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ARTICLE INFO ABSTRACT

Keywords: Incomplete Argumentation Frameworks (IAFs) enrich classical abstract argumentation with
AbStraCF argumentation arguments and attacks whose actual existence is questionable. The usual reasoning approaches
Uncertainty rely on the notion of completion, ie. standard AFs representing “possible worlds” compatible

Extension-based semantics with the uncertain information encoded in the IAF. Recently, extension-based semantics for IAFs

that do not rely on the notion of completion have been defined, using instead new versions of
conflict-freeness and defense that take into account the (certain or uncertain) nature of arguments
and attacks. In this paper, we give new insights on both the “completion-based” and the “direct”
reasoning approaches. First, we adapt the well-known grounded semantics to this framework in
two different versions that do not rely on completions. After determining that our new semantics
are polynomially computable, we provide a principle-based analysis of these semantics, as well
as the “direct” semantics previously defined in the literature, namely the complete, preferred and
stable semantics. Finally, we also provide new results regarding the satisfaction of principles by
the classical “completion-based” semantics.

1. Introduction

Abstract argumentation has received much attention since the seminal paper by Dung [1]. An Argumentation Framework (AF) is
generally defined as a directed graph where nodes represent arguments, and edges represent attacks between these arguments. Since
then, many generalizations of Dung’s framework have been proposed, introducing the notion of support between arguments [2],
weighted attacks [3] or weighted arguments [4], preferences between arguments [5], and so on.

In this paper, we focus on one such generalization of abstract argumentation, namely Incomplete Argumentation Frameworks (IAFs)
[6-8] in which arguments and attacks can be defined as uncertain, meaning that the agent reasoning with such an IAF is not sure
whether these arguments or attacks actually exist (e.g. whether they will actually be used at some step of the debate). This is partic-
ularly meaningful when modeling an agent’s knowledge about her opponent in a debate [9,10], since it is a reasonable assumption
that agents are not always able to assess precisely the uncertainty degree of a piece of information (e.g meaningful probabilities
may not be available). The most classical reasoning approaches with IAFs are based on the notion of completion, i.e. standard AFs
that represent different ways to “solve the uncertainty” in the IAF. However, another family of semantics was also proposed in the
literature, based on the idea that basic principles of argumentation semantics (namely conflict-freeness and defense) can be adapted
to take into account the nature of the pieces of information in the IAF (certain or uncertain) [7,11,12]. While the initial work on this
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Fig. 1. Example of AF.

topic focuses on Partial AFs (which are IAFs without uncertain arguments) and the preferred semantics [7], the general IAF model
and other semantics (namely complete and stable) have also been studied in [11,12].

Now we push further the study of both families of reasoning approaches, the “completion-based” and the “direct” approaches.
First, we focus on the adaptation to the direct approach of the last classical semantics initially defined by Dung, namely the grounded
semantics. For all the direct semantics defined in the literature and in the present paper, we also investigate the principles they
satisfy, following the principle-based approach for analyzing argumentation semantics [13-15]. We also perform the same study for
the completion-based versions of the classical Dung semantics.

This paper is an extended version of the conference paper [16]. The original definition of the grounded semantics, the correspond-
ing complexity results, and parts of the principle-based analysis were provided in the conference paper. Compared to this earlier
version, the paper has been enriched with various contributions:

« contrary to the conference version, all proofs are provided in the Appendices,

 new results are provided regarding the weak and semi-directionality of the strong and weak stable semantics (Proposition 6),

+ a new section (Section 5) has been added, where the classical “completion-based” extension-based semantics for IAFs (i.e. the
ones introduce by [17]) are also studied with respect to the principle-based analysis.

Section 2 presents background notions of abstract argumentation. In Section 3, we introduce the grounded semantics of Incomplete
Argumentation Frameworks. Sections 4 and 5 describe respectively our principle-based analysis of direct semantics of IAFs and of
completion-based semantics of IAFs. Finally, Section 6 discusses some related work and Section 7 concludes the paper and highlights
some interesting ideas for future research.

2. Background on abstract argumentation
2.1. Dung’s framework

Definition 1. An Argumentation Framework (AF) [1] is a directed graph F = (A, R) where A represents the arguments and R C AX A
represents the attacks between arguments.

In this paper we assume that AFs are always finite, i.e. A is a non-empty finite set of arguments. We say that an argument a € A
(resp. a set .S C A) attacks an argument b € A if (a,b) € R (resp. there is some a € S such that (a, b) € R). Then, S C A defends a € A
if for each b € A such that (b,a) € R, S attacks b. A set of arguments .S C A is called conflict-free when there is no attack between
any a,b € S. In this case we write S € cf(F). Dung [1] proposed several semantics for evaluating the acceptability of arguments.
Their definitions are based on the characteristic function I'z of an AF:

Definition 2. Given an AF F = (A, R), the characteristic function of F is 'y : 24 — 24 defined by

I'r(S)={a| .S defends a}

Now, given .S € cf(F) a conflict-free set of arguments, S is

* admissible iff S CT'x(S),

+ a complete extension iff S =T"r(S5),

« a preferred extension iff it is a C-maximal admissible set,

« the unique grounded extension iff it is the C-minimal complete extension.

These sets of extensions are denoted (resp.) by ad(F), co(F), pr(F) and gr(F). Finally, a last classical semantics is not based on
the characteristic function: .S € cf(F) is a stable extension iff .S attacks all the arguments in A \ .S. The stable extensions are denoted
st(F). We sometimes write o(F) for the set of extensions of F under an arbitrary semantics ¢ € {cf,ad, co, pr, gr, st}.

Example 1. Fig. 1 describes F = (A, R), where the nodes represent .A and the edges represent R. Its extensions for the co, pr, st and
gr semantics are given in Table 1.
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Table 1
Extensions of the AF F.

Semantics ¢ Extensions o(F)

co {{a,},{a),a3},{a;,a4,a4}}
pr {{aj.a3}.{a;.a4,a6}}

st {{a,a4,a6}}

gr {{a)}}

Table 2

Complexity of o-Ver, o-Cred, o-Skep, o-Exist and o-NE for ¢ €
{cf,ad, gr,st,co,pr}. C-c means C-complete. Trivial means that the an-
swer to the problem is always “NO” (for Skep) or always “YES” (for

Exist).
Semantics o o-Ver c-Cred o-Skep o-Exist o-NE
cf inL inL trivial trivial inL
ad inL NP-c trivial trivial NP-c
gr P-c P-c P-c trivial inL
st inL NP-c coNP-c NP-c NP-c
co inL NP-c P-c trivial NP-c
pr coNP-c  NP-c f-c trivial NP-c

Various decision problems can be interesting: o-Ver is the verification that a given set of arguments is a o extension of a given AF,
o-Cred and o-Skep consist (resp.) in checking whether a given argument belongs to some or each c-extension of a given AF. Finally,
o-Exist (resp. 0-NE) is the check whether there is at least one (resp. one non-empty) o-extension for a given AF. Table 2 summarizes
the known complexity for these problems, see [18] for more details.

2.2. Incomplete argumentation frameworks

Incomplete Argumentation Frameworks (IAFs) generalize AFs by adding a notion of uncertainty on the presence of arguments and
attacks, i.e. an IAF is a tuple = (4, A*, R, R’) where A, A’ are disjoint sets of arguments, and R, R’ are disjoint sets of attacks over
AuUA’. The arguments and attacks in A and R certainly exist, while those in A" and R? are uncertain. See [19] for a recent overview
of IAFs. In this paper, we focus mainly on the IAF semantics from [7,11,12]." The intuition behind this approach consists in adapting

the notions of conflict-freeness and defense to IAFs, in order to define well-suited notions of admissibility and the corresponding
semantics.

Definition 3. Let T = (A, A’,R,R’) be an IAF, and S C AU A’ a set of arguments. S is weakly (resp. strongly) conflict-free iff
Va,be SNA (resp. a,b € S), (a,b) € R (resp. (a,b) € RU R.

Definition 4. Let T = (A, A”, R, R’) be an IAF, S C AU A’ a set of arguments, and a € AU A’ an argument. .S weakly (resp. strongly)
defends a iff Vb€ A (resp. be AU AN st (b,a)ER (resp. (b,a) e R U RN, Ice SN As.t. (c,b) ER.

Combining weak (resp. strong) conflict-freeness with weak (resp. strong) defense yields a notion of weak (resp. strong) admissi-
bility, and the corresponding preferred and complete semantics.

Definition 5. Let T = (A, A”,R,R") be an IAF and .S C AU A’ a set of arguments. S is weakly (resp. strongly) admissible if it is
weakly (resp. strongly) conflict-free and it weakly (resp. strongly) defends all its elements.

The weak (resp. strong) conflict-free and admissible sets of an IAF T are denoted by cf ,(I) and ad, (Z) (resp. cf ((Z) and ad (T)).

Definition 6. Let 7 = (A, A’,R,R") be an IAF, and S C AU A’ a set of arguments. S is a

« weak (resp. strong) preferred extension of 7 if .S is a C-maximal weak (resp. strong) admissible set,
« weak (resp. strong) complete extension of 7 if S is a weak (resp. strong) admissible set which does not weakly (resp. strongly)
defend any argument outside of .S.

These semantics are denoted by pr,(Z) and co,(T), with x € {w, s}. The stable semantics has been adapted as well.

1 See Section 5 for the presentation of the classical completion-based semantics.
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Fig. 2. The IAF I.

Table 3
Extensions of the IAF T.

Semantics o Extensions ¢(F)

COy [{01»02504»‘1(,»‘17}}
Pry {{ay, a5, a4,06,0;}}
sty {{ay,a4,0a¢,07},{a,,04,05,a4,0a;},

{a),ay,a4,06,07},{a;,ay,04,05,a6,07}}

CO; {{a;}.{a,.a6}}
prs {{a).a6}}
st, [

Table 4

Complexity of o .-Ver, o .-Cred, o,.-Skep, o,-Exist and ¢,-NE for ¢ €
{cf,ad, gr,st,co,pr} and x € {w, s}. C-c means C-complete. Trivial means that
the answer to the problem is always “NO” (for Skep) or always “YES” (for
Exist).

Semantics 6, o, .-Ver o,-Cred o0,-Skep  o,-Exist o,-NE

cf, inL inL trivial trivial inL
ad, inL NP-c trivial trivial NP-c
gry P-c P-c P-c trivial inL
st, inL NP-c coNP-c NP-c NP-c
co, inL NP-c P-c trivial NP-c
pr, coNP-c  NP-c n?-c trivial NP-¢

Definition 7. Let T = (A, A’,R,R") be an IAF, and .S C AU A’ a set of arguments. .S is a weak (resp. strong) stable extension iff it
is a weak (resp. strong) conflict-free set s.t. Vae A\ S (resp. a€ (AU A"’) \S),IbeSnAs.t (ba)eR.

We use st, (1) with x € {w, s} to denote the weak and strong stable extensions of an IAF.

Example 2. Fig. 2 describes an IAF T = (A, A’, R, R") where the dotted nodes (resp. edges) represent the uncertain arguments A’
(resp. attacks R”). Certain arguments and attacks are represented as previously. Its extensions are given in Table 3.

The complexity of reasoning with these semantics has been established in [11,12], the results are summarized in Table 4.
3. Grounded semantics

Now we fulfill the landscape of “direct” extension-based semantics for IAFs by defining weak and strong variants of the grounded
semantics. Following Dung’s original approach, we define characteristic functions of an IAF, corresponding to the notions of weak
and strong defense from Definition 4.

Definition 8 (Characteristic functions). Given an IAF T = (A,A7,R,R7), the x-characteristic function of I (where x € {w,s}) is
defined by

I, 7(S)={a€AuUA"|S x-defends a}

We show that the results by Dung regarding the characteristic function of an AF [1, Section 2.2] can be adapted to our framework.
The following lemmas are easy to prove. First, the x-characteristic function preserves the x-conflict-freeness.

Lemma 1. Given an IAF I = (A, A", R, R’), x € {w,s} and S C AU A’, if S € cf (I) then T, 1(S) € cf ,(I).
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Algorithm 1 Computation of the x-grounded extension.

Require: 7= (A, A", R,R’), x € {w,s}
1: result =T, ; (%)
2: while result #I", ;(result) do
3:  result =T, ;(result)
4: end while
5: return result

The following lemma also shows that the usual relation between admissibility and the characteristic function(s) also works for
the strong and weak admissible sets defined in [11,12].

Lemma 2. Given an IAF I = (A, A*,R,R"), x € {w, s}, and S C AU A’ such that S € cf (I), S € ad(T) if and only if S C T, 7(S).

Also, the correspondence between fixed-points of the characteristic functions and the strong and weak complete extensions holds
in our framework as well.

Lemma 3. Given an IAF T = (A, A", R, R), x € {w, s}, and S € AU A’ such that S € cf (I), S €co,(I) if and only if S =T, 7(S).
Now, we prove that the I', ; functions are monotonic.

Lemma 4. Given an IAF I = (A, A’,R,R’), x € {w, s}, and two sets of arguments S, S’ C AU A’ such that S, S’ are x-conflict-free, if
SCS thenT, (S)CT, 7(S)).

Finally we define the grounded semantics of IAFs:

Definition 9. Given an IAF T = (A, ALR, R?> and x € {w, s}, the unique x-grounded extension of I is the least fixed point of the
x-characteristic function.

Following the Kleene fixed-point theorem, the x-grounded extension is the fixed point obtained by iteratively applying the x-
characteristic function of 7 using @ as the starting point. This means that we can compute the x-grounded extension with Algorithm 1,
which follows the classical approach for computing the grounded extension of an argumentation framework: take the arguments which
do not need to be defended (i.e. compute I', 7 (@), in the case where x = w, these are the arguments which are not certainly attacked
by certain arguments; in the case where x = s it means that they are not attacked at all). Then, while it is possible, we add to the
extension arguments that are defended by the arguments already member of the extension. The process stops when nothing can be
added anymore.

Example 3. Continuing the previous example, we have gr, (I) = {{a;,a,,a4,0a4,a7}} and gr (1) = {{a;}}.

From Lemma 4, we deduce that the iterations of the loop (line 2 in Algorithm 1) only add arguments to the result being constructed.
So the number of iterations of this loop is bounded by the number of arguments, which means that this process is polynomial, as well
as all the classical decision problems for these semantics. The P-hardness comes from the known results for standard AFs [18].

Proposition 1. For x € {w, s}, the problems gr,-Ver, gr -Cred and gr,-Skep are P-complete, gr,-Exist is trivial, and gr-NE is in L.

From Lemma 3, it is obvious that the x-grounded extension of an IAF is also a x-complete extension. It is also the case that any
complete extension must contain the arguments which do not need to be x-defended, and then it must contain all the arguments
from the x-grounded extension. So the x-grounded extension can be characterized as the (unique) C-minimal x-complete extension,
similarly to the “classical” grounded extension. This implies that the coNP upper bound for co,-Skep [11] can be made more precise,
since co,-Skep = gr-Skep.

Corollary 1. For x € {w, s}, co,-Skep is P-complete.

Table 4 summarizes the known complexity results for reasoning with the semantics of IAFs. Grey cells correspond to new results
provided in this paper, while the other cells correspond to results from [11] (for o,-Ver, 6,-Cred and o,.-Skep) and [12] for (o, -Exist
and o,-NE).

4. Principle-based analysis of IAF semantics

Now we study the properties of the extension-based semantics of IAFs. More precisely, we focus on some principles already
mentioned in the literature [14,15]. However, we do not mention some principles which are not relevant here, like admissibility or
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reinstatement, which do not make sense if they are directly applied to IAFs. Since our semantics have been defined to satisfy weak or
strong counterparts of admissibility (except weak stable semantics), there is nothing to prove regarding these principles adapted to
IAFs.

Notice that satisfying principles is not (in general) mandatory to define a “good” semantics, and so it does not mean that a
semantics which does not satisfy some principle is inherently “bad”. Principles are meant to help to characterize the behavior of
different semantics in some specific situations. If a user of argument-based reasoning is facing some concrete application, then the
principle-based analysis of semantics can help to choose a good semantics for this specific application (because it satisfies principles
which are desirable in this scenario), but for another application it could be possible to consider other principles as desirable, and
thus other semantics would be chosen.

4.1. Principles for IAF semantics

We adapt to IAFs several principles from the literature, and show which ones are satisfied by our semantics.

The I-maximality principle states that no extension should be a proper subset of another extension. As explained by [13], this
principle can be important when one needs to use skeptical reasoning. Indeed, if .S and .S, are two extensions with .| C.S,, then
any argument in S, \ .S is de facto considered as non-acceptable because it does not belong to the extension .S;. In the extreme case
where S| = @, then no argument can be accepted.

Principle 1. An extension-based semantics o satisfies the I-maximality principle if, for any AF T = (A, A’,R,R’), VS, S’ € o(T), if
SCS then S=S".

Proposition 2. I-maximality is satisfied by st; as well as pr, and gr, for x € {w, s}. It is not satisfied by co, for x € {w, s}, nor by st,,.

Roughly speaking, the next principle states that if an argument belongs to an extension, and is attacked by another extension,
then there should be a third one which abstains to give a status to this argument (i.e. this argument does not belong to the third
extension, and is not attacked by it). [14] explains that this principle can be necessary for applications like judgment aggregation [20]:
if extensions represent the viewpoints of several agents, such that some agents have good reasons to accept an argument and other
agents have good reasons to reject it, then the aggregation should allow to abstain about deciding the acceptance of this argument.

Before giving the principle, we introduce a new notation: given S C AU A’, S* ={ac AU A’ |3Fbe S st. (ha)eRUR’} is
the set of arguments attacked by .S

Principle 2. An extension-based semantics ¢ satisfies the allowing abstention principle if, for any IAF I = (A, A’,R,R"), and any
a€ AU A’, if there are two extensions S|, S, € o(I) such that a € S, and a € S; , then there is a third extension S; € o(I) such that
a¢S3U S;r .

Proposition 3. For x € {w, s}, gr, satisfies allowing abstention. For ¢ € {pr,st} and x € {w, s}, o, does not satisfy allowing abstention.
Finally, co, satisfies allowing abstention, and co,, does not satisfy allowing abstention.

Notice that allowing abstention can be considered either as trivially satisfied (as in [15]) or non-applicable (as in [14]) for single-
status semantics like the grounded semantics. Here we use the first option for presenting the results.
The next principle is based on the notion of contaminating framework. To define it, we need to introduce I, LIZ, = (A; U A,, A{‘l’ u

AL R UR,, RIUR)).

Definition 10. Two IAFs I, = (Al,A‘;,Rl,R‘;) and I, = (A,, A;,RZ,RE) are disjoint if (A; U A;’) N(AyU A%) =4.
An IAF T* is contaminating for a semantics ¢ if and only if for each 7 disjoint from I*, 6(I*)=0c(I* U T).

The existence of such a contaminating IAF I* can be seen as a weakness of the semantics, because adding 7* to another IAF
T somehow causes a crash of the reasoning in Z. For instance, in the case of Dung’s AFs, consider ¥ = (A,R), and a ¢ A a fresh
argument. It is well-known that adding an isolated self-loop to an AF leads to a new AF without stable extensions, formally, st({.A U
{a},R U {(a,a)})) =@, even if st(F) # @. This is a situation of “reasoning crash” where adding (disconnected) information to an AF
leads to only accepting what is accepted in the new information (in this case, it means accepted nothing). It may be important for
some applications to guarantee that the semantics avoids this kind of “crash”, which is formally stated (for IAFs) by the following
principle.

Principle 3. An extension-based semantics o satisfies the crash resistance principle iff there is no contaminating IAF for o.

Proposition 4. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies crash resistance. For x € {w, s}, st, does not satisfy crash resistance.
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The crash resistance principle only forbids very specific (undesirable) interactions, i.e. the situation where one specific set of
arguments and attacks (the contaminating IAF) interferes on the reasoning in every IAF. A more general situation can be captured by
the notion of isolated arguments. A set of arguments is called isolated if none of its elements attacks or is attacked by an argument
outside the set.

Definition 11. Given an IAF 7 = (A, AN R, R7), a set of arguments .S C AU A is called isolated in T if

(S X(AUAN\SHU(AUAN\ )X S)HN(RUR) =

Given an IAF 7 = (A, A", R,R?) and S C AU A’, I is the IAF defined by I, =(ANS, A" NS, RN(SXS),R NS %SI)).
The following principle can be seen as a stronger version of crash resistance, since it does not depend on the existence of a (general)
contaminating IAF, but can be applied locally at the level of each IAF.

Principle 4. An extension-based semantics o satisfies the non-interference principle iff for any IAF I = (A, A’,R,R"), and for any
S C Au A’ isolated in T, o(l;s)={ENnS|E€o()).

Proposition 5. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies non-interference. For x € {w, s}, st, does not satisfy non-interference.

Finally, the three last principles are based on the notion of unattacked sets of arguments, i.e. sets that can attack arguments from
outside, but which are not attacked by arguments from the outside (notice that these sets do not have to be conflict-free).

Definition 12. Given an IAF I = (A, A’,R,R’), the set of arguments S C A U A’ is called unattacked in T if and only if Va €
(AuAN\S,VbeS, (a,b)gRUR’.

The set of unattacked sets of 7 is denoted by U"S(Z). The following directionality principle (and its variants) strengthen the non-
interference principle, by stating (roughly speaking) that a set of arguments S cannot be influenced by arguments outside of it if
there are no attacks directed to arguments in .S coming from outside of .S.

Principle 5. An extension-based semantics o satisfies the directionality principle iff for any IAF T = (A, A’,R,R’) and any S € U'S(I),
o(l;s)={EnS|E€o()).

As in Dung’s framework, directionality implies non-interference, which implies crash resistance.

The next principles are weaker versions of directionality, where there is only an inclusion relation between o(Z|5) and {EN .S |
E € 6(1)} instead of an equality. This means that a semantics which satisfies directionality obviously satisfies both of them, but a
semantics which does not satisfy directionality may satisfy one of them (but not both).

Principle 6. An extension-based semantics o satisfies the weak directionality principle iff for any IAF T = (A, A", R,R") and any S €
US), 0(I,5)2{ENS|E€a(l)).

Principle 7. An extension-based semantics ¢ satisfies the semi-directionality principle iff for any IAF T = (A, A’,R,R’) and any S €
US), oI ;s)S{ENS|E€o()).

We prove that both versions of the complete, preferred and grounded semantics satisfy directionality (and obviously weak direc-
tionality and semi-directionality as well). We also show that the weak and strong stable semantics satisfy weak directionality but not
directionality, which implies that they do not satisfy semi-directionality.

Proposition 6. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies directionality. For x € {w, s}, st, does not satisfy directionality nor semi-
directionality. st, satisfies weak directionality.

4.2. Summary

Let us discuss the results of our principle-based analysis, summarized in Table 5. In most of the cases, the semantics of IAFs have
the same properties as their counterpart for standard AFs. We notice two exceptions. First, while strong complete semantics has the
same properties as the complete semantics of AFs, it is not the case of the weak complete semantics which does not satisfy allowing
abstention. Also, while classical stable semantics of AFs and strong stable semantics of IAFs satisfy I-maximality, it is not the case for
the weak stable semantics of IAFs.
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Table 5
Satisfaction (v) or non-satisfaction (X) of the principles for extension-based semantics of AFs [15] and
IAFs (originally from [16]). Grey cells represent new results that were missing in [16].

gr pr s & pry

Principles
I-max.
Allow. abst.
Crash resist.
Non inter.
Direct.
Weak Direct.
Semi-Direct.
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(a) The IAF T
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Fig. 3. The IAF 7 and its completions comp(Z) = {F},F,,F;,F;}.

5. Principle-based analysis of completion-based semantics

In the following section, we provide a comparison between our “direct” semantics and the classical approach based on completions.
More precisely, we focus on the so-called i*-extensions from [17]. We recall the definition of these semantics in Section 5.1, while in
Section 5.2 and 5.3 we provide some results regarding the properties of these semantics.

5.1. Background on completion-based semantics

Most of the work on Incomplete Argumentation Frameworks and related frameworks are based on the notion of completions, i.e.
standard argumentation frameworks representing possible scenarios compatible with the uncertain knowledge embedded in the IAFs.

Definition 13. Given T = (A, A”, R,R’), the AF F’ = (A*,R*) is a completion of T if and only if

. AQA*5
cRNUXAHCR*CRURHN(A* X A*).

We write comp(Z) for the set of completions of an IAF I.

Example 4. Consider the IAF given in Fig. 3a. It has 4 completions, since each uncertain element (the argument a5 and the attack
(a3,a4)) has two possible options regarding its presence — or not — in the completion. We give all its completions (Figs. 3b-3e).

Given the set of completions of an IAF, one can determine its extensions by selecting the extensions which appear in each com-
pletions (this is the necessary view) or in at least one completion (this is the possible view).

Definition 14. Given an IAF I = (A, A’,R,R’) and a semantics o, the set of arguments .S C A U A’ is a necessary (respectively
possible) i*-extension of T with respect to ¢ if and only if S € o(F™) for each (respectively for some) F* € comp(T).
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Table 6
Stable extensions of the four completions
Fr,je{1.2,3,4}.

L)

Fi Hay.a40607})
Fy o Hay.a406071)
Fy  {lay.as.a6.07}.{a;.a4,06,07}}
Fy  Ha.a3.06.07). {9y, a4, 06,071}

i*-extensions were introduced in [17], which studied the extension verification problem for these semantics. We write a)’:(l) for
the set of necessary or possible i*-extensions of Z, where x € {n, p} stands for necessary or possible.

Example 5. For each completion 7‘;‘, j€{1,2,3,4}, we list its stable extensions in Table 6. We observe that one of these extensions is
common to all the completions, but some extensions only appear in some completions. We deduce that the (necessary and possible)
stable extensions of T are sty (1) = {{a;,a4,a¢,a7}}, and stZ(I) ={{a;,a3,a4,0a7},{a;,a4,a¢,0a7}}.

5.2. Properties of necessary i*-extensions
We start with an observation of a relation between the properties of AF semantics and IAF necessary semantics.

Proposition 7. Let o be an extension-based semantics for AFs, and P a property of extension-based semantics. If P is satisfied by the IAF
semantics o7, then it is satisfied by the AF semantics o.

From Proposition 7, we deduce that the properties unsatisfied by AF semantics are not satisfied by the corresponding IAF necessary
semantics.

Corollary 2. The following hold:

* co} does not satisfy I-maximality,
* pr;, does not satisfy allowing abstention,
* sty does not satisfy allowing abstention, crash resistance, non-interference, directionality and semi-directionality.

Now, regarding I-maximality, we show as a general result that its satisfaction by an AF semantics implies its satisfaction by the
corresponding IAF necessary semantics.

Proposition 8. Let ¢ be an extension-based semantics for AFs. If ¢ satisfies I-maximality, then the semantics o, for IAFs satisfies I-maximality.
We deduce the following result for the grounded, preferred and stable (necessary) semantics:
Corollary 3. gry, pr, and st satisfy I-maximality.

We have already shown that preferred and stable necessary semantics to not satisfy allowing abstention. While this is still an open
question for the complete semantics, we prove here that it is satisfied by the grounded necessary semantics.

Proposition 9. gr’ satisfies allowing abstention.

Finally, crash resistance, non interference and directionality are also satisfied by the same semantics in the case of necessary
semantics than in the case of standard AFs. Moreover, we show that if directionality is satisfied by an AF semantics, then it is satisfied
as well by the corresponding IAF necessary semantics.

Proposition 10. For ¢ € {co, gr,pr}, o, satisfies crash resistance.

Proposition 11. Let ¢ be an extension-based semantics for AFs. If o satisfies directionality, then the semantics ¢ for IAFs satisfies direc-
tionality.

Corollary 4. For o € {co,pr,gr}, o satisfies directionality, hence it satisfies weak directionality, semi-directionality and non interference.
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Table 7
Satisfaction (v) or non-satisfaction (X) of the principles for extension-based semantics of AFs [15] and
completion-based IAFs semantics. Question marks indicate open questions.

*
D
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n n L

I-max.
Allow. abst.
Crash resist.
Non inter.
Direct.
Weak Direct.
Semi-Direct.

AN N NN
ANENENENENENEN
ANENENENENESEN G-
XN X X X X K
NN N NN
SSANRNENE NN
ASNANENENL RN -
X VX X X X K
NENE NN
AN R
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5.3. Properties of possible i*-extensions

A first observation regarding possible i*-extensions is that single-status semantics (like the grounded semantics) may not remain
so in this case.

Example 6. Continuing the previous example, we observe that gr(Fl*) = gr(Fz*) ={{a;,a4,a4,a7}}, and gr(Fg‘) = gr(F:) ={{a;}}, so
g (D) ={{ay,a4. 06,07}, {a, }}.

The semantics based on possible i*-extensions do not satisfy I-maximality nor allowing abstention.
Proposition 12. For ¢ € {co,pr, gr, st}, o; does not satisfy I-maximality.

Easy counter-examples can be given to show that. For instance, consider the IAF made only of one certain argument a and one
uncertain argument b. The completions are the AFs containing either only a, or both a and b, with no attacks. So the extensions are
{{a},{a,b}} for all considered semantics, hence the non-satisfaction of I-maximality.

Proposition 13. For ¢ € {co,pr, gr, st}, 6; does not satisfy allowing abstention.

The counter-example is similar to the one for I-maximality, we only need to consider also an attack from b to a. This time, the
extensions are {{a}, {b}}, with the first extension containing a and the second extension attacking a, but no third extension allowing
abstention.

For the other properties, their satisfaction is in line with standard results.

Proposition 14. For ¢ € {co, gr,pr}, 0'; satisfies crash resistance. st; does not satisfy it.
The fact that st; does not satisfy crash resistance induces that it does not satisfy non-interference and directionality.
Corollary 5. st; does not satisfy non-interference and directionality.

Proposition 15. Let o be an extension-based semantics for AFs. If ¢ satisfies directionality, then the semantics a; for IAFs satisfies direc-
tionality.

As usual, the satisfaction of directionality implies the satisfaction of several weaker properties.
Corollary 6. For ¢ € {co, pr,gr}, O'; satisfies directionality, hence it satisfies weak directionality, semi-directionality and non interference.
5.4. Summary

Table 7 summarizes our results regarding the properties of completion-based semantics of Incomplete Argumentation Frameworks.
While in most cases, the properties of the semantics coincide with the properties of their counterparts for standard AFs, an important
difference between the necessary and possible families of semantics can be observed with the results for I-maximality and allowing
abstention, which are never satisfied for the possible family.

A few questions remain open, regarding the weak and semi-directionality of the variants of stable semantics and allowing absten-
tion for the necessary complete semantics.

10
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6. Related work

The original work on Incomplete AFs was actually only limited to uncertainty regarding the attacks, i.e. focusing on IAFs with
A’ = 0. This framework, coined Partial AF, was initially proposed as a tool in a merging process for standard AFs [6]. Then, “direct”
extension-based semantics for these Partial AFs were proposed in [7], where several variants of admissibility and preferred semantics
were defined for this framework.

Then, various works by Baumeister and colleagues have generalized the Partial AFs into Incomplete AFs, adding the possibility
to have uncertain arguments as well [21,8]. These works mainly focus on the complexity of various decision problems as well as
SAT-based computational approaches, but do not study the principles of the IAF semantics. In particular, the notion of (possible or
necessary) extension-based semantics that can be derived from the extension verification problem defined in [21] is different from
what we have studied here. Indeed, for them, a possible extension of the IAF is a set of arguments .S such that .S N .A* is an extension
of some completion F7* = (A*, R*). This implies that possible extensions, following this definition, can have different properties than
expected (e.g. a set S = {a,b} with (a,b) € R can be a possible extension because S N {a} is an extension of a completion where
A* = {a}). For this reason, so-called i*-extensions have been defined by [17]. We use their notion of extension in Section 5. In
this work, they define the necessary and possible extensions as we have used them in this paper, and they show how the modified
definition impacts the complexity of reasoning, compared to the previous work from [21]. In [22,23], the authors define three new
properties of IAFs, namely totality (the fact that a given argument is never undecided for any extension of any completion, i.e. it
belongs or is attacked by every extension), determinism (the fact that a given argument has the same status for every extension of
every completion) and functionality (the combination of totality and determinism). They provide complexity results for these problems
under several classical semantics.

The authors of [24] study arguments acceptability in probabilistic argumentation frameworks, and show a correspondence between
reasoning with an IAF and reasoning with a probabilistic AF where all uncertain elements have a probability of 0.5.

Finally, the recent works by [25-27] define Incomplete Bipolar Argumentation Frameworks (IBAFs), where IAFs are combined with
Bipolar AFs [28]. They provide complexity results under classical decision problems that have been adapted from IAFs to IBAFs
(notably, credulous and skeptical acceptability of arguments with respect to some or each possible completion of the IBAF). Moreover,
[27] shows that taking into account the meaning of the notion of support (e.g necessary [29], deductive [30]) can be done by adapting
the notion of completion, which can have an impact on the complexity of reasoning.

None of these existing works on completion-based semantics provided a principle-based analysis like the one we provide here.

7. Conclusion

This paper describes new results on a new family of reasoning approaches for Incomplete Argumentation Frameworks (IAFs),
inspired by the original semantics for Partial AFs, a subclass of IAFs. We have shown that Dung’s grounded semantics can be adapted
to IAFs in two variants, namely weak and strong grounded semantics. As it is usually the case, reasoning with such semantics is doable
in polynomial time. Then, we have established which principles from the literature are satisfied by our new semantics, as well as the
extension-based semantics for IAFs defined in previous work. Finally, we have also studied the existing “completion-based” semantics
of IAFs in the light of these principles.

We envision several research tracks for future work, the first one being to fill the remaining gaps in the principle-based analysis of
the completion-based approach, i.e. removing the question marks in Table 7. Also, it would be interesting to study whether there are
connections between the acceptability of argument with respect to our semantics and their status with respect to completion-based
reasoning methods. Then, we wish to determine whether applying our semantics in a context of controllability [31,32] or automated
negotiation [10] can bring some advantage e.g., thanks to their complexity. Indeed, adapting the negotiation protocol from [10] to
use lower complexity semantics could have a practical impact if the negotiations are time-constrained. Also, it would be interesting
to parameterize the weak semantics by the number of uncertain conflicts that can be contained in a weak extension, in a way in the
same spirit as weighted argumentation frameworks [3].

Finally, in line with the recent definition of the Incomplete Bipolar Argumentation Frameworks [25-27], we wish to determine if
it is possible to define a “direct” approach for reasoning with various kinds of supports without relying on completions.
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Appendix A. Proofs of Section 3
Lemma 1. Given an IAF T =(A, A", R,R"), x € {w,s} and S C AU A’, if S €cf (I) then T, ;(S) € cf ().

Proof. Assume that S € cf (1), i.e. Va,b € SN A, (a,b) & R. Now consider S’ =T w.1(S), and reasoning towards a contradiction
assume that S ¢ cf (1), i.e. 3a,b € S’ N A such that (a,b) € R. Since S weakly defends b, there is ¢ € .5 n A such that (c,a) € R.
Then, since S weakly defends a, there is d € .S N A such that (d,c) € R. Hence S is not weakly conflict-free, which contradicts the
hypothesis. So .S’ =T, 7(.S) is weakly conflict-free.

Now we do a similar reasoning for strong conflict-freeness. Assume that .S’ € cf (I), meaning that Va,b € S, (a,b) € R U R
Considering S’ = I, 1(S), assume that S’ is not strongly conflict-free, i.e. there are a,b € S’ such that (a,b) € R U R?. Since S
strongly defends b, there is ¢ € S N .A such that (c,a) € R, and then since S strongly defends a there is d € S N A such that (d,c) € R.
So S is not strongly conflict-free, which is a contradiction. []

Lemma 2. Given an IAF 7 = (A4, A", R, R"), x € {w,s}, and § € AU A’ such that S € cf (I), S €ad(T) if and only if S CT, 7(S).

Proof. The proof is obvious. For the first direction of the equivalence, if .S € ad,(T) then .S’ x-defends all its elements, which means
that § is included in I', 7 (5). For the other direction, since § is x-conflict-free (from Lemma 1) and x-defends all its elements, it is
x-admissible. []

Lemma 3. Given an IAF 7 = (A4, A", R, R"), x € {w, s}, and S C AU A’ such that S € cf (I), S € co(I) if and only if S =T, 7(5).
Proof. The proof follows Lemma 2 and the definition of x-complete extensions. []

Lemma 4. Given an IAF 7 = (A, A" R, R7>, x € {w, s}, and two sets of arguments .S, .S’ C AU A" such that S, S’ are x-conflict-free,
if § C§ then I, 7(S) STy 7(S").

Proof. Assume that S, S’ are x-conflict-free sets such that .S C.S’. Now consider a € [, 7(S), and let us prove that a €T, 7(.5).

First, consider the case where x = w. Since S weakly defends a, for all b € A such that (b,a) € R, there is c € S n A such
that (c,b) € R. Since .S C .S’, obviously there is no certain argument in .S’ which certainly attacks a (otherwise, there would be a
contradiction either with the fact that .S weakly defends a, or with the fact that S’ is weakly conflict-free). So .S’ weakly defends a,
and we can conclude that ', 7(S) €T, 7(S").

Now consider x = s. Since S strongly defends a, for all b € AU A’ such that (b,a) € RUR’, there is ¢ € SN A such that (¢, b) € R.
Since S C S’ and S’ is strongly conflict-free, there is no argument in S’ which attacks a, for similar reasons to the previous case
x=w. So S’ strongly defends a, and ', 7(S) C T 7(S"). O

Proposition 1. For x € {w, s}, the problems gr -Ver, gr -Cred and gr,-Skep are P-complete, gr, -Exist is trivial, and gr -NE is in L.

Proof. P-membership is obvious, since the unique x-grounded extension .S can be computed in polynomial time using Algorithm 1.
Then, it can be checked in polynomial whether the given set is equal to S (for gr-Ver), or whether the given argument belongs to .S
(for gr.-Cred and gr,-Skep). For gr,-Exist, any I has exactly one x-grounded extension, so it is trivial. Finally, gr,.-NE can be solved
by checking, for each argument, whether it needs to be x-defended or not. As soon as some argument does not need to be x-defended,
the answer to gr -NE is YES. This check can be done in polynomial time and logarithmic space, hence the result.

Finally, P-hardness for gr -Ver, gr, -Cred and gr,-Skep come from the hardness of the corresponding problems for the grounded
semantics of AFs [18], and the fact that any AF (A, R) is an IAF (A, @, R,#). A similar transformation is used for proving hardness
results in the case of other semantics [11,12]. []

Appendix B. Proofs of Section 4

Proposition 2. [-maximality is satisfied by st as well as pr, and gr, for x € {w, s}. It is not satisfied by co, for x € {w, s}, nor by
st
Proof. For pr,, this is obvious by definition of the semantics. Similarly, since gr, only contains a single extension, it is obviously
minimal. For the co, semantics, it does not work because there are examples of IAFs with several co, extensions, including one of
them which is included in all the other ones (the gr, extension). It works for the st; semantics because st (T) C pr (I) for any IAF.

12
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Finally, for st,, consider T = ({a},{b,c,},{(b,c),(c,b)},®). Its extensions are st,(I) = {{a},{a,b},{a,c},{a,b,c}}, so obviously it is
not /-maximal. []

Proposition 3. For x € {w, s}, gr, satisfies allowing abstention. For ¢ € {pr,st} and x € {w, s}, o, does not satisfy allowing abstention.
Finally, co, satisfies it, and co,, does not satisfy it.

Proof. Consider first co,. Assume an argument a € AU A’ such thata € S| and a € S; , for S1,.5, € coy(I). Let us call S5 the unique
gr-extension. Since a is attacked by .S, a & S;. Similarly, since a € S}, a is not attacked by .S;. This proves the result for co,. For co,,, a
counterexample is the IAF I = ({a,d}, {b, ¢}, {(a,d),(d,a),(b,c),(c,b),(b,a)},B). Its extensions are co,,(I) = {{b,c},{a,b,c},{d,b,c}},
so e.g. a belongs to some extension and is attacked by all the other ones, there is no possible abstention.

The result is obvious of gr,.

Finally, consider the IAF T = ({a,b},%, {(a,b),(b,a)},B), i.e. there are only two certain arguments a and b which certainly attack
each other. For any ¢ € {pr,st} and x € {w, s}, there are exactly two o, -extensions o,(I) = {{a},{b}}, so obviously o, does not
satisfy allowing abstention. []

Proposition 4. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies crash resistance. For x € {w, s}, st, does not satisfy crash resistance.

Proof. For the weak and strong stable semantics, the usual counterexample still works. Consider 7* = ({a},#, {(a,a)},0), ie. it is
made of a single self-contradictory argument. 7* does not have any weak or strong stable extension. It is also the case for 7 L T*,
for any 1. This means that 7* is contaminating for weak and strong stable semantics. For the other semantics, one can combine an
extension of 7, with and extension of 7, to obtain an extension of 7, U Z,, so there cannot be a contaminating IAF. []

Proposition 5. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies non-interference. For x € {w, s}, st, does not satisfy non-interference.

Proof. The case of st, is obvious: consider the IAF T = (A,A7, R,R7) with A ={a,b}, R ={(a,a)}, and A?=R?=. In this case,
weak and strong stable semantics coincide with the stable semantics of standard AFs, so there is no x-stable extension for Z, but there
is one for T ;.

Now consider the case of 6 =co,, and E € co,(I). Since E is x-conflict-free, EN.S is obviously x-conflict-free as well. Moreover,
since E x-defends all its elements and .S is an isolated set, if there is an argument in .S attacking an argument in £ NS, then there is
necessarily an argument in £ N .S which x-defends the attacked argument. Finally, since E does not x-defend any argument outside
of E and S is an isolated set of arguments, then, £ NS does not x-defend any argument outside of it. So EN .S €co,(I ), and we
obtain {ENS | E € co,(I)} Cco,(I,g). Let us show the second inclusion. Consider E'€co (I 15)- By definition, E’ is x-conflict-free
and x-defends all its elements in Z| ¢. Since § is an isolated set in Z, none of its elements is attacked by arguments of (A U arg)\ S,
so E' also x-defends all its elements in 7. This means that E’ is x-admissible in Z, and so there exists E a x-preferred extension of
T such that E’ C E, with E’ = EN S. Since E is a x-complete extension of Z, we deduce the result.

Now focus on the case of x-preferred semantics. Let us consider E € pr (I). We know that E € co,(T) as well, so following the
previous result we know that E N .S € co,(Z,5). Towards a contradiction, assume that E NS & pr(Z,s). This means that there is
E' epr (I,s)such that EnS C E'. We write E” = E' \ (EN S). The set E U E" is a strict superset of E, and it is an admissible
set in Z. So E & pr,(I), which is a contradiction. We can thus conclude that En.S & pr,(Z, ), and we obtain the first inclusion
{EnS | E€pr,(I)} Cpr.Is). For the second inclusion, consider E' e pry(Z,s). By definition, E' e co,(Z,s) as well, and so
following the previous result we know that there is E € co,(I) such that EN .S = E’. If E is also a x-preferred extension of 7, we
obtain the result. Otherwise, it is possible to find a strict superset E” of E such that E” is a x-preferred extension of Z, and again
we can observe that E”’ n.S = E, hence the result.

Finally, consider E = gr,(I) the x-grounded extension of the IAF. It is a x-complete extension, so we know that EN S is a x-
complete extension of 7 g. Towards a contradiction, assume that it is not the C-minimal one, i.e. there is E' C(EN.S) a x-complete
extension of 7. Let a € (ENS) \ E’ be an argument from E N S not belonging to this new extension E’. This means that E’ does
not x-defend a in Z| 5. Now, considering Z, E’ is included in a x-complete extension E” (following the previous result for x-complete
semantics), but this E” does not defend a (again, this can be deduced from the fact that S is an isolated set), so a  E”. So, we have
exhibited an argument belonging to the x-grounded extension of 7, which does not belong to some x-complete extension. This is a
contradiction, so we can conclude that EN .S is the x-grounded extension of | 5. Now, let us prove that the other inclusion also holds.
Consider E’ the x-grounded extension of 7. E’ is included in all the x-complete extensions E” of T, g, and each of them is included
in a x-complete extension E of Z. So E’ is included in all the x-complete extensions of Z, including the x-grounded extension E, and
since S is an isolated set we have E NS = E’, hence the result. []

Proposition 6. For ¢ € {co,pr,gr} and x € {w, s}, o, satisfies directionality. For x € {w, s}, st, does not satisfy directionality nor
semi-directionality. st, satisfies weak directionality.

Proof. Consider an unattacked set .S € U"S(I). Now consider a weak complete extension E € co,,(I), and let us prove that ENn.S €
co,(Is). Obviously, EN S is weakly conflict-free. Then, since E weakly defends all its elements in 7, when we restrict the IAF to
1,5, any a € S which attacks an element from E has to be counterattacked by some b € E N S (because E weakly defends all its
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elements, and since S is unattacked no b € E \ S can attack a). So E N S is weakly admissible. Finally, it is obvious that E N .S does
not weakly defend any argument outside of it, since E does not (more precisely, if E NS defends some outsider arguments, then
they belong to E \ S and thus they are not in the restricted IAF Z|¢). So EN S is a weak complete extension of Z, g. This proves that
co,(I;s)2{ENS| E €co,(I)}. Now let us consider some E| € co,,(I,g. By defining, E| is weakly admissible in Z| g, and since .S
is unattacked then E| is not attacked by any argument in (A U AN\ S.So E | is weakly admissible in 7, and thus it is included in a
weak preferred extension E of I. By definition, E is also a weak complete extension of I. So we have E| = E N S. This shows that
co,(I,5) S{ENS|E €co,(I)}. We conclude that the weak complete semantics satisfies directionality.

We can observe that the previous reasoning holds with strong complete semantics as well.

Now we consider a weak preferred extension E € pr,,(I), and let us prove that EN .S € pr,,(Z, 5). The result follows the fact that
the weak complete semantics satisfies directionality: since E is a weak complete extension, E NS is a weak complete extension of
1,s. Assuming that E N S is not a weak preferred extension of 7 g, this means that some argument a € S \ E must exist such that
(EnS)U{a} is weakly admissible in the restricted IAF, and then E U {a} is admissible in the initial IAF, which is contradictory with
the fact that E is a weak preferred extension. So pr,,(Z,s) 2 {ENS | E € pr,,(I)}. The other inclusion is even more straightforward,
since the same reasoning as in the weak complete semantics case can be used. Finally, notice that this reasoning holds for the strong
preferred semantics as well. So both the weak and strong preferred semantics satisfy directionality.

Focusing on the x-grounded semantics, reasoning follows from the previous result for the x-complete semantics, and is analogous
to the reasoning for the non-interference principle.

Finally, for the x-stable semantics, the same counterexample as in the case of non-interference can be used. Assume an IAF made
of two certain arguments, ¢ and b, with the only attack being (a,a). The set S = {b} is unattacked but the extensions of the IAF
restricted to S (i.e. st,(Z;s) = {{b}}) are not in correspondence with the extensions of the original IAF (which does not have any
x-stable extension). So it does not satisfy directionality.

Now we prove the result for weak directionality and st,,. First, assume that E € st,,(I) and S € U'S(T). We need to prove that
EnS €st,(I5). Obviously, since E is weakly conflict-free, any of its subsets is weakly conflict-free, so EN.S' is weakly conflict-free.
Then, we know that Va € A\ E, 3b € EN A such that (b,a) € R. So, when we restrict to 15, letae(ANS) \ (EN.S) be an argument
in the restricted I that does not belong to E N S. Obviously, since a ¢ E and E is weakly stable, there is an argument b€ ENn A
attacking a. And since S is an unattacked set, this argument b cannot be outside of S. So we prove that 3b € E NS n A such that
(b, a) € R. This reasoning holds for any a € (AN S)\ (ENS), so E € st (), and we conclude that st,, satisfies weak directionality.
In turn, since st,, does not satisfy directionality, it does not satisfy semi-directionality.

The reasoning is analogous for strong stable semantics. []

Appendix C. Proofs for Section 5
C.1. Necessary i*-extensions

Proposition 7. Let o be an extension-based semantics for AFs, and P a property of extension-based semantics. If P is satisfied by the
IAF semantics o), then it is satisfied by the AF semantics o.

Proof. It comes from the fact that an AF F = (A, R) is a particular IAF I = (A,#, R, ) with a single completion equal to F, so if
P holds for the necessary extensions of I, it holds for the (standard) extensions of 7. []

Proposition 8. Let ¢ be an extension-based semantics for AFs. If ¢ satisfies I-maximality, then the semantics o, for IAFs satisfies
[-maximality.

Proof. From the definition, ¢ (Z) C o(F*) for each 7* € comp(I). Since ¢ satisfies I-maximality, there are no S, S’ € o(F*) such
that § C S/, hence the result. []

Proposition 9. gr), satisfies allowing abstention.

Proof. Since there is a single grounded extension for each completion, two options are possible regarding gr}: either all the comple-
tions have the same grounded extension, which is also the unique necessary grounded extension of the IAF; or they do not all have
the same grounded extension, in which case gr; (1) = @. In both cases, allowing abstention is trivially satisfied, like in the case of
AFs. [

Proposition 10. For ¢ € {co, gr,pr}, o, satisfies crash resistance.

Proof. For any of the considered semantics and any disjoint IAFs I, I,, we can combine a necessary c-extension of Z; and a
necessary o-extension of 7, to form a necessary extension of Z; Ll I, so there cannot be a contaminating 7. []

Proposition 11. Let ¢ be an extension-based semantics for AFs. If ¢ satisfies directionality, then the semantics o, for IAFs satisfies
directionality.
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Proof. Recall that ¢*(Z) = [«
”(Pfs): {ENnS|Ee€oc(F*}.

We can observe that unattacked sets of an IAF are unattacked in each of its completions as well. Also, the completions of the
reduced IAF I g are the completions of 7 reduced to S, i.e. comp(Z,5) = {Ffs | F* € comp(1)}.

ecomp(I) o(F*). If o satisfies directionality, then for any completion 7*, and any S € U'S(F*),

Now consider S € US(I), and o,(I,5) = ﬂpkecomp(lls)v(r*). From the previous observation, o,(Z;s) =

; ecomp(I){E NS|Ee€ G(Ffs)}, hence

o (l;s)={EnS|E€ a(lfs)}, so o), satisfies directionality. []

Nre st Precomp(T) U(Fl*s)' From o satisfying directionality, we obtain o} (Z,g) = mes st F*

C.2. Possible i*-extensions
Proposition 12. For ¢ € {co,pr, gr, st}, a;‘ does not satisfy I-maximality.

Proof. Consider the IAF T = ({a}, {b},,0). It has two completions, one of them containing only the argument a, the other one
containing both a and b. In both cases there are no attacks. So for all the considered semantics, there are two possible i*-extensions:
{a} and {a,b}. So the semantics does not satisfy I-maximality. []

Proposition 13. For ¢ € {co,pr,gr,st}, a; does not satisfy allowing abstention.

Proof. Consider the IAF T = ({a}, {b}, {(b,a)},@). It has two completions, one of them containing only the argument a, the other one
containing both @ and b. In the first case there are no attacks, in the second case there is an attack from b to a. So for all the considered
semantics, there are two possible i*-extensions: {a} (which contains @) and {b} (which attacks a), but there is no extension such that
a is neither in it nor attacked by it. So the semantics does not satisfy allowing abstention. []

Proposition 14. For ¢ € {co, gr, pr}, O';'; satisfies crash resistance. st; does not satisfy it.

Proof. For o € {co,gr,pr} and any disjoint IAFs I, I,, we can combine a possible o-extension of 7; and a possible c-extension of
1, to form a possible extension of 7; LI I,, so there cannot be a contaminating 7.

For st;;, the usual example works: the IAF 7* = ({a},, {(a,a)},d) is a contaminating IAF, since st;(l ul*=0g= st,(1*) for any
I. O

Proposition 15. Let ¢ be an extension-based semantics for AFs. If ¢ satisfies directionality, then the semantics 0';‘ for IAFs satisfies
directionality.

Proof. Recall that O’;(Z) =Upe
a(FfS) ={EnS|E€oc(F*")}.

We can observe that unattacked sets of an IAF are unattacked in each of its completions as well. Also, the completions of the
reduced IAF I g are the completions of 7 reduced to S, i.e. comp(Z,5) = {Ffs | F* € comp(I)}.

Now consider S € US(I), and O'Z(I 1s) = UP*Ecompals)a(F*). From the previous observation, a;(I 1s) =
UP*S sit. P*ecomp(T) U(Fl*S). From o satisfying directionality, we obtain o;(I 1) = Urfs st Precomp@IE NS | E € o(FfS)}, hence
UZ(ZlS) ={EnS|Ee a(IfS)}, SO 0'; satisfies directionality. []

ccomp(T) o(F*). If o satisfies directionality, then for any completion 7*, and any S € U'S(F*),
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