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Abstract. For a given graph G, a depth-first search (DFS) tree T of
G is an r-rooted spanning tree such that every edge of G is either an
edge of T or is between a descendant and an ancestor in T. A graph G
together with a DF'S tree is called a lineal topology T = (G, r,T). Sam et
al. (2023) initiated study of the parameterized complexity of the MIN-
LLT and MAX-LLT problems which ask, given a graph G and an integer
k > 0, whether G has a DF'S tree with at most k£ and at least k leaves, re-
spectively. Particularly, they showed that for the dual parameterization,
where the tasks are to find DFS trees with at least n — k£ and at most
n — k leaves, respectively, these problems are fixed-parameter tractable
when parameterized by k. However, the proofs were based on Courcelle’s
theorem, thereby making the running times a tower of exponentials. We
prove that both problems admit polynomial kernels with (’)(k3) vertices.
In particular, this implies FPT algorithms running in KO . nOM) time.
We achieve these results by making use of a O(k)-sized vertex cover
structure associated with each problem. This also allows us to demon-
strate polynomial kernels for MIN-LLT and MAX-LLT for the structural
parameterization by the vertex cover number.
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1 Introduction

Depth-first search (DFS) is a well-known fundamental technique for visiting
the vertices and exploring the edges of a graph [6lI29]. For a given connected
undirected graph with vertex set V(G) and edge set E(G), DFS explores E(G)
by always choosing an edge incident to the most recently discovered vertex that
still has unexplored edges. A selected edge, either leads to a new vertex or a
vertex already discovered by the search. The set of edges that lead to a new
vertex during the DFS define an r-rooted spanning tree T" of G, called a depth-
first spanning (DFS) tree, where r is the vertex from which the search started.
This tree T has the property that each edge that is not in T' connects an ancestor
and a descendant of T'. All rooted spanning trees of a finite graph with this
property, irrespective of how they are computed, such as a Hamiltonian path,
are generalized as trémauz trees [10]. Given a graph G and a DFS tree T rooted
at a vertex r € V(G), it is easy to see that the family 7 of subsets of E(G)
induced by the vertices in all subtrees of T" with the same root r as T" constitute
a topology on E(G). For this reason, the triple (G, T, ) has been referred to as
the lineal topology (LT) of G in [28]. Many existing applications of DFS and DFS
trees — such as planarity testing and embedding [9120], finding connected and
biconnected components of undirected graphs [19], bipartite matching [2I], and
graph layout [1] — only require one to find an arbitrary DFS tree of the given
graph, which can be done in time O(n + m), where n and m are the number of
vertices and edges of the graph.

An application of a DFS tree, noted by Fellows et al. [I4], that calls for a
DFS tree with minimum height is the use of DFS trees to structure the search
space of backtracking algorithms for solving constraint satisfaction problems [17].
This motivated the authors to study the complexity of finding DFS trees of a
graph G that optimize or near-optimize the maximum length or minimum length
of the root-to-leaf paths in the DFS trees of G. They showed that the related
decision problems are NP-complete and do not admit a polynomial-time absolute
approximation algorithm unless P = NP.

In this paper, we look at the MiINIMUM LEAFY LT (MIN-LLT) and MAXI-
MUM LEAFY LT (MAX-LLT) problems introduced by Sam et al. [28]. Given a
graph G and an integer k£ > 0, MIN-LLT and MAX-LLT ask whether G has a
DFS tree with at most k£ and at least k leaves, respectively. These two problems
are related to the well-known NP-complete MINIMUM LEAF SPANNING TREE
(MIN-LST) and MAXIMUM LEAF SPANNING TREE (Max-LST) [18127].

Sam et al. [28] proved that MIN-LLT and MaAX-LLT are NP-hard. Moreover,
they proved that when parameterized by k, MIN-LLT is para-NP-hard and MAX-
LLT is W[1]-hard. They also considered the “dual” parameterizations, namely,
DuarL MIN-LLT and DUAL MAX-LLT, where the tasks are to find DFS trees
with at least n — k and at most n — k leaves, respectively. They proved that
DuAr MIN-LLT and DuAL MAX-LLT are both FPT parameterized by k. These
FPT algorithms are, however, based on Courcelle’s theorem [7], which relates
the expressibility of a graph property in monadic second order (MSO) logic to
the existence of an algorithm that solves the problem in FPT-time with respect
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to treewidth [25]. As a by-product, their running times have a high exponential
dependence on the treewidth and the length of the MSO formula expressing the

property.

1.1 Owur Results

We prove that MIN-LLT and MAX-LLT admit polynomial kernels when param-
eterized by the vertex cover number of the given graph. Formally, we prove the
following theorem.

Theorem 1. MIN-LLT and MAX-LLT admit kernels with O(13) vertices when

parameterized by the vertex cover number T of the input graph.

Based on these kernels, we show that DUAL MIN-LLT, and DuAL Max-LLT
admit polynomial kernels parameterized by k.

Theorem 2. DUAL MIN-LLT and DUAL MAX-LLT admit kernels with O(k?)
vertices.

This last result follows from a win-win situation as either (1) the input graph
has a large verter cover in terms of k and, consequently, both problems are
trivially solvable or (2) the input graph has a small vertex cover, and we can use
Theorem [Il Finally, we use our polynomial kernels to prove that DUAL MIN-
LLT, and DuAL MAX-LLT admit FPT algorithms parameterized by k with low
exponential dependency.

Theorem 3. DUAL MIN-LLT and DUAL MAX-LLT can be solved in k©®*) .

n°@ time.

As the previously known FPT algorithm for each of these problems was based
on Courcelle’s theorem, our algorithms are the first FPT-algorithms constructed
explicitly.

1.2 Related Results

Lu and Ravi [23] proved that the MIN-LST, problem has no constant factor
approximation unless P = N P. From a parameterization point of view, Prieto
et al.[20] showed that this problem is W[P]-hard parameterized by the solution
size k. The MAX-LST problem is, however, FPT parameterized by k£ and has
been studied extensively [32IT3IT524].

DuaL MIN-LLT is related to the well-studied k-INTERNAL SPANNING TREE
problem [I626], which asks to decide whether a given graph admits a spanning
tree with at most n — k leaves (or at least k internal vertices). Prieto et al.[20]
were the first to show that the natural parameterized version of k-INTERNAL
SPANNING TREE has a O*(2F1°8%)_time FPT algorithm and a O(k%)-vertex ker-
nel. Later, the kernel was improved to O(k?), O(3k), and O(2k) by Prieto et
al., Fomin et al.[16], and Li et al. [22] respectively. The latter authors also gave
what is now the fastest FPT algorithm for k-INTERNAL SPANNING TREE, which
runs in O*(4%) time.
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An independency tree (IT) is a variant of a spanning tree whose leaves cor-
respond to an independent set in the given graph. Given a connected graph on
n > 3, G has no IT if it has no DFS tree in which the leaves and the root are
pairwise nonadjacent in G [4]. From a parameterization point of view, the MIN
LEAF IT (INTERNAL) and MAX LEAF IT (INTERNAL) problems [5], which ask,
given a graph G and an integer k¥ > 0, whether G has an IT with at least k
and at most k internal vertices, respectively, are related to DuaL MIN-LLT and
DuAL MAX-LLT, respectively. Casel et al. [5] showed that, when parameterized
by k, MIN LEAF I'T (INTERNAL) has an O*(4F)-time algorithm and a 2k vertex
kernel. They also proved that MAX LEAF IT (INTERNAL) parameterized by k
has a O*(18%)-time algorithm and a O(k2¥)-vertex kernel, but no polynomial
kernel unless the polynomial hierarchy collapses to the third level. Their tech-
niques, however, do not consider the properties of a DF'S tree and, therefore, do
not work for our problems.

1.3 Organization of the paper

Section [2] contains basic terminologies relevant to graphs, DFS trees, and pa-
rameterized complexity necessary to understand the paper. In section [l we first
prove a lemma about how, given a graph G and a vertex cover of GG, the internal
vertices of any spanning tree of G relate to the given vertex cover. We then use
this lemma to demonstrate a polynomial kernel for MIN-LLT and MAX-LLT
for the structural parameterization by the vertex cover number of the graph.
This is followed by the kernelization algorithms for DUAL MIN-LLT and DUAL
MAX-LLT parameterized by k. In sectiond, we devise FPT algorithms for DUAL
MIN-LLT and DuAL MAX-LLT based on their polynomial kernels. Finally, we
conclude the paper in section Bl with remarks concerning future studies.

2 Preliminaries

We consider only simple finite graphs. We use V(G) and E(G) to denote the
sets of vertices and edges, respectively, of a graph G. For a graph G, we denote
the number of vertices |V (G)| and the number of edges |F(G)| of G by n and m,
respectively, if this does not create confusion. For any vertex v € V(G), the set
N¢(v) denotes the neighbors of v in G and N¢[v] denotes its closed neighborhood
Ne(v) U{v} in G. For a set of vertices X C V, Na(X) = (U,cx Ne(v)) \ X.
We omit the G in the subscript if the graph is clear from the context. For a
vertex v, its degree is dg(v) = |Ng(v)|. Given any two graphs G; = (V1, F1) and
Go = (Va, Es), it V1 C V5 and E; C Es then Gy is a subgraph of Ga, denoted
by G1 C Gs. If G; contains all the edges uv € FEs with u,v € V4, then we say
G1 is an induced subgraph of Gy, or Vi induces G7 in Ga, denoted by G[Vi].
If G; is such that it contains every vertex of Ga, i.e., if Vi = V5 then G; is
a spanning subgraph of Ga. Given a set of vertices X C V(G), we express the
induced subgraph G[V(G)\ X] as G— X. If X = {z}, we write V(G) \ z instead
of V(G)\ {z} and G — z instead of G — {x}. Given a graph G, a set of vertices
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S C V(G) is a vertex cover of G if, for every edge uv € E(G), either u € S or
v € S; the vertex cover number of G, denoted by 7(G), is the minimum size of
a vertex cover. A set Y C V(G) is called an independent set, if for every vertex
pair u,v € Y, uwv ¢ E(G). A matching M in a given graph G is a set of edges, no
two of which share common vertices. A pendant vertex is a vertex with degree
one.

For definitions of basic tree terminologies including root, child, parent, an-
cestor, and descendant, we refer the reader to [11]. Given a graph G, we denote
a spanning tree of G rooted at a vertex r € V(G) by (T,r). When there is no
ambiguity, we simply use 7" instead of (7', 7). For a rooted tree T', a vertex v
is a leaf if it has no descendants and v is an internal vertex if otherwise. A
spanning tree T with a root r is a DFS tree rooted in r if for very every edge
uv € E(G), either uv € E(T), or v is a descendant of w in T, or u is a descendant
of v in T. Equivalently, T is a DFS tree if it can be produced by the classical
depth-first search (DFS) algorithm [6]. We say that a path P in a rooted tree T
is a root-to-leaf path if one of its end-vertices is the root and the other is a leaf
of T.

Now we review some important concepts of Parameterized complexity (PC)
relevant to the work reported herein. For more details about PC, we refer the
reader to [8I12].

Definition 4 (Parameterized problem). Let X be a fixed finite alphabet. A
parameterized problem is a language P C X* x N. Given an instance (z,k) €
2* x N of a parameterized problem, k € N is called the parameter, and the task is
to determine whether (z, k) belongs to P. A parameterized problem P is classified
as fized-parameter tractable (FPT) if there exists an algorithm that answers the
question “(x,k) € P?” in time f(k)-poly(|z|), where f : N — N is a computable
function.

Definition 5. A kernelization algorithm, or simply a kernel, for a parameterized
problem P is a function ¢ that maps an instance (x, k) of P to an instance (2, k')
of P such that the following properties are satisfied:

1. (z,k) € P if and only if (', k') € P,

2. K+ |2'| < g(k) for some computable function g : N — N, and

3. & is computable in time polynomial in |z| and k.

If the upper-bound g(-) of the kernel (Property [2)) is polynomial (linear) in terms
of the parameter k, then we say that P admits a polynomial (linear) kernel. Tt
is common to write a kernelization algorithm as a series of reduction rules. A
reduction rule is a polynomial-time algorithm that transform an instance (z, k)
to an equivalent instance (2', k) such that Property [lis fulfilled. Property [l is
referred to as the safeness or correctness of the rule.

3 Kernelization

In this section, we demonstrate polynomial kernels for DuaL MIN-LLT and
DuaL MaXx-LLT. But first, we show that MIN-LLT and MAX-LLT admit poly-
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nomial kernels when parameterized by the vertex cover number of the input
graph. The following simple lemma is crucial for our kernelization algorithms.

Lemma 6. Let G be a connected graph and let S be a vertex cover of G. Then
every rooted spanning tree T of G has at most 2|S| internal vertices and at most
|S| internal vertices are not in S.

Proof. Let T be a rooted spanning tree tree of G with a set of internal vertices
X. For every vertex v of T, we denote by child(v) the set of its childred in T'. For
each internal vertex v of T, we have child(v) # 0 and if v ¢ S, then child(v) C S
because S is a vertex cover of G. Moreover, for any distinct internal vertices
uw and v of T, child(u) N child(v) = 0. Given X \ S = {v1,...,v}, we deduce
that child(vy),...,child(v;) are pairwise disjoint and non-empty subsets of S.
We conclude that | X \ S| <|S| and | X| < 2|S|. O

We also use the following folklore observation.

Observation 7 The set of internal vertices of any DFS tree T of a connected
graph G is a vertex cover of G.

Proof. To see the claim, it is sufficient to observe that any leaf of a DFS tree T
is adjacent in GG only to its ancestors, that is, to internal vertices. a

We use Lemma [0 to show that, given a vertex cover, we can reduce the size of
the input graph for both MIN-LLT and MAX-LLT.

Lemma 8. There is a polynomial-time algorithm that, given a connected graph
G together with a verter cover S of size s, outputs a graph G’ with at most
s2(s — 1) + 3s vertices such that for every integer t > 0, G has a DFS tree with
ezactly t internal vertices if and only if G' has a DFS tree with exactly t internal
vertices.

Proof. Let G be a connected graph and let .S be a vertex cover of G of size s.
As the lemma is trivial if s = 0, we assume that s > 1. Denote I = V(G) \ S;
note that I is an independent set. We apply the following two reduction rules to
reduce the size of G.

The first rule reduces the number of pendant vertices. To describe the rule,
denote by pendant(v) for v € S the set of pendant vertices of I adjacent to v.

Rule 1

foreach v € S do
| if |pendant(v)| > 2 then delete all but two vertices in pendant(v) from G;
end

To see that Rule [ is safe, denote by G’ the graph obtained from G by
the application of the rule. Notice that for every v € S, at most one vertex of
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pendant(v) is the root and the other vertices are leaves that are children of v in
any rooted spanning tree 1" of G.

Let T be a DFS tree of G rooted in r with ¢ internal vertices. Because for
every v € S, the vertices of pendant(v) have the same neighborhood in G and
Rule [l does not delete all the vertices of pendant(v), we can assume without loss
of generality that » € V(G’). Let T" = T[V(G’)]. Because the deleted vertices
are leaves of T', we have that T’ is a tree and, moreover, T’ is a DFS tree of G’
rooted in r. Clearly, each internal vertex of T” is an internal vertex of T. Let
v € S be a vertex such that |pendant(v)| > 2. Then v has a pendant neighbor
u # rin G’ and u should be a child of v in T”. Thus, v is an internal vertex of T”.
This implies that every leaf v of T” is not adjacent to any vertex of V(G)\ V(G’)
in G. Hence, v is a leaf of T'. Because the deleted vertices are leaves of T', we
obtain that a vertex v € V(G) is an internal vertex of T if and only if v is an
internal vertex of 7”. Then T and T’ have the same number of internal vertices.

For the opposite direction, let T” be a DFS tree of G’ rooted in r with ¢
internal vertices. We construct the tree T from T” by adding each deleted vertex
u as a leaf to T": if u € V(G) \ V(G'), then u € pendant(v) for some v € S
and we add u as a leaf child of v. Because the deleted vertices are pendants, we
have that T is a DFS tree of G. Observe that each internal vertex of T’ remains
internal in 7'. In the same way as above, we observe that a vertex v € S with
|[pendant(v)| > 2 cannot be a leaf of 7", because v has a pendant neighbor in
G’ distinct from 7 that should be a child of v. Hence, every leaf v of T’ is not
adjacent to any vertex of V(G)\ V(G’') in G and, therefore, is a leaf of T'. Since
the deleted vertices are leaves of T', we obtain that a vertex v € V(G) is an
internal vertex of T' if and only if v is an internal vertex of 7. Thus, T and T’
have the same number of internal vertices. This concludes the safeness proof.

The next rule is used to reduce the number of nonpendant vertices of I. For
each pair of vertices u,v € S, we use common neighbor of u and v to refer to
a vertex w € I that is adjacent to both v and v and denote by W, the set of
common neighbors of v and v. Rule [2] is based on the observation that if the
size of W, for any vertex pair u,v € S is at least 2s + 1, then it follows from
Lemma [B that every spanning tree T' contains at most s internal vertices and
at least s + 1 leaves from W,,. We prove that it is enough to keep at most 2s
vertices from W, for each u,v € S.

Rule 2
forall pairs {u,v} of distinct vertices of S do
| Label max{|Wu.|,2s} vertices in Wayy;
end
Delete the unlabeled vertices of I with at least two neighbors in S from G.

To show that Rule [2]is safe, let © € I be a vertex with at least two neighbors
in S which is not labeled by Rule Pl Let G’ = G — . We claim that G has a
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DFS tree with exactly ¢ internal vertices if and only if G’ has a DFS tree with
exactly t internal vertices.

We use the following auxiliary claim, the proof of which can be found in
Appendix [A]

Claim 8.1.

(i) For any DFS tree T of G, the vertices of Ng(x) are vertices of a root-to-leaf
path of T.

(i) For any DFS tree T' of G', the vertices of Ng(x) are vertices of a root-to-leaf
path of T'.

(iii) For any DFS tree T' of G', every vertex of Ng(z) is an internal verter of
T'.

We use Claim B1] to show the following property.

Claim 8.2. If G has a DFS tree with t internal vertices, then G has a DFS tree
T with t internal vertices such that x is a leaf of T'.

Proof of Claim[8.2. Let T be a DFS tree of G with a root r that has exactly ¢
internal vertices. We prove that if z is an internal vertex of T, then T' can be
modified in such a way that z would become a leaf. Observe that by Claim
(i),  has a unique child v in T. We have two cases depending on whether z = r
or has a parent u.

Suppose first that z = r. By Claim [B1], the neighbors of z in G are vertices of
some root-to-leaf path of T'. Let u be the neighbor of  at maximum distance from
r in T. Because dg(z) > 2, u # v. Since x is not labeled by Rule 2 |[Wy,| > 2s.
By Lemma [6] there are at least s + 1 vertices W, that are leaves of T'. These
leaves have their parents in S which has size s. By the pigeonhole principle,
there are distinct leaves w,w’ € W, with the same parent. We rearrange T' by
making w a root with the unique child v and making x a leaf with the parent w.
Denote by T’ the obtained tree.

Because x is adjacent to u and some of its ancestors in 7" and w is adjacent
only to some of its ancestors in T, we conclude that 7" is a feasible DFS tree.
Notice that w which was a leaf of T' became an internal vertex of 7' and z that
was an internal vertex is now a leaf. Because z is a leaf of T, we have that
T" =T'—x is a DFS tree of G’ rooted in w. By Claim [R] (iii), « is an internal
vertex of T". This implies that « is an internal vertex of both T and T”. Since
the parent of w in T has w’ # w as a child, we also have that w is an internal
vertex of both T and T”. Therefore, T' and T’ have the same number of internal
vertices. This proves that G has a DFS tree T’ with ¢ internal vertices such that
x is a leaf of T".

Assume now that z has a parent w in 7. By Claim Bl the neighbors of x
in G are vertices of some root-to-leaf path of T. Denote by v’ be the neighbor
of z at maximum distance from r in T'; it may happen that v’ = v. As z is not
labeled by Rule[2] |Wy,| > 2s. Then by Lemmalf] there are at least s+ 1 vertices
W that are leaves of T'. These leaves have their parents in .S which has size s.
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By the pigeonhole principle, there are distinct leaves w, w’ € W,,,, with the same
parent. We rearrange 7' by making w a child of v and a parent of v and making
2 a leaf with the parent v’. Denote by T" the obtained tree.

Because z is adjacent to v’ and some of its ancestors in T and w is adjacent
only to some of its ancestors in T, including u and v, we have that T” is a feasible
DFS tree. Notice that w was a leaf of T' and is now an internal vertex of 1",
while z was an internal vertex in 7" and is now a leaf in 7. Because z is a leaf
of T, we have that T =T’ — x is a DFS tree of G’ rooted in w. By Claim [l
(iii), v’ is an internal vertex of T". Therefore, v is an internal vertex of both T
and T”. Since the parent of w in T has w’ # w as a child, we also have that w is
an internal vertex of both T and 7”. Thus, T and 7" have the same number of
internal vertices. We obtain that G has a DFS tree T” with ¢ vertices such that
x is a leaf of T”. This concludes the proof. ¢

Now we are ready to proceed with the proof that G has a DFS tree with
exactly ¢ internal vertices if and only if G’ has a DFS tree with exactly ¢ internal
vertices.

For the forward direction, let T' be a DFS tree of G with ¢ internal vertices.
By Claim B2] we can assume that x is a leaf of T. Let 7" = T — x. Because x is
a leaf of T, T’ is a DFS tree of G’. Let u be the parent of z in T'. Because u is
adjacent to x in G, we have that u is an internal vertex of 7" by Claim [R1] (iii).
This means that the number of internal vertices of T and 1" is the same, that
is, G’ has a DFS tree with ¢ vertices.

For the opposite direction, let 7' be a DFS tree of G’ with ¢ internal vertices
with a root . By Claim [B1] (ii), the neighbors of z in G are vertices of some
root-to-leaf path in 7”. Let v be the neighbor of z at maximum distance from
r in T'. We construct T' by making = a leaf with the parent v. Because x is
adjacent in G only to v and some of its ancestors in T, T is a DFS tree. By
Claim RI(iii), v is an internal vertex of T'. Therefore, T’ and T have the same
set of internal vertices. We obtain that G has a DFS tree with t vertices. This
concludes the proof of our claim.

Recall that G’ was obtained from G by deleting a single unlabeled vertex
x € I of degree at least two. Applying the claim that G has a DFS tree with
exactly ¢ internal vertices if and only if G’ = G — z has a DFS tree with exactly
t internal vertices inductively for unlabeled vertices of I of degree at least two,
we obtain that Rule 2]is safe.

Denote now by G’ the graph obtained from G by the application of Rules [l
and 2l Because both rules are safe, for any integer ¢ > 0, G has a DFS tree
with exactly ¢ internal vertices if and only if G’ has a DFS tree with exactly
t internal vertices. Because of Rule [, G’ — S has at most 2s pendant vertices.
Rule @ guarantees that G’ — S has at most 2s(3) = s*(s— 1) vertices of degree at
least two. Then the total number of vertices of G’ is at most s?(s — 1) +2s+s =
s2(s — 1) + 3s.
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It is straightforward to see that Rule [Il can be applied in O(sn) time and
Rule 2] can be applied in O(s?n) time. Therefore, the algorithm is polynomial.
This concludes the proof. a

As a direct consequence of Lemma [§] we obtain that MIN-LLT and MAX-LLT
admit polynomial kernels when parameterized by the vertex cover number of the
input graph.

We are ready to prove our kernels parameterized by vertex cover.

Proof of Theorem[1. We show the theorem for MIN-LLT; the arguments for
MAX-LLT are almost identical. Recall that the task of MIN-LLT is to decide,
given a graph G and an integer £ > 0, whether G has a DFS tree with at
most k leaves. Equivalently, we can ask whether G has a DFS tree with at least
|V (G)| — k internal vertices. Let (G, k) be an instance of MIN-LLT. We assume
that G is connected as, otherwise, (G, k) is a no-instance and we can return a
trivial no-instance of MIN-LLT of constant size.

First, we find a vertex cover S of G. For this, we apply a folklore approxima-
tion algorithm (see, e.g., [8]) that greedily finds an inclusion-maximal matching
M in G and takes the set S of endpoints of the edges of M. It is well-known that
|S| < 27. Then we apply the algorithm from Lemma Bl Let G’ be the output
graph. By Lemma 8 G’ has O(73) vertices. We set k' = k — |[V(G)| + |V(G")]
and return the instance (G, k') of MIN-LLT.

Suppose that G has a DFS tree with at most k leaves. Then G has a DF'S tree
with ¢t > |V(G)| —k internal vertices. By Lemmal8] G’ also has a DFS tree with ¢
internal vertices. Then G’ has a DFS tree with |V(G")|—t < |V(G")| - (|V(G)|—
k) = k' leaves. For the opposite direction, assume that G’ has a DFS tree with
at most k' leaves. Then G’ has a DFS tree with ¢t > |V(G')| — k' = |V(G)| — k
internal vertices. By Lemma [8] G has a DFS tree with ¢ internal vertices and,
therefore, G has a DFS tree with at most k leaves.

Because S can be constructed in linear time and the algorithm from Lemmal[§]
is polynomial, the overall running time is polynomial. This concludes the proof.

O

Now we demonstrate a polynomial kernel for DuAL MIN-LLT.
Theorem 9. DUAL MIN-LLT admits a kernel with O(k?) vertices.

Proof. Recall that the task of DUAL MIN-DLL is to verify, given a graph G and
an integer k > 0, whether G has a DFS tree with at most n — k leaves. Equiv-
alently, the task is to check whether GG has a DFS tree with at least k internal
vertices. Let (G, k) be an instance of DUAL MIN-LLT. If G is disconnected, then
(G, k) is a no-instance and we return a trivial no-instance of DuAL MIN-DLL
of constant size. From now, we assume that G is connected.

We select an arbitrary vertex r of G and run the DFS algorithm from this
vertex. The algorithm produces a DFS tree T. Let S be the set of internal
vertices of T. If |S| > k, then we conclude that (G, k) is a yes-instance. Then
the kernelization algorithm returns a trivial yes-instance of DuAL MIN-LLT of
constant size and stops. Assume that this is not the case and |S| < k — 1.
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By Observation [, we have that S is a vertex cover of G of size s < k — 1.
We use S to call the algorithm from Lemma [§ Let G’ be a graph produced by
the algorithm. By Lemma 8] G’ has O(k?) vertices. Our kernelization algorithm
returns (G', k) and stops.

To see correctness, it is sufficient to observe that by Lemma[§] for any integer
t > k, G has a DFS tree with ¢ internal vertices if and only if G’ has a DFS
tree with ¢ internal vertices. Because the DFS algorithm runs in linear time (see,
e.g., [6]) and the algorithm from Lemma [l is polynomial, the overall running
time is polynomial. This completes the proof. a

We use similar arguments to prove the following theorem in Appendix [Bl
Theorem 10. DUAL MAX-LLT admits a kernel with O(k®) vertices.

Theorems [@ and 10 implies Theorem

4 FPT Algorithms

In this section, we give algorithms that solve DUAL MIN-LLT and DUAL MAX-
LLT in FPT time using the kernels given in the previous section. Our algorithms
are brute force algorithms which guess internal vertices.

Recall that the standard DFS algorithm [6] outputs a labeled spanning tree.
More formally, given an n-vertex graph and a root vertex r, the algorithm out-
puts a DFS tree T rooted in r and assigns to the vertices of G distinct labels
d[v] from {1,...,n} giving the order in which the vertices were discovered by
the algorithm. Thus, the algorithm outputs a linear ordering of vertices. Given
an ordering vy, ..., v, of V(G), we say that a DFS tree T respects the ordering
if T is produced by the DFS algorithm in such a way that d[v;] = i for every
i € {1,...,n}. Observe that for an ordering of the vertices of G, there is a unique
way to run the DFS algorithm to obtain 7" respecting the ordering. This gives
us the following observation.

Observation 11 It can be decided in linear time, given an ordering vi,...,Un
of the vertices of a graph G, whether G has a DFS tree respecting the ordering.
Furthermore, if such a tree T exists, it is unique and can be constructed in linear
time.

Let G be a graph and let r € V(G). For a tree T C G with r € V(T'), we say that
T is extendable to a DFS tree rooted in r, if there is a DFS tree T of G rooted in
r such that T is a subtree of T’. We call T’ an extension of T'. The definition of a
DFS tree immediately gives us the following necessary and sufficient conditions
for the extendability of T

Observation 12 Let G be a graph with r € V(G) and let T C G be a tree
containing r. Then T is extendable to a DFS tree rooted in r if and only if

(i) T is a DFS tree rooted in r of G[V(T)],
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(i) for every connected component C' of G—V (T, the vertices of Ng(V(C)) are
vertices of a root-to-leaf path of T.

Note that (i) and (ii) can be verified in polynomial (in fact, linear) time. We need
the following variants of Observation 12 for special extensions in our algorithms.

Observation 13 Let G be a graph with r € V(G) and let T C G be a tree
containing r. Then T is extendable to a DFS tree rooted in v with an extension
T’ such that the vertices of V(T') are internal vertices of T' if and only if

(i) T is a DFS tree rooted in r of G[V(T)],
(i) for every connected component C' of G—V (T, the vertices of Ng(V(C)) are
vertices of a root-to-leaf path of T,
(iii) for every leaf v of T, there is w € V(G) \ V(T') that is adjacent to v.

Observation 14 Let G be a graph with r € V(G) and let T C G be a tree
containing r. Then T is extendable to a DFS tree rooted in r with an extension

T’ such that the vertices of L =V (G)\ V(T) are leaves of T' if and only if

(i) T is a DFS tree rooted in r of G[V(T)],
(i) L is an independent set,

(iii) for every v € L, the vertices of Ng(v) are vertices of a root-to-leaf path of
T.

Now, we are ready to describe our algorithms. For the proof of Lemma [T5] see
Appendix

Lemma 15. DUAL MIN-LLT and DUAL MAX-LLT can be solved in n®®) time.

Combining Lemma [[5 and Theorem [ implies Theorem Bl by providing k©®*) .
n®M time algorithms for the dual problems.

5 Conclusion

We have shown that DUAL MIN-LLT and DUAL MAX-LLT admit kernels with
O(k3) vertices and can be solved in k°*) . n©1) time. A natural question is
whether the problems have linear kernels, such as for k-INTERNAL SPANNING
TREE [22]. Another question is whether the problems can be solved by single-
exponential FPT algorithms.

As a byproduct of our kernelization algorithms for DuAL MIN-LLT and
DuaL MAX-LLT, we also proved that MIN-LLT and MAX-LLT admit poly-
nomial kernels for the structural parameterization by the vertex cover number.
It is natural to wonder whether polynomial kernels exist for other structural
parameterizations. In particular, it could be interesting to consider the parame-
terization by the feedback verter number, i.e., by the minimum size of a vertex
set X such that G — X is a forest.
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A Proof of Claim [8.1] in the Proof of Lemma 8]

Proof. We show (i) by contradiction. Assume that there are u,v € Ng(x) such
that the lowest common ancestor w of these vertices is distinct from u and v.
Because z is not labeled by Rule 2 |W,,,| > 2s. Hence, by Lemma [f] there is a
vertex z € Wy, such that z is a leaf of T'. However, any leaf in a DFS tree of T’
can be adjacent only to its ancestors in T'. This contradiction proves the claim.

We use exactly the same arguments to prove (ii) by replacing T by 7" and
observing that S is a vertex cover of G'.

To show (iii), let 77 be a DFS tree with a root r. By (ii), there is a leaf y
such that the vertices of Ng(x) are vertices of the (r, y)-path in 7. Observe that
y may be not unique. We prove that y ¢ Ng(z). For the sake of contradiction,
assume that z and y are adjacent. Because dg(x) > 2, x has a neighbor u # x.
Because z is not labeled by Rule 2] |W,,| > 2s. By Lemma [0 we obtain that
there is v € Wy, that is a leaf of 7”. We have that vy € E(G’) but two leaves
of a DFS tree cannot be adjacent; a contradiction. This proves that y ¢ Ng(x)
and concludes the proof of the claim. ¢

B Proof of Theorem

Proof. The aim of DUAL MAX-LLT is to decide, given a graph GG and an integer
k > 0, whether G has a DFS tree with at least n — k leaves. This is equivalent
to asking whether G has a DF'S tree with at most k internal vertices. Let (G, k)
be an instance of DUAL MAX-LLT. If G is disconnected, then (G, k) is a no-
instance, and we return a trivial no-instance of DUAL MAX-DLL of constant
size. From now, we assume that G is connected.

If T is a DFS tree, then the set of internal vertices of T is a vertex cover of G
by Observation [[l Hence, if G has a DFS tree with at most k internal vertices,
then 7(G) < k. We approximate 7(G) by selecting greedily an inclusion-maximal
matching M in G (see, e.g., [€§]). If |M| > k, then we conclude that 7(G) > k
and return a trivial no-instance of DUAL MAX-DLL of constant size. Assume
that this is not the case. Then we take S as the set of endpoints of the edges of
M and observe that S is a vertex cover of size at most 2k. We call the algorithm
from Lemma [8 for G and S, which outputs a graph G’ with O(k?®) vertices. The
kernelization algorithm returns the instance (G’,k) of DuAL MAX-DLL and
stops.

To see the correctness, note that by Lemma [ for any nonnegative integer
t < k, G has a DFS tree with ¢ internal vertices if and only if G’ has a DFS tree
with ¢ internal vertices. Because M can be constructed in linear time and the
algorithm from Lemma [ is polynomial, the overall running time is polynomial.
This completes the proof. a
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C Proof of Lemma in Section [

Proof. First, we give an algorithm for DUAL MIN-LLT. Let (G, k) be an instance
of the problem. If G is disconnected, then (G, k) is a no-instance. Assume that
this is not the case. Also, we have a trivial no-instance if n < k and we assume
that n > k.

Recall that the equivalent task of DuAL MIN-LLT is to decide, given a graph
G and an integer k, whether G has a DFS tree with at least k£ internal vertices.
We guess a set S of k internal vertices containing a root of a solution DFS tree
T forming a subtree T' = T[S]. To guess T’ and S, we apply Observation [Tl
using the fact that 7’ should be a DFS tree of G[S]. Formally, we consider all
k-tuples (v1, ..., vx) of distinct vertices of G. For each k-tuple, we check whether
there is a DFS tree T” of G[S], where S = {v1,...,vx}, respecting the ordering
v1,...,v; using Observation [l If such a tree T’ exists, we use Observation [I[3]
to check whether 77 has an extension T such that the vertices of S are internal
vertices of T'. If we find such a k-tuple, we conclude that (G, k) is a yes-instance
of DuAL MIN-LLT. Otherwise, if we fail to find 7’ and a required extension
for all k-tuples, we conclude that (G, k) is a no-instance of DuarL MIN-LLT.
The correctness of the algorithm immediately follows from Observations [I1] and
[[3l Because we have at most n* k-tuples of vertices, we obtain that the overall
running time is n@*).

We use a similar strategy for DUAL MAX-LLT. Recall that now the task is
to decide whether a graph G has a DFS tree with at most k internal vertices.
Let (G, k) be an instance of the problem. As above, we can assume that G is
connected. Also, if n < k, then (G, k) is a yes-instance and we can assume that
n > k. We guess a set S of k vertices containing a root and the internal vertices
of a solution DFS tree T and a subtree 7" = T[S]. For this, we consider all k-
tuples (v1,...,vx) of distinct vertices of G. For each k-tuple, we check whether
there is a DFS tree T” of G[S], where S = {v1,...,vx}, respecting the ordering
v1, ..., v using Observation [l If such a tree T” exists, we use Observation [I4]
to check whether 7”7 has an extension T such that the vertices of V(G) \ S are
leaves of T'. If we find such a k-tuple, we conclude that (G, k) is a yes-instance
of DUAL MAX-LLT. Otherwise, if we fail to find 7’ and a required extension
for all k-tuples, we conclude that (G, k) is a no-instance of DuaL Max-LLT.
Observations [T and [4imply correctness, and the overall running time is n©®*).
This concludes the proof. a
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