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Abstract

The two weighted graph problems NODE MULTIWAY CUT (NMC) and SUBSET
FEEDBACK VERTEX SET (SFVS) both ask for a vertex set of minimum total weight,
that for NMC disconnects a given set of terminals, and for SFVS intersects all cycles
containing a vertex of a given set. We design a meta-algorithm that allows to solve both
problems in time 200w 4 20 102@) . y4 and nO**) where rw is the rank-width,
q the Q-rank-width, and k the mim-width of a given decomposition. This answers
in the affirmative an open question raised by Jaffke et al. (Algorithmica 82(1):118-
145, 2020) concerning an XP algorithm for SFVS parameterized by mim-width. By
a unified algorithm, this solves both problems in polynomial-time on the following
graph classes: INTERVAL, PERMUTATION, and BI- INTERVAL graphs, CIRCULAR ARC
and CIRCULAR PERMUTATION graphs, CONVEX graphs, k-POLYGON, DILWORTH-k
and CO- k-DEGENERATE graphs for fixed k; and also on LEAF POWER graphs if a leaf
root is given as input, on H- GRAPHS for fixed H if an H-representation is given as
input, and on arbitrary powers of graphs in all the above classes. Prior to our results,
only SFVS was known to be tractable restricted only on INTERVAL and PERMUTATION
graphs, whereas all other results are new.
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1 Introduction

Given a vertex-weighted graph G and a set S of its vertices, the SUBSET FEEDBACK
VERTEX SET (SFVS) problem asks for a vertex set of minimum weight that intersects
all cycles containing a vertex of S. SFVS was introduced by Even et al. [17] who
proposed an 8-approximation algorithm. Cygan et al. [15] and Kawarabayashi and
Kobayashi [30] independently showed that SFVS is fixed-parameter tractable (FPT)
parameterized by the solution size, while Hols and Kratsch [25] provide a randomized
polynomial kernel for the problem. As a generalization of the classical NP-complete
FEEDBACK VERTEX SET (FVS) problem, for which S = V(G), there has been a
considerable amount of work to obtain faster algorithms for SFVS, both for general
graphs [10, 18] where the current best is an O*(1.864") algorithm due to Fomin et al.
[20], and restricted to special graph classes [2, 23, 37, 38]. Naturally, FVS and SFVS
differ in complexity, as exemplified by split graphs where FVS is polynomial-time
solvable [11] whereas SFVS remains NP-hard [20]. Moreover, note that the vertex-
weighted variation of SFVS behaves differently than the unweighted one, as exposed
on graphs with bounded independent set sizes: weighted SFVS is NP-complete on
graphs with independent set size at most four, whereas unweighted SFVS is in XP
parameterized by the independent set size [38].

Closely related to SFVS is the NP-hard NODE MULTIWAY CUT (NMC) problem
in which we are given a vertex-weighted graph G and a set 7 of (terminal) vertices,
and asked to find a vertex set of minimum weight that disconnects all the terminals
[8, 21]. NMC is a well-studied problem in terms of approximation [21], as well as
parameterized algorithms [8—10, 14, 16, 20]. It is not difficult to see that SFVS for
S = {v} coincides with NMC in which T = N (v). In fact, NMC reduces to SFVS
by adding a single vertex v with a large weight that is adjacent to all terminals and
setting S = {v} [20]. Thus, in order to solve NMC on a given graph one may apply a
known algorithm for SFVS on a vertex-extended graph. Observe, however, that through
such an approach one needs to clarify that the vertex-extended graph still obeys the
necessary properties of the known algorithm for SFVS. This explains why most of the
positive results on SFVS on graph families [23, 37, 38] can not be translated to NMC.

In this paper, we investigate the complexity of SFVS and NMC when parameter-
ized by structural graph width parameters. Well-known graph width parameters include
tree-width [4], clique-width [13], rank-width [33], and maximum induced matching
width (a.k.a. mim-width) [41]. These are of varying strength, with tree-width of mod-
eling power strictly weaker than clique-width, as it is bounded on a proper subset
of the graph classes having bounded clique-width, with rank-width and clique-width
of the same modeling power, and with mim-width much stronger than clique-width.
Belmonte and Vatshelle [ 1] showed that several graph classes, like interval graphs and
permutation graphs, have bounded mim-width and a decomposition witnessing this
can be found in polynomial time, whereas it is known that the clique-width of such
graphs can be proportional to the square root of the number of vertices [24]. In this
way, an XP algorithm parameterized by mim-width has the feature of unifying several
algorithms on well-known graph classes.

We obtain most of these parameters through the well-known notion of branch-
decomposition introduced in [39]. This is a natural hierarchical clustering of G,
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represented as a subcubic tree 7 with the vertices of G at its leaves. Any edge of
the tree defines a cut of G given by the leaves of the two subtrees that result from
removing the edge from 7. Judiciously choosing a cut-function to measure the com-
plexity of such cuts, or rather of the bipartite subgraphs of G given by the edges
crossing the cuts, this framework then defines a graph width parameter by a minmax
relation, minimum over all trees and maximum over all its cuts. Several graph width
parameters have been defined this way, like carving-width, maximum matching-width,
boolean-width etc. We will in this paper focus on: (i) rank-width [33] whose cut func-
tion is the G F[2]-rank of the adjacency matrix, (ii) Q-rank-width [35] a variant of
rank-width with interesting algorithmic properties which instead uses the rank over
the rational field, and (iii) mim-width [41] whose cut function is the size of a maximum
induced matching of the graph crossing the cut. Concerning their computations, for
rank-width and Q-rank-width, there are 23 . n* time algorithms that, given a graph G
as input and k € N, either output a decomposition for G of width at most 3k 4 1 or
confirms that the width of G is more than k [35, 36]. However, it is not known whether
the mim-width of a graph can be approximated within a constant factor in time n/®)
for some function f.

Let us mention what is known regarding the complexity of NMC and SFVS parame-
terized by these width measures. Since these problems can be expressed in MSOj-logic
it follows that they are FPT parameterized by tree-width, clique-width, rank-width or
Q-rank-width [12, 34], however the runtime will contain a tower of 2’s with more than
4 levels. Recently, Bergougnoux et al. [2] proposed k©®) . n3 time algorithms for these
two problems parameterized by treewidth and proved that they cannot be solved in
time k°® . O unless ETH fails. For mim-width, we know that FVS and thus SFVS
are both W[1]-hard when parameterized by the mim-width of a given decomposition
[29].

Attacking SFVS seems to be a hard task that requires more tools than for FVS. Even
for very small values of mim-width that capture several graph classes, the tractability
of SFVS, prior to our result, was left open besides interval and permutation graphs
[37]. Although FVS was known to be tractable on such graphs for more than a decade
[32], the complexity status of SFVS still remained unknown.

Our Results We design a meta-algorithm that, given a graph and a branch-
decomposition, solves SFVS (or NMC via its reduction to SFVS). The runtime of
this algorithm is upper bounded by 200w n*, 20@*10g@) . y* and nO**) where rw,
q and k are the rank-width, the Q-rank-width and the mim-width of the given branch-
decomposition. For clique-width, our meta-algorithm implies that we can solve SFVS
and NMC in time 20%”) . 00 where k is the clique-width of a given clique-width
expression. However, we do not prove this as it is not asymptotically optimal, indeed
Jacob et al. [26] show recently that SFVS and NMC is solvable in time 20klogh) .
given a clique-width expression.

We resolve in the affirmative the question raised by Jaffke et al. [29], also mentioned
in [37, 38], asking whether there is an XP-time algorithm for SFVS parameterized by
the mim-width of a given decomposition. For rank-width and Q-rank-width we provide
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the first explicit FPT-algorithms with low exponential dependency that avoid the MSO1
formulation. Our main results are summarized in the following theorem:

Theorem 1 Let G be a graph on n vertices. We can solve SUBSET FEEDBACK VERTEX
SET and NODE MULTIWAY CUT in time 20(””3) -n* and 20(‘121°g<‘1)) -n*, where rw
and q are the rank-width and the Q-rank-width of G, respectively. Moreover, if a
branch-decomposition of mim-width k for G is given as input, we can solve SUBSET
FEEDBACK VERTEX SET and NODE MULTIWAY CUT in time n®®").

Note it is not known whether the mim-width of a graph can be approximated
within a constant factor in time n/ ® for some function f. However, by the previously
mentioned results of Belmonte and Vatshelle [1] on computing decompositions of
bounded mim-width, combined with a result of [27] showing that for any positive
integer r a decomposition of mim-width k of a graph G is also a decomposition of
mim-width at most 2k of its power G”, we get the following corollary.

Corollary 2 We can solve SUBSET FEEDBACK VERTEX SET and NODE MULTIWAY
CUT in polynomial time on INTERVAL, PERMUTATION, and BI- INTERVAL graphs, CIR-
CULAR ARC and CIRCULAR PERMUTATION graphs, CONVEX graphs, k- POLYGON,
DILWORTH- k and CO- k- DEGENERATE graphs for fixed k, and on arbitrary powers
of graphs in any of these classes.

Previously, such polynomial-time tractability was known only for SFVS and only on
INTERVAL and PERMUTATION graphs [37]. It is worth noticing that Theorem 1 implies
also that we can solve SUBSET FEEDBACK VERTEX SET and NODE MULTIWAY CUT
in polynomial time on LEAF POWER if an intersection model is given as input (from
which we can compute a decomposition of mim-width 1) [1, 27] and on H- GRAPHS
for a fixed H if an H-representation is given as input (from which we can compute a
decomposition of mim-width 2| E(H)|) [19].

Our Approach We give some intuition to our meta-algorithm, that will focus on
SUBSET FEEDBACK VERTEX SET. Since NMC can be solved by adding a vertex v of
large weight adjacent to all terminals and solving SFVS with S = {v}, all within the
same runtime as extending the given branch-decomposition to this new graph increases
the width at most by one for all considered width measures.

Towards achieving our goal, we use the d-neighbor equivalence, with d = 1 and
d = 2, anotion introduced by Bui-Xuan et al. [7]. Two subsets X and Y of A C V(G)
are d-neighbor equivalent w.r.t. A,if min(d, | X NN )|) = min(d, |Y NN (u)|) forall
u € V(G)\A.Foracut (A, A) this equivalence relation on subsets of vertices was used
by Bui-Xuan et al. [7] to design a meta-algorithm, also giving XP algorithms by mim-
width, for so-called (o, p) generalized domination problems. Recently, Bergougnoux
and Kanté [3] extended the uses of this notion to acyclic and connected variants of
(o, p) generalized domination and similar problems like FVS. An earlier XP algorithm
for FVS parameterized by mim-width had been given by Jaffke et al. [29] but instead
of the d-neighbor equivalences this algorithm was based on the notions of reduced
forests and minimal vertex covers.
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Our meta-algorithm does a bottom-up traversal of a given branch-decomposition of
the input graph G, computing a vertex subset X of maximum weight that induces an S-
forest (i.e., a graph where no cycle contains a vertex of S) and outputs V (G)\ X which
is necessarily a solution of SFVS. As usual, our dynamic programming algorithm
relies on a notion of representativity between sets of partial solutions. For each cut
(A, A) induced by the decomposition, our algorithm computes a set of partial solutions
A C 24 of small size that represents 2. We say that a set of partial solutions A C 24
represents a set of partial solutions B C 24, if, foreach ¥ C A, we have best(A, Y) =
best(B, Y) where best(C, Y) is the maximum weight of a set X € C suchthat X UY
induces an S-forest. Since the root of the decomposition is associated with the cut
(V(G), 9), the set of partial solutions computed for this cut represents 2V(G) and thus
contains an S-forest of maximum weight. Our main tool is a subroutine that, given a
set of partial solutions B C 24, outputs a subset A C B of small size that represents
B.

To design this subroutine, we cannot use directly the approaches solving FVS of
any earlier approaches, like [3] or [29]. This is due to the fact that S-forests behave
quite differently than forests; for example, given an S-forest F, the graph induced by
the edges between ANV (F) and ANV (F)couldbe a biclique. Instead, we introduce
anotion of vertex contractions and prove that, for every X € A and Y C A, the graph
induced by X U Y is an S-forest if and only if there exists a partition of X\ S and of
Y\ S, satisfying certain properties, such that contracting the blocks of these partitions
into single vertices transforms the S-forest into a forest.

This equivalence between S-forests in the original graph and forests in the con-
tracted graphs allows us to adapt some ideas from [3, 29]. Most of all, we use the
property that, if the mim-width of the given decomposition is mim, then the con-
tracted graph obtained from the bipartite graph induced by X and Y admits a vertex
cover VC of size at most 4mim. Note however, that in our case the elements of VC
are contracted subsets of vertices. Such a vertex cover allows us to control the cycles
which are crossing the cut.

We associate each possible vertex cover VC with an index i which contains basi-
cally a representative for the 2-neighbor equivalence for each subset of vertices in
VC. Moreover, for each index i, we introduce the notions of partial solutions and
complements solutions associated with i which correspond, respectively, to subsets
of X C A and subsets ¥ C A such that, for some contractions of X and Y, the con-
tracted graph obtained from the bipartite graph induced by X and Y admits a vertex
cover VC associated with i. We define an equivalence relation ~; between the partial
solutions associated with i such that X ~; W, if X and W connect in the same way
the representatives of the vertex sets which belongs to the vertex covers described by
i. Given a set of partial solutions B C 24 our subroutine outputs a set .4 that contains,
for each index i and each equivalence class C of ~; over B3, a partial solution in C of
maximum weight. In order to prove that A represents 13, we show that:

e forevery S-forest F', there exists an index i such that V (F) N A is a partial solution
associated with i and V (F) N A is a complement solutions associated with i.

e if X ~; W, then, for every complement solution Y associated with i, the graph
induced by X U Y is an S-forest if and only if W U Y induces an S-forest.
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The number of indices i is upper bounded by 20(421°g(q)), 200w?) gpg pOmim?),
This follows from the known upper-bounds on the number of 2-neighbor equivalence
classes and the fact that the vertex covers we consider have size at most 4mim. Since
there are at most (4mim)4m"m ways of connecting 4mim vertices and rw, g > mim,
we deduce that the size of .4 is upper bounded by 206 log(@), 200w and pOmim®),

To the best of our knowledge, this is the first time a dynamic programming algorithm
parameterized by graph width measures uses this notion of vertex contractions. Note
that in contrast to the meta-algorithms in [3, 7], the number of representatives (for
the d-neighbor equivalence) contained in the indices of our meta-algorithm are not
upper bounded by a constant but by 4mim. This explains the differences between the
runtimes in Theorem 1 and those obtained in [3, 7], i.e. no(’”i’”z) versus n@mim)
However, for the case S = V(G), thus solving FVS, our meta-algorithm will have
runtime n@mM | ag the algorithms for FVS of [3, 29]. We do not expect that SFVS
can be solved as fast as FVS when parameterized by graph width measures. In fact,
we know that it is not the case for tree-width as FVS can be solved in 2°® . i [5] but
SFVS cannot be solved in k°® . n®M unless ETH fails [2].

2 Preliminaries

The size of a set V is denoted by |V| and its power set is denoted by 2V. We write
A\ B for the set difference of A from B. We let min(&) = +o00 and max(g) = —oo.

Graphs The vertex set of a graph G is denoted by V (G) and its edge set by E(G).
An edge between two vertices x and y is denoted by xy (or yx). Given S € 2V,
we denote by V(S) the set USeS S. For a vertex set U € V(G), we denote by U the
set V(G)\U. The set of vertices that are adjacent to x is denoted by Ng(x), and for
U cV(G),welet Ng(U) = (Uyeu Ng(v)) \U.

The subgraph of G induced by a subset X of its vertex set is denoted by G[X].
For two disjoint subsets X and Y of V (G), we denote by G[X, Y] the bipartite graph
with vertex set X U Y and edge set {xy € E(G) | x € X and y € Y}. We denote
by My y the adjacency matrix between X and Y, i.e., the (X, ¥)-matrix such that
My y[x,y] = 1if y € N(x) and O otherwise. A vertex cover of a graph G is a set of
vertices VC C V (G) such that, for every edge uv € E(G), wehaveu € VCorv € VC.
A matching is a set of edges having no common endpoint and an induced matching is
a matching M of edges such that G[V (M)] has no other edges besides M. The size of
an induced matching M refers to the number of edges in M.

For a graph G, we denote by ccg (X) the partition {C € V(G) | G[C] is a con-
nected component of G[X]}. We will omit the subscript G of the neighborhood and
components notations whenever there is no ambiguity.

For two graphs G| and G», we denote by G| — G the graph (V(G1), E(G1)\
E(G2)).

Givenagraph G and S € V (G), we say that acycle of G is an S-cycle if it contains
a vertex in S. Moreover, we say that a subgraph F of G is an S-forest if F' does not
contain an S-cycle. Typically, the SUBSET FEEDBACK VERTEX SET problem asks for
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a vertex set of minimum (weight) size such that its removal results in an S-forest. Here
we focus on the following equivalent formulation:

SUBSET FEEDBACK VERTEX SET (SFVS)

Input: A graph G, S € V(G) and a weight function w : V(G) — Q.
Output: The maximum among the weights of the S-forests of G.

Rooted Layout For the notion of branch-decomposition, we consider its rooted vari-
ant called rooted layout. A rooted binary tree is abinary tree with a distinguished vertex
called the root. Since we manipulate at the same time graphs and trees representing
them, the vertices of trees will be called nodes.

Arooted layout of G is a pair (T, §) of arooted binary tree 7" and a bijective function
8 between V (G) and the leaves of 7. For each node x of T, let L, be the set of all the
leaves [ of T such that the path from the root of T to [ contains x. We denote by V,
the set of vertices that are in bijection with Ly, i.e., Vy := {v € V(G) | §(v) € L,}.

All the width measures dealt with in this paper are special cases of the following
one, where the difference in each case is the used set function. Given a set function
f: 2V _ Nand arooted layout £ = (T, 8), the f-width of a node x of T is f(V,)
and the f-width of (T, §), denoted by f(T, 8) (or (L)), is max{f(Vy) | x € V(T)}.
Finally, the f-width of G is the minimum f-width over all rooted layouts of G.
(Q)-Rank-Width The rank-width and Q-rank-width are, respectively, the rw-width
and rwg-width where rw(A) (resp. rwg(A)) is the rank over G F(2) (resp. Q) of the
matrix M,z forall A C V(G).

Mim-Width The mim-width of a graph G is the mim-width of G where mim(A) is
the size of a maximum induced matching of the graph G[A, A] for all A C V(G).

Observe that all three parameters rw-, rwg-, and mim-width are symmetric, i.e.,
for the associated set function f and for any A € V(G), we have f(A) = f(A).
The following lemma provides upper bounds between mim-width and the other two
parameters.

Lemma 3 ([41]) Let G be a graph. For every A C V(G), we have mim(A) < rw(A)
and mim(A) < rwg(A).

Proof Let A C V(G). Let S be the vertex set of a maximum induced matching of the
graph G[A, A]. By definition, we have mim(A) = |[SNA| = |SN A|. Observe that the
restriction of the matrix M, 7 torows in SN A and columns in § N A is a permutation
matrix: a binary square matrix with exactly one entry of 1 in each row and each column.
The rank of this permutation matrix over G F[2] or Q is |S N A| = mim(A). Hence,
mim(A) is upper bounded both by rw(A) and rwg(A). O

d-Neighbor-Equivalence The following concepts were introduced in [7]. Let G be
a graph. Let A € V(G) and d € N*. Two subsets X and Y of A are d-neighbor
equivalent w.rt. A, denoted by X Ef} Y,ifmin(d, | XN N(u)]) = min(d, |Y "N (u)])
for all u € A. It is not hard to check that 59 is an equivalence relation. See Fig. 1 for
an example of 2-neighbor equivalent sets.
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o

Fig.1 We have X 5124 Y, but it

. ' AL A
is not the case that X =Y

For all d € NT, we let necg : 2¥(%) — N where for all A € V(G), necy(A) is
the number of equivalence classes of Ef}. Notice that nec; is a symmetric function
[31,Theorem 1.2.3] but necy is not necessarily symmetric for d > 2. To simplify the
running times, we will use the shorthand s-nec, (A) to denote max(necy(A), necy (A))
(where s stands for symmetric). The following lemma shows how nec,;(A) is upper
bounded by the other parameters.

Lemma4 ([1, 35, 41]) Let G be a graph. For every A C V(G) and d € N*, we have
the following upper bounds on necy(A):

(a) zdrw(A)zy

(b) 2rWQ(A)10g(dFWQ(A)+l)’

(C) |A|dmim(A)_

In order to manipulate the equivalence classes of Eg‘, one needs to compute a
representative for each equivalence class in polynomial time. This is achieved with
the following notion of a representative. Let G be a graph with an arbitrary order-
ing of V(G) and let A € V(G). For each X C A, let us denote by repc’} (X) the
lexicographically smallest set R € A such that | R| is minimized and R Eg‘ X. More-
over, we denote by Rf} the set {repﬁ (X) | X € A}. It is worth noticing that the

empty set always belongs to R4, forall A € V(G) and d € N*. Moreover, we have
d

R;/(G) = Rf = {@} for all d € NT. In order to compute these representatives, we

use the following lemma.

Lemma5 ([7]) Let G be an n-vertex graph. For every A C V(G) and d € NT, one
can compute in time O (necqy(A) -n? -log(necy(A))), the sets Rg} and a data structure
that, given a set X C A, computes repﬁ (X) in time O(|A] - n - log(necy(A))).

Vertex Contractions In order to deal with SFVS, we will use the ideas of the algo-
rithms for FEEDBACK VERTEX SET from [3, 28]. To this end, we will contract subsets
of S in order to transform S-forests into forests.

In order to compare two partial solutions associated with A € V(G), we define
an auxiliary graph in which we replace contracted vertices by their representative sets
in R‘z“. Since the sets in Rf are not necessarily pairwise disjoint, we will use the
following notions of graphs “induced” by collections of subsets of vertices. We will
also use these notions to define the contractions we make on partial solutions.

Let G be a graph. Given A C 2V we define G[.A] as the graph with vertex set
A where A, B € A are adjacent if and only if N(A) N B # &. Observe that if the
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Fig.2 An S-forest induced by a set X € V(G), the vertices of S are white. The gray circles represent the
blocks of X | cc(x\s)- The graph G[X] | cc(x\s) is obtained by contracting each gray circle

sets in 4 are pairwise disjoint, then G[.A] is obtained from an induced subgraph of G
by vertex contractions (i.e., by replacing two vertices u# and v with a new vertex with
neighborhood N ({u, v})) and, for this reason, we refer to G[.A4] as a contracted graph.
Notice that we will never use the neighborhood notation and connected component
notations on contracted graphs. Given A, B C 2V(6) e denote by G[A, B] the
bipartite graph with vertex set .A U 3 and where A, B € A U B are adjacent if and
onlyif A € A, B € B, and N(A) N B # &. Moreover, we denote by G[.A | B] the
graph with vertex set A U B and with edge set E(G[.A]) U E(G[.A, B]). Observe that
both graphs G[.A, B] and G[A | B] are subgraphs of the contracted graph G[.A U B].
To avoid confusion with the original graph, we refer to the vertices of the contracted
graphs as blocks. It is worth noticing that in the contracted graphs used in this paper,
whenever two blocks are adjacent, they are disjoint.

The following observation states that we can contract from a partition without
increasing the size of a maximum induced matching of a graph. It follows directly
from the definition of contractions.

Observation 6 Let H be a graph. For any partition P of a subset of V (H), the size
of a maximum induced matching of H[P] is at most the size of a maximum induced
matching of H.

Let (G, S) be an instance of SFVS. The vertex contractions that we use on a partial
solution X are defined from a given partition of X\S. A partition of the vertices of
X\S is called an S-contraction of X. We will use the following notations to handle
these contractions.

Given Y C V(G), we denote by (11/) the partition of ¥ which contains only single-

tons, i.e., (1]/) = {{v} | v € Y}. Moreover, for an S-contraction P of X, we denote

by X,p the partition of X where X;p = P U (*''%). Given a subgraph H of G
and an S-contraction P of V(H), we denote by H 1P the graph H[V (H) p]. For
example, given two S-contractions Py, Py of two disjoint subsets X, Y of V(G), we
denote the graph G[X | p,, Y, p,] by G[X, Y], p,up, and the graph G[X | p,|Yp, ]
by G[X|Y],pyupy. It is worth noticing that in our contracted graphs, all the blocks
of S-vertices are singletons and we denote them by {v}.

Givenaset X C V(G), we will intensively use the graph G[X] | cc(x\s) which cor-
responds to the graph obtained from G[X] by contracting the connected components
of G[X\S], see Fig. 2.

Observe that, for every subset X C V(G),if G[X]is an S-forest, then G[X]cc(x\s)
is a forest. The converse is not true as we may delete S-cycles with contractions: take
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a triangle with one vertex v in S and contract the neighbors of v. However, we can
prove the following equivalence.

Fact7 Let G beagraphand S € V(G). For every X € V(G), G[X] is an S-forest if
and only if there exists an S-contraction P of X satisfying the following two properties:

o G[X],p is aforest, and
e forevery Be Pandv e X NS, we have [N(v) N B| < 1.

Moreover;, if G[X] is an S-forest, then the S-contraction cc(X\S) satisfies these two
properties.

Proof (=) Suppose first that G[X] is an S-forest. We claim that the S-contraction
cc(X\S) satisfies the two properties. Assume towards a contradiction that there is a
cycle Cin G[X] cc(x\s)- By definition of G[X] | cc(x\ 5), the blocks of this graph are the
connected components cc(X\S) and the singletons in (X ?S) The blocks in cc(X\S)
are pairwise non-adjacent, thus C contains a block {s} with s € X N S. Observe
that for every pair of consecutive blocks B, By of C, there exists a vertex v| € Bj
and v2 € Bj such that vivy € E(G[X]). As every block of G[X]cc(x\s) induces a
connected component in G, we can construct an S-cycle in G[X] by replacing every
block of C by a path in G[X], yielding a contradiction. Hence, G[X] cc(x\s) is a
forest, i.e. the first property is satisfied. Observe that if there exists C € cc(X\S) and
v € X N § such that v has two neighbors in C, then there exists an S-cycle in G[X]
since C is a connected component. Hence, cc(X\ S) satisfies the second property.

(<) Let P bea S contraction of a subset X € V (G) that satisfies the two properties.
Assume for contradiction that there is an S-cycle C in G[X]. Let v be a vertex of C
that belongs to S and let # and w be the neighbors of v in C.

Let B, and By, be the blocks in (X U Y) p that contain u and w respectively. As
visin S, it belongs to the block {v} of G[X U Y] p and thus it is not contained in B,
nor By,. The second property implies that |N(v) N B| < 1 for each B € P. Thus, B,
and B, are two distinct blocks both connected to the block {v}. Since there exists a
path between u# and w in C that does not go through v, we deduce that there is a path
between B, and B, in G[X]p that does not go through {v}. Indeed, this follows from
the fact that if there is an edge between two vertices a and b in G[X], then either a
and b belong to the same block of G[X]p or there exists an edge between the blocks
in G[X]p which contain a and b. We conclude that there exists a cycle in G[X]p,
a contradiction with the first property. O

3 A Meta-algorithm for Subset Feedback Vertex Set

In the following, we present a meta-algorithm that, given a rooted layout (7', §) of
G, solves SFVS. We will show that this meta-algorithm will imply that SFVS can be
solved in time 20 (Wg(G)? log(wg(G))) . nt, 20(W(G)) . 4 and p OMIM(T.8) The main
idea of this algorithm is to use S-contractions in order to employ similar properties
of the algorithm for MAXIMUM INDUCED TREE of [3] and the n@™MM(T.9) time
algorithm for FEEDBACK VERTEX SET of [28]. In particular, we use the following
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lemma which is proved implicitly in [3]. To simplify the following statements, we fix
a graph G, arooted layout (7', §) of G and anode x € V(T).

Lemma 8 Let X and Y be two disjoint subsets of V(G). If G| X U Y] is a forest, then
the number of vertices of X that have at least two neighbors in Y is bounded by 2w
where w is the size of a maximum induced matching in the bipartite graph G[X, Y].

Proof Let X>* be the set of vertices in X having at least 2 neighbors in Y. In the
following, we prove that F' = G[X 2y ] admits a good bipartition, that is a bipartition
{Xo, X1} of X?2% such that, foreachi € {0, 1} and, foreach v € X;, thereexists y, € ¥
such that Nr(y,) N X; = {v}. Observe that this is enough to prove the lemma since
if F admits a good bipartition {Xo, X1}, then |Xo| < w and |X1| < w. Indeed, if
F admits a good bipartition {X¢, X1}, then, for each i € {0, 1}, the set of edges
M; = {vy, | v € X;} is an induced matching of G[X, Y]. In order to prove that F
admits a good bipartition it is sufficient to prove that each connected component of F
admits a good bipartition.

Let C be a connected component of F and xg € C N X 24+ As G[X UY]is a forest,
we deduce that F[C] is a tree. Observe that the distance in F[C] between each vertex
v e CN X2t and x is even because F[C]is bipartite w.r.t. (CN X%, CNY). Let X
(resp. X1) be the set of all verticesv € C N X 2+ at distance 2¢ from xo with £ even
(resp. odd). We claim that {X(, X1} is a good bipartition of F[C].

Leti € {0, 1},v € X; and £ € N such that the distance between v and xg in F[C] is
2¢. Let P be the set of vertices in C\{v} that share a common neighbor with v in F[C].
We want to prove that v has a neighbor y in F that is not adjacent to P N X;. Observe
that, for every v’ € P, the distance between v’ and xg in F[C] is either 2¢ — 2, 2¢ or
2¢ 42 because F[C]is a tree and the distance between v and x is 2¢. By construction
of {Xo, X1}, every vertex at distance 2¢ — 2 or 2¢ + 2 from x( belongs to X_;. Thus,
every vertex in P N X; is at distance 2¢ from xg. If £ = 0, then we are done because
v =xpand P N X; = &. Assume that £ # 0. As F[C] is a tree, v has only one
neighbor w at distance 2¢ — 1 from xq in F[C]. Because F[C] is a tree, w is the only
vertex adjacent to v and the vertices in P N X;. By definition of X>*, v has at least two
neighbors in Y, so v admits a neighbor that is not w and this neighbor is not adjacent
to the vertices in P N X;. Hence, we deduce that {X(, X1} is a good bipartition of
F[C].

We deduce that every connected component of F admits a good bipartition and,
thus, F admits a good bipartition. This proves that | X>*| < 2w. O

The following lemma generalizes Fact 7 and presents the equivalence between
S-forests and forests that we will use in our algorithm.

Lemma9 Let X C VyandY < V.. If the graph G[X U Y] is an S-forest, then there
exists an S-contraction Py of Y that satisfies the following conditions:

(D) GIX U Y]ccx\s)upy is aforest,

(2) forall block P € cc(X\S)UPy andv e (XUY)NS, wehhave [N(v) N P| <1,

(3) the graph G[X, Y1 cc(x\s5)upy admits avertex cover VC of size at most 4mim(Vy)
such that the neighborhoods of the blocks in VC are pairwise distinct in

GIX, Y]iccox\s)upy-
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Proof Assume that G[X U Y] is an S-forest. Let us explain how we construct Py that
satisfies Conditions (1)—(3). First, we initialize Py = cc(Y'\S). Observe that there
is no cycle in G[X U Y] cc(x\s)up, that contains a block in (f) because G[X U Y]
is an S-forest. Moreover, cc(X\S) and Py form two independent sets in G[X U
Y1 ccox\syupy - Consequently, for all the cycles C in G[X U Y] cc(x\s)up, We have
C = X1, 1, X2, Y2,..., X, Y;) where X1, ..., X; € cc(X\S) and Yq,..., Y, €
Py. We do the following operation, until the graph G[X U Y] cc(x\s)up, is a forest:
takeacycle C = (X1, Y1, X2, Y2, ..., X, ¥3) in G[XUY] c(x\5)up, and replace the
blocks Y1, ..., Y; in Py by the block Y1 U - - - UY;. See Figs. 5 and 6 in “Appendix A”
for an example of S-contraction Py .

For each B € cc(X\S) U cc(Y\S), the vertices of B are pairwise connected in
G[(X U Y)\S]. We deduce by induction that whenever we apply the operation on a
cycle C = (X1, Y1, X2, Y2, ..., X, ¥3), it holds that the vertices of the new block
Y1 U---UY; are pairwise connected in G[(X U Y)\S]. Thus, for every block B of
cc(X\S) U Py, the vertices of B are pairwise connected in G[(X U Y)\S]. It follows
that forevery v € (XUY)N S and B € cc(X\S) U Py, since G[X U Y] is an S-forest,
we have [N (v) N B| < 1. Thus, Condition (2) is satisfied.

Itremains to prove Condition (3). Let VC be the setof blocks of G[ X, Y] cc(x\s)upy
containing:

o the blocks that have at least 2 neighbors in G[X, Y], cc(x\s)upy» and
e one block in every isolated edge of G[X, Y] cc(x\s)upy -

By construction, it is clear that VC is indeed a vertex cover of G[X, Y] cc(x\s)upy as
every edge is either isolated or incident to a block of degree at least 2. We claim that
IVC| < 4mim(Vy). By Observation 6, we know that the size of a maximum induced
matching in G[X, Y] ccx\s)upy is at most mim(V;). Let ¢ be the number of isolated
edges in G[X, Y] cc(x\s)upy - Observe that the size of a maximum induced matching
in the graph obtained from G[X, Y] cc(x\s)up, by removing isolated edges is at most
mim(V,) —¢. By Lemma 8, we know that there are at most 4(mim(V,) —¢) blocks that
have at least 2 neighbors in G[X, Y] cc(x\s)upy - We conclude that [VC| < 4mim(V,).

Since G[X, Y] ccx\s)upy is a forest, the neighborhoods of the blocks that have
at least 2 neighbors must be pairwise distinct. We conclude from the construction of
VC that the neighborhoods of the blocks of VC in G[X, Y]jcc(x\s)up, are pairwise
distinct. Hence, Condition (3) is satisfied. O

In the following, we will use Lemma 9 to design some sort of equivalence relation
between partial solutions. To this purpose, we use the following set of tuples. We
call each such tuple an index because it corresponds to an index into a table in a DP
(dynamic programming) approach. We do this even though the presentation of our
algorithm is not given by a standard DP description.

Definition 10 (I,) We define the set I, of indices as the set of tuples

— < Vx Vx V, Vi Vi
(S, X5, Xz, Yoo, Yo € 22 x 2R x R x 2R x 2R

such that [XC5_| + XS] + [Y5.] + [Y5.| < 4mim(V,).
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These sets of indices play a major role in our meta-algorithm, in particular, the
sizes of these sets of indices appear in the runtime of our meta-algorithm. In fact, to
prove the algorithmic consequences of our meta-algorithm for rank-width, QQ-rank-
width and mim-width, we show (Lemma 23) that the size of I is upper bounded by
20(W(V)?) 20wV log(rwg (Vi) apd 5, O Mim(Ve)®)

In the following, we will define partial solutions associated with an index i € I (a
partial solution may be associated with many indices). In order to prove the correctness
of our algorithm (the algorithm itself will not use this concept), we will also define
complement solutions (the sets Y C V, and their S-contractions Py) associated with
an index i. We will prove that, for every partial solution X and complement solution
(Y, Py) associated with i, if the graph G[X U Y] cc(x\s)upy is a forest, then G[XUY]
is an S-forest.

Let us give some intuition on these indices by explaining how one index is asso-
ciated with a solution, figures explaining this association and the purposes of the sets
DC;fc, DC\‘EC, Xve, Evc, HVC can be found in “Appegdlx A”.Let X € Vy and Y C V, such
that G[X U Y] is an S-forest. Let Py be the S-contraction of Y and VC be a vertex
cover of G[X, Y] Lec(X\S)UPy given by Lemma 9. Then, X and Y are associated with

l - (xVC’ xgc’ ch, y\/(y ‘5 ) € ]I SllCh that

° DC;fc (resp. H;fc) contains the representatives of the blocks {v} in VC such that
ve XNS(resp. v e Y NS) wrt. the 1-neighbor equivalence over V, (resp. Vo).
We will only use the indices where X3. contains representatives of singletons, in
other words, DCVC is included in {rep1 ({v}) | v € Vy} which can be much smaller

than RV". The same observation holds for Y3.. In Definition 10, we state that X5

and ‘3 are, respectively, subsets of 273‘1’* and ZRYX , for the sake of simplicity.

° (resp 9 ) contains the representatives of the blocks in cc(X\S) N VC (resp.
Py N VC) w.r.t. the 2-neighbor equivalence relation over V. (resp. Vo).

e Xy is the representative of X\ V (VC) (the set of vertices which do not belong to
the vertex cover) w.r.t. the 1-neighbor equivalence over V.

Because the neighborhoods of the blocks in VC are pairwise distinct in
G[X, Y]jccox\s)upy (Property (3) of Lemma 9) there is a one to one correspondence
between the representatlves in f)C U DCS U ‘j U HS and the blocks in VC.

While X\fc, XS, Ys., Ys. descrlbe VC, the representative set Xyc describes the neigh-
borhood of the blocks of X Jee(x\s) which are not in VC. The purpose of X is to make
sure that, for every partial solution X and complement solution (¥, Py) associated with
i, the set VC described by f)C;fC, X3, ‘jvc, Ys. is a vertex cover of G[X, Y] cc(x\s)upy -
For doing so, it is sufficient to require that ¥\ V (VC) has no neighbor in Xy¢ for every
complement solution (Y, Py) assomated with 7.

Observe that the sets DCS and H contain representatives for the 2-neighbor equiv-
alence. We need the 2- nelghbor equivalence to control the S-cycles which might
disappear after vertex contractions. To prevent this situation, we require, for example,
that every vertex in X N S has at most one neighbor in R for each R € Y5_. Thanks to

the 2-neighbor equivalence, a vertex v in X N S has at most one neighbor in R € ch
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3 ys Us Uy
yvc U yvc []1

{vi} Xy
Xiee(x\9)

Fig. 3 An example of a set X C Vy and its aux111ary graph associated with the index i =
V.

(DC DC;?C v yvc HVC) Here, JCVC ={Ry} withRy = rep2 (Xz) DCVC = {Ry} with Ry =rep;* ({v1}),

Xye is the representative of the union of the circular blocks, ‘d\,c = {U;, Uz}, and ‘jvc = {Uz, Ug}. The

singletons in X N S and ‘dvc are white filled, whereas the square blocks are {v}, X» and the blocks in

S S
1éVC U 1éVC

if and only if v has at most one neighbor in the block of Py associated with R. This
property of the 2-neighbor equivalence is captured by the following fact.

Fact11 Forevery A C V(G)and B, P C A, if B 55‘ P, then, forallv € A, we have
IN(v) N B| < lifand only if IN(v) N P| < 1.

In order to define partial solutions associated with i, we need the following notion
of auxiliary graph. Given X C V, and i = (DC;?C, DC\*EC, Xve, ‘évc, 9;?() e I, we write
aux(X, i) to denote the graph

G[X¢cc(X\S) | y\fc U 13\§c]

Observe that aux(X, 7) is obtained from the graph induced by X | cc(x\s) U Ys Uy by
removing the edges between the blocks from H y . Figure 3 illustrates an example
of the graph aux(X, i) and the related notions. The ﬁgures in “Appendix A” explain
the relations between an S-forest and these auxiliary graphs.

We will ensure that, given a complement solution (Y, Py) associated with i, the
graph aux(X, i) is isomorphic to G[X |cc(x\s) | Yy p, N VC]. We are now ready to
define the notion of partial solution associated with an index i.

Definition 12 (Partial solutions) Let i = (XS., X5., Xve, Y5.. YS.) € L. We say that
X C V, is apartial solution associated with i if the following conditions are satisfied:

(a) forevery R € f)CVC, there exists a unique v € X N S such that R EY" {v},

(b) forevery R € f)CVC, there exists a unique C € cc(X\S) such that R E;/X C,
(c) aux(X, i) is a forest,

(d) forevery C € cc(X\S) and {v} € yvc, we have [IN(v)NC| <1,

(e) foreveryve XNSand U € HVC Ucc(X\S), wehave [INw)NU| <1,
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) Xye z}/“" X\V(VCyx) , where VCx contains the blocks {v} € (X?S) such that
rep}/’r ({v}) € DC\?C and the components C of G[X\S] such that rep;/“' (C) e X;fc.

Similarly to Definition 12, we define the notion of complement solutions associated
withanindexi € II,. We use this concept only to prove the correctness of our algorithm.
Definition 13 (Complement solutions) Leti = (ch, X3, Xve, ch, Ys) € I, Wecall
corgplement solutions associated with 7 all the pairs (Y, Py) such that Y € V,, Py is
an S-contraction of Y and the following conditions are satisfied:

(a) forevery U € 9;?(, there exists a unique v € Y N S such that U EY‘ {v},

(b) forevery U € ch, there exists a unique P € Py such that U E;/"‘ P,
(c) GlY],p, is aforest,
(d) forevery P € Py and {v} € f)C;fc, we have IN(v) N P| <1,

(e) foreveryy € Y N Sand R € X5 U Py, we have [IN(y) N R| < 1,
) NXye) N V(Yye) = 9, where Yye contains the blocks {v} € (YTS) such that

rep!” ({v}) ¢ YS. and the blocks P € Py such that rep)” (P) ¢ Y.

Let us give some explanations on the conditions of Definitions 12 and 13. Let X bea
partial solution associated with an index i € I, and (Y, Py) be a complement solution
associated with ;. Conditions (a) and (b) of both definitions guarantee that there exists a
subset VC of X | cc(x\s) U Y p, such that there is a one-to-one correspondence between

the blocks of VC and the representatives in X3 U X5 U Y. UYS_.

Condition (c) of Definition 12 guarantees that the connections between X |cc(x\s)
and VC are acyclic. As explained earlier, Conditions (d) and (e) of both definitions are
here to control the S-cycles which might disappear with the vertex contractions. In
particular, by Fact 7, Conditions (c), (d) and (e) together imply that G[X] and G[Y]
are S-forests.

Finally, as explained earlier, the last conditions of both definitions ensure that VC the

set described by DC;?C, DC;?C, 955 and H\fc isavertex cover of G[X, Y] ccx\s)upy - Notice
that X\ V (VCx) and V (Yye) correspond the set of vertices in X and Y, respectively,
that do not belong to a block in the vertex cover VC. Such observations are used to

prove the following two results.

Lemma 14 Let X C V, and Y C V, such that G[X U Y] is an S-forest. There exist
i €1, and an S-contraction Py of Y such that (1) G[X U Y] ccx\s)upy IS a forest,
(2) X is a partial solution associated with i and (3) (Y, Py) is a complement solution
associated with i.

Proof By Lemma 9, there exists an S-contraction Py of Y such that the following
properties are satisfied:

(A) G[X U Y]ccx\s)upy 1s a forest,

(B) forall P € cc(X\S)UPyandallv e (XUY)NS,wehave [IN(v) N P| <1,

(C) the graph G[X, Y] cc(x\s)up, admits a vertex cover VC of size at most 4mim(Vy)
such that the neighborhoods of the blocks in VC are pairwise distinct in

GIX, Y] ccx\s)upy -
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We construct i = (X3, X5, Xve, ‘jﬁ, Ys) € I, from VC as follows:

Xye = {rep;* (f}) | (v} € (*7%) nvay,
XS, = {repy*(P) | P € cc(X\S) NVC},
o Xye =rep)* (X\V(VO)),

Ys. = {repy" (P) | P € Py NVC),
o Y. = {rep)"({v}) | (v} € ("1*) NvC).

Since |[VC| < 4mim(V,), we have | X5 | + | X5 | + Y5 + Y5 | < 4mim(V,) and thus
we have i € I,.

We claim that X is a partial solution associated with i . By construction of i,
Conditions (a), (b) and (f) of Definition 12 are satisfied. In particular, Condition (a)
and (b) follow from Property (C), i.e. the neighborhoods of the blocks in VC are
pairwise distinctin G[X, Y] cc(x\s)upy - SO, the blocks in X | cc(x\s) NVC are pairwise
non-equivalent for the d-neighbor equivalence over V, for any d € N* including 1
and 2. Consequently, there is a one to one correspondence between the blocks of
X jcc(x\s) N VC and the representatives in X5, U X5..

It remains to prove Conditions (c), (d) and (e). We claim that Condition (c) is
satisfied: aux(X, i) is a forest. Observe that, by construction, aux(X, i) is isomorphic
to the graph G[X ccx\s) | Yy p, N VC]l. Indeed, for every P € Y p, N VC, by

construction, there exists a unique U € Y5. U Y. such that U E}/x PorU E;/X P.
In both case, we have N(U) NV, = N(P) N V, and thus, the neighborhood of P in
G[X ccx\5) | Y 2, NVC]is the same as the neighborhood of U in aux(X, i). Since
G[X ccx\5) | Yyp, NVC]is asubgraph of G[X U Y] ccx\s)up, and this latter graph
is a forest, we deduce that aux(X, i) is also a forest.

We deduce that Conditions (d) and (e) are satisfied from property (B) and Fact 11.
Consequently, X is a partial solution associated with i.

Let us now prove that (Y, Py) is a complement solution associated with i. From the
construction of i and with the same argument used earlier, we deduce that that Condi-
tions (a) and (b) of Definition 13 are satisfied. By Property (A) G[X U Y] cccx\s)uPy
is a forest, as a subgraph, G[Y]p, is also a forest and thus Condition (c) is satisfied.
Conditions (d) and (e) are satisfied from Property (B) and Fact 11.

It remains to prove Condition (f): N(Xye) N Yye = @ where Yye contains the

blocks {v} € (") such that rep)*({v}) ¢ Y and the blocks P € Py such that

rep;/x (P) ¢ Hi. By construction, Yye = Y\ V(VQ). Since, VC is a vertex cover of the
graph G[X, Y] cc(x\s)upy > there are no edges between X | cc(x\s)\VCand ¥ p, \VCin
G[X, Y] cex\s)upy - We deduce that N (X\V (VO)) N Yge = . Since X\ V (VO) EYX
Xve, we conclude that N (Xye) N Yye = <. This proves that (Y, Py) is a complement
solution associated with i. O
Lemma 15 Leti = (f)Cgc, X3, Xye, ‘jéc, Ys.) € Ly, X be a partial solution associated
with i and (Y, Py) be a complement solution associated with i. If the graph G[X U
Y1 ccx\s)upy is a forest, then G[X U Y] is an S-forest.
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Proof Assume that G[X U Y] cc(x\s)up, is a forest. By Fact 7, in order to prove that
G[X U Y] is an S-forest, it is enough to prove that for all v € (X U Y) N S and all
P € cc(X\S) U Py, wehave [N (v) N P| < 1. Let us prove this statement for a vertex
v € X N § the proof is symmetric forv € Y N §. Let P € (X UY) ccx\supy- If
P ¢ (cc(X\S)UPy), then P is asingleton in (XLIJY) and we are done. If P € cc(X\S),
then Condition (e) of Definition 12 guarantees that we have |[N(v) N P| < 1.

Assume now that P € Py. Suppose first that rep,* (P) ¢ ch. From Condition (f)
of Definition 13, we have N(P) N Xye = &. Letr = rep}/" ({v}). From the definition

of Xye in Definition 12, we deduce that if r ¢ DCVC, then N (v) NV, C N (Xye) and thus
N(v) N P = @. On the other hand, if » € X35_, then Condition (d) of DeﬁnLﬁon 13

ve?

ensures that [N (r) N P| < 1 and thus | N (v) N P| < 1. Now, suppose that rep;/”(P) €

Ha. By Condition (e) of Definition 12, we know that [N (v) N repgx (P)| < 1. From
Fact 11, we conclude that | N (v) N P| < 1. This concludes the proof of Lemma 15. 0O

For each index i € I, we will design an equivalence relation ~; between the
partial solutions associated with i. We will prove that, for any partial solutions X and
W associated with i, if X ~; W, then, for any complement solution ¥ C V, associated
with 7, the graph G[X U Y] is an S-forest if and only if G[W U Y] is an S-forest. Then,
given a set of partial solutions .4 whose size needs to be reduced, it is sufficient to
keep, for each i € I, and each equivalence class C of ~;, one partial solution in C
of maximal weight. The resulting set of partial solutions has size bounded by |L| -
(4mim(V,))*mim(V2) pecause ~; generates at most (4mim(V,))*™mM(Vx) equivalence
classes.

Intuitively, given two partial solutions X and W associated with i = (DCVC,

Xfc, Xve, ’zivc, ch), we have X ~; W if the blocks of VC (i.e., the vertex cover
described by i) are equivalently connected in G[X cc(x\s) | HVC U 9 ] and

G[Wiccwrs) | ‘d y -]. In order to compare these connections, we use the fol-
lowing notion.

Definition 16 (cc(X, i) Let i = (X3., X5, Xve, Y5, YS.) € I, and X C V; be a
partial solution associated with i. For each connected component C of aux(X, i), we
define the set Cy as follows:

e forevery U € C such that U € H uys

e for every {v} € (Xms)
R € Cyc,

e forevery U € cc(X\S) such that U _2‘ R for some R € X5

ve» we have U € Cy,
N C such that {v} _Y* R for some R € X3, we have

ve> we have R € Cyc.

We define cc(X, i) as the collection {Cyc | C is a connected component of aux(X, i)}.

For a connected component C of aux(X, i), the set Cy¢ contains C N (H;fc U ‘é;fc
and the representatives of the blocks in C N X | cc(x\s) N VC with VC the vertex cover
described by i. Consequently, for every X C Vy and i € Iy, the collection cc(X, i) is
partition of f)CS UI)CS 9 13 . For the example given in Fig. 3, observe that cc(X, i)
is the partitlon that contalns {Rl Ui, Us}, {R>, Uz} and {U4} (see also Fig. 13)
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Now we are ready to give the notion of equivalence between partial solutions.
We say that two partial solutions X, W associated with i are i-equivalent, denoted
by X ~; W, if cc(X,i) = cc(W,i). Our next result is the most crucial step. As
already explained, our task is to show equivalence between partial solutions under
any complement solution with respect to S-forests. Figure 14 gives an example of two
i-equivalent partial solutions.

Lemma17 Leti = (X5, X3, Xe, Ys., YS.) € L. For every partial solutions X, W
associated with i such that X ~; W and for every complement solution (Y, Py)
associated with i, the graph G[X U Y] cc(x\s)upy is a forest if and only if the graph
G[W U Y] ccw\syupy IS a forest.

Proof Let X, W be two partial solutions associated with i such that X ~; W and let
(Y, Py) be a complement solution associated with i. To prove this lemma, we show
that if G[W U Y] ccw\s)up, contains a cycle, then G[X U Y] c(x\syup, contains
a cycle too. See Fig. 16 for some intuitions on this proof. We will use the following
notation in this proof.

For Z € {X, W}, we denote by VCy the set that contains:

e all {v} € (“1) such that rep} " ({v}) € X3,

e all P € cc(Z\S) such that repy* (P) € X5..

We define also VCy as the set that contains:

o all {v} € ("% such that rep}” ({v}) € YS.,

o all P € Py such that rep* (P) € Y5..

The sets VCx, VCw and VCy contain the blocks in X |cc(x\s), Wiccw\s) and Y p,,
respectively, which belong to the vertex cover described by i. Finally, for each Z ¢
{X, W}, we define the following two edge-disjoint subgraphs of G[ZUY ] cc(z\s)upy :

* Gz =GlZcz\s) | VCrl,
e Gz =G[ZUY]ccz\5upy — G2z.

As explained in the proof of Lemma 14, for any Z € {X, W}, the graph aux(Z, i) is
isomorphic to the graph G z. Informally, G z contains the edges of G[ZUY ] | cc(2\s)upy
which are induced by Z | ¢(z\s) and those between Z | ¢(z\s) and VCy. The following
fact implies that Gz contains the edges of G[Z U Y] lec(z\S)upy that are induced by
Y, p, and those between Y p, \VCy and VCy.

Fact18 ForanyZ € {X, W}, the setNCzUVCy is avertexcover of G| Z, Y] cc(z\s)upy -

Proof First observe that N(Y\V (VCy)) N Xye = @ thanks to Condition (f) of Def-
inition 13. Moreover, we have Xy E}/X Z\V (VCz) by Condition (f) of Definition
12. We conclude that there are no edges between Y| p, \VCy and Z | (z\5)\VCz in

G[Z, Y] cc(z\s)upy - Hence, VCz U VCy is a vertex cover of G[Z, Y] ccz\s)upy- O

Assume that G[W U Y] ccw\s)up, contains a cycle C. Our task is to show that
G[X U Y] ccx\s)upy contains a cycle as well. We first explore properties of C with
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Yipy

Wiccw\s)

Fig.4 How cycles in G[W U Y] cc(w\s)upy, may interact with the graphs Gy and G . The solid edges
belong to Gy and the dashed edges belong to Gy

respect to G and Gy . Since the graph aux(W, i) is a forest and it is isomorphic to
Gw, we know that C must contain at least one edge from Gy . Moreover, C must go
though a block of W cc(w\s) because G[Y] p, is a forest. Consequently, (and because
from Fact 18 VCw U VCy is a vertex cover of GIW U Y] cc(w\s)upy ), we deduce that
C is the concatenation of edge-disjoint paths Pj ... Py such that for each ¢ € [¢] we
have:

e Py is a non-empty path with endpoints in VCy U VCy and internal blocks not in

VCy UVCy and Py is either a path of Gy or Gy .

At least one of these paths is in Gw and, potentially, C may be entirely contained in
Gy . Figure 4 presents two possible interactions between C and the graphs Gw and
Gw.

Given an endpoint U € VCy U VCy of one ofi the paths P, ..., Py, we define Uy
and U; as the analogs of U in VCx U VCy and X3, U X5, U YS. UYS, respectively, as
follows:

e if U € cc(W\S), then Uy and U; are the unique elements of cc(X\S) and x5

ve?
respectively, such that U =y e ng U;,
o if U = {v} € (W?S), then Uy and U; are the unique elements in (XTS) and f)C;fc,
respectively, such that U EYX Ux EYX Ui,
e if U € Py, then Uy = U and U; is the unique element of Héc such that U ng Ui;

e otherwise, if U = {v} € (YTS), then Uy = U and U; is the unique element of ‘j\fc
such that U EYX U;.
Observe that Uy and U; exist by Conditions (a) and (b) of Definitions 12 and 13.
Foreach £ € [r], we construct a non-empty path P, whose endpoints are the analogs
in VCx U VCy of the endpoints of P, and such that if Py is a path in Gy (resp. Gy ),
then P; is a pathin Gx (resp. G x). This is sufficient to prove the claim because thanks
to this, we can construct a closed walk in G[X U Y] cc(x\syup, by concatenating the
paths P, ..., P/. Since Gx and Gy are edge-disjoint and the paths P|, ..., P, are
non-empty paths, this closed walk must contain a cycle.
Let ¢ € [t] and U, T be the endpoints of P,. We denote by Uy, Tx, U; and T; the
analogs of U and T in VCx U VCy and X5, U X5, U YS. U YS., respectively.
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First, assume that P, is path of Gy . Observe that U; and 7; belong to the same
partition class of cc(W, i). This follows from the definitions of U;, T; and the fact that
Gw is isomorphic to aux(W,i). As W ~; X, we deduce that U; and T; belong to the
same partition class of cc(X, i). By construction, U; and 7; are the analogs of Uy and
Ty in X5 U XS UYS. UYS. We conclude that Uy and Ty are connected in Gx via
a path P;. We claim that P, is not empty because we have Ux # Tx. As Py is a non
empty path of Gw and because Gy is acyclic, we know that U and T are distinct.
Hence, by the construction of Uy and Ty, we deduce that Uy # Ty.

Now, assume that Py is a non-empty path of Gy . Since VCy U VCy is a vertex
cover of G[W, Y] cc(w\s)upy» the blocks in W ccw\s) that do not belong to VCyw
are isolated in Gy. As Py is not empty, the blocks of Py which belong to W ccw\s)
are in VCyy . Because the internal blocks of the paths Py, ..., P; are notin VCy UVCy,
we deduce that the internal blocks of Py belong to Y| p, . We distinguish the following
cases:

e Ifboth endpoints of Py belong to VCy,then Uy = U, Tx = T and all the blocks of
Py belong to Y p, . It follows that Py is a non-empty path of G x because G[Y] 1Py
is a subgraph of G x. In this case, we take Pz’ = Py.

e Assume now that one or two endpoints of P; belong to VCy . Suppose w.l.o.g.
that U belongs to VCy . Since P, is non-empty and the internal blocks of Py are
in Y, p,, U has aneighbor Q € Y p, in P,. We claim that Q is adjacent to Uy in
Gx. By definition of Uy, we have U EL\J/X Uy forsome d € {1, 2} and in particular
NU)NV, = N(Ux) N V,. As U and Q are adjacent in Gy, we deduce that
NU)N Q # @.Itfollows that N(Ux) N Q # & and thus Q and Uy are adjacent
in G x. Symmetrically, we can prove that if T € VCyy, then the neighbor of T in
Py is adjacent to Tx in G .

Hence, the neighbors of U and T in Py are adjacent to Uy and Ty respectively in

G x. We obtain P, from Py by replacing U and T by Ux and T. Since the internal

blocks of P; belong to Y p, and G[Y]p, is a subgraph of Gy, we deduce that

P is a path of Gy. The path P, is not-empty because it contains Uy and Q which

are distinct blocks of Gy as Uy € VCy (since U € VCy by assumption) and

QeYp,.

O

The following theorem proves that, for every set of partial solutions A C 2", we

can compute a small subset B € A such that B represents A, i.e., for every Y C Ve,

the best solutions we obtain from the union of Y with a set in A are as good as the
ones we obtain from B. Firstly, we formalize this notion of representativity.

Definition 19 (Representativity) For every A C 2Vrand Y C Vx, we define
best(A, Y) = max{w(X) | X € Aand G[X U Y] is an S-forest}.

Given A, B < 2%, we say that B represents A if, for every Y C V,, we have
best(A, Y) = best(5, Y).

We recall that s-necy (A) = max(necy(A), necs(A)).
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Lemma 20 There exists an algorithm reduce that, given a set A C 2Vx, outputs in
time O (| A| - [Lc| - (4mim (V)™M - Jog(s-necy(Vy)) - n?) a subset B S A such
that B represents A and |B| < |L;| - (4mim(V,))*mim(Vx),

Proof Given A C 2" and i € I, we define reduce(A, i) as the operation which
returns a set containing one partial solution X € A associated with i of each equiv-
alence class of ~; such that w(X) is maximum. Moreover, we define reduce(A) =
Uier, reduce(A, i).

We prove first that reduce(A4) represents A, that is best(A,
Y) = best(reduce(A), Y) forall Y € V,.Let Y C V.. Since reduce(A) C A, we
already have best(reduce(A), Y) < best(A, Y). Consequently, if there isno X € A
such that G[X U Y] is an S-forest, we have best(reduce(A),Y) = best(A,Y) =
max(9g) = —oo.

Assume that there exists X € A such that G[X UY]is an S-forest. Let X € A such
that G[X U Y] is an S-forest and w(X) = best(A4, Y). By Lemma 14, there exists
i €I, and an S-contraction Py of ¥ such that (1) G[X U Y] lec(x\S)uPpy is a forest,
(2) X is a partial solution associated with i and (3) (Y, Py) is a complement solution
associated with i.

From the construction of reduce(A, i), there exists W € reduce(A) such that W
is a partial solution associated with i, X ~; W, and w(W) > w(X). By Lemma 17
and since G[X U Y] ccox\syupy is a forest, we deduce that GIW U Y] ccw\s)upy
is a forest too. Thanks to Lemma 15, we deduce that G[W U Y] is an S-forest. As
w(W) > w(X) = best(A, Y), we conclude that best(A, Y) = best(reduce(A), Y).
Hence, reduce(A) represents A.

We claim that |reduce(A)| < |L;| - @mim(V)*™MmV)  For every i =

(x\fc, DC\fc, DC@, 950 ‘A\fc) € ]Ixiand partial solution X associated with i, cc(X, i) is a

partition of X5, UXS. UXgeUYs. UYS.. Since | X5 |+ |+ 1Ys [ +1YS| < 4mim(Vy),
there are at most (4mim(V,))*mim(Vx) possible values for cc(X, i). We deduce that,
for every i € L, the relation ~; generates at most (4mim(V,))*mimVe) equivalence
classes, so |reduce(A, i)| < (4mim(V,))*™m(2) for every i € 1. By construction,
we conclude that [reduce(A)| < |I;| - (4mim(V,))*MmVa),

It remains to prove the runtime. As necy(Vy) < neca(Vy), by Lemma 5 we can
compute in time O (s-necy (V) -log(s-neca (Vy)) -n?) the sets RY“ , Rg" s R;/‘ and data
structures which compute repr, rep;/*’ and rep,” in time O(log(s-necx(Vy)) - n?).
Given RY", R;‘, R;/"', we can compute I in time O (|L,] - n?). Since, s-necy(Vy) <
|L;|, the time required to compute these sets and data structures is less than O (].A] -
L[ - (4mim(V;))*™ ™) - log(s-neca (Vi) - n).

Foreachi € I, and X € A, we can decide whether X is a partial solution associated
with i and compute aux(X, i), cc(X, i) in time O (log(s-neca(Vy)) - n3). For doing so,
we simply start by computing rep;/* (C) and repY‘ ({v}) for each C € cc(X\S) and
{v} € (*%), this is doable in O (log(s-neca(Vy)) - n3) since |cc(X\S)| + |X N S| <
n. Then with standard algorithmic techniques, we check whether X satisfies all the
conditions of Definition 12 and compute aux(X, i) and cc(X, i).

Given two partial solutions X, W associated with i, cc(X,i) and cc(W, i), we
can decide whether X ~; W in time O(mim(Vy)) < O(n). We deduce that, for
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each i € I, we can compute reduce(A, i) in time O(|A| - (4mim(V,))*MmVe) .
log(s-necs(Vy)) - ). We deduce the running time to compute reduce(.4) by multi-
plying the running time needed for reduce(A, i) by |L|. O

We are now ready to prove the main theorem of this paper. For two subsets .4 and B
of 2V(©)  we define the merging of A and B, denoted by A® B,as A® B := {XUY |
X € A and Y € B}. Observe that A ® 5 = & whenever A = @ or B = &.

Theorem 21 There exists an algorithm that, given an n-vertex graph G and a rooted
layout (T, 6) of G, solves SUBSET FEEDBACK VERTEX SET in time

O Y. ILP - @mim(V,) 2™ log(s-necy (Vo)) - n
xeV(T)

Proof The algorithm is a usual bottom-up dynamic programming algorithm. For every
node x of T, the algorithm computes a set of partial solutions A, € 2"+ such that
A, represents 2V and | A, | < |L| - (4mim(V,))*™mV2) Eor the leaves x of T such
that V, = {v}, we simply take A, = 2" = {@, {v}}. In order to compute A, for x
an internal node of 7" with a and b as children, our algorithm will simply compute
A, = reduce(A,; ® Ap). Once the the set A, is computed with r the root of 7', our
algorithm outputs a set X € A, of maximum weight.

By Lemma 20, we have |Ay| < |L| - (4mim(V,))*™MVo)  for every node x of T
The following claim helps us to prove that A, represents 2"+ for the internal nodes x
of T.

Claim 22 Let x be an internal of T with a and b as children. If A, and Ay represent,
respectively, 2V« and 2V¢, then reduce(A, ® Ap) represents 2"

Proof Assume that A, and A represent, respectively, 2¥« and 2V». First, we prove
that A, ® A represents 2Vx . We have to prove that, for every ¥ C Vx, we have
best(A, ® Ap, Y) = best(2Vx, Y). Let Y C V,. By definition of best, we have the
following

best(A, ® Ap, Y) = max{w(X) + w(W) | X € A, AW
€ A, A G[X U W UY]is an S-forest}
= max{best(A,, WUY)+w(W) | W e A}.

As A, represents 2", we have best(A,, WUY) = best(2"«, W UY) and we deduce
that best(A4, ® Ap, Y) = best2¥* ® Ay, ¥). Symmetrically, as .A; represents 2",
we infer that best2"* @ A;,Y) = best2¥« @ 2", Y). Since 2%« @ 2V» = 2Vx,
we conclude that best(A, ® Ay, Y) equals best(2"+, Y). As this holds for every Y,
it proves that A, ® A represents 2"+, By Lemma 20, we know that reduce(A, ®
Ap) represents A, ® Aj. As the relation “represents” is transitive, we conclude that
reduce(A, ® Ap) represents 2"x. O

@ Springer



Algorithmica (2022) 84:1385-1417 1407

For the leaves x of T, we obviously have that A, represents 2Vx since A, = 2V,
From Claim 22 and by induction, we deduce that A, represents 2"* for every node
x of T. In particular, A, represents 2V(%) with r the root of T. By Definition 19,
A, contains a set X of maximum size such that G[X] is an S-forest. This proves the
correctness of our algorithm.

It remains to prove the running time. Observe that, for every internal node x of T
with a and b as children, the size of A, ® Ap is at most |L|? - (4mim(V,))8mim(Vx)
and it can be computed in time O (]I, |? - (4mim(V,))8™m(V2) . 12y By Lemma 20, the
set A, = reduce(A, ® Ap) is computable in time O (/L] - (4mim(V,))2mim(Vo) .
log(s-necy(Vy)) - n3). This proves the running time. O

3.1 Algorithmic Consequences

In order to obtain the algorithmic consequences of our meta-algorithm given in The-
orem 21, we need the following lemma which bounds the size of each set of indices
with respect to the considered parameters.

Lemma 23 For every x € V(T), the size of L is upper bounded by:
o 20(W(V))
o 20(Wg(Vi)* log(rnwg (Vo).

o nOMIM(V)%)

Proof For A C V(G), let mw(A) be the number of different rows in the matrix
M, . Observe that, for every A € V(G), we have mw(A) = {rep{({v}) | v €

A}, Remember that the f)C s and ’j ’s are subsets of {rep1 ({v) | v € V,} and

{rep ({fv}) | v € V,} respectively. From Definition 10, we have |DC | + |DC | +
|H |+ |‘zj | < 4mim(V,), for every (DCVC, f)C;fc, Xve, ch, ’j ) € L. Thus, the size of
I, is at most

nec; (V) - (neca(Vy) + mw(Vy) + neca(Vy) + mw(Vy)) ™™,

Rank- Width By Lemma 4, we have nec (Vy) < 2™(9” and necy (Vy), neca(Vy) <

22W(Vi)? Moreover, there is at most 2™ (Vx) different rows in the matrices MV W

and My v, , so mw(Vy) and mw(V,) are upper bounded by 2™(Vx). By Lemma
3, we have 4mim(Vy) < 4rw(V,). We deduce from these inequalities that |I,| <
2W(V)? | (Q2W(VP 4T 4 omw(Vo)+1y4w(Ve) ¢ 9 O(rw(Ve))

Q-Rank-Width By Lemma 4, we have neci(Vy),necx(Vy), neca(Vy) €
20(wo (Vi) logwo (V) Moreover, there is at most 2"Ve(V+) different rows in the matri-
ces My, y-and My, , so mw(Vy) and mw(V,) are upper bounded by 2™2(Vx) By
Lemma 3, we have 4m|m(V ) < 4rwg(Vy). We deduce from these inequalities that

I, | < 20(Wo(Vs) logrwa (Vi) (20<rWQ(vx)log<rWQ<vx)>> n ZrWQ<vx>+1>4rWQ(V*).

We conclude that [T, | € 20(Wo(Va)? log(wg (Vx)),
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Mim-Width By Lemma 4, we know that nec;(Vy) < [V,|™M0) necy(V,) <
[V, |2Mim(Ve) “and necy (Vi) < |[Vi|2™MM(2) | We can assume that n > 2 (otherwise
the problem is trivial), so necy(Vy) + neca(Vy) < |V, |?MmVx) 4 |y, |2mim(Ve) <
n>™m(Vx) Moreover, notice that, for every A € V(G), we have {rep’l“({v}) | v e
A} < JAJ

We deduce that |I| < n™MMVx). (5 4 2Mim(Ve)ydmim(Vs) Ag we assume that n > 2,

8mim(Vy)245mim(V; O (mim(Vy)?)

we have |I;| <n )en .

m}

Now we are ready to state our algorithms with respect to the parameters rank-width
rw(G) and Q-rank-width rwg(G). In particular, with our next result we show that
SUBSET FEEDBACK VERTEX SET is in FPT parameterized by rwg(G) or rw(G).

Theorem 24 There exist algorithms that solve SUBSET FEEDBACK VERTEX SET in
time 20MW(GY) 4 4 20(wg(G)? logtwg (G))) . 4,

Proof We first compute a rooted layout £ = (T, §) of G such that rw(L) € O (rw(G))
or rwg(£) € O(rwg(G)). This is achieved through a (3k + 1)-approximation algo-
rithm that runs in FPT time O (8% - n%) parameterized by k € {rw(G), rwg(G)} [34].
Then, we apply the algorithm given in Theorem 21. Observe that for every node
x € V(T), by Lemma 23, [L, |3 lies in 20 (V:)*) and 20(wa(Vx)*logrwg (Vo) gpd
by Lemma 4, s-necy(Vy) lies in 200W(Vo)?*) apd 20w (Vo logwa(Vo)  Moreover,
Lemma 3 implies that mim(V,)™™Vx) is upper bounded by 2™/(G)1ogw(G)) apq
2Wo(G) logWo(G)) Therefore, we get the claimed runtimes for SFVS since T con-
tains 2n — 1 nodes. m|

Regarding mim-width, our algorithm given below shows that SUBSET FEEDBACK
VERTEX SET is in XP parameterized by the mim-width of a given rooted layout. Note
that we cannot solve SFVS in FPT time parameterized by the mim-width of a given
rooted layout unless FPT = W[1], since SUBSET FEEDBACK VERTEX SET is known to
be W[1]-hard for this parameter even for the special case of S = V (G) [29]. Moreover,
contrary to the algorithms given in Theorem 24, here we need to assume that the input
graph is given with a rooted layout. However, our next result actually provides a unified
polynomial-time algorithm for SUBSET FEEDBACK VERTEX SET on well-known
graph classes having bounded mim-width and for which a layout of bounded mim-
width can be computed in polynomial time [1] (e.g., INTERVAL graphs, PERMUTATION
graphs, CIRCULAR ARC graphs, CONVEX graphs, k- POLYGON, DILWORTH- k and
CoO- k- DEGENERATE graphs for fixed k).

Theorem 25 There exists an algorithm that, given an n-vertex graph G and a rooted
layout L of G, solves SUBSET FEEDBACK VERTEX SET in time n©Mm(£)%),

Proof We apply the algorithm given in Theorem 21. By Lemma 4, we have
s-neca(Vy) < nOMm and from Lemma 23 we have I3 € nOMm(V)®) The
claimed runtime for SFVS follows by the fact that the rooted tree T of £ contains
2n — 1 nodes. o
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Let us relate our results for SUBSET FEEDBACK VERTEX SET to the NODE MUL-
TIWAY CUT. It is known that NODE MULTIWAY CUT reduces to SUBSET FEEDBACK
VERTEX SET [20]. In fact, we can solve NODE MULTIWAY CUT by adding a new
vertex v with a large weight that is adjacent to all terminals and, then, run our algo-
rithms for SUBSET FEEDBACK VERTEX SET with S = {v} on the resulting graph.
Now observe that any extension of a rooted layout £ of the original graph to the
resulting graph has mim-width mim(£) + 1. Therefore, all of our algorithms given
in Theorems 24 and 25 have the same running times for the NODE MULTIWAY CUT
problem.

4 Conclusion

This paper highlights the importance of the d-neighbor-equivalence relation to obtain
meta-algorithm for several width measures at once. We extend the range of applications
of this relation [3, 7, 22, 35] by proving that it is useful for the atypical acyclicity
constraint of the SUBSET FEEDBACK VERTEX SET problem. It would be interesting
to see whether this relation can be helpful with other kinds of constraints such as
2-connectivity and other generalizations of FEEDBACK VERTEX SET such as the ones
studied in [6]. In particular, one could consider the following generalization of ODD
CYCLE TRANSVERSAL:

SUBSET ODD CYCLE TRANSVERAL (SOCT)

Input: A graph G and S € V(G). .
Output: A set X € V(G) of minimum weight such that G[X] does not contain
an odd cycle that intersects S.

Similar to SFVS, we can solve SOCT in time k?® . n 9D parameterized by treewidth
and this is optimal under ETH [2]. We do not know whether SOCT is in XP parameter-
ized by mim-width, though it is in FPT parameterized by clique-width or rank-width,
since we can express it in MSO; (with the characterization used in [2]).

For many well-known graph classes a decomposition of bounded mim-width can
be found in polynomial time. However, for general graphs it is known that computing
mim-width is W[1]-hard and not in APX unless NP = ZPP [40], while Yamazaki [42]
shows that under the small set expansion hypothesis it is not in APX unless P = NP. For
dynamic programming algorithms as in this paper, to circumvent the assumption that
we are given a decomposition, we want functions f, g and an algorithm that given
a graph of mim-width OPT computes an f (O PT)-approximation to mim-width in
time n8(OPT) je. XP by the natural parameter. This is the main open problem in the
field. The first task could be to decide if there is a constant ¢ and a polynomial-time
algorithm that given a graph G either decides that its mim-width is larger than 1 or
else returns a decomposition of mim-width c.
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A Explanations with Several Figures

The following figures explain the relation between solutions (S-forests) and an index
i (Figs.5,6,7,8,9,10, 11, 12, 13, 14, 15, 16).

.,-Yl

@

X

Fig. 5 Illustration of the S-contraction Py constructed in Lemma 9. The graph represented is an S-forest
induced by the union of aset X € Vy andasetY C V. The white filled disks represent the vertices in S.
We transform this S-forest into a forest (see the next figure) by contracting the circled subsets of vertices.
The S-contraction used on X is cc(X\S). Observe that Y; is the only block of Py which is not a connected
component of G[Y\S]. We need Y7 to kill the orange cycle which is not an S-cycle (Color figure online)

YU’Y

Xyec(x\5)
Fig.6 The contracted graph G[X U Y] cc(x\s)upy - The vertices of this graph are the blocks of cc(X\S)U

Py and the singletons {v} for every vertex v in (X U Y) N S, these singletons are represented by the white
filled disks
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YU’Y ©
Xiee(x\9) ©

Fig.7 The bipartite graph G[X, Y1 cc(x\s)uPy - The squares represent the blocks in a vertex cover VC of
GIX, Y] ccx\s)upy that satisfies the properties of Lemma 9

YU’Y

X
Xiee(x\9)

Fig.8 The graph G[X U Y] cc(x\$)upy - As done in Lemma 14, we construct from the vertex cover VC an
index i = (X5, X, Xye, YSe, Yse) € Ly such that X is a partial solution associated with i and (Y, Py) is
a complement solution associated with i. The set xéc contains the representatives of the blocks in cc(X\S)

that are in the vertex cover VC. In this example, we have X\fc = {Ry} where Ry = repg“' (X2)

Yipy

{z1}
Xice(x\8)

Fig.9 The set xéc contains the representatives of the singletons {x} € VC with x € S. In this example, we
have XS. = {R} where Ry = rep;* ({x1})

@ Springer
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YU’Y

Xiee(x\9) Xiee(x\s) \ VC

Fig. 10 The set Xye = rep}/)C (X\V(VQ)). It is the representative set of the union of the blocks in

X eex\$)\VC

YU’Y Y,
Y1

Xiee(x\9)

Fig. 11 The set y§c contains the representatives of the blocks in Py N VC. In this example, we have
‘j\fc = {R{, Ry} where R; = repgx()’l) ford =1,2

YU’Y

{ys} {va}

Xiee(x\9)

Fig.12 The set yéc contains the representatives of the singletons {y} € VC with y € S. In this example, we
have Y3, = (R, Rq} where Ry = rep)* ({y,}) for € = 3,4
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Yo Uy — .
R i Ry Ry

{z1} Xy
Xiee(x\9)

Fig. 13 The auxiliary graph auxy (X, ). It can be obtained from G[X U Y] cc(x\s)upy by (1) removing
the edges between blocks of Y| p, , (2) removing the blocks of ¥, that do not belong to VC and (3)
replacing each remaining blocks of Y p, by its representatives. The blocks of the partition cc(X, i) are

{R1. R, Ry}, {R2, R3} and {R4} where Ry and R» are the representatives of {x} and X, respectively

Yo Uy, = .
R, fis Ry Ry
{1} Xo
Xiee(x\9)
Yo U Y, = o
R, fi Ry Ry

Wo

{wi}
Wiceow\s)

Fig. 14 The auxiliary graphs aux, (X, i) and aux, (W, i) with W a partial solution associated with i. We
have Ry = rep|* ({w1}) = rep|* ({x1}) and Ry = rep)* (Ws) = rep,* (X). Observe that cc(X, i) =

cc(W.i) = {{R1. R{, R2}, {R2, R3}, {R4)}}. Consequently, X and W are i-equivalent

@ Springer
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YU’Y

Xiee(x\9)

SV

Wiceow\s)

Fig. 15 The graphs G[X U Y]\Lcc(x\s)u’py and G[W U Y] cc(w\s)upy - As X and W are i-equivalent
and G[X U thc(X\S)UPY is a forest, by Lemma 17, G[W U Y] cc(w\s)upy is also a forest. Thus, by
Lemma 15, G[W U Y] is an S-forest. In fact, these two lemmas implies that for every complement solution
(Y, Py) associated with i, GIX U Y'] is an S-forest if and only if GIW U Y'] is an S-forest
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Y:LPy o o o ) o o
@
o X,

Xiee(x\9)
YU’Y ] { ] ) o . )

f | \-D E

o
Ws

Wieeii\s)

Fig. 16 New examples for the graphs G[X U Y] cc(x\s)upy, and G[W U Y] ccw\s)upy - To prove
Lemma 17, we prove thatif G[W UY] | cc(w\s)upy contains acycle, then GIX UY] cc(x\s)upy contains
a cycle. We use the following arguments. The orange paths exist in both graphs because these paths only
use blocks in Y p, . Since cc(X, i) = cc(W, i), the purple path in GIW U Y] cc(w\s)up, implies the

existence of the purple path in G{XUY] | cc(x\s)upy - Finally, as Xo E;/x W2, the blocks in Y p,, adjacent
to Wy are also adjacent to X5. Thus, the green path in in G[W U Y] cc(w\s)up, implies the existence of
the green path in G[X U Y] cc(x\syupy (Color figure online)
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