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Abstract

Assumption-Based Argumentation (ABA) is a well-
established formalism for modelling and reasoning over
debates, with a wide range of applications. However, the
high computational complexity of core reasoning tasks
in ABA poses a significant challenge for its applicability.
This issue is further aggravated when ABA frameworks
(ABAFs) are instantiated into graph-based argumentation
formalisms, such as Dung’s Argumentation Frameworks
(AFs) and Argumentation Frameworks with Collective At-
tacks (SETAFs). In knowledge representation and reasoning,
a key strategy to address computational intractability is to
optimise reasoning over a given knowledge base through
divide-and-conquer algorithms. A paradigmatic example
of this approach is splitting, where extensions of a given
framework are computed incrementally, by restricting the
search space to sub-frameworks only, and then combining
the obtained results. This approach has been successfully ap-
plied to AFs, for which also a parametrised version has been
introduced under stable semantics. However, the exponential
growth produced by the instantiation might undermine the
usefulness of splitting on the argument graphs induced by
ABAFs. To address this issue, our work investigates the
concept of splitting on the knowledge base rather than on
its graph-based instantiation. Furthermore, we generalise
splitting to its parametrised version for ABAFs.

1 Introduction

Computational models of argumentation in AI (Gabbay et al.
2021) offer formal approaches to represent and reason over
debates involving conflicting or uncertain information (Car-
rera and Iglesias 2015; Dimopoulos, Mailly, and Moraitis
2019; Fan and Toni 2012; Gao et al. 2016; Hadoux, Hunter,
and Polberg 2023; Toni 2013). Assumption-Based Argu-
mentation (ABA) (Bondarenko et al. 1997) captures argu-
mentative scenarios by means of so-called ABA frameworks
(ABAFs), or ABA knowledge bases, consisting of a set of
defeasible sentences (assumptions) and inference rules. Ar-
gumentative reasoning can be performed in ABA following
two different approaches. The direct approach, typically em-
ployed by ABA solvers (Lehtonen, Wallner, and Jarvisalo
2021a; Lehtonen, Wallner, and Jarvisalo 2021b), allows to
reason over the ABA knowledge base itself through seman-
tics defined at the level of assumptions. In contrast, the in-
direct approach (Lehtonen et al. 2024) realises reasoning in
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a two-step process: first an argument graph comprising ar-
guments and their relations is generated from the ABAF, by
means of the so-called instantiation procedure; then, seman-
tics from abstract argumentation are applied to the obtained
graph in order to find acceptable sets of arguments, along
with the assumptions supporting them.

Although ABA is a well-established formalism for non-
monotonic reasoning, with applications in medical decision-
making, explainable Al, and causal discovery (Fan et al.
2014; Fan 2018; Russo, Rapberger, and Toni 2024), the
high computational complexity of core reasoning tasks in
ABA poses a significant challenge for its deployment in
practice (Cyras, Heinrich, and Toni 2021). This issue is
further aggravated when ABAFs are instantiated into argu-
ment graphs, such as Dung’s Argumentation Frameworks
(AFs) (Dung 1995) or Argumentation Frameworks with
Collective Attacks (SETAFs) (Nielsen and Parsons 2006), as
the instantiation can be computationally expensive and may
result in exponentially large graphs (Lehtonen et al. 2023).

In the context of non-monotonic reasoning, one promi-
nent strategy to address computational intractability is to
optimise reasoning over a given knowledge base through
divide-and-conquer algorithms. A paradigmatic example of
this approach is splitting, originally developed for answer-
set programming (Lifschitz and Turner 1994) and later
adapted to other nonmonotonic formalisms, e.g. default
theories (Turner 1996) and recently Abstract Argumen-
tation (Baumann 2011; Baumann et al. 2012; Linsbich-
ler 2014; Baumann, Brewka, and Wong 2011; Liao 2013;
Baroni, Giacomin, and Liao 2014). This approach focuses
on incrementally computing the extensions of a given ar-
gumentation framework by means of the extension of its
sub-frameworks, thereby avoiding to consider the entire
solution-space of the original framework.

Despite the successful application in graph-based argu-
mentation (Baumann, Brewka, and Wong 2011), splitting,
so far, has been neglected for rule-based argumentation sys-
tems like Assumption-Based Argumentation. A straightfor-
ward attempt to apply splitting in ABA would be to first in-
stantiate the ABAF to a corresponding Dung’s AF and then
perform AF splitting. However, the exponential number of
auxiliary arguments introduced during instantiation might
invalidate the usefulness of splitting. To overcome this lim-
itation, we instead consider the instantiation of ABAFs as
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SETAFs, which yield more concise graphical representa-
tions (Konig, Rapberger, and Ulbricht 2022). Thus, we first
develop a splitting scheme for SETAFs, enabling incremen-
tal computation for the indirect approach of reasoning. This
method has the advantage of being easily applicable to any
formalism that can be instantiated as a SETAF. However, its
drawback is that we have to instantiate the knowledge base,
which comes with a computational cost, and we cannot even
use the splitting to speed up the instantiation step. To ad-
dress this issue, we present a splitting schema that operates
directly on ABA knowledge bases. To this end, this paper
makes the following contributions:

* Towards ABA splitting, we generalise existing notions of
splitting from AFs to SETAFs (Section 3) for complete,
stable, preferred and grounded semantics.

* We then introduce the notion of ABA splitting in Sec-
tion 4, along with the syntactic adjustments required to
establish a splitting theorem, which we prove under com-
plete, stable, preferred and grounded semantics.

* In Section 5 we extend our results to the more general
notion of parameterised splitting (Baumann et al. 2012),
showing that a splitting theorem holds for ABAFs under
stable semantics.

* In Section 6 we address computing splittings for SETAFs
and ABAFs, by reducing it to a graph splitting problem
and reusing dedicated algorithms for AFs.

* In Section 7 we take a closer look at the relationship be-
tween the splitting algorithm for ABAFs and the instanti-
ation procedure into SETAFs.

* Finally, after reviewing related work (Section 8), we con-
clude with a summary and outline directions for future
research (Section 9).

The proofs of the remaining results and additional mate-
rial are available at (Buraglio, Dvorak, and Woltran 2026).

2 Preliminaries

Assumption-Based Argumentation We recall here
the basic concepts of assumption-based argumentation
(ABA) (Cyras et al. 2018). Debates are represented by
means of so-called ABA Frameworks (ABAFs), which
consist of a deductive system (L£,R), where L is a set
of sentences, and R is a set of rules over £. A rule
r € R has the form a9 + a1,...,a, with a; € L,
body(r) = {a1,...,an} and head(r) = ao.

Definition 1. An ABAF is a tuple (L, R, A,~), where
(L,R) is a deductive system, A C L a set of assumptions,
and ~ : A — L is a total mapping, called contrary function.

For a set of assumptions, S C A we use S to indicate
the set of contraries of S. Conversely, we define the partial
function o : £ — A assigning an assumption to its contrary
b € A such that a(b) = a if b = @. This generalises to
sets of contraries as before. For a set of rules R, we fix
head(R) = {head(r) | r € R}, body(R) = {body(r) |
r € R}. Further, we use atom(S) = {pe L |pe SV
a(p) € SV p € S}. In what follows, we read atom(p) as
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atom({p}). For arule r € R, we say that r is: a fact if
body(r) = 0; a loop-rule if @ = head(r) and a € body(r).

A sentence g € L is tree-derivable from S C A and rules
R C R, denoted by S Hi q, if there is a finite rooted la-
belled tree T" where: the root of 7" is labelled with ¢; the set
of labels for the leaves of T is equal to S or SU{T }; and for
every inner node v of T there is a rule » € R such that v is
labelled with head(r), and every successor of v is labelled
with a € body(r) or T if body(r) = 0. We sometimes write
S F ¢ instead of S F® ¢ if it does not cause confusion.
Moreover, we call Thp(S) = {p € L | S F p} the theory
of S w.r.t. the ABAF D. Throughout the paper, we assume
that ABAFs do not contain dummy rules, whose body is not
derivable from any set of assumptions.

Definition 2. Let D = (L, R, .A,”) be an ABAF. A set S C
A attacks T C Aif S' & @ for some 8" C S and a € T.
A set S is conflict-free in an ABAF D (S € c¢f(D)) if it does
not attack itself; S defends T iff it attacks each attacker of
T ; S is closed iff S & a implies a € S; S is admissible
(S € adm(D)) if it is conflict-free and defends itself.

We say a set S of assumptions attacks an assumption a
if S attacks the singleton {a}. Moreover, for a set B C A
we say that S attacks B if S attacks some b € B. We use
St = {a € A| S @} and define the range of S w.r.t.
RCRasSE =8SU S}Jg. In this paper, we assume ABAFs
to be flat, unless specified otherwise. We call an ABAF flat if
every set S of assumptions is closed, and non-flat otherwise.
We next recall definitions for grounded, complete, preferred,
and stable ABA semantics (abbr. grd, com, pref, stb).

Definition 3. Let D be an ABAF and let S € adm(D). S €
com(D) iff S contains every assumption set it defends; S €
grd(D) iff S is C-minimal in com(D); S € pref(D) iff S
is C-maximal in com(D); S € stb(D) iff S attacks each
{z} C A\ S. We call (D) the set of c-extensions of D.

SETAF Instantiation Reasoning in ABAFs is often per-
formed on graphs induced from the instantiation proce-
dure. Due to their popularity and simple structure, this
step has traditionally been performed by means of Dung’s
AFs (Dung 1995; Bondarenko et al. 1997; Cyras et al. 2018),
i.e., directed graphs where nodes and their (binary) rela-
tion are interpreted as arguments and attacks among them.
However, this representation does not capture the possibil-
ity of having multiple assumptions attacking another di-
rectly, which might result in a large number of auxiliary
arguments. Thus, in recent years, a hyper-graph represen-
tation (Konig, Rapberger, and Ulbricht 2022) of ABAFs,
based on argumentation frameworks with collective attacks
(SETAFs) (Nielsen and Parsons 2006), has become increas-
ingly popular (Buraglio et al. 2024b; Russo, Rapberger,
and Toni 2024; Berthold, Rapberger, and Ulbricht 2024;
Dimopoulos et al. 2024).

Definition 4. A SETAF is a pair SF = (A, R) where A is
a finite set of arguments, and R C 24 x A is the attack
relation. For an attack (T, h) € R we call T the tail and h
the head of the attack. We write (t, h) to denote the set-attack
({t},h). For S C A, we say S attacks an argument a € A



Proceedings of the 23rd International Conference on Principles of Knowledge Representation and Reasoning
Main Track

if there is an attack (T, a) € Rwith T C S. Moreover, for a
set B C A we say that S attacks B if S attacks some b € B.
We use S}, = {a € A | S attacks a} and define the range
of Sw.rt. R as S;‘g =SU SE. By AF’s we refer the class of
SETAFs where all attacks (T, h) € R are such that |T| = 1.

For all semantics under our considerations, an ABAF
D = (L£,R,A,7) can be instantiated as the (equivalent)
SETAF SFp = (Ap,Rp) where Ap = A and (S,a) €
Rp iff S + @ (Konig, Rapberger, and Ulbricht 2022).
Example 1. For the ABAF D = (L, R, A,7) (left) and its
corresponding SETAF SFp (right), it holds that {a,w, z} €

pref(D) = pref(SFp).

A: {a7b7’07w7$ayﬂz}
L= AUAU{p} @ @Q@ 9
R= {b+b, p+a, v a,

Notice that such a mapping is many-to-one, i.e., several
ABAFs correspond to the same SETAF. This is because
the SETAF instantiation only remembers the attacks be-
tween assumptions but forgets all non-assumptions. In the
above example, we lose the sentence p when instantiating
the derivation {a,w} F T build via T < p,w and p + a
into ({a,w}, z). On the other hand, SETAFs can be seen —
syntactically — as a fragment of flat ABAFs, by modelling
each attack (S, a) via a dedicated rule @ < S.

T pw, J T, Y+ b, 2}

Splitting of AFs We now recall the splitting approach
for AFs (Baumann 2011). A splitting identifies two sub-
frameworks F and I, separated by a set of attacks going
from I to F5. Then, the information contained in an exten-
sion of F is propagated, computing the so-called reduct of
F5 accordingly.

Definition 5. Let F' = (A, R) be an AE, F} = (A1, Ry) and
Fy = (Ag, Ry) two sub-frameworks of F s.t. Ay N Ag = 1),
A=A1UAsand R = R U Ry U R3 with R3 C A1 x As.
The triple (Fy, Fs, R3) is called a splitting of F. For such
a splitting and a set E C A, the (E, R3)-reduct is the AF
AF' = (A',R) with A" = Ay \ Ef; and R’ = Ry N
(A’ x A’). Moreover, the set of undecided arguments w.r.1.
Eg A1 iSUE :Al \Egl

The reduct is designed to take care of the arguments at-
tacked by the set E. To account for the propagation of unde-
cided arguments w.r.t. F, a further modification is needed:
self-attacks are propagated from F} to arguments in F5.

Definition 6. Let (Fy, F», R3) be a splitting for an AF F
and E an extension of Fy. Moreover, take Fy = (Al, R})
as the (E, Rs)-reduct of Fy and Ug, as the set of undecided
arguments w.r.t. E. The (Ug, R3)-modification of Fy is:

mod(2 (F}) = (A%, RyU{(b,b) | Ja € Ug : (a,b) € Rs}).

Using these definitions, Baumann (2011) has shown that
it is possible to split the AF and compute the extensions for
each sub-framework incrementally such that their combina-
tion yields extensions of the original framework.

Theorem 1. (Baumann 2011) Let (Fy, F>, R3) be a splitting
foran AF F = (A, R) and o € {adm, stb, com, pref, grd}.
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1. IfEy € o(Fy) and By € o(mody (F3)), then E{UE; €

o(F).
22.If E € o(F), then EN Ay € o(F1)and EN Ay €

U(modgz (FY)).

Later, this idea has been generalised by relaxing the strict
separation requirement, which significantly narrows the ap-
plicability of splitting, introducing so-called parametrised
splitting (Baumann et al. 2012). Instead of demanding that
the first part is completely unaffected by the second, it al-
lows some forms of interaction. This generalisation is cap-
tured by the notion of quasi-splitting, where arguments in
F1 may be externally attacked by arguments in F5. The
goal is to preserve correctness while broadening the appli-
cability of splitting. This is achieved by enriching F; with
meta-information that encodes facts about potential influ-
ences (e.g. attacks) from the second sub-framework. In par-
ticular, for each externally attacked argument a, a fresh ar-
gument a’ is added to F; along with a symmetric attack on
a, enforcing a choice between a and @’ in Fy. Then, F is
modified accordingly: the previous choices are propagated
in the second sub-framework via the reduct as well as addi-
tional nodes and attacks. Stable extensions of the entire AF
are then recovered by composing compatible solutions from
the two modified sub-frameworks.

3 Splitting Collective Attacks

Towards a splitting approach for ABA we first introduce a
splitting scheme for argumentation frameworks with collec-
tive attacks (SETAFs). First, due to their correspondence
with ABAFs this paves the way for the splitting scheme on
the ABA knowledge base that we will introduce in the next
second. Second, this provides a divide-and-conquer method-
ology to enhance existing solvers for SETAFs (Dvorik,
GreBler, and Woltran 2018; GreBler, Dvorak, and Woltran
2024), and thus allows for splitting when solving ABAFs
via instantiations to SETAFs.

We introduce a notion of splitting for SETAFs that gener-
alises the one for Dung-style AFs.

Definition 7. Let SF = (A,R) be a SETAF, SF; =
(A1, Ry) and SFy = (As, Ro) two sub-frameworks of SF
suchthat AiNAs =0, A= A1UAs and R = R{URyUR3
with Ry C ((24\ {0}) U 242) x As. We call a splitting
of SF the triple (SFy,SF5, R3). Moreover, we call R the
set of links w.r.t. (SFy, SFy, R3) and say that a link is un-
decided if no argument in its tail is defeated (i.e. attacked by
an extension), but at least one is undecided.

As for AFs, the general idea is to compute extensions of
S I as a combination of extensions of SF} and SF5. Due to
the links from S F; to S F» we have to modify S F5 according
to the extension(s) of SF} to account for the prior accepted
and rejected arguments. Following Baumann (2011), we in-
troduce the notions of reduct and modification, in applica-
tion to the second part (that is, SF») of the original SETAF.
Intuitively, the reduct takes care of the arguments in SF5
that are already defeated by E; by deleting them. Moreover,
the reduct removes an attack in R, if one of the arguments
in the tail or the head is defeated by £;. The attacks of R3
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are first filtered and the simplified by the reduct in order to
fit to the new argument set. An attack is neglected if either
a tail or the head argument is defeated by FE1, all the tail ar-
guments are in A;, or there is a tail arguments in A; that is
not accepted by F'. The remaining attacks are simplified by
removing the arguments of A; from the tail of the attack.

Definition 8 (Reduct). Ler (SFy, SFs, R3) be a splitting
for a SETAF SF. We define the (E1, R3)-reduct (or simply
reduct) of SF; for some extension E; of SFy as the SETAF
SF) = (A%, R}) with:

Ay ={a€ Ay |a g (B)p,};

Ry, ={(T,h) € Ry | T C A, h € AL} U

{(T'\ A1,h) | (T,h) € R3, T\ Ay # 0,
TNA CE,TN(E)}, =0, h e Ay}
When dealing with undecidedness, what guides our intu-

ition towards a certain modification is not the status of the
arguments in SF7, but rather the status of the links. Hence,

we slightly tweak the original definition and base our notion
solely on the undecided links.

Definition 9 (Undecided Links). Given a splitting
(SFy,SFy, R3) for a SETAF SF and an extension
FEy € SF) we define the set of undecided links w.r.t. Fq as:

UL = {(T,h) € Ry | TN (Ex)hm, = 0,
dteT:te A \ (El)%l}

In what follows, we define the modification, which is ap-
plied on the reduct, and accounts for the effects of the unde-
cided links. In particular, for each undecided link (S,t) €
R3 we add to F} a (set-)self-attack from ¢ (together with the
Fj-part of the attack) to itself.

Definition 10 (Modification). Ler (SFy,SFy, R3) be a
splitting for a SETAF SF and E; an extension of SF. Take
SF} as the (Ey1, Rs)-reduct of SF» and Ugg as the set of

undecided links w.r.t. E,. We denote with modgé (SFY)
SFy = (A%, R}) the U g; -modification (or simply modifi-
cation) of SF} s.t. Ay = Al and R} is given by:
Ry U{((T N Ay) U{h},h) | (T,h) € UL, h € Ay}
Before we present the splitting theorem we illustrate Def-
initions 8—10 in the following example.

Example 2. Consider the SETAF SF of Example 1 that
separates arguments in A1 = {a,b} from those in Ay =
{v,w,z,y,z}. We select the preferred extension E1 = {a}
of SF, and compute the reduct SF3. This is obtained by: (i)
deleting v, as it is attacked by E\; (ii) projecting ({a, w}, x)
to ({w},x) since a € Ey; and (iii) neglecting the attack
({b, z},y) because b ¢ E,. Subsequently, we construct the
modification SF3. For this, case (iii) is crucial: the attack
({b, z},y) is an undecided link since b is not in the range
of By and {b, z} is not attacked by it. Thus, we introduce
set-self-attack ({y, z},y) to SF}.
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Finally, we obtain E5 = {w, z} as the preferred extension
of SF3, retrieving E = Fy U Ey = {a,w, z} as a preferred
extension of SF.

Having these notions at hand, we now establish the ad-
equacy of the splitting technique for SETAFs. We start by
establishing that (a) conflict-freeness of the sub-frameworks
SF, and SF; carries over to the whole SETAF SF', and (b)
conflict-free sets of SF' induce conflict-free subsets in SF}
and SFY.

Proposition 1. Let (SFy,SF», R3) be a splitting for a
SETAF SF = (A,R) with SF, = (Al,Rl) and SFy, =
(Ag, Ry). Let SF} = SFE,

1. If By € ¢f(SFy) and E; € cf(mody;' (SF})), then Ey U
b, € Cf(SF)

2. If E € ¢f(SF), then Ey = EN Ay € ¢f(SF1) and
EN Ay € cf(SF}).

Finally, we are ready to characterize the splitting algo-
rithm by generalising the splitting theorem for SETAFs un-
der the standard Dung semantics.

Theorem 2. Let (SFy, SFs, R3) be a splitting for a SETAF
SF = (A,R) with SF1 = (Al,Rl), SF2 = (AQ,RQ),
and o € {stb,adm,com,pref,grd}. Further, let SF3
modp! (SF}).

1. If By € o(SFy) and Ey € o(SFY), then E; U Ey €
o(SF).

2. If E € o(SF), then E;y = EN Ay € o(SFy) and EN
Ay € o(SF3).

While the existing instantiation procedure from ABA
frameworks to SETAFs provides a foundation for defining
splitting, attempting to directly replicate the SETAF-style
idea of splitting among assumptions fails to yield a natu-
ral notion of splitting. This disconnect stems from a funda-
mental structural difference: in SETAFs, attacks are prim-
itive, whereas in ABA, they are derived from the underly-
ing deductive system (£, R). As a result, naively mimick-
ing SETAF-style splitting in ABA would require (i) arbitrar-
ily partitioning the assumption set into .A; and As, and (ii)
computing attacks as derivations from assumptions in .4; to
those in A3. However, splitting should be possible solely
by inspecting the knowledge base at hand. Moreover, while
instantiating ABAFs into SETAFs has been shown use-
ful in specific contexts (Russo, Rapberger, and Toni 2024;
Buraglio et al. 2024b), this approach comes with a critical
drawback: it can yield an exponential growth in the num-
ber of collective attacks generated, thus increasing in input
size. This inefficiency motivates many ABA solvers to op-
erate directly on ABAFs rather than relying on their abstract
representations. Therefore, to enable an efficient form of
splitting, we propose a dedicated splitting algorithm tailored
to the syntactic structure of ABAFs.

4 Splitting in Assumption-Based
Argumentation

In this section we present splitting results for ABAFs. The
rule-set of an ABAF is split into a bottom and a top part
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whenever no assumption occurs in the bottom part whose
contrary is derived by some rule in the top. This ensures
that the assumptions in the bottom can be evaluated inde-
pendently of what can be deduced by inspecting the top part.
We capture this intuition via the notion of splitting set:

Definition 11. Given an ABAF D = (L,R,A,”), a set
S C L is a splitting set (or simply a splitting) of D if
S = atom(S) and for all 1 € R, head(r) € S implies
body(r) C S.

A splitting set partitions the deductive system into two
sub-systems (£1,R1) and (£2,Rz2), called the ‘bottom’ and
‘top’. In particular, we have (i) £; = S and R,
{r € R | head(r) € S} and (ii) Lo L\ S and
Ry = {r € R | head(r) ¢ S}. These induce respec-
tively D1 = (ﬁl,Rl,Al,il) and Dy = (ﬁg,Rg,AQ,iQ)
with A; = £; N A and ~ defined over A,.

Example 3. Consider again the ABAF D = (L,R,A,7)
from Example 1, with assumptions A = {a,b,v,w,x,y,z},
sentences L = AU AU {p}, and rules R as follows:

beb pa Ta T+wp Jx F bz

Take the set S = {a,b,a,b,p}. It can be easily checked that
S is a splitting set of D, through which we obtain two sub-
systems (L1, R1) (bottom) and (L2, R2) (top) such that:

e L1y=Sand Lo =L\ S;
e Ri={b+b p+a}landRy =R\ Ri.

Notice that some atoms contained in £, (but not in L)
may occur in the body of some rule in R2 (a, b and p in
Example 3). This intermediate mismatch will be resolved
later by the notion of reduct. Moreover, their occurrences
in Ro does not affect the acceptance status of such atoms.
In fact, a first sanity check, we observe that our notion of
splitting prevents building attacks from assumptions of Do
towards assumptions of D; using top-rules in Ra. This is
ensured by the fact that contraries of assumptions occurring
in the bottom part are not derived via rules in the top part
(via construction of Rs). As a result, assumptions in .4; are
attacked only via rules in R; by assumptions in .A;. Thus,
no attack generated from A (by means of rules in Rs) is
directed towards A; .

Proposition 2. Let D be an ABAF and S a set of literals
that splits D into Dy and Ds. For every derivation T % @
with a € Ay, it holds that R C R and T C Aj.

The attacks of the bottom part can be extended in a conser-
vative way: whatever happens in the second sub-framework
does not affect the acceptability of assumptions in D;. Thus,
to compute incrementally an extension of an ABAF D, we
can first select an extension E of D; and later modify Do
according to the information contained in E. Consequently,
we can evaluate the modified framework D» and augment
its extensions with E. Again, we follow the approach of
Baumann and appeal to the notions of reduct and modifica-
tion in application to Dy via a two-step process. First, we
propagate all the information we get from a o-extension F
of Dy to ensure that rules in contrast with E are removed.
The outcome is called the F-reduct of Ds.
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Definition 12. Let D = (L, R,.A, ™) be an ABAF, S a split-
ting set of D into Dy and Dy and E a o-extension of D1.
We call DY (Lo, REY, Ay, 2) the E-reduct (or simply
reduct) of Do, where RY' is obtained by deleting:

e each rule r € Ry with body(r) NS € Thp, (E);

e all literals in Thp, (E) from the remaining rules.

As we anticipated, the rule-set Rf now contains all and
only those atoms occurring in £o. Therefore, the reduct
can be evaluated in complete isolation from D;. In the sec-
ond step, we modify the reduct to propagate the information
about assumptions (or their contraries) which are not con-
tained in Thp, (F). We call these assumptions undecided,
as they are not in E nor their contrary is derivable from it
(i.e. are not attacked by E). Then, the set of undecided as-
sumptions of Dy wrt. Eis UAp, (E) = {a € A1 | a ¢
Eanda ¢ Thp,(E)}. Since their status can be transmitted
to other assumptions via rules, we define the concept of un-
decided theory of D1, capturing all sentences derived from
some undecided (but no defeated) assumptions.

Definition 13. Ler D = (L, R, A, ™) be an ABAF and E €
o(D). The undecided theory UTp(E) of D w.rt. E is the
set of sentences p € L for which there is a T C A such that
(i) T+ p, (ii) TNUApR(E) # 0, and (iii) TNThp(E) = 0.

Rules in Dy whose bodies contain elements of UT p, (E)
might carry over undecidedness from D;. However, this sce-
nario could be overwritten by the presence of incompatible
sentences w.r.t. E, captured by ISp, (F) = Thp, (E7+31)UE’
where Eff = {a € Ay | E+-%a,R C Ry}. Hence, a set
of sentences from D; will carry undecidedness to sentences
in D5 if and only if (i) none of its elements is incompati-
ble and (ii) at least one of its elements is in the undecided
theory w.r.t. the previously selected extension. This concept
mirrors the notion of undecided links for SETAFs.

We are now in the position to formally define the modi-
fication of DQE . First, we expand the set of sentences with
a fresh assumption z,, and corresponding contrary. Further,
we introduce (i) a loop-rule for x,, and (ii) a modified ver-
sion of every rule with some undecided (but no incompat-
ible) sentence in the body. In particular, we expand their
body with z,,, after projecting to Lo.

Definition 14. Let D be an ABAF, S a set that splits D
into two sub-frameworks Dy and Do and E an extension
of Dy. Further, let D) be the E-reduct of Dy. We use
modf (Dy) = D5 = (L3, R5, A3, ™) to denote the E-
modification (or simply modification) of D, where D% = D,
if UAp, (E) = 0, and otherwise:
Ry =RLU{Ty < wy} U
{head(r) + (body(r) N La) U{xy} | 7 € Ra,

body(r) N1Sp, (E) = 0, body(r) NUTp, (E) # 0}.
Example 4. Consider again the ABAF D = (L, R, A,™)
from Example 3 and splitting set S = {a,b,a,b,p}. We
know that {a} € pref(D1). Therefore, the {a}-reduct of Dy
is D;a} = (Lo, Réa}, Az, 72), where the rule-set Réa} is:

U 4=

T 4w Yy
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Moreover, UAp, ({a}) = {b} is the set of undecided as-

sumptions and UTp, ({a}) = {b,b}. We then compute the
modification D% w.r.t. {a} by expanding the set of sentences

Lo with {x,,, Ty} and the rule-set Réa} above such that:

V T W YT YTy 2 Ty & Ty

Since {w, z} € pref(D3}), we get {a,w, z} as in Example 2.
We can now prove that our procedure preserves conflict-

free sets under incremental computation as well as projec-
tion to sub-frameworks, as for SETAFs in Section 3.

Proposition 3. Let S C L be a splitting set of an ABAF D
into Dy and Ds. Moreover, let Dy = modgl1 (DF).

1. If By € ¢f(D1) and E5 € ¢f(D%), then E1UEs € ¢f(D).
2. If E € ¢f(D), then EN Ay € ¢f(D1) and EN Ay €
cfDY).

We then show that splitting is adequate with respect to sta-
ble, admissible, complete, preferred and grounded seman-
tics. Due to space constraints we include proof details only
for admissible semantics, being prototypical for the others.

Theorem 3. Let S be a splitting set for an ABAF D into
D, and Dy and o = {stb,adm, com, pref, grd}. Further, let

modp! (D) = Dj.
1. IfE; € U(Dl) and Fy € O’(Dg), then E1 U Ey € O’(D)

22.IfE € o(D), then ENA; € o(D1) and EN Az €
o(D3).

Proof. (admissible). (1.) Since admissibility implies
conflict-freeness from Proposition 3, we know that & =
E,UE; € ¢f(D). Thus we only need to show that E defends
itself in D, i.e. foralla € E, if T I @, then 7" |- ¢ for some
teTandT' C E. If a € F1, we know that a is defended
by E; in A; from hypothesis. Thus, from Proposition 2, we
can deduce that E; € adm(D). Consider now an assump-
tion a € E5 and some T" C A such that T' FRgand R C R.
If T NThp,(E1) # 0, then E; defends a against T" in D.
If TNThp,(Ey) = 0, this means that T C A, and T - @
in D}, (a is attacked in the reduct) or T' U x,, FE @ in D3 (a
is attacked in the modification). In both cases, since F5 is
conflict-free and defends a in D3, there is a 7" C F5 such
that 7" + ¢ with ¢ € T. We distinguish two cases: either (i)
T’ + t already in D5, in which case a is defended by F in
D, or (ii) there is some 7" D T’ such that 7" + ¢ in D and
T" N Ay C Eq. Thus, since T C E; U Es, a is defended by
FEq1 U Esin D. In any case a is defended in D by E.

(2.) By Proposition 3, we get B4 = EN Ay € ¢f(D1)
and F; = EN Ay € ¢f(D}). First, we know that E; =
ENA; € adm(D;) because E defends itself in D and E N
A is not attacked by a subset of Ay (Proposition 2). It
remains to prove that E; = E N Ay € adm(D3). Take
an assumption @ € Ej such that T - @ in D3. Each such
derivation corresponds to exactly one derivation 7' - @
with R C R. There are two cases: either i) T/ =T C A,
and R C Roor (i) T D T\ {xy} where T\ T C E;
(assumptions deleted from simplified rules in the reduct).
From both (i) and (ii) we deduce that 7" N Thp, (E;) =
(): for (i) because it would entail T" € Aj; for (ii) because
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otherwise 1" I/ @ in D%. Nonetheless, since E defends a in
D, in case (i) there is a counter-attack 7" F72 7 such that
T" C Eandt € (T \ {a}). In case (ii), the same holds
butt € (T \ {a,x,}). ¥ T" N A = 0, we know that
{t} C A} and together with the fact that 7" C E, we derive
T" C ENA, = E5. Hence, T" defends a from T in D3. If
T"NA; # 0,thenT”NA; C E;. Therefore, fromT"” C E
we get T N A, FR2 %, which defends a against T' in D}.
Thus a is always defended in D3, as desired. O

The above results guarantees the correctness of our
divide-and-conquer algorithm. However, as anticipated
in the introduction, splitting is only possible when cer-
tain structural properties are met. For graph-based frame-
works, it is required that all attacks between the two sub-
frameworks share the same direction. For this reason, the
presence of a single attack can invalidate the possibility
of splitting (e.g. when the AF in question has the form of
a Strongly Connected Component (SCC)). In the case of
ABA, the same can happen when an assumption b in the
splitting set S is attacked by assumptions outside of it. In
such cases, splitting is impossible, as the bottom part of
ABAF is not independent from the top. Thus, the acceptabil-
ity of b cannot be ensured by projecting to the bottom. Sim-
ilarly to graph-based frameworks, the possibility to make
use of a splitting algorithm may be hindered, even in cases
where only one out of many assumptions in S' is externally
attacked. To overcome such issue, we consider in the fol-
lowing section a generalised version of ABA splitting.

5 Parametrised Splitting

We now introduce a more general version of splitting for
ABAFs, called parametrised splitting inspired by Baumann
et al. (2012). This relaxes the structural constraint for the
application of splitting, potentially allowing a fixed number
of assumptions in the bottom part to be attacked from as-
sumptions in the top. Precisely, in contrast with the previous
notion of splitting, we allow some contraries of assumptions
occurring in bodies of R; to appear as the heads of rules
in Re. The number of these assumptions then represents
a measure of how far we are from obtaining a splitting of
ABA knowledge base. The concept of a splitting set is then
generalised accordingly as follows:

Definition 15. For any ABAF D = (L, R, A,7), aset S C
L is called a quasi-splitting of D if S = atom(S) and for all
r € R, head(r) € S implies body(r) \ A C S. Let V§~
{be A\ S| Ir,r’ € R:b € body(r) N A, head(r) €
S, head(r') = b,r # r'}. We call S:

o k-splitting of D, if [V§™ | = k;

* (proper) splitting of D, if |[V{™| = 0.

As before, the rule-set is split into a bottom and top part,
depending on the rule-head respectively being or not in S.
As a result, V5~ is the set of assumptions in the bottom
whose contrary is derived in the top. We call VS~ the set of
vulnerabilities with respect to S, since it contains assump-
tions that are attacked by S. Whenever |V§ | # 0, there
are some heads in Ro whose corresponding assumption may
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appear in bodies of R;. Therefore, the notion of splitting of
Definition 11 corresponds to a 0-splitting. To account for el-
ements of V§~, the ABAFs D; and D, induced by the cho-
sen splitting set are constructed in a slightly different way
than before. In particular, we fix D and D, as before, but
let L1 =SUVS U VS~ . Moreover, since contraries in V™
may be derived by top rules, the status of their correspond-
ing assumptions in the bottom depends on rules in the top.
Consequently D; cannot be evaluated in complete isolation
from the rest, in contrast with proper splitting.

For computing extension of the sub-framework D;, we
first need to modify the ABAF. First, we modify the rules
by removing body-atoms not in £;. Indeed, these atoms
occur in Lo and are unattacked in D, therefore they can be
disregarded when evaluating D;. Further, we proceed by
adding: (i) a fresh assumption &’ (and its contrary b’) for
each b € V¢ ; (ii) rules that encode the choice for or against
the presence of each assumption b € V4~ in the extension.
In this way, we store at the object level the meta-information
regarding our choices on each b € V™.

Definition 16. Ler D = (L, R, A,”) be an ABAFE, S C L be
a quasi-splitting of D inducing the sub-frameworks D, and
Ds. Moreover, let VS~ be the set of vulnerabilities of Dy
with respect to S and (R1),z, = {head(r) < body(r) N
Ly | 7 € Ri}. From Dy we construct the ABAF D1, =
(LL1a, LR 1, LA 1, 7) by letting:

e L Lia=L, U{b/,y ‘ be Vg«_},
e L Riu= (R1)¢£1 U {B(— b/,y<— b | be V.S‘(_}'

Intuitively, the additional rules allow us to choose whether
we want to accept an extension F of LD; 1 containing b or
one that does not. After this choice, we can safely compute
the E-reduct of Dy, as for proper splitting. In this way, we
propagate the meta-information to which we committed by
means of our choice. A further modification of D5 is now
needed to ensure our hypothesis regarding b: we add a fact-
rule b < or a loop-rule b < b, depending on whether the
previously chosen extension E contains b or b’. These rep-
resent a type of (positive and negative) constraints in ABA.

Definition 17. Ler D = (L, R, A,”) be an ABAF, S a
quasi-splitting of D into Dy and Ds. Moreover, let V&~
be the set of vulnerabilities with respect to S and D¥ the
E-reduct of Dy for some E € o(_D11). We denote with
TDET = (Ly,"RET, Ay, 72) the ABAF such that:

"RET=REU{b+|be ENVEIU{b+b|V € E}.

Notice that such a modification can make '—DQE T non-flat,
as cl(P) = {b | b € EN VS }. For stable semantics, how-
ever, this does not result in a higher complexity for the same
reasoning tasks (Cyras, Heinrich, and Toni 2021).

Example 5. Consider the ABAF D = (L, R, A,~) where
A={a,b,c,d}, L=AUAU{p}, and rule-set R:

be—a d+<b

First, E = {b,c} and E' = {a,c,d} are stable extensions
in D. Now let S = {a,qa,d,d,p} be a quasi-splitting of D

a<+p,c p+b
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and V§~ = {b} the set of vulnerabilities w.rt. S. We get
LLyia=SU{blU{b}u{t, b} and LRy such that:

d«b a+pc peb Vb bV

We derive two stable extensions E1 = {b} and E] =
{b,a,d}. Now consider Dy with Lo = L\ S = {b,c,b,c}.
For the former we get "DX¥' 7 with "RE* 7 = g U {b «}
from which we derive E5 = {b, ¢} as a stable extension. For
the latter we get FDfi"' with "RE1T = {b «} U {b « b}
Sfrom which we derive Ey = {c} as a stable extension. We

then obtain E = (E1 N S) U Eyand E' = (E} N.S) U E}.

Theorem 4. Let D = (L,R, A,”) be an ABAF and S C L
a quasi-splitting inducing the sub-frameworks D1 and D-.

1. If By € stb(LD;.) and By € stb("DE'™), then (Ey N
S)U Es, € sth(D).

2. If E € stb(D), then there is a set X C {a' | a € Vi }
st. By =(ENS)UX € stb(LD11) and B3 = ENAs €
sth("DE1),

Proof. Tn what follows, let Dy = (L2, R}, A2, %) be the
reduct of Do wrt. By = (ENS)UX and E = Fy U Es.
(1.) To prove the statement we need to show (E; N.S) U
Ey € ¢f(D) and ((E1 N S) U E2)% = A. We start with
conflict-freeness. Since F1 € ¢f(LD14), then E; NS €
¢f(LD12) (less assumptions) and Eq N S € ¢f(Dy) (less at-
tacks). We show that F1 NS € ¢f(D). Assume towards con-
tradiction that F1NS H @ forsome a € E;NS and R C R.
Since E1 NS € ¢f(D1) and Re = {r € R | head(r) ¢ S},
it must be that £, N S H72 p where Ry = R N 'R, for some
p € body(r’) and rule v’ € Ry = RN R4. Since p € Lo,
we distinguish two cases: if p € V7, then it is derivable
from some ' in LD; 4, and 7’ fires; if p ¢ VS, then it gets
removed from the body of 7’ in LD;_, which in turn fires.
Thus, in both cases we have that £, N S +1 G where R] C
LR1a. Contradiction. Consider now Ey € stb("Dj7).
Since being stable implies conflict-freeness we immediately
get Eo € ¢f("DL7). Again, since Ry C "R, we obtain
E, € ¢f(D4). Furthermore, Proposition 3 for proper split-
tings, together with B4 NS € ¢f(D1) and Ey € ¢f(D}),
entail (B, NS)U Ey /¥ @foranya € E; and R C R. 1t
only remains to consider possible attacks from F to E4 N.S
in D. Suppose that there are T C Es anda € E1 NS
such that T 2 @ for some R C R. First, notice that since
T C E», we get body(R) NS = 0 C Thp, (E1), and thus
R C RY. Moreover, a € V§~ sothat "R, = R5H U {a +}.
Therefore, T+ ¢ and T+ @ for some R C TR, ie.
E, is either not conflict-free or not closed in " D). We now
show that ((E; NS) U E2)%5 = A. Towards contradiction,
consider an assumption a ¢ ((E3 N S) U E2)5. Assume
a € S. By hypothesis, Ey € stb(_D1.), i.e. either a € Fy
or E; F @ for some R C _Ry_. From our assumption,
we get a ¢ (Ey N S)%, thatis () a ¢ E1 NS and (ii)
E1 NS i @ for any R C R. If (i) holds, we immediately
derive E; F® @ for some R C LR;.. Consider now our
assumption (ii). Because a € S we know that every rule
of R is contained in Rq. For the same reason such rules
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are in LRy (b ¢ V§ ). Therefore, E; N S 2 @ for any
R C LRy in contradiction with our hypothesis. Assume
now a € A\ S. By hypothesis we know either a € E5 or
E; F2 @ for some R C "R, From the assumption, we
geta ¢ (E2)%, thatis (i) a ¢ E» and (i) B /T @ for any
R C R. As before, from (i) and our hypothesis we derive
E5 7 @ must hold for some R C TR Ifa € VS, there
are two possibilities: a € E; \ Sora ¢ E; \ S. In the
first scenario, "R, = R, U {a «}. Again, By % @ and
E, R @ for some R C TR%7, in contradiction with the
fact that Es is a stable extension of "D}, If a ¢ Ep \ S,
then ' € F4, which means "R,™ = R4 U {@ < a}. Since
a ¢ Es, the loop-rule @ < a is not in R, therefore R C Rj.
Thus, for each rule ' € R, there is a rule r € Ro such that
body(r) C body(r) U Thp, (E1). Hence, it follows directly
that (£, N S)U Ey % @forsome R C Ry URy = R. If
a¢ Vi, thena ¢ A If By G for some R C "R, it
is not because {@ < a} C "R, Thus R C R). As before,
for each rule ' € R/, there is exactly one rule € Ry such
that body(r) C body(r') UThp, (E1NS). As aresult, in D
it holds that (E; N .S) U E; - a. Contradiction.

(2.) First we get E € ¢f(D) and thus EN S € ¢f(Dy)
(less attacks). Now let B = A; \ (E N S)%. Since E €
stb(D), it attacks every other assumption. Hence, we can
infer that assumptions in B are contained in .4; and attacked
by ENAyin D, thatis B C EX \ (ENS)E = (EN
A2)%. Therefore there is a rule 7 € Ry with head(r) = b
for each b € B, meaning that B = V. Now let X =
{b/ | b € B}. Thus "R} contains a pair of rule {b +
b, b/ < b} for each b € B. Consequently, conflict-freeness
of (ENS)U X is ensured since b ¢ EN S forall b €
B. Moreover, X attacks every b € B in LD, making
(ENS)UX stable. It now remains to show E; = ENA; €
stb("D4™). As before, we know that ENAs € ¢f( D) since
E is conflict-free in D (less assumptions), and £ N Ay €
¢f(D3) because Thp, (ENAs) C Thp,(EN.Az) (less rules
and attacks). Consider now the modified framework ™ D5
wrt (EN.S)UX. By construction, EN.As ¢ ¢f(" D7) only
if b € BN (EN As). Recall that B C (E N A)%. Thus,
E N Ay ¢ ¢f(D). By contradiction, we derive that E' N Ay
is conflict free in " D), 7. We now show that E F7 @ for all
a € Ay \ F3 and some R C "R),™. Towards contradiction,
we assume there is an a € As \ F» such that F, VR a,
ie. @ ¢ Thrpy(E2). Therefore, since a ¢ Fa, we get
@ ¢ Thpy (E2). Hence, before the reduct is applied, it holds

that (ENS) U E, #F @ with R C R,. Since norule r € R
is such that head(r) = @, we derive (E N S) U By 2 @
in D, contradicting our hypothesis. Finally, we ensure that
cl(E2) = E5 in "D}™. Assume the contrary holds. Since
Dj, is flat, that means {a <} C "R,V and a ¢ FE,. These
facts respectively entail @ € F; and Ey F @, against the
conflict-freeness of /. Thus, Fs is conflict-free, closed and
attacks every other assumption. O

6 Computing the Splitting Set

In order to apply the introduced splitting schemes, we need
to first compute a splitting of the ABAF and SETAF respec-

229

tively. In this section, we show that this can be reduced to
the same graph problem as for computing a splitting of an
AFs, and we can therefore reuse existing algorithms (Bau-
mann, Brewka, and Wong 2011) for the computation of our
splittings. First, for a SETAF SF we consider its primal
graph, which draws an egde from argument a to b if there is
an attack (7,b) € SF with a € T. For ABA splittings, we
build a Dependency Graph Gp of the ABAF to depict the
influences among the sentences in £ (Bliimel et al. 2025;
Rapberger, Ulbricht, and Wallner 2022). That is, for an
ABAF D = (L,R,A,7) the dependency graph Gp =
(Vp, Ep) is constructed as follows: we take a node a € Vp
for each atom in a € L; for every rule r € R we take:

 anedge (a,b) € Ep iff head(r) = band a € body(r),

* two symmetric edges (a,b) and (b, a) between each as-
sumption node a € A and its contrary node b = .

The first condition makes sure that influences among sen-
tences encoded via rules are mirrored by the edges. More-
over, the second condition ensures that S = atom(S) for
any splitting set S when we later compute the SCCs.

Example 6. Recall the ABAF D of Example 3. Its corre-
sponding dependency graph Gp = (Vp, Ep) is:

WEeD>P W—FT «<>Tr—> Ye— 2 <> 7
7 P
p _ y '\

We now have a simple directed graph, whose splittings
correspond to the splittings of the ABAF, SETAF respec-
tively. Thus, we can apply the strategy of Baumann, Brewka,
and Wong (2011) to obtain a splitting set. In particular, after
running Tarjan’s algorithm on G p to compute the SCCs, we
contract every SCC to a single vertex leading to an acyclic
graph G%,, where nodes are the SCCs (highlighted in Exam-
ple 6) of the original dependency graph.

b<—=b

Example 7. We continue Example 6 and construct GY,.

— — «—
. \
7

As a result, each splitting set of D corresponds to ex-
actly one splitting of G¢,. Further, Baumann, Brewka, and
Wong (2011) focus on splitting that divides G, as evenly
as possible in two parts with respect to the total number of
nodes (Baumann, Brewka, and Wong 2011, Section 3.2, Al-
gorithm 2). In this sense, a desirable splittings for G, in
Example 7 could be S = {a,a,b,b,p,v,7}.

Notice that the size of the dependency graph G p is linear
in the size of the ABAF (as |Vp| = |£]) and the SCCs can
be computed in linear time (Tarjan 1972). In addition, the
present approach can also be employed to compute quasi-
splittings. Once the dependency graph has been obtained,
we contract only those pairs of nodes comprising an assump-
tion and its contrary. Subsequently, we can apply the same
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techniques used for Dung-style AFs (Baumann et al. 2012),
although these are more involved than those required for
standard splitting. This strategy relies on the computation of
minimum cuts in directed graphs using existing polynomial-
time algorithms (Hao and Orlin 1994).

7 Relating ABA and SETAF Splittings

In this section, we compare splitting schemes for SETAFs
and ABAFs. First, notice that for an ABAF D, every split-
ting set yields a splitting on the corresponding SETAF SFp.
Conversely, several ABA splitting sets may correspond to
the same SETAF splitting.

Observation 1. Ler D = (L, R, A,”) be an ABAF and
SFp = (Ap, Rp) the corresponding SETAF. Further, let
S be a splitting set of D into Dy and D. Then there is a
splitting (SFy1, SF>, R3) of SFp such that the assumptions
in S are exactly the arguments of SFy. Vice versa, for a
SETAF SF and a splitting (SFy, SFy, R3), there are sev-
eral splitting sets S1, ..., Sy, for the ABAF Dgr such that
the arguments of SF} coincide with the assumptions in S;.

This opens the possibility of applying splitting on ABAFs
before or after the instantiation into the corresponding
SETAFs. To illustrate this point, consider the following.

Example 8. Consider the ABAF D = (L,R,A,”) (left)
and its corresponding SETAF SFp (right).

A= {a,b,c} Q
L= AUAU{p,q,s} ©
R= {c+ s,q, s+ b,

g+ p, pa, a+a} Q
The corresponding SETAF is SFp = (Ap,Rp) where
Ap = Aand Rp = {(a,a),({a,b},c)}. By appropriately
combining {a,a, b, b} with sentences in {p, q, s} we get mul-
tiple splitting sets of D corresponding to a single SETAF
splitting with R = {({a, b}, c)}.

Sl = {avb7aa5} |
So = S1U{p} 2 —(0)
S3= S;U {S} Q !
54 - Sl U {p7qa5} !

Moreover, selecting {b} as preferred extension of D1 and
SFy, we add, respectively, the fresh assumption x,, attack-
ing itself and ¢, and the self-attack (c, ¢) to S Fy. This results
in () being the only preferred extension of the D} and SFy.

As the previous example showcases, both strategies al-
low for the same splittings and, indeed, compute the same
expected result. When combining splitting with an instan-
tiation based solver, the above considerations open different
possibilities of how and when to split throughout the reason-
ing process. A first strategy, when instantiation is feasible, is
to generate the SETAF and apply the splitting schema at the
level of the graph. Alternatively, when this is not possible,
one can first split the ABAF D into D; and D, then in-
stantiate them into SETAFs SFp, and SFp, and apply the
SETAF splitting algorithm, i.e. modify SFp, into (SFp,)*
and compute extensions to be merged. This might allow one
to utilise the SETAF splitting algorithm in cases where the
argument graph of the entire ABAF is too hard to compute.
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8 Related Work

We hereby clarify the relation of our splitting approach to
SCC-recursiveness (Dvorék et al. 2024; Bliimel et al. 2025),
and we compare our notion of splitting to existing ones
for logic programs (LPs) (Lifschitz and Turner 1994) and
abstract dialectical frameworks (ADFs) (Linsbichler 2014),
and syntax splitting (Parikh 1999).

In the incremental computation approach induced by the
SCC-recursive property, one computes the extensions in
subframeworks, and ultimately combines the thereby com-
puted extension parts (as in the splitting approach). In con-
trast to splittings however, this is restricted to subframe-
works that make up strongly connected components w.r.t.
the primal graph of the SETAF or the ABAF’s dependency
graph (Dvotédk et al. 2024; Bliimel et al. 2025). Indeed,
given the primal graph of a SETAF (resp. an ABAF’s depen-
dency graph), our approach corresponds to splitting between
arguments (resp. sentences) such that the involved attacks
(positive edges) have the same direction. However, splitting
is more general in this regard, as the subframeworks do not
have to be SCCs. Finally, SCC-recursiveness relies on a gen-
eralised semantics to deal with the decisions of prior parts
of the framework, in contrast to the syntactic manipulation-
based approach of splitting. This allows splitting to be im-
plemented on top of existing ABA and SETAF solvers.

It has been shown that ABA captures normal logic
programs with negation-as-failure under several seman-
tics (Caminada and Schulz 2017). In particular, partial sta-
ble, well-founded and regular models in logic programming
correspond to complete, grounded and preferred extensions
in ABA. The translation works by turning every negative
(resp. positive) literals of an LP into an assumption (resp.
contrary), and vice versa. By means of this simple transfor-
mation, our splitting algorithm can be adapted in the context
of logic programming to obtain a divide-and-conquer ap-
proach beyond stable semantics, thus generalising the origi-
nal result (Lifschitz and Turner 1994). As a by-product, we
are then able to split normal logic programs under semantics
based on partially stable, well-founded and regular models.

ADFs (Brewka et al. 2018) are an expressive argumen-
tation formalism, where each argument is associated with a
propositional formula over arguments as variables as an ac-
ceptance condition. It is well-known that SETAFs can be
interpreted as a special kind of ADFs with acceptance con-
ditions in the form of a conjunction of disjunctive clauses
of negated literals (Dvordk, Keshavarzi Zafarghandi, and
Woltran 2023). That is, in principle we can apply ADF split-
ting to SETAFs. However, it is not clear that following the
ADF approach the modified second framework again is of
the desired (SETAF-like) form and whether one can avoid
certain overheads in the simpler case of SETAFs. Upon
closer inspection and with minor syntactic manipulation the
ADF approach in the special case of SETAF-like frame-
works is similar to introducing an artificial self-attacking ar-
gument that behaves similarly to Definition 14. However,
such a trick is not needed for SETAFs in our case.

Parikh (1999) introduced the concept of syntax splitting
to characterize belief sets that contain independent pieces
of information. In this setting, a syntax splitting consists
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of a partition of the knowledge base into independent com-
ponents, where each independent piece of information can
be represented using only one part of these partition. In
this paper, we have considered a notion of splitting which
is more general, where the different parts of the knowledge
base may not be independent from each other. For this, we
provided suitable modifications to account for such interde-
pendencies.

9 Conclusion and Future Work

In this paper, we have presented a modification-based ap-
proach to splitting assumption-based argumentation frame-
works. First, we have introduced a splitting schema for
SETAFs, to make splitting available on ABAFs after in-
stantiation. Leveraging on the close connection between
SETAFs and ABAFs, we have thus proposed a way to split
when reasoning in ABA is performed indirectly via the cor-
responding argument graph. Moreover, to overcome the re-
quirement of an instantiation and its associated costs, we
have introduced a splitting schema that works directly on
ABA knowledge bases. For both approaches, we have
shown that extensions of a given ABAF can be obtained
incrementally from its sub-frameworks, by means of sim-
ple syntactic modifications. Conversely, we can project
an arbitrary extension of the whole framework to its sub-
frameworks. Since this is bound to the specific structure
of the underlying ABAF, we have considered a more gen-
eral variant of splitting called parametrised splitting inspired
by Baumann et al. (2012). Moreover, it is easy to see that
each of the steps involved can be carried out efficiently and
implemented on top of common ABA (or SETAF) solvers.
Indeed, the splitting techniques introduced in the paper re-
quire only syntactic modifications to the sub-frameworks,
which do not lead to an exponential increase in size (and
may, in some cases, even reduce it). In particular, through
the reduct and modification, we introduce at most one ad-
ditional rule and one additional assumption with respect to
the original sub-framework. In the case of parametrised
splitting, the number of additional rules and assumptions is
bounded by 2k for a k-splitting. Therefore, an obvious next
step is to implement our algorithm and perform an exper-
imental evaluation in the spirit of Baumann, Brewka, and
Wong (2011), where executions with splitting result in an
average acceleration of 60% in comparison to executions
without splitting. In particular, we believe that parametrised
splitting could be helpful in the context of the recently pro-
posed Argumentative Causal Discovery (Russo, Rapberger,
and Toni 2024). In fact, this framework faces a major chal-
lenge in terms of its scalability, as it exhibits suboptimal per-
formance on larger instances.
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