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ABSTRACT

Modern Graph Theory is heavily influenced by the seminal work of N.
Robertson and P. Seymour, known as Graph Minors. Through this work,
a wealth of structural, combinatorial, as well as algorithmic, results has
been introduced, in a series of papers having as ultimate goal to give an af-
firmative answer to Wagner’s Conjecture. In this doctoral thesis we focus
on the study of Obstruction Sets, one of the most important combinatorial
concepts of this theory. In particular, we study the combinatorics and the
algorithmic and computability aspects of graph obstructions and their re-
lation to graph parameters emerging from Graph Layouts, Vertex Deletion
Problems, and Graph Searching Problems. We consider several partial or-
dering relations on graphs such as minors, immersions, and contractions.
Our study includes results on the existence and the computability of ob-
struction sets, combinatorial bounds on their size, and their interplay with
parameterized complexity and kernelization.






[HEPIAHYH

H ocbyypovn Oewpia 'papnuiatov €yel emmpeactel oe peydro Paduo
amd v dovAewd tov N. Robertson kor P. Seymour. Méca ond
avtv, TANOGpa amd SoUIKA, cLVOVACTIKA, KOOMG Kot oAyoplOuukd
anoteAéopata elonyOnkav, e pia cepd and epyacieg mov elxe anmTEPO
oTOY0 TNV amoOdEIEN NG kaciag Tov Wagner. e ot TNV O100KTOPIKN
SwtpPn emKeEVIpOVOUOCSTE 0TV HEAETN TV Zuvorwv [lapeundoiong,
pio amd TG ONUOVTIKOTEPES CLVOVACTIKEG £vvoleg avThg TG Bewpioag.
[To cvykekpyéva, peAeTdpe THV GLVOLOCTIKN Kot OAYOPLOIKY TTTUYN,
KaBmg Kol TV VTOAOYIGIUATNTO, TOV YPUPNUAT®V TOPEUTOdIoNS, CF
oxéon HE TOPAUETPOVS YPAPNUATOV 7oL Tnyalovv oamd Awntdéelg
oe I'papnuota, IMpopAnuatoa Awypagpnc Kopvepov kot ITpofAinquata
Aviyvevong I'pagnudtov. H pedétn avt eivor Paciopévn oe oyécelg
HEPIKNG d1aTaENG Ypapnudtev, 0nmg to ELdocova, ot eufubicelg kat ot
ouvOMyelg. H perétn pog mephapPdvel omoteAéoHOTO GYETIKA LE TNV
Vmapén Kot VTOAOYIGILOTNTO TV GLVOAMY TAPEUTOOIONG, GLVOVOGTIKA
epaypota oto pEyebog toug, KabMS Kot TNV OAANAETIOPACT] TOVG LLE TV
Mopaperpikn Moivmhokdtnta ko v [Tuprvoroinon.
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returned, my main motivation was Nikn. She always supports me more
than I could ever ask for, and this is why I gladly dedicate this thesis, as
well as everything I ever accomplished, to her. I am more than blessed to
have her in my life.

I also wish to dedicate this work to my best buddy in the whole world,
little Xépng, who made the last seven years of my life much more inter-
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him to pursue a similar path. I feel I am very fortunate to have been given
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Nikn and Xdpng make every single second of my life worth it and [ am
more than grateful to them for this. It would be great if I could express all
my love and the appreciation I have for them in words, but [ know that this
cannot ever be possible (certainly not in the finite space I must operate).

I would like to sincerely thank my advisor Prof. Dimitrios M. Thilikos,
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to consider him my friend as well as my mentor. He always helped me
in any possible way, without ever waiting for something in return. This
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Other than prof. Dimitrios M. Thilikos, the persons that were the clos-
est to me during my studies, and always showed the utmost interest in my
progress, are the other two members of my Three-Member committee:
Prof. Stavros G. Kolliopoulos and Prof. Evaggelos Raptis. I should not
neglect to mention at this point Prof. Lefteris M. Kirousis, member of my
Seven-Member committee, who also showed equal, if not more, interest
in my work. Their guidance was very important for me and, certainly, I
would not have made it this far without it.

I warmly thank the other three members of my Seven-Member com-
mittee, Prof. Michael C. Dracopoulos, Prof. Ioannis Mourtos, and Prof.



Leonidas Pitsoulis who took a substantial amount of time from their busy
schedules to assist me with their remarks and suggestions on this thesis.
Their comments were always instructive and, undoubtedly, made this the-
sis as good as it would possibly be.

I was very fortunate to be given the opportunity to participate in the
following research programs:

- From Graph Theory to Matroids: Algorithmic Issues and Applica-
tions', whose scientific coordinator was Prof. Leonidas Pitsoulis.
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The benefits I received from this participation were extremely important
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financial support I received through these programs, it would be almost
impossible to continue my research. Therefore, I will always be indebted
to the two coordinators, Prof. Lefteris M. Kirousis and Prof. Leonidas
Pitsoulis.

In my research I was privileged to work with some very talented re-
searchers, who helped me broaden my horizons. Our collaboration culmi-
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be an exaggeration if [ were to say that I learned more from them than
any textbook I ever read. I would like to kindly thank each and every one
of them: Micah J Best, Dimitris Chatzidimitriou, Dr. Archontia C. Gi-
annopoulou, Prof. Arvind Gupta, Prof. Menelaos I. Karavelas, Spyridon
Maniatis, Clément Requilé, losif Salem, and Prof. Dimitrios M. Thilikos.

With some of the above we were really close and I feel I should addi-
tionally thank them for all the good times we had. A special “thank you”
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CHAPTER 1

INTRODUCTION

1.1 Why Graphs?

A Graph' is a combinatorial “structure” that can be used to represent any-
thing from networks to functions and from partial ordering relations to
Markov chains. There are simple graphs, directed graphs, multi-graphs,
hyper-graphs, finite or infinite graphs. In Graph Theory we can define
paths, circles, trees, forests, cliques, grids or hyper-grids, among many
other notions [10-15]. This diversity of concepts and “applications” has
made Graph Theory very popular in almost every field of research in the,

!By the term “graph” (formally defined in Section 2.2) we do not mean the graphical
representation of functions (which in fact can also be seen as representations of —infinite—
graphs). This double use of the term may be confusing. When Graph Theory and its
applications became popular in Greece, some computer scientists (mainly in the 80°s)
probably considered that an “hellenization” of the english word “graph” (which actually
originates from the greek word «ypdaoenua») would be more convenient for the (finite)
combinatorial use. Therefore for quite some time they called them «ypd@og». Of course
this is very reminiscent of some (few) of the Greek immigrants to the U.S.A. who, af-
ter their repatriation, used to call a car «xdpo» (“horse cart” in english), spontaneously
applying the same principle.



1.1. WHY GRAPHS?

so called, Positive Sciences, including Physics, Biology, Chemistry, even
Social and Information studies. But, undoubtedly, the most important
contribution of Graph Theory is in Combinatorics, Discrete Mathemat-
ics in general and in Theory of Algorithms and Complexity.

The theory of graphs is used in science for many years now, perhaps
since the 19th century, but it was in the 60’s when it finally got a place
under the spotlight. The first problem that can be directly related to Graph
Theory is the Seven Bridges of Konigsberg Problem, solved by the great
Leonhard Euler [43] (see page 24). The second, and perhaps the most fa-
mous one, is known as the Four Color Theorem and was posed by Francis
Guthrie in 1852 (see page 32). In order to solve this problem, Mathe-
maticians not only had to use their mental capability but also reach for
the help of computer programs [25-29, 57]. Of course, back in the time
when these problems embroiled Mathematicians, Graph Theory was not
an autonomous field of Mathematics. The term Graph first appeared in
Literature in 1878 by James Joseph Sylvester, in order to describe the
way one can express invariants and co-variants in Algebra in a similar
way as molecular diagrams in Chemistry [198]. Fifty years later, in the
30’s, the first text book on Graph Theory was published, written by Dénes
Konig [17]. This must be consider as the formal consolidation of this field.

Graph Theory became very popular in the 60°s and 70’s, after the raise
of Computational Sciences. There may be a grain of irony in this, as the
leading researchers in this field were, and still are, mostly related to pure?
Mathematics (to name only a few Paul Erdés, Alfréd Rényi, WilliamTutte,
Frank Harary, Gabriel Andrew Dirac, LaszIo Lovdsz, Endre Szemerédi,
Béla Bollobas, Neil Robertson, Paul Seymour, Noga Alon). The reason
behind this is that many problems of Theoretical Computers Science heav-
ily involve graphs. Mathematicians found these problems appealing and,

ZHere, we are forced to use the word “pure” as an adjective to Mathematics, although
we believe that pure concepts can only exist in impure minds.

2



CHAPTER 1. INTRODUCTION

thus, decided first to “communicate” and then to collaborate with com-
puter scientists in order to tackle them.

Nowadays, scientists that do research in Graph Theory come from
many different disciplines of science. Some of the most common are
Mathematics, Computer Science, and Economics. This proved to be very
beneficial for the rapid development of Graph Theory, as techniques and
ideas from a variety of contexts can be put to the test in order to solve a
great deal of problems.

Of course, our point of view in this doctoral thesis will be the Mathe-
matical one. To make it a little more precise, we study Graph Theory from
the Combinatorial, Logical, and Algorithmic perspective.

This thesis studies a series of Graph-Width Parameters, defined using
Vertex or Edge Layouts (see Chapter 4). As a starting point we will re-
view one of the major breakthroughs in Graph Theory, namely the results
in the Graph Minors series of papers ([65-87]) (see Section 2.6). One
of the most omnipresent concepts of this theory is the notion of an Ob-
struction (or a minimal forbidden graph, see Section 2.4). Our main focus
is the introduction and development of techniques for the characteriza-
tion and the computation of Obstruction Sets for these layout parameters.
This includes the study of Vertex Removal problems on width parameters
(see Section 4.2.1) and the the detection of obstruction sets for variants of
Graph Searching Games (Chapters 8 and 9), which are prominent versions
of graph layout parameters.

To conclude, the two main scopes of this thesis are:

- Graph Parameters (With emphasis to graph layout parameters and
graph searching numbers.)

- Obstruction Sets (Their finiteness and their computation.)

Starting from the next Section, we will — progressively — get into the par-
ticulars.



1.2. THE BACKGROUND

1.2 The Background

A graph G is a pair of sets (V, E'), where the second set contains two-
subsets of the first. Therefore, the set £ indicates the elements of V' that
are “related” in some sense. This analogy immediately leads to a huge
variety of structures and notions that can be represented by graphs. In
the early years of Graph Theory this was the main motivation to consider
graphs. Researchers used them to capture the abstract essence behind a
certain structure or notion, and find its abstract properties.

From the Mathematician’s point of view, Graph Theory is not nec-
essarily “application driven”, meaning that we study the properties of
graphs, graph parameters and graph classes without considering the struc-
tures they may represent. Researchers in this field, no matter what their
background is, consider graphs as their main mathematical object and fo-
cus on methods and technics introduced in the scope of this theory or,
more generally, in the scope of other fields of Discrete Mathematics and
Algorithms.

In this thesis, we follow the above approach to Graph Theory. The
results we present may apply in a variety of contexts, but our motivation
is not their applications. We examine these results mainly due to their
theoretical interest (and “beauty”).

Let us briefly present the basic — connected — components of this the-
Sis.

1.2.1 Graph parameters

From Chapter 4 and on, we study (mainly) graph parameters. A graph
parameter is a function p returning for each graph a nonnegative number
(see Definition 4.0.1). Graph parameters usually fall into two main cate-
gories: (A) parameters that can be defined using /ayouts on graphs, i.e.,
orderings of vertices or edges (Section 4.1, see also [22]), and (B) graph

4



CHAPTER 1. INTRODUCTION

modification parameters (Section 4.2).

(A) Layout parameters

The most famous layout parameter is undoubtedly treewidth (Section4.1.1)
(and of course pathwidth, see Section 4.1.2). First defined in [33], and
having more than 7 equivalent definitions [20], treewidth is a central no-
tion of Modern Graph Theory (some — of the many — surveys on treewidth
are [16,18-21,23]). Treewidth belongs to the family of graph width pa-
rameters which serve as measures of resemblance (topological or geo-
metrical) of a graph to a particular graph family. For instance treewidth
(denoted by tw) measures the degree in which a graph can be seen as a
tree, 1.¢., it has the topological structure of a tree, and pathwidth (denoted
by pw) as a path. Treewidth and pathwidth can be thought of as measures
of the global connectivity of graphs. Another parameter in the same fam-
ily is carving-width or cutwidth, ew (see Section 4.1.3 and Chapter 5), that
measures the global, edge-connectivity of a graph.

The second type of layout parameters that we examine in the context of
this thesis is the Search Numbers of Search Game variations (Chapters 8§,
9). Graph Searching involves a team of mobil agents (usually thought of
as searchers, pursuers or even cops), that aims at capturing a set of escap-
ing agents (usually thought of as fugitives or robbers) that hide in some
kind of network, represented by a graph. There are many different vari-
ations of this set-up, stemming from the different abilities or restrictions
the two parts may have (see [95-98] for instance). The basic versions of
graph searching (Fugitive search games to be more precise) we will focus
on are Edge search, Node search, and Mixed search.

Given a search game variation, its search number is equal to the mini-
mum number of “searchers” needed to guarantee the capture of the “fugi-
tive” via a deterministic search strategy.

Graph searching has gained much attention in the last 30 years or so,
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due to its enormous list of applications [95-98] . As many of the classic
width parameters (treewidth, pathwidth, and linearwidth for instance) can
also be defined through some variant of graph searching (Section 8.4), it
provides us with an alternative — game theoretical — way to approach the
properties of these parameters.

(B) Graph Modification parameters

This is a more general family of parameters. A graph modification param-
eter p measures the minimum number of times we have to apply an oper-
ation on a graph in order to obtain a new graph that has a certain property
(Definition 4.2.3). The most well studied such parameters are the mini-
mum vertex cover (page 67), the minimum feedback vertex set (page 67)
and the “planarity” parameter (page 67). All these parameters are vertex-
deletion parameters. We can use as modification operations edge dele-
tions, edge contractions (and all other operations defined in Section 2.3),
or even additions of vertices or edges. Basically, we can use any set of
operations that can modify the graph. A consequence of this variety of dif-
ferent possibilities is that many interesting graph problems (minimization
problems to be exact) emerge from these parameters.

In this thesis we focus on vertex deletion parameters because they en-
compass the following subcategory:

“Distance” to some bounded parameter

These parameters are defined using a “host” parameter. Let p be a param-
eter (it doesn’t matter if it is a layout or a modification parameter), and
r a nonnegative integer. We can define a parameter measuring the mini-
mum number of vertex deletions one have to make in a graph G, so as the
value of p in the new graph will become at most r (Section 4.2.1 ). These
parameters have the potential to mix the two aforementioned categories

6
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together and create many interesting problems. Their study is one of the
“collateral” targets of this thesis.

1.2.2 Partial ordering relations on graphs

Graph modification can also be used to define partial ordering relations
on graphs. The most known are the subgraph relation, where a graph H
is a subgraph of G if it can be obtained after the removal of some edges
and/or vertices of (7, and the minor relation, where H is a minor of G5, if it
can be obtained from a subgraph of GG after the contractions of some edges
(Section 2.3). Two equally interesting relations are the (weak) immersion
relation where H is obtained form a subgraph of GG after some edge lifts,
and the contraction relation where H is obtained after the contraction of
some edges of GG (Section 2.3).

For any given graph class C and partial ordering relation <, there are
two very important questions emerging:

(A) Is C closed under = (or =-closed), i.e., does it hold that for any
given graph G € C, for every graph H < G, H € C?

(B) (If C is a infinite class) is C well-quasi ordered with respect of =,
i.e., for every infinite subset of C do there exist two graphs, say H
and G, such that H < G?

We are interested to know the answer to these questions for classes
containing graphs whose value of the parameter we examine is bounded
by some positive integer. Let G be the class of all graphs and G|p, k] the
class of all graphs G such that p(G) < k.

The first question is typically easy to be answered. The second is
one of the most difficult questions in Graph Theory. For instance, the
proof that G is well-quasi ordered under the minor relation, known as the
Robertson—Seymour Theorem or the Graph Minors Theorem, took Neil

7
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Robertson and Paul Seymour almost 30 years to be written, and extends
to 23 papers ([65-87], see also [64] ).

From the Graph minors series we also know that G is well-quasi or-
dered under the (weak) immersion relation. Unfortunately, this is not true
for the other two relations, the subgraph and the contraction relations.

The importance of questions (A) and (B) above, is discussed in the
next Section.

1.2.3 Obstructions

Given a graph class C that is <-closed, we denote by obs<(C) the set of
minimal graphs, with respect of <, not belonging to C. This set is called
the obstruction set of C with respect of < (Section 2.4). Observe that for
any graph G for which there exists a graph O € obs<(C), suchthatO < G,
we can immediately conclude that G ¢ C, as, if G were in C, then also O
would be in C. This set, in a sense can characterize C by forbidding some
graphs.

As G is well-quasi ordered under the minor (<,,) and the (weak) im-
mersion (<;,) relation, this yields that the sets obs< (C) and obs<,_(C)
will be finite for every minor or immersion-closed graph class C. Thus,
we have a finite Forbidden graph characterization or Kuratowski char-
acterization® for these classes. This characterization is completely “inde-
pendent” from every combinatorial, topological or geometrical properties
C may have, and therefore, can be (almost*) trivially used to device algo-
rithms that check whether a graph belongs to C or not. The only thing we
have to check is whether the graph contains some graph of the obstruction
set as minor (or immersion).

3Named after Kazimierz Kuratowski who gave the first such characterization, i.c., the
one characterizing planar graphs as those that do not contain K5 or K3 3 as topological-
minors [51].

4We also need a minor checking (Theorem 2.6.2) and an immersion checking algo-
rithm (Theorem 2.6.3).
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The bad news are that the proof of the Robertson—Seymour Theorem,
as well as its immersion counterpart, are not, and cannot be, constructive
[88]. This roughly means that we know the obstruction sets are finite
but there is no way, using the Graph Minors, to design an algorithm that
finds them. Unavoidable, we have to improvise for each and every graph
class, or to find massive classification technique in order to enlarge the
computability horizon of this theory. The “central” target in this thesis is
to contribute to this direction.

1.3 The Foreground

Here we study the existence of finite Kuratowski characterizations for
classes of graphs with bounded width parameters. As far as the minor or
the immersion relation is concerned, the question is not if such characteri-
zation exists, but whether it can be computed, and which are the necessary
requirements for this to happen.

We present the results in this thesis, starting with the minor ordering
relation. Then, we move on to the immersion and contraction relations.

1.3.1 Monotone kernels

Much work has been devoted to finding the necessary conditions for the
computability of obstruction sets for the minor relation in the last decades
[77,80,85-87,92,123,125]. In Chapter 7 we consider minor-closed graph
parameters that meet two additional conditions:

- they are Protrusion decomposable, and
- they have Finite Integer Index (FII).

(We formally define this properties in Sections 7.1 and 7.2.)

9
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One of the results presented in this thesis is that, when a minor-closed
parameter p has these properties and its value drops by a constant factor if
we do some local transformation to a graph, then the size of the graphs in
obs< (GIp, k]) is linearly bounded by k. Moreover, when p is computable
and the FIl property is constructive (for more on this “delicate” issue see
Section 7.7), the set obs<_(G[p, k]) becomes computable.

The central theorem of Chapter 7 can be stated as follows:

THEOREM 7.3.1. For every graph parameter p that has Fl\, is computable,
protrusion decomposable, and minor-closed, there is a constant c, and a
polynomial algorithm that given a graph G, outputs a graph G' such that

1. G <n G,
2. p(G&') = p(G), and
3. the size of G' is at most ¢, - p(G).

Using this theorem we can draw some very interesting conclusions
about the existence of linear kernels for Graph optimization problems.
A kernelization algorithm for a parameterized graph problem® — or, sim-
ply, a kernel — is a polynomial-time algorithm that transforms every in-
stance (G, k) of the problem to an equivalent one (G’, k'), where the size
of G’ and the integer k£’ depend exclusively on the parameter £ (Defini-
tion 3.3.1). Ideally this dependency is linear (and therefore we have a
linear kernel). Theorem 7.3.1 proves the existence of linear kernels for
optimization graph problems where p is the function returning the “size”
of the optimal solution of an instance (see Definition 7.4.1). Properties /.
and 2. of Theorem 7.3.1 give two additional properties to these kernels:

3 A parameterized problem can be seen as a subset of ©* x N where we have instances
of the form (z, k), i.e., a word (an instance in the “classic” sense) and an integer &, which
is the parameter of the problem. In parameterized graph problems x encodes a graph.
Section 3.2 contains all the details.

10
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- They are minor monotone, i.e., G' <, G.

- They are parameter invariant, i.e., k' = k.

Such kernels present independent interest as, apart from their impli-
cation to obstruction sets (Section 7.4.4), they can also accelerate known
approximation schemes (Section 7.4.5). We will not present the conse-
quences of the existence of such kernels here (we do so in Chapter 7), as
we do not want to overwhelm the reader with definitions right form the
introduction. Here we will only discuss the following result.

“Distance” to bounded parameter

Let as use as “host” the parameter p, and define the family of vertex re-
moval parameters (p, r)-dist, 7 € N, where, for very graph G = (V, E):

(p, r)-dist(G) = min{k | 35S C Vsuch that |S| < kand p(G \ S) <}
(Definiton 4.2.4)

Combining the fact that the /-CovERING minimization problems (Sec-
tion4.2.1 and SubSection 7.4.2) admit linear, minor monotone and param-
eter invariant kernels, with properties of these problems recently proved
[174,175], we can show that the obstructions of the set obs<, (G[(p, r)-dist,
k]), r, k € N, that are H-topological-minor free® for some graph H, can
be computed, when p is a minor-closed, computable parameter, such that

- for a non-connected graph the value of p is equal to the maximum
value of its connected components (Definition 7.4.10), and

- its value in grids is not bounded (Definition 4.2.6).

A graph G is H-topological-minor free if H cannot be obtained from G after a series
of vertex and/or edge deletion and vertex dissolution.

11
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(Theorem 7.4.3)

A large family of parameters having the properties needed for Theo-
rem 7.4.3 described above, is the graph searching numbers. For exam-
ple, let us examine the search numbers of the three aforementioned vari-
ations: es for the Edge search, ns for the Node search, and ms for the
Mixed search. We prove that, for every r, k € N, we can compute the ob-
structions of the sets obs< (G[e, k)], where e € {(ns, r)-dist, (es, r)-dist,
(ms, r)-dist}, that are H-topological minor-free, for some graph H (Sec-
tion 8.5.1).

1.3.2 Obstructions for unions of classes

As we said in the beginning of the previous section, obstructions for the
minor relation have been extensively studied. A quite interesting result
is the fact that if we are given the obstruction sets for two minor-closed
graph classes, say C; and C, then we can compute the obstruction set for
the class C; U Cy [123,125]. This implies that the constructibility of the
Graph Minors Theory is “closed” with respect to the union operation.

In Chapter 6 we deal with the counterpart of this problem for the im-
mersion relation. We build on the machinery introduced by Isolde Adler,
Martin Grohe and Stephan Kreutzer in [123], for computing minor ob-
struction sets, and prove the existence of an algorithm computing the im-
mersion obstruction set of a graph class C with the following properties:

- C is immersion-closed (of course),
- it has an MSO-description’, and

- an upper bound on the treewidth of the subgraph-minimal graphs
containing obstructions of C is known.

"e., There exist a Monadic Second-Order logic formula ¢¢ such that G € C if and
only if ¢¢ is true for G (Definition 2.7.5).

12
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(Corollary 6.2.2)

Taking this last property into consideration, we prove that there exists
a uniform upper bound on the treewidth of the subgraph-minimal graphs
that do not belong to the union of two immersion-closed graph classes,
whose immersion obstruction sets are known (Lemma 6.3.3). This result
makes use of an extension of the Unique Linkage Theorem of Kawara-
bayashi and Wollan [89].

Combining this bound with the aforementioned algorithm, we can show
that the immersion obstruction set of the union of two graph classes can
be computed, provided that the two immersion obstruction sets are known
(and given) to us.

1.3.3 d-cutwidth

Our motivation to look into cutwidth under the immersion relation prism,
is the fact that it is not a minor-closed parameter (e.g., [22]).

We noticed that cutwidth can be seen as the “unidimensional” version
of a “multidimensional” parameter, called d-cutwidth (we denote it by
cwy, where d stands for the dimension of the space we work on) (see Def-
initions 5.1.1 and 5.1.2 and Theorem 5.1.1). 1-cutwidth (i.e., cutwidth) is
defined as the minimum over all possible vertex layouts, of the maximum
cost a layout may have (Definition 4.1.6). The cost of a layout is defined
as the number of edges crossing a cutting point in this layout (we will refer
to this point as the “cut”). In d-cutwidth we extend the notion of vertex
layouts, which can be seen as embeddings in a straight line segment, to
embeddings in R¢ (see Section 5.1). Moreover, we define the “cut” as the
interSection of hyperplanes of R? with this embedding.

We have to postpone the formal definitions until Chapter 5, as they
probably are out of the scope of this introduction as well. In Chapter 5
we will prove some of the properties d-cutwith has (we gathered them in
Theorem 5.4.1), and discuss the difficulties posed by the fact that embed-
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dings in R¢ contain points that may have some irrational coordinates (see
Section 5.3). Hence, the discretization of these embeddings is manda-
tory if we want to examine the Computational Complexity of finding the
d-cutwidth of a graph.

To conclude that, as we indeed proved, this parameter is immersion-
closed, therefore the classes Glewy, k], for every d, k € N, admit a finite
forbidden immersions characterization. Yet, we do not have any idea of
devising an algorithm producing these characterizations. Notice that if
we find such an algorithm, then there is no need to discretize embeddings
to compute the d-cutwidth of a graph. A consequence of our results is
that checking whether the d-cutwidth of a graph is at most k£ can be done
(non-constructively®) in linear time (Proposition 5.3.1).

1.3.4 Connected searching

The case where the question of the existence of finite Kuratowski charac-
terization is meaningful is when we consider the contraction relation. As
we already mentioned, G is not well-quasi ordered under the contraction
relation (an infinite anti-chain for this relation is depicted in Figure 2.5),
which means that a contraction-closed graph class C may not (and typi-
cally do not’) have a finite such characterization. Then...

Why should we ever bother trying to find obstruction sets of
contraction-closed classes?

Let us get back to graph searching numbers. We are particularly in-
terested in the Mixed search variant where the part of the graph that is

8 As the computation of the immersion obstruction sets for ew, — in general — is not
constructive.

90Other than the contraction obstruction sets in [1,2] the only (non-trivial) example in
literature of finite such set is the set in [128], characterizing planar graphs. In [99, 132]
we can see examples of infinite contraction obstruction sets.

14
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restricted for the fugitive is connected (see Section 8.3). In this way,
searchers can communicate safely with each other through this area and
coordinate their efforts. This variant, known as Connected search, has
recently gained much attention [1,2,100,107].

The search number of this game, is neither minor- nor immersion-
closed, because the deletion of edges may “disconnect” the graph. In this
case the connected search number of the new graph will be infinite. Inter-
estingly enough, it is contraction-closed. This motivated us to investigate
the possibility of finding forbidden contractions characterizations for the
classes of graphs of bounded connected search numbers.

In Chapter 9 we prove that the set of forbidden contractions, char-
acterizing the class C of graphs that can be searched using at most two
searchers!?, using only connected search strategies, is finite and consists
of 177 graphs. Moreover, we managed to identify every graph in this set.
We will describe these graphs, alongside with the restrictions they impose
on C. One of these restrictions is the direction the searchers must use to
traverse the graph. We will show that this direction plays a very important
role for the success of their search strategy towards capturing the fugitive.
As a matter of fact, the majority of forbidden graphs in this set are there
to fix the course along an imaginary axis of the graph the searchers must
follow to achieve their goal.

1.4 Some Remarks on the Structure

In Chapter 2 we introduce the main notations that concern anything from
sets, function and logic formulas to graphs. After this, we present the
story behind the Robertson—Seymour Theorem. This story starts with the
first Kuratowski characterization, namely the chatarcterization of planar

1"Two may be too little, but it seems really hard to extend our results for & > 3. The
reason is that, even if we know that the obstruction set for some k € N is indeed finite,
this set would contain more than 22"’ graphs (see Section 9.3).
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graphs as the graphs that are K5 and K3 3 topological-minor free, and ac-
companies Graph Theory ever since.

The problems we consider solving algorithmically in the context of
this thesis belong to the class NP. In Chapter 3 we will look deeper into
the structural properties of the instances that such problems may have.
This motivated the definition of multivariable measures of complexity.
To be more precise, we investigate these problems from the Parameter-
ized Complexity [139—143] point of view. In this complexity theory we
distinguish a structural measure of the input, other than its size. This mea-
sure is called the parameter of the problem and, accordingly, the problem
is a parameterized problem. The challenge is to design algorithms that
take into consideration that, in most practical cases, the parameter is small
(much smaller than the size of the input) and thus we may tolerate some
super-polynomial contribution of the parameter in the running time of the
algorithms. This parameterized viewpoint reveals a more accurate picture
on the complexity status of the problems.

In this chapter we also present the concept of Kernelization algorithms
and define graph optimization problems.

Chapter 4 consists of the definitions of the graph parameters we con-
sider. As the searching numbers have independent interest, we chose not
to give their definitions in this chapter, but present them in a separate
chapter instead (see Chapter 8).

We also choose to do the same with d-cutwidth. We moved its defini-
tion to Chapter 5, where we will have room to set the necessary notation,
as well as to discuss its properties in detail.

The first'! computability result for obstruction sets we present, con-
cerns the union of immersion-closed graph classes, where their respective

To be precise, this will be the second such result. In Section 4.2.1, where we discuss
the “distance” to bounded parameters, we present some preliminary and already known
results.
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obstruction sets are known. It is presented in Chapter 6. Although in the
introduction we chose to look first at obstruction sets for the minor re-
lation, we feel it would be better to familiarize the reader of this thesis
with the question of computation of these sets, using the more instructive
proofs of Chapter 6, rather than the technical proofs of Chapter 7.

Chapter 7 may contain a wealth of notions and technics, but, on the
downside, it may be a little difficult to follow. We broke the proof of
Theorem 7.3.1 into small parts, and give some intuition whenever this
was possible. Here, we will further discuss optimization problems and
kernels.

The last two chapters of this thesis are devoted to Graph Searching.
Chapter 8 starts with a short historical retrospection of graph searching
games, more precisely Fugitive search games, and the definition of their
basic variations. Then we present two important notions: Monotonicity
and Connectivity, and discuss the connection between search numbers and
— the already defined in Chapter 4 — layout parameters.

In Chapter 9 we present our work on connected graph searching. Again,
the proofs presented here contain a lot of details and case analysis, but
much effort has been made to guide the reader through this proof.

We close this — introductory — chapter by presenting a list of publica-
tions that are (or are not) based on parts of this thesis. Then we get into
business!
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1.5

The Papers

The part of our research presented in this thesis was published in the fol-
lowing papers (chronologically ordered):

[4]

[5]

[1]

[2]

[6]

ARrcHoONTIA C. GIANNOPOULOU, loSIF SALEM, AND DIMITRIS ZOROS,
Effective Computation of Immersion Obstructions for Unions of
Graph Classes, Journal of Computer and System Sciences, Volume
80, Issue 1, pp. 207-216, 2014.

This publication is based on parts of Chapters 2, 4, and 6.

ARrcHoNTIA C. GIANNOPOULOU, loSIF SALEM, AND DIMITRIS ZOROS,
Effective Computation of Immersion Obstructions for Unions of
Graph Classes, Scandinavian Workshop on Algorithm Theory
(SWAT 2012), pp. 165-176, 2012.

This paper is a preliminary version of [4].

Mican J Best, ARVIND GuPTA, DIMITRIOS M. THILIKOS, AND
Dimmitris Zoros, Contraction Obstructions for Connected Graph
Searching, Discrete Applied Mathematics, Volume 209, pp. 27-47,
2016.

This publication is based on parts of Chapters 2, 8, and 9.

Micas J Best, ArRVIND GupTta, DimMiTRIOS M. THILIKOS, AND
Dimitris Zoros, Contraction Obstructions for Connected Graph
Searching, 9th International Colloquium on Graph Theory and Com-
binatorics (ICGT 2014), 2014.

This paper is a preliminary version of [1].

MENELAOS I. KARAVELAS, SPYRIDON MANIATIS, DiMITRIOS M.
THILIKOS, AND DiMITRIS ZOROS, Geometric Extensions of Cutwidth
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1.6

in any Dimension, 9th International Colloquium on Graph Theory
and Combinatorics (ICGT 2014), 2014.

This paper is based on parts of Chapters 2, 3, 4, and 5.

Divritris CHATZIDIMITRIOU, DiMITRIOS M. THILIKOS, AND DIMITRIS
Zoros, Parameter Invariant, Minor-monotone Kernels, Unpublished
Manuscript, Submitted to: 12th International Symposium on Pa-
rameterized and Exact Computation (IPEC 2017), 2017.

This paper is based on parts of Chapters 2, 3, 4, and 7.

Not Included in This Thesis

As the scope of this thesis contains mainly two notions, Obstruction Sets
and Graph Layouts, the following paper seems to be out of scope. Never-

theless, we should not avoid mentioning it.

[7] Dimitris CHATZIDIMITRIOU, ARCHONTIA C. GIANNOPOULOU,

SpYRIDON MANIATIS, CLEMENT REQUILE, DiMITRIOS M. THILIKOS,
AND DimITRIS ZOROS, Fixed Parameter Algorithms for Completion
Problems on Planar Graphs, 41st International Symposium on Math-
ematical Foundations of Computer Science (MFCS 2016), 2016.

There were two preliminary versions of this paper:

[8] DimiTris CHATZIDIMITRIOU, ARCHONTIA C. GIANNOPOULOU,

SpYRIDON MANIATIS, CLEMENT REQUILE, DimMIiTRIOS M. THILIKOS,
AND DimITRIS ZoRoS, Fixed Parameter Algorithms for Completion
Problems on Planar Graphs, Algorithmic Graph Theory on the Adri-
atic Coast (AGTAC 2015), 2015.
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[9] Dimitris CHATZIDIMITRIOU, ARCHONTIA C. GIANNOPOULOU,
CLEMENT REQUILE, DimITRIOS M. THILIKOS, AND DIMITRIS ZOROS,
A Fixed Parameter Algorithm for Plane Subgraph Completion, 13th
Cologne-Twente Workshop on Graphs & Combinatorial Optimiza-
tion (CTW 2015), 2015.
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CHAPTER 2

BASIC DEFINITIONS

In this Chapter we will give the basic definitions and fix the notation we
plan to use throughout this thesis. Although we are going to present the
basic notations in a casual way, we will not compromise the formality
needed for this occasion. Before we get into graphs, we have to talk about
sets and functions.

2.1 Sets And Functions

We use the logic symbols A, V, -, —, =, < €, \, U and N in the standard
way!, and, occasionally, use N for the set of natural numbers (N* for the
set of natural numbers), Z for the set of integers (Z* for the set of positive
integers) and R for the set of real numbers (R for the set of positive real
numbers).

To keep the notation as short as possible we will write [n] instead of
{1,...,n},n e N.

'"We may slightly deviate from the “standard” and write U{F},...,F,} and
N{Fi,...,F,}insteadof F; U---UF,and F; N---NF,.
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Given a set S, we denote by 27 the set of all subsets of S and by (3)
the set of all subsets of S with cardinality 2.

Given a function f : A — Bandaset S, we define f|s = {(z, f(x)) |
reSNA}and f\ S ={(z, f(x)) | z € A\ S} Moreover, we always
assume that a function o : A — B is also defined on 24 so that for S C A,
o(S) = {o(z) | x € S}. We denote by () the empty set {} and by & the
empty function, i.e., @ : 0 — 0.

2.2 Graphs

A graph is a pair G = (V, E) of sets where F consists of two-subsets of
V. The set V' is the vertex set and the set F the edge set of G. We will
refer to the elements of these two sets as vertices and edges respectively.
Throughout this thesis we will depict the vertices of a graph as black dots
(in some cases we will use additional shapes to distinguish some special
vertices) and the edges as line segment (usually straight) connecting their
endpoints, i.e., the two elements of V' that constitute the edge. Later,
in Chapter 5, we will discuss about embeddings of graphs in Euclidean
spaces and somehow justify why we chose this way to depict graphs.

Given a graph GG, when we do not explicitly state the names of its
vertex and edge set, we will denote them as V' (G) and E(G) respectively.
The two basic “measures” of a graph is the number of vertices n(G) =
|V (G)| (we may sometimes use |G| instead, or just n when the context
makes clear that it represents n(G)) and the number of edges m(G) =
|E(G)|. In the following Chapters we will see numerous other measures
of a graph, measuring — loosely speaking — its “width”.

If S C V(G) we call graph G[S] = (S, {{u,v} € E(G) | u,v € S})
the subgraph of G induced by S. Accordingly, given a set ' C E(G) we
call graph G[F] = (U, cp e, F) the subgraph of G induced by F and we
denote by V' (F') the set of vertices in G[F’]. We denote by G\ S the graph
GV (G)\ 9].
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Let u € V(G) be a vertex of a graph G. We adapt the standard no-
tations for the (open) neighbourhood and the degree of u, that is the set
of all vertices connected with u by an edge, denoted by N¢(u), and the
cardinality of this set, denoted by deg.,(u). Moreover, for S C V(G) we
define Ng(S) = UuesNg(u). The closed neighbourhood of S in G is
Ng[S] = SUNg(S). We also define 0 (S) to be the set of all vertices of
S that are incident to edges not in G[S].

A path of length k > 1isagraph P = (V, E) where V' = {ug, uq, . . .,
ur} and E = {{ug,u1}, {ug,us}, ..., {ug_1,ur}}. In this case we say
that uy and w; are the ends of P or, in other words, that Pconnects
and uy (we may refer to P as a (ug, ug)-path). All other vertices of P are
internal vertices. Two paths are edge-disjoint if they do not share common
edges and vertex-disjoint if they do not share common vertices.

A closed path, i.e., the graph C' = (V, E) with V' = {uy, ua, ..., ux}
and F = {{u1,ua}, {ug,us}, ..., {up_1,ur}, {ug,u1}}, is also called a
cycle of length k > 1.

A graph G is connected if for every two vertices u,v € V(G), G
contains a path connecting them.

If G is not connected and V7, . . ., V}, are the maximal, under the subset
relation, vertex sets that induce connected graphs, then we define G[V}],
1 <@ <k, to be the connected components of G.

Let GG be a graph with at least three vertices. GG is 2-connected if for
every two vertices u, v € V((G), G contains two paths with v and v as ends
that meet only at their ends (i.e., apart from u, v they are vertex-disjoint).

If G is not 2-connected, then the maximal vertex sets that induce 2-
connected graphs are the 2-connected components, or blocks, of G.

A vertex of a graph is isolated if it has degree 0 and pendant if it has
degree at most 1. Accordingly, an edge e is pendant if one of its endpoints
is pendant. If both endpoints of e are pendant, then we say that e is an
isolated edge.

Let v and v be two vertices of G. The distance of u to v is the minimum
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length of a path in GG, having v and v as ends.

If a graph G does not contain a cycle, of any length, then it is called a
forest. In addition, if GG is connected then it is called a tree.

Let 7" be a tree. The leaves of T' are its vertices that have degree at
most 1. The set of leafs of T is denoted by Leaf(7").

Given a tree 7" and two distinct vertices a, b of V' (T') we denote by aT'b
the — unique — path in 7" connecting a and b.

A clique of k > 1 vertices, or k-clique, is the graph K, = ({u1, ..., us},
{{wi,u;} | 1 <i < j < k}). For two disjoint sets A, B, of cardinality
k, | respectively, we define the graph Ky, = (AU B, {{u,v} | u €
Aandv € B}).

The line graph of a graph G, denoted by L(G), is the graph (E(G), X),
where X = {{e1,e2} C E(G) |e1Ney D Aey # ea}.

Let F' be a set of edges not sharing common endpoints with each other.
If Ueere = V(G), then F is a perfect matching of the vertices of G.

Given two graphs G; = (Vi, E) and Gy = (V4, Ey) we define their
union to be the graph Gy U Gy = (V3 U Vs, E1 U E,). When V; and
V, are disjoint, we refer to this union as the disjoint union of Gy and G5
(we denote this fact by G| + G5). The lexicographic product G, x Go
is the graph with V (G, x Gs2) = V(G;) x V(G2) and E(G; x Gg) =
{(z,9), (")} | ({z, 2"} € E(GL)) V (z = 2" Ay, y'} € E(G2))}-

Given a k € N*, we define the (k x k)-grid as the graph P, 1 X Py,_;
and we denote it by Hj.

Two graphs, say G and G’ are isomorphic if there exists a bijection
¢ : V(G) = V(G) such that {u,v} € E(G) < {é(u),p(v)} € E(G")
for every u, v in V(G). In this case, function ¢ is an isomorphism.

This concludes the basic definitions about graphs. We are now able to
define some interesting problems about them.

Historically the fist problem associated with Graph Theory is the Seven
Bridges of Konigsberg Problem [199]:
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Figure 2.1: The seven bridges of Konigsberg.

Can all seven bridges of Konigsberg (Figure 2.1) be traversed
in a single trip without doubling back, with the additional re-
quirement that the trip ends in the same place it began?

In terms of Graph Theory the question is whether the underlying graph
(Figure 2.2), where bridges correspond to edges, has an Eulerian cycle. In
1736 Leonhard Euler gave an answer to this problem, hence, we have the
first Theorem of Graph Theory appearing in literature:

Figure 2.2: The graph formed from the seven bridges of Konigsberg.

THEOREM 2.2.1 (Euler, 1736 [43]). A connected graph has an eulerian
cycle if and only if every vertex has even degree.
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Konigsberg has lost two of its seven bridges during World War II and
later, in 1945, was named Kaliningrad after Mikhail Kalinin (Muxaun
Upanosuu Kanuuun)?. Sadly, World War II not only changed the name
of the problem, but also changed its solution, as — it may still not admit an
Eulerian cycle — it now admits an Eulerian path [194].

In the following Chapters we will discuss many more problems in the
field of Graph Theory, and see their solutions and the techniques involved
in them. Before we proceed in this endeavour we have to establish our
notation and get a glimpse of some central results.

2.3 Contractions, Minors and Immersions
There are many different operations locally transforming a graph to a new
graph, the most common of which are the following:

\u : The deletion of a vertex u € V(G) tranforms G to graph G \ u =
(V(G)\ {u},{e € E(G) | u ¢ e}) (see Figure 2.3a).

\e : The deletion of an edge e € F(G) transforms G to graph G \ e =
(V(G), E(G) \ {e}) (see Figure 2.3b).

/e : The edge contraction of e = {u, v} (or just the contraction of {u,v})
is the operation that deletes this edge, adds a new vertex z,, and

2But why Stalin named Ko6nigsberg, the birth place of the great Immanuel Kant, after
Kalinin, a man with no real power or influence? According to Milan Kundera’s book
The Festival of Insignificance [197] Kalinin had a bladder problem that forced him to
urinate at very frequent intervals. Stalin, being aware of this fact, would intentionally
slow down his story telling. Out of respect, poor Kalinin would remain sitting during the
whole story, thereby intensifying his bladder problem. It was only when Kalinin would
finally give up, shaming himself in front of the other Congress members, that Stalin
would bring his anecdotes to a close. This undoubtedly proves Kalinin’s devotion to his
leader, who later acknowledging this fact named Konigsberg after him. This story may
not seem legit but, at least to me, is very amusing. What make things even more particular
is that Konigsberg is still called Kaliningrad, but, for instance, Leningrad changed back
to Saint Petersburg in 1991 and Stalingrad was named Volgograd in 1962.
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(b) The deletion of e.

(c) The contraction of {u, v} to zy,. (d) The lift of 1 and es to e.

Lifts:

connects this vertex to all the neighbours of u and v (if some mul-
tiple edges are created we delete them). GG/e is the graph obtained
(see Figure 2.3c). Moreover, if an endpoint of e, say u, has degree
2 then the contraction of e is also called dissolution of vertex u. We
denote by G /u the graph obtained.

The lift of two edges e; = {z,y} and e = {x,z} to an edge e
is the operation of removing e; and e, from G and then adding the
edge e = {y, z} in the resulting graph. Notice that if {y, z}was
already present in (G, then this operation creates a multiple edge
between y and z (this is the only exception throughout this thesis
where multiple edges are allowed, see Figure 2.3d for an example).

Based on these operations we can define various relations on graphs
(consequently, these relations can define partial orderings on graphs, some
of which we discuss in the next Section). In a nutshell, let H and G be

two graphs, then:

H is a subgraph of G if it can be obtained after a series of vertex
and edge deletions on G. We denote it by H < G.
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H 1s a spanning subgraph of G if it can be obtained after a series of
edge deletions on . We denote it by H <, G.

H is an induced subgraph of G if it can be obtained after a series of
vertex deletions on G. We denote it by H <;, G.

H is a contraction of G if it can be obtained after a series of edge
contractions on G. We denote itby H <. G.

H is a topological-minor of G if it can be obtained after a series of
vertex deletions, edge deletions and vertex dissolutions on GG. We
denote it by H <, G.

H is a minor of G if it can be obtained after a series of vertex dele-
tions, edge deletions and edge contractions on G. We denote it by
H <, G.

H is an (weak) immersion if it can be obtained from a subgraph of
G by lifting some edges®. We denote it by H <;, G.

Although these definitions of minors, contractions and immersions are

very intuitive and, perhaps, easier to grasp, sometimes it is much more
convenient to use the — more formal — definitions given in Section 6.2 of
Chapter 6.

DEerINITION 2.3.1. We say that a graph G is H-minor-free (H-topological-
minor-free) if it does not contain A as a minor (topological-minor). We
also say that a graph class C is H-minor-free (H-topological-minor-free)
if all of its members are H-minor-free (H-topological-minor-free).

3In other words: If there is an injective mapping f : V(H) — V(G) such that, for
every edge {u,v} € E(H) there is a path from f(u) to f(v) in G, and for any two
distinct edges of E(H) the corresponding paths in G are edge-disjoint. If, in addition,
these paths are internally disjoint from f(V (H)), then H is a strong immersion of G.
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Figure 2.4: The set {C; | i > 1} of all cycles is an infinite anti-chain for
S: Sin-

2.4 Well Quasi Orderings and Obstruction Sets

In the previous Section we defined six relations between graphs. These re-
lations are quasi-orderings, in other words, reflexive and transitive. Some
of them are called well-quasi-orderings, not according to someone’s pref-
erences, but according to — loosely speaking — the extent in which they are
“partial”. The following definition will make this make sense:

DEFINITION 2.4.1. A quasi-ordering =< is a well-quasi-ordering on a set X
(of graphs in our case) if and only if for every infinite sequence x, x1, . . .
in & there exist two elements, say x; and x;, such that x; < x;.

One can prove that a < is well-quasi-ordering on X if and only if
X contains neither an infinite anti-chain, i.e., an infinite set of elements
not comparable under =<, nor an infinite sequence g, xy,... such that
xg > x1 > --- (in other words an infinite strictly decreasing sequence).
Using this proposition one can show that the class of all graphs, denoted
by G, is not well-quasi-ordered under <, <;;, (Figure 2.4), <. (Figure 2.5)
and <, (Figure 2.6).

DEFINITION 2.4.2. Let C C G be a class of graphs and < a quasi-ordering
on graphs. C is =<-closed (or closed under taking of <) if and only if for
every G € Cand H € G, with H < G, it also holds that H € C.

We will focus mainly on minor-closed, contraction-closed and im-
mersion-closed graph classes. An example of a graph class closed under
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Vo

K21 K22

Figure 2.5: The set { K»; | « > 1} is an infinite anti-chain for <..

BRI

Figure 2.6: An antichain for <y,.

all these relations is the class of planar graphs that will be defined shortly
(and redefined in Section 9.1.4 of Chapter 9).

DEFINITION 2.4.3. Let C be a graph class closed under taking of <. We
denote by obs<(C) the set of all graphs in G \ C that are minimal with
respect to =<, and we call this set obstruction set (or just obstructions) for
C under <.

Some few words to make the name used for obs<(C) clear: Given a
graph G, as C is =-closed, if we can find a graph O € obs<(C) such
that O < G, this will verify that G ¢ C. Therefore, we can check if a
graph belongs to C using the graphs of obs<(C). This test by no means
constitutes an algorithm, as obs<(C) may be infinite (Example 2.4.1), so
we will have to make infinite many checks. Furthermore, even when this
set is finite, there may not exist a polynomial time algorithm checking if
two graphs are related under =, thus, this test will not be efficient.

Let us see some examples of obstraction sets.

ExampLE 2.4.1. Let 7 be the graph class of all trees. As we saw before,
a graph is a tree if and only if it does not contain a cycle as a subgraph
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(or induced subgraph). Therefore, the obstruction set of 7 under < (<,
respectively) is the set {C; | i@ > 1} of all cycles (see Figure 2.4), an
infinite set.

ExampLE 2.4.2. The obstruction set of 7 under <., contains only the
graph Cj5. First observe that every graph in G \ 7 contains a cycle, say
C, as a minor. We can further contract the edges of C' until we obtain C}.
This is the minor minimal graph in G \ 7 because if we delete a vertex or
an edge, or contract an edge, we will obtain a tree (a path of length 2 in
the first two cases and a path of length 1 in the last case).

2.5 Wagner’s (?) Conjecture

All the observations discussed in the previous Section would not be of
much use — in many respects — if it wasn’t for Graph Minors ([65-87]),
a much celebrated series of papers written by Neil Robertson and Paul
Seymour. In this series, working towards proving Wagners Conjecture,
the authors introduced many useful tools that eventually, forever changed
Graph Theory and Combinatorics.

We start this Section by stating Wagner’s Conjecture:

CONJECTURE 2.5.1 (*Wagner, maybe in 1970 and perhaps in [93]). The
class G of all graphs is well-quasi-ordered under the minors relation.

Notice that if G does not contain an infinite anti-chain, with respect of
<m, or an infinite strictly decreasing sequence, as this conjecture implies,
then for every subclass C C G closed under taking of minors, the class
G \ C would contain a finite number of minor-minimal graphs. Thus, the
following is a direct corollary of this conjecture:

“Now known as the the Robertson — Seymour Theorem (see Theorem 2.6.1).
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CoroLLARY 2.5.1. For every minor-closed graph class C the obstruction
set obs< (C) is finite.

Actually, Claus Wagner insisted that he never made this conjecture! Of
course he was familiar with this problem and talk about it with his students
back in the 60’s [13]. The main reason why we attribute this conjecture to
him is because Robertson and Seymour do so (in [84] they cited [93]).

The story starts in the 30’s, with Wagner’s PhD thesis, where he was
trying to prove the Four Color Theorem:

Given a map (formally defined as a separation of the plane
into regions) we can color all countries (the regions) so that
every two adjacent countries have different colors, using at

most four colors.

To define this Theorem formally we need to introduce the notions of
planar graphs and graph coloring.

DEFINITION 2.5.1. A plane graph is a pair ' = (V, E') of sets where:
1. VCR?
2. every e € I is an arc between two points of V,
3. different arcs of £ have different endpoints, and

4. the interior of an arc e € F, i.e., the set consisted of every point
belonging to e other than the two endpoints, does not contain a point
in V or a point of an other arc of E.

Notice that every plane graph I' = (V, E') defines a (abstract) graph,
denoted by G(I'), by ignoring the position of the points in V' and identi-
fying the arcs of E by the set of their endpoints. For simplicity, we will
refer to the points of V' as vertices and to the arcs of £’ as edges.
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Ks K33

Figure 2.7: The two obstructions for planar graphs.

DEFINITION 2.5.2. For every plane graph I' = (V, E') we call the regions
of R*\ VU (U,cp€) faces of T' and we denote this set by F/(I"). The only
unbounded face in F'(I") is the outer face, hence the other faces are inner
faces.

DEFINITION 2.5.3. An (abstract) graph G is planar if and only if there
exists a plane graph I" such that G(I") is isomorphic to G.

DEFINITION 2.5.4. A (proper) vertex coloring (or just coloring) of a graph
G that uses k colors is a function f : V(G) — [k] such that for every edge

{u,v} € E(G), f(u) # f(v).
The formal definition of the Four Color Theorem is the following:
TuroreM 2.5.1 (Four Color Theorem?®). Every planar graph is 4-colorable.

Wagner’s approach was to try to completely bypass topology and give
a combinatorial proof. He tried to classify the K5-minor free graphs and
prove that they are 4-colorable. As the class of K'5-minor-free graphs con-
tains all planar graphs (a consequence of Theorem 2.5.2), this would im-
ply that all planar graphs are 4-colorable. Wagner’s efforts accumulated
to the following theorem that was proven in 1937 [94] and is — rightfully
— bearing his name.

SFirst proven in 1976 by Kenneth Appel and Wolfgang Haken with the use of a com-
puter [25-29].
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THEOREM 2.5.2 (Wagner, 1937 [94]). A graph G is planar if and only if
neither K5 <., G nor K33 <, G (Figure 2.7).

Unfortunately for Wagner, this theorem succeed in characterizing K5-
minor-free graphs but failed to take “planarity”, and Topology in general,
out of the picture. Wagner’s “failure” had great consequences in the devel-
opment of Graph Theory. First of all, it inspired Hardwiger s Conjecture,
still “one of the deepest unsolved problems in graph theory” [38]:

ConJECTURE 2.5.2 (Hardwiger, 1943 [45]). If all colorings of a graph G
use at least k colors, then K, <., G.

It also inspired the notion of Tree-decompositions (Definition 4.1.3) a
central notion in modern Graph Theory, and fundamental for the proof of
Robertson—Seymour Theorem (Theorem 2.6.1).

Last but not least, consider the class of all planar graphs, say P. It
is straightforward to see that P is closed under minors. What Wagner
proved was that the obstruction set obs< (P) is finite and contains only
two graphs.

Notice that this is an extremely elegant way to define planar graphs:
not only it is simple but also it is purely combinatoric. This definition
of a graph class through the set of its “forbidden graphs”, known as For-
bidden graph characterization or Kuratowski characterization after Kaz-
imierz Kuratowski®, can be considered as the first results in the field of
Graph Minors. It motivated researchers to find such characterizations for
other graph classes, using the quasi-orderings defined previously. We will
talk more about this in the following Section.

®Kuratowski proved in 1930 a lighter version of Theorem 2.5.2 for topological mi-
nors [51]. But, since this was the first forbidden graph characterization, such character-
ization often bears Kuratowski’s name. Interestingly, the same result had been already
proven independently by the Soviet Mathematician Lev Semyonovich Pontryagin (JleB
Ceménosund [Toatpsrun) around 1927. However, the proof of Pontryagin has never been
published. This recommends that the — somewhat more politically correct — way to name
this theorem is “Kuratowski-Pontryagin Theorem”.
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2.6 Graph Minors

Robertson and Seymour published the proof of Wagner’s Conjecture in
2004. It is known as Robertson—Seymour Theorem or Graph Minors The-
orem.

THEOREM 2.6.1 (Robertson—Seymour Theorem, 2004 [84]). The class G
of all graphs is well-quasi-ordered under the minor relation.

This theorem immediately guarantees that there exists a finite forbid-
den minors characterization for every graph class, closed under taking of
minors. But, given a minor closed graph class C is it possible to find this
characterization? In other words, assume that we are given a finite repre-
sentation of C, can we compute obs<, (C)? In this Section we will discuss
some of the algorithmic implications of this theorem and try to give an
answer to this question. This will pave the way for the following chapter
on Parameterized Complexity.

Before getting any further, we have to stress that we assume the reader
is familiar with the notion of algorithm, the time complexity of algorithms
and the big O notation.

In this thesis we will heavily use “tools” from the Graph Minors “tool-
set”, more specifically, we will use some structures and parameters de-
fined in the Graph Minors series, alongside with some of their major re-
sults. The first algorithmic result we will need was published in 1995 [77].
Consider the following two problems:

H-MINOR-CONTAINMENT

Input: A graph G.
Question: Is H <, G?

C-MEMBERSHIP

Input: A graph G.
Question: IsG € C?
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THEOREM 2.6.2 (Robertson and Seymour, 1995 [77]). There exist an al-
gorithm—with running time O(n?) — deciding the H-MINOR-CONTAINMENT,
where n = n(G).

Combining Theorem 2.6.1 with Theorem 2.6.2 one can see that, if C
is a minor-closed graph class, the C-MEmBERsHIP problem has an O(n?)
algorithm, provided that obs< (C) is known (just run |obs< (C)|-times
the algorithm for H-MiNOR-CONTAINMENT problem, one for each H €
obs<, (C), and, if all answers are negative then G € C, otherwise G ¢
C). The only thing missing to have an affirmative answer to the question
posed in the beginning of this Section is an algorithm that will produce
the obstruction set. Here is where things stop being so favourable for us:
Theorem 2.6.1 is not — and cannot be — constructive [88]. To formally
explain this, we have to dive deep into Logic and this — almost certainly —
will take us off our track. Therefore, we will only say that, as the Axiom

8 we cannot

of Choice is used in the proof of the Graph Minors Theorem
draw an algorithm from it that, taking a minor closed graph class C as
input, will compute obs<_ (C). In [88] Friedman, Robertson and Seymour
showed that we cannot prove the Graph Minors Theorem without using
certain variants of the axiom of choice, hence we will never find such an
algorithm in general.

Although we do not know a — universally applicable — method to com-
pute the obstruction sets, our research is by no means hopeless, as for some
specific graph classes this may be possible by applying ad hoc methods.

In Section 2.4 we saw that a “Graph Minors” type of theorem is not
possible for <, <;, and <., as G is not well-quasi-ordered under these
relations. But what about the immersion relation?

ConNJECTURE 2.6.1 (Weak Immersions Conjecture, Nash-Williams, 1963
[91)). The class G of all graphs is well-quasi-ordered under the weak im-

7 A reminder: We will occasionally use n instead of n(G) and m instead of m(G).
8 Actually Kruskal's Tree Theorem is used, which in turn uses the Axiom of Choice.
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mersion relation.

CoNJECTURE 2.6.2 (Strong Immersions Conjecture, Nash-Williams, 1965
[90]). The class G of all graphs is well-quasi-ordered under the strong
immersion relation.

Both these conjecture was made by Crispin St. John Alvah Nash-
Williams in the sixties. The first one was resolved after 45 years in the
last paper of the Graph Minors series [87]. It is indeed true. For the sec-
ond one, in [87] Robertson and Seymour remark that:

“It seemed to us at one time that we had a proof of the stronger
[conjecture], but even if it was correct it was very much more
complicated, and it is unlikely that we will write it down.”

Therefore, we reached the same conclusion as in the minor relation:

CoRrROLLARY 2.6.1. For every immersion-closed graph class C the obstruc-
tion set obs<, (C) is finite.

One year after the publication of the proof of this conjecture, a cubic
time algorithm was given by Grohe, Kawarabayashi, Marx, and Wollan
for the following problem:

H-IMMERSION-CONTAINMENT

Input: A graph G.
Question: Is H <;,, G?

THEOREM 2.6.3 (Grohe, Kawarabayashi, Marx, and Wollan, 2011 [179]).
There exist an algorithm — with running time O(|G|*) — deciding the H-

IMMERSION-CONTAINMENT.

This theorem applies only for the weak immersions relation’ and is an
almost direct corollary of the following.

9The authors of [179] conjecture that there exists such an algorithm for the strong
immersion relation as well. Yet, it still eludes us.
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THEOREM 2.6.4 (Grohe, Kawarabayashi, Marx, and Wollan, 2011 [179]).
For every fixed graph H, there exist an algorithm — with running time
O(|G)?) — that decides if H is a topological-minor of G.

Thus, for an immersion-closed' graph class C there exista O(n?) time
algorithm deciding the C-MEMBERSsHIP problem, under the condition that
obs<, (C) is known.

Much effort has been made to find the necessary conditions to make
the computation of the forbidden minors, or forbidden immersions, possi-
ble, for a variety of graph classes (a good start for those who want to learn
more about this are [52, 123, 125,127,192, 193]). In Chapter 6 we will
argue that when C is immersion-closed, MSO expressible and an explicit
bound on the treewidth of the <-minimal graphs of G\ C can be computed,
there exists an algorithm computing obs<, (C). There are still some things
missing before we are able to formally express this result. In the following
couple of Chapters we plan to complete the definitions required to do it.

2.7 Logic

Let us recall some definitions from Monadic Second-Order Logic (MSO).
An extended introduction to Logic can be found in [186, 188]!!. We will
take a shortcut and immediately present the syntax of MSO of graphs.

2.7.1 Monadic Second-Order logic

DEFINITION 2.7.1. We call signature 7 = { Ry, ..., R,} any finite set of
relation symbols R; of any (finite) arity denoted by ar(R;).

19For now on, when we just say immersion we mean weak immersion.
Tt is highly advised for the reader to revise the basic notions of logic before getting
any further in this Section.
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DEFINITION 2.7.2. A T-structure A = (A, R¥, ... R*) consists of a finite
universe A, and the interpretation of the relation symbols R; of 7 in A, that
is, for every i, R¥ is a subset of A¥(f%),

The syntax of Monadic Second-Order logic of graphs includes the log-
ical connectives V, A, -, <>, —, variables for vertices, edges, sets of ver-
tices, and sets of edges, the quantifiers V, 3 that can be applied to these
variables, the signature 7¢ = {V, F, I } where:

1. V has arity one and represents the set of vertices of a graph G,
2. E has arity one and represents the set of edges of (G, and

3. I ={(v,e)|v € eand e € E(G)} the incidence relation,

and equality of variables. We denote the language of graphs by LY.

DEFINITION 2.7.3. An MSO-formula is defined recursively from atomic
formulas (i.e., expressions of the form R;(x1, %2, ..., Ta(r,)) or of the
form © = y, where z;, j < ar(R;), x and y are variables) by using the
Boolean connectives —, \, V, —, and existential (3) or universal (V) quan-
tification over individual variables and sets of variables.

Notice that in LY the atomic formulas are of the form V (u), E(e),
X(u), Y(e), and I(u,e), where u and e are vertex and edge variables
respectively, X is a vertex-set variable, and Y is an edge-set variable.
Furthermore, quantification takes place over vertex or edge variables or
vertex-set or edge-set variables.

DEFINITION 2.7.4. A graph structure & = (V(G) U E(G),V®, E®,I°)
is a 7g-structure, which represents the graph G = (V, E).

From now on, we will abuse the notation and treat G and & as if they
were the same structure.
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DEFINITION 2.7.5. A graph class C is MSO-definable if there exists an
MSO-formula ¢¢, in the language of graphs, such that

G € Cifand only if G F ¢c,

i.e., ¢¢ is true in the graph structure & representing G (if this is the case
we will say that G is a model of ¢¢).

To make this clear let us see an example (which we will later use in
the proofs of Lemma 6.2.2 and Observation 6.3.1):

LemMma 2.7.1. The class of graphs that contain a fixed graph H as an
immersion is MSO-definable.

Proof. Let V(H) = {v1,vq,...,v,} and E(H) = {e1,ea,...,e,}. Let
also ¢y be the following formula.

¢H = ElEl,EQ,...,Em 31‘1,{132,...,1‘”[(/\ V(l’z))

i€[n]
AN B C E(H)
j€[m]
AN\ i # 2) AN\ E,NEg = 0)
i#] P#q

/\( /\ path(xk,xl,Er))},

er={vg, v }€E(H)
where path(z, y, Z) is the MSO-formula stating that:

“The edges in Z form a path from x toy.”

This can be done by saying that every vertex v incident to an edge in Z is
either incident to exactly two edges of Z or to exactly one edge, with the
further condition that v = x or v = z (notice that these conditions also
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imply the connectivity of the graph induced by the edges of Z). Thus,
path(z,y, Z) can be expressed in MSO by the following formula:

path(z,y,Z) = [(x#y)A3Ip,a(Z(p) A Z(q) N (z,p) N (y,q)

AP € Z(I(z,p') — p=1p)

NG € Z(1(y,q") = a=1q))
AVw(V(w) ANw #£xAw #y

A1 (Z(q) N (w, q1))

— 3q2,43(Z(q2) N Z(q3) N g2 # a3

N (w, g2) AN I(w,q3)))

AVD1, P2, p3(Z(p1) N Z(p2) N Z(p3)

AIm(V(m) A I(u,pr) A I(u, p2) A I(u,ps))

=\ (0 = p)))]
i#]
It is easy to verify that ¢y is the desired formula. ]

2.7.2 Counting Monadic Second-Order logic

If, in addition to the features of Monadic Second-Order logic, we also
have atomic formula “testing” whether the cardinality of a set is equal to ¢
modulo r, where ¢ and r are integers such that 0 < ¢ < r and r > 2, then
we have an extension of MSO, called Counting Monadic Second-Order
logic (CMSO,).

More precisely, CMSO is MSO enriched with the following atomic
formula for every set .S:
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card, . (S) = true if and only if |S| = ¢ mod r

As far as “expressibility” is concerned, CMSO is more powerful than
MSO, as there exist graph properties that can be defined in CMSO but not
in MSO [191].

DEFINITION 2.7.6. A graph class C is CMSO-definable if there exists a
CMSO-formula ¢¢, in the language of graphs, such that G € C if and
only if G  ¢c.

We will see some examples of CMSO formulas in the following Sec-
tion (Example 3.4.1 and 3.4.2). More information about CMSO (and MSO
in general) can be found in [31,190, 191] and of course [184].
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PARAMETERIZED COMPLEXITY

The meta-algorithmic result of the existence of a cubic time algorithm
deciding the C-MEMBERSHIP problem for a minor-closed graph class C,
broadened the perspectives towards the understanding of NP-hard prob-
lems. It was actually at that point when it became clear that, with the
introduction of more variables when measuring the complexity of a prob-
lem, there seems to be “different levels of hardness” between problems in
NP [138]. To set a working hypothesis let us define two more problems.

A vertex cover of a graph G is a set S C V(G) such that for very edge
{u,v} € E(G) eitheru € Sorv € S.

k-VERTEX COVER

Input: A graph G.

Question: Does (G contain a vertex cover of size k?

Recall the definition of coloring (Definition 2.5.4).
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k-COLORING

Input: A graph G.
Question: Can G be colored using k colors?

Notice that, for the k-VErRTEX COVER problem, the class of graphs
admitting a vertex cover of size at most £ is closed under taking of mi-
nors. Therefore, for every fixed k there is a cubic time algorithm deciding
whether a graph has a vertex cover of size k (of course there exist way bet-
ter algorithms for this problem, the algorithms in [161,162] for instance).
However, no similar result can be expected for the k-CoLoRrING problem,
as it is known to be NP-hard for every fixed £ > 3 [187]. Hence, al-
though both problems belong to NP, the k-CoLorING problem seems to
be inherently more difficult than the k-VErRTEX COVER problem.

The observation of this gap in the time complexity of NP-hard prob-
lems facilitated the development of Parameterized Complexity Theory
[139-143] by Fellows and Downey [167,168] , which has proven to be a
very powerful theory and has majorly advanced during the past decades
(see [24,153,154,164,165]).

Our starting point for this Chapter will be Classic Complexity Theory.

3.1 Classic Complexity Theory

Let ¥* be the set of all strings or words of a finite alphabet 3. A classic
problem 11 1s a language over X, that is a set [I C X*. The inputs or
instances of 11 are the words of 2*. We call an input w € ¥* Yes-instance
if w € II and No-instance if w ¢ 11.

As we are mainly interested in graph problems we will implicitly use
a representation of graphs and a function mapping this representation to
words of an alphabet. For instance, we can use a binary representation of
a graph. In this way we can think of graphs as being words in {0, 1}* and
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problems as being subsets of G.

To make the notation more intuitive, we will describe classic problems
less formally, following the way we have defined problems so far:

II
Input: w e X"
Question: Isw € II?

Whenever we say that there exists an algorithm solving a problem II,
we mean that there exist a Turing machine that takes as input the input of
IT and returns a “Yes” or “No” answer to the question of the problem.

The time complexity of an algorithm is the number of steps needed for
the corresponding Turing machine to finish its computation and output an
answer. To establish a measure of time complexity we count this num-
ber of steps as a function of the size of the input word, i.e., the number
of its symbols. For a word w we will denote its size as |w|. In classic
Complexity Theory we are interested in the worst-case analysis of the
time complexity of an algorithm. Therefore, we only focus on the time
required for an algorithm to give us an answer in the worst possible input.

To express how well an algorithm performs, as far as time complexity
is concerned, we will use the Big O notation.

As already mentioned, in this thesis we examine only graph problems.
Therefore, it is more suited to measure the performance of an algorithm
as a function of the size of the graph that was given to us as input. If not
otherwise stated, the input size will be the number of vertices of the input
graph.!

The biggest open question in classical Complexity Theory is whether

'Of course one cannot ignore the fact that a graph may contain n vertices but in real-
ity needs approximately n? symbols to be expressed in some data structure. Moreover,
each different data structure has its own advantages and disadvantages when it comes to
manipulating a graph. We will avoid getting that deep in data structures as we are only
interested in how algorithms perform in a higher level.
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P is equal to NP or not. P contains the problems that can be solved in
polynomial time, i.e., needing O(n°) time steps in order to be solved, for
some constant c. NP on the other hand, contains the problems that can
be “verified” in polynomial time, that is, if someone were to give us a
certificate of a solution we could then run a polynomial time algorithm
and compute the answer of the problem. Up to now, no-one knows the
answer, although the vast majority? of computer scientists is convinced
that these sets are not equal and that there exist problems in NP that do
not admit polynomial time algorithms (obviously P C NP).

There exist some problems in NP that are — in a sense — the most dif-
ficult of all: If one of these problems were to admit a polynomial time
algorithm, then all problems in NP would also admit such an algorithm.
These problems are called NP-hard. The NP-hard problems that belong
to NP are called NP-complete problems.

Polynomial time algorithms are commonly fast and very useful for
the applications. Hence, when a problem is proven to be NP-complete
this means that its almost certainly hard — at least all the great minds of
Theoretical Computer Science believe so — and no-one can find a feasible
solution to it (see pages 2,3 of [187]). Researchers came to terms with
this fact and try hard to find other methods to tackle these problems. A
paradigm of a way to look the difficulty of an NP-complete problem in the
eyes and try to find algorithms that will perform good despite not being
polynomial, will be described in the following Section.

3.2 Fixed Parameter Tractable Algorithms

The framework of classical complexity theory has a drawback. In many
problems, when measuring their difficulty only in terms of the input size,

ZWe stress here that the “vast majority vote” does not imply “truth” in mathematics
(while this might be the case in other circumstances).
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we may overlook some structural properties of the input. Using these
structural properties we could be able to design feasible algorithms. This
becomes clearer if we consider graph problems, and the fact that the “size”
of a graph tells almost nothing about the properties of the graph. To back
this thought up, we are going to define a different way of measuring the
complexity of a problem. First, we will distinguish a secondary measure-
ment of the input that governs the computation complexity of the problem.
Then, we will define the time complexity of an algorithm in a multivariate
way, meaning that we will count the time steps needed for an algorithm to
output a result as a function, not only of the size of the input, but also as
a function of these measurements. The way these two variables are cor-
related in the time complexity of an algorithm yields different complexity
classes.

Let us introduce some notation.

DEFINITION 3.2.1. Let X be a finite alphabet. A polynomial time com-
putable function® x : ¥* — N is a parameterization of ¥*.

In this new theory we consider problems where we are given as input
a pair consisted of an input in the classic sense, a word, and the value
of the parameterization, an integer *, and we are asked to decide whether
some property holds. These type of problems can be formally defined as
follows.

DEFINITION 3.2.2. Let X be a finite alphabet. A parameterized problem
over 3 consists of a classic problem II C ¥* and a parameterization x
of X*. We will denote this problem as p-II to indicate that this is the
parameterized version of II. The instances of p-II are pairs of the form
(w, k(w)) € L* x N.

3By that we mean that there exists a (known) Turing Machine that can compute the
output of this function in polynomially-many steps (on the size of the input word).
4We will refer to this parametrization as the parameter of the problem.
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Let p-1I be a parameterized problem. The Yes-instance of p-11 are the
pairs (w, k(w)) € ¥* x N that belong to p-II and the No-instance all
other pairs, as usual. In what follows, if there is no particular reason to
mention the function x, we will denote an instance as (w, k), meaning that
k= k(w).

We will measure the time complexity of a parameterized problem as
a function of the input size and the value of the parameter. Similarly to
the case of Classic Complexity, we are interested only in the worst-case
analysis of algorithms. To make the two parts of a parameterized problem
clear, we will use the following representation:

p-11
Input: (w, k(w)) € T* x N.
Parameter: x:>X* — N.
Question:  Is (w, k(w)) € p-11?

The idea behind measuring the complexity of a problem as a func-
tion of the input size and the parameter, stems from the fact that in many
problems where the parameter is small — a lot smaller than the size of
the input — simple exponential algorithms (in the classic complexity set
up) can perform exceptionally well. For instance, let us parametrize the
k-VErTEX CoVvER problem by the constant function k. The best known al-
gorithm solving this problem runs in O(1.2738% + k - n) steps [161,162].
For small values of k this is an extremely feasible algorithm.

If you are not still persuaded — and you mustn’t — think of the possible
ways the parameter and the input size can be combined when measuring
the complexity of a problem. For running times such as O(f(k) - n®) or
even O(n/*)), where f is just a computable function and c a constant, for
every single value of £, the parameter, we have a polynomial algorithm on
n, the input size. The real “tough” problems in parametrized complexity
have running times such as O(k"), where even for constant k we get an
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exponential algorithm.

I think we had enough hand having so far (too much for my likings),
so let us go through the definitions.

DEeFiNITION 3.2.3. Let p-1I be a parametrized problem over ¥ and x :
3* — Nits parameterization. An algorithm A is fixed parameter tractable,
or an FPT-algorithm, if there exist a computable function f : N — N and
a polynomial p such that for every w € ¥* the running time of .4 on input
w is:

O(f(r(w)) - p(lw}))

That is potentially exponential on the parameter but polynomial on the
size of the input.

DEFINITION 3.2.4. A parametrized problem p-11is fixed parameter tractable
if it admits an FPT-algorithm deciding it.

For our convenience, we call such problems FPT-problems. To add
more to the overuse of FPT:

DEFINITION 3.2.5. We define FPT to be the class of all FPT-problems.

To get a grasp on these definitions we need some examples. Let us
review Paragraph 2.6 and give parametrizations of the problems described
there. First of all, we have to stress that

MINOR-CONTAINMENT

Input: Two graphs H and G.
Question: Is H <, G?

and

IMMERSION-CONTAINMENT
Input: Two graphs H and G.
Question: Is H <;,, G?
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are NP-complete problems®. We will give a parameterization of these
problems by defining s : G — N to be the number of vertices of H:°

P-MINOR-CONTAINMENT

Input: Two graphs H and G.
Parameter: n(H).
Question: Is H <, G?

p-IMMERSION-CONTAINMENT
Input: Two graphs H and G.
Parameter: n(H).
Question: Is H <, G?

We saw that if C is a minor-closed (immersion-closed) graph class then
obs< (C) (obs<, (C) respectively) is a finite set of graphs, a set that char-
acterizes C. Let us focus first in the minor case and assume that the set
obs< (C) ={O1,...,Opps__ ()} is known. Moreover let us look deeper
in the algorithm of Theorem 2.6.2:

THEOREM 3.2.1 (Robertson and Seymour, 1995 [77] ). There exist an

O(f(k) - n®) algorithm deciding the p-MINOR-CONTAINMENT problem,
where k = n(H).

The function f in the running time of this algorithm is a horrible, yet
computable function. Therefore, this algorithm is not feasible, but, as we
saw before, it yields a cubic algorithm for the C-MEMBERSHIP problem

SThis can be proven in the following way: Take for instance H to be a cycle with
n(G) vertices. Then H <;, G if and only if G contains a Hamiltonian cycle, thus the
HamiLronian CycLE problem can be reduced to the MiNnor-CoNTAINMENT problem (for
more informations check [187]). To prove that MiNnor-CoNTAINMENT € NP take as
certificate the function 1) of Definition 6.2.2.

% Also we have two graphs as input, in essence two words. To be consistent with our
framework, we have to code these two words as one. Then we decode it to take the first
word in order to compute the parameter.
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with O(|obs<_ (C)|- f(k) - n®) running time, where k& = max{n(O) | O €
obs< (C)}.

The same thing holds for the immersion case:

THEOREM 3.2.2 (Grohe, Kawarabayashi, Marx, and Wollan, 2011 [179]).
There existan O( f (k)-n?) algorithm deciding the p-IMMERSION-CONTAIN-
MENT problem.

Again, this algorithm was not meant to be used in real life applications,
as f is rather cumbersome, but it is of great significance from a theoretical
point of view.

For the purposes of this thesis we will only concider parameterized
graph problems:

DEFINITION 3.2.6. A parameterized problem p-II is a (parameterized)
Graph problem if in every instance (w, k) € ¥* x N, w encodes a graph.
For simplicity we will denote the instances of such problems by (G, k) €
G x N, where G is the graph encoded by the word of the input.

Every so often we have to focus on problems defined on graphs that
have specific properties (planar graphs for instance). Therefore, we must
define the restriction of a problem to a ceratin graph class.

DEFINITION 3.2.7. Let C C G be a class of graphs. The restriction of a
parameterized problem p-II to C, is defined as

pIIAC={(G k) €GxN| (G, k) €plland G € C}.

3.3 Kernelization

In this Section we will define the class FPT again, this time using kernels.
To give you an idea of what we are about to present, Kernelization is a type
of pre-processing in the input, after which we have a reduced “equivalent”
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instance, the kernel. This kernel, as the name suggests, is the hard part of
the input, i.e., the part that contains all the information needed to decide
if this instance is a Yes-instance or a No-instance. The fact that the size of
the kernel is reduced (usually it is bounded by a polynomial on the value
of the parameter) gives us the ability to solve the problem in FPT time.

DEerFinITION 3.3.1. Let p-11 be a parameterized problem over X and « :
>* — N its parameterization. Let also g be a computable, increasing func-
tion. We say that [ admits a kernel of size g if there exists a computable
function (an algorithm if you prefer) I : ¥* — ¥*, called kernelization
(algorithm) for p-11, or, in short, a kernelization, that given w € ¥* out-
puts, in time polynomial in |w| + k(w), a w’ € ¥* such that

(a) w € Il if and only if w’ € II , and
(b) max{|w'[, s(w')} < g(k(w)).

When g(k) = k°W or g(k) = O(k) then we say that p-I1 admits a
polynomial or linear kernel respectively.

We often abuse the notation and call the output of a kernelization al-
gorithm, the “reduced” equivalent instance KC(w), also a kernel.

The following Theorem shows that a decidable problem’ p-II is FPT
if and only p-1II admits a kernelization.

THEOREM 3.3.1 (Theorem 1.39 of [142]). For every parameterized prob-
lem p-11, the following are equivalent:

1. p-Il € FPT.

2. p-1lis decidable and admits a kernelization.

"I is decidable if there exist a Turing machine that for every input w € X* stops and
returns Yes if w € I and No if w ¢ II
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Kernelization has evolved to a prominent area of parameterized com-
putation and initiated numerous techniques and methodologies, especially
for problems related to graphs [145, 147].

In Chapter 7 we will present a (meta-)theorem that proves the existence
of linear kernels for a large class of problems. In addition to being linear,
these kernels have the two properties defined in Definition 3.3.2 and 3.3.3.
These properties are important for our purposes as they make the computa-
tion of obstruction sets possible, for graph classes defined form problems
admitting such kernels. This is one of the extremely rare instances where
kernels yield obstruction sets (the only other examples are [169, 171]).

DEerFinNITION 3.3.2. Let p-II be a parameterized graph problem and < a
partial ordering relation on graphs. We say that a kernelization algorithm
for p-II is <-monotone if, given an instance (G, k) it outputs an instance
(G', k"), where G' < G.

When taking as < the minor relation (as we plan to do in Chapter 7),
we define minor-monotone kernelization algorithms.

DEFINITION 3.3.3. Let p-I1 be a parameterized problem. We say that a ker-
nelization algorithm for p-II is parameter-invariant if, given an instance
(w, k) it outputs an instance (w', k'), where k = £’

Being consistent with the aforementioned abuse of notation, we call
the corresponding kernels <-monotone and parameter-invariant respec-
tively.

3.4 Optimization Graph Problems and Their
Properties

The vast majority of problems we will consider in this thesis are Opti-
mization problems, where we want to minimize or maximize a quantity.
To formally define them we will need some definitions.
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DEFINITION 3.4.1. An annotated graph is a pair (G, S) where G is a graph
and S C V(G).

DEFINITION 3.4.2. A vertex subset certifying function f (or certifying
function for short) is a computable function which takes as input an anno-
tated graph (G, S) and outputs true or false. We say that the function f is
CMSO-definable if there is a CMSO-formula on annotated graphs ¢ such
that f(G,S) = true if and only if (G, S) F ¢.

We can define in the same way edge subset certifying functions but
we will not. We will focus on vertex subset minimization or maximization
problems.

DEFINITION 3.4.3. A (vertex subset) minimization/maximization problem
p-11 is a parameterized problem on graphs for which there exists a certi-
fying function f such that for every (G, k) € G x N it holds that

(G k) € pll <= IS CV(GQ):|S| < kand f(G,S) = true

where < is interpreted as < for minimization problems and as > for max-
imization problems. Such problems are also called optimization graph
problems (or just optimization problems, as we will only consider graph
problems).

When the certifying function f is CMSO-definable, we say that p-1I is
a MIN-CMSO problem or a Max-CMSO problem, depending on whether
p-I1 is a minimization or a maximization problem. For simplicity, we will
call such problems CMSO-definable optimization problems.

ExampLE 3.4.1. The aforementioned — but not formally defined — param-
eterized version of k-VErRTEx CovER, where the parameter is k:
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p-VERTEX COVER
Input: Agraph Gandak € N.
Parameter: £.
Question: Does G contain a vertex cover of size < k?

is a MIN-CMSO problem

This holds because p-VERTEX COVER is a minimization problem, and
the function f that, given an instance (G, k), certifies whether a set S C
V(G) is a vertex cover of GG of size at most k, can be defined in CMSO as
follows:

f(G,S) = [VeVuVv(E(e) A I(u,e) ANI(v,e)
— S(u) vV S(v))]
No<k(5)

where
d<k(S) = cardy1(S) V cardgz(S) V - - - V eardg x(.5),

i.e., ¢<x(S) = true if and only if | S| < k.

ExamPLE 3.4.2. An independent set of a graph G is a subset S C V(G)
where no two vertices u, v € S are connected with an edge. Let us define
the following parameterized problem:

p-INDEPENDENT SET
Input: Agraph Gandak € N.
Parameter: k.
Question: Does GG contain an independent set of size > k?

p-INDEPENDENT SET is a MAX-CMSO problem, as in this problem we want
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to maximize the size of an independent set, and the function f which,
given an instance (G, k), certifies whether a set S C V(G) is an indepen-
dent set of GG of size at least k, can be defined in CMSO as follows:

f(G,S)=[Vuvo(V(u) AV (v) AS(u) AS(v)
— —Jde(E(e) A l(u,e) A I(v,e)))]
Apz(5)

where
gbzk(S) = ﬁgbgk(S) V cardo,k(S),

i.e., ¢>1(S) = true if and only if | S| > k.

We will discuss about optimization problems again in Section 7.4.1,
where we will define some of their properties.

56



CHAPTER 4

GRAPH PARAMETERS

All results presented in Chapters 5 to 9 are directly related to some graph
parameter and the classes containing the graphs where the value of this
parameter is bounded.

DEFINITION 4.0.1. A graph parameter is a function p : G — N. The
dominion of p is the set of graphs where p is defined. We denote it by
dom(p). We say that p is computable if there exists an algorithm that
given a graph G, either outputs that G ¢ dom(p) or outputs the value of

p(G).

DEerFiNITION 4.0.2. Given a graph parameter p and an integer £ € N
we define the graph class G[p, k] which contains all graphs G € G that
p(G) < k.

To keep the notation as simple as possible, instead of obs< (G|p, k|) we
will write obs<(p, k), where < is a partial relation on graphs, p a parameter
and k € N.

ExampLE 4.0.1. Let A : G — N be the function where A(G) = max
{deg.(u) | v € V(G)}. This parameter is equal to the maximum degree
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of the vertices of a graph. We can further define the graph class G[A, k]
that contains all graphs with maximum degree at most .

DerFiniTION 4.0.3. Given a graph parameter p and a quasi-ordering re-
lation < on graphs, we say that p is <-closed if and only if G[p, k| is
=<-closed for every k£ € N. In other words, for two graphs H, G where
H < @G, itholds that p(H) < p(G).

ExampLE 4.0.2. A is <, <;, and <;,, closed but not <. and <,, closed.

Some very well known — and extensively studied — graph parameters
are the minimum Vertex Cover, the maximum Independent Set, the Chro-
matic Number, the minimum Feedback Vertex Set etc.

The vast majority of graph parameters fall too two categories: Those
who can be defined using /ayouts and those that can be defined using mod-
ifications of the graph. In this thesis we will focus mainly on graph lay-
outs parameters, and a special case of graph modification parameters,
which has the potential to blend these two categories together (see Para-
graph 4.2.1).

4.1 Layout Parameters

In this Section we attempt to familiarize the reader with the most important
parameters of the first kind, i.e., those that can be defined using layouts
in graphs. A layout is an orderings of the vertices or the edges of the
graph. This type of parameters are also known as width parameters. As
the name suggests, they are used to measure the “width” of a graph. As
abstract graphs are combinatorial and not geometrical structures, the term
“width” is a little misleading. In Graph Theory the width of a graph usu-
ally indicates the degree this graph “resembles” a certain family of graphs,
trees or paths for instance.
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One very interesting fact is that these “width” parameters are related
to Graph Searching parameters, or Graph Search numbers. As a matter
of fact, using graph searching games we can give an alternative — game
theoretic — definition of these parameters. The main reason why there is
such a connection is that both, “width” parameters and search numbers,
are based on layouts.

Although our main focus is on layouts, for completion, we also give
the most commonly used definitions of these parameters. More often than
not, the mainstream definition is based on graph decompositions.

We start by making the term “layout” more precise.

DEFINITION 4.1.1. A vertex (edge) layout of a graph G is a bijection o :
V(G) — [|[V(GQ)]] (respectively o : E(G) — [|[E(G)|).

4.1.1 Treewidth

A central notion in modern Graph Theory is treewidth, a graph parame-
ter which measures in what extent a graph has the topological structure
of atree ([16,18-21,23]). The tree-structure is very useful to set-up dy-
namic programming [35], a.k.a., the “sledgehammer” of the algorithms
craft [185]. In many cases, we can use this tree-structure to design poly-
nomial algorithms for problems that are NP-complete in general graphs,
i.e., graphs with unbounded treewidth [19]. Therefore, small treewidth
may be a basic ingredient for many important algorithmic results in Graph
Theory.

There are several different definitions of this parameter, stemming
from a variety of graph-theoretical notions. For instance, in Theorem 1
of [20] we can see 7 equivalent ways to define treewidth. In this thesis we
will see two of the definition in [20], and an additionally definition through
vertex layouts, namely the Tree Vertex Separation number [18,105]. In or-
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der to define tree vertex separation number, we need to fix some notation.

We denote by Ly(G) the set of all vertex layouts of a graph G. Given a
o € Ly(Q), o(u) = iis the position of u € V(G)incand o; = 07 1(i) =
u. For two vertices u,v € V(G), we write u <, v ifo(u) < o(v). We
also define
o ={ueV(Q)|o(u) <i}

and, in a similar way, the sets 0<;, 0~; and 0>;.
For every i € [|V(G)|] we define the tree-supporting set of position i
as follows:

St(i) ={u e V(G) | o(u) < iand there exists a path with u, o; as

ends, whose internal vertices belong to o-;}

Each layout o is assigned with some cost. We define:
costy (G, o) = max{|S; (i)| | i € [[V(G)|]}

DEeFinITION 4.1.2 (Dendris, Kirousis, and Thilikos, 1997 [105]). The tree
vertex separation number of a graph G is tvs(G) = min{cost;,(G,0) | 0 €

Lyv(G)}.

The second definition of treewidth we will see is the “classic” defini-
tion, given by Robertson and Seymour [67].

DEFINITION 4.1.3. A tree-decomposition of a graph G is a pair (T, B),
where T is a tree and B : V(T') — 2V(%) is a function that maps every
vertex v € V(T') to a subset B, of V(G) (we may refer to these sets as
bags and to the vertices of 1" as nodes) such that:

(1) for every edge e of (& there exists a vertex ¢ in 7" such that e C By,

(ii) foreveryv € V(G),ifr,s € V(T) andv € B, N By, then for every
vertex ¢ on the unique path between r and s in T, v € B; and
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Figure 4.1: A tree-decomposition of a tree.

(iii) Uyev By = V(G).
The width of a tree-decomposition (T, B) is
width(7, B) = max{|B,| — 1 |v € V(T)}

and the treewidth of a graph G, denoted by tw((G), is the minimum width(7,
B), a tree-decomposition (7', B) of G can have.

Notice the —1 on the definition of width. As our intension for treewidth
is to measure the degree a graph resembles a tree, it makes sense for a tree
to have treewidth one. Given a tree 7', see Figure 4.1 for instance, we
can define a tree-decompositions (7', B) of T' (yes, we use 7" itself for the
decomposition) as shown in Figure 4.1. In order to satisfy property (i)
of the definition above, the edges of E(7') must be contained in the sets
By, u € V(T), therefore some of them must have at least two elements.
Thus, we have to subtract one from the width of a decomposition in order
to achieve treewidth equal to one.

ExampLE 4.1.1. An easy exercise is to prove that tw(E, ) = r, for every
r > 1.

Tree vertex separation number and treewidth measure the same thing,
as the following theorem suggests.
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THEOREM 4.1.1 (Dendris, Kirousis, and Thilikos, 1997 [105]). Let G be
a graph. Then tvs(G) = tw(GQ).

The G[tw, k|-MEMBERsHIP problem is well known to be NP-complete
[30] but, if we parametrize it by k, as tw is closed under taking of minors,
the Graph Minors provide us with an FPT-algorithm. This algorithm has
running time O(f (k) - n®), for a computable function f, which can be
improved, using results of the Graph Minors, to O(f(k) - n?) [77]. The
problem is that, we know such an algorithm exists, as the obstruction set
for G[tw, k] is finite, but we do not know a way to compute this set.

Thankfully, we have a constructive, linear time FPT-algorithm [34,37]
for the parametrized problem of checking whether the treewidth of a graph
is at most the size of the parameter.

THEOREM 4.1.2 (Bodlaender, 1996 [34]). Let G be a graph. There exist
an O(f(k) - n) algorithm for a computable function f, that decides if
tw(G) < k and if so, outputs a tree-decomposition of width at most k.

Let us see how the minor-obstruction sets for treewidth look like, for
k < 3. The first two are easy to see, the third is significantly more com-
plicated [124, 134].

OBSERVATION 4.1.1.
1. obs<, (tw,1) = {K3}
2. obs<, (tw,2) = {K,4}
3. obs<, (tw,3) = { K5, K292, Ws, Ky x C5} (see Figure 4.2)

We close this paragraph with a trivial observation, which we will use
later in this thesis.

OBSERVATION 4.1.2. If Gisa graphand S = {v € V(G) | deg,(v) = 0}
then tw(G) = tw(G \ 9).
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Sr bl 10

K5 K322 We Ko x Cs

Figure 4.2: The graphs of obs<_ (tw, 3).

4.1.2 Pathwidth

We can define pathwidth in a similar way as treewidth. We start with the
definition that uses layouts.

Given a vertex layout o for a graph GG, we define for each i € [|[V(G)|]
the path-supporting set S(i) = N (0>;), that is the set of vertices in o;
with neighbours in o>; !, and

cost, (G, o) = max{|S;(i)| | i € [[V(G)[]}.

DErFINITION 4.1.4 (Lengauer, 1981 [114]). The (path) vertex separation
number of a graph G is pvs(G) = min{cost,(G, o) | o € Lv(G)}.

As the name indicates pathwidth (which we later show that is equiv-
alent to the vertex separation number) measures the extend a graph re-
sembles a path. To make this more obvious, we need to give a second
definition of pathwidth: We will take Definition 4.1.3 and demand that T’
is a path. In this way we can easily define path-decompositions and their
width.

DEFINITION 4.1.5. The pathwidth of a graph G, pw(G), is the minimum
width(P, B), where (P, B) is a path-decomposition of G.

THeEOREM 4.1.3 ([49,112]). Let G be a graph. Then pvs(G) = pw(G).

'Notice that we count vertices.
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The definition of pathwidth was introduced in the Graph Minors se-
ries [65] and has several equivalent definitions (e.g., Theorem 2 of [20]).
In Chapter 8 we define a search game, namely node search, with search
number equivalent to pathwidth plus one.

The G[pw, k|-MemBERrsHIP problem is NP-complete [30, 48, 53, 56],
but when parametrized with k, it admits a linear FPT-algorithm [34,37]
(basically it is the algorithm for treewidth).

We also must mention that pathwidth is a minor closed parameter. We
present the obstruction sets for obs< (pw, k), £ < 2, in Chapter 8 (see
Example 8.5.1, Theorem 8.5.4), using the node search number.

4.1.3 Cutwidth

Cutwidth, as treewidth and pathwidth, is a min-max parameter. It mea-
sures the minimum, over all vertex layouts, of the maximum number of
edges between any prefix of a layout and its complement suffix. It is also
closely related to the vertex separation number. Let us see why:

DEFINITION 4.1.6. Given a vertex layout o of a graph G, the cut at posi-
tion i, denoted by 0G (o, ), is the set of crossover edges of G having one
endpoint in o<; and one in 0+;2. The width of o is equal to

cost.(G, o) = max{|0g(0,9)| | © € [|[V(G)|]}
and the cutwidth of G is ew(G) = min{cost.(G,0) | 0 € Ly(G)}.

ExampLE 4.1.2. See Figure 5.1. The vertex layout o : {a,b,c,d} — [4]
with o(a) = 1, 0(b) = 2, 0(c) = 3, and o(d) = 4 of the graph G depicted
here has cost.(G, o) = 3.

The next observation follows immediately from the definitions.

2Now, we count edges.
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OBSERVATION 4.1.3. If GG is a graph then ew(G) > pw(G).

The G[ew, k]-MemBERsHIP is an NP-complete problem known in liter-
ature as the MintmumM CuT LINEAR ARRANGEMENT problem [187]. From
the parameterized complexity point of view, the same problem is fixed
parameter tractable, as an algorithm that checks whether ew(G) < k in
f(k) - n steps was given in [59]. Cutwidth has been extensively studied
both from its combinatorial (see [39, 50, 126]) as well as its algorithmic
point of view [40, 55, 58,62].

Notice that a vertex layout is — in essence — a mono-dimensional linear
arrangement of the vertices of a graph GG. In Chapter 5 we will see how
we can arrange the vertices of G in Euclidean spaces of any dimension,
and the way to define the “cut” in these spaces. This will lead to a natural
definition of a multi-dimensional geometric extension of cutwidth, the d-
cutwidth. In Theorem 5.2.3 we will prove that this extension, and, as a
consequence, cutwidth as well, is an immersion-closed parameter.

4.1.4 Linearwidth

The last layout parameter we define in this Chapter is linearwidth. We
define some more in Chapter 8, namely the search numbers of search
games and, then, one more in Chapter 9, which measures the minimum
cost of an expansion (see Definitions 9.1.8 and 9.1.11).

Linearwidth uses edge layouts, therefore, before we give the defini-
tion, we need to review our notation and rewrite it using edges instead of
vertices.

We denote by L (G) the set of all edge layouts of a graph G. Given a
o € Lg(G), o(e) = i is the position of e € E(G) ino and 0, = 071 (i) =
e. Forej,eo € E(G) we will write e; <, ey if 0(e1) < o(ey). Finally,
we define

O<i = Ulec B(@Q)|o(e)<i} €
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and accordingly the sets 0<;, 0-;, 0>;. Notice that these are vertex sets.

DEFINITION 4.1.7. Let G be a graph and o an edge layout of it. We define
for every i € [|E(G)|] the line-supporting set S.(i) = o<; N o ;, and

cost;(G, o) = max{| S, (i)| | i € [|E(G)]]}-

The linearwidth of a graph G is Iw(G) = min{cost,(G,0) | 0 € Lg(G)}
(if |[E(G)| = 1, then Iw(G) = 0).

Linearwidth was introduced by Thomas in 1996 [61] and is closely re-
lated to the notion of crusades, a way to describe mixed search, introduced
by Bienstock and Seymour in [102,120]. The G[lw, k|-MEMBERSHIP prob-
lem was proven to be NP-complete [120] and, in the Parameterized Com-
plexity point of view, when parametrized by £, this problem admits a lin-
ear time FPTalgorithm. This algorithm appeared in [103] and is construc-
tive: For any k it can construct an optimal edge arrangement with cost at
most k, if one exists.

Linearwidth is also a minor closed parameter [120]. The only obstruc-
tion sets known for the graph class G[lw, k| are for k = 1,2. For k = 1 it
consists of K5 and the tree of Figure 8.1. For k = 2, its size is 52 and is
given in the following theorem.

THEOREM 4.1.4 (Thilikos, 2000 [120]). The obstruction set obs<, (1w, 2)
consists of the 52 graphs shown in Figure A.1 (i.e., the first figure of the
appendix).

4.2 Graph Modification Parameters

We start with two definitions.

DErINITION 4.2.1. A graph property P is a subset P of G.
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DErFINITION 4.2.2. A graph modification operation is any operation that
modifies a graph G to a graph G'.

These definitions are as general as a definition may possible be. Def-
inition 4.2.2 for instance, includes not only the local transformations we
saw in Section 2.3, but also includes the operations of adding edges or
vertices to a graph: The subdivision of a graph G, where we exchange
some edges of GG with paths, is a graph modification operation.

DEFINITION 4.2.3. A parameter p is a graph modification parameter (or
simply a modification parameter) if there exists a property P C G and a
set of modification operations M, such that, for every graph G, p(G) is
equal to the minimum number of times we have to apply an operation of
M to GG, in order to obtain a graph in P.

ExampLE 4.2.1. Let P be the property of “not having any edge”, i.e.,
P ={G = (V,E) | E = ()}, and let M contain only the vertex deletion.
Then, we can define the parameter ve which is equal to the minimum size
a vertex cover of a graph may have.

ExampLE 4.2.2. Let P be the property of “not having any cycles”, i.e.,
P = {G | Gisaforest}, and let M contain only the vertex deletion.
Then, we can define the parameter fv which is equal to the minimum size
a feedback vertex set® of a graph may have.

ExampLE 4.2.3. Let P be the property of “being planar”, i.e., P = {G |
G is planar}, and let M contain only the edge deletion. Then, we can de-
fine the “planarity” parameter pl which is equal to the minimum number
of edges we have to delete from a graph in order to make it planar.

The first two parameters we saw in these examples, belong to a subcat-
egory of modification parameters, the vertex-deletion parameters. More
examples of this category are presented in the following Section.

3A feedback vertex set of a graph is a set of vertices whose removal leaves a graph
without cycles.
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The modification parameters lead naturally to minimazation problems,
known in literature as Graph Modification problems (see [144, 146, 148]
for some surveys). Let p be a modification parameter we can define the
following problem:

k-p-MODIFICATION
Input: A graph G .
Question: Isp(G) <k?

and its parameterized version:

p-p-MODIFICATION
Input: A graphGandak € N.
Parameter: £k.
Question: Isp(G) <k?

An example is the p-VERTEX COVER:

p-VERTEX COVER
Input: A graphGandak € N.
Parameter: £.
Question:  Isve(G) < k?

4.2.1 Parameters defined from parameters

We will now define graph modification parameters — vertex deletion pa-
rameters to be precise — that are defined using a “host” parameter. This
host parameter may well be a layout parameter (as in the case of Chap-
ter 8).

DEFINITION 4.2.4. Let p be a graph parameter and » € N. We define the
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function (p, r)-dist : G — N, such that
(p, r)-dist(G) = min{k | 35 C V(G) such that |S| < k and p(G\S) < r}.

Notice that this function is also a graph parameter. It measures the
number of vertices we have to delete from a graph in order for the value
of p to drop down to r or less. Therefore, if we consider the property
P, = {G | p(G) < r}, we can see that (p,r)-dist is a modification
parameter. Later in this thesis we will refer to these parameters as distance
to p parameters.

ExampLE 4.2.4. Every cycle C has (tw, 1)-dist(C) = 1.

DEFINITION 4.2.5. Given a graph parameter p and two integers r, k € IN.
We define the graph class G|[(p, r)-dist, k] that contains all graphs G € G
for which there exists a set S C V/(G) of at most k vertices, such that
PG\ S) <.

We also define the following parameterized problem:

(p, r)-DisTANCE
Input: A graph Gandak € N.
Parameter: £.
Question:  Is (p,r)-dist(G) < k?

The following is an immediate consequence of the definitions.

OBSERVATION 4.2.1. Let p be a minor closed parameter. Then for every
r € N, (p,r)-dist is also a minor closed parameter.

According to this observation we can include the (p, 7)-DISTANCE prob-
lem in the following more general category of problems:
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F-CovERING *
Input: AgraphGandak € N.
Parameter: k.
Question:  Does there exist S C V(G) such that |S| < kand G\ S
contains no graph from F as a minor?

where F is a finite set of graphs.

Notice first that, given a minor closed parameter p and a positive inte-
ger 1, the set obs<,, (p, ) is finite (this of course, is due to Theorem 2.6.1).
Take as F in the F-CovERING problem the set obs<_ (p, ) and observe that
the (p, 7)-DisTaNcE problem is, in this case, equivalent to the obs< (p, 7)-
CovEerING problem. Therefore the following holds.

OBSERVATION 4.2.2. If p is minor closed parameter, then for every r € N
the (p, r)-DisTANCE problem is the obs<_(p, 7)-CovERING problem.

DEeFINITION 4.2.6. Let p be a parameter. We say that p is big in grids if
p(E,) — oo, when r — 0.

LeEmMMa 4.2.1. Let p be a minor closed parameter that is big in grids. Then
for every r € N, obs<_ (p, ) contains a planar graph.

Proof. Notice that, as p is big in grids, there exists a ¢ € N such that
p(E.) > r. Thus, there exist an obstruction O € obs<, (p,r) such that
O <. H., and, consequently, O is planar. O

DEFINITION 4.2.7. For a finite set of graphs F, we denote by Gr, the
class of graphs containing all graphs GG for which there exists a subset
S C V(G), of size at most k, such that G \ S contains no graph from F
as a minor.

The following proposition bounds the size of the graphs in the obstruc-
tion set for Gr .

“These problems are also known as F-DELETION.
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ProrosiTiON 4.2.1 (Theorem 3 in [171,172]). Let kK € N. For every
finite set F C G, such that F contains at least one planar graph, every
graph in obs<, (Grx) has size polynomial in k.

Using Proposition 4.2.1 we can bound the size of the graphs in obs<
<<p7 T)_di5t7 k)

THEOREM 4.2.1. Let v,k € N and let p be a minor closed parameter
that is big in grids. Then every graph in obs<, ((p,r)-dist, k) has size
polynomial in k.

Proof. We will prove that for every r € N, obs<, (p, ') satisfies the prop-
erties of Proposition 4.2.1. As p is minor closed, from Theorem 2.6.1, we
know thatobs<_ (p, ) is finite. From Lemma4.2.1 it holds that obs<_ (p, )
contains a planar graph. From Proposition 4.2.1, taking F = obs<_ (p,7),
we conclude that every graph in obs< (Gr ) has polynomial size in k.
The claim holds as obs<, (Grx) = obs<, ((p,r)-dist, k). O

OBSERVATION 4.2.3. Notice that Theorem 4.2.1 would also be true if, in-
stead of asking that p is big in grids, we demand that for every r € N,
obs<, (p,r) contains at least one planar graph.

ProrosiTiON 4.2.2. Let p be a computable parameter as in Theorem 4.2.1.
If additionally this polynomial bound on the size of the graphs in obs<
((p,r)-dist, k), for some k € N, is known, then obs<_((p,r)-dist, k) can
be computed.

Indeed, let g be that polynomial. We can check for every graph G
of size at most g(k) whether (p,r)-dist(G) > k (notice that since p is
computable, (p, r)-dist is also computable) and whether for every proper
minor G’ of G, (p, r)-dist(G’) < k. In this way we can compute obs<

((p, r)-dist, k).
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CHAPTER 5

D-DIMENSIONAL CUTWIDTH

Let us reconsider the definition of cutwidth and give a rough picture of
what we are going to see in this Chapter. We can imagine that vertex
layouts are “embeddings” of a graph in a straight line, in the following
way: We assign to each vertex a unique point and each edge is given a line
segment with ends the points assign to its endpoints (these line segments
may contain more points assigned to vertices than their two ends)!. If we
“cut” this line in some point not assigned to vertices, for instance point 1
in Figure 5.1, and count the line segments assigned to edges that contain
this point, we can simulate the cut at a position of Definition 4.1.6. To
make this clear, let us look closer at Figure 5.1. The embedding depicted
corresponds to the vertex layout o : {a,b,c,d} — [4] with o(a) = 1,
o(b) = 2,0(c) = 3,and o(d) = 4 and the “cut” at the point 1 of the line
corresponds to the cut at position 2.

This observation give us the motivation to consider embeddings in
spaces of higher dimensions, generalizing in this way the notion of cutwidth.

"We will postpone the details for a while, because we need to set the framework first.
However, we feel that it will be helpful for the reader to follow this train of thought.
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a
b d
c :
23
Z10 11,5 3

Figure 5.1: A graph and its “embedding” in a straight line (for display
purposes we replace the line segments of edges with arcs).

In this Chapter we will introduce a multi-dimensional geometric ex-
tension of cutwidth, namely the d-dimensional cutwidth (or, simply, d-
cutwidth) that — roughly — instead of mono-dimensional linear arrange-
ments of a graph GG, considers embeddings of GG in the d-dimensional Eu-
clidean space R?. We will define the d-cutwidth of such an embedding
to be the maximum number of edges that can be intersected by a hyper-
plane of R%. Then, the d-cutwidth of G, denoted by ew,(G), will be the
minimum d-cutwidth over all such embeddings.

5.1 Graph Embeddings

We start with some definitions. To keep it short, we assume that the reader
is familiar with the basic notions of Real Analysis and Analytic Geometry.

DEeFINITION 5.1.1. Every (d — 1)-dimensional subspace I of a d-dimen-
sional space X is a hyperplane of X.

Here, we are interested in hyperplanes of R? (subspaces isomorphic to
R4-1). Let I be a hyperplane in R?, then there are ag, a,, . .., aq € R such
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that [T = {(z1,...,74) € R | ay1 + - -+ + agwq + ap = 0}. We denote
by H(d) the set of all hyperplanes of R<.

DEFINITION 5.1.2. A hypersphere, S(c,r), with center ¢ and radius r in
R? is the set {(z1,...,zq4) € R? | Zle(xi — )% =1r?}.

We denote by S(d) the set of all hyperspheres of R%.

DEeFINITION 5.1.3. A continuous function C' : [0,1] — R?is a curve of
R? with ends C(0) and C(1). The other points of C constitute its interior.

DEFINITION 5.1.4. Let G = (V, E) be a graph. An embedding of G in the
euclidean space R%, denoted by £,4(G), isatuple (f,C), where f : V — R?
is an injection, mapping the vertices of G to R and C = {C, | e € E} is
a set of curves of R? with the following properties:

1. forevery e = {u,v} € F, the ends of C, are f(u) and f(v)
2. forall z € (0,1) and for all v € V it holds that C.(z) # f(v).

For simplicity, we may sometimes refer to the elements of f(1') and
C as the vertices and edges of £;(G) respectively.

DEFINITION 5.1.5. Let G be a graph. An embedding £,(G) = (f,C), of G
in R?, is an essential-embedding if for every positive integer i < d and for
every subset S of V' with |S| > 4, the dimension of the subspace defined

by {f(u) |ue S}tisi— 1.
We denote by E,;(G) the set of all essential-embeddings of G in R%.

For instance, an embedding of a path in R? where all vertices lay on
the same line is not an essential embedding. In an essential embedding
of a path, every three vertices must not belong to the same line. We have
to get to all this fuss about essential embeddings, because when we cut
non-essential embeddings with hyperplanes we may miss some edges: If
we embed the whole path in a line then every hyperplane will cross at
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most one edge. This happens as, according to Definition 5.1.6, we are
not allowed to cut the embedding with hyperplanes that intersect vertices.
Therefore, we have to exclude non-essential embeddings from the defini-
tion of d-cutwidth.

DEFINITION 5.1.6. Let £;(G) be an essential-embedding of G in R?. If 1
is a hyperplane of R? (resp. ¥ is a hypersphere of R?) that does not intersect
any f(v), v € V, we denote by J5(E4(G), I1) (resp. 0a(E4(G), X)) the
set of curves of () that are intersected by II (resp. X).

Now we are ready to define our parameter.

DEFINITION 5.1.1. Let G = (V| E) be a graph and k, d be positive inte-
gers, where d > 2. Then, we define the d-dimensional cutwidth of G, or
simply d-cutwidth, to be

cwy(G) = 5d(Gr;lei]*rjld(G) max{|0q(&E(G),IN)| | Il € H(d)}

We say that an embedding £,(G) € E4(G) realizes d-cutwidth of G if
for every hyperplane IT of R, |0¢(E4(G), IT)| < ewy(G) and the equation
holds for at least one hyperplane. Observe that any hyperplane II of R?
that meets a curve C, € C once (if it meets a curve more than once it is
easy to see that this particular embedding does not realize the d-cutwidth
of ), also meets the unique straight line segment of R? with parametric
equation o.(t) =t - Ce(0) + (1 — t) - Cc(1), t € R, i.e., the straight line
segment of R? that is defined by the “images” of the endpoints of edge e.
Therefore, without loss of generality, we can consider only straight-line
embeddings (see Figure 5.2).

DEFINITION 5.1.7. Let G = (V, E) be a graph. An embedding &£;(G) =
(f,C), of G in RY, is a straight-line embedding if C = {0, | e € E},
where o.(t) =t - C.(0) + (1 —t) - Ce(1), t € R for every C, € C.
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Figure 5.2: A graph with 2-cutwidth 3.

Notice that every straight line embeding £;(G) = (f,C) is fully de-
fined by the function f, i.e., the points assigned to the vertices, therefore,
for simplicity, from now on we will omit C.

As we described in the beginning of this Chapter, we will use the no-
tation of Definition 5.1.1 and give an equivalent definition of cutwidth.

DEFINITION 5.1.8. Let G = (V, E) be a graph. An embedding of G in
R, denoted &,(G), is a tuple (f,Z), where f : V — R is an injection,
mapping the vertices of G to Rand Z = {(f(u), f(v)) C R | {u,v} € E}
is a set of open intervals of R. Given an embedding & (G) = (f,Z), we
denote by J; (€1 (G), x) the set of intervals of Z in which x belongs.

DEFINITION 5.1.2. Let G = (V, E) be a graph and k a positive integer.
We define the 1-cutwidth of G to be

cewy (G) = gl(lé’l) max{|0z(&1(G), z)| | z € R}.

It is straightforward to see that the above definition of cutwidth is
equivalent to the definition given in Chapter 4.

THEOREM 5.1.1. For every graph G, ew,(G) = ew(G).
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Observe that, in the case of cwy, hyperplanes degenerate to subspaces
of R of dimension 1 — that is points of course —and our demand of essential
embeddings is expressed by our demand of injective functions. Therefore,
d-cutwidth is the intuitive generalization of the notion of cutwidth in any
dimension d > 2.

In the rest of this Chapter we will present some properties of d-cutwidth
and discuss some algorithmic remarks.

5.2 Properties of d-cutwidth

First we have to give the following definition, as it will be used in some
of the proofs of this Section.

DEFINITION 5.2.1. Givenapointz = (1, ..., z,4) in R and a hyperplane
0= {(z1,...,24) € R | ayz1 + -+ + agrg + ag = 0}, the vertical
projection of x on Il is the point y = {y1,...,v4} € R? where

P aa1$1+---+ad$d+ao
i = Ti — G
a4+ -+ ag?

,1e{1,...,d}.

The first two properties we will prove, show us that for every d € N,
d-cutwidth is a non-trivial graph parameter.

ProrosiTION 5.2.1. For every graph G and every d > 1,
CWd(G) < CWd_H(G).

Proof. Let G = (V, E) be a graph, and let £;,1(G) = f be an embedding
of G in R¥! that realizes ewy,1(G). Let Iy be a hyperplane of R4*!
such that, for every e € E, IIj is not vertical to o.. We vertically project
E4+1(G) on Iy, which gives us an embedding £;(G) of G in R?, as the
restriction of f in R? satisfies the conditions of a graph embedding.
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Assume that there exists a hyperplane II in R? that intersects (G
more than ew,,1(G) times. Then we can construct a new hyperplane IT'
in R%*! that intersects £, (G) more than ewy,(G) times. This hyper-
plane IT’ is the hyperplane vertical to II that passes through II. But this
fact leads to a contradiction, since any hyperplane in R¥*! can intersect
Ea+1(G) at most ew,,1(G) times. Hence, our assumption that [T’ exists
is false, i.e., every hyperplane in R? intersects £;(G) at most ewy, 1 (G)
times. Therefore, cw,(G) < ewgi1(G). O

ProPOSITION 5.2.2. For every d > 1, ewy(P;) = d, where by P, we
denote the path of length n.

Proof. Let £4(P;) be an essential straight line-embedding of P; = (V, E)
in R%, where V = {vy,...,vq51} and E = {{v;,viq} | i€ {1,...,d —
1}}. Consider the midpoints m; of o;;41y, foreveryi € {1,...,d — 1}.
These d points of R? define a hyperplane of R? that intersects all edges of
Ea(Py). Thus ew,(P;) > d and as |E(P,)| = d we derive that ew,(P;) =
d. O

Let us now compare d-cutwidth with cutwidth and see some inequal-
ities that hold for them.

THEOREM 5.2.1. For every graph G and every d > 2 we have:
ewy(G) < d-ew(G).
Proof. Consider the d-dimensional curve C' with parametric equation
C(t):= (t, %83, . tY, teR

Consider an ordering of the nodes of GG that realizes the cutwidth of G.
Embed a node v; of G to the point p; = C(t;), for an appropriate value
t;. By “appropriate” we mean that, if a node v; is after a node v; in
the cutwidth ordering, then the parametric value ¢; corresponding to v;
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is strictly greater than the parameter value ¢; corresponding to node v;.
Now embed an edge e;; = (v;, v;) of G by connecting the points p; and
p; on C' with the minimum length arc of C' connecting these points.

Consider a generic hyperplane II with equation a;x1 + asxs + ... +
aqxq + ag = 0, where, for all 7, a; € R. Il can cut C' at at most d points.
To see that, we need to solve the system of equations:

a1, + Aoy + ...+ aqrg+ag = 0,
r = t, i=1,...,d

for t.

This gives the polynomial equation ¢(t) := ag + ait + ast* + ... +
agt? = 0, in t of maximum degree d. Since ¢(t) = 0 has at most d
real roots, we deduce that II intersects C' at at most d points. At each
point of intersection at most ew(G) edges of the embedding of G pass
through that point. Hence, 11 intersects at most d - ew(G) edges of G, i.e.,
ewy(G) < dew(G). O

Notice that, from Proposition 5.2.2 it holds that for every d > 1,
ewy(Py) = d, thus ewy(Py) = d-ewy(P,). This proves that the inequality
of Theorem 5.2.1 can be tight.

CoROLLARY 5.2.1. For G = P, the inequality of Theorem 5.2.1 becomes
an equation.

We will now define a variant of d-cutwidth, which, instead of hyper-
planes, implement hyperspheres to create the “cuts”.

DEFINITION 5.2.1. Let G = (V| E) be a graph and k, d be positive inte-
gers, where d > 2. Then we define the spherical d-dimensional cutwidth
of G, or simply spherical d-cutwidth, to be

sew,(G) = gd(Gr)nele(G) max{|0c(E4(G),X)| | ¥ € S(d)}
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Let see the connection between these two parameters.

ProrosiTiON 5.2.3. For every graph G and any d > 2 we have:
ew,(G) <sewy(G) < (d+1) ew(G).

Proof. The left-most inequality is obvious. For every embedding &;(G)
of G in RY, the number of intersections of £;(G) with a generalized hy-
persphere (of an appropriate center and radius) in R? is greater or equal
to the number of intersections of £;((G) with a hyperplane in R?. Hence,
cewy(G) < sewy(G).

Now consider the curve C(t) = (¢,¢2,...,t%), with t € R?, and con-
sider the ordering of the nodes of G that realizes cw(G). We embed the
i-th node v; of G, in this ordering, to the point p; = C(i). We embed an
edge e;; = (v;,v;) of G by connecting the points p; and p,; on C' with the
minimum length arc of C' connecting these points.

We claim that this curve has at most d + 1 intersections with a generalized
hypersphere S in R%. If S is actually a plane then we can simply apply the
argumentation presented in the proof of Theorem 5.2.1. Suppose now that
S is a true hypersphere, and let Zle(xi — a;)* + ap = 0 be the equation
of S, where, for all 7, a; € R. Consider the following system of equations:

d
Y (@i—a)+a = 0
=1
r o= t, i=1,...,d.

The intersections of S with the aforementioned embedding of G in C' is
bounded by the number of real solutions of the system above, for which ¢
is positive. Solving this system for ¢ we get a polynomial equation for ¢,

namely:
d

Z(tz — CLZ')Q +ag = 0.

i=1
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Expanding the above equation we get:

d

d d
Za% -2 Zaiti+2af +ay =0,
=1 =1

=1

which can be rewritten as:

d 14] (41 d
Z t2i -2 Z agit% -2 Z agi_lt%_l + Z CLz2 + ag = 0.
=1 i=1 =1 =1

It is fairly easy to verify that the above equation can actually be rewritten
as:

d d ; d
> t2i+z<#—2ai> '+ al+ap=0.

=1

By Descartes’ rule of signs, the number of positive real roots of this poly-
nomial is bounded above by the number of sign variations in the sequence
of its (non-zero) coefficients. Taking a close look at this polynomial, we
observe that its first d — L;—lj non-zero coefficients are equal to 1, which im-
plies that the number of sign variations in the sequence of its coefficients
is fully determined by the last d + 2 coefficients. A sequence of d + 2
real numbers can have at most d + 1 sign variations, hence the number of
positive real roots of this polynomial is at most d + 1.

To finalize the proof, since any hypersphere in R? intersects with C
at most d + 1 times, we conclude that the maximum number of intersec-
tions of the embedding of GG in C is at most (d + 1) ew(G). Therefore,
sewy(G) < (d+ 1) ew(G). O

ProrosiITION 5.2.4. For every graph G and every d > 1 we have:
ewai1(G) < sewy(G).
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Proof. Consider a graph G and an embedding &£;(G) in R? for which
sew,y(G) is attained. Let us identify R? with the hyperplane x4, = 0
in R™! and consider the unit hypersphere 5% in R**! centered at the ori-
gin. Let ¥ : R? — S? be the stereographic projection from R¢ to the
unit hypersphere 5% in R¥*1, and define £;,1(G) to be the image of £;(G)
through the stereographic projection %, i.e., £441(G) = X(E4(G)).
Assume that there exists a hyperplane IT in R**! that cuts g, 1(G)
more than secwy(G) times. Let S be the intersection of IT with 5¢ and
let S” be the inverse image of S with respect to the stereographic pro-
jection, i.e., S = X71(S9). Since S is a hypersphere laying on 5%, S’ is
either a hyperplane or hypersphere in R?. Since the stereographic projec-
tion preserves intersections, we deduce that S’ intersects £;(G) more than
scw,(G) times. But this contradicts the definition of £;(G), which implies
that our assumption that II cuts £, ; (G) more than sew,(G) times is false.
Hence, we found an embedding of G in R?*!, for which the maximum
number of intersections with any hyperplane in R is at most sew,(G).
Therefore, ew,.1(G) < sewy(G). O

Let us now push the inequality of Theorem 5.2.1 a little further.
THEOREM 5.2.2. For any graph G,
cew3(G) < 2 ewy(G).

Proof. Let GG be a graph and consider an ordering of the nodes of GG that
realizes ew(G).

Consider an axis-aligned ellipse £ centered at the origin with its x-
axis being greater than its y-axis (e.g., the ellipse 422 + %> — 4 = 0).
Embed the nodes of G on the positive half of F, denoted as £ /,, that is
on the half-ellipse that lies on the positive halfplane with respect to the
x-axis, in such a way so that their z-coordinates preserve the ordering. In
other words, given two nodes v; and v; of G, such that v; precedes v; in
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the node ordering, then z; < x;. Let us call £&(G) the above-mentioned
embedding.

Given a generalized circle C' on the plane, C' can cut the half-ellipse
FE/; at most two times. Hence we found an embedding of G in R? such
that any generalized circle C' in R? intersects this embedding at most 2 -
cw(G) times. In other words, sews(G) < 2 e¢w(G). Using the results
from Propositions 5.2.1 and 5.2.4 we conclude that:

w3 (G) < sewy(G) < 2 ew(G) < 2 ewy(G),

which is what we wanted to prove. [

Cutwidth is not a minor closed parameter but it is immersion closed [22].
We will prove that the same holds for d-cutwidth.

THEOREM 5.2.3. Let G = (V, E) be a graph and H be an immersion
(strong immersion) of G. For every d > 1, ewy(H) < ewy(G).

Proof. Let £;(G) be an an embedding of G in R? that realizes ewy(G).
Let H' be a subgraph of G. Then, given £(G) = (f,C), we define an
embedding £;(H') = (fw,Cx) of H' in RY, where fy is the restriction
of ftoV(H') and Cpyr = {c. € C | e € E(H')}. Observe that every
hyperplane of R? that intersected | < ewy(G) edges of £;(G) intersects at
most [ edges of E;(H'), therefore ew,(H) < ew,y(G).

We will next prove that if H is the result of one lift of edges e; = {u, v}
and eo = {v,w} of E, then ewy(H) < ewy(G). Clearly, for any hyper-
plane R of R its corresponding numbers |0y (E4(H ), R)| and |0q(E4(G),
R)| can differentiate only due to the intersections of R with edges e, e;
and ey. Let E(H) 5 e = {u,w} be the resulting edge of the lift. Let
IT € H(d) be a hyperplane that does not intersect f(v), Vo € V. If II
intersects e (more accurately, the straight line segment that represents e
in the embedding in £;(G)), then II separates R into two halfspaces (i.e.,
subspaces of dimension d), namely A and B. Assume, without loss of
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generality, that u € A and w € B. Then, as IT does not intersect f(v),
either v € A or v € B, which means that either II intersects e; or II in-
tersects e in £4(G). Therefore, |0y (E4(H),IT)| < [0c(E4(G),I1)|. The
same holds trivially for the case that II does not intersect e. Therefore,
cewy(H) < ewy(G). Summing up the above we get that, for every graph
H that is the result of some (or maybe none) vertex deletions, edge dele-
tions and edge lifts of G, ewy(H) < ewy(G), which is what we stated.
Notice that the above proof implies the same relation between a graph G
and a strong immersion H of G. [l

5.3 Algorithmic Remarks About d-cutwidth

As a consequence of the Nash-Williams Conjecture’s proof in [87], for ev-
ery positive integer k, the class of weak immersion minimal graphs with
d-cutwidth bigger than & contains a finite set of graphs. Notice that this
class is exactly obs<, (ewy, k), i.e., the immersion obstruction set for d-
cutwidth at most k. This fact, combined with Theorem 5.2.3, implies that
ew,(G) < k if and only if none of the graphs in obs<, (ewy, k) is con-
tained in GG as an immersion, thus, the graphs of obs<, (ewy, k) character-
ize graphs with d-cutwidth at most k.

Moreover, according to Theorem 3.2.2, checking whether an n-vertex
graph contains as an immersion some k-vertex graph /1, can be done in
f(k)-n? steps, for some computable function f. As a consequence, check-
ing whether ew,(G) < k can be done in |obs<._(ewy, k)| - f(k) - n3 steps®.
This running time can become linear (on n) using the inequality of Theo-
rem 5.2.1.

ProrosiTioN 5.3.1. For every k and d, there exists a linear (on n) time
algorithm that, given a graph G, decides whether ew,(G) < k or not.

2To be precise, the f (k) factor in the running time of this algorithm is in fact f(n(O))
where O is the graph in obs<, (ewy, k) having the most vertices.
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Indeed, the algorithm first checks whether ew(G) < k, using the linear
time algorithm in [59]. If the answer is negative, then from Lemma 5.2.1
we can safely report that ew,(G) > k. If not, then, as it holds that
pw(G) < ew(G) (see e.g. [59]), G has a path decomposition with width
at most k and , according to [37] such a decomposition can be found in
linear time. Therefore, we can then check whether some of the graphs in
obs<._(ewy, k) is contained in G as an immersion in f(k) - n steps, using
dynamic programming for instance.

Unfortunately, the algorithm above is non-constructive as we have no
other knowledge about the set obs<._(ewy, k), except from the fact that it
is finite. Whether we can obtain a constructive f(k) - n steps algorithm
for d-cutwidth remains an open problem.

Another way to prove Proposition 5.3.1 is to express d-cutwidth in
MSO, observe that for every graph G it holds that

tw(G) < pw(G) < ew(G) < ewy(G)

(this follows from the definition of treewidth and pathwidth, Observa-
tion 4.1.3, and Proposition 5.2.1), and use Courcelle’s Theorem:

THEOREM 5.3.1 (Courcelle, 1990 [189]). Every graph property definable
in MSO of graphs can be decided in linear time on graphs of bounded
treewidth.

This algorithm goes as follows:

Step 1: Use the algorithm of Theorem 4.1.2 and check whether the input
graph G has tw(G) > k. If so, return No and stop.

Step 2: (As tw(G) < k we can implement Theorem 5.3.1.) Run the
algorithm of Theorem 5.3.1 and check if ew,(G) < k.

The problem with this approach is that in order to express d-cutwidth
in MSO we have to define embeddings in MSO, which in term involves
discretizing R%.
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5.4 Conclusion

What we did in this Chapter was to define d-cutwidth, a multi-dimensional
geometric extension of cutwidth and then proved some of its properties.
Theorem 5.4.1 states the most important of them.

THEOREM 5.4.1. The following hold:

1. d-cutwidth is immersion closed.

ii. For every graph G and every d > 1, ewy(G) < ewgi1(G).

iii. For every graph G and every d > 1, ewy(G) < d - ew(G).

iv. For every graph G, ew3(G) < 2 - ewy(G).

v. For every k and d, there exists a linear (on n) time algorithm that,
given a graph G, decides whether ew,(G) < k or not.

Some interesting open problems and suggestions for future work about
this parameter are the following:

» Is the problem of checking for a graph G whether ew,(G) < k NP-
complete? This seems to be very difficult as — in a sense — we have
to find the right way to discretize R? in order to define equivalent
classes of embeddings and make their number finite. If we do not
accomplish that, there is no hope of finding certificates of polyno-
mial size.

» Finding a constructive algorithm for checking whether ew,(G) < k,
for d > 2, as we discussed in the previous Section, is an insisting
open problem.

« It would be very interesting if we extended Theorem 5.4.1 (iv) and
proved that ew,1(G) < f(d) - ewy(G), for some function f.

* We used hyperplanes and hyperspheres to “cut” embeddings of
graphs. We are very curious to find out what happens when we
use other geometrical objects for this purpose.
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CHAPTER 6

{OBSTRUCTIONS FOR UNIONS OF CLASSES

Let us take a moment to briefly recapitulate what we have discussed so
far. In Chapter 2 we presented the Graph Minors Theory. We argued that
it constitutes a vital part of modern Combinatorics, as many theorems that
were proven — and techniques that were introduced — in its context, are
of great significance, not only in Algorithmics and the theory of Param-
eterized Complexity, but in Structural Graph Theory as well. The most
prominent results in Graph Minors Theory, supporting this point, are the
Excluded Grid Theorem [92], the Structural Theorems in [77,80] and the
Irrelevant Vertex Technique in [86]. Some further examples of algorithmic
applications, can be found in [165, 179].

While the minor partial ordering has been extensively studied through-
out the last decades [77, 80, 85-87,92, 123, 125], the immersion ordering
has only recently gained more attention [42, 137, 179]. In Chapter 2 we
saw one of the fundamental results concerning this relation, the proof of
Nash-Williams’ Conjecture (the weak version). As Corollary 2.6.1 indi-
cates, a graph class C that is closed under taking of immersions, can be
characterized by a finite family obs<, (C) of forbidden immersions.
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Some examples of graph classes for which such characterizations are
possible, are the class & of graphs that admit a (proper) edge-coloring
that uses at most ¢ € N colors such that for every two edges of the same
color every path between them contains an edge of greater color (for more
information, see [36]) and the class W, of graphs whose carving-width is
at most k, k € N, (for more information see [151]). Another example —
we plan to study extensively — is the classes G[ew, k] ford > 2and k > 0
(see Chapter 5).

Furthermore, in Theorem 2.6.3, we saw that there exists an algorithm
— with running time O(|V(G)|?) — that decides whether a graph H is an
immersion of a graph GG (where the hidden constants depend only on H).
Combining this algorithm with the forbidden immersions characterization
one can prove that it can be decided — in cubic time — whether a graph
belongs to C or not.

This — meta-algorithmic — result for an immersion-closed graph class
C assumes that the family obs, (C) is known. Of course, the finiteness of
obs<, (C) directly implies that this family of graphs is computable. How-
ever, an algorithm for the computation of obs<,_(C) would also require a
description of the family. Therefore, while the existence of an algorithm
computing the immersion obstruction set of an immersion-closed graph
class C is affirmed, the construction of such an algorithm is, in general,
elusive.

To make matters even worse, recall that the proofs of Theorem 2.6.1
and Conjecture 2.6.1 are non-constructive (see [88]). This means that
this proofs do not provide us with a generic algorithm that would allows
us to identify the obstruction sets for every minor or immersion-closed
graph class. Even when we work with fixed graph classes, this task can
be extremely challenging, as such a set may contain a huge number of
graphs [129] and no general upper bound on its cardinality is known other
than its finiteness.
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6.1 Computation of Obstruction Sets

The issue of the computability of obstruction sets for minors and im-
mersions was raised by Fellows and Langston [192, 193] and the chal-
lenges against computing obstruction sets soon became clear. In particu-
lar, in [193] Fellows and Langston showed that the problem of determining
obstruction sets from machine descriptions of minor-closed graph classes
is recursively unsolvable' (which directly holds for the immersion order-
ing as well). Moreover, in [127] Courcelle, Downey and Fellows proved
that the obstruction set of a minor-closed graph class cannot be computed
when only a description of the minor-closed graph class in MSO is known.
Thus, the following is a natural open problem:

Identify the information needed in order to make it possible to
compute the obstruction set obs<, (C) of an immersion-closed
graph class C.

In other words, our goal is to look for theorems able to delimit the
computability horizon of obstruction sets for the immersion relation.

Several methods have been proposed towards tackling the non-con-
structiveness of these sets (see, for example, [125, 192]) and the problem
of algorithmically identifying minor obstruction sets has been extensively
studied [52,123,125,127,192,193]. In [125], it was proven that the ob-
struction set of a minor-closed graph class C which is the union of two
minor-closed graph classes C; and C, whose obstruction sets are given
can be computed under the assumption that there is at least one tree that
does not belong to C; N C,, and in [123] it was shown that the aforemen-
tioned assumption is not really necessary. This also lead to an interesting
question:

'T.e., there does not exist a Turing Machine that takes as input the descriptions of a
minor-closed graph class C and outputs obs<_ (C).
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What kind of Set Theory operations O on two immersion closed
graph classes Cy and C,, for which the sets obs<, (Cy) and
obs<, (Cy) are known, make the computation of obs<, (C;0C>)
possible??

In this Chapter we deal with the problem of computing obs<. (C) for
families of graph classes C that are constructed by finite unions of im-
mersion-closed graph classes. Observe that the union and the intersection
of two immersion-closed graph classes are also immersion-closed, hence
their obstruction sets are of finite size. It is also easy to see that, given the
obstruction sets of two immersion-closed graph classes, the obstruction
set of their intersection can be computed in a trivial way (it is just the
union of the two immersion obstruction sets).

However, in general, while the combination of a machine description
of an immersion-closed graph class C, that is, an algorithm deciding the
membership of a graph in C, combined with an upper bound on the size
of the obstructions makes the computation of obs<. (C) possible, neither
the machine description of the class nor the upper bound alone are suffi-
cient information. Moreover, as mentioned before, no generic procedure
is known for computing such an upper bound. Thus, the problem of com-
puting the obstruction set of the union of two immersion-closed graph
classes is not trivial at all.

Our final goal for this Chapter is to prove that there exist an algorithm
that, given the obstruction sets of two immersion-closed graph classes,
outputs the obstruction set of their union. Our approach is based on the
derivation of a uniform upper bound on the tree-width of the subgraph-
minimal graphs that do not belong to an immersion-closed graph class C.
We will build on the machinery introduced by Isolde Adler, Martin Grohe
and Stephan Kreutzer in [123] for computing minor obstruction sets. To

2Provided, of course, that C; 00 Cs is also immersion-closed.
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be more precise, the algorithm we are going to present needs an MSO-
description of an immersion-closed graph class C (instead of a machine de-
scription) and an upper bound on the tree-width of the subgraph-minimal
graphs that contain an obstruction of C (instead of an upper bound on the
size of the obstructions of C).

To fulfil this goal, we will adapt the results on [123] so as to per-
mit the computation of the obstruction set of any immersion-closed graph
class C, under the aforementioned conditions. We present this algorithm
in Lemma 6.2.2, with which we conclude the computability part of this
Chapter.

The next step is to give a combinatorial result proving a uniform upper
bound on the tree-width of the subgraph-minimal graphs that do not be-
long to the union of two immersion-closed graph classes, whose obstruc-
tion sets are known. These combinatorial proofs make use of a suitable
extension of the Unique Linkage Theorem of Ken-ichi Kawarabayashi and
Paul Wollan [89], which, in turn, is an improvement of the Vital Linkage
Theorem of Robertson and Seymour in [85,86]. In particular, notice that
a subgraph-minimal graph G not belonging to an immersion-closed graph
class C contains an immersion obstruction for C, that is, there is a set of
terminals that are joined by edge-disjoint paths® which make use of all
the vertices and edges of G. As (' is subgraph-minimal, this implies that
these edge-disjoint paths of GG correspond to vertex-disjoint paths in its
line graph which also form a unique linkage (both the definition of Link-
ages and the Unique Linkage Theorem will be presented in Section 6.3 ).
Then, the Unique Linkage Theorem, allows us to prove a bound on the
tree-width of the line graph of GG and consequently, to the tree-width of G.

The reader is advised to have this proof sketch in mind when go into
the details.

3Remember that we are always referring to weak immersions.
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6.2 Computing Immersion Obstruction Sets

As we mentioned before, to make everything work we need the following
combinatorial lemma.

LeEmMMaA 6.2.1. There exists a computable function f : N — N such that
the following holds. Let H and G be graphs such that H <;, G. If G’ is
a minimal subgraph of G with H <;,, G’ then tw(G’) < f(|E(H)|).

We are not going into the details of the the proof of Lemma 6.2.1,
as we will later prove a stronger statement of it (Lemma 6.3.3). Instead
we will continue by giving the necessary definitions in order to prove the
analogue of Lemma 3.1 in [123] for the immersion ordering. We first give
more formal definitions of the contraction, minor, and immersion relation.

DEFINITION 6.2.1. Let H and G be two graphs. H is a contraction of G
if there exists a surjection ¢ : V(G) — V(H) such that:

(1) forevery vertex v € V(H), G[¢~*(v)] is connected, and

(2) for every two distinct vertices u,v € V(G), it holds that {v,u} €
E(G) if and only if the graph H[¢~!(v) U ¢~ (u)] is connected.

If furthermore H is not isomorphic to G, we say that H is a proper
contraction of G.

Observe that function ¢ indicates the edges of E(G) we will contract
in order to obtain H. There are the edges of G[¢~(v)], forv € V(H).

DEFINITION 6.2.2. Let H and G be two graphs. H is a minor of GG if there
is a function ¢ : V/(H) — 2V(%) such that:

(1) foreveryv € V(H), B, = G[1)(v)] is connected, and
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(2) for any two distinct vertices v, w of H, B, and B,, share no common
vertex, and for every edge {u, v} € E(H), thereis anedge in G with
one endpoint in B, and one in B,.

The graph obtained by the union of all B,, v € V(H), and the edges
between B, and B, in G, where {v, u} € F(H), is called a minor model of
H in G. This graph is obtained from G after the deletion of some vertices
and edges. We can further contract the edges of G[B,], v € V(H), to
obtain H as a minor of G. A model with minimal number of vertices and
edges is called minimal minor model.*

In Section 7.5.4 we will give another — more general — definition of
the minor relation.

DEFINITION 6.2.3. Let H and G be two graphs. H is an immersion of G
if there exists an injective function ¢ : V(H) — V(G), such that:

(1) forevery edge {u,v} € E(H), there is a path from v(u) to ¥(v) in
G, and

(2) for any two distinct edges of H the corresponding paths in G are
edge-disjoint.

Moreover, if these paths are vertex disjoint from (V' (H)), then we
say that H is a strong immersion of GG. The function v indicates the ends
of the paths we will lift in order to obtain H as an immersion of G. It is
called an immersion model of H in G and a model with minimal number
of vertices and edges is called minimal immersion model.

To facilitate the proofs in this Chapter we have to establish an ordering
between finite sets of graphs.

“Notice that we could define the minor relation for the two graphs by removing in the
second property of Definition 6.2.1 the demand that if {u,v} ¢ E(H) then G[¢p~*(v) U
¢~ 1(u)] is not connected, but we chose not to.
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DEerFinITION 6.2.4. For two finite sets of graphs, say F; and F5, we will
write F; < Fy if and only if:

LY V(@) < Y [V(H)| or

GeFr HeF,
2.3 V(@)= [V(H)|and Y [E(G)] < ) |E(H)|.
GeF, HeFs GeF, HeFs

We now state a theorem which plays a crucial role in the proof of
the algorithm for the computation of immersion obstructions for general
immersion-closed graph classes.

THEOREM 6.2.1 (Arnborg, Lagergren, and Seese, 1991 [31]). For every
positive integer k, it is decidable given an MSO-formula whether it is sat-
isfied by a graph G whose tree-width is upper bounded by k.

In [123], Adler, Grohe and Kreutzer provide the tools that will allow
us to use Theorem 6.2.1 to compute the obstruction sets of minor-closed
graph classes, when an upper bound on the tree-width of the subgraph-
minimal graphs not belonging to a minor-closed graph class is known and
an MSO-description of the graph class can be computed.

In this Chapter we will adapt the machinery of [123] to the immersion
ordering and provide a generic technique to compute immersion obstruc-
tion sets when an explicit value of such upper bound on the tree-width is
known.

Moreover, in Section 6.3 we will obtain such a — computable — up-
per bound on the tree-width for the case where C = C; U C; and Cy, C,
are immersion-closed graph classes whose obstruction sets are given, and
therefore show that obs<, (C) can be computed.

6.2.1 An extension of MSO

For convenience, we consider the extension of the signature 7¢ to a signa-
ture 7., that pairs the representation of a graph GG with the representation
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of one of its tree-decompositions.

DEFINITION 6.2.5. If G isa graphand 7 = (7T, B) is a tree-decomposition
of G, 7., is the signature that consists of the relation symbols V, E., I of
7g, and four more relation symbols Vi, £, I and B.

A tree-dec-expansion of G and T, is a 7,,-structure

.. — (V(G) U E(G) UV (T) U E(T),
Vﬁe:c’ E@ex’ _[66957 VTﬁez, _queaz7 ]quez’ B®ea:)

where V,2* = V(T') represents the node set of 7, E3°* = F(T) the edge
setof T, I7= = {(v,e) |v € eNV(T) A e € E(T)} the incidence relation
in T and B®= = {(t,v) |t € V(T) A v e B,NV(GQ)}.

Let 7; be the class of graphs of tree-width at most k. We denote by Cr;
the class of tree-dec expansions consisting of a graph G with tw(G) < k,
and a tree decomposition (7, B) of G of width(T, B) < k.

ProrosiTion 6.2.1 (Adler, Grohe, and Kreutzer, 2008 [123]).

1. Let G be a graph and (T, B) a tree decomposition of it with width
(T, B) < k. Then the tree-width of the tree-dec expansion of G is
at most k + 2.

2. There is an MSO-sentence (bch such that for every T,-structure ®,
& | ¢c;, ifand only if & € Cr,.

Notice that by Theorem 6.2.1, for every k£ > 0, it is possible to decide
if an MSO-formula is satisfied in a graph G of tw(G) < k. An immediate
corollary of this result and Proposition 6.2.1 is the following.

CoRrOLLARY 6.2.1. It can be decided, for every k, if an MSO-formula ¢
is satisfied in some & € Cr,.
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THEOREM 6.2.2 (Adler, Grohe, and Kreutzer, 2008 [123]). Forevery k >
0, there is an MSO-sentence ¢, such that for every tree-dec expansion
& € Cy of G, for some |l > k, it holds that & F ¢, if and only if
tw(G) = k.

The algorithm of Lemma 6.2.2 can be applied not only to MSO defin-
able graph classes, but also to Layer-wise MSO definable classes:

DEFINITION 6.2.6. A graph class C is layer-wise MSO-definable, if for
every k € N we can compute an MSO-formula ¢, such that G € C and
tw(G) < k ifand only if & = ¢, where & € Cy, is a tree-dec expansion
of G.

DEFINITION 6.2.7. Let C be an immersion-closed graph class. The width
of C, denoted by width(C), is the minimum positive integer & such that for
every graph G ¢ C there is a graph G’ < G with G’ ¢ C and tw(G’) < k.

We have to stress here that Lemma 6.2.1 ensures that the width of an
immersion-closed graph class is well-defined.

OBSERVATION 6.2.1. If C; is an immersion-closed graph class then the
following holds. For every graph G ¢ Cj, there exists a graph G’ < G
such that G’ ¢ C; and tw(G') < max{f(|E(H)|) | H € obs<._(Cy)},
where f is the function of Lemma 6.2.1.

We are now able to present an algorithm analogue to that of Lemma
3.1 1in [123], but in our case for the immersion ordering.

LeEmMMA 6.2.2. There exists an algorithm that, given an upper bound [ > 0
on the width of a layer-wise MSO-definable class C, and a computable
function f : N — MSO such that for every positive integer k, f(k) = ¢,
where ¢y, is the MSO-formula defining C N 7y, it computes obs<._(C).

Proof. In order to prove the Lemma it is enough to prove the following.
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Claim 1. For any finite family of graphs F = { [}, ..., F,, }, itis decidable
whether the following two conditions are unsatisfiable for any graph G.

G € C and there exists an F' € F such that F' <;;, G (6.1)
G ¢ Cand forevery F' € F, F %in G (6.2)

To see that the above claim is enough, first notice that if F is a finite
family of graphs for which the conditions (6.1) and (6.2) are unsatisfiable
then F is a forbidden immersion characterization of C, that is, a graph
G belongs to C if and only if it does not contain any of the graphs in F
as an immersion. By definition, obs<, (C) is the minimum such family
according to the <-relation (Definition 6.2.4).

Thus, if Claim 1 holds, we can find the set obs, (C) by enumerating,
according to < (see Definition 6.2.4), all the finite families of graphs F
and deciding, for each one of them, if the conditions (6.1) and (6.2) are
unsatisfiable.

Proof of Claim 1. Let GG be a graph in C such that F' <;;,, G, for some
F € F. Lemma 6.2.1 implies that there exists a graph G’ < G such
that tw(G') < f(|E(F)|) and F' <;, G’, where f is the function of
Lemma 6.2.1. Observe that G’ € C. Thus, (6.1) is satisfiable if and only if
there exists a graph in C, whose tree-width is bounded from max{ f (| E(F)|)
| F € F}, that satisfies it, where f is the computable function of Lemma
6.2.1. Let ¢¢ be the formula defining C N 7, in Cr;, and ¢r = \/ g 7 Or,
where ¢ is the formula from Lemma 2.7.1 and & = max{f(|E(F)|) |
F € F}. Notice that there exists some graph G € C that models ¢ if
and only if ¢¢ A ¢ is satisfiable for some G’ € Cr,. From Corollary 6.2.1,
this is decidable.

Let G ¢ Cbeagraphsuchthat I «;,, G, forevery F' € F. Recall that
the width of a graph class C is the minimum positive integer k such that for
every graph G ¢ C thereisa G’ < G with G’ ¢ C and tw(G’) < k. Thus,
G contains a subgraph G’ with tree-width at most w such that G’ ¢ C,
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where w is computable by Lemma 6.2.1. Observe that F’ ﬁlm G, for
every F' € F. If ¢ is the MSO-sentence defining C N 7, (given by
the hypothesis), then there exists a graph G ¢ C such that F' £, G,
for every ' € F if and only if ~¢, A —¢r is satisfiable in Cr,. The
decidability of whether ~¢, A —¢x is satisfiable in Cr, follows, again,
from Corollary 6.2.1. [

As Claim 1 holds, the lemma follows. ]

CoRroOLLARY 6.2.2. There is an algorithm that given an MSO formula ¢
and k£ € N, so that ¢ defines an immersion closed-graph class C of width
at most k, computes the obstruction set of C.

Notice that a direct proof of Corollary 6.2.2 would be enough for our
goal for this Chapter, which is to prove Theorem 6.3.2 . However, as
Lemma 6.2.2 provides a more general framework regarding the construc-
tiveness of immersion obstruction sets, it is worth to be mentioned.

Although Lemma 6.2.2 provides an algorithm for computing the ob-
struction set of any immersion-closed graph class C, given that the con-
ditions stated are satisfied, this result is generic and there is no uniform
way for computing either an upper bound on the width of C or an MSO-
description of C.

In the next Section, we will prove some combinatorial lemmata and
then conclude that if C; and C, are two immersion-closed graph classes
whose obstruction sets are known then the width of C; U Cy can be com-
puted and hence, the set obs<,_ (C; U C3) is computable.

6.3 Width Bounds for Immersion-closed Graph
Classes

Our goal for this Section is to give an upper bound on the width of the
graph class C; U Cy, where C; and C, are immersion-closed graph classes
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and their obstruction sets are known. This will directly imply the proof of
Lemma 6.2.1. To do this, we will first prove a generalization of the Unique
Linkage Theorem, appeared in the Graph Minors series [85]. Then we
will introduce the notion of an r-approximate edge-linkage and work on
the subgraph-minimal graphs not belonging to C; U Cs.

Finally, as it is trivial to compute an MSO-description of C; UCy when
we are given the sets obs<, (C;) and obs<, (C2), we will show that the
obstruction set of C; U Cy is computable.

6.3.1 Linkages

We start with a series of definitions.

DEFINITION 6.3.1. Let r be a positive integer. An r-approximate linkage
in a graph G is a family L of paths with distinct endpoints in G such
that for every r + 1 distinct paths P, P, ..., P, in L, it holds that
Micprr1 V (P2) = 0. These paths are the components of the linkage.

DEFINITION 6.3.2. Let (o, aa, ..., ) and (81, B, . . ., k) be elements
of V(G)*, that is k-tuples of vertices of V(G). An r-approximate link-
age L, consisting of the paths Py, Py, ..., Py, links (aq,as, ..., ) and
(B1, Ba, - . ., Br) if P; is a path with endpoints «; and f3;, for every i € [k].

DEFINITION 6.3.3. Given a r-approximate linkage L for a graph G, we
define the order of L to be equal to the number of its paths. We call an
r-approximate linkage of order k, r-approximate k-linkage. Whenr = 1,
such a family of paths is simply called /inkage.

DEFINITION 6.3.4. Two r-approximate k-linkages L and L’ are equivalent
if for every component P of L there exists a component P’ of L with the
same endpoints. An r-approximate linkage L of'a graph G is called unique
if for every linkage L’ that is equivalent to L, V(L) = V(L').
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DEFINITION 6.3.5. A linkage L in a graph G is called vital if there is no
other linkage in G joining the same pairs of vertices.

In [85], Robertson and Seymour proved a theorem which is known as
The Vital Linkage Theorem. This theorem provides an upper bound for
the tree-width of a graph G that contains a vital k-linkage L such that
V(L) = V(G), where the bound depends only on k. A stronger statement
of the Vital Linkage Theorem was recently proved by Kawarabayashi and
Wollan [89], where instead of asking for the linkage to be vital, it asks
for it to be unique. Notice here that a vital linkage is also unique. As in
some of the proofs in this Chapter (for instance, the proof of Lemma 6.3.1)
we deal with unique but not necessarily vital linkages we make use of the
Vital Linkage Theorem in its latter form stated below.

THEOREM 6.3.1 (Unique Linkage Theorem, 2010 [89]). There exists a
computable function w : N — N such that the following holds: Let L be
a (1-approximate) k-linkage in G with V(L) = V(G). If L is unique then
tw(G) < w(k).

LemMma 6.3.1. There exists a computable function f : N — N such that
the following holds. Let GG be a graph that contains a 2-approximate k-
linkage L such that V(L) = V(G). If L is unique, then tw(G) < f(k).

Proof. Let G be a graph that contains a unique 2-approximate k-linkage L

with V(L) = V(G) thatlinks A = (ay, ag,...,ax) and B = (b1, fa, - - -,
Bk) in G. Denote by T the set A U B and consider the graph G® with

V(GY) = V(G\T)x Ky)UT

E(GY) = EBE(G\T)x Kx))u{{t,t'}|t,t' e TA{t,V'} € BE(G)}
U{{t,(v,z)} [t e T ANx € V(K3) Av € V(G)
NNt v} € E(G)},

where V(K,) = {1,2}. It is easy to see that G® contains a k-linkage that
links A and B. Let G’ be a minimal induced subgraph of G that contains
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a k-linkage L’ that links A and B. From Theorem 6.3.1, it follows that
tw(G') < w(k). (6.3)

From now on we work towards proving that G <, G'. In order to achieve
this, we prove the following two claims for G'.

Claim 2. If I/ is a k-linkage in G’ that links A and B then for every vertex
v € V(G) \ T no path of L’ contains both (v, 1) and (v, 2).

Proof of Claim2. Towards a contradiction, assume that for some vertex
v € V(G)\T, thereexistsa (¢, t')-path P of L' that contains both (v, 1) and
(v,2). Without loss of generality, assume also that (v, 1) appears before
(v,2)in P. Let y be the successor of (v, 2) in P and notice that y # (v, 1).
From the definition of G® and the fact that G’ is an induced subgraph of
G {y,(v,1)} € E(G')\ E(L'). By replacing the subpath of P from
(v,1) to y with the edge {(v, 1), y}, we obtain a linkage in G’ \ (v, 2) that
links A and B. This contradicts to the minimality of G'. Il

Claim 3. If L' is a k-linkage in G’ that links A and B then for every vertex
v e V(G)\T, V(L) N{(v,1),(v,2)} # 0.

Proof of Claim3. Assume, in contrary, that there exists a linkage L’ in G’
and a vertex x € V(G) \ T such that L’ links A and B and V(L') N
{(x,1),(x,2)} = 0. Claim 2 ensures that, after contracting the edges
{(v,1), (v,2)}, v € V(G) \ T (whenever they exist), the corresponding
paths compose a 2-approximate k-linkage L' of G \ {z} that links A and
B. This is a contradiction to the assumption that L is unique. Thus, the
claim holds. O

Recall that T C V(G') and that G’ is an induced subgraph of G°.
Claim 3 implies that we may obtain G from G’ by contracting the edges
{(v,1), (v,2)} for every v € V(G) \ T (whenever they exist). As G <,
G, from (6.3), it follows that, tw(G) < w(k). O
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We remark that, the previous lemma holds for any graph G that con-
tains an r-approximate k-linkage. This can be seen by substituting (G \
T) x Ky with (G \ T') x K, in its proof.

The following lemma provides an upper bound on the tree-width of a
graph G, given an upper bound on the tree-width of its line graph L(G).

LemMma 6.3.2. If G is a graph and £ is a positive integer with tw(L(G)) <
k then tw(G) < 2k + 1.

Proof. Notice that, from Observation 4.1.2, we may assume that GG does
not contain isolated vertices. Suppose that G is graph such that L(G) ad-
mits a tree decomposition of width at most & and recall that every vertex
of L(G) corresponds to an edge of G. We construct a tree decomposition
T = (T, B) of G from a tree decomposition 7, of L(G) by replacing in
each bag of T, every vertex of L(G) by the endpoints of the correspond-
ing edge in G. It is easy to verify that this is a tree decomposition of G.
Therefore, tw(G) < 2k + 1. O

Before we proceed to the next lemma, we need to introduce the notion
of an r-approximate k-edge-linkage in a graph.

DEFINITION 6.3.6. An r-approximate edge-linkage in a graph G is a fam-
ily of paths £ in GG such that for every r +1 distinct paths Py, P, ..., P4y
in £, it holds that N;c,111 E(P;) = (0. We call these paths the components
of the edge-linkage.

DEFINITION 6.3.7. Let (a1, ag, ..., ax) and (51, fs, - . ., Ok ) be elements
of V(G)*. We say that an r-approximate edge-linkage F, consisting of
the paths Py, Ps, ..., Py, links (a1, ao, . .., a) and (51, Ba, - . ., Br) if P
is a path with endpoints «; and j;, for every i € [k].

DErINITION 6.3.8. Given a r-approximate edge-linkage F for a graph G,
we define the order of E to be equal to the number of its paths. We call
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an r-approximate edge-linkage of order k, r-approximate k-edge-linkage.
When r = 1, we call such a family of paths, an edge-linkage.

LemmaA 6.3.3. There exists a computable function 7 such that the follow-
ing holds. Let G1, G5 and GG be graphs such that G; <;,, G,1=1,2. If G’
is a minimal subgraph of G where G; <;,, G, i = 1,2, then

tw(G') < r(|E(G] [E(G2)))-

Proof. Let G’ be a minimal subgraph of GG such that G; <;,, G', i = 1, 2.
Recall that the edges of G; compose a k;-edge-linkage F; in (G, where

= |E(G;)|, i = 1, 2. Furthermore, observe that the paths of £ and F,
constitute a 2-approximate k-edge-linkage E of G, where k = ki + ko.
Indeed, notice that in contrary to linkages, we do not require the paths that
are forming edge-linkages to have different endpoints. The minimality of
G" implies that (J{P | P € E} = G'. Denote by A = (v, vy, ..., 0;,)
and B = (vj,,vj,, ..., v;,) the vertex sets that are edge-linked by £ in G
and let G be the graph with

V(@ = V(G)U{u, | q € [K} U{w;, [ g € K]},
E(G) = E(G) Uit |qe[k}u{ty, [qe [k}

where the vertices u;, and u;, , ¢ € [k] are new, t;, = {u;,,vi, }, ¢ € [K]
and t;, = {u;,,v;,}, q € [k].

Consider the line graph of G, L(CA}’), and notice that ' corresponds
to a 2-approximate k-linkage L from A to By in L(@), where A; =
(tiy, tins .-, t;,,) and By, = (tj,,t),,...,t; ). This is true as, from the
construction of G’ all the vertices in A; and By, are distinct. The mini-
mality of G’ yields that V(L) = V(L(G)) and implies that L is unique.
From Lemma 6.3.1, we obtain that tw(L (A)) < f(k). Therefore, from
Lemma 6.3.2, we get that tw(G ) p(f(k)), where p is the function of
Lemma 6.3.2. Finally, as G’ < G, tw(G") < r(ky, k»), where (ki ks) =
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p(f(k1 + k2)). u
Notice that Lemma 6.2.1 follows from Lemma 6.3.3 when we set Gy
to be the empty graph.

To conclude with the necessary conditions for Lemma 6.2.2 we have
to show that given two immersion-closed graph classes C; and C, the
immersion-closed graph class C; U Cs is layer-wise MSO-definable.

OBSERVATION 6.3.1. Let C; and C, be immersion-closed graph classes,
then C = C; U C; is a layer-wise MSO-definable class defined, for every
k > 0, by the formula

O = N o]V N —ou || Ade,

Geobs<, (C1) Heobs<, (C2)

where ¢ and ¢y is the formula described in the proof of Lemma 2.7.1,
and ¢c, the formula of Proposition 6.2.1.

We are now able to prove the main result of this Section.

THEOREM 6.3.2. Let Cy and Cy be two immersion-closed graph classes. If
the sets obs<. (Cy) and obs<._(Cy) are given, then the set obs<. (C; U Cz)
is computable.

Proof. Observation 6.3.1, provides us with an MSO-description of the
immersion-closed graph class C; UC,, and Lemma 6.3.3 gives us an upper
bound on the width of C; UCs. Therefore, Lemma 6.2.2 is applicable. [

6.4 Conclusion

In Chapter 2 we mentioned the fact that Robertson and Seymour claimed
that the class of graphs is also well-quasi-ordered under the strong immer-
sion ordering [87]. However, a full proof of this result has not appeared
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so far. The combinatorial results we discussed in this chapter, namely,
the upper bounds on the width of a graph class, also hold for the strong
immersion ordering. Thus, if the claim of Robertson and Seymour is true
and eventually proven, the obstruction set of the union of two strongly
immersion-closed graph classes, whose obstruction sets are given, can
also be computed.

Finally, it was proven by Courcelle, Downey and Fellows [127] that
the obstruction set of a minor-closed graph class C cannot be computed by
an algorithm whose input is a description of C as an MSO-formula. When
we consider the immersion relation, the computability of the obstruction
set of an immersion-closed graph class C, given solely an MSO description
of C, remains an open problem.
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CHAPTER 7

MONOTONE KERNELS

In this Chapter we introduce the concepts of parameter-invariant and min-
or-monotone kernels for optimization problems. Our approach (being
consistent with our main focus in this thesis) will be “parameter-centered”,
meaning that our central Theorem (Theorem 7.3.1) is stated using param-
eters instead of problems. In order for it to be applied to an optimization
problem p-II, and prove the existence of a linear kernel, we use the pa-
rameter p, 1 that measures the size of the optimal solution for p-II (see
Subsection 7.4.1). Theorem 7.3.1 demands that the parameter — in ad-
dition to being computable and minor-closed — satisfies the condition of
being Protrusion decomposable and of having Finite Integer Index. These
extra conditions, if met from the parameter p,.;, imply the existence of
linear kernels (for p-II) that have the desirable kernel properties we plan
to introduce in this Chapter.

The first concerns the monotonicty of a kernel for a graph problem,
with respect to some ordering relation on graphs (see Definition 3.3.2).
A typical example of an <j;,-monotone (or induced subgraph-monotone)
kernel is the size 2k kernel for the p-VErRTEX COVER problem in [157].
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Also, induced subgraph-monotone kernels have been defined and studied
in [150]. For our purposes here, < in Definition 3.3.2 will be the minor
relation, and, thus, in addition to Conditions (a) and (b) in Definition 3.3.1,
we demand that the following condition is satisfied:

(c) G <. G.

I.e., we demand that the graph in the returned instance is a minor of the
graph of the input instance and we restrict our attention to minor-closed
problems on graphs. We should mention that the notion of minor-monotoni

city of kernels appeared also in [183], but for kernels of exponential size.

The second kernel property is the parameter invariance property of
Definition 3.3.3:

d) ¥ = k.

Here we demand that the parameter of the input instance remains in-
variant. This condition applies to the general definition of kernelization
and does not require that the parameterized problem in question is a graph
problem.

Parameter-invariant kernels should not be confused with proper ker-
nels, defined in [150], where it is demanded that &’ < k, i.e., the parame-
ter only decreases in the new equivalent instance. This property is much
weaker than parameter invariance !. A slightly more general version of
kernelization is strict kernelization, defined in [170] which demands that
k" < k + ¢ for some constant c. Actually it is mentioned in [150]/ [170]
that a parameterized problem admits an FPT algorithm if and only if it
admits a proper/strict kernelization. However, as we will see, enforcing
parameter-invariance needs much more effort.

'Tt follows from the results in [155] that all linear kernels emerging from the appli-
cation of Proposition 7.4.1 in page 119 — “a master Theorem for linear kernels” — are
proper.
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A similar notion to parameter invariant-kernels, and — in a sense —
more general concept, is the one of a-approximate kernels where, for ev-
ery ¢ > 1, a c-approximate solution to the preprocessed instance can be
turned, in polynomial time, into a ca-approximate solution to the origi-
nal instance. a-approximate kernels have been recently introduced in the
soon-to-be-seminal work of [181] and established an important link be-
tween kernelization and approximation algorithms. Under this vewpoint,
parameter-invariant kernels can be seen as a-approximate kernels where
a=1.

In this chapter we will present some of the consequences kernels sat-
isfying (c) and (d) have. The first (presented in Section 7.4.4) is of com-
binatorial nature: These kernels make the computation of obstruction sets
possible, for minor closed parameters, whose value drops in a constant
factor when we do a local transformation to a graph, such as a vertex/edge
deletion or an edge contraction (we can say informally that they “behave”
in the normal — intuitive — way, see Definition 7.4.9 for more details).

The second is algorithmic. The existence of such kernels accelerates
the running time of known EPTAS for several graph optimization prob-
lems from f(1/€) - n°M to n®W + f(1/€) - OPTOW (see Section 7.4.5
for more details).

Because of the “size” of this Chapter, and the fact that it contains many
and diverse notions, we will divide it into small steps that eventually lead
to the proof of Theorem 7.3.1 — our final goal.

The first milestone is to define protrusion decompositions and the Fll
property, in order to have the notation set and be able to state this theorem.

7.1 Protrusions

DEFINITION 7.1.1. Let G be a graph and let R C V(G). We say that Ris a
p-protrusion of G if max{|0g(R)|,tw(G[R])} < 5. An («, B)-protrusion
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Figure 7.1: Notice that for every i € [I] the set Oz (R;) contains the vertices
of R; that are incident to vertices of X and that g (R;) C Ng(Xj;).

decomposition of a graph G is a partition P = { X, X1,..., X} of V(G)
such that

(1) max{(,[Xo|} < a,
(2) forevery i € [{], the set R; = Ng[X;] is a -protrusion of G and
(3) foreveryi € {1,...,¢}, No(X;) C Xo.
We call the sets R;, ¢ € [{], the protrusions of P and the set X the core
of P (see Figure 7.1).
DEFINITION 7.1.2. We say that a parameter p is protrusion decomposable,
if there exists some ¢ > 0 such that:

VG € dom(p), G has a (¢ - p(G), ¢)-protrusion decomposition  (7.1)
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We denote by dec(p) the minimum ¢ for which (7.1) is true and we call it
protrusion decomposability constant of p.

7.2 Boundaried Gaphs and FlI

DEFINITION 7.2.1. A labeling of a graph G is any injective function A :
V(G) — N.

DEeFINITION 7.2.2. Let t € N. A t-boundaried graph is a triple G =
(G, X, \) where GG is a graph, X C V(G), |X| = t, and X is a labelling
of G. We call X the boundary of G and we call the vertices of X the

boundary vertices of G. We also call G the underlying graph of G and the
integer t = | X| the boundary size of G.

DerFiNITION 7.2.3. We say that G is a boundaried graph if there exists a
positive integer ¢ such that G is a t-boundaried graph.

We denote V(G) = V(G), E(G) = E(G), and |G| = |G|.

DEFINITION 7.2.4. We define B as the set of all t-boundaried graphs
and we set B =,y BY-

We also define 7<% to be the set of all boundaried graphs in B(<*)
whose underlying graph has treewidth at most ¢ — 1.

DEFINITION 7.2.5. Given a t-boundaried graph G = (G, X, ), we define
the label normalising function of G, ¥¢ : X — [t] such that for each
ve X,

be(v) = {u € X | A(u) < A(v)}.

Note that, as A is an injective function, 9 is a bijection. Given a boundary
vertex v of G, we call 1 (v) the index of v.

DEFINITION 7.2.6. We define the frontier graph Hg of G as follows:

He = ([t], {ve, (2), Ye(y)} [ {z,y} € E(G[X])).
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We say that two ¢-boundaried graphs G, and G, are compatible if Hg, =
Hg, (not just isomorphic).

DEFINITION 7.2.7. Let Gy = (G, X3, A1) and Gy = (Ga, X5, \2) be two
t-boundaried graphs. We define the gluing operation @ such that

(Gh X17 >\1) 5> (G27 X27 )\2)

is the graph GG obtained by taking the disjoint union of GG; and G2 and
then, for each i € [t], identifying the vertex g (i) and the vertex g, (¢)
(i.e., we identify boundary vertices of the same index).

Keep in mind that G; & G, is a graph and not a boundaried graph.
Moreover, the operation & requires both boundaried graphs to have bound-
aries of the same size.

DEFINITION 7.2.8. Let p be a graph parameter and ¢ € N. Let G; =
(Gi, Xi, \i) € BEY i € [2]. We say that G, =, G, if G; and G, are
both #’-boundaried graphs for some ¢’ € {0} U [t], they are compatible,
and

Jcg6, €Z VF € BY)) p(GL®F) =p(G2 @ F) + 60 (7.2)

If in the above definition for some i € [2] the graph G; © F ¢ dom(p),
we assume that p(G; @ F) = oc.

Itis easy to observe that =, ; is an equivalence relation on the set B(=Y).
Moreover, one of the equivalence classes of this relation is the set, denoted
null(p), of all boundaried graphs whose underlying graph does not belong

in dom(p).

DEFINITION 7.2.9. We say that a graph class R is a t-representative col-
lection for = , if it contains one member of each of its equivalence classes,
except from null(p). Given a G € B we define rep,(G) to be the
(unique) boundaried graph G’ in R such that G’ =, ; G.
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DErFINITION 7.2.10. We say that p has Finite Integer Index (Fll) if =,
has a finite set of equivalence classes for every ¢, i.e., the number of its
equivalence classes of =, ;, depends on p and ¢ only.

DEFINITION 7.2.11. Given that p has Fll, we define card,(¢) to be the
number of equivalence classes of =, ; for each ¢t € .

7.3 Main Theorem

To specify the dependencies of the constants hidden inside the Big O we
introduce the following notation.

DEeFINITION 7.3.1. Letp, g € Nwithp > 2and 0 < g < p,let f : NP —
N, and let g : N? — N. We say that

f(@r,... 1) = Ogy o (g(T1, .., 7))
if there is a function h : NP~¢ — N such that
f(x1, ..., 2p) = O(M(zg, ..., xp) - g(21, ..., 2p_1)).
We can now state our main goal for this Chapter (this is our second

milestone). We plan to prove the following:

THEOREM 7.3.1. For every graph parameter p that has Fll, is computable,
protrusion decomposable, and minor-closed, there is a constant c, and a
polynomial algorithm that given a graph G € dom(p), outputs a graph
G' such that

1. G' <, G,
2. p(@) = p(G), and
5. 1G] < ¢ - p(G).
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Moreover, this algorithm runs in O, (|G|***?) steps where ¢ = dec(p) is
the protrusion decomposability constant of p.

The constant ¢, 1s defined in Section 7.5.5, and is a combination of
many functions.

Theorem 7.3.1 proves the existence of such an algorithm, but is not
constructive, i.e., it cannot provide us with an algorithm that takes as in-
put a parameter p, satisfying its specification, and outputs an algorithm
computing the constant ¢, and the graph G’. The problem is that the al-
gorithm Theorem 7.3.1 provide us with, needs to know a representative
collection for =, or at least card, must be a computable function (see
Lemma 7.7.1).

The importance of Theorem 7.3.1 is suggested from its applications
presented in the next Section.

7.4 Consequences of Theorem 7.3.1

In order to reach our third milestone for this Chapter, which is to present
some of the consequences of Theorem 7.3.1, we have to get a little deeper
into optimization problems.

7.4.1 More on optimization problems

Let us define some more properties an optimization problem may have.
We already mentioned the function p,.; which give us the value of the
parameter in the optimal solution.

DEFINITION 7.4.1. Given an optimization problem p-1I we define the (par-
tial) function p, that given a graph G, outputs

Pr(G) = ofk | (G, k) € p-I1}
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where o is interpreted as min or max depending whether p-1I is a mini-
mization or a maximization problem.

Notice that p,.p is not defined when {k | (G, k) € p-II} is an empty
set.

DEFINITION 7.4.2. We define sol,.i; to be a (partial) function that, given
as an input a graph G, returns a set S of size p,,.;;(G) such that f(G, S) =
true, and is not defined if no such set S exists.

The functions py; and solj; have the same domain.

DEFinNITION 7.4.3. Let p-11 be an optimization probem. We say that p-11
is minor-closed if p,.1 1s minor-closed. Moreover, we say that p-II is
minor-bidimensional if the following conditions hold:

1. p-II is minor closed.
2. 36 € R* Fky € N Yk > ko, 2200 > 5,

DEFINITION 7.4.4. Let p be a parameter. We say that p is treewidth modu-
lable if there are constants ¢; and ¢, such that for every graph G € dom(p)
thereis a .S C V(G) such that |S| < ¢; - p(G) and tw(G \ 5) < .

DEFINITION 7.4.5. Let p-11 be an optimization problem. We say that p-11
is treewidth modulable if p,.11 1s treewidth modulable.

DEFINITION 7.4.6. Let f : ZT — 7" be a function. We say that an

optimization problem p-II is f-separable if for any graph GG and subset
L C V(G) such that |0g(L)| < t, it holds that

s0l,1(G) N L| = £(t) < ppn(GIL]) < Isobn(G) 1 L] + £(0).

p-11 is called separable if there exists a function f such that p-1I is f-
separable. Moreover, p-11 is called linearly separable if there exists a
constant ¢ such that p-11 is c - t-separable.
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DErFinITION 7.4.7. We say that an optimization problem p-I1 is protrusion
decomposable if p,, 1 1s protrusion decomposable.

DerFiniTION 7.4.8. We say that an optimization problem p-II has FIl if
pp-11 has Fll.

7.4.2 Background: a master theorem for linear kernels
A “couple” of testbed problem

Let us make some remarks on kernelization. Unfortunately, not all prob-
lems that admit FPT-algorithms also admit polynomial —or, ideally, linear—
kernels. In many cases, it is unavoidable to restrict the graph classes where
problems are defined in order to permit the design of such kernels.

We will use as a testbed the family of F-CoverING problems (see Sec-
tion 4.2.1), where F contains connected graphs and at least one of them
is planar. Notice that this problems is a minimization graph problem. In-
deed, the corresponding subset certifying function is f where f(G,S) is
true if and only if some graph in F is a minor of G \ S.

F-CovERING belongs in the more general class of p-p-MobiricaTiON
porblem, where p is a modification parameter (see Section 4.2). Also it
can generate several known problems, depending on the choice of the set
of F. For instance, we can obtain p-VerTEx CoveRr (for F = {K>}),
p-FEEDBACK VERTEX SET (When F = {K3}), and p-VERTEX OUTERPLA-
NARIZATION (When F = {K,, K5 3}). In [171,172], it was proven that
F-CovEerING admits a polynomial kernel of size £ where cr is a pa-
rameter depending on the defining class*> F. An interesting question that
emerged is whether a kernel of size cx - kW) exists, that is uniformly
polynomial with respect to the contribution of . This question has been
answered negatively in [177] (based on standard complexity assumptions)
for certain, but not all, instantiations of F.

2Here F can also contain graphs that are not connected.
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Problem properties for linear kernels

The results in [177] indicate that, if we insist on the derivation of lin-
ear kernels for /-CovERING, we should restrict instances to certain graph
classes. In this direction, a series of meta-algorithmic results have been
developed in [155, 174-176, 180], for a wide family of graph problems,
when restricted either to //-minor free graphs or to /7-topological minor
free graphs.

Notice that F-CovERING is minor-closed. It is also well known that
F-Covering is treewidth-modulable (e.g., [155, 180]).

The meta-algorothmic results in [155, 174,175, 180] are based on the
following master theorem.

ProrosiTiON 7.4.1 ([155]). Let p-11 C G xIN be an optimization problem.
If p-11 is protrusion-decomposable and has Fll, then p-11 admits a linear
kernel.

The property of having FIl was defined in [152] (see also [149, 155,
156,191]) and has been extensively used in several meta-algorirthmic re-
sults in parameterized complexity and kernelization [155, 174,175, 180].
The family of graph problems that have Fll is quite extended. Conditions
that yield the FIl property have been proposed in [155] and more recently
in [175] where it was proven that FIl can be implied by other (more easy
to be checked) problem properties, such as the separability and the ex-
pressibility in CMSO. The proof of Proposition 7.4.1 is based on the fact
that the FIl property enables the existence of protrusion replacers that are
algorithmic procedures permitting the replacement of parts of the input
graph, of an instance (G, k), by smaller ones [155]. Each replacement
is done in a way that the new instance created after this replacement is
equivalent to the initial one. The protrusion decomposability guarantees
that when these replacements are not any more possible, the equivalent
instance consists of a graph of size O(k) and a parameter &’ < k.
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It has been noticed that very few problems are protrusion decompos-
able in general, therefore Proposition 7.4.1 is typically applied to prob-
lems restricted to special classes of graphs. In [174,175] a series of addi-
tional combinatorial requirements where given for p-11 in order to guaran-
tee protrusion-decomposablility for H-minor free graphs (and thus make
Proposition 7.4.1 applicable to more problems). These conditions were
related to the separability property and to the Bidimensionality Theory
(Proposition 7.4.2, see [174, 175, 182] for more details). Also, in [180]
it was proven that when restricted to H-topological minor free graphs,
treewidth-modulable problems became also protrusion-decomposable (Pro-
position 7.4.3). Therefore, if C is a class of H-topological minor free
graphs, for some H, then the fact that p-1I is treewidth-modulable and has
FIl, implies that p-IIMC admits a linear kernel. This statement applies for a
wide variety of problems. For instance, it is known that /-CovERING has
FIl (see [155,180]). This fact, together with the treewidth-modulability of
F-CovERING, implies that the restriction of /-CovERING to / -topological
minor-free graphs admits a linear kernel.

Another example of the applicability of Proposition 7.4.1 is the fol-

lowing:
F-PAckING
Input: A graphGandak € N.
Parameter: £.
Question:  Does G contain k disjoint graphs, each containing a
graph in F as a minor?

Again, we consider this problem for sets F that contain connected
graphs where at least one of them is planar. F-PACKING is a maximization
graph problem: The subset certifying function is f, where f(G, S) is true
if and inly if G contains a collection of disjoint graphs, each containing
some of the graphs in F as a minor and each containing at most one of the
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vertices in S. In a sense, F-PAckING is dual to F-COVERING.

Similarly to the case of F-CovERING, this problem, restricted to H-
minor-free graphs, has Fll and is treewidth-modulable [155]. Therefore,
using Proposition 7.4.1, this restriction admits a linear kernel [155, 174,
175].

We could add more examples of the applicability of Proposition 7.4.1
here, however we restrict our attention to /-CovERING and F-PACKING as
they are already able to produce many known graph problems and, also,
they are minor-closed, which is a requirement of Theorem 7.3.1.

Having presented the necessary background, and hinted what the mo-
tivation behind the results in this Chapter is, we can finally put Theo-
rem 7.3.1 in the picture. Theorem 7.3.1 yields the following — more pow-
erful — version of Proposition 7.4.1, for minor-closed graph problems.

THEOREM 7.4.1. Let p-11 be an optimization problem that is minor-closed,
has Fll, and is protrusion decomposable. Then p-11 admits a linear kernel
that is parameter-invariant and minor-monotone.

Notice that the only additional demand in order to make the kernels
of Proposition 7.4.1 minor-monotone and parameter-invariant is minor-
closedness. Interestingly, in the proof of Theroem 7.3.1, minor-closedness
is necessary for proving, not only the minor-monotonicity (as someone
would probably expect), but also the parameter-invariance.

The proof of Theorem 7.4.1, as well as some other consequences on
kernels, is discussed in the following Section.

7.4.3 Consequences on kernels.

As mentioned above, Theorem 7.4.1 is an easy corollary of Theorem 7.3.1.
Let us see why.
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Proof of Theorem 7.4.1. The definition of optimization problems implies
that p,.;1 is computable. Notice that the conditions of Theorem 7.3.1 are
satisfied, therefore there exists an algorithm that given a n-vertex graph
G, outputs — in polynomial on n number of steps — a graph GG’ where
pp(G) = ppi(G’), G' <m G, and |G'| = O(pp-n(G)). This means
that for every instance (G,k) € G x N, (G,k) € p-1I if and only if
(G', k) € p-11, therefore this algorithm is a parameter-invariant kerneliza-
tion. Moreover as G’ <,, (G it is also minor monotone. O

In the previous Section, we mentioned some of the following results.

ProrosiTioN 7.4.2 (Lemma 3.2 of [174] and Lemma 3.6 of [175]). Let
p-11 be an optimization problem and let C be a graph class that is H-
minor-free for some graph H. If p-11 is

1. minor-bidimensional,
2. CMSO-definable, and
3. linearly separable,
then p-11 m C is treewidth modulable.

ProrosiTioN 7.4.3 ([180]). Let p-11 be an optimization problem and let
C be a graph class that is H-topological minor-free for some graph H. If
p-11 is treewidth modulable then p-11 M C is protrusion decomposable.

ProrosiTiON 7.4.4 (Theorem 4.4 of [175]). If an optimization problem
p-11 is CMSO-definable and separable, then it has FII.

We are now able to investigate the prerequisites for the existence of
minor-monotone and parameter invariant kernels. Theorem 7.4.1 has the
following corollaries.

CoroLLARY 7.4.1. Let p-1I be an optimization problem and let C be a
graph class that is /-minor-free for some graph H. If p-II is
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1. minor-bidimensional,
2. CMSO-definable, and
3. linearly separable,

then p-II M C admits a linear, minor-monotone, and parameter-invariant
kernel.

Proof. Let p-II" = p-II M C. The fact that C is CMSO-definable and Con-
dition 2, implies that Condition 2 holds for p-II" as well. Notice also that
conditions 1 and 3 hold for p-IT" as well. CMSO-definability and sepa-
rability of p-II" together with Proposition 7.4.4 imply that p-II" has FlI.
As p-II" is minor-bidimensional, p-II’ is also minor-closed. Moreover,
the minor-bidimensionality of p-II" and the linear-separability of p-II" im-
ply that p-IT’ is treewidth modulable, because of Proposition 7.4.2. From
Proposition 7.4.3 on p-II' we derive that p-I1’ is protrusion decomposable.
Finally, the result follows from Theorem 7.4.1. [

Using a subset of the arguments of the above proof we also derive the
following — slightly more general — corollary.

CoroLLARY 7.4.2. Let p-1I be an optimization problem and let C be a
graph class that is H-topological minor-free for some graph H. If p-Il is

1. minor-closed,

2. treewidth modulable,
3. CMSO-definable, and
4. separable,

then p-II M C admits a linear, minor-monotone, and parameter-invariant
kernel.
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7.4.4 Consequences on obstructions
c-normal parameters

In order to exploit Theorem 7.4.1 for computing obstruction sets, it is nec-
essary that the parameters we use Theorem 7.4.1 on, behave in a “normal”
way. “Normal” in this set-up is defined as follows.

DEFINITION 7.4.9. Let p be a graph parameter and ¢ > 1 a constant. We
say that p is c-normal for

- vertex deletions if for every graph G € dom(p) and every = €
V(G),p(G\z) = p(G) —c

- edge deletions if for every graph G € dom(p) and every e € E(G),
p(G\e)>p(G) —c,and

- edge contractions if for every graph G € dom(p) and every e €
E(G),p(G/e) 2 p(G) —c.

Furthermore, we say that p is normal if there exists a constant ¢ > 1 such
that p is c-normal for some of the above operations®.

All parameters defined so far are (trivially) normal. Let us see an ex-
ample.

ExampLE 7.4.1. Treewidth and pathwidth are 1-normal for vertex dele-
tions. We will prove the treewidth case. Let x be a vertex of a graph G,
and assume that tw(G\ ) < tw(G)—1. This means that there exist a tree-
decomposition (T, B) of G\ z with width(T, B) < tw(G)—2. Notice that
the tree-decomposition (7', B’), where, forevery t € V(T'), B, = BU{z},
is a tree-decomposition of G with width(7', B’) < tw(G) — 1, a contra-
diction.

3We may also say that p is c-normal, without explicitly stating the local transforma-
tion, as — in all known cases — it does not matter what this transformation is.
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In this Section we will prove that a minor-monotone and parameter-
invariant kernel for a minor-closed problem p-II, can make the computa-
tion of the set obs<, (p,.11, k) possible, as long as p,.1 is a normal param-
eter. The rationale supporting this stems from the following lemma.

LemMma 7.4.1. Let p-11 be an minor-closed optimization problem that ad-
mits a kernel of size ¢ that is minor-monotone and parameter-invariant.
For every graph G there is a graph G’ such that G’ <,, G, |G’| < ¢g(p,-n(G)),
and p,.i1(G') = ppni(G).

Proof. Let G be a graph and let p,.;1(G) = ¢. Notice that (G, () € p-11.
We distinguish two cases.

Case I: p-11 is a minimization problem. We observe that (G, (—1) & p-11.
As p-1I admits a minor-monotone and parameter-invariant kernel of size
g, if we run the kernelization algorithm with input (G, ¢ — 1) the output
is a pair (G',¢') where ¢’ = ( — 1, G’ <, G, and |G| < g({ —1). As
(G,0 —1) ¢ p-1I we also have that (G', ¢ — 1) ¢ p-I1. The latter implies
that p,.;1(G’) > ¢ because p-11 is a minimization problem. Moreover, as
P,-i1 is minor-closed, then p,.11(G’) < ¢, therefore p,.1(G’) = /.

Case 2: p-II is a maximization problem. We observe that (G, () € p-11.
As p-II admits a minor-monotone and parameter-invariant kernel of size
g, if we run the kernelization algorithm with input (G, ¢) the output is a
pair (G, ¢') where ¢/ = (, G' <, G,and |G'| < g(¢). As (G, () € p-1l we
also have that (G’, {) € p-11. The latter implies that p,.;(G’) > ¢, because
p-II is a maximization problem. Moreover, as p,.i; is minor-closed, then
p,n(G’) < ¢, therefore p,1(G') = £. O

THEOREM 7.4.2. Let p-11 be an minor-closed optimization problem that
admits a kernel of size g that is minor-monotone and parameter-invariant.
Ifpp11 is c-normal then obs<, (p,.11, k) is computable and, for every k € N,
each graph in obs<_(p,.i1, k) has at most g(k — c) vertices
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Proof. We will prove that for every G € obs< (p,.11, k), |G| < g(k — ¢).
Since p-II is an optimization problem it follows that p,.; is computable.
Thus, we can check for every graph G of size at most g(k — ¢) whether
p,-11(G) > k and whether for every proper minor G’ of G, p,.u(G’) < k,
and, in this way, compute G € obs<,_ (pp.11, k).

Let G’ be a graph obtain from G according to Lemma 7.4.4. Since
G € obs<, (py1, k) and G’ is aminor of G with p, 1(G’) = p,.u(G) > k,
it follows that G = G'. Therefore |G| < g(p,-n(G)).

We assume that p,, 11 is c-normal for vertex deletions (the same argu-
ment holds for edge deletions or edge contractions), and let u € V(G).
Then, it holds that

Pp(G) — ¢ < ppn(G\ )

and, as G is a minor minimal graph with p,,.; greater than £ and G \ u <,
G, we conclude that

Ppn(G\u) <k
This implies that p,.1(G) < k — ¢. Hence |G| < g(ppi(G)) < g(k —

c). O

Theorem 7.4.1 can help us specify the properties an optimization prob-
lem p-1I must have to make the computation of obs<_ (p,.i1, k) possible.

CoroLLARY 7.4.3. Let p-II be an optimization problem that is minor-
closed, has Fll, and is protrusion decomposable. Then, if p,.1 is normal,
then obs< (p,.i1, k) is computable and each graph in obs<_ (p,.i1, k) has at
most O(k) vertices.

This corollary also provides some knowledge on the graphs of the set
obs<,, (pp-11, k) when p-II is the F-CovERING problem. As it is proved
in [171,172], each graph in obs<_(p,.i1, k) has at most k7 vertices where
cr 1s a constant depending only on the class F. An interesting open prob-
lem — that is somehow parallel to the problem of the size of the best kernel
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for p-II (examined in [177]) — is whether this upper bound can be reduced
to cx - k). Theorem 7.4.1, combined with the results in [180], implies
that for every H, each of the H-topological minor-free obstructions in
obs<, (p,.i1, k) has at most ¢z - k vertices, for some computable constant
cr. Similar conclusions can be derived when p-11 is the F-PAcKING prob-
lem, but now for H-minor free graphs (using results in [44, 155]).

Distance to p parameters

Recall the modification parameter (p, r)-dist, which is defined using the
“host” parameter p (see Definition 4.2.4). We will implement Theorem 7.4.1
to compute the subset of obs<_((p,r)-dist, k) containing H-topological
minors-free graphs, for some graph H.

DEFINITION 7.4.10. Let p be a parameter, and let C; be the set containing
the connected-components of a graph G.

- p is a max-parameter if p(G) = max{p(C) | C € Cs}.
- p is a sum-parameter if p(G) = > e P(C).

ExampLE 7.4.2. A characteristic max-parameter is tw and a characteristic
sum-patrameter is vc.

We have to mention that — typically — layout parameters are max-
parameters and vertex removal parameters are sum-parameters.

DEFINITION 7.4.11. A set F of graphs is connected if and only if all graphs
in F are connected.

ProrosiTioN 7.4.5 (Lemma 8.4 in [155]). Let F be a connected set of
graphs, that contains at least one planar graph. Then the F-COVERING
problem has FlI.

We now present two theorems similar to Theorem 4.2.1.
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THEOREM 7.4.3. Let r,k € N and let p be a minor closed, computable,
max-parameter that is big in grids. And let C be a graph class that is
H-topological minor-free, for some graph H. Then the set

obs< ((p,r)-dist,k)NC
can be computed.

Proof. Letr € N and let p-II be the (p, r)-DisTancE problem. First we
prove that p-IT m C satisfies the properties of Theorem 7.4.1.

p-I1is trivially minor closed. Notice that, from Observation 4.2.2, p-11
is the obs< (p, 7)-CovERING problem. Therefore, it suffices to show that
obs<_ (p, 7)-CoveriNG has FlI and for this, according to Proposition 7.4.5,
it suffices to show that obs<_ (p,r) is connected and contains a planar
graph. obs<(p, ) is connected because p is a max-parameter, therefore
every minor-minimal graph G with p(G) > r must be connected. Since p
is also big in grids, from Lemma 4.2.1, it follows that obs< (p, ) contains
a planar graph.

We will now prove that p-II is treewidth modulable. Given a graph
G, from the definitions of (p, r)-dist and p,.r;, we know that there exist a
set S C V(G), of size at most p,.r1(G), such that p(G \ S) < r. From
Lemma 4.2.1 it holds that obs< (p, ) contains a planar graph, say O. As
p(G\S) < r,G\ S does not contain O as a minor, therefore, from [69,92]
there exist a constant N such that tw(G \ §) < N.

Since p-I1 M C is also treewidth modulable, using Proposition 7.4.3,
we can show that p-I1I m C is protrusion decomposable. Therefore, from
Theorem 7.4.1 p-1I M C admits a linear kernel that is parameter-invariant
and minor-monotone.

Given a graph G and a vertex € V/(G), notice that p,.n(G \ z) =
p,-11(G) — 1. Therefore, p,.1 is 1-normal for vertex deletions. Therefore,
we can implement Theorem 7.4.2 for p-II M C and conclude that obs<
((p, r)-dist, k) N C can be computed. O
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7.4.5 Consequences for EPTAS

Parameterized complexity and Approximation algorithms have recently
came together, producing very interesting results [158—160, 166, 173].

DEFINITION 7.4.12 (Cesati and Trevisan, 1997 [159]). An Efficient Poly-
nomial Time Approximation Scheme (EPTAS in short) for a parameter-
ized graph problem p-II is a collection of algorithms (varying for differ-
ent values of €) that, for every € > 0, return an (1 + €)-approximation (or
(1 — e)-approximation, depending on whether p-II is a minimization or a
maximization problem) of p,11(G) in f(1/e) - |G|°Y steps, where f is
some computable function.

A direct consequence of Theorem 7.4.1 is the following.

THEOREM 7.4.4. Let p-11 C G x N be an optimization graph problem. If
p-11 is minor-closed, protrusion-decomposable, and has Fll, and an EP-
TAS runningin f(1/€)-|G|°W steps, then p-11 has also an EPTAS running
in |G|°W + f(1/e) - OPTOW steps, where OPT = p,.n(G).

Notice that for the derivation of the theorem above, the parameter-
invariance property is only required. In[173], a powerful meta-algorithmic
result yielded the existence of EPTAS for a wide family of minor-closed
problems on H-minor free graphs. In fact, the results in [173] already
proved that the corresponding graph problems are protrusion decompos-
able. This way, Theorem 7.4.4 provides some acceleration of the running
times of the meta-algorithmic framework of [173], for minor-closed prob-
lems, including all problems that can be expressed by F-CoverING and
F-PACKING.

7.5 Setting up the Proof

The main idea of the proof of Theorem 7.3.1 is to find parts of the graph
that can be “compressed” without changing the value of p, and that are
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large enough so that eventually the size of the graph will decrease signifi-
cantly. To do this, we have to define new types of graph decompositions,
as well as boundaried graph decompositions. Then, we have to distinguish
pairs of vertices in these decompositions that make the aforementioned
compression possible.

To set-up the proof (milestone number four) we need to introduce
many different combinatorial notions.

7.5.1 Graph decompositions

DEeFiNITION 7.5.1. Let (T, x) be a tree-decomposition of a graph G. We
say that (7', x) is lean if for every t € N, every pair uy,us € V(T'), and
every Z; C x(u;),1 € [2], where | Z,| = |Zs|, it holds that

- either there exists an edge e = {wy, we} € E(iT7) suchthat x (w;)N
X(wQ) < to

- or there exists a collection of ¢ internally vertex-disjoint paths in G
between Z; and Zs.

ProrosiTion 7.5.1 ( [32,60]). Every graph G has a lean tree-decompo-
sition of width tw(G).

DEFINITION 7.5.2. Let (T, x) be a tree-decomposition of a graph G. We
say that (T, x) is small it V{i, 7} € E(T), x(i) \ x(j) # 0 and x(5) \
x (i) # 0.

We need a series of lemmata on tree-decompositions. For the proof of
the following, we copy [142, Lemma 11.9].

LemmA 7.5.1. There exists an algorithm that, given a graph G and a
(lean) tree-decomposition (7, y) of G of width at most tw((G), returns
—in O(|G]) steps — a small (and lean) tree-decomposition (77, x') of G of
width at most tw(G), where |77 < |G|.
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Proof. In order to make D small we apply the following transformation:
If for some edge e = {a,b} of T, it holds that x(a) C x(b), then let
D = (T',x"), where T" = T \ eand Y’ = x \ {(a,x(a))}. It is easy
to verify that if D is lean, this transformation creates again a lean tree-
decomposition. Moreover, when this transformation cannot be applied
any more, the resulting decomposition is small. The fact that a small
tree-decomposition of G does not have more than |G| nodes follows by
induction on the number of vertices of G and using the fact that the bag of
every leaf'in a small tree-decomposition contains an element not contained
in any other bag. []

DEFINITION 7.5.3. An (o, [3)-protrusion decomposition P = { Xy, X1, ...,
Xy} of a graph G is tight if for all i € [{], Oq(R;) = Na(X).

LemMA 7.5.2. If a graph G has an («, §)-protrusion decomposition P =
{Xo, X1, ..., Xy}, then it also have a tight («, 3)-protrusion decomposi-
tion.

Proof. LetP = {Xo, X1,..., X} bean (a, §)-protrusion decomposition
of G. Recall that R; = Ng[X;],i € [{]. For every i € [{], we set Z; =
Ne(Xi)\Oc(R;) and observe that the sets 71, . . . , Z, are pairwise disjoint.
Indeed, this follows from the fact that, for each ¢ € [¢], each vertex in Z;
is incident only with edges in G| R;]. For the same reason, none of these
vertices can be a vertex of some d¢(R;),j € [¢]. We conclude that

U@ina(r)) = 0. (7.3)

i€[f]
We define X! = X; U Z;, i € [¢], and observe that

Ne[X/] = Ne[X;]and (7.4)
Ne(X!) = 06(R) (7.5)
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We also define

X, = X\ |J 2z (7.6)
1€[¢]

We claim that P’ = { X[, X1, ..., X} isalso an («, /)-protrusion decom-
position of GG. As the sets in the collection {71, ..., Z,, X;,..., X,} are
mutually disjoint we obtain that P’ is a partition of V(G). As X C X,,
Condition 1 holds. (7.4) and the fact that R; = Ng(X;) is a S-protrusion
decomposition of G, imply Condition 2. To prove Condition 3, recall first
that 0 (R;) € Ng(X;) € X,. Combining this fact with (7.3) and (7.6),
we obtain that Jg(R;) C X{. From (7.5), we deduce that Ng(X/) C X|
and, therefore, the claim holds.

From (7.4) and (7.5) we get the additional property that Vi € [¢],
Ne(X]) = 0c(Ng[X]]), therefore P’ is tight. O

7.5.2 Rooted trees

We will work towards proving Theorem 7.3.1 on rooted trees defined from
a graph decomposition. Let us set the necessary notation.

DEFINITION 7.5.4. A rooted tree is a pair (T, r) where T is a tree and
reV(T)

We denote by Leaf(T, r) the set of all leaves of T that are different
than 7.

DEFINITION 7.5.5. Let (7, 7) be a rooted tree. Given two vertices a, b of
T, we write a <r, b to denote that a € V' (rT'b) and, in this case, we say
that b is a descendant of a in (T, ). We also write a #7,- b to denote that
neither a <7, bnor b <, a is true and, in this case, we say that a and
b are uncomparable in (T, ). Moreover, we write a <7, b to denote that
a#r,banda <p, b.
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DEFINITION 7.5.6. Let (7', ) be a rooted tree. Given some ¢ € V(T), we
denote the set of descendants of ¢ in (T, r) as descr,.(¢). The children of
avertex ¢ € T, in (T, r) are the vertices in descr,.(¢) that are adjacent to
q and are denoted as childz,.(q).

DEFINITION 7.5.7. A rooted tree (T, r) is binary if every vertex of 7" has
at most two children.

DEFINITION 7.5.8. Let (7', 7) be a rooted tree, and let v € V(T'). The
depth of v in (T, 7) is [V (rT'v)| and is denoted by depth; . (v). Also the
height of v in (T, r) is defined as height; .(v) = max{|V (vT1)| | | €
Leaf(T,r)}.

7.5.3 Pair collections

The first type of pairs in a rooted tree we consider is — the rather simple —
vertical pairs.

DEFINITION 7.5.9. Let (T, ) be a rooted tree. We say that a pair (a, b) of
V(T) x V(T) is a vertical pair of (T, r) ifa <7, b*. We call a (resp. b)
the upper (resp. the lower) vertex of (a, b). If {a, b} is an edge of T', then
(a, b) is an edge-pair.

DEFINITION 7.5.10. The inner part of a vertical pair (a, b) of (T, r) is
innery,.(a, b) = {b} U (descr,(a)) \ descr,.(b)
The outer part of (a,b) is defined as
outerr,(a,b) = {a,b} U (V(T) \ innery,(a,b)).

The capacity of (a,b) is defined as capacity;,.(a, b) = |innerr,.(a, b)|.

“Notice that in a vertical pair (a, b), a and b should be different vertices.
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Notice that in the tree T'[innerr,.(a, b)] the vertex b is a leave, and that
outerr,.(a, b) Ninnery,.(a,b) = {a, b} (see Figure 7.2).

DEFINITION 7.5.11. Two vertical pairs (a, b) and (', ') of (T, r) are non-
interfering if a #r, a’ orb <r, a/,or b’ <r, a (see Figure 7.2).

DEFINITION 7.5.12. A pair collection of (T, r) is a set C of pairwise non-
interfering vertical pairs of T". The minimum (resp. maximum) capacity of
C is the minimum (resp. maximum) capacity of a vertical pair in C.

DEFINITION 7.5.13. If (a,b) is a vertical pair of (7', 7), the (a,b)-com-
pression of (T, r) is the rooted tree (7", r) where T" is obtained from T if
we remove all vertices in innery,.(a, b) \ {a, b}, identify a and b, and call
this vertex a again. We denote this new rooted tree by (7', 7) \ (a, b).

OBSERVATION 7.5.1. If (T, r) is a binary rooted tree, then (7', r) \ (a, b)
is also a binary rooted tree.

DEFINITION 7.5.14. Let (a, b) be a vertical pair of (7', ) and x, y € innerg,
(a,b) (x and y are not necessarily distinct). We say that x and y are (a, b)-
aligned if either V (xTy) C V(aTb) or V(zTy) NV (aTb) C {z,y} (see
Figure 7.2).

Notice that in every vertical pair (a,b), a and b are (a, b)-aligned.

The following lemma shows us the size of the capacity a pair (a, b)
must have in order to be sure that it contains an (a, b)-aligned pair.

LemMma 7.5.3. Let (T, r) be a rooted binary tree and let (a, b) be a vertical
pair of (T, ). For every d > 2, if (a, b) has capacity

(d—2)-297% 41,

then there are x, y € innery,.(a, b) such that = and y are (a, b)-aligned and
|xTy| > d.
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innery,.(a,b)

A outery ,(a, b)

Figure 7.2: The vertical pairs (z9,¥s), (z3,y3) and (x4,b) are non-
inerfering. Notice that a and y; are not (a, b)-aligned.

Proof. WesetY = Tinnerr,(a,b)]. Observe that (Y, a) is a rooted graph
where b € Leaf(Y, a).

If |aY'b| > d then a and b are the required vertices of innerr,.(a, ).

Suppose then that |[aY'b| < d — 1. Let Y7,...,Y, be the connected
components of Y\ E(aY'b). Each Y] is a binary tree whose root is some
vertex of aY'b that has only one child. Clearly, as b € Leaf(Y,a) and
laY'b| < d — 1, it holds that z < d — 2. Also the vertices of Y;,...,Y,
form a partition of V' (Y'). This means that one, say Y;, of Y3,...,Y, has
at least 1 + 2772 vertices. As Y is binary and its root has only one child, it
follows that Y; contains a path P on d vertices. Let x and y be its endpoints.
We obtain that |zYy| > d. The lemma follows as the endpoints x and y
are (a, b)-aligned. O

7.5.4 Boundaried graphs cont.

Recall the definitions of Section 7.2. Here, we focus on the relation =,
and present an algorithm which will later allow us to calculate the “cost”
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of an (a, b)-compression (Lemma 7.5.4). By cost we mean the change in
the value of the parameter p. As we want to keep this value unchanged,
we will have to look for pairs that have zero cost.

DEFINITION 7.5.15. We define the transposition function transp,, that re-
ceives as inputs pairs (G, G2) of boundaried graphs, where, G; =,; G
and G; ¢ null(p),7 € [2], and outputs the constant cg, ¢, in the equa-
tion (7.2).

Notice that, demanding G; ¢ null(p),7 € [2], guaranties that transp,,
(G1, Gs) is an integer.

OBSERVATION 7.5.2. Let p be a graph parameter and ¢ € N. The following
hold:

1. VGy, G, € BW, transp,(G1, Go) = transp,(Gs, Gi)

2. VG4, G,, G5 € BY, transp,(G1, G3) = transp,(G1, Gz) + transp,
(G27 G3)

LEMmMmaA 7.5.4. Let p be a computable graph parameter that has Fll. For
every t € N, there exists an algorithm that, given a G € B(=Y outputs
H = rep,(G) and transp,(H, G).

Proof. Let R be a t-representative collection for =, ;.We prove first that
there is an algorithm that, with input H, G € B(<Y, checks whether H =pt
G in O;(1) steps. For this, we claim first that (7.2) is equivalent to the
following:

Jegu€Z VBERNBY, p(GOB) —pHDB)=ceu (7.7

Given that (7.2) < (7.7), we check H =, G as follows: Check first
whether the underlying graphs of H and G both belong in the domain
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of p (this is possible as p is computable), second, check whether H are
compatible #'-boundaried graphs, for some ¢ € {0} U [t], and, finally,
check whether (7.7) is correct (instead of (7.2)). Notice that (7.7) can be
checked in Ocyrg, (1), 1, (1) steps.

The “(7.2) = (7.7)” direction is a direct consequence of the definition
of =, and the fact that R N B®) C B®. To prove the “(7.2) < (7.7)”
direction, observe first that for every F € B there exists some Bp €
R N B®) such that F =,; Bg. This, together with the definition of =,
means that:

VF € BY) 3By € RNBY) 3epp, € Z ¥B € BY)
p(F©B) — p(Br © B) = cpp, (7.8)

By applying (7.8) for B = G and B = H, we have that:

VF € BY) 3By € RNBY) Jepp, €€ 7

PFOG) —pBr®G)=crp,  (7.9)
VF € BY) 3Br € RNBY) Jepp, € Z -

p(F&H) —pBr & H) =cpp, (7.10)

From (7.9) and (7.10), we deduce the folowing:

VF € BY) 3By € RN BY) .
pF&G)—pBr® G) =p(FDH)
— p(By @ H) (7.11)

We now apply (7.7) for B = Bg:
HCG7H S Z, p(G (&) BF) — p(H D BF> = CG,H (712)
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Combining (7.11) and (7.12) we have:

Jegu €7 VF € BY) 3By € R,

By simplyfying (7.13), we obtain:

Jegu€Z VFeBY, pFOG)—p(FOH) =cen  (7.14)

which is equivalent to (7.2).

Observe now that as p is computable, there exists an algorithm that
checks whether (7.7) is correct for some H € R that is compatible with
G. The algorithm then returns such a boundaried graph H, along with the
value transp,(H, G) = cg u- O

This lemma is the reason why Theorem 7.3.1 is not constructive. In the
first line of the proof we assume that R is given to us. Unfortunately, there
is no known general way to compute a t-representative collection given
only the parameter p and a t € N. However, if card, is a computable
function we can compute for every ¢ € N a t-representative collection, as
Lemma 7.7.1 shows us.

We close this Section with a couple more definitions.

DEFINITION 7.5.16. Let G = (G, X, \) be a boundaried graph and S
V(G). We define the boundaried graph G’ = G \ S such that G/
(G X' N),G=G\S, X' =X\S,and N = \|x.

1N

DEFINITION 7.5.17. Let G; = (G1, X1, A1) and Gy = (Go, X, A2) be
two t-boundaried graphs. We say that G; is a minor of G,, denoted by
G, <u Gy, ifthere is a function o : V(G) — 2V(2) where

(1) Vo,y e V(Gy), x £y = o(x)No(y) =10,
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(2) Yz € V(G1), Galo(x)] is connected,
(3) Y{z,y} € E(G1), Galo(z) U c(y)] is connected, and

(4) Vi € [t], g, (i) € o(vg, (1))

Notice that if G; <, Go, then Hg, is a spanning subgraph of Hg, .

Also notice that the graph H is a minor of G if (H, 0, @) <, (G, 0, @).

7.5.5 The functions used in the proof

The constant ¢, of Theorem 7.3.1 is defined from the following functions.

DEFINITION 7.5.18. Given a graph parameter p that has Fll, we define the
functions 7, 0p, fip, 0p, &p : N — N such that:

(x) = max{p(G) | G is a graph in dom(p) where |G| < z},
() = (cardy(z) 2!+ 1)
p(z) = (Gp(z) —2)- 222 41,
(x) z((4x - pp(w) — 1)* + 42 - pp(z)), and
(@) = mplz- (24O~ —1)),

DEFINITION 7.5.19. Given a graph parameter p that has FIl, we define the
constant ¢, to be

cp = (0p(2 - dec(p)) - (2 - dec(p) - (2 - dec(p)) + 1) + dec(p)).

Notice that the function card, is involved in the definition of ¢,. This
is the reason why ¢, cannot be constructively computed in Theorem 7.3.1.

Unfortunately, from now on, the reader will have to come back to this
Section many time.
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7.5.6 Tree-decompositions of boundaried graphs

In this Section we extend the definitions of treewidth and lean tree-decom-
positions to boundaried graphs. Also, we introduce a couple of new tree-
decompositions for boundaried graphs, namely binary and rooted tree-
decompositions. Then we prove some basic properties of these decompo-
sitions.

DEFINITION 7.5.20. Let G = (G, X, \) be a boundaried graph. A tree-
decomposition of G is a triple D = (T, x,r) where (T, x) is a tree-
decomposition of G and r is a vertex of 7" such that x(r) = X. The
width of a tree-decomposition D = (T, x,r) is the width of the tree-
decomposition (7', x). The treewidth of a boundaried graph G is the min-
imum width over all its tree-decompositions and is denoted by tw(G).

To make the proofs shorter we will use some “abbreviations”. Let
D = (T, x,r) be a tree-decomposition of a boundaried graph G:

* For each ¢ € V(T), we sett, = |x(¢q)| and we denote the corre-
sponding frontier graph by H, = Hg,.

* We set T, = T'[descr,(¢)] and we denote by G, the ¢,-boundaried
graph (GQa X(Q)v )‘q> where

G,=G[ |J x(¢)] and A = Ay,

q'eV(Ty)

Notice that if a,b € V(T') and a <r, b, then G}, is a subgraph of G,,.
We also set:

« Vo =VI(Gy),
« Vo=V \ x(),
° aq:G\f/qs
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Figure 7.3: A boundaried graph G = (G, X, \) and a tree-decomposition
D = (T, x,r) of it. Notice that V contains the vertices of the three bags
inside the dotted curve.

and we define the t,-boundaried graph G, = (G, x(q), \,), where \, =
Ay, for ¢ € V(T'). Notice that G, and G, are compatible and that
G,®G,=G.

Finally, for every ¢ € V(T'), we use the notation V, = V(G,), x, =
X|v,»and D, = (T}, x4, q) and observe that D, is a tree-decomposition of
G, (see Figure 7.3).

DEFINITION 7.5.21. We say that a tree-decomposition D = (7', x,r) of a
boundaried graph G is lean if (T, x) is lean. D = (T, x,r) is a binary
tree-decomposition if (T, r) is a binary tree and for every edge-pair (3, j),
if [x(2)| = |x(4)|, then G; is a proper subgraph of G;, i.e., |G;| < |G,

LemMA 7.5.5. Let G be a boundaried graph and let D = (7', x,r) be a
tree-decomposition of G of width < ¢ — 1. Then |G| < ¢ - |T|.

Proof. Notice thata set of n = |G| vertices is covered by |T'| sets, the bags
of D, each of size at most t. As each bag of D covers at most ¢ vertices, it
follows that n < ¢ - |T| as required. O
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LeEmMaA 7.5.6. Let G be a boundaried graph and let D = (7, x,r) be a
binary tree-decomposition of G. Then |T'| < 4 - |G].

Proof. The proof is based on the fact that a binary tree-decomposition
D = (T, x,r) of G can be transformed to a decomposition D’ = (177, X', r)
with the following properties:

A. T’ is a binary tree.

B. If some vertex t of T" has two children t; and ¢, then \/(t) =
X' (t1) = X/ (t2).

C. If some vertex t of 7" has one child ¢, then either | \'(¢) \ /()| = 1
or [X'(¢) \ X'(t)] = L.

A tree-decomposition as above is called nice and it is known that
|T"| < 4-|G| (e.g., [16]). It now remains to provide a way to transform
(T, x,r) to a nice tree-decomposition of G — of the same width — where
|T| < |T’|. For this, we apply the following transformations as long as
this is possible.

1. If t € V(T), t has two children and for one of them, say ¢/, it holds
that x(¢') # x(¢), then subdivide the edge {¢,t'} and, if ¢, is the
subdivision vertex, set X (vnew) = X(t).

2. If for some edge-pair (t,t') of T" it holds that |x(¢) N x(¢')| < min
{Ix(®)|, |x(t')|}, then subdivide the edge {¢,#'} and, if t,e, is the
subdivision vertex, set X (vnew) = X (£) N x ().

3. If for some edge {¢,t'} of T there are at least two vertices, a and
a',in x(t) \ x(t'), then subdivide the edge {¢, '} and, if ¢,y is the
subdivision vertex, set X (vnew) = X(t') U {a}.

Let (77, x',r) be the resulting tree-decomposition of G. Clearly 7" is
binary, therefore property A holds. Property B follows by the fact that
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Transformation 1 cannot be applied any more and Property C follows be-
cause transformations 2 and 3 cannot be applied any more. Therefore
(T",x',r) is a nice tree-decomposition, as required. O

LemmA 7.5.7. There exists an algorithm that, given a boundaried graph
G and a (lean) tree-decomposition D = (7, x, r) of G with width at most
k € N, outputs, in O(|G]|) steps, a (lean) binary tree-decomposition of G
— of width at most & — that has at most 2 - |G| — 1 nodes.

Proof. Because of Lemma 7.5.1 we can assume that (7', y) is small, and
that 7" has at most |G| nodes. Clearly it holds that:

V{z,y} € E(T), x(x)\ x(y) #0and x(y) \ x(x) #0  (7.15)

Let B be the set of vertices of 7' that have more than 2 children in

T. For each b € B we apply the following transformation on D. Let
{b1,...,bs} be the children of b in (T, r). We set D' = (T", X', r) where:

- T"is obtained by T after removing the edges {b,b;},i € {2,...,s},
adding the new vertices {b,,...,0, ;}, the edge {b,,}, the edges
{00, 1 },i€{2,...,s — 2}, the edges {b;,b;},i € {2,...,5s — 1}

and the edge {V,_,b,} (see Figure 7.4), and

s—1»

- X = xU{,x((0) [ie€{2,...,s = 1}}

We call D' = (17, X', r) the tree-decomposition of G that is obtained
after applying the above transformation for every b € B. Notice that
T is a binary tree and that the width of D’ is equal to the width of D.
Also, it is easy to observe that the number of new nodes is upper bounded
by the number of leaves of 7', therefore the number of nodes of the new
decomposition cannot increase more than double. Moreover, it can be
casily verified that if D is lean, then D’ is lean as well.

Notice that D satisfied Condition (7.15) before the application of the
above transformation. Moreover, for every vertical pair (a, b) where Con-
dition (7.15) is still true after the transformation, it holds that |G}| < |G, |.
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Figure 7.4: The transformation of Lemma 7.5.7.

If Condition (7.15) is not any more true for some vertical pair (x,y),
created after the application of the above transformation, then (z,y) €
{(b;,0;.1) |ie€{2,...,5 —2}} for some b € B (here we denote b, = b).
In this case, x(b;) = x(b),i € {2,...,s — 1}. But then b} has another
child, that is b;, where both x(b;) \ x(b;) and x(}) \ x(b;) are non-empty,
because both y(b;) \ x(b) and x(b) \ x(b;) where initially non-empty. This
implies that if x(b;) = x(bi1), Vir,, & Vi then [Gy | < [Gy| as re-
quired. Therefore D’ is a binary tree-decomposition.

Notice now that the number of new nodes of D’ is equal to

> (degr(v) - 2),

UEVZg

where V>3 is the number of vertices in 7" with more than 2 children. It is
easy to observe that

> (degy(v) — 2) < Leaf(T,r) < |T| — 1.

UGVZg

Therefore, |T'| <2-|T|-1<2-|G| - 1. O

LemmMma 7.5.8. Let G = (G, X, \) be a boundaried graph where G[X] is
a clique and tw(G) < ¢t — 1. Then G has a lean binary tree-decomposition
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D = (T, x,r) — with width at most t — 1 — where x(r) = X and |T| <
2-|Gl.

Proof. From Proposition 7.5.1, G has a lean tree-decomposition (7', x)
of width tw(G). As G[X] is a clique, all vertices of X will go in the
same “bag” of (7', x). Let ¢ € V(T such that X C x(¢) and set G’ =
(G, x(q), ). Notice that (T, y,q) is a lean tree-decomposition of G’ of
width tw(G). From Lemma 7.5.7, (T, x, ¢) can be transformed to a lean
binary tree-decomposition D = (77, X/, ¢) of width tw(G), such that 7"
has at most 2 - |G'| — 1 = 2 - |G| — 1 nodes. Recall that x'(q) = x(q).

In the case where x(¢) = X, D is the required lean binary tree de-
composition of G and we are done.

In the case where X C x(q), rename q to g4, add in 7" a new vertex
(new along with the edge {q, gnew }»> S€t X = X U (Gnew, X ) and rename ¢pey
to g. Notice that, as X C x(q), after this modification D remains a lean
binary tree-decomposition of G of width tw(G). [

LemmA 7.5.9. There exists an algorithm that, given a boundaried graph
G = (G, X, ) and a tree-decomposition D = (17, x') of G’ = G \ X, of
width tw(G’), constructs, in O(|G|) steps a binary tree-decomposition of
G —of width at most tw(G") + | X'| — with at most 2- (|G| — | X|) +tw(G")+1
nodes.

Proof. Pick any vertex 7 of 7" and let S = x/(7). Clearly D' = (T", \/, F)
is arooted tree-decomposition of G’ = (G’, S, A\ X). From Lemma 7.5.7,
there is an algorithm that transforms D’ to a binary tree-decomposition
D" = (T",x",7) of G’ of width tw(G") and 2-|G'| = 2- (|G| —|X|) nodes,
in O(|G'|) steps. We update x” so that for every ¢ € V(T"), x"(¢q) =
X"(q) U{X}. Clearly, the new D" is a binary rooted tree-decomposition
of G, where X" (7) = S U X.

Let s = |S| and pick a colection A, ..., A, of subsets of S U X such
that X = A, C A1 C - C A CSUX. Weuse D' = (T",x",7) in
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order to construct a binary tree-decomposition D™ = (T*, x*,r") of G
of width tw(G’) as follows.

Let T be the disjoint union of 7" and a path on s vertices ¢1, . . . , gs.
The construction of 7 is completed by adding the edge {7, ¢: }. We also
set r* = ¢,. Finally we set x™ = x” U {(¢;, 4;) | 7 € [s]} and notice
that DT = (T, xT, ") is a binary tree-decomposition of G — of width at
most tw(G’) 4 | X | —and with at most 2 - (|G| — | X|) + tw(G’) + 1 nodes,
as | S| < tw(G') + 1 O

LeEmMA 7.5.10. Let G = (G, X, \) € B(SY. There exists an algorithm
that checks whether tw(G) < t — 1, and if so, outputs a binary tree-
decomposition of G — of width at most ¢ — 1 —in O;(|G]) steps.

Proof. Let G’ be the graph obtained from G after adding all edges missing
from G[X], i.e, G’'[X] is a clique of | X| vertices. We use the algorithm of
Theorem 4.1.2 to check whether G’ has treewidth at most ¢ — 1.

Ifthe answer is affirmative, then this algorithm computes a tree-decom-
position (77, x") of G', with width at most ¢ — 1, in linear time. As G'[ X]
is a clique there exists a ' € V/(7") such that x'(r') O X. Let 7" be a
vertex not in V(7”). We define the tree 7" = (V/(17) U {r"}, E(T") U
{{r”,r'}}) and the tree-decomposition D" = (T",x",r") of G, where
X" = x"U{(r", X)}. Notice that D" was width at most ¢ — 1.

On the other hand, if the answer of the algorithm is negative, that
means there is no tree-decomposition of G/ with width ¢ — 1, and, there-
fore, there is no tree-decomposition of G with width at most ¢ — 1 either.

Using D" and the algorithm of Lemma 7.5.7 we can compute a binary
tree-decomposition of G, say D = (7', x, r), with width at most ¢ — 1, in
O:(|G]) steps. O

DEFINITION 7.5.22. Let G = (G, X, \) be a boundaried graph and let
D = (T, x,r) be a tree-decomposition of G. Given «, 5 € N, we say that
D is an (a, B)-tree-decomposition of G if the following conditions hold
(see Figure 7.5):
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Figure 7.5: An («, ()-tree-decomposition of a boundaried graph G.

() [x(r)] < a,
2) if {r®, ... r()} is the set of children of 7 in (T, 7), then s < a,

(3) VYh € [s], DM = (T.y, x,m, ™) is a binary tree-decom-position

T

of G, of width at most 3,
(4) Vh € [s], x(r™) = 05(V(G,m)), and
(5) foreach {i,j} € (§)), x(r®) # x(r¥).

We also define t,, H,, T,, G, Vy, V,, G, and D,,, for every ¢ € V/(T),
as we did in the case of tree-decompositions.

(o, B)-tree-decompositions can be related to («, 3)-protrusion decom-
positions in the following way.

147



7.5. SETTING UP THE PROOF

LemMA 7.5.11. Let G be a graph that has an («, 3)-protrusion decom-
position. Then there exists some boundaried graph G, whose underly-
ing graph is G, such that G has a («, 2/5)-tree-decomposition of at most
142 |G|+ a- 8+ anodes.

Proof. LetP = {Xy, X1, ..., X} bean («a, §)-protrusion decomposition
of G. From Lemma 7.5.2, we may assume that P is tight, i.e.,

Vi€ [l], No(X;)=0a(Na[Xi]). (7.16)

Recall that R; = Ng[X;], |0g(R;)| < B and tw(G[R;]) < 8,1 € [{].
We set G; = G[X;],i € [{] and, as X; C R;, we obtain that tw(G;) <
tw(G[R;]),i € [¢]. Notice that the vertex sets of the graphs in G4, ..., Gy
are pairwise disjoint, therefore:

VI C [6]7 tW(UieI Gz) < 6 (717)

We say that G; ~ G, if and only if 0q(R;) = 0c(R;). Clearly, ~ defines
an equivalence relation. Let {G, . .., G} be the partition of { Gy, . .., G}
into the equivalence classes of ~ .

For h € [s], we set G" = U G, and observe that, because of 7.17,
tw(G() < B. Also, we set

a" = g™y zm),

where Z( is the common open neighbourhood, in G, of all the vertex
sets of the graphs in G, h € [s]. From (7.16), Z® = 9c(V(G"")).
As each Z() is some of the sets in {Og(R;1),...,0g(R,)}, taking into
account (7.16), we have that |Z"| < 8, h € [s].

Let A be some labelling of G. We set, for every h € [s],

G" = (@", 2™ A, gm)
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and t") = |Z(W|. Recall that t") < B, h € [s]. From Lemma 7.5.9, each
G has a binary tree-decomposition D) = (T") (") (")) of width at
most tw(G™) + ™ < 2. 3 and at most

2- (|G| — |ZM]) + tw(G™) + 1 <2 (IGW| — | ZM|) + 8+ 1

nodes.

We now construct a tree-decomposition D = (7', x, ) of G as follows.
To construct the tree 7" we take the disjoint union of 7(W_ ... T), then
we add a new vertex r and we make 7 adjacent with (... r(*) We
then define x = {(r, Xo)} U xM U --- U x{®). Notice that D is a tree-
decomposition of G. We claim that D is an («, 2 - 5)-decomposition.

Taking into account that T7(") = T,y and G = G, h € [(], itis
easy to verify that D is an («, )-decomposition of G of at most

1+ 3@ (G = 1ZM) +8+1) = 1+2- Y (6™~ |2")
he(s] he(s]
+> (B+1)
he(s]
< 142-|G|+a-(B+1)

nodes. Moreover, Condition 1 follows as |x(r)| = |Xo| < «. Condition
2 follows from the fact that s is the number of equivalence classes of ~,
which is at most ¢ < «a. Condition 3 follows directly by the construction
of D. For Condition 4 it is enough to observe that for every h € [s],

x(r®) = 20 = 36(V(@")) = 6(V(Gym)). As x(r) = 20,
and, by their definition, all sets in {Z(), ... Z(®)} are pairwise distinct,
Condition 5 is satisfied. [
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7.5.7 A lemma on the compression of admissible pairs

We move on and define the type of pairs satisfying the properties that
allow us to compress “parts” of a boundaried graph. But first we have to
define what such a “part” is and then, how can we compress it.

DEFINITION 7.5.23. Let G, = (Gy, X;, \;),i € [2] be two boundaried
graphs. We say that G is a part of G if G5 is a subgraph of (G| such that
V' (Gs) is the union of some of the connected components of G; \ X that
do not contain vertices of X; and )\1|V(GZ) = .

DEFINITION 7.5.24. Let Gy = (G, X2, \2) and G, = (G}, X}, \,) be
boundaried graphs. We say that G/, and G, are strongly compatible if they
are compatible, and A (V (Gs)) C A (V(G2)).

DEFINITION 7.5.25. Let G; = (G, Xi, ), 1 € [2] and G, = (G, X}, \))
be boundaried graphs. If G, is a part of G; and G, and G}, are strongly
compatible, we define the replacement of Gy by G, in G, as the bound-
aried graph G| = (G, X], \|) where

- G = (G \ (V(G2) \ X2), Xo, A\ (V(G2) \ X)) © G,

- X] =X, and

- A=A\ (A2 \ (V(Ga) \ X2))) U XS
DEFINITION 7.5.26. Let G = (G, X, \) be a boundaried graph and let
D = (T, x,r) be a binary tree-decomposition of G of width at most ¢ — 1.

We say that a vertical pair (a, b) of (T, r) is compressible for (G, D) if G,
and G, are compatible.

DEFINITION 7.5.27. Given a vertical pair (a, b) that is compressible for
(G, D), we define the (a, b)-compression of the pair (G, D) as the pair
(G, D) where G’ = (G', X, ) is the replacement of G, by G, in G,
D= T",x"r), T"=T\ (a,b),and X' = x|v(z).
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Gy

Gy

.

.

Figure 7.6: The replacement of G, by G} in G;.

Notice that if D is a binary tree-decomposition of G, then D’ is again
a binary tree-decomposition of G.

DEFINITION 7.5.28. Let G = (G, X, \) be a boundaried graph and let
D = (T, x, r) be a binary tree-decomposition of G of width at most ¢ — 1.
Let t € N and p be a graph parameter that has FIl. We say that a vertical
pair (a, b) of (T, r) is =, ;-admissible for (G, D) if (a, b) is compressible
for (G, D) and G, =p; Gy.

The following Lemma is crucial for the proofs in this Chapter, as it
shows some useful properties of the replacement on admissible pairs.

LEMMA 7.5.12. Let p be a graph parameter that has Fll and let ¢ € N. Let
G = (G, X, \) be a boundaried graph and let D = (7, x, ) be a rooted
tree-decomposition of G of width at most ¢ — 1. Let (i1, i2) be an =, ;-
admissible pair for (G, D) where G;, =, Gi, and letiz € V(T') such
that io <7, 73. Let also Guew = (Ghew, Xnews Anew) be @ boundaried graph
that is strongly compatible with G;; and G, =1, Gnew and let Gj; be the
replacement of G;, by Gy, in G;,, for i € [2]. Then the following hold:
1. G}, =pti, G/

1272
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Figure 7.7: The boundaried graphs in Lemma 7.5.12.

2. transp,(Gj,, G},) = transp,(G;,, G,),
3. Gi, =p; Gj,, and
4. transp,(Gi,, Gi,) = transp, (G, Gpew)-

Proof. We define (see Figure 7.7):

B =G NG, C=GiNG,, D =G,
BCE = G|, CE =G|, BCD = G;,
CD = G,, D =G, E = Gyey-

If A = (A,Y,)) is some t;,-boundaried graph, we denote ABC =
(AUBUC, x(i3), \'), where we insist that V(A) NV (G;,) = Y = x(i1)
and we pick \" as some vertex labelling of AUBUC such that A|, ¢,y C X'

Similarly, if A = (A, Y, \) is some ¢;,-boundaried graph, we denote
AC = (AUC, x(i3), '), where we insist that V (A)NV (Gy,) = Y = x(is)
and we pick \" as some vertex labelling of AUBUC such that A|,(;,) C X'
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We also set ABCD = A @ BCD, ACD = A & CD, ABCE =
A @ BCE, and ACE = AC @ E. Clearly:

ABCD = ABC@®D (7.18)
ACD = ACaD (7.19)
ABCE = ABC@E (7.20)
ACE = ACQE (7.21)

Finally wesett = t;, = t;,,' = ti; = [Xnew|, c12 = transp,(Gy,, Gy,),
and c3 4 = transp,(Gi;, Guew)-

The proof is based on the following observations:

G;, =p: G;, means that

VAeBY,  pA®G;,)=pAd®G,) +cry —

VA € BY  p(ABCD) =p(ACD) + c1 (7.22)
G;, =p v Gnew means that

VS e B p(S®Gyy) =Pp(S D Grew) + 34 =
vSe BY)  p(S®D)=p(SBE) + cs4 (7.23)

We apply (7.23) forall S € {ABC | A € B},

VA € BY, p(ABC&D)=p(ABC S E) + ¢y " 2EY

VA € BY  p(ABCD) = p(ABCE) + c34 (7.24)
From (7.22) and (7.24), we obtain that
VA € BY  p(ABCE)=p(ACD) +ci15—css  (7.25)
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We apply (7.23) forall S € {(AC | A € B},

VAeBY  p(AC@D)=pACBE)+cs, 22

VA € BY  p(ACD) = p(ACE) + cs34 (7.26)

From (7.25) and (7.26) we conclude that

VA € BY,  p(ABCE) = p(ACE) + c1p 257

VAcBY  p(A®BCE)=pA®CE)+ci,

which implies that BCE =, CE and transp,(BCE, CE) = ¢, ,, as re-
quired.

Notice now that (7.26) can be rewritten as:
VAcBY  p(A@CD)=p(A®CE)+csy (7.27)

From (7.27) we obtain that CD =,; CE and transp,(CD,CE) = c34.
Also, (7.23) implies that transp, (D, E) = ¢3 4. Therefore transp, (CD, CE)
= transp,(D, E), thus G;, =, G|, and transp,(Gi,, Gj,) = transp, (G,
Gnew)- ]

7.6 The Algorithm

We reached are penultimate milestone. Here, we present the bits and parts
of the algorithm in the proof of Theorem 7.3.1.

This algorithm uses two main subroutines: The algorithm of Lemma
7.6.9 and the algorithm of Lemma 7.6.15. The former detects a (3, f)-
rich protrusion of GG for some 3 and f that depend on p. This detection
requires O(n??) guesses for the root Y. For each such guess, we group
together to a single set R all connected components with boundary Y and
treewidth at most /3 and then we check whether |R| > p(G|[R))- f(3). The
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computation of p(G[R]) can be done in O(n) steps using the FIl property
(Lemma 7.6.6). Therefore we can detect such a rich protrusion, if one
exists, in O(n?*1) steps.

7.6.1 Finding a transition pair

The type of pairs we want to compress are null transition pairs. We will
postpone the definition of null transition pairs until Section 7.6.4, as we
must first present some general technics.

DEFINITION 7.6.1. Let p be a graph parameter that has Fll. Let also G
be a boundaried graph and let D = (T, x,r) be a («, 5)-rooted tree-
decomposition of G. We say that a vertical pair (a, b) of (T, r) is a transi-
tion pair of (G, D) if (a, b) is =, ;-admissible and G, <, G,,.

As an important step towards the proof of Theorem 7.3.1, we show that
if a vertical pair (a,b) has “big enough” capacity, then we can rearrange
the part of D that corresponds to the “inner territory” of (a,b) so that it
now contains some transition pair (a’,0’) (Lemma 7.6.4). The proof of
this result makes extensive use of some suitable variants of the concepts
of lean and linked tree decompositions introduced in [32, 60].

LEMMA 7.6.1. Let p be a graph parameter that has Fll and let ¢ € N. Let
also G be aboundaried graph, D = (T, x, ) be a binary tree-decomposition
of G — of width at most t — 1 — and (a, b) be a transition pair of (G, D).
If (G, D’) is the (a, b)-compression of the pair (G, D) then G’ <, G,
|G'| < |G|, G’ =, G and transp,(G, G') = transp,(G,, Gy).

Proof. The fact that G’ <, G follows from the fact that G, and G, are
compatible, thus, the corresponding frontier graphs H, and H, are equal,
and the fact that G;, <., G,.

Moreover, |G’| < |G| follows from the definition of a binary tree-
decomposition.
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To prove that G’ =, ; G and that transp, (G, G’) = transp, (G, Gy), it
is enough to apply Lemma 7.5.12 for G and D, by setting i1 = r,is = 7,
i3 = a, and Gpew = Gy. O

We declared in Theorem 7.3.1 that the graph obtained after the com-
pression will be a minor of the input graph. To achieve this, we need to
make sure that the part of the graph to be compressed will contain some
vertex disjoint paths that can be contracted and yield a minor. We intro-
duce the notions of Weak leanness and Linkedness of a tree-decomposition,
that make a tree-decomposition locally lean, and, therefore, provide us
with these disjoint paths.

DEFINITION 7.6.2. Let D = (T, x, ) be a tree-decomposition of a bound-
aried graph G = (G, X, \). Given a vertical pair (a, b) of T, we say that
D is weakly (a, b)-lean for G if for every z,y € innerr,(a,b), such that x
and y are (a, b)-aligned, and every s € N, it holds that

- either there are s vertex disjoint paths between x () and x(y) in G,

- or there is an edge {q,¢'} € E(xTy) such that |x(¢) N x(¢")| < s.

DEFINITION 7.6.3. Let D = (T, x, ) be a tree-decomposition of a bound-
aried graph G = (G, X, \) and (a, b) a vertical pairof 7. D is (a, b)-linked
if for every x,y € innerr,(a,b), such that z and y are (a, b)-aligned, and
every s € N, it holds that

- either there are s vertex disjoint paths between x(x) and x(y) in G,

- or there is an vertex w € V(2Ty) such that |x(w)| < s.

LeEmMA 7.6.2. Let G = (G, A, \) be a boundaried graph where G[A] is
a clique, let B C V(G) where G[B] is a clique, and let D = (T, x, )
be a lean binary tree-decomposition of GG such that 7" has a leaf [ where
Xx(l) = B. Let also G’ be a graph obtained by removing from G edges
that belong in F(G[A]) or in E(G|[B]). Then D is weakly (r,)-lean for
G = (G AN).
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Proof. Let P = rT'l and let T}, ..., T, be the connected components of
T\ E(P). Recall that if = and y are (r, [)-aligned, then they both belong to
one of P,T1,...,T,. In any case, we have to prove that, if x(z) and x(y)
are joined by a collection Q@ = {Q, ..., Q. } of pairwise vertex disjoint
paths of G, then they are also joined by the same collection of paths in
G". We choose Q, so that V(UQ) is minimized. This minimization forces
each internal vertex of a path in Q to belong in (k) forsome h € V (2T'y)
but not in x(z) U x(y).

Suppose that some edge e = {i,j} of some path Q € {Q1,...,Q.}
does not exist in G'. Clearly, the endpoints of e belong in one, say A,
of A and B. Also, w.l.o.g., we assume that 7 is the vertex of {7, j} that
is closer to 7 in 7" and, again w.l.0.g., that ¢ is an endpoint of {7, j} that
does not belong in x(z) (by the choice of Q it is not possible that both i
and j belong in x(z) or to x(y)). We now claim that i € x(h) for some
h € V(zTy) \ {z}. Indeed, as we already mentioned, this holds when i
is an internal vertex of () while if ¢ is not an internal vertex, then ¢ should
belong in x(y). We conclude that i belongs both in x(r) and x(y) and as
z € V(rTy),i € x(x), a contradiction to the choice of i. Therefore all
edges of the paths in Q are also edges of G'. [l

The algorithm in the next lemma can make the subtree of a tree-decom-
position between the vertices of a vertical pair linked.

LEMMA 7.6.3. For every t € N, there is an algorithm with the following
specifications:

Pair Linking Algorithm
Input: A quadruple (G, D, a,b) where:
1. G is a boundaried graph,
2. D = (T, x,r) is abinary tree-decomposition of G of width
atmostt — 1, and
3. (a,b) is a vertical pair of (T, r).
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Output: A binary tree-decomposition D' = (7", \/, ) where:
1. (a,b) is a vertical pair of (7", r),
2. outeryv . (a, b) = outer(p,y(a,b),
3. X|outerT/,r(a,b) X|outer(T7T)(a,b)a
4. D' is (a,b)-linked, and
5. capacity v, (a,b) > 3 - capacityz,.(a, b).

Moreover, this algorithm runs in Oy (1) steps where ¢ = capacity;,.(a, b).

Proof. Let I = innerr,.(a,b) and keep in mind that capacity;,.(a,b) =
[I]. Let A = x(a) and B = x(b). Let J = G[U,; x(«)] and let J be
the graph obtained from J if we make all pairs of vertices in A adjacent
and all pairs of vertices in B adjacent, i.e., both A and B induce cliques
in J. LetJ = (J, A, \|;). Let also D* = (T*,x*,a), where T* = T[I]
and x* = x|;. Observe that D* is a binary tree-decomposition of J of
width < ¢ — 1. From Lemma 7.5.5, |J| = [J| < t- |I| < t - ¢, where
¢ = capacity,,.(a, b).

From Lemma 7.5.8 there exists a lean binary tree-decompositions D*® =
(T*, x*,a) of J, with width at most ¢ — 1, such that y*(a) = A and
|T*| <2-|J] <2-t-c. Notice that D* can be found in O (1) = Oy (1)
steps.

We name b the vertex of 7' that has the biggest possible depth and
B C x(b). Our target is to modify D* so that b will be a leaf of 7 and
Xx*(b) = B. To this aim, we assume that b is not a leaf of 7" and apply
modifications according to the following case analysis:

Case 1: B C x(b) and b has at most one child in 7", rename b to by4 in
D* and add in T a new vertex by, along with the edge {bo14, bnew } (se€
Figure 7.8, Case 1). Finally, set x* = x* U (byew, B) and rename byey to b.
Notice that, as B C x*(bow ), this modification creates again a lean binary
tree-decomposition of J.

Case 2: If B = x(b) and b has one child d in 7", we copy the transfor-
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new d-/-

Figure 7.8: The transformations of Lemma 7.6.3.

mation of Case 1 (see Figure 7.8, Case 2). Notice that as x(d) cannot be a
subset of x(b), the new decomposition D*® is again a lean binary decom-
position of J.

Case 3: bhas two children d and d’ in 7*. We remove the edges {b, d} and
{b,d'} rename b to b,q in D* and add two new vertices by and ¥/,.,, and
the edges {bold, bnew }» {Dhews A’ }> {bolds Uler 1> and {0, d} (see Figure 7.8,
Case 3). We set x* = X* U {(bnew, B), (Ve X* (b)) tand then we rename
bnew to b. Observe that the fact that x(d) is not a subset of x(b) and x(d’)
is not a subset of x(b) in the original D*®, the “new” D* is again a lean
binary decomposition of J.

After the above modifications, we have that b is indeed a leaf of T°°.
Also, these modifications may add at most 2 more nodes in D°®. Now we
are in position to apply Lemma 7.6.2 on J, B, D®, b, and J and obtain
that D* is a binary tree-decomposition that is weakly (a, b)-lean for J =
(Jv A7 )‘|I )

We now construct D' = (7", x’,r) by setting 7" = (T'\ I) UT*, and
X = xlvienUX® Asbisaleaf of T®, D' is a binary tree-decomposition
of G with width at most the width of D. Moreover, D’ is a binary tree-
decomposition that is weakly (a, b)-lean for G.
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We will transform D’ to a tree-decomposition that is (a, b)-linked for
G by applying the following transformation for every edge-pair (x,y) of
(T*,a):

If |X'(z) N X'(y)| < min{|x'(z)|,|x(y)|}, then remove {z,y} from T”,
add a new vertex v, , and the edges {z, v, ,} and {v,,,y} and set ' =
X U (Ve X ()N X (y)) }-
This transformation makes D’ (a, b)-linked while it does not harm the sta-
tus of D’ of being a binary tree-decomposition.

To prove the last property, first observe that capacityy.,.(a,b) = |T%|.

As D* = (T*,x*, a) is abinary tree-decomposition of J, from Lemma 7.5.6
it holds that:

IT*| < 4|3 = |J| > |T*|/4 (7.28)

Now notice that capacity v, (a,b) > |T*|, as we may add some vertices
to 7" when transforming 7' to an (a, b)-linked tree-decomposition. From
Lemma 7.5.5, it holds that |7*| > |J|/¢t. Combining this with (7.28) we
conclude that | 7| > [T™|/(4 - t). O

ProrosiTion 7.6.1 ([130,131]). Let t, y be positive integers, and let w €
Y*, where ¥ is an alphabet whose symbols are the numbers in [t|. If |w| >
y', then there is a number t’ € [t] and a subword u of w such that all letters
in u are at least t' and u contains the number t' at least y times.

The following Lemma give us an algorithm that finds a transition pair
in a “locally linked” tree-decomposition of sufficient capacity.

LeEmMaA 7.6.4. Let p be a graph parameter that is computable and has FlI.
For every t € N, there is an algorithm that receives as input a boundaried
graph G, a binary tree-decomposition D = (T, y,r) of G, and a vertical
pair (a, b) of (7', r) such that

1. D has width at most ¢ — 1,
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2. capacityp,.(a,b) > pp(t), and
3. Dis (a,b)-linked,

and outputs a transition pair (¢, 0') for (G, D) where a’, 0’ € innerr,(a,b).
Moreover, this algorithm runs in Oy .(1) steps, where ¢ = height,.(a).

Proof. We set § = 6,(t). From Lemma 7.5.3 and the definition of i,
there are x,y € innerr,(a,b) such that x and y are (a, b)-aligned and
|xTy| > 6 = (cardy(t) - t! + 1)+ Let P = 2Ty and keep in mind that
all vertices of P belong in innerr,(a,b).

Let (g1, .., qs) be the vertices of P ordered in the way they appear in
P, starting from ¢; = x. We see the sequence w = (|x(q1)|, [x(q1)|,- -,
|x(go)|) as a word on the alphabet 3 = {0} U [t]. As § = (card,(t) - t! +
1), from Proposition 7.6.1, there is some ¢’ € {0}U[t], apairi’, j' € [6]
andaset [ C {i',i' +1,...,7'} such that

A. |X(QZ’)|7 |X(Q’i’+1)|7 R |X(QJ'>| > t/’
B. |I| > cardy(t) - t! + 1, and
C. forall f € I,|x(qs)| =1

Let o : {Gg, | h € I} — R such that 0(Gy,) = rep,(Gy,). As [I| >
cardy(t) - t! + 1 and t > ¢/, there is a set I’ C [ where |I'| = ¢/ +1
and such that all graphs in {G,, | h € I’} are equivalent with respect to
=, Let W = (p1,...,pp|) be the vertices of I’ ordered in the way they
appear in P.

As D is (a, b)-linked, and because of A and C, forevery i, j € [t'| +1],
the vertices of x(p;) and the vertices of x(p,) are connected in G,, by
a collection Q; ; of ¢’ internally vertex-disjoint paths. For every i,j €
(' 4+ 1],i < j, we define the bijection &, ; : [t'] — [t'] such that for
each m € [t], it holds that the vertices w(_;j_ (m) and @DE; (m) are the two
endpoints of some path in Q; ; (recall that Yg,, and w](;pj are the label
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normalising functions of G, and G, respectively). Notice that if g;, g;,
and g, are vertices in W where i < j < h, then, k;, = K; j © kj ;. As [t']
has t'! different permutations, there exist i, j € [t!41],7 < j such that x;
is the identity mapping. This means that Q, ; contains ¢’ vertex-disjoint
paths Py, ..., Py in G, from x(p;) to x(p;), such that the endpoints of
each path are equally indexed. Leta’ = p; and b’ = p,. We assume that for
m € [t'], P, is the path with endpoints g, (m) and 9, (m). It remains
to show that Gy <., G, .

To prove this, we define the injective function i : V(Gy) — V(Gy/),
where:

M(Q}) _ V(P¢Gb, (U)) ifv € )S(b,)
v ifveVy ="V, \x¥)

Intuitively, Gy can be obtained from G, if we remove all vertices in V, \
Vi that do not belong in some of the paths in Q;; = {Py,..., Py} and
then, for each h € [t'] contract the path P, to its endpoint in x (w), i.e., the
vertex of y(w) that has index h.

Notice that the pair (p;, p;) can be found algorithmically inside G, and
D,, given that the function ¢ is computable and this is possible because
of Lemma 7.5.4. O

The algorithm of Lemma 7.6.5 takes the transition pair the algorithm
of Lemma 7.6.4 outputs and compresses it.

LEMmMA 7.6.5. Let p be a graph parameter that is computable and has FlI.
For every t € N, there is an algorithm with the following specifications:

Pair Compression Algorithm
Input: A quadruple (G, D, a,b) where:
1.G is a boundaried graph,
2. D = (T, x,r) is abinary tree-decomposition of G of width
atmostt — 1, and
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3. (a,b) is a vertical pair of (T',r) where 4t - p,(t) <
capacityy.(a, b).

Output: A triple (G’, D', {) where:
1.G=,,; G,
2. |G < |G|,
3. G <u G,
4. D' = (T, x',r) is a binary tree-decomposition of G’ of
width at most ¢ — 1, and
5. the value ¢ = transp, (G, G').

Moreover, if (z,y) is a transition pair where (x,y) € outerr,(a,b), then
(z,y) is also a transition pair of (G’, D) and transp,(G,, G,) = transp,
(G, G;). This algorithm runs in O; .(1) steps, where ¢ = height; ,.(a).

Proof. The algorithm applies first the algorithm of Lemma 7.6.3 on (G, D,
a, b) and constructs a binary tree-decomposition D* = (T, x*, r) with the
specifications of Lemma 7.6.3. Notice that

1
capacity(g..,)(a,b) = - - capacityr, (a.8) = pp(?).

Next applies the algorithm of Lemma 7.6.4 in order to find a transition
pair (a’,0") of (G, D*), where a’,b' € inner(r-,)(a,b). Let (G, D’) be
the (o, b')-compression of the pair (G, D*). By Lemma 7.6.1, G’ <, G,
|G'| < |G|, G' =, G, and transp,(G,G’) = transp,(Gu, Gy ). Notice
that

transp, (G, G') = transp,(Gu, G'y) = transp, (G, , H)+transp,(H, Gy ),

where H = rep,(Gu./) = rep,(G'y). We now use Lemma 7.5.4 to com-
pute H, transp, (G, , H) and transp,(H, Gy) in O; (1) steps. Therefore,
transp, (G, G’) can be computed in O; (1) steps.

The last statement of the lemma is straightforward in the case where
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gohighery . (v,15) @----ooooo TR :
N 4

gohighery ,.(v,4)
T

Figure 7.9: An example of gohigher; (v, 11).

a ¢ desc(r)(y) as, in this case, G, = G/,. Suppose now that a € desc(z)
(y). We apply Lemma 7.5.12 on G and D’ for iy = z, iy = vy, i3 = d
and G,ey = Gy and we obtain that transp,(G,, G,) = transp,(G, G,)
as required. ]

7.6.2 A boundaried graph compression algorithm

DEFINITION 7.6.4. Let (7', 7) be a rooted tree. If v € (T") and p € N, we
denote by gohigher,. (v, 11) the unique vertex u of 7" where

- v € descr,(u) and
- min{yx, depthy, (v) — depthy, (u)} is maximized.
(See Figure 7.9 for an example.)

The next algorithm is a big step towards proving Theorem 7.3.1. It
can compress a boundaried graph to a size depending on the width of the
decomposition we are given as input, and the number of the equivalence
classes of =, ;. This algorithm runs in time proportional to the size of our
graph.
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LeEmMMA 7.6.6. Let p be graph parameter that is computable and has FlI.
For every t € N, there is an algorithm with the following specifications:

Boundaried Graph Compression Algorithm

Input:

Output:

A pair (G, D) where:

1.G = (G, X, \) is a boundaried graph, and

2. D = (T, x,r) is a binary tree-decomposition of G of
width at most ¢ — 1.

A pair (G/, z) where:

1.G=,, G,

2. G <, G, and

3.|G| <t (241 1)),

4. tw(G') <t—1,and

5. the value z = transp, (G, G').

Moreover, the running time of this algorithm is O;(|G]).

Proof. The algorithm is the following:

Step 1: First we set some variables:

-G =G,

A

- D=D,and

- z = 0 (at the end this variable will be equal to transp,(G, G')).

Let D = (T,x,r),and G = (G, X, \). Let also ju = 4t - fp(2).

Step 2: Lety bealeafof T with maximum heightand letw = gohigher(TAjr)

(y, ).

Step 3: If height 7 (w) < p — 1, i.e., the height of T'is at most y — 1,
then output G’ = G and z and stop. As Tisa binary tree, we have that
|T'| < 21 — 1, therefore, from Lemma 7.5.5, |G| < t - (2~ —1).
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Step 4: If height ;. (w) = g, then notice that IT,,| < 2* — 1, where
T, = T[descﬁr(w)]. Thus, from Lemma 7.5.5, |G,,| < t - (2¢ — 1).
Let [ be a leaf of T}, that is in distance u — 1 from w in T., and notice
that the vertical pair (w, () has capacity at least p and at most 2# — 1. Let
(G', D', ) be the output of the algorithm of Lemma 7.6.5 when it runs
with input (G, D, w, ). As the part of D that has changed in D’ concerns
only vertices of G, the computation of (G, D', ¢) can be done in O,(1)
steps. Keep also in mind that G’ <, G, |G| < |G|, G =,; G’ and
(= transpp(é, G).

Step 5: Set G =G/, D = D', and z = z + /, and go to Step 2.

Notice that each of the steps of the algorithm above is repeated less than
|G| times and that it returns a pair (G', z) where G’ < G,G =,; G/,
|G| <t-(2#—1),tw(G') <t—1,and z = transp, (G, G). As each step
takes O (1) steps, the algorithm runs in O,(|G|) steps. O

We can use the Boundaried Graph Compression Algorithm to device
a linear algorithm computing the value of a (computable) parameter p
that has FIl, for boundaried graphs. The hidden constants depend on the
treewidth and the number of the equivalence classes of =, ;.

LemMMA 7.6.7. Let p be a graph parameter that has Fll and let ¢ € N. Let
G,G € T, where G =,; G'. Then p(G) = p(G') + transp, (G, G')
where GG and G’ are the underlying graphs of G and G'.

Proof. Lett’ be the boundary size of G and G’. We denote G = (G, X, \).
The fact that G =, ; G’ implies that:

VF € BY), p(G&F)—p(G & F) =transp,(G,G)  (7.29)
We apply (7.29) for F = B = (G[X], X, Ax). Notice that G B = G and
G' © B = G'. Therefore p(G) = p(G’) + transp, (G, G'). O
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LeEmMma 7.6.8. Lett € N, p be a graph parameter that is computable and
has FlI. There is an algorithm that, given a G = (G, X,\) € T,
outputs p(G) in O,(|G|) steps.

Proof. First we compute a binary tree-decomposition D = (7', x,r) of
G, with width at most t — 1, in O.(|G]|) steps using the algorithm of
Lemma 7.5.10. Then, by running the algorithm of Lemma 7.6.6, with in-
put G and D, we obtain —in O,(|G|) steps —some G’ € T, where G =, ;
G, |G| <t (2%m"=1 — 1), together with the value of transp, (G, G).
From Lemma 7.6.7, p(G) = p(G’) + transp,(G, G'). As

G| < t- (24w — 1) = O4(1),

p(G’), and therefore p(G), can be computed in O;(1) steps. O

7.6.3 An algorithm for finding a rich protrusion

Let us formally define what a rich protrusion is.

DEFINITION 7.6.5. Let p be a graph parameter and f : N — N be some
computable function. Let also 8 € N, a graph G along with a labeling
A V(G) = NofG,and R C V(G). We denote Y = 0g(R) and we say
that R is a (8, f)-rich protrusion of G for p if:

(1) |Y] < B and the boundaried graph (G[R],Y, A|g) has treewidth at
most [3,

(2) Y = Na(R\Y),
(3) the set R is maximal with respect to (1) and (2),
@ [R] > p(G[R]) - f(B).
Notice that, in the above definition, R is a S-protrusion of G.
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G ‘\A

Figure 7.10: A is an augmented connected component for (G,Y").

DEFINITION 7.6.6. Let GG be a graph and Y C V/(G). We say that a graph
A is an augmented connected component for (G, Y) if there is some con-
nected component C' of G\ Y such that A = G[Y U V(C)] (see Fig-
ure 7.10). We denote by A(G, YY) the set containing the vertex set of the
augmented connected components for (G,Y).

The use of the algorithm of Lemma 7.6.9 is self-explanatory.

LeEmMMA 7.6.9. Let p be a graph parameter that is computable and has FlI.
Letalso f : N — N be a computable function. There is an algorithm with
the following specifications:

Rich Protrusion Finding Algorithm
Input: A graphG'anda g € N.

Output: Eithera (5, f)-rich protrusion of G for p, or reports that such
a (B, f)-rich protrusion does not exist.

This algorithm runs in Og(|G|?*!) steps.

Proof. Let X be a labelling of G. The algorithm considers the set ) of
all possible subsets of V(G) of at most § vertices. For every Y € ), let
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Ay be the set containing every R € A(G,Y) where Ng(R\Y) =Y
and tw(G[R],Y, A\|r) < f (to check whether the treewidth is at most 3,
we can use the algorithm of Lemma 7.5.10). Also, let Ry = UAy for
Y € Y. The collection R = {Ry,Y € Y} canbe constructed in O3 (|G|?)
steps. Also, every (3, f)-rich protrusion of GG for p should belongin R~ =
{Ry \'Y,Y € Y}. The only thing remaining for the algorithm to check is
whether for some R € R, |R| > p(G[R]) - f(B). This can be done using
Lemma 7.6.8. If such an R is found, it is a (/3, f)-rich protrusion for p,
otherwise report that G has no (3, f)-rich protrusion for p. O

Our next step is to prove that if G does not have rich protrusions, then
|G| = O(p(@)). For this, we already know that G has a (O(p(G)), 25)-
rooted tree-decomposition (Lemma 7.5.11) and we prove that

ZP ) (G) +O(1),

i€[s]

where childreny,.(r) = {r® ... r®} (Lemma 7.6.10). Notice that as
GG does not contain any rich protrusion and, as each G, can be seen as
such a protrusion, we have that |G, | = O(p(G,.)). This, together with
the previous inequality and the fact that |G| = >, |G| + O(p(G))
imply that |G| = O(p(G)) (see Lemma 7.6.11). We conclude that if G
does not have rich protrusions, its size is already linear on the value of the

parameter p on G.

LEMMA 7.6.10. Let p be a graph parameter that has Fll. Let also G =
(G, X, \) be boundaried graph and let D = (7, x, ) be an («a, )-tree-
decomposition of G. If childreny,.(r) = {r(V) ... r(©}, then

ZP(GM) <p(G) +a-&(0).

Proof. From Lemma 7.6.6, for every i € [{], there is a graph G/, where
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(24m(®)=L — 1), We also set [; = transp, (G, G ), i € [(]. From
Lemma 7.6.7

P(G,w) =1 +p(Gl) <l +7(|G.e

) <1+ 7p(m),

therefore:

> p(Gw) <> (li+7p(m))

€[4 1€[{]

= QL)+ L-7p(m)
1€[¢]

< Qo l)+a-m(m)
1€[(]

= O l)+a-5(8) (7.30)
1€[¢]
It holds that for every i € [(]:
VF € B%@) | p(G,y ®F) — p(G.y ®F) =1, (7.31)
Let GO = G. We set:
Fo = (G(O), X(TU))7 Aao) \ ‘7r<0>a G = Fo @ G;<o>
Fi = (GY x(r™"), M) \ Vi, G® =F, &G,

Froi = (G x(r“ D) Nge-n) \ Vieeny, G =Fr 1 @Gy

If we repetitively apply (7.31) fori € [¢(] and F = F;, we have that
p(G®) = p(GUV) — ;. Combining these equalities altogether we con-
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clude that
p(G) =Y lLi=p(GY)>0.
1€[¢]

Therefore, } ;. li < p(G).
This, together with (7.30), completes the proof of the lemma. ]

LEMmMA 7.6.11. Let p be a graph parameter that has Fll and is protrusion
decomposable. Letalso ¢ = dec(p) and f : N — N be a computable func-
tion. For every graph G, if G does not contain any (2¢, f)-rich protrusion
W for p, then |G| < d - p(G), where d = (f(2¢) - (¢~ &(2¢) + 1) + ¢).

Proof. According to the definition of protrusion decomposability in (7.1),
G has a (¢ - p(G), ¢)-protrusion decomposition. Let A be a labeling of G.
From Lemma 7.5.11 G is the underlying graph of some boundaried graph
G = (G, X, \) thathas a (c-p(G), 2¢)-tree-decomposition D = (T, x, ).

We consider such a (¢ - p(G), 2¢)-tree-decomposition D so that x(r)
is minimized. Let {r® ... r®} be the set of children of r in (T)7).
A consequence of the minimality of x(r) and Conditions (4) and (5) of
the definition of an (a, b)-tree-decomposition, is that property (3) in the
definition of a (2¢, f)-rich protrusion is satisfied for all V), € [/].

As none of V, ;) can be a (2c¢, f)-rich protrusion of G for p, we deduce
that:

Vi € [6]7 ’Gr<i)

<p(G,0) - f(t,o) (7.32)

From Lemma 7.6.10 it holds that:

> p(Gw) < p(G)+c-p(G) - &(20)
i€[f]
= Pp(G) - (1+c-&(20)) (7.33)
Using (7.32) and (7.33) we deduce
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Gl < X[+ 1Gw

1€[¢]

¢ p(@) + f(20)- Y p(G,0)

€[4
¢-p(G) + f(2¢) - p(G) - (1 +¢- §(20))
< (f(20) - (- 6(2¢) +1) +¢) - p(G)

IN

IN

which gives the claimed upper bound. ]

7.6.4 Finding and compressing a null-transition pair

What remains now is to deal with the case where a rich protrusion R
is detected. Notice that R is the vertex set of some boundaried graph
H = (H,Y, \) that has a binary rooted tree decomposition D = (T, x, )
of width O(1). Following the methodology of [155], one could replace
in G the boundaried graph H by a smaller “protrusion” H’. This indeed
gives a smaller equivalent instance (G', k'), however, we do not have any
guaranty that G’ will be a minor of GG and that k' = £, as it is required for
Theorem 7.3.1. In order to enforce these additional properties, we follow
another approach, the algorithm of Lemma 7.6.15, that intuitively con-
sists of “compressing” the protrusion than “replacing” it with something
smaller.

Let us define the aforementioned null transition pair.

DEFINITION 7.6.7. Let G be a boundaried graph and D = (T, x,7) a
(o, B)-tree-decomposition of it. The potential of a transition pair (a, b) of
(G, D) is defined to be

potential g p)(a,b) = transp,(Gq, Gp).
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If the potential of a transition pair (a, b) is 0, the we say that (a, b) is a null
transition pair.

DEFINITION 7.6.8. A transition collection of (G, D) is a pair collection
P of (T, r) consisting of transition pairs of (G, D). The potential of P,
denoted by potential g p)(P), is the sum of the potentials of the pairs of
P.

Bounding potentials

Let H be a rich protrusion, the tree 7" in its tree decomposition is big
enough to guarantee the existence of a pair collection C of more than
p(G) transition pairs. For each such pair the value transp,(H,, H;) ex-
presses how much the parameter k£ should be reduced while producing an
equivalent instance because of an (a, b)-compression. Using the fact that
p is a minor-closed parameter, we prove that this value is never negative
(Lemma 7.6.13). Therefore the potential of C is also non-negative. Notice
that this is the only point in the proof that we use the minor-closedness of
p.

We next prove that if we apply all (a, b)-compressions in C (in any
order) the total reduction of the parameter in the produced equivalent in-
stance will be at least the potential of C (the proof is strongly based on the
fact that the pairs in C are mutually non-interfering). As this total reduc-
tion cannot be bigger than p(G) we conclude that at least one of the pair
in C is a null-transition pair.

LeEmMMaA 7.6.12. Let p be a graph parameter that has Fll and let ¢ € N. Let
also G be aboundaried graph and D = (7, x, r) a binary tree-decomposition
of G of width at most ¢. For every transition collection P of (G, D), it
holds that potential g p)(P) < p(G).

Proof. Notice that the lemma is obvious when potential g p)(P) = 0.
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Assume now that the lemma holds for every choice of (G, D) and P
with potential ¢ p)(P) < k, where & € NT. Let P be a transition col-
lection of (G, D) where potential g p)(P) = k > 0. Clearly, P contains
some non-null-transition pair (a,b). We set t = t, = t,. Assume that
¢ = potential ¢ py(a,b) = transp,(Gq, Gy) and keep in mind that £ > 0.
Weset P’ =P\ {(a,b)}.

Let (G/, D’) be the (a, b)-compression of (G, D).

Claim 4. potential ¢ p)(P') =k — L.

Proof of Claim 4. We partition P in three sets. Let Pyown contain all the
pairs (7, j) € P such that ¢ € childreny,.(b), let Pgiqe contains all the pairs
(¢,7) € P such that i #7, a and let P, contains all the pairs (7, j) € P
such that ¢ >7, a. The fact that all pairs P are pairwise non-interfearing
pairs of (7, r), implies that { Paown, Pup, Pside | 18 a partition of P’

Notice thatif (z,y) € PaownUPsiqe, then G, = G, G;, = G, therefore
potential g/ pr) (7, y) = potential g p)(z,y).

Suppose now that (z,y) € P,,. We apply Lemma 7.5.12 on G by
setting i; = x, iy = ¥, i3 = a, and Gyeyy = Gy, and deduce that G, =, ; G,
and transp, (G, G)) = transp, (G, G, ). This implies that

potential ¢/ pr) (7, y) = potential g p)(z,y).

Thus, as the potentials of the pairs in P’ do not change, we conclude that:

potential g/ pn(P') = potential ¢ p)(P) — potential g py(a,b)
= k-

The induction hypothesis, along with the claim above, shows that:
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p(G) > k- (7.34)

Recall now that G, =, G, and G, = Gy. This implies that G, =, ; G/,
and that transp, (G, G),) = (. We have:

VF e BY, p(G,®F)—p(G,®F)=1¢ (7.35)

By applying (7.35) for F = G,, and taking into account that G, G, = G
and G/, ® G, = G’, we conclude that p(G’) = p(G) — ¢. This, together
with (7.34), implies that k£ < p(G) as required. O

LEMMA 7.6.13. Let p be a graph parameter that has Fll and is minor-
closed and let ¢ € N. If G is a boundaried graph, D is a binary rooted
tree-decomposition of G, and (a,b) is a transition pair of (G, D), then
potential g p)(a,b) > 0.

Proof. Let Q = rep,(G,) = rep,(Gy). Recall that potential g p)(a,b) =
transp, (G, Gy). It remains to prove that transp,(G,, Gy) > 0.

Lett' =t, = t,and H = (H,, x(a), \,). Notice that G, @ H = G,
and G, © H = G, Recall that G, =, ; G, implies that:

VF € BY), p(G, ®F) —p(G, ®F) = transp,(G,,G;)  (7.36)
By applying (7.36) for F = H, we have that
transp, (G, Gy) = p(Ga) — p(Gy).

Recall that G, <, G,. As p is minor closed, it holds that p(G,,) < p(G,)
and the lemma follows. O

We now prove a combinatorial lemma asserting that, if 7" is the tree in a
binary tree decomposition of G such that | 7| > ¢-p(G), for some constant
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Figure 7.11: The set V,, the sub-trees and the vertices defined in the proof
of Lemma 7.6.14, where u = f(T,r).

¢ > 1, then T contains a pair collection of size bigger than p(G) and
capacity “big enough” so as to guarantee the existence of a pair collection
of more than p(G) transition pairs. As we prove, such a collection C can
be constructed in O(n) steps.

LeEmMaA 7.6.14. There exists an algorithm that, takes as input a rooted
binary tree (7',7) and an integer z > 2, and outputs — in O,(|7'|) steps
— a pair collection that has minimum capacity at least z and maximum
capacity at most 2* — 1, and numbers more than
T)+1
(z—=1)2+z

elements.

Proof. In our proof we “arrange” 7' so that for every two leafs of 7" the
one in the left is the one of the bigest depth.

176



CHAPTER 7. MONOTONE KERNELS

Let f be a function that takes as input a rooted binary tree (7, ) and
finds a vertex u such that:

- capacityy,(r,u) > z,
- rTu 1s the leftmost such path in 7', and

- |V(rTw)| is the minimum possible,

or outputs null when there is no such vertex in 7". Notice that if f(T',r) =
null then |T'| < z — 1. As we only need to check the leftmost part of the
tree and the vertices that have distance at most z from r, f runs in O, (1)
steps.

We denote the left child of a vertex u by u” and the right by ut. We
also define the set

V, = U childreny,.(v) \ (V(rT'u) U childrenr,.(u))

veV (rTu)

(see Figure 7.11). Notice that, if u is the output of f, then |V,| < z — 1.
We define a pair collection C(T', r) using the following recursive for-
mula:

C(Tirpe, f(T,r)F)u , if|T| > z and
Ty ST Ay, [T <2 -1
{(r, /(T 7))}
C(T,r) =< C(Tr,r) U C(T,r,7?) | if |T| > z and
Vvevf(m) To] > =
{(r f(T,7))} i |T| =2
U Cif|T] < =
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It is straightforward to show that the pairs in C'(7’, r) are non-interfering
and have capacity at least z. Let a(7,r) be the number of elements of
C(T,r). This number can be computed from the following recurrence
relation:

(a(Tyire, (T, 1))+, if |T| > 2 and

6L(j—‘f(T,'/‘)R7 f(T7 T)R)_I_ /\UEVf(T,T) |Tv| <z-1
1
a(T,r) = a(Toe, ") + a(Ton,r)  if |T| > z and

Vacv,n, 1Tl = 2
1 ,if [T = 2
L0 Cif T < 2
Claim 5. We claim that:
IT|+ 1
Try> 1“1 -
allyr) 2 (z—=1)2+=z

Proof of Claim 5. The proof of this claim is by induction:

Clearly, if |T'| = z, C(T, r) contains only one pair, namely (r, f(T, 7)),
thus a(T,7) = 1. As 2+ 1/((z — 1)®+ z) for z > 2 is at most 1 the claim
holds.

Let |T'| > z and let uw = f(T,r). We assume that the claim holds for
every tree with at most | 7’| — 1 vertices. We distinguish two cases:

Case 1: If \ oy, |T,| <z —1, then:
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a(T,r) = a(Ty,u”) +a(Tyr,u) +1
‘TuLl—l—l ‘TuR‘—i—l

(z—=10242z (z2—-12+=z2

‘TuL‘ + ‘TuR‘ + 2
(z—1)2+z

+1

+1

Notice that |To,c| + |Tyr| > |T| — (|Vul| - (2 = 1) + [rTu]) > |T| — ((z —
1) (2 — 1) + 2) (see Figure 7.11). Therefore:

T|—(z—=1)2—z+2
7] = (

T > 1
alyr) 2 (z—1)2+=2 *
B T| +2
(21242
7|+ 1
(z—1)2+ =2
Case 2: vavevf(T N |T,,| > z then:

a(T,r) = a(Te,r") +a(Tr,r)

|T,,L|—|—1 |TTR|+1
(z—=12+z (z—1)2+=z
7| —1+2
(z—=1)2+z

T|+1
(z—=1)2+z
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Hence, the claim holds for every case. [

Notice that, for every pair (z,y) € C(T,r), as we always pick y such
that 27,y is the leftmost and |(27,y)| the minimum possible, it follows
that (x, y) has capacity at most 2° — 1. Also notice that the definition of
C(T,r) provides a dynamic programming algorithm that computes this
collection in O, (|T|) steps. O

The second main component of the algorithm of Theorem 7.3.1 is the
procedure in the following lemma. We have to stress that to keep the run-
ning time of this algorithm linear we have to repetitively apply a bottom-
up “compression” on a rich protrusion, that simultaneously “scans”, “re-
vises”, and “compresses” it, alongside with its tree decomposition. To do
so, ituses the Boundaried Graph Compression Algorithm of Lemma 7.6.6.
This enforces that we are only processing parts of the graph of constant
size. This procedure takes time proportional to the size of the rich protru-
tion, i.e., O(n) steps.

LeEmMMaA 7.6.15. Let p be a graph parameter that is computable, has Fll, and
is minor-closed. For every ¢ € N, there is an algorithm with the following
specifications:

Protrusion Compression Algorithm
Input: A graph G* and a (¢, 6 )-rich protrusion R of G* for p.

Output: A graph G** where:
1. |G™| < |G*,
2. G <, G*, and
3. p(G™) = p(G7).

This algorithm runs in O;(|G*|) steps.
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Step 1 Step 2

G* T

Figure 7.12: The first step of pre-processing of the algorithm of Lemma
7.6.15.

Proof. Recall that 0, () = 2((4x - pp(x) — 1)* +4x - pp(x)). Weset Z =
Jg+(R), G = G*|R],and G = (G, Z, \|g) where ) is a some labelling of
G. As R is a (t, 0p)-rich protrusion of G* for p, |R| > 6,(¢) - p(G), thus
p(G) = O(|R]) = O(|G|). We will do some pre-processing in G that
consists of 3 steps.

First the algorithm constructs a binary tree-decomposition of G — of
width £ — 1 — using the algorithm of Lemma 7.5.10 (see Figure 7.12, Step
1). This pre-processing takes O,(|G|) steps. Let D = (T, x,r) be this
binary tree-decomposition of G.

Notice that |T'| > |R|/t, because of Lemma 7.5.5. We use the algo-
rithm of Lemma 7.6.14, in order to find in 7" a pair collection Q of (7', r)
of mininum capacity z = 4¢ - y1,(¢) and maximum capacity o = 2* — 1
(see Figure 7.13, Step 2), where:
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(a1, by)-linked

3

by
(az, by)-linked
~__.
as

2

T T (113, b;;)—link()d

Figure 7.13: The last two steps of pre-processing of the algorithm of
Lemma
7.6.15.

7] +1 7|
I P VL P g
. A
Z WG=12+2)
_ |R|
(4t pp(t) — 1)2 4+ 4t - pp(2))
= 5[)}(%!) > p(G)

We assume that Q = {(ay,b1), ..., (as,bs)} where we know that s >
p(G)+ 1.

For every i € [s], we run first the algorithm of Lemma 7.6.3 for every
(a;, b;) € Q and obtain a binary tree-decomposition D' = (1", x',r) of G
— of width at most ¢t — 1 — such that, for every ¢ € [s], D’ is (a;, b;)-linked
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Figure 7.14: The main transformation of the algorithm of Lemma 7.6.15.

and capacity v (@i, b;) > 4; - 2 > pp(t)(see Figure 7.13, Step 3). As
a = O4(1), D' can be constructed in O;(|G|) steps.

From Lemma 7.6.4, we know that each innery ,.(a;, b;),7 € [s] con-
tains a vertical pair (a}, b}) that is a transition pair for (G, D’). Let Q' =

17 71

{(a?,0)), ..., (a,,b.)} be such a collection of transition pairs for (G, D’)
(here, we use Lemma 7.6.4 in order to prove the existence of Q' but we do
not construct it). From Lemma 7.6.12, |Q'| = s > p(G) > potential g p
(Q'), therefore |Q'| > potential g p(Q'). From Lemma 7.6.13, all tran-
sition pairs in Q' are of non-negative potential, therefore Q' contains at
least one null-transition pair, say (a, b). Clearly (a, b) is a vertical pair of
T" where a, b belong in the same innerz . (a;, b;) for some ¢ € [s]. What
remains is to find such a null-transition pair (a, b) in O,(|G|) steps. We
do this by applying on (G, D') the following procedure, that makes use of
the algorithm of Lemma 7.6.6:

Step 1: Set p1 = pp(t), G =G,D =D and @ = Q. We denote
D=(T,x,7).

Step 2: Let (a,b) € O such that b has maximum height in (7', 7). Run
the algorithm of Lemma 7.6.6 with input G, and D, and let G, be the
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output. Notice that G,.,, and G, are strongly compatible, as in the algo-
rithm of Lemma 7.6.6 the vertices of G, originate from (equally labeled)
vertices of G;. The algorithm considers the graph G’ that is constructed
by replacing G, by Gy, in G and as tw(Gpew) < t — 1 it builds a binary
tree-decomposition Dyey = (Thew, Xnew, 0) and combines it with D- =
(T \ desc;,.(b), X \ desc;,(b),b) to create a binary tree-decomposition
D' = (T", %, r) of G’ (see Figure 7.14). Notice that Q is a pair collection
of G as Well Moreover, if for some j € |[s], (a], b;) is a null-transition
pair in G, then it is also a null-transition palr in G’ as well. This follows if
we apply Lemma 7.5.12 by setting G = G, i = a;, i2 = bj, i3 = b, and
Giew = Grew. We now consider all pairs (x, y) where z,y € innerTA,,r(a, b)
and check, with the help of Lemma 7.5.4 whether one, say (z, y), of them
is a null-transition pair (see Figure 7.14). If this is the case, return (z,y)
and stop. Clearly, as the capacity of (a, b) is O;(1) and as |Gyew| = Oy(1)
and using Lemma 7.5.5, we conclude that |G’,| = O,(1). Therefore the
algorithm checks whether there is a null-transition pair in innerz, . (a, b)
in O;(1) steps.

Step 3: If the prev10us step does not output a null-transition pair, then set
G=G,D=D,and Q = Q\ {(a,b)}, and go to Step 2.

The algorithm above applies a bottom-up “compression” on G and D’
and whenever it detects some pair in Q it checks —in O, (1) steps — whether
its inner set contains some null-transition pair. As we have a guarantee that
such a pair exists in (G, D’) the algorithm will finally find it. The total
number of compressions is proportional to the part of 7" that does not
belong in the inner set of some pair in Q. Therefore, the above procedure
runs in O, (|G]) steps, as required.

Let now (z,y) be a null-transition pair for (G, D’) and let (G', D")
be the (x, y)-compression of (G, D’). From Lemma 7.6.1 we deduce that
G' <. G, |G| < |G|,G' =, Gandtransp,(G,G') = transp,(G,, G,) =
0.
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Let ' = G*\ V., i.e., F contains all vertices of G* except from the
non-boundary vertices of G. We set F = (G*[F], X'(r), A\|r) and observe
that G* = F® G. Let G* = F ® G'. From |G| < |G| and G’ <, G, we
obtain |G**| < |G*|, G** <, G*. Moreover, G’ =, ; G implies that:

VB e B*) p(G®B)—p(G' @& B) = transp, (G, G') (7.37)

By setting B = F in (7.37), we obtain that p(G*) — p(G**) = 0 and the
lemma follows. O

The proof of Theorem 7.3.1

We conclude that after detecting a rich protrusion in (G, we can detect
in O(n) steps a null transition pair (a, b) and after applying a (a, b)-com-
pression to it we can “compress” G to a new graph G’ that is a proper minor
of G and has p(G’) = p(G). As this compression cannot be applied for
more than n steps, we finally construct an equivalent instance in O(n?+?2)
steps.

Proof of Theorem 7.3.1. The algorithm is the following:

Step 1: Apply the algorithm of Lemma 7.6.9 with input G, 5 = 2 - dec(p)
and f = dp. If this algorithm outputs that GG does not contain any (£, f)-
pair for p, then set G’ = G, output G, and stop. In this case, from
Lemma 7.6.11, |G| < ¢, - p(G) (recall that ¢, = (p(2 - dec(p)) - (2 -

dec(p) - &p(2 - dec(p)) + 1) + dec(p))).

Step 2: If the algorithm of the previous step outputs a (3, f)-rich protru-
sion W of GG for p, then apply the algorithm of Lemma 7.6.15 for G and
W and output a graph G’ where G’ <, G, |G’| < |G|, and p(G’) = p(G).
Step 3: Set G = G’ and go to Step 1.

185



7.7. CONSTRUCTIBILITY

Notice that the algorithm above outputs a graph G’ that is a minor of
the initial graph G.

Also p(G) = p(G) and |G| < ¢ - (P(G')) < cp - (P(G)), as p is
minor-closed. As steps 1 and 2 cannot be applied more than |G| times,
step 1 takes O, (|G|*9=<(P)+1) steps (using Lemma 7.6.9), and step 2 takes
O5(|G|) steps (Lemma 7.6.15), the total running time is O,,, (| G|*¢e<®)+2),

[

7.7 Constructibility

We wish to make some short comments on the constructibility of the re-
sults presented in this Chapter. In general, the FIl property does not im-
ply that the algorithms in Proposition 7.4.1, as well as in 7.3.1 and Theo-
rems 7.4.1, can be constructed. The same also holds for the constants of
Theorem 7.4.2.

To construct the algorithm one needs to be able to construct a set of rep-
resentatives for the equivalence classes of the relation =, ; or —at least — of
some refinement of'it. This is typically possible when the problem in ques-
tion can be expressed in CMSO logic or when some dynamic program-
ming algorithm can solve the problem in graphs of bounded treewidth.
For instance, this is possible for several families of problems including
F-Covering and F-PackiING.

7.7.1 An exercise on Computability

Before we wrap this Chapter up, we will show that it is not necessary to
be given a representative collection for the algorithm of Theorem 7.3.1 to
work. We can instead compute such a collection, provided that card, is a
computable function.
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LemMma 7.7.1. Let p be a graph parameter. If p is computable, has FlI,
and card,, is computable, then there exists an algorithm that givenat € N,
outputs a t-representative collection for =p ; .

Proof. Let k > t. We define the class of boundaried graphs
G\ = {(G,X,)\) € BY | |G| < kand \: V(G) — [K]}.

We also define the equivalence relation E’;t, where G, E’;t G, if and

only if G, G, € Q,it), are compatible, and
ez WFeG, p(G,@®F)=p(Gy&F)+c

We will prove that for G1, G € G, if G; £k, Go, then G; #,; Go.
From the fact that G, ;é’;t G- and the definition of =p: We conclude that

for every ¢ € Z there exists F € Q,it) such that p(G; ©F) # p(G2®F)+c.
As G C B®, it holds that

VeeZ IFeBY, p(GL®F) #p(G,®F) +c¢

Therefore G; #p; Go.
Also notice that, for two boundaried graphs G, G, € Q,gt), if there
exist F, F' € Q,Ef) such that:
P(Gi®&F) —p(G:®F) #p(Gi&F) —p(G: & F)

then G, §é’p‘3¢ G,. To prove this, assume that G, Eﬁt G,. From the

definitions of E];t there exists a ¢ € Z such that

p(Gi®F) = p(Gy@F)+c, and
p(Gl © F/) = p(GQ © F/) +c.
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Therefore
p(Gl b F) — p(GQ b F) = p(Gl b F/) — p(G2 &) F,) =C,
a contradiction.

The algorithm that computes a representative collection R for =, ;, is
the following:

Step 1: Compute card,(t). Let £ = cardp(¢) and set k = ¢.

Step 2: Check for every S C QS) with |S| = ¢ whether for every two
boundaried graphs G;, G; € S there exist F, F' € Q,Ef) such that

p(Gi®F)—p(G,®F) #p(G; o F) —p(G; o F).

If such a set, say R, exists, return it and stop, otherwise set k = k + 1 and
go to Step 2.

Assume that this algorithm stops and that R is its output. Then R
contains card, (¢) boundaried graphs that are not equivalent with respect of
E’;,t, hence not equivalent with respect of =, ;. Thus R is a representative
collection for = ;.

The last thing missing is to prove that this algorithm will eventually
stop. Since p has Fll it holds that card, () € N, therefore, for a represen-
tative collection R for =, ; there exists a £ > ¢ such that R C Q,(:). Thus,
the algorithm will stop after it examines the set G ,(j), where k' > k is such
that for every two boundaried graphs G;, G; € R there exist F, F' € Q,S)
such that

P(G;®F) —p(G,;®F) #p(GidF) —p(G; & F).
Therefore, R will be computed in a finite number of steps. ]
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7.8 Conclusion

In this chapter we introduced the concept of parameter-invariant and minor-
monotone kernels and saw how can these kernels be used to compute ob-
struction sets for a variety of parameters.

An interesting question is whether the above framework can be ex-
tended so as to yield approximation kernels (as they were recently defined
in [181]) for more general problems.

Notice that the running time of our kernels (Theorem 7.4.1 and The-
orem 7.3.1) is O(|G|***2) steps where ¢ = dec(p). We believe that with
the use of the randomized contraction technique (introduced in [163]), it
is possible to implement a faster guess of rich protrusions and drop this
running time to f(c)-n?() (similar ideas have recently been used in [178]).

An issue related to minor-monotone kernels is at which point poly-
nomial kernelization for minor-closed problems implies — or is implied
from — polynomial bounds to the corresponding obstructions. An im-
portant problem in this direction is to optimally bound the size of the
graphs in obs<_ (p,.1, k), when p-II is the F-CovEeRrING problem. Ac-
cording to [171, 172], each graph in this set has size O(k°), where ¢ is a
constant depending (non-constructively) to the class F (actually the result
of [171,172] does not even demand the graphs in F to be connected). A
consequence of Theorem 7.4.1 is that all H-topological minor free graphs
in obs< (P11, k) are of size at most ¢ - k, where ¢ depends (construc-
tively) to the choice of F. This motivates us to conjecture that the general
bound can be dropped to ¢ - k). This would come in contrast to the fact
(proved in [171, 172]) that there are no (polynomial) kernels of this size
for the F-CovERING problem, for certain instantiations of F.
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CHAPTER 8§

GRAPH SEARCHING

Graph Searching is considered to be a flourishing branch of Graph The-
ory that has a wealth of applications. On top of this, it provides us with
a descriptive way to define many combinatorial notions and problems. In
a nutshell, “classic” Graph Searching or Guaranteed Search can be de-
scribed as follows:

We find ourselves in a network of corridors, or tunnels, cross-
ing one another (these crossings correspond to vertices of a
graph and tunnels to its edges). This network is the “board”
of a two player game. The first player controls an evading
entity' hiding somewhere in this network. The second player
has at his disposal a set of mobile agents or pursuers®. In
each round of the game the two players move their "pieces”
through this network. The goal of the first player is to evade
capture. On the opposite side, the second player tries to guar-

'You may think of this entity as an evader, a fugitive, an explorer or even a robber.
2Usually called searchers or — in the robber paradigm — cops.
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antee this capture, deterministically, without any probabilis-
tic assumptions.

The first formulation of Graph Searching was given by Parsons back
in 1976 [116], based on an idea of R. Breisch published in a speleology
magazine in 1967 [104]. The “speleotopological” problem described by
Breisch in that paper had to do with an unfortunate explorer, lost in a net-
work of caves, and a team of rescuers that were trying to locate him. The
question asked was “Is it possible to find the minimum number of rescuers
needed to guarantee that the explorer will be found, deterministically and
independently of his moves (even if he mistakenly make the worst possible
move in every given time of the search)?”.

Nikolai Petrov (Huxomaii [TetpoB) came across this problem (and some
of Parsons’ results) in 1982, doing research in a completely different field®.
He gave a second definition of this problem based on his formalism and
framework [117]. In 1989 Petr Golovach (ITérp ['omoBau) proved that
these two definitions are equivalent and proposed a third, which later be-
came the standard [108, 109].

Graph searching has an enormous number of variations, most of whom
are motivated by problems in practice, and can be defined by slightly
changing the capabilities of the evading entity or its pursuers. These appli-
cations grabbed the attention from researchers following many different
disciplines such as Discrete Mathematics, Computer Science and — even
— Artificial Intelligence. It also provided us with a formal, mathematical
way to describe the notions of persecution, escape, threatening, and — as
we will see in Chapter 9 — sense of direction.

In the following Section we give the definition of Golovach, and then
present some of the most important variations.

3Petrov studied graph searching as a natural restriction of differential games in Eu-
clidian spaces like the cossacks and the robber game [118] and the princess and the
monster problem [110].
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8.1 Edge, Node and Mixed Search

We are given a graph G, without multiple edges and loops, where the
game will be played. When the game begins (i.e., there are no searchers
in the graph) player number one choses an edge and places the fugitive®.
Then player number two places a number of his searchers on the vertices
of G. In the classic scenario, both the fugitive and the searchers can only
move to neighbour edges and vertices, that is, along a path connected their
current position to their new position.

According to the capabilities of the fugitive and the way an edge is
considered “searched” or “cleaned” we can define many different search
games. To get a rough idea, we present some of the characteristics a fugi-
tive may have:

- He may be lazy or inert: He is forced to move only when a searcher
threatens him, that is, a searcher approaches his position. Contrarily,
he may be agile: He moves on each and every round of the game.

- He may be visible by the searchers, or invisible to them.

- He may have bounded speed: He can traverse a bounded number
of edges in each round. Or, he may have unbounded speed: He can
move to every edge of the graph, provided of course that this edge
is connected with his current position.

The fugitive is captured if at some point he resides on an edge e and
one of the following capturing cases occurs.

A: Both endpoints of e are occupied by a searcher.

B: A searcher slides along e, i.e., a searcher is moved from one end-
point of the edge to the other endpoint.

4Unless otherwise stated, we adopt the fugitive vs. searchers scenario.
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A search strategy on a graph G is a finite sequence S containing moves
of the following types.

p(v): placing a new searcher on a vertex v,
r(v): deleting a searcher from a vertex v,

s(v,u): sliding a searcher lactated on vertex v along the edge {v, u}
and placing it on u.

We will start with a fugitive who is agile and omniscient, i.e., he moves
at any time in the most favourable — for him — position and is invisible,
thus, the searchers strategy can be given “in advance”, as it does not de-
pend on the moves of the fugitive during it, but only on the graph.

Given a search S, we denote by E/(S, i) the set of edges that are clean
after applying the first ¢ steps of S, where by “clean” we mean that the
search strategy can guarantee that none of its edges will be occupied by
the fugitive after the ¢-th step. More formally:

- we set £(S,0) = () and

- in step ¢ > 0 we define £(S, ) as follows: First consider the set
@; containing all the edges in F(S,i — 1) plus the edges of £
the set of edges that are cleaned after the i-th move because of the
application of cases A, B or both (this will give us three variations,
which will be defined shortly). Notice that £() may be empty. In
particular, it may be non-empty in case the i-move is a placement
move, will always be empty in case the i-th move is a removal move
and will surely be non-empty in case the :-th move is a sliding move.
In the third case, the edge along which the sliding occurs is called
the sliding edge of E. Then, the set E(S, 1) is defined as the set of
all edges in (); minus those for which there is a path starting from
them and finishing in an edge not in ();. This expresses the fact
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that the agile and omniscient fugitive could use any of these paths
in order to occupy again some of the edges in Q);.

DEeFINITION 8.1.1. In case E(S,i) C Q;, we say that the i-th move is a
recontamination-move.

Notice that in such a case we have that £(S,i—1) € E(S,7). We will
discuss recontamination extensively in the following Section. The object
of a search game is to clear all edges.

DEFINITION 8.1.2. We call a search S complete if at some step all edges
of G are clean, i.e., F(S,i) = E(G) for some 7.

Now we can define the three major variations of, the so called, Fugitive
search games.

DErINITION 8.1.3 (Golovach, 1989 [108, 109]). When an edge can by
cleaned only after the application of case A, then he have Edge search or
Graph sweeping.

DEerINITION 8.1.4 (Kirousis and Papadimitriou, 1985 [111, 112]). When
an edge can by cleaned only after the application of case B and searchers
cannot slide along an edge, then he have Node search.

DEFINITION 8.1.5 (Bienstock and Robertson, 1991 [102]). When an edge
can by cleaned after the application of both cases, then he have Mixed
search’.

According to the search game we are playing we call a search strategy
S edge search strategy, node search strategy or mixed search strategy.

In Fugitive search games we are interesting to guarantee the capture
of the fugitive, i.e., define a complete search strategy, using the smaller
possible number of searchers. Therefore, we define the cost of a search
strategy S on a graph G, denoted by cost(S), as the maximum number
of searchers occupying vertices of GG at the same time during S.

>We should stress that in this variation searchers can slide along edges.
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A

T

Figure 8.1: A graph with es(7') = ms(7') = 2 and ns(7") = 3.

DEFINITION 8.1.6. Let G be a graph. The edge search number of G is
es((G) = min{costs(S) | S is a complete edge search strategy for G'}.
The node search number of G is
ns(G) = min{cost(S) | S is a complete node search strategy for G'}.
The mixed search number of G is
ms(G) = min{cost;(S)|S is a complete mixed search strategy for G'}.

If E(G) = () then es(G) = ns(G) = ms(G) = 0.

ExampLE 8.1.1. The tree 7" of Figure 8.1 has es(7)) = ms(7") = 2 but
ns(7) = 3.

It is straight forward — from the definitions — that there exists some
connection between these three search numbers. For instance, notice that
mixed search unifies edge search and node search, as an edge search, or
node search strategy S is also a mixed search strategy. Thus, for every
graph G it holds that ms(G) < ns(G) and ms(G) < es(G). Moreover,
one can use an extra searcher to simulate the sliding move along an edge
to transform node search strategies to edge strategies and vice versa. All
these facts are put together in the following observation.

OsBseRVATION 8.1.1. For every graph G, the following are true:
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(i) ns(G) — 1 <es(G) <ns(G) +1

(ii) ms(G) < es(G) <ms(G) + 1

(iil) ms(G) < ns(G) < ms(G) +1

8.2 Monotonicity

Let us get back to the issue of recontamination in a search strategy. As the
fugitive is agile and invisible, he can be everywhere in the graph. Let us
think of him as a poisonous gas that has filled the whole graph. Then the
purpose of the mobile agents is to clean this graph. They clean each edge,
according to A or B, and when they occupy some vertex, they block the
gas from entering in an edge having for endpoint this vertex. Of course,
when they leave a vertex that is adjacent to uncleaned edges, they are not
guarding it any more and — inevitably — a part of the graph that used to be
clean now is recontaminated with the gas.

With what we have seen so far, as a search strategy that has some
recontamination moves in it is still a search strategy, it must be clear that
recontamination seems to be helpful for the searchers®! In this Section we
plan to disprove it, but first we need to fix some notation and define three
additional search numbers.

DEerINITION 8.2.1. A search strategy S (edge, node or mixed) is called
monotone if it does not contain any recontamination-moves.

DEFINITION 8.2.2. Let G be a graph. The monotone edge search number

9We may be forced to clear multiple times the same edges but, by putting constrains in
a search strategy we immediately get an upper bound in the search number. Remember,
we are only interested in the number of searchers used and not in the time a search may
take.
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of G is

mes(G) = min{cost;(S) | S isacomplete monotone edge search

strategy for G'}.
The monotone node search number of G is

mns(G) = min{costs(S) | S isacomplete monotone node search

strategy for G'}.
The monotone mixed search number of G is

mms(G) = min{cost;(S) | S is a complete monotone mixed search

strategy for G'}.
If E(G) = (0 then mes(G) = mns(G) = mms(G) = 0.

The first proof of the monotonicity of a search game, i.e., a proof that
for every non-monotone strategy S — with costs(S) = k — there exists a
monotone strategy S’ with costg(S’) < k, was given in 1983 by Andrea
LaPaugh, but was publish ten years later.

TrHeEOREM 8.2.1 (Lapaugh, 1993 [113]). For every graph G, es(G) =
mes(G).

The second was given by Lefteris Kirousis (Agvutépng Kvpovong) and
Christos Papadimitriou (Xprotog [Tamadnuntpiov) in 1986.

TueoOREM 8.2.2 (Kirousis and Papadimitriou, 1986 [112]). For every
graph G, ns(G) = mns(G).

The third one, which concerned the monotonicity of mixed search, was
given by Daniel Bienstock and Paul Seymour in 1991, in the same paper
they defined this game.
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THEOREM 8.2.3 (Bienstock and Seymour, 1991 [102]). For every graph
G, ms(G) = mms(G).

To sum up, monotonicity holds for the three basic games we defined.
In 2003, Fedor V. Fomin (pénop pomun) and Dimitrios M. Thilikos (An-
puiTplog ®nAvkdc) gave a min—max theorem that unified — and extend —
all these monotonicity results [106]. Nevertheless, monotonicity does not
hold in general. We will see an example in the next Section.

8.3 Connected Graph Searching

In many applications, searchers need to communicate with each other
through a safe channel. Imagine for instance a network of computers in-
fected by a virus. Sending messages to not infected computers will help
a lot towards eliminating this virus, as you can coordinate your efforts. It
is mandatory that the information exchanged will never reach an infected
computer. In this example the “safe channel” is the part of the network
that has already been cleaned.

Let us get back to graphs and the fugitive vs. searchers paradigm.
Searchers need to communicate through the clean part of the graph and,
in order for this communication to be safe — or, in other words, for the
fugitive not being able to intersect it — the clean part of the graph must
be connected. This concept of connectivity in graph searching was intro-
duced in [100]. Let us make it more precise.

DEFINITION 8.3.1. Let GG be a graph and S a search strategy (edge, node
or mixed). S is connected if and only if for every step i of S, E(S,1)
induces a connected subgraph of G.

We can — once more — revise the definitions of the three basic search
games and allow only connected search strategies. In this way, we can de-
fine connected edge search, connected node search, and connected mixed
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search, as well as their corresponding search numbers (denoted by ces, cns
and cms). We have to stress that these numbers are also defined in dis-
connected graphs, but in this case their value is infinite.

We can even take it one step further and allow only connected and
monotone strategies. We can then define connected and monotone search
games and their search numbers (denoted by cmes, cmns and cmms). But,
as was the case in the previous Section, if the connected variations of
search games are monotone, by doing this we will not introduce some
new parameters. Hence, a very interesting question emerges:

Does monotonicity hold for connected graph searching?

Other than the case of edge search we do not know the answer.

TueoreMm 8.3.1 (Yang, Dyer, and Alspach, [122]). Let W be the graph of
Figure 8.2, where every circle with the number i on the center, represents
the clique of i vertices K;, and the double lines between two cliques K;
and K represent a perfect matching between their vertices, if i = j, or
between K; and a subgraph of K, if i < j. It holds that ces(W) = 281
but emes(WW') = 290.

This counter-example shows that, as far as connected edge search is
concerned, searching a graph in a non-monotone way may be favourable
for the searchers part. On the other hand, there are some graph classes
where connected edge search is a monotone search game, trees for in-
stance.

THEOREM 8.3.2 (Bariére, Flocchini, Fomin, Fraigniaud, Nisse, Santoro,
and Thilikos [100]). For every tree T, ces(T) = cmes(T).

Connected graph searching poses another difficulty. ces, cns, cms as
well as ces, ens, cmms are not minor-closed parameters. This follows
from the fact that deleting an edge form a graph may disconnect it and,
thus, the graph obtained may have infinite connected search number.
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Figure 8.2: The graph V.

8.4 Width Parameters and Search Numbers

As we mentioned in Chapter 4, search numbers and width parameters are
closely related. Asa matter of fact, in most cases for each width parameter
there exists an equivalent search number. To give you a rough idea why,
think of a search strategy as an ordering of the edges being cleaned or the
vertices visited by searchers. This can define an edge or vertex layout.
Our goal is to minimize the number of searchers in the worst possible
scenario, this leads to a min-max parameter, like the width parameter we
defined.

Let us see some examples.
Tueorem 8.4.1. For every graph G, ns(G) = pw(G) + 1.

The above follows by combining two results about interval-thickness,
the first by Kirousis and Papadimitriou [111] and the second by Rolf H.
Mohring [54].
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THeOREM 8.4.2 (Thilikos, 2000 [120]). For every graph G, Iw(G) <
ms(G) < Iw(G) + 1.

The node search game variation where the fugitive is visible but lazy
was first studied by Nick Dendris (NikoAaog Aevopng), Lefteris Kirousis,
and Dimitrios Thilikos [105]. We denote by ilns(G) the minimum number
of searchers that can guarantee the capture of a fugitive in this game, on
the graph GG. This search number can characterize the treewidth of a graph,
providing us with a third definition of this parameter.

THEOREM 8.4.3 (Dendris, Kirousis, and Thilikos, 1997 [105]). For every
graph G, ilns(G) = tw(G) + 1.

8.5 Obstructions Sets

Before moving any further, it would be useful to pointing out that:

THEOREM 8.5.1. For every integer k > 1, the graph classes Gles, k|,
Gns, k|, and G[ms, k| are closed under <, <;,, <. and <.

This can be proven independently or by using the associated width
parameters of these search numbers (and Observation 8.1.1). For con-
nected search, the classes with bounded search number are only closed
under takings of contractions, as the deletion of a vertex or an edge may
“disconnect” the graph.

Finding obstruction sets for classes with bounded graph search number
is a difficult endeavour. For small search numbers — really small, 1 and 2
for instance — some of these sets may be trivial. Bur then, thinks get very
complicated.

ExampLE 8.5.1.

1. obs<_ (ms, 1) contains only the graph ({u, v}, {{u,v}}).
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2. obs<, (ms,2) = {K3,T}, where T is shown in Figure 8.1.

3. obs<, (ns, k), obs<_(cns, k), and obs<, (cmns, k), for k = 1,2 are
equal.

4. obs<, (es, 1) = obs<, (ces,1) = obs<, (cmes, 1) = obs< (ms, 1) =
obs<, (cms, 1) = obs (emms, 1) = {K;, K3}

THEOREM 8.5.2 (Megiddo, Hakimi, Garey, Johnson, and Papadimitriou,
[115]). The obstruction set obs<_(es, 2) consists of the 3 graphs shown in

Figure 8.3.

Figure 8.3: The set obs<_ (es, 2).

THEOREM 8.5.3 (Takahashi, Ueno, and Kajitani, [136]). The obstruction
set obs<  (ms, 2) consists of the 36 graphs shown in Figure A.2.

THEOREM 8.5.4 (Kinnersley and Langston, [133]). The obstruction set
obs<, (mns,3) consists of the 110 graphs shown in Figures A.3, A.4, A.5
and A.6.

This is as far as our knowledge goes about obstruction sets for graph
classes with bounded search numbers. In Chapter 9 we will make a small
step forward and prove that obs—, (cms, 2) and obs<, (cmms, 2) are finite
and that both consist of the same 177 graphs [1]".

"We have to stress that these are contraction obstructions, thus there is no general
proof that the obstruction sets would be finite
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8.5.1 “Distance” to bounded search number

In this Section we will discuss the obstructions sets for the distance to
search number parameters, i.e., (ns, r)-dist, (es, r)-dist and (ms, r)-dist,
for some r € N.

OBSERVATION 8.5.1. ns, es and ms are all big in grids.

Proof. Notice that, for every graph G, it holds that

tw(G) < pw(G) < ns(G)
(this follows from the definition of tw and pw, and Theorem 8.4.1),
and that

ns(G) < es(G) <ms(G) + 1

(this follows from Observation 8.1.1).
Therefore, as tw(H,) = r (Example 4.1.1), it holds that ns(&,) > r,
es(H,) > randms(8,) >r — 1. O

The following is an immediate corollary of Theorem 4.2.1 (using The-
orem 8.5.1 and Observation 8.5.1).

CoroLLARY 8.5.1. For every k,r € N, the graphs in obs< (e, 1), where
e c {(ns,r)-dist, (es, r)-dist, (ms, r)-dist}, have size bounded by k.

Since ns, es and ms are computable and — by definition — max param-
eters, the following is a direct corollary of Theorem 7.4.3 (again, using
Theorem 8.5.1 and Observation 8.5.1).

CoRrOLLARY 8.5.2. Let .,k € N and let C be a graph class that is H-
topological minor-free, for some graph H. Then the set obs<, (e, k) NC,
where o € {(ns, )-dist, (es, r)-dist, (ms, r)-dist}, can be computed.
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CONNECTED GRAPH SEARCHING

In this chapter we are interested in obstruction characterizations for graphs
with bounded connected (monotone) mixed search number. While we saw
that ms is closed under taking of minors, this is not the case for cms and
cmms, where the connectivity requirement applies. From Robertson —
Seymour Theorem [84], the <.,-obstruction set for the class of graphs
with ms at most £ is always finite. Recall that this set for £ = 1 consists
of 2 graphs, and for £ = 2 of 36 graphs [119]. However, no such forbidden
graph characterizations of the classes with bounded connected (monotone)
mixed search number exists.

As we will see, ems and ecmms are closed under takings of contrac-
tions, but, unfortunately, graphs are not well-quasi-ordered with respect
to the contraction relation (see Figure 2.5), therefore, there is no guar-
antee that the contraction obstruction set for ems or cmms is finite for
every positive integer k > 2 (the finiteness of this set is straightforward if

= 1 as obs< (ecmms, 1) = { K3, K 3}). In this Chapter we completely
resolve the case where & = 2. We will show that obs<, (cmms,2) =
obs< (ems, 2) and prove that this set is finite by providing all 177 graphs
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it contains. The proof is based on a series of lemmata that confine the
structure of graphs with connected and monotone mixed search number at
most 2.

We should stress that, in contrary to the case of ms, the direction of
searching is crucial for cms and cmms. This makes the detection of the
corresponding obstruction sets more elaborated, as special kind of obstruc-
tions are required in order to enforce a certain sense of direction in the
search strategy. For this reason, the proof makes use of a more general
variant of the mixed search strategy that forces the searchers to start from,
and finish to, specific sets of vertices. Obstructions for this more general
type of searching are combined in order to form the required obstructions
for cmms.

At the end of this chapter we will present a double exponential lower
bound on the size of the contraction obstruction set for the classes with
bounded connected and monotone search number. Of course, this lower
bound is only meaningful for the classes where this obstruction set is finite.
If this is the case for some k& > 2, this lower bound shows us that the size
of obs<_(cmms, k) will be huge.

9.1 Preliminary Definitions and Results

Instead of describing search strategies by explicitly stating each move of
the searchers in any given round, it is much easier to describe it using an
equivalent graph parameter. More often than not, this parameter can be
defined using graph layouts. This is what we are going to do for connected
(monotone) mixed search.

The following definition will be very useful.

DEFINITION 9.1.1. Let A be a setand let A = (ay, ..., a,) be an ordering
of A. We denote by prefsec(.A) the ordering (Ao, . .., A,) of subsets of A,
where Ag =0 andfori=1,...,r, A; ={a1,...,a;}.
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DEFINITION 9.1.2. Let A; and A, be two disjoint orderings of A, we de-
note by A; o Aj; the concatenation of these two orderings.

In order to define an extension of the connected search game we have
to define some new structures and fix some more notation.

DEFINITION 9.1.3. A rooted graph triple, or, for simplicity, a rooted graph,
is an ordered triple (G, S™, S°') where G is a connected graph and S™ and
Seut are subsets of V(G) '. If G = (G, S™, S°) then we also say that G
is the graph G in-rooted at S™ and out-rooted at S°*.

DEFINITION 9.1.4. Given a rooted graph G = (G, S™, S°%), we define
rev(G) = (G, S, S™).

DEeFINITION 9.1.5. Given a rooted graph G = (G, S™, S°U), where
S = fin U‘Sm|} and S = {1, ... v},

we define its enhancement as the graph enh(G, S™, 5°) obtained from G
after adding two vertices u™ and u°" and the edges in the sets

_ {{vl L um {U\Sm|7um}}
and

Eout {{Uout out}’ o {Ufgct)utp uout}}
(See Figure 9.1).

From now on, we will refer to the vertices u™, u°" as the vertex ex-
tensions of enh(G, S™, S°) and the edge sets E™ and E° as the edge
extensions of enh(G, S™, S°ut),

! We stress that S and S°" are not necessarily disjoint sets.
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Figure 9.1: The enhancement of the rooted graph triple (G, {uy, ug, us},
{uz, ug, us}).

9.1.1 Connected search for rooted graphs

We have to stress that in fugitive search games we assume that searchers
cannot make their first move in the graph before the fugitive makes his
first move.

We define an extension of the connected search game.
DEFINITION 9.1.6. Let G be a graph and let S™, S°" C V(G). A (S™, S°%)-
complete strategy for G is a search strategy S on enh(G, S™, S°) such
that
() E(S,i) = E™, for some i,
(il) E(S,i) N E = (), for every i, and
(iii) E(S,i) = E(G) \ E°*, for some i,

where '™ E°" are the edge extensions of enh(G, S™, S°U).

Based on the above definitions, we define ms(G, S™, S°) as the min-
imum mixed search number over all possible (S™, S°)-complete search
strategies for G.
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Similarly, we define mms (G, S, S°) and emms(G, S™, S°) where,
in the case of connected searching, we additionally demand that S™ in-
duces a connected subgraph of G. Notice that ms(G) = ms(G, (), 0)) and
that this equality also holds for mms and cmms.

9.1.2 Expansions

Now we introduce a graph parameter equivalent to the search game de-
fined in the previous paragraph. This parameter is defined using layouts
of edge sets.

DEFINITION 9.1.7. Given a graph GG and a set F' C E(G), we define the
boundary of F' as follows:

ecF e€E(G)\F

DEFINITION 9.1.8. Let GG be a graph and let £ and E» be subsets of F(G).
An (Ey, Es)-expansion of G is an ordering £ = (A, ..., A,) where:

(1) Forie {1,...,r—1}, By C A, C E(G) \ E.
(2) Fori e {1,...,r — 1}, |Au1 \ Aj] < 1.

3) A, = E).

4) A, = E(G)\ Es.

DEFINITION 9.1.9. Let G be a graph and let £y and F be subsets of E(G).
An (E;, Es)-expansion of G is connected if, in addition to conditions (1)
to (4), the following condition also holds:

(5) Fori € {1,...,r}, G[A;] is connected.
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DErFINITION 9.1.10. Let G be a graph and let £ and F5 be subsets of
E(G). An (Ey, Ey)-expansion of G is monotone if, in addition to condi-
tions (1) to (4), the following condition also holds:

(6) AL C--- CA,.

DEFINITION 9.1.11. Leti € {1,...,r — 1}. The cost of an expansion £
at position i is defined as cost (&, i) = |0c(A;)| + ¢; where g; is equal to
1 if one of the following holds:

- |A;] > 2and A; \ A;_; contains a pendant edge of G

- A, consists of only one edge that is an isolated edge of G.

If none of the above two conditions hold then g; is equal to 0. The cost
of the expansion £, denoted as cost(E), is the maximum cost of £ among
all positions i € {1,...,r —1}.

Our parameter, denoted by p(G, S™, S°) 2, is defined to be the min-
imum cost that an (E'™, E°')-expansion of enh(G, S™, S°') may have,
where E'™ E° are the edge extensions of enh(G, S™, S°%).

We also define mp(G, S™, S°') (if we consider only monotone (E™,
E°')-expansions) and emp(G, S™, S°") (if we consider connected mono-
tone (E™, E°')-expansions). We finally define emp(G) = emp(G, 0, 0).

LEmMA 9.1.1. Let (G, S™, S°%) be a rooted graph and let Si* C S™ and
Seut C Sou where G[S™] is a connected subgraph of G. Then emp(G, S,
Seut)y < emp(G, S™, Sou).

Proof. Let E™ E° and E™", 9" be the edge extensions of enh(G, S™,
S°u) and enh(G, Sit, S respectively. Notice that, as Si" C S™ and
Sfut g Sout’ Ein g Ein and E?ut g Eout.

2Due to lack of inspiration we do not give a distinct name to this parameter...
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Let £ = (Ay,...,A,) be an monotone and connected (E™, E°")-
expansion of enh(G, S™, S°U), with cost at most k.

As G[S™] is a connected subgraph of G, for every vertex of 5™\ Sin
there exists a path connecting it with a vertex of Si" that only uses vertices
of S™. We define the following edge sets:

« Ej} contains all edges that have a vertex of Si" and a vertex of S\ Sin
as endpoints. Let 1} = (U, 1 €) \ Sin_then E7 contains all edges
that have both endpoints in V.

. EJ1 contains all edges that have a vertex of V;_; and a vertex of S =
S™\ (S U (Ujy.. ;1 V1)) as endpoints. Let V; = (U,epre) \ S,
then EJ2 contains all edges that have both endpoints in V.

For each edge set £, 1 < j < dandi € {1,2}, where d is the
maximum distance between a vertex of S™ \ SI" to some vertex in S}, we
define arbitrarily an edge ordering L; We then define an ordering &; of
edge sets as follows:

¢ A= (A M) UBD

« A, = A, U A, forl = 1,...,|E}|, where <A1>~--7A\E}\> =
prefsec(L})

— A

1+|EH+1-1

e A

1+|EL|+
= prefsec(L?)

UA,, forl = 1,...,|E?|,where (A, ... ,A|E%|>

! /
. A =A
LH B+ ER |+ By [+ B [+ LB ER [+ B}y [+ BF_ [+-1

forl =1,...,|Ej|, where (Ay, ... ,A|E]1|> = prefsec(L;)

U A,

’ I

c A =A
LB+ BF [+ B [+ EF_ [+ E} |+ LB [H B [+ Bf [+ B |+ Ef [ +1-1
UA;, forl=1,...,|E?|, where (Ay, ..., Ape) = prefsec(L?)
J
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Figure 9.2: glue(Gl, GQ, Gg, C;47 G5)

Let s = |E}| + |E?| + --- + |EL| + |E2]. Notice that there exist a
lo € {2,...,7} such that A}, = (A4, \ E™) U E. We define a second
ordering &, of edge sets as follows: A}, ., = (A4 \ E™) U E" for
l=1,...,r—I.

Clearly, &' = &; o &, satisfies conditions (1) to (4) and therefore is an
(En E9")-expansion of enh(G, Sit, S¢™). Moreover, the monotonicity
and connectivity of £ follows from the monotonicity and connectivity of
E.

Notice that, for every i € {1,...,r}, 9g(4;) = dc((A; \ E™) U Ein)
therefore cost(E',7) < coste(&,4). From this we conclude that £ has
cost at most k. O

We need an operation that will “glue together” rooted graphs by iden-
tifying their “in” and “out” roots.

DEFINITION 9.1.12. Let Gq,..., G, be rooted graphs such that G, =
(Gi, S;n, Slg)ut) where V(Gl) ﬂV(GHl) = Slg)ut = Sllﬂ_l,l < {1, e, = 1}
We define, glue(Gy, ..., G,) = (G U---UG,, Si S°%) (see Figure 9.2).

LemMa 9.1.2. Let Gy, ..., G, be rooted graphs such that G; = (G, S
,S?Ut) where V(GZ) N V(GZ+1> = S?m = 8;3_19 (S {17 YA 1} Then

cmp(glue(Gy, ..., G,)) < max{emp(G;) | i € {1,...,r}}.
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Proof. Let EI", E" be the edge extensions and & = (A%, ..., A] ) be an
monotone and connected (E", E?")-expansion of enh(G;, S, SoU), for
every i € {1,...,r}. Clearly & = (A},..., A} Al UA3 ... Al U
Al (Uicicr A U A5 L (Urcicr A ) UAT) is an (B, E2")-ex-
pansion of glue(Gy, ..., G,) and, as expansions &;, i € {1,...,r} are
monotone and connected, conditions (5) and (6) hold.

We observe that costg,..ug, (€) < max{costg, (£1), .. ., costg, (E,)},

therefore cmp (glue(Gy,...,G,)) < max{emp(G;) | i € {1,...,r}}.
[

Now we show the equivalence of our search game number to the pa-
rameter defined above.

LEmMmA 9.1.3. Forevery graph G, emms(G, S™, S°%) = emp(G, S™, S°U).

Proof. Assume that G* = enh(G, 5™, S°") has a complete search strat-
egy S satisfying conditions (i) — (iii) with cost at most k. We construct an
edge ordering of F(G) as follows.

Observe that, because of the monotonicity of S, £ = E(S,i) \
E(S,i—1). Foreveryi € {1,...,|S|}, we define L; by taking any order-
ing of the set £¥) and insisting that, if £(*) contains some sliding edge, this
edge will be the first edge of L;. Let £ = (Aq, ..., A,) be the sequence of
prefixes of L; 0. . .0 Ljg), including the empty set (that is Ay = ). Notice
that, because of Condition (i), A, = E™ for some s € {1,...,|S|}, and,
because of Condition (iii), A; = E(G) \ E°*, for some ¢t € {1,...,|S|}.
We now claim that &' = (A,,..., A;) is an (E™, E°")-expansion of G*.
Indeed, Condition (1) holds because of Condition (ii) and Conditions (2)
— (4) hold because of the construction of £’. Moreover, the connectivity
and the monotonicity of £’ follow directly from the connectivity and the
monotonicity of S.

It remains to prove that the cost of £’ is at most k. For each j €
{0,...,|&'|} we define i; such that the unique edge in A; \ A;_; is an
edge in £() and we define h; such that A, \ Ay, contains the fist

213



9.1. PRELIMINARY DEFINITIONS AND RESULTS

edge of L;,. Notice now that the cost of £ at positions h; to j is upper
bounded by the cost of £ at position h;. Therefore, it is enough to prove
that the cost of £ at position h; is at most k. Recall that this cost is equal
to [0 (An, )| + qn,. We distinguish two cases:

Case 1. If g, = 0, then the cost of £ at position h; is equal to |9 (Ap,)|.
As S is monotone, all vertices in dg(Ap, ) should be occupied by searchers
after the 7;-th move of S and therefore the cost of £’ at position h; is at
most k.

Case 2. If qn; = 1, then the i,-th move of S is either the placement of a
searcher on a pendant vertex x or the sliding of a searcher along a pendant
edge {y, v} towards its pendant vertex x. In both cases, x ¢ Ja(Ax,)
and all vertices in O (Aj, ) should be occupied by searchers after the i;-th
move. In the first case, there are in total at least |Og( Ay, )| + 1 searchers
on the graph and we are done. In the second case, we observe that, due
to monotonicity, dg(Ap,) = 0a(An,—1) \ {y}. As after the (h; — 1)-th
move all vertices of Og( Ay, 1) were occupied by searchers, we obtain that
|0c(Ap,)| < k — 1 and thus the cost of £ at position h; is at most k.

Now assume that there exist a monotone and connected (E™, E°)-
expansion of G*, say £ = (A;,..., A,), with cost at most k. We can
additionally assume that £ is properly monotone; this can be done by dis-
carding additional repetitions of a set in £.

Moreover, starting from £, we can construct a monotone and con-
nected (E™, E°")-expansion of G*, with costat most k, say &' = (A}, ...,
A’), with the following additional property:

Expansion property: For every i € {1,...,r — 1} for which V(A4}) C
V(A;, ), A; contains all edges of G* with both endpoints in V'(A}).

This can be accomplished by a series of appliances of the following
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rule:

Rule: Let V(A;) C V(A;;1) for some i and let L = (ey,...,e,) be
an ordering of the edges £(G*) \ A; with both endpoints in V' (4;). For
every j < i define Ay = A;. Then, define Aj,, = A; U {e1}, 4}, =
A;U{eq, ez} and soon, until A}, = A;U{ey,...,e,}. Finally, for every
j >i+mn,define A; = A; U{er,... e}

One can easily check that, after every application of this rule, the con-
structed sequence of edge sets is indeed an (E™, E°')-expansion of G*
and, furthermore, it is monotone and connected. Notice that, for j =
L...,n,0c- (Al ;) C Oa-(A;) and for j > i+n, |0g-(A})| < |0a-(A;)].
Moreover, if |A;| > 2 and A; \ A,;_; contains a pendant edge of G* then
forevery j € {1,...,n}, |4}, ;| > 2and A}, ;\ A}, , contains the same
pendant edge of G*, hence the cost of £’ is at most & (notice that if A;
consists of only one edge that is an isolated edge of G* then there does not
exist an edge in £(G*) \ A; with both endpoints in V'(4;), therefore we
do not need to apply this rule).

For the rest of the proof, we consider that the Expansion property holds
for the given (E™, E°")-expansion of G*.

Our target is to define a (S, S°")-complete monotone search strategy
S of G* with cost at most k.

The first |S™| moves of S will be p(u™) and the next |S™| will be
s(u, v"). We denote this sequence of moves by Sy. Notice that £(S,
2|S™|) = A;.

For every vertex v in the set V* = V(G*) \ S™ \ {u®"'}, we define [,
to be the first integer in {1, ..., 7} such that u € V' (4,,).

Let L = (uq,...,uy+) be an ordering of V* such that i < j when
ly, < ly,. Notice that, for each i € {1,...,|V*[}, the vertex u; is an
endpoint of the unique edge ¢; in A;, 1 \ A, and let v; be the other
endpoint of e;. Notice that, due to the connectivity and the monotonicity
of &, v; € 0o+ (Alui,l). We also observe that u; is pendant if and only
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if u; ¢ 8(;*(141%). We define £/ = {ey,..., ey~ } and we call a set A;,
je{l,...,r}, crucial ifand only if |[A,_; N E'| < |A; N E'|.

Foreachi € {1,...,|V*|}, we define a sequence S; of moves as fol-
lows: If v; € 8G*(Alui) then the first move of S; is p(u;), otherwise it
is s(v;, u;). The rest of the moves in S; are the removals — one by one
— of the searchers in Og-(A;, 1) \ Jg+(A;,, ). Then, we define S =
Spo S O"'OS\V*I'

Notice that, according to the expansion property, all edges of the sets
Aj,forj =1,..., 1, have both endpoints in S™. Moreover, for every i €
{1,...,|V*| — 1} all edges of the sets A;, for j = 1,,,, ..., ;11 — 1, have
both endpoints in V(Alui) and all edges of the sets A, for j = [ &
have both endpoints in V(Alum| ).

First we show that the following claim is true:

Claim 6. Forevery A;, j € {1,...,r}, the vertices of O5- (A;) are exactly
the vertices occupied by searchers after the last move of S,,,,, where m;
is the index of the edge in (A N E’) \ (4;_1 N E’), where A is the first
crucial set of £ such that A; C A.

Proof of Claim 6. Clearly, this is true for A, = E™. Assume that it holds
for Aj.

We will show that the vertices in g+ (Aj+;) are exactly the vertices
occupied by searchers after the last move of Smj/+1'

If A; 4y is not crucial then Og+ (A1) C g« (Aj) and mji1 = myr,
therefore Claim 6 holds.

Now, if Ajr1y is crucial and {eq,,  } = (Ay N E)\ (4 N EY),
then Um,,,, € Og+(Aj/) and, therefore, must be occupied by a searcher.
We distinguish three cases:

Case 1. vamj,+1 € Og+ (Aj’-i-l) and Uy, € Og+ (Aj/+1), then O+ (Aj’-i-l)
= 0g+(Aj) U{um,,, } and the first move in Sy, will be p(uyy,, ).
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Case 2. If vy, € Og+(Aj41) and U, & Og=(Ajr41) then Og+(Ajit1)
= ag* (Aj/).

Case 3. vamjurl € 8@* (Aj/+1), then 8@* (Aj’—I—l) = (8(;* (Aj/)\{vmj,+1 })U
{um]”+1 }, and the first move in S, Will be s(vmj,+1, umj,+1).

Observe that in all three cases the Claim 6 holds. ]

Let Vs(7) be the set of vertices already visited by searchers after the -
th move of S, and let Vs = (Vs(1), ..., Vs(r)). Notice that this sequence
is monotone and that if the i-th move belong to the subsequence S;, then
Vs(i) = V(Azuj ). We must next prove the following:

Claim 7. Foreveryi € {1,...,|S|}, all edges of G*[Vs(i)] are clean.

Proof of Claim 7. Clearly, the claim is true fori € {1,...,2-|S™|}. As-
sume that it holds for some i € 2-|S™| +1,...,r, we will show that all
edges of G*[Vs(i + 1)] are clean. We must distinguish three cases about
the (¢ + 1)-th move:

Case 1. 1t is a removal, say r(u). Notice that G*[Vs(i + 1)] = G*[Vs(1)],
therefore the Claim will not be true if r(u) is a recontamination move. In
this case, there exist an edge connecting u with a vertex not in Vs(7), say
v. Asu € I (A, -1) \ O+ (Ay,, ), for some j € {1,...,[V"|}, all edges
with u as endpoint must belong to A,, , therefore {u,v} € A,,. But
Vs(i) = V(Aluj ), a contradiction.

Case 2. Ttis a placement of searcher say p(u). By the definition of S, there
exist an edge {u, v}, where v is a vertex in V(7). Notice that, according
to our search game, all such edges are clean after p(u), thus all edges of
G*[Vs(i + 1)] are clean.
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Case 3. 1t is a slide, say s(v;, u;), forsome j € {1,...,|V*|}. Asin the
previous case, G*[Vs(i+1)] contains all edges of G*[Vs(7)] and additional
all edges with u; as the first endpoint and a vertex v € V(i) as the other.
According to our search game, after the :-th move there must be searcher
in v;, therefore due to Claim 6, v; € Jg+(A,, ). Notice that, the Claim
will not be true if s(v;, u;) is a recontamination move, i.e., there exist an
edge connecting v; with a vertex, say u, not in Vs(i) = V(4 ). As
v; & Og= (Aluj ), all edges with u as endpoint must belong to Ay, » there-
fore {v;,u} € A4;,_, a contradiction.

In all three cases we saw that after the (i + 1)-th move of S all edges
of G*[Vs(i + 1)] are clean, therefore Claim 7 is true. O

We will now prove that S is a (57, Sz)-complete strategy for G*.

Clearly, Condition (i) holds for every strategy starting with Sy. More-
over, Condition (ii) holds as v°" is not a vertex of VV* and therefore, no
placement on u°* or sliding towards u°" appears in S. Notice that, accord-
ingto Claim 7, foreveryi € {1,..., |[V*|—1}, E(S, |Spo- - -0S;_1|+1) =
o= E(S,[Sp o0 S| +(Si]) = A, -1, and that for i = [V,
E(S,|Spo - 0S8y«||) = A,, therefore Condition (iii) holds.

By the definition of S, it is clear that S is a connected search strategy,
moreover, according to Claim 7, S is monotone.

It remains to prove that S has cost at most k. For the first 2|S™|
moves, we use |S™| = costg+(€,1) < k searchers. Assume that af-

ter 7 moves exactly k searchers are occupying vertices of G* and that
the (j + 1)-th move is p(u;), for some i € {7,...,|V*|}. Then the ver-
tices in Og~ (Alui,l) are exactly the vertices occupied by the k searchers,
therefore [Jg« (A, —1)| = k. Observe that, if u; is not pendant, then
O+ (Au,.) = O+ (A, 1) U{u,}, therefore |0g- (A, )| = k + 1, a contra-
diction and if v, is pendant then Jg+(A;,, ) = 9g+(Ai,,~1) and the cost of
& at position l,,, is |0g+(Ay, )| + 1 = k + 1, again a contradiction. Thus,
for every move of S at most k searchers are occupying vertices of G*. [
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9.1.3 Contractions

As we consider rooted graphs instead of regular graphs, we need to give
new definitions for the contraction and minor relations, that will still be
consistent with the definitions we gave in Chapter 6. We may define them
for rooted graphs at first, but then, by taking Si" = S = (), we will
restrict them to graphs.

DEeFINITION 9.1.13. Let (G, Sit, S9%) and (G, S, SSU) be rooted graphs.
We say that (G, Sit, SU) is a (rooted) contraction of (G, Sit, SS™) and
we denote this fact by (G, S, S9) <. (Go, Sid, SSU) if there exists a
surjection ¢ : V(G2) — V(G1) such that:

(1) for every vertex v € V(G1), Go[¢p~*(v)] is connected,

(2) for every two distinct vertices u, v € V(G), it holds that {v, u} €
E(G,) if and only if the graph G[¢~!(v) U ¢~ (u)] is connected,

(3) ¢(93") = S, and
(4) ¢(53") = S

We will often write (G, Sit, S9U) <¢ (G, S, S™) to make clear
that the function certifying the contraction relation is ¢. Notice that G; is
a contraction of G if (G1,0,0) <. (G2,0,0).

We can define the (rooted) minor relation for two rooted graphs by
removing in the second property the demand that if {u,v} ¢ E(G)
then Go[¢p~(v) U ¢~ *(u)] is not connected. We denote the minor rela-
tion by (G, Sit, S9") <., (G, Sin, S$™). Notice that G is a minor of Gy
if (G1,0,0) <m (G2,0,0).

LEmMMA 9.1.4. If (G, S, S9) and (G, S, SS™) are rooted graphs and
(G, Sh, 59U <. (G, Sip) SSM), then emp (G, S, S9)) < emp(Gy, SP,
S3).
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Proof. Suppose that £ = (A;, ..., A,) is a monotone (£, ES")-expan-
sion of G% = enh(G>, S, S3™) with cost at most k. Our target is to
construct a monotone (E, E{')-expansion of G} = enh(Gy, Sit, S¢v)
with cost at most k.

Let ¢ be a function where (G, Sit, S9U) <% (G, St SSU). We con-
sider an extension 1 of ¢ that additionally maps u' to u!" and u$" to u$™.
Notice that the construction of ¢ yields the following:

(GT, 81U {ur}, S U {ug™}) <¢ (G5, 85U {uy'}, S5 U {us™"})

Givenanedge f = {z,y} € E(G;) we consider the set £'; containing
all edges of G5 with one endpoint in 1)~ () and one endpoint in 1)~ (y).
We now pick — arbitrarily — an edge in E; and we denote it by e;. We
also set £/ = {ef | f € E(G1)}. Then it is easy to observe that &' =
(A1 N E',..., A, N E’) is a connected expansion of G} and that the cost
of £ at step i is no bigger than the cost of £ at the same step, where

ie{l,...,r—1} 0
LemMma 9.1.5. If G and G5 are two graphs and G <. G5, then cms(G)
< cms(Ga).

Proof. First observe that, if this is the case, any contraction of G5 can be
derived by applying a finite number of edge-contractions of some edges
in E(Gs).

It suffices to prove that the lemma holds if (G; is obtained by the con-
traction of edge e = {u, v} € E(G}) to vertex z,,. Let S be a connected
search strategy for (G, that — in any step — uses at most k searchers. Based
on S we will construct a search strategy S’ for GG;. Let ¢ be an integer in
{1,...,|S]|}. We distinguish eight cases:

Case I: If the i-th move of S is p(z) for some vertex = ¢ {u, v}, then the
next move of S’ will be p(x).
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Case 2: 1f the i-th move of S is r(z) for some vertex = ¢ {u, v}, then the
next move of &’ will be r(z).

Case 3: If the i-th move of S is s(x, y) for some vertices x,y ¢ {u,v},
then the next move of &’ will be s(z, y).

Case 4: If the i-th move of S is p(u) or p(v), then the next move of S’
will be p(z,).

Case 5: If the i-th move of S is r(u) or r(v), then the next move of S’ will
be r(zy,).

Case 6: 1f the i-th move of S is s(z,u) or p(z,v) for some vertex z, then
the next move of &’ will be s(z, ,,).

Case 7: If the i-th move of S is s(u, z) or p(v, z) for some vertex z, then
the next move of S’ will be s(xy,, 2).

Case 8: If the i-th move of S is s(u, v) or p(v, u), then the next move of
S’ will be defined according the lateral cases from the (i+1)-th move of S.

Observe that S’ is a complete search strategy for G;. Furthermore, as
S is connected, S’ must also be connected. Finally, it is clear that S’ — at
any step — uses at most k searchers, thus ems(G;) < k. [

9.1.4 Cut-vertices and blocks

Let us fix some more notation. Recall that the blocks of a graph G are
its 2-connected components. If the removal of an edge in G increases the
number of its connected components, then it is called a bridge. In what
follows we will consider the subgraphs of GG induced by the endpoints of
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bridges as blocks and we call them trivial blocks of G.

DEFINITION 9.1.14. Let G be a graph and B a block of G. A cut-vertex
of G is a vertex such that G \ = has more connected components than G.
A cut-vertex of B is a cut-vertex of GG belonging to V (B).

The following two definitions may be highly technical but are very
helpful for the proofs of Section 9.2.

DEFINITION 9.1.15. Let GG bet a graph and let x € V(G). We define
Ca(x) = {(z,G[V(C)U{z}]) | C is a connected component of G \ z}.

DEFINITION 9.1.16. Let B be a block of G and let = be a cut-vertex of B.
We denote by C(x, B) the (unique) graph in Cg(z) that contains B as a
subgraph and by C(z, B) the graphs in C(x) that do not contain B.

Recall the definition of graph embeddings in R? (Definition 5.1.4). A
plane embedding E5(G) = (f,C) of a graph G is an embeddings in R?
such that the interior of each curve in C contains neither a point f(u), for
some u € V(G), nor a point of another curve in C. Notice that, given a
plane embedding of G the set R? \ £»(G) defined when we subtract from
R? the points { f(u) | u € V(G)} corresponding to the vertices of G, and
the points | J .. C of the curves corresponding to the edges of (7, is open.
The regions of R?\ £5(G) are the faces of E5(G). We define the outer face
and the inner faces of £,(G) in the same way we did in Definition 2.5.2.

DEFINITION 9.1.17. A graph G is outerplanar if there is a plane embed-
ding of G such that all its vertices are incident to the outer face.

This embedding, when it exists, is unique up to homeomorphism.

From now on, each outerplanar graph G is accompanied with such an
embedding, say & (G) = (f,C). We will refer to the elements of f(1/)
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Hair Blocks

--" N

ks
N

An outer edge

. Bridge Bloc

Essential Block

- -7

Essentfai élock

1

A chord \ _ >

Cycle bfocks

Figure 9.3: An outerplanar graph and its blocks. The cut-vertices are
hexagonal and the outer vertices are squares. Inner and haploid faces are
denoted by “1” and “h” respectively. There are, in total, four inner vertices
(all belonging to the essential block on the right) and, among them only
the triangular one is not an haploid vertex. The white hexagonal vertices
are the light cut-vertices while the rest of the hexagonal vertices are the
heavy ones.

and C as the vertices and edges of £(G) respectively and, to keep thinks
simple, we will identify them with the “real” vertices and edges of G.

An edge e € E(G) is called outer edge of G, if it is incident to the
outer face of Gz, otherwise it is called a chord of G.

A face F' of an outerplanar graph that is different than the outer face,
is called haploid if and only if at most one edge incident to F' is a chord,
otherwise F' is a inner face. A vertex u € V(G) is haploid if it is incident
to an haploid face and inner if it is incident to an inner face (notice that
some vertices can be both inner and haploid). A vertex of GG that is not
inner or haploid is called outer. We call a chord haploid if it is incident to
an haploid face. Non-haploid chords are called internal chords.

OBSERVATION 9.1.1. A block of a connected outerplanar graph with more
than one edge can be one of the following.
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K3 K;; K,

Figure 9.4: The set O;.

- A hair block: 1t is a trivial block containing exactly one vertex of
degree 1 in G.

- A bridge block: 1t is a trivial block that is not a hair-block.
- A cycle block: 1f it is a chordless non-trivial block.
- Anessential block: 1f it is a non-trivial block with at least one chord.

Let G be a connected outerplanar graph with more than one edge.
Given a cut-vertex c of (G, we say that c is light if it is the (unique) cut-
vertex of exactly one hair block. If a cut-vertex of G is not light then it is
heavy (see Figure 9.10 for an example).

It is known that the class of outerplanar graphs is closed under the rela-
tions <,,, <. and, without much effort, one can derive from Theorem 2.5.2
the following.

THEOREM 9.1.1. A graph is outerplanar if and only if K; % G and
K273 ﬁm G.

Let K. 2+ 5 be the graph obtained by K, 3 after connecting the two ver-
tices of degree 3 (Figure 9.4).

LeMMmaA 9.1.6. If H is the class of all outerplanar graphs, then obs< (H) =
01, where O is shown in Figure 9.4.
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Proof. Observe that the graphs in O; cannot be embedded in the plane
in such a way that all of its vertices are incident to a single face, and,
therefore, neither the graphs in Oy, neither the graphs that contain as a
contraction a graph in O, can be outerplannar.

To complete the proof, one must show that every non-outerplannar
graph can be contracted to a graph in O;. Let GG be non-outerplannar, then
Ky <m Gor Ky3 <, G. Clearly, as K, is a clique, K4 <, G implies
that Ky <. G. Suppose now that K, 3 <, G. Let V,, V},, V1, V5, V5 be the
vertex sets of the connected subgraphs of GG that are contracted towards
creating the vertices of K 35 (V, and V), are contracted to vertices of degree
3). If there is no edge in GG between two vertices in V,, and V, for some
(a,b) € {(x,v),(1,2),(2,3),(1,3)} then K53 <. G. If the only such
edge is between V,, and V), then K. 2+ 3 <¢ G and in any other case, K, <,
G. O

9.2 Obstructions for Graphs With cms/cmms
at Most 2

In this Section we define a “candidate” contraction obstruction set for
graphs with connected monotone mixed search number at most 2, namely
the set D! defined below. This set consists of 177 graphs. Then, we prove
a series of lemmata, each providing some information about the structure
of the graphs that can be searched with at most two searchers, using a con-
nected and monotone mixed search strategy. Combining all these lemmata
we will prove that D' is the correct obstruction set.

DerFINITION 9.2.1. Let D! = O U --- U Oy, where O; is depicted in
Figure 9.4, O, ..., Oy are depicted in Figure 9.5 and Oyy and O;; and
Oy, are constructed as follows.

01 : Contains every graph that can be constructed by taking three dis-
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Figure 9.5: Some of the sets of graphs in Definition 9.2.1.

joint copies of some graphs in Figure 9.10 and then, identify the
vertices denoted by v in each of them to a single vertex. There are
—1in total — 35 graphs generated in this way.

011 : Contains every graph that can be constructed by taking two disjoint
copies of some graphs in Figure 9.14 and then, identify the vertices
denoted by v in each of them to a single vertex. There are — in total
— 78 graphs generated in this way.

015 : Contains every graph that can be constructed by taking two disjoint
copies of some graphs in Figure 9.15 and then, identify the vertices
denoted by v in each of them to a single vertex. There are — in total
— 21 graphs generated in this way.

Notice that, D! indeed contains 177 graphs.
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9.2.1 Proof strategy

We will prove that D! is the obstruction set we are looking for, in two
steps. One easy (Lemma 9.2.1) and one much more involved (Lemma 9.2.2).
A very important part for the proof of the second step is to distinguish “im-
portant blocks” from non “important ones”, namely central and extremal
blocks from fans, and then define directional obstructions.

Lemma 9.2.1. D' C obs<_(cmp, 2).

Proof. From Lemma 9.1.4, it is enough to check that for every G € D!,
the following two conditions are satisfied

(i) emp(G) > 3, and

(ii) for every edge e of GG it holds that emp(G/e) < 2.

One can verify that this is correct by inspection, as this concerns only a
finite amount of graphs and, for each of them, there exists a finite number
of edges to contract. ]

LemMA 9.2.2. D' D obs<_(cmp, 2).

The rest of this Section is devoted to the proof of Lemma 9.2.2. For
this, our strategy is to consider the set

Q = obs<_(emp, 2) \ D!

and prove that @ = () (Lemma 9.2.15). To achieve this, as mentioned
before, we have to prove a series of structural results. Their proofs use the
following three fundamental properties of the set O.

LemMa 9.2.3. Let G € Q. Then the following hold.
(i) emp(G) > 3.
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(if) If H is a proper contraction of G, then emp(G) < 2.
(iii) G does not contain any of the graphs in D! as a contraction.

Proof. Properties (i) and (ii) hold because G € obs<_ (cmp, 2). For prop-
erty (iii) suppose, to the contrary, that G contains some graph in H € D*
as a contraction. From Lemma 9.2.1, H € obs< (cmp,2). Clearly, H
is different than G as Q does not contain members of D'. Therefore, H
is a proper contraction of G and, from property (ii), ecmp(H) < 2. This
contradicts to the fact that H € obs< (ecmp, 2) and thusemp(H) > 3. [

9.2.2 Basic structural properties

LemmA 9.2.4. Let G € Q. The following hold:
1. G is outerplanar.
2. Every light cut-vertex of G has degree at least 3.
3. Every essential block B of G, has exactly two haploid faces.
4. Every block of GG, has at most 3 cut-vertices
5. Every cut-vertex of a non-trivial block of GG is an haploid vertex.
6. Every block of GG contains at most 2 heavy cut-vertices.

7. If a block of GG has 3 cut-vertices, then there are two, say x and vy,
of these vertices that are not both heavy and are connected by an
haploid edge.

8. If an essential block of G with haploid faces F} and F3 has two
heavy cut-vertices, then we can choose one, say c;, of these two
heavy cut-vertices so that it is incident to /) and one say c, that is
incident to F5. Moreover, this assignment can be done in such a way

228



CHAPTER 9. CONNECTED GRAPH SEARCHING

that if there is a third light cut-vertex c3, adjacent to one, say c;, of
c1, Co, then c3 is incident to [/ as well.

Proof. 1. By the third property of Lemma 9.2.3, G cannot be contracted
to a graph in O, and therefore, from Lemma 9.1.6, G must be outerplannar.

2. Let c be a light cut-vertex of a block B in GG, with degree 2 (notice
that, as c is a cut-vertex, ¢ cannot have degree 1 or 0). That means that
c belongs to a path with at least two edges, the hair block B and an edge
say e. Observe that emp(G/B) = emp(G), contradicting to the second
property of Lemma 9.2.3.

3. Let B be an essential block of G. As it is essential, it has at least one
chord, therefore it has at least 2 haploid faces. Assume, that B has at least
3 haploid faces. Choose 3 of them, say Fi, F, and Fj; (see Figure 9.6).
Let S C E(B) be the set of all chords incident to B. Contract in G all
edges in F(G)\ S not belonging to those faces. Then, for each of the three
faces, contract all but two edges not in .S that are incident to F}, F5 and
F3 and notice that the obtained graph is the graph in O, a contradiction
to the third property of Lemma 9.2.3.

Figure 9.6: An example for the proof of Lemma 9.2.4.3.

4. Let B be a block of GG containing more than 3 cut-vertices. Choose
four of them, say ¢y, co, c3 and ¢4. Let S C F(B) be the set of all chords
incident to B (see Figure 9.7). Contract all edges in F(G) \ S not having
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an endpoint in {cy, ¢z, ¢3, ¢4 }. Then, contract all edges e € E(B) \ S such
that e € {c1,ca,c3,¢4} and all edges not in E(B), except from one for
each of the cut-vertices. Notice that the obtained graph belongs to O3, a
contradiction to the third property of Lemma 9.2.3.

SV

Figure 9.7: An example for the proof of Lemma 9.2.4.4.

5. Let B be a block of GG containing a cut-vertex c that is not haploid
and let S C E(B) be the set of all chords incident to B (see Figure 9.8).
Contract all edges in E(G) \ E(B) not having ¢ as endpoint and all edges
in E(B) \ S not having ¢ as endpoint, except from two edges for each of
the haploid faces. Then contract all edges not in £(B) with ¢ as endpoint,
except for one. Notice that the obtained graph belongs to Oy, a contradic-
tion to the third property of Lemma 9.2.3.

6. Let B be a block of GG containing three heavy cut-vertices, say ¢, co
and c3 (see Figure 9.9). We contract all edges in B except from 3 so that
B 1s reduced to a triangle T" with vertices ¢, co and c3. Then, in the result-
ing graph H, for each ¢;,i € {1,2,3}, in Cy(c;) \ {T'} contains either a
non trivial block or at least two hair blocks. In any case, H can be further
contracted to one of the graphs in O5 a contradiction to the third property
of Lemma 9.2.3.
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Figure 9.8: An example for the proof of Lemma 9.2.4.5.

T

Figure 9.9: An example for the proof of Lemma 9.2.4.6.

7. Let {x,y, z} be three cut-vertices of a (not-trivial) block B. If no
two of them are connected by an outer edge, then contract all blocks of G,
except B, to single edges, then contract all outer edges of B that do not
have an endpoint in {x, y, z} and continue contracting hair blocks with a
vertex of degree > 4, as long as this is possible. This creates either a graph
in Og or a graph that after the contraction of a hair block makes a graph
in O; or a graph that after the contraction of two hair blocks is a graph
makes a graph in O, and, in any case, we have a contradiction to the third
property of Lemma 9.2.3. We contract GG to a graph H as follows:

« If for some w € {x,y, 2} the set Co(w, B) contains at least two
elements, then contract the two of them to a pendant edge (that will
have w as an endpoint) and the rest of them to w.

« If for some w € {z,y, 2} the set C;(w, B) contains only one ele-
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ment that is not a hair, then contact it to a triangle (notice that this
is always possible because of 2).

Case 1. |V(B)| € {3,4}. Then because of 6, one, say = of {z,y, z} is
non-heavy and there is an outer edge connecting = with one, say ¥, vertex
in {z,y, z}. Then x, y is the required pair of vertices.

Case 2. |V (B)| > 4 and there is at most one outer edge e with endpoints
from {x,y, 2z} in H. W.lo.g., we assume that e = {x,y}. Notice e is a
haploid edge, otherwise H can be contracted to the 5th graph in Og. More-
over at least one of x, y is non-heavy, otherwise H can be contracted to one
ofthe graphs in Og Uy (recall that B may have one or two haploid faces).

Case 3. There are two outer edges with endpoints from {z, y, z}. W.Lo.g.,
we assume that these edges are {z,y} and {y, z}. One, say {z,y}, of
{z,y},{y, 2} is haploid, otherwise H can be contracted to some graph in
O,. If {z,y} has a light endpoint, then we are done, otherwise, from 6,
z is light. In this remaining case, if if {2, y} is haploid, then it is also the
required edge, otherwise H can be contracted to a graph in Oy.

8. Let x and y be two heavy cut-vertices vertices of B. From 5, =,y
are among the vertices that are incident to the faces /) and F5. Suppose,
in contrary, that for some face, say F' € {F}, F»}, there is no cut vertex
in {x,y} that is incident to F. Then G can be contracted to one of the
graphs in Og. This is enough to prove the first statement except from the
case where x and y are both lying in both haploid faces and there is a
third light cut-vertex z incident to some, say x, of x, y. In this case, x is
assigned the face where z belongs and y is assigned to the other. ]

Let G € Q and let B be a block of GG. Let also S be the set of cut
vertices of GG that belong to B. According to Lemma 9.2.4, we can define
arooted graph G = (B, X, Y) such that:
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- {X, Y} is a partition of S, where X and Y are possibly empty.

If B has a chord, then all vertices in X and Y are haploid.

| X| <land|Y]|<2.

If |Y| = 2, then its vertices are connected with an edge e and one of
them is light and. Moreover, in the case where B has a chord then
e 1s haploid.

If B has a chord, we name the haploid faces of B by F} and F; such
that all vertices in X are incident to £ and all vertices od Y are
incident to F5.

LeEmMA 9.2.5. Let G € Q and let B be ablock of G. Then emp(Gp) < 2.

Proof. We examine the — non-trivial — case where B is a non-trivial block
and contains two haploid faces F7 and F,. As B is 2-connected and outer-
planar, all vertices of V' (B) belong to the unique hamiltonian cycle of B,
say C. Our proof is based on the fact that there are exactly two haploid
faces and this gives a sense of direction on how the search should be per-
formed. To make this formal, we create an ordering A of the edges of
E(B) using the following procedure.

1. if X # (), then

2. Q<+ X,

3. else

4. Q) < {z} where z is an arbitrarily chosen vertex
in the boundary of Fj.

5. R+ Q

6.1+ 1

7. while there is a vertex v in V(B) \ R that is connected with some ver-
tex, say u, in @) \ Y whose unique neighbor in V' (B) \ R is v,
8. R+ RU{v}
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Figure 9.10: The set A contains five r-graphs, each of the form (G,

{v}, {v}).

9. Q = (Q\{u}) U {v}
10. e; = {u,v}

1. i+l

12.  ifQ € E(B), then

13. e — Q,
14. i—it1
15.if Y € E(B), then

16. e Y

Let E™™, E°'' be the edge extensions of enh(G ), and let prefsec(A) =
(Ao, ..., A.). Itis easy to verify that £ = (E™, AgUE™, ... A,UE™)is
a monotone and connected (E™, E°")-expansion of enh(Gp), with cost
at most 2. [

9.2.3 Fans

Let G be a graph and v be a vertex in V (G). We denote by G the rooted
graph (G, {v}, {v}) and we refer to it as the graph G doubly rooted on v.

DEFINITION 9.2.2. A graph GG, doubly rooted on some vertex v is a fan if
none of the graphs in the set A depicted in Figure 9.10 is a contraction of
the rooted graph G, and G is outerplanar.
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Fans will play an important role in this proof.

LeEmMMA 9.2.6. Let G = (G, {v}, {v}) be a graph doubly rooted at some
vertex v. If G is a fan, then emp(G™) < 2,

Proof. We claim first that if G(*) is a fan, then the graph G'\ v is a collection
of paths where each of them has at least one endpoint that is a neighbour of
v. Indeed, if this is not correct, then some of the connected components of
G'\ v would be contractible to either a K3 or a K 3. In the first case, G is
either non-outperlanar or G() can be contracted to to the first two rooted
graphs of Figure 9.10. In the second case G is either non-outeplanar or
G the last three graphs of Figure 9.10. Moreover, if both endpoints of
a path in the set of connected components GG \ v are non adjacent to v in
G, then G™) can be contracted to the last rooted graph in Figure 9.10.

Let now Py, ..., P, be the connected components of G \ v and, for
eachi € {1,...,r}, let {vf,..., v} } be the vertices of P, ordered as in
P;, such that v! is adjacent to v in G. Let u™ and u®" be the two vertices
added in enh(G™). If e = {v,u™"} and ™ = {v,u°"} then the edge
expansions of enh(G™) is E™ = {e"} and £ = {e¥}.

Foreachi € {1,...,r} we define the edge ordering

A; = <{U7 Ui}, {Ui7 U§}7 {U7 U;}v {v;, ?}g} ) {U;'i? U}>7

then we delete from A; the edges not in E(G). Let A, be the orderings
obtained after the edge deletions. We define A = (e") 0 A; 0 --- 0 A,.
Notice that prefsec(.A) is a monotone and connected (E™, E°")-expansion
of enh(G)) with cost at most 2. Therefore, it holds that emp(G®)) < 2,
as required. ]

9.2.4 Spine-degree and central blocks

Given a graph GG and a vertex v we denote by Cg ) the set of all graphs in
Cc(v), each doubly rooted on v. The spine-degree of v is the number of
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doubly rooted graphs in Cg’ ) that are not fans.

A cut-vertex of a graph G is called a central cut-vertex, if it has spine-
degree greater than 1 and a block of GG is called a central block if it contains
at least 2 central cut-vertices.

Lemma 9.2.7. Let G € Q. The following hold:
1. All vertices of GG have spine-degree at most 2.
2. None of the blocks of G contains more than 2 central cut-vertices.
3. G contains at least one central cut-vertex

4. Thereis atotal ordering By, Bs, ..., B, (r > 0) of the central blocks
of G and a total ordering ¢y, . . ., ¢, of the central cut-vertices of G
such that, for i € {1,...,r}, the cut-vertices of B; are ¢; and ¢; 1.

Proof. 1. Let v be a vertex of G with spine-degree at least 3. That means
that there exist at least three subgraphs of ¢, doubly rooted at v, that can
be contracted to some graph in A. Therefore, G can be contracted to a
graph in Oy, a contradiction.

2. Suppose that B is a block of GG containing 3 (or more) central cut-
vertices, say ¢y, co and c3. Construct the graph H by contracting all edges
of B to atriangle T" with {cy, ¢, c3} as vertex set. As ¢; is a central vertex,
there is a rooted graph R; in Ci(¢;) that contains some of the graphs in A
as a rooted contraction. Next we apply the same contractions to H f or
every ¢;,i € {1,2,3} and then contract — to vertices — all blocks of H
different than 7" and not contained in some R;. It is easy to see that the
resulting graph is a graph in Os, a contradiction.

3. Assume that G has no central cut-vertices. We distinguish two
cases.
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Case 1. There is a cut-vertex of GG, say v, such that all rooted graphs in Cg )
are fans and let Gy, . . . G, be these rooted graphs. From Lemmata 9.1.2
and 9.2.6, we conclude that emp(G, {v}, {v}) = cmp(glue(Gy,...G,))
< 2 and from Lemma 9.1.1, emp(G) < 2 contradicting to the first condi-
tion of Lemma 9.2.3.

Case 2. For every cut-vertex v of (5, at least one of the rooted graphs in
Cg ) is not a fan. We denote by H, the corresponding non-fan rooted graph
in Cg ) (this is unique due to the fact that v is non-central). Among all cut
vertices, let « be one for which the set V(G) \ V(H,) is maximal. Let B
be the block of H,, that contains x and let S be the set of the cut-vertices
of GG that belong to B (including x).

For every y € S we denote by W, = {W;, ..., W'} the set of all
rooted graphs in Cg’ ), except from the one, call it R,, that contains B. We
also define W, = glue(W,, ..., W,’). We claim that all W,y € S are
fans. Indeed, if for some y, W, is a non-fan, because y is not central, R,
should be a fan, contradicting the choice of z.

According to the above, the edges of G can be partitioned to those of
the rooted graph Gy and the edges in the rooted graphs W, y € S. Let
also Gg = (B, X,Y) and we assume that, if Y = {y;, v}, then y; is
light.

Notice that, according to Lemma 9.2.6 emp(W,) < 2, y € S and
according to Lemma 9.2.5 emp(Gp) < 2. We distinguish two cases.

Case2.1. Y = {y1,y2} where yo is light. Thenlet G, = (G[{y1, 2}, {v1,

Y2}, {y2}) and G2 = (G[{y1, y2}], {y2}, {v1 }). Clearly emp(G,) = 2 and
cmp(Gy) = 1. Therefore, if G’ = glue(Gp, G1, W,,, Gy, W, ), then,
from Lemma 9.1.2, emp(G’) < 2.

Case 2.2. Y = {y }. Let G’ = glue(Gp, W,, ), then, from Lemma 9.1.2,
cmp(G') < 2.
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In both cases, if X = {z}, then we set G = glue(W,, G’) while if
X = () we set G = G'. In any case, we observe that, from Lemma 9.1.2,
cmp(G) < 2. From Lemma 9.1.1, emp(G) < 2 contradicting to the first
condition of Lemma 9.2.3.

As in both cases we reach a contradiction, G must contain at least one
central cut-vertex.

4. Let C be the set of all central cut-vertices of G. For each ¢ € C,
let X, be the subset of Cg} ) that contains all its members that are not fans.
Clearly, X, contains exactly two elements. Notice that none of the vertices
in C'\ {c} belongs in the double rooted graphs in Cg’ )\ X,. Indeed, if this is
the case for some vertex y € C'\ {c}, then the member of Céy ) that avoids
c would be a subgraph of some member of Cg’ ) \ X, and this would imply
that some fan would contain as a contraction some double rooted graph
that is not a fan. We conclude that, for each ¢ € C there is a partition
p(c) = (Ae, B.) of C'\ {c} such that all members of A, are vertices of one
of the members of X, and all members of B, are vertices of the other.

We say that a vertex ¢ € C'is extremal if p(c) = {0,C \ {c}}

We claim that for any three vertices {z,y, z} of C, there is one, say
y of them such that = and z belong in different sets of p(y). Indeed, if
this is not the case, then one of the following would happen: Either there
is a vertex w € C' such that z,y, z belong to different elements of Cg”),
a contradiction to the first statement of this lemma, or x, y, and 2z belong
to the same block of (5, a contradiction to the second statement of this
lemma.

By the claim above, there is a path P containing all central cut-vertices
in C'. We can assume that this path is of minimum length, which permits us
to further assume that its endpoints are extremal vertices of C'. Moreover,
heavy cut-vertices in V' (P) are members of C. Letcy, . . ., ¢, be the cen-
tral cut-vertices ordered as they appear in P. As, foreveryi € {1,...,r}
there is a block B; containing the central cut-vertices c; and ¢; 1 we end up
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with the two orderings required in the forth statement of the lemma. [

Let GG be a graph in Q. Suppose also that ¢y, ..., c¢.41 and By, Bs, . . .,
B, are as in Lemma 9.2.7.4. We define the extremal blocks of GG as fol-
lows:

« Ifr > 0, then among all blocks that contain ¢, as a cut-vertex let B
be the one such that Cs(cq, By), doubly rooted at ¢y, is not a fan,
does not contain any edge of the central blocks of GG and does not
contain ¢,;1. Symmetrically, among all blocks that contain ¢, as
a cut-vertex let B, be the one such that Cs(c,11, B.11) doubly
rooted at ¢, 1s not a fan, does not contain any edge of the central
blocks of GG and does not contain ¢;.

* Ifr = 0, then let By and B, be the two blocks with the property that
fori € {0,1}, Cs(cq, B;), doubly rooted at ¢y, is not a fan.

We call By and B, left and right extremal block of G respectively.
We also call the blocks of GG that are either central or extremal spine blocks
of G. Let A(G) be the set of cut-vertices of the graphs By, By, Bo, . .., B,
B,11. We partition A(G) into three sets A;, As and A3 as follows:

- Ay ={c1, ..., ¢4} (e, all central vertices).

- A, contains all vertices of A(G) that belong to central blocks and
are not central vertices.

- Aj contains all vertices of A(G) that belong to extremal blocks and
are not central cut-vertices.

Moreover, we further partition A3 to two sets: Aéo) = A3 N V(By) and
Agﬂ) = A3 NV (B,41) (see Figure 9.11 for an example).

Let G € Qand v € A(G). We denote by Rg) ) the set of the doubly
rooted graphs in Cg’ ) that do not contain any of the edges of the spine
blocks of G.
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Figure 9.11: A graph G and the blocks By, B, ..., B3, and By4. The cut-
vertices in A; = {c, ..., ¢4} are the grey circular vertices, the vertices in
A, are the white square vertices and the vertices in A3 are the dark square
vertices.

LemMaA 9.2.8. Let G € Q and v € A(G). The following hold:
a) Each doubly rooted graph in R(GU )is a fan.
b) All vertices in v € A, are light, i.e., for each v € A, Rg ) contains
exactly one graph that is a hair block of G.

Proof. a) Letv € A(G). We distinguish two cases:

Case 1: v € A;. If there exists a double rooted graph in R(G” ) that is not
a fan, v will have spine-degree greater than 3, a contradiction to the first
property of Lemma 9.2.7.

Case 2: v € Ay U As. If there exists a double rooted graph in R(GU ) that
is not a fan, v will have spine-degree greater than 2, therefore v must be
central, a contradiction.

b) Let v € Ay, and suppose that Rg’ ) can be contracted to two edges
with v as their unique common endpoint, or to a triangle. As v belongs to
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Figure 9.12: A graph G, the extended extremal blocks Bj; and Bj the
extended central blocks B, B;, and B; and the rooted graphs F, F, and
F, (F3 is the graph consisting only of the vertex c3, doubly rooted on c3).

a central block, GG can be contracted to a graph in Os, a contradiction to
the third property of Lemma 9.2.3. [

9.2.5 Directional obstructions

Let G € Qandlet By, By, ..., B,, B, be the spine blocks of GG. Notice
first that, from Lemma 9.2.4.6, forevery i € {1,...,r}, |A:NV(B;)| < 1.
Also, from Lemma 9.2.4.6, if Ay, NV (B;) = {v}, then v is a light cut-
vertex. Fori € {1,...,r}, we define the rooted graphs B} as follows:
If A, NV(B;) = {v}, then B is the union of B; and the underlying
graph of the unique rooted graph in Rg ) (this rooted graph is unique and
its underlying graph is a hair block of G from the second statement of
Lemma 9.2.8). If A, NV(B;) = 0, then B is B;. We finally define the
rooted graph B} = (B}, {c¢;},{cis1}) fori e {1,...,r}.

We also define B as follows: Consider the unique graph By in C(Gc 2
that, when doubly rooted at ¢y, is not a fan, does not contain any edge of the
central blocks of GG and does not contain ¢, ;. Then B = (Bo, 0, {c1}).
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Figure 9.13: The set of rooted graphs £ containing three rooted graphs
each of the form (G, {v}, {u}).

Analogously, we define B | by considering the graph B, of the unique
rooted graph in R(Gfr“) that, when doubly rooted at ¢,.1, is not a fan,
does not contain any edge of the central blocks of G and does not con-
tain ¢;. Then B}, = (B,i1,{¢,41},0). Finally, we define for each
i € {1,...,r + 1} the graph F; that is the union of all the graphs of
the rooted graphs in R(Gci) that are fans (when performing the union, the
vertex c; stays the same), and in the case where R(Cfi) is empty, then F} is
the trivial graph ({¢;},0). We setF; = (F;, {c¢;},{c:})i € {1,...,r+ 1}
and we call the rooted graphs Fy, ... F, | extended fans of G. We call
B;,Bi,... B}, B, the extended blocks of the graph G € Q and we —
naturally — distinguish them in central and extremal (left or right), de-
pending on the type of the blocks that contains them (see Figure 9.12 for
an example). Notice that

{E(Bg)v E(Fl)v E<BT)’ E(FQ)a T E(Fr)v E(B*)’ E(Fr+1)> E(B:+1)}

T

is a partition of the edges of G.

LEMmA 9.2.9. Let G € Q and let B}, ..., B; be the central blocks of G.
None of the rooted graphs in the set £ of Figure 9.13 is a contraction of
B; if and only if ecmp(B}) < 2.

Proof. Clearly, for every graph H € L, emp(H,{v},{u}) = 3, there-
fore if B} can be contracted to a graph in £, according to Lemma 9.1.4,
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cmp(BY) > 3.

Let now B} be an central extended block of GG that cannot be con-
tracted to a graph in L. If B; does not contain some light cut-vertex, we
define G, = (B, {ci}, {cit1}). Notice that Bf = Gp, and, as from
Lemma 9.2.5 emp(Gp,) < 2, we are done.

In the remaining case, where B; contains a light cut-vertex, say ¢, ob-
serve that ¢ cannot be adjacent via an outer edge to ¢;, or else B could
be contracted to a graph in £. Therefore, according to Lemma 9.2.4.7, cis
connected via an haploid edge with ¢; ;. Notice that G, = (B;, {¢;}, {cit1,
c}). According to Lemma 9.2.5, emp(Gp,) < 2 and, according to Lemma
9.2.8, R(® contains only a hair block, say (H, {c}, {c}). Clearly emp(H,
{c} {c}) = 2. LetGy = (G[{c, cira}] {c cipa} {c}), Ga = (G[{c, civa}],
{c},{cis1}), and G = glue(Gp,, Gy, (H,{c},{c}), G3). From Lemma
9.1.2, emp(G) < 2 and the lemma follows as G = B. O

LEMmMmA 9.2.10. If B} is one of the central extended blocks of a graph
G € Q, then either emp(B}) < 2 or emp(rev(B})) < 2.

Proof. Proceeding towards a contradiction, from Lemma 9.2.9, both B}
and rev(B}) must contain one of the rooted graphs in Figure 9.13 as a
contraction. It is easy to verify that, in this case, either B} contains at
least four cut-vertices, which contradicts to Lemma 9.2.4.9 or G can be
contracted to either a graph in Og (if the two roots are adjacent) or a graph
in Oy (if the two roots are not adjacent), a contradiction to Lemma 9.2.3.3.

[

Now we give labels to central extended blocks. These labels are in-
tended to indicate the way these blocks can be searched.

DEFINITION 9.2.3. Let G € Q and let B} be one of the central extended
blocks of .

- If rev(B;) can be contracted to a graph in £ (Figure 9.13), then we
assign to B} the label <.
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Figure 9.14: The set of rooted graphs B containing 12 rooted graphs each
of the form (G, 0, {v}).

- If B} can be contracted to a graph in £ (Figure 9.13), then we assign
to B} the label —.

- If both B} and rev(B;) can be contracted to a graph in £ (Fig-
ure 9.13), then we assign to B} the label .

LeMMA 9.2.11. Let G € Q and let Bj, be the extended left extremal block
of G. None of the rooted graphs in the set 3 in Figure 9.14 is a contraction
of B} if and only if emp(B}) < 2.

Proof. Clearly, for every graph H € B, emp(H, ), {u}) = 3. There-
fore, if Bj; can be contracted to a graph in 3, according to Lemma 9.1.4,
cmp(B) > 3.

Suppose now that B{ cannot be contracted to a graph in B. We dis-
tinguish three cases according to the number of cut-vertices in By (recall
that, from Lemma 9.2.4.4, B, can have at most 3 cut-vertices).
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Case 1: By contains only one cut-vertex, which is ¢;. Then, Bj = Gp,
and the result follows because of Lemma 9.2.5.

Case 2: By contains two cut-vertices, ¢; and c. If By has not a chord or it
has a chord and c and ¢; are incident to two different haploid faces of By,
then we can assume that Gg, = (By, {c}, {c1}) and, from Lemma 9.2.5,
emp(Gp,) < 2. According to Lemma 9.2.8.a, R is a fan, say (F, {c},
{c}) and from Lemma 9.2.6, emp(F, {c}, {c}) < 2. Let G = glue((F’ {c},
{c}), Gp,). From Lemma 9.1.2, emp(G) < 2. Combining the fact that
G = (B}, {c},{c1}) with Lemma 9.1.1, emp(Bj;) < 2. In the remain-
ing case ¢ and ¢; are adjacent and ¢ is light. Then Gg, = (By, D, {c, c1})
and, from Lemma 9.2.5, emp(Gp,) < 2. According to Lemma 9.2.8.b,
R is a hair, say (H,{c},{c}). Let G; = (G[{c,c1}],{c,c1}, {c}),
G; = (G[{c,a1}]. {c} {e1}) and G = glue(Gp,, Gy, (H,{c},{c}), Go).
Notice that G = (Bg, 0, {c1}) = Bj. From Lemma 9.1.2, we obtain that
cmp(G) < 2, therefore emp(By) < 2.

Case 3: By contains three cut-vertices, c¢;, ¢ and z. We first examine the
case where there is a partition { X, Y’} of {¢1, ¢, 2} such that |Y| = 2, ¢, €
Y, the cut-vertex in Y\ {c¢; } is light, and Y is an edge of B, that, in case
By is a chord, is haploid. In this case we claim that emp(B) < 2. Indeed,
we may assume that ¢ be the light cut-vertex of Y \ {c;}, thus Gp, =
(Bo,{z},{c,c1}). According to Lemma 9.2.5, emp(Gpg,) < 2. From
Lemma 9.2.8.a, R is a fan, say (F, {z}, {z}) and, from Lemma 9.2.8.b,
R contains only a hair block, say (H, {c}, {c}). Let G; = (G[{c, 1 }],
{e.ai}{e}), Go = (Gl{e,erf], {c}, {er}) and G = glue((F, {z}, {x}),
Gp,, G1, (H,{c},{c}), Ga). Notice that G = (B, {z}, {c1}) and. From
Lemma9.1.2 emp(G) < 2. Now, Lemma 9.1.1 implies that cmp(B;) < 2
and the claim holds.

In the remaining cases, the following may happen:
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1. None of x and c is adjacent to c¢; via an edge that, in case B has a
chord, is haploid. In this case B{ can be contracted to the rooted graphs
of the first column in Figure 9.14.

2. Both ¢; and x are light and only one of them, say =z, is adjacent to
¢1. In this case By has a chord and either the edge {z, ¢;} is not haploid
or {z, ¢1} is haploid and belongs in the same haploid face with c. In the
first case, B{, can be contracted to the second rooted graph of the second
column in Figure 9.14 and in the second case B can be contracted to the
first and the third rooted graph of the second column in Figure 9.14.

3. ¢ has only one, say x, heavy neighbour in {c,x} such that, in
case By has a chord, the edge {c1, 2} is haploid. In this case B{, can be
contracted to the rooted graphs of the third and the fourth column in Fig-
ure 9.14. O

LeEMMA 9.2.12. Let G € Q and let By | be the extended right extremal
block of G. None of the rooted graphs in the set C in Figure 9.15 is a
contraction of B}, if and only if emp(B;, ;) < 2.

Proof. Clearly, for every graph H € C, emp(H,{u},()) = 3, therefore
if BY,, can be contracted to a graph in C, according to Lemma 9.1.4,
cmp(B7, ;) > 3.

Suppose now that By ; cannot be contracted to a graph in C. We dis-
tinguish three cases according to the number of cut-vertices in 5, (recall
that, from Lemma 9.2.4.4, B,.; can have at most 3 cut-vertices).

Case 1: B, contains only one cut-vertex, which of course is ¢;. Notice
that BY, | = Gp,_, and the result follows because of Lemma 9.2.5.

Case 2: If B, has not a chord or it has a chord and ¢ and ¢, are incident
to two different haploid faces of B, then we can assume that Gg ., =

(Bry1,{cr41}, {c}) and from Lemma 9.2.5, emp(Gp,,,) < 2. In any
other case, ¢, and c are on the boundary of the same haploid face of
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B, 41 and none of them belongs in the boundary of the other. Then B;
can be contracted to some of the rooted graphs in the second column of
Figure 9.15.

Case 3: B, contains three cut-vertices, ¢, 1, ¢ and x. If ¢ and x are not
adjacent, then B} | can be contracted to some of the rooted graphs in the
first column of Figure 9.15. Otherwise, one, say ¢, of them will be light
and the edge {z, c} should be haploid. Then we can assume that Gp,,, =
(Brt1, {¢r41}, {z, c}) and according to Lemma 9.2.5, emp(Ggp,,,) < 2.
From Lemma 9.2.8, R(®) is a fan, say (F, {z}, {x}) and R(®) contains only
a hair block, say (H,{c},{c}). Let G; = (G[{c,z}], {c,x},{c}), Go =
(G[{c,x}],{c} {z}) and G = glue(Gp, ,,, Gy, (H,{c}, {c}), G, (F, {z},
{z})). Noticethat G = (B}, |, {¢,41}, {z}) and, because of Lemma 9.1.2,
emp(G) < 2. Applying Lemma 9.1.1, we conclude that emp(B’, ;) <
2. O

LEMMA 9.2.13. Let G € Q and let Bj and B;; be the two extremal
extended blocks of G. It is never the case that B, contains some graph in
B and rev(B}) contains some rooted graph in C. Also it is never the case
that BY_ | contains some graph in C and rev(B; ;) contains some rooted
graph in B.

Proof. Let G be arooted graph in K = {rev(B;), B;,, }. We distinguish
the following cases, that apply for both rooted graphs in K:

Case 1: G can be contracted to a graph in the first column of Figure 9.15
and rev(G) to a graph in the first column of Figure 9.14. Notice that every
cut-vertex of G cannot be connected with an outer edge and therefore G
can be contracted to a graph in Og.

Case 2: G can be contracted to a graph in the first column of Figure 9.15
and rev(G) to a graph in the second column of Figure 9.14. Notice that
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Figure 9.15: The set of rooted graphs C containing six rooted graphs each
of the form (G, {v}, 0).

the two cut-vertices of G, that are other than the central cut-vertex, can-
not be connected with an outer edge and therefore G can be contracted to
graph in O.

Case 3: G can be contracted to a graph in the first column of Figure 9.15
and rev(G) to a graph in the third or fourth column of Figure 9.14. Notice
that the two cut-vertices of G, that are other than the central cut-vertex,
cannot be connected with an outer edge and therefore G can be contracted
to graph in Os.

Case 4. G can be contracted to a graph in the second column of Fig-
ure 9.15 and rev(G) to a graph in the first column of Figure 9.14. Notice
that the two cut-vertices of G, that are other than the central cut-vertex,
cannot be connected with an outer edge and therefore G can be contracted
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to graph in O;.

Case 5: G canbe contracted to a graph in the second column of Figure 9.15
and rev(G) to a graph in the second column of Figure 9.14. Notice that
there must be an haploid face containing only the central cut-vertex, there-
fore G can be contracted either to the graph in O, or to a graph in Oy
(depending whether G can be contracted to the last graph in the second
column of Figure 9.15 or not) .

Case 6. G can be contracted to a graph in the second column of Figure 9.15
and rev(G) to a graph in the third or fourth column of Figure 9.14. Notice
that the light cut-vertex of G can not be connected via an haploid edge
with the central cut-vertex, therefore G can be contracted to a graph in
Oy either to a graph in Oy (depending whether the central cut-vertex is
connected via haploid edge with a heavy cut-vertex or not). ]

We will also give labels to the extremal extended blocks. These labels
will indicate the way a search must start.

DEFINITION 9.2.4. Let G € Q and let By, B | be the extended left
and right extremal blocks of G.

- If B{ contains some graph in B (Figure 9.14) then we assign to B}
the label .

- Ifrev(B}) contains some graph in C (Figure 9.15) then we assign to
Bj; the label —.

- If B}, contains some graph in C (Figure 9.15) then we assign to
B, the label <.

- Ifrev(B;_ ;) contains some graph in B (Figure 9.14) then we assign
to By the label —.
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- If neither B{, contains some graph in B (Figure 9.14) nor rev(By)
contains some graph in C(Figure 9.15) then we assign to B the label
.

- Ifneither B}, , contains some graph in C (Figure 9.15) norrev(B?_ ;)
contains some graph in 3 then we assign to By, the label <.

LeEMMA 9.2.14. Let G € Q and let Bi, BT, ..., By, By, be the extended
blocks of GG. It is not possible that one of these extended blocks is labeled
with <— and an other with —.

Proof. We distinguish two cases according to the labelling of B:

Case 1: Suppose that B is labeled < and that B}, forsomei € {1,...,7+
1}, is labeled —. According to their respective labels, (B, 0, {c1 }) can be
contracted to a graph in B and, if i < r, rev(B}) = (B}, {ci11}, {¢i}) can
be contracted to a graph in £, otherwise rev(B;, ) = (B}, ,0,{c.11})
can be contracted to a rooted graph in B. Notice that if i < r, G[V(G) \
(V(BY)U---UV(B;))],0,{c;}} can be contracted to a graph in the
third and forth columns of B. By further contracting all edges of E(B;)U
---U E(B}_,) we obtain a graph in Oy, a contradiction.

Case 2: Suppose now that B is labeled — and that B}, for some ¢ €
{1,...,r+1},islabeled <. According to their respective labels, rev(B)*
= (B§,{c1},0) can be contracted to a graph in C and, ifi < r, (B}, {¢;},
{¢i+1}) can be contracted to a graph in £, otherwise (B}, |, {¢,41},0) can
be contracted to a graph in C. Notice that if ¢ < r, G[V(G) \ (V(By) U
- -UV(B;4))], {ci}, 0} can be be contracted to a graph in the first column
of C. By further contracting all edges of F(B})U---UE(B;_,) we obtain
a graph in O;,, a contradiction. O
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9.2.6 Putting things together

The last lemma we need to prove is the following:
LemMma 9.2.15. Q = ().

Proof. Suppose in contrary that Q contains some graph G. Let B, B, . . .,
B;,B;,, and Fy,...,F, ; be the extended blocks and fans of G, respec-
tively. From Lemma 9.2.14, we can assume that the extended blocks
of GG are all labeled either — or <+ (if this is not the case, just reverse
the ordering of the blocks). By the labelling of B, none of the rooted
graphs in the set B is a contraction of B therefore, from Lemma 9.2.11,
cmp(Bj) < 2. Also as none of the rooted graphs B}, i = 1,...,r,
can be contracted to a graph in £, from Lemma 9.2.9, it follows that
cmp(B;) < 2. We distinguish two cases according to the labelling of
B;_ ;. If the labelling is <, then B} ; cannot be contracted to a graph in
C. If the labelling is —, then rev(B}_ ) can be contracted to a graph in
B and, according to Lemma 9.2.14, B | cannot be contracted to a graph
in C. Thus, in both cases, from Lemma 9.2.12, emp(B ;) < 2. No-
tice that (G, 0,0) = glue(B;,F,,B;,...,F,,B: F,1,B;,,) and, from
Lemma 9.1.2, emp(G, 0, ) < 2. This implies that emp(G) < 2, a con-
tradiction to the first property of Lemma 9.2.3. [l

This completes the proof of Lemma 9.2.2 and show us that obs,
(cmms, 2) contains exactly the graphs of D!. If someone look closely
to the graphs of obs<, (emms, 2), it is not very difficult to reach the fol-
lowing conclusion.

COROLLARY 9.2.1. obs. (cmms, 2) = obs< (cms, 2).
Proof. 1t is easy to check that for every H € obs< (cmms, 2):
1. ems(H) > 3,

2. for every proper contraction H' of H it holds that ems(H’) < 2,
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therefore obs<, (emms, 2) C obs (cms, 2).

If there exists a graph H € obs< (cms,2) \ obs< (cmms,2), then
cms(H) > 3. Notice that the connected search number of a graph is
always bounded from the monotone and connected search number, as a
complete monotone and connected search strategy is obviously a complete
connected search strategy, therefore emms(/) > 3, which means that
there exists a graph H' € obs< (cmms, 2) such that H’ <, H. Further-
more, since H’ is a proper contraction of H, according to Lemma 9.1.5,
cms(H) > cms(H'). As we have already stressed that cms(H') > 3 we
reach a contradiction to the minimality (with respect of <.) of H. [

9.3 General Obstructions for cmms

As mentioned before, for £ > 2, we have no guarantee that the set obs,
(cmms, k) is a finite set. In this Section we prove that, when this set is
finite, its size should be double exponential in k. Therefore, it seems hard
to extend the results presented in this Chapter for £ > 3 as, even if we
somehow manage to prove that the obstruction set for a specific & is finite
(see [99,132] for a couple cases where a contraction obstruction set is not
finite), then this set would contain more than 92" graphs.

We will describe a procedure that generates, for each k, a set of at
least %(%)3'2“2 non-isomorphic graphs that have connected, and mono-
tone search number k£ + 1 and are contraction-minimal with respect to this
property. Hence, these %(3)3'21%2 graphs will belong to obs< (cmms, k).

Let us first define a set of rooted graphs which will produce these ob-
structions.

DerFiniTION 9.3.1. For every £ > 1 we define the set of obstruction-
branches, denoted by Br(k), as follows:

For k = 1: The set Br(1) consists of the five graphs of Figure 9.10 rooted
at v.
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For k =1 > 1: The set Br(l) is constructed by choosing two branches
of the set Br(l — 1) and identify the two roots to a single vertex, say v.
Then we add a new edge with v as an endpoint, say {u, v}, and we root
this branch to u. We will refer to this edge as the frunk of the branch.

Let f(k) be the number of branches of Br(k). Notice that f(1) = 5
and f(k) is equal to the number of ways we can pick two branches of
Br(k — 1), with repetition. Therefore:

£ = (f(k—1)+2—1) _ (f(k—1)+1)

2 2
SR+ (R o fk— 1)?
B 2 - 2
f(k=2)%\2 22 23
flk—2 f(k—=3
= ( 22 ) - ( 22+1) = (222-1-2-1-)1
> f<1)2k_1 B 52k—1

il o 22]{72_;’__’_2_;’_1 - 22/{71

_ 9 <§>
2
DEFINITION 9.3.2. Let Og, (k) be the set containing the graphs obtained

by choosing three rooted branches of Br(k), with repetitions, and identify
the three roots.

2k71

Notice that any two selections according to the definition above pro-
duce two non-isomorphic graphs.

We are going to prove that:
Opg: (k) C obs< (cmms, k + 1)
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Figure 9.16: The left graph belongs to Og,(2) and the right to Og,(3).

Notice that:

oui] = (17

s TP %(?)32’“

3.2k—2

Hence, the cardinality of obs< (cmms, k) is at least %(%) . In

order to prove this we need the following lemmata.

LemmMa 9.3.1. Let B € Br(k) and let v be its root. There does not exist
a complete connected and monotone search strategy for B — that uses &
searchers — such that the first edge being cleaned is the trunk of 5.
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Proof. We are going to prove this by induction. We can easily check that
for k = 1 the claim holds. Let B € Br(k) and let v be its root and
u the other endpoint of the trunk. Since we are forced to clean B, in
a connected and monotone manner, with a search strategy, say S, that
first cleans {u, v}, a searcher must be placed in u during each step of
S, therefore we must clean a (k — 1)-level branch using k£ — 1 searchers
that first clean the trunk of this branch, which contradicts the induction
hypothesis. ]

CoROLLARY 9.3.1. Let G € Og,(k), then ecmms(G) > k + 1.

Proof. Let G € Og,(k). Notice that G consists of three k-level obstruc-
tion branches, say By, By and Bj. If there exist a complete connected
and monotone search strategy S that uses k + 1 searchers, then from
Lemma 9.3.1 § cannot start by placing searchers in the central vertex,
i.e., the vertex where B;, B, and Bj are connected. Therefore, S starts
by placing searchers in a vertex of By, By or B3 and consequently the
first edge cleaned belongs to this branch. Notice that the first time that a
searcher is placed on the central vertex the connectivity and monotonicity
of § force us to clean a k-level branch with £k searchers, which is impos-
sible according to Lemma 9.3.1. ]

LeEMMA 9.3.2. Let B € Br(k) and let v be its root.

a) There exist a complete connected and monotone search strategy for
B — that uses k + 2 searchers — such that in each step a searcher
occupies v.

b) There exists a complete connected and monotone search strategy for
B —that uses k + 1 searchers — such that the first edge being cleaned
is the trunk of B.

c) There exist a complete connected and monotone search strategy for
B —that uses k + 1 searchers — such that the last edge being cleaned
is the trunk of B.
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Proof. a) We are going to prove this by induction. We can easily check
that for £ = 1 the claim holds. Let B € Br(k) and let v be its root
and u the other endpoint of the trunk. We are going to describe a search
strategy S with the properties needed. We place a searcher in v and as
second searcher in u. According to the induction hypothesis for each one
of the two (k — 1)-level branches connected to u there exists a complete
connected and monotone search strategy that uses k£+-1 searchers such that
in each step a searcher occupies u, therefore, we can continue by cleaning
one of these (k — 1)-level branches and then clean the other.

b) We are going to prove this by induction. For £ = 1 the claim is
trivial. Let B € Br(k) and let v be its root and u the other endpoint
of the trunk. There are two (k — 1)-level branches connected to u, say
By and B;. The search strategy, say S, with the properties needed is the
following: we place a searcher in v and then slide him to u. According
to the first claim of Lemma 9.3.2 there exists a complete connected and
monotone search strategy S; for Bj that uses k + 1 searchers such that in
each step a searcher occupies u. By the induction hypothesis there exists
a complete connected and monotone search strategy S for B, that uses &
searchers such that the first edge cleaned is the trunk of B,. Using these
two search strategies we can start by cleaning By, keeping in all times a
searcher in u, and then we can clean Bs.

¢) We are going to prove this by induction. Notice that for £ = 1 the
claim holds. Let B € Br(k) and let v be its root and u the other endpoint
of the trunk. There are two (k — 1)-level branches connected to u, say
By and B,. According to the induction hypothesis there exist a complete
connected and monotone search strategy S; for By that uses k searchers
such that the last edge cleaned is the trunk of B;. Moreover, according
to the first claim of Lemma 9.3.2 there exists a complete connected and
monotone search strategy S, for By that uses k + 1 searchers such that
in each step a searcher occupies u. Using these two search strategies we
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can clean B, in a connected and monotone manner, as follows: We start
by cleaning B then we clean Bs, keeping in all times a searcher in u, and
then we clean {u, v}. O

LemMA 9.3.3. Let G € Og, (k) and B € Br(k) one of the three branches
of G. If we contract an edge of B there exist a complete connected and
monotone search strategy for B that uses k + 1 searchers, such that in each
step a searcher occupies v.

Proof. We are going to prove this by induction. It is easy to check that for
k = 1 the claim is true. Let v be the root of B and u the other endpoint of
the trunk, B; and B, the two (k — 1)-level branches connected to u and
e € E(B) the edge contracted. We distinguish to cases:

Case 1: e € E(By)U E(B3). We can assume that e is an edge of B;. We
are going to describe a search strategy S for B with the properties needed.
We place a searcher in v and a second searcher in v. From the induction
hypothesis there exists a complete connected and monotone search strat-
egy S; for By — that uses k searchers — such that in each step a searcher
occupies u. Moreover, according to the second claim of Lemma 9.3.2
there exists a complete connected and monotone search strategy S, for By
—that uses k searchers — such that the first edge cleaned is the trunk of Bs.
Using these two search strategies we can start by cleaning B, keeping in
all times a searcher in u, and then we can clean B;. Notice that this search
strategy uses k + 1 searchers and during each step a searcher occupies v.

Case 2: e = {u,v}. According to the first property of Lemma 9.3.2, for
each one of B; and B, there exists a complete connected and monotone
search strategy — that uses k+1 searchers — such that in each step a searcher
occupies v. Hence, we can clean B starting by cleaning 5, keeping in all
times a searcher in v, and then clean Bs. O]

CoroLLARY 9.3.2. If G € Og(k) and G’ be a contraction of G, then
cmms(G') =k + 1.
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Proof. 1t suffices to prove this claim for a single edge contraction.

Let G € Og,(k), let By, Bs, and Bj be the three k-level obstruction-
branches of G connected to v, e € E(G) the edge contracted and G’ the
graph obtained from G after the contraction of e. We can assume that
e € F(By). We are going to describe a complete connected and mono-
tone search strategy S for G. From the third claim of Lemma 9.3.2 we
know that there exist a complete connected and monotone search strategy
S, for By — that uses k£ + 1 searchers — such that the last edge cleaned
is the trunk of B;. From Lemma 9.3.3 we know that there exist a com-
plete connected and monotone search strategy So for By — that uses k£ + 1
searchers — such that in each step a searcher occupies the root of Bs, in
other words v. From the second claim of Lemma 9.3.2 we know that there
exist a complete connected and monotone search strategy Ss for Bs — that
uses k + 1 searchers — such that the first edge cleaned is the trunk of Bs.
Therefore, we can clean G’ starting by cleaning B; according to S (notice
that the trunk of B; will be the last edge of £(B;) being cleaned), then
clean B, according to Ss, keeping in all times a searcher in v, and finish
by cleaning Bj according to Ss. [

Combining Corollaries 9.3.1 and 9.3.2 we conclude that every graph
in Og, (k) is a contraction obstruction for the graph class Glemms, k + 1]
and therefore O, (k) C obs<, (cmms, k + 1).

9.4 Conclusion

In this Chapter we showed that both obs<, (cmms, 2) and obs<_(cms, 2)
are finite, and we gave a complete list of the graphs in these sets. There-
fore, we managed to characterized these two graph classes, G[cmms, 2]
and Glems, 2|, using forbidden contractions. Forbidden contractions char-
acterizations are very rare (e.g., [99,128,132] ), and finite one even rarer

(e.g., [128)).
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From the algorithmic point of view, we can use a cubic-time contrac-
tion checking algorithm for planar graphs (e.g., [46,47]) to obtain a cubic
algorithm deciding whether a graph belongs to G|ems, 2| (or G[cmms, 2)).
An even faster approach will be to use Theorem 5.3.1, the fact that the
class C of graphs not containing as contraction a graphs in G[cms, 2] is
MSO-definable, and the fact that for every graph GG

tw(G) < pw(G) < ns(G) <ms(G) + 1 < ems(G) + 1
(this follows from the definition of tw and pw, Theorem 8.4.1, Observa-
tion 8.1.1, and the definition of ms and ems). This approach yields the
following linear-time algorithm:

Step 1: Use the algorithm of Theorem 4.1.2 and check whether the input
graph G has tw(G) > k. If so, return No and stop.

Step 2: If tw(G) < k, run the algorithm of Theorem 5.3.1 and check if
G eC.

As we have mentioned a number of times before, the contraction re-
lation is not a well-quasi-ordering on G, thus, we do not have a priori
knowledge that the obstruction set of a contraction-closed graph class will
be finite. Hence, the following question has great significance:

For what values of k > 2 obs<_(emms, k) and obs<_(cms, k)
are finite?

Our “guts feeling” 1s that for some &£ > 3 (perhaps some small values)
these sets are finite but not for all £ > 3. We hope that this question
would be answered sometime soon. On the other hand we do not believe
that complete lists of the graphs of these sets are possible to be found,
when they are finite, due to their — double exponential on k — size. At
least not without the use of computer programs.
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We have not given much information about the computational com-
plexity of the problem of finding the search number of a graph. Let us
define the following problems:

k-SEARCH
Input: A graph G, a positive integer k.
Question: Is o(G) < k?

where o € {es, ns, ms, ces, cns, cms }>.
For the three basic types of searching, that is edge search, node search
and mixed searched, this problem is NP-complete.

THEOREM 9.4.1 ( Megiddo, Hakimi, Garey, Johnson, and Papadimitriou,
1983 [115]). The k-SeARcH problem for edge search is NP-complete.

If we consider the relation between the three search numbers es, ns and
ms (see Observation 8.1.1) we can prove that:

THEOREM 9.4.2. The k-SEARCH problem for node search is NP-hard.
THEOREM 9.4.3. The k-SEARCH problem for mixed search is NP-hard.

In order to prove that these problems are in NP we have to prove the
existence of a certificate of polynomial size that will certify that ¢(G) < k.
A search strategy will be perfect for this purpose. The problem is that, if
we allow non-monotone search strategies, we may not have a polynomial
number of moves in a strategy and, therefore, no polynomial certificate.
As edge search, node search and mixed search are monotone we do not
face this obstacle. But Theorem 8.3.1 shows us that connected edge search
is not monotone. We believe that the same holds for connected node search
and connected mixed search, thus, the following question not only remains
unanswered, but also seems to be a hard one:

3Remeber that for a graph G es(G) = mes(G), ns(G) = mns(G), and ms(G) =
mms(G).
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Is the k-SearcH problem in NP for connected mixed search?
If so, is it NP-complete?

To show the difficulty of this question — at least at this moment — we
pose another substantially easier question:

Is the 3-SEARCH problem or the 4-SEARCH problem for con-
nected mixed search in NP? If so, is it NP-complete?

We also have to mention that we do not know the answer to these
questions even for the case of connected and monotone mixed search.

Changing our perspective and looking at this problem from the parame-
trerized complexity point of view, we pose the following question:

Is the k-SEARCH problem parameterized by k in FPT?

The answer in not known yet, as all existing techniques fail to provide
as with one.
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APPENDIX A

LSOME NICE FIGURES OF OBSTRUCTIONS!

Here, we present three obstruction sets, mentioned in Chapters 4 and 8.
As their size is by far larger than the other sets presented in this thesis —
except from those of Chapter 9) — we thought it would be better to move
there depiction here.

We remind you the three theorems completely characterizing obs<
(Iw, 2), obs<, (ms, 2), and obs<_ (ns, 3).

TaEOREM 4.1.4 (Thilikos, 2000 [120]). The obstruction set obs<, (Iw, 2)
consists of the 52 graphs shown in Figure A.1.

THEOREM 8.5.3 (Takahashi, Ueno, and Kajitani, [136]). The obstruction
set obs<,, (ms, 2) consists of the 36 graphs shown in Figure A.2.

THEOREM 8.5.4 (Kinnersley and Langston, [133]). The obstruction set
obs<, (ms,3) consists of the 110 graphs shown in Figures A.3, A.4, A.5
and A.6.
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Figure A.3: The first part of the set obs<, (ns, 3).
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Symbol

(p, r)-dist(G)

fls
fA\S

Explanation

The function measuring the number of vertices
we have to delete from G in order for p to have

value at most r
The set of natural numbers

The set of positive natural numbers

The set of integers

The set of positive integers

The set of real numbers

The set of positive real numbers

The set {1,2,...,n}

The power-set of S

The set of all subsets of S with cardinality 2
fls ={(z, f(z)) |z € SN A}

NS =A{(z, f(x)) |z € A\ S}

The empty function
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21
21
21
21
21
21
21
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22
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22



List of Symbols

Symbol Explanation Page
V(G) The vertex set of G 22
E(G) The edge set of G 22
n(Q) The number of vertices of G 22
|G| The number of vertices of G 22
m(Q) The number of edges of G 22
G[S] The subgraph of G induced by S C V(G) 22
G[F] The subgraph of G induced by F' C E(G) 22
G\S The graph G[V (G) \ 5] 22
Ng(u) The neighbourhood of vertex v in G 22
degq (u) The degree of vertex v in G 22
N¢(S) The neighbourhood of S C V(G) 22
N¢g[9] The closed neighbourhood of S C V (G) 22
9c(9) The set of vertices of S that are incident to edges 22
not in G[S]
Leaf(T") The set of leaves of T’ 24
alb The unique path in 7" with end points ¢ and b 24
Ky Clique of k vertices 24
Ky Thegraph(AUB,{{u,v} | uEAandvEB}) 24
for disjoint A, B
L(G) The line graph of G 24
G1 UGy The union of G and Go 24
G1+ Go The disjoint union of G and G4 24
G1 X Go The lexicographic product of G and G2 24
B The (k x k)-grid 24
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List of Symbols

Symbol

G\u
G\e
Gle

G/u

Explanation

The graph obtained after the deletion of vertex u
inG

The graph obtained after the deletion of edge e in
G

The graph obtained after the contraction of edge
einG

The graph obtained after the dissolution of vertex
uin G

The subgraph relation

The spanning subgraph relation

The induced subgraph relation

The contraction relation

The topological-minor relation

The minor relation

The immersion relation

The class of all graphs

The obstruction set of C for the relation <
The abstract graph defined from I'

The set of faces of I'

The arity of the predicate R;

The language of graphs

2l is a model of ¢

The atomic formula testing whether the cardinal-
ity of S is equal to ¢ modulo r

The set of strings over %, the Kleene closure of 3

The size of the word w

299

Page

26

26

26

26

27
27
28
28,219
28
28,138
28
29
30
32
32
38
39
39
41

44
45
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Symbol

)
NP

p-11

FPT
p-lImC
dom(p)
Glp, k]
obs<(p, k)
Ly(G)
St(i)

costy (G, o)
tvs(G)
width(7', B)
tw(G)

SE(4)

cost, (G, o)
pvs(G)
pw(G)
0G(o,1)
cost (G, o)
cw(Q)
Le(G)
S5(i)
cost; (G, o)
w(G)

Explanation

The class of polynomially solved problems
The class of polynomially verified problems
The parameterized version of 11

The class of FPT-problems

The restriction of problem p-II to graph class C
The dominion of p

The class containing the graphs with p(G) < k
The obstruction set of G|p, k]

The set of all vertex layouts of G

The tree-supporting set of ¢ in position ¢
The “tree” cost of a vertex layout of G

The tree vertex separation number of G

The width of a tree-decomposition

The treewidth of G

The path-supporting set of ¢ in position ¢
The “path” cost of a vertex layout of G

The vertex separation number of G

The pathwidth of G

The cut at position ¢

The “cut” cost of a vertex layout of G

The cutwidth of G

The set of all edge layouts of G

The line-supporting set of ¢ in position ¢
The “line” cost of an edge layout of G

The linearwidth of G
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45
45
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51
57
57
57
60
60
60
60
61
61
63
63
63
63
64
64
64
65
66
66
66
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Symbol

ve(G)
fv(G)

pI(G)

GFk

Explanation

The size of the minimum vertex cover of G

The size of the minimum feedback vertex set of

G

The minimum number of edges we have to delete
from G in order to make it planar

The class containing all graphs G for which there
exists a subset S C V(G), of size at most &, such
that G \ S contains no graph from F as a minor

The set of hyperplanes of R¢
The set of hyperspheres of R¢
An embedding of G in the euclidean space R?

Then set of essential Embedding of G in R?

The set of curves of £;(G) that are intersected by
II

The set of curves of £;(G) that are intersected by
Y

The d-cutwidth of G

An embedding of G in R

The spherical d-cutwidth of G

Ordering between two finite sets F7, F» of graphs
The class of graphs of treewidth at most k

the class of tree-dec expansions of a graph G €

Tk
The width of an immersion-closed graph class C

The protrusion decomposability constant

The set of all t-boundaried graphs
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67

67

70

74
75
75
75
76

76

76
77
80
95
97
97

98
112

113
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Symbol
B(=D)

T(<t)

(22
D

=p,t

null(p)
repy(G)

cardp

pp-H
sol,.(G)

Leaf(T, r)
a<r;b

a #r. b
descr - (q)
childr-(q)
depthy,.(v)
height. ,.(v)
innerr ,(a, b)

outerr ,(a,b)

capacityr,.(a, b)

Explanation

The set Ut’e{O}U[t] B®)

The set of all boundaried graphs in B(=Y) whose
underlying graph has treewidth at most £ — 1
The label normalizing function of G

The “gluing” operation on boundaried graphs
The equation relation on boundaried graphs

The equivalence class of all graphs G, such that
G ¢ dom(p)

The (unique) boundaried graph in a representa-
tive collection R equivalent to G

The function giving the number of equivalence
classes of = ¢

pp-11(G) = o{k | (G, k) € p-1I} where e is min
or max depending on the type of p-I1

sol,.n(G) = S where |[S| = ppn(G) and
(G, S) € p-11, if such S exists

The set of leaves of (7, r) other than r
b is a descendant of a in (7', )

a and b are uncomperable in (7', )
The set of descendants of ¢ in (7', )
The children of g in (7', 7)

The depth of v in (7', 1)

The height of v in (7', r)

The inner part of (a, b)

The outer part of (a, b)

The capacity of (a, b)
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113

113
114
114

114

114

115

116

117

132
132
132
132
132
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133
133
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Symbol

(T,7)\ (a,0)

transp,,

G\S

tw(G)
gohighery (v, 1)
A(G,Y)

potential( p)(a,b)

potential g py(P)

Explanation

The tree obtained after an (a, b)-compression

The transposition function of p

The boundaried graph obtained from G after the
deletion of the vertices of S

The treewidth of G

The ancestor w of v such that
min{y, depthy,.(v) — depthy,(u)} is max-
imized

The set containing the vertex set of the augmented
connected components for (G,Y")

The potential of a transition pair (a, b) of (G, D)

The potential of the transition collection P of
(G, D)

Placing a searcher on v

Removing a searcher from v

Sliding a searcher along {v, u}

The set of clean edges after i steps of S
The cost of search strategy >

The edge search number of G

The node search number of G

The mixed search number of G

The monotone edge search number of G
The monotone node search number of G
The monotone mixed search number of G
The connected edge search number of G

The connected node search number of G
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134
136

138

140
164

167

172
173

194
194
194
194
195
195
196
196
197
198
198
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Symbol

cms(G)
cmes(G)

cmns(G)
cmms(G)
ilns(G)

prefsec(.A)

o
rev(G)

enh(G, S, SoW)
Ia(F)

costg (€, 1)

costg (&)

p(G’ Sfin7 Sout)
mp(G, S, Sout)
emp(G, S™, §out)

emp(G)
glue(Gy,...,G;)

Explanation

The connected mixed search number of G

The connected and monotone edge search num-
ber of G

The connected and monotone node search num-
ber of G

The connected and monotone mixed search num-
ber of G

The node search number of GG, where the fugitive
is invisible but lazy

The ordering of prefixes of .4

The concatenation of orderings

The reversed rooted graph (G, S°U, S™)

The enhancement of (G, S™, S°U)

The boundary of the edge set F’

The cost of an expansion & at position ¢ on G
The cost of an expansion £ on G

Minimum cost over all expansions

Minimum cost over all monotone expansions

Minimum cost over all connected and monotone
expansions

cmp (G, 0,0)

The “gluing” operation on r rooted graphs
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C-MEMBERSHIP 35
T-structure 38

FPT 49

FPT-algorithm 49
FPT-problem 49

NP 45

NP-complete 46

NP-hard 46

No-instance 44, 47

P 45

Yes-instance 44, 47
F-CoveriNnG 11, 69
JF-DELETION 69

F-Packing 120

(p, r)-DisTANCE 69
k-p-MoODIFICATION 68
p-p-MODIFICATION 68
p-FEEDBACK VERTEX SET 118
p-VERTEX OUTERPLANARIZATION

GLOSSARY OF TERMS

118
IMMERSION-CONTAINMENT 49
MinmMuMm Cutr LINEAR ARRANGE-

MENT 64
MiNOR-CONTAINMENT 49
(a, B)-tree-decomposition 146
(8, f)-rich protrusion 167
(El,Eg)-expansmn 209
(E1, Es)-expansion  (connected)

209
(S, S°u)_complete strategy 208
(a,b)-aligned 134
(a,b)-compression 134
(a,b)-compression 150
1-cutwidth 77
H-IMMERSION-CONTAINMENT 37
H-MiINOR-CONTAINMENT 35
H-minor-free 28
H-topological-minor-free 28
c-normal parameter 124
d-cutwidth 76
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k-CoLorING 43

k-SEAarcH 260

k-VErRTEX COVER 43
p-IMMERSION-CONTAINMENT 50
p-INDEPENDENT SET 55
P-MINOR-CONTAINMENT 50
p-VERTEX COVER 54, 68
r-approximate k-edge-linkage 104
r-approximate k-linkage 101
r-approximate edge-linkage 104
r-approximate linkage 101
t-boundaried graph 113
t-representative collection 114
2-connected graph 23

A

Adler, Isolde 12, 92

Agile fugitive 193

Alon, Noga 2

Alphabet 44

Annotated graph 53
Anti-chain 29

Appel, Kenneth 33
Approximation algorithms 128
Atomic formula 39

Axiom of Choice 36

B

Bag 60

Bidimensionality Theory 119
Bienstock, Daniel 198
Binary tree 133

Block 23,221

Block (Extended) 241

Block (Spine) 239

Block (Extremal, Right) 239
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Block (Extremal, Left) 239

Block (Extremal) 239

Block (Central) 236

Block (Essential) 224

Block (Cycle) 224

Block (Bridge) 224

Block (Hair) 223

Block (Trivial) 221

Bollobas, Béla 2

Boolean connectives 39

Boundaried graphs (strongly com-
patible) 150

Boundaried graphs (compatible)
113

Boundaried graph 113

Boundary of edge set 209

Boundary size 113

Boundary vertices 113

Boundary of boundaried raph 113

Bounded fugitive speed 193

Bridge 221

C

Capacity (Maximum) 134
Capacity (Minimum) 134
Capacity of pair 133
Capture 193

Carving-width 5, 89

Central cut-vertex 236
Children 132

Chord 222

Clique 24

CMSO-definable 42
Component (edge-linkage) 104
Component (linkage) 101
Component (2-connected) 23



Glossary of Terms

Computable parameter 57

Concatenation of orderings 206

Connected  component (aug-
mented) 167

Connected (set of graphs) 127

Connected component 23

Connected (graph) 23

Contraction (rooted) 219

Contraction-closed 29

Contraction (graph) 28, 94,219

Core 112

Cost (expansion) 210

Cost (search strategy) 195

Courcelle’s Theorem 86

Curve 75

Curve end 75

Cut-vertex of a block 222

Cut-vertex 222

Cut at layout position 64

Cutwidth 5, 64

Cycle 23

D

Degree 22

Degree (maximum) 57
Dendris, Nick Nick Dendris 202
Depth of tree 133

Descartes’ rule of signs 82
Descendant 132

Dirac, Gabriel Andrew 2
Disjoint union 24

Distance of vertices 23
Dominion 57

E

Edge 22

Edge extensions 207
Edge-coloring 89

Edge layout 59

Edge contraction 26
Edge deletion 26
Edge-disjoint paths 23
Edges lift 27

Edge set 22

Endpoint 22

EPTAS 129

Erdos, Paul 2
Essential-embedding 75
Euler, Leonhard 2, 25
Eulerian cycle 25
Excluded Grid Theorem 89
Expansion property 214
Extended fan 241

F

Face 32,222

Fan 234

Feedback vertex set 6, 67

Finite Integer Index (optimization
problems) 117

Finite Integer Index (parameter)
114

Fixed Parameter Tractable 49

Fomin, Fedor V. 199

Forbidden graph characterization
8, 34

Forest 24

Four Color Theorem 2, 32, 33

Frontier graph 113

Fugitive search games 5, 17, 195

Function (Transposition) 136

Function (Label normalising) 113



Glossary of Terms

Function (Edge subset certifying)
54

Function (Vertex subset certifying)
54

G

Golovach, Petr 192

Graph 3,22

Graph sweeping 195

Graph embedding in R 77
Graph embedding 75

Graph Modification Problem 67
Graph modification operation 66
Graph property 66

Graph structure 39

Graph isomorphism 24

Graph Searching 5, 191

Graph parameter 4, 57

Grid 24

Grohe, Martin 12,92
Guaranteed Search 191
Guthrie, Francis 2

H

Haken, Wolfgang 33
Haploid chord 223
Haploid vertex 223
Haploid face 223

Harary, Frank 2
Hardwiger’s Conjecture 34
Heavy cut-vertex 224
Height of tree 133
Hyperplane 74
Hypersphere 75

I

308

Immersion model (minimal) 95

Immersion model 95

Immersion-closed 29

Immersion (strong) 28, 95

Immersion (weak) 28, 95

Immersions Conjecture (strong)
37

Immersions Conjecture (weak) 36

Independent set 55

Index of vertex 113

Induced subgraph 28

Induced subgraph (from vertex
set) 22

Inert fugitive 193

Inner vertex 223

Inner part of pair 133

Inner face 32, 222,223

Input 44

Instance 44

Interior of curve or arc 32, 75

Internal chord 223

Internal vertices of path 23

Invisible fugitive 193

Irrelevant vertex technique 89

Isolated edge 23

Isolated vertex 23

Isomorphic graphs 24

K

Kalinin, Mikhail 25

Kawarabayashi, Ken-ichi 93

Kernel 52

Kernel (a-approximate) 110

Kernel (proper 110

Kernel (induced
monotone) 109

subgraph-



Glossary of Terms

Kernel (parameter-invariant) 53
Kernel (minor-monotone) 53
Kernel (X-monotone) 53
Kernelization 52

Kernelization (strict) 110
Kirousis, Lefteris 198

Kreutzer, Stephan 12, 92
Kruskal’s Tree Theorem 36
Kuratowski, Kazimierz 8, 34
Kuratowski characterization 8, 34
Koénig, Dénes 2

L

Labeling 113

Language 44

LaPaugh, Andrea 198
Lazy fugitive 193

Leaf 24

Length of path 23
Lexicographic product 24
Light cut-vertex 224
linearwidth 66
Line-supporting set 66
Line graph 24

Linkages equivalence 101
Lovasz, Laszlo 2

M

Machine description 92
Minor (rooted) 219

Minor (boundaried graph) 138
Minor model (minimal) 94
Minor model 94

Minor-closed 29

Minor (graph) 28, 94, 139, 219
Model 40
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Monadic Second-Order
(Counting) 41

Monadic Second-Order logic 12,
39

Monotone (E;, E2)-expansion 209

Monotonicity 198

MSO-definable (Layer-wise) 98

MSO-definable 39

MSO-formula 39

Mohring, Rolf H. 201

Logic

N

Nash-Williams, Crispin 37
Neighbourhood (closed) 22
Neighbourhood (open) 22
Node 60

Normal parameter 124

(0]

Obstruction-branches 252
Obstruction set 8, 30
Optimization problem (Protrusion
decomposable) 117
Optimization problem (Linearly
separable) 117
Optimization problem (Separable)
117
Optimization problem
separable) 117
Optimization problem (Treewidth
modulable) 117
Optimization problem (Minor-
bidimensional) 117
Optimization problem (Minor-
closed) 117

(f-
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Optimization problem (CMSO-
definable) 54

Optimization graph problem 54

Order of an edge-linkage 104

Order of a linkage 101

Outer vertex 223

Outer edge 222

Outer part of pair 133

Outer face 32, 222

Outerplanar graph 222

P

Pair (null transition) 172

Pair (transition) 155

Pair (=p ;-admissible) 151

Pair (compressible) 150

Pair (collection) 134

Pair (edge) 133

Pair (vertical) 133

Pairs (non-interfering) 134

Papadimitriou, Christos 198

Parameter (distance to search
number) 203

Parameter (sum) 127

Parameter (max) 127

Parameter (big in grids) 70

Parameter (distance to p) 69

Parameter (modification) 67

Parameter (vertex-deletion) 6, 67

Parameter (Width) 5, 58

Parameterization 47

Parameterized Complexity 16, 44

Part of boundaried graph 150

Path 23

Path-decomposition 63

Path-supporting set 63

Path end 23

Pathwidth 5, 63

Pendant edge 23

Pendant vertex 23

Perfect matching 24

Petrov, Nikolai 192

Planar graph 33

Planarity 6, 67

Plane embedding 222

Plane graph 32

Polynomial Time 45

Pontryagin, Lev Semyonovich 34

Position in layout 60, 65

Potential (collection) 173

Potential (pair) 172

Problem (max-CMSO) 54

Problem (Min-CMSO) 54

Problem (graph) 51

Problem (classic) 44

Problem (Parameterized) 16, 47

Proper subgraph 141

Proper contraction 94

Protrusion 111

Protrusion decomposition (tight)
131

Protrusion replacers 119

Protrusion decomposability con-
stant 112

Protrusion decomposable 112

Protrusion decomposition 111

Q

Quasi-ordering 28
R

Recontamination move 194
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Replacement 150

Restriction of problem 51

Robertson—-Seymour Theorem 7,
15, 35

Robertson, Neil 2, 7, 31

Rooted graph enhancement 207

Rooted graph triple 207

Rooted tree 132

Rényi, Alfréd 2

S

Search (Connected, monotone)
200

Search (Mixed, connected) 199

Search (Node, connected) 199

Search (Edge, connected ) 199

Search number (Mixed, monotone)
198

Search number (Node, monotone)
198

Search number (Edge, monotone)
197

Search strategy (Monotone) 197

Search number (Mixed) 196

Search number (Edge) 195

Search strategy (Mixed) 195

Search strategy (Node) 195

Search strategy (Edge) 195

Search strategy (complete) 195

Search strategy (Connected)
199

Search strategy 5, 193

Search (Mixed) 5, 11, 14, 195

Search (Node) 5, 11, 195

Search (Edge) 5, 11, 195

Seven Bridges of Konigsberg 2, 24

15,

311

Seymour, Paul 2,7, 31, 198
Signature 38

Slide along an edge 193
Spanning subgraph 27
Spherical d-cutwidth 80
Spine-degree 235

sSearch number (Node) 196
Straight-line embedding 76
String 44

Subdivision 66

Subgraph 27

Sylvester, James Joseph 2
Szemerédi, Endre 2

T

Terminal 93

Thilikos, Dimitrios M. 199

Time complexity 45

Topological-minor 28

Transition collection 173

Tree 24

Tree-decomposition (boundaried
graph, linked) 156

Tree-decomposition (boundaried
graph, weakly lean) 156

Tree-decomposition (boundaried
graph, binary) 141

Tree-decomposition (boundaried
graph, lean) 141

Tree-decomposition (boundaried
graph) 140

Tree-decomposition (small) 130

Tree-decomposition (graph, lean)
130

Tree-decomposition (graph) 60

Tree vertex separation number 60
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Tree-supporting set 60

Treewidth (boundaried graph) 140

Treewidth modulable (parameter)
117

Treewidth (graph) 5, 61

Trunk 252

Turing machine 45

Tutte, William Thomas 2

U

Unbounded fugitive speed 193
Uncomparable 132

Underlying graph 113

Union of graphs 24

Unique linkage 101

Unique Linkage Theorem 12, 102

A\

Vertex 22

Vertex extensions 207

Vertex separation number 63

Vertex layout 59

Vertex subset maximization prob-
lem 54

Vertex subset minimization prob-
lem 54

Vertex coloring 33

Vertex dissolution 26

Vertex deletion 26
Vertex-disjoint paths 23
Vertex set 22

Vertex cover 6,43

Vertical projection 78

Visible fugitive 193

Vital linkage 101

Vital Linkage Theorem 93, 101

W

Wagner’s Conjecture 31

Wagner, Claus 31

Well-quasi-ordering 29

Width (tree-decomposition,
boundaried graph) 140

Width (graph class) 98

Width (path-decomposition 63

Width (tree-decomposition, graph)
61

Wollan, Paul 93

Word 44

Worst-case analysis 45
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