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Abstract

The design of efficient algorithms for various problems is a fundamental part of computer
science. One significant obstacle in this area is the fact that many interesting problems
from areas such as Algorithmic Graph Theory, Artificial Intelligence, or Optimization
are known to be NP-hard on general instances. However, in the majority of applications
the instances of interest are the result or output of some other processes, and as such
inherently contain some form of structure. This structure can often be exploited to
efficiently find exact solutions for many NP-hard problems.

To capture the structure of the input instance, we use the framework of parameterized
complexity. In parameterized algorithms, the running time is analyzed in finer detail
than in classical complexity theory: instead of expressing the running time as a function
of the input size only, dependence on a parameter k is taken into account. We use
the parameter k£ to describe how “structured” the input instance is. Algorithms with
running time f(k)n® where n is the input size and c¢ is a constant independent of both n
and k, are called fixed-parameter algorithms or FPT algorithms. Typically the goal in
parameterized algorithms is to design FPT algorithms while minimizing both the f(k)
factor and the constant ¢ in the bound on the running time.

We study a range of different problems under the paradigm of parameterized complexity.
More precisely, our research focuses on two approaches to analyze the structure of instances
and their combination. The first approach focuses on the notion of decomposition. The
idea is to decompose the given input into simpler parts and use this decomposition to
solve the problem more efficiently. The second approach is based on the established
notion of a modulator to a tractable class of instances, which applies to problem instances
that may be placed in a tractable class by a small number of local changes.

We design several algorithms that exploit some of the already established parameters.
However, our main focus is on designing and exploiting new kinds of structure. We
highlight here one of the results in particular. We develop a family of parameters that
combine the two approaches outlined above to capture forms of structure not accessible
to a single approach, and we show that these parameters give rise to efficient algorithms
for a plethora of NP-hard problems.
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Kurzfassung

FEine fundamentaler Aufgabe der Informatik ist die Entwicklung effizienter Algorithmen
fiir Probleme, die in verschiedenen Bereichen auftreten. Eine wesentliche Herausforde-
rung hierfiir stellt die Tatsache dar, dass viele wichtige Probleme aus Bereichen wie
algorithmischer Graphentheorie, kiinstlicher Intelligenz, und Optimierung fiir allgemeine
Problemeingaben NP-schwer sind. Jedoch sind in vielen Anwendungen die relevanten
Problemeingaben das Resultat von Prozessen und weisen daher eine gewisse Form von
Struktur auf. Diese Struktur kann oft ausgenutzt werden um NP-schwere Problem effizient
zu losen.

Um die Struktur in Problemeingaben zu erfassen, verwenden wir den theoretischen Rah-
men der parametrisierten Komplexitatstheorie. Die Laufzeit parametrisierter Algorithmen
wird in feinerem Detail analysiert als es die klassischen Komplexitatstheorie gestattet:
anstatt die Laufzeit nur als Funktion der Eingabegrosse zu bestimmen, wird hier auch
die Abhéngigkeit von einem Parameter k beriicksichtigt. Der Parameter dient dazu, den
Grad anzugeben, wie sehr die Eingabe eine Struktur aufweist. Algorithmen mit einer
Laufzeit von f(k)n¢, wobei n fiir die Eingabegrosse und ¢ fir eine Konstante stehen,
werden als fest-Parameter-handhabbar (fized-parameter tractable, FPT) bezeichnet. Das
Ziel in der parameterisierten Komplexitédtstehorie ist es, FPT-Algorithmen zu entwickeln,
und dabei sowohl den Faktor f(k) als auch die Konstante ¢ zu minimieren, um eine
moglichst geringe Laufzeit zu erhalten.

Wir untersuchen eine breite Palette von unterschiedlichen Problemen unter dem Paradig-
ma der parameterisierten Komplexitétstheorie. Hierbei legen wir besonderes Augenmerk
auf zwei fundamentale Ansétze, um die Struktur in Probleminstanzen zu erfassen und
algorithmischen auszunutzen: Der erste Ansatz zielt auf die Zerlegbarkeit von Proble-
meingaben ab. Die Grundidee ist es, die Problemeingabe in einfache Teile zu zerlegen,
aus deren Losungen eine globalen Losung erstellt werden kann. Der zweite Ansatz basiert
auf dem fundamentalen Begriff des Modulators in eine handhabbare Klasse. Hier ist die
Grundidee, dass die Problemeingabe nach bestimmten lokalen Modifikationen in eine als
handhabbar bekannte Klasse von Problemeingaben fallt.

Wir entwickeln verschiedene Algorithmen fiir bereits bekannte Parameter. Unser Hauptau-
genmerk liegt aber in der Entwicklung von neuen Parametern, welche das Ausniitzen von
neunen Formen von Struktur ermdéglichen. Zum Beispiel entwickeln wir eine Reihe von
Parametern welche die Kombination der beiden beschriebenen Ansétze darstellen. Hierbei
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konnen strukturelle Eigenschaften in Problemeingaben ausgeniitzt werden, die nicht
durch einen der beiden Ansétze alleine erfassbar sind. Wir zeigen, dass diese Parameter
zu FPT-Algorithmen fiir eine Fiille von NP-schweren Problemen fiihren.
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CHAPTER

Introduction

The notion of computation has existed in some form for thousands of years. In its
everyday meaning, this term refers to the process of producing an output from a set
of inputs in a finite number of steps and some kind of computational processes arise
in many different disciplines and also in nature. We focus on issues of computational
efficiency. Computational complexity theory asks the following simple question: how
much computational resources are required to solve a given computational task? A very
important limitation to solving the task is the time needed to obtain the answer. We
would like to know how long our computation takes before we assign resources towards
computing a task that might not terminate in our lifetime. This leads us to one of
fundamental parts of computer science that is the design of efficient algorithms. To
formalize the notion of efficient algorithm, Cobham and Edmonds in 1965 identified in
two separate papers the tractable problems to be exactly the problems in the complexity
class P, that is the ones solvable in polynomial time. One significant obstacle here is the
fact that many interesting problems from areas such as Artificial Intelligence, Algorithmic
Graph Theory, Optimization, Computational Logic are known to be NP-hard on general
instances and therefore believed to not allow an algorithm running in polynomial time.
However, in the majority of applications the instances of interest are the result or output
of some other processes, and as such inherently contain some form of structure. This
structure can often be exploited to efficiently find exact solutions for many NP-hard
problems.

We use the well-established framework of parameterized complexity, introduced by
Downey and Fellows [63], to capture the structure of instances. In this framework, we
add to each input a parameter k, which is simply a relevant secondary measurement that
encapsulates some aspect of the input instance, be it the size of the solution sought for or
a number describing how “structured” the input instance is. The smaller the parameter
k is, the more structured is the input instance. Therefore, the goal in parameterized
algorithms is to design an algorithm which performs well if the parameter k is small. It
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turns out that a good definition for a tractable algorithm in the parameterized complexity
framework are the algorithms with running time f(k)n¢, where n is the input size and ¢
is a constant independent of both n and k. Such algorithms are called fized-parameter
algorithms, or shortly FPT algorithms.

However, sometimes it is observed with dismay that every proposed algorithm to solve
a given problem is not fixed-parameter tractable. In classical complexity, the theory
of NP-completeness gives us one common obstacle to tractability, and hence offers a
conditional lower bound on the running time for any NP-hard problem. The parameterized
complexity approach adapts this pragmatic viewpoint to algorithm design and develops
a similar lower bound theory. In many cases, it is very helpful to look at a problem from
both the algorithmic and the complexity viewpoint at the same time. A failed attempt
at finding an algorithm can highlight certain difficult situations, giving insight into the
structure of hard instances, which can be the starting point of a hardness proof.

1.1 General Goals

The general aim of this thesis is to study and exploit the structure of the input to solve
problems that are NP-hard in the general case. As our main tool we use to achieve this
is the parameterized complexity framework. We focus our research on two prominent
approaches to analyze the structure of instances and on possibilities of their combination.
The first approach focuses on the notion of decomposition. The idea is to decompose the
given input into simpler parts and use this decomposition to solve the problem more
efficiently. The second approach is based on the established notion of a modulator to a
tractable class of instances, which applies to problem instances that may be placed in a
tractable class by a small number of local changes. In addition, we study the possibilities
to combine these two approaches to capture the forms of structure not accessible to a
single approach.

We target various problems that naturally appear in the areas of Graph Theory, Artificial
Intelligence, and related fields and we highlight here three general goals we consider when
targeting a specific problem.

1. Identify useful problem-specific structure—this structure should not only be helpful
to design more efficient algorithms, but also efficiently recognizable;

2. Design FPT algorithms—once we identify structure that might be useful, we want
to exploit it to obtain efficient algorithms with good worst-case running time
guaranties; and

3. Develop matching lower bounds—either showing that an FPT algorithm does not
exist, or establishing that the obtained running times cannot be improved (under
established complexity assumptions).
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1.2 Problems in Consideration

In this thesis, we investigate how the structure of the given instance can help to solve a
variety of NP-hard problems more efficiently. This section serves to briefly introduce the
problems we consider in our thesis.

1.2.1 Counting problems

Counting the number of linear extensions of a partially ordered set (poset), or shortly
#LINEXT, is a fundamental problem of order theory that has applications in a variety
of distinct areas such as sorting [I71], sequence analysis [I54], convex rank tests [I57],
sampling schemes of Bayesian networks [163], and preference reasoning [153]. Determining
the exact number of linear extensions of a given poset is known to be #P-complete [34]
already for posets of height at least 3. Informally, #P-complete problems are as hard
as counting the number of accepting paths of any nondeterministic Turing machine,
implying that such problems are not tractable unless P = NP.

1.2.2 Vertex deletion problems

Vertex deletion problems ask whether it is possible to delete at most k vertices from a
graph so that the resulting graph belongs to a specified graph class. Over the past years,
the parameterized complexity of vertex deletion to a plethora of graph classes has been
systematically researched. We study two different vertex deletion problems.

Directed Feedback Vertex Set (DFVS) is the problem of finding a set of k vertices that
intersects all directed cycles in a given digraph. For over a decade resolving the fixed-
parameter tractability of DFVS was considered the most important open problem in
parameterized complexity. In fact, this problem was posed as an open problem in the
first few papers on fixed-parameter tractability [60, [62]. DFVS was shown to be fixed-
parameter tractable in a breakthrough paper by Chen, Liu, Lu, O’Sullivan and Razgon
[42] in 2008.

Distance-Hereditary Vertexr Deletion is the vertex deletion problem where the target class
is the class of distance-hereditary graphs. A graph is distance-hereditary if the distances
between vertices are preserved in all connected induced subgraphs of the original graph.
Since its introduction by Howorka [I19] in 1977, this graph class has been extensively
studied and several otherwise NP-hard problems has been shown to be polynomial
time solvable on the distance-hereditary graphs [44, 56, 123, 1211, 124, 192, 158, 101].
Additionally, distance-hereditary graphs are precisely all graphs with rank-width at most
1 [167] and as a consequence, by Courcelle’s theorem, efficient dynamic programming
algorithms exist for many problems on these graphs [50].

1.2.3 Meta-problems

To be able to cope with many problems at once we also target several problems in
computer science that, by their nature, make it easier to encode other problems. An
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efficient algorithm for such “meta-problem” gives us a good framework for solving many
problems. Namely, once we have a efficient algorithm for such a problem, we only need
to find an encoding of our problem and run the already implemented efficient algorithm
on the encoding. In the following we introduce three such problems that are often used
in practice to design algorithm for NP-hard problems.

Integer Linear Programming (ILP) is an archetypical representative of NP-complete
optimization problems and has a broad range of applications in various areas of artificial
intelligence. In particular, a wide variety of problems in Optimization and Artificial
Intelligence are efficiently solved in practice via a translation into an ILP, including
problems from areas such as planning [196] [197], process scheduling [84], packing [149],
vehicle routing [194], and network hub location [10]. For example, in Figure 1.1/ we give
an encoding for the well-know NP-hard problem VERTEX COVER, which is the vertex
deletion problem to the class of edgeless graphs.

minimize Y yey Xy, where
Xy + Xy > 1 Yuv € F,
Xy > 0; xy € Z YveV.

Figure 1.1: ILP encoding the VERTEX COVER problem for a graph G = (V, E).

The problem of evaluating quantified Boolean formulas, called also shortly QBF, is the
archetypical PSPACE-complete problem and is therefore believed to be computationally
harder than the NP-complete problems such as ILP or SAT, which is the problem
of determining the satisfiability of a propositional formula and is closely related to
QBF [140, 169, [189]. Moreover, many important computational tasks such as verification,
planning, and several questions in knowledge representation and automated reasoning can
be naturally encoded as a QBF instance [69, 166}, 175, [I82]. In recent years quantified
Boolean formulas have become a very active research area.

Va3b3acVd(a VvV =b Vv d) A (e V —aV d) A (=bV ¢V —d)

Figure 1.2: An example of a QBF formula.

The model checking problem, i.e., the problem to decide whether a given logical sentence
is true in a given structure, is a fundamental computational problem which appears in a
variety of areas in computer science, see for example [93], [26], or [97]. This problem in
its full generality is computationally intractable. However, if we fix a logical sentence in
first order logic, the model checking problem becomes polynomially tractable. Hence,
to express NP-hard problems we need more powerful logics. A prominent logic often
used in this setting is Monadic Second Order (MSO) logic [50] along with its extensions
such as Counting MSO and Optimization MSO. These provide a powerful tool capable of
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expressing many NP-hard problems with constant size formulas. For example, Figure 1.3
gives a constant length formula expressing that the input graph is 3-colorable.

AXIVIZ{Vx e V(r €e XVez eV Vo e Z)A\Vx,y € V(edge(z,y) —
[C(reXANyeX)AN-(zeVY ANyeY)AN-(zeZANyeZ)])}

Figure 1.3: MSO formula encoding the 3-COLORING problem for a graph G = (V, E).

1.3 Background

In order to properly explain the techniques and results in this thesis, we first give a very
brief and somewhat informal introduction to the most important notions in parameterized
complexity.

1.3.1 Parameterized Complexity

Many useful problems in computer science are known to be NP-hard, for instance
VERTEX COVER (given a graph G and an integer k, does the graph contain a vertex
cover of k vertices?) [98]. Thus, by standard complexity theory we expect that any exact
solution algorithm will run in exponential time.

The problem can be solved in worst-case time O(n*), simply by enumerating all k-element
subsets of the input graph. On classes of inputs where k is much smaller than n, a
solution algorithm with runtime of, e.g., 2* - n? would vastly outperform the runtime of
the previous algorithm. For example, solving an instance of size n = 1000 with & = 10
may still be considered feasible with an algorithm requiring 2% - n? operations, but an
n* algorithm would in this case require more operations than there are stars in the
observable universe.

This observation motivated the introduction of parameterized problems. A parameterized
problem is a computational problem whose instances have two parts, an input, say = (of
size n), and a parameter, say k. A parameterized problem which can be solved in time
f(k)- n¢, where d is a constant independent of k, is called fized-parameter tractable (FPT
in short). Similarly, an algorithm running in time f(k) - n¢ is called an FPT algorithm.
The class FPT is then the class containing all problems that admit an FPT algorithm.
However, just like we cannot hope to obtain polynomial-time algorithms for all problems
in the classical complexity paradigm, in the parameterized paradigm we will not always
be able to obtain an FPT algorithm. In these cases obtaining an algorithm which runs
in time n* is still more desirable than an exponential algorithm running in time 2".
Therefore, especially when we can show that an FPT algorithm is unlikely, we will try to
obtain at least so-called XP algorithms, that is, an algorithm running in time n/*). The
class XP then contains all problems that have such XP algorithm.
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A great benefit of the parameterized notion of tractability is that a single problem can
have a variety of parameterizations, and the choice of the parameterization affects its
parameterized complexity. The example above uses the solution size as the parameter,
and so an FPT algorithm for, e.g., VERTEX COVER will remain efficient on all graphs as
long as we only search for small vertex covers. However, we may also use the parameter to
capture the structure contained in our input graphs; these so-called structural parameters
have become a focal point of research in parameterized complexity. Structural parameters
such as treewidth [I77] and rank-width [I118] allow the efficient solution of a wide range of
problems regardless of their solution size (see for example [46, 93]); instead, the running
time depends on how “well-structured” the instances are.

1.3.2 Kernelization

Kernelization is another algorithmic technique that has become the subject of a very active
field in parameterized complexity, see, e.g., the references in [77), 110}, 180]. Kernelization
can be considered as a preprocessing with performance guarantee that reduces an instance
of a parameterized problem in polynomial time to a decision-equivalent instance, the
kernel, whose size is bounded by a function of the parameter alone. Once a kernel is
obtained, the time required to solve the original instance is bounded by a function of the
parameter and therefore independent of the input size. Consequently one aims at kernels
that are as small as possible.

Every fixed-parameter tractable problem admits a kernel, but the size of the kernel
can have an exponential or even non-elementary dependence on the parameter [63], [86].
Thus research on kernelization is typically concerned with the question of whether a
fixed-parameter tractable problem under consideration admits a small, and in particular
a polynomial, kernel. For instance, the aforementioned VERTEX COVER problem admits
a polynomial kernel containing at most 2k vertices [86].

1.3.3 Parameterized Intractibility

As we have no proof of P = NP, we cannot rule out the possibility that problems such
as CLIQUE are polynomial-time solvable and hence FPT. Therefore, our lower bound
theory has to be conditional: we are proving statements of the form “if problem A has a
certain type of algorithm, then problem B has a certain type of algorithm as well”. If
we have accepted as a working hypothesis that B has no such algorithms (or we have
already proved that such an algorithm for B would contradict our working hypothesis),
then this gives evidence that problem A does not have this kind of algorithms either.
This leads us to the notion of parameterized reduction, which is roughly speaking a
polynomial time algorithm that reduces an input of the problem B to an input of problem
A, in a way that preserves the size of parameter. Using this notion of parameterized
reduction, Downey and Fellows [64] introduced the so-called W-hierarchy in order to
classify parameterized problems according to their hardness. CLIQUE is an archetypical
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example of a W[1]-complete problem, and as such it does not admit an FPT algorithm
unless FPT = W[1].

The Exponential Time Hypothesis (ETH) is a conjecture stating that, roughly speaking,
3-SAT cannot be solved in subexponential running time in terms of the number of
variables. ETH allows us to obtain stronger lower bounds. For example, we can prove
results saying that (assuming ETH) a problem cannot be solved in time 20(") or a
parameterized problem cannot be solved in time f (k‘)no(k), or a fixed-parameter tractable
problem does not admit a 2°®n®M) time algorithm.

1.3.4 Decomposition Parameters

The most prominent example of a decomposition parameter is the treewidth of a graph,
introduced by Robertson and Seymour while developing the Graph Minors Theorem
[177]. Treewidth has now become one of the most frequently used tools in parameterized
algorithms with many applications in a range of important fields of theoretical computer
science, including artificial intelligence and parameterized complexity (see, e.g., [46, [190]).
Intuitively, treewidth measures how well the structure of a graph can be captured by a
tree-like structural decomposition. When the treewidth of a graph is small, or equivalently
the graph admits a good tree decomposition, then many problems intractable on general
graphs become efficiently solvable. Treewidth is widely used as a tool in various graph
algorithms. For example, tree decompositions can be exploited to design fast dynamic
programming algorithms which construct the solution from the leafs of the decomposition
to the root. There is also a powerful meta-theorem by Courcelle [46] which establishes the
tractability of decision problems definable in Monadic Second-Order logic on graphs of
bounded treewidth. Given all the applications of treewidth, it is natural to ask if one could
design other measures of structural complexity of graphs that would be algorithmically
useful in cases where treewidth fails.

One particular decomposition parameter that measures a different form of structure
is rank-width [168]. The motivation for rank-width comes from the observation that
although treewidth is high for any dense graph, many computational problems are
tractable on classes of graphs that are dense, but structured. An obvious example of
such graphs are complete graphs, but one can also allow a little bit more freedom in the
structure. Rank-width is related to the structural parameter clique-width, but supersedes
it in various algorithmic aspects.

1.3.5 Distance to Triviality

Another widely used approach in the design of structural parameters is to measure the
distance of the input from some known tractable class of inputs. The concept of distance
to triviality has appeared independently under various names in many different fields of
computer science, including Algorithmic Graph Theory, Reasoning, and Satisfiability.
The term modulator has been coined in a general setting by Cai [36]. Here we mostly
focus on the prevalent notion of modulators by vertex deletion. Specifically, for a fixed
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graph class C we say that a vertex set X C V(G) of a graph G is a modulator to C if
G — X € C. The problem of finding modulators to various graph classes and also using
these to solve a number of problems has become a prominent research direction in the
past years. In particular, modulators allow FPT algorithms to exploit the structure of
graphs which are “near” a tractable graph class; the modulator size is often used as the
parameter in such algorithms. For historical reasons, modulators often carry different
names depending on the graph class C, such as vertex cover, feedback vertex set or odd
cycle transversal.

In the context of FPT algorithms on graphs, modulator-based algorithms are sometimes
superseded by decomposition-based algorithms, specifically by algorithms which use
treewidth or clique-width. As an example, graphs with small classical modulators to
acyclic graphs, outerplanar graphs, or edgeless graphs always have small treewidth (on
the other hand, this is not the case for, e.g., planar graphs or interval graphs). For
this reason, classical modulators were used almost exclusively in the context of difficult
problems which remain intractable on graphs of bounded treewidth [79, [83] and for
kernelization, where standard width-based decompositions do not provide polynomial
kernels [25].

1.4 Contributions

In this section, we describe the contributions of this thesis. We do not restrict our focus
to only one specific problem; instead, we investigate the possibilities of exploiting both
already established, but mainly new kinds of structure to obtain FPT algorithms and
lower bounds for a variety of problems that emerge from various areas of computer science
such as Algorithmic Graph Theory, Artificial Intelligence, or Optimization. In general,
structural parameters can be divided into two groups based on the way they are designed.
Namely, one can capture the structure of instances by decompositions or one can directly
measure the distance to triviality via modulators.

This thesis is divided into three parts. The first two parts are dedicated to decomposition
parameters and modulators. The third part then investigates how these two distinct
approaches can be combined to obtain “hybrid” parameters that can capture forms of
structure which are beyond the reach of a single approach.

1.4.1 Contributions towards Decomposition Parameters

Part I focuses on solving hard problems through the use of decomposition parameters.
The first chapter, Chapter 4, in this part investigates possibilities of exploiting the
well-known decomposition parameter treewidth to count the number of linear extensions
of a poset. As the treewidth is a graph parameter, we need to work with a graph
representation of the input posets. We study two different representations of these posets
and obtain the following results:
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e We provide the first evidence that the problem does not allow for an FPT algorithm
parameterized by the treewidth of the cover graph (also called the Hasse diagram)
unless FPT = W[1]. We remark that this complements the XP algorithm of Kangas
et al. [I31] and resolves an open problem recently posed in the Dagstuhl seminar
on Exact Algorithms [125].

e We complement this negative result by obtaining an FPT algorithm for the problem
when the parameter is the treewidth of the incomparability graph of the poset.

Afterwards in Chapter 5, we switch our focus and study the use of decomposition
parameters for QBF. In spite of the close connection between QBF and SAT, many of
the tools and techniques which work for SAT are not known to help for QBF, and this is
especially true for decomposition-based techniques. Indeed, even though there are several
FPT algorithms for SAT parameterized by well-known decomposition parameters such as
treewidth, pathwidth, or rank-width [190, 94], the same is not true for QBF [15] under
well-established complexity assumptions.

e We introduce a novel parameter prefix pathwidth, which is an extension of pathwidth
that takes into account not only the structure of clauses in the formula, but also
the structure contained in the quantification of variables.

e We show that we can use a prefix path decomposition of width bounded by the
parameter k£ to solve the given QBF instance in FPT time.

e We develop new algorithmic techniques to obtain two distinct algorithms for com-
puting prefix path decompositions—one polynomial-time approximation algorithm
and an FPT algorithm.

1.4.2 Contributions towards Modulators

Part IT is then devoted to investigating algorithmic applications of modulators for various
problems. We start our study in Chapter 7| by investigating the problem of finding
modulators (i.e., vertex deletion sets) to distance-hereditary graphs, a well-studied graph
class which is particularly important in the context of vertex deletion due to its connection
to the graph parameter rank-width.

e We present the first single-exponential FPT algorithm, specifically an algorithm
running in time O(cF - n®W) for input size n and some constant ¢, for vertex
deletion to distance-hereditary graphs.

e We complement our result with matching asymptotic lower bounds based on the
exponential time hypothesis.

e As an application of our algorithm, we show that a vertex deletion set to distance-
hereditary graphs can be used as a parameter which allows single-exponential FPT
algorithms for classical NP-hard problems.
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The second problem we study is DIRECTED FEEDBACK VERTEX SET (DFVS); this is the
main topic of Chapter 8. Once DFVS has been classified as fixed-parameter tractable by
Chen et al. [42], one of the most natural follow-up question in parameterized complexity
is “does it admit a polynomial kernel?”. We study the existence of a polynomial kernel
for this problem parameterized by the size of the feedback vertex set (or equivalently a
modulator to a forest) of the underlying undirected graph.

e We give a kernel with O(k?*) vertices for DFV'S parameterized by the size of the
feedback vertex set of the underlying undirected graph on general graphs.

e Moreover, we give a kernel with O(k) vertices for the same parameterized problem
when the input digraph is embeddable on a surface of constant genus.

Finally in Chapter 9, we initiate the study of modulators for ILP by analyzing modulators
which fracture the instance into small, easy-to-handle components.

e We introduce a novel parameter fracture modulator, which, if we represent the ILP
instance by its so-called incidence graph, is basically the size of the modulator to
components whose size is bounded by the parameter as well. Equivalently, one can
think about this parameter as the number of global variables or global constraints
in an otherwise “compact” instance.

o We identify and analyze three separate cases depending on whether we allow global
variables only, global constraints only, or both.

e We obtain a near-complete complexity landscape for the considered parameters: in
particular, we identify the circumstances under which they can be used to obtain
FPT and XP algorithms.

1.4.3 Contributions towards Hybrid Parameters

Finally in Part III, we focus on expanding classical graph modulators towards new,
more general classes. In particular, here we investigate what happens when a graph
contains a modulator which is large but “well-structured” (in the sense of having bounded
rank-width). Can such modulators still be exploited to obtain efficient algorithms? And
is it even possible to find such modulators efficiently?

e We introduce a family of “hybrid” parameters that combine the decomposition and
modulator approach.

Given a graph G and a fixed graph class #, the new parameters capture (roughly speaking)
the minimum number of “blocks”, which we call split-modules, of “small” rank-width
of any modulator of G into H. We call modulators with this structure well-structured
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modulators, and the minimum number of blocks in a well-structured modulator is then
the well-structure number of G or wsn*(G).

In Chapter |11, we start by exploring the boundaries of this parameter for fixed-parameter
tractability. Moreover, as with most structural parameters, virtually all algorithmic
applications of the well-structure number rely on having access to an appropriate decom-
position. Towards this goal we obtain following results:

e We develop an FPT algorithm for computing wsn” for any graph class # which
can be characterized by a finite set of forbidden induced subgraphs.

e We design FPT algorithms for VERTEX COVER and CLIQUE parameterized by

WSHH .

e We develop a meta-theorem to obtain fixed-parameter algorithms for problems

definable in Monadic Second Order (MSO) logic [50] parameterized by wsn?.

e We show that, in general, solving MSO-OPT problems [50, 93] is not FPT when

parameterized by wsn’t.

In the subsequent Chapter 12, we shift our attention towards obtaining kernels using
the well-structure number as a parameter. Since wsn’ lower bounds rank-width and
rank-width is known not to admit polynomial kernels for nearly any NP-hard problems,
one cannot hope to use wsn” for polynomial kernelization. Hence, to obtain kernels, we
need to restrict our parameter a little bit—instead of allowing the rank-width of split
modules to be bounded by a function of the parameter, we bound it by some constant c.
We call this the c-well-structure number of a graph G or wsn’(G). Using this notion, we
obtain the following results:

e We develop a polynomial time approximation algorithms for computing Wsnzl to a
range of graph classes.

o We show that whenever a modulator to a graph class H can be used to poly-kernelize
some MSO-definable problem, this problem also admits a polynomial kernel when
parameterized by the c-well-structure number for H as long as c-well-structured
modulators to H can be approximated in polynomial time.

e The remainder of Chapter 12 then deals with specific applications of these results.

Roadmap

After this introductory chapter, in Chapter 2, we provide an overview of relevant concepts
and results from the areas of graph theory, classical complexity theory, and parameterized
complexity theory, respectively. The remainder of this thesis, after the preliminaries
chapter, is divided into four parts. The first three parts are devoted towards obtaining
our main results discussed in the previous section and in the last part we summarize
once again our contributions and propose some questions for the future investigation.

11
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Notes

The results in this thesis appeared in conference papers in the proceedings of WADS
2015 [74], TPEC 2015 [73], MFCS 2016 [71], ESA 2016 [70] AAATI 2016 [72], MFCS
2017 [21] TJCAI 2017 [67], as well as in a journal paper in Algorithmica [75].
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CHAPTER

Preliminaries

In this chapter, we give concise introduction to the terminology and notation that we
use throughout the thesis.

For a set A, we denote by [A]® the set of all /-elements subsets of A. The set of
all integers is denoted by Z, the set of nonnegative integers by Np , and the set of
natural numbers (that is, positive integers) by N. For integers n,m with n < m, we let
[n,m] :={n,n+1,...,m} and [n| := [1,n]. Unless mentioned explicitly otherwise, we
encode integers in binary.

Now we continue by introducing standard graph theoretic notions. Most of the terminology
and notation introduced in this Chapter is the same or similar to the book by Diestel [59].

2.1 Graph Theory

A graph is a pair G = (V, E), where V is a finite set, whose elements are referred to as
vertices of the graph G and E C [V]? is a set of 2-element subsets of V and its elements
are referred to as edges. The usual way to picture a graph is by drawing a dot for each
vertex and joining two of these dots by a line if the corresponding two vertices form an
edge. Just how these dots and lines are drawn is considered irrelevant: all that matters
is the information which pairs of vertices form an edge and which do not.

The vertex and edge set of a graph G are usually denoted by V(G) and E(G), respectively.
These conventions are independent of any actual names of these two sets: the vertex
set W of a graph H = (W, F) is still referred to as V(H). We do not always strictly
distinguish between a graph and its vertex or edge set. For example, we may say that a
vertex v is in G instead of V(G).

A vertex v is incident with an edge e, if v € e; then e is a edge at v. The two
vertices incident with an edge are its endvertices, or sometimes endpoints, or simply ends.

13
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An edge {z,y} is usually written as zy (or yz). We also sometimes say that xy is an
edge between vertices x and y. Two vertices z and y of G are adjacent, or neighbors, if
xy is an edge of G. The (open) neighborhood of a vertex x in G is the set of all neighbors
of z in G, or more formally the set {y € V(G) : zy € E(G)}, and is denoted by Ng(x).
The closed neighborhood Ng|z| of x is defined as Ng(x) U {x}. If the graph G is clear
from the contex, we often drop the subscript G. The degree dg(v) = d(v) of a vertex v is
the number of edges at v, which is equal (by the definition of the graph we are using in
this thesis) to the number of neighbors of v. The edges e # f are adjacent, if they have
a common endvertex. If all the vertices of G are pairwise adjacent, the G is complete.
A set of vertices is independent, if no two of its elements are adjacent.

Let G = (V,E) and G' = (V', E’) be two graphs. If V/ C V and E’' C E, then G’ is
a subgraph of G (G is a supergraph of G'), written as G’ C G. In this case, we also
say that G contains G'. If G’ C G, and G’ contains precisely all the edges zy € E
with z,y € V', then G’ is an induced subgraph of G; we say V' induces the graph G’
in G, and write G’ = G[V']. For a subgraph H of G, if a vertex v is adjacent to some
vertex u € V(H) in G, we sometimes say that u is adjacent to H or u is adjacent to
V(H). If U is a set of vertices of G, we write G — U (or G\ U) for G[V(G)\ U]. If
U = {v} is a singleton, we write G — v rather then G — {v}. For a subset F' C [V]?, we
write G — F = (V,E\F)and G+ F = (V,EUF); as above, G — {e} and G + {e} are
abbreviated to G — e, G + e. The complement G of G is the graph (V,[V]?\ E).

Let G = (V,E) and G’ = (V', E’) be two graphs. We call G and G’ isomorphic, and
write G ~ G', if there exists a bijection ¢ : V — V' with 2y € E < ¢(x)é(y) € E’ for all
x,y € V. Such a map ¢ is called an isomorphism; if G = G’, it is called an automorphism.
We do not normally distinguish between isomorphic graphs. Thus, we usually write
G = G’ rather than G ~ G, speak of the complete graph on 17 vertices, and so on.

2.1.1 Paths and Cycles
A path is a graph P = (V, E) of the form

V ={xo,x1,...,2¢} and E = {xoz1,2122,...,20_ 174}

The vertices g and x, are linked by P and are called its ends; the vertices z1,...,Tp_1
are the inner (or internal) vertices of P. The number of edges of a path is its length. We
often refer to a path by the natural sequence of its vertices, writing, P = zgx1 ...xy and
calling P a path from zg to z, or a path between xg and z,. We denote by P,, the path
on n vertices. We say that a path P is in G, if P C G. A path P in G is an induced
path if P = G[V(P)], or in other words there is no edge e in G between two vertices in
P such that e ¢ E(P). Given sets A, B of vertices, A-B path is a path from a vertex in
A to a vertex in B with all internal vertices disjoint from A U B.

If P=xy...x2¢ is a path and £ > 2, then the graph C := P + x,xq is called a cycle.
Similarly as with paths, we often denote a cycle by its (cyclic) sequence of the vertices;
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the above cycle C' could be written as zg . ..xpxg. The length of a cycle is the number of
its edges and we denote by Cy the cycle with the length /.

The distance dg(z,y) = d(x,y) in G of two vertices z, y is the length of a shortest z-y
path in Gj if no such path exists we set d(z,y) = oco.

2.1.2 Complete Graph

A graph is called complete if every pair of vertices is adjacent. If two complete graphs
have the same number of vertices, then they are isomorphic. The standard model for a
complete graph on n vertices is denoted K.

2.1.3 Connectivity

A non-empty graph G is called connected if every two of its vertices are linked by a
path in G. A maximal connected subgraph of G is called a (connected) component of
G. We denote by cc(G) the number of connected components of G. If A, B C V(G) and
X C V(G)U E(G) are such that every A-B path contains a vertex or an edge in X, we
say that X separates the sets A and B in G, or equivalently X is a A-B separator in G.
If A or B contains a single vertex x, then we often write x instead of {z}. We say that X
is a separator in G if there are two vertices a,b € V(G)\ X such that X is a a-b separator.
If X CV(G)or X C E(G), then we say that X is a vertex separator or an edge separator
in G, respectively. An edge e of a connected graph G is a cut edge if the graph obtained
from G by removing e is disconnected. Similarly, a vertex v of a connected graph G is a
cut vertex if the graph obtained from G by removing v is disconnected.

A graph G = (V, E) is said to be k-connected (for k € N) if |V| > k and G — X is
connected for every set X C V such that | X| < k.

2.1.4 Trees and Forests

A graph that does not contain a cycle as a subgraph is acyclic. An acyclic graph is
also called a forest. A connected forest is called a tree. Thus a forest is a graph whose
components are trees. A star is a tree with a distinguished vertex, called the center,
adjacent to all other vertices. The vertices of degree 1 are called leaves. Note that every
non-trivial tree has at least 2 leaves and if we remove a leave from a tree, then the
remaining graph is still a tree. The non-leaf vertices of a tree are called its internal nodes.
We mention here few important properties of a tree that follows straightforwardly from
the definition of tree.

Fact 2.1 ([59]). The following assertions are equivalent for a graph T':

o T is a tree;
e cvery two vertices of a tree T' are linked by a unique path;

e T is connected and has n — 1 edges.

15
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Sometimes it is convenient to consider one vertex of a tree as special; such a vertex is then
called the root of this tree. A tree with a fixed root is a rooted tree. Note that choosing a
root 7 in tree 7" imposes a partial ordering on V(7). For a vertex v, the vertices of the
unique v-r path other then v are called ancestors of v. The neighbor of v in this path is
a parent vertex of v. If u is the parent of v, then v is said to be a child of w.

2.1.5 Bipartite graphs

let 7 > 2 be an integer. A graph G = (V, E) is called r-partite if V' admits a partition into
r classes such that every edge in E has its endvertices in different partitions. Instead of
2-partite one usually says bipartite. Clearly, bipartite graphs cannot contain an odd cycle.

Fact 2.2. A graph is bipartite if and only if it does not contain an odd cycle.

An r-partite graph in which every two vertices from different partition classes are
adjacent is called complete; the complete r-partite graphs for all r together are the
complete multipartite graphs. The complete r-partite graph with the partition sizes
ni,...,n,, respectively, is denoted by K, . n,.

2.1.6 Contraction and Minors

Let e = zy be an edge of a graph G = (V, E). By G/e we denote the graph obtained
from G by contracting the edge e into a new vertex v, which becomes adjacent to all
the former neighbors of = and of y. Formally, G/e is a graph (Vj, Ep) with vertex set
Vo :== (V\ {z,y}) U{ve} (where v is the ‘new’ vertex, i.e., v. ¢ V U E) and edge set
Ey:={vw e E|{v,w}n{z,y} =0} U{vew | zw € E\ {e} or yw € E'\ {e}}. A graph
H is said to be a minor of another graph G, if a graph isomorphic to H can be obtained
from G by contracting some edges, deleting some edges, and deleting some vertices. The
order in which a sequence of such contractions and deletions is performed on G does not
affect the resulting graph H. We say that a graph G is H-minor-free if G has no minor
isomorphic to H.

Fact 2.3. The minor relation is a partial ordering on the class of finite graphs, i.e., it is
reflexive, antisymmetric and transitive.

2.1.7 Other notions of graphs

We mention here some other notions of graphs which are mentioned or used in certain
parts of the thesis.

A multigraph is a pair (V| E), where V is a set of vertices and E is a multiset (each element
can appear multiple times) containing elements of V U [V]?. Note that a multigraph may
have several edges between the same two vertices z, y. Such edges are called multiple
edges. To express that = and y are the ends of an edge e we still write e = zy, though this
no longer determines e uniquely. The edges containing only one vertex are called loops.
A graph is thus essentially the same as a multigraph without loops or multiple edges.
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A directed graph (or simply digraph) is a pair (V, E) of disjoint sets, where E CV x V.
We call the set V' the vertex set and its elements are vertices. The set F is the arc set and
its elements are called arcs or directed edges. Similarly, the definition of directed graph
can be extended to a directed multigraph, where we allow multiple edges between the
same set of vertices. Moreover, if these edges have the same direction (say from z to y),
they are parallel. For a directed edge e = (z,y) we call the vertex = the tail of the edge
e and y the head of the edged e.

Most of the notions defined in this section for graphs extend straightforwardly to multi-
graphs and digraphs. For a detailed treatment of multigraphs and directed graphs, the
reader is referred to books by Diestel [59] or Bang-Jensen and Gutin [18]. We introduce
here some notions that differ from the standard graph and will be useful throughout
the thesis.

In the following let D be a directed (multi)graph. We say that a vertex u is a neighbor
of a vertex v in D if at least one of (u,v) € E(D) or (v,u) € E(D) holds. We denote
by Np(v) (or by N(v) if D is clear from the context) the set of all neighbors of v in D.
A vertex u is an in-neighbor or out-neighbor of a vertex v in D if (v,u) € E(D) or
(u,v) € E(D), respectively. We denote by N, (u) and N7 (u) the set of all in-neighbors
and out-neighbors of v in D, respectively. Again we drop the subscript D if it can be
inferred from the context and for a vertex set A C V(D) we write N (A) and N7 (A)
to denote the sets (Uyca Np(a)) \ A and (Uyea Np (@) \ A, respectively. The in-degree
dp(v) = d~(v) of vertex v is the number of edges with v being the head of the edge.
The out-degree d},(v) = d¥(v) of vertex v is the number of edges with v being the tail of
the edge. The total degree dp(v) = d(v) of vertex v is the sum of its in-degree and its
out-degree. Note that loops are counted twice for the total degree, so if there is only the
arc (v,v) incident to v then its total degree is 2.

A directed path or simply path P in D from a vertex u to a vertex v is a sequence
(vo, . ..,vy) such that vg = u, v, = vy, (v;,vi41) € E(D) for every i with 0 < i < [, and
apart from the pair (vg,v;) all pairs of vertices in P are disjoint. We call vy and v; the
endpoints of P and the vertices v1,...,v;_1 the internal vertices of P. For two vertex
sets A and B we say that there is a directed path from A to B if there are a € A and
b € B such that D has a directed path from a to b. We say that a set of paths is vertex
disjoint if no two paths in the set share an internal vertex.

In Chapter § the following definition of edge-contraction in directed graphs will be useful.
Given an arc (u,v) € E(D), we say that the directed graph D’ is obtained from D after
contracting the arc (u,v) if D" is obtained from D after replacing u and v in D with a
new vertex n and adding all arcs (w,n) for every arc (w,u) or (w,v) in D as well as all
arcs (n,w) for every arc (u,w) or (v,w) in D. We note that several notions of contraction
exist for directed graphs such as for example butterfly contraction [130)].

Finally, a hypergraph is a pair (V, E) of disjoint sets, where the elements of E are non-
empty subsets (of any cardinality) of V. Thus, graphs are a special case of hypergraphs.
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2.2 Classical Complexity

In general we study the complexity of computing a function whose input and output are
finite strings over some fixed alphabet ¥ (for example binary strings, i.e., ¥ = {0,1}).
We identify these functions with computational problems. More precisely, given a function
f, we define the computational problem Q) to be the question to compute the value f(x)
for a given input x (we will use the terms input and instance interchangeably). Note
that simple encodings can be used to represent general mathematical objects — integers,
pairs of integers, graphs, vectors, matrices, etc. — as strings. For example, we can
represent a graph as its adjacency matrix (i.e., for an n vertex graph G = (V, E), choose
an arbitrary ordering of vertices in V', given by a bijection ¢ : [n — 1] — V, and represent
G by an n x n 0/1-valued matrix A such that A; ; = 1 if and only if the edge ¢(i)p(j)
is present in G). However, we will avoid dealing explicitly with such low level issues of
representation, and will alway assume that we have some canonical (and unspecified)
string representation of the object.

We will work with several special cases of computational problems in this thesis. An im-
portant special case of functions mapping strings to strings is the case of functions whose
output is a single bit. We identify such a function f with the set Qf = {z | f(z) = 1} and
call such sets languages or decision problems. In this setting, the computational problem
of computing f (i.e., given x, compute f(z)) is equivalent to deciding whether z € Q.
If z € Qf, we say that x is an YES-instances of QQ¢, otherwise we say that x is a No-
instance. A search problem is a computational problem which is associated with a binary
relation R instead of a function. To solve a search problem for input z it suffices to
output an arbitrary y such that (z,y) € R. A counting problem asks for the number of
solutions to a given search problem, i.e., given a binary relation R, the counting problem
associated with R is the function fr(z) = {y : (z,y) € R}|. An optimization problem
asks for finding a “best possible” solution among the set of all possible solutions to
a search problem. One example is the VERTEX COVER problem: “Given a graph G, find
a vertex cover of G of minimum size.”

Given a problem @, we say that algorithm A solves @) if for all inputs z € X* the
algorithm A outputs f(z). Complexity theory studies the number of steps required by an
optimal algorithm to solve such problems. Here, the number of steps is measured in terms
of the input size |x| = n. In most cases, a worst-case perspective is taken. This means
that for each input size n, we measure the maximum number of steps that the algorithm
takes on any input of size n. When expressing the running time of an algorithm, we
focus on upper bound guarantees. For instance, we say that an algorithm runs in time n?
if for each input = € ¥*, the algorithm takes at most (but possibly less than) |z|? steps.

Moreover, when we express the running time of algorithms, we will often be more
interested in the rate of growth of functions upper bounding the running time than their
precise behavior. In order to explain this more precisely, we introduce “Big Oh” and
“little oh” notation. We also overview several related notions.

The Big Oh and little oh notations suppress unimportant details and allow us to focus
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on salient features of running times. Let f,¢g : N — N be two arbitrary functions. Then
we say that f is of the order of g, f = O(g) or f(n) = O(g(n)), if there are constants
¢, ng € Nsuch that f(n) < c-g(n) for all n > ng. Intuitively, if f(n) = O(g(n)), then f(n)
grows asymptotically at most as fast as g(n). Moreover, if for every e > 0 there exists
no € N such that f(n) <e-g(n) for all n > ng, we say that f(n) = o(g(n)). Intuitively,
if f(n) =o0(g(n)), it means that g(n) grows asymptotically faster than f(n). There also
exist counterparts to Big Oh and little oh that express lower bounds rather than upper
bounds. In particular, we have f(n) = Q(g(n)) if g(n) = O(f(n)) and f(n) =w(g(n)) if
g(n) = o f(n)).

2.2.1 Turing Machines

To formally define what we mean by an algorithm and the running time of an algorithm, we
need to utilize the notion of Turing machines, which were introduced in the foundational
work of Alan Turing [195]. Roughly speaking a Turing machine is a machine with an
infinite tape (Turing machines with multiple tapes are also commonly considered) and
one head that can read from the tape, write on the tape, and either move on the tape one
cell left or right or stay at the position of the current cell. At the beginning we assume
that the head is on the first letter of the input word and all the cells not containing
letters of the input word are blank, which is marked by a special symbol B.

More formally, a non-deterministic Turing machine is a tuple M = (S,%,T', 4, sg, F),
where:

e S is the finite, non-empty set of states;

I is the finite, non-empty tape alphabet;
rns=_0;

e > C I is the finite, non-empty input alphabet;

so € S is the initial state;
e ' C S is the set of accepting states; and

e §:8 x (IU{B}) — 29{=101} i5 the transition function.

Here B ¢ T'U S is a special blank symbol. A configuration is a tuple (s, z,p), where s € S,
x € I'", and p € [0,|z| + 1]. Intuitively, x is the word currently on tape, disregarding
blanks, s is the state of the machine and p is the position of the head. Since the head is
not allowed to write down B, the head has to be either on a position somewhere inside x

or on the blank just before or just after x. The initial configuration for an input z € X*
is Co(z) = (s0,x,1).

A computation step is a pair of configurations (C1,C) such that if C; = (s1,zay,p1),
xz,y €™, a € TUB and |z| = p; —1, then Cy = (s2, zby, p2) and (s2,b,p2 — p1) € d(s1,a).
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If (C4, C2) is a computation step of a Turing machine M, we call Cy a successor configura-
tion of Cy. A halting configuration is a configuration that has no successor configuration.
A halting configuration is accepting if its state is in F. We say that the machine M
accepts an input x if there exists a sequence of configurations Cy, C1, ..., C), such that
Coy = Cp(z) is the initial configuration and (Cj_1,C;) is a computation step for each
i € [n]. We call such a sequence a computation. We identify non-deterministic algorithms
with non-deterministic Turing machines and the length of a shortest computation, if
there is one, ending with an accepting halting configuration is then the running time
of the algorithm on the input z. For a decision problem @, we then say that Turing
machine M solves @), if for each x € ) the Turing machine M accepts z. We say that
the running time of M if f(n) if for each € @ such that |z| = n, the running time
of M on z is at most f(|z|). Similarly, for a function f : ¥* — ¥* we say that M
solves f (or equivalently the problem @ associated with f), if for every x € ¥* there
is a computation that ends in an accepting halting configuration C' = (s,y,p), where
the restriction of y to X is exactly f(x).

A deterministic Turing machine machine is a Turing machine with |0(s,z)| < 1 for
all s € S and all z € T'U {B}. Note that in this case, each configuration C' has at
most one possible successor configuration. Deterministic algorithm and running time
for a problem @ are then defined similarly to non-deterministic ones with a distinction
that the algorithm is required to end in a non-accepting halting configuration for all
x ¢ @ and the running time of the deterministic Turing machine M is f(n) if for every
x € ¥* such that |x| = n the unique computation starting in the initial configuration
for z, Cy(x), and ending in a halting configuration has length at most f(n). If we do not
specify otherwise, by an algorithm we always mean a deterministic algorithm.

2.2.2 Classical Complexity: P vs NP

Traditionally, the notions of tractability and tractable problems were identified with
the complexity class P. This complexity class contains precisely the decision problems
that have algorithms (deterministic Turing machines) with running time polynomial in
the input size (O(n°) for some constant c).

Using the notion of tractability, it is easy to define intractability: a problem is intractable
if it is not tractable. However, it turned out that this naive notion of intractability is
unproductive for a large class of problems from many areas of computer science. For
these problems, nobody has been able to find a polynomial-time algorithm, and nobody
has been able to prove that no such algorithm exists. For this reason, the concept of NP-
completeness was introduced. The complexity class NP consists of all decision problems
that are solvable in polynomial time using a non-deterministic Turing machine. There
are problems in the class NP for which the best known (deterministic) algorithms run in
time 24 To substantiate the suspicion that a certain problem is not polynomial-time
solvable, one can relate this problem to other problems in NP using the concept of
reductions.
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Let @1 and Q2 be two decision problems. A polynomial-time reduction from Q1 to Q9 is
a polynomial-time algorithm that for each input x1 € X* produces an output xo2 such that
x1 € @ if and only if x9 € Q2. (Such reductions are also called many-to-one reductions,
or Karp reductions.) We then say that a problem @ is NP-hard if for each problem
Qo € NP, there is a polynomial-time reduction from Qg to Q. Intuitively, an NP-hard
problem @ is as hard as any other problem in NP, because if () were polynomial-time
solvable, then each problem in NP would be polynomial-time solvable. A problem Q
is NP-complete if it is both in NP and NP-hard. A practically useful way of proving
NP-completeness is offered by the Cook-Levin Theorem [45] [I47]. This seminal result
identified a first NP-complete problem: SAT. As a result, subsequent NP-hardness proofs
only need to provide a polynomial-time reduction from this single problem, rather than
providing that there is an reduction from all problems in NP.

There also exists another notion of reduction for computational problems. A Turing
reduction from a problem )1 to ()2 is a polynomial algorithm A solving ()1, where A
is a deterministic Turing machine with an oracle for Q2. Such oracle Turing machine
in addition to the work tape and the read/write work head has also an oracle tape, an
oracle head and two special states ASK and RESPONSE. The oracle Turing machine is
allowed to go from a configuration in the state ASK to the state RESPONSE;, in a single
computation step, replacing the non-blank part = of the oracle tape by the output of Q)9
on input z and setting the oracle head to the first non-blank on the oracle tape.

2.2.3 List of NP-complete Problems

Throughout the thesis we deal with several well-studied NP-complete problems, here we
list some of them.

Problem 1: SAT

In our setting, a propositional formula is constructed from individual binary variables
using usual Boolean connectives (—, A, V, —, ).

Instance: A propositional formula .
Question: Can we assign truth values to the variables of ¢ such that formula
evaluates to true?
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Problem 2: d-CNF-SAT, for d > 3.

For a set of propositional variables K, a literal is either a variable x € K or its negation
-z, where v(z) = v(—z) = = denotes the variable of a literal. A clause is a disjunction
over literals. A propositional formula in conjunctive normal form (i.e., a CNF formula)
is a conjunction over clauses. We say that a CNF formula ¢ is over a variable set K if
each literal x in ¢ satisfies v(z) € K, and denote the set of variables which occur in ¢
by var(¢). For notational purposes, we will view a clause as a set of literals and a CNF
formula as a set of clauses.

Instance: A CNF formula ¢ such that each clause of ¢ contains at most d
literals.

Question: Can we assign truth values to the variables of ¢ such that formula
evaluates to true?

Problem 3: VERTEX COVER

Instance: A graph G and an integer m.
Question: Is there a set S C V(G) of cardinality at most m such that G\ §
does not contain any edge?

Problem 4: (UNDIRECTED) FEEDBACK VERTEX SET ((U)FVS)

Instance: A graph G and an integer m.
Question: Is there a set S C V(@) of cardinality at most m such that G\ S
is forest?

Problem 5: DIRECTED FEEDBACK VERTEX SET (DFVS)

Instance: A digraph D and an integer m.
Question: Is there a set S C V(D) of cardinality at most m such that G\ D
is acyclic?

Problem 6: INDEPENDENT SET

Instance: A graph G and an integer m.
Question: Is there an independent set in G of cardinality at least m?

Problem 7: CLIQUE

Instance: A graph G and an integer m.
Question: Is there a clique in G of cardinality at least m?
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Problem 8: DOMINATING SET

Instance: A graph G and an integer m.
Question: Is there a set S C V(@) of cardinality at least m such that each
vertex in G is either in S or has a neighbor in 57

Problem 9: HITTING SET

Instance: A ground set U and a collection C of subsets of .S, and integer m.
Question: Is there a set S C U of cardinality at most m, which intersects
each set in C?

Problem 10: d-HITTING SET

Instance: A ground set U and a collection C of subsets of S, each of
cardinality at most d, and integer m.

Question: Is there a set S C U of cardinality at most m, which intersects
each set in C?

Problem 11: EQUITABLE COLORING

Instance: A graph G and an integer 7.
Question: Does G admit a proper r-coloring such that the number of
vertices in any two color classes differ by at most one?

We note that, by definition, problems in NP are decision problems. However, as we can see
from the above examples, many of them ask if there exists some certificate (such as a set
of m vertices forming a clique). Therefore, throughout the thesis, we often consider the
search or the optimization variant of these problems under the same name. It is known
that both of these variants of a decision problem admit a polynomial algorithm if and
only if the decision problem does. Hence, considering the tractability of problems, this
does not cause any obstacles. For a further discussion about decision vs search problems
see for example the book by Arora and Barak [I3] or any other book or undergraduate
text dealing with computational complexity.

2.2.4 Exponential Time Hypothesis

SAT is an archetypal NP-complete problem and it is commonly believed that there is no
algorithm solving SAT in time 2°(") . This assumption has been formalized by Impagliazzo
and Paturi as an Exponential Time Hypothesis [126].

Definition 2.4 (Exponential Time Hypothesis (ETH) [127]). There exists a constant
s > 0 such that 3-CNF-SAT with n variables and m clauses cannot be solved in time
25" (n + m)o(l).
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We will use the fact that the classical VERTEX COVER problem cannot be solved in
subexponential time under ETH.

Theorem 2.5 (Cai and Juedes [38]). There is no 2°%).|V(G)|°M) algorithm for VERTEX
COVER, unless ETH fails.

2.2.5 Polynomial Space

Next, we briefly consider the complexity class PSPACE , consisting of all decision problems
that can be solved by an algorithm that uses a polynomial amount of space (or memory).
The amount of space that a Turing machine uses for an input x € ¥* is defined as the
number of tape cells to which it writes during the computation. In other words, the
class PSPACE consists of all problems that can be solved using space O(n¢), for some
constant ¢ € N. As a consequence of Savitch’s Theorem [I84], it is well-known fact that
NP C PSPACE.

2.2.6 Monadic Second Order Logic

Here we introduce monadic second order logic (MSO), which will play a crucial role
throughout the thesis. Roughly speaking, MSO is the fragment of second-order logic
where the second-order quantification is limited to quantification over sets. We refer to
the books by Courcelle and Engelfriet [48] or Libkin [148] for a more detailed foray into
monadic second order logic and related notions.

We assume that we have an infinite supply of individual variables, denoted by lowercase
letters z,y, z, and an infinite supply of set variables, denoted by uppercase letters X, Y, Z.
Formulas of MSO are built up from atomic formulas using the usual Boolean connectives
(=, A\, V,—, <), quantification over individual variables (Vx, 3z), and quantification over
set variables (VX, 3X).

When speaking about MSO over graphs, we in general distinguish two types of MSO,
notable MSO; and MSOs.

MSO; Individual variables range over vertices, and set variables range over sets of vertices.
The atomic formula Fxy expresses adjacency, x = y expresses equality, and Xz
expresses that the vertex x is in the set X.

MSO, Individual variables range over vertices or edges, and set variables range over sets
of vertices or edges. The atomic formula Ixy expresses that the vertex z is incident
with the edge y, x = y expresses equality, and Xx expresses that the vertex or the
edge z is in the set X.

Sometimes we also speak about MSO over labeled graphs, in which we assume that the
logic (MSO; or MSO3) contains also an atomic formula P,z that expresses that “vertex or
edge x has label a”. Moreover, MSO4 over directed graphs contains atomic formulas Hxy
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expressing “vertex x is the head of the edge y” and Txy expressing “vertex x is the tail
of the edge y”. We remark here that MSO» logic is more general of the two. In particular,
all formulas from MSO; can be easily translated to equivalent formula in MSOq by simply
replacing atomic formulas Exy by Je(lxze A Iye). However, some properties expressible
in MSOs cannot be expressed in MSO;. An example of such property is that a simple
graph has a Hamiltonian cycle (see for example Proposition 5.13 in the book by Courcelle
and Engelfriet [48]).

Free and bound variables of a formula are defined in the usual way. A sentence is a
formula without free variables. We write ¢(X1,..., X)) to indicate that the set of free
variables of formula ¢ is {X1,...,X,}. If G = (V, E) is a graph and S1,...,S, CV we
write G = ¢(51,...,5,) to denote that ¢ holds in G if the variables X; are interpreted
by the sets S;, for i € [n]. For a fixed MSO sentence ¢, the problem framework we are
mainly interested in is formalized below.

monadic second order logic!Model Checking2@MSO-MC, MSO MODEL
CHECKING (MSO-MC,)

Instance: A graph G.

Question: Does G = ¢ hold?

While MSO model checking problems already capture numerous graph problems (e.g.,
3-COLORING), there are some well-known problems on graphs that cannot be captured in
this way, such as VERTEX COVER, DOMINATING SET, and CLIQUE. Many such problems
can be formulated in the form of MSO optimization problems. Let ¢ = ¢(X) be an MSO
formula with one free set variable X and { € {<,>}.

MSO-OPTS
Instance: A graph G and an integer r € N.
Question: Is there a set S C V(G) such that G |= ¢(5) and |S| < r?

2.3 Parameterized Complexity

Parameterized complexity was first developed by Downey and Fellows, and expanded
in a series of papers [Il, 37, 60, 61, 65] culminating in a monograph by Downey and
Fellow [63]. The area has since greatly expanded. In this section, we give a brief overview
of the area and the notions that are crucial for our thesis. For more detailed treatment
of parameterized complexity, we refer reader to several books on the topic by Downey
and Fellow [63], 64], Cygan et al. [53], Flum and Grohe [86], Niedermeier [162], or a
habilitation thesis by Fernau [82].
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2.3.1 Fixed-Parameter Tractability

The main idea behind fixed-parameter tractability is the observation that the worst-case
classically taken in the complexity theory measure the complexity of the problem only
by the size of the input. However, in many cases you know more about the input than
just its size. Parameterized complexity provides tools for a multi-dimensional complexity
analysis where you can take such additional information about the input into account.

The concept of identifying information about problem inputs that can be exploited
algorithmically is formally captured in parameterized complexity by the notions of
parameterized problems and fixed-parameter tractability. A parameterized problem @) is
a function ¢ : ¥* x N — ¥*. For an instance (z, k) of ), we say that z is the main part of
the instance and k the parameter. A parameterized problem () is fixed-parameter tractable
if there exists a computable function f : N — N, a constant ¢ € N and and algorithm that
on input (x, k) runs in time f(k) - |z|¢ and outputs g(z, k). Such an algorithm is called a
fixed-parameter algorithm or shortly an FPT algorithm and such running time is called
fized-parameter or FPT time. This definition of parameterized problem straightforwardly
generalizes also to parameterized decision/search/counting/optimization problems. The
class of all parameterized decision problems that are fixed-parameter tractable is denoted
by FPT. For a classical problem P, we use P[k]| to denote the parameterized problem P
parameterized by the parameter k.

2.3.2 Polynomial Time Solvability for a Fixed Parameter and the
Class XP

Even though the name “fixed-parameter tractable” hints that the concept of fixed-
parameter tractability can be described by the fact that for every fixed constant value
of the parameter the problem is polynomial time tractable, it is not true in general.
More precisely, even though all FPT algorithms run in polynomial time if the value
of the parameter is some fixed constant, the converse does not necessarily hold. To
elaborate on this, we introduce the class XP, that consists of all parameterized decision
problems @ for which there exists a computable function f : N — N and an algorithm
that decides whether (z,k) € Q in time |z|/*). We call such running time XP time
and an algorithm running in XP time an XP algorithm. Each problem ) € XP can
also be solved in polynomial time for each fixed value of the parameter. However, the
order of the polynomial depends on the parameter value k, whereas for fixed-parameter
tractable problems the order of the polynomial is independent of the value k. To see
why we consider FPT to be the class of tractable parameterized problems instead of XP,
consider the following two running times 2¥ - n? and n*. While solving an instance of
size n = 1000 with k& = 10 may still be feasible with an algorithm with 2 - n? running
time, an n* algorithm would in this case require more steps than there are stars in the
observable universe.
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2.3.3 Bounded Search Trees

The method of bounded search trees is fundamental to FPT algorithmic results in a
variety of ways. The main idea behind bounded search trees comes from the general
idea of backtracking. Basically, an algorithm tries to find a feasible solutions by making
guesses, such as for example which endpoint of an edge will go to a vertex cover. Whenever
the branching algorithm makes such guess, it branches into several subproblems and
solves all of them one by one independently. In this manner the execution of a branching
algorithm can be viewed as a search tree, which is traversed by the algorithm up to the
point when a solution is discovered in one of the leaves. In order to justify the correctness
of a branching algorithm, one needs to argue that in case of a YES-instance some sequence
of decisions captured by the algorithm leads to a feasible solution. If the total size of
the search tree is bounded by a function of the parameter alone, and every step takes
polynomial time, then such a branching algorithm runs in FPT time. This is indeed the
case for many natural backtracking algorithms.

When designing such branching algorithms, we often recursively apply some reduction
and branching steps on the instance. A branching rule is an algorithm that takes as
an input an istance I = (z,k) of a parameterized problem ) and outputs instances
I = (z1,k1),..., 1y = (x4, ky) of the same parameterized problem. We call the integer ¢
the branching factor of the branching rule. A branching rule with branching factor 1 is
called a reduction rule. We say that the branching rule is sound, if at least one of the
subinstances resulting from the has the same output as the original instance. In particular
for decision problems it means that there exists at least one subinstance resulting from
the rule which is a YEs-instance if and only if the original graph was a YES-instance and
for reduction rules this means that the application of the rule preserves the property of
being a YEs-instance.

2.3.4 Kernelization

The study of kernelization has recently been one of the main areas of research in

parameterized complexity, yielding many important new contributions to the theory.

Kernelization investigates exact preprocessing algorithms with performance guarantees.

A bikernelization for a parameterized decision problem P C ¥* x N into a parameterized
decision problem @ C ¥* x N is an algorithm that, given (z,k) € ¥* x N, outputs in
time polynomial in |z| + k a pair (2/, k") € ¥* x N such that

(i) (z,k) € P if and only if (2/, k') € Q and
(ii) |2'| + k' < g(k), where g is an arbitrary computable function.
The reduced instance (2/,k’) is the bikernel. If P = @, the reduction is called a

kernelization and (2, k") a kernel. The function g is called the size of the (bi)kernel, and
if g is a polynomial then we say that P admits a polynomial (bi)kernel.
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The following fact links the existence of bikernels to the existence of kernels.

Fact 2.6 ([9]). Let P,Q be a pair of decidable parameterized problems such that Q is in
NP and P is NP-hard. If there is a bikernelization from P to Q) producing a polynomial
bikernel, then P has a polynomial kernel.

It is relatively easy exercise to see that a parameterized decision problem has a kernel if
and only if it is in FPT (for more details see for example Chapter 2 in the book by Cygan
et al. [53]). However the size of such kernel can be arbitrary big. Therefore, especially if
the problem was already shown to be fixed-parameter tractable, we are mainly interested
in the existence of polynomial kernels, i.e., kernels whose size is polynomial in k.

The by far most prevalent type of parameter used in kernelization is the solution size.
Indeed, the existence of polynomial kernels and the exact bounds on their sizes have
been studied for a plethora of distinct problems under this parameter, and the rate
of advancement achieved in this direction over the past 10 years has been staggering.
However, also various structural parameters which have been used to obtain polynomial
kernels. A modulator of a graph G to a graph class H is a vertex set X C V(G) such that
G — X € H. We denote the cardinality of a minimum modulator to # in G by mod™(G).
The vertex cover number of a graph G (ven(G)) is a special case of mod™(G), specifically
for H being the set of edgeless graphs. The vertex cover number has been used to obtain
polynomial kernels for problems such as LARGEST INDUCED SUBGRAPH [87] and LONG
CYCLE along with other path and cycle problems [27]. Similarly, a feedback vertex set is
a modulator to the class of acyclic graphs, and the size of a minimum feedback vertex
set has been used to kernelize, for instance, TREEWIDTH [28] and VERTEX COVER [128].
Important findings were also obtained in the area of meta-kernelization [26, R9, [13§],
which is the study of general kernelization techniques and frameworks used to establish
polynomial kernels for a wide range of distinct problems.

2.3.5 Fixed-parameter intractability

Just as NP-hardness forms a basic tool to show that the problem is unlikely to have
a polynomial algorithm, parameterized complexity has also notion of fixed-parameter
intractability. Here the equivalent of the class NP is the class W[1], which is the first
class of infinite hierarchy of classes of parameterized decision problems. The W-hierarchy
consists of a series of classes W[t], ¢ € N such that W[t] C W[t + 1] for all ¢ and two
additional classes W[SAT] and W[P]. As the precise definitions of these classes are rather
technical and not necessary for this thesis, we will not define these classes here and we
refer reader for example to the book by Downey and Fellows [64] for the exact definition.
However, similarly as in traditional complexity, one can use the concept of reductions to
characterize problems that are unlikely to have an FPT algorithm. After, we introduce
the notions of parameterized reductions, we will give some natural problems that are
complete for classes in W-hierarchy.
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Let Q1, Q2 C X* x N be two parameterized decision problems. A parameterized reduction
(or FPT reduction) from @ to Q2 is an FPT algorithm that on an input (x1, k1) € ¥* x N
produces an output (xg, k2) such that

(i) (x1,k1) € Q1 if and only if (x9, k2) € Q2, and

(ii) there is a computable function g such that ko < g(k1).

Based on this notion of parameterized reduction, it is straightforward to define the notion
of hardness and completeness for these classes in a similar manner as for the class NP.
We only need to replace the many-to-one reduction with the parameterized one.

To show that the problem does not have an FPT algorithm unless FPT = W[1], we can
however use also an equivalent of Turing reduction for traditional complexity called an
FPT Turing reduction to some W/[1]-hard problem. An FPT Turing reduction from
a parameterized problem (1 to 2 is a deterministic algorithm solving )1 with an oracle
to Q2 with the following properties:

(i) the algorithm is FPT, and

(ii) the parameter for Q2 in each oracle query is bounded by a function of the parameter
for Ql.

As it is strongly believed that FPT # W([1], to show that the problem is unlikely to
have an FPT algorithm, one can simply give a FPT (turing) reduction to some known
WI[1]-hard problem. Here we list few problems that are often used to show W/[1]-hardness
and W/[2]-hardness, respectively.

Fact 2.7 ([63], Theorem 10.8). CLIQUE and INDEPENDENT SET parameterized by the
solution size are both W[1]-complete.

Fact 2.8 ([64], Corollary 23.2.2). DOMINATING SET and HITTING SET parameterized
by the solution size are W[2]-complete.

Finally, we introduce one more parameterized class. The class paraNP is defined as the
class of decision problems that are solvable by a non-deterministic Turing machine in
FPT time. Throughout the thesis, we will make use of the following characterization of
paraNP-hardness.

Fact 2.9 ([86], Theorem 2.14). If a parameterized decision problem @ becomes NP-hard
after setting the parameter to some fixzed constant, then (Q is paraNP-hard.

We note that showing paraNP-hardness of a parameterized version of a problem in NP rules
out the existence of algorithms with a running time of O(n/(*¥)). Finally, in Figure 2.1,
we depict relations between the parameterized classes mentioned in this section.
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CHAPTER

Background

This part is devoted to the investigation of the first approach towards the design of struc-
tural parameters considered in this thesis, namely, parameters based on decompositions.
Decomposition parameters such as treewidth [I78], pathwidth [I76], branchwidth [179],
clique-width [49, [50], and rank-width [167), 168] play an important role in many modern
investigations in algorithmic graph theory and have been a core part of the field of
parameterized algorithms already since its early beginnings. The main idea behind
decomposition parameters, as the name suggests, is to obtain some kind of decomposition
of the input, which in turn helps us solve the given problem more efficiently.

Before we proceed to the main results of this part, we will first introduce several useful
decomposition parameter, together with a notion of partially ordered sets that will be
crucial in the following chapter. Afterwards, in Chapter |4 we study the possibilities of
exploiting treewidth to solve the problem #LINEXT. Finally, in Chapter |5 we introduce
a novel parameter prefiz pathwidth that is a restriction of pathwidth which gives rise to
an FPT algorithm for QBF.

3.1 Treewidth and Pathwidth

As we already mentioned before, treewidth is a decomposition parameter that measures
how “close” the given graph is to a tree, and represents one of the most frequently used
tools in parameterized complexity. The notions of treewidth and tree decomposition were
introduced by Robertson and Seymour in their fundamental work on graph minors [178].
A tree decomposition of a graph G is a pair (T, X = {X;},cv (7)), where T' is a rooted
tree whose every vertex t is assigned a vertex subset X; C V(G), called a bag, such that
the following properties hold:

(T1) Usev ) X = V(G),
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(T2) for every u € V(G), the set T, = {t € V(T') : u € X;} induces a connected subtree
of T' (monotonicity), and

(T3) for each uv € E(G) there exists t € V(T) such that u,v € X;.

Figure 3.1: A graph (on the left) and its tree decomposition (on the right).

See Figure 3.1] for an example of a tree-composition. To distinguish between the vertices
of the tree T" and the vertices of the graph G, we will refer to the vertices of T" as nodes;
for brevity, we will also interchange T and V(T') when the context is clear. The width of
the tree decomposition 7 is max;er | X¢| — 1. The treewidth of G, tw(G), is the minimum
width over all tree decompositions of G. The purpose of the '—1’ in the definition
of the width of a decomposition is to let trees have tree-width 1.

In some cases, we will make use of a well-established canonical form of tree decompositions.
A tree decomposition 7 = (T, X) is nice if T contains a root r (introducing natural
ancestor-descendant relations in 7') and the following conditions are satisfied:

e X, =0 and X, = 0 for every leaf ¢ of T. In other words, all the leaves as well as
the root contain empty bags.

e Every non-leaf node of T is of one of the following three types:

— Introduce node: a note ¢t with exactly one child ¢ such that X; = Xy U {v}
for some vertex v € Xy ; we say that v is introduced at t. If u € Xy and wv is
an edge in G, then we also say that uv is introduced at t (Figure 3.2a)).

— Forget node: a note ¢t with exactly one child ¢’ such that X; = Xy \ {w} for
some vertex w € Xy; we say that v is forgotten at t (Figure 3.2b).

— Join node: a node ¢t with two children ¢, t3 such that X; = X, = Xi,
(Figure 3.2c)).

Nice tree decompositions are in particular useful for designing dynamic programing algo-
rithm along the tree decomposition. To see some simpler examples of such dynamic pro-
graming algorithms, the reader is referred for example to the Section 7.3 of the book by Cy-
gan et al. [53]. We note that there exists a polynomial-time algorithm that converts
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(a) Introduce (b) Forget (c) Join

Figure 3.2: An example of three types of non-leaf nodes.

an arbitrary tree decomposition into a nice tree decomposition of the same width [141].
A path decomposition is a tree decomposition where each node of T has degree at most
2, and nice path decompositions are nice tree decompositions which do not contain
join nodes. Nice path decompositions can also be computed from standard path de-
compositions in polynomial time while preserving width [I41]. Observe that any path
decomposition can be fully characterized by the order of appearance of its bags along T',
and hence we will consider succinct representations of path decompositions in the form
Q= (Q1,...,Qq), where Q; is the i-th bag in Q. The pathwidth of G, pw(G), is the
minimum width of a path decomposition of G.

We list some useful facts about treewidth and pathwidth.

Fact 3.1 ([22,130]). There exists an algorithm which, given a graph G and an integer k,
runs in time O(ko(kB)n) and either outputs a tree decomposition of G of width at most
k or correctly identifies that tw(G) > k. Furthermore, there exists an algorithm which,
given a graph G and an integer k, runs in time O(k:o(kg)n) and either outputs a path
decomposition of G of width at most k or correctly identifies that pw(G) > k.

Fact 3.2 (Folklore). Let T be a tree decomposition of G and t € T. Then each connected
component of G — X; lies in a single subtree of T —t. In particular, for each connected
component C of G — X; there exists a subtree T' of T —t such that for each verter a € C
there exists t, € T' such that a € Xy, .

Fact 3.3 (Courcelle’s theorem [46]). Let ¢ and 1) = (X)) be fizxed MSOqo formulas over
labeled (directed) graphs. There exists a computable function f and an algorithm such
that, given an n-verter graph G and S C V(QG), decides whether G |= ¢ and whether
there exists a set S such that G = (S) in time f(tw(G)) - n.

The following extension of the previous fact shows that if G has bounded treewidth then
we can count the number of sets S with G = ®(S). This result will be in particular
useful in Chapter /4.

Fact 3.4 ([12]). Let ®(X) be an MSOg formula with a free set variable X and w a
constant. Then there is a linear-time algorithm that, given a labeled (directed) graph
G = (V, E) of treewidth at most w, outputs the number of sets S C E such that G |= ®(S).
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3.2 Treedepth

The treedepth of a graph is an intuitively easy and very useful invariant. It has been
defined by Nesettil and Mendez [I59], but equivalent or similar notions include the rank
function [161], the minimum height of an elimination tree [24], etc. Treedepth has been
also studied as a natural parameter for problems that remain W[1]-hard parameterized
by treewidth [95] [112].

A treedepth decomposition of a graph G is a pair (7,0 : V(G) — V(T)), where T is
a rooted forest and o is a mapping of the vertices of G to the vertices of T such that
if uv € E(G), then either o(v) is an ancestor of o(u) or o(¢) is an ancestor of o(v)
in T. The depth of a treedepth decomposition (T, 0) is the length of a longest path from
a leaf to the root of T'. Finally the treedepth of a graph G is the depth of a treedepth
decomposition with a minimum depth. Note that any depth-first search forest F' of G
gives a treedepth decomposition, however this decomposition might not be optimal.

Fact 3.5. Let G be a graph with treedepth d, then it holds that
tw(G) < pw(G) <d—-1< (tw(G) + 1) - log(|V(G)]).

Fact 3.6 ([160], page 138). Let d € N and H be the class of graphs of treedepth at most
d. Then H can be characterized by a finite set of forbidden induced subgraphs.

3.3 Rank-width

Rank-width was introduced by Oum and Seymour [168] and is closely related to clique-
width.

Fact 3.7 ([I68]). For every graph G it holds that rw(G) < cw(G) < 2%+ where
rw(QG) is rank-width of G and cw(G) is clique-width of G.

To define rank-width, we first need to introduce the bipartite adjacency matrix Ag[U, W].
For a graph G and U, W C V(G), let Ag[U, W] denote the U x W-submatrix of the
adjacency matrix over the two-element field GF(2), i.e., the entry ay ., v € U and w € W,
of Ag[U,W]is 1if and only if {u,w} is an edge of G. The cut-rank function pg of a graph
G is defined as follows: For a bipartition (U, W) of the vertex set V(G), pa(U) = pa(W)
equals the rank of Ag[U, W] over GF(2). We note that p¢ is a symmetric function, and
observe that a split-module X can be seen as a subgraph such that Ag[X,V(G)\ X] = 1.

A rank decomposition of a graph G is a pair (T, ) where T' is a tree of maximum
degree 3 and p: V(G) — {t : t is a leaf of T'} is a bijective function. For an edge e of T,
the connected components of 7' — e induce a bipartition (X,Y") of the set of leaves of T'.
The width of an edge e of a rank decomposition (T, ) is pg(p~1(X)). The width of
(T, ) is the maximum width over all edges of T'. The rank-width of G, rw(G) in short, is
the minimum width over all rank decompositions of G. A graph class H is of unbounded
rank-width if for each ¢ € N there exists a graph G € H such that rw(G) > .
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An example of a rank decomposition is provided in Figure 3.3.

Cc

N—

CORH ORRO
\/

a (&

Figure 3.3: A rank decomposition of the cycle Cs.

Theorem 3.8 ([I18]). Let k € N and n > 2. For an n-vertex graph G, we can output a
rank decomposition of width at most k or confirm that the rank-width of G is larger than
k in time f(k)-n3, where f is a computable function.

More properties of rank-width can be found, for instance, in [16§].

It is known that MSO; formulas can be checked in uniformly polynomial time on graphs
of bounded rank-width.

Fact 3.9 ([93],[50]). Let ¢ and ¢ = ¥(X) be fired MSO; formulas. There exists a
computable function f and an algorithm such that, given an n-vertex graph G and
S CV(QG), decides whether G |= ¢ and whether there exists a set S such that G = ¥ (5)
in time f(rw(G)) - n3.

3.4 Posets

A partially ordered set (poset) P is a pair (P, <) where P is a set and <* is a reflexive,
antisymmetric, and transitive binary relation over P. The size of a poset P = (P, <) is
|P| := |P|. We say that p covers p for p,p’ € P, denoted by p’ <t p, if p’ <Fp, p £ ¢/,
and for every p” with p’ <Pp” <P p it holds that p” € {p, p'}. We say that p and p’ are
incomparable (in P), denoted p ||¥ p/, if neither p <Fp’ nor p’ <Fp.

A chain C of P is a subset of P such that < y or y <¥ x for every z,y € C. A chain
partition of P is a tuple (C1,...,Ck) such that {C1,...,Cy} is a partition of P and for
every i with 1 < i < k the poset induced by Wj is a chain of P. An antichain A of P
is a subset of P such that for all z,y € A it is true that = | y. A family Cy,...,Cy of
pairwise disjoint subsets of P forms a total order if for each i,j € [¢] and each a € Cj,
b € Cj, it holds that a < b iff i < j. Furthermore, for each i € [1,¢ — 1] we say that C;
and Cj;1 are consecutive. The width (or poset-width) of a poset P, denoted by width(P)
is the maximum cardinality of any anti-chain of P. A subset A of P is downward-closed
if for every a € A it holds that b < a = b € A. For brevity we will often write
<P for the poset P := (P,<). We call a poset P such that every two elements of P
are comparable a linear order. A linear extension of a poset P = (P, <P ) is a reflexive,
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antisymmetric, and transitive binary relation < over P such that z < y whenever z <? y
and a poset P* = (P, =) is a linear order.

Proposition 3.10 ([81]). Let P be a poset. Then in time O(width(P)-|P||?), it is possible
to compute both width(P) = w and a corresponding chain partition (C1,...,Cy) of P.

We consider the following graph representations of a poset P = (P, <”). The cover graph
of P, denoted C(P), is the directed graph with vertex set P and edge set {(a,b) | a < b}
(Figure |3.4a). The incomparability graph of P, denoted I(P), is the undirected graph with
vertex set P and edge set {{a, b} | a || b} (Figure 3.4b). The combined graph of P, denoted
Io(P), is the directed graph with vertex set P and edge set {(a,b) | (a <1b) V (a || b)}
(Figure 3.4c¢); observe that I-(P) can be obtained by taking disjoint union of the edge
sets of C'(P) and I(P) and then replacing undirected edges by two directed ones. Finally,
the poset graph of P, denoted Pg(P), is the directed graph with vertex set P and edge
set {(a,b) | a < b}.

(a) Cover graph (b) Incomparability graph (¢) Combined graph

Figure 3.4: Graph representations of the poset with elements {a,b,c,d, e, f} and the
transitive closure of the following relations a < c,a <d < f,b<de < f.

We will use the following known fact about tree decompositions and path decompositions
of incomparability graphs.

Fact 3.11 ([114, Theorem 2.1)). Let P be a poset. Then tw(I(P)) = pw(I(P)).

Corollary 3.12 (of Fact 3.1 and 3.11). Let P be a poset and k = tw(I(P)). Then
it is possible to compute a nice path decomposition Q of I(P) of width at most k
in time O(kO*)p).



CHAPTER

Counting Linear Extensions

Determining the exact number of linear extensions of a given poset is known to be
#P-complete [34] already for posets of height at least 3. The currently fastest known
method for counting linear extensions of a general n-element poset is by dynamic
programming over the lattice of downsets and runs in time O(2" - n) [I52]. Polynomial
time algorithms have been found for various special cases such as series-parallel posets [156]
and posets whose cover graph is a (poly)tree [14]. Fully polynomial time randomized
approximation schemes are known for estimating the number of linear extensions [68, [35].

Due to the inherent difficulty of the problem, it is natural to study whether it can
be solved efficiently by exploiting the structure of the input poset. The first steps in
this general direction have been taken, e.g., in [I13], using the decomposition diameter
as a parameter, in [80] using a parameter called activity for N-free posets, and very
recently in [I31], where the treewidth of the so-called cover graph was considered as
a parameter. Also the exact dynamic programming algorithm [I52] can be shown to
run in time O(n" - w) for a poset with n elements and width w (the size of the largest
anti-chain). Interestingly, none of these efforts has so far led to an FPT algorithm.

We believe that this uncertainty about the exact complexity status of counting linear
extensions with respect to these various parameterizations is at least partly due to the fact
that we deal with a counting problem whose decision version is trivial, i.e., every poset
has at least one linear extension. This fact makes it considerably harder to show that
the problem is fixed-parameter intractable; in particular, the usual approach based on
parsimonious reductions fails. On the other hand, the same predicament makes studying
the complexity of counting linear extensions significantly more interesting, as noted also
by Flum and Grohe [85]:

The theory gets interesting with those counting problems that are harder than
their corresponding decision versions.
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Results

Before introducing our results, we provide a formal definition of the problem of counting
the number of linear extensions below. We denote the number of linear extensions of P
by e(P).

#LINEXT
Instance: A poset P.
Task: Compute e(P).

In this chapter we study the complexity of counting linear extensions when the pa-
rameter is the treewidth. In particular, we settle the fixed-parameter (in)tractability
of the problem when parameterizing by the treewidth of two of the most prominent
graphical representations of posets, the cover graph (also called the Hasse diagram) and
the incomparability graph.

Our main result then provides the first evidence that the problem does not allow for
an FPT algorithm parameterized by the treewidth of the cover graph unless FPT = W[1].
We remark that this complements the XP algorithm of Kangas et al. [I31] and resolves
an open problem recently posed in the Dagstuhl seminar on Exact Algorithms [125].
The result is based on an FPT Turing reduction from EQUITABLE COLORING parameter-
ized by treewidth, and combines a counting argument with a fine-tuned construction to
link the number of linear extensions with the existence of an equitable coloring.

We complement this negative result by obtaining an FPT algorithm for the problem when
the parameter is the treewidth of the incomparability graph of the poset. To this end,
we use the so-called combined graph (also called the cover-incomparability graph [33])
of the poset. We employ a special normalization procedure on a decomposition of
the incomparability graph to show that the treewidth of the combined graph must
be bounded by the treewidth of the incomparability graph. Once this is established,
the result follows by giving a formulation of the problem in Monadic Second Order Logic
and applying an extension of Courcelle’s Theorem for counting.

Organization of the Chapter

The chapter is organized as follows. Section 4.1]is then dedicated to proving the fixed-
parameter intractability of the problem when parameterized by the treewidth of the cover
graph, and the subsequent Section 4.2 presents our positive results for the problem.

4.1 Fixed-Parameter Intractability of Counting Linear
Extensions

The goal of this section is to prove Theorem [4.1) stated below.
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Theorem 4.1. #LINEXT parameterized by the treewidth of the cover graph of the input
poset does not admit an FPT algorithm unless W[1]=FPT.

The result is based on an FPT Turing reduction from EQUITABLE COLORING parame-
terized by treewidth of input graph plus number of colors, which is fairly well-known
WI[1]-hard decision problem.

Fact 4.2 ([78]). EQUITABLE COLORING is W([1]-hard parameterized by tw(G) + r, where
G is the input graph and r is the number of colors.

We denote by #EC(G,r) the number of equitable colorings of graph G with r colors.
The following fact about prime numbers will be useful later in this chapter.

Fact 4.3 ([34]). For any n > 4, the product of primes strictly between n and n? is at
least n12™.

Now, we are ready to give a brief overview of the proof, whose general outline follows the
#P-hardness proof of the problem [34]. However, since our parameter is treewidth, we
needed to reduce from a problem that is not fixed-parameter tractable parameterized
by treewidth. Consequently, instead of reducing from SAT, we will use EQUITABLE
COLORING. This made the reduction considerably more complicated and required the
introduction of novel gadgets, which allow us to encode the problem without increasing
the treewidth too much.

The proof is based on solving an instance (G,r) of EQUITABLE COLORING in FPT
time parameterized by tw(G) + r using an oracle that solves #LINEXT in FPT time
parameterized by the treewidth of the cover graph (i.e., an FPT Turing reduction).
The first step is the construction of an auxiliary poset P(G,r) of size 2(r — 1)|V(G)| +
(r? — 1)|E(G)|. Then, for a given sufficiently large (polynomially larger than |V (G)|)
prime number p, we show how to construct a poset P(G,r,p) such that e(P(G,r,p)) =
e(P(G,r)) - #EC(G,r) - A, mod p, where A, is a constant that depends on p and is
not divisible by p. Therefore, if we choose a prime p that does not divide e(P(G,r)) -
#EC(G, 1), then e(P(G,r,p)) will not be divisible by p. Using Fact 4.3 we show that if
#EC(G,r) # 0, then there always exists a prime p within a specified polynomial range
of |V such that p does not divide e(P(G,r)) - #EC(G, r).

From the above, it follows that there exists an equitable coloring of G with r colors if
and only if, for at least one prime p within a specified (polynomial) number range, the
number of linear extensions of P(G,r,p) is not divisible by p. Moreover, we show that
all inputs for the oracle will have size polynomial in the size of G and treewidth bounded
by polynomial in tw(G) + r. Before proceeding to a formal proof of Theorem 4.1, we
state two auxiliary lemmas which will be useful for counting linear extensions later in
the proof.

41



4.

COUNTING LINEAR EXTENSIONS

42

Lemma 4.4. If a poset P is a disjoint union of posets Pi,...,Pr for some positive
integer k, then

(25, [P
e(P) = ==L 22 T e(Py).
() LR 13 )

Proof. We use induction on k, and observe that the lemma trivially holds for k = 1.
Let Q denote the disjoint union of posets Pi,...,Pr_1. For each combination of linear

extensions of Q and of Pj, there are (|Q|‘;gi7|3’“|) linear extensions of P. Hence,

_ |Q[ + Pl (i P! v
e(P)-e(Q)e(P;Q( | Pkl ) P! (He ) Pe): ( | Pkl >_

> _1 R () £ (CF [P
’ = e(P) = =——=+ e(Pi). ]
LR fzflﬂl)!lﬂllg AT 1]

Lemma 4.5. Let p be a prime number and Q be a connected component of a poset P
such that |Q| = p — 1. If the number of linear extensions of P is not divisible by p, then
the number of elements in each connected component of P other than Q is divisible by p.

Proof. Let P; be a connected component of P different then Q. First note that from
Lemma 4.4, it is clear that e(P) will be divisible by the number of linear extensions of
the poset P’ formed as a disjoint union of @ and P;. Now, by Lemma 4.4/ it holds that

(p—1+[P1])!

) = = iA

e(P1)e(Q).

Since e(P) is not divisible by p, it must follow that e(P’) is also not divisible by p.

Furthermore, (p — 1)! cannot be divisible by p since p is prime. Hence it follows that
% cannot be divisible by p. Suppose that |P;| = ap + b for some non-negative
(p—1+ap+b)!

(apTb)! is not

integers a and b such that b < p; then we obtain that the expression
divisible by p. But
(p—14ap+b)! B

ap 1 b :g(ap+b+i),

which is clearly divisible by (a + 1)p whenever b > 1. Therefore b = 0 and hence |Py]| is
divisible by p. O

We now proceed to the proof of our main theorem.

Proof of Theorem |4.1. The proof is structured as follows. We begin by giving the con-
struction of P(G,r) and P(G,r,p), after which we establish the desired properties of
P(G,r,p) and P(G,r), and summarize in the conclusion.
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Construction of P(G,r) and the main gadget. Let (G,r) be an instance of EQUI-
TABLE COLORING such that |V(G)| is divisible by r (if this is not the case, then this can
be enforced by padding the instance with isolated vertices, see also [78]). We begin by
constructing the poset P(G,r), which will play an important role later on. For every ver-
tex v of V(G) we create 2(r — 1) elements denoted v; j, where 1 <7 <r—1and j € {0,1},
such that the only dependencies in the poset between these elements are v;1 < v,
for all v € V(G), for all i € {1,...,r — 1}. For every edge e = uv € E(G) we create
72 — 1 pairwise-incomparable elements e; j, such that (i, ) € ({0,...,r — 1}2\ {(0,0)}).
The dependencies of e; ; are: if 7 > 0 then u; o < e;j, and if 7 > 0 then vjg < ;5 (see
also Fig. 4.1).

€1,0 €20 €1,1 €1,2 €21 €22 €0,1 €0,2

O O O O

U1, U2,0 U1, V2,0

Uy, u2,1 U1, V2,1

Figure 4.1: The cover graph for an edge e = uv of G in P(G, 3).

Construction of P(G,r,p). Let us now fix a prime number p such that p does not
divide e(P(G,r)) and p > 2r|V(G)| + r?|E(G)|. The main gadget in our reduction is
a so-called (a,b)-flower, which consists of an antichain of a vertices (called the petals)
covering a chain of p — b elements (called the stalk); an illustration is provided in Fig. 4.2.
Due to Lemma 4.5, (a,b)-flowers will later allow us to force a choice of exactly b vertices
out of a.

Let G be a graph, r be an integer and p be a prime number as above. Recall that |V (G)|
is divisible by r and let s = IVsniG)\ (note that this implies that each color in an equitable
coloring of G must occur precisely s times in G). We proceed with a description of
the poset P(G,r,p). The poset P(G,r,p) is split into r + 3 “levels” Lq,..., L,13 by
linearly ordered elements ag < a1 < -+ < apy2 < ap43, called the anchors. Each of these
levels, besides L, 3, will consist of some flowers and a chain of p — 1 elements which
we call a stick; each of these flowers and the stick will always be pairwise incomparable.
The anchors ag and a,43 are the unique minimum and maximum elements, respectively.
The stick and all the stalks of flowers in level L; will always lie between two consecutive
elements a;_1 and a;, and the petals of these flowers will be incomparable with a; as well
as some anchors above that (as defined later). Observe that while the relative position of
any stalk and any anchor is fixed in every linear extension, petals can be placed above a;.
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p—2>b

O

Figure 4.2: An (a, b)-flower.

We say that a flower (or its stalk, petals, or elements) is associated with the level in
which it is constructed, i.e., with the level L; such that a;_1 < ¢ < a; for stalk elements
cand a;—1 < d and d || a; for petals d. We denote the set of all petals associated with
level L; as A; (see Fig. 4.3)). For the construction, it will be useful to keep in mind the
following intended goal: whenever an (a,b)-flower is placed in level ¢, it will force the
selection of precisely b petals (from its total of a petals), where selected elements remain
on level 7 (i.e., between a;—1 and a;) in the linear extension and unselected elements are
moved to level r + 2 (i.e., between a,42 and a,13) in the linear extension. We will later
show that the total number of linear extensions which violate this goal must be divisible
by p, and hence such extensions can all be disregarded modulo p.

The first r levels are so-called color class levels, each representing one color class. We use
these levels to make sure that every color class contains exactly s vertices. Aside from the
stick, each such level contains a single (|V(G)|, s)-flower. Recall that the stalk and the
stick on level 1 < ¢ < r both lie between anchors a;_; and a;, and that the stalk and the
flower are incomparable. We associate each petal of the flower at level L; with a unique
vertex v € V(G) and denote the petal v;. Each petal v; will be incomparable with all
anchors above a;—1 up to a,3, i.e., v; || a; for i < j <r+2 and v; < a,43. Intuitively,
the flower in each color class level will later force a choice of s vertices to be assigned
the given color.

Level L,41 is called the wverter level and consists of one stick and |V(G)|-many
(r,1)-flowers; the purpose of this level is to ensure that every vertex is assigned ex-
actly one color. Each flower is associated with one vertex v € V(G) and we denote the
petals of the flower associated with vertex v as v* for 1 < i < r. We set v; < v* for all
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aj—1

Figure 4.3: Each level consists of a chain of length p — 1 and a few flowers. The set of
petals associated with level L; is denoted by A;.

veV(G)and 1 <i<r.

Level L,;9 is called the edge level, and its purpose is to ensure that the endpoints of
every edge have a different color. It consists of a stick and |E(G)|-many (72, 1)-flowers.
Each flower is associated with one edge e = uv € V(G) and we denote the petals of the
flower associated with e as e; j for 1 < i <7 and 1 < j < r. Moreover, for edge e = uv we
set u! < €ij vl < €;.j, and we set a,12 < e; ; whenever ¢ = j. Observe that this forces
any petal e;; to lie between a,12 and a,43 in every linear extension (i.e., prevents e;;
from being “selected”).

Level L, 3 is called the trash level. 1t does not contain any new elements in the poset,
but it plays an important role in the reduction: we will later show that any petals which
are interpreted as “not selected” must be located between a,;2 and a,43 in any linear
extension that is not automatically “canceled out” due to counting modulo p.

A high-level overview of the whole constructed poset P(G,r,p) is presented in Fig. 4.4.

Establishing the desired properties of P(G,r,p) and P(G,r). We begin by
formalizing the notion of selection. Let a configuration be a partition ¢ of petals
of all flowers into r + 3 sets L‘f,...,LfH. Let ® denote a set of all configura-
tions. We say that a linear extension < of P(G,r,p) respects the configuration ¢
if Lglb <ap < Lg’ <ay = R appo X Lf 13 and we denote the set of all linear extensions
of P(G,r,p) that respects ¢ by £?. We say that a configuration ¢ is consistent if L? is
non-empty; this merely means that L(f <aqa; < Lg <ag < <apya < Lf+3 does not
violate any inequalities in P(G,r,p). Observe that if ¢ is consistent, then £ is exactly
the set of linear extension of the partial order P?(G,r, p), where P?(G,r,p) is obtained
by enriching P(G,r,p) with the relations L‘f <a < Lgb <ag <o <apgg < Lf+3 and
performing transitive closure (in other words, P?(G, r,p) is obtained by enforcing ¢ onto

P(G,r,p)).
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Figure 4.4: The cover graph of P(G,r,p). The edge e is the edge in G between vertices
u and v.
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Since every linear extension of P(G,r, p) respects exactly one configuration, it is easy to
see that e(P(G,7,p)) = X seo |£?) = Y bed e(P?(G,r,p)). Intuitively, a configuration ¢
contributes to the above sum modulo p if e(P?(G,,p)) is not divisible by p. We shall
prove that the only configurations which contribute to this sum modulo p are those where
from every (a,b)-flower there are exactly b petals in the same level as the stalk, and
the remaining @ — b petals are in the trash. Furthermore, in each configuration ¢ which
contributes to the above sum modulo p, the petals in Lf 1 represent a proper equitable
coloring of GG with r colors, and each such configuration is respected by the same number
of linear extensions.

Let us first remark that for any configuration ¢, the anchors ag,ai,...,a,+3 are
comparable to all elements of P?(G,r,p). Now, let P}i be the poset induced by
all elements 6€P¢(G r,p) such that a;—1 < e < q;. It is readily seen that
e(P?(G,r,p)) = [1}5} e(Pfi). We proceed by stating a series of claims about our con-
struction.

Claim 4.6. For each i € {1,...,r}, it holds that either 6(773) =0 mod p, or e(P}fi) =
s!(gp_l) and L? contains exactly s petals of A; and no other petals.
p 7

Proof of the Claim. Assume that e(P}i) # 0 mod p and recall that level L; contains
a stick, which is a chain of p — 1 elements that is incomparable with all elements
of PZ_ in every configuration ¢. By Lemma [4.5| this implies that every connected

component of P}i has size divisible by p. Clearly, L? contains only those stalks that
are associated with the level L;, and it contains all such stalks. It is readily seen from

the construction that any petal in (J;.; A; would necessarily form a component of

size one in PL Hence, PL contains only elements associated with level L;, namely
elements of the chain with p—1 vertices and elements of a (|V(G)|, s)-flower. Moreover,
by Lemma 4.5 and the fact that |V(G)| + p — s < 2p, each such flower has exactly p

elements in level P}i. Since the p — s elements of the stalk must be in 73}1, the poset
Pfi contains exactly s elements of A;. Clearly, the number of linear extensions of the
petals of the (|]V(G)], s)-flower in PZ, is s! and hence by Lemma 4.4 6(732:) = s!(zpp_l).
O

Claim 4.7. Bither e(Py, . ) =0 mod p, ore(Py ) = W=D (pn VOl and L7,
contains exactly |V (G)| elements of Ar+1, specifically one petal for each (r, 1)—fl0wer on
level Lyyq.

Proof of the Claim. Assume €<,P$'r+1) % 0 mod p, and let us first examine elements
that are not associated with level L, 1. Clearly, no element associated with level L, o

can appear in PfTH and the only elements associated with any level ¢ < r+ 1 that can

end up in PZSTH are petals. Each of these elements is smaller than exactly one petal at
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level L,,; and independent of all other elements associated with this level. It is easy
to see that largest possible size of a connected component of Pi)rﬂ isp—142r < 2p.

By Lemma [4.5, every connected component in PfTH (except for the stick) will have
size p, therefore Pgrﬂ will contain exactly one element for every antichain associated
with L,;+1 and no other elements. Hence, Pfrﬂ consists of |V(G)| chains of length

p and one chain of length p — 1. Then e(PZ.H) = W!(p!)‘v(@

from Lemma 4.4. O

| follows

Claim 4.8. FEither 6<P$r+2) =0 mod p, or 6(P§r+2) = Mﬂ and Lf+2 contains

P
(p—1)!(p)I E(C

ezactly |E(G)| elements of Ao, specifically one petal for each (r?,1)-flower on level
Loso.

Proof of the Claim. The idea of the proof is similar to the proof of the previous
claim, with one additional obstacle: that several flowers can be connected with
petals from lower levels into one connected component on level L, o through the
petals of flowers on level L,;. So, assume e(PfT+2) contains a connected component
C which contains at least a single stalk. For each stalk in C, there must be at
least one petal in the same flower (otherwise the stalk cannot be connected to
the rest of C); in other words, the intersection of each flower and C' contains at
least p vertices. Let a denote the number of flowers which intersect C', by denote
|Ar42 N C|, by denote |A,11 N C| and by denote Y ;_; |Ar N C|. Then it follows
that [C] = p-a+ (by —a) + b1 +by < p-a+r?E|+7|V]+r|V|], and recall that
r2|E| + r|V| +r|V| < p. Furthermore, if b; > 0 (and at least one petal from A, is
required unless C' contains only a single flower), we have a-p < |C| < (a+1)-p. Hence
any such C' cannot have size divisible by p and by Lemma 4.5 we have e(PaH) =0
mod p. Otherwise, if no two flowers are connected through a petal of a flower associated
with level L,1, then every connected component of Pfrw of size p must consist of a
stalk and exactly one petal and the claim follows analogously as the proof of Claim 4.7.

O

Claim 4.9. If ¢ is a consistent configuration and for all i € {1,...,r 4+ 2} it holds
that e(P}i) #% 0 mod p, then the petals in Lfﬂ encode a proper equitable color-

ing of V(G) where vertex v receives color i iff the petal v; lies in Lf and P}ZH 18
isomorphic with P(G,r).

Proof of the Claim. From Claims 4.6, 4.7| and 4.8 together with the assumption that
6(733) # 0 mod p, it follows that each of the levels L(f, ..., L? contains exactly s

petals associated with the corresponding level, level Lf |1 contains exactly one petal
for each vertex of G and level Lf o contains exactly one petal for each edge of G.



4.1. Fixed-Parameter Intractability of Counting Linear Extensions

For the first part of this claim, we observe that each pair of petals in L‘f, cen L? are
associated with distinct vertices of G. If this were not the case, then since |V (G)| = rs
there would exist a vertex v such that no element of L‘f, ..., L? is associated with v. But
due to the construction at level 7+ 1 there exists some i € 1,...,r such that v’ € Lf 11
Then, since v; < v* and v; can only occur either in level Lf’ or LZ’ 13 (the latter of
which lies above v* in the linear extension due to the configuration ¢), this would lead
to a contradiction. In particular, we conclude that there is a matching between the
petals in level r 4+ 1 (encoding the color for each vertex) and the union of petals in
levels 1,2,...r (encoding the vertices assigned to each color class), and by Claim 4.6
it follows that there are exactly s petals in L,; 1 associated with each color class.
We now argue that the coloring is proper. Observe that by the same argument as
above, if an edge e = uv satisfies e; ; € Lf+2, then u; € Lfﬂ and v; € Lfﬂ. From the
construction of P(G, r,p) it follows that if i = j, then e; ; € L, 2. Combining these
two facts we get that the coloring encoded in Lf,’ 41 is indeed proper.

Now let us take a look at level Lf 13- To prove the claim, we will construct an
isomorphism f from elements of PﬂH to elements of P(G,r). For every vertex
v € V(G), precisely one element v’ € Lf 41 and precisely one of the first r levels
contains an element associated with v; to be precise, v; € L? and v; € Lf 3 and hence
also v/ € Lf+3 for all j # i. We set f(v/) = vjo and f(vj) = v;1, whenever j # i
and j < r. For the last remaining elements, we set f(v") = v;o and f(v,) = v,1.
Next, for every edge e = uv there is exactly one e, € Lf 9. Moreover, if e, € L‘f 42
then u, € Lf_H and vy € Lf_ﬂ, and all other petals for this edge e are in Lf+3. Let

gi(r) =1, gi(i) = 0, and g;(k) = k otherwise. Then we set f(ei ;) = eg,(),g,(j)- Observe

that, since e, does not lie in Lf 3, nO edge is mapped to the non-existent element
eo,0 in P(G,r). It is straightforward to verify that f is really a bijective mapping

between elements of Pﬁws and P(G,r). Moreover, f(u) < f(v) in P(G,r) if and only
ifu<win P€7.+3- Therefore, PZ.H is isomorphic with P(G,r). O

Claim 4.10. e(P(G,r,p)) Z0 mod p if and only if e(P(G,r)) - #EC(G,r) Z0 mod p.

Proof of the Claim. From previous claims and in particular Claim 4.9, we already
know that e(P?(G,r,p)) # 0 mod p only if ¢ corresponds to an equitable coloring
of G with 7 colors. Moreover, we know that e(P?(G,r,p)) = [[/2} 6(732) and if
e(P?(G,r,p)) #0 mod p, then

1) - (s!(zp_ 1)) e (O L e(P(Gr))
=1

P (p—DI(EHIVE@I  (p—1)!(p))IEQ

It is readily seen that

<3'<2p_ 1>>T (VI @p+p-—1)(|EG)|p+p—1)
\»r (p— DY@ (p— D)I(p)E@]
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is not divisible by p. We will denote this latter expression as c¢,. Hence, it is easy to
see that if #EC(G, r) denotes actual number of equitable coloring of G with r colors,
then

P(G,r,p) = cpe(P(G,1))#EC(G,r) mod p.

Since ¢, is not divisible by p, it is clear that P(G,r,p) # 0 mod p if and only if
P(G,r) - #EC(G,r) #0 mod p. O

Claim 4.11. If #EC(G,r) # 0, then there is a prime number p greater than 2r|V(G)| +
r2|E(G)| and smaller than (2r|V(G)|+1r2|E(G)|)? such that p does not divide e(P(G,7))-
#EC(G, ).

Proof of the Claim. Let us first upper bound e(P(G,r))#EC(G,r). Clearly, P(G, )
contains m = 2(r — D)|V(G)| + (r* — 1)|E(G)| elements, hence e(P(G,r)) < m!.
It can easily be verified that the number of possibilities of dividing |V (G)| = rs
vertices into r color classes with exactly s colors each is % By Fact 4.3, the
product of all primes between 2r|V(G)| + r?|E(G)| and (2r|V(G)| + r2|E(G)])? is
at least (2r|V(Q)| + r2|E(G)|)122rV(@HIE@G) - However, 2(r — 1)|V(G)| + (1% —
DE(G)| + [V(G)| < 2r|V(GQ)| + r?|E(G)| and hence e(P(G,r))#EC(G,7) < (2(r —
V(G| + (r? = D|E(G))! + “ﬁgg“ is clearly less than the product of all primes
between 27|V (GQ)| + r?|E(G)| and (2r|V(G)| + r?|E(G)])%. Note that if a natural
number N is divisible by set of primes pi,...,pe then N is divisible by product of
these primes and in particular N is bigger than a product of these primes. Therefore,
e(P(G,7))#EC(G,r) cannot be divisible by all primes between 2r|V (G)| + r?|E(G))|
and (2r|V(G)| + r2|E(G)])%. O

Claim 4.12. tw(C(P(G,r,p))) <1 - (tw(G) + 3) + 6.

Proof of the Claim. To distinguish vertices of G and C(P(G,r,p)) in this proof, we
will refer to the vertices of C(P(G,r,p)) as elements. So, let T = (T, {X¢ }1ev (1)) be
a nice tree decomposition of G of width tw(G). Using 7, we show how to construct
a tree decomposition 7" = (1", {X{ }scv (1)) of C(P(G,r,p)) with treewidth at most
r - (tw(G) + 3) + 6. The construction can be summarized as follows:

1. All bags of T’ will contain the anchors ag,...,a,+3 as well as the top-most
element of each stalk of the (|V(G)|, s)-flowers in the first r levels; let § denote
this set of 2r 4 4 elements.

2. For every bag t € T, the tree decomposition 7’ will contain a node t' such that
if v € X; then {v!,... 0"} € X].
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3. Afterwards, every introduce node t € 7 that introduces a vertex v will be
replaced by a long path P, which gradually introduces and subsequently forgets
all remaining elements associated with the flower of v at level 7 +1 (i.e., the stalk)
as well as every petal from the first r levels associated with v.

4. For each edge e, we pick an introduce node ¢ € 7 which contains both endpoints
of e and extend the path P; by a new segment which introduces and subsequently
forgets all elements associated with the flower of e at level r + 2.

5. The root node is replaced by a path that takes care of all elements which are not
associated with any vertex or edge in G.

Let us now take a closer look what happens in 7’ when t € T is an intro-
duce node. Let v € V(G) be the vertex introduced at ¢t. Since X] con-
tains elements ag, ..., a.42,v",...,v", and the maximum element of each stalk of
the (|V(G)|, s)-flower in the first 7 levels, it is easily seen that every petal from the
first r levels associated with v as well as the stalk of the flower associated with v in
level L, each forms a separate connected component of C(P(G,r, p))\ X;. Moreover,
for an edge e = uv such that X; contains both endpoints of e, we have that X] also
contains elements u', ..., u" and one can see that also the flower associated with e
at level L, o is a connected component of C(P(G,r,p)) \ X[. It is readily seen that
the singleton, chain, and flower all have pathwidth 1 and hence there is a nice path
decomposition (Bj, ..., By,) with By = By, = () of the graph containing every petal
element from first r levels associated with v, the stalk of the flower associated with v in
level L,1, and the flower associated with e in level L, o for every edge e introduced
at t. We then replace X] by a path (Y7,...,Y;,) such that Y; = B; U X/ and for each
i€ {l,...,4 — 1} the node with bag Y;;; is the parent of the node with the bag Y;.

It is easy to see now, that when we are forgetting vertex v in node t in 7, we can
forget element v!,...,v" in 77, because we already introduced all its adjacent edges
in C(P(G,r,p)) either in the path corresponding to the node of 7 introducing v or
the one introducing a neighbor of v.

Finally, when we get to the root node of 7, we have already forgotten all elements
associated with any specific vertex or edge of G. Therefore, the only elements besides
d which need to be included in 7" are the remaining elements in the stalks in the first
r levels and the sticks in every level. However, it is easy to see that at this point they
all form separate chains in C(P(G,r,p)) \ 6. Hence there once again exists a path
decomposition of width at most |6 + 2 which gradually introduces and subsequently
forgets all of these elements.

One can readily see that the properties (T1), (T2), and (T3) are satisfied and we are
only left with computing the width of 7’. By construction, every join and forget node
in 7 will become a node in 7’ whose bag has size at most r - | X;| + 2r + 4. On the
other hand, every introduce node in 7 will become a path in 77, and the largest bag
on this path has size at most r - | X;| 4+ 2r + 6. O
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Concluding the proof. Let us summarize the FPT Turing reduction used to prove
Theorem [4.1. Given an instance (G, ) of EQUITABLE COLORING, we loop over all primes
p such that 27|V (G)| + r?|E(G)| < p < (2r|V(G)| + r?|E(G)|)?, and for each such prime
we construct the poset P(G,r,p); from Claim 4.11|it follows that if #EC(G,r) # 0, then
at least one such prime will not divide e(P(G,r)) - #EC(G, r), and by Claim 4.12 each
of the constructed posets P(G,r, p) has bounded treewidth of the cover graph. For each
such poset P(G,r,p), we compute e(P(G,r,p)) by the black-box procedure provided
as part of the reduction. If for any prime p we get e(P(G,r,p)) Z 0 mod p, then we
conclude that (G,r) is a yes-instance, and otherwise we reject (G, ), and this is correct
by Claim [4.10. 0

Remark. Note that the reduction above does not use the full power of the Turing reduction.
Namely, the calls to the oracle are independent of each other and could be asked at the
same time. Such a Turing reduction is also sometimes called a truth-table reduction.

4.2 Fixed-Parameter Tractability of Counting Linear
Extensions

This section is dedicated to proving our algorithmic result, stated below.

Theorem 4.13. #LINEXT is fized-parameter tractable parameterized by the treewidth
of the incomparability graph of the input poset.

The proof of Theorem 4.13|is divided into two steps. First, we apply a transformation
process to a path decomposition Q of small width (the existence of which is guaranteed by
Corollary [3.12) of I(P) which results in a tree decomposition 7 of I(P) satisfying certain
special properties. The properties of T are then used to prove that I(P) has treewidth
bounded by the treewidth of I(P). In the second step, we construct an MSOg formulation
which enumerates all the linear extensions of P using I¢(P), and apply Fact 3.4.

4.2.1 The Treewidth of Combined Graphs
We begin by arguing a useful property of separators in incomparability graphs.

Lemma 4.14. Let S C V(I(P)). Then for each pair of distinct connected components
Cy,Cq in I(P)— S, it holds that for any ay,by € Cy and any az, by € Co we have a; < a9
iff b1 < ba. Namely, the poset contains a total order of all connected components in

I(P)—S.

Proof. See Figure 4.5 for an illustration of the proof. We begin by proving the following
claim.

Claim 4.15. Let a, b, ¢ be three distinct elements of P such that a || b and both pairs a,
c and b, ¢ are comparable. Then a < ¢ iff b < c.
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Figure 4.5: Incomparability graph G with a separator S and components C7, Cs, and Cs
or G — S. The elements b; and be in (5 has to be either both smaller or bigger than a,
otherwise the red edge would not be in the incomparability graph.

Proof of the Claim. Suppose that, w.l.o.g., a < ¢ and ¢ < b. Then by the transitivity
of <, we get a < b which contradicts our assumption that a || b. O

Now to prove Lemma [4.14, assume for a contradiction that, w.l.o.g., there exist a1,b; € Cy
and ag, by € Cy such that a; < by and by < ay. Let Q1 be an aj-as path in I[Cy]. By
Claim [4.15] a; < by implies that every element ¢ on ()1 satisfies ¢ < by, and in particular
ag < by. Next, let Q2 be a bi-by path in I[C5]. Then Claim 4.15| also implies that each
element ¢’ on Q, satisfies as < ¢’. Since by lies on Q9, this would imply that as < bo,
a contradiction. O

To proceed further, we will need some additional notation (see Figure 4.6). Let T = (T, X)
be a rooted tree decomposition and ¢t € T'. We denote by L(t) the set of all vertices which
occur in the “branch” of T'—t containing the root r; formally, L(t) = {v € Xp \ X; | ¢’ lies
in the same connected component as 7 in 7' — t}. We then set R(t) = V(G) \ (L(¢) U X3).
We also let T} denote the connected component of 7" — ¢ which contains the root 7.

Next, recall that each connected component of the graph obtained after deleting X; must
lie in a subtree of T'— t (Fact 3.2). A block of a bag X; in a rooted tree decomposition
T = (T, X) is a sequence of consecutive connected components in (I(P) — X;) N R(t)
(see Figure 4.7 for an illustration). We say that a node ¢t € T has z blocks if there exist
z distinct blocks of X;. Blocks will play an important role in the tree decomposition
we wish to obtain from our initial path decomposition of I(P). The following lemma
captures the operation we will use to alter our path decomposition.
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L(t) R(1)

Figure 4.6: A tree decomposition of the incomparability graph with root r. For the bag ¢
the set L(t) are the vertices that appear in some of the blue bags but not in ¢. Similarly,
R(t) is the set of vertices that appear in the red bags but not in ¢t. The green vertices
are the vertices in L(t) with an cover edge to R(t). After Lemma 4.17, we call them
cover-guard of t. The main point of the whole section is to show that we can obtain a
special type of tree decomposition of the incomparability graph, which has only small
number of cover-guards for every ¢ that can be added to ¢ to abtain a tree decomposition
of the combined graph of a small width.

3339

a block in R(t)

Figure 4.7: A bag X; in a tree decomposition of the incomparability graph. The blue
‘blobs’ represent the components of G — X; with vertices in L(t) and the red ones with
the vertices in R(t). The maximal consecutive sets of red components are blocks. Note
that there are no cover edges between different blocks.
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Lemma 4.16. Let T = (T,X) be a rooted tree decomposition of a graph G and let
t € T be such that there are z blocks of X;. Then there is a tree decomposition T'(T', X’)
satisfying:

1. The width of T is at most the width of T.
2. The tree T' contains T} as a subtree which is separated from the rest of T' by t.

3. The degree of t in T' is z + 1.

4. There exists a bijection o between the z blocks of X; and the z trees in T' —t other
than Ty such that for each block B of X, we have Useq(p) Xs \ Xt = B.

5. For each t' € N[t]\ T}, we have Xy = X;.

Proof. It will be useful to observe that 7' — T} is a subtree of 7" and in particular it
is connected. Consider the following construction of 7’. First, we copy all nodes of
T} U {t} (along with their bags) into 7', thus ensuring that Property 2 holds. Second,
for each block B of X; we make a copy T of the tree T — T}, and connect the node 7
corresponding to ¢t in T'\ T} by an edge to the node ¢ in T”. Moreover, for each node
s € T\T] weset X!z = XsN(BUXy). It is easy to verify that all of the required

properties are now satisfied, and it remains to show that 7" is indeed a tree decomposition.

We argue that 7' satisfies all three properties of tree decompositions. Property (T1)
follows directly from fact that 7 was tree decomposition, and hence every vertex that
does not occur in a bag in 7} must occur in some bag X for some node s € T'\ 1}’

then this vertex either also occurs in X; or occurs in some block B and hence in X ; B-

Property (T2) is also straightforward, since each vertex either does not occur in any block
or in exactly one block, and in both cases monotonicity follows from the monotonicity
of T and the construction. For the final Property (T3), we recall that there are no
edges between the blocks of Xy; in particular every edge e = ab in I(P)[X; U R(¢)] is
either contained in X;, goes between a vertex of X; and a vertex of some block B, or
is contained in some block B. In all three cases, it holds that if a,b € X, for some
s € T\ T/, then e € X 5 for some block B. Therefore, 7' is a tree decomposition. [

We proceed by showing how we can apply Lemma [4.16| to transform a given path
decomposition.

Lemma 4.17. Let Q be a nice path decomposition of I(P). Then there is a rooted tree
decomposition T = (T, X) of I(P) with the following properties. T is rooted at a leaf r
and X, = 0, the width of T is at most the width of Q, and for any node t € T with z > 1
blocks:

1. The degree of t inT is z+ 1.
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2. There exists a bijection « between the z blocks of X¢ and the z trees in T' —t other
than T} such that for each block B of X, we have Uscq(p) Xs \ Xt = B.

3. Fort' € N(t)NT] there exists a vertex v such that Xy = Xy \ {v}, and furthermore
t' has degree 2 and 1 block.

4. For each pair of neighbors t,t' € T, it holds that | X; \ Xy¢|+ | Xy \ X¢| < 1.

Proof. Let us order the vertices of I(P) in the order in which they were introduced in Q.
We set the first leaf of Q to be a root, and observe that X, = () since Q is nice. We then
process the vertices of I(P) in their order of introduction; when processing each such
vertex v, we apply Lemma 4.16 to the unique node t of the current tree decomposition
which is closest to r and contains v; with a slight abuse of terminology, we say that t is
the node where v is introduced. We show that the following invariants hold after (and
before) each step of this procedure:

1. For each pair of neighbors ¢,¢' € T, it holds that | X; \ Xy |+ | Xy \ X¢| < 1.

2. For each vertex u that was already processed, the introduce node of u satisfies the
conditions of the lemma.

3. Any node t of degree greater than 2 is an introduce node of an already processed
vertex.

Clearly, all invariant conditions holds for Q rooted at r. For the induction step, suppose
that the conditions hold in a tree decomposition 7 obtained by inductively applying
Lemma [4.16/ and the first unprocessed vertex is v. Let ¢ be the unique node where v is
introduced, and let 7’ be the tree decomposition we obtained by applying Lemma 4.16
on 7 and t.

It is easy to verify that 7' then satisfies the desired Conditions 1, 2, and 4 at the node
t by Lemma [4.16l As for Condition 3, since ¢ is the introduce node of v and the first
invariant condition holds in T, it is clear that for ¢ € N(¢) N7} it is the case that
Xy = X; \ {v}. Moreover, t' cannot be an introduce node, since then ¢’ would have to
introduce an already processed vertex, which would imply that Xy = X;. So, let us
consider the node s on the unique #-r path that is the closest introduce node to t’, and
let s’ be the neighbor of s on the s-t' path. Since no vertex was introduced on the s'-t/
path, it follows that R(s") = R(t’). Since s’ only has 1 block by the construction, it must
be the case that t' also only has one block, and so Condition 3 also holds.

We proceed by arguing that the invariant conditions remain satisfied by 7’. Since Q
was nice and 7 satisfied the first invariant condition, it is readily seen that the first
invariant condition holds for all pairs of neighbors in 7} as well as for ¢ with all of its
neighbors. If s® and s’P are neighbors in a tree o B) of T' —t, then by the construction in
Lemma 4.16| there exists a pair of neighbors s,s" € T'\ T} such that X' = X, N (BUX;)
and X!, = Xy N (BUX;). But then | X/ \ X/ 5| + [ X5\ X5 = |(Xs N (BUXy)) \
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(Xy 1 (BUX))| + (X 0 (BUX))\ (Xs 1 (BUX))| < [X,\ Xyl +Xo\ X < 1
and the first invariant condition follows. As for the second invariant condition, notice
that from the construction it follows that all the vertices that precede v in the order of
introduction in @ must have been introduced in some node of 7}, and the application

of Lemma [4.16| does not alter such introduce nodes for previously processed vertices.

Finally, by the induction hypothesis all nodes of 7"\ 7} have degree at most 2, therefore
from the construction in Lemma 4.16/ it is clear that all nodes in 7"\ (77 {t}) also have
degree 2. Since all introduce nodes of unprocessed vertices lie in 77\ (77 {t}), we conclude
that the third invariant condition also holds in 7.

Now, let us consider the tree decomposition T obtained after processing all vertices of
I(P) according to the procedure described above. 7T satisfies Condition 4 due to the
first invariant of our procedure, and for all other conditions it suffices to consider nodes
with more than 1 block. In particular, it suffices to verify that all such nodes satisfy the
conditions of Lemma 4.16/ and additionally also condition 3 of this Lemma. So, suppose
for a contradiction that there exists a node ¢ which does not meet these conditions, but
all nodes on the unique t-r path do. Then there are two possibilities to consider for the
unique neighbor ¢’ of t on the t-r path. If # were to have more than 1 block, then by our
assumptions ¢’ would have to satisfy the conditions of Lemma 4.16, contradicting the fact
that ¢ has more than 1 block. On the other hand, if ¢ were to have only a single block,
then by construction ¢ must be an introduce node of some vertex v and by our invariants
and the construction it follows that ¢ in fact must satisfy all the required conditions. In
particular we conclude that all nodes t satisfy Conditions 1-4. O

We call a tree decomposition rooted at a leaf with X,. = () which satisfies the properties of
Lemma 4.17 a blocked tree decomposition. The next ingredient we will need for proving
that Ic(P) has small treewidth is the notion of cover-guards (these are the green vertices
in Figure 4.6).

Let T = (T, X) be a tree decomposition of I(P) rooted at r and let ¢t # r. Then the
cover-guard of ¢, denoted Ay, is the set of vertices in L(t) which are incident to a cover
edge whose other endpoint lies in R(t); formally,

Ay ={ve L(t) | Jue R(t): (ww € E(C(P))Vou e E(C(P)))}.
For a vertex v € I(P), welet A" ={t €T |ve A4} and X' ={t €T |ve X;}.

Our next aim is to add all the cover-guards into each bag. The following lemma will
allow us to argue that the result is still a tree decomposition; it is worth noting that the
assumption that the decomposition is blocked is essential for the lemma to hold.

Lemma 4.18. Let T = (T, X) be a blocked tree decomposition of I(P) rooted at r and
let ve I(P). Then T[AY U X"] is a tree.

Proof. Since T is a tree decomposition, we have that T[X"] must be a tree. Consider a
connected component A of T[A"] and its unique A-X" path @), with endpoints = € X"
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and a € A. Since r is located at a leaf of T" it must hold that r & (). We consider two
cases: either r lies in the same connected component as XV in T — @, or it lies in a
different connected component.

In the former case, it follows that each internal vertex ¢ of @ satisfies R(q) C R(a) and
v € L(q). But then by the definition of A" and the fact that a € A", this would imply
q € A, contradicting our construction of (). Hence if r lies in the same connected
component as X" in T' — @, then A is adjacent to X".

In the latter case, there must exist a node ¢ € Q) of degree at least 3 such that each of A,
X" and r occur in different components of 7' — ¢. By the definition of A", there exists a
vertex u € R(a) such that v <” u or u < v. Since u,v € R(q) due to the location of the
root and there is a cover edge between them, it follows that either u,v occur in the same
connected component of X, or in two consecutive ones, but in either case u,v must lie
in the same block of ¢, say block B. But since u,v ¢ X, this contradicts Property 2
in Lemma 4.17; indeed, each tree in T'— ¢ contains at most one of v, in its bags, and
hence there exists no tree 7" in T — ¢ satisfying Uy Xp \ Xy = B. Hence r cannot
occur in a different connected component than XV in T — Q.

We conclude that ) contains no internal vertices. In particular, every connected compo-
nent of T'[A"] is adjacent to X". O

Lemma 4.19. Let T = (T, X) be a blocked tree decomposition of I(P) of width k. Then
for each t € T it holds that | As| < 2k + 2.

Proof. First, observe that if a node ¢ € T has 0 blocks, then R(t) = A; = (). So, consider
a node t which has exactly 1 block consisting of connected components (D1, ..., D;) in

(I(P) = Xi) N R(2).
Claim 4.20. |A;| <2k + 2.

Proof of the Claim. For an illustration of the proof see Figure 4.8. Assume for
a contradiction that |A; > 2k 4+ 2. By Lemma 4.14) we have that (Dx,...,D;)
are consecutive connected components in a total order of connected components in
I(P) — X;. Hence any edge in C(P) — X; between R(t) and L(t) must necessarily
have one endpoint in D1 U D;. Furthermore, an element in 4; cannot be adjacent to
both D; and D; in C(P) — X; due to transitivity and acyclicity. So, we may partition
Arinto At ={ve Ay | Fue Dy :v<Pu} and A? = {v € A | Ju € D; : u<” v}.

By Lemma 4.14, it also follows that A} and .A? must each lie in separate connected
components of I(P) — Xy, say C! and C?, respectively. Furthermore, each element in
A} is maximal in C' and each element in .A? is minimal in C2. In particular, each of
A}, A? forms a clique in I(P). But by our assumption on the size of A;, at least one of
A? and A} must have size greater than k -+ 1, which implies that I(P) contains a clique
of size at least k + 2. It is well-known that each clique must be completely contained
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C C?

Figure 4.8: The case when there is only one block of the bag X;. The cover guards can
be only in C! and C?. Furthermore, in each of the two components they cannot be
comparable, hence they form a clique in both C'' and C?.

in at least one bag of a tree decomposition, and so we arrive at a contradiction with
tw(I(P)) < k. Hence we conclude that |A;| < 2k + 2 and the claim holds. O

Finally, consider a node ¢ which has at least 2 blocks. By Property 3| of Lemma |4.17,

it holds that ¢ has a neighbor ' in T} such that Xy = X; \ {v} and ¢’ has 1 block.

By Claim 4.20 we know that Ay < 2k +2. Since L(t) = L(¢') and R(t) C R(t'), it follows
that A4; C Ay, and in particular |A;| < |Ay|. We have now proved the desired bound for
all nodes in 7. O

With Lemma 4.18 and Lemma 4.19, we have the tools necessary for arguing that there
exists a tree decomposition of the combined graph of small width.

Lemma 4.21. Let T = (T,X) be a blocked tree decomposition of I(P) such that
tw(7T) < k. Then there exists a tree decomposition T of Ic(P) of width at most 3k + 2.

Proof. Consider the tree decomposition 7' = (T, X’) where X’ = {X] | t € T'} is defined
as follows. For each ¢ € T such that its unique neighbor s in 7} satisfies | X; \ Xs| =1,
we set X, = Xy U As; it will be useful to observe that Ay O A;. For all other nodes t € T,
we then set X} = X; U A;. We call nodes of the first type non-standard and nodes of the
second type standard.
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First, we note that the size of each bag in 7’ is at most 3k + 2, since every node t € T
satisfies | A;| < 2k + 2 by Lemma 4.19. Furthermore, 7" satisfies condition (T1) because
T was a tree decomposition of I(P). T also satisfies condition (T2); indeed, for each
v € P it holds that X" restricted to standard nodes is a connected tree by Lemma 4.18,
and by construction every non-standard node ¢ such that v € X]\ X; is adjacent to a
standard node containing v. So, it only remains to argue condition (T3).

Obviously, condition (T3) holds for any edge of I(P). So, consider two elements u, v of
P such that v <¥ v or v <F u. If there exists a node t € T such that u,v € X;, then
u,v € X, and the condition also holds for this edge in Io(P). So, assume that XV and
X% are disjoint and let @) be the unique XV-X" path in 7. By Property 4}, the X?- X"
path @ in T must contain at least one internal node.

Consider the case where one of these subtrees, say w.l.o.g. X", lies in the connected
component 7} of T'— Q. Then for each internal node ¢ € @, it holds that v € L(q) and
u € R(q), which in turn implies that v € A,. Let g, be the endpoint of ) in X* and let
go be the neighbor of ¢, in Q. By Property 4 we have X, \ X,, = {u}, which implies
that ¢, is a non-standard node and in particular A, C X, éu. Since qq is an internal node
of @, it follows that v € X ,’lu which means that condition (T3) also holds for any edge uv
in this case.

Finally, consider the case where there exists a node g € @ of degree at least 3 such
that each of X%, X" and r occur in different components of T' — ¢q. Then we reach a
contradiction similarly as in the proof of Lemma [4.18. In particular, since u,v € R(q)
due to the location of the root and there is a cover edge between them, it follows that
either u,v occur in the same connected component of X, or in two consecutive ones, but
in either case w,v must lie in the same block of ¢, say block B. But since u,v € X, this
contradicts Property 2 in Lemma [4.17; indeed, each tree in T'— ¢ contains at most one of
v, u in its bags, and hence there exists no tree 7" in T — ¢ satisfying Uy Xy \ X4 = B.
Hence this case in fact violates our assumptions and cannot occur.

Summarizing the above arguments, we conclude that each bag in 7’ has size at most
3k + 2 and that T satisfies all of the conditions of a tree decomposition. O

Corollary 4.22. Let P be a poset such that tw(I(P)) < k. Then tw(Ic(P)) < 3k + 2.
Proof. By Corollary [3.12 we know that there exists a nice path decomposition of I(P) of
width at most k. By Lemma 4.17, it follows that there exists a blocked tree decomposition
of I(P) of width at most k. The corollary then follows by Lemma [4.21. O
4.2.2 MSO Formulation

In this subsection, we use Fact 3.4/ to prove the following result, which forms the second
ingredient required for our proof of Theorem 4.13.

Lemma 4.23. #LINEXT is fized-parameter tractable parameterized by the treewidth of
the combined graph of the input poset.
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Proof. Let P := (P,<”) be a poset. Let G be an (edge-)labeled directed graph obtained
from Io(P) by directing every bidirectional edge of I(P), i.e., every edge of I(P), in an
arbitrary way and labeling it with the label ||.

For a set of edges E C E(G) with label ||, let G[E] be the graph obtained from G after
reversing every edge in E. Moreover, for a linear extension < of P let Eg (=) be the set
of edges (u,v) of G such that v < u. Note that because every linear extension of P has

to respect the direction of the edges in G given by C, it holds that every edge in Eg(=)
has label ||.

Claim 4.24. Eg (=) defines a bijection between the set of linear extensions of P and the
set of subsets E of edges of G with label || such that G[E| is acyclic.

Proof of the Claim. Let < be a linear extension of P. Then, as observed above,
Eg(=X) is a set of edges of G with label ||. Moreover, because G[Fg(=)] is a subgraph
of Pg(=) and Pg (=) is acyclic so is G[Eg(=)]. Hence, Eg(=) is a function from the
set of linear extensions of P to the set of subsets E of edges of G with label || such that
G[FE] is acyclic. Towards showing that E¢g (=) is injective, assume for a contradiction
that this is not the case, i.e., there are two distinct linear extensions <7 and <y of P
such that Fg(=1) = Eg(=<2) and let u and v be two elements of P ordered differently

by <1 and <. Then {u,v} € I(P) and hence either (u,v) € E(G) or (v,u) € E(G).

The label of (u,v) or (v,u), respectively, is ||. W.l.o.g., assume that (u,v) € G with
label ||. But then, because =<1 and =<9 differ on v and v, either (u,v) € Eg(=1) but
not (u,v) € Eg(=X2) or (u,v) € Eg(=<2) but not (u,v) € Eg(=<1). In both cases we
get a contradiction to our assumption that Eg(=1) = Eg(=2).

It remains to show that Eg(=<) is surjective. To see this let F be a subsets of the
edges of G with label || such that G[E] is acyclic. Because G[E] is acyclic it has a
topological ordering, say =, of its vertices. Because G[E] contains C'(P) as a subgraph
and any topological ordering of C'(P) is a linear extension of P, we obtain that < is a
linear extension and also F = Eg(=). O

It follows from the above that instead of counting the number of linear extensions of P
directly, we can count the number of subsets E of the edges of G with label || such that
G|E] is acyclic. We will show next that there is an MSOj formula ®(X), whose length
is independent of G and can hence be considered constant, such that G = ®(X) if and
only if X is a subset of the edges of G with label || such that G[E] is acyclic. Because of
Fact 3.4, this implies that #LINEXT is fixed-parameter tractable when parameterized
by tw(G) and hence also when parameterized by tw(Ic(P)), concluding the proof of the
lemma.

Informally, ®(X) will check that X is a set of edges of G with label || and there is no
non-empty set of edges C' of G[X] that forms a cycle. For the definition of ®(X) we will
need the following auxiliary formulas.
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e The formula edgesin(X) := VzXx — Pjz, which holds if and only if X is a set of
edges of G with label ||.

e The formula edgesne(C) := 3cCc A VeCe — Ee, which holds if and only if C is a
non-empty set of edges of G.

e The formula cyclic(C, X) := VoVv — degree(C, X, v), which holds if and only if
the set C of edges of G[X] contains a cycle.

e The formula degree(C, X,v) := degreey(C, X, v) V degreey(C, X, v), which holds if
and only if either no edge in C' is adjacent to v or there are exactly two edges in C
that are incident to v such that one of them corresponds to an edge in G[E] with
tail v and the other corresponds to an edge in G[E] with head v.

e The formula degree,(C, X, v) := =3cCc — Ivc, which holds if and only if no edge
in C is adjacent to v.

e The formula

degrees(C, X, v) :=3c;3c,Ce; A Cey N in(X, iy v) A out(X, co, v)A
Ve(Ce N —c=c¢; A —c=c,) = —~(HveV Tuc)

which holds if and only if there are exactly two edges in C' that are incident to v
such that one of them corresponds to an edge in G[E] with tail v and the other
corresponds to an edge in G[E] with head v.

e The formula
in(X,c,v) = (=Pjc A Hvc) V (Pjc A=Xc A Hve) V (Pjc A Xe A Tc)
which holds if and only if v is the head of the edge of G[X] represented by c.
e The formula
out(X, c,v) := (=Pjc ATve) V (Pjc AN =XcATve) V (Pje A Xc A Hue)

which holds if and only if v is the tail of the edge of G[X] represented by c.
Then ®(X) is the formula:
O(X) := edgesin(X) A = (ICedgesne(C) A cyclic(C, X)) . O

Proof of Theorem /.15. Let P be the input poset and let k = tw(I(P)). Then
tw(Ic(P)) < 3k + 2 by Corollary 4.22, and the theorem follows by Lemma 4.23. O
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4.3 Summary and Open Questions

We have given the first parameterized intractability result for counting linear extensions.
We hope that the employed techniques will inspire similar results and expand our
knowledge about the parameterized complexity of counting problems. In particular,
even for #LINEXT there remain many open questions concerning other very natural
parameterizations such as the width of the poset or the treewidth of the poset graph.
Moreover, our intractability result for the treewidth of the cover graph poses the question
whether there are stronger parameterizations under which #LINEXT becomes tractable,
e.g., the treewidth of the poset graph, the treedepth or even vertex cover number of the
poset- or cover graph, as well as combinations of these parameters with parameters such as
the width, the dimension, or the height of the poset. These numerous examples illustrate
that the parameterized complexity of #LINEXT is still largely unexplored. As a side
note it would also be interesting to establish whether our hardness result for #LINEXT
can be sharpened to #W/1]-hardness [85] and to obtain matching membership results.

Notes

The results in this chapter appeared in a conference paper in the proceedings of The
24th Annual European Symposium on Algorithms (ESA 2016) [70].
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CHAPTER

Decomposition Parameters for
QBF: Mind the Prefix!

After showing that QBF remains PSPACE-complete even on instances of bounded
treewidth [15], Atserias and Oliva introduced a width parameter based on treewidth called
respectful treewidth which takes into account dependencies between the variables in a QBF
formula. They showed that QBF is fixed-parameter tractable parameterized by respectful
treewidth provided that a corresponding tree decomposition is given as part of the input.
Similar results using almost the same parameter have been obtained for first-order model
checking [4] and quantified constraint satisfaction [41]. Other structural parameters such
as backdoors have also been studied in the context of QBF [I83]. Unfortunately, there
still remained fairly simple QBF instances which could not be efficiently solved by any of
these approaches (for instance, QBF instances whose graph representation is a star).

Here we develop prefiz pathwidth, which is a novel decomposition-based parameter that
allows an FPT algorithm for QBF. Prefix pathwidth is an extension of pathwidth which
takes into account not only the structure of clauses in the formula, but also the structure
contained in the quantification of variables. To achieve the latter, we make use of the
dependency schemes introduced by Samer and Szeider [I83], [I86], see also the work of
Biere and Lonsing [I51]. Dependency schemes capture how the assignment of individual
variables in a QBF depends on other variables, and research in this direction has uncovered
a large number of distinct dependency schemes. The most basic dependency scheme is
called the trivial dependency scheme [183], which stipulates that each variable depends
on all variables with distinct quantification, which come before it in the prefix. Prefix
pathwidth uses a completely different approach than previous notions to solve QBF
instances, and can in fact be used to efficiently evaluate quantified formulas that remained
beyond the reach of state-of-the-art techniques.
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Results

We start by introducing our new parameter Section 5.2, where we also show that respectful
treewidth is incomparable to prefix pathwidth. Informally, there are two main differences
between respectful treewidth and prefix pathwidth: (1) whereas respectful treewidth
requires the ordering in which the variables are introduced to be compatible with the
dependencies, prefix pathwidth needs the ordering in which the variables are forgotten
to be compatible with the dependencies and (2) respectful treewidth is solely defined
for the trivial dependency scheme, while prefix pathwidth allows the use of arbitrary
permutation dependency schemes.

Afterwards, we focus on developing FPT algorithms for our new measure. When using the
trivial dependency scheme, we obtain (by combining Theorem 5.2/ with Theorem 5.37)):

Theorem 5.1. QBF is FPT parameterized by the prefiz pathwidth with respect to the
trivial dependency scheme.

However, prefix pathwidth can be used in conjunction with any permutation dependency
scheme [I87], which holds for almost all known dependency schemes; this is reflected in all
of our technical results, where we do not fix any particular dependency scheme. In practice,
using different dependency schemes may lead to better prefix path decompositions, in
turn resulting in significantly faster algorithms.

In their full generality, our main results on solving QBF using prefix pathwidth can be
separated into two steps:

1. using a prefix path decomposition of small prefix pathwidth to solve the given QBF
I, and

2. finding a suitable prefix path decomposition to be used for step 1.

We resolve the first task by applying advanced dynamic programming techniques on
partial existential strategies for the Hintikka game (see e.g. the work of Grédel et
al. ([108])) played on the QBF. Essentially, the game approach allows us to translate
the question of whether a QBF is true to the question of whether there exists a winning
strategy for one player in the Hintikka game. We show that although the number of such
strategies is unbounded, at each point in the prefix path decomposition there is only a
small number of partial strategies on the processed vertices that need to be considered.
Thus we obtain:

Theorem 5.2. QBF is FPT parameterized by the width of a prefix path decomposition
w.r.t. any permutation dependency scheme, when such a decomposition is provided as
part of the input.

Resolving step 2 boils down to a graph-algorithmic problem which is related to the
problem of computing various established parameters of directed graphs, such as directed
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pathwidth or directed treewidth. It is an important open problem whether computing
these parameters is FPT or not [191] and the same obstacles seem to also be present
for computing our parameter in the general sense. To bypass this barrier, we develop
new algorithmic techniques to obtain three distinct algorithms for computing prefix
path decompositions. The first of these algorithms, presented in Theorem |5.37, works
for the trivial dependency poset as well as other posets which have a similar “layered”
structure. The latter two of our algorithms then focus on general posets, but their
performance depends on the poset-width (i.e., the size of a maximum anti-chain) of the
dependency relation; on a high level, the poset-width captures the density of dependencies
between variables. In particular, we obtain one polynomial-time approximation algorithm
(Theorem 5.35) and one FPT algorithm (Theorem 5.34). In combination with the
previous Theorem 5.2, Theorem |5.35| yields one of our main contribution, formalized in
Theorem 5.3 below. Observe that here we do not require a decomposition to be part of
the input.

Theorem 5.3. Let 7 be a fired permutation dependency scheme. There exists an
FPT algorithm which takes as input a QBF I and decides whether I is true in time
f(k,w) - |[I|1°D), where f is a computable function, k is the prefix pathwidth and w is the
poset-width of I w.r.t. T.

Organization of the Chapter

The chapter is organized as follows. We start by formally introducing the QBFs together
with dependency schemes and respectful treewidth in Section [5.1. Afterwards in Sec-
tion 5.2, we formally define our novel parameter — prefix pathwidth — and compare it
to respectful treewidth. In Section 5.3, we develop the machinery for efficiently solving
QBFs, when a prefix pathwidth decomposition of small with is provided. Finally, in
Section 5.4/ we develop efficient algorithms for finding suitable prefix pathwidth decom-
positions for trivial dependency poset as well as in case when the width of dependency
poset is bounded.

5.1 Quantified Boolean Formulas

A quantified Boolean formula is a tuple (¢,7) where ¢ is a CNF formula and 7 is a
sequence of quantified variables, denoted var(7), which satisfies var(7) 2O var(¢); then ¢
is called the matriz and 7 is called the prefiz. A QBF (¢, 7) is true if the formula 7¢ is
true. An assignment is a mapping from (a subset of) the variables to {0, 1}.

Given a QBF I = (¢, 7) and a partial assignment w : Q@ — {0, 1} where @ C var(¢), we
denote by I, the subinstance obtained by applying the partial assignment w; similarly,
for a clause ¢ € ¢ we let ¢, denote the clause obtained from ¢ by applying w.

The primal graph of a QBF I = (¢, 7) is the graph G defined as follows. The vertex set
of GG7 consists of every variable which occurs in ¢, and st is an edge in G iff there exists
a clause in ¢ containing both s and t.
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5.1.1 Dependency Schemes and Posets for QBF

We use dependency posets to provide a general and formal way of speaking about the
various dependency schemes introduced for QBF [I183].

We begin by formally defining dependency schemes. For a binary relation R over some
set V we write R to denote its inverse , i.e., R = {(y,z) : (z,y) € R}, and we write
R* to denote the reflexive and transitive closure of R i.e., the smallest set R* such
that R* = RU{(z,z) : x € V}U{(z,y) : 3z such that (z,2) € R* and (z,y) € R}.
Moreover, we let R(z) = {y: (z,y) € R} for z € V and R(X) = Uyex R(x) for X C V.
Given a QBF I = (¢, 7) we will also need the following binary relation over var(7):
Rr={(z,y) | z,y € var(r), z is before y in the prefix }.

To define dependency schemes we need also the notion of shifting, which takes some
subset of variables of QBF [ in prefix and puts them together with their quantification,
in the same relative order, to the end (down-shifting) or to the beginning (up-shifting) of
the prefix.

Definition 5.4 (Shifting [I83]). Let I = (¢,7) be a QBF and A C var(7). We say that
I' = (¢,7') is obtained from I by down-shifting (up-shifting) A, in symbols I’ = S*+(I, A)
(I' = ST(I, A)), if I is obtained from I by reordering quantifiers in the prefix such that
the following holds:

1. A=Ryp(z) (A=TRyp(z)) for some x € var(r) and
2. (z,y) € Rp iff (z,y) € Ry for all x,y € A and
3. (z,y) € Ry iff (x,y) € Ry for all z,y € var(r) \ 4

Definition 5.5 (Dependency Scheme [I83]). A dependency scheme D assigns to each
QBF I a binary relation D; C Ry such that I and S*(I, D}(x)) are equivalent for every
variable = of I.

It is important to note that dependency schemes in general are too broad a notion for
our purposes. Namely, for our algorithm for QBF using prefix pathwidth, we require
dependency schemes that lead to satisfiability equivalent QBF instances even after several
shifting operations. This is why we will focus our attention on so-called permutation
dependency schemes [I87], which are known to satisfy this condition.

Definition 5.6 (Permutation [I87]). A dependency scheme D is a permutation depen-
dency scheme if for every QBF I = (¢, 7) and every linear extension D’ of D*, it holds
that the QBF obtained by permuting the prefix 7 according to D’ is equivalent with I.

Note that the definition above implies that permutation dependency schemes preserve
satisfiability after several shifting operations because each shifting operation leads to an
ordering of the prefix that is a linear extension of the original dependency scheme.
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Given a QBF I = (¢, 7) and a permutation dependency scheme D, a dependency poset
V = (var(¢), <T) of I is a poset over var(¢) with the following properties:

1. x <!y iff (z,y) € D5 for all 2,y € var(¢) and

2. for every linear extension < of V, it holds that I and the QBF instance obtained
from I after reordering its prefix according to < are equivalent.

The trivial dependency scheme assigns to each variable x the closest variables on the
right of  with different quantification. This gives rise to the trivial dependency poset,
which has a certain “layered” structure; more details about these posets are presented in
Subsection [5.4.2. However, more refined dependency posets are known to exist and can
be computed efficiently [183].

To illustrate these definitions, consider the following QBF I:

VeIyVudv(z V -y Vo) A (—uV —o Vy) A (—xVuV o).

As an example, consider the following dependency poset on variables of I: & <! v <! v,
and y is incomparable to all other variables. Up-shifting of the downward-closed set
{z,u} yields the QBF I’

VaVudyFo(z V -y Vo) A (—uV —o Vy) A (—xVuV o).

One can readily see that I and I’ are both true. The trivial dependency poset over I is
the poset given by the chain « <! y <! u <! v, where every downward-closed set cannot
be further up-shifted.

5.1.2 Respectful Treewidth

For our comparison to prefix pathwidth, we need to define respectful treewidth as it has
for instance been introduced in [41], 4 [15].

We start by giving an alternative definition of treewidth in terms of so-called elimination
orderings as this characterization is more suited to our definition of respectful treewidth.

Definition 5.7 (Elimination ordering). An elimination ordering of a graph is a linear
order of its vertices. Given an elimination ordering ¢ of the graph G, the fill-in graph H
of G w.r.t. ¢ is the unique minimal graph such that:

o V(G)=V(H).
e E(H) 2 E(Q).
e If0<k<i<j<nanduv,v; € Ny(vg), then vjv; € E(H).

69



d.

DECOMPOSITION PARAMETERS FOR QBF: MIND THE PREFIX!

70

The width of elimination ordering ¢ is the maximum number of neighbors of any vertex
v that are larger than v (w.r.t. ¢) in H.

The following proposition shows that tree decompositions and elimination orderings are
two equivalent characterizations of treewidth.

Proposition 5.8 ([141]). Let G be a graph. The following three claims are equivalent:

o (G has treewidth k,

o (G has an elimination ordering of width k,

Let I = (¢,7) be an QBF instance. An elimination ordering of Gy is respectful if it
is a linear extension of the reverse of the trivial dependency scheme for I; intuitively,
this corresponds to being forced to eliminate variables that have the most dependencies
first. The respectful treewidth is then defined as the minimum width of any respectful
elimination ordering of G7.

5.2 Prefix Pathwidth for QBF

Let G = (V, E) be a graph and <V be a partial order of V. For a vertex v € V, we denote
by Dv(v) the downward closure of v w.r.t. <V, i.e., the set {u € V(G) | u <" v}.
Similarly, for W C V we let Dov (W) = U,ew D<v (v).

Let T = (T,{Xt}iev(r)) be a tree decomposition of G. For a node t of T'" we denote
by T; the subtree of T' with t as a root, by T<; the set Uger, Xs, and by T<; the set
T<¢ \ X;. For a vertex v € V(G) we denote by f7(v) the unique node ¢ satisfying v € X;
and v ¢ X, where s is the parent of ¢ in T'. For a path decomposition P = (P,..., P,)
of G we define P;, P<;, P-;, and fp(v) analogously.

A prefix tree decomposition of G = (V, E) w.r.t. <V is a tree decomposition 7 =
(T, {Xt}tev(r)) that has the downward closure property, i.e., for every vertex v € V it
holds that D.v(v) C T<y,(,). Analogously, a prefix path decomposition of G = (V, E)
w.r.t. <V is a path decomposition P that has the downward closure property. The prefix
treewidth of G w.r.t. <V, denoted by otw.v(G), is then the minimum width over all
prefix tree decompositions of G. The prefix pathwidth, denoted by opw(G), is then
defined analogously.

We note that using the same technique as for path decomposition, one can show that
every prefix path decomposition of G can be turned into a nice prefix path decomposition
of the same width in polynomial time.

The following theorem shows us that if the width of the dependency poset is small, then
prefix pathwidth is actually a good approximation of the prefix treewidth w.r.t. the same
dependency poset and hence by using the simpler path decompositions we can get the
same result.
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Theorem 5.9. Let G = (V, E) be a graph and w the width of the poset (V,<V). Then
opw<v (G) < w - otwov (G).

Proof. Let T = (T,{X;}ter) be an optimal prefix tree decomposition of G w.r.t. <V.

We begin our proof by showing the following claim:

Claim 5.10. Let W be a chain of the poset (V,<V). Then there exists a leaf-to-root
path in T that contains each fr(v) for every v € W.

Proof of the Claim. Suppose for a contradiction that the set { fr(v) | for allv € W'}
does not lie on a path. This means that there exist two vertices u,v € W such

that fr(v) € Ty and fr(u) & Tt ). W.lo.g., we can assume that u <V .

The downward closure property of 7 then implies that u € T<y, (., but then either
u € Xy vy and fr(v) € Ty (), or u &€ Xy () and by then the downward closure
property also fr(u) € T tr(v), 10 either case leading to a contradiction. O

From the above claim it follows that if 7 does not contain unnecessary nodes, i.e., a
node t of 7 is unnecessary if X; C X, for the parent p of ¢ in T, then 7 has at most w
leaves. Hence, the prefix path decomposition P := (P,..., Py), where h is the height of
T, defined by P; = {v | v € B, where B is a bag of distance ¢ from the root of T'} is a
prefix path decomposition of G w.r.t. <" of width at most w times the width of 7. O

We build on the above definitions to define the notions we need on QBFs. A prefix path
decomposition of a QBF I = (¢, 7) w.r.t. a dependency poset V = (var(¢), <!) is a prefix
path decomposition of the primal graph G w.r.t. <!. The prefix pathwidth of I is then
the minimum width over all prefix path decompositions of Gy w.r.t. V.

5.2.1 Comparison to Respectful Treewidth

Respectful treewidth is based on Q-resolution and thus decomposes the dependency
structure beginning from variables that have the most dependencies (i.e., may appear last
in the prefix). Proposition 5.11/shows that both approaches are, in principle, incomparable:
there exist classes of QBF instances where one approach leads to polynomial-time
algorithms and the other does not, and vice-versa. In contrast, our parameter prefix
pathwidth is based on bounding the number of viable strategies in the classical two-player
game characterization of the QBF problem. As such, it decomposes the dependency
structure of a QBF instance beginning from variables that have the least dependencies
(i.e., may appear earlier in the prefix). Proposition 5.11 shows that both approaches
are, in principle, incomparable: there exist classes of QBF instances where one approach
leads to polynomial-time algorithms and the other does not, and vice-versa.

Lemma 5.11. Let us fix the trivial dependency poset. There exist infinite classes A, B
of QBF instances such that:
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a. A has unbounded respectful treewidth but prefix pathwidth at most 1;

b. B has unbounded prefix pathwidth (and prefix treewidth) but respectful treewidth at
most 1.

Proof. a. Let

7
A; =3z, ...,z Vydz(y Vo) A /\1:]\/:6

The trivial dependency poset P; for A; would be {a:l, ..y} <y < x. Hence every
respectful elimination ordering must start with x, and then the width of such an ordering
would be ¢ + 1. On the other hand, it is straightforward to verify that the path
decomposition @ = (Q1,...,Qi+1), where Q; = {x;,z} for 1 < j <iand Qi1 = {y,z},
is a prefix path decomposition w.r.t. P; of width 1.

b. Consider the following formula with alternating prefix:

2171
B;, = 3x1Vzs .. .\V/x2i5|.fc2¢+1 /\ ((.T] V 332]‘) A (:L'j V x2j+1).
j=1

Since the quantifiers in the prefix of B; alternate, the trivial dependency poset P; for
B; would be the linear order z; < 29 < --- < x4:. It is readily observed that the primal
graph of B; is a balanced binary tree of depth ¢, and it is known that the pathwidth of
such trees is ¢ — 1 [58]. From the fact that pathwidth is a trivial lower bound for prefix
pathwidth together with Theorem 5.9} it follows that ¢ — 1 is a lower bound on the prefix
treewidth of B;.

On the other hand, since P; is linear order, the only respectful elimination ordering is the
reverse of P;. Moreover, from the definition of B;, it is easily seen that x; has at most 1
neighbor that is smaller w.r.t. P;, namely z|;/5|. Therefore, the respectful treewidth of
B; is one. ]

Before we continue with the main technical part of this Chapter, we provide one specific
example illustrating that our parameter cover some natural classes of instances not covered
by previous approaches. Recall that the vertex cover number of G is the minimum size
of a vertex cover in G. The vertex cover number has often been used as a structural
parameter for graph problems which do not have FPT algorithms parameterized by
treewidth (see for instance [79]).

Theorem 5.12. QBF is fized-parameter tractable parameterized by the vertex cover
number of the primal graph.

Proof. Let I = (¢, 7) be an instance of QBF and let k£ be the vertex cover number of
G1. Let n = |var(7)| and let Z be a vertex cover of G of cardinality k; recall that a
vertex cover of cardinality k can be computed in time at most O(2* - n) [64]. For each
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i € [1,n], let v; be the i-th variable in the prefix of I, and let P, = ZU{v;}. Now consider
P = (P,...,P,). We claim that P is a prefix path decomposition of width at most k.

Indeed, clearly each P; in P contains at most k + 1 vertices. It is straightforward to
verify that conditions (T1) and (T2) hold, and condition (T3) must also hold since every
edge has at most one endpoint outside of Z. Finally, P also has the downward closure
property, since for each vertex v; the set Dov (v;) is a subset of ZU{wv; | j < i}, and
hence D<v (v) € P<cyy,(0)- -

It follows that I has prefix pathwidth at most k. To conclude the proof, we merely need
to use the construction above to obtain a prefix path decomposition of small width and
then apply the main result of the following section, namely Theorem [5.27. O

5.3 Using Prefix Pathwidth

In this section we will show that deciding the satisfiability of a QBF is fixed-parameter
tractable parameterized by the width of a prefix path decomposition which is assumed
to be provided as part of the input. The next section will then show how such a prefix
path decomposition can be computed efficiently.

5.3.1 Section Overview

The route to the main goal of this section, i.e., an FPT algorithm for QBF, can be
conceptually separated into three parts, each corresponding to one subsection. First, our
techniques essentially rely on the well-known Hintikka Games [I08], which we introduce
in the next subsection. In particular, the notion of a “winning existential strategy” will be
crucial for the algorithm; a QBF instance is true if and only if the existential player has a
winning strategy. Second, we show that even though the number of existential strategies
can be potentially unbounded, they can be grouped into a small (i.e., bounded by k)
number of equivalence classes. This equivalence is formalized in Definition [5.18| via the use
of so-called “signatures”. The final subsection then presents the dynamic programming
algorithm itself; the algorithm maintains and dynamically computes records of relevant
signatures, which contain all the needed information about existential strategies on the
dynamically processed variables.

5.3.2 Hintikka Games

Alternating prenex form For the definition of Hintikka Games (and in particular
their strategies), it will be convenient to use an equivalent but more structured rep-
resentation of QBFs. A QBF is in alternating prenex form if the prefix has the form
Yy13dxq,...,Vyedz,. Any QBF in alternating prenex form can then be represented as
a tuple (¢,Y, X) where ¢ is the matrix and Y = (y1,...,y¢) and X = (z1,...,2) are
disjoint ordered sets of the variables in the prefix.
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We remark that any QBF can be transformed into alternating prenex form in linear time
by the addition of dummy variables, i.e., variables which do not occur in the matrix. It is
readily observed that if two dummy variables occur consecutively in the prefix, then they
can both be deleted without changing the truth value of the QBF. As a consequence,
we may freely assume that the number of dummy variables will never be greater than
2 [var(¢)| + 1. Moreover, adding the dummy variables does not change the prefix path
decomposition since the dummy variables do not occur in the matrix but solely in the
prefix of the QBF formula. In the remainder of this section, we will assume that every
QBEF is in alternating prenex form.

Hintikka Games Given a QBF (¢,Y, X) such that | X| = |Y| = ¢, a strategy for Eloise
(an existential strategy) is a sequence of mappings 7 = (7; : {0,1} — {0,1});=1, -
An existential strategy T is winning if, for any mapping ¢ : {y1,...,yn} — {0,1}, the
formula ¢ is true under the assignment y; — d§(y;) and z; — 7;(6(y1),...,d(y;)) for
1 <i < {. A partial existential strategy is a sequence of mappings 7 = (; : {0,1}* —
{0,1})i=1,.._ ¢, for some ¢’ < /.

A strategy for Abelard (a universal strategy) is defined analogously, whereas the mappings
6 and 7 are swapped, and we call a universal strategy winning if ¢ is not true. Formally,
it is a sequence of mappings A = (\; : {0,1}*"1 — {0,1});=1._¢. A universal strategy
A is winning if, for any mapping 0 : {z1,...,z,} — {0, 1}, the formula ¢ is false under
the assignment x; — 0(x;) for 1 < i < £, y; — A1, and y; — A\(6(x1),...,0(x;—1)) for
2<3<U/.

A mapping § from a subset of Y to {0,1} is called a universal play, and similarly a
mapping § from a subset of X to {0,1} is called an ezistential play. It will sometimes be
useful to view plays as binary strings, and in this context we will use the symbol o to
denote the concatenation of two strings; for instance, if 6(z;) = 1 and §(x2) = 0, then
one can represent 0 as (1,0), and (1,0) 0 (0) = (1,0,0). It is easily observed that plays on
dummy variables do not need to be taken into account by a winning existential strategy.

Proposition 5.13 (folklore). A QBF I is true iff there exists a winning existential
strategy on I iff there exists no winning universal strategy on 1.

Let « be a partial existential strategy restricted to X’ = (z1,...,2,) and let 3 be a
universal play over Y/ = {yi,...,yp}. Then the pair (3, &) results in a partial assignment
0 of X' UY’, formally given as follows (for ¢ up to min(a,b)): §(y;) = B(y;) and
0(zi) = a(B(y1), B(y2),-.-,B(yi)). We denote this as (8,a) ~» 6. For brevity, we also
sometimes just write (3, «) for the assignment 0 given by (3, ) ~ .

For the remainder of this section, we fix the following notions. Let I = (¢,Y, X) be a
QBF, let <! be a partial order forming a dependency poset of I (w.r.t. some permutation
dependency scheme), and let P := (P,...,P,) be a prefix path decomposition of I
w.r.t. <! of width k. Moreover, for every i with 1 <i < n, let B; = P; be a bag in P,
D; = D.1(P<;), C; = P<; (see Figure 5.1), and let I be up-shifted on D.
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Gr\ (B;UG)

Figure 5.1: B; is a bag in P that separates C;, i.e., vertices forgotten in some bag before
B;, from the rest of the graph. D; is the downward closure of C; w.r.t. <!.

Observation 5.14. For any i with 1 < ¢ < n, B; forms a separator in G; and hence
each clause in ¢ either contains only variables in P<; or only variables in (Y U X) \ C;.
Furthermore, D; C P<;.

Hintikka games allow us to decide the truthfulness of a QBF by computing all strategies
for the existential player. We will show next that even though the number of possible
strategies that can be used for the variables in each P<; is huge, it is sufficient to only
remember a small number of “representative strategies” that can be used on P<; to allow
dynamic programming along the prefix path decomposition. The proof of this claim is
based on considering two layers of equivalences and showing that they both only have a
small number of equivalence classes.

5.3.3 Equivalence of Assignments

The first equivalence, which serves as the building block for the latter one, considers
assignments of the variable set D;.

Definition 5.15. Let §; and 2 be two partial assignments of D;. Then §; ~ §o iff
Is, = Is,.

It is readily observed that ~ is an equivalence.

Lemma 5.16. ~ has at most 227" equivalence classes.

Proof. Consider two partial assignments d1,d2 of D;. Let U be the set of all possible
clauses over B; \ D; (including the empty clause); clearly |U| < 3%. Let U; contain the
clauses from U which occur in Is,, and similarly for Uy and I5,. Let 0] be the restriction
of §; to variables from D; N B;.
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Claim 5.17. If U; = Uy and 6] = &, then §; =~ 0s.

Proof of the Claim. Clearly, I5, and I5, are defined on the same variables. It remains
to show that both contain the same clauses. Let ¢ be a clause of I. Because of
Observation 5.14 either ¢ C (X UY) \ C; or ¢ C P<;. In the first case, it follows from

1 = 04 that ¢5, = ¢5, and hence I5, contains ¢5, if and only if so does Is,. In the
later case, we obtain that ¢s;, C B; \ D;. Hence, because U; = U, we obtain that I5,
contains cg, if and only if so does Is,. O

The Lemma then follows from the above claim because there are at most 21U = 23

possible choices of U; and at most 2* possible choices of o, O

5.3.4 Equivalence of Strategies

For a partial existential strategy o on D;, we denote by S, (referred to as the signature)
the set containing each instance I such that there exists a universal play § which together
with a results in I; formally, S, = { Is | 3 universal play /5 such that (5, «) ~~ d }.

Definition 5.18. Let a; and as be two partial existential strategies on D;. Then
a1 = ag it o = Sa,.

Once again, it is easy to verify that = is transitive, reflexive and symmetric, and hence is
an equivalence relation. We show that its index is also upper-bounded by a function of k.

Lemma 5.19. For any partial existential strategy o on D; it holds that |S,| < 929"

20 (k) )
Furthermore, = has at most 22 equivalence classes.

Proof. By Lemma 5.16| each partial assignment § of D; results in one of at most 920"

many distinct QBF instances I5. Because S, is a subset of the set of all these instances
. . . ) o

for any partial existential strategy a, it follows that |S,| < 22 ® and moreover that

O(k)
there are at most 22° distinct choices for S,,. O

Lemma 5.20. Let I be a QBF and let a be a winning existential strategy for I. Then,
for any partial existential strateqy o' which is a subset of a, it holds that I' is true for
any I' € Syr.

Proof. Assume for a contradiction that this is not case and let o/ be a defined on the
variables in X'UY”, where X’ C X and Y’ C Y and let I’ € S,/ be a no-instance. Because
I' € S, there is a universal play Sy on the variables in Y’ such that I’ = Ij,, where
(Bo, ') ~ &g. Because I’ is a no-instance there is an universal play (81 on the variables
in Y\ Y/ such that the instance Is, where (3p o 81, ) ~> d, contains the empty clause.
Hence, the universal play [y o f1 wins against « on I, contradicting our assumption that
« is a winning strategy. O
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We will also need the converse of the above claim, formulated below.

Observation 5.21. If there exists a partial existential strategy o on D; such that each
I' € S, is true, then I is true.

Proof. A winning existential strategy for I can simply apply « until it reaches a true
subinstance I’ € S,. From there on, it can continue with a winning existential strategy

for I'. O

5.3.5 The Algorithm

In this subsection, we develop a dynamic programming algorithm on a nice prefix path
decomposition P = (P,...,P,) of I to decide whether I is true. Recall that by the
above, for each partial existential strategy o on D; there is a signature S,. For each
D;, we will compute the set K; of all signatures corresponding to any partial existential
strategy on D;; formally, K; = { S, | « is an existential strategy on D; }. We call K; the
signature set of D;, and the algorithm proceeds by computing the sets K1,..., K, for
the bags P, ... P,. One key observation is that for the construction of the sets K; one
only needs to consider a special type of partial existential strategies on D;, which we will
call oblivious.

A (partial) existential strategy a on Xo = (z1,..., ;) is oblivious if it does not distinguish
between universal plays that lead to the same reduced instance. More precisely, if two
universal plays on the first [ universal variables result in the same reduced instance,
then an oblivious (partial) existential strategy « shall not distinguish between these two
universal plays in the moves following after [. Formally, « is oblivious if it satisfies the
following condition for every partial existential strategy o/ obtained as a restriction of «
to (z1,...,27), | < j, and for every two universal plays (1,52 on (yi,...,y;) such that
Is, = Is, where ($1,0/) ~ 61 and (B2,a/) ~ d2. Let p satisfy | < p < j, and for each
By = {0,1}P7  let (B1 0 By, ) ~ 7 and similarly (B2 o 8y, ) ~ &5. Then, for every w;
where [ < i < p, it holds that 0{(z;) = d5 (). The following shows we can compute Kj,
by merely considering signatures of oblivious partial existential strategies.

Lemma 5.22. Let I be a QBF. For any partial existential strateqy there is an oblivious
partial existential strategy that has the same signature.

Proof. Let a be a partial existential strategy of I. If « is oblivious, then the claim
of the lemma holds. So assume that « is not oblivious. We will show how to trans-
form « into an oblivious partial existential strategy without changing the signature.
Let | be the smallest number such that the restriction o of a to (z1,...,2;) vio-
lates the definition of obliviousness for some universal plays (31, f2 on (y1,...,y). Let
S= {1538 €{0,1}}: (B',a') ~ &}, and for each I5 € S let us choose an arbitrary
representative 3s such that (8s,a’) ~ 4.

Now consider the strategy o’ which copies « in all mappings except for the follow-
ing. For each universal play 81 on (yi,...,y) such that (3; is distinct from each of
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the representatives 5, for each p where | < p, and for each §, € {0, 1}”‘17 we set
oy (10 Bp) := ap(Bs o Bp), where 0 satisfies Is = I(g, o). Observe that o/ no longer
violates the condition of obliviousness for any 1 on (yi,...,y). Additionally, if the
condition of obliviousness was satisfied by « for a pair of universal plays 31, 35 then
it remains satisfied also by . For now, assume o has the same signature as «; then
by repeating the above procedure until we obtain an oblivious strategy would proof the
claim of the lemma.

To complete the proof, we argue that o’ has the same signature as a. Let 8 be an
assignment of Y partitioned into 31 (on (yi1,...,¥;)) and [, (on the remaining universal
variables) and let §; be the assignment obtained as (31, a”) ~» d1. Moreover, let 35 be
the representative of I5, and let d2 be the assignment obtained as (85, ) ~» d2. Then,
Is, = Iy, and (B 0 By, a") is equal to (Bs5 o By, ) on all variables x;, y; with i > [ (by
definition of o"). Hence, Iy = I, where (B 0 Br, ) ~ &8 and (Bs o By, ) ~ 8, as
required. ]

The algorithm then consists of the following four procedures, each tied to a specific claim:

1. Initialization(Observation 5.23): this is the procedure that is called at the beginning
of the algorithm, i.e., for the empty bag P;.

2. Introduce (Observation 5.24): this is the procedure that is called whenever we have
computed K; 1 and P; is an introduce node.

3. Forget (Lemma 5.25): this is the procedure that is called whenever we have
computed K;_1 and P; is a forget node.

4. Termination (Observation 5.26)): this is the procedure that is called when we have
computed K.

The claims are provided below. We remark that each procedure not only computes the
next signature set, but also implicitly ensures that I is up-shifted on D;.

Observation 5.23. There exists a constant-time algorithm which takes as input a QBF
instance I and a prefiz path decomposition P and outputs K.

Proof. Since D; is empty, K contains only a single signature (the signature of the empty
strategy), which contains /. In other words, K1 = {{I}}. Observe that I is up-shifted
on Dl. L]

Observation 5.24. There exists a constant-time algorithm which takes as input a QBF
instance I, a prefiz path decomposition P and the signature set K; 1 and outputs K;
when P; is an introduce node.
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Proof. Assume P; = P;_1 U{z}, where z € X UY. Then P.;_; = P-; and in particular
z & D;. Hence K; = K;_1. Observe that if I was up-shifted on D;_1, then I will also be
up-shifted on D;. O

Lemma 5.25. There exists an FPT algorithm which takes as input a QBF I, a prefix
path decomposition P such that I is up-shifted on D;_1 and the signature set K;_1 and
outputs K; when P; is a forget node.

Proof. Assume P; = P;_1 \ {z}, where z € X UY. Then z € P-; but z ¢ P.;_1, which

implies that D; = D; 1 U D<r(z). The algorithm checks whether z € D; 1 or not.

If z € D;_1, then Dor(2) € D;—1 and hence D; = D;_1. This means that K; = K; 1.

If z¢ D;_q, then let Z =D.1(2)\ Di—1 = D; \ D;—1. Observe that Z C P; and hence
|Z| < k. We apply up-shifting on Dj; since I was already up-shifted on D;_;, this means
that after up-shifting the prefix of I will contain first the variables in D;_1, followed
by the variables in Z, and then all remaining variables. Our goal is now to expand
the signature set K; 1 by considering all possible results of an existential strategy and
universal play on Z. We first formalize the notion of extended signature below, and then
describe how the algorithm proceeds.

Let S be a signature in K;_; and let I5 € S. Let A be the set of all partial existential
strategies in I on the variable set Z N X. Since Z forms a prefix of Iy and |Z| < k, it
follows that |A| < 2201 Similarly, let B be the set of all universal plays in I5 on the
variable set Z NY, and observe |B| < 2¥. The extended signature w.r.t. I5 and ag € A
is the set S = {I, |w=8§U ¢, whereas 35y € B : (8o, a9) ~» ¢’ within I5 }. Observe
that, by the bound on |B|, it follows that each extended signature can be computed from
a given I5 and ag in 2 - |¢| time.

The algorithm begins by setting K := () and iteratively processes each S € K,_; as follows.

Let S ={I,..., Is}. The algorithm branches over all m-tuples of (possibly non-distinct)

partial existential strategies from A, and for each such 7 = (a1, a9,...,ap,) € A™ it
produces m pair-wise extended signatures Sg}l,SCIfQ, .. .,Si’fn . It then computes their

union Sy = Ujeim) ngj'., and sets K| := K] U {S;}. The procedure specified in this
paragraph can be carried out in FPT time, since

a) the number of distinct elements in K; and also in K;_; is bounded by the number

o(k)
of equivalence classes of =, which is at most 22? by Lemma [5.19, and

b) the cardinality of each S € K;_; is at most 22o(k), also by Lemma 5.19.

It remains to show that K] = K;. We first show that if S € K], then S € K. Because
S € K|, there exists Sy € K;_1, where Sy = {I1,...,I,}, along with an m-tuple
7= (a1,...,an) of partial existential strategies such that S = U;cpyy Sgi] Let us fix
one arbitrary partial existential strategy ag on D;_1 with the signature Sy. Then, ag
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partitions all possible assignments B of Y N D;_; into sets By, ..., B, where g € B; iff
(67 Oé()) ~ IJ

Consider the partial existential strategy « on D; which proceeds as follows. On D;_1, it
copies ag. On D; \ D;_1, it takes each universal play 8 and decomposes it into 3y o 3.,
where [y is the universal play on D;_1 and 5, is the universal play on the remaining
variables, i.e., a subset of D; \ D;_; and copies a; on 3,. By construction, it follows that
« has the signature S, which implies that S € Kj;, as required.

Now assume that S € K;. Because of Lemma 5.22, it holds that S is the signature of
an oblivious partial existential strategy a on D;. Let ag be the restriction of o to D;_1,
and let Sy = {I1,..., Iy} be the signature of o in K;_1. Then ap once again partitions
all possible assignments B of Y’ N D;_; into sets By, ..., By, where 8 € B; iff I( ) = ;.

For any j € [m], let 3; be an arbitrary universal play in B;. Moreover, let o; be the
partial existential strategy (operating on ;) defined as follows. For each universal play
- on (a subset of) Y N Z, we let a; copy the move of v against the universal play §; o ..
Observe that because « is oblivious, a; is independent of the actual choice of 8; in B;.

We claim that S = S, for 7 = (a4, ..., ), which implies that S € K. We first show
that if I € S then I € S;. Hence, let I € S. Then, there is a universal play 5 on D; such
that I = I(3 ). Let By be the restriction of 8 to D;—1 NY, let B be the restriction of
Bto ZNY, and let j be such that 8y € Bj. Then, because « is oblivious, it holds that

I'=1Ip0p,0) € ngj This shows that I € S, as required.

For the reverse direction let I € S;. Then, there is a j € [m] such that I € Séfj Hence,
there is a universal play 8, on Z NY such that I = I(g,0p, ), which implies I € 5, as
required. O

Observation 5.26. There exists a constant-time algorithm which takes as input a QBF
instance I and a prefix path decomposition P = {Py,...,P,} and the signature set K,
and decides whether I is true.

Proof. After processing the last bag P, of P, it holds that D = X UY and hence every
signature in K, can only contain two possible instances: the trivial true instance I which
contains no variables and no clauses, and the trivial false instance Ir, which contains
no variables and the empty clause. If {Ir} € K,,, then the algorithm outputs true, and
otherwise it outputs false. Correctness follows from Lemma 5.20 and Observation 5.21. [

Having established the procedures for the individual nodes of the path decomposition,
we can now prove the correctness of the whole dynamic programming algorithm. We
note that the following theorem applies to arbitrary QBF instances (not only those in
alternating prenex form).

Theorem 5.27. There exists an FPT algorithm which takes as input a QBF I, an
integer parameter k, and a prefix path decomposition P of I of width at most k and
decides whether I is true.
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Proof. If I is not already in alternating prenex form, we convert it by adding dummy
variables as described in Subsection [5.3.2. As mentioned in the preliminaries, it is
possible to transform a prefix path decomposition P into a nice prefix path decomposition
P’ containing at most O(k|I|) bags; let n = |P’|. It then computes the signature
set K1 by Observation 5.23| and proceeds by iteratively computing K5, K3,..., K, by
Observation 5.24| and Lemma |5.25. Once the algorithm computes the signature set K,
it outputs based on Observation |5.26. ]

5.4 Computing Prefix Pathwidth

This section is devoted to parameterized and approximation algorithms for computing
the prefix pathwidth. Observe that if the given partial ordering is empty, then the prefix
pathwidth of the graph G is the same as the pathwidth of G. Moreover, the downward
closure property is checkable in polynomial. time Thus, computing the prefix pathwidth
is NP-complete.

Before we present our algorithms, we will state some interesting observations about prefix
path decompositions. For the remainder of this section let G' be a graph and (V(G), <")
a poset on V(G) of width w. The first observation relates prefix pathwidth with a
well-known decomposition parameter for directed graphs, i.e., directed pathwidth [19].

Definition 5.27.1 (Directed path decomposition ([19])). Let D be a directed graph. A
directed path decomposition is a sequence P := (Pi,..., P,) of subsets of vertices of D
such that:

(Dl) Ulgignpi = V(D)a

(D2) for every u € V(D), the set D, ={i € {1,...,n} | v € W;} induces an interval,
and

(D3) for each uv € E(D) there are i and j with 1 < ¢ < j < n such that u € W; and
v e Wj.

The width of a directed path decomposition and the directed pathwidth of D, denoted by
dpw(D) are defined analogously to the corresponding notions for path decompositions.

Observation 5.28. Let D be the directed graph obtained from G by replacing every edge
by two anti-parallel arcs and adding an arc uv for every u,v € V(G) such that u <" v.
Then, opw<v (G) = dpw(D).

Proof. We will show an even stronger statement, namely we show that any prefix path
decomposition of G w.r.t. <" is also a directed path decomposition of the graph D and
vice versa.

Suppose that P := (P, ..., P,) is a prefix path decomposition of G w.r.t. <. Then,
P satisfies Properties (D1) and (D2), because P satisfies Properties (T1) and (T2).
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Towards showing Property (D3), let uv be any arc in D. If wv is also an edge of G, then
Property (D3) follows because P satisfies Property (T3). Otherwise, u <" v and because
of the downward closure property of P, we obtain that u € P<y,(,). Hence, there is an i
with i < fp(v) and u € P;, which because v € Py, (. implies Property (D3).

On the other hand, let P be a directed path decomposition of D. Then, properties (T1)
and (T2) follow immediately from properties (D1) and (D2) of P. Towards showing
Property (T3), let uv € E(G) be an edge of G. Then, both uv and vu are arcs in D
and it follows from Property (D3) that there are 4, j, ¢/, and j' with 1 <14 < j < n and
1 <4 <j" <nsuchthat u € P, v € Pj, v € Py, and u € Py. Because of Property D2,
we obtain that u € P, for every [ between 7 and j’ and v € P, for every [ between i’ and
j. Hence, because i < j and 7’ < 5’ there exists an h with 1 < h < n such that u,v € P,
showing Property (T3).

Towards showing the downward closure property for P, recall that for every u € Dv (v)
there exists a directed edge uv in D. It hence follows from Property (D3) that cither
there exists ¢ with 1 < i <n such that u,v € Wj;, or there are ¢ and j with 1 <i < j<n
such that u € W; and v € Wj. Therefore, u € Py, () for every u € Dov(v) and P has
the downward closure property. O

Since it has been shown [191] that deciding whether the directed pathwidth of a digraph
is at most k is solvable in polynomial-time for every fixed k, the above observation implies
that the same holds for the prefix pathwidth. It is an important open question, however,
whether computing directed pathwidth is fixed-parameter tractable.

Let G be a graph and < a linear order on V(G). We call the pair (G, <) an ordered
graph. We say that an ordered graph (G, <) is an ordered minor of an ordered graph
(G', <), if (G, <) can be obtained from (G’, <') by a sequence of operations of any of
the following kind: (1) vertex deletion, (2) edge deletion, or (3) ordered edge-contraction,
i.e., an edge-contraction for which the resulting vertex can take the place of any of the
endpoints of the contracted edge in the ordering <’. Let X be a set and < a reflexive and
transitive binary relation on X. Then, X is well-quasi ordered w.r.t. < if every infinite
sequence i, T2,... of elements of X contains an increasing pair x; < x; where 7 < j.
If the set of ordered graphs of prefix-pathwidth at most k was well-quasi ordered w.r.t.
the ordered minor relation, this would be an important step towards a FPT algorithm for
determining whether a graph has prefix-pathwidth at most & [I34]. However, we show
that this is actually not the case.

Observation 5.29. The set of ordered graphs is not well-quasi ordered w.r.t. the ordered
minor relation.

Proof. It has been shown that the set of all permutations of the natural numbers is
not well-quasi ordered w.r.t. the removal of entries [I88]. In particular, Béna and
Spielman [I88] constructed an infinite antichain of permutations for this setting. We will
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make use of this antichain to construct an infinite antichain of ordered graphs w.r.t. the
ordered minor relation.

Let P = (p1,p2,...) be the infinite sequence of permutations (also called an antichain)
witnessing that the set of all permutations is not well-quasi ordered w.r.t. to the removal
operation as defined by Béna and Spielman [I88]. We define a corresponding sequence
G = (g1, 92,...) of ordered graphs as follows: for every permutation p € P, let g(p) be
the ordered graph (G, <), where G is a path given by the sequence (vo,v1,...,v|p|) of
vertices (with endpoints vp and vp|) and the partial ordering < is defined by v; < v; if
and only if p~![i] < p~![j] for every 0 < 4,5 < n. Note that because G is a path and
the endpoint vy is the only vertex of G, which is not comparable (w.r.t. <) to any other
vertex, it holds that g(p) = g(p’) if and only if p = p’ (hence g is a bijection). We set
G :=(9(p1),9(p2),...). It remains to show that G is an infinite antichain w.r.t. to the
ordered minor relation, i.e., there is no pair ¢, 7 with ¢ < j such that g; is an ordered
minor of g;.

Suppose for a contradiction that there is such a pair say 4, j such that ¢ < j and
gi := (G, <;) is an ordered minor of g; := (G, <;). Then, in particular, G; is a minor of
G; and because both G; and G; are paths we can assume, w.l.o.g., that g; is obtained
from g; by a sequence of ordered edge-contractions. Moreover, because any ordered
edge-contraction of an edge e = {u,v} € G; for which the resulting vertex takes the
place of say u in the ordering leads to an ordered graph isomorphic to g(pg), where p;-
is the permutation obtained from p; after removing the element corresponding to v in
pj, we obtain that any permutation p such that g; = g(p) is can be obtained from any
permutation p’ such that g; = g(p’). Finally, because g(p) is a bijection, we obtain that
p; can be obtained from p; via the removal of elements, contradicting our assumption
that the set of all permutations is well-quasi ordered under removal of elements. ]

The above observations suggest that fixed-parameter tractability for computing prefix
pathwidth is a difficult question.

5.4.1 Algorithms for Posets of Bounded Width

In the following we will give two algorithms that compute the prefix path decomposition
of a graph that are efficient in the case that the given poset has small width. Our
first algorithm shows that if the width of the poset <V is bounded by a constant, then
deciding whether G has a prefix path decomposition w.r.t. <V of width at most k is
fixed-parameter tractable (in k).

For a subset V! C V, let P.v (V') be the prefix of V/ w.r.t. <V i.e., the set of all vertices
v in V' with Dov(v) € V7, and let Scv (V') be the suffix of V/ w.r.t. <V, i.., the set
V'\ Pv(V"). Finally, we let 6(V') be the vertices in V' with at least one neighbor in
V\ V', We call the set §(V') guards of V',

Let B(V’) be the bipartite graph with bipartition (§(V"), N(6(V")) \ V') containing all
edges of G with one endpoint in §(V”) and the other endpoint in N(6(V"))\ V’. Moreover,
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for a prefix path decomposition P := (P,...,P,) of G w.r.t. <" and for every i with
1 <i<n,let Bp(i) be the bipartite graph B(P<v (P<;)).

Before we proceed to proof the required statements for the algorithm, let us first provide
an informal overview of the algorithm. The main observation behind the algorithm
(which is shown in Lemma 5.30 below) is that in any prefix path decomposition of G
w.r.t. <V, the intersection between any two bags, say P; and P;, 1, can be characterized
by a pair (D, C), where D is a downward closed set of vertices of G equal to Pov (P<;)
and C' is a minimal vertex cover of the bipartite graph between the guards of D and the
neighbors of these guards in the remainder of G, i.e., the bipartite graph Bp(i). Given
this crucial observation, it is then straightforward to define simple conditions for deciding
whether a pair (D, C) can be the intersection of two bags in a prefix path decomposition
of width at most k as well as conditions for deciding whether the intersection of two bags
corresponding to a pair (D, C') can be followed by (in some prefix path decomposition of
width at most k) the intersection of two bags corresponding to the pair (D', C") (these
conditions are defined in Lemma 5.31). Computing a prefix path decomposition then
boils down to deciding whether there is a directed path from the pair (), ) to the pair
(V(G),0) in the digraph whose vertex set consists of all pairs (D, C) such that (D, C)
can be the intersection between two bags in some prefix path decomposition of width at
most k and whose arcs are defined using the above mentioned conditions (see the proof
of Theorem 5.34). Because the number of downward closed sets is bounded by |V (G)|%
and one can show (see Lemma 5.33) that the number of possible minimal vertex covers
(for each downward closed set) is bounded by k2¥, this then leads to the required result.

We are now ready to proof the formal statements required by the algorithm as outlined
above.

Lemma 5.30. Let P := (P, ..., P,) be a prefir path decomposition of G w.r.t. <V of
width at most k, which is minimal in the sense that no bag of P contains unnecessary
vertices. Then, for every i with 1 < i < n, it holds that P; N P41 is a minimal vertex
cover of Bp(i).

Proof. We first show that P; N P,y contains a vertex cover of Bp(i) for every ¢ with
1 < i < n. Suppose not, then there is an ¢ with 1 < ¢ < n such that P, N Py is
not a vertex cover of Bp(i). Hence, there is an edge {v,u} € E(Bp(i)) C E(G) with
v € Pov(P<;) and u € N(6(P<v(P<;))) \ (P<v(P<;)) such that v,u ¢ P;N P;y;. Hence,
cither u ¢ P<; or u € Scv(P<;). In the former case, because v € P<; but v ¢ Piy1, we
obtain that property (T3) of P is violated. In the latter case, because S.v (P<;) C P;,
we obtain that v ¢ P;;1 and hence fp(u) = i. Consequently, D_v (u) Pei = P )
contradicting the downward closure property of P.

Towards showing the minimality of the vertex cover, assume for a contradiction that this
is not the case and there is an ¢ with 1 < ¢ < n such that P; N P;;1 is not a minimal
vertex cover of Bp(i). Then, there is a vertex v € P; N P;41 such that (PN Piyq) \ {v} is
still a vertex cover of Bp(i). Then, either v € P<v(P<;) or v € Scv(P<;).
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In the first case, let P’ := (Pj,..., P)) be obtained from P after removing v from every
bag P; with j > i+ 1. We show that P’ is still a prefix path decomposition, contradicting
our assumption that no bag of P contained unnecessary vertices. It is easy to verify
that conditions (T1) and (T2) as well as the downward closure property still hold for P’.
Towards showing (T3), let {v,u} € E(G). Because (P, N P;+1) \ {v} is a vertex cover of
Bp (i), we obtain that if {v,u} € Bp(i), then u € P/, as required. If {v,u} ¢ Bp(i), then
u € P.v(P<;) and because P satisfies condition (T3), it follows that {u,v} is covered by
some bag P; with j <, as required.

In the second case, let P’ := (P{,..., P}) be obtained from P after removing v from every
bag P; with j <. We show that P’ is still a prefix path decomposition, contradicting
our assumption that no bag of P contained unnecessary vertices. It is easy to verify
that conditions (T1) and (T2) as well as the downward closure property still hold for P’.
Towards showing (T3), let {v,u} € E(G). Because (P; N Pi+1) \ {v} is a vertex cover of
Bp(i), we obtain that if {v,u} € Bp(i), then v € P/, as required. If {v,u} ¢ Bp(i),
then either u € S.v(P<;) in which case because of the downward closure property of
P also u € Py and hence u € P;, |, as required, or u € V(G) \ P<; and because P
satisfies condition (T3), we obtain that {v,u} is covered by some bag P; with j > i+ 1,
as required. O

Lemma 5.31. There is a prefiz path decomposition of G w.r.t. <V of width at most k if
and only if there is a sequence S := ((Do, Cy), ..., (Dn,Cy)) of pairs (D;, C;) such that:

C1 Dy =Cy=0, D, =V(G), C, =0,
C2 for every i with 0 < i < n:

C2A D; is downward closed,

C2B C; is a minimal vertex cover of B(D;),
C8 for every v with 0 <1 < n:
C3A ’(Di—i-l \DZ) uc;u Ci—&-l‘ <k,

C3B C;\ Cit1 C Dita,
C3C D; C Diyy.

Proof. For the forward direction, suppose there is a prefix path decomposition P :=
(Pi,...,P,) of G wr.t. <V of width at most k. W.l.o.g., we can assume that P is
minimal (in the sense that no bag contains unnecessary vertices). It hence follows from

Lemma 5.30 that P; N P41 is a minimal vertex cover of Bp (i) for every ¢ with 1 <i < n.

We claim that § := ((Do,CO), (Dl,Cl),.. ,(Dn,C’n)) with DO = @, CO = @, Dz =
P.v(P<;), Ci := P; N Py for every i with 1 <i < n, D, = V(G), and C,, = 0 is the
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required sequence. Conditions C1 and C2A are trivially satisfied. Condition C2B follows
from Lemma 5.30 applied to P. Towards condition C3A observe that

|(Dig1\ Di) UC; Ui

[(Pev(P<it1)) \ (P<v (P<i))) U

(PiN Piy1) U (Pig1 N Pig2)|

[(P<v (P<it1)) \ (P<v(P<i))) U Piga]

[(P<iv1) \ (P<v (P<;))) U P

|Piy1U P

k

ININ N IA

The second to last inequality follows because P<ji1 \ P<v(P<;) C P;4+1, which in turn can
be seen as follows. Let v € P<; 1\ P<v(P<;), then either v € P<; 1\ P<; or v € Sov(P<;).
In the former case v € Pj;; (due to the definition of P<;,1) and in the later case v € Py
because of the downward closure property of P.

Towards showing C3B, it suffices to show that v € C; \ C;41 implies v € D;41 for every
v € V(G). Because C; \ Ciy1 = (PiNPit1) \ (Piy1 N Piy2) = (PN Piy1) \ Pit2, we obtain
that v € C; \ Ci41 implies that fp(v) =i+ 1. Hence, using the fact that P satisfies the
downward closure property, we obtain that D_v(v) C D;y;. In particular, v € D;41, as
required. N

Condition C3C, i.e., D; C D;11 or equivalently P.v(P<;) € P<v(P<iy1) is satisfied
because P<; C P<;y1 and the downward closed subset of a set contains the downward
closed subset of any subset of the set.

For the reverse direction suppose that we are given S := ((Dy, Cp), . .., (Dp, Cy)) satisfy-
ing the conditions given in the statement of the lemma. We claim that P := (Py,..., P,)
with P; := D; \ D;—1 U C;—1 U C; for every ¢ with 1 < i < n is a prefix path decom-
position of G w.r.t. <V of width at most k. Because of condition C1, it holds that
P<i =Ui<j<i Dj\ Dj—1UC;-1 UC;j = Uy <j<; Dj UCj and again using condition C1, we
obtain P<,, = V(G). It follows that P satisfies property T1.

To show the remaining properties for P, we need the following claim.

Claim 5.32. Let v € V(G) be any vertex such that v € P; \ P41, then v € D;, v ¢ C;,
and all neighbors of v outside of D; are in Cj.

Proof of the Claim. Let v € V(G) be any vertex such that v € P; \ P41 =
(Di \ D;,_1UC;_1 U Cl) \ (Di—l—l \ D,uUC;uU Cz'—i—l) for some ¢ with 1 <14 < n, ie., vis
forgotten at position i. There are two cases for this to happen, i.e., either v € D;\ D;_;
or v € Cj_1. Note that in both cases v ¢ C;. In the latter case, we obtain from
C3B that v € D;. Hence, we have already shown that v € D; and v ¢ C;. Moreover,
because v ¢ C; we obtain from C2B that C; contains all the neighbors of v outside of
D;. This completes the proof of the above claim. O
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To show property (T2) for P, it suffices to show that for any v € V(G) with v € P\ Pitq
for some position i with 1 < ¢ < n, it holds that v ¢ P; = D; \ D;— U Cj_1 U Cj for
any j > i + 1. From Claim 5.32, we obtain that v € D;, v ¢ C;, and all the neighbors

of v outside of D; are in C;. Because v € D;, we obtain from C3C that v ¢ D; \ D;_;.

Consequently, it is sufficient to show that v ¢ C; for any j > i 4+ 1. Because C; contains
all the neighbors of v outside of D;, we obtain from C3B that for every j > i + 1 it
holds that C; contains all the neighbors of v outside of D;. Using C2B (in particular the
minimality of C}), we obtain that C; does not contain v, as required.

We will show property (T3) for P by showing (by induction on the index of the forgotten
vertices) that whenever a vertex is forgotten at position i, then every edge incident to it
is contained in some bag j < ¢. This clearly holds if v is the first vertex that is forgotten,
because all neighbors of v in D; must still be in P; and all neighbors of v outside of D; are
in C; C P; (because of Claim 5.32). So assume that v is the [-th vertex that is forgotten
and v is forgotten at some position ¢. Again, all neighbors of v in D; are either still in
P; or have been forgotten before v and hence (by the induction hypotheses) every edge
incident to the forgotten neighbors is contained in some bag P; with j < i. Moreover,
because of Claim |5.32] all the neighbors of v outside of D; are in C; and hence also in P;,
as required.

We show next that P has the downward closure property. Again, because of Claim 5.32,
if a vertex v is forgotten at some position ¢, then v € D;. The downward closure property
for P, then follows from C2A.

Because of C3A, we have that the width of P is at most k. Hence, P is a prefix path
decomposition of G w.r.t. <V of width at most k, as required. O

Lemma 5.33 (Damaschke [55], Theorem 4.). Let D C V(G) be a downward closed set
w.r.t. <V, then there are at most 2¥ minimal vertex covers of B(D) of size at most k
and these can be enumerated in time O(|E(B(D))| + k22%).

In the following let w = width((V(G),<") and let (W7,..., W) be a chain partition of
(V(G),<V) (which due to Proposition 3.10 can be computed in polynomial-time). For
a vector v € [0,|W1]] x ... x [0,|Wy]|], let Dov(v) be the set of vertices of V(G) that
contains the first v[i] vertices from every chain W;. Note that for every downward closed
set V' there is a vector v € [0, |W7]] X ... X [0, |[Wy]|] such that V' = D_v (v), which we
denote by vov (V). -

Let P := (Py,...,P,) be a prefix path decomposition of G w.r.t. <V of width at most k.
Note that because P.v(Px;) is downward closed the vector v(P<v (Px;)) is well-defined.

Theorem 5.34. There is an algorithm that finds a prefix path decomposition of G
w.r.t. <V of width at most k or decides that no such prefiz path decomposition exists
in time O((|[V(G)[Y2")2|V(G)|). Hence, for any constant w computing a prefix path
decomposition is fired-parameter tractable parameterized by k.
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Proof. To decide whether G has a prefix path decomposition w.r.t. <V of width at most
k, we first build an auxiliary directed graph H as follows.

The vertex set of H consists of all pairs (D, C) such that D C V(G) is a downward closed
set and C' is a minimal vertex cover of B(D) of size at most k. Furthermore, there is an
arc from (D, C) to (D',C") of H if and only if (D, C) and (D', C”) satisfy the conditions
C3A-C3C given in Lemma 5.31 (with D; = D, C; = C, D;y1 = D', and Cij41 = C').
This completes the construction of H. Because of Lemma [5.31, we obtain that G has a
prefix path decomposition w.r.t. <V of width at most k if and only if there is a directed
path in H from (0, () to (V(G), ). Hence, given H we can decide whether G has a prefix
path decomposition w.r.t. <V of width at most k (and output such a path decomposition
if it exists) in time O(|V (H)|log(|V(H)|) + E(H)) (e.g., by using Dijkstra’s algorithm).
It remains to analyze the time required to construct H (as well as its size).

Because every downward closed set DD can be characterized by a vector
v € [0,|Wh]] x ... x [0, |Wy]|] (namely by the vector v(D)), there are at most |V (G)|* such
sets D. Moreover, due to Lemma 5.33 for each such D there are at most 2¥ minimal vertex
covers of B(D) of size at most k. Hence, H has at most O(|V (G)[“2¥) vertices and again
using Lemma 5.33, the vertex set of H can be constructed in time O(|V (G)[*T2k22%). To
compute the arc set of H, we go over all of the at most O((|V (G)|*2")?) pairs of vertices
of H and check the conditions C3A-C3C, which can be done in time O(|V (G)|) (for each
of these pairs). Hence, the total time required to construct H is O((|[V(G)[*2%)2|V(G)])
and since this dominates the time required to find a shortest path in H, this is also the
total running time of the algorithm. O

Theorem 5.35. There is a polynomial-time algorithm that outputs a prefix path-decom-
position of G w.r.t. <V of width at most 2w(2k? + k) + 1 or outputs correctly that no
prefir path decomposition of G w.r.t. <V of width at most k exists.

Proof. For a vector v € [0, |[W1|]x...x[0,|Wy]|] and i with 1 < ¢ < w, let A(v, %) be the set
of vertices 6(D~v (v)) NW;, let B(v,1) be the set of vertices N(6(D<v (v))NW;)\ Dcv (v)),
and let G(v,7) be the bipartite graph with bipartition (A(v,), B(v,4)) containing all
edges of G between A(v,i) and B(v,). Let H(G(v,1)) be the set of vertices of G(v,1)
with degree larger than k£ and let C(G(v,14)) consists of H(G(v,7)) and all vertices in
A(v,1) \ H(G(v,1)) with at least one neighbor in G(v,7) \ H(G(v,7)). We also set P(v)
to be the set of vertices U, <;<,, C(G(v,1)).

We are now ready to describe the algorithm that outputs a prefix path decomposition
of G w.r.t. to <V of width at most 2w(2k? + k) + 1 or outputs “No” if no prefix path
decomposition of G w.r.t. <V of at width at most k exists. The algorithms tries to
iteratively construct a sequence (vy,...,v,) of vectors v; € [0,|W1|] x ... x [0, |[W,|] such
that vy is the all zero vector, v, is the vector (|[Wi|,...,|Wy|), vit1 is obtained from
v; by increasing exactly one component of v; by one, and |C(G(v;,5))| < 2k? + k for
every ¢ and j with 1 <4 < mn and j with 1 < j < w. The algorithm tries to find the
sequence in a greedy manner, i.e., after having constructed the sequence (vi,...,v;)
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it first checks whether v; is the vector (|Wil,...,|Wy|) (in which case the algorithm
has succeeded). Otherwise it goes over all j with 1 < j < w and checks whether the
vector v obtained from v; by increasing the j-th entry by one satisfies v'[j] < |W;| and
|IC(G(', §))| < 2k? + k. If so it continues on the sequence (vy,...,v;,v'). Otherwise, it
outputs that G does not have a prefix path decomposition w.r.t. <V of width at most k.

If the algorithm succeeds, it outputs P := (Py,...,P,) with P, = () and P, :=
P(v;) U P(vi—1) U (D<v (v;) \ Dev(vi—1)) for every ¢ with 1 < i < n as the prefix
path decomposition of G w.r.t. <V. Otherwise, it returns that G does not have a prefix
path decomposition w.r.t. of width at most k. This completes the description of the
algorithm.

It is straightforward to check that the algorithm runs in polynomial-time. It remains to
show correctness of the algorithm.

We start by showing that if the algorithm succeeds and outputs the sequence P :=
(Pi,...,P,), then P is a prefix path decomposition of G w.r.t. <" of width at most

2w(2k? + k) + 1. Let (v1,...,v,) be the sequence of vectors computed by the algorithm.

Recall that vy is the all-zero vector, v, is the vector (|Wil,...,|Wy]), vit1 is obtained
from v; by increasing exactly one entry by one, and |C/(G(v;,5)| < 2k%+ k for every i and
j with 1 <i<nand j with 1 < j <w. Because for every ¢ with 1 < i <n, P, contains
(at least) the vertex Dov (v;) \ D<v (vi—1), it holds that |J;<;<,, P5 = V(G), which shows
property (T1) for P. - o

Claim 5.36. Let v € V(G) be any vertex such that v € P;\ Pi11, then v € Dov (v;), and
all neighbors of v outside of D<v (v;) are in P; and have degree more than k in G(v;, )
for every 1 < j < w.

Proof of the Claim. We first show that v € Dv (v;). Assume for a contradiction that
v ¢ D_v(v;). Then, because v € P;, it holds that v € P(v;) U P(v;_1). If v € P(v;),
then v € P;1 contradicting our assumption. Hence, v € P(v;—1). In particular, there
is some j with 1 < j < w such that v € B(v;—1,j) and either v has degree larger than
k in G(vi—1,j). Note that because v ¢ P;11, we obtain that v ¢ Dov (vit1) \ Dev (v;)
and hence also v ¢ Dov (vi41). It follows that v € B(vi1,7). Furthermore, if v had
degree more than k in G(vi—1,J), then because v;_; < v;y1, v still has degree more

than k in G(v;4+1,J) and hence v € C(vj4+1,75) C P;y1 contradicting our assumption.

This shows that v € Dov (v;).

We show next that all neighbors of v outside of D_v (v;) are in P;. Because v ¢ Py,
we obtain that v ¢ P(v;). Consequently, for every j with 1 < j < w, all neighbors of
v in G(vj,j) have degree more than k. Hence, all neighbors of v outside of D_v (v;)
are in C(v;,7) C P;. G

To show property (T2) for P, it suffices to show that for any v € V(G) with v € P;\ P;y1
for some position ¢ with 1 < ¢ < n, it holds that

v & Pj = Dcv(vj) \ Dev(vj—1) U P(vj—1) U P(v;)
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for any j > i+ 1. From Claim 5.36, we obtain that v € D.v (v;), and all the neighbors
of v outside of D.v (v;) have degree more than k in G(v;,1) for every [ with 1 <1 < w.
Because v € D.v (v;) and v; < v;, we obtain that v ¢ D_v (v;)\D<v (v;_1). Consequently,
it is sufficient to show that v ¢ P(v;) for any j > i 4 1. Because all the neighbors of v
outside of D_v (v;) have degree more than k in G(v;,1) for every | with 1 <! < w and
v; < vj, we obtain that for every j > i + 1 and every [ with 1 <1 < w, it holds that all
the neighbors of v outside of D.v(v;) have degree more than k in G(vj,1). It follows

that v ¢ P(vj), as required.

We will show property (T3) for P by showing (by induction on the index of the forgotten
vertices) that whenever a vertex is forgotten at position i, then every edge incident to it
is contained in some bag j < i. This clearly holds if v is the first vertex that is forgotten,
because all neighbors of v in D_v (v;) must still be in P; and all neighbors of v outside of
D_v(v;) are in P; by Claim [5.36. So assume that v is the I-th vertex that is forgotten
and v is forgotten at some position i. Again, all neighbors of v in D.v (v;) are either
still in P; or there have been forgotten before v and hence (by the induction hypotheses)
the edges incident to the forgotten neighbors are contained in some bag P; with j <.
Moreover, because of Claim 5.36| all the neighbors of v outside of ng(vi) are in P;.

The downward closure property of P follows immediately from Claim [5.32 and the fact
that D.v(v;) is downward closed for every i with 1 <i <n.

By construction the width of P is at most 2w(2k? 4 k) + 1. This shows that P is a prefix
path decomposition of G w.r.t. <V of width at most 2w(2k? + k) + 1.

We show next that if the algorithm is not successful, then G does not have a prefix path
decomposition w.r.t. <" of width at most k. Because the algorithm is not successful,
there is a vector v € [0, |W1]|] X ... x [0,|Wy]|] with v # (|Wi],...,|Wy|) such that for
every j with 1 < j < w either v/[j] > |[W;| or |[C(G(V',5))| > 2k* + k, where v/ is
the vector obtained from v by increasing the j-th entry of v by one. Assume for a
contradiction that there is a prefix path decomposition P := (P,...,P,) of G w.r.t.
<V of width at most k. W.l.o.g., we will assume that |P,AP,;1| < 1. Let i be the
smallest integer with 1 < i < n such that there is a [ with 1 <[ < w with vp[l] > v[l],
where vp 1= v(Pv(P<;)). Observe that because |P;AP; 11| < 1, the integer [ is unique
and moreover vp[l] < v[l] + k. Hence, vp[l'] < v[l'] for any I’ # [ and 1 <’ < w and
v[l] < wvp[l] <v[l] + k. Tt follows that there is a set D of at most k vertices of G(v,1) in
B(v,1) such that G(v,l) \ D is an induced subgraph of G(vp,l). Because every vertex in
D can reduce the size of C'(v,l) by at most k, i.e., if its degree in G(v,[) is exactly k, we
obtain that |C(vp,l)| > |C(v,1)] — k* > 2k* + k — k* = k* + k.

Because of Lemma 5.30, P; has to contain a vertex cover of Bp(i). In particular, because
G(vp,1) is a subgraph of Bp(i), P; has to contain a vertex cover of G(vp,[). It remains
to show that because |C(vp,1)| > k? + k, G(vp,l) cannot have a vertex cover of size at
most k. Assume for a contradiction that G(vp,l) has a vertex cover C of size at most
k. Clearly, H(vp,l) C C. Furthermore, because every vertex in G(vp,l) \ H(vp,l) has
degree at most k, any such vertex can cover the edges of at most k non-isolated vertices
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in A(vp,1) NC(vp,l). Tt follows that |C(vp,l)| < k + k? a contradiction. O

5.4.2 FPT Algorithm for Trivial Dependency Scheme

We say that a dependency poset <" is layered if it there is a partition of the elements
into layers Vi,...,Vy such that for every x; € V;,z; € V; we have z; < z; if and only
if i < j. Informally, such posets are divided into a chain of layers of incomparable
elements. We note that every trivial dependency poset is a layered poset; however, other
dependency posets may in some cases also be layered.

The remainder of this section is devoted to a proof of the following theorem.

Theorem 5.37. Let <V be a layered dependency poset and k a natural number. There
exists an FPT algorithm (parameterized by k) that either finds a prefix path decomposition
of G w.r.t. <V of width at most k or determines that no such path decomposition ezists.

Our general proof strategy will be to first show that any prefix path decomposition
w.r.t. a layered dependency poset has a simple structure, which then can be exploited
for an FPT algorithm that finds such a decomposition of small width. In particular,
we will show that any prefix path decomposition can be naturally divided into path
decompositions of the parts (V1,...,V}) given by a layered dependency poset that are
held together via (minimal) separators between these parts.

In the following let G be a graph, <" be a layered dependency poset, let (Vi,...,V])
be the ordered partition associated with <V, and let P = (P, ..., P,,) be a prefix path
decomposition of G w.r.t. <"'. Moreover, for every layer i with 1 < i < I, we denote by
V<i the set U;<j<; V; and similarly by V5; the set V>; = ;< j<; V;. We will be interested
in (minimal) separators between V<; and V5; in G. In particular, we will show that
any such separator corresponds to a vertex cover in the bipartite graph B(i) defined as
follows.

e V(B(i)) contains the vertices of G that either lie in V<; and have at least one
neighbor in V5, or are in V5; and have at least one neighbor in V;.

e {a,b} € E(B(1)) if and only if {a,b} € E(G) and a € V<; and b € V5.

Proposition 5.38. For every i with 1 <1 <, it holds that a set C of vertices of G is a
separator between V<; and Vs, in G if and only if C is a vertex cover of B(i).

Proof. Towards showing the forward direction, let C' be a separator between V<; and
V~; in G. Then C is also a vertex cover of B(i) since otherwise there would be an edge
e between V<; and V5, in G with C'N e = (), contradicting our assumption that C is a
separator .

Towards showing the reverse direction, let C' be a vertex cover of B(i). Then C is also a
separator between V<; and V5; in G since otherwise there would be an edge e between
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V<i and V5; in B(i) with C'Ne = 0, contradicting our assumption that C' is a vertex
cover of B(7). ]

In the following we will show that for every ¢ with 1 < ¢ <[, P contains at least one bag
that contains all vertices of a minimal separator between V<; and V-; in G. Namely, we
will show that this holds for the first bag of P which precedes a bag that forgets a vertex
from V~,;. We will denote this bag by p(i); formally, we set p(i) = min{ fp(v) | v € V~; }
where “min” returns the left-most bag out of the set.

Lemma 5.39. For every i with 1 < i <[, it holds that the bag p(i) of P contains a
minimal separator between V<; = U1<;j<; Vj and Vi = U;c;<, Vj in G.

Proof. Because of Proposition [5.38 it is sufficient to show that the bag p(i) contains
a vertex cover of the bipartite graph B(i). Towards showing this consider an edge
{a,b} € E(B(1)) with a € V<; and b € V5. It follows from the choice of p(7) that:

O1 Every vertex in V(B(i)) N V5, that has been introduced in some bag of P to the
left of p(i) or in p(i) is also in the bag p(i),

02 Every vertex in V(B(i)) N V<; has been introduced in some bag of P to the left of
p(i) or in p(7).

If b is contained in the bag p(i) then there is nothing to show. So suppose that b is not in
the bag p(7). It follows from Observation O1 that b has not yet been introduced. Hence,
because of Property (T3) of a path decomposition, we obtain that the vertex a needs to
occur in some bag to the right of p(i) and it now follows from Observation O2 together
with Property (T2) of a path decomposition that a is contained in the bag p(). O

Using Lemma 5.39, we are ready to show that there always exists an optimal prefix path
decomposition of a graph G w.r.t. a dependency poset that is layered, which contains a
minimal separator between V<; and V5, (for each i <) in G as a bag.

Lemma 5.40. There exists an optimal prefiz path decomposition Q of G w.r.t. <V, such
that @ = (P1,..., Py, Poy, ..., Py, ..., Py,), where for every i:

Q1 P, is a minimal separator between V<; and Vs;;

Q2 (P, ,,...,Py,) is a path decomposition of V; U P,, |, UP,,;

Q3 every vertex in Vs; is forgotten after the bag P, and V<; C P<y,.
Proof. We start with a given optimal prefix path decomposition Py = P and we transform

it inductively to prefix path decompositions P1, Po, ..., P; such that P; satisfies properties
Q1, Q2 and Q3 up to index j. Clearly, Py satisfies the conditions Q1, Q2 and Q3 up to
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index 0. As our inductive hypothesis, we assume we are given a prefix path decomposition
Pici=(Pi,...,Pn,...,Pny,..., Pn._,,...P) which satisfies the conditions Q1, Q2 and
Q3 up to i — 1.

We proceed by showing how to construct P; from P;_1. Let Py be the bag p(i) (i.e., the
first bag of P;_; that precedes the bag forgetting a vertex from V<;). Since Q3 holds for
1 — 1, it is easy to see that i’ > n;_1.

By Lemma 5.39 P contains a minimal separator X; between V<; and V-;. We set
X<i = PyN(Vei\ X;), and X3 = PN (Vs \ X;). Next, we construct P; = (P, ..., P/ ,)
such that

° P;:ijorjgni_h
° P;:Pj\X>ifOI‘ni_1<j§i/7

e Py, =X and

)

o Pl,=P;j\ Xg; for j >i.

Moreover, we set n; = i’ + 1, hence Q1 holds for i. Since we do not change the path
decomposition up to P,, ,, it is easy to see that Q1, Q2, Q3 still hold for all j < ¢. From
the choice of Py it follows that all vertices of V5; are forgotten after the bag P}, ; and
all vertices of V<; are introduced before the bag P}, | (because of the downward closure
property). Hence, Q3 holds for i as well. Now we show that Q2 holds. Since Q3 holds
for both i — 1 and 4, it follows that P, UP, U---UP, =V;UP,  UP] . From
the construction of P, it follows that for every vertex x in V; U P;,._ U Py it holds that

if z € Pj for nj—1 < j <, then z € P]{. Hence, the bags containing x form an interval.

We are left to show that every edge in V; U P, U P, is contained in some bag P;
for n;_1 < j <4’, hence it is also in the bag Pj. Let e be an arbitrary edge with both
endpoints in V; U P}, U Py . Since P;_ is a path decomposition, there is a bag, say
Pj,, that contain both endpoints of e. However note that all vertices of V; UP),. U P,
are forgotten in P;_; after the bag P,, , and introduced before the bag P;. Hence if
Je < mi_1, then e is contained also in P,, , and similarly if j. > i’ then e is also in the
bag Py. Therefore, P; satisfies all the conditions Q1, Q2, Q3 for i.

We are left to verify that P; is also a prefix path decomposition w.r.t. <V. It is easy to
verify that since each vertex of G is in a bag of P;_1, the same holds for P; as well.

Next, we show that property (T2) holds. The only way our operations could have
violated monotonicity is by deletion of X< ; from a certain interval of the prefix path
decomposition, and in particular only for a vertex « € X; which occurs in P,, | and also
in Py. By minimality of the separator in P,, , and Q3, there must exist a neighbor y of
x in V<;—1 which has already been forgotten in P,, ,. But then every minimal separator
between V<; and V5; that is contained in Py has to also contain z, since it has to cover
the edge xy. As a consequence, x € X; which contradicts x € Xs,;.
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We proceed by showing that property (T3) holds. Since X; is a minimal separator
between V; and V<;, all edges between X<; and V-; are contained in the edges between
X<; and X;, and hence these are in the bag P),. Similarly, all edges between X-; and
Vi are in Pj,_,. Furthermore, all vertices of V=; are forgotten after P}, , and all vertices
of V<; are introduced before P),. Therefore, the fact that every edge of G is in a bag of
P; follows from the construction of P; and the fact that P;_; is a path decomposition.

Finally, we show that P; has the downward closure property. We consider three pos-
sibilities. If v € V<; \ Py, then clearly fp,(v) = P; for some j < i’ and P; = P<; or
PL; = P<j\ X5;. Since v € Vg; and all vertices in X>; are from V;, D<(v) C Pg;
implies D<(v) C PZ;. If v € X<, then fp,(v) = P and D<(v) C V; C PZ,, follows from
Q3. Otherwise, if fp,(v) = P}, then fp, ,(v) = Pj_2 and D<(v) C PL; = P<j_». O

To later be able to compute a prefix path decomposition, we need to be able to enumerate
all possible minimal separators between V<; and V; for any 7 with 1 <17 <[. The next
lemma shows that this is indeed possible.

Lemma 5.41. For every i with 1 < ¢ < I, there are at most 2k minimal separators
between V<; and Vs; in G and these can be enumerated in time O(|E(B(i))| + k*2F).

Proof. Follows immediately by combination of Proposition [5.38 and Lemma |5.33. O

Our proof requires one last technical observation, which states that it is possible to find
path decompositions starting and ending with a specific bag.

Observation 5.42. Given a graph G, integer k, and vertex subsets P, P' of size at most
k+ 1, there exists an FPT algorithm (parameterized by k) which either constructs a path
decompositions which starts with a bag P and ends with a bag P’ of width at most k or
determines that no such path decompositions exists.

Proof. Let us represent an instance (G, P, P') as a labeled graph G’ obtained from G by
the addition of two labels: the label P denotes vertices in P and the label P’ denotes
vertices in P’. We will show that the existence of a path decomposition P with the required
properties is closed under the minor operation on the labeled graph G’. Indeed, any path
decomposition of G’ can be modified to a path decomposition for any minor of G’ in
exactly the same way as in the case of standard path decompositions. Hence, it is sufficient
to check (G, P, P') against some f(k), for some function f, many forbidden labeled minors
and the claim then follows from Corollary 7.2 of Kawarabayashi et al. [I34]. O

We remark that a more efficient algorithm for Observation |5.42 could be obtained by
adapting Bodlaender’s algorithm [22]; however, a formal proof of this claim is outside
the scope of this thesis.
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Proof of Theorem 5.37. By Lemma |5.40| we can just concentrate on finding a prefix path
decomposition such that P = (0 = Py,...,Pp,,..., Pugy-.., Poyy..., Py, = 0), where
P, is a minimal separator between V<; and V5, and (P,, ,,...,P,,) is a prefix path
decomposition of V; U P, | U P,,. We say that minimal separators C' between V<;_1 and
Vsi—1 and D between V<; and V5; are compatible if

e if C' contains a vertex v € V5;, then D contains v.

e if D contains a vertex v € V;, then C contains v.

Since by Lemma 5.40 (property Q3) all vertices in V~; are forgotten in P after the bag P,
and V<; C P<,, it follows that P,, , and P,, are compatible for all i. Since all vertices
of V; are incomparable, every proper path decomposition of V; U P,, , U P, starting
with the bag P,, , and ending with the bag P, , is also a prefix path decomposition.
To decide whether G has such prefix path decomposition w.r.t. V of width & we first
construct an auxiliary directed graph H as follows. H contains a vertex (i, P, P’, P) for
every natural number i with 1 <4 <[ and for every two compatible minimal separators
P, P’ of size at most k between V<;_1 and V5,_; and between V<; and V5,;, respectively,
and P is a path decomposition of V; U P U P’ of width at most k that starts with P and
ends with P’

Moreover, there are two special vertices (0,0, 0,0) and (I +1,0,0,0). There is an edge
in H from every vertex (i, P, P',P) to any vertex (i + 1, P, P”,P"), where 0 <i <1+ 1.
By Lemma [5.41 there are at most 2¥ minimal separators between V<i and V5; in G
and these can be enumerated in time O(k?2% + |E(B(4))|). Therefore, H has O(I - 4¥)
vertices. Moreover, for each i, we can enumerate all pairs P and P’ and check their
compatibility in time O(4* 4 |E(G)|). Furthermore, for each such pair P, P, we
can compute an optimal path decomposition of of V; U P U P’ starting with P and
ending with P’ by Observation 5.42. Once H is constructed, it is easily observed
that each path from (0,0,0,0) to (I + 1,0,0,0) gives us a prefix path decomposition
of G w.rt. <V of width at most k. On the other hand, if there exists a prefix path
decomposition of G w.r.t. <V, then by Lemma 5.40 there exists one of the form
P=W0=Poy,....Pn,....,Pnyy...,Po;,..., Py, =0), where P,, , and P,, are compatible
minimal separators for all i. But then H contains a path (0,0,0,0), (0,0, P,,,P1),
(0, Py, s Pryy P2),. .., (L+ 1, Py,,0,0). Finally, finding such a path in H takes time time
at most |V (H)|%. O

5.5 Summary and Open Questions

Our results push the frontiers of tractability for QBF to new natural classes of instances.
A number of interesting research questions still remain open in the area, and perhaps
the most prominent of these is whether one can lift our results towards prefix treewidth.
This would be especially interesting for posets of unbounded width, since on bounded-
width posets these parameters differ only by a constant factor. The exact complexity of
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computing prefix treewidth and prefix pathwidth on general posets remains a challenging
open problem.

Notes

The results in this chapter appeared in a conference paper in the proceedings of The
Thirtieth AAAT Conference on Artificial Intelligence (AAAI 2016) [72].
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CHAPTER

Background

Over the past years, the parameterized complexity of finding a modulator to a plethora
of graph classes has been systematically researched. In particular, the most attention
has been devoted to the modulators to classes that admit efficient algorithms for many
NP-hard problems with a hope to lift the algorithmic properties of these classes to obtain
FPT algorithms [88], 92]. Therefore, problems such as VERTEX COVER or FEEDBACK
VERTEX SET are of immediate interest in this setting as modulators to edgeless graph and
forests, respectively. These classes can be viewed as classes of graphs having treewidth 0
and 1, respectively. Furthermore, many problems are known to be solvable in polynomial
time on graphs of a constant treewidth [46]. For this reason, classes of graphs of constant
treewidth have been studied in detail, and Fomin et al. [88] and Kim et al. [I38] showed
that the corresponding TREEWIDTH-¢ VERTEX DELETION!| problem is solvable in single-
exponential FPT time and it even admits a linear kernel. This leads us to the first
technical chapter of Part [II, where we achieve the first step towards extending these
results to modulators to graphs of constant rank-width. Namely, we design a single
exponential FPT algorithm for RANK-WIDTH-1 VERTEX DELETION.

Afterwards, we switch our attention towards directed graphs. Here the situation is more
complicated. Even though there exists an equivalent notion of directed treewidth for
directed graphs [19, 130} 135], an FPT algorithm for DIRECTED FEEDBACK VERTEX SET,
which is the problem of finding a modulator to directed acyclic graph (graphs of directed
treewidth 0), was a longstanding open problem in the area of parameterized algorithms.
Following the resolution of the fixed-parameter tractability in 2008 by Chen et al. [42],
two prominent questions were raised: can the problem be solved in single-exponential
FPT time, and does a polynomial kernel exist for the problem? These problems have
since become two of the main open problems in the area of parameterized complexity.
We address the latter question in Chapter 8. However, we were not able to answer the

' TREEWIDTH-t VERTEX DELETION asks whether it is possible to delete k vertices so that the resulting
graph has treewidth at most ¢.
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question in its full generality; instead, we give a polynomial kernel for a parameter that
is always at least the size of directed feedback vertex set. Namely, we parameterized by
the size of the feedback vertex set of the underlying undirected graph.

Finally, in the last chapter of Part I, we study an application of modulator-based
techniques towards obtaining FPT algorithms for ILP. More precisely, we investigate
what happens if the incidence graph of a given ILP instance has a small modulator to
small components. Note that this parameter is another natural generalization of vertex
cover, since vertex cover is precisely the modulator to components of size 1.
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Modulators to
Distance-Hereditary Graphs

The successful development of single-exponential FPT algorithms for TREEWIDTH-¢
VERTEX DELETION motivates us to study RANK-WIDTH-t{ VERTEX DELETION, which
is analogous to TREEWIDTH-t VERTEX DELETION but replaces treewidth with the
structural parameter rank-width. Kanté et al. [I33] observed that RANK-WIDTH-¢
VERTEX DELETION is fixed-parameter tractable using the general framework of Courcelle,
Makowsky, and Rotics [50]. However, this algorithm does not provide any reasonable
function for k. Thus Kanté et al. naturally asked whether it is solvable in reasonably
better running time. For instance, it is actually open whether RANK-WIDTH-{ VERTEX
DELETION can even be solved in time ZZO(k)nO(I), where k is the size of the deletion set.

In this chapter, we focus on graphs of rank-width at most 1, which are precisely distance-
hereditary graphs [167]. Bandelt and Mulder [17] found all the minimal induced subgraph
obstructions for distance-hereditary graphs. Distance-hereditary graphs are naturally
related to split decompositions, where they are exactly the graphs that are completely
decomposable into stars and complete graphs [31].

Given the above, we view the vertex deletion problem for distance-hereditary graphs as a
first step towards handling RANK-WIDTH-t VERTEX DELETION.

Results

Recall that a graph G is called distance-hereditary if for every connected induced subgraph
H of G and every v,w € V(H), the distance between v and w in H is the same as the
distance between v and w in G. We study the following parameterized problem.
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DISTANCE-HEREDITARY VERTEX DELETION

Instance: A graph G and an integer k.

Parameter: k.

Task: Is there a vertex set @ C V(G) with |Q] < k such that G — @ is distance-
hereditary?

The main result of this chapter is a single-exponential FPT algorithm for DISTANCE-
HEREDITARY VERTEX DELETION.

Theorem 7.1. DISTANCE-HEREDITARY VERTEX DELETION can be solved in time
OB - [V(A["(IV(G)| + |E(G)))).

We note that this solves an open problem of Kanté, Kim, Kwon, and Paul [I33]. The
core of our approach exploits two distinct characterizations of distance-hereditary graphs:
one by forbidden induced subgraphs (obstructions), and the other by admitting a special
kind of split decomposition [51].

The algorithm can be conceptually divided into three parts.

1. Iterative Compression. This technique allows us to reduce the problem to the
easier DISJOINT DISTANCE-HEREDITARY VERTEX DELETION, where we assume
that the instance additionally contains a certain form of advice to aid us in our
computation. Specifically, this advice is a vertex deletion set .S to distance-hereditary
graphs which is disjoint from and slightly larger than the desired solution.

2. Branching Rules. We exhaustively apply two branching rules to simplify the given
instance of DISJOINT DISTANCE-HEREDITARY VERTEX DELETION. At a high level,
these branching rules allow us to assume that the resulting instance contains no small
obstructions and furthermore that certain connectivity conditions hold on G[S].

3. Simplification of Split Decomposition. We compute the split decomposition
of G — S and exploit the properties of our instance G guaranteed by branching
to prune the decomposition. In particular, we show that the connectivity con-
ditions and non-existence of small obstructions mean that S must interact with
the split decomposition of G — S in a special way, and this allows us to identify
irrelevant vertices in G — S. This is by far the most technically challenging part of
the algorithm.

A more detailed explanation of our algorithm is provided in Section 7.3, after the
definition of required notions. We complement this result with an algorithmic lower
bound which rules out a subexponential FPT algorithm for DISTANCE-HEREDITARY
VERTEX DELETION under well-established complexity assumptions. We also note that
the naive approach of simply hitting all known “obstructions” (i.e., forbidden induced
subgraphs) for distance-hereditary graphs does not lead to an FPT algorithm. Indeed,
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the set of induced subgraph obstructions for distance-hereditary graphs includes induced
cycles of length at least 5. Heggernes et al. [I15] showed that the problem asking whether
it is possible to delete k vertices so that the resulting graph has no induced cycles of length
at least 5 is W[2]-hard. Therefore, unless W[2]=FPT, it is not straightforward to obtain
a single-exponential FPT algorithm for DISTANCE-HEREDITARY VERTEX DELETION by
simply finding and hitting all forbidden induced subgraphs for the class.

Organization of the Chapter

The Chapter is organized as follows. We begin with a short section introducing distance-
hereditary graphs. Afterwards, in Section 7.2, we define splits and split decompositions.
In Section 7.3, we set the stage for the process of simplifying the split decomposition,
which entails the definition of DISJOINT DISTANCE-HEREDITARY VERTEX DELETION,
introduction of our branching rules, and a few technical lemmas which will be useful
throughout the later sections. Section [7.4) then introduces and proves the soundness
of five polynomial-time reduction rules; crucially, the exhaustive application of these
rules guarantees that the resulting instance will have a certain “inseparability” property.
Using this structural result, we prove that one of reduction rules is applicable until
the remaining instance is trivial. Finally, the proof of our main result as well as the
corresponding lower bound are presented in Section 7.5, Section 7.5 also illustrates that
once we have an single-exponential FPT algorithm for finding the vertex deletion set to
distance-hereditary graphs, it can be used as a parameter which allows single-exponential
FPT algorithms for classical NP-hard problems.

7.1 Distance-Hereditary Graphs

A graph G is called distance-hereditary if for every connected induced subgraph H of G
and every v,w € V(H), the distance between v and w in H is the same as the distance
between v and w in G. For instance, the induced cycle cjcoc3cscsey is not distance-
hereditary, because the distance from c¢; to cs is 2, but if we take an induced subgraph
on {ci,c3,cq,c5}, then the distance becomes 3. This graph class was first introduced by
Howorka [119], and deeply studied by Bandelt and Mulder [I7]. There are several other,
equivalent characterizations of distance-hereditary graphs. Here we will exploit two other
characterizations of the graph class: one by forbidden induced subgraphs (given below),
and one via split decompositions (given in the following subsection).

The house, the gem, and the domino graphs are depicted in Figure 7.1. A graph
isomorphic to one of the house, the gem, the domino, and induced cycles of length at
least 5 will be called a distance-hereditary obstruction or shortly a DH obstruction. A
DH obstruction with at most 6 vertices will be called a small DH obstruction. Two
vertices v and w in a graph G are called twins if they have the same set of neighbors in
V(G) \ {v,w}. Note that every DH obstruction does not contain any twins.
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house gem domino

Figure 7.1: Small DH obstructions which are not cycles.

Theorem 7.2 (Bandelt and Mulder [I7]). A graph is distance-hereditary if and only if
it contains no DH obstructions as induced subgraphs.

We state an observation which will be useful later on.

Observation 7.3. For any DH obstruction H and any edge e in H, it holds that the
graph H' obtained by subdividing e also contains a DH obstruction as an induced subgraph.

The following lemma will be used to find DH obstructions later on.

Lemma 7.4 (Kante, Kim, Kwon, and Paul, Lemma 4.3 of [133]). Let G be a graph
obtained from an induced path of length at least 3 by adding a vertex v adjacent to its
end vertices where v may be adjacent to some internal vertices of the path. Then G has a
DH obstruction containing v. In particular, if the given path has length at most 4, then
G has a small DH obstruction containing v.

Proof. The first statement was shown in Lemma 4.3 of [I33]. If the given path has length
at most 4, then G has at most 6 vertices, and thus G contains a small DH obstruction
containing v. ]

7.2 Split decompositions

We follow the notations used by Bouchet [31].

For two vertex sets A and B, we say that

e A is complete to B if for every a € A, b € B, a is adjacent to b,

e A is anti-complete to B if for every a € A, b € B, a is not adjacent to b.

A split of a connected graph G is a vertex partition (X,Y") of G such that | X| > 2,|Y]| > 2,
and Ng(Y') is complete to Ng(X). See Figure 7.2 for an example. Splits are also called
1-joins, or simply joins [91]. A connected graph G is called a prime graph if |V(G)| > 5
and it has no split. A bipartition is trivial if one of its parts is the empty set or a
singleton. Cliques and stars are called degenerate graphs; notice that every non-trivial
bipartition of their vertices is a split.
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59 GO

Figure 7.2: An example of a split (X,Y") of a graph. Its simple decomposition is presented
in the second picture, where the red edge is the newly introduced marked edge.

A connected graph D with a distinguished set of edges M (D) is called a marked graph
if the edges in M (D) form a matching and each edge in M (D) is a cut edge. An edge
in M(D) is called a marked edge, and every other edge is called an unmarked edge. A
vertex incident with a marked edge is called a marked vertex, and every other vertex is
called an unmarked vertex. Each connected component of D — M (D) is called a bag of
D.

When a connected marked graph G, which will be a bag of a marked graph, admits a
split (X,Y), we construct a marked graph D on the vertex set V(G) U {z’,y'} such that

for vertices z,y with {z,y} C X or {z,y} C Y, zy € F(Q) if and only if zy € E(D),

e 7'y is a new marked edge,

X is anti-complete to Y,

e {2’} is complete to Ng(Y) and {y'} is complete to Ng(X) (with unmarked edges).

The marked graph D is called a simple decomposition of G. A split decomposition of a
connected graph G is a marked graph D defined inductively to be either G or a marked
graph defined from a split decomposition D’ of G by replacing a connected component
H of D' — M(D') with a simple decomposition of H. See Figure 7.3|for an example of a
split decomposition. The following lemma provides an important property. An example
of an alternating path described in Lemma 7.5 is presented in Figure 7.3/

Lemma 7.5 (See Lemma 2.10 of Adler, Kanté, and Kwon [3]). Let D be a split decom-
position of a connected graph G and u,v be two vertices in G. Then uv € E(G) if and
only if there is a path from u to v in D where its first and last edges are unmarked, and
an unmarked edge and a marked edge alternatively appear in the path.

Naturally, we can define a reverse operation of decomposing into a simple decomposition;
for a marked edge xy of a split decomposition D, recomposing xy is the operation of
removing two vertices x and y and making Np(z) \ {y} complete to Np(y) \ {z} with
unmarked edges. It is not hard to observe that if D is a split decomposition of G, then
G can be obtained from D by recomposing all marked edges.
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©.

Bs

Figure 7.3: A graph G and its canonical split decomposition D. Marked edges are
represented by dashed edges, and bags are indicated by circles. Note that path(By, Bs) =
{B1, B2, By, B} and {B4, Bs} is the set of (C1, Cy)-separator bags, and {By} is the set
of (B1, Bs)-separator bags. The shortest path from v to w in D is a path from v to w
where its first and last edges are unmarked, and an unmarked edge and a marked edge
alternatively appear in the path. The existence of such a path exactly corresponds to
the adjacency relation in the original graph. The distance between C and Cs in G is 3,
and there are two (C1, Cz)-separator bags.

Note that there are many ways of decomposing a complete graph or a star, because every
non-trivial vertex partition of these graphs is a split. Cunningham and Edmonds [52]
developed a canonical way to decompose a graph into a split decomposition by not
allowing to decompose a bag which is a star or a complete graph. A split decomposition
D of G is called a canonical split decomposition if each bag of D is either a prime graph,
a star, or a complete graph, and every recomposing of a marked edge in D results in a split
decomposition without the same property. It is not hard to observe that every canonical
split decomposition has no marked edge linking two complete bags, and no marked edge
linking a leaf of a star bag and the center of another star bag [31]. Furthermore, for each
pair of twins a and b in G, it holds that a and b must both be located in the same bag of
the canonical split decomposition.

Theorem 7.6 (Cunningham and Edmonds [52]). Every connected graph has a unique
canonical split decomposition, up to isomorphism.

Theorem 7.7 (Dahlhaus [54]). The canonical split decomposition of a graph G can be
computed in time O(|V(G)| + |E(G)]).

We can now give the second characterization of distance-hereditary graphs that is crucial
for our results. For convenience, we call a bag a star bag or a complete bag if it is a star
or a complete graph, respectively.

Theorem 7.8 (Bouchet [31]). A graph is a distance-hereditary graph if and only if every
bag in its canonical split decomposition is either a star bag or a complete bag.

We will later on also need a little bit of additional notation related to split decompositions
of distance-hereditary graphs. Let D be a canonical split decomposition of a distance-
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hereditary graph. For two distinct bags B and Bg, we denote by comp(Bi, B2) the
connected component of D — V' (Bjy) containing Bs. Technically, when By = Bs, we define
comp(B1, Bs) to be the empty set. For two bags By and Ba, we denote by path(Bi, Bs)
the set of all bags containing a vertex in a shortest path from By to By in D. In other
words, when we obtain a tree from D by contracting every bag B into a node v(B),
path(By, B) is the set of all bags corresponding to nodes of the unique path from v(By)
to v(B2) in the tree. See Figure 7.3.

Let C7 and C5 be two disjoint vertex subsets of D such that C'; and Cy are sets of
unmarked vertices contained in (not necessarily distinct) bags By and Bs, respectively.
A bag B is called a (C1, Ca)-separator bag if B is a star bag contained in path(Bi, Ba)
whose center is adjacent!| to neither comp(B, B1) nor comp(B, Bz). We remark that
B can be B; for some i € {1,2}, and especially when B = By = By, B is a star bag
and each C; consists of leaves of B and Bj is the unique (C}, Cy)-separator bag. For
convenience, we also say that a bag B is a (By, Ba)-separator bag if B is a star bag
contained in path(Bj, B2) \ {Bi1, B2} whose center is adjacent to neither comp(B, B;)
nor comp(B, Bs). For this notation, B cannot be By nor Bs.

Observation 7.9. The distance between Cy1 and Co in the original graph is exactly
the same as one plus the number of (C1, Cy)-separator bags.

7.3 Setting the Stage

We begin by applying the iterative compression technique, first introduced by Reed,
Smith and Vetta [I74] to show that ODD CYCLE TRANSVERSAL can be solved in
single-exponential FPT time. This technique allows us to transform our original target
problem to one that is easier to handle, which we call DISJOINT DISTANCE-HEREDITARY
VERTEX DELETION. Our goal for the majority of the chapter will be to obtain a single-
exponential FPT algorithm for DISJOINT DISTANCE-HEREDITARY VERTEX DELETION;
this is then used to obtain an algorithm for DISTANCE-HEREDITARY VERTEX DELETION
in Section [7.5.

Di1sJOINT DISTANCE-HEREDITARY VERTEX DELETION

Instance : A graph G, an integer k, and S C V(G) such that G — S is distance-
hereditary.

Task : Is there Q@ C V(G) \ S with |Q| < k such that G — @ is distance-hereditary?

We will denote an instance of DISJOINT DISTANCE-HEREDITARY VERTEX DELETION as
a tuple (G, S, k). The major part of our result is to prove that this problem can be solved
in time 20k+ee(GLNROM) where cc(G[S]) denotes the number of connected components
of G[S]. We note that any instance of DISJOINT DISTANCE-HEREDITARY VERTEX
DELETION such that G[S] is not distance-hereditary must clearly be a No-instance; hence
we will assume that we reject all such instances immediately.

'Recall that a vertex v is adjacent to S C V(G), if it is adjacent to some vertex u € S.
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Before explaining the general approach for solving DISJOINT DISTANCE-HEREDITARY
VERTEX DELETION, it will be useful to introduce a few definitions. Since the canonical
split decomposition guaranteed by Theorem [7.8 only helps us classify twins in G — S and
not in GG, we explicitly define an equivalence ~ on the vertices of G — .S which allows us
to classify twins in G:

for two vertices u,v € V(G — S), u ~ v iff they are twins in G.

We denote by tc(G — S) the set of equivalence classes of ~ on V(G — S), and each
individual equivalence class will be called a twin class in G — S. We can observe that if
U € tc(G — S) lies in a single connected component of G — S, then U must be contained
in precisely one bag of the split decomposition of this connected component of G — S,
as U is a set of twins in G — S as well. A twin class is S-attached if it has a neighbor
in S, and non-S-attached if it has no neighbors in S. Similarly, we say that a bag in
the canonical split decomposition of G — S is S-attached if it has a neighbor in S, and
non-S-attached otherwise.

We frequently use a special type of star bags. A star bag B is called simple if its center
is either unmarked or adjacent to a connected component of D — V(B) consisting of one
non-S-attached bag.

7.3.1 Overview of the Approach

Now that we have introduced the required terminology, we can provide a high-level
overview of our approach for solving DISJOINT DISTANCE-HEREDITARY VERTEX DELE-
TION.

1. We exhaustively apply the branching rules described in Section [7.3.2 Branching
rules will be applied when G has a small subset X C V(G — S) such that SU X
induces a DH obstruction, or there is a small connected subset X C V(G — S) such
that adding X to S decreases the number of connected components in G[S].

2. We exhaustively apply the initial reduction rules described in Section 7.4. Each of
these rules runs in polynomial time, finds a part in the canonical split decomposition
of a connected component of G — S that can be simplified, and modifies the
decomposition. Each application of a reduction rule from Section [7.4| either reduces
the number of vertices in G — .S or reduces the total number of bags in the canonical
split decomposition (of a connected component of G — S). It is well known that the
total number of bags in the canonical split decomposition of a graph is linear in
the number of vertices. Therefore, the total number of application of these initial
reduction rules will also be at most linear in the number of vertices.

3. We say that GG and the canonical split decompositions of G — S are reduced if the
branching rules in Section [7.3.2| and reduction rules in Section 7.4/ cannot be applied
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anymore. We will obtain the following simple structure of the decompositions in
the reduced instance:

e Each canonical split decomposition D of a connected component of G — S
contains at least two distinct S-attached twin classes (Reduction Rule 7.1).

e Each bag contains at most one S-attached twin class (Lemma 7.18).

e When B is a bag and D’ is a connected component of D — V(B) containing
no bags having a neighbor in S, D’ consists of one bag and B is a star bag
whose center is adjacent to D’ (Lemma 7.19). In this case, B is a simple star
bag whose center is adjacent to D’.

e When B is a bag and D’ is a connected component of D — V(B) such that
D’ contains exactly one S-attached bag B’, there is no (B’, B)-separator bag
(Lemma 7.26).

4. Using these structures, we prove in Subsection [7.4.4 that if a split decomposition
of a connected component of G — S contains two S-attached twin classes, then
one of reduction rules should be applied. For this, we assign any bag as a root
bag R of D and choose a bag B with maximum |path(B, R)| such that there are

two descendant bags of B having S-attached twin classes C; and C, respectively.

Then the distance from C] to Cs in G — S is at most 2, and thus their neighbors

on S should be close to each other, as branching rules cannot be applied further.

Depending on the type of B and the distance from C; to C2, we show separately
that one of reduction rules can be applied.

It will imply that we can apply one of all rules recursively until G — S is empty or k
becomes 0. Then we can test whether the resulting instance is distance-hereditary
or not in polynomial time, and output an answer.

Let us also say a few words about the running time of the algorithm. Let p := k+cc(G[S]).

Each of our branching rules will reduce p and branch into at most 6 subinstances. Each
reduction rule takes polynomial time, and the reduction rules will be applied at most
O(|V(G)]) times. Whenever we introduce a new rule, we also show that it is sound.

A vertex v in G — S is called irrelevant if (G, S,k) is a YEs-instance if and only if
(G —v,8,k) is a YEs-instance. We will be identifying and removing irrelevant vertices
in several of our reduction rules. When removing a vertex v from G — S, it is easy to
modify the canonical split decomposition containing v, and thus it is not necessary to
recompute the canonical split decomposition of the resulting graph from scratch. More
details regarding such modifications of split decompositions can be found in the work of
Gioan and Paul [105].

7.3.2 Branching Rules

We state our two branching rules below.
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Branching Rule 7.1. For every vertex subset X of G — S with | X| <5, if G[SU X] is
not distance-hereditary, then we remove one of the vertices in X, and reduce k by 1.

Branching Rule 7.2. For every vertex subset X of G — S with | X| <5 such that G[X]
is connected and the set Ng(X) NS is not contained in a connected component of G[S],
then we either remove one of the vertices in X and reduce k by 1, or put all of them into
S (which reduces the number of connected components of G[S]).

The soundness of Branching Rules 7.1/ and |7.2 are clear, and these rules can be performed
in polynomial time. The exhaustive application of these branching rules guarantees the
following structure of the instance.

Lemma 7.10. Let (G, S, k) be an instance reduced under Branching Rules 7.1 and |7.2.

(1) G has no small DH obstructions.

(2) Letv € V(G —S). For every two vertices x,y € Ng(v) NS, they are contained in
the same connected component of G[S| and there is no induced path of length at
least 3 from x to y in G[S]. Specifically, if xy ¢ E(G), then there is an induced
path xpy for some p € S.

(8) There is no induced path vy - - - vs of length 4 in G—S where v1 and vs have neighbors
in S but vy and v4 have no neighbors in S.

(4) There is no induced path vy - - - vy of length 3 in G—S where v1 and vy have neighbors
in S but vo has no neighbors in S.

Proof. (1) Suppose G has a small DH obstruction H. Since G — S is distance-hereditary,
V(H)NS # 0. Thus, [V(H)\ S| <5, and it can be reduced under Branching Rule |7.1.

(2) First, by Branching Rule 7.2, = and y are contained in the same connected component
of G[S]. Suppose there is an induced path of length at least 3 from x to y in G[S]. Then
by Lemma 7.4, G[S U {v}] contains a DH obstruction, contradicting our assumption that
G is reduced under Branching Rule |7.1. So, if xy ¢ E(G), then there is an induced path
of length 2 from z to y in G[S].

(3) Suppose there is an induced path v; - - -v5 of length 4 in G — S where v; and vs have
neighbors on S but vy and v4 have no neighbors on S. By Branching Rule 7.2, we know
that Ng(v1) NS and Ng(vs) NS are contained in the same connected component of G|[S].
Let P be a shortest path from Ng(v1) NS to Ng(vs) NS (if v1 and vs have a common
neighbor, then we choose a common neighbor). Then vyv1 Pvsvy is an induced path of
length at least 4 and vs is adjacent to its end vertices. So, G[SU{v1,...,vs}] contains a DH
obstruction, contradicting our assumption that G is reduced under Branching Rule [7.1.

(4) The same argument in (3) holds. O



7.3. Setting the Stage

Lemma |7.10, and especially point (2) in the lemma, is used in many parts of our proofs.
Since we will apply the branching rules exhaustively at the beginning and also after each
new application of a reduction rule, these properties will be implicitly assumed to hold
in subsequent sections.

We will make use of two more lemmas based on our branching rules. These will be used
in Section |7.4.4] as well as in the proof of Lemma [7.18 in Section [7.4.3|

Lemma 7.11. Let (G, S, k) be an instance reduced under Branching Rules 7.1 and 7.2.
Let Cy,Cs be two distinct S-attached twin classes of G — S such that Cy is anti-complete
to Ca, and (Ng(C1) N Nq(Ca)) NV (G — S) # (. Then:

(1) (Na(C1) N Na(C2)) NS # 0.

(2) For every x € Ng(C1) \ Ng(C2) and every yi,y2 € Ng(Cy) N Ng(Cs), if x is
adjacent to y1, then x is adjacent to ys as well. It implies that x is adjacent to
either all of vertices in Ng(C1) N Ng(C2) or neither of them.

(3) For every x € Ng(Ch) \ Na(C2) and every y1,y2 € Ng(C1) N Ng(C2), if there is a
path xpy, for some p € S\ Ng(C1) (not necessarily induced), then p is adjacent to
y2 as well. It implies that p is adjacent to either all of vertices in Ng(C1) N Ng(Ca)
or neither of them.

Proof. For each i € {1,2} let a; € C; and let T; = Ng(C;).

(1) Suppose 177N S and TN S are disjoint. Let us choose a vertex z in (T3NT2)NV (G- 1S),
which is not an empty set by assumption. Thus, {a1, as, z} induces a connected subgraph
of G. If Ty N S and 75 N S are not contained in one connected component of G[S], then
we can apply Branching Rule 7.2l As our instance was reduced under Branching Rule 7.2,
we know that 77 NS and 75 NS are contained in the same connected component of G[5].

Let P be a shortest path from 77 NS to T, N S in G[S]. Clearly, P contains at most one
vertex from each T;N.S. As (1 is anti-complete to Co, a; Pas is an induced path of length
at least 3 and z is adjacent to its end vertices. By Lemma 7.4, G[V (P) U {a1, az, z}]
contains a DH obstruction, contradicting the assumption that G is reduced under
Branching Rule 7.1.

(2) For contradiction, suppose zy; € E(G) and xys ¢ E(G). Then zajyzas is an induced
path of length 3 and y; is adjacent to its end vertices. By Lemma [7.4, G contains a small
DH obstruction, contradiction.

(3) Suppose there is a path xpy; for some p € S\ 77 and p is not adjacent to ys. First
assume that p € S\ (Th UTy). If zys € E(G), then prysas is an induced path, and
otherwise, praiysas is an induced path. Since y; is adjacent to p and ag, by Lemma, 7.4,
G contains a small DH obstruction, contradiction. When p € (7o \ T1) N S, ajxpas
becomes an induced path of length 3 and ¥; is adjacent to its end vertices, and thus G
contains a small DH obstruction. We conclude that p is adjacent to yo. O
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Lemma 7.12. Let (G, S, k) be an instance reduced under Branching Rules 7.1, and 7.2.
Let C1,Cy be two distinct twin classes of G — S such that Cy is complete to Cy. Then:

(1) For every x € Ng(Ch) \ (C2 U Ng(C2)) and every yi,y2 € Na(C1) N Ng(Cs), if x
is adjacent to y1, then either it is adjacent to yo as well, or y1 is adjacent to ys.

(2) For every x € Ng(C1) \ (Co U Ng(C2)) and every y € Ng(C1) N Ng(C2), if there
is a path xpy for some p € V(G) \ (C1 U Ng(C1)) (not necessarily induced), then
p € Na(C2) \ Na(Ch).

Proof. For each i € {1,2} and let a; € C; and let T; = Ng(Cj).

(1) Suppose zy; € E(G) and zy2,y1y2 ¢ E(G). Then G[{z,y1,y2, a1,as}] is isomorphic
to the gem, contradiction.

(2) Suppose there is a path xpy for some p € V(G) \ (C1 U Ng(C1) U Ng(C3)). Then
prajas is an induced path of length 3, and y is adjacent to its end vertices. By Lemma 7.4,
G[{z,p,y,a1,az}] contains a small DH obstruction, contradiction. O

7.4 Reduction Rules in Split Decompositions

In this section, we assume that the given instance (G, S, k) is reduced under Branching
Rules 7.1/ and (7.2 The reduction rules introduced here either remove some irrelevant
vertex, move some vertex into S, or reduce the number of bags in the decomposition by
modifying the instance into an equivalent instance. After we apply any of these reduction
rules, we will run the two branching rules from Section |7.3 again.

In Subsection [7.4.1, we introduce the notion of a bypassing vertex, which is a crucial
concept that will frequently appear in our proofs. In Subsection [7.4.2, we present five
reduction rules and prove their correctness. Then in Subsection|7.4.3) we discuss structural
properties of the obtained instance after exhaustive application of all of the presented
branching rules and reduction rules. These properties will be used in Section |7.4.4 to
argue that if the instance is non-trivial, then one can apply one of reduction rules.

7.4.1 Bypassing Vertices

We introduce a generic way of finding an irrelevant vertex which will be used in many
reduction rules. For a vertex v in G — S and an induced path H = p1pap3paps in G where
p3 = v, a vertex x in S is called a bypassing vertex for H and v if z is adjacent to ps
and py (see Figure [7.4). When H is clear from the context, we simply say that z is a
bypassing vertex for v. If such a vertex x exists, it is clear that x is not contained in H.
The following property is essential.

Lemma 7.13. Let (G, S, k) be an instance reduced under Branching Rules 7.1 and 7.2.
Let v be a vertex in G — S such that for every induced path P = p1popspaps where v = p3,
there is a bypassing vertex for P and v. Then v is irrelevant.
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Figure 7.4: A bypassing vertex x for the induced path H = p1popspsps and the vertex v.

Proof. We claim that (G, S, k) is a YEs-instance if and only if (G — v, S, k) is a YES-
instance. The forward direction is clear. Suppose that G — v has a vertex set T" such that
SNT #0,|T| < k,and (G—v)—T is distance-hereditary. If G — T is distance-hereditary,
then we are done. Suppose that G —7T has a DH obstruction H. Since Branching Rule|7.1
does not apply, G has no small DH obstructions, and therefore H is an induced cycle
of length at least 7. Let P = pipapspaps be the subpath of H such that p3 = v. By
the assumption, there is a bypassing vertex v’ for P and v. Note that o' ¢ V(H), as
v'pap3pav” would be a cycle of length 4. Also, H —v is an induced path of length at least 5.
Thus G[(V(H) \ {v}) U{v'}] contains another DH obstruction by Lemma |7.4. Note that
v" € S and hence also v € G —T and, in particular, (V(H)\{v})U{v'} CV((G—v)-T).
This contradicts the fact that (G — v) — T is distance-hereditary. O

Lemma 7.14. Let (G, S, k) be an instance reduced under Branching Rules|7.1 and 7.2.
Let v be a vertex in G — S and P = p1papspsps be an induced path where ps = v. If
p2,pa € S, then there is a bypassing verter for P and v.

Proof. Note that paps ¢ E(G). Thus, by (2) of Lemma 7.10, there is an induced path
popps for some p € S, and p is a bypassing vertex. O

7.4.2 Five Reduction Rules

We are now ready to start with our reduction rules. For the remainder of this section, let
us fix a canonical split decomposition D of a connected component of G — S.

We start with a simple reduction rule that can be applied when D contains at most one
S-attached twin class.

Reduction Rule 7.1. If D has at most one S-attached twin class, then we remove all
unmarked vertices of D from G.

Proof of soundness. If D has no S-attached twin class, then its underlying graph is
a distance-hereditary connected component of G. Thus, we can safely remove all its
unmarked vertices. We may assume that D has one S-attached twin class C.
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S S

Figure 7.5: Reduction Rule |7.2.

Since C' is the only S-attached twin class and every induced cycle of length at least 5
contains no twins, no induced cycle of length at least 5 contains an unmarked vertex in
V(D) \ C. Thus, we can safely remove all of unmarked vertices other than vertices in C'.
Now we assume that V(D) = C. We claim that every vertex in C is also irrelevant.

To apply Lemma [7.13) suppose there is an induced path P = p1popspsps where ps € C.
Since there are no twins in P, P contains at most one vertex of C'. Thus, ps and py4 are
contained in S. Since paps ¢ E(G) and (G, S, k) is reduced under Branching Rules 7.1
and 7.2, by Lemma [7.14], there is a bypassing vertex for P and v. Since P was arbitrarily
chosen, by Lemma 7.13|, v is irrelevant. [

The next rule deals with a vertex of degree 1 in G — S. See Figure |7.5| for an illustration.

Reduction Rule 7.2. Let B be a star bag whose center is unmarked, and let v be an
unmarked leaf in B. If v has no neighbor in .S, then we remove v. If v has a neighbor in
S, then we move v into S.

Proof of soundness. Let x be the center of B and let v be an unmarked leaf in B. If v
has no neighbor in .S, then v has degree 1 in G, and we can safely remove it. We assume
that v has a neighbor in S. We claim that (G, S, k) is a YEs-instance if and only if
(G, SU{v}, k) is a YEs-instance. The converse direction is easy. Suppose that G contains
a vertex set T where SNT =0, |T| < k, and G — T is distance-hereditary. Let T/ = T if
v ¢ T, and otherwise, we remove v from T and add x to T, and call it 77. We claim that
G — T is distance-hereditary, which implies that (G, S U {v}, k) is a YEs-instance.

Suppose G — T" is not distance-hereditary. Since G has no small DH obstructions, G — T”
contains an induced cycle H of length at least 7. First assume that H contains z.
Then z is not contained in 77, and therefore, v was not contained in T', and we have
T = T’ by the construction. Thus G — T also contains H, contradiction. Thus, we
have z ¢ V(H). If v ¢ V(H), then H is an induced subgraph of G — T because T" and
T' only differ at {v,x}. This implies that v € V(H) and v € T. Thus 7" contains x.

Let P = p1papspaps be the subpath of H where p3 = v. As T’ contains z, ps and p, are
contained in S. As (G, S, k) is reduced under Branching Rules|7.1 and 7.2, by Lemma 7.14,
there is a bypassing vertex for P and v. Thus, (G — T")[(V(H) \ {v}) U S] contains
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another DH obstruction. This contradicts the fact that G — T' is distance-hereditary, as
(G-=TH[(V(H)\ {v})US] is an induced subgraph of G — T. O

We remark that when we move v into S in Reduction Rule 7.2, k + cc(G[S]) does
not increase, and the size of V(G) \ S decreases. After applying Reduction Rule 7.2
exhaustively, we obtain that if the center of a star bag is unmarked, then this bag contains
no unmarked leaves.

The next reduction rule arises directly from the definition of bypassing vertices.

Reduction Rule 7.3. Let v be a vertex in G — S such that for every induced path

P = p1papspaps with ps = v, there is a bypassing vertex for P and v. Then we remove v.

In particular, when there is no such an induced path, we remove v.
Proof of soundness. This follows from Lemma [7.13| O

For fixed v, we can apply Reduction Rule 7.3 in time O(|V(G)|?) by considering all vertex
subsets of size 4, and testing whether ps and py have a common neighbor in S.

We proceed by introducing a reduction rule which sequentially arranges bags containing
exactly one twin class. The operation of swapping the adjacency between two vertices x
and y in a graph is to remove xy if ry was an edge, and otherwise add an edge between

x and y. The number of bags in D is strictly reduced when applying Reduction Rule |7.4.

Reduction Rule 7.4. Let B be a leaf bag and B’ be the neighbor bag of B.

(1) See Figure 7.6. If B is a complete bag having exactly one twin class in G— .S and B’
is a star bag whose leaf is adjacent to B, then we swap the adjacency between every
two unmarked vertices in B. By swapping the adjacency, B becomes a star whose
center is adjacent to B’, and thus we can recompose the marked edge connecting
B and B’. We recompose the marked edge connecting B and B’.

(2) See Figure 7.7. If B is a star bag having exactly one twin class in G — S, the center
of B is adjacent to B’, and B’ is a complete bag, then we swap the adjacency
between every two unmarked vertices in B. By swapping the adjacency, B becomes
a complete graph, and thus we can recompose the marked edge connecting B and
B’. We recompose the marked edge connecting B and B’.

The soundness of Reduction Rule |7.4] follows from the following lemma.

Lemma 7.15. Let A be a set of vertices that are pairwise twins in G. Let G’ be the graph
obtained from G by swapping the adjacency relation between every pair of two distinct
vertices in A. Then (G, S, k) is a YES-instance if and only if (G', S, k) is a YES-instance.
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Figure 7.6: An illustration of Reduction Rule 7.4/ Case 1. If C' is the only twin class in B,
we swap the adjacencies between vertices in C' and recompose the marked edge between
B and B'.

22

X PP -
Y. C

Figure 7.7: An illustration of Reduction Rule 7.4| Case 2.

Proof. Note that either G[A] is a complete graph or it has no edges. Therefore, A
is again a set of vertices that are pairwise twins in G’. Since each DH obstruction
contains at most one vertex from a set of twins (and hence, at most one vertex from A),
swapping the adjacency on A will neither introduce nor remove DH obstructions from
G. Hence it is easy to check that (G, S, k) is a YEs-instance if and only if (G, S, k) is
a YES-instance. O

The last rule consider bags near to some leaf bag (see Figure 7.8 for an illustration). Recall
that a star bag B is simple if its center is either unmarked or adjacent to a connected
component of D — V(B) consisting of one non-S-attached bag.

Reduction Rule 7.5. Let By, Bo, B3 be distinct bags in D such that
e B is a non-S-attached leaf bag whose neighbor bag is Bo, and it is not a star
whose leaf is adjacent to Bs,

e B> has exactly two neighbor bags B; and Bs, it is a star whose center is adjacent
to B, and the set of unmarked vertices in B is the unique S-attached twin class
C5 in Bs, and
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Figure 7.8: Reduction Rule 7.5.

e Bj is a simple star bag.

Let C be the set of unmarke@ vertices in By. Then we remove By and Bs, and add a
leaf set of unmarked vertices C' with min(|C1|, |C2|) vertices to Bs, that is complete to
Ng(C2) NS and has no other neighbors in S.

Note that this rule can potentially create an induced cycle of length 6. So, we need to
run Branching Rule [7.1] after applying Reduction Rule |7.5.

Proof of soundness. As Bs is a simple star bag and C; has no neighbors in S, Ng(C4)\ Co
is exactly the center of Bj if it is unmarked, and otherwise, the set of unmarked vertices
in the bag where the center of Bs is adjacent. Let C5 = Ng(Cy) \ Co. We remark that
(3 is a twin class.

Let G’ be the resulting graph obtained by applying Reduction Rule |7.5. Note that C isa
set of pairwise twins in G’ (it may not be a twin class), and G — (C, UCy) =G’ — C.

We claim that (G,S,k) is a YEs-instance if and only if (G',S,k) is a YEs-instance.

Suppose G has a minimum vertex set T such that |T| < k, SNT =0, and G — T is
distance-hereditary. We divide cases depending on whether T" contains a vertex of C; UC»
or not.

Case 1. T contains a vertex in C; U Cy: We observe that since C; is a twin
class and T is a minimum solution, if 7" contains a vertex of C;, then T contains all
vertices in C;. Thus, T fully contains one of C; and Cs. Since C' = min(|C}|, |Ca]), the
set T = (T'\ (C1 U C2)) U C has size at most k. Moreover, we conclude that G/ — T is
distance-hereditary, as it is an induced subgraph of G — T

Case 2. T contains no vertex in C; UCy:  Suppose that G’ — T contains a DH
obstruction H. If H does not contain a vertex in C, then H is an induced subgraph of
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G — T, contradicting our assumption. Thus, H contains a vertex in C~', and as every pair
of two distinct vertices in C is a twin, we have |V(H) N C| = 1. Let v be the vertex in
V(H)N 5’, and let w, z be the two neighbors of v in H. As Cj3 is a twin class in G’ — S,
at least one of w and z is contained in S. Without loss of generality, we assume w € S.

If z € S, then we can obtain a DH obstruction by replacing v with a vertex of Cs in G,
which implies that G — T" contains a DH obstruction. Thus, we may assume that z is
contained in V(G — 5), and henceforth we have z € Cs.

For two vertices ¢; € Cy and ¢y € (9, we can obtain a DH obstruction in G — T from H
by removing v and adding ¢y, c2, which is equivalent (up to isomorphism) to subdividing
the unique edge in H incident to v and a vertex in C3. By Observation 7.3, we know
that the resulting graph G — T must then also contain a DH obstruction, contradicting
our assumption.

For the converse direction, suppose that G’ has a minimum vertex set 7" such that
IT'| <k, SNT" =0, and G' — T" is distance-hereditary. Similar to the forward direction,
we divide cases depending on whether T” contains a vertex in C' or not.

Case 1. T’ contains no vertex in C: Suppose G — T" has a DH obstruction H.
Since G has no small DH obstructions due to the application of branching rules, H should
be an induced cycle of length at least 7. We have V(H) N (Cy U Cy) # 0, otherwise H is
an induced subgraph of G — T”, which is contradiction. As C and C5 are twin classes,
H contains at most one vertex from each of C7 and Cs.

We claim that H contains one vertex from each of C; and Cs. Suppose V(H)NCy # ()
and V(H) N Cy = ). Then the two neighbors of the vertex on C1 NV (H) belong to C3,
since C3 = Ng(C1) \ Co. But C3 forms a twin class, and an induced cycle of length at
least 7 cannot contain two vertices from the same twin class; a contradiction. Suppose
V(H)NCy =0 but V(H)NCo # (. Then the two neighbors of the vertex v in V(H)NCy
in H are contained in S. Let P = pipopspsps be the subpath of H where ps = v. By
Lemma 7.14, there is a bypassing vertex for P and v, and thus G[(V (H)\{v})US] contains
a DH obstruction, which is also contained in G’ — T’. This constitutes a contradiction.
We conclude that H contains one vertex from each of C; and Cs.

It further implies that H contains one vertex from each of C3 = Ng(C1) \ Cy and
Ng(C2) N S, because Ng(Cq) \ C1 € S. Since H has length at least 7, we can obtain an
induced cycle of length at least 6 in G’ — T from H by removing the vertices in C7 U Cy
and adding one vertex of 6’, which is contradiction.

Case 2. T’ contains a vertex in C: As C is a twin class and 7’ is a minimum
solution for G', we have C C T’. We obtain a set 7" from 7" by removing C, and adding
C1 if |C1| = |C| and adding Cy if |Co| = |C|. If |C1] = |Ca|, then we add one of them
chosen arbitrarily. Clearly, |T| < |T”| < k. We claim that G — T is distance-hereditary.
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In case when Cy C T', we observe that every induced cycle of length at least 7 containing
a vertex in C has to contain two vertices in C3, which is not possible. Thus, we may
assume C7 C T'. Note that Ng(C2) € SUC). Thus, whenever there is an induced cycle of
length at least 7 in G — T containing a vertex in C, by Lemma |7.14| there exists another
DH obstruction which does not contain any vertex in Cs, contradicting the assumption
that G’ — T' = G — (T U Cy) is distance-hereditary. Hence we conclude that G — T is
distance-hereditary. O

Proposition 7.16. Let (G, S, k) be an instance reduced under Branching Rules 7.1 and
7.2. Given a connected component H of G — S, we can in time O(|V(G)|®) either apply
one of Reduction Rules|7.147.5, or correctly answer that Reduction Rules|7.147.5 cannot
be applied anymore.

Proof. We first compute the canonical split decomposition D of H in time O(|V(G)| +
|E(G)|) using Theorem 7.7. Then we classify twin classes in D by testing two unmarked
vertices in a bag have the same neigbhorhood in S or not. This can be done in time
O(|V(G)[?). At the same time, we can also test whether a twin class is S-attached or
not. Note that the total number of bags in canonical split decompositions of connected
components of G — S is O(|V(G)]).

We can apply Reduction Rules 7.1, 7.2, 7.4 in time O(|V(G)|), if one of them can be
applied. We can apply Reduction Rule 7.3 in time O(|V(G)|?) for fixed vertex v, and
thus, we can test for all vertices v € V(G) \ S in time O(]V(G)|®). For Reduction
Rule [7.5] we need to consider three bags, which are uniquely identified by the first
(leaf) bag among them, to check whether they satisfy preconditions of the rule. We
can verify the preconditions of Reduction Rule 7.5/ in constant time and thus this step
takes time O(|V(G)|). We conclude that we can in time O(|V(G)|®) either apply one of
Reduction Rules |7.1-7.5, or correctly answer that Reduction Rules |7.1H7.5 cannot be
applied anymore. ]

7.4.3 Structural Properties obtained after Exhaustive Application of
Rules

In this subsection, we discuss structural properties obtained after the exhaustive appli-
cation of both branching and reduction rules. We say that G and the canonical split
decompositions of connected components of G — S are reduced if Branching Rules |7.1-7.2
and Reduction Rules 7.1-7.5 cannot be applied anymore. We assume that the given
instance is reduced in this subsection.

The following observation is a direct consequence of the exhaustive application of Reduc-
tion Rule 7.2l

Observation 7.17. If the center of a star bag in D is unmarked, then this bag contains
no unmarked leaves.

Our next goal is to establish the following lemma.
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Lemma 7.18. Fvery bag of D contains at most one S-attached twin class.

Before we formally prove Lemma [7.18 we briefly explain how the argument works. Let
C1 and C5 be two distinct S-attached twin classes in a bag B such that neither of them
consists of the center of a star and (Ng(C1)\ Ng(C2))NS is non-empty. If B is a star, then
(' is anti-complete to Cs and C, C5 have a common neighbor in G — .5, and thus, C; and
Cy satisfy preconditions of Lemma 7.11. Lemma |7.11 implies that (Ng(C1) N Ng(C2))NS
is non-empty. Let z € (Ng(C1)\ Ng(C2))NS and y € (Ng(C1) N Ng(C2))NS. We argue
that whenever there is an induced path w'wvzz’' with v € C there is a bypassing vertex
for v. We describe an example case. For instance, when w and z are both contained
in V(G — 5), they are contained in N¢g(C1) N Ng(C2). So, x € Ng(Ci) \ Ng(C2) while
w, 2,y € Ng(C1) N Ng(C2). Thus, by (2) of Lemma 7.11, if x is adjacent to y, then x
should be adjacent to w and z, which means that z is a bypassing vertex for v. If z is
not adjacent to y, then we could apply (3) of Lemma [7.11] to find a bypassing vertex
for v. We do a careful analysis depending on the places of w and z, and also consider
the case when B is a complete bag.

Proof of Lemma|7.18. Suppose there is a bag containing two distinct S-attached twin
classes C'1 and Cs. By Observation |7.17, if C; consists of the center of a star, then there
are no other unmarked vertices in the bag, and thus it is not possible. Therefore, C;
does not consist of the center of a star bag. As (1 and Cs are distinct twin classes,
Na(C1) NS # Ng(C2) NS, and thus we have either (Ng(Ch) \ Ng(C2)) NS # 0 or
(NG (C3)\ Ng(C1))NS # 0. Without loss of generality, we assume (Ng(Cy)\ Ng(C2))NS

is non-empty.

For each i € {1,2}, let ¢; € C; and let T; = Ng(C;) \ C3—;. Let x € (T1 \ T2) N S.
We observe that (71 \T2) NV (G —S) = (T2 \T1) NV (G — S) = 0. This is because C; and
C5 are contained in B, which is a complete bag or a star bag whose center is marked.

We claim that for every v € C; and every induced path H = w'wvzz’, there is a bypassing
vertex for H and v. This will imply that we can apply Reduction Rule 7.3, which leads
to a contradiction.

If w,z € S, then by Lemma [7.14) there is a bypassing vertex for v. We may assume that
w or z is contained in G — S. Without loss of generality, we assume that w is contained
in G — 5. We distinguish two cases depict in Figures |7.9 and |7.10.

Case 1. B is a star bag: In this case, C; is anti-complete to C3 and
we (TiNTy)NV(G—S). By (1) of Lemma 7.11, we have (T3 N T3) NS # 0. Let
y € (Th NTy) N S. We divide into two cases depending on whether z € (77 \ T2) NS or
ze Ty NTs.

Suppose z € (T1 \ To) N S. Note that both y and w are contained in 77 N T,. Since
2w ¢ E(G), by (2) of Lemma 7.11, z is not adjacent to y. Since y and z are neighbors of
v and y, z are not adjacent, by (2) of Lemma |7.10, there is an induced path zpy for some
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(a)z € (Ti\T2)NS (b) z € (T, NT2) N V(G - S)

Figure 7.9: When B is a star bag in Lemma |7.18. The red thick edges illustrate the
edges whose existence is guaranteed by Lemma [7.11.

p € S. Then by (3) of Lemma [7.11, p is adjacent to w, and therefore, p is a bypassing
vertex.

Suppose z € T1 NT5,. Recall that x is a vertex in (77 \ T2) N S. If x is adjacent to y, then

by (2) of Lemma 7.11, = is adjacent to both w and z, and thus z is a bypassing vertex.

We may assume that xy ¢ E(G). Then by (2) of Lemma 7.10, there is an induced path
xpy for some p € S. By (3) of Lemma 7.11, p is adjacent to both w and z, and therefore,
p is a bypassing vertex, as required.

Case 2. B is a complete bag: Note that C] is complete to Cs, and w is contained
in either Cy or (11 NT2) NV(G — S). We first discuss when w is contained in C.

Suppose w € Co. As w is not adjacent to z, z cannot be in 77 N7T5, and furthermore
z cannot be in B as B is a complete bag. Thus z € (17 \ 72) N'S. If z has a neighbor
in To N S, then the neighbor is a bypassing vertex, because it is adjacent to both w
and z. We may assume that z has no neighbors in 75 N'S. Observe that z and T, N S
are contained in the same connected component of G[S], otherwise, Branching Rule 7.2
can be applied. Let us take a shortest path P from z to T, N S in G[S]. Then Pw
is an induced path of length at least 3 and v is adjacent to its end vertices, and thus
G[S U {v,w}] has a DH obstruction by Lemma 7.4, which contradicts the assumption
that (G, S, k) is reduced under Branching Rule 7.1.

Now, suppose w € (11 NT2) N V(G — S). In this case, z is not in Cy. We distinguish

subcases by the placement of z. We illustrate cases in Figure |7.10L

Case 2-1. z € (T1\T2) NS : Let P be a shortest path from z to 7> N S. If P has
length at least 2, then Pcy is an induced path of length at least 3 and v is adjacent to
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(a)zG(Tl\TQ)ﬂS. (b)zG(TlﬁTg)ﬂS

()ze(TinT,)NV(G-2S9).

Figure 7.10: When B is a complete bag and w € (71 NT2) N V(G — S) in Lemma 7.18.
The red thick edges illustrate the edges whose existence is guaranteed by Lemma |7.12| or
non-existence of small DH obstructions.

its end vertices. So, G[S U {v, c2}] contains a DH obstruction, which is a contradiction.
Thus, z has a neighbor in 175N .S, say t. If w is not adjacent to ¢, then ztcow is an induced
path and v is adjacent to its end vertices. This contradicts the assumption that (G, S, k)
is reduced under Branching Rule 7.1. Thus, wt € E(G) and t is a bypassing vertex.

Case 2-2. z € (I1NTy) NS : Recall that x is a vertex in (T3 \ T2) N S. If x is
adjacent to z, then by (1) of Lemma 7.12, w is adjacent to x because w is not adjacent
to z. Thus, x is a bypassing vertex. So, we may assume that z is not adjacent to z.
By (2) of Lemma 7.10, there is an induced path xpz for some p € S.

If pe (Th \ T2) NS, then p is adjacent to w by (1) of Lemma 7.12, and thus p is a
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bypassing vertex. Assume p € (177 NT2) N S. If p is adjacent to w, then p is a bypassing
vertex, and we are done. Otherwise, by (1) of Lemma 7.12, = should be adjacent to
both w and z, since wz ¢ E(G). Therefore, we may assume that p ¢ T7. Then by
(2) of Lemma 7.12, we have p € (T2 \ T1) NS, and again by (1) of Lemma 7.12, either
wz € E(G) or wp € E(G). Since wz ¢ E(G), p becomes a bypassing vertex.

Case 2-3. z € (1 NTy)NV(G—S) : If z is adjacent to w or z, then by (1) of
Lemma |7.12, x is adjacent to both w and z, because wz ¢ F(G). Then x is a bypassing
vertex. Therefore, we may assume x is adjacent to neither w nor z. We take a shortest
path P from x to 175 N S. If P has length at least 2, then Pcy is an induced path of
length at least 3, and since v is adjacent to its end vertices, G[V (P) U {v, c2}] contains a
DH obstruction by Lemma |7.4. But this contradicts the assumption that G is reduced
under Branching Rule 7.1. We may assume that P has length 1, and let ¢ be a neighbor
of z in To, N S. Observe that if ¢ is not adjacent to w or z, then xtcow or xtcez is an
induced path, respectively, and v is adjacent to its end vertices. This contradicts the
assumption that (G, S, k) is reduced under Branching Rule 7.1. Therefore ¢ is adjacent
to both w and z, which implies that ¢ is a bypassing vertex.

We conclude that, for every induced path w'wwvzz’, there exists a bypassing vertex for v.

This contradicts the assumption that D is reduced under Reduction Rule |7.3. Therefore,
every bag of D contains at most one S-attached twin class. O

Lemma 7.19. Let B be a bag and Dy be a connected component of D —V (B) containing
no S-attached bags. Then B is a simple star bag whose center is adjacent to Dy.

Proof. Let By be the neighbor bag of B contained in D;. First claim that D; = Bj.

Suppose D1 contains at least one bag other than B;. We regard By as the root bag of Dy,

and choose a bag Y in D; with maximum |path(Y, B;)|. Clearly, Y is a leaf bag in D.

Let X be the neighbor bag of Y.

Suppose X is a star. As we choose Y with maximum |path(Y, B;)|, every child of X is a
leaf bag. We claim that there is no leaf bag of D pending to a leaf of X. Suppose for
contradiction there exists such a bag Yj. Since D is canonical, Y7 is not a star whose
center is adjacent to X. If Y7 is a star whose leaf is adjacent to X, then it can be
reduced under Reduction Rule 7.2 If Y7 is a complete graph, then it can be reduced
under Reduction Rule 7.4, which is a contradiction. Therefore, there is no leaf bag of D
pending to a leaf of X, and it implies that the center of X is adjacent to Y, and Y is the
unique child of X.

Let v be an unmarked vertex of X. As Ng(v) is the set of unmarked vertices in Y which

is a twin class, any induced path of length 4 could not contain v as the third vertex.

Therefore, Reduction Rule [7.3| can be applied to remove v, which is a contradiction.

Suppose X is a complete graph. Since D is canonical, Y is not a complete graph. If Y
is a star whose leaf is adjacent to X, then all unmarked leaves in Y can be removed by
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S 2

B,

B,

Figure 7.11: Illustration for the case treated in Lemma (7.20.

Reduction Rule 7.2l If Y is a star whose center is adjacent to X, then we can apply
Reduction Rule 7.4/ to X and Y.

We conclude that Dy = B;. Moreover, if B is not a star whose center is adjacent to By,
then we can reduce B; using Reduction Rule 7.2/ or 7.4, Thus B is a star whose center is
adjacent to Bj. O

The following structure is illustrated in Figure |7.11.

Lemma 7.20. Let By be a leaf bag containing at most one S-attached twin class and
By be a bag distinct from By such that

e By is a star bag whose center is adjacent to comp(Ba, By).

e cvery bag in path(By, Ba)\{B1, B2} is not a (B, B2)-separator bag, and has exactly
two netghbor bags, and

e for every bag B in path(B1, B2)\{B1, B2} that is not a star whose center is adjacent
to comp(B, By), B is non-S-attached.

Then By contains no non-S-attached twin class C.

Proof. Suppose By contains a non-S-attached twin class, and let v be a vertex in the class.
We claim that there is no induced path w'wvzz’, which implies that Reduction Rule |7.3
can be applied. Suppose there is such a path.

We claim that either Ng(w) C Ng(z) or Ng(z) € Ng(w). If Ng(w) € Ng(z) then w'
should be adjacent to z, which contradicts the fact that w'wvzz’ is an induced path.
The same argument holds when Ng(z) C Ng(w).

Let P, and P, be the bags containing w and z, respectively. As B is a star whose center
is adjacent to comp(By, B1), P, and P, are bags in path(By, Bs) \ {B2}.
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First assume P, = P, = Bj. In this case, since w is not adjacent to z, B is a star bag.
Note that no DH obstruction contains two twins, and therefore, w and z are contained in
distinct twin classes. Since Bj contains at most one S-attached twin class by Lemma [7.18|
one of w and z is contained in the non-S-attached twin class in By. Say w is such a vertex.
Then we have Ng(w) C Ng(z), because w and z are twins in G — S.

Now, we assume at least one of P, and P, is not equal to By. We further assume P, is
contained in path(P,, B2) \ {B2}. The same argument holds when P, is contained in
path(PZ, BQ) \ {BQ}

Since P, € path(P,, B2) \ {B2} and wz ¢ E(G), P, is not a complete bag. Thus, P, is a
star bag whose center is adjacent to comp(P,, B2). As P, # By and it is not S-attached
by the assumption, all neighbors of z in G are neighbors of w. Then 2’ should be adjacent
to w, which is a contradiction.

We conclude that there is no such path w'wvzz’, and Reduction Rule 7.3 can be applied
to remove v. Therefore, By contains no non-S-attached twin class C. O

The following structure is illustrated in Figure [7.12.

Lemma 7.21. Let By be a leaf bag having exactly one S-attached twin class and By be
a stmple star bag distinct from By such that

e By is not a star whose leaf is adjacent to a neighbor bag,

e cvery bag in path(By, Ba) \ {Bi1, B2} is non-S-attached, not a (B, By)-separator
bag and has exactly two neighbor bags.

Then By contains no non-S-attached twin class.

Proof. We claim that if By contains a non-S-attached twin class, then we can apply a
reduction rule to remove it. Suppose Bj contains a non-S-attached twin class C1, and
let Cy be the S-attached twin class in Bj.

Let v € C7 and we claim that there is no induced path w/'wvzz’. If this is true, then we
can apply Reduction Rule 7.3 Suppose there is such an induced path.

Assume that w € V(Bj). In this case, By should be a complete bag. Therefore, z is
adjacent to w, because z € V(G — S), and w, v are twins in G — S. This contradicts the
assumption that w'wvzz’ is an induced path. Thus, we can assume that w ¢ V(Bj), and
similarly, z ¢ V(By).

By symmetry, we assume |path(Bi1, By)| < |path(Bi, B;)|, where B,, and B, are bags
containing w and z, respectively. Since w is not adjacent to z, B,, should be a star bag
whose center is adjacent to the component comp(B,, B1). Therefore, every neighbor
of win G — S is adjacent to z, and in particular, w’ is adjacent to z. This contradicts
the assumption that w'wvzz’ is induced. This proves the claim. This contradicts the
assumption that D is reduced. ]
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Figure 7.12: Hlustration for the case treated in Lemma |7.21.

Lemma 7.22. Let B be a simple star bag, and let D1 be a connected component of
D — V(B) such that

e Dj contains exactly one S-attached bag By, and

e there is no (B, B)-separator bag.

Then B is a star whose leaf is adjacent to comp(By, B) and there is a leaf bag Ba where
the center of By is adjacent to Bs.

Proof. We first claim that Bj is a star whose leaf is adjacent to comp(Bj, B). We prove
this by a sequence of auxiliary claims. Suppose for contradiction that B; does not satisfy
the property; that is, either B; is a complete bag or a star bag whose center is adjacent
to comp(Bi, B).

Claim 7.23. There is no connected component of D — V(By) other than comp(Bi, B).

Proof of the Claim. If there is such a component C}, then by the assumption, it
contains no S-attached bag. By Lemma [7.19, B is a star whose center is adjacent
to (1, contradicting our assumption. Thus, there is no connected component of
D — V(By) other than comp(By, B). O

We observe that B contains one S-attached twin class by Lemma [7.18. Also, all bags in
path(B, By) \ {B, B1} have exactly two neighbor bags. This follows from Lemma 7.19
and the fact that every bag in path(By, B) \ {B, B1} is not a (B, Bj)-separator bag.
Now, we can observe that B and B satisfy the conditions of Lemma 7.21. Therefore, B
contains no non-S-attached twin class.
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Claim 7.24. There is no star bag By € path(B, By) \ {B, B1} whose center is adjacent
to comp(Bs, By).

Proof of the Claim. Suppose there is such a star bag Bs. Then By and Bs satisfy the
conditions in Lemma [7.20. Thus, Bo has no non-S-attached twin class. But this is
impossible as By has only two neighbor bags and By has no S-attached twin class. ¢

By Claim [7.24, we observe that B; and its parent bag satisfy the condition (1) or (2) of
Reduction Rule 7.4, and thus we can apply the rule. This contradicts the assumption
that D is reduced. Thus, Bj is a star whose leaf is adjacent to comp(Bi, B).

Now, suppose there is no bag By where the center of B; is adjacent to By. Since there is
no bag pending to a leaf of B; by Lemma 7.19, B; is a leaf bag. In this case, we can
reduce using Reduction Rule [7.2, which is a contradiction. Therefore, there is a leaf bag
By where the center of B is adjacent to Bs, as required. ]

Lemma 7.25. Let By and Bs be two simple star bags in D such that

e cvery bag in path(By, B2) \ {B1, B2} is a non-S-attached bag, has two neighbor
bags, and is not a (B, Ba)-separator bag.

Then Bi and Bo are neighbor bags.

Proof. Suppose for contradiction that path(By, Bs) \ {B1, B2} # (0. Let B be a bag in
path(Bi, Ba) \ {B1, B2} and v be an unmarked vertex of B.

We claim that there is no induced path w'wvzz’. Suppose there is such an induced
path. By symmetry, we assume |path(Bi, By)| < |path(B1, B;)|, where B,, and B, are
bags containing w and z, respectively. First, assume that w and z are contained in the
different connected components of D — V(B). Since B is the not (B, B2)-separator bag,
v cannot be a center of a star bag. Hence, the only possibility for v to be a neighbor
of both w and z is if B is a complete bag. But then w is adjacent to z, contradiction.
Thus, w and z are contained in the same connected component of D — V(B). Without
loss of generality, we may assume that such a connected component contains Bj.

Suppose there is a bag B where the center of B; is adjacent to B]. Since Bj is simple,
B! contains only one non-S-attached twin class. Thus one of w and z are not contained
in B}, as they are not twins in the path w'wvzz’.

We may assume w is in path(Bj, B) \ {B1, B}. Then, every neighbor of w in G — S is
adjacent to z, in particular, w’ is adjacent to z. This contradicts the assumption that
w'wvzz' is induced.

This proves the claim. Since there is no such a path w'wvzz’, we can apply Reduction
Rule [7.3 to remove v. This contradicts the assumption that D is reduced. We conclude
that B; and By are neighbor bags. O
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Finally, we claim that our instance has the desired inseparability property. We formalize
and prove this property below.

Lemma 7.26. Let B be a bag and let Dy be a connected component of D — V(B) such
that Dy contains exactly one S-attached bag By. Then there is no (By, B)-separator bag.

Proof. For contradiction, suppose that there is a (B, B)-separator bag. We choose such
a bag By with minimum |path(Bj, B2)|. From the choice of By, there is no (Bj, Bg)-
separator bag.

We verify preconditions of Lemma 7.22 for By and Bs. Clearly, comp(B2, By) has exactly
one S-attached bag Bj, and there is no (Bj, Bz)-separator bag. To see that Bs is a
simple star bag, let us assume that there is a connected component Dy of D — V(Bs)
where the center of By is adjacent to Ds; if there is no such a component, it is clear by
definition. As Dy contains no S-attached bag, by Lemma 7.19, Dy consists of one bag
and Bs is a simple star bag.

By applying Lemma [7.22 for B; and Bs, we can observe that By is a star whose leaf is
adjacent to comp(Bi, B2), and there is a leaf bag By where the center of Bj is adjacent
to By. We can also observe that Bj is a simple star bag. By Lemma [7.19, there is no
connected component of D — V(Bjg) pending to leaves of By other than the leaf adjacent
to its parent.

Note that every bag A in path(By, B2) \ {Bi1, B2} has two neighbor bags, because it is
not a (B, Ba)-separator bag and by Lemma [7.19 there is no other component D — V' (A)
pending to A. Therefore by Lemma [7.25, Bs is a neighbor bag of Bj.

Now, by Lemma [7.20, there is no non-S-attached twin class in Bj, which means that
the unmarked vertices of B; form a unique S-attached twin class. Then, we can apply
Reduction Rule 7.5/ to By, B, B2, a contradiction. ]

7.4.4 Connected components with two S-attached bags

This section is devoted to showing that if D is reduced and contains two distinct S-
attached classes, then we can apply a reduction rule. Suppose D is reduced and contains
two distinct S-attached classes, and we choose a root bag of D. Let B be a farthest
bag from the root bag such that there are two descendant bags B; and By of B having
distinct S-attached twin classes Cy and Co, respectively.

First, we verify that the distance from C; to Cy in G — S is at most 2.

Lemma 7.27. The distance from C1 to Cy in G — S is at most 2.

Proof. Let us take a shortest sequence of twin classes
(C1=Uy)—-U;—---—U— (Ca=Us41) from C; to Cy in G — S such that for
i,j € {0,1,...,t + 1} with ¢ # j, U; is complete to U; if |i — j| = 1 and they are
anti-complete, otherwise. We note that each U; except Uy and Uy corresponds to a
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(B1, By)-separator bag. Clearly, at most one of Uy, ..., U possibly has a neighbor in S
because C; is the unique S-attached twin class in comp(B, B;) if B; # B. By (3) and (4)
of Lemma [7.10, the length from C; to C5 in G — S cannot be 3 or 4, and thus ¢ cannot
be 2 or 3. Also, by Lemma |7.26, we know that there is no (B;, B)-separator bag when
B; # B. Thus, t cannot be larger than 3. So, the distance from Cy to Cs in G — S is at
most 2. ]

Proposition 7.28. The bag B is not a (C1,Cs)-separator bag.

Proof. For each i € {1,2} let T; = N¢(C;). Since by Lemma |7.27 the distance from
C1 to Cy is at most 2, it follows from Observation 7.9 that there exists at most one
(C1, Cy)-separator bag. Suppose that B is the (C1, Cs)-separator bag. Note that B; # B
for some i € {1,2} because B; and By are distinct. Without loss of generality, we assume
that By # B. We verify the proposition by a sequence of claims.

Claim 7.29. Bj is not a star bag whose leaf is adjacent to comp(By, B).

Proof of the Claim. Suppose Bj is a star bag whose leaf is adjacent to comp(By, B).
As By is the unique S-attached bag in comp(B, By), by Lemma 7.19, there is no bag
pending to a leaf of B;. Also, the center of By is marked, otherwise, we can apply
Reduction Rule 7.2, and by Lemma [7.19, By is a simple star bag. Therefore, C;
consists of leaves of By, and Bj is a (C1, Cq)-separator bag. But this contradicts the
assumption that B # Bj and B is the only (Cy, Cs)-separator bag. O

Note that Bj is either a complete graph, or a star whose center is adjacent to comp(B1, B).
We observe that B; contains a non-S-attached twin class.

Claim 7.30. B; contains a non-S-attached twin class.

Proof of the Claim. Suppose for contradiction that B; contains no non-S-attached
twin class, that is, C is exactly the set of unmarked vertices of By. Let Bs be the
parent bag of By. If Bs is not a star whose center is adjacent to B, then we can apply
Reduction Rule 7.4. We may assume Bj is a star whose center is adjacent to B;. But
in this case, B # B3, and thus, B3 has no S-attached twin classes. By Lemma [7.19,
B3 has exactly two neighbor bags, and by Lemma [7.20, it contains no non-S-attached
twin class. But this is impossible. We conclude that B; contains a non-S-attached
twin class. O

Claim 7.31. There is a vertex x in (11 \ To) N V(G — S) contained in a complete bag
such that x has no neighbors in S.
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Proof of the Claim. If B; is a complete bag, then the non-S-attached twin class
is contained in (77 \ T2) N V(G — S). Assume B is a star. Since B is a star whose
leaf is adjacent to comp(B, By), there is at least one bag in path(Bi, B) \ {Bi1, B}.
Moreover, there is no star bag B’ in path(Bi, B) \ {Bj, B} whose center is adjacent
to comp(B’, B1) by Lemma 7.20. Therefore, there is at least one complete bag in
path(By, B) \ {B1, B}, which contains a vertex in (71 \ 75) N V(G — S). We choose =
to be such a vertex. Then x is a vertex in (77 \ 72) N V(G — S) having no neighbors
in S, and also contained in a complete bag. O

Since x is contained in a complete bag, x has a neighbor in (77 NT3) NV (G —S). By (1)
of Lemma [7.11, we have (T4 N T2) NS # 0. Since x € T1 \ T» and z is adjacent to a vertex
in 71 N T3, by (2) of Lemma 7.11, = should be adjacent to all vertices in (77 N7%) NS,
which contradicts the fact that  has no neighbors in S. O

The following lemma describes all possible cases.

Lemma 7.32. Let B be a farthest bag from the root bag such that there are two descendant
bags B1 and Bs of B having distinct S-attached twin classes Cy and Csy, respectively.
Then B1 # Bs and one of the following happens:

1. The distance from Cy to Cy in G — S is 2 and the unique (C1,C2)-separator bag is
contained in comp(B, B;) for some i € {1,2}.

2. C1 is complete to Cy and either

e B is a star bag and C; is the set consisting of the center of B for some
ie{1,2}, or

e B is a star bag whose center is adjacent to comp(B, B;) for some i € {1,2}.

3. C1 is complete to Cy and B is a complete bag.

Proof. By Lemma [7.18|, each bag contains at most one S-attached twin class and it
follows that By # Bs. By Lemma [7.27] the distance from C; to Cy in G — S is at most
2. Suppose that the distance from C; to C5 in G — S is 2. Then, there is a unique
(C1, Co)-separator bag in D. By Proposition 7.28, B cannot be the (C}, Cs)-separator
bag. Thus, the unique (C7,Cs)-separator bag in contained in comp(B, B;) for some
i € {1,2}. If the distance from Cj to Cy is 1, then C} is complete to C, and in this
case if B is a star, then its center either consists of one class C; or is adjacent to one of
comp(B, By) and comp(B, Bs). O

We show that in each of three cases in Lemma [7.32] we can apply a reduction rule.
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Proposition 7.33. Suppose the distance from Cy to Cy in G — S is 2 and the unique
(C1, Cy)-separator bag is contained in comp(B, Bs). Then for every induced path P =
p1p2p3paps with ps € Csy, there is a bypassing vertex for P and ps.

Proof. Let T; = Ng(C;) for each i € {1,2}. We start by proving the following claim.
Claim 7.34. The bag By is the (Cy, C2)-separator bag.

Proof of the Claim. For a contradiction, suppose that Bs is not the (Cy, Cs)-separator
bag and let B’ # By be the (C1, Cs)-separator bag. Then B’ is a (B, B)-separator
bag. However, since comp(B, Bs) has exactly one S-attached bag B, by Lemma |7.26,
there is no (B2, B)-separator bag, which is a contradiction. O

By Lemma[7.19, Bs has no child pending to a leaf of By. If the center of By is unmarked,
then we can reduce it using Reduction Rule 7.2l Thus there is component attached to the
center of By, and by Lemma [7.19| this component is a single leaf bag. We call the leaf bag
Bs, and let C3 be the set of unmarked vertices of B3. Note that C3 is a non-S-attached
twin class. Also, by Lemma |7.20, By contains no non-S-attached twin class.

Suppose there is an induced path P = p1papspaps with pg € Cy. We want to show that
there is a bypassing vertex for P and ps. Observe that every neighbor of ps in G is either
in S or in C3. As (5 is a twin class, it contains at most one of po and p4. If po and p4
are contained in S, then by Lemma [7.14] there is a bypassing vertex for ps. Thus, we
may assume that one of ps and p4 is contained in S and the other is contained in Cj.

By symmetry, we may assume that ps € C5 and py € S. Note that since ps € Cs, po
has no neighbors in S. Furthermore, as the distance from C; to Cs is exactly 2, Cj is
complete to C7. This implies that py € (Th NT2) NV (G — 9).

By (1) of Lemma 7.11, we have (T7 NT2) NS # (. Let t € (1 NT3) NS. We divide cases
depending on whether p4 is in 75 \ 71 or Ty N Ts.

Case 1. py € (Tx \T1) N S: Note that py € To \ T1 and po,t € T} NTy. Since py is
not adjacent to pa, by (2) of Lemma 7.11, p4 is not adjacent to ¢ as well. As py and t are
neighbors of p3 and (G, S, k) is reduced under Branching Rule 7.2, p4 and ¢ are contained
in the same connected component of G[S]. Moreover, since (G, S, k) is reduced under
Branching Rule 7.1, there is no induced path of length at least 3 from p4 to t in G[S5],
and thus the distance from py to ¢ in G[S] is exactly 2. Let pypt be an induced path for
some p € S.

If p is contained in T} N1y, then p4 should be adjacent to py by (2) of Lemma |7.11. Thus,
p is not contained in Ty N T5. If p € Ty \ T, then by (2) of Lemma 7.11, p is adjacent to
p2, but py has no neighbors in S, a contradiction. Lastly, assume that p € S\ T5. In this
case, by (3) of Lemma [7.11 with (p, z,y1,y2) = (p, p4,t,p2), p is adjacent to po, again a
contradiction.
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Case 2. pye (' NTy)NS: Let ¢; € Cy. If pp and ¢; have a common neighbor ¢
in G — S that is adjacent to neither ps nor p4, then G[{p2, ps, ps,c, c1}] is isomorphic to
the house. So, there are no such vertices. This implies that for each i € {1,2}, there
is no complete bag in path(B;, B) \ {B, B;}, and if By or B is a complete bag, then it
contains no non-S-attached twin class.

Claim 7.35. path(B, B;) contains at most 3 bags, and when it contains 3 bags, the bag
in path(B, By) is a star bag whose center is adjacent to B.

Proof of the Claim. Suppose path(B, B1) contains more than 3 bags, and let B be
the parent bag of By and BY be the parent of Bj. As path(B, By) \ {B} contains no
complete bags, both B] and B{ are star bags. Thus, BY is a star bag whose center is
adjacent to Bj. Such a bag B{ does not exist by Lemma |7.20. O

In particular, Claim [7.35| implies that every neighbor of (' is either in Cs or not contained
in the component of D — V(B) containing Bs.

We divide into subcases depending on the shape of Bj.

Case 2-1. B; is a complete bag: First assume that B; = B. As B; contains no
non-S-attached twin class and pips ¢ E(G), p1 is in the neighborhood of C4 in G — S.
Then ¢; is adjacent to end vertices of p1papsps, and by Lemma 7.4, G contains a small
DH obstruction. This is a contradiction. We may assume B; # B.

As D is canonical, the parent bag B} of Bj is a star bag. We claim that B = B].
Suppose B # Bj, that is, B] is contained in path(B, By) \ {B, B1}. Since there is no
(B, By)-separator bag, the center of B} is adjacent to either comp(B], B) or By. As By is
the unique S-attached bag in comp(B, B1), by Lemma 7.19, B] has exactly two neighbor
bags. Also, again by Lemma [7.19, B; is a leaf bag. Therefore, by Lemma [7.20, the
center of B} is not adjacent to By. On the other hand, if the center of Bj is adjacent to
comp(B], By), then we can apply Reduction Rule 7.4, as B; contains no non-S-attached
twin class, which is a contradiction. Thus, we have B = B/, and the same argument
using Reduction Rule 7.4/ implies that the center of Bj is adjacent to B. Then p; should
be contained in B; and adjacent to p4, which is impossible.

Case 2-2. Bj is a star bag: First assume that By = B. As ( is complete to
C3, the center of By is adjacent to comp(B, Bs). If B and By are neighbor bags, then
the marked edge connecting them can be recomposed. Thus, in this case, path(B, B2)
contains 3 bags. Let By be the bag in path(B, Bz) \ {B, B2}, and b be an unmarked
vertex in By. It is not difficult to observe that p; should be adjacent to b, since p; cannot
be in Cs. Then bpipapspy is an induced path and ¢; is adjacent to its end vertices, and
thus G contains a small DH obstruction. It is a contradiction. We may assume B; # B.

Similar to the case when Bj is a complete bag, we can show that the parent of B is
B and B is a star whose center is adjacent to B;. In this case, p; is contained in the
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non-S-attached twin class, as p; is not adjacent to ps. As B has at least 3 vertices, there
is a vertex z € V(G — S) where z is adjacent to p;, but not adjacent to pa,ps, ps. If
x is adjacent to p4, then we have a small DH obstruction. Otherwise, xpipspsps is an
induced path, and c is adjacent to its end vertices. This contradicts the non-existence of
a small DH obstruction.

We conclude that for every induced path P = pypopspsps with ps € Cs, there is a
bypassing vertex for P and ps. O

Next, we deal with the case when C is complete to Ca. We prove the case when B is a
star bag in Proposition |7.36, and the case when B is a complete bag in Proposition 7.40.

Proposition 7.36. Suppose C1 is complete to Co, and either

e By = B and Cy consists of the center of By or

e B # By, and B is a star bag whose center is adjacent to comp(B, Bz).

Then for every induced path P = p1papspaps with ps € C1, there is a bypassing vertex for
P and ps.

Proof. For each i € {1,2} and let ¢; € C; and T; = Ng(C;) \ (C1 U Cy). We first observe
that there is no child bag Bj pending to B; except the possible child in path(B, Bs)
when B = By. Suppose there is such a bag, and let D’ be the connected component of
D — V(By) containing Bj. As D’ has no S-attached bags by the choice of B, By, Ba, by
Lemma [7.19, By is a star whose center is adjacent to D’. Then B; becomes a (C1, Co)-
separator bag, contradicting the assumption that C; is complete to C5. We conclude the
claim.

As B; is the unique S-attached bag in comp(B, B;) when B # B;, by Lemma 7.19, every
bag in path(B, B;) \ {B, B;} has exactly two neighbor bags. Since either

e By = B and (5 consists of the center of By or

e B is a star bag whose center is adjacent to comp(B, Bs),

every neighbor of a vertex in C} is contained in comp(B, B;) or comp(B, Bz).

Suppose there is an induced path P = p1paop3paps with ps € C1. We will show that there
is a bypassing vertex for ps. If pa,ps € S, then it follows from Lemma [7.14. Without
loss of generality, we assume py € V(G — S). We distinguish cases depending on whether
(TyNTy)N V(G —S) =0 or not.
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Case 1. (' NTe)NV(G—S)#0: We choose a vertex z € (T1 NTa) N V(G — S).
Since every neighbor of a vertex in C] is contained in comp(B, By) or comp(B, Bs), x is
contained in comp(B, By) or comp(B, By). Since z is not contained in Cy U Cy, = has no
neighbors in S.

Claim 7.37. (T1 N Tg) NS # 0.

Proof of the Claim. Suppose T1 NS and To NS are disjoint. As C is complete to Cs
and (G, S, k) is reduced under Branching Rule 7.2, 77 NS and 75 N S are contained in
the same conncected component of G[S]. Let P be a shortest path from 77 N S to
T>NS in G[S]. Since Pcox is an induced path of length at least 3 and ¢; is adjacent to
its end vertices, G[V (P)U{c1, c2, x}] contains a DH obstruction, which contradicts the
assumption that G is reduced under Branching Rule 7.1. Therefore, (71 NT2) NS # 0.
O

Let y € (Th NT3) N S. Clearly, z is not adjacent to y.
Claim 7.38. ((T1 \Tg) U (Tg \Tl)) Nns=40.

Proof of the Claim. Suppose there is a vertex w in ((77 \ T2) U (T2 \ T1)) N'S. Since
zy ¢ E(G), if uy € E(G), then uz € E(G) by (1) of Lemma 7.12. But z has no
neighbors in S. Thus, we have uy ¢ E(G). Since {u,y} CT1 NS or {u,y} CToNS,
there is an induced path upy for some p € S. We assume {u,y} C T3 N S; the
symmetric argument holds when {u,y} C To N S. If p € T} U T;, then by (1) of
Lemma [7.12) u or p should be adjacent to x, which is a contradiction. On the
other hand, by (2) of Lemma 7.12, p cannot be in S\ (71 U T3). We conclude that
(Ti\T2) U (T2 \T1)) NS = 0. O

Suppose that py € V(G — S). We know that ps and ps are contained in some bags in
path(Bi, B2). By symmetry, we assume |[path(Bi, A1)| < |path(Bi, A3)|, where A; and
A are bags containing po and py4, respectively.

Since popy ¢ E(G), Aj is not a complete bag, and thus it is a star whose center is adjacent
to comp(Ai, B1). In case when P, = P, = By, we may assume that py is contained in
the non-S-attached twin class. Then p; should be adjacent to p4, contradiction.

We may assume that py € V(G —5) and ps € (T1NT3)NS, because ((T1\T2)U(T2\11))N
S = . Since py € T1 NTy, we have ps ¢ Cy. We can observe that ps has no neighbors
in S as py is contained in some bag in path(Bji, B2) \ {B}, and it is not contained in
C1UCs.

If py is adjacent to co, then ¢y is adjacent to the end vertices of an induced path pi1popsp4,
implying that G has a small DH obstruction, which is a contradiction. We may assume
that p; is not adjacent to ca. One can observe that in this case, p; is in some bag of
path(Bi, B2), and thus p; is adjacent to p3. This is a contradiction.
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Figure 7.13: The case when (T3 N T3) N V(G — S) = () in Proposition 7.36.

Case 2. (I1NTe)NV(G —S)=0: This implies that there are no complete bags
in path(Bi1, B2) \ {Bi1, B2}, and especially, if By or Bs is a complete bag, then it has no
non-S-attached twin class. We first claim that B = By, B # By and B is the parent bag
of BQ.

Claim 7.39. B = By, B # By and B is the parent bag of Bo.

Proof of the Claim. Suppose B # By, and let B] be the parent bag of B;. As C] is
complete to Cq, By is a star whose center is adjacent to Bj or a complete bag. By
Lemma [7.19) there is no child of By, and thus Bj is a leaf bag. Also, by Lemma [7.19,
Bj has exactly two neighbor bags unless B} = B.

We observe that B should be a star whose center is adjacent to B;. When Bj is
a star, B] is a star whose center is adjacent to Bj, as there is no complete bag
in path(B1, B2) \ {B1, B2}. When Bj is a complete bag, if B is a star whose leaf
is adjacent to Bj, then we can apply Reduction Rule 7.4 because B; contains no
non-S-attached twin class. Thus Bj is a star whose center is adjacent to Bj. Due to
Lemma |7.20, such a bag B cannot exist. Therefore, we have B = Bjy.

Since By # Bo by Lemma [7.32, we have B # Bs. In the same reason, there are no
bags in path(B, By) \ {B, B2}. This implies that B is the parent of Bs. O

See Figure [7.13| for an illustration. Recall that po is contained in G — S. Thus, po should
be contained in C or By has the non-S-attached twin class and po is contained in this
class.

Suppose ps € Co. Then py € (T7 \ T2) N'S. If py has a neighbor in T5, then we have
a bypassing vertex. So, we may assume that ps has no neighbors in 75 NS. As C;
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is complete to Cy and Branching Rule 7.2 is exhaustively applied, ps and T, N S are
contained in the same connected component of G[S]. Let P be a shortest path from py to
T> NS in G[S]. Then Pps is an induced path of length at least 3 and p3 is adjacent to its
end vertices, and therefore G[S U {pa, p3}] contains a DH obstruction which contradicts
the exhaustive application of Branching Rule [7.1.

Now, suppose po ¢ Cy. This implies that Bs is a star bag having a non-S-attached twin
class, and po is contained in the set. Then p; should be a common neighbor of cs and po.
Let P be the shortest path from py to 7o NS in G[S]. First assume that p; has a neighbor
in P. Among neighbors of p; in P, we choose the vertex ¢ such that the distance between
pg and q in P is shortest. Let @) be the subpath of P from ps to q. Then pop@ is an
induced path of length at least 3 since p; is not adjacent to py, and ps is adjacent to its
end vertices. Therefore, G[S U {p1, p2, ps}| contains a DH obstruction, contradicting our
assumption that G is reduced under Branching Rule |[7.1. We may assume that p; has no
neighbors in P. In this case, papico P is an induced path of length at least 3, and ps3 is
adjacent to its end vertices. Therefore, G[S U {p1, p2, p3, c2}] contains a DH obstruction,
contradicting our assumption that G is reduced under Branching Rule [7.1l

We conclude that for every induced path P = pipapspaps with pg € Cs, there is a
bypassing vertex for P and ps. O

Proposition 7.40. Suppose C1 is complete to Co, B # Bi, and B is a complete
bag. Then Bi contains a non-S-attached twin class C| and for every induced path
P = p1popspaps with ps € C1, there is a bypassing vertex for P and ps.

Proof. For each i € {1,2} and let ¢; € C; and T; = Ng(C;). Let Bs be the parent bag of
Bj. As (1 is complete to Cy, Bj is either a complete bag or a star whose center is adjacent
to Bs. We observe that B; has a non-S-attached class, and (T2 \ T1) NV (G — S) # 0.

Claim 7.41. B; contains a non-S-attached class.

Proof of the Claim. Suppose for contradiction that B; has no non-S-attached class,
that is, its unmarked vertices form one S-attached twin class. We verify that there is no
child bag of B;. Suppose for contradiction that there is a child B} of By and let D" be
the component comp(Bj, B}). Since D’ contains no S-attached bag, by Lemma [7.19,
By should be a star whose center is adjacent to Bj, which is a contradiction. Also,
every bag in path(B, B1)\ {B, B1} is not a (B, By )-separator bag, and by Lemma 7.19,
it has exactly two neighbor bags.

Assume Bj is a complete bag. Then its parent B3 is a star and thus B # Bs. By
Lemma [7.20, the center of Bj is not adjacent to Bi. Thus, the center of B is adjacent
to its parent. As Bj has no non-S-attached class, we can apply Reduction Rule 7.4 to
reduce the split decomposition, which is a contradiction. Assume Bj is a star whose
center is adjacent to its parent. Similarly, by Lemma [7.20, Bs is not a star whose
center is adjacent to B;. Thus, we may assume the parent of By is a complete bag,
but in this case, we can apply Reduction Rule |7.4. O



7.4. Reduction Rules in Split Decompositions

Let C] be the non-S-attached twin class in B;. As C} and C] have the same neighborhood
in G — S, C is complete to Cs.

Claim 7.42. (T> \T1) N V(G — S) contains a vertex that has no neighbors in S.

Proof of the Claim. If Bj is a star bag, then C] C (T \T1) N V(G — S) and y € C.
If By is a complete bag, then since B is a complete bag, Bs # B and the unmarked
vertices in Bs are contained in (75 \ 71) N V(G — S). Let y be an unmarked vertex in
Bj3. By the choice of y, y has no neighbors in S. O

Let y be a vertex in (75 \ 77) N V(G — S) having no neighbors in S.

Suppose there is an induced path P = p1papspaps with ps € C1. We will prove that there
is a bypassing vertex for P and p3. Let D’ be the connected component of D — V(B)
containing the parent of B.

Claim 7.43. py and py are contained in (Th NTy) NV (G —95).

Proof of the Claim. Note that py or py is contained in either D’ or path(By, Bs). If
both ps and py are contained in D’, then this is clear. If both ps and p4 are contained
in path(Bi, B2), then without loss of generality, we assume that |[path(By, A1) <
|path(Bi1, A2)| where A; and Ay are bags containing py and py4, respectively. Since
there is no (B, By)-separator bag, p; should be adjacent to p4, a contradiction. Lastly,
we assume that one of py and py is in D', but the other is in path(Bi, By). By
symmetry we assume py € V(D'). If py € path(Bj, B), then py is contained in a
complete bag, and thus py is adjacent to ps. If py € path(B, Bs), then py is clearly
adjacent to ps, as B is a complete bag. Both cases are not possible. %

Suppose (T1 NTe) NS # (. Let x € (T1N'T2) N S. Since we know that ps has no neighbors
in S, we have psx ¢ E(G), and by (1) of Lemma 7.12, = should be adjacent to both ps

and py. Thus, z is a bypassing vertex, as required. We may assume that (73 N75)NS = (.

Since C is complete to Cs, by Branching Rule 7.2, we know that 77 NS and T> N S are
contained in the same connected component of G[S]. Let P be a shortest path from
Ti NS to To N S. If P has length at least 2, then G[V(P) U {¢1, c2}] is an induced cycle
of length at least 5, contradicting our assumption that G is reduced under Branching
Rule 7.1 Thus, P has length 1. Let ¢1¢s be the path where g; is a neighbor of ¢; for each
ie{1,2}.

Note that ¢; € T1 \ Tz, g2 € To \ T1 and po,py € Th NTh. If ¢ or g is adjacent to one
of py and py, the by (1) of Lemma 7.12, it is adjacent to both py and ps. This means
that it becomes a bypassing vertex, as required. Therefore, we may assume that for each
i € {1,2}, ¢; is adjacent to neither py nor py. So, pac1q1g2 is an induced path of length 3,
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and cy is adjacent to its end vertices. This implies that G has a small DH obstruction,
which is a contradiction.

We conclude that for every induced path P = pipopspsps with pg € Cs, there is a
bypassing vertex for P and ps. O

Proposition 7.44. If D is a reduced canonical split decomposition of a connected
component of G — S, then D is empty.

Proof. Suppose a reduced canonical split decomposition D of a connected component of
G — S contains a vertex. If it contains at most one S-attached twin class, then Reduction
Rule 7.1 can be applied. We may assume that D contains at least two S-attached twin
classes.

We choose a root bag, and let B be a farthest bag from the root bag such that there are
two descendant bags B; and By of B having distinct S-attached twin classes C; and Cj,
respectively. By Lemma [7.32, By # B, and one of the following happens:

(1) The distance from C; to C2 in G — S is 2 and the unique (C, C2)-separator bag is
contained in comp(B, B;) for some i € {1, 2}.

(2) Cy is complete to Cy and either

— Bis astar bag and Cj is the set consisting of the center of B for some i € {1, 2},
or

— B is a star bag whose center is adjacent to comp(B, B;) for some ¢ € {1,2}.

(3) Cy is complete to Co and B is a complete bag.

If (1) happens, then by Proposition |7.33, Reduction Rule 7.3 is applied to remove C;.
If (2) happens, then by Proposition 7.36, Reduction Rule 7.3 is applied to remove Cs_;.
If (3) happens, then by Proposition [7.40, Reduction Rule 7.3 is applied to remove the
non-S-attached twin class in one of By and By. But this contradicts the assumption that
D is reduced. O

7.5 The Algorithm, Lower Bounds and Applications

Our goal in this section is to give a proof of our main result, Theorem 7.46, and obtain
corresponding lower bounds.

7.5.1 The Algorithm

Below, we use the presented reduction and branching rules to give an algorithm for
Di1sJOINT DISTANCE-HEREDITARY VERTEX DELETION. This is then followed by a proof
of our main algorithmic result.



7.5. The Algorithm, Lower Bounds and Applications

Theorem 7.45. DISJOINT DISTANCE-HEREDITARY VERTEX DELETION can be solved
n time O(6’“+CC(G[S]) . |V(G)|6(|V(G)| + E(Q))).

Proof. Let (G, S, k) be an instance of DISJOINT DISTANCE-HEREDITARY VERTEX DELE-
TION. We exhaustively apply Branching Rules |7.147.2 and Reduction Rules 7.1-47.5. We
prove that one of rules can be applied until G — S is empty or k becomes 0. In both cases,
we can test whether the resulting instance is distance-hereditary or not in polynomial
time, and output an answer. Suppose k does not reach 0. Then by Proposition |7.44,
G — S contains no vertices. Therefore, the resulting instance satisfies that G — S is empty,
as mentioned.

We argue that the runtime bounds hold. For convenience, we will denote |V (G)| by n
and |E(G)| by m. First notice that each branching rule reduces either k or the number of
connected components in G[S] and branches into at most 6 subinstances. Moreover, none
of the reduction rules change k or the number of components in S. Hence a branching
rule is applied at most k + cc(G[S]) times. Similarly, every reduction rule reduces either
the number of vertices in G — S or the number of bags in canonical split decomposition
of G — S. Therefore, it is not hard to observe that the branching tree of the algorithm
will have at most 65T°°(G15)) leaves and each leaf will be in depth at most O(n) and
hence the branching tree will have at most O(65t<(G[5) . ) nodes. In the following
we will discuss that the runtime in every node will not exceed O(n°(n +m)). In each
node, we go through the branching and reduction rules, in the order they are introduced,
and apply the first rule that can be applied. Let us start with detecting and applying
Branching Rule 7.1, Our algorithm is going through all sets X C G — S of size at most 5
and checking, whether G[S' U X] is distance-hereditary. It follows from Theorems 7.7 and
7.8 that we check whether a graph is distance-hereditary in time O(n + m). If the graph
is not distance-hereditary, application of the rule can be done in constant time. Hence,
the Branching Rule 7.1| can be verified in time O(n®(n +m)). Similarly, for Branching
Rule 7.2/ for every set X C V(G — S) of size at most 5, we can in time O(n + m), e.g.
using breadth-first search, verify that the neighborhood of X is in the same connected
component and the same running time bound follows. After verifying that the graph is
actually reduced under Branching Rules 7.1/ and |7.2] it follows from Proposition [7.16 that
we can in time O(n%) either apply one of Reduction Rules 7.1-7.5 or correctly deduce that
the graph is reduced also under Reduction Rules 7.1-7.5. Hence, the whole algorithm
for D1sJOINT DISTANCE-HEREDITARY VERTEX DELETION can be implemented in time
O(6k+cc(G[S]) . nG(n + m)) n

Theorem 7.46. DISTANCE-HEREDITARY VERTEX DELETION can be solved in time
OB - [V(A|"(IV(G)| + |E(G)))).

Proof. We apply the standard iterative compressing technique. The algorithm involves
a two-step reduction of DISTANCE-HEREDITARY VERTEX DELETION: we first reduce
DISTANCE-HEREDITARY VERTEX DELETION to the COMPRESSION problem, which
reduces to DISJOINT DISTANCE-HEREDITARY VERTEX DELETION.
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For convenience, we denote for this proof |V (G)| = n and |E(G)| = m. Fix an arbitrary
labeling v, ..., v, of V(G) and let G; be a the graph G[{v1,...,v;}] for 1 <7 <n. From
i = 1 up to n, we consider the following the COMPRESSION problem for DISTANCE-
HEREDITARY VERTEX DELETION: given a graph G; and S; C V(G;) such that G; — S; is
distance-hereditary and |S;| < k+ 1, we aim to find a set S; C V(G;) such that G; — S} is
distance-hereditary and |S}| < k, if one exists, and output NO otherwise. Since distance-
hereditary graphs are closed under taking induced subgraphs, (G, k) is YES-instance of
DISTANCE-HEREDITARY VERTEX DELETION if and only if (G;,S;) is a YEs-instance
for COMPRESSION for all i, where (G;,S;) is a legitimate instance. Hence we correctly
output that (G, k) is No-instance of DISTANCE-HEREDITARY VERTEX DELETION if
(Gi, S;) is a No-instance for some i. Moreover, if S/ is a solution to the i-th instance of
COMPRESSION, then (Giy1, S U {vi41}) is a legitimate instance for (i + 1)-th instance of
COMPRESSION.

Given an instance (G,S) of COMPRESSION, we enumerate all possible intersections [
of S and a desired solution to (G,S). For each guessed set I, we solve the instance
(G—1,5\1,k— |I|) of DISJIOINT DISTANCE-HEREDITARY VERTEX DELETION using
Theorem 7.45. Note that (G, S) is YEs-instance if and only if (G — I,S\ I,k — |I]) is
YEs-instance for some I C S. If S’ is a solution to (G — I, S\ I,k — |I|), then clearly
S" U T is a solution to the instance (G,S) of COMPRESSION. Conversely, if S’ is a
solution to the instance (G, S) of COMPRESSION then for the set 7 =S NS’ the instance
(G—1,S\ I,k — |I|) is YEs-instance for DISJOINT DISTANCE-HEREDITARY VERTEX
DELETION. Therefore, using the algorithm from Theorem [7.45) we can correctly solve
DISTANCE-HEREDITARY VERTEX DELETION.

It remains to prove the complexity of the algorithm. Given an instance (G, S) we guess at
most (k;rl) sets I C S of size i for each 1 <4 < k. Note that S\ I has size at most k+1—1,
and in particular G[S] has at most k + 1 — ¢ connected components. Therefore, we can
solve the resulting instance (G — I, 5\ I,k — i) of DISJOINT DISTANCE-HEREDITARY
VERTEX DELETION in time O(62%=2+1. n6(n 4 m)) = O(36F~ - n8(n + m)). Summing
up, DISTANCE-HEREDITARY VERTEX DELETION can be solved by running an algorithm
for COMPRESSION at most n times, which yields the claimed running time

k
kE+1 ,
ney. ( N ) 03651 nS(n +m)) = OBTE-n"(n +m)).
; i
=0
Note that the equality follows from the use of the binomial theorem, which states that
"o (M)a'b"™t = (a + b)" (see, e.g., Chapter 10 in Cygan et al. [53]). O

i

7.5.2 Lower Bounds

Here we present our tight lower bound result based on the fact that the classical
VERTEX COVER problem cannot be solved in subexponential time unless ETH fails
(recall Theorem 2.5)).



7.5. The Algorithm, Lower Bounds and Applications

Theorem 7.47. There is no 2°%) . |V(G)|°M) algorithm for DISTANCE-HEREDITARY
VERTEX DELETION wunless ETH fails.

Proof. For a graph G, we will denote |V (G)| by n and |E(G)| by m. For contradiction
suppose there exists an algorithm for solving the DISTANCE-HEREDITARY VERTEX
DELETION problem in time 2°%) . n©(1) We show that we can solve VERTEX COVER in
time 2°0F) . n®M)| Let (G, k) be an instance of VERTEX COVER problem. We construct
a graph G’ as follows. We replace every edge uv of G with two vertex disjoint paths
of length 3 between u and v. Note that for every edge uv in G the two disjoint paths
of length 3 in G’ form an induced subgraph isomorphic to Cs. Moreover we have
V(G| = |V(G)] + 4|E(G)|. We claim that G has a vertex set S of size at most k such
that G — S has no edges if and only if G’ has a vertex deletion set of size at most k to a
distance-hereditary graph. Suppose that G has such a vertex cover S. It is easy to confirm
that G’ — S is a disjoint union of subdivisions of stars, which is distance-hereditary.

For the converse direction, suppose G’ has a distance-hereditary vertex deletion set S
of size at most k. Let us fix an arbitrary edge uv in G. Note that no DH obstruction
contains a pendant vertex. Hence we observe that if H is a DH obstruction containing a
vertex ¢ on a shortest u — v path in G’, then H contains both vertices u and v as well.
Therefore, if t € S, then also graphs G’ — (S'\ {t} U{u}) and G' — (S'\ {t} U {v}) are
distance-hereditary. Since the choice of the edge uv was arbitrary, we can find a set
T, such that T C V(G), |T| < |S|, and G’ — T is a distance-hereditary graph. Clearly
for every edge uv in G, T contains u or v, otherwise G’ — T contains an induced Cg.
We conclude that T is a vertex cover of G. [

7.5.3 Example Applications

There is an established line of research studying the algorithmic applications of vertex
deletion sets to specific graph classes [92] [79]. In this context, it is natural to ask whether
Theorem [7.46| allows the development of single-exponential algorithms for problems
parameterized by the size of a vertex deletion set to distance-hereditary graphs.

Clearly, any problem that is FPT when parameterized by clique-width (and rank-
width) must also be FPT when parameterized by the size of a vertex deletion set to
distance-hereditary graphs. However, the existence of a single-exponential FPT algorithm
parameterized by clique-width does not immediately imply that the problem also admits
a single-exponential FPT algorithm parameterized by our parameter, since the addition
of k vertices to a graph may increase clique-width by a factor of up to 2* [I11]. On the
other hand, known FPT algorithms parameterized by rank-width usually do not have a
single-exponential dependency on the parameter. As a consequence, one cannot obtain
the following examples of single-exponential algorithms by simply solving these problems
via known FPT algorithms parameterized by rank-width or clique-width.
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Lemma 7.48. VERTEX COVER and 3-COLORING admit a single-exponential FPT
algorithm when parameteried by the size of a vertex deletion set to distance-hereditary
graphs.

Proof. For each of the presented problems, we always begin by invoking Theorem |7.46| to
compute a vertex deletion set X to distance-hereditary graphs of size at most k.

In the case of VERTEX COVER, we can apply standard branching algorithms to solve
the problem. In particular, we begin by branching over the at most 2* options of how
X intersects with a (hypothetical) solution; let X; be one such subset of X and let
X2 = X\ X;. After branching we proceed by testing the validity of a branch (i.e.,
whether each edge with both endpoints in X is covered by X;). For each valid branch,
we delete X and the set Z of all neighbors of X5 in G — X. Next, we find a minimum
vertex cover C' in the remaining distance-hereditary subgraph of G in polynomial time.
Finally, for each branch we compare the desired solution size with |C' U X7 U Z|; clearly,
a graph is a YES-instance of VERTEX COVER if and only if at least one selection of X;
results in a value of |C'U X; U Z| which is at most the desired solution size.

For 3-COLORING, we also begin by branching over the at most 3* 3-colorings of X. For
each such proper 3-coloring of X, we construct an instance of 3-L1ST COLORING as
follows: the input graph is G — X, and the list of admissible colors for each vertex v
contains all colors that are not used by a neighbor of v in X. The 3-LisT COLORING
problem can be solved in polynomial time on distance-hereditary graphs: indeed, the
problem can easily be reduced to the MSO; model checking problem over labeled graphs
with (at most) 8 labels. Since G — X has rank-width at most 1, the polynomial-time
tractability of the problem follows for instance from Courcelle’s Theorem [50]. All that
remains now is to test whether at least one of the considered 3* branches gives rise to a
yes-instance of 3-LisT COLORING on G — X. O

7.6 Summary and Open Questions

We conclude with a few remarks on why we believe that the presented algorithm is of high
interest. First, it intrinsically exploits the properties guaranteed by distinct, seemingly
unrelated characterizations of distance-hereditary graphs; this approach can likely be
used to design or improve algorithms for other vertex deletion problems. Second, it uses
highly nontrivial reduction rules which simplify canonical split decompositions, and an
adaptation or extension of the presented rules could be highly relevant for other graph
classes characterized by special canonical split decompositions, such as parity graphs [43]
or circle graphs [91]. Third, it is the first of its kind which targets a “full” class of graphs
of bounded rank-width (contrasting previous results for specific subclasses of graphs of
rank-width 1 [122, Bl 136, 133]).

It is worth noting that there remains a number of interesting open problems in this
general area. Perhaps the most prominent one is the question of whether vertex deletion
to graphs of rank-width ¢, for any constant ¢, admits a single-exponential FPT algorithm.



7.6. Summary and Open Questions

Our algorithm represents the first steps in this general direction. Recently, Kim and

Kwon [I37] gave a polynomial kernel for DISTANCE-HEREDITARY VERTEX DELETION.

The existence of a polynomial kernel or an approximation algorithm for such vertex
deletion problems for ¢ > 1 remains open.

Notes

The results in this chapter appeared in a conference paper in the proceedings of
42nd International Symposium on Mathematical Foundations of Computer Science
(MFCS 2016) [71].
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CHAPTER

Towards a Polynomial Kernel for
Directed Feedback Vertex Set

The existence of a polynomial kernel for DFVS is a challenging open problem in the area
of parameterized algorithms. In particular, since the breakthrough result of Chen, Liu, Lu,
O’Sullivan and Razgon [42] which showed that DFVS is FPT, virtually no progress has
been made towards settling the existence of a polynomial kernel for this problem. Given
the apparent difficulty of this question, it makes sense to investigate more restrictive
parameterizations, which may make it easier to obtain a kernel for DFVS. Here, we
investigate the existence of a polynomial kernel for DFVS under natural parameters
which upper-bound the size of the directed feedback vertex set; in particular, we consider
the size of a feedback vertex set of the underlying undirected graph of the DF'VS instance.

Results

Before, we get to the results, we point out that in this chapter we actually consider
undirected and directed multigraphs, since they are more suitable for dealing with
reduction rules for DFVS. Therefore in the course of this chapter we will refer to
multigraphs simply as graphs. Furthermore, throughout this chapter, for a directed graph
D we denote by D the undirected multigraph obtained from D after replacing every arc
(u,v) € E(D) with an edge {u,v}; note that if there are arcs in both directions between
u and v, in this case we also say that there is a bidirectional arc between u and v, then
D will contain two edges between u and v. We call D the underlying undirected graph
of D. The problem we are interested in can be formally stated as follows.
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DIRECTED FEEDBACK VERTEX SET PARAMETERIZED BY FVS (DFVS[FVS])

Instance: A digraph D, an integer p, and a set F' such that F is
an UFVS of D.
Parameter: |F)|
Question: Does there exist a vertex subset of size at most p that intersects
every cycle in D?

Since every UFVS (undirected feedback vertex set) of D is also a DFVS (directed
feedback vertex set) of D, we may assume without loss of generality that p < |F| for
every instance of DFVS[FVS]. Furthermore, we use k to denote the size of F'. Our first
result is a polynomial kernel for DFVS[FVS], formally stated below. We note that this
may be viewed as an intermediate step towards resolving the existence of a polynomial
kernel for DFVS.

Theorem 8.1. There is a kernel with O(k*) vertices for DEVS[FVS].

Interestingly, the existence of a polynomial kernel for DFV'S parameterized by the solution
size remains open even in the restricted setting of planar graphs. While our Theorem 8.1
naturally also provides a polynomial kernel for DFVS[FVS] on planar graphs, as our
second main contribution we show that one can in fact obtain a significantly stronger
result not only on planar graphs, but on all graphs embeddable on orientable surfaces.

Theorem 8.2. There is a kernel with O(k) vertices for DEVS[FVS] when the input
digraph is embeddable on a surface of constant genus.

Organization of the Chapter

First, in Section 8.1, we deal with the polynomial kernel for the case of the general
directed graphs. Afterwards, in Section |8.2] we give a linear kernel for digraphs that
can be embedded in a given fixed surface. In both section, in order to describe our
kernelization algorithm, we present a series of reduction rules. We prove the soundness
of each reduction rule immediately after presenting its description, unless the soundness
is obvious. Moreover, the reduction rules we present will be executed in the order in
which they appear. That is, if at any point we may apply Reduction Rule i as well as
Reduction Rule j where ¢ < j, we will execute Reduction Rule .

8.1 A Polynomial Kernel for DFVS[FVS]

Note that every FVS of D is also a DFVS of D. Given an instance D of DFVS, our
kernelization algorithm for DE'VS parameterized by FVS first computes a 2-approximate
FVS S of D (using for instance the algorithm given in [I6]) and then uses S to reduce the
instance in polynomial-time into an equivalent instance with at most O(|S|*) vertices.



8.1. A Polynomial Kernel for DFVS[FVS]

Hence in the following we will assume that D is a directed graph and S is a FVS of D
(and hence also a DFVS of D) of size k. Our first two reduction rules are sound because
(a) neither sinks nor sources can appear on a directed cycle and (b) if a vertex v has
exactly one in-neighbor u in D then every directed cycle containing v has to use the arc
(u,v) (a symmetric statement holds for vertices with exactly one out-neighbor).

Reduction Rule 8.1. Delete all sources and sinks from D.

Reduction Rule 8.2. Let [ be an arbitrary vertex in D.

e If [ has exactly one out-neighbor p € V(D), then we contract the arc (I, p) into a
new vertex [*.

e If | has exactly one in-neighbor p € V(D), then we contract the arc (p,!) into a
new vertex [*.

After the exhaustive application of these two rules, we may assume, w.l.o.g , that the
digraph D has no sinks or sources, and furthermore that every vertex has at least 2

in-neighbors and at least 2 out-neighbors. We now state one of our main reduction rules.

Reduction Rule 8.3. Let u and v be two (not necessarily distinct) vertices in S such
that there are at least k£ 4 1 internally vertex-disjoint directed u-v paths in D. Then,

e if u # v, we add an arc from u to v to D, or

e if u = v, we remove u from D and decrease the parameter k by one.

Proof of soundness. Let u,v € S be as above and let D’ be the digraph obtained from
D after applying the reduction rule. If u = v then clearly every DFVS for D of size at
most k contains u, which shows the soundness of the reduction rule.

If on the other hand u # v, we will show that a set S’ C V(D) = V(D') of size at most
k is a DFVS for D if and only if it is also a DFVS for D’. The backward direction is
trivial because D is a subgraph of D’. For the forward direction let S’ be a DFVS for D
of size at most k and assume for a contradiction that S’ is not a DFVS for D’. Then
D'\ S’ contains a directed cycle C that contains the arc (u,v). Hence D"\ S’ and thus
also D\ S’ contains a directed v-u path P. Moreover, since S’ has size at most k and
there are at least k + 1 vertex-disjoint directed u-v paths in D, we conclude that there is
a u-v path P' in D\ S’. But then P U P’ must contain a directed cycle, which is also a
directed cycle in D\ S, a contradiction to our assumption that S’ is a DFVS of D. O

We will use Reduction Rule 8.3 to reduce the number of vertices in D \ S that ‘directly
contribute’ to (pairs of) vertices in S. The following definition will allow us to formalize
this idea.
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Definition 8.3. Let (u,v) be an ordered pair of vertices in S. If u # v, then we refer to
(u,v) as a potential arc in D[S] and if additionally (u,v) ¢ D then we refer to (u,v) as a
non-arc. If on the other hand v = v, then we refer to (u,v) as a self-loop. We say that a
vertex v € V(D) \ S contributes to a potential arc or self-loop (u,w) , if (u,v) € E(D)
and (v,w) € E(D).

After the exhaustive application of Reduction Rule [8.3, we have the following structural
observation regarding the input.

Observation 8.4. For every u € S there are at most k internally vertex-disjoint u-u
paths in D; moreover for every two distinct vertices w and v in S with (u,v) ¢ E(D),
there are at most k vertex disjoint u-v paths in D. As a result, for every non-arc or
self-loop (u,v), there are at most k vertices that contribute to (u,v).

Since S has at most k vertices and at most k(k — 1) ordered pairs of vertices, Observa-
tion 8.4 implies the following.

Observation 8.5. There are at most k*(k — 1) wvertices in D\ S that contribute to some
non-arc of D[S]. Moreover, there are at most k* vertices in D\ S that contribute to some
self-loop of DIS].

Our next aim is to bound the number of vertices in A = D \ S in terms of k. Towards
achieving this we will distinguish these vertices in terms of size of their neighborhood
in D\ S. We therefore denote by Ag, A1, Az, and A>3 the sets of all vertices in A that
have 0, 1, 2, and at least 3 neighbors, respectively, in D\ S.

8.1.1 Bounding Ay, A; and As.

Note that Observation (8.5 already provides a bound for the number of vertices in Ay
that contribute to some self-loop of D[S]. Hence, in order to bound Ay, it is sufficient
to provide a bound for the remaining vertices, in the following denoted by Ajf), in Ap.
In the following let v be a vertex in Af,. Because of Rule 8.1 v must have at least one
in-neighbor and one out-neighbor in S. Consequently, v contributes to at least one
potential arc of D[S].

Reduction Rule 8.4. If v does not contribute to a non-arc of D[S], then we remove v
from D.

Proof of soundness. Let v be as above and let D’ be the directed graph obtained from
D after deleting v. We show that a set S’ C V(D) is a DFVS for D if and only if S’ is a
DFVS for D’. The forward direction of this claim is trivial because D’ is a subgraph of
D. Towards showing the backward direction let S’ be a DFVS for D’ and assume for a
contradiction that S’ is not a DFVS for D. Then there must exist a directed cycle C' in
D\ S’ that contains v as well as two arcs (s,v) and (v, s’) for some s,s" € S. Because
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v does not contribute to a self-loop of D[S], we have that s # s’. Because v does not
contribute to a non-arc of D[S], it follows that (s,s’) € E(D). Hence the arc (s,s’)
together with the directed path from s’ to s contained in C forms a directed cycle in
D'\ S, a contradiction to our assumption that S” is a DFVS for D’. O

After the exhaustive application of the above rule, we obtain that v contributes to some
non-arc of D[S] and hence together with Observation 8.5, we obtain the following.

Observation 8.6. There are at most k*(k — 1) vertices in Aj.

Bounding A;. We now present the reduction rules we use to bound the size of Ay, i.e.,
the number of leaves in A. Again it is sufficient to bound the number of vertices in A;
that do not contribute to some self-loop of DI[S], in the following denoted by A}. Namely,
we will introduce a reduction rule that ensure that every vertex in A} contributes to
at least one non-arc in D[S]. Together with Observation 8.5 this then bounds the size
of A). Recall that at this point every vertex in D has at least two in-neighbors and at
least two out-neighbors and since moreover every vertex in A} does not contribute to a
self-loop, we obtain that every vertex in A} has at least one in-neighbor and at least one
out-neighbor in S that are distinct. Hence we obtain:

Observation 8.7. Every vertex in A} has at least one in-neighbor and at least one
out-neighbor in S and hence every vertex in A} contributes to a potential arc of D[S].

The next reduction rule reduces leaves that do not contribute to a non-arc of D[S].

Reduction Rule 8.5. Let [ € A} and let p be the unique neighbor of [ in D\ S.
If [ does not contribute to a non-arc of D[S], then:

o if (I,p) € E(D), then we delete all arcs from [ to vertices in S,

o if (p,l) € E(D), then we delete all arcs from vertices in S to [.

Proof of soundness. We only show the soundness of the first part since the proof for
the soundness of the second part is analogous. Let D’ be the directed graph obtained
from D after deleting all arcs from [ to vertices in S. We will show that any set
S" C V(D) =V(D') is a DFVS of D if and only if S” is a DFVS of D'. The forward
direction of this claim is trivial because D’ is a subgraph of D. Towards showing the
backward direction let S’ be a DFVS for D’ and assume for a contradiction that S’ is
not a DFVS for D. Then there is a cycle C' in D\ S’ that contains exactly one of the
deleted arcs, say the arc (I, s) with s’ € S, from [ to some vertex in S. Because the only
incoming arcs of [ in D are arcs from vertices in S, the cycle C' must also contain exactly
one arc from some vertex say s € S to [. Because [ does not contribute to any non-arc of
D[S], we conclude that (s,s") € E(D). But then the directed path from s’ to s contained
in C together with the arc (s, s") forms a directed cycle in D'\ S’ a contradiction to our
assumption that S’ is a DFVS for D’. O
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Note that after application of Rule 8.5 [ will only have either in-neighbors or out-neighbors
in .S and can hence be reduced further using Rule |8.2. Consequently, after the exhaustive
application of the above rules, we conclude that every vertex in A} contributes to at
least one non-arc of D[S]. Due to Observation 8.5/ we conclude that there are at most
k%(k — 1) vertices in A}. Finally, since D\ S is a forest and the number of vertices of
degree at least 3 in a forest is at most equal to the number of leaves minus two, we get
the following.

Observation 8.8. There are at most k> — 2 vertices in A>3,

Note that at this point, we have bounded the size of the sets Ag, A; and A>3 and the
only set that remains is As.

8.1.2 Bounding A,

Our next aim is to bound the number of vertices in As.

Definition 8.9. Let v be a vertex in A3. We say that v is a sink-vertex or a source-vertex
if the two arcs of D\ S incident on it are both incoming arcs or outgoing arcs, respectively.
Otherwise we say that v is a balanced-vertex.

Note that due to Reduction Rule 8.2, there are no balanced vertices in D \ S which have
no neighbors in S. This is because otherwise, we would have already contracted one of
the two arcs incident to v in D \ S. Therefore, at this point, we infer the following.

Observation 8.10. FEvery vertex in As has at least one neighbor in S.

Definition 8.11. Let P = (vy,...,v,) be a directed path of maximum length in D \ S
whose internal vertices are in As. Then we say that P is a path segment in D\ S. We
say that P is an outer path segment if at least one of its endpoints is not in As, otherwise
we say that P is an inner path segment.

Note that path segments are by definition directed paths. Our strategy now is to obtain a
bound on the total number of path segments and then proceed to bound the length of
each path segment.

We first bound the number of outer path segments in D \ S as follows. Let G be the
undirected graph obtained from D \ S after contracting all edges which are incident to
at least one vertex of degree 2. Then the number of outer path segments in D\ S is
equal to two times the number of edges of G. Because G is a forest without degree two
vertices it holds that the number of edges of GG is equal to the number of leaves plus the
number of non-leaves in G minus one. Hence the number of outer path segments is at
most 2(]A} U A>3| — 1), which together with the already obtained bound on these sets
and Observation [8.8| allows us to infer the following.
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Observation 8.12. The number of outer path segments in D \ S is at most
4k*(k — 1) + 2k% — 6.

In order to bound the number of inner path segments, we need to introduce a new
reduction rule. We begin by defining the notion of a path segment ‘contributing’ to
a potential arc.

Definition 8.13. We say that a path segment P = (v1,...,v,) contributes to a potential
arc (s,s") of D[S] if there are ¢ and j with 1 <1 < j < r such that (s,v;) € E(D) and
(vj,s") € E(D). Moreover, we say that P contributes to a self-loop if there are i and j
with 1 <1 < j <r such that (s,v;) € E(D) and (vj,s) € E(D) for some s € S.

Reduction Rule 8.6. If an inner path segment does not contribute to a non-arc or to
a self-loop of DI[S], then we remove all internal vertices of P.

Proof of soundness. Let P = (v1,...,v,) and let D’ be the directed graph obtained from
D after deleting all internal vertices of P. We claim that a set S’ of size at most k is
a DFVS for D if and only if it is a DFVS for D’. The forward direction is trivial since
D’ is a subgraph of D. For the backward direction let S’ be a DFVS for D’ of size at
most k and suppose for a contradiction that S’ is not a DFVS for D. Then there is a
directed cycle C' in D\ S’ that contains at least one internal vertex of P. Moreover,
because P is an inner path segment (and hence both of its endpoints are either sink- or
source-vertices) the path P can only be entered and left by the cycle C via vertices in
S. Hence C contains at least one directed subpath that enters P from some vertex say
s € S and leaves P through some vertex say s’ € S. Because P does not contribute to a
self-loop, we infer that s # s’ for every such directed subpath of P. Furthermore, because
P does not contribute to a non-arc of D[S], we have that (s,s’) € E(D) for every such
directed subpath of C. It follows that we can replace all directed s-s’ subpaths in C
with s,s" € S and all internal vertices from P, with the arc (s, s’) which we know by our
assumption, exists in D[S] and thereby obtain a cycle C" in D"\ S’, a contradiction to
our assumption that S’ is a DFVS for D’. O

After the exhaustive application of the above rule, we obtain:

Observation 8.14. FEvery inner path segment contributes to at least one non-arc or
self-loop of D[S].

Because every pair of inner path segments that contribute to some non-arc or self-loop
(s,s") of D[S] increase the number of disjoint paths between s and s’ in D by at least
one, Observation 8.4/ implies that for every non-arc or self-loop (s, s’) of D[S] there are
at most 2k inner path segments that contribute to (s, s’). Finally, because S has at most
k vertices and at most k(k — 1) ordered pairs of vertices, we conclude that there are at
most 2k%(k — 1) + 2k? inner path segments in D \ S. Having obtained a bound on the
number of inner path segments too, we conclude the following.
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Observation 8.15. The number of path segments in D\ S is at most 6k*(k—1)+4k*—6.

Our next aim is to provide a bound on the overall length of path segments and use it to
bound the size of As. Towards this aim we introduce reduction rules that allow us to
bound the in-degree and the out-degree w.r.t. S of any vertex occurring internally in
path segments.

Definition 8.16. Let s € S and let P = (v1,...,v,) be an induced directed path in D\ S,
whose internal vertices are in A9 and that satisfies:

o (s,v1) € E(D) and (s,v,) € E(D) and v; is a balanced vertex in As,

e for every i with 1 <i < r, it holds that (s,v;) ¢ E(D).

If P satisfies the above properties we call P an out-segment for s. We say that P
contributes to a potential arc or self-loop (s,s’) in DI[S] if there is an index i with
1 <4 < r such that (v;,s") € E(D) for some s’ € S.

We now introduce a reduction rule that allows us to preprocess and reduce certain
out-segments.

Reduction Rule 8.7. Let s € S and let P = (v1,...,v,) be an out-segment for s. If P
does not contribute to any non-arc or self-loop of D[S], then we remove the arc (s, v1).

Proof of soundness. Let D' be the directed graph obtained from D after removing the
arc (s,v1). We show that a set S’ of size at most k is a DFVS for D if and only if it is a
DFVS for D’. The forward direction is trivial because D’ is a subgraph of D.

For the backward direction let S’ be a DFVS for D’ and assume for a contradiction that
S" is not a DFVS for D. Then there is a directed cycle C' in D\ S that uses the arc
(s,v1). Because v is a balanced vertex the cycle C' has to continue on P after using the
arc (s,v1). That is, there is a subpath of C' which is (s, v1,...,v,) for some ¢ < r. We
now comnsider the following two exhaustive cases.

Case 1: The cycle leaves P at some vertex v; with 1 < i <r . Then, C leaves P and
enters some vertex s’ € S. In other words, C' has a subpath Po = (s,v1,...,v;,5).
Because P does not contribute to a self-loop of D[S], we have that s # s’. Moreover,
because P does not contribute to a non-arc of D[S]| we obtain that (s,s’) € E(D).
Hence we can replace the subpath Po in C with the arc (s, s’) and thereby obtain
a cycle C’ that is also a cycle in D"\ S’ contradicting our assumption that S’ is
a DFVS for D'.

Case 2: The cycle leaves P only at v,. In the second case we obtain a cycle C’ from C' by
replacing the arc (s,v1) plus the segment of C' in P with the arc (s, v,). Because C’
is also a cycle in D"\ S’, this contradicts our assumption that S’ is a DFVS for D'.
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Having obtained a contradiction in either case, we conclude that S'is indeed a DFVS for D.
O

After the exhaustive application of the above rule, we obtain the following.

Lemma 8.17. For each s € S, there are at most k* out-segments for s.

Proof. Since Rule 8.7 does not apply, every out-segment for s contributes to at least
one non-arc or self-loop of D[S]. Furthermore, every out-segment for s that contributes
to some non-arc or self-loop (s,s’) of D[S] increases the number of internally vertex-
disjoint paths s-s’ paths in D by one. Observation [8.4 implies that for every non-arc
or self-loop (s, s’) of D[S], there are at most k out-segments for s in D \ (S U B) that
contribute to (s, s').

Finally, because every vertex s is contained in at most a single self-loop and in at most
k —1 non-arcs of D[S], we infer that there are at most k(k—1)+k out-segments for s. [

We are now ready to bound the size of the set As.

Lemma 8.18. The number of vertices in As is at most 12k* — 2k3 — 12k.

Proof. We begin by arguing that for every s € S, s has at most
(6k%(k — 1) + 4k% — 6 + k(k — 1) + k) neighbors in As. Since the number of out-neighbors
of s in Ay is at most the number of path segments (bounded by Observation 8.15|) plus
the number of out-segments for s (bounded by Lemma 8.17), we obtain an upper bound
of 6k?(k — 1) + 4k? — 6 + k2 on the size of the out-neighborhood (and by symmetry, the
in-neighborhood) of s in A,.

Consequently, the total number of neighbors of vertices in S to vertices in Ay and
thus (because of Observation [8.10) the total number of vertices in Ay is at most
2k - (6k%(k — 1) + 4k — 6 + k). O

We are now ready to prove a bound on the size of the kernel. Recall that thus far we
have obtained the following bounds:

e there are at most k2 vertices in D \ S contributing to a self-loop in D[S] (Observa-
tion 8.5),

|Aj| < k?(k — 1) (Observation 8.6),

|A| < k2(k — 1) (see paragraph before Observation 8.8),

|As| < 12k* — 2k% — 12k (Lemma 8.18),

|A>3| < k3 — 2 (Observation 8.8),
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It follows that the total number of vertices in the reduced
graph is at most k?+|A{UA]UA3UA>3US|  which is at  most
k?+2k*(k — 1) + k3 — 2+ 12k* — 2k3 — 12k + k, thus proving Theorem [8.1.  This
completes the description of our kernel for general instances of the problem; we now
proceed to the linear kernel on graphs of bounded genus.

8.2 A Linear Kernel for DFVS[FVS| on Bounded Genus
graphs

We note that we do not formally define the genus of a graph here. However, to obtain
our results, we only need the following result that can be found for example in the book
Topological Graph Theory by Gross and Tucker [109]. For a more detailed treatment of
topological graph theory the reader is referred for example to the aforementioned book.

Proposition 8.19 ([109]). The orientable and nonorientable genus, denoted by v and 7,
of complete bipartite graphs is given by the following formulae:

(m—2)(n—2)
4

,m,n > 2.

W) = | )= [m=2=2)

[z 5,
Corollary 8.20. If G is a graph such that v(G) < g and ¥(G) < h for some constants
g and h, then G' does not contain K3 4443 nor K3opy3 as a minor.

Throughout this section we will use D to denote a directed graph of genus at most some
fixed bound g. We let S be a feedback vertex set of D and let ¢ be a constant such that
D is a K3 ~minor-free graph, where ¢ depends only on g as per Corollary 8.20. We begin
with the following lemma, which follows directly from [92, Lemma 4.3] and from the fact
that D is K3 -minor-free.

Lemma 8.21. Let G = (X,Y, E) be a bipartite graph and ¢ a constant such that G is
K3 .-minor-free. Then,

e there are O(|X|) subsets X' C X such that X' = N(u) for some uw € Y and

e for any subset X' C X such that |X'| > 3, the set Y ={y €Y : N(y) 2 X'} has
size at most ¢ — 1.

We will need a few additional notions to provide a concise presentation of the results
in this section. A digraph H is called a road iff H is a path; the first and last vertex
on a road are called its endpoints, and all other vertices on a road are called internal
vertices. Moreover, for a directed graph G consider a connected component of G with
vertex set A such that G[A] is acyclic. Then G[A] (and, equivalently, the set A) is called
an acyclic component of G. Since every component of D \ S is a tree, observe that
there is a one-to-one correspondence between connected components of D \ S and acyclic
components of D \ S.
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For each distinct x,y € S, we denote by C, , the set of all acyclic components C' of D\ S
with N(C) = {z,y}. Finally, we use C’, to denote the subset of C,; of components C
with the property that D[C' U {z,y}]:

e contains a directed path from x to y, but
e contains neither an z-z directed path nor a y-y directed path intersecting C.

Observe that any road within D that is disjoint from a feedback vertex set of D may
only contain simple edges. Furthermore, in any instance where Reduction Rule 8.1|is not
applicable, the input digraph D itself does not contain an acyclic component. That is,
every connected component of D contains a directed cycle.

Observation 8.22. If Reduction Rule|8.1 is not applicable and C' is an acyclic component
of D\ S, then there is a directed N(C)-N(C) path in D[C' U N(C)] containing at least
one vertex of C.

Crucially, Observation 8.22 implies that for each component C' in C, ,, either D[C' U {z}]
(or D[C U {y}] by symmetry) contains a cycle, or C' € C;, UC,”,.

Reduction Rule 8.8. If C' is an acyclic component of D \ S where N5(C) = {z} for
some z € S and C' U {z} contains a cycle, then we remove C'U {x} from D and reduce k
by 1.

The soundness of the above rule follows from the fact that any DFVS which does not
contain x must necessarily intersect C', and hence there also exists a DFVS of at most
the same size which contains « but does not intersect C.

By expanding the above argument, we observe that if there exists a DFVS T' containing
at least two vertices from Cy U {z, y}, then the set 77 = (T'\ Cy,) U {x, y} is also clearly
a solution of at most the same size as T. Hence every minimum DFVS contains at
most two vertices from C,, U {z,y}. Consequently, if we have a minimum DFVS T" and

21,249,723 € Cypy, then at least one of Z1, Z2 or Z3 has an empty intersection with 7.

The soundness of the following three Reduction Rules follows simply from the fact that
one of the tree acyclic components is not hit by a minimume-size solution and hence forces
the flow in reduction rules.

Reduction Rule 8.9. If C, , contains at least 3 acyclic components C7, Cs, C3 such
that D[Cy Uz], D[CyUz] and D[C3 U x] each contains a cycle, we remove x and decrease
k by 1.

Reduction Rule 8.10. If C;7, NC,’, contains at least 3 components, then we remove

all components of C;’, UC,” from D and add the arcs (z,y) and (y,z) to D.

Reduction Rule 8.11. If C;’, contains at least 3 components and C’, \ C,’, is not

empty, then we remove all components of C;, \ C,”, from D and add the arc (x,y) to D.

, T
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Lemma 8.23. After applying Reduction Rule 8.1 and Reduction Rules|8.8 to|8.11), the
resulting digraph is also K3 .-minor-free.

Proof. Since Reduction Rule [8.1 and Reduction Rule 8.8 only remove vertices, it clearly
does not affect the fact that D is Kj3.-minor-free. Furthermore, the operations in
Reduction Rule 8.10 and Reduction Rule 8.11 result in a graph D’ such that D’ is a minor
of D. Hence, the graph resulting from these reduction rules is also K3 ~minor-free. [

We now argue the main structural consequence of applying the reduction rules stated up
to this point.

Lemma 8.24. Suppose that Reduction Rule 8.1 and Reduction Rules 8.8 to|8.11] do not
apply. Then D\ S has O(|S]) acyclic components.

Proof. Let G be the bipartite graph obtained from D by leaving only a single copy of all
multiple edges, removing all edges between vertices of S, and contracting every connected
component of D\ S into a single vertex. Since G is a minor of D, it is K3 ~minor-free as
well; moreover, there is a one-to-one correspondence between connected components of
D\ S and vertices of G\ S.

We now partition the connected components of D \ S as follows. For each non-empty
X C S, let Tx be the set of all connected components of D \ S whose neighborhood is
precisely X. By applying Lemma 8.21 to G (with bipartition S and V(G) \ 5), it follows
that there are O(|S]) subsets X C S such that Ty is non-empty. Furthermore, for every
X C S of size at least 3, the size of Tx is at most ¢ — 1.

Hence, in order to prove the lemma, it suffices to bound the number of connected
components of D \ S with at most two neighbors in S. In particular, we will show that
D does not have ‘too many’ acyclic components with the same neighborhood of size at
most 2. Since there are no sinks or sources in D and no acyclic component of D \ S has
a single neighbor in S (due to Reduction Rule 8.8), every acyclic component of D \ S
has at least 2 neighbors in S.

Let us fix distinct 2,y € S and consider the set C,,. Since Reduction Rule 8.9 is not
applicable, there are at most 2 components C in C,, such that D[C U {z}] contains
a cycle and analogously for D[C U {y}]. Since Reduction Rule 8.10 is not applicable,
Coy NC, 7, contains at most 2 components. Furthermore, since Reduction Rule [8.11]is not
applicable, the sets C;7, \ C,”, and C,”, \ C;, both contain at most 2 components. Finally,
from Observation [8.22, it follows that C; , does not contain any other components and
hence |C, | < 10. O

Lemma 8.25. Let C be a connected component of D\ 'S, and { be the number of neighbors
of C in S. If Reduction Rules|8.1 and 8.2 are not applicable, then D|C] has O({) leaves.
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Proof. Recall that when the first two reduction rules do not apply, every vertex in D
is incident to at least 4 arcs and thus every leaf of C is incident to at least 3 arcs with
endpoints in S. However, since there can be bidirectional arcs between C' and S, every
leaf of C has at least 2 neighbors in S. From Lemma [8.21] it follows that there are only
O(¢) vertices in C' with at least 3 neighbors in S. Hence it suffices to obtain an O(¢)
bound on the leaves of C' with exactly two neighbors in S.

Recalling Lemma 8.21, we observe that each of the leaves of C' has one of O(¢) possible
neighborhoods in S. Let us fix two distinct vertices z and y in N(C). We will show
that there are at most ¢ — 1 leaves of C' with both x and y as neighbors. Suppose for
a contradiction that there is a set L of at least ¢ leaves of D[C] which are adjacent
to x and y. Since D[C] is a tree and L is a subset of its leaves, the graph D[C \ L]
is also a tree. If we contract D[C'\ L] into a single vertex, say z, then the subgraph
induced on the vertices in L U {z,y, z} would be isomorphic to K3 ., contradicting the
fact that D is K3 ~minor-free. We conclude that C' can have at most ¢ — 1 leaves with
neighbors = and y. O

Lemma 8.26. If none of Reduction Rules|8.1, 8.2, 8.8-8.11 apply, then D\ S has at
most O(|S|) vertices of degree at least 3.

Proof. Let C be the set of all components of D \ S. Since none of the aforementioned
reduction rules apply, we can invoke Lemma 8.24 and Lemma [8.25. That is, we conclude
that there are only O(]S|) components in C and that the number of leaves in a component

C € Cis O(N(C))).

Since the number of leaves in a tree gives an upper bound on the number of vertices of
degree at least 3, this implies that the number of vertices of degree at least 3 in D[C]

is also bounded by O(|N(C)|). Thus it suffices to show that > -cc |N(C)| = O(|S]).

However, > ccc [N(C)| is the same as the number of edges in the graph G which we
obtain from D by contracting each component of C to a single vertex and removing all
edges between vertices in S. Since G is clearly a minor of D, it is also K3 minor-free
and hence |E(G)| is at most O(|[V(G)]) = O(|S| + |C|) = O(|S)). O

The main consequence of the above lemma is that we can now add all the vertices of
degree at least 3 to the set S in order to get a set S’ which is also a feedback vertex set
of D of size O(|S]) = O(k). At the same time, the graph D \ S’ is significantly more
structured: every connected component of this graph is in fact a path and this will
play a crucial role in the rest of this section. Since |S’| € O(]S]), it suffices to obtain a
reduced instance of size linear in |S’|, and so for ease of presentation we will hereinafter
set S := 9"

Reduction Rule 8.12. If none of the Reduction Rules [8.1-8.2, 8.8-8.11| apply, then we
add all vertices of total degree three in D\ S to S.
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Observe that after applying Reduction Rule 8.12, D\ S is a set of roads. Furthermore,
once we ensure that D \ S is a set of roads, none of the reduction rules in this section
will ever create a new degree 3 vertex in D \ S. Hence we can exhaustively apply all the
reduction rules in this section once again to ensure that the number of roads in D\ S is
O(]S]). In the rest of the section, we present reduction rules to handle the roads in D\ S.

8.2.1 Dealing with roads

Our first step will be to transform our instance so that all roads in D \ S are even more
structured with respect to their adjacencies with S.

Definition 8.27. A road P is nice if N(P')\ V(P) C S and [N(P')\ V(P)| < 2, where
P’ are the internal vertices of P.

In other words, nice roads are roads whose internal vertices are all adjacent to at most
two specific vertices from S (other than the endpoints of the road); observe that this is
equivalent to requiring that |[N(P’)| < 4, where P’ is the set of internal vertices of the
nice road P. In order to achieve this transformation, we will iteratively construct an
auxiliary vertex set (Q to store certain vertices that form separators between nice road
segments in D — S. In the course of this procedure, we will also construct an injective
mapping J from @ to the connected components of D \ (S U Q). We initialize by setting
0=0Q=10.

Reduction Rule 8.13. Let A be a connected component which is road in D \ (S U Q)
that is not nice. Moreover, let A’ be a maximal nice subroad of A which contains a leaf
in D\ (SUQ) and let a’ be the unique neighbor of A’ in A. Then add a’ to @ and add
a — A tod.

For each vertex ¢ € Q, let R, = {q} Ud(g). Observe that R, is a road which contains at
least 3 neighbors in S. Furthermore, for any ¢, ¢ € Q) our construction of § ensures that
R, and R, are vertex-disjoint.

Lemma 8.28. After the exhaustive application of Reduction Rule |8.15, we have
Q] = O(]S]).

Proof. Let R be the set {R,|qg € Q} and let G be the graph, which we obtain from D
by deleting all vertices in V(D) \ (Uger V(R) U S), contracting each R € R to a single
vertex vg, and deleting all the edges besides the edges between S and vg for some R € R.
Clearly, G is a minor of D and hence K3 ~minor-free. Moreover, G is a bipartite graph
with partitions S and T' = {vr|R € R} such that N(vg) = N(R) U S for each R € R
and hence |N(v)| > 3 for all vertices v in T'. Therefore, it follows from (1) in Lemma [8.21
that there are O(|S|) different sets X C S such that X = N(v) for some vertex v € T
Furthermore, from (2) in Lemma 8.21 follows that for each set X C S there are at most
¢ — 1 vertices v € T such that X = N(v). O
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The next rule is only applied once after the exhaustive application of Reduction Rule [8.13.

Note that it does not increase the parameter by more than a linear factor due to
Lemma 8.28.

Reduction Rule 8.14. Set S :=SUQ.

Observe that after the exhaustive application of Reduction Rule [8.13| and the application
of Reduction Rule 8.14) each road in D — S is nice. Furthermore, the number of roads in
D — S is still linear in S, since removing |Q)| vertices from a set of roads only increases
the number of roads in the set by at most |Q|. Our next task is to deal with nice roads,
but we first state a useful observation about general roads.

Observation 8.29. Let P be a road in D\ S and let P' be the internal vertices of P.
For any DFVS T of D, the set (T \ P') UN(P') is also a DFVS of D. In particular,
every minimum DFVS contains at most |N(P')| vertices of P U N(P’).

Reduction Rule 8.15. Let P be a nice road in D \ S, P’ internal vertices of P, and
x a vertex in N(P')\ V(P). If D[P’ U {x}] contains at least |N(P’)| directed cycles
intersecting only in z, then we remove = from D and set k =k — 1.

Proof of soundness. In order to prove that this reduction rule is sound, we show that
there is always an optimal solution that contains z. Let T" be an optimal solution that
does not contain the vertex x. Clearly, T' contains a vertex for each of at least |[N(P’)|
cycles in D[P' U {z}] intersecting in x. However, then 77 = (T'\ P') U N(P’) is also a
solution. Moreover, |T'| < |T|. Hence T” is an optimal solution, which concludes the
proof. O

For internal vertices of a road P, we define an equivalence relation ~p such as a ~p b if
and only if N*(a)\ V(P)=N*T(b)\ V(P) and N~ (a) \ V(P) = N~(b) \ V(P) (i.e., a
and b have same out- and in- neighborhoods outside of P). We are now ready to state
our final reduction rule, which will later allow us to bound the length of each nice road
by a constant.

Reduction Rule 8.16. Let P be a nice road in D \ S, and let P’ be internal vertices
of P with ¢ = |[N(P')|. If P’ contains a directed subpath @ = (¢1,...,qe4+2), such that
gi ~p qj forall 1 <i,j5 </{+1, then we remove ¢, from D and add the arc (go—1, qe+1)-

Proof of soundness. We now prove the soundness of this reduction rule. Let D denote

the input digraph before application of Reduction Rule 8.16 and D’ the digraph after.

First, let 77 be an optimal solution for D’. We will show that T” is a solution for D as
well. Suppose otherwise, and let C be a cycle in D\ T". Clearly, C' contains the vertex gy,
since otherwise C' would lie also in D'\ T". There are 4 possibilities for the combination
of the predecessor p and successor s of ¢y in this cycle.

® D =4qe-1, S = qe+1
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o p=qr—1,5€ Nt(q) \ {41}
e pe N (q) \{a-1}, s = qe1

e pe N~ (q)\ {ge-1}, s € N (qo) \ {qes1}

However, from the definition of @ it follows that in the first 3 cases, there is a (p, s) arc
in D" and hence a cycle in D \ 77 as well, a contradiction. On the other hand, it follows
from Observation [8.29 that 7" contains at most ¢ vertices of @), and hence there exists a
vertex ¢ € Q \ (T'U{qs}). But ¢ ~p g, implying that there is a (p, ¢) arc and a (g, s) arc
in D', implying the presence of a directed p-s path (p,q, s) in D'\ T'. This path can be
used in place of the path (p, g, s) to construct a cycle from C, which is disjoint from T”
in D', a contradiction. Therefore, we conclude that T” is a solution for D as well.

Conversely, let T' be an optimal solution for D and let 7/ = T if T' does not contain g,
and T = (T'\ {q¢}) U {qe+1} otherwise. Suppose for contradiction that D"\ T contains
a cycle C. Clearly C contains the arc (g1, qe+1), since otherwise C' is contained also in
D\ T. As a result, it must be the case that 7" does not contain g1 and g1, the latter
of which can happen only if 7" does not contain ¢;. But then D\ T" contains a cycle, which
we get from C' by replacing the arc (gg—1, ge+1) with the directed path (go—1, qe, go+1). O

We are now ready to complete the proof of our linear kernelization by bounding the size
of an instance after the exhaustive application of our reduction rules.

Lemma 8.30. If none of Reduction Rules|8.1,|8.2 and 8.8+8.16 apply, then |D| = O(|S]).

Proof. Let P be the set of all acyclic component of D\ S. Recall that we have already
established that since Reduction Rules [8.13 and [8.14 do not apply, every connected
component in P is a nice road in D and there are at most |P| = O(|S]) such nice roads.
Therefore, it suffices to show that there is a constant d such that every nice road in P
has at most d vertices.

Let us fix a nice road P € P, with internal vertices P’. Let us denote the vertices of P as
P1,- .-, P such that either (p;, pi+1) or (pit1,p;) is an arc in D for every 1 < i < t. Recall
that a road itself is not necessarily a directed path. Since Reduction Rule [8.15 does
not apply, there are at most 3 vertices in P with bidirectional arcs to the same vertex
of N(P). In particular, that means that if |[N(P’) \ V(P)| = 1, then P’ has at most 3
vertices. Recall that from the definition of nice roads it follows that |N(P') \ V(P)| < 2.
Therefore, in the rest of the proof we assume that |N(P') \ V(P)| = 2, and we refer to
the vertices in this set as = and y.

Since Reduction Rules 8.1 and 8.2 do not apply, it follows that all vertices in P’ have at
least 2 in-neighbors and 2 out-neighbors. In particular, if p; € P’ is a sink in D[V (P)],
then D contains arcs (p;,z) and (p;,y). Similarly, if p; € P’ is a source in D[V (P)], then
D contains arcs (x,p;) and (y,p;). Therefore, if for i < j is p; a source (sink) and p;
a sink (source) in D[V (P)] such that for all i < k < j the vertex py is not source nor
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sink in D[V (P)], then y, p;i,...,p;,y (¥,pj,---,pi,Yy) is a directed cycle. Since sinks and
sources have to alternate on the road P and Reduction Rule 8.15| does not apply, there
are at most 7 sinks and sources in total in P’. We already showed that P’ contains are
at most 3 vertices with bidirectional arc to z, 3 vertices with bidirectional arc to y and
7 vertices that are either sink or source in D[V (P)]. Let T denote this set of at most
13 vertices of P’. Furthermore, it must be the case that for every p; € P’ \ T either
N*(p;) =z and N~ (p;) = y, or otherwise N (p;) =y and N~ (p;) = x. We will say that
p; satisfying former condition has Type 1 and the latter condition Type 2.

Note that if for 2 < i <t — 2 the vertex p; has Type 1 (Type 2) and p;;+1 has Type 2 (Type
1), then if D contains the arc (p;, pit+1), then p;, piv1,y (pi, pit1,y) is a directed cycle.
Otherwise, D contains the arc (pi+1,pi) and piyr1,pi, « (Pit1,pi,y) is a directed cycle.
Now let 1 < i < j <t be such that p;,p; € T and py, € P'\ T for all i < k < j. It follows
that pg has either Type 1 or Type 2 for all k£ with ¢ < k < j. Moreover, each time py
and pgy1 have distinct types, either D[{pg, pr+1,x}] or D[{pg, pr+1,y}] contains a cycle.
Since Reduction Rule [8.15/ does not apply, there are can be at most 7 alternations of the
type. Finally, since Reduction Rule 8.16/ does not apply, there are at most 5 vertices of
the same type in a row. It follows that between every pair of consecutive vertices of T’
on P, there are at most 35 vertices and hence P’ contains at most 13 - 35 vertices. Since
P was chosen arbitrarily, the argument holds for every nice road in D\ S. O

8.3 Summary and Open Questions

Our results provide a stepping stone towards resolving the existence of a polynomial
kernel for DFVS, and to the best of our knowledge also represent the first kernelization
results for DFVS with respect to any natural parameter. They also open up several new
directions for future research. For instance, can we find reasonable parameters that lie
“between” DFVS number and FVS number, and would it be possible to generalize our
polynomial kernel to these? What about parameters which are incomparable to the FVS
number but also upper-bound the DFVS number? Can our linear kernel be lifted to
graph classes of bounded expansion or nowhere dense graphs? Another related problem
of interest is whether DFV'S can be solved in time 20®) . n@1) which remains open even
on planar graphs.

Notes

The results in this chapter appeared in a conference paper in the proceedings of 43nd
International Symposium on Mathematical Foundations of Computer Science (MFCS
2017) [21].
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CHAPTER

Modulators for ILPs

In spite of recent advances [95], 96], 129], we still lack a deep understanding of which
structural restrictions make ILP tractable. The goal of this line of research is to identify
structural properties (parameters) which allow us to solve ILP efficiently. Here, we
initiate the study of distance to triviality for ILP by analyzing modulators which fracture
the instance into small, easy-to-handle components. Such fracture modulators (also
called fracture backdoors) can equivalently be viewed as measuring the number of global
variables or global constraints in an otherwise “compact” instance; in fact, we identify
and analyze three separate cases depending on whether we allow global variables only,
global constraints only, or both.

Results

We obtain a near-complete complexity landscape for the considered parameters: in
particular, we identify the circumstances under which they can be used to obtain fixed-
parameter and XP algorithms for ILP, and otherwise prove that such algorithms would
violate well-established complexity assumptions. Our results are summarized in the
following Table 9.1 (formal definitions are given in Section 9.2).

Variable Constraint Mixed
param. FPT (Cor. 9.15) FPT (Cor.9.15)  XP (Cor. 9.14)
unary paraNP-c XP, W[1]-h paraNP-c

(Th 9.23) (Th 9.22,9.24) (Th 9.23)
arbitrary paraNP-c paraNP-c (Th 9.25) paraNP-c

Table 9.1: Complexity landscape for fracture modulators. Columns distinguish whether
we consider variable modulators, constraint modulators, or mixed modulators. Rows
correspond to restrictions placed on coefficients in the ILP instance.
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As is evident from the table, modulator size on its own is not sufficient to break the NP-
hardness of ILP; this is far from surprising, and the same situation arose in previous work
on treewidth. However, while positive results on treewidth (as well as other considered
decomposition parameters such as torso-width [96]) required the imposition of domain
restrictions on variables, in the case of modulators one can also deal with instances with
unrestricted variable domains—Dby instead restricting the values of coefficients which
appear in the ILP instance. Here, we distinguish three separate cases (corresponding
to three rows in Table 9.1)): coefficients bounded by the parameter value, coefficients
which are encoded in unary, and no restrictions. It is worth noting that in the case of
treewidth, ILP remains NP-hard even when coefficients are restricted to +1 and 0.

Our results in row 1 represent a direct generalization of three extensively studied classes
of ILP, specifically n-fold ILP, two-stage stochastic ILP and 4-block N-fold ILP [57, [165].
These classes have been used to obtain faster algorithms for a wide range of problems.
For example a range of transportation and logistic problems have been encoded as a
two-stage stochastic ILP [I73], [120]. Furthermore, some state-of-the art algorithms for
some problems in scheduling and computational social choice are obtained by encoding
the problem as N-fold ILP [142] [143]. The distinction in our approach lies in the fact
that while in the case of all three previously mentioned special cases of ILP the ILP
matrix must be completely uniform outside of its global part, here we impose no such
restriction. The only part of our complexity landscape which remains incomplete, the case
of mixed modulators combined with bounded coefficients, then corresponds to resolving
a challenging open problem in the area of N-folds: the fixed-parameter (in)tractability
of 4-block N-fold ILP [I16]. A fixed-parameter algorithm for 4-block N-fold would
also provide significant algorithmic improvements for problems in areas such as social
choice [143].

In the intermediate case of coefficient values encoded in unary (row 2), we surprisingly
show that ILP remains polynomially tractable when the number of global constraints is
bounded by a constant, but becomes NP-hard if we use global variables instead. To be
precise, we obtain an XP algorithm parameterized by constraint modulators, rule out the
existence of a fixed-parameter algorithm for this case, and also rule out XP algorithms
for variable and mixed modulators. These also represent our most technical results:
especially the XP algorithm requires the combination of deep linear-algebraic techniques
with tools from the parameterized complexity toolbox.

Last but not least, all our algorithmic results first require us to compute a fracture
modulator. It turns out that computing fracture modulators in ILP is closely related
to solving the VERTEX INTEGRITY problem [66] on bipartite graphs; unfortunately,
while the problem has been studied on numerous graph classes including cobipartite
graphs, its complexity remained open on bipartite graphs. Here we obtain both an exact
fixed-parameter algorithm as well as a polynomial time approximation algorithm for
finding fracture modulators. As an additional result, we also show that the problem is
NP-complete using a novel reduction.



9.1. Integer Linear Programming

Organization of the Chapter

The chapter is structured as follows. After introducing the Integer Linear Programing
in Section 9.1, we proceed to formally define our parameter in Section 9.2 and develop
algorithms for computing the desired modulators in Section 9.3. We then present our
results separated by the type of restrictions put on the size of the matrix coefficients in
the remaining sections.

9.1 Integer Linear Programming

In the following let A be a n X m matrix and let C' and R be a subset of columns and rows
of A, respectively. We denote by A (g ) the submatrix of A restricted to the columns in
C and the rows in R. We also denote by A(, ¢y and A (g, the submatrix of A restricted
to the columns in C' and the submatrix of A restricted to the rows in R, respectively.
We denote by ca the maximum absolute value of any entry of A and by det(A) the
determinant of A. For a vector b of size n, we will use b[i] to denote its i-th entry and
we denote by ¢, the maximum absolute value of any entry of b. We will also use the two
following well-known facts [185].

Proposition 9.1. Let A be an integer k x k matriz. Then det(A) is integer and
| det(A)| < lelSiSkCA(*,{i}) .
Proposition 9.2 (Cramer’s rule). Let A be a k x k non-singular (i.e., with non-zero
determinant) matriz and b a vector. Then the equation Ax = b has a unique solution
such that x[i] = dg‘;(;(&ﬁ)))’ where A(i) is the matriz formed by replacing the i-th column
of A with the vector b.

For our purposes, it will be useful to consider ILP instances which are in equation form.
Formally, let an ILP instance I be a tuple (A, x,b,1,u,n), where:

e A is a n x m matrix of integers (the constraint matriz),
e x is a vector of variables of size m,
e b is an integer vector of size m (the right-hand side),

e 1, u are vectors of elements of ZU {£o0} (the lower and upper bounds, respectively),
and

e 1) is an integer vector of size m (the optimization function).

Let A be the i-th row of A; then we will call Ax = b[i] a constraint of I. We will use
var(I) to denote the set of variables (i.e., the elements of x), and F(I) (or just F) to
denote the set of constraints. For a subset U of var(I) U F(I), we denote by C(U) the
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columns of A corresponding to variables in U and by R(U) the rows of A corresponding
to constraints in U.

A (partial) assignment « is a mapping from some subset of var(I), denoted by var(a), to
Z. An assignment « is called feasible if

1. satisfies every constraint in F, i.e., if Aa(x) = b[i] for each i-th row A of A, and

2. satisfies all the upper and lower bounds, i.e., 1[i] < a(x[i]) < u[i].

Furthermore, « is called a solution if the value of na(x) is maximized over all feasible
assignments; observe that the existence of a feasible assignment does not guarantee the
existence of a solution (there may exist an infinite sequence of feasible assignments «
with increasing values of na(x); in this case, we speak of unbounded instances). Given
an instance I, the task in the ILP problem is to compute a solution for I or correctly
determine that no solution exists. We remark that other formulations of ILP exist (e.g.,
a set of inequalities over variables); it is well-known that these are equivalent and can be
transformed into each other in polynomial time [I85]. Moreover, such transformations
will only change our parameters (defined in Section 9.2) by a constant factor.

Aside from general integer linear programming, we will also be concerned with two
subclasses of the problem.

1. ILP-FEASIBILITY is formulated equivalently as ILP, with the restriction that n
must be the 0-vector. All hardness results for ILP-FEASIBILITY immediately carry
over to ILP.

2. UNARY ILP is the class of all ILP instances which are supplied in a unary bit
encoding; in other words, the input size of UNARY ILP upper-bounds not only the
number of variables and constraints, but also the absolute values of all numbers in
the input. UNARY ILP remains NP-complete in general, but in our setting there
will be cases where its complexity will differ from general ILP.

Combining both restrictions gives rise to UNARY ILP-FEASIBILITY.

There are several ways of naturally representing ILP instances as graphs. The represen-
tation that will be most useful for our purposes will be the so-called incidence graph: the
incidence graph Gt of an ILP instance I is the graph whose vertex set is var(I) U F(I)
and two vertices s, are adjacent iff s € var(I), ¢ € F and s occurs in ¢ with a non-zero
coefficient. An instance I’ is a connected component of I if it is the subinstance of I
corresponding to a connected component of Gy; formally, F(I') C F(I) is the set of
constraints that occur in a connected component of Gy and n(I’) is the restriction of
n(I) to var(F(I')). For a set Z C F(I)U var(I), we will also use I\ Z to denote the ILP
instance obtained by removing all constraints in Z from F(I) and removing all variables
in Z from all constraints in F(I) \ Z and from 7.
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For our algorithms, we will use the following result as a subroutine. Note that this is
a streamlined version of the original statement of the theorem, as used in the area of
parameterized algorithms [79].

Proposition 9.3 ([146, 132,[90]). There is an algorithm that solves an input ILP instance
I=(F,n) in time p°® - 1|, where p = |var(T)|.

9.1.1 ILP with Structured Matrices

Our results build on and extend the classical variable-dimension ILP techniques detailed
for instance in the work of [57, (165, [IT6]. Below, we provide a basic introduction to these
A A
As Ay
N-fold 4-block product of A (denoted by A)) is the following integer matrix

techniques and related results. Let A = be a 2 x 2 block integer matrix. The

Al Ay Ay - Ay
A; Ay 0 - 0
AM — | A3 0 Ay - 0
A; 0 0 - Ay

Here AWY) contains N copies of matrices Ag, Az, and Ay. Furthermore, A is an 7 X s
matrix, As is an r X t matrix, A3 is an u X s matrix, and A4 is an u X ¢t matrix; for
convenience, we let ba = max(r, s, t,u). We call an instance (A, x,b,1,u,n) of ILP an

N-fold 4-block if A is an N-fold 4-block product of some 2 x 2 block integer matrix.

Observe that in such instances the vector x is naturally partitioned into a global part
(consisting of s variables) and a local part.

Theorem 9.4 ([I16]). Let a and z be constants and let I be an N-fold 4-block ILP
instance with ca < a, ba < z, then I can be solved in polynomial time.

In the parameterized complexity setting, the above theorem yields an XP algorithm

solving ILP parameterized by max(ba,ca) if the matrix is a N-fold 4-block product.

We note that the existence of a fixed-parameter algorithm for this problem remains a
challenging open problem [116]. However, the problem is known to be fixed-parameter
tractable when either A1 = 0 and A3 = 0 or A; = 0 and Ay = 0; these variants are
called the N-fold ILP problem and the 2-stage stochastic ILP problem, respectively.

Theorem 9.5 ([I17], [57]). N-fold ILP and 2-stage stochastic ILP are FPT parameterized
by ca and ba.

9.2 The Fracture Number

We are now ready to formally introduce the studied parameter and related notions. An
ILP instance I is called /-compact if each connected component of I contains at most ¢
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maximize Y 1_, i-x;, where
S X =32,

1x1+y:6, 2X2+y:9,
3X3+Y:14, 4X4+Y:21»
5x5 +y = 30, 6xe +y = 41.

Figure 9.1: The constraints and optimization function of a simple ILP instance with
p = 2, witnessed by a modulator containing y and the first constraint.

variables and constraints; equivalently, each connected component of Gt contains at most
¢ vertices. It is not difficult to observe that any ¢-compact ILP instance can be solved in
time at most /9 . |I| due to Proposition 9.3; indeed, we can compute a solution for I by
combining solutions for each connected component of I, and hence it suffices to apply
Proposition 9.3 independently on each component.

A set Z C F Uvar(I) is called a modulator to £-compactness if 1\ Z is ¢-compact;
moreover, if ZNJF = () then Z is called a variable-modulator to ¢-compactness, and if
Z Nvar(I) = () then Z is a constraint-modulator to £-compactness. We use by(I) to denote
the cardinality of a minimum modulator to ¢-compactness, and similarly b} (I) and b (I)
for variable-modulators and constraint-modulators to ¢-compactness, respectively. It is
easy to see that, depending on the instance, b}/ (I) can be arbitrarily larger or smaller
than b5 (I). On the other hand, by(I) < min(b} (I),b¢ (I)).

Clearly, the choice of ¢ has a major impact on the size of modulators to /-compactness; in
particular, by(I) could be arbitrarily larger than by (I), and the same of course also holds
for variable- and constraint-modulators. Since we will be interested in dealing with cases
where both ¢ and b,(I) are small, we will introduce the fracture number p which provides
bounds on both ¢ and by; in particular, we let p(I) = mingen(max (4, by(I))). Furthermore,
we say that a modulator witnesses p(I) if |Z| < p(I) and I\ Z is p(I)-compact. We
define p®(I) and p¥ (I) similarly, with by(I) replaced by b¢ (I) and by (I), respectively.
If the instance I is clear from the context, we omit the reference to I; see Figure 9.1
for an example.

We remark that the fracture number represents a strict generalization of the parameter
ba used in Theorems 9.4 and [9.5; in particular, p < 2ba (and similarly for p"" and
p® for the latter two theorems). Moreover, the fracture number is well-defined for all
ILP instances, not only for N-fold 4-block products. In this respect, N-fold 4-block
products with bounded ba form the subclass of instances with bounded p such that each
component must contain precisely the same submatriz. It is not difficult to see that this
is indeed a very strong restriction.
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9.3 Computing the Fracture Number

Our evaluation algorithms for ILP require a modulator set as a part of their input. In
this section we show how to efficiently compute small modulator sets, i.e., we show how
to solve the following problem.

FRACTURE BACKDOOR DETECTION (BD)

Instance: An ILP instance I and a natural number k.
Parameter: k
Question: Determine whether p(I) < k and if so output a modulator set
witnessing this.

We also define the variants V-BD and C-BD that are concerned with finding a variable
or a constraint modulator, respectively, in the natural way. Observe that at its core
the above problem and its variants are really a problem on the incidence graph of the
ILP instance. Namely, the problems can be equivalently stated as the following graph
problem.

FRACTURE VERTEX DELETION (FVD)

Instance: An undirected bipartite graph G with bipartition {U, W}, a
set D € {U,V(G)}, and an integer k.
Parameter: k
Question: Is there a set B C D of at most k vertices such that every
connected component of G \ B has size at most k?

It is worth noting that this graph problem is closely related to the so-called VERTEX
INTEGRITY problem, which has been studied on a variety of graph classes, including
co-bipartite graphs [66]. Unfortunately, to the best of our knowledge nothing is known
about its complexity on bipartite graphs.

To see that each variant of BD is equivalent to a specific subcase of the FVD problem
(in particular depending on the choice of D in the instance), consider the following
polynomial time reductions in both directions. Given an instance (I, k) of BD, then
the instance (G, V(Gr), k) of FVD is easily seen to be equivalent. Similarly, if (I, k)
is an instance of V-BD or C-BD, then (G, var(I), k) and (G, F(I), k) are equivalent
instances of FVD. Moreover, if I = (G,V(G), k) is an instance of FVD, then (I, k),
where I is any ILP instance such that Gy is isomorphic with G is an equivalent instance
of BD. Similarly, if I = (G, U, k) is an instance of FVD, then (I, k), where I is any ILP
instance such that Gy is isomorphic with G and var(I) = U, is an equivalent instance of
V-BD. Note that such an instance I can for instance be obtained as follows:

e for every vertex v € U, I has one variable v with arbitrary domain,
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o for every vertex v € W, I has one constraint with arbitrary non-zero coefficients on
the variables in Ng(v),

To justify a parameterized complexity analysis of our detection problems, we first show
NP-completeness of our problems. It is worth noting that the NP-completeness of
FRACTURE VERTEX DELETION was far from obvious at first glance due to the restriction
to bipartite graphs; indeed, for instance the related problem of deleting at most k vertices
such that the remaining graph only contains isolated vertices (VERTEX COVER) is well-
known to be polynomial on bipartite graphs. We note that BD and its variants are
closely related to the so-called VERTEX INTEGRITY problem on bipartite graphs [66].
We use this connection to obtain our complexity result for BD and as a side result show
that VERTEX INTEGRITY is NP-complete even on bipartite graphs, which has not been
known so far.

Theorem 9.6. BD, V-BD, and C-BD are NP-complete.

The proof follows from a reduction from 3-SAT where every literal occurs in exactly two
clauses; this variant is well-known to be NP-complete [98]). At its core, the reduction
utilizes variable gadgets as well as clause gadgets, and the main difficulty lies in designing
these in order to ensure that the graph remains bipartite.

Proof of Theorem |9.6. Because of the equivalence between BD, V-BD, C-BD and the
FVD problem, it is sufficient to show that FVD is NP-complete for both choices of D.
Because any solution to FVD can be verified in polynomial time, it holds that FVD
is in NP. Towards showing NP-hardness of FVD we give a polynomial time reduction
from a known variant of the 3-SATISFIABILITY problem. Given a 3-CNF formula ¢ with
variables x1,...,z, and clauses C,...,C,, such that every literal occurs in exactly two
clauses (this variant of 3-SATISFIABILITY is known to be NP-complete [98]), we construct
the instance (G, D, k) of FVD as follows. We set k = n+2m and the graph G will be the
disjoint union of certain variable and clause gadgets introduced below plus connections
between these variable and clauses gadgets. Namely, for every variable x;, the graph G
contains the variable gadget G(x;) with the following vertices and edges:

e two vertices x; and 7,
e k — 5 vertices ¢} f_‘r’

N AR

e for every j with 1 < j <k — 5 the two edges {.Z‘Z,CZ} and {xﬁ,cg}

Moreover for every clause C; of ® with literals ljl-, l]2-7 l;-’, the graph G contains a clause

gadget G(Cy) with the following vertices and edges:

e three vertices ljl-, 1]2-, and l;’,
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Figure 9.2: The interaction between clause and vertex gadgets for the clause
Cj =x1 VTsV xy.

e k — 3 vertices bjl, cen bf_?)

e for every i with 1 <i <k — 3 the three edges {b%,1;}, {b%,15}, and {b},1}.

Note that G(Cj) is simple a complete bipartite graph with bipartition {{ljl-,l?,l?},

{bé- | 1 <i < k—-3}}. Now G consists of the disjoint union of G(z1),...,G(zy),
G(C),...,G(Cp,) plus the following vertices and edges, which ensure the required

connections between the variable and clause gadgets (see Figure 9.2| for an example):

e For every clause C; (for some j with 1 < j < m) with literals ljl-, ZJ2-, and l;’ and
every a € {1,2,3} we add the vertices d and e} and the edges {I},d}} and {l, e}
to G. Moreover, if I = x; for some ¢ with 1 < i <n, we additionally add the edges
{zi,dj} and {z;,e}} to G and if on the other hand I$ = 77 for some i as above,

then we add the edges {77, d}} and {77, e} to G.

This completes the construction of GG, which is clearly bipartite as for instance witnessed
by the bipartition {U, V(G) \ U}, where U = { x;, 75, ljl-,l?,l;’ [1<i<nAl<j<m}.
We will show below that there is always a solution that is entirely contained in U, which
implies that the hardness result holds for D € {U,V(G)}, and hence all versions of the

fracture modulator set problem, i.e., BD, V-BD, and C-BD, are NP-complete. Note
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that the reduction can be computed in polynomial time and it remains to show the
equivalence between the two instances.

Towards showing the forward direction, assume that a : {x1,...,z,} — {0,1} is a satis-
fying assignment for ®. Because o satisfies ® it follows that for every clause C; with

literals 1}, 1%, and I3 there is at least one index a(Cj) € {1,2,3} such that the literal

l?(Cj ) is satisfied by a. We claim that the set B defined by:

e for every i with 1 <i <mn, B contains z; if a(z;) = 1 and Z;, otherwise,

e for every j with 1 < j < m, B contains the vertices in {l? |be{1,2,3}\ {a(C))} }.

is a solution for (G, U, k). Because B contains exactly one vertex for every variable
of ® and exactly two vertices for every clause of ®, it holds that |B| = k = n + 2m,
as required. Moreover, B C U. It hence only remains to show that every component
of G\ B has size at most k. Towards showing this first consider a component C' of
G \ B that contains at least one vertex from a variable gadget G(z;) for some i with
1 <i<mn. Then G(z;) N B € {{x;,7;}} and hence G(z;) \ B is connected, which implies
that G(z;) \ B C C. W.l.o.g., assume that G(x;) N B = {x;}. Then «a(z;) = 1 and it
follows that all literal vertices of clause gadgets that correspond to the literal Z; are
contained in B. Since moreover T; is contained in exactly two clauses, we obtain that C'
consists of exactly k — 4 vertices in G(z;) \ B plus the four vertices dj!, €], d;? and e}’
defined by l?ll =7T; and l?; = 7;. Hence in total C' contains exactly k vertices as required.
Now consider a component C' that contains at least one vertex from a clause gadget
G(C;) for some j with 1 < j <m. Then |G(C;) N B| = 2 and moreover B contains all
but exactly one literal vertex say I for some a € {1,2,3} from G(Cj). W.Lo.g., let z;
be the literal of C; corresponding to l?. Then a(z;) = 1 and hence z; € B. It follows
that C' consists of the exactly k — 2 vertices in G(Cj) \ B plus the two vertices dj and ef.
Hence in total C' contains exactly k vertices, as required. Because every component of
G \ B that neither contains a vertex from a vertex gadget nor from a clause gadget has
size exactly one, this shows that B is indeed a solution for (G, U, k) and hence also for

(G,V(G),k).

Towards showing the reverse direction, let B be a solution for (G, V(G), k). We first show
that, w.l.o.g., we can assume that B C U. So assume that B ¢ U. We distinguish three
cases: B contains a vertex d? or e? for some j and a with 1 < j <mand 1 <a < 3. Let
u and v be the two vertices adjacent to df and ej. If B contains both d} and e}, then it
is straightforward to verify that B\ {df,e}} U {u,v} is also a solution. So assume that
B contains only d} (the case that B contains only € is analogous). If {u,v} C B, then
B\ {d}} is still a solution. Hence assume that, w.l.o.g., u ¢ B. But then (B\ {d}})U{u}
is a solution. Hence in all cases we could transform B into a solution that does not
contain a vertex d or €. Next consider the case that B contains some vertex ¢! for some
tand j with 1 <i<nand1l < j <k—>5. In this case one can use an argumentation very
similar to the previous case to transform B into a solution not containing such a vertex.



9.3. Computing the Fracture Number

Hence there only remains the case that B contains some vertex bj- for some 7 and j with
1<i<k-—3and 1< j<m. In this case it is straightforward to verify that removing

all vertices from B N {b]l, ce bf_?’} and replacing those with an equal (or less) amount of

vertices in {ljl-, ljz-, l?} will again give a solution. Hence we can assume that B C U.

We show next that B contains at least one of x; and Z; from every variable gadget G(z;).

Suppose not and consider the component C' of G\ B containing z;. Because B C U, we
obtain that C contains all k — 3 vertices in G(x;) and additionally at least the 8 vertices
adjacent to z; and 7;. Hence |C| > k — 3+ 8 > k a contradiction to our assumption that
B is a solution.

We show next that B contains at least two of {l}, lJQ-, l;’ } from every clause gadget G(C}).

Suppose not and consider a component C' of G\ B containing at least one vertex from
G(Cj). Because B C U, we obtain that C contains all of the at least k —3+2=Fk -1
vertices in G(Cj) \ B and additionally the at least four vertices adjacent to the (at least
two) literal vertices in {ljl-, 12, l;’} \ B. Hence |C| > k —1+4 > k a contradiction to our
assumption that B is a solution.

Hence B contains at least one vertex for every variable of ® and at least two vertices

for every clause of ®. Moreover, because B is a solution it holds that |B| < k = n + 2m.

Hence |B| = n + 2m and B contains exactly one vertex from every variable gadget and
exactly two vertices from every clause gadget. We claim that the assignment o with
a(z;) = 1 if and only if z; € B is a satisfying assignment for ®. Suppose not and let
Cj be a clause of ® that is not satisfied by ® and let I be the (unique) literal vertex
of G(Cj) that is not in B. Consider the component C' of G'\ B that contains [ and
assume, w.l.o.g., that l;l = x; for some ¢ with 1 <7 < n. Because a does not satisfy Cj,
we obtain that z; ¢ B. Because furthermore B C U we obtain that C' contains all of the
k—3+1=k—2 vertices in G(C}) \ B and additionally at least the two vertices adjacent
to [ as well as the vertex z;. Hence in total C contains at least k — 2 4+ 3 > k vertices, a
contradiction to our assumption that B is a solution. ]

Even though BD is NP-complete, here we provide two efficient algorithms for solving
it: we show that the problem is fixed-parameter tractable parameterized by k and can
be approximated in polynomial time within a factor of k. Both of these algorithms are
based on the observation that any modulator has to contain at least one vertex from
every connected subgraph of the instance of size k + 1.

Theorem 9.7. BD, V-BD, and C-BD can be solved in time O((k + 1)*|E(G)|) and
are hence FPT.

Proof. Because of the equivalence of the problems BD, V-BD, and C-BD with the FVD
problem, it is sufficient to show the result for FVD.

We will show the lemma by providing a depth-bounded search tree algorithm for any
instance I = (G, D, k) of FVD, which is based on the following observations.
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O1 If G is not connected then a solution for I can be obtained as the disjoint union of
solutions for every component of G.

02 If G is connected and C' is any set of k+ 1 vertices of G such that G[C] is connected,
then any solution for I has to contain at least one vertex from C.

These observations lead directly to the following recursive algorithm that given an instance
I = (G, D, k) of FVD either determines that the instance is a NO-instance or outputs a
solution B C D of minimal size for I. The algorithm also remembers the maximum size
of any component in a global constant ¢, which is set to k for the whole duration of the
algorithm. The algorithm first checks whether G is connected. If G is not connected the
algorithm calls itself recursively on the instance (C, D NC, k) for each component C' of G.
If one of the recursive calls returns NO or if the size of the union of the solutions returned
for each component exceeds k, the algorithm returns that I is a NoO-instance. Otherwise
the algorithm returns the union of the solutions returned for each component of G.

If G is connected and |V(G)| < ¢, the algorithm returns the empty set as a solution.
Otherwise, i.e., if G is connected but |V(G)| > ¢ the algorithm first computes a set C' of
¢+ 1 vertices of G such that G[C] is connected. This can for instance be achieved by
a depth-first search that starts at any vertex of G and stops as soon as ¢ + 1 vertices
have been visited. If C N D = () then the algorithm returns No. Otherwise the algorithm
branches on the vertices in C'N D, i.e., for every v € C'N D the algorithm recursively
computes a solution for the instance (G \ {v},k — 1). It then returns the solution of
minimum size returned by any of those recursive calls, or NO-if none of those calls return
a solution. This completes the description of the algorithm. The correctness of the
algorithm follows immediately from the above observations. Moreover the running time
of the algorithm is easily seen to be dominated by the maximum time required for the
case that at each step of the algorithm G is connected. In this case the running time can
be obtained as the product of the number of branching steps times the time spent on
each of those. Because at each recursive call the parameter k is decreased by at least
one and the number of branching choices is at most ¢+ 1, we obtain that there are at
most (¢ + 1)¥ = (k + 1)* branching steps. Furthermore, the time at each branching step
is dominated by the time required to check whether G is connected, which is linear in
the number of edges of G. Putting everything together, we obtain O((k + 1)¥|E(G)|) as
the total time required by the algorithm, which completes the proof of the lemma. [

We note that the depth-first search algorithm in the above proof can be easily transformed
into a polynomial time approximation algorithm for BD and its variants that exhibits
an approximation ratio of k + 1. In particular, instead of branching on the vertices of a
connected subgraph C' of G with k + 1 vertices, this algorithm would simply add all the
vertices of C' into the current solution. This way we obtain:

Theorem 9.8. For each of BD, V-BD, and C-BD, there exists a polynomial time
algorithm that either finds a (variable-,constraint-) modulator to k-compactness of size at
most k? + k or correctly outputs that the corresponding fracture number is at least k + 1.
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9.4 The Case of Bounded Coefficients

The goal of this section is to obtain the algorithmic results presented on the first row
of Table |9.1. Recall that in this case we will be parameterizing also by ca, which is
the maximum absolute value of a coefficient occurring in A. Before we proceed to the
results themselves, we first need to introduce a natural notion of “equivalence” among
the components of an ILP instance.

Let Z be a modulator to /-compactness for an ILP instance I. We define the equivalence
relation ~ on the components of I\ Z as follows: two components C and Co are equivalent
iff there exists a bijection v between var(C7) and var(Cs) such that the ILP instance
obtained from I after renaming the variables in var(Cp) and var(Cy) according to ~
and 71, respectively, is equal to I. In other words, if for all # € var(C1) we swap the
columns corresponding to z and y(x) in A, we obtain the same instance I. We say that
components C7 and Cs have the same type if C7 ~ Cs.

Lemma 9.9. Let I be an ILP instance and k = p(I). For any modulator witnessing p(I),

2
~ has at most (2ca(I) + 1)%
components have the same type in time O(k!k?).

equivalence classes. Moreover, one can test whether two

Proof. Let Z be the modulator witnessing p(I) and fix a component C of I\ Z. First
observe that there are only 3 submatrices of the constraint matrix of I that can contain
nonzero coefficients and containing an element of C'; we refer to Fig. 9.3, where we denote
these matrices Q¢, Qg, and Qg. We will now bound the number of these possibly nonzero
coefficients. In order to do this we denote by g, = |var(Z)|, g = |Z| — gu, ¢ = |var(C)|,
ce = |C| = ¢, and ¢ = max{c,c,}. Observe that ¢ < k. Now the number of possibly
nonzero coefficients is bounded by g,c. + gecy + ey < (g + ge)c + ¢ < 2k%. We finish

the proof of the first part by observing that the number of possible coefficients is bounded
by 2ca (I) + 1.

Observe that two components C; and Cs have the same type if their number of con-
straints and variables is the same and there exist a permutation of variables of Cy and a
permutation of constraints of C such that the three submatrices of I containing nonzero
elements are exactly the same. Again as |C| < k one can check all pairs of permutations
in time k! and for each pair we are checking O(k?) entries. O

We now proceed to the main tool used for our algorithms.

Theorem 9.10. Let I be an ILP instance with matriz A, Z be a modulator set witnessing
p(I), and let n be the number of components of 1\ Z. There is an algorithm which runs

A, A,
A; Ay)

a positive integer N < n, and a 4-block N -fold instance I = (A(N),x, b,1,u,n) such that:

in time O(n%(p(I) + 1)! + [I|) and computes an (r +u) x (s +t) matriz A = (
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Figure 9.3: A situation for a component C'.

(P1) any solution for I can be transformed (in polynomial time) into a solution for T
(and vice versa), and

(P2) max{r,s} < p(I) and max{t,u} < f(cx,p(I)) for some computable function f.

Proof. Let C be the set of connected components of I\ Z. We define a triple of matrices
(Qg, Qg, Qc) for a component C. Please refer to Figure 9.3,

e The matrix Qg is the part of constraints in C' dealing with variables in Z, that is,
A r(c)var(2),

e the matrix Qg is the part of the constraints in Z dealing with var(C'), that is,
A]—'(Z),V&I‘(C)a and

e the matrix Q¢ is the part of constraints in C' dealing with var(C), that is,

Acr(o)var(c)-

Observe that this totally decomposes all constraints and variables contained in C as
all coefficient for other variables are 0 and variables of C' cannot appear in other com-
ponents. For a triple of matrices T = (Q",Q%, Q) a component C has type T if
QY = Qg, Qc = Qg, and Q = Q¢ holds. The set of all possible types is the set

T={T=(Q",Q%Q) | 3C € C with type T}.

The multiplicity mult(7") of type T' € T is the number of components in C having type
T. We set N = maxpe7 mult(T).

The idea of the proof is to build the matrix A, from Z and matrices Ay, Az, Ay as
representatives of the types in such a way that the resulting N-fold 4 block ILP is
equivalent to the given ILP instance I.

The matrix A is simply the submatrix of Z that is the part of global constraints of A
containing var(Z) only.
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Claim 9.11. There is an ILP instance 1 that is equivalent to ILP instance I with
mult; (7)) = N for all T € T;. Moreover, c; = c; and the sizes of the matrices Q can only
double.

In this case we put all possible matrices on a diagonal of the relevant matrix A4, next to
each other in the matrix Ao, and under each other in the matrix A3. That is we set Ao
to horizontal concatenation of all (Q%)re7, Az to vertical concatenation of (Q¥)rer,
and finally A4 has matrices (Qr)re7 on its diagonal. The bound on size of the matrix
A follows from Lemma 9.9 and Claim 9.11. O

Proof of Claim |9.11. The idea here is to take a type with less representatives and add
a new one as a copy of a previous one. But this has to be done carefully in order to
maintain equivalence of intermediate ILPs. For the local part we start by observing that
if we add a copy of some previous component, then the set of solutions for these two
components is the same. However, as these components also interact with the global
constraints we would like to have to restrict the set of solutions of the newly added
component to all 0 solution only. Note that this cannot be done using lower and upper
bounds only as the former set of solutions does not have to contain such a solution. That
is, the (optimal) setting of global variables together with setting all component local
variables to 0 can violate the right-hand side. In order to achieve the claim, we extend
the matrices we have obtained from the component C' in the following way. Let C' be of
type T = (Qg, Qg, Qc) then the extension of type T if

T = (Qg’ [Qg | 0]7 [QC ’ QC])

We denote the former C-variables as z¢ and the new C-variables as . We say that the
extension is of

o first kindif bc < zo <uc and 0 < Z¢c <0, and

e second kind if 0 < z¢ <0 and lo < Zo < uc.

Note that with this we have only doubled the number of local variables of component C'.

Claim 9.12. Let I be an ILP instance and let T' be a type of I. Denote L., the ILP

instance I where components of type T are replaced with components ofT of the first
kind. Then, there is a bijection between solutions of ILP instances I and Lj_ ;.

Proof of the Claim. Note that it holds that o = 0 for every component C' of type
T. Now a solution for I, _,; has a natural projection to a solution of I (forget all ¢
variables). Furthermore, a solution for I can be extended to a solution of I, ,+ by
setting o = 0 for each component C' of type T'. This yields a bijection between the
solution sets. O
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We say that a component C' is extended if it has been created by the extension of the first
kind. We transform all components with multiplicity less than IV to extended components
and denote Ig the resulting ILP instance. Note that by Claim [9.12] the ILP instances I
and Ig are in equivalent.

Claim 9.13. Let I be an ILP instance, let C be a component of I, and let C' be an
extension of C' of the second kind. Denote I' the ILP instance I with C' added (i.e., it
has one more component) then instances I and I' are equivalent.

Proof of the Claim. First we argue that I does have a solution if and only if T’
does. To see this take a solution x of I and let x¢ be the part of x corresponding to
C-variables. We build a solution to I’ follows. We copy the solution of every variable
but the variables of C’. We set variables z¢» = 0 and £ = z¢.

Note that by this we have actually build a natural correspondence between the set of
solutions to I and the set of solutions to I'. Observe that this correspondence is not
one-to-one as in general there can be more possibilities how to extend the solution
to variables Z¢r. We say that all these solutions project to the same solution x to
instance I. However, as all the C’-variables do not occur in the objective function the
value of the objective function of all solutions that project to x is the same. O

By combining the two claims it is possible to transform ILP instance I to I with the
following properties.

e all components of I are either extended or for their type 7 it holds that
multy(7) = N,

e for each type T of I it holds that multi(T) =N,
o bi(T) = b(D),

e the number of variables in I is at most twice the number of variables in I. O

Let us now discuss algorithmic consequences of Theorem 9.10 for all types of modulators.
Together with Theorems 9.4 and 9.7, we obtain the following corollary.

Corollary 9.14. Let a and z be constants and let I be an ILP instance with ca(I) < a
and p(I) < z, then I can be solved in polynomial time.

For variable and constraint modulators, using Theorem [9.5|instead of Theorem 9.4 yields
the following results.

Corollary 9.15. ILP is FPT when parameterized by max{ca,p"} and also when pa-
rameterized by max{ca,p®}.
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9.5 Unary ILP

Here we will prove that UNARY ILP is polynomial time solvable when p¢ is bounded by
a constant; this contrasts the case of general ILP, which remains NP-hard in this case
(see Theorem [9.25/ later). In particular, we will give an XP algorithm for UNARY ILP
parameterized by p¢. We will also present lower bounds showing that such an algorithm
cannot exist for UNARY ILP parameterized by p" or p, and rule out the existence of a
fixed-parameter algorithm for p®.

9.5.1 The Algorithm

The crucial, and also most technically demanding, part of this result is showing that it
suffices to restrict our search space to assignments over polynomially bounded variable
domains.

Before showing this we need some preparation.

Proposition 9.16. Let A be an integer k X k non-singular matrix and b an integer
vector. Then |x[i]| < klep(ca)*1 for the unique x such that Ax = b.

Proof. Because of Proposition 9.2] it holds that

i — detAL)
det(A)

Moreover, since A is a non-singular integer matrix, we have that |det(A)| > 1 and
thus |x[i]| < |det(A(i))| and |x[i]| < |det(A(i))] < klep(ca)®~! follows from applying
Proposition 9.1, as required. ]

Lemma 9.17. Let Q be a k x n matriz of rank k, y be a vector of n variables, d
be a vector of size k, I be a set of k linearly independent columns of Q, V be their
corresponding variables in var(y), and let B be an assignment of the variables in var(y)
such that QB(y) = d. Then for every v € V, it holds that

B <k(cateq Y B))(e)

uevar(y)\V

Proof. Let y’ be y restricted to the variables in var(y) \ V and let J be the set of all
columns of Q that are not in I. We will now apply the assignment g for the variables in
y’ to Q. This will give us a set of equations that need to be satisfied for the variables in
V' allowing us to obtain a bound on § for these variables. Namely, the right-hand side
denoted by d’ of our equations is obtained from d by subtracting the application of 3 to
Qs L€, d=d- Q(*,J),B(y’), which after restricting Q to the columns I and using
the restriction y” of y to the variables in V' gives us the following equations that are
satisfied by 3:
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Qe.nBy") =d (9-1)

Note that because I is a set of k linearly independent columns the matrix Q. r) is
non-singular. Moreover, observe that d'[i] < cq + cqQ X evar(y)\v B(u) for every i with
1 <4 < k. Because [ satisfies 9.1 we obtain from Proposition 9.16| that

B <k(cateq Y Bw)(eq)

uevar(y)\V

for every variable v € V. O

The following lemma provides an important ingredient for Lemma [9.20) below. Its proof
crucially makes use of the specific structure of our ILP instance.

Lemma 9.18. Let I be an instance of UNARY ILP with matriz A. Then for any set
D of linearly dependent columns of A, it holds that A, py contains a subset of at most
pC (1) (p© (1) 4 1) linearly dependent columns.

Proof. Let Z C F(I) be a constraint modulator for I of size at most p©(I) and let s be a
non-zero vector satisfying A, pys = 0. Let C1,...,C)p be all components of I'\ Z that
contain at least one variable corresponding to a column in D and let D; be the set of
all columns in D that correspond to variables in C;. Moreover, let s¢, be the restriction
of s to the entries corresponding to variables in C;. Note that if p < p©(I) + 1, then D
already contains at most p&(I)(p®(I) + 1) linearly dependent columns and the lemma
follows. So we can assume in the following that p > p®(I) + 1. Denote by w¢, the vector
A (.. py)sc;- It we, = 0, then the variables in C; that s does not assign to 0 correspond to
at most p®(I) linearly dependent columns and the lemma follows. Otherwise, it is easy
to observe that if w¢,[j] # 0 then j corresponds to a constraint in Z. Hence for every C;
all non-zero entries of the vector w¢, correspond to constraints in Z. Consequently any
subset of p©(I)+1 vectors from wc,, . . . , We, in particular the vectors wey, . .. WG,
are linearly dependent (since all their non-zero entries correspond to constraints in Z
and |Z| < p©(I)), which implies that the set Ui<i<pe(m)+1 Di 1s the required subset of at

most p®(I)(p®(I) + 1) linearly dependent columns of A, p). O

Lemma 9.19. Let I = (A,x,b,1,u,n) be an ILP instance, o a solution for I, and 6 a
non-zero integer vector such that o + 6 and o — 6 are feasible assignments for 1. Then
19 = 0 and moreover a + 6 and o — § are also solutions for 1.

Proof. Assume for a contradiction that nd # 0, then either n(a+4d) > n(«a) or n(a—40) >
n(«), contradicting that « is a solution. O

We are now ready to show that we only need to consider solutions with polynomially
bounded variable domain.
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Lemma 9.20. Let I be a feasible instance of UNARY ILP-FEASIBILITY of size n. Then,
there exists a solution o with |a(v)| < my, for every v € var(I), where

2

my, = 8(2(pC(I) + 2)2)!(n)2¢ D+,

Proof. Let I = (A,x,b,1,u,n) be the provided instance of UNARY ILP and let Z C F(I)
be a constraint modulator witnessing p® (I).

Let
mg = ((p€(T) + 1)2)!(n) P D+H?

my = 4((p9 (1) + 2)°) 1 (n) P72,

For a solution « of I, let V(a) be the set of all variables v of I such that |a(v)| > 2msg.

Let us now consider a solution o which minimizes the size of V(a)). Observe that because
miy, > 2mg it holds that if |V (a))| = 0 then the lemma holds, and so we may assume that
V() is non-empty.

In the following we consider the submatrix B = A(, y(4)). Let us first consider the case
where the columns of B are linearly dependent. We show that in this case, we can find a
solution o' such that |V (a/)| < |V («)|, which contradicts the choice of a.

Because of Lemma [9.18| there is a non-empty set O of linearly dependent columns of B of
size at most p& (I)(p® (I)+1). Consider a subset Y = {v', ..., v!VI} of linearly dependent
columns of O such that the columns of each proper subset of Y are linearly independent
and let X = Y\ {vIY!}. Because Y is a minimal set of linearly dependent columns, it holds
that there is a vector a without any zero entries such that B, y)a = 0, which implies the

existence of a vector ax, again without zero entries, such that B(, y)ax = viYl, We will

show that there is a vector a that is integer and satisfies |a[i]| < mg for every 1 < i < |Y|.

We start by solving B, xyax = vI¥l using Cramer’s rule. Because the columns in X
are linearly independent, it follows that B, x) has a set R of linearly independent rows

with |R| = |X]|. Then because the matrix B(p x) is non-singular, we have that there

is a unique ax such that Bp yyax = vgl, where vg| denotes the restriction of the
vector vI¥I to the entries associated with the columns in R. Moreover, because there

is a non-zero vector ax with B, xyjax = vI¥l it follows that the unique vector ax

satisfying B(p x)ax = vg| also satisfies B(, yyax = vlIYl. Using Cramer’s Rule, we

. ] det(B(g,x) (%))
obtain ax[i] = ﬁ;;ﬁ())

Y
Brx)ax = Vi -

Hence the vector d with d[i] = ax[i]det(Bg x)) = det(Bg x)(i)) for every i with
1 < i < |X|and d[[Y|] = —det(Bg,x)) is a non-zero integer vector that satisfies
B(.,y)d = 0. From Proposition 9.1, we obtain that

for every ¢ with 1 <4 < |X| as the unique vector satisfying
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as required.

For notational convenience we will in the following assume that A starts with the columns
vl ..., vI¥l from Y. Let w be the vector defined by:

o w[i] =d[i], if i <|Y], and

e w[i] = 0 otherwise

Note that Aw = 0. For an integer A, let ap : var(I) — Z denote the assignment
aan = a+ Aw. Note that a is an integral assignment, moreover because

Ao (x) = Aa(x) + AAw = Aa(x)

it follows that aa is a feasible integral assignment for Ax = b for every A € Z. Let A be
the integer with smallest absolute value such that there is at least one variable v € V(«)
with |aa (v)| < 2mg. We claim that for every || < |A|, ay is a solution for I. We first
show that 1[i] < as(x[i]) < u[i] for every ¢ with 1 < i < |var(I)|. If x[i] corresponds to
a column that is not in Y, then as(x[i]) = a(x[i]), which implies 1[i] < as(x[i]) < uld].
Otherwise, assume, w.l.o.g., that «(x[i]) > 0 (the case that a(x[i]) < 0 is symmetric).
Because «a(x[i]) > 2mg and |d[j]| < mg for every j with 1 < j < |Y| together with the
choice of A, we obtain that mg < as(x[i]). Because mg > n and since « is a feasible
solution it follows that u[i] = oo and 1[i] < mg, which shows that 1[i] < as(x[i]) < uli].
Hence in particular aa and also oy = a + w and a_; = a — w are feasible assignments,
which together with Lemma 9.19 (after setting ¢ to w) implies that nw = 0 and hence
na = naa. Consequently aa is a solution for I with [V (aa)| < |V (a)|, contradicting our
choice of a.

We conclude that the columns of B must be linearly independent, which implies that
there is a set R of |V («)| linearly independent rows in B. Consider the set S of all
components of I\ Z that have a non-empty intersection with either V(«/) or the constraints
corresponding to the rows in R. Let (1, ..., C), be the restrictions of the components in
S to the variables in V' («) and the constraints in R.

Observe that for every component C}, it holds that the rows in R that correspond to
constraints in C; are zero everywhere but at the entries corresponding to variables in C;.
Because the rows in R are independent it follows that every component must have at
least as many variables as constraints. Moreover, because B(g . is a square matrix and
the only rows in R that do not correspond to constraints in components, correspond to
the constraints in Z, we obtain that there are at most |Z| < p®(I) components that have
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strictly more variables than constraints, all other components have the same number of
rows and columns. Let C; be a component with the same number of rows as columns
and let C/ be the unique component of I\ Z containing C;. Let Q = A c(c).r(cy)) and y
be the subvector of x restricted to the variables of C?, d be the subvector of b restricted
to entries that correspond to the constraints of C;, V' = var(C;), I the set of columns of
@ corresponding to the variables in V', and S the assignment « restricted to the variables
in y. Because the rows in @) are independent its rank is |F(C;)|, because « satisfies
Aa(x) = b and all but the columns corresponding to the variables in var(C;) of A, r(c,)
are zero everywhere, it holds that QA(y) = d. Hence we can apply Lemma 9.17 for Q,
y,d, V, I, and 8 and obtain:

la(v)] < @ entea Y a@)ea)” P (02)
uevar(c!)\var(C;)

< pC(I)! (e + cap® (@)2mg) (ca)? D1 (9.3)

< pC (Mmgp® (@)D (9.4)

< 4((° (D) +2)2) ()P D7 (9.5)

= mum (9.6)

for every variable v € V. Inequality 9.3 follows because |a(v)| < 2mg for every v in
var(CY) \ var(C;), which is because (var(C?) \ var(C;)) C (var(I) \ V(«)). This shows that
the assignment « is bounded by my for all variables contained in components C; that
have the same number of variables and constraints. Consider the remaining components
Dy, ...,Ds among C1,...,C,, ie., the components among C1,...,C, that have more
variables than constraints. Recall that s < |Z| < p©(I). Let V = J;<;<, var(D;) and let
J be the corresponding columns of V in A. Note that |.J| < (p(I))2. Because V C V(a)
it holds that J is a set of linearly independent columns. Hence there is a set R’ of |J|

linearly independent rows in A, .

Let Q = A(r'+), Yy = X, d be the subvector of b restricted to entries that correspond to
the rows in R/, I be the columns in J restricted to the rows in R, and 8 = «. Because the
rows in Q are independent its rank is |I|, because Q is a submatrix of A only restricted
in rows, we have Qf(y) = d. Hence we can apply Lemma 9.17 for Q, y, d, V, I, and
and obtain:

a(v)| < @) (o tea > a(w)(ea)® VY (9.7)
uevarI)\V

< (€ (1)%)! (cp + ca [var(I)|ma) (ca) " @D (9.8)

< 8(2(p (1) +2)?)1(n) 20" M+2° (9.9)

= mi, (9.10)

for every variable v € V. Inequality 9.8 follows because |a(v)| < my for every v in
var(I) \ V, as shown previously. O
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To complete the proof of the desired statement, we use a recent result of [96, Proposition
2 and Theorem 11] on solving ILP using treewidth (which is always at most p) and
obtain:

Proposition 9.21 (Proposition 2 and Theorem 11 in [96]). Let I = (A,x,b,1,u,n) be
an ILP with incidence treewidth w and such that 1[i] # —oc and uli] # oo for every
entry i. Then I can be solved in time O((ca - A - |var(I)))*)(Jvar(I)| + |F(X)|), where
A = maxi{[1[i]|, lul][}.

Theorem 9.22. UNARY ILP is polynomial time solvable for any fized value of p©(I),
where 1 is the input instance.

Proof. Let I be an input instance of UNARY ILP encoded in n bits and let I be the
instance obtained from I by replacing —oco and oo entries in 1 and u with —my, and my,
respectively (for the definition of my, see the statement of Lemma 9.20). It follows from
Lemma 9.20 that I and I’ are equivalent ILP instances. Now let w be the incidence
treewidth of T’ (which is equal to the incidence treewidth of I). Observe that w < p®(I)
and hence it follows from Proposition 9.21 that I’ (and thus also I) can be solved in time

O((ea - my, - Joar (L)) D)(var(D)| + [F (D). =

9.5.2 Lower Bounds

We complement our algorithm with matching lower bounds: strong NP-hardness for
variable and mixed modulators, W[1]-hardness in the case of constraint modulators, and
weak NP-hardness for constraint and mixed modulators.

Theorem 9.23. UNARY ILP-FEASIBILITY 4s paraNP-hard parameterized by p" (I).

Proof. We prove the theorem by a polynomial time reduction from the well-known
NP-hard 3-COLORABILITY problem [98]: given a graph, decide whether the vertices of G
can be colored with three colors such that no two adjacent vertices of G share the same
color.

The main idea behind the reduction is to represent a 3-partition of the vertex set of
G (which in turn represents a 3-coloring of G) by the domain values of three “global”
variables. The value of each of these global variables will represent a subset of vertices
of GG that will be colored using the same color. To represent a subset of the vertices of
G in terms of domain values of the global variables, we will associate every vertex of
G with a unique prime number and represent a subset by the value obtained from the
multiplication of all prime numbers of vertices contained in the subset. To ensure that
the subsets represented by the global variables correspond to a valid 3-partition of G we
will introduce constraints which ensure that:

C1 For every prime number representing some vertex of G exactly one of the global
variables is divisible by that prime number. This ensures that every vertex of G is
assigned to exactly one color class.
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C2 For every edge {u,v} of G it holds that no global variable is divisible by the prime
numbers representing u and v at the same time. This ensures that no two adjacent
vertices of G are assigned to the same color class.

Thus let G be the given instance of 3-COLORING and assume that the vertices of G are
uniquely identified as elements of {1,...,|V(G)|}. In the following we denote by p(i) the
i-th prime number for any positive integer i, where p(1) = 2. We construct an instance
I of ILP-FEASIBILITY in polynomial time with p¥ (I) < 25, and coefficients bounded
by a polynomial in V(G) such that G has a 3-coloring if and only if I has a feasible
assignment. This instance I has the following variables:

e The global variables c1, co, and c3 with an arbitrary positive domain, whose values
will represent a valid 3-Partitioning of V(G).

e For every i and j with 1 < i < |V(G)| and 1 < j < 3, the variables m, j, sll{j,

and sl?’j (with an arbitrary non-negative domain), r; ; (with domain between 0

and p(i) — 1), and u; j (with binary domain). These variables are used to secure

condition Cl1.

3 4

671;7j’ 871;7]7
and slgj (with an arbitrary non-negative domain), r.;; (with domain between 0
and p(i) — 1), and ue;; (with binary domain). These variables are used to secure

condition C2.

e For every e € E(G), i € e, and j with 1 < j < 3, the variables m.; ;, sl sl

Note that the variables slzl,j, sl?vj, slgi’j, sl‘é?i,j, and Slgi are so-called “Slack” variables,
whose sole purpose is to obtain an ILP instance that is in equation normal form. The

instance I has the following constraints (in the following let o be any feasible assignment
of I):

e domain restrictions for all variables as given above, i.e.:

— for every ¢ and j with 1 <¢ < |V(G)| and 1 < j < 3, the constraints ¢; > 0,
mi; > 0,8l >0,87,>0,0<r; <pi)—1,and 0 <w;; < 1.

— for every e € E(G), i € e, and j with 1 < j < 3, the constraints me;; > 0,
sI2, . >0,812,.>0,85.>0,0<7r.,;; <p(i)—1,and 0 < ue;; < 1.

6’/[/7] 6727j 7]

e The following constraints, introduced for each 1 < i < |[V(G)] and 1 < j < 3,
together guarantee that condition C1 holds:

— Constraints that ensure that «(r; ;) is equal to the remainder of a(c;) divided
by p(i), i.e., the constraint ¢; = p(i)m; j + r; ;.

— Constraints that ensure that o(u;;) = 0 if and only if a(r; ;) = 0, i.e., the
constraints u; j + sll{j =r;; and r; j + slgyj = (p(i) — 1)u; ;. Note that together
the above constraints now ensure that a(u; ;) = 0 if and only if ¢; is divisible
by p(i).
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— Constraints that ensure that exactly one of a(u;1), a(u;2), and o(u;3) is
equal to 0, i.e., the constraints u;1 + w; 2 + u; 3 = 2. Note that together all
the above constraints now ensure condition C1 holds.

e The following constraints, introduced for each 1 < j < 3, together guarantee that
condition C2 holds:

— Constraints that ensure that for every e € E(G) and i € e, it holds that
a(re; ) is equal to the remainder of ¢; divided by p(i), i.e., the constraint
¢j = p(i)Megij + e

— Constraints that ensure that for every e € E(G), i € e, and j with 1 < j <3
it holds that a(ue;;) = 0 if and only if a(re;;) = 0, i.e., the constraints
Ue,ij + slg’m =7Te;j and 1e;; + sléi’j = (p(i) — 1)ue,, ;. Note that together the
above constraints now ensure that a(ue; ;) = 0 if and only if ¢; is divisible by
p(i).

— Constraints that ensure that for every e = {i,k} € E(G) and j with 1 < j <3
it holds that at least one of (e ; ;) and a(ue ;) is non-zero, i.e., the constraint
Ueyij + Ue kj — sI? . = 1. Note that together with all of the above constraints

e,J
this now ensures condition C2.

This completes the construction of I. Clearly I can be constructed in polynomial time,
and the largest coefficient used by I is equal to p(|V(G)|). It is well-known that p(i) is
upper-bounded by O(ilogi) due to the Prime Number Theorem, and so this in particular
implies that the numbers which occur in I are bounded by a polynomial in |V (G)].

Following the construction and explanations provided above, it is not difficult to see that I
has a feasible assignment if and only if G has a 3-coloring. Indeed, for any 3-coloring of G,
one can construct a feasible assignment of I by computing the prime-number encoding for
vertices that receive colors 1, 2,3 and assign these three numbers to c1, c2, c3, respectively.
Such an assignment allows us to straightforwardly satisfy the constraints ensuring C1
holds (since each prime occurs in exactly one global constraint), the constraints ensuring
C2 holds (since each edge is incident to at most one of each color) while maintaining the
domain bounds.

On the other hand, for any feasible assignment «, clearly each of a(c1), a(c2), a(cs) will
be divisible by some subset of prime numbers between 2 and p(|V(G)|). In particular,
since « is feasible it follows from the construction of our first group of constraints that
each prime between 2 and p(|V(G)|) divides precisely one of a(c1), a(ce), a(e3), and so
this uniquely encodes a corresponding candidate 3-coloring for the vertices of the graph.
Finally, since « also satisfies the second group of constraints, this candidate 3-coloring
must have the property that each edge is incident to at exactly 2 colors, and so it is in
fact a valid 3-coloring.

It remains to show that p¥'(I) < 25. We show this by showing that the set B = {cy, c2, c3}
is a variable modulator set to 25-compactness. Note that the graph Gy \ {c1, c2, c3} has
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only two types of components (all other components are isomorphic to one of the two
types):

o for every i, 1 <i < |V(G)|, one component containing the variables m; 1, m; 2, m; 3,
slz{l, 81}72, 81}73, 51?717 811272, 5112’3, 731,742, 73,3, Wi.1, U; 2, Ui 3. Moreover, these 15 variables
occur in exactly 10 constraints together; these are the constraints introduced above
to ensure condition C1. Hence the total size of these components is 25.

e for every e = {w,v} € E(G) and j with 1 < j < 3, one component on the vertices
4
Mew,jr Meyw,js slg7w7j, Sle,v,j? Teaw,js Tew,js Uew,js Uew,j and slg’yj. Moreover, these 9
variables occur in exactly 7 constraints together; these are the constraints introduced
above to ensure condition C2. Hence the total size of these components is 16.

This show that B is a variable modulator to 25-compactness, as required. 0

Theorem 9.24. UNARY ILP-FEASIBILITY is W[1]-hard parameterized by p© (I).

Proof. We prove the theorem by a parameterized reduction from MULTICOLORED CLIQUE,
which is well-known to be W([1]-complete [I72]. Given an integer k and a k-partite graph G
with partition Vi,..., V, the MULTICOLORED CLIQUE problem asks whether G contains
a k-clique. In the following we denote by Ej; ; the set of all edges in G with one endpoint
in V; and the other endpoint in Vj, for every ¢ and j with 1 <4 < j < k. To show the
lemma, we will construct an instance I of ILP-FEASIBILITY in polynomial time that has a
constraint modulator set of size 2k + 2(';) to 3-compactness and coefficients bounded by a
polynomial in |V (G)| such that G has a k-clique if and only if I has a feasible assignment.

The main idea behind the reduction is to first guess one vertex from each part V; and
one edge between every two parts V; and V; and to then verify that the selected vertices
and edges form a k-clique in G.

The first step is achieved by introducing one binary variable for every vertex and edge
of G together with 2k + 2(’;) global constraints that ensure that (1) exactly one of the
variables representing the vertices in V; is set to one and (2) exactly one of the variables
representing the edges between V; and Vj is set to one. The second step, i.e., verifying
that the chosen vertices and edges indeed form a k-clique of G, is achieved by identifying
each vertex of G with a unique number such that the sum of any two numbers assigned to
two vertices of G is unique. By identifying each edge of G with the sum of the numbers
assigned to its endpoints, it is then possible to verify that the selected vertices and edges
form a k-clique by checking whether the number assigned to the selected edge e is equal
to the sum of the numbers assigned to the selected vertices in V; and Vj. Sets of numbers
for which the sum of every two numbers from the set is unique are also known as Sidon
sequences. Indeed a Sidon sequence is a sequence of natural numbers such that the
sum of every two distinct numbers in the sequence is unique. For our reduction we will
need a Sidon sequence of |V (G)| natural numbers, i.e., containing one number for each
vertex of G. Since the numbers in the Sidon sequence will be used as coefficients of
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I, we need to ensure that the largest of these numbers is bounded by a polynomial in
G. Indeed [76] shows that a Sidon sequence containing n elements and whose largest
element is at most 2p?, where p is the smallest prime number larger or equal to n can be
constructed in polynomial time. Together with Bertrand’s postulate [6], which states
that for every natural number n there is a prime number between n and 2n, we obtain
that a Sidon sequence containing |V (G)| numbers and whose largest element is at most
8|V (G)|? can be found in polynomial time. In the following we will assume that we are
given such a Sidon sequence S and we denote by S(i) the i-th element of S for any i
with 1 <4 < |V(G)|. Moreover, we denote by max(S) and maxz(S) the largest element
of S respectively the maximum sum of any two numbers in S.

We are now ready to construct the instance I of ILP-FEASIBILITY such that G has a
k-clique if and only if I has a feasible assignment. This instance I has the following
variables:

e For every v € V(@) a binary variable v (with domain {0, 1}) that is 1 if v is selected
to be in the k-clique and 0 otherwise.

e For every e € E(G) a binary variable e (with domain {0,1}) that is 1 if e is selected
to be in the k-clique and 0 otherwise.

e For every ¢ with 1 < i <k, a variable v; (with unrestricted domain), which will be
set to S(v) if the vertex v € V; was selected to be in the k-clique.

e For every i and j with 1 <i < j <k, a variable e; ; (with unrestricted domain),
which will be set to S(v) + S(u) if the edge e € E; ; with e = {u, v} was selected to
be in the k-clique.

I has the following constraints:

e Constraints that restrict the domains of all variables as specified above, i.e.:

— for every v € V(G), the constraints 0 < v < 1.
— for every e € E(G), the constraints 0 < e < 1.

We will denote by D the set of all these constraints.

e for every ¢ with 1 <4 <k, the constraint }_,cy. v =1, which ensures that from
every part V; exactly one vertex is selected to be in the k-clique. We will denote by
Vsgr the set of all these constraints.

e for every ¢ and j with 1 <14 < j < k, the constraint ZeeEiJ- e = 1, which ensures
that between any two parts V; and V; exactly one edge is selected to be in the
k-clique. We will denote by Eggr, the set of all these constraints.
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e for every i with 1 <4 <k, the constraint )y, S(v)v = v;, which ensures that v;
is equal to S(v) whenever v is selected for the k-clique. We will denote by Vags
the set of all these constraints.

e for every i and j with 1 < < j <k, the constraint 3._r, yep,  (S(u) +S(v))e =
ei j, which ensures that e; ; is equal to S(u) + S(v) whenever the edge e € E; ; with
endpoints u and v is selected for the k-clique. We will denote by E4gg the set of
all these constraints.

e for every ¢ and j with 1 <7 < j <k, the constraint v; + v; = e; j, which ensures
that between any two parts V; and V; the vertices selected for the clique are equal
to the endpoints of the edge chosen between the two parts. We will denote by
V EcrEck the set of all these constraints.

This completes the construction of I. Clearly I can be constructed in polynomial
time, and the largest coefficient used by I is equal to maxy(S), which is at most
2max(S) < 16|V (G)|?. We first show that I has a small constraint modulator to 3-
compactness, and hence our parameter can bounded in terms of k. Namely, we claim
that the set B = Vggr U Espr, U Vass U Eags UV Ecgrpck of constraints of I is a
constraint modulator of size at most 2k + 3(];) to 3-compactness. Clearly, the components
of G1\ B have size at most 3, i.e., Gt has one component of size one for every variable in
{vi,..., vk, €12,...,ex—1k} as well as one component of size 3 for every a € V(G)UE(G),
containing the variable a together with the two constraints 0 < a and a < 1. More-
over, the sets Vsgr, Eser, Vass, Eass, and VEcypck have sizes at most k, (g), k,
(g), and (g), respectively, which implies that |B| < 2k + 3(5)

It remains to show that G has k-clique if and only if I is feasible. For the forward
direction suppose that G has a k-clique on the vertices ¢y, ..., cg, where ¢; € V; for every
1 with 1 <4 < k. Then it is straightforward to verify that the assignment « with:

e a(c;) =1 for every i with 1 <4 <k and a(v) =0 for every v € V(G)\ {c1,..., ¢k},

e a({ci,¢;}) = 1 for every i and j with 1 <i< j <k and a(e) = 0 for every
ec B(G)\{{ci,¢} [1<i<j <k},

e a(v;) = S(¢) for every i with 1 < i < k, and

o afe;j) = S(c;) +S(cj) for every i and j with 1 <i<j <k

is a feasible assignment for I.

For the reverse direction suppose that we are given a feasible assignment « for I. Then
because « satisfies the constraints in D U Vggr, U Esgr, we obtain that for every i and
j with 1 <i < j <k it holds that exactly one of the variables in V; and exactly one of
the variables in F; ; is set to one. Let ¢; denote the unique vertex in V; with a(c;) =1
and similarly let d; ; denote the unique edge in E; ; with a(d; ;) = 1. It follows from the

189



9.

MODULATORS FOR ILPS

190

constraints in Vygg that a(v;) = S(¢;) and similarly using the constraints in E4gg we
obtain that a(e; ;) = S(u) + S(v), where u and v are the endpoints of the edge d;; in
G. Moreover, we obtain from the constraints in V Ecpgpck that v; +v; = e; j and hence
S(c;i) +S(c¢j) = S(u) + S(v), where again u and v are the endpoints of the edge d; ; in
G. Because S is a Sidon sequence, it follows that this can only hold if S(¢;) = S(u) and
S(cj) = S(v), which implies that ¢; = u and ¢; = v. This shows that the endpoints of
the selected edges d 2, ..., dk_1 are the vertices in c1, ..., ¢; and hence G[{c1, ..., c;}]
is a k-clique of G. 0

We conclude with a simple reduction ruling out an extension of our XP algorithm to
general ILPs parameterized by p€.

Theorem 9.25. ILP is NP-hard even if p© = 1.

Proof. We show the result by a polynomial reduction from the SUBSET SUM problem,
which is well-known to be weakly NP-complete. Given a set S := {s1,...,s,} of integers
and an integer s, the SUBSET SUM problem asks whether there is a subset S’ C S such that
Yses 8 =s. Let I :=(S,s) with S := {s1,..., sy} be an instance of SUBSET SuM. We
will construct an equivalent ILP instance I with p(I) = 1 in polynomial time as follows.
The instance I has n binary variables x1, ..., x, and apart from the domain constraints
for these variables only one global constraint defined by »,.,<,, sizi = s. Because I
has only one constraint, it holds that p©(I) = 1 and moreover it is straightforward
to verify that I is equivalent to (.S, s) (this has also for instance been shown in [129]
Theorem 1]). O

9.6 Summary and Open Questions

In order to overcome the complexity barriers of ILP, a wide range of problems have been
encoded in restricted variants of ILP such as 2-stage stochastic ILP and N-fold ILP;
examples for the former include a range of transportation and logistic problems [173], [120],
while examples for the latter range from scheduling [142] to, e.g., computational social
choice [143]. Our framework based on fracture modulators provides a unified platform
which generalizes 2-stage stochastic ILP, N-fold ILP and also 4-block N-fold ILP. More
importantly though, it represents a natural measure of the complexity of ILPs which
can be applied to any ILP instance, including those which lie outside of the scope of all
previously known algorithmic frameworks. In fact, one may view our algorithmic results
as “algorithmic meta-theorems” for ILP, where previously known algorithms for 2-stage
stochastic ILP, N-fold ILP and 4-block N-fold ILP only represent a simple base case.

Our algorithms are complemented with matching lower bounds showing that the con-
sidered restrictions are, in fact, necessary in order to obtain fixed-parameter or XP
algorithms. The only remaining blank part in the presented complexity map is the
question of whether mixed fracture modulators admit a fixed-parameter algorithm in
case of bounded coefficients; we believe that this is in fact a major open problem in the
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area. A first step towards settling this question would be to resolve the fixed-parameter
(in)tractability of 4-block N-fold ILP, which was also left open in previous work; progress
in this direction seems to require new techniques and insights [116].

Notes

The results in this chapter appeared in a conference paper in the proceedings of the
International Joint Conference on Artificial Intelligence (IJCAI 2017) [67].
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CHAPTER

Well-Structured Modulators

The primary goal in this part is to push the boundaries of tractability for a wide range of
problems beyond the state of the art for both of the approaches introduced in Parts I and I1.
More precisely, we investigate what happens when a graph contains a modulator which
is large but “well-structured” (in the sense of having bounded rank-width). Can such
modulators still be exploited to obtain efficient algorithms? And is it even possible to
find such modulators efficiently?

Organization of the Chapter

This Chapter is devoted to introducing our novel family of parameters that combine the
approaches introduced in Parts [l andIl. We start in the Section 10.1) by introducing the
well-structured modulators to some class of graphs H and showing that they are more
general then both standard modulator to H and rank-width of the input graph. Next,
in Sections [10.2] and [10.3, we focus on building some crucial machinery that helps us
find optimal well-structured modulators in FPT time (Chapter 11) or good approximate
well-structured modulators (Chapter 12).

10.1 (k,c)-Well-Structured Modulators

Before we can formalize well-structured modulators, we need to further introduce some
necessary notions.

Recall that a modulator to a graph class H is a vertex-subset of a graph G such that
its deletion puts G into H. Furthermore, recall the definition of rank-width from the
Section 3.3. A graph class is called hereditary if it is closed under vertex deletion. Let F
be a finite set of graphs; then the class of F-free graphs is the class of all graphs which
do not contain any graph in F as an induced subgraph. We will often refer to elements
of F as obstructions, and we say that the class of F-free graphs is characterized by F.
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10.1.1 Splits and Split-Modules

The notions of split and split decomposition (recall the Section 7.2) play an important
role in particular when formally defining our parameters and for computing them. Recall
that a split of a connected graph G = (V, E) is a vertex bipartition (A, B) of V such that
every vertex of A" = N(B) has the same neighborhood in B’ = N(A). Let G = (V, E)
be a graph. To simplify our exposition, we will use the notion of split-modules instead of
splits where suitable. A set A C V is called a split-module of G if there exists a connected
component G' = (V' E’) of G such that A C V' and (A,V’\ A) forms a split of G'.
Notice that if A is a split-module then A can be partitioned into A; and As such that
N(A3) C A and for each vy, v9 € A; it holds that N(v1)N(V'\ A) = N(vg)N(V'\ A). We
call the set A; a frontier of the split-module A and we denote it by A(A). For technical
reasons, () as well as V(G'), V(G') \ {v}, and v, for all connected components G’ of G
and all vertices v € V(G’), are also considered split-modules. We say that two disjoint
split-modules X,Y C V are adjacent if there exist x € X and y € Y such that z and y
are adjacent.

We are now ready to define well-structured modulators.

Definition 10.1. Let H be a graph class and let G be a graph. A set X of pairwise-
disjoint split-modules of G is called a (k, ¢)-well-structured modulator to # if

1. |X| <k, and
2. UX-e)Z X, is a modulator to H, and
3. for each X; € X:

e if G[X;] is a connected component of G, then rw(G[X;]) < ¢+ 1;
e if G[X;] is not a connected component of G, then rw(G[X;]) < c.

Figure 10.1: A graph with a (2, 1)-well-structured modulator to forests (in the two shaded
areas).

For the sake of brevity and when clear from context, we will sometimes identify X
with UX-e)Z X; (for instance G — X is shorthand for G — UX-e)? X;). To allow a concise
description of our parameters, for any hereditary graph class H we let the c-well-structure

number (wsn’* in short) denote the minimum k such that G has a (k, ¢)-well-structured
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modulator to . Moreover, we let the well-structure number (wsn™ in short) denote the
minimum k& such that G has a (k, k)-well-structured modulator to H. Moreover, we refer
to (k, k)-well-structured modulator to H simply as k-well-structured modulator to H.
See Figure [10.1] for an illustration of a well-structured modulator.

Proposition 10.2. Let H be an arbitrary hereditary graph class of unbounded rank-width.

1. tw(G) > wsn’(G) for every graph G. Furthermore, for every i € N there exists a
graph G; such that rw(G;) > wsn’(G;) + i, and

2. mod™(G) > wsn™(G) for every graph G. Furthermore, for every i € N there exists
a graph G; such that mod™(G;) > wsn™(G;) + 1.

Proof. 1. For rw(G) > wsn*(G) notice that for every graph G of rank-width &, the
set {V(G)} is a k-well-structured modulator to the empty graph. For the second

claim, since ‘H has unbounded rank-width, for every 7 € N it contains some graph
G; such that tw(G;) > i; by definition, wsn"(G;) = 0.

2. For mod™(G) > wsn™(G), let G be a graph containing a modulator X = {vy,...,
v} to H. It is easy to check that X = {{v1},...,{vg}} is a k-well-structured
modulator to H. For the second claim, let G’ ¢ H and let k = rw(G’). Consider
the graph G; consisting of i + 1 + k disjoint copies of G’ and a vertex ¢ which is
adjacent to every other vertex of G. Since H is hereditary, we may assume without
loss of generality that it contains the single-vertex graph. It is then easy to check
that {V(G) \ {¢}} forms a k-well-structured modulator in G to H. Now consider
an arbitrary set X C V(G) of cardinality at most ¢ + k. Clearly, there must exist
some copy of G', say G, such that X NV(G}) = (. Since G’; ¢ H, it follows from
the hereditarity of H that G — X ¢ H and hence X cannot be a modulator to H.
We conclude mod™(G;) > i+ k = i + wsn*(G;). O

Note that Proposition 10.2 implies that, since wsn’ lower-bounds rank-width and rank-
width is known not to admit polynomial kernels for nearly any NP-hard problems [25],
one cannot hope to use wsn’ for polynomial kernelization. The above is however not
true if we consider wsn’! for some fixed constant c. Therefore, we use k-well-structured
modulators when developing FPT algorithms and (k, ¢)-well-structured modulators for
developing polynomial kernels.

We conclude this section with a brief discussion on the choice of the parameter. The
specific conditions restricting the contents of the modulator |J X have been chosen as the
most general means which allow both (1) the efficient finding of a suitable well-structured
modulator, and (2) the efficient use of this well-structured modulator for FPT algorithm
and kernelization. In this sense, we do not claim that there is anything inherently special
about rank-width or split-modules, other than being the most general notions which are
currently known to allow the achievement of these two goals.
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10.2 Structural Properties of Split-Modules

The objective of this section is develop the main machinery that helps us develop various
FPT and approximation algorithms for finding well-structured modulators in the following
chapters.

Our first course of action is the statement of several useful properties of splits in graphs.
We remark that for most of this section we will restrict ourselves to connected graphs,
and show how to deal with general graphs later on; this allows us to use the following
result by Cunningham.

Theorem 10.3 ([51]). Let (A,C), (B, D) be splits of a connected graph G such that
|JANB|>2 and AUB # V(G). Then (AN B,CUD) is a split of G.

Two vertex sets A, B are overlapping if AN B, A\ B, and B \ A are all nonempty.

Lemma 10.4. If A and B are overlapping split-modules of a connected graph G = (V, E),
then AUB is also a split-module. Moreover, if AUB # V., then also ANB is a split-module.

Proof. If V.= AU B, then AU B is clearly a split-module. So, assume AU B # V and
let C =V \Aand D =V \ B; note that C U D # V since A, B are overlapping. We
make the following exhaustive case distinction:

e if [ ANB| =1and |[CND|=1, then both ANB and AUB =V \ (CN D) are
easily seen to be split-modules;

o if [ ANB|>2and |[CND|=1, then AN B is a split-module by Theorem |10.3 and
AU B is also a split-module because C N D is a split-module;

o if [ ANB| =1and |CND|> 2, then AN B is a split-module and A U B is also
a split-module because C, D satisfy the conditions of Theorem [10.3 and hence
CnND=V)\(AUB) forms a split-module;

e if [ANB| >2and |[CND|>2, then AN B is a split-module by Theorem |10.3 and
AU B is also a split-module because C, D satisfy the conditions of Theorem [10.3,
as in the previous case. O

Lemma 10.5. Let G = (V, E) be a connected graph and A, B be overlapping split-modules.
Then A\ B is also a split-module.

Proof. The lemma clearly holds if |4\ B| < 1, so we may assume that |A\ B| > 2.
Let Z = V' \ B; since B is a split module, so is Z. Furthermore, since A and B are
overlapping, it holds that B\ A is nonempty and hence V # ZU A. Since ZNA = A\ B,
we have |Z N A| > 2 and hence we conclude that Z N A = A\ B is a split module by
Theorem [10.3. O
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Lemma 10.6. Let k € N, G = (V, E) be a graph, and A, B, C be pairwise disjoint
split-modules such that AUBUC = V. Leta, b, ¢ be arbitrary vertices such that a € N(A),
be N(B), and c € N(C). If max (rw(G[AU {a}]),rw(G[B U {b}]),rw(G[C U {c}])) < k,
then rw(G) < k.

Proof. Let Ty = (Ta,pa), T8 = (T, uB), and To = (T¢, pue) be witnessing rank
decompositions of G[A], G|B], and G[C], respectively.

We construct a rank decomposition 7 = (7', u) of G as follows.

Let I, be the leaf (note that p4 is bijective) of T4 such that pa(a) = I,. Similarly, let I
and [. be the leaves such that pp(b) =l and pc(c) = I, respectively. We obtain 7" from
T4 by adding disjoint copies of Tp and T and then identifying [, with the copies of [,
and [.. Since T4, T, and T¢ are subcubic, so is T'.

We define the mapping p: V(G) — {t | tis aleaf of T'} by

ta (V) if v e A,
p(v) =9 g(m(v)) ifv e B,
g(pe(v)) otherwise,

where g maps internal nodes in T U T to their copies in T. The mappings 4, ug,
and puco are bijections and g is injective, so p is injective. By construction, the image
of V(G) under p is the set of leaves of T', so p is a bijection. Thus 7 = (T, ) is a rank
decomposition of G.

We prove that the width of 7 is at most k. Given a rank decomposition 7* = (T, u*)
and an edge e of T*, the connected components of 7% — e induce a bipartition (X,Y") of
the leaves of T*. We set f : (T*,e) — (u*~1(X), u*"1(Y)). Take any edge e of T. There
is a natural bijection 5 from the edges in T to the edges of T4 UTp U Tp. Accordingly,
we distinguish three cases for ¢/ = 3(e):

1. ¢ € Tq. Let (UW) = f(Ta,€e'). Without loss of generality assume that a € W.

Then by construction of 7 , we have f(7,e) = (U,W UBUC). Let u € A and
v € BUC. Since A is split-module either v ¢ N(A) and Ag(u,v) =0 for all u € A,
or v € N(A) in which case Ag(u,v) = Ag(u,a) for all u € A. Therefore, to obtain
Aq(U,WUBUC) one can simply copy the column corresponding to a in Ag (U, W)
or add some empty columns. This does not increase the rank of the matrix.

2. ¢’ € Tg. This case is symmetric to case 1, with A and B switching their roles and
b taking the role of a.

3. € € Te. This case is symmetric to case |1, with A and C switching their roles and
c taking the role of a.
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Since [ is bijective, this proves that the rank of any bipartite adjacency matrix induced
by removing an edge e € T is bounded by k. We conclude that the width of 7 is at most
k and thus rw(G) < k. O

By repeating the proof technique of Lemma [10.6) without the set C', we obtain the
following corollary.

Corollary 10.7. Let k € N, G = (V, E) be a graph, and A, B pairwise disjoint split-
modules such that AUB = V. Let a,b €V be such that a € N(A) and b € N(B). If
max (rw(G[A U {a}]),rw(G[B U {b}])) < k, then rw(G) < k.

Lemma 10.8. Let k € N and let G = (V, E) be a connected graph having split-modules
My, My where My UMy =V and max(rw(G[Mi]),rw(G[M2])) < k. Thenrw(G) < k+1.

Proof. Let May = My\ M;. Clearly, (M, Maz) is a split. Since rank-width is preserved by
taking induced subgraphs, the graph G[Mas] has rank-width at most k. Let v; € N(Mag)
and vy € N(Mj). It is easy to see that graphs G1 = G[M;U{v2}] and Ga = G[MaaU{v; }]
have rank-width at most k£ + 1. We finish the proof by applying Corollary [10.7, using
M7y, Mss in roles of A, B and v1, vs in roles of a, b, respectively. ]

The following lemma in essence shows that the relation of being in a split-module of
small rank-width is transitive (assuming sufficiently high rank-width). The significance
of this will become clear later on.

Lemma 10.9. Let k € N. Let G = (V,E) be a connected graph of rank-width at
least k + 2 and let My, My be split-modules of G such that My N My # 0 and it
holds that max(rw(G[Mi]),rw(G[Ma2])) < k. Then M; U My is a split-module of G
and rw(G[M; U Ms]) < k.

Proof. If My C Ms or My C Mj the result is immediate, hence we may assume that they
are overlapping. Lemma 10.8 and rw(G) > k + 2 together imply that M; U My # V.
Let My = My \ My, Moy = My \ My, and Mo = My N Ms. Tt follows from Lemma [10.4
and Lemma |10.5 that these sets are split-modules of G. Let vi; € N(V \ Myy), v €
N(V\ May), and v13 € N(V \ M12). We show that rw(G[M; U Ms]) < k. By assumption,
both G[M;] and G[M>] have rank-width at most k. Since rank-width is preserved by
taking induced subgraphs, the graphs G11 = G[M11 U {vi2}], G12 = G[M12 U {ve2}], and
Ga2 = G[Mayz U {v12}] also have rank-width at most k. We finish the proof by applying
Lemma 10.6, where M1, Moo, Mio take the roles of A, B, and C and v12, v12, and vag
take the roles of a, b, and ¢, respectively. ]

Definition 10.10. Let k € N and let G be a graph. We define a relation ~§ on V(G)
by letting v NkG w if and only if at least one of the following conditions holds:

e there is a connected component G’ of G such that v,w € V(G’) and rw(G’) < k+1,
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e there is a split-module M of G such that v,w € M and rw(G[M]) < k.
We drop the superscript from NkG if the graph G is clear from context.

If ~ is an equivalence relation over a set A, then for a € A we use [a]~ to denote the
equivalence class containing a. Using Lemma 10.9 to deal with transitivity, we prove the
following.

Proposition 10.11. For every k € N and a connected graph G = (V, E), the relation
~ 1S an equivalence relation, and each equivalence class U of ~y is a split-module of G

such that rw(G[U]) < k + 1.

Proof. If rw(G) < k + 1, then ~j, contains exactly one equivalence class containing all of
the vertices of G and the proposition trivially holds. Therefore, for the rest of the proof
assume that rw(G) > k + 2.

For every v € V, the singleton {v} is a split-module of G, so ~y is reflexive. Sym-
metry of ~yj is trivial. For transitivity, let u,v,w € V be such that v ~p v and
v ~ w. Then there are split-modules M7, My of G such that u,v € M7, v,w € Ms, and
rw(G[Mi]), rw(G[Ma]) < k.By Lemma 10.9, M; U M, is a split-module of G such that
rw(G[M; U Ms]) < k. In combination with u,w € My U My that implies u ~ w. This
concludes the proof that ~j is an equivalence relation.

Now let v € V and let U = [v]~,. For each u € U there is a split-module W,, of G such
that u,v € W, and rw(G[W,]) < k. By Lemma [10.9, W = U, iy Wa is a split-module of
G and rw(G[W]) < k. Clearly, [v]~, € W. On the other hand, v € W implies v ~ u by
definition of ~, so W C [v],. That is, W = [v]~,. O

Since every split-module of a graph G is a subset of some connected component of G, it
is easy to see the following simple but useful observation.

Observation 10.12. Let k € N, G be a disconnected graph, and C(G) be the set of
connected components of G. Then ~$'= Ucrec(a) ~
From Observation [10.12] and Proposition [10.11] it immediately follows that ~j is an
equivalence relation, and each equivalence class U of ~}, is a split-module of G such that
rw(G[U]) < k + 1 holds even for disconnected graphs.

Corollary 10.13. Every graph G has its vertex set uniquely partitioned by the equivalence
classes of ~y into inclusion-maximal split-modules of rank-width at most k and connected
components of G or rank-width at most k + 1.

Now that we know ~p is an equivalence relation, we show how to compute it in FPT
time. Before we give an FPT algorithm for computing ~, we need to state the following
useful result.
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Theorem 10.14 ([51), 104} 105, 106]). Let D be the canonical split decomposition of a
connected graph G. Every split of G is the bipartition (of unmarked vertices) induced by
removing an marked edge from D', where D' = D or D' is obtained from D by exactly
one simple decomposition of a degenerate bag (i.e., a bag that is a clique or a star).

Furthermore, it will be useful to recall Theorem [7.7| from Section [7.2.

Proposition 10.15. Let k € N. Given an n-vertex graph G and two vertices v, w, we
can decide whether v ~j, w in time f(k)-n> for some computable function f.

Proof. From Observation 10.12| it follows that if the proposition holds for connected
graphs, then it holds for disconnected graphs as well. Moreover, if rw(G) < k + 1, it
follows from the definition of the equivalence relation ~j that v ~p w for all pairs of
vertices in G. Hence, we may assume that G is connected and rw(G) > k + 2.

By Theorem [7.7 we can compute the unique canonical split decomposition D in
O(|[V(G)| + |E(G)|) time. Due to Theorem 10.14, every split in G is the bipartition of
unmarked vertices induced by removing an marked edge from D', where D' = D or D’ is
obtained from D by exactly one simple decomposition of a degenerate bag.

All vertices of G are precisely the unmarked vertices of D and we can find a path P
between the bag B; containing v and the bag By containing w in D in time linear in the
number of bags of D. Since the number of bags in a split decomposition is linear in the
number of vertices of the original graph [102], there are at most linearly many bags on
the path. Moreover, if B is a degenerate node on P, then we can split it, by computing
its simple decomposition, into two bags Bj, B2 in a way such that B; contains exactly
the two marked vertices of B incident to a marked edge of D on P and a new marker
vertex connecting it to Bs. We split all degenerate bags on P in this way and denote the
marked graph by D’. Note that now every degenerate bag on a new path P’ between u
and v has 3 vertices.

Now every edge between P’ and D'\ P’ corresponds to a minimal split-module containing
v and w. Conversely, as a consequence of Theorem [10.14] every minimal split-module
containing v and w is induced by removing a marked edge between P’ and D'\ P’, and
let M, be the set containing all of these at most |D| minimal split modules. Hence,
v ~p w if and only if there is a split-module X in M,,, such that rw(G[X]) < k. By
Theorem 3.8 we can decide, for each such X, whether rw(G[X]) < k in time f(k) - n?,
where f is some computable function. O

10.3 MSO Machinery for Well-Structured Modulators

We first review MSO-types roughly following the presentation in the textbook by
Libkin [148]. The quantifier rank of an MSO formula ¢ is defined as the nesting depth of
quantifiers in . For non-negative integers ¢ and [, let MSO,; consist of all MSO formulas
of quantifier rank at most ¢ having at most [ free set variables.
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Let ¢ = p(X1,..., X)) and ¥ = ¥(Xq,...,X;) be MSO formulas. We say ¢ and 1 are
equivalent, written ¢ = 1), if for all graphs G and Uy, ..., U; C V(G), G = ¢o(Uy,...,U))
if and only if G |= ¢(Uy,...,U;). Given a set F of formulas, let F//= denote the set
of equivalence classes of F' with respect to =. A system of representatives of F//= is
a set R C F such that RN C #  for each equivalence class C € F/=. The following
statement has a straightforward proof using normal forms (see [148] Proposition 7.5 and
Lemma 3.13] for details).

Fact 10.16 ([97]). Let g and be fized non-negative integers. The set MSO, /= is finite,
and one can compute a finite system of representatives of MSQg;/=.

Note that the system of representatives obtained in this way need not be inclusion-
minimal, and we do not assume to have a mapping from this system of representatives to
elements of MSO,;/=. We will assume that for every pair of non-negative integers ¢ and
[ the system of representatives of MSO,;/= given by Fact 10.16 is fixed.

Definition 10.17 (MSO Type). Let ¢,l be non-negative integers. For a graph G and
an [-tuple U of sets of vertices of G, we define MSO-type, (G, U) as the set of formulas

¢ € MSO,; such that G |= go([j') We call MSO-type, (G, U') the MSO g¢-type of U in G.

Since we will only be dealing with MSO logic, throughout the Part 11| we will refer to
MSO-types simply as types. It follows from Fact |10.16/ that up to logical equivalence,
every type contains only finitely many formulas. This allows us to represent types using
MSO formulas, as formalized in the next lemma. We remark that the statement of the
next lemma used in previous work [97] did not specify the (“fixed-parameter”) dependence
of the running time on the rank-width, and so here we give a proof of the lemma for
completeness.

Lemma 10.18 ([97]). Let q andl be non-negative integer constants. Let G be a graph, and
let U be an I-tuple of sets of vertices of G. One can compute a formula ® € MSOg; such
that for any graph G' and any l-tuple U’ of sets of vertices of G' we have G |= ®(U") if and
only if type, (G, U) = type, (G, U"). Moreover, ® can be computed in time f(rw(G)) - |V |3,

Proof. Let R be a system of representatives of MSO, ;/= given by Fact 10.16. Because
q and [ are constant, we can consider both the cardinality of R and the time required
to compute it as constants. Let ® € MSOy; be the formula defined as ® = A cg¢ A
Nper\s ", where S={p € R |G = ©(U)}. We can compute ® by deciding G |= ¢(U)
for each ¢ € R. Since the number of formulas in R is a constant, this can be done in
time f(rw(G)) - |V|? (for some computable function f) as checking whether G satisfied
©(U) can be done in time ¢(rw(G)) - [V|? (for some computable function g).

Let G’ be an arbitrary graph and let U’ be an I-tuple of subsets of V(G'). We claim that
type,(G,U) = type,(G',U’) if and only if G’ |= ®(U’). Since ® € MSO,; the forward

direction is trivial. For the converse, assume typeq(G, U ) # typeq(G’ , U ). First suppose
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¢ € type, (G, U)\ type, (G, U’). The set R is a system of representatives of MSO,./=,
so there has to be a ¢ € R such that ¢ = . But G’ |= ®(U") implies G’ |= 1/1([7’1 by
construction of ® and thus G’ |= ¢(U’), a contradiction. Now suppose ¢ € type,(G',U’) \
type,(G,U). An analogous argument proves that there has to be a ¢ € R such that ¢ = ¢
and G’ |= —p(U"). Tt follows that G’ = ¢(U'), which again yields a contradiction.  [J

The remainder of the section introduces the classical notion of MSO games (Defini-
tion 10.20) and their relation to MSO types (Theorem 10.21). However, to formally
define MSO games, we first need the notion of partial isomorphism.

Definition 10.19 (Partial isomorphism). Let G, G’ be graphs, and let V= Vi,..., V)
and U = (Uy,...,U;) be tuples of sets of vertices such that V; C V(G) and U; C V(G')
for each ¢ € [I]. Let 0 = (v1,...,vp) and @ = (uy, ..., un) be tuples of vertices such that
v; € V(G) and u; € V(G') for each i € [m]|. Then (¥, @) defines a partial isomorphism
between (G, V) and (G',U) if the following two conditions hold:

e For every i,j € [m],

v; =vj & u; =u;j and viv; € E(G) < wiu; € E(G).

e For every i € [m] and j € [l],

viEVj @uiEUj.

In the definition of MSO games given below, we denote the concatenation of tuple A by
tuple B as A ~ B.

Definition 10.20 ([I48], Definition 7.6). Let G and G’ be graphs, and let Vj be a
k-tuple of subsets of V(@) and let Uy be a k-tuple of subsets of V(G'). Let ¢ be a
non-negative integer. The g-round MSO game on G and G’ starting from (%,(fo) is
played as follows. The game proceeds in rounds, and each round consists of one of
the following kinds of moves.

Point move: The Spoiler picks a vertex in either G or G’; the Duplicator responds by
picking a vertex in the other graph.

Set move: The Spoiler picks a subset of V(G) or a subset of V(G'); the Duplicator
responds by picking a subset of the vertex set of the other graph.

Let ¥ = (v1,...,0m),v; € V(G) and @ = (u1,...,upm),u; € V(G') be the point
moves played in the g-round game, and let vV = V1,...,W),V; € V(G) and U =
(Uy,...,U;),U; CV(G') be the set moves played in the g-round game, so that [ +m = ¢
and moves belonging to same round have the same index. Then the Duplicator wins
the game if (7,1) is a partial isomorphism of (G,Vy —~ V) and (G',Uy ~ U). If the
Duplicator has a winning strategy, we write (G, Vo) EqMSO (@, Up).
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Theorem 10.21 ([I48], Theorem 7.7). Given two graphs G and G’ and two l-tuples
Vo, Ug of sets of vertices of G and G’, respectively, we have

type, (G, Vo) = type,(G',Up) < (G, Vo) =M30 (&', Ty).

Our strategy for proving our most general results for an arbitrary fixed MSO; formula in
the following chapters relies on a replacement technique, where each split-module in the
well-structured modulator is replaced by a small representative. We use the notion of
similarity defined below to prove that this procedure does not change the outcome of
MSO-MC,,.

Definition 10.22 (Similarity). Let ¢ and k be non-negative integers, H be a graph class,
and let G and G’ be graphs having k-well-structured modulators X = {X1,..., Xk} and
X' = {X1,...,X.} to H, respectively. For 1 < i <k, let S; contain the frontier of split
module X; and similarly let S/ contain the frontier of split module X/. We say that
(@, X) and (G', X') are g-similar if all of the following conditions are met:

1. There exists an isomorphism 7 between G — X and G/ — X'.

2. For every v € V(@) \ X and i € [k], it holds that v is adjacent to S; if and only if
7(v) is adjacent to S..

3. If £ > 2, then for every 1 < i < j < k it holds that every s; € S; is adjacent to
every s; € Sj if and only if every s; € S; is adjacent to every s} € S.

4. For each i € [k], it holds that type (G[Xi], S;) = type,(G'[X]], S}).

Lemma 10.23. Let q, k, and ¢ be non-negative integers, H be a graph class, and let
G and G' be graphs having (k,c)-well-structured modulators X = {X1,..., X} and
X = {X1,.... X} to H, respectively. If (G, X) and (G, X") are g-similar, then it holds
that type,(G,0) = type,(G',0).

Proof. For i € [k], we write G; = G[X;] and G}, = G'[X!]. Let Xo = V(G) \ X and

(2

X} = V(@) \ X'. By Theorem 10.21, Condition 4 of Definition 10.22|is equivalent to
(Gi, Si) E(I}\/lSO (G%, S!). That is, for each i € [k], Duplicator has a winning strategy m;

in the g-round MSO game played on G; and G} starting from (.5;, S}). We construct a
strategy witnessing (G, ) E(IIVISO (G',0) in the following way:

1. Suppose Spoiler makes a set move W and assume without loss of generality that
W CV(QG). For i € [k], let W; = X; N W, and let W/ be Duplicator’s response to
W; according to m;. Furthermore, let W = { 7(v) | v € W N X }. Then Duplicator
responds with W’ = W, U Uk, W/.
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2. Suppose Spoiler makes a point move s and again assume without loss of generality
that s € V(G). If s € X; for some ¢ € [k], then Duplicator responds with s’ € X/
according to m;; otherwise, Duplicator responds with 7(s) as per Definition [10.22
item [1.

Assume Duplicator plays according to this strategy and consider a play of the ¢g-round
MSO game on G and G’ starting from (0,0). Let ¥ = (v1,...,vy) and @ = (u1, ..., Up)
be the point moves in V(G) and V(G'), respectively, and let V = (Vi,...,V;) and
U = (Uy,...,U;) be the set moves in V(G) and V(G'), respectively, so that [ +m = ¢
and the moves made in the same round have the same index. We claim that (¢, @) defines

a partial isomorphism between (G, V) and (G', ).

o Let ji,jo € [m] and let vj,,vj, € Xo. Since 7 is an isomorphism as per Defini-
tion [10.22 item |1, it follows that vj, = vj, if and only if uj, = u;, and v;,v;, € E(G)
if and only if uj u;, € E(G").

e Let ji,j2 € [m] and let ¢ € [k] be such that v;, € Xy and v, € X;. Then clearly
vj, # vj, and uj, # uj,. Consider the case vj,vj, € E(G). Then vj;, must lie in the
frontier of X;, and hence v;, € S;. Since Duplicator’s strategy m; is winning for
(Gi, Si) and (G}, S}), it must hold that u;, € S;. By Definition 10.22 item |2, it then
follows that 7(vj;, )uj, € E(G’). So, consider the case vj,v;, € E(G). Then either
vj, & S;, in which case it holds that u;, ¢ S} because of the choice of m; and hence
there cannot be an edge uj,u;, in G', or v;, € S;, in which case it holds once again
that uj,uj, € E(G’") by Definition 10.22| item 2.

e Let ji,j2 € [m] and let i € [k] be such that v;,,v;, € X;. Since Duplicator plays
according to a winning strategy m; in the game on G; and G, the restriction (9/];, ;)
defines a partial isomorphism between (G;, (V)];) and (G, (0)];). It follows that
(vj,,v5,) € E(G) if and only if (uj,,uj,) € E(G’) and vj, = vj, if and only if
Ujy = Uja-

e Let ji,j2 € [m] and let 41,42 € [k]| be pairwise distinct numbers such that v;, € X;,
and vj, € Xj,. Then vj, # v, and also uj, # uj, since uj, € X;, and uy, € X/, by
the Duplicator’s strategy. Suppose v;,vj, € E(G). Then vj, € S;,, and v;, € S;,,
and S;, and S;, are adjacent in G. From the correctness of m;, and ;, it follows

that u;, € S;, and uy, € S}, and from Definition 10.22 item 3 it follows that S,

and S;, are adjacent in G’, which together implies uj,uj, € E(G’). On the other

hand, suppose vj,vj, ¢ E(G). Then either v;; & S;,, or vj, € Si,, or S;, and S,

are not adjacent in G. In the first case we have uj ¢ Sj , in the second case we

have uj, ¢ S}, and in the third case it holds that S7 and Sj are not adjacent in G';

any of these three cases imply wj, u;, ¢ E(G').

e Let j € [m] such that v; € Xy. Then by the Duplicator’s strategy on Xy it follows
that for any V, such that v; € V; it holds that u; € U, and for any V; such that
vj € Vg it holds that u; € U,,.
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e Let j € [m] and i € [k] such that v; € X}. Let V; be such that v; € V;. Since m; is
a winning strategy for Duplicator, it must be the case that u; € U,. Similarly, if
v;j € Vg then the correctness of m; guarantetes that u; € U,. O

Next, we show that small representatives can be computed efficiently.

Lemma 10.24. Let q € Ng. There exist functions f,g such that one can compute, for
an input graph G of rank-width at most k and S C V(G), in time f(k) - |V (G)|°M q
graph G' and a set S" C V(G') such that |V (G')| < g(q) and type, (G, S) = type,(G',S’).

Proof. By Lemma 10.18 we can compute a formula ®(Q) capturing the type T of (G, .5)
in time f(k) - |V(G)|°W. Given ®(Q), a constant-size model (G, S’) satisfying ®(Q)
can be computed as follows. We start enumerating all graphs (by brute force and in any
order with a non-decreasing number of vertices), and check for each graph G* and every
vertex-subset S* C V(G*) whether G* = ®(S5*). If this is the case, we stop and output
(G*,S*). Since G |= ®(S) this procedure must terminate eventually. Fixing the order
in which graphs are enumerated, the number of graphs we have to check depends only
on T'. By Fact [10.16/ the number of g-types is finite for each ¢, so we can think of the

total number of checks and the size of each checked graph G* as bounded by a constant.
Moreover the time spent on each check depends only on 7" and the size of the graph G*.

Consequently, after we compute ®(Q) it is possible to find a model for () in constant
time. O

Finally, in Lemma |[10.25| below we use Lemma 10.24 to replace any well-structured
modulator by a small but “equivalent” modulator.

Lemma 10.25. Let g be a non-negative integer constant and H be a graph class. Then
given a graph G and a (k,c)-well-structured modulator X = {X1,... X} of G into H,
there exists a function f such that one can in time f(c) - |V(G)|°Y compute a graph G’
with a (k, ¢)-well-structured modulator X' = {X/, .. . X} into H such that (G, X) and
(G, X") are q-similar and for each i € [k] it holds that | X!| is bounded by a constant.

Proof. For i € [k], let S; C X; be the frontier of split-module X; (that is S; = A (X)), let
Gi = G[X;] and let Gg = G\ G[X]. We compute a graph G} of constant size and a set
S! C V(GY) having the same MSO g-type as (G;, S;). By Lemma 10.24} this can be done
in time f(c) - |[V(G)|°M for some function f. Now let G’ be the graph obtained by the
following procedure:

1. We construct a disjoint union of Gy and G/, for each i € [k];

2. If kK > 2 then for each 1 < i < j < k such that S; and Sj, are adjacent in G, we add
edges between every v € S} and w € Sj.
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3. for every v € V(Gy) and i € [k] such that S; and {v} are adjacent, we add edges
between v and every w € S;.

It is easy to verify that (G,X) and (G, X’), where X' = {V(G}),...,V(G})}, are
g-similar. O

10.4 Summary

In this chapter, we defined a novel family of parameters called well-structured modulators.
Proposition [10.2] indicates that this family generalizes both rank-width and size of a
modulator to a fixed graph class. Furthermore, we developed some machinery that will be
important in the following tho chapters. Namely, the equivalence relation Nk,G introduced
in Section |10.2] plays a crucial role in algorithms for finding a well-structure modulator to
various graph classes. On the other hand the notion of similarity and Lemma |10.25 allows
us to replace the (k, ¢)-well-structured modulator by a modulator of size O(k), which
allows us to obtain for many MSO definable problems FPT algorithms parameterized by

wsn’(G) and even kernels parameterized by wsnlt(G).

The results in this chapter appeared in a journal paper in Algorithmica [75] as well
as in a conference paper in the proceedings of Algorithms and Data Structures 14th
International Symposium (WADS 2015) [74].



CHAPTER

Fixed-Parameter Algorithms
using Well-Structured Modulators

Here we further study the well-structured modulators introduced in the previous chapter.
The main goal is to push the boundaries of tractability for many problems to also cover
instances that have unbounded treewidth and even rank-width. In particular, we establish
that under two necessary conditions, namely

1. we can find a good well-structured modulator for a class H, and

2. there is an FPT algorithm for the given MSO; definable problem parameterized by
the size of the modulator to H,

the MSO; definable problem is FPT parameterized by wsn*.

Results

1. We develop a fixed-parameter algorithm for computing wsn’t.

As with most structural parameters, virtually all algorithmic applications of the well-
structure number rely on having access to an appropriate decomposition. We provide
a fixed-parameter algorithm for computing the wsn” along with the corresponding
decomposition for any graph class H which can be characterized by a finite set of
forbidden induced subgraphs (obstructions). Furthermore, we provide additional FPT
algorithms for computing the wsn™ along with the corresponding decomposition if H is
the class of all forests or the class of all chordal graphs. This is achieved by building on
the structural results for split-modules from the previous chapter.

2. We design fixed-parameter algorithms for VERTEX COVER and CLIQUE parameter-

ized by wsn’t.
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Specifically,we show that for any graph class H characterizable by a finite obstruction
set and admitting a polynomial-time algorithm for VERTEX COVER or CLIQUE, there
is a fixed-parameter algorithm solving VERTEX COVER or CLIQUE (respectively) when
parameterized by wsn’. We also give an overview of possible choices of H for VERTEX
CovVvER and CLIQUE.

3. We develop a meta-theorem to obtain fixed-parameter algorithms for problems
H

definable in MSO; parameterized by wsn’*.
The meta-theorem requires that the problem is FPT when parameterized by the cardinality
of a modulator to H. We prove that this condition is not only necessary but also tight,
in the sense that the weaker condition of polynomial-time tractability on H used for
VERTEX COVER and CLIQUE is not sufficient for FPT-time MSO model checking.

4. We show that, in general, solving MSO-OPT problems is not FPT when parame-
H

terized by wsn’*.
We give a proof that these problems remain NP-hard even on graphs of fixed wsn’* under
the same conditions as those used for MSO model checking. This is somewhat surprising,
since the fixed-parameter tractability of MSO optimization problems usually follows from
the methods used for MSO model checking. On the other hand, there are strictly more
classes of bounded width for our parameter than for rank-width and hence one cannot
expect that every problem which is FPT parameterized by rank-width would remain
FPT when parameterized by the well-structure number.

Organization of the Chapter

We begin the Chapter in Section [11.1| by designing FPT algorithm for finding k-well-
structured modulators. Afterwards in Section [11.2 we give two examples how we can
obtain FPT algorithms parameterized by wsn” for specific problems, where an FPT
algorithm parameterized by the size of an minimum modulator to H is known. Then, we
switch our focus on problems definable by constant size MSO; formula and in Section |11.3
we develop an FPT algorithm that can be used with any MSO; definable problem that is in
FPT when parameterized by the cardinality of a modulator to . Finally, in Section |[11.4
we show that this result does not extend towards MSO optimization problems.

11.1 Finding Well-Structured Modulators

The objective of the first part of this section is to prove the following theorem.

Theorem 11.1. Let H be a graph class characterized by a finite obstruction set F. There
exists a fived-parameter algorithm parameterized by k which for every input graph G
either finds a k-well-structured modulator to H, or detects that no such k-well-structured
modulator exists.
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We first present the algorithm and then show its running time and correctness.

Algorithm 11.1: FindWSM £ ‘

Input : k € Ny, n-vertex graph G, equivalence ~ over a superset of V(G)

Output  :A k-cardinality set X of subsets of V(G), or False

1 if G does not contain any D € F as an induced subgraph then
2 ‘ return ()

3 else
‘ D’ := an induced subgraph of G isomorphic to some D € F;

5 end

6 if £k =0 then return Fulse;

7 foreach [a|.. of G which intersects with V(D') do
8 | X =FindWSMxz(k—1,G — [a]~,~);

9 if X # False then

10 ‘ return X U {[a].}
11 end
12 end

13 return Fualse

We will use ~y, (recall Definition [10.10) as the input for Find WSM x, however considering
general equivalence relations as inputs is useful for proving correctness. Recall that the
equivalence relation ~j (or, more precisely, the set of its equivalence classes) can be
computed in time n? - f(k) - n3 for some function f thanks to Proposition 10.15, and this
only needs to be done once before starting the algorithm. The following two lemmas
show that Algorithm [11.1]is correct and runs in FPT time. For fixed F, let cx denote
the maximum number of vertices of a graph in F.

Lemma 11.2. FindWSMpz runs in time O(ck - n°7).

Proof. The time required to perform the steps on lines 2-6 is O(n%) since F is finite.

Similarly, it holds that |V (D’)| and hence also the number of times the procedure on
lines 8-13 is called are bounded by cr.

For the rest of the proof, we proceed by induction on k. First, if £ = 0, then the algorithm
is polynomial by the above. So assume that k£ > 1 and the algorithm for k£ — 1 runs in
time at most c’]‘ﬂ_-_1 -n . Then the algorithm for k£ will run in polynomial time up to lines
8-13, where it will make at most cx calls to the algorithm for k£ — 1, which implies that
the running time for k is bounded by O(ck - n°F). O
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Lemma 11.3. Let k > 0, G be a graph and ~ be an equivalence relation over a superset
of V.. Then FindWSM £ (k, G, ~) outputs a set X of at most k equivalence classes of ~
such that G — X is F-free.

Proof. If G does not contain any D as an induced subgraph, then we correctly return
the empty set. So, assume there exists an induced subgraph D’ of G isomorphic to D.
We prove the lemma by induction on k.

Clearly, if kK = 0 but there exists some obstruction, then the algorithm outputs False and
this is correct; if k = 0 and no obstruction exists, then the algorithm correctly outputs ().
Let £ > 1 and assume that the algorithm is correct for £ — 1. If G does not contain any
such X, then for any equivalence class [a]., FindWSMz(k — 1, G — [a]~, ~) will correctly
output Fulse.

On the other hand, assume G does contain some X with the desired properties. In
particular, this implies that X must intersect V(D'). Let X; be an arbitrary equivalence
class of X which intersects V(D'). Then X'\ {X;} is a set of at most k — 1 equivalence
classes of ~ in G — X;, and hence FindWSM r(k — 1, G — X/, ~) will output some solution
X" for G — X! by our inductive assumption. Since any obstruction in G intersecting X/
is removed by X/ and G — X/ is made F-free by X", we observe that X” U X/ intersects
every obstruction in G and hence the proof is complete. O

From Lemma 11.3 and Corollary 10.13 we obtain the following.

Corollary 11.4. Let k € N, G be a graph and ~y, be the equivalence relation computed
by Proposition |10.15. Then FindWSMz(k, G, ~) either outputs a k-well-structured
modulator to H or correctly detects that no such modulator exists.

Proof of Theorem |11.1. The theorem follows by using Proposition [10.15/ and then Algo-
rithm |11.1] in conjunction with Lemma 11.2] and Corollary 11.4. O

11.1.1 Results for Other Graph Classes

Next, we turn our attention to computing k-well-structured modulators to examples of
graph classes which are not characterized by a finite obstruction set (i.e., by a finite set of
forbidden induced subgraphs). In the following lemmas, n denotes the size of the vertex
set of the input graph.

Lemma 11.5. [t is possible to compute a k-well-structured modulator to the class of
forests in time f(k) -n® for some computable function f.

Proof. We begin by describing our algorithm .4, and then proceed to argue correctness
and runtime bounds. A begins by checking whether the rank-width of the input graph
G is at least k 4 2; if not, then a k-well-structured modulator can be computed using
Courcelle’s Theorem in time at most f(k) - n® for some computable function f. A then
proceeds in four steps.
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e First, it uses Proposition 10.15 to partition V(G) into equivalence classes of ~y
in time at most f(k) - n° for some computable function f, and sets j := k; S := 0;

N:Nk

e Second, for each tuple (X,Y,Z) of equivalence classes of ~, A checks whether
G[X UY U Z] is acyclic. If this is not the case, then A chooses (by branching)
one class out of {X,Y, Z} to delete from ~, saves the deleted equivalence class in
S, and restarts the second step with j := j — 1. If j = —1, then the algorithm
terminates the given branch.

e Third, A constructs an auxiliary graph G’ = (V/, E’) by setting V’ to be the set
of equivalence classes of ~ and E’ to contain an edge between A, B € V' iff there
exist vertices a € A,b € B such that ab € E(G).

e Finally, A tries to find a feedback vertex set in G’ of size at most j in time
O(3.837 - §|V'|?) [39]. If no such feedback vertex set exists, then A terminates the
given branch; otherwise it adds the feedback vertex set to S and outputs S.

It is easy to verify that the steps two to four can be implemented in time O(n*+3.83%-kn?).

Hence, the running time of A is upper-bounded by O(f(k) - n®) for some computable
function f. As for correctness, let us assume for a contradiction that A outputs a set S
and the graph H obtained from G after deleting all vertices in elements of S contains a
cycle C'. Clearly, neither C' nor any other cycle in H intersects less than 4 equivalence
classes of ~p, since otherwise such a cycle would have been detected and removed in step

2 of A.

Moreover, assume |C'N X| > 1 for some equivalence class X of ~. Since C spans at least
4 equivalence classes, H must contain at least two neighbors of X in C'\ X which are
adjacent to at least two vertices in X (indeed, recall that X is a split-module and hence
all vertices of X with a neighbor outside X have the same neighborhood outside X); let
us denote these vertices y, z, x1, x2, respectively. Since x1, x5 are in the frontier of X,
the vertices y, x1, 2, x2 must form a cycle in H which spans at most 3 equivalence classes,
contradicting our previous conclusion that no such cycles are present in H. Hence we
may conclude that |C'N X| <1 for every equivalence class X.

The only case we are left with now is that C intersects each equivalence class at most
once. But then it must be the case that C' also forms a cycle in G’, which would have
necessarily been removed in step 4 of A, a contradiction. So H must indeed be acyclic.

For the other direction, assume that G contains a minimal k-well-structured modulator
X ={X,....X j} to the class of forests. Then consider the branch of step 2 of A which
hits a maximal number of elements of X , and let us denote the elements removed by A
in this way Y. By the same argument as above, each cycle remaining in G after deleting
Y intersects each equivalence class at most once and hence corresponds to a cycle in
the graph G’ constructed by A. In particular, the equivalence classes in X \ Y form a
feedback vertex set of size £ = |X \ Y| in G'. By the correctness of the feedback vertex
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set algorithm used in step 4, at least one branch of A is guaranteed to output a solution
S DY of size at most j. O

For the next result, recall that a cycle is chordless if it is also an induced cycle of length
at least 4, and a graph is chordal if it contains no chordless cycles.

Lemma 11.6. It is possible to compute a k-well-structured modulator to the class of
chordal graphs in time f(k) - n®®,

Proof. We once again first describe our algorithm A. A begins by checking whether
the rank-width of the input graph G is at least k + 2; if not, then a k-well-structured
modulator can be computed using Courcelle’s Theorem in time at most f(k)-n> for some
computable function f. A then proceeds in four steps.

e First, it uses Proposition 10.15 to partition V(G into equlvalence classes of ~ in
time at most f(k)-n°, and sets j := k; S := (); ~:

e Second, for each tuple (X,Y,Z) of equivalence classes of ~, A checks whether
G[X UY U Z] is chordal in linear time [I81]. If this is not the case, then A chooses
(by branching) one class out of {X,Y,Z} to delete from ~, saves the deleted
equivalence class in .S, and restarts the second step with j := j —1. If j = —1, then
the algorithm terminates the given branch.

e Third, A constructs an auxiliary graph G’ = (V', E’) by setting V' to be the set
of equivalence classes of ~ and E’ to contain an edge between A, B € V' iff there
exist vertices a € A,b € B such that ab € E(G).

e Finally, A tries to find a modulator to chordal graphs of size at most j in G’

using the algorithm by Marx [40], which takes time at most 20(*1ogk) . |}/7|O(1)

no such modulator exists, then A terminates the given branch; otherwise it adds

the modulator to S and outputs S.
It is easy to verify that the running time of A is upper-bounded by f(k) - n®®) for some
computable function f. As for correctness, let us assume for a contradiction that A
outputs a set S and the graph H obtained from G after deleting all vertices in elements
of S contains a chordless cycle C'; without loss of generality, let us assume C' is such a
chordless cycle of minimum length. Clearly, neither C nor any other chordless cycle in H
intersects less than 4 equivalence classes of ~, since otherwise such a cycle would have
been detected and removed in step 2 of A.

We now claim that C' contains at most one vertex from each equivalence class of ~;. To
see this, assume for a contradiction that C' contains two vertices in some equivalence class
Z. Since C must also intersect other equivalence classes, it follows that C' must in fact
contain at least two vertices, say x,y, in the frontier of Z which have distinct neighbors,
say 2/, 1/, respectively, in C'\ Z. First, observe that x,y cannot occur consecutively along
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C, as that would violate the assumption that C' is a minimum-length chordless cycle.
Hence by the chordality of C' we also see that xy cannot be an edge of G, and the same
also applies for the non-edge of z'y/. But then 2/, x,1/,y forms a chordless cycle which
intersects at most 3 equivalence classes, contradicting our previous assumptions.

Let us now consider the set € of equivalence classes which intersect C; recall that
|C’| > 3. By the above claim, it follows that C” would also be a chordless cycle in V(G'),
contradicting the correctness of the chordal vertex deletion algorithm [40]. Hence we
conclude that H must in fact be chordal.

For the other direction, assume that G contains a minimal k-well-structured modulator
X = {X1,...,X,} to the class of chordal graphs. Then consider the branch of step 2
of A which hits a maximal number of elements of X , and let us denote the elements
removed by A in this way Y. By the same argument as above, each chordless cycle
remaining in G after deleting Y intersects each equivalence class at most once and hence
corresponds to a chordless cycle in the graph G’ constructed by A. In particular, the
equivalence classes in X \ Y form a modulator to chordal graphs of size £ = | X \ Y] in
G’. By the correctness of the chordal vertex deletion algorithm used in step 4, at least
one branch of A is guaranteed to output a solution S S Y of size at most 7. O

11.2 Examples of Algorithmic Applications

This section contains two examples of how the notion of k-well-structured modulators
can be used to design fixed-parameter algorithms. Our examples deal with two classical
NP-hard graph problems, specifically VERTEX COVER and CLIQUE. Establishing the
following theorem is the main objective of this subsection.

Theorem 11.7. Let P € {VERTEX COVER, CLIQUE} and H be a graph class character-
ized by a finite obstruction set. Then P is FPT parameterized by wsn®™ if and only if P
is polynomial-time tractable on H.

Since wsn’!(G) = 0 for any F-free graph G, the “only if” direction is immediate; in other
words, being polynomial-time tractable on H is clearly a necessary condition for being
fixed-parameter tractable when parameterized by WSHH(G). Below we prove that for the
selected problems this condition is also sufficient.

Lemma 11.8. If VERTEX COVER is polynomial-time tractable on a graph class H char-
acterized by a finite obstruction set, then VERTEX COVER parameterized by wsn’ is FPT.

Proof. Let G = (V, E) be a graph and let k = wsn’!(G). We start by using Theorem [11.1
to compute a k-well-structured modulator X = {Xy,..., Xy} in FPT time. For each
i € [k], we let A; = A(X;) (i.e., A; is the frontier of X;) and we let B; = N(4;).

Since for each i € [k] the graph G[A; U B;] contains a complete bipartite graph, any vertex
cover of G must be a superset of either A; or B;. We can branch over these options for

215



11.

FIXED-PARAMETER ALGORITHMS USING WELL-STRUCTURED MODULATORS

216

each 4 in 2% time; formally, we branch over all of the at most 2* functions f : [i] — {4, B},
and refer to these as signatures. Each vertex cover Y of G can be associated with at least
one signature f, constructed in the following way: for each i € [k] such that A; CY, we
set f(1) = A, and otherwise we set f(i) = B.

Our algorithm then proceeds as follows. For a graph G and a signature f, we construct
a partial vertex cover Z = ;e f(i). We let G' = G — Z. Consider any connected
component C of G'. If C intersects some X;, then by the construction of Z it must
hold that C' C X;. Hence it follows that C either has rank-width at most k + 1 (in
the case C' C X; for some i), or C is in H (if C' does not intersect X), or both. Then
we find a minimum vertex cover for each connected component of G’ independently, by
either calling the known fixed-parameter algorithm [93] (if C' has bounded rank-width)
or the polynomial algorithm (if C' is in H) at most |C| times. Let Z’' be the union of
the obtained minimum vertex covers over all the components of G’, and let Yy = Z U Z'.
After branching over all possible functions f, we compare the obtained cardinalities of Y}
and choose any Yy of minimum cardinality. Finally, we compare |Y;| and the value of m
provided in the input.

We argue correctness in two steps. First, assume for a contradiction that G contains an
edge e which is not covered by Y7 for some f. Then e cannot have both endpoints in G’,
since Yy contains a (minimum) vertex cover for each connected component of G’, but e
cannot have an endpoint outside of G, since Z C Y}. Hence each Y is a vertex cover of

G.

Second, assume for a contradiction that there exists a vertex cover Y’ of G which has a
lower cardinality than the vertex cover found by the algorithm described above. Let f
be the signature of Y’. Then it follows that Z C Y”, and since Z C Y%, there would exist
a component C' of G'\ Z such that |Y' N C| < |Yy N C|. However, this would contradict
the minimality of Z' N C = Y; N C. Hence we conclude that no such Y’ can exist, and
the algorithm is correct. O

We deal with the second problem below.

Lemma 11.9. If CLIQUE is polynomial-time tractable on a graph class H characterized
by a finite obstruction set, then CLIQUE parameterized by wsn’t is FPT.

Proof. We begin in the same way as for VERTEX COVER: let G = (V| E) be a graph and
let k = wsn”(G). If rw(G) < k + 2, then we simply use known algorithms to solve the
problem in FPT time [93]. Otherwise, we proceed by using Theorem 11.1 to compute
a k-well-structured modulator X = {Xy,..., X} in FPT time. For each i € [k], we let
Ai = )\(Xl) and we let Bz = N(Az)

Let Xo = G—X and let s C {0}U[k]. Then any clique C in G can be uniquely associated
with a signature s by letting i € s if and only if X; N C # (). The algorithm proceeds
by branching over all of the at most 2¥*1 possible non-empty signatures s. If |s| = 1,
then the algorithm simply computes a maximum-cardinality clique in X (by calling
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the respective FPT or polynomial algorithm at most a linear number of times) and
stores it as Y.

If |s| > 2, then the algorithm makes two checks before proceeding. First, if 0 € s then
it constructs the set X|, of all vertices x € X such that z is adjacent to every A; for
i € s\{0}. If X{) = 0 then the current choice of s is discarded and the algorithm proceeds
to the next choice of s. Second, for every a # b such that a,b € s\ {0} it checks that
X] = Aq and X} = A, are adjacent; again, if this is not the case, then we discard this
choice of s and proceed to the next choice of s. Finally, if the current choice of s passed
both tests then for each i € s we compute a maximum clique in each G[X/] and save
their union as Ys. In the end, we choose a maximum-cardinality set Y; and compare its
cardinality to the value of m provided in the input.

We again argue correctness in two steps. First, assume for a contradiction that Y is not
a clique, i.e., there exist distinct non-adjacent a,b € Y;. Since Y; consists of a union of
cliques within subsets of X/, it follows that there would have to exist distinct ¢, d € s
such that a € X/ and b € X/,. This can however be ruled out for ¢ or d equal to 0 by the
construction of X{. Similarly, if ¢ and d are both non-zero, then this is impossible by the
second check which tests adjacency of every pair of X/ and X/, for every ¢, d € s.

Second, assume for a contradiction that there exists a clique Y’ in G which has a higher
cardinality than the largest clique obtained by the above algorithm. Let s be the signature
of Y'. If |s| = 1 then |Yy| > |Y”| by the correctness of the respective FPT or polynomial
algorithm used for each X. If |s| > 2 then Y’ may only intersect the sets X’ constructed
above for s. Moreover, if there exists i € [k] U {0} such that |Y'NX/| > |Ys N X/| then we
again arrive at a contradiction with the correctness of the respective FPT or polynomial
algorithms used for X/. Hence we conclude that no such Y’ can exist, and the algorithm
is correct. O

Finally, let us review some concrete graph classes for use in Theorem [11.7. We use K,
C; and P; to denote the i-vertex complete graph, cycle, and path, respectively. 2K5
denotes the disjoint union of two K> graphs. The fork, K3 3-e, banner, twin-house and
T5 22 graphs are depicted in Figure |11.1.

Figure 11.1: From left to right: 2K5, fork, K3 3-e, banner, twin-house, and 73 2 2.
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Fact 11.10. VERTEX COVER is polynomial-time tractable on the following graph classes:

1. (2K, Cy, Cs5)-free graphs (split graphs);
2. Ps-free graphs;
3. fork-free graphs;

4. (banner, Tz 2 2)-free graphs and (banner, K3 3-e, twin-house)-free graphs.

Proof. For item 1, recall that split graphs are graphs whose vertex set can be partitioned
into one clique and one independent set, and such a partitioning can be found in linear
time. If each vertex in the clique is adjacent to at least one independent vertex, then the
clique is a minimum vertex cover, otherwise the clique without a pendant-free vertex is a
minimum vertex cover. Item 2 follows from [I50]. Item 3 follows from [7]. Item 4 follows
from [103] and [32]. O

Fact 11.11. CLIQUE is polynomial-time tractable on the following graph classes:

1. Any complementary graph class to the classes listed in Fact 11.10 (such as cofork-free
graphs and split graphs);

2. Graphs of bounded degree.

Proof. 1. It is well-known that each maximum clique corresponds to a maximum
independent set (and vice-versa) in the complement graph.

2. The degree bounds the size of a maximum clique, again resulting in a simple folklore
branching algorithm. The class of graphs of degree at most d is exactly the class of
F-free graphs for F containing all (d + 1)-vertex supergraphs of the star having d
leaves. O

11.3 MSO Model Checking with Well-Structured
Modulators

Here we show how well-structured modulators can be used to solve the MSO model
checking problem, as formalized in Theorem 11.12 below. Note that our meta-theorem
captures not only the generality of MSO model checking problems, but also applies to a
potentially unbounded number of choices of the graph class H. Thus, the meta-theorem
supports two dimensions of generality.

Theorem 11.12. Let ¢ be a MSOy sentence, f,g be computable functions, and H be
a graph class such that there exists an algorithm which finds a g(wsn™)-well-structured
modulator to H in time f(k)-|V|®W. If MSO-MC,, is FPT parameterized by mod™(G),
then MSO-MC,, is also FPT parameterized by wsn’(G).



11.3. MSO Model Checking with Well-Structured Modulators

Proof. Let G be a graph, k = wan(G) and ¢ be the nesting depth of quantifiers in ¢.
By our assumption it is possible to find a g(k)-well-structured modulator to H in time
F(k)-|V|°W). We proceed by constructing (G', X’) by Lemma 10.25. Since each X/ € X'
has size bounded by a constant and |X'| < g(k), it follows that [J X’ is a modulator to
the class of F-free graphs of cardinality O(g(k)). Hence MSO-MCy can be decided in
FPT time on G’. Finally, since G and G’ are g-similar, it follows from Lemma 10.23| that
G E ¢ if and only if G' = ¢. O

Combining Theorem [11.12 with the results from Section [11.1, we obtain following
corollaries.

Corollary 11.13. Let ¢ be an MSO; sentence and H a graph class characterized by
a finite obstruction set such that MSO-MCy is FPT parameterized by mod’ (@), the
problem MSO-MCy is FPT parameterized by wsn*(G).

Corollary 11.14. Let ¢ be an MSO1 sentence and H the graph class of all forests such

that MSO-MCy, is FPT parameterized by mod™(G), the problem MSO-MCy is FPT
parameterized by wsn*(G).

Corollary 11.15. Let ¢ be an MSOq sentence and H the graph class of all chordal graphs
such that MSO-MCy is FPT parameterized by mod’(G), the problem MSO-MC, is
FPT parameterized by wsn*(G).

The condition that MSO-MC, is FPT parameterized by mod’(G) is a necessary condi-
tion for the theorem to hold by Proposition [10.2l However, it is natural to ask whether
it is possible to use a weaker necessary condition instead, specifically that MSO-MC,
is polynomial-time tractable on H (as was done for specific problems in Section |[11.2).
Before proceeding towards a proof of Theorem 11.12, we make a digression and show
that the weaker condition used in Theorem [11.7]is in fact not sufficient for the general
case of MSO model checking.

Theorem 11.16. There exists an MSO1 sentence ¢ and a graph class H characterized
by a finite obstruction set such that MSO-MCy is polynomial-time tractable on H but
NP-hard on the class of graphs having wsn™(G) < 2 and even mod™(G) < 2.

Proof. Consider the sentence ¢ which describes the existence of a proper 5-coloring of
the vertices of G, and let H be the class of graphs of degree at most 4 (in other words,
let F contain all 6-vertex supergraphs of the star having 5 leaves). There exists a trivial
greedy algorithm to obtain a proper 5-coloring of any graph of degree at most 4, hence
MSO-MCy is polynomial-time tractable on H. Now consider the class of graphs obtained
from H by adding, to any graph in H, two adjacent vertices y, z which are both adjacent
to every other vertex in the graph. By construction, any graph G’ from this new class
satisfies mod’ (G') < 2 and hence also wsn’*(G’) < 2. However, G’ admits a proper
5-coloring if and only if G’ — {y, z} admits a proper 3-coloring. Testing 3-colorability on
graphs of degree at most 4 is known to be NP-hard [144]. O
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We conclude the section by showcasing an example application of Theorem 11.12.
c-COLORING asks whether the vertices of an input graph G can be colored by ¢ col-
ors so that each pair of neighbors have distinct colors. From the connection between
c-COLORING, its generalization LIST ¢-COLORING and modulators [36, Theorem 3.3] and
tractability results for LisT ¢-COLORING [107, Page 5], we obtain the following.

Corollary 11.17. For each ¢ € N, c-COLORING parameterized by wsn's7¢¢ s FPT.

11.4 Hardness of MSO Optimization

In the wake of Theorem [11.12| and the positive results for the two problems in Sec-
tion [11.2, one would expect that it should be possible to strengthen Theorem 11.12 to
also cover MSO-OPT problems [50}, 93], which extend MSO model checking by allowing
the minimization/maximization. Surprisingly this is not possible if we wish to retain the
same necessary conditions, as will be shown in this section.

We say that S C V(G) is a dominating set if every vertex in G either is in S or has a
neighbor in S. We will need the following lemma before we proceed to the main result of
this secton.

Lemma 11.18. The problem of finding a p-cardinality dominating set in a graph G
having a k-cardinality modulator X C V(G) to the class of graphs of degree at most 3 is
FPT when parameterized by p + k.

Proof. Let L =V(G)\ X and consider the following algorithm. We begin with D = (),
and choose an arbitrary vertex v € L which is not yet dominated by D. We branch over
the at most k + 4 vertices ¢ in {v} U N(v), and add ¢ to D. If |D| = p and there still
exists an undominated vertex in GG, we discard the current branch; hence this procedure
produces a total of at most (k 4 4)P branches.

Now consider a branch where |D| < p but the only vertices left to dominate lie in X. For
a,b € L, we let a = b if and only if N(a) N X = N(b) N X. Notice that = has at most
2F equivalence classes and that these may be computed in polynomial time. For each
non-empty equivalence class of =, we choose an arbitrary representative and construct
the set P of all such chosen representatives. We then branch over all subsets @) of P U X
of cardinality at most p — |D|, and add @Q into D. Since |P U X| < 2¥ + k, this can be
done in time bounded by O(2PF). Finally, we test whether this D is a dominating set,
and output the minimum dominating set obtained in this manner.

It is easily observed from the description that the running time is FPT. For correctness,
from the final check it follows that any set output by the algorithm will be a dominating
set. It remains to show that if there exists a dominating set of cardinality p, then the
algorithm will find such a set. So, assume there exists a p-cardinality dominating set D’
in G. Consider the branch arising from the first branching rule obtained as follows. Let
v1 be the first undominated vertex in L chosen by the algorithm, and consider the branch
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where an arbitrary ¢ € D' N N(v;) is placed into D. Hence, after the first branching,
there is a branch where D C D’. Similarly, there exists a branch where D C D’ for each
v; chosen in the i-th step of the first branching. If D’ = D after the first branching,
then we are done; so, let D] = D'\ D be non-empty. Let D; be obtained from D]
by replacing each w € D) by the representative of [w]= chosen to lie in P. Since D’
dominates all vertices in L and Dy dominates the same vertices in X as D7, it follows that
D* = (D' \ D})U Dy is also a dominating set of G. Furthermore, |D*| = |D’|. However,
since D; C P and |D;| < p — |D|, there must exist a branch in the second branching
which sets Q = D;. Hence there exists a branch in the algorithm which obtains and
outputs the set D* = D U D;. 0

Theorem 11.19. There exists an MSOy formula ¢ and a graph class H characterized
by a finite obstruction set such that MSO—OPT% is FPT parameterized by mod™ but

paraNP-hard parameterized by wsn’®.

Proof. To prove Theorem [11.19, we let dom(S) express that S is a dominating set in G,
and let cyc(S) express that S intersects every Cy (cycle of length 4). Then we set
©(S) = dom(S) V cyc(S) and let H be the class of Cy-free graphs of degree at most 3
(obtained by letting the obstrucion set F contain Cy and all 5-vertex supergraphs of K 4).

Claim 11.20. MSO—OPT% is FPT parameterized by the cardinality of a modulator to H.

To argue that the above claim holds, let (G = (V, E),r) be the input of MSO—OPT% and
k be the cardinality of a modulator in G to H. We begin by computing some modulator
X CV of cardinality k£ in G to H; this can be done in FPT time by a simple branching
algorithm on any of the obstructions from F located in G. Let L = V' \ X. Next, we
compare 7 and k, and if r > k then we output YES. This is correct, since each Cy in G
must intersect X and hence setting S = X satisfies ¢(S).

So, assume r < k. Then we check whether there exists a set A of cardinality at most r
which intersects every Cjy; this can be done in time O*(4") by a simple FPT branching
algorithm. Next, we check whether there exists a dominating set B in G of cardinality at
most 7; this can also be done in FPT time by Lemma [11.18|

Finally, if A or B exists, then we output YES and otherwise we output NO. Hence the
claim is indeed true.

Claim 11.21. MSO—OPT% is paraNP-hard parameterized by wsn™(G).

We proceed by arguing that this claim is also correct. It is known that the DOMINATING
SET problem, which takes as input a graph G and an integer j and asks to find a
dominating set of size at most j, is NP-hard on Cjy-free graphs of degree at most 3 [145]
(see also subsequent work [8, Theorem 8]). We use this fact as the basis of our reduction.
Let (G, j) be a Cy-free instance of DOMINATING SET of degree at most 3. Then we
construct G’ from G by adding (|G| + 2)-many copies of Cy, a single vertex g adjacent
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to every vertex of every such Cjy, and a single vertex ¢’ adjacent to ¢ and an arbitrary
vertex of G. It is easy to check that wsn’!(G’) < 2.

We claim that (G, j) is a YES-instance of DOMINATING SET if and only if (G',j+ 1) is a
yes-instance of MSO—OPT%. For the forward direction, assume there exists a dominating
set D in G of cardinality j. Then the set D U {q} is a dominating set in G’, and hence
satisfies ¢.

On the other hand, assume there exists a set D’ of cardinality at most j + 1 which
satisfies ¢. If j + 1 > |G| + 2 then clearly (G, j) is a YES-instance of DOMINATING SET,
so assume this is not the case. But then D’ cannot intersect every Cy4, and hence D’
must be a dominating set of G’ of cardinality at most 7 + 1. But this is only possible if
g € D'. Furthermore, if ¢’ € D’, then replacing ¢’ with the neighbor of ¢’ in G is also a
dominating set of G’. Hence we may assume, w.l.0.g., that D'NV(G) is a dominating set
of cardinality at most j in V(G). Consequently, (G, j) is a YES-instance of DOMINATING
SET and the claim holds. The theorem now follows from the two claims proved above. [J

11.5 Summary and Open Questions

We showed here that well-structured modulators push the frontiers of fixed-parameter
tractability beyond rank-width and modulator size for a wide range of problems. In
particular, the well-structure number can be computed efficiently (Theorem|11.1) and used
to design fixed-parameter algorithms for VERTEX COVER and CLIQUE (Theorem [11.7) as
well as any problem which can be described by a sentence in MSO; logic (Theorem 11.12)).
We remark that while our results are of a theoretical nature, there is hope that some of
the ideas behind the presented algorithms may be useful in practice once faster algorithms
for computing rank-width become available.

For future work, it would be interesting to see whether the notion of split-modules
introduced in this work can be naturally generalized. In particular, a split-module X can
be seen as a subgraph such that Ag[X, G — X] = 1!, and in this sense split decompositions
naturally correspond to rank-width 1. It is easy to define corresponding decompositions
also for higher values of rank-width, however it is not at all clear how such decompositions
could be computed. We believe this is an interesting question on its own; furthermore,
obtaining such decompositions would allow an immediate extension of our framework to
the arising more general notions of split-modules.

Notes

The results in this chapter appeared in a journal paper in Algorithmica [75] as well
as in a conference paper in the proceedings of Algorithms and Data Structures 14th
International Symposium (WADS 2015) [74].

'Recall that Ag[X,G — X] is the rank of the submatrix of the adjacency matrix of G' over the field
GF(2), where rows are restricted to the vertices in X and columns to the vertices in V(G) \ X.



CHAPTER

Meta-Kernelization using
Well-Structured Modulators

In this chapter, we follow up on the recent line of research which studies meta-kernelization
in terms of structural parameters. Gajarsky et al. [92] developed a meta-kernelization
framework parameterized by the size of a modulator to the class of graphs of bounded
treedepth on sparse graphs. Ganian, Slivovsky and Szeider [97] independently developed
a meta-kernelization framework using a different parameter based on rank-width and
modular decompositions. Our results build upon both of the aforementioned papers by
fully subsuming the meta-kernelization framework of Ganian, Slivovsky, and Szeider [97]
and lifting the meta-kernelization framework of Gajarsky et al. [92] to more general
graph classes.

Results

1. We showcase applications of ¢-well-structured modulators on two special cases of
graph classes generalizing meta-kernelization frameworks of Gajarsky et al. [92]
and Ganian, Slivovsky, and Szeider [97].

We start by considering c-well-structured modulators to edgeless graphs, which generalize
the vertex cover number. While it is known that there exist MSO;-definable problems
which do not admit a polynomial kernel parameterized by the vertex cover number on
general graphs, on graphs of bounded expansion this is no longer the case (as follows for
instance from the result by Gajarsky et al. [92]). We prove that every MSO;-definable
problem admits a linear kernel parameterized by the well-structure number for edgeless
graphs. In relation to the above, we also show in Theorems |12.1 and [12.4] that every
MSO;-definable problem admits a linear kernel parameterized by the c-well-structure
number for the empty graph (without restriction on the expansion). We remark that
these results represent a direct generalization of the meta-kernelization results by Ganian,
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Slivovsky, and Szeider [97]. The proof is based on a combination of the replacement
techniques developed in Chapter 10| together with the annotation framework used by
Ganian, Slivovsky, and Szeider [97].

2. We develop constant approximation algorithms for finding well-structured modula-
tors to a plethora of graph classes.

Before we can proceed to wider applications of our parameter in kernelization, it is first
necessary to deal with the subproblem of finding a suitable well-structured modulator in
polynomial time. We resolve this question for well-structured modulators to a vast range
of graph classes: We develop a 3-approximation algorithm for finding well-structured
modulators to acyclic graphs. Furthermore, We give constant-factor approximation
algorithms for well-structured modulators to graph classes characterized by a finite set of
forbidden induced subgraphs. Armed with the approximation algorithms, we develop our
most general result, which is the key for lifting kernelization results from modulators to
well-structured modulators.

3. We prove that whenever a modulator to a graph class H can be used to obtain a
polynomial kernel for some MSO;-definable problem, this problem also admits a
polynomial kernel when parameterized by the well-structure number for H as long
as well-structured modulators to H can be approximated in polynomial time.

4. Finally, we show several applications of this theorem.

Since the class of graphs of treedepth bounded by some fixed integer can be characterized
by a finite set of forbidden induced subgraphs, we use well-structured modulators to lift
the results of Gajarsky et al. [92] from modulators to well-structured modulators for
all MSO;-definable decision problems (Theorem 12.27). Furthermore, by applying the
protrusion machinery of Bodlaender et al. [26] and Kim et al. [I38] we show that, in the
case of bounded degree graphs, parameterization by a modulator to acyclic graphs (i.e.,
a feedback vertex set) admits the computation of a linear kernel for all MSO;-definable
decision problems. By our framework it then follows that such modulators can also be
lifted to well-structured modulators (Theorem |12.30)).

Organization of the Chapter

We start our investigations by a case study of well-structured modulators to two specific
classes in Section [12.1, namely the class of edgeless graphs and class containing only
the empty graph. Afterwards in Section [12.2, we develop approximation algorithms for
finding well-structured modulators. Finally, Section [12.3]is devoted to showing our main
kernelization results together with some applications.

Since wsn’t generalizes rank-width, we cannot hope to obtain kernels for k-well-structured
modulators. Therefore, for the remainder of the chapter, we fix a constant ¢ and focus
our attention at (k, c)-well-structured modulators.
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12.1 Case Studies

In this section we showcase how well-structured modulators can be used to obtain
polynomial kernels for various problems.

12.1.1 Modulators to Empty Graphs

Let Z be the graph class containing only the empty graph. We remark that while mod?
represents a very weak parameter as it is equal to the order of the graph, this is not
the case for wsnZ. The goal of this subsection is to show how wsnZ can be used for
kernelization of MSO; Model Checking problems; this will later on be used to obtain
a generalization of vertex cover as a parameter. This strictly generalizes the results
of Ganian, Slivovsky, and Szeider [97], as their parameter, rank-width, cover number
of a graph G (rwc.(G)), is the smallest number of modules the vertex set of G can be
partitioned into such that each module induces a subgraph of rank-width at most ¢. Here
module is a split-module such that every vertex in the split-module lies in its frontier. A
wide range of problems, and in particular all MSO1-definable problems, have been shown
to admit linear kernels when parameterized by the rank-width,. cover number [97].

Our proof strategy for this special case of well-structured modulators closely follows
the replacement techniques used to obtain the kernelization results for the rank-width
cover number [97], with the distinction that many of the tools and techniques had to be
generalized to cover split-modules instead of modules.

Before we continue in this section, the reader is encouraged to recall the notion of
similarity (Definition 10.22) together with Lemmas |10.25/ and 10.23 which will be used in
the proof of the following theorem.

Theorem 12.1. Let Z be the class of empty graphs and ¢ € N. For every MSOy sentence
@ the problem MSO-MC, admits a linear kernel parameterized by wsnZ

c -

Proof. Let G be a graph, k = wsnZ(G), and ¢ be the nesting depth of quantifiers in ¢.
We use Proposition [10.15| to find the set X of equivalence classes of Nf in polynomial
time (f(c) - n®). Since equivalence classes of ~& are unique and inclusion-maximal (see

Corollary 10.13), the set Xisa (k, ¢)-well-structured modulator to the empty graph.

We proceed by constructing (G, X’) by Lemma 10.25. Since each X! € X’ has size
bounded by a constant, |X’| < k, and X' = V(G'), it follows that G’ is an instance
of MSO-MC,, of size O(k). Finally, since G and G’ are ¢-similar, it follows from
Lemma 10.23 that G | ¢ if and only if G’ = ¢. O

Next, we combine the approaches used by Ganian, Slivovsky, and Szeider [97] and
in Chapter 11| to handle MSO-OPTS problems by using our more general parameter.
Similarly as Ganian, Slivovsky, and Szeider [97], we use a more involved replacement
procedure which explicitly keeps track of the original cardinalities of sets and results
in an annotated version of MSO—OPTg. However, some parts of the framework (in
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particular the replacement procedure) had to be reworked using the techniques developed
in Chapter |11}, since we now use split-modules instead of simple modules. Given a graph
G = (V, E), an annotation W is a set of triples (X,Y,w) with X C V)Y C V,w € N. For
every set Z C V we define

W(Z) = X (x,yw)ew,xCz,ynz—o W-

The idea is that a triple (X, Y, w) assigns weight w to a vertex set X. Specifying the set
Y allows us to control which subsets of Z the above sum is taken over. In the kernel,
each set X will be a subset of a module M (with weight w corresponding to the optimum
cardinality of a set in the matching module of the original graph). Setting Y = M \ X
ensures that the sum W(Z) contains at most one term for each module M. Each MSO
formula ¢(X) and < € {<, >} gives rise to an annotated MSO-optimization problem.

aMSO-OPTY
Instance: A graph G with an annotation W and an integer r € N.
Question: Is there a set Z C V(G) such that G = ¢(Z) and W(Z) $r?

Note that an instance of MSO—OPT;> can be represented as an instance of aMSO—OPTfp>
with the annotation W = { ({v},0,1) | v € V(G) }. We call the pair (G,V) an annotated
graph. If the integer w is represented in binary, we can represent a triple (X,Y, w) in
space | X|+ |Y| 4 logy(w). Consequently, we may assume that the size of the encoding of
an annotated graph (G, W) is polynomial in [V (G)| 4 [W| 4 maxx y,u)ew logs w.

Lemma 12.2. Let ¢ = p(X) be a fired MSO;1 formula. Then given an instance (G,r)
of MSO—OPT% and a (k, c)-well-structured modulator X = X1,..., Xy to Z of G, an an-
notated graph (G', W) satisfying the following properties can be computed in polynomial
time.

1. (G,r) € MSO-OPT if and only if (G',W,r) € aMSO-OPTS.
2. |[V(G")] € O(k).
3. The encoding size of (G',W) is O(klog(|V(G)])).

Proof. Using Lemma 10.25/ we compute a graph G’ with a (k, ¢)-well-structured modulator
{X1,..., X} } to Z such that (G, X) and (G, X') are (¢+1)-similar and | X!| is bounded by
a constant for each ¢ € [k]. To compute the annotation W, we proceed as follows. For each
i € [k], we go through all subsets W’ C X/. By Lemma 10.18, we can compute a formula
® such that for any graph H and W C V(H) we have type,(G'[X]], W') = type,(H, W)
if and only if H = ®(W). Since | X/| has constant size for every i € [k], this can be done
within a constant time bound. Moreover, since (G, X) and (G', X') are (g 4 1)-similar,
there has to exist a W C X; such that G[X;] E ®(W). Using Fact 3.9, we can compute
a minimum-cardinality subset W* C X; with this property in polynomial time. We then
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add the triple (W', X\ W’ |W*|) to W. In total, the number of subsets processed is in
O(k). From this observation we get the desired bounds on the total runtime, |V (G’)],
and the encoding size of (G, W).

We claim that (G',W,r) € aMSO—OPT% if and only if (G,r) € MSO—OPT%. Suppose
there is a set W C V(G) of vertices such that G = (W) and |[W| < r. Since X1,..., X}
is a partition of V(G), we have W = U,cp Wi, where W; = W N X;. For each i €
[k], let W C X; be a subset of minimum cardinality such that type (G[X;], W;) =
type,(G1X;], W). From the (¢ + 1)-similarity of (G, U) and (G',U"), there is W/ C X!
for each i € [k] such that type, (G'[X]], W]) = type,(G[X;], W}). By construction, W
contains a triple (W/, X]\ W/, |[W}|). Observe that (X,Y,w) € W and (X,Y,w') € W
implies w = w'. Let W' = U;cy) W;. Then by (¢ + 1)-similarity of (G, X) and (G, X")
and Lemma 10.23, we must have type, (G, W) = type,(G',W'). In particular, G’ |= p(W').
Furthermore,

WW') =X xnwr wepew,xinw=w! Wi < Ziepg Wil = [W| <.

For the converse, let W' C V(G') such that W(W') < r and G’ = p(W’), let W/ denote
W' N X! for i € [k]. By construction, there is a set W; C X; for each i € [k] such
that type,(G[Xi], W;) = type, (G'[X;], W]) and W(W') = 30, IWi]. Let W = U;eg Wi
Then by congruence and Lemma 10.23 we get type,(G,W) = type,(G’',W') and thus
G E ¢(W). Moreover, [W|=W(W') <r. O

The last thing we need to handle MSO—OPT% problems is a win-win argument based on
the following fact.

Fact 12.3 (Folklore). Given an MSO; sentence ¢ and a graph G, one can decide whether
G | ¢ in time O(2™), where n = |[V(G)| and | = |¢p]|.

Theorem 12.4. Let Z be the graph class containing only the empty graph and ¢ € N. For

every MSO1 formula o the problem MSO-OPT% admits a linear bikernel parameterized
zZ

by wsnZ .
Proof. We begin by proceeding similarly as in Theorem 12.1 to compute a (k, ¢)-well-
structured modulator of the input graph G. Let Hy,...,H; be the set of connected
components of G. Then for each H; of rank-width at least ¢4 2, we can use Corollary[10.13
to find the set X; of equivalence classes of ~X in polynomial time. On the other hand, for
each H; of rank-width at most ¢+ 1, we set )?l = V(H;). Clearly, the set X = Uie[j} )?z
is a (k, ¢)-well-structured modulator to the empty graph.

Let (G', W) be the annotated graph computed from G and X according to Lemma 12.2.
Let n = |V(G)| and suppose 2¥ < n. Then we can solve (G/, W, r) in time n®®). To do
this, we go through all 20%*) subsets W of V(G’) and test whether W(W) < r. If that
is the case, we check whether G’ = o(W). By Fact 12.3 this check can be carried out
in time ¢;29% < ¢;n? for suitable constants ¢; and ¢y depending only on ¢. Thus we
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can find a constant ¢ such that the entire procedure runs in time n' whenever n is large
enough. If we find a solution W C V(G’) we return a trivial yes-instance; otherwise, a
trivial no-instance (of aMSO—OPT%). Now suppose n < 2¥. Then log(n) < k and so the
encoding size of W is polynomial in k. Thus (G', W, r) is a polynomial bikernel. O

12.1.2 Modulators to Edgeless Graphs

Our next order of business is to use well-structured modulators to generalize the use of
vertex cover number as a structural parameter for kernelization. Let £ be the graph class
containing all edgeless graphs and ¢ € N. It is easy to observe that wsnf is always upper-
bounded by the vertex cover number (see also the following Proposition 12.5), and hence
kernelization results obtained by using Wsnf as a parameter represent a generalization of
results obtained using the vertex cover number [87, 27]. We begin with a comparison to

known structural parameters.

Proposition 12.5. Let £ be the graph class of edgeless graphs. Then:

1. twe(G) > wsné (G) for any graph G. Furthermore, for every i € N there exists a

C

graph G; such that rwe.(G;) > 2i and Wsnf < 2.

2. ven(G) > wsn§ (G) for any graph G. Furthermore, for every i € N there exists a
graph G; such that ven(G) > i and wsn§ = 1.

Proof. The first claim follows from the fact that rank-width cover is also a well-structured
modulator to the empty graph. For the second claim, let G/, be a graph of rank-width
c+ 1, of bounded degree and of order at least i containing at least one vertex, say v,
such that G/, — v has rank-width ¢. Next, we construct the graph G, from G. — v by
exhaustively applying the following operation: for each module in the graph containing
more than a single vertex, we create a new pendant and attach it to a single vertex in
that module. Observe that this operation preserves the rank-width of the graph, and
moreover the resulting graph only contains trivial modules (i.e., modules which contain a
single vertex). Finally, let G% be obtained from 2 disjoint copies of G, say G and G2,
and making the vertices which were adjacent to v in G adjacent to the vertices which
were adjacent to v in G2. Then wsnf (G%) < 2, since G and G2 are each a split-module
of rank-width at most ¢. However, since G is a (vertex-)supergraph of GZ, it follows that
rw(G}) > ¢+ 1 and furthermore G only contains trivial modules. Hence rwe.(G}) > 2i.

The third claim follows from the fact that any vertex cover of G is also a well-structured
modulator to £. For the fourth and final claim, consider a path P of length 2i + 1. Then
ven(P) > i but wsnf (P) = 1. O

As we have established that already wsn§ < ven(G), it is important to mention that
an additional structural restriction on the graph is necessary to allow the polynomial
kernelization of MSO-OPT problems in general (as is made explicit in the following
Fact 12.6).
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Fact 12.6 ([29]). CLIQUE parameterized by the vertex cover number does not admit a
polynomial kernel, unless NP C coNP /poly.

However, it turns out that restricting the inputs to graphs of bounded expansion com-
pletely changes the situation: under this condition, it is not only the case that all
MSO-MC and MSO-OPT problems admit a linear kernel when parameterized by the
vertex cover number, but also when parameterized by the more general parameter wsnf.
Before we can formally prove these claim, we need introduce the notion of sparseness
and of bounded expansion.

Graph Sparsity

Definition 12.7 (Shallow minor [160], [92]). For any graphs H and G and any integer
d, the graph H is said to be shallow minor of G at depth d if there exists a collection P
of disjoint subsets Vi, ...,V of V(G) such that:

1. Each graph G[V;] has radius at most d: there exists in each set V; a vertex x; (a cen-
ter) such that every vertex in V; is at distance at most d from z; in G[V;],

2. H is a subgraph of the graph resulting from G after contracting all edges in P:
There is an bijection ¢ : V(H) — P, such that any two adjacent vertices u and v
of H correspond to two sets ¥ (u) and ¢ (v) linked by at least one edge.

The set of all shallow minors of G at depth d is denoted by GVd. In particular, GVO0
is the set of all subgraphs of G. This notation is extended to graph classes G as well:

Definition 12.8 (Greatest reduced average density (grad) [160], [92]). Let G be a graph
class. Then the greatest reduced average density of G with rank d is defined as

_ |E(H))|
Val9) = Hegva |V (H)|

Definition 12.9 (Bounded expansion [I60]). A graph class G has bounded expansion if
there exists a function f: N — R (called the expansion function) such that for all d € N,

Va(9) < f(d).

We remark that on graphs of bounded expansion, our results could equivalently be stated
in terms of treewidth (instead of rank-width) and MSOs logic (instead of MSO; logic).
We briefly formalize this claim below.

We say that a class H of graphs is uniformly k-sparse if there exists k such that for every
G € H every finite subgraph of G has a number of edges bounded by k times the number
of vertices. We note that uniformly k-sparse graphs are also studied under the name
k-degenerate graphs [160].
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Fact 12.10 ([47]). For each integer k, one can effectively transform a given MSOq
formula into an equivalent MSO1 formula on finite, uniformly k-sparse, simple, directed
or undirected graphs.

Fact 12.11 ([47)). A class of finite, uniformly k-sparse, simple, directed or undirected
graphs has bounded tree-width if and only if it has bounded rank-width.

Observation 12.12. Fvery class of graphs of bounded expansion is uniformly k-sparse
for some positive integer constant k.

Proof. Let H be a class of graphs of bounded expansion and let f be the expansion
function of H. Then f(0) or equivalently the greatest reduced average density of ‘H with
rank 0 is constant and is an exact upper bound on the ratio between the number of edges
and vertices of any subgraph of a graph in H. Therefore, H is uniformly f(0)-sparse. [

Fact 12.13 ([92]). Let K be a graph class with bounded expansion. Suppose that for
G e K and S CV(G), Cy,...,Cs are sets of connected components of G — S such that for
all pairs C,C" € |J; C; it holds that C,C" € C; for some j if and only if Ng(C) = Ng(C").
Let 6 > 0 be a constant bound on the diameter of these components, i.e., for all C' € |J; C;,
diam(G[V (C)]) < d. Then there can be only at most O(|S|) such sets C;.

We note that ¢ in the above fact is a constant which is suppressed in O(|S|). This allows

us to establish a key link between Wsnf and wsnZ on graphs of bounded expansion.

Lemma 12.14. Let K be a graph class with bounded expansion. Then there exists a
constant d such that for every G € K it holds that wsnZ(G) < d - wsng (G).

Proof. Let k = wsné(G) and let H be a (k, ¢)-well-structured modulator to £. Let S be
a set of vertices containing exactly one vertex from the frontier of every split-module
in H. The graph G' = G — (ﬁ — 5) is a graph with bounded expansion and S is its
vertex cover. Clearly, the diameter of every connected component of G’ \ S is at most
1 (every connected component is a singleton). Therefore, by Fact [12.13 there exists a
constant d’ such that there are at most d’ - |S| = d’ - wsné (G) sets of vertices Cy, .. .,Cs in
G’ — S such that for all pairs v,v" € |J; C; it holds that v,v" € C; for some j if and only if
Ng(v) = Ng(v'). Clearly each such C; is a split-module in G’; furthermore, since each
vertex in V(G) \ V(G’) has the same neighbors in C; as some s € S (or alternatively may
have no neighbors at all in C;), C; is also a split-module in G. Moreover, each such C; has

rank-width at most 1. Hence wsnZ(G) < wsné (G) + d’ - wsné (G). O

C

The above lemma allows us to shift our attention from modulators to £ to a partition of the
vertex set into split-modules of bounded rank-width, i.e., to well-structured modulators
to Z. In combination with Theorems |12.1| and [12.4, Lemma 12.14 immediately leads to
the following.
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Corollary 12.15. Let K be a graph class of bounded expansion, € be the class of edgeless
graphs and ¢ € N. For every MSO1 or MSOy sentence ¢ the problem MSO-MC,, admits
a linear kernel parameterized by wsnE on K. Furthermore, the problem MSO—OPT%
admits a linear bikernel parameterized by wsns on K.

12.2 Finding (k, c)-Well-Structured Modulators

In this section we revisit the results of Section [11.1/ and show that we can also find
approximate well-structured modulators in polynomial time. Note that the algorithms
in Section |11.1 could be easily modified to obtain approximation algorithms by simply
replacing branching on which split-module of a constant number of split-modules intersect
a solution by taking all of these split-modules to an approximate solution. However, we
present here an alternative algorithms for approximating the c-well-structured number
for the class of forests and then for any graph class which can be characterized by a finite
set, of forbidden induced subgraphs.

12.2.1 Finding (k, c)-Well-Structured Modulators to Forests

Our starting point is the following lemma, which shows that long cycles which hit a
non-singleton frontier imply the existence of short cycles.

Lemma 12.16. Let C be a cycle in G such that C intersects at least three distinct
equivalence classes of ~., one of which has a frontier of cardinality at least 2. Let Z be
the set of equivalence classes of ~. which intersect C'. Then there exists a cycle C' such
that the set Z' of equivalence classes it intersects is a subset of Z and |Z'| < 3.

Proof. Let B be an equivalence class in Z such that by, by € A\(B) are two distinct vertices.
By assumption, C' must contain two distinct vertices a,c € B which are adjacent to A\(B).

Then a, by, ¢, by forms a Cy in G[B U {a, c}]. O

We will use the following observation to proceed when Lemma [12.16| cannot be applied.

Observation 12.17. Assume that for each equivalence class B of ~ it holds that G[B]
is acyclic, and that no cycle intersects B if |[\(B)| > 2. Then for every cycle C' in G and
every verter a € C, it holds that a is in the frontier of some equivalence class of ~..

Fact [12.18| below is the last ingredient needed for the algorithm.
Fact 12.18 ([20]). FEEDBACK VERTEX SET can be 2-approxzimated in polynomial time.

Theorem 12.19. Let c € N and F be the class of forests. There exists a polynomial
algorithm which takes as input a graph G and computes a set X of split-modules such
that X is a (k,c)-well-structured modulator to F and k < 3 - wsn?

c *
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Proof. First, consider the case that G is not connected. For a connected component H
of G, let X} be the restriction of X to split-modules contained in H. Then clearly each
set X is a (| X|, ¢)-well-structured modulator to F in G if and only if, for each connected
component H of G, Xy is a (| Xp|, ¢)-well-structured modulator to F in H. Therefore
each connected component of G can be handled separately. Moreover, each connected
component H of G of rank-width at most ¢ + 1 forms a single maximal split-module
in any optimal (k, ¢)-well-structured modulator; if H is a tree, then we do not add it
to X and otherwise we must add it to X. Hence we can restrict our attention only to
connected graphs G of rank-width at least ¢ + 2.

We now describe the algorithm for connected graphs G of rank-width at least ¢ + 2 and
then argue its correctness. The algorithm proceeds in three steps.

I By deciding a ~. b for each pair of vertices in G as per Fact [10.15, we compute
the equivalence classes of ~..

IT For each set of up to three equivalence classes {A;, A, A3} of ~., we check if
G[A; U A U As] is acyclic; if it’s not, then we add A;, Ay and A3 to X and set
G =G-— (AlUAQUAg).

III We use Fact 12.18 to 2-approximate a feedback vertex set S of G in polynomial
time; let S’ contain every equivalence class of ~. which intersects S. We then set
X :=XUJY, and output X.

For correctness, observe that Step III guarantees that G — X is acyclic. Hence we only
need to argue that | X| < 3 - Wsn_gf . So, assume for a contradiction that there exists a
(¢, ¢)-well-structured modulator X’ to F such that |X| > 3-|X’|. Let A be the set of all
equivalence classes of ~. which were added to X in Step 1II of the algorithm. Since for
each such {A;, A, A3} the graph G[A; U A3 U Aj] is not acyclic, X' must always contain
at least one split-module A" such that A’ N A; # () for some i € [3]. By Corollary 10.13
the relation ~. is an equivalence and hence it follows that all the vertices in A’ U A; are
contained in a split-module of rank-width at most c¢. However, A; is an inclusion-maximal
split-module of rank-width at most ¢ by Corollary [10.13| and therefore it follows that
A’ C A;. Let A/ contain all such split-modules A/, i.e., all elements of X’ which form
a subset of a split-module added to X in Step 1I.

Let X3 = X \ A and X} = X'\ A’. Since |A| < 3-|A’| by the argument above,
from our assumption it would follow that |X3| > 3 - |X}|. Let us consider the graphs
Gs = G — A and G5 = G — A'; observe that G3 C GY. Furthermore, by Lemma 12.16
a cycle C' in G3 cannot intersect any equivalence class B of ~. such that \(B) > 2.
Hence we can apply Observation 12.17), from which it follows that there is a one-to-one
correspondence between any minimal feedback vertex set in (G and the equivalence
classes of ~. in G3. Let z be the cardinality of a minimum feedback vertex set in Gs;
by the correctness of the algorithm of Fact 12.18, we have z < |X3| < 2z. Since Gf is
a supergraph of Gs, it follows that \Xé\ > z, and hence from our assumption we would
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obtain 2z > |X3| > 3-|X}| > 3z. We have thus reached a contradiction, and conclude
that there exists no (¢, ¢)-well-structured modulator to F such that |X| >3- /. O

12.2.2 Finding (k, c)-Well-Structured Modulators via Obstructions

Here we will show how to efficiently find a sufficiently small (k, ¢)-well-structured modu-
lator to any graph class which can be characterized by a finite set of forbidden induced
subgraphs. Let us fix a graph class H characterized by a set R of forbidden induced
subgraphs, and let r be the maximum order of a graph in R. Our first step is to reduce
our problem to the classical HITTING SET problem.

Given a graph G, we construct an instance Wg of r-HITTING SET as follows. For
each connected component H of G of rank-width at most ¢ + 1, we add an element
sy representing H to the ground set S of Wg. On the other hand, for each connected
component H of G of rank-width at least ¢+ 2, we add an element s 4 for each equivalence
class A C V(G) of ~, into S. Observe that S represents a partition of V(G). Finally,
for each induced subgraph R C (G isomorphic to an element of R, we add the set
Cr={sp€S|DNR#D} of elements which intersect R into C. This completes the
construction of Wg; we let hit(W) denote the cardinality of a solution of W.

Lemma 12.20. For any graph G, the instance W¢ is unique and can be constructed in
polynomial time. Every hitting set Y in Wq is a (|Y], ¢)-well-structured modulator to H
in G. Moreover, wsn = hit(Wg).

Proof. The uniqueness of W¢, as well as the fact that W can be constructed in polyno-
mial time, follow from Corollary [10.13| together with the observation that all subgraphs
R C @G isomorphic to an element of R can be enumerated in polynomial time.

For the second claim, consider a hitting set Y and let Y be the set equivalence classes of
~. corresponding to the elements in Y. The graph G — Y cannot contain any obstruction
for H, and hence G —Y € H.

For the third claim, assume G contains a (hit(Wg) — 1, ¢)-well-structured modulator X
to H. By Corollary [10.13, each element A of X forms either a subset of an equivalence
class A" of ~, for some connected component of G, or a subset of a connected component
of rank-width at most ¢+ 1; in particular, this means that each such element A has a
unique superset A’ such that the element s4 is in the ground set of We. Let X’ be
obtained by replacing each element of A by its respective superset A’. Then G — X'"is a
subgraph of G — X , and hence by our assumption G — X' cannot contain any subgraph
isomorphic to an element of R. However, this would imply that the set of elements of
the ground set that correspond precisely to the equivalence classes in X'isa hitting set
in W¢ of cardinality hit(W¢) — 1, which is a contradiction. O

The final ingredient we need for our approximation algorithm is the following folklore
result.
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Fact 12.21 (Folklore, [139]). There exists a polynomial-time algorithm which takes as
input an instance W of r-HITTING SET and outputs a hitting set Y of cardinality at most
r - hit(W).

We can now proceed to the main result of this subsection.

Theorem 12.22. Let ¢ € N and H be a class of graphs characterized by a finite set of
forbidden induced subgraphs of order at most r. There exists a polynomial algorithm
which takes as input a graph G and computes a (k,c)-well-structured modulator to H
such that k < r - wsnlt.

Proof. We proceed in two steps: first, we compute the r-HITTING SET instance W, and
then we use Fact 12.21) to compute an r-approximate solution Y of W in polynomial

time. We then set X := Y and output. Correctness follows from Lemma 12.20. In
particular, the hitting set Y computed by Fact 12.21 has cardinality at most r - hit(W¢)
and hence | X| < r - wsn?(G) by Lemma 12.20. O

12.3 Applications of (k, ¢)-Well-Structured Modulators

We now proceed by outlining the general applications of our results. Our algorithmic
framework is captured by the following Theorem [12.23.

Theorem 12.23. Let p,q be polynomial functions, ¢ an MSO; sentence and H a graph
class such that

1. MSO-MC,, admits a (bi)kernel of size p(mod™(@G)), and

2. there exists a polynomial algorithm which finds a (q(wsn’t

ulator to H.

), ¢)-well-structured mod-

Then MSO-MCy admits a (bi)kernel of size p(q(wsnZ (Q))).

Proof. Let G be a graph, k = wsn’{(G) and s be the nesting depth of quantifiers in ¢.
We begin by computing a (g(wsn’?t), c)-well-structured modulator to H, denoted X, in
polynomial time by using Condition 2. We then proceed by constructing (G, X' ) by
Lemma [10.25. Since each X/ € X' has size bounded by a constant and | X'| < k, it follows
that |J X’ is a modulator to H graphs of cardinality O(q(k)). Then, using Condition |1,
MSO-MCy admits a kernel of size p(q(k)) on G'. Finally, since G and G’ are g-similar,

it follows from Lemma 10.23 that G |= ¢ if and only if G’ = ¢. O

Similarly, as in the previous chapter, Theorem |[11.16| implies that the condition that
MSO-MC, admits a polynomial (bi)kernel parameterized by mod™ (@) is indeed neces-
sary and it is not sufficient that MSO-MCy is polynomial-time tractable on H. Con-
dition 2| is also necessary for our approach to work, as we need some (approximate)
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well-structured modulator; luckily, Section [12.2| shows that a wide variety of studied
graph classes satisfy this condition. Finally, it is easy to see that Theorem |11.19 rules out
an extension of Theorem 12.23 to MSO-OPT problems (which was possible in the special
case considered in Section [12.1). We provide in the following lemma another example of
an MSO-OPT problem that is NP-hard on the class of graphs with wsn]t < 1.

Lemma 12.24. There exists an MSO1 formula ¢ and a graph class H characterized by
a finite obstruction set such that MSO—OPT% admits a bikernel parameterized by mod™
but is NP-hard on the class of graphs with wsnjt < 1.

Proof. Consider the formula ¢(S) = fvs(S) V deg(S), where fvs(S) expresses that S is
a feedback vertex set in G and deg(S) expresses that S is a modulator to graphs with
maximum degree 4. Let H be the class of graphs of maximum degree 4.

First, we prove that MSO—OPT% admits a polynomial bikernel parameterized by
k = mod™(@). Consider the following algorithm: given an instance (G, r) of MSO—OPT%,
we check if » > k. If this is the case, we can immediately output YES, since k is the
minimum size of a set S satisfying deg(S). If » < k, we compute a polynomial kernel
(G1,71) of MSO-OPTR, from (G, ), and a polynomial kernel (G, r2) for MSO—OPTC%eg
from (G,r). Both (G1,71) and (G2, r2) have size bounded by a polynomial of k, G; can
be constructed by using any kernelization algorithm for FEEDBACK VERTEX SET [193],
and G2 can be constructed by enumerating all obstructions (supergraphs of K 5) and
then using a kernelization algorithm for 6-HITTING SET [2]. Now it is easily observed
that (G,r) is a YES instance of MSO—OPT% if and only if ((G1,71), (G2,72)) is a YES
instance of the following problem: given an instance (A, a) of FEEDBACK VERTEX SET
and an instance (B, b) of 6-HITTING SET, answer YES if and only if at least one of (A4, a)
and (B,b) is a YES instance.

To conclude the proof, we show that MSO—OPT% is NP-hard even when G has
a (1,1)-well-structured modulator to H. We reduce from the (unparameterized) FEED-
BACK VERTEX SET problem on graphs of degree at most 4, which is known to be
NP-hard [98]. Let (G,r) be an instance of FEEDBACK VERTEX SET where G is an
n-vertex graph of degree at most 4. We construct the graph G’ from G by adding a single
vertex x and a disjoint union of n + 1 stars with five leaves, denoted 51, ..., S,+1, and
then adding an edge from x to the center of each star and from x to a single arbitrary
vertex in GG. Observe that any feedback vertex set in G is also a feedback vertex set in G,
and that any set S sayisfying deg(S) must have cardinality at least n 4+ 1. Hence (G, r)
is a YES-instance of FEEDBACK VERTEX SET if and only if (G’,r) is a YES-instance
of MSO—OPT%. Since x together with the stars added in G’ forms a tree (which has
rank-width 1), it follows that this forms a (1, 1)-well-structured modulator to H. O

12.3.1 Applications of Theorem 12.23

As our first general application, we consider the results of Gajarsky et al. [92]. Their
main result is summarized below.
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Fact 12.25 ([92]). Let II be a problem with finite integer index, K a class of graphs of
bounded expansion, d € N, and H be the class of graphs of treedepth at most d. Then
there exists an algorithm that takes as input (G,&) € K x N and in time O(|G| + log¢)
outputs (G',&') such that

1. (G,€&) € 1 if and only if (G’ &) € T1;
2. G' is an induced subgraph of G; and

3. |G’ = O(mod™(@)).

The following fact provides a link between the notion of finite integer index used in the
above result and the MSO-MC,, problems considered in this part.

Fact 12.26 ([11], see also [26]). For every MSO; sentence ¢, it holds that MSO-MC,,
is finite-state and hence has finite integer index.

Theorem 12.27. Let ¢,d € N and H be the class of graphs of treedepth at most d. For
every MSOq sentence , it holds that MSO-MC,, admits a linear kernel parameterized

" on any class of graphs of bounded expansion.

by wsn/,

Proof. Since G belongs to some fixed class of bounded expansion, it follows by Ob-
servation [12.12 that G is uniformly /¢-sparse for some constant ¢ and by Fact 12.10
we can translate ¥ to an equivalent MSO; sentence. Our proof then relies on Theo-
rem |12.23. From Fact [12.26/ and Fact 12.25| it follows that MSO-MC,, admits a kernel
of size O(mod™(G)). Hence the assumptions of the theorem satisfy Condition 1 of
Theorem 12.23, where the polynomial p is a linear function.

By Fact 3.6/H can be characterized by finite set of forbidden induced subgraphs. Therefore,
by Theorem 12.22|there exists a polynomial algorithm that can find a (k, ¢)-well-structured
modulator to % and k < r - wsnlf, where 7 € N is a constant (depending on d).
Therefore, Condition 2| of Theorem [12.23 is also satisfied, where the polynomial ¢
is also linear function. Hence we conclude that MSO-MC,, and hence admits a kernel of

size r - wsnlt(G). O

As our second general application, we consider well-structured modulators to the class
of forests. Lemma [12.29] shows that feedback vertex set may be used to kernelize any
MSO-definable decision problem on graphs of bounded degree. However, before we
proceed to the lemma itself, we need to briefly introduce the protrusion replacement rule.

Given a graph G, an r-protrusion is a set of vertices L C V(G) such that |[N(G—L)| <r
and the treewidth of G[L] is at most 7. The set N(G — L) is called the boundary
of L. A much more in-depth explanation of protrusion replacement can be found,
e.g., in [26] or [138].
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Fact 12.28 (]26| [138]). Let r € N be a constant, ¢ be a fired MSOy formula and G be a
graph containing an r-protrusion L. Then there exists a constant-size graph G, such that
the graph G' obtained by deleting L and making at most r vertices of G, adjacent to the
neighbors of L satisfies G' = ¢ iff G = . Furthermore the graph G, may be computed
from G and L in polynomial time.

The graph G is sometimes called a representative; we remark that the algorithm
above computing G’ is constructive, but contains huge constants. We note that the
following lemma could also be obtained by a straightforward application of a result
by Kim et al. [138]. However, we provide an alternative proof of this lemma for the
completeness.

Lemma 12.29. Let F be the class of forests and d € N. For every MSOqy sentence ¢, it
holds that MSO-MC,, admits a linear kernel parameterized by mod” on every class of
graphs of degree at most d.

Proof. Let G’ be the input graph. We first use Fact 12.18 to compute a feedback vertex
set X C V(G) of cardinality k& < 2mod” (G). Let G denote the graph containing all the
connected components of G’ — X which are not adjacent to X. Since Gf, has treewidth 1
and an empty boundary, by Fact 12.28 we can find a constant-size graph G{j such that
the graph G* obtained from G’ by replacing G, with G{ satisfies the following: G* |= ¢
iff G’ = .

Let G be obtained from G* by deleting Gj. Then the number of connected components
in H = G — X is bounded by k - d, since each tree in H is adjacent to at least one vertex
in X. We proceed by marking each vertex in H which is adjacent to some vertex in
X; note that this process marks at most dk vertices. This is followed by a secondary
marking procedure, where we mark each vertex v € V(H) of degree at least 3 with the
following property: deleting v separates its connected component in H into at least 3
connected components of H, each containing at least 1 marked vertex. We argue that
this secondary marking procedure does not mark more than dk vertices as well. Observe
that if we remove all non-marked leaves of H, then we would mark a superset of vertices
marked by the secondary mark procedure. Therefore, for the sake of this argument, we
can consider a subgraph of H, with all leaves marked that preserve reachability of marked
vertices. Since, the number of vertices of degree 3 is at most the number of leaves in a
forest, it follows that the secondary marking procedure marks at most dk vertices and
the total number of marked vertices is bounded by 2dk. Let us denote the set of all
marked vertices M.

Let u be the order of the largest representative G as per Fact 12.28| for treewidth 1,

boundary-size 2 and . Now assume that H contains a tree T' with z marked vertices.

Observe, that T'— M has at most z - d connected components. Moreover, every connected
component of T'— M is adjacent with at most 2 marked vertices, otherwise a vertex
inside this component would be marked. Let C' be a connected component in T — M
and let T be the subtree of T containing precisely C and the, at most 2, marked
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vertices adjacent to C. Clearly, T forms a subgraph in G with a boundary size of 2
and treewidth 1. Therefore, if |T¢| > u, then by Fact |12.28 we can in polynomial time
replace T¢ by a smaller representative of T and obtain an equivalent instance. The step
outlined in this paragraph takes polynomial time and is guaranteed to reduce the order
of G by at least 1.

It follows that if the replacement procedure is not applicable, then T has at most
z4+z-d-u=(d-u+ 1)z vertices. Since the total number of marked vertices in H is at
most 2dk, it follows that V(H) € O(k). In particular, this implies that V(G*) € O(k),
which means that we have a linear kernel. O

With Lemma [12.29, the proof of the following theorem is analogous to the proof of
Theorem [12.27.

Theorem 12.30. Let ¢ € N and F be the class of forests. For every MSQOs sentence ¢,
it holds that MSO-MC,, admits a linear kernel parameterized by wsn? on every class of
graphs of bounded degree.

Proof. Since the degree of the input graph G is bounded by some constant d, it follows
that G is uniformly %l—sparse. The theorem now once again follows from Theorem 12.23.
In particular, Condition (1| follows directly from Lemma |[12.29 with a linear function p.
Theorem [12.19 then gives us a polynomial time algorithm to find a 3-approximation of
Wsnf , satisfying Condition 2 with ¢ also linear. Therefore we conclude by Theorem (12.23
that MSO-MC,, admits a linear kernel parameterized by wsn’! on any class of graphs of

bounded degree. O

12.4 Summary and Open Questions

Our results in last two chapters show that measuring the structure of modulators
can lead to an interesting and, as of yet, relatively unexplored spectrum of structural
parameters. Such parameters have the potential of combining the best of decomposition-
based techniques and modulator-based techniques, and can be applied both in the context
of kernelization and FPT algorithms. We believe that further work in the direction of
modulators will allow us to push the frontiers of tractability towards new, uncharted
classes of inputs.

One possible direction for future research is the question of whether the class of MSO;-
definable problems considered in Theorem [12.23 can be extended to other finite-state
problems. It would of course also be interesting to see more applications of Theorem [12.23
and new methods for approximating well-structured modulators. Last but not least, we
mention that the split-modules used in the definition of our parameters could in principle
be refined to less restrictive notions (for instance cuts of constant cut-rank [168]); such a
relaxed parameter could still be used to obtain polynomial kernels, as long as there is a
way of efficiently approximating or computing such modulators.
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Notes

The results in this chapter appeared in a conference paper in the proceedings of 10th
International Symposium on Parameterized and Exact Computation (IPEC 2015) [73].
The results in this chapter will also appear in a journal publication in a special issue of
Discrete Applied Mathematics.
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CHAPTER

Summary

In this chapter we summarize our results. In this thesis we explored possibilities how
structure can help us solve NP-hard problems more efficiently. To mathematically cap-
ture the structure of input instance, we used the paradigm of parameterized complexity.
We established several fixed-parameter tractability results for a variety of problems ex-
ploiting already established as well as new kinds of structural parameters. More precisely,
we studied two different approaches to design of structural parameters, decompositions
and modulators, and we developed a novel combined approach that allows us to push
the boundaries of tractability for many problems.

13.1 Decomposition Parameters

We began by an investigation of decomposition parameters.

13.1.1 Counting Linear Extensions
Here, we first establish parameterized complexity of #LINEXT parameterized
by the treewidth of two different graph representations of a poset.
e We showed that there is no FPT algorithm for solving #LINEXT parameterized
by the treewidth of the cover graph, unless FPT = W[1].
e We gave an FPT algorithm for #LINEXT, where parameter is the treewidth
of incomparability graph.
13.1.2 Decomposition Parameters for QBF

Afterwards, we switched our focus to the archetypal PSPACE-complete problem QBF.
QBF is know to remain PSPACE-complete even when restricted to the instances with
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the pathwidth of the primal graph at most 4. However, we showed that if the path
decomposition is forced to abide to the restrictions imposed by dependencies between the
variables, we can still use such path decompositions to efficiently solve QBF instances.

e We introduced the parameter prefix pathwidth, which is an extension of the path-
width that takes into account not only the structure of clauses in the formula, but
also dependencies between the variables given by some dependency scheme.

o We showed that we can use a prefix path decomposition of width bounded by the pa-
rameter k to solve the given QBF instance in FPT time.

e Finally, we develop several FPT and polynomial time approximation algorithms for
computing prefix path decomposition of small width for given combination of QBF
formula and dependency scheme.

13.2 Modulators

In the second part, we focused on the investigation of algorithmic applications of modu-
lators for various problems.

13.2.1 Modulators to Distance-Hereditary Graphs

We started by the study of modulators to distance-hereditary graphs, which is a well-
studied graph class that is especially important because it is exactly the class of graphs
with rank-width 1.

e We presented the first single-exponential FPT algorithm for vertex deletion to
distance-hereditary graphs. This is particularly important, as it is the first single-
exponential FPT algorithm for a modulator to a “full” class of graphs of bounded
rank-width.

e We complemented our result with matching asymptotic lower bounds based on ETH.

o We showed that we can use modulators to distance-hereditary graphs as a parameter
for solving classical NP-hard problems in a single-exponential FPT time.

13.2.2 Towards a Polynomial Kernel for
Directed Feedback Vertex Set

The second problem we studied in this part is DFVS. It is a long standing open question
in parameterized complexity whether DFVS admits a polynomial kernel parameterized
by the solution size. Our results provide a stepping stone towards resolving the existence
of a polynomial kernel for DF VS, and to the best of our knowledge also represent the first
kernelization results for DFVS with respect to any natural parameter.



13.3. Hybrid Parameters

e We gave a kernel with O(k?*) vertices for DFVS parameterized by the size of
the feedback vertex set of the underlying undirected graph.

e Moreover, we gave a kernel with O(k) vertices for DFVS with the same parameter,
when the input is embeddable on a surface of constant genus.

13.2.3 Modulators for ILPs

The last problem we examine in the modulators part is ILP. In order to overcome
the complexity barriers of ILP, a wide range of problems have been encoded in restricted
variants of ILP such as 2-stage stochastic ILP and N-fold ILP; examples for the former
include a range of transportation and logistic problems [I73], 120], while examples for the
latter range from scheduling [142] to, e.g., computational social choice [143].

e We introduced a novel parameter fracture modulator, which provides a unified
platform which generalizes 2-stage stochastic ILP, N-fold ILP and also 4-block
N-fold ILP.

o We identified and analyzed tree separate cases depending on whether we allow only
global variables, only global constrains, or both.

e We identified under which circumstances we can use these parameters to obtain
FPT and XP algorithms.

e One may view our algorithmic results as “algorithmic meta-theorems” for ILP,
where previously known algorithms for 2-stage stochastic ILP, N-fold ILP, and
4-block N-fold ILP only represent a simple base case.

13.3 Hybrid Parameters

In the last technical part of the thesis, we concentrated our attention towards combining
the two approaches to a single hybrid approach. Here we presented a family of parameters,
which are based on the following idea. Similarly as in the modulator approach, for an input

graph G, we are looking for vertex set S, such that G'\ S belongs to some tractable class H.

However, instead of parameterizing by the size of a smallest modulator to H, we measure
its structure by some decomposition parameter and consequently, we parameterize by
the minimum value of this decomposition parameter over all modulators to H in G.

13.3.1 Well-Structured Modulators

e We introduced (k, c¢)-well-structured modulators to a graph class #, which are
basically modulators that consist of k disjoint split-modules each of rank-width at
most c.
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13.3.2 FPT Algorithms for Well-Structured Modulators

Afterwards, we studied algorithmic applications of well-structured modulators. We started
by the investigation of FPT algorithms using well-structured modulators.

e We developed FPT algorithms for computing wsn” for many graph classes .
In particular, for ‘H being the class of forests, chordal graphs, or any class charac-
terized by a finite set of forbidden induced subgraphs.

e We designed FPT algorithms for VERTEX COVER and CLIQUE parameterized by
wsn’t, for any class H, such that 1) the given problem is solvable in polynomial
time on H and 2) k-well-structured modulator to H can be approximated in FPT
time.

o We developed a meta-theorem to obtain FPT algorithms for problems definable in

MSO; logic parameterized by wsn’t.

e We showed that, in general, solving MSO-OPT problems [50, 93] is not FPT when

parameterized by wsn’.

13.3.3 Meta-Kernelization using Well-Structured Modulators

Finally, in the last chapter of the third part we studied the possibility of using well-
structured modulators for obtaining polynomial kernels. We showed that for a fixed
constant ¢, (k, c¢)-well-structured modulators can be used to obtain kernels for a plethora
of problems.

e We developed polynomial time approximation algorithms for computing wsn’t for
various graph classes H.

e We developed a meta-theorem to obtain kernels for problems definable in MSO4

logic parameterized by wsn’t.

e We showed that our results subsume the framework of Ganian, Slivovsky, and
Szeider [97] and lift the framework by Gajarsky et al. [92] to more general graph
classes.
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Open Problems and Future
Directions

The theoretical investigation that we performed in this thesis leaves a number of open
questions and brings forth plenty of topics for future research. In this chapter, we first
briefly summarize open questions for specific problems we studied. Afterwards, we give
some possible directions for developing new kinds of structure that can be exploited for
obtaining FPT algorithms.

14.1 Summary of Open Questions for Individual
Problems

Counting Linear Extensions

The parameterized complexity of #LINEXT under other very natural parameterizations
such as the width of the poset or the treewidth of the poset graph is still open. Moreover,
our intractability result for the treewidth of the cover graph gives rise to the question for
whether the problems becomes tractable for some stronger parameterizations such as the
treewidth of the poset graph, the treedepth or even vertex cover number of the poset- or
cover graph, or a combinations of these parameters with other natural parameters for
posets such as the width, the dimension, or the height of the poset. As a side note it
would also be interesting to establish whether our hardness result for #LINEXT can be
sharpened to #W][1]-completeness [85] and to obtain matching membership results.

Finally, we think that techniques employed in our hardness result might be valuable for
other counting problems. It would be interesting to see if we can combine fpt turing
reductions with counting modulo some (prime) number to obtain similar hardness results
for other parameterized counting problems.
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Prefix Pathwidth for QBF

Our results push the frontiers of tractability for QBF to new natural classes of instances.
A number of interesting research questions still remain open in the area, and perhaps
the most prominent of these is whether one can lift our results towards prefix treewidth.
This would be especially interesting for posets of unbounded width, since on bounded-
width posets these parameters differ only by a constant factor. The exact complexity of
computing prefix treewidth and prefix pathwidth on general posets remains a challenging
open problem.

Distance-Hereditary Vertex Deletion

As distance-hereditary graphs are exactly graphs of rankwith 1, our algorithm represents
a first step in resolving the following prominent open question. “Does RANK-WIDTH-¢
VERTEX DELETION admit a single-exponential FPT algorithm parameterized by the
solution size?”. Moreover, the existence of a polynomial kernel or an approximation
algorithm for such vertex deletion problems for ¢ > 1 remains open as well.

Directed Feedback Vertex Set

A possible direction for future work is to ask if we can find reasonable parameters
“between” DFVS number and FVS number, for which we can generalize our polynomial
kernel. Similarly, one can study also other parameters that are incomparable to the FVS
number but also upper-bound the DFVS. Regarding our result for bounded genus graphs,
one can ask if the linear kernel can be lifted to other sparse graph classes such as graph
classes of bounded expansion or nowhere dense graphs?

Another related problem of interest is whether DFVS can be solved in time 20%) . n@1),

which remains open even on planar graphs.

Fractured Modulators for ILP

The only remaining blank part in the complexity map that we presented in Chapter |9 is
the question of whether mixed fracture modulators admit a fixed-parameter algorithm in
case of bounded coefficients; we believe that this is in fact a major open problem in the
area. A first step towards settling this question would be to resolve the fixed-parameter
(in)tractability of 4-block N-fold ILP, which was also left open in previous work; progress
in this direction seems to require new techniques and insights [116].

Well-Structured Modulators

We believe that further work in the direction of structured modulators will allow us to
push the frontiers of tractability towards new, uncharted classes of inputs. One possible
direction for future research is the question of whether the results for MSO;-definable
problems can be extended to other finite-state problems. It would also be interesting to
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see more applications for our meta-theorems as well as new algorithms for computing
well-structured modulators to new graph classes. Last but not least, a split-module can
be seen as a subset X of vertices of G such that the adjacency matrix of the bipartite
subgraphs of G induced by the bipartition X and V(G) \ S has rank 1. In principle this
could be refined to obtain a less restrictive notions of split-modules; using our techniques
it is possible to obtain similar meta-theorems for using the well-structured modulators
even when the cut-rank [I68] between the split-module and the rest of the graph is some
fixed constant instead of 1. However, it is not clear whether we can find, or at least
approximate, such more general well-structured modulators efficiently.

14.2 General Directions for Future work

Tweaking Standard Structural Parameters

We have seen in Chapter 5, that even though QBF remains PSPACE-complete for
instances with pathwidth of the primal graph at most 4, it is possible to obtain an FPT
algorithms if we enrich the path decomposition in a way that it is also required to abide
to restrictions imposed by dependencies between variables. It would be interesting to see,
if we can obtain similar results for other problems that are known to be fixed-parameter
intractable with respect to established structural parameters. Especially, we would
like to concentrate on high-impact problems emerging from the areas such as Artificial
Intelligence or Reasoning.

Modulators with a Certain Structure

In Part III, we introduced well-structured modulators to some fixed graph class, where
we measured the structure of modulator as the minimum number of split-modules with
bounded rank-width. However, in general, one can define any measure that describes how
structured the modulator is. This leads us to the question of identifying algorithmically
useful measures 7 and finding modulators of small 7 efficiently. For such measure to be
useful, we should be both able to find modulators with small measure efficiently and
once provided a modulator of small measure, we should be able to use it obtain efficient
algorithm.

Another possible direction for future work is to study the structured modulators to
Satisfiability and Reasoning. Modulators in the setting of Satisfiability and other
reasoning problems such as CSP or QBF were studied under the notion of backdoors (see,
e.g., [183, 100, @9]). Structured modulators translate naturally to backdoor sets, and
again the fundamental tractable classes of SAT, Horn and 2CNF, form natural base
classes for an initial study. Moreover, there are multiple ways how to assign a graph
to an instance of various reasoning problems and study structured backdoor sets. For
example, previous work shows that the modular structure of variables in the so-called
signed incidence graph can be used to speed up SAT decision [94] [I70], and we expect
interesting results in the new context of structured backdoors.
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A further promising direction is to study what we call recursive modulators. Roughly
speaking, a recursive modulator is a vertex set that decomposes the graph into several
tractable regions. We use an instance of INDEPENDENT SET to showcase one potential
application of our approach. Consider an input graph with the structure depicted by
Figure [14.1. INDEPENDENT SET is known to be solvable in polynomial time, e.g., on

Distance-hereditary

Distance-hereditary

Figure 14.1: An example of recursive modulator.

series parallel graphs [23], claw-free graphs [I55], distance-hereditary graphs [50] and
chordal graphs [164]. But the input graph need not contain a small modulator to any
of these classes—in fact, even the modulator depicted in our example may be large in
general. Yet, if the modulator decomposes the graph into a tree-like structure, and the
neighborhood of each component outside of the modulator is bounded by, for instance,
k = 6, then we may apply recursive techniques on such a decomposition-like structure to
solve the whole instance in FPT time parameterized by k. In particular, it is possible to
apply an FPT leaf-to-root dynamic programming algorithm which solves the instance as
long as such a decomposition is provided.
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connectivity, [15
cycle, 14
graph class
characterized by F, (191
graph minor, 16
H-minor-free, |16
greatest reduced average density, [225
Va(G), 225
rank, 225
guards, [81

hereditary, 191

Hintikka games, |72
existential play, 72
existential strategy, 72
partial strategy, |72
universal play, 72
universal strategy, 72
winning strategy, [72



Hitting Set, 23
hypergraph, (17

ILP, see Integer Linear Programing
assignment, (161
connected component, 162

type, 171
constraint matrix, 161
equation form, [161
feasible assignment, 161
{-compact, 163
lower bounds, 161
optimization function, 161
right-hand side, |161
solution, |162
unbounded instance, 162
upper bounds, 161
variables, 161

incidence graph, 162

incident, [13

incomparability graph, 38

independent, (14

Independent Set, |22

induced path, |14

induced subgraph, 14

input, [18

instance, [18
No-, 18
YES-, 18

irrelevant vertex, (107

isomorphic, |14

isomorphism, (14

Iteger Linear Programing, 161

iterative compression technique, 105

kernel, 27
polynomial, 27
size, 27

kernelization, |27

f-compact, see ILP, ¢-compact
language, |18
levels, 43

color class, |44

edge, 45

trash, |45

vertex, |44
linear extension, 37
linear order, 37
linked vertices, 14
literal, |22

marked edge, 103
marked graph, 103
bag, 103
marked vertex, 103
meta-kernelization, |28
modulator, 28
modulator to /-compactness
constraint-, 164
variable-, 164
modulator to ¢-compactness, 164
module, 221
monadic second order logic, 24
equivalent formulas, 199
Model Checking, 25
MSO, 24
MSO game, 200
Optimization problem, 25
MSO-0OPTY, 25
over graphs, 24
g-type of (7, 199
types, [198
multigraph, 16
loop, |16
multi-edge, 16

N-fold 4-block, 163
N-fold ILP, 163
neighbor

in-, [17

out-, |17
neighborhood, 14

closed, |14

open, 14
neighbors, (14
non-arc, (144
non-S-attached, [106
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obstructions, (191
optimization problem, |18
oracle Turing machine, |21
ordered graph, [80
ordered minor, 80
out-segment, 148

output, (18

overlapping, 194

parallel edges, |17
parameter, 26
parameterized problem, [26
paraNP, 29
partially ordered set, |37
path, 14
ends, 14
internal vertices, |14
length, 14
path segment, 146
contributes, 147
inner, [146
outer, |146
pathwidth, |35

permutation dependency schemes, 66

petals, |43

poset, see partially ordered set

antichain, 37

chain, 37

chain partition, 37

covers, |37

incomparability, |37

layered, [89

layers, 89

size, 37

width, 37, 65
poset graph, 38
potential arc, 144
prefix, |81

prefix path decomposition, 68

prefix pathwidth, 68

prefix tree decomposition, 68

prefix treewidth, 68
primal graph, |65
prime graph, (102

254

propositional formula, 22
conjunctive normal form, 22

protrusion, [232

protrusion replacement, 232

PSPACE, 24

QBF, see also quantified Boolean formula
alternating prenex form, |71
assignment, 65
matrix, 65
partial assignment, |65
Is, 65
prefix, |65

quantified Boolean formula, 65

quantifier rank, 198

rank decomposition, |36
width, |36
rank-width, |36
recomposing edge, 103
reduced, 116
reduction rule, 27
representative, 233
respectful treewidth, 67
respects, 45
road, (150
endpoints, (150
internal vertices, |150
nice, [154
rooted tree, 16
ancestors, |16
child, 16
parent, |16
root, 16
running time, [18

S-attached, |106
SAT, 21
search problem, |18
self-loop, (144
sentence, [25
separator, |15
shallow minor, 225
depth, [225



Sidon sequence, 183
signature, [212
signature set, [7
similarity, 201
g-similar, 201
simple decomposition
seealsomarked grap, 103
simple star bag, 106
sink-vertex, |146
small DH obstruction, 101
source-vertex, 146
split, (102, |192
split decomposition, 103
split-module, 192
adjacent, 192
frontier, 192

A(A), 192
stalk, 43
star, |15
center, 15
star bag, 104
stick, 43

subgraph, |14

supergraph, 14

swapping the adjacency, 112
system of representatives, 199

total order, |37
tree, [15
internal nodes, |15
leaf, [15
tree decomposition, 33
bag, 133
monotonicity, |34
nice, [34
node, 34
width, 34
treedepth, 36
treedepth decomposition, |36
depth, 36
treewidth, [34
trivial bipartition, 102
trivial dependency poset, |67
trivial dependency scheme, 67

Turing machine, (19
accepting configuration, 20
alphabet, 19
computation, 20
computation step, |19
configuration, 19
deterministic, 20
states, 19
transition function, 19

Turing reduction, 21

twin class, |106

twin-house, 213

twins, 101

underlying undirected graph, 141
D, 141

uniformly k-sparse, [225

unmarked edge, [103

unmarked vertex, 103

upper bound, 18

vertex, |13
degree, 14
in-degree, 17
out-degree, |17
total degree, |17
Vertex Cover, 22
vertex cover number, 28
vertex separator, |15

W-hierarchy, [28

well-quasi ordered, 80
well-structure number, 192, 193
well-structured modulator, 192
witnesses, 164

worst-case, |13
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