reasoning with inconsistent information, in: Proc. 9th International
Conference on Uncertainty in Artificial Intelligence, Morgan Kaufmann Publishers Inc., 1993, pp. 114-121.

[15] D. Gabbay, Labelled deductive systems: a position paper, in: J. Oikkonen, J. Vaananen (Eds.), Proceedings of Logic
Colloquium ’90, in: Lecture Notes in Logic, vol. 2, Springer-Verlag, 1993, pp. 66-88.

[16] D. Gabbay, Labelling Deductive Systems, vol. 1, Oxford Logic Guides, vol. 33, Oxford University Press, 1996.

[17] D. Gabbay, O. Rodrigues, A numerical approach to the merging of argumentation networks, in: Computational Logic in
Multi-Agent Systems, Springer, 2012, pp. 195-212.

[18] A.J. Garcia, C.I. Chesnevar, N.D. Rotstein, G.R. Simari, Formalizing dialectical explanation support for argument-based
reasoning in knowledge-based systems, Expert Syst. Appl. 40 (8) (2013) 3233-3247.

[19] A.J. Garcia, G.R. Simari, Defeasible logic programming: an argumentative approach, Theory Pract. Log. Program. 4 (1)
(2004) 95-138.

[20] A.J. Garcia, G.R. Simari, Defeasible logic programming: delp-servers, contextual queries, and explanations for answers,
Argument Comput. 5 (1) (2014) 63-88.

[21] S.A. Gbémez, C.I. Chesiievar, G.R. Simari, Ontoarg: a decision support framework for ontology integration based on
argumentation, Expert Syst. Appl. 40 (5) (2013) 1858-1870.

[22] P. Krause, S. Ambler, M. Elvang-Goransson, J. Fox, A logic of argumentation for reasoning under uncertainty, Comput.
Intell. 11 (1) (1995) 113-131.

[23] V. Lifschitz, Foundations of logic programming, in: Principles of Knowledge Representation, vol. 3, 1996, pp. 69-127.

[24] R.P. Loui, A citation-based reflection on Toulmin and argument, in: Arguing on the Toulmin Model, Springer, 2006,
pp. 31-38.

[25] M.J.G. Lucero, C.I. Chesiievar, G.R. Simari, Modelling argument accrual with possibilistic uncertainty in a logic program-
ming setting, Inf. Sci. 228 (2013) 1-25.

[26] D. Nelson, Constructible falsity, J. Symb. Log. 14 (1) (1949) 16-26.

[27] H. Prakken, Coherence and flexibility in dialogue games for argumentation, J. Log. Comput. 15 (6) (2005) 1009-1040.

[28] H. Prakken, A study of accrual of arguments, with applications to evidential reasoning, in: Proc. 10th ICAIL, New York,
USA, 2005, pp. 85-94.

[29] I. Rahwan, G.R. Simari, Argumentation in Artificial Intelligence, Springer Verlag, 2009.

[30] B. Schweizer, A. Sklar, Asociative functions and statistical triangle inequalities, Publ. Math. Debrecen 8 (1961) 169-186.
[31] B. Schweizer, A. Sklar, Asociative functions and abstract semigroups, Publ. Math. Debrecen 69 (1963) 81.

[32] G.R. Simari, R.P. Loui, A mathematical treatment of defeasible reasoning and its implementation, Artif. Intell. 53 (1992)

125-157.
[33] B. Verheij, Accrual of arguments in defeasible argumentation, in: 2nd Dutch/German Workshop on Nonmonotonic Rea-
soning, Utrecht, 1995, pp. 217-224.

|
5] P. Walley, Towards a unified theory of imprecise probability, Int. J. Approx. Reason. 24 (2-3) (2000) 125-148.
6] L.A. Zadeh, Fuzzy sets, Inf. Control 8 (1965) 338-353.
7] H.-J. Zimmermann, Fuzzy Set Theory—And Its Applications, 4th edn., Kluwer Academic Publishers, Boston, MA, 2001.


http://refhub.elsevier.com/S1570-8683(15)00039-7/bib636179726F6C323030356163636570746162696C697479s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib636179726F6C323030356163636570746162696C697479s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4361726C6F733037s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4361726C6F733037s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4149462D4752s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4149462D4752s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib436865736E6576617232303034s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib436865736E6576617232303034s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib64756E67313939356163636570746162696C697479s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib64756E67313939356163636570746162696C697479s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib64756E6E65323031317765696768746564s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib64756E6E65323031317765696768746564s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib656C76616E67313939336469616C6563746963s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib656C76616E67313939336469616C6563746963s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4761626261793930s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4761626261793930s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4761626261793936s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib676162626179323031326E756D65726963616Cs1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib676162626179323031326E756D65726963616Cs1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4761726369614352533133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4761726369614352533133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib47617263696153696D6172693034s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib47617263696153696D6172693034s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib47617263696153696D61726932303134s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib47617263696153696D61726932303134s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib476F6D657A43533133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib476F6D657A43533133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6B7261757365313939356C6F676963s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6B7261757365313939356C6F676963s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6C696673636869747A31393936666F756E646174696F6E73s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6C6F75693036s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6C6F75693036s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4C756365726F3133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib4C756365726F3133s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6E656C736F6E31393439636F6E73747275637469626C65s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7072616B6B656E3035s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib41637275616C5072616B6B656Es1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib41637275616C5072616B6B656Es1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib6772733A626F6F6Bs1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7363687765697A6572363161736F63696174697665s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7363687765697A6572363361736F63696174697665s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib53696D6172693932s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib53696D6172693932s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7665726865696A6163637275616Cs1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7665726865696A6163637275616Cs1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib766F726F6231393532636F6E737472756374697665s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib77616C6C65793030756E6966696564s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7A61646568363566757A7A79s1
http://refhub.elsevier.com/S1570-8683(15)00039-7/bib7A696D6D65726D616E6E303166757A7A79s1

	A labeled argumentation framework
	1 Introduction
	2 An initial example
	3 Algebra of argumentation labels
	4 Labeled argumentation framework
	5 Discussion and related work
	6 Conclusions
	References


