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1 Introduction

Background and Motivation. Counting problems, whose answer is an integer giving the num-
ber of objects of a certain kind rather than merely YES or NO, have important applications in
fields of research such as artificial intelligence [28, 29], statistical physics [21, 24, 37] and network
science [26]. They have been studied extensively in classical complexity, underpinning fundamental
results such as Toda’s theorem [34] and the #P-completeness of the permanent [35]. A substantial
research effort has targeted the parameterized complexity of counting problems, leading to para-
metric complexity-notions like #W/[1]-hardness [10, 14, 25] and fixed-parameter tractable (FPT)
algorithms to solve several counting problems. For example, FPT algorithms were developed to
count the number of size-k vertex covers [13], or the number of occurrences of a size-k pattern
graph H in a host graph G [11].

This paper is concerned with an aspect of parameterized algorithms which has been largely
neglected for counting problems: that of efficient preprocessing with performance guarantees, i.e.,
kernelization. A kernelization for a parameterized decision problem Q is a polynomial-time pre-
processing algorithm that reduces any parameterized instance (z, k) into an instance (z’, k") whose
size is bounded by a function of k alone and which has the same YES/NO answer for Q. Over the
last decade, kernelization has developed into an important subfield of parameterized algorithms,
as documented in a textbook dedicated to the topic [15]. Given the success of kernelization for
decision problems, one may wonder: can a theory of provably-efficient preprocessing for counting
problems be developed?

Consider a prototypical problem such as FEEDBACK VERTEX SET in undirected graphs, in
which the goal is to find a small vertex set whose removal breaks all cycles. What could be
an appropriate notion of counting kernelization for such a problem? The concept of efficient
preprocessing towards a provably small instance with the same answer could be instantiated as
follows: given a pair (G, k), the preprocessing algorithm should output a pair (G’, k") whose size
is bounded by a function of k such that the number of size-k feedback vertex sets in G is equal to
the number of size-k’ feedback vertex sets in G’. However, this task is clearly impossible. Given a
graph consisting of a length-n cycle with parameter k = 1, the number of solutions is n which can
be arbitrarily large compared to k, while for any reduced instance (G’, k') of size bounded in k,
the number of solutions can be at most 2/V(G)l < (k). Without allowing the size of the reduced
instance to depend on n, it seems that preprocessing while preserving the answer to the counting
problem is impossible.

Over the years, there have been two approaches to deal with this obstacle'. Thurley [33],
inspired by concepts in earlier work [27], proposed a notion of counting kernelization which ef-
fectively reduces a counting problem to an enumeration problem. He considered problems such
as VERTEX COVER and d-HITTING SET. In his framework, the preprocessing algorithm has to
output an instance of size bounded by a function of k, in such a way that for any solution to
the reduced instance, we can efficiently determine to how many solutions of the original instance
it corresponds. Hence by enumerating all solutions on the reduced instance, we can obtain the
number of solutions to the original instance. A significant drawback of this approach therefore
lies in the fact that to solve the counting problem on the original instance, we have to enumerate
all solutions on the reduced instance. Since counting can potentially be done much faster than
enumeration, it is not clear that this preprocessing step is always beneficial.

LA third [23] approach was published after the extended abstract of our manuscript appeared; it allows a
polynomial-time lifting step to compute the number of solutions to the original instance from the number of solutions
to the reduced instance. We discuss it in the section on related work below.
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A second notion for counting kernelization was proposed by Kim, Serna, and Thilikos [22, 31].
Their framework (which also applies to FEEDBACK VERTEX SET) considers two types of algorithms:
a condenser that maps an input instance (G, k) to an instance (G', k') of an auxiliary annotated
problem involving weights on the vertices of G’, and an extractor that recovers (typically not in
polynomial time) the number of solutions to (G, k) from the weighted instance (G', k’). The number
of vertices of G’ is required to be bounded in k, but the weights are allowed to be arbitrarily large,
thereby sidestepping the issue described above. This means that in terms of the total encoding
size, the weighted graph (G’, k') is not guaranteed to be smaller than (G, k) and in general the
total number of bits needed to encode the weighted graph cannot be bounded by a function of k
alone. The condenser-extractor framework has the same drawback as the framework by Thurley:
a standard counting problem is reduced to a more complicated type of problem, in this case one
involving weights and annotations.

The goal of this paper is to show that there is an alternative way to overcome the obstacle for
counting kernelization, which leads to a notion of preprocessing in which the problem to be solved
on the reduced instance is of exactly the same nature as the original. Our solution is inspired by
the typical behavior of kernelization algorithms for decision problems: we formalize the option of
already finding the answer during the preprocessing phase. Note that many algorithms, such as the
famous Buss [8] kernelization for VERTEX COVER, work by applying reduction rules to arrive at the
reduced instance, or discover the YES/NO answer to the decision problem during preprocessing. Our
kernelization algorithms for counting problems will have the same behavior: they will either reduce
to a poly(k)-sized instance of the same problem that has exactly the same answer to the counting
problem, or they outright answer the counting problem during their polynomial-time computation.
To our initial surprise, such preprocessing algorithms exist for several classic problems.

Our Results. To begin the exploration of this new type of counting kernelization, we revisit two
prominent graph problems: FEEDBACK VERTEX SET in general undirected graphs and DOMINAT-
ING SET in planar graphs. The decision versions of these problems (does graph G have a solution
of size at most k?) have kernels with O(k?) [19, 32] and O(k) vertices [1, 7, 17], respectively. We
consider the problem of counting the number of minimum-size solutions, parameterized by the
size k of a minimum solution. (We discuss counting inclusion-minimal solutions in the conclusion.)
For a graph G and integer k, we denote by #minFVS(G, k) the number of minimum feedback
vertex sets in G of size at most k in G. Hence #minFVS(G, k) is equal to 0 if the feedback vertex
number of G exceeds k, and otherwise is equal to the number of minimum solutions. The analo-
gous concept for minimum dominating sets is denoted #minDS(G, k). Our result for FEEDBACK
VERTEX SET reads as follows.

Theorem 1. There is a polynomial-time algorithm that, given a graph G and integer k, either

e outputs #minFVS(G, k), or
e outputs a graph G’ and integer k' such that #minFVS(G, k) = #minFVS(G', k') and
[V(G")| = O(k®) and k' = O(k5).

For DOMINATING SET on planar graphs, we give an analogous algorithm that either out-
puts #minDS(G, k) or reduces to a planar instance (G', k') with |[V(G')|,k" = O(k?) such that
#minDS(G, k) = #minDS(G’, k). Hence if the parameter is small, the task of counting the number
of minimum solutions can efficiently be reduced to the same task on a provably small instance.

The high-level approach is the same for both problems. We use insights from existing kernels
for the decision version of the problem to reduce an input instance (G, k) into one (G’, k') with the
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same number of minimum solutions, such that G’ can be decomposed into a “small” core together
with poly(k) “simply structured but potentially large” parts. For DOMINATING SET, this takes
the form of a protrusion decomposition; for FEEDBACK VERTEX SET the decomposition is more
elementary. Then we consider two cases. If |[V(G)| > 2*, we employ an FPT algorithm running
in time 29(%) . poly(n) to count the number of minimum solutions and output it. Since n > 2%,
this step runs in polynomial time. If |V (G)| < 2¥, then we show that each of the poly(k) simply
structured parts can be replaced with a gadget of size poly(k) without affecting the number of
minimum solutions. In this step, we typically increase the size of minimum solutions slightly to
allow a small vertex set to encode exponentially many potential solutions. For example, an instance
of FEEDBACK VERTEX SET consisting of a cycle of length 210 (which has 2!° different optimal
solutions), can be reduced to the graph consisting of 10 pairs (a;, b;), each pair connected by two
parallel edges. The latter graph also has 2'° minimum solutions, each of size 10. To carry out this
approach, the most technical part is to show how to decompose the input instance into parts in
which it is easy to analyze how many different choices an optimal solution can make.

Related Work. Having described our main results, we compare them to the independent work on
preprocessing for counting problems by Lokshtanov, Misra, Saurabh, and Zehavi [23] that appeared
shortly after publication of the extended abstract of this work. They propose a framework in which
a preprocessing step consists of two polynomial-time algorithms: an algorithm reduce that, given a
parameterized input (z, k) to a counting problem, outputs a reduced instance (z’, k") whose size is
bounded in terms of k; and an algorithm lift that, given («, k) and the number of solutions to (z', k'),
outputs the number of solutions to (x, k). In this framework, they developed a preprocessing step
for counting the number of vertex covers of size at most k in a given graph G. They present a
polynomial-time reduce algorithm that maps any instance (G, k) to an instance (G’, k") on O(k®)
vertices, along with a polynomial-time algorithm that can recover the number of size-(< k) vertex
covers of G from the number of size-(< k') vertex covers of G’. They therefore manage to obtain
a preprocessing step suitable for counting solutions that are not minimum or minimal, at the cost
of requiring a polynomial-time post-computation on the answer to the reduced instance.

In addition to the algorithm for counting size-k vertex covers, Lokshtanov, Misra, Saurabh,
and Zehavi [23] also present results for the PLANAR F-DELETION problem. For a fixed finite set
of graphs F, which is required to contain at least one planar graph, a solution to this problem
on a graph G consists of a size-(< k) vertex set S such that G — S does not contain any of the
graphs in F as a minor. For this broad class of problems, which includes FEEDBACK VERTEX SET,
they give a slightly weaker form of preprocessing algorithm. Here the reduce algorithm outputs
an instance to a different and annotated counting problem, of total encoding size k®M). The
lift algorithm then computes the number of size-(< k) solutions to PLANAR F-DELETION on the
original graph from the number of solutions to the annotated problem on the reduced graph. This
preprocessing scheme therefore has the benefit of applying to a large class of problems, but the
downside of reducing to a more difficult counting task.

Apart from the mentioned positive results, Lokshtanov, Misra, Saurabh, and Zehavi [23] also
present lower-bound techniques in their paper that allow them to rule out the impossibility of
obtaining preprocessing schemes for which the size of reduced instances is polynomial in k, subject
to complexity-theoretic conjectures.

Organization. The remainder of the paper is structured as follows. After presenting preliminar-
ies in Section 2, we illustrate our approach for FEEDBACK VERTEX SET in Section 3. The more
technical application to DOMINATING SET on planar graphs is given in Section 4. We conclude in
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Section 5 with a reflection on the potential of this approach to counting kernelization.

2 Preliminaries

2.1 Graphs

All graphs we consider are undirected; they may have parallel edges but no self-loops. A graph G
therefore consists of a set V(G) of vertices and a multiset E(G) of edges of the form {u,v} for
distinct u,v € V(G). For a vertex v € V(G), we refer to the open neighborhood of v in G as Ng(v)
and to the closed neighborhood of v as Ng[v]. For a set of vertices X C V(G), the open and closed
neighborhoods are defined as Ng(X) = (U,cx Na(v)) \ X and Ng[X] = {J,cx Ng[v]. The degree
of vertex v in graph G, denoted by deg(v), is equal to the number of edges incident to v in G.
We refer to the subgraph of G induced by a vertex set X C V(G) as G[X]. We use G — X as a
way to write G[V(G)\ X] and G — v as a shorthand for G — {v}. A graph H is a minor of G if H
can be formed by contracting edges of a subgraph of G.

A graph is planar if it can be embedded in the plane in such a way that its edges intersect only
at their endpoints. Such an embedding is called a planar embedding of G. We make use of the
following two properties of planar graphs.

Theorem 2 (Wagner’s theorem). A graph G is planar if and only if G contains neither K5 nor
K33 as a minor.

Lemma 1 ([15, Lemma 13.3)). Let G be a planar graph, C C V(G), and let N3 be a set of
vertices from V(G) \ C such that every vertex from N3 has at least three neighbors in C. Then,
|N3| < max{0,2|C| —4}.

A feedback vertex set of a graph G is a set S C V(G) such that G — S is a forest, i.e., acyclic.
The feedback vertex number of a graph is the size of a smallest feedback vertex set of that graph. A
dominating set of a graph G is a set D C V(G) such that Ng[D] = V(G). The domination number
of a graph is the size of a smallest dominating set of that graph. We say that a set X C V(G)
dominates U C V(G) if U C Ng[X].

We define V.2(G) to be the set of vertices of graph G that do not have degree two. We refer
to a chain C of G as a connected component of G — Vxo(G). We say that a chain C is a proper
chain if Ng(C) # () and we then refer to Ng(C) as the endpoints of C.

2.2 Treewidth

In order to prove the main theorem of Section 4, we will need to equip ourselves with one addi-
tional tool, which we describe next. For completeness, we will first give the definition of a tree
decomposition, which is needed to formally define the notion of a treewidth modulator below.

Definition 3 (Tree decomposition). A tree decomposition of a graph G is a pair (T x), where T
is a rooted tree and x is a function that assigns a bag x(w) C V(G) to every node w € V(T') such
that

L4 UwGV(T) X(w) = V(G)7

e for all {u,v} € E(G), there exists a node w € V(T') such that {u,v} C x(w), and

e for every v € V(G), the set {w € V(T) | v € x(w)} induces a non-empty connected subtree
of T
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The width of a tree decomposition is max,,ev (1 [x(w)|—1. The treewidth of a graph G, denoted
by tw(G), is the minimum possible width of a tree decomposition of G.

Definition 4 (Treewidth modulator). A set S C V(G) is a treewidth-n-modulator in a graph G
if tw(G — 5) <.

It is known that a treewidth-n-modulator S in a planar graph can be efficiently extended into
a superset Z of bounded size whose removal separates the graph into components that interact
with Z via constant-size neighborhoods. We cite one such statement from the book by Fomin et
al. [15].

Lemma 2 ([15, Lemma 15.13]). If a planar graph G has a treewidth-n-modulator S, then G has a
set Z O S such that

e |Z| <4(n+1)|S|+]S|, and
e cach connected component of G — Z has at most two neighbors in S and at most 2n neighbors
inZ\S.

Furthermore, given G, S, and a tree decomposition (T,x) of G — S, such a set Z can be computed
in polynomial time.

We will derive the following useful consequence of this lemma. It tells us that we can use
a treewidth modulator in a planar graph to efficiently find a decomposition of that graph with
some desirable properties. The decomposition can be thought of as a weaker form of protrusion
decomposition, using only elementary terminology.

Lemma 3. For each fized n there is a polynomial-time algorithm that, given a planar graph G and
a treewidth-n-modulator S in G, computes a vertex set Z 2 S such that

e [Z] =0O(|S]),
o the set {Ng(C) | C is a connected component of G — Z} has size O(n|S]), and
e for each connected component C of G — Z, we have |[Ng(C)| <2n+2 and |[Ng(C)N S| < 2.

Proof: Given a planar graph G and treewidth-n-modulator S, the algorithm proceeds as follows.
Since 7 is fixed, we can compute a tree decomposition (T, x) of width 7 for G in time O(n) using
Bodlaender’s algorithm [5]. Using this tree decomposition, we invoke Lemma 2 to compute a
superset Z D S such that |Z| € O(n|S]) and each connected component of G — Z has at most two
neighbors in S and at most 27 neighbors in Z'\ S. Hence this choice of Z satisfies the first and third
item in the lemma statement. It remains to argue that the second item is also satisfied, meaning
that the number of distinct subsets of Z that occur as the open neighborhood of a connected
component of G — Z, is bounded by O(n|S]). To derive this bound, we distinguish three cases
based on the size of the neighborhood of a connected component C of G — Z.

1. For components C' with [Ng(C)| = 1, there are trivially at most |Z| distinct sets that can
occur as Ng(C') since Ng(C) C Z.

2. Now we bound the number of distinct open neighborhoods of connected components with
a neighborhood of size two. Let C; = {Ng(C) | C is a connected component of G — Z A
|INg(C)| = 2}. We bound |Cq| via an auxiliary graph Hy on vertex set Z, which has an
edge {u,v} whenever there is a connected component C' of G — Z with Ng(C) = {u,v}.
Observe that Hs is a planar graph since it can be obtained as a minor from G by removing
the components of G — Z whose neighborhood size differs from two, while contracting the
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components with a neighborhood of size two into a neighbor. Note that H, has a distinct
edge for every element of Cy. Hence |C3| < |E(Hs3)|. Since Hy is a planar graph on |Z]
vertices, it has at most 3|Z| edges by Euler’s formula. Hence |Cz| < 3|Z|.

3. Finally, we derive a bound for the neighborhoods of size at least three. Let C>3 = {Ng(C) |
C is a connected component of G — Z A |Ng(C)| > 3}. Let Hs3 be the auxiliary graph
obtained from G as follows: contract each component of G — Z whose neighborhood has size
at least three, into a single vertex. Let C>3 denote the vertices that resulted from these
contractions. Note that |C>3| < |Cs3| since each open neighborhood is realized by at least
one component. Each vertex of C'>3 has at least three neighbors in H>3, and all its neighbors
belong to Z since it was the result of contracting an entire connected component of G — Z.
Hence we may apply Lemma 1 to H>3 to infer that |C>3| < |Cx>3| < 2|Z].

Since the three cases above are exhaustive, the number of distinct sets Ng(C) that can arise from
connected components C' of G — Z is bounded by |Z|+3|Z|+2|Z| € O(|Z]|) < O(n|S|). This shows
that the second item also holds and completes the proof of Lemma 3. a

3 Counting Minimum Feedback Vertex Sets

In this section, we explain the technique that allows us to either count the number of minimum
feedback vertex sets of a graph G in polynomial time, or reduce G to a provably small instance
with the same number of minimum solutions. We start by showing that, by using a few reduction
rules, we can already reduce G to an equivalent instance with a specific structure. This reduction
is based on the O(k3)-vertex kernel for the decision FEEDBACK VERTEX SET problem presented
by Jansen [4]. We choose to use this kernel over the better-known and smaller-size kernels by
Thomassé [32] and Iwata [19] because those rely on multiple reduction rules that are not safe for
counting minimum solutions, while the one by Jansen has only one unsafe rule.

As is common for FEEDBACK VERTEX SET, we consider the graph we are working with to be
undirected and we allow parallel edges. In this section, we make use of two reduction rules which
are common for kernels of the decision variant of FEEDBACK VERTEX SET.

(R1) If there is an edge of multiplicity larger than two, reduce its multiplicity to two.
(R2) If there is a vertex v with degree at most one, remove v.

It can easily be verified that if an instance (G, k) is reduced to (G’,k’) by one of the rules
above, we have #minFVS(G, k) = #minFVS(G’, k’). Hence, these rules are safe in the context of
counting minimum feedback vertex sets. Observe that if (R2) has exhaustively been applied on a
graph G, then all vertices in V.2(G) have degree at least three. For our purposes, we will need one
additional method to reduce the graph. We first present a different lemma that will then motivate
this third reduction rule.

Lemma 4. Let X be a (not necessarily minimum) feedback vertex set of a graph G that is reduced
with respect to (R2) and let C be the set of connected components of G — Vzo(G). Then it holds
that

(a) Vo (G)| < [X] + 32 e x degg(v), and
(0) [C] < [X|+ 232, cx degg(v)-

Proof: Consider the forest F' := G — X. Partition the vertices of Vio(G) NV (F) = Vio(G) \ X
into sets VZ,, V5 and VI, for vertices that have respectively degree at most one, degree two or
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degree at least three in F. Furthermore, let V; denote the leaf nodes of F' that have degree two
in G. Since G has no vertices of degree at most one by (R2), the leaves of F are exactly the vertices
Ve UVZ,. In any tree, the number of vertices of degree at least three is less than the number of
leaves, thus |VZ,| < |VL,| + |V|. Each vertex in Vj has at least one edge to X since they have
degree at least three in G and degree exactly two in F. For a similar reason, each vertex in V.,
has at least two edges to X. Each vertex in V; has one edge to X. Putting this together gives the
following inequality, from which (a) directly follows.

> degg(v) > V3| + 2IVE |+ Vil > Vo] + [VE | + Vi3] = [Viea(G) \ X | (1)
veEX

To bound the size of the set C of connected components of G — V.2 (G), we instead bound the
size of the set C’ of connected components of G — V.2(G) — X. Observe that |C| < |C'| + | X]|
since removing a vertex from a graph reduces the number of connected components by at most
one. (Such a removal can increase the number of components by an arbitrary number, which is
irrelevant for our argument.) Since X is an FVS, the connected components in C’ can be seen as
proper chains. Chains in C’ that have both endpoints in F' act as edges between those endpoints
when it comes to the connectivity of F'. This means that, since F' is a forest, there can be at most
[V (G)NV(F)| <3, c x degg(v) of such chains by Equation 1. All other chains will have at least
one endpoint in X, which means there can be at most ) _y degs(v) of them, implying (b). O

Based on Lemma 4, the goal of the third reduction rule is to decrease the degree of the vertices
of a feedback vertex set. This idea is captured in Lemma 5. After presenting this lemma, we
combine these results in Lemma 6 to create an algorithm to reduce a graph G to an, in context
of counting minimum feedback vertex sets, equivalent graph with a bounded number of vertices of
degree other than two and a bounded number of chains.

Lemma 5. There exists a polynomial-time algorithm that, given a graph G reduced with respect
to (R1), an integer k, a vertex v € V(G) and a feedback vertex set' Y, C V(G) \ {v} of G,
outputs a graph G’ obtained by removing edges from G such that dege (v) < |Yy| - (K +4) and
#minFVS(G, k) = #minFVS(G', k).

Proof: Consider the forest F':= G — (Y, U{v}). For each u € Y, mark trees of F' that have an
edge to both v and u until either all such trees are marked or at least k + 2 of them are marked.
Then, we construct a graph G’ from G by removing all edges between v and trees of F' that were
not marked.

We shall first prove the bound on the degree of v in G’. The vertex v can have edges to vertices
inY, orin F. Since (R1) has been exhaustively applied, there can be at most 2|Y, | edges between
v and Y,. Each tree in F' has at most one edge to v, since otherwise Y,, would not be an FVS
of G. In @', only trees that were marked still have an edge to v, and since we mark at most
k + 2 trees per vertex in Y,, we have at most |Y,| - (k 4 2) of such trees. Combining this gives
dege (v) < Yy - (k+4).

To show that #minFVS(G, k) = #minFVS(G’, k), we prove that a vertex set X C V(G) with
|X| <k is an FVS of G if and only if it is an FVS of G’. Clearly any FVS of G is an FVS of G’
since G’ is constructed from G by deleting edges. For the opposite direction, assume that X is an
FVS of G’ and assume for a contradiction that X is not an FVS of G. Then G — X has a cycle W.
This cycle must contain an edge {v,w} of E(G)\ E(G’) since G' — X is acyclic. By construction
of G', we know that w is a vertex that belongs to an unmarked tree T'. Since cycle W intersects T
and since T is a connected component of G — (Y, U {v}), there must be a vertex u € Y, that has
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an edge to T. Since the edge between v and T is removed in G’, there exist k + 2 other trees that
are marked and have an edge to both v and u. Since |X| < k, at least two of these trees are not
hit by X. Furthermore, since v and u are part of W, they are also not contained in X. Therefore,
there is a cycle in G’ — X through v, u and two of the aforementioned trees, contradicting that X
is an FVS of G'. O

Lemma 6. There is a polynomial-time algorithm that, given a graph G and integer k, oulputs a
graph G’ and integer k' such that

#minFVS(G', k') = #minFVS(G, k),

K < k;

Vo (G')] = O(K?), and

G' — V2(G') has O(k3) connected components.

Proof: In our approach, we make use of the linear-time 4-approximation algorithm by Bar-Yehuda,
Geiger, Naor, and Roth [3]. It can also approximate the more general problem of: for a given graph,
find the smallest FVS that does not contain a given vertex. Our first step is to exhaustively apply
(R1) on G and compute a 4-approximate FVS X of the graph. If |X| > 4k then the feedback
vertex number of G is larger than k, so we can return a trivial, constant size instance G’ and &’
such that #minFVS(G’, k') = 0. Otherwise, let G’ and &’ be a copy of G and k. For each vertex
v € X, compute a 4-approximate FVS Y, of G’ that does not contain v. If |Y,| > 4k, then there
does not exist a solution of size at most &k that does not contain v, so remove v from G’ and reduce
k' by one. Otherwise, use Lemma 5 to reduce the degree of v in G’. Finally, we exhaustively apply
reduction rule (R2) on G'.

Computing the 4-approximations and applying the reduction rules can be done in polynomial
time. Each rule can only be applied a polynomial number of times, thus the algorithm runs in
polynomial time. The fact that #minFVS(G, k) = #minFVS(G’, k') follows from safety of the
reduction rules used in the algorithm and &’ < k follows from the fact that &’ is never increased.
We know that [V.2(G')| = O(k?®) and that G’ — V.2(G’) has O(k?®) connected components due to
Lemma 4 and the following bound:

> dego(v) < STVl (k+4) <Y Ak (k+4) = |X] -4k - (k +4) = O(K®).
veX veX veX

This concludes the proof of Lemma 6. |

The result of Lemma 6 is in and of itself not a proper kernel yet, since the chains of the graph
it produces can be of arbitrary length. Our strategy to address this is as follows. If these chains
are large in terms of k, then we can run an FPT algorithm in poly(n) time to count the number
of minimum solutions. Otherwise, the chains can be replaced by structures of size poly(k) that
do not change the number of minimum feedback vertex sets the instance has. This approach is
captured in the following two lemmas and combined in the proof of Theorem 1.

Lemma 7. There exists a polynomial-time algorithm that, given a graph G with a chain C and an
integer k, outputs a graph G' obtained from G by replacing C with a vertex set C', and an integer
k', such that

e #minFVS(G' k') = #minFVS(G, k),

o G'-C'=G-C,
e Ng/(C') = Na(C),
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(a)

Figure 1: (a) A chain structure of size eight with two endpoints. (b) The replacement of the
structure. An example of the mapping f is also illustrated through the vertices with a thicker
border.

o |C'| = O(log(|C])?), and
e k' =k+ O(log(|C|)?).

Proof: In case C is a proper chain, the endpoints are defined as Ng(C). If C is not a proper chain,
which happens if C' is a cycle in G, we choose an arbitrary vertex of C' to act as its endpoint. For
simplicity, we consider C' to have two endpoints, where in some cases these two endpoints might
be the same vertex.

First, we assume that the number of vertices of the chain, not including its endpoints, is a
power of two, i.e. |C| = 2?7 for some integer p. Let v,u € V(G) be the endpoints of C' (possibly
v = u) and let C = {cg,c1, - ,cor—1}. Then we construct our graph G’ by replacing C' by a
gadget C’, of which an example can be seen in Figure 1. It consists of the following elements.

e A vertex w with edges to both v and wu.
e Pairs of vertices a;, b; for 0 < i < p such that there is an edge of multiplicity two between w
and a; and between a; and b;.

Additionally, we set k' = k + p.

We shall now prove that #minFVS(G, k) = #minFVS(G’, k'). To this end, we define a mapping
f from the set of minimum feedback vertex sets of G to those of G’ and show that this is a bijection,
which immediately implies that the two sets have the same cardinality. For a natural number m,
define bin(m) to be the binary representation of m on p bits and define bin(m); to be the i’th least
significant bit of bin(m).

XU{a;|0<i<p} ifXNC=0

X =
Uy (X\CO)U{w}U{a; |0<i<pAbin(m); =0}
U{b; | 0 <i < pAbin(m); =1} if XNC={cp}
Note that for any minimum feedback vertex set X of G, we have | X N C| < 1 as picking any
one vertex from C will already break all cycles that go through the chain.
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> Claim 1. If a set X is a minimum FVS of G, then f(X) is a minimum FVS of G.

Proof We prove this in two parts. First we prove that f(X) is an FVS of G’ and then we prove
that f(X) is indeed an FVS of G’ of minimum size.

To prove that f(X) is an FVS of G’, we use a proof by contradiction. Assume f(X) is not an
FVS of G', in which case a (simple) cycle W exists in G’ — f(X). This cycle must intersect C” as
X\C=fX)\C"andG-C =G —-C"thus G-C - X = G — ' — f(X), which means W would
otherwise also exist in G — X, contradicting that X is an FVS of G. The cycle W cannot contain a
b; vertex since by definition of f, for 0 <4 < p, either a; or b; is in f(X), which would either mean
b; is isolated in G" — f(X) or is removed. Also, W can not contain any a; vertex as, by definition
of f,if a; isnot in f(X), then both its neighbors w and b; are in f(X). This leaves only the option
that W intersects C’ through only vertex w. This means that W — {w} contains a path from v
to u in G’ — f(X) — {w}. However, since as mentioned before G —C — X = G’ — C’ — f(X), this
same path also exists in G — X. Furthermore, since w ¢ f(X), that must mean that X NC = 0 so
(W \ {w}) UC would form a cycle in G — X contradicting that X is an FVS of G.

Next we prove that f(X) is a minimum FVS of G’. Assume for sake of a contradiction that
f(X) is not a minimum FVS of G’ due to the existence of a X’ C V(G’) with | X'| < |f(X)] such
that X’ is an FVS of G’. We first observe that any FVS of G’ contains at least p vertices from C’
since all p of the pairs (a;, b;) form vertex-disjoint cycles. Similarly so, if an FVS of G’ contains w,
then it contains at least p + 1 vertices from C’. We distinguish two cases.

Case w ¢ X': Then X'\ C’" is an FVS of G. If G — (X’ \ C”) would contain a cycle, then there
would also exist a cycle in G’ — X' since G — C = G’ — C" and both graphs G — (X' \ C")
and G’ — X’ have a vu path, the former through C and the latter through w. Furthermore,
IX'\C'| <|X'|—p <|f(X)|—p=1|X|+p—p=|X|, contradicting that X is a minimum
FVS of G.

Case w € X’: Then Y := (X' \ C") U{c¢;} is an FVS of G for any 0 < j < 2P. If this were not
the case, then, since Y contains a chain vertex, a cycle would need to exist completely in
G — C —Y which is the same graph as G’ —C’ — X’. This would contradict X’ being an FVS
of G’. Furthermore, |Y| < |X'|—(p+1)+1 < |f(X)|—p=|X|+p—p=|X|, contradicting
that X is a minimum FVS of G.

As both cases lead to a contradiction, we conclude that f(X) is a minimum FVS of G'. <
> Claim 2. The function f is bijective.

Proof We first argue that f is injective. Let X and Y be two minimum feedback vertex sets of G
such that X # Y. That means X \C #Y \C or XNC # Y NC. The former immediately allows
us to conclude that f(X) # f(Y) since X \ C = f(X)\C' and Y\ C = f(Y)\ C’. In the second
case, we have two options. The first is that X NC = {¢;} and Y N C = {¢p, } for some j # m, and
since binary representations are unique, they lead to different sets f(X) and f(Y). The second
option is that either X or Y contains no vertex from C' while the other one does. Then only one
of f(X) or f(Y) contains w and the other one does not, so f(X) # f(Y).

It remains to show that f is surjective. To this end, we take an arbitrary minimum FVS X'’ of
G’ and show that there exists a minimum FVS X of G such that X' = f(X). We distinguish two
cases.

Case w ¢ X': For this case, first observe that {a; | 0 < i < p} C X’ since otherwise w would
form a cycle with one of these a; vertices in G — X’. Furthermore, b; ¢ X’ for 0 < i < p
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since X' already contains a;, leaving b; isolated in G — X’ and thus a redundant choice for
a minimum FVS. From this we can conclude that X’ N C" = {a; | 0 < i < p}. Therefore,
taking X := X'\ C" would give f(X) = X’. We have already argued in case w ¢ X' that
X"\ C" is an FVS of G. To show that it is a minimum FVS of G, note that if there was
aY C V(G), [Y] < |X]| such that Y is an FVS of G, then f(Y) is an FVS of G’ and
lfWM=1Y]|+p<|X|+p=|X'\C|+p=|X'| —p+p=|X'| which would contradict X’
being a minimum FVS of G.

Case w € X': For this case, we instead observe that for each pair {a;,b;}, exactly one of {a;,b;}
is in X', as otherwise X’ would not be an FVS of minimum size. Since there are p of such
pairs, there is a unique value 0 < j < 2P such that the binary representation of j corresponds
to the choice of a and b vertices in X’. We can then choose X := (X’\ C")U{c;}. We clearly
have that f(X) = X’. Also, we have already shown before that X is an FVS of G and the
argument that X is a minimum FVS of G is analogous to that in case w ¢ X'.

From this reasoning we can conclude that f is a bijective function from the set of minimum feedback
vertex sets of G to the set of minimum feedback vertex sets of G'. <

In the argument above, we assumed that the length of the chain is a power of two. We can
address this by noting that any natural number can be written as a sum of unique powers of two.
Similarly, we can decompose the chain C' into a number of subpaths each having a number of
vertices that is a unique power of two. We can then apply the replacement described above on
each subpath individually to get multiple replacement structures in a chain between the endpoints
of C'. As seen before, the size of the replacement is linear in the exponent of the length of the chain.
In the worst case, when expressing |C| in binary as a sum of distinct powers of two, the exponents
of these powers sum up to O(log(|C|)?), which is also the bound on the number of vertices used
in our replacement and on the increase in the parameter value. a

We remark for Lemma 7 that a similar chain replacement gadget without parallel edges can
be constructed, at the expense of a linear increase in the size of the gadget. Note that the
gadget described in the lemma fails to preserve the number of inclusion-minimal feedback vertex
sets. While each inclusion-minimal FVS of size k in graph G maps to an inclusion-minimal FVS of
size k+p in graph G’, the converse fails. If we take an FVS X’ of G’ that contains vertex w together
with {bo,...,bp_1}, then the corresponding FVS X in G obtained by replacing {w,bo,...,b,—1}
by a single vertex ¢; on the chain might fail to be inclusion-minimal. This happens if the only
cycles through w in the graph G’ — (X’ \ {w}) are those involving the a;-vertices. Since they are
not present in G, it might be that there are no cycles through ¢; in the graph G — (X \ {¢;}),
so that X \ {¢;} is a strict subset that is still an FVS, violating inclusion-minimality. Hence the
gadget cannot be used for the task of counting inclusion-minimal feedback vertex sets.

By adapting the iterative compression algorithm by Cao, Chen, and Liu [9] for the decision
FEEDBACK VERTEX SET problem, we can derive the following lemma. Its proof is given in Ap-
pendix A.

Lemma 8. There is an algorithm that, given a graph G and integer k, computes #minFVS(G, k)
in 2°%) . poly(n) time.

Using the machinery constructed so far, we can prove our main result for FEEDBACK VERTEX
SET.

Theorem 1. There is a polynomial-time algorithm that, given a graph G and integer k, either
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e outputs #minFVS(G, k), or
e outputs a graph G’ and integer k' such that #minFVS(G, k) = #minFVS(G', k') and
[V(G")| = O(k®) and k' = O(kP).

Proof: First we use the algorithm from Lemma 6 to find a graph G* and integer k* < k such that
#minFVS(G, k) = #minFVS(G*, k*), [V (G*)| = O(k?) and G* — V2o (G*) has O(k?) connected
components (chains). Then, if there is a chain of size larger than 2¥, we can run the algorithm
from Lemma 8 to compute #minFVS(G*, k*) in poly(n) time since n > 2. Otherwise, all chains
of G* have size at most 2¥ and we can use Lemma 7 on G* to find a graph G’ and integer k' such
that

e #minFVS(G' k') = #minFVS(G*, k*) = #minFVS(G, k),
o |[V(G")| = O(K?) + O(k? - log(2%)?) = O(k®), and
o k' =O(k+ Kk log(2F)?) = O(K®).

This concludes the proof of Theorem 1. a

4 Counting Minimum Dominating Sets in Planar Graphs

In this section, we show how our approach can also be used through a different technique. In
Section 3 we adapted a decision kernel and replaced remaining, potentially large structures by
smaller, similarly behaving structures. The general outline of our tactic in this section is to
decompose the graph in a ‘small’ core and a ‘small’ number of subgraphs protruding from this
core. We then continue to shrink and replace these subgraphs, all while making sure we do not
change the answer to the counting problem.

We consider the problem of counting minimum dominating sets of a planar graph. In the
context of dominating sets, we assume all graphs to be undirected and simple, so they do not have
parallel edges. We start by showing that if a planar graph G has a dominating set of size at most
k, we can use this to decompose G.

Lemma 9. There is a polynomial-time algorithm that, given a planar graph G and an integer k,
either concludes that G does not have a dominating set of size at most k, or outputs a dominating
set S of size at most 2k and a vertex set Z O S of size O(k) such that

o the set {Ng(C) | C is a connected component of G — Z} has size O(k), and
e for each connected component C of G — Z, we have that |[Ng(C)| <6 and |[Ng(C)N S| < 2.

Proof: The decision version of DOMINATING SET on planar graphs admits a polynomial-time
approximation scheme [2]. As a first step, we can use this to find a 2-approximate dominating
set S of G in polynomial time. If |S| > 2k then the domination number of G is greater than k, so
we are done. Otherwise, in case G is connected, we can turn S into a connected dominating set
S’ of G such that |S’| < 3|S| < 6k [15, Claim 15.10]. If G is not connected, we can instead do the
same for each connected component of the graph individually. Since G is a planar graph, G — S’
is an outerplanar graph (cf. [15, Lemma 15.9]) and thus has treewidth at most two [6, Lemma 78].
This means that S’ is a treewidth-2-modulator for G. Therefore, we can use Lemma 3 to find in
polynomial time a set Z that has the properties we require. a

For our purpose, it might be useful to also consider the properties of Lemma 9 in different
terms. The first property tells us that when we group the connected components of G — Z based
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on their open neighborhood in G, we end up with only O(k) groups. By the second property,
if we let P be the vertices of any one such group of connected components, then the vertex set
Ng(P)N S consists of at most two vertices, yet completely dominates P. We shall refer to such
a set P as a protrusion of G with respect to Z (see Definition 5 for a formal definition). In the
remainder of this section we will focus on how we can replace these protrusions without changing
the number of minimum dominating sets.

Definition 5 (Protrusion). Let G be a graph and let Z C V(G). We say that a non-empty vertex
set P is a protrusion of G with respect to Z if P = {v € C'| C is a connected component of G — Z
and Ng(C) = U} for some U C Z.

Hence a protrusion with respect to Z is an inclusion-maximal set of vertices contained in
connected components of G — Z that all have the same open neighborhood U. Given Z, one can
compute a partition of V(G — Z) into protrusions in polynomial time by grouping the connected
components of G — Z based on their open neighborhood. We remark that our notion of protrusion
here is inspired by, but distinct from, the notion of r-protrusions used in the meta-kernelization
framework [7]. Our ad-hoc formulation for the DOMINATING SET problem avoids the use of tree
decompositions, which makes it easier to work with. We will eventually use the decomposition
into protrusions to obtain our counting kernelization. But before doing so, we first analyze the
properties of one particular type of protrusion, introduced below.

We call a vertex set C C V(G) a wide diamond if there are distinct vertices v,u € V(G) \ C
such that for all ¢ € C, we have that Ng(c) = {v,u}. We consider v and u to be the endpoints of
the wide diamond C. We make the following observation concerning minimum dominating sets on
wide diamonds.

Observation 1. If C is a wide diamond with distinct endpoints v,u in a graph G and |C| > 3,
then any minimum dominating set X of G satisfies the following properties:

1. X Nn{v,u} # 0, since if X contains neither v nor w, we must have that C C X, while
(X \ C)U{v,u} would then be a dominating set of smaller size.

2. If {v,u} C X, then X N C =10, since Ng|[c] C Ng[{v,u}] for allce C.

3. |XNC| <1, since by Property 1, we can assume w.l.o.g. thatv € X, and Ng|c]\ Ng[v] = {u}
forall c € C.

In Lemma 10 we show how we can efficiently replace a wide diamond by a smaller, similarly
behaving structure. We show how we can use this replacement to reduce the protrusions of our
decomposition of the graph in Lemma 11.

Lemma 10. There exists a polynomial-time algorithm that, given a planar graph G with a wide
diamond C and an integer k, outputs a planar graph G’ obtained from G by replacing C with a
vertex set C’', and an integer k', such that

#minDS(G', k') = #minDS(G, k),
G-C=G-C,

No(C7) = Na(C),

|C"] = O(log(|C|)?), and

k' =k + O(log(|C])?).

Proof: Let vertices v and u be the endpoints of the wide diamond C. Assume without loss of
generality that C consists of at least five vertices, since the statement is trivial otherwise. For
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Figure 2: (a) A wide diamond structure with endpoints. (b) The replacement of the structure.

simplicity, we first assume that |C| = 2P + 3 for some integer p, so let C' = {cp,c1,- - ,corq2}. We
then construct G’ from G by replacing C by C’, which has the following structure. In C”, we leave
three vertices cg, ¢1, ¢ from C untouched and replace all others.

e Add vertex x, with an edge to v and vertex x, with an edge to u.
e For each 0 <7 < p, add two adjacent vertices a; and b; and make these vertices adjacent to
both z, and x,. Add a degree-one vertex e; adjacent to b;.

It is easy to see that G’ is planar since the constructed gadget has a planar embedding with its
only boundary vertices x,,x, on a single face (see Figure 2). The gadget can be drawn into any
face of an embedding of G that contains both u and v, whose existence is guaranteed because
N¢(co) = {v,u}. For the parameter, we set k' = k + p.

We define a function f from the set of minimum dominating sets of G to the set of minimum
dominating sets of G’ and we prove that #minDS(G, k) = #minDS(G’, k') by showing that f is a
well-defined, bijective function.

XU{bi|0§i<p} ifXﬂCg{Co,Cl,Cg}

(X\C)U{z,}U{b; | 0 <i<pAbin(m —3); =0}
f(X)=qU{e; |0<i<pAbin(m—3); =1} fXNC={em}Am>3AveX

(X\C)U{z,}U{b; |0<i<pAbin(m—3); =0}
U{e; | 0 < i <pAbin(m —3); =1} tXNC={en}Am>3AueX

Note that since we assumed |C| > 5, by Observation 1 the function f covers all cases for a
minimum DS X of G. Also note that {cg, ¢y, ca} still forms a wide diamond of size at least three
between v and u, so the properties of the observation still apply in G'.

> Claim 3. If a set X is a minimum DS of G, then f(X) is a minimum DS of G’.

Proof We prove this claim in two parts. We first prove that f(X) is a DS of G’, and then we prove
that it is a DS of minimum size.
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To prove that f(X) is a DS of G’, we use a proof by contradiction, so assume f(X) is not a DS
of G’. This means there is a vertex w € V(G’) that is not dominated by f(X). If w is a vertex of
G’ — C" — {v,u}, then since G' — C' = G — C, we have that w is also a vertex of G — C — {v, u}.
Furthermore, since X \ C' = f(X) \ €' and Ng(C) = {v,u}, if w is not dominated by f(X) it
is also not dominated by X, which contradicts X being a dominating set of G. Thus w € C’ or
w € {v,u}. The former can never be true, as in all cases the function f takes the union over a
dominating set of C’ \ {cp,c1,c2} and by Property 1 of Observation 1, either v or w is in X, and
thus also in f(X), ensuring that cg, ¢; and co are dominated. So, assume without loss of generality
that w = w. Then, by Property 1 of Observation 1, that means v € X and since u is dominated
by X in G that X N C = {¢,,} for some ¢,,,. However, by definition of f, that would mean that
either ¢, € f(X) or z, € f(X) and both ¢, and z, have an edge to v which contradicts that u
is not dominated by f(X). Thus f(X) is a dominating set of G’.

We also use a proof by contradiction to show that f(X) is a minimum DS of G’. Assume that
f(X) is not a minimum DS of G’ due to the existence of a set X' C V(G') with |X'| < |f(X)]
such that X’ is a dominating set of G’. Assume that X’ is a minimum such dominating set. We
distinguish three cases.

Case x,,z, ¢ X't We can then show that {b; | 0 < i < p} C X'. If there would be a b; ¢ X',
then since also z,,z, ¢ X', we would need to have that a;,e; € X’ since these are the only
remaining options to dominate these vertices. However, since N¢v[{a;,e;}] = N¢v[b;], taking
(X'"\ {aj,e;}) U{b;} would result in a dominating set of smaller cardinality, contradicting
that X’ is a minimum dominating set of G’. Thus {b; | 0 < i < p} C X’. From this it
follows that Y := X'\ {b; | 0 <i < p} is a dominating set of G. We already have v € X’ or
u € X’ by Property 1 of Observation 1, ensuring that all vertices in C' are dominated. Also,
since 2,2, ¢ X', the set X’ dominates u and v from V(G) \ (C\ {co, ¢1, c2}). Furthermore,
Y= |X'|—p<|f(X)|—p=I|X|+p—p=|X|, contradicting that X is a minimum DS of
G.

Case z, € X': As a first step, we can realize that v ¢ X’. If v would be in X’, then we could
construct a DS of G’ of smaller size than X’ by taking (X'\C")U{b; | 0 < i < p} (potentially
also including z,, if z,, € X’). Thus, v ¢ X’ which by Property 1 of Observation 1 implies that
u € X'. Knowing this, we consider Y := (X’ \ C")U{c¢;} for some 0 < j < 2P 4+ 3. This set ¥’
is a dominating set of G since all vertices G — C — {v,u} are unaffected by the change, v € Y
which ensures all vertices ¢; are dominated, and ¢; € Y ensuring that v is dominated. Notice
that |[X'NC’| > p+1 since x,, € X’ and X' must contain either e; or b; for each 0 < i < 27 in
order to dominate e;. Thus, [Y] < |X'|—(p+1)+1 = |X'|—p < |f(X)|—p = |X|+p—p = | X|,
contradicting that X is a minimum DS of G.

Case z, € X’: The argument for this case is symmetric to that of the previous case.

In all cases we reach a contradiction from which we can conclude that f(X) is a minimum DS of
G <

From this we can conclude that f is a well-defined mapping from the set of minimum dominating
sets of G to those of G'.

o> Claim 4. The function f is bijective.

Proof The function f is clearly injective as when X £ Y either X \C #Y \Cor XNC #YNC
which both imply that f(X) # f(Y) by definition of f. Following the same type of argumentation
as in Claim 3, it is easy to verify the following. For any minimum dominating set X’ in G’, if we
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define X as follows:

X'\ {b;|0<i<p} X N{xy,z,}=0
(X'\ C")U{c;} if X' N {2y, 20} # 0

then X is a minimum DS of G and f(X) = X’ for the correct choice of j, which is determined by
which b and e vertices are in X’. Thus the function is surjective, and therefore also a bijection. <

Similar as for counting feedback vertex sets, we can address the issue that we assumed |C| =
2P + 3 for some p by decomposing the wide diamond C into multiple smaller wide diamonds
such that one consists of three vertices and all others consist of a number of vertices that is a
unique power of two. In order for the complete structure to get the behavior we desire, it suffices
to not replace the one wide diamond consisting of three vertices to let this act as cg, ¢, co in the
replacement procedure for all other replacements. We then replace all other wide diamonds entirely
in the way described above. This allows us to replace any wide diamond C' by a structure with
O(log(|C|)?) vertices, and k' = k + O(log(|C])?). O

The next lemma shows that the previous replacement procedure for wide diamonds can be used
more generally to shrink large protrusions (Definition 5) without changing the number of minimum
dominating sets of size k.

Lemma 11. There is a polynomial-time algorithm that, given a planar graph G, integer k, vertex
set Z and protrusion P of G with respect to Z such that [Ng(P)| < 6 and P can be dominated by
a set of at most 2 vertices from Ng(P), does the following. The algorithm outputs a planar graph
G’ obtained from G by replacing P by a vertex set P', and integer k', such that

#minDS(G', k') = #minDS(G, k),
G'—P =G-P,

Nov(P') = No(P),

|P'| = O(log(|P))?), and

k' =k + O(log(|P])?).

Proof: The proof is structured as follows. We will first remove certain edges and vertices in the
protrusion that are not relevant in the context of dominating sets. We then prove that the part
of the protrusion that remains can only have O(1) vertices that are not part of a wide diamond.
Finally, we use Lemma 10 to replace these wide diamonds.

Consider a minimum dominating set X of G. The first thing we note is that X contains at
most 6 vertices from P. This is because Ng(P) dominates P with |[Ng(P)| < 6 and for all D C P,
we have that Ng[D] C Ng[Ng(P)]. Thus, if X would contain more than 6 vertices of P, then
(X\ P)UNg(P) would be a dominating set of G of smaller size, contradicting that X is a minimum
dominating set. Additionally, we note that clearly the vertex set X N Ng[P] dominates P. Based
on these observations, the goal of our reduction is to preserve these sets of at most 6 vertices of
N¢[P] that dominate P.

The first step will be to remove redundant edges between vertices of P. More formally, an
edge {v,u} with v,u € P is called redundant if for each set D of size at most 6 that dominates
P, the set D still dominates P when we remove edge {v,u}. We can naively check if an edge is
redundant by enumerating all subsets of Ng[P)] of size at most 6 that dominate P in poly(n) time
and checking if removing the edge affects them. Next, we remove certain vertices from P using
the following observation. If there is a vertex v € V(G) with more than two neighbors of degree
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one, then all minimum dominating sets of G will contain v and none of those degree-one neighbors.
Therefore, removing all but two of the degree-one neighbors does not affect the set of minimum
dominating sets of G. After we have removed redundant edges from P, we use this observation to
remove unnecessary degree-one vertices from P.

Assume now that we used the techniques described above to remove edges and vertices from
P. We can analyze the structure that the remaining graph G[N¢[P]] has by counting the types of
vertices that appear in it. We first consider two edge cases.

If Ng(P) = 0 then also P = () because Ng(P) is a dominating set of P. If Ng(P) = {s} for
some vertex s, then we can always find a replacement P’ for P that has only a constant number of
vertices. For this, we first realize that, since {s} dominates P in this specific case, any minimum
dominating set X of G contains at most one vertex from Ng[P]. Therefore, X can only ever
contain a vertex from P that dominates all vertices in P. Let U be the set of vertices of P that
individually dominate P. If U = (), then, since P # (), any minimum dominating set of G' must
contain s. Thus we can let P’ consist of only s and two new vertices, both having only an edge
to s. If U # (), then we construct P’ from P by removing all vertices other than s and those in U.
There can be at most three vertices in U, since otherwise G[U U {s}] would form a clique of size at
least 5, which would contradict G being planar by Theorem 2. To see why this reduction is safe,
note that for any minimum dominating set X of G, we must have that X N Ng[P] = {v} for some
vertex v € U U {s}. If |X N Ng[P]| > 1, then X is not of minimum size, and if v ¢ U U {s}, then
there is a vertex in P not dominated by X.

From this point on, assume |Ng(P)| > 1 and let s1, s2 be two distinct vertices in Ng(P) that
together dominate P. We partition the vertices of P into sets P<;, P and P>3 based on whether
their degree is at most one, is two, or is at least three, respectively. We first look at P<;.

Note that since {s1, s2} dominates P, all vertices of P<; must be incident to exactly one edge
and this edge has as other endpoint either s; or s;. There cannot be more than two degree-one
neighbors per vertex, since then we would have removed them. From this we can conclude that
|P<i]| < 4.

Before we look at P>3, we will first prove the following claim to be correct. This claim will in
turn be useful for bounding the number of vertices contained in Ps3.

> Claim 5. If P has no redundant edges, then for each distinct pair of vertices z1, 22 € Ng[P],
there can be at most 72 vertices in Ng(z1) N Ng(z2) N P that are adjacent to at least one (not
necessarily the same) vertex in P\ {z1,22}.

Proof Let R C Ng(21) N Ng(22) N P be the set of vertices that are adjacent to both z; and z5 and
at least one vertex in P\ {z1,22}. Assume for a contradiction that |R| > 72. We first prove that
all vertex sets of size at most 6 that dominate P must contain at least one of {21, z2}. If this were
not the case, then there exists a dominating set D with |D| < 6 such that 21,20 ¢ D. All vertices
in R must be dominated by D, so there is a vertex v € D that dominates more than 72/6 = 12
vertices of R. This means that v has an edge to more than 11 vertices in R. However, then v, 21,
29 and three of those vertices of R adjacent to v would together form K3 3, which contradicts G
being planar by Theorem 2. Thus, each set of size 6 that dominates P must contain z; or zs.

We associate a vertex from P\ {z1, 22} to each vertex of R through a function f: R — P\
{21, 22}, where for each vertex v € R, we let f(v) be an arbitrary vertex in Ngpj(v) \ {21, 22}
Next, let f(R) := {f(v) | v € R} be the set of vertices of P\ {z1,22} that are associated to
some vertex of R. See Figure 3a for an example of the vertices involved in the structure under
consideration. No vertex in f(R) has an edge to both z; and 2z, since then all edges from R to
that vertex would have been redundant due to z; or zs being in every set of size at most 6 that
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Figure 3: (a) An example of the types of vertices involved in the proof of Claim 5. (b) An example
of the types of vertices involved in the proof of Claim 7.

dominates P.

Furthermore, each vertex in f(R) can be the image of at most two vertices of R. If there were
distinct a,b, ¢ € R such that f(a) = f(b) = f(c), then {z1, 22, f(a)} and {a,b, c} would together
form K3 3. Thus, since |R| > 72, we must have |f(R)| > 36. Each vertex in f(R) is non-adjacent
to at least one of {z1,22}, so at least half of them are non-adjacent to the same one. Assume
without loss of generality that at least half of them, so more than 18, are non-adjacent to z;. Let
U C f(R) refer to this set of vertices. We consider two cases.

Case: There exists a set D C Ng[P] \ {22} of size at most 6 that dominates P. Naturally,
D also dominates U C P. Since z3 ¢ D and z; has no edges to U, the set D \ {21,292}
must also dominate U. Since this set contains at most 6 vertices, there must be a vertex
v € D\ {21, z2} that dominates more than 18/6 = 3 vertices of U and thus has an edge to
three distinct vertices f(a), f(b), f(c) € U for some a,b,c € R\ {v}. However, this would
contradict G being planar due to it containing K3 3 as a minor. One side of the minor consists
of {z1,22,v}, and the other side consists of the vertices obtained by contracting the edges
{a, f(a)}, {0, f(b)} and {c, f(c)}.

Case: All sets of size at most 6 that dominate P contain ze. If zo has no edge to any vertex in
U, then the reasoning of the previous case still applies. If 2o does have an edge to some
fu) € U for u € R, then this would imply that the edge {u, f(u)} is redundant, another
contradiction.

Since both cases lead to a contradiction, this completes the proof of the claim. <

Having proven this claim, we shall now consider P-3, which we partition further into sets @1,
Q2 and Q>3 based on whether they have one, two, or at least three edges to Ng(P), respectively.
We will prove that P>3 has constant size by proving that all three of these sets have constant size.
We can immediately conclude that |Q>3| = O(1) using Lemma 1 since G is planar, as by definition
each vertex in >3 has at least three neighbors in Ng(P) and |Ng(P)| < 6.

>> Claim 6. The set Q2 consists of at most 15 - 72 vertices.

Proof The set ()2 consists of the vertices of P that have degree at least three and have exactly
two edges to Ng(P). Thus, all vertices of Q2 exist between pairs of Ng(P) vertices. Consider
an arbitrary pair of distinct vertices z1, 20 € Ng(P). Then, since by definition each vertex in @
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has an edge to at least one vertex not in Ng(P), we can use Claim 5 to conclude that |Ng(z1) N
Ng(z2) N Q2] < 72. Since there are at most g) = 15 pairs of Ng(P) vertices, we arrive at the
bound stated in the claim. <

o> Claim 7. The set Q1 consists of at most 2 - 6 - 73 vertices.

Proof The set )1 consists of the vertices of P that have degree at least three and have exactly
one edge to Ng(P). Note that since {s1, s2} dominates the vertices in P, all vertices in @; have
an edge to either s; or sy and no other vertices in Ng(P). To bound the number of vertices in
Q1, we will bound the number of such vertices that can be adjacent to s;, and realize that the
same bound applies for s5. First observe that if all sets of size at most 6 that dominate P contain
both s; and so, then all edges between vertices of P would have been redundant and we could
immediately conclude that |Q1| = 0. Thus we consider this not to be the case. We shall prove that
|Q1 N Ng(s1)| < 673 using a proof by contradiction. To this end assume |@Q1 N Ng(s1)| > 6 - 73.
We distinguish two cases.

Case: There exists a set of size at most 6 that dominates P and does not contain s;. That means
that all vertices in Ng(s1) NP can be dominated with at most 6 vertices other than s;. Since
|Q1 N Ng(s1)| > 6 - 73 there must be a vertex v that dominates more than 73 vertices in
Q1 N Ng(s1) and thus has an edge to more than 72 vertices of them (note v could be in
Q1N Ng(s1)). We have v € P, since the dominating set avoids s; which is the only neighbor
of Q1N Ng(s1) among Ng(P). Since the vertices in @1 have degree at least three, they must
all have an edge to at least one vertex in P\ {s1,v}. This means we can use Claim 5 to
conclude that |[Ng(s1) N Ng(v) N Q1| < 72, which is a contradiction.

Case: All sets of size at most 6 that dominate P contain s;. Note that this means that there
is a set D with |D| < 6 that dominates P and does not contain s, since we assumed that
not all of such sets contain both s; and ss. In this case, the vertices in Q1 N Ng(s1) all
have exclusively edges to vertices that do not have an edge to s; but do have an edge to
S9, since otherwise the edge would be redundant or {s1, s2} would not dominate the vertex.
See Figure 3b for an example of the vertices involved in such a structure. We can find that
|Nc(s2)NP| > |Q1NNg(s1)|- This follows from the fact that each vertex in Q1 N Ng(s1) has
at least two edges to vertices in Ng(s2) NP and that each vertex v € Ng(s2) NP can have an
edge to at most two vertices in Q1 N Ng(s1). If v has edges to three vertices in Q1 N Ng(s1),
then v, s1, s and those three vertices would form K33 when we contract the edges between
s2 and Ng(s2) \ {v}. In a similar vein, any vertex in D can have an edge to at most two of
these vertices in Ng(@Q1 N Ng(s1)) \ {s1} due to planarity and thus can dominate at most
three of them. However, there are more than 6 - 3 = 18 of such vertices which contradicts D
dominating P.

In both cases we reach a contradiction, thus we must have that [Q1 N Ng(s1)| < 6-73. The same
bound holds for the vertices of 1 that are adjacent to s, through analogous reasoning, and since
Q1 C Ng(s1) U Ng(s2), we must have that Q1] <2-6-73 = O(1). <

Summarizing so far, we have shown that |P;| = O(1) and |P>3| = |Q1] + |Q2] + Q>3] = O(1).
This only leaves P, the vertices of degree two. All such vertices must have at least one edge to
N¢g(P) since it dominates P. There are two options for the other edge. It could be an edge to
another vertex in P, which in turn has an edge to some vertex in Ng(P). Let P be the set of Py
vertices involved in such a structure. If there were seven or more of such structures between a pair
of vertices in Ng(P), then the edge between the degree two vertices would have been redundant.
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Thus, since |Ng(P)| = O(1), also |Py| = O(1). Finally, consider the vertices of P5 \ Py. These are
vertices of P of degree two with both neighbors in the set Ng(P)UP>3. The vertices of P, \ P5 can
be partitioned into O(1) wide diamonds, namely the wide diamonds of the form Ng(x)NNg(y) NP2
for x,y € Ng(P)U P>3. Since |[Ng(P) U P>3| = O(1), we also end up with O(1) wide diamonds.
We can use Lemma 10 for each wide diamond to get a replacement P’ and k' that satisfy the
requirements stated in the lemma. a

Having proven that we can reduce the size of these protrusions, we proceed similarly to as
for counting feedback vertex sets. We argue that there is an algorithm that solves #minDS in
Lemma 12 and combine all our results in Theorem 6.

Lemma 12. There exists an algorithm that, given a planar graph G and integer k, computes
#minDS(G, k) in 2°0VF) . poly(n) time.

Proof: There exists an algorithm that solves the decision version of DOMINATING SET in 4tW(%) .

tW(G)O(l) -n time [12, Theorem 7.9]. This algorithm can straightforwardly be adapted to also
count the number of minimum dominating sets without increasing the running time; see e.g. [36].
Furthermore, note that if G has a dominating set of size at most k, then tw(G) = O(VE) [15,
Lemma 15.7]. As a final ingredient, we use that there exists a polynomial-time exact algorithm for
branchwidth on planar graphs [30], and that any branch decomposition of width k can be turned
into a tree decomposition of width O(k) in polynomial time [18]. Putting this together results in
an algorithm that can compute #minDS(G, k) in the mentioned time. a

Theorem 6. There is a polynomial-time algorithm that, given a planar graph G and integer k,
either

e outputs #minDS(G, k), or
e outputs a planar graph G’ and integer k' such that #minDS(G, k) = #minDS(G’, k') and
V(G| = O(k?) and k' = O(K?).

Proof: First, we can use the algorithm from Lemma 9 on G and k. If it reports that the domination
number of G is greater than k, then #minDS(G, k) = 0. Else we find a 2-approximate dominating
set S and a set Z as stated in the lemma. If there is a protrusion of G with respect to Z that
consists of more than 2* vertices, we know that n > 2* so we can run the algorithm from Lemma 12
to compute #minDS(G, k) in poly(n) time. Otherwise, we know that each protrusion consists of
at most 2¥ vertices. Applying Lemma 11 to all of the O(k) protrusions gives us a graph G’ with
O(k) + O(k) - O(k?) = O(k?) vertices and an integer k' = k + O(k) - O(k?) = O(k?®) such that
#minDS(G, k) = #minDS(G', k). a

5 Conclusion

We introduced a new model of kernelization for counting problems: a polynomial-time preprocess-
ing algorithm that either outputs the desired count, or reduces to a provably small instance with
the same answer. We showed that for counting the number of minimum solutions of size at most &,
a reduction to a graph of size poly(k) exists for two classic problems.

We believe that the new viewpoint on counting kernelization facilitates a general theory that
can be explored for many problems beyond the ones considered here. By following the textbook
proof [12, Lemma 2.2] that a decidable parameterized decision problem is fixed-parameter tractable
if and only if it admits a kernel (of potentially exponential size), it is easy to show the following
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equivalence between fixed-parameter tractability of counting problems and our notion of counting
kernelization.

Lemma 13. Let P: ¥* x N = N be a computable function for some finite alphabet 3. Then the
following two statements are equivalent:

1. There is a computable function f: N — N and an algorithm that, given an input (x, k) €
¥* x N, outputs P(x, k) in time f(k) - |z|CW).

2. There is a computable function f: N — N and a polynomial-time algorithm that, given (z,k) €
¥* x N, either:

(a) outputs P(z, k), or
(b) outputs (z', k') € ¥* x N satisfying |2'|, k' < f(k) and P(x,k) = P(a', k).

Hence our view of counting kernelization is generic enough to capture all fixed-parameter
tractable counting problems. Determining which counting problems have a polynomial-size kernel
remains an interesting challenge.

In this work, we focused on counting minimum-size solutions (of size at most k). Apart from
being of practical interest in several applications, this facilitates several steps in the design and
analysis of our preprocessing algorithms. At present, we do not know whether the two considered
problems have polynomial-size kernels when counting the number of inclusion-minimal solutions of
size exactly k, or the number of (not necessarily minimal or minimum) solutions of size exactly k.
We do not see a reason why it would be impossible to obtain polynomial-size counting kernelizations
for these variants, but we have not been able to find gadgets that preserve the answer. We leave
their investigation to future work.

For both problems we investigated, our preprocessing step effectively consists of reducing to an
equivalent instance composed of a small core along with poly (k) simply structured parts, followed
by replacing each such part by a small problem-specific gadget. In the world of decision problems,
the theory of protrusion replacement [7, 16] gives a generic way of replacing such simply-structured
parts by gadgets. Similarly, the condenser-extractor framework [22, 31] can be applied to generic
problems as long as they can be captured in a certain type of logic. This leads to the question of
whether, in our model of counting kernelization, the design of the gadgets can be automated. Can
a notion of meta-kernelization be developed for counting problems?

To illustrate the obstacles that need to be overcome, we compare to the setting of meta-
kernelization for decision problems [7, 16]. There, the approach typically consists of two steps.
First, one shows that for inputs asking for a solution of size k, in polynomial time one can either
deduce that there are no solutions of size k or compute an r-protrusion decomposition of the
input graph for some constant r. It effectively decomposes the graph into a “central” part Gy
of size O(k), together with O(k) protrusions Gy, ...,Gor). Each protrusion G is an induced
subgraph of treewidth at most r, whose open neighborhood is contained in Gy and has size at
most 7. This implies that each protrusion can be analyzed efficiently (since its treewidth is small)
and interacts with the rest of the graph through a constant number of vertices.

The second step in the standard approach to meta-kernelization then argues that each protru-
sion can be replaced by a constant-size gadget that has the same effect on global solutions. For
problems with finite integer index [7, §2.3], the existence of such a gadget is deduced from the
fact that the influence of a protrusion on global solutions can be characterized by a signature that
consists of f(r) integers (one for each possible state in which the boundary vertices may end up
when choosing a partial solution within the protrusion) in the range of 0 to g(r). These integers
effectively encode “how much does the size of a solution inside the protrusion go up, when requiring
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that it leaves the boundary vertices in a certain state?”. For many problems, this cost increase
can be bounded in terms of the size of the boundary because when picking all boundary vertices
in the solution, one may then use the cheapest-possible solution in the rest of the protrusion. One
can therefore characterize the behavior of a protrusion by a sequence of f(r) integers of magni-
tude g(r) each, for some functions f and ¢ in the boundary size r alone. This implies that the
number of distinct sequences (and therefore the number of distinct behaviors for protrusions) is
bounded by a function of r. Using the fact that a protrusion is a bounded-treewidth subgraph, one
can efficiently compute the smallest protrusion with the same behavior, whose size depends only
on r and is therefore constant. Replacing each of the protrusions G, ..., Gor) by a constant-size
gadget then yields an equivalent instance on O(k) vertices.

Based on this view of meta-kernelization for decision problems, we can now highlight the dif-
ficulties for the counting version. When it comes to the decomposition step, we expect that an
r-protrusion decomposition can be obtained for counting problems without difficulties. Indeed, we
mimicked existing decompositions in our results for FEEDBACK VERTEX SET and DOMINATING
SET in planar graphs. The difficulty lies in obtaining a suitable gadget by which to replace a pro-
trusion. When counting minimum solutions, characterizing the behavior of a protrusion requires
the signature to track, for each of the f(r) possible states of the boundary, how many distinct
optimal solutions within the protrusion realize that given state on the boundary. The difficulty
is that these numbers cannot be bounded in terms of the boundary size r alone. A priori these
numbers can be as large as n¥. Using the existence of a single-exponential FPT algorithm in a
similar fashion as in our paper, one can typically ensure logn < k, so that one can encode a single
integer of magnitude n* in log(n*) < k2 bits, but even the latter is problematic for a generic ar-
gument. When the behavior of a protrusion with respect to counting solutions is characterized by
a sequence of f(r) integers whose magnitude depends on k, then the number of distinct behaviors
is no longer bounded in terms of the boundary size r alone. This means that “the smallest pro-
trusion with the same behavior” is no longer necessarily of constant size; its size can depend on k,
possibly superpolynomially. That is where the existing approach to meta-kernelization breaks in
the counting setting. For the two problems treated in our paper, we managed to overcome this
difficulty by arguing that it suffices to reduce only protrusions of a very specific form (chains or
wide diamonds, respectively) and by hand-crafting a gadget in which up to 2* different solutions
can be generated by only O(k) different vertices. In general, it is not clear that a protrusion in
which superpolynomially many distinct solutions exist, can always be represented by a gadget
on k°M) vertices that generate the same number of possibilities. Determining when and how this
is possible is the main obstacle for generalizing our results.

These issues in developing protrusion replacement for counting problems bear some resemblance
to the difficulty of doing protrusion replacement for weighted graphs: the presence of vertices of
different weights also means that to characterize the behavior of each of the f(r) states of the
boundary vertices of a protrusion, one may need an integer whose magnitude cannot be bounded
in terms of . We refer to recent work by Wilodarczyk [38] for further discussion on the difficulties
of weighted protrusion replacement. It would be interesting to see whether these difficulties can
be overcome.
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A An FPT Algorithm for #minFVS

Lemma 8. There is an algorithm that, given a graph G and integer k, computes #minFVS(G, k)
in 2°%) . poly(n) time.

Proof: The pseudocode of an algorithm to solve the disjoint minimum feedback vertex set counting
problem is given in Algorithm 2 and is based on the algorithm by Cao, Chen, and Liu [9]. In fact,
our algorithm solves a slightly more general version of the problem, where the vertices of the graph
G are weighted by a function w: V(G) — N. In case G has no FVS of size at most k that is disjoint
from W, then #DJ-FVS(G, w, W, k) will output a pair (a,b) with a = co and b = 0. Otherwise,
a will be the size of a minimum FVS disjoint of W and

b= Z H w(v).

|S|=a, veES
SEFVS(G),
SNW=0

We refer to this value as the weighted disjoint minimum FVS sum of G. The weight of a vertex v
essentially models the number of distinct alternatives there are for a vertex v that, in the context
of choosing them for a minimum FVS of G, achieve the same result. When we assign a weight of
one to each vertex of a graph G, then the weighted minimum FVS sum of G is equal to the number
of minimum feedback vertex sets of G.
In the pseudocode we make use of binary operator @, which is defined to work on pairs as
follows:
(al, bl) if a1 < as
(a1,b1) @ (az,b2) = ¢ (az,bs) if a1 > as
(al, b1 +b2) if a1 = ao

For the operators + and - we assume element-wise functionality when applied to pairs, i.e. (a1, b1)+
(ag,b2) = (a1 + ag, by + b2). Furthermore, for a weight function w of G and X C V(G), we use
w|x to denote the restriction of w to X.

We shall now explain how the #DJ-FVS algorithm works by going over the pseudocode in
Algorithm 2. It makes use of a branching strategy with measure function ¢ + k, where £ is the
number of connected components of G[W].

Lines 1-3 are the base cases of the algorithm. In lines 4-5 we remove vertices of degree at most
one, which corresponds to (R2). In lines 6-7 we contract the chains of G existing in G — W one
edge at a time. Note for line 8 that H is a forest since W is an FVS of G. For lines 9-10, if a
vertex v would form a cycle with W it should be contained in all solutions so we recurse on this
choice. In lines 11-14, vertex v has at least two neighbors in W, but since G[W U {v}] does not
form a cycle these neighbors must be in different connected components of G[W]. Thus we branch
on v not being in a solution, which corresponds with adding v to W, and on v being in a solution
by removing it from the graph. In the former branch ¢ decreases, while in the latter k& decreases.

In line 15, we choose a vertex v € V(H) that is not a leaf of tree H such that at most one of its
neighbors in H is not a leaf of H. Note that such a vertex always exists for a tree that does not
consist of only leaves. Furthermore, at this point of the algorithm no tree of H can consist of only
leaves. If a tree of H consists of a single leaf, then either it has degree one in G, but then lines 4-5
would have gotten rid of it, or it has degree at least two, in which case the if condition on line 9
or the if condition on line 11 would have been satisfied. If a tree of H consists of two leaves, then
either both have degree two in which case the edge between them would have been contracted by
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lines 6-7, or one of the if statements of line 9 or line 11 would have been applicable to one of the
two leaves.

First consider the case where v has one neighbor in W (lines 16-22). In that case we pick ¢
in line 16 to be a child of v. For these two vertices, we branch over all possible combinations of
whether or not they should be in a solution, while realizing that a minimum FVS that contains
v can never contain c¢. Note that if G[W U {v, c}] does not form a cycle, both v and ¢ must have
a neighbor in a different connected component of W so the branch in line 19 decreases ¢. The
branches on line 20 and 21 decrease k while not increasing .

Finally, we have the case that v has no neighbors in W (lines 23-30). That must mean that v
has at least two children, which are all leaves by how we chose v. If v would have had only one
child, then the edge between v and the child would have been contracted in lines 6-7. Thus we let
c1 and ¢y be two distinct children of v. Again, we branch over all viable combinations of how these
three vertices can be part of minimum solutions. The logic here is similar to that of the previous
case. Here as well, in all branches, the measure k + ¢ decreases.

Since the algorithm branches in at most four directions and the time per iteration is polynomial
in n, the runtime of the disjoint algorithm becomes 4¥¢.n9(1) We can use Algorithm 2 to compute
#minFVS(G, k) by taking an FVS Z of G and running the disjoint algorithm for all subsets of
7, simulating the ways an FVS can intersects Z. The pseudocode for this compression algorithm
can be seen in Algorithm 1. To get an FVS of GG of size at most k, we can simply run one of the
existing algorithms designed for this, for example the one by Cao, Chen, and Liu [9] which runs in
time O(3.83%) - poly(n). If this reports that no such FVS exists, we output #minFVS(G, k) = 0.
Otherwise, we use the found FVS for the compression algorithm. Using the fact that the FVS
used by the compression algorithm is of size at most k, we can bound the runtime of the complete
algorithm to compute #minFVS(G, k) at 17% - n0). O

Algorithm 1 #FVS-COMPRESSION(G, k, Z)
Input: Graph G, integer k, FVS Z of G of size at most k
Output: A pair (a,b) with a being the feedback vertex number of G and
b = #minFVS(G, k)
1: s = (00,0)
2: for Xz C Z do
3: L ' = (|Xz],00+#DJ-FVS(G — Xz, w, Z\ Xz, k— |Xz|) with Vv € V(G — Xz) : w(v) =1
4:
5

s=s5ds
: return s




JGAA, 29(1) 1-28 (2025) 29

Algorithm 2 #DJ-FVS(G, w, W, k)

N O W N e

o

16:
17:
18:
19:
20:
21:
22:
23:
24:

25:
26:
27:
28:
29:
30:

Input: Graph G, weight function w: V(G) — N, FVS W of G, integer k
Parameter: k + ¢, with £ = # components of G[W]

Output: A pair (a,b) where a is the size of a minimum FVS S of G such that
SNW =0 and b is the weighted disjoint minimum FVS sum of G. If no such FVS
of size at most k exists, then (a,b) = (00, 0).

: if k < 0 then return (co,0)
. if G[W] has a cycle then return (oo, 0)

if G — W is empty then return (0,1)

2 if Jv e V(G — W): degn(v) <1 then

L return #DJ-FVS(G — v, wly(a)\ (v} ;W k)

 if Ho,u} € E(G) : dege(v) = dege(u) =2 and v,u ¢ W then
: L return #DJ-FVS(G’, w' W, k), where G’ is G with edge {v,u} contracted to a single

vertex s and w' is the weight function w|y (g with w'(s) = w(v) 4+ w(u).

: Let H be forest G — W.
 if Jv € V(H): G[W U {v}] has a cycle then
10: [

11:
12:
13:
14:
15:

 return (1,0) + (1, w(v))- #DJ-FVS(G — v, wly )\ o}, W, k—1)
if v e V(H): |Ng(v)NW| > 2 then

Xo =#DJ-FVS(G, w, W U {v}, k)
L X1 =(1,0)+ (1,w(v))- #DJ-FVS(G — v, w|V(G)\{v}, W, k—1)

return Xy @ X,
Let v € V(H) be a vertex that is not a leaf of H such that at most one vertex in Ny (v) is not
a leaf of H.
if |[Ng(v)NW|=1 then
Pick ¢ € V(H) such that Ng(c) = {v, z} for some x € W
if GIW U {v,c}] forms a cycle then Xyg = (o0, 0)
else Xoo = #DJ-FVS(G, w, WU {v,c}, k)
X0 = (1v O) + (1,w(v)) #DJ_FVS(G -, w‘V(G)\{v}v W, k- 1)
Xo1 = (1,0) + (1,w(c))- #DJ-FVS(G — ¢, w|y (@) fep, WU {v}, k—1)
L return X()O D X10 D X01
if [Ng(v) N W| =0 then
Pick ¢1,c2 € V(H), ¢1 # ¢ such that Ng(c1) = {v,z} and Ng(c2) = {v,y} for some
x,y €W
if GIW U{v,c1,ca}] forms a cycle then Xgo9 = (00,0)
else Xgo0 = #DJ-FVS(G, w, WU {v,c1,ca}, k)
X100 = (1,0) + (1, w(v))- #DJ-FVS(G — v, w|V(G)\{U}, W, k—1)
Xo1o = (1,0) + (1, w(er))- #DI-FVS(G — c1, wlvanfey, WU v, 2}, k—1)
Xoor = (1,0) + (1, w(ea)) #DJ-FVS(G — co, w|V(G)\{02}, W U{v,e1}, k—1)
return Xooo © X100 ® Xo10 ® Xoo1
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