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Preface

Parameterized complexity theory provides a framework for a refined analysis
of hard algorithmic problems.

Classical complexity theory analyzes and classifies problems by the amount
of a resource, usually time or space, that is required by algorithms solving
them. It was a fundamental idea, going back to the work of Hartmanis and
Stearns in the early 1960s, to measure the required amount of the resource
as a function of the size of the input. This has led to a manageable vari-
ety of complexity classes and a clean-cut theory of intractability. However,
measuring complexity only in terms of the input size means ignoring any
structural information about the input instances in the resulting complexity
theory. Sometimes, this makes problems appear harder than they typically
are. Parameterized complexity theory takes a step backwards and measures
complexity not only in terms of the input size, but in addition in terms of a
parameter, which is a numerical value that may depend on the input in an
arbitrary way. The main intention is to address complexity issues in situations
where we know that the parameter is comparatively small.

Consider, for example, the problem of evaluating a database query. Its
input has two parts, a database and the query. Observe that these two parts
will usually differ in size quite significantly; the database will be much larger
than the query. A natural parameter for a parameterized complexity analysis
of this problem is the size of the query. As a more theoretically motivated
example, consider approximation schemes for optimization problems. Their
input consists of a problem instance and an error bound €. A natural param-
eter is 1/e. If we can accept an error of 5% in an approximation, we have a
parameter value 1/e = 20 for our approximation scheme. Typical parameters
for many algorithmic problems on graphs are the tree width or the maximum
degree of the input graph. Numerous other examples of naturally parame-
terized problems can be found in other application areas such as automated
verification, artificial intelligence, or computational biology.

The central notion of parameterized complexity theory is fized-parameter
tractability. It relaxes the classical notion of tractability, polynomial time solv-
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ability, by admitting algorithms whose “nonpolynomial behavior” is restricted
by the parameter.

Of course, algorithms have always been analyzed and optimized in terms
of many different input parameters, and no complexity theory was needed to
do this. The main contribution of the theory is to provide a framework for
establishing the intractability of certain problems. In the absence of techniques
for actually proving lower bounds for natural problems, the main goal of such
a theory is to classify problems into complexity classes by means of suitable
reductions. Since the parameterized theory is two-dimensional, depending not
only on the input size but also on the parameter, it is not surprising that it
leads to a much larger variety of complexity classes and to more complicated
reductions than the classical, one-dimensional complexity theory.

Besides providing a theory of intractability, parameterized complexity the-
ory also provides a theory of fixed-parameter tractability that had significant
impact on the design of algorithms. By consciously studying parameterized
problems from different areas, researchers were able to devise new general al-
gorithmic techniques for solving parameterized problems efficiently for small
parameter values and to put existing algorithmic ideas into a larger context.
Some of these general techniques are known as the method of bounded search
trees, kernelization, color coding, and dynamic programming on tree decom-
positions.

An aspect of parameterized complexity theory that has gained importance
more recently is its close connection with an area sometimes referred to as
exact exponential worst-case complexity analysis. This area is concerned with
exact algorithms' for hard algorithmic problems that are better than the
trivial brute-force algorithms and corresponding (exponential) lower bounds
for the running time of such algorithms. The role of the parameter in this
context is to capture more precisely the main source of the (exponential)
complexity of a problem. For example, the complexity of the satisfiability
problem for formulas of propositional logic is better analyzed in terms of the
number of variables of the input formula than in terms of its size.

Parameterized complexity theory is a fairly new branch of complexity the-
ory. It was developed by Downey and Fellows in a series of ground breaking
articles in the early 1990s. In these articles, Downey and Fellows defined the
notion of fixed-parameter tractability, came up with suitable notions of reduc-
tions, defined the most important complexity classes, and proved a number
of fundamental completeness results. Since then, numerous other researchers
have contributed to the theory. Downey and Fellows’ 1999 monograph [83]
gives a fairly complete picture of the theory then. The development has not
slowed down since then, quite to the contrary. However, we feel that the field
has matured to a degree that it deserves a comprehensive state-of-the art
introduction, which we hope to provide by this book.

L“Exact” as opposed to “approximation” algorithms.
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Organization of This Book

In Chap. 1, we introduce the central notion of fized-parameter tractability. We
give various characterizations of fixed-parameter tractability. Furthermore, we
explain one of the most basic algorithmic techniques for the design of fixed-
parameter tractable algorithms (fpt-algorithms for short), which is known as
the method of bounded search trees.

Intractability

Chapters 2-8 are devoted to the theory of fixed-parameter intractability. We
start by defining an appropriate notion of reduction in Chap. 2. Then we
turn to the question of what might be an analogue of the classical class NP
in the world of parameterized complexity. In Chap. 3, we define and study
the class W[P], which may be seen as such an analogue of NP. We develop a
completeness theory for this class and establish its various connections with
classical complexity theory.

Whereas natural problems in NP tend to be either in PTIME or NP-
complete, there are many natural parameterized problems in W[P] that nei-
ther are in FPT nor are W[P]-complete. To classify such problems, we have
to investigate the fine structure of the class W[P]. A skeleton for this fine
structure can be obtained from descriptive complexity theory, which analyzes
and classifies problems by the syntactic form of their definitions (in suitably
formalized languages as provided by mathematical logic). It leads to a nat-
ural hierarchy of classes within W[P], the so-called W-hierarchy. Essentially,
the levels of this hierarchy correspond to the number of alternations between
universal and existential quantifiers in definitions of their complete problems.
Many natural parameterized problems turn out to be complete for the first
or second level of this hierarchy. The W-hierarchy is introduced in Chap. 5
and is further studied in Chap. 7. There is another hierarchy that extends
beyond the boundaries of W[P], the so-called A-hierarchy. It may be seen as
an analogue of the polynomial hierarchy in the world of parameterized com-
plexity. The A-hierarchy is also introduced in Chap. 5 and is further studied
in Chap. 8. The first levels of the A-hierarchy and the W-hierarchy coincide
and are studied in detail in Chap. 6.

The necessary notions from mathematical logic and descriptive complex-
ity theory are introduced in Chap. 4. Logic plays an important role in this
book, not only in providing syntactical characterizations of the levels of the
main hierarchies of intractable parameterized complexity classes, but also in
algorithmic metatheorems, which state that all problems of a certain syntactic
form are tractable. A well-known example for such a theorem is Courcelle’s
theorem, stating that all problems definable in monadic second-order logic
are fixed-parameter tractable if parameterized by the tree width of the input
structure.
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Algorithmic Techniques

Chapters 9-14 are mostly devoted to advanced algorithmic techniques for
designing fpt-algorithms. Our emphasis is always on the general techniques
and not on optimizing the running times of algorithms for specific problems.

In Chap. 9 we study a technique known as kernelization. A kernelization al-
gorithm reduces a given instance of a parameterized problem to a (presumably
smaller) instance whose size is effectively bounded in terms of the parameter
alone and does not depend on the size of the original instance. Thus kernel-
ization is a form of preprocessing with an explicit performance guarantee. In
the same chapter, we study the application of linear programming techniques
to parameterized problems. So far, such techniques have only led to a few,
albeit powerful, fixed-parameter tractability results.

In Chap. 10, we introduce the automata-theoretic method, which typically
leads to fpt-algorithms, but not necessarily polynomial time algorithms. The
automata-theoretic method plays a very important role in the design of al-
gorithms for logic-based algorithmic problems, as they can be found, for ex-
ample, in automated verification. A general theorem that can be obtained
by automata-theoretic techniques states that the model-checking problem for
monadic second-order logic on trees is fixed-parameter tractable. We also
prove superexponential (actually, nonelementary) lower bounds for the run-
ning time of fpt-algorithms for this problem.

The following two chapters are devoted to algorithms on restricted classes
of graphs and structures, specifically graphs of bounded tree width, pla-
nar graphs, and graphs with excluded minors. Based on the fixed-parameter
tractability of the model-checking problem for monadic second-order logic on
trees, which is proved in Chap. 10 by automata-theoretic means, we prove
Courcelle’s metatheorem mentioned above and give a number of applications
of this theorem. We also (briefly) discuss the main algorithmic consequences
of Robertson and Seymour’s graph minor theory. Algorithms for planar graph
problems have always received a lot of attention from researchers in param-
eterized complexity theory, and very refined techniques have been developed
for designing fpt-algorithms on planar graphs. Some of these techniques can
be generalized to larger classes of graphs, for example, classes of bounded local
tree width. Chapter 12 is an introduction into this topic.

In Chap. 13, we study specific families of problems, homomorphism prob-
lems and embedding problems (also known as subgraph isomorphism prob-
lems). We obtain a complete classification of the complexity of certain re-
strictions of homomorphism problems, which essentially says that precisely
the restrictions to instances of bounded tree width are tractable. Remarkably,
for such problems fixed-parameter tractability and polynomial time solvabil-
ity coincide. To prove the fixed-parameter tractability of restricted embedding
problems, we introduce color coding, another general technique for designing
fpt-algorithms.
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Finally, in Chap. 14, we study the complexity of parameterized counting
problems. After introducing counting versions of the most important param-
eterized complexity classes, we focus on the counting versions of embedding
problems. We prove that counting paths or cycles in a graph is hard, even
though by the results of the previous chapter the decision problems are fixed-
parameter tractable. However, we show that the color coding technique of
the previous chapter provides randomized approximation schemes for these
counting problems.

Bounded Fixed-Parameter Tractability

The last two chapters of the book are devoted to a variant of fixed-parameter
tractability that restricts the dependence of the running time of fpt-algorithms
on the parameter. For instance, the dependence may be required to be singly
exponential or subexponential. In this way, we obtain a whole range of different
notions of bounded fized-parameter tractability. The two most interesting of
these notions are exponential fixed-parameter tractability and subexponential
fixed-parameter tractability. We study these notions and the corresponding
intractability theories in Chaps. 15 and 16, respectively. Both theories have
interesting connections to classical complexity theory: The exponential theory
is related to limited nondeterminism and, specifically, the class NP[log? n]
of problems that can be decided in polynomial time by a nondeterministic
algorithm that only uses log®n nondeterministic bits. The subexponential
theory provides a framework for exponential worst-case complexity analysis.

The dependencies between the chapters of this book are shown in Fig. 0.1.
The two dashed arrows indicate very minor dependencies. In general, we have
tried to make the chapters as self-contained as possible. A reader familiar with
the basic notions of parameterized complexity theory should have no problem
starting with any chapter of this book and only occasionally going back to
the results of earlier chapters.

Throughout the book, we have provided exercises. Many of them are very
simple, just giving readers an opportunity to confirm what they have just
learned. Others are more challenging. We provide solution hints where we
consider them necessary. At the end of each chapter we include a “Notes”
section providing references for the results mentioned in the chapter and also
pointers to further readings. At the end of some chapters, we also include a
few open problems. It is not our intention to provide a comprehensive list of
open problems in the area. We have just included a few problems that we find
particularly interesting. We believe that most of them are quite difficult, some
being long-standing open problems in the area.

Prerequisites

We assume familiarity with the basic notions of complexity theory, logic, and
discrete mathematics. We provide an appendix with background material from
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Fig. 0.1. Dependencies among the chapters and sections of this book

classical complexity theory that may serve as a reference for the reader. Knowl-
edge of the appendix is no prerequisite for reading the book; the necessary
definitions and notations are always introduced in the main text. A brief intro-
duction to the relevant notions from logic and its connections with complexity
theory is given in Chap. 4.

Acknowledgments

This book has greatly benefited from many discussions with our colleagues and
students. We are especially indebted to Yijia Chen, who contributed to this
book in many important ways, ranging from several nice proofs to such a pro-
saic thing as the preparation of the index. Numerous others helped with valu-
able comments, suggestions, and corrections. In particular, we would like to
thank Dzifa Ametowobla, Argimiro Arratia, Fedor Fomin, Magdalena Griiber,
Armin Hemmerling, Joachim Kneis, Stephan Kreutzer, Daniel Marx, Andrés
Montoya, Moritz Miiller, Cordula Ritter, Marcus Schaefer, Andreas Schlick,
Nicole Schweikardt, Dimitrios Thilikos, Marc Thurley, and Mark Weyer.



Contents

1 Fixed-Parameter Tractability ............... ... .. .. ... ... 1
1.1 Introduction .............o i 1
1.2 Parameterized Problems and Fixed-Parameter Tractability .... 3
1.3 Hitting Sets and the Method of Bounded Search Trees ........ 10
1.4 Approximability and Fixed-Parameter Tractability ........... 19
1.5 Model-Checking Problems ........... .. .. ... .. .. .. ... 24
1.6 Alternative Characterizations of Fixed-Parameter Tractability.. 26

2 Reductions and Parameterized Intractability ............... 33
2.1 Fixed-Parameter Tractable Reductions . ..................... 33
2.2 The Class para-NP .. ... 37
2.3 The Class XP ..ottt e 41

3 The Class W[P]. ... ... i 45
3.1 Definition and Basic Results .......... ... ... ... .. ... ... 45
3.2 W[P]-Complete Problems...............cooiiiiiiii ... 49
3.3 IS FPT £ WP 57

4 Logic and Complexity .......... .. .. .. ... . ... .. 65
4.1 Propositional Logic . ... i 66
4.2  First-Order and Second-Order Logic ......... ... ... ... ..... 72
4.3 The Complexity of First-Order and Second-Order Logic ....... 81
4.4 Optimization Problems and Limited Nondeterminism ......... 88

5 Two Fundamental Hierarchies ................. .. ... ... ... 95
5.1 The W-Hierarchy . ....... ... . i 95
5.2 The A-Hierarchy ....... ... .. .. .. 98

6 The First Level of the Hierarchies .......................... 105
6.1 A[l]-Complete Problems. .......... .. ... ... ... ... ... 106

6.2 Afl] and Machines. ..., 114



XII

10

11

Contents
6.3 A[1] and Propositional Logic ..., 123
6.4 A[]=WIL] ..o 128
The W-Hierarchy . ........ ... . i, 133
7.1 The W-Hierarchy and Propositional Logic ................... 133
7.2 WIJ2]-Complete Problems ........... ... .o i 143
7.3 The W-Hierarchy and Circuits .......... ..o, 147
7.4 The W-Hierarchy and First-Order Logic..................... 148
7.5 WJ2] and Turing Machines.............. ... ... o .. 153
7.6 The Monotone and Antimonotone Collapse .................. 156
7.7 The Class W[SAT]. . ... 162
The A-Hierarchy .......... .. ... i, 165
8.1 The A-Hierarchy and Machines............................. 165
8.2 Y-Normalization .. .........uuiriii i 171
8.3 The A-Hierarchy and Propositional Logic.................... 174
8.4 Complete Problems for A[2] and co-A[l]..................... 180
8.5 The A-Hierarchy and Fagin Definability ..................... 186
8.6 The Classes AW[+] and AW[P] ............................. 188
8.7 The A-MatrixX . . ..o e 195
8.8 Back to the W-Hierarchy .......... ... .. .. ... . ... 197
Kernelization and Linear Programming Techniques ......... 207
9.1 Polynomial Kernelizations ............ .. .. .. i, 208
9.2 Crown Rule Reductions ........ ... .. ... . .. 212
9.3 Kernelization Through Linear Programming ................. 218
9.4 Integer Linear Programming .............. .. .. . .. .. ... .. 222
The Automata-Theoretic Approach....................... .. 233
10.1 Model-Checking on Strings . ......... ..., 234
10.2 Model-Checking on Trees ... ...t 245
10.3 Lower Bounds ....... ... ... . 249
Tree Width .. ... .. 261
11.1 Tree Decompositions of Graphs ............................ 262
11.2 Computing Tree Decompositions ............. ... ... ...... 266
11.3 Tree Decompositions of Arbitrary Structures................. 275
11.4 Algorithms on Structures of Bounded Tree Width ............ 278
11.5 Applications of Courcelle’s Theorem ........................ 286
11.6 Tree Width Reduction .......... ... . .. ... 292

11.7 Graph Minors. . ... 295



Contents  XIII

12 Planarity and Bounded Local Tree Width .................. 301
12.1 Algorithms on Planar Graphs ............. .. ... ... ...... 302
12.2 Local Tree Width ........ ... .. . . . . i 313
12.3 Minor Closed Classes .. .......uuiniinen i 320
12.4 Tmproved Planar Graph Algorithms......................... 321

13 Homomorphisms and Embeddings .......................... 327
13.1 Tractable Restrictions of the Homomorphism Problem ........ 327
13.2 The Complexity of the Homomorphism Problem.............. 336
13.3 Color Coding and the Embedding Problem .................. 342

14 Parameterized Counting Problems.......................... 357
14.1 Fixed-Parameter Tractable Counting Problems............... 357
14.2 Intractable Parameterized Counting Problems................ 361
14.3 #W]J1]-Complete Problems ............... ... .............. 367
14.4 The Complexity of Counting Paths and Cycles ............... 372
14.5 Approximate Counting .. ..., 384

15 Bounded Fixed-Parameter Tractability ................... .. 389
15.1 The Bounded Framework ........... ... .. . ... . .. .. .. 390
15.2 The Class EW[P] and Limited Nondeterminism .............. 394
15.3 The EW-Hierarchy ......... ... . ... 397
15.4 Complete Problems ......... .. .. ... .. . . 402
15.5 The EW-Hierarchy and the LOG-Hierarchy .................. 407
15.6 Higher Levels of Intractability........... ... ... .. .. ... .. 412

16 Subexponential Fixed-Parameter Tractability ............. .. 417
16.1 Size-Measures and Reductions ............. ... ... .. .. .... 418
16.2 A Hierarchy Within EPT ........ ... .. .. .. . oo 422
16.3 The Sparsification Lemma .. ...... .. .. .. . o i 426
16.4 S[1]-Completeness . ........oouiiiiiiniininn 435
16.5 The Miniaturization Isomorphism .............. ... .. .. .... 438
16.6 The M-Hierarchy ......... ... .. .. i, 443

A Appendix: Background from Complexity Theory ........... 453
A1 Machine Models. ... ... i 454
A.2 Complexity Classes ... ...ttt i 460

References. . ... ... . . 463

Notation. ... ... ... .. 477



1

Fixed-Parameter Tractability

In this chapter, we introduce parameterized problems and the notion of
fixed-parameter tractability. We start with an informal discussion that high-
lights the main issues behind the definition of fixed-parameter tractability. In
Sect. 1.2, we begin the formal treatment. In Sect. 1.3, we consider a larger ex-
ample that introduces some of the most fundamental parameterized problems
and the most basic technique for establishing fixed-parameter tractability,
the method of bounded search trees. In Sect. 1.4 and Sect. 1.5 we exemplify
how the parameterized approach may help to gain a better understanding
of the complexity of fundamental algorithmic problems by considering ap-
plications in two different areas, approximation algorithms and automated
verification. Finally, in Sect. 1.6, we give several equivalent characterizations
of fixed-parameter tractability.

1.1 Introduction

Before we start our formal development of the theory, in this section we in-
formally discuss a few motivating examples. All notions discussed informally
in this introduction will be made precise later in this book.

The first example is the problem of evaluating a database query, which
we have already mentioned in the preface. To be a bit more precise, let us
say that we want to evaluate a conjunctive query ¢ in a relational database
D.! Conjunctive queries form the most fundamental class of database queries,

'If the reader has never heard of “conjunctive queries” or “relational databases”
before, there is no need to worry. All that is required here is some vague idea about
“database query” and “database.” (For example, a database might store flights be-
tween airports, and a conjunctive query might ask if there is connection from Berlin
to Beijing with two stopovers.) Of course, the query will be written in some formal
query language, such as the language SQL, and thus is a well-defined mathematical
object. Its size is simply the number of symbols it contains.
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and many queries that occur in practice are conjunctive queries. Classical
complexity quickly tells us that this problem is intractable; it is NP-complete.

As a second example, we consider a central algorithmic problem in au-
tomated verification, the problem of checking that a finite state system, for
example, a circuit, has a certain property. The state space S of the system can
be described by a so-called Kripke structure, which is nothing but a vertex-
labeled directed graph. The property to be checked is typically specified as
a formula ¢ in a temporal logic, for example, linear temporal logic LTL.?
Then the problem is to decide whether the structure S satisfies the formula
. This problem is known as the LTL model-checking problem. Again, classical
complexity tells us that the problem is intractable; it is PSPACE-complete.

The two problems are fairly similar, and they both lend themselves natu-
rally to a parameterized complexity analysis. As we explained in the introduc-
tion, in parameterized complexity theory the complexity of a problem is not
only measured in terms of the input size, but also in terms of a parameter.
The theory’s focus is on situations where the parameter can be assumed to
be small. The inputs of both the query evaluation problem and the model-
checking problem consist of two parts, which typically have vastly different
sizes. The database and the state space are usually very large, whereas the
query and the LTL-formula tend to be fairly small. As parameters, we choose
the size of the query and the size of the formula. In the following discussion,
we denote the parameter by k and the input size by n. Note that the input
size n will usually be dominated by the size of the database and the size of
the state space, respectively.

It is easy to show that the query evaluation problem can be solved in
time O(n*). Furthermore, the model-checking problem can be solved in time
O(k - 22¢ . n). The latter result requires more effort; we will reconsider it in
Sect. 1.5 and again in Sect. 10.1. In both cases, the constants hidden in the
O( - ) notation (“big-Oh notation”) are fairly small. At first sight, these results
look very similar: Both running times are exponential, and both are polyno-
mial for fixed k. However, there is an important difference between the two
results: Let us assume that n is large and k is small, say, kK = 5. Then an
exponent k in the running time, as in O(n"), is prohibitive, whereas an expo-
nential factor 22* as in O(k-2%* -n) may be unpleasant, but is acceptable for a
problem that, after all, is PSPACE-complete.? In the terminology of parame-
terized complexity theory, the LTL model-checking problem is fized-parameter
tractable.

Up to this point, except for the occasional use of the term “parameter,” the
discussion did not require any parameterized complexity theory. As a matter

2 Again, there is no need to know about Kripke structures or temporal logic here.
A vague intuition of “systems” and “specification languages” is sufficient.

3 Actually, in practice the dominant factor in the k - 22* . n running time of the
LTL model-checking algorithm is not the exponential 22* | but the size n of the state
space.
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of fact, researchers in database theory and automated verification were well
aware of the issues we discussed above before parameterized complexity was
first introduced. (The LTL model-checking algorithm due to Lichtenstein and
Pnueli was published in 1985.) But now we ask if the conjunctive query eval-
uation problem is also fixed-parameter tractable, that is, if it can be solved
by an algorithm with a similar running time as the LTL model-checking algo-
rithm, say, 20%) . n or 2P(K) . ¢(n) for some polynomials p(X), g(X), or at least
22" . q(n). Classical complexity provides us with no means to support a nega-
tive answer to this question, and this is where the new theory of parameterized
intractability is needed. To cut the story short, the conjunctive query evalua-
tion problem can be shown to be complete for the parameterized complexity
class W[1]. This result, which will be proved in Chap. 6, can be interpreted
as strong evidence that the problem is not fixed-parameter tractable.

As a third example of a parameterized problem we consider the satisfiabil-
ity problem for formulas of propositional logic. We parameterize this problem
by the number of variables of the input formula. Again denoting the parameter
by k and the size of the input by n, this problem can clearly be solved in time
O(2% - n) and hence is fixed-parameter tractable. However, this problem is of
a different nature from the parameterized problems we have discussed so far,
because here the parameter cannot be expected to be small in typical appli-
cations. If, in some specific application, we had to solve large instances of the
satisfiability problem with few variables, then the fixed-parameter tractabil-
ity would help, but such a scenario seems rather unlikely. The purpose of the
parameterization of the satisfiability problem by the number of variables is to
obtain a more precise measure for the “source of the (exponential) complex-
ity” of the problem, which is not the size of the input formula, but the number
of variables. The typical question asked for such parameterizations is not if
the problem is fixed-parameter tractable, but if it can be solved by (exponen-
tial) algorithms better than the trivial brute-force algorithms. Specifically,
we may ask if the satisfiability problem can be solved in time 2°(%) . n. Here
parameterized complexity theory is closely connected with exact exponential
(worst-case) complexity analysis. We will give an introduction into this area
in the last chapter of this book.

1.2 Parameterized Problems and Fixed-Parameter
Tractability

We start by fixing some notation and terminology: The set of all integers is
denoted by Z, the set of nonnegative integers by Ny, and the set of natural
numbers (that is, positive integers) by N. For integers n,m with n < m, we
let [n,m] := {n,n+1,...,m} and [n] := [1,n]. Unless mentioned explicitly
otherwise, we encode integers in binary.

As is common in complexity theory, we describe decision problems as lan-
guages over finite alphabets 3. To distinguish them from parameterized prob-
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lems, we refer to sets Q C X* of strings over X as classical problems. We
always assume Y. to be nonempty.

Definition 1.1. Let X be a finite alphabet.

(1) A parameterization of ¥* is a mapping £ : £* — N that is polynomial
time computable.

(2) A parameterized problem (over ¥) is a pair (Q, k) consisting of a set @ C
3* of strings over ¥ and a parameterization x of X*. -

Example 1.2. Let SAT denote the set of all satisfiable propositional for-
mulas, where propositional formulas are encoded as strings over some finite
alphabet 3. Let k : ¥* — N be the parameterization defined by

number of variables of z, if z is (the encoding of) a propositional

k(z) = formula (with at least one variable)?,
1, otherwise,
for x € ¥*. We denote the parameterized problem (SAT, k) by p-SAT. =

If (Q, k) is a parameterized problem over the alphabet X, then we call
strings © € £* instances of Q or (Q, ) and the numbers x(z) the correspond-
ing parameters. Usually, we represent a parameterized problem (@, x) in the
form

Instance: x € ¥*.
Parameter: r(x).
Problem: Decide whether =z € Q.

For example, the problem p-SAT would be represented as follows:

p-SAT
Instance: A propositional formula .
Parameter: Number of variables of a.
Problem: Decide whether « is satisfiable.

As in this case, the underlying alphabet will usually not be mentioned explic-
itly.

As a second example, we consider a parameterized version of the classical
INDEPENDENT-SET problem. Recall that an independent set in a graph is a set
of pairwise non-adjacent vertices. An instance of INDEPENDENT-SET consists
of a graph G and a positive integer k; the problem is to decide if G has an
independent set of k elements.

4Our notation concerning propositional logic will be explained in detail in
Sect. 4.1. In particular, we will not admit Boolean constants in propositional formu-
las, so every formula has at least one variable.
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Example 1.3. A natural parameterization x of INDEPENDENT-SET is de-
fined by (G, k) = k. It yields the following parameterized problem:

p-INDEPENDENT-SET
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has an independent set of cardi-
nality k.

Before we define fixed-parameter tractability, let us briefly comment on the
technical condition that a parameterization be polynomial time computable.
For almost all natural parameterizations, the condition will obviously be sat-
isfied. In any case, we can always make the parameter an explicit part of the
input: If Q € ¥* and K : ¥* — N is a function, then we can consider the
problem

Q ={(x,k) |z €Q, and k= K(z)} C¥* x N,

with the parameterization k defined by k(z, k) := k. Indeed, parameterized
problems are often defined as subsets of ¥* x N, with the parameter being the
second component of the instance. A typical example is p-INDEPENDENT-SET.

Fixed-Parameter Tractability

Recall that the motivation for the notion of fixed-parameter tractability is

that if the parameter is small then the dependence of the running time of an

algorithm on the parameter is not so significant. A fine point of the notion is

that it draws a line between running times such as 2* - n on one side and n*

on the other, where n denotes the size of the input and k the parameter.
The length of a string x € ¥* is denoted by |z|.

Definition 1.4. Let X be a finite alphabet and s : ¥* — N a parameteriza-

tion.

(1) An algorithm A with input alphabet X is an fpt-algorithm with respect to
k if there is a computable function f : N — N and a polynomial p € Ny[X]
such that for every z € ¥*, the running time of A on input z is at most

f (@) - p(l)-

(2) A parameterized problem (Q, k) is fized-parameter tractable if there is an
fpt-algorithm with respect to s that decides Q.
FPT denotes the class of all fixed-parameter tractable problems. -

If the parameterization is clear from the context, we do not explicitly
mention it and just speak of fpt-algorithms. We often use a less explicit ter-
minology when bounding the running time of an algorithm or the complexity
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of a problem. For example, we might say that an algorithm is an fpt-algorithm
if its running time is f(k(z)) - |z|9®) for some computable function f. For-
mally, n°() denotes the class of all polynomially bounded functions on the
natural numbers. The reader not familiar with the O(-) (“big-Oh”) and o( -)
(“little-oh”) notation will find its definition in the Appendix. Occasionally,
we also use the corresponding () (“big-Omega”) and w(-) (“little-omega”)
notation for the corresponding lower bounds and the ©(-) (“big-Theta”) no-
tation for simultaneous upper and lower bounds, which all are explained in
the Appendix as well.

Example 1.5. The parameterized satisfiability problem p-SAT is fixed-para-
meter tractable. Indeed, the obvious brute-force search algorithm decides if a
formula « of size m with k variables is satisfiable in time O(2F - m). =

Clearly, if @ € PTIME then (Q,x) € FPT for every parameterization k.
Thus fixed-parameter tractability relaxes the classical notion of tractability,
polynomial time decidability.

Another trivial way of generating fixed-parameter tractable problems is
shown in the following example:

Example 1.6. Let X be a finite alphabet and Kgjze : £* — N the parameter-
ization defined by
Ksize(2) := max{1, ||}

for all x € ¥*. (Remember that parameterizations always take nonnegative
values.) Then for every decidable set @ C ¥*, the problem (Q, Ksize) is fixed-
parameter tractable. -

The example can be generalized to the following proposition. A function
f N — N is nondecreasing (increasing) if for all m,n € N with m < n we
have f(m) < f(n) (f(m) < f(n), respectively). A function f is unbounded if
for all n € N there exists an m € N such that f(m) > n.

Proposition 1.7. Let g : N — N be a computable nondecreasing and un-
bounded function, ¥ a finite alphabet, and k : X* — N a parameterization
such that k(z) > g(|z|) for all x € ¥*.

Then for every decidable set Q C X*, the problem (Q, k) is fized-parameter
tractable.

Proof: Let h: N — N be defined by

hin) = max{m € N| g(m) <n}, if n>g(1),
), otherwise.

Since ¢ is nondecreasing and unbounded, h is well-defined, and since g is
nondecreasing and computable, h is also computable. Observe that h is non-
decreasing and that h(g(n)) > n for all n € N. Thus for all x € £* we have
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h(k(x)) = h(g(|z])) = |=|.

Let f: N — N be a computable function such that = € () is decidable in time
f(jz]). Without loss of generality we may assume that f is nondecreasing.
Then x € @ is decidable in time f(h(x(z)), and hence (@, ) is fixed-parameter
tractable. O

Thus every parameterized problem where the parameter increases mono-
tonically with the size of the input is fixed-parameter tractable. The following
example illustrates the other extreme of a parameterization that does not
grow at all:

Example 1.8. Let X be a finite alphabet and Kope : ©* — N the parameter-
ization defined by
Kone(z) := 1.

for all x € X*.
Then for every @ C ¥*, the problem (Q, Kone) is fixed-parameter tractable
if and only if @) is polynomial time decidable. -

The parameterizations Ksize and Kope introduced in Examples 1.6 and 1.8
will be quite convenient later to construct “pathological” examples of param-
eterized problems with various properties.

Exercise 1.9. Prove that the condition that g is nondecreasing is necessary
in Proposition 1.7. That is, construct a decidable problem @ and a param-
eterization k such that (@, k) ¢ FPT and x(z) > g¢(|z|) for all z and some
function g that is computable and unbounded, but not nondecreasing.

Hint: Let @ be a problem that only contains strings of even length and that
is decidable, but not decidable in polynomial time. Let k(z) := Kone(z) if |2]
is even and k(x) := |z| if |z| is odd. 4

Parameterized complexity theory provides methods for proving problems
to be fixed-parameter tractable, but also gives a framework for dealing with
apparently intractable parameterized problems in a similar way as the theory
of NP-completeness does in classical complexity theory.

A very simple criterion for fixed-parameter intractability is based on the
observation that the slices of a fixed-parameter tractable problem are solvable
in polynomial time:

Definition 1.10. Let (Q, x) be a parameterized problem and ¢ € N. The /th
slice of (Q, k) is the classical problem

(@, k) = {x € Q| K(x) =L}, B

Proposition 1.11. Let (Q,x) be a parameterized problem and ¢ € N. If
(Q, k) is fixred-parameter tractable, then (Q, k)¢ € PTIME.

We leave the simple proof to the reader (recall that x is computable in poly-
nomial time).



8 1 Fixed-Parameter Tractability

Example 1.12. Recall that a graph G = (V, E) is k-colorable, where k € N,
if there is a function C : V' — [k] such that C(v) # C(w) for all {v,w} € E.
We parameterize the colorability problem for graphs by the number of colors:

p-COLORABILITY

Instance: A graph G and k € N.
Parameter: k.

Problem: Decide whether G is k-colorable.

The third slice of this problem is the classical 3-colorability problem, which
is well-known to be NP-complete. Hence, by the preceding proposition,
p-COLORABILITY is not fixed-parameter tractable unless PTIME = NP. -

Unfortunately, for most parameterized problems that are believed to be
intractable there is no such easy reduction to the classical theory of NP-
completeness. For example, it is widely believed that p-INDEPENDENT-SET is
not fixed-parameter tractable, but all slices of the problem are decidable in
polynomial time.

Some remarks concerning the definition of fixed-parameter tractability are
in order. We allow an arbitrary computable function f to bound the depen-
dence of the running time of an fpt-algorithm on the parameter. While indeed
a running time such as

02" - n),

where k denotes the parameter and n the size of the instance, can be quite
good for small values of k, often better than the polynomial O(n?), a running
time of, say,
52"
2222 -n,
cannot be considered tractable even for k = 1. The liberal definition of fixed-
parameter tractability is mainly justified by the following two arguments,
which are similar to those usually brought forward to justify polynomial time
as a model of classical tractability:

(1) FPT is a robust class that does not depend on any particular machine
model, has nice closure properties, and has a mathematically feasible the-
ory.

(2) “Natural” problems in FPT will have “low” parameter dependence.

While by and large, both of these arguments are valid, we will see later in
this book that (2) has some important exceptions. Indeed, we will see in
Chap. 10 that there are natural fixed-parameter tractable problems that can
only be solved by fpt-algorithms with a nonelementary parameter dependence.
In Chap. 15, we will investigate more restrictive notions of fixed-parameter
tractability.
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However, among the known fixed-parameter tractable problems, problems
that require a larger than exponential parameter dependence are rare excep-
tions. Furthermore, much of the theory is concerned with proving intractabil-
ity (more precisely, hardness results), and, of course, such results are even
stronger for our liberal definition.

Let us also mention that Downey and Fellows’ standard notion of fixed-
parameter tractability does not even require the parameter dependence of
an fpt-algorithm to be computable. However, the notion of fixed-parameter
tractability adopted here (called strongly uniform fized-parameter tractability
in [83]) leads to a more robust theory, which for all natural problems is the
same anyway.

We want to clarify a possible source of ambiguity in our notation. Often
the instances of problems are taken from a certain class of instances, such as
the class of planar graphs. Suppose we have a parameterized problem (Q, %)
over the alphabet ¥ and then consider the restriction of @ to a class I C X*
of instances. Formally, this restriction is the problem (I N @, ). Informally,
we usually introduce it as follows:

Instance: x € 1.
Parameter: r(x).
Problem: Decide whether =z € Q.

Let us emphasize that this notation specifies the same problem as:
Instance: x € ¥*.

Parameter: k(x).
Problem: Decide whether x € QN 1.

Example 1.13. For every class A of propositional formulas, we consider the
following restriction of the problem p-SAT:

p-SAT(A)
Instance: o € A.

Parameter: Number of variables in «.
Problem: Decide whether « is satisfiable.

We close this section with a technical remark that will frequently be used
tacitly. Many parameterized problems, for instance, p-INDEPENDENT-SET,
have the following form:

Instance: x € ¥* and k € N.
Parameter: k.
Problem: ....
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Note that the size of an instance of such a problem is of order |z| + log k.
Nevertheless, a simple computation shows that the problem is fixed-parameter
tractable if and only if for some computable function f it can be decided in
time f(k) - |z|°() (instead of f(k) - (|z| + logk)®M).

Similarly, a problem of the form

Instance: © € ¥* and y € (X')*.
Parameter: |y|.
Problem: ....

is in FPT if and only if it can be solved in time f(|y|) - |#|9™).

1.3 Hitting Sets and the Method of Bounded Search
Trees

Let us consider the following problem, which we may call the panel problem:
We have to form a small panel of leading experts in some research area A that
we do not know well. We only have a publication database for that area at
our disposal.® Here are three ideas of approaching the problem:

(1) We could try to find a small panel of scientists such that every paper
in the area A is coauthored by some scientist of the panel. Clearly, the
members of such a panel must know the area very well.

(2) We could try to find a small panel such that everybody working in the
area has a joint publication with at least one panel member. Then the
panel members should have a good overview over the area (maybe not as
good as in (1), but still good enough).

(3) If neither (1) nor (2) works out, we could try to form a panel of scientists
working in the area such that no two of them have a joint publication. To
guarantee a certain breadth the panel should have a reasonable size.

But how can we find such a panel for either of the three approaches, given
only the publication database? As trained complexity theorists, we model the
problems we need to solve by the well-known hitting set, dominating set, and
independent set problems.

For approach (1), we consider the collaboration hypergraph of the publi-
cation database. A hypergraph is a pair H = (V, E) consisting of a set V
of vertices and a set E of hyperedges (sometimes also called edges), each of
which is a subset of V. Thus graphs are hypergraphs with (hyper)edges of
cardinality two. A hitting set in a hypergraph H = (V,FE) isaset S C V

°If we write logn where an integer is expected, we mean [logn].

STf the reader feels the need for further motivation, here are two suggestions:
Think of being a publisher who wants to start a new book series in the area A and
is looking for an editorial board, or think of being a university official who wants to
evaluate the A department with the help of a panel of external experts.
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of vertices that intersects each hyperedge (that is, SNe # () for all e € E).
HIiTTING-SET is the problem of finding a hitting set of a given cardinality &
in a given hypergraph H. The vertices of the collaboration hypergraph are all
authors appearing in the publication database, and the hyperedges are all sets
of authors of publications in the database. Approach (1) to the panel problem
amounts to solving HITTING-SET for the collaboration hypergraph and the
desired panel size k.

For approaches (2) and (3), all the information we need is contained in the
collaboration graph. The vertices of this graph are again all authors, and there
is an edge between two authors if they have a joint publication.” Recall that
a dominating set in a graph G = (V, E) is a set S C V of vertices such that
every vertex in V' \ S is adjacent to a vertex in S. DOMINATING-SET is the
problem of finding a dominating set of a given cardinality k in a given graph
G. Approach (2) to the panel problem amounts to solving DOMINATING-SET
for the collaboration graph and panel size k. Finally, approach (3) to the panel
problem amounts to solving INDEPENDENT-SET for the collaboration graph
and panel size k.

Unfortunately, all three problems are NP-complete. At first sight, this
suggests that unless the publication database is fairly small there is not much
hope for solving the panel problem with any of the three approaches. However,
we only have to solve the problem for a small panel size k. We parameterize
the problems by k£ and consider the following parameterized problems:

p-HITTING-SET
Instance: A hypergraph H and k € N.
Parameter: k.
Problem: Decide whether H has a hitting set of k elements.

p-DOMINATING-SET
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a dominating set of k ele-
ments.

We have already defined p-INDEPENDENT-SET in Example 1.3.

If we assume the size of the panel to be small, a good fpt-algorithm for
any of the three problems would let us solve the panel problem with the
corresponding idea. Unfortunately, we will see later in this book that most
likely none of the three problems is fixed-parameter tractable.

A great strength of the parameterized approach to the design of algorithms
is its flexibility. If the first, obvious parameterization of a problem has been

"In hypergraph-theoretical terms, the collaboration graph is the primal graph of
the collaboration hypergraph.
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classified as “intractable,” there is no need to give up. We can always look for
further, maybe “hidden,” parameters. In our example, we notice that we can
expect the hyperedges of the collaboration hypergraph, that is, the author
sets of publications in our database, to be fairly small. This suggests the
following more-refined parameterization of the hitting set problem (we denote
the cardinality of a finite set M by |M]):

p-card-HITTING-SET
Instance: A hypergraph H = (V, F) and k € N.
Parameter: k+ d, where d := max{|e| | e € E}.
Problem: Decide whether H has a hitting set of k elements.

What we actually would like to do here is parameterize the problem by two
parameters, k and d. However, admitting several parameters would further
complicate the theory, and to avoid this we can use the sum of all intended
parameters as the only actual parameter. We do the same whenever we con-
sider problems with several parameters. This is sufficient for all our purposes,
and it keeps the theory feasible.

The size of a hypergraph H = (V, E) is the number

IRl = VI+ D lel,

ecE
this roughly corresponds to the size of a reasonable representation of #.8

Theorem 1.14. p-card-HITTING-SET is fixed-parameter tractable. More pre-
cisely, there is an algorithm solving HITTING-SET in time

o(d" - | H[)).

Proof: Without loss of generality, we always assume that d > 2. For hyper-
graphs with hyperedges of cardinality at most 1, the hitting set problem is
easily solvable in linear time.

We apply a straightforward recursive algorithm. Let e be a hyperedge of the
input hypergraph H. We know that each hitting set of H contains at least one
vertex in e. We branch on these vertices: For v € e, let H, be the hypergraph
obtained from H by deleting v and all hyperedges that contain v. Then H has
a k-element hitting set that contains v if and only if H, has a (k — 1)-element
hitting set. Thus H has a k-element hitting set if and only if thereisa v € e
such that H, has a (k—1)-element hitting set. A recursive algorithm based on
this observation is displayed as Algorithm 1.1. The algorithm returns TRUE if
the input hypergraph has a hitting set of cardinality & and FALSE otherwise.

8 As our machine model underlying the analysis of concrete algorithms we use
random access machines with a standard instruction set and the uniform cost mea-
sure (cf. the Appendix). The assumption underlying the definition of the size of a
hypergraph is that each vertex can be stored in one or a constant number of memory
cells. See p. 74 in Chap. 4 for a detailed discussion of the size of structures.
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HS(H, k)
// H = (V, E) hypergraph, k > 0
1. if |V| < k then return FALSE
2. else if £ = () then return TRUE
3. else if k =0 then return FALSE
4. else
5. choose e € F
6. for all v € e do
7. Vo =V \{v}; Ev —{e€ E|v&e}; Hy — (Vo, Ey)
8. if HS(Hv, k — 1) then return TRUE
9. return FALSE

Algorithm 1.1. A recursive hitting set algorithm

The correctness of the algorithms follows from the discussion above. To
analyze the running time, let T'(k,n,d) denote the maximum running time
of HS(H', k') for H' = (V', E’) with ||H'|| < n, max{le| | e € E'} < d, and
k' < k. We get the following recurrence:

T(0,n,d) = O(1) (1.1)
T(k,n,d)=d-T(k—1,n,d)+ O(n) (1.2)
(for n,k € N). Here the term d - T(k — 1,n,d) accounts for the at most d
recursive calls in line 8. The hypergraph H, can easily be computed in time
O(n), and all other commands can be executed in constant time. Let ¢ € N

be a constant such that the term O(1) in (1.1) and the term O(n) in (1.2) are
bounded by ¢ - n. We claim that for all d > 2 and k& > 0,

T(k,n,d) < (2d* —1)-c-n. (1.3)

We prove this claim by induction on k. For k£ = 0, it is immediate by the
definition of ¢. For k > 0, we have

T(k,n,d)<d-T(k—1,n,d)+c-n
Sd-(?dkil—l)-c-n—i—c-n
=2d"~d+1)-c-n
<(2d*-1)-c-n.

This proves (1.3) and hence the theorem. O

Exercise 1.15. Modify algorithm HS(H, k) in such a way that it returns a
hitting set of H of size at most k if such a hitting set exists and NIL otherwise
and that the running time remains O(d* - ||H||). .

The recursive algorithm described in the proof exhaustively searches for
a hitting set of size at most k. Of course, instead of recursive, such a search
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can also be implemented by explicitly building a search tree (which then
corresponds to the recursion tree of the recursive version). A nonrecursive
implementation that traverses the tree in a breadth-first manner rather than
depth-first (as the recursive algorithm) may be preferable if we are interested
in a hitting set of minimum cardinality (a minimum hitting set for short). The
important fact is that the search tree is at most d-ary, that is, every node has
at most d children, and its height is at most k. (The height of a tree is the
number of edges on the longest path from the root to a leaf.) Thus the size of
the tree is bounded in terms of the parameter k + d. This is why the method
underlying the algorithm is often called the method of bounded search trees.
The following example illustrates the construction of the search tree:

Example 1.16. Let
H = ({avb7 Cvdvevagvhf}v {61, e '365}),

where ey := {a,b,c}, eq := {b,c,d}, ez := {c,e, f}, ea := {d, f}, and e5 :=
{d, g}. The hypergraph is displayed in Fig. 1.2.

Fig. 1.2. The hypergraph of Example 1.16

The search tree underlying the execution of our algorithm on input (H, 3)
is displayed in Fig. 1.3. We assume that on all branches of the tree the edges
are processed in the same order eq,...,es5. Each inner node of the tree is
labeled by the hyperedge e processed at that node, and each edge of the tree
is labeled by the vertex v € e that determines the next recursive call. We leave
it to the reader to compute the subhypergraphs H, for which the recursive
calls are made. The color of a leaf indicates the return value: It is TRUE for
black and gray leaves and FALSE for white leaves. Each black or gray leaf
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corresponds to a hitting set of H, which consists of the vertices labeling the
edges on the path from the root to the leaf. A leaf is black if this hitting set
is minimal with respect to set inclusion. -

Fig. 1.3. A search tree

For later reference, we note that a slight modification of our hitting set
algorithm yields the following lemma.

Lemma 1.17. There is an algorithm that, given a hypergraph H and a nat-
ural number k, computes a list of all minimal (with respect to set inclusion)
hitting sets of H of at most k elements in time

O(d" - k- ||H]),

where d is the mazimum hyperedge cardinality. The list contains at most d*
sets.

Proof: Consider the algorithm ENUMERATEHS displayed as Algorithm 1.4.
Claim 1. Let H = (V, E) be a hypergraph and k € Ny. Then

ENUMERATEHS (H, k, 0)

returns a set S of hitting sets of H such that each minimal hitting set of ‘H
of cardinality at most k appears in S.

Proof: By induction on the number |E| of hyperedges of H we prove the
slightly stronger statement that for all sets X disjoint from V,

ENUMERATEHS(H, k, X)

returns a set S of sets such that:
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ENUMERATEHS(H, k, X)
// H = (V, E) hypergraph, k > 0, set X of vertices (not of H)
1. if E ={ then return {X}

2. else if kK =0 then return ()

3. else

4. choose e € E

5. S0

6 for all v € e do

7 Vo = V\{v}; Ev —{e€ E|v&e}; Hy — (Vo, Ey)

8 S — SUENUMERATEHS(H,, k — 1, X U {v})

9 return S

Algorithm 1.4. An algorithm enumerating hitting sets

(i) For all S € § we have X C S, and the set S\ X is a hitting set of H of
cardinality at most k.

(ii) For each minimal hitting set S of H of cardinality at most k the set SUX

is contained in S.

This is obvious for |E| = 0, because the only minimal hitting set of a hyper-
graph with no hyperedges is the empty set.

So suppose that |E| > 0 and that the statement is proved for all hyper-
graphs with fewer hyperedges. Let S be the set returned by the algorithm. To
prove (i), let S € S. Let e be the edge chosen in line 4 and v € e such that
S enters the set S in the corresponding execution of line 8, that is, S € S,,
where S, is the set returned by ENUMERATEHS (H,,k — 1, X U {v}). By the
induction hypothesis, X U {v} C S and S\ (X U {v}) is a hitting set of H,,.
Then ¢’ N (S\ X) # 0 for all edges ¢’ € E, and also for all edges ¢’ € E '\ E,,
because v € S and v ¢ X.

To prove (ii), let S be a minimal hitting set of H of cardinality at most k.
Note that the existence of such a set implies & > 0 because E # (). Let e be
the hyperedge chosen by the algorithm in line 4 and v € SNe, and let S, be
the set returned by the recursive call ENUMERATEHS(H,,k — 1,X U {v}) in
line 8.

S\ {v} is a minimal hitting set of the hypergraph H,. Hence by the
induction hypothesis,

SUX =S\ {vhu(Xu{v}) eSS, CS.
This proves (ii) and hence the claim. o

The analysis of the algorithm is completely analogous to the analysis of
the algorithm HS in the proof of Theorem 1.14, only the constant ¢ changes.
Hence the running time is O(d” - ||H]|).

As the search tree traversed by the algorithm is a d-ary tree of height k,
it has at most d* leaves, which implies that the set S of hitting sets returned
by the algorithm has cardinality at most d*. But not all hitting sets in S are
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necessarily minimal; we only know that all minimal hitting sets of cardinality
at most k appear in S. However, we can easily test in time O(k-n) if a hitting
set of H of cardinality k is minimal. Thus we can extract a list of all minimal
hitting sets from S in time O(|S| -k -n) = O(d* - k - n). O

Before we give further applications of the method of bounded search trees,
let us briefly return to our panel problem. The reader may object that the
algorithm of Theorem 1.14, though an fpt-algorithm, is still not very efficient.
After all, there may be publications with ten authors or more, and if the panel
is supposed to have 10 members, this yields an unpleasantly large constant
factor of 101°. Note, however, that a simple heuristic optimization will improve
the algorithm considerably if most hyperedges of the input hypergraph are
small and only a few are a bit larger: We first sort the hyperedges of the
hypergraph by cardinality and then process them in this order. Then chances
are that the algorithm stops before it has to branch on the large hyperedges,
and even if it has to branch on them this will only happen close to the leaves
of the tree. In particular, in our collaboration hypergraph, probably only few
papers will have many authors.

For approach (1) to the panel problem, we have thus constructed a rea-
sonable algorithm. How about (2) and (3), that is, p-DOMINATING-SET and
p-INDEPENDENT-SET on the collaboration graph? Note that the fact that
the maximum hyperedge cardinality d can be expected to be small has no
impact on the collaboration graph. To see this, observe that for every collab-
oration graph G there is a matching collaboration hypergraph with maximum
edge cardinality 2: the graph G itself viewed as a hypergraph. As we shall
see below, an important parameter for the DOMINATING-SET and INDEPEND-
ENT-SET problems is the degree of the input graph. Unfortunately, we cannot
expect the degree of the collaboration graph, that is, the maximum number
of coauthors of an author in the publication database, to be small.

An immediate consequence of Theorem 1.14 is that the hitting set problem
restricted to input hypergraphs of bounded hyperedge cardinality is fixed-
parameter tractable:

Corollary 1.18. For every d > 1, the following problem is fixed-parameter
tractable:

p-d-HITTING-SET
Instance: A hypergraph H = (V, E') with max{le| | e € E} <
d and k € N.
Parameter: k.
Problem: Decide whether H has a hitting set of k elements.

A vertex cover of a graph G = (V, E) is a set S C V of vertices such that
for all edges {v,w} € E either v € S or w € S. The parameterized vertex
cover problem is defined as follows:
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p-VERTEX-COVER
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a vertex cover of k elements.

As graphs are hypergraphs of hyperedge cardinality 2, Theorem 1.14 yields:

Corollary 1.19. p-VERTEX-COVER is fized-parameter tractable. More pre-
cisely, there is an algorithm solving p-VERTEX-COVER in time O(2% - ||G|)).

The degree deg(v) of a vertex v in a graph G = (V, E) is the number of
edges incident with v. The (mazimum) degree of G is deg(G) := max{deg(v) |
v € V'}. Consider the following refined parameterization of DOMINATING-SET:

p-deg-DOMINATING-SET
Instance: A graph G = (V, E) and k € N.
Parameter: k+ deg(G).
Problem: Decide whether G has a dominating set of k ele-
ments.

To prove the following corollary of Theorem 1.14, observe that the domi-
nating sets of a graph G = (V| E) are precisely the hitting sets of the hyper-
graph

(V. {ev |[vEV}), wheree,:={v}U{weV |{v,w}eE}forvelV.

Corollary 1.20. p-deg-DOMINATING-SET is fized-parameter tractable. More
precisely, there is an algorithm solving DOMINATING-SET in time

O((d +1)* - |gl)).

A different application of the method of bounded search trees shows that
the refined parameterization of INDEPENDENT-SET by the degree is also fixed-
parameter tractable.

p-deg-INDEPENDENT-SET
Instance: A graph G = (V, E) and k € N.
Parameter: k+ deg(G).
Problem: Decide whether G has an independent set of k ele-
ments.

Exercise 1.21. Prove that p-deg-INDEPENDENT-SET is fixed-parameter trac-
table.

Hint: Construct the first k levels of a search tree that, if completed, describes
all mazimal independent sets of the input graph. b
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Exercise 1.22. A cover for a hypergraph H = (V, E) is a set X C V such
that |[e \ X| < 1 for all e € E. Note that if |e] > 2 for all ¢ € E then
every cover is a hitting set. Show that there is an algorithm that, given a

hypergraph ‘H and a natural number k, computes a list of all minimal covers
of H of cardinality at most k in time O((k + 1)* - k - |H]|). -

Exercise 1.23. Let
A = (aij)iem) € 10, Lpmxn
j€[n]

be an m x n matrix with 0—l-entries. A dominating set for A is a set S C
[m] x [n] such that
o a;;=1forall (i,j) € S,
e if a;; = 1 for some i € [m],j € [n], then there is an i’ € [m] such that

(7/,7) € S, or there is a j' € [n] such that (i,5') € S.
That is, S is a set of 1-entries of the matrix such that each l-entry is either
in the same row or in the same column as an element of S.

Prove that the following problem is fixed-parameter tractable:

p-MATRIX-DOMINATING-SET
Instance: A matrix A € {0,1}*™ and k € N.
Parameter: k.
Problem: Decide whether A has a dominating set of cardi-
nality k.

Hint: View A as the adjacency matrix of a bipartite graph. A dominating set
for the matrix corresponds to a set S of edges of the graph such that each
edge has an endpoint with an edge in .S in common. Show that if the matrix
has a dominating set of cardinality k, then the graph has only few vertices
of degree larger than k. Build a bounded search tree whose leaves describe
minimal sets of edges that cover all edges except those that have an endpoint
of degree larger than k. Try to extend the covers at the leaves to covers of all
edges. -

1.4 Approximability and Fixed-Parameter Tractability

In this section, we will show how the point of view of parameterized complexity
may provide a better understanding of certain complexity issues in the theory
of approximation algorithms for combinatorial optimization problems. First,
we recall the definition of optimization problems. A binary relation R C ¥} x
35, for alphabets Xi, 32, is polynomially balanced if there is a polynomial
p € Ng[X] such that for all (z,y) € R we have |y| < p(|z]).

Definition 1.24. Let X be a finite alphabet. An NP-optimization problem
(over ) is a triple O = (sol, cost, goal), where
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(1) sol is a function defined on ¥* such that the relation
{(z,y) | x € ¥ and y € sol(x)}

is polynomially balanced and decidable in polynomial time. For every
instance z € ¥*, we call the elements of the set sol(x) solutions for z.
(2) cost is a polynomial time computable function defined on {(z,y) | = €
¥*, and y € sol(z)}; the values of cost are positive natural numbers.
(3) goal € {max, min}.
If goal = max (goal = min) we speak of a mazimization (minimization)
problem. The function opt, on ¥* is defined by

opty(x) := goal{cost(z,y) | y € sol(x)}.

A solution y € sol(x) for an instance x € ¥* is optimal if cost(z, y) = opty ().
The objective of an optimization problem O is to find an optimal solution for
a given instance. -

Let us remark that for many problems O, finding an optimal solution for a
given instance x is polynomial time equivalent to computing the cost opty ()
of an optimal solution. This, in turn, is often equivalent to deciding for a given
k if opty(z) > k for goal = max or opt, (z) < k for goal = min.

Example 1.25. Recall that a complete graph is a graph in which all vertices
are pairwise adjacent. A clique in a graph is the vertex set of a complete
subgraph. The decision problem CLIQUE asks whether a given graph G has
a clique of given cardinality k. It is derived from the maximization problem
Max-CLIQUE, which asks for a clique of maximum cardinality.

We usually use an informal notation for introducing optimization problems
that is similar to our notation for parameterized problems. For example, for
the maximum clique problem we write:

MAX-CLIQUE
Instance: A graph G = (V, E).
Solutions: Nonempty cliques S C V of G.
Cost: |S].
Goal: max.

(We only admit nonempty cliques as solutions because we require costs to be
positive integers.) 4

Example 1.26. The minimum vertex cover problem is defined as follows:

MIN-VERTEX-COVER

Instance: A graph G = (V| E).

Solutions: Nonempty vertex covers S C V of G.
Cost: |S].
Goal: min.
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There is a canonical way to associate a parameterized problem with each
optimization problem:

Definition 1.27. Let O = (sol, cost,opt) be an NP-optimization problem
over the alphabet X. The standard parameterization of O is the following
parameterized problem:

p-0
Instance: v € ¥* and k € N.
Parameter: k.
Problem: Decide whether opty(z) > k if goal = max or
opto(x) < k if goal = min.

Example 1.28. The standard parameterization of MIN-VERTEX-COVER is
the following problem:

p-MIN-VERTEX-COVER
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a vertex cover of at most k
elements.

Observe that p-MIN-VERTEX-COVER is almost exactly the same problem as
p-VERTEX-COVER introduced in the previous section, because a graph with
at least k vertices has a vertex cover of exactly k elements if and only if it has a
vertex cover of at most k elements. This is because vertex covers are monotone
in the sense that supersets of vertex covers are also vertex covers. The two
problems only differ on instances (G, k), where G has less than k vertices. For
both problems, such instances are trivial, though in different directions.

Similarly, p-HITTING-SET and p-DOMINATING-SET are essentially the
standard parameterizations of the minimization problems MIN-HITTING-SET
and MIN-DOMINATING-SET. For maximization problems, instead of mono-
tonicity we need antimonotonicity, which means that subsets of solutions are
still solutions. p-INDEPENDENT-SET is essentially the standard parameteri-
zation of the antimonotone maximization problem MAX-INDEPENDENT-SET,
and the following problem p-CLIQUE is essentially the standard parameteri-
zation of MAX-CLIQUE:

p-CLIQUE
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a clique of k elements.
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Note that for minimization problems that are not monotone and maxi-
mization problems that are not antimonotone, the standard parameterization
is not the same as the parameterized problem that asks for solutions of cardi-
nality exactly k. As a matter of fact, the two problems may have very different
complexities, as the following exercise shows:

Exercise 1.29. A propositional formula is in 3-disjunctive normal form (3-
DNF) if it is of the form \/,; (Ai1 A A2 A Aiz), where the );; are literals. The
conjunctions (A;1 A N\i2 A A;3) are called the terms of the formula. Consider
the following maximization problem:

MAX-3-DNF-SAT
Instance: A propositional formula « in 3-DNF.
Solutions: Assignments to the variables of a.
Cost: 1 + number of terms satisfied.
Goal: max.

(a) Prove that the standard parameterization of MAX-3-DNF-SAT is fixed-
parameter tractable.
Hint: Prove that the expected number of terms satisfied by a random
assignment is at least (1/8)m, where m is the total number of terms of the
input formula. Conclude that for m > 8k, the formula has an assignment
that satisfies at least k terms.

(b) Show that unless PTIME = NP, the following parameterized problem
associated with MAX-3-DNF-SAT is not fixed-parameter tractable:

Instance: A propositional formula « in 3-DNF and k£ € N.
Parameter: k.
Problem: Decide whether there is an assignment that satis-
fies exactly £ — 1 terms of a.

Hint: Prove that it is NP-complete to decide if a given formula in 3-
disjunctive normal form has an assignment that satisfies no term. b

Let us now turn to approximability. Let O = (sol, cost, goal) be an opti-
mization problem over X. For any instance z of O and for any y € sol(z), the
approzimation ratio r(x,y) of y with respect to x is defined as

r(z,y) = max{ opto(x) cost(z,y) }

cost(z,y) optp(x)

For example, for minimization problems, we have cost(z, y) = r(z, y)-opto(z).
The approximation ratio is always a number > 1; the better a solution is, the
closer the ratio is to 1.

Definition 1.30. Let O = (sol, cost, goal) be an NP-optimization problem
over the alphabet X.
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(1) Let € > 0 be a real number. A polynomial time e-approzimation algorithm
for O is a polynomial time algorithm that, given an instance r € X*,
computes a solution y € sol(x) such that r(z,y) < (1 +€).

Problem O is constant approximable if, for some € > 0, there exists a
polynomial time e-approximation algorithm for O.

(2) A polynomial time approximation scheme (ptas) for O is an algorithm A
that takes as input pairs (x, k) € ¥* x N such that for every fixed k, the
algorithm is a polynomial time (1/k)-approximation algorithm. o

Most of the known polynomial time approximation schemes have a run-
ning time of n**) | which means that for reasonably close approximations the
running times quickly get infeasible on large instances. A ptas A is a fully
polynomial time approzimation scheme (fptas) if its running time is polyno-
mial in |z| + k. Unfortunately, only few known optimization problems have
an fptas. However, if we do not need a very precise approximation and can
live with an error 1/k, say, of 10%, we are in the situation where we have a
small problem parameter k. We parameterize our approximation schemes by
this error parameter and obtain the following intermediate notion:

Definition 1.31. Let O = (sol, cost, goal) be an NP-optimization problem
over the alphabet ¥. An efficient polynomial time approzimation scheme (ep-
tas) for O is a ptas A for O for which there exists a computable function
f:N — N and a polynomial p(X) such that the running time of A on input
(xz,k) € * x N is at most f(k) - p(|x]). =

Thus an eptas is an fpt-algorithm with respect to the parameterization
(x,k) — k of ¥* x N. Clearly,

FPTAS C EPTAS C PTAS,

that is, if an optimization problem O has an fptas then it has an eptas, and
if it has an eptas then it has a ptas. The notion of an eptas seems to be a
reasonable intermediate notion of approximation schemes between the very
strict fptas and the general ptas. One well-known example of an eptas is
Arora’s approximation scheme for the Euclidean traveling salesman problem
[16]. We will see an example of an eptas for a scheduling problem in Sect. 9.4.

The following result establishes a connection between the existence of an
eptas for an optimization problem and the fixed-parameter tractability of its
standard parameterization. The result is simple, but interesting because it
connects two completely different parameterized problems derived from the
same optimization problem:

Theorem 1.32. If the NP-optimization problem O has an eptas then its stan-
dard parameterization p-O is fired-parameter tractable.

Proof: Let us assume that O = (sol, cost, min) is a minimization problem
over the alphabet . (The proof for maximization problems is similar.) Let
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A be an eptas for O with running time f(k) - |2|°() for some computable
function f. The following algorithm A’ is an fpt-algorithm for p-O: Given an
instance (z, k), algorithm A’ computes the output y of A on input (z,k + 1).
If cost(z,y) < k it accepts; otherwise it rejects.

Clearly, A’ is an fpt-algorithm, because A is an fpt-algorithm. To see
that A’ is correct, we distinguish between two cases: If cost(z,y) < k, then
opto(x) < k, and hence (z, k) is a “yes”-instance of p-O. If cost(x,y) > k+1,
then

cost(z, y) o cost(x,y) - E+1 k41

> > = (k+1)>k.
r(z,y) L+ 0 T 14,0 k42 (k+1)

opto(r) =

As opty(z) > k, the pair (z,k) is a “no”-instance of p-O. O

Together with hardness results from parameterized complexity theory,
Theorem 1.32 can be used to establish the nonexistence of efficient poly-
nomial time approximation schemes (under assumptions from parameterized
complexity). Let us remark that the converse of Theorem 1.32 does not hold.
It is known that MIN-VERTEX-COVER has no ptas unless PTIME = NP and
hence no eptas, while in Sect. 1.3 we saw that the standard parameterization
p-VERTEX-COVER is in FPT.

1.5 Model-Checking Problems

The parameterized approach is particularly well-suited for a certain type of
logic-based algorithmic problems such as model-checking problems in auto-
mated verification or database query evaluation. In such problems one has to
evaluate a formula of some logic in a finite structure. Typically, the formula
(for example, a database query or a description of a system property) is small
and the structure (for example, a database or a transition graph of a finite
state system) is large. Therefore, a natural parameterization of such problems
is by the length of the formula.

In this section, we shall study the model-checking problem for linear tem-
poral logic in some more detail. In the model-checking approach to automated
verification, finite state systems are modeled as Kripke structures (or tran-
sition systems). Formally, a Kripke structure is a triple X = (V, E, \) that
consists of a directed graph (V| E') together with a mapping A that associates
a set of atomic propositions with each vertex. The vertices of the structure
represent the states of the system, the edges represent possible transitions be-
tween states, and the atomic propositions represent properties of the states,
such as “the printer is busy” or “the content of register R1 is 0.” Walks in the
graph describe possible computations of the system. (Throughout this book,
we distinguish between walks and paths in graphs. On a walk, vertices and
edges may be repeated, whereas on a path each vertex and hence each edge
may appear at most once.)
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Linear temporal logic (LTL) is a language for specifying properties of
such systems. Besides static properties of the states, which can be specified
by Boolean combinations of the atomic propositions, the logic also allows
it to specify temporal properties of the computations, such as: “Whenever
the reset-button is pressed, eventually the system reboots.” Here “the reset-
button is pressed” and “the system reboots” are atomic propositions. If we
represent them by the symbols Reset and Reboot, an LTL-formula specifying
the property is

G(Reset — F Reboot).

Here the G-operator says that the subformula it is applied to holds at all states
of the computation following and including the current state. The subformula
Reset — F Reboot says that if Reset holds at a state, then F Reboot also holds.
The F-operator says that the subformula it is applied to holds at some state of
the computation after or equal to the current state. Thus F Reboot says that
at some point in the future Reboot holds. We say that an LTL-formula ¢ holds
at a state v € V in a Kripke structure K = (V, E, \) (and write K,v |= ¢) if
all walks of IC starting at v satisfy . There is no need to give further details
or a formal definition of LTL here.

The LTL model-checking problem MC(LTL) asks whether a given Kripke
structure satisfies a given LTL-formula at a given state. We are mostly inter-
ested in the following parameterization:

p-MC(LTL)
Instance: A finite Kripke structure K = (V, E, ), a state
v € V, and an LTL-formula ¢.
Parameter: Length of ¢.
Problem: Decide whether C,v = .

Theorem 1.33. p-MC(LTL) is fized-parameter tractable. More precisely,
there is an algorithm solving MC(LTL) in time

20(k) .

where k s the length of the input formula ¢ and n the size of the input
structure K.

It is known that the unparameterized problem MC(LTL) is PSPACE-complete
and thus intractable from the perspective of classical complexity. However,
the problem is solved on large instances in practice. Thus the parameterized
complexity analysis much better captures the “practical” complexity of the
problem.

While a full proof of the theorem would mean too much of a digression at
this point, it is useful to sketch the general strategy of the proof. The first
step is to translate the input formula ¢ into a Biichi automaton 2. Biichi
automata are finite automata that run on infinite words. The second step is
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to check if the Biichi automaton 2 accepts all walks in I starting at v. The
first step requires exponential time, as the size m of the automaton 2 may be
exponential in the length of . The second step can be carried out by a fairly
straightforward algorithm in time O(m - n), where n denotes the size of K.

The automata-theoretic approach, as laid out here, is one of the most suc-
cessful algorithmic techniques for solving logic-based problems. It has various
practical applications in automated verification, database systems, and other
areas. Often, the algorithms obtained by this approach are fpt-algorithms. We
will study the automata-theoretic approach in more detail in Chap. 10.

Model-checking problems for various fragments of first-order logic play
a very important role in the theory of parameterized intractability and will
re-occur at many places in this book.

1.6 Alternative Characterizations of Fixed-Parameter
Tractability

In this section we derive various characterizations of fixed-parameter tractabil-
ity that emphasize different aspects of this notion. The first result shows that
the standard “multiplicative” notion of fixed-parameter tractability is equiv-
alent to an “additive” notion.

Proposition 1.34. Let (Q, k) be a parameterized problem. The following are
equivalent:

(1) (Q,k) € FPT.

(2) There is an algorithm deciding x € @Q in time

9(k(2)) + f(r(@)) - p(|z| + £(2))

for computable functions f,g and a polynomial p(X).
(8) There is an algorithm deciding x € Q in time

9(r(x)) + p(lz])

for a computable function g and a polynomial p(X).

Proof: Clearly, (3) implies (2). We turn to the implication (2) = (1). We may
assume that the polynomial in (2) is a monomial, p(X) = X?. Let ¥ be the
alphabet of (Q, k) and x € ¥* an instance, n := |z| and k := k(x). Using the
inequality a + b < a- (b+ 1) (for a,b € N), we get

g(k) + f(k) - (n+ k) < (g(k) + f(k) - (k + 1)) - (n + 1) < h(k) - p(n),

where h(k) := g(k) + f(k) - (k + 1)? and p(n) := (n + 1)?. Finally, from the
inequality a - b < a? + b2 (for a,b € Np), we get the implication (1) = (3),
since
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F(k) - p(n) < f(k)* +p(n)*. O

A function f : N — N is time constructible if there is a deterministic
Turing machine that for all n € N on every input of length n halts in exactly
f(n) steps. Note that if f is time constructible then f(n) can be computed in
O(f(n)) steps. The following simple lemma implies that if f(k) - p(n) bounds
the running time of an fpt-algorithm, then we can always assume the function
f to be increasing and time constructible. We will often apply this lemma
tacitly.

Lemma 1.35. Let f : N — N be a computable function. Then there exists a
computable function g : N — N such that:

(1) f(k) < g(k) for all k €N,

(2) g is increasing,

(3) g is time constructible.

Proof: Let g(k) be the running time of a Turing machine that, given k in
unary, consecutively computes f(1), f(2),..., f(k) in unary and then halts.
O

We are now ready to give the two alternative characterizations of fixed-
parameter tractability, which form the main result of this section.

Definition 1.36. Let (@, k) be a parameterized problem over X.

(1) (Q,k) is in PTIME after a precomputation on the parameter if there
exist an alphabet II, a computable function 7 : N — II*, and a problem
X C ¥* x IT* such that X € PTIME and for all instances x of () we have

reQ < (z,7(k(x))) € X.

(2) (Q,k) is eventually in PTIME if there are a computable function h :
N — N and a polynomial time algorithm A that on input z € X* with
|z| > h(k(z)) correctly decides whether x € Q. The behavior of A on
inputs « € ¥* with |z| < h(k(z)) is arbitrary. 4

Theorem 1.37. Let (Q, k) be a parameterized problem. Then the following
statements are equivalent:

(1) (Q, k) is fized-parameter tractable.

(2) (Q, k) is in PTIME after a precomputation on the parameter.

(3) Q is decidable and (Q, k) is eventually in PTIME.

Proof: Let 3 be the alphabet of (Q, k).

(1) = (2): Let Ag be an algorithm deciding z € @ in time f(x(z))-|z|® with
computable f and ¢ € N. Let II be the alphabet {1,§} and define 7 : N — II*
by

n(k) = K5 (k)
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where k and f(k) are written in unary. Let X C ¥* x IT* be the set of tuples
accepted by the following algorithm A.

Given (z,y) € X* x II*, first A checks whether y = k(z)§u for some
u € {1}*. If this is not the case, then A rejects, otherwise A simulates |u| - |z|°
steps of the computation of Ag on input z. If Ay stops in this time and
accepts, then A accepts, otherwise A rejects.

Since |u| < |y|, one easily verifies that A runs in polynomial time; moreover:

r € (@Q <= A accepts (m,ﬁ(m)§f(/<;(x)))
— (x,ﬂ(/i(x))) e X.

(2) = (3): Assume that (Q, ) is in PTIME after a precomputation on the
parameter. Choose an alphabet II, a computable function 7 : N — II*, and
a problem X C ¥* x IT* as in Definition 1.36(1). Furthermore let Ax be an
algorithm deciding X in polynomial time. The equivalence

reQ — (z,m(k(x)) €X

shows that @ is decidable. We fix an algorithm A, computing 7 and let f(k)
be the running time of A, on input k. We present an algorithm A showing
that (Q, k) is eventually in PTIME.

Given z € ¥*, the algorithm A simulates |z| steps of the computation of
m(k(x)) by A,. If the computation of A, does not stop in this time, then
A rejects, otherwise it simulates Ax to check whether (z,7(x(z))) € X and
accepts or rejects accordingly. Clearly, A runs in polynomial time, and for
x € ¥* with |z| > f(k(z)):

A accepts r <= = € Q.

(3) = (1): Assume (3). Let Ag be an algorithm that decides x € @ and
let h be a computable function and A, a polynomial time algorithm correctly
deciding whether z € @ for € ¥* with || > h(k(x)). We present an fpt-
algorithm A deciding Q: Given x € ¥*, first A computes h(x(x)) and checks
whether |z| > h(k(x)). If |z| < h(k(x)), then A simulates Ag on input x to
decide whether z € ). In this case the running time of A can be bounded in
terms of the parameter x(x) and the time invested to compute this parameter,
that is, by f(xk(z)) + |2|°M) for some computable f. If |z| > h(x(x)), then
A simulates A, on input = to decide whether x € ). This simulation takes
time polynomial in |x|. Altogether, the running time of A can be bounded by

f(@)) + | OW. O

The equivalence between a problem being fixed-parameter tractable and
in polynomial time after a precomputation that only involves the parameter
may be a bit surprising at first sight, but the proof of Theorem 1.37 reveals
that it is actually based on a trivial padding argument. However, there is
a more meaningful concept behind the notion of being in polynomial time



1.6 Alternative Characterizations of Fixed-Parameter Tractability 29

after a precomputation. The instances of many natural parameterized prob-
lems have two parts, and the parameter is the length of the second part. An
example is the LTL model-checking problem, the LTL-formula being the sec-
ond part of an instance. Fpt-algorithms for such problems often proceed in
two steps. They first do a precomputation on the second part of the input
and then solve the problem using the first part of the input and the result
of the precomputation. Again, LTL model-checking is a good example: The
fpt-algorithm we outlined in Sect. 1.5 transforms the input formula into a
Biichi automaton in a precomputation and then runs the automaton on the
input structure. Another example is database query evaluation, with the first
part of the input being a database and the second part the query. A natural
approach to solving this problem is to first “optimize” the query, that is, to
turn it into an equivalent query that can be evaluated more efficiently, and
then evaluate the optimized query.

While such algorithms are not formally polynomial time after a precom-
putation on the parameter—they do a precomputation on the LTL-formula
and on the database query, hence on part of the input—they were the original
motivation for introducing the concept of a problem being in PTIME after a
precomputation.

We close this chapter with one more characterization of fixed-parameter
tractability. We will see in Chap. 9 that this characterization embodies a very
useful algorithmic technique.

Definition 1.38. Let (Q, k) be a parameterized problem over X.

A polynomial time computable function K : ¥* — X* is a kernelization
of (Q, k) if there is a computable function h : N — N such that for all z € ¥*
we have

(reQ <= K(x)€Q) and |K(z)| < h(k(x)).

If K is a kernelization of (Q, k), then for every instance z of ) the image
K (x) is called the kernel of x (under K). 4

Observe that a kernelization is a polynomial time many-one reduction of a
problem to itself with the additional property that the image is bounded in
terms of the parameter of the argument.

Theorem 1.39. For every parameterized problem (Q, k), the following are
equivalent:

(1) (Q,k) € FPT.

(2) Q is decidable, and (Q, k) has a kernelization.

Proof: Let ¥ be the alphabet of (Q, k).

(2) = (1): Let K be a kernelization of (@, k). The following algorithm
decides @Q): Given z € ¥*, it computes K (z) (in polynomial time) and uses a
decision algorithm for @ to decide if K(z) € Q. Since |K(z)| < h(k(x)), the
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running time of the decision algorithm is effectively bounded in terms of the
parameter k().

(1) = (2): Let A be an algorithm solving (Q, k) in time f(k) - p(n) for
some computable function f and polynomial p(X). Without loss of generality
we assume that p(n) > nfor alln € N. If @ = 0 or Q = X*, then (Q, k) has
the trivial kernelization that maps every instance z € ¥* to the empty string
e. Otherwise, we fix £ € Q and 27 € ¥* \ Q.

The following algorithm A’ computes a kernelization K for (Q, ): Given
x € ¥* with n := |z| and k := x(x), the algorithm A’ simulates p(n)-p(n) steps
of A. If A stops and accepts (rejects), then A’ outputs zo (x1, respectively).
If A does not stop in < p(n) - p(n) steps, and hence n < p(n) < f(k), then
A’ outputs z. Clearly, K can be computed in polynomial time, |K(z)| <
|zo| + 1| + f(k), and (x € Q <= K(z) € Q). O

Example 1.40. Recall that p-SAT is the satisfiability problem for proposi-
tional logic parameterized by the number of variables. The following simple
algorithm computes a kernelization for p-SAT: Given a propositional formula
a with k variables, it first checks if |a| < 2F. If this is the case, the algo-
rithm returns a. Otherwise, it transforms « into an equivalent formula o’ in
disjunctive normal form such that |o/| < O(2F). =

Exercise 1.41. Prove that p-deg-INDEPENDENT-SET has a kernelization such
that the kernel of an instance (G, k) with d := deg(G) has size O(d? - k). More
precisely, if (G', k') with G’ = (V’, E’) is the kernel of an instance (G, k), then
|[V/| <(d+1) -k and hence |E'| < d-(d+1)-k/2.

Hint: Prove by induction on k that every graph of degree d with at least
(d+1) - k vertices has an independent set of cardinality k. =

Exercise 1.42. Let H = (V, E) be a hypergraph. A basis of H is a set S of
subsets of V' such that each hyperedge e € F is the union of sets in S. That
is, for all e € E there are s1,...,8; € S such that e = s1 U...U sp.

Prove that the following problem is fixed-parameter tractable:

p-HYPERGRAPH-BASIS
Instance: A hypergraph H and k € N.
Parameter: k € N.
Problem: Decide whether H has a basis of cardinality k.

Notes

The central notion of this book, fixed-parameter tractability, was introduced
by Downey and Fellows in [78], a preliminary version of [79].” Earlier papers [2,
180] dealt with the asymptotic behavior of parameterized problems.

9Usually, we only refer to the full version of an article.
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The method of bounded search trees in the context of parameterized com-
plexity theory goes back to Downey and Fellows [81]. Most of the results
presented in Sect. 1.3 (including the exercises) can be found in [83].

The notion of an efficient polynomial time approximation scheme was in-
troduced by Cesati and Trevisan [42]; Theorem 1.32 is due to Bazgan [21].

The model-checking algorithm for linear temporal logic mentioned in The-
orem 1.33 is due to Lichtenstein and Pnueli [154]. We refer the reader to
[55] for background on model-checking and linear temporal logic. Papadim-
itriou and Yannakakis [170] point out that parameterized complexity theory
yields a productive framework for studying the complexity of database query
languages, which is more realistic than the classical approach.

Theorem 1.37 is due to [100]; it builds on the advice view of Cai et al. [37].
The notion of kernelization in the context of parameterized complexity the-
ory goes back to Downey and Fellows [81]. Theorem 1.39 was shown by Nie-
dermeier [165]. Exercise 1.41 is due to Yijia Chen (private communication).
Exercise 1.42 is due to [83].
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Reductions and Parameterized Intractability

In this chapter, we start our development of the theory of parameterized
intractability. In general, no parameterized complexity theory is needed to
find an fpt-algorithm for a concrete fixed-parameter tractable problem. The
main purpose of the theory is to give evidence that certain problems are not
fixed-parameter tractable (just as the main purpose of the theory of NP-
completeness is to give evidence that certain problems are not polynomial
time computable). In the classical theory, the notion of NP-completeness is
central to a nice, simple, and far-reaching theory for intractable problems. Un-
fortunately, the world of parameterized intractability is more complex: There
is a big variety of seemingly different classes of intractable parameterized
problems.

We start by introducing a suitable notion of reduction in Sect. 2.1. In the
following two sections we study the two classes para-NP and XP. Neither of
them is central to the theory, but they serve as a useful frame for all of the
more interesting classes. We will see that XP is provably different from FPT.
Intuitively, it may be viewed as a parameterized analogue of the classical class
EXPTIME.

2.1 Fixed-Parameter Tractable Reductions

Definition 2.1. Let (Q, k) and (Q’, ) be parameterized problems over the

alphabets ¥ and ¥, respectively. An fpt-reduction (more precisely, fpt many-

one reduction) from (Q, k) to (Q’,x’) is a mapping R : ¥* — (¥')* such
that:

(1) For all z € ¥* we have (x € Q < R(z) € Q).

(2) R is computable by an fpt-algorithm (with respect to k). That is, there
is a computable function f and a polynomial p(X) such that R(x) is
computable in time f(k(z)) - p(|z|).

(3) There is a computable function g : N — N such that «'(R(x)) < g(k(z))
for all z € ¥*. .
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While conditions (1) and (2) of Definition 2.1 are quite natural, condi-
tion (3) is necessary to ensure the crucial property of fpt-reductions stated in
the following lemma:

Lemma 2.2. FPT is closed under fpt-reductions. That is, if a parameterized
problem (Q, k) is reducible to a parameterized problem (Q', k') and (Q',K') €
FPT, then (Q, k) € FPT.

Proof: Let x — 1z’ be an fpt-reduction from (@, k) to (Q',x’) computable
in time h(k) - q(Jz|) with ¥ < g(k), where k := k(z), k' := r(2'), h,g are
computable functions, and ¢(X) is a polynomial. In particular, |z’'| < h(k) -
q(]z|). Choose an algorithm A’ deciding (Q’, ') in time f/(k’)-p'(|2'|). Without
loss of generality we may assume that f’ is nondecreasing.

Then z € @ can be decided by first computing z’ and then deciding if
2’ € @'. This requires at most

h(k) - q(jl) + f'(F) - p'(|"]) < h(k) - q(|)) + f'(g(k)) - p'(h(F) - q(|]))

steps. Since p'(h(k) - q(|z|)) < p'(h(k)) - p'(¢(]x])), we obtain a running time
allowed for an fpt-algorithm. Note that we need the condition k' < g(k) in
order to be able to bound f’(k’) in terms of k. O

Let us introduce some additional notation: We write (Q, ) <t (Q’, &) if
there is an fpt-reduction from (Q, %) to (Q’, x"). We write (Q, x) =Pt (Q', k')
if (Q, k) <P (Q', ) and (Q', &) <P* (Q, &), and we write (Q, &) <P* (Q', +')
if (Q,x) < (Q',r") and (Q', k") £P* (Q, k). We let [(Q,H)]fpt be the class
of parameterized problems fpt-reducible to (@, k), that is,

i
(@)™ = {(@ ) [ (@) <™ (Q.)}.
If C is a class of parameterized problems, then we let

[C]fpt — U [(Q,/ﬁ:)]fpt.

(Q,x)eC

We call [C]fpt the closure of C under fpt-reductions. C is closed under fpt-

reductions if C = [C] fpt
(Q', k') we have:

If (Q,x) <P (Q',+") and (Q',x") € C, then (Q, k) € C.

, that is, if for all parameterized problems (Q, k) and

We define C-hardness and C-completeness of a parameterized problem (Q, x)
as in classical complexity theory:

o (Q, k) is C-hard under fpt-reductions if every problem in C is fpt-reducible
0 (Q, k).

e (Q,k) is C-complete under fpt-reductions if (Q,k) € C and (Q, k) is C-
hard.
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We use a similar notation and terminology for all other reductions considered
in this book.

Let us call a parameterized problem (Q, k) over the alphabet X trivial if
either Q = 0 or Q = X*.

The following lemma collects further basic properties of fpt-reductions. We
leave the straightforward proof to the reader:

Lemma 2.3. (1) The relation <®* is reflexive and transitive.
(2) Let (Q,k) € FPT. Then for every nontrivial parameterized problem
Q') we have (Q, ) < (Q', ).

Example 2.4.
p-CLIQUE =fpt p-INDEPENDENT-SET.

The complement of a graph G = (V, E) is the graph G := (V, {{v,w} | v, W E
V,v#w, {v,w} & E}) It is easy to see that the mapping R : (G, k) — (G, k)
is an fpt-reduction both from p-CLIQUE to p-INDEPENDENT-SET and from
p-INDEPENDENT-SET to p-CLIQUE.

More precisely, suppose we encode instances of p-CLIQUE and p-INDE-
PENDENT-SET by strings over the alphabet . Let enc(G, k) € ¥* denote the

encoding of the instance (G, k). Then formally, our reduction is the mapping

R :¥* — ¥* defined by

Rz) = enc(G, k), if z =enc(g,k) for some graph G and k € N, ¥
o x, otherwise.

The reduction in Example 2.4 is the standard polynomial time reduction
from CLIQUE to INDEPENDENT-SET. One has to be careful, though; not all
polynomial time reductions are fpt-reductions.

Example 2.5. The standard polynomial time reduction (G, k) — (G, |V |—k),
where G = (V, E), from p-INDEPENDENT-SET to p-VERTEX-COVER, which is
based on the fact that the complement of an independent set is a vertex cover
and vice versa, is not an fpt-reduction. It violates condition (3) of Defini-
tion 2.1. Indeed, results presented later in this book make it seem unlikely that
there is an fpt-reduction from p-INDEPENDENT-SET to p-VERTEX-COVER. -

While the notion of tractability of parameterized complexity theory, FPT,
relaxes the classical tractability notion PTIME, the following proposition
shows that the corresponding notions of reducibility are incomparable. In par-
ticular, as mentioned in Example 2.5, parameterized complexity theory can
differentiate between NP-complete problems and thus differentiate between
problems that classically share the same worst-case complexity.

For two classical problems @ and Q’, let us write Q <P*™¢ Q' if there is a
polynomial time many-one reduction from @ to Q’.
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Proposition 2.6. There are parameterized problems (Q, k) and (Q', k') such
that

(Q,H) <fpt (Q/,H/) and Q/ <ptime Q
Proof: Let ¥ be an arbitrary finite alphabet. Let Q,Q’ C ¥* be such that
Q' <Ptime Q" ¢ PTIME, and Q@ is decidable.

For example, Q might be 2EXPTIME-complete and Q' EXPTIME-complete.
Let & := Kgize and K’ := Kope. That is, let k,x’ : ¥* — N be defined by

k(x) = max{1,|z|}, and &'(z)=1,

for all z € ¥*. Then, (Q,x) € FPT and (Q’,x’) is nontrivial, and thus
(Q, k) <P (Q', k") by Lemma 2.3(2).

Finally, we claim that (Q’, ') £ (Q, k). Suppose for contradiction that
R is an fpt-reduction from (Q',x') to (Q,k). Let g : N — N be such that
k(R(z)) < g(k'(z)) for all x € ¥*. Then

[R(x) < g(1)

for all z € ¥*. Thus R reduces @’ to the finite set {x € Q | || < g(1)}.
Furthermore, since there is a function f and an algorithm computing R(z) in
time

F(R (@) - 2|0 = £(1) - 2|00 = 2|0
for all z € ¥*, R is a polynomial time reduction. Thus @’ is polynomial time
reducible to a finite set, which implies that Q' € PTIME, a contradiction. O

Example 2.7.
p-DOMINATING-SET =P p-HITTING-SET.

To see that p-DOMINATING-SET <P* p-HITTING-SET, recall that the domi-
nating sets of a graph G = (V| E) are precisely the hitting sets of the hyper-
graph

(V. {ev|veV}), wheree,:={v}U{weV |{v,w}eE}forveV

(we used this in the proof of Corollary 1.20).

To prove p-HITTING-SET <Pt p-DOMINATING-SET, let (H, k) with H =
(V,E) be an instance of p-HITTING-SET. We may assume that |V| > k and
that every e € E is nonempty. We introduce the graph

G= (VUE,EIUE2),

where Eq := {{v,e} | v € V,e € E,v € e}, and where FE5 contains edges

between all pairs of distinct vertices of V. That is, Fy = {{v,w} | v,w €
V, v # w}.
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Then (H, k) € p-HITTING-SET if and only if (G, k) € p-DOMINATING-SET,
which proves that p-HITTING-SET <'P* »p-DOMINATING-SET. The direction
from left to right is easy: Every nonempty hitting set of H is a dominating
set of G. For the other direction, let S be a dominating set of G of size k. If
S C V, then S is a hitting set of H. Otherwise, we can change S in order to
achieve this form: Assume e € E N S. We show that we can replace e by a
vertex of V. The vertex e of G only has edges to the elements of e. Therefore,
for every v € e, the set S, := (S\ {e}) U{v} is a dominating set, too. If v ¢ S
for some v € e, then the corresponding S, has cardinality k, and we are done.
If e C S, then we add to S\ {e} any vertex v € V not contained in S (recall
that |[V| > k). Since e # 0, the new set is still a dominating set. o

There is also a natural notion of parameterized Turing reduction:

Definition 2.8. Let (Q, k) and (Q’, ) be parameterized problems over the
alphabets ¥ and ¥’ respectively. An fpt Turing reduction from (Q,kx) to
(Q', k') is an algorithm A with an oracle to Q' such that:

(1) A decides (Q, k).

(2) A is an fpt-algorithm, that is, there is a computable function f : N — N
and a polynomial p(X) such that the running time of A on input z € ¥*
is bounded by f(k(x)) - p(|z|).

(3) There is a computable function ¢g : N — N such that for all oracle queries
“y € Q'?” posed by A on input z we have &'(y) < g(k(x)). -

Note how condition (3) of Definition 2.8 corresponds to condition (3) of Defini-
tion 2.1. We write (Q, k) <P*T (Q’, k') if there is an fpt Turing reduction from
(Q, k) to (Q', '), and we write (Q, k) =P+T (Q', &) if (Q,r) <P*T (Q', )
and (Q',k") <P*T (Q, k). We let [(Q,fi)]fpt_T be the class of parameter-
ized problems fpt Turing reducible to (@, ). We define C-hardness and C-
completeness for and closure of a class C of parameterized problems under
fot Turing reductions in the usual way.

Exercise 2.9. Prove that FPT is closed under fpt Turing reductions. That
is, if (Q,x) <P*T (Q', ') and (Q’, k') € FPT then (Q, x) € FPT. 4

Turing reductions only play a minor role in this book. Turing reductions
between decision problems will only be used in Chap. 16. Turing reductions
play a more important role in the theory of parameterized counting problems,
which we will study in Chap. 14.

2.2 The Class para-NP

The class FPT may be viewed as the analogue of PTIME in the world of
parameterized complexity theory. Is there a class that plays the role of NP
in the parameterized world? In this section, we will make a first attempt
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to defining such a class. The resulting class para-NP, obtained by replacing
“algorithm” by “nondeterministic algorithm” in the definition of FPT, turns
out to be an unsatisfactory candidate for a “parameterized analogue of NP’
but nevertheless it is a natural and interesting class that will help us to clarify
a few basic issues. Furthermore, it will lead us to the definition of the much
more important class W[P] in the next chapter.

Definition 2.10. A parameterized problem (Q, ) over the alphabet ¥ is in
para-NP, if there is a computable function f : N — N, a polynomial p € No[X],
and a nondeterministic algorithm that, given z € ¥%*, decides if x € @ in at
most f(k(z)) - p(|z|) steps. 4

Clearly, if @ € NP then (Q, k) € para-NP for every parameterization k.
In particular, the problems p-CLIQUE, p-INDEPENDENT-SET, p-DOMINATING-
SET, and p-HITTING-SET are all in para-NP.

Recall the parameterized colorability problem:

p-COLORABILITY

Instance: A graph G and k£ € N.
Parameter: k.

Problem: Decide whether G is k-colorable.

In Example 1.12 we saw that, unless PTIME = NP, p-COLORABILITY is not
fixed-parameter tractable. From the fact that the unparameterized colorability
problem COLORABILITY is NP, it follows that p-COLORABILITY € para-NP.
We shall see below that p-COLORABILITY is para-NP-complete under fpt-
reductions.

Exercise 2.11. Prove that para-NP is closed under fpt-reductions. B

In Theorem 1.37 we gave two alternative characterizations of the class
FPT. The following proposition shows that the class para-NP is similarly
robust.

Proposition 2.12. Let (Q, k) be a parameterized problem over the alphabet

3. Then the following statements are equivalent:

(1) (Q,k) is in para-NP.

(2) 4Q,k) is in NP after a precomputation on the parameter.” That is, there
exist an alphabet 11, a computable function w : N — II*, and a problem
X CYX* x II* such that X € NP and for all instances © of Q we have

r€Q = (z,7m(k(x))) € X.

(3) Q is decidable and “(Q, k) is eventually in NP.” That is, there are a
computable function h : N — N and a nondeterministic polynomial time
algorithm that on input © € ¥* decides if x € Q in case |x| > h(k(z)).
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Proof: Analogously to the proof of Theorem 1.37. O
Corollary 2.13. FPT = para-NP if and only if PTIME = NP.

Proof: If PTIME = NP then the characterization of para-NP given by Propo-
sition 2.12(2) coincides with the characterization of FPT given by Theo-
rem 1.37(2). Thus FPT = para-NP.

For the converse direction, suppose that FPT = para-NP. For every prob-
lem @ C ¥* in NP we have (Q, kone) € para-NP for the trivial parame-
terization Kope With Kene(z) = 1 for all x € X*. By hypothesis, it follows
that (Q, Kone) € FPT. Thus = € @ is decidable by a deterministic algorithm
in time f(Kone()) - |2|°M) = £(1) - |2|°M for some computable function f.
Hence @ € PTIME. O

Recall that the slices of a parameterized problem (Q, k) are the sets

(@ k) ={z € Q| r(x) =k},

for k > 1. Clearly, if (Q, k) € para-NP then (Q, k), € NP.
Recall that a parameterized problem (Q, k) over the alphabet ¥ is non-
trivial if Q # 0 and Q # X*.

Theorem 2.14. Let (Q, k) be a nontrivial parameterized problem in para-

NP. Then the following statements are equivalent:

(1) (Q, k) is para-NP-complete under fpt-reductions.

(2) The union of finitely many slices of (Q, k) is NP-complete. That is, there
are £,mq,...,my € N such that

(Q,K)my U...U(Q,K)m,

is NP-complete under polynomial time (many-one) reductions.

Proof: Let ¥ be the alphabet of (Q, ). For the implication (1) = (2), suppose
that (Q, ) is para-NP-complete. Let Q' C (X')* be an arbitrary NP-complete
problem. Then (Q’, Kone) € para-NP. Let R : (¥/)* — X* be an fpt-reduction
from (Q’, Kone) to (@, k), and let f,p(X),g be chosen according to Defini-
tion 2.1. Then for all ' € (¥')*, the value R(z’) can be computed in time
f) - p(j2']), and k(R(2")) < g(1). Thus R is a polynomial time reduction
from Q' to
(Q, I'i)l @] (Q, KJ)2 U...uU (Q, Iﬂ;)g(l).

Since Q" is NP-complete, this implies that (Q, )1 U(Q, k)2 U...U(Q,K)ga1)
is NP-complete.

For the implication (2) = (1), suppose that (Q,K)m; U ... U (Q,K)m, is
NP-complete. Let (Q’, k') be a problem in para-NP over the alphabet 3'. We
show that (Q’, ') < (Q, k). By Proposition 2.12, (Q’, ') is in NP after a
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precomputation on the parameter. Let 7 : N — II* be a computable function
and X € NP such that for all € (¥')* we have

reQ < (z,7n(r(z)) € X.

Since (Q,K)m, U ... U (Q,K)m, is NP-complete, there is a polynomial time
reduction from X to (Q,K)m, U ... U (Q,K)m,, that is, a polynomial time
computable mapping R : (X')* x IT* — X* such that for all (z,y) € (X')* x IT*
we have

(x,y) € X <= R(z,y) € (Q,K)m, U...U(Q,K)m,-

Fix an arbitrary zo € ¥* \ Q. Such an z exists because (Q, k) is nontrivial.
We claim that the mapping S : (¥)* — ¥* defined by

S(x) = {R(x,ﬂ(ﬂ’(x))), if K(R(z, (s (2))) € {m1,...,me},

zo, otherwise

is an fpt-reduction from (Q’, x’) to (Q, k): In fact, one easily checks that

r€eqQ = (x,7(k(2)€X
< R(z,m(k (1)) € (Q,K)m, U...U(Q,K)m,
— S(z) € Q.

It is also not hard to see that the mapping S is computable by an fpt-
algorithm. Since k(S(z)) € {mu,...,m¢, K(x)}, the condition “k(S(z)) <
g(K'(z)) for some computable ¢” is trivially satisfied. O

The following exercise shows that the assumption “(Q, ) is nontrivial” in
Theorem 2.14 is relevant only if FPT = para-NP, and hence PTIME = NP:

Exercise 2.15. Let (Q,x) be a parameterized problem that is not fixed-
parameter tractable. Prove that (Q, k) is nontrivial. =

Corollary 2.16. A nontrivial parameterized problem in para-NP with at least
one NP-complete slice is para-NP-complete.

Example 2.17. p-COLORABILITY is para-NP-complete under fpt-reductions.
_|

Example 2.18. The following parameterization of the satisfiability problem
for propositional formulas in conjunctive normal form is para-NP-complete
under fpt-reductions:

Instance: A propositional formula « in conjunctive normal
form.
Parameter: Maximum number of literals in a clause of a.
Problem: Decide whether « is satisfiable.
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While this gives us a few problems that are complete for para-NP, the
more important consequences of Theorem 2.14 are negative. For example,
the theorem shows that, unless PTIME = NP, the problems p-CLIQUE, p-
INDEPENDENT-SET, p-DOMINATING-SET, and p-HITTING-SET are not para-
NP-complete under fpt-reductions. As a matter of fact, the theorem shows
that all para-NP-complete problems are, in some sense, uninteresting from
the parameterized point of view because their hardness is already witnessed
by finitely many parameter values.

2.3 The Class XP

The examples at the end of the previous section highlighted an important
point: The slices of many interesting parameterized problems (and in partic-
ular, those of problems in FPT) are decidable in polynomial time. We now
study the class of problems with this property.

Definition 2.19. XP,,, nonuniform XP, is the class of all parameterized
problems (Q, k) whose slices (@, k), for k > 1 are all in PTIME. =

Proposition 2.20. If PTIME # NP then para-NP € XP,.

Proof: If para-NP C XP,,, then p-COLORABILITY € XP,,. Hence 3-COLORA-
BILITY € PTIME, which implies PTIME = NP. a

The class XPy,, itself is slightly at odds with our theory because it is a
nonuniform class; the following example shows that XP,, contains problems
that are not decidable.

Example 2.21. Let @ C {1}* be a set that is not decidable, and let x :=
Ksize, that is, £ : {1}* — N is defined by x(x) = max{1, |z|}. Then (@, ) is in
XPou.- 4

The following uniform version of the class XP,, fits better into the theory:

Definition 2.22. Let (@, ) be a parameterized problem over the alphabet
Y. Then (Q, k) belongs to the class XP if there is a computable function
f N — N and an algorithm that, given = € ¥*, decides if x € @ in at most

|/ 4 f (i ())
steps. b

The bound |z|/*(#) + f(x(x)) in this definition is somewhat arbitrary and
could be replaced by py(,)(|z|) for some computable function that associates
a polynomial py(X) with every positive integer k.
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Exercise 2.23. Prove that (Q, k) is in XP if and only if there is a computable
function that associates a pair (My,py) consisting of a Turing machine My,
and a polynomial pi(X) with every k > 1 such that M, decides the kth slice
of (@, k) in time pg(n), where n is the size of the input. 4

It is easy to see that XP is closed under fpt-reductions. The class XP will
serve as a framework for our theory. Almost all problems we will study in this
book are contained in XP, and almost all complexity classes are subclasses of
XP. The only notable exception is the class para-NP.

Example 2.24. The problems p-CLIQUE, p-INDEPENDENT-SET, p-HITTING-
SET, and p-DOMINATING-SET are in XP. =

Intuitively, the class XP plays the role of the classical class EXPTIME in
the world of parameterized complexity. This is underlined by the following
result:

Theorem 2.25. The following parameterized problem is XP-complete under
fpt-reductions:

p-Exp-DTM-HALT
Instance: A deterministic Turing machine M, n € N in unary,
and k£ € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most n* steps.

Proof: An algorithm to witness the membership of p-Exp-DTM-HALT in XP
simulates the input machine for n* steps.

To prove hardness, let (Q,x) € XP. Let f : N — N be a computable
function and A an algorithm such that A decides z € @Q in time |z|/(=<(®) 4
f(k(z)). Let M(z) be a Turing machine that first writes = on its tape and
then simulates the algorithm A on input z. We may assume that for some
computable function g : N — N, the machine M(z) needs at most (|z| +
2)9(~(2)) steps to carry out this computation (|| + 2 to take care of |z| < 1).
We let n(z) := |z| + 2 and k(z) := g(k(z)). Then & — (M(z),n(z), k(x)) is
an fpt-reduction from (@, k) to p-Exp-DTM-HALT. O

Corollary 2.26. FPT C XP.

Proof: Obviously, FPT C XP. To prove that the containment is strict, suppose
for contradiction that p-Exp-DTM-HALT € FPT. Then for some constant ¢ €
N, every slice of p-Exp-DTM-HALT is solvable in DTIME(n¢). In particular,
the (c+ 1)th slice of p-Exp-DTM-HALT is solvable in DTIME(n¢). It is easy
to see that this implies DTIME(n<*1) C DTIME(n¢), contradicting the well-
known time hierarchy theorem. O

Figure 2.1 shows the relations among the classes FPT, para-NP, and XP.
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para-NP

FPT

Fig. 2.1. The relations among the classes FPT, para-NP, and XP

Exercise 2.27. Let para-EXPTIME be the class of all parameterized prob-
lems (Q, k) such that « € @ is decidable in time

f(k(z)) - 2rU=D
for some computable function f and polynomial p(X). Prove that

XP C para-EXPTIME. b

Notes

The notion of fpt-reduction was introduced by Downey and Fellows in [79].
The class para-NP and more generally, the class para-C for any classical com-
plexity class C, was introduced in [100]. Theorem 2.14 is from [100]. The class
XP, and more generally the class XC for any classical complexity class C,
was introduced in Downey and Fellows [83]. Corollary 2.26 was proved there.
Further XP-complete problems can be found in [70, 83]. For more results con-
cerning the classes para-C and XC for arbitrary complexity classes C, we refer
the reader to [100].
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The Class W|[P]

In the previous section, we made a first attempt to define a parameterized
analogue of the class NP, without much success. In this section we will take
up this question again.

We shall see in the course of this book that there is no definite single class
that can be viewed as “the parameterized NP.” Rather, there is a whole hier-
archy of classes playing this role. The class W[P] studied in this section can be
placed on top of this hierarchy. It is one of the most important parameterized
complexity classes.

3.1 Definition and Basic Results

In the following, we work with a standard model of multitape Turing machines
(cf. the Appendix).

Definition 3.1. (1) Let ¥ be an alphabet and « : ¥* — N a parameteri-
zation. A nondeterministic Turing machine M with input alphabet X is
called k-restricted if there are computable functions f,h : N — N and
a polynomial p € Ny[X] such that on every run with input x € ¥* the
machine M performs at most f(k)-p(n) steps, at most h(k)-logn of them

being nondeterministic.! Here n := |z|, and k := k(z).
(2) W[P] is the class of all parameterized problems (Q, ) that can be decided
by a k-restricted nondeterministic Turing machine. b

'Recall that by logn we mean [logn] if an integer is expected.
Here, and in a few other places in this book, we are also facing the problem that for
n = 0 the term logn is undefined. Instead of introducing a artificial work-arounds,
such as writing log(n + 1) instead of logn, we trust the reader’s common sense to
interpret the terms reasonably. For example, in the present definition, on the empty
input, a k-restricted is not allowed to perform any nondeterministic steps.
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One intuitive way to see this definition is that the class W[P] is defined to
be the subclass of para-NP obtained by restricting the amount of nondeter-
minism that may be used by an algorithm in such a way that it only accepts
problems in XP. This is reflected by the second containment of the following
proposition, which is illustrated by Fig. 3.1.

Fig. 3.1. The relations among the classes

Proposition 3.2. FPT C W[P] C XP N para-NP.

Proof: The inclusions FPT C W[P] and W[P] C para-NP are trivial, and
W[P] C XP follows from the fact that the simulation of h(k) - log n nondeter-
ministic steps of a Turing machine with s states by a deterministic algorithm
requires time O(s"(¥)1een) = O (k) Note that the number s of states of the
Turing machine can be treated as a constant here. O

Exercise 3.3. Prove that W[P] is closed under fpt-reductions. -

Example 3.4. p-CLIQUE, p-INDEPENDENT-SET, p-DOMINATING-SET, and
p-HITTING-SET are all in W[P].

To see this, note that all these problems can be solved by nondeterminis-
tically guessing k times an element, each of which can be described by logn
bits, and then deterministically verifying that the elements are pairwise dis-
tinct and constitute a solution of the problem. -

Example 3.5. Consider the following parameterization of the halting prob-
lem for nondeterministic Turing machines:
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p-BOUNDED-NTM-HALT
Instance: A nondeterministic Turing machine M, n € N in
unary, and k£ € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most n steps and using at most k£ nondeterministic
steps.

To show that p-BOUNDED-NTM-HALT € W[P], we construct a nondetermin-
istic Turing machine that proceeds as follows: Let M be a nondeterministic
Turing machine with ¢ worktapes. Then in each nondeterministic step, the
number of possible transitions the machine can choose from is bounded by the
size of the transition table and hence by the size ||M]|| of M. Our algorithm
guesses the k - log ||[M]|| bits describing the behavior of M in the nondetermin-
istic steps and then simulates n steps of M accordingly.

We will see in the next section that p-BOUNDED-NTM-HALT is W[P]-
complete. -

Example 3.6. Let @ =a;...a, and b = b, ... b, be strings over the alphabet
Y. We say that b is a subsequence of @ if s < n and by = a;,,...,bs = a;, for
some 11,...,is with 1 <141 <...<is<n.

We consider the following parameterization of the longest common subse-
quence problem:

p-LCS
Instance: Strings asy, ..., a,, € %" for some alphabet ¥ and k € N.
Parameter: k.
Problem: Decide whether there is a string of length k in ¥* that
is a subsequence of a; for i =1,...,m.

To show that p-LCS € W[P], we consider a nondeterministic Turing ma-
chine that runs as follows: Given an instance of p-LLCS as above, it guesses
a string b € ¥* of length &k in O(k - log|Y|) steps and then deterministically
verifies that b is a subsequence of every a;. -

We are mostly interested in parameterized problems whose underlying
unparameterized problem is in NP. The next result is a characterization of
such problems within the class W[P].

Proposition 3.7. Let (Q, k) be a parameterized problem over the alphabet .

Then the following statements are equivalent:

(1) (Q,k) € W[P], and Q € NP.

(2) There is a computable function h : N — N, a polynomial p(X), and a
nondeterministic Turing machine M deciding Q such that on every run
with input x € ¥* the machine M performs at most p(n) steps, at most
h(k) -logn of them being nondeterministic. Here n := |z|, and k := r(x).
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Proof: The implication from (2) to (1) is trivial. To prove that (1) implies
(2), assume (Q, k) € W[P] with @ € NP. Choose a nondeterministic Turing
machine My, computable functions fo, ho, and a polynomial po(X) according
to the definition of W[P]. Then on input  with n := |z| and k := k(x), the
machine My decides z € @ in time fo(k) - po(n) with at most ho(k) - logn
nondeterministic steps. By Lemma 1.35, without loss of generality we may
assume that fj is increasing and is time constructible. Moreover, let p;(X)
be a polynomial and M; a nondeterministic Turing machine such that My
decides x € @ in p1(n) steps.

Now let M be the following nondeterministic Turing machine: On input
x with n := |z| and k := k(z), machine M first checks if fo(k) < n. If so, it
simulates My on input x, otherwise, it simulates M on input x. Clearly, M
decides Q.

We calculate the total number of steps and the number of nondetermin-
istic steps that M performs on each run. Since fy is time constructible, the
condition fo(k) < n can be checked in time O(n). If fy(k) < n, the machine
M performs at most O(n) + fo(k) - po(n) < O(n)+n-po(n) steps and at most
ho(k) - logn nondeterministic steps. If fo(k) > n, the machine M performs
O(n) + p1(n) steps and at most p1(n) < p1(fo(k)) nondeterministic steps.
Altogether, we see that the total number of steps of M can be bounded by
p(n) for some polynomial p(X), and the number of nondeterministic steps by
h(k) - logn, where h(k) := max{ho(k),p1(fo(k))}. O

We close this section with a reformulation of the definition of W[P]. It is
similar to the characterization of NP as the class of all problems that are ex-
istential quantifications of polynomially decidable and polynomially balanced
relations.

Lemma 3.8. A parameterized problem (Q, k) over the alphabet ¥ is in W[P]
if and only if there are computable functions f,h : N — N, a polynomial p(X),
and a Y C ¥* x {0,1}* such that:

(1) For all (x,y) € X* x {0,1}*, it is decidable in time f(x(x))-p(|jz|) whether
(x,y) € Y (in particular, the problem (Y, ') with '(z,y) := k(x) is fived-
parameter tractable).

(2) For all (z,y) € ¥* x {0,1}*, if (z,y) € Y then |y| = h(k(z)) - |log|z|].

(8) For every x € ¥*

T € Q <= there exists ay € {0,1}* such that (z,y) €Y.

Proof: For the forward direction, suppose that (@, ) € W[P]. Choose f', b/, p’
and a Turing machine M’ according to Definition 3.1. There is some constant
¢ = ¢(M’) such that every nondeterministic step of M can be described by ¢
bits. Thus all nondeterministic decisions on a single run of M on input z can
be described by a string of at most ¢ - h/(k) - logn < 2¢- h/(k) - [logn] bits,
where n := |z| and k := k(z). Let h := 2¢- I/, and
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Y = {(x,y) €@ x{0,1}*

lyl = h(k(x)) - |log |z||, and y describes
the nondeterministic steps of an accept-
ing run of M on input z}.

Clearly, there is a function f such that f, h, and Y satisfy (1), (2), and (3).
The backward direction is straightforward. a

3.2 W[P]-Complete Problems

We define (Boolean) circuits in the standard way as directed acyclic graphs
with each node of in-degree > 0 labeled as and-node, as or-node, or, if the
in-degree is exactly 1, as negation node. Nodes of in-degree 0 are either labeled
as Boolean constants 0 or 1, or as input nodes. In addition, one node of out-
degree 0 is labeled as the output node. In this section, we think of the input
nodes as being numbered 1,...,n.

A circuit C with n input nodes defines an n-ary Boolean function in the
natural way. We denote the value computed by C on input z € {0,1}" by
C(x). If C(z) = 1, we say that x satisfies C. We call C satisfiable if there
is some tuple z € {0,1}" that satisfies C. We define the weight of a tuple
z = (z1,...,2,) € {0,1}" to be Y1 | x;, the number of 1-entries of z. We
call C k-satisfiable if it is satisfied by a tuple of weight k.

The following weighted satisfiability problem for the class CIRC of all cir-
cuits is of fundamental importance for parameterized complexity theory:

p-WSAT(CIRC)

Instance: A circuit C and k € N.
Parameter: k.

Problem: Decide whether C is k-satisfiable.

Theorem 3.9. p-WSAT(CIRC) is W[P]-complete under fpt-reductions.

For the proof of this result, which will be given below, we use the well-
known fact (Fact 3.10 below) that Turing machines can be simulated by cir-
cuits of size polynomial in the running time of the machines. We say that a
family (Cp,)n>0 of circuits decides a problem @ C {0,1}* if for every n > 0
the circuit C,, has precisely n input nodes, and for « € {0, 1}" we have

Ch(x)=1 < z€Q.

We define the size ||C|| of a circuit C to be the number of nodes plus the
number of edges of C. The family (C,)n>0 is uniform if there is an algorithm
that, given n € Ny, computes C,, in time polynomial in ||Cy||.

Fact 3.10. Let t : Ng — Ny be such that t(n) > n for allm € Ng. If Q C
{0,1}* can be decided by a deterministic Turing machine in time t(n), then
there is a uniform family (Cp)n>o0 of circuits such that (Cp)n>0 decides Q and

1Call € O(t(n)?).
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A proof can, for example, be found in [20] (Theorem 5.19).
The following lemma will not only be used in the proof of Theorem 3.9,
but also forms the basis for the results of Sect. 3.3.

Lemma 3.11. Let (Q, k) € W[P] be a parameterized problem over the al-
phabet . Then there are a computable function h and an fpt-algorithm that,
given an instance x € ¥* of (Q, k), computes a circuit Cy with h(k) - |log|z|]
input nodes such that

C. is satisfiable <— x € Q.

Proof: Without loss of generality, we may assume that ¥ = {0,1}. If this
is not the case, we first reduce (Q, k) to an equivalent problem (Q’, k') over
{0,1}.

Choose f, h,p,Y according to Lemma 3.8. Let M be a deterministic Turing
machine deciding (z,y) € Y in time f(k(z)) - p(|z]).

By Fact 3.10, there exists a uniform family (Cy,)m>0 of circuits such that
for all n,k € N and m :=n + h(k) - [logn| we have:

(i) For all z € {0,1}" with s(x) = k and y € {0, 1}(k)-llogn],
Cm((x’y)) =1 = (-’If,y) ey

. 2

(i) [|Cmll < (f(k) - p(n))".

Now let © = (21,...,2,) € {0,1}* be an instance of (@, k). Let k := k(z).
Let C, be the circuit obtained from C, p(x).|10gn] Dy replacing the first n
input nodes by the Boolean constants z1,...,x,. Then C, is a circuit with
h(k) - |logn| input nodes, and we have:

C, is satisfiable <= 3y € {0, 1} loen) . (5 )y eV
<~ T E€Q.

By the uniformity of the family (Cy;,)m>0, the mapping = — C, is computable
by an fpt-algorithm. O

The previous lemma shows how we can reduce a parameterized problem
in W[P] to the satisfiability problem for circuits. With the help of the next
lemma we will be able to reduce it to the weighted satisfiability problem for
circuits. We think of the bits of a nonnegative integer as being numbered
from the right to the left starting with 0, that is, the Oth bit is the bit of
lowest precedence. We denote the ith bit in the binary representation of n by
bit (i, n).

Lemma 3.12. (1) For all n,k € N, there is a circuit S, i of size O(k - n?)
with k- n input nodes v, for i € [k] and j € [0,n — 1], such that for all
x = (Zij)ic[k),jelo,n—1] with zi; € {0,1} we have:

Sni(x) =1 < foralli € [k] there is exactly one j € [0,n—1]
such that x;; = 1.
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(2) Letn € N and eq,...,en—1 € {0,1}™ be given by
e = (1,0...,0), e1:=(0,1,0,...,0), ..., en_y :=(0,...,0,1).

For every j € [0, [logn]], there is a circuit B, ; of size O(n) with n input
nodes such that for all i € [0,n — 1]

By, j(ei) = bit(j, ).

Proof: We use Boolean formulas to describe the nodes of the circuits we
construct. We first construct S, ,: The input nodes are v;;, for i € [k] and
j €[0,n —1]. For all ¢ € [k] there is a node

n—1
s; that computes \/ Vij,
7=0

and a node
t; that computes /\ (mvij V i),
0<j<j’ <n—1

(By definition, the conjunction (disjunction) over the empty set is a node
labeled by 1 (0).) The output node computes /\le(si At;). Of course, S,
also contains nodes for the subformulas —wv;;, —v;; V =057, and s; A ;.

The construction of B, ; is even simpler: Let wvg,...,v,—1 be the input
nodes. The output node computes

\/ V;. O

i€[0,n—1]
bit(j,5)=1

Proof of Theorem 3.9: It is straightforward to prove that p-WSAT(CIRC) €
WIP]: Let C be a circuit with n input nodes and k € N. An input tuple z =
(21, ...,2y) of weight k can be described using k - log n bits by specifying the
binary representations of the indices of the 1-entries of z. A nondeterministic
Turing machine adhering to Definition 3.1 first guesses k -log n bits describing
an input tuple for C of weight & and then deterministically verifies that it
satisfies C.

To prove hardness, let (Q, k) € W[P]. Let « be an instance of (@, ), and let
C. be the circuit and h the computable function obtained from Lemma 3.11.
Let n := |z|, £ := |logn|, and k¥’ := h(k). Then C, has k' - £ input nodes.
We think of these input nodes as being arranged in &’ blocks of length /.
To emphasize this, let us denote the input nodes by w;; for i € [k'] and
jeo,£-1].

We shall construct a circuit D,, with k’-n input nodes, arranged in &k’ blocks
each of n input nodes, that is k’-satisfiable if and only if C,, is satisfiable. The
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crucial idea underlying the construction has become known as the “k - logn-
trick”: Since £ < logn every input to the nodes of the ith block (u;;);eq0,¢—1) of
input nodes of C,, can be described by the bits of a single number in [0,n — 1],
that is, it can be described by choosing a single input node of the ith block of
input nodes of D,. Thus an assignment to all £’ blocks of input nodes of C,
can be described by a k’-tuple of numbers in [0,n — 1], or by an input tuple
of weight k' for D,.

We construct the circuit D, as follows (Fig. 3.2 illustrates the construc-
tion): We start with the circuit C, and add &’ - n new input nodes v;; for
i € [K',j € [0,bn—1]. For i € [k'] and j € [0,£ — 1] we take a copy
B;, ; of the circuit B, ; of Lemma 3.12(2) and identify its input nodes with
Vi0, - - -, Vi(n—1) and its output node with u;;. Then we add a copy of the cir-
cuit Sy, i of Lemma 3.12(1) and identify its input nodes with the nodes v;;
for i € [k'],7 € [0,n — 1]. Finally, we add a new output node that computes
the conjunction of the output node of C, and the output node of S,, /. It is

N Vin=1) | ... 1

Fig. 3.2. The k - log n-trick

easy to see that

C, is satisfiable <= D, is satisfiable (3.1)
< D, is k'-satisfiable.

Since C,, can be computed from x by an fpt-algorithm and D, can be computed
from C, in polynomial time, the reduction z — D, is an fpt-reduction from

(Q, k) to p-WSAT(CIRC). -

For further reference we note the essence of the k - logn trick:



3.2 W[P]-Complete Problems 53

Corollary 3.13 (k-log n trick). There is an algorithm that associates with
every circuit C with k-logn input nodes a circuit D with ||C|| < ||D|| and with
k- n input nodes in time O(||C| + k - n?) such that

C is satisfiable <= D is k-satisfiable.

The hardness result of Theorem 3.9 can be strengthened by restricting the
input circuits of the weighted satisfiability problem. A circuit is monotone if
it does not contain any negation nodes. We denote the class of all monotone
circuits by CIRCT and the restriction of p-WSAT(CIRC) to monotone input
circuits by p-WSar(CIRCT).

Theorem 3.14. p-WSAT(CIRC™T) is W[P]-complete under fpt-reductions.

Proof: Clearly, p-WSAT(CIRC™) € W[P]. To prove W[P]-hardness, we follow
the proof of Theorem 3.9 and modify it where necessary. Let (Q, k) € W[P],
and let z be an instance of (@, k). Let C, be the circuit and h the function
obtained from Lemma 3.11. Let n := |z|, £ := [logn], and k' := h(k). Let u;,
where 7 € [k'] and j € [0,¢ — 1], be the input nodes of C,.

We construct a new monotone circuit C, with input nodes

(wij)icm,jefo0,e=11  (Wiz)ie[k],i€[0,6-1]

such that for all (zi;)iciw,jef0,e—1) With 25 € {0,1} we have

(xij)ie[k/]7j6[07g_1] satisfies C,,

<~ (xij)ie[k'],je[o,éfl]a (1 — xij)ie[k’],je[o,éfl] satisfies C;

To achieve this, using de Morgan’s rules we first transform C,, to an equivalent

circuit where negation nodes only appear immediately above input nodes.

Then we add new input nodes playing the role of the negated old input nodes.
We observe next that the circuit B, ; of Lemma 3.12(2) is monotone; recall

that the output node of By, ; is simply the disjunction \/ ¢}, v; of certain

bit(j,i)=1
input nodes v;. We also have a monotone circuit B, ; of size O(n) with n
input nodes such that for all i € [0,n — 1]

Bn,j(ei) =1- blt(j,’&)
The output node of B, ; is the disjunction
\/ V;.
1€[0,n—1]
bit(j,i)=0

We are now ready to construct the circuit D.: We start with the circuit
C! and add k’-n new input nodes v;; for ¢ € [k'], j € [0,n—1]. For ¢ € [k'] and
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J €[0,¢—1] we take a copy of the circuit B, ; of Lemma 3.12(2) and identify
its input nodes with vjo, . .., v;(,—1) and its output node with u;;. In addition,
we take a copy of B, ; and identify its input nodes with v;o, ..., v;,—1) and
its output node with ;;.

In the proof of Theorem 3.9 we continued by adding a copy of the circuit
Sp i of Lemma 3.12(1) to make sure that for all i € [k'], exactly one input
node v;; is set to 1. It is not possible to achieve this by a monotone circuit.
However, we can easily force at least one input node v;; to be set to 1 for all
i € [K']: We let S:; 4w be a monotone circuit whose output node computes

kK n
/\ \/’Uij.

i=1j=1

We use S, instead of S, v in our construction. Then instead of (3.1) and
(3.2) we only have

C., is satisfiable <= D/ is k’-satisfiable,

but this is all we need to complete the proof. a

Exercise 3.15. A circuit is antimonotone if every input node has out-
degree 1 and is connected to a negation node and if there are no nega-
tion nodes besides these. We denote the class of antimonotone circuits by
CIRC™ and the restriction of p-WSAT(CIRC) to antimonotone input circuits
by p-WSAT(CIRC™). Prove that p-WSAT(CIRC™) is W[P]-complete under
fpt-reductions. -

Theorem 3.16. p-BOUNDED-NTM-HALT is W[P]-complete.

Proof: We saw in Example 3.5 that p-BOUNDED-NTM-Harr € W[P]. To
prove hardness, we reduce p-WSAT(CIRC) to p-BOUNDED-NTM-HALT.
Given a circuit C and k € N, we construct a nondeterministic Turing ma-
chine Mc ;. as follows: The alphabet of Mc ; has a symbol for every input
node of the circuit C (among other symbols). The machine first nondetermin-
istically guesses k input nodes to be set to TRUE, and then deterministically
evaluates the circuit in time ¢(||C||) for some polynomial ¢(X). Then

C is k-satisfiable <= (Mcx,k +¢([[C||), k) € p-BOoUNDED-NTM-HALT,

which gives the desired reduction. a

Exercise 3.17. Show that there is a polynomial time algorithm that asso-
ciates with every circuit C a circuit C’ without nodes labeled by the constants
0 or 1 such that for all k € N

C is k-satisfiable <= (’ is k-satisfiable.
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Moreover, if C is monotone (antimonotone), then C’ can be chosen to be
monotone (antimonotone), too.

Hint: If k£ > 1, a k-satisfiable circuit must contain at least one input node.

Exercise 3.18. Show that the following parameterized partitioned satisfia-
bility problem is W[P]-complete under fpt-reductions:

p-PSAT(CIRC™)
Instance: A monotone circuit C without nodes labeled by 0
or 1, k € N, and a partition Iy, ..., I} of the input
nodes of C.
Parameter: k.
Problem: Decide whether (C, I, ..., I}) is satisfiable, that is,
whether C has a satisfying assignment that sets
exactly one node in each I; to 1.

Hint: Reduce p-WSAT(CIRC™) to p-PSAT(CIRC™T): Let (C, k) be an instance
of p-WSAT(CIRC™) without nodes labeled by 0 or 1. Assume that |I| > k
for the set I of input nodes of C. Set I, := I x {¢} for £ € [k]. The circuit D
with input nodes I; U ... U I is obtained from C by converting every input
node 7 of C into an or-gate with in-going edges (i, 1),. .., (¢, k). Show that the
instance (D, Iy, ..., I) of p-PSAT(CIRC™) is equivalent to (C, k). =

Let A be a finite set and F': A X A — A a binary function on A. A subset
B of A is F-closed if

bV € B = F(b,V) € B.

The subset B is a set of generators (of F') if the smallest F-closed subset of
A containing B is A. We set

p-GENERATORS
Instance: n,k € N and a binary function F' on [n].
Parameter: k.
Problem: Decide whether F' has a set of generators of cardi-
nality k.

Theorem 3.19. p-GENERATORS is W[P]-complete under fpt-reductions.

Proof: It is easy to prove that p-GENERATORS € W|P]: A nondeterministic
Turing machine according to Definition 3.1, given F' : [n] X [n] — [n] and
k € N, first guesses k -logn bits describing a subset B of [n] of size k and then
deterministically verifies that it is a set of generators.

To prove hardness, we show p-PSAT(CIRC™) < p-GENERATORS (this suf-
fices by Exercise 3.18). Let (C, Iy, ..., Ix) be an instance of p-PSAT(CIRC™).
We may assume that every and-gate and every or-gate of C has in-degree two,
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that C contains at least one or-gate, and that I, is nonempty for £ € [k]. The
main idea of the reduction is the following: Essentially the function F of an
equivalent instance of p-GENERATORS will be a binary function on the nodes
of C. We define it in such a way that for every subset I of the input nodes
the closure of I under F' contains all gates of C that get the value 1 under the
assignment; moreover, we ensure that if the closure contains the output node
0, it contains all nodes of C.

Let a be a node of C distinct from output node o. We must be able to
distinguish the different occurrences of a as input node to other gates. There-
fore, let d(a) be the out-degree of a. We enumerate the out-going edges from
a so that we can speak of the jth edge. We set

A:=LU...UlU{o}U
{(a,j) | @ node of C, a # o, j € [d(a)]} U {s1,..., sk, u}.

We say that (a,j) is an input of b if (a,b) is the jth out-going edge of a. For
le k], let igq,...,10pn, be the input nodes in I,. The function F/: Ax A — A
is defined as follows:

(1) F(s¢,4) := (i,1) for £ € [k] and i € Iy;

(2) F((a,5),(a,j)) :== (a,j + 1) for every node a of C with a # o0 and j €
[d(a) — 1];

(3) If a # o is an and-gate of C with inputs (b, j) and (b', '), then
F((ba])’ (b/j/) = (av 1)'

(4) If a # o is an or-gate of C, and (b,j) an input of a, then F((b,j),u) :=
(a,1).

(5) If 0 is an and-gate with inputs (b, j) and (¥, j'), then F((b,7), (b'j’) := o.

(6) If o is an or-gate and (b, j) an input of o, then F((b,j),u) := o.

(7) F(o,i,;) :="1¢,j+1 for £ € [k] j € [ng] (where we identify ng + 1 with 1).

We set all other values of F' equal to the first argument. We show that

(C,I,...,Iy) is satisfiable <= F has a set of generators of
cardinality 2k + 1.

In fact, if I is a set of input nodes and the assignment setting the input nodes
in the set I to 1 satisfies (C,I,...,Is), then the set B := I U {sq,..., sk, u}
is a set of generators of F of cardinality 2k + 1: By (1)—(6) all gates that
have value 1 under this assignment are in the closure of B; hence, by (7),
the closure also contains all input gates and thus all elements of A, again by
(1)-(4).

For the other direction, assume that B is a set of generators of F' of
cardinality 2k 4+ 1. Since each b in {s1,..., sk, u} cannot be written in the
form F(by,bs) for by # b, by # b, we see that s1,...,s,,u € B. For £ € [k],
every generation of an element of I, involves another member of I,. Hence,
B must contain at least one element of every I, and thus has the form B =
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{81,y SkyUyit1,... 05} with 4y € I, for £ € [k]. Since the output node is
in the closure of B, one easily verifies that the assignment setting the input
nodes in the set {i1,..., it} to 1 satisfies (C, I, ..., I). O

Exercise 3.20. Prove that the following problem is W[P]-complete under
fpt-reductions:

p-MINIMUM-AXIOM-SET
Instance: A finite set A, a binary relation R consisting of
pairs (B,a) with BC Aand a € A, and k € N .
Parameter: k.
Problem: Decide whether there is a subset B of A with |B| =
k such that the closure of B under R is A, where
the closure of B under R is the smallest subset B’
of A with B C B’ such that (C,a) € Rand C C B’
imply a € B’.

Hint: Show that p-GENERATORS <Pt p-MINIMUM-AXIOM-SET. -

Exercise 3.21. Prove that the following problem is W[P]-complete under
fpt-reductions:

p-LINEAR-INEQUALITY-DELETION
Instance: A system S of linear inequalities over the rationals
and k € N.
Parameter: k.
Problem: Decide whether it is possible to delete k inequalities
from S such that the remaining system is solvable.

3.3 Is FPT # W[P]?

Since FPT C W[P] C para-NP, we know that FPT # W[P] would imply
FPT # para-NP. Hence by Corollary 2.13,

FPT # W[P] = PTIME # NP.

We are unable to establish the reverse implication (although we believe it to
be true simply because we believe that both FPT # W[P] and PTIME # NP
are true).

In this section, we present two statements from classical complexity that
are equivalent to FPT # WI[P].
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W/[P] and Subexponential Algorithms for the Circuit Satisfiability
Problem

We consider the satisfiability problem for circuits:

CIRCUIT-SAT
Instance: A circuit C.
Problem: Decide whether C is satisfiable.

The brute-force algorithm for CIRCUIT-SAT that checks all possible assign-
ments has a running time of 2" -m@W for a circuit of size m and with n input
nodes. Essentially, the main result of this section (Theorem 3.25) states that
FPT = WIP] if and only if there is an algorithm deciding CIRCUIT-SAT in
time 2°0") . mOM) | There is a subtlety in that the “little-oh of n” needs to be
effective in the following sense:

Definition 3.22. Let f, g : N — N be computable functions. Then f € 0°(g)
if there is a computable function h such that for all £ > 1 and n > h({), we
have

sy <90, s
14
We often write f(n) € o°(g(n)) instead of f € 0°f(g), as, for example,
in n € o°(n?). It is usually more convenient to work with the following
characterization of a function f being in 0°%(g):

Lemma 3.23. Let f,g: N — N be computable functions. Then f € o°(g) if
and only if there exist ng € N and a computable function + : N — N that is
nondecreasing and unbounded such that for all n > ng,

g(n)
< .
f <4
We leave the straightforward proof to the reader, as we do for the next lemma.
We usually use the letter ¢ to denote computable functions that are non-
decreasing and unbounded, but that possibly grow very slowly.

Lemma 3.24. Let f : N — N be increasing and time constructible. Let vy :
N — N be defined by

Jmax{i e N[ f(i) <n}, if n> f(1),
tp(n) =

1, otherwise.

Then f(tp(n)) < n for all n > f(1). The function vy is nondecreasing and
unbounded. Furthermore, there is an algorithm that computes t5(n) in time

O(n?).
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Theorem 3.25.
FPT = W[P] «= Circurr-Sar € DTIME(2°" ) . ;n0M),

where n is the number of input nodes and m the size of the input circuit of
the problem CIRCUIT-SAT.

The proof is based on the following lemma, which for now should be viewed
as a technical tool, but will be put into a wider context in Chap. 16:

Lemma 3.26. The following problem is W[P]-complete under fpt-reductions:

p-log-CIRCUIT-SAT

Instance: A circuit C of size m with n input nodes.
Parameter: [n/logm].

Problem: Decide whether C is satisfiable.

Proof: Clearly, there is a Turing machine that decides whether a given circuit
C of size m with n input nodes is satisfiable in polynomial time using

n < [n/logm] - logm

nondeterministic bits. This shows that p-log-CIRCUIT-SAT is in W[P].

To prove hardness, let (Q, k) € W[P], and let = be an instance of (Q, k).
Let C, be the circuit obtained from Lemma 3.11. Let n := |z| and k := k(x).
The number of input nodes is n, := h(k) - [log|z|| for some computable
function h. Without loss of generality we may assume that the size m, of
C, is at least |z|, because we can always artificially increase the size of a
circuit without changing the function it computes. View C, as an instance of
p-log-CIRCUIT-SAT. The parameter value is

[ 2o ] < Hi6), loslel

1 <h(k)+1.
log my log || + 1< h(k)+

Thus, the mapping x — C, is an fpt-reduction from (Q, k) to p-log-CIRCUIT-
SAT. O

Proof of Theorem 3.25: Suppose first that FPT = W[P]. Then the problem
p-log-CIRCUIT-SAT is in FPT. Let f be a computable function and A an fpt-
algorithm that solves p-log-CIRCUIT-SAT in time f(k)-m©®®) | where k is the
parameter and m the size of the input circuit. Without loss of generality we
may assume that f is increasing and time constructible. Let ¢ := ¢y be the
“inverse” of f as defined in Lemma 3.24.

Let C be a circuit of size m with n input nodes, and let k¥ = [n/logm].
Assume first that m > 27/¢(") Note that

SR
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Thus, since f is nondecreasing, we have f(k) < f(v(n)) < n, and we can
simply decide if C is satisfiable with our fpt-algorithm A in time

f(k)-mP® <n.mOP® = oW,

Assume next that m < 2%/ Let m/ = 2["/*(")1 We can artificially increase
the size of C (by adding useless nodes) to obtain a circuit C’ with m’ <||C’|| €
O(m') that computes the same Boolean function as C. This construction can
be carried out in time O(m/).

Let k' := n/log||C’||. Then k' < «(n). We can decide if C’ is satisfiable
with our fpt-algorithm A in time

FO) - (m)OD) < . 200/t

Since O(n/t(n)) < 0°f(n) and n < m, this completes the proof of the forward
direction.

For the backward direction, suppose that A is an algorithm that solves
CIRCUIT-SAT in time 2*/4(") . ;@) for some computable function ¢ : N — N
that is nondecreasing and unbounded. Let f : N — N be defined by

) max{2" | n €N, «(n) <i} if (1) <4,
f(@) = )
1 otherwise.

Then f is total and computable, because ¢ is computable, nondecreasing,
and unbounded. Furthermore, f is nondecreasing, and for all n € N we have

flu(n)) = 2m.

We claim that p-log-CIRCUIT-SAT can be solved in time f(k)-mP1). By the
W/P]-completeness of p-log-CIRCUIT-SAT, this implies FPT = WIP]. Let C be
a circuit of size m with n input nodes, and let k := [n/logm]. If m > 27/¢(")
then we can use the algorithm A to decide if C is satisfiable in time

9n/u(n) . 1O — 01).

If m < 27/4") then

k{ " wzt(m,

logm

and thus f(k) > 2™. Then we can decide if C is satisfiable by exhaustive search
in time f(k)-mOPW. 0

W/[P] and Limited Nondeterminism
Limited nondeterminism is an interesting concept (of classical complexity the-

ory) to explore the space between PTIME and NP. We will see that it has
various close connections to parameterized complexity.
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Definition 3.27. Let f: N — N. A problem @ C ¥* is in NP[f] if there is a
polynomial p(X) and a nondeterministic Turing machine M deciding @ such
that for every input  on every run M performs at most p(]z|) steps, at most
f(Jz]) of them being nondeterministic. 4

For a class F of functions, we let

NP[F] := [ J NP[f].
feF

We often write NP[f(n)] instead of NP[f]. Note that
NP[logn] = PTIME, and NP[R°®"] = NP.

Besides these two classes, arguably the most interesting of the classes of lim-
ited nondeterminism is NP[log? n], which we consider in detail in the next
chapter and in Chap. 15.

Observe that for all f we have

NP[f] = NP[O(f)];

because we can simulate any constant number of nondeterministic steps by a
single step of a nondeterministic Turing machine simply by adding sufficiently
many states. If we want to control the amount of nondeterminism more pre-
cisely, for f : N — N we can consider the class NPy;,[f] of problems @ such
that there is a polynomial p(X) and a nondeterministic Turing machine M
with binary branching deciding @) such that for every input x on every run M
performs at most p(|x|) steps, at most f(|x|) of them being nondeterministic.
Clearly,
NPpin[f] € NP[f] € NPpin[O(f)],

but NPpiy[f] and NPy [O(f)] seem to be different in general.

Lemma 3.28. Let f : N — N be nondecreasing. Then

NPpiw[f] = PTIME <=  NP[f] = PTIME.

Proof: The direction from right to left is trivial. For the converse direction,
assume NPpiy[f] = PTIME. Let Q € NP[f], where @ C ¥*, and let M be a
Turing machine witnessing that @ € NP[f]. Clearly, for some ¢ € N, machine
M can be simulated by a Turing machine M’ with binary branching witnessing
that @ € NPpin[c - f]. Hence, it suffices to show that NPy,[c - f] = PTIME
for ¢ € N. We show this equality for ¢ = 2, the general case being obtained by
induction on c. So, assume @ € NPy, [2f]. Define Q' C ¥* x {0,1}* by

(z,y) € Q' <= thereis arun of M accepting x in which M performs
at most 2|y| nondeterministic steps and branches in
the first |y| of these steps according to y.
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This definition of @’ shows that Q' € NPy;,[f] and hence Q' € PTIME. Since
(x € Q < for some y: (z,y) € Q'), we get Q € NPyi,[f] = PTIME. |

There is an obvious similarity between the definitions of the classical
classes NP[F] and the parameterized class W[P] (the similarity is even more
obvious for the W[P]-problems in NP as characterized by Proposition 3.7).
The next theorem establishes a formal connection.

Theorem 3.29. The following statements are equivalent:

(1) FPT = W[P].

(2) There is a computable, nondecreasing, and unbounded function ¢ : N — N
such that PTIME = NP[c(n) - logn].

Proof: For the direction from (1) to (2), assume that FPT = W[P]. Then
by Lemma 3.26, p-log-CIRCUIT-SAT € FPT. Let f be a computable function
and A an fpt-algorithm that solves p-log-CIRCUIT-SAT in time f(k) - m©@®),
where k is the parameter and m the size of the input circuit. Without loss
of generality we may assume that f is increasing and time constructible. Let
¢ := 1y be the “inverse” of f as defined in Lemma 3.24. Recall that ¢(n) is
computable in time O(n?), nondecreasing, and unbounded.

We claim that PTIME = NPy;,[¢(n) - logn], which shows (2) by the pre-
ceding lemma. Let @ € NPpiu[e(n) - logn]. Let = be an instance of Q. Us-
ing a variant of Fact 3.10 for nondeterministic Turing machines with binary
branching (see Proposition A.4 of the Appendix) it is easy to construct in
time polynomial in |z| a circuit C, with ¢(|z|) - log |«| input nodes such that

r € < C, is satisfiable.

We can further assume that |z| < ||C.|| < |2|°(). Using our fpt-algorithm A,
we can decide if C,, is satisfiable in time

F([ SR ) e < 7 (e afo® < fafe.

Thus we can solve ) in polynomial time.

For the converse direction, assume that PTIME = NP[i(n) - logn] for a ¢
as in (2). Let (@, k) be a W[P]-complete problem with @ € NP (for exam-
ple, p-WSAT(CIRC)). Choose a computable function h according to Proposi-
tion 3.7 such that @ is solvable by a nondeterministic Turing machine in time
nPM | at most h(k) - logn steps being nondeterministic, where n denotes the
size of the input and k the parameter. Let f : N — N be a time constructible
function such that for n > f(k),

(k) < u(n).

Then the set
{z|]z] = f(k(z)) and z € Q}



3.3 Is FPT # W[P]? 63

can be decided by a nondeterministic Turing machine in polynomial time
with at most ¢(]z|) - log |z| nondeterministic steps. Therefore, this set is in
PTIME by the assumption PTIME = NP[c(n) - logn]. This shows that (Q, &)
is eventually in PTIME and hence, by Theorem 1.37, in FPT. a

Exercise 3.30. In this exercise, we encode natural numbers in unary and
view them as strings over the alphabet {1}.

Let f : N — N. A problem P C ¥* x N is in NP*[f(m)] if there is a
polynomial p and a nondeterministic Turing machine Ml deciding P such that
for every instance (x,m) of P on every run M
(a) performs at most p(|z| + m) steps;

(b) performs at most f(m) nondeterministic steps.

Similarly, a problem P C ¥* x N is in SUBEXPTIME®[f(m)] if there is a
computable function g € o°f(f) and polynomial p and a deterministic Turing
machine M that, given an instance (z,m) of P, decides if (z,m) € P in at
most p(|z| +m) - 290 steps.

Prove that the following statements are equivalent:

(a) W[P] = FPT.

(b) NP*[f(m)] C SUBEXPTIME"[f(m)] for every function f : N — N com-
putable in polynomial time.

(¢) NP*[m] € SUBEXPTIME"[m]. (Here we just write m instead of id(m)

for the identity function id.) o

Notes

The class W[P] was introduced in Downey and Fellows [79] as the class of
problems fpt-reducible to p-WSAT(CIRC). A first systematic analysis of W[P]
was due to Abrahamson et al. [1]. In particular, the k - logn trick (see Corol-
lary 3.13) was first applied there. The characterization of W[P] in terms of
machines, which is taken as definition of the class W[P] here, is from [51]. The
machine characterization of the NP-problems in W[P] (Theorem 3.7) and the
WI/P]-completeness of the halting problem p-BOUNDED-NTM-HALT (Theo-
rem 3.16) were shown by Cai et al. [36] and by Cesati [40], respectively. The
completeness results of Theorem 3.14 and Exercise 3.20 were proved in [1].
The proof of Theorem 3.19 is based on ideas from [167].

The concept of limited nondeterminism was introduced by Kintala and
Fisher [146]; for a more detailed discussion we refer the reader to the notes
at the end of Chap. 15. Based on a slightly different model of limited non-
determinism due to Cai and Chen [34, 35], Theorem 3.29 was proved in [36].
The relationship between fixed-parameter tractability and subexponential al-
gorithms was first analyzed by Abrahamson et al. [1]. In particular, Theo-
rem 3.25 was shown there.
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Logic and Complexity

The most important classical time and space complexity classes, such as
PTIME, NP, or PSPACE, have clean definitions in terms of resource-bounded
Turing machines. It is well-known (though still surprising) that most natu-
ral decision problems are complete for one of these classes; the consequence
is a clear and simple complexity theoretic classification of these problems.
However, if more refined complexity issues such as approximability, limited
nondeterminism, or parameterizations are taken into account, the landscape
of complexity classes becomes much more unwieldy. This means that the nat-
ural problems tend to fall into a large number of apparently different classes.
Furthermore, these classes usually do not have clean machine characteriza-
tions, but can only be identified through their complete problems.

Logic can serve as a tool to get a more systematic understanding of such
classes. The basic results of descriptive complexity theory [87, 135] show that
all of the standard classical complexity classes have natural logical character-
izations. For example, Fagin’s Theorem characterizes NP as the class of all
problems that can be defined in the fragment £} of second-order logic.! One
advantage that such logical characterizations have over machine characteriza-
tions is that they allow for more fine tuning. For instance, one may ask which
problems can be defined by a ¥i-formula whose first-order part only contains
universal quantifiers. While for decision problems in NP such restrictions do
not lead to any remarkable new classes, there are interesting classes of NP-
optimization problems obtained by restricting syntactic definitions this way.
The best-known of these classes is Papadimitriou and Yannakakis’ MAXSNP.

This approach seems to open the door to an endless variety of syntactically
defined complexity classes, but fortunately it turns out that a fairly limited
number of syntactic forms suffices to define those classes that have natural
complete problems. Remarkably, these syntactic forms tend to be similar even
in different application domains.

LAll the logics discussed here are introduced in Sect. 4.2.
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In the next chapter, we will apply the syntactic approach in the context of
parameterized complexity theory. In this chapter, we provide the background.
In Sects. 4.1-4.3 we introduce the necessary prerequisites from mathematical
logic and review some basic facts about the complexity of propositional, first-
order, and second-order logic. We define two important families of problems,
namely, weighted satisfiability problems and Fagin-definable problems (based
on Fagin’s characterization of NP). In Sect. 4.4 we digress from the main line
of our exposition and briefly sketch how syntactic methods have been applied
to optimization problems and limited nondeterminism. We believe that this
may serve as a useful illustration of the methods before we apply them to
parameterized complexity theory in Chap. 5.

4.1 Propositional Logic

Formulas of propositional logic are built up from a countable infinite set of
propositional variables by taking conjunctions, disjunctions, and negations.
The negation of a formula « is denoted by —«. Besides the normal binary con-
junctions and disjunctions, it will be useful to explicitly include conjunctions
and disjunctions over arbitrary finite sequences of formulas in our language
(instead of just treating them as abbreviations). The normal binary conjunc-
tions of two formulas «, 8 are called small conjunctions and are denoted by
(a A B). Similarly, binary disjunctions are called small disjunctions and are
denoted by V. Conjunctions over finite sequences («;);er of formulas are called
big conjunctions and are denoted by /\z‘e ; 0. Here I may be an arbitrary fi-
nite nonempty index set. Disjunctions over finite sequences of formulas are
called big disjunctions and are denoted by \/. A formula is small if it neither
contains big conjunctions nor big disjunctions. Of course, every formula is
equivalent to a small formula, but the precise syntactic form of formulas is
important for us. For example, the formulas

/\ a; and ((((an Aag) Aag) Aag) A as)
i€[5]
are not the same. We do, however, omit unnecessary parentheses and write
oy Nag ANag Aag Aas  instead of  ((((an A ae) Aag) Aag) A as).

Propositional variables are usually denoted by the uppercase letters X,Y, Z,
and propositional formulas by the Greek letters «, 3,7, 9, A (A is specifically
used for literals). A literal is a variable or a negated variable.

The class of all propositional formulas is denoted by PROP. For ¢ > 0,
d > 1, we inductively define the following classes I'; 4 and A 4 of formulas:

Tog:={MA...ANX|c€[d], \,..., A literals},
Agg:={M V...V |celd], M,..., X literals},
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Fit1,0:= {/\ d; | I finite nonempty index set, and §; € A, 4 for all i € I},
il

App1,q = {\/ ~; | I finite nonempty index set, and 7; € I'y 4 for all ¢ € I}.
iel

I'z,1 is the class of all formulas in conjunctive normal form, which we usually
denote by CNF. For d > 1, I'; 4 is the class of all formulas in d-conjunctive
normal form, which we often denote by d-CNF. Similarly, Ay ; is the class
of all formulas in disjunctive normal form (DNF), and A 4 the class of all
formulas in d-disjunctive normal form (d-DNF). If o = A\;.; Ve Aij 1s a
formula in CNF, then the disjunctions \/JGJ Aij are the clauses of a lfa=
Vier Njes, Aij is a formula in DNF, then the conjunctions /\ Aij are the
terms of «.

A formula « is in negation normal form if negation symbols occur only in
front of variables. A formula « is positive if it contains no negation symbols,
and it is negative if it is in negation normal form and there is a negation
symbol in front of every variable. For every class A of propositional formulas,
AT denotes the class of all positive formulas in A and A~ denotes the class
of all negative formulas in A.

Each formula of propositional logic has a parse tree, which may formally
be defined as a “derivation tree” in the grammar underlying the formula
formation rules. For example, the parse tree of the I' 3-formula

AV (X A=Yi) A Z)) (4.1)

i€[2] j€[3]

JjEJi

is displayed in Fig. 4.1.

Fig. 4.1. Parse tree of the formula in (4.1

~
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The set of variables of a formula « is denoted by var(a). We occasion-
ally write @« = a(X1,...,X,) to indicate that var(a) C {Xq,...,X,}. An
assignment is a mapping V from a set of variables to {TRUE, FALSE}.? In the
obvious way one defines what it means that an assignment (at least defined
for all variables in var(«)) satisfies the propositional formula «. Formulas «
and [ are equivalent if they are satisfied by the same assignments defined on
var(a) U var ().

It is well-known that every formula « is equivalent to a formula o in CNF,
that is, in I’z 1, but there is no function o +— o' computable in polynomial
time. The following transitions to equivalent formulas are even computable
in linear time: Every propositional formula « is equivalent to \/ie[l] «a and to
/\ie[l] o; hence every formula in I'; 4 and every formula in A; 4 is equivalent
to a formula in A.y; 4 and to a formula in I't11 4, respectively. By replacing
the iterated conjunction and disjunction in formulas of I'g 4 and Ag 4 by a big
conjunction and a big disjunction, respectively, we see that every formula in
I'ia (in Ay g) is equivalent to a formula in T'yyq 1 (in Agyg1). We will often
use these facts tacitly.

With each propositional formula we can associate a circuit that computes
the same Boolean function in a canonical way. We sometimes do not distin-
guish between a formula and the corresponding circuit and thus view PROP
as a subclass of the class CIRC of circuits.

We often use the closure properties of I'; 4 and Ay 4 (for ¢ > 2) contained
in the following exercise.

Exercise 4.1. Let ¢ > 2 and d > 1. Show that there are polynomial time
algorithms
e associating with «, 8 € Tt 4 formulas in T’y 4 equivalent to (a A 8) and

(aVpB);
e associating with a, 8 € A4 formulas in A; g equivalent to (o A §) and
(a V). 4

Exercise 4.2. Let t,d > 1, say, t is even. Every o € A; 4 has the form

VA A G (4.2)

i1€li2€1;, €Ly iy

with d; € Ag,q. Show that in polynomial time we can translate a formula o
of the form given in (4.2) into an equivalent formula o’ with |o/| < O(|af*) of

the form
VoA A G

J1€J jo€J Jt€J
where each 5% occurs among the §;. Formulate and prove the analogous result
for odd t and for I'; 4. =

2In the previous chapter, we used 1 and 0 to denote the Boolean values, respec-
tively. Henceforth, we use TRUE and FALSE also in the context of circuits.
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Satisfiability Problems

For each class A of propositional formulas or (Boolean) circuits, we let SAT(A)
denote the satisfiability problem for formulas or circuits in A. For example,
SAT(3-CNF), that is, SAT(I'1 3), is the familiar 3-satisfiability problem, and
SAT(CIRC) is the satisfiability problem for circuits, which we denoted by
CIRCUIT-SAT in the previous chapter. p-SAT(A) is the parameterization by
the number of variables of the input formula, a problem which we considered
in the introductory chapter for the class of all propositional formulas (see
Example 1.2). Tt is well known that SAT(A) is NP-hard for every class A D
I’y 3 and that SAT(Az2) is in polynomial time. p-SAT(A) is fixed-parameter
tractable for every class A of formulas whose membership problem is fixed-
parameter tractable. So for now, the parameterized problems p-SAT(A) are
not particularly interesting. This will change when in Chap. 16 we will study
subexponential fized-parameter tractability.

However, for now the following version of the satisfiability problem is much
more important; it is the decision problem associated with the optimization
problem that tries to maximize (or minimize) the number of variables set to
TRUE in a satisfying assignment. The weight of an assignment V is the number
of variables set to TRUE.

A formula « is k-satisfiable, for some nonnegative integer k if there is a
satisfying assignment V : var(«) — {TRUE, FALSE} for « of weight k. We often
identify an assignment V : var(a) — {TRUE, FALSE} with the set {X | V(X) =
TRUE}. For any class A of propositional formulas, the weighted® satisfiability
problem for A is defined as follows:

WSAT(A)
Instance: o« € A and k € N.
Problem: Decide whether « is k-satisfiable.

We consider the parameterized weighted satisfiability problem for A:

p-WSAT(A)
Instance: o« € A and k € N.
Parameter: k.
Problem: Decide whether « is k-satisfiable.

It is known that WSAT(2-CNF) and WSAT(CIRC) and hence WSAT(A)
for all polynomial time decidable classes A of formulas or circuits containing

3 A note of warning: Slightly at odds with common terminology for optimization
problems, we use the term “weighted” here just to indicate that the “weight” or
“size” of the solution matters and not to indicate that some weight function is defined
on the instance. In parameterized complexity, this usage has become standard. We
will adopt this usage of the word “weighted” throughout this book, for example,
when introducing weighted Fagin definable problems in Sect. 4.3.
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2-CNF are NP-complete; thus all these problems are equivalent under poly-
nomial time reductions. This equivalence does not seem to carry over to the
parameterized problems and fpt-reductions. Clearly, we have

p-WSAT(FLl) Sfpt p-WSAT(FLQ)
Sfpt p-WSAT(FZl)
<Pt ) WSAT(I'3 ;) (4.3)

Sfpt p—WSAT(PROP) gfpt p—WSAT(CIRC)

Structural theory for parameterized intractability relies on the conjecture that
all these inequalities are strict, that is, that there are no converse reductions.
We will see later that the levels of this hierarchy of problems correspond to
the levels of the W-hierarchy of parameterized complexity classes.

For now, let us make a few observations about fixed-parameter tractable
weighted satisfiability problems.

Exercise 4.3. Prove that WSAT(A4 1) is in polynomial time and hence that
p-WSAT(Asz 1) is fixed-parameter tractable. -

Recall that for a class A of propositional formulas, AT denotes the class of
all formulas in A that are positive, that is, that contain no negation symbols.

Proposition 4.4. For d > 1, the problem p-WSAT(IT’d) is fired-parameter
tractable.

Proof: Fix d > 1. We shall reduce p—WSAT(Fid) to p-d-HITTING-SET, the
hitting set problem restricted to hypergraphs with edges of at most d elements,
which we showed to be fixed-parameter tractable in Corollary 1.18.

Let (a, k) be an instance of p-VVSAT(Ffd)7 say,

a= /\(Yﬂ V... VYi),
el

where ¢; € [d] for all ¢ € I. Let V := var(a), and let E be the following family
of subsets of V:
Bim (Y. Y} |ie D).

Recall that a set S C V is a hitting set of the hypergraph (V, E) if it contains
at least one element of every set in E. For every subset S of V', one easily
verifies the equivalence

S satisfies @ <= S is a hitting set of (V, E).

Thus
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« is k-satisfiable <= (V| E) has a hitting set of k elements.

This gives the desired fpt-reduction from p-WSAT(Fi 4) to p-d-HITTING-SET.
(|

Note that for every class A of formulas, if p-WSAT(A) is fixed-parameter
tractable, then so is p-WSAT(\/ A), where \/ A denotes the class of all dis-
junctions of formulas in A.

Corollary 4.5. For every d > 1, the problem p-WSAT(A;d) is fized-param-
eter tractable.

Alternating Satisfiability Problems

A quantified propositional formula is an expression of the form
Q1 X1 Q2X2 ... QX «a,

where @Q; € {3,V} for 1 <14 < n, and « is a formula of propositional logic with
variables X1, ..., X,,. The semantics is defined in the obvious way; a quantified
propositional formula is either TRUE or FALSE. The alternating satisfiability
problem is defined as follows:*

ASAT
Instance: A quantified propositional formula 6.
Problem: Decide whether 6 is TRUE.

A quantified propositional formula is t-alternating, where t > 1, if it is of the
form
3X11 N HXlnl VX21 . .vX2n2 N Qtth ce Qttht «,

where Q; = V if t is even, and @; = 3 if ¢t is odd. We also need the following
restrictions of ASAT:

ASATt
Instance: A t-alternating quantified propositional formula 6.
Problem: Decide whether 6 is TRUE.

The following theorem states the most fundamental completeness results for
the polynomial hierarchy and PSPACE. (A definition of the polynomial hier-
archy can be found in the Appendix.)

Theorem 4.6. (1) For every t > 1, the problem ASAT; is complete for the
tth level = of the polynomial hierarchy.
(2) ASAT is complete for PSPACE.

In Chap. 8, we will also introduce an alternating version of the weighted
satisfiability problem.

4The problem is better known as the quantified Boolean formula problem (QBF)
[115] or the quantified satisfiability problem (QSAT) [168]. We chose the name alter-
nating satisfiability problem to emphasize a connection with alternating machines.



72 4 Logic and Complexity

4.2 First-Order and Second-Order Logic

Relational Structures

A (relational) vocabulary T is a set of relation symbols. Each relation symbol
R has an arity arity(R) > 1. A structure A of vocabulary 7, or 7-structure (or
simply structure), consists of a set A called the universe and an interpretation
RA C A*ty(R) of each relation symbol R € 7. We synonymously write @ € R4
or RAa to denote that the tuple a € A2 belongs to the relation RA. If
R is binary, we also write a; R%ay instead of (a1,a2) € RA.

Proviso 4.7. We only consider nonempty finite vocabularies and finite struc-
tures, that is, structures with a finite universe.

The arity of 7 is the maximum of the arities of the symbols in 7.

Example 4.8 (Graphs). Let 7grapn be the vocabulary that consists of the
binary relation symbol E. A directed graph may be represented by a Tgraph-
structure G = (G, E9). An undirected graph, or just graph, may be repre-
sented by a Tgraph-structure G in which the edge relation EY is symmetric.
We always assume graphs and directed graphs to be loop-free, that is, we
assume the edge relation to be irreflexive. The class of all graphs (directed
graphs) is denoted by GRAPH (DIGRAPH, respectively).

Unless we want to emphasize in some situations that we view a graph G
as an {E'}-structure, we continue to denote the vertex set of a graph G by V
and the edge set by E (instead of G and E9). We usually denote undirected
edges in set notation (as in {v, w}). .

Example 4.9 (Hypergraphs). Let myg be the vocabulary that consists of
the unary relation symbols VERT and EDGE and the binary relation symbol
I. A hypergraph (V, E) may be represented by a mg-structure H, where:

e H:=VUE.

e VERT™:=V and EDGE™ := E.

o [M:={(v,e)|veV,ec E, and v € e} is the incidence relation.

Note that graphs can also be viewed as hypergraphs in which all edges are
incident with exactly two vertices. This gives us an alternative representation
of graphs by structures, which we call the hypergraph representation. Note that
the hypergraph representation also works for multigraphs, that is, graphs that
may have multiple edges between the same pair of vertices. B

Example 4.10 (Circuits). Let 7ciyc be the vocabulary consisting of the bi-

nary relation symbol E and unary relation symbols OUT, AND, OR, NEG,

IN, TRUE, FALSE. A (Boolean) circuit (cf. Sect. 3.2) may be represented

by a Tcire-structure C, where:

e (C,EC)is a directed acyclic graph.

e OUT® contains exactly one node, and this node has out-degree 0 (the
output node).
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e The sets AND®, OR®, NEG® form a partition of the set of all nodes of
in-degree at least 1 (the and-nodes, or-nodes, and negation nodes, respec-
tively). Nodes in NEG® have in-degree 1.

e The sets IN®, TRUEC, FALSE® form a partition of the set of all nodes
of in-degree 0 (the input nodes and the nodes computing the Boolean
constants TRUE and FALSE, respectively). -

Example 4.11 (Strings). For a finite alphabet X, let 75; be the vocabulary
that consists of a binary relation symbol < and, for each a € X, a unary
relation symbol P,. A string @ = a1 ...a, € ¥* may be represented by the
Ts-structure § = S(ay ... a,), where:

e The universe of S is the set [n].

e <9 is the natural order on [n].

e Toralla€X, we have P :={i € [n] | a; = a}.

The class of all structures representing strings over an alphabet ¥ is denoted
by STRING[X]. More precisely, we let

STRING[X] := {S | S is isomorphic to S(a) for some a € X*}.
Let STRING be the union of the classes STRING[X] for all alphabets ¥.

Let 7 C 7/ be vocabularies. A T-structure A is the 7-reduct of a 7’-structure
A’ or A is a 7/-ezpansion of A if A= A" and RA = R for all R € . For
example, the Tgrapn-reduct of a circuit C (viewed as a 7cipc-structure) is the
directed acyclic graph (C, E€) underlying the circuit.

Next, let A and B be structures of the same vocabulary 7. A is a sub-
structure of B (we write A C B), and B is an extension of A if A C B and
RA C RB for all R € 7. A is an induced substructure of B if A C B and
RA = RB N A2ity(R) for all R € 7.

A homomorphism from A to B is a mapping h : A — B such that for all
R € 7, say, of arity r, and for all @ = (ay,...,a,) € A",

ac R* = h(a) € R,
where h(a) = (h(a1),...,h(a,)). If h satisfies the stronger condition
ac R < h(a)e R®

(for all R € 7 and @ € AW(R) then it is a strong homomorphism. An
embedding (strong embedding) from A into B is a homomorphism (strong
homomorphism, respectively) that is one-to-one. Note that there is an em-
bedding from A into B if and only if A is isomorphic to a substructure of B,
and there is a strong embedding of A into B if and only if A is isomorphic to
an induced substructure of B.

5Note that in most logic and model theory texts the term substructure is used in
the sense of our induced substructure. Our notion of substructure is a generalization
of the standard graph-theoretic notion of subgraph.
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An isomorphism is a strong embedding that is onto, and two structures
are isomorphic if there is an isomorphism from one to the other. We usually
do not distinguish between isomorphic structures. An automorphism is an
isomorphism of a structure to itself.

Example 4.11 shows how to represent strings by structures. In order to
use structures as inputs of computations, we also need a converse encoding of
structures by strings. As structures appear as inputs of algorithmic problems
very often in this book, we think it is worthwhile to discuss this issue carefully.

As our alphabet for encoding structures as inputs for Turing machines,
we use Y. := {0,1,(,)}. Without loss of generality we assume that all rela-
tion symbols and elements of structures are strings over {0,1}. Let A be a
T-structure and suppose that 7 = {Ry,..., R} C {0,1}* (sorted lexicograph-
ically) and A = {a1,...,an} C {0,1}* (also sorted lexicographically). In our
encoding, the universe A = {a1,...,a,} is represented by the string

(A) = ((a1) -~ {an))-

For a tuple @ := (ay,...,a;) € A¥ we let (@) = ((a1) - {ay)). For 1 <i <t,
we represent the relation R by the string

(RY) = ((Ri)(@r) -~ (@m)),

where a1, ..., an, is the lexicographic enumeration of all tuples in the relation.
The encoding of the whole structure A is

(A) = (AR - (BF).
We have the following estimates for the length |(A)| of the encoding:

7|+ [Al + > |RA| - arity(R)
ReT

< WA < O(br-Irl +La- (JAI+ D R4 - axity(R)) )

ReT

where £, := max{|R| | R € 7} and ¢4 := max{|a| | a € A}. Since we usually
do not care what the names of the relation symbols and elements of the
universe are, we can always assume that ¢, € O(log|7|) and £4 € O(log |A]).

The exact encoding of structures will never be important; all we need to
know is that the encoding length |(A)| is within a polynomial factor of the
term

A= 7] + 4] + S |RA| - arity(R),
ReT

which we call the size of A.

To encode structures as inputs for random access machines (cf. the Ap-
pendix for the definition of random access machines), we do not necessarily
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need a fixed input alphabet, but can represent the elements of the universe
of the structure by natural numbers, which only have size 1 with respect to
the uniform cost measure. If we choose such a representation for structures
A, then ||A]| is indeed the size of the representation. When analyzing specific
algorithms, we always take random access machines with a uniform cost mea-
sure as our underlying machine model and assume such a representation of
structures. Note that this is common practice in the analysis of graph algo-
rithms, which is based on representations of graphs by data structures such
as adjacency lists, where vertices can be stored in a single memory cell and
accessed in a single step.

Observe that ||A|| may be exponentially larger than the cardinality |A]
of the universe of A. Most of the time, we consider structures with a fixed
vocabulary 7, for example, graphs. In this case, ||A]| = ©(|A| + X pe, [RA]).
For example, for a graph G with n vertices and m edges this yields the fa-
miliar [|G]| = ©(n + m). Similarly, for hypergraphs H = (V,E) we have
[H|l = ©(Huc), where [|[H|| := [V[+ 3. le| as defined on p. 12 and where
Hug is the size (as just defined) of the Tyg-structure representing H (see
Example 4.9).

First-Order Logic

We briefly recall the syntax and semantics of first-order logic. We fix a count-
ably infinite set of (individual) variables. Henceforth, we use the letters z,y, . . .
with or without indices for variables. Let 7 be a vocabulary. Atomic formulas
of vocabulary T are of the form x = y or Rxy ...z, where R € 7 is r-ary and
T1,...,%r, T,y are variables. First-order formulas of vocabulary T are built
from the atomic formulas using the Boolean connectives —, A,V and existen-
tial and universal quantifiers 3,V. The connectives — and « are not part of
the language, but we use them as abbreviations: ¢ — 1 for =V and ¢ «— ¥
for (p — 1) A (1 — ).

By free(¢) we denote the set of free variables of @, that is, the set of vari-
ables x with an occurrence in ¢ that is not in the scope of a quantifier binding

x. A sentence is a formula without free variables. We write ¢(z1,...,zx) to
indicate that ¢ is a first-order formula with free(y) C {z1,..., 2 }.
We also use the notation ¢(x1,...,zx) to conveniently indicate substitu-

tions. For example, if ¢(x) is a formula, then ¢(y) denotes the formula ob-
tained from ¢(z) by replacing all free occurrences of x by y, renaming bound
variables if necessary.

To define the semantics, for each first-order formula ¢(x1,...,x) of vo-
cabulary 7 and each T-structure A we define a relation ¢(A) C A* inductively
as follows:%

o Ifp(xy,...,25) = Rxyy ...y, with iq,...,4, € [k], then

5If we write o(A) without mentioning any variables explicitly, we mean
o(x1,...,T), where z1,. ..,z are the free variables of ¢ (in their natural order).
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o(A) := {(ay,...,ar) € A* | (as,,...,a;.) € R*}.

Equalities are treated similarly.
o Ifp(xr,...,xk) =(Tiy,. ..,z )AX(Tjys .- 25, With iy, .. i, 51,00, Jm
€ [k], then

e(A) = {(a1,...,a) € A ’ (@iyy---,ai,) € Y(A), and
(ijl,...,ajm) EX(A)}

The other connectives are treated similarly.
o Ifp(xy,...,z5) = Ixpr1¥(xsy, ..., 24,) With 41,...,49, € [k + 1], then

e(A) = {(a1,...,a) € A | there exists an ag4 € A such that
(@iyy...,0ai,) € z/;(_A)},
Universal quantifiers are treated similarly.

The definition also applies for k = 0; in this case, ¢(A) is either the empty
set or the set consisting of the empty tuple. If ¢(x1,...,xx) is a formula and
A a structure of a vocabulary 7 that does not contain all relation symbols
occurring in ¢(z1,...,zx), then we let ¢(A) := 0.

We usually write A = ¢(aq,...,ax) instead of (ay,...,ax) € ¢(A). If ¢
is a sentence, we simply write A = ¢ instead of ¢(A) # 0 and say that A
satisfies ¢ or A is a model of ¢. Note that for a sentence ¢ the condition
©(A) # 0 just means that ¢(A) contains the empty tuple.

Occasionally, we use the abbreviation 3%z ¢ to denote the formula

Exl...Eka< /\ :EZ#:EJ/\/\ap(xZ))

1<i<j<k i€[k]

Similarly, we use 3%z ¢ to denote 3Z%z p A =32*+13 . We denote inequal-
ities in formulas by z # y instead of -z = y.

Example 4.12. Recall that 7grapn = {E£} and that we represent directed
graphs and graphs as Tgraph-structures G = (G, E9) (cf. Example 4.8).
Let k£ > 1 and consider the following formula

Ve (X1, ... TE) = Vsz(Eyz — \/ (xi=yVa = z))
i€[k]

Then for every graph G and every tuple (a1, ...,ax) € G¥,
G E ve,(ar,. .. ax) <= {a1,...,ax} is a vertex cover of G.

A bit sloppily, we will say that “the formula vc) (z1,...,zx) defines the set of
all vertex covers of at most k elements of a graph.” Let
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ve i= 3z ... 3w ( /\ T # T, /\vc?c(:cl,...,:rk))
1<i<j<k

Then a graph G satisfies the sentence vcg if and only if G has a vertex cover
of k elements.

Similarly, the following formulas say that a graph has a clique of k ele-
ments, an independent set of k£ elements, and a dominating set of k elements:

cliquey, :== 3z ... 3z, ( /\ Ty #F x5 N\ /\ Exix]),

1<i<j<k 1<i<j<k
18k := dxq ... dxp ( /\ T # z; A\ /\ _\E.Ti.’Ej),
1<i<j<k 1<i<j<k
dsy, ::Exl...ﬂxk( /\ Ti # T A Vy\/ (Exzy\/:rlzy)) -
1<i<j<k ic[k]

Example 4.13. The depth of a node c of a circuit is the length of the longest
path from an input node to ¢. The depth of a circuit is the depth of its output
node. Recall that a circuit is k-satisfiable if it has a satisfying assignment in
which precisely k input nodes are set to TRUE. In this example, for every d
we shall define a sentence wsaty, 4 saying in circuits of depth at most d that
they are k-satisfiable.

To this end, we inductively define a family of first-order formulas

trueg,a(Ti,. .., Tr,y)

for d > 0 such that for all circuits C, all input nodes ay,...,ar € IN¢, and
nodes b € C' of depth at most d we have

C = trueg,q(a1, ..., ar,b) <= Node b evaluates to TRUE under the as-
signment that sets ai,...,ar to TRUE
and all other input nodes to FALSE.

We let
trueg,o(x1,...,2%,y) := TRUE Yy V \/ T, =Y,
i€ (k]
and, for d > 0,
trueg g+1 (1, - -, T, Y) = trueg o(T1, ..., Tk, Y)

\/(AND y AVz(Ezy — truega(zi, ..., xr, z)))
V(ORy A Hz(Ezy A trueg,q(T1, ..., Th, z)))

V(NEGy A EIz(Ezy A —trueg a(x1,. . ., Tk, z)))
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It is not hard to see that the formulas true; q have the desired meaning. Now
we let

wsaty,q := 31 . ..kaﬂy( /\ T #F x5 N\ /\ INz; NOUTy
1<i<j<k ie[k]

A trueg q(z1, .. ., xk,y))

The reader may wonder whether we need to fix the depth d of a circuit in
order to be able to define k-satisfiability in first-order logic. We do; it can be
proved by standard techniques from finite model theory (see [87, 153]) that
there is no first-order formula wsaty, saying that a circuit of arbitrary depth
is k-satisfiable. o

Next, we shall define a few important classes of first-order formulas. The
class of all first-order formulas is denoted by FO. We occasionally consider
the following subclasses of a class ® of formulas: For a vocabulary 7, the class
®[7] consists of all formulas of vocabulary 7 in ®. For an r > 1, the class ®[r]
consists of all formulas in ® whose vocabulary has arity at most r.

Recall that an atomic formula, or atom, is a formula of the form x = y or
Rxy ...x,. A literal is an atom or a negated atom. A quantifier-free formula is
a formula that contains no quantifiers. A formula is in negation normal form
if negation symbols only occur immediately in front of atoms. A formula is in
prenex normal form if it is of the form Q11 ... Qexet), where ¥ is quantifier-
free and Q1,...,Q¢ € {3,V}.

Both ¥ and IIy denote the class of quantifier-free formulas. For ¢ > 0, we
let ;41 be the class of all formulas

dxy ... 3xk @,
where ¢ € II;, and Il;;; the class of all formulas
V... Vog ¢,

where ¢ € %;. Hence, 3x1IxoVyIzVu VusVus(Ra1yz V Rraugus V " Ryuix2)
is a Y4-formula.

Example 4.14. Consider the formulas introduced in Example 4.12: vc), is a
IT;-formula, clique, and is, are 3;-formulas. Furthermore, ve, and dsg can
easily be turned into equivalent ¥s-formulas. -

Exercise 4.15. Propositional formulas may also be viewed as circuits and
thus can be represented by Tcire-structures. Note that formulas in conjunctive
normal form (CNF-formulas for short) correspond to circuits of depth at most
3 whose output node is an ‘and’-node, which is connected to a layer of ‘or’-
nodes, which are connected with input nodes and negated input nodes.

Prove that there is a Ys-sentence wsat-cnf,, such that for every 7cire-
structure C representing a CNF-formula, C | wsat-cnf,, if and only if C is
k-satisfiable.
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We will see in Chap. 7 that there is a more sophisticated representation
of CNF-formulas by structures for which there is a ¥s-sentence saying that a
formula is k-satisfiable. =

Exercise 4.16. (a) Prove that II;-sentences are preserved under taking in-
duced substructures. That is, if a structure A satisfies a II;-sentence ¢, then
all induced substructures of A also satisfy .

(b) Prove that ;-sentences are preserved under strong embeddings. That is,
if A and B are structures and ¢ is a ¥;-sentence such that A satisfies ¢ and
there is a strong embedding from A into B, then B also satisfies ¢. -

Formulas of vocabulary 7 are strings over the (infinite) alphabet
2F‘O[‘r‘] = {’Ula V2, .. } uru {/\a \/, ) vaa ) (7 )}a

where {v1,v9, ...} is the countably infinite set of variables. The length of a for-
mula ¢ is denoted by |¢|. Formulas will often serve as inputs of computations
and therefore have to be encoded by strings over some finite alphabet; we use
the same alphabet ¥, = {0, 1, (,)} as for structures. We fix some one-to-one
mapping e : Ypop] — {0,1}* and encode a formula ¢ = ;... 0, € E;O[T]

by the string
(0) = ((e(an)) - -~ (ean)))-

If we assume that 7 C {0, 1}* as before, we can define the mapping e uniformly
over all 7, for example, by letting e(R) = OR for all relation symbols R €
{0,1}* and letting the first letter of e(a) be 1 for all other symbols. Since we
do not care about the names of the relation symbols and the indices of the
variables, we can always assume that

()] < O(lg] - log |¢).

Of course, we always have || < [{¢)].

Second-Order Logic

The difference between first-order and second-order logic is that the latter
allows quantification not only over elements of the universe of a structure
but also over subsets of the universe and even relations on the universe. Our
introduction will be very brief and informal. For more detailed treatments we
refer the reader to [87, 88].

In addition to the individual variables of first-order logic, formulas of
second-order logic may also contain relation variables, each of which has a
prescribed arity. Unary relation variables are also called set variables. We use
lowercase letters (usually z,y, z) to denote individual variables and uppercase
letters (usually XY, Z) to denote relation variables. To obtain second-order
logic, the syntax of first-order logic is enhanced by new atomic formulas of the
form Xz ...z, where X is k-ary relation variable. Quantification is allowed
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over both individual and relation variables. The semantics is defined in the
straightforward way, the meaning of the formula Xz ...z being: “The tuple

of elements interpreting (z1,...,zx) is contained in the relation interpreting
X.”
Example 4.17. For set variables X1, ..., X} the following sentence of second-

order logic says that a graph is k-colorable:

“X; is the set of \ “BEach element has exactly one color.”
elements of color i.

coly == 3X;...3Xn ww(\/xim A ~(Xiz A Xj2)

i€[k] 1<i<j<k
A /\ (Bzy — ~(Xiz A Xiy))>. -
1€ k]

“Adjacent elements do not have the same color.”

Example 4.18. For a set variable X the following sentence of second-order
logic says that a circuit is satisfiable:

sat := axvy( TRUEy — Xy) A (FALSEy = ﬂXy)

ANANDy — (Xy < Vz(Ezy — Xz)))

(

(
/\(ORy — (Xy < 3z(Ezy /\Xz)))
/\(NEGy — Xy — Jz(Ezy A —|Xz)))
(

A OUTy—>Xy)). .

Exercise 4.19. Define a second-order sentence saying that a graph has a
Hamiltonian cycle. o

The class of all second-order formulas is denoted by SO. A second-order
formula is monadic if it only contains unary relation variables. For example,
the formulas in Examples 4.17 and 4.18 are monadic. On the other hand, it can
be proved that there is no monadic second-order formula saying that a graph
has a Hamiltonian cycle. The class of all monadic second-order formulas is
denoted by MSO. Monadic second-order logic is the restriction of second-order
logic to monadic formulas. The class of all monadic second-order formulas is
denoted by MSO.

¥4 and II§ both denote the class of all second-order formulas without
any quantification over relation variables. Alternatively, X} and II} may be
viewed as the class of all “first-order formulas with free relation variables.”
In the following, it will often be convenient to allow free relation variables in
first-order formulas.” We will do so freely, and also extend classes such as ¥

"The crucial difference between first-order logic and second-order logic is not
that we have relation variables, but that we can quantify over relations.
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or II; to formulas with free relation variables. However, it will always be clear
from the context if free relation variables are allowed in first-order formulas.
For ¢ > 0, we let ¥;,; be the class of all second-order formulas

3Xp ... 33Xk @,

where ¢ € II}, and IIj; the class of all second-order formulas
VX1 . VXk @,

where p € 1.

Exercise 4.20. Prove that every Yi-formula is equivalent to a formula of the
form 3X; ...3X,,p, where p € Ils.

Hint: Generalize the idea we use in the following example: Consider the Y1i-
formula ¢ := IXVz3yVz ¢ with first-order ¢. Let Y be a binary relation
variable. Then 1 is equivalent to

' = 3AXAY (Vady Yoy AVaVyVz(Yzy — ¢)),
which is easily seen to be equivalent to a formula of the desired form. -

Exercise 4.21. Formulas of the form 3X; ... 3Xxp, where ¢ € II;, are some-
times called strict ¥i-formulas. Prove that Y1 is more expressive than strict
Y1 that is, there is a ¥1-formula not equivalent to any strict ¥i-formula.

Hint: Strict ¥{-formulas are preserved under taking induced substructures.

Exercise 4.22. Let ¢(X) be a first-order or second-order formula with a free
relation variable X, say, of arity s. The formula ¢(X) is monotone in X if for
every structure A and every relation S C A® if A = ¢(S) then A |= ¢(S') for
all 8" C A® with §" O S. The formula ¢(X) is positive in X if it is in negation
normal form and no occurrence of X in ¢ is preceded by the negation symbol.
(a) Prove that if ¢(X) is positive in X then it is monotone in X.
(b) State and prove a corresponding statement for formulas that are negative,
resp. antimonotone in a relation variable. B

4.3 The Complexity of First-Order and Second-Order
Logic

Evaluation and Model-Checking

Let ® be a class of formulas. The evaluation problem for ® is the following
problem:

EvAL(®)
Instance: A structure A and a formula ¢ € ®.
Problem: Compute p(A).
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Most of the time, we restrict our attention to the decision version of this
problem, which we call the model-checking problem for ®:

MC(®)
Instance: A structure A and a formula ¢ € ®.
Problem: Decide whether p(A) # 0.

Occasionally, we consider the restrictions EVAL(C, ®) and MC(C, ®) of the
problems EVAL(®) and MC(®) to input structures from a class C of struc-
tures.

In this section, we investigate the complexity of the problems EVAL(FO)
and MC(FO). A crucial parameter is the width of a first-oder formula ¢, which
we define to be the maximum number of free variables of a subformula of .
The width is trivially bounded by the total number of variables appearing in
©, and, of course, by the length of .

Exercise 4.23. Prove that every formula of width w is equivalent to a for-
mula in which only w variables appear. -

Theorem 4.24. EVAL(FO) and MC(FO) can be solved in time
O(lg| - [A[* - w),

where w denotes the width of the input formula .8

Proof: The recursive definition of ¢(.A) immediately gives rise to a recursive
algorithm. Observe that for a formula ¢(z1, ..., xy), computing ¢(.A) from the
immediate subformulas of ¢ requires time O(w - |A|"). For example, suppose
that
(@1, .. mk) =@y, - T ) AX(RG, -7y,

where {i1,..., 4 }U{j1,...,7s} = [k]. Suppose that {i1, ..., i }N{j1,...,Js} =
{l1,...,4}. We sort the tuples in the relations ¢(A) and x(A) lexicographi-
cally by the components /1, ..., ¢; (based on an arbitrary order of the under-
lying universe A). Then we “join” the two sorted lists to obtain ¢(.A). If we
use bucket sort, the sorting requires time O(t - |A|™{™s}). Joining the two
lists requires time O(w - |A[¥).

Since the number of subformulas of a formula ¢ is bounded by ||, this
algorithm achieves the claimed time bound. a

Corollary 4.25. Let k > 1, and let FOF denote the fragment of FO consist-
ing of all formulas with at most k variables. Then EVAL(FOF) and MC(FO¥)
can be solved in polynomial time.

8To be absolutely precise here, we have to add O(]{A)| + |{¢)|) to the running
time. Recall that (A) and (p) denote the encoding of A and ¢, respectively. This is
because the whole input has to be read to extract the relevant parts and build the
appropriate data structures used by the algorithm.
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Actually, it can be proved that MC(FO?) is complete for PTIME under log-
arithmic space reductions. Occasionally, we are interested in the restrictions
of the problem to a fixed formula ¢.

Corollary 4.26. For every first-order formula o, the following problems can
be solved in polynomial time:

EvAL,
Instance: A structure A.
Problem: Compute p(A).

MC,,
Instance: A structure A.
Problem: Decide whether p(A) # 0.

This result can be strengthened. It is not hard to see that the problem MC,
belongs to the circuit complexity class uniform-ACy.

It is worthwhile to note the following variant of Corollary 4.26 for formu-
las with free relation variables. Let ¢(z1,...,2¢, X1,...,Xm) be a first-order
formula with free individual variables among 1, ..., x; and free relation vari-
ables among X7, ..., X,,. Let 7 be the vocabulary of ¢, and, for ¢ € [m], let s;
be the arity of X;. For every 7-structure A and every tuple S = (S1,...,Sm)
of relations, where S; C A% for i € [m], we let

o(A,S1,...,5n) = {(a1,...,a0) EAK|.A)z<p(a1,...,ag,Sl,...,Sm)}.

Corollary 4.27. For every first-order formula (21, ..., 2¢, X1,..., Xm), the
following problem (and its decision version) can be solved in polynomial time:

Instance: A structure A and a tuple S = (S1,...,Sy,) of rela-
tions, where S; C Aty (Xa) for 4 € [m).
Problem: Compute p(A, S).

Let us turn to the complexity of the model-checking problem.

Proposition 4.28. (1) For everyt > 1, the problem MC(X;) is complete for
the tth level ©F of the polynomial hierarchy.
(2) MC(FO) is complete for PSPACE.

Proof: The hardness follows from Theorem 4.6: For a quantified propositional
formula 0, we let g be the first-order sentence obtained from 6 as follows:
For every propositional variable X occurring in 6, we let x,z’ be two new
individual variables. We replace each quantification QX in 6 by Qx Qx’ and
each occurrence of X in the propositional part of # by the atomic first-order
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formula x = z’. Then for every structure A with at least two elements, we
have
Al pp < 0 is TRUE.

Note that for every ¢ > 1, the formula @y is in ¥; if and only if 6 is t-
alternating. This gives a reduction proving the hardness results.

Using alternating Turing machines, it is easy to see that the model-
checking problems are contained in the respective complexity classes. a

Remark 4.29. The proof of Proposition 4.28 shows that the hardness re-
sults already hold for the restriction of the model-checking problems to input
formulas that do not contain relation symbols and to a fixed input structure
with at least two elements. -

The parameterized model-checking problem for a class ® of formulas is
defined as follows:

p-MC(®)

Instance: A structure A and a formula ¢ € ®.
Parameter: |g|.

Problem: Decide whether ¢(A) # 0.

The restriction of p-MC(®) to input structures from a class C of structures
is denoted by p-MC(C, ®).
As another immediate consequence of Theorem 4.24, we obtain:

Corollary 4.30. p-MC(FO) € XP.

Exercise 4.31. Let C be a class of structures such that p-MC(C,FO) is
fixed-parameter tractable. Prove that C is decidable in polynomial time.

Hint: Recall our treatment of problems with restricted classes of inputs (see
p. 9). -

The goal of the following exercise, which will be accomplished in part (c),
is to prove that first-order model-checking problems for unary vocabularies
are fixed-parameter tractable and hence “easy” from the parameterized point
of view. Compare this to Proposition 4.28 and Remark 4.29, which show that
such model-checking problems are PSPACE-complete and hence “hard” from
the classical point of view.

Exercise 4.32. Let 7 be a unary vocabulary and STR[r] the class of all
T-structures.

(a) Let k € N and A, B € STR][7]. Let us call two tuples (ay,...,ax) € A¥,
(b1,...,bx) € B indistinguishable if and only if for all P € 7 and 4, j € [k],

(aiEPA < biEPB) and (ai:aj <~ bi:bj).

Prove that for all (a1, ..., ax), (a},...,a}) € A the following three statements
are equivalent:
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(i) (a1,...,ax) and (af,...,a}) are indistinguishable.
(ii) For all first-order formulas ¢(z1, . .., zx) we have (A = ¢(as, ..., ax) <

AE(d, ... a})).
i) There is an automorphism h of A such that h(a;) = a} for all i € [k].

(ii
(b) Let us call two structures A, B € STR[7| k-indistinguishable if for every
a € AF there exists a b € B* such that @ and b are indistinguishable and
conversely, for every b € B* there exists a @ € A* such that @ and b are
indistinguishable.

Prove that if A and B are k-indistinguishable, then for every sentence
¢ € FO* we have A= ¢ <= Bl=o.

(¢c) Prove that p-MC(STR|[7], FO) is fixed-parameter tractable. 4

Fagin’s Theorem

In descriptive complexity theory, instances of decision problems are viewed as
structures of some vocabulary instead of languages over some finite alphabet.
In a sense, this is more general, because, as we have seen in Example 4.11,
strings can easily be represented by structures. Often, it is more natural be-
cause most problems are originally defined on structures such as graphs and
only then translated to strings. We do not distinguish between isomorphic
structures. In this section, a decision problem is an isomorphism closed class
of T-structures, for some vocabulary 7.

Then, of course, a decision problem C belongs to a complexity class K
if the language (C) := {(A) | A € C} C Z belongs to K. We say that a
problem C is definable in a logic L if there is a sentence ¢ € L such that C is
the class of all models of .

Theorem 4.33 (Fagin’s Theorem). A decision problem belongs to NP if
and only if it is definable in X1.

Note that Fagin’s Theorem not only says that there are ¥1-definable NP-
complete problems (we already saw this in the examples in Sect. 4.2), but that
all problems in NP are ¥1-definable. In other words, NP is not only the closure
of the class of ¥}-definable problems under polynomial time reductions, but
it is the class of ¥1-definable problems.

Fagin’s Theorem can be generalized to the higher levels of the polynomial
hierarchy:

Theorem 4.34. For every t > 1, a decision problem belongs to $F if and
only if it is definable in X} .

Tf for a language L C ©* we let Str(L) be the class of all 7s-structures repre-
senting strings from L as in Example 4.11, then L and (Str(L)) are equivalent with
respect to logarithmic space reductions (even lower-level reductions). Thus for the
standard complexity classes K, a language belongs to K if and only if its represen-
tation as a class of structures belongs to K.
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So we have three logical characterizations of the polynomial hierarchy. The
first of these characterizations, Theorem 4.6, is in terms of the alternating
satisfiability problem for formulas of propositional logic; the second, Propo-
sition 4.28(1), is in terms of the model-checking problem for the classes X;
of first-order formulas; and the third, Theorem 4.34, is in terms of model-
checking problems for fixed second-order formulas from the classes %}. The
first two characterizations are essentially the same, while the third is stronger
because it provides a logical description of all problems of the polynomial
hierarchy and not just a family of complete problems.

To motivate the introduction of various syntactically defined complexity
classes in different domains, it will be useful to reformulate Fagin’s Theo-
rem. Let ¢(Xy,...,Xy) be a first-order formula with free relation variables
X1,...,X¢. Let 7 be the vocabulary of ¢, and, for i € [¢], let s; be the ar-
ity of X;. A solution for ¢ in a T-structure A is a tuple S = (Si,...,Ss),
where S; C A% for i € [¢] such that A E (S). We call the following decision
problem the problem Fagin-defined by ¢:

FD,
Instance: A structure A.
Problem: Decide whether there is a solution for ¢ in A.

For a class ® C FO, we let FD-® be the class of all problems FD,,, where
o(X1,...,Xs) € ®. By Fagin’s Theorem (for the first equality) and Exer-
cise 4.20 (for the second equality), we have:

Corollary 4.35.
NP = FD-FO = FD-II;

Example 4.36. ¢-COLORABILITY is Fagin-defined by ¢(X3,...,X.), where
©(X1,...,Xc) is the formula (cf. Example 4.17):
VxVy( \/ Xix A /\ —(Xix A Xjx) A /\ (Bzy — =(X;x A le))) =
i€[c] 1<i<j<c i€lc]

The class FD-II;, which can equivalently be characterized as the class of
all problems definable by a strict ¥i-formula, is often denoted by SNP. By
Exercise 4.21, SNP is strictly contained in NP. The previous example shows
that NP is the closure of SNP under polynomial time reductions.

Exercise 4.37. Prove that FD-Y>; C PTIME. =

Exercise 4.38. Prove that for every formula p(X7, ..., Xy) there is a formula
' (X)) with just one free relation variable X such that

FD, = FD,.. -
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Many of the best-known decision problems studied in complexity theory,
such as CLIQUE, VERTEX-COVER, or DOMINATING-SET, are derived from
optimization problems. The input of such problems consists of a structure
representing the actual problem instance and a number k, and the problem is
to decide not only if a solution exists, but if a solution of the given cardinality
k exists. Such problems are more naturally defined by the following variant
of Fagin definability, which we call weighted Fagin definability—seeFagin de-
finability: Let (X)) be a formula with one free relation variable X of arity
s.

WD,

Instance: A structure A and k € N.

Problem: Decide whether there is a solution S C A® for ¢ of
cardinality |S| = k.

The restriction of WD, to input structures from a class C of structures is
denoted by WD, (C). Observe that if C is decidable in polynomial time, then
WD, (C) is reducible to WD, in polynomial time.

We could easily extend the definition of weighted Fagin-definable problems
to formulas ¢ with more than one free relation variable, but this would neither
allow us to define any interesting problems more naturally nor give us any new
theoretical insights.

For a class ® C FO, we let WD-® be the class of all problems WD,
where ¢(X) € ®. Observe that for every formula ¢(X), the problem FD,, is
polynomial time Turing reducible to WD,,.

Example 4.39. CLIQUE is WD .ji4u.(GRAPH) for the formula
clique(X) := VmVy((Xx ANXyhz#£y) — E:cy),
and hence, CLIQUE is WD ¢4y for
clique’ (X) := (gmph A clique(X)),

where graph := VaVy(—Ezx A (Exy — Eyx)) defines the class of graphs.
Thus, CLIQUE is in WD-II;. -

In the following examples and most examples that appear later in the book,
we do not include the axiomatization of the underlying class of structures
explicitly.

Example 4.40. VERTEX-COVER is WD, for the following formula:
ve(X) = VaVy(Bzy — (Xz V Xy)).

Thus, VERTEX-COVER is in WD-II;. B
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Example 4.41. DOMINATING-SET is WD 4, for the following formula:
ds(X) :=VaIy(Xy A (Byz Vy = x)).

Thus DOMINATING-SET is in WD-II,. —

Example 4.42. Recall that a hitting set of a hypergraph H is a set S of

vertices that intersects each hyperedge of H. Recall from Example 4.9 that

we represent hypergraphs as structures of vocabulary { VERT, EDGE, I}.
HITTING-SET is WDy, for the following formula:

hs(X) :=Va3y(EDGEx — (Xy A VERT y A Iyz)).

Thus HITTING-SET is in WD-IIs. -

4.4 Digression: Optimization Problems and Problems
Solvable With Limited Nondeterminism

A syntactical analysis of problems contained in a complexity class can often
reveal a fine structure within the class that is helpful to fully classify the
problems in question. The reader should be reminded that we still have not
classified parameterized problems such as p-INDEPENDENT-SET, p-CLIQUE,
p-HITTING-SET, and p-DOMINATING-SET; so far, we only know that all these
problems are contained in W[P]. We will achieve a classification of these prob-
lems and a better understanding of the fine structure of the class W[P] by
considering syntactically defined problems such as (weighted) Fagin-defined
problems and model-checking problems; they will serve as generic complete
problems for various subclasses.

However, before we do so, in this section we illustrate the main ideas of
the syntactic approach by sketching its application in two different areas,
optimization problems and limited nondeterminism.

Optimization Problems

The starting point for a syntactic analysis of optimization problems is the
class SNP, that is, the class of all problems Fagin-definable by a II;-formula.
Consider a formula ¢(X1,...,X,,) = Var .. Ve (zr, ..., 20, X1, ..., Xim)s
where ¢ is quantifier-free. The problem FD, asks for a solution S =
(S1,...,S,) in a given structure A such that A | (a,S) for all tuples
a=(ay,...,a;) € A*. A natural maximization problem associated with this
problem asks to mazimize the number of tuples @ such that A = ¥(a, S).
More generally, for every first-order formula (1, ...,z X1,..., X,,) of vo-
cabulary 7 with free individual variables x1, ..., z, and free relation variables
X1,..., X, we can define the following maximization problem:
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MAXy
Instance: A structure A.
Solutions: Tuple S = (S1,...,S5m), where §; C AMY(X) for
i € [m], such that (A, S) # 0.
Cost: |9(A,S)|.

Goal: max.

For every class ® of first-order formulas, we let MAX-® be the class of all
problems MAX,,, where ¢ € ®. Usually, theses classes are closed under suitable
approximation preserving reductions. In particular, MAXSNP is the closure
of MAX-II, under so-called L-reductions.

Example 4.43. A cut of a graph G = (G, EY) is a partition (S, SC) of the
vertex set G of G. The cost of a cut (.5, SG) is the number of edges crossing
it, that is, the number of edges (u,v) € EY such that u € S and v € St
Max-CurT is the problem of finding a cut of maximum cost.

Let cut(zy,22,X) = Exixe A Xx1 A = Xxo. Then for every graph G and
every set S C G (representing the cut (S, S)),

cut(g, S)

is the set of all edges crossing the cut, and thus |cut(G, S)| is the cost of the cut.
Thus, MAX,, is the MAX-CUT problem, and thus MAX-Cutr € MAXSNP.

Another example of a problem in MAXSNP is the maximum 3-satisfiability
problem, which asks for an assignment for a given 3-CNF formula that satisfies
the maximum number of clauses.

The crucial observation is that the syntactical form of ¢ has consequences
for the approximability of MAX,. Recall that an optimization problem is
constant approrimable if it has a polynomial time e-approximation algorithm
for some € > 0 (see Definition 1.30).

Theorem 4.44. All problems in MAXSNP are constant approximable.

We omit the proof of this theorem.

The syntactic approach to optimization problems not only yields the class
MAXSNP, but also other interesting, though less well-known classes. Kolaitis
and Thakur [147, 148] studied the classes MAX-® and the corresponding
classes MIN-® for a number of other fragments ® of first-order logic and
obtained further approximability results.

But we leave the theory of NP-optimization problems here. Let us just
note in passing the following fixed-parameter tractability result:

Exercise 4.45. Prove that for every Ilp-formula ¢(x1,...,2z¢, X1,..., Xm)
the standard parameterization (see Definition 1.27) of the problem MAX,, is
fixed-parameter tractable.

Hint: Prove that there is a constant ¢ only depending on ¢ such that for every
structure A and every tuple a € A* the probability that A = ¢(a, B), where
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the assignment B for X in A is chosen uniformly at random, is either 0 or at
least 27¢. 4

Limited Nondeterminism

Recall that NP[f], for a function f : N — N, denotes the subclass of NP con-
sisting of all decision problems that can be solved by a nondeterministic poly-
nomial time algorithm that given an input of length n makes at most f(n) non-
deterministic steps (see Definition 3.27). Observe that NP[logn] = PTIME.
Probably the most interesting of these limited nondeterministic classes is
NP[loan]. Many optimization problems give rise to problems in this class,
for example:

LoG-CLIQUE
Instance: A graph G = (V, E) and k <log||G]||.
Problem: Decide whether G has a clique of k elements.

LOG-DOMINATING-SET
Instance: A graph G = (V, E) and k <log||G]||.
Problem: Decide whether G has a dominating set of k elements.

To solve these problems, a nondeterministic algorithm guesses a subset
S of the vertex set V' of the input graph G of cardinality k¥ < log|V| and
then verifies in deterministic polynomial time that S is a clique or dominat-
ing set, respectively. Guessing the set S requires O(k - log |V|) = O(log? |V'])
nondeterministic bits.

While LOG-CLIQUE and LOG-DOMINATING-SET and related problems of
this type are in NP[logzn] “by design,” there are other natural problems for
which membership in NP [loan] is not so obvious, because their definitions
do not make any explicit reference to a logarithm. Three of the best-known
examples are the hypergraph traversal problem, the tournament dominating
set problem, and the VC-dimension problem. We only define the last two here.
A tournament is a directed graph such that for each pair of distinct vertices
v, w there is either an edge from v to w or an edge from w to v, but not both.
A dominating set of a tournament or a directed graph G = (V, E) is a subset
S C V such that for all w € V'\ S there is a v € S such that (v,w) € E.

TOURNAMENT-DOMINATING-SET
Instance: A tournament 7 and k£ € N.
Problem: Decide whether 7 has a dominating set of k elements.

The following exercise implies that TOURNAMENT-DOMINATING-SET is in
NP[logn].
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Exercise 4.46. Prove that every tournament with n vertices has a dominat-
ing set of at most [logn] elements.

Hint: Prove that a tournament 7 = (T, E) with |T| = n contains a vertex a
such that |{b € T'| Eab}| > (n —1)/2. =

We turn to the VC-dimension problem now. Let H = (V, E) be a hyper-
graph. We say that E shatters a set W C V' if

WNE:={Wne|ecE}

is the power set of W. The Vapnik—Chervonenkis dimension of H, denoted by
VC(H), is the maximum cardinality of a set W C V that is shattered by E.

VC-DIMENSION

Instance: A hypergraph H = (V, E) and k € N.

Problem: Decide whether VC(H) > k, that is, whether there is
a subset W C V of k elements that is shattered by E.

Observe that the VC-dimension of H = (V, E) with |E| < n is at most logn.
This implies that VC-DIMENSION is in NP[log®n].

Unfortunately, none of the problems in NP[log2n} we have defined so far
is known to be complete for the class NP[logzn]. Even worse, they seem
to fall into distinct subclasses of NP[log?n]. It is only known that LoG-
CLIQUE is polynomial time reducible to LOG-DOMINATING-SET and that
LoG-DOMINATING-SET is polynomial time reducible to VC-DIMENSION. Fur-
thermore, LOG-DOMINATING-SET and TOURNAMENT-DOMINATING-SET are
equivalent with respect to polynomial time reductions.

Let us try to analyze these problems using syntactical tools. We proceed
as we did for optimization problems and adapt Fagin definability to the new
situation. It is convenient here to start from the weighted version of Fagin
definability. For every first-order formula ¢(X) with one free relation variable
X of arity s, we consider the following problem:

LoG-WD,,

Instance: A structure A and k <log||A.

Problem: Decide whether there is a relation S C A% of cardi-
nality |S| = k such that A = ¢(S).

For a class @ of first-order formulas, we let LOG-WD-® be the class of
all problems LoG-WD,,, where ¢ = ¢(X) € ®. One usually studies the
closure [LOG-WD-@] ptime
reductions.

Observe that [Loc-WD-FOJPt™e C NP[log?n]. We will see in Chap. 15
that [LoG-WD-FOJPt™e — NP[log’n] would have very surprising conse-
quences in parameterized complexity theory and thus seems unlikely. So there
is not even a weak analogue of Fagin’s Theorem for NP[log®n].

of the classes LOG-WD-® under polynomial time
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Nevertheless, many of the natural problems in NP[logn] are contained
in the subclass LOG-WD-FO. We can try to classify these problems within
the hierarchy of subclasses LoG-WD-II;. For example, LOG-CLIQUE is in
LoG-WD-II;, and both LOG-DOMINATING-SET and TOURNAMENT-DOMI-
NATING-SET are in LOG-WD-IIs. It can further be proved that VC-DIMEN-
SION is polynomial time equivalent to a problem in LOG-WD-II3. Unfortu-
nately, neither of these problems seems to be complete for the respective class.
To obtain completeness results, we need a further refinement. For ¢,d > 1, let
II;/4 be the class of all II;-formulas ¢(X) with one free relation variable X
that occurs at most d times in .

Definition 4.47. For ¢t > 2, we let LOG(t] be the closure of LoG-WD-II, /;
under polynomial time reductions. The classes LOG[t], for ¢ > 1, form the
LOG-hierarchy. -

The classes LOG[2] and LOGI3] were originally introduced under the
names LOGSNP and LOGNP, respectively.

Theorem 4.48. (1) LOG-DOMINATING-SET and TOURNAMENT-DOMINAT-
ING-SET are complete for LOG[2] under polynomial time reductions.
(2) VC-DIMENSION is complete for LOG[3] under polynomial time reductions.

Theorem 4.49. LoG-CLIQUE is complete for LOG-111,5 under polynomial
time reductions.

The hierarchy of classes LOGJt], for ¢ > 2, is closely related to the concept
of bounded fixed-parameter tractability, which will be discussed in Chap. 15.
Theorem 4.48 and Theorem 4.49 will be proved there.

Exercise 4.50. Prove that LoG-WD-II,; ,; € PTIME. b

Exercise 4.51. Show that the following problem is NP[log2 nJ-complete un-
der polynomial time reductions:

Instance: A circuit C with at most log? ||C|| input nodes.
Problem: Decide whether C is satisfiable.

Hint: For the NP[log? n]-hardness use Proposition A.4 of the Appendix.

Notes

For introductory texts to mathematical logic we refer the reader to [31, 88,
131]. More specific background on descriptive complexity theory can be found
in [87, 135, 153].

The complexity of model-checking and evaluation problems for first-order
logic and various other logics has been analyzed in detail in the context of
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database theory. Vardi [205] distinguished between the combined complezity of
a model-checking problem, where both structure and formula are considered
part of the input, as in our problems MC(®), and the data complezity, where
the formula is fixed and only the structure is the input, as in our problems
MC,,. There is also a notion of expression complezity, where the structure is
fixed and the formula is the input. The complexity of model-checking problems
for FO* and other finite variable logics was studied in [86, 206].

Theorem 4.6 is due to Meyer and Stockmeyer [162, 195]. Fagin’s Theorem
is from [92], and its generalization to the higher levels of the polynomial hier-
archy is due to Stockmeyer [194]. Immerman (for example, [132, 133, 134]) and
others gave similar logical characterizations of most other standard classical
complexity classes. They have been extended to the main classes of parame-
terized complexity theory in [99, 100].

The idea of identifying interesting complexity classes by syntactic means
was first applied by Papadimitriou and Yannakakis in the context of opti-
mization problems [169]. In this article, the class MAXSNP was introduced
and Theorem 4.44 was proved. In [167], Papadimitriou and Yannakakis used
the syntactic approach to analyze problems in NP[log? n]. They identified the
classes LOG[2] and LOG[3] (under the names LOGSNP and LOGNP, respec-
tively) and proved Theorem 4.48. The LOG-hierarchy was introduced in [104].



5

Two Fundamental Hierarchies

In this chapter, we introduce two hierarchies of parameterized complexity
classes that play a central role in the theory of parameterized intractability:
the W-hierarchy and the A-hierarchy. The two hierarchies will be studied in
detail in the following chapters. The definitions of the two hierarchies are
based on two types of logically defined decision problems we have introduced
in the previous chapter: Fagin-defined problems and model-checking problems.

5.1 The W-Hierarchy

Let ¢(X) be a first-order formula with a free relation variable X of arity s.
Let

p-WDy,
Instance: A structure A and k € N.
Parameter: k.
Problem: Decide whether there is a relation S C A of car-
dinality |S| = k such that A = ¢(S5).

For a class @ of first-order formulas, we let p-WD-® be the class of all param-
eterized problems p-WD,,, where ¢ € ®.

Examples 4.39-4.42 show that p-CLIQUE and p-VERTEX-COVER are in
p-WD-II; and p-DOMINATING-SET and p-HITTING-SET are in p-WD-IIs.
Thus many natural parameterized problems are contained in p-WD-FO.

For a robust theory, one has to close the p-WD-FO and its subclasses
p-WD-II; under fpt-reductions.

Definition 5.1. For every t > 1, we let
WIt] := [p-WD-II,]"P*.

The classes W[t], for t > 1, form the W-hierarchy. -



96 5 Two Fundamental Hierarchies

Note the similarity between the W-hierarchy and the LOG-hierarchy intro-
duced in Sect. 4.4. Both hierarchies result from an attempt to analyze the
complexity of problems WD, for instances (A, k) with a “small” k. We shall
see in Chap. 15 that there are close connections between the hierarchies. In-
tuitively, the W-hierarchy structures the class W[P] in a similar way as the
LOG-hierarchy structures NP[log? n].

By Examples 4.39, 4.41, and 4.42 we get:

Example 5.2. (1) p-CLIQUE € W[1].
(2) p-DOMINATING-SET, p-HITTING-SET € W[2]. =

Proposition 5.3.
p-WD-FO C WIP].

Thus W[t] € WI[P] for every t > 1.

Proof: Let (X)) be a first-order formula, where X is s-ary. An algorithm for
the problem p-WD,, proceeds as follows: Given a structure .4 and a k € N, it
nondeterministically guesses k times a tuple in A® and then deterministically
verifies that the set S of these tuples has cardinality k& and A = ¢(S). Guessing
S requires s - k - log | A| nondeterministic bits, and the verification that A =
©(S) can be done in polynomial time by Corollary 4.27. Thus p-WD,, is in
WIP]. O

Figure 5.1 illustrates the relations among the classes we have defined so
far. From now on, we will use more schematic figures, such as Fig. 5.3 on
p- 102, to illustrate the relations among our complexity classes.

Proposition 5.4. (1) p-WD-X; C FPT.
(2) For everyt > 1, p-WD-%,4; C p-WD-II;.

Proof: To prove (1), let ¢(X) = Jz1...3zgp(x1,..., 24, X), where ¢ is
quantifier-free. Let 7 be the vocabulary of ¢ and s the arity of X.

Let A be a 7-structure. As v is quantifier-free, for every tuple a =
(a1,...,aq) € A7 and for all relations S, 5" C A% if SN {a1,...,aq}° =
S'Nn{ai,...,aq}?, then

AlE(a ) = AEv@ 9.

Thus for a k > 1, there is a relation S C A® cardinality |S| = k such that
A | ¢(a,S) if and only if there is a relation S’ C {a1,...,aq}* such that
A= y(a, s, |5 <k, and |A°\ {a1,...,aq}°| > k— 1|5

This shows that the algorithm WD-pHI (Algorithm 5.2) correctly solves
p-WD,,. Since ¢ and ¢ are fixed, the running time of the algorithm is poly-
nomial in ||A]|. This proves (1).

To prove (2), consider a ¥4 1-formula (X)) := 3z ... Jzgp(z1, ..., 24, X),
where ¢ € II;. Let 7 be the vocabulary of ¢ and s the arity of X. Without loss
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Fig. 5.1. The relations among the classes

WD-pHI(A, k)
1. for all a = (ai,...,aq) € A?
2. for all S C {a1,...,aq}° with |S| <k

3. if AE=1(a,S) and |A°\ {a1,...,aq}°| > k—|9]
4. then accept
5. reject

Algorithm 5.2. Weighted Fagin Definability

of generality we may assume that the variables z1, ..., z, are not requantified
in 1, that is, ¥ does not contain any subformulas of the form Jz;x or Vz;y,
where i € [q].

Let A be a 7-structure. Call a pair (a, S), where a € A7 and S C A®, such
that A = ¢(a, S), a witness for ¢ in A. The problem p-WD,, is simply to
decide whether in a given structure there is a witness (a, S) for ¢ with |S| = k.

The idea to rewrite this problem as a problem in p-WD-II; is to represent
a witness (@, S) by the (¢ + s)-ary relation

{a} x S.

Let Y be a new (g + s)-ary relation variable. Let 4" be the formula obtained
from v by replacing each subformula of the form

Xyr...ys by Yoi...2qy1-..Ys-

Let x be the following formula stating that the first ¢ components of all tuples
in Y are identical:
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X =V Vo sV VYgrs (Y1 s AY YL Ygps) — /\ T = yi).
i€[q]

Let
O(Y) i=xAVzr.. Vagps(Yar .. . agps — ).

Then for every T-structure A and every k > 1, there is a witness (a, .S) with
|S| = k for ¢ in A if and only if there is a relation 7' C A% with |T| = k
such that A |= ¢'(T'). Thus p-WD,, = p-WD,. Moreover, ¢’ is equivalent to
a II;-formula. O

Corollary 5.5. For everyt > 1 we have W[t] = [p-WD-3;]®".

Originally, the W-hierarchy was defined in terms of parameterized weighted
satisfiability problems instead of Fagin definable problems. Recall the hierar-
chy (4.3) of parameterized weighted satisfiability problems. It gives rise to an
alternative characterization of the W-hierarchy:

Theorem 5.6. For everyt > 1,
fpt

Wit = [{p-WSAT(Ftd) |d> 1}}

The proof of this theorem is not very difficult. Nevertheless, we defer it to
Chap. 6 (for t = 1) and Chap. 7 (for ¢ > 2), where we study the structure of
the W-hierarchy in depth.

5.2 The A-Hierarchy

Recall that the parameterized model-checking problemfor a class ® of formulas
is defined as follows:

p-MC(®)

Instance: A structure A and a formula ¢ € ®.
Parameter: |y|.

Problem: Decide whether p(A) # .

Definition 5.7. For every t > 1, we let
Alt] == [p-MC(X,)] Pt
The classes Alt], for ¢t > 1, form the A-hierarchy. -

In view of Proposition 4.28(1), the A-hierarchy can be seen as a natural ana-
logue of the polynomial hierarchy in the world of parameterized complexity
theory.
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Example 5.8. For k£ > 1, and
cliquey, :== 31 . .. Exk< /\ Ti # T A /\ Exixj),
1<i<j<k 1<i<j<k
we have for every graph G,

G E clique, <= G has a clique of k elements.

Thus the mapping (G, k) — (G, clique,) is an fpt-reduction from p-CLIQUE to
p-MC(X1). This shows that p-CLIQUE € A[l]. 4

Example 5.9. For every k > 1, the sentence

dsp :=3x1 ... kaVy< /\ x; # xj A \/ (y=a; V Exzy))
1<i<j<k i€[k]

states that a graph has a dominating set of k elements. Thus the mapping
(G, k) — (G, ds) is an fpt-reduction from p-DOMINATING-SET to p-MC(X2).
This shows that p-DOMINATING-SET € A[2]. .

Exercise 5.10. Show that p-HITTING-SET € A[2]. -

Example 5.11. The parameterized subgraph isomorphism problem is defined
as follows:

p-SUBGRAPH-ISOMORPHISM
Instance: Graphs G and H.
Parameter: The number of vertices of H.
Problem: Decide whether G has a subgraph isomorphic to H.

To prove that p-SUBGRAPH-ISOMORPHISM € A[l], for every graph H =
(H, EM™) with vertex set H = {hy,...,h;} and |H| = k, we let

suby =3z ... ka( /\ T x5 N\ /\ Exlx])
1<i<j<k 1<i<j<k
with (hi,h;)€E™

Then for every graph G,
G E suby <= G has a subgraph isomorphic to H.

Thus (G, H) — (G, suby) is an fpt-reduction from p-SUBGRAPH-ISOMORPHISM
to p-MC(X1). 4

Exercise 5.12. Define the parameterized induced subgraph isomorphism prob-
lem and the parameterized graph homomorphism problem and show that they
are both contained in A[1]. =
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Example 5.13. Let

p-VERTEX-DELETION
Instance: Graphs G and H, and k € N.
Parameter: k+ ¢, where £ is the number of vertices of H.
Problem: Decide whether it is possible to delete at most &
vertices from G such that the resulting graph has
no subgraph isomorphic to H.

This problem is a natural parameterization of a problem known as GEN-
ERALIZED-NODE-DELETION, which is complete for the second level of the
polynomial hierarchy [187, 188].

For every graph H with vertex set {h1, ..., h¢}, where the h; are pairwise
distinct, and positive integer k we let

dely 1 :=3x1 ... VY .. .Vyg( /\ T FYj —

i€(k], el
(N wiAun A Eyi?Jj))-
1<i<j<e 1<i<j<t

with (hs,h;)EE™

It is easy to see that the mapping (G, H, k) — (G, dely ;) is an fpt-reduction
from p-VERTEX-DELETION to p-MC(X2), which shows that the problem
p-VERTEX-DELETION is in A[2]. =

Example 5.14. Let X and Y be sets of vertices of a graph G. X dominates
Y if there are v € X and w € Y such that v = w or E9vw. Let

p-CLIQUE-DOMINATING-SET
Instance: A graph G and k,/ € N.
Parameter: k+ (.
Problem: Decide whether G contains a set of k vertices that
dominates every clique of ¢ elements.

For all £,/ € N we let

cdsy ¢ := 3wy ...z Vyr .. .Vy1g< /\ Ti # T

1<i<j<k

NN By~ (wi=y; VEfCiyj))>~

1<i<j<e i€[k], je[4]

Then the mapping (G, k,¢) — (G, cdsi) is an fpt-reduction from CLIQUE-
DOMINATING-SET to p-MC(X3), which shows that

p-CLIQUE-DOMINATING-SET € A[2]. 4
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Let us now turn to a few structural observations concerning the A-
hierarchy. The existential closure of a class ® of formulas is the class

AP :={3x;...Tzqp | € P, ¢ > 1, x1,...,24 variables}.
For example, for every ¢t > 0 the existential closure of II; is ¥;41.

Lemma 5.15. For every class ® of first-order formulas we have
p-MC(®) =P p-MC(EP) =7 p-MC((30),),

where (3®)g is the class of all sentences in 3P.

Proof: For any first-order formula ¢(z1,. .., x,), arbitrary variables y1, . .., yq,
and any structure A, we have

(Fy1... Fygp)(A) £ 0 = ¢(A) # 0.

The claim of the lemma immediately follows from this equivalence. a

Corollary 5.16. For every t > 1 we have A[t] = [p-MC(II,_1)]*.

Recall that by Corollary 4.30 we have p-MC(FO) € XP, which immedi-
ately implies Aft] C XP for all ¢ > 1.

Proposition 5.17.
A[l] C W[P].

Proof: We shall prove that p-MC(Ily) € W[P]. Given a structure A and
a Ip-formula @(z1,...,x¢) with free variables x1, ..., 2y, a nondeterministic
algorithm to check whether ¢(A) # 0 nondeterministically guesses a tuple
a € A’ and then verifies in polynomial time that A & ¢(a). This requires
£-log|A| < ¢l - log||A|| nondeterministic bits. O

Proposition 5.18. For everyt > 1,

WIt] C Aft +1].

Proof: Let ¢(X) be a II;-formula with one free relation variable X of arity s.
For every k > 1, let i be the X, 1-sentence

Hi‘l...Hi‘k( /\ i‘i#i‘j/\g@/),
1<i<j<k
where:

e forie€ [k|, Z, = (®i,...,Tis) is an s-tuple of variables that do not occur
in ;
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o forl<i<j<k, byz; #Z; we mean the formula Vee[s] Tie # Tio;
e ' is obtained from ¢ by replacing each subformula of the form Xy ...y,

by
\/ /\ Lij = Yj-

i€[k] jE[s]

Then for every structure 4, there is a relation S C A® with |S| = k such that
A = o(9) if and only if A | ¢f. Thus the mapping (A, k) — (A, ¢x) is an
fpt-reduction from p-WD,, to p-MC(X¢11). Thus, p-WD-II; C At + 1], and
hence, W[t] C A[t + 1]. O

We will see later that this proposition can be strengthened to W[t] C
Alt] (cf. Fig. 5.3). While this may not be surprising in view of Example 5.8,
Example 5.9 and Exercise 5.10, it is not obvious how to prove it.

FPT

Fig. 5.3. The relations among the classes (arrows indicate containment between
classes)

We may also ask whether the converse holds, that is, whether A[t] C W[t].
Let us argue that this is unlikely: While p-WD-FO and thus the defining
problems of the W-hierarchy (viewed as classical problems) are all in NP,
the problems p-MC(X;) defining the A-hierarchy are parameterizations of
problems that are complete for the levels of the polynomial hierarchy. In other
words: The W-hierarchy is a refinement of NP in the world of parameterized
complexity, while the A-hierarchy corresponds to the polynomial hierarchy.
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This lets it seem unlikely that the two coincide. (Of course, it does not prove
anything.)

Finally a note of care: While it follows immediately from the definitions
that (J,~, W[t] = [p-WD-FO]P*, it seems unlikely that

| Alf) = [p-MC(FO)).

t>1

One reason for this is that (J,», Alt] = [p-MC(FO)]'* would imply that
p-MC(FO) <t p-MC(%;) for some ¢t > 1 and thus a collapse of the A-
hierarchy to the tth level. Intuitively, the class [p-MC(FO)]'P*, which is better
known as AW[*], may be viewed as an analogue of alternating polynomial

time in the world of parameterized complexity. We will study the class AW|[x]
in Sect. 8.6.

Notes

The W-hierarchy was introduced by Downey and Fellows [79]. Its original
definition was in terms of the weighted satisfiability problem for restricted
classes of Boolean circuits. This definition is easily seen to be equivalent to
the characterization of the hierarchy in terms of the weighted satisfiability
problem for the classes I'; 4 that we gave in Theorem 5.6 (see Chap. 7 for
details). The concept of Fagin definability was introduced in [84] and further
studied in [99]. Theorem 5.6 is due to Downey et al. [84].

The A-hierarchy was introduced in [99], originally in terms of the param-
eterized halting problem for alternating Turing machines. The equivalence of
the two definitions (Theorem 8.1 in this book) was proved in [99)].
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The First Level of the Hierarchies

Recall that the W-hierarchy, defined in terms of Fagin definability, may be
viewed as a refinement of NP in the world of parameterized complexity theory,
whereas the A-hierarchy, defined in terms of model-checking problems, may be
viewed as a parameterized analogue of the polynomial hierarchy. Nevertheless,
in this section we shall prove that the first levels of both hierarchies coincide,
that is,

W[1] = A[1].

The class W[1] (or A[1]) is arguably the most important class of intractable
parameterized problems, simply because so many prominent problems are
complete for this class. Examples are the parameterized clique problem and
the halting problem for nondeterministic Turing machines with a single tape
parameterized by the number of steps of a computation.

We will prove the equality between W[1] and A[1] in the last section of
this chapter. In the first three sections, we will develop the theory of A[1].
The reader should keep in mind that results on A[1] are results on W[1], and
in fact, in subsequent chapters they will often be used in the context of the
W-hierarchy. The reason for our emphasis on A[1] here is technical; proving
membership in the class (and also completeness) is often much easier through
the model-checking problem underlying A[1].

We start by proving a few important A[1]-completeness results in Sect. 6.1.
The main result of Sect. 6.2 is a machine characterization of A[1]. Not sur-
prisingly, this characterization is obtained by suitably restricting W[P], and
it illustrates nicely how A[1] is embedded into W[P]. The machine character-
ization of A[1] can be conveniently used to prove membership of a number of
further problems in A[1]. In Sect. 6.3, we characterize A[1] in terms of proposi-
tional logic; this characterization was Downey and Fellows’ original definition
of the class. Finally, in Sect. 6.4 we prove that W[1] = A[1].
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6.1 A[1]-Complete Problems

Recall that A[l] is the class of all problems that are fpt-reducible to the
parameterized model-checking problem for 3;-formulas,

A1) = [p-MC(S,)].

In Example 5.8 we saw that the parameterized clique problem p-CLIQUE is
contained in A[1].

Theorem 6.1. p-CLIQUE is A[l]-complete under fpt-reductions.
We defer the somewhat lengthy hardness proof to the end of this section.
Corollary 6.2. p-INDEPENDENT-SET is A[l]-complete under fpt-reductions.

CLIQUE and INDEPENDENT-SET are specific examples of a whole family of
problems known as homomorphism and embedding (or substructure isomor-
phism) problems. Recall from p. 73 that a homomorphism from a T-structure
A to a T-structure B is a mapping that preserves membership in all relations.
A strong homomorphism also preserves nonmembership in all relations, and
a (strong) embedding is a (strong) homomorphism that is one-to-one.

The (strong) homomorphism problem asks whether there is a (strong) ho-
momorphism from a given structure A to a given structure B, and, similarly,
the (strong) embedding problem asks for a (strong) embedding. We param-
eterize these problems by the size of A and denote the resulting problems
by p-HoMm, p-STRONG-HOM, p-EMB, and p-STRONG-EMB, respectively. For
example:

p-Hom
Instance: Structures A and B.
Parameter: ||A||.
Problem: Decide whether there exists a homomorphism from A

to B.

Clearly, if A and B have different vocabularies, then (A, B) is a “no”-instance
of any of these problems. So we can always assume that the two input struc-
tures have the same vocabulary. Note, however, that this vocabulary is not
fixed in advance, but is part of the input.

Theorem 6.3. p-HOM, p-STRONG-HOM, p-EMB, and p-STRONG-EMB are
A[l]-complete under fpt-reductions.

Proof: Let Ky, be the complete graph with & vertices. Then for every graph
G, the following five statements are equivalent:

(i) G has a clique of k elements.
(ii) There is a homomorphism from K, to G.
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(iii) There is a strong homomorphism from Ky to G.
(iv) There is an embedding of Kj, into G.
(v) There is a strong embedding of Ky, into G.

This yields a reduction from p-CLIQUE to all four problems in the statement
of the theorem and thus shows their A[1]-hardness.

To prove that the problems are contained in A[l], we reduce them to
p-MC(X1). We use the same idea as in Example 5.11, where we showed that
the parameterized subgraph isomorphism problem is contained in A[l]. For
every T-structure A with universe A = {aq, ..., a¢} of cardinality ¢, we define
the quantifier-free formula

PA = /\ /\ Rl’il e Ty

ReT 1<y yeenyin <L
with (ail,“.,aiT)ERA

Then for every 7-structure B with universe B and every mapping h: A — B,
h is a homomorphism <= B pa(h(ai),...,h(ar)).

Thus there is a homomorphism from A to B if and only if B |= 31 ... 3z, p.4.
Since ¢ 4 can be computed from A, this yields an fpt-reduction from p-Hom
to p-MC(Xq).

To reduce p-STRONG-HOM to p-MC(X1), we proceed completely analo-
gously using the formula

YA = /\ ( /\ Rxy, ...z, A /\ Rz, xlr)

Rer 1<iy,eenyin <O 1<iy,eeyin <O
with (s, ,...,ai, )ER™ with (@, ,...,a:, )gR™

instead of ¢ 4. To reduce p-EMB and p-STRONG-EMB, we use the formulas
w4 AXx7 and 4 A X7, where

}(7é = /\ Xy = Ty O
1<i<j<L

Exercise 6.4. (a) Prove that for every vocabulary 7 that contains at least
one at least binary relation symbol, the following restriction of p-HoM is A[1]-
complete:

Instance: t-structures A and B.
Parameter: ||All.
Problem: Decide whether there exists a homomorphism from A
to B.

(b) Prove that the problem considered in (a) remains A[l]-complete if we
parameterize it by |A| instead of ||.A]l.

(c) Prove that the following parameterization of HOM is A[1]-complete:
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Instance: Structures A and B.
Parameter: |A|.
Problem: Decide whether there exists a homomorphism from A
to B.

Hint: Show that the vocabulary of the input structures can be assumed to
consist of at most k-ary relations and then argue similarly as in (b). -

The next problem that we prove to be A[l]-complete is a parameteriza-
tion of the problem VC-DIMENSION of computing the Vapnik—Chervonenkis
dimension of a family of sets. We have seen in Theorem 4.48(2) that the
(unparameterized) problem plays an interesting role in the context of lim-
ited nondeterminism; it is complete for the subclass LOG[3] of NP[log® n].
Recall the definitions regarding VC-dimension from p. 91. The parameterized
VC-dimension problem is defined as follows:

p-VC-DIMENSION
Instance: A hypergraph H = (V, E) and k € N.
Parameter: k.
Problem: Decide whether VC(H) > k, that is, whether there is a
subset of V' of cardinality k that is shattered by F.

Theorem 6.5. p-VC-DIMENSION is A[l]-complete under fpt-reductions.

Proof: In Example 4.9, we saw how to represent a hypergraph H = (V, E) as a
{VERT, EDGE, I }-structure H' = (H', VERT"" , EDGE™ | I}, where H' =
VUE, VERTY =V, EDGE" = E, and I = {(v,e) |vEV, e€ E, v € e}.

For k € N, let My,..., My be a list of all subsets of [k] = {1,...,k}. Then

we have
VC(H) > k — H E o,

where ¢ is the following X;-sentence expressing that there are vertices
Z1,...,2; and hyperedges 41, ..., yor such that every y; behaves with respect
to x1,...,zr as M; does with respect to 1,..., k:

on = Elxl...ﬂxkﬂyl...zly2k< N VERTz;n /\ EDGEy;

i€[k] J€[2¥]
A /\ ( /\ I.Tiyj/\ /\ —\I.%‘iyj>).
Je2¥]  i€lk] i€[k]
i€M; Z¢MJ

The mapping (H, k) — (H', px) is an fpt-reduction from p-VC-DIMENSION
to p-MC(X1).
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To prove the A[1]-hardness we reduce p-CLIQUE to p-VC-DIMENSION. Let
G = (V, E) be a graph and k € N. Without loss of generality we may assume
that |V| > k > 4. We construct a hypergraph H = (W, F') such that

G has a clique of k elements <= VC(H) > k. (6.1)

Welet W :=V x [k]. For X C W and j = 1,2 we let 7;(X) be the projection
of X to the jth component. We construct F' with the idea in mind that a
subset X of W is shattered by F if and only if the set 7 (X) is a clique in G.
For this purpose, we let F' := F5 U Flzo, where F; will take care of the subsets
of X of cardinality 2 and Flzp of all other subsets of X; we let

Fy = {{(v,z),(w,])} ‘ {v,w} € Eand i,j€ [k]},
Fis = {V x L| LC[k], |L| #2}.

We have |F| € O(|V|? - k2 + 2F). Thus once we have verified (6.1), we know
that (G, k) — (H, k) is an fpt-reduction from p-CLIQUE to p-VC-DIMENSION.

To prove (6.1), assume first that K = {v1,..., v} is a clique of k elements
inG. Let X := {(v1,1),..., (vg, k)}. We claim that F' shatters X. In fact, let ¥’
be an arbitrary subset of X, say, of cardinality ¢. Clearly, |m2(Y)| = £. If £ # 2,
thene:=V xm(Y) € Fupand Y = X Ne. If £ =2, say, Y = {(v;,19), (vj,5)}
with ¢ # j, then {v;,v;} € E because K is a clique. Hence Y € F, and, of
course, Y = X NY.

For the converse direction, let X be a k-element subset of W that is shat-
tered by F. We want to show that w1 (X) is a clique of k elements. We first
note that for this purpose it suffices to show that |m2(X)| = k: Indeed, if
|m2(X)| = k then X = {(v1,1),..., (vg, k)} for some vy,...,v; € V. Hence,
for any L C [k], the intersection X N(V x L) contains |L| elements. Therefore,
for distinct 4, j € [k], we have {(v;,1), (vj,7)} = X Ne for some e € F5. Thus
{vi,v;} € E. This implies that {v1,...,vx} is a clique of k elements in G.

It remains to prove that |me(X)| = k. Suppose for contradiction that
|m2(X)| < k. Since k > 4 there are i,j,m € [k] and v,w,z,y € V
such that (v,), (w,4), (z,J), (y,m) are pairwise distinct elements of X. Set
Y :={(w,1), (x,7), (y,m)}. Since |Y| = 3 there must be a hyperedge e € F.zo
with Y = X Ne. Hence e = V x L for some L with ¢ € L. But then,
(v,i) € (X Ne)\ Y, a contradiction. O

Exercise 6.6. Prove that the following problem is A[l]-complete under fpt-
reductions:

p-SET-PACKING
Instance: A family F of sets and k € N.
Parameter: k.
Problem: Decide whether F' contains at least k pairwise dis-
joint sets.
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Exercise 6.7. Prove that the following parameterization of the homomor-
phism problem is para-NP-complete under fpt-reductions:

Instance: Structures A and B.
Parameter: ||B]|.
Problem: Decide if there is a homomorphism from A to B.

Hint: Reduce 3-COLORABILITY to this problem. -

Exercise 6.8. Prove that the following parameterization of the strong ho-
momorphism problem is fixed-parameter tractable:

Instance: Structures A and B.
Parameter: ||B]|.
Problem: Decide if there is a strong homomorphism from A

to B.

Hint: Let A and B be 7 structures. Call elements a,a’ € A equivalent if for
all r-ary R € 7, all (ay,...,a,) € A", and all ¢ € [r],

A / A
(a1,...,0i-1,0,0i41,...,0;) € R <= (a1,...,ai—1,a ,a;i11,...,a,;) € R".

Intuitively, a and a’ are equivalent if and only if they have the same neigh-
borhood. Prove that if there is a strong homomorphism A from A to B and
a and ' are equivalent, then there is a strong homomorphism h from A to B
with h(a) = h(a’).

Furthermore, for all a,a’ € A, if h is a strong homomorphism from A to
B with h(a) = h(a’), then a and o’ are equivalent.

Use these two observations to design a kernelization (cf. Definition 1.38)
that reduces a given instance (A, B) to an equivalent instance (A’, B) with
|A’| < |B. =

Exercise 6.9. A conjunctive query (or positive primitive formula) is a first-
order formula of the form 3z ...3z,, (Y1 A ... Aty,), where 91, ... 1, are
atoms. Conjunctive queries are a very important class of relational database
queries. The following problem is a natural decision version of the problem of
evaluating a conjunctive query in a relational database, which is nothing but
a relational structure:

p-CONJUNCTIVE-QUERY-EVALUATION
Instance: A structure A, a tuple (a1,...,a;) € A%, and a

conjunctive query ¢(yi1,...,ys).
Parameter: |¢|.

Problem: Decide whether A = ¢(aq,...,ar).

Prove that p-CONJUNCTIVE-QUERY-EVALUATION is W([1]-complete under fpt-
reductions. B
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Exercise 6.10. A conjunctive query ¢(y1,...,ye¢) is contained in a conjunc-

tive query 9 (y1, ..., ye) of the same vocabulary, say 7, if for every r-structure

A we have ¢(A) C 9(A). The problem of deciding containment between

queries has applications in query optimization We consider two different pa-

rameterizations of the conjunctive query containment problem:

(a) Prove that the following parameterization of the containment problem is
para-NP-complete under fpt-reductions:

p-CONJUNCTIVE-QUERY-CONTAINMENT-1
Instance: Conjunctive queries ¢ and ).
Parameter: |y|.
Problem: Decide whether ¢ is contained in .

(b) Prove that the following parameterization of the containment problem is
All]-complete under fpt-reductions:

p-CONJUNCTIVE-QUERY-CONTAINMENT-11
Instance: Conjunctive queries ¢ and ).
Parameter: |9|.
Problem: Decide whether ¢ is contained in 1.

Hint: Associate a T-structure A, with every conjunctive query x of vocabulary
7 in such a way that there is a homomorphism from Ay to A, if and only if
© is contained in . -

Proof of Theorem 6.1

Recalling that p-CLIQUE € A[l] was proved in Example 5.8, we only need to
prove that p-CLIQUE is A[1]-hard. We shall reduce p-MC(X;) to p-CLIQUE in
three steps. Let ©] be the class of ¥;-formulas without the negation symbols
and X1[2] the class of ¥;-formulas whose vocabulary is at most binary. We
shall prove

p-MC(Z;) <Pt p-MC(Z7) (Lemma 6.11)
<fpt p-MC(X1[2]) (Lemma 6.13)
<Pt 5 CLIQUE. (Lemma 6.14).

Lemma 6.11. p-MC(X;) <P* p-MC(3]).

Proof: Let (A, ) be an instance of p-MC(X;). Without loss of generality we
may assume that ¢ is in negation normal form (that is, all negation symbols
in ¢ are in front of atomic subformulas). Note that it is not possible to simply
introduce a new relation symbol for every R in the vocabulary of A and inter-
pret it by the complement of R, because if we have no a priori bound on the
arity of a relation, the size of its complement is not necessarily polynomially
bounded in the size of the relation.
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We give an fpt-reduction mapping (A, ) to a pair (A’, ') with (A4 E
o <= A ), where ¢’ is a X -formula.

Let 7 be the vocabulary of A. The vocabulary 7" D 7 of A’ extends 7 by a
new binary relation symbol <, and for every R € T, say, of arity r, two r-ary
relation symbols Ry, R; and one 2r-ary relation symbol R,. The 7/-structure
A’ is an expansion of A, that is, its universe is A, and RA = RA for every
R € 7. The new relation symbols are interpreted as follows: <A isan arbitrary
linear order of the universe A. For every r-ary R € 7, the relation R]’ﬁ‘/ only
contains one tuple, the lexicographically first element of R4 with respect to
<A". The relation RlAl contains the lexicographically last element of RA. (The
relations R]“?V and RZAI are empty in case R“ is empty.) The relation R;‘V is
the successor relation on R* associated with the lexicographical order on A",
that is, Rf/ contains (a, b) if and only if (@ € R4, b € R4, a is less than b, and
no tuple in R4 is between @ and b). Note that the size of A’ is polynomially
bounded in the size of 4 no matter what the arities of the relations are.

The crucial observation we use to eliminate negative occurrences of R is
the following: A tuple @ € A” is not contained in R4 if it is lexicographically
smaller than the first element of R4, or it is strictly between two successive
elements of R4, or it is larger than the last element of R“. This can be
expressed positively in A’.

We first define a positive quantifier-free formula lez-smaller, (g, z) of vo-
cabulary 7' expressing that ¢ is less than z in the lexicographical order of the
r-tuples:

lez-smaller, (g, z) = \/ (yi < zi A /\ Yj = 2j).
i€[r] jE[i—1]

In the following, we abbreviate lez-smaller,. (7, Z) by § <, Z.

Now we replace every negative occurrence — Rz ...z, of R in o. If R4
is empty, then Rz ...x, always gets the value TRUE in A and we replace
occurrences of =Rz ...z, by 1 = x1. Otherwise, we replace every occurrence
of =Rxy ...z, by

Fyr.. FyeTzr . T (REG AT <r §)
V(RGZAG <r TANT <y 2) (6.2)
V(RiZ A Z <, T)),

and every subformula -z = y by (z < y Vy < ). The resulting formula is
easily seen to be equivalent to a ¥ -formula ¢. Clearly, (A E ¢ <= A’ =

©'). 0

Definition 6.12. Let 7 be a vocabulary, and let 7; be the vocabulary that
contains a unary relation symbol Pg for every R € 7 and binary relation
symbols FE1,..., Es, where s is the arity of 7.

The incidence structure (or bipartite structure) of a T-structure A is the
Tr-structure A; defined as follows:
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e The universe A; of A; contains the elements of A and new elements bg 5
for all R € 7 and a € RA.

e Fori € [s], the relation E/* consists of all pairs (a;,br.a), where R € T
has arity » > i and @ = (ay,...,a,) € R4

e For R € 7, the relation Pjs" consists of all elements b ;, where a € RA A

Observe that for every structure A we have
A € O(JAl]),
and A; can be computed from A in linear time.
Lemma 6.13. p-MC(Z]) <Pt p-MC(3][2]).
Proof: Let (A, ¢) be an instance of p-MC(X]). Let A; be the incidence struc-
ture of .A. We define a sentence p; € X1 [2] such that (A = ¢ <= A; = ¢1).

We let 1 be a ¥ -formula equivalent to the formula obtained from ¢ by
replacing every atomic formula Rz ...z, by

Jy(Pry A Erz1y A ... A Epzpy).

Clearly, (A |E ¢ <= A1 = ¢1). O
Lemma 6.14. p-MC(X;[2]) <* p-CLIQUE.

Proof: Let (A, ¢) be an instance of p-MC(31[2]).
Let us first assume that ¢ has the form

oy .. B [\ N, (6.3)
icl
where the \; are literals. By adding a dummy variable if necessary, we can
assume that k > 2. We shall define a graph G(A, ¢) such that
AlE ¢ < G(A, p) contains a clique of k elements. (6.4)

The vertex set of G = G(A, ) is V= Ax [k]. Fora,be Aand1 <r <s<k

there is an edge between (a,r) and (b, s) if and only if for all ¢ € I such that

the variables of \; are among ., zs, A\; = A\;(2,, x5), we have A = \;(a, b).
Then for all aq,...,ar € A we have (recall that k > 2)

A’:/\/\i(al,...,ak) — {(a1,1),...,(ar, k)} is a clique in G.

el

Since any clique of G of cardinality & must contain an element (a, j) for every
j € [k], this equivalence yields the desired equivalence (6.4).
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Now let (A, ) be an instance of p-MC(31[2]) with an arbitrary ¥;[2]-
sentence . We first transform ¢ to an equivalent ;[2]-formula ¢’ whose
quantifier-free part is in disjunctive normal form, say,

@/:Hl‘l...al‘k\/ /\A]Z

jeJiel

Then ¢ is equivalent to \/,c; 3z1 ... 3z Ny Aji For j € J, we set ¢; =
3wy ... 3w \jc; Aji- Then, each @ is a Xi-sentence of the form (6.3). We let
the graph G be the disjoint union of the graphs G(A, ;) for j € J. One easily
verifies that G has a clique of k elements if and only if A = ¢. O

6.2 A[1] and Machines

First, we show that the halting problem for nondeterministic single-tape Tur-
ing machines parameterized by the number of computation steps is A[1]-
complete. Afterwards we present a machine characterization of A[l].

We introduce the parameterized problem p-SHORT-NSTM-HALT, the
short halting problem for nondeterministic single-tape Turing machines:

p-SHORT-NSTM-HALT
Instance: A nondeterministic single-tape Turing machine M
and k € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most k steps.

In Chap. 7 (Theorem 7.28) we will see that the corresponding halting
problem for arbitrary (that is, multitape) nondeterministic Turing machines
is complete for the class W[2] and thus not in A[1] (=WT[1]) unless the first two
levels of the W-hierarchy coincide. The following exercises contain variants of
p-SHORT-NSTM-HALT that are fixed-parameter tractable.

Exercise 6.15. Show that for every fixed alphabet X the parameterized short
halting problem for nondeterministic single-tape Turing machines and with
alphabet X is fixed-parameter tractable. -

Exercise 6.16. Show that the parameterized short halting problem restricted
to nondeterministic single-tape Turing machines that, in any configuration,
allow at most two transitions, is fixed-parameter tractable. -

Theorem 6.17. The halting problem p-SHORT-NSTM-HALT is A[l]-com-
plete under fpt-reductions.
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Proof: We prove hardness by showing that the parameterized clique problem
p-CLIQUE is reducible to p-SHORT-NSTM-HALT. Let (G, k) be an instance of
p-CLIQUE. We let M(G, k) be a nondeterministic single-tape Turing machine
whose alphabet is the vertex set V' of G. On empty input, the machine first
guesses k vertices of G and writes them on its tape. Then it deterministically
checks that they form a clique of cardinality k£ in G. This can all be done in
O(k?) computation steps. This yields the desired reduction.

We prove that p-SHORT-NSTM-HALT € A[l] by reducing p-SHORT-
NSTM-HALT to p-MC(X;). Suppose that we are given an instance (M, k)
of p-SHORT-NSTM-HALT. We shall define a structure Ay and a X;-sentence
@k such that

(M, k) € p-SHORT-NSTM-HALT <= Ay E ¢k.

Let M = (S,%, A, 50, F') consist of the set S of states, the alphabet %, the
initial state sg € 9, the set F' of accepting states, and the transition relation
A CSx(BU{S$,0}) x Sx (ZU{S$}) x {left, right, stay}. Here $,0 ¢ ¥ denote
the left end marker and the blank symbol, respectively (cf. the Appendix for
details).

Let

7 :={BLANK, END, INIT, ACC, Py, ..., Puy1, LEFT, RIGHT, STAYY,

where BLANK, END, INIT, ACC, Py,..., Pry1 are unary relation symbols
and LEFT, RIGHT, STAY are 4-ary relation symbols. The 7-structure A4 =
A is defined as follows:

The universe is A := (XU {$,0}) USU [k +1].

BLANK* := {00}, END* :={$}, INIT* :={so}, ACC*:=F.
PA = {i} fori € [0,k +1].

LEFT" .= {(s,a,8',d) | (s,a,s',d left) € A},

RIGHT* := {(s,a,s’,a’) | (s,a,s,a, right) € A},

STAYA = {(s,a,s’,a’) | (s,a,s,d, stay) € A}.

Here we describe configurations of the machine M that, besides the Oth cell
always carrying the end marker $, only involve the cells 1,...,k + 1 of the

tape as (k + 3)-tuples (s,p,ai,...,ak+1), where s € S is the current state,
p € [0,k 4+ 1] is the head position, and ai,...,ax+1 € (X U {}) are the
symbols written on the cells 1,...,k + 1. Since we are only interested in k-

step computations, we never have to consider configurations that involve other
cells.

The following quantifier-free formula init states that (x,y, z1,..., zk+1) is
the initial configuration:

init(z,y,21,. .., 2r41) == INITx APy A [\ BLANKz;.
i€ [k+1]
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We define a quantifier-free formula trans(z,y, 21, . . ., 2k+1, 2y, 21, - -+, 21 41)
stating that a transition from configuration (z,y, z1, . . ., 2k+1) to configuration
(«',y', 21,..., 2,4,) is possible. The formula trans is a disjunction of three

formulas left, right, stay, where, for example,

left := \/ (Piy A Pi_1y' A LEFTxz;x' 2 N /\ zj = 25).
i€[k] JE[k+1]
J#i
The definition of the formula right is slightly more complicated because we
have to deal with the left end of the tape separately. Now we let ¢y be

31’132}13211 e 321k+1 31’23:[/23221 e 322k+1 e

3xk+13yk+13zk+11 -~-32k+1k+1 (z’m’t(ml,yl,zn,...,z1k+1) A \/ (ACC.’L‘]
JElk+1]

A /\ tmnS(xi,yz‘,Zil,~-~7Zik+1,13z‘+1,yi+1,2¢+11,-~-’Zi+1k+1))>-
i€[j—1]

It is easy to see that
M accepts in < k steps < A = @y.

Furthermore, the length of ¢y, is O(k?). Thus the mapping (M, k) — (A, k)
is an fpt-reduction. ]

This is a good place to emphasize the obvious fact that A[1]-completeness
of a parameterized problem is by no means tied to NP-completeness of the
corresponding unparameterized problem. If the input integer k is given in
binary, then the problem SHORT-NSTM-HALT is complete for the class
NTIME(29(™)) and thus provably not in NP (by the nondeterministic time
hierarchy theorem, cf. the Appendix). On the other hand, in Theorem 6.5 we
showed that the problem p-VC-DIMENSION is A[l]-complete; its unparame-
terized version belongs to the class NP[log2 n] and therefore is most likely not
NP-hard.

Exercise 6.18. A tile over a set C of colors is a quadruple ¢ = (¢4, ¢, p, 1) €
C* (we think of ¢, ¢, cp,c; as the colors of the top, right, bottom, and left
side of the tile ¢, respectively). Let T be a set of tiles over C. A k X k-square
tiling with tiles from T is a mapping f : [k] x [k] — T such that for 1 <i <k,
1<j<k-1,wehave f(i,j)r = f(i,j+1),and for 1 <i<k—-1,1<j <k,
we have f(i,5)i = f(i + 1, ).
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Prove that the following problem is A[1]-complete under fpt-reductions:

P-SQUARE-TILING
Instance: A set T of tiles over a set C' of colors and k € N.
Parameter: k.
Problem: Decide whether there is a k x k-square tiling with
tiles from 7.

Hint: For the hardness proof, reduce p-SHORT-NSTM-HALT to p-SQUARE-
TILING. To be able to fix the initial configuration, use a new set of tiles for
each of the k£ configurations describing a run of the nondeterministic Turing
machine. -

A Machine Characterization of A[l]

By Theorem 6.17, a parameterized problem (Q, ) is in A[1] if and only if there
is an fpt-algorithm computing for every instance x of ) a nondeterministic
Turing machine M, and a natural number k, with k, < g(x(x)) for some
computable g such that

T € QQ < M, accepts the empty string in < k, steps.

This shows that there is a nondeterministic algorithm A deciding if z € @ in
at most f(k(x)) - p(|z|) steps: It first deterministically computes M, and k,
and then simulates at most k, (nondeterministic) steps of M. Therefore the
nondeterministic steps of this algorithm A are among the last g(k(x)) steps
of the computation. We will see that all problems in W[1] can be solved by
an algorithm whose nondeterministic steps are among the “last” steps of the
computation, where “last” means that the number of these steps is bounded
in terms of the parameter. This is the crucial property that distinguishes
problems in W[1] from problems in W[P].

Implementing our algorithm A on a nondeterministic Turing machine M
is not as straightforward as we might hope, because the size (of the alphabet,
of the state space, et cetera) of M, depends on the input z (and not only on
k(z)). Therefore, we cannot bound the number of nondeterministic steps of
M in terms of the parameter only. For this purpose, we need a machine model
able to handle, say, arbitrary numbers in one step. We use a nondeterministic
random access machine model. It is based on a standard deterministic random
access machine (RAM) model. Registers store nonnegative integers. Register
0 is the accumulator. The arithmetic operations are addition, subtraction
(cut off at 0), and division by two (rounded off), and we use a uniform cost
measure. More details are given in the Appendix.

We define a nondeterministic RAM, or NRAM, to be a RAM with an
additional instruction “GUESS” whose semantics is:

Guess a natural number less than or equal to the number stored in the
accumulator and store it in the accumulator.
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Acceptance of an input by an NRAM program is defined as usually for non-
deterministic machines. Steps of a computation of an NRAM that execute a
GUESS instruction are called nondeterministic steps.

While this form of nondeterminism may seem unnatural at first sight, we
would like to argue that it is very natural in many typical “applications”
of nondeterminism. For example, a nondeterministic algorithm for finding
a clique in a graph guesses a sequence of vertices of the graph and then
verifies that these vertices indeed form a clique. Such an algorithm is much
easier implemented on a machine that can guess the numbers representing the
vertices of a graph at once, rather than guessing their bits.

Definition 6.19. Let x : ©* — N be a parameterization."An NRAM pro-

gram P is k-restricted if there are computable functions f and g and a poly-

nomial p(X) such that on every run with input « € ¥* the program P

e performs at most f(k) - p(n) steps, at most g(k) of them being nondeter-
ministic;

e uses at most the first f(k) - p(n) registers;

e contains numbers < f(k) - p(n) in any register at any time.

Here n := |z|, and k := k(x). 4

Exercise 6.20. Let (Q, k) be a parameterized problem. Prove that (Q, k) €
WIP] if and only if there is a x-restricted NRAM program deciding (Q, k).

Hint: For one direction, simulate the g(k(z)) “guesses” of the NRAM by
g(k(z))-log |x| nondeterministic steps of a Turing machine. Conversely, replace
the g(k(z)) - log|z| nondeterministic steps of a Turing machine by g(k(zx))
executions of the GUESS instruction. -

Definition 6.21. A k-restricted NRAM program P is tail-nondeterministic if
there is a computable function h such that for every run of P on any input z all

nondeterministic steps are among the last h(x(x)) steps of the computation.
_|

Tail-nondeterminism alone implies that the number of nondeterministic steps
is bounded in terms of the parameter, so for tail-nondeterministic s-restricted
NRAM programs we do not need the function g of Definition 6.19.

The machine characterization of A[1] reads as follows:

Theorem 6.22. Let (Q), k) be a parameterized problem. Then (Q, k) € A[l]
if and only if there is a tail-nondeterministic rk-restricted NRAM program
deciding (Q, k).

Proof: First assume that (Q,x) € A[1]. Then, by Theorem 6.17, (Q, ) <Pt
p-SHORT-NSTM-HALT. Hence, there are computable functions f and g, a

'Recall that a random access machine only operates with nonnegative integers.
Thus we have to identify the letters of the alphabet ¥ = {a1, ..., am} with numbers,
say, a; with .
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polynomial p(X), and an algorithm assigning to every instance = of @, in
time < f(k) - p(n) (where n := |z| and k := k(x)), a nondeterministic Turing
machine M, with a single tape and a natural number k, < g(k) such that

T € Q < M, accepts the empty string in at most k, steps.

We can assume that the states and the symbols of the alphabet of M, are
natural numbers < f(k) - p(n). On input z, the desired s-restricted NRAM
program proceeds as follows:

1. It computes M, and k..

2. It guesses a sequence of k, configurations of M.

3. It verifies that the sequence of guessed configurations describes an accept-
ing computation of M.

Line 1 can be carried out by a deterministic fpt-algorithm (the reduction from
(Q, k) to p-SHORT-NSTM-HALT). The number of steps needed by line 2 and
line 3 can be bounded in terms of k, and hence in terms of k. Therefore, the
program is tail-nondeterministic.

For the converse direction, assume that the tail-nondeterministic x-restrict-
ed NRAM program P decides (Q, x). We shall prove that (Q, k) <* p-SHORT-
NSTM-HALT. Choose a computable function f and a polynomial p(X) for P
according to Definition 6.19 and a computable function h according to Defi-
nition 6.21.

Let x be an instance of (@, k) and n := |z|, k := k(x). We shall define
a Turing machine M, that simulates the last steps of the computation of
P on input x starting with the first nondeterministic step. Thus we have to
simulate at most h(k) steps. Let s; be the first nondeterministic step of the
computation of P on input =x.

The program P, the value of the program counter before the execution of
step s1 (that is, the line of the program that is executed in step s1), and the
contents of all registers will be hardwired in M. For each step s > s; of the
computation of P, the machine M, writes on its tape which register changes
in step s and what its new contents is. Thus the contents of the tape of M, at
any step of the computation will be a sequence of pairs (r,i), where r is the
address of a register and 7 its new contents. Note that by the choice of f and
p, only numbers in the range 0,..., f(k) - p(n) can occur as register addresses
or contents during the computation of P. The alphabet of M, consists of the
numbers 0, ..., f(k) - p(n) and a separator symbol, #.

To simulate a single step of the computation of P, the machine M, reads
its tape to check if any of the registers involved in that step of the computation
have changed since step s;. If they have, it finds their current values. Then it
writes the new value of the register that is changed back to the tape. All this
can be easily implemented on a Turing machine with a transition table of size
polynomial in f(k) - p(n). O
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The machine characterization can be conveniently used to prove that fur-
ther problems are in A[l]. As an example, we consider the parameterized
perfect code problem. A perfect code in a graph G = (V,E) isaset C CV
of vertices such that for each vertex v € V there is precisely one vertex in
N(v) N C, where N(v) :={w | w=wv or {v,w} € E}.

p-PERFECT-CODE
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a perfect code of cardinality k.

Theorem 6.23. p-PERFECT-CODE is A[l]-complete under fpt-reductions.

Proof: To show that p-PERFECT-CODE € A[1], we give a tail-nondeterministic
k-restricted NRAM program P deciding the problem. On input (G, k), where
G = (V, E), the program P first computes two tables:

e Table 1 stores the values n[v] := |N(v)| for all v € V.
e Table 2 stores the values

o] = {1, if N(v) N N(w) =0,

0, otherwise.

for all v,w € V.

The tables are arranged in such a way that for all v,w € V the numbers
n[v] and i[v,w] can be accessed in constant time. The tables can easily be
computed in polynomial time.

Now the nondeterministic part of the computation starts: The program
P guesses k vertices vy, ..., v, checks that i[v;,v;] =1 for 1 < i < j <k,
determines nfv1], ..., n[vg], and finally checks if Zle nl[v;] = |V|. The number
of steps needed in the nondeterministic part is O(k?). Thus the program P is
tail-nondeterministic.

To prove that p-PERFECT-CODE is W([1]-hard, we reduce p-INDEPEND-
ENT-SET to p-PERFECT-CODE. Let (G, k), where G = (V| E), be an instance
of p-INDEPENDENT-SET. Let

k
{ = k.
(2)

We shall construct a graph H such that
(G, k) € p-INDEPENDENT-SET <= (H,{) € p-PERFECT-CODE. (6.5)

We say that a vertex v of a graph is covered by a set C of vertices if CNN (v) #
0.
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We start the construction of H by taking k disjoint |V|-cliques K4, ..., K.
The universe of K; is V x {i}. We want to guarantee that every perfect code of
‘H contains exactly one vertex of each of these cliques. To achieve this, we add
2k new vertices x1,...,Zk, Y1,. .., Yk, and for i € [k] we connect both z; and
¥ to every vertex (v, 1) of K;. The vertices x; and y; have no other neighbors,
and they will not get any neighbors later in the construction. Then:

Claim 1. For i € [k], every perfect code C of H contains precisely one vertex
of each IC;.

Proof: Since K; is a clique, C' contains at most one vertex of KC;. Since both x;
and y; must be covered, C contains either x; or y; or a vertex of IC;. C' cannot
contain z;, because then it would be impossible to cover y;. C' can neither

contain ;. Thus C' contains a vertex of IC;. This proves claim 1. -
Suppose now a perfect code C' of H contains the vertices (v1, 1), ..., (vg, k).
By the next step of the construction we want to make sure that {vq,..., v}

is an independent set of G. For 1 < i < j < k and every edge e = {u,v} € E
we add a new vertex (e,i,7) to H and connect it with the four elements
(u,4), (v,7), (u,7), and (v, j). If a perfect code would contain two of these four
elements, then (e, 1, ;) would be covered twice, which is impossible. Thus our
construction so far guarantees:

Claim 2. If a perfect code C' of H contains the vertices (v1,1),..., (vg, k),
then {v1,...,vr} is an independent set of G. B

Claims 1 and 2 imply that if H has a perfect code then G has an inde-
pendent set of k elements. It remains to augment the construction in such a
way that if G has an independent set of cardinality k, then H has a perfect
code of cardinality ¢. For v,w € V and 1 < i < j < k we add a vertex
(v,w,4,7). For 1 < i < j < k and v,w,v’,w’ such that (v,w) # (v, w') we
add an edge between (v, w,4,j) and (v',w’,i,5). So V. x V x {i} x {j} is a
clique in G. Furthermore, we add edges from (v, w,1,j) to all vertices (e, 1,7)
such that neither v nor w is an endpoint of the edge e of G. This completes
the construction of H.

Claim 3. If I := {v1,...,vx} is an independent set of G, then
C:= {(’Ul,].), RN} (Uk,k)} U {(Uiavjaiaj) | 1 < 1 <j S k}

is a perfect code of H.

Proof: Clearly, C' covers the vertices x;,y;, (v,i) for v € V and i € [k] and
the vertices (v, w,4,j) for v,w € V and 1 < i < j < k. The vertices (e, 1, j)
fore e Fand 1 <i < j < k are covered as well: If v; is an endpoint of e,
then (e, 4, j) is covered by (v;,7) € C. If v; is an endpoint of e, then (e, i, j) is
covered by (vj,j). Otherwise, (e, 1, j) is covered by (v;, vj,1, j).

Furthermore, no vertex is covered twice. This is obvious for the vertices
of the form z;, y;, (v,4), and (v,w,%,j). The neighbors of (e,i,7), for some
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e={v,w} € Fand 1 <i < j <k, are (v,i), (w,i), (v,7), (w,7), and all
vertices (v/,w’,4,7) with {v/,w'} N {v,w} = (. Since I is an independent set,
at most one of these vertices is in C'. This completes the proof of claim 3. -

Claims 1-3 imply (6.5). It is easy to see that H can be constructed from (G, k)
in polynomial time. Thus the map (G, k) — (H, ¢) is an fpt-reduction. O

Exercise 6.24. Let k € N. Show that there is no X;-sentence ¢ such that
for all graphs G:

G E pr <= G has a perfect code of cardinality k. -

Exercise 6.25. Prove that the following problem is A[1]-complete under fpt-
reductions:

p-EXACT-HITTING-SET
Instance: A hypergraph H = (V, E) and k € N.
Parameter: k.
Problem: Decide whether there is a set S C V of cardinality
k such that |SNe|=1foralle € E.

Exercise 6.26. Prove that the following problem is in W[P] and A[1]-hard
under fpt-reductions:

P-SUBSET-SUM
Instance: A set M of natural numbers and n, k € N.
Parameter: k.
Problem: Decide whether there exist mqy,...,mp € M such
that my + ...+ mg =n.

Hint: To prove A[l]-hardness, reduce p-EXACT-HITTING-SET to p-SUBSET-
SuM. For a hypergraph H = (V, E) with E = {eo,...,er—1}, let ny be the
number whose binary representation is

10...010...010 ... 01

with ¢ ones and separated by blocks of k — 1 zeroes.

For every v € V, let m,, be the number whose j - kth bit is one if and only
if v € e; (forall j € [0,£—1]) and whose remaining bits are zeroes. Let My :=
{my | v € V'}. Then for every k € N, the mapping (H, k) — (My,ns, k) is an
fpt-reduction.

Remark: p-SUBSET-SUM is not only known to be in W[P], but even in WI3].
It is an open problem whether the problem is in W[2] or W][1] and whether it
is complete for one of the first three levels of the W-hierarchy. .
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Exercise 6.27. Prove that the following problem is A[1]-complete under fpt-
reductions:

p-SHORT-POST-CORRESPONDENCE
Instance: Pairs (a1,b1), ..., (an,by) of strings over some al-
phabet ¥ and k € N.
Parameter: k.
Problem: Decide if there are ii,...,i; € [n] such that

ailﬂawﬂ...“aik = bil biQ ...Abik.

(Here “~7” denotes string concatenation.)

Hint: To prove membership of the problem in A[1], use the machine character-
ization. To prove hardness, adopt the standard proof of the undecidability of
Post’s correspondence problem (see, for example, [129]) by a reduction from
the halting problem to obtain a reduction from p-SHORT-NSTM-HALT to
Pp-SHORT-POST-CORRESPONDENCE. -

6.3 A[1] and Propositional Logic

In Sect. 4.1 we introduced the parameterized weighted satisfiability problem
p-WSAT and the classes of propositional formulas d-CNF and d-CNF ™. Here
we show:

Theorem 6.28. Let d > 2. Then p-WSAT(d-CNF) and p-WSAT(d-CNF ™)
are A[1]-complete under fpt-reductions.

The rest of this section is devoted to a proof of this theorem.
Lemma 6.29. p-INDEPENDENT-SET <Pt p-WSAT(2-CNF ™).
Proof: Let (G, k) with G = (V, E) be an instance of p-INDEPENDENT-SET. We
may assume that no vertex of G is isolated (a vertex v € V is isolated if it
is not adjacent to any vertex); otherwise, we first reduce our instance to an

instance (G, k"), where G’ is a graph without isolated vertices and k' < k.
For every v € V, let X,, be a propositional variable. Let

o= /\ (—\XU V —\Xw).
{v,w}eFE

Note that, since G has no isolated vertices, all variables X, for v € V occur
in V. For every set S C V,

S is an independent set in G <= {X, | v € S} satisfies a.2

The mapping (G, k) — (o, k) is the desired reduction. O

2Recall that we often identify an assignment with the set of variables set to TRUE.
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Exercise 6.30. Prove that p-WSAT(2-CNF~) <* p_ INDEPENDENT-SET. -

The difficult part of the proof of Theorem 6.28 consists in verifying that
p-WSAT(d-CNF) € AJ1]. Tt is proved by reducing the problem to p-MC(X;).
The work is done in Lemma 6.31; for later reference the lemma is stated
in a slightly more general form than needed here. Recall that we write
a(Xy,...,X,) if the variables of a are among X, ..., X,,.

Lemma 6.31. For all d,k > 1 and for all formulas a(X1,...,X,) € d-CNF

there are

o a vocabulary T = 741 that only depends on d and k, but not on «,

o aT-structure A = Ay (x, ... x,)dk With universe A := [n],

o a quantifier-free formula ¥ = g k(x1, ..., zx) that only depends on d and
k, but not on «

such that for mq,...,my € A,

{Xmyseooy Xom,, } satisfies a <= AEP(m,...,mg).

Furthermore, the mapping (a(X1,...,X,),d, k) — (A1) is computable in
time k42 . d* - (Ja| +n)°M),

Proof: Let d,k > 1 and a(X;,...,X,) € d-CNF, say,

o= /\ 0i, where each §; is the disjunction of < d literals.
i€l

We may assume that every §; has the form

-X;, V...VaX; VX, V.. VX, (6.6)
where 7,5 > 0,0 <r+s5<d, and X;,,...,X;, are pairwise distinct.
We call ¢ := (r,s) the type of §;. The structure A has universe A := [n].
For every r = 1,...,d it contains the r-ary relations

{ P1yeeeyiy) ’ -Xi, V...V =X, is a clause of a};
SA = { P1yeeeyiy) ’there are s > 0 and ji,..., s such that
-X; V... V=X, VX; V... VX is aclause ofa}.

The structure A contains further relations, which will be defined later.
The formula 9 (x1, ..., zx) will have the form ts—9 A /\re[o,d] 1., where for
all my,...,mg € [n],

AE Ys—o(my,...,mr) <= {Xmy,..., Xm, | satisfies every clause (6.7)
of a of type (r,0) with r € [d], ’
and for r € [0, d],
AE Yr(my,...,my) <= {Xmy,..., Xm, } satisfies every clause (6.8)

of « of type (r,s) with s > 0.
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One easily verifies (6.7) for

1/)s=0($1,-~-,$k) = /\ /\ “Ryxy, ...z,

reld] 1<is,ir <k

Let r € [0,d]. Fix (i1,...,i,) € SA We let ' = F(i1,...,i,) be the following
collection of subsets of A:

Fi={{j1,....js} | >0, 2X;,V...V=X; VX, V...VXj is a clause of a}.
Then, for 1 < myq,...,mg < n, the following two statements are equivalent:

(i) The assignment {X,,,,...,X,,,} satisfies all clauses in « of the form
_‘Xi1 \/“-\/_‘Xi,-\/le \/...\/st with s > 0.

(ii) Either the assignment {X,,,,...,Xm,} satisfies -X;, V...V =X, , or
{m1,...,my} is a hitting set of the hypergraph (A, F).

Every set in F' has cardinality < d. Therefore, by Lemma 1.17, there is an
algorithm that computes in time O(d* - k- |a|) a list of all minimal hitting sets
of (A, F) of cardinality at most k. This list contains at most d* sets.

Let Hy,...,Hg be an enumeration (with repetitions if necessary) of the
hitting sets in the list. View every H; as a sequence of length k (with repeti-
tions if necessary). Foru=1,...,d* and £ =1,...,k add to A the (r +1)-ary

relations Lr w0 Where
Léu,é = {(i1,...,ir,m) ’ m is the ¢th element of
the uth hitting set H, of (A, F(i1,...,i,))}
(if (A, F(i1,...,%,)) has no hitting set of size < k, then Lrué contains no

tuple of the form (i1,...,%,,m)). For r > 0 we let

UVr(X1,. . x8) = /\ (Srxiy ...y, — \/ /\ \/ Ly oiy - .. T4, 25)

1<iy,.. i<k ue[dk] Le(k] j€ (k]

wo(l‘l,..., \/ /\ \/ Lou[.’l,‘]

ue[dF] Le(k] jE[k]

and we set

(in case there is no positive clause in «, i.e., no clause of type (0, s) for some
s, then we set Léu,@ := A for all u,?). The equivalence between (i) and (ii)
shows that 1, satisfies (6.8).

It is easy to see that A and ¢ can be computed from « and k in time
k‘d+2 . dk . (a + n)O(l)_ 0

Proof of Theorem 6.28: Since 2-CNF~ C d-CNF~ C d-CNF for all d > 2,
the hardness results follow from Lemma 6.29 by Corollary 6.2.

To show that p-WSAT(d-CNF) € A[1] for all d > 2, we reduce the problem
to p-MC(X1). Let (a, k) be an instance of p-WSAT(d-CNF) and var(a) =
{X1,..., X,}. We compute (A, 1) according to Lemma 6.31 and let
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¢:3x13xk( /\ xz#xj/\,(/o

1<i<j<k

Then
a is k-satisfiable <— A = ¢,

which gives the desired reduction. O

In addition, the preceding argument yields:

Corollary 6.32. The following parameterization of WSAT(CNF) is A[l]-
complete under fpt-reductions:

p-clausesize-WSAT(CNF)
Instance: o € CNF and k € N.
Parameter: k + d, where d is the maximum number of literals
in a clause of a.
Problem: Decide whether « is k-satisfiable.

A satisfying assignment )V of a formula v € CNF is exact if it satisfies
exactly one literal in each clause of . For every class I' C CNF we let

p-ExacT-WSar(T)
Instance: v €T and k € N.
Parameter: k.
Problem: Decide whether v has an exact satisfying assign-
ment of weight k.

Exercise 6.33. Prove that p-EXxAcT-WSAT(CNF™) is A[1]-complete under
fpt-reductions. -

Theorem 6.34. p-EXACT-WSAT(CNF) is A[l]-complete under fpt reduc-
tions.

Recall that a cover for a hypergraph H = (V,E) is a set X C V such
that |e \ X| <1 for all e € E. By Exercise 1.22, there is an algorithm that,
given a hypergraph H = (V, E) and a natural number k, computes a list of
all minimal (with respect to set inclusion) covers of H of cardinality at most
k in time

O((k +1)" - & - || M)

Proof of Theorem 6.34: Hardness follows immediately from the previous ex-
ercise. We shall prove that

p-EXACT-WSAT(CNF) € A[l].
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Let v = A;c; 0 be a CNF-formula and & € N. For all i € I, let P; be the
set of variables that occur positively in the clause §; and let A; be the set of
variables that occur negatively in §;.

If V C var(y) is an exact satisfying assignment for - then V is a cover of

the hypergraph
H(y) = (var(y),{N; | i € I}).
For all X C var(y) and Y, Z € var(v), we let

CX,Y):={iel|N;CXandY € P},
o(X,Y) =[C(X,Y)],
d(X,Y,Z) =|C(X,Y)NnC(X, Z)|,
() =lfi € T|N; € X))

Observe that if V is an exact satisfying assignment then, for every ¢ € I with
N; CV, there is exactly one Y € V such that : € C(V,Y).

We call a triple (X,Y,Z), where X C var(y) and Y,Z € var(y) \ X,
forbidden if there is an ¢ € I such that V; = X U {Z} and Y € P;. For all
X Cvar(y) and Y € var(y) we let

Forb
f

Note that if V C var(v) is an exact satisfying assignment for -, then there is
no forbidden triple (X,Y,Z) such X U{Y'} CV and Z ¢ V. In other words,
for all ¥ CV and Y € V we have Forb(X,Y) C V.
We call a subset X C var(v) a neg-set if there is an i € I such that X C V.
We now describe a tail-nondeterministic x-restricted program P that de-
cides if

):={Z | (X,Y, Z) forbidden},

(X, Y
(X,Y) := |Forb(X,Y)|.

(v, k) € p-EXACT-WSAT(CNF).

P first computes the sets A; and P; for all i € I. Then it computes a list
C1,...,Cy of all minimal covers of the hypergraph H(7) of cardinality at most
k. If there are no such covers, the algorithm immediately rejects. Otherwise,
it continues. Note that in this case we have |[N;| < k+1 for all i € I.

Now for all neg-sets X and for all Y, Z € var(y) the program P computes
the sets C'(X,Y") and Forb(X,Y") and the numbers ¢(X,Y), d(X,Y, Z), e(X),
and f(X,Y).

All the sets and numbers are stored in suitable data structures so that
they can be accessed in time O(k). These data structures can be constructed
in time 2*+1 . |49 because |N;| < k+ 1 for all i € 1.

Next, the program nondeterministically guesses an assignment )V C var(7)
of weight k (that is, |[V| = k). It first checks if V is a cover of H(y). This is
done by testing if V contains one of the sets C; for i € [¢]. If V is not a cover,
the program rejects. Otherwise, there are no clauses §; such that |NV; \ V| > 2.
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Next, for all ¥ CV and Y € V\ X, the program tests if Forb(X,Y) C V.
The latter can be done in time k9™ by first checking if f(X,Y) < |V \ X
and, if this is the case, testing if all Z € Forb(X,Y) are contained in V. If
some pair (X,Y) fails the test, the program rejects. Otherwise, V is an exact
satisfying assignment for all clauses ¢; such that |NV;\ V| = 1.

Finally, for all neg-sets X C V the program tests if d(X,Y,Z) = 0 for all
Y,Z €V and

D (X, Y) =e(X).

Yev

If X passes this test, it means that V is an exact satisfying assignment for all
clauses §; such that AV; C X. Thus if all neg-sets X C V pass the test, V is an
exact assignment for all clauses d; such that such that |A; \ V| = 0. O

A more “logical” proof of the previous result is contained in Exercise 7.13.

6.4 A[1] = W[1]

Recall that
W[1] := [p-WD-II;]*,

where p-WD-II; is the class of all problems p-WD,, for formulas ¢(X) € II;.
Further recall that for a first-order formula ¢(X) with a free relation variable
of arity s, the problem p-WD,, is defined as follows:

p-WD,,
Instance: A structure A and k € N .
Parameter: k.
Problem: Decide whether there is a subset S of A® of cardi-
nality k with A = ¢(S).

Theorem 6.35. A[l] = W[1].

We prove this result with the following two lemmas.
Lemma 6.36. p-INDEPENDENT-SET € W[1].
Proof: Clearly, p-INDEPENDENT-SET <Pt p-WD,, for

is(X) :=VyVz(Xy A Xz) — - Eyz). O

Lemma 6.37. For every II;-formula o(X) there is a d > 1 such that

p-WD,, <P p-WSaT(d-CNF).



6.4 A[1]=W[1] 129

We first illustrate the idea of the proof of this lemma by an example. It
consists of a straightforward translation of the first-order formula ¢(X) into
a formula of propositional logic, once a structure has been fixed. We will meet
this proof idea a few times in the next two chapters.

Example 6.38. Consider p-WD, where is(X) is as in the previous proof.
We rewrite this formula equivalently as

YyVz(—=Xy V -XzV -Eyz).

Let G be a graph, or more generally, an arbitrary { E}-structure, G = (G, E9).
When reading the formula in G, the quantifier ‘Vy’ is equivalent to the con-
junction ‘A .’ and similarly for ‘V2’, so we obtain, written informally,

A /\ (~XaV-=XbV ~Eab).
acG beG

For fixed a,b € G, if (a,b) ¢ EY, then the corresponding disjunction is fulfilled,
so we can delete it, otherwise it is equivalent to =X a Vv —Xb. Using for c € G a
propositional variable Y, with the intended meaning “c is in (the interpretation
of the set variable) X,” we altogether have translated is(X) in G into the
propositional formula

o = /\ (Y, VY,
a,beG, (a,b)e EY

(a formula we already encountered in the proof of Lemma 6.29). Clearly, for
S C GG we have

G Eis(S) < {Y.|u e S} satisfies a. (6.9)
To ensure that every variable Y, occurs in the propositional formula we set

a:=a A /\ (Yo V—Yy).
acG

Clearly, « is (equivalent to) a formula in 2-CNF and, by (6.9),
(G, k) € p-WD,;, < (o, k) € p-WSAT(2-CNF),

and therefore p-WD;, <Pt p-WSaT(2-CNF). =

Proof of Lemma 6.37: We may assume that the quantifier-free part of p(X)
is in conjunctive normal form, say,

Vl‘l .. .Vl‘r /\ \/ )\ija (610)

iel jeJ
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with literals \;;. We let d := max{2,|J|} and show that p-WD, <P
p-WSAT(d-CNF).

Let A be a 7-structure. For every a € A®, where s is the arity of X,
let Yz be a propositional variable with the intended meaning “a@ is in (the
interpretation of the relation variable) X.” We set

! .
o = /\ Oisar,.ar

at,...,ar€A,
i€l

where 6; o, .4, is the disjunction obtained from V/ . _; A;; as follows:

r JjeJ
e We replace literals (=) Xz, ... xe, by (7)Ya,, ., -
e If )\;; does not contain the relation variable X, then we omit \;; if A

Aij(ar, ..., ar), and we delete the whole §; 4, o, if A= Nij(ar,...,ar).

r

Now, for an arbitrary S C A®, one easily verifies that
AEp(S) < {Y;|be S} satisfies o. (6.11)

We set
a = Cll A /\ (Ya V _\Ya).
acAs
The subformula A ;¢ 4. (Ya V —Y3) is only added to make sure that every vari-
able Y5 occurs in a. By (6.11), for every k € N, we have (A, k) € p-WD,, if
and only if « is k-satisfiable. Since « is (equivalent to a formula) in d-CNF,
this yields an fpt-reduction from p-WD,, to p-WSAT(d-CNF). O

Proof of Theorem 6.35: By the A[l]-completeness of p-INDEPENDENT-SET,
Lemma 6.36 implies A[1] € WJ[1]. The converse inclusion is obtained from
Lemma 6.37 by Theorem 6.28. O

An analysis of the proof of Lemma 6.31 reveals that, for k,d € N and
a(Xy1,...,X,) € d-CNF™, the relevant parts of the structure Ay(x, ... x,),dk
and the vocabulary 74 do not depend on k. We formulate and prove this
result in a different framework.

Let Y be an s-ary relation variable. A first-order formula ¢(Y) is bounded
(toY ) if in (Y") quantifiers only appear in the form Jy; ... Jys(Yy1 ... ys Av)
or in the form Vy; ... Vys(Yy1 ...ys — ©), which we abbreviate by (37 € Y)v
and by (Vg € Y)1), respectively.

Proposition 6.39. Let d > 1, 74 := {R, | 1 < r < d} with r-ary R,. For a
set variable Y, we let (YY) be the following bounded T4-formula:

pai=Myp eY)... (YY) \ N Revi i,
refd] 1<, ir<d

Then, for all & € d-CNF™ with var(a) = {X1,..., X} there is a T4-structure
Aq.q with universe [n] computable in time O(|a|) such that for all k € N and
all my,...,my € [n], we have
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{Xmys- -y X, } satisfies o <= Aga b= pa({ma,...,mg}),

and hence
a is k-satisfiable <= (Aq,a,k) € p-WDy,.

Proof: Let a = J\ ;¢ ; 6; be in &-CNF ™. Then, we set

Rl xmd {(i1,.. . ir) | 05 ==X;, V...V =X, forsomeje J}. O

Exercise 6.40. (a) Show that p-WD, € W[1] for every bounded formula
p(Y).

Hint: Reduce p-WD,, to p-MC(%,).

(b) Show that p-CLIQUE <'P* p-WD,, for the bounded formula ¢(Y) := (Vy €
Y)Vze€Y)(y=zV Eyz).

(c¢) Let R be a binary relation symbol and Y a set variable. Show that for
oY) = (Vy € Y)(Vz € Y)Ryz the problem p-WD,, is W[1]-complete under
fpt-reductions. -

Notes

The main result of this chapter, Theorem 6.35 goes back to Downey et al. [84],
who proved a slightly weaker version of the theorem for specific vocabularies.
The strong version of the theorem stated here and the proof given here is
due to [103]. Since Downey et al. [84] use a definition of W[1] via weighted
satisfiability problems, their result also contains Theorem 6.28. The WI[1]-
completeness of p-CLIQUE (Theorem 6.1) was proved in [80], that of p-VC-
DIMENSION (Theorem 6.5) in [76, 81], that of p-SHORT-NSTM-HALT (Theo-
rem 6.17) in [38] and finally, that of p-PERFECT-CODE (Theorem 6.23) in [40].
The equivalence of p-PERFECT-CODE with p-EXACT-WSAT(CNF') and hence
implicitly Theorem 6.34, was shown in [80]. The W[1]-hardness of p-SUBSET-
SuM is due to [80], and containment of the problem in W3] is due to [33].
The machine characterization of A[1] (Theorem 6.22) is from [51].
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The W-Hierarchy

Based on the syntactic approach to complexity theory laid out in Chap. 4, we
introduced the classes W[1], W[2], ..., of the W-hierarchy by means of param-
eterized weighted Fagin-definable problems, more precisely, by the equality

fpt

WIt] :== [{p-WDy, | p(X) € 1 }]

We extensively studied W[1] in the previous chapter; as we shall see here, many
results generalize in one or another form to the whole W-hierarchy. A notable
exception is the equality W[1] = A[1]; we can only show that W[t] C A[t].

We determine fragments of the class of all propositional formulas (in
Sect. 7.1) and fragments of first-order logic (in Sect. 7.4) such that the corre-
sponding parameterized weighted satisfiability problem and the correspond-
ing parameterized model-checking problem, respectively, are W/[t]-complete.
The proofs of fpt-equivalence between parameterized weighted Fagin-definable
problems, parameterized weighted satisfiability problems, and parameterized
model-checking problems yield various normal forms and “collapse” results.
Moreover, we prove that, among other problems, the parameterized dominat-
ing set problem and the short halting problem for nondeterministic multitape
Turing machines are W|[2]-complete.

7.1 The W-Hierarchy and Propositional Logic

Recall the definition of the classes I'y g and A; 4 of propositional formulas from
Sect. 4.1. The main result of this section reads as follows:

Theorem 7.1. For every t > 1, the following problems are WIt]-complete
under fpt-reductions:

(1) p—WSAT(le) if t is even and p-WSAT(I'; ) if t is odd.

(2) p-WSAT(Ay41,4) for every d > 1.
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The theorem implies

fpt
Wit] = [{p-WSar(Tea) | d > 1}] " (7.1)
for all ¢ > 2. The equality also holds for ¢t = 1 by Theorem 6.28 and the fact
that W[1] = A[1] (Theorem 6.35). Thus once we have proved Theorem 7.1,
we also have completed the proof of Theorem 5.6, which states precisely the
equality (7.1).

We obtain Theorem 7.1 by a series of lemmas. Since I'y 4 coincides with the
class d-CNF of formulas in d-conjunctive normal form, the following lemma
generalizes Lemma 6.37 from II;-formulas to II;-formulas. The lemma shows
that p-WSAT(T; 4) is W[t]-hard.

Lemma 7.2. Let t > 1. For every I;-formula p(X) there is a d > 1 such
that
p-WD,, <P p-WSaT(T; 4).

Proof: The proof extends that of Lemma 6.37 in the obvious way. We present
the reduction for a concrete formula in Example 7.3. Let ¢(X) be a II;-formula
of vocabulary 7. For notational simplicity, we fix the parity of ¢, say, t is even.
We may assume that the quantifier-free part of ¢(X) is in disjunctive normal
form, say,
NTET R E VYD
iel jed

with literals A;; and with 4, = yr1 ... Yrm,.-

We set d := max{2,|J|} and show that p-WD(x) <P p-WSAT(I'; 4). For
every 7-structure A we introduce a I'; 4-formula a such that for all £ € N:

(A, k) € WD, (x) <= « is k-satisfiable. (7.2)

So, let A be a 7-structure. For every a € A®, where s is the arity of X,
let Yz be a propositional variable with the intended meaning “a@ is in (the
interpretation of) the relation variable X.” Recall that m, = |g,| for r € [¢].
We define o = o/(G, ¢) by

o = /\ \/ \/ Yi,a1,...,a¢

a1 €EA™1 g€ A™2 aieA™t
iel
where @, = ar1 ... arm, and where v; 5, . g, is the conjunction obtained from
Njes Aij as follows:

o We replace literals (=) X ¥y, vy - - - Yuov, DY (_\)Yaulwl---ausvs'

e If )\;; does not contain the relation variable X, then we omit \;; if A =
Aij(@1, ..., at), and we omit the whole v; 5, ... a, if A B Aij(@1,...,a).
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Then, || € O(JA|™1t--+™t . |p|). For arbitrary S C A® one easily verifies
that

AE p(S) < {Ya]|a €< S} satisfies o. (7.3)

Again, to ensure that every variable Y; occurs in the propositional formula,
we set

a=a A N (YaV-Ya) (7.4)

acAs
By (7.3), the equivalence (7.2) holds. Altogether, (A, k) — (o, k) is the desired
reduction. 0O

Example 7.3. Consider the IIo-formula ds(X) := Va3y (Xy/\ (ByzVy = x))
(cf. Example 4.41). It is equivalent to Vxﬂy((Xy ANEyz)V (XyAy = x)), that

is, to
(p/ = Vl‘ﬂy \/ /\ /\ij
1€[2] je(2]
with A11 := Xy, M2 := Eyz, Aoy := Xy, and A2 := (y = ). Let G = (V, E)
be the graph with V' := {a,b, ¢} and E := {{a, b}, {b, c}}. Using propositional
variables Y,, Y, Y. and applying the transformations of the preceding proof
we obtain as v; ., the following formulas

Y1,a,b :YE), Y1,b,a = Yaa Y1,b,c = Y;, Yi,e,b = }/ba
Y2,a,a = Yaa Y2,b,b = YE), Y2,¢c,c = ch

All other formulas 7; ., are omitted. Since according to the preceding proof

of = /\ \/ \/ Yiyu,vs

ueV ueV ie2]

we get
o =Y, VYY) AN (Yo VY, VY) A (Y, VYY),

where all conjunctions have to be read as big conjunctions and all disjunctions
as big disjunctions. Thus the formula is indeed a big conjunction of (three)
big disjunctions of literals and hence in I'; ;. One easily verifies directly that
for every subset S C V

G E ds(S) < S is a dominating set of G
<~ {Y, | v e S} satisfies (Yo VY,) A(Ya VY, VY ) A (Y VYL).

_|

Recall that a formula ¢(X) is positive (negative) in X if it is in negation
normal form and every atomic subformula containing X is not preceded by a
negation symbol (is preceded by a negation symbol). A quantifier-free formula
positive (negative) in X has a conjunctive and a disjunctive normal form
positive (negative) in X.
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Corollary 7.4. Fort > 1 and every Is-formula o(X):
o If p(X) is positive in X, then p-WD,, <Pt p-WSAT(Fj"d) for some d > 1.
o If o(X) is negative in X, then p-WD,, <'P* p-WSAT(I', ;) for some d > 1.
Proof: Consider the preceding proof, where, in addition, we now assume that
(X)) is, say, positive in X. Then, we have o’ € de. However, we add negation
symbols in (7.4), where we ensure that all variables Y; occur in the formula.
We can work around this use of the negation symbol as follows:

Let ¢ be the number of propositional variables in o'. If k > |A|® (recall
that s is the arity of X), then (A, k) ¢ p-WD,, and o’ is not k-satisfiable. If
k < |A]*%, then by monotonicity and (7.3), we have

(A k) € p-WD,, <= ¢« is min{k, {}-satisfiable,

which yields the desired reduction. a

There is a fairly simple direct proof for membership of p-WSAT(T'; 4) in
W]t]. Nevertheless, we choose a different way, which gives us further infor-
mation, and first prove the following lemma showing that we can restrict our
attention to the case d = 1.

Lemma 7.5 (Propositional Normalization). Let d > 1.

(1) If t > 1 is an even number, then p-WSAT(Ay1.q) <fpt P-WSAT(A;FHJ)
and p-WSAT(I'; 4) <Pt p'WSAT(F;)-

(2) If t > 1 is an odd number, then p-WSAT(Asy14) <P p-WSAT(A 4 1)
and p-WSAT(T'; 4) <fpt p-WSAT(F;1)~

Recall that we showed that p-WSAT(T'] ;) is fixed-parameter tractable (cf. Ex-
ercise 4.3) and that p-WSar(Ty 4) <Pt p-WSAT(I' ) (cf. Theorem 6.28). We

prove the Propositional Normalization Lemma with the following Lemmas 7.6
and 7.8:

Lemma 7.6. Let d > 1.

(1) If t > 1 is an even number, then p-WSAT(Aryy1a) <P* p-WSAT(AL, ;)
and p-WSAT(T'; 4) <Pt p-WSAT(F:d)~

(2) If t > 1 is an odd number, then p-WSAT(A¢y1.q4) <P p-WSaT(Ay, )
and p-WSAT(T'; 4) <Pt P‘WSAT(FZd)~

Proof: The idea of the proof is as follows: To express a negative literal =X
positively, we fix some order of the variables and say that X is strictly between
two successive variables that are set to TRUE (or strictly before the first or
after the last variable set to TRUE). Conceptually, the proof is similar to the
proof of Lemma 6.11, where we reduced the model-checking problem for ¥;
formulas to the model-checking problem for positive ¥; formulas. Example 7.7
will help the reader to follow some of the steps of the reduction.
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First, note that for pairwise disjoint nonempty finite sets Z1,..., 2, of
propositional variables, an assignment to these variables of weight m satisfies

the formula
pz= NV 2

i€[m] ZeZ2;

if and only if it sets exactly one variable of each Z; to TRUE. And the same
applies to the formula

ve= N N\ (Zv-2).

i€lm] 2,2’ € Z;
Z4Z'

While 35 € T3, we have vz € I'T ,, but we can also view vz as a I'; | -formula.

Now, we present the reduction for even ¢ and leave the analogous proof
of the claim for odd t to the reader. So, let («,k) be an instance of
p-WSAT(Ay41,4)- Let Xq,..., X, be the variables of . We may assume that
n > 2 (the case n = 1 can be handled directly). We introduce variables X ;
(for i € [k] and j € [n]) and Y; 5 (for i € [k —1] and 1 < j < j/ < n) with
the intended meanings:

X, ; : the ith variable set to TRUE is X},
Y; j;+ : the ith variable set to TRUE is X; and the (i 4+ 1)th is X .

We group them into the nonempty sets X; := {X;; | j € [n]} for i € [k]
and YV, = {Y;,; | 1 <j < j <n}forie [k—1]. We introduce formulas
B1, ..., Bk—1 such that any assignment of weight (2k — 1) satisfying

Bi=PBxp AB1 A ABr1

and setting Xi4,,...,Xre¢, to TRUE must set Y10, 05,5 Yi—1,6, 1.6, tO
TRUE. For i € [k — 1] we set

Bi= N\ ( V &iiVvYia)a Vo K v Ym‘l,jz))
j€n] 1<j1<j2<n 1<j1<j2<n
J1#d J2#J

In fact, consider a satisfying assignment of § of weight (2k — 1). Since it
satisfies By 3, it sets exactly one variable in each X; and one variable in each
Y; to TRUE. Let X; ., be the (unique) variable of X; set to TRUE. Now, fix
i € [k — 1] and let Y; ¢, be the variable of ); set to TRUE. If ¢ # ¢;, then in
0; the conjunct

\V  XieVYig)

1<j1<j2<n
J1AL

would not be satisfied. Similarly, if m # ¢;11 then the conjunct
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\/ (Xi-‘er v YiJlJz)
1<j1<j2<n
JaFEmM

would not be satisfied. Note that 3; is equivalent to a F2 ;-formula.
Now let o’ be obtained from « by replacing posmve literals X; of a by
the ALl—formula
V Xij,

i€ (k]

and negative literals =X; of o by a Am—formula equivalent to the following
formula expressing that X, is either smaller (with respect to the ordering
of the variables of a by their indices) than the first variable set to TRUE or
between two successive variables set to TRUE or after the last variable set to
TRUE; thus X itself cannot be TRUE.

\/ Xl’j/ V < \/ \/ Y—i’j/’j//) V \/ Xk’j/.
i’ €ln] i'€ln]

; i€[k—1] J'J"G[ ] S
J<j 3'<i<g"” J'<j

If we merge all the disjunctions in this formula into a single big disjunction,
we obtain a Al , formula of length O(n?). By assumption, t is even and
o € Ay 4. Thus « is of the form

where all . are < d. We obtained o’ from « by replacing every literal A _;
by a A+ -formula. Applying the distributive law, we see that o’ is equivalent

to a At+1 d-formula o' of length O(|a|?>T?). Furthermore, if a € Ty 4 then o

and hence o’ are equivalent to a formula in Ft+, 4 By the previous analysis, we
have

a is k-satisfiable <= (a”/ A ) is 2k — 1-satisfiable.

One easily verifies that (o’ A 3) is equivalent to a formula in A}, , (or, to a
formula in F?‘ gifaisa I'; g-formula). This yields the desired reduction. O

Example 7.7. We transform the instance (a, 2) of p-WSAT(T'2 3) with
= (X1 VX2V X3)A (X1 V Xy)

(considered as p -WSAT(I'2 3)-formula) into the equivalent instance (o A 3, 3)
of p-WSaT(T; 3) according to the preceding proof.

To obtain o/ we replace the literal X; in a by (X711 V Xa1), the literal
-Xo by (X13V X1,4VY1,13VY11.4), and so on. Hence
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<(X1,1 VXo1)V(Xi3VX14VYi13VYi14)V (Xi3V Xz,s))/\

((XLQ V X1,3 V X1,4) \Y (X1’4 V X2,4)>.

We leave it to the reader to calculate 8 and . =

Lemma 7.8. Let d > 1.

(1) Ift > 1 is an even number, then p-WSAT(A; 1) <Pt p-WSAT(Aty11)
and p—VVSAT(I‘+ ) <Pt p-WSAT(T; ).

(2) Ift > 1 is an odd number, then p-WSAT(A;,, ;) <Pt p-WSAT(Ar411)
and p-WSAT(I'; ;) <Pt p-WSaT(Ty ).

Proof: Fix d > 1. Again, we only show the claim for even ¢. Since ¢ is even we
have conjunctions of at most d variables at the “bottom” of the corresponding
formulas. The idea of this reduction consists in replacing these conjunctions
of variables by single variables for the corresponding sets of variables.

So assume that (a, k) is instance of p-WSAT(A;;Ld) or of p-WSAT(F;fd).
Let X be the set of variables of a. For every nonempty subset ) of X of
cardinality at most d we introduce a new variable Sy (thus, the number of
these variables is bounded by |X|? < |a|?). The formula

ﬂset = /\ (Sy — /\ X)

p#YCx Xey
|Yi<d

“sets the values of the set variables correctly.” It is equivalent to a I's -
formula, as is easily seen by rewriting (st in the equivalent form:

A AGESSvon A (Syv\/ -X).

PAYCX XeY 0£YC X Xey
[y1<d |yi<d

Let a be the formula obtained from «a by replacing every iterated small con-
junction (X7 A. X)) by S¢x,,....x,y- Clearly, o := (ag A Bset) is equivalent
to a A¢gq1- formula (to a Ty, 1—formula in case a € F ) Furthermore, we let
m be the number of nonempty subsets of cardinality < < d of aset of k elements

that is, . (l;) N (;) T <I;>

We obtain the desired reduction by showing that
« is k-satisfiable <= o is (k + m)-satisfiable.

First, assume that we have an assignment of weight k satisfying « and, say,
setting X1,..., X, to TRUE; its extension setting exactly the variables Sy
of o, where Y is a nonempty subset of {X7,..., Xy}, to TRUE is a weight
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k + m assignment satisfying o/. Conversely, the formula [s.; enforces that an
assignment of weight k + m satisfying o/ must set exactly k variables in X
to TRUE; hence, its restriction to the variables in X is a weight k assignment
satisfying a. O

Proof of Lemma 7.5: For example, for even ¢, we obtain by successively
applying Lemma 7.6, Lemma 7.8, and Lemma 7.6 again, p-WSAT(As41 4) <fpt
p-WSAT(AS, | o) <P'p-WSAT(Apy1 1) <PF p-WSAT(AS, ). O

Lemma 7.9. Fort > 1, we have p-WSAT(Ay41.q4) € WIt].

Proof: By the Propositional Normalization Lemma 7.5 and Corollary 5.5, it
suffices to show that

. p—WSAT(A;_M) <fpt p-WD,, for even ¢,
o p-WSAT(A;,, ;) <" p-WD,, for odd t,

holds for some X;41-formula ¢(X). Let o € A, | (a € Ay, ;). In the parse
tree (see p. 67) of « all variables (negated variables) have distance t+1 from the
root. Consider the directed graph G = (G, EY) obtained from the parse tree of
a by identifying all leaves corresponding to the same propositional variable in
case t is even and by identifying all nodes corresponding to the same negated
variable and removing the leaves (corresponding to the variables) in case ¢
is odd. We direct the edges top-down (so that the root has in-degree 0). Let
ROOT and LITERAL be unary relation symbols. Let ROOTY just contain
the root, and let LITERALY be the set of nodes corresponding to literals (that
is, the set of vertices of out-degree 0 of G). We introduce a X1 1-sentence ¢(X)
with a set variable X such that for any k£ > 1 we have

« is k-satisfiable <= for some S C G with |S| = k:
(G, ROOTY, LITERAL?) = ©(S),

thus showing that p-WSAT(AtiJrLl) <Pt p-WD,,. In particular, we will have
for any k£ > 1 and any variables Y7,...,Y% of a,

{vi,...,Y;} satisfies « <= (G,ROOTY, LITERALY) = o({Y1,...,Y3})

On the left side of the equivalence, {Y1,...,Y:} denotes the assignment set-
ting exactly the variables Yi,...,Y) to TRUE; on the right side, {Y1,...,Y%}
denotes the set of vertices of out-degree 0 of G corresponding to the variables
Yi1,...,Y; in case t is even, and to —Y7,...,—Y}% in case t is odd. Essentially,
the formula ¢(X) mimics the recursive definition of the satisfaction relation
for Af+171-formulas; in fact, as ¢(X) we can take a X;;1-sentence equivalent
to
Vz(Xz — LITERALz) A Jyo(ROOTyq

(7.5)
Ay (Eyoyr AVy2(Byiye — .. = et (Byyert A Xyei1) - ))
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if t is even, and to

V2(Xz — LITERALz) A 3yo(ROOTyq
ATy (BEyoys AVy2(Eyiye — ... AVyr1 (BEviyirr — X yit1) .- )

if ¢ is odd. O
Proof of Theorem 7.1: Since Fti’l C A¢41,4, the problems mentioned in (1)
and (2) of Theorem 7.1 are in W[¢] by the previous lemma. And, say, for even

t, every parameterized problem p-WD, with a Il;-formula ¢ is reducible to
p—WSAT(I‘Zl) by Lemma 7.2 and the Propositional Normalization Lemma 7.5.

This shows that p—WSAT(I‘zl) and hence, p-WSAT(A¢41,4), is W[t]-hard. O

A slight modification of the proof of Lemma 7.9 also yields the following
lemma:

Lemma 7.10. For everyt>1,d > 1,
p-WSAT(At_;'_Ld) Sfpt p-MC(Zt)

More precisely, there is an fpt-reduction from p-WSAT(A¢11,4) to p-MC(Zy)
that associates with every instance (o, k) of p-WSAT(Aiy1.4) an instance
(G,¢) of p-MC(X;) such that the vocabulary of G and ¢ is binary and the
formula ¢ is of the form

Fzy .. 3o Iy Iy VY2 Tys - - Quye Y, (7.6)
where Q¢ =V if t is even, Q¢ = 3 if t is odd and v is quantifier-free.

Proof: For simplicity, we assume that ¢ is even. By the Propositional Normal-
ization Lemma 7.5, we only have to reduce p—WSAT(AfH’l) to p-MC(3,).

We use the notation of the preceding proof. For a € A;_Ll, we constructed a
structure

G = (G,E% ROOTY, LITERALF)
and a Y;-formula ¢(X) equivalent to
Vz(Xz — LITERAL z) A Jyo(ROOTyo A Fy1 (Eyoyr
AVy2(Eyiyz — ... Vye(Bye—1ye — e (Byeyerr A Xyeyr) .- 2)))
such that

a is k-satisfiable <= G |= ¢(5) for some S C G of cardinality k.

Now we “replace” the set variable X by individual variables x1,...,z; and
let
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Y@, 2p) = [\ LITERALx; A 3yo(ROOTys A Jyi(Eyoy

i€[k]
AYy2(Eyryz — .. ... Yy (Eyi—1yr — \/ Eyix;)...))).
i€[k]
Then we have
a is k-satisfiable <= G = 9(aq,...,ax) for some distinct aq,...,a; € G.

We let
R =N ( /\ @ # xj ANY(z1,. .., xp)).

1<i<j<k

Then « is k-satisfiable if and only if G = ¢'. It is easy to see that ¢ is
equivalent to a formula of the desired form (7.6). O

Now, we can improve Proposition 5.18 and show that the W-hierarchy is
contained in the A-hierarchy:

Corollary 7.11. For everyt > 1,
WIt] C A[t].

The following exercise extends the results in Exercise 6.40 from W[1] to
the other classes of the W-hierarchy.

Exercise 7.12. (a) Let ¢ > 1 be even. Show that there is a formula ¢ of
the form Va;3zs...Vae,—1(3z: € X))y with quantifier-free ¢ not containing
the variable X such that p-WSAT(I'}";) < p-WD,,. Conclude that p-WD,, is
W]{t]-complete, where g := Vz13zs ... Vo1 (32 € X)Ray ...z with a t-ary
relation symbol R.

Hint: In the notation of the proof of Lemma 7.9, let ¢(X) be the formula
YyoVy1 ((ROOTyo A Eyoy1) — Jy2(Byrya A ... — (Jye € X)Eyr—1ye...)).

If for an instance («, k) of p—WSAT(FZfl) the parameter k is bigger than the
number of variables of «, then associate with (a,k) any “no”’-instance of
p-WD,,.

(b) Let t > 1 be odd. Show that p-WSaT(I';;) < p-WD,, for some for-
mula ¢ of the form Vai3xs ... 31 (Vzy € X)y with quantifier-free ¢ not
containing the variable X. Conclude that p-WD,,, is W[t]-complete, where
o :=Va13xe ... Iz (Voy € X)Rxy ...z with a t-ary relation symbol R.

(c) For m > 0, let TI%, be the class of formulas of the form Vz13Zs ... QT 1,
where 1) is a bounded formula (cf. Exercise 6.40). Show that W[t] = [{p-WD,, |
p(X) € I)_, }]®* for ¢ > 1. -
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We saw in Theorem 6.34 that p-EXACT-WSAT(CNF) is W[1]-complete.
In view of Exercise 6.33 the following exercise contains a further proof of this
result.

Exercise 7.13. Show: p-ExACT-WSAT(CNF) <Pt p-ExacT-WSAT(CNFY).
Hint: Mimic the proof of Lemma 7.6. —

7.2 W[2]-Complete Problems

Theorem 7.14. p-HITTING-SET is W[2]-complete.

Proof: Example 5.2 shows that p-HITTING-SET € W/[2]. We present an fpt-
reduction from p-WSAT(I'] ;) to p-HITTING-SET, thus obtaining the W(2]-

hardness with Theorem 7.1. Consider an instance («,k) of p-WSAT(FL),
say, with

Let X be the set of variables of «, and let
E={{Xi|je i} |iel}
Clearly, for every X’ C X, we have
(the assignment) X’ satisfies « <= X’ is hitting set of (X, E);

thus, (a, k) — ((X, E), k) is an fpt-reduction. O

Since p-DOMINATING-SET =P p-HITTING-SET (cf. Example 2.7), we ob-
tain:

Corollary 7.15. p-DOMINATING-SET is W[2]-complete.

A kernel in a directed graph G = (V, E) is a subset K of V such that

e 1o two vertices in K are adjacent;
e for every vertex a € V' \ K there is a vertex b € K such that (a,b) € E.

The parameterized kernel problem p-KERNEL is the problem:
p-KERNEL
Instance: A directed graph G and k € N.

Parameter: k.
Problem: Decide whether G has a kernel of k elements.

Theorem 7.16. p-KERNEL is W[2]-complete.
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Proof: p-KERNEL € p-WD-II; C WJ[2], since K is a kernel in G if and only if
G E p(K), where

e(Y) = VxVsz(((Ym ANYy) — —Ezy) A (-Yx — (Yz A E:cz)))

To prove W[2]-hardness, we reduce p-WSAT(I'; ;) to p-KERNEL. Consider an
instance («, k) of p—WSAT(Fil), say, with

a:/\ \/Xij.

el jed;

For i € I, let C; := {X;; | j € J;} be the ith clause of a. Let X be the set of

variables of «. We may assume that |X| > k. For s € [k] let X'® be a disjoint

copy of X. For X € X we denote the corresponding element in X'* by X°.
The directed graph G = (V, E) has the vertex set

Vi={C;liclyuxtu...ux*

The edge set F is given by the following stipulations:

(1) (There are (directed) edges from clauses to their variables.)
For every clause C of a, every variable X € C, and s € [k], welet (C, X?) €
E.
(2) (There are edges between the different copies of a variable.)
For X € X and s,t € [k] with s # ¢, we let (X*, X') € E.
(3) (Every X? is a clique.)
For s € [k] and distinct X,Y € X, we let (X°,Y®) € E.

Then, « has a satisfying assignment of weight k if and only if G has a kernel
of k elements, which proves our claim. The direction from left to right is easy:
Let Xi,..., X be the variables set to TRUE in an assignment of weight &
satisfying a. One easily verifies that K := {X{,..., X} is a kernel of G.
Conversely, let K be a kernel of G of k elements. Then, |K N X*¢| <1 for
s € [k] due to the edges of type (3). But if |[K N A*| = 0 for some s, then there
would be no edge from some element of X'* to K, contradicting the definition
of kernel (recall that |X| > k). So K has the form K = {X{],..., X}} for
some pairwise distinct (by the edges in (2)) variables X7, ..., Xj. The edges
of type (1) show that {X7,..., Xi} satisfies a. O

Recall that a tournament is a directed graph 7 = (V, E) such that for all
u,v € V either (u,v) € E or (v,u) € E, but not both. A dominating set of T is
aset S C T such that for all w € V'\ S there exists a v € S with (v,w) € E. On
p- 90, we introduced the tournament dominating set problem in the context
of limited nondeterminism. Here we consider the following parameterization:
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p-TOURNAMENT-DOMINATING-SET
Instance: A tournament 7 and k € N.
Parameter: k.
Problem: Decide whether 7 has a dominating set of k ele-
ments.

Theorem 7.17. p-TOURNAMENT-DOMINATING-SET is W[2]-complete under
fot-reductions.

We need the following lemma:

Lemma 7.18. For all k € N and n > 2* there is a tournament with n
vertices without a dominating set of cardinality k.

Proof: We consider a random tournament 7 with set [n] of vertices; that is,
for every v, w € [n] with v # w the edge connecting v and w is chosen to be
(v,w) or (w,v) with equal probability and independently of the other edges.
Let S C [n] be of cardinality k. For w € [n] \ S the probability that there is
no edge from an element of S to w is 27%. Therefore the probability that S is
a dominating set is (1 —27%)"~*. Hence, the expected number of dominating
sets of cardinality k is (}) - (1 —27%)"~%_ For n > 2** one easily verifies that
(2) - (1 —27%)n=F < 1. Therefore, for such n, there exists a tournament with
n elements without a dominating set of cardinality k. O

Proof of Theorem 7.17: Since p-TOURNAMENT-DOMINATING-SET < p-WD g4,
where
ds(X) =VzIy(Xy A (Byz Vy = z)),

we see that the problem is in W[2]. To show its W[2]-hardness, we reduce from
p-HITTING-SET.

Let (H, k) be an instance of p-HITTING-SET with hypergraph H = (V, E)
and with |V| > k. We construct a tournament 7 = (7', F') such that (7,k+1)
is an equivalent instance of p-TOURNAMENT-DOMINATING-SET.

For this purpose, let Ty = (Ty, Fy) be a tournament with n = 24(k+1
elements, Ty = [n], and without a dominating set of cardinality k+ 1. We let ¢
be a new object. The tournament 7 = (T, F) contains, besides the element c,
the vertices of H and copies (e, 1),..., (e,n) for each hyperedge e of H. There
is an edge from v € V to (e, i) if v € e, otherwise, there is an edge from (e, %)
to v. For each edge (i, j) of 7y we include an edge from (e, %) to (e, j) for every
e € E. Finally, there are edges from ¢ to every v € V and from every (e, 1) to
c¢. More formally, we define 7 = (T, F') by

T = {c} UV U(E x [n]);

[ 3
E :={(v,(e;i)) |veV, (ei) € Ex[n], andv €e}U
{((e, ))\vGV(e,z)GEX[],andvgée}U
{((e, ), (e, 7)) | (e, 1), (e, j) € E x[n], (i,5) € Fo}U
{e,v) | v € VYU{((esi),0) | (i) € E X [n]}.
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One easily verifies that for a hitting set S of H the set {c¢} US is a dominating
set of 7.

Conversely, assume that S is a dominating set of the tournament 7 of
cardinality k+1. We set Syer¢ := SNV. Since the element ¢ must be dominated

by S, we see that
|Svert‘ S k

The set S(7p) := {i € [n] | thereis an e € E: (e, i) € S}, being of cardinality
< k+1, is not a dominating set of 7y. Hence, there is a j € [n] such that no
element of F x {j} is contained or dominated by S N (E x [n]). Hence, Syert
must dominate every element in E x {j}. This means that Sy,+ is a hitting
set of H (of <k elements). O

Recall from Example 3.6 the longest common subsequence problem p-LCS.

Theorem 7.19. p-LCS is W[2]-hard under fpt-reductions.

Proof: We start with a trivial remark that we will use below.

Claim 1. Let < be an ordering of the alphabet . For a subset A of 3, A =
{a1,...,as} with a1 < ... < as, let A(T) and A(]) be the strings

A(T):=a1...as and A(]):=as...a1.

Then, for all AJA’ C ¥ every common subsequence of A(T) and A’(|) has
length < 1, and hence, for £ > 1, every common subsequence of

A(T) and  A(1)" .. A()

¢ times

has length at most /. -

We present the required fpt-reduction. Consider an instance (H,k) of
p-HITTING-SET, where H = (V, E) is a hypergraph with V' = [n]. We let
Y := [n] be the alphabet for the equivalent instance of p-LCS, and we con-
sider the natural ordering < on X. For e € E we let € := [n] \ e be the
complement of e, and we define y, € ¥* by

ye :=e(l)7e(l)™ ... e(l)7e(l) Te(l).

(k—1) times

Moreover, we let
Ty = Z(T)

Consider the instance of p-LLCS that consists of the strings zg and y. for all
e € F and the number k. We prove the equivalence of this instance with the
instance (H, k) of p-HITTING-SET.

First, let S = {s1,...,s,} with s1 < ... < s; be a hitting set of H. We
show that z := S() is a common subsequence of zg and the y.. Clearly, z is
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a subsequence of xg. Let e € E. If s, € e, then we see that z is a subsequence
of y. by taking, for ¢ € [k — 1], the letter s; from the ith copy of e(])™é(])
and s, from the last copy of e(|). Otherwise, let ¢ € [k — 1] be maximal with
s; € e (recall that S is a hitting set). Again, z is a subsequence of y.: We see
this by taking

e s, from the jth copy of e(])™é(]) for j € [i — 1J;
e s; and s;11 from the ith copy of e(])™é(]);
e s, from the (j — 1)th copy of e(|)™é(]) for j € [i + 2, k].

Conversely, assume that x¢ and the y, have a common subsequence z of length
k, say, z = s1...Sk. Since z is a subsequence of zy, we have s1 < ... < sp.
We show that S := {s1,...,s;} is a hitting set. Let e € E. By claim 1, every
common subsequence of z and the subsequence of y. consisting of the (k —1)
copies of €(|) has length < k — 1; hence, when considering z as subsequence
of y., at least one s; has to be in a copy of e(]); thus s; € e. O

7.3 The W-Hierarchy and Circuits

We mentioned that the classes of the W-hierarchy were originally defined by
weighted satisfiability problems. This is true, but the weighted satisfiability
problems were considered for classes of circuits and not for fragments of propo-
sitional logic. In this remark we explain the relevant relationship between the
classes used originally and the classes I'; 4 and Ay 4 around which we centered
the theory.

We consider (Boolean) circuits C as defined in Sect. 3.2 (also cf. the Ap-
pendix), but here we distinguish between small and big and-nodes and small
and big or-nodes. Small nodes have in-degree 2, and big ones an arbitrary
finite in-degree > 0. Moreover here, all nodes of in-degree 0 are input-nodes,
that is, we have no Boolean constants. For every node a its weft w(a) is the
maximum number of big and-nodes and or-nodes on any path from an input
node to a; the depth d(a) of a is the maximum length of any path from an
input-node to a.

Clearly, w(a) < d(a). The weft and depth of the circuit are the weft and
depth of its output node. For d > ¢t > 0, we set

Ct,q = {C | C circuit of weft <t and depth < d}.

The equalities stated in the following theorem were the original defining equal-
ities for the classes of the W-hierarchy.

Theorem 7.20. For allt > 1, W[t] = [{p-WSAT(C;.4) | d > t}]P*.

Proof: We shall prove that:
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(1) Let t > 0 and d > 1. Then, I’y g U Ay g C Cy, 444. (Here we view proposi-
tional formulas in T’y 4 U Ay 4 as circuits.)

(2) Let d >t > 0. Then there is a polynomial time algorithm that computes
for every circuit in Cy 4 an equivalent propositional formula in Cy 4.

(3) Let d > ¢t > 0. Then there is a polynomial time algorithm that computes
for every propositional formula in Cy 4 an equivalent formula in A, q 9a.

The statement of the theorem follows from (1) and (3) combined with Theo-
rems 6.28 and 7.1.

The proof of (1) is straightforward. To show (2) one uses the standard
algorithm to convert a circuit into a propositional formula: Bottom-up, for
every child of every and-node and every child of every or-node one puts a new
copy of the circuit below this child. We leave the details to the reader.

To show (3) we proceed by induction on ¢ and show:

If a € Cy 4, then a and —a are equivalent to formulas in A, 4.

From the proof it will be clear that we obtain the equivalent formulas in
polynomial time. If & € Cp 4, then a contains at most 2¢ variables and we
just compute, for o and —«, an equivalent formula in disjunctive normal form
(since d is fixed, this can be done in polynomial time). For ¢ > 1, we proceed by
induction on a: If a € Cp 4 we already know that the result holds; otherwise,
« is a (big or small) conjunction or disjunction or a negation. The case of
negation is trivial by the induction hypothesis.

If o« = (BA7), then by the induction hypothesis for § and v, we can assume
that 3 =V, B and v = V., ;7; are in A,y 5a. Hence, B;,7; € 'y ga. The
formula « is equivalent to (\/;c; 8; AV jed «v;) and hence, by the distributive
law, to \V/(; i1 (Bi A ;). Since each (8; A ~;) is equivalent to a formula in
I’y 24, the formula « is equivalent to a formula in A;y; 9a. Moreover, -« is
equivalent to (=8 V —y). Since by the induction hypothesis, -3 and —y are
equivalent to A, se-formulas, the same applies to (=3 V —y) and hence, to
S
If @ = A\;c; Bi, then 3; € Cyy 4 for all i € I. By the induction hypoth-
esis, —0; is equivalent to a formula \/jeJi, Bij with B;; € I'y_q 9a. Then, « is
equivalent to A, A jeJ; =B, which is easily seen to be equivalent to a I 54-
formula and hence to a A, sa-formula. Since —a is equivalent to \/,.; =i,
the induction hypothesis for the §; immediately yields that —« is equivalent
to a Ayyq ga-formula, too.

The cases where « is a big or a small disjunction are implicit in the previous
analysis. O

7.4 The W-Hierarchy and First-Order Logic

Lemma 7.10 reduces the W[t]-complete problem p-WSAT(A;41,4) to the prob-
lem p-MC(X;) and thus shows that W[t] C A[¢]. It seems unlikely that there is
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a converse reduction from p-MC(X;) to p-WSAT(A41,4), because this would
imply A[t] = WJt] (recall that we argued at the end of Chap. 5 on p. 102
that this is unlikely). But the X;-formulas we obtained in the reduction of
Lemma 7.10 are of the restricted syntactic form given in (7.6): The second to
the tth block of quantifiers consist of a single variable. In this section we will
see that there is a converse reduction for ;-formulas of this specific form.

Definition 7.21. Let ¢,u > 1. A formula is ¥ ,, if it is ¥; and all quantifier
blocks after the leading existential block have length < w. !

Hence, a formula
3.1311 e 3x1m1Vx21 e Vl‘ng e thl e thmt w,

where 1 is quantifier-free and () =V if ¢ is even and ) = 3 otherwise, is ¥ ,,
if and only if mao, ..., m; < wu. For example, the formula

dxq ... dx, YyIzr 209,
where 1 is quantifier-free and m is arbitrary, is in X3 5. Clearly,
E1,u = E1

for all u > 1.

Theorem 7.22. Let t > 1. Then, for all u>1,
p-MC(X,,,) is W[t]-complete under fpt-reductions.

Membership of p-MC(3;,,) in W[t] is proved in Lemmas 7.23 and 7.24.
Recall that ¥ ,[r] denotes the class of ¥ ,-formulas whose vocabulary is
at most r-ary.

Lemma 7.23. Fort>1 and u,r > 1,

p-MC(Z[r]) <Pt p-WSAT(T; ).

Proof: Let (A, ) be an instance of p-MC(%; ,[r]) and assume that ¢ is even
(in case t is odd one argues similarly). Without loss of generality we may
assume that the quantifier-free part of ¢ is in conjunctive normal form,

=31 V3. Vo N\ N (7.7)
i€[m] j€[n;]
where |g1],...,|Ji—1] < u and where the A;; are literals.

We shall define a propositional formula « of the desired syntactical form
such that
AE ¢ <= «is (-satisfiable. (7.8)
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The formula « will have propositional variables X; , for all ¢ € [¢] and a € A.
The intended meaning of X; , is: “First-order variable z; takes value a.” Note
that an assignment of weight ¢ satisfies the formula

X = /\ /\ (—Xia VXip)

i€[l] a,beA
a#b

if and only if for ¢ € [£] there is exactly one a such that X; , is set to TRUE.
We translate the subformula in (7.7) beginning with the first universal
block of quantifiers into propositional logic by setting

o = /\ \/ /\ /\ \/ Eij(51,~-~,l_7t—1)a

bieAlTLl by Alv2l by_1cAlTt—1li€[m] jE€[n;]

where &;;(b1,...,b;—1) is the following formula in Ay ,: Let x;,, ..., x;, be the
variables from x1, ..., 2, in A;;; hence, Aij = A\ij(ziy, ..., @iy, §1, .., Ge—1) and
s < r (recall that the arity of the vocabulary of ¢ is < r). Then, we set

Eij(br,y .. b 1), = \/ (Xiyar Ao A Xisal)-
ai,..,as€A
AENij(ar,..as,b1,..,bi-1)

Note that (x A @) is f-satisfiable if and only if A = ¢, and that (x A &) is
equivalent to a I'; ,-formula «; hence, we get (7.8). O

Lemma 7.24. For allt > 1 and u > 1,

p-MC(Zu) <P p-MC(Sy [t - ).

Proof: The crucial property we exploit in the proof is that in a 3 ,-formula
the number of variables not occurring in the first block of variables is bounded
by (t —1) - u.

Let (A, ) be an instance of p-MC(X; ). Suppose that

=3z ... Jx,0,

where 1) begins with a universal quantifier. Set ¢ := (t — 1) - u, and let § =
Y1 - .. Yq contain the variables in ¢ distinct from 1, ..., x,,. We shall define a
structure A’ and a Xy ,41[t - ul-sentence ¢’ with (A = ¢ < A’ = ¢').

Let A be the set of all atomic subformulas of . Here the notation
MZiyy .-, 2, y) indicates that z;,,...,x;, with i; < ... < 4y are the vari-
ables from x1, ..., %, in A\. The vocabulary 7 of A’ contains a unary relation
symbol O (the “old element relation”), binary relation symbols E1,..., E.,
(the “component relations”), and for every A(z;,,...,%;,,%) € A a unary re-
lation symbol W) and an (1 4 ¢)-ary relation symbol Ry. Thus, the arity of
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7/ is at most 1+ ¢ <t - u. For every A(zi,,...,%;,,¥) € A and a1,...,a0 € A
with

A E JgMas,. .., ae,7) (7.9)
we have in A" a new element w(A, aq,...,as), a “witness” for (7.9). We let

A= AUu{wNar, . a) | M- 20,,9) €A ae AY A= g (a, )},
OW:A
7{112, (Aa1,...,a0) | i€ [0, wXar,...,a0) € A’} (for i € [m]).

For every A(ziy, ..., %, §) € A we let:

Wit = {w(\ar,...,a) |a €AY, and A = IgA(a, )},
R = {(w(\a1,...,a0),b1,...,b,) | a€ A, be A, and A = A(a,b)}.
This completes the definition of .A’. Observe that |A’| < |¢|-||.A||, because for

an atom A = Rz ...z, there are at most |R*| elements of the form w(\, a)
in A", Thus [|A"| < O(|JA]|? - |¢])-

For every A(ziy,...,x,,§) € A let xa(wiy,-..,%i,,2x) be a formula ex-
pressing:

“Either z) € W) is the witness for J:“, oy X4y, OF 2\ € Wy and there

is no witness in Wy for x;,,...,z;,.”
That is, we let xa (@, ..., %, 2x) be the formula

(Wxza A /\ Ejx;, z22) V (=Wiza AVy=(Wiy A /\ ijzjy))
jeld] i€l

Then, for a € A%, b€ A%, and ¢ € A’, we have:
If A/ = xx(@,c) then (A =A@, b) < A’ | Raaaj(ch)).

The notation A’ = Rj2z)7(cb) means that A’ satisfies the formula Ryz)\y if
the variables 2,7 are interpreted by cb. Equivalently, we could write ¢b € Rf/.
Let x := Ajea Xa- Let ¢ be the formula obtained from v by replacing every
atomic subformula A(x;,,...,%;,,7) by Ryzag and relativizing all quantifiers
to O. Finally, we let

¢ = 3x1 ... 3en I (2a)aea (Ox1 Ao A Oz AP A X).

Then,
AEp = A 4.
Since x is equivalent to a formula of the form Vzx’ with quantifier-free y’, the

quantifier Vz can be added to the first block of ¢’ (recall that ¢ > 2). Thus,
the formula ¢’ is equivalent to a formula in Xy ,41[t - u). O



152 7 The W-Hierarchy

Proof of Theorem 7.22: For t = 1 the result holds by the equality W[1] = A[1].
Let t > 1. Lemma 7.10 (combined with Theorem 7.1) shows that p-MC(3;.,,)
is W[t]-hard for all u > 1.

Lemmas 7.24 and 7.23 yield

P-MC (s 4) < p-MC(Zpupt - u]) <P p-WSAT(Tt 1.0

and hence p-MC(X; ,,) € W[t] by Theorem 7.1. O

Actually, Lemma 7.10 yields the slightly stronger statement that, for all
t > 1, the problem p-MC(3;,[2]) is W][t]-hard. Thus we have:

Corollary 7.25. Forallt > 1, u>1, andr > 2,
p-MC(X [r]) is W[t]-complete under fpt-reductions.

We can further improve this by strengthening Lemma 7.10. Recall that
p-MC(GRAPH, %, ,,) denote the restriction of the model-checking problem
to input structures that are (undirected) graphs.

Lemma 7.26. Fort>1,d> 1, p-WSAT(A¢y1.4) <fpt p-MC(GRAPH, % 1).

Proof: By the Propositional Normalization Lemma 7.5, we may assume that «
is a Atﬁrl’l—formula in case t is even and that « is a A, j-formula in case ¢ is
odd. In the proof of Lemma 7.9 we considered the directed graph G = (G, EY)
obtained from the parse tree of a by identifying all leaves corresponding to
the same propositional variable in case t is even and by identifying all nodes
corresponding to the same negated variable and removing the leaves (corre-
sponding to the variables) in case t is odd. Now we consider the undirected
graph underlying G, and again we denote it by G. Since all (nodes correspond-
ing to) literals have distance ¢ + 1 from the root, there are no cycles of length
3 in G. We add two cycles of length 3 to the root. This allows us to define the
root by the ¥;-formula

root(yo) = Jz1329321325(“yo, 21, 22, 2}, 24 are pairwise distinct,

and yo, 21, 22 and yo, 21, 2, are cycles”).

Now, we express that x is a literal by a formula saying that x has distance
t + 1 from the root:

literal(z) := Jyo(root(yo) A Jy1 - .. Jye(“vo, Y1, - - ., Y, T are
pairwise distinct” A (Eyoyr A Eyays A ... A Eyi_1y: A Eyx))).

Clearly, literal(z) is equivalent to a ¥q-formula. We have
« is k-satisfiable <= G | ¢,

where, say, for even t, as ¢ we take a 3; 1-sentence equivalent to
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dxq ... Exk< /\ (x; # xj A literal(z;)) A Jyo(root(yo) A Fy1 (Eyoyr
1<i<j<k

AVy2(Eyiys — ... ... Ve (Byi—1ys — (Byez1 V ...V Byzy)) .. .)))). 0

Putting things together, we obtain the following corollary (the case t = 1
was handled in the preceding chapter).

Corollary 7.27. For all t,u > 1,

p-MC(GRAPH, %, ,,) is W[t]-complete under fpt-reductions.

7.5 W[2] and Turing Machines

As an application of Theorem 7.22, we show that the short halting problem for
nondeterministic (multitape) Turing machines is W[2]-complete, a surprising
result in view of the fact that the corresponding result for single-tape machines
is W[1]-complete (cf. Theorem 6.17).

Theorem 7.28. The short halting problem p-SHORT-NTM-HALT for nonde-
terministic Turing machines is W|[2]-complete, where

p-SHORT-NTM-HALT
Instance: A nondeterministic Turing machine M and k € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most k steps.

Proof: By reducing p-DOMINATING-SET to p-SHORT-NTM-HALT, we show
the W/[2]-hardness. More precisely, we present an fpt-algorithm associating
with each instance (G, k) of the dominating set problem a nondeterministic
Turing machine M such that

G has a dominating set of k elements <=
(M, 3k +2) € p-SHORT-NTM-HALT.

Let the graph G have the vertex set V = {v1,...,v,} and k& < n. The
nondeterministic Turing machine M has n + 1 tapes, numbered by 1 to n+1,
and has 3 := VU{yes, x} as alphabet. Recall that O denotes the blank symbol.

In the first 2k steps, the heads on tapes 1 to n write * into their first
k + 1 cells and go back to the first cell. In the same steps the (n + 1)th head
(nondeterministically) writes k elements of V', say uy, ..., ur (the elements of
the intended dominating set), into the first k cells of its tape, and goes back
to the first cell, so that after the 2k steps it faces the cell containing u;. In the
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next k steps the (n + 1)th head reads the guessed elements uy, ..., ug; at the
same time, in the jth of these steps, the ith head checks whether v; = u; or
Ewv;u;. In the positive case the ith head prints “yes” and moves to the right,
in the negative case it neither moves nor prints (more precisely, it prints x,
the symbol which already was in the cell). After these k steps, the machine
moves all heads one cell to the left and finally it accepts if the heads on the
first n tapes read “yes.”

Clearly, the claimed equivalence holds. We prove that M can be obtained
by an fpt-algorithm by showing that ||M|| is O(k - ||G]|). For this purpose
we present the definition of M in some more detail: The state set is S :=
{1,...,7}, the initial state is sy := 1, and the set of accepting states is F' :=
{7}. The transition relation is defined in the itemized list below. Note that
the first 2k steps (as described above) can be realized by the transitions with
states 1-3, the next k ones by the transitions with state 4, and the last two
by the transitions with states 5 and 6. For every vertex u of G, the Turing
machine M has the following transitions:

e (1,(O,...,0,0),1, (x,...,%,u), (right, . .., right));
e (1,(O,...,0,0),2, (x,...,%,u), (right, . .., right, stay));
o (2,(O,...,0,u),3, (x,...,%,u), (left, . .., left, stay));
o (3,(k, ... k1), 3, (%, ... x,u), (left, . .., left, left));
o (3, (k. ., ku), 4, (%, k), (lefty . .. left, left));
o (4,(%,...,*%u),4,(a1,...,an,u), (M1,..., My, right)), where
-« | (ves,right), if v; =u or {v;,u} € E

(ai,m;) = { (%, stay),  otherwise;

o (4,(%,...,%,u),5,(a,...,an,u), (M1,..., My, right)), where (a;, m;) is de-

fined as in the preceding type of instruction;

(5’ (*7 M *7 D)7 6’ (*7 M *’ *)7 (leﬁ7 ce leﬁ, leﬁ))’

(6, (yes,...,yes,u),7,(yes,...,yes,u), (stay, ..., stay)).
This completes our description of the reduction and hence the W[2]-hardness
proof.

We reduce p-SHORT-NTM-HALT to p-MC(32 3) to prove membership of
p-SHORT-NTM-HALT in W][2]. In the proof of Theorem 6.17 we reduced the
short halting problem for single-tape machines to p-MC(X1); here, we need
an additional universal quantifier to take care of all tapes.

Let M = (S,%, A, sg, F') be a nondeterministic Turing machine with wq
tapes and k € N. For simplicity, assume k£ > 2. We aim at an fpt-reduction
yielding a structure A = Ay, and a 33 3-sentence ¢ = ¢y, such that

(M, k) € p-SHORT-NTM-HALT <= A= ¢. (7.10)
The elements of A, the transitions of M, have the form

(Sa (CL1, .. '7a’w0)?s/7 (all? .. ~7a’iuo)a (h’la ceey hwo))7
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with s,8" € S, a1,...,au,,0a1,...,a,, € (X U{$,0}), and hy,..., hy, €

{left, right, stay} (recall that $ marks the left end of the tapes).
The structure A has the universe

A:=S5U (B U{$,0}) U {left, right, stay} U [0, max{wg, k}] U T,

where T is the set of tuples (b1,...,bw,) € (X U {$,0})" and of tuples
(h1y. -y ha) € {left, right, stay}™® occurring in transitions of A. Then, |A| =
O(k + |[M]|). We need the 5-ary relation D4 (the “transition relation”), and
the ternary relation P4 (the “projection relation”) defined by

DA := A, that is, (DAsts't'h < (s,t,8',t',h) € A);
PAwba <= (w € [wo], b€ T, b= (b1,...,bw,), and b, = a).

Moreover, we have unary relation symbols TAPE, CELL, BLANK, END,
INIT, ACC, LEFT, RIGHT, STAY, and P, for i € [0, k]. We set

e TAPEA = [wy), CELL* := [0,k], BLANK* := {00}, END* := {$},
INITA = {so}, ACCA := F, LEFT* := {left}, RIGHT* := {right},
STAY* := {stay}, and PA := {i} for i € [0, k].

We let (200, 2§, Zinit, Zleft, Zright, Zstay» 205 - - - , 2k) be the formula

BLANK zo A END zg N\ INIT zinit A
LEFT 2ot N RIGHTZright A STAYZStay ANPozg N\ ... N\ Przp.

It will ensure that we have variables for the elements of all singleton relations
introduced above.

The formula ¢ we aim at will express that there is an accepting run of
length < k (without loss of generality of length = k). Among others, it will
contain the variables s;,t;, s}, t}, h; for ¢ € [k]; in fact, s;,t;, s}, ¢}, h; represents
the ith transition carried out in the run. In ¢ the first four conjuncts ensure
that s; is the initial state, that the transitions are according to A, that the
states match, and that the last state is accepting. We obtain ¢ by existentially

quantifying all variables displayed in

(81 = Zinit N /\ DSZ‘ tz’ S; t;» hl N /\ Si+1 = 8; N ACCS%
i€[k] i€[k—1]

A X(ZEIa Z$, Zinit, Zleft, fright, Zstay s 2) A '(/)) )

where 1) is a universal formula expressing that the sequence of transitions can
be applied. To define v, for i € [k], we introduce quantifier-free formulas

letter;(w,p,z,v;) and position,(w,p, U;)

with 0; := s1,t1, 1,81, h1, ..., Si—1,tiz1, 8j_1, ti_1, hi—1 and with the meaning
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if, starting with empty tapes, the sequence of transitions in v; has
been carried out, then the pth cell of the wth tape contains the letter
x’

and

if, starting with empty tapes, the sequence of transitions v; has been
carried out, then the head of the wth tape scans the pth cell,

respectively. Then, as 1, we take a formula expressing that the tape inscrip-
tions are according the transition to be applied:
P = YwVpVz /\ ((positioni(w,p, 0;) A letter;(w, p, x,0;)) — Pwtix).
i€ k]

The simultaneous definition of letter; and position,; by induction on 4 is routine
(recall that z; is interpreted by j):

lettery (w,p,x) :== TAPEw A CELLp A (p = 20 — © = zg) A
(p# 20 — @ = 2p);
position, (w,p) == TAPEw A p = z1;

letter; 1 (w, p,z,Vi41) := TAPEw A CELLp A ((position;(w, p, ;) A Pwt}x)
V(=position,; (w, p, 0;) A letter;(w, p, x, 171’))) :
position, (w, p, Viy1) := TAPEw A left; | A right; y A stay;, ;

where, for example,

left; 1 (w, p, Viy1) = Pwhiziess A \/ (position;(w, zj,0;) Ap = zj—1).
JE[K]

One easily verifies that ¢ only depends on k (and not on M), that it is (logically
equivalent to) a X 3-sentence, and that (7.10) holds. O

7.6 The Monotone and Antimonotone Collapse

We already know that p—WSAT(A; 4) is fixed-parameter tractable (cf. Corol-
lary 4.5). The following theorem lifts this result from FPT to the W-hierarchy.

Theorem 7.29 (Monotone and Antimonotone Collapse). (1) Ift > 1
is even and d > 1, then

p—WSAT(AZ_Q’d), p—WSAT(FZ_Ld), and p—WSAT(I‘;d)

are W[t]-complete.
(2) If t > 1 is odd and t +d > 3, then

p-WSAT(A,,, ), p-WSAT(I', 4), and p-WSar(I', )

are W[t]-complete.
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Besides the techniques of the preceding sections, our main technical tool in
the proof of this theorem will be Lemma 6.31; essentially it showed how to
translate I'; 4-formulas in weighted satisfiability problems into quantifier-free
first-order formulas in model-checking problems. For the reader’s convenience,
we repeat Lemma 6.31, and we extend it to formulas in A; 4. Recall that we
write a(X71,...,X,) if the variables of « are among Xi,..., X,.

Lemma 7.30. For all d,k > 1 and for all formulas a(X1,...,X,) € T1qU

Ay q there are

o a vocabulary T = 741, that only depends on d and k, but not on «;

o aT-structure A = Ay (x,,... x,),d,k With universe A := [n];

o quantifier-free formulas Y ar(T1,. .., Tx) and Py qx(x1,. .., 21) that only
depend on d and k, but not on «

such that forii,... i € A

if a €'y 4, then ({Xil, oo, Xiy }osatisfies o <= A Yp ax(in, ... ,ik));
if o € Aq 4, then ({Xi1,~-~,Xz‘k} satisfies a <= A |y q(i1, . .. ,ik)).
Furthermore, the mappings (c, d, k) — (A, qx) and (o, d, k) — (A, ¥y ax)

are computable in time k2. d* - (|| +n)°W.

Proof: For formulas in I'y 4, this is Lemma 6.31, which we proved in Chap. 6.
Assume that a(Xi,...,X,) € Ajg4. Then, -« is equivalent to a formula
B(X1,...,Xn) €Ty 4. We set

Aa(xy,.x)dk = Ag(x1,...,X0)d ko
Uy a k(T 2k) = A g k(T Tk).
Then, for elements iy, ...,ix of Ay(x,, .. x,),dk We have
{Xi,..., X, } satisfies a <= {X;,,...,X;, } does not satisfy (3

A AB(Xl,---,Xn),d,k ~ 7/)/\,d,k(i1,-~-,ik:)
= Aa(xi,. X0)dk F Ok (L),

which proves the claim. a

Proof of Theorem 7.29: We already know that all problems listed in (1) and
(2) are W[t]-hard.

To prove that they are contained in W[t], for simplicity we restrict our
attention to even t. It suffices to show that

p-WSAT(Af, ;) <P p-MC(Z4,1). (7.11)

Fix k € N. First, consider a formula 3 in Fid, say,

5:A@hvmvnm.

icl
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We let X be the set of variables of 3 and set
F:={{Yan,....Y;,, }|iel}.

Clearly, an assignment satisfies 3 if the set of variables set to TRUE is a hitting
set for (X, F). By Lemma 1.17, there is an algorithm that in time O(d* - k-|3])
yields a list £ consisting of the minimal hitting sets of cardinality at most k.
For every hitting set C' in the list £, let y¢ be the conjunction of the variables
in C. Then, y¢ is the conjunction of at most k variables. Therefore, \/ . 7o
is a Ay p-formula, which, with respect to assignments for 3 of weight < k, is
equivalent to .

We turn to (7.11). Let (a, k) be an instance of p—WSAT(A;Zd). Let

Xiq,...,X,, be the variables of a. We replace every subformula § € I‘id
of a by the corresponding A; j-formula \/Ce r Yo, thus obtaining a formula
o in Apyqg.

The structure A will consist of two parts. The first part of A is 7 =
(T,ET, ROOTT), where the directed graph 7 = (T, E7) is obtained from
the parse tree of o, by removing all nodes corresponding to small formulas.
Hence 7 is a rooted tree (with edges directed from the root to the leaves),
and every leaf a corresponds to a Ay g-formula 6,(X1,...,X,,). The unary
relation ROOT7 just contains the root of the tree.

The universe of the second part of A is the set [m] of the indices of the
variables of a. There is a unary relation symbol VAR with VARA = [m].

Finally, there are relations whose interpretations link the two parts of A:
Consider a leaf a of the tree 7 and let §, be the corresponding A; j-formula.
The structure As, (x, ... x,.),kk (according to Lemma 7.30) has universe [m],
too. We want to have available all relations of these structures. Since all J,
have the same vocabulary 73, (compare Lemma 7.30), to keep all relations
apart, we “tag” the tuples belonging to As, (x, ... x,),k,k With the leaf a. More
precisely, for each r-ary relation symbol R € 73 the vocabulary of A contains
an (r + 1)-ary relation symbol R/, and we let

(RYA = {(a,a1,...,a,) ’ aleaf of T, and (ay,...,a,) € R4 X1 Xm)dok b

Figure 7.1 illustrates the construction.

We now define, by induction on s > 0, formulas ¢4 (y, 1, . .., xx) such that
for every node b of T of height s, corresponding to the subformula 3 of o/,
and all a1, ..., a, € [m], we have

{Xaps-..,Xq, } satisfies 8 <= AE=vs(b,a1,...,ax). (7.12)

We let ¢o(y, z1,...,xk) be the quantifier-free formula obtained from the for-
mula ¢y, of Lemma 7.30 by replacing each atomic subformula Rz, ...z,
by R'yz; ...z,. Then for s = 0, (7.12) follows from our construction of A and
Lemma 7.30.

For even s > 0, we let
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T Ve ROOT™

\%

Aso (X1, xm> Kok

>

) The two parts of the structure A

(b) The combined structure

Fig. 7.1. Construction of the structure A

Ysr1 (Y, 21, .oy xp) 1= Vz(Eyz — (2,21, ... ,xk)),

and (7.12) follows from the fact that all nodes of height s 4+ 1 correspond to
conjunctions of formulas corresponding to nodes of height s. Similarly, for odd
s >0 we let

Yst1(y, X1, .., Tk) = Hz(Eyz/\ws(z,xl,...7xk)).

Finally, we let
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w = Eml...ﬂxk3y< /\ VAR z; \ /\ :EZ-7éxj/\ROOTy/\ilzt(y,xl,...,:rk)).

i€[k] i,j€[k]
i#j
It is easy to see that ¢ is equivalent to a formula in ¥ ;. a

Corollary 7.31. Lett > 0 and let p(X) be a Ilyyq-formula. Then:

(1) If t is even and ¢(X) is positive in X, then p-WD, € WIt] (here, we
identify W[0] with FPT).

(2) If t is odd and ¢(X) is negative in X, then p-WD, € W[t].

Proof: Let p(X) be a II;4;-formula. From Corollary 7.4 we know that:

e if p(X) is positive in X, then p-WD,, <Pt p-WSAT(FLLd) for some d > 1;
e if p(X) is negative in X, then p-WD,, <'P* p-WSar(I',, ;) for some d > 1.

Now the claim follows from Theorem 7.29 and for t = 1, from Proposition 4.4.
O

Recall that in Exercise 7.12 we saw that there is a formula ¢(X) positive
in the set variable X if ¢ is even and negative in X if ¢ is odd such that p-WD,,
is W[t]-complete.

Example 7.32. Consider the parameterized problem:

p-RED/BLUE-NONBLOCKER
Instance: A graph G = (V, E), a partition of V into two sets
R and B (the red and the blue vertices, respec-
tively), and k € N.
Parameter: k.
Problem: Decide whether there is a set S of cardinality k
of red vertices such that every blue vertex has at
least one red neighbor that does not belong to S.

Let 7 := {E, RED, BLUE} with binary E and unary relation symbols RED
and BLUE. A graph with a partition of its vertices into red and blue ones can
be viewed as a 7-structure. We have p-RED/BLUE-NONBLOCKER <P* p-WD,,
for

o(X) = VuEy((REDu V ~Xu) A (~BLUEuV (Euy A REDy A —|Xy))) .

The formula ¢(X) is a IIs-formula negative in X. Hence, by the preceding
corollary, p-RED/BLUE-NONBLOCKER € W[1]. !

Exercise 7.33. Prove that p-RED/BLUE-NONBLOCKER is W][1]-complete
under fpt-reductions.

Hint: Reduce p-WSAT(I'] ) to p-RED/BLUE-NONBLOCKER. 4
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Example 7.34. Recall that the formula
YyVz(-XyV -XzVy=2V Eyz)

Fagin-defines the parameterized clique problem on the class of graphs. It is
negative in X. If everywhere in this formula we replace =X ... by Y ..., we
obtain

YyVz(YyVvVYzVy=zV Eyz),

a formula positive in Y. One easily verifies that, on the class of graphs, it
Fagin-defines the problem

p-dual-CLIQUE
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether there is a clique in G of cardinality

G| — k.

By Corollary 7.31, this problem is fixed-parameter tractable. -

Exercise 7.35. Show that the parameterized problem

p-dual-DUAL-DOMINATING-SET
Instance: A graph G and k£ € N.
Parameter: k.
Problem: Decide whether there is a dominating set in G of
cardinality |G| — k.

is W[1]-complete under fpt-reductions.

Hint: For the hardness, reduce p-INDEPENDENT-SET to the problem. —

Exercise 7.36. Let d > 1. Show that the parameterized problem

p-DISTANCE-d-DOMINATING-SET
Instance: A graph G and k£ € N.
Parameter: k.
Problem: Decide whether there is a set S of cardinality &k of
vertices such that for each vertex v of G there is
a vertex w € S such that the distance between v
and w is at most d.

is W[2]-complete under fpt-reductions.

Hint: To prove p-DISTANCE-d-DOMINATING-SET € W/[2], reduce the problem
to p-WD,, for some (X)) € II3 positive in X. .
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7.7 The Class W[SAT]

So far we have seen that for each level of the W-hierarchy the weighted satisfi-
ability problem for a suitable fragment of the class PROP of all propositional
formulas is complete. Moreover, we know that p-WSAT(CIRC), the param-
eterized weighted satisfiability problem for circuits, is W[P]-complete. But
what is the complexity of p-WSAT(PROP)?

Definition 7.37. W[SAT] is the class of all parameterized problems fpt-
reducible to p-WSAT(PROP),

W[SAT] := [p-WSar(PROP)]*. .
Clearly,
FPT C W[1] € W[2] C ... € W[SAT] C WI[P].

If the W-hierarchy is strict (that is, W[t] € W[t + 1] for ¢ > 1), then
U;>1 Wt] € W[SAT]. Otherwise, p-WSAT(PROP) € W]to] for some t(, and
hence W{to] = W(to + 1] = W[SAT].

We present a characterization of W[SAT] in terms of a model-checking
problem, but with a different parameterization. For a class ® of first-order
formulas, let p-var-MC(®) be the following problem:

p-var-MC(®)
Instance: A structure A and ¢ € ®.
Parameter: The number of variables of .
Problem: Decide whether p(A) # ().

Theorem 7.38. p-var-MC(%;) is W[SAT]-complete under fpt-reductions.

Proof: First, we show that p-WSAT(PROP) <Pt p-var-MC(X;). Let (a, k)
be an instance of p-WSAT(PROP). If « has the propositional variables
X1,...,Xm, we set 7 := {Py,..., Py} with unary P, and let A be the 7-
structure with A := [m] and with P/ := {¢} for £ € [m]. Let

Q= Elxl..ﬂxk( /\ Ti # T /\a*),
1<i<j<k

where the first-order formula o* is obtained from « by replacing, for £ € [m],
every occurrence of Xy by vz‘e[k] Ppx;. Then,

(o, k) € p-WSAT(PROP) <— Ak .

Since ¢ has k variables, this equivalence shows that the mapping (o, k) —
(A, ) is an fpt-reduction from p-WSAT(PROP) to p-var-MC(31).
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We turn to a proof of p-var-MC(X;) <Pt p-WSaT(PROP). Let A
be a structure and ¢ € 3;. We may assume that ¢ is a sentence, say,
¢ = Fz1...3zxy with quantifier-free ¢. For ¢ € [k] and a € A, let X, ,
be a propositional variable. We obtain the propositional formula « from ¥ by
replacing atomic subformulas Rx;, ... 7. by Vzcpa(Xiyay Ao A X, q,) and
atomic subformulas x; = z; by \/,c4(Xi.a A Xj4). One easily verifies that
A | ¢ if and only if the formula

a A /\ /\ (Xia AXip)

i€k] a,bEA,
a#b

acA

has a satisfying assignment of weight k. This gives the desired reduction from
p-var-MC(X;) to p-WSAT(PROP). O

Since the vocabulary of the ¥;-formula constructed in the reduction from
p-WSAT(PROP) to p-var-MC(X1) in the previous proof is unary, we also
obtain:

Corollary 7.39. p-var-MC(%4[1]) is W[SAT]-complete under fpt-reductions.

Notes

Downey and Fellows [79] proved Theorem 7.1 based on the original definition
of the W-hierarchy; the equivalence to our definition (Theorem 7.20) is due
to Downey et al. [84].

The W[2]-completeness of p-DOMINATING-SET (Corollary 7.15) and hence
of p-HITTING-SET (Theorem 7.14) was shown in [79]. The W|[2]-completeness
of p-KERNEL (Theorem 7.16), based on [54], is due to Y. Chen and the authors,
and that of p-SHORT-NMTM-HALT (Theorem 7.28) is due to Cesati and
Di Ianni [41]. Theorem 7.17 was shown in [81]. Lemma 7.18 is from [161].
The W[2]-hardness of p-LCS (Proposition 7.19) was shown by Bodlaender et
al. [27]. Downey and Fellows [80] proved that the restriction of p-RED/BLUE-
NONBLOCKER to graphs of degree d > 3 is W[1]-complete.

The fragments >, of first-order logic were introduced in Downey et
al. [84], where Corollary 7.25 was shown. Theorem 7.22 is from [103]. The ver-
sion of the monotone and antimonotone collapse contained in Theorem 7.29
is from [103] and is slightly stronger than the original version due to Downey
and Fellows [79]. The class W[SAT] was introduced in [79]. The W[SAT]-
completeness of p-var-MC(X;) (Theorem 7.38) is due to Papadimitriou and
Yannakakis [170].

Open Problems

It is not known whether the W-hierarchy is strict, that is, whether W[t] C
Wit + 1] for all ¢t > 1. Clearly, the strictness of the W-hierarchy would imply
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that FPT # W[P] and hence, in particular, that PTIME # NP (by Corol-
lary 2.13 and Proposition 3.2). So reasonable open questions are:

e Is the W-hierarchy strict under the assumption FPT # W[P]?
e For ¢ > 1, does the equality W[t] = W[t + 1] imply W[t] = W[t + 2]?
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The A-Hierarchy

The classes of A-hierarchy are defined by
£
Alf] = [p-MC(%0)] ™"

Since the unparameterized model-checking problem MC(%;) is complete for
the ¢th level of the polynomial hierarchy, the A-hierarchy can be viewed as a
parameterized analogue of the polynomial hierarchy. In fact, in Sect. 8.1 we
shall see that, as the polynomial hierarchy, the A-hierarchy can be character-
ized by alternating machines.

Section 8.2 is technical; in it we prove certain normal form results. In
Sect. 8.3, we introduce alternating weighted satisfiability problems and char-
acterize the classes of the A-hierarchy by them. Few natural complete prob-
lems are known for classes of the A-hierarchy beyond A[1]. In Sect. 8.4, we
give an example of an A[2]-complete problem. We also introduce the class co-
A[1] of all parameterized problems whose complement is in A[1] and prove a
(maybe surprising) completeness result for this class. In Sect. 8.5, we charac-
terize the A-hierarchy in terms of Fagin definability. In the last three sections
of this chapter we discuss a variety of parameterized complexity classes and
hierarchies of classes that are related to the A-hierarchy, and, in particular in
the last section, to the W-hierarchy.

8.1 The A-Hierarchy and Machines

In this section we generalize the results obtained for A[l] and machines in
Sect. 6.2 to arbitrary classes of the A-hierarchy. Essentially, the proofs dupli-
cate the proofs of that section if one replaces the nondeterministic machines
by alternating ones.

For ¢ > 1 we consider the parameterized problem p-SHORT-ASTM-HALT,,
the short halting problem for alternating single-tape Turing machines with less
than £ alternations:
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p-SHORT-ASTM-HALT,
Instance: An alternating single-tape Turing machine M|
whose initial state is existential, and k € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most k steps with less than £ alternations.

Theorem 8.1. For{ > 1,

p-SHORT-ASTM-HALT, is A[{]-complete.

Proof: Fix £ > 1. By reducing p-MC(X;) to p-SHORT-ASTM-HALT,, we prove
hardness.

We first show that, for every structure A and every quantifier-free for-
mula ¢ with variables z1,...,2m, ¥ = ¥(z1,...,2m), in time polynomial
in || + ||A|| we can construct a deterministic Turing machine M(A, )
with input alphabet A that accepts an input word a;...a., if and only if
A = ¢(a1,...,an) and that performs at most f(|1)|) steps for some com-
putable function f : N — N. Without loss of generality we may assume that
¥ is in negation normal form (that is, negations only occur directly before
atomic subformulas). The proof is a straightforward induction on . The only
nonobvious step is that of negated atoms. So suppose that ¢ = =Ry ...z,
where R is r-ary. We face one difficulty. Since the arity of the vocabulary
is not fixed in advance, we would not get an fpt-reduction if for every tuple
a € A" we introduced a state s(@). We circumvent this difficulty by a similar
trick as in the proof of Lemma 6.11, now on the level of the machines.

For s € [0,7], a tuple @ € A® is R-extendible if R*ab for some b € A%,
Note that the empty tuple € is R-extendible if and only if R4 # (. Our
machine M(A, =Rz ... x,) has a state s(a) for every R-extendible tuple a; in
addition, it has states sq, ..., s., S—,sa. The initial state is sg, and the only
accepting state is s 4. Observe that there are at most 7| R*| < ||A|| extendible
tuples. Thus the machine has O(||.A]|) states.

Recall that the alphabet of the machine is A. The input is supposed to
be a word aj ...a,. The machine first checks if the input is of this form by
using the states sg,...,s,.. Then it moves the head back to the first input
symbol (using state s_) and switches to state s4 if € is not R-extendible, and
otherwise to s(e¢). From now on, the machine will either be in the accepting
state s4 or in a state s(ay, ..., a;) with the head facing the (i 4+ 1)st tape cell,
for some i € [0,r]. If ¢ < r and the tuple (a1, ...,a;,a;+1) is not R-extendible,
then the machine goes to state s4 and accepts. Otherwise, if ¢ < r it goes
to state s(ay,...,a;+1) and moves its head to the right. This completes our
description of the construction of the machines M(A, ).

Now suppose we are given a Yy-sentence

Y = 3.%11 e Hl‘lklvxm .. .V.’L‘ka N ngl N Ql‘g}w w,
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where 1 is quantifier-free. Then, there is a computable function g such that
we have

AlE ¢ <= (M(A, ), 9(l¢|)) € p-SHORT-ASTM-HALTy,

where the alternating Turing machine M(A, ¢) first writes a sequence of ele-
ments of A, the interpretations of 11, ..., 2z, on the tape using existential
states for the existential quantifiers and universal states for the universal quan-
tifiers, and then simulates M(A, ¢) on this input. Clearly, M((A, ¢) makes less
than ¢ alternations, and its number of steps can be bounded in terms of |¢|.

To prove membership of p-SHORT-ASTM-HALT, in A[/], we show that
p-SHORT-ASTM-HarLT, <Pt p-MC(%,). The proof is an extension of the
proof of the corresponding part of Theorem 6.17, and we only sketch the
necessary changes. There, for a nondeterministic single-tape Turing machine
M, we introduced a structure Ay. Now, let M be an alternating single-tape
machine whose initial state is existential. We define Ap; in exactly the same
way, but we use two further unary relation symbols F and U, which are in-
terpreted in Ay by the existential and universal states, respectively. There
we described configurations of the machine M that only involve the cells
1,...,k+ 1 as (k + 3)-tuples (s,p,a1,...,ar+1), where s € S is the current
state, p € {0,...,k + 1} is the head position, and ay,...,ar+; € ¥ are the
symbols written on cells 1,...,k 4+ 1. We introduced

e a quantifier-free formula init(z,y, 21, ..., 2x+1) expressing that the initial
configuration is (z,y, 21, ..., 2k+1);

e aquantifier-free formula trans(x,y, 21, . .., 211, 2,9, 21, . . ., 241 ) stating
that a transition from configuration (x,y,z1,...,2k+1) to configuration
(2',y', 21, .., 2,4,) is possible.

Now, for example, for ¢ = 2, we get
(M, k) € p-SHORT-ASTM-HALTy < Ay = ¢,
where as ¢ we take the formula (we abbreviate z; 1 ...z g+1 by Z;)
\/ dx13y1 3z .. Ty, 32, (Ea:l N...NFx,_4
relk+1]

A init(z1,y1, 21) A /\ trans (i, Yi, Zis Tit1, Yit1, Zit1)
i€[r—1]
AT VY1V g1 Va1 Ve Ve ) (ACC s
s€[0,k+1—7]
A /\ (Uz; A trans(zi, yi, Zis Tiv1, Yis1, 2i+1))))~
i€[r,r+s—1]
Since ¢ is equivalent to a X-formula, this yields the desired reduction. a

Observing that a run of k steps of an alternating machine has less than &
alternations, the preceding proof yields:
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Corollary 8.2. p-MC(FO) =Pt p-SHorT-ASTM-HALT, where

p-SHORT-ASTM-HALT
Instance: An alternating single-tape Turing machine M and
k e N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most k steps.

Since the arity of the vocabulary used to describe the behavior of Turing
machines is 4, we obtain a further corollary out of the preceding proof (we
improve this result in Sect. 8.2):

Corollary 8.3. There is a vocabulary T of arity 4 such that:
o for every £ > 1, p-MC(X) =P p-MC(Z[7]);
e p-MC(FO) =Pt p-MC(FO[7]).

Exercise 8.4. Let ¢ > 1. Consider the following halting problem for alter-
nating Turing machines:

p-SHORT-ATM-HALT,
Instance: An alternating Turing machine M, whose initial
state is existential, and k& € N.
Parameter: k.
Problem: Decide whether M accepts the empty string in at
most k steps with less than ¢ alternations.

Show that, for even ¢ > 1, the problem p-SHORT-ATM-HALT, is A[/]-
complete. The case of odd ¢ > 1 is treated in Exercise 8.48. -

A Machine Characterization of A[f]

A generalization of the nondeterministic random access machines to alternat-
ing random access machines yields a generalization of the machine charac-
terization of A[l] that we obtained in Sect. 6.2 to the higher levels of the
A-hierarchy.

Recall that we introduced nondeterminism to random access machines in
form of a GUESS instruction, which permits the program to nondetermisti-
cally guess a natural number less than or equal to the number stored in the
accumulator and store it in the accumulator. In addition to this “existen-
tial” GUESS instruction, an alternating random access machine, or ARAM,
also has a universal instruction FORALL. To emphasize the duality, we call
the GUESS instruction EXISTS from now on. Steps of a computation of an
ARAM in which EXISTS or FORALL instructions are executed are called ez-
istential steps or universal steps, respectively. They are the nondeterministic
steps; all other steps are called deterministic steps.
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Even though we adapt the notions of configuration, run, alternation,
et cetera, introduced in the Appendix for alternating Turing machines, to
ARAMSs in an obvious way, let us repeat some key concepts. Let P be an
ARAM program, that is, a sequence (m1,...,7s) of instructions. A config-
uration C is a pair (c, contents), where ¢ € [s] signals that instruction .
is the next instruction to be executed and contents is a finite set showing,
besides the contents of the relevant input registers, the current values of all
registers that have been changed so far in the computation. The configuration
(¢, contents) is existential (universal) if m. = EXISTS (7, = FORALL). It is
a halting configuration if 7. is the halting instruction; all other configurations
are deterministic. A halting configuration is accepting if the content of the
accumulator is 1.

A computation step or, in short, a step of P, is a pair (C,C") of configu-
rations, where C' = (¢, contents) and C’ can be obtained from C by executing
7. Then we call C" a successor configuration of C.

A run of P on input x € ¥* is a directed tree where each node is labeled
with a configuration of P such that:

The root is labeled with the initial configuration on input z.

If a vertex is labeled with a deterministic configuration C, then the vertex

has precisely one child; it is labeled with the successor configuration of C.
e If a vertex is labeled with an existential configuration C', then the vertex

has precisely one child; it is labeled with a successor configuration of C.
e If a vertex is labeled with a universal configuration C', then for every

successor configuration C’ of C' the vertex has a child labeled with C’.

The run is finite if the tree is finite, and infinite otherwise. The length of the
run is the height of the tree. The run is accepting if it is finite and every leaf
is labeled with an accepting configuration.

The language (or problem) accepted by P is the set Qp of all z € 3X* such
that there is an accepting run of P on input x. If all runs of P are finite, then
we say that P decides Qp, and we call Qp the problem decided by P.

A computation path of P on input z € X* is a maximal path of some run
of P on z. The subsequence of existential and universals steps, that is, the
subsequence of nondeterministic steps, in a computation path p of P can be
described by a string w(p) € {3,V}*. Let e be a regular expression over the
alphabet {3,V}. The ARAM program P is e-alternating if, for all computation
paths p of P on any input, the word w(p) belongs to the language of e. For
example, a program for an NRAM corresponds to an 3F*-alternating ARAM
program.

Definition 8.5. Let £ > 1 and Q = 3 if £ is odd and ) = V if £ is even. An
ARAM program that is

IV 3" ... Q" -alternating
—_———

¢ blocks
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is also called ¢-alternating. .

We generalize the notion of k-restricted NRAM programs (cf. Defini-
tion 6.19) to ARAM programs in the obvious way:

Definition 8.6. Let x : ¥* — N be a parameterization. An ARAM program

P is k-restricted, if there are computable functions f and g and a polynomial

p(X) such that all computation paths of PP on input x € ¥*:

e consist of at most f(k) - p(n) steps, at most g(k) of them being nondeter-
ministic;

e use at most the first f(k) - p(n) registers;

e contain numbers < f(k) - p(n) in any register at any time.

Here n := |z|, and k := k(x). 4

Again, we say that a k-restricted program P is tail-nondeterministic if
there is a computable function A such that all nondeterministic steps in all
computation paths of PP on any input = are among the last h(k(z)) steps.

Proposition 8.7. Let (Q, k) be a parameterized problem.

(1) Let £ > 1. Then (Q, ) <t p-SHORT-ASTM-HALT, if and only if there
is an L-alternating and tail-nondeterministic k-restricted ARAM program
deciding (Q, k).

(2) (Q, k) <Pt p-SHORT-ASTM-HALT if and only if there is a tail-nondeter-
ministic k-restricted ARAM program deciding (Q, k).

The proof is a straightforward extension of the proof of Theorem 6.22
where (implicitly) it is shown that (Q, x) <®* p-SHORT-NSTM-HALT if and
only if there is a tail-nondeterministic k-restricted program for an NRAM de-
ciding (Q, ). Essentially one has to replace in that proof the halting problem
p-SHORT-NSTM-HALT by the halting problem p-SHORT-ASTM-HALT, for
(1), and by p-SHORT-ASTM-HALT for (2). We leave the details to the reader.

In view of Theorem 8.1 we get:

Theorem 8.8. Let ¢ > 1 and (Q,k) be a parameterized problem. Then
(Q, k) € Alf] if and only if there is an L-alternating and tail-nondeterministic
k-restricted ARAM program deciding (Q, k).

The machine characterizations yield the following implication, which can
be viewed as a parameterized analogue of the classical result that if PTIME =
NP, then the whole polynomial hierarchy collapses.

Corollary 8.9. If FPT = W[P], then FPT = A[1] = A[2] =....
Proof: Assume FPT = W[P]. By induction on ¢ > 1, we show that FPT =

Alf]. This is clear for ¢ = 1, since FPT C A[1] = WJ[1] C W[P] = FPT. Now,
let (@, k) be a parameterized problem over the alphabet 3 in A[¢+1]. Using the
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preceding theorem, we choose an ¢ + 1-alternating and tail-nondeterministic
k-restricted ARAM program P deciding (Q, k). We show that (@, ) is in W[P]
and hence, in FPT.

Fix an instance = of (@, k). We stop the program P, on input x, after the
existential steps of the first existential block have been performed. We may
assume that P has stored the numbers guessed in these existential steps. We
can code the sequence of these numbers by a string y € ¥*.

Let ¥’ := X U {$}, where $ is not contained in ¥, and let <" : (X')* — N
be given by

, k(u1), if u=uidus with uy,us € ¥,
K (u) = .
1, otherwise.

Consider a program P’ that on input z$y, first decodes y, simulates the com-
putation of P on input x replacing the existential steps of the first existential
block by taking as guessed numbers the numbers of y one after the other (if
y has not the appropriate length, then P’ rejects). Then, P’ is a

V¥V ... Q™ -alternating
— —
£ blocks

k'-restricted tail-nondeterministic ARAM program. Therefore, P’ decides a
parameterized problem whose complement is in A[¢]. By induction hypoth-
esis, the complement and hence, the problem itself, are in FPT. Thus, P’
is equivalent to an fpt-algorithm A. Now consider the following program P”
deciding @: On input x it first simulates the deterministic steps and the exis-
tential steps of the first existential block of P (on input x), it codes the guessed
numbers as a string y € ¥.* as above, and then simulates A on input z$y. We
also simulate the deterministic steps in order that the value of the accumu-
lator allows guessing of the “correct” numbers. Clearly, P” is a x-restricted
NRAM program. Therefore, (Q, k) € W[P] by Exercise 6.20. O

8.2 ¥ ,-Normalization

To obtain further results for the A-hierarchy, in particular, characterizations
in terms of weighted satisfiability problems, we need a normalization for X,-
formulas. A ¥,-formula is simple (weakly simple) if its quantifier-free part is a
conjunction of atoms (literals) if £ is odd, and a disjunction of atoms (literals)
if £ is even.! We denote the class of all simple X,-formulas (weakly simple
Y -formulas) by simple-X, (wsimple-3).

Lemma 8.10 (X,-Normalization Lemma). For { > 1,
p-MC(Z,) <PP* p-MC(simple-3,[2]).

1Simple 3;-formulas are also called conjunctive queries, cf. Exercise 6.10.



172 8 The A-Hierarchy

We prove this normalization lemma with the following four lemmas.

Lemma 8.11. For/{ > 1,

p-MC(2,[2]) <™* p-MC(simple-5;[3)).

Proof: To simplify the notation we fix the parity of ¢, say, ¢ is even. Let (A, ¢)
be an instance of p-MC(X,[2]). Thus, the vocabulary 7 of A has arity < 2, and
we can assume that the quantifier-free part of the sentence ¢ is in conjunctive
normal form,
o =3935 -V [\ \ Nij»
il jeJ

with literals A;;. First, we replace the conjunction A, ; in ¢ by a universal
quantifier. For this purpose, we add to the vocabulary 7 unary relation sym-
bols R; for i € I and consider an expansion B := (A, (RP);cs) of A, where
(RB);cr is a partition of A into nonempty disjoint sets (we may assume that
|A| > |I|). Let y be a variable not occurring in . Then,

A ’: ¢ < BE3InVy3dys. .. Vg Vy \/ \/ (Riy A )\ij).
ieljeJ

Since the arity of 7 is < 2, every A;; contains at most two variables, say,
Xij = Nij(zi5,9i5). We expand B to a structure C by adding, for all 4 € I and
j € J, a relation Ti‘; of arity 3 containing all triples (a,b,c) such that RPa
and B = \;;(b, ¢). Then,

i€l jeJ

The formula on the right-hand side is simple, so this equivalence yields the
desired reduction. O

We turn to vocabularies of arbitrary arity. We need the following result,
which for £ = 1 was shown as Lemma 6.11 and whose proof is a straightforward
generalization of that proof, so we omit it. For a class ® of first-order formulas,
we denote by ®* the class of all formulas in ® without negation symbols and
by ®~ the class of all formulas in ® in which there is a negation symbol in
front of every atom and there are no other negation symbols.

Lemma 8.12. (1) If ¢ > 1 is odd, then p-MC(Z,) <P p-MC(Z]).
(2) If € > 1 is even, then p-MC(X,) <Pt p-MC(Z; ).

The main idea involved in a reduction of the model-checking for formulas
of unbounded arities to vocabularies of arity 2 is the transition to the incidence
structure, an idea we already used in the proof of Lemma 6.13. Recall that
for a structure A of vocabulary 7, the incidence structure A; of A, which we
introduced in Definition 6.12, has a vocabulary 77 of arity 2 containing a unary
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relation symbol Pg for every R € 7 and binary relation symbols F1, ..., Es,
where s is the arity of 7. The universe A; of A; consists of A together with
new elements br ; for R € 7 and @ € RA. Moreover, PE‘I ={bralac RAY,
and EiAI consists of all pairs (a;,bra), where R € 7 has arity r > i. Note that
[ Azl = O([[Al}).

If  is any first-order sentence and ¢y is the 7;-sentence obtained from ¢
by replacing every atomic formula Rz ...z, by

Jy(Pry A Erz1y A ... A Epzpy), (8.1)

then
AEy¢ = ArE¢1).

Thus, a negated atomic formula ~Rx; ...z, is replaced by a formula equiva-
lent to
Vy(—=Pgry V —E1z1y V...V -E.z.y). (8.2)

Using the transition (A, ¢) — (Ar, 1) we derive the following result:

Lemma 8.13. (1) If ¢ > 1 is odd, then
e pMC(N{) < p MC(S; [2);
e p-MC(simple-%,) <Pt p-MC(simple-%,[2]).
(2) If £ > 1 is even, then
o pMC(X;) <P p-MC(Z, [2]);
e p-MC((wsimple-X;)~) <'P* p-MC((wsimple-%,)~[2]).

Proof: If £ is odd and ¢ € Ej (is simple), then the last quantifier block
in ¢ is existential (and the quantifier-free part is a conjunction of atoms).
Since ¢ only has positive literals, in ¢; this last existential block can absorb
the quantifiers introduced by (8.1) (and thereby, only conjunctions are added
to the quantifier-free part). Similarly, if ¢ is even and ¢ € ¥, (is weakly
simple), then the last quantifier block in ¢ is universal (and the quantifier-
free part is a disjunction of negative literals) and in ¢; this block can absorb
the quantifiers introduced by (8.2) (and thereby, only disjunctions of negative
literals are added to the quantifier-free part). a

For finite arity, the model-checking problems for weakly simple formulas
and for simple formulas have the same complexity:

Lemma 8.14. For even { > 1 and r > 2,

p-MC((wsimple-X,) ™ [r]) =fpt p-MC(simple-3,[r]).

Proof: Given any structure A in a vocabulary 7 of arity r, we define the
structure A’ by adding the complement of each relation of A. More precisely:
We set 7" := 71 U{R° | R € 7} U {#}, and we obtain A’ from A setting
(ROA" = A»rity(B) \ RA and #A:= {(a,b) | a,b € A, a # b}. Thus, | 4| =
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O(|lA||"). The transition from A to A" allows us to replace in any formula
negative literals by positive ones and vice versa, thus showing our claim. O

Proof of Lemma 8.10: Applying Lemmas 8.12, 8.13, 8.11, 8.14, 8.13, and 8.14
one by one, we obtain the following chain of reductions, say, for even ¢,

p-MC(Z,) <Pip-MC(Z,) <P p-MC(Z,[2])
<fpt p-MC(simple-X,[3]) <fpt p-MC((wsimple-3,)~[3])
<fpt p-MC((wsimple-3,)~[2]) <fpt p-MC(simple-¥,[2]). O

Since every first-order formula can be transformed into a Y,-formula for
sufficiently large ¢, we see from the preceding proofs:

Corollary 8.15. p-MC(FO) =t p-MC(U;s, simple-3,[2]).

Exercise 8.16. Show that
e p-MC(%)) =t )-MC(GRAPH, Yy) for £ > 1.
e p-MC(FO) =fpt p-MC(GRAPH, FO). -

8.3 The A-Hierarchy and Propositional Logic

In this section we derive a characterization of the A-hierarchy in terms of
weighted satisfiability problems for classes of propositional formulas. When
translating the model-checking problem for ¥ ,, into a weighted satisfiability
problem for a class of propositional formulas, we saw (for example, in the
proof of Lemma 7.23) that the unbounded block 3z ... 3z of quantifiers of
a X ,-formula leads, on the side of propositional logic, to the weight k of an
assignment and to the variables X , of the propositional formula. (Here i € [k]
and a ranges over the universe of the given structure.) Since in A[¢{] we have ¢
alternating unbounded blocks of quantifiers, we have to consider alternating
weighted satisfiability problems for classes of propositional formulas.

Let © be a set of propositional formulas and ¢ > 1. The ¢-alternating
weighted satisfiability problem p-AWSAT(0©) for formulas in © is the follow-
ing problem:

p—AWSATe(@)

Instance: « € O, a partition of the propositional variables of

« into sets Xq,..., X, and ki,...,k; € N,
Parameter: ki + ...+ ky.

Problem: Decide whether there is a subset &; of X7 with
|S1| = k1 such that for every subset So of Ay with
|Sa| = ko there exists ... such that the truth value
assignment S; U...U Sy satisfies a.
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Thus, p-AWSAT;(0) = p-WSAT(0). The main result of this section reads as
follows:

Theorem 8.17. For ¢ >1 and d > 2,
p-AWSAT (T g U Ay 4) is A[l]-complete.

Moreover, we have:
o Ifl is odd, then p-AWSAT(I'| ;) is A[(]-complete.
o If(is even, then p-AWSAT,(AT,) is All]-complete.

By the definition of A[¢], this theorem is an immediate consequence of:

Lemma 8.18. Let d > 1.
(1) If £ > 1 is odd, then

P-AWSAT,(T'1,q UAyq) <P p-MC(2g) <P p-AWSAT,(T'],).
(2) If £ > 1 is even, then
p-AWSAT(T',¢ U Ay q) <P p-MC(2,) <P p-AWSAT(AT,).

Proof: We first prove that p-AWSAT,(T'1 g U Ay q) < p-MC(X;). Let
(aaxla"wxéakla"'akf)

be an instance of p-AWSAT/(I'y g U Ay 4). Let k := k1 + ... + k¢, and let
X1,..., X, be the variables of a.

We construct the structure A (x,,... x,.),d,x With universe [m] and the
quantifier-free formulas a qx(%1,...,2x) and ¥y g x(z1,...,2%) according
to Lemma 7.30. We expand Ay (x, ... x,,),d,k Dy unary relatlons PA = {j |
X; € X;} for i € £. We denote the resulting structure by A. Then it is
straightforward to verify

(aaxlw . '7X(,kla .- 'akf) € p'AWSATé(Fl,d UAl,d) — A ’: ©s

where, say, for odd £ and o € Ay 4 (the other cases are handled similarly), we
take as ¢ a Yy-sentence equivalent to

Elxkl< /\ Pixz; A /\ i # x5 A

i€[k1] 1<i<j<ky
VT +1 - - YTk ks (( /\ Pox; A /\ T; # xj> —
1€[k1+1,k1+k2] k1+1<i<j<ki+ko
Tkt Exk( /\ Pyx; A /\ x; # X
i€lk1+...+ke—141,k] kit 4k 1+1<i<j<k

/\1/1v7d7k(:r1,...,xk)> ))
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Next, we show p-MC(2,) <P* p-AWSAT(T'] ,) for odd £. The correspond-
ing statement for even ¢ is proved similarly. For further notational simplicity,
we assume ¢ = 3.

Let (A, ) be an instance of p-MC(33). By the 3,-Normalization Lem-
ma 8.10, we may assume that the vocabulary of A and ¢ is binary and that
@ is a simple X3-sentence, say,

w:=3x1...JxpVy1 .. Vyp3zr . Tz (A AU A )

with literals A;. Furthermore, we may assume that h, k,m < |A|.
We first construct a propositional formula o with variables partitioned
into the three sets

X ={X;,lieh], ac A}, YV:={Y,.|iclk], a€ A},

and
Z:={Zi,|i€m], ac A},

such that
AE ¢ < (,X,),Z,h,k,m) € p-AWSAT,(PROP). (8.3)

Remember that PROP denotes the class of all propositional formulas. After-
wards, we give a reduction to a I' ,-formula. Clearly, the intended meaning
of X o is “x; gets the value a” and similarly for the other variables.

Let us call an assignment to the propositional variables in X' proper if
for all ¢ € [h] there is exactly one a € A such that X, , is set to TRUE. We
similarly define proper assignments to the variables in ) and Z. Note that
there is a one-to-one correspondence between proper assignments to X',), Z
and assignments to the variables Z, 7, Z, respectively, in A.

We first define a formula 3 € I'| , with variables in X UYUZ such that for
every proper assignment to the variables in X', ), Z the formula [ is satisfied
if and only if the corresponding assignment to the variables Z, , Z satisfies the
conjunction (A1 A...A\;), the quantifier-free part of ¢. For every i € [s] and
a,b € A we define a clause d; 4, which is a disjunction of two negative literals,
as follows: For example, if \;(z3,y2) (recall that the arity of the vocabulary
is < 2), then we let §; 4.5 := (—X3,6 V Y2,). We let

ﬁ = /\ /\ 6i,a,b~

i€[s] a,b€A
AlEN; (a,b)

We leave it to the reader to verify that § has the desired properties. Now we
have
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AE ¢ < Jproper SC X
V proper 7 C Y
3 proper Y C Z:
S UT UU satisfies 0
<— IS C X with |S|=h
VT CYwith |[T|=k
U C Z with U] =m :

(T is not proper or

(S and U are proper and
S UT UU satisfies ﬁ))

The cardinality restrictions |S| = h, | 7| = k, || = m in the last formula are
inessential at this point, because proper assignments obey these restrictions.

Now we observe that an assignment S C X with |S| = h is proper if and
only if it satisfies the formula

Yx = /\ /\ (—XiaV-Xis).
3

i€[h] a,beEA
a#b

Similarly, we define formulas vy and vz for assignments to ) and Z. Then
we have

AlEp <3S C X with [S|=h
VT CYwith |T]| =k
U C Z with [U| =m :

S UT UU satisfies (ﬂfyy V (’yX Avz A 6))

We let
o =y V (vx Ayz AB).
Then by the definition of the alternating weighted satisfiability problem, the

previous equivalence means that A = ¢ if and only if (o/, XV, Z h,k, m) is
a “yes”-instance of p-AWSAT,(PROP). This proves (8.3).

In a second step, we construct an equivalent instance
(a,X,y,g,h,k,m—l— 1)a

where a € I'y .
Note that yx A vz A B is equivalent to a formula in I'7,. The obstacle

for turning o’ into an equivalent '] o-formula is the disjunct —yy, which is
equivalent to the Ai2—formu1a
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\V  (YiaAYiy).
i€[k],a,beA
a#b

We introduce new propositional variables
WY1, ... Y6, Z1, ...y Zom,
and let
Z:={Zia|licm], ac AAU{W,Y1,.... Y, Z1,.... Zm}.

Let us briefly explain the role of the new propositional variables: W essentially
signals that yx A vy A ( is satisfied. Y; indicates that no variable Y; , with
a € A is set to TRUE, and finally, if —yy is satisfied, then Z1, ..., Z,,, but no
Zi q, are TRUE.

Let v be the conjunction of the following clauses:

) =W Vv Y, forall i € [K],

) "W v —=Z; forallie[m],

) ~Z; N ~Z;, foralli,je[m],ac A,

) Y, VY, forallic€ [k],a€ A,

) °Y; v aY; for all i,j € [k] with ¢ # j.
Note that v € I'y 5.

We let a be a I'| ,-formula equivalent to

YAvx Avz A B.
It remains to verify that

(o, X, Y, Z,h,k,m) € AWSAT;(PROP)

= 8.4
= (o, X, Y, Z,h, k,m+ 1) € AWSAT3(T'] ,). (84)

For the forward direction, suppose that (o, X,),Z,h,k,m) is a “yes’-
instance of AWSAT3(PROP). Let S C X’ with |S| = h such that

for all 7 C Y with |7| = k there exists a U C Z with [U| = m such
that SUT UU satisfies o/.

We claim that for all 7 C Y with |7| = k there exists alf C Z with |U| = m+1
such that S U T UU satisfies a.

So, let 7 C Y with |7| = k. Using the property quoted above, we choose
U C Z with [U| = m such that SUT UU satisfies o'.

Suppose first that 7 does not satisfy —yy. Then SUT UU satisfies yx A
vz AB. Let U := U U {W}. It is easy to see that 7 U U satisfies . Hence
SUT UU satisfies a.

The more difficult case is that 7 does satisfy —yy. Then, for some i €
[k] and a,b € A with a # b, we have Y;,,Y;p € 7. Since |T| = k, this



8.3 The A-Hierarchy and Propositional Logic 179

means that for some io € [k] we have Y;, , ¢ 7T for all a € A. We let U :=
Y, Z1,...,Zm}. 1t is easy to verify that 7 U U satisfies ~. Moreover, u
satisfies vz, because U sets all variables Z;.q to FALSE. Furthermore, S satisfies
~vx by the choice of §. Thus it remains to prove that S U T UU satisfies 5. All
clauses in 3 that contain a literal —=Z; , are satisfied, because the assignment
SUT UU sets all variables Z;,q to FALSE. All clauses of the form (—X; o V—Xj )
are satisfied by the choice of S. It remains to prove that the clauses of § that
contain at least one variable from ) are satisfied. Consider such a clause, say,
(=X.a VY, p) (clauses with two variables from Y can be treated analogously).
IfY,, & T, the clause is satisfied by SU7. Otherwise, let 7/ C ) be a proper
assignment with Y, € 7’. By the choice of S, there exists a U’ such that
SUT'UU’ satisfies o’. Since 7" is proper, this means that 7" satisfies vy. Thus
SUT' VU’ satisfies yx Uz U S and, in particular, the clause (=X, o V—Yj).
The assignments SU7 U U and SUT’ U’ coincide on the variables of this
clause. Hence SU7 UU also satisfies the clause. This completes our proof that
S UT UU satisfies o and hence the proof of the forward direction of (8.4).

For the backward direction, suppose that (a, X, Y, g, h,k,m+1)is a “yes”-
instance of AWSATg(FiQ). Let S C X with |S| = h such that for all T C Y
with |7| = k there exists a & C Z with || = m + 1 such that SUT UU
satisfies .

Let 7 C Y with |T| = k. We shall construct a i C Z of cardinality k such
that SU T UU satisfies o'.

If 7 satisfies —yy, then SUT UU satisfies o for arbitrary #. Thus we may
assume that 7 satisfies vy. Thus for every i € [k] there is an a € A such that
Y; o € 7. Since SUT UU satisfies v, by the clauses in (4), Y; & U for all i € [k].
By the clauses in (2), U contains at most m of the variables W, Zv,....7%m
and thus at least one variable Z; ,. Thus by the clauses in (3), Z; ¢ U for all
i € [m]. Thus W € U, and U \ {W} is a set of m variables of the form Zj.a-
We let U := U \ {W}. Then on all variables of vx U~z U 3, the assignments
SUT UU and SUT UU coincide. Hence SUT UU satisfies Yx Uvyz U B and
thus o’. This completes the proof. a

In Sect. 8.6, for a class © of propositional formulas or circuits, we will
consider the alternating weighted satisfiability problem, p-AWSAT(©), which
in contrast to p-AWSAT,(©) has no a priori restriction on the number of
alternations:
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p-AWSAT(0)
Instance: o € ©, f > 1, a partition of the propositional vari-
ables of « into sets X4, ..., Xy, and ki,...,k; € N,
Parameter: ki + ...+ ky.
Problem: Decide whether there is an & C X with |S1] = k1
such that for every So C Xy with |Sa| = ko there
exists ...such that S; U...U S, satisfies a.

An analysis of the previous proof shows that we get:

Corollary 8.19. (1) Ford > 1, p-AWSAT(I'; 4 U Ay 4) <Pt p-MC(FO).
(2) p-MC(FO) <* p-AWSAT(I'] ) and p-MC(FO) <P' p-AWSAT(AT,).

8.4 Complete Problems for A[2] and co-A[1]

We introduced the parameterized problem

p-CLIQUE-DOMINATING-SET
Instance: A graph G and k,f € N.
Parameter: k+£.
Problem: Decide whether G contains a set of k vertices that
dominates every clique of cardinality ¢.

in Example 5.14 and showed that it is in A[2]. Recall that for sets of vertices
X and Y in a graph G = (V, E), we say that X dominates Y if there are
v € X and w € Y such that v = w or {v,w} € E.

Theorem 8.20. p-CLIQUE-DOMINATING-SET is A[2]-complete under fpt-re-
ductions.

We will reduce p-AWSAT; (AT ,) to p-CLIQUE-DOMINATING-SET in order

to prove hardness. Recall that p—AWSATg(Afz) is A[2]-complete by Theo-
rem 8.17. It will be convenient to work with a slight restriction of the problem.
Let us call a Aig—formula Vier(Xi NY:) reqular if X; #Y; for every i € I.
Let reg—Ai"’2 denote the class of all regular Aiz—formulas.

Lemma 8.21. p—AWSAT(reg—Afz) is A[2]-complete under fpt-reductions.

Proof: Containment of the problem in A[2] is immediate. To prove hardness,
let (o, X1, Xo, k, £) be an instance of p-AVVSATz(Ab)7 say, with

a=\/(X;nY)).
el

Without loss of generality we may assume that |X;| > &k and |Xs| > £.
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Suppose that X; =Y; for some i € I. If X; € X} then (o, Xy, Xo, k,£) is a
“yes”-instance. So we assume that X; € X5. Let o/ be the formula obtained
from a by deleting all terms that contain the variable X;. For i = 1,2, let
X! = X, Nvar(o)). If |X]] < k let k' := |X]]; otherwise let &’ := k. Let

=10 — X\ (X Uu{X})].

If ¥ =0, then (a, Xy, X2, k,£) is a “yes”-instance if and only if |Xs| = £. If
¢ <0 then (a, X1, Xo, k, £) is a “no”-instance. We assume k', ¢’ > 1 and claim
that the instances («, X1, Xa, k, £) and (o/, X{, X3, k', £) are equivalent. To see
this, suppose first that («, X1, Xo, k, £) is a “yes”-instance. Let §; C X} with
|S1] = k such that for every So C X with |Sz| = ¢ the assignment S U Sy
satisfies a.. Let 8] be a superset of S; N XY of cardinality &’. We shall prove
that for every &) C A% of cardinality ¢’ the assignment S U S} satisfies o’. So
let 8§ C X with |S5| = ¢'. Let

Sy = ShU (X2 \ (AU {XZ-})).

As §1US; satisfies «, there is some term (X AY') of a such that X, Y € S;US,.
Since X; ¢ S1USy, this term is also a term of o« and thus is satisfied by S;US}.

Conversely, suppose that (o, X{, X5, k', ') is a “yes”-instance. Let S] C X}
with |S]| = k' such that for every S5 C X3 with |S5| = ¢’ the assignment S;US),
satisfies o/. Let §; C &y with §; D 8] and |Si| = k be arbitrary. We shall
prove that for every So C X5 of cardinality ¢ the assignment S; U Sy satisfies
a. So let S; C X5 of cardinality £. If X; € Sy, then S; U So satisfies the term
(X; NY;), because X; = Y; by our choice of X;. Otherwise, let S} := Sa N Xj.
Then |S4| > ¢'. Choose a subset 8§ of S} with ¢ elements. Then &7 U &Y
satisfies @’. Thus S; USs D 87 USY satisfies a. This completes the proof that
the two instances are equivalent.

We have thus reduced our original instance to an instance with fewer terms
that only contain one variable. Repeating this reduction as long as necessary,
we eventually obtain an instance with a regular formula. O

Proof of of Theorem 8.20: Recall that p-CLIQUE-DOMINATING-SET € A[2]
by Example 5.14. We prove A[2]-hardness by showing that

p-AWSATz(reg-Afz) <!t p_ CLIQUE-DOMINATING-SET.

To better understand the reduction, we first consider a reduction from
p-CLIQUE-DOMINATING-SET to p-AWSATg(reg-AIQ), which essentially is the
converse of the reduction we look for. Let (G, k, ¢) with G = (V, E) be an in-
stance of p-CLIQUE-DOMINATING-SET. For every v € V, we introduce two
propositional variables, X, and Y,. We let

a = \/ (Yv A Yw) \ \/ (XU A Yw)a

v,weV,vFw v,weV
{v,w}¢FE v=wor {v,w} € E
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and X7 = {X, | v € V} and X, := {Y, | v € V}. Then, for §; C A} and
Sy C Xy, we have

S1 U S satisfies a <= (Ss is no clique or &; dominates Ss).
From this equivalence we get:

(G, k,£) € p-CLIQUE-DOMINATING-SET
— (o, X1, X, k,0) € p—AWSATQ(reg—Afz),

which yields the desired reduction.

We turn to p-AWSAT;(reg-AT,) <Pt CLIQUE-DOMINATING-SET. Let
(o, X1, Xa, k, £) be an instance of p-AWSAT, (reg—Afz), say, with

a=\/(X;nY)).
i€l

We may assume that |X;| > k and that for no ¢ € I, both X; and Y; are
contained in X;y. If X; Y; € &} and k > 2, our instance is a “yes”-instance,
and if X;,Y; € A1 and k£ = 1, we can omit the term (X; AY;) from the
disjunction.

Let Go = (Vo, Ep) be the graph with vertex set Vp := X1 U Xp and with
edge set Ey defined by: For X,Y € V) with X #Y,

o if {X,Y}C X, then
{X,Y} € Ey <= neither (X AY) nor (Y A X) is a term of o;
o if {X,Y}¢Z X, then
{X, Y} €Ey < (X AY)or (Y AX)isa term of a.
One easily verifies that

(o, X1, X, K, £) Gp—AWSATQ(Afz) <= there is a set of k vertices
of X7 that dominates every
clique of ¢ elements of X5.

There remain two problems: First, the graph Gy may have a set of k vertices
(not all in X;) that dominate every clique of ¢ elements, and second, Gy may
have cliques of ¢ elements containing elements from X.

We address the first problem. For this purpose we replace X; by k copies
of X1, all behaving with respect to edges with X5 as X7; moreover, for every
copy we add a clique of size ¢ that enforces that every set dominating all
cliques contains at least one element of this copy. More precisely: Let C' be a
set of £ elements. Define the graph G; = (V1, E1) by

Vii= (X x [k]) U U (C x [K]),

and let E7 contain the following edges:
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{(X,9),Y} for {X,Y} € Ey, X € Xy, and i € [k];
{X,Y} for {X,Y} € Ey and X,Y € Xy;
{(c,1),(d,?)} for ¢,d € C with ¢ # d and i € [k];
{(X,9),(¢,4)} for X € Xy, ce€ C, and i € [k].

For the graph G; one easily verifies that

(a, X1, Xo, k, £) € p-AWSATy(AT,) <= thereis a set of k vertices that
dominates every clique of £ el-
ements of Xy U (C x [k]).

We turn to the second problem: The graph G; may have cliques of size ¢ that
contain at least one and hence, exactly one, vertex from &3 x [k]. To be sure
that all these cliques are dominated, we add to the graph G; a clique D of
new vertices dy,...,dy and a further vertex d together with edges between d
and dy and between d and every element from X; X [k]; thereby we obtain a
graph G. Now one verifies that

(Oz, X, XQ, k, 6) S p—AWSAT2 (A1+,2)
< (G,k + 1,¢) € p-CLIQUE-DOMINATING-SET,

which gives the corresponding reduction. O

Example 5.13 contains a further problem in A[2]:

p-VERTEX-DELETION
Instance: Graphs G and H, and k& € N.
Parameter: k + ¢, where £ is the number of vertices of H.
Problem: Decide whether it is possible to delete at most &
vertices from G such that the resulting graph has
no subgraph isomorphic to H.

Similarly to p-CLIQUE-DOMINATING-SET, the problem p-VERTEX-DELETION
looks like a very “generic” A[2]-problem. In particular, its natural logical def-
inition requires genuine Ys-formulas that do not belong to any of the classes
Yo, for a fixed u (see Example 5.13). So we may be tempted to conjec-
ture that p-VERTEX-DELETION is also A[2]-complete. However, the relation
between p-CLIQUE-DOMINATING-SET and p-VERTEX-DELETION is similar to
the relation between p-DOMINATING-SET and p-VERTEX-COVER, and the lat-
ter is of much lower complexity than the former. A similar drop in complexity
happens here. To make it precise, we have to introduce a family of new com-
plexity classes. For a parameterized problem (Q, x) over the alphabet ¥ we
let (Q, K‘,)C denote the parameterized problem (X*\ @, x).

Definition 8.22. Let C be a parameterized complexity class. Then co-C is
the class of all parameterized problems (Q, k) such that (Q, k)¢ € C. =
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The following lemma is an immediate consequence of the definition of
many-one reductions:

Lemma 8.23. Let C be a parameterized complexity class and (Q, k) a pa-
rameterized problem that is C-complete under fpt-reductions. Then (Q, /{)G 18
co-C-complete under fpt-reductions.

Theorem 8.24. Let p-VERTEX-DELETION is co-A[l]-complete under fpt-re-
ductions.

To prove this theorem, we use the following combinatorial lemma. A sub-
hypergraph of a hypergraph H = (V, E) is a hypergraph H' = (V' , E’) with
V' CVand E' C E.

For every hypergraph H, let hs(H) be the cardinality of a minimum (car-
dinality) hitting set of H.

Lemma 8.25. Let H = (V, E) be a hypergraph with d := max{le| | e € E},
and let k € N be such that k < hs(H).

Then there is a subhypergraph H' of H with less than max{k + 1,2d*}
vertices such that hs(H') = k.

Proof: Throughout, we may assume that k& = hs(H); otherwise we delete
some edges. We prove the lemma by induction on k. For & = 1 it is trivial.
So suppose that the statement holds true for k; we shall prove it for k + 1.
Let H = (V, E) be a hypergraph with d := max{|e| | e € E}, and let S C V
with |S| = k 4+ 1 be a minimum hitting set of H. If d = 1, we can set H' =
(S, {{v} | v € S}). Assume that d > 2 and hence, k + 1 < 2d*.

Let vy € S be arbitrary and

E()ti{GEE"U()ge}.

Then S\ {vo} is a hitting set of Hy := (V, Ey). Moreover, for every hitting set
So of Ho, the set SoU{vg} is a hitting set of H. Hence, hs(Hp) = k and thus,
by the induction hypothesis, there exists a subhypergraph H{, = (Vj, Ej)) of
Ho such that |VJ| < 2d* and hs(H})) = k. By Lemma 1.17, H}, has at most
d* hitting sets of cardinality k, say, S1,...,S,, where p < d*. For each i € [p]
there exists an edge e; € F \ Ey such that e; N.S; = 0, because otherwise S;
would be a hitting set of H. Now let H' := (V’, E’) with

p
174 ;:Vb’UUei, and E':=FEjU{er,...,ep}.

i=1

Then hs(H') < hs(H) < k + 1. We prove that hs(H') = k + 1. Suppose
for contradiction that hs(H') < k + 1, and let S” be a hitting set of H’ with
|S’| < k. Then S'NVj is a hitting set of Hj, of cardinality < k and hence among
Siy...,8p. Say, "NV = 5;. Since |S;| = k, we get S" = S;, a contradiction,
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because S; does not intersect the edge e; € E’. Thus hs(H') = k+ 1. In
addition, we have

V| <2d* +d-p<2d® + d" ! < 2d 0

Proof of Theorem 8.24: To prove that p-VERTEX-DELETION € co-A[l], we

shall reduce p—VERTEX—DELETIONC to p-MC(X1). For every k € N and every
graph H, we define a ¥;-formula ¢4 ;, such that for all graphs G,

(G,H,k) & p-VERTEX-DELETION <= G |= 03 . (8.5)

Furthermore, the mapping (H, k) — ¢, will be computable in time bounded
in terms of k and the cardinality of the vertex set of H. Clearly, this yields
the desired reduction.

So let H = (V™ EM™) be a graph and k € N. Furthermore, let £ := |[V|
and r := max{k + 2, 2¢F1}.

Claim 1. If G is a graph such that (G, H,k) € p-VERTEX-DELETION, then
there exists a subgraph G’ C G with less than r vertices such that (G', H, k) &
p-VERTEX-DELETION.

Proof: A copy of H in G = (V9,EY) is a subgraph of G that is isomorphic to
H. Let

F = {U cv9 | U is the vertex set of a copy of H in g}.

Observe that (G, H, k) ¢ p-VERTEX-DELETION if and only if the hypergraph
(V9,F) has no hitting set of at most k elements, that is, if and only if
hs((V9,F)) > k+ 1.

Suppose now that (G, H, k) ¢ p-VERTEX-DELETION. Then hs((VY, F)) >
k+1. By Lemma 8.25, (V9, F) has a subhypergraph with less than r vertices
that has no hitting set of at most k elements. Let V' be the vertex set of such
a subhypergraph and G’ the induced subgraph of G with vertex set V. -

Let Gi,...,G, be a list of all graphs with vertex set contained in [r — 1]
such that (G;, H,k) € p-VERTEX-DELETION for all ¢ € [p]. Then for every
graph g,

(G, H,k) € p-VERTEX-DELETION <= i € [p]: G has a subgraph

isomorphic to G;.
It is easy to define a X;-sentence ¢ = @4 such that for every graph G,
GEpnr < Fiecp]: G has a subgraph
isomorphic to G;.
C

This proves (8.5) and yields the desired reduction from p-VERTEX-DELETION
to p-MC(Xq).
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To prove hardness, we reduce p-CLIQUE to p—VERTEX—DELETIONG. Let G
be a graph and k& > 1. Observe that G has a clique of k elements if and only if

(G + Ky, Kk, 1) € p-VERTEX-DELETION,

where K denotes the complete graph with k vertices and G + Ky, the disjoint
union of G and K. This yields the desired reduction. O

8.5 The A-Hierarchy and Fagin Definability

We extend the notion of parameterized Fagin-definable problem introduced in
Sect. 5.1 by considering an alternating version. We use it to obtain a further
characterization of the A-hierarchy.

Let o(Z1, ..., Z) be a first-order formula with relation variables Z1, . . . ,Zy,
where Z; is of arity s;. We set:

p—AWDg’LP
Instance: A structure A and kq,...,k; € N.
Parameter: ki1 + -+ + ky.
Problem: Decide whether there is a relation &; C A% with
|S1| = k1 such that for all relations So C A% with
|S2| = kz there is ...such that A | ¢(S,...,Se).

For a class @ of formulas, we let p-AWD,-® be the class of all problems
p-AWDy , with o(Z,...,Z;) € ®.

Extending the terminology introduced before Proposition 6.39 we say that
@ is bounded if for some relation variables Z1, ..., Z; every quantifier in ¢ has
the form Jy; ... Jys, (Ziy1 - . . ys, AW) or the form Vy; ... Vys, (Ziy1 ... ys, — ¥)
with ¢ € [¢] (again s; is the arity of Z;). We abbreviate such quantifiers by
(3g € Z;)v and by (V§ € Z;)1), respectively, and we denote by BOUND the
class of bounded first-order formulas.

Example 8.26. For any graph G and 7, s € N, we have
(G,r,s) € p-CLIQUE-DOMINATING-SET <= (G,r,s) € p-AWD, ,,
where p(X,Y) is the following bounded formula with set variables X and YV’
VyeY)VzeY)y=2VEyz) = VyeY)3Fr e X)(x=yV Exy).
Hence, p-CLIQUE-DOMINATING-SET <Pt p-AWD, . 4
Theorem 8.27. For every £ > 1,

A[(] = [p-AWD,-BOUND]*.
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Proof: First we prove A[{] C [p-AWD,-BOUND]*. By Theorem 8.17 it suf-
fices to show that p-AWSAT,(I'; 5) € [p-AWD,-BOUND]* for odd ¢ and
that p-AWSAT,(AT,) € [p-AWD,-BOUND]* for even /.

We consider the case of odd ¢. By Proposition 6.39 there is a vocabulary
T2 and a formula ¢5(Y) of the form (Vy; € Y)(Vy2 € YY)y, where g is
quantifier-free and does not contain Y, that has the following property: For
all @ € Ty, with var(a) = {X1,..., X, } there is a m-structure A, 2 with
universe [n] such that for all ¥ € N and all mq,...,mi € [n]:

{Xmys--o, X, } satisies o <= Ay 2 = p2({m1,...,my}).

Furthermore, A is computable from « in time O(|a]).
We set 7:= 1o U{P,..., P} with new unary relation symbols P,..., P;.
We consider the bounded 7-formula ¢(Z1, . .., Z;) with set variables Z1, . .., Z;:

(Vy € Z1) Py A ((Vy € Zo)Poy — ...

- ((Vye Z()Péy/\@z(zlU...UZ@))...).

Here, p2(Z1 U...U Zy) is obtained from ¢3(Y") by inductively replacing sub-
formulas (Vy € Y)¢ by /\z‘e[é] (Vy € Z;)ip. Note that for odd 4, for which
Z; is existentially quantified in the alternating weighted satisfiability prob-
lem, we include (Vy € Z;)Piy A ... into ¢, whereas for even ¢ we include
(Vy € Zz)sz — ...

For a € I'] , and a partition X1, . .., X, of the set {X1,...,X,} of variables
of a, we set A := (Aa2, (P)ieq) with PA = {j | X; € Xi}. Then, for arbi-
trary ki,...,k¢ € N, one easily verifies that any two consecutive statements
of the following ones are equivalent:

(i) (a, Xy, oo, Xy ke, e k‘() S p-AWSATg(FIQ).

(ii) There is a subset Sy of X7 with |S1| = k1 such that for every subset Sy of
Xo with |Sa| = ko .. .there is a subset Sy of Xy with |Se| = k¢ such that
.Aa’z ': gDz(Sl U...u Sg).

(il) (Aa,2,k1,...,ke) € p-AWDy .

The equivalence between (i) and (iii) shows that p-AWSAT(I'; ,) is reducible
to a problem in p-AWD,-BOUND.

For the converse inclusion, we let ¢(Z1,...,Z;) € BOUND. We show that
p-AWDy <Pt p_.MC(%). For notational simplicity, we assume ¢ = 3. Let
v =@(X,Y,Z), where XY, Z have arities sx, sy, sz, respectively. For m, s >
1, let Xums(01,...,0m) be a quantifier-free first-order formula expressing that
the s-tuples vy, ..., ¥, are pairwise distinct. Then, our claim follows from the
fact that for all structures A and all k1, ko, k3 € N, we have

(.A, k‘l, k‘g, k‘g) S p-AWDgW — A ’: ’(/)kleks,
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where for v, k,k, We take a X3-formula equivalent to

3%, ... 37, (XkISX(fl,...,a?kl)/\

Vgl . vgkz (szsy(gla s 7?]/@) -
321 .o 32k (Xkasy (Z1s -+ vy Zkg )A

P{T1, B b AT B b L 2 1) )

Here, o({Z1, .., Tk, }s{U1s -, ko }» {215 - - -, Zks }) 1S Obtained from ¢ by

e replacing atomic subformulas Xuy ... us, by Vg, Njejsy) us = i (as-
suming that Z; = 1, ..., Tisy );

e inductively replacing quantifiers (3a € X)x(@,— ) and (Va € X)x(4,- ) by
Vi X(@i,— ) and A, x(Zi,— ), respectively;

e treating the variables Y and Z accordingly. O

Exercise 8.28. Show:

e If¢>1isodd, then A[f] = [p-AWD,-II;]*.

e If ¢ >1is even, then A[f] = [p-AWD,-%;]Pt.

Hint: For odd ¢, as in the first part of the preceding proof, use the formula
p2(Y") of Proposition 6.39. To avoid existential quantifiers in the final formula,
change the quantifier-free part of ¢o such that it takes care of elements in all
Z9; that are not in the corresponding Ps;. =

8.6 The Classes AW[x] and AW[P]

Observe that while we have

U Wit = J[p-WD-IL]™* = [p-WD-FO]*,

t>1 t>1

we only know that

U Al = Ulp-MC(S0)]™* € [p-MC(FO)] ",

t>1 t>1

and there is no reason to believe that the last inclusion is not strict. As a
matter of fact, it is easy to see that if J;~,[p-MC(Z¢)]'P* = [p-MC(FO)]P*
then the A-hierarchy collapses, that is, | J,~, A[t] = Alto] for some to € N.

Thus [p-MC(FO)]'P* is a natural parameterized complexity class that
seems to be different from all classes studied so far in this book.

Definition 8.29.
AW [¥] := [p-MC(FO)]P*. .
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We obtain a number of interesting results on the class AW[x] simply by
rephrasing results proved earlier in this section. First of all, note that by
Exercise 8.16, p-MC(GRAPH,FO) is AW/[«]-complete under fpt-reductions.
The following theorem is an immediate consequence of Corollary 8.2:

Theorem 8.30. p-SHORT-ASTM-HALT is AW[«]-complete under fpt-reduc-
tions.

Combined with Proposition 8.7(2), this yields a machine characterization
of AW[x]:

Theorem 8.31. Let (Q, k) be a parameterized problem. Then (Q, k) € AW[x]
if and only if there is a tail-nondeterministic k-restricted ARAM program
deciding (Q, k).

To obtain a characterization of AW[x] in terms of propositional logic we
consider the alternating weighted satisfiability problem introduced on p. 179:

Theorem 8.32. The following problems are AW [x]|-complete under fpt-reduc-
tions:

(1) p-AWSAT(T', g U Ay gq) fort>2,d> 1.

(2) p-AWSAT(I'],) and p-AWSAT(AT,).

Proof: The AW[«]-hardness of the problems follows immediately from Corol-
lary 8.19(2).
To prove containment in AW[x], it suffices to show that

p-AWSAT(T';1) € AW[4] (8.6)

for all t > 1. To see this, note that, up to trivial syntactical modifications,
I'yaUA g CTygpoq and Aq o C Ay q. By Corollary 8.19(1), the claim in (8.6)
follows from

p-AWSAT(I; 1) <'P* p-AWSAT(T'; 2). (8.7)

The proof of (8.7) relies on the following observation: Let
(a0, 0, %) ..., Xo ke, ki)
be an instance of AWSAT(PROP), where
w= AV
iel jeJ

with no restriction on the subformulas a;; and, say, with odd ¢ (thus the
quantification over the variables in X} is existential). We let Xpy1 :={X; | i €
I} be a set of new variables and set

Oél = \/ \/(AXvZ /\Olij),

i€l jeJ
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and k¢yq1 := 1. Then (/.0 + 1, Xy ..., Xet1,k1,-..,kes1) is an instance of
AWSAT(PROP) equivalent to the original one (note that the quantification
over the variables in X1 is universal). This shows that AWSAT(T'3 1) <fpt
AWSAT(Aq2), and

AWSAT(T11,1) <P AWSAT(A; 1)

for t > 2. Dually, one gets AWSAT(Az 1) <fpt AWSAT(T'y 2), and, for t > 2,
AWSAT(As411) <PY AWSAT(T, 1).

A composition of such reductions yields (8.7) (recall that Ay o2 C Agy). O

GEOGRAPHY is a game played by two players, called here White and Black:
Let G = (V, E) be a directed graph and a1 € V, the start vertex. White starts
and, in his first move, picks a vertex as € V distinct from a; such that
(a1,a2) € E. In her first move, Black picks a vertex az € V' \ {a1,a2}. Next,
White picks a vertex aqg € V' \ {a1,a2,a3} such that (as,as) € E, and so
on. The first player who cannot move, because either the current vertex has
out-degree 0 or all outgoing edges lead to vertices already used, loses the play.
We say that White has a winning strategy for (G, aq) if it is possible for him
to win each play on (G, a;) whatever choices are made by Black.

The classical problem

GEOGRAPHY

Instance: A directed graph G and a start vertex aj.

Problem: Decide whether White has a winning strategy for
(ga ai ) .

is known to be PSPACE-complete. For the parameterized variant

p-SHORT-GEOGRAPHY
Instance: A directed graph G, a start vertex a1, and k € N.
Parameter: k.
Problem: Decide whether White has a winning strategy for
(G, a1) such that in each game play in which he fol-
lows this strategy, White makes at most k£ moves.

we show:

Theorem 8.33. p-SHORT-GEOGRAPHY is AW|[*]-complete.

Proof: To prove p-SHORT-GEOGRAPHY € AW/[x]| we reduce p-SHORT-GEOG-
RAPHY to p-MC(FO). Let G be a graph, a; the start vertex, and k € N. For
a unary relation symbol P set PY := {a;}. Then,

(G, k) € p-SHORT-GEOGRAPHY <= (G, PY) = ¢y,
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where
pE =311 (le/\

\/ dxo (1'2 #+ a1 N Exixg A
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Vas((xs # 1 A xg # x2 A Exoxs) —
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To prove AW[x]-hardness of p-SHORT-GEOGRAPHY, we reduce

p-MC( U simple-X4[2])
e>1
£ odd

to p-SHORT-GEOGRAPHY. Recall that p-MC(|J ¢>1 simple-X,[2]) is AW[*]-
¢ odd

complete by Corollary 8.15.
So, let ¢ be a simple ¥y-sentence for some odd ¢ in a vocabulary 7 of arity
2. For every 7-structure .4 we define a directed G and a vertex a; such that

AlE ¢ < (G,a1) € p-SHORT-GEOGRAPHY.

The construction is best explained by an example: Let £ = 3,

@ = dzVy, Vyodz /\ A (8.8)
il

with atoms \; = A;(u;, v;), suppose that I = [6], and let A be a structure with
A = [5]. The construction of the graph G is illustrated in Fig. 8.1. It consists
of five diamond-like “choice gadgets.” They are arranged in such a way that in
the first and fourth gadget, player White has to select an interpretation of the
existentially quantified variables x and z, respectively, and in the second, third
and fifth gadget, Black is forced to choose interpretations of the universally
quantified variables y1, y2, and an iy € I, respectively. The remaining edges in
the graph ensure that player White wins the play just in case A;, holds for the
chosen interpretation of its variables. For this purpose, there are edges from
the neighbor vertex of the bottom of the last gadget to all triples (¢,a,b),
where ¢ € I and a,b € A, such that A = A;(a,b). Note that the choice of
such a triple corresponds to player White. If \; = \;(u;,v;), say with u; = x
and v; = yo, then there is an edge leading from vertex (i, a,b) to the vertex
corresponding to the choice of i in the last gadget , to the vertex corresponding
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choice of =

choice of y1

choice of y2

choice of z

choice of 7

if A= Aia,b)

ifi =2, u; =z, v; = yo,
a=3,b=5

Fig. 8.1. A geography game

to the choice of a in the first gadget, and to the vertex corresponding to the
choice of b in the third gadget. O

We can also define “alternating versions” of the classes W[P] and W[SAT]:
Definition 8.34. (1) AW[P] is the class of all parameterized problems (Q, x)

that can be decided by an alternating s-restricted ARAM program.
(2) AW[SAT] := [p-AWSAT(PROP)]fPt. -
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It is easy to see that we have:
Proposition 8.35. AW[x] C AW[SAT] C AW[P].

Figure 8.2 gives an overview of all parameterized complexity classes we
have introduced so far.

WI[SAT] AW[SAT]

[AW[4]

FPT

Fig. 8.2. The relations among the classes

The following two results are straightforward extensions of Theorems 3.9
and 7.38. We omit the proofs.

Theorem 8.36. p-AWSAT(CIRC) is AW[P]-complete.

Theorem 8.37. p-var-MC(PNF) is AW[SAT]-complete, where PNF is the
class of first-order formulas in prenex normal form.

Exercise 8.38. Show that p-var-MC(FO) is AW|[P]-hard. =
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If we view WI[P] (and its subclasses) as a parameterized analogue of NP,
then we may view the class AW|[P] as a parameterized analogue of alternat-
ing polynomial time, that is, of the class of all (classical) problems that can
be solved in polynomial time by an alternating Turing machine. By a well-
known theorem due to Chandra et al. [43], alternating polynomial time coin-
cides with PSPACE (cf. Theorem A.7). Therefore, it is tempting to think of
AWIP] as a parameterized analogue of PSPACE, a view that is supported by
the fact that AW[P] contains natural parameterizations of PSPACE-complete
problems such as MC(FO) and SHORT-GEOGRAPHY. Nevertheless, we do not
believe that this point of view is fully justified. The correspondence between
alternation and space does not carry over to our situation, because the al-
ternation underlying AW[P] is bounded in terms of the parameter (recall the
definition of k-restricted ARAM programs).

The following exercises introduce “genuine” parameterized space classes.

Exercise 8.39 (XL). Let (Q, k) be a parameterized problem over the alpha-
bet X. Then (Q, k) belongs to the class XL if there is a computable function
f N — N and an algorithm that, given € ¥*, decides if € @ in space

f(r(2)) -loga| + f(r(x)).

(a) Prove that AW[SAT] C [XL]®* C XP.

fpt

(b) Prove that the following problem is complete for [XL]'P* under fpt-

reductions:

p-CoMPACT-TM-HALT
Instance: A deterministic Turing machine Ml with an input
tape, an input string =, and k£ € N in unary.
Parameter: k.
Problem: Decide whether there is an accepting run of M on
input x that only uses space k.

Exercise 8.40 (para-PSPACE). Let (Q, k) be a parameterized problem
over the alphabet 3. Then (Q, k) belongs to the class para-PSPACE if there
is a computable function f : N — N and an algorithm that, given x € ¥*,
decides if z € @ in space

f(k(2)) - p(|2])-
(a) Prove that

[XL]"P* C para-PSPACE N XP,
AW[P] C para-PSPACE N XP.

(b) Prove that
PTIME = PSPACE <= FPT = para-PSPACE. -
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While the classes [XL]'P* and para-PSPACEN XP introduced in the previ-
ous two exercises are attempts to find parameterized analogues of PSPACE,
the following exercise provides such an analogue of L.

Exercise 8.41 (para-L). Let (@, k) be a parameterized problem over the
alphabet . Then (Q, <) belongs to the class para-L if there is a computable
function f : N — N and an algorithm that, given x € ¥*, decides if x € @ in
space
f(r(z)) + O(log |]).
(a) Prove that
PTIME =L <= FPT = para-L.

(b) Prove that p-VERTEX-COVER € para-L. =

8.7 The A-Matrix

The reader may have wondered why we left a gap between the W-hierarchy
and the A-hierarchy in Fig. 8.2 (on p. 193). In this section, we will fill that gap.
We have characterized the classes of the W-hierarchy and the classes of the A-
hierarchy by weighted satisfiability problems. The overall picture that evolves
is that in parameterized complexity theory we have two different sources of
increasing complexity: the alternation of propositional connectives (leading
to the W-hierarchy) and quantifier alternation (leading to the A-hierarchy).
Thus, we actually obtain a two-dimensional family of parameterized classes:

Definition 8.42. For /,t > 1,
All,t] := [{p-AWSAT, (T U Ay q) | d > 1} -

We call the family of classes A[/,t] the A-matriz.
We know that

W[t] = A[1,#]™, and A[(] = A[¢, 1]

Hence, the A-matrix contains the A-hierarchy and the W-hierarchy.

Let us remark that in classical complexity theory, only quantifier alter-
nation is relevant, because most classical complexity classes are closed under
Boolean connectives (in the sense that the satisfiability problem for the class
PROP of all propositional formulas is reducible to the satisfiability problem
for T'; 3 in polynomial time). Thus, there is only the (one-dimensional) poly-
nomial hierarchy. In parameterized complexity, once we allow unrestricted
quantifier alternation the hierarchy obtained by alternation of propositional
connectives collapses to its first level:

p—AWSAT(Ft,d U At,d) =fpt p—AWSAT(FLQ U ALQ)

for all t > 2 and d > 1 (cf. Theorem 8.32). In particular, this equality shows:
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Theorem 8.43. For all ¢,t > 1, A[(,t] C AW[x].

We turn to a characterization of A[(,¢] in terms of model-checking. Re-
call the translations of alternating weighted satisfiability problems for propo-
sitional problems to first-order model-checking problems considered so far.
From the characterization of the A-hierarchy (cf. Sect. 8.3) we know that ¢
weighted alternations translate into £ alternating unbounded blocks of quan-
tifiers. From the characterization of the W-hierarchy (cf. Sect. 7.1) we know
that ¢ alternating big conjunctions and disjunctions yield ¢ — 1 bounded alter-
nating blocks of quantifiers (which can be substituted by single quantifiers).
Hence, we expect that

Afe 1] = [p-MC(Z5 )P,

where for £ > 1 and m > 0 we denote by »6m the class of first-order formulas
of the form

A2, VZo ... QeTeQri1%041 - - - QeamTeym?
where 1 is quantifier-free, all Q; € {3,V}, and Q; # Q;+1. Note that Z_ de-
notes a finite sequence of variables, thus the formula starts with £ unbounded
blocks of quantifiers. We have:
L] EZ,O = Ee.
e Fort>1, ubi-l =3,

Now, we are able to state the main result of this section.

Theorem 8.44. For all {,t > 1
Al 1] = [p-MC(24 1)t

Moreover, fort > 2 we have:
e if { is odd, then A[(,t] = [p-AWSAT,(T'; 1))t
o if  is even, then A[(,t] = [p-AWSAT, (A 1))t

We omit the proof which generalizes the proofs for the classes of the W-
hierarchy (¢ = 1) and for the classes of the A-hierarchy (¢ = 1).

Corollary 8.45. For{>1 andt > 2, A[(,t] CA[l+1,t—1].

Proof: Since £6t=1 C $+11=2 the claim follows from the preceding theorem.
O

Figure 8.3 shows the matrix and the containment relations known to hold
between the classes.

We close this section with some exercises. The first one yields “mono-
tone or antimonotone” complete problems for the classes of the A-matrix, the
second one a characterization of these classes in terms of Fagin definability,
and, finally, we locate the parameterized complexity of the halting problem
p-SHORT-ATM-HALT, for odd ¢ in the last exercise.
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FPT
Fig. 8.3. The A-matrix

Exercise 8.46. Let t > 2. Show:
e incase/+1t—1iseven:
~ if £is odd, then p-AWSAT(T'f,) is A[/, t]-complete;
— if £ is even, then p—AWSATg(AIl) is A[¢, t]-complete;
e incase{+1¢—1isodd:
— if £is odd, then p-AWSAT,(I'; ;) is A[/, t]-complete;
— if £is even, p-AWSAT,(A; ;) is A[/, t]-complete. .

Exercise 8.47. Show for /,¢t > 1:
e If /is odd, then A[(,t] = [p-AWD,-II;_4]'P*.

e If /is even, then A[/,t] = [p-AWD,-%,;_ ]t -
Exercise 8.48. Show that for odd ¢ > 1 the problem p-SHORT-ATM-HALT,
(cf. Exercise 8.4) is A[¢, 2]-complete. =

8.8 Back to the W-Hierarchy

We know that p-MC(X;1) is W[t]-complete and that p-MC(X;) is A[t]-
complete. The class of Y;-formulas has some closure properties not shared
by the class ¥; ;. In this section we analyze the complexity of the model-
checking problem for the closure of ¥; ; under the corresponding operations.

We close this section by sketching a machine characterization for the classes
of the W-hierarchy.

The W*-Hierarchy

It is well-known that conjunctions and disjunctions in formulas of first-order
logic can be pushed inside of quantifiers if variables are renamed properly.
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This operation does not increase the number of quantifier alternations—for
instance, conjunctions of ¥; formulas are equivalent to Y;-formulas—but it
does affect the “quantifier structure” of a formula. Furthermore, consider the
formula

3z (—=Fy1 Jy2V2z1 V2010 A Fug JuaVw: Vs x), (8.9)

where v, x are quantifier-free. It is logically equivalent to the ¥3-formula
3z JvrFve Yy1Vya VwiVwse Jz1320(—) A ).

More generally, every existentially quantified Boolean combination of >o-
formulas is equivalent to a X3-formula.

The class X3 2 does not have this closure property: The formula in (8.9)
is an existentially quantified Boolean combination of ¥s-formulas in which all
blocks of quantifiers have length at most 2, but, in general, the formula is
not logically equivalent to a formula in X3 . We define a new class ¥3 , (and
classes Ez‘u) that have this closure property.

First, for all ¢t > 0,u > 1 we define a set ©;, of first-order formulas by
induction on t:

BOp,, := the set of quantifier-free formulas;
O¢41,, = the set of Boolean combinations of formulas of the form
Fy1 ... Fyptp with v < w and ¢ € Oy y.

Let X7, be the set of formulas of the form
Jx1 ... Az,
where ¢ € O4_1 4.

Exercise 8.49. Show that the formula in (8.9) is equivalent to a formula in
*
. 4
3,2

Definition 8.50. For all t > 1, we let
W[t] = [{p-MC(3,,) [u > 1},
The classes W*[t], for ¢t > 1, form the W*-hierarchy. .

Example 8.51. A set S of vertices of a hypergraph H = (V| E) is a mazimal
shattered set if E shatters S and there is no S’ with S € S’ C V shattered by
FE. The problem

p-MAXIMAL-SHATTERED-SET
Instance: A hypergraph H and k € N.
Parameter: k.
Problem: Decide whether H has a maximal shattered set of
cardinality k.
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is in W*[3]. To see this we proceed similarly to the first part of the proof of
Theorem 6.5. In particular, we represent a hypergraph as a { VERT, EDGE, I }-
structure. Let k € N, and let My,..., Mor and Ny, ..., Nor+1 be lists of all
subsets of [k] and [k + 1], respectively. Then, for every hypergraph H, we have

(H,k) € p-MAXIMAL-SHATTERED-SET <= H = v,

where vy, is the following Y3 ;-sentence:

aml...axkayl..aygk( N\ VERTz;n |\ EDGEy; A

i€[k] JE2¥]
/\ ( /\ I.%‘iyj N /\ —\I.T,‘Z‘yj) /\Vl‘]ﬁ.l ((VERTl‘k_H N /\ T; # -’L‘k-&-l) —
JE2F]  i€[k] 1€ k] 1€ k]
i€ M; Z¢MJ
\/ Vy(EDGEy —-( N\ Izyn N -Iziy )) 4
JE[2FF1] i€[k+1] ic[k+1]
iEN; i¢N;

Exercise 8.52. Let I be a set of vertices of the graph G = (V, E) and u € I.
A vertex v € V is a private neighbor of u (with respect to I) if v € N(u) and
v ¢ N(u) for all ' € I with v’ # u. (Here N(w) :={w' | w' = w or {w,w'} €
E}.) The set I is irredundant if each vertex in I has a private neighbor, and I
is a mazimal irredundant set if it is irredundant and there is no irredundant
set I' with I C I' C V. Show that the problem

p-MAXIMAL-IRREDUNDANT-SET
Instance: A graph G and k£ € N.
Parameter: k.
Problem: Decide whether G has a maximal irredundant set
of cardinality k.

is in W*[3]. =

Theorem 8.53. (1) For allt > 1, W[t] C W*[¢{] C A[t].
(2) W[1] = W*[1], and W[2] = W*[2].

Proof: Clearly ¥, C ¥, and hence, W[t] € W*[t]. A simple induction on ¢

shows that ©;, C X:1; and hence, E;u C 4. (The inclusions 3, C E;‘u,
Ot € Yit1, and X, C ¥y are all true up to logical equivalence.) Thus,
WH[t] C Alt].

Moreover, W[1] = W*[1] since ¥ , = ¥} ,, = ¥1. To obtain W[2] = W*[2],
it suffices to show that

p-MC(23,,) <P' p-MC(E2,4).

So let A be a structure and ¢ a X3 -sentence. We can assume that ¢ has the
form



200 8 The A-Hierarchy

33}1 3.’131] \/ /\ '(/)ija
iel jeJ;
where I and the J; are finite sets and the v;; are formulas in 3; U II; with
quantifier blocks of length < u. First, we replace the disjunction \/;.; in ¢ by
an existential quantifier. For this purpose, we add to the vocabulary 7 of A
unary relation symbols R; for i € I and consider an expansion (A, (R{)icr)
of A, where (R#);cs is a partition of A into nonempty disjoint sets (clearly,

(3

we may assume that |A| > |I]). Then

Ak = (A RNier) 3. 30,3y N\ Ry V).
iel,
JjeJi

By pushing the disjunction behind the quantifiers, we can turn the formulas
(mR;y V 1;5) into equivalent formulas in ¥; U II; with quantifier blocks of
length < u. Altogether, we see that we can assume that ¢ has the form

ERTINE AT
j=1

where for some s > 0 and some quantifier-free x;
vy =3g;x; forjels], and o; =Vzyx; forje[s+1,m]

Here, #1,...,9s,Z are sequences of length < wu, any two of them having no
variable in common. But then ¢ is equivalent to the X5 ,-formula:

m
ELRNE NE = VA A 0

Jj=1

Originally, the classes of the W*-hierarchy were introduced by means of
weighted satisfiability problems for classes of propositional formulas. Using
this propositional characterization of the hierarchy and combining it with the
usual normalization techniques (cf. Sect. 7.3) and the techniques underlying
Corollary 6.32, it is not hard to prove the following result:

Theorem 8.54. For everyt > 2,
W*[t] € W[2t — 2].

Together with Theorem 8.53, this is all that is known about the relationship
between that W-hierarchy and the W*-hierarchy.

The Wune_Hierarchy

So far in this book, vocabularies of structures and formulas of first-order and
second-order logic only consisted of relation symbols. In general, vocabularies



8.8 Back to the W-Hierarchy 201

may also contain function symbols and constant symbols. We refer to such
vocabularies as arbitrary vocabularies, as opposed to the relational vocabular-
ies considered elsewhere in this book.? As relation symbols, function symbols
have arities. Function symbols, constant symbols, and variables can be used
to form terms, and these terms can be used instead of variables in atomic
formulas of first-order and second-order logic.

Let £f'¢ and {U2¢ be defined as ¥y and Yy, but with respect to ar-
bitrary vocabularies. It is well known that functions symbols and constant
symbols can be “replaced” by relation symbols. This is best illustrated with
an example.

Example 8.55. Let 7 = {E, f,c}, where E is a binary relation symbol, f a
ternary function symbol, and ¢ a constant symbol. Consider the Z5"¢-formula

@ = JaxIyvz (E:cz NEzf(z, f(y,z,c), c))

of vocabulary 7. Let A = (A, EA, f4,¢?) be a r-structure. (That is, A is a
set, BA C A% fA: A% - A and ¢* € A))

Let 7' := {E, F,C}, where E is as above, F is a 4-ary relation symbol, and
C' is a unary relation symbol. We shall define a ¥s-formula ¢’ of vocabulary
7/ and a 7/-structure A’ such that

AEp <= A E¢. (8.10)

We define A’ by letting A’ := A, EA" = EA,
FA = {(a1,az,a3,b) € A* | fA(a1,a2,a3) = b}
(the graph of fA), and CA" := {cA}. We let
@ = JaTyV2Vv, Voo Vo ((Cvl A Fyzvivg A Frogvivs) — (Exz A Ezvd))
It is straightforward to verify (8.10). =
Along the lines of the previous example, it is easy to prove that
p-MC(Z[) <P p-MC(Ey)

for all ¢ > 1. However, since we cannot bound the length of the last block
of quantifiers in advance, the elimination of function and constant symbols
laid out in Example 8.55 does not yield a reduction from p—MC(E&‘,‘}C) to
p-MC(X; ) for any u'.

Definition 8.56. For all t > 1, we let
W] == [{p-MC(S{0) | u > 137",
The classes Wine [t], for t > 1, form the W hierarchy. o

2 Arbitrary vocabularies are only considered in this section; everywhere else in
this book, vocabularies are relational.
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The following proposition follows immediately from the preceding remarks.
Proposition 8.57. For all t > 1, W[t] € W"™[t] C A[t].
Nothing else is known about the relationship between the three hierarchies.

Exercise 8.58. Prove that for all ¢t > 1,
Wwiine[t] € W[P]. =

Example 8.59. Recall the parameterized longest common substring problem
p-LCS. In Example 3.6, we showed that p-LCS is in W[P], and in Proposi-
tion 7.19, we saw that it is W[2]-hard. Here we show that

p-LCS e Whne[2),

We will reduce p-LCS to p-MC(E57¢).
Let (21,...,2m, k), where 21,...,z, € ¥* and k € N, be an instance of
p-LCS. Let
0 :=max{|z1|,..., |Tm|}.

We shall define a structure A (= A, .. 1) and a S5 -sentence ¢ (= ¢y,)
such that (x1,...,2Zm, k) is a “yes”-instance of p-LCS if and only if A |= .
The universe of A is

A =X U[0,max{m,{}] U {o0}.

The vocabulary consists of two unary relation symbols LETTER and STRING,
of a ternary function symbol f, and of constant symbols 0 and co. Their in-
terpretations are

LETTER" := %, STRING* :=[m], 0*:=0, oo?:=c.
For a € ¥, 4 € [m], and j € [0,£ — 1] we let
fAa,i,5) =7,

where 7’ is the smallest number greater than j such that the j'th letter of
x; is a if such a j’ exists. In all other cases, that is, if there is no such j’, or
a¢ ¥, orig¢[m],orjél[0,¢—1], welet f*(a,i,j) = oo. Clearly, for i € [m],
a string b = by ... by is a subsequence of z; if and only if

FA i, fA k=1, - fAD2, 4, fA(b1,1,0)) ) # oo
Hence (x1,...,2Zm, k) is a “yes”-instance of p-LCS if and only if

A= 321 ... 35y (LETTER 21 A ... A LETTER 2, A
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Next, we shall give a machine characterization of the Wf"_hierarchy. We
refine the notion of ¢t-alternating ARAM program introduced in Definition 8.5:

Definition 8.60. Let t,u > 1 and Q = J if ¢t is odd and Q = V if ¢ is even.
An ARAM program that is

FVUIU. .. Q¥ -alternating
—_——

t blocks
is (¢, u)-alternating. !

We know that p-MC(3;) is Aft]-complete, that p-MC(3;,,) (for u > 1)
is W[t]-complete, and that the quantifier blocks in the formulas correspond
to the alternation blocks of ARAM programs. Hence, as t-alternating ARAM
programs characterize the class Aft] (cf. Theorem 8.8), one would expect that
(t,u)-alternating ARAM programs characterize the class W[t]. Surprisingly,
they characterize the class W™°[¢] (and hence not W[t] if W[t] # W™ [¢]):

Theorem 8.61. Fort > 1 and every parameterized problem (Q, k), the fol-

lowing are equivalent:

° (Q, K) c qunc [t]

e There is a (t,1)-alternating and tail-nondeterministic k-restricted ARAM
program P deciding (Q, k).

e Thereis a u > 1 and an (t,u)-alternating and tail-nondeterministic k-
restricted ARAM program P deciding (Q, k).

For a proof we refer the reader to the literature.

Exercise 8.62. Present a (2,1)-alternating and tail-nondeterministic k-re-
stricted ARAM program P that decides p-L.CS.

Hint: Let P compute, in its deterministic part, the table of values of the
function f4 of Example 8.59. -

Our nondeterministic random access machines may guess arbitrary num-
bers (less than or equal to the content of the accumulator) in their nonde-
terministic steps. For example, a program for such a machine can guess a
number representing a vertex of a graph in one step, rather than guessing
the number bit by bit. To obtain machine characterizations of the classes of
the W-hierarchy, we have to restrict the access to the guessed numbers. As
just remarked, these numbers often represent certain objects (such as vertices
of graphs or other structures). The type of machine we are going to intro-
duce only has access to the properties of these objects and not directly to the
numbers.

We turn to the precise definition of these random access machines that we
call WRAMs. A WRAM has:

e Standard registers 0,1, ...; their content is denoted by 7(0),r(1),..., re-
spectively.



204 8 The A-Hierarchy

e Guess registers 0,1,...; their content is denoted by g(0),¢g(1),..., respec-
tively.

For the standard registers, a WRAM has all the instructions of a standard
deterministic random access machine. Moreover, it has four additional instruc-
tions:

Instruction Semantics

EXISTS 1 | ewistentially guess a natural number < r(0); store it
in the r(j)th guess register

FORALL 1 j | universally guess a natural number < r(0); store it
in the r(j)th guess register

JGEQUAL ¢ j ¢| if g(r;) = g(r;), jump to the instruction with label ¢
JGZERO i j ¢ | if r({g(ri), g(r;))) = 0, jump to the instruction with label ¢

Here, {, ) : Ny x Ny — Nj is a coding of ordered pairs of natural numbers by
natural numbers, say,
1. N
2(z+]+1)-(z+j)+z.
The JGEQUAL and JGZERO instructions are the jump instructions involving
guessed numbers.

A machine characterization of the classes of the W-hierarchy reads as
follows (again we refer to the literature for a proof):

(i,7) =

Theorem 8.63. For everyt > 1 and every parameterized problem (Q, k), the

following are equivalent:

o (Q,k) € W[t].

e There is a (t,1)-alternating and tail-nondeterministic k-restricted program
P for an WRAM deciding (Q, k).

e Thereis a u > 1 and an (t,u)-alternating and tail-nondeterministic k-
restricted program P for an WRAM deciding (Q, k).

Exercise 8.64. (a) Let 7 be a vocabulary all of whose function symbols are
unary. Show that p-MC(X{"2¢[7]) € W][t] for all ¢,u > 1.

(b) Let 7 := {f} with binary f. Show that p-MC(Xfw[r]) is Wine[]-
complete under fpt-reductions.

(c) Show that p-MC(Xf¢[7]) is W[1]-complete under fpt-reductions for some
vocabulary 7 consisting of unary functions only. .

Notes

Originally, the A-hierarchy was defined in terms of the short halting problem
for alternating single-tape Turing machines. The equivalence of the halting
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problem for {-alternating machines with the model-checking problem for 3,-
formulas of a vocabulary of bounded arity was shown in [99]. The equivalence
between the model-checking problems of bounded and unbounded arity was
proved in [103] with the help of the ¥,-Normalization Lemma. The machine
characterization of the classes of the A-hierarchy is due to [51].

Alternating weighted satisfiability problems were introduced in Abraham-
son et al. [1] and were used to define the classes AW[x], AW[SAT] and AWIP].
Problems of the same type of were used in [103] to characterize the classes of
the A-hierarchy (Theorem 8.17) and to introduce the A-matrix (see Sect. 8.7).
The A[2]-completeness of p-CLIQUE-DOMINATING-SET (Theorem 8.20) was
shown in [100], and the AW/[*]-completeness of p-SHORT-GEOGRAPHY was
shown in [1]. The relation between alternation and space in parameterized
complexity theory was discussed [50], and Exercise 8.39 was proved there.
Exercise 8.40 is due to [100], and Exercise 8.41 is due to [37].

The W*-hierarchy was introduced by Downey et al. [85] by means of
weighted satisfiability problems. The equivalence to our definition was shown
in [103]. The equalities W[1] = W*[1] and W[2] = W*[2] of Theorem 8.53 were
shown in Downey et al. [85] and Downey and Fellows [82], respectively. Theo-
rem 8.54 follows easily from the results in [103] (also see [49]). Exercise 8.52 is
due to [33]. The classes of the W"_hierarchy were introduced in [47], where
the machine characterizations of the W-hierarchy and the W < hierarchy
were derived.

Open Problems

Beyond the straightforward containment relations, not much is known about
the relation between the W-hierarchy, the W*-hierarchy, the Wf"_hierarchy,
and the A-hierarchy. Almost the only nontrivial result is Theorem 8.53(2),
stating that the first two levels of the W-hierarchy and the W*-hierarchy
coincide. It is an interesting open question whether hierarchies coincide beyond
the second level.
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Kernelization and Linear Programming
Techniques

One of the characterizations of fixed-parameter tractability we obtained in
Sect. 1.6 is that a parameterized problem is fixed-parameter tractable if and
only if it has a kernelization, that is, a polynomial time many-one reduction
that maps a given instance to an instance of size effectively bounded in terms
of the parameter. Kernelization may be viewed as preprocessing with an ex-
plicit performance guarantee. In this chapter, we will see that kernelization
offers a very useful paradigm for designing fpt-algorithms.

We will illustrate the approach by studying different kernelization strate-
gies for the parameterized vertex cover problem and for the parameterized
hitting set problem for instances of bounded edge cardinality. Both problems
were shown to be fixed-parameter tractable in Chap. 1. In Sect. 9.1, we will
consider an elementary kernelization algorithm for the vertex cover problem
and generalize it to the hitting set problem using a well-known combinatorial
lemma, the so-called Sunflower Lemma. Section 9.2 is devoted to a very ef-
ficient kernelization of vertex cover that leads to a kernel with only a linear
number of vertices. It is based on a connection between vertex covers and
matchings and the fact that maximum matchings in bipartite graphs can be
computed efficiently. In Sect. 9.3, we obtain an even smaller kernel for vertex
cover using linear programming techniques.

Section 9.4 is only loosely connected with the rest of this chapter in that it
also employs linear programming techniques. Without proof, we state a deep
theorem from the theory of integer linear programming, which says that the
integer programming feasibility problem parameterized by the number of vari-
ables is fixed-parameter tractable. We give two applications of this theorem:
The first shows that a simple scheduling problem has an efficient polynomial
time approximation scheme, and the second that the parameterized closest
string problem is fixed-parameter tractable.
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9.1 Polynomial Kernelizations

Recall that a kernelization of a parameterized problem (@, k) over the alpha-
bet X is a polynomial time computable function K : 3* — ¥* such that for
all x € ¥* we have

rEQR = K(z)eqQ,

and
|K ()] < h(k(x)),

for some computable function h. For every instance x of @ the image K (x) is
called the kernel of x (under K). By Theorem 1.39, a parameterized problem
is fixed-parameter tractable if and only if it has a kernelization. This suggests
a new method for designing fpt-algorithms, which is called the kernelization
method: Suppose we have a “good” kernelization K of a parameterized prob-
lem (@, k). Then to decide a given instance x, we compute the kernel K (x) and
then decide if K(z) € @ by brute-force (or rather, as efficiently as possible).
Thus kernelization is used as preprocessing for other, potentially exponential,
algorithms. The two most important qualities of a good kernelization are ef-
ficient computability and small kernel size. In addition, we usually want our
kernelizations to not increase the parameter, that is,

k(K (x)) < k().
The following definition introduces an abstract notion of “good” kernelization.

Definition 9.1. A kernelization K of a parameterized problem (Q, k) over
the alphabet X is polynomial if there is a polynomial p(X) € No[X] such that
|K(z)] < p(k(x)) for all z € X*. .

Example 9.2. By Exercise 1.41, p-deg-INDEPENDENT-SET has a polynomial
kernelization. .

The following example shows that not every problem in FPT has a poly-
nomial kernelization:

Example 9.3. Let @Q € ¥* be a problem that is EXPTIME-complete (and
hence not in PTIME), and let  : ¥* — X* be defined by k(z) := [loglog|z|].

Then (Q, k) is fixed-parameter tractable, but if (@, x) had a polynomial
kernelization, then ) would be decidable in polynomial time. -

Buss’ Kernelization of Vertex Cover

We start with a simple kernelization of p-VERTEX-COVER that is known as
Buss’ Kernelization.! The trivial “yes”-instance of vertex cover is the instance
(G*,1), where G is the graph consisting of one vertex and no edges. The
trivial “no”-instance is the instance (G, 1), where G~ is the graph consisting
of two disjoint edges.

'Named after S. Buss, who discovered it.
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Proposition 9.4. p-VERTEX-COVER has a polynomial kernelization.

More precisely, there is a kernelization of p-VERTEX-COVER that, given
an instance (G, k) of p-VERTEX-COVER with G = (V, E), computes in time
O(k + |Gl]) an instance (G', k') such that

K <k,

and either (G’ k') = (G, 1) is the trivial “no”-instance, or G' = (V' E') such
that
V| <2(K)? and |E'| < (k)2

Proof: The kernelization is based on the following two observations: Let G =
(V,E) be a graph and k € N.

(i) If v € V with deg(v) > k, then v is contained in every vertex cover of G
of at most k elements.

(ii) If deg(G) < k and G has a vertex cover of k elements, then G has at most
k2 edges.

For v € V, let G — v denote the graph obtained from G by deleting v and all

edges incident to v. Note that if deg(v) > k, then by (1), G has a vertex cover

of k elements if and only if G — v has a vertex cover of k — 1 elements.
Consider the recursive algorithm REDUCE (Algorithm 9.1).

REDUCE(G, k)
// G graph, k > 0 nonnegative integer
1. if k=0 then

2 if G has no edges then
3 return (G, 1)
4 else
5. return (G, 1)
6. else
7 if G has a vertex v with deg(v) > k then
8 return REDUCE(G — v,k — 1)
9. else
10. if G has at most k? edges then
11. return (G, k)
12. else
13. return (G, 1).

Algorithm 9.1. Buss’ kernelization

By (i) and (ii), it is easy to see that, given an instance (G, k) of p-VERTEX-
COVER, REDUCE returns an equivalent instance (G', k’). It is the trivial “no”-
instance or G’ has at most (k’)? edges and hence at most 2(k’)? nonisolated
vertices. Then, essentially, we can delete all isolated vertices, but we have
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to be a bit careful because we look for a vertex cover of cardinality exactly
k'; therefore, in order to obtain an equivalent instance with at most 2(k’)?
vertices we delete at most n’ — k' isolated vertices from G’, where n' is the
number of vertices of G’.

A linear time implementation of REDUCE may proceed as follows: It first
computes the degree of all vertices and creates a list L; for every ¢ € [0, |V|—1],
which contains all vertices of degree i. Clearly, this is possible in linear time.
Whenever a vertex v of degree > k is deleted, the algorithm has to update its
lists, but this is possible in time O(deg(v)). Since every vertex is deleted at
most once, the overall time required for these update operations is O(|E|). O

Remark 9.5. For later reference, we observe that the graph produced by
Buss’ kernelization is either a trivial instance or a subgraph of the input
graph. -

The following corollary illustrates how a kernelization can be used as a
preprocessing algorithm for a bounded search tree algorithm in order to reduce
the overall running time.

Corollary 9.6. p-VERTEX-COVER can be solved in time O(n +m + 2% - k?),
where k denotes the parameter, n the number of vertices of the input graph,
and m the number of edges of the input graph.

Proof: Compute a kernel using Buss’ kernelization and then apply the bounded
search tree algorithm of Corollary 1.19 to the kernel. O

The kernelizations we will consider in the following section can be applied
similarly. We will no longer state the corresponding corollaries explicitly.

A Kernelization of Hitting Set
We generalize Buss’ kernelization of p-VERTEX-COVER to
p-d-HITTING-SET

for every fixed d € N. We use the following combinatorial lemma, which is
known as the Sunflower Lemma or Erdés—Rado Lemma. Let H = (V, E) be
a hypergraph. A sunflower in H is a set S = {s1,...,s,} C E such that all
pairs of hyperedges in S have the same intersection. That is, there exists a set
C C V, called the core of S, such that for 1 <i < j < k we have

SiﬂSj:C.

A hypergraph is d-uniform, for some d > 1, if all hyperedges have cardinality d.
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Lemma 9.7 (Sunflower Lemma). Let k,d € N, and let H be a d-uniform
hypergraph with more than (k — 1)¢ - d! hyperedges. Then there is a sunflower
of cardinality k in H.

Furthermore, for every fized d there is an algorithm that computes such a
sunflower in time polynomial in (k + ||H]|).

Proof: The proof is by induction on d. For d = 1 the statement is trivial.
For the induction step, let d > 1, and let H = (V, E) be a (d + 1)-uniform
hypergraph with

|E| > (k— 1) . (d+ 1)L

Let F:={f1,..., fe} € E be a maximal (with respect to set inclusion) family
of pairwise disjoint hyperedges. If ¢ > k, then F is a sunflower of cardinality
at least k in H. So let us assume that ¢ < k. Let

W:=fiU...Uf.

Then |W| < (k—1) - (d + 1). By the maximality of F, each hyperedge e € E
has a nonempty intersection with W. Thus there is some element w € W such
that w is contained in at least

‘E| (k—l)d‘H . (d+1); B
W (k=1)-(d+1) =(k-1)"d

hyperedges. Pick such an element w and let
E' :={e\{w}|e€ Fand w € e}.

Then |E'| > (k — 1)?-d!, and by the induction hypothesis, the d-uniform
hypergraph (V, E’) contains a sunflower {s},...,s,} of cardinality k. Then
{sh U{w},..., s, U{w}} is a sunflower of cardinality k in H.

The proof can easily be turned into a polynomial time algorithm for com-
puting a sunflower. Given a d-uniform hypergraph H = (V, E), we first com-
pute a maximal family F' of pairwise disjoint hyperedges by a simple greedy
algorithm. We check if |F| > k. If this is the case, F already is a sunflower.
Otherwise, we let W := | J F and compute an element w € W that is contained
in the maximum number of hyperedges. We compute the set E’ as above, re-
cursively find a sunflower S’ in (V, E’), and then return {sU{w} | s € S'}. O

Theorem 9.8. Let d € N. Then there is a polynomial kernelization of
p-d-HITTING-SET that, given an instance (H, k), computes an instance (H', k)
with ||H'|| < O(k? - d! - d?).

Proof: Let H = (V, E) be a hypergraph. The crucial observation is that if
H contains a sunflower S = {s1,...,sg+1} of cardinality (k + 1) then every
hitting set of H must have a nonempty intersection either with the core C
of S or with all petals s; \ C. Thus a hitting set of H of at most k elements
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must have a nonempty intersection with C. Therefore, if we let E' := (E \
{s1,...,8p+1}) U{C} and H' := (V, E’), the instances (H, k) and (H', k) are
equivalent.

It follows from the Sunflower Lemma by considering for all d’ € [d] the
hyperedges of d’ elements that a hypergraph with maximum hyperedge car-
dinality d and more than k¢ - d! - d hyperedges has a sunflower of cardinality
(k + 1) and that such a sunflower can be found in polynomial time.

Given an instance (H, k), our kernelization algorithm repeatedly replaces
sunflowers of cardinality at least (k + 1) by their cores until the resulting
hypergraph has at most O(k? - d! - d) hyperedges and then deletes isolated
vertices if necessary. a

9.2 Crown Rule Reductions

In this section, we shall give a kernelization of vertex cover that leads to a ker-
nel with only a linear number of vertices. It is based on a connection between
matchings and vertex covers—the maximum cardinality of a matching is a
lower bound for the minimum cardinality of a vertex cover—and the fact that
maximum matchings in bipartite graphs can be computed very efficiently.
We start with a few preliminaries from matching theory. Let G = (V| E)
be a graph. A matching of G is a set M C E of pairwise disjoint edges. Let M
be a matching of G. The matching M is mazimal if there is no matching M’
of G such that M C M’. The matching M is mazimum if there is no matching
M’ of G such that |M| < |M'|. An M -alternating path is a path in G whose
edges alternately belong to M and E\ M. A vertex v € V is free with respect
to M if it is not incident with an edge in M. An M -augmenting path is an
M-alternating path whose endpoints are both free. Observe that if P is an
M-augmenting path, say, with edges eq, ..., e, in this order, then

M= (M\{ez,e4,...,en_1})U{e1,€3,...,en}

is a matching with |M’| = |M|+ 1. We call M’ the matching obtained by
flipping the edges of P.

Lemma 9.9. Let G be a graph and M a matching of G. Then M is mazximum
if and only if there is no M -augmenting path.

Proof: If M is maximum, there is no M-augmenting path, because otherwise
we could obtain a matching of greater cardinality by flipping the edges of such
a path.

For the backward direction, suppose that M is not maximum. We shall
prove that there is an M-augmenting path. Let M’ be a maximum matching
and D := MAM' the symmetric difference of M and M’. Let D be the
subgraph of G with edge set D and vertex set consisting of all endpoints of
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the edges in D. Since every vertex is adjacent to at most one edge in M and
at most one edge in M’, all connected components of D are paths or cycles
that are alternating with respect to both M and M’. Since |M’| > | M|, there
is at least one component that is a path whose first and last edges are in M’.
This path is an M-augmenting path. a

Lemma 9.10. (1) There is an algorithm that computes a maximal matching
of a given graph in linear time.

(2) There is an algorithm that, given a bipartite graph B and a natural number
k, decides if B has a matching of cardinality k and, if it has one, computes
such a matching in time O(k - ||B]]).

Proof: A maximal matching can be found in linear time by a simple greedy
algorithm.

To compute a matching of cardinality & in a bipartite graph, we start with a
maximal matching and then repeatedly increase its cardinality by flipping the
edges of an augmenting path. If a matching is not maximum, an augmenting
path can be found in linear time as follows: Let B = (V1, V2, E) be the bipartite
input graph, and let M be the current matching. Let G be the directed graph
obtained from B by adding a source s, a sink ¢, directed edges from s to all
free vertices in V7, and directed edges from all free vertices in V5 to ¢, and by
directing all edges in M from V5 to V; and all edges in E'\ M from V; to V,
(see Fig. 9.2). Then for every M-augmenting path P of B, sPt is a path from
s to t in G, and conversely, for every path P from s to ¢ in G, P\ {s,t} is an
M-augmenting path in B. Thus to find an M-augmenting path in B, we only
have to find an s—t-path in the directed graph G, which can easily be done in
linear time. a

PAL
Fig. 9.2. A bipartite graph with a matching and the corresponding directed graph

For every set W of vertices of a graph G = (V, E), we let

SW):={veV|weW: {v,w} € E}
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be the set of neighbors of W in G.2
After these preliminaries, let us now give the central definition of this
section. Figure 9.3 illustrates the definition.

Definition 9.11. Let G = (V, E) be a graph. A crown in G is a bipartite

graph C = (I, S, E') such that:

(1) I is an independent set of G and S = S(I).

(2) E' is the set of all edges of G between I and S (thus (I U S, E’) is a
subgraph of G).

(3) C has a matching of cardinality |S].

The value of the crown is the number val(C) := |S|. a

Fig. 9.3. A crown of value 3

For every graph G, we denote the minimum cardinality of a vertex cover of
G by ve(G). A minimum vertex cover of G is a vertex cover of G of cardinality
ve(G). For all graphs G = (V, E) and H = (W, F), we let G \ 'H denote the
induced subgraph of G with vertex set V' \ W.

Lemma 9.12. Let G be a graph and C a crown of G. Then

ve(G) = ve(G \ C) + val(C).

Proof: Suppose that C = (I,S5(I), E’). Then val(C) = |[S(I)|]. Let V be the
vertex set of G and C := I U S(I) the vertex set of C.

Observe that S(I) is a minimum vertex cover of the crown C, because
clearly S(I) covers all edges of C, and to cover all edges of a matching of C of
cardinality |S(I)|, at least |S(I)| vertices are needed.

Let X be a minimum vertex cover of G. Then X N C' is a vertex cover of
C and X \ C is a vertex cover of G \ C. Thus

ve(G) = |X|=|X\C|+|XNC|>ve(G\C)+|S()|.

2The notation S(W) indicates that the set is the “l-sphere around W.” We write
N(W) =W US(W) for the “I-neighbourhood” of W.
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Conversely, let X’ be a minimum vertex cover of G \ C. Then X := X' U S(I)
is a vertex cover of G, and we have

ve(G) < X[ < X+ [S(D)] = ve(G\ C) + [SU)]. O

It follows from the previous lemma that we can transform an instance
(G,k) of p-VERTEX-COVER into an equivalent smaller instance (G',k’) by
deleting a crown C from G and reducing the parameter k by the value of the
crown. This is the reduction underlying the following kernelization theorem.

Theorem 9.13. There is a kernelization of p-VERTEX-COVER, that, given
an instance (G, k) with G = (V, E), computes in time O(k - ||G||) an instance
(G' k') such that k' < k and either (G',k') = (G, 1) is the trivial “no”-
instance or G' has at most 3k vertices.

Proof: Let G = (V, E) be a graph and k € N. Without loss of generality we
may assume that G has no isolated vertices. Given (G, k), our kernelization
algorithm first computes a maximal matching L of G. If |L| > k, then vc(G) >
|L| > k, and the algorithm returns the trivial “no”-instance (G7,1).

. ' e

Fig. 9.4. A graph G with a maximal matching L

Figures 9.4-9.7 illustrate the proof. Figure 9.4 shows a graph G with a
maximal matching L of cardinality 4.

In the following, we assume that |L| < k. Let I be the set of all vertices
that are free with respect to L (in Fig. 9.4, this is the top row of vertices).
Note that by the maximality of L, I is an independent set of G. If |I| < k,
then |V| = 2|L|+|I| < 3k, and the kernelization algorithm simply returns the
input instance (G, k).

In the following, we assume that |I| > k. The core of the kernelization
algorithm, to be described next, is the construction of a crown C of G with at
least |V | — 3k vertices.

Let B be the bipartite graph whose vertex set is B := I U S(I) and whose
edge set consists of all edges between I and S(I). In a first step toward the
construction of the crown C, the kernelization algorithm computes B and a
maximum matching M of B (cf. Fig. 9.5). If |[M| > k, then vc(G) > | M| >
k, and the algorithm returns the trivial “no”-instance (G~,1). Otherwise, if
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|M| < k and |M| = |S(I)], then B is a crown, and we let C := B. Note that
in this case, C has at least |V| — 2|L| > |V| — 2k vertices.

Fig. 9.5. The bipartite graph B with a maximum matching M

In the following, we assume that |[M| < k and |M| < |S(I)|. Since |I| > k,
there is at least one vertex in I that is free with respect to M. Let J be the
set of all free vertices with respect to M in I (in Fig. 9.5, J consists of the
1st, the 2nd, the 5th, and the 8th vertex in the top row). Let C be the set of
all vertices of B that can be reached by an M-alternating path from a vertex
in J. Let C be the induced subgraph of B with vertex set C' (cf. Fig. 9.6). Let
I' =Cnl.

Fig. 9.6. The crown C

Claim 1. S(I')=Cn S{).
Proof: Clearly, S(J) C CNS(I). Let v € I'\J = (CNI)\J. We shall prove that
S({v}) C C. By the definition of C, the vertex v is reachable from a vertex
in J by an alternating path P. The last edge e of P is in M, because the first
edge is not and the length of P is even. Let w € S({v}). If {v, w} = e, then w
is reachable by the alternating path P\ {v}. Otherwise, {v,w} ¢ M, and w
is reachable by the alternating path Pw. This proves that S(I"') C C N S(I).
To prove that CNS(I) C S(I'), let v € CNS(I). Let P be an M-alternating
path from a vertex in J to v, and let w € I be the predecessor of v on this
path. Then w € C NI =1I', and thus v € S(I'). .

Claim 2. C is a crown.
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Proof: By claim 1, conditions (1) and (2) of Definition 9.11 are satisfied with
I :=1T'. For condition (3), we let M’ be the intersection of M with the edge
set of C.

Suppose for contradiction that |M’| < |S(I’)]. Then there exists a vertex
v € S(I') that is free with respect to M’. Since v € S(I’) C C, there exists an
M-alternating path P from a vertex in J to v whose last edge is not in M. We
observe that v is free with respect to M, too, because if {v,w} € M for some
w, then Pw would be an M-alternating path. Hence w € C, and therefore
{v,w} € M’. Furthermore, all vertices in J are free with respect to M. Thus
the path P is actually M-augmenting. By Lemma 9.9, this contradicts M
being a maximum matching of B. .

To compute the crown C, our algorithm employs a similar technique as we
used in the proof of Lemma 9.10 to compute augmenting paths.
Let
c:=val(C) = |M'|.
Claim 3. |C| > |V| — 3k + 2c.
Proof: C consists of the vertices in J and the 2¢ endpoints of the vertices in

M'. We have
V= I[I| +2|L] = |J] + [M] + 2|L],

and thus |J| = |V| = 2|L| — | M| > |V| — 3k. =

Fig. 9.7. The kernel G \ C

Let G’ :=G\C and k' := k — ¢ (cf. Fig. 9.7). Then by Lemma 9.12, G has
vertex cover of size k if and only if G’ has a vertex cover of size k’. Note that
the number of vertices of G’ is |V \ C| < 3k — 2.

If k¥’ = 0, then the kernelization algorithm either returns the trivial “yes”-
instance (GT,1) if G’ has no edges or the trivial “no”-instance (G—,1) if G’
has at least one edge. Otherwise, the algorithm returns (G, k’).

The running time of the algorithm is

O(l1Gl) + Ok - [|B]) + O([IB[]) < O(k - [|G]])-

Here the first term O(]|G||) accounts for the time it takes to compute the
maximal matching L, the independent set I, and the bipartite graph B. The
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second term O(k-||B]||) accounts for the time it takes to compute the maximum
matching M (cf. Lemma 9.10(2)). The third term O(||B|]) accounts for the
time it takes to compute C. O

Note that the theorem only says that a given instance (G, k) of p-VERTEX-
COVER can be reduced to a kernel (G', k') where the number of vertices of G’
is linear in k. This does not mean that the size ||G’|| is linear k. In this sense,
claims that p-VERTEX-COVER has a “linear kernel,” which can occasionally
be found in the literature, are misleading.

9.3 Kernelization Through Linear Programming

An even smaller kernel for p-VERTEX-COVER can be found by linear program-
ming techniques.

Theorem 9.14. There is a kernelization of p-VERTEX-COVER that, given
an instance (G, k), computes in polynomial time an instance (G', k') such that
k' < k and either (G', k') = (G~,1) is the trivial “no”-instance or G’ has at
most 2k’ vertices.

Recall that a linear program consists of a system of linear inequalities and
a linear objective function. We use the following well-known fact:

Fact 9.15. The linear programming problem can be solved in polynomial time;
that is, there is a polynomial time algorithm that computes an optimal solution
for a given linear program with rational coefficients.

A proof can, for example, be found in [124].

To prove Theorem 9.14, we formulate the minimum vertex cover problem
as a linear program. Let G = (V| E) be a graph. Consider the following linear
program L(G):

minimize E x, subject to

veV
Ty + Ty > 1, for all {v,w} € E,
T, >0, for all v € V,
Ty <1, for allv € V.

(Observe that the constraints z, < 1 are not needed, because an optimal
solution of the program without these constraints will satisfy them anyway.)
Integral solutions of L(G) correspond to vertex covers of G in an obvious way.

By R we denote the set of real numbers. A solution (z,),ev € RV of L(G)

is half-integral if z, € {0, 3,1} for allv € V.

Lemma 9.16. Let G = (V, E) be a graph. Then L(G) has an optimal solution
that is half-integral.

Furthermore, a half-integral optimal solution of L(G) can be computed in
polynomial time.
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Proof: Let (2,)yecv be an optimal solution for L(G) that is not half-integral.
We show how to transform (z,),ev into a solution (z,),ecy such that

(1) ZvGV - ZUGV‘TM

(ii) (= )veV has fewer entries not in {0, 5,1} than (z,)vev.

The existence of a half-integral optimal solution follows.
Let

€= min{\xv\, |z, — %|, |z, — 1 ’ xy €40, 2,1}}.
For every v € V, we define z/, and x| by

Ty + €, if0<xv<;, Ty — €, if0<xv<;,

T, i=Ray, —e, if ) <az, <1, and =z =<z, +e if )<z, <1,

Ty, otherwise. Ty, otherwise.

Then both (z,)yev and (2, )vev are solutions ofL(Q). To see this, let {v,w} €
E, say, with z, < x,. If z, = 0 then z,, = 2}, = 1, and the constraint
z), + x), > 1 is satisfied. If 0 < z,, < }, then x,, > 3, and

T AT, >y €+ Ty — € =Ty + Ty > 1.

If 2, = 1 , then z,, > 1 5, and hence x,xh, > 1 5, and again the constraint

xh +al, > 1 is satisfied. For (z!)),ecv, we argue completely analogously.

Slnce
1 / 1
Ty = €, + x R
and (2, )yey is optimal we have Y\, vy =D oy Ty = >, oy Ty Thus both
(z)vev and (x)))yey satisfy (i). By the choice of ¢, at least one of the two
solutions satisfies (ii).

Note that the construction actually gives a polynomial time algorithm
for transforming an arbitrary optimal solution into a half-integral optimal
solution. Combined with Fact 9.15, this gives us a polynomial time algorithm
for computing a half-integral optimal solution of L(G). O

The following lemma, which in combination with the previous lemma is
known as the Nemhauser—Trotter theorem, contains the essence of how a
kernel can be constructed from a half-integral solution.

Lemma 9.17. Let G = (V, E) be a graph and (z,)yev an optimal half-integral
solution of L(G). For r € {0, 3,1}, let V, :={v € V | z, = r}, and let G, be
the induced subgraph of G with vertex set V.. Then

(1) ve(Gy) = [Vil/2.

(2) ve(G 2) = ve(G) — [VAl.

Proof: For every subset W C V and every r € {0
Observe first that:

72,1}3 let Wr = VrﬂW
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(i) If S is a vertex cover of G, then S, is a vertex cover of G,, for every
1
r€{0,;,1}.
(ii) If S’ is a vertex-cover of Qé, then S’ UV} is a vertex cover of G.

Statement (i) is obvious, and (ii) follows from the fact that every edge {v, w}
that does not have both endpoints in V; must have at least one endpoint in
V1, because (x,)yey satisfies the constraint z, + x,, > 1.
Now (1) follows immediately: Let S” be a vertex cover of G1 with [S'| =
ve(G1). Then
IS4 Vil > ve(G) > 3w = IVl + Vil
veV

The first inequality follows from (ii), the second from the optimality of the
solution (2 )yev .
To prove (2), note that (ii) also implies that

ve(G) + V| = ve(G).

For the converse inequality, let S be a minimum vertex cover of G. Let (2} ),ev
be defined as follows:

1; ifve Sy,

;, if’UEVl\S1,
Xl = orve Vi,
or v € Sy,

0, ifUE‘/O\So.

We claim that (2 )yev is a solution of L(G). To see this, let {v, w} be an edge
of G. If both v,w € V; U V; U So, then z, z! > %, and thus the constraint
Xy + Xy > 1 is satisfied. So suppose that v € Vg \ Sp. Then w € V;, because
(y)vev is a solution for L(G), and w € S, because S is a vertex cover of G.

Hence w € S1, and thus 2}, = 1.

Therefore,
1
NARAEDIES
veV
< Z x; (by the optimality of (zy)yev)
veV

1 1 1
S V1 \Ss S

o150l + Vil + Vi \ Sif +[S1]
1 1 1 1

= _|S Vi 1% S1l.
2| 0\+2\ 2\+2\ 1|+2| 1

It follows that |Vi| < |So| + |S1| and hence, by (i),
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ve(Gy) + Vil <18 |+ [VA] < IS] = ve(9). 0

Proof of Theorem 9.14: Let (G, k) be an instance of p-VERTEX-COVER. For
r €{0,2 1}, let V,. and G, as in Lemma 9.17. Let k' := k — |V4|.

’ 29

e If ¥ < 0, then by Lemma 9.17(2), G does not have a vertex cover of k
elements. In this case, the kernelization returns the trivial “no”-instance
(G-, 1).

o If k" =0, the kernelization returns the trivial “no”-instance (G~,1) if G1
has at least one edge and the trivial “yes”-instance (G*, 1) otherwise.

e If k" >0 and [Vi| > 2K, then by Lemma 9.17(1), G1 does not have a
vertex cover of k' elements, and again the kernelization returns (G, 1).

e Otherwise, the kernelization returns (g1, k'). O

Fig. 9.8. The graph G of Example 9.18

o O/O

O

Fig. 9.9. A half-integral optimal solution of L(G). Black vertices get value 1, gray
vertices get value 1/2, and white vertices get value 0

Example 9.18. As an example, let us consider the graph G of Fig. 9.4 that we
used in the previous section to illustrate the proof of Theorem 9.13. Figure 9.8
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shows the graph with its vertices numbered. An optimal half-integral solution
of cost 6 for the linear program L(G) is:

T1 =Ty =2x3 =5 =T =7 = 28 = T16 = 0,
1
Tg = T10 = T11 = T12 = o,

T9 =T13 =T14 = T15 = 1

(cf. Fig. 9.9). For k > 5, this solution yields the kernel (G’, k —4), where G’ is
the induced subgraph of G with vertex set {4, 10, 11,12} (the gray vertices in
Fig. 9.9).

Let us remark that the linear program L(G) also has an optimal integral
solution that directly delivers a minimum vertex cover of size 6:

T1=1T2 = T3 =1T5 =1=Tg =Ty =Tg = T19g = T12 = T16 = 0,

T4=2T9g =Tl = T3 = T4 = T15 = L. =

9.4 Integer Linear Programming

Let us consider the following parameterization of the integer (linear) program-
ming feasibility problem:

p-INTEGER-PROGRAMMING
Instance: A matrix A € Z™*™ and a vector b € Z™.
Parameter: n.
Problem: Decide whether there exists a nonnegative integral
vector & € Njj such that A -2 < b.

Theorem 9.19. p-INTEGER-PROGRAMMING is fized-parameter tractable.

A proof of this theorem requires sophisticated techniques from algorithmic
number theory and is beyond the scope of this book. In the following two
subsections, we will illustrate the strength of Theorem 9.19 with two applica-
tions.

Scheduling on Identical Machines

Recall the definitions of NP-optimization problems and (efficient, fully) poly-
nomial time approximation schemes from Sect. 1.4. We study the following
simple scheduling problem: We have to schedule n jobs with (integral) process-
ing times p1, ..., p, on m identical machines, minimizing the total processing
time, which is called the makespan. Formally, we define:
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MIN-MAKESPAN-SCHEDULING
Instance: m,p1,...,pn € N.
Solutions: Partitions (S1,. .., Sm) of [n], where some of the S;
(the jobs scheduled on machine ¢) may be empty.
Cost: maxj<i<m Zjesi, Dj.
Goal: min.

Let us point out that if m is (much) larger than n, formally this problem does
not adhere to our definition of an NP-optimization problem, because the size
of a solution, which is at least m, is not polynomially bounded in the size
of the input. However, we can always assume that m < n, because even the
trivial solution that assigns every job to a separate machine requires at most
n machines. In the following, we only consider instances (m, p1, ..., p,) with
m < n.

It is known that the decision problem associated with MIN-MAKESPAN-
SCHEDULING is strongly NP-complete, that is, it is NP-complete even if the
input numbers are given in unary. By standard techniques from approximation
theory, it follows that the problem has no fptas. We shall prove that it has an
eptas.

As a first step towards this eptas, we shall prove that the standard parame-
terization of MIN-MAKESPAN-SCHEDULING is fixed-parameter tractable. This
is where we apply Theorem 9.19. Recall that the standard parameterization
of MIN-MAKESPAN-SCHEDULING is the following parameterized problem:

p-MIN-MAKESPAN-SCHEDULING
Instance: m,p1,...,pn € Nand k € N.
Parameter: k.
Problem: Decide whether there is a solution of cost at most k.

Theorem 9.20. p-MIN-MAKESPAN-SCHEDULING is fized-parameter tracta-
ble.

Moreover, there is an fpt-algorithm that, given an instance I of MIN-
MAKESPAN-SCHEDULING and a k € N, computes a solution for I of cost at
most k if there is one.

Proof: Consider an instance I = (m,p1,...,pn), and let k& € N. Observe that
if there is an ¢ € N such that p; > k, then instance I has no solution of cost
at most k. Thus we may assume that p; < k for all i € [n]. An assignment for
a single machine is a k-tuple

a=(ay,...,a;) € NE.

Intuitively, the assignment a indicates that, for ¢ € [k], precisely a; jobs of
cost i are scheduled on the machine. The cost of an assignment a is
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k
cost(a) := Zai - 1.
i=1

Of course, we only need to consider assignments of cost at most k. Let A be
the set of all assignments of cost at most k. Note that A C [0, k]*, and thus
|A] < (k + 1)*. Observe that we can describe a solution by saying, for each
assignment @ € A, how many machines are assigned their jobs according to
assignment a.

For all @ € A, we introduce an integer variable z5. For all j € [k], we let
b; be the number of jobs i € [n] with processing time p; = j. Consider the
following set of equalities, which guarantee that if xz machines are assigned
their jobs according to assignment a, then we obtain a correct solution:

Z Tg =m, (9.1)
acA
Z a; -tz = by, for all j € [£], (9.2)

a=(ai,....,ax)EA

xz € Np, for all a € A. (9.3)

Equality (9.1) makes sure that there is exactly one assignment for every ma-
chine. The equalities in (9.2) make sure that we schedule the right number of
jobs of each processing time j € [k].

Since the cardinality of the set A and hence the number of variables of
the integer program are effectively bounded in terms of the parameter, this
yields an fpt-reduction from p-MIN-MAKESPAN-SCHEDULING to p-INTEGER-
PROGRAMMING. Therefore, p-MIN-MAKESPAN-SCHEDULING is fixed-param-
eter tractable by Theorem 9.19.

It remains to prove that we can actually compute a solution of cost at
most k for a given instance and not only decide if there exists one. To do
this, we observe that if we can solve the feasibility problem, we can also find
a solution for the integer linear program (9.1)-(9.3). Each variable takes a
value in [0, m]. We take the first variable x5, and consider the integer linear
programs obtained from (9.1)—(9.3) by adding each of the constraints zz, = 0,

Za, = 1, xa, = 2, ..., vz, = m until we find one that is solvable. For this
integer linear program we consider the second variable, et cetera. O
Lemma 9.21. Let I := (m,p1,...,pn) be an instance of MIN-MAKESPAN-

SCHEDULING and

L := max ({pZ |i€n]}U {;zn:pl}>

Then
L <opt(I) < 2L,

where opt(I) is the cost of an optimal solution for I.
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Proof: For the lower bound, observe that the cost of any solution must be
larger than the cost of every job and the average workload per machine.

For the upper bound, we construct a solution of cost at most 2L by a simple
greedy algorithm as follows: We process jobs 1,...,n in this order, scheduling
the next job onto the machine with the lowest workload so far (breaking ties
arbitrarily). Let (S1, ..., Sm) be the solution obtained this way. We shall prove
that for every £ € [m] we have >, ¢ p; < 2L.

Let £ € [m], and let r € [n] be the last job scheduled onto machine ¢. Since
the workload of machine ¢ before job r is scheduled onto it is lower than or

equal to the workload of all other machines at this and hence at any later

point in time, we have
Soopi< )
i€Se\{r} i€S;

for all j € [m]. Since

>N pi=Y p<m L
]

j=1i€S5; i€ln

it follows that ZiESg\{r} p; < L. Since L > p,, this implies

Y pi<L+p <2L O
€Sy

Theorem 9.22. MIN-MAKESPAN-SCHEDULING has an eptas.

Proof: Let I = (m,p1,...,pn) be an instance of MIN-MAKESPAN-SCHEDULING
and k € N. We show how to compute a solution approximating the optimal
solution to a factor (14 1/k) by reducing the problem to the fixed-parameter
tractable standard parameterization p-MIN-MAKESPAN-SCHEDULING.

Let
L := max ({pZ |ien]}U {;Zpl}>

Then by Lemma 9.21, opt(I) < 2L.

Without loss of generality, we may assume that p; > ps > ... > p,.
Furthermore, let us assume for now that p; > L/k. We will see later that this
assumption is inessential. Let n’ € [n] be maximum such that p,» > L/k.

For all i € [n/], let

k2
/41: “Pil - 4
P {L pJ (9.4)
Then,
K2 L
f> . = k. .
p; > {L kJ k (9.5)

Thus,
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L |, 1 L 1
L L
2
> pi (because p; > L P 1). (9.8)
Let S = (S1,...,Sm) be an optimal solution for I. Then
opt(I) = max > pi
i€S
We consider the new instance
I/ = (mapll,' . -ap;z’)'
and claim that
opt(I') < 2k2. (9.9)
To see this, note that
(S1N[n'],...,SmN[n])
is a solution for I’, and thus we have
! < /
opt(I') < max_ >
iES,ﬂ[n’]
<K > b (b < K )
<7 Bex pi ccause p; < - pi
1€5;N[n’]
k‘2
<. ,
=7 12%}% sz
i€S;
k> _
= -opt(I) (because S is optimal)
< 2k? (because opt(l) < 2L).
Applying the fpt-algorithm for the standard parameterization O(log k) times,
we can compute an optimal solution S’ := (S1,...,S},) for I'. Since (S1 N
[n'],...,Sm N [n']) is a solution for I’, we have
N = /
opt(l') = max } pi < max > pf. (9.10)
i€s] 1€S;N[n']
Thus
< . .6)—(9.
T SR (R R Z Lo (by (9.6)(9.8)
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1 L
< : -l
- <1 + k) 1§mja§}fn, Z g2 P (by (9.10))
ZGSjﬁ[n’]
S o Geaserf<®
< k 1§mjaé)§n et /]pz ecause p; < L pi).

This implies that if n’ = n, then S’ is a solution of I whose cost approximates
the cost of the optimal solution S to the desired factor of (1+ 1/k). If n’ < n,
we have to schedule the remaining jobs n'+1, ..., n. Recall that the processing
time of each of these jobs is smaller than L/k. We extend the partial solution
S’ greedily, that is, we process jobs n’ + 1,...,n in this order, scheduling
the next job onto the machine with the lowest workload so far (breaking ties
arbitrarily). Let S* = (S7,...,S%,) be the solution obtained this way.
We distinguish between two cases:

Case 1: The cost of the solution S* is the same as the cost of the partial
solution S’.
Then

max p; = max E i
1<5<m 1<]<m
€St GS’

J
< . )
< <1+k> 1§mja§>§n' Z i
ZGSjﬁ[n’]
<(14! S n
- k 1<mjzixm' bi

= <1+ ;) -opt(I).

Case 2: The cost of the solution S* is larger than the cost of the partial
solution S’.
We argue similarly as in the proof of Lemma 9.21. We observe that for all

jO € [m]v
1I<I§a<§n Z pi < +i§ i,
Jo

because the last job scheduled on the machine with maximum workload has
processing time smaller than L/k. It follows that

L 1 L
;i < i < .
@agni;s*pz <+, Y mi< +opt(d)

i€[n]

Since L < opt(I), we get
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max Z pi <1+ ! -opt(I).
1<j<m - - k

This completes Case 2.

It remains to consider the case n’ = 0, that is, instances where all jobs
have processing time at most L/k. For such instances, we can argue as in
Case 2. O

The Closest String Problem

The closest string problem asks for a string of minimum Hamming distance
from a given collection of strings. Recall that the Hamming distance dg (@, b)
between two strings a = ay . . . an, b="bq...b, € " is the number of positions
i € [n] such that a; # b;.

p-CLOSEST-STRING

Instance: Strings aq,...,a; € X" and an integer £ € Nj.
Parameter: k.

Problem: Decide whether there a string b € %" such that

dp(a;,b) < { for all i € [k].

Exercise 9.23. Prove that p-CLOSEST-STRING € XP.
Hint: Use dynamic programming. b

Exercise 9.24. Prove that the following parameterization of the closest
string problem is fixed-parameter tractable:

Instance: Strings aq,...,ar € X™ and an integer ¢ € Ny.
Parameter: k+¢. -
Problem: Decide whether there a string b € ™ such that

dp(a;,b) < L for all i € [k].

Theorem 9.25. p-CLOSEST-STRING s fized-parameter tractable.

Proof: Let ay,...,a € X", £ € Ny be an instance of p-CLOSEST-STRING,
where @; = a;1 ...a;y for all i € [k]. We formulate the problem as an integer
linear program with variables x;; for ¢ € [k], j € [n]. The intended meaning of
these variables is

1, if bj = A4y,

= 9.11
i {0, otherwise, ( )

for some string b = by ...b, € X" with dg(a;,b) < £ for all i € [k]. Let I; be
the following integer linear program:
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Tij — xp; =0, for all i,i" € [k],j € [n] such that a;; = aij, (9.12)
Tij +xiy <1, for all i,4" € [k],j € [n] such that a;; # a;rj, (9.13)
inj >n—{, for i € [k], (9.14)

j=1
xi; € No, fori € [k],5 € [n]. (9.15)

Then every solution (;)ic(x,je[n] iVes rise to a string b=by...b, € X" with
dp (@i, b) < ¢ for all i € [k]. We simply let b; := a;; if z;; =1, and if x;; =0
for all i € [k] we let b; be arbitrary (say, b; := a1;). The equalities (9.12)
and inequalities (9.13) make sure that b is well-defined. The inequalities (9.14)
make sure that dg (a;, b) < £ for all i € [k]. Conversely, every b = by ...b, € X"
with dp (a@;, b) < ¢ for all i € [k] gives rise to an integral solution (;;);ck],je[n]
of I defined as in (9.11).

However, we cannot apply Theorem 9.19 to solve this integer linear pro-
gram, because the number of variables is not bounded in terms of the param-
eter.

The crucial observation we make now is that for every j € [n] the con-
straints (9.12) and (9.13) only depend on the equalities that hold among the

a;j;, for i € [k], and not on the actual values a;;. Let
Ej = A{(0,1) | aij = ai;}.

Then for every j € [n] the constraints (9.12) and (9.13) only depend on the
equivalence relation F;. Let F, ..., Fx be alist of all equivalence relations on
[k] that appear among E1, ..., E,. Then K is bounded by the number B(k)
of equivalence relations on [k], which is known as the kth Bell number.
For all s € [K], let ny, be the number of occurrences of Fy among
FEq,..., E,, that is,
ny = |{j € [n] | Fs = By}

We define a new integer program I in variables y;s, @ € [k], s € [K] as follows:

Yis — Yirs = 0, for all s € [K], (4,4') € F, (9.16)
q
Zyips < ng, for all s € [K], where i1,...,1iq4 (9.17)
p=1 is a system of representatives of
the equivalence classes of Fj,
K
> yis=n—t, for i € [k], (9.18)
s=1
Yis € No, for i € [k], s € [K]. (9.19)

Then every solution (2i;)ic[x],je[n) of 11 gives rise to a solution (yis)ic[r],se[K]
of Iy defined by
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Yis = Z Tij-

jeln],

Fs=E;
Conversely, for every solution (yis)iex],se[x] of I2 we can define a solution
(Tij)icik).jem) of 11 as follows: For s € [K], let fi1,..., f, C [k] be the equiva-
lence classes of Fy, and let i, := min f, for p € [g]. To simplify the notation, let
us assume without loss of generality that E; = F; precisely for j =1,...,n,.
Recall that by (9.17) we have Y7, y; s <n,. For p € [¢] and i € f,, we let

p—1 p
xi; = 1forall j € [Z Yi,ns + 1’2%7'5] ,

r=1 r=1

and z;; := 0 otherwise. Then Z;Lil Tij = Yi,s = Yis, the last equality holding
by (9.16). Now (2;)ie[x],je[n] is a solution of I;: (9.12), (9.13), and (9.15) are
immediate from the definition of the x;;; by (9.18) we have

n K
inj = Zyis >n—{
Jj=1 s=1

and thus (9.14) is satisfied, too.

Since the number of variables of I3 is bounded in terms of the parameter
k, by Theorem 9.19 we can find a solution (yis)ic[x],se[x] Of Iz with an fpt-
algorithm. From this solution, we can construct a solution (%45 )icik) jem) of 1
and then a b € ¥ with dy(a;,b) < £ for all ¢ € [k] in polynomial time. m]

Notes

The notion of kernelization in the context of parameterized complexity theory
goes back to Downey and Fellows [83]. Of course, preprocessing algorithms
following similar strategies have been considered elsewhere. What is new here
is that there is an explicit success guarantee for the preprocessing algorithm
that is tied to the parameter.

Buss’ kernelization for vertex cover is attributed to S. Buss in [83]. Nieder-
meier and Rossmanith [166] gave a polynomial kernelization for p-3-HITTING-
SET that yields a kernel of size O(k?).

Crown rule reductions are from [53, 94]. Theorem 9.13 is proved in [53].
Variations of the crown rule reduction have been introduced to kernelize var-
ious other problems (see, for example, [67, 95, 159, 173, 174]). [3] experimen-
tally evaluates various kernelization strategies for vertex cover.

The linear program for vertex cover has been analyzed by Nemhauser and
Trotter [164]; Lemmas 9.16 and 9.17 have been proved there. Chen et al. [46]
observed that this yields a kernelization of vertex cover.
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Theorem 9.19 is due to Lenstra [152] and was later improved by Kan-
nan [145]. For an introduction to the area, called “algorithmic geometry
of numbers,” we refer the reader to the surveys [144, 151]. Hochbaum and
Shmoys [126] proved that MIN-MAKESPAN-SCHEDULING has a ptas. The ap-
proach to the problem by integer linear programming and the existence of
an eptas are from [9]. Garey and Johnson [114] proved that the strong NP-
completeness of the decision problem associated with an optimization problem
implies the nonexistence of an fptas. The strong NP-completeness of MIN-
MAKESPAN-SCHEDULING is from [115].

The fixed-parameter tractability of the parameterized closest string prob-
lem is due to Gramm et al. [119].

Open problems

A specific question that has received some attention and is also interesting
in connection with the theory of subexponential fixed-parameter tractability
presented in Chap. 16 is whether there is a kernel for p-d-HITTING-SET with
O(k) vertices. We have seen that not all fixed-parameter tractable problems
have a polynomial kernelization. But how about specific problems such as
p—SAT(F271)?
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The Automata-Theoretic Approach

Algorithms based on finite automata are very successfully applied in dif-
ferent areas of computer science, for example, automated verification and
database systems. Often, such algorithms are fixed-parameter tractable rather
than polynomial time. Automata-theoretic algorithms typically apply to logic-
based problems such as model-checking problems or database query evalua-
tion. In the following chapters, however, we will see that these techniques can
also be used for many combinatorial problems on trees and treelike graphs.

Ironically, the automata-theoretic method not only gives us a very gen-
eral and practically important paradigm for the design of fpt-algorithms,
but also generates our first (and the only known) examples of natural fixed-
parameter tractable problems with superexponential lower bounds on the pa-
rameter dependence of fpt-algorithms solving them. More precisely, we prove
that (under natural complexity theoretic assumptions) the model-checking
problem for first-order and monadic second-order logic on trees is fixed-
parameter tractable, but not decidable by an fpt-algorithm whose running
time is bounded by

2

O(k){ 92 . ,01)

Here k denotes the length of the input formula of the model-checking problem
and n the size of the input tree.

The automata-theoretic model-checking algorithms for monadic second-
order logic on strings and trees are introduced in Sects. 10.1 and 10.2. Sec-
tion 10.1 also contains a subsection on infinite strings, which explains how the
automata-theoretic approach is applied to the verification of reactive systems.
The reader not interested in this application may safely skip the subsection.
In Sect. 10.3, we prove the lower bound results.



234 10 The Automata-Theoretic Approach
10.1 Model-Checking on Strings

The basic idea of the automata-theoretic approach is best explained with a
familiar example, regular expression pattern matching on strings. An instance
of the pattern matching problem consists of a string T' (the text) over some
alphabet 3 and a regular expression P (the pattern) over the same alphabet.
The problem is to decide if T" matches P, that is, if T is contained in the
regular language L(P) described by P.! Let n := |T| and k := |P|.

To solve the problem, we first construct a nondeterministic finite automa-
ton 2 for the language L(P). We can easily construct such an automaton 24
of size O(k) in linear time. Now we have to decide if 2 accepts T. We can
either do this in time O(k - n) by a direct simulation of all runs of 2 on T', or
by first constructing a deterministic automaton 25 that recognizes the same
language as 2. This may lead to an exponential blowup in the number of
states, thus the size of B is O(2%). However, once we have constructed B and
stored it in an appropriate data structure, we can check if 8 accepts T in time
O(n). Overall, this second approach leads to an fpt-algorithm with a running
time of O(2¥ 4+ n), which may be preferable over the O(k - n) polynomial time
algorithm in the typical situation that n is much larger than k.

Let us now consider the case where the pattern is described in a more
powerful formalism than just regular expressions, where it is even difficult to
construct a nondeterministic finite automaton. Such a formalism for describing
patterns is monadic second-order logic.

Before we continue, we fix our notation for finite automata and remind
the reader of a few basic facts. A nondeterministic finite automaton (NFA) is
a tuple

A= (S,E,S},A,F),

where S is the finite set of states, X is the finite alphabet, s; € S is the initial
state, A C S x X x S is the transition relation, and F C S is the set of
accepting states. If for all (s,a) € S x X there is exactly one s’ such that
(s,a,s") € A, that is, if A is actually a function from S x ¥ to S, then the
automaton 2 is deterministic (a DFA). We use L(2l) to denote the language
recognized by . Two automata are equivalent if they recognize the same
language. A language L C X* is regular if L = L(2) for some NFA 2.

Fact 10.1. (1) For every NFA 2 with k states, there is an equivalent DFA
B with at most 2F states.

(2) For every DFA 2 over the alphabet ¥ with k states, there is a DFA B
with k states such that L(B) = X* \ L(2A).

(3) For all NFAs 1,2y with ki resp. ko states, there is an NFA B with
k1 + k2 + 1 states such that L(B) = L(™A1) U L(AUz).

(4) For all NFAs 2,20 with ky resp. ko states, there is an NFA B with ky - ko
states such that L(B) = L(2A1) N L(As).

The more common problem of deciding if there is some substring of T that
matches P can easily be reduced to the version where T" matches P.
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(5) For every NFA 2 over the alphabet X1 x Xo with k states, there is an NFA
B with k states such that L(B) is the projection of L(2) to X1, that is,

L(®B)={a1...a, €] | n>0,
3[)1, .. .,bn € Xy (al,bl)(ag,bg) . (an,bn) € L(Q[)}

(6) For every NFA 2 over the alphabet X1 with k states, there is an NFA B
over the alphabet Y1 X Yo with k states such that

L(B) = {(a1,b1)(az,b2) ... (an,byn) € (B1 x Ba]* | n>0,ai...a, € L(A)}.

Furthermore, in all cases B can be constructed from 2A (from Ay, As,
respectively) in time linear in the size of B.

Statements (2)—(5) of Fact 10.1 can be summarized by saying that the
class of regular languages is effectively closed under complementation, union,
intersection, and projection.

Finite Strings

Recall from Sect. 4.2 that monadic second-order logic, denoted by MSO, is
the fragment of second-order logic in which only set variables (that is, unary
relation variables) are allowed. To be able to specify languages in MSO, we
need to encode strings as structures. Recall from Example 4.11 how this is
done: Strings in 3 are viewed as structures over an alphabet 7, which consists
of a binary relation symbol < and a unary symbol P, for every a € ¥. A string
a=aj...a, € X" is represented by the structure S(a) with universe [n] in
which < is the natural order on [n] and P, contains all ¢ € [n] with a; = a.

Let ¢ be a sentence of first-order logic or second-order logic of vocabulary
7s. To simplify the notation, for a € 3* we write a = ¢ instead of S(a) |= ¢.
The language defined by ¢ is

L(p):={ae T |ak o).

Example 10.2. Let ¥ = {a,b, c}. The following first-order sentence defines
the language consisting of all strings over ¥ in which every a is eventually
followed by a b:

V:E(Pax — Jy(z<yA Pby)).

The same language is recognized by the DFA displayed in Fig. 10.1. o

The basis of the automata-theoretic approach to model-checking for MSO is
that the languages definable in MSO are precisely the regular languages.
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Fig. 10.1. The DFA for the sentence in Example 10.2

Theorem 10.3 (Biichi’s Theorem). A language is regqular if and only if it
is definable in monadic second-order logic.

Furthermore, there are algorithms associating with every NFA 21 an MSO-
sentence @ such that L(p) = L(2) and with every MSO-sentence ¢ an NFA
A such that L(A) = L(y).

Proof: The forward direction is easy. To simulate an automaton, a monadic
second-order sentence simply guesses the states of an accepting run. This
requires one existentially quantified relation variable for each state and a first-
order formula stating that the sequence of states represented by the relation
variables is an accepting run of the automaton.

More precisely, let A = (S, X, sy, A, F) be an NFA. Assume that S = [m]
and sy = 1. The following sentence ¢ defines the language recognized by 2:

p:=3X;... EIXm(um'que A it A trans A\ acc A nonempty),

where unique, init, trans, acc, and nonempty are the following first-order for-
mulas:

e The intended meaning of the set variables X, for s € [m] is that X,
contains all positions in which an accepting run is in state s before reading
the letter at this position. The formula unique says that at each position
the automaton is in exactly one state:

unique := V:E( \/ X A /\ (- Xsz V —\Xs/x)>.

s€[m)] 1<s<s’<m
e The formula init says that the run starts with the initial state:
Vx(Vy r<y— Xlx).

e The formula trans says that transitions between successive states are in

A:

VxVy((x <yAhz#yAVz(z<azVy<z)) — \/ (sz/\Pax/\XS/y)).
(s,a,s")EA

e The formula acc says that the last state of the run is an accepting state.
As a matter of fact, the relation variables Xy, ..., X,, only describe the
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run up to the second-but-last state, because a run of the automaton has
one more state than the length of the string. Thus acc actually says that
an accepting state can be reached from the state at the last position:

Vx(szSx% \/ (sz/\Pax)).

(s,a,s")EA
s'eF

e There is a slight problem with the formula as defined so far; it always holds
in the empty string. If the empty string is not in L(2) we let nonempty :=
Jx x = x. Otherwise, we can omit nonempty.

It should be clear from the construction that ¢ defines L(21). Before we prove
the backward direction, we illustrate the construction by an example.

Example 10.4. For the automaton displayed in Fig. 10.1, our construction
yields the following sentence:

p=3X13X, (um’que A it A trans A\ acc),

where
unique = Vac((Xlx V Xox) A (= X2 V —\ng)),
mit = V:E(Vy r<y— Xlx),
tmnSZVxVy((x <yAz#£yAVz(z<azVy<z) —

((X12 A Pax A Xoy) V (X12 A Py A X1y)
V (X1z A Pox A X1y) V (Xoz A Py A Xoy)

V (Xoz A Pyx A Xq1y) V (Xoz A Pex A ng))),
acc =V (Vz z<az— ((Xiz A Pa) V (X1z A Pex) V (Xoz A Pbx))).

As the automaton accepts the empty string, we omit the formula nonempty.
_|

For the backward direction of the proof of Theorem 10.3, let 3 be a finite
alphabet and ¢ an MSO-sentence over the vocabulary 7s. We first translate
@ into an equivalent sentence ¢* that avoids the use of individual variables
except in a few controlled places. We use the MSO-formulas

singl(X) == Jy(Xy AVz(Xz — z =y)),

le(X,Y) := VxVy((X:E ANYy) —a < y),
symb,(X) :=Vz(Xx — P,x) (for a € %),
sub(X,Y) :=Vz(Xz — Y2).

The idea is to treat these formulas as new “second-order atomic formulas”
and use them to eliminate the old first-order atomic formulas and to replace
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individual variables x by set variables for the singleton {z}. Formally, we
associate a new relation variable X with every individual variable z. Of course,
we choose the new variables in such a way that they do not already appear
in ¢ so that no confusion arises. We inductively define a formula ¢* for every
subformula ¥ of ¢:

For ¢ = (x < y), we let ¥* := le(X,Y).

For ¢ = P,x, we let ¥* := symb,(X).

For ¢ = Zz, we let ¥* := sub(X, Z).

For ¢ = 3z x, we let ¥* := IX (singl(X) A x*).

For ¢ = Vx x, we let ¥* := VX (singl(X) — x*).

Boolean connectives and second-order quantifiers are just transfered from
¥ to ¢¥*. For example, (¢1 A 2)* := (7 A3), and (VZu)* :=VZ ¢*.

A straightforward induction shows that ¢ and ¢* define the same language.

Example 10.5. For ¢ = 3aVZ((P.x A Zz) — Vyy < x), we get as ¢*
IX (sng(X)sz((symbc(X)Asub(X, 7)) — VY (singl(Y') — le(Y, X)))). .

To complete the proof of Theorem 10.3, we will inductively construct an
“equivalent” automaton for every subformula 1 of ¢*. We treat the formulas
singl(X), le(X,Y), symb,(X), and sub(X,Y) as atomic.

Thus the subformulas ¢ we have to consider have no free individual vari-
ables, but they still may have free relation variables. We encode interpreta-
tions of these variables into a larger alphabet and then consider the languages
defined by the subformulas over this larger alphabet. Suppose the relation
variables occurring in ¢* are Xi,..., Xj. Let

Y =% x {0,1}".

A string (a1,b11,-.-,bk1) -« (Gnyb1ny - -, bin) € (X)) corresponds to the

structure S := S(a;...a,) together with interpretations Bi,..., By C [n]
of the relation variables X7, ..., Xy, where B; := {j € [n] | b;; = 1}. For a
formula (X7, ..., X)) with free relation variables among X1,..., X}, let us
write

(al,blla"'abk1)~~-(anablna"'abkn) ):’l/)

if S E¥(B1,...,Bt). In this sense, every subformula ¢ of ¢* defines a lan-
guage over X'. We shall inductively construct an NFA 2, for every ¢ that
recognizes the language over ¥’ defined by .

(i) Tt is straightforward to construct automata for the atomic formulas
singl(X;), le( Xy, X;), symby(X;), sub(X;, X;).

Example 10.6. Suppose that £ = 3. Automata for ¢ = singl(X;) and ¢ =
le(Xs, X3) are displayed in Fig. 10.2. A « in a tuple describing a letter of the
alphabet ¥/ = ¥ x {0,1}? indicates that any possible symbol is allowed at
this place. -
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(*’07 *’ *) (*70’ *’ *) (*’ *’ *’ 1) (*’ *’0’ *)

8 (k, 1, %, %) 8 8 (, *, %, 0) 8

Fig. 10.2. NFAs for singl(X1) and le(X2, X3)

(if) For ¢ = x1Vxz2 and ¢ = x1Ax2, we use Fact 10.1 (3) and (4), respectively.
For example, for 1 = x1 V x2, we let 2 be an automaton that recognizes
the language L(2(y,) U L(A,,).

(iii) For ¢ = -y, we first determinize the NFA [, using Fact 10.1 (1) and
then complement it using Fact 10.1 (2).

(iv) For ¢ = 3X; x, we use Fact 10.1 (5) and (6).

(v) We rewrite formulas ¢ = VX, x as -3X;—x and then use the constructions
described in (iii) and (iv).

The automaton A« constructed this way recognizes the language L’ defined
by ¢* over 3. As ¢* has no free relation variables and ¢ and ¢* are equivalent,
a last application of Fact 10.1 (5) yields an automaton 2 that recognizes
L(p) C ©*. O

Recall that STRING denotes the class of all structures representing strings.

Corollary 10.7. The model-checking for monadic second-order logic on the
class of strings, p-MC(STRING, MSO), is fized-parameter tractable.

More precisely, there is a computable function f and an fpt-algorithm that
decides if a given string of length n satisfies a given MSO-sentence of length
k in time

O(f(k) +n).

Proof: Given a string a € ¥* and an MSO-sentence ¢, our fpt-algorithm for
p-MC(STRING, MSO) first constructs a DFA 2 that recognizes the language
defined by ¢ and then checks in time O(n) if 2 accepts a. O

As it turns out, the dominating term in the running time of our fpt-
algorithm is the size f(k) of the DFA for the language defined by the input
sentence ¢ (of length k). Let us define the tower function tow : Ng — Ny
inductively by tow(0) := 0 and

tow(n + 1) := 2tov(),

Thus tow(0) = 0, tow(1) = 1, tow(2) = 2, tow(3) = 4, tow(4) = 16, et cetera.
An analysis of the proof of Theorem 10.3 shows that the function f(k)

cannot be bounded by
tow(o(k)),
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that is, the size of the automaton grows as fast as a tower of 2’s of height
linear in the length of the sentence. To see this, note that for every negation
in the sentence, the automaton has to be determinized, which causes an ex-
ponential blowup in size. Let us mention that even an optimal construction
cannot achieve substantially better bounds. More precisely, the size of an NFA
recognizing the language defined by an MSO-sentence (even an FO-sentence)
of length k cannot be bounded by tow(o(vVk)) (cf. Exercise 10.34).

The reader may have noted that negations are not the real problem, be-
cause we can first transform our sentence into an equivalent sentence in nega-
tion normal form and thereby avoid nested negations. However, we reduce
universal quantifiers to negations and existential quantifiers and thus intro-
duce additional negations for all universal quantifiers. As a matter of fact, we
only have to introduce new negations for quantifier alternations, because if
we only had universal quantifiers in our sentence we could model-check the
negation of the sentence, which is existential. So actually, the height of the
tower is determined by the number of quantifier alternations of the input sen-
tence. The number of quantifier alternation is usually much smaller than the
length of the sentence, because in general it does not require many quantifier
alternations to specify practically relevant properties. But note that even two
quantifier alternations lead to a doubly exponential blowup, and also note
that both first-order and second-order quantifiers count.

There are a few heuristic improvements that help to make automata-based
model-checking tractable despite the terrible worst-case behavior. First of all,
if the automaton is large, we should not determinize it in order to obtain a
running time of O(f(k) + n), but rather simulate the NFA directly, which
can be done in time O(g(k) - n), but for a g(k) that may be exponentially
smaller than f(k). As a second and extremely important improvement, we
can use the fact that DFAs can be efficiently minimized. This means that
every regular language has a canonical DFA with the minimum number of
states, and given some other DFA for the language, the minimal one can
be constructed in polynomial time from the given one. If we minimize the
automata at each intermediate step of the construction, we make sure that
we are always working with automata of an optimal size and do not waste
resources by constructing very large automata in situations where we do not
have to.

Infinite Strings and the Verification of Finite State Reactive
Systems

The theory of finite automata can be generically extended from finite to infi-
nite strings. An w-string over a finite alphabet ¥ is simply an infinite sequence
ajasas . .., where a; € ¥ for all i € N. The set of all w-strings over ¥ is denoted
by ¥¢¥. An w-language over X is a subset of X¢.

While the theory of w-languages may look like a rather exotic mathemati-
cal discipline at first sight, it actually has important practical applications in
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computer science. Specifically, automata on infinite words play an important
role in synthesizing and verifying reactive systems. As opposed to systems
that carry out a specific task, such as computing a function for certain input
values, and then stop and possibly return a result, reactive systems never stop
and continuously carry out certain tasks, usually in response to interactions
with the environment. Typical examples of reactive systems are control sys-
tems such as an elevator control and operating systems. We are interested in
the behavior of such systems over time. A simple example of a property we
may want to verify for an elevator control system is “Whenever the button
‘1’ is pressed, the elevator will eventually arrive at the first floor.” To model
the systems, we consider the states of the system and the possible transitions
between the states. Computations of the system are then described by infinite
walks through this transition graph.

As we have already explained in Sect. 1.5, formally we model finite state
systems by Kripke structures, which are triples K = (V, E,\) consisting of
a (finite) directed graph (V) E) together with a mapping A that associates a
finite set of atomic propositions with each vertex. We call the set of all atomic
propositions occurring in a Kripke structure K the signature of K and denote
it by 0.2 Let ¥ = Pow(c). Then every vertex v € V is labeled by the symbol
Av) € X.

Computations of the system K = (V| E, \) are walks in the graph (V| E). In
reactive systems, we are mainly interested in infinite computation walks.? As-
sociated with a walk U= v1vy ... € V¥ is an w-string A(0) = A(v1)A(v2) . .. €
>, Properties of the walks b are specified as properties of the w-string )\(%)
Typically, we want to verify that all computation walks of the system that
start in a certain initial state have some desirable properties. The language of
K at v € V is the w-language over X defined as

L(K,v) := {)\(%) | =10y ... walk in (V, E) with v; = v}

The verification problem then amounts to verifying that the language of the
system has certain desirable properties. Before we return to this verification
problem, let us first develop the basic theory of regular w-languages.

A nondeterministic Biichi automaton is a tuple % = (S, %, sr, A, F) just
like an NFA; the difference lies in the semantics. A run of 2 on an w-string
ajas ... € L¥ is a sequence 18z ... € S¥ with s; = sy and (s;, a4, $i41) € A
for all ¢+ > 1. The run is accepting if some accepting state s € F appears
infinitely often. The w-language L, (2) recognized by A is the set of all ae xv

such that there is an accepting run of 2 on a.

2Note that a Kripke structure may be viewed as a relational structure of vocab-
ulary {E} U o, where E is a binary relation symbol and the atomic propositions in
o are interpreted as unary relation symbols.

3Without loss of generality, we can always assume that each state has at least
one outgoing edge. Otherwise we add an additional dead state, add a loop to this
state, and add edges from all states with no outgoing edges to the dead state.
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Biichi automata and Biichi recognizable languages (also called w-regular
languages) share many of the nice properties of finite automata and regu-
lar languages. In particular, the class of Biichi recognizable languages is ef-
fectively closed under complementation, union, intersection, and projections.
For union, intersection, and projections, one obtains similar bounds as in
Fact 10.1(3)—(5). An important difference between Biichi automata and fi-
nite automata is that deterministic Biichi automata are strictly weaker than
nondeterministic ones. This means that the complementation of Biichi recog-
nizable languages cannot be carried out by determinizing the automaton and
then complementing it. Instead, it can be proved that every nondeterminis-
tic Biichi automaton is equivalent to a deterministic Muller automaton and
vice versa. Muller automata are defined as Biichi automata, except that they
have a different acceptance condition. Complementation is now carried out by
transforming a given nondeterministic Biichi automaton into an equivalent
deterministic Muller automaton, complementing the Muller automaton, and
then transforming the resulting Muller automaton back to a Biichi automa-
ton. If this construction is carried out carefully, it yields a Biichi automaton
with 20(m1ogn) states recognizing the complement of the w-language of a given
Biichi automaton with n states.

The representation of strings by structures can directly be extended from
finite strings to w-strings, the only difference is that the universe! of the
structure S (5) representing an w-string @ is N instead of [n] for some n € N.
Thus every sentence ¢ of vocabulary 75, also defines an w-language. Using the
closure properties of Biichi automata instead of Fact 10.1, it is straightforward
to generalize Theorem 10.3 to w-languages:

Theorem 10.8. An w-language is Biichi recognizable if and only if it is de-
finable in monadic second-order logic.

Furthermore, there are algorithms associating with every nondeterministic
Biichi automaton 2 an MSO-sentence that defines the w-language recognized
by A and with every MSO-sentence ¢ a nondeterministic Biichi automaton
that recognizes the w-language defined by .

Let us return to the verification problem for finite state reactive systems
now. Recall that the goal is to verify that the language L(KC, v) of a system K
at a state v has certain properties. We first note that the w-language L(IC, v)
is Biichi recognizable:

Lemma 10.9. Let K = (V, E, \) be a Kripke structure with signature o, ¥ :=
Pow(c), and v € V. Then there exists a Bichi automaton U , with |V| states
such that

Lw(QJ.;C) = L(’C,’U).

Furthermore, Ui, can be computed from (KC,v) in linear time.

“For the sake of the next theorem we suspend our proviso (cf. Proviso 4.7) that
the universes of structures are finite sets.
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Intuitively, Kripke structures can almost be viewed as Biichi automata. The
only differences are that Kripke structures do not have an acceptance con-
dition and that in Kripke structures the vertices are labeled with symbols
from the alphabet ¥ and in Biichi automata the edges are labeled. So in our
construction, we shift the labeling from vertices to edges and let all states be
accepting.

Instead of a formal proof of the lemma, we just give an example:

Example 10.10. Let o = {p,¢} and thus ¥ = {0, {p}, {q}, {p, ¢} }. Fig. 10.3
shows a Kripke structure K with an initial state v marked by an incoming
arrow and the corresponding Biichi automaton 20 ,. —

Fig. 10.3. A Kripke structure and the corresponding Biichi automaton

The missing algorithmic piece, an emptiness test for Biichi automata, is
provided by the following lemma:

Lemma 10.11. There is a linear time algorithm that, given a nondetermin-
istic Bichi automaton U, decides if L, () = 0.

Proof: A Biichi automaton may be viewed as an edge-labeled directed graph
(we have done this in all our figures). To test if the language is nonempty,
we must test if there is some accepting run. Accepting runs of the automaton
correspond to infinite walks in the graph that start in the initial state and
infinitely often go through some accepting state. Such an infinite walk exists if
and only if there is a strongly connected component that contains an accepting
state and that is reachable from the initial state.

Using standard techniques, it can be tested in linear time if such a strongly
connected component exists. O

The following corollary states that the verification of properties of walks
that are specified in monadic second-order logic is fixed-parameter tractable.

Theorem 10.12. The following problem is fixed-parameter tractable:
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Instance: A Kripke structure £ = (V, E, \) of some signa-
ture o, a state v € V, and an MSO-sentence ¢ of
vocabulary Tpow(q)-

Parameter: |y|.

Problem: Decide whether ¢ holds on every a € L(K,v).

More precisely, the problem can be solved in time f(|p|) - ||K|| for some com-
putable function f.

Proof: Let (K,v,¢) be an instance of the problem, and let 3 := Pow(o) be
the corresponding alphabet. Let L be the w-language defined by . We have
to decide if

L(K,v) C L.

Equivalently, we can test if L(K,v) N (X« \ L) = §). Note that (3¢ \ L) is the
w-language defined by —p.

We proceed as follows: We compute a nondeterministic Biichi automaton
A of size O(||K||) that recognizes L(K,v) and a nondeterministic Biichi au-
tomaton B that recognizes the w-language defined by —p. Then we compute
a nondeterministic Biichi automaton € of size O(||A]| - ||B]|) that recognizes
L,(A) N L,(B). Finally, we test in linear time if L, (€) = 0. O

As for the MSO model-checking algorithm on finite strings, in the worst
case the running time of the fpt-algorithm in Theorem 10.12 is not bounded
by any tower of sublinear size in terms of the input sentence.

In practice, instead of monadic second-order logic one uses temporal logics,
specifically linear temporal logic LTL, to specify properties of computation
walks of systems, because it is usually much easier to specify properties of
practical interest in LTL. An additional huge advantage is that for every
LTL-formula ¢ there exists a Biichi automaton with at most

] - 221l

states that recognizes the language defined by . This means that the verifi-
cation problem for LTL-specifications,

Instance: A Kripke structure K = (V, E, \) of some signature
o, a state v € V, and an LTL-formula ¢ over o.
Parameter: |y|.

Problem: Decide whether ¢ holds on every a € L(K,v).

can be solved in time O(|g| - 221! - [|K||). The semantics of LTL is defined in
such a way that this problem is precisely the parameterized model-checking
problem p-MC(LTL) for LTL.
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10.2 Model-Checking on Trees

Trees are directed graphs 7 = (T, F) that have one distinguished vertex r € T
(the root) such that for every vertex t € T there is exactly one path from r to
t.5 We usually call the vertices of a tree nodes. Nodes of out-degree 0 are called
leaves. If (v,w) € E, then v is called the parent of w and w is called a child
of v. A tree T is d-ary, for some d > 1, if every node has at most d children.
A tree is ordered if the children of every node are ordered; the order of the
children may either be given by a “next-sibling” relation or by using different
binary relations E, Fs, ..., for the first, second, ..., child. In particular, an
ordered binary tree is a triple T = (T, Eq, E»), where (T, E1 U E») is a tree,
EyNEy; =0, and for ¢ = 1,2, every node has at most one F;-child. (Note that
this allows for a node to only have a second child, but no first child.) Automata
theory on trees is mainly concerned with ordered binary trees whose nodes
are labeled with symbols from some finite alphabet X. A X-tree is a tuple
(T, Er, E2, A), where (T, Ey, E5) is an ordered binary tree and A : T — X.

A (bottom-up) nondeterministic tree automaton is a tuple A = (S, X, A, F),
where

e S is a finite set of states,
e Y is a finite alphabet,
e AC(SU{L}) x(SU{L})x X xS is the transition relation.
Here L is a special symbol not contained in S. It is introduced to take
care of transitions at nodes that only have one child or no children at all.
e [ C S is the set of accepting states.

A is deterministic if A is a function from (SU{L}) x (SU{L}) x X to S.
A run of a nondeterministic tree automaton 2 = (S, X, A, F) on a X-tree
T = (T, E1, E>, \) is a mapping p : T — S such that for all t € T:

If ¢ has two children ¢, ¢ (in this order), then (p(t1), p(t2), A(¢), p(t)) € A.
If ¢ only has a first child ¢1, then (p(t1), L, A(t), p(t)) € A.

If ¢ only has a second child t2, then (L, p(t2), A(t), p(t)) € A.

If ¢ is a leaf, (L, L,A(t),p(t)) € A.

A run p is accepting if p(r) € F, where r denotes the root of the tree. The
automaton A accepts T if there is an accepting run of 2 on 7. The class of
all X-trees accepted by 2 is denoted by L(2(). This class is also called the tree
language recognized by A.

Example 10.13. Let A = ({s0,$1},{0,1}, A, {so}), where
A={(L,Lis)]|ie{0,1}}
U{(si, L, 7, sk), (L, si, 7, Sk) ’ i,5,k € {0,1} such that i + j =k (mod 2)}

5More precisely, such trees may be called directed or rooted trees. However, as
most of the trees considered in this book are directed, we prefer to just call them
trees and use the term undirected tree for connected acyclic (undirected) graphs.
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U {(si,sj,k‘,w) | i,7,k, 0 € {0,1} such that i+ j+ k=¢ (mod 2)}

Then the tree language recognized by 2 consists of all {0,1}-trees with an
even number of 1’s. Fig. 10.4 shows an accepting run of 2 on a {0, 1}-tree.

Fig. 10.4. An accepting run of the tree automaton of Example 10.13

A tree language is simply a class of Y-trees, and a tree language is reqular
if it is recognized by some nondeterministic tree automaton. It is not hard to
show that all statements of Fact 10.1, with (2), (5), (6) appropriately modified,
also hold for tree automata instead of string automata (with essentially the
same proofs).

Y-trees may be represented in a straightforward way by structures of vo-
cabulary

2 = {E, B3} U{P, | a € X},

where F; and F, are binary relation symbols and P, is a unary relation
symbol for every a € 3. The class of all structures representing Y-trees is
denoted by TREE;,;[%], and the union of all classes TREE;,[X] is denoted
by TREE;.,. (The subscripts I, o, b indicate that we are considering labeled
ordered binary trees.) We usually do not distinguish between a Y-tree and a
T&-structure representing it.

A sentence ¢ of vocabulary 73 defines the tree language

L(p) ={T € TREE\[] | T | ¢}

Theorem 10.14. A tree language is reqular if and only if it is definable in
monadic second-order logic.

Furthermore, there are algorithms associating with every nondeterministic
tree automaton A an MSO-sentence ¢ such that L(p) = L(A) and with every
MSO-sentence ¢ a nondeterministic tree automaton 2 such that L(A) = L(¢y).

We omit the proof, which is very similar to the proof of Theorem 10.3.

Corollary 10.15. p-MC(TREE;;,, MSO), the model-checking for monadic
second-order logic on the class of labeled ordered binary trees, is fixed param-
eter tractable.
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More precisely, there is a computable function f and an fpt-algorithm that
decides if a given tree in TREE;,, of size n satisfies a given MSO-sentence of
length k in time O(f(k) +n).

Again, the dependence f(k) of the running time of the fpt-algorithm on
the length k of the input sentence grows as fast as a tower of 2’s of height
linear in the length of the sentence.

So far, we have only applied the automata-theoretic method to binary
trees. Of course, it is straightforward to extend the results to d-ary trees for
any fixed d > 2. But sometimes we do not have an a priori bound on the
arity of the trees. To distinguish them from d-ary trees for some fixed d,
arbitrary trees are often referred to as unranked trees. As an important appli-
cation, XML documents are modeled by labeled ordered unranked trees. Both
schema information (that is, information on the structure of the document)
and queries for XML can be specified in monadic second-order logic.

We may view labeled ordered unranked trees over some alphabet ¥ as
structures of vocabulary

v :={E,N}U{P, |a € X},

where F and N are binary relation symbols and P, is a unary relation symbol
for every a € ¥. If a 7-structure

7= (T, ETa NTa (PC’LT)aGE)

represents an unranked tree, then E7 is the usual edge relation of the tree and
N7 is the “next-sibling” relation on the children of each node.® Let TREE;,
denote the class of all labeled ordered unranked trees.

Theorem 10.16. The model-checking for monadic second-order logic on the
class of labeled ordered unranked trees, p-MC(TREE,,, MSO), is fized param-
eter tractable.

More precisely, there is a computable function f and an fpt-algorithm that
decides if a given tree in TREE, of size n satisfies a given MSO-sentence of
length k in time O(f(k) +n).

Proof: With every labeled ordered unranked tree
T = (T,E7 N7 (P])4es) € TREE,,,
we associate the labeled ordered binary tree
B=(B,E},Es,(P)acs) € TREE 0,

where B := T, EB is the “first-child” relation of 7, E¥ := N7 is the “next-
sibling” relation of 7, and P? := P7 for all a € X (see Fig. 10.5). Observe
that B can be computed from 7 in linear time.

5More precisely, N7 = Uier NI, where N7 = 0 if ¢ is a leaf and otherwise,
NI C{t' €T | ETtt'}? is a relation making ({t € T' | E7tt'}, N7) a directed path.
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Fig. 10.5. An unranked tree 7 and the corresponding binary tree B. In 7, solid
arcs represent the edge relation E7, and dashed arcs represent the “next-sibling”
relation N7 . In B, solid arcs represent the “first-child” relation E¥, and dashed arcs
represent the “second-child” relation E%

Now for every MSO-sentence ¢ of vocabulary 754 we define an MSO-
sentence ¢’ of vocabulary 72 such that

Ty < BEy. (10.1)

We first observe that the edge relation E7 is definable in the structure B. We
let

edge(z,y) := 3z (Elxz A VZ((ZZ AVoVw ((Ervw A Zv) — Zw)) — Zy))

We claim that this formula says that y is a child of x. Remember that EB
is the “first-child” relation of 7 and E¥ is the “next-sibling” relation. The
formula edge(z, y) states that every set Z of nodes that contains the first child
z of x and is closed under the “next-sibling” relation also contains y. This is
only possible if y is a child of z.

To obtain ¢’ from ¢, we simply replace every subformula Exy by edge(x, y)
and every subformula Nzy by Esxy.

By (10.1), the mapping (7,¢) — (B,¢’) yields an fpt-reduction from
p-MC(TREE,,, MSO) to p-MC(TREE;s, MSO), and we can apply Corol-
lary 10.15. O

Let us remark that Theorem 10.16, of course, implies the corresponding
result for any “weaker” tree model; for example, p-MC(C,MSO) € FPT for
C = TREE,, the class of labeled (unordered) trees, or for C = TREE, the
class of (unlabeled, unordered, unranked) trees.
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Exercise 10.17. (a) Prove that the following problem is solvable in time
f(k)-n, where k is the length of the input formula and n the size of the input
tree, and hence is fixed-parameter tractable:

Instance: A tree T € TREE, s, an MSO-formula ¢(X) with
a free set variable X, and m € N.
Parameter: |g|.
Problem: Decide whether there exists an S C T with |S| < m
such that 7 = ¢(5).

Hint: Interpret pairs (7,S), where 7 is a Y-tree and S a set of nodes of 7,
as 3 x {0, 1}-trees.

Let ¢(X) be the input formula. Compute a nondeterministic tree automa-
ton 2 over the alphabet ¥x {0, 1} such that for every ¥-tree T = (T, E1, Ea, \)
and every S C T,

A accepts (7,S5) < T E ¢(9).

Let 7 = (T, E1, E, \) be the input tree. In a bottom-up fashion, for every
node t of the input tree and every state s of the automaton, compute the
minimum ¢ such that there is a set S C T such that S contain precisely ¢
nodes of the subtree 7; rooted at ¢ and there is a run p of 2 on (7, .5) such
that p(t) = s. At the root, this gives us the necessary information to check
whether 2 accepts a pair (7,.5) with |S| < m.

(b) Show that the variant of the problem in (a) where |S| < m is replaced by
|S] > m is also solvable in time f(k)-n

(c) Show that the variant of the problem in (a) where |\S| < m is replaced by
|S| = m is solvable in time f(k) - n?. =

10.3 Lower Bounds

We have seen that the automata-theoretic fpt-algorithms for monadic second-
order model-checking on strings and trees, nice as they may be, have a very
bad worst-case behavior. In this section, we shall prove that there are no
substantially better fpt-algorithms for these model-checking problems. Let
us remind the reader that the model-checking problem for monadic second-
order logic can be decided in polynomial space by a straightforward algorithm;
actually, the problem is PSPACE-complete. But the running time of the naive
polynomial space algorithm is exponential in the length of the input string or
tree, and here we are interested in fpt-algorithms.

To keep the presentation simple, we only prove lower bound results for the
class TREE of (unlabeled, unordered, unranked) trees.
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Theorem 10.18. (1) Assume that PTIME # NP. Then there is no fpt-algo-
rithm deciding p-MC(TREE, MSO) in time

f(k) - nOW

for any function f € tow(o(k)).
(2) Assume that FPT # AW[x]. Then there is no fpt-algorithm deciding
p-MC(TREE, FO) in time

f(k) - nOW

for any function f € tow(o(k)).
As usual, n denotes the size of the input tree and k the length of the input
sentence.

Of course, the theorem implies the same lower bounds for model-checking
on the larger class TREE;, of labeled ordered trees. In Exercises 10.32 and
10.33, we shall prove the slightly weaker lower bounds for strings. In Exer-
cise 10.31, we shall see that part (1) of the theorem, the lower bound for
monadic second-order logic, also holds for the class TREE; of binary trees.
Part (2) does not hold for binary trees. The model-checking problem for first-
order logic on classes of graphs of bounded degree can be solved by an fpt-
algorithm with a triply exponential parameter dependence, and there is also
a corresponding lower bound.

Theorem 10.18 will be proved in the following three subsections. Before
we start, let us sketch the main idea of a proof of part (1). We encode propo-
sitional formulas 7 in conjunctive normal form by trees 7 (7) such that for
every h > 1 there is an MSO-sentence sat; such that

T () = satp, <= + is satisfiable

for all formulas v in CNF with less than tow(h) variables. Assume that
p-MC(TREE, MSO) can be solved in time f(k) - n°M). Then, in particular,
T (v) |= saty, is decidable in time f(|saty|) - | 7(7)||°)). The main step of the
proof consists in encoding CNF-formulas v by trees 7 (y) in such a way that
satp can be chosen of length O(h). Then, if f does not grow very rapidly,
f(satn]) - |7 (7)]|°™ will be polynomial in ||, contradicting PTIME # NP.

Before encoding CNF-formulas by trees, we first encode natural numbers,
the indices of propositional variables, by trees appropriately.

Encoding Numbers by Trees

The first step of the proof of Theorem 10.18 is to encode nonnegative integers
by trees in such a way that the equality of (the encodings of) two large numbers
can be tested by small formulas.

Recall that for nonnegative integers i,n, the ith bit in the binary repre-
sentation of n is denoted by bit(i,n) (counting the least-significant bit as the
Oth bit). Inductively we define trees 7 (n) for all nonnegative integers n:
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e T(0) is the one-node tree.
e Forn > 1, the tree 7 (n) is obtained by creating a new root and attaching
to it all trees 7 (7) for all ¢ such that bit(i,n) = 1.

Example 10.19. Figure 10.6 shows the trees 7 (0) up to 7 (10), and Fig. 10.7
shows the tree ’T(QZIO). o

°
o—eo

~N

o—eo—0—0

T(7) T(8) 7(9) 7(10)

A
oA A Al

Fig. 10.6. The trees 7 (0) up to 7(10)

[ ]
Fig. 10.7. The tree 7(2210)

It is easy to verify that the size of 7 (n) is O(n). More important for us is
the height of 7 (n), that is, the number of edges on the longest path from the

root to a leaf. For example, the tree 7 (2210) has height 5. Clearly, extremely
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large numbers are encoded by trees of small height. The following lemma
makes this precise:

Lemma 10.20. For all h,n > 0:

height(7 (n)) < h <= n < tow(h).

Proof: The proof is by induction on h. For h = 0, the statement is trivial. For
the induction step, let h > 0, we shall prove the claim for h 4 1. Observe that
forall />1,n>0:

max{i > 0| bit(i,n) = 1} < £ <= n < 2. (10.2)
Thus for all n > 0:

height(7 (n)) < h+1
<= max {height(7 (¢)) | i > 0 such that bit(i,n) =1} < h
< max {i >0 | bit(i,n) = 1} < tow(h) (by the induction hypothesis)
—=n <2 —tow(h+1)  (by (10.2)). 0

The next lemma shows that the tree encodings can be “controlled” by small
first-order formulas (of size linear in the height of the tree). If 7 = (T, E) is
a tree and ¢t € T, then by 7; we denote the subtree of 7 with root t.

Lemma 10.21. For all h > 1 there is a first-order formula eq, (x,y) of length
O(h) such that for all trees T = (T, E) and t,u € T we have: If there are
m,n < tow(h) such that the subtrees Ty and T, are isomorphic to T (m) and
T (n), respectively, then

T | eq(t,u) < m=n.

Furthermore, the formula eqy,(xz,y) can be computed in time O(h).

Proof: We define the formulas inductively. We can let eg (x,y) be any valid
formula, for example, eq (z,y) := Vz z = z, because tow(1) = 1.

For the induction step, let h > 1 and assume that eg,(x,y) is already
defined. To define eq), |(z,y), let T = (T, E) be a tree and t,u € T. Sup-
pose that there are m,n < tow(h + 1) such that the subtrees 7; and 7,
are isomorphic to 7(m) and 7 (n), respectively. Then the subtrees rooted
at the children of ¢ are isomorphic to 7 (mq),..., T (my) for pairwise distinct
mi,...,my < tow(h) and the children of u are isomorphic to 7 (n1),...,7 (ng)
for pairwise distinct nq,...,n¢ < tow(h). Our formula has to express that
{mi,...,mp} = {n1,...,ne}, or equivalently, that for every m; there exists
an n; such that m; = n; and vice versa. As a first attempt, we define the
following formula:
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ey (z,y) ==V (Exw — Ez(Eyz A eqp (w, z)))
A V2! (Eyz' — Ju' (Bzw' A eq, (w', z')))

This formula works fine, except that if we define eg), (x, y) recursively then the
length of the formula grows exponentially in h. We can avoid this exponential
growth by a simple trick. Note first that the formula eq, ,, (z,y) is equivalent
to the following formula:

<3w FExw < 3z Eyz)
A Yw (Ea:w — Jz (Eyz AYZ (Eyz' — Juw’ (Exw'/\
(eqy(w, z) A eq, (w', z’))))) ) .
Now observe that the formula
eq,(w, 2) A eqy (w', 2")
is equivalent to
Vqu((((u =wAv=2)V(@u=wAv=2)) - eqh(u,v))).
Putting everything together, we let eg, ,,(x,y) be the formula
(Hw Ezw < 3z Eyz)/\
Yw (Exw — Jz (Eyz A2 (Eyz’ — Juw’ (Exw’/\
Vqu((((u =wAv=2)V(@u=wAv=2)) - eqh(u,v))))>>>.

A simple induction shows that the length of the formula is O(h). It is obvious
that the formula can be computed in time linear in its length. O

Exercise 10.22. Prove that for all h > 1 there is a formula numy,(z) of size
O(h?) such that for all trees 7 = (T, E) and t € T we have:

7T = numy(t) <= the subtree 7; is isomorphic to 7 (n) for
some n < tow(h). 4
Encoding Propositional Formulas

We define trees encoding variables (taken from a fixed supply Vi, Va,...),
literals, clauses, and CNF-formulas.

e For every i > 1 we let Tonp (V;) := T (i).
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e For every positive literal V' we let Tj;4 (V') be the tree obtained by creating
a new root and attaching the tree 7., (V') to it. For every negative literal
-V we let Tii1(—V') be the tree obtained by creating a new root and a new
leaf and attaching the leaf and the tree Zya, (V') to the root.

e For every clause § := \/;.; A\i we let Zcjause(d) be the tree obtained by
creating a new root and attaching the trees Tyit(\;) to it.

e For every CNF-formula v := A, ; d; we let 7 (7) be the tree obtained by
creating a new root and attaching the trees Zcjause(d;) to it.

Example 10.23. Figure 10.8 shows the tree 7 () for the CNF-formula

vi=V1VaVe)AVa A (=1L V Vs). .
g
)
: LA
i !

Fig. 10.8. A tree encoding the CNF-formula of Example 10.23

We call the nodes of a tree T = 7 (vy) that are roots of the subtrees
representing the clauses, (positive and negative) literals, and variables clause
nodes, (positive and negative) literal nodes, and variable nodes, respectively.

Lemma 10.24. There are first-order formulas
root(x), clause(x), lit(x), pos-lit(x), neg-lit(z), var(x)

such that for every CNF-formula v and every node t of the tree T (vy),
(1) T(vy) & root(t) if and only if t is the root of T (7).

(2) T(v) E clause(t) if and only if t is a clause node.

(3) T(v) = lit(t) if and only if t is a literal node.

(4) T(v) | pos-lit(t) if and only if t is a positive literal node.

(5) T(v) = neg-lit(t) if and only if t is a negative literal node.

(6) T(v) = var(t) if and only if t is a variable node.

Proof: The different types of nodes are identified by their distance from the
root of the tree. The root is defined by the formula

root(x) := Vy ~Eyx.
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Clause nodes are children of the root and hence are defined by the formula
clause(x) := Jy(root(y) A Eyzx).
Literal nodes are children of clause nodes and hence are defined by the formula
lit(x) := Fy(clause(y) N Eyx).
Positive and negative literals are distinguished by their out-degree:

pos-lit(x) = lit(x) A\VyVz((Ezy A Exz) — y = 2),
neg-lit(x) := lit(x) A —pos-lit(x).

We have to be careful to distinguish variable nodes from the leaves introduced
for negated literals. As we start indexing variables with 1, the variable trees
have height at least one, and thus their roots have positive out-degree. We let

var(x) := Jy(litly) A Eyz) A3z Exz. O

Let T(y) = (T,E) and S C T. Then S is consistent if S only contains
variable nodes, and for every variable V| the set S either contains all nodes
representing occurrences of the variable V' or none. Each consistent set S C T
represents an assignment V(S) to the variables of v that sets precisely the
variables in S to TRUE.

Example 10.25. Figure 10.9 shows two copies of the tree 7 () for the for-
mula vy := (V1 V=Vo) AV A (=V] VV3) (see Example 10.23). In each of the two
copies a set of variable nodes is selected (the white variable nodes). The set
in the first copy is consistent; it represents the assignment that sets V; and
V5 to TRUE and V3 to FALSE. The set in the second copy is not consistent.

:

Fig. 10.9. A consistent and an inconsistent set of variable nodes

Lemma 10.26. Let h > 1 and n := tow(h). Then there is a first-order for-
mula sat-assp(X) of length O(h) with a free set variable X such that for all

CNF-formulas v with variables among Vi,...,V,_1 and all subsets S of the
node set of T (v):
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T(v) E sat-assp(S) <= S is a consistent set of variable nodes of T (vy)
and the assignment V(S) satisfies .

Furthermore, the formula sat-assp(X) can be computed in time O(h).

Proof: We first define a formula consy(X) stating that X is a consistent set
of variable nodes:

consy(X) =V (Xz — var(z))
/\VmVy((var(x) A var(y) A egy,(z,y)) — (Xz Xy)),

where the subformula var(z) is taken from Lemma 10.24 and the subformula
eqy, (x,y) from Lemma 10.21.

The formula encoded by the tree is satisfied by the assignment correspond-
ing to X if all its clauses contain a literal that is either positive and set to TRUE
or negative and set to FALSE. This is what the following formula expresses:

sat-assp(X) := consp(X) A Vw(clause(m)
— Jy((Bzy A pos-lit(y) A Fz(Eyz A X z))
V (Ezy A neg-lit(y) A Iz(Eyz A var(z) A ﬂXz)))) O
Corollary 10.27. Let h > 1 and n := tow(h). Then there is a monadic

second-order sentence saty, of length O(h) such that for all CNF-formulas
with variables among Vy,...,V,_1:

T(7v) = saty, <= ~ is satisfiable.

Furthermore, the sentence saty, can be computed in time O(h).

Corollary 10.28. Let h,k > 1 and n := tow(h). Then there is a first-order
sentence wsaty i of length O(h + k?) such that for all CNF-formulas v with
variables among Vi, ..., Vo_1:

T(v) = wsaty, < ~ is k-satisfiable.

Furthermore, the sentence wsaty, i can be computed in time O(h + k?).

Proof: Let wsat-assp (%1, ...,2,) be the formula obtained from the formula
sat-assp(X) of Lemma 10.26 by replacing every occurrence of a subformula
Xy by 3z(eq,(z,y) /\\/f=1 z = x;). Then for all CNF-formulas v with variables
among Vi,...,V,_1 and all nodes t1,...,tx of T(v):

T(v) E wsat-assp i (t1,...,tk) <= ti,...,t are variable nodes and the as-
signment V({t1,...,tx}) satisfies .

As a first attempt we let
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wsat), j, = 3y ... Elxk< /\ —eqy, (s, ;) A wsat-assp k(T1, . .. ,xk))

1<i<j<k

To get a sentence of the right length, we have to avoid the k- (k — 1)/2 addi-
tional occurrences of the formula eg,. This can be done by passing to the
formula

wsaty, = Jxy ... Iz (VUVU(( \/ (u=z; ANv=1;)) — —eg,(u,v))
1<i<j<k

A wsat-assp, (21, . . . 7gc;f)>. O

Satisfiability Testing via Model-Checking

To prove Theorem 10.18, we use the formulas constructed in the previous
subsections and reduce satisfiability problems for propositional logic to model-
checking problems.

Proof of Theorem 10.18(1): Suppose that A is an algorithm deciding (7', ¢) €
p-MC(TREE, MSO) in time

Flel) - 170 (10.3)

for a function f(k) € tow(o(k)). Using A as a subroutine, we will construct
an algorithm that solves SAT(CNF) in polynomial time.
We define a function H on the nonnegative integers by letting

H(n) := min{h | tow(h) > n}. (10.4)

It is not hard to see that H(n) can be computed in time polynomial in n.

MSO-SAT(7)
1. Rename the variables of v to Vi,...,V,,_1 for some n € N
2. Compute 7 (v)
3. h <« H(n)
4. Compute sat;, (from Corollary 10.27)
5. Check if T (v) | saty, using the algorithm A

Algorithm 10.10.

Cousider the algorithm MSO-SAT (Algorithm 10.10). By Corollary 10.27,
the algorithm correctly decides if the input formula 7 is satisfiable. We shall
prove that the algorithm runs in polynomial time. Clearly, lines 1-4 run in
polynomial time. We know that for some constant ¢ the length of saty is at
most ¢ - h. Assume that the function f (in (10.3)) is nondecreasing. Let m
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denote the length of the input formula -, and note that n < m. Then line 5
requires time

fle-h)-mPW,
As f(k) € tow(o(k)), for sufficiently large k we have f(k) < tow(k/2c). Hence
for sufficiently large n and h = H(n) we have
fle-h) <tow(h/2) <tow(h —1).

Since tow(h — 1) < n, the running time of the algorithm is n - m@). O

Proof of of Theorem 10.18(2): To keep the presentation simple, we only
prove the following weaker statement, in which we replace the assumption
FPT # AW][x| by the stronger assumption FPT # W[2]:

Assume that FPT # WI2]. Then there is no fpt-algorithm deciding
p-MC(TREE, FO) in time f(k)-n°M for any function f € tow(o(k)).

Suppose for contradiction that (7, ¢) € p-MC(TREE, FO) is decided by the
algorithm A in time

Fllel) - 170 (10.5)

for a function f(k) € tow(o(k)). We shall prove that p-WSAT(CNF) € FPT,
which by Theorem 7.1 implies W[2] = FPT.

FO-WSaT(7, k)

1. Rename the variables of v to Vi,...,V,,_1 for some n € N
2. Compute 7 ()

3. h <« H(n)

4. Compute wsaty i (from Corollary 10.28)

5. Check if T () = wsaty,, using the algorithm A

Algorithm 10.11.

Again let H be defined by (10.4). We claim that the algorithm FO-WSAT
(Algorithm 10.11) is an fpt-algorithm for p-WSAT(CNF). Correctness follows
from Corollary 10.28. Lines 1-4 run in polynomial time. It remains to bound
the time required by line 5.

We know that the length of wsaty, i, is at most d- (h+k?) for some constant
d. We assume that the function f (in (10.5)) is nondecreasing. As f({) €
tow(o(¢)), for sufficiently large ¢ we have f(¢) < tow(¢/4d). In the following,
we assume that n is sufficiently large so that for all £ > d - H(n) we have
f(0) < tow(¢/4d). Let m denote the length of the input formula v and note
that n < m. Moreover, we may assume that every clause occurs at most once
in v and hence, m = O(n - 22").
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Case 1: n < tow(k?).

Then, the size of 7 () and the length of wsaty i, can be bounded in terms
of k, and thus the time required by line 5 only depends on k.

Case 2: n > tow(k?). Then h = H(n) > k? and thus k' = |wsaty | <
d- (h+ k?) <2d - h. Then for sufficiently large n, line 5 requires time
FE) - mPD < tow (k' /4d) - mPD < tow(h/2) - mOD

<tow(h—1)- mPW < n.mPW = 00,
This completes the proof. a

Exercise 10.29. Prove Theorem 10.18(2) in its full strength, that is, the
same statement as above under the weaker assumption that FPT # AW[«].

Hint: Use the AW[x]-completeness of AWSAT(I'y 1) (cf. Theorem 8.32).

Exercise 10.30. Prove that Theorem 10.18 also holds for undirected trees,
that is, with TREE replaced by the class TREE,, of undirected trees. -

Exercise 10.31. Prove that Theorem 10.18(1) also holds for binary trees,
that is, with TREE replaced by the class TREE.
Remark: Theorem 10.18(2) does not hold for binary trees -

The goal of the following exercises is to prove an analogue of Theorem 10.18
for strings.

Exercise 10.32. Let ¥ := {(,),/, 1}. By induction on the height h, for every
tree 7 = (T, E) we define a string str(7) € ¥* as follows: Let 7 be a tree of
height h, and let 77, ..., 7; be the subtrees of 7 rooted at the children of the
root of 7. We let

str(7) := (11 ... 1) str(77) ... str(Zx) (/11 ... 1).

h times h times

For n > 0, we let S(n) := str(7 (n)). For example,

S(0) = (/)

S) =) O (/) /1),

S(2) = (11) (1) () (/) (/1) {/11),

S@3) = {11 1) O (/) (/1) O /) {/11),

S(4) = (111) (11) (1) () {/) (/1) (/11) {/111).

(compare this to Fig. 10.6).

Prove the following analogue of Lemma 10.21:

For all h > 1 there is a formula egy,(z,2',y,y’) of length O(h?) such that
for all strings @ := ay...ar € ¥* and 4,4,4,j € [¢] with ¢ < j and ¢/ < j
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we have: If there are m,n < tow(h) such that the substrings a;a;+1 . ..a; and
@i’ @i 41 - . . aj are isomorphic to S(m) and S(n), respectively, then

akeq,(i,j,i',j) <= m=n.
Furthermore, the formula eg, (z,2’,y,y’) can be computed in time O(h?). -

Exercise 10.33. Let X be as in Exercise 10.32. Prove the following state-

ments:

(a) Assume that PTIME # NP. Then there is no fpt-algorithm deciding
p-MC(STRINGI[X], MSO) in time

f(k) - nOW

for any function f € tow(o(Vk)).
(b) Assume that FPT # AW][*]. Then there is no fpt-algorithm deciding
p-MC(STRINGI[X], FO) in time

k) - M

for any function f € tow(o(Vk)).
Here n denotes the size of the input string and k the length of the input
sentence. 4

Exercise 10.34. Let X be as in Exercise 10.32. Prove that there is no func-
tion

f(n) € tow(o(v/n))
such that the following holds: For every first-order sentence ¢ over the alpha-
bet 75 there is an NFA 2 of size at most f(|p|) such that L(A) = L(p).

Notes

Biichi’s Theorem 10.3 is due to Biichi [29], Elgot [89], and Trakhtenbrot [200].
The version for infinite words (Theorem 10.8) is due to Biichi [30], and the
version for trees (Theorem 10.14) is due to Doner [74] and Thatcher and
Wright [196]. Rabin [175] proved a version of the theorem for infinite trees.
For more details on the interplay between logic and automata, we refer the
reader to [198, 118]. The main (algorithmic) motivation for Biichi’s theorem
and its variants was the design of satisfiability algorithms for monadic second-
order theories; the fixed-parameter tractable model-checking algorithms are a
by-product.

The automata-theoretic approach to model-checking in automated verifi-
cation was proposed by Vardi and Wolper [207]. A practical model-checking
tool built on this approach is the SPIN model checker [127]. Various parame-
terized problems in the context of model-checking and verification are studied
in [70].

The lower bound results presented in Sect. 10.3 are from [112].
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Tree Width

Tree width is a parameter that measures the similarity of a graph or relational
structure with a tree. We will see in this chapter that many NP-hard decision
and optimization problems are fixed-parameter tractable when parameterized
by the tree width of the input structure. A very powerful and general theorem
due to Courcelle states that this is the case for all problems that are definable
in monadic second-order logic.

It turns out that, combined with other tools from structural graph theory,
algorithms for problems parameterized by the tree width can also serve as
building blocks of more complex algorithms for problems on arbitrary graphs.
This yields another very powerful technique for the design of fpt-algorithms
that we call the method of tree width reductions.

Tree decompositions of graphs and tree width were originally introduced
in the context of graph minor theory. The theory itself has some strong algo-
rithmic consequences. In particular, it can be used to prove very easily that
a number of natural parameterized graph problems are nonuniformly fixed-
parameter tractable. (Nonuniform fixed-parameter tractability will be defined
in Sect. 11.7.)

The chapter is organized as follows: Tree decompositions and tree width
of graphs are introduced in Sect. 11.1; the generalization to arbitrary rela-
tional structures is given in Sect. 11.3. In Sect. 11.2, we deal with the prob-
lem of computing tree decompositions of minimum or near-minimum width
by an fpt-algorithm. Courcelle’s Theorem will be proved in Sect. 11.4, and
in Sect. 11.5 we give several applications of this theorem. In Sect. 11.6 we
introduce the method of tree width reduction for designing fpt-algorithms.
Finally, Sect. 11.7 starts with a very brief introduction into graph minor the-
ory. We then define nonuniform fixed-parameter tractability and explain how
results from graph minor theory can be used to establish the nonuniform
fixed-parameter tractability of certain problems.

The last two sections have the character of an informal survey. Technical
details of the proofs of the results presented there are beyond the scope of
this book.
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11.1 Tree Decompositions of Graphs

Recall that trees are directed graphs 7 = (7, F') that have one distinguished
vertex r € T (the root) such that for every vertex ¢ € T there is exactly one
path from r to t. As before, we call the vertices of trees nodes. Unless explicitly
stated otherwise, we will always denote the node set of a tree 7 by T" and the
edge set by F. We reserve the letter £ for the edge relation of graphs. The
reason for these conventions is that we often work with trees and graphs at
the same time, and it will be important not to confuse them. If 7 is a tree
and t € T, then 7; denotes the subtree of 7 rooted at ¢, that is, the induced
subgraph of 7 whose vertex set T} consists of all vertices reachable from ¢.

A subset S C T of the node set of a tree 7 is connected (in T ) if it is
connected in the undirected graph underlying 7.

Definition 11.1. A tree decomposition of a graph G = (V,E) is a pair

(T, (Bt)ter), where T = (T, F) is a tree and (Bi)ier a family of subsets

of V such that:

(1) For every v € V, the set B~(v) := {t € T | v € B;} is nonempty and
connected in 7.

(2) For every edge {v,w} € E there is a t € T such that v, w € B;.

The width of the decomposition (T, (Bt)teT) is the number

max {| By ’tG T}—1.

The tree width tw(G) of G is the minimum of the widths of the tree decom-
positions of G. -

“

The purpose of the “—1” in the definition of the width of a decomposition
is to let trees have tree width 1 (cf. Exercise 11.5).

Example 11.2. Consider the graph displayed in Fig. 11.1. Figure 11.2 shows
four different tree decompositions of this graph. The first has width 8, and the
others have width 2. It follows from Exercise 11.5 below that the graph has tree
width at least 2, so these tree decompositions have minimum width. Observe
that the second and third tree decomposition are quite different, even though
they have the same tree, whereas the third and fourth tree decomposition only
differ in the direction of the tree edges, but are the same otherwise. -

We need some additional terminology: Let G = (V, E) be a graph and
(T, (Bt)ter) a tree decomposition of G. The sets B; with ¢ € T are the bags of
the decomposition. If both endpoints of an edge {v,w} € E are contained in
a bag By, then we say that the edge {v,w} is realized by B;. Note that every
edge is realized by at least one bag.

For a subset U C T we let

BU) = | Bu.

uelU
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Fig. 11.1. A graph

{1,...,9} {3,7,9} {3,7,9} {1,2,3}
°
{3,7,8} {3,7,8} {1,3,8}
{2,3,8}T {3,4,7} {1,3,8} {3,6,7} {3,7,8}
{1,2,8) @ {4,6,7} {1,2,3} {3,5,6} ¢ {3,6,7}
{3,7,9} T
®{4,5,6} ®{3,4,5} T{3,5,6}
@{3,4,5}

Fig. 11.2. Four tree decompositions of the graph in Fig. 11.1

For a subset W C V we let

B™'(W):= |J B '(v)={teT|FveW: ve B}
veW

Since {v,w} € E implies that B~!(v) N B~ (w) # (), we observe that if W is
a connected subset of G, then B~1(W) is a connected subset of 7.

When describing algorithms on tree decompositions, it will often be con-
venient to represent the bags of a tree decomposition as tuples of elements
instead of sets: An ordered tree decomposition of width k of a graph G is a
pair (T, (b")ser), where every b is a (k + 1)-tuple (bf,... b, ) of vertices
of G, and (T, ({bl,...,bj 1 })ter) is a tree decomposition of G. Every tree
decomposition whose bags are all nonempty immediately yields an ordered
tree decomposition; we just order the elements of the bags and fill the tuples
up to length k + 1 (where k is the width of the decomposition) by repeating
elements if necessary.

Every graph G = (V, E) has a tree decomposition (7, (Bi)ier) where T
consists of just one node t with By = V. We call this decomposition the I-
node tree decomposition of G. The 1-node tree decomposition has width |V|—1.
Thus every graph G = (V, E) has tree width at most |V| — 1.
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Observe that if a graph H = (V’, E™) is a subgraph of a graph G =
(V9, E9), then every tree decomposition of G induces a tree decomposition of
H obtained by deleting all vertices in V9 \ V** from all bags. In particular,
this implies that tw(H) < tw(G).

The following fundamental lemma establishes a connection between con-
nectivity of a graph and of its tree decompositions. Let G = (V, E) be a graph
and X,Y, S C V. We say that S separates X from Y if every path from a
vertex in X to a vertex in Y contains a vertex of S. Note that S is not re-
quired to be disjoint from X and Y. In particular, any superset of X or of Y
separates X from Y. If G = (V, E) is a graph and S C V, then G \ S denotes
the induced subgraph of G with vertex set V' \ S.

Lemma 11.3. Let (7, (B:i)ter) be a tree decomposition of a graph G =
(V,E). Then for every edge (t,u) of T,

B: N B,

separates B(T'\ Ty,) from B(T,).

Proof: Let V; .= B(T'\ T,) and V,, := B(T,). Let v1,...,v, be a path in G
with v1 € V; and v, € V,,. Then there is an ¢ € [n] such that either v; € V;NV,,
or (v; € V; and v;1 € V).

Suppose first that v; € V;NV,,. Then B~ (v;)N(T'\T,) # 0 and B~(v;) N
T, # 0. As B~!(v;) is connected, it follows that t,u € B~1(v;) and hence that
v; € Bt N Bu

We argue similarly if v; € V; and v;41 € Vi: As {v;,v;41} € E, there
is an s € T such that v;,v,41 € Bs. If s € T, then s € B~1(v;) N T,,
and hence B71(v;) N T, # 0. By the assumption v; € V;, we know that
B71(v;)N(T\Ty) # 0. As B~!(v;) is connected, it follows that t,u € B~!(v;),
and thus v; € By N B,,. If s € T'\ T, we exchange the roles of v; and v;41 in
the preceding argument. O

Using this lemma, one can derive the further basic facts about tree decom-
positions contained in the following exercises.

Exercise 11.4. Let G = (V,E) be a graph, C C V a clique in G, and
(7, (Bt)ter) a tree decomposition of G. Prove that there is a node t € T
such that C' C B;.

Note that this implies that a complete graph with n vertices has tree width
n— 1. b

Note that the empty graph has tree width —1, and that a graph with at
least one vertex has tree width 0 if and only if it has no edges.

Exercise 11.5. (a) Prove that a graph has tree width at most 1 if and only
if it is acyclic.
(b) Prove that a cycle has tree width 2. !
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For k,¢ > 1, the (k x £)-grid is the graph

Groxe 1= (K] [0, {400, ), 30} Ji = 1+ 15 = 71 = 1}).

Exercise 11.6. (a) Prove that tw(Gi ¢) < min{k, ¢} for all k,¢ € N.

(b) Prove that for every k € N and every S C [k] x [k] of cardinality at most
(k — 1) there are a connected component C' of Gixi \ S and 4,5 € [k] such
that:

e ( contains more than half of the vertices of Gy, that is, |C| > ’“22.

e ( contains row ¢ and column j, that is, {i} x [k] C C and [k] x {j} C C.
Hint: Prove this by induction on k. In the induction step, suppose that there
exists a set S that does not have the desired properties. Delete a row that
does not intersect S and the leftmost column that intersects S and apply the
induction hypothesis.

(c) Use Lemma 11.16 below to prove that tw(Ggx) > k — 1.
Remark: It can actually be proved that tw(Gg ) = k. =

Recall that a graph G = (V, E) is k-connected, for some k > 1, if |V| > k
and for every set S C V of less than k elements the graph G\ S is connected.

Exercise 11.7. Prove that a k-connected graph has tree width at least k. -

Definition 11.8. A tree decomposition (7, (B;)ter) of a graph G is small if
for all ¢,t' € T with ¢t # t' we have By Z By. =

Observe that a tree decomposition (7, (B:)ter) is small if and only if for
all tree edges (t,u) € F, neither By C B,, nor B,, C B;. This follows from the
fact that if By C By for nodes t,t' € T, then By C B, for all nodes on the
undirected path from ¢ to ¢’ in 7.

Lemma 11.9. (1) Let (T, (B:)ter) be a small tree decomposition of a graph
G=(V,E). Then |T| < |V]|.

(2) Every graph G has a small tree decomposition of width tw(G). Further-
more, an arbitrary tree decomposition can be transformed into a small
tree decomposition of the same width in linear time.

Proof: The proof of (1) is by induction on |V|, using the fact that the bag of
every leaf in a small tree decomposition contains an element not contained in
any other bag.

To construct a small tree decomposition from an arbitrary decomposition
(7, (Bt)ter), starting from the leaves of 7 we contract all edges (¢, u) of T for
which either By C B, or B, C B; and let the larger of the two bags B;, B,
be the new bag of the vertex resulting from the contraction. O

Lemma 11.10. Fvery (nonempty) graph G of tree width at most w has a
vertex of degree at most w.
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Proof: Let G = (V, E) be a graph and (7, (B:)ter) a small tree decomposition
of width at most w of G. If G has at most (w + 1) vertices, then all vertices
have degree at most w. Otherwise, 7 has at least 2 vertices. Let v be a leaf
of 7 with parent s and v € B, \ Bs. Then B, is the only bag that contains
v. Thus all edges that have v as an endpoint must be realized by B,. As
| By \ {v}| < w, this implies that the degree of v is at most w. O

Corollary 11.11. Every graph G = (V,E) of tree width at most w has at
most w - |V| edges.

Proof: This follows by an induction on the number of the vertices using the
previous lemma and the fact that every subgraph of a graph of tree width at
most w has tree width at most w. O

11.2 Computing Tree Decompositions

Not surprisingly, the problem TREE-WIDTH of deciding if a graph has tree
width k is NP-complete. In this section we will see that the natural parame-
terization of the problem is fixed-parameter tractable:

p-TREE-WIDTH

Instance: A graph G and k € N.
Parameter: k.

Problem: Decide whether tw(G) = k.

Theorem 11.12 (Bodlaender’s Theorem). There is a polynomial p and
an algorithm that, given a graph G = (V, E), computes a tree decomposition
of G of width k := tw(G) in time at most

op(k) | n,

where n := |V].
Corollary 11.13. p-TREE-WIDTH is fixed-parameter tractable.

We will not give a proof of Bodlaender’s Theorem. Instead, we prove the
following weaker proposition, which is strong enough to derive most of the
fixed-parameter tractability results in the following sections, though usually
not the optimal time bounds for the algorithms.

Proposition 11.14. There is an algorithm that, given a graph G = (V, E),
computes a tree decomposition of G of width at most 4 - tw(G) + 1 in time

20(k) . 2.

where k :=tw(G) and n = |V]|.
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The algorithm in Proposition 11.14 is based on a connection between tree
decompositions and separators, which will be made precise in Theorem 11.17,
and a standard algorithm for computing small separators in a graph. It does
not involve any large constants hidden in the big-O notation. (A more precise
upper bound for the running time is O(3%*-k-n?).) An advantage the algorithm
in Proposition 11.14 has over Bodlaender’s algorithm is that the exponent is
linear in k, whereas the polynomial in the exponent of the running time of
Bodlaender’s algorithm is cubic.

Definition 11.15. Let G = (V, E) be a graph and W C V. A balanced W -
separator is a set S C V such that every connected component C of G\ S
contains at most |W|/2 elements of W. =

Lemma 11.16. Let G = (V, E) be a graph of tree width at most k and W C
V. Then there exists a balanced W -separator of G of cardinality at most k+ 1.

Proof: Let (T, (Bt)ter) be a tree decomposition of G. Let ¢t € T be a node of
minimum height such that B(T;) contains more than |W|/2 elements of .
The height of a node t is the height of the subtree 7;. Let

S = Bt~

Let w1, ..., U be the children of ¢. For i € [m], let C; := B(T,,) \ S. Fur-
thermore, let Cy := B(T'\ T3) \ S. Then for ¢ € [0, m], the set C; contains at
most |V|/2 elements of W. It follows from Lemma 11.3 that every connected
component of G\ S is contained in C; for some i € [0, m]. O

The following theorem is a partial converse of the previous lemma (whose
statement is repeated as part (1) of the theorem to give a more complete
picture). The proof of Proposition 11.14, which we will give below, is an al-
gorithmic version of the proof of the theorem.

Theorem 11.17. Let G = (V, E) be a graph and k > 1.

(1) If G has tree width at most k, then for every W C V there exists a balanced
W -separator of cardinality at most k + 1.

(2) If for every W C 'V with |W| = 2k+3 there exists a balanced W -separator
of cardinality at most k + 1, then G has tree width at most 3k + 3.

Proof: (1) is Lemma 11.16. To prove (2), we actually prove the following
stronger statement:

(2") If for every W C V with |W| = 2k+ 3 there exists a balanced W-separator
of cardinality at most k + 1, then for every W C V with |[W| < 2k + 3 the
graph G has a tree decomposition (7, (B¢)ier) of width at most 3k + 3
such that W C B, for the root r of 7.
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The proof is by induction on |V|]. For |[V| < 3k + 4, the l-node tree de-
composition of G has the desired properties. So suppose |V| > 3k + 4. Let
W C V such that |[W| < 2k 4+ 3. Without loss of generality we may assume
that |W| = 2k + 3. If this is not the case, we can add vertices to W because
|V| > 2k +3. Let S be a balanced W-separator of cardinality at most (k+1),
and let C4, ..., C,, be the connected components of G\ S.

For i € [m], let V; := C; US and G; the induced subgraph of G with vertex
set V;. Since

VinW|<|CinW|+|S| < [[W]/2] + S| <k +1+k+1<2k+3=|W|

we have |V;| < |V]. Let W; := (C;NW)US and note that |W;| < |C;nW|+|S]| <
2k + 2. The separation property is inherited by the subgraph G;, and thus by
the induction hypothesis, G; has a tree decomposition (7;, (B{)ier, ), where
7. = (T, F;), such that:

e The width of (7;, (B})ier,) is at most 3k + 3.
e W, C B,, for the root r; of 7;.

Now we join these tree decompositions (7;, (Bf)ier, ), for i € [m], together at
a new root r with B, := WU S and obtain a tree decomposition of G with the
desired properties. More precisely, assume that the T; are pairwise disjoint
and let 7 be a new node not contained in any T;. Let

T:={r}u |J T Fe={(rm)|icml}u |} A,

i€[m] i€[m]

and 7 = (T,F). For t € T, let

| B, if t € T; for some i € [m],
PTAWUS, ift=r

To see that (7, (B:)ier) is a tree decomposition of G, note that the only
vertices that any two of the graphs G; have in common are contained in the
separator S. Since S is contained in B,, for all i € [m] and in B, condition (1)
of Definition 11.1 is satisfied. All edges of G that are not edges of any G; have
both endpoints in S and are therefore realized by B,. Thus condition (2) is
also satisfied.

The width of (7, (B:)ter) is at most 3k + 3, because the width of the
(T:, (Bl)ier,) is at most 3k + 3 and |B,| = [W US| < 3k + 4. O

If we want to implement the inductive proof of the previous theorem in
an efficient algorithm, the main task is to compute balanced W-separators
efficiently. The problem is that there are only efficient algorithms for comput-
ing separators for two sets, but not multiway separators for many sets. The
following definition and lemma will be used to handle this problem. There
is a small price we have to pay: Instead of separating a set W into (poten-
tially many) parts of cardinality at most |WW|/2, we separate it into two (not
necessarily connected) parts of cardinality at most (2/3)|W].
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Definition 11.18. Let G = (V, E) be a graph and W C V. A weakly balanced
separation of W is a triple (X,S,Y), where XY C W, S C V are pairwise
disjoint sets such that

(1) W=XU(SNnwW)uY.

(2) S separates X from Y.

(3) 0 < |X], Y] < (2/3)|W].

The order of the weakly balanced separation (X,S5,Y) is |S|. -

Lemma 11.19. Let k > 2, G = (V, E) be a graph of tree width at most k,
and W C V with |W| > 2k+3. Then there exists a weakly balanced separation
of W of order at most (k+ 1).

Proof: We let S be a balanced W-separator of cardinality at most (k+1). Let
Cy,...,Cy, be alist of all connected components of G\ 'S that have a non-empty
intersection W; := C;NW with W. Then |W;| < |W|/2 for alli € [m]. It follows
that m > 2, because W\ S = ;- W; and |[W\ S| > |[W|— (k+1) > |[W|/2.

Without loss of generality we may assume that [Wy| > |[Wa| > ... > |W,,].
Let ¢ € [m] be minimum such that

i
W\ S
> Wyl > | 3\ } (11.1)
j=1
Then i is well defined, because 7% | [W;| = [W\ S| > [W\ S|/3. We let

XZ:LZJWJ' and Y := G Wj.

j=1 Jj=i+1

Then | X| > [W\S|/3>0and |Y]| = |[W\S|—|X| < (2/3)|[W\S] < (2/3)|]W].
To prove that | X| < (2/3)|W|, we distinguish between two cases: If |[W;| >
|[W\ S|/3, then ¢ = 1. Thus | X| = |[Wi| < |[W|/2 < (2/3)|[W], and |[Y]| > 0
because m > 2. If |W1| < |W\ S|/3, then |W;| < |W \ S|/3 and hence

% i—1
WA\ S WA\ S 2
X =Y o wyl =Syl wi < S WS 2 g
=1 =1
Hence |X| < (2/3)|W] and [Y| = [W\ S| — [X| > [\ S|/3 > 0. 0

Lemma 11.20. There is an algorithm that solves the following problem in

time O(k - ||G]):

Instance: A graph G = (V, E), sets X, Y CV, and k € N.

Problem: Decide whether there exists a set S C V of at most k
elements that separates X from Y and compute such
a set if it exists.
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The problem can easily be reduced to a network flow problem and solved by
standard algorithms within the desired time bounds. We give an elementary
algorithm. It is based on a proof of Menger’s Theorem, which states that for
all graphs G, all X, Y C V, and all k € N, either there are k4 1 disjoint paths
in G from X to Y, or there is set S of at most k elements separating X from
Y.

Proof of Lemma 11.20: Let G = (V,E) be a graph and X, Y C V.

Let P be a family of pairwise disjoint paths in G from X to Y. (Two
paths are disjoint if they have no vertex in common.) A P-alternating walk
is a sequence () = wy ... w,, of vertices of G such that {w;, w;11} € F for all
i € [m — 1] (that is, @ is a walk) and:

(i) No edge occurs twice on Q; that is, {w;, w1} # {w;, w11} for all distinct
1,7 € [m—1].

(ii) If w; occurs on a path P = vy ...v, € P, say, w; = vj, then w41 = vj_1
Or Wi—1 = Vj41-

Condition (ii) says that if () intersects a path in P € P, then the intersection
consists of at least one edge, and the edge appears on () in the opposite
direction as on P.

Claim 1. Let P be a family of pairwise disjoint paths from X to Y and @
a P-alternating walk from X to Y. Then there exists a family Q of pairwise
disjoint paths from X to Y such that |Q| = |P| + 1.

X
P3
[ @
Py / \
@ @
Py
[ L J
Q Y
(a) (b)

Fig. 11.3. Proof of claim 1. The figure in (a) shows a family P = {Pi, P, Ps} of
pairwise disjoint paths from X to Y and a P-alternating path @Q; the figure in (b)
shows the resulting family Q of pairwise disjoint paths from X to Y

Proof: The proof is illustrated by Fig. 11.3. The edge set of the paths in Q
consists of all edges of @ that do not appear on a path in P and all edges of
paths in P that do not appear on Q.

It is easy to see that these edges form a family of |P| + 1 disjoint paths
from X to Y and possibly some cycles, which we discard. Intuitively, we can
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think of each path in P and the walk @ as sending a unit flow from X to Y.
On edges traversed in both directions, the flow cancels out. The claim follows
from flow conservation. -

For every family P of pairwise disjoint paths from X to Y, we let R(P) be
the set of all vertices v of G such that there is a P-alternating walk from X to
v. For every P € P, we let cp be the first vertex on P that is not contained
in R(P), and we let C(P) be the set of all cp for P € P. Note that cp is well-
defined for every P € P, because by (ii) there can never be a P-alternating
walk that ends in the last vertex of a path P € P.

Claim 2. Let P be a family of pairwise disjoint paths from X to Y such that
there is no P-alternating walk from X to Y. Then C(P) separates X from Y.

[ J
X X
Ps CpPy
- L [
P2 Cpy
[ 4 *® L] [ J
o P ¢A Wi ° Cpy
wyr wyr
Q Y
(a) (b)

Fig. 11.4. Proof of claim 2

Proof: The proof is illustrated by Fig. 11.4. Suppose for contradiction that
Q = wy...wy, is a path from X to Y that contains no vertex in C(P). Let
i € [m] be minimum such that w; ¢ R(P). Such an ¢ exists, because otherwise
there would be a P-alternating walk from X to w,, € Y, which contradicts
the hypothesis of the claim.

Then w; must occur on some pathin P. Let P =v;...vp € P and j, k € [{]
such that w; = v; and cp = v. Then j > k by the definition of cp, and since
@ contains no vertex in C(P), actually j > k. Now the idea is to say that

wy...W;—1 wi(: Uj) Vj—1...Vk41 ’Uk(z Cp)

is a P-alternating walk from X to cp, which is impossible. Unfortunately, the
walk w; ... w;vj—1...v; is not necessarily P-alternating, because some edge
might occur twice. Let ¢’ € [i] be minimum such that there is a j’ € [k + 1, j]
with w;y = vy, Then

Wy ...W5—1 ’U)i/(: ’Uj/) Vjr—1--- vk+1vk(: CP)

is a P-alternating walk from X to cp. This is a contradiction, which proves
claim 2. 4
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Claim 3. There is a linear time algorithm that, given a graph G = (V| E),
subsets X, Y C V, and a family P of pairwise disjoint paths from X to Y,
either returns a P-alternating walk from X to Y, or, if no such walk exists,
computes the set C'(P).

Proof: The set R(P) can be computed by a simple modification of a standard
depth-first search. Edges on the paths in P can only be traversed in one
direction (opposite to the direction of the path). Some care needs to be taken
with the vertices on the paths in P. If vertex v; on a path vy ...vy is entered
from a vertex other than v;41, the only vertex that can be reached in the next
step is v;_1. We leave it to the reader to work out the details.

Once R(P) is computed, we check if it contains a vertex y € Y. If it does,
we construct a P-alternating walk from X to y from the depth-first search
tree. If it does not, we compute the set C(P) in the obvious way. 4

Let us put things together to complete the proof of Lemma 11.20. Let
G = (V, E) be the input graph and X, Y C V. We iteratively compute families
P; of i disjoint paths from X to Y as follows: We let Py := ). At the ith stage
of the iteration, we use claim 3 to either compute a P;_j-alternating walk Q;
if there exists one, or compute C(P;_1). If Q; exists, we use the construction
described in the proof of claim 1 to construct a family P; of disjoint paths from
X to Y with |P;| = |Pi—1| + 1. If Q; does not exist, we return S := C(P;_1).
Once we have constructed |Py11| we stop the construction, because at this
stage we know that there exists no set of cardinality k that separates X from
Y.

Each iteration requires linear time, and the number of iterations required
is at most k + 1. Thus the total running time is O(k - ||G||). O

Corollary 11.21. There is an algorithm that solves the following problem in
time O(k - ||G]):

Instance: A graph G = (V, E), pairwise disjoint sets X,Y, Z C
V,and k € N.

Problem: Decide whether there exists a set S C V\ (X UY)
such that |S| < k, Z C S, and S separates X from
Y and compute such a set if there exists one.

Proof: Let G = (V, E) be a graph, X,Y, Z C V pairwise disjoint, and k € N.

The algorithm first checks if there is an edge from X to Y. If there is, then
clearly there exists no set disjoint from X and Y that separates X from Y,
and the algorithm immediately rejects.

Otherwise, let S(X) be the set of all vertices in V' \ X that are adjacent
to a vertex in X, and define S(Y') analogously. Let V' := V' \ (X UY) and
G’ the induced subgraph of G with vertex set V’'. Note that a set S C V'
separates X and Y in G if and only if it separates S(X) and S(Y) in G'. So
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we can apply the algorithm of Lemma 11.20 to (G', S(X),S(Y), k) to find a
separating set disjoint from X and Y. To satisfy the additional constraint that

the separating set S is a superset of Z, we apply the algorithm of Lemma 11.20
to (G, S(X)UZ,S(Y)U Z k). O

Corollary 11.22. There is an algorithm that solves the following problem in
time O(3%F - k- ||G||):

Instance: A graph G = (V,E), k € N, a set W C V such that
|W| =3k+1.

Problem: Decide whether there exists a weakly balanced sep-
aration of W of order at most (k + 1) and compute
such a separation if it exists.

Proof: Let G = (V, E) be a graph, k € N, and W C V with |W| =3k + 1.

The algorithm simply checks for all disjoint nonempty sets X,Y C W with
| X, [Y] < 2k if there exists a set S with |S| < k41 such that SNW = W\ (XU
Y) and S separates X from Y by applying the algorithm of Corollary 11.21
to X, Y, Z: =W\ (XUY), and k + 1. If it finds such an S, then (X,S,Y)
is the desired weakly balanced separation of W. If the algorithm fails for all
X, Y then there exists no weakly balanced separation of W.

As 3351 is an upper bound for the number of pairs of disjoint subsets of
W, the running time of the algorithm is bounded by O(33* - k - ||G|]). O

Proof of Proposition 11.14: Consider the algorithm RoOTED-TDEC (Algo-
rithm 11.5). The test in line 1 is sound because by Corollary 11.11 a graph
of tree width at most k has at most k - |V| edges. Note that the number m
of connected components of G \ S is at least 2, because the separator S of
a weakly balanced separation splits the graph into at least two connected
components. Thus the graphs G; are all proper subgraphs of G. “Joining the
tree decompositions” in line 12 means constructing a new tree decomposition
(T, (Bt)ter) as in the proof of Theorem 11.17. Since |W| < 3k + 1, this tree
decomposition has width < 4k + 1.

Therefore, if G = (V, E) is a graph of tree width at most & and W C V such
that |WW| < 3k+1, then ROOTED-TDEC(G, k, W) returns a tree decomposition
(T, (Bt)ter) of G of width at most 4k + 1 such that W C B, for the root r of
7.

The reason that we obtain a slightly weaker bound 4k+1 (instead of 3k+3)
on the tree width than in Theorem 11.17 is that a weakly balanced separator of
W only guarantees that the connected components contain at most (2/3)|W]|
elements of W, whereas a balanced separator guarantees |W|/2.

Let us analyze the running time of ROOTED-TDEC(k, G, W). We measure
the running time in terms of the number n := |V of vertices of the input graph
G. We can assume that ||G|| € O(k-n); otherwise the algorithms stops in line 1.
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RooTeED-TDEC(k, G, W)

/] k>1,G = (V,E) graph,

/] W CV with [W]| < 3k + 1

1. if |E| > k- |V| then halt with “failure”

2. if |V]| <4k + 2 then

3. return 1-node tree decomposition of G

4. elselet W DO W with |[W’/| =3k +1

5. if there exists a weakly balanced separation of W’ then

6. let S be the separator of such a separation

7. let C1,...,Cn be the connected components of G \ S

8. else halt with “failure”

9. fori=1,...,m do
10. let G; be the induced subgraph of G with vertex set C; U S
11. (i, (BY)ier;) «— ROOTED-TDEC(k, Gi, (W' N C;) U S)
12. Join (7, (Bl)ier,), for i € [m], at a new root r with B, = W’'US
13. return the resulting tree decomposition

Algorithm 11.5.

To simplify the analysis slightly, let us assume that the separator S computed
by the algorithm has exactly (k + 1) elements. We can always increase the
cardinality of the separator artificially by adding arbitrary elements of V'\ W.
We get the following recurrence for the running time T'(n):

- O(k), if n <4k + 2,
(n) = MaXem,ny,...10 (Zz‘e[m] T(m)) +O(3% - k-n), otherwise,
(11.2)
where the maximum is taken over all m > 2 and ni,...,n,, € [n — 1] such
that
> (ni—(k+1)=n—(k+1).
1€[m]

This condition is explained by the fact that the intersection of the vertex sets
of the graphs G; is precisely S. Letting T7(¢) := T'(¢ + (k + 1)), we get the
simpler recurrence

O(k), if n’ <3k+1,
T'(n/) = MaXpm 0} !, (Zie[m] T’(n;)) + 0(33k: k(' +k+ 1)),
otherwise,
where the maximum is taken over all m > 2 and nj,...,n}, € [/ — 1] such

that 3-,c,, 7 = n'. An easy induction shows that for all n’,k € N we have
T/(TL/) <c- 33k k- (TL/)2

for a suitable constant c¢. Of course, this implies
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Tn)=T'(n—k+1)<c-33*. k. n2

Finally, we present the algorithm claimed to exist in Proposition 11.14:
Given a graph G, for k = 1,2,... it runs ROOTED-TDEC(k, G, D) until it
returns a tree decomposition. The running time of this algorithm is bounded
by

Z c-3% k-n? <c-tw(G)-n?- Z 33k = O(33tw(g) tw(G)-n?). O

keltw(G)] keltw(9)]

11.3 Tree Decompositions of Arbitrary Structures

The definition of tree decompositions and tree width generalizes to arbitrary
relational structures in a straightforward way.

Definition 11.23. A tree decomposition of a T-structure A is a pair

(T, (Bt)ter),

where 7 = (T, F) is a tree and (By)er a family of subsets of the universe A

of A such that:

(1) For all a € A, the set {t € T' | a € B;} is nonempty and connected in 7.

(2) For every relation symbol R € 7 and every tuple (a1,...,a,) € R, where
r := arity(R), there is a t € T such that ay,...,a, € B;.

The width of the decomposition (’T, (Bt)teT) is the number

max {|B;| [t € T} — 1.

The tree width tw(A) of A is the minimum of the widths of the tree decom-
positions of A. -

We use the same terminology for tree decompositions of structures as for
tree decompositions of graphs. For instance, the sets B; are called the bags of
a decomposition (T, (Bt)teT) of a T-structure A. A tuple (ai,...,a,) € RA,
where R € 7, is realized by a bag B; if a1,...,a, € By.

Example 11.24. Let 7 := {R, E, P}, where R is ternary, E binary, and P
unary, and let A = (A, RA, EA, PA) with
A:=1{1,2,...,9},
RA = {(3,7,9),(3,9,7),(7,3,9),(7,9,3),(9,3,7),(9,7,3) },
EA = {(1,2),(2,3),(3,4), (4,5), (5,6), (6,7),(7,8),(8,1) },
PA = {1,5}.

Figure 11.6 illustrates the structure. Figure 11.2 on p. 263 shows four different
tree decompositions of the structure. -
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Fig. 11.6. The structure of Example 11.24

Definition 11.25. The Gaifman graph (or primal graph) of a T-structure A
is the graph G(A) := (V, E), where V := A and

E = {{a, b} | a,be A, a+#b,there exists an R € 7 and a tuple
(ai,...,a,) € RA, where r := arity(R), such that
a,be{al,...,ar}}. 4

Example 11.26. The Gaifman graph of the structure introduced in Exam-
ple 11.24 (displayed in Fig. 11.6) is displayed in Fig. 11.1 on p. 263. =

The previous two examples suggest the following result:

Proposition 11.27. A structure has the same tree decompositions as its
Gaifman graph.

Proof: Let A be a T-structure and G(.A) its Gaifman graph. The only reason
a tree decomposition of G(A) may not be a tree decomposition of A or vice
versa is that condition (2) of the definition of tree decompositions is violated,
that is, some edge or tuple in a relation is not realized. We shall prove that
this can never happen.

Every edge of the graph is realized by some bag of every tree decom-
position of the structure, because, by definition of the Gaifman graph, ev-
ery edge is contained in some tuple of some relation of the structure. For
the converse direction, let (7, (B:)ier) be a tree decomposition of G(A) and
(a,...,a,) € RA for some R € 7. Then {a1,...,a,} is a clique in G(A). Thus
by Exercise 11.4, there exists a t € T such that {a1,...,a,} C B;. O

Combined with Bodlaender’s Theorem 11.12, this yields:

Corollary 11.28. There is a polynomial p and an algorithm that, given a
structure A, computes a tree decomposition of A of width k := tw(A) in time
at most

20 4.

The next lemma generalizes Corollary 11.11 to arbitrary structures by
proving that the size of structures of bounded tree width is linear in the
cardinality of their universe.
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Lemma 11.29. Let 7 be a vocabulary and r := arity(r) the mazimum of the
arities of the relations in 7. Then for every T-structure A,

|Al| € O(|7] - r* - (tw(A) + 1)" "1 |A]).

Proof: Let A be a T-structure and R € 7 an s-ary relation symbol. We shall
prove that
IRA| < s- (tw(A) + 1)1 - Al (11.3)

Recalling that [|A|| := |7| + |A| + > pe, (IRA] + 1) - arity(R), the statement
of the lemma follows.

To prove (11.3), let (7, (B¢)ter) be a small tree decomposition A, and let
t be a leaf of 7 and a € By \ UueT\{t} B,,. Then all tuples of R4 in which
a occurs are realized by B;. Thus there are at most s - (tw(A) 4+ 1)*~! such
tuples.

Now a similar inductive argument as in the proof of Corollary 11.11 proves
(11.3). 0

Sometimes, in particular if the arity of the vocabulary is high, the running
time of the algorithms we aim at can be improved considerably by a simple
trick, namely by decomposing the incidence structure A; (see Definition 6.12)
of the given structure A instead of the structure itself.

Example 11.30. Let r € N and 7 := {R} with r-ary R. For the 7-structure
A= ([r],{(1,2,...,7)}) we have tw(A) =r — 1 and tw(A7) = 1. -

Exercise 11.31. Let A be a 7-structure and arity(7) > 2. Prove that:

(a) tw(As) < tw(A) + 1, and if arity(7) < tw(A), then tw(Ar) < tw(A).

(b) tw(A) < (tw(Ar) + 1) - (arity(r) — 1).

Hint: Consider a tree decomposition of A; of width wy := tw(A;). Let us
assume for simplicity that the vocabulary of A consists of a single r-ary rela-
tion symbol R. If we replace every element bg gz with @ = (a1,...,a,) € RA
in every bag of the decomposition by aq,...,a,, we obtain a tree decomposi-
tion of A of width at most (wy 4+ 1) - » — 1, which is not good enough. Show

that if we just replace br g by aso,...,a, everywhere, then we obtain a tree
decomposition of A of width (w; +1) - (r—1) — 1. .

For graphs, instead of working with the incidence structure, it is more
convenient (but equivalent) to work with the hypergraph representation. Let
G = (V,E) be a graph. Our standard way of representing G by a relational
structure is to view V' as the universe of the structure and E as a binary
relation on V. We usually denote this { E'}-structure by the same letter G and
call it the standard representation of G. Observe that G viewed as a graph and
G viewed as an {E'}-structure have the same tree width.

An alternative is to view G as a hypergraph and represent this hypergraph
by a structure of vocabulary g = { VERT, EDGE, I} (see Example 4.9):
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Definition 11.32. Let G = (V, E). The hypergraph representation of G is the
Taa-structure Gy defined as follows:
e The universe of Gyg is VU E.

o VERTC :=V.
o EDGEY" :=F.
e [9uG = {(v,e) | v is incident with e}. .

Exercise 11.33. Let G be a graph and Gy its hypergraph representation.
Prove that
tw(G) = tw(Gug). 4

We will work with the hypergraph representation of graphs later in this
chapter because monadic second-order logic (MSO) is more expressive over
the hypergraph representation. For example, we will see in Example 11.49
that there is an MSO-sentence hamiltonian of vocabulary mgqg such that for
every graph G,

Gua = hamiltonian < G has a Hamiltonian cycle.

It can be proved that there is no MSO-sentence ¢ of vocabulary {E} such
that for every graph G,

G E ¢ <= G has a Hamiltonian cycle,

where the G on the left-hand side is the standard representation of the graph
g.

Strictly speaking, in our applications we never need the additional expres-
sive power of MSO over the hypergraph representation, because we are always
dealing with graphs of bounded tree width. The following theorem shows that
for graphs of bounded tree width, MSO over the hypergraph representation
has the same expressive power as MSO over the standard representation.

Theorem 11.34. Let w > 1. Then for every MSO-sentence ¢ of vocabulary
Taa there is an MSO-sentence ¢’ of vocabulary {E} such that for all graphs
G of tree width at most w,

Guc Ep <= GE¢.
We omit the proof.

11.4 Algorithms on Structures of Bounded Tree Width

The importance of tree width and tree decompositions for computer science
is mainly due to the fact that many hard algorithmic problems can be solved
very efficiently, usually in linear time, when the input structure is restricted
to be of bounded tree width. The method used to achieve this is known as
dynamic programming on a tree decomposition; it is usually straightforward to
adapt this method to a specific problem. We illustrate this with two examples:
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Example 11.35. In this example, we will show that for every k£ € N the
3-COLORABILITY problem restricted to input graphs of tree width at most &
can be solved in linear time.

Given a graph G = (V, E), we first compute a small tree decomposition
(T, (Bt)ter) of G of width < k using Bodlaender’s algorithm and the algorithm
of Lemma 11.9(2). Then, starting with the leaves of 7, for all ¢ € T we
inductively compute partial solutions for the subgraph induced on B(T}). More
precisely, for every node t € T' we compute two sets Col(t) and Extcol(t) that
are defined as follows:

e Col(t) is the set of all 3-colorings of the induced subgraph of G with vertex

set B;. We represent these colorings as mappings f : By — {1,2,3}.

e Extcol(t) is the set of all colorings in Col(t) that can be extended to 3-

colorings of the induced subgraph of G with vertex set B(T%).

Then G is 3-colorable if and only if Extcol(r) # @), where r denotes the root
of 7.

To see how the sets Col(t) and Extcol(t) are computed, let ¢ be a node of
T. The set Col(t) can easily be computed in time O(35+1-k?) by going through
all mappings f : By — {1,2,3} and filtering out those that are not proper
3-colorings. If ¢ is a leaf, then Extcol(t) = Col(t). Otherwise, let t1,...,tm
be the children of 7 and assume that the sets Extcol(t;), for i € [m], have
already been computed. Then Extcol(t) is the set of all f € Col(t) such that
for all i € [m] there exists an f; € Extcol(¢;) such that f coincides with f; on
B; N By,. This set can easily be computed in time O(32(*+1) . k. m), which
amounts to O(32Ft1) . k) per edge of the tree.

Since |T'| < |V], the overall running time (including time required by

Bodlaender’s algorithm) is thus 2k V. =

Note that in the previous example we have actually proved that the fol-
lowing “parameterized” problem is fixed-parameter tractable:

p*-tw-3-COLORABILITY
Instance: A graph G.
Parameter: tw(G).
Problem: Decide whether G is 3-colorable.

The reason that we put “parameterized” in quotation marks and the p with an
asterisk is that according to our formal definition, p*-fw-3-COLORABILITY is
not a parameterized problem, because the parameterization is not polynomial
time computable (unless PTIME = NP).! Nevertheless, the parameterization
is computable by an fpt-algorithm (with respect to itself). Large parts of
the theory go through if we weaken the assumption that a parameterization
be polynomial time computable to fpt-computable. In this chapter, we will
continue to use the more liberal notion and indicate this with an asterisk.

!Another irrelevant formality is that the tree width is not always a positive
integer but may be 0 or even —1.
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Exercise 11.36. Prove that the following problem is solvable in time k)
n, where n is the number of vertices of the input graph and k its tree width.

p*-tw-HAMILTONICITY
Instance: A graph G.
Parameter: tw(G).
Problem: Decide whether G has a Hamiltonian cycle.

Hint: Let (7, (B:)ter) be a tree decomposition of G of width tw(G). At each
node t of 7, compute all sets {(vy,wy),...,(ve,wr)} € B? such that for all
i € [¢] there exists a path P; from v; to w; in the induced subgraph of G with
vertex set B(T};) such that the paths Pi,..., Py are pairwise disjoint, and all
vertices in B(T}) occur on one of these paths. =

Courcelle’s Theorem

Theorem 11.37 (Courcelle’s Theorem). The following problem is fized-
parameter tractable:

p*-tw-MC(MSO)

Instance: A structure A and an MSO-sentence (.
Parameter: tw(A) + |¢|.

Problem: Decide whether A [ o.

Moreover, there is a computable function f and an algorithm that solves it in
time

f(k, 0) - [Al + O(||Al]),
where k :=tw(A) and { = |p|.

Let us remark that the term O(||A]|) in the running time is only needed to
compute the reduct of the input structure A to the vocabulary 7, of the input
sentence ¢ of the model-checking problem. The term can be omitted if the
input structure has vocabulary 7.

The theorem is proved by reducing the problem p*-tw-MC(MSO) to
p-MC(TREE;, MSO), the model-checking problem for MSO on labeled trees,
which is fixed-parameter tractable by Theorem 10.16. In the first part of the
proof, which is completed with Lemma 11.39, we associate a labeled tree
T (A, D) with every tree decomposition D = (7, (B:)ter) of a structure A in
such a way that 7 (A, D) carries all the information needed to reconstruct A.
The tree underlying 7 (A, D) is just 7, and the labeling of a node ¢ encodes
the induced substructure of A with vertex set B;. Furthermore, the labeling
carries the information of how the different bags of the decomposition inter-
sect. In the second part of the proof (Lemmas 11.41 and 11.42), we translate
MSO-formulas over the structure 4 into MSO-formulas over the labeled tree
7 (A, D). This yields the desired reduction.
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Let 7 = {Ry,..., R}, where, for i € [m], the relation R; is r;-ary. Let
A be a 7-structure and D = (7, (b*)ser) an ordered tree decomposition (see
p. 263) of A of width k. We define a labeling A of the tree 7 = (T, F) as follows:
We want the label A(t) to encode the isomorphism type of the substructure of
A induced by the bag b* and the interaction of b* with the bag of the parent

of t. We let
At) == (M), ..., Amga(t)),
where

o forl1<i<m,

Xi() = {(its o) € R+ 17| (B, b8 ) € RS,
o Anpa(t { k+12‘bt*bt}a
€ [k+1)% bl = b5}, for the parent s of ¢ if ¢
o ot is not the root of 7,
0, if t is the root of 7.
We let

T(A,D):=(T,F,\).
Note that the alphabet of 7 (A, D) is

(7, k) := Pow([k+1]") x - - - x Pow([k+1]"™) x Pow([k+1]?) x Pow([k+1]?).

(Recall that Pow(Y") denotes the power set of Y.)

A D

(t) (3,7,9)

(t2) (3,7,8)
(1,3,8) (3) @(3,6,7)
(1,2,3) (ta) (3,5,6)
() (3,4,5)

(a) (b)

Fig. 11.7. The structure A and tree decomposition D of Example 11.38

Example 11.38. Recall the structure A in Fig. 11.7(a), which was intro-
duced in Example 11.24. Its vocabulary consists of a ternary relation R =: Ry,
a binary relation E =: Ry, and a unary relation P =: R3. (See Example 11.24
for a formal definition of the structure.)
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Figure 11.7(b) shows an ordered tree decomposition D of width 2 of the
structure. The alphabet of the tree 7 (A, D) is

S({R1, Rz, R3},2) = Pow([3]%) x Pow([3]%) x Pow([3]) x Pow([3]*) x Pow([3]?).

The label in 7 (A, D) of the right leaf t; with (ordered) bag b'” = (3,4,5) is

At) = (0.401,2),2,3)}, {3}, {(1,1), 2,2, 3,3)}. {(1,1),3,2)}). -

Lemma 11.39. Given a 7-structure A of width < k, an ordered small tree
decomposition D of A of width < k and the corresponding ¥(7, k)-labeled tree
T(A,D) can be computed in time

[k, 7) - |A]

for a suitable computable function f.

Proof: This follows immediately from the definition of 7 (A, D), Lemma 11.29,
and the fact that the number of nodes in a small tree decomposition of A is
at most |A| (by Lemma 11.9). O

We now turn to the second part of the proof of Courcelle’s Theorem, the
translation of an MSO-sentence ¢ over a structure A into a sentence ¢* over
the labeled tree T (A, D) associated with some ordered tree decomposition D
of A.

In the following, let 7 = {R1,..., R}, k > 1, and ¥ := X(7,k). Let A
be a 7-structure and D = (7, (b*);er) an ordered tree decomposition of A of
width k. Furthermore, let 7 (A, D) = (T, F, \).

We represent subsets and elements of A by (k + 1)-tuples of subsets of T
For every S C A and i € [k + 1] we let

Ui(S):=={teT|beS},

and we let U(S) = (U1(S), ..., Ug41(5)). For an element a € A, we let
Ui(a) :=U;({a}) and U(a) := U({a}).

Example 11.40. Consider the structure A and tree decomposition D of Ex-
ample 11.38 again. We have U(7) = (0, {t1,t2},{ts}), and

U({3,5,6}) = ({t1,t2,t5, t6, tr}, {t3, t5, t6}, {ta, 6, t7}). B

Lemma 11.41. Let U = (Uy,...,Uky1) be a tuple of subsets of T. Then there
exists an S C A such that U = U(S) if and only if the following conditions
are satisfied for all s,t € T and i,j € [k + 1]:

(1) If (’L,j) S )\m+1(t), then (t celU, < te U])

(2) If t is a child of s and (i,j) € Am+2(t), then (t € U; <= s € Uj).
Furthermore, U = U(a) for an element a € A if in addition to (1) and (2)
the following conditions are satisfied for all s,t € T andi,j € [k +1]:
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(8) If t € U; and t € Uy, then (i,7) € Am+1(2).
(4) If t is a child of s, t € U;, and s € Uj, then (i,7) € Am42(t).
(5) Useppsn) Ur is nonempty and connected.

Proof: Clearly, every tuple U = U(S) satisfies (1) and (2) and every tuple
U = U(a) satisfies (1)-(5).
Conversely, let U be a tuple that satisfies (1) and (2). Let

S:={a€ A|a="0for somei € [k+1] and t € U;}.

Suppose for contradiction that U # U(S). Then there are s,t € T and i,j €
[k + 1] such that b} = b3 and t € Uy, but s ¢ Uj. Since B~"(b}) is connected,
we may assume that either s = ¢ or ¢ is a child of s or s is a child of t. If s = ¢,
then b; = b2 implies (i,7) € An+1(t). Hence t € U; and s ¢ U; contradicts (1).
Otherwise, it contradicts (2).

Now suppose that U satisfies (1)—(5). Let S be defined as above. By (5),
S is nonempty. Suppose for contradiction that S has more than one element.

Then there are 4,j € [k + 1], s,t € T such that b} # b5 and b,b5 € S, or

equivalently, t € U; and s € Uj;. Since Uf:ll U, is connected (by (5)), we can
find such i, j, s,t such that either s =t or t is a child of s or s is a child of ¢.
But then either (3) or (4) imply that b} = b3, which is a contradiction. O

Recall the definitions regarding monadic second-order logic on labeled trees
(from Sect. 10.2). In particular, recall that the alphabet 7& of structures rep-
resenting unranked Y-labeled trees contains a binary relation symbol E for
the edge relation of the tree and unary relation symbols P. for the symbols
¢ € ¥. (We will not use the next-sibling relation N here.)

Using the characterizations of tuples of sets U(S) and U(a) given in
Lemma 11.41, we are going to define MSO-formulas set(X7, ..., X;4+1) and
elem(X1, ..., Xgr1) such that for all (k + 1)-tuples U = (Uy,...,Ugs1) of
subsets of T',

T(A, D) |= set(Uy,...,Upy1) <= thereisan S C A with U = U(S);
T(A, D) = elem(Uy, ..., Ugr1) <= thereis an a € A with U = Ul(a).

Conditions (1)—(5) of the lemma can be expressed by formulas ¢1, ..., s of
MSO. For example, for condition (1) we take the formula

P1(X1,. o Xps1) =Va N ( \/ P — (X o ij)),
i,j€[k+1] c=(c1,....cm4+2)€X
(4,7)ECm+1

and for condition (4) we take the formula

0a( X1y ooy Xpy1) = VaVy /\ ((ny/\Xix/\ij) — \/ ch>.
1,j€[k+1] c=(c1,...,Cm+2)EX
(ivj)ecm,-}—Z
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The formulas ¢o and @3 for conditions (2) and (3) can be defined simi-
larly. Note that the formulas @1, ..., ¢4 are first-order formulas. Condition (5)
cannot be expressed in first-order logic, but requires a genuinely (monadic)
second-order formula. We first define a formula connected(X) expressing that
the set X of vertices of a tree (or an arbitrary directed graph) is connected.

Y is a proper nonempty subset of X

connected(X) := —\HY(Vy(Yy — Xy)AJx(Xx A-Yz)AJyYy

Az ((Yy A Xz A (Eyz V Ezy)) — Y2) )

Y is closed under neighbors in X
Then condition (5) can be expressed by the formula
05 (X1, oy Xpr1) := 2 (Xqz V...V Xpp12) A connected( X1 U ... U Xpy1),

where we obtain connected(X1 U ... U Xj11) from connected(X) by replacing
every atomic formula of the form Xu by Xju V...V Xgii1u. We let

set( X1, ..o, Xig1) = 01( X1, .o, Xpg1) Ao (X1, ooy Xpga),

elem(Xy1, ..., Xpp1) := /\ 0i( X1,y Xig1)-
i€[5]

Lemma 11.42. Every MSO-formula p(X1,. .., Xp,y1,...,yq) of vocabulary
T can be effectively translated into an MSO-formula p*(X1,...,Xp, Y1,...,Yy)
of vocabulary 157 such that for all Sq,...,5, C A,a1,...,aq € A,

AEo(S1,...,5,a1,...,aq)
<~
T(AD) E ¢*(U(S1),...,U(Sy),Ulay),...,Ulay)).

Proof: For an atomic formula o(y1,---,Y) = Ry1...yr, where R = R; is
r = ry-ary, we let ©*(Y1,...,Y,) be the formula

EIx( \V/ (Mg A LAY aA \/ P, x));

i1, inE[k+1] c=((c1,“.,cns+2)62
11 y.eeylp ) ECY

that is, we express that there must be some tree node contained in all Y; such
that the corresponding elements are related by R = R;.
Atomic formulas ¢(y1,y2) of the form y; = y2 can be treated similarly.
For an atomic formula ¢(X,y) = Xy we let

©*(X,Y) =3z \/ (Yix A X;z).
i€ [k+1]
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For the inductive step, Boolean connectives are handled in the straight-
forward way. For example, if o = 1)1 A 1p2 we let ©* 1= Y] A 3.

To deal with quantifiers, we use the formulas elem and set introduced
before the statement of the lemma. For example, if ¢ = Jy ¢ we let

e =377 ... 3 (elem(Yl, e Y1) A ¢*),
and if o = VX ¢ we let

(p* = VXl...VXk+1(Set(X1,...,Xk+1)Hw*). O

Proof of Theorem 11.37: Consider the algorithm COURCELLE displayed
as Algorithm 11.8. Using the preceding lemma it is easy to verify that
COURCELLE(A, ¢) correctly decides if A = .

COURCELLE (A, ¢)

1. Check if the vocabulary 7, of ¢ is contained in the vocabulary
of A; if not, reject.

2. Let A’ be the 7,-reduct of A.

3. Compute an ordered tree decomposition D = (7, (b*)ter) of A’
of width tw(A") and the labeled tree 7 (A, D).

4. Compute the formula p*.

5. Check if T(A',D) E ¢*.

Algorithm 11.8.

Let us analyze the running time of COURCELLE(A, ¢). Lines 1 and 2 require
time O(||A]|). In the following, let n := |A'| = |A|, k := tw(A), and £ := |p|. By
Bodlaender’s Theorem 11.12 and Lemma 11.39, line 3 requires time f{(k’, 7,)-
n for a suitable computable function f;, where k' := tw(.A’). Since the size of
T, is bounded in terms of £ and k' < k, we have f{(k’,7,)-n < fi(k,£)-n for a
suitable fi. Clearly, ©* only depends on ¢ and k’; hence, it can be computed
in time fa(k, £). Let £* := |¢*|. Finally, by Theorem 10.16, line 5 requires time
f*) - |T(A", D). Altogether, this gives us the desired time bound. O

We say that a class C of structures has bounded tree width if there is a
w € N such that all structures in C have tree width at most w.

Corollary 11.43. Let C be a polynomial time decidable class of structures
of bounded tree width. Then p-MC(C,MSO) is fized-parameter tractable.

The reader who wonders why we require the class C in the corollary to be
polynomial time decidable may recall Exercise 4.31.

Exercise 11.44. Prove that the following problem is solvable in time

O(IAll) + f(k,£) - |Al,
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for some computable function f, where k is the tree width of the input struc-
ture A and ¢ the length of the input formula.

Instance: A structure A, an MSO-formula ¢(X) with a free
unary relation variable X, and m € N.
Parameter: tw(A) + |¢|.
Problem: Decide whether there exists an S C A with |S] <
m such that A = ¢(9).

Hint: Apply Exercise 10.17 to the formula ¢* obtained by Lemma 11.42.

(b) Show that the variant of the problem in (a) where |S| < m is replaced by
|S| > m is also solvable in time O(||A|) + f(k,£) - |A| for some computable
function f.

(c¢) Show that the variant of the problem in (a) where |S| < m is replaced
by |S| = m is solvable in time O(||Al|) + f(k,£) - |A]* for some computable
function f. 4

11.5 Applications of Courcelle’s Theorem

Courcelle’s Theorem provides us with a very easy way to prove that many
combinatorial problems parameterized by the tree width are fixed-parameter
tractable. This is illustrated by the following examples and exercises:

Example 11.45. The following parameterization of the circuit satisfiability
problem by the tree width of the input circuit is fixed-parameter tractable:

p*-tw-SAT(CIRC)

Instance: A Boolean circuit C.
Parameter: tw(C).

Problem: Decide whether C is satisfiable.

To see this, recall that by Example 4.18 there is an MSO-sentence stating that
a circuit is satisfiable. -

Example 11.46. It follows directly from Courcelle’s Theorem that p*-tw-3-
COLORABILITY is fixed-parameter tractable, because a graph is 3-colorable if
and only if it satisfies the MSO-sentence cols of Example 4.17.

With only slightly more effort, we can also use Courcelle’s Theorem to
prove that the following parameterization of the general colorability problem
by the tree width of the input graph is fixed-parameter tractable:

p*-tw-COLORABILITY

Instance: A graph G and ¢ € N.
Parameter: tw(G).

Problem: Decide whether G is ¢-colorable.
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It follows easily from Lemma 11.10 that a graph of tree width k is ¢-colorable
for all £ > k + 1. Our fpt-algorithm for p*-tw-COLORABILITY proceeds as
follows: Given a graph G and an ¢ € N, it first computes k := tw(G) using
Bodlaender’s algorithm. Then it immediately accepts if £ > k + 1, otherwise
it uses Courcelle’s algorithm to check if G satisfies the MSO-sentence coly of
Example 4.17, which states that a graph is ¢-colorable. -

The distance d9(v,w) between two vertices v, w of a graph G is the mini-
mum of the lengths of paths from v to w, or oo if no such path exists.

Exercise 11.47. Let k € N and G = (V, E) a graph. An L(2,1)-k-coloring
of G is a mapping C : V' — [k] such that for all v,w € V:
e If d%(v,w) = 1, then |C(v) — C(w)| > 2.
e If d9(v,w) =2, then |C(v) — C(w)| > 1.
Such colorings are motivated by the problem of assigning frequencies to trans-
mitters.

Prove that for every £ € N the following problem is fixed-parameter
tractable:

p*-tw-L(2,1)-COLORING
Instance: A graph G and k € N.
Parameter: tw(G) + k.
Problem: Decide whether G has an L(2, 1)-k-coloring.

Remark: The parameterization of the L(2,1)-COLORING problem by tree
width alone is para-NP-complete. As a matter of fact, it can be proved that
already the following problem is NP-complete:

Instance: A graph G of tree width 2 and k£ € N.
Problem: Decide whether G has an L(2, 1)-k-coloring.

Furthermore, the problem is in polynomial time if the input graph is a tree
or forest. 4

Exercise 11.48. Prove that the following parameterization of the indepen-
dent set problem by tree width is fixed-parameter tractable:

p*-tw-INDEPENDENT-SET
Instance: A graph G and ¢ € N.
Parameter: tw(G).
Problem: Decide whether G has an independent set of ¢ ele-
ments.

Hint: Use Exercise 11.44. =

Example 11.49. It is not obvious how to prove that p*-tw-HAMILTONICITY
is fixed-parameter tractable by applying Courcelle’s Theorem. Remember that
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there is no MSO-sentence stating that a graph in standard representation has
a Hamiltonian cycle.

The trick is to work with the hypergraph representation. We shall prove
that there is a sentence hamiltonian of vocabulary g such that Gyg sat-
isfies hamiltonian if and only if G is Hamiltonian. Since G and Gyg have
the same tree width, it thus follows from Courcelle’s Theorem that p*-tw-
HAMILTONICITY is fixed-parameter tractable.

To define the sentence hamiltonian, recall that we use the abbreviation
F=*2 x(x) for a sentence stating that there are precisely k elements x satis-
fying x. The formula

cycle-cover(Y) :=Vy(Yy — EDGEy) A\Vz(VERTz — F=2y(Yy A Izy)),

states that Y is the edge set of a family of disjoint cycles that covers all
vertices of a graph.

Let us say that two edges are adjacent if they have a common endpoint.
The following formula says that y, z are adjacent edges:

adj(y, z) = Fx(Tzy A Izz).

By using the fact that a set of edges is connected if and only if it does not
contain a proper subset that is closed under the adjacency relation, we express
that Y is a connected set of edges by the following formula edge-conn(Y):

Y is a set of edges Z is a nonempty proper subset of Y’

Vy(Yy — EDGEYy) /\—ElZ(Vy(Zy =Yy AyYyA-Zy)AJyZy

AVYVz((Zy A adj(y,z) NY z) — Zz) )

Z is closed under adjacency

Since a connected cycle cover is a Hamiltonian cycle, the following sentence
states that a graph is Hamiltonian:

hamiltonian := 3Y (cycle-cover(Y') A edge-conn(Y)). —|

The previous applications of Courcelle’s Theorem may not be very im-
pressive, because all problems they covered can easily be proved to be fixed-
parameter tractable directly by dynamic programming on a tree decomposi-
tion. But even for such problems, Courcelle’s Theorem gives us a quick and
easy way to show that they are fixed-parameter tractable without working out
the tedious details of a dynamic programming algorithm. Of course, we cannot
expect the algorithms obtained through the general mechanism of Courcelle’s
Theorem to be optimal. A careful analysis of the combinatorics of the specific
problem at hand will usually yield more efficient fpt-algorithms.

Let us give two more examples, which involve problems that we have not
seen before.
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A feedback verter set in a graph G = (V, E) is a set S C V that contains at
least one vertex of each cycle of G. The FEEDBACK-VERTEX-SET problem asks
if a graph has a feedback vertex set of ¢ elements. It is well-known to be NP-
complete. We use Courcelle’s Theorem to prove that the parameterization of
the problem by the tree width of the input graph is fixed-parameter tractable:

p*-tw-FEEDBACK-VERTEX-SET
Instance: A graph G and ¢ € N.
Parameter: tw(G).
Problem: Decide whether G has a feedback vertex set of ¢
elements.

Proposition 11.50. p*-tw-FEEDBACK-VERTEX-SET is fized-parameter trac-
table.

Proof: As for Hamiltonicity, we work with the hypergraph encoding of graphs
as structures. For every k € N, we shall define an MSO-formula feedback(X)
of vocabulary { VERT, EDGE, I'} such that for every G = (V,E) and S C V|,

Guc [ feedback(S) <= S is a feedback vertex set of G.

Then Exercise 11.44 yields the desired result.
We define an auxiliary formula cycle-family(Y') stating that Y is the edge
set of a family of cycles with pairwise disjoint sets of vertices:

cycle-family(Y) :=Vy(Yy — EDGEYy)
A Vm(( VERTz A Jy(Yy A Imy)) — Iy (Yy A Imy))
The first line of the formula says that Y is a set of edges. The second line says
that if a vertex z is incident with at least one edge in Y, then it is incident

with exactly two edges in Y.
Now we let

feedback(X) :=Va(Xax — VERTx)

AVY ((HyYy A cycle-family(Y)) — Jx3y(Xz A Yy A Ixy)) .
O

Crossing Numbers

In our last example, we consider a problem for which there is no obvious
dynamic programming algorithm. As a matter of fact, the only known fpt-
algorithm for this problem is based on Courcelle’s Theorem.

In this section, we will treat drawings of graphs informally. A more precise
treatment of planar drawings will be given in Chap. 12. The crossing number
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of a graph is the least number of edge crossings required to draw the graph
in the plane such that in each point of the plane at most two edges cross.
It is NP-complete to decide if a graph has crossing number at most k. The
problem has an obvious parameterization:

p-CROSSING-NUMBER
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether the crossing number of G is k.

Using Courcelle’s Theorem, we can prove that the parameterization of the
crossing number problem by k plus the tree width of the input graph is
fixed-parameter tractable. We will see in the next subsection how this result
can be used to prove that p-CROSSING-NUMBER itself is also fixed-parameter
tractable:

Proposition 11.51. The following parameterization of CROSSING-NUMBER
1s fized-parameter tractable:

Instance: A graph G and k € N.
Parameter: k+ tw(G).
Problem: Decide whether the crossing number of G is k.

In the proof of the proposition, we will use Kuratowski’s characterization
of planar graphs by excluded topological subgraphs. A graph G is a subdivision
of a graph H if G is obtained from H by replacing the edges of H by paths of
positive length. A graph H is a topological subgraph of a graph G if G has a
subgraph that is a subdivision of H. We do not distinguish between a graph ‘H
being a topological subgraph of a graph G or being isomorphic to a topological
subgraph of G.

K5 denotes the complete graph with 5 vertices, and K3 3 denotes the com-
plete bipartite graph with 3 vertices on each side.

Fact 11.52 (Kuratowski’s Theorem). A graph is planar if and only if it
contains neither Ks nor K33 as a topological subgraph.

Figure 11.9 shows a nonplanar graph with K5 as a topological subgraph
highlighted. We will use Kuratowski’s Theorem combined with the following
exercise to obtain an MSO-sentence that defines planar graphs.

Exercise 11.53. Prove that for every graph H there is an MSO-sentence
top-suby, of vocabulary { VERT, EDGE, I'} such that for every graph G:

Gug [ top-suby, <= H is a topological subgraph of G.

Hint: First introduce a formula path(x,y, Z) stating that Z is the set of edges
of a path from vertex x to vertex y. .
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Fig. 11.9. A nonplanar graph with K5 as a topological subgraph

Lemma 11.54. For every k € Ny, there is an MSO-sentence cross, of vo-
cabulary { VERT, EDGE, I} such that for every graph G

Gug | crossy <= the crossing number of G is at most k.

Furthermore, cross, can be effectively constructed from k.

Proof: The proof is by induction k.
The sentence crossy is supposed to say that a graph is planar. We let

crossy := —top-sub, A —top-suby, .,

where top-suby, (top-sub,csyg) are the sentences constructed in Exercise 11.53
stating that a graph contains KCs (K3 3, respectively) as a topological subgraph.
The correctness of the sentence crossy follows from Kuratowski’s Theorem.

Let us now turn to the definition for crossy for k > 1. For a graph G =
(V,E) and edges e1,es € E that do not have an endpoint in common, we let
Gger*€z be the graph obtained from G by deleting the edges e; and ey and
adding a new vertex x and four edges connecting x with the endpoints of the
edges of e; and es in G (see Fig. 11.10).

Fig. 11.10. A graph G with selected edges e1,e2 and the resulting G *©2

The following claim is obvious:
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Claim 1. Let k > 1. A graph G = (V, E) has crossing number at most k if
and only if G = (V| E) has crossing number at most k — 1 or there are edges
e1,es € FE that do not have an endpoint in common such that G**¢2 has
crossing number at most k — 1. -

The next claim shows how we can exploit this in monadic second-order
logic:

Claim 2. For every MSO-sentence ¢ there exists an MSO-formula ¢* (y1,y2)
such that for all graphs G = (V, E) and edges e1, e € E that do not have an
endpoint in common we have:

Guc = ¢*(e1,e2) <= (G ?)uc F ¢

Furthermore, ¢* (y1,y2) can be effectively constructed from .

The proof of this claim relies on a standard technique from logic known as
the method of syntactic interpretations (see, for example, [88]). For readers
familiar with this technique, the proof should be easy. Those not familiar with
the technique can find a direct proof of the claim in [122]. —|

We let
Crossy = crossy_1 V 3y13y2(EDGEy1 AN EDGEys A —3x(Izy; A Izys)
A cross;_1 (Y1, yg)) O

Proof of Proposition 11.51: The proposition follows from Lemma 11.54 and
Courcelle’s Theorem. a

11.6 Tree Width Reduction

The algorithmic applications of tree width we have seen so far are all of the
form: “Problem @ parameterized by the tree width of the input structure
is fixed-parameter tractable,” or “Problem @ restricted to input structures
of bounded tree width is tractable.” Surprisingly, tree width can also play a
role in proving tractability results that do not explicitly involve structures of
bounded tree width. We will see some examples in this section.

We saw in the previous section that the feedback vertex set problem pa-
rameterized by the tree width of the input graph is fixed-parameter tractable.
Here, we will apply this result to prove that the standard parameterization of
the problem is fixed-parameter tractable:

p-FEEDBACK-VERTEX-SET
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has a feedback vertex set of k
elements.
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Theorem 11.55. p-FEEDBACK-VERTEX-SET is fized-parameter tractable.

Proof: The proof is based on the simple observation that the tree width of a
graph that has a feedback vertex set of k elements is at most k& 4+ 1. To see
this, let G = (V, E) be a graph and S C V a feedback vertex set of G. Then
the graph G \ S is acyclic and thus has a tree decomposition (7, (By)ier) of
width 1. Then (7, (B U S)ter) is a tree decomposition of G of width [S|+ 1.

Now the statement follows from the fixed-parameter tractability of p-
TREE-WIDTH (Corollary 11.13) and p*-tw-FEEDBACK-VERTEX-SET (Propo-
sition 11.50). O

The fpt-algorithm for p-FEEDBACK-VERTEX-SET is a very simple example
for an algorithmic strategy that has led to the solution of some long-standing
open problems in graph algorithms. In very general terms, the strategy can
be described as follows:

Complex instances: If the input graph is very complex (where “complex” de-
pends on the parameter), then the answer to the problem is trivial (de-
pending on the problem, either all complex instances are “yes”-instances
or all complex instances are “no”-instances).

Structured instances: If the input graph is not very complex, then we know
something about its structure, and we can use this structural information
to further simplify the instance until we obtain an instance of bounded
tree width.

Instances of bounded tree width: On instances of bounded tree width we can
solve the problem, either directly or by applying Courcelle’s Theorem.

Our fpt-algorithm for p-FEEDBACK-VERTEX-SET is a degenerated example
of an algorithm following this strategy: “Complex instances” are all instances
(G, k) where tw(G) > k+1; all such instances are “no”-instances. All instances
that are not complex are of bounded tree width, and we never have to consider
any intermediate “structured instances.”

However, in most applications the intermediate step of dealing with struc-
tured instances is the most significant one. This step may be viewed as a pre-
processing step similar to kernelization. Instead of reducing the input instance
to an equivalent instance whose size is bounded in terms of the parameter,
we reduce the input instance to an equivalent instance whose tree width is
bounded. We call the method tree width reduction.

While conceptually separate, often the first two steps dealing with com-
plex and structured instances are combined: A reduction algorithm for the
structured instances is applied to the input no matter if it is “complex” or
“structured.” If the reduction algorithm produces an instance of bounded tree
width, then we can continue and solve the instance. If the reduction algorithm
fails, then we know the input instance must be complex and hence trivial for
our problem.
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As an example, let us consider the parameterized crossing number problem.
An instance (G, k) is considered “complex” if the genus of G is at least (k+1).
A graph has genus at most k if it can be embedded into an orientable surface
of genus k, that is, a sphere with k handles attached to it. Each handle can be
used to eliminate at least one crossing. Thus a pair (G, k) is a “no”-instances of
p-CROSSING-NUMBER if G has genus at least k+1. The “structured instances”
of a tree width reduction algorithm for the crossing number problem will be
those pairs (G, k) where G has genus at most k. The structure of graphs of
bounded genus is sufficiently simple and well understood to support a tree
width reduction.

Lemma 11.56. There is a computable function g : N — N and an fpt-
algorithm that, given an instance (G, k) of p-CROSSING-NUMBER, computes
an equivalent instance (G', k) such that tw(G') < g(k).

By combining this lemma with Proposition 11.51, we immediately get:
Theorem 11.57. p-CROSSING-NUMBER is fized-parameter tractable.

A proof of Lemma, 11.56 is beyond the scope of this book, but let us sketch
the main idea: The structural result underlying the algorithm is that graphs of
bounded genus and large tree width contain large planar pieces with a gridlike
structure. Somewhere in the center of these planar grids? we can find edges
that under any reasonable embedding of the graph in the plane will not be
involved in any crossing. Such edges can be “contracted” without changing
the crossing number of the input graph. This gives us an equivalent smaller
instance of the problem. We repeat this process until we obtain a graph whose
tree width is so small that we can no longer guarantee the existence of large
planar grids in it.

We close this section by briefly describing a much deeper application of
the tree width reduction method, namely to the disjoint path problem, whose
parameterized version is defined as follows:

p-DISJOINT-PATHS
Instance: A graph G and pairs (s1,t1),. .., (Sk, tx) of vertices
of G.
Parameter: k (the number of pairs (s;,t;)).
Problem: Decide whether there exist pairwise disjoint paths
Pi,...,Prin G, where for i € [k], P; is a path from
S; to ti.

Theorem 11.58. p-DISJOINT-PATHS is fized-parameter tractable.

20f course, grids are always planar, so why do we explicitly refer to the grids
here as planar? More precisely, instead of “large planar grids” we could say planar
induced subgraphs with large grid minors.
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Let us very briefly sketch the main idea of the proof: An instance of p-
DisJOINT-PATHS is “complex” if it is “highly connected” in some specific
sense. It is not hard to imagine that in such highly connected instances, we
can always find a family of disjoint paths connecting the sources s; to the sinks
t;. A very deep structural theorem says that if a graph is not highly connected,
then it has a tree decomposition whose bags are “almost of bounded genus.”
If such graphs have large tree width, we can again find large planar grids in
them. When routing disjoint paths through a large grid—much larger than
the number of paths—we can always avoid a vertex in the middle of the grid.
Thus we can as well delete this middle vertex. We obtain a smaller equivalent
instance. We repeat this process until we obtain an instance of bounded tree
width and solve the problem directly there.

11.7 Graph Minors

The structure theory underlying the results described in the previous section,
in particular, Theorem 11.58 is known as “graph minor theory.”

Definition 11.59. A graph H is a minor of a graph G if H can be obtained
from a subgraph of G by contracting edges. -

Fig. 11.11. Contraction of the edge e

The example in Fig. 11.11 illustrates what we mean by contracting an edge
in a graph.

Graph minor theory is a structure theory of graphs with excluded minors,
that is, it makes statements about the structure of graphs that do not contain
certain other graphs as minors. A fundamental result of the theory, which
also underlies the tree width reduction algorithms for p-CROSSING-NUMBER
and p-DISJOINT-PATHS, is the following excluded grid theorem. Recall from
Exercise 11.6 that large grids have large tree width. The excluded grid theorem
may be seen as a converse of this, as it states that large tree width forces large
grids (as minors).

Theorem 11.60 (Excluded Grid Theorem). There is a computable func-
tion w : N — N such that the (k X k) grid is a minor of every graph of tree
width at least w(k).
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For a proof of the theorem, we refer the reader to [72]. The best-known upper
bound for the tree width w(k) is 202*”.

The main result of graph minor theory is a characterization of classes of
graphs closed under minors that generalizes Kuratowski’s characterization of
planar graphs. A class C of graphs is minor closed if for every graph G € C,
all minors of G are also in C. For example, it is not hard to see that the class
of all planar graphs and, for every w > 1, the class of all graphs of tree width
at most w, are minor closed. It is also not hard to see that a class C of graphs
is minor closed if and only if it can be characterized by a family of excluded
minors. This means that there exists a class F' of graphs such that

C = Excl(F) := {G | no graph in F is a minor of G}.

A variant of Kuratowski’s Theorem states that the class of planar graphs is
Excl({K5,Ks,3}), that is, the class of planar graphs is characterized by the
two excluded minors K5 and IC3’3.3

Theorem 11.61 (Graph Minor Theorem). Every class of graphs that is
minor closed can be characterized by finitely many excluded minors.
More precisely, for every minor closed class C of graphs there exist graphs
Fi, ..., Fn such that
C = Excl({F1,..., Fn}).

A proof of the Graph Minor Theorem is sketched in [72].
Let us now discuss some algorithmic consequences of the Graph Minor
Theorem. We need one more deep result:

Theorem 11.62. The following problem is fixed-parameter tractable:

p-MINOR
Instance: Graphs G and H.
Parameter: ||G||.
Problem: Decide whether G is a minor of H.

More precisely, there is a computable function f and an fpt-algorithm for p-
MINOR whose running time is f(k)-n3, where k denotes the parameter and
n the number of vertices of the input graph H.

The proof of this theorem is similar to the proof of Theorem 11.58.

Corollary 11.63. FEvery class of graphs that is minor closed is decidable in
cubic time.

3Incidentally, for planar graphs the characterizations by excluded minors and
excluded topological subgraphs coincide. In general, this is not the case. It is also
not the case that every class of graphs closed under topological subgraphs can be
characterized by finitely many excluded topological subgraphs.
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Applications of Corollary 11.63 are based on the observation that the slices
of certain parameterized problems are minor closed. Each slice of such a prob-
lem is thus decidable in cubic time. This does not mean that the problem is
fixed-parameter tractable, but at least it shows that the problem is nonuni-
formly fixed-parameter tractable in the sense of the following definition:

Definition 11.64. A parameterized problem (Q, k) is nonuniformly fized-pa-
rameter tractable if there is a function f : N — N and a constant ¢ such that
for every k € N, the kth slice (Q, k)i of (Q, k) is decidable in time f(k) - n°,
where n denotes the length of the input. -

Theorem 11.63 yields:

Corollary 11.65. Let (Q, k) be a parameterized problem on graphs such that
for every k € N, either the class {G € Q | K(G) = k} or the class {G & Q |
k(G) = k} is minor closed.

Then (Q, k) is nonuniformly fized-parameter tractable.

For every k, the class of all graphs that have a vertex cover of at most k
elements and the class of all graphs that have a feedback vertex set of at most &k
elements are minor closed. It follows that the problems p-VERTEX-COVER and
p-FEEDBACK-VERTEX-SET are nonuniformly fixed-parameter tractable, but
we knew that already. In the following example, we consider a new problem.

Example 11.66. The following problem is nonuniformly fixed-parameter
tractable:

p-DISJOINT-CYCLES
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G has k disjoint cycles.

To see this, note that the class of all graphs that do not have k disjoint cycles
is minor closed. -

These examples illustrate that for some parameterized problems, graph
minor theory provides an extremely simple method for proving nonuniform
fixed-parameter tractability. We may use this as a quick and dirty test for
fixed-parameter tractability. If our problem passes the test, we can analyze it
more carefully and try to find a uniform fpt-algorithm. In this sense, we can
use graph minor theory as a tool similar to Courcelle’s Theorem.

Let us remark, though, that the approach by Courcelle’s Theorem is more
transparent and at least in principle bears the possibility of an automatized
optimization, because we can effectively translate our MSO-formula into a
canonical minimized deterministic tree automaton. The graph minor approach
does not bear such possibilities, because in general there is no effective way
of obtaining a finite family of excluded minors characterizing a given class of
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graphs. Even if we know such a family for a specific class, it may be quite
large. Furthermore, the function f in Theorem 11.62 grows extremely fast.

Exercise 11.67. Prove that p-DIsSJOINT-CYCLES is fixed-parameter tracta-
ble.

Hint: Prove that graphs of large tree width always have many disjoint cycles.
Then use the tree width reduction method. -

Exercise 11.68. Prove that the following problem is in XP:

p-TOPOLOGICAL-SUBGRAPH
Instance: Graphs G and H.
Parameter: ||G||.
Problem: Decide whether G is a topological subgraph of H.

Notes

Tree decompositions and tree width were introduced by Robertson and Sey-
mour [183]. Independently, Arnborg and Proskurowski [15] introduced the
equivalent concept of partial k£ trees. The NP-completeness of TREE-WIDTH
is due to Arnborg et al. [13]. Bodlaender’s Theorem is proved in [25]. Proposi-
tion 11.14 is from [179, 185], and an improved version of the algorithm can be
found in [178]. For a survey on algorithms on graphs of bounded tree width,
see [26].

Monadic-second order definability on graphs has been studied intensely
by Courcelle in a long series of papers. Theorem 11.34 is from [58]. The fact
that Hamiltonicity of graphs in standard representation cannot be expressed
in MSO is from [59]. Syntactic interpretations for monadic second-order logic
have been studied in [56, 60]. The MSO-definability of planarity and planar
embeddings of graphs has been investigated in [61]. Courcelle’s Theorem is
from [57], and the extension in Exercise 11.44 can be found in [14].

The NP-completeness of the L(2,1)-COLORING problem on graphs of tree
width 2 (see Exercise 11.47) is due to Fiala, Golovach, and Kratochvil [98].

The nonuniform fixed-parameter tractability of p-FEEDBACK-VERTEX-
SET based on the graph minor theorem was observed in [97]; uniform fixed-
parameter tractability of p-FEEDBACK-VERTEX-SET (Theorem 11.55) and of
p-DI1SJOINT-CYCLES (Exercise 11.67) is due to Bodlaender [24]. There have
been considerable efforts to improve the running time of fpt-algorithms for
p-FEEDBACK-VERTEX-SET; the currently best algorithms can be found in
(66, 125].



11.7 Graph Minors 299

What we call the method of tree width reductions was introduced by
Robertson and Seymour in [185] to prove Theorems 11.58 and 11.62. Theo-
rem 11.57 is from [122].4

The Graph Minor Theorem was proved in a long series of articles by
Robertson and Seymour [181]. The Excluded Grid Theorem, which is one
building block of the Minor Theorem, can be found in [184]. The best-known
upper bound of 202%” for the tree width in the Excluded Grid Theorem is
due to Robertson et al. [186] (also cf. [73]). The applications of the results
of graph minor theory to nonuniform fixed-parameter tractability are due to
Fellows and Langston [97].

Open Problems

It is usually straightforward to prove that a problem parameterized by the
tree width of the input structure is fixed-parameter tractable. The following
problem is an interesting example where this is not the case:

p*-tw-GRAPH-ISOMORPHISM
Instance: Graphs G and H.
Parameter: tw(G).
Problem: Decide whether G and ‘H are isomorphic.

It is known that this problem is in XP [23], but it is an open problem whether
it is fixed-parameter tractable.

One of the most intensely studied open problems in the area of fixed-
parameter tractability is the question whether the directed version of the
feedback vertex set problem is fixed-parameter tractable:

p-DIRECTED-FEEDBACK-VERTEX-SET
Instance: A directed graph G = (V, E) and k € N.
Parameter: k.
Problem: Decide whether there is a set S C V with |S| =k
such that G\ S is acyclic.

Some partial results are known [176, 177], but the problem is still open even
on planar directed graphs.

Finally, it is not known if p-TOPOLOGICAL-SUBGRAPH is fixed-parameter
tractable.

“Lemma 11.56 is stated differently than the corresponding result in [122] (Corol-
lary 8). But it is not hard to prove that the two statements are equivalent, because
we can replace each “forbidden edge” (an edge that is not allowed to cross any other
edge) by (k + 1) parallel paths of length 2.
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Planarity and Bounded Local Tree Width

In the previous chapter, we saw that many graph problems that are hard in
general become tractable when restricted to input graphs of bounded tree
width. We have also seen examples of hard problems that become tractable
on graphs of bounded degree (the parameterized dominating set problem is
an example, see Corollary 1.20).

In this section, we will continue the theme of hard problems becoming
tractable on restricted input graphs and structures. We will mainly be in-
terested in planar graphs. It is a well-known fact that algorithmically planar
graphs can be handled much better than general graphs, and it is no surprise
that this fact also bears fruit in the context of fixed-parameter tractability.
In Sect. 12.1, we illustrate some of the main ideas underlying fpt-algorithms
on planar graphs by three examples: the parameterized independent set, the
dominating set, and the subgraph isomorphism problem.

It turns out that a crucial structural property many of these fpt-algorithms
rely on is that planar graphs of small diameter have small tree width. An-
other perspective on this property is that “local” neighborhoods of vertices
in a planar graph have a tree width that is bounded in terms of the radius
of the neighborhood. We say that planar graphs have bounded local tree
width. Other interesting classes of graphs share this property, for example,
graphs of bounded degree or graphs of bounded genus (that is, graphs that
can be embedded into a fixed surface). In Sect. 12.2, we prove a very general
result stating that all problems definable in first-order logic become fixed-
parameter tractable when restricted to input structures of bounded local tree
width. (Compare this to Courcelle’s Theorem, which states that all problems
definable in monadic second-order logic become fixed-parameter tractable
when restricted to input structures of bounded tree width.) In Sect. 12.3,
we briefly discuss fpt-algorithms on classes of graphs with excluded minors.
Fixed-parameter tractability on planar graphs is one of the most extensively
studied topics in parameterized complexity theory. It has led to numerous nice
algorithms relying on a number of different ideas. Some of the more refined
algorithms will be presented in the last section of this chapter.
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12.1 Algorithms on Planar Graphs

We review some basic definitions and facts on planar graphs. Intuitively speak-
ing, a graph is planar if it can be drawn in the Euclidean plane without edges
crossing. For a detailed introduction, the reader may consult a book on graph
theory (for example, [72]).

A (polygonal) arc T in the plane is the image of a continuous, piecewise
linear, one-to-one function v : {r € R | 0 < 2 < 1} — R2. Its endpoints are
~(0) and ~(1); all other points are interior points of the arc. A polygon is the
image of a continuous, piecewise linear function v: {xr e R |0 < z < 1} — R?
such that v is one-to-one on the half open interval {x e R | 0 < z < 1} and
7(0) =~(1).

The boundary 0X of a set X C R? is the set of all points y € R? such
that every neighborhood of y meets both X and R?\ X. Let X C R? be open.
Elements x and y are arc-connected in X, if x = y or there is an arc in X with
endpoints x and y. The corresponding equivalence classes are the regions of
X . We shall need:

Fact 12.1 (Jordan Curve Theorem for Polygons). Let I be a polygon.
Then R?2\ T has two regions, of which exzactly one is unbounded. Each of the
two regions has I as its boundary.

Definition 12.2. A planar embedding of a graph G = (V, E) is a mapping II
with domain V' U E' (where V and E are assumed to be disjoint) such that:
e For every v € V, the image II(v) is a point in R2.
e For every e = {v,w} € E, the image II(e) is an arc in R? with endpoints
II(v) and II(w).
The restriction of II to V is one-to-one.
For all e, f € E with e # f, the arcs II(e) and II(f) have no interior point
in common.
e Forallv eV and e € E, the point II(v) is not an interior point of the arc
II(e).
A graph is planar if it has a planar embedding. A plane graph is a pair (G, IT)
consisting of a (planar) graph G and a planar embedding IT of G. =

If (G,1) is a plane graph, we write II(G) to denote the point set

m(v)u | J (e).

ecE

The faces of (G,II) are the regions of the open set R? \ TI(G). Since II(G) is
a bounded subset of R?, it lies inside some sufficiently large disc, and hence
exactly one of its faces, namely the face containing the complement of the
disc, is unbounded; it is called the outer face of (G,1I).

In the following lemma, we collect a few basic topological facts about
planar graphs. Part (1) is an immediate consequence of the Jordan Curve
Theorem. For a proof of Part (2), we refer the reader to [72].
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Lemma 12.3. Let (G,II) be a plane graph.

(1) If G is a cycle, then (G,II) has precisely two faces, and their boundary is
I1(G).

(2) If G is connected and every edge lies on a cycle of G, then the boundaries
of the faces of (G,II) are images of cycles, and the image of every edge of
G is contained in the boundary of precisely two faces.

In the following, instead of saying that the image of a cycle is the boundary
of a face, we will just say that the cycle is the boundary of a face. Similarly,
we will say that an edge or a vertex is contained in the boundary of a face.

Fact 12.4 (Euler’s Formula). Let (G,II) be a nonempty connected plane
graph with n vertices, m edges, and £ faces. Then

n—m+4{=2.
For a proof, we refer the reader to [72].

Lemma 12.5. There is an algorithm that assigns to every plane graph (G, II)
with G = (V, E) and |V| > 3 a plane graph (G',1I') with G’ = (V', E') in time
O(||G|l) such that:

e V=V ECE, andIl' extends II.

o G’ is connected.

e FEach edge of G' lies on a cycle of G'.

e The faces of (G',II') are triangles (that is, the boundaries of the faces are

cycles of G' of length three).

Proof: If G has s connected components, the algorithm first connects the com-
ponents by s — 1 edges, then ensures that every edge is on a cycle, and finally
subdivides the cycles that are boundaries of faces into cycles of length 3. 0O

The following lemma shows that the size of a planar graph G = (V| E) is
linear in the number of its vertices, that is,

1G]] = oV

In particular, this means that the running time of a linear time algorithm on
planar graphs is linear in the number of vertices.

Lemma 12.6. Let G = (V,E) be a planar graph. If |V| > 3 then |E| <
3|V| —6.

Proof: Let n := |V| and m := |E|. Suppose that n > 3. Let II be a planar
embedding of G. By the previous lemma, adding edges we may assume that
G is connected and that the faces of (G, II) are triangles. Let £ be the number
of faces of (G,1II). Then

30 =2m,
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because, by Lemma 12.3(2), every edge lies on the boundary of precisely two
faces. Thus by Euler’s formula,

2
m:n+£72:n+3m72,

which implies m = 3n — 6. a

Our fpt-algorithms for problems on planar graphs are based on the follow-
ing well-known fact, which we will often use tacitly:

Fact 12.7. There is a linear time algorithm that decides if a given graph is
planar and, if it is, computes a planar embedding of the graph.

For a proof, we refer the reader to [128, 197].

Independent Set

We present an fpt-algorithm for the planar restriction of the parameterized
independent set problem,

p-PLANAR-INDEPENDENT-SET
Instance: A planar graph G and k € N.
Parameter: k.
Problem: Decide whether G has an independent set of k ele-
ments.

Our algorithm is a bounded search tree algorithm based on the fact that
planar graphs always have a vertex of small degree.

Lemma 12.8. Let G = (V, E) be a nonempty planar graph. Then G has a
vertex of degree at most 5.

Proof: 1If all vertices had degree at least 6, the graph G would have at least
3 - |V| edges. This contradicts Lemma 12.6. O

Theorem 12.9. p-PLANAR-INDEPENDENT-SET is fized-parameter tractable.

More precisely, there is an algorithm that, given a planar graph G and
k € N, decides if G has an independent set of k elements in time O(6* - n),
where n is the number of vertices of G.

Proof: Let G = (V, E) be a nonempty planar graph and k¥ € N. For v € V
let N(v) :={w eV |w=wvor {v,w} € E}. By the preceding result, there
is a vertex v in G of degree at most 5. Every maximal independent set of G
contains either v or a neighbor of v. Thus, G has an independent set of k
elements if and only if (G\ N(v) or G\ N(w), for some neighbor w of v, has an
independent set of k — 1 elements). This is the basis of an obvious recursive
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search strategy; since the parameter decreases by one in each step, we obtain
a search tree of size at most 6*. O

Let us remark that the parameterized clique problem restricted to planar
graphs, though no longer equivalent to the independent set problem for pla-
nar graphs by the simple reduction that maps a graph to its complement,
is trivially fixed-parameter tractable. The reason is that by Lemma 12.6, no
planar graph contains a clique with five or more vertices.

Dominating Set

As a second example, we consider the planar restriction of the parameterized
dominating set problem:

p-PLANAR-DOMINATING-SET
Instance: A planar graph G and k£ € N.
Parameter: k.
Problem: Decide whether G has a dominating set of k ele-
ments.

Recall that the distance d9(v,w) between two vertices v,w of a graph G
is the minimum of the lengths of paths from v to w, or co if no such path
exists. The diameter of a graph is the maximum of the distances between any
two vertices. Our fpt-algorithm for planar dominating set and most of the
fpt-algorithms on planar graphs that follow are based on the fact that the
tree width of a planar graph can be bounded in terms of its diameter.

Recall that a tree 7 is a spanning tree of a graph G if 7 has the same
vertices as G and every edge of 7 appears as an (undirected) edge in G.

Lemma 12.10. Let G be a planar graph that has a spanning tree of height £.
Then
tw(G) < 3¢.

Furthermore, given G with n vertices and a spanning tree of height £, a tree
decomposition of G of width at most 3¢ can be computed in time O(L - n).

Observing that a graph of diameter D (with D € Nyp) has a spanning tree
of height at most D, which can be obtained in linear time by a breadth-first
search, we get:

Corollary 12.11. A planar graph with n vertices and of diameter D has a
tree decomposition of width at most 3D that can be found in time O(D - n).

Proof of Lemma 12.10: Let G = (V, E) be planar graph, and let IT be a
planar embedding of G. By Lemma 12.5 we may assume that the faces of
(G, 1) are triangles. Let S be a spanning tree of G of height £. Let S* denote
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the undirected tree underlying S. (Recall that we view trees as being directed
from the root to the leaves.)

We first define a graph 7% = (T", F*), which will be the undirected tree
underlying the tree of the tree decomposition we aim at, in the following way:

e T is the set of faces of (G,II).
e Fort t' eT",

{t,t'} € F* <= 0Ot and 9t share an edge that is not an edge of S“

(cf. Fig. 12.1(a)—(c)). Recall that we say that a vertex or an edge is contained
in the boundary 0t of the face t if its image under II is contained in Jt.

B =1{1,2,3}, Bp=1{1,3,4},

Be ={1,4,5}, Bp ={1,2,5},

Br =1{2,3,6,1}, Br ={3,6,7,1,2},
Be ={3,4,7,1}, By ={4,5,6,1,2},
Br ={2,5,6,1}, B;={4,6,7,1,2,3}.

(d)

Fig. 12.1. (a) A graph G embedded into the plane, (b) a spanning tree S of G,
(c) the undirected tree 7%, (d) the bags of the tree decomposition

Claim 1. T* is acyclic.

Proof: Assume that t1,...,tsisacyclein 7% Fori¢ =1,..., s let e; be an edge
shared by 0t; and 0t;+1 (where ts11 = t1) that is not an edge of S*. Choose
an interior point a; on II(e;) and let I'; be an arc with endpoints a; and a;4+1
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Fig. 12.2. Illustration of the proof of claim 1. I' is the white polygon

(where as41 = a1) and with interior in ¢; (cf. Fig. 12.2). Then I'; U...UT; is
a polygon I', which by the Jordan Curve Theorem divides the plane into two
regions. Both regions contain vertices of G. Since no edge of S crosses I', this
contradicts the fact that S is a spanning tree of G and thus proves claim 1. 4

We will see that 7% is connected and thus is an undirected tree in a
moment. First, we define the bags of the tree decomposition. For ¢ € T let
B; be the set of vertices of G in t together with all their ancestors in the
spanning tree. That is, we let

B; = {u € G| u <% v for some vertex v in dt},

where u <5 v denotes that u = v or u is an ancestor of v in S (cf. Fig. 12.1(d)).
Observe that if a bag B; contains a descendant of a vertex v in the tree S,
then it also contains v. In particular, the root of S is contained in every bag.

Claim 2. For all t € T*, the bag B; has at most 3¢ + 1 elements.

Proof: Since (G,1I) is a triangulation, the boundary 9t of a face ¢ contains 3
vertices. Each of these vertices has at most ¢ ancestors in S. They share at
least one ancestor, the root of S, and thus B; has at most 3¢ + 1 elements. -

Claim 3. Every edge {u,v} € E is realized in some bag.
Proof: We have u,v € By for every face ¢ containing this edge. -

Claim 4. For every vertex v € V the set B~1(v) = {t € T* | v € By} is
connected in 7".

Proof: We prove the claim by induction on the height of v in the spanning
tree S.

As the induction base, suppose that v is a leaf of S. Then B~!(v) is the set
of faces whose boundary contains v. Let eq, ..., e, be the edges of G incident
with v. Exactly one of them, say, e1, is an edge of S“. Suppose that II maps
the edges ey, ..., ey, in clockwise order around v, and let ¢; be the face whose
boundary contains e; and e;+1 (where e,,+1 := e1) (see Fig. 12.3). Then the
faces t1,...,t, form a path in 7%.
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Fig. 12.3. The base step of the proof of claim 4 (for m = 4)

In the induction step, let v be a vertex that is not a leaf of S. Then v is
contained in B, for all faces ¢t such that v is in the boundary of ¢t and in all
B, such that some descendant w of v in § is contained in B;.

Suppose first that v is not the root of S. Let eq,..., e, be the edges of
G incident with v. For notational convenience, let e,,11 = e1. Suppose that
IT maps the edges in clockwise order around v, and let ¢; be the face whose
boundary contains e; and e;11. Assume that e; is the edge in S* that connects
v with its parent in S. Furthermore, let 1 < i1 < i5... < i < m be such
that e;,,...,e;, arein S and let wy, ..., wy be the corresponding children (see
Fig. 12.4).

Fig. 12.4. The inductive step of the proof of claim 4 (for m =7, k = 2, i1 = 4, and
i2 = 6)

The vertex v is contained in the bags By, ,...,B;,, and in all bags that
contain a child w; of v. More formally,

k
B7Y(v) = {t1,...,tm} U U B~ (w;).

By the induction hypothesis, B~!(w;) is connected in 7" for all j € [k];
moreover, t;, 1,t;; € B’l(wj). Therefore it suffices to show that for 1 <7 <m
there is a path from ¢; to t; in B~ !(v). Let 2 < i < m. If i is distinct from
i1,...,4k, then t;_1 and t; are adjacent in 7*. If ¢ = ¢; for some j € [k], then
ti—1 and t; are contained in B_l(wj) and hence there is a path from ¢;_; to
t; in B_l(wj).
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In the remaining case that v is the root of S, we can argue similarly. This
completes the proof of claim 4. -

Since for the root r of S we have
B_l(r) =T",

claim 4 shows that 7" is connected and hence is an undirected tree.

Finally, we let 7 = (T, F) be any (directed) tree with underlying undi-
rected tree 7% (in particular, T'=T"). Then (7, (Bi)ter) is the desired tree
decomposition. 0

Lemma 12.12. A connected graph with a dominating set of k elements has
diameter at most 3k — 1.

Proof: Let G = (V, E) be a connected graph and S a dominating set of G of
cardinality k. Let v,w € V, and let P be a path from v to w of smallest length.
Every vertex in S dominates at most 3 vertices on P, because otherwise there
would be a shorter path from v to w. Thus P contains at most 3k vertices
and therefore its length is at most 3k — 1. O

Theorem 12.13. p-PLANAR-DOMINATING-SET s fixed-parameter tractable.

Proof: An fpt-algorithm for p-PLANAR-DOMINATING-SET first checks if the
input graph has a connected component of diameter at least 3k. If it has, the
algorithm immediately rejects. Otherwise, by Corollary 12.11, the tree width
of the planar input graph is at most 9k — 3. Thus the dominating set problem
can be solved by the methods of the previous chapter (either by dynamic pro-
gramming on a tree decomposition or by applying Courcelle’s Theorem). O

Observe that the same technique can also be applied to prove that p-
PLANAR-INDEPENDENT-SET is fixed-parameter tractable.

Subgraph Isomorphism

As a third example, we consider the parameterized subgraph isomorphism
problem restricted to planar graphs:

p-PLANAR-SUBGRAPH-ISOMORPHISM

Instance: A planar graph G and arbitrary graph H.
Parameter: |H|.

Problem: Decide whether G has a subgraph isomorphic to H.
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Actually, in this section we will only prove that the restriction of the prob-
lem to connected input graphs H is fixed-parameter tractable. The technique
we will use to prove this will be considerably generalized in the next section
to prove a “Courcelle-style” theorem for parameterized problems on planar
graphs. This general theorem will then imply that p-PLANAR-SUBGRAPH-
ISOMORPHISM is fixed-parameter tractable for arbitrary and not only con-
nected H.

Let G = (V, E) be a graph and v € V. For every r € Ny, the r-sphere
around v is the set

SY(v) = {w eV |d(w,w) =r}.
For 0 < < j, the [i, j]-sphere is the set

ST = |J 7@ ={weV|i<d(vw) <j}.

relfi,j]
Furthermore, for r € Ny, the r-neighborhood of v is the set

N7 (v) = 5§ 4 (v) = {w e V | d(v,w) <1}

We write N9 (v) (and similarly S¢(v) and S[ij] (v)) to denote the induced
subgraph of G with vertex set N9 (v) (S¢(v) and S[‘j;j] (v), respectively).

A crucial fact that follows from Lemma 12.10 is that in planar graphs
the spheres and thus the neighborhoods have tree width bounded by their
“thickness” (radius in case of neighborhoods). The following lemma makes
this precise.

Lemma 12.14. Let G = (V, E) be a planar graph and v € V.
(1) For all r > 1 we have
tw (N (v)) < 3r.

(2) For alli,j € Ng with i < j we have

tw(S[‘f.’j] (v) <3(j—i+1).

Proof: The first statement is an immediate consequence of Lemma 12.10,
because a breadth-first search tree with root v is a spanning tree of N9 (v) of
height at most r.

For i < 1, the second statement follows from the first one because

Sg

05 €SP (0) = N (v).

If ¢ > 1, we contract all edges of the subgraph S[% i1 (v). In other words, we

g
[0,i—1

vertex to all vertices of SY(v) (cf. Fig. 12.5). We obtain a planar graph G’

replace the subgraph S ](v) by a single vertex v’ and add edges from this
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such that the sphere Sﬁﬁjﬂ. 1] (v") is isomorphic to (actually, identical with)
the sphere Sg p (v) of G. We have already seen that
tw(SH iy (@) <3G —i+1). 0

We use these results to show that p-PLANAR-SUBGRAPH-ISOMORPHISM re-

Fig. 12.5. Contracting S[go,u (v)

stricted to connected input graphs H is fixed-parameter tractable. Note first
that the subgraph isomorphism problem parameterized by the tree width of
the input graph G plus the size of the graph H is fixed-parameter tractable.
This can either be shown directly by dynamic programming on a tree de-
composition or by Courcelle’s Theorem 11.37. For the latter, recall that by
Example 5.11, for every graph H there is a first-order sentence suby such that
for all graphs G we have

G E suby <= G has a subgraph isomorphic to H.

Now let H be a connected graph with k vertices. Let G = (V, E) be a planar
graph with n vertices. Clearly, if G has a subgraph isomorphic to H, then
there is a vertex v € V such that the induced subgraph N, kg_l(v) of G has a
subgraph isomorphic to M. Since N, (v) has tree width at most 3(k — 1), we
know that NV | (v) | suby can be decided in time

F(k) <IN (v)] < O(f(k) - n)

by Courcelle’s Theorem. Thus we can decide if there exists a v € V such
that N | (v) = suby in time O(f(k) - n?). This proves that the restriction of
p-PLANAR-SUBGRAPH-ISOMORPHISM to connected input graphs H is fixed-
parameter tractable. It is not difficult, though it is tedious, to extend this to
arbitrary input graphs H.

The running time of the fpt-algorithm we just described is quadratic in n.
We can improve this to linear by using a more efficient cover of G than the
family of sets NJ | (v) with v € V.
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Definition 12.15. Let r,w > 1. An (r,w)-cover of a graph G = (V, E) is a

family U of subsets of V' with the following properties:

(1) For every v € G there exists a U € U such that N9 (v) C U.

(2) For every U € U, the tree width of the induced subgraph of G with vertex
set U is at most w. —

Lemma 12.16. Let G = (V, E) be a planar graph, v € V, and r > 1. Then
the family
u_{Szz+27" )|7’20}

is an (r,3(2r + 1))-cover of G.

Proof: Recall that SZ iren (V) ={weV]i< d9(v,w) < i+ 2r}. Clearly, the
family U satisfies condltlon (1) of the definition of an (r, 3(2r + 1))-cover. By
Lemma 12.14, it also satisfies condition (2). O

Putting all pieces together we get:

Theorem 12.17. The problem

Instance: A planar graph G and a connected graph H.
Parameter: |H|.
Problem: Decide whether G has a subgraph isomorphic to H.

is fized-parameter tractable.

More precisely, there is an algorithm that, given a planar graph G = (V, E)
with n vertices and a connected graph H with k vertices, decides if G has a
subgraph isomorphic to H in time f(k)-n for some computable function f.

Proof: Let G = (V, E) be a planar graph and H a connected graph with &
vertices. Recall that G has a subgraph isomorphic to H if there is some vertex
v € V such that N,;{l (v) has a subgraph isomorphic to H.

Now let vy € V be an arbitrary vertex. Since {S[‘j;,z’+2(k—1)] (vo) | i>0}isa
(k—1,3(2(k—1)+1))-cover of G, it follows that G has a subgraph isomorphic to
‘H if there is some 7 > 0 such that S[gi’i+2(k71)] (vo) has a subgraph isomorphic
to H. This shows that SUBISO(G, H) (Algorithm 12.6) correctly decides if G
has a subgraph isomorphic to H.

To analyze the running time of the algorithm, for ¢ > 0 let n; :=
| [%z+2(k 1)]( 0)|, and let r := max{i | n; > 0}. Since every vertex v € V

is contained in at most 2k — 1 of the sets S i2(k—1)] (vo), we have

an_ (2k — 1)

where n := |V|. The test in line 4 can be carried out in time
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SuBIso(G, H)
// G = (V, E) a planar graph, H a connected graph with k vertices
1. Choose an arbitrary vg € V
2. 10
3. while S7 .., 1)(v0) # 0 do
4. if S[g;,i+2(k—l)](vo) has a subgraph isomorphic to H then
5 accept
6 elsei«—i+1
7. reject.

Algorithm 12.6.

f(k) - n;

for some computable function f (by the discussion following Lemma 12.14).
Line 3 requires time O(n;), and all other lines only require constant time.
Thus the overall running time is bounded by

r

Z (f(k)-ni +O(n;)) < g(k)-n

i=1

for a suitable computable function g. O

12.2 Local Tree Width

In the preceding section, we saw that some parameterized problems intractable
for the class of all graphs are fixed-parameter tractable when restricted to
planar graphs. In this section, we generalize these results in various ways:

e We show that such fixed-parameter tractability results not only hold for
specific problems, but for all first-order definable problems.

e We show that the results are not specific to graphs, but hold on “planar
relational structures.”

e We show that the results hold on considerably larger classes of structures
than just planar graphs or structures.

Let us start by generalizing some of the notation introduced in the previous
section from graphs to arbitrary structures. Let A be a 7-structure. Recall
from Definition 11.25 that the Gaifman graph of Ais the graph G(A) = (V, E),
where V' = A and

E = {{a,b} ’ a,b € A, a # b, there exists an R € 7 and a tuple
(a1,...,a,) € RA, where r := arity(R), such that
a,be{a1,...,ar}}.



314 12 Planarity and Bounded Local Tree Width

The distance d*(a,b) between two elements a,b € A is the distance between
a and b in G(A), that is, the minimum length of a path between a and b in
G(A). For r > 1 and a € A we define the r-neighborhood NA(a) of a in A by

NA(a) :={be A| d*(a,b) <7},

that is, NA(a) = Nrg(A)(a). For S C A, we set NA(S) = U,cq N2(a).
By NA(a) (MA(S)) we denote the induced substructure of A with universe
NA(a) (NA(S), respectively).

We could now define a structure A to be planar if its Gaifman graph is
planar. However, we directly introduce a more general notion.

Definition 12.18. A class C of structures has bounded local tree width if
there is a function h : N — N such that ltw(A,r) < h(r) for all A € C and
r € N, where

ltw(A, r) := max {tw(N;A(a)) |a € A}

C has effectively bounded local tree width if in addition i can be chosen as a
computable function.
The function r — ltw(A, r) is called the local tree width of A. 4

Example 12.19. Clearly, we have
Itw(A,r) < tw(A),

for all A and r. This implies that every class of bounded tree width also has
effectively bounded local tree width. a

Example 12.20. Let A be a structure of degree d, where the degree of A is
the degree of its Gaifman graph G(.A). Then for every r € N we have

Itw(A,r) <d- Z(d — 1)14_1 <d".

1€[r]

This is immediate, since N/*(a) has at most 1 +d - Yiep(d—=1)""" elements.
Thus the class DEG(d) of all structures of degree at most d has effectively
bounded local tree width. B

Example 12.21. Let G be a planar graph. Then by Lemma 12.14(1), for all
r > 1 we have
Itw(G,r) < 3r.

Thus the class PLANAR of all planar graphs has effectively bounded local
tree width. -

Other important classes of structures of effectively bounded local tree
width are structures of bounded genus, that is, structures that can be em-
bedded into a fixed surface such as the torus.

The main result of this section reads as follows:
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Theorem 12.22. Let C be a polynomial time decidable class of structures
of effectively bounded local tree width. Then p-MC(C,FO), the parameterized
model-checking problem for first-order logic on the class C, is fized-parameter
tractable.

More precisely, there is an algorithm that, given A € C and a first-order
sentence p, decides if A |= ¢ in time O(||A|)+ f(||):|A|? for some computable
function f.

Before we prove the theorem, let us discuss some of its consequences and
also limitations. From the preceding examples we obtain:

Corollary 12.23. Let d € N. The parameterized model-checking problem for
first-order logic on the class of structures of degree at most d is fixed-parameter
tractable.

Corollary 12.24. The parameterized model-checking problem for first-order
logic on the class of planar graphs is fized-parameter tractable.

It follows immediately from the corollaries that many of the best-studied
problems in parameterized complexity theory, such as p-INDEPENDENT-SET,
P-SUBGRAPH-ISOMORPHISM, p-DOMINATING-SET, p-CLIQUE-DOMINATING-
SET, and p-VERTEX-DELETION are fixed-parameter tractable when restricted
to planar graphs or to graphs of bounded degree. Similarly, p-KERNEL is fixed-
parameter tractable when restricted to planar directed graphs or to directed
graphs of bounded in- and out-degree.

Recall that the unrestricted parameterized model-checking problem for
first-order logic, p-MC(FO), is complete for the class AW/[x]. Thus the re-
striction of the problem to classes of input structures of effectively bounded
local tree width reduces the complexity considerably. One note of care: Even
though p-MC(FO) is the defining complete problem for AW[x], this does not
imply that every graph problem in AW[*] becomes fixed-parameter tractable
when restricted to planar graphs or to graphs of bounded degree.

Exercise 12.25. Find a parameterized problem for graphs that is W[1]-com-
plete and remains W[1]-complete when restricted to planar graphs.

Hint: Let X be a finite alphabet. Define an encoding g that associates with
every © € Y* a planar graph g(x) such that g is one-to-one, polynomial
computable, and its inverse is also polynomial time computable. -

The reader may wonder if we can generalize Theorem 12.22 from first-
order to monadic second-order logic (just like Courcelle’s Theorem). Unless
PTIME # NP, we cannot do this: It is known that 3-COLORABILITY is NP-
complete for the class of planar graphs of degree at most 4. Since there
is a formula of monadic second-order logic that defines the class of all 3-
colorable graphs (see Example 4.17), it follows that neither Corollary 12.23
nor Corollary 12.24 can be extended to monadic second-order logic. As a
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matter of fact, it follows that the problems p-MC(PLANAR,MSO) and
p-MC(DEG(4), MSO) are complete for para-NP.

Let us close this discussion with a few remarks on the running time of our
fpt-algorithm for p-MC(C, FO) for arbitrary classes C of effectively bounded
local tree width and also for the special cases p-MC(PLANAR,FO) and
p-MC(DEG(d),FO). Recall the linear fpt-algorithm for the planar subgraph
isomorphism problem (see Theorem 12.17). Using covers in a similar way, the
running time of our fpt-algorithm for p-MC(C,FO) in terms of the number
of vertices of the input structure can be improved to n'*¢ for every e > 0
(instead of n?). For a large subfamily of the family of all classes of struc-
tures of bounded local tree width, which includes the class of planar graphs
and all classes of structures of bounded degree, the running time can even be
improved to linear.

The parameter dependence is more problematic, because the lower bounds
of Sect. 10.3 apply. Recall that by Theorem 10.18(2), unless FPT = AW|[x],
there is no fpt-algorithm for p-MC(TREE,FO) with an elementary parameter
dependence. Clearly, the class TREE of unranked trees has bounded local
tree width. Encoding the directed trees by undirected trees, this yields a
corresponding lower bound for undirected trees and hence for planar graphs.

Only for structures of bounded degree we can do slightly better, but even
for MC(DEG(d), FO), where d > 3, we get a triply exponential lower bound
on the parameter dependence. For d = 2, this can be reduced to doubly
exponential.

Proof of Theorem 12.22

The proof crucially depends on the fact that first-order logic can only ex-
press local properties of structures. This informal statement is made precise
by Gaifman’s Theorem. To formally state the theorem, we need a few prelim-
inaries.

Lemma 12.26. Let 7 be a vocabulary and v € N. Then there is a first-order
formula 6,(x,y) such that for all T-structures A and all elements a,b € A we
have

d*a,b) <1 <= A= 6.(a,b).

Proof: We let d1(z,y) be the formula

rT=yV \/ 321...325(R21...zs/\ \/ (zizw/\zj:y)).
ReT 1<4,j<s
with arity(R)=s

For z # y, this formula says that = and y are adjacent in the Gaifman graph.
We define the formulas d,(z,y) for » > 1 inductively, letting

6r(z,y) == 32(0r—1(z, 2) A O1(2,9)). O
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In the following, we will write d(x,y) < r and d(x,y) > r instead of §,(z, y)
and -0, (z,y), respectively.

A first-order 7-formula 9 (x) is r-local if the validity of 1(x) only depends
on the r-neighborhood of x, more precisely, if for all 7-structures A and a € A:

AEY(a) = NA(a) | v(a).

Fact 12.27 (Gaifman’s Theorem). Every first-order sentence is equiva-
lent to a Boolean combination of sentences of the form

Joy.Fwe( N\ dlwixg) > 20 AN (),

1<i<i<e i€[f]

with £, > 1 and r-local ¥ (x). Furthermore, such a Boolean combination can
be found in an effective way.

For a proof of Gaifman’s theorem, we refer the reader to [87]. Let us point
out that the effectivity statement follows easily from the completeness theorem
for first-order logic.

Besides Gaifman’s Theorem, the main ingredient of our proof of Theo-
rem 12.22 is an fpt-algorithm that solves a generalization of the indepen-
dent set problem on input graphs of effectively bounded local tree width. Let
G =(V,E) be agraph, S CV, and £,r € N. Then S is (¢, r)-scattered if there
exist vy,...,vy € S such that dg(vi,vj) >rforl <i<j<U/.

Observe that a set S is (¢, 1)-scattered if it contains an independent set of
¢ elements.

Lemma 12.28. Let C be a class of graphs of effectively bounded local tree
width. Then there is an algorithm that, given a graph G = (V,E) € C, a set
S CV,and l,r € N, decides if S is ({,r)-scattered in time g(¢,r) - |V| for
some computable function g.

Proof: We first observe that the problem is fixed-parameter tractable if pa-
rameterized by the tree width of the input graph:

Claim 1. There is an algorithm that, given a graph G = (V, E), aset S CV,
and £, € N, decides if S is (¢, r)-scattered in time

F(tw(G), 6,r) - V|

for some computable function f.

Proof: We prove the claim by applying Courcelle’s Theorem. We may view a
pair (G, S), where G is a graph and S a subset of the vertex set of G, as a
structure of vocabulary {E, X}, where E is a binary relation symbol inter-
preted by the edge relation of G and X is a unary relation symbol interpreted
by S. The following sentence states that X is (¢, r)-scattered:
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wg’T::Ele...Exe(/\Xmi/\ /\ d(xi,xj)>r).

i€lf) 1<i<j<t

Thus we have (G,S) = v, if and only if S is (¢,r)-scattered. The claim

follows from Courcelle’s Theorem (and Corollary 11.11). 4
SCATTERED(G, S, £, 1)
// G=(V,E) graph, SCV, ¢r>1
1. if S =0 then reject
2. Compute a maximal T' C S of vertices of pairwise distance > r
3. if |T| > £ then
4. accept
5. else if S is (¢,r)-scattered in Ng.(T) then
6 accept
7. else
8 reject.

Algorithm 12.7.

Now we are ready to prove the lemma. Consider Algorithm 12.7. In line 2
it computes a maximal subset T" of S of vertices of pairwise distance > r, that
is,

o d%v,w)>rforallv,weT,
e there is no 7" C S such that T C 7" and d¥ (v, w) > r for all v,w € T".

Such a set T' can be computed in linear time by a simple greedy strategy: Add
avertex v € S\ T to T, remove the r-neighborhood N¢ (v) from G and S, and
repeat this until S\ T is empty.

Of course, if |T| > ¢, then T and hence S is (¢,r)-scattered, and the
algorithm correctly accepts in line 4. In the following, let us assume that
|T| < ¢.

Observe that S C N9(T') by the maximality of T'. Furthermore, S is (¢, r)-
scattered in G if and only if it is (¢, 7)-scattered in N§.(T). To see this, note
that every path in G of length at most r between two vertices of N9 (T') is
contained in N§.(T)). Hence if S is (¢,7)-scattered in Ny.(T), the algorithms
correctly accepts in line 6, otherwise it correctly rejects in line 8. This proves
that the algorithm is correct.

To prove that it has the desired running time, we have to show that the
test in line 5 can be carried out in time f(¢,r) - |[V| for some computable
function f. By claim 1, it suffices to prove that the tree width of N5.(T) is
effectively bounded in terms of £ and . Thus we are done once we have proved
the following claim:

Claim 2. There is a computable function f : N x N — N such that for every
graph G € C, where G = (V, E), and every subset T C V with |T| < ¢ we have
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tw(/\fggr(T)) < f(e,r).

Proof: Let h : N — N be a computable function that bounds the local tree
width of the structures in C. Then for every v € V we have

tw (NS (v)) < h(2r).
But this does not give us a bound on the tree width of the union
NS(T) = | N5.(v)
veT

(at least not immediately).
To obtain such a bound, we define a graph (7, R) by

R (o) | €T, 0(0) <4 1),

As |T| < £, the diameter of every connected component C' of this graph is at
most £ — 2, hence for every component C and every vertex v € C' we have

g g
N3 (C) € Nijri1)(e—2) 420 (V)-
Thus tw(N$.(C)) < h((4r + 1) - (£ — 2) + 2r). Since for distinct connected
components C,C’ of (T, R) the sets NS (C) and N (C') are disjoint, and
there is no edge in G between these sets, this implies

tw(NG.(T)) < h((4r +1)- (€ —2) +2r). .
This completes the proof of the lemma. a

Proof of Theorem 12.22: Let C be a class of structures of effectively bounded
local tree width. Let ¢ be a first-order sentence and 7, its vocabulary. Since
the class of 7,-reducts of the structures in C is of effectively bounded local
tree width, too, we assume that C already consists of 7,-structures. Again
the term O(]|A]]) in the running time of the claim of Theorem 12.22 is only
needed to compute the 7,-reduct of the input structure.

By Gaifman’s Theorem (Fact 12.27) we can assume that

¢ =Jzy ... 3ay( /\ d(xi,xj)>2r/\/\z/)(xi)),

1<i<j<t icle]
with £, € N and r-local 9. Let A € C. Note that ¢,r < |p|. We compute
S:={ac Al AEY(a)}.

By the r-locality of 1, we have S = {a € A | NA(a) = ¥(a)}. Thus, by
Courcelle’s Theorem and since the tree width of NA(a) is effectively bounded
in terms of r, for every a € A it can be decided in time fi(|p])-|A] if a € S for
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some computable f;. Since 3 _ , |[NA(a)| < |AJ?, the set S can be computed
in time O(f1(l¢]) - |4]?).

Observe that

a€A

AE ¢ < S is ({,2r)-scattered.

By Lemma 12.28, the right-hand side of this equivalence can be decided in
time fa(]¢|) - |A| for some computable fs. O

12.3 Minor Closed Classes

Further interesting graph classes for which the first-order model-checking
problem becomes fixed-parameter tractable are minor closed classes of graphs
(cf. Sect. 11.7). Recall that the minor closed classes are precisely the classes
that can be characterized by finitely many excluded minors (Theorem 11.61)
and that every minor closed class of graphs is decidable in cubic time (Theo-
rem 11.62). Let us call a class of graphs nontrivial if it is not the class of all
graphs.

Examples of graph classes that are minor closed are the class of planar
graphs and, more generally, for every fixed surface the class of all graphs that
can be embedded into this surface. Also, for every w € N, the class of all
graphs of tree width at most w is minor closed. An example of a class that
is minor closed, but does not have bounded local tree width is the class of
all apex graphs. A graph G = (V.E) is an apex graph if there is a vertex
v € V such that the graph G\ {v} obtained from G by deleting v and all edges
incident with v is planar.

Theorem 12.29. Let C be a nontrivial class of graphs that is minor closed.
Then p-MC(C,FO) is fixed-parameter tractable.

The proof of this theorem is beyond the scope of this book. It is based on
a structure theorem for classes of graphs with excluded minors, which says
that the graphs in such a class have a tree decomposition whose bags have
“almost bounded local tree width.”

Let us say that a class C of graphs has an excluded minor if there is some
graph H such that H is not a minor of any graph in C. Observe that if C is
a class of graphs that has an excluded minor, then the class of all minors of
graphs in C is a nontrivial minor closed class of graphs. Thus we obtain the
following corollary:

Corollary 12.30. Let C be a polynomial time decidable class of graphs that
has an excluded minor. Then p-MC(C,FO) is fized-parameter tractable.

Similarly to Theorem 12.22, Theorem 12.29 implies that many concrete
parameterized problems such as p-INDEPENDENT-SET, p-DOMINATING-SET,
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p-CLIQUE-DOMINATING-SET, p-SUBGRAPH-ISOMORPHISM, and p-VERTEX-
DELETION are fixed-parameter tractable when restricted to input graphs from
a nontrivial minor closed class of graphs.

Theorem 12.29 and Corollary 12.30 can easily be extended to classes of ar-
bitrary structures whose Gaifman graphs form a minor closed class or have an
excluded minor. For example, this implies that p-KERNEL is fixed-parameter
tractable when restricted to a polynomial time decidable class of directed
graphs whose underlying undirected graphs have an excluded minor.

12.4 Improved Planar Graph Algorithms

In this section, we will introduce another approach to the design of fpt-
algorithms for planar graph problems. It is not as general as the approach
based on local tree width and first-order definability, but it still covers nu-
merous interesting problems such as p-PLANAR-INDEPENDENT-SET and p-
PLANAR-DOMINATING-SET. Furthermore, it leads to algorithms with a much
better parameter dependence; the running time of the algorithms obtained

through this approach is
20(\/k) -n2.

Sometimes, the running time can be further improved, for example, by com-
bining the algorithm with a kernelization. As everywhere else in this book,
our emphasis will be on the general algorithmic method and not on ob-
taining the best possible algorithms for specific planar graph problems. Be-
sides p-PLANAR-INDEPENDENT-SET and p-PLANAR-DOMINATING-SET, we
will consider p-PLANAR-VERTEX-COVER. Note that even though p-VERTEX-
COVER is fixed-parameter tractable on all graphs, a 20(Vk) . n2-algorithm
for p-PLANAR-VERTEX-COVER might be an improvement over the 20(%) . p-
algorithms for the vertex cover problem on arbitrary graphs. Essentially, the
new method is a refinement of the (simple version of the) tree width reduction
method that we used to prove the fixed-parameter tractability of p-PLANAR-
DOMINATING-SET. The improved algorithms are based on the following ver-
sion of the Excluded Grid Theorem 11.60 for planar graphs:

Fact 12.31. Every planar graph of tree width greater than 6s—6 has a (s X s)
grid as a minor.

A proof of this fact can be found in [186].

Lemma 12.32. Let k > 1, and let G be a planar graph that has either
(1) a dominating set of k elements, or

(2) a vertex cover of k elements, or

(3) no independent set of k elements.

Then tw(G) = O(Vk).
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Proof: We will only give the proof for the dominating set problem; the proofs
for vertex cover and independent set are similar. Observe first that an £ x /¢
grid has no dominating set of less than ¢2/5 elements. To see this, note that
every vertex of a grid dominates at most 5 vertices. Thus to dominate all £2
vertices of the grid, we need at least £2/5 vertices in the dominating set. Now
the statement of the lemma would immediately follow from Fact 12.31 if the
property of having a dominating set of at most k elements was preserved under
taking minors, but unfortunately it is not. Note, however, that the property
of having a dominating set of at most k elements is preserved under edge
contractions.

Let G = (V, E) be a planar graph that has a dominating set of at most
k elements. We claim that G has tree width at most 18v/k + 12. Suppose for
contradiction that tw(G) > 18Vk + 12. Then by Fact 12.31, G has a (3v/k +
3) x (3v/k+3) grid as a minor. Since the property of having a dominating set of
size at most k is preserved under edge contractions, without loss of generality
we may assume that G has a (3vk 4+ 3) x (3Vk + 3) grid as a subgraph. A
vertex of a grid is internal if it is not on the boundary cycle. A tedious, but
straightforward argument shows that no vertex of G dominates more than
nine internal vertices of the grid (otherwise, G would have the complete graph
K5 as a minor). Since a (3v/k +3) x (3vk + 3) grid has more than 9% internal
vertices, G can thus not have a dominating set of k elements. a

Theorem 12.33. The problems p-PLANAR-DOMINATING-SET, p-PLANAR-
INDEPENDENT-SET and p-PLANAR-VERTEX-COVER can be solved in time

90(Vk) | n2

where k denotes the parameter and n the number of vertices of the input graph.

Proof: We only give the proof for p-PLANAR-DOMINATING-SET. Let ¢ € N
such that every planar graph with a dominating set of k elements has tree
width at most ¢ - Vk. Given a graph G of size n and a natural number k,
we first check in linear time if G is planar. If it is not, we reject. Otherwise,
we use the algorithm of Proposition 11.14 to compute in time 20(Vh) . 2 o
tree decomposition of G of width at most 4c - vk + 1. If the algorithm finds
no such tree decomposition, then the tree width of G is larger than ¢ - vk
and hence G has no dominating set of k& elements. Otherwise, the algorithm
decides whether G has a dominating set of size k in time 20(Vk) . by dynamic
programming on the tree decomposition. O

Let us remark that for all three problems, there are also algorithms with
a running time of 20(VR) . .
Kernelization

Recall Buss’ Kernelization for vertex cover (see Proposition 9.4). Given an
instance (G, k) of vertex cover, it produces in time O(k - ||G||) an equivalent
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instance (G, k') with ¥’ < k and ||G’|| < 2(k’)%. Furthermore, G’ is a sub-
graph of G (see Remark 9.5) and hence planar if G is planar. If we combine
the algorithm of Theorem 12.33 for p-PLANAR-VERTEX-COVER with Buss’
Kernelization, we obtain an algorithm solving p-PLANAR-VERTEX-COVER in
time

200VK) L O(k - ),

where n denotes the number of vertices of the input graph. We can take
a similar approach for p-PLANAR-DOMINATING-SET. Unless FPT = W2,
there exists no polynomial kernelization for p-DOMINATING-SET on general
graphs, but it can be shown that there is a kernelization for the problem on
planar graphs that leads to a problem kernel of linear size. The algorithm is
based on two reduction rules. Let G = (V, E) be a graph and v € V. Let S(v)
denote the set of all neighbors of v, that is,

Sw) ={weV|{v,w}e E}

We partition S(v) into three sets of vertices, which we call the black, gray, and
white vertices. A vertex w is black (with respect tov) if S(w)\ (S(v)U{v}) # 0,
that is, if w has a neighbor that is neither v nor a neighbor of v. A vertex
is gray (with respect to v) if is not black, but has a black neighbor. A vertex
is white (with respect to v) if it is neither black nor gray. The first reduction
rule is the following:

(R1) If there is a vertex v € V such that there is at least one white vertex
with respect to v and there are at least two vertices that are gray or white,
then delete all gray vertices and all but one white vertices.

Figure 12.8 illustrates the definition of the black, gray, and white vertices and
of the rule (R1). It is easy to see that the rule is correct, that is, if G’ is the
graph obtained from G by applying (R1), then G’ has a dominating set of at
most k elements if and only if G has.

Fig. 12.8. Reduction rule (R1)

The second rule (R2) is similar in spirit, but more complicated. Instead
of the neighborhood of a single vertex it considers the neighborhood of a pair
of vertices. We omit the precise statement of the rule. The following lemma
collects the main results about these reduction rules:
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Lemma 12.34. Let G = (V, E) be a planar graph with n vertices.

(1) If one of the rules (R1) or (R2) is applied to G, then the resulting (planar)
graph G' has a dominating set of cardinality at most k if and only if G
has.

(2) If neither of the two rules can be applied and G has a dominating set of
cardinality at most k, then n = O(k).

(8) Both rules can be applied in polynomial time.

For a proof of the lemma, we refer the reader to [4, 7]. The lemma yields
the following kernelization theorem:

Theorem 12.35. p-PLANAR-DOMINATING-SET has a linear size kerneliza-
tion, that is, there is a kernelization algorithm for p-PLANAR-DOMINATING-

SET that, given an instance (G, k), computes in polynomial time an equivalent
instance (G', k) with ||G'|| = O(k).

Notes

Two general strategies for solving problems on planar graphs are based on the
fact that planar graphs have small separators (due to Lipton and Tarjan [155,
156]) and on a layer wise decomposition similar to the one that we use in here
(this techniques goes back to Baker [19]). The fact that planar embeddings
can be found in linear time (Fact 12.7) is due to Hopcroft and Tarjan [128].
The planarity test described in [197] is due to Shih and Hsu [191].

The idea of proving fixed-parameter tractability of planar graph problems
by the bounded search tree method, as we did for p-PLANAR-INDEPENDENT-
SET, goes back to Downey an Fellows [81, 83]. The planar graph problem
that has received most attention is p-PLANAR-DOMINATING-SET [4, 5, 6, 7,
81, 106, 143]. The algorithm underlying Theorem 12.33 is due to Fomin and
Thilikos [106, 107]. Fact 12.31, the improved version of the excluded grid the-
orem for planar graphs, is from [182, 186]. Alber et al. [8] discuss a different

general approach for solving planar graph problems; it leads to 20(Vh) .y
algorithms for p-PLANAR-DOMINATING-SET, p-PLANAR-INDEPENDENT-SET,
and p-PLANAR-VERTEX-COVER (and other problems). The linear kerneliza-
tion for p-PLANAR-DOMINATING-SET appears in [4, 7].

The fpt-algorithm for p-PLANAR-SUBGRAPH-ISOMORPHISM is due to Epp-
stein [90]. In the same article, Eppstein also introduces the notion of bounded
local tree width (under the name diameter tree width property). In [91], he
characterizes the minor closed classes of graphs of bounded local tree width as
those classes that have an apex graph as an excluded minor. Demaine and Ha-
jlaghayi [68] prove that for minor closed classes of bounded local tree width,
the local tree width is actually bounded by a linear function. In [69, 105], the
algorithmic ideas underlying Theorem 12.33 are extended to larger classes of
graphs and problems.
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Gaifman’s Theorem is proved in [113]. Theorem 12.22 is from [111], and
Theorem 12.29 from [99]. The proof of Theorem 12.29 is based on a structure
theorem for graphs with excluded minors stating that the graphs in such a
class have a tree decomposition whose bags have “almost bounded local tree
width” and algorithmic ideas due to [121]. The structure theorem is based on
Robertson and Seymour’s graph minor theory [181].
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Homomorphisms and Embeddings

The homomorphism problem for relational structures is a fundamental al-
gorithmic problem playing an important role in different areas of computer
science. For example, constraint satisfaction problems in artificial intelligence
and the containment problem for conjunctive queries in database theory can
be viewed as homomorphism problems.

We briefly covered the homomorphism problem in Chap. 7, where we
proved that its parameterization by the size of the left-hand side structure
is W[1]-complete. In the first two sections of this chapter we study restric-
tions of the homomorphism problem obtained by requiring the left-hand side
structure to be from a certain class of structures. We give a complete classifi-
cation of the complexity of such restrictions, both in the sense of polynomial
time solvability and fixed-parameter tractability. Once again, tree width plays
a central role. As a by-product, we obtain a new characterization of the ques-

tion FPT = W]1] entirely in terms of classical complexity.

In the third section we study the related embedding problem. We introduce
a powerful new technique for the design of fpt-algorithms, which is known as
color coding. In its basic form, color coding yields randomized fpt-algorithms.
These can be derandomized by sophisticated hashing techniques. We apply
these techniques to prove that the embedding problem, restricted to left-hand
side structures of bounded tree width, is fixed-parameter tractable.

13.1 Tractable Restrictions of the Homomorphism
Problem

Recall that a homomorphism from a structure A to a structure B is a mapping
that preserves membership in all relations (see p. 73). For every class C of
relational structures, we study the following restriction of the homomorphism
problem
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HowMm(C)
Instance: A structure A € C and a structure B.
Problem: Decide whether there is a homomorphism from A to B.

and its parameterization:

p-HoM(C)
Instance: A structure A € C and a structure B.
Parameter: ||All.
Problem: Decide whether there is a homomorphism from A to B.

If C is the class of all complete graphs, then HoOM(C) is equivalent to the clique
problem CLIQUE with respect to polynomial time reductions, and p-Hom(C)
is equivalent to p-CLIQUE with respect to fpt-reductions. This shows that
for every class C of structures that contains all complete graphs, Hom(C) is
NP-hard and p-Hom(C) is W[1]-hard.

Recall our notation for problems with restricted classes of inputs (see p. 9
in Chap. 1): Formally, HoM(C) is the class of all encodings of pairs (A, B)
of structures such that A € C and there is a homomorphism from A to B.
Thus HoM(C) is not necessarily in NP, because it may not be decidable in NP
whether the input structure A is contained in C. Similarly, if the class C is
undecidable, then the problem p-HoM(C) is not in W[1]. However, deciding if
the input structure A is in the class C and deciding if there is a homomorphism
from A to B are separate issues. In particular, even if C is undecidable there
may be a polynomial time algorithm that, given an instance (A, B) of Hom
with A € C, correctly decides if there is a homomorphism from A to B. The
drawback is that if we do not know if 4 € C we do not know if the answer
given by this algorithm is correct.

Exercise 13.1. Let C be a class of structures.
(a) Prove that the membership problem for C is polynomial time reducible
to HoM(C).
(b) Prove that the following three statements are equivalent:
i. C is decidable.
ii. Hom(C) is decidable.
iii. p-Hom(C) € W[1]. =

Exercise 13.2. Let C be a decidable class of graphs such that for every k € N
there is a graph G € C that has a k-clique.

(a) Prove that p-HoM(C) is W[1]-complete.

(b) Is HoM(C) necessarily NP-hard? -

In this and the following section we address the question for which classes C
the problems Hom(C) and p-HoM(C) are tractable.
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Example 13.3. Recall that a labeled (unranked) tree is a tree whose vertices
are labeled with symbols from some alphabet . We represent such a tree as
a structure 7 = (T, E7, (P? )4ex). The class of all labeled trees is denoted
by TREE;.

We claim that HOM(TREE;) is solvable in polynomial time. To prove this,
we describe a simple dynamic programming algorithm that solves the problem.
Let (7,B) be an instance of the problem, where 7 = (T, E7, (PT),ex) €
TREE, and B = (B, EB, (P5),cx).

Recall that for every node t € T, by 7; we denote the subtree of 7 rooted at
t. Our algorithm proceeds as follows: Starting at the leaves of 7', it inductively
computes for every ¢ € T the set H(t) of all b € B such that there is a
homomorphism h from 7; to B with h(t) = b.

To see how H(t) is computed, let ¢ € T with label a € ¥, that is, t € P7.
Then H(t) is the set of all b € B such that:

e be P5

e TFor all children u of ¢ there exists a ¢ € H(u) such that (b,c) € EB.
Obviously, if ¢ is a leaf the second condition is vacuous. Using the two condi-
tions, the sets H(t) for all ¢ € T can be computed in polynomial time. There
is a homomorphism from 7 to B if and only if H(r) # (), where 7 denotes the
root of 7. B

It is straightforward to generalize the previous example from trees to struc-
tures of bounded tree width. We leave this as an exercise to the reader (see
Exercise 13.4). Let us point out that this generalization is also an immediate
consequence of Theorem 13.12 proved below. Recall that a class C of struc-
tures has bounded tree width if there is some w € N such that tw(A) < w for
all A e C.

Exercise 13.4. Let C be a polynomial time decidable class of structures of
bounded tree width. Prove that HoM(C) is in polynomial time.

Hint: Given an instance (A, B) of Hom(C), let (7, (a’)ter) be an ordered
tree decomposition of A (see p. 263). Devise an algorithm that for every
t € T computes the set of all tuples b of elements of B such that there is a
homomorphism from A to B that maps a* to b. -

Clearly, there are also classes of unbounded tree width that have a tractable
homomorphism problem. For example, consider the class BIP of all bipartite
graphs. HOM(BIP) is almost trivial, because if G is a bipartite graph with at
least one edge and H is an arbitrary graph, then there is a homomorphism
from G to H if and only if H has at least one edge.

Nevertheless, tree width is the key structural property that leads to
tractable homomorphism problems. The crucial idea is to look at tree width
modulo homomorphic equivalence.

Definition 13.5. Two relational structures A and B are homomorphically
equivalent if there are homomorphisms from A to B and from B to A. -
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Observe that for all structures A, A’, B, if A is homomorphically equivalent
to A’ then there is a homomorphism from A to B if and only if there is a
homomorphism from A" to B. In other words, (A, B) and (A’, B) are equivalent
instances of the homomorphism problem. Note, however, that these instances
may have completely different sizes, as the following example shows.

Example 13.6. All bipartite graphs with at least one edge are homomor-
phically equivalent. In particular, all bipartite graphs with at least one edge
are homomorphically equivalent to the graph with two vertices and one edge
between them. =

Exercise 13.7. Prove that it is NP-complete to decide if a given graph is
homomorphically equivalent to a triangle.

Hint: Show that a graph G is 3-colorable if and only if the disjoint union
of G with a triangle is homomorphically equivalent to a triangle. o

Homomorphic equivalence is closely related to the concept of a core of a
relational structure.

Definition 13.8. (1) A structure is a core if it is not homomorphically equiv-
alent to a proper substructure of itself.
(2) A structure B is a core of a structure A if
e BB is a substructure of A;
e B is homomorphically equivalent to A;
e [Bis a core. -

Note that the condition in (1) can be slightly weakened: A structure A is a
core if and only if there is no homomorphism from A to a proper substructure
of A.

A homomorphism from a structure A to itself is called an endomorphism
of A. Let h be a homomorphism from a 7-structure A to a 7-structure B. The
image of A under h is the 7-structure h(.A) with universe h(A4) and

RMAY .= {n(a) | a € R}
for every R € 7.

Lemma 13.9. Let A and B be homomorphically equivalent structures, and let
A’ and B’ be cores of A and B, respectively. Then A" and B’ are isomorphic.
In particular, all cores of a structure are isomorphic.

Proof: Note that, by the transitivity of homomorphic equivalence, A" and B’
are homomorphically equivalent. Let ¢ be a homomorphism from A’ to B’
and h a homomorphism from B’ to A’. Then ho g is an endomorphism of A’.
Since A’ is a core, it follows that h o g is onto and thus one-to-one. Hence ¢ is
one-to-one.
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Then the image g(A’) is a substructure of B’ isomorphic to A’ and thus
homomorphically equivalent to B’. Since B’ is a core, it follows that g(A’) =
B’. Hence g is an isomorphism. O

In view of Lemma 13.9, we usually speak of the core of a structure, keeping
in mind that it is only unique up to isomorphism.

Observe that tree width is neither preserved under homomorphic images
nor under homomorphic equivalence. For example, for all even k > 1 thereis a
homomorphism h from a path Py of length k2 (of tree width 1) to a complete
graph Ky, (of tree width k—1) such that h(Py2) = K. Furthermore, the (kx k)
grid Grxx has tree width k. As a bipartite graph, Gixx is homomorphically
equivalent to Py (of tree width 1).

Definition 13.10. (1) Let w € N. A structure A has tree width at most w
modulo homomorphic equivalence if A is homomorphically equivalent to
a structure of tree width at most w.

(2) A class C of structures has bounded tree width modulo homomorphic equiv-
alence if there is a w € N such that every structure A € C has tree width
at most w modulo homomorphic equivalence. -

Lemma 13.11. Let w € N. Then a structure A has tree width at most w
modulo homomorphic equivalence if and only if the core of A has tree width
at most w.

Proof: For the forward direction, suppose that A has tree width at most w
modulo homomorphic equivalence, and let B be a structure of tree width at
most w that is homomorphically equivalent to A. Let A’ and B’ be cores of
A and B, respectively. By Lemma 13.9, A" and B’ are isomorphic. Since B’ is
a substructure of B, we have tw(B’) < tw(B). Hence

tw(A') = tw(B') < tw(B) < w.
The backward direction is immediate. O

We are now ready to state the main result of this section:

Theorem 13.12. Let C be a class of structures of bounded tree width modulo
homomorphic equivalence. Then there is a polynomial time algorithm that,
given an instance (A, B) of HoM(C) with A € C, correctly decides if there is
a homomorphism from A to B.

The proof of the theorem is based on a game. A partial homomorphism
from a structure A to a structure B is a mapping 7 : A’ — B defined on a
subset A’ C A such that 7 is a homomorphism from the induced substructure
of A with universe A’ to B.

Definition 13.13. Let A and B be 7-structures and p > 1. The ezistential p-
pebble game on (A, B) is played by two players called Spoiler and Duplicator.
Each player has a set of pebbles labeled 1,...,p.
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The game is played in successive rounds as follows: In round 0 of the game,
Spoiler places his pebbles on elements of A and Duplicator answers by placing
her pebbles on elements of B. In each following round, Spoiler picks up some
of his pebbles and places them on new elements of A. Duplicator answers by
picking up her pebbles with the same labels as those picked up by Spoiler
and placing them on elements of B. The players are allowed to place several
pebbles on the same element.

Let 7 > 0. For ¢ € [p], let a; € A be the element on which Spoiler’s
pebble with label 7 is placed after round r and b; € B the element on which
Duplicator’s pebble with label i is placed. The game ends after round r if the
assignment

mr(a;) :=b; fori € [p]

either does not define a mapping , (because a; = a; and b; # b; for some
i,7 € [p]) or defines a mapping =, that is not a partial homomorphism; in
this case Spoiler wins the game. Otherwise, the game continues with round
(r 4+ 1). If the game continues forever, Duplicator wins. =

It should be clear how to define a winning strategy for either Spoiler
or Duplicator in the existential p-pebble game on (A, B). Furthermore, as
Lemma 13.14 shows, the game is determined, that is, either Spoiler or Dupli-
cator has a winning strategy.

It will be convenient to have some additional terminology. For every r > 0,
an r-round winning strategy for Spoiler is a winning strategy for Spoiler with
the additional property that each play of the game in which Spoiler plays
according to this strategy ends before the (r + 1)st round.

Note that a position of the existential p-pebble game on (A, B) can be
described by a pair (@, b) of p-tuples @ = (ay,...,a,) € AP, b= (by,...,b,) €
BP. Suppose that after round r the game is in position (@, b). Suppose that in
round (r + 1), Spoiler picks up his pebbles labeled i1, ...,4, € [p] and places
them on elements aj , ..., a; € A withaj, # a;, forall j € [q], and Duplicator
answers by picking up her pebbles labeled i1,...,7; € [p] and placing them
on elements b} ,...,b; € B. Let a’ = (a},...,a;) be the tuple defined by

;o a;f‘, ifiE{il,...,iq},

a;, ifiE[pJ\{il,...,iq},
and let ' be defined analogously. Then we say that in round (r + 1) Spoiler
moves to @', and Duplicator answers by moving to b'.

The existential p-pebble game on (A, B) starting from position (a,b) €
AP x BP is the variant of the game where instead of choosing the first position
of the game in round 0, the players start the game in round 1 with their
respective pebbles already being placed on a1, ...,a, and by,...,b,. Winning
strategies and r-round winning strategies for this modification of the game
are defined in a straightforward manner.
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Lemma 13.14. Let p > 1. Then the following problem can be decided in
polynomial time:

GAME(p)

Instance: Structures A and B.

Problem: Decide whether Duplicator has a winning strategy
for the existential p-pebble game on (A, B).

Moreover, if (A, B) ¢ GAME(p), then there is an |A[P - | B|P-round winning
strategy for Spoiler.

Proof: Let A and B be structures. The idea is to compute by induction on
r > 0 the set W, of all positions (a,b) of the existential p-pebble game on
(A, B) such that Spoiler has an r-round winning strategy for the game starting
from position (a, b).

Winning in 0 rounds starting from position (@, b) simply means that Spoiler
has already won before the first round, that is, a; — b; for ¢ € [p] does not
define a partial homomorphism. Thus

Wy = {(aj)) € AP x BP ’ a; — b; for i € [p] does not define (13.1)

a partial homomorphism ¢.

To compute W11 from W, we observe that Spoiler has an (r 4+ 1)-round
winning strategy from a position (a,b) if and only if in the first round he can
force a position (@', b’) from which he has an r-round winning strategy. Thus

Woir = {(a,B) € A7 x B (13.2)
3a' = (d,...,aq,) € AP Vb = (b%,...,b,) e BY:

If b = b; for all i € [p] with = a;, then (@/,5) € WT}.

Intuitively, @ ranges over all possible moves Spoiler in the first round, and o’
ranges over all possible answers of Duplicator. The condition b, = b; for all
i € [p] with a = a; makes sure that Duplicator only moves pebbles that are
also moved by Spoiler. Note that we admit @’ = @, in which case the condition
simply says that (@, b) € W,.. This accounts for plays of the game lasting fewer
than r 4+ 1 rounds.
Let
W .= U W,.
r>0
Since for all » > 0 we have W, C W,.41, there must be an r* < |AP| - |BP|
such that Wy« = W,.,1 = W. Clearly, for all (d,l;) € W, Spoiler has a
winning strategy for the game starting from position (a, b). We claim that for
all (@,b) € (AP x BP)\ W, Duplicator has a winning strategy. To see this,
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let (@,b) € (AP x BP)\ W = (AP x BP) \ W,«41. Then by (13.1), a; — b;
for ¢ € [p] defines a partial homomorphism from A to B. Thus Spoiler does
not win the game starting from position (@, b) in 0 rounds (that is, before the
first round is played). By (13.2), for all @’ = (aj,...,a;) € AP there exists
a bl = (bf,...,b)) € BP such that b; = b; for all i € [p] with a] = a; and
(@',b') € (AP x BP)\ W,« = (AP x BP)\ W. Thus for every possible move of
Spoiler in the first round, Duplicator has an answer such that the new position
is still in (AP x BP) \ W. This gives Duplicator a winning strategy.

(13.1) and (13.2) provide an easy way to compute Wy« in polynomial time
(remember that p is fixed). Finally, to decide if Duplicator has a winning
strategy for the existential p-pebble game on (A, B), we compute the set W
and check if for all @ € AP there is a b € BP such that (a,b) ¢ W. O

The connection between the existential pebble game and the homomor-
phism problem is established by the following lemmas:

Lemma 13.15. Let A and B be structures. Let w > 1 and suppose that A
has tree width at most w modulo homomorphic equivalence. Then there is a
homomorphism from A to B if and only if Duplicator has a winning strategy
for the existential (w + 1)-pebble game on (A, B).

Proof: For the forward direction, let A be a homomorphism from A to B.
Duplicator’s strategy in the game is to play according to h, that is, whenever
Spoiler places a pebble on an element a € A, then Duplicator places the cor-
responding pebble on h(a). Clearly, this is a winning strategy for Duplicator.

Let us turn to the backward direction: Let A’ be homomorphically equiva-
lent to A with tw(A") < w. Let (7, (a')ter) be an ordered tree decomposition
of A" of width (w + 1). Suppose that 7 = (T, F), r is the root of 7, and
a' = (at,...,al, ) for all t € T. Without loss of generality, we may assume
that

for all edges (s,t) € F and a € {af,..., a1} N{al,...,al, 1}

there is an i € [w + 1] such that a = af = al. (13.3)

We can always achieve this by reordering the tuples.
For all t € T we define a tuple b = (b},...,b!, ) € B**! as follows:

e If ¢ is the root of 7, then bt is the answer of Duplicator according to her
winning strategy if in round 0, Spoiler moves to a’.

e If t has a parent s, then b is the answer of Duplicator according to her
winning strategy if in position (a®,b*) Spoiler moves to a’.

Then for all a € A’ there exists a unique b € B such that whenever a = al
for some t € T and i € [w + 1], then b = bf. This follows from (13.3) and
the fact that for all a € A’ the set of all ¢ € T such that a € {al,...,al, |}
is nonempty and connected in 7 (by Definition 11.23(1)). Letting h(a) := b
thus defines a mapping h : A’ — B. Furthermore, since for all ¢ € T the
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mapping defined by a! — b! for i € [w+ 1] is a partial homomorphism and by
Definition 11.23(2), the mapping h is a homomorphism from A’ to B.

Thus there exists a homomorphism from A’ to B, and since A’ and A
are homomorphically equivalent, there also exists a homomorphism from A
to B. a

Proof of Theorem 13.12: Let C be a class of structures and w € N such
that each structure A € C has tree width at most w modulo homomorphic
equivalence.

Given an instance (A, B) of HoM(C), our algorithm checks if Duplicator
has a winning strategy for the (w+ 1)-pebble game on (A, B). This is possible
in polynomial time by Lemma 13.14. If A € C, then A is homomorphically
equivalent to a structure of tree width at most w, and hence by Lemma 13.15
the answer given by the algorithm is correct. O

Corollary 13.16. Let C be a polynomial time decidable class of structures
of bounded tree width modulo homomorphic equivalence. Then Hom(C) is in
polynomial time.

Corollary 13.17. Let C be a decidable class of structures of bounded tree
width modulo homomorphic equivalence. Then p-HoM(C) is fized-parameter
tractable.

As opposed to all our earlier algorithms on structures of bounded tree
width, including the straightforward homomorphism algorithm for classes of
structures of bounded tree width suggested in Exercise 13.4, the algorithm
underlying Theorem 13.12 has the remarkable property that it never com-
putes a tree decomposition. Actually, the algorithm does not even determine
a structure of bounded tree width that is homomorphically equivalent to the
input structure. All the algorithm does is compute a winning strategy for the
existential pebble game. Tree width is only used to prove that the algorithm
is correct.

The name “existential p-pebble game” reflects the fact that the game is re-
lated to the existential p-variable fragment of first-order logic, as the following
exercises illustrates. Let 3FO denote the set of all first-order formulas in which
no negation symbols and universal quantifiers occur. Remember that implica-
tions “—” and bi-implications “<~” are abbreviations that involve negations.
Thus neither implications nor bi-implications are allowed in JFO-formulas.
For p > 1, let AFOP denote the set of all IFO-formulas in which at most p
distinct variables occur.

Exercise 13.18. Let A be a structures and n,p € N. Prove that there is an
JFOP-sentence 7 such that for every structure B with |B| < n:

B = ¢'y <= Duplicator has a winning strategy
for the existential p-pebble game on (A, B).

Hint: Apply Lemma 13.14. -
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Exercise 13.19. Let A and B be structures and p > 1. Prove that Duplicator
has a winning strategy for the existential p-pebble game on (A, B) if and only
if every JFOP-sentence that is satisfied by A is also satisfied by B. -

Exercise 13.20. Prove that the following problem is W[1]-hard:

p-GAME
Instance: Structures A and B, and k € N.
Parameter: k.
Problem: Decide whether Duplicator has a winning strategy
for the existential k-pebble game on (A, B).

13.2 The Complexity of the Homomorphism Problem

Theorem 13.21. Let 7 be a vocabulary and C a recursively enumerable class
of T-structures that is not of bounded tree width modulo homomorphic equiv-
alence. Then p-HoMm(C) is W[1]-hard.

Before we prove this theorem, let us discuss some of its consequences. Recall
that for undecidable classes C the problem p-HoM(C) is undecidable. For
decidable C we get the following dichotomy result:

Corollary 13.22. Let 7 be a wocabulary and C a decidable class of T-
structures. Then p-HoM(C) is either fized-parameter tractable or W[1]-com-
plete.

Furthermore, if FPT # W(1], then p-HoM(C) is fized parameter tractable
if and only if C is of bounded tree width modulo homomorphic equivalence.

We get the following characterization of the tractable unparameterized
problems Hom(C):

Corollary 13.23. Let 7 be a vocabulary and C a class of T-structures. As-
sume that FPT # WI1]. Then HoM(C) is in polynomial time if and only
if C is in polynomial time and of bounded tree width modulo homomorphic
equivalence.

Note that here the assumption FPT # W]Jl| from parameterized com-
plexity is used to prove a statement entirely in the realm of classical com-
plexity. The reader may wonder if we cannot weaken the assumption to,
say, PTIME # NP. Surprisingly, we cannot—the following theorem shows
that the statement of the corollary is actually equivalent to the assump-
tion FPT # WJ1]. It thus gives a characterization of the question whether
FPT # W[1] entirely in terms of classical complexity:

Theorem 13.24. The following statements are equivalent:
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(1) FPT = W[1].

(2) There is a polynomial time decidable class C of graphs that is not of
bounded tree width modulo homomorphic equivalence such that HoM(C)
1s in polynomial time.

Proof: (2) = (1) by Corollary 13.23.

To prove that (1) = (2), suppose that FPT = W]J1]. Then p-CLIQUE €
FPT. Let f be a computable function such that p-CLIQUE is solvable in time
f(k) -n®M) . Without loss of generality we may assume that f(k) > k for all
k > 1 and that f is time constructible.

For k > 1, let Gy be the graph with vertex set [f(k)] and edges {i,j} for
1 < i< j <k Thus G is a clique of cardinality k¥ padded with f(k) — k
isolated vertices. The core of Gy is a clique of cardinality k£ and thus has tree
width k—1. Let C be the class of all G, for £ > 1. Since f is time constructible,
C is decidable in polynomial time.

We shall now describe a polynomial time algorithm for Hom(C). Let G €
C, say, G = Gy, and let ‘H be an arbitrary graph. There is a homomorphism
from G to H if and only if H contains a k-clique. Deciding whether H contains
a k-clique requires time f(k) - |[|[H||M) < [|G]| - ||H||°Y) if we use the fpt-
algorithm for p-CLIQUE. O

Another remarkable consequence of Theorem 13.12 and Theorem 13.21 is
that polynomial time decidability and fixed-parameter tractability coincide
for problems HoMm(C) for polynomial time decidable classes C.

Corollary 13.25. Let 7 be a vocabulary and C a polynomial time decidable
class of T-structures. Assume that FPT # WJ[1]. Then p-Hom(C) is fized-
parameter tractable if and only if HOM(C) is in polynomial time.

Exercise 13.26. Let 7 be a vocabulary and C a recursively enumerable class

of 7-structures. Assume that FPT # WIJl]. Prove that the following three

statements are equivalent:

(a) There is a polynomial time algorithm that, given an instance (A, B) of
HowMm(C) with A € C, correctly decides if there is a homomorphism from
A to B.

(b) There is an fpt-algorithm that, given an instance (A, B) of Hom(C) with
A € C, correctly decides if there is a homomorphism from A to B.

(¢) Cis of bounded tree width modulo homomorphic equivalence. =

Proof of Theorem 13.21

Recall graph minors and the Excluded Grid Theorem from Sect. 11.7. It will
be convenient here to describe minors by mappings similar to homomorphisms
and embeddings.
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Definition 13.27. Let G = (V9, E9) and H = (V*, E™) be graphs. A minor
map from H to G is a mapping

w: V' — Pow(V9)

with the following properties:

(MM1) For all v € V* the set pu(v) is nonempty and connected in G.

(MM2) For all v,w € V* with v # w the sets u(v) and p(w) are disjoint.

(MM3) For all edges {v,w} € E™ there are v € u(v),w’ € pu(w) such that
{v',w'} € EY. .

Slightly abusing terminology, we call a minor map p from H to G onto if
UvGVH /’L(U) = Vg'

It is easy to see that there is a minor map from H to G if and only if H is
a minor of G. Moreover, if H is a minor of a connected graph G then we can
always find a minor map from H onto G.

Let A be a connected 7-structure. (A structure is connected if its Gaifman
graph is connected.) Furthermore, let k > 2, ¢ := (’;), and p : [k] x [{] —
Pow(A) a minor map from the (k x £) grid onto the Gaifman graph of A.
Let us fix some bijection 5 between [¢] and the set of all unordered pairs of
elements of [k]. For p € [¢], we sloppily write i € p instead of i € ((p). It
will be convenient to jump back and forth between viewing the columns of
the (k x ¢) grid as being indexed by elements of [¢] or by unordered pairs of
elements of [k].

Let G = (V, E) be a graph. We shall define a 7-structure B = B(A, i1, G)
such that there is a homomorphism from A to B if and only if G contains a
k-clique.

The universe of B is

B := {(uai,p,a) EVXxEx[klx[{]xA ‘ (ve e<:>i€p)7a€,u(i,p)}.
We define the projection I1: B — A by letting
(v, e,i,p,a) :=a

for all (v,e,i,p,a) € B. Recall that the minor map p is onto. Thus every
a € A is contained in u(i,p) for some (i,p) € [k] x [(]. Note that for every
a € p(i,p), the set I (a) consists of all tuples (v, e, i, p, a), where v € V and
e € E such that (v € e <= i € p). As usually, we extend II and IT-! to
tuples of elements by defining them component wise.

We define the relations of B in such a way that II is a homomorphism from
Bto A: For every R € T, say, of arity r, and for all tuples @ = (a1,...,a,) € RA
we add to R all tuples b = (by,...,b,) € II71(a) satisfying the following two
constraints for all b = (v,e,4,p,a), b = (V',e,i,p',a") € {b1,...,b.}:

(C1) If i =4’ then v = ',
(C2) If p=p' thene=¢".
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Lemma 13.28. The projection 11 is a homomorphism from B to A.
Proof: Follows immediately from the definition of . O

Lemma 13.29. If G contains a k-clique, then there is a homomorphism from

A to B.

Proof: Let v1,...,vr be the vertex set of a k-clique in G. Recall that (§ is a
bijection between [¢] and the set of unordered pairs of elements of [k]. For
p € [£] with 8(p) = {j,j'}, let ey, € E be the edge between v; and vj.

We define h: A — V x E x [k] x [¢] x A by letting

h(a) := (vi, €p, i, D, a)

for i € [k], p € [¢], and a € u(i,p).

The mapping is total because the minor map p is onto. It follows imme-
diately from the definition of e, that (v; € e, <= i € p). This implies that
h(A) C B, that is, h is a mapping from A to B.

To prove that h is a homomorphism, let R € 7 be r-ary and a =
(a,...,a,) € RA Let i1,...,3, € [k] and pyi,...,p, € [¢] be such that
a; € p(ij,pj) for all j € [r]. Then

h(a) - ((Uil,epl,ilapla al)a ceey (vim ep,-airapr,ar)) .

Conditions (C1) and (C2) are trivially satisfied, thus h(a) € RE. Therefore, h
is a homomorphism from A to B. O

Lemma 13.30. Suppose that A is a core. If there is a homomorphism from
A to B, then G contains a k-clique.

Proof: Let h be a homomorphism from A to 5. Then f := Il o h is an endo-
morphism of A. Thus by Lemma 13.9, f is an automorphism, because A is a
core. Without loss of generality we assume that f is the identity. If this is not
the case, we consider the homomorphism h o f~! instead of h.

By the definition of II, this means that for all i € [k], p € [{], and a €
w(i,p), there exist v, € V and e, € E such that

h(a) = (Va, €as i, D, a).
Since h(a) € B, we have (v, € e, < i € p).
Claim 1. For all i € [k], p € [¢], and a,a’ € u(i, p) we have
Vg = Vg, and e, = €.

Proof: Since u(i,p) is connected in A, it suffices to prove the claim for a,a’
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such that there is an edge between a and o’ in the Gaifman graph of A.
So let R € 7, say, of arity r, and @ = (a1,...,a,) € RA such that

a,a’ € {ai,...,a,}. Since h is a homomorphism we have h(a) € R®. Thus
by conditions (C1) and (C2), we must have v, = v, and e, = eq. This
proves claim 1. -

Claim 2. For i,7' € [k], p € [¢{] and a € u(i,p), a’ € p(i’,p) we have
€q = €q’.

Proof: By a simple inductive argument in which claim 1 is the base case, it

suffices to prove claim 2 for ¢/ =1 + 1.

Since p is a minor map from the (k x £) grid to the Gaifman graph of A
and there is an edge between (i,p) and (¢,p) in the grid, there is an edge
between p(i,p) and u(i’,p) in the Gaifman graph of A. Thus there must be
some relation R € 7 and tuple @ € R* such that both u(i,p) and u(i’,p)
contain an element of a.

Let R € 7 be r-ary and a = (a1, .. .,a,) € RA. Without loss of generality,
suppose that a; € p(i,p) and az € p(i',p). Since h is a homomorphism we
have h(a) € R®. Thus by condition (C2) we have e,, = e,,. By claim 1, we
have e, = e,, and e, = e4,. This completes the proof of claim 2. =

Claim 3. For i € [k], p,p’ € [£] and a € u(i,p), a’ € u(i,p’) we have
Vg = Vg

Proof: Analogously to the proof of claim 2 using condition (C1) instead of
(C2). o

The last two claims imply that there are vertices v1,...,vix € V and edges
e1,...,e¢ € E such that for all i € [k], p € [{], and a € u(i,p) we have
h(a) = (v;, ep,4,p, a). Since h(a) € B for all a € A, this implies that

v; € ep < 1 ED.
Thus v1, ..., v form a k-clique. O

Proof of Theorem 13.21: Let C be a recursively enumerable class of 7-
structures that is not of bounded tree width modulo homomorphic equiva-
lence.

We shall give an fpt-reduction from the parameterized clique problem to
p-HoM(C). Given a graph G and an integer k£ > 1, we have to compute in
time f(k)-]|G]|°™M), for some computable function f, a structure A € C and a
structure B such that there is a homomorphism from A to B if and only if G
has a k-clique. Moreover, the size of A has to be effectively bounded in terms
of k.



13.2 The Complexity of the Homomorphism Problem 341

Let G = (V, E) be a graph and k > 1. Let ¢ := (g) By the Excluded Grid
Theorem 11.60, there is a w such that every graph of tree width larger than
w contains the (k x ¢) grid as a minor. By our hypothesis that C is not of
bounded tree width modulo homomorphic equivalence, there is a structure
A € C that is not homomorphically equivalent to any structure of tree width
at most w. Let A be such a structure, and let A’ be the core of A. Then
tw(A’) > w, and hence the Gaifman graph of A’ contains the (k x ¢) grid as
a minor. Let p : [k] x [(] — A’ be a minor map from the (k x ¢) grid to the
Gaifman graph of A’.

Note that, given k, we can effectively find such an A € C, its core A’, and
the minor map p: We start enumerating C, and for each A € C we compute
the core A’ and try to find a mapping u : [k] x [(] — A’ that is a minor map
from the (k x ¢) grid to the Gaifman graph of A’.

So suppose now that A € C, A’ is the core of A, and p: [k] x [{] - A" is a
minor map from the (k x £) grid to the Gaifman graph of A’. Let A” be the
connected component of A" that contains the image of p. (A connected com-
ponent of a structure is an induced substructure whose universe is a connected
component of the Gaifman graph of the structure.) A” is also a core. Without
loss of generality we can assume that g is a minor map from the (k x £) grid
onto A”. We let B’ := B(A"”, u,G). By Lemmas 13.29 and 13.30, there is a
homomorphism from A” to B’ if and only if G contains a k-clique. Let B be
the disjoint union of B’ with A"\ A”. Since A’ is a core, every homomorphism
from A’ to B maps A” to B’. Thus there is a homomorphism from A’ to B
if and only if G contains a k-clique. Since A’ is the core of A, it follows that
there is a homomorphism from A to B if and only if G has a k-clique.

We have already noted that A only depends on k and can be effectively
found. Computing the core A’ and the minor map p may require time expo-
nential in the size of A, but this is still bounded in terms of k. Observe that
the cardinality of an 7-ary relation R5 is at most

(A < (V] - [E9] - |A])

Since the vocabulary 7 is fixed, this is polynomial in ||.A4|| and ||G||. It follows
that the size of B is polynomially bounded in terms of ||.A|| and ||G||, and it
is easy to see that B can also be computed in polynomial time. This shows
that the reduction (G, k) — (A, B) is an fpt-reduction. O

Theorem 13.21 only applies to classes C of structures of a fixed vocabulary.
The following exercises deal with classes of structures of varying vocabulary.

Exercise 13.31. For all n € N, let R,, be an n-ary relation symbol, and let
A, be the {R,,}-structure with universe [n] and

R ={(1,...,n)}.

Let C:={A, | n € N}.
Prove that C is not of bounded tree width modulo homomorphic equiva-
lence and that Hom(C) is in polynomial time. =
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A class C of structures is of bounded arity if there is an r € N such that
the vocabulary of all structures in C is at most r-ary.

Exercise 13.32. Let C be a recursively enumerable class of structures of
bounded arity that is not of bounded tree width modulo homomorphic equiv-
alence. Prove that p-HoMm(C) is W[1]-hard. =

Exercise 13.33. Let C be a recursively enumerable class of graphs of un-
bounded tree width, and let D be the class of all structures whose Gaifman
graph is in C. Prove that p-Hom(D) is W[1]-hard. 4

13.3 Color Coding and the Embedding Problem

Recall that an embedding is a one-to-one homomorphism. In this section, we
study the following restrictions of the parameterized embedding problem for
classes C of structures:

p-EMB(C)
Instance: A structure A € C and a structure B.
Parameter: ||All.
Problem: Decide whether there is an embedding from A to B.

Let us remark that the unparameterized problem EMB(C) is NP-hard for
most classes of structures. For example, if C is the class of all paths then the
Hamiltonian path problem is polynomial time reducible to EMB(C) and hence
EMB(C) is NP-complete.

In this section, we shall prove that for all decidable classes C of bounded
tree width the parameterized embedding problem p-EMB(C) is fixed-parame-
ter tractable. To prove this, we introduce a beautiful technique for designing
fpt-algorithms that is called color coding. In its original form, color coding is a
technique for designing randomized fpt-algorithms; these can be derandomized
using a technique known as perfect hashing.

Color Coding

We use a standard model of randomized algorithms, say, probabilistic Turing
machines (see, for example, [20]). A randomized fpt-algorithm is simply an
fpt-algorithm on a probabilistic Turing machine.

Definition 13.34. Let (Q, x) be a parameterized problem over the alphabet
3. A Monte Carlo fpt-algorithm for (Q, k) is a randomized fpt-algorithm A
(fpt with respect to k) such that for all x € £*:

o Ifz €@, then Pr(A accepts z) > 1/2.

o Ifz ¢ @, then Pr(A accepts z) = 0. =
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Theorem 13.35. Let C be a polynomial time decidable class of structures of
bounded tree width. Then there is a Monte Carlo fpt-algorithm for p-EMB(C).
More precisely, the running time of this algorithm on a given instance
(A,B) is
20(k) . po)

where k := |A| and n = ||A|| + /8]

Let us first explain the basic idea of color coding by sketching a sim-
ple Monte Carlo fpt-algorithm for p-EMB(C) that is slightly slower than de-
manded and then present a more refined algorithm in detail. Let w > 1 such
that all structures in C have tree width at most w.

Let A € C and B be structures and k := |A| and n := ||A|| + ||B]].

Since we can solve the homomorphism problem HoM(C) in polynomial
time, we know how to decide in polynomial time if there is a homomorphism
from A to B, but that does not help us immediately, because a homomorphism
is not necessarily one-to-one. We resort to a simple trick to force homomor-
phisms to be one-to-one.

We color the elements of A using k colors in such a way that each vertex
gets a different color. Let A* be the resulting structure. Then we randomly
color the elements of B with the same k colors that we used for A. Let B*
be the resulting structure. Observe that each homomorphism from A* to B*
must be one-to-one, since we cannot map differently colored elements of A*
to the same element of B*. In other words, every homomorphism from A* to
B* is an embedding. Of course, such an embedding also yields an embedding
from A into B. Thus if there is no embedding from A into B, then there is no
homomorphism from A* to B*. On the other hand, if there is an embedding h
from A into B, then with a small positive probability p(k), which only depends
on the number k of elements of A, for every a € A the element h(a) of B* has
the same color as a. If this is the case, then the mapping A is a homomorphism
from A* to B*. To summarize:

e If there is an embedding from A to B, then the probability that there is a
homomorphism from A* to B* is at least p(k).

e If there is no embedding from A to B, then there is no homomorphism
from A* to B*.

Since tw(A*) = tw(A) < w, we can decide in polynomial time if there is a
homomorphism from A* to B*. Thus we obtain a randomized polynomial time
algorithm that is almost a Monte Carlo algorithm for p-EMB(C), except that
the probability p(k) of acceptance is too small. By repeating the algorithm
[1/p(k)] times with independent colorings of B, we can boost the acceptance
probability so that it is at least (1 — 1/e) > 1/2. This gives us the desired
Monte Carlo fpt-algorithm.

The probability p(k) that a copy of A in B gets the “right colors” is 1/k".
Hence the running time of our algorithm is
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kR nOW),

With a little more effort, we can improve the running time to 20(%) . pO1),
Instead of requiring a copy of A in B to have exactly the same color scheme
as A*, we only require all elements to have distinct colors. The probability
that this happens is 1/e* (as opposed to 1/k* for the exact color scheme).

Before we start with the formal proof of the stronger statement of Theo-
rem 13.35, let us clarify our terminology. A k-coloring of a set B is a mapping
A : B — [k]. A subset A C B is colorful (with respect to A) if the restric-
tion of A to A is one-to-one. A random k-coloring of a set B is a mapping
A : B — [k] obtained by independently choosing for each b € B the image
A(b) € [k] uniformly at random.

Lemma 13.36. Let B be a set, A C B, and k := |A|. Furthermore, let A be
a random k-coloring of B. Then

Pr(A is colorful ) > e *.

Proof: Observe that
!

Kk
Then the statement of the claim follows from Stirling’s formula:

Pr(A is colorful ) =

E\F B\
( > Vor ok < k! < ( > Vo k- e(1/126) 0
€ e

A copy of a structure A in a structure B is a substructure of B that is
isomorphic to A. A copy A’ of A in B is colorful with respect to a coloring
A: B — [|A]] of B if A’ is colorful with respect to A.

Lemma 13.37. For every w > 1, the following problem can be solved in time

20(16) . nw-{-l’
where k := |A|, w :=tw(A), and n:= ||A]| + ||B]|:

Instance: Structures A and B and a coloring A : B — [|A]].
Problem: Decide whether there is a copy of A in B that is
colorful with respect to .

Proof: Given an instance (A, B, A) of the problem, we first compute an ordered
tree decomposition (7, (a')ier) of A of width w’ < 4 -tw(A) + 1. (We apply
Proposition 11.14 to the Gaifman graph of A.)

Let k := |A|. For t € T, suppose that a’ = (ai,...,al, ). Let
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Ay :={a€ A|a=a} for some u € T} and i € [w' + 1]},

and let A; be the induced substructure of A with universe A;. Hence A; is
the substructure of A “covered” by the subtree 7;.

By dynamic programming on the tree decomposition, we compute for every
t € T and every C C [k] of cardinality | A;| the set of all tuples (b1, ..., by +1) €
B"'*1 such that there is a homomorphism h from A; to B with A(h(4;)) = C
and h(al) = b; for all i € [w’ + 1].

It is easy to see that this can be done within the required time bounds. O

Proof of Theorem 15.35: Consider the algorithm CC-EMB (Algorithm 13.1).
Clearly, if there is no embedding of A into B then CC-EMB(A, B) rejects.

CC-EMB(A, B)

1. k< |A]

2. repeat [e’ﬂ times

3. randomly choose a k-coloring A of B

4. if B contains a copy of A that is colorful w.r.t A then
. accept

6. reject

Algorithm 13.1.

If there is an embedding h, consider the copy h(A) of A in B. By
Lemma 13.36, the probability that h(A) is not colorful with respect to a
randomly chosen k-coloring A is at most 1 — e™*. Thus the probability that
h(A) is not colorful for any A chosen by the algorithm is at most

(1 _e—k)[ek] < e—efk.ek — 6_1 < 1

Thus 1

Pr(CC-EMB accepts (A, B)) > o
If we use Lemma 13.37 to implement the test in line 4, the algorithm has the
desired running time. O

Exercise 13.38. Prove that the following parameterized edge-disjoint trian-
gle problem can be solved by a Monte Carlo fpt-algorithm:

p-EDGE-DI1SJOINT-TRIANGLE
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G contains k edge-disjoint triangles.
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Exercise 13.39. Prove that the following parameterized set splitting problem
can be solved by a Monte Carlo fpt-algorithm:

P-SET-SPLITTING
Instance: A hypergraph H = (V, E) and k € N.
Parameter: k.
Problem: Decide whether there is a partition of V' into two sets
V1,V such that at least k edges e € E have a non-
empty intersection with both V4 and V5.

Derandomization by Perfect Hashing

Definition 13.40. Let M, N be sets and k € N. A k-perfect family of hash
functions from M to N is a family A of functions from M to N such that for
every subset K C M of cardinality k there is a A € A such that the restriction
of A to K is one-to-one. -

To explain the idea of the derandomization of our color coding algorithm,
let A and B be structures. Let k := |A|. Let A be a k-perfect family of hash
functions from B to [k]. Instead of the random k-colorings A in the color
coding algorithm, we use the functions A € A. Since A is k-perfect, for every
subset A’ C B of k elements there is a A € A such that A’ is colorful with
respect to A.

HasH-EMB(A, B)

1. k«— |A‘

2. compute a k-perfect family A of hash functions from B to [k]
8. for all A € A do

4. if B contains a copy of A that is colorful w.r.t A\ then

5. accept

6. reject

Algorithm 13.2.

Consider the algorithm HASH-EMB (Algorithm 13.2). Clearly, the algo-
rithm is correct. To turn this algorithm into an fpt-algorithm, we need an
efficient construction of a k-perfect family A of hash functions.

Theorem 13.41. For all n,k € N there is a k-perfect family A, of hash
functions from [n] to [k] of cardinality

20 (k) . log2 n.
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Furthermore, given n and k, the family A, i can be computed in time 20(k) .
n-log®n.

Corollary 13.42. Let C be a polynomial time decidable class of structures of
bounded tree width. Then the problem p-EMB(C) is fixed-parameter tractable.

More precisely, there is an fpt-algorithm for the problem whose running
time on a given instance (A, B) is

9009 . ,00),
where k := |A| and n = ||A|| + /8]

Proof: Algorithm 13.2 achieves the desired bound if it uses the family A,, ;. of
perfect hash functions constructed in Theorem 13.41. a

For later reference, we state another corollary:

Corollary 13.43. The following two problems are fized-parameter tractable:

p-PATH
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G contains a path of length k.

p-CYCLE
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether G contains a cycle of length k.

The proof of Theorem 13.41 uses the following two number-theoretic lem-
mas:

Lemma 13.44. There is an ng € N such that for all n € N with n > ng and
for all k € [n] the following holds: For every set K C [n] with |K| = k there is
a prime number p < k? -logn such that for all x,y € K with © < y we have

(y—z) 0 mod p.

Proof: The proof of this lemma is based on the prime number theorem, by
which for every x € R we have

Z Inp =2+ o(z).

p<x prime

Let ng be sufficiently large such that for all z > logng, we have
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Z logp > Z lnp>;. (13.4)

p<x prime p<z prime

Let n € N with n > ng, k € [n], and K C [n] with |K| = k. Then

k 1
log J] (v—=)< (2) logn <, -k - logn.

z,ye K
<y

By (13.4) we have
1
log H p > 2-k2~1ogn.

p< k2 -logn prime

Thus there is some prime p < k2-logn such that p does not divide the product
[le,yex (y — z) and hence none of the terms (y — z) for z,y € K with z < y.
<y

O

Lemma 13.45. Let k,¢ € N such that k < ¢, and let p be a prime number.
Let K C Ny with |K| =k such that for all z,y € K with © < y we have

(y—x) 0 mod p.
Let
S:={(a,z,y) ep—1x K x K|z <y,
(a -2 mod p) = (a-y mod p) mod ¢}.
2

Then |S| < kg “(p—1).

Proof: Note first that

|S] = Z {a€[p—1]|(a -z modp) = (a-ymodp)mod£}|. (13.5)
r,yeK
<y
For all z,y,a we have (a -2 mod p) = (a - y mod p) mod ¢ if and only if
a-(y—xz)=>b modp

for some b € {i-£| —(p—1)/¢ < i < (p—1)/¢}. Since a # 0 mod p and
(y — ) # 0 mod p, we can rule out b = 0. For each of the at most 2(p — 1)/¢
remaining values of b there is exactly one a € [p— 1] such that a- (y —z) = b
mod p, because (y—x) has a multiplicative inverse in Z,,. Thus for all z,y € K
such that z < y there are at most 2(p — 1)/¢ numbers a € [p — 1] such that
(a-x mod p) = (a-y mod p) mod ¢. Plugging this into (13.5), we obtain
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_ 2
si<(3)- 277 =Y o-n-F 6. o

Proof of Theorem 13.41: In the following, we fix k,n € N such that n > k
and n > ng for the ng in the statement of Lemma 13.44.
Each hash function A € A,, ;, will be the composition of three functions

A in] — [0,k — 1],

M2 :[0,k% — 1] — [0, 6k — 1],

A2 :[0,6k — 1] — [k],
taken from classes A, A2, A3, respectively, of k-perfect hash functions. For the
definition of A%, we use an auxiliary class © of hash functions that are not

necessarily perfect. We shall describe the classes separately. Figure 13.3 gives
a schematic overview.

1] In|
Al
o -1
)
i K x?
Of -+ fst =] -+ [|Z5Z0 s3]+ ok 1
|+
i 4

Fig. 13.3. The hash scheme

We let A be the class of all functions A, , : [n] — [0,k* — 1] defined by
1 - 2
Ay o) :== (a - mod p) mod k~,
where p < k? - logn is a prime number and a € [p — 1].

Claim 1. A' is a k-perfect family of hash functions from [n] to [0, k* — 1].

Proof: Let K C [n] such that |K| = k. Choose p < k? - logn according to
Lemma 13.44. Let

S = {(a,x,y) eEp—-1xKxK ’ T < y,)\;’a(x) = /\;,’a(y)}.
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By Lemma 13.45 we have |S| < p — 1. Thus there must be some a € [p — 1]
such that for all 2,y € K with # < y we have A} ,(z) # A} ,(y), that is, the
restriction of A} , to K is one-to-one. This proves claim 1. =

Claim 2. |AY] < k*-log® n.
Proof: Obvious, because A! contains at most one function X, for all b,a €
[k? - logn]. 4

To define the class A2, we first define an auxiliary class © of functions
from [0, k2 — 1] to [0,k — 1]. The idea is to define the functions in A? in two
steps. Let K C [0, k% — 1] and suppose we want to find a one-to-one mapping
from K into [0, 6k — 1]. In the first step, we use a function ¥ € © to map K to
[0, k—1] in such a way that there are few collisions. Then for each i € [0, k—1]
we look at the set K; of all x € K with 9(z) = 4. If there are few collisions, all
sets K; will be small. Let s; := |K;|. In the second step, we give a one-to-one
mapping from K; into an interval of length s? that is of the the same type as
the hash functions in A'. The sum Zle 57 will be smaller than 6k — 1, so all
the mappings for the K; can be combined to a mapping with range [0, 6k — 1].

We let p(k) be the least prime number greater than k2. By Bertrand’s
postulate we have p(k) < 2k%. We let © be the class of all functions ¥, :
[0,k% — 1] — [0,k — 1] defined by

Yo () := (a -z mod p(k)) mod k,

where a € [p(k) — 1].
O is not a k-perfect family of hash functions, but we can prove the following
weaker statement:

Claim 3. Let K C [0,k% — 1] such that |K| = k. For a € [p(k) — 1] and
i € [0,k — 1], let s(a,i) := |[{z € K | Ya(x) = i}|. Then there exists an
a € [p(k) — 1] such that

> s(a,i)? < 3k. H
1€[0,k—1]

Before we prove the claim, note that if ¢, is “perfect for K,” that is, the
restriction of ¥, to K is one-to-one, then s(a,i) =1 for all ¢ € [0,k — 1] and
hence ;1 1] s(a,i)? = k. While we cannot achieve this for every K, the
lemma shows that we can guarantee a bound that is still linear in k.

Proof of claim 3:. Let
S = {(a,x,y) € p(k) = 1] x K x K | 2 < y,0a(w) = Valy)}-

By Lemma 13.45 we have |S| < k- (p(k) — 1).
Now we observe that
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> >

a€[p(k)—1]i€[0,k—1]

S H(zy) € K2 | 9a(2) = Ya(y)}|

a€[p(k)—1]
3 (2. {(z,y) € K* |z <y, 0a(z) = Va(y)}| + |K|>
a€p(k)—1]
=2[S|+ (p(k) = 1) -k
< 3k-(p(k) —1).

Thus there is some a € [p(k) — 1] such that > o,y s(a,i)? < 3k. This
completes the proof of claim 2. -

Note that the functions in A! and © have simple succinct descriptions:
A function A}, € A can be described by the pair (p,a) € [k? - logn]? and
a function ¥, € © by the number a € [p(k) — 1]. The functions in the class
A? that we now introduce also have succinct descriptions, but these are more
complicated. A A2%-description is a tuple

(a;So,...,Sk_lgbl,...,bg;Ll,...,Lg),

where a € [p(k) — 1], so,...,sk—1 € [0, k] such that

(i) ZzG[Ok 1]31—]‘5

(i) > ief0h— 1].9 < 3k,

{:=[logk], b1,...,be € [p(k) — 1], and Ly,..., Ly C [0,k — 1] such that:
(

(iv)

(v

111) Ly,..., Ly are pairwise disjoint (but may be empty),
iv) |[L;U...ULg| < k-2 for all i € [(],
) LiU...UL, =10,k —1].
Associated with every A%-description D = (a;s1,...,8%;b1,...,be; L1,..., Ly)

is a function A% : [0,k% — 1] — [0,6k — 1] defined as follows: For every x €
[0, k% — 1], let i := Y, (z) and j € [¢] such that i € L;.

o Ifs; =0,let A3 (z) :=0.
o Ifs; >0,let

A (x) = ((bj -z mod p(k)) mod 2s; ) + Z 252 . (13.6)

Claim 4. A% is a k-perfect class of hash functions from [0, k* —1] to [0, 6k —1].
Proof: Let K C [0,k? — 1] with |K| = k. We shall construct a A2-description

D:(a;SO,...,Skflgbl,...,bg;Ll,...,Lg)
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such that the restriction of /\2D to K is one-to-one.
Let a € [p(k) — 1] and, for i € [0,k — 1],

K;:={zx € K |9,(z) =14}, and s;:=|K,,

such that Zie[O,k—l] s? < 3k. Such an a exists by claim 2. Note that
80y - -, Sk—1 satisfy (i) and (ii).
For i € [0,k — 1] with s; > 0, let

Si = {(b,z,y) € pk) — 1] x K; x K; | x <y,
(b mod p(k)) = (b y mod p(k)) mod 2s7 }.

Since | K;| = s;, by Lemma 13.45, we have |S;| < (p(k)—1)/2. Callb € [p(k)—1]
good for i if
(b- 2 mod p(k)) # (b-y mod p(k)) mod 2s?

for all z,y € K; with z < y. Then the probability that a randomly chosen
b € [p(k) — 1] is good for i is greater than (1/2). Let L C [0,k — 1]. Then the
expected number of ¢ € L such that a randomly chosen b € [p(k) — 1] is good
for i is greater than |L|/2. Therefore, there exists a b(L) € [p(k) — 1] such that
b is good for more than half of the ¢ € L.

We are now ready to construct the numbers b1,...,b, € [p(k) — 1] and
the sets Ly,..., Ly C [0,k — 1] of the description D. We let by :=b([0, k — 1))
and L; the set of all j € [0,k — 1] such that b; is good for j. For i > 1, we
let R; := [0,k — 1]\ Uj=; L; and b1 := b(R;). We let Li41 be the set of all
j € R; such that b;1 is good for j.

Then, clearly, Li,..., L, satisfy (iii). A straightforward induction shows
that for all ¢ € £ we have

1L U.. UL\>Z S(1—277).

This implies that Ly, ..., Ly satisfy (iv). To see that they satisfy (v), note that
1
ILiU... ULl >k-(1—279) >k (1— k) k-1

Thus D = (a; 80, ---,86—1;b1,.-.,be; L1, ..., Lg) is a A%-description.

It remains to prove that the restriction of A% to K is one-to-one. Let
xz,2’ € K with < 2’ and ¢ := ¥4(x), i’ :=94(2'). Then z € K; and 2’ € Ky
and therefore s;, sy # 0.

Note that

i'—1

€ [%25%,i25%—1}, and % (x [ZQSWL,ZQS }
m=1 m=1
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Thus if i # 4/, then A% (x) # A% (2'). In the following, we assume that i = 4.
Then z,2" € K;. Let j € [¢] such that i € L;. By our choice of b; and L;, the
multiplier b; is good for . Thus

((bj -z mod p(k)) mod 28?) # ((bj -2’ mod p(k)) mod 28?)

It follows that

(bj - @ mod p(k)) monS) 223

= ((
(b -2’ mod p(k)) mod25) ZQS
=\2

p(a).

This completes the proof of claim 4. -

Claim 5. |A%] <200,

Proof: We give an upper bound for the number of A2-descriptions D =

(a; 80,y Sk—1;b1,...,b0;L1,..., Ly):

e The number of a € [p(k) — 1] is at most p(k) — 1 < 2k?.

o Bach tuple (so, ..., sk-1) € [0,k] with } .,y 8i = k can be described
by a subset Sp C [k] (containing the indices ¢ where s; = 0) and a subset
Sy C [k] (containing the sums Z§'=o s; for i € [k — 1]). Thus the number
of (so,...,sk—1) satisfying (i) is at most 22%.
The number of tuples (by, ..., be) € [p(k)—1]° is at most 2k2¢ = 21+2[log k12,
The number of tuples (Lq, ..., L) of subsets of [0, k— 1] satisfying (iii)—(v)

is at most ,
1_[2"*2_7"+1 — ¥ k2T < 92k
i=1
Thus
\A2\ < 9k2. 9% ol+2[logk1? 92k _ 9O(k)_
This completes the proof of claim 4. 4

It remains to define the class A of functions from [0,6k — 1] to [k]. For
each K C [0,6k — 1] of k elements we let A3 : [0,6k — 1] — [k] be the function
defined by

X (2) = 1, if KNJ[0,z] =0,
K |K N[0, z]|, otherwise.

We let A® be the class of all such functions )\%.

Claim 6. A3 is a k-perfect class of hash functions from [0, 6k — 1] to [k].

Proof: Let K C [0,6k— 1] of cardinality k. Then the restriction of the function
A3 to K is one-to-one. =
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Claim 7. |[A3] < 200K, .

Now we let A, ; be the class of all functions A\® o A2 o A!, where X € A’
Then by claims 1, 4, and 6, A, ; is a k-perfect class of hash functions from
[n] to [k]. By claims 2, 5, and 7: A, x| < 20®) . log® n.

To compute the family A, x, we compute p(k) and ¢ := [logk]. Then we
enumerate all tuples

D= (paa17a2750,~~-askflablv"'abeaLla"'aLeaK)

with p € [1, [k* -logn]], a1 € [p — 1], az € [p(k) — 1], s0,..., 561 € [0,..., k]
such that Zf:_ol s;i =k, by,...,bp € [p(k) — 1], L1,...,Le C [0,k — 1] such
that conditions (iii) and (iv) hold, and K C [0,...,6k — 1] such that |K| = k.
There are at most 2°%) . log? n such tuples D. For each of them we check if
p is a prime and if (as;s0,...,Sk—1;b1,...,0e;L1,..., Ly) is a As-description.
If these two conditions are satisfied, the tuple D describes a function A € A.
We can evaluate this function for all i € [n] and store the results in a table.!
The necessary arithmetic can easily be carried out in time O(n) because all
numbers involved are of length O(logn). O

Notes

Exercise 13.4 is due to Freuder [109]. At least for graphs, the result was also
known in the graph algorithms community and underlies, for example, [172].
Theorem 13.12 was only proved quite recently by Dalmau, Kolaitis, and Vardi
[64]. The existential pebble game was introduced in [149] and has since then
found many different applications in database theory, artificial intelligence,
and complexity (for example, [18, 149, 150]).

Theorem 13.21 and its consequences were shown in [120], building on [123],
where Exercise 13.33 was proved.

It was proved by Plehn and Voigt [172] that the embedding problem for
graphs of bounded tree width is fixed-parameter tractable. The color coding
technique that we use here to prove this result is due to Alon et al. [12].
It yields slightly more efficient algorithms than [172]. The fixed-parameter
tractability of p-SET-SPLITTING (Exercise 13.39) from [67] , and the fixed-
parameter tractability of p-EDGE-DISJOINT-TRIANGLE (Exercise 13.38) is
from [159]. By a combination of color coding and dynamic programming,

'For our purposes, it is easiest to store the functions explicitly in tables, but,
of course, this is not necessary. Instead, we can also just store the descriptions D
and then evaluate the functions if needed. Each evaluation just requires constantly
many arithmetic operations and time O(log k) if the sums """ 252, (cf. (13.6))
and an appropriate data structure for the sets L; are precomputed and stored with
the description.
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Fellows et al. [96] obtained fpt-algorithms for a number of related packing
and matching problems.

The derandomization of the color coding algorithms based on perfect hash-
ing is also from [12]. The perfect hashing scheme of Theorem 13.41 is from
[189, 192], refining an earlier scheme by Fredman et al. [108]. A further refine-
ment has been obtained in [12]; the cardinality of the k-perfect family of hash
functions obtained there is 2°(*) . logn. The overall structure of this family
is very similar to the one presented here. Only the first level, that is, the k-
perfect family A! of perfect hash functions from [n] to [0, k?] is replaced by
a family constructed from a small sample space of almost k-wise independent
random variables (see [10, 163]).

Open Problems

It is not known if there are any classes C of unbounded tree width such that
the parameterized embedding problem p-EMB(C) is fixed-parameter tractable.
We conjecture that this is not the case, or more precisely, that p-EMB(C) is
W([1]-complete for every decidable class C of structures of unbounded tree
width.

At present, this problem is wide open. As a matter of fact, it is not even
known if the following problem, which is equivalent to p-EMB(C) for the class
of all complete bipartite graphs, is W[1]-complete. Let Ky ¢ denote the com-
plete bipartite graph with &k vertices on one side and ¢ vertices on the other
side:

p-COMPLETE- BIPARTITE-SUBGRAPH
Instance: A graph G and k € N.
Parameter: k.
Problem: Decide whether Iy, i, is isomorphic to a subgraph

of G.



14

Parameterized Counting Problems

Some of the deepest and most fascinating results of (classical) complexity
theory are concerned with counting problems. A parameterized complexity
theory of counting problems has only been developed fairly recently and is
still in its early stages. This chapter is an introduction into the state of the
art of this theory.

14.1 Fixed-Parameter Tractable Counting Problems

We view counting problems simply as functions F' : ¥* — Ny, where X is a
finite alphabet. Arguably, this includes problems that intuitively we would
not call counting problems, but there is no harm in including them.

Definition 14.1. A parameterized counting problem is a pair (F, k), where
F : ¥* — Ny for some finite alphabet 3, and s is a parameterization of >*. -

We use a similar notation for parameterized counting problems as we do
for decision problems, indicating with a “#” symbol that the problem is a
counting problem. For example, the counting version of the parameterized
vertex cover problem is:

p-#VERTEX-COVER
Instance: A graph G and k € N.
Parameter: k.
Problem: Compute the number of vertex covers of G of car-
dinality k.

Definition 14.2. A parameterized counting problem (F, k) is fized-parameter
tractable if there is an fpt-algorithm with respect to x that computes F. -

A fundamental fixed-parameter tractable problem is the hitting set prob-
lem parameterized by the cardinality of the hitting set and the maximum edge
size of the input hypergraph. Let us consider its counting version:
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p-card-#HITTING-SET
Instance: A hypergraph H = (V, E) and k € N.
Parameter: k+ d, where d := max{|e| | e € E}.
Problem: Compute the number of hitting sets of H of cardi-
nality k.

Theorem 14.3. p-card-#HITTING-SET is fized-parameter tractable. More
precisely, there is an algorithm solving p-card-#HITTING-SET in time

O(d™ - M)

Proof: Without loss of generality, we always assume the d > 2. We consider
the following generalization of the hitting set problem:

p-card-# GENERALIZED-HITTING-SET
Instance: A hypergraph H = (V, E), a natural number k €
N, and a set FF C V of forbidden vertices.
Parameter: k+ d, where d := max{|e| | e € E}.
Problem: Compute the number of hitting sets S of ‘H with
SCV\F and|S|=k.

To solve the problem, we apply a straightforward recursive algorithm similar
to the basic decision algorithm for p-card-HITTING-SET (see Theorem 1.14).
We take an edge e of the input hypergraph H. We know that each hitting set
S of H with S C V' \ F and |S| = k has a nonempty intersection Sy with
e\ F of cardinality at most k. We branch on such subsets: For each Sy, we
let H' = (V', E’) be the hypergraph obtained from H by deleting all vertices
in Sp and all edges that contain a vertex in Sp. We let F/ := F'U (e \ Sp) and
k' := k—|Sp|. Then the number of hitting sets S of H with S C V'\ F, |S| = k,
and SNe = Sy is precisely the number of hitting sets S" of H' with S C V'\ F’
and |S’| = k’. The algorithm is displayed in detail as Algorithm 14.1.

To analyze the running time of the algorithm, let T'(k,n,d) denote the
maximum running time of COUNTGHS(H, ¥/, F') for H = (V, E) with ||H|| <
n, max{le| | e € E} < d, and k¥’ < k. We get the following recurrence:

T(0,n,d) = O(1)
T(k,n,d)= > <‘ZZ) -T(k —i,n,d) + O(n)

1<i<min{k,d}

(for n,k € N). Here the ith term in the sum accounts for all subsets Sy C e
with |Sp| = 4 in lines 6-10 of the algorithm. Let ¢ € N be a constant such that
the terms O(1) and O(n) in the recurrence are bounded by ¢ - n. We claim
that for alld > 2 and k > 0,
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CouNTGHS(H, k, F)
// H = (V,E) hypergraph, k >0, F CV
1. if k> |V \ F| then return 0
2. else if £ = () then return (lV;F‘) //(where (5) =1)
3. else
4. choose e € &
5. h+—0
6. for all So C e\ F with 0 < |So| < k do
7. Vi—V\Sy; B —{e€cE|eCV'};H « (V',E')
8. F' «— FuU(e\ S
9. k' — Kk —|So
10. h « h+ CountGHS(H', k', F")
11. return h

Algorithm 14.1. Counting generalized hitting sets

T(k,n,d) <c-d* -n. (14.1)

We prove this claim by induction on k. For k£ = 0, it is immediate by the
definition of ¢. For k > 0, we have

d .
T(k,n,d) < Z <_>~c~d2(k1)~n+c~n
i

1<i<min{k,d}

d .
<. 2k . —21 .
<c-d n Z (z)d +c-n
1<i<min{k,d}
§c~d2k-n-2d_i+c-n (because (d) < d"
i€[d] L
<c-d*.n (because Z d7t < 3/4 and d** > 4).
1€[d]

This proves (14.1) and hence the theorem. O

Corollary 14.4. (1) p-#VERTEX-COVER is fized-parameter tractable.
(2) The problem p-deg-#DOMINATING-SET is fized-parameter tractable, where

p-deg-#DOMINATING-SET
Instance: A graph G = (V, E) and k € N.
Parameter: k + deg(G).
Problem: Compute the number of dominating sets of G of
cardinality k.

Exercise 14.5. Prove that the following problem p-deg-#INDEPENDENT-SET
is fixed-parameter tractable.
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p-deg-#INDEPENDENT-SET
Instance: A graph G = (V,E) and k € N.
Parameter: k + deg(G).
Problem: Compute the number of independent sets of G of
cardinality k.

Of course, our logic-based decision problems have their counting analogues.
For every first-order formula ¢(X) with a free relation variable X, say, of arity
s, the counting version of the parameterized problem Fagin-defined by ¢ is:

p-#WD,
Instance: A structure A and k € N.
Parameter: k.
Problem: Compute the number of relations S C A? of cardi-

nality |S| = k such that A = ¢(S).

Corollary 7.31 is the decision version of the result contained in the following
exercise.

Exercise 14.6. Prove that for every II;-formula that is positive in X the
problem p-#WD,, is fixed-parameter tractable. -

The examples we have seen so far show that the elementary fpt-algorithms
based on the technique of “bounded search trees” can usually be extended
from the decision to the counting problems. What about the other techniques
for designing fpt-algorithms that we have seen in this book?

We will see below that the automata-based algorithms and dynamic pro-
gramming algorithms on tree decompositions can usually be extended from
decision to counting problems, even though this is not always trivial. Kernel-
ization is usually not compatible with counting. The results of Sect. 14.4 show
that the color coding method cannot be extended to counting problems. How-
ever, in Sect. 14.5 we will see that color coding does at least yield approximate
counting algorithms.

For the remainder of this section, we turn to dynamic programming algo-
rithms on tree decompositions. Let us first consider the problem of counting
homomorphisms. For every class C of structures, we consider the problem

#HomMm(C)
Instance: A structure A € C and a structure B.
Problem: Compute the number of homomorphisms from A to B.

and its parameterization p-#HoM(C) by the cardinality of the left-hand side
structure.
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Theorem 14.7. Let C be a polynomial time decidable class of structures of
bounded tree width. Then #HoM(C) is solvable in polynomial time.

Proof: Let w € N be an upper bound for the tree width of all structures in
C. Given an instance (A, B) of the problem, we first compute an ordered tree
decomposition (7, (at)ter) of A of width at most w. For simplicity, we assume
that the length of all tuples @’ is (w + 1).

For t € T, suppose that a’ = (al,...,al, ;). Let

Ai:={a€ A|a=a} for some u € Ty and i € [w+ 1]},

and let A; be the induced substructure of A with universe A;. Hence A; is
the substructure of A “covered” by the subtree 7;.

By dynamic programming on the tree decomposition, we compute for every
t € T and every tuple (by,...,by+1) € BYT! the number of homomorphisms
h from A; to B with h(a) = b; for all i € [w + 1].

It is easy to see that this can be done in polynomial time (for fixed w). O

For classes C of structures and classes ® of formulas we define the counting
version of the model-checking problem for ® on C in the natural way:

Instance: A structure A € C and a formula ¢ € ®.
Parameter: |y|.
Problem: Compute |¢o(A)|.

As usual, if C is the class of all structures, we denote the problem by
p-#MC(®).

The following theorem shows that the main results of Chaps. 11 and 12
extend to counting problems.

Theorem 14.8. (1) For every polynomial time decidable class C of struc-
tures of bounded tree width, the problem p-#MC(C, MSO) is fized-param-
eter tractable.

(2) For every polynomial time decidable class C of structures of bounded local
tree width, the problem p-#MC(C,FO) is fized-parameter tractable.

The proof of (1) is a fairly straightforward generalization of the proof of the
corresponding result for the decision problem. The proof of (2) is more com-
plicated and involves a lot of tedious combinatorics. We omit the proofs here.

14.2 Intractable Parameterized Counting Problems

Let us briefly review some classical counting complexity theory: The basic
class of intractable counting problems, corresponding to the class NP of de-
cision problems, is #P. A counting problem F' : ¥* — Ny is defined to be in
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#P if there is a polynomial time nondeterministic Turing machine M such
that F(x) is the number of accepting runs of M on input z € ¥*. It is
easy to show that many of the standard NP-completeness results translate
to #P-completeness results under polynomial time parsimonious reductions.
A parsimonious reduction from a counting problem F' to a counting problem
F’ maps an instance x of F to an instance ' of F’ such that F(x) = F'(z').
For example, the problem #SAT(3-CNF) of counting the number of satisfying
assignments of a given 3-CNF-formula is #P-complete under polynomial time
parsimonious reductions.

In general, counting problems are much harder to solve than the corre-
sponding decision problems. For example, a fundamental result due to Valiant
says that counting the number of perfect matchings of a bipartite graph is
#P-complete, whereas deciding whether a perfect matching exists is solvable
in polynomial time. As most of the more advanced completeness results in
counting complexity, Valiant’s completeness result only holds under polyno-
mial time Turing reductions and not under parsimonious reductions. A further
well-known result illustrating the power of counting is Toda’s theorem stating
that all decision problems in the polynomial hierarchy are contained in the
closure of #P under polynomial time Turing reductions.

The following example shows that Valiant’s theorem immediately gives us
an example of a hard parameterized counting problem whose decision version
is fixed-parameter tractable.

Example 14.9. We parameterize the matching problem by the “trivial” pa-
rameterization Kone (cf. Example 1.8):

Instance: A bipartite graph G.
Parameter: 1.
Problem: Decide whether G has a perfect matching.

This problem is solvable in polynomial time and thus is fixed-parameter
tractable. Its counting version (“Count the perfect matchings of G.”), however,
cannot be fixed-parameter tractable unless every function in #P is computable
in polynomial time. This is because the problem is already #P-complete for
the fixed parameter value 1. -

As for decision problems, we are mainly interested in parameterized count-
ing problems (F, k) whose slices

Foooe F(z), if k(z) = k,
0, otherwise,

for £ € N, are computable in polynomial time. Examples of such problems
are the natural counting versions of problems considered earlier in this book,
such as p-#WSAT(A) for classes A of propositional formulas (“Compute the
number of satisfying assignments of weight k& of a formula o € A, where k is
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the parameter”), p-#CLIQUE (“Compute the number of cliques of cardinality
k in a graph, where k is the parameter”), p-#PATH (“Compute the number
of paths of length & in a graph, where k is the parameter”), and p-#CYCLE
(“Compute the number of cycles of length k in a graph, where k is the pa-
rameter”). Note that the last three problems are restrictions of the counting
version of the parameterized embedding problem.

To develop a theory of intractable parameterized counting problems, we
need suitable reductions:

Definition 14.10. Let (F,x) and (F’,k’) be parameterized counting prob-
lems over the alphabets ¥ and ¥/, respectively.
(1) An fpt parsimonious reduction from (F,k) to (F',r’) is a mapping R :
¥* — (X)* such that:
a) For all z € ¥* we have F(z) = F'(R(z)).
b) R is computable by an fpt-algorithm (with respect to k).
¢) There is a computable function g : N — N such that x'(R(x)) <
g(k(x)) for all x € ¥*.
(2) An fpt Turing reduction from (F, k) to (F’, ') is an algorithm A with an
oracle to F’ such that:
a) A computes F.
b) A is an fpt-algorithm with respect to .
c¢) There is a computable function g : N — N such that for all oracle
queries “F’(y) =7” posed by A on input & we have r'(y) < g(k(x)). 4

For parameterized counting problems (F, k) and (F’, k'), we write (F, x) <P
(F' k') if there is an fpt parsimonious reduction from (F,k) to (F’,x’)
and (F,x) <P*T (F’ k') if there is an fpt Turing reduction from (F,x) to
(F', k). The closure of a class C of parameterized counting problems un-
der fpt parsimonious reductions, that is the class of all parameterized count-
ing problems (F, k) for which there exists a problem (F’,x’) € C such that

(F, k) <™ (F', ') is denoted by [C] ' Hence we use the notations <™ and
[ - Pt both for fpt many-one reductions between decision problems and for fpt
parsimonious reductions between counting problems. No confusion will arise,
because these notations are always used together with problems or classes of
problems.

In some sense, we may view parsimonious reductions as many-one reduc-
tions satisfying an additional property. Let us make the correspondence be-
tween decision problems, counting problems, and reductions more precise: If F’
is a counting problem over some alphabet X, then the decision problem corre-
sponding to F is the problem @, where Q := {z € X* | F(x) > 0}. Conversely,
we call F' a counting problem corresponding to Q. A bit sloppily, occasionally
we also speak of “the” counting problem corresponding to a decision problem,
because for most decision problems there is one natural corresponding count-
ing problem. If F' and F’ are counting problems over alphabets X, ¥’, and Q
and @’ are the corresponding decision problems, then we say that a many-one
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reduction R : ¥* — (3')* from @ to @’ is a parsimonious reduction from F
to F' if F(z) = F'(R(z)) for all z € ¥*.

Using fpt parsimonious reductions instead of fpt many-one reductions, we
can now define counting versions of our parameterized complexity classes (at
least of those classes defined through complete problems). Recall the definition
of the counting version p-#WD,, of parameterized Fagin-defined problems
from p. 360. For every class ® of first-order formulas we let p-#WD-® be the
class of all problems p-#WD,, where ¢ € ®.

We introduce the classes of the #W-hierarchy:

Definition 14.11. For every ¢t > 1, the class #W]Jt] is the closure of
p-#WD-II; under fpt parsimonious reductions, that is,

#W[H] := [p-#WD-11,] ™", =

The notation #W[t] may be slightly misleading when compared with the
notation #P of classical complexity theory (which is not #NP), but since
there is no obvious #FPT, we think that it is appropriate. Note that we write
FPT to denote both the class of fixed-parameter tractable decision problems
and the class of fixed-parameter tractable counting problems; the intended
meaning will always be clear from the context.

The fundamental characterization of the W-hierarchy in terms of proposi-
tional logic carries over to the counting problems.

Theorem 14.12. For everyt > 1,
fpt
#WI = [{p#WSar(Tra) | d>1}] .

Proof: Let t > 1. To prove the inclusion “C” of the left-hand side in the
right-hand side, we have to show that for every II;-formula ¢(X) there is
a d > 1 such that p-#WD,, <fPt p-#WSAT(T; 4). We simply observe that
the fpt many-one reduction from p-WD, to p-WSAT(I'; 4) in the proof of
Lemma 7.2 is a parsimonious reduction from p-#WD, to p-#WSAT(I'; 4).
We leave it to the reader to verify this.

For the converse inclusion “2” we give a simple direct reduction (instead
of simulating the complicated normalization steps of Chap. 7). For simplicity,
let us assume that ¢ is even. Let v € I'; 4. Say,

V= /\ \/ \/ ()\2117___7“ /\"'/\)\?1744.,%)?

11E€11 i2€I> it €1

where the )\{17“. ;, are literals over var(y) = {Y1,...,Y,}. We shall define a
I1;-formula ¢(X) (only depending on ¢t and d, but not on 7) and a structure .4
(depending on ) such that there is a cardinality-preserving bijection between
the satisfying assignments of v and the sets S C A such that A = ¢(S5).
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The vocabulary of A and ¢ consists of (¢ + 1)-ary relation symbols POS;
and NEGj, for j € [d], and unary relation symbols Py, ..., P;, R. The structure
A is defined as follows:

e The universe is A:= 1 U... U U|[n].
For all i € [t],

PA =1,

RA :=[n].
For j € [d],

POS = {(i1,....i,0) € x ... x Iy x [n] | X, =Yi},
NEGS := {(i1,...,i,0) € L x ... x I, x [n] | X, , ==Y}

eyt

Thus the structure A encodes the propositional formula ~. Variables corre-
spond to the elements of the subset [n] of the universe A. Hence assignments
correspond to subsets of [n].

We let

o(X) :==Vz(Xz — Rx)
A (Vyl S Pl)(ﬂyg S Pg) s (vytfl € Pt,l)(EIyt S Pt)31’1 Lo dzyg

/\ <(POS] Y1---YtTj /\Xl‘j) vV (NEG] Y1yt A —\X.’L‘j)).
Jjeld]

Clearly, ¢ is equivalent to a II;-formula. It is not hard to see that all sets S
such that A = ¢(S) are subsets of [n], and for all S C [n],

Al ¢(S) < {Y;|ie€ S} is a satisfying assignment for ~.

This gives a cardinality preserving bijection between the satisfying sets S C A
with A E ¢(S) and the satisfying assignments for v, and thus yields the
desired fpt parsimonious reduction. a

Some care needs to be taken with the counting version of model-checking
problems, as the following example shows:

Example 14.13. In this example, we will prove that p-#DOMINATING-SET
is fpt Turing reducible to p-#MC(X;). Let

(X1, ..., k) = Vy( /\ x; # T A \/ (y = x; \/nyz)>
i,je[_k:] 1€ k]
1<J
Then a graph G = (V, E) has a dominating set of cardinality & if and only if
ok(G) = {(v1,...,v) € VF ’ GEovr,...,o)} #0.

This yields an fpt reduction from p-DOMINATING-SET to p-MC(II;); by
Lemma 5.15 the problem p-MC(II;) is equivalent to p-MC(X2).
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Now let us look at the counting problems. The number of dominating sets
of cardinality k in a graph G is precisely

1
o e,

which yields an fpt Turing reduction from p-#DOMINATING-SET to the prob-
lem p-#MC(II;). However, we can also express the number of dominating
sets of cardinality k£ in a graph G with n vertices as

kl! : (nk —|—er(9) >,

which yields an fpt Turing reduction from p-#DOMINATING-SET to the prob-
lem p-#MC(X).

A similar argument shows that the counting version of the A[2]-complete
problem p-CLIQUE-DOMINATING-SET is reducible to p-#MC(X4). o

Thus the example shows that p-#MC(X;) is more powerful than expected:
The problem p-#MC(X;) is supposed to define the first level of the #A-
hierarchy, but it actually encompasses problems that we would expect to be
on the second level. To explain this, recall that the decision version of the
model-checking problem asks if certain objects described by the free variables
of the input formula exist. Existentially quantifying some of the free variables
does not affect this existence question, and therefore for every class ® of
formulas we have p-MC(®) = p-MC(3®) (this is Lemma 5.15). It follows
that for all £ > 1 we have

Alt] = [p-MC(z,)]™

= [p-MC(r,_,)]™,

where Iy denote the class of quantifier-free first-order formulas. However, if
we want to count the number of solutions for a model-checking problem, that
is, the tuples in a structure satisfying a formula, then it makes a big difference
if a variable occurs freely or is existentially quantified. Therefore, the natural
definition of the #A-hierarchy, the counting version of the A-hierarchy, is the
following:

Definition 14.14. For all ¢t > 1, we let #A[t] be the class of all parameter-
ized counting problems reducible to p-#MC(II;_;) by an fpt parsimonious
reduction, that is,

f
#A[t] == [p-#MC(IL_1)] ™" H
We can also define a counting analogue of the class W[P]:

Definition 14.15. A parameterized counting problem (F, k) over the alpha-
bet ¥ is in #W[P] if there is a s-restricted nondeterministic Turing machine
M such that for every z € ¥*, the value F(z) is the number of accepting runs
of M on input . -

Exercise 14.16. Prove that p-#WSAT(CIRC) is #W|P]-complete under fpt
parsimonious reductions. -
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14.3 #W|[1]-Complete Problems

From now on, we focus on parameterized counting problems in the class
#WT/1]. In this section, we shall transfer some of the most fundamental parts
of the theory of the class W[1] to its counting analogue:

Theorem 14.17. #W]J1] = #A[l1].

Theorem 14.18. p-#CLIQUE and p-#WSAT(2-CNF ™) are #W/[1]-complete
under fpt parsimonious reductions.

Further #W][1]-completeness results are deferred to the exercises at the
end of this section. We prove the two theorems in a sequence of lemmas,
more or less following the proofs of the corresponding results for the decision
problems. Mostly, the new ingredients in the proofs here are based on (variants
of) the following simple observation: Let ¢(Z) and ¢ (Z, ) be formulas and A
a structure. If for all tuples @ in A we have

Al yp(a) = A3y y),

and for all tuples @ in A there exists at most one tuple b in A such that
A= ¥(a,b), then [p(A)| = [1(A)].

Recall that ITIT denotes the class of all IIp-formulas in which no negation
symbols occur. The following lemma is the counting version of Lemma 6.11.

Lemma 14.19. p-#MC(IIy) <Pt p-#MC(II]).

Proof: Review the proof of Lemma 6.11. Even though we worked with ¥;-
formulas there, we can easily turn the reduction given in the proof into an
fpt-reduction from p-MC(IIp) to p-MC(II] ). We just have to make sure that
when we introduce the new variables g,z in (6.2) on p. 112, we take fresh
tuples of variables, say, 4> = (y7,...,y;) and z* := (z7,...,2}), for every
negated literal A = = Rzq ... x,.

The reduction is not yet parsimonious, because, in general, we have no
control over the new variables 7 and z*. The following example illustrates
this.

Example 14.20. Let ¢(x1,22) := =Rx; V Pxo. The only negated literal is
A := = Rzy. Our reduction yields the formula
¢ (21, 22,97, 27) = (Rfyi\ Azy <yp) Vv
(Rsyr 2y Ayy < a1 Awp < 27) V
(Rlzi\ A zi\ < x1) V Pxs.

Now let A be an { R, P}-structure and suppose that R* = A (thus the literal
—Rx; is never satisfied). Then

p(A)] = |A]- P4, and  |¢/(A)] = AP -|P4. B
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To avoid this problem, we have to make sure that for every tuple a € ¢(A)
and every negative literal \ there is precisely one tuple b* interpreting 7* and
one tuple & interpreting z* such that ab*é* ..., possibly expanded by tuples
b et for other negative literals p, satisfies ¢/. To achieve this, we take the
conjunction of the formula ¢’ with formulas unique, (z, >, z2*) for all negative
literals A. If A = =Rz ...x,, the formula is defined as follows:

uniquey (%,5",2") :=(REANT =, " NT =, 2°)

V(RGN G =, 2N T <, )
V(RGP ZANANG <, TANT <, 2)
\/(Rlz AP = NZ <, T z),

where T =, § abbreviates A\I_; 1 = y;. Let ¢” be the resulting formula, that
is,
o= A /\ uniquey (T, 5, 2%).

A negative literal in ¢

As long as the relation R is nonempty, this formula works fine: For each
tuple a € A" there exist exactly one b € A and ¢ € A" such that

A’ = unique, (a, b, ).

There is only a problem if R4 = (). However, if R* = ) for some relation
symbol R, we replace the negative literal =Rz ...z, simply by /\ie[r] T =
x;. The resulting formula depends on the input structure, but that is not a
problem. a

Lemma 14.21. p-#MC(II) <Pt p-#MC(II] [2]).

Proof: The proof is a minor modification of the proof of Lemma 6.13. O

Let CA be the class of conjunctions of atomic first-order formulas. One
easily verifies that the preceding proof preserves the property of a formula of
being a conjunctions of atoms:

Corollary 14.22. p-#MC(CA) <Pt p-#MC(CA[2)).
Lemma 14.23. p-#MC(IIo[2]) <Pt p-#MC(CA[3]).
In a first step we show:

Claim 1. Each IIp-formula is equivalent to a formula of the form ¢ V...V g,
where each ¢; is a conjunction of literals and ¢; A ¢; is unsatisfiable for all
17 7.

Proof: This is a simple consequence of the fact that each propositional for-
mula is equivalent to a formula in disjunctive normal form where the pairwise
conjunction of two terms is unsatisfiable. -
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Let A be a 7-structure for some binary vocabulary 7 and ¢(x1, ..., )
a Ilp-formula of vocabulary 7. By claim 1, without loss of generality we can
assume that p = p1 V...V ¢y, where each ¢; is a conjunction of literals and
©; Ap; is unsatisfiable for all ¢ # j. Then for every tuple a € ¢(A) there exists
exactly one index i(a) such that

ac QDZ'(@)(.A). (14.2)

Without loss of generality we may assume that all ¢; are conjunctions of the
same number m of literals. Suppose that, for i € [¢],

For simplicity, let us further assume that all literals \;; have precisely two
variables. For all ¢ € [£], j € [m] we let R;; be a new ternary relation symbol.
Furthermore, we let < and E be new binary relation symbols and

v = Ry [i € [l j € m]} U{<, E}.
We define a 7’-structure A’ as follows:

A =00 (A x A),

<A i={9 el p<d},

EA = {((p,a), (p,b)) | p € [0], a,b € A},

Ré‘/ ={(p, (p,a), (p,b)) | p € [{], a,b € A such that A = X\;;(a,b)}
U{(»(g:a),(g,;0)) | p,q € [{] with p # g, a,b € A}

(for all i € [¢], j € [m]).

For all i € [¢], we let @) be the formula obtained from ¢, by replacing each
literal A;j(z,,xs) by the atom R;;y;z,zs. We let

O (T1y ey Tl YLy -5 Ye) /\ Yi < Yir1 A /\ Ex,ﬂxé/\/\gaZ
i€[e—1] r,s€[k] ie[l]

Claim 2. p(A)] = |/ (A)].
Proof: Observe that for all (af,...,a},b},...,b)) € ¢'(A’) we have
(i) b, =p for all p € [£].
(ii) There are p € [¢] and ay,...,ar € A such that a.. = (p, a,) for all r € [k].
Suppose now that @’ := ((p,a1), ..., (p,ax),1,...,£) € ¢'(A'). Let i € [{] and
j € [m] and suppose that the variables of \;; are z, and z,. Then

(i, (p,ar), (p, as)) € Ry},

because A |= ¢}(a'). By the definition of R” , it follows that A = \p;(ar, as)
(taking ¢ = p). This holds for all j € [m]. Hence A = ¢p(a1,...,ax). Thus
(a1,...,ax) € p(A) and p =i(aq,...,a) (cf. (14.2)).
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Conversely, it is easy to show that for all (ay,...,ax) € p(A), with p :=
i(ai,...,ar) we have

((paal)a ) (pa ak)a 1,... ’f) € ()0/("4/)
This establishes a bijection between ¢(A) and ¢'(A’). -

Since ¢’ and A’ can be computed from ¢ and A, respectively, in polynomial
time, the mapping (A4, ¢) — (A’,¢’) is an fpt parsimonious reduction. O

Lemma 14.24. p-#MC(CA[2]) <Pt p-#CLIQUE.

Proof: The first part of the proof of Lemma 6.14 yields a parsimonious reduc-
tion from p-#MC(CA[2]) to p-#CLIQUE. O

Lemma 14.25. p-#CLIQUE <P* p-#WSaT(2-CNF ™).
Proof: The reduction mapping a graph G = (V, E) to the 2-CNF-formula

N (X, V-Xy)
v,weV
v#w, {v,w}¢E

is parsimonious (assuming without loss of generality that there is no v € V
such that {v,w} € E for all w € V' \ {v}). O

Lemma 14.26. p-#WSAT(d-CNF) < p-#MC(Ily) for all d > 1.

Proof: Recall Lemma 6.31. Let a(X1, ..., X,) be a d-CNF-formula and k € N
be an instance of p-#WSAT(d-CNF). Let A be the structure and ¢(x1, ..., zx)
be the Ily-formula obtained by Lemma 6.31. Then for all mq,...,my € A,

{Xmys- oy X, } satisfies « <= A ¢(ma,...,mg).

In general, this does not give us a parsimonious reduction, since with a tuple
(mq,...,my) every permutation of (mq, ..., my) will satisfy ¢ in A; further-
more some (myq, ..., my) with [{m,...,mg}| < k may satisfy ¢ in A. There-
fore, let < be a binary relation symbol not contained in the vocabulary 7 of
A and . Let A’ be a 7 U {<}-expansion of A4 in which <A" is a linear order
of A. Let

W (x1,. .., xp) = /\ i < Tig1 ANY(x1, ..., 2k).
i€[k—1]

Then (a, k) — (A’,4') is the desired fpt parsimonious reduction. O
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Proof of Theorems 14.17 and 14.18: Both theorems follow from Theo-
rem 14.12 and the following chain of reductions (holding for all d > 2):

p-#MC(ITy) <P* p-#MC(TI]) (by Lemma 14.19)
<P p-#MC(IIF [2]) (by Lemma 14.21)
<Pt p-#MC(CA[3]) (by Lemma 14.23)
<Pt p-#MC(CA[2]) (by Corollary 14.22)
<Pt p-#CrLIQUE (by Lemma 14.24)
<t ) HWSAT(2-CNF ™) (by Lemma 14.25)

<Pt ) HWSAT(d-CNF)
<Pt p-#MC(Io) (by Lemma 14.26). O

Exercise 14.27. Prove that the following problem is #W][1]-complete under
fpt parsimonious reductions:

p-SHORT-NSTM-HALT
Instance: A nondeterministic Turing machine M with a sin-
gle tape and k£ € N.
Parameter: k.
Problem: Compute the number of accepting runs of M of
length k, given the empty string as input.

Exercise 14.28. Let t > 1 and let (F, ) be a parameterized counting prob-
lem over the alphabet X. Prove that (F, k) € #W][1] if and only if there is a
tail-nondeterministic kprogram P for an NRAM such that for every x € ¥*,
the value F'(z) is the number of accepting runs of PP on input z. b

Exercise 14.29. Let 7 be a vocabulary and C a recursively enumerable class
of 7-structures of unbounded tree width. Prove that the problem p-#HowMm(C)
is #W/[1]-hard under fpt Turing reductions.

Hint: Mimic the proof of Theorem 13.21. Sharpen the statements of Lem-
mas 13.29 and 13.30 to: The number of homomorphisms A from A to B such
that IT o A is the identity equals k! times the number of cliques in G.

Prove next that the number of homomorphisms A from A to B such that
ITo h(A) = A equals the number of automorphisms of A times the number of
homomorphisms h from A to B such that IT o & is the identity.

Use the inclusion—exclusion principle to compute the number of homo-
morphisms h from A to B such that II o h(A) = A from the numbers of
homomorphisms A’ from A to B such that II o h'(A) = A’ for all proper
subsets A’ C A.

Remark: Combined with Theorem 14.7, the hardness result shows that
the counting version of the homomorphism problem admits a similarly clear-
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cut complexity theoretic classification as the decision problem (see Corollar-
ies 13.22, 13.23, and 13.25). The difference is that the tractable classes are
only those of bounded tree width and not those of bounded tree width modulo
homomorphic equivalence. -

14.4 The Complexity of Counting Paths and Cycles

Recall that, by Corollary 13.43, the problems p-PATH and p-CYCLE are fixed-
parameter tractable. This is proved by the color coding method. In this sec-
tion, we shall prove that the counting versions of the two problems are #W/1]-
complete.

Theorem 14.30. p-#PATH and p-#CYCLE are #W|1]-complete under fpt
Turing reductions.

To avoid ambiguity, let us make precise what we actually count as one
path or cycle. Let k € N. The most natural option is to say that a path of
length k in a graph G = (V, E) is a subgraph of G that is isomorphic to the
generic path

o= b+ 1), {{i g} [ij e b+ 1), 5 —i=1}).

Thus, if vy,...,v541 € V with e; := {v;,v;41} € E for all i € [k], then
({v1,..-,vks1}, {e1, ..., ex}) is counted as one path (and not as two, as the
notation viejvs ... exvg+1 and viiiegvk ... e;v; might suggest).

Similarly, a cycle of length k£ > 3 in a graph G = (V, E) is a subgraph of G
that is isomorphic to

Ci = ([k). {{i. 4}

For the hardness proof, we will actually work with directed cycles in directed
graphs. For the sake of completeness, let us define a directed cycle of length
k > 1in a directed graph G = (V, E) to be a subgraph of G that is isomorphic
to

z‘,je[k],j—iz1modk}).

Dy = ([k],{(i,j) li,j € k], j—i=1mod k}).

We let p-#DIRECTED-CYCLE be the problem of computing the number of
directed cycles of length k in a directed graph, parameterized by k.

The reader may have noted that we admit directed cycles of length 1. In
this section, directed graphs may have loops, that is, edges of the form (v,v).
This will be convenient in the proofs, but does not affect the results, because a
directed cycle of length k > 2 does not contain any loops anyway. Undirected
graphs remain loop-free.

Lemma 14.31. p-#PATH, p-#CYCLE, and p-#DIRECTED-CYCLE are con-
tained in #WI1].
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Proof: Tt is easy to reduce the three problems to p-#MC(Ily). A little care
needs to be taken to make sure that the reductions are parsimonious.

For example, to prove that p-#CycLE <P* p-#MC(IIy), let G be a graph
and k > 3. The obvious way of defining cycles of length k£ is by the IIy-formula

Xk(T1,. .., 2E) = /\ i # i N /\ FErxip1 N Exga.
i,5€[k], i€[k—1]
1<J

However, each cycle of G of length k corresponds to 2k different tuples
(v1,...,v;) € V¥ such that G |= xk(v1,. .., vx), thus the reduction (G, k) —
(G, xk) is not parsimonious.

We expand G to an {E, <}-structure G, where <9< is an arbitrary linear
order on the vertex set G. We let

i (1, @) = Xk A /\ 1 < x5 ANxo < T,
1€[2,k]

Then each cycle of G of length k corresponds to exactly one tuple (vy,...,vx) €
V¥ such that G« = x5 (v1,...,vx). Thus (G, k) — (G<,x;) is an fpt parsi-
monious reduction from p-#CYCLE to p-#MC(Ilp).

p-#Parn <Pt p-#MC(Tly) and p-#DIRECTED-CyYCLE <Pt p-#MC(TI))
can be proved similarly. a

The following two lemmas show that it is sufficient to prove that p-
#DIRECTED-CYCLE is #W/[1]-hard.

Lemma 14.32.

p-#DIRECTED-CYCLE <P p-#CYCLE.

Proof: For a directed graph G and p > 1, > 2, let G/, be the undirected
graph obtained from G by the following two steps:

(1) Replace each vertex v of G by an undirected path of length p such that
the (directed) edges with head v in G get the first vertex of this path as
their new head and the edges with tail v in G get the last vertex of this
path as their new tail.

(2) Replace each directed edge in this graph (corresponding to an edge of G)
by an undirected path of length q.

Figure 14.2 gives an example.

Observe that each cycle in G, has length £-p +m - g for some integers
¢;m > 0 with ¢ < m. Further observe that each directed cycle of length k£ > 1
in G lifts to an undirected cycle of length k- (p + ¢) in G/, (see Fig. 14.3).
Given k, we want to choose p and ¢ in such a way that each cycle of length
k-(p+q) in Gy, is the lifting of a directed cycle of length & in G. To achieve
this, we have to choose p and ¢ in such a way that
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A5

Fig. 14.2. A directed graph G and the corresponding G35

A

Fig. 14.3. A directed cycle in G and the corresponding cycle in G35

E-(p+q)#L-p+m-q (14.3)

for all £,m > 0 with £ < m. If we choose p < ¢, then (14.3) holds for m > 2k.
So we have to fulfill (14.3) for 0 < ¢ < m < 2k. Hence, we have to avoid (2k;1)
linear equalities. Clearly we can find natural numbers p > 1,q¢ > 2 with p < ¢
satisfying none of these equalities.

For such p and ¢, the number of directed cycles of length & in G equals the
number of undirected cycles of length & - (p + ¢) in G . Thus the mapping
defined by (G, k) — (G, ,, k- (p+ q)) is an fpt parsimonious reduction from
p-#DIRECTED-CYCLE to p-#CYCLE. a

Lemma 14.33.
p-#CycLE <'P*T j L PATH.

Proof: We first observe that p-#CYCLE is fpt Turing reducible to the following
variant of the problem:

p-#CYCLE-THROUGH-EDGE
Instance: A graph G = (V,E), an edge e € E, and k € N.
Parameter: k.
Problem: Compute the number of cycles of G of length k that
contain edge e.
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An algorithm for p-#CYCLE using an oracle to p-#CYCLE-THROUGH-
EDGE proceeds as follows: Given a graph G = (V, E) and a k € N, it takes
an arbitrary edge e € E. It computes the number z; of cycles of length &
that contain edge e using the oracle to p-#CYCLE-THROUGH-EDGE. Then it
recursively computes the number zy of cycles of the graph (V, E \ {e}) and
returns z1 + 29.

We now show how to reduce p-#CYCLE-THROUGH-EDGE to p-#PATH. Let
G = (V, E) be a graph, e = {v,w} € E, and k € N. Without loss of generality
we can assume that k > 3.

For all ;m > 0, we let G.(¢, m) be the graph obtained from G by adding
vertices v1,...,vp,W1,. .., W, and edges between v; and w for i € [¢] and
between w; and v for j € [m]. Figure 14.4 illustrates the construction of

G.(3,2).

Fig. 14.4. Construction of G.(3,2)

We observe that in paths of G (¢, m) the v; and w; can only occur as end-
points, and that each path of length at least 3 can have at most one endpoint
among vy, ..., vy and at most one endpoint among wy, . .., w,, (because each
path ending in v; must go through w and each path ending in w; must go
through v).

Furthermore, we observe that the number z of cycles of length k in G
containing the edge e is exactly the number of paths of length k + 1 from v,
to wy in G.(1,1) We now show how to compute z from the numbers of paths
of length k£ + 1 in the graphs G.(¢, m) for 0 < ¢,m < 1. This yields the desired
reduction.

We let

e 11 be the number of paths of length (k+1) from vy to wy in G.(1, 1), that
is, 1 = z,

e 29 the number of paths of length (k+ 1) in G.(1,1) that contain v1, but
not wiy,

e 13 the number of paths of length (k + 1) in G.(1,1) that contain wy, but
not vy,

e 14 be the number of paths of length (k+1) in G.(1, 1) that neither contain
V1 NOor ws.
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For £,m > 0 let yg,, be the number of paths of length (k + 1) in G.(¢,m).
Then we have
£-m-x1+L-To4+m- T3+ Ty = Yom.

For 0 < ¢, m <1 we obtain the following system of linear equations:

0001 I Yoo
0011 i) o Yo1
0101 . I3 o Y10 ’
1111 T4 Y11

whose matrix is nonsingular. Solving the system gives us the desired value
Z=2x1. O

Our goal for the remainder of this section is to prove that

fpt-T

p-#CLIQUE < p-#DIRECTED-CYCLE.

We have to introduce another intermediate problem. Let G = (V9, E9) and
H = (V, E™) be directed graphs and h : V* — V9 a homomorphism from
HtoG.

We associate with h a polynomial 6,(X) € Z[X] defined by

On(X) == H (X)h-10))5

beVveo

where the notation (X); is used for the “falling factorial,” that is, (X)o =1
and (X);11 = (X)(X — i) for all ¢ > 0. We call 0,(X) the type of h. The
set of all types of homomorphisms from a k-element directed graph to some
directed graph is denoted by Oy. It is easy to see that Oy is the set of all
polynomials 6(X) of the form

11Ok

i€(s]

where j € [k] and k1,...,k; € [k] such that k1 +---+ k; = k.

Observe that a homomorphism from a directed graph H to a directed
graph G is one-to-one if and only if its type is X 1.

Recall that Dy, denotes the directed cycle of length k& whose vertices are
1,...,k in cyclic order. We consider the following problem:

p-#TYPED-DIRECTED-CYCLE

Instance: A directed graph G and a polynomial 6(X).
Parameter: k € N.

Problem: Count the homomorphisms h : Dy, — G of type 6(X).

Lemma 14.34.

fpt-T

p-#TYPED-DIRECTED-CYCLE < p-#DIRECTED-CYCLE.
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Proof: For a directed graph G = (V, E) and £,m € N, let Gy ., be the directed
graph obtained from G as follows:

o The vertex set of Gy, is
V x [€] x [m].

e There is an edge from (v,4,7) to (v',4',5) in Gy, if either
1=/ and 7' = 1 and there is an edge from v to v’ in G
or
v=v and ¢ =i+ 1.

Figure 14.5 gives an example.

Fig. 14.5. A directed graph G and the corresponding G3 2

Note that cycles of length &k in G correspond to families of cycles of length
k- £ in G. Conversely, cycles of length k - £ in Gy ,,, correspond to cyclic walks
of length k in G. Here by cyclic walks we mean “cycles with self-intersection,”
which are homomorphic images of cycles. Figure 14.6 gives an example. We
will make this correspondence precise below.

From now on, it will be easier to formally work with embeddings of Dy.,
into G, instead of directed cycles of length k - £. But since the number of
directed cycles of length k- ¢ in a directed graph is the number of embeddings
of Dy.¢ into that graph divided by k - £, the problems of counting cycles and
embeddings are equivalent under fpt Turing reductions.

We define the projection of an embedding g : [k- €] — V x [¢] x [m] of Dy,
into G¢ m to be the mapping 7(g) : [k] — V defined by

m(g)(x) :=vifg((x —1)- £+ 1) = (v,i,7) for some ¢ € [{],j € [m].

Then 7(g) is a homomorphism from Dy, to G.
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Fig. 14.6. A cycle in Gs» and its projection

Claim 1. For every homomorphism h from Dy to G there are
0 0p(m)* (14.4)

embeddings g of Dy, into Gy, with projection 7(g) = h.

Proof: Let h be a homomorphism from Dy to G = (V, E), and let g be an
embedding of Dy, into G, with 7(g) = h. For all i € [k], let v; := h(7), and
for all i € [k - £], let (wq, pi,q:) := g(i).

Then v; = wy. The value p; € [¢] is arbitrary, but once p; is fixed, all w;
and p; for i > 1 are also fixed. The choice of p; accounts for the factor £ in
(14.4).

Let us analyze the number of choices we have for the g;: If there is no j < 4
such that (w;,p;) = (wj,p;), then we have m choices. If there is one such 7,
we have (m — 1) choices, et cetera. Overall, for all (w,p) € V x [¢], the number
of occurrences of (w, p) in the sequence (w;, p;) for i € [k-/£] is |~ (w)|. Thus
(w, p) contributes a factor of (m)|,-1(,)) to the number of possible choices of
the ¢; for i € [k - ¢]. If (w,p) occurs among the (w;,p;), then so does (w,p’)
for all p’ € [¢]. Thus w contributes a factor of (m)fh,l(w)‘ to the number of
choices. Overall, we have

H (m)f{hfl(w)\ = 9h(m)£

weV
possible choices of the g; for ¢ € [k - ¢]. This completes the proof of claim 1. -

Recall that ©y is the set of all types of homomorphisms from a k-element
directed graph to a directed graph. In particular, ©; contains all types of
homomorphisms from Dy to G. For every type 6 € Ok, let x9 be the number
of homomorphisms h : Dy, — G with 6, = 0. Furthermore, let b(¢, m) be the
number of embeddings g : Dy., — G¢,mm. Then
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b(l,m) =Y xg-L-0(m)". (14.5)

0€0Oy,

Our goal is to compute zy for a given § € Op. As we want to reduce
p-#TYPED-DIRECTED-CYCLE to p-#DIRECTED-CYCLE, we may use an ora-
cle to p-#DIRECTED-CYCLE. Using this oracle, we can compute the numbers
b(¢,m) in (14.5). Hence the problem of determining xy amounts to solving a
system of linear equations.

Let ¢t := |Ok]|. The types in O are polynomials of degree at most k. Thus
for distinct 6(X),0'(X) € ©y there are at most k distinct € N such that
0(z) = 0'(x). Therefore, there is an m* < k- (}) 4+ k-t + 1 such that for all
distinct 6(X),0'(X) € Oy we have §(m*) # ¢'(m*) and 6(m*) # 0. We fix
such an m* and consider the equations (14.5) for ¢ € [t], m = m*.

For ¢ € [t], we let by := b(¢, m*). We let

b1
b= : |, 7= (29)oco,, A= (ae0) repy, »

[ASSTE

where agg := £-6(m*)’. Then (14.5) for £ € [t] and m = m* can be written as
A-Z=b. (14.6)

Claim 2. The matrix A is nonsingular.

Proof: Instead of A, we consider the matrix A" = (aj,)scp),0c0,, Where ay, =

bage. Then A is singular if and only if A’ is. Note that aj, := 6(m*)‘. Thus

A’ is a Vandermonde matrix, that is, a matrix of the form

alal- al
a% a% af
K
a'i a’é R ai
with pairwise distinct aq,...,a; # 0. It is well-known that Vandermonde
matrices are nonsingular. Thus A’ and hence A are nonsingular. This proves
claim 2. 4

Thus A has an inverse A™!, and (14.6) yields
=A%

This gives us the desired value(s) xg.

In summary, our Turing reduction from p-#TYPED-DIRECTED-CYCLE to
p-#DIRECTED-CYCLE is displayed as Algorithm 14.7. Since the set ©y, the
number m*, and the matrix A only depend on the parameter k, this is a
parameterized Turing reduction. O
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TYPEDDIRECTEDCYCLE(G, k, 01)
// G directed graph, k € N, 0; = 6;(X) polynomial
1. Compute the set © and let ¢ := |Oy]
2. if 01 ¢ Oy, then return 0
3. Compute an m* such that 6(m*) # 6'(m*) and 6(m*) # 0 for
all distinct 6(X), 0'(X) € Oy

4. for /=1totdo
5. Compute the graph G,
6. Compute the number b, of embeddings g of Di., into
Ge,m+ (using the oracle to p-#DIRECTED-CYCLE)
7. for all 6 € ©, do
8. app — U - O(m*)Z
9. Solve the system A - = b
10. return zy,

Algorithm 14.7.
For k,¢ > 1, let Q(k,¢) denote the space of all mappings f : [k - ¢] — [k]
such that |f~1(i)| = ¢ for all i € [k].

Lemma 14.35. Letk > 1, and let H = (V, E) be a directed graph with vertex
set V = [k] and edge set E # [k]?. Then

lim Pr (f is a homomorphism from Dy, to H) =0,
L—o0 fEQ(k,L)

where f is chosen uniformly at random from Q(k,£).

Proof: Let us fix a pair (z*,y*) € [k]? such that (z*,y*) & E. Let m € N.

We call a tuple (i1,...,im) € [k]™ good if (i;,4;41) # (z*,y*) for all
i € [m — 1] and bad otherwise. For (i1,...,4;,) € [k]™ chosen uniformly at
random we have

((i1,-..,im) good)

(il,...,imr)e[k]m (V7 € Llm/2] ]+ liagmr,ag) # (a207))

1\ Lm/2)
<1_k2) .

Furthermore, for all (i1,...,4my) € [k]™ and ¢ € N with £ > m/k we have

T
(11, yim ) E[K]™

IN

FeQ(k,0) k-£—m

Pr (we[m]:f(j)z'j)§< : >m. (14.7)

To see this inequality, note that choosing a random function f € Q(k,¥) can
be modeled by randomly picking k - £ balls without repetitions out of a bin
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that initially contains ¢ balls of each of the colors 1,..., k. The probability
that the ith ball is of color j is at most

0
kel —(i—1)

because at most ¢ of the remaining k- ¢ — (i — 1) balls are of color j. Now
(14.7) follows straightforwardly.
Thus

Pr (f is a homomorphism from Dy to H)
feQ(k,e)

< p ) =i for1<j<
= > rent  (fU) =ij for 1< j<m)
(i1,.-.,im ) E[K]™ good

% walin)

(415++1%m ) E[K]™ good

(kg )m.km. Pr ((i1s...im) good)

A—m (i1, im ) E[K]™

ko \" 1\
< . — .

Let € > 0. Then there exists an m(e, k) such that for m > m(e, k) we have

Ly e
k2 =2

Moreover, for every m there exists an ¢(m) such that for £ > ¢(m) we have

() =G 2n) = 0y
k-l—m 1-m) S a-m)m s

Thus for all £ > ¢(m(e, k)) we have

IN

Pr (f is a homomorphism from Dy., to H) < e. O
FeQ(k,e)

Lemma 14.36.

fpt-T

p-#CLIQUE < p-#TYPED-DIRECTED-CYCLE.

Proof: Let k > 1. For an undirected graph H = (V, E), let H= (v, ﬁ) be the
directed graph with the same vertex set as H and edge set

E = {(v,0) |[veV}U{(v,w) | {v,w} € E}.
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Let Ho, ..., Hm be a list of all undirected graphs with vertex set [k] such that
up to isomorphism each graph occurs exactly once in the list. Furthermore,
assume that Hp is the complete graph with vertex set [k].

For ¢ € [0,m], ¢ iN, let a;p be the number of homomorphisms of type

(X)§ from Dy, to ‘H; (that is, homomorphisms for which each vertex of
ﬁi has exactly ¢ preimages). Let Ei = (ai1,ai2,...) and, for every £ > 1,

J . N J .
a; = (a1, a2 ... ,ay). We consider a; and a; as vectors in the vector spaces

QY and QY respectively.

For a set S of vectors in QY or Q°, we let (S) denote the linear span of S.
Claim 1. ag ¢ <{gi i€ [m]}>
Proof: Recall that Q(k, ¢) denotes the set of all mappings h : [k - £] — [k] with

the property that |h=1(i)| = £ for 1 <i < k.
We first observe that for all £ > 1,

age = |Q(kaé)‘

By Lemma 14.35, for all i € [m] we have

(£77]
li .
Aok, o) =

Suppose for contradiction that
N N
apg = Z )\Z—ai
i€[m]

for rationals A1, ..., Ay, € Q. Choose ¢ € N sufficiently large such that for all
i€ [m]
e g 1

= < —m .
aoy ‘Q(k,fﬂ Zi:l ‘)‘z|
Then

age = Z)\aze<aoe2\)\| <a0eZ\)\\ |)\‘ = ao¢,
jl

which is a contradiction. This proves claim 1. -

Claim 2. There is an £ € N such that

ao ¢ ({as | i € [m]}).

Let ¢(k) be the smallest such ¢. Then the mapping k +— £(k) is computable.
Proof: For d € NU {N}, let

Sq = <{gi i€ [m]}>
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Observe that if for some ¢ > 1 and iy,...,i. € [m] the vectors
¢ ¢
Ajyyeeny g,

are linearly independent, then for all d € {¢' € N | ¢/ > ¢} U {N} the vectors

d d
Ajyyeeny g,

are also linearly independent. Thus we can find an increasing sequence

such that for all £ > 1,
Boi={a: |iel}

is a basis of the space Sy. Let £* € N such that I, = I, for all £ > ¢*.
Suppose for contradiction that

P4
aoGSe

¢ . . .
for all ¢ € N. Then for all £ € N, the vector ag can be written as a unique linear
combination of the vectors in By. For all £ > £*, these linear combinations are

identical, and thus go € Sn. This contradicts claim 1 and thus proves that for
some ¢ € N|

a0 ¢ Se = ({ai | € (ml}).

The function k — £(k) is computable, since £(k) is the smallest number for
which the corresponding system of linear equations is not solvable. This com-
pletes the proof of claim 2. -

Now we are ready to prove the lemma. Let k¥ > 1 and define the graphs

H; and the vectors éi for i € [0,m] and ¢ € N as above. Choose ¢ = {(k)
according to claim 2.

Let G = (V,E) be a graph. For every i € [0,m], let z; be the number
of subsets W C V such that the induced subgraph of G with vertex set W

is isomorphic to H;. We want to determine the number zy. For all j € [{],

k

let b; be the number of homomorphisms from Dj.; into 5 of type (X )j,

¢
and let b := (b1,...,br). The numbers b; can be computed with an oracle to
p-#TYPED-DIRECTED-CYCLE.
Observe that for all j € [¢] we have

bj = E xX; - (lij,
1€[0,m]

and thus
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L
£
b= Z ZTi - Qy.

1€[0,m]

. L. . . L . .
Since ag is linearly independent from {ai i€ [m]}, the coefficient zy can be

computed by solving this system of linear equations. a

Proof of Theorem 14.30: Containment of p-#PATH and p-#CYCLE in #W|1]
is proved in Lemma 14.31.

Hardness follows from the following chain of reductions and the #WT/1]-
completeness of p-#CLIQUE.

fpt-T Lemma 14.36

Lemma 14.34
Lemma 14.32
Lemma 14.33

p-#CLIQUE < p-#TYPED-DIRECTED-CYCLE

<1 ) L DIRECTED-CYCLE
<PtT ) L CyCLE
<fpt-T L PaTH.

( )
( )
( )
( )

14.5 Approximate Counting

Since most interesting counting problems are #P-hard and thus most likely
do not admit efficient exact algorithms, researchers have intensely looked at
approximation algorithms for counting problems. It has turned out that the
most appropriate notion of approximation algorithm for counting problems
is that of a fully polynomial randomized approzimation scheme (fpras). An
fpras for a counting problem F : ¥* — N is a randomized polynomial time
algorithm that takes as input an instance z € ¥* of F' and an ¢/ € N and
computes a z € Q such that

Pr((1-1/0) F(a) <= < (141/0)- F@) > |

(where the probability is taken over the random decisions of the algorithm).
Recall Valiant’s theorem that the problem of counting perfect matchings in a
bipartite graph is #P-complete (whereas the corresponding decision problem
is in polynomial time). Another fundamental result of counting complexity
due to Jerrum, Sinclair, and Vigoda, states that there is an fpras for the
problem of counting perfect matchings.

Somewhat analogously (though with a much simpler proof), we show here
that the parameterized problems of counting paths and cycles admit the fpt-
analogue of an fpras.

Definition 14.37. Let (F), k) be a parameterized counting problem over the
alphabet X. A fized-parameter tractable randomized approzimation scheme
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(fptras) for (Q, k) is a randomized fpt-algorithm that, given an instance x € ¥*
and an ¢ € N, computes a z € Q such that

Pr((1-1/0) F(a) <= < (1L+1/6) F@) > |

More precisely, the algorithm is required to be fpt with respect to the param-
eterization £’ : ¥* x N — N defined by #'(z,¢) := k(x). !

Theorem 14.38. For every polynomial time decidable class C of structures
of bounded tree width, the problem p-#EMB(C) has an fptras.

Corollary 14.39. The problems p-#PATH and p-#CYCLE have fptrases

To prove Theorem 14.38, we use the method of color coding. Recall the
proof of Theorem 13.37 and the terminology used in this proof. Let us call
an embedding g of a structure A into a structure B colorful with respect to a
coloring A : B — [k] if the restriction of A to g(A) is one-to-one. The following
lemma is a generalization of Lemma 13.37:

Lemma 14.40. For every w > 1, the following problem can be solved in time

20(1{)) . anrl

)

where k := |A|, w:=tw(A), and n :=||A|| + ||B|| :

Instance: Structures A and B and a coloring A : B — [|A]].
Problem: Compute the number of colorful embeddings g from
A into B.

We leave the straightforward proof, which is a combination of the proofs
of Theorem 14.7 and Lemma 13.37, to the reader.

We need the following standard Chernoff bound. A proof can be found,
for example, in [11].

Fact 14.41. Let S be a sum of mutually independent indicator random vari-
ables and p := E[S] its expected value. Then for every e > 0,

Pr(|S — p| > e p) < 2exp(—c(e) - p),

where c(€) = min{(1+ €)In(1 +¢€) — ¢, €2/2}.

Proof of Theorem 14.38: The idea of the algorithm is simple: Given an in-
stance (A, B) of p-#EMB(C), the algorithm repeats the following for r times
(r will be determined later): It randomly colors B with k := |A| colors and
computes the number of colorful embeddings of A into B (using the algorithm
of Lemma 14.40). For ¢ € [r], let z; be the number of colorful embeddings
found in the ith iteration. The algorithm returns the value
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kk
i€(r]

All we have to do is get the numbers right: Let A and B and £ € N be the
input of our algorithm.

We let k := |A|, n := |B|, pi. := k!/k*, e :== 1/¢. Choose ¢ := c(e) according
to Fact 14.41. Let

[k . ln(8n)—‘
r= .
C- Pk

Suppose our algorithm chooses the following sequence

Moo A

of random colorings \; : B — [k].
We first consider a fixed embedding g of A into B. For i € [r], let X7 be
the indicator variable for the event “g is colorful with respect to A\;.” Then

Pr(X! =1) = py.

Thus for the expected value E [S9] of the sum S9 := 3, ., X7 of the indicator
variables we get
w=E[S9) =pg-r

Fact 14.41 yields
Pr (]S — pu| > €-p) < 2exp(—c- p).
Then

Pr(]SY9 — p| > ep for some embedding g of A into B)
< > Pr(I8Y—ul > ep)

g embedding
of A into B

<nF.2exp(—c-py-7)

ot axp ()
C- Pk
1
< .
4

Thus with probability at least (3/4), for all embeddings g of A into B we have
p-(I—e) <89 <pu-(1+e). (14.8)

Note that for each ¢ € [r], the number z; of colorful embeddings computed by
the algorithm in the ith iteration is precisely

> Xy

g embedding
of A into B
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Thus

zr:Zi = Z S9.
i=1

g embedding
of A into B

Hence for the value z returned by our algorithm we obtain

Lk
e= 0 m=0me > s
i€[r] g embedding
of A into B

Thus by (14.8), with probability at least (3/4) we have

Z (1-g)<z< Z (I+e).

g embedding g embedding
of A into B of A into B

Recall that ¢ = 1/¢ and let y denote the number of embeddings of A into B.
Then with probability at least (3/4)

1 1
. — <z<y- .
Y (1 €>_z_y (1+€> a

Notes

The complexity of counting problems was first systematically studied by
Valiant [201, 202, 203]. The #P-completeness of counting the number of per-
fect matchings in a bipartite graph was proved in [202]. The fpras for the num-
ber of perfect matchings was only recently obtained by Jerrum et al. [141],
building on earlier work by Jerrum and Sinclair [140]. Toda’s theorem was
proved in [199]. For an introduction into counting complexity and the design
of fprases by the Markov Chain Monte Carlo method, which is underlying the
fpras for the number of perfect matchings and most other known fprases, we
refer the reader to [139].

Exercise 14.6 is from [102]. Theorem 14.8(1) is from [14, 62]; see [157] for
an interesting application of the theorem to the evaluation of knot diagrams.
Theorem 14.8(2) is due to Frick [110].

The investigation of intractable parameterized counting problems was ini-
tiated independently in [17, 102, 160]. The class #W][1] was introduced in
both [102] and [160], though based on different types of reductions. Our ver-
sion based on fpt parsimonious reductions is from [102]; the “parameterized
counting reductions” in [160] may be viewed as fpt Turing reductions with
only one oracle query. Theorem 14.18 and Exercise 14.27 are from [102, 160].
Exercise 14.29 is from [63].

Theorem 14.30 is from [102]. The notion of an fptras was introduced Arvind
and Raman in [17], and Theorem 14.38 was proved there.
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Open Problems

As a direct analogue of Valiant’s hardness result for computing the number
of perfect matchings, it would be nice to prove that the following problem is
#W/[1]-complete:

p-#MATCHING
Instance: A bipartite graph G and k € N.
Parameter: k.
Problem: Compute the number of matchings of G of cardi-
nality k.

A matching of cardinality & in a graph G = (V, E) is a set of k edges
ei,...,ex € E such that e; and e; have no endpoint in common for all 7, j € [k]
with 4 # j. The problem for arbitrary (not necessarily bipartite) graphs is also
open.

On the structural complexity side, it would be interesting to know whether
some analogue of Toda’s theorem holds. There are several variants that come
to mind, for example: Is the W-hierarchy contained in the closure of #W]1]
under fpt Turing reductions? Is the A-hierarchy contained in the closure of
the #W-hierarchy, or at least #W/[P], under fpt Turing reductions?



15

Bounded Fixed-Parameter Tractability and
Limited Nondeterminism

In the definition of fixed-parameter tractability we allowed arbitrary com-
putable functions f to bound the dependence on the parameter of the running
time

F(r(x)) - |27

of an fpt-algorithm. This liberal definition was mainly justified by the hope
that “natural” problems in FPT will have “low” parameter dependence. While
this is true for many problems, in Theorem 10.18 we saw that there is no ele-
mentary function bounding the parameter dependence of p-MC(TREE, FO),
the parameterized model-checking of first-order logic on the class of trees.

There are viable alternatives to the notion of fixed-parameter tractability
obtained by simply putting upper bounds on the growth of the parameter
dependence f. Natural choices are f € 200) and f € ko

In this chapter, after introducing a general framework of “bounded fixed-
parameter tractability,” we develop large parts of the specific theory with
parameter dependence bounded by 2°(*). The gkt
is quite similar, will be treated in the exercises.

By and large, the 2°(*)-bounded theory can be developed parallel to the
unbounded theory. The classes corresponding to FPT, W[P], and to the classes
W(t] are denoted by EPT, EW[P], and EWJt], respectively. In Sect. 15.1 we
introduce the appropriate notion of reduction, called ept-reduction, and prove
some useful technical lemmas. We introduce the class EW[P] in Sect. 15.2 and
relate it to limited nondeterminism.

Sections 15.3-15.5 are devoted to the EW-hierarchy. As the classes of the
W-hierarchy, these classes are defined via weighted Fagin-definable problems.
In Sect. 15.3 we characterize the classes via weighted satisfiability problems. In
Sect. 15.4 we will see that many completeness results obtained in the previous
chapters for the W-hierarchy can easily be transfered to the EW-hierarchy.
As an example, we prove that the parameterized hitting set problem, which is
W|[2]-complete under fpt-reductions, is EW[2]-complete under ept-reductions.
A surprise occurs when we consider the parameterized VC-dimension problem

-bounded theory, which



390 15 Bounded Fixed-Parameter Tractability

p-VC-DIMENSION. While in Theorem 6.5 we saw that p-VC-DIMENSION is
W]/1]-complete, the problem turns out to be EW([3]-complete. Thus we are in
the odd situation that in the theory so far, VC-dimension is “easier” than hit-
ting set, whereas in the 29(®)-bounded theory, it is “harder.” Less surprisingly,
in Sect. 15.6 we will show that in the new framework p-MC(TREE, FO) and
p-MC(FO) have the same complexity (while p-MC(TREE, FO) € FPT and
p-MC(FO) is AW[«]-complete). Before that, in Sect. 15.5, we establish a nice
direct connection between the (classical) theory of limited nondeterminism
and the 2°()_-bounded theory, more precisely, between the LOG-hierarchy
and the EW-hierarchy. In particular, we show that LOG[t] = PTIME if and
only if EW[t] = EPT.

15.1 The Bounded Framework

Definition 15.1. Let F be a nonempty class of unary functions from N to
N. A parameterized problem (Q, k) over the alphabet ¥ is F fized-parameter
tractable if there is a function f € F, a polynomial p, and an algorithm that,
given x € ¥*, decides if x € @ in at most f(x(x)) - p(|z|) steps.

We denote the class of all F fixed-parameter tractable problems by F-
FPT. -

We obtain the standard notion of fixed-parameter tractability if we take
as F the class C of all computable functions. Taking as F the class of all func-
tions we obtain the notion which in Downey and Fellows’ book [83] is called
uniform fixed-parameter tractability (there, strongly uniform fixed-parameter
tractability corresponds to our notion of fixed-parameter tractability). Also
observe that KC-FPT for the class K of all constant functions is essentially
PTIME. (More precisely, I-FPT is the class of all parameterized problems
(@, k) such that @) € PTIME.)

Further natural and interesting choices of classes F of functions are

2ko(1), 20(k) ~ and 200k,

In this chapter, we will study the “exponential” theories of 2°0(*)-FPT and
2k _FPT. The “subexponential” theory will be studied in the next chapter,
but for technical reasons it will be better to work with the effective version
20""(®) instead of 2°("). We denote 2ko(l)—FPT, 20(k)_FPT, and 20" (k)_FPT
by EXPT, EPT, and SUBEPT, respectively.

From now on, we distinguish between the usual parameterized complex-
ity theory, referred to as unbounded parameterized complexity theory, and the
F-bounded theories for various classes F called bounded parameterized com-
plexity theories.

For functions f,¢g : N — N, we write f < g if f(k) < g(k) for all k € N.
The following simple observation is useful:



15.1 The Bounded Framework 391

Lemma 15.2. Let F and F' be classes of functions from N to N. Assume
that for every f € F there is an f' € F' such that f < f’. Then

F-FPT C F'-FPT.
In particular, we see that
SUBEPT C EPT C EXPT C FPT.

The algorithms presented in Chap. 1 show that the problems p-SAT, p-
VERTEX-COVER, and p-d-HITTING-SET are in EPT. Theorem 10.18(1) im-
plies that p-MC(TREE, MSO) ¢ EXPT unless PTIME = NP, yet by Theo-
rem 10.16, p-MC(TREE, MSO) € FPT.

Example 15.3. Let Q C X* be a decidable problem that is not decidable in

time 2" For k : £* — N defined by k(z) = max{1,|z|} the parameterized
problem (Q, k) is in FPT \ EXPT. =

As in the unbounded theory, to compare the complexities of parameter-
ized problems that are not F-fixed-parameter tractable, we need a notion of
(many-one) reduction. The most fundamental property expected from a no-
tion of reduction for F-FPT is that F-FPT is closed under the corresponding
reductions, that is:

If (Q, k) is reducible to (@', k') and (Q’', k') € F-FPT,

then (Q, %) € F-FPT. (15.1)

It is not always clear what the “right” notion of reduction for a specific
bounded theory is. However, for the 2°(*)-bounded theory there is a natural
notion that is defined analogous to the “unbounded” notion of fpt-reduction:

Definition 15.4. Let (Q, ) and (Q’, k") be parameterized problems over the

alphabets ¥ and X', respectively. An ept-reduction from (Q, k) to (Q', k') is

a mapping R : ¥* — (X)* such that:

(1) For all z € ¥* we have (x € Q <= R(z) € Q).

(2) There is a computable function f € 2°) such that R(z) is computable in
time f(k(z))-|z|%M) (that is, R(z) is computable in time 20(+()). |£|O(1),

(3) There is a d € N such that '(R(x)) < d- (k(z) + log|z|). —|

We write (Q, k) <°P* (Q', k') if there is an ept-reduction from (Q, k) to (Q’, k'),
and use the usual derived notations such as <®Pt, =°Pt and [(Q7 v)|ert.

Lemma 15.5. EPT is closed under ept-reductions.

We leave the straightforward proof to the reader. The crucial observation,

which also explains the bound in Definition 15.4(3), is that 20(+logn) —
90(k) . yO(1)

Exercise 15.6. Prove that <°P! is reflexive and transitive. -



392 15 Bounded Fixed-Parameter Tractability

We saw in Proposition 2.6 that polynomial time reductions and fpt-
reductions are incomparable. Similarly, fpt-reductions and ept-reductions are
incomparable:

Proposition 15.7. There are parameterized problems (Q,k) and (Q', k')
such that

(@, k) <" (Q', ) and (Q',K') <P (Q, k).

Proof: The proof is very similar to the proof of Proposition 2.6. As in that
proof, choose problems @, Q' such that Q’ is polynomial time reducible to Q,
Q' is not in PTIME, and Q is decidable, but not polynomial time reducible to
Q'. Define k, k' by k(z) := log(|z| + 2) (this is the only difference to the proof
of Proposition 2.6) and '(x) := 1 for all x. It is easy to verify that (Q, x) and
(Q', k') have the desired properties. O

Very often, the fpt-reductions given in previous chapters are also ept-
reductions, because they are computable by an ept-algorithm, and the pa-
rameter increases by at most a constant factor.

Example 15.8. p-CLIQUE =°P' p-INDEPENDENT-SET.

Here the standard reduction (G, k) — (G, k) (cf. Example 2.4), where G
denotes the complement of G, is an fpt-reduction, an ept-reduction, and a
ptime-reduction. b

Example 15.9. p-INDEPENDENT-SET =°* p-WSAT(T'| ,).
Again it is easy to see that the standard reductions (given in Lemma 6.29
and Exercise 6.30) are ept-reductions. .

However, the next example shows that one has to be very careful when
applying the reductions of the previous chapters; sometimes very simple and
innocent looking fpt-reductions are not ept-reductions:

Example 15.10. The standard fpt-reduction of p-CLIQUE to p-MC(X4)
based on the equivalence

(G.k) € p-CLIQUE <= G =3my... 3\ Exw;  (15.2)

1<i<j<k

is not an ept-reduction, since the formula on the right-hand side has length
O(k?). 4

Exercise 15.11. Convince yourself that the reductions presented in Ex-
ample 2.7 are ept-reductions, thus showing that p-DOMINATING-SET =°P*
p-HITTING-SET. -

Exercise 15.12. Show that p-HITTING-SET <°P* p-TOURNAMENT-DOMINA-
TING-SET.

Hint: Show that the reduction presented in the proof of Theorem 7.17 is an
ept-reduction. Without proof you may use the fact that a tournament without
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a dominating set of cardinality &k (cf. Lemma 7.18) can be constructed in time
20(k) -

We say that a parameterized problem (Q, k) has logarithmic parameters
if it is trivial for instances z with x(x) > O(log |x|), more precisely:

Definition 15.13. A parameterized problem (Q, k) has logarithmic parame-
ters if for some ¢ € N and all z,y with x(x) > ¢-log|z| and k(y) > ¢ - log|y|

TEQR <= yeqQ. —

Exercise 15.14. Show that p-TOURNAMENT-DOMINATING-SET and p-VC-
DIMENSION have logarithmic parameters. n

We show that polynomial time reductions and ept-reductions coincide on
problems with logarithmic parameters:

Proposition 15.15. Let the parameterized problems (Q, k) and (Q', k') have
logarithmic parameters. Then:

Q Sptime Ql — (Q,I‘i) Sept (Q/,KZ/).

Proof: Assume that Q@ C ¥* and Q' C (¥/)*. We prove the proposition with
two claims.

Claim 1. If (Q',x’) has logarithmic parameters and @Q <P™e ('  then
(Q,r) <P (Q', k).

Proof: Let R be a polynomial time reduction from @Q to @’. In particular,
|R(z)| = |2|°M) for 2 € £*. Choose ¢ € N such that for all 2,y € (X')*

k' (z') > clog|z’| and K'(y) > clog|y'| = (2’ € Q' <= ¥ € Q). (15.3)

If £'(z') < c-logl|z’| for all 2’ € (¥')*, then R is an ept-reduction from @ to
Q’, since k'(R(z)) < c¢-log|R(x)| < O(log|z|).
Otherwise, let x{, be such that x’(xf,) > c-log |xf|. We define S : ¥* — (X')*
by:
S(e) i {xg, if &/ (R(x)) > - log|R(x)],

R(z), otherwise.

By (15.3), S is a reduction from @ to @’. It is also an ept-reduction from
(Q, k) to (Q', '), as k'(S(x)) < max{r'(z(), ' (R(x))} < O(log|x]). .

Claim 2. If (Q, k) has logarithmic parameters and (Q, ) <°P* (Q’,x’), then
Q Sptime Q/-

Proof: Let R be an ept-reduction from (Q, ) to (Q’,’). Choose ¢ € N such
that for all z,y € (£)* with x(x) > ¢-log|z| and k(y) > c-log|y| we have
(x € @ < y € Q). Let xg be such that x(zg) > ¢ log|ze| (if there is no
such z interpret the following argument in the obvious way).
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We define S : ©¥* — (X')* by:

S(x) = R(xp), if k(x) .> c-log |zl,
R(z), otherwise.

Again one easily verifies that S is a reduction from @ to Q'. Since R(x) is

computable in time 20(+(®)) . |z|0() " and 20 @) . 2|00 < 2|90 for all
x € ¥* with k(z) < c¢-log|z|, we see that S is computable in polynomial
time. 4

Clearly, claims 1 and 2 imply the statement of our proposition. O

Corollary 15.16. Let (Q, k) be a parameterized problem with logarithmic pa-
rameters. Then
Q € PTIME < (Q, k) € EPT.

In the following exercise, we start to develop the 2k _bounded theory:

Exercise 15.17. (a) Define an appropriate notion of expt-reduction for an
intractability theory for the 2k’ hounded framework.

Hint: Modify conditions (2) and (3) in Definition 15.4 appropriately. In par-
ticular, replace (3) by:

(3’) There is a ¢ € N such that for all d € N

K'(R(x)) < O(k(x) + (log |z]) /7).

(b) Prove the “Qko(l)—analogues” of Lemma 15.5, Exercise 15.6, Proposi-
tion 15.7, Example 15.8, Example 15.9, and Exercise 15.11.

(c) Prove that p-CLIQUE =Pt p-MC(%;). -

15.2 The Class EW[P]| and Limited Nondeterminism

In this section we introduce the class EW[P], the analogue of W[P] for the
20(k)_hounded theory. We show that the weighted circuit satisfiability problem
is complete for EW[P] and relate the class to limited nondeterminism.

Definition 15.18. (1) Let ¥ be an alphabet and x : ¥* — N a parameter-
ization. A nondeterministic Turing machine M with input alphabet X is
called (QO(k), k)-restricted if there is a computable function f € 20(k) o
constant ¢ € N, and a polynomial p € Ny[X] such that on every run with
input z € ¥* the machine M performs at most f(k) - p(n) steps, at most
¢+ (k+logn) - logn of them being nondeterministic. Here n := |z| and
k= k(x).

(2) EW/[P] is the class of all parameterized problems (@, ) that can be decided
by a (20%) | k)-restricted nondeterministic Turing machine. o
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Recall that for fpt-reductions R the parameter of R(x) is bounded by
g(z) := h(k(x)) for some computable function h,
whereas for ept-reductions R it is bounded by
g(z) :==d- (k(z) + log|z|) for some d € N.

In s-restricted Turing machines and in (20(*), k)-restricted Turing machines
the number of nondeterministic steps is bounded by g(z) - log |z| for the cor-
responding g. In this sense the notion of (29(*) k)-restricted Turing machine
naturally extends the notion of k-restricted Turing machines.

By a tedious but straightforward proof one shows:

Lemma 15.19. EW[P] is closed under ept-reductions.
We prove the analogue of Theorem 3.9:

Theorem 15.20. p-WSAT(CIRC) is EW[P]-complete under ept-reductions.

Proof: Clearly, p-WSAT(CIRC) € EW[P], since there exists a nondetermin-
istic Turing machine that on input (C, k), where C is a circuit and k € N,
decides if C is k-satisfiable in ||C||9(") steps and with at most k - log ||C|| non-
deterministic steps.

To prove that p-WSAT(CIRC) is EW[P]-hard, assume that the problem
(Q, k) is decided by the Turing machine M that on input x performs 2¢* . |x|®
steps, at most d- (k+1log|z|) - log || being nondeterministic; here ¢, d € N. We
set m := 2°%.|z|* and ¢ := d- (k+log |x|). We may assume that M has at most
binary branching. By a standard simulation of Turing machines by circuits
(cf. Fact 3.10), for every instance x we obtain a circuit C, with £-log|z| input
nodes and with ||C|| < 22¢* - |2|°() such that

r € @ < C, is satisfiable.

We apply to C,, the k- logn-trick (see Corollary 3.13) to get a circuit D,, with
¢ - |z| input nodes in time O(||C.|| + ¢ - |z|?) such that

C. is satisfiable <= D, is f-satisfiable.
Altogether, we have
x €Q < D, is d- (k+ log|z|)-satisfiable.

This yields an ept-reduction of (@, k) to p-WSAT(CIRC). O

To relate EW[P] to limited nondeterminism (see Theorem 15.23 below) we
consider the restriction of p-WSAT(CIRC) to logarithmic parameters.

Lemma 15.21. p-WSAT(CIRC) <°P* p-LoG-WSAT(CIRC), where
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p-LOG-WSAT(CIRC)

Instance: A Boolean circuit C and k < log||C||.
Parameter: k.

Problem: Decide whether C is k-satisfiable.

Proof: Let (C,k) be an instance of p-WSAT(CIRC). Let C’ be the circuit
obtained from C by adding a new output node, which is an and-node of in-
degree 2F, each input line coming from the output node of a copy of C. All
these copies share only the input nodes. The circuit C’ can be obtained in
time O(2% - ||C||), and its size is at least 2¥. Thus k < log||C’|. Moreover,

C' is k-satisfiable <= C is k-satisfiable.

So, the mapping (C, k) — (C’, k) is the desired reduction. O

Corollary 15.22. p-LoG-WSAT(CIRC) is EW[P]-complete under ept-reduc-
tions.

Theorem 15.23. EW[P] = EPT if and only if NP[log® n] = PTIME.

Proof: First assume that EW[P] = EPT. Let @ be a (classical) problem de-
cided by a nondeterministic polynomial time machine M that on every run
on input z performs at most 10g2|x| nondeterministic steps. Then the param-
eterized problem (Q, k) with x(x) := log|z| is in EW[P] and hence in EPT.
Therefore @@ € PTIME by Corollary 15.16.

Now assume that NP[log? n] = PTIME. Since the problem

LoG-WSaT(CIRC)
Instance: A Boolean circuit C and k < log||C||.
Problem: Decide whether C is k-satisfiable.

is in NP[log? n], it is in PTIME. Thus, p-LoG-WSAT(CIRC) € EPT by Corol-
lary 15.16; hence, EW[P] = EPT by the previous corollary. O

Exercise 15.24. Show that LoG-WSAT(CIRC) is NP[log® n]-complete un-
der polynomial time reductions. b

Exercise 15.25. Show that p-BOUNDED-NTM-HALT (cf. Example 3.5) is
EW/[P]-complete under ept-reductions. =

Exercise 15.26. Show that p-GENERATORS (cf. Theorem 3.19) is EW[P]-
complete under ept-reductions.
Hint: Argue as in Theorem 3.19 using the fact that p-WSAT(CIRCT) is

EWI[P]-complete under ept-reductions, which will be shown in Exercise 15.33.
_|

Exercise 15.27. Define an appropriate class 2ko(1)—W[P] and prove the ana-
logue of Theorem 15.20. -
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15.3 The EW-Hierarchy

We defined the W-hierarchy by letting W[t] = [p-WD-II;]*. Recall that for
t,d > 1, by II;;q we denote the class of II;-formulas ¢(X) with at most d
occurrences of X. In Exercise 7.12, we proved that for all t,d with t +d > 3
the class p-WD-II; /4 contains problems that are W{t]-complete under fpt-
reductions. In particular, this means that for all ¢ > 2 we have

Wit] = [p-WD-I1, /1 ]™*. (15.4)

For reasons that will become clear later, in defining the analogue of the W-
hierarchy for the 2°*)-bounded parameterized complexity theory, we have to
be more restrictive than for the unbounded theory. We take the analogue of
(15.4) as the defining equation:

Definition 15.28. For every ¢t > 2, we let
EWIt] 1= [p-WD-IT, /1 ]P".
The classes EW[t], for ¢ > 2, form the EW-hierarchy. -

The question whether EW[t] = [p-WD-II;]°P" is still open. Note that we
have only defined the hierarchy from the second level upwards. We will address
the problem of how to define EWJ1] in Sect. 15.5. The following exercise
already indicates that the extension of the EW-hierarchy to EW[1] is not as
smooth as one may hope.

Exercise 15.29. Show that [p-WD-II, /;]°** C EPT. =

A collapse of the EW-hierarchy implies a collapse of the W-hierarchy, as
the following proposition shows:

Proposition 15.30. For allt > 2,
EW[t] = EPT — W][t] = FPT.
Proof: If EW[t] = EPT, then p-WD-II;;; € EPT C FPT and hence W{t] =
FPT by (15.4). O
The main result of this section is the following theorem:

Theorem 15.31. Lett > 2. Then:

(1) p-WSAT(T'; 1) is EW[t]-complete under ept-reductions.

(2) If t is even, then p-WSAT(T} ) is EW/[t]-complete under ept-reductions.
(3) Ift is odd, then p-WSAT(I'; ;) is EW[t]-complete under ept-reductions.

We obtain this theorem with the following Lemmas 15.32 and 15.35.

Lemma 15.32. Lett > 2 andd € N. Then p-WSAT(T; 4) <°P* p-WSAT(FZfd)
for even t and p-WSAT(T'; q) <* p-WSAT(T', ;) for odd t.
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Proof: Lemma, 7.6 contains the corresponding claims for <fP*. One easily ver-
ifies that the reductions in that proof are ept-reductions, too. a

Exercise 15.33. Show that p-WSAT(CIRC) <°P* p-WSaT(CIRC™).

Hint: The proof of Lemma 7.6 implicitly contains a corresponding ept-
reduction. 4

Exercise 15.34. For d > 1, show that p-WSAT(T'; 4) <" p-WSaAT(I' ;).

Let X be a unary relation variable and, for n > 1, fix an n-ary relation
symbol R,. Furthermore, let t,d > 1. The generic I1; q-formula is, for even ¢,
the formula

Vy13ye .. . Vyr—1(3z1 € X) ... (324 € X)R(t,1)+d Y1 .. Ye—121-..24, (15.5)
and, for odd ¢, the formula
Yy Jys ... Elyt,l(v,zl € X) . (Vzd € X)R(t_1)+d Y1 .- Yt—121 ... 2d- (15.6)

Lemma 15.35. Fort,d € N witht+d > 3:

(1) Let o(X) be a 11, q-formula. There is a polynomial time algorithm asso-
ciating with every structure A a propositional formula o € T'y g such that
for all k € N:

(A k) € p-WD,, <= (a,k) € p-WSAT(T'; q).

(2) Let o(X) be the generic I1;,q-formula. Then, there is a polynomial time
algorithm associating with every propositional formula o € FZ g (if t is
even) and o € T';, (if t is odd) a structure A with |A| = |a| such that for
all k € N:

(a,k) € p-WSAT(I'y q) <= (A, k) € p-WD,,

Proof: We present (cf. the proof of Lemma 7.2) the proof of (1) and (2) for
odd ¢ > 2 and then sketch a proof of (2) for even t.

To prove (1), let p(X) € II; /4 with s-ary X. Transforming the quantifier-
free part of ¢ into conjunctive normal form, we obtain an equivalent formula

¢ (X) =V5 3 ... Vg \ v,
icl

where each 1); is a disjunction of literals. The formula ¢’(X) is not necessarily
in II; /4. However, we may assume that the variable X occurs at most d times
in each ;. Let A be a structure. For a € A, let Y; be a propositional variable
with the intended meaning “a is in the set X satisfying ¢'(X).” We let o/ be
the I'; -formula
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o = /\ \/ /\ 0i.ar,....a¢s

a1€AlTLl goe AlU2] a,cAlvl
icl

where @, = ar1...0rm, (with m, := |§,|), and where §;3,....a, is the dis-
junction obtained from v; as follows: We replace literals (=) Xy, v, - - - Yu.v.
by (=)Ya, 4 ...au,.,, omit literals X if A = A(@1, ..., a;), and delete the whole
51(11, LGt lfA): (al,...,@t)

Then, |a/| € O(|A|!#1+-+18:]) which is polynomial in ||.A|| because ¢’ is
fixed. For arbitrary B C A® one easily verifies that

Al ¢/ (B) <= {Y;| b€ B} satisfies o. (15.7)
To ensure that every variable Y3 occurs in the propositional formula, we set

a:=a A /\ (Ya V —Ya).
acAs

If d = 1, then ¢t > 2 and therefore, we can view the conjunction added to o
as a I'y ;-formula. In any case, « is (equivalent to) a I'; 4-formula, and, since
by (15.7) the equivalence

(A k) € p-WDy <= (o, k) € p-WSAT(I'; q)

holds, (A, k) — (a, k) is the desired reduction.

We turn to a proof of (2). Consider a formula o € I'; 4 Without loss of
generality (see Exercise 4.2) we may assume that « has the form

o= /\ \/ \/ /\ Yii i1 V.. VY i)

1€l i€l ir—1€l i €1

Let )Y be the set of variables of a. We let A := I U ). The structure A has
two unary relations IND* := I and VAR := ). Moreover, A contains the
((t — 1) + d)-ary relation

A Z:{(il,...,Z.tfl,yl,...,yd) ‘ il,...,it,1 (S I,Yl,...,Yd G)J,
and fOI‘ all it S IZ {}/il...itla~ . ayril...itd} Z {Yl, .. .,Yd}}.

Let

0o(X) :=Vy1 (INDy; — Jy2(INDya A ... Jys—1 (INDys_1 A
(Vzl € X) N (VZd S X)(VARZl A Syl Y121 . Zd)) .. ))

Then for all £ € N and Y7,...,Y;, € YV we have
{¥1,..., Y} satisfies @ <= AE oo({Y1,...,Ye}),

and therefore
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(o, k) € p-WSAT(T', ;) <= (A k) € p-WDy,.
It is easy to see that ¢ (X) is equivalent to a formula 1 (X) of the form

Vy13yz ... Fyr—1(Vz1 € X) oo (Vza € XD)V(Y1, -y Yt—1,21, - -+ 5 2d)
with quantifier-free . Setting A" := (A, Rg“_/1+d) with
R\ = {a e AUV | A= pla]},
we see that for the generic II; ,4-formula
O(X)=VyIyz2... 1 (Va1 € X) ... (Vza € X)Ry—1y4a¥1-- - Ye—121- - Zd

we have
(a,k) € p-WSAT(T, ;) <= (A, k) € p-WD,,

which proves our claim.
We sketch the changes that are necessary for even t. We can assume that
o€ I‘zrd has the form

a= AV A Viiih A i)

1€l ia€] 1€l €1
We set

wo(X) :=Vy1(INDy; — Jy2(INDys A .. . Nys—1(INDys_1 —
(Fz1€X)...(Fz2a € X)SY1-. - Yt—121---2d) --.))-

If o has less than k variables, we choose A so that (A, k) is a “no”-instance
of p-WD,, otherwise we define A as above but setting

SA Z:{(il,...,it_l,Yl,...,Yd) ‘ i1,-..,04—1 € 1,Y1,..., Yy €)Y, and
there is an i; € I with {Y;, ,1,..., Y. 44 C{Y1,...,Yy}}. O

Proof of Theorem 15.81: Immediate from Lemmas 15.32 and 15.35. ad
By Lemma 15.32, Exercise 15.34, and Lemma 15.35, we obtain:

Corollary 15.36. (1) For t,d € N with t +d > 3 and the generic Il;/4-
formula o(X),
o p-WSAT(Ty ) =°F* p-WSAT(FZfd) =Pt p-WDy, if t is even;
o p-WSAT(T;q) =P p-WSAT(T; ;) =P* p-WD,, if t is odd.

(2) Lett>2. If o(X) € II;; is generic, then p-WD,, is EW[t]-complete.

Let us also mention the following characterization of the EW-hierarchy by
model-checking problems. For a proof, we refer the reader to the literature.
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Theorem 15.37. For every t > 2 and u > 1, the problem p-MC(3;,,) is
EW[t]-complete under ept-reductions.

We know that p-WSAT(T; 4) <Pt p-WSAT(T; 1) for t > 2 and d € N (see
Lemma 7.5). Tt is not known whether <* can be replaced by <°Pt. Similarly,
it is not known if the analogue of the Monotone and Antimonotone Collapse
Theorem holds, more precisely, it is not known if p—WSAT(FZ_L 4) € EW[t]

for even t, and if p-WSAT(I', | ;) € EW[t] for odd ¢. The following exercises
contain some notions and results that originated in these open questions.

Exercise 15.38. For ¢ € N define the class EW[t 4+ 1/2] of parameterized
problems by:

o EW[t+1/2] = [p-WSAT(I'},, )] if ¢ is even;

o EWI[t+1/2] = [p-WSar(T;, ;)] if ¢ is odd.

Observe that

EW[1.5] C EW[2] C EW[2.5] CEW[3] C ... .

Prove the following robustness property of the classes EW[t + 1/2] (as re-
marked above, it is not known whether the classes EW([t] share this property):
o p-WSar(I'f,, ;) € EW[t +1/2] for even t € N and d € N.

e p-WSar(l'y,, ;) € EW[t +1/2] for odd ¢ € N and d € N. o

Exercise 15.39. An independent set in a hypergraph H = (V, E) is a set
I C V such that e Z I for all e € E. Show that the parameterized independent
set problem for hypergraphs p-Hyp-1IS is EW[1.5]-complete, where

p-HyP-1IS
Instance: A hypergraph H and k € N.
Parameter: k.
Problem: Decide whether H has an independent set of cardi-
nality k.

Exercise 15.40. A disconnecting set in a hypergraph H = (V, E) is a set
D C V such that for all e € E thereis an ¢’ € F with eNe’ C D (e and ¢ are
disconnected when removing D). Show that the parameterized disconnecting
set problem for hypergraphs p-HyP-Dis is EW][2.5]-complete, where

p-Hyp-Dis
Instance: A hypergraph H and k € N.
Parameter: k.
Problem: Decide whether H has a disconnecting set of cardi-
nality k.
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Exercise 15.41. Define the analogue of the EW-hierarchy for the kM
bounded theory and call its classes EXPW/[2], EXPW]3].....
(a) Show the following strengthening of Theorem 15.31:

For t > 2 and d € N we have:

o p-WSAT(I'; 4) is EXPW][t]-complete under expt-reductions.

o [Iftis even, then p—WSAT(de) is EXPW/[t]-complete under expt-

reductions.
e If ¢t is odd, then p-WSAT(FZd) is EXPW][t]-complete under expt-
reductions.
(b) Generalize the results in Exercises 15.38-15.40 to the 2+ bounded the-
ory. -

15.4 Complete Problems

In this section we show the EW/[2]-completeness of p-HITTING-SET and of
p-DOMINATING-SET and the EW/[3]-completeness of p-VC-DIMENSION.

Theorem 15.42. p-HITTING-SET is EW|[2]-complete under ept-reductions.

Proof: Example 4.42 shows that p-HITTING-SET is p-WDy for the Il ;-
formula hs; hence, p-HITTING-SET € EW[2]. The proof of Theorem 7.14 shows
that p—WSAT(FL) <°P' p-HITTING-SET. This yields the EW[2]-hardness by
Theorem 15.31. a

By Exercise 15.11 we get:

Corollary 15.43. p-DOMINATING-SET is EW|[2]-complete under ept-reduc-
tions.

Exercise 15.44. p-TOURNAMENT-DOMINATING-SET is EW([2]-complete un-
der ept-reductions. -

Recall the parameterized VC-dimension problem (see p. 91 and p. 108 for
the necessary definitions):

p-VC-DIMENSION
Instance: A hypergraph H = (V, E) and k € N.
Parameter: k.
Problem: Decide whether VC(H) > k, that is, whether there is a
subset of V' of cardinality k that is shattered by F.

In Theorem 6.5 we saw that p-VC-DIMENSION is W([1]-complete under
fpt-reductions. To prove membership in W[1], we reduced p-VC-DIMENSION
to p-MC(X;) by associating with every instance (H, k) of p-VC-DIMENSION
an equivalent instance (H', @) of p-MC(X;). However, an inspection of the
proof shows that |ox| > 2*. Hence that reduction is not an ept-reduction. In
fact, we show:
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Theorem 15.45. p-VC-DIMENSION is EW([3]-complete under ept-reductions.

We show that p-VC-DIMENSION € EW[3] with the next lemma and that
p-VC-DIMENSION is EW[3]-hard with Lemma 15.48.

Lemma 15.46. p-VC-DIMENSION € EW([3].

Proof: We present an ept-reduction of p-VC-DIMENSION to p-WD,, for some
o(X) € M3/1. Let (H,k), where H = (V,E), be an instance of p-VC-
DIMENSION. We may assume that |E| > 2%. Let Ay be the structure with
universe

V U E U [k] UPow([k])

and with unary relations VERT*® .=V, EDGE := E, NUM*° := [k], and
SET* := Pow([k]). Moreover, Ay has a binary incidence relation I40:

T = {(v,e) |veV,ee E,v e} U{(i,s) | i € [k],s € Pow([k]),i € s}.

In a first attempt for a reduction we introduce a II3/;-formula oo (X) with a
binary relation variable X. We intend X to be interpreted by a set {(i,v;) |
i € [k]} such that {v; | i € [k]} is shattered by E (for a “yes”-instance). We
let

wo(X) :=Vz (SETZ — Ja(EDGExA

V(y, w) € X (NUMy A VERTw A (Twe < Iy2))) ).

Clearly, po(X) is equivalent to a II3/,-formula. Moreover, we have:

(1) If Ao = ¢o(S) then S C [k] x V.

(2) If Ao E wo({(1,v1),...,(k,vg)}), then vy,..., v are pairwise distinct.

(3) If vy,...,v; are pairwise distinct, then Ay | wo({(1,v1) ..., (k,vx)}) if
and only if {v1,..., v} is shattered by E.

To prove (2), assume that Ay = po({(1,v1),...,(k,vx)}) and let ¢ # j. Inter-
pret the variable z in g by {i}. For the corresponding interpretation e of x
we have v; € e and v; € e and hence v; # v;. Claim (3) follows immediately
from the definition of .

So it remains to ensure that every set S with Ag = ¢o(S) of cardinality k
has the form {(1,v1)..., (k,vg)} for some v1,..., vk, or in other words that

if Ag = ¢o(S), |S| =k, and (4,v), (i,v) € S, then v = v'. (15.8)

We cannot simply add a subformula such as V(y,w) € XV(y',w') € X(y =
Yy — w=w) to g, because we are only allowed to use X (cf. Lemma 7.18)
once in a Il3/;-formula.

To resolve this problem, we define a new structure A := (Ag, E{!, Ef')
expanding Ag by two 4-ary relations E{* and E3' defined by:
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(i,v,i',0") € Bf* = i=1
(i,v,i',v") € By' = v="1.

For
o1 (X) = Yy (NUMy’ A VERTw' — 3" (VERTw' A
V(y, w) € X(Ery'w'yw — Ezy’w”yw)))

we show:

IS C k] xV, S| = k, and A E ¢1(5), then S has the form
{(1,v1),...,(k,v)} for some vy,...,v; € V.

In fact, assume that A | ¢1(S) and (i,v), (i,v") € S. We claim that v = v’.
Interpret the variables ¢y’ and w’ of ¢1(X) by the elements i and v’ of A,
respectively. Let v” € V be the corresponding interpretation of the variable w”
such that V(y,w) € X(Fiiv'yw — Eiv”yw) holds in A. Now first interpret
(y,w) by (i,v). Then (i,v,i,v) € E{* and thus (i,v”,i,v) € E3', which implies
that v = v. Next, interpret (y,w) by (i,v’). By a similar argument, we see
that v” = v" and hence v = v’. This completes the proof of (4).
We merge ¢o(X) and ¢1(X) into the formula

o(X) = V2NV ((SETz A NUMy' A VERTw') —
JzFw” (EDGEx A VERTwW" AV(y,w) € X
(NUMy A VERTw A (Iwz < Tyz) A (Eyy'w'yw — Ezy’w”yw)))).

Clearly, ¢(X) is equivalent to a II3/;-formula. If A |= o(S), then A |= ¢o(S)
and A = ¢1(S). Hence, by (1)—(4), we see that

(H,k) € p-VC-DIMENSION <= (A, k) € p-WD,,.

Since A can be constructed in time polynomial in the size of H, we obtain the
desired reduction. O

The following observation will be useful to show the EW/[3]-hardness of
VC-DIMENSION. For a set of propositional formulas A, we introduce the pa-
rameterized partitioned satisfiability problem:

p-PSAT(A)
Instance: A formula o € A and a partition X7, ..., X} of the
set of variables of a.
Parameter: k.
Problem: Decide whether (o, X1, ..., X%) is satisfiable, that
is, whether « has a satisfying assignment that sets
exactly one variable in each Xy to TRUE.
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Lemma 15.47. For odd t > 2, p-WSAT(T'; ;) <°P* p-PSAT(T';,).

Proof: Let (a,k) be an instance of p-WSAT(I';;) and let X be the set of
variables of a. For every X € X, we introduce k new variables Xy,..., X
and set Ay = {X, | X € X} for £ € [k]. Let & be the formula ob-
tained from « by replacing every literal =X by /\ee[k] -X;. Let o =
&' AN Nxex Niciemer(7Xe V= Xp). Then o is equivalent to a formula 3
inI';; and

a is k-satisfiable <= (3, X1, ..., X) is satisfiable. O

Lemma 15.48. p-VC-DIMENSION is EW([3]-hard.

Proof: We shall prove that p-PSAT(I'; ) <ePt p.VC-DIMENSION, this suffices
in view of Theorem 15.31 and Lemma 15.47.

It will be convenient to describe hypergraphs by their incidence matrices.
With every {0, 1}-matrix B = (bij)ic[m],je[n) We associate the hypergraph
Hp = (Vp, Ep) with vertex set Vg = [n] and edge set Fp = {e1,...,en},
where e¢; = {j € [n] | b;; = 1}. Hence the columns of B correspond to the
vertices and the rows to the hyperedges of Hp.

Let C C [n] be a set of columns of B. We say that a subset D C C' is
realized by a row i € [m] if for all j € C we have (b;; =1 < j € D). We
say that C is shattered (by B) if every subset D of C is realized by some row
of B. Note that this is the case if and only if C is shattered by Ep.

Consider an instance (o, k, X1, ..., Xk) of p-PSAT(I'; ;) with

= AV A

iel jeJ teL

We may assume that I = {0,...,|I| — 1} and that all A}, are ordered, so that
we can speak of the sth variable in X}

We choose the minimal p such that 2P > 2% + |I| - |J|. We introduce a
{0, 1}-matrix B such that for ¥’ := k + 2p we have

(o, Xy, ..., X)) is satisfiable <= (Hp, k') € p-VC-DIMENSION.  (15.9)

The matrix B = (b;;) has three blocks of columns. The first block represents
the selection of an assignment and is subdivided into k parts; the hth one of
which has width |A}|. The second block has width p and will mainly contain
the binary representations of natural numbers in I. The third block, the con-
trol part, also has width p. Recall that for s,n € Ny, we denote by bit(s, n) the
sth bit of the binary representation of n, the Oth bit being the least-significant
one.

Furthermore, for n € [0,2P — 1], let (n) = bit(p — 1,n)...bit(0,n) be the
binary representation of n with p digits. And for n € [0,2% — 1], let
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[[7]] = bit(0,n) . .. bit(0,n) ... bit(k — 1,n)...bit(k — 1,n).

|X1] times | X | times

The matrix B consists of the following rows:

(1) [[e]] (3) (s) forall 0 < e < 2% 0<i<2P, and 1< s < 2P.

(2) [[e]] (3) (0) for all 0 < e < 2% and |I]| < i < 2P.

(3) [[e]] () (0) forall 1 < e < 2Fand 0 <i < |I|.

(4) w i (i) (0) for all 0 <i < |I] and j € J,
Where every wy, has length |} | and depends on (Xj;¢)eer: The sth posi-
tion of wy, is 0 if and only if the sth variable of A}, is not in {X;;¢ | £ € L}.

We call the rows defined in (1), (2), (3), (4) rows of type (1), (2), (3), (4),
respectively.

Note that the matrix B and thus the instance (Hp, k') can be computed
from (o, X, ..., &) in time 20F) . |a|9() and that &’ € O(k + log |a|). Thus
to prove that the mapping (o, X1, ..., X%) — (Hp, k') is an ept-reduction, it
only remains to prove (15.9).

Each set C of columns corresponds to an assignment V¢ to the variables
of a that sets precisely the variables corresponding to columns in C of the
first block to TRUE. Let us call a set C' of k' columns of B that contains all
columns of the last two blocks of B and exactly one column of each of the &k
parts of the first block nice. For a nice set C the assignment V¢ corresponds
to an assignment “to («, X1,...,X%).”

Claim 1. Let C be a set of k’ columns that is shattered by B. Then C' is nice.

Proof: Since k' = k + 2p, it suffices to prove that C contains at most one
column of each of the k parts of the first block.

If we restrict all rows to the first block, then at most 2% + |I| - |J| < 2P
distinct rows occur (as the restriction of any row of type (2) or (3) coincides
with the restriction of some row of type (1)). Therefore, the set C contains
fewer than p columns of the first block. Since the length of the second block
is p, the set C' contains at least one column j from the last block. Note that
a subset D C C that contains j can only be realized by a row of type (1).

Suppose for contradiction that C' contains two columns ji, jo of the same
part of the first block. Since rows of type (1) are constant within each part of
the first block, for every row i of type (1) we have (b;j, =1 < b;, = 1).
Thus no row of B of type (1), and hence no row, can realize the subset {j1,j}
of C, which contradicts the assumption that C is shattered by B. -

Claim 2. Let C be a nice set of columns. Then C' is shattered by B if and

only if V¢ satisfies .

Proof: For s € [k] let X, € X be the variable of o corresponding to the column

of the sth part of the first block contained in C; hence, Vo = {X1,..., X}
For the forward direction, suppose that C' is shattered. To prove that Vo

satisfies «, let ig € I. We shall prove that there is a jy € J such that V¢
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satisfies A\ ,c; = Xiyjoe. Let D be the subset of C' that contains no columns
of the first and third block and precisely the columns of the second block
corresponding to the positions of 1’s in the binary representation of ig. Since
C is shattered, D must be realized. D cannot be realized by a row of type (1)
(as 1 < s in such rows) nor by a row of type (2) (as || <4 in such rows) nor
by a row of type (3) (as 1 < e in such rows). Thus there is a row r of B of
type (4), say
wy ... wg {ig) (0),

that realizes D. Therefore all positions of the wys corresponding to columns
in C must be 0. Since C' contains a column of each part of the first block,
each w, contains a position that is 0. Suppose row r corresponds to jg € J.
Let ¢ € [k]. Since the position in w, corresponding to the variable X, is 0,
we have X, & {Xi,joe | £ € L} by the definition of rows of type (4). Thus
X1, Xk & {Xigjor | £ € L}, and therefore Vo satisfies )\ ¢, =Xy o0 and
hence .

For the backward direction, suppose that Vo satisfies «. Then for all ¢
there is a j such that Xq,..., Xy ¢ {Xije | £ € L}. The row of type (4)
corresponding to i, j realizes the subset D of C' defined as above. All other
subsets are realized by rows of type (1)—(3). —

Both claims together yield (15.9), by the one-to-one correspondence be-
tween nice sets and assignments to («, X1, ..., Xk). O

Exercise 15.49. Prove that for all ¢,d € N with ¢t +d > 3, p-PSAT(T', 4) is
equivalent to p-WSAT(I'; 4) under ept-reductions and under fpt-reductions.
Furthermore, if ¢ is odd then the analogous result holds for I', ; and if ¢ is

even it holds for F; g =

Exercise 15.50. (a) Prove the analogues of Theorem 15.42 and Corol-
lary 15.43 for the 28" hounded theory.
(b) Prove that p-VC-DIMENSION € EXPW]3].

Remark: Tt is not known whether p-VC-DIMENSION is EXPW]3]-complete
under expt-reductions. b

15.5 The EW-Hierarchy and the LOG-Hierarchy

In Chap. 4, for every first-order formula ¢(X) with one free relation variable
X of arity s, we introduced the following “log-version” of the problem WD.:

LoG-WD,

Instance: A structure A and k <log |A].

Problem: Decide whether there is a relation S C A® with |S| =
k such that A = ¢(S).
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We introduced LOG][t], the tth class of the LOG-hierarchy, as the closure of
LoG-WD-II;/; under polynomial time reductions:

LOG[t] = [LoG-WD-II, ,Pt™e

(for t > 2).
In this section we show how completeness results for the EW-hierarchy
translate into completeness results for the LOG-hierarchy (and vice versa).

Recall that we already introduced “log-versions” LOG-CLIQUE, LOG-
DOMINATING-SET, and LOoG-WSAT(CIRC) of the clique problem, the domi-
nating set problem, and the weighted satisfiability problem for circuits, respec-
tively. Similarly, we define LoG-HITTING-SET and LoG-WSAT(A) for every
class A of propositional formulas.

We parameterize these “log-problems” as the corresponding original ver-
sions, for example:

p-LOG-WD,,
Instance: A structure A and k < log || A].
Parameter: k.
Problem: Decide whether there is a relation S C A® with
|S| = k such that A = ¢(9).

Similarly, we define p-LoG-WSAT(A) for every class A of propositional for-
mulas, p-LoG-CLIQUE, p-LOG-DOMINATING-SET, and p-LOG-HITTING-SET.
Observe that all these problems have logarithmic parameters (in the sense of
Definition 15.13).

The following technical lemmas show that these logarithmic restrictions
have the same 2°(*)_parameterized complexity as the original problems. The
proofs rely on “padding arguments” that increase the size of the input instance
without changing the instances significantly such that the size is at least
exponential in the parameter.

Lemma 15.51. Lett > 1, and let T be one of the classes Ft+,1’ Piq, orly.
Then
p-WSaT(I') <®* p-Log-WSAT(T).

Proof: Essentially the proof is the same as that for Lemma 15.21. We leave
the details to the reader. ad

Lemma 15.52. Lett > 1 and o(X) be the generic I1;/,-formula. Then

p-WD,, < p-L.oG-WD,,.

Proof: We only give the proof for even ¢, for odd t it is similar. Consider the
generic II; /;-formula
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o(X)=VYy1 Jy2...Vyr—1(Fz € X)Re y1 ... yt—1.

We write R for R;. Let (A, k) be an instance of p-WD,, and assume without
loss of generality that |A] > k and k& > log||A||. Let A O A such that
|A’| > 2%; we shall define an {R}-structure A’ with universe A’ such that the
instances (A’, k) and (A, k) are equivalent.

Our first idea might be to just let RA = RA, then the “essential” part
of the structure A’ is just A. The problem with this is that the value of the
formula ¢(X) may change nevertheless. Since universal quantifiers now range
over a larger universe, the formula may become false where it was true before.
We adjust the relation in such a way that the new values for the universally
quantified variables can never make the formula false and adapt the values for
the existentially quantified variables accordingly. We let

R* .= R*U {(a1,...,ai-1,b) € (A")" | a; € A"\ A for some odd i <t —1}.

We claim that the instances (A’,k) and (A, k) are equivalent instances of
p-WD,,. Suppose first that there is an S C A’ such that |[S| < k and A" =
©(S). Then, if we interpret all universal quantifiers by elements in A, all
witnesses for the existential quantifiers must always be from A, because R4
contains no tuple that has an element from A’ \ A at an even place and
elements from A at all odd places. Thus A = ¢(S N A). Moreover, A = ¢(S")
for all S’ D AN S. Since |A| > k, there is some S’ C A such that |S’| = k and
S"DANS.

Conversely, suppose that A = ¢(S) for some S C A. Then A" | ¢(5),
because if one of the universally quantified variables y; is interpreted by an
element a; € A"\ A, then the tuple (ai,...,a:—1,b) belongs to RA’ no matter
how all other variables are interpreted. On the other hand, if all universally
quantified y; are interpreted by elements in A, then the witnesses for the
existential quantifiers can be chosen as in A. O

Theorem 15.53. Let t > 2 and o(X) the generic 11/, -formula. Then

LoG-WD,, is LOGIt]-complete under polynomial time reductions.

Proof: Let 1(X) be an arbitrary II;/;-formula. Then
p-LoG-WD,, <°* p-WD,, <®' p-WD,, <" p-LoG-WD,,

the first inequality being trivial, the second one holding by Corollary 15.36(2),
and the last one by the preceding lemma. Now, Proposition 15.15 yields
LoG-WD,, <Ptme [,og-WD,,, which shows our claim, as ¢(X) was an arbi-
trary II; /;-formula. a

So far, we have seen that various parameterized problems have logarithmic
restrictions of the same 2°*)-parameterized complexity. It will be convenient
to introduce a formal concept.
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Definition 15.54. Let (@, k) and (Q’, k') be parameterized problems. (Q’, k')
is an ept-equivalent logarithmic restriction of (Q, ) if (1) and (2) hold:
(1) (@', k') has logarithmic parameters;

(2) (@, k) =" (Q', ). B

Example 15.55. (1) p-Loa-WSAT(CIRC) is an ept-equivalent logarithmic
restriction of p-WSAT(CIRC) (see Lemma 15.21).

(2) Let t > 1 and let I’ € {T';7,T';,T1}. Then p-LoG-WSAT(I') is an ept-
equivalent logarithmic restriction of p-WSAT(I") (see Lemma 15.51).

(3) Let t > 1 and ¢(X) be the generic Il /;-formula. Then p-LoG-WD,, is an
ept-equivalent logarithmic restriction of p-WD,, (see Lemma 15.52).

(4) p-TOURNAMENT-DOMINATING-SET is an ept-equivalent logarithmic re-
striction of itself.

(5) p-VC-DIMENSION is an ept-equivalent logarithmic restriction of itself.

We can extend Proposition 15.15 to problems with ept-equivalent loga-
rithmic restrictions in the following way:

Lemma 15.56. Let (Q1, k1) and (Q2, ke) have ept-equivalent logarithmic re-
strictions (Q, k}) and (Qh, Kb), respectively. Then

(Q1,51) <P (Qa,k2) = Q) <P Q5.
Proof: Since (Q;, ki) =°P' (Q}, k}) for i = 1,2, we get the first equivalence in

(Q1,51) <P (Q2,52) == (QF, K1) <" (Qh, 1))
Q=g

the last equivalence holding by Proposition 15.15. a

The corresponding version of Corollary 15.16 reads as follows:

Corollary 15.57. Let (Q', k') be an ept-equivalent logarithmic restriction of
(Q, k). Then
(Q,k) € EPT <= Q' € PTIME.

The following general statement shows how completeness results for the
EW-hierarchy and for the LOG-hierarchy correspond to each other.

Proposition 15.58. Let (Qo, ko) have an ept-equivalent logarithmic restric-
tion (Qp, ky) and let

Co = [(Qo, k)" and Cj:= (@,

Then for all parameterized problems (Q, k) with an ept-equivalent logarithmic

restriction (@', k'):

e (Q,r)€Cy = Q €Cy.

o (Q,r) is Co-hard under ept-reductions if and only if Q' is Cy-hard under
ptime-reductions.



15.5 The EW-Hierarchy and the LOG-Hierarchy 411

Proof: The proofs of the corresponding implications for membership and hard-
ness are all similar. For example, let (Q, k) be Cp-hard under ept-reductions.
Then, (Qo, ko) <°P' (Q,x) and hence Qf <PH™¢ @’ by Lemma 15.56, which
shows that @’ is Cj-hard under ptime-reductions. O

As concrete applications we obtain:

Theorem 15.59. (1) Lett > 2. The following problems are LOGIt]-complete
under polynomial time reductions:
a) LoG-WSAT(T'; 1),
b) LoG-WSAT(T'),) if t is even, and LoG-WSAT(T';,) if t is odd.

(2) LoG-DOMINATING-SET, LOG-HITTING-SET, and TOURNAMENT-DOMI-
NATING-SET are LOG[2]-complete under polynomial time reductions.

(8) VC-DIMENSION is LOG[3]-complete under polynomial time reductions.

Proof: For t > 2 and the generic II; /;-formula (X)) we have
EW[t] = [--WD,]°®?* and LOG[t] = [LoG-WD,,|Ptime (15.10)

(by Corollary 15.36(2) and Theorem 15.53). In view of Example 15.55, our
completeness claims follow from the corresponding completeness results for
the EW-hierarchy by the preceding proposition. O

Our techniques also yield an equivalence between the strictness of the
EW-hierarchy and the LOG-hierarchy:

Theorem 15.60. (1) Lett > 2. Then EW[t] = EPT if and only if LOG[t] =
PTIME.

(2) Lett' >t > 2. Then EW[t'] = EW[t] if and only if LOG[t'] = LOGJt].

(8) Lett > 2. Then EW[P] = EW[t] if and only if NP[log® n] = LOGI[t].

Proof: Let t' >t > 2 and ¢' and ¢ be the generic Il /;-formula and the
generic II; 1-formula, respectively. By (15.10), for (1) it suffices to show that

p-WD, € EPT <= LoG-WD, € PTIME,
and for (2) that
p-WD, <" p-WD,, «<= LoG-WD,, <P'™° LoG-WD,,.

These statements hold by Corollary 15.57 and Lemma 15.56, respectively.
For (3), note that

EW[P] = [p-WSAT(CIRC)]®* and NP[log?n] = [LoG-WSAT(CIRC)]PHme

(see Theorem 15.20 and Exercise 15.24) and argue similarly. O

Exercise 15.61. Show that LoG-BOUNDED-NTM-HALT and LOG-GENER-
ATORS are NP[log® n]-complete under polynomial time reductions, where
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LoG-BOUNDED-NTM-HALT

Instance: A nondeterministic Turing machine M, n € N in
unary, and k < log ||M]|.

Problem: Decide whether M accepts the empty string in at
most n steps and using at most k£ nondeterministic
steps.

LoG-GENERATORS

Instance: n € N, k <logn, and a binary function F' on [n].

Problem: Decide whether F' has a set of generators of cardi-
nality k.

Hint: Recall that p-BOUNDED-NTM-HALT and p-GENERATORS are W[P]-

complete (see Theorem 3.16 and Theorem 3.19).

_|

The following exercises contain definitions of the classes EW[1] and LOG[1]
that allow us to prove the statements of Theorem 15.60 for all ¢ > 1 (instead

of t > 2).

Exercise 15.62. Show the ept-equivalence of the following problems
o p-WSaT(I'y ,);

o p-WD,, for the generic II; /o-formula;

e p-CLIQUE.

We let EW[1] := [p-WD-II; j5]°P*.

Exercise 15.63. Show that p-CLIQUE < p-LOG-CLIQUE.

Exercise 15.64. Show the ptime-equivalence of the following problems
e LoG-WSar(I'y ,);

e LoG-WD,, for the generic II, /o-formula;

e LoG-CLIQUE.

We let LOG[1] := [LOG-WD-II, j5]°P*.

Exercise 15.65. Show the statements of Theorem 15.60 for all ¢ > 1.

15.6 Higher Levels of Intractability

From Chap. 10 we know that p-MC(STRING,FO) is in FPT and that
p-MC(FO) is AW[*]-complete under fpt-reductions. We saw that the pa-
rameter dependence of any fpt-algorithm for p-MC(STRING, FO) cannot
be bounded by any elementary function unless FPT = AW][x] (see Exer-
cise 10.33); hence, p-MC(STRING, FO) ¢ EPT. Nevertheless, the following

result is remarkable:
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Theorem 15.66. p-MC(STRING, FO) =°P* p-MC(FO).

As a technical tool in the proof of this theorem, we first consider the
alternating weighted satisfiability problem (see p. 179). Similarly as in the
unbounded theory, we have:

Proposition 15.67. p-AWSAT(T'; 2) =°P* p-AWSAT(T; 1) for t > 2.

Proof: Since I'y 2 C 'y CI'3 1 € ... up to obvious identifications, it suffices
to show that, for t > 2,

p-AWSAT(T'; 1) <Pt p- AWSAT(T1 5).

We claimed the corresponding statement for <'P* instead of <°P* as (8.7) in
the proof of Theorem 8.32. The reduction given there is an ept-reduction. 0O

The following two lemmas will yield a proof of Theorem 15.66.
Lemma 15.68. p-AWSAT(T'; 5) <°P* p-MC(STRING, FO).

Proof: Let (o, ¢, X1, ..., X, k1, ..., ke) be an instance of p-AWSAT(T'; 2), say,
with even £. Hence, o has the form

o= /\(/\11 V /\12)

el

with literals A\;;. We set X 1= X3 U...U X, say X = {X1,...,X,,,}. Let
m € N be minimum such that ng < 2™.

We will construct an equivalent instance (@, ) of p-MC(STRING, FO).
Here a will be a string of the form @ = Gvar " Gq, Where the string ava, will
represent the variables of a and the string a,, the formula «. The alphabet of
ais

X={V,...,Ve,,+,—,0,1,V}.
Recall from Example 4.11 how we encode strings over ¥ as structures of
vocabulary 7s.. In Ts-formulas we use « < y for (x < yAz # y) and suce(z, y)
as an abbreviation for a formula expressing that y is the successor of x, say,
suce(x,y) == (x <y AVz=(z < zA 2z <y)).

For 0 < n < 2™, we denote by (n) the binary representation of n of length
m. The formula ¢_(z,y) is such that, if the substrings of length m starting
at positions z and y have the form (n) and (n'), then it states that n = n':

p=(z,y) := Elxl...ﬂxmzlyl...zlym<x1 =xANy1 =1y

A /\ (succ(zn, Thy1) A succ(Yn, yn+1)) A /\ (Poxp, < Poyh)>.
he[m—1] he[m]

Note that |p=| = O(m) = O(log|a|). A variable X}, € X is represented by
the string @y, := Vs(h), and Gyay := @17 ... Gy, is the string representing the
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partition of the set of all variables. For s € [¢] the formula ps(zs1,...,Zsk,)
expresses that Ts = x41 ... 2, is an ascending sequence of positions carrying
the letter Vi, that is, that Z, corresponds to a subset of X of ks elements:

(ps(.’Esl, A ,xsks) = /\ Tgj < Tsj+1 A /\ PVS.’I,‘Sj.
J€[ks—1] J<[ks]

The first-order formula ¢ we aim at will be

@ = 3z, (@1 (i‘l) A Vi‘g(g@z(i‘g) — ... V.fg((p[(.fg) — (p/) . )), (15.11)

where ¢’ will express that the truth assignment determined by T = Z1...Z,
satisfies . For this purpose a positive literal A\;; = X} is represented by the
string @;; := +(h) and a negative literal \;; = =X}, by the string a;; := —(h).
The following formula ¢y, (Z,y) expresses that the literal starting at position
y is satisfied by the truth assignment Z. (Read: For some s the variable of the
literal at position y belongs to X5 and the literal is positive if and only if the
variable is in Zg.)

pr(Z,y) = 32323y (succ(z, 2') A suce(y, y') A o=(2",y')A

\ (Przn(Pry = \/ z=14)).

sele] J€(ks]

Finally, we represent « by the string a,, which is a concatenation of all
Va;1 " a2 with @ € I. Then, as ¢'(Z) we can take the formula

Va2 ((Pyz A suce(z,2')) — (pr(Z, 2") V Ju(succ™ 2 (z,u) A o (T, u)),

where succ™t?(z,u) expresses that u is the “(m + 2)th successor of z,” say,
succ™?(z,u) := 31 . 3my3 Ny cicmas SUCC(Ti, Tig1) AT = 2 N Ty = .
Then, for the sentence ¢ as in (15.11), we have

S((Tlvarf\(_la) ): p < (OZ,Z, Xl, ceey Xe, ]{71, ey kg) (S p—AWSAT(FLQ)

(recall that S(@) denotes the Ts-structure associated with w € £*). The length
|o| of ¢ can be bounded by O(k+m) = O(k+log|al|), where k := ki +- - -+ k¢
is the old parameter. Therefore, this reduction is an ept-reduction (but not
an fpt-reduction). O

Lemma 15.69. p-MC(FO) <°P* p-AWSAT(T'y1).

Proof: Let (A, @) be an instance of p-MC(FO). In time O(2/#!) we can trans-
form ¢ into an equivalent formula ¢’ of the form

3$1V$23$3 .. .Vl‘g /\ \/ /\ija

iel jeJ
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where the )\;; are atomic or negated atomic formulas. We introduce variables
Xs.q for s € [f] and a € A with the intended meaning “the interpretation of x
is ” and form the variable sets X, := {X, , | a € A} for s € [{]. Furthermore,
we set ky = ... =ke:=1. Then, k1 + ... + k¢ € O(|¢))-

If Xij(@my, ..., Tm, ) is an atomic formula, we let

Olij = \/ /\ th’ah

ai,...,ar€A he(r]
A=A (a)

If Aij = =9} (Tmy, - -, Tm,) With an atomic formula ¢f;, we let
= AN o
a1,...,ar€EA he

Alei; (@)

Note that in both cases we have |a;;| = O(||.A||), since only the tuples of some
relation of A are taken into consideration. Finally, setting

AV

il jed
one easily verifies that

(A, 0) € p-MC(FO) <= (a, 0, X1,..., X, k1,..., ki) € AWSAT(Ty1).
Altogether, the running time of this reduction is bounded by 2°U#D .|| A||. O
Proof of Theorem 15.66: We have

p-MC(FO) Septp-AWSAT(F471)
<Pt 5 AWSAT(I'; 5) <°P* p-MC(STRING, FO),

by Lemma 15.69, Proposition 15.67, and Lemma 15.68, respectively. a

Exercise 15.70. Prove the analogue of Theorem 15.66 for the 2k hounded
theory.

Hint: Instead of the binary encoding of integers (variable indices) that we
used in the proof of Lemma 15.68, here one has to use the more sophisticated
encodings introduced in Sect. 10.3. -

Notes

The framework of bounded parameterized complexity theory was introduced
in [104]. This article focused on the 2°*)-hounded theory, and most results
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concerning this theory presented in this chapter were proved there. Propo-
sition 15.15 was pointed out to the authors by Juan Andrés Montoya. The
2k’ _hounded theory was developed by Weyer in [210, 209], and the results
stated in Exercises 15.17, 15.27, 15.38-15.41, and 15.70 were proved there.
The concept of limited nondeterminism was introduced by Kintala and
Fisher [146], a closely related concept of “guess and check” computations
was introduced by Cai and Chen [34] later. The article [117] is a survey
of the area. Various hierarchies of complexity classes defined by increasing
amounts of nondeterminism were studied, for example the hierarchy of classes
NP[log" n], for k > 1 [146, 71] and various hierarchies within P that extend
(quasi)linear time [32, 22]. Papadimitriou and Yannakakis [167] introduced the
classes LOGSNP and LOGNP, which coincide with LOG[2] and LOG[3], re-
spectively, of the LOG-hierarchy. The LOG-hierarchy was introduced in [104]
as a generalization of these two classes. The completeness results in Theo-
rem 15.59(2)(4) and the NP[log? n]-completeness of LOG-GENERATORS are
from [167]. Our EW([3]-completeness proof for p-VC-DIMENSION is an adap-
tation of the LOG[3](=LOGNP)-completeness proof of VC-DIMENSION given
in [167]. In [161] it is shown that a tournament without a dominating set of
cardinality k can be constructed in time 20) (cf. the hint to Exercise 15.12).

Open Problems

The W-hierarchy has nice closure properties which are not known to hold
for the EW-hierarchy. Specifically, for ¢ > 2 it is an open problem whether
EW[t] = [p-WD-II,/4]°** (for any d > 2) or even EW[t] = [p-WD-IL]".
It is also open if an analogue of the Monotone and Antimonotone Collapse
Theorem 7.29 holds for the EW-hierarchy, that is, if EW[t] = EW[t + 1/2] for
t > 2 (cf. Exercise 15.38). The situation is even worse for the first level EW[1]
of the EW-hierarchy (see Exercise 15.62). An open problem that highlights
the problems is the question whether p-MC(X;), which is easily seen to be
contained in EW[1], is complete for the class.

The EXPW-hierarchy is more robust, although the question of an ana-
logue of the Monotone and Antimonotone Collapse Theorem is also open for
this hierarchy. Another interesting open problem in the context of the LR
bounded theory is to determine the exact complexity of the parameterized
VC-dimension problem. Is it EXPW/[3]-complete?
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Subexponential Fixed-Parameter Tractability

This last chapter of the book is concerned with subexponential fixed-parameter
tractability, that is, with the class

SUBEPT = 2°"(®)_FPT.

Subexponential fixed-parameter tractability is intimately linked with the the-
ory of exact (exponential) algorithms for hard problems, which is concerned
with algorithms for NP-hard problems that are better than the trivial exhaus-
tive search algorithms, though still exponential. For example, there has been
a long sequence of papers on exact algorithms for the 3-satisfiability problem;
the currently best (randomized) algorithm for this problem has a running time
of 1.324™ time for instances with n variables. There are numerous further ex-
amples of very nice nontrivial algorithms for hard problems, but a systematic
complexity theory is still in its infancy. A question that has turned out to be
central for such a theory is whether the 3-satisfiability problem can be solved
in time 2°(™. The assumption that

3-SaT ¢ DTIME(2°" (™) (ETH)

is known as the exponential time hypothesis.! Observe that (ETH) is equiv-
alent to p-3-SAT ¢ SUBEPT, because the size of a formula in 3-CNF with n
variables can always be assumed to be O(n?) < 20" () A complication in the
complexity theory of exact algorithms for hard problems is that the running
time of algorithms is often measured with respect to different size measures.
For example, the running time of a satisfiability algorithm may be measured
in terms of the number of variables of the input formula, as it is in (ETH),
or in terms of the size of the input formula. Similarly, the running time of a

1Usually, the slightly stronger hypothesis 3-SAT ¢ DTIME (20(">) is called expo-
nential time hypothesis; for technical reasons we have to add the effectivity condition
in order to relate the hypothesis to our (strongly uniform) fixed-parameter tractabil-

ity.
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graph algorithm may be measured in terms of the number of vertices or the
size of the input graph. These different size measures precisely correspond to
different parameterizations in the theory of subexponential fixed-parameter
tractability. Note that the (sub)exponential term 20" (") is fairly sensitive to
small changes of the size measure n. For instance, 20" () # 20" (n-logn)

If we generalize (ETH) from formulas in 3-CNF to more complex formulas,
we obtain a hierarchy of increasingly stronger hypotheses, the tth of which
states

p-SAT(Tt.q) ¢ SUBEPT (ETH,)

for some d > 1. We will see in Corollary 16.22 that (ETH) and (ETH;) are
equivalent. The hierarchy of hypotheses (ETH;) will lead us to the definition of
the so-called S-hierarchy of subexponential parameterized complexity classes.

It is a beautiful aspect of subexponential parameterized complexity theory
that it can be faithfully translated into unbounded parameterized complexity
theory via a mapping that associates with each parameterized problem its
so-called miniaturization. The image of the S-hierarchy under this miniatur-
ization mapping is the M-hierarchy of unbounded parameterized complexity
classes. Surprisingly, the M-hierarchy turns out to be intimately linked with
the W-hierarchy.

This chapter is organized as follows: In the first section, we discuss the
new role parameters play in the subexponential theory, and we introduce
various reductions. In Sect. 16.2, we define the S-hierarchy and show that
many natural problems are contained in the first level S[1] of this hierarchy.
In Sect. 16.3, we state and prove the Sparsification Lemma, a combinatorial
lemma that we need to prove S[1]-hardness results. Then in Sect. 16.4, we
develop an S[1]-completeness theory. The last three sections are devoted to
the connections between the subexponential and the unbounded theory. In
Sect. 16.5, we introduce the miniaturization mapping and show that it embeds
the subexponential into the unbounded theory. In Sect. 16.6, we introduce the
Me-hierarchy and establish the connection between the M-hierarchy and the
W-hierarchy.

16.1 Size-Measures and Reductions

In the subexponential theory, parameterizations play a different role than
elsewhere in parameterized complexity. It may best be described as that of a
size measure. An important difference to the unbounded theory and also to
the bounded theories considered in the previous chapter is that we no longer
assume parameters to be small compared to the input size.

For example, satisfiability algorithms are often analyzed in terms of the
size measure “number of variables of the input formula.” Similarly, graph al-
gorithms are analyzed in terms of the “number of vertices of the input graph.”
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To emphasize the new role of parameterizations as size measures, we use the
letter v instead of k to denote parameterizations intended as size measures
(of course, the distinction is not always clear). We denote the correspond-
ing parameterized problems with a prefix “s-” instead of the usual “p-.” The
most obvious size measure for a problem P C ¥* is the length of the input,
that is, v(z) = |z|. Unfortunately, for many natural problems, the length of
the input is not exactly what we think of as its “size”. For example, we are
used to think of the size of a graph G with n vertices and m edges as being
[1Gl] = ©(n 4+ m) rather than ©(n + m - logn), which would be the length of
a reasonable encoding of G over a finite alphabet. Thus there is a difference
between length (defined as the length of an encoding over a finite alphabet)
and size, and our theory, which is concerned with the tiny gap between 2"
and 2"63("), is sensitive to this difference. As elsewhere in this book, it turns
out that the size ||G|| is the better measure to work with. For graph problems
@, we denote their parameterization by the size of the input graph by s-Q.
For example, we let:

5-3-COLORABILITY
Instance: A graph G.
Parameter: ||G||.
Problem: Decide whether G is 3-colorable.

We use a similar notation for satisfiability problems. Recall that the size ||C||
of a circuit C is roughly the size of its underlying graph, that is, the number
of gates plus the number of lines. We view propositional formulas as circuits
and define their size accordingly. For example, the size of a CNF-formula
a=A", \/f=1 Aij is ||af| = O3, k;). We denote the parameterization of
a satisfiability problem by the size of the input formula or circuit by s-@Q, for
example s-SAT(T") or s-WSAT(T).

The “number of vertices” size measure for graph problems is denoted by
s-vert. For example, we let

s-vert-INDEPENDENT-SET
Instance: A graph G = (V, E) and a natural number ¢ € N.
Parameter: |V|.
Problem: Decide whether G has an independent set of ¢ ele-
ments.

We define similar parameterizations of other graph problems, for exam-
ple, s-vert-CLIQUE, s-vert-VERTEX-COVER, or s-vert-3-COLORABILITY. The
“number of variables” size measure for satisfiability problems is denoted by s-
var. Thus the canonical notation for p-SAT(T") would be s-var-SAT(T"), but we
stick with the familiar p-SAT(T"). However, for every class I" of propositional
formulas or circuits, we let
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s-var-WSAT(T)
Instance: v €T and ¢ € N.
Parameter: |var(y)].
Problem: Decide whether ~ is /-satisfiable.

To develop the subexponential theory, we need an appropriate notion of
reduction. Before we introduce our fairly complicated reductions, we state and
prove a lemma that sheds some new light on the class SUBEPT and may help
to understand the reductions better.

Lemma 16.1. Let (Q,v) be a parameterized problem over the input alphabet
.. Then the following statements are equivalent:
(1) (Q,v) € SUBEPT.
(2) There is an algorithm A expecting inputs from ¥* x N and a computable
function f such that for all (z,0) € X* x N, the algorithm A decides if
T € Q in time
1) - ov()/t . \$\0(1)~

(8) There is an algorithm A expecting inputs from ¥* x N, a computable func-
tion f, and a constant ¢ € N such that for all (x,¢) € ¥* xN, the algorithm
A decides if x € Q in time

1) - gcv(z)/L mo(l).

Proof: To prove that (1) implies (2), suppose that (Q,v) € SUBEPT. Let ¢
be a computable function that is nondecreasing and unbounded, and let A be
an algorithm deciding x € @ in time

V(@) [1(v(#)) . |10

For ¢ € N, let n({) := max{n | «(n) < £} and n(f) := 1 if £ < (1). Let
f(0) := 27", Then for all z € ¥* and ¢ € N we have

ov(z)/e(v(=)) mO(l) < fl0)- or(z)/t, |x|0(1).

Let A’ be the algorithm that, given (z,¢) € ¥* x N, simply ignores ¢ and
simulates A on input z. Then A’ and f satisfy the conditions of (2).

(2) trivially implies (3). To prove that (3) implies (1), let f: N — N be a
computable function, ¢ € N a constant, and A an algorithm that, given (x, ¢),
decides if z € @ in time

1) - gcv(z)/L mo(l).

We may assume that f is increasing and time constructible. Let ¢ := ¢f be the
inverse of f (see Lemma 3.24). Consider the following algorithm for deciding
Q@: Given z, compute n := v(z) and ¢ := i(n). Then decide if x € @Q by
simulating A on input (z, ). The running time of this algorithm is
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12|CW 4+ nOPM) 4 f(y(n)) - 2074 L 2|0 < 207 () |70, O
Now we are ready to define the reductions:

Definition 16.2. Let (Q,v) and (Q’,v’) be parameterized problems over the
alphabets ¥ and X', respectively. A subexponential reduction family, or simply
serf-reduction, from (@, v) to (Q’,v') is a mapping S : ¥* x N — (¥/)* such
that:

(1) For all (z,¢) € ¥* x N we have

reQ = Szl eq.

(2) There is a computable function f such that for all (z,¢) € ¥* x N the
value S(z, /) is computable in time

F(0) - 2/ @/ |00,
(3) There is a computable function g such that for all for all (z,¢) € ¥* x N,
V'(S(z,0)) < g(0) - (v(x) + log |]). .

We write (Q,v) <% (Q',1') if there is a serf-reduction from (Q,v)
to (Q',v') and use the usual derived notations such as <**f =serf and

[(Q, y)]serf.

Lemma 16.3. SUBEPT is closed under serf-reductions, that is, if (Q,v)
and (Q',v') are parameterized problems such that (Q,v) <*f (Q',v') and
(Q',v') € SUBEPT, then (Q,v) € SUBEPT.

Proof: Let X,%/ be the alphabets of (Q,v), (Q',V), respectively. Let S :
¥* x N — (¥')* be a serf-reduction from (Q,v) to (Q',v'), and let f, g be
functions witnessing clauses (2), (3) of Definition 16.2.

Let A be an algorithm that, given (z/,¢') € (X')* x N, decides if 2’ € Q’
in time f/(¢') - ov'(@)/e . |2/|°() . Such an algorithm exists, by Lemma 16.1,
because (@', ') € SUBEPT.

Now for any (z,¢) € ¥* x N, to decide whether (z,¢) € Q we first compute
' = S(x, L), let ¢/ := £ - g(¢), and then use the algorithm A to decide if
(2',¢) € Q. The running time of this algorithm can be bounded by

F(0) - 27@/ |00 g7y oY @D/ |10,
Since |2/| < f(€)-2v®)/¢|2|9W) and v/ (2') < g(¢)(v(z) +log|z|), this can be
bounded by
h(£) - 200 @)/0) |00,

Hence (Q,v) € SUBEPT by Lemma 16.1. O

Exercise 16.4. Prove that EPT is closed under serf-reductions. =
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Exercise 16.5. Prove that <%¢'f ig reflexive and transitive. -

Subexponential reduction families are fairly complicated, and at first
glance they are not particularly natural either. We will give a nice justification
for these reductions later with the Miniaturization Theorem 16.30. Neverthe-
less, most subexponential reductions between concrete problems are of a much
simpler form: A size (or parameter) preserving polynomial time reduction from
a problem (Q,v) to a problem (Q’, ') is a polynomial time reduction R from
Q to Q' such that for all instances x of @ we have v/(R(x)) = O(v(z)).

Lemma 16.6. If there is a size preserving polynomial time reduction from a
problem (Q,v) to a problem (Q’,v'), then there is also a serf-reduction from

(Q,v) to (Q,V).

Proof: Let 3,3 be the alphabets of (Q,v), (Q',v'), respectively, and let R :
¥* — (¥')* be a size preserving polynomial time reduction from (Q,v) to
(Q',v). We define S : ¥* x N — (¥')* by S(z,¢) := R(x). It is easy to prove
that S is a serf-reduction. O

Before we start classifying concrete problems in the subexponential world,
we introduce a Turing version of subexponential reduction families.

Definition 16.7. Let (Q,v) and (Q’, V') be parameterized problems over the
alphabets ¥ and Y/, respectively. A subexponential Turing reduction family, or
serf Turing reduction from (Q,v) to (Q',v') is an algorithm A with an oracle
to @' such that there are computable functions f,g: N — N with:

(1) Given a pair (z,¢) € ¥* x N, the algorithm A decides if z € @ in time

f0)-2v@/e. | z00),

(In particular, for every fixed ¢, the algorithm A yields a Turing reduction
from (Q,v) to (Q’, ') whose running time is 2v(®)/¢ . |z|O()))

(2) For all oracle queries “y € Q'?” posed by A on input (z,¢) € ¥* x N we
have v/(y) < g(¢) - (v(x) + log|z]). =

We write (Q,v) <**FT (Q',v/) if there is a serf Turing reduction from
(Q,v) to (Q',v') and use the usual derived notations.

Exercise 16.8. Prove that SUBEPT and EPT are closed under serf Turing
reductions and that <s¢'T ig reflexive and transitive. =

16.2 A Hierarchy Within EPT

We might be tempted to develop the subexponential theory along the lines
of the unbounded theory and the other bounded fixed-parameter tractability
theories, that is, the “exponential” theories of EPT and EXPT. However, that
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would not be particularly interesting and, as far as we can see, not provide
any significant new insights. The crucial difference between the subexponen-
tial theory and the exponential (or higher) theories is that most “natural”
fixed-parameter tractable problems are in EPT or at least in EXPT, but not
in SUBEPT. Notable exceptions are the planar graph problems that we con-
sidered in Sect. 12.4; they can be solved in time 20(Vk) . n2. But most other
fixed-parameter tractable algorithms we considered in this book require run-
ning times of at least 2°(%) . n. The focus of the subexponential theory is on
problems within EPT, and the main question the theory is concerned with is
whether these problems are in SUBEPT.

A “generic” parameterized problem in EPT is the parameterized satisfia-
bility problem for propositional formulas and Boolean circuits. In loose anal-
ogy to the W-hierarchy, we define the following hierarchy of fixed-parameter
tractable problems:

Definition 16.9. For every t > 1, we let
rf
S[t] := U [p-SAT(Ftﬁd)]Se .
d>1

Furthermore, we let

serf serf

S[SAT] := [p-SAT(PROP)] , and S[P]:= [p-SAT(CIRC)] . o

Recall the definition of the hypotheses (ETH;) for ¢ > 1 (see p. 418) and
observe that for every ¢t > 1 we have

S[t] # SUBEPT <« (ETH,).

Also note that
S[P] € EPT,

thus the S-hierarchy is entirely contained in EPT and hence in FPT.

The S-hierarchy has not been investigated to great depth. However, some
highly nontrivial results are known about the first level S[1]. Before we delve
into the deeper parts of the theory, let us show that S[1] contains many natural
problems.

Problems in S[1]

Recall the various parameterizations (size-measures) introduced in Sect. 16.1
(on p. 419). Observe that for graph problems @ we have

5-Q <> s-vert-Q. (16.1)
Furthermore, for every class I' of propositional formulas or circuits we have

s-SAT(T) <*f p-SAT(T'), and s-WSAT(I') <*f s-var-WSaT(T). (16.2)
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In all these cases, the identity mapping is a size preserving polynomial time
reduction. In general, the converse of these relationships does not hold. How-
ever, we will see in Sect. 16.4 that in many interesting cases a converse (that
is, a reduction from “s-vert” or “s-var” to “s”) can be established for subex-
ponential Turing reduction families.

Inequalities (16.1) and (16.2) imply that if we prove membership of a
problem in S[1] with respect to the size measures “s-vert” or “s-var,” then
membership with respect to the generic size measure “s” follows.

Example 16.10. For every d > 1,
s-vert-d-COLORABILITY € S[1].

To see this, just observe that for every graph G = (V, E) the d-CNF-formula

d
N &gV vX,an N\ N\EXuaV-X,a)
veV {u,v}eE i=1

is satisfiable if and only if G is d-colorable. -

It is not entirely obvious how to deal with “weighted” problems such as the
weighted satisfiability problem or the independent set problem. The following
lemma provides a solution:

Lemma 16.11. For all n,f € N such that £ < n, there is a formula &, ¢ €
3-CNF of size O(n) such that

o var(&,e) 2 {X1,..., Xn};

o for all assignments V C var(&,.¢) satisfying &n e

|Vﬁ{X1,...,Xn}‘ :Z;

o forall X C{Xy,..., X} with |X| = { there is an assignment V satisfying
&ne with V(X) = TRUE for all X € X.
Furthermore, there is an algorithm that computes &, ¢ in time O(n).

Proof: We first claim that for all £, n there is a Boolean circuit Cy,y, of size O(n)
with n input nodes whose satisfying assignments are precisely all assignments
of weight £. Such a circuit can be obtained by pairwise connecting the input
nodes to a layer of n/2 1-bit adders, then pairwise connecting the outputs of
these 1-bit adders to a layer of n/4 2-bit adders, et cetera, and finally checking
that the logn outputs of the top-level log n-bit adder represent the number /¢
in binary. The size of this circuit is

[log n] n
3 bJ -0(i) = O(n).
i=1
From this circuit, we can construct the desired 3-CNF-formula &, in a
straightforward way by introducing a new variable for every node of the cir-
cuit. a
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Corollary 16.12. The following problems are contained in S[1]:
(1) s-var-WSAT(d-CNF) for every d > 1.

(2) s-vert-INDEPENDENT-SET.

(8) s-vert-CLIQUE.

(4) s-vert-VERTEX-COVER.

In the following exercises we generalize the previous results by showing
that all unweighted and weighted problems in monadic SNP (see p. 86) are
contained in S[1]. Let ¢(X) be a first-order or second-order formula with a
free relation variable X. Recall that a solution for ¢ in a structure A is an
S C AY(X) such that A |= ¢(S). We consider the following parameterization
of the problem Fagin-defined by ¢:

s-vert-FD,,
Instance: A structure A.
Parameter: |A|.
Problem: Decide whether there is a solution for ¢ in A.

Exercise 16.13. Let ¢(X) be a II;-formula with a free set variable (that is,
unary relation variable) X. Prove that s-vert-FD,, € S[1]. !

We can also consider weighted Fagin-definable problems. For a formula
o(X), we let:

s-vert-WD,,
Instance: A structure A and ¢ € N.
Parameter: |A|.

Problem: Decide whether there is a solution S for ¢ in A
with |S| = €.

Exercise 16.14. Let ¢(X) be a II;-formula with a free set variable X. Prove
that s-vert-WD,, € S[1]. —|

Actually, the previous two exercises can be generalized from II;-formulas
to strict ¥}-formulas, that is, second-order formulas of the form

X, .. 3X,Vy .. Yy, 0,

where 6 is quantifier-free (cf. Exercise 4.21). Recall that the class of all prob-
lems definable by a strict Xi-sentence is called SNP (cf. p. 86) and that a
second-order sentence is monadic if it only contains unary relation variables.
Thus the following exercise shows that the s-vert parameterizations of all
problems in (weighted) monadic SNP are in S[1].

Exercise 16.15. Let ¢(X) be a monadic strict ¥}-formula with a free set
variable X. Prove that s-vert-FD,, € S[1] and s-vert-WD,, € S[1]. -
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It is possible to generalize the results from monadic to arbitrary SNP,
albeit under a less natural size measure.

Exercise 16.16. Let p(X) be a strict 1-formula with a free relation variable
X. Let s be the maximum of all the arities of all relation variables occurring
in ¢. Prove that the following parameterization of FD,, is in S[1]:

Instance: A structure A.
Parameter: |A|°.
Problem: Decide whether there is a solution for ¢ in A.

Prove the analogous result for WD,,. -

16.3 The Sparsification Lemma

The Sparsification Lemma is the main tool in the development of a S[1]-
completeness theory. The lemma says that the satisfiability problem for d-
CNF-formulas can be reduced to the satisfiability problem for d-CNF-formulas
whose size is linear in the number of variables by a suitable reduction that
preserves subexponential time solvability.

In this section, it will be convenient to view clauses as sets of literals
and CNF-formulas as sets of clauses. A CNF-formula +' is a subformula of a
CNF-formula « if each clause of 4’ is a subset of some clause of ~.

Lemma 16.17 (Sparsification Lemma). Letd > 2. There is a computable
function g : N — N such that for every k € N and every formula v € d-CNF
with n = |var(y)| variables there is a Ag q-formula

p= \/ Vi
1€[t]

such that:

(1) B is equivalent to 7,

(2) t <2n/k

(8) each ~; is a subformula of v in which each variable occurs at most g(k)
times.

Furthermore, there is an algorithm that, given v and k, computes (8 in time
on/k . |’Y\O(1)-

The following corollary states the main consequence of the Sparsification
Lemma for us:

Corollary 16.18. For every d > 1,

p-SAT(d-CNF) <*'FT 5.SAT(d-CNF).
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Proof: A serf Turing reduction from p-SAT(d-CNF) to s-SAT(d-CNF) proceeds
as follows: Given v € d-CNF and k € N, it computes the formula 5 =/ ieiy) Vi
of the Sparsification Lemma and tests for each ~; if it is satisfiable using an
oracle to s-SAT(d-CNF). The parameter ||v;|| of the oracle query is linear in
the number of variables of the input formula, because each variable occurs at
most g(k) times in ~;. O

The rest of this section is devoted to a proof of the Sparsification Lemma.
The reader may safely skip this proof at first reading and continue with the
development of the S[1]-completeness theory in the next section.

We start with a purely combinatorial lemma that gives a bound for the
number of leaves in certain binary trees. It relies on the following well-known
bound for the binomial coefficients.

Lemma 16.19. Letn >1 and 0 < ¢ < 1/2. Then

La-n]

> <n) < 2@,

i—o \!
where H(q) := —q -logq — (1 — q) - log(1 — q) is the binary entropy of g.
For the reader’s convenience, we give an elementary proof of this lemma.

Proof: A straightforward calculation using the fact that logg —log(1 —¢) <0
for ¢ < 1/2 shows that for all ¢ € [0, |g - n]],

i-logg+ (n—1)-log(l—q) > —n-H(q).

Hence ¢* - (1 — q)"~* > 27" H() Now

1= (q¢+(1—q)" i() (L—g)"t

A\

».Q
/\3
N~~~

Qs
_
\
=
S~—
7

<.
(e}

lgm] n
> Q*n'H(Q) . O
> > (1)

=0

Let us fix some terminology about trees. In this section, trees are binary
and rooted. Each node either is a leaf or has a left child and a right child. A
branch is a path from the root to a leaf.

Lemma 16.20. Let n,k,r > 1 be positive integers with k-r > 2, and s > 0

a positive real such that
1

< . .
5= g log(k - r) (16.3)



428 16 Subexponential Fixed-Parameter Tractability

Let T be a binary tree of height at most r - n such that on each branch of T
at most s -n nodes are Tight children of their parents.
Then T has at most 2"/* leaves.

Proof: The number of leaves in 7 is bounded by the number of branches of
the full binary tree of height = - n that contain at most s - n right children.
The number of such branches is

Ls-n)
> (r ”) < gH(s/r) o,
) <

=0

The inequality holds by Lemma 16.19. Thus we have to prove that H(s/r)-r <
1/k, or equivalently
s 1
H(*)<, 16.4
r/) ~ k-r ( )
Let k' := k - r and note that by (16.3) we have
s 1
< .
r = 8k'-logk’

Thus

H (i) =H (8k’ jogk’)

1 1
8k - logk! & 8k’ - log k'

| ! log (1 ! (16.5)
8k -logh' ) 78 8k - logh' )~ '

Now observe that

B Io 1 _ log(8K" - log k')
8k'-logh' B8k -logk' 8k’ logh'
log(8k") log log k'
8k’ -logk’ = 8K’ -logk’
1
< . .
< (16.6)
Furthermore, by using the inequality log(l — z) > —4z for 0 < z < 1/2 we
obtain

1 1 1
(11— log (1 < log(1-
( 8k’-logk;’) Og( 8k;’~logk:’>_ °g< 8k’~logk’>

1
< o (16.7)

Plugging (16.6) and (16.7) into (16.5), we get
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s 1 1 1 1
< < = .
H(r)_Qk’+2k’_k’ kv H

Proof of the Sparsification Lemma 16.17: We will design an algorithm that,
given a d-CNF-formula v and a k£ > 1, computes a Ay 4-formula

8=\
1€[t]

that satisfies clause (1)—(3) of the Sparsification Lemma.

The algorithm proceeds by recursively applying a reduction rule to v that
we may describe as picking a flower and tearing it apart.?> A flower in a CNF-
formula v is a set « := {d1,...,0,} of p > 2 clauses of v, all of the same size,
with 6 := (}_, 6; # 0. The intersection § is called the heart of the flower, and
the sets 61 \ J,...,d, \ 0 the petals. The size of a is p, and the radius is |01
(=162] = ... =|0p|). The heartsize of o is |§|, and the petalsize of « is |d1 \ J].
Note that we allow the petals to have a pairwise nonempty intersection. This
distinguishes our flowers from the sunflowers that we used in the kernelization
of the hitting set problem (cf. Lemma 9.7).® Let

’Ylflxeart = (7\{51’?5,’0}) U{é}’
’Ygetals = (’7\{51""’6:0})U{él\év"'a(sp\é}a

and observe that v is equivalent to the disjunction g, V¥petals- Also observe
that if v contains no flower with more than p petals then each literal occurs
in at most p clauses and thus each variable occurs at most 2p times.

SIMPLE-SPARSIFY(7, k)
1. REDUCE(®)
2. if = contains a flower with more than p; petals then
// Dk is a suitable number depending on k
3. pick such a flower «
4. return SIMPLE-SPARSIFY (Yhearts k) V SIMPLE-SPARSIFY (Ypetals, &)
5. else return v

Algorithm 16.1.

The last two observations lead to a first, straightforward version of
our sparsification algorithm, Algorithm 16.1. Besides picking flowers, the
algorithm also calls a subroutine REDUCE to simplify the input formula.

2Complexity theory can be cruel sometimes.

3Every CNF-formula corresponds to a hypergraph whose vertices are the literals
and whose edges are the clauses. Thus we may compare flowers (defined on CNF
formulas) and sunflowers (defined on hypergraphs).
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REDUCE() removes all clauses from + that contain some other clause; clearly
the resulting formula is equivalent to the original one. It is easy to see that
SIMPLE-SPARSIFY(7, k) returns a disjunction 8 = \/z‘e[t] ~; of subformulas ~;
of v that is equivalent to «y. Furthermore, none of the ; contains a flower with
more than p; petals. Thus no variable occurs more than 2p; times in ~;, and
condition (3) is satisfied with g(k) := 2p,. Unfortunately, even if we choose
pr appropriately, we cannot expect condition (2) to be satisfied.

To satisfy (2), we have to refine the algorithm so that it picks flowers with
the right number of petals in the right order. The number of petals that a
flower needs to have in order to be picked by our reduction algorithm depends
on k and the petalsize. The definition of the appropriate parameters is a bit
complicated. We let

qr = 2%k -logk. (16.8)
For ¢ € [d — 1] we let
re(c) = 2(16¢)* 1, (16.9)
and
pr(c) = qr - Tk(c). (16.10)

Furthermore, we let p;(0) = 1. A flower « of petalsize ¢ is pretty (with respect
to k) if the number of petals of « is at least pg(c).

In each step, the refined sparsification algorithm picks a pretty flower of
minimum radius, and among all such flowers it picks one of minimum petalsize.
Algorithm FLOWER(7, k) (Algorithm 16.2) picks such a flower, or, if the input
formula contains no pretty flower, it returns a null value.

FLOWER(7, k)
1. for rad =2 to d do
2. for all 6; € v with [0;| = rad do
// choose the first petal

3. for ps =1 to rad — 1 do
4. for all 6 C §; such that |61 \ 6| = ps do
// choose the heart

5. a— {01}
6. for all & € v\ {61} with |6'| = rad do

// choose the remaining petals
7. if § C ¢’ then o — U {d'}
8. if |a| > pr(ps) then return o

9. return NIL

Algorithm 16.2.

Algorithm 16.3 is our refined sparsification algorithm. Given a d-CNF-
formula v and a natural number k, it returns a disjunction g = \/ie[t] ~; of
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SPARSIFY(7, k)

REDUCE(7)

2. a < FLOWER(y, k)

8. if a # NIL then

4. return SPARSIFY (Vheart, k) V SPARSIFY (Ypetals: &)
5. else return vy

~

Algorithm 16.3.

subformulas ~; of v that is equivalent to . Since every function py is increas-
ing and since flowers in a d-CNF-formula have petalsize at most (d — 1), the
vi satisfy (3) with g(k) := 2pg(d — 1). The length t = ¢(v, k) of the disjunc-
tion is the number of leaves of the recursion tree 7 (v,k) of the execution
of SPARSIFY (7, k). Before we bound ¢(v, k) to prove (2), let us analyze the
running time of SPARSIFY.

Let m := ||v]| and n := |var()|. Clearly, REDUCE can be implemented to
run in polynomial time. The running time of FLOWER(7, k) is also polynomial
in +, since we do not have to compute the value pg(d — 1) if it is larger than
m, and it can be checked in time polynomial in m if this happens. Since
all CNF-formulas that are generated during the execution of SPARSIFY (7, k)
are subformulas of v and thus of size bounded by m, the running time of
SPARSIFY (7, k) is bounded by t(v, k) - m®1).

Thus it remains to prove that for every CNF-formula v and every k > 1

t(y, k) < 27k, (16.11)

We let 7 = T (7, k) be the recursion tree of the execution of SPARSIFY(7, k),
and ¢t = t(y, k) the number of leaves of 7. Associated with every node v of T
is a subformula 7 (v) of 7. Thus v = (r) for the root r of 7.

At every node v of 7, the formula ~(v) is first REDUCEd, which yields a
formula y"¢4(v). If 474 (v) has no pretty flower, then v is a leaf. Otherwise, v
has two children v’ and v such that

")/(’U/) _ (,Yred(v))ﬁeart and "}/(’UN) _ (,Yred(v));"Etals

with respect to some pretty flower a of 44 (v) that is lexicographically mini-
mum with respect to radius and petalsize. We always associate the left children
with the heart and the right children with the petals.

In claim 6 below we shall bound the height of 7 and the number of right
children on every branch. Then an application of Lemma 16.20 will yield the
desired bound (16.11) on the number of leaves.

We fix an arbitrary branch

Vo =T,0V1,V2,...,U

of 7. For i € [0, 4], let y; := v(v;), and for i € [0, £ — 1] we let ; be the flower
that is picked at step 1.
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Claim 1. For ¢ € [d], the number of clauses of size ¢ in -, is at most 2py(c —
1) - n.

Proof: Suppose for contradiction that for some ¢ there were more than 2pg(c—
1) - n clauses of size ¢ in ~y,. Then some literal would be contained in more
than pg(c — 1) clauses of size c¢. These clauses would form a flower of petal
size at most ¢ — 1 with more than py(c — 1) petals, which contradicts v, being
a leaf of 7. This proves claim 1. -

We say that a clause § is added in step i (for i € [0,£—1]) if § € v;41 \ - An
added clause is a clause that is added in some step, as opposed to an original
clause, which is already contained in ~.

Claim 2. Let i € [£] and ¢ € [d] and suppose that some clause of size ¢ has
been added at a step i/ < 4. Then no literal A is contained in more than
2pi(c — 1) clauses of size ¢ in ;.

Proof: We prove the claim by induction on 4. For ¢ = 0, it is trivial. So let
us assume that the claim is proved for ¢. To prove it for (i + 1), suppose that
some clause of size ¢ has been added in a step ¢’ < i. Let A be a literal, and
let d1,...,d, be a list of all clauses of ;1 of size ¢ that contain A\. We shall
prove that p < 2pi(c—1).

Suppose that

(51,...,(517/ €7, and 5p/+1,...,(5p6’7i+1\%,

for some p’ < p.

The easiest case is that p’ = p, that is, d1,...,d, are all elements of ~;,
and some clause of size ¢ has been added in a step ¢’ < i. Then p < 2pi(c—1)
by the induction hypothesis.

If this is not the case, then some clause of size c¢ is added in step 7. Then
the radius of «; is larger than ¢. This implies that 7; does not contain a pretty
flower of radius ¢, because such a flower would have been picked instead of
o;. The clauses 41,...,6,, which all contain A and thus have a nonempty
intersection, form a flower of radius ¢ in ~y;. This flower cannot be pretty, and
thus

P < pr(c—1).
It remains to prove that the number p — p’ of the newly added clauses
Op/ 41, - - -, 0p 1s at most pg(c — 1).

The newly added clauses are either the heart or the petals of the flower
a;. If only the heart is added, then p — p’ < 1 < pg(c — 1). So suppose that
Op/ 41, - - -, 0p are among the petals of «;. Let ¢’ be the heart of a;. The clauses

8 Ubpg1,...,0 Udp

form a flower in 7; that has the same radius as «;, but a smaller petalsize,
because the heart of this flower contains ¢’ U {\}. If this flower was pretty, it
would have been picked instead of a. Thus it cannot be pretty, which means
that p —p’ < pr(c—1). =
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We say that a clause ¢ is removed in step ¢ if 6 € ; \ Yi+1. The removal of §
can have two reasons: Either § € a; or § € v; \ 7**d. In both cases, there is
some ¢’ € ;41 such that ¢’ C §. We call each such ¢" a cause for the removal
of §. Note that the original clauses of v can only be the cause of removals
in step 0. Thus only added clauses can be a cause for the removal of added
clauses.

Claim 3. Let i € [0,4] and ¢ € [d]. Every clause of 7; can be a cause for the
removal of at most 2py(c — 1) added clauses of size c.

Proof: Let 6 be a clause that is added in step 7. Then § is a cause for the
removal of either one or all elements of the flower «; (depending on whether
it is a petal or the heart of the flower), and in addition, a cause for the removal
of some of the clauses in ;41 \,.ered Note that § can never be a cause for a
removal after step (i + 1). Thus all clauses whose removal is caused by § are
contained in ;.

Since ¢ is a subset of all clauses whose removal is caused by ¢ and thus
any literal of § is an element of all these clauses, by claim 2, there can be at
most 2pg(c — 1) such clauses of size c. -

Observe that every clause is added at most once. To see this, suppose for
contradiction that a clause § is added in step 4, then later removed in step
i’ > i, and then added again in step ¢ > ¢’. Since for all j > i, the formula
7; is a subformula of ;, for 4 < j <" there is some clause ¢’ € y; such that
0’ D 4. However, 6 would cause the removal of each such clause in step 7 + 1.

Claim 4. For ¢ € [d — 1], at most r(c) - n clauses of size ¢ are added.

Proof: The proof is by induction on c. For ¢ = 1, the claim follows from the
fact that there are at most 2n < 74 (1) - n clauses of size 1. So suppose the
claim is proved for ¢’ < c. Each clause of size c is either removed or it remains
in 7. If an added clause of size c is later removed, then (at least) one of the
at most Zi;i ri(b) - n added clauses of size at most (¢ — 1) is a cause for
this removal. By claim 3, each clause is a cause for the removal of at most
2pi(c — 1) clauses of size ¢. Thus the number of added clauses of size ¢ that
are later removed is at most

c—1
Zrk n-2pplc—1)=2n-qp - r(c—1) Zrk (by (16.10))
b=1
2 1 ! b—1
=8n-qp-(16g;)* ~'- l6as ) (16gx)° (by (16.9))
b=1

c—2 c—2
< n-(16gx)* 712 (16gx)°

N~ N =

n-rg(c) (by (16.9)).
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By claim 1, the number of clauses of size ¢ that remain in 7, is at most
2pi(c — 1) - n. Overall, the number of added clauses of size ¢ is therefore
bounded by

Zrk 2pi(c—1) -n+2p(c—1)-n

< ;n cre(e) +2n - qi - (e —1)

<n-ri(c).
This completes the proof of claim 4. -
Claim 5. £ < Y i Lrk(e) - n.

Proof: Since in each step i < ¢ at least one clause is added, this follows
immediately from claim 4. -

Claim 6. At most d - n/q, nodes on the branch vy ...v, are right children.
Proof: If v;y1 is a right child of v;, then ;11 = ('Yi)gétals' Let ¢ be the petalsize
of a;. Since «; is pretty, a has more than py(c) petals, which are all added to
Yi+1-

Since at most 74 (c) - n clauses of size ¢ are added overall, there can be at

most
re(c)-n _ n

pr(c) dk

right children whose parent has a flower of petalsize ¢. Summing over all ¢
yields the statement of the claim. .

Now we are ready to prove (16. 11) By claims 5 and 6, the recursion tree 7 is
a binary tree of height at most Z _ 71 (¢) - n such that on each branch of 7

at most (d/qx)-n nodes are right children. Let r := Zf;ll ri(c) and s := d/qy.
To be able to apply Lemma 16.20, we have to prove that

1

< . 16.12
5= 8k - log(k - 1) ( )

Then Lemma 16.20 immediately shows that t(v, k) < 2/,

Observe that (16.12) is equivalent to
8k -log(k-r)-d < q. (16.13)
By (16.9)
- 4l -—1 d—2 d—2
r= Zrk(c) = 22(16%)2 L <4(16g)? T < (164g1)2
c=1 c=1

Thus for d > 3
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8k -log(k-r)-d < 8k-(logk + log(16¢,)%" ) -d
< 8k-(logk +4+logqy)-2%72-d

< 8k-logk-(4d+7)-2%72.d (by (16.8))
<k-logk-56d*-2¢72 (since d > 3)
<k-logk-2% (since d > 3)
= qr (by (16.8)).

For d = 2, one easily verifies directly that 8k - log(k - r) - d < gi. This proves
(16.13) and hence (16.12), which completes the proof of the Sparsification
Lemma. a

16.4 S[1]-Completeness
Theorem 16.21. For every d > 3, the problems
p-SAT(d-CNF) and s-SAT(d-CNF)

are S[1]-complete under serf Turing reductions.

Proof: Corollary 16.18 combined with (16.2) (on p. 423) yields
p-SAT(d-CNF) =*"FT 5.SAT(d-CNF)

for every d > 3. Standard reductions show that
5-SAT(d-CNF) =5T 5.SA1(3-CNF).

for every d > 3. This proves the theorem. a

Corollary 16.22. (ETH) and (ETH;) are equivalent.

Corollary 16.23. The following problems are S[1]-complete under serf Tur-
ing reductions:

(1) s-INDEPENDENT-SET and s-vert-INDEPENDENT-SET.

(2) s-VERTEX-COVER and s-vert-VERTEX-COVER.

(3) s-vert-CLIQUE.

(4) s-d-COLORABILITY and s-vert-d-COLORABILITY for every d > 3.

(5) s-WSAT(d-CNF) and s-var-WSAT(d-CNF) for every d > 2.

Proof: We saw that all the problems are contained in S[1]. By (16.1) and (16.2)

(on p. 423), it suffices to prove hardness of the “s” parameterizations, except
for s-vert-CLIQUE, which is equivalent to s-vert-INDEPENDENT-SET under size
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preserving polynomial time reductions. Standard polynomial time reductions
see, for example, [168]), which are easily seen to be size preserving, show:
( y g
5-SAT(3-CNF) <*™f 5. INDEPENDENT-SET
<serf o VERTEX-COVER,
5-SAT(3-CNF) <'f 5-3-COLORABILITY

<serf o 4 COLORABILITY for d > 3,
s-INDEPENDENT-SET <*°" 5-WSAT(2-CNF)
<sorf s WSAT(d-CNF) for d > 2. 0

In the following exercise, the reader is invited to prove that s-CLIQUE
is in SUBEPT and thus not complete for S[1] unless the exponential time
hypothesis fails.

Exercise 16.24. Prove that s-CLIQUE € SUBEPT. -

Size Measures vs. Standard Parameterizations

Let us now consider the question of how the new “size measure parame-
terizations” relate to the standard parameterizations of problems considered
elsewhere in the book. Note that for graph problems such as VERTEX-COVER,
INDEPENDENT-SET, or DOMINATING-SET, the s-vert parameterization is re-
ducible to the standard parameterization, because the parameter k in the
standard parameterization describes the size of a subset of the vertex set of
the input graph and hence can always be assumed to be bounded by the
number of vertices. It is also clear that in general there will be no reduc-
tion in the converse direction. For example, unless W[1] = FPT, the W[1]-
complete problem p-INDEPENDENT-SET is not fpt-reducible to the problem
s-vert-INDEPENDENT-SET € S[1] C FPT.

However, the question whether the standard parameterization is reducible
to the number of vertices parameterization is interesting for problems in EPT.
As an example, let us consider the vertex cover problem:

Theorem 16.25. p-VERTEX-COVER is S[1]-complete under serf Turing re-
ductions.

Proof: To prove that p-VERTEX-COVER € S[1], we use the fact that the ver-
tex cover problem has a “linear” problem kernel. By Theorem 9.14, there is a
polynomial time algorithm that, given an instance (G, ¢) of VERTEX-COVER,
computes an instance (G, '), where ¢/ < £ and G’ has at most 2¢’ vertices. This
yields a size preserving polynomial time reduction from p-VERTEX-COVER to
s-vert-VERTEX-COVER that proceeds as follows: It maps an instance (G, k) of
p-VERTEX-COVER to its kernel (G', k’), which is considered as an instance of
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s-vert-VERTEX-COVER. The reduction is size preserving, because the param-
eter, that is, the number of vertices of G’, is at most 2k’ < 2k. This proves
that p-VERTEX-COVER € S[1].

Since s-vert-VERTEX-COVER <*'f p-VERTEX-COVER, completeness fol-
lows from Corollary 16.23. a

The S[1]-hardness of p-VERTEX-COVER implies that, unless (ETH) fails,
there is no subexponential fpt-algorithm for p-VERTEX-COVER. For the planar
graph problem p-PLANAR-VERTEX-COVER, we know that there is an 20(Vk) .
n2-algorithm (cf. Theorem 12.33). Hence

p-PLANAR-VERTEX-COVER € SUBEPT.

However, the S[1]-completeness theory can still be used to prove that the
20(Vk) . n2-algorithm is asymptotically optimal in terms of the parameter k.

Theorem 16.26. The following parameterization of PLANAR-VERTEX-COV-
ER is S[1]-hard under serf Turing reductions:

p-sqrt-PLANAR-VERTEX-COVER
Instance: A planar graph G and k € N.

Parameter: [\/ k—‘
Problem: Decide whether G has a vertex cover of cardinality k.

Corollary 16.27. If p-PLANAR-VERTEX-COVER is solvable in time 2" (VF).
1G]|°W), then S[1] = SUBEPT.

To prove the theorem, we only show how to apply our structural theory
to obtain the hardness result from a known reduction from VERTEX-COVER
to PLANAR-VERTEX-COVER and refer the reader to the literature for the
combinatorial details.

A planar drawing II of a graph is defined as a planar embedding (see
Definition 12.2) except that edges are allowed to cross. In every point of
the plane only two edges are allowed to cross. Recall that ve(G) denotes the
cardinality of a minimum vertex cover of G.

Lemma 16.28. There is a polynomial time algorithm that, given a graph G
and a planar drawing I1 of G with ¢ crossings, computes a planar graph G’
such that

ve(G') = ve(G) + 13c.

For a proof we refer the reader to [116] (Theorem 2.7).

Proof of Theorem 16.26: We give a parameter preserving polynomial time re-
duction from the S[1]-complete problem s-VERTEX-COVER to p-sqri-PLANAR-
VERTEX-COVER.
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Let (G,k) be an instance of s-VERTEX-COVER, where G = (V, E). Let
n := |V| and m := |E|, where without loss of generality we may assume that
2m > n > k. Then the size of G, which is the parameter, is O(m).

Let II be a planar drawing of G with ¢ < m? crossings; clearly such a
drawing exists and can be computed in polynomial time. Let G’ be the planar
graph computed by the algorithm of Lemma 16.28 on input (G,II), and let
k' := k 4+ 13c. Then

(G, k) € VERTEX-COVER <= (G, k) € PLANAR-VERTEX-COVER.

Furthermore,
[\/k;ﬂ - Wk; n 134 < Wzm i 13m2—‘ < 4m.

Thus the reduction (G, k) — (G', k') is a parameter preserving polynomial
time reduction from s-VERTEX-COVER to p-sqrt-PLANAR-VERTEX-COVER.
(|

Exercise 16.29. Prove that, unless S[1] = SUBEPT, the problems p-PLAN-
AR-INDEPENDENT-SET and p-PLANAR-DOMINATING-SET are not solvable in
time 207 (VR . ||g||0®), s

16.5 The Miniaturization Isomorphism

In this section, we establish a connection between subexponential fixed-
parameter tractability and unbounded fixed-parameter tractability. Let (Q, v)
be a parameterized problem over the alphabet ¥X*. We define:

p'MINI(Q7 V)
Instance: x € ¥* and m € N in unary such that |z| < m.

Parameter: LZS?” .

Problem: Decide whether =z € Q.

We call p-MINI(Q, v) the “parameterized miniaturization” of (Q,v), because
the interesting instances of the problem are those where v(x) is very small
compared to m. More precisely, the interesting instances are those where v(x)
is close to logm, that is, instances where the parameter k := [v(x)/logm] is
small. There is an equivalent way of formulating the problem, where this is
made explicit:

Instance: © € ¥*, k,m € N in unary such that || < m, and
v(z) = |k-logm].
Parameter: k.
Problem: Decide whether x € Q.
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“Miniaturization” defines a mapping between parameterized problems. The
reason we are interested in this mapping is that it is a structure preserving
mapping from the subexponential theory into the unbounded theory. This is
made precise by the following theorem:

Theorem 16.30 (Miniaturization Theorem). (1) Let (Q,v) be a param-
eterized problem. Then

(Q.v) € SUBEPT <= p-MNI(Q,v) € FPT.
(2) Let (Q,v) and (Q',V') be parameterized problems. Then

(Q,v) <™ (QV) = p-MmNI(Q,v) <P p-MIN(Q', ).

Proof: Statement (1) follows easily from (2), but it will be instructive to prove
it directly. Let X be the alphabet of Q.

For the forward direction, suppose that £ € ) can be decided in time
2v(@)/e(v(®)) 12|90 for some nondecreasing and unbounded computable func-
tion ¢+ : N — N. Let f : N — N be a computable function such that
f(e(n)) > 2™ for all n € N. Let z € ¥*, m € N such that m > |z|, n := v(x),
and k := [n/logm]. We claim that

gn/un) ‘x‘O(l) < f(k) .mO). (16.14)

This will prove that p-MINI(Q,v) € FPT. To prove (16.14), we distinguish
between two cases: If m > 27/“(") then (16.14) is obvious. If m < 27/+(")
then k > «(n) and thus f(k) > 2", which implies (16.14).

For the backward direction, suppose that f : N — N is a computable
function such that there is an fpt-algorithm solving p-MINI(Q, ) in time

f(k) ! mO(l)a

where k := [v(x)/logm] is the parameter. We may assume that f is increasing
and time constructible. Let ¢ := ¢s be the “inverse” of f. Without loss of
ger(lefa(li’%/ we may assume that ¢ is growing sufficiently slowly so that n <
20 n/u(n))

Let z € ¥* and n := v(z). Let m = max {|z[,2["/*™1}. Then k =
[n/logm] < t(n). Using the fpt-algorithm for p-MINI(Q, ) on input (x,m),
we can decide if x € @ in time

FOR) -mCW < O < 20m/u(m) |50

This proves that (Q,v) € SUBEPT.

Let us turn to a proof of (2). Let X, ¥’ be the alphabets of @, Q’, respec-
tively.

For the forward direction, suppose that S : £¥* x N — (¥)* is a serf-
reduction from (Q,v) to (Q,v'). Choose functions f, g witnessing clauses (2)
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and (3) of Definition 16.2. We claim that the mapping R : ¥* xN — (¥')* x N
defined by

R(z,m) = (S(m, [v(z)/logm] ), max {|S(z, [V(x)/bgm}ﬂ,m})

is an fpt-reduction from p-MINI(Q, v) to p-MINI(Q’, V).

Let (z,m) be an instance of p-MINI(Q, V) and n := v(x), k := [n/logm].
Furthermore, let 2’ := S(z, k), m' := max{|2'|, m}, n’ := V/(2'), and k' :=
[n'/logm/].

Observe first that

(x,m) € p-MINI(Q,V) <= z€Q
— /' =5S(z,k) € Q’
— (2',m') € p-MINI(Q', V).

Furthermore, S(x, k) and hence R(z,m) can be computed in time
FR) -2 (2O < f(k) - mO0),

because 2% < m.
It remains to prove that k' is effectively bounded in terms of k. By our
choice of g, we have n’ < g(k) - (n + log |z|). Thus

F =L = o | =09 [ L2 < g0 ),

logm/ logm logm

This completes the proof that R is an fpt-reduction from p-MINI(Q,v) to
p-MINI(Q', V).

For the backward direction of (2), let R : ¥* x N — (¥/)* x N be an
fpt-reduction from p-MINI(Q,v) to p-MINI(Q', ). Let f, g be nondecreasing
computable functions and ¢ € N such that R(z, m) can be computed in time
f(k)-m¢ and k' < g(k), where k := [v(z)/logm] and k' := [v(z')/logm’]
for (2/,m’) := R(x,m).

We define a serf reduction S : ¥* x N — (X')* from (Q,v) to (Q',v) as
follows: Let (z,f) € ¥* x N and n := v(x), m := max{2"/(¢0] |z|} and
k := [n/logm]. Note that

k<2c-¢ and logm < " + log|z|.
c.

14

We let
S(z,£) := R(x,m).

Then S(z,¢) can be computed in time

F (k) -m < f(2e-0)- 27/ Ja]e.
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Let (2/,m’) := R(z,m), n' := V/(x), and k' := [n’/logm']. It remains to
prove that n’ < h({) - (n + log|z|) for some computable function h.

Since m/ is represented in unary and R is computable in time f(k)-m
we have m’ < f(k) - m¢. Thus

C
)

n <k -logm’
< g(k) - log(f(k) - m®) (since &' < g(k))
n n
< e i <
< g(k)-log f(k)+ g(k) - c (c 0 + log |x|> (since logm < ey + log |x|)
< h(f) - (n+log|x|) (since k < 2¢- )
for a suitable computable function h. O

Exercise 16.31. Prove the analogous result (to Theorem 16.30) for Turing
reductions. B

The subexponential theory is mainly concerned with problems in the class
EPT and the unbounded theory with problems in XP. We shall now investi-
gate how the miniaturization relates EPT with XP.

Lemma 16.32. Let (Q,v) € EPT. Then p-MINI(Q,v) € XP.

Proof: Suppose that (@, v) is decidable in time

2c-u(z) . ‘l“d

Let (z,m) be an instance of p-MINI(Q, v), and let n := v(z), k := [n/logm].
Then the instance is decidable in time

QC-V(I) . |£L’|d < mc~u(w)/logm . md < mO(k),

which shows that p-MINI(Q, v) € XP. O

Thus the miniaturization mapping maps EPT into XP. Of course, not
every problem in XP is the miniaturization of some other problem, thus the
mapping is not onto. However, the following lemma shows that every problem
in XP is equivalent to the miniaturization of some problem in EPT.

Lemma 16.33. Let (Q, k) € XP. Then there exists a problem (Q',v') € EPT
such that

(Q, r) =Pt p-MINI(Q', /).

Proof: In a first step we construct a problem (Q”, k") equivalent to (Q, k)
that is decidable in time \x\o(\/“”(‘”)).

Let ¥ be the alphabet of @ and suppose that (Q, ) is decidable in time
2| 5(@) 4 f(k(x)), where without loss of generality f is increasing and time
constructible. Let (Q”, ") be the following parameterized problem:
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Instance: x € ¥*, ¢ € N in unary such that £ > f(k(z))2.
Parameter: £.
Problem: Decide whether x € Q.

It is easy to see that indeed (Q”, k") =P* (Q, k) and that (Q", k") is decidable
in time \x\o(\/”//(”")).
In the second step, we construct the desired problem (Q’,v’). To simplify

the notation, we let (@, k) = (Q", k"), and again we let ¥ be the alphabet of
Q. We let (Q',v') be the following problem

Instance: z € X.
Parameter: k(z) - [log|x|].
Problem: Decide whether x € Q.

Thus Q' = @, that is, (Q',7') is just a re-parameterization of (Q, k). We
claim that
p-MINI(Q', V') =P (Q, k). (16.15)

To prove that p-MINI(Q’,v') <P (Q, k), let 2, be a “yes”-instance and z_
a “no”-instance of Q). We define a reduction R by letting

xqy ifm> \x\\/“(‘”) and z € Q,
z_ ifm> \x\\/”(”) and = € Q,
x iz <m< |x|\/“(””),

x_ otherwise.

R(x,m) =

Then clearly for all (z,m) € £¥* x N we have
(x,m) € p-MINI(Q', V') <= R(z,m) € Q.

Moreover, R(x,m) is computable in polynomial time, because x € @Q is decid-
able in time |:E|O(\/"(“')), which is m@W if m > \x\\/”(”).

It remains to prove that the parameter x(R(z,m)) of the image is ef-
fectively bounded in terms of the parameter [v/(x)/logm] of the argu-
ment. Let (z,m) be an instance of p-MINI(Q',v') and k = k(z), n =
V(z) = k- [log|z|], ¥ := [n/logm]. If either m > |z|Y¥ or m < |z|, then
Kk(R(xz,m)) < max{x(x4),k(x_)}, which is a constant. So let us assume that
lz| < m < |#|V*. Then x(R(x,m)) = k. Moreover,

logm < Vk - [log|z|] = \7}{

Thus

k:k~10gm < VEk-n < VK.

logm logm
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Thus k(R(z,m)) = k < (k’)?, which shows that indeed R is an fpt-reduction
and proves one direction of (16.15).

For the other direction, (Q,x) <'P* p-MINI(Q’, '), we define a reduction
R:¥* - ¥* x N by R(z) = (z,2|z|). As

V() @) floglal] _
log(2|z|)  loglz|+1 < #(@),

R is an fpt-reduction from (@, k) to p-MINI(Q', V). O

The main result of this section can most elegantly be formulated in the
language of degrees from classical recursion theory. Suppose we have some
reducibility relation < on parameterized problems, for example, <fP*. In gen-
eral, < only needs to be a reflexive and transitive relation. Let us denote
the corresponding equivalence relation by =. Then the <-degree of a problem
(Q,v), denoted by [(Q, )], is the =-equivalence class of (Q, ). For example,
the <P*_degree of p-CLIQUE is the class of all W[1]-complete problems. The
class of all <-degrees is denoted by D<, and for a class C of parameterized
problems that is downward closed under <, the class of all degrees in C is
denoted by C<. The reduction < induces a partial order on D<.

If < is one of the reductions introduced in this book, say, <=<Pt then
to simplify the notation we speak of fpt-degrees instead of <P*-degrees and
write [(Q, v)]®*, Dy, et cetera.

The results of this section can be summarized in the following theorem:

Theorem 16.34. The miniaturization mapping M : Dges — Dype, defined
by
serf fpt
M([[(Q,y)ﬂ ) = [[p-MINI(Q,I/)]] ,
is a (well-defined) embedding of the partially ordered set (Dgert, <5F) into the
partially ordered set (D, <'P).
Furthermore, the restriction of M to EP T is an isomorphism between
(EPTserfa gserf) and (Xprta Sfpt)'

It can be proved that the miniaturization mapping is not onto, that is,
there are parameterized problems (outside XP) not fpt-equivalent to any
miniaturized problem.

Exercise 16.35. Prove the analogous result (to Theorem 16.34) for Turing
reductions. a

16.6 The M-Hierarchy

The natural question that arises once we have established the miniaturiza-
tion isomorphism is how the natural complexity classes within EPT on the
subexponential side and within XP on the unbounded side are related by the
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isomorphism. We call the image of the S-hierarchy under the “miniaturization
mapping” the M-hierarchy. We will see that the M-hierarchy is closely related
to the W-hierarchy.

Definition 16.36. For every ¢t > 1, we let

fpt

Mt] = [{p-MN1(Q, v) | (Q,v) € S[t]}]

Furthermore, we let

MISAT] := [{p-MNI(Q, ) | (Q,v) € S[SAT]}]™

and
fpt

M[P] := [{p-MINI(Q, V) | (Q,v) € S[P]}] B

By the Miniaturization Theorem 16.30 and the definition of the S-hierarchy,
we immediately get the following characterization of the M-hierarchy.

Lemma 16.37. (1) For every t > 1, MJt] = U [p—MINI(p—SAT(Ft’d)]fpt.
a>1
fpt

(2) M[SAT] = [p-MINI(p-SAT(PROP))]
(3) M[P] = [p-Mini(p-SaT(CIRC))] ™"

The Miniaturization Theorem also shows that for all ¢ € NU {SAT, P} we
have
M[t] = FPT <= S[f] = SUBEPT

and that a problem is S[t]-complete under serf-reductions if and only if its
miniaturization is M[t]-complete under fpt-reductions. By Exercise 16.31, the
corresponding result for Turing reductions also holds. This can be used to
transfer the S[1]-completeness results of Sect. 16.4 to M[1]-completeness re-
sults.

The Log-Parameterizations

Next, we will give a characterization of the M-hierarchy in terms of a new
parameterization of the satisfiability problem. In the following discussion, n
denotes the number of variables of the input formula or the number of input
nodes of the input circuit of a satisfiability problem, and m denotes the size
of the formula or circuit. Let T" be a class of propositional formulas or cir-
cuits. If we parameterize SAT(I") by n, then we obtain the fixed-parameter
tractable problem p-SAT(T). Let us now see what happens if we decrease the
parameter. Specifically, for computable functions A : N — N, let us consider
the parameterizations (SAT(I'), k) defined by
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for 4 € T'. For constant h = 1, ky, is just our old parameterization p-SAT(T") €
FPT. At the other end of the scale, for h(m) > m > n we have k,(y) = 1, and
essentially (SAT(T), k5,) is just the unparameterized problem SAT(T'), which is
NP-complete in general. But what happens if we consider functions between
these two extremes?

If h(m) € o°®(logm), then (SAT(I),~p) is still fixed-parameter tracta-
ble. To see this, use that SAT(T) is trivially solvable in time m®®) for in-
stances with m > 2™ and apply Proposition 1.7 for instances with m < 27. If
h(m) € w(logm) then for large circuits of size close to 27, but still 20 (m),
the parameter is 1 and fixed-parameter tractability coincides with polyno-
mial time computability. The most interesting range from the perspective of
parameterized complexity is

h(m) € ©(logm).

These considerations motivate us to introduce the following parameterization
of the satisfiability problem:

p-log-SAT(T)
Instance: vy € I of size m with n variables.

Parameter: || " .
ogm

Problem: Decide whether ~ is satisfiable.

Obviously, p-log-SAT(T") is solvable in time

on . 7,nO(l) < 2k:~10gm . 7nO(l) _ mk:JrO(l),

where k := [1ogm—‘ is the parameter. Thus p-log-SAT(I") € XP (here we as-
sume that T' itself is efficiently decidable). Intuitively it seems unlikely that
p-log-SAT(T") is fixed-parameter tractable, say, for I' = PROP.

To phrase our first result in its most general form, we introduce a simple
closure property of classes of formulas or circuits: We call a class I" paddable if
for every v € I and for every m’ > ||v|| there is a 4’ € I" such that var(y’) =
var(y), the formulas v and " are equivalent, and m’ < ||7'|] < O(m'). We call
I efficiently paddable if, in addition, there is an algorithm that computes ~' for
given v and m’ > [||| in time (m/)?(®). Most natural classes of formulas and
circuits are efficiently paddable, in particular all classes I't 4 and the classes
PROP and CIRC. For example, for the I'; o-formula

v=\ Qi V),
1€[m]
we can let \;; 1= Ap,j for m <4 <m’ and j =1,2, and

")// = /\ ()\11 V )\22)
i€[m’]
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Lemma 16.38. Let I" be a class of propositional formulas or circuits. Then
p-log-SAT(T) <Pt p-MiN1(p-SaT(I)).

Furthermore, if " is efficiently paddable, then
p-log-SAT(T") =P* p-Mini(p-SaT(I)).

We leave the straightforward proof of this lemma to the reader.
As all classes I'; 4 and the classes PROP and CIRC are efficiently paddable,
we immediately obtain the following characterization of the M-hierarchy:

Corollary 16.39. (1) For every t > 1, M[t] = U [p—log—SAT(Ft’d)]fpt.
d>1
(2) M[SAT] = [p-log-SAT(PROP)] ™" .
(3) M[P] = [p-log-SaT(CIRC)] ™"
By the Miniaturization Theorem we also obtain:
Corollary 16.40. Let I' be an efficiently paddable class of formulas or cir-
cuits. Then

p-log-SAT(T") € FPT <= p-SaT(I') € SUBEPT.

We can also consider “log-parameterizations” of other fixed-parameter
tractable problems. In particular:

p-log-VERTEX-COVER

Instance: A graph G and ¢ € N.
Parameter: logflGH .
Problem: Decide whether G has a vertex-cover of size ¢.

Exercise 16.41. Prove that p-log-VERTEX-COVER is M[1]-complete under
fpt Turing reductions. -

The M-Hierarchy and the W-Hierarchy

We have already met the log-parameterization of the satisfiability problem (for
the class of all Boolean circuits) before; in Sect. 3.3 we used it as a technical
tool to prove that

W[P] = FPT <= p-SAT(CIRC) € SUBEPT

(see Theorem 3.25). In particular, Lemma 3.26 states that the problem
p-log-SAT(CIRC) is W[P]-complete under fpt-reductions. Thus

MI[P] = WIP].

The following theorem is a generalization of this fact. The proof is based on
a construction that we called the k - logn-trick in Chap. 3 (see the proof of
Theorem 3.9 and Corollary 3.13).
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Theorem 16.42. For everyt > 1,

M[t] € W[t] € M[t + 1].

Proof: We first prove M[t] C W[t]. For simplicity, let us assume that ¢ is odd.
Fix d > 1 such that ¢ + d > 3. We shall prove that

p-log-SAT(T; 4) <™P* p-WSAT(T; 4). (16.16)

Let v € T't.q, m := ||v|| and n := |var(y)|. To simplify the notation, let us
assume that ¢ := logm and k := n/logm are integers. We shall construct a
I' g-formula 3 in time polynomial in v such that

v is satisfiable <= f3 is k-satisfiable. (16.17)

Let X = var(y), and let Xy,..., X be a partition of X" into k sets of size ¢
(note that n =k - ).

For i € [k] and every subset S C X;, let Y be a new variable. Let ); be
the set of all Yis with S C X; and Y = Ule Y;. Call a truth value assignment
for Y good if for i € [k] exactly one variable in }); is set to TRUE. There is a
bijection f between the truth value assignments V for X and the good truth
value assignments for ) defined by

fO)(Y®) =TRUE <= VX € X;: (V(X)=TRUE <= X € S),

for all V : X — {TRUE, FALSE}, i € [k], and S C &;.
Let 8" be the formula obtained from 7 by replacing, for i € [k] and X € X},
each occurrence of the literal X by the formula

-y*s

)

SCX; with X¢S

and each occurrence of the literal =X by the formula

/\ -YS.

SCX; with X€S

Then an assignment V : X — {TRUE, FALSE} satisfies v if and only if f(V)
satisfies 3”. Thus + is satisfiable if and only if 3" has a good assignment. Note
that the size of each of the sets V; is 2¢ = m. Thus the size of 3" is polynomial
in m. Moreover, 8" can easily be computed from « in polynomial time.

3" is not a I'y g-formula: The transformation from v to 8" has turned the
small disjunctions (A1 V...V A\g) on the bottom level of v into formulas

/\Vli\/~-~v/\7/di-
i i

Applying the distributive law to all these subformulas turns them into big
conjunctions of disjunctions of at most d literals, and since ¢ is odd, it turns
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the whole formula " into a T'; 4-formula /’. Since d is fixed, the size only
increases polynomially, and 3’ can be computed from 3" in polynomial time.
And we still have: v is satisfiable if and only if 5’ has a good assignment.

All that remains to do is to add a subformula stating that all assignments
of weight k are good. We let

a= N\ N ¥Sv-yT)

i€[k] S, TCX;
SET

and 8 := aAf’. Then S is (equivalent to) a I'; g-formula that satisfies (16.17).

Next, we prove W[t] C M[t + 1]. For simplicity, let us assume again that ¢
isodd. Let d =2 if t = 1, and d = 1 otherwise. Recall that by Theorem 6.28
(for t = 1) and Theorem 7.1 (for ¢ > 2), p-WSAT(I'; ;) is W[t]-complete. We
shall prove that

p-WSat(T'y ;) <™ p-log-SAT(Te11,1). (16.18)

We simply reverse the idea of the proof that M[t] C W[t].
Let g € Iy and k > 1, say,

B= NV - N\ 8, i), (16.19)

i1€11 i2€12 it €14

where each 0(iq,...,4;) is a disjunction of at most d negative literals. Let
n := |var(8)| and ¢ := logn, and let us assume again that ¢ is an integer.
Furthermore, we assume that the variables of 8 are indexed with subsets of
{1,...,£}, or, more precisely, that

var(B) =Y ={Y%| S C{1,....0}}.

Fori € [k] and j € [¢], let X;; be a new variable. As above, let X; := {X;; | j €
[{]} and X := ;) Xi- The idea is that every assignment to the variables in
X; corresponds to a subset S; C {1,...,¢} and hence to a variable Y% . Thus
an assignment to all variables in X corresponds to a subset {Y51,... YS¥} C
Y and hence to an assignment to the variables in ) of weight at most k (“at
most” because the S; are not necessarily distinct).

Formally, let g be the following mapping from the assignments for X to
the assignments for ) of weight at most k: For every V : X — {TRUE, FALSE},
we let g(V) : Y — {TRUE, FALSE} be the assignment that sets Y51 ... Y5
to TRUE and all other variables to FALSE, where for i € [k]

S; = {j | V(Xi;) = TRUE}.

Let 4" be the formula obtained from 3 by replacing each literal =Y ° by the
subformula
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/\(\/ﬂXUv Vo Xy).

i€lk] jes Fe{1,...00\S

(Remember that all literals in 3 are negative.) Then for every assignment
V : X — {TRUE, FALSE},

V satisfies 7/ <= g¢(V) satisfies 3.

The translation from S to 4" turns every 6 = §(i1,...,4:) in (16.19) into a
disjunction ¢’ of at most d formulas xg. Say,

5/:()(51\/...\/Xsd)

By applying the distributive law, this formula can be turned into a conjunction
x of k% disjunctions of d - ¢ literals. Applying this operation to every ¢’ in
~", we obtain an equivalent I';y; ;-formula «’. Then for every assignment
V : X — {TRUE, FALSE},

V satisfies 7/ <= g¢(V) satisfies .

This almost completes the proof. The only problem that remains to be solved
is that not all assignments g(V) have weight exactly k, because some of the
induced S; may be identical. Let

o = /\ \/ =(Xij < Xirj).

1<i<i’<k je[l]

Then for every V : X — {TRUE, FALSE} that satisfies o/, the assignment g(V)
has weight exactly k. Thus g induces a mapping from the assignments for X
that satisfy o’ onto the weight k assignments for ). Note that o is equivalent
to a I'y 1-formula a of size O(k? - 22) = O(k? - n?). Furthermore, given k,n,
such a formula o can be computed in time polynomial in k£ and n.

We let v := a A~'. Then + is satisfiable if and only if 3 is k-satisfiable.
The size m of v is polynomial in the size of (3, and the number of variables is
k-4, where £ = logn < logm. By adding dummy variables we can adjust the

number of variables in such a way that k = [|var(v)|/logm]. O
Exercise 16.43. Prove that M[SAT] = W[SAT]. a
Notes

There is a large number of results on exact algorithms for various hard prob-
lems (see, for example, [130, 211]). Well-known examples of nontrivial exact
algorithms are the ever-improving algorithms for the 3-satisfiability problem
[28, 65, 138, 171, 190]. The time 1.324™ algorithm mentioned in the introduc-
tion is due to Iwama and Tamaki [138].
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The exponential time hypothesis and related assumptions were studied
from a complexity theoretic point of view in [93, 136, 137, 193]. The most
fundamental and substantial investigation of subexponential time complexity
is due to Impagliazzo et al. [137]. In particular, the Sparsification Lemma 16.17
and the S[1]-completeness results (Theorem 16.21 and Corollary 16.23) were
proved in this article. Exercises 16.13-16.16 are also due to [137]. Subex-
ponential Turing reduction families were introduced in [137]; the many-one
version is from [52]. We know the simple elementary proof of Lemma 16.19
from Y. Chen. Lemma 16.28 is due to Garey, Johnson, and Stockmeyer [116].
Theorems 16.25 and 16.26 are due to Cai and Juedes [39]. Marx [158] applied
the idea of scaling the parameter, as in p-sqrt-PLANAR-VERTEX-COVER, even
more drastically to obtain a tight n°(°21°8 %) Jower bound for the closest sub-
string problem (whose definition we omit here).

The relation between (unbounded) parameterized complexity and subex-
ponential complexity was first observed by Abrahamson, Downey and Fel-
lows [1]. Theorem 16.42, the connection between the M-hierarchy and the W-
hierarchy, goes back to this article. The ideas were later refined in [44, 45, 101].
Miniaturized problems and the class M[1] was first studied in [75]. The role of
various size measures in the context of miniaturized problems was investigated
in [48]. The Miniaturization Theorem and the other results of Sect. 16.5 are
from [52].

Open Problems

The most important open problem here, and one of the overall most important
problems in parameterized complexity theory, is the question whether

or, equivalently, the question whether
(ETH) < W]J1] # FPT.

The corresponding question for the higher levels of the hierarchies, that is,

M[t] < W]t] for ¢ > 2, is also open. Note that it is also possible that M[t+1] =
Wit] for t > 1.

While the classes S[1] and hence MJ1] are fairly well understood, almost
nothing is known about the higher levels of the S-hierarchy and the M-
hierarchy. There is no completeness theory for S[t] for any ¢ > 2. In particular,
it is open whether p-SAT(T'; 4) is S[t]-complete for any fixed d > 1. In view
of the W-completeness theory, one might actually guess that p-SAT(T; 1) is
S[t]-complete. Proving such a result would probably require some form of a
Sparsification Lemma for the higher levels, an interesting problem in itself. Of
course, one could also try to eliminate the use of the Sparsification Lemma
from the proof of the S[1]-completeness of p-SAT(3-CNF) and possibly even
prove completeness under many-one reductions.
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Finally, it is a notorious open question if a collapse such as W[t] = FPT
on some level t of the W-hierarchy has any implications for the higher lev-
els (ideally, implies W[t'] = FPT for all ¢'). In view of the entanglement of
the W-hierarchy and the M-hierarchy, one possible approach to this question
would be to prove a corresponding result for the M-hierarchy. An equivalent
formulation of the question for the M-hierarchy is whether —~(ETH;) implies
—(ETHy) for ¢ > t.
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Appendix: Background from Complexity
Theory

In this appendix, we briefly review some basic definitions and results from
classical complexity theory. For further background, references, and proofs of
the results mentioned here, the reader may, for example, consult the textbooks
[20, 168, 208] or the surveys [142, 204].

Notation

Before we start, let us remind the reader of a few notations, some of which
we also introduce elsewhere in the book. The set of nonnegative integers is
denoted by Ny and the set of natural numbers (that is, positive integers) by
N. For integers n,m with n < m, we let [n,m] := {n,n+ 1,...,m} and
[n] :==[1,n].

We use the standard big-Oh notation: For a function f : Ny — Ny, we let

O(f) == {g:No = No | Je,ng € Ng ¥n > ng : g(n) <c- f(n)},
Q(f) :={g:Nog — No | 3e,no € NVn > ng : g(n)zi~f(n)},
o(f) = O(f) na(f),

o(f) :={g:No — No | Ve € Ng Ing € NVn >ng : g(n)Si'f(n)},
w(f):={g:Ng— Ng | Ve € Ng Ing e NVn > ng : g(n) >c- f(n)}.

As is common, we usually write f(n) = O(g(n)) or f(n) < O(g(n)) instead of
f € O(g). If we write O(1), we view 1 as the function with constant value 1.
We also use derived notations such as, for example,

nPU M) .= {g: Ny — No | 3f’ € O(f) Ing € NVn > ng : g(n) < nf (M}

In particular, n°®) denotes the class of all polynomially bounded functions.
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A.1 Machine Models

The machine model underlying most of our complexity-theoretic results is
the standard multitape Turing machine model. However, for analyzing the
running time of specific algorithms, random access machines are better suited.
As a third model of computation, we also have to deal with Boolean circuits,
although in this book circuits only appear as instances of algorithmic problems
and not as a basic model of computation.

Turing Machines
A nondeterministic Turing machine (NTM) is a tuple
M = (SaE7A7SOaF)a

where:

S is the finite set of states.

> is the alphabet.

so € S is the initial state.

F C S is the set of accepting states.

A C Sx(ZU{$, 01k xS x (ZFU{$})* x {left, right, stay}* is the transition
relation. Here k € N is the number of tapes, and $,[0 ¢ ¥ are special
symbols: “$” marks the left end of any tape. It cannot be overwritten and
only allows right-transitions.! “[1” is the blank symbol. The elements of A
are the transitions.

Intuitively, the tapes of our machine are bounded to the left and un-
bounded to the right. The leftmost cell, the Oth cell, of each tape carries
a “$”, and initially, all other tape cells carry the blank symbol. The input is
written on the first tape, starting with the first cell, the cell immediately to
the right of the “$”.

Sometimes, in particular for space-bounded computations, the first tape
is viewed as a read-only input tape. In this case, A C S x (XU {$,0})¥ x S x
(SFU{$}E1 x {left, right, stay}*.

The machine M is deterministic if for all (s,a) € S x (XU {$,0})* there
is at most one (s’,a’,d’) such that (s,a,s’,a,d) € A. The machine M has
binary branching, if for all (s,a) € S x (X U {$,0})* there are at most two
tuples (s’,a’,d') such that (s,a,s’,a’,d’) € A.

A configuration of M is a tuple

C= (saxlapla"'7xkapk)a

'To formally achieve that “$” marks the left end of the tapes, whenever
(s,(a1,...,ax),s",(al,---,ar),(d1,...,dx)) € A, then for all i € [k] we have
a; =% < a,=%and a; =% = d; = right.
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where s € S, z; € £*, and p; € [0, |x;] + 1] for each ¢ € [k]. Intuitively,
$z;00. .. is the sequence of symbols in the cells of tape i, and the head of
tape 7 scans the p;th cell. Then, x; is called the inscription of tape 1.

The initial configuration for an input x € X* is

Co(z) = (so,x,1,€,1,...,¢,1),

where € denotes the empty word.

A computation step of M is a pair (C,C") of configurations such that the
transformation from C' to C’ obeys the transition relation. We omit the formal
details. We write C' — C’ to denote that (C,C") is a computation step of M.
If C — C', we call C" a successor configuration of C. A halting configuration
is a configuration that has no successor configuration. A halting configuration
is accepting if its state is in F. A step C — C’ is nondeterministic if there is
a configuration C” # C’ such that C — C”.

A finite run of Ml is a sequence (Cy, . ..Cy) where C;_; — C; for all i € [{],
Cp is an initial configuration, and Cy is a halting configuration. An infinite
run of M is a sequence (Cp, C1,C5...) where C;—1 — C; for all : € N and Cj
is an initial configuration. If the first configuration Cy of a run p is Cp(z), then
we call p a run with input x. A finite run is accepting if its last configuration
is an accepting configuration; infinite runs can never be accepting. The length
of a run is the number of steps it contains if it is finite, or oo if it is infinite.

The language (or problem) accepted by M is the set Qu of all x € ¥* such
that there is an accepting run of M with initial configuration Cy(x). If all runs
of M are finite, then we say that M decides Qn, and we call Qy the problem
decided by M.

If M is a deterministic Turing machine, we can also define the function
computed by M. We let fyr be the partial function from ¥* to ¥* defined as
follows: Let € ¥*. If there is no accepting run with input z, then fy(z)
is undefined. Otherwise, fy is the inscription the last configuration on the
unique accepting run with input . That is, if (Co(z), ..., Cp) is an accepting
run with Cy = (21,p1, ..., 2k, Pk), then fu(z) = xi.

Let t : Ng — Ng. The running time of M is bounded by ¢, or M runs in
time t, if for every x € X* the length of every run of M with input z is at
most t(|z|).

To define the space complexity, one usually considers Turing machines
whose first tape is a read-only input tape. For such machines, the size of a
configuration C = (s,z1,p1,...,%k, pk) is the total length of the work-tape
inscriptions, that is, Zf:z |z;|. We say that M runs in space s : Ng — Ny if
for every x € ¥* every run of M with input z only consists of configurations
of size at most s(|z|).

Oracle Machines

A (deterministic or nondeterministic) oracle Turing machine is a Turing ma-
chine with a distinguished work tape, which we call the query tape, and three
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distinguished states s4, s+, s—, which we call the query state and the positive
and negative answer states, respectively.

The semantics of an oracle Turing machine is defined relative to an oracle
O C X*. As long as the machine is in a configuration whose state is not
the query state s, it proceeds as a standard machine. Whenever it is in a
configuration C' = (sq,1,p1,--.,%k, Pr) Whose state is the query state, it
proceeds as follows. Suppose the last tape is the query tape. Then if x € O,
the next configuration is (s4,x1,p1,...,Tk—1,Pk—1,€, 1), and if z; & O, the
next configuration is (s—,z1,p1,...,Zk—1,Pk—1,€,1). We say that the oracle
is queried for instance wy.

Of course, acceptance is also defined relative to an oracle O, and we say
that an oracle Turing machine M decides a problem @ C X* relative to an
oracle O € ¥* if for all z € ¥*, every run of M relative to O is finite and
there is an accepting run if and only if z € Q.

Sometimes, in particular when considering counting problems, we also need
to consider oracle Turing machines that use functions as oracles. Instead of
erasing the query tape after the oracle has been queried, in the next configu-
ration the value of the oracle function applied to the query instance is written
on the query tape.

Alternating Turing Machines

An alternating Turing machine (ATM) is a Turing machine whose states are
partitioned into existential and universal states. Formally, an ATM is a tuple
M = (S5, Sv, 2, A, s0, F'), where S3 and Sy are disjoint sets and My = (S3U
Sv, X, A, so, F) is an NTM. Configurations and steps of M are defined as for
My.

However, runs are defined differently. Let us call a configuration existential
if it is not a halting configuration and its state is in S3, and wuniversal if it is
not a halting configuration and its state is in Sy. Intuitively, in an existential
configuration, there must be one possible run that leads to acceptance (as
for nondeterministic machines), whereas in a universal configuration, all runs
must lead to acceptance. Formally, a run of an ATM M is a directed tree
where each node is labeled with a configuration of M such that:

The root is labeled with an initial configuration.
If a vertex is labeled with an existential configuration C, then the vertex
has precisely one child that is labeled with a successor configuration of C.
e If a vertex is labeled with a universal configuration C, then for every
successor configuration C’ of C the vertex has a child that is labeled with
C’.
The run is finite if the tree is finite and infinite otherwise. The length of the
run is the height of the tree. The run is accepting if it is finite and every leaf
is labeled with an accepting configuration. If the root of a run p is labeled
with Cy(x), then p is a run with input x.
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The language (or problem) accepted by M is the set Qu of all z € ¥* such
that there is an accepting run of M with initial configuration Cp(x).

M runs in time t : Ng — Ny if for every x € ¥* the length of every run of
M with input x is at most ¢(|x|). Similarly, M runs in space s : Ng — Ny if
for every x € ¥* every run of M with input x only consists of configurations
of size at most s(|z|).

A step C — (' is an alternation if either C is existential and C” is universal
or vice versa. A run p of M is £-alternating, for an £ € N, if on every path in the
tree associated with p, there are less than ¢ alternations between existential
and universal configurations. Fig. A.1 illustrates this. The machine M is /-
alternating if every run of M is f-alternating.

Fig. A.1. Schematic view of a 3-alternating run of length 5

Random Access Machines

While Turing machines are our model of choice for defining complexity classes,
they are less suitable for analyzing the running times of algorithms. It has be-
come standard to base the analysis of algorithms on random access machines
(RAMs). We follow this practice.

A RAM consists of a finite control unit, a program counter, and an infi-
nite sequence of registers rg,r1,72,.... Registers store nonnegative integers.
Register rg is the accumulator. A RAM executes a program that consists of
a sequence of instructions. It is a crucial property of RAMs that they allow
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indirect addressing, that is, there are instructions for accessing registers whose
address (index) is specified by the content of other registers. Besides loading
numbers from an arbitrary, possibly indirectly addressed, register to the accu-
mulator and back from the accumulator to an arbitrary register, RAM instruc-
tions include conditional and unconditional jump instructions and arithmetic
instructions. The result of an arithmetic instruction is stored in the accu-
mulator. In our specific model, we allow the following arithmetic operations:
addition, subtraction (cut off at 0), and division by 2 (rounded off).

RAMs, as defined so far, are always deterministic. We introduce nonde-
terministic and alternating RAMs in Chaps. 6 and 8.

Inputs and outputs of RAMs are simply stored in the first registers. More
precisely, if we want to decide a problem @ C ¥* by a RAM, assuming without
loss of generality that ¥ is a subset of N, then an instance © = (21,...,2,) €
Y™ is given to the RAM by storing z; in register r; for ¢ € [n]; all other registers
are initially set to 0. Outputs are specified similarly. For decision problems,
acceptance or rejection is indicated by writing 1 or 0, respectively, into the
accumulator. It is now easy to define what it means for a RAM program to
decide a problem @ C X* or to compute a (partial) function from ¥* to X*.

To measure the running time of a RAM, we use a uniform cost measure.
That is, the length of a run is defined to be the number of instructions carried
out, no matter how large the numbers involved are. A RAM program P runs
in time t : Ng — Ny if for every x € 3* the length of the run of P with input
x is at most t(]z|).

Theorem A.1 (RAM Simulation). (1) Let Q C ¥* be a problem that can
be decided by a deterministic Turing machine that runs in time t : Ng —
Ny. Then there exists a RAM program that decides Q@ and runs in time
o(t).

(2) Let Q C X* be a problem that can be decided by a RAM program that runs
in time t : Ng — Ny. Then there exists a deterministic Turing machine
that decides Q and runs in time O(t3).

The important fact that follows from these simulation results is that if we
only worry about the running time of algorithms up to polynomial factors,
then it does not matter which of the two machine models we use to specify
them. Whenever we make more precise claims about the running time of
algorithms for specific problems, we refer to the RAM model. In principle we
could specify these algorithms as RAM programs whose running time is as
claimed (but we never do).

Circuits

A (Boolean) circuit is a directed acyclic graph in which each node of in-
degree > 0 is labeled as and-node, as or-node, or, if the in-degree is exactly 1,
as negation node. Nodes of in-degree 0 are either labeled as Boolean constants
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0 or 1, or as input nodes. In addition, one node of out-degree 0 is labeled as
the output node. We think of the input nodes as being numbered 1, ... n.

A circuit C with n input nodes defines an n-ary Boolean function in a
natural way. We denote the value computed by C on input z € {0,1}"™ by
C(x). If C(z) = 1, we say that = satisfies C. We call C satisfiable if there is
some tuple z € {0,1}" that satisfies C.

We say that a family (Cy,),>0 of Boolean circuits decides a problem @ C
{0,1}*, if for every n > 0 the circuit C,, has precisely n input nodes, and for
all z € {0,1}"™ we have

Ch(x)=1 < z€Q.

We define the size ||C|| of a circuit C to be the number of nodes plus the
number of edges of C. The family (Cy)n>0 is uniform if there is an algorithm
that, given n € Ny, computes C,, in time polynomial in ||Cy]|.

Theorem A.2 (Circuit Simulation). (1) Let t : Ny — Ny be such that
t(n) >n for all n € Ng. Let Q C {0,1}* be a problem that can be decided
by a deterministic Turing machine that runs in time t.
Then there is a uniform family (Cp)n>0 of Boolean circuits such that
(Cn)n>0 decides Q and ||Cy|| € O(t*(n)).

(2) Let @ C {0,1}* be a problem that can be decided by a uniform family
(Cn)n>0 of Boolean circuits. Let t : Ng — Ny be such that for all n € Ny
we have ||Cy|| < t(n).
Then there is deterministic Turing machine that decides Q and runs in
time t91),

We cannot make statement (2) of the previous theorem more precise be-
cause our notion of uniformity only requires that the nth circuit in the family
is computable in time C,. However, it is easy to prove the following:

Proposition A.3. There is an algorithm that, given a circuit C with n input
nodes and an x € {0,1}™, decides if C(x) = 1 in time O(]|C|]).

This proposition is an example of our standard way of dealing with algo-
rithms. To make the statement more precise, we could replace “algorithm” by
RAM program.

We state a variant of Theorem A.2 for nondeterministic Turing machines
with binary branching.

Proposition A.4. Let t,t' : Ng — Ny be such that t(n) > n for all n €
Ny and such that t'(n) is computable in time polynomial in n. Let @ C ¥*
be a problem such that x € Q can be decided by a nondeterministic Turing
machine with binary branching in time t(|z|) that performs at most t'(|x|)
nondeterministic steps. Then there is an algorithm associating with every x €
E* a circuit Cy with t'(|z|) input nodes such that

T € Q < C, is satisfiable.
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A.2 Complexity Classes

Let t : Ng — Ng. The class of all decision problems @ C ¥* that can be
decided by a deterministic Turing machine that runs in time ¢ is denoted by

DTIME(#).

For a class T' of functions we let DTIME(T') := |J,c DTIME(T). Similarly,
we define NTIME(¢) and NTIME(T') for nondeterministic and ATIME(t) and
ATIME(T) for alternating Turing machines. We also define space-bounded
classes D/N/A SPACE(s) and D/N/A SPACE(S).

A function t : Ng — Ny is time constructible if there is a deterministic
Turing machine that for all n € N on every input of length n halts in exactly
t(n) steps. Similarly, a function can be defined to be space constructible.

Theorem A.5 (Time Hierarchy Theorem). Lett,t' : Ny — Ny such that
t' is time constructible and t'(n) € w(t(n) - logt(n)) for all n € N. Then

DTIME(t) C DTIME(t').
Similar results hold for the nondeterministic and the space-bounded classes.

Theorem A.6 (Savitch’s Theorem). Let s : Ng — Ny be space construc-
tible with s(n) > logn for all n € N. Then

NSPACE(s(n)) € DSPACE(s%(n)).
In this book, we consider the following standard complexity classes:

L := DSPACE(O(logn)),
NL := NSPACE(O(log n)),
PTIME := DTIME(n°®),
NP := NTIME(n®W),
PSPACE := DSPACE(n°W),
EXPTIME := DTIME(2"""),

nO1)
2EXPTIME := DTIME(2%" ).

The classes are ordered by inclusion (in the order they are defined). An
additional class that we have to consider is

ETIME := DTIME(2°™).
It follows from the hierarchy theorems that

NL ¢ PSPACE,
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PTIME c ETIME C EXPTIME C 2EXPTIME.

For every t > 1 we let ¥ be the class of all problems decided by an alternating
Turing machine A that runs in time n®™® such that every run of A starts with
an existential configuration and is t-alternating. The classes X, for t > 1,
form the polynomial hierarchy.

Alternatively, for every ¢t > 1, X7 | can be defined as the class of all
problems decided by a nondeterministic oracle Turing machine that runs in
time n®™) relative to an oracle in ¥}

Theorem A.7. (1) Lett: Ny — Ny such that t(n) > n for alln € Ng. Then
ATIME(t(n)°®) = DSPACE(t(n)°W).
(2) Let s: Ny — Ny such that s(n) > logn for all n € N. Then
ASPACE(s(n)) = DTIME(29¢M)),
Thus we have
NP=xFcxlcslc...c ATIME(n®Y) = PSPACE.

For f : Ny — Ny, a problem @ C ¥* is in NP[f] if there is a nondetermin-
istic Turing machine M that runs in time n©(®) and performs at most f (n)
nondeterministic steps on every run with an input of length n. For a class F
of functions, we let

NP[F]:= ] NP[f].
fer
We have
NP[logn] = PTIME and NP[RCW] = NP.

Reductions and Completeness

A polynomial time (many-one) reduction from a problem ) C ¥* to a problem
Q' C (¥)* is a mapping R : ¥* — (¥/)* such that

(1) For all z € X*,
r€Q < R(z)eqQ.

(2) R is computable by a deterministic Turing machine that runs in time
o(1)
nOW,

A polynomial time Turing reduction from a problem ) C ¥* to a problem
Q' C (¥)* is a deterministic oracle Turing machine that decides @ relative
to the oracle Q' and runs in time n°W.

We write @ <P'™¢ )’ if there is a polynomial time many-one reduction
from @ to Q’. A problem @ is hard for a complexity class C', or C-hard, under
polynomial time reductions if Q' <P*me Q) for every Q' € C. A problem Q
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is complete for a complexity class C, or C-complete, under polynomial time
reductions if @ € C and @ is C-hard.

The classical problems underlying many of the parameterized problems in
this book are NP-complete under polynomial time reductions, among them
VERTEX-COVER, HITTING-SET, INDEPENDENT-SET, CLIQUE, HoMm, EMB,
FEEDBACK-VERTEX-SET, PERFECT-CODE, SHORT-NTM-HALT, CROSSING-
NUMBER, TREE-WIDTH, INTEGER-PROGRAMMING, COLORABILITY, d-COL-
ORABILITY for every d > 3, SAT(A) for every polynomial time decidable class
A of propositional formulas that contains 3-CNF, and WSAT(A) for every
polynomial time decidable class A of propositional formulas that contains
2-CNF. All these problems are defined elsewhere in this book (most of them
only in their parameterized forms).
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Dk, 372
0n(X), 376
Go,m, 377
Q(k, £), 380
F, 390
f<g,390
<Pt 391
<P, 391
=°P' 391
IL;,q!, 397
v, 419
Sserf, 423
kr(7y), 444
No, 453

N, 453

[n, m], 453
[n], 453

o(f), 453
w(f), 453
0(1), 453
nO(f(”))7 453
n?® | 453

M = (S,%, A, so, F), 454

$, 454
0, 454

C = (s,z1,p1,.-

C — C', 455
p, 455

Qu, 455

S, 455

Sq, S+, S—, 456

'7xkapk)a 455

M = (Sa,Sv,E,A,So,F), 456
T, T1,725 ..y 457

C, 459

C(z), 459
(Cn)n>0, 459
lIC]l, 459
xF, 461
Sptime7 461



Index

#A[t], 366

#A[1], 367

#HoM(C), 860

#P, 362

#SAT(3-CNF), 362
#WSAT(CIRC), 366
#W][1], 367384

#WIP], 366

#WIt], 564
2EXPTIME, 460
3-COLORABILITY, 279
3-DNF, see normal form
3-colorability problem, 8, 279

A-hierarchy, see hierarchy
A-matrix, 195, 195-197
A[1], 105-131
Ale,t], 195
Alt], see hierarchy, 98
accumulator, 117, 457
alphabet, 3
of a tree automaton, 245
of an automaton, 234
of an NTM, /54
alternation, 457
approximable
constant, 23, 89
approximation algorithm
polynomial time e-, 23
approximation ratio, 22
approximation scheme
efficient polynomial time (eptas), 23,
225

fixed-parameter tractable randomized
(fptras), 385
fully polynomial randomized (fpras),
384
fully polynomial time (fptas), 23
polynomial time (ptas), 23
ARAM, 168
ARAM program
(t, u)-alternating, 203
{-alternating, 170
k-restricted, 170
tail-nondeterministic, 170
e-alternating, 169
arc
polygonal, 302
arc-connected, 302
arity
bounded, 342
of a relation symbol, 72
of a vocabulary, 72
ASAT, 71
ASATt7 71
ASPACE(S), 460
ASPACE(s), 460
assignment, 68
exact, 126
ATIME(T), 460
ATIME(t), 460
ATM, 456
atom, see atomic formula
atomic proposition, 241
automaton
Biichi, 25
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deterministic finite (DFA), 234
deterministic tree , 245
equivalent, 234
Muller, 242
nondeterministic Biichi, 241
nondeterministic finite (NFA), 23/
nondeterministic tree , 245
automorphism, 74
AW[x], 103, 188, 188-193
AWIP], 192
AW[SAT], 192

Biichi’s Theorem, 236
bag

of a tree decomposition, 262
balanced W-separator, 267
Bodlaender’s Theorem, 266
Boolean circuit, see circuit
Boolean constant, 49, 458
boundary, 302

c-COLORABILITY, 86
CC-EMB(A, B), 845
child, 245
CIRC, 49
CIRCT, 53
CIRC™, 54
circuit, 49, 72, 147, 458
k-satisfiable, 49
antimonotone, 54
family, 49
uniform, 49
monotone, 53
satisfiable, 49
circuit simulation, 459
CIRCUIT-SAT, 58, 69
class of graphs
nontrivial, 320
classical problem, 4
clause, 67
CLIQUE, 20, 87
clique, 20, see also
CLIQUE,
Max-CLIQUE,
p-CLIQUE,
p-CLIQUE-DOMINATING-SET,
p-#CLIQUE,
LoG-CLIQUE,

s-vert-CLIQUE,
s-CLIQUE

closest string problem, see p-CLOSEST-

STRING
CNF, see normal form
co-C, 183
color coding, 342-346

colorability problem, see 3-colorability

problem, ¢c-COLORABILITY,
3-COLORABILITY,
p* -tw-3-COLORABILITY,
p* -tw-3-COLORABILITY,
s-vert-d-COLORABILITY,
5-d-COLORABILITY
colorful
with respect to A\, 344
coloring
k-, 344
random, 344
complement
of a graph, 35
configuration
accepting, 169, 455
deterministic, 169
existential, 169, 456
halting, 169, 455
initial, 455
of an NTM, 455, 456
successor, 169, 455
universal, 169, /56
conjunction
big, 66
small, 66
conjunctive query, 1, 110
containment, 111
connected
in a tree, 262
consistent, 255
copy
colorful, 844
of a structure, 344
core, 210, 330
counting problem, 357
corresponding to, 363
parameterized, 357
Courcelle’s Theorem, 280
COURCELLE(A, @), 285
cover
(r,w)-, 8312



for a hypergraph, 19, 126
crossing number, 289
crown, 214
crown rule reduction, 212-218
cycle

directed, 372

of length k, 372

decided
by a circuit family, 49
decision problem
corresponding to, 363
definable
Fagin-~ by, 86
in a logic, 85
weighted Fagin-~ by, 87
degree
of a graph, 18
of a structure, 314
of a vertex, 18
depth
of a circuit, 147
of a node, 147
DFA, see automaton
diameter, 305
DIGRAPH, 72
disconnecting set, 401
disjunction
big, 66
small, 66
distance, 287, 305
in a structure, 314
DNF, see normal form
dominating set, 11, see also
DOMINATING-SET,
p-DOMINATING-SET,
p-deg-DOMINATING-SET,
MIN-DOMINATING-SET,
TOURNAMENT-DOMINATING-SET,
p-CLIQUE-DOMINATING-SET,
p-TOURNAMENT-DOMINATING-
SET,
p-PLANAR-DOMINATING-SET,
p-deg-#DOMINATING-SET,
LOG-DOMINATING-SET
of a tournament, 90, 1/4
DOMINATING-SET, 11, 88
DSPACE(S), 460
DSPACE(s), 460

Index 483

DTIME(T), 460
DTIME(t), 460
Duplicator, 331

edge, 10
realized by, 262
EMB(C), 342
embedding, 73, 106, 342
colorful, 385
planar, 302
problem, see p-EMB
strong, 73, 106
strong ~ problem, see p-STRONG-EMB
endomorphism, 330
endpoint
of an arc, 302
EPT, 390, 422
ept-equivalent logarithmic restriction,
410
ept-reduction, see reduction
eptas, see approximation scheme
(ETH), 417, 435, 450
(ETH),, 418
ETIME, 460
Euler’s formula, 303
EVAL(®), 82
EvAL,, 83
evaluation problem
for @, see EVAL(®)
EW-hierarchy, see hierarchy
EW[1], 412
EWIP], 394
EW[t], 397
Excluded Grid Theorem, 295
existential p-pebble game, 331
r-round winning strategy, 332
position of the, 332
starting from position (a,b), 332
winning strategy, 332
existential closure
of a class @, 101
EXISTS, 168, 204
EXP-WI[P], 396
expansion
-, 78
exponential time hypothesis, see (ETH)
EXPT, 390
expt-reduction, see reduction
EXPTIME, 460
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extension, 78

F fixed-parameter tractable, 390
F-FPT, 390
face, 302
outer, 302
Fagin definability, 86
characterization by ~ of the
A-hierarchy, 186, 188
characterization by ~ of the
A-matrix, 197
weighted, 87
Fagin’s Theorem, 85
FD-®, 86
FD,, 86
feedback vertex set, 289, see also
FEEDBACK-VERTEX-SET,
p* -tw-FEEDBACK-VERTEX-SET,
p-FEEDBACK-VERTEX-SET
FEEDBACK-VERTEX-SET, 289
finite control unit, 457
first-order logic, see logic
fixed-parameter tractable, 5, 5-10, 23,
26-30, 71, 222, 223, 228, 239, 243,
247, 266, 280, 292-298, 304, 309,
315, 320, 335,
see also FPT
F, 390
bounded, 389
counting problem, 357, 357-361
nonuniformly, 297
strongly uniform, 9
subexponential, 417
FLOWER(7, k), 430
FO, 78,
see also logic
FO-WSAT(v, k), 258
FO*, 82
FORALL, 168, 204
formula
antimonotone in X, 81
first-order, 75
I, 78
Sty 149
X, 78
atomic, 75
bounded, 186
bounded (to Y'), 130
quantifier-free, 78

regular A7 -, 180
simple ¥,-, 171
weakly simple ¥y-, 171
width of a , 82
generic Il /4-, 398
monotone in X, 81
negative in X, 81, 135
positive in X, 81, 135
positive primitive, 110
propositional
A¢,q, 66
I'¢a, 66
negative, 67
positive, 67
small, 66
quantified propositional, 71
t-alternating, 71
second-order, 79
monadic, 80
fpras, see approximation scheme
FPT, 5, 39, 59, 62, 170, 444,
see also fixed-parameter tractable
FPT = WIP], 59, 170
FPT # WI1], 336, 450
fpt-algorithm
Monte Carlo, 342
randomized, 342, 342
with respect to k, 5
fpt-reduction, see reduction
fptas, see approximation scheme
fptras, see approximation scheme
function
computed by, 455
increasing, 6
nondecreasing, 6
space constructible, 460
time constructible, 27, 460
tower, 239
unbounded, 6

Gaifman graph, see graph
Gaifman’s Theorem, 317
GAME(p), 333
GENERALIZED-NODE-DELETION, 100
generators

set of, 55
genus, 294

bounded, 314
GEOGRAPHY, 190



GRAPH, 72

graph, 10
k-colorable, 8, 80
k-connected, 265
apex, 320
collaboration, 11
complete, 20
cut of a, 89
directed, 72
Gaifman, 276, 313
hypergraph representation of a, 72
planar, 302, 302-313
plane, 302
primal, 11, 276
undirected, 72

grid
(k x0), 265
GUESS, 117

halting problem, 46, 168, 197
short ~ for alternating single-
tape Turing machines with
less than /¢ alternations, see
p-SHORT-ASTM-HALT,
short ~ for nondeterministic (mul-
titape) Turing machines, see
p-SHORT-NTM-HALT
short ~ for nondeterministic
single-tape Turing machines, see
p-SHORT-NSTM-HALT
Hamming distance, 228
HasH-EMB(A, B), 846
height
of a tree, 14
of a node, 267
hierarchy
#A-, 366
#W-, 364
A-, 98, 98-103, 142, 165-188
EW-, 897, 397-412
LOG-, 92, 407-412
M-, 418, 444, 447
polynomial, 71, 83, 461
S-, 418, 423, 444
W*-, 198
whneo 201

W-, 95, 95-98, 133-161, 197-204, 447

hitting set, 10, see also
HITTING-SET,

Index 485

p-HITTING-SET,
p-card-HITTING-SET,
MIN-HITTING-SET,
p-d-HITTING-SET,
p-card-#HITTING-SET,
LoG-HITTING-SET
HiTTING-SET, 11, 88
Howm(BIP), 329
Howm(C), 327, 335-337, 341
HoMm(TREE;), 329
homomorphically equivalent, 329
homomorphism, 73, 106, 327
partial, 831
strong, 73, 106
homomorphism problem, see HOM,
p-Hom
hyperedge, 10
hypergraph, 10, 72,
see also graph
collaboration, 10
hypergraph representation, 277

image of a structure, 330

independent set, 4, see also
INDEPENDENT-SET,
p-INDEPENDENT-SET,
p-deg-INDEPENDENT-SET,
MAX-INDEPENDENT-SET,
p* -tw-INDEPENDENT-SET,
p-PLANAR-INDEPENDENT-SET,
p-deg-#INDEPENDENT-SET,
p-HYP-IS,
s-vert-INDEPENDENT-SET,
s-INDEPENDENT-SET

in a hypergraph, 401

INDEPENDENT-SET, 4, 11

inscription, 455

instance, 4

integer (linear) programming feasibility

problem, see p-INTEGER-
PROGRAMMING
integer linear programming, 222-230
interior point
of an arc, 302
isomorphic, 74
isomorphism, 7/

JGEQUAL, 204
JGZERO, 204
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Jordan Curve Theorem for Polygons,
302

kernel, 29, 208
in a graph, 143
kernel problem
parameterized, see p-KERNEL
kernelization, 29, 208, 322-324
Buss’, 208
polynomial, 208, 208222
k - log n-trick, 52, 395, 446
Kuratowski’s Theorem, 290

L, 460
language

w-, 240

w-regular, 242

accepted by, 169, 455, 457

Biichi recognizable, 242

defined by, 235

of IC at v, 241

regular, 234

tree , 246

recognized by, 245
regular, 246

leaf, 245
length

of a run, 169
limited nondeterminism, 60-63, 90-92
linear programming problem, 218
linear temporal logic, 2, 25
literal

of first-order logic, 78

of propositional logic, 66
local

r-, 317
LoG-BouNDED-NTM-HALT, 411
LoG-CLIQUE, 90, 412
LoG-DOMINATING-SET, 90, 411
LOG-GENERATORS, 412
LOG-hierarchy, see hierarchy
LoG-HITTING-SET, 408, 411
LoG-WSAT(I'] ,), 412
LoGc-WD-®, 91
Log-WD, 91, 407, 412
LoGg-WSAaT(A), 408
LoGg-WSaAT(CIRC), 396
Loa-WSar(I'/f,), 411
LoG-WSar(I';,), 411

PEQPEPEPEY

Loa-WSat(T'y,1), 411
LOG(t], 92, 408
logic
first-order, 75-79, 82, 188, 250, 315,
413
monadic second-order, 80, 236, 242,
246, 250
propositional, 66-71
quantified propositional, 71
second-order, 79-81
LOGNP, 92, 416
LOGSNP, 92, 416
longest common subsequence problem,
see p-LCS
loop-free, 72
LTL, see linear temporal logic

M-hierarchy, see hierarchy
MIP], 444
M[SAT], 444
Mt], 444
machine characterization
of AW[x], 189
of A[1], 118
of the A-hierarchy, 168-171
of the W™ _hierarchy, 203
of the W-hierarchy, 204
of W[1], 118
makespan, 222
matching, 212
maximal, 212
maximum, 212
Max-3-DNF-SAT, 22
Max-CLIQUE, 20
Max-Cur, 89
MAX-INDEPENDENT-SET, 21
maximization problem, 20
MAX-®, 89
MAXxy, 89
MAXSNP, 89
MC(LTL), 25
MC(®), 82
MC,, 83
Menger’s Theorem, 270
method of bounded search trees, 14,
10-19
MIN-DOMINATING-SET, 21
MIN-HITTING-SET, 21
MIN-MAKESPAN-SCHEDULING, 223, 225



MIN-VERTEX-COVER, 20
miniaturization

parameterized, 438
Miniaturization Theorem, 439
minimization problem, 20
minimum vertex cover problem, see

Min-Vertex-Cover

minor, 295

excluded, 296
minor closed, 296
minor map, 338

onto, 338
model of, 76
model-checking characterization

of AW[SAT], 193

of the A-matrix, 196

of the polynomial hierarchy, 83

of the W-hierarchy, 149

of W[SAT], 162
model-checking problem

for ® (MC(®)), 82

for linear temporal logic, 2, 24, 25

parameterized, see p-MC(P)
monadic second-order logic, see logic

monotone and antimonotone collapse,

156
MSO, 80, 235,

see also logic
MSO-SaT(vy), 257
multigraph, 72

neighborhood

r-, 310

in a structure, 314

Nemhauser—Trotter theorem, 219
NFA, see automaton
NL, 460
node, 262

and-, 49, 458

big ~ of a circuit, 147

depth of a, 77

input, 49, 459

negation, 49, 458

or-, 49, 458

output, 49, 459

small ~ of a circuit, 147
nonuniform XP, 41
normal form

d-conjunctive (d-CNF), 67

Index

d-disjunctive (d-DNF), 67
conjunctive (CNF), 67
disjunctive (DNF), 67
3- (3-DNF), 22
negation, 67, 78
prenex, 78
normalization
first-order, 171
propositional, 136
Normalization Lemma
-, 171
NP, 47, 85, 460
after a precomputation, 38
eventually in, 38
NP*[f(m)], 63
NP-complete
strongly, 223

487

NP-optimization problem, 19, 19-24,

88-90
NP[F], 61, 461
NP([f], 61, 90, 461
NP[log? n], 61, 90
NPyin[f], 61
NRAM, 117
NRAM program

k-restricted, 118
tail-nondeterministic, 118
NSPACE(S), 460
NSPACKE(s), 460
NTIME(T), 460
NTIME(t), 460
NTM, 454

optimization problem, see NP-
optimization problem

p* -tw-3-COLORABILITY, 279, 286
p* -tw-COLORABILITY, 286
p*-tw-FEEDBACK-VERTEX-SET, 289
p*-tw-GRAPH-ISOMORPHISM, 299
p*-tw-HAMILTONICITY, 280, 287
p*-tw-INDEPENDENT-SET, 287
p*-tw-MC(MSO), 280
p*-tw-SAT(CIRC), 286
p-#CLIQUE, 363, 367, 381
p-#CYCLE, 363, 372-374, 385
p-#CYCLE-THROUGH-EDGE, 374

p-#DIRECTED-CYCLE, 372, 872, 373,

376
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p-#DOMINATING-SET, 365

p-#EMB(C), 385

p-#Hom(C), 371

p-#MATCHING, 388

p-#MC(C, FO), 361

p-#MC(C,MSO), 361

p-#MC(C, @), 361

p-#MC(®), 361

p-#MC(X1), 365

p-#PATH, 363, 372, 374, 385

p-#SHORT-NSTM-HALT, 371

p-#TYPED-DIRECTED-CYCLE, 376, 381

p-#VERTEX-COVER, 357, 359

p-#WD-®, 364

p-#WD,, 360

p-#WSAT(A), 362

p-#WSAT(2-CNF™), 367

p-#WSAT(T:,4), 364

p-AWD,-®, 186

p-AWDy,, 186

p-AWSAT(CIRC), 193

p—AWSAT(Fl,Q), 413

p—AWSAT(Fz;,l), 414

p-AWSAT(T; 1), 413

p-AWSAT(O), 180

p-AWSAT,(©), 17/

p-BOUNDED-NTM-HALT, 46, 54, 396

p-card-#HITTING-SET, 358

p-card-HITTING-SET, 12

p-clausesize-WSAT(CNF), 126

p-CLIQUE, 21, 35, 42, 46, 96, 99, 106,
113, 392, 394, 412

p-CLIQUE-DOMINATING-SET, 100, 180,
186, 366

p-CLOSEST-STRING, 228

p-COLORABILITY, 8, 38, 40

p-CompAacT-TM-HALT, 194

p-CONJUNCTIVE-QUERY-
CONTAINMENT-I, 711

p-CONJUNCTIVE-QUERY-
CONTAINMENT-II, 111

p-CONJUNCTIVE-QUERY-EVALUATION,
110

p-CROSSING-NUMBER, 290, 294

p-CYCLE, 347

p-d-HITTING-SET, 17, 210, 211

p-deg-#DOMINATING-SET, 359

p-deg-#INDEPENDENT-SET, 359

p-deg-DOMINATING-SET, 18

p-deg-INDEPENDENT-SET, 18, 30, 208
p-DIRECTED-FEEDBACK-VERTEX-SET,
299
p-D1sJOINT-CYCLES, 297
p-DI1sJOINT-PATHS, 294
p-DISTANCE-d-DOMINATING-SET, 161
p-DOMINATING-SET, 11, 36, 42, 46, 96,
99, 143, 392, 402
p-dual-CLIQUE, 161
p-dual-Dual-Dominating-Set, 161
p-EDGE-DISJOINT-TRIANGLE, 345
p-EmMB, 106
p-EMB(C), 342, 347
p-EXACT-HITTING-SET, 122
p-ExacT-WSAT(CNF), 126, 143
p-EXACT-WSAT(CNF™T), 126, 143
p-ExacT-WSaT(T'), 126
p-Exp-DTM-HALT, 42
p-FEEDBACK-VERTEX-SET, 292
p-GAME, 336
p-GENERATORS, 55, 396
p-HITTING-SET, 11, 36, 42, 46, 96, 99,
143, 392, 402
p-Howm, 106
p-HoMm(C), 328, 335-337, 342
p-Hyp-DIS, 401
p-HyPp-IS, 401
p-HYPERGRAPH-BASIS, 30
p-INDEPENDENT-SET, &, 35, 42, 46, 106,
123, 128, 392
p-INTEGER-PROGRAMMING, 222
p-KERNEL, 143
p-LCS, 47, 146, 202, 203
p-LINEAR-INEQUALITY-DELETION, 57
p-log-CIRCUIT-SAT, 59
p-LoG-CLIQUE, 408, 412
p-LOG-DOMINATING-SET, 408
p-LOG-HITTING-SET, 408
p-log-SAT(CIRC), 446
p-log-SAT(T"), 445, 446
p-log-SAT(T' 4), 446
p-log-SAT(PROP), 446
p-log-VERTEX-COVER, 446
p-LOG-WDy,, 408
p-Log-WSAT(CIRC), 395, 396
p-Loc-WSar(T'), 408
p-MATRIX-DOMINATING-SET, 19
p-MC(C, @), 84
p-MC(FO), 413, 414



p-MC
p-MC
p-MC(X
p-MC
p-MC
p-MC
p-MC
p-MC
p-MC
p-MC

LTL), 25, 244
) 84, 98
), 392, 394
Et u) 401
STRING, FO), 413
STRING, MSO), 239
STRING[X], FO), 260
STRING[X], MSO), 260
TREE, FO), 250
TREE, MSO), 250
p-MC(TREE;,, MSO), 247
p-MC(TREE;0, MSO), 246
p-MIN-MAKESPAN-SCHEDULING, 223
p-MIN-VERTEX-COVER, 21
p-MINI(Q, V), 438
p-MINI(p-SAT(T)), 446
p-MINIMUM-AXIOM-SET, 57
p-MINOR, 296
p-0, 21, 23
p-PaTH, 347
p-PERFECT-CODE, 120
p-DOMINATING-SET, 438
p-PLANAR-DOMINATING-SET, 305, 309,
322, 324
p-INDEPENDENT-SET, 438
p-PLANAR-INDEPENDENT-SET, 304,
304, 322
p-PLANAR-SUBGRAPH-ISOMORPHISM,
309
p-PLANAR-VERTEX-COVER, 322, 437
p-PSAT(A), 404
p-PSAT(CIRC™"), 55
p-PSaT(T'; ), 405
p-RED/BLUE-NONBLOCKER, 160
p-SAT, 4, 6, 30
p-SAT(A), 9, 69
p-SAT(d-CNF), 435
p-SAT(T), 446
p-SET-PACKING, 109
p-SET-SPLITTING, 346
p-SHORT-ASTM-HALT, 168, 170, 189
p-SHORT-ASTM-HALT,, 166, 170
p-SHORT-ATM-HALT,, 168, 197
p-SHORT-GEOGRAPHY, 190
p-SHORT-NSTM-HALT, 11/
p-SHORT-NTM-HALT, 153
p-SHORT-POST-CORRESPONDENCE, 123
p-SQUARE-TILING, 117
p-STRONG-EMB, 106

/\/—\/—\AAA/\/\/\A/\/\
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p-STRONG-HOM, 106
p-SUBGRAPH-ISOMORPHISM, 99
p-SUBSET-SUM, 122
p-TOPOLOGICAL-SUBGRAPH, 298, 299
p-TOURNAMENT-DOMINATING-SET,
144, 392, 402
p-TREE-WIDTH, 266
p-var-MC(FO), 193
p-var-MC(®), 162
p-var-MC(PNF), 193
p-VC-DIMENSION, 108, 402, 403, 405,
407
p-VERTEX-COVER, 18, 35, 195, 209,
210, 215, 218
p-VERTEX-DELETION, 100, 183, 184
p-WD-®, 95
p-WD,, 95, 128, 412
p-WSAT(A), 69, 408
p-WSAT(CIRC), 49, 395, 398
p-WSAT(CIRC™), 53 398
p-WSAT(CIRC™), 5
p-WSAT(d-CNF), 123, 128
p-WSAT(d-CNF™), 123
p-WSAT(A¢,q), 133
p-WSar(T'f,), 133, 397, 401
p-WSaT(I'),), 397, 400-402
(
(
(
(
(
(

p-WSaAT(I'y 5
p-WSaT(I'] ), 398

)
)
)
p-WSAT(T',,), 133, 397, 401, 405
)
a)
),

=

, 392, 412

s

=

p-WSar(I'; ), 397, 400-402
p-WSAT(I',4), 398
p-WSAT(I': 1), 133, 397
p-WSAT(T:,q4), 134, 397, 400
panel problem, 10
para-EXPTIME, 43
para-L, 195
para-NP, 38, 37-41
para-PSPACE, 194
parameter, 4

logarithmic, 393
parameterization, 4, 436

log-, 444

standard, 21
parameterized complexity theory

bounded, 390

unbounded, 390
parameterized graph homomorphism

problem, 99
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parameterized induced subgraph
isomorphism problem, 99
parameterized intractable, 33
parameterized partitioned satisfiability
problem, see p-PSAT(A)
parameterized problem, 4
trivial, 35
parameterized vertex cover problem, see
p-VERTEX-COVER
parent, 245
parsimonious, see reduction
path
M-alternating, 212
M-augmenting, 212
computation, 169
in a graph, 24
of length k, 372
pattern matching problem, 23/
pebble, 831
pebble game
existential p-, 331
perfect code, 120
perfect family of hash functions
k-, 346
perfect hashing, 342, 346-354
petal, 211
planar embedding, 302
PNF, 193
polygon, 302
polynomial hierarchy, see hierarchy
polynomially balanced, 19
problem
decided by, 169, 455
program counter, 457
PROP, 66
proposition
atomic, 24
propositional characterization
of AW[x], 189
of A[1], 123
of the A-hierarchy, 175
of the EW-hierarchy, 397
of the polynomial hierarchy, 71
of the W-hierarchy, 133
of WI1], 123
propositional logic, see logic
PSPACE, 71, 83, 460
ptas, see approximation scheme
PTIME, 6, 7, 82, 460

after a precomputation on the
parameter, 27
eventually in, 27
PTIME # NP, 39, 57, 250

query language, 1

RAM, 117, 457
alternating (ARAM), 168
nondeterministic (NRAM), 117
simulation, 458
random access machine, see RAM
reactive system, 241
REDUCE(G, k), 209
reduct
T-, 78
reduction
ept-, 391
expt-, 394
fpt many one, 33
fpt parsimonious, 363
fpt Turing, 37
closure under, 37
complete under, 37
hard under, 37
fpt Turing ~ for counting problems,
363
fpt-, 33
closed under, 34
closure under, 34
complete under, 34
hard under, 34
parsimonious, 362
polynomial time, 461
complete under, 462
hard under, 462
polynomial time Turing , 461
subexponential ~ family (serf), /21
subexponential Turing ~, family, 422
region, 302
register, 457
guess, 204
standard, 203
relational database, 1
root, 245
ROOTED-TDEC(k,G, W), 273
run
(-alternating, 457
accepting, 455, 456



finite, 455, 456
infinite, 455, 456
length of, 455
of a nondeterministic Biichi
automaton, 241
accepting, 241
of a tree automaton, 245
accepting, 245
of an ARAM, 169
accepting, 169
finite, 169
infinite, 169
with input z, 455, 456
running time, 455

$-3-COLORABILITY, 419
s-CLIQUE, 436
s-d-COLORABILITY, 435
S-hierarchy, see hierarchy
s-INDEPENDENT-SET, 435
s-SAT(d-CNF), 435
s-var-WSAT(d-CNF), 425, 435
s-var-WSat(T'), 419
s-vert-CLIQUE, 425, 435
s-vert-d-COLORABILITY, 424, 435
s-vert-FD, 425
s-vert-INDEPENDENT-SET, 419, 425, 435
s-vert-VERTEX-COVER, 425, 435
s-vert-WD, 425
s-VERTEX-COVER, 435
s-WSAT(d-CNF), 435
S[1], 423-426, 435-438
S[P], 423
S[SAT], 423
S[t], 423
SAT, 4
SAT(A), 69
SaT(CIRC), 69
SAT(3-CNF), 69
satisfiability problem
alternating, see ASat
for formulas or circuits, 69, see also
SAT(A), SAT(3-CNF), SAT(CIRC)
parameterized, 3, 4
parameterized weighted
for A, see p-WSAT(A)
weighted, 69, see also WSAT(A),
s-var-WSAT(T)
satisfiable

Index

k-, 69, 77
circuit, 459
Savitch’s Theorem, 460
SCATTERED(G, S, ¢, 1), 318
second-order logic, see logic
sentence, 75
separate, 264
serf, see reduction
shatter, 91
signature, 241
SIMPLE-SPARSIFY(7, k), 429
size
of a circuit, 49, 459
of a configuration, 455
of a hypergraph, 12
of a query, 1
of a structure, 74
size measure, 418, 436
slice, 7, 39
SNP, 86, 88
SO, 80
solution
half-integral, 218
spanning tree, 305
Sparsification Lemma, 426
SPARSIFY(7, k), 430
sphere
[i, j)-, 310
r-, 310
Spoiler, 831
SQL, 1
state
accepting
of an NTM, 454
initial
of an NTM, 454
initial ~ of an automaton, 234
negative answer, 456
of a tree automaton, 245
accepting, 245
of an automaton, 23/
accepting, 234
of an NTM, 454
positive answer, 456
query, 4560
step, 169
computation, 455
deterministic, 168
existential, 168
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nondeterministic, 118, 168, 455
of an NTM, 456
universal, 168
STRING, 73
string, 73
w-, 240
STRINGI[X], 73
strong homomorphism problem, see
p-STRONG-HOM
structure, 72
T-, 72
bipartite, 112
connected, 338
encoding of a, 74
incidence, 112
Kripke, 2, 24, 241
planar, 314
size of a, 74
subdivision, 290
SUBEPT, 390, 417, 444
SUBEXPTIME*[f(m)], 63
subgraph, 73
topological, 290
subgraph isomorphism problem, see
p-SUBGRAPH-ISOMORPHISM
subhypergraph, 184
SuBlso(G, H), 312
substructure, 73
induced, 7%
sunflower, 210
Sunflower Lemma, 211
symbol
blank, 454
constant, 201
function, 201
relation, 72

term, 67, 201
Time Hierarchy Theorem, 460
tournament, 90, 144
TOURNAMENT-DOMINATING-SET, 90,
411
transition
of an NTM, 454
transition relation
of a tree automaton, 245
of an automaton, 23/
of an NTM, /54
tree, 245, 262

-, 245
d-ary, 245
height of a, 14
labeled unranked, 329
ordered, 245
ordered binary, 245
unranked, 247
labeled ordered, 247
tree decomposition
1-node, 263
of a graph, 262
of a structure, 275
ordered, 263
small, 265
tree width
bounded, 285, 329
bounded ~ modulo homomorphic
equivalence, 331
bounded local, 814
effectively bounded local, 314
local, 314
modulo homomorphic equivalence,
329, 331
of a graph, 262
of a structure, 275
tree width reduction, 293, 292-295
tuple realized by, 275
Turing machine
(deterministic or nondeterministic)
oracle, 456
alternating
l-alternating, 457
alternating (ATM), 456
deterministic, 454
nondeterministic (NTM), 45/
(2O(k>, k)-restricted, 39/
k-restricted, 45
binary branching, 61, 454
TYPEDDIRECTEDCYCLE(G, k, 01), 379

uniform family
of circuits, 459
universe, 72

value
of a crown, 214
Vapnik—Chervonenkis dimension, 91,
108, see also VC-DIMENSION,
p-VC-DIMENSION



variable
first-order, 75
free ~ of, 75

propositional, 66
relation, 79
set, 79
VC-DIMENSION, 91, 108, 411
vertex, 10
vertex cover, 17, see also
p-VERTEX-COVER,
MIN-VERTEX-COVER,
p-MIN-VERTEX-COVER,
VERTEX-COVER,
p-PLANAR-VERTEX-COVER,
p-#VERTEX-COVER,
s-vert-VERTEX-COVER,
s-VERTEX-COVER,
p-log-VERTEX-COVER
minimum, 214
VERTEX-COVER, 87
vocabulary, 72
arbitrary, 201
relational, 72, 201

We-hierarchy, see hierarchy
WI[1], 105-131, 336

WI[P], 45, 45-63, 170
WI[SAT], 162

W]/t], see hierarchy, 95

Index

W*[t], 198
whnels) 201
walk
in a graph, 24
WD-®, 87
WD-pHI(A, k), 96
WD, 87
WD, (C), 87
weakly balanced separation, 269
weft
of a circuit, 147
of a node, 147
weight
of a tuple, 49
of an assignment, 69
weighted satisfiability problem
l-alternating, see p-AWSAT,(O)
alternating, see p-AWSAT(O)
for circuits, see p-WSAT(CIRC)
width
of a tree decomposition, 262
winning strategy, 332
r-round, 332
WRAM, 203
WSat(A), 69

XL, 194
XP, 41, 41-43
XPuu, see nonuniform XP
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