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Abstract

In order to cope with the approximation hardness of an underlying opti-
mization problem, it is advantageous to consider specific families of instances
with properties that can be exploited to obtain efficient approximation algo-
rithms for the restricted version of the problem with improved performance
guarantees. In this thesis, we investigate the approximation complexity of se-
lected NP-hard optimization problems restricted to instances with bounded
degree, occurrence or weight parameter. Specifically, we consider the fam-
ily of dense instances, where typically the average degree is bounded from
below by some function of the size of the instance. Complementarily, we ex-
amine the family of sparse instances, in which the average degree is bounded
from above by some fixed constant. We focus on developing new methods
for proving explicit approximation hardness results for general as well as for
restricted instances.

The fist part of the thesis contributes to the systematic investigation of the
VERTEX COVER problem in k-hypergraphs and k-partite k-hypergraphs
with density and regularity constraints. We design efficient approximation
algorithms for the problems with improved performance guarantees as com-
pared to the general case. On the other hand, we prove the optimality of
our approximation upper bounds under the Unique Games Conjecture or a
variant.

In the second part of the thesis, we study mainly the approximation hard-
ness of restricted instances of selected global optimization problems. We es-
tablish improved or in some cases the first inapproximability thresholds for
the problems considered in this thesis such as the METRIC DIMENSION
problem restricted to graphs with maximum degree 3 and the (1,2)-STEINER
TREE problem. We introduce a new reductions method for proving explicit
approximation lower bounds for problems that are related to the TRAVEL-
ING SALESPERSON (TSP) problem. In particular, we prove the best up to
now inapproximability thresholds for the general METRIC TSP problem, the
ASYMMETRIC TSP problem, the SHORTEST SUPERSTRING problem,
the MAXIMUM TSP problem and TSP problems with bounded metrics.
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CHAPTER 1

Introduction




CHAPTER 1. INTRODUCTION

In order to study the hardness of computational problems, the notion of
NP-hardness was introduced independently by Cook [C71| and Levin [L73].
Nowadays, it is widely believed that it is not possible to solve efficiently a NP-
hard problem. As demonstrated in the early 1970’s, a large class of natural
combinatorial problems arising in practice, which had by then withstood all
efforts of computer scientists all over the world to design efficient algorithms
for those problems, were proved to be NP-hard.

Fortunately, it is sufficient for many applications to find an approximate
solution that is very close to the optimum. Algorithms that construct a
feasible solution for a given problem are called approximation algorithms
and their quality is measured by the approximation ratio, which is the worst
possible relative discrepancy between the value of an optimum solution and
the solution produced by the algorithm.

The discovery of the PCP-Theorem [AS98, ALM*98]| and its consequences
lead to the fact that there are problems, for which it is as hard to compute
an approximate solution to within a certain precision as solving it exactly.
Moreover, the existence of a sharp inapproximability threshold was proved
for some problems, that is, there is an approximation ratio, for which it is
feasible to approximate the problem, but on the other hand, computing an
solution with an even slightly smaller factor becomes NP-hard. Nevertheless,
for many problems, there still exists a gap between the approximation ratio of
the best known efficient algorithm and the best inapproximability threshold.

It reflects the research in this area, in which we have given an optimiza-
tion problem and we do not only want to know the approximation ratio of
the best known efficient algorithm, but we also want to know what is the
best approximation that can be achieved efficiently. Is it worthwhile to seek
for algorithms with improved approximation ratios or have we already found
the best possible approximation? Moreover, it is known that optimization
problems have different behavior with respect to inapproximability. In par-
ticular, there are problems, which are NP-hard to approximate to within
every constant factor. For other problems, it is possible to find a solution
with some constant approximation ratio. On the other hand, there are NP-

hard problems, for which it is possible to compute efficiently a solution within
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arbitrary precision.

In order to cope with the approximation hardness of an underlying opti-
mization problem, it is advantageous to consider specific families of instances
with properties that can be exploited to design efficient algorithms with im-
proved approximation ratios as compared to general instances of the prob-
lem.

In this thesis, we investigate the approximation complexity of selected
NP-hard optimization problems restricted to instances with bounded de-
gree, occurrence or weight parameter. Specifically, we consider the family of
dense instances, where typically the average degree is bounded from below
by some function of the size of the instance. Complementarily, we examine
the family of sparse instances, in which the average degree is bounded from
above by some fixed constant. Moreover, we focus on developing new meth-
ods for proving explicit approximation hardness results for general as well as

for restricted instances.

Dense Instances

Density is a property of the instance of the underlying optimization problem.
A graph, for example, is called dense, whenever its average degree is linear in
the number of vertices. From the probabilistic point of view, almost all graphs
are dense and therefore, dense graphs obviously constitute an important fam-
ily of instances. In 1995, Arora, Karger and Karpinski [AKK95| proved that
a wide range of NP-hard optimization problems restricted to dense instances
can be approximated within arbitrary precision. Later, Karpinski and Ze-
likovsky [KZ97a| defined and studied dense cases of covering problems. In
particular, they investigated the approximation complexity of dense instances
of the SET COVER problem, the VERTEX COVER problem and the STEINER
TREE problem.

In the following years, researchers exhibited other dense covering prob-
lems that admit approximation algorithms with improved approximation ra-
tios as compared to general instances. A prominent member of this category
of covering problems is the EDGE DOMINATING SET problem. Cardinal

3



CHAPTER 1. INTRODUCTION

et al. [CLL*05] studied the EDGE DOMINATING SET problem restricted to
dense graphs and gave an efficient algorithm for the problem with approxima-
tion ratio parametrized by the density of the input graph. If the underlying
graph is dense enough, the algorithm due to Cardinal et al. [CLL*05| out-
performs the best known approximation algorithm for the general problem
(cf. |GLROS8]). The approximation upper bound for the problem was im-
proved by Cardinal, Langerman and Levy [CLL09] and later, by Schmied
and Viehmann [SV11]|. Another important optimization problem with this
property is the VERTEX COVER problem restricted to dense k-hypergraphs,
which was studied by Bar-Yehuda and Zehavit [BK04]|. They extended the
greedy approach due to Karpinski and Zelikovsky [KZ97a| to k-hypergraphs.

The study of subdense instances of the VERTEX COVER problem in
graphs was initiated by Imamura and Imava [I105]. After that, Cardinal,
Karpinski, Schmied and Viehmann [CKSV11]| extended the study of sub-
dense instances of covering problems. In particular, they investigated the
approximability of subdense instances of the CONNECTED VERTEX COVER
problem, the SET COVER problem, the STEINER TREE problem and the
VERTEX COVER problem in graphs.

The first part of this work is dedicated to the study of the approxima-
tion complexity of the VERTEX COVER problem in dense and subdense k-
hypergraphs. Furthermore, we extend our investigations and framework for
the special case of the problem when the underlying k-hypergraph is even
k-partite.

Sparse Instances

Another interesting family of instances are sparse instances, as many opti-
mization problems restricted to sparse instances are known to admit efficient
approximation algorithms with improved approximation ratios as compared
to the general case. A graph, for example, is called sparse whenever the size
of the edge set is at most linear in the number of vertices. On the other hand,
the PCP Theorem [ALM*98, AS98| combined with the approximation pre-

serving reductions due to Papadimitriou and Yanakakis [PY91] implies that
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1.1

1.1. OUTLINE OF THE THESIS

bounded degree instances of several optimization problems are NP-hard to
approximate to within some constant factor. Moreover, Berman and Karpin-
ski [BK99| proved inapproximability thresholds for various bounded degree
optimization problems with a very small bound.

Explicit approximation lower bounds for bounded degree instances with
a very small bound on the degrees have emerged to be important in prov-
ing inapproximability results for global optimization problems, for which di-
rect PCP constructions leading to tight inapproximability results are not
known. Prominent members of this category of global problems are the
TRAVELING SALESPERSON (TSP) problem (cf. [L12|, [PV06]), SHORTEST
SUPERSTRING problem (cf. [V05]), the asymmetric and symmetric TSP
problem restricted to distances one and two (cf. [EKO06]) and the STEINER
TREE problem with weights one and two (cf. [H07]).

The second part of this work contributes to the study of the approx-
imation hardness of bounded occurrence, degree and weight optimization
problems. Moreover, we focus on new methods for proving explicit approxi-
mation lower bounds for restricted and also for general instances of selected
problems by constructing reductions from well-suited bounded occurrence
CSPs. In particular, we obtain the best up to now explicit approximation
lower bounds for the METRIC and ASYMMETRIC TSP problem, the TSP
problem with bounded metrics and some other restrictions on the underlying
metric space, the SHORTEST SUPERSTRING problem restricted to instances
with bounded occurrences of characters, the METRIC DIMENSION problem
in graphs with maximum degree 3 and the STEINER TREE problem with

weights one and two.

Outline of the Thesis

The thesis divides into three relatively independent parts. In Part I, we pro-
vide some relevant background knowledge and introduce preliminaries from
complexity theory.

In particular, in Chapter 2, we fix the notation used in the thesis. In Chap-

5



1.2

CHAPTER 1. INTRODUCTION

ter 3, we define the basic complexity classes. In Chapter 4, we give a brief
introduction in the topic of approximation algorithms, optimization prob-
lems and lower bound techniques.

In Part II, our work is mainly on understanding the approximability of the
VERTEX COVER problem with density and regularity constraints.

In Chapter 5, we study the VERTEX COVER problem in k-hypergraphs.
In Chapter 6, we consider the VERTEX COVER problem in k-partite k-
hypergraphs with given k-partition.

In Part III, we investigate the approximation hardness of selected bounded
occurrence, degree and weight optimization problems. In addition, we de-
velop new approaches for proving explicit approximation lower bounds by
using and extending sparse instance methods.

Specifically, we examine the (1,2)-STEINER TREE problem in Chapter 7, the
METRIC DIMENSION problem restricted to graphs with maximum degree 3
in Chapter 8, the SHORTEST SUPERSTRING problem and related problems
in Chapter 9, and TSP problems in Chapter 10.

Contributions

In Chapter 5, we study the approximability of the VERTEX COVER prob-
lem in (g,¢)-dense k-hypergraphs and design an efficient approximation al-
gorithm the problem with an improved approximation ratio for all £ > 2 and
¢ > 0. On the other hand, we give an optimal inapproximability result the
problem. Then, we consider a more general class of k-hypergraphs, which
are called nearly regular. We give a randomized approximation algorithm for
the VERTEX COVER problem in nearly regular k-hypergraphs with approxi-
mation ratio strictly less than £ and running time depending on the density
of the underlying k-hypergraph. It entails the existence of quasi-polynomial
and polynomial time randomized approximation algorithms with approxima-
tion ratio less than k£ for mildly sparse and subdense instances, respectively.
Furthermore, we obtain tight approximation lower bounds for the problem.

In particular, we prove the best known approximation lower bounds for the

6



1.2. CONTRIBUTIONS

VERTEX COVER problem in regular k-hypergraphs. This chapter is based
on the work [CKSV12].

In Chapter 6, we investigate the approximability of the VERTEX COVER

problem in dense and nearly regular k-partite k-hypergraphs. We first con-
sider the VERTEX COVER problem in dense k-balanced hypergraphs and
prove that the problem is efficiently approximable within an approximation
ratio better than k/2. After that, we develop an improved technique for the
extraction of a minimum vertex cover of a dense k-partite k-partite by which
we obtain an efficient approximation algorithm for the VERTEX COVER prob-
lem in dense k-partite k-hypergraphs with a better approximation ratio. On
the approximation hardness side, we propose a conjecture about the UG-
hardness of the VERTEX COVER problem in k-partite k-hypergraphs. As-
suming this conjecture, we prove an optimal inapproximability result for
the dense version of the problem. This part of the chapter is based on the
work [KSV11].
By combining the framework developed for the VERTEX COVER problem in
nearly regular k-hypergraphs with a new method called randomized bucket-
ing extraction, we prove the existence of quasi-polynomial and polynomial
time randomized approximation algorithms with approximation ratio less
than k/2 for mildly sparse and subdense instances, respectively. On the
other hand, we prove the optimality of the approximation ratio achieved by
our algorithm based on the conjecture mentioned above.

In Chapter 8, we study the approximation complexity of the
METRIC DIMENSION problem restricted to graphs with maximum degree
3 and prove that the problem is APX-hard. In addition, we establish the
inapproximability threshold of 353/352 for the problem. This part of the
chapter is based on the work [HSV12].

Afterwards, we construct a reduction implying that it is NP-hard to approx-
imate the problem to within any constant factor less than 153/152.

In Chapter 7, we give an improved approximation lower bound for the
(1,2)-STEINER TREE problem and prove that the problem is NP-hard to
approximate to within any constant factor less than 221/220.

In Chapter 9, we introduce a new reduction method for proving explicit

7



CHAPTER 1. INTRODUCTION

approximation lower bounds for optimization problems that are related to the
SHORTEST SUPERSTRING problem. Based on this reduction method, we
are able to improve the best up to now known approximation lower bounds for
the SHORTEST SUPERSTRING problem and the MAXIMUM COMPRESSION
problem by an order of magnitude. The inapproximability results holds for
strongly restricted instances of the SHORTEST SUPERSTRING problem, in
which no character appears more than eight times and all given strings have
length at most four. It also implies an improved approximation lower bound
for the MAX-ATSP problem. This chapter is based on the work [KS11|.

In Chapter 10, we investigate the approximation hardness of TSP prob-
lems with bounded metrics. By extending our method from Chapter 9, we
give improved approximation lower bounds for the (1,2)-ATSP problem, the
(1,2)-TSP problem, MAX-(0,1)-ATSP problem, the (1,4)-ATSP problem,
the (1,2)-TSP problem restricted to cubic and subcubic instances, and the
GRAPHIC-TSP problem in cubic and subcubic graphs. This part is based on
the works [KS12| and [KS13].

By constructing a new bounded degree wheel amplifier and exploiting the
special properties of a well-suited bounded occurrence CSP, we prove the
best up to now inapproximability thresholds for the general METRIC and
ASYMMETRIC TSP problem improving upon results of Lampis [L12], and
Papadimitriou and Vempala [PV06]. This part is based on the work [KLS13].
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2.1

CHAPTER 2. BACKGROUND

This chapter serves as a foundation of notation for subsequent chapters.
We fix the notation that we will use in this work and provide some relevant
background knowledge. In particular, we review topics that are related to
hypergraphs, symmetric metric spaces, strings, finite probability spaces and

asymptotical behaviour of functions.

Standard Notation

We let Z ={0,1,-1,2,-2,...} denote the set of integers, Ny ={0,1,2,...} the
set of non-negative integers, N = Ny\{0} the set of natural numbers and R the
set of real numbers. For a natural number n € N, we define [n] = {1,2,...,n}
and [n]o = {0} u[n]. Furthermore, we use the abbreviation [0] = @. Given a
set S, we let 29 = {S"| S’ ¢ S} denote the power set of S and

()= tsres1is1=1)
the collection of subsets of S with cardinality exactly k.

A multiset is defined as a pair (A, m), where A is a set and m: A - N. The
set A is called the underlying set of elements. For each a € A, the multiplicity,
that is, the number of occurrences of a is m(a).

For a real number z, we denote by [x] the smallest integer n with n > x,
whereas |x] is the largest integer such that n < . Whenever we use a real
number z in a context requiring an integer, [x] is implied. By logz, we

denote the logarithm of a positive real = to the base 2 and exp[z] = e®.

Strings

Let X be a finite alphabet. A string s of length n over ¥ is a mapping
s :[n] = 3. For notational simplicity, we identify a string s : [n] - ¥ with
the n-tuple sisy---s, of elements from ¥. The empty string is denoted by
Ay. For n e N, we define 3" as the set of all strings over ¥ having length n,
Y0 = {Ag} and X* = U,50 2" If x and y are strings, then, we denote their
concatenation simply by zy. The length of a string x is denoted by |z|.

12



2.2

2.2. RANDOM VARIABLES AND EXPECTATION

Random Variables and Expectation

A finite probability space is a finite set €0 # @ along with a function Pr: Q —
R.o such that

for all w € Q,Pr(w) >0 and ) Pr(w)=1.
we)
The set €2 is the sample space and the function Pr is the probability distri-

bution. The elements w € ) are called elementary events. An event F is a
subset of €, for which we define the probability of E by Pr(E) = ¥ Pr(w).

weE
The wuniform distribution over the sample space is specified by setting

Pr(w) = 1/|9] for every w € €.
Given a finite probability space (2, Pr), a random variable X is a function
X : Q > R. The expectation of a random variable X, denoted by E[X], is

defined as follows.

E[X]= 2;2 Pr(w) - X(w)

Chernoff Bounds

We are going to state the most commonly used version of the Chernoff bound
applicable for the tail distribution of a sum of independent 0/1 valued random
variables.

Poisson trials are repeated independent trials with two possible outcomes
called success and failure. In general, the success probability is allowed to
change with each trial. Let us represent n Poisson trials by indicator random
variables X1, ..., X, that can take values 1 and 0 representing success and
failure, respectively. The following statement is a simplified version of the
Chernoff bounds.

Theorem 2.2.1
Let X1,Xs,..., X, be independent Poisson trials with Pr[X; = 1] = p; for all
ie[n]. Let X = % X, and u=E[X]. Then, the following Chernoff bounds

1€[n]
hold:
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(i) For any d € (0,1], we have

52
Pr(X > (1+0)y] < exp[ ’;5]
(it) For any 6 € (0,1), we have
52
PriX <(1-9)u] < exp[ Ho ]

We omit the proof of Theorem 2.2.1 and refer to the textbook by Mitzen-
macher and Upfal [MUO5].

Asymptotic Notation

In the remainder, we will typically measure the computational efficiency of
an algorithm by the number of performed basic operations as a function of
its input length. In other words, the efficiency of an algorithm is captured
by a function 7' : N - N with 7'(n) being the maximum number of basic
operations that the algorithm performs on inputs of length n. However,
this function can be overly dependent on the details of our definition of a
basic operation. In order to help us ignoring low-level details and focus on

the big picture, we define the following well-known notation introduced by
P. Bachmann [B92| and E. Landau [L09|.

Definition 2.3.1 (Bachmann-Landau Notation)
Let f and g be two functions mapping from N to N. We say that

o f=0(g) if there is a constant ¢ >0 and ng € N such that f(n) <c-g(n)

for every n > ny,

o [ =Q(g) if there is a constant ¢ > 0 such that for infinitely many n € N,
c-g(n) < f(n) holds,

e f=0(g) if f=0(g) and g=O(f),

o [ =0(g) if for every € > 0, there is a natural number n. such that

f(n) < e-g(n) for every n>n., and

14
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e [=w(g) ifg=o(f)

In order to emphasize the input parameter, we write f(n) = O(g(n)) instead

of f=0(g). Analogously, we use a similar notation for 0, w,O.

For a function f:R" - R, we write f(x1,2,...,2,) = poly(z1,xs,...,x,) if
f(xl, To, ... 7$n) = (l‘l . xzxn)o(l)
Hypergraphs

A hypergraph H is a pair (V(H), E(H)), where V() is the vertex set of
H and E(H) the edge set of H satisfying E(H) c 2. For every vertex
v e V(H) in a given hypergraph H, we define its degree in H, denoted dy (v),
by [{e € E(H) |vee}|. Analogously, we define the degree of a set S ¢ V(H)
in H to be dy(S) =|{ee E(H) | S € e}|. The neighborhood Ny (v) of a vertex

vin H is defined as Ny(v) = U e\{v}. The mazimum degree of a given

eeBwee

hypergraph H is denoted by Ay, where Ay = n‘}z(%) {dy(v)}. We introduce
the average degree dy of a hypergraph H defined as follows.

> du(v)

= veV(H)

" )
A hypergraph H is said to be d-regular whenever dy(v) = d € N for all
v e V(H) and regular whenever there exists a d € N such that H is d-regular.
We refer to H as r-nearly reqular if there exists a constant r € (0,1] with
dy > 7 - Ay and nearly regular if there exists a constant r € (0,1] such that
‘H is r-nearly regular.

A k-uniform hypergraph or simply k-hypergraph is a hypergraph H with
the restriction that every edge e € F(H) has size |e| = k. In particular, we
refer to a 2-hypergraph simply as graph denoted by G. In the remainder,
unless stated explicitly, we will suppose that k= O(1).

A k-hypergraph H is said to be k-partite whenever V(H) can be par-
titioned in k classes Vi(H),...,Vi(H) such that for all e € E(H) and all
i € [k], we have |en V;(H)| = 1. If the vertex partition {V;(H) | i € [k]} of

15
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a k-partite k-hypergraph H is given as a part of the input, we assume that
Vier (H)| < [Vi(H)| for all i e [k - 1].

Matchings, Vertex Cover and Independent Sets

A wvertex cover of a k-hypergraph H is a set C' € V(H) such that for all edges
e e E(H), we have enC # @. An independent set of a k-hypergraph H is a set
I € V() having the property that V(#)\I is a vertex cover of H. A clique of
M is a set K ¢ V(H) with |K| > k such that for all distinct vq,..., v, € K, we
have {vy,...,vx} € E(H). A matching of a k-hypergraph H is a set M ¢ E(H)
such that for all distinct edges e1,e5 € M, we have e; ne; = @. A matching
M c E(H) of H is called mazimal if for all e € E(H)\M, there is a eq € M
with egne # @. A maximum matching of H is a maximal matching of H with
maximum cardinality. For a set F ¢ E(H) of edges, we define V(E) = U e.

ecEl
A matching M of a hypergraph # is called perfect if V(M) =V (H).

Induced Subgraphs and Basic Operations

Given a k-hypergraph H, we call H’ a subhypergraph of H if V(H') c V(H)
and E(H') € E(H). H' is said to be an induced subhypergraph of #H if
H' contains all edges e € F(H) with e € V(#H'). The subhypergraph of H
induced by a vertex set U € V() is denoted by H[U].

Directed Graphs and Multi-graphs

A directed graph G or simply digraph is a pair (V(G),E(G)) with vertex
set V(G) and arc set E(G) c V(G) x V(G)\{(v,v) |veV(G)}. A (directed)
multigraph G is a pair (V(G), E(G)), where E(G) is a multiset of edges (arcs).

Given a directed graph G and E’ ¢ E(G), for e = (z,y) € E(G), we
define V(e) = {x,y} and V(E’) = U.eer V (€). For convenience, we abbreviate
a sequence of arcs (x1,22), (x2,23),...,(Tp1,2,) by T3 > 29 > 23 > ... >
Tp-1 = T,. In the undirected case, we use sometimes x1—xo—23—...-T,_1—Tp,
instead of {z1,x2}, {z2,23},...,{®n-1,2,}. Given a directed (multi)graph G,
an Fulerian cycle in G is a directed cycle that traverses all edges of G exactly

once. We refer to G as Fulerian, if there exists an FEulerian cycle in G.

16
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Symmetric and Asymmetric Metric Spaces

A asymmetric metric space is an ordered pair (V,d), where V is a set and d
an asymmetric metric on V', that is, a function d: V' x V' — R such that for all

x,y,z €V, the following holds.

(@) d(xz,y) 2 0

(it) d(z,y)=0 if and only if z =y
(i1i) d(x,2) < d(x,y)+d(y, 2)

A asymmetric metric space (V,d) is called metric space if for all z,y € V| we

have that d(z,y) = d(y,x).
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CHAPTER 3. BASIC COMPLEXITY CLASSES

One subject of computational complexity theory is the classification of
computational problems by their intrinsic difficulty. In this chapter, we only
give a brief introduction and define the basic concepts of the computational
model, complexity classes and probabilistic computational model. Readers
asking for a more profound introduction into this important field of computer
science are referred to the text book by Arora and Barak [AB09).

The Computational Model

Since we are interested in issues of computational efficiency, we need to de-
fine a mathematical model that is sufficient for studying questions about
computation and its efficiency. For this reason, Turing [T36| introduced the
model of Turing machines (TM for short) in 1936 in order to formalize the
intuitive notion of an algorithm. A TM M consists of a finite control and
a finite number of tapes. M has read/write access to its tapes by means of
read /write-heads. The finite control contains a finite program coordinating
the movement of its read /write-heads, the write operations in dependence of
the symbols of the input at the current tape positions and the actual state

of the program stored in the finite control. Let us give the formal definition

of a TM.

Definition 3.1.1 (Turing Machine M)
A k-tape TM s a tuple M = (Q, 6, qo, F,T") with

e () is a finite set of states

qo € Q 1s the starting state,

F c @ s the set of accepting states,

I' is a finite set of tape symbols containing at least two elements,

0 is the transition function of the finite control
§:QxI* > QxI*x{L,N,R}

20
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dq,a1,...,ar) = (¢',al,... ,a;,(j) with d € {L,N,R}* means that the
machine is initially in the state g and the i-th head over the tape symbol
a;, the machine writes the symbol a. replacing a;, proceeds to state ¢’
and moves the head one cell in direction d; for all i € [k], where L, N

and R corresponds to the directions left, neutral and right, respectively.

After having fixed a model of computation, we are going to formalize the

notion of running time and computation of a function.

Definition 3.1.2 (Computation of a Function and Running Time)

Let f:{0,1}* - {0,1}* and T : N - N be some functions. Given a Turing
machine M, we say that M computes f if for every x € {0,1}*, M initialized
to the start configuration on input x reaches an accepting state with f(x)
written on its output tape. In addition, we say that M computes f in T(n)-
time if M computes f and for every x € {0,1}*, M on input x requires at

most T'(|x|) steps for its computation.

We are going to define our first complexity class. A complezity class is a
set of functions for each of which there exist a Turing machine computing the
function within a specified resource bound. Boolean functions f:{0,1}* —
{0,1} specify decision problems or languages. In the remainder, we say that
a Turing machine M decides a language L ¢ {0,1}* if M computes the
function fr,: {0,1}* - {0,1}, where fr(z)=1<x¢€ L.

Let us now introduce the complexity class DTIME that was defined by
Hartmanis and Stearns [HS65| in 1965.

Definition 3.1.3 (The Class DTIME)
Let T : N - N be some function. A language L < {0,1}* is in DTIME(T'(n))

iff there exists a TM that decides L in c-T(n) time for some constant ¢ > 0.

The Complexity Classes P and NP

In order to formalize the term efficient computation, Cobham [C64] defined

the class P. In the context of presenting a polynomial time algorithm for
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finding a maximum matching in general graphs, Edmonds [E65] made a sim-

ilar suggestion. Let us give the definition of the complexity class P.

Definition 3.2.1 (The Class P)
The class P contains all languages L € {0,1}* that can be decided by a Turing

machine in polynomial time or equivalently,

P = U DTIME(p).
p=poly(n)
The class P contains all decision problems that can be solved efficiently.
In contrast, we are going to define the class NP of decision problems that

can be verified efficiently.

Definition 3.2.2 (The Class NP)
A language L < {0,1}* is contained in NP if there exists a polynomial p =
poly(n) and a polynomial time Turing machine M such that for every x €
0,1},

zeL < 3ce{0,1}*1 such that M(z,c) =1

If v € L and c € {0,1}20=) satisfy M(x,c) =1, then, we call ¢ a certificate for

xX.

Let us give an example of a decision problem that belongs to the class NP.
We denote by the SAT problem the language of all satisfiable Boolean for-
mulae in CNF form (shorthand for Conjunctive Normal Form) and by the
kSAT problem the language of all satisfiable Boolean formulae in CNF form,
in which all clauses contain at most k literals.

Around 1971, Cook and Levin independently developed the notion of NP-
completeness and proved that the SAT problem is NP-complete. Soon after
that, Karp [K75] showed that the decision version of 21 important problems
in combinatorial optimization are in fact NP-complete. In order to define

NP-completeness, we need to introduce the notion of Karp-reductions.

Definition 3.2.3 (Karp-Reductions, C-Hardness and C-Completeness)
We say that a language A € {0,1}* is polynomial time Karp reducible to a
language B € {0,1}* (short: polynomial time reducible), denoted A <, B, if
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there is a polynomial time computable function f:{0,1}* — {0,1}* such that
for every x € {0,1}*, x € A if and only if f(zx) € B.

Let C be a complexity class. We say that B is C-hard if A <, B for every
AeC. We say that B is C-complete if B is C-hard and B € C.

The following theorem is due to Cook and Levin providing us with our first

NP-complete problems.

Theorem 3.2.1 (Cook-Levin Theorem [C71],[L73|)
The SAT problem and the 3SAT problem are both NP-complete.

Randomized Computation

In order to formalize the notion of probabilistic computation, we extend our
mathematical model of computation and introduce the probabilistic Turing
machine. The probabilistic Turing machine was firstly defined by de Leeuw,
Moore, Shannon and Shapiro [LMSS55]. Gill [G77| gave the definitions
of the classes BPP (bounded error probabilistic polynomial time), RP
(randomized polynomial time) and ZPP (zero error probabilistic polynomial

time).

Let us start with the definition of a probabilistic Turing machine.

Definition 3.3.1 (Probabilistic Turing Machine (PTM))

A probabilistic Turing machine M is a Turing machine with two transition
functions 6y and 61. Given an input x € {0,1}*, M chooses in each step
to apply the transition function &; with i € {0,1} each with probability 1/2.
In every step, the choice is made independently of all previous choices. The
machine only outputs 1 (YES) or 0 (NO). We denote by M(z) the random
variable corresponding to the value that M writes on input x. Let T': N - N
be a function. We say that M runs in T'(n) time if for any input x € {0,1}*,

M halts on x requiring at most T'(|x|) steps regardless of the random choices.
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We are going to introduce the class BPP that implements the term ef-
ficient probabilistic computation. The class BPP captures the nature of
probabilistic algorithms with two sided error. It means that the machine M

is allowed to output both 0 when x € L and 1 when z ¢ L.

Definition 3.3.2 (The Classes BPTIME and BPP)

Let T:N - N be a function, L €{0,1}* a language and f1, its corresponding

Boolean function. We say that a PTM M decides L in T'(n) time if for every

z€{0,1}*, M halts within T'(|x|) steps regardless of its random choices and
2

PrM() = fu(a)] = =

We let BPTIME(T(n)) be the class of languages decided by PTMs in
O(T(n)) time and define BPP= | ] BPTIME(n*).

keN
As mentioned above, the class BPP captures the nature of probabilistic
algorithms with two sided error. However, as many probabilistic algorithms
have the property of one sided error, we introduce the class RP to capture

this behavior.

Definition 3.3.3 (The Classes RTIME and RP)
Let T : N - N be a function. RTIME(T(n)) contains the languages L ¢
{0,1}*, for which there is a is a PTM M running in T (n) time and satisfying

the following conditions.

xeL:»Pr[M(x):l]zg
r¢L=Pr[M(z)=1]=0

We define RP = | J RTIME(n").
keN

For a PTM M, a function T : N - N and input x € {0,1}*, we define the
random variable Ty, to be the running time of M on input . In particular,
we set Pr[Th. = T'(Jz])] = p it M on input z halts in at most 7'(|z|) steps
with probability p over all random choices of M. We say that M has expected
running time T'(n) if for every = € {0, 1}*, the expectation E[T) ] is at most
T(|z|). We are going to define zero error machines which are PTMs with the

property that they never err.
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Definition 3.3.4 (The Classes ZTIME and ZPP)

Let T :N - N be a function. The class ZTIME(T (n)) contains all languages
L c{0,1}* for which there is a PTM M with M(z) = fr(x) for every input
x €{0,1}* and expected running time O(T(n)).

We define ZPP = | ) ZTIME(n*).
keN
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CHAPTER 4. COMPLEXITY OF OPTIMIZATION PROBLEMS

In this chapter, we are concerned with the computational complexity
of optimization problems. Most of this material deals with approximation
algorithms, hardness of approximation and lower bound techniques. For a
broader overview on this topic, we recommend the text books by Ausiello et
al. [ACG*99] and by Arora and Barak [AB09].

This chapter is organized as follows. In Section 4.1, we define optimiza-
tion problems. In Section 4.2, we formalize the notion of approximation algo-
rithms and approximation classes. In Section 4.3, we review basic facts on gap
and promise problems. In Section 4.4, we focus on approximation preserving
reductions. In Section 4.5, we give a brief introduction to probabilistically
checkable proofs. In Section 4.6 and 4.7, we consider the LABEL COVER
and the MAX-E3LIN2 problem, respectively. In Section 4.8, we formulate the
Unique Games Conjecture. In Section 4.9, we survey some results on the

approximation hardness of bounded occurrence CSPs.

Optimization Problems

As we want to extend complexity theory from decision problems to optimiza-
tion problems, we need to introduce appropriate definitions. In addition, we
will discuss the relationships between the complexity of optimization prob-
lems and the complexity of decision problems. Let us first give the formal

definition of an optimization problem.

Definition 4.1.1 (Optimization Problem)
An optimization problem 11 is specified by a 4-tuple (Zr1, Sir, myy, goalyr), where

o I < {0,1}* is the set of valid instances of 1I,

e Sp is a function that associates to each valid instance I the set of fea-

sible solutions Su(I) of I with Su(I) < {0,1}*,

e my:{([,5)|IeZy and S € Su(I)} - N is the objective function and
my(1,.S) is the objective value of the feasible solution S with respect to
1

Y
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e goaly; € {MIN,MAX} characterizes the type of optimization problem.

In the remainder, we will drop the subscript II, when the context is clear.
Given an instance I of an optimization problem II, we denote by Sf; (1) the
set of all optimal solutions of 1. More formally, it is the set of all S* € Sp([)
such that

my (I, S*) = goalg{mpn(I,S") | S" € Su(I)}.
In the following, we will assume that there exists always optimal solutions

provided that Sp(/) # @. The corresponding objective value of any S* €
Spi(z) is denoted by opty([).

The Classes PO and NPO

We now define the optimization counterparts of the classes P and NP. Let
us start with the definition of NPO.

Definition 4.1.2 (The class NPO)
NPO is the class of all optimization problems Il = (Zy, Sy, myy, goalyy) such
that

e 71 € P meaning the set of valid instances is decidable in polynomial

time.

e there is a polynomial p such that given I € Iy, for all S € Su(I), we
have |S| < p(|1|). Furthermore, for all S" with |S'| < p(|I]), we can
decide in poly(|I|) time whether S € Su([I).

e my is computable in polynomial time.

Based on the previous definition, we define the class of optimization prob-

lems that are solvable in polynomial time.

Definition 4.1.3 (The class PO)
PO s the class of all optimization problems I1 € NPO, for which there exists
a polynomial time algorithm that, for any valid instance I € Iy, returns an

optimal solution S € Sfi(1).
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Next, we are going to define approximation algorithms for optimization

problems.

Approximation Classes

In the most general sense, an approximation algorithm computes on input of

a valid instance I of an optimization problem a feasible solution.

Definition 4.2.1 (Approximation Algorithm)
Let 11 be an optimization problem. An algorithm A is an approximation
algorithm for 11 if for all instances I € Iy, we have A(I) € Sy (I).

In order to classify the performance of approximation algorithms, we are

going to develop a framework to measure the quality of a produced solution.

Definition 4.2.2 (Approximation Ratio)
Let 11 be an optimization problem, I € Iy and S € Su(1). The approzimation
ratio of S with respect to I, denoted R(I,S), is defined as follows.

. mp(1,S)  opt(I)
R(I1,S) = max{ opt(1) ’mH(I,S)}

Let a : N - Q, be a function. An approximation algorithm A for 11 has
approximation ratio «, if for all I € Iy, we have that R(I, A(I)) < a(|I]).

We are going to introduce the class APX. It is the set of NPO opti-
mization problems having a polynomial time approximation algorithm with

approximation ratio bounded by a constant.

Definition 4.2.3 (The class APX)
APX is the class of all NPO problems 11, for which there exist a constant
a>1 and a polynomial time approximation algorithm for 11 with approrima-

tion ratio .

Some optimization problems in the class APX even admit a polynomial
time approximation scheme, that is roughly speaking, a family of approxima-

tion algorithms that achieve an arbitrarily good approximation ratio o > 1
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for the cost of a longer runtime. Let us give the precise definition.

Definition 4.2.4 (PTAS, EPTAS, FPTAS)

Let TI be a NPO problem. A family {A.}es0 of approximation algorithms
for 11 is called a polynomial time approximation scheme (PTAS) if for any
instance I € Iy and every fixed € > 0, the algorithm A. returns a solution
with approximation ratio at most (1+¢) in poly(|I|) time.

We call a PTAS {A.}es0 for a problem I1 an efficient polynomial time approz-
imation scheme (EPTAS) if for any instance I € Iy and every fized € > 0, the
running time of A. is f(1/e)-poly(|1|), where f:Q, - Q, is some function.
A PTAS {A.}.s0 for 11 is said to be a fully polynomial time approrimation
scheme (FPTAS) if for any instance I € Iyy and every €, the running time of
A is poly(|1],1/e).

Accordingly, we define the classes PTAS, FPTAS and EPTAS , which
by definition are subclasses of APX.

Definition 4.2.5 (The classes PTAS, FPTAS and EPTAS)
PTAS, FPTAS and EPTAS are the classes of all optimization problems
in NPO that admit a PTAS, FPTAS and EPTAS, respectively.

In the next section, we are going to define gap problems and promise

problems

Gap and Promise Problems

In order to relate the approximation hardness of optimization problems to
the hardness of decision problems, we are going to introduce the notion of

promise problems.

Definition 4.3.1 (Promise Problem)
A promise problem A is a pair of non-intersecting sets denoted by (Ayes, Ano)
with Aves, Ano € {0,1}*. The set Ano U Aygs is called the promise.

We refer to elements in Aygs as YES-instances, whereas elements in Ao
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are called NO-instances. The remaining elements in {0, 1}*\ (Ano U Ayes) are
called don’t care-instances. Decision problems are a special case of promise
problems, in which we have Ano U Ayes = {0,1}*.

Polynomial time reductions can be extended to promise problems in a
very natural way. Let A = (Al AYo) and A% = (A2 g, AZ,) be two promise
problems. We say that Al is polynomial time reducible to A? if there is a
polynomial time computable function f: Adps UALgs = Aps UAR such that
the following holds.

IeAygs = f(x) € Algs

and
TeAyo = f(z) e

It simply means that YES-instances are mapped to YES-instances and NO-
instances to NO-instances.
A promise problem A is C-hard for some class C of decision problems, if

every problem in C is polynomial time reducible to A.

Definition 4.3.2 (Gap Problem)

For an optimization problem 11 = (Zy,Su,my, goaly ) and some constants
A, B e QF with A < B, the corresponding promise problem [A, B]-GAP-II is
defined as follows.

{IeZn|opt(l) 2B} if goaly = MAX
{IeZy|opt(I) < A} if goaly =MIN

YES-instances

{IeZy|opt(l) <A} if goalg = MAX
{IeZIy|opt(l) > B} if goaly=MIN

NO-instances

By definition of gap problems, we obtain immediately the following lemma
that relates the hardness of approximating an optimization problem to the

hardness of a gap problem.

Lemma 4.3.1
Let [A, B]-GAP-IT be an NP-hard gap problem of an optimization problem
ITe NPO for some constants A, B € Q* with A< B. Then, it is NP-hard to
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approximate the optimization problem II to within any constant approzrima-
tion ratio less than (BJA).

In order to prove hardness of approximation to within a particular ap-
proximation ratio, it suffices to prove hardness of the corresponding gap

problem.

Approximation Preserving Reductions

There have been defined different kind of reducibilities in the literature. The
AP-reducibility, which we are going to define, is sufficiently general to in-
corporate almost all known reducibilities while preserving a linear relation
between approximation ratios. Let us give the precise definition of the AP-

Reduction.

Definition 4.4.1 (AP-Reduction)

Let 11y and Ily be optimization problems in NPO. We say that 11y s AP-
reducible to Ty (in symbols: T1y <ap Ily) if there is a function f:{0,1}*xQ, —
{0,1}*, a constant a > 1 and a function g :{0,1}* x {0,1}* x Q, — {0,1}*
such that

e for all I € Iy, and all rational B > 1, we have f(I,[3) € In, ,

e for all I € Iry, and all rational B> 1, if Sy, (I) + @, then, we have that
SHQ(f(]7ﬁ)) + 4,

o foralll eIy, ,SeSn,(f(I,B5)), and B> 1, we have g(1,S, ) € Sn, (1),
e f and g are polynomial time computable for fixed 5> 1,

o for all I € Iy, and all S € Su,(f(I,05)), if S is a solution to f(I,5)
with approzimation ratio 3, then, g(I,S, ) is a solution to I with ap-

proximation ratio at most (1+a(f-1)).
We call the triple (f,g,«) an AP-reduction from 11y to 5.
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We are going to state some properties of the AP-reduction. The proofs
of the statements can be found in the textbook by Ausiello et al. [ACG*99].

Lemma 4.4.1

Let 11; and 11y be optimization problems.
o [If II; <ap Ily and 11y € APX, then, we have I1; € APX.
o [f II; <ap Il; and 11, € PTAS, then, 11, € PTAS.
e The relation <pp is transitive.

Next, we are going to define the notion of completeness for optimization

problems.

Definition 4.4.2 (Complete Optimization Problems)
Let C be a class of optimization problems in NPO. An optimization problem
IT is C-hard (under AP-reductions) if for all Tly € C, we have Iy <ap 1. The

optimization problem 11 is said to be C-complete if it is contained in C and

C-hard.
As an implication of Lemma 4.4.1, we obtain the following statement.

Corollary 4.4.1
Let C be a class of optimization problems in NPO and 11, II" be optimization
problems. If 11 <ap II" and I1 is C-hard, then, II' is also C-hard.

Probabilistically Checkable Proofs

A polynomial time probabilistic verifier V is a polynomial time probabilistic
Turing machine with oracle access to a proof m € {0,1}*. That means each
bit of m can be independently queried by V by means of a special address
tape. Let us say that the verifier queries the i-th bit in the proof =7, then, it
writes i on the address tape and receives the bit m[i].

In addition, we restrict verifiers to be non-adaptive meaning the verifier

may write several positions of 7 at one time. If it enters the query state,

34



4.5. PROBABILISTICALLY CHECKABLE PROOFS

it receives the values of all queried positions. But, the verifier is allowed
to enter the query state only once. Therefore, the verifier has to decide in
advance which bits it wants to query.

A non-adaptive probabilistic verifier V with access to m is called
(r(n),q(n))-restricted if for all n € N and on all inputs = € {0,1}", the
verifier V uses at most r(n) random bits and queries at most g(n) bits of 7.
We are ready to give the definition of the class PCP[r, ¢].

Definition 4.5.1 (The Class PCP[r,q])

Let r,q : N - N be functions and L a language. L is a member of the
class PCP[r,q] if there exists a (r',q")-restricted non-adaptive polynomial
time probabilistic verifier V with ' = O(r), ¢ = O(q) and the following

properties.

e For any x € L, there is a proof 7, such that

Te{oljgm)[]/(az,r, m)=1] = 1.

e For any x ¢ L and for all proofs w, the following holds.

Pr [V(:L‘,T,?T) = 1] <

1
re{0,1}7(m) 2

Following a long sequence of work, Arora and Safra [AS98| and Arora et
al. [ALM*98| constructed polynomial time probabilistic verifier for the class
NP. This result is also known as the PCP Theorem.

Theorem 4.5.1 (PCP Theorem [AS98|, [ALM*98|)
NP = PCP[log(n),1].

The PCP Theorem implies that it is NP-hard to approximate the
MAX-3SAT problem to within some constant r > 1. Moreover, Arora et

al. [ALM*98] proved that these statements are equivalent.

Theorem 4.5.2 ([ALM*98)|)

The following two statements are equivalent:

e NP=PCP|log(n),1],
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e There is a constant € > 0 such that [1 —,1]-GAP-MAX-3SAT is NP-
hard.

Label Cover Problem

In 1993, Arora, Babai, Stern and Sweedyk [ABSS93| introduced a new
paradigm for proving hardness of approximation results. On the basis of
their paradigm, Hastad [HO1| gave tight hardness results for approximat-
ing the MAX-E3SAT problem and many other optimization problems. This
paradigm is based on the hardness of approximating the LABEL COVER prob-

lem defined below.

Definition 4.6.1 (LABEL COVER Problem)
An instance L of the LABEL COVER problem is defined by a tupel

(G,V1(9),Va(9), [m], [n], {me [ e € E(G)}) consisting of
e A bipartite graph G with bipartition {V1(G),V2(G)}.

e Fvery vertex in Vi(G) is supposed to get a label from a set [m] and
every vertex in Va(G) is supposed to get a label from a set [n], where

nzm.
e Every edge e € E(G) is associated with a projection . : [n] - [m].

A labeling L for L is a mapping L : V1(G) - [m], L:V3(G) - [n]. We say
that L satisfies an edge {v,w} if wpy .y (L(w)) = L(v). The task is to find a
labeling that mazimizes the number of satisfied edges. Let us define opt(L) to
be the maximum fraction of edges that are satisfied by any labeling meaning

opt(L) = , fhax {r|3 L for L that satisfies r-|E(G)| edges}.
all labeling

There is a natural correspondence between PCP verifier and the

LABEL COVER problem. Moreover, the PCP Theorem implies that it is
NP-hard to approximate the LABEL COVER problem to within any constant

approximation ratio less than r for some r > 1.
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Theorem 4.6.1 ([AS98|, [ALM*98|)
There exists a constant € € (0,1) such that [1,1 - ¢]-GAP-LABEL COVER is
NP-hard.

Proof of Theorem 4.6.1.

We prove Theorem 4.6.1 by constructing a reduction from the MAX-3SAT
problem to the LABEL COVER problem. Given an instance f of the
MAX-3SAT problem, construct a bipartite graph G such that all vertices
on the left side V1 (G) correspond to clauses of f and the vertices on the right
side V2(G) correspond to variables in f. Vertices v} € V1(G) and v2 € V5(G)
are connected by an edge if the variable x occurs in the clause C; of f.

We are now going to describe the labels and projections. A label of a
vertex v} decodes one of the 7 satisfying assignments to the variables of C;
and the label of a vertex v, is supposed to be the value of the variable x.
Therefore, the projection T(w1a2y 18 just a consistency check which verifies
that the label of v} is as claimed by the label of v?. ]

Thereafter, Raz [R98| gave a low error version of the previous theorem.
It improves the inapproximability factor in Theorem 4.6.1 from some con-
stant to any constant. This theorem is also known as the Parallel Repetition

Theorem.

Theorem 4.6.2 (Parallel Repetition Theorem [R98])

For every 6 > 0, there exist label sizes m and n such that given an instance
of the LABEL COVER problem L = (G,V1(G), Va,[m], [n],{m. | e € E(G)}), it
is NP-hard to tell whether opt(L) =1 or opt(L) <.

More generally, the LABEL COVER problem is a Constraint Satisfaction
Problem (CSP). An instance of a CSP consists of a set of variables, a set of
values for the variables and a set of constraints that restrict the combinations

of values for certain subsets of variables. Let us give the formal definition of
a CSP.

Definition 4.6.2 (Constraint Satisfaction Problem (CSP))

An instance of a Constraint Satisfaction Problem is defined by a tupel
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(X, D,T') consisting of
e A set of n variables X.
e Fvery variable in X 1s supposed to get a value from the domain D.

e T" is a collection of constraints R;, where R; is a relation R; € DF with

arity k.

An assignment d € D* satisfies a constraint R; if d € R;. The task is to find
an assignment d € D™ to the variables in X that maximizes the number of

satisfied constraints.

Hastad’s 3-Bit PCP

A sequence of developments in constructing PCP verifier with low query com-
plexity culminated in the results due to Hastad proving that every language
in NP has a PCP verifier querying 3 bits and having error probability ar-
bitrarily close to 1/2. Furthermore, the verifier’s decision process consists of
checking the parity of the 3 bits. This characterization lead to tight inapprox-
imability results for various problems such as the MAX-E3SAT problem and
the MAX-E3LIN2 problem. Let us first give the definition of the MAX-E3LIN2

problem.

Definition 4.7.1 (MAX-E3LIN2 problem)
Instances: A system of linear equations £ with variables {x1,...,x,}
and all equations are of the form x; ® x; ® xy, = ciji
with ¢, € {0,1}
Solutions:  Assignment ¢ : {xq,...,x,} - {0,1}

Task: Maximize the number of satisfied equations in £

Let us formulate the tight hardness result for the MAX-E3LIN2 problem-
due to Hastad [HO1].

Theorem 4.7.1 (|HO1|)
For every € >0, the [1 -, % + 5]—GAP-MAX-E3LIN2 problem is NP-hard.

38



4.8

4.8. UNIQUE GAMES CONJECTURE

Note that given an instance of the MAX-E3LIN2 problem, a random as-
signment satisfies half of the equations in expectation. On the other hand, it
is possible to use Gaussian elimination to efficiently check whether any sys-
tem of linear equations mod 2 can be completely satisfied. Hence, the result
above is tight. By using a simple gadget construction, we obtain another
tight inapproximability result for the MAX-3SAT problem.

Corollary 4.7.1
For every e >0, the [% +e,1-¢]-GAP-MAX-3SAT problem is NP-hard.

Unique Games Conjecture

Hastad’s work gives optimal inapproximability results for the MAX-E3SAT
and the MAX-E3LIN2 problem. For many other problems, like the VERTEX
COVER problem or the MAX-CUT problem, the status remained open. In
2002, Khot [K02] formulated the Unique Games Conjecture in order to prove
hardness of approximation results for NP-hard problems that researchers
have been unable to prove otherwise. This conjecture postulates the inap-
proximability of a restricted version of the LABEL COVER problem, where
the projections 7, on the edges are permutations. This restricted version is

called the UNIQUE GAMES problem.

Definition 4.8.1 (UNIQUE GAMES Problem)
An instance of the UNIQUE GAMES problem is a restricted instance of the
LABEL COVER problem L = (V(G),W(G),E(G),[m],[n],{me | e € E(G)}),

in which m =n and for all edges e € E(G), 7. : [n] = [n] is a bijection.

Based on the Unique Games Conjecture, it was possible to prove optimal
inapproximability results for the MAX-CUT problem (cf. [KKMOO7]) and the
VERTEX COVER problem (cf. [KROS§]).

Conjecture 4.8.1 (Unique Games Conjecture (UGC) [K02])
For every constant € >0, there is an integer k. such that for all instances of
the UNIQUE GAMES problem L with label size greater than k., it is NP-hard
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to tell whether opt(L) >1-¢ oropt(L) <e.

We will formulate an equivalent version of the UGC. For this, we need to
define a special case of the UNIQUE GAMES problem called the MAX-E2LINg

problem.

Definition 4.8.2 (MAX-E2LINg problem)

Instances: A system of linear equations £ with variables {x1,...,2,}
and all equations are of the form x; + x; = ¢;; (mod q)
with ¢;; €{0,...,q-1}

Solutions: Assignment ¢ : {x1,...,x,} = {0,...,q-1}

Task: Maximize the number of satisfied equations in £

Clearly, the MAX-E2LINg problem is a special case of the Unique Games
problem with alphabet size q. By the work of Khot, Kindler, Mossel and
O’Donnell [KKMOO7], it is also known that the UGC is equivalent to the

following statement.

Conjecture 4.8.2 (Equivalent statement of the UGC)

For any constant € > 0, there exists large enough q € N such that [1 - ¢,¢]-
GAP-MAX-E2LINg is NP-hard.

We now formalize the statement that a gap version of an optimization
problem is UG-hard.

Definition 4.8.3 (UG-Hardness)

Let I be an NPO optimization problem and 0 < A< B some constants. We
say that [A, B]-GAP-II is UG -hard if for some v > 0, there is a polynomial
time reduction from the [7y,1 - ~v]-GAP-UNIQUE GAMES problem to [A, B]-
GAP-II.

In this case, we also say that II is UG-hard to approximate to within
any approximation ratio less than (B/A). Furthermore, we note that if the
UGC holds, then, for a gap problem being UG-hard is equivalent to the gap
problem being NP-hard.
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Bounded Occurrence CSPs

In order to prove hardness of approximation results for several optimization
problems restricted to instances with bounded occurrences or bounded de-
gree, Berman and Karpinski [BK99|, see also [BK01] and [BK03|, introduced
the following CSP called the MAX-HYBRID-LIN2 problem. It will play a key
role in the subsequent chapters, in which we construct several reductions

from this problem.

Definition 4.9.1 (MAX-HYBRID-LIN2 problem)
Instances: A system of linear equations £ with variables {x1,...,x,},
my equations of the form x; ® x; = b;; with b;; € {0,1} and
mg equations of the form x; ® x; ® xy, = ¢, with ¢;j, € {0,1}.
Solutions:  Assignment ¢ : {x1,...,x,} - {0,1}

Task: Maximize the number of satisfied equations in £
In particular, Berman and Karpinski [BK99| constructed special instances of

the MAX-HYBRID-LIN2 problem with bounded occurrences of variables, for
which they proved the following inapproximability result.

Theorem 4.9.1 (|[BK99|)
For any constant € > 0, there exists instances of the MAX-HYBRID-LIN2
problem with 42v variables, 60v equations with exactly two variables, and 2v

equations with exactly three variables such that:
(i) Each variable occurs exactly three times.

(i1) Fither there is an assignment to the variables that leaves at most ev
equations unsatisfied, or else every assignment to the variables leaves

at least (1 - €)v equations unsatisfied.
(i7i) It is NP-hard to decide which of the two cases in item (ii) above holds.

The instances of the MAX-HYBRID-LIN2 problem produced in Theorem 4.9.1
have an even more special structure, which we are going to describe. The

equations with three variables are of the form z@®y® z = b with b € {0,1} and
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stem from Theorem 4.7.1. We now formulate a slightly extended version of

this theorem.

Theorem 4.9.2 ([HO01])

For every § € (0, %), there exists a positive constant Bs and instances L3 of
the MAX-E3LIN2 problem with 2v equations such that each variable in £3
occurs in at most By equations and it 1s NP-hard to tell whether there is
an assignment satisfying all but at most § - v equations, or every assignment

leaves at least (1 - 8)v equations unsatisfied.

Let us describe the construction due to Berman and Karpinski [BK99]
and give the proof of Theorem 4.9.1. In order to reduce the occurrences of
the variables in Theorem 4.9.2, we are going to introduce a special class of
graphs which are called amplifier. Amplifier graphs are useful in proving

inapproximability results for bounded occurrence CSPs.

Definition 4.9.2 (Regular Amplifier Graph)
A graph G is called a r-regular amplifier for a given set X < V(G) if

e forall AcV(G), we have [{e € E(G) | 1 = [enAl}| > min {|X nA|,|X\Al}

e cvery vertex in X has r -1 neighbors and every vertex in V(G)\X has

r netghbors.

Given a r-regular amplifier G for X ¢ V(G), the vertices in X are called
contact vertices, whereas all v e V(G)\X are called checker vertices.

The following result was proved on the existence of 3-regular amplifier.

Theorem 4.9.3 (|[BK99|)
For a set of v vertices, there is a 3-reqular amplifier with Tv vertices and

10v edges.

In the following, we will describe the structure of the 3-regular amplifier
from Theorem 4.9.3 more in detail and introduce some terminology. Due to
the special structure of the 3-regular amplifier constructed by Berman and
Karpinski [BK99], they also refer to it as a wheel amplifier. In Figure 4.1,

we displayed such a 3-regular amplifier. The contact vertices of a wheel

42



4.9. BOUNDED OCCURRENCE CSPs

O Checker vertex
® Contact vertex

Figure 4.1: A 3-regular wheel amplifier, where checker vertices are indi-

cated by circles (o) and contact vertices by filled circles (o).

amplifier W with B = Tv vertices {vy,...,vp} is defined by the set {v; | i €

[B],0=4¢ (mod 7)}. The edges of W are defined by E(W) = C(W)u M (W),

where C'(W) induces a Hamiltonian cycle C(W) = {{v;,v;.1} |i € [B-1]} U

{{vp,v1}} and M (W) is a perfect matching on the set of checker vertices.
We now give the proof of Theorem 4.9.1.

Proof of Theorem 4.9.1.

Let us fix a constant d € (0, 3). By Theorem 4.9.2, there exist instances £
of the MAX-E3LIN2 problem with 2 equations such that each variable in .£3
occurs in at most Bs equations and it is NP-hard to tell whether there is
an assignment satisfying all but at most 0 - v equations, or every assignment
leaves at least (1 — 0)v equations unsatisfied. For each variable z; in the
instance .Z3, we generate a corresponding wheel W; of size 7t;, where x;
occurs exactly ¢; times in .Z3. Since Bj is a constant that depends only on 9,

it can be accomplished in constant time. Then, we replace the occurrences
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:17@(1), . ,xgti) of the variable x; in .3 by newly created variables X!, ... ,X;ti
(the contact variables) in some order. Finally, we add all equations X;@X,i =
0 for all {v;, v} € E(W;) to Z3.

Let us denote this instance of the MAX-HYBRID-LIN2 problem by .Z.
According to Theorem 4.9.3, .Z has 2v equations with three variables, 60v
equations with two variables and every variable in . occurs in exactly three
equations due to the construction of a wheel.

Let ¢ denote an assignment to the variables of 2, V; = {X{,..., X%, }
be the variables corresponding to W; and V} = {X? € Vi | ¢(X}) = 0}. We
assume that the number of contact vertices contained in V¥ is at most the
number of contact variables contained in V;\V)’. By setting ¢(X}) = 1 for
all X]? € VO, the number of satisfied equations in £ is not decreased due
to the property of an amplifier. Notice that this fact holds for all variables
associated to wheels in .Z. Accordingly, we obtain that it is NP-hard to
distinguish whether there is an assignment to the variables of . satisfying
all but at most ¢ - v equations, or every assignment leaves at least (1 —9)v

equations unsatisfied. [

In order to specify the equations in an instance of the MAX-HYBRID-LIN2
problem, we are going to introduce some conventions. Given a wheel W with
B = Tn vertices V(W) = {v1,...,vp}, we refer to the associated equations
with two variables of the form z; @ z;,; = 0 with ¢ € [B-1] as cycle equations.
The equation x1 @ xg = 0 is called wheel border equation. Furthermore, we
refer to equations of the form x; ® z; = 0 with {v;,v;} € M (W) as matching

equations.
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CHAPTER 5. VERTEX COVER OF £ -HYPERGRAPHS

In this chapter, we study the approximability of the VERTEX COVER
problem in dense, subdense, mildly sparse and nearly regular k-hypergraphs.

For the VERTEX COVER problem in (&, £)-dense k-hypergraphs, we design
a polynomial time approximation algorithm with an improved approximation
ratio for all £ > 2 and ¢ > 0. On the other hand, we give an optimal inap-
proximability result the problem. The approach designed for the (e, ¢)-dense
case will also be applicable for the k-balanced case in Section 6.5.

For the VERTEX COVER problem in nearly regular hypergraphs, we give
a randomized approximation algorithm with approximation ratio strictly
less than k£ and running time depending on the density of the underlying
k-hypergraph. More precisely, it entails the existence of quasi-polynomial
and polynomial time approximation algorithms with approximation ratio less
than k for mildly sparse and subdense instances, respectively. Furthermore,
we obtain tight approximation lower bounds for this problem. In particu-
lar, we prove the best known approximation lower bounds for the VERTEX

COVER problem in regular k-hypergraphs.

Introduction

The VERTEX COVER problem in k-uniform hypergraphs is among the most
fundamental problem in combinatorial optimization. Especially, in the case
k = 2, it is the classical VERTEX COVER problem in graphs. In 1972
Karp |[K75| proved that the decision version of the problem is NP-complete.
Accordingly, there is only little hope for efficient algorithms solving the
VERTEX COVER problem to optimality. On the other hand, there exists
a simple approximation algorithm for the problem with approximation ratio
2 by constructing greedily a maximal matching in the given graph. However,
the currently best known approximation algorithm for the VERTEX COVER
problem in graphs achieves only an approximation ratio 2-o(1) [K09|. For the
case k > 2, the best known approximation algorithm is due to Halperin [H02|
and yields an approximation ratio k —o(1).

On the approximation hardness side, Papadimitriou and Yan-
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nakakis [PY91]| proved that the VERTEX COVER problem in graphs is APX-
hard. After that, Bellare, Goldreich and Sudan [BGS98| gave the first explicit
NP-hardness of approximation result. In particular, they proved that it is
NP-hard to approximate the problem to within any constant approximation
ratio less than 233/218. Héastad gave an improved inapproximability result
for the problem yielding an inapproximability factor of (7/6—9) for all 6 > 0.
Finally, Dinur and Safra [DS05] proved that it is NP-hard to approximate the
VERTEX COVER problem in graphs to within any constant approximation
ratio less than 1.36. Assuming the UNIQUE GAMES CONJECTURE, Khot
and Regev [KR08| gave an optimal inapproximability result for the problem.
More precisely, they showed that it is UG-hard to approximate the VERTEX
COVER problem in graphs to within any constant approximation ratio less
than 2.

For larger k, the first explicit approximation hardness result proved for the
VERTEX COVER problem in k-hypergraphs is due to Trevisan [T01] who con-
sidered the approximation hardness of bounded degree instances of several
combinatorial problems. He achieved an inapproximability factor of k1/19.
Holmerin [H02a| studied the VERTEX COVER problem in 4-hypergraphs and
proved that this restricted version of the problem is NP-hard to approx-
imate to within any constant less than 2. Independently, inspired by the
work of Feige et al. [FGL*96], Goldreich [G11| obtained the same inapprox-
imability factor for the VERTEX COVER problem in k-hypergraphs for some
constant k. After that, Holmerin [HO2b| showed that the problem is NP-
hard to approximate within any approximation ratio k1-°(1). By exploiting
the notion of covering complexity introduced by Guruswami, Hastad and Su-
dan [GHS02] together with some ideas from [DS05], Dinur, Guruswami and
Khot [DGKO02] achieved a hardness factor of (k-3 -¢) for all 6 > 0. Dinur,
Guruswami, Khot and Regev [DGKRO05| proved that the VERTEX COVER
problem in k-hypergraphs is NP-hard to approximate to within any constant
approximation ratio less than (k —1). The best known approximation hard-
ness result is due to Khot and Regev [KRO08|, who proved that it is UG-hard
to approximate the problem to within any constant approximation ratio less
than k.
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Dense k-Hypergraphs

Karpinski and Zelikovsky [KZ97a| studied the approximability of dense in-
stances of various covering problems and designed an approximation algo-
rithm for the VERTEX COVER problem in average and everywhere dense
graphs with approximation ratio strictly less than 2. Exploiting a different
approach, Nagamochi and Ibaraki [NI99] gave an approximation algorithm
for VERTEX COVER problem using cycle decompositions of graphs with ap-
proximation ratio less than 2 in dense graphs, but the approximation ratio is
weaker as compared to the previously mentioned algorithm. Bar-Yehuda and
Kehat [BK04] studied the VERTEX COVER problem in dense k-hypergraphs.
Using a greedy approach, they gave an approximation algorithm for this
problem with a better approximation ratio than k. To the author’s knowl-
edge, this is the only result tackling the dense version of the VERTEX COVER
problem in k-hypergraphs. On the other hand, Clementi and Trevisan [CT99|
proved that the VERTEX COVER problem in average and everywhere dense
graphs is APX-complete. Eremeev [E99| gave the first explicit inapprox-
imability result and proved that it is NP-hard to approximate the VERTEX
COVER problem in e-dense graphs within any constant approximation ra-
tio better than (7 +¢)/(6+2-¢). Assuming that there is no polynomial
time approximation algorithm for the VERTEX COVER problem in graphs
with approximation ratio better than 2, Bar-Yehuda and Kehat [BK04| con-
structed a reduction implying that the approximation ratios achieved by the
algorithm due to Karpinski and Zelikovsky [KZ97a| are optimal.

For the VERTEX COVER problem in (&, £)-dense in k-hypergraphs, we de-
sign an efficient approximation algorithm with improved approximation ratio
for all £ > 0 and ¢ > 0. Furthermore, we give an optimal inapproximability
result for the problem. The approach designed for the (&, £)-dense case will

also be applicable for the k-balanced case in Section 6.5.

Nearly Regular k-Hypergraphs

The VERTEX COVER problem in nearly regular graphs, which is a gen-

eralization of the class of dense graphs, was first studied by Imamura
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and Iwama [I105]. They gave a polynomial time approximation algo-
rithm that achieves with high probability an approximation ratio strictly
smaller than 2 whenever the graph is nearly regular and has average degree
Q(n-log logn/log n) Assuming that there is no polynomial time approxima-
tion algorithm for the VERTEX COVER problem in graphs with approxima-
tion ratio better than 2, they proved that the approximation ratio of their
algorithm is best possible.

By reducing the sample size of the algorithm due to Imamura and
Iwama [II05]|, Cardinal, Karpinski, Schmied and Viehmann [CKSV11] ex-
tended the range of the approximation algorithm achieving an approxima-
tion ratio strictly smaller than 2 in nearly regular graphs having an average
degree Q(n -logloglogn/log n)

For the VERTEX COVER problem in nearly regular k-hypergraphs, we
give a randomized approximation algorithm with approximation ratio strictly
less than £ and running time depending on the density of the underlying k-
hypergraph. In particular, it entails the existence of quasi-polynomial and
polynomial time approximation algorithms with approximation ratio less
than £k for mildly sparse and subdense instances, respectively. Especially,
in the case k = 2, our approximation algorithm achieves the same approxi-
mation ratio as in [CKSV11], but for a larger class of graphs.

On the other hand, we give tight approximation lower bounds for this
problem. Moreover, we prove the best known approximation lower bounds
for the VERTEX COVER problem in regular k-hypergraphs.

Outline of this Chapter

This chapter is organized as follows. In Section 5.4, we survey some of the
known approximation algorithms and approximation hardness results for the
VERTEX COVER problem in k-hypergraphs. In Section 5.5, we investigate
the approximability of the VERTEX COVER problem in dense k-hypergraphs.
In Section 5.6, we study the approximability of the VERTEX COVER problem

in a more general class of k-hypergraphs called nearly regular k-hypergraphs.
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Preliminaries

We are going to introduce the notation used in this chapter. Let us first

define the underlying problem according to Definition 4.1.1.

Definition 5.3.1 (VERTEX COVER problem in k-hypergraphs)
Instances:  k-hypergraphs H
Solutions:  Subsets C € V(H) such that Cne+ @ for all e e E(H)
Task: Minimize the cardinality of C

For a given k-hypergraph H with k£ > 2 and a vertex v € V(#), we intro-
duce the v-induced hypergraph H(v) defined by V(H(v)) = V(H)\{v} and
E(H(v)) ={e\{v}|veee E(H)}. Let H be a k-hypergraph with n vertices
and u € [n]. We refer to A c B c V(H) with |A| = u as a set of u-heaviest
vertices in B if the vertices in A obey the property

rileiil {dn(v)} > max {dy(v)}.

veB\A

Given a k-hypergraph H with n vertices, we are going to introduce the pa-

rameter Wy (n) defined as follows.

Vun) = ()G

By means of the parameter W, we define classes of k-hypergraphs. Given
a k-hypergraph H with n vertices, we refer to H as dense, subdense, mildly
sparse and non-dense if we have Uy (n) = O(1), Uy(n) = O( log n), Uy(n) =
poly(logn) and Wy (n) = w(1), respectively.

For dense k-hypergraphs, we introduce even finer-grained classes. Given a
k-hypergraph H with n vertices, we say that H is (g, ¢)-dense with (¢+1) € [k]
and ¢ € (0, 1] whenever for every subset

Se (V(Z_[)), we have dy(S) > e- (Z:i)

Thus, for instance, an (g,0)-dense k-hypergraph containing n vertices is a
k-hypergraph with at least 5(2) edges, whereas an (g, 1)-dense k-hypergraph

has the property that every vertex is contained in at least 6(’,;”:}) edges.
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This definition naturally generalizes the notion of everywhere density ((&,1)-
density) and average density ((¢,0)-density) in graphs [KZ97a|. For nota-
tional simplicity, we refer to an (g,0)-dense k-hypergraph as an e-dense k-

hypergraph.

The General Problem

Before we study the VERTEX COVER problem in dense and nearly regu-
lar k-hypergraphs, we survey some of the known approximation algorithms
and approximation hardness results for the VERTEX COVER problem in k-
hypergraphs.

Approximation Algorithms

There is a well-known and simple approximation algorithm for the VERTEX
COVER problem in k-hypergraphs. It constructs a maximal matching M c
E(H) in the given k-hypergraph H and returns the union of the edges in
M. The constructed set V(M) is a vertex cover of H since the remaining
vertices contained in V/(H)\V (M) form an independent set in . The simple

approximation algorithm is defined in Figure 5.1

Algorithm A;

Input : A k-hypergraph H.
Output: A vertex cover S of H.

@S « g

while (E(H) + @) do
@ Let e € E(H) be an arbitrary edge in #;
@S« Sue;
® H < H[V(H)\e];

end

return S;

Figure 5.1: Algorithm As
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We are going to prove that algorithm A5, returns a vertex cover of the

given k-hypergraph with approximation ratio at most k.

Lemma 5.4.1 (Folklore)
Algorithm As 1 is a polynomial time approximation algorithm for the VERTEX
COVER problem in k-hypergraphs with approximation ratio k.

Proof of Lemma 5.4.1.

Let H be a k-hypergraph. Furthermore, let S = e; Ues U... U ¢ be the
set constructed by Algorithm As; on input #H, where e; € F(H) denotes
the edge that is taken by the algorithm in the i-th iteration. Let C' be an
minimum vertex cover of H. By definition of C', we have |[C'ne;| > 1 for every
i € [l]. Since the intersection of e; with the vertex set of the k-hypergraph
H[V(H)\e;] is empty, we obtain e; ne; = @ for every distinct j, ¢ € [I]. Let

us bound the cardinality of S from above. We see that

S| = ) leil
€[l]

IN

Z le; N Clles] (by [Cnel>1)
1€[l]

= > lesnClk (by les| = k)
€[]

Yk (by e; ne; =@ for all i # j)
veC

k-|C].

IN

IN

It remains to be proved that S is indeed a vertex cover of H. Suppose for
the sake of contradiction that there is a edge e’ in H with e’ n.S = @. Then,
we get e € E(H[V(#H)\S]). Thus, by definition of the set S, e’ must be

contained in S contradicting our assumption. ]

The currently best known approximation algorithm for the VERTEX
COVER problem in k-hypergraphs achieves an approximation ratio at most
k(1-o0(1)) and is due to Halperin [H02|. He designed an algorithm that
uses the semidefinite programming relaxation combined with a randomized

rounding procedure. Let us give the precise statement.

Theorem 5.4.1 (|H02|)
Let H be a k-hypergraph with V(H) = n and k > 2. There is an efficient
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randomized approximation algorithm for the VERTEX COVER problem in k-

hypergraphs with approximation ratio

Inlnn

k-[1-o(1)]k-

Inn

Approximation Hardness Results

As for approximation lower bounds, we present two approximation hardness
results relying on different assumptions. The first result is due to Khot
and Regev |[KRO8| and concerns the UG-hardness of approximation of the
VERTEX COVER problem in k-hypergraphs.

Theorem 5.4.2 (|[KR08|)
Let H be a k-hypergraph with k > 2. For every ¢ >0, the following cases (i)
and (ii) are UG -hard to decide.

(i) Every vertex cover of H has size at least |V (H)| (1 -0).

(i1) The cardinality of a minimum vertex cover is at most
1
Vel (4 +).

In particular, this result implies that it is UG-hard to achieve a constant
approximation ratio better than k£ for the VERTEX COVER problem in k-
hypergraphs.

Corollary 5.4.1
For every k > 2, it is UG -hard to approximate the VERTEX COVER problem

i k-hypergraphs to within any constant approximation ratio less than k.

Proof of Corollary 5.4.1.
Let H be a k-hypergraph with k£ > 2 and C' an optimal vertex cover of H.
According to Theorem 5.4.2; it is UG-hard to tell

(i) whether [V(H)[(1-0) < |C|

(i) or |C] < |V(’H)|(%+6) holds.
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By approximating the VERTEX COVER problem in k-hypergraphs with an

approximation ratio

RPN B (TS
(£ vl
we are able to decide, which one of the cases (i) and (ii) applies. u

On the other hand, Dinur, Guruswami, Khot and Regev [DGKRO5]
proved the following NP-hardness of approximation result. In particular,
it implies that it is NP-hard to approximate the VERTEX COVER problem

to within any constant approximation ratio less than (k- 1).

Theorem 5.4.3 (|[DGKRO05|)
Let H be a k-hypergraph with k > 3. For every 0 >0, the following cases (1)
and (ii) are NP-hard to decide.

(i) Ewvery vertex cover of H has size at least |V (H)| (1 -0).

(i1) The size of a minimum vertex cover is at most

|v<%)|(ki1+5).

Analogously, it yields the following inapproximability result for the
VERTEX COVER problem in k-hypergraphs.

Corollary 5.4.2
For every k > 3, it is NP-hard to approximate the VERTEX COVER problem

in k-hypergraphs within any constant approzimation ratio better than (k—1).

Dense k-Hypergraphs

As an important restriction of the general problem, we study the approxima-
bility of the VERTEX COVER problem in dense k-hypergraphs. We design
an improved approximation algorithm and give tight approximation lower
bounds. Before we present our results, we are going to review some previ-

ously known results for this restricted version of the problem.
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Previously Known Results

The VERTEX COVER problem in dense graphs was studied by Karpinski
an Zelikovsky [KZ97b|. They designed an approximation algorithm for this
problem with an approximation ratio strictly less than 2 in dense and average

dense graphs. In particular, they proved the following theorem.

Theorem 5.5.1 (|[KZ97h)|)
The VERTEX COVER problem can be approximated in polynomial time with

an approrimation ratio

o m e-everywhere dense graphs and

1+¢

in e-average dense graphs.

2
TooVi-e
The approximation algorithm due to Karpinski and Zelikovsky [KZ97b]

achieves the best known approximation ratio for the VERTEX COVER prob-
lem in average and everywhere dense graphs. The basic idea of their algo-
rithm is to extract a large enough subset W of a minimum vertex cover of
the underlying graph G by exhaustive search in the first phase. In the second
phase, the algorithm computes a 2-approximate solution Y of the VERTEX
COVER problem in the remaining graph defined by G’ = G[V(G)\W]. Then,
the set Y uW yields a vertex cover of the original graph G.

Independently, Nagamochi and Ibaraki [NI99] gave an approximation al-
gorithm for the VERTEX COVER problem with approximation ratio that is
parametrized by the average density of the given graph. Their algorithm uses
cycle decompositions of graphs leading to an approximation ratio below 2 if

the given graph is dense. More precisely, they obtained the following result.

Theorem 5.5.2 (|NI99])
Given a graph G with n vertices and m edges, there is an approximation
algorithm for the VERTEX COVER problem in graphs that constructs a vertez

cover for G with approrimation ratio at most

__8m
13n2 + 8m

in O(n-m) time.
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Bar-Yehuda and Kehat [BK04| studied the VERTEX COVER problem in
dense k-hypergraphs and proved that the problem is approximable with an

approximation ratio strictly less than k.

Theorem 5.5.3 (|[BK04])
There is a polynomial time approzimation algorithm for the VERTEX COVER

problem with approrimation ratio

k
k- (k—-1)(1-¢)F

in e-dense k-hypergraphs.

Trevisan and Clementi [CT99| investigated the approximation hardness
of the VERTEX COVER problem in average and everywhere dense graphs and
proved that both versions of the problem are APX-complete.

Theorem 5.5.4 (|[CT99|)

The VERTEX COVER problem restricted to dense graphs is APX-complete.
In particular, for any € > 0, there exists a constant o > 1 (depending on
) such that it is NP-hard to approrimate the VERTEX COVER problem
restricted to graphs in which any node has degree at least €|V (G)| within any

constant approrimation ratio less than .

The idea of the reduction constructed in [CT99] is to join an APX-hard
instance G of the VERTEX COVER problem in graphs with a clique of size
e-|[V(G)|(1-¢)! together with all edges between G and the clique yielding an
e-everywhere dense graph G’. The resulting graph is an APX-hard instance
of the VERTEX COVER problem in dense graphs.

A similar construction was used by Eremeev [E99], who obtained an ex-
plicit approximation lower bound parametrized by the density of the result-
ing graph. The hard instance of the VERTEX COVER problem in graphs was
given by Hastad [HO1].

Theorem 5.5.5 (|E99])
It is NP-hard to approrimate the VERTEX COVER problem in e-everywhere
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graphs to within any constant approximation ratio less than

T+e
6+2-¢

Assuming that there is no polynomial time approximation algorithm for
the VERTEX COVER problem in graphs with approximation ratio below 2,
Bar-Yehuda and Kehat established the following hardness of approximation

result.

Theorem 5.5.6 ([BK04])

There is no polynomaial time algorithm with an approximation ratio less than
2 2
— and ——
l-¢ 1+V1-¢
in e-everywhere dense graphs and in c-average dense graphs, respectively,

unless there is a polynomial time approrimation algorithm for the VERTEX

COVER problem in general graphs with an approximation ratio better than 2.

In particular, it implies that under the assumption in Theorem 5.5.6, the

approximation upper bounds achieved in Theorem 5.5.1 are best possible.

Our Contributions

For the VERTEX COVER problem in (g,f)-dense k-hypergraphs, we design
an approximation algorithm with an improved approximation ratio for all

k> 2 and ¢ > 0. More precisely, we prove the following theorem.

Theorem 5.5.7
There is a polynomial time approximation algorithm for the VERTEX COVER

problem in (g,0)-dense k-hypergraphs with approximation ratio at most

k
k- (k-1)(1-e)77

-o(1).

Our algorithm matches the approximation ratio of the algorithms due
to Bar-Yehuda and Kehat [BK04| for ¢ = 0 and due to Karpinski and Ze-
likovsky [KZ97b] for k =2 and ¢ € {0,1}, but achieves a better result for all
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>0 and k> 2. As a byproduct of our approach, we obtain three additional
results. Firstly, we give a constructive proof for a lower bound on the size
of a minimum vertex cover of (g,¢)-dense k-hypergraphs. More precisely,
we design an efficient algorithm that extracts a large subset of a minimum

vertex cover of a given (e, f)-dense k-hypergraph.

Lemma 5.5.1 (Extraction Lemma)

Given an (e,l)-dense k-hypergraph H, there is an algorithm that constructs
on input H in polynomial time a set W = {W; € V(H) | i € [s]} of size
s = O(nk) with the following properties.

(i) There exists i € [s] such that W; is a subset of a minimum vertex cover

of H.
(i1) For all i€ [s], we have |W;| > [1 -(1- 5)ﬁ] [n—k+1].
Consequently, we obtain the following result.

Corollary 5.5.1
Given a (e,0)-dense k-hypergraph H containing n vertices, the size of a min-

imum vertex cover of H is bounded from below by [1 -(1- €)ﬁ] [n-k+1].

Secondly, in section 5.6.3, we design a randomized version of the extrac-
tion algorithm with decreased number of candidate sets. It will play a crucial
role in our improved approximation algorithm for the VERTEX COVER prob-
lem in nearly regular k-hypergraphs.

Thirdly, in section 6.5.2, we will see that this approach can also be success-
fully applied to the k-balanced case. In particular, we give an approximation
algorithm for the VERTEX COVER problem in dense k-balanced hypergraphs
with approximation ratio strictly less than k/2.

On the other hand, we obtain a tight approximation lower bound with

respect to Theorem 5.5.7.

Theorem 5.5.8
For every k > 2, it is UG -hard to approzimate the VERTEX COVER problem

in (e,0)-dense k-hypergraphs to within any constant approximation ratio less
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than
k
k—(k-1)(1-g)mr

Furthermore, we prove a NP-hardness of approximation result stated

below.

Theorem 5.5.9
For every k > 3, it is NP-hard to approximate the VERTEX COVER problem
in (e,0)-dense k-hypergraphs to within any constant approximation ratio less
than
k-1
k-1-(k-2)(1-g)wr

The Generalized Approximation Algorithm

We are going to define our generalized approximation algorithm with im-
proved approximation ratio for the VERTEX COVER problem in (&, £)-dense
k-hypergraphs. More precisely, we are going to prove Theorem 5.5.7 restated

below.

Theorem 5.5.7
There is a polynomial time approzimation algorithm for the VERTEX COVER

problem in (g,0)-dense k-hypergraphs with approximation ratio at most

k
k- (k-1)(1-2)77 —o)

In order to prove Theorem 5.5.7, we first design an approximation algo-
rithm that on input of a k-hypergraph H and a subset W of an minimum
vertex cover computes a vertex cover of H with approximation ratio depend-
ing on the size of W. Afterwards, we prove that we can extract a sufficiently
large subset of an optimal vertex cover of a given dense k-hypergraph. In

particular, we will give a proof of the Extraction Lemma (Lemma 5.5.1).
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Approximating the Remaining Instance

Assuming we have given a k-hypergraph and a large subset W of a minimum
vertex cover C' of H, the algorithm A5, defined in Figure 5.2 constructs a
vertex cover of H with approximation ratio parametrized by the cardinality

of WnC(C.

Algorithm A,
Input : (H,W,j), where H is a k-hypergraph, W a subset of
V(H) and j > k an integer.
Output: A vertex cover S of H.

begin
O H' < H[V(H)\W];
@ 5"« ./45,1(7'[’);

®S<Wus
foreach Ye{De (V(H)) ie{k—l,...,j}} do
n-—i
if (Y is a vertex cover of H and |Y|<|S|) then
@S <Y,
end
end
return 5;
end

Figure 5.2: Algorithm A

We are going to prove the following Lemma.

Lemma 5.5.2

Let H be a k-hypergraph containing n vertices, C' a minimum vertex cover
of H and W ¢ V(H) with |[W nC| > §-|W]| for a fized constant ¢ € (k=1,1].
For every integer j > k, the algorithm Aso computes on input (H,W,7) in
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polynomial time a vertex cover of H with size at most

k
1+(5k—1)m
n-7

Il

max 1 |C|,

Proof of Lemma 5.5.2.
Given a k-hypergraph H containing n vertices and a set W such that there

is a minimum vertex cover C' of H with the property
1
[WnC|>6-|W|for a fixed constant o € (% : 1] : (5.1)

the algorithm A5, computes a vertex cover Y of the k-hypergraph H’ induced
by the edges that are not covered by W. Let us denote by C’ a minimum
vertex cover of H'. For every integer j > k, we introduce the set V(j) given
by

-1
Clearly, for every fixed integer j > k, we can find in polynomial time the

V() - {s cvH) | se (Z(H)) and i€ {k-1, ...,j}} (52)

smallest set X7 in V(j) being a vertex cover of H. Since the solution S,
returned by the algorithm, is the smallest set among X7 and YU, we may
assume that |S|<n—j as otherwise, S is an optimal solution. We are going

to deduce an upper bound on the size of S.

S| = [W[+]Y]
< [W+k-|C| (by Theorem 5.4.1)
< Wk (0] =W n )
< Wi+ k- (|C]-6|W]) (by (5.1))
< Hol- k-1 (byﬂ_g and5e(1,1])
n-—j n-—j k
All in all, we obtain the following upper bound on the size of S
k
1+ (0k-1)—
n-j
completing the proof of Lemma 5.5.2. [ ]
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A Deterministic Extraction Algorithm

In order to apply algorithm A5 o successfully, we need to find a large subset
W of a minimum vertex cover of a given k-hypergraph H. The recursive
algorithm As 3 defined in Figure 5.3 constructs efficiently on input of a dense
k-hypergraph H a collection W of subsets W; € V(#) such that at least one

of them is contained in a minimum vertex cover of H.

Algorithm As 3

Input : (H,e), where H is an e-dense k-hypergraph.
Output: A collection W of subsets W; ¢ V (H).

begin
OW « z;
if k=1 then

@ W « {V(E(H))};
return W;
else
® Find a set B consisting of some (1 -(1- 5)ﬁ)—heaviest
vertices in V(H);
@ Add B to W;
foreach v € B do
® H « H(v);
® ¢ < (1 -(1 —S)ﬁ);
@O W' As3(H',€");
W« WuWw’
end
end
return W;

end

Figure 5.3: Algorithm As 3
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We are going to prove the following lemma that enables us to extract effi-

ciently a large part of a minimum vertex cover of a given dense k-hypergraph.

Lemma 5.5.3

Given an e-dense k-hypergraph H containing n vertices, the algorithm As3
returns on input (H,€) in polynomial time a set W = {W; € V(H) | i € [s]}
of size s = O(n*) with the following properties.

(i) For all vertex covers C of H, there exists a j € [s] such that W; is a
subset of C.

(it) For all i€ [s], we have [W;| > [1 -(1 —5)%] (n-k+1).

In order to give the proof of Lemma 5.5.3, we provide the following simple

statement.

Lemma 5.5.4
Let H be an e-dense k-hypergraph containing n vertices and B € V(H) a
set of [(1 -(1- 5)%) n]-heam’est vertices in V(H). Then, for all v e B, the

degree of v can be bounded from below as follows.

dy(v) > (1—(1—5)'“?)(2:1)

Proof of Lemma 5.5.4.

Let us consider a k-hypergraph H containing n vertices and m edges, where

m > e- (Z) (5.3)

We denote by B € V(H) aset of [(1 - (1 -¢)*)n]-heaviest vertices in V (H).
Suppose the statement is not true. Then, the number m of edges in H is
strictly smaller than the number of edges in a k-hypergraph in which all
vertices of B have the maximum possible degree, whereas all the remaining

vertices have degree exactly

(0=

65



CHAPTER 5. VERTEX COVER OF £ -HYPERGRAPHS

Therefore, we deduce the following bound on the number of edges in the

k-hypergraph .
o< L) wmmnfa-a-a7] (1))
i(l-0-0 () -
[o-[r-a-atfali-a-a%](2))
- (1=t () ra-at (-a-97) ()
(1)

It contradicts our assumption (5.3), since H is e-dense. ]

Let us proceed to give the proof of Lemma 5.5.3.

Proof of Lemma 5.5.35.

Let H be an e-dense k-hypergraph containing n vertices and B be a set of
[(1-(1-¢)'*)n]-heaviest vertices of H. On input H, algorithm A5 3 returns
a set W of size O (n*) in time O(n*), which is polynomial since we assumed
k=0(1).

(i) Let C be a vertex cover of H. We claim that there is a W; € W with
W, ¢ C, which will be verified by induction. If all vertices in B belong to C,
we are done.

Otherwise, there exists v € B that does not belong to C'. But then, C' must
contain a vertex cover of the v-induced (k—1)-hypergraph H(v) as otherwise,
some edges will not be covered. By induction, the recursive call returns one
subset contained in C. The base case (k= 1) is trivial.

(i1) We prove the second property by induction as well. Suppose that we
have |W;| > [(1 -(1- 6)%] (n—k+1) for all i € [s] and for all k-hypergraphs
with some fixed value of k. We now prove the property for k£ + 1. According
to Lemma 5.5.4, the recursive calls are performed on ¢’-dense k-hypergraphs

with n — 1 vertices. By induction hypothesis the recursive call returns a
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collection of sets W; of size

v

Wil > [1-(1=e)t](n-1)-k+1]

- 1—(L{1—u—eyﬂbi]m—(k+n+1]

= [1--om |- (k+1)+1],

as claimed. The base case k =1 is verified, as in that case, the algorithm

returns at least en vertices. [ |

We are going to tackle the case £ > 0. Therefore, let us consider algorithm
As.4 defined in Figure 5.4. On input of an (e, £)-dense k-hypergraph H with
n vertices, it constructs a collection of subsets of V(H) such that one of

them is contained in a minimum vertex cover of H and has size at least

[1- (=) ][n-k+1].

Algorithm As 4

Input : (H,e,(), where H is an (e,¢)-dense k-hypergraph.
Output: A collection W of subsets W; € V(H).

begin
DW « z;
foreach Se¢ (V(Z{)) do

@ H' « (V(H)\S, E(H)) with
E(H)={e\S|SceeE(H)};
@ W'« As5(H,e);
@W <« WuW’;

end

return W;

end

Figure 5.4: Algorithm As 4
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Finally, we are going to prove the Extraction Lemma.

Lemma 5.5.1 (Extraction Lemma)

Given an (e,l0)-dense k-hypergraph H, there is an algorithm that constructs
on input H in polynomial time a set W = {W; € V(H) | i € [s]} of size
s = O(nk) with the following properties.

(i) There exists i € [s] such that W; is a subset of a minimum vertex cover

of H.
(it) For allie€[s], we have |W;| > [1 -(1 —5)ﬁ] [n-k+1].

Proof of Lemma 5.5.1.

Let H be an (&,¢)-dense k-hypergraph and C' a minimum vertex cover of
H. Consider a subset S of ¢ vertices with S nC = @. Then, we define
the (k — ¢)-hypergraph H' by the vertex set V(H') = V(H)\S and edge set
E(H') ={en(V(H)\S) | e€ E(H),S c e}. Since S has an empty intersection
with C, the set C'nV(H’) is a vertex cover of H'. From the definition of
(g,0)-density, the number of edges in H’ is bounded from below by

E(HY)| = dyy(S) > &- (Z:ﬁ)

Hence, H' is an e-dense (k—¢)-hypergraph containing n—¢ vertices. According
to Lemma 5.5.3, algorithm Ajs 3 extracts O(n**) candidates W;, which are

subsets of V(') of size at least
Wil 2 [1-(-e)F|[(n-t+1) - (k-0).

Note that at least one of them is contained in the vertex cover C'n V (H')
and therefore, in a minimum vertex cover of H. By enumerating all O(nt)

possibilities for S, we get the result in O(n*) time. [ ]

Thus far, we are ready to give the proof of Theorem 5.5.7.

Proof of Theorem 5.5.7

Let us consider algorithm Ajs5 defined in Figure 5.5. Let H be an (g,{)-

dense k-hypergraph containing n vertices and C' a minimum vertex cover of
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H. Then, by Lemma 5.5.1, algorithm As 4 extracts efficiently a collection C
of sets C; € V() such that there is a C, € C with

ConCl =[Gyl 2 (1-[1-€]77) (n-k+1). (5.4)

Furthermore, we know that |C] = O(nk).

Algorithm A; 5

Input : (H,e,/,j), where H is an (g, ¢)-dense k-hypergraph and
j >k an integer.

Output: A vertex cover S of H.

begin
DW « ;
@ C « Asa(H,e,0);
foreach SeC do

@Y « «45_2(7‘[, S,j);
@W «~Wu{Y},
end
return the smallest set S among all sets in W;

end

Figure 5.5: Algorithm A 5

Let S, be the vertex cover of # that was constructed by algorithm Aj;
on input (#,C,,j) with j > k. By testing all possible sets W; « W and
choosing the smallest vertex cover of H, denoted by S, we have that |S]| <
|Sp|. According to Lemma 5.5.2, we obtain a polynomial time approximation

algorithm with approximation ratio at most

SISk
¢l ol W5l
| 1+(k-1)—&
n-7 k,
< - (by 5.4)
[1- (-2 |(n-k+1)
1+(k-1)

n-j
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For every j > k, the approximation ratio of algorithm A5 5 becomes

k
T TRE e

and the proof follows. [ ]

Tight Approximation Hardness Results

As for approximation lower bounds, we give an UG-hardness and a NP-
hardness of approximation result for the VERTEX COVER problem in dense
k-hypergraphs. Especially, the former approximation lower bound is tight

with respect to the approximation ratio achieved by algorithm As s.

An Optimal Inapproximability Result

We are going to prove the following theorem, which implies that it is UG -hard
to achieve a better approximation ratio than achieved by the approximation

algorithm given in the previous section.

Theorem 5.5.8
For every k > 2, it is UG -hard to approximate the VERTEX COVER problem
in (e,0)-dense k-hypergraphs to within any constant approximation ratio less

than
k

k-(k-1)(1-¢)77

Proof of Theorem 5.5.8.

As starting point of the reduction, we consider the UG-hard instance H of
the VERTEX COVER problem in k-hypergraphs from Theorem 5.4.2. We
are going to densify #H in order to obtain the (&,¢)-dense k-hypergraph H'.
Recall that according to Theorem 5.4.2, the following is UG-hard to decide
for every 6 > 0.

(i) Every vertex cover of H has size at least |V(H)|(1-9).

(i1) The cardinality of a minimum vertex cover of H is at most
1
Vel (5 +).
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Let us fix a constant € € (0,1) and (¢ + 1) € [k]. Furthermore, we introduce

¢’ defined by
, k(k+1)

ST Ve

For notational simplicity, we will use n = |V (#)|. Then, we join the clique

K= (V(/C), (V(le))) of size % -n to H.

In addition, we add all edges e of size k to ‘H' having a non-empty intersection
with . Thus, we obtain

E(H'Y = E(H) U {e c (V(’C) ; V(%)) | enV(K) £ @} |

Since we need to cover all the edges of the clique K, the cases (i) and (i)

from Theorem 5.4.2 being UG-hard to decide transform into the following.
(ii7) Every vertex cover of H' has size at least

1-(1-e)mr]n.
(1-eer

n(1—5)+[

(iv) The cardinality of a minimum vertex cover is at most

(o) e

It implies that for every § > 0, it is UG-hard to approximate the VERTEX
COVER problem in (g, #)-dense hypergraphs to within any constant approx-

imation ratio less than R(¢), where R(0) is defined as follows.

n(l-9)+ [1-a _lgl)fie]n

R(5) - e
(Le) s L0050

G (1-2)

Before we prove that this construction yields an (e, ¢)-dense k-hypergraph,

we first obtain a simpler term for R(J).
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Let us deduce a lower bound on the inapproximability factor R(¢).

[1-(1-e)™]n

n(l-0)+ +
R(o) - L=
n(1+6)+ [1-(1-¢ )l’“"]n
k (1—5’)@
on(1-8)(1-g)Fr+ [1-(1-&")er]n
n(%ﬂi) (1-eNme+[1-(1-€)et]n
) 1-6(1-¢')rr
(1_6,)ﬁ "N N\ ——
T+(5(1—E)k—é +1-(1-¢&")m=
) k- ko(1-¢)re
(1-&)or +k6(1 - )77 + k- k(1 &)
N k—ko
T k-(k-1(1-&)rt+ kS
k
= PNES _7(571{;)
k-(k-1)(1-¢")we
Since we have ¢/ = ¢ + M = £+ 0(1), we obtain the inapproximability
factor
k k 1
o (0h) = —-0( =5 )-r6b.
kE-(k-1)(1-¢&")m= k—(k-1)(1-¢)®e nk

The remaining part to be proved is the density condition of H’. Let us
introduce the abbreviation N = |V (#')|. Note that we have n = (1 —¢')EN.
We will show that

dy(S) > ¢ (Jlj__ 6) is satisfied for all S € (V(Z{ )) (5.5)

Let us consider an arbitrary set S ¢ V/(H') with |S]| = £. In order to derive
a lower bound on dy(S), we may assume that {ee E(H') |ec V(H)} =@
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and get
N-/¢ n—+{
dyy -
wis) 2 (k—ﬁ) (k—J
__(N—q_(u—yw4N—6
- k-t k-t
o k-t
O RV (i)
N (k-20)! (k-20)!
- k-t k-t
_.M%ﬁfw;n)-%u—&ﬁ—%)]
- (k—20)!
[ k=t L k¢
NEL (1_ (k+1)) ~ (1—5— k:(k:+1))k—f N
N n N
- - (k= 0)!
NEL ’1_ (E=0)(k+1) _1+€+k5(k+1)]
S N n
- (k-20)!
N 8NH N (N—e)
S C -0 T N\k-r)
Since the density condition (5.5) is satisfied, the proof of Theorem 5.5.8
follows. ]

NP-Hardness of Approximation

The former construction combined with the hard instance of the VERTEX
COVER problem in k-hypergraphs in Theorem 5.4.3 yields the following INP-

hardness of approximation result.

Theorem 5.5.9
For every k > 3, it is NP-hard to approximate the VERTEX COVER problem
in (e,0)-dense k-hypergraphs to within any constant approximation ratio less

than
k-1

k-1-(k-2)(1-¢)r7
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Proof of Theorem 5.5.9.
Let us consider the k-hypergraph H given in Theorem 5.4.3, for which the
following is NP-hard to decide.

(i) Every vertex cover of H has size at least |V/(H)[(1-0).

(i1) The cardinality of a minimum vertex cover of H is at most

|V(H)|(ki1+5).

We are going to densify the k-hypergraph H similarly to the construction in
Theorem 5.5.8. Let us introduce the abbreviation n = |V (#H)|. For a fixed
e€(0,1) and (£ +1) € [k], we add the clique K of size

[1-(1 —e)ﬁ]n
(1—€)ﬁ

V(K)uV(H)
k

to H and all edges e € ( ) with en V(K) # @.

Since we need to cover all the edges of the clique K, the cases (i) and (i)

from Theorem 5.4.3 being NP-hard to decide transform into the following.

(i71) Every vertex cover of H’ has size at least

[1-(1-97%]
n(l-9)+ a
(-0 T

‘n.

(iv) The cardinality of a minimum vertex cover of H' is at most

1

”(ﬁ wd)+ - Eﬁ ;)E,J_ZH] -

For every § > 0, it implies the NP-hardness of approximating the VERTEX

N—’

COVER problem in (g, ¢)-dense hypergraphs to within any constant approx-

imation ratio less than R(¢), where R(0) is defined as follows.

[1-(1-&)r]n

n(l-0)+ T
R(5) - S
() L0
k-1 (1-¢)re
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We are going to derive a lower bound on the term R(J).
n(l-4)+ [1-(-c )IH]n
T

n(k—ilﬂs) - (il ;)?fkl]

(1-0)(1 =) +[1- (1-¢)77]
(15 +0) -2+ [1-(1-e)e]

1-6(1-¢')re

R(5)

“kgik fO(1 =) 41— (1-2)i
(k-1)-(k-1)é
(k-1)-(k-2)(1-¢)er + (k-1)8

k-1

k-1-(k-2)(1-¢)re

v

v

- 7(4, k).

k(k+1)

Since we have &/ = ¢ + , we obtain the inapproximability factor

k-1
k=1-(k-2)(1-¢)m

—o(1) =~(6,k).

Since we have already proved that the density condition (5.5) holds, the
proof of Theorem 5.5.9 follows. [ ]

Nearly Regular k£-Hypergraphs

As a generalization of the class of dense k-hypergraphs, we investigate
the approximability of the VERTEX COVER problem in nearly regular k-
hypergraphs. We design a randomized approximation algorithm for the prob-
lem with approximation ratio strictly less than £ and running time depending
on the density of the underlying k-hypergraph. In particular, it entails the

existence of quasi-polynomial and polynomial time approximation algorithms
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with approximation ratio less than k for mildly sparse and for subdense in-
stances, respectively. On the other hand, we give tight approximation hard-
ness results. In particular, we prove the best known approximation lower
bound for the VERTEX COVER problem in regular k-hypergraphs with k£ > 3.
Before we start to describe our algorithm, we review known results concern-
ing the approximability of the VERTEX COVER problem in subdense and
regular k-hypergraphs.

Previously Known Results

Let us first survey some known results for the VERTEX COVER problem

restricted to d-regular k-hypergraphs focusing on instances with d = w(1).

Regular k-Hypergraphs

The best known approximation algorithm for this restricted version of the
problem is due to Halperin [H02| achieving an approximation ratio k(1 -
o(1)). The algorithm is based on randomized rounding of a semidefinite

programming relaxation.

Theorem 5.6.1 ([H02|)
There is an efficient randomized approximation algorithm for the VERTEX
COVER problem in k-hypergraphs that on input of a k-hypergraph H computes

a solution with approximation ratio

loglog Ay (loglogAH)
k-k(k-1
( ) IOgAH o IOgA'H
loglog A
for all k € N with k3 = O(M).
logloglog Ay

On the approximation hardness side, Alimonti and Kann [AKO00| proved
that the VERTEX COVER problem restricted to 3-regular graphs is APX-
hard. Based on the case d = 3, Manthey [MO05| extended the range of d

proving the APX-hardness of the VERTEX COVER problem in d-regular
graphs for all integer d > 3.
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Theorem 5.6.2 ([M05])
The VERTEX COVER problem restricted to d-reqular graphs is APX-hard
for all integer d > 3.

Feige [F03] constructed an approximation preserving construction im-
plying that the VERTEX COVER problem in regular graphs is as hard to

approximate as in graphs without any restrictions.

Theorem 5.6.3 (|F03|)

If there is an approzimation algorithm for the VERTEX COVER problem with
approximation ratio p in reqular graphs, then, there is an approximation al-
gorithm for the VERTEX COVER problem with approximation ratio p in every
graph.

Combining this reduction with the result due to Khot and Regev [KR08|,
it implies the UG-hardness of approximating the VERTEX COVER problem

in regular graphs within any constant approximation ratio better than 2.

Corollary 5.6.1
It is UG -hard to approximate the VERTEX COVER problem in regular graphs

to within any constant approximation ratio less than 2.

Nearly Regular k-Hypergraphs

Imamura and Iwama [II05] studied the VERTEX COVER problem in sub-
dense graphs. They designed a randomized approximation algorithm with
approximation ratio and running time depending on the average degree and
maximum degree of the underlying graph. In more detail, on input of a
graph G, their algorithm recursively extracts subsets of a minimum vertex
cover of G until a sufficiently small subgraph of G remains. On the remaining
instance, they apply the simple approximation algorithm As; with approxi-
mation ratio 2. In each recursion level, they use a randomized version of the
approximation algorithm for the VERTEX COVER problem in dense graphs
due to Karpinski and Zelikovsky [KZ97b|. More precisely, they obtained the

following result.
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Theorem 5.6.4 ([I105])
For every € > 0, there is a randomized approximation algorithm for the
VERTEX COVER problem in graphs that on input of a graph G containing

n
n vertices computes in poly(n)exp A—loglogn time a solution with ap-
g

proximation ratio at most 5

— +¢,
1+7(9)
where ¥(G) is defines as
g

g if |E(G)]<Ag(n-Ag)

v(G) =

7’L+Ag—\/(n+Ag)2—4EQ'7’L
2n
In particular, their approximation algorithm for the VERTEX COVER

problem achieves in polynomial time an approximation ratio smaller than 2

if |E(G)]>Ag(n-Ag).

if the given graph G obeys the property dg/Ag > ¢ for some constant ¢ > 0
and Ag = Q(nloglogn/ logn).

Cardinal, Karpinski, Schmied and Viehmann studied subdense instances
of several covering problems. In particular, for the VERTEX COVER problem
in graphs, they obtained an improved result when the underlying graph G
satisfies Ag < |V (G)|/2.

Theorem 5.6.5 ([CKSV11])
For every € > 0, there is a randomized approximation algorithm with an

approxrimation ratio 5

dg

14+ 9
TN,

for the VERTEX COVER problem in graphs G having n wvertices, average
degree dg and mazimum degree Ag < nfibg(n) with wg(n) > 2 in time

poly(n) exp [O(¢g(n) loglog ¢g(n))].

+ £

It means that they achieve in polynomial time an approximation ratio
below 2 for a wider range of graphs, in particular, for graphs G with

dg/Ag > c for some constant c € (0,1] and Ag = Q(nlogloglogn/logn).
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On the other hand, Imamura and Imawa [II05] proved that the ap-
proximation ratio achieved by their algorithm for the VERTEX COVER
problem in Theorem 5.6.4 is optimal assuming that the approximation ratio
2 is best possible for the general problem. More precisely, they gave the

following hardness result.

Theorem 5.6.6 (|I105])
For every constant § > 0, suppose that there is a polynomial time algorithm for
the VERTEX COVER problem in graphs G having n vertices and dg = Q(nc)

for a constant c € (0,1) which achieves an approximation ratio

2
1+7(9)

where v(G) is defied as follows.

-0

g

g if |E(G)]<Ag(n-Ag)

1(G) = _
7’L+Ag—\/(n+Ag)2—4dg'TL

2n

if |E(G)]>Ag(n-Ag).

Then, there is a polynomial time approximation algorithm for the VERTEX
COVER problem in graphs with approximation ratio (2 -19).

Our Contributions

We give a randomized approximation algorithm for the VERTEX COVER
problem in nearly regular hypergraphs with approximation ratio strictly less
than k£ and running time depending on the density of the underlying k-
hypergraph. In particular, it entails the existence of quasi-polynomial and
polynomial time approximation algorithms with approximation ratio less
than k& for mildly sparse instances and for subdense instances, respectively.

Let us give the precise statement.

Theorem 5.6.7

For every € >0 and k > 2, there is an approximation algorithm which com-
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putes with probability at least 3[4 a vertex cover for a given r-nearly reqular

k-hypergraph H containing n vertices with approrimation ratio

b +
3
l+r——

k
in poly(n) exp [O( Wy (n))] time.

Let us first formulate several corollaries of the main theorem. By set-
ting Wy (n) = O(log(n)) or ¥y (n) = poly(log(n)), we obtain the following

corollary.

Corollary 5.6.2
The VERTEX COVER problem is approximable in subdense and mildly sparse

r-nearly reqular k-hypergraphs with approzimation ratio arbitrarily close to
k

7
1+r ——
k
i polynomial time and quasi-polynomaial time, respectively.

If we additionally assume that the given k-hypergraph is regular, it yields

the following corollary.

Corollary 5.6.3
The VERTEX COVER problem is approzimable in subdense and mildly sparse

reqular k-hypergraphs with approximation ratio arbitrarily close to
k

2 —

1
k

in polynomaial time and quasi-polynomial time, respectively.

By setting £ = 2 in Theorem 5.6.7, our algorithm achieves the same
approximation ratio as in Theorem 5.6.5, since a graph G with dg/Ag > c for
some c € (0,1) is also c-nearly regular. Moreover, it is applicable on a wider
range of graphs by a factor of O( log log \I/g(n)) since dg/Ag = ©(1) implies
that

wt) = 3= - 0 2] - o gy ) e e 59
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and the running time of the algorithm given in [CKSV11| can be written as

poly(n) exp [O( Uy (n)loglog U (n) )] :

On the one hand, our algorithm achieves an approximation ratio smaller
than 2 for the whole class of subdense nearly regular graphs and on the other
hand, it can be applied to k-hypergraphs with &k > 2.

A crucial ingredient of our approximation algorithm for the VERTEX
COVER problem in nearly regular k-hypergraphs is the Sampling Lemma

given below.

Lemma 5.6.1 (Sampling Lemma)

Let H be a k-hypergraph containing n vertices, C' a minimum vertex cover
of H. For every constant v € (3/4,1), there is a randomized algorithm that
constructs in polynomial time a collection W of subsets W © V(H) with the

following properties.
(i) The size of W is [W]| < f(7), where f(v) = O(1).

(ii) Every set W € W has cardinality at least

1
Uy(n)

W > 1-(1- )E (n—k+1). (5.7)

(iii) There is a set W' € W such that W' n C| > ~|W'| with probability at
least 7.

In contrast to the algorithm given in [CKSV11], we use a decreased
sample size of O(1) compared to O([log(¥g(n))]?) leading to an improved
running time of our algorithm. Note that this is a randomized version of
the extraction algorithm As3 defined in Section 5.5.3. In comparison to
algorithm As3, the randomized version constructs a set W of size O(1)
instead of O(nk).

On the approximation hardness side, we obtain two inapproximability
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results. The first approximation lower bound matches exactly the approx-
imation ratio achieved in Theorem 5.6.7 in a specified range of the density

of the given k-hypergraph.

Theorem 5.6.8
For every k > 2, it is UG -hard to approximate the VERTEX COVER problem
i r-nearly reqular k-hypergraphs H having n vertices, maximum degree Ny =

Q(nf) and |[E(H)| = o(n*) to within any constant approzimation ratio less

than
k

T

1+(k-1)—

F (k1)
for every € > 0.

In addition, we prove a NP-hardness of approximation result for the
VERTEX COVER problem in nearly regular hypergraphs with density and

regularity conditions.

Theorem 5.6.9
For every k > 3, it is NP-hard to approximate the VERTEX COVER problem
in r-nearly reqular k-hypergraphs H having n vertices, maximum degree Ay =

Q(nf) and |[E(H)| = o(n*) to within any constant approximation ratio less

than
k-1

NG
1+(k-2)—-
F(h-2)7
for every € > 0.

As a corollary, we obtain the best known approximation lower bounds for
the VERTEX COVER problem in regular k-hypergraphs.

Corollary 5.6.4
It is UG -hard and NP-hard to approximate the VERTEX COVER problem in

reqular k-hypergraphs H to within any constant approximation ratio less than

k k
—T for every k > 2 and -5 for every k > 3, respectively.
9_ —

k
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The Randomized Approximation Algorithm

In the subsequent sections, we are going to prove Theorem 5.6.7 restated

below.

Theorem 5.6.7

For every € >0 and k > 2, there is an approzimation algorithm which com-
putes with probability at least 3[4 a vertex cover for a given r-nearly reqular
k-hypergraph H containing n vertices with approximation ratio

k

T
1+7r—-—

k

+ £

in poly(n) exp [O( ¥y(n))] time.

Let us first describe the main ideas of the proof and give an overview of

the techniques.

Overview and Main Ideas

Given a r-nearly regular k-hypergraph #, the algorithm first iteratively re-
moves vertex subsets until a sufficiently small set of vertices remain. Then,
we apply the simple approximation algorithm As; with approximation ratio
k on the remaining induced hypergraph. Suppose that at every step i of
the algorithm, we are able to guess a sufficiently large subset of an optimal
solution of the current hypergraph H;. This subset of vertices is removed
together with the edges, that they cover, forming H;,1. In the next subsec-
tion, we will see how we can sample the set w computed by algorithm As 4
to perform this guessing step efficiently. The union of the removed sets will
form the set W allowing us to use Lemma 5.5.2. We aim at obtaining such

a set W of size approximately
Bl (H)]. where By =

Letting H; be the hypergraph considered in the i-th step, we denote by n;
its number of vertices (ny =n = |V(H)|), by E; its edge set and define

wi(n) = () 0ED
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In addition, we introduce s; = n; — (1 — S )n. Note that if s; = 0, we have
n; = (1= By )n and thus, n—n; = fyn. Since n—n; is the size of the extracted
set W, s; can serve as a measure of progress.

A key role will play the Sampling Lemma (Lemma 5.6.1). It enables us
to efficiently guess a large subset of a minimum vertex cover of the actual
hypergraph while introducing only a small number of candidate sets. Let us

give the precise statement

Lemma 5.6.1 (Sampling Lemma)

Let H be a k-hypergraph containing n vertices, C' a minimum vertex cover
of H. For every constant v € (3/4,1), there is a randomized algorithm that
constructs in polynomial time a collection W of subsets W c V(H) with the

following properties.
(i) The size of W is [W| < f(7), where f(v) = O(1).

(ii) Every set W e W has cardinality at least

1
Wy (n)

s [i-(i- )% oobeD) -

(iii) There is a set W' € W such that W' n C| > ~|W'| with probability at
least ~y.

For technical reasons, we will only extract (83 — a)n vertices of the given
k-hypergraph for a small constant « € (0,7k~2). Due to the Sampling Lemma,
we are able to extract [1—(1-1/%;(n;))*](n; -k +1) vertices of the actual
hypergraph ;. In order to derive the number of iterations that are needed
to extract the desired number of vertices, we have to obtain a lower bound
on the number of extracted vertices in terms of |V (#)| and the density of H.
In addition, we prove that the actual hypergraph #; is still dense enough to
extract sufficiently many vertices. More precisely, we will prove the following

lemma.

Lemma 5.6.2
Let H be a r-nearly reqular k-hypergraph and o € (0,7k=2). Then, for every
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k-hypergraph H; = H[V (H)\V;i] with V; € V(H) and |V;| < (B - a)n, we have

1
(1 g

By combining the Sampling lemma and Lemma 5.6.2, we are able to remove

Ty(n)

)E (nz—k+1) >« (58)

in each step
a-n
Wy (n)

Therefore, at the end of the extraction process, we obtain s; < an implying

1
vertices until s; < an for a fixed constant « € (O, %) .

[W| > (B — a)n. The number Ty () of steps required to extract (8x — a)n

vertices is at most

(By-a)n  (Bu-a)n Bu _
ba(a) T - ) (F-1) 69

Uy (n)

Finally, we define a collecting algorithm and give a lower bound on the ex-

Ty(a) =

pected number of collected vertices being contained in a minimum vertex
cover of H.

As for the running time, the algorithm generates a search tree of height
Ty () and fan-out less than f(7). At every node of the tree, it takes
poly(n)+O(f(v)) time to generate at most f(7) candidate subsets. Accord-
ingly, the overall running time of the algorithm is poly(n) - (f(7))OTn(®) =

poly(n) exp [O(\DH(n))]

The Sampling Lemma

We are going to define a recursive sampling algorithm that allows us to
efficiently guess subsets of a minimum vertex cover of a given k-hypergraph.
In particular, it entails proving the Sampling Lemma (Lemma 5.6.1).
Before we define our recursive sampling algorithm, we introduce some
notation to be used in the detailed description of the algorithm. Given a
k-hypergraph H containing n vertices, we define the parameter /H("H) by

R 1 1/k
h(H) = (1-[1-m] )(n—k+1). (5.10)
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In addition, we introduce the sample size $(, k) in dependence of the pa-
rameter v € (0,1) and k > 2 defined by

(k) = [1og (1-77) (1og(7))’1] . (5.11)

The Algorithm As ¢ defined in Figure 5.6 returns a small set of candidate sub-

sets. It is a randomized version of the Algorithm 453 given in Section 5.5.3.

Algorithm Aj; g
Input : (#,t,1), where H is a k-hypergraph H, t € N with
t <h(H) and I € N with { > 5(7, k).
Output: A collection W of subsets W; € V(#).

begin
OW =g;
if k=1 then
@ W « {A}, where A is a set of t vertices in V(E(H));
return W;
else
® Let B be a set of t-heaviest vertices in V(H);
@ W «~Wu{B};
® Let B’ be a set of [ uniformly at random chosen vertices
from B;
foreach v € B’ do
® W' « As 6(H(v),1,1);
QW «WuW,
end
end
return W;

end

Figure 5.6: Algorithm A; g

We are going to prove the following lemma which generalizes the Sampling

Lemma.
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Lemma 5.6.3

Let H be a k-hypergraph containing n vertices, C' a minimum vertex cover
of H. Furthermore, let v € (3/4,1), t € N with t < h(H) and | € N with [ >
S(v,k). Then, on input (H,t,1), the algorithm Asg constructs in polynomial
time a set W containing subsets of V(H) with the following properties.

(i) The size of W is at most [W| < (1 +1)*1.
(ii) Every set W e W has cardinality |W|=t.

(iii) There is a set W' € W such that W' n C| > ~|W'| with probability at
least 7.

Before we give the proof of Lemma 5.6.3, we argue that it implies the
Sampling Lemma. By letting ¢ = h(#) and [ = (3(v,k) + 1)k, we obtain
f(v) = (5(v,k) + 1)1 = O(1) and all other properties described in the

Sampling Lemma. We now give the proof of Lemma 5.6.3.

Proof of Lemma 5.6.3.
Let H be a k-hypergraph, C' a vertex cover of H, v € (3/4,1) and B a set
consisting of h(H)-heaviest vertices of H.
(i) Since we create at most (I + 1) sets in each recursion level, it yields at
most (I + 1)*1 subsets of V(H) after (k- 1) recursions.
(i7) This property follows by definition of the set A and B in the description
of algorithm Aj; .
(iii) According to Corollary 5.5.1, we have that |C| > h(#) implying that it
is possible to extract 7{(7{) vertices from C. We will distinguish two cases.
If |[Bn C| > ~|B|, we have nothing to show.

Hence, we may assume that |B n C| < v|B| holds. The probability that
a random vertex of B belongs to C' is at most . Thus, with probability at
least 1 — (") we get a vertex v ¢ C' in the selected sample and C' must
contain a vertex cover of the v-induced hypergraph H(v). By Lemma 5.5.4,
we know that 7 (v) is dense enough in order to extract the desired number

of vertices. By iterating this step at most (k — 1)-times, we obtain that the
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probability is at least
- _ - L T\E-L
(1—71)k b (1—’y“”(%"“))]~C b (1—[1—’yﬁ]> > 7,
by definition of §(v,k). Furthermore, we notice that this argumentation
holds for all ¢ <(H) and all vertex cover C' of H, and the proof follows. m

Deriving a Lower Bound on the Size of the Extracted Set

In order to bound the number of iterations needed to extract a large enough
subset of a minimum vertex cover of H, we have to provide a lower bound on
the number of vertices obtained in every iteration in terms of the density and
the cardinality of the vertex set of H. In particular, we are going to prove
Lemma 5.6.2.

Lemma 5.6.2
Let H be a r-nearly reqular k-hypergraph and o € (0,7k=2). Then, for every
k-hypergraph H; = H[V (H)\V;] with V; € V(H) and |V;| < (By — a)n, we have

1 n

k
1—(1—m) (ni-k+1) > am. (5.8)

In order to give the proof of Lemma 5.6.2, we will provide three interme-

diate results.

Lemma 5.6.4
Let H be a k-hypergraph with n vertices, maximum degree Ay and mazimum

independent set of size at least x. Then, H has at most Ay (n—z) edges.

Proof of Lemma 5.6.4.

Let H be a k-hypergraph with n vertices, maximum degree Ay, and maximum
independent set of size at least . Every vertex covers at most Ay edges.
Hence, the size of a minimum vertex cover of H, say 7, satisfies |E(H)| < AyT.
Also, by definition, the largest independent set of H has size n -7 > .
Consequently, we obtain |E(H)| < 7-Ay < (n—-2)Ay. u

Next, we are going to prove a lower bound on the number of edges con-

tained in the actual k-hypergraph H;.
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Lemma 5.6.5

Let H be a r-nearly regular k-hypergraph with mazimum degree Ay and V; €
V(H) with |Vi| < By|V(H)|. Then, the size of the edge set E; of the k-
hypergraph H; defined by H; = H[V (H)\V;] having n; = s; + (1 - Bx)|V (H)|

vertices can be bounded from below as follows.
|Ez| > AHSi

Proof of Lemma 5.6.5.

Let H be a r-nearly regular k-hypergraph having n vertices and maximum
degree Ay Furthermore, let V; ¢ V/(H) with |V;| < fyn. We denote by FE;
the edge set of the k-hypergraph H; defined by H; = H[V (H)\V;] and by n;
the size of the vertex set of H;. Clearly, we have s; = n; — (1 — fy)n. Let
us introduce the k-hypergraph H' defined by V(H') = V(H) and E(H) =
E(H)\E;. Note that H' has an independent set of size at least n; = s; + (1 -
P )n as by definition, all the vertices of H; form an independent set in H'.

Thus, by Lemma 5.6.4, H' can have at most

Ayln—(si+[1-0Bxln)] = Ay(Bun - s;) (5.12)

edges. By the r-nearly regularity of H and (5.12), we obtain the following

inequality.

Ay -r-n

B = [EGOI-EH)] > ——

= Ay (Bun - si)
Then, by definition of By, we get
|Eil > Ap- Byn = Ap(Byn —si) = Ays;

and the proof of Lemma 5.6.5 follows. [ ]

Finally, we will need the following simple inequality, which can be proved

inductively.
Lemma 5.6.6
For all real € € [0,1] and all integer k > 1, we have 1 - (1 —5)% > %.

Thus far, we are ready to give the proof of Lemma 5.6.2.
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Proof of Lemma 5.6.2.

Let H be a r-nearly regular k-hypergraph containing n vertices and « €
[0,7k2). Furthermore, let V; € V(H) with |V;| < (83 — a)n and H; be the
k-hypergraph given by H; = H[V(H)\V;]. We denote by n; the number of
vertices contained in H; and define s; = n; — (1 - fx)n. We are going to
consider two different cases. Let us start with n; = n. Since we may assume
that n > k holds, we obtain by choice of o that

1—(1 ! )E (n-k+1) > (n=k+l) (by Lemma 5.6.6)

Wy (n) Uy (n)k
a-n
by choice of o
U3 (n) ( )
Otherwise, we may assume that n >n; holds. Due to Lemma 5.6.6, we have
1
1 k| p — 1 _ 1
1-[1- mokrl  (mk+l) (5.13)

Then, the right hand side of (5.13) can be further simplified as follows.
(ni—kz+1) S |El|(nz—k:+1)
\I/Z(nz)ksl - ks(nz)

k
Aysi(ni -k + 1)

> o
ks; '
S(k)

(by Lemma 5.6.5)

A HER)
(k7f1) ”(k7f1)

-G

- (Z) Uy (n)

Combining the deduced facts together with s; > « - n, we have that

1 % S; a-n
1‘(1‘wxm)) (ni=ke D) > G @y 2 Ul

and the proof follows. [ ]
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The Collecting Algorithm

We are going to define an algorithm that extracts and collects all candidate
sets in each iteration. Before we describe the algorithm, we need to introduce

some notation.

Given a r-nearly regular k-hypergraph H with n vertices and a con-

stant « € (0,7k~2), we will use the abbreviation by (o) defined by

a-n

Uy(n)

Recall that due to Lemma 5.6.2, we are able to extract EH(a) vertices of H in

by (a) (5.14)

each iteration provided s; < an holds. The number Ty («) of required steps

in order to extract (fSy — a)n vertices is

Tu(a) = &2 H(O‘))” - (n)(——l) (5.15)

The algorithm As 7 defined in Figure 5.7 iterates this extraction until s; < an

using exactly T3 () recursion levels.

Algorithm As;

Input : (H,b,t,7v), where H is a r-nearly regular k-hypergraph,
beN with b <Dy (rk2), t e N with ¢ > 0 and
ve(l-rk=21).

Output: A collection C of subsets W; € V(H).

® C « @;
if (¢>0) then

@ X « Ass(H,b,3(7,k));

@C«{XUY|XeX,Yel « As:(H[V(H)\X],b,t-1,7)};
else

return 5;

end

Figure 5.7: Algorithm As;
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On input of a r-nearly regular k-hypergraph, algorithm As; performs a
recursive exploration of a search tree branching on every subset X in the set
of candidates C. A root-to-leaf path in this tree yields a set W defined as
the union of all the candidates X selected along the path. We now prove
that this search tree contains a path yielding a suitable set W with high
probability.

Lemma 5.6.7
Let H be a r-nearly regular k-hypergraph containing n vertices, C' a minimum

vertex cover of H and vy e (1-rk=2,1). On input

(%7/67{(1 _7)7 TH(l _7)7 7)a

the algorithm Asz constructs in poly(n)exp[O(Uy(n))] time a collection
C = {W; | W; < V(H)} with the following properties.

(i) The size of C is at most (§(v,k) +1)FEDTx0-7),
(ii) Every set W e C contains exactly (B — (1 —7))n vertices.

(iii) For every 6 € (0,1), there is a W' e C such that [W'nC| 2 (1-8)y2[W'|
with probability at least

1—exp[—\IlH(n)(1ﬁ_—H7—1)”y-%2].

Proof of Lemma 5.6.7.

Let H be a r-nearly regular k-hypergraph containing n vertices and C' a
minimum vertex cover of H.

(i) According to Lemma 5.6.3, the size of the actual set C is increased by a
multiplicative factor of at most (3(~, k)+1)*~1 in every iteration of algorithm
As 7. By iterating this extraction T (1 —-y) times, we obtain a set with size
at most (5(7, k) +1)E-DTu(1-7),

(i) By (5.15), the size of a set W in C is exactly

Ty(1-7) bu(1-7) = (Bu-(1-)n,

as claimed.

(i17) For every i € [Ty(1-7)], we introduce the random variable X; € {0,1}
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denoting the success in the i-th step. More precisely, X; = 1 corresponds to
the event of obtaining at least ~ EH(l — ) vertices of a optimal vertex cover
of ‘H in the i-th iteration of algorithm As;. From Lemma 5.6.3, we know
that this event happens with probability at least . The random variables
define T3 (1 - 7) independent Poisson trials. We introduce
X= > X. (5.16)
i€[ Ty (1-7)]

Then, the expected value of the random variable X is given by

BX] = Tu(l-9) = Ul ({25 -1) (5.17)

Since we obtain at least ’)/'/b\’;.[(l—"}/) vertices in each step, the expected number

of vertices of W’ that are contained in C is at least

E[X]y - bu(1-7) [‘I’H(”) (15_—%7 - 1) 7] 7%

v

(Br = (1=7))7*n.
By using Theorem 2.2.1, we conclude that for every § € (0,1), it yields at
least (1-0)(Bn — (1 —7))y2n vertices of C' with probability at least
2

1 -exp (_\IIH(TL) (15_—7 - 1) 7%) ,
as stated.
As for the running time, algorithm As; generates a search tree of height
T3 (1 —~) and fan-out less than (3(v, k) + 1)*~1. At every node of the tree,
the algorithm A5 ¢ is called taking

poly(n) + O([5(7, k)"

time.  Thus, the overall running time of the algorithm is poly(n) -
[5(~, k)]O*-DTr(1-7)) | Since we have

(b= 1)Ti(1=7) = (b= )W) (125 1) = O(Ww(n))

L-7y
and 5(7, k) = O(1), the running time becomes
poly(n) exp [0 (U (n))]
and the proof follows. ]
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Thus far, we are ready to give the proof of Theorem 5.6.7.

Proof of Theorem 5.6.7

In order to prove Theorem 5.6.7, we are going to analyze algorithm A5 g given

in Figure 5.8.

Algorithm A;g

Input : (H,e,r k), where H is a r-nearly regular k-hypergraph
and € > 0 a constant.

Output: A vertex cover S of H .

begin
. (1 €
@ Set 0 « Hlln{z, E}’
Bu
- ]--—l
@ Set y Sk-02+1

® Let W« As7(H, by (1-7), Tu(1-7), 7);
foreach W, ¢ W do
@Y « Aso(H, Wi, k);
®Y<«Yu {Y};
end
return S being the smallest set in V;

end

Figure 5.8: Algorithm Asg

Let H be a r-nearly regular k-hypergraph containing n vertices and C' a
minimum vertex cover of H. Furthermore, we choose a constant € > 0. By

letting

B
8k-62+1’

1 €
d =min{—, — dy=1-
mln{4, 4]{:} and ~y
we have that v € (1 —rk2,1). Then, we run algorithm 457 on input
(M, b (1 =), Tr(1 =), v) with output W. According to Lemma 5.6.7,

(5.18)
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W contains a set W’ such that
W'nC| > (1-6)7*(Bu—-(1-))n (5.19)

with probability at least

1 —exp (—\PH(n) (% - 1)7%2) > 2

The right hand side in (5.19) can be bounded from below as follows.

(1-8)7*(Bu—-(1=7))n

v

(1-9)y (1 - 15_—;)5%”

I
8k-62+1

v

(1—5)72(1 )5%71

v

(1—5)(1—W1_2+1)35%n

v

(1 —5)45?171

(1-46)Bun

By Lemma 5.5.2, the algorithm Aj, produces on input (H,W’) a vertex

v

cover S of ‘H with approximation ratio at most

k k k
— T S < T
1+|W| 1+((1-46)k-1)py 1+ (k=1)——46
k
n-~k
k k
< “T +4ké < HT +e&.
r r
k k
Due to Lemma 5.6.7, we know that the running time of algorithm Asg is
poly(n) exp [O(‘I’H(n))] |

5.6.4 Approximation Lower Bounds

In the previous section, we designed an approximation algorithm for the
VERTEX COVER problem in r-nearly regular k-hypergraphs. The approxi-
mation ratio that was achieved by the algorithm is parametrized by the reg-

ularity of the input k-hypergraph, whereas its running time is parametrized
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by its density. In this section, we study the approximation hardness of the
VERTEX COVER problem in nearly regular k-hypergraphs. In particular, we
prove that it is UG-hard to obtain a better approximation upper bound than
given in Theorem 5.6.7 for a large range of r-nearly regular k-hypergraphs.
In addition, we give a NP-hardness of approximation result for the VERTEX
COVER problem in nearly regular k-hypergraphs.

A Tight Inapproximability Result
We are going to prove the following hardness result.

Theorem 5.6.8
For every k > 2, it is UG -hard to approximate the VERTEX COVER problem
in r-nearly reqular k-hypergraphs H having n vertices, maximum degree Ay =

Q(nf) and |[E(H)| = o(n*) to within any constant approximation ratio less

than
k

NG

1+(k-1)-

F (k1)
for every € > 0.

Proof of Theorem 5.6.8.

First, we concentrate on the case r € (0,1). Let H be the k-hypergraph from
Theorem 5.4.2 with k > 2. According to Theorem 5.4.2, for every 6 > 0, the
following cases (i) and (iz) are UG-hard to decide.

(i) Every vertex cover of H has size at least |V (H)|(1-9).

(i7) The cardinality of a minimum vertex cover is at most
1
vEol(5+6)-

We will use n = [V(H)|. For a fixed j € N, we construct a new hypergraph
H' consisting of (1 —7/k)n’ disjoint copies of H together with nir/k disjoint
k-uniform cliques of size n + k — 1. Let us denote by V3 the set of vertices

of the copies of H and Vi the set of vertices of the cliques. For notational
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simplicity, we introduce N = |V (H')| = |Vx| +|Vk| = n*! + o(ni*!). Note that
the degrees of the vertices restricted to neighbors in V3 or Vi are at most

(“;’jf) -0 (nt0) -0 (V).

Accordingly, we can make H' to have |E(H')| = w (N ;]%) edges and maximum
degree Ay = w(N %) by adding as many edges as needed with vertices in
both V3, and Vi defining F(H’). Using this construction, it is possible to
construct edge sets with cardinality o(n(+Dk).

By definition, a vertex cover of H’ must contain at least n+k-1-(k-1) =n
vertices of each clique. Thus, we need to include at least ni*lr/k vertices.
Let us analyze the cases in the promise problem above. (i) If a vertex cover

of H requires n(1 - ) vertices, then, we need at least
r . r .
1-—|n?-n(1-8) = [1-— |/ (1-0
( k)” m1-9) ( k)n (1-9)
additional vertices to cover all the copies. (7i) In the other case, we see that

(=5 ()

vertices suffice. Up to an O(n/) term, those vertices are sufficient to cover

‘H'. Consequently, for every ¢ > 0, the following is UG-hard to decide.

111) Every vertex cover of H’ has size at least
Yy

(1—£)n“«1—5)+

n1+j

7,+O(nj).

(iv) The cardinality of a minimum vertex cover of H' is at most

) 1+j )
(1—%)711” (%+5)+ nk L 0(nd).

This implies the UG -hardness of approximating the VERTEX COVER problem

to within any constant approximation ratio less than R(§), where R(6) is

defined as follows.

r i nitiy .
(1—E)n1 T(1-0)+ . +O(n])

1+5
(1 - %)n“j (% +5) X k]r +0(n)

R(5) =

(5.20)
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We are going to deduce a lower bound on the term R(J) defined in (5.20).

n1+j

(1—%)#”(1—5)4— T+O(nj)

R(5) > ,
r (1 nitip 4
(1—E)H1J(E+5)+ ]{; +O(n])
T r 1
- r\[1 r 1
T 1
B k—ék(l—g)-i-O(E)
B r T 1
1_E+T+5k(1_g)+o(ﬁ)
k- 0k
>

1—£+r+5k‘+o(1)

k
= w —[e(0) +0o(1)]

k

The claimed inapproximability factor follows for the case r € (0,1). Moreover,
we see that it suffices to add if necessary o(n’*!) vertices to Vi together
with the corresponding edges in order to obtain a regular k-hypergraph.
Accordingly, it affects the inapproximability factor R(J) only by a term of
o(1). u

NP-Hardness of Approximation

Using the construction defined in the proof of the previous theorem, we are

going to prove the following inapproximability result.

Theorem 5.6.9
For every k > 3, it is NP-hard to approximate the VERTEX COVER problem
i r-nearly reqular k-hypergraphs H having n vertices, maximum degree Ay =

Q(nf) and |[E(H)| = o(n*) to within any constant approzimation ratio less
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than

1+(k-2)

>3

for every € > 0.

Proof of Theorem 5.6.9.

The claimed inapproximability factor will be proved by combining the con-
struction from Theorem 5.6.8 together with the hard instance from Theo-
rem 5.4.3. Recall from Theorem 5.4.3 that given a k-hypergraph H with
k > 3, for every ¢ > 0, the following cases (i) and (i7) are NP-hard to decide.

(i) Every vertex cover of A has size at least [V/(H)|(1-9).

(i1) The size of a minimum vertex cover of H is at most

|V(7—[)|(ki1+5).

Let us fix a constant r € (0,1) and an integer j > 1. The construction will be
carried out as in Theorem 5.6.8. Let H’ be the constructed k-hypergraph.
Consequently, the following is NP-hard to decide.

1) BEvery vertex cover of H' has size at least
y

nl+ir

k-1

(1 - L)nlﬂ‘u ~8)+

- +O(nj).

(ii) The size of a minimum vertex cover of H’ is at most

o 1 ) nttip i
(1 —k:—l)n (k—1+5 +k_1+O(n).

This implies the NP-hardness of approximating the VERTEX COVER prob-

lem to within any constant approximation ratio less than R(J), where R(J)

is defined as follows.

1+7
1-Eg) -3
R(9) = ntir

__r 1+j( 1 ) j
(1 k:—l)n k—1+5 +k_1+O(n)

I+O(nj)

(5.21)
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Let us deduce a lower bound on the term R(J) in (5.21). We have that
(1 - ﬁ)nlﬁ(l ~8)+ Ziﬂ

(1 - ﬁ)n“j (ﬁ + 5) + Zlij; +0(n’)
@pq)@_ 1)05) (k1) +o(%)

=015 () 600 ()

k-1-0(k- 1)(1—

I+O(nj)

R(5) =

r

kl)o()
1)+r+o( )
)

+r+o0(1)

+

1-

k +(5(k 1)(1_k

k-1-6(k- 1)
+6(k; 1)(1—

1-
k-1

k
k-
— v~ [e(6) +o(1)],
G o

k-1
as claimed. In order to prove the case (r = 1), we may argue as in the proof

of Theorem 5.6.8. [
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In this chapter, we investigate the approximability of the VERTEX COVER
problem in dense and nearly regular k-partite k-hypergraphs.

We first consider the VERTEX COVER problem in dense k-balanced hy-
pergraphs and prove that the problem is efficiently approximable with ap-
proximation ratio better than k/2. After that, we develop an improved tech-
nique for the extraction of a minimum vertex cover of a dense k-partite
k-hypergraph by which we obtain an efficient approximation algorithm for
the VERTEX COVER problem in dense k-partite k-hypergraphs with better
approximation ratio. On the approximation hardness side, we propose a con-
jecture about the UG-hardness of the VERTEX COVER problem in k-partite
k-hypergraphs. Assuming this conjecture, we prove an optimal inapproxima-
bility result for the dense version of the problem.

By combining the framework developed for the VERTEX COVER prob-
lem in nearly regular k-hypergraphs with a new method called randomized
bucketing extraction, we design a randomized approximation algorithm for
the VERTEX COVER problem in nearly regular k-partite k-hypergraphs with
approximation ratio strictly less than k/2 and running time depending on the
density of the underlying k-hypergraph. In particular, it entails the existence
of quasi-polynomial and polynomial time approximation algorithms with ap-
proximation ratio less than k/2 for mildly sparse and subdense instances,
respectively. On the other hand, we prove the optimality of the approxi-
mation ratio achieved by our algorithm based on the conjecture mentioned

above.

Introduction

When the vertex set of a k-hypergraph is partitioned into k disjoint sets such
that every edge contains exactly one vertex of every set of the k-partition
and the k-partition is given as a part of the input, this restricted version is
called the VERTEX COVER problem in k-partite k-hypergraphs.

The underlying problem has been investigated for applications connected

to database problems including distributed data mining [FMO*03], schema
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mapping discovery [GS10a] and optimization of finite automata [ISY05]. In
bipartite graphs (k = 2), the size of a minimum vertex cover can be computed
efficiently by finding a maximum matching in the same graph due to Konig’s
Theorem. On the other hand, for general k, Gottlob and Senellart [GS10a|
proved that the VERTEX COVER problem in k-partite k-hypergraphs is NP-
hard by constructing a reduction from the 3SAT problem. Since the reduc-
tion given in [GS10a] is also approximation preserving, it implies the APX-
hardness of the problem. Lovasz [L75] studied the the VERTEX COVER
problem restricted to k-partite k-hypergraphs and proved that the integral-
ity gap of the natural linear programming relaxation is bounded by k/2. In
more detail, he constructed a rounding scheme for the solution of the natural
linear programming relaxation implying an efficient approximation algorithm
for the problem with approximation ratio k/2. Aharoni, Holzman and Kriv-
elevich [AHKO96]| constructed a family of tight examples witnessing that the
integrality gap of the natural linear programming relaxation is k/2 —o(1).
Based on the inapproximability result given by Dinur, Guruswami, Khot
and Regev [DGKRO5] for the VERTEX COVER problem in k-hypergraphs,
Guruswami and Saket [GS10b| constructed a reduction from the former
mentioned problem implying that for all £ > 5, it is NP-hard to approx-
imate the VERTEX COVER problem in k-partite k-hypergraphs to within
any constant approximation ratio less than k/4. By applying the result
of Kumar, Manokaran, Tulsiani and Vishnoi [KMTV11]| with a modifica-
tion to the LP integrality gap construction due to Ahorani, Holzman and
Krivelevich [AHK96|, Guruswami and Saket [GS10b] gave an optimal in-
approximability result for the problem. More precisely, they proved that
for all k£ > 3, it is UG-hard to approximate the VERTEX COVER problem
in k-partite k-hypergraphs to within any constant approximation ratio less
than k£/2. Combining Long Code based gadgets with the Multi-Layered PCP
constructed by Dinur, Guruswami, Khot and Regev [DGKRO5| as starting
point of their reduction, Sachdeva and Saket [SS11| gave a nearly optimal
NP-hardness of approximation result for the problem. They proved that
for all k > 4, it is NP-hard to approximate the VERTEX COVER problem

in k-partite k-hypergraphs to within any constant approximation ratio less

103



CHAPTER 6. VERTEX COVER OF % -PARTITE . -HYPERGRAPHS

than (k/2 -1+ (2k)™1).

Dense k-partite k-hypergraphs

To the best of the author’s knowledge, this is the first result concerning
the approximability of the VERTEX COVER problem in dense k-partite k-
hypergraphs.

First, we consider the VERTEX COVER problem in dense k-balanced
hypergraphs and prove that a similar approach designed for the VERTEX
COVER problem in dense k-hypergraphs yields an efficient approximation al-
gorithm for the VERTEX COVER problem in dense k-balanced hypergraphs
with an approximation ratio better than k/2. After that, we develop an im-
proved technique for the extraction of a minimum vertex cover of a dense
k-partite k-partite by which we obtain an efficient approximation algorithm
for the VERTEX COVER problem in dense k-partite k-hypergraphs with an
approximation ratio better than k/2. It achieves a better approximation ratio
and is applicable to a whole class of dense k-partite k-hypergraphs. As for
approximation lower bounds, we propose a conjecture about the UG-hardness
of the VERTEX COVER problem in k-partite k-hypergraphs. Assuming this
conjecture, we prove an optimal inapproximability result for the dense version

of the problem.

Nearly Regular k-partite k-hypergraphs

We investigate the approximability of the VERTEX COVER problem in nearly
regular k-partite k-hypergraphs. By combining the framework developed in
Section 5.6 for the VERTEX COVER problem in nearly regular k-hypergraphs
with a new method called Randomized Bucketing Extraction, we design an
randomized approximation algorithm for the VERTEX COVER problem in
nearly regular k-partite k-hypergraphs with approximation ratio strictly less
than k/2 and running time depending on the density of the underlying k-
hypergraph. In particular, it entails the existence of quasi-polynomial and
polynomial time approximation algorithms with approximation ratio less

than k/2 for mildly sparse instances and for subdense instances, respec-
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tively. On the other hand, we prove the optimality of the approximation

ratio achieved by our algorithm based on the conjecture mentioned above.

Outline of this Chapter

This chapter is organized as follows. In Section 6.4, we survey some of the
known results concerning the approximability of the VERTEX COVER prob-
lem in k-partite k-hypergraphs. In Section 6.5, we study the VERTEX COVER
problem restricted to dense k-balanced hypergraphs and dense k-partite k-
hypergraphs. Finally, in Section 6.6, we investigate the approximability of
the VERTEX COVER problem in nearly regular k-partite k-hypergraphs.

Preliminaries

We are going to introduce some notation used in this chapter. Let us first

define the underlying problem according to Definition 4.1.1.

Definition 6.3.1 (VERTEX COVER problem in k-partite k-hypergraphs)
Instances: A k-partite k-hypergraph H with given vertex
partition {V;(H) | i € [k]}
Solutions:  Subset C' <V (H) such that Cne+ @ for all e e E(H)
Task: Minimize the cardinality of C

If the k-partition {V;(H) |i € [k]} of a k-partite k-hypergraph H is given
as a part of the input, we assume that |V, (H)| < |Vi(#H)| for all i e [k - 1].
Furthermore, we say that # is k-balanced if the k-partition {V;(#) | i € [k]}
of H satisfies the property |V;(#H)| = |Vi(#H)| for all i, j € [k].

Given a k-partite k-hypergraph H with k-partition {V;(H) |i € [k]} and
k > 2, for each integer j € [k] and each vertex v € V;(#), we define the v-
induced (k-1)-partite (k—1)-hypergraph H(v) by V/(H(v)) = Uieprp gy Vi (H)
and E(H(v)) = {e\{v} |veee E(H)}.

In the following, we introduce classes of k-partite k-hypergraphs with
respect to the parameter Wy, (n) which is defined for a k-partite k-hypergraph
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H with n vertices and given k-partition {V;(H) |i € [k]} as follows.

Uy(n) = (1;!] M|) (|E(%)|)_1

We refer to a k-partite k-hypergraph H with n vertices as dense, subdense,
mildly sparse and non-dense if we have Uy (n) = O(1), ¥y(n) = O(logn),
Uy (n) =poly(logn) and Wy (n) = w(1), respectively.

For dense k-partite k-hypergraphs, we introduce even finer-grained
classes. A k-partite k-hypergraph H with given vertex partition {V; | i € [k]}
is called (e, /)-dense for an integer ¢ € [k —1]u {0} and a constant ¢ € (0, 1)

if there exists a set

I e ([l;]) s. t.VS e {Ye (V(Z{)) ‘ VinY|=1Vie ]} tdy(S) > e- ieE[]\IWH

holds.

The General Problem

Before we investigate the approximability of the VERTEX COVER problem
in dense and nearly regular k-partite k-hypergraphs, we survey some of the
known results concerning the approximability of the VERTEX COVER prob-
lem in k-partite k-hypergraphs.

An Approximation Upper Bound

First of all, we present a generalization of the Konig Theorem due to
Lovéasz [L75] implying a rounding procedure that constructs efficiently a
vertex cover of a given k-partite k-hypergraph with approximation ratio at
most k/2. The rounding procedure uses the fractional solution of the nat-
ural linear programming relaxation LPg; given in Figure 6.1. Afterwards,
we describe the integrality gap construction of Aharoni, Holzman and Kriv-
elevich [AHK96| for the LPg ;. More precisely, they constructed a family of
k-partite k-hypergraphs yielding an integrality gap of k/2 —o(1).
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Minimize Z Ty
veV(H)

Subject to

vaz 1 Vee E(H)

vee

0<z,<1 YoeV(H)

Figure 6.1: Linear program LPg;

In his doctoral thesis, Lovasz [L75] studied the VERTEX COVER problem
in k-partite k-hypergraphs and proved the following result.

Theorem 6.4.1 ([L75])
Let H be a k-partite k-hypergraph with k > 3, 7(H) the value of a fractional
solution to the corresponding linear program LPg1 and T7(H) the cardinality
of a minimum vertex cover of H. Then, the following inequality holds.

r(H) _k

T(H) ~— 2

We are going to present the proof of Theorem 6.4.1. For this reason, we

introduce some notation that will be used in the proof.

For every odd integer m > 1, we define the 3 xm matrix A(m) = (a4;)ie[3],je[m]

as follows.
1 m+3 5 m2+5 5 m2—1 " m2+1
Amy=|m*L —p m+3 y mys o omob
2 2 2
m m-1 m-2 m-3 m-4 .. 3 2 1

Furthermore, for every integer m > 1, we introduce the 2 x m matrix B(m)
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defined as follows.

B(m):(l 2 3 .. m-2 m-1 m)

m m-1 m-2 .. 3 2 1

By combining the former introduced matrices A(m) and B(m), we are going
to define the k x m matrix C(k,m) for every odd integer m > 1 and every
keN.

Definition 6.4.1 (Matrix C'(k,m))
Let m > 1 be an odd integer. For every even integer k > 2, the k x m matrix

C(k,m) = (¢ij)ie[k].je[m] @5 given as follows.

bi; foreveni and je[m
Cij = K - j [ ] (61)
by; for odd ¢ and j € [m]

For every odd integer k >3, we define C(k,m) = (¢ij)ic[k],je[m] @5 follows.
a;; forie[3]and je[m]

Cij =4 by; foreveni>4and je[m] (6.2)

by; for odd i>5 and je[m]
Before we prove Theorem 6.4.1, we give an example of such a matrix.

Example 6.4.1 (Matrix C'(5,9))

0516273384
405162738
C(5,9)=18 76543210
012345678
876543210

Let us now turn to the proof of Theorem 6.4.1.

Proof of Theorem 6.4.1.
Let H be a k-partite k-hypergraph with given vertex partition {V;(H) | i €
[k]} and k& > 3, 7%(H) the value of an optimal solution of LPg; for H and
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7(H) the cardinality of a minimum vertex cover of H. Since LPg; has only
integral coefficients, there exists an optimal solution x* : V(H) — [0,1] of

LPs1 such that z*(v) is rational for every v € V(#H). Let us define the integer
[ by
f =mn{neN|(n-z*(v))eZforallve V(H)}. (6.3)

Furthermore, we introduce m = 2f — 1. Notice that for all £ > 2 and all odd

integer m > 1, the matrix C'(k,m) has the following properties.

(i) Every row of C'(k,m) is a permutation of the numbers contained in the
set [m].

(ii) The sum of every column of C(k,m) is bounded from above by

M' (6.4)
2
For every j € [m], we introduce the subset C; of V/(H) as follows.
C; = U{veVilkf-a*(v)2¢y} (6.5)
i€[k]

We claim that for every j € [m], C; is a vertex cover of H. For the sake of
contradiction, suppose that there exists an edge e’ = {vq,...,vx} € E(H) and
an integer [ € [m] such that ¢’ n C; = @ holds. By definition of Cj, we have
that kf -x*(v;) < ¢; for every i € [k]. Tt implies that

k(m+1)
. Cil 92 m+1
¥ (v;) < — < < =1 (6.6)

contradicting the definition of x*.
Since each row of the matrix C'(k,m) is a permutation and by (6.5), we
have |[{j e [m] |ve C;}| < kf-z*(v) for every v e V(H). Consequently, we

deduce the following bound on the sum of the sizes of the sets Cj.

> Sma1) ') = L) (M) (67)

veV (H)

>, Icyl <
je[m]
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Since every C; with j € [m] is a vertex cover of H, we obtain the following.

k .
niiclietn)y ¢ 319 20T
ming|Cj| |7 € [m < — <
jefm] m
k 1
- —T*(%)(u_)
2 m
By letting m tend to infinity, the proof of Theorem 6.4.1 follows. ]

As we will see, the proof of Theorem 6.4.1 implies the existence of an
efficient approximation algorithm that on input of a k-partite k-hypergraph
H and its k-partition constructs a vertex cover with approximation ratio k/2.
Given the fractional solution z* : V(H) — [0,1] of LPg1, n = [V(H)| and a
positive integer ¢, we introduce the upscaled function x* : V(H) - [0,1]
defined by

2t (v) =] (z*(v)-n-t-3k) | (3k-t-n)™" for every ve V(). (6.8)

Furthermore, we set f = 3k-n-t in (6.3) and obtain m = 6k-n-t+ 1. For each
j € [m], we define the set C% = Z'EL[Jk] {veVi(H)|k-f-2*(v) > ¢y }. We present
the approximation algorithm for the VERTEX COVER problem in k-partite
k-hypergraphs given in Figure 6.2.

Algorithm Ag,
Input : (H,{Vi(H)|ie€[k]}), where H is a k-partite
k-hypergraph and {V;(#) |i € [k]} its k-partition.
Output: A vertex cover S of H.

begin
@® Compute the fractional solution x* of LPg; for H;
@ Compute C = {Cjt |je[6n-k-t+1]} with ¢ =2n;
® Let Cuin be the smallest set in C'
return Cp,;

end

Figure 6.2: Algorithm Ag o
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By using the construction given in the proof of Theorem 6.4.1, we are

going to prove the following statement.

Corollary 6.4.1
Let H be a k-partite k-hypergraph with k > 3 and {V;(H) | i € [k]} its k-
partition. Then, on input (H,{Vi(H) |i <€ [k]}), algorithm Ago constructs in

polynomial time a vertex cover of H with approzimation ratio at most k/2.

Proof of Corollary 6.4.1.

Let H be a k-partite k-hypergraph with & > 3 containing n vertices and
{Vi(H) | i € [k]} its k-partition. Furthermore, let 2* be the fractional solution
of LPg; for H. Let us fix a t € N. Note that for all £ € N and v € V(H), we
have that x*(v) < z'(v). By (6.6), we deduce that for every j € m, the set
C]t. is a vertex cover of H. By (6.7), we obtain the following bound on the

sum of the sizes of the sets C’;.

Z E(TTL+1)-J;75(U) < g(m+1)'T*(7-l)+n- k(m+1)

> 1l < m 1)
i e 2 2(3n-k-t)

Let C be a minimum vertex cover of H and C.,;, the set that was constructed
by algorithm Ag, on input (H,{V;(H) | ¢ € [k]}). Since 7%(H) is a lower
bound on the cardinality of |C|, the size of Cy;, can be bounded from above

as follows.

|Cmin| < Z

jelm]

T (H) + < |C]

6-t-m m

IC km+1 m+1 m+1(k 1)
< = : +—.
2 6t

m 2 m

Therefore, we obtain the following bound on the approximation ratio of al-

gorithm Ags.

cl S 2'm

E o1
+—|+= < —+-
2 6t 2t

Co| _ & 1(k 1) 1
6t

Since we have |Chpin|,|C| € N, |C| < n and ¢ = 2n?, we conclude that |Ciyial| <
(k/2)-|C|. Finally, we note that x* can be computed efficiently and the proof
of Corollary 6.4.1 follows. ]

Next, we will see that the bound given in Theorem 6.4.1 is tight.
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Integrality Gap of LPg;

We are going to describe the integrality gap construction of Aharoni, Holz-
man and Krivelevich [AHK96| for the linear program LPg; and present the

proof of the following theorem.

Theorem 6.4.2 ([AHK96|)

k
For every k > 3, the integrality gap of LPg1 is (5 - 0(1)).
Proof of Theorem 6.4.2.

Given a positive integer n, we are going to construct a k-partite k-hypergraph

‘H, for which the value of the LP solution yields an integrality gap of

nk k k k
e D) 5(“%) =5 o (69)

Let us start with the description of H. The vertex set V(#) of H is parti-
tioned into Vi (H), ..., Vi(H), where

Vi(H) ={y; | jelnl} oy | Le[nk+1]}. (6.10)

Before we specify the edge set of H, we define the LP solution. The LP values
of the vertices of H are given by x* : V/(H) - [0, 1] with

0
() = n—;, for all j € [n]
z*(y7) = 0, forallle[nk+1].

The set of edges of H is defined as the set of all possible edges with exactly
one vertex from each V;(#) and the property that the sum of the LP values

of the corresponding vertices is at least 1. Formally, we have

E(H) ={ ecV(H)

Vie[k]: lenVi(H)|=1and > z*(v)>1 } (6.11)

vee

Accordingly, we see that H is k-partite with {V;(#H) | i € [k]} being the
k-partition of V' (H). The value of the corresponding LP solution is

S = kY 2o (6.12)
jetm) Tk

veV
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Let V be a minimum vertex cover of H. In order to bound the size of the

minimum vertex cover from below, we note that the set
{veV(H)[z"(v) >0}

is a vertex cover of H with size nk. Thus, we have |V| < nk. Notice that for
any ¢ € [k], the vertices in {y2 | [ € [nk + 1]} have the same neighborhood.
Consequently, we may assume that y;; ¢ ‘7, as otherwise, V would include at
least nk + 1 such vertices.

For all i € [k], we introduce the index j(i) € [n]u {0} given by

> 0 if for all j € [n], z; €V,
J(2) = . (6.13)
max {j € [n]|z;; ¢V} otherwise.

Since V is a vertex cover of H and by definition of the indices j(7), we have

* . . L. nk’
ZU;]I (4}j) < 1implying ZU;]J(@) <5

On the other hand, it yields a lower bound on the cardinality of V given by

> (n=j(1)).
€[ k]

Combining the deduced facts, we attain

nk nk

V| > Y [n-j()] > nk:—‘z[]; j(i) > nk:—7 = —. (6.14)

ie[k] ]

By (6.12) and (6.14), we obtain the claimed integrality gap of LPs; in (6.9)
and the proof of Theorem 6.4.2 follows. [

Approximation Lower Bounds

Next, we are going to state some known hardness of approximation results
for the VERTEX COVER problem in k-partite k-hypergraphs. We start with

an inapproximability result due to Guruswami and Saket [GS10b].
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UG-Hardness

By applying the techniques of Kumar, Manokaran, Tulsiani and Vish-
noi [KMTV11] with a modification to the LP integrality gap construc-
tion due to Ahorani, Holzman and Krivelevich [AHK96|, Guruswami and
Saket [GS10b| gave an optimal inapproximability result for the VERTEX
COVER problem in k-partite k-hypergraphs. More precisely, they proved
that for all k£ > 3, it is UG-hard to approximate the problem to within any
constant approximation ratio less than k/2. Let us present the precise state-

ment.

Theorem 6.4.3 (|GS10b])
Let H be a k-partite k-hypergraph with given vertex partition and k > 3. For
every 6 > 0, the following is UG -hard to decide.

e Fvery vertex cover of H has size at least

T

o The size of an optimal vertex cover of H is at most

V()| (k(kl_ 5 +5).

Next, we are going to state the inapproximability result for the VERTEX
COVER problem in k-partite k-hypergraphs due to Sachdeva and Saket [SS11]

based on a weaker assumption.

NP-Hardness of Approximation

Sachdeva and Saket [SS11]| obtained a nearly optimal NP-hardness of approx-
imation result for the VERTEX COVER problem in k-partite k-hypergraphs.
It implies that it is NP-hard to approximate the VERTEX COVER problem
in k-partite k-hypergraphs to within any constant approximation ratio less
than (k/2 -1+ (2/~c)‘1). In more detail, they proved the following theorem.
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Theorem 6.4.4 ([SS11])
Let ‘H be a k-partite k-hypergraph with given vertex partition and k > 4. For
every 6 >0, the following is NP-hard to decide.

(i) Ewvery vertex cover of H has size at least
k-1
ol (Qk [2k+1] 5) '

(it) The cardinality of a minimum vertex cover of H is at most

1
|V(H)l((k— 1)(2k +1) +5)'

Dense k-Partite k-Hypergraphs

According to Theorem 6.4.3, it is UG-hard to approximate the VERTEX
COVER problem in k-partite k-hypergraphs to within any constant approxi-
mation ratio less than k/2. In this section, we investigate the approximability
of the dense version of the problem and design an approximation algorithm
for the problem with approximation ratio strictly less than k/2. On the other

hand, we give an optimal inapproximability result.

Our Contribution

By extending the approach for the VERTEX COVER problem in dense k-
hypergraphs in Section 5.5.3, we design an efficient approximation algorithm
for the VERTEX COVER problem in dense k-balanced hypergraphs with ap-

proximation ratio better than k/2. Let us formulate our first result.

Theorem 6.5.1
There is a polynomial time approzimation algorithm for the VERTEX COVER

problem in (g,0)-dense k-balanced hypergraphs with approximation ratio

k
k- (k-2)(1-e)F7
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Afterwards, we develop a technique for the extraction of a minimum ver-
tex cover of given k-partite k-hypergraphs. In particular, we design an ex-
traction algorithm that on input of a dense k-partite k-hypergraph H and
its vertex partition constructs a large part of a minimum vertex cover of H.

More precisely, we obtain the following result.

Lemma 6.5.1

Let H be an e-dense k-partite k-hypergraph with given k-partition {V;(H) |
ie[k]} and C a minimum vertex cover of H. There is an algorithm that on
input H and its k-partition computes in polynomial time a collection M of
subsets W; € V(M) such that the size of M is polynomial in |V (H)| and M
contains a set Sc € C with |Sc| > e+ |Vi(H)].

As a consequence, we obtain a lower bound on the size of a minimum

vertex cover of a given dense k-partite k-hypergraph.

Corollary 6.5.1
Let H be an e-dense k-partite k-hypergraph and s the cardinality of its smallest
partition. Then, the size of a minimum vertex cover of H is bounded from

below by (- s).

In addition, we construct a family of k-hypergraphs, for which the bound
in Lemma 6.5.1 is tight.

The mentioned extraction algorithm will play a key role in our improved
approximation algorithm for the VERTEX COVER problem in dense k-partite
k-hypergraphs. On the one hand, it achieves a better approximation ratio
compared to the approximation algorithm given in Theorem 6.5.1. On the
other hand, it is applicable to k-partite k-hypergraphs with given vertex

partition. Let us formulate the precise statement.

Theorem 6.5.2
There is a polynomial time approximation algorithm for the VERTEX COVER

problem in e-dense k-partite k-hypergraphs with approrimation ratio

L
2+(k-2)e’
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As for approximation lower bounds, we give an UG-hardness and a NP-
hardness of approximation result for the VERTEX COVER problem in dense
k-partite k-hypergraphs. In particular, we obtain the following hardness

result.

Theorem 6.5.3
For every k > 3, it is UG -hard to approximate the VERTEX COVER problem
in (g,0)-dense k-partite hypergraphs to within any constant approrimation

ratio less than

k
2(k-1)
2+ (m) (k-2)e

for every £ e [k—1].

In addition, we formulate the following conjecture about the approxima-
tion hardness of the VERTEX COVER problem in k-partite k-hypergraphs. It
implies the same inapproximability factor as in Theorem 6.4.3. But on the
other hand, by combining the approximation preserving reduction used in
Theorem 6.5.3 with Conjecture 6.5.1, we obtain an optimal inapproximabil-
ity result for the VERTEX COVER problem in dense k-partite k-hypergraphs.

Let us formulate our conjecture.

Conjecture 6.5.1
Let H be a k-partite k-hypergraph with given k-partition {V;(H) |i € [k]} and
k> 3. Then, for every 6 >0, the following is UG -hard to decide.

(i) Ewvery vertex cover of H has size at least

veol(;-9).

(it) The cardinality of a minimum vertex cover of H is at most
2
[V (H)| = +4]).

Assuming Conjecture 6.5.1, we give an approximation lower bound indi-

cating that further densification in the sense of (e, £)-density does not affect
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the approximability of the underlying problem in contrast to the VERTEX
COVER problem in (g,f)-dense k-hypergraphs. Let us formulate our inap-

proximability result.

Theorem 6.5.4
For every k > 3, it is UG -hard to approzimate the VERTEX COVER problem

to within any constant approximation ratio less than

_k

2+ (k-2)e
in (g,0)-dense k-partite hypergraphs for all € € [k — 1] assuming Conjec-
ture 6.5.1.

Based on Conjecture 6.5.1, we also give in Section 6.6.3 an optimal in-
approximability result for the VERTEX COVER problem restricted to nearly
regular k-partite k-hypergraphs

The Dense k-Balanced Case

We are going to design an approximation algorithm for the VERTEX COVER
problem in k-balanced hypergraphs with an approximation ratio better than
k/2. In particular, we are going to prove Theorem 6.5.1, which is restated

below.

Theorem 6.5.1
There is a polynomial time approximation algorithm for the VERTEX COVER

problem in (g,0)-dense k-balanced hypergraphs with approximation ratio

k
k- (k-2)(1-e)F7

In order to prove Theorem 6.5.1, we extend our approach for approximat-
ing the VERTEX COVER problem in dense k-hypergraphs in Section 5.5.3 to
the dense k-balanced case. Firstly, we design an approximation algorithm
that on input of a k-partite k-hypergraph H and a subset W of an optimal

solution of H constructs a vertex cover of H with approximation ratio that
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is parametrized by the cardinality of the set W. Secondly, we give an al-
gorithm that on input of a dense k-balanced hypergraph H extracts a large
subset of a minimum vertex cover of H. By combining the mentioned algo-
rithms, we obtain the desired result. Afterwards, in Section 6.5.3, we design
an improved extraction algorithm, which is applicable to dense k-partite k-
hypergraphs and extracts a larger part of a minimum vertex cover of the

input k-hypergraph.

Approximating the Remaining Instance

We present the approximation algorithm Ag 5 defined in Figure 6.3 that on in-
put of a k-partite k-hypergraph ‘H and a subset W of a minimum vertex cover
of H constructs a vertex cover of H with approximation ratio parametrized
by the cardinality of the set W.

Algorithm Ag3
Input : (H,{V;(H)|ie[k]},W), where H is a k-partite
k-hypergraph with given vertex partition {V;(H) | € [k]}
and W a subset of V(H).
Output: A vertex cover S of H.

begin
@ R« Vi(H);
@H < H[V(H)\\W];
@ 5"« A2 (M {Vi(H') | i € [K]});
@ Let S be the smallest set among R and S"uW;
return S;

end

Figure 6.3: Algorithm Ag;

We are going to prove the following lemma.

Lemma 6.5.2
Let H be a k-partite k-hypergraph with given k-partition {V;(H) |i € [k]}, C
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a minimum vertex cover of H and W a subset of V(H) with W nC| >4 -
\W| for some fized constant 6 € (2k~1,1]. On input (H,{V;(H) |i € [k]},W),
algorithm Ags constructs in polynomial time a vertex cover of H with ap-

proximation ratio
k

Wi

2+ (0k-2) TAED]

Proof of Lemma 6.5.2.
Let H be a k-partite k-hypergraph with given k-partition {V;(H) | i € [k]},

C' a minimum vertex cover of H and W a subset of V() with
2
W nC|>06-|W| for some constant ¢ € (E’ 1] : (6.15)

On input (H,{V;(H) | i€ [k]}, W), algorithm Ag3 constructs the remaining
k-partite k-hypergraph H’ defined by H' = H[V (H)\IW]. Let C’ be a mini-
mum vertex cover of H’. Due to Theorem 6.4.1, we are able to construct in

polynomial time a vertex cover S’ of H’ such that
! k !
1S < §|C’| (6.16)

holds. Then, algorithm Ag 3 returns S ¢ V(#H) being the smallest set among

WuS"and Vi.(H). Consequently, we may assume that we have
S| = min{|W oS, [Vi(H)[} < [Vi(H)I. (6.17)

Let us derive an upper bound on the cardinality of the produced solution
S. Since the size of the optimal solution C' can be bounded from below by
|IC| > |C nW|+|C’|, we obtain

SIS 151
Cl ~ [CaW]+|C|
15
P by (6.15
S+ (by (6.15))
k
T k-S-W[+klC] Bs
15
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By the choice of § (6.15), we have 0k —2 > 0. Consequently, we deduce that

K
o = W 2l5T (k- 2WI+ k10125
|5 S|
k
. . (by (6.17))
(5 2)|W|+ k- (|C’| -2 |s'|)
2+
S|
k
< o (by (6.16))
2+ (0k-2)—
S|
K
< i (by (6.17))
2+ (0k -2
O =2 Go
and the proof of Lemma 6.5.2 follows. [ ]

In the next section, we are going to define our first algorithm for the ex-

traction of a part of an optimal vertex given a dense k-balanced hypergraph.

Extracting a Part of a Minimum Vertex Cover

In order to provide the set W for algorithm Ag 3, we need to extract a large
part of an optimal vertex cover of a given dense k-balanced hypergraph.
Accordingly, we are going to define an algorithm for the extraction. As for

the first step, we prove the following lemma.

Lemma 6.5.3
Let H be an e-dense k-balanced hypergraph with given k-partition of the vertex
set {Vi(H) | i € [k]} and n vertices. Given a set B of [(1 -(1 —6)%)71/]{]—

heaviest vertices in V(H), then, all vertices v € B have degree in H at least

b) 2 (1--9%) (2)

Proof of Lemma 6.5.35.
Let H be a k-balanced hypergraph with given k-partition {V;(H) |i € [k]}. H
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contains n vertices and m edges, where due to our assumption on the density

of the hypergraph, we have that

m = |E(H)| > a(%)k (6.18)

Furthermore, let us denote by B the set consisting of some
1\ N . . .
[(1 - (1- 5)k) E] -heaviest vertices in V(H).

For the sake of contradiction, suppose the statement is not true. Then, the
number m of edges in H is strictly smaller than the number of edges in a k-
balanced hypergraph, in which all vertices of B have the maximum possible

degree and all the remaining vertices in V (H)\B have degree exactly

(1—(1—5)’21)(%)“.
Combining the bounds on the degree of the vertices, we attain that
(m1(3) () -0-0=1(3) )
(-e-ami )
" [% -(1-(1-9)) %] (1-(1-9)F) (%)H)
= (1-(1-9)%) (%)k +(1-e)t (1-(1-2)F) (%)k

O}

which is a contradiction with respect to (6.18). |

3
A

We are going to prove Theorem 6.5.1 and first consider the case £ =0. In
order to apply Lemma 6.5.2, we need to find a large subset W of a minimum
vertex cover.

The algorithm Ag 4 defined in Figure 6.4 returns a collection W of subsets
W; € V(H) such that at least one of them is contained in a minimum vertex

cover of H.
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Algorithm Ag 4

Input : (H,{V;(H)|ie€[k]}, ), where H is an e-dense k-balanced
hypergraph with given k-partition {V;(H) | i€ [k]}.
Output: A collection W of subsets of V (H).

begin
OW « &;
if (k=1) then
QW « { U e};
ecE(H)
return W;

else
® Find a set B consisting of some

[(1-(1-¢€)Y*)n/k]-heaviest vertices of H;
@W «W u{B};
foreach v € B do

k
® € « (1—(1—6)(k+1));

© W' < Asa(H(v), {Vi(H) | i € [k],0 ¢ Vi(H)}, €);
QW «W uW,
end
end
return W;

end

Figure 6.4: Algorithm Ag 4

We are going to prove the following lemma.

Lemma 6.5.4

Let H be an e-dense k-balanced hypergraph containing n vertices and given
k-partition {V;(H) | i € [k]}. In addition, let C be a vertex cover of H. On
input (H,{V;(H) | i € [k]},e), algorithm Ag4 constructs in polynomial time
a collection W = {W; c V(H) | i €[s]} of size s = O(nk) having the following
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properties.

(i) There exists j € [s] with W; c C.
1
(it) For allie€[s], we have |W;| > (1 -(1 —5)%) %

Proof of Lemma 6.5.4.

Let H be an e-dense k-balanced hypergraph with n vertices and given k-
partition {V;(#) | i € [k]}. Furthermore, let C' be a vertex cover of H. On
input (H,{V;(H) | i € [k]},e), algorithm Ag, returns a collection W of size
at most [V1[F = O(n*) in O(n*) time, which is polynomial since we assumed
k=0(1).

The first condition is verified by induction. If all vertices in B belong to C,
we have nothing to prove. Therefore, we may assume that there is a vertex
v e B and a b € [k] such that v € V,(H) and v ¢ C. Then, the algorithm
subtracts the whole partition V4 from V(%) and proceeds on the (k- 1)-
balanced hypergraph H(v) with (k — 1)-partition {V;(H(v)) | i € [k]\{b}}
and E(H(v)) = {e\{v}|veee E(H)}. A vertex cover of H must contain
a vertex cover of the (k- 1)-balanced hypergraph H(v) as otherwise, some
edges will not be covered. By induction, the recursive call returns a collection
of subsets of H(v) including a subset W/ contained in C'. The base case k = 1
is trivial.

We prove the second property by induction as well. Suppose that for a
fixed value of k, we have |W;| > (1 - (1-¢)Y*)(n/k) for all i € [s] and all k-
balanced hypergraphs. We now prove the property for k+1. By Lemma 6.5.3,
the recursive calls are performed on ¢’-dense k-balanced hypergraphs with
n—n/(k+ 1) vertices. Thus, by the induction hypothesis, the recursive call

returns a collection of sets W; of size

Wi (ol )< (oo

) (1_(1_5)ﬁ)(l£1)’

as claimed. The base case k = 1 is verified, as in that case the algorithm

=

kn
(k+1)k

returns at least en vertices. [ |
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When the given k-balanced hypergraph H is (e, £)-dense with ¢ > 0, it
is possible to extract an even larger part of a minimum vertex cover of H.
We present the extraction algorithm Ag s for the (&, ¢)-dense case with ¢ >0
defined in Figure 6.5.

Algorithm Ag 5
Input : (H,{Vi(H)|iec[k]}, e, ¢), where H is an (e,¢)-dense
k-hypergraph with ¢ > 0 and given k-partition

{Vi(#) i e [K]}.
Output: A collection W of subsets W; ¢ V(H).

begin
©W < {Vi(H) | i e[k]};

foreach S e {P € (V(Z_[)) ’ 3l € ([lz])w el:|V,nP|= 1} do
@ Let S={v;eVi(H)|iel};
® Define H' to be the (k - ¢)-balanced hypergraph with
vertex partition {V;(H) |7 € [k]\ I}, edge set
E(H')={e\S|SceeE(H)} and vertex set U V;(H);

ie[k\ T
@ W' < A a(H {Vi(H) | i € [KI\I},¢);
®W <« WuW
end
return W;

end

Figure 6.5: Algorithm Ag s

We are going to prove the following lemma.

Lemma 6.5.5

Let H be an (e,l)-dense k-balanced hypergraph with ¢ > 0, n vertices and
giwen k-partition {V;(H) | i € [k]}. Furthermore, let C' be a vertex cover of H
with k-|C| <n. On input (H,{Vi(H) |i€[k]}, e, l), algorithm Ag 5 constructs
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in polynomial time a collection of sets W = {W; € V(H) | i € [s]} of size
s =0(n*) having the following properties.

(i) There exists j € [s] such that W; is a subset of C.

(it) For all i€ [s], we have that
1
Wil > (1- =07 (3):

Proof of Lemma 6.5.5.

Let H be an (e,¢)-dense k-balanced hypergraph with ¢ > 0, n vertices and
given vertex partition {V;(H) |i € [k]}. By definition, there exists a I ¢ [k]
with |/| = £ such that for all subsets

Se {S' € (V(Z—[)) ‘ [VinS'| =1 for all i € I} sdy(S)>e- (%)k% (6.19)

holds. On input (H, {Vi(H) | i € [k]},e,£), algorithm Ag 5 finds in polynomial
time the set I of indices with the property (6.19) by exhaustive search. If
there is a ko € [k] with Vi, ¢ C, we are done. Otherwise, there is a set
Sc = {v € V; | iel} of £ vertices with Sc nC' = @. Let us consider the
(k — £)-balanced hypergraph H’ with vertex partition {V; | i € [k]\I} and
edge set E(H') = {e\S¢ | Sc cee E(H)}. Due to the property (6.19), we
know that #H’ is e-dense. In order to cover the edges in E(H’), there is a
vertex cover C’ of H’ that is also contained in C'. According to Lemma 6.5.4,
algorithm Ag 4 returns a set W = {W; € V/(H’) | i € [s]} on input H’ with the

following properties.
(i) There exists j € [s] such that W; is a subset of C".
1
(ii) For all i € [s], we have that [W;| > (1 -(1 —a)m) (%)

In particular, it implies that there exists a j € [s] with W; ¢ C. Further-
more, we know that algorithm Ag, constructs W in polynomial time and
s = O(nk‘e). By enumerating all O(n?) possibilities for S¢, we obtain the

result in O(n¥) time. n

We now give the proof of Theorem 6.5.1.
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Proof of Theorem 6.5.1

Let H be an (&, /)-dense k-balanced hypergraph with given k-partition {V] |
i € [k]} containing n vertices and C' a minimum vertex cover of H. In
order to prove our theorem, we are going to analyze algorithm Ag g given in
Figure 6.9. It combines both extraction algorithms providing a large part
W of a minimum vertex cover of a given dense k-balanced hypergraph H
with algorithm Ag 5. As we will see, we obtain in this way the approximation
algorithm for the VERTEX COVER problem in dense k-balanced hypergraphs

with the desired approximation ratio.

Algorithm Ag
Input : (H,{Vi(H) |iec[k]},e, (), where H is an (g, ¢)-dense
k-partite k-hypergraph with given vertex partition

{(Vi(H) i e [K]}-

Output: A vertex cover S of H.

begin
DS « g
if (¢=0) then
@ W « Asa(H, {Vi(H) |ie[k]},e);
else
@ W « Ass(H, {Vi(H) | i € [k]},&,0);
end
foreach W, ¢ W do
@ 5« As3(HAVi(H) | i [k]},W;);
®S§ «Sus;
end
® Let S be the smallest set in the collection S ;
return S;

end

Figure 6.6: Algorithm Agg
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Let us first consider the case £ > 0. On input (H,{V;(H) | i € [k]},¢,0),
algorithm Ag 5 constructs in polynomial time a collection W of subsets W; ¢
V(H). According to Lemma 6.5.5, W contains a set W, being included in
C'. In addition to that, the size of W; is at least

1
Wl > |CaW,| > (1—(1—5)m)%. (6.20)

For every set W; € W, algorithm Ags returns on input (H,{Vi(H) | i ¢
[k]}, Wi, t) in polynomial time a vertex cover S; of H. By Lemma 6.5.2, we

know that the size of the particular vertex cover S; of H is at most

1951 k
(PN 171
=)
. k
PR |17]
2+ (k 2)(n/k‘)
k
< - (by (6.20))
2+(k—2)(1—(1—5)ﬂ)
k

k- (k—-2)(1-e)F7

Since the algorithm Agg returns the smallest vertex cover among S; with
i € [s], we obtain the claimed result. Finally, we note that a similar argu-
mentation holds in the case ¢ = 0.

By Lemma 6.5.5, the number s of sets W; contained in W is O(nk)
Consequently, the running time of algorithm Agg remains polynomial and

the proof of Theorem 6.5.1 follows. ]

An Improved Approximation Algorithm

In this section, we are going to design an efficient approximation algorithm

for the VERTEX COVER problem in dense k-partite k-hypergraphs. It is
the first approximation algorithm for the VERTEX COVER problem in dense
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k-partite k-hypergraphs with approximation ratio strictly less than k/2. In
addition, it achieves a better approximation ratio than algorithm Agg given
in the previous section. In particular, we are going to prove Theorem 6.5.2

restated below.

Theorem 6.5.2
There is a polynomial time approzimation algorithm for the VERTEX COVER

problem in e-dense k-partite k-hypergraphs with approrimation ratio

kB
2+(k-2)e’

A crucial ingredient of the proof of Theorem 6.5.2 is Lemma 6.5.1, in
which we show that we can extract efficiently a large part of an optimal
vertex cover of a given e-dense k-partite k-hypergraph H with k-partition
{Vi(H) | i € [k]}. Moreover, we obtain in this way a constructive proof that
the size of a vertex cover of H is bounded from below by (& -|Vi(H)]).

The Improved Extraction Algorithm

We are going to define an improved extraction algorithm. On the one hand, it
extracts a larger part of a minimum vertex cover compared to algorithm Ago.
On the other hand, it can be applied to k-partite k-hypergraphs, whereas al-
gorithm Agg extracts only a large part of a minimum vertex cover if the
given hypergraph is dense k-balanced. Moreover, we are going to prove
Lemma 6.5.1.

Lemma 6.5.1

Let H be an e-dense k-partite k-hypergraph with given k-partition {V;(H) |
i€[k]} and C a minimum vertex cover of H. There is an algorithm that on
mput H and its k-partition computes in polynomial time a collection M of
subsets W; € V(M) such that the size of M is polynomial in |V (H)| and M
contains a set Sc € C with |Sc| > e+ |[Vi(H)].

We present our extraction algorithm for k-partite k-hypergraphs given in
Figure 6.7.
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Algorithm Ag

Input : (H,{V;(H)|ie€[k]}), where H is an e-dense k-partite
k-hypergraph with given k-partition {V;(H) |i € [k]}.
Output: A collection M of subsets W; ¢ V(H).

begin
if (k=1) then
O M « { U e};
ecE(H)
return M;

else

Vi (H)| ]
re { Wy (n) ]’

® Find a set {vy,..,v,} consisting of some p-heaviest vertices
of Vi,(H) with dy(v;) > dgy(viyq) for all i € [p-1];
@ M « {{uv, s Up b}
fori=1,...,pdo
® R« {v;|jeli-1]};
® W' < Aur(H(w:). {V;(H) | € [k-1]));
@M <« MuU{RuUS|SeM'};

end

end
return M ;

end

Figure 6.7: Algorithm Ag 7

Before we prove Lemma 6.5.1, we describe the main idea of the proof. We

denote by ny the cardinality of the set Vi(#H). Let C' be an optimal vertex

cover of H. For a p € [ng], let R = {vy,..,v,} be a set consisting of some

p-heaviest vertices of Vi(H) with dy(v;) > dy(vir1). Then, we argue that
either the whole set R is contained in C, or algorithm 447 finds the highest

degree vertex in R, say v,, with v, ¢ C. Clearly, we have {vy,...,v,1} € C.
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Accordingly, algorithm Ag; tries to obtain a large part of a vertex cover of
the v,-induced hypergraph H(v,). As we will see, H(v,,) is still dense enough
and algorithm Ag 7 returns a part of a vertex cover C’ of H(v,) with C’ c C'.
The union {vy,...,v,-1} UC’ yields a large part of a minimum vertex cover
of H.

Let us now turn to the proof of Lemma 6.5.1.

Proof of Lemma 6.5.1.

We will split the proof of Lemma 6.5.1 in several parts. In particular, we
prove that given an e-dense k-partite k-hypergraph H with n vertices and its
k-partition {V;(H) | i € [k]}, the algorithm Ag; produces a collection M of
subsets S € V(#H) having the following properties:

(i) For all vertex cover C' of H, there is a S¢ € M such that S¢ ¢ C.
(ii) For every S € M, the cardinality of S is at least [S| > &-|Vi(H)|.

(iii) The algorithm Ag; constructs M in polynomial time and the cardinal-
ity of M is O(n*).

Let us start with property (ii7).

(iii) We see that the size of M is bounded from above by [V;|F = O(n*). This
implies that the running time of Ag 7 on input #H is polynomial in n.

The properties (ii) and (7i7) will be proved by induction.

In the case (k=1), the set U e is by definition subset of every vertex
ecE(H)

cover of H. Since H is e-dense, the cardinality of |[E(#)| is bounded from
below by e - [Vi(H)].

We may assume that k& > 1 and the statement is true for all (k- 1)-partite
(k—1)-hypergraphs. Let H be an e-dense k-partite k-hypergraph, C a vertex

cover of # and {vy,..,v,} be a set consisting of some p-heaviest vertices of

Vi.(H), where
_ V(R
p = ’V Ty (1) ] . (6.21)
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Furthermore, we assume that dy (v;) > dy(vis1) for all i e [p—1]. If {v1,..,v,}

is contained in C', we have constructed a subset of C' with cardinality

(G0N | G
‘[wm]— O

i€[k]

Otherwise, there is an integer w € [p] such that R, = {vi,...,v,1} € C
and v, ¢ C. But this means that C' contains a vertex cover of the wv,-
induced (k - 1)-partite (k — 1)-hypergraph #(v,) in order to cover all edges
in {ee E(H) |v, €e}. By our induction hypothesis, algorithm Ag; returns
on input H(v,) a collection ]\7“ containing a set S, which is a subset of a
vertex cover of H(v,) and of C.

It remains to be proved that the cardinality of S, is large enough. More

precisely, we are going to prove that |S,| can be bounded from below by
1Sul > e+ [Vi(H)] - |Rul- (6.22)

Therefore, we need to analyze the density of the wv,-induced hypergraph
H(v,). The edge set of H(v,) is given by {e\{v,} | v, € e € E(H)}. Thus,

we have to obtain a lower bound on the degree of v, in H. Since we have

{eeE(H)|enRu=a}| < R [] Vi(H)I, (6.23)

ie[k-1]
the vertices included in Vi (#H)\ R, have an average degree in H at least

dy(v) 8'1& Vi(H)l-{e e E(H) |en Ry # 2}

veVi (H)\ Ru S ]
[Vi(H)\ Ry - Vi (H)\R.|
e TT Vi1 =R TT Vi(#)|
N ACHVAR (o (6250)

(e Ve(R)I- IR TT IVi(H)

ie[k-1]

>

132



6.5. DENSE £ -PARTITE £ -HYPERGRAPHS

Let ¥ be the heaviest vertex included in Vi (H)\R,. Then, ¥ must have

a degree in ‘H at least

(- Vil = IR0) T [V

le[k-1]
Accordingly, we deduce that the size of F(#(v,)) can be bounded from below
by

duy(7) >

(e- V()= 1R.)) TT Vi(#0)l

i€[k-1]
The vertex partition of H(v,,) is simply given by {V;(#) | i € [k-1]}. By our
induction hypothesis and by (6.24), the size of every set contained in M, is

[E(H(va))] 2

(6.24)

at least
(- V- 1D - TT Vi)
EGH0))] iy
T el 00 T T mer

By [Vio1(H)| > [Vi(H)|, we deduce the following lower bound on the size of
sets contained in Mu.

(e-WVe(R)I- IR T IVi(H)

ie[k-1]

(e [Ve(H)] - [Rul)

|vk(%)\Ru|’[H]|Vi(H)| Wi (0] > S ()
(e VeI~ |Rul) |
C w0
= e V()] - R

We obtain the claimed property (6.22). By combining the deduced facts, we
get that
[Ruu Syl 2[Rl + (e [Vi(H)[ = [Ru]) = - [Vi(H)].

Clearly, this argumentation on the size of R, u.S, can be applied to every

u € [p] and the proof of Lemma 6.5.1 follows. |

Before we present our polynomial time approximation algorithm for the
VERTEX COVER problem in dense k-partite k-hypergraphs, we prove that
the bound stated in Lemma 6.5.1 is tight.
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Family of Tight Examples

We are going to define a family of k-balanced hypergraphs and prove that
for each member of this family, the bound stated in Lemma 6.5.1 is tight.
Let us define the family of k-balanced hypergraphs.

Definition 6.5.1 (Family of k-balanced hypergraphs 7#7)

For every k € N, | € N and u € [l], we define the k-balanced hypergraph
H(k,l,e) with e =u/l and k-partition {V;(H(k,l,€)) | i € [k]}. Vi(H(k,l,€))
consists of the set of vertices {vy,...,v;}. For each u € [l], we introduce the
subset Vi' = {v1,...,v,} of Vi(H(k,l,€)). Then, the edge set of H(k,l,u/l)

s given by
E(H(k,Lufl)) = {{v',... 0"} |0t e Vi(H(k, Lu/l)),... 0" e V).
The family ¢ of k-balanced hypergraphs is defined as follows.
Hy = {H(k,l,%)‘keN,leN,ue[l]}
We are going to prove the following lemma.

Lemma 6.5.6

For every k € N, [ € N and u € [l], the algorithm Ag4 constructs on in-
put H(k,l,u/l) € 77 a collection M containing a minimum verter cover of
H(k,l,ufl) of size u.

Before we turn to the proof of Lemma 6.5.6, we display a member of the

family 7 in Figure 6.8.

Vk(H(kvlvg)) Vk—l(H(kvlvg)) ‘/2(7_[(]{:7[75)) %(H(l{,l,é‘))

Figure 6.8: Illustration of the k-hypergraph H(k,l,¢)
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Let us proceed to the proof of Lemma 6.5.6.

Proof of Lemma 6.5.6.
For a fixed p> 1, u € [p] and k > 2, we consider H(k,p,e) € #7 with € = u/ p.

First, we note that H(k,p,e) is e-dense, since we have

|E(,H(k7pa€))| — |Vk:u| _ g
I;[]I‘/j(%(k,p,ff))l Ve(H(E,p,e))l  p
Jelk

- . (6.25)

Then, algorithm Ag, returns a collection M including V. By (6.25), we

obtain

Y o= Vel € = e- €
Vel = (s Vi) = WG,

On the other hand, the remaining hypergraph H’ with vertex partition
{(Vi(H(k,p,€)), ..., Vi(H(k,p,€))\V;*} and edge set E(H') = {e € E(H) |
en V" = @} is already covered, since E(H’) is by definition of H(k,p,e) the
empty set. Therefore, Vi is a vertex cover of H(k,p,¢).

According to Corollary 6.5.1, every vertex cover of H(k,p,e) is bounded
from below by e-|Vi.(H(k, p,€))| implying that V;* must be an optimal vertex

cover. |

Let us now turn to the proof of Theorem 6.5.2.

Proof of Theorem 6.5.2

Let H be an e-dense k-partite k-hypergraph with given k-partition {V;(#) |
i €[k]} and C' a minimum vertex cover of H. The algorithm Agg defined in
Figure 6.9 combines the extraction algorithm Ag 7 to generate a large enough
subset W of a minimum vertex cover of H together with the algorithm Ag 3
that on input W and H constructs a vertex cover of H with approximation
ratio parametrized by the cardinality of W.

We present our polynomial time approximation algorithm for the
VERTEX COVER problem in dense k-partite k-hypergraphs given in Fig-
ure 6.9.
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Algorithm Agg
Input : (H,{V;(H)|ie€[k]}), where H is an e-dense k-partite
k-hypergraph and {V;(#) |i € [k]} the given vertex
partition of H.

Output: A vertex cover S of H.

begin
DS « ,
@ M « Asz(H, {Vi(H) | i € [k]});
foreach M e M do
® S« Ass(HAVi(H) | i € [k]}, M);
@S «Su{S}
end
® Let S be the smallest set in the collection S';
return S;

end

Figure 6.9: Algorithm Agg

The extraction algorithm Ag; constructs on input H and its partition
{Vi(H) | i € [k]} a collection M of subsets M ¢ V(H). According to
Lemma 6.5.1, there is a M¢ € M such that Mo ¢ C and |[Vi(H)| € < [Mq].
In addition, we know that the size of M is polynomial in |V (#)|. Then, we
apply algorithm Ags to every set in M together with H yielding a vertex
cover of . Due to Lemma 6.5.2, the size of the smallest vertex cover among

them, say S’, can be bounded from above by

k

15'] < .
| Mc|
2+ (0k - 2)—<L
OF =0
Since we have |M¢| < |[Mc n C| and |Vi(H)| - < |Mc|, we obtain
|S7| k k
o Vi(H) e = 2+(k-2)e
| 2+ (k-2)— A =
Vi(H)]
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and proof of Theorem 6.5.2 follows. ]

Approximation Lower Bounds

In this section, we study the approximation hardness of the VERTEX COVER
problem restricted to dense k-partite k-hypergraphs. We give an UG-
hardness and a NP-hardness of approximation result for the underlying prob-
lem. Furthermore, we propose a conjecture on the UG-hardness of approxi-
mating the VERTEX COVER problem in k-partite k-hypergraphs. Assuming

this conjecture, we obtain an optimal inapproximability result.

UG-Hardness

We construct an approximation preserving reduction from the VERTEX
COVER problem in k-partite k-hypergraphs to the dense version of the prob-
lem. By densifying hard instances given in Theorem 6.4.3, we are going to

prove the following UG-hardness result.

Theorem 6.5.3
For every k > 3, it is UG -hard to approximate the VERTEX COVER problem
in (g,0)-dense k-partite hypergraphs to within any constant approrimation

ratio less than

k
2(k-1)
2+ (m) (k-2)e

for every £ e [k—1].

Proof of Theorem 6.5.35.

Let us first concentrate on the e-dense case. Afterwards, we extend the
range of . As starting point of our reduction, we consider the k-partite
k-hypergraph H given in Theorem 6.4.3 and construct an e-dense k-partite
k-hypergraph H’ by adding a k-partite clique K of appropriate size to H.
Recall that according to Theorem 6.4.3, for every § > 0, the following two

cases (7) and (7) of the promise problem are UG-hard to decide.
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(i) Every vertex cover of H has size at least

(i1) The cardinality of a minimum vertex cover is at most

|V(H)|(ﬁ+5).

We start with the description of H'. Let {V;(H) | ¢ € [k]} be the given k-
partition of H. The i-th partition of the clique K is denoted by V;(K). Then,
we join the set V;(K) of

(=) mcol (6:26)

1-¢
vertices to V;(H) forming the set V;(H’) for every i € [k]. Consequently, we
obtain
V! = GOl = (£=)Ivelorallie [k, (627)

Then, we add all possible edges e to E(H') with the restrictions |e| = k,
Vi(K)ne+ @ and enV;(H') # @ for every i € [k - 1].
Let us now analyze how the size of a vertex cover of ‘H transforms. The

cases (i) and (77) from Theorem 6.4.3 transform into the following. For every
d >0, it is UG-hard to decide which of the cases (éi7) and (iv) hold.

(i77) Every vertex cover of H' has size at least

|V<H>|( ! -5)+ LAY

2(k-1) l-¢ &k

(iv) The cardinality of a minimum vertex cover is at most

IV (H)] ( L, 5) . ; |V’f§j‘)|

k(k—-1) 1-¢

Let us introduce n = |[V(H)|. It implies that for every § > 0, it is UG-
hard to approximate the VERTEX COVER problem in e-dense k-partite k-
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hypergraphs to within any constant approximation ratio less than R(J),
where R(9) is defined as follows.

n( 1 5)+ e Vi(#)

Co\2(k-1) l-¢ &
Y B S W 1]
"\kk-1) - &

Due to our assumption on the sizes of the k-partitions {V;(H) | i € [k]}, we
have k- |Vi.(H)| < n. We are going to deduce a lower bound on R(9).

(1-¢)n en (1-e)k 2e(k-1)
RE) » T A ) 2(k—1)k+2k(k—1)_6,
N (1—5)n+5(1_€)n+5_n l-¢ +5(k5—1)
k(k-1) k (k-1k k(k-1)

k—ck + 2k - 2¢
o 2(k-DE k(-2
~ l-c+ek-¢ T 2(1+ (B-2)e)
(k-1)k
_ k _ 5
— 2k(1+ (k-2)e)
k+(k-2)e

The last term can be simplified in the following way in order to obtain the

desired inapproximability factor.

k 5 k _
2k(1+ (k-2)e) 2k +2(k-2)e+ (2k-2)(k-2)e
k+(k-2)e k+(k-2)e
_ k Y
9. (2k -2)(k-2)e
k+(k-2)e
- k Y
o4 2(k-1)(k-2)e
k+(k-2)e

Finally, we have to verify that the constructed k-partite k-hypergraph H' is
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indeed e-dense.

(L0 11w :

[EG) 1= /il i - .
[TV ( elVie(H)| oy (1—6 € )
i<kl Ve(l+ =52 ie[Iil]M(H ) ¢ 1-¢

Note that the constructed k-partite k-hypergraph is also (&, ¢)-dense for all
¢ > 0. Hence, we obtain the same inapproximability factor for those cases

finishing the proof of Theorem 6.5.3. ]

An Optimal Inapproximability Result

Next, we combine the former construction with a conjecture on the UG-
hardness of the VERTEX COVER problem in k-partite k-hypergraphs. In

particular, we postulate the following.

Conjecture 6.5.1
Let H be a k-partite k-hypergraph with given k-partition {V;(H) |i € [k]} and
k> 3. Then, for every 6 >0, the following is UG -hard to decide.

(i) Every vertex cover of H has size at least
veol(;-9)
k: .
(it) The cardinality of a minimum vertex cover of H is at most
2
V(5 +6)-

Combining Conjecture 6.5.1 with the construction in Theorem 6.5.3, it
yields the following inapproximability result, which matches asymptotically
the approximation upper bound achieved by our approximation algorithm
described in Section 6.5.3. In addition, it indicates that further densification
in the sense of (e, /)-density does not affect the approximability of the un-
derlying problem in contrast to the VERTEX COVER problem in (e, ¢)-dense
k-hypergraphs.
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We now prove Theorem 6.5.4 restated below.

Theorem 6.5.4
For every k > 3, it is UG -hard to approximate the VERTEX COVER problem

to within any constant approximation ratio less than

L
2+ (k-2)e

in (g,0)-dense k-partite hypergraphs for all € € [k — 1] assuming Conjec-
ture 6.5.1.

Proof of Theorem 6.5.4.

Let us consider the k-partite k-hypergraph H from Conjecture 6.5.1. Then,
we fix a constant € € (0,1). Assuming Conjecture 6.5.1, the following promise
problem is UG-hard to decide.

(i) Every vertex cover of H has size at least
V@l (3-9)
k: .
(i7) The cardinality of a minimum vertex cover of H is at most
2
Vol (4 +9).

Utilizing H as a hard instance combined with the construction in Theo-
rem 6.5.3, we obtain the k-partite k-hypergraph H’, for which the following
is UG-hard to decide for every ¢ > 0.

(i7i) Every vertex cover of H’ has size at least

VEOl(5-8)+ = Vo

1

(iv) The cardinality of a minimum vertex cover of H' is at most

VOOl (15 +6)+ 1= VAL
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Let us denote n = |[V(H)|. It implies the UG-hardness of approximating
VERTEX COVER problem in e-dense k-partite k-hypergraphs for every 6 >0

to within

1 1
n(_—5)+i.|vk(%)| n(——é)(1—5)+€—n
k 1-¢ k k n
2 € - 2 en by Vil < k
n(ﬁ+5)+1_5'|‘/k(%)| n(ﬁ+5)(1—5)+?
k—-5(1-¢)k?
2(1-¢)+0(1-e)k?+ ke
k
= —— 4.
2+ (k-2)e
Finally, we note that the resulting k-partite k-hypergraph H’ is (g, ¢)-dense
for all e[k -1]. u

NP-Hardness of Approximation

Combining our reduction from Theorem 6.4.3 with the hard instance given
in Theorem 6.4.4, we are going to prove the following NP-hardness of ap-

proximation result.

Theorem 6.5.5
For every k > 4, it is NP-hard to approximate the VERTEX COVER problem
in (e,0)-dense k-partite k-hypergraphs to within any constant approrimation

ratio less than
(k-=1+3e(k+1))(k-1)

2(k +£(2k2 — 2k - 1))

for all ¢ € [k-1].

Proof of Theorem 6.5.5.
Let us consider the k-partite k-hypergraph H with n vertices constructed in
Theorem 6.4.4, for which the following two cases (i) and (i7) are NP-hard
to decide for every o > 0.

(i) Every vertex cover of H has size at least
k-1
Vv — 4.
V) (2k(2k 1) )
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(i1) The cardinality of a minimum vertex cover of H is at most

1
V)l ((k— )2k +1) +5) '

Let us fix a constant € € (0,1). Utilizing X as a hard instance combined

with the construction in Theorem 6.5.3, we obtain the e-dense k-partite k-

hypergraph H', for which the following is NP-hard to decide for every ¢ > 0.

(i71) Every vertex cover of H’ has size at least

|v<%>|( k-l

(2 +1) 5) t Ol

(iv) The cardinality of a minimum vertex cover of H' is at most

V{3)l ((k - 1)1% A 5) ’ 1L—5 V()L

It implies the NP-hardness of approximating the VERTEX COVER problem

in e-dense k-partite k-hypergraphs for every ¢ > 0 to within any constant

approximation ratio better than R(J), where R(J) is defined as follows.

VOOl g5y -0 7oz W)

1 €
1% ol+—-V,
The inapproximability factor R(J) can be simplified in the following way.

R(8) = (6.28)

(E-1)(1-¢) L€
2k(2k+1)  k
1-¢ €
-D(k+1) &

k-1+3e(k+1)
2k(2k+1)(1-¢)
k+e(2k?-2k-1)
(1-e)k(k-1)(2k+1)
(k-=1+3e(k+1))(k-1)
2(k+e(2k2 -2k -1))
Finally, we note that the constructed k-partite k-hypergraph is (e, ¢)-dense
for all £ €[k -1]. m

R(6) _

-

4
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Nearly Regular k-Partite k-Hypergraphs

In this section, we extend the range of the density of the considered k-
hypergraph and investigate the approximability of the VERTEX COVER prob-
lem in nearly regular k-partite k-hypergraphs. Especially, for subdense and
mildly sparse instances, we design a randomized approximation algorithm
with approximation ratio strictly less than k/2 running in polynomial and
quasi-polynomial time, respectively. On the other hand, we obtain a hard-
ness of approximation result for the problem proving the optimality of the

approximation ratio of our algorithm based on Conjecture 6.5.1.

Contribution

By combining the techniques developed in Section 5.6.3 for the VERTEX
COVER problem in nearly regular k-hypergraphs with a new method called
randomized bucketing extraction, we design a randomized approximation
algorithm with approximation ratio strictly less than k/2 and running time
depending on the density of the nearly regular k-hypergraph. More precisely,

we prove the following theorem.

Theorem 6.6.1
For every € > 0 and k > 3, there is a randomized approximation algo-
rithm which computes a vertex cover for a given r-nearly reqular k-partite
k-hypergraph H with n vertices and given k-partition with approximation ra-
tio

k
in poly(n) exp [O( Wy(n))] time.

€

The crucial ingredient of our approximation algorithm is the randomized
bucketing extraction method which could be also applicable to related cov-
ering problems with density constraints.

As for lower bounds, we obtain a tight approximation hardness result
proving the optimality of the approximation ratio of our algorithm under

Conjecture 6.5.1. Let us formulate the precise statement.
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Theorem 6.6.2
For every k > 3, it is UG -hard to approximate the VERTEX COVER problem
in r-nearly reqular k-balanced hypergraphs with |E(H)| = Q(n¢) for everye >0

to within any constant approximation ratio less than

L
2+ (k-2)-r

assuming Conjecture 6.5.1.

The Randomized Bucketing Algorithm

This section is devoted to the proof of Theorem 6.6.1. For this reason, we
first introduce the notation that will be needed and give a high level view of
the proof of Theorem 6.6.1.

Conventions and Outline of the Proof

Similarly to the approach developed in Section 5.6.3 for the VERTEX COVER
problem in nearly regular k-hypergraphs, we iteratively remove small subsets
of a minimum vertex cover of a given nearly regular k-partite k-hypergraph.
However, the randomized extraction technique used in Section 5.6.3 cannot
be applied successfully and we have to establish a more sophisticated method
to overcome this problem. We propose the randomized bucketing extraction
method which will be described later on.

Starting with a r-nearly regular k-partite k-hypergraph H, we first it-
eratively remove and collect vertex subsets until a sufficiently small set of
vertices remain. Let us first suppose that at every iteration ¢ of the algo-
rithm, we are able to guess a sufficiently large subset of an optimal solution
of the current k-partite k-hypergraph H;. This subset of vertices is removed
together with the edges that they cover to form H;,;. We will see in the next
subsection how we can sample the set M computed by the improved extrac-
tion algorithm in Section 6.5.3 to perform this guessing step efficiently. The
union of the removed sets will form the set M allowing us to use Lemma 6.5.2.

All in all, we aim at obtaining a subset M of a minimum vertex cover of H
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having cardinality approximately r - [Vj,(H)].
Letting H; be the k-partite k-hypergraph considered at the ¢-th step
(H1 = H), we denote by n; its number of vertices, by E(H;) its edge set.

Furthermore, we define the parameter ¥;(n;) as follows.

Wi(n;) = ( I1 |V}(’Hi)|) (E®:))™
Jjelk]
We denote by {V;(H;) | j € [k]} its given vertex partition and introduce the

parameter s; defined below.

si=ni= (L=m)Va(Ha)l = 2 [Vi(Hs)]

je[k-1]

In the case s; = 0, we obtain that

ni=(1=r)[Vil+ > [Vi|=n;=n-r[Vi.
ie[ko1]
Since n — n; is the size of the extracted set M, s; can serve as a measure
of progress of the procedure. At every step, we remove «|Vi(H)|/¥x(n)
vertices until s; < a|Vi(H)| for a small constant « > 0 specified later on.
Thus, at the end of the procedure, we will have s; < «a|Vi(H)| implying

|M| > (r - a)|Vi(H)|. We now show that we can always find a set of this size

contained in a minimum vertex cover.

Randomized Bucketing Extraction

By utilizing our randomized bucketing extraction method, we turn algorithm
Ag 7 into a randomized version for extracting a part of a minimum vertex
cover of a given k-partite k-hypergraph while introducing only a constant
number of candidate sets. In order to define the method and describe our
algorithm, we are going to introduce some notation.

For a fixed integer k > 2, we introduce for every constant v € (2/3,1) the
scaled probability ((v) € (2/3,1) defined as follows.

(o) = 1-22 (6:29)
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For a given set of vertices, we are going to introduce the corresponding buck-
ets. Let B; = {vy,..., v} be a set of ¢ vertices of a given k-hypergraph H. For
every [ € [t] and q € [f] with f = [t-l‘lj, we introduce the set B;;(q) € By,
where

Bii(q) = {vj|je{l+(g-1)-L....0+(¢g-1)-1}}.

Furthermore, we define B,%(0) = @. For every ¢ € [f], we introduce the set
B(q) and By, (f +1) given by

BtJ,rl(CI) = 'L[J] Bt,l(i) and Bt,l(f +1) = B\ BtJ,rl(f)'

For every t € N and ~ € (2/3,1), we define the interval length L(¢,7) and the

number of intervals n(t,v) by

L(t,v) = max{1,[t(1-{(y))]|} and n(t,v) = [ w , respectively. (6.30)

t
L(t,7)
Finally, for every k > 2 and 7 € (2/3,1), we introduce the sample size S ()

defined as follows. )
log (1 — A (k=1)" )

log(¢(7))

Before we define the algorithm for the extraction, we describe briefly the

Sk (7) = (6.31)

main idea of the method. Let H be a dense k-partite k-hypergraph and C' a
minimum vertex cover of H. Recall from algorithm Ag; that for a given set
of vertices R, € Vi (H) with R, ¢ C, we had to find the highest degree vertex
v e R, with v ¢ C. This task was accomplished by exhaustive search. As
we want to decrease running time, we will solve this problem approximately.
We divide the vertices in R, into disjoint buckets B; ¢ R, according to their
degree in H. For a constant 5 € (0,1), we have either |R,nC| > B|R,| or there
is a bucket B; with |B; n C| < 8|B;|]. In the latter case, we have to find the
bucket By with the highest degree vertices and |By n C| < 5| Bg|. Then, we
have [(ByU...By1)nC| > f|B1U...By_1| and we can choose a vertex v € By,
such that v ¢ C' with probability at most (1 - ).

We present the randomized extraction algorithm defined in Figure 6.10.
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Algorithm Ag

Input : (H,{Vi(H)|ie€[k]},t,7,0,5 (7)) with k-partition
{Vi(H) |i€[k]}, where H is a k-partite k-hypergraph,
t e N with ¢ <|[Vi(H)|/Yx(n), ve(2/3,1), l € N with
[ < L(t,v) and S () the sample size.

Output: A collection W of subsets W; ¢ V (H).

begin
OW « g
if k=1 then
@ Find a set A ¢ Vi1(H) containing ¢ arbitrary vertices of H;
@ W « {4};
return W;

else
@ Find a set {vy,...,v;} containing t-heaviest vertices of

Vi(H) with dg(v;) > dy(viyq) for all i e [t -1];
® By« {v1,...,0};
® W « W u{B};
t
2s<[i}
foreach ¢ ¢ [f] do
fori=1,...,5.(y) do
Choose v; € By ;(¢) uniformly at random;
© W'« Asao(H(v5),t = (j = 1),7: 1,3k (7))
©W «W U{{vl,...,vj_l}UA|A€W’};
end
end
end
return W;

end

Figure 6.10: Algorithm Ag
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We are going to prove the following lemma.

Lemma 6.6.1

Let H be a k-partite k-hypergraph with given k-partition {V;(H) | i € [k]},
C' a minimum vertex cover of H, t € N with t < |Vi,(H)|/W(n), | € N with
[ < L(t,y) and a constant vy € (2/3,1). On input (H,t,7,1,38k (7)), algorithm
Ag.10 constructs in polynomial time a collection W of subsets W; ¢ V(H)

with the following properties.
(i) Every W; e W has size [W;| =t.
(ii) There is a W; € W with |W; nC| > -t with probability at least .

(i1i) The cardinality of W can be bounded from above as follows.

i< ([ s )

Proof of Lemma 6.6.1.

Let H be a k-partite k-hypergraph with given k-partition {V;(H) | i € [k]}
and C' a minimum vertex cover of H. Furthermore, we fix a constant v €
(2/3,1), t € N with

()]
~ Wu(n)
and [ € N with [ < L(t,7). Let B, = {v1,...,v;} be a set containing t-heaviest
vertices of Vi(H) with dy(v;) > dy(vis1) for all @ € [t — 1]. Notice that
by definition of {(v) in (6.29), we obtain () > 7. Due to step ® in the
description of algorithm Ag 19, we have that B; € W . Consequently, in the

t (6.32)

case, in which we have |B;nC| > {(7)-|Bt| > v-|B:|, we have nothing to prove.

Since we may assume that |B; n C| < ((7) - |By| holds, there is an integer
u' € [n(t,y)] with |B(u') n C| < () - |Bei(u')]. Let u € [n(t,7)] be the
smallest index in [n(t,7)] with the property

|Bri(u) 0 Cl< C(7) - [Braw)l. (6.33)

By the definition of u, we obtain the following.

1B, (u-1)nC|= | [Bu(i)nC|>¢(v)-

te[u—1]

U Bui(4)

ie[u—1]

=¢(7)|B(u-1)|
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Let By(u) be given by By, (u) = {z,...,y} with dy(y) < dy(v) for all
v € Byy(u). In the worst case, there is no vertex in By;(u) that is also
contained is C'. In addition to that, in step ® in the description of algorithm
Ag.10, we choose the vertex y. By ‘Btfl(u— 1)n C" > () - ‘Btfl(u— 1)‘ and
Bi(u) nC = @, we obtain

L)+ (1=¢() - |Bi(u=1)| 2 [Bu(u)\C|+[Bj(u=1)\C|  (6.34)
after one iteration. We are going to prove that it is possible to extract
=t —|B/(u)| + 1 vertices of C\B/(u) by proceeding on the (k - 1)-partite
(k: - 1)—hypergraph H(y). For this reason, let us analyze the density of the
hypergraph H(y). The degree of y in H is at least

Vi (1))
(-1
Pl — ( | M(%)I)-

Ve(H)| - |Btfl(u)| je[k—1]
This implies that the density of the hypergraph #(y) is bounded from below
by

G
(G- i1

(Vi) - 1B (w)] + 1)
By the definition of H(y), there is a vertex cover C,, of H(y) that is contained

in C. Since we want to extract ¢’ =t — [B/(u)| + 1 vertices from V(H(y)),
we have to prove that |Cy| > ¢. According to Lemma 6.5.1, the size of C,, is
bounded from below by the product of the density of #(y) and the cardinality
of Vi_1(H(y)). Consequently, we obtain

LACN R
lIf ( ) t,l ‘
O > S M (o))
OOl Bl 1
ORI
> W B V)
Vi(H)) .
> qu( ) |Btl( )| 1
> t—|Bt’7“l(u)|+1.
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Thus, by recursively removing vertices from H, algorithm Ag 19 constructs a
collection W of subsets W; € V(H) each having size t.

We are going to prove that there is a W, € W such that [W,;nC| > t-y with
probability at least v. Let us first suppose that we obtain in each iteration
a vertex u ¢ C. By (6.34), after (k- 1) iterations, we have extracted at least
one set W, e W including at most (k- 1)L(t,v) + (1 - C(7))t vertices that

are not contained in C. Note that

(k=D (A =¢Mt]+ (A=)t
k- (1=¢(n)t.

By the definition of {() in (6.29), we deduce that k- (1-{(y))t<(1-7)-t
implying |W; nC| >~ -t.

(k=1)L(t,7) + (1 =)t

IN

Next, we are going to prove that the probability of extracting a subset
of C having size at least -t is at least v. By (6.33), the probability that a
random vertex of By ;(u) belongs to C is at most ((y). Thus, with probability
at least 1 - (C(7))% (), we get a vertex y ¢ C' in the selected sample, and C
must contain a vertex cover of the (k - 1)-partite (k - 1)-hypergraph H(y)
defined by y. By iterating this step at most (k- 1) times, we get in worst
case that the probability is at least

(1-cn B s,

due the definition of S (7).

Finally, we will bound the size of the collection W . Since we generate
at most [t/l| buckets together with a set consisting of the union of all in
each iteration created buckets and choose randomly 3, (+y) vertices from each
bucket, the size of W can be bounded from above by ([t/l]-5; (7)+1)*"1. Due
to the choice of the parameter values, we deduce that W can be constructed

efficiently and the proof follows. [ ]

Deriving a Uniform Lower Bound

Due to the previous lemma, we are able to extract efficiently a large part of a

minimum vertex cover of a given k-partite k-hypergraph #; while introducing
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only a constant number of candidate sets. Unfortunately, the number of
extracted vertices depends on the density of H; and cardinality of Vi(H;).
As both could decrease in the extraction process, we want to deduce a lower
bound on the number of extracted vertices of algorithm Ag 1o in terms of the
density and number of vertices of the original k-hypergraph. More precisely,

we are going to prove the following lemma.

Lemma 6.6.2
Let H be a r-nearly regular k-partite k-hypergraph with n vertices, given k-
partition {V;(H) | i € [k]} and mazimum degree Ay. For a constant o€ (0,7),
let V; be a subset of V(H) with |Vi| < (r — a)|Vk(H)|. For every k-partite k-
hypergraph H; defined by H; = H[V(H)\V:] with n; vertices, the following
wmequality holds.
Vi@l o Vi(H)]

Proof of Lemma 6.6.2.
Let H be a r-nearly regular k-partite k-hypergraph with n vertices and given
k-partition {V;(H) | i € [k]}. We fix a constant o € (0,7) and a subset
V; € V(H) with |V;| < (r—a)|Vi.(H)|. Then, we define H; by H; = H[V (H)\V;]
with [V (#H;)| = n;. Furthermore, we introduce the parameter s; defined as
follows.

si = ni=(L-n)Vi(H)| - Y [Vi(H)| (6.35)

ie[k-1]
First of all, we will bound the number of edges of the k-hypergraph from
below and prove that |E(H;)| > s; - Ay holds. For this reason, we in-
troduce the k-partite k-hypergraph #H' defined by V(H') = V(H) and
E(H'") = E(H)\E(H;). As by definition all the vertices of H; form an in-
dependent set in ‘H’, the size of an maximum independent set of H is at least
n; = s+ (1=r)|Vi(H)| + % ]|Vz(7-[)| According to Lemma 5.6.4, we know
je[k-1

1€E|R—

that the number of edges of H’ is bounded from above by

Ay (n - (si CEBIACHEEDS yvi(%)\)) = Ay (r|[Vie(H)| - 85).

1€[k-1]
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Consequently, the number of edges of H; can be bounded from below by

[E)] = [E@)| - [E(H)]

v

- Dgy - [Vie(H)| = A (r - [Ve(H)| = s3)

= AHSz

Combining the deduced facts, we conclude that

Ve(Ho)l - _ [EH)IVE(FH)] | A si- [Vi(Ho)l
W, (ni) - si si [[IV;(H)l s [T IVi(Ho)l
Jelk] je[k]
S Ay N [E(H)|
- [1;[1] Vil V(H)I [131] Vi (o)
_EGOL L
III]H/j(H)' W3 (n)
jelk

By the definition of H;, we get n; > |V(H)| - (r — «)|Vk(H)| implying the

following.

= s (D)= 3 V)
> VOOl- (= )R] - 1=Vl 3 K
> o Vi(H))

In conclusion, we derive the following inequality finishing the proof.

Ve(HIl s Vi (H)

N 1G]

Thus far, we are ready to give the proof of Theorem 6.6.1.

Proof of Theorem 6.6.1

Let ‘H be a r-nearly regular k-partite k-hypergraph with given k-partition
{Vi(H) | i € [k]} and n vertices. Given H, for every constant o € (0,7), we
define the number of iterations Ty («), where Ty () = [(r/a—-1) ¥y (n)].
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We now present the approximation algorithm for the VERTEX COVER
problem in nearly regular k-partite k-hypergraphs defined in Figure 6.11.

Algorithm Ag i,

Input : (H,r,{Vi(H)|ie€[k]},e), where H is a r-nearly regular
k-partite k-hypergraph with k-partition {V;(H) |i € [k]}
and € > 0 a constant.

Output: A vertex cover W of H.

begin
1 ¢ r
@® § < min{ =, — «1-9, a« —;
— mm{:%’é%/lc?}’7 R
QW « @, 7 « {H}, A"V « &
|Vk(%)q
@t |a-——=| 1< L(t,v);
{ Try(n) (t,7)

for j=1,...,T4(«) do
foreach H' e 77 do
® C « Agao(H' AVi(H') i € [k]},£,7,1,5k (7))
® Hnew « gpmew U {H[V(H)\C]| CeC};
end
® et « pfnew .
@ A"« @,
end
foreach H; € 7% do
W Ass(H, {Vi(R) | i e [k]}, V(H)\V (H:));
OW «W u{W},
end
Let W be the smallest set among W,
return W;

end

Figure 6.11: Algorithm Ag 1,

In each iteration, we apply algorithm Ag 19 to the actual k-hypergraph
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‘H; in order to extract a part of a minimum vertex cover of H. According
to Lemma 6.6.2, for a small enough constant a > 0 specified later on, the
number of extracted vertices is at least « - |[Vi(H)|/W3(n) provided that s; >
a|Vi.(H)| holds. Then, the number of required iterations in order to extract
(r — a)|Vi(H)| vertices is

a- !Vk(’H)I)_l

Wy (n) - [(g—l)wm]. (6.36)

Tu(a) - [(r—a»vk(w(

Let us fix a constant € > 0. Then, we determine the values of the parameters

0,7, and « as follows.

r

S m— 6.37
9-07%+1 (6.37)

5zmin{%,$},’y: 1-9, and o =
Let ij‘wt be the collection of k-hypergraphs constructed by algorithm Ag 1,
after j iterations, where j € [T (a)]. For each H; € 5**, we consider the set
Wi defined by Wj = V(H)\V(H;). We see that Ag 1, performs a exploration
of a search tree branching on every subset W in the collection of candidates
{WiuC|Ce C = As10(Mi, {Vo(Hy) | s € [K]},t,7, 1,5, (7)) }. A root-to-leaf

path in this tree yields a set W} defined as the union of all the candidates

Ty (a)
selected along the path. We now prove that this search tree contains a path

yielding a suitable set W with probability at least 3/4.

Ty (o)
Let C' be a minimum vertex cover of H. We are going to prove that

for every p € (0,1), algorithm Ag 17 constructs a set W containing (r —

Ty (a)
a)|Vi(H)| vertices such that |WI€H(Q)HC’| > (1—p)-72-|W7‘iH(a)| with probability

at least )
1—exp [—\I/H(n)(r/oz - 1)7%] . (6.38)

For each ¢ € [Ty ()], we introduce the random variable X; € {0,1}, where
X; =1 corresponds to the event of extracting at least v-a-|Vi(H)|/ ¥y (n) ver-
tices of C'in the i-th iteration of algorithm Ag ;. According to Lemma 6.6.1,
we know that Pr(X; =1) > . By letting

X= 3 x, (6.39)
ie[ T (e)]
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we define T3 («) independent poisson trials with expected value

E[X] > TH(Q)'7=(£—1)'7"1’H(H)

Since we extract at least v- - |Vi(H)|/ W3 (n) vertices of C' in every iteration

with probability at least v, the expected number of vertices of W¢, that

Ty ()
are contained in C' is

5(x) -0 150

By using Chernoff bounds, we derive the claimed statement given in (6.38).

> (r-a)-7?|Vi(H)|

In particular, by setting p = d, we obtain a set W§, containing at least

Ty ()

(1=0)7*(r = a)[Va(H)| (6.40)

vertices of C' with probability at least

52
1 -exp [—\I/H(n)(r/a - 1)77] > 1-exp[-3] > 2 : (6.41)
By using (6.40) and the parameter values, the cardinality of I/Vj‘iH (@ " C' can

be further simplified in the following way.

W yNCl = (1=8)y2(r - a)|Vi(H)|
> (1-0)3(r-a)-|Vi(H)|
> (1-3-0)-(r-a)-|Vi(H)]

Let W be the smallest vertex cover among all by algorithm Ag 3 constructed
vertex covers. Since we apply algorithm Ag 3 to each set W}H (@)’ according
to Lemma 6.5.2, we obtain with probability at least 3/4 a vertex cover with
approximation ratio at most

Wl ;

(- s0lk-2) (r ]%)(';’“)('H”

k
2+ (k-2)-r—4-6k

P
2+ (k-2)r

k

2+ (k-2)r -
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The algorithm Ag 11 generates a search tree of height T% (o) and fan-out less
than (55 () (¢/1+2))*1. At every node of the tree, algorithm Ag 1q is called

taking
poly(n) + O ((é‘k (7) - (% + 2))k_l)

time. This implies that the overall running time of algorithm Ag ;1 is

(k1) Tr ()
) = poly(n) - exp [0 (Ux(n))]

poly(n) - O ((A 0 (5+2))

and the proof follows. [

An Optimal Inapproximability Result

Assuming Conjecture 6.5.1, we give a tight approximation lower bound for
the VERTEX COVER problem in nearly regular k-partite k-hypergraphs in a
specified range of the density and maximum degree of the given k-hypergraph.
In particular, we prove that the approximation ratio achieved by algorithm

Ag.11 is optimal under this conjecture. Let us restate our theorem.

Theorem 6.6.2
For every k > 3, it is UG -hard to approximate the VERTEX COVER problem
in r-nearly reqular k-balanced hypergraphs with |E(H)| = Q(n¢) for everye >0

to within any constant approximation ratio less than

L
2+(k-2)-r

assuming Conjecture 6.5.1.

Proof of Theorem 6.6.2.

As starting point of our reduction, we consider the k-partite k-hypergraph
H with k > 3 and given k-partition {V;(H) | i € [k]} from Conjecture 6.5.1.
By densifying H, we are going to construct a k-balanced k-hypergraph H’
having the claimed properties. Recall that, assuming Conjecture 6.5.1, the

following is UG-hard to decide for every ¢ > 0.
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(i) Every vertex cover of H has size at least
veol(;-9)
. :
(i1) The cardinality of a minimum vertex cover of H is at most
2
V(5 +6)-

Let us fix a constant r € (0,1) and an integer j € N. We use n = |[V(H)|.
Then, we construct H’ consisting of (1 —r)kn? disjoint copies of H and of
knir disjoint complete k-balanced cliques of size n. In order to define the k-
partition and edge set of H’, we need to introduce some notation. We denote
the I-th copy of H by H! with k-partition {V;(H!) | i€ [k]}. In addition, the
I-th copy of the clique is denoted by K! with k-partition {V;(K!) | i € [k]}.

For every s € [k], we introduce the sets V** defined as follows.

Vi = {veVi(HH|1 = i+0-1 (modk)}
VH = {veVi(H)|s = i+0l-1 (modk)}
VH = {veVi(H)|k-1 = i+l-1 (modk)}
Vi = {veVi(HY) |0 = i+l-1 (modk)}

Accordingly, for all i € [k] and u € [k], we define the sets VX of vertices,

where

Viv = {U e Vi(KP) ‘p =5+ (u-1)n'r with s e [njr]},

Then, the vertex partition of the k-partite k-hypergraph H’ is given by

z’e[k;]}.

In order to define the edges of the k-hypergraph H’, we introduce the sets of

vzt (Uvicen)
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edges E! for i € [k].

El = {{onud | meVEme Vi o e VI
El = {{vi,.u) | meV v eV L e VI
E]; = {{U1>"'7Ul€} | UlE‘/iﬂ""’vk—levzfl’vkevkli}

By introducing N = |V (H')|, we obtain |V;(H')| = N/k for every i € [k]. The
edge set of H’ contains all edges of the copies of H and the k-partite cliques.

Furthermore, by adding as many hyperedges as needed from the set U EI,
i€[k]
it is possible to construct a r-nearly regular k-balanced hypergraph H’ with

|[E(H")| = w(N i ). Notice that a vertex cover of ' must include n/k vertices
of each clique. Assuming Conjecture 6.5.1, the following is UG-hard to decide

for every 0 > 0.

(i) Every vertex cover of H’ has size at least

(1-7)kn*! (% - 6) +

kni*lr

k

(i1) The cardinality of a minimum vertex cover of H is at most

knitly

k

(1-7)kn*! (% + 5) +

It implies that for every § > 0, it is UG-hard to approximate the VERTEX
COVER problem to within any constant approximation ratio less than R(0),
where R(6) is defined as follows.

(1 kni+lr
L=r)k J+1(——5)
(1-7)kn . + .
knitly

k

, 2
(1-7)kns*! (p + (5) +
In order to derive the desired inapproximability factor, we are going to deduce
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a lower bound on R(6).

) j+1
(1-7)kns*! (l —5) + kT r

_ k k
o) (1-7)kni*t (3 + 6) + /Ty
k? k
o A=r) e -6 (1-r) 0’k
(1= J+19 . .
(L=r)nii2 Tl)fn +ndtr+ 5 (1 -r)n? k
~ k-0(1-7)k?
(=) 2+ kr+6(1-1)k?
k- 6k?
2+ (k- 2)r + 6k?
k
= —— —¢(k,¢
2oy - k0)
We obtain the claimed inapproximability factor and the proof follows. [
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CHAPTER 7. THE (1,2)-STEINER TREE PROBLEM

In this chapter, we investigate the approximation hardness of a bounded
weight optimization problem and use sparse instance methods to derive ex-
plicit approximation lower bounds for the underlying problem. In particular,
we construct an approximation preserving reduction from a bounded occur-
rence CSP called the MAX-HYBRID-LIN2 problem (cf. Definition 4.9.1) to
the (1,2)-STEINER TREE problem. We exploit the very special structure of
the constraints of the CSP in order to obtain an improved inapproximability
threshold for the (1,2)-STEINER TREE problem. In the subsequent chapters,
we construct several reductions from a well-suited bounded occurrence CSP
to other problems and apply this method successfully.

The best up to now known inapproximability threshold for the (1,2)-
STEINER TREE problem is 383/382 due to Hauptmann [HO7|. We prove
that it is NP-hard to approximate the problem to within any constant ap-
proximation ratio less than 221/220.

Introduction

Given a connected graph G with non-negative costs on edges and a subset of
terminal vertices S € V(G), the STEINER TREE problem asks for the mini-
mum cost subgraph of G spanning S.

The STEINER TREE problem belongs to the fundamental problems in
combinatorial optimization and is among the most important problems in
network design with great theoretical and practical relevance. It emerges
in a number of contexts with applications ranging from optical and wire-
less communication systems, energy supply, transportation and distribution
networks, internet routing and broadcast problems to VLSI design (see,
e.g., [HRW92|). Furthermore, it appears either as a subproblem or as a
special case of many other combinatorial optimization problems.

In 1972, Karp proved in his seminal work [K75| the NP-hardness of the
STEINER TREE problem leaving less hope for polynomial time exact algo-
rithms for this problem. Accordingly, we are interested in efficient approxima-

tion algorithms for the STEINER TREE problem with good performance guar-
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antees. A sequence of improved approximation algorithms appeared in the
literature. Here, we only mention the most important results starting with
the approximation algorithm due to Zelikovsky [Z93] with approximation ra-
tio 1.83. Berman and Ramaiyer [BR94| improved the approximation upper
bound for this problem to 1.78. Karpinski and Zelikovsky [KZ97a| designed
an approximation algorithm with approximation ratio 1.64 by a sophisti-
cated preprocessing method. By iterating the former approach, Hougardy
and Promel [HP99| achieved an approximation ratio of 1.60. In 2000, Robins
and Zelikovsky [RZ00| designed an approximation scheme with approxima-
tion ratio (1.55 + ¢) for every constant € > 0. After 10 years without pro-
gression, the long series of improved approximation algorithm culminated in
the work of Byrka, Grandoni, Rothvofs and Sanita [BGRS10] with the cur-
rently best known approximation upper bound of 1.39 using a novel iterative
randomized rounding technique.

On the other hand, Bern and Plassmann [BP89] proved that the
STEINER TREE problem is APX-hard. In 2003, Thimm [T03] claimed erro-
neously an inapproximability result for the STEINER TREE problem yielding
an approximation lower bound of 163/162. The reduction uses the hardness
result due to Hastad [HO1| as a starting point. Nevertheless, his construction
was corrected and improved by M. Chlebik and J. Chlebikova [CC08|. They
proved that it is NP-hard to approximate the STEINER TREE problem to

within any constant approximation ratio less than 96/95.

The Steiner Tree Problem with Weights One and Two

The (1,2)-STEINER TREE problem is an important restriction of the
STEINER TREE problem, in which we restrict the input graph G to be the
complete graph with edge weights one and two.

In 1989, Bern and Plassmann [BP89| introduced and considered the (1,2)-
STEINER TREE problem. They were able to achieve an approximation upper
bound of 4/3 for this problem. Robins and Zelikovsky [RZ00] developed an
approximation scheme for the (1,2)-STEINER TREE problem with approxi-

mation ratio (1.28+¢) for every constant £ > 0. After that, Berman, Karpinski

165



7.2

7.3

CHAPTER 7. THE (1,2)-STEINER TREE PROBLEM

and Zelikovsky [BKZ09| designed the currently best known polynomial time
approximation algorithm for this problem with approximation ratio 5/4.

On the lower bound side, Berman and Plassmann [BP89| proved that
the (1,2)-STEINER TREE problem is APX-hard by constructing a reduc-
tion from the VERTEX COVER problem restricted to graphs with bounded
maximum degree. Hauptmann [HO7] combined this reduction with the ex-
plicit lower bounds for the VERTEX COVER problem restricted to graphs
with maximum degree 4 due to Berman and Karpinski [BK99|. It implies
that it is NP-hard to approximate the (1,2)-STEINER TREE problem to
within any constant approximation ratio less than 383/382.

In this work, we prove that it is NP-hard to approximate the (1,2)-
STEINER TREE problem to within any constant approximation ratio less
than 221/220.

Outline of this Chapter

This chapter is organized as follows. In Section 7.4, we formulate our main
results. In Section 7.5, we give a high-level view of our reduction. In
Section 7.6, we define the corresponding instance (G, S¢) of the (1,2)-
STEINER TREE problem given an instance £ of the MAX-HYBRID-LIN2
problem. In Section 7.7, we construct a Steiner tree for S in G¢ according
to a given assignment ¢ to the variables in .Z. In Section 7.8, we define the
assignment 7 from a Steiner tree 7 for S¢ in Go. In Section 7.9, we give
the proof of Theorem 7.4.1.

Preliminaries

Given a graph G and a subset S € V(G), a Steiner tree 7 for S in G is a tree
in G containing all vertices of S. We refer to the elements of S as terminals

and to the elements of V\S as Steiner vertices.
According to Definition 4.1.1, the STEINER TREE problem is defined as

follows.
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Definition 7.3.1 (STEINER TREE problem)
Instances: A graph G, a set S €V (G) of terminals

and a cost function c: E(G) - Q.
Solutions: A tree T in G with S <V (T)

Task: Minimize ¢(T)= Y c(e)
ecE(T)

The special case of the STEINER TREE problem, in which we have given
a complete graph and a cost function being restricted to weights one and
two, is called the (1,2)-STEINER TREE problem. Let us formulate the
problem according to Definition 4.1.1.

Definition 7.3.2 ((1,2)-STEINER TREE problem)
Instances: A graph G with E(G) = (V(2g))} a set S<V(G)
of terminals and a cost function c: (v(Qg)) - {1,2}
Solutions A tree T in G with SV (T)

Task: Minimize ¢(T)= Y c(e)
ecE(T)

In order to describe an instance of the (1,2)-STEINER TREE problem,
it suffices to specify the edges of weight one. Therefore, we represent an
instance (G, S,c) of the (1,2)-STEINER TREE problem by a graph G’ and
the set S =S. Edges of the graph G’ denote edges with weight one in (V(Qg)),
whereas all e € (Vgg))\E (G) are edges with weight two. Moreover, the cost
function ¢ : (V(Zg)) — {1,2} of the instance (G, S,c) can be reconstructed as

follows.

2 otherwise

C(e):{ 1 ifee E(G))

In the following, we refer to edges with weight one as black edges, whereas

edges with weight two will be called red edges.

Our Contribution

In the subsequent sections, we construct an approximation preserving re-
duction from the MAX-HYBRID-LIN2 problem (see Definition 4.9.1) to the
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(1,2)-STEINER TREE problem. In particular, we prove the following state-

ment.

Theorem 7.4.1
Given an instance £ of the MAX-HYBRID-LIN2 problem with n variables, mo
equations with two variables and ms equations with three variables as given

in Theorem 4.9.1, we construct in polynomial time an instance (Gg,Sy¢) of
the (1,2)-STEINER TREE problem with the following properties.

(i) If there exists an assignment to the variables of £, which leaves at
most u equations unsatisfied, then, there exist a Steiner tree T for Sy

in Gy with c(T)=2-n+2-my+8-m3 +u.

(ii) From every Steiner tree T for Sy in Gy with c(T) = 2-n+2-ma+8-ms+u,
we can construct in polynomial time an assignment Y to the variables

of £ that leaves at most u equations in £ unsatisfied.

The former theorem can be used to derive an explicit approximation
lower bound for the (1,2)-STEINER TREE problem by reducing instances of
the MAX-HYBRID-LIN2 problem of the form described in Theorem 4.9.1 to
the (1,2)-STEINER TREE problem.

Corollary 7.4.1
It is NP-hard to approximate the (1,2)-STEINER TREE problem to within

any constant approximation ratio less than 221/220.

Proof of Corollary 7.4.1.
For a fixed constant £ > 0, we choose § € (0,1/2) such that

221 -9 N 221
220+0 220

- &

holds. Given an instance .Z of the MAX-HYBRID-LIN2 problem with 42v
variables, 60v equations with two variables and 2v equations with ex-
actly three variables, we construct the corresponding instance (Gg,Sg) of
the (1,2)-STEINER TREE problem with the properties described in Theo-

rem 7.4.1. Then, we conclude according to Theorem 4.9.1 that there exist a
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Steiner tree for Sy in Gy with cost at most
2-42v+2-60v+8-2v+dr = (220+0)v
or the cost of a Steiner tree for S in G is bounded from below by
2:42v+2-60v+8-2v+(1-9)r = (221 -0)v.

By Theorem 4.9.1, we know that the two cases above are NP-hard to dis-
tinguish. Hence, for every ¢ > 0, it is NP-hard to find a solution to the
(1,2)-STEINER TREE problem to within any constant approximation ratio
better less than

221-9 S 221 ]

220+0 220
and the proof of Corollary 7.4.1 follows. |

The High-Level View of the Reduction

Given an instance .Z of the MAX-HYBRID-LIN2 problem, we will construct
a corresponding graph G ¢ and define the associated terminal set Sg.

For every variable x; occurring in an equation in .Z, G¢ contains two
Steiner vertices representing the two possible values of x;. We refer to them
as the variable vertices of x;. The instance (G, S«) has the property that it
is advantageous to include exactly one of the variable vertices corresponding
to a variable. Moreover, every Steiner tree T with ¢(7") can be transformed
into a normed solution 7' such that ¢(7") < ¢(7) and T’ includes exactly
one variable vertex for every variable.

For every equation ¢ in .Z, we define an associated subgraph G(¢) simu-
lating the equation ¢ given an assignment to the variables in £. The subgraph
G(¢) is connected to a variable vertex if the corresponding variable occurs in
(. Furthermore, we show that if we include a wrong combination of variable
vertices corresponding to a non-satisfying assignment of the equation ¢, we
have to use at least one red edge, whereas a satisfying combination entails the
possibility of using only black edges. Therefore, a non-satisfying combination

will be punished by paying a unit more.
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Constructing (G¢,Sy) from &

Given an instance .Z of the MAX-HYBRID-LIN2 problem with variables
{@1,...,2,}, mo equations ¢ with two variables and mgy equations €§? with ex-
actly three variables, we now describe the construction of the corresponding
instance (Gg,Sy) of the (1,2)-STEINER TREE problem.

Variable Graph

For every variable z; € {x1,...,2,}, we introduce two vertices, v} and vY.
They correspond to the possible assignments to z;. In the remainder, we
refer to them as the variable vertices. In addition, we introduce the terminal
t;, which we call the wvariable terminal of x;. Both variable vertices are
connected to its variable terminal.

Next, for every equation ¢ in £, we are going to define the corresponding

subgraph G(¢) in Go. We start with equations with two variables.

Figure 7.1: The subgraph corresponding to ¢? = z;, @ x;, = 0 connected to

variable terminals ¢;, and {¢,,.

Subgraph for Equations with Two Variables

For every equation of the form ¢? = z;, ® x;, = 0 with ¢ € [my] and 4; < is,

1,0 .1 .0 41
i Vipr Vigs Uigs 4

and tY. Both, t! and t? are terminals. We refer to t! and ¢? as the equation

we define the subgraph G(¢?) consisting of the vertices v

terminals of G(¢2). The terminal ¢} is connected to v} and v . On the other
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hand, G(¢?) contains the edges {t?,v? } and {t?,v;} }. The graph is displayed

R

77 711

in Figure 7.1.

Figure 7.2: Subgraph for the equation 6? = x5 ® x5, ®xj;, = 0 with the

corresponding variable terminals.

As for the next step, we define the graph G (f?) corresponding to the equation

with three variables f;’? in Z.

Subgraph for Equations with Three Variables

Let us start with equations of the form z; ®xj, ®x,, = 0. Then, the subgraph
G(£3) contains the Steiner vertices (0,0,0);, (1,0,1);, (1,1,0); and (0,1,1);.
We refer to these vertices as the special vertices of G(¢3). In addition, we
introduce the terminals Tj(l’o), Tj(l’l)7 Tj(z,o)’ Tj(Q’l), T]'(S,o)’ Tj(B’l) and T;’. The
terminal T;’ is connected to all special vertices of G(£3), whereas the special
vertex (iy,%2,73); is connected to Tj(l’l_il) for all 1 € {1,2,3}. Finally, all
special vertices are joined by an edge with the main terminal. We call Tj(l’o),
Tj(l’l)7 Tj(2’0), T].(Q’l), Tj(3,o) and Tj(3’1) the equation terminals of g(ﬁ?). On the
other hand, we refer to T} as the base terminal of G(¢3). The graph G(£3) is

displayed in Figure 7.2. For equations E? of the form z;, ® x, ® xj, = 1, we

171



7.7

CHAPTER 7. THE (1,2)-STEINER TREE PROBLEM

introduce a similar graph G (Bj) The special vertices are given by (1,1,1);,
(0,0,1);, (1,0,0); and (0,1,0);, whereas the equation terminals are defined
as Tj(l’o), Tj(l’l), Tj(2’0), Tj(2’1), Tj(?”o) and Tj(?”l). As before, the special vertices
of G(£3) are all connected to the base terminal TJI?. Finally, we join the
special vertex (iy,%2,13); with Tj(l’l_i’) by an edge for all [ € {1,2,3}. The
graph G(¢3) is displayed in Figure 7.3.

Figure 7.3: Subgraph for f? = z;, ®xj, ®v;, = 1 with the corresponding

variable terminals.

Finally, we introduce the terminal 7;,, which is called the main terminal.

Every introduced Steiner vertex of G« will be connected to the terminal 7,,.

Constructing the Steiner tree 7, from ¢

Given an assignment ¢ to the variables of .Z, we are going to construct a

Steiner tree 7, for S¢ in Go. Let us begin with the description of 7.
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Variable Vertices

For all i € [n], we connect the Steiner vertex vf @) o the main terminal
¢(xi)

T.,. Furthermore, every variable vertex v, is joined by an edge with its
variable terminal ¢; for all i € [n].
As for the next step, we are going to connect equation terminals in graphs

corresponding to equations with two variables.

Equations with Two variables

Let us consider the equation ¢ = z;@x; = 0 with i < j. We have to distinguish
two cases.

Case (6(r:) = 6(1,)):

If ¢(x;) = ¢(z;) holds, it is possible to add the edges {v{“? ¢/")} and
{vf(wj),t,tfd)(zj)} to the actual tree. Notice that both edges are black.

Case (6(x:) # 6(,)):

In this case, we use the edge {vf(x"),ti(x")} and join T}, with t,i_d’(x") by means
of a red edge.

Next, we consider equations with exactly three variables.

Equations with Three Variables

Given an equation of the form (% = x;, ® x;, ® 24, = b; with b; € {0,1}, we
(%) with the terminal Tj(l’d)(m”)) for all [ € {1,2,3} in

connect the vertex v,
G(£3). Analogously, we will distinguish two cases.

Case (¢ satisfies the equation (3):
In this case, we join the special vertex (¢(zs, ), d(zi,), gb(wu))J with the main
terminal and 7} by a black edge. Then, we connect (qb(:vil), o(z4,), ¢(93i3))j

with terminals Tj(l’lfd)(zil)), T]-(2’17¢(x12)) and T]'(3,17¢(%.3)). Notice that we

used only black edges due to the construction of G(¢3).
Case (¢ leaves (7 unsatisfied):
Then, we join (¢($i1), 1- (), (b(xig))j with ij and T}, by black edges. In

addition, we connect (¢(z;,),1- ¢($i2),¢($¢3))j with terminals Tj(l’l_d)(x”))

(31-6(i3)) (21-5(15))
J J

and . The remaining terminal is joined with T;’ by a
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red edge.

In summary, we note that we have to use at most one red edge in or-
der to include all terminals if the underlying equation is not satisfied.
Accordingly, we have to spend two black edges for each variable in .Z, two
black edges for each satisfied equation with two variables and eight black
edges for each satisfied equation with three variables. In addition, we have

to pay one unit more for every equation that is not satisfied by ¢.

We obtain the following statement.

Lemma 7.7.1

Let & be an instance of the MAX-HYBRID-LIN2 problem with n variables,
meo equations with two variables, mg equations with three variables and ¢ an
assignment to the variables of £ leaving u equations in £ unsatisfied. Then,

Ty is a Steiner tree for S¢ in Gy with cost ¢(Ty) < 2n + 2mq + 8mg + u.

Defining the Assignment

Given a Steiner tree T for S¢ in G ¢, we are going to construct an assignment
Y7 according to 7. In order to assign a value to a variable z; in .Z, we have
to establish a criterion that tells us which value we have to assign to x;. The

associated mapping 7 assigns the value b € {0,1} to x; if the corresponding
b

variable vertex v; is included in 7. Therefore, we have to transform the
underlying solution 7 into a Steiner tree 7 for Sy in Gy containing exactly
one variable vertex per variable without increasing the cost. In addition,
this normed Steiner tree has some other nice properties in order to achieve a
stronger basis for relating the number of satisfied equations in .Z by ¥+ to

the cost of T .

The Normed Steiner Tree

In order to specify a well-defined assignment, we have to attain a normed

solution. We now give the definition of a normed Steiner tree.
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Definition 7.8.1 (Normed Steiner tree)

Let £ be an instance of the MAX-HYBRID-LIN2 problem, (G¢,S¢) its cor-
responding instance of the (1,2)-STEINER TREE problem and T a Steiner
tree for S¢ in Gy. We refer to T as a normed Steiner tree for S¢ in Gy if

the following conditions hold.

e For all variables x; in £, we have that |{v}, v} nV(T)| = 1.
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e For all variables x; in ., we have [{{v}, T}, {09, To,}} n E(T)|=1.

e For all equations with three variables f;f in £, there is at least one
special vertex of G(£3) contained in V(T).

Given a normed Steiner tree 7 for S¢ in G¢, we define an assignment
to the variables in £ according to which variable vertices are included in
V(T). We introduce the assignment 17, which assigns the value b € {0,1} to
the variable z; if v? is included in V(7). Note that due to the definition of

a normed Steiner tree, ¢r is indeed well-defined. We now give the definition

Of 1/}7—.

Definition 7.8.2 (Assignment 1)7)

Let £ be an instance of the MAX-HYBRID-LIN2 problem with wvari-
ables {x1,...,x,}, (Gg,Sg) its corresponding instance of the (1,2)-
STEINER TREE problem and T a normed Steiner tree for S¢ in Go. Given

T, we define the associated assignment ¥y :{x1,...,x,} = {0,1} as follows.

1 ifv}eV(T)

0 otherwise

Yr(xi) = {

As for the next step, we are going to analyze the relation between the

cost of a normed Steiner tree 7 and the number of satisfied equations by 7.

Local Costs in Subgraphs G(¢)

Given a normed Steiner tree T for S¢ in G, we are interested how the
cost of T change depending on which variable vertices are included in 7.

For this reason, we define the assignment star Sy of a normed Steiner tree
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T. S7 consists of the main terminal of G which is joined by an edge with
every variable vertex included in V(7). In addition, those variable vertices
are connected to their corresponding variable terminals. We now give the

definition of the assignment star.

Definition 7.8.3 (Assignment Star Sr)

Let £ be an instance of the MAX-HYBRID-LIN2 problem with wvari-
ables {x1,...,x,}, (Gg,Sy) its corresponding instance of the (1,2)-
STEINER TREE problem and T a normed Steiner tree for S¢ in Gg. The
assignment star St of T is defined by V(S1) = { T,, 0%, t; | v e V(T), i € [n]}
and E(St) = {{T, 02}, {00, t;} | 02 e V(T), i€ [n]}.

Next, we are going to analyze how the cost of a normed Steiner 7T tree
change and in particular, the local cost of a subgraph G(¢) with ¢ in &
according to whether ¢ satisfies £ or not. More precisely, we want to attain
a lower bound on the cost that are associated with the subgraph G(¢) given
a normed Steiner tree 7 and furthermore, how the cost increase when
leaves the corresponding equation ¢ unsatisfied. For this reason, we introduce

the notion of local costs.

Definition 7.8.4 (Local Costs for St in G(¢))

Let £ be an instance of the MAX-HYBRID-LIN2 problem, (G, S¢) its cor-
responding instance of the (1,2)-STEINER TREE problem and T a normed
Steiner tree for Sy in Gy. Given an equation ¢ in £ and the assignment
star St of T, we define the local costs for S in G(¢) as the minimum cost

of edges that must be added to S in order to connect all equation terminals

of G(¢).

Given a normed Steiner tree T for S¢ in G¢ and its assignment star St,
we are going to analyze the local cost in subgraphs G(¢) for every ¢ in .Z.

More precisely, we are going to prove the following lemma.

Lemma 7.8.1
Let £ be an instance of the MAX-HYBRID-LIN2 problem, (G¢,S¢) its cor-
responding instance of the (1,2)-STEINER TREE problem and T a normed
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Steiner tree for S¢ in Gy. Given an equation with two variables (2, the local
costs for St in G(€%) are 2 units if Yy satisfies 02, and 3 otherwise. Given
an equation with three variables (3, the local costs for Sy in G(£3) are 8 units
if V7 satisfies £3 and 9 otherwise.

Proof of Lemma 7.8.1.
By differentiating between equations with two and three variables, we now
analyze the local costs in the corresponding subgraph. Let us start with

equations of the form ¢? = z; & z;, = 0.

Case (equations with two variables):

Let us consider the equation ¢? = x;, ® 2, = 0. Let T be a normed Steiner
tree for Sy in Gy and Sy its assignment star. Since both terminals, ¢!
and t!, must be included in 7, we attain a lower bound on the local costs
in G(¢?) of 2 units for including two black edges. Clearly, the only two
possibilities to connect both terminals with black edges are firstly, v?l and
v) are included in V(7)) and secondly, v} and v} are contained in V(7).
Otherwise, we have to use at least one red edge, which means that we have

to spend an unit more in order to connect all terminals.

Case (equations with three variables):

Given an equation of the form E? =xj ®xj, ®xj =0, we have to connect all
seven terminals of G(¢7). Hence, we obtain a lower bound on the local cost
for S(T) in G(£3) of 8 units.

If the variable vertices v;i, v;j and véi possess one of the following com-
binations (i1,1s,13) € {(0,0,0), (1,1,0),(0,1,1),(1,0, 1)}, we may use black
edges to connect the terminals 1}(1,11),1;§2,i2) and Tj(?”iB). Furthermore, we
join the main terminal with the special vertex (i1,14s,43); by a black edge.
By including (1,42, 3); in our solution, it entails the possibility of connecting

all remaining three terminals by black edges. The former combinations of

vertices induce local costs for S(T) in G(£3) of 8 units.
If, by contrast, the variable vertices v;.i, U;i and U;‘; admit one of the

combinations (iy,12,73) € {(1,0,0),(1,1,1),(0,1,0),(0,0,1)}, there are only
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special vertices that are connected to at most two remaining terminals by
black edges. Hence, we obtain local cost for S(7°) in G(¢3) of 9 units.
Finally, we conclude that a similar situation holds when the underlying

equation is of the form z; ® z;, ® z;, = 1 and the proof follows. |

Local Transformation

We now define a series of local transformations which enables us to convert
a given Steiner tree T for S¢ in G successively in a normed Steiner tree
T" with ¢(T") < ¢(T). By each of the local transformations, the underlying
solution 7 gains another property without increasing the cost of it. Our first
transformation is concerning Steiner trees 7T for S¢, in which both variable

vertices corresponding to a variable in £ are not included in V(7).

Transformation @

Let z; be a variable in £ with |[{v}, )} nV(T)| =0. Let C be the connected
component of 7 that arises by removing the variable terminal ¢; from V(T)
with T,,, € V(C). Notice that the edge r € E(T) connecting ¢; with C must
be red. We remove r from E(7) and add two black edges to E(7) instead.
More precisely, we use the black edges {t;,v?} and {T,,v?}. Every path,
that used the edge 7, can now lead over t; — v) — T,,,. Hence, the solution is
still connected. Since we added a vertex and an edge, the obtained solution
remains a tree. Notice that the cost of the solution has not been increased

during the process.m

So far, the actual solution 7 is a Steiner tree for S¢ in G¢ including
at least one variable vertex for every variable in .. But still, there is
possibly a variable vertex in V(7), which is not connected to the main

terminal. The next transformation resolves this situation.

Transformation @
Let v® with a € {0,1} be a variable vertex included in V(7). Furthermore,
we assume that {v?,T,,} is not contained in E(7). We add the black edge
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{v#,T,,} to E(T). As a consequence, we obtain a simple cycle C, in T,
which contains the edge {T,,v?}. Due to the construction of Gy, we can
delete an arbitrary edge from C, except black edges joining a variable vertex
with T,,. Since we added and then, deleted an edge of a simple cycle, T
remains connected. Finally, we note that 7 maintains a Steiner tree for S¢

in G and the cost of the solution has not been increased during the process.m

Our actual solution 7 contains for every variable z; in £ at least
one variable vertex and all contained variable vertices are connected to T,
by a black edge. However, our goal is to obtain a normed Steiner tree for Sy
in G¢, which contains exactly one variable vertex for every variable. The
following transformation removes one of the two possibly existing variable
vertices. In what follows, we will differentiate between variables according
to their occurrences in equations. Recall from Theorem 4.9.1 that a variable
of an instance of the MAX-HYBRID-LIN2 problem occurs exactly in three
equations, thereof at least twice in equations with two variables. The last
occurrence is either in an equation with exactly three variables or in another
equation with two variables. The following transformation deals with the

latter case.

Transformation ©
Let (7 =z, ®@x; =0, (7 =2, ®x), =0 and {; = 2; ® 15, = 0 be the three
equations in which the variable x; occur. Furthermore, we assume that v)
and v} are both included in 7 as well as the edges {v?,T,,} and {v},T,,}. In
the following, we define some operations, which we will apply exemplary to
the scenario displayed in Figure 7.4. We now define the rule that determines
the particular variable vertex to be removed from V(7). For this reason, we
introduce a notion that will be very useful in this concept.

In the remainder, we refer to an equation terminal ¢ as switchable in
T if there exists two Steiner vertices v,w € V(T) with {t,v} € E(G¢) and
{t,w} € E(Gy). In the scenario displayed in Figure 7.4, the terminals ¢; , 7
and t}Q are switchable. In addition, we refer to equation terminals, which are

not switchable in T, simply as unswitchable.
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Vi,
t
t?d
t2 0 T th
(A
o n m e
v, o}
o = |
tzll t?Z
t;
(i) T
vj,
t
£
t? 0 th
)

. e
vjl \‘ U,L-l Ujlé
= |
‘

t’Lll \\ t?g
\
\\ ti
A\l
(”) Tm

Figure 7.4: Situations before (i) and after (#i) Transformation &. The
straight black lines are black edges of G¢, whereas thick lines
represent black edges in (7). Finally, red edges included in
E(T) are indicated by dashed lines.

We remove the variable vertex from 7 which is connected to at most one

unswitchable terminal. If both variable vertices possess this property, we
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remove v from V(T).

Notice that the existence of a variable vertex with at most one unswitch-
able terminal is guaranteed due to the crucial property of having at least
one variable vertex per variable included in 7 and due to the fact that a
variable occurs in three equations.

Let v? be the variable vertex which we want to remove. In the next step, we

consider switchable equation terminals.

Uncoupling switchable terminals:
Let ¢ be an equation terminal, which is connected to v) by an black edge
in 7. In addition, let ¢ be joined with v} by an edge in E(G2)\E(T).
We remove {v?,t} from E(7) and insert the black edge {vj ,t} instead.
The situation is displayed in Figure 7.4. The obtained solution 7' is still
connected, since all paths that contained the edge {v,¢} can lead over
W -T,, - vjl2 —t. Notice that we have not changed the number of edges.
Hence, T" is a Steiner tree for S¢ in G& with the same cost as before.

At this point, we are ready to remove the redundant variable vertex and

take care of the possibly existing unswitchable terminal.

Removing redundant variable vertices:

First of all, we remove all red edges r € E(T) with endpoint v from E(T)
and insert red edges ' with new endpoint T, instead. If v is connected to
t;, we delete {v?,¢;} and add {v},¢;} to E(T). Clearly, those conversions do

not affect the connectivity of our solution. By now, v

7 is connected only to
T), and the remaining unswitchable terminal ¢. We delete both black edges,
{t,v?} and {T,,,v?}. Finally, we add the red edge {¢,7,,} to E(T). We note
that the solution remains connected. Since we deleted a vertex and an edge,
we obtain a Steiner tree for S¢ in Gg. All in all, the cost has not been

increased during the whole transformation.m

At this point, we are close to our goal. It remains to remove redun-
dant variable vertices whose corresponding variables occur in equations with

exactly three variables. Furthermore, in order to obtain a normed Steiner
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tree, T is supposed to contain at least one special vertex for every subgraph
g(ﬁ?) with E:;. in .. The last property will be achieved by means of the

following transformation.

Transformation @

Let G (f‘?) be a subgraph for an equation with exactly three variables 6;’ in
Z. Furthermore, we assume that there is no special vertex of g(ﬁ?) included
in V(7). Let C be the connected component which results from deleting
T}’ from T with T,, € V(C). Notice that due to our assumption, the edge r,
connecting 7} with C in 7, must be red. We remove r from E(7) and add
an arbitrary special vertex s; of G(¢3) to V(7). Then, we connect s; with
T;’ and T, by black edges. Clearly, 7' is connected. Since we added a vertex

and an edge, we obtain a Steiner tree for S in G with the same cost.m

By now, the underlying solution contains at least one special vertex
in every subgraph G(¢3) with j € [mz]. In the last transformation, we
remove redundant variable vertices corresponding to variables which occur

in equations with exactly three variables.

Transformation ®
Let z; be a variable in .2 whose corresponding variable vertices are both
included in V(7). Furthermore, let 3 = z; ® 2, ® 2, = 0, £ = x; ® 23, = 0

Ul

g}

and (7 = ; ® 7, = 0 be the equations, in which z; occur. Both, {Tj(l’l)
and {Tj(l’o), v?} are black edges in F(G¢). As before, we want to remove one
of the variable vertices and choose the variable vertex which is connected
to at most one unswitchable terminal. Due to the former transformations
and the construction of G (f‘;), we may assume that one of the terminals in
{Tj(l’l),]}(l’o)} is connected to the special vertex s; by an black edge in G¢.
Hence, the existence of a variable vertex with at most one unswitchable

terminal is guaranteed. The scenario is displayed in Figure 7.5.

In the following, we are going to uncouple switchable terminals.
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(1)

(id) T

Figure 7.5: Situations before (i) and after (i7) uncoupling switchable ter-
minals. The straight black lines are black edges of G, whereas
thick lines represent black edges in F(7). Finally, red edges
included in E(T) are indicated by dashed lines.

Uncoupling switchable terminals: Let v be the variable vertex with at most

one unswitchable terminal. Let ¢ be the equation terminal which is connected
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to v? by a black edge in T and to the Steiner vertex v by an black edge in
E(Gy)\E(T). If t is an equation terminal corresponding to an equation with
two variables, we know how to handle this situation due to Transformation
®. Therefore, we may assume that v is the special vertex s; contained in
T. We remove the edge {Tj(l’o),vg} and insert the black edge {Tj(l’o),sj}
in E(T). The situation is displayed in Figure 7.5. After this conversion,

our solution 7 remains connected, since all paths that contained the edge
0

{Tj(l’o),v?} can lead over v; - T}, — s; - Tj(l’o). Furthermore, since we have
not changed the number of edges, 7" is a Steiner tree for S¢ in G¢ with the
same cost as before.

Removing redundant variable vertices: The vertex v is possibly connected
to at most one equation terminal and its corresponding variable terminal.
We notice that we have to deal with a similar situation which we solved in
Transformation ®. Hence, we can proceed analogously in order to obtain a

normed Steiner tree 7’ for Sy in Gg with ¢(7") <c(7T).m

By applying successively Transformation @ until @ to a solution for
the instance (Gg¢,Sy), we obtain a normed Steiner tree for S¢ in Gg. In
addition, none of the defined transformations increases the cost of the actual
solution. Since every transformation can be accomplished in polynomial

time, we obtain the following lemma.

Lemma 7.8.2

Let £ be an instance of the MAX-HYBRID-LIN2 problem, (G.¢,Sy) its cor-
responding instance of the (1,2)-STEINER TREE problem and T a Steiner
tree for Sg in Gg with cost ¢(T'). It is possible to transform T in polynomial
time into a normed Steiner tree T' for S¢ in Gy with c¢(T') < ¢(T).

Proof of the Main Theorem

We now give the proof of Theorem 7.4.1.
Given an instance .Z of the MAX-HYBRID-LIN2 problem with my equations

with two variables, m3 equations with exactly three variables and n variables
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{z1,...,2,}, we construct the corresponding instance (G¢, Sy) of the (1,2)-
STEINER TREE problem as described in Section 7.6.

o Let ¢:{x1,..,x,} - {0,1} be an assignment to the variables of .Z leaving u
equations in .Z unsatisfied. Then, we construct the Steiner tree 7, according
to the description given in Section 7.7. By Lemma 7.7.1, we know that the
cost of T is at most ¢(7,) = 2n + 2my + 8ms + u.

e In order to prove the second part of Theorem 7.4.1, we are given a solution
T of an instance (Gg¢,S¢) of the (1,2)-STEINER TREE problem with cost
c(T) = 2n+ 2mg + 8m3z + u. Then, we apply Transformation @ until ® to
T. According to Lemma 7.8.2, we obtain in polynomial time a normed
Steiner tree 7 with the properties described in Definition 7.8.1. The normed
Steiner tree 7 , however, enables us to specify the well-defined assignment
1z according to Definition 7.8.2. In order to relate the cost of T to the
number of satisfied equations in # by ¢+, we intend to apply Lemma 7.8.1.
For this reason, we construct the assignment star S(7 ) of 7 according to
Definition 7.8.1, for which we analyze the additional cost in subgraphs G(¢)
for every £ in .. By Lemma 7.8.1, we have to pay 2 units for subgraphs G(¢?)
corresponding to equations with two variables in order to connect the variable
vertices in S(7) with the equation terminals of g(@?) assuming that the
assignment 1= satisfies the equation 632.. For subgraphs G(¢}) corresponding
to equations with three variables, we have to pay 8 units under the same
circumstances. If the underlying equation is left unsatisfied by 7, we have
to spend one unit more. Hence, we conclude that the number of unsatisfied
equations in .Z by 17 is at most c(’T‘) —2n -2my —8mgz = u and the proof of
Theorem 7.4.1 follows. n
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CHAPTER 8. THE METRIC DIMENSION PROBLEM

In this chapter, we study the approximation hardness of the
METRIC DIMENSION problem restricted to graphs with maximum de-
gree B. By constructing an approximation preserving reduction from the
VERTEX COVER problem in 4-regular graphs, we prove that for every B > 3,
the METRIC DIMENSION problem in graphs with maximum degree B is
APX-hard. In addition, it implies the first explicit approximation lower
bound for this restricted version of the problem. More precisely, we prove
that the METRIC DIMENSION problem in graphs with maximum degree
3 is NP-hard to approximate to within any constant approximation ratio
less than 353/352. Afterwards, we construct an improved approximation
preserving reduction implying that it is NNP-hard to approximate this
restricted version of the problem to within any constant approximation ratio
less than 153/152.

Introduction

A resolving set of connected graph G is a subset S ¢ V(G) such that for each
pair of vertices {u,w} € V(G), there exists some vertex v € S with dg(v,u) #
dg(v,w), where dg(+,-) denotes the shortest path metric induced by G. The
minimum cardinality of a resolving set is called the metric dimension of G,
denoted by dimy;(G). The METRIC DIMENSION problemis the following
problem: given a connected graph G and the task is to find a resolving set S
for G with |S'| = dimp(G).

The notion of resolving sets were introduced independently by Harary and
Melter [HM76], and by Slater [S75]. Applications of resolving sets arise in var-
ious areas including coin weighing problems [SS63|, drug discovery [CEJOO00],
robot navigation [KRR96|, network discovery and verification [BEE*05], con-
nected joins in graphs [ST04], and strategies for the Mastermind game [C83|.
The METRIC DIMENSION problem has been widely investigated from the
graph theoretical point of view [S88a, FGO06, CHM*07, HMP+10, T08,
CGHO08, CHM*09]. Bailey and Cameron [BC11] note in their survey an in-

teresting connection to graph isomorphism and group theory. In particular,
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Babai [B80| proved that given a graph G with n vertices and dim(G) < k,
isomorphism of G against any graph can be decided in O(n*+2) time.

So far, only a few papers discuss the computational complexity is-
sues of this problem. The NP-hardness of the decision version of the
METRIC DIMENSION problem was first mentioned in Gary and John-
son |GJ79]. An explicit reduction from the 3SAT problem was given by
Khuller, Raghavachari and Rosenfeld [KRR96]. In addition, they design
an efficient approximation algorithm for the METRIC DIMENSION problem
with approximation ratio 2In(n) + ©(1) based on the well-known greedy al-
gorithm for the SET COVER problem. On the other hand, they gave a poly-
nomial time exact algorithm for the METRIC DIMENSION problem restricted
to trees and to graphs with maximum degree 2. Beerliova et al. [BEE*05|
proved that it is NP-hard to approximate the METRIC DIMENSION problem
(which they call the Network Verification problem) with an approximation
ratio o(log(n)). Hauptmann, Schmied and Viehmann [HSV12| improved the
approximation lower bound to (1-¢€)In(n) for all € > 0, under the assumption
NP¢ DTIME((nlos(los(n)) In the same work, an efficient approximation al-
gorithm for the METRIC DIMENSION problem was given with a matching
approximation ratio of (1 + o(1))In(n) settling the approximation complex-
ity of the problem.

The METRIC DIMENSION problem restricted to point sets in R¢ was con-
sidered in [HSV12] and proved to be solvable in polynomial time, whenever
d is constant. Diaz, Pottonen, Serna and van Leeuwen |[DPSL11| studied
the hardness of planar instances of the METRIC DIMENSION problem. They
showed that the restricted version of the problem is NP-hard, whereas out-
erplanar instances are solvable in polynomial time.

By constructing an approximation preserving reduction from the
VERTEX COVER problem in 4-regular graphs, Hauptmann, Schmied and
Viehmann [HSV12| proved that for all B > 3, the METRIC DIMENSION
problem in graphs with maximum degree B is APX-hard. The reduction
implies that it is NP-hard to approximate the METRIC DIMENSION prob-
lem in graphs with maximum degree 3 within any constant approximation
ratio better than 353/352. Subsequently, Hartung and Nichterlein [HN12|
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gave an improved inapproximability result which implies that it is NP-hard
to approximate the METRIC DIMENSION problem in graphs with maximum
degree 3 with an approximation ratio o(log(n)).

In this work, we present the approximation preserving reduction from the
VERTEX COVER problem in 4-regular graphs to the METRIC DIMENSION
problem in graphs with maximum degree 3 due to Hauptmann, Schmied and
Viehmann [HSV12|. Based on the inapproximability results due to Chlebik
and Chlebikova [CC06|, we prove that the METRIC DIMENSION problem
in graphs with maximum degree 3 is NP-hard to approximate within any
constant approximation ratio better than 353/352. Afterwards, we construct
an improved approximation preserving reduction yielding an approximation
lower bound of 153/152. We point out that both inapproximability results
are prior to the result due to Hartung and Nichterlein [HN12].

Outline of this Chapter

The chapter is organized as follows. In Section 8.4, we formulate our main
results. In Section 8.5, we construct our first approximation preserving re-
duction. In Section 8.6, we give an improved approximation lower bound for
the METRIC DIMENSION problem in graphs with maximum degree 3.

Notations and Definitions

Before we formulate our contributions, we are going to fix the notation used

in this chapter and provide some definitions.

Given a connected graph G, we say that a vertex v € V(G) resolves,
splits or distinguishes a pair {u,w} € (V(zg)) if dg(v,u) # dg(v,w) holds.
Furthermore, we say that a set S ¢ V(G) resolves all pairs p € P ¢ (V(Qg))
if for all p € P, there exists some s € S splitting p. A subset S ¢ V(G) of
vertices is said to be resolving for G if S resolves every pair p € (V(2g))‘ The

minimum cardinality of a set S, that is resolving for G, is defined as the
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metric dimension of G, denoted by dim(G).
According to Definition 4.1.1, the METRIC DIMENSION problem is de-

fined as follows.

Definition 8.3.1 (METRIC DIMENSION problem)

Instances: A connected graph G
Solutions: S < V(G) such that for all pairs {v,w} € (V(Qg)),
there exists some s € S with dg(s,v) # dg(s,w)
Task:  Minimize |S |

For a connected graph G and a non-empty set S ¢ V(G), we introduce

the notion of distance classes.

Definition 8.3.2 (Distance Classes)
Let G be a connected graph and S # @ a subset of V(G). The sets Vi,..., Vi

are called the distance classes induced by S in G if the following conditions

hold.
(i) The sets Vi,...,Vy define a partition of V(G).

(it) For all i € [k], all pairs {u,w} € (ZZ) and all t € S, we have that
dg(u.) = dg(u,1).

(ii1) S resolves all pairs p € {{u,w} . (V(Qg))

weVi,weV; {i,j} e (];)}

Let G be a connected graph, S # @ a subset of V(G) and Vi,..., V) the
distance classes induced by S in G. Then, we say that V; is unresolved by S
if |V;] > 2 holds.

Our Contributions

We present our first result concerning the approximation hardness of the
METRIC DIMENSION problem restricted to graphs with maximum degree 3,

which we are going to prove in the subsequent section.

Theorem 8.4.1

Given a 4-reqular graph G, it is possible to construct in polynomial time an
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instance GM of the METRIC DIMENSION problem with the following proper-

ties.
(i) The constructed graph GM has mazimum degree 3.

(it) Given a vertex cover C' of G, it is possible to construct in polynomial
time a resolving set of GM with size at most |C|+|E(GM)| + [V (GM)].

(iii) From every resolving set R of GM | it is possible to construct in polyno-
mial time a vertex cover of G of size at most |R|—|E(G)| |V (G).

In order to prove that the METRIC DIMENSION problem restricted to
graphs with maximum degree 3 is NP-hard to approximate with some con-
stant, we will use the following inapproximability result due to Chlebik and
Chlebikova [CCO6].

Theorem 8.4.2 (|CCO06)|)
Let G be a 4-regular graph. For every § € (0,3), the following cases (i) and
(i1) are NP-hard to decide.

53— 26
(1) Ewvery vertex cover of G has size at least |V(Q)|( 100 )
.. . . ) 52+ 20
(m) The size of a minimum vertex cover of G is at most |V(Q)| ( 100 ) :

By means of Theorem 8.4.1, we are going to prove the following statement.

Corollary 8.4.1
For every B > 3, the METRIC DIMENSION problem restricted to graphs with
mazimum degree B is APX-hard and NP-hard to approzimate to within any

constant approzimation ratio less than 353/352.

Proof of Corollary 8.4.1.
For a constant € > 0, we select J € (0, %) such that the following holds.

353 - 26 < 353 .
352+20 ~ 352
Given an instance G of the VERTEX COVER problem in 4-regular graphs

described in Theorem 8.4.2, we construct in polynomial time an instance of
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the METRIC DIMENSION problem with the properties guaranteed by Theo-
rem 8.4.1. According to Theorem 8.4.2, either the metric dimension of the

constructed graph GM is at least

@+ V@ + V@ (Z=2) = 3v @)+ 1@ (B2
or dimy;(G) is bounded from above by
B@1+ V@1 + V@) (222 = gy (P22,

Furthermore, we know that it is NP-hard to decide which case above
holds. Therefore, we conclude that it is NP-hard to approximate the
METRIC DIMENSION problem in graphs with maximum degree 3 to within
any constant approximation ratio less than (353/352 —¢) for every constant
e > 0. Recall from Theorem 5.6.2 that the VERTEX COVER problem in 4-
regular graphs is APX-hard. Accordingly, it implies the APX-hardness of
the METRIC DIMENSION problem in graphs with maximum degree 3. ]

Afterwards, in Section 8.6, we will construct an approximation preserv-
ing reduction implying an improved approximation lower bound. We now

formulate our second result.

Theorem 8.4.3
Given a 4-reqular graph G, it is possible to construct in polynomial time an
instance GI of the METRIC DIMENSION problem with the following proper-

ties.

(i) The corresponding graph G' has maximum vertex degree 3.

(it) Given a vertex cover C of G, then, it is possible to construct an resolving
set R, of G1 with size at most |C| + [V (G)|.

(iii) From every resolving set R of G!, it is possible to construct in polyno-

mial time a vertex cover C} of G with size at most |R| - [V (G)|.

Analogously to the proof of Corollary 8.4.1, we combine Theorem 8.4.2 with

Theorem 8.4.3 and obtain the following approximation hardness result.
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Corollary 8.4.2
For every B > 3, the METRIC DIMENSION problem restricted to graphs with
mazimum degree B is NP-hard to approximate to within any constant ap-

proximation ratio less than 153/152.

APX-Hardness and Explicit Lower Bounds

Before we start to describe our approximation preserving reduction, we first

give an outline of the construction and try to build some intuition.

High-Level View of the Reduction

In order to reduce the VERTEX COVER problem to the METRIC DIMENSION
problem, we have to convert a covering problem into a splitting problem. It
will be accomplished by introducing pairs of nodes for every element that
needs to be covered. Moreover, these pairs can only be distinguished by
special vertices representing a vertex cover of the original graph.

Given a 4-regular graph G as an instance of VERTEX COVER problem,
we introduce for each vertex v € V(G) and each edge e € E(G) an associated
graph GM and GM | respectively. These associated graphs will be connected
and build the corresponding instance GM of the METRIC DIMENSION prob-
lem. Every graph GM contains a pair of vertices p, that represents the edge e
of the original graph that is supposed to be covered. The only vertices of GM
that are able to distinguish the pair p. can be associated to vertices a € V(G)

with a € e.

Constructing GM from a 4-Regular Graph G

Given a 4-regular graph G as an instance of the VERTEX COVER prob-
lem, we are going to define the corresponding instance GM of the
METRIC DIMENSION problem. As we will see, the construction of GM can be
accomplished in polynomial time and the degree of every vertex v € V(GM)

is bounded from above by 3. At the end of this section, we prove some
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important properties of the corresponding graph GM. Let us start with the

description of GM.

vt s
,Uu?)
i @ @
u2 y4
Y; Vi @
y3
vt CHA
y2
A
yl
vV e

Figure 8.1: Subgraph GM with ¢ € V(G) and Ng(i) = {u,y,w,x}.

Construction of the Corresponding Graph G

Let G be a 4-regular graph. For every vertex v € V(G) and every edge
M

e

e € E(G), we introduce the corresponding subgraphs GM and GM| respec-
tively. Then, GM is defined by connecting the subgraphs GM and GM in an
appropriate way specified later on.

In the following, we refer to the subgraph GM with v € V(G) as the
vertex graph of v and to GM as the edge graph of e € E(G). Let us give the
description of the subgraphs GM with x € V(G) u E(G) starting with the

vertex graphs.

Vertex Graph G
Let ¢ € V(G) be a vertex in G and Ng(i) = {u,y, w, z} the set of its
neighbours in G. Then, we introduce the subgraph GM of i specified in
Figure 8.1.

In the remainder, we refer to v ' and oY 2 as the main vertices of gM. For

notational simplicity, we introduce for every vertex i € V(G), the sets

Dg(i) = {vf*,vi* | o € Ng(i), k € [4]} and Dg (i) = Dg(i)\{v¥* |z € Ng(i)}.

7 7
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Finally, we remark that the approximation preserving properties of the con-
struction are independent of the order of appearance of the vertices u, y, w

and z.

Figure 8.2: Subgraph GM with e € E(G).

Edge Graph gM

Let e € E(G) be an edge in G. Then, we define GM as displayed in Figure 8.2.
We refer to vf! and vP? as the main vertices of GM. In addition, we

introduce the split pairs of GM defined by p! = {ve, vt} and p? = {vs,vl}. For

notational simplicity, for every e € E(G), we introduce the set Dg(e) = plup?.

Finally, we denote by R,,(G) the set of the first main vertices of GM given

by
R(G) = {2 |z e V(G) U E(G)}.
The disjoint union of the vertices in V' (GM) with z € V/(G) u E(G) already

defines the vertex set V(GM) of GM. Nevertheless, we still have not specified

all edges of GM. So far, we only have

U EG")cEG").

zeV(G)UE(G)

The remaining edges are needed to connect the subgraphs in order to form
the connected graph GM. We are going to describe how the subgraphs GM
with z € V(G) u E(G) are connected appropriately.
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pl pl

Uhp Uy,

1

1 2
vl vl v

Figure 8.3: Connecting GM, GM and GM, where e = {w, u}.

Let e = {u,w} € E(G) be an edge in G. Then, we connect the subgraphs
GM and GM both with g%vw} by adding the edges {v;"l, vfi)w}}, {v{jw, ’Uf{:i’w}},
{vﬁvl,vfi7w} and {v{f,“,vgijw}} to E(GM). A part of the construction is dis-
played in Figure 8.3.

By implementing the former construction for every edge e € E(G), we
obtain in this way the graph GM. Since the degree of every vertex of G
is bounded from above by 4, we see that the maximum degree of GM is
bounded by 3. Finally, we note that given G, the construction of G can be

accomplished in polynomial time.

Properties of the Corresponding Graph GM

In the following, we prove some crucial properties of the subgraphs G with
r € V(G)U E(G). In particular, we will see that every resolving set of GM

includes at least one main vertex of GM for each z € V(G) u E(G). Let us
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give the precise statement.

Lemma 8.5.1
Let G be a 4-reqular graph, GM its corresponding graph and R a resolving set
of GM. Then, for every x € V(G)u E(G), we have that

R {vPt oP?} # @.

T )T

Proof of Lemma 8.5.1.
Let G be a 4-regular graph and R a resolving set of the corresponding graph
GM. Given an edge e € E(G), we consider the subgraph GM in GM and the
pair {v?? vP'} of vertices. Notice that for every v e V(GM)\{vE? 2"}, we
have dgum (W2 v) = dgM(vé’Q,v). Accordingly, the only vertices resolving this
pair are v¥? and v2' themselves. Therefore, we need to include either v?* or
vPlin a resolving set of GM.

Finally, we note that if we have given a vertex graph GM with v € V(G),

we may use a similar argumentation. [

Next, we are going to prove another crucial property of the edge graph GM.
The following lemma enables us to concentrate on resolving only one of the

split pairs of a given edge graph.

Lemma 8.5.2
Let G be a 4-reqular graph and e an edge in G. If a vertexr v € V(GM)

distinguishes the pair pl, then, v resolves both split pairs of GM.

Proof of Lemma 8.5.2.

In order to prove Lemma 8.5.2, we proceed by case analysis. Let G be a
4-regular graph and e € F(G). Let us start with vertices v € V(GM).

Case (veV(GM)):

Since we have dgu (vE,v) = dgu (v,v%) and dgm (vS5,v) = dgm (v,vt) for any
vertex

pl p2 1 2 cf 3
UE{U Ve Vey Vgy Vs Ve g,

e

neither p! nor p? can be distinguished by v. Hence, the claim holds for these

vertices. The same holds for v € pl U p?, because every v € pl U p? splits both

198



8.5. APX-HARDNESS AND EXPLICIT LOWER BOUNDS

pairs. Therefore, it remains to consider vertices v € V(GM)\V(GM).

Case (v e V(GM)\V(GM)):
Let us assume that there is a vertex v € V(GM)\V(GM) such that
dgm (v,v8) # dgm (v,v!) holds, as otherwise, we have nothing to prove. We

claim that there is a shortest path P?, from v to v$, in which the vertex

7 is not contained. The former statement will be proved by contradiction:

Let us assume that all shortest paths from v to v? all include the vertex vel

C
Ve

But this leads to a contradiction, since we obtain dgm (v,v?) = dgum (v, v?).
Consequently, we may assume that there is a path P, from v to v! not
including v¢/. It implies that P, must contain the vertices v$ and v3. Let
the path P, be given by

Vo= v—v— .. v =S =S - 0P -l
The situation is displayed in Figure 8.4. But then, PY_ =v—-v —... - v -

ve$ —v8 is a shortest path from v to v not containing v¢! contradicting our

assumption of non-existence.

Figure 8.4: The path PV, =v—v; —... - v — 0% — v — 03 = 0L,

Since we know that there exists a shortest path from v to v¢ not including
v and dgar(v,v3) # dga(v,vt), we conclude that dgar(v,v3) < dgu (v, vt).
But this means that we have dgu (v, v¢®) < dgam (v, v¢t) as well and the proof

of Lemma 8.5.2 follows. ]
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Constructing a Resolving Set of GM

Given a 4-regular graph G and a vertex cover C' of G, we are going to
construct the resolving set R(C') of the corresponding graph GM based on

the vertex cover C.

We first give the definition of the set R(C). Afterwards, we prove
that R(C) is indeed resolving for GM.

Definition 8.5.1 (Resolving Set R(C'))
Let G be a 4-regular graph, GM the corresponding graph constructed as de-
scribed in Section 8.5.2. Given a vertex cover C of G, the resolving set R(C')

18 defined as follows.
R(C) = Rp(G)u{vt |ueC}

In the remainder of this section, we will prove that the former defined set
R(C) is resolving for GM.

Lemma 8.5.3
Let G be a 4-reqular graph and C' a vertex cover of G. Then, the vertex set
R(C) is resolving for GM.

In what follows, it will be convenient to separate the proof of Lemma 8.5.3
into two parts. First of all, we show that the set R,,(G), defined by

Ro(G) = {v}' |z e V(G) U E(G)},

resolves every pair of vertices in GM except pl = {ve*, v¢t} and p? = {vs, v}
with e € F(G). At this point, we recall that according to Lemma 8.5.2, we
only have to take care of the remaining pairs p? in the sense that every vertex
v e V(GM) resolving p? distinguishes also the pair pl. Finally, we prove that
given a vertex u € V(G) and an edge e € F(G), vs! distinguishes p? if and
only if u is contained in e.

Since R,,(G) is a subset of R(C') and C' a vertex cover of G, we conclude
that R(C') is resolving for GM. Let us start with the following Lemma.
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Lemma 8.5.4
Let G be a 4-reqular graph and GM its corresponding graph. Then, the set

R,.(G) resolves every pair p € (V(gM)) except pe {pt, p?|leec E(G)}.

Proof of Lemma 8.5.4.
Let G be a 4-regular graph and GM its corresponding graph. First of all, we
prove that the set R,,(G) resolves all pairs

€ (V(gM))\ (eeg@ {pl, p? }).

Afterwards, we show that all pairs p e {p}, p? | e € E(G)} remain unresolved
by R,,(G). The first part will be accomplished by case analysis on pairs

P e ("GN Ueerco) {p,p2}) starting with the case p e (VG)\ {pL,p2} for
a fixed e € E(G).

1.Case (pe (V9 N\{pL,p2} with e e E(G)):

The distance classes induced by {0 } in GM are given by

'y, {ved, {0202}, {vlvd}, {od 00} and {vf}.

Finally, this distance classes are splitted by ¥ ! with i € e into

ey, Aver, {o2h {0}, {oiol), {20} {02}, and {vf).

2.Case (pe (V9") with i e V(G)):

Let i € V(G) be a vertex with neighbours u,y,w and x in G. Furthermore,
we have that e = {w,i} and a = {u,i}. The corresponding subgraphs G,
GM and GM are connected as displayed in Figure 8.5. Let us consider the

distance classes induced by {v"'} in GM given below.
1 2 2 f3
o'y, Lol oy, Lol ol ot (ol 0l 0,

{ fu fy Ufw7 $7 53 54} {Uz 7 27 w } {Uz : Z’ w3 z3}

27277,2 z7z

{vu2 U?JQ w2 } and {U 7 wl :1:1}

7,7za@7’L Z?z 7,7
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By including ©?” in our resolving set, the remaining unresolved distance

classes are
{0l of" 3, {of oy, {0, 0, {of, o2} and {of', opt ).

Finally, we see that these remaining pairs can be resolved by v2'.

Figure 8.5: Subgraphs GM, GM and GM with e = {w,i} and a = {u,i}.
3.Case ({z,y}, where x ¢ V(GM), y e V(G)) and {e,e’} ¢ E(G)):

Notice that for every z € V(GM) and y € V(GM), we have dgu(z,v8") <5

and dgn (y, vP') > 9. Hence, we can choose vf" to distinguish all these pairs.
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4.Case ({z,y}, where z € V(GM), ye V(GM), ie V(G) and e € E(G)):
From the former case, we know that dgum(z,v? ") < 5 holds. If we have
dgm (y,08") > 5 for every y € V(GM), we have nothing to prove.

Therefore, we may assume that there is a vertex v* € V(GM) such that
{ves, v} € E(GM) holds. But then, v?' leaves only the pair {v®!,v¢/}
unresolved. The remaining pair can be distinguished by v ! since we obtain
dgn (v, vP) = 5 and dgu (v, 0P") = 8.
5.Case ({z,y}, where z ¢ V(GM), yeV(GM) and {i,j} < V(G)):

Let i € V(G) be a vertex in G and {u,y,w,z} its neighbors in G. Then, we

introduce the set of vertices Xg defined as follows.

Xﬁ—{U RN |k€[]}

Z’Z’Z

Notice that we have dgu (z,v"") < 5 for all 2 € V(GM)\ X and dgu (y,0"") > 6
for all y € V(ng ). We illustrated the corresponding situation in Figure 8.6.
Hence, the pairs that we have to consider are {x,y} with z € X5 and y €
V(QM ). But for the former described pairs, we obtain dgwm (y, v¥ v; ') < 8 and
dgm (2, v} >0

Finally, we have to show that all pairs p! and p? with e € E(G) remain
unresolved in order to finish the proof of Lemma 8.5.4. For this reason,
we consider the graph GM for a fixed e € F(G). Let {e; € E(G) | i € [6]}
be the set of edges with e; ne # @ and e; # e for all i € [6]. Notice that
for every i € [6], the shortest path from v?' to v$ contains the vertex v<'.
The same holds for all shortest paths from v%' to v € {ve, ves vt}. Since
we have dgu (v, v3) = dgu (v vt) and dgu (v, ve) = dgu (v vet), we
conclude that dgu (vE,v8) = dgu (v2),vt) and dga (V2 ves) = dgu (VB vet)
for all 7 € [6]. With this fact in mind, we are able to prove inductively that
all shortest paths from v?' with e’ # e to v € {vs,v¢, ves, vl} lead over the
vertex vS/. Hence, the vertices v € {vE" | e € E(G)} leave every split pair of
GM unresolved.

The remaining vertices to be analyzed are v with i € V/(G):
Notice that given a vertex /' with i € e, we have that dgu(v'',vg) =
dgm (VP! 0t) = 7 and dgar (0P, 085) = dgar (VP! vet) = 8.

7 e 1 Ve

203



CHAPTER 8. THE METRIC DIMENSION PROBLEM

1

pl
Ve Vg v§2

Figure 8.6: 5.Case ({x,y}, where z € V(GM), y e V(GM) and i # j).

Therefore, let e; # € be an edge in G and j € e;\ e a vertex in G. Then, the
shortest path from v? ! to ¢ can be divided into the shortest path from vf !
to vﬁ{ and the shortest path from vé{ to vs. The same holds for shortest
paths from v;ﬂ to v € {vst ves, vt}. From the former case, we know that
dgar (v, 03) = dgar (v, 0t) and dgar (VS ve) = dgar (v, vet) holds. Thus, v?l
cannot resolve any split pair of GM. By a similar argument, we conclude that

the same holds for all v € {vé.’l | 7€ V(G)\ e} finishing the proof. u

Thus far, we know that the set R,,(G) resolves all pairs p € (V(gM)) except
pe{pl,p?|ec E(G)}. Consequently, we want to know which vertices are
able to distinguish the remaining pairs. In order to resolve this question, we

are going to prove the following lemma.

Lemma 8.5.5
Let G be a 4-regular graph and e an edge in G. Then, the vertex vi' e V(GM)
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resolves the pair p? if and only if i € e holds.

Proof of Lemma 8.5.5.
Let G be a 4-regular graph and e € E(G). We are going to analyze two cases
starting with 7 € e:

s ut) =9, which by

1 7 °7e

In the case (i € €), we have dgm (vs!,v2) = 8 and dgum (v

definition means that the vertex vl resolves p2.

Pl 2 1
Uy Uy Up U2

Figure 8.7: Case (i # €) with a = {i,u} and e = {u,w} in Lemma 8.5.5.

Now, let us consider the case (i ¢ e):

We are going to analyze the situation displayed in Figure 8.7. In this situ-
ation, we have dgum (vs!,v3) = dgm (vi, vt) = 13. Notice that a shortest path
from v! to both vertices v and v? lead over the edge {v¢/,v3} causing that
the considered pair remains unresolved. More generally, a similar argumen-

tation as in the proof of Lemma 8.5.4 leads to the fact that shortest paths
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from every vi! with i ¢ e to both, v and v, contain the vertex ve’ . Hence,

these vertices cannot resolve p2. [ ]
At this point, we are ready to give the proof of Lemma 8.5.3.

Proof of Lemma 8.5.5.
Let G be a 4-regular graph and C' a vertex cover of G. By definition, R,,(G)
is a subset of R(C). Thus, by Lemma 8.5.4, we know that the only pairs
which could be unresolved are p! and p? for every e € E(G).

On the other hand, the vertices ¢ € V(G) with vi' € R(C')\R,,(G) form
a vertex cover of the original graph G. Therefore, Lemma 8.5.5 applies to
R(C)\R,,(G) resolving all pairs p? with e € E(G).

According to Lemma 8.5.2, the same vertices in R(C')\R,,(G) also split all
remaining pairs p} with e € £(G) and the proof of Lemma 8.5.3 follows. =

Constructing a Vertex Cover from a Resolving Set

Given a 4-regular graph G and a resolving set R of GM  we are going to
construct the corresponding vertex cover Cg(R) of the original graph G

based on the resolving set R.

Let us first give the definition of the corresponding vertex cover Cg(R).

Afterwards, we prove that Cg(R) is indeed a vertex cover of the graph G.

Definition 8.5.2 (Vertex Cover Cg(R))
Let G be a 4-regular graph with V(G) = {1,...,n} and R a resolving set of
GM. Given R, the vertex cover Cg(R) is defined as follows.

Co(R)=1 U {ilRnD{i,j})#2 } U( U {U|D(v)ﬂR¢®})
{i,j}eB(9) veV ()

i<j

According to Lemma 8.5.1, we know that any resolving set R of GM must
contain at least one main vertex of every subgraph GM with x € V(G)uE(G).
Let us fix a z € V(G) U E(G). Then, for every v € V(GM)\{v2? v2'}, we have

dgm (v,08") = dgn (v,v5?). Thus, the vertices v2' and v2° resolve the same
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pairs in GM. Moreover, even by including both vertices, it will not change
the number of resolved pairs. Consequently, we may assume without loss of
generality that R,,(G) € R holds.

Recall from Lemma 8.5.4 that R,,(G) resolves all p € (V(gM)) except pl
and p? with e € £(G). Hence, we have to determine which vertices are able
to distinguish the remaining pairs. According to Lemma 8.5.2, it suffices to
identify the particular vertices resolving p? with e € E(G).

At this point, we provide the following lemma whose proof will be given

later on in this section.

Lemma 8.5.6
Let G be a 4-regular graph and {u,w} be an edge in G. Then, v e V(GM)
resolves the pair p?u w} of and only of

Ve [Dg({u, w})u Dg(u)uDg(w)u {vrt, vl ]

u ) w

Given an edge e = {u,w} € £(G), according to Lemma 8.5.6, the only vertices
resolving the pair p%%w} are subsets of V(GM), V(GM) and V(GM). Since
R is resolving for GM and by definition of Cg(R), for every e € E(G), there
exist at least one vertex i € (eﬂCg(R)). In summary, we obtain the following

statement.

Lemma 8.5.7
Let G be a 4-reqular graph and R a resolving set of GM. Given R, the set of

vertices Cg(R) can be constructed in polynomial time and is a vertex cover

of G.

In order to complete the proof of Lemma 8.5.7, it remains to give the proof
of Lemma 8.5.6.

Proof of Lemma 8.5.6.

Let G be a 4-regular graph and e = {w,u} € E(G). We are going to determine
which vertices of GM are able to resolve p2. Let us first consider vertices
v e V(GM): Notice that all v € D({w,u}) = pl U p? possess this property,

1 p2
whereas vF', vE%, v}, v2, v3 and v cannot resolve p2.
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,Ul4 UZ?)
k4

U? Uy,
12 k3

Uy, Uy,
1 k2

Uy, Uy,
Uk:l

Figure 8.8: Graphs G, G,, G, with a = {,u} and {w,u},a € E(G).

Hence, we are left to analyze the vertices in V(GM)\V(GM):
We are going to analyze the situation displayed in Figure 8.8. The neighbor-
hood of v in G is given by Ng(u) = {l, k,w,i}. Furthermore, we use a = {i,u}.
Note that all vertices in Dj(u) are able to distinguish the pair p2. On the

other hand, for vi!, we obtain dgm (v, vil) = 10 = dga (vE, vil). Since we have

dgm (vE,v) = 12 and dgm (vi,v) = 12 for each v € {v!l,vF'}, both, v!! and

vkl cannot split p2. For v¥!, we obtain dgm(vs,v¥l) = 2 # dgm (vi,v¥1) = 4.

u e)ru e’ ru

Furthermore, we see that shortest paths from

1 ,pl . p2 .2 . fl  f2 3 . fl . fk . fw  fi
UE{U'MUU 7vu 7Uu7v'JuC 71)’5 72}5 7U1{7U?{ 7U’l{ 7U’l{}

t,vg} all contain ve’ and conclude that v cannot resolve p?. By

er e

to w e {v
symmetry, we infer that the only vertices in V' (G2!) splitting p? are v € Dg(w)
and v¥l.

Let us consider the vertex v¢s. Then, all shortest paths from v¢* to vl as
well as to v$ contain the vertex v¢! and in particular, we obtain dgn (v, v5°) =
9 and dgm (vt,ve%) = 9.
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For the remaining vertices, we argue analogously to the proof of
Lemma 8.5.5 that all shortest paths to v! and v¢ contain the vertex vel
In other words, these vertices cannot distinguish the pair p2.

In summary, the only vertices resolving p? are contained in the set

Dg(u) u Dg(w) u {vi‘,}, vﬁl} u Dg(e).

At this point, we are ready to give the proof of Theorem 8.4.1.

Proof of Theorem 8.4.1

Given a 4-regular graph G as an instance of the VERTEX COVER problem,
we construct in polynomial time the corresponding graph GM as described
in Section 8.5.2. Recall that the maximum degree of GM is bounded by 3.
Since G is connected, GM inherits this property due to its construction.

(i) Let C be a vertex cover of G. Then, we construct in polynomial time the
set Rg(C') as described in Section 8.5.3. According to Lemma 8.5.3, Rg(C')

is a resolving set of GM. Then, the metric dimension of GM is at most
dimyr(G") < |Rg(C)] = |C|+|E(G)|+[V(9)]-

(i) On the other hand, given a resolving set R of GM  we construct in
polynomial time the vertex cover Cg(R) of the original graph G by applying
Lemma 8.5.7. From Lemma 8.5.1, we know that every resolving set of GM
contains at least one main vertex of every subgraph GM with x € E(G)uV(G).

Moreover, for every vertex in the set

zeE(G)uV(G)

R\( U {vﬁl,vﬁl),

Cg(R) contains at most one vertex of V' (G). Therefore, we conclude that

Co(R)| < [Rl= > [{of o'} nR[ < |RI-|E(G)-|V(9)|
zeE(G)UV(G)
and the proof of Theorem 8.4.1 follows. ]
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Improved Approximation Lower Bound

In this section, we give an improved approximation preserving reduc-
tion from the VERTEX COVER problem in 4-regular graphs to the
METRIC DIMENSION problem restricted to graphs with maximum degree
3. Given a 4-regular graph G, we construct the corresponding graph G/ with
its subgraphs G! and G! having improved properties and less vertices com-
pared to the subgraphs GM and GM in the previous section. In particular, a
resolving set S of the graph G! with |S| = dim;(G') contains only one vertex
of every subgraph G! with v € V(G) in contrast to the previous construction,
in which we needed one vertex per each subgraph GM with z € E(G)uV (G).

Moreover, we will give the proof of Theorem 8.4.3.

Constructing G’ from a 4-regular Graph G

Given a 4-regular graph G as an instance of the VERTEX COVER problem,
we are going to construct the corresponding graph G! with maximum degree
3 as an instance of the METRIC DIMENSION problem. In addition, we prove
some important properties of the corresponding graph G!. Let us start with

the description of the graph G'.

Construction of G/

Let G be a 4-regular graph. For convenience, we split the neighbourhood
of every vertex v e V(G) into two sets of equal size, denoted by N;(v) and
N§(v). Given G, the corresponding graph G’ consists of the subgraphs G/
and G! for every vertex v € V(G) and every edge e € E(G). We refer to them
as the vertexr and the edge graph, respectively. In the following, we are going
to specify the subgraphs G with x € V(G) u E(G) beginning with G!.

Vertex Graph G!

Let i € V(G) be a vertex and Ng(i) = Ng(i)uNg (i) be the set of its neighbours
in G, where Nj(i) = {y,z} and Nj(i) = {u,w}. The corresponding vertex
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pl

graph G/ is displayed in Figure 8.9. We refer to v/ and o! * as the main

vertices of GI. Furthermore, we introduce the set of vertices Ré defined by

RL = {v?' |ieV(G)}.

Figure 8.9: Subgraph G/ with i € V/(G), Nj(i) = {z,y} and Nj(i) = {u, w}.

Edge Graph G!

Let e € F(G) be an edge in G joining the vertices u and w. Then, G! is
defined as displayed in Figure 8.10. Furthermore, we introduce the split pair
of GI given by p. = {vg,vl}. For a vertex i € V(G) with N (i) = {v,w} and
N (i) = {z,y}, we define the set D(i) as follows.

i 0 Yo Yis v Yiso

S\ s2 sl s3 vw zy l 2l al al
D(i) = { Vit Vi U Vi Vi Uhiah Vigy Yy Vi)

le[2]}

2
LW
,Uu2 €
e
f1
,le Ve
?JU1 €
e
f2
V3 v
e € Ué

Figure 8.10: The subgraph G! with e = {u,w}.

As mentioned, the disjoint union of the vertices in V(GI) with x € V(G) u
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E(G) defines the vertex set of G/ meaning

vigh= U V(G

zeV(G)UE(G)

We now describe how the subgraphs are connected in order to form G’.

Let {u,w} € E(G) be an edge in G. In addition, we let Ng(u) = {y,w} and
Nj(w) = {z,u}. Then, we connect the subgraphs Gl and G both with Q{I

by adding the edges {vus vy w}} {vu U, w}} {vf;g, U?z?w}} and {U@“,U{i w)

to E(G"). By implementing the former construction for every edge e € E(G),

we obtain in this way the graph G/ with maximum vertex degree 3.

Properties of the Corresponding Graph G/

First of all, we are going to prove that for each v € V(G), every resolving set

of G' includes at least one main vertex of G!.

Lemma 8.6.1
Let G be a 4-regular graph and R a resolving set of G'. Then, for every

veV(G), there is at least one main vertex of GI included in R.

Proof of Lemma 8.6.1.
Let G be a 4-regular graph, i € V(g ) and R a resolving set of G/. We note
that for every vertex v e V/(GI)\ {v"',v"*}, we have dgr(v"",v) = d z(vl ,V).

Thus, in order to resolve the pair {v ,uf 2

z’z

}, at least one vertex v € {v"*, v?*}

is contained in R. m

Constructing a resolving set from a vertex cover

Let G be a 4-regular graph and G! the corresponding graph constructed as
described in the previous section. Given a vertex cover C' of G, we are going
to construct the resolving set R}(C') of G' based on C.

The crucial difference between the sets R5(C) and Rg(C) from Defi-
nition 8.5.1 is that Ré(C ) includes only vertices corresponding to elements

contained in V(G) and in C. It entails a decreased size of the resolving
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set implying an improved approximation preserving reduction. Let us first
define the set Ré(C’ ) given a vertex cover C' of G. Afterwards, we are going

to prove that R[(C) is indeed resolving for G'.

Definition 8.6.1 (Resolving Set R(C'))

Let G be a 4-reqular graph, G! the corresponding graph constructed as de-
scribed in Section 8.6.1 and C' a vertexr cover of G. Then, the resolving set
RL(C) is defined as follows.

RG(C) ={vlt vt [veV(G),ueC}

The remaining part of this section is devoted to prove that the set R}(C) is

resolving for G/. Let us formulate the precise statement.

Lemma 8.6.2
Let G be a 4-reqular graph, G' the corresponding graph constructed as de-
scribed in Section 8.6.1 and C' a vertex cover of G. Then, the set R[(C) is

resolving for G.

Let us describe the structure of the proof of Lemma 8.6.2.
First of all, we show that the set Rj, defined by Rj = {8 | w e V(G)},
resolves every pair of vertices of G! except the split pair p, = {vs,v!} for each
ee E(G).

Then, we prove that vs! with u € e resolves p.. Since Ré is a subset of
RL(C) and C is a vertex cover of G, we conclude that R5(C) is a resolving

set of G!. Let us proceed to prove the following statement.

Lemma 8.6.3
Let G be a 4-reqular graph. The set Ré resolves every pair p € (V(le) ) except

pe{pelecE(G)}.

Proof of Lemma 8.6.3.
In the first part of the proof of Lemma 8.6.3, we show that any pair in

(") (egg@ {pe})
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can be distinguished by some vertex w € Ré. We proceed by case analysis
starting with p € (V(gg))\{pe} for a fixed e € E(G):

Figure 8.11: Subgraphs G!, GI and GL with e = {u,w}.

1.Case (pe (V(Qgé’))\{pe} with e € £(G)):

Let {u,w} be an edge in G and Q{Iu’w} its edge graph. Furthermore, we
let Nj(w) = {i,u}, NG(w) = {k,1}, Ng(u) = {w,y} and Nj(u) = {o,d}. This
situation is displayed in Figure 8.11. Then, we consider the following distance

classes induced by {v%'} in GI.

{ol'y, {olPuh (ol vl oty {2, {ofh)
By taking %' into account, we can resolve all distance classes except {vt, vs}.
2.Case (p € (V(2g{)) with i€ V(g)):
Let i € V(G) be a vertex and Ng(i) = Nj(i) u N3 (i) its neighbours in G,
where Nj(i) = {z,y} and NZ(i) = {u,w}. Then, the following distance

classes are induced by {v"'} in G/

(o ol oy (o0l oy, {0 v oy, {0 v

i 0 Yoo i 0 Y is 7 Yis
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We note that the remaining unresolved distance classes can be resolved by

1
vht.

Figure 8.12: Case (ena# @) with e={i,w} and weena.

3.Case ({x, z}, where r €V (G.), z€V(G,) and {e,a} c E(g)):

Let e and a be edges in G. We begin with the case (ena # @). Then, we
define e = {i,w} and w € e na. The corresponding situation is displayed in
Figure 8.12. The unresolved distance classes induced by {v"'} in GI and G!

are

{l?, v}, {ve, ve, ol vt} {of2 ot} {0l vh, v? ),

{va, vi'} and {v?, vi?}.

By considering v}, we are left with the unresolved distance classes p, and
Pa-

In the case (ena = @), we define e = {u,w} and a = {¢,y}. Then, there
is a vertex j € {c,y} such that for all = € V(G!), we have dg](’U?l,.f) > 8.
On the other hand, for all z € V/(GI), we obtain ng(Ué?l,Z) < 8. Note that
there could be only one remaining unresolved pair {z, z} with € V(G!) and

z e V(Gl). By taking vP! into account, this last pair can be resolved by v
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4.Case ({z,y}, where x € V(G!), ye V(G!), i€ V(G) and e € E(G)):
In case of i ¢ e, we obtain dgr(vF", ) < 4 and dgr (v"",y) > 6 for all 2 € V(GF)
and y € V(G1).

Therefore, we may assume that we have e = {i,k}. Let Ng(i) be
partitioned by Nj(i) = {k,I} and NZ(i) = {u,w}. Again, we analyze the
distance classes induced by v? . The remaining unresolved distance classes

are {v¥ v!'} and {v** v{'}. But, these pairs can be resolved by v?".

18 1S

5.Case ({z,y}, where z ¢ V(G]), yeV(G]) and {4, j} < V(G)):
Let i and j be different vertices in G. Then, we note that for all z € V(G!)
and y € V(G/), we have that dgr(z,0"") <4 and dgr (y,v"") > 5.

Figure 8.13: Case (ene’ # @) with e={y,z} and ¢’ = {z,y}.

Hence, we can distinguish all considered pairs finishing the first part of the
proof. In the second part, we will prove that all pairs p. with e € E(G) re-
main unresolved by Ré. For this reason, we consider the graph G! for a fixed
e={x,y} € B(G). We notice that dgr(vt,v5") = dgr(vs,vE") = 6 holds. Thus,
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1 : 1
vy cannot resolve p.. By symmetry, the same is true for v}".

Let e’ = {y,z} € E(G) be an edge in G sharing a vertex with e. Fur-
thermore, let the neighborhood of z be defined by Nj(z) u N3(z), where
Ni(z) = {y,m} and N§(z) = {o,d}. Then, we conclude that the shortest

path PP1% from %' to vt in GI is given by

pl-z _ _pl _ _fl _ f2 ym _ 1wz f1 L f2
P~ = vP —vl " — vy, — v vl - vl -y

The situation is displayed in Figure 8.13. We keep in mind that Pp "% contains
the vertex v{'. The same holds for the shortest path from o2 to vs. More
generally, all the shortest paths from a vertex v¥' with y € V(G) to v or
vl possess this property, which can be proved inductively. Consequently, we
conclude that this pair cannot be resolved by any v with y € V(G).

summary, the set Ré leaves all pairs p, with e € E(G) unresolved. [

Thus far, we know that the set Ré resolves all p € (V(Qg I)) except pairs p €
{pe | e € E(G)}. Therefore, we want to know which vertices are able to
distinguish the remaining pairs. A step towards this goal is the following

lemma.

Lemma 8.6.4

Let G be a 4-regqular graph and G its corresponding graph. For a fized e €
E(G), the vertex vit with i € V(G) resolves the pair p. if and only if i € e
holds.

Proof of Lemma 8.6.4.

Let G be a 4-regular graph, i € V(G) a vertex and e € £(G) an edge in G. We
begin with the case i € e. Then, we obtain dgr(vs!, v2) = 6 and dgr(vi', vf) =7
implying that the pair p. is indeed resolved by wvs.

Next, we consider the case (i ¢ ). Let us analyze the situation displayed
in Figure 8.14. We let e = {y,a} and ¢ = {i,y}. In this situation, we
vt) = 9. Notice that shortest paths from v to

vl and v? lead over the edge {ve ,ve } causing that the considered pairs

have dgr(vst,v2) = dgr(vst

zae

remain unresolved. Similarly to the proof of Lemma 8.6.3, it can be proved
that shortest paths form every vi! with i ¢ e to v! and v$ contain the edge

{ve ! 1. Accordingly, vertices vt with ¢ ¢ e leave the pair p, unresolved. m
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Figure 8.14: Case (i ¢ ¢), where e = {y,a} and e’ = {7, y}.

At this point, we are ready to give the proof of Lemma 8.6.2.

Proof of Lemma 8.6.2.
Let G be a 4-regular graph and C' a vertex cover of G. Recall that by definition
of R;(C), we have R} ¢ RL(C). From Lemma 8.6.3, we know that Ry
resolves all pairs of vertices in G! except p, with e € F(G).

On the other hand, the corresponding vertices i € V(G) with vi! €
RL(C)\R}, form a vertex cover of the original graph G.  Therefore,

Lemma 8.6.4 applies to Ré(C’)\Ré resolving the remaining pairs p, with
ee E(G). |

Constructing the Corresponding Vertex Cover

Given a 4-regular graph G, its corresponding graph G’ and a resolving set R
of G, we construct in polynomial time a vertex cover C{(R) of the original
graph G based on R. Let us first define the corresponding vertex cover Cé(R)

given a resolving set R of G'.
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Definition 8.6.2 (Vertex Cover C(R))
Let G be a 4-regular graph with V(G) ={1,...,n}, G! its corresponding graph
and R a resolving set of GI. The set of vertices C’é(R) is defined as follows.

CL(R) = U {i|Rnpu,+2} u( U {k:|D(k:)mR¢®})

{i.4}€B(G) keV(9)
1<)

In the remainder of this section, we will prove that the former defined set
Cé(R) is indeed a vertex cover of the original graph G. More precisely, we

are going to prove the following statement.

Lemma 8.6.5
Let G be a 4-reqular graph, G' its corresponding graph and R a resolving set
of GI. Given R, the set C’é(R) is a vertex cover of G and is constructible in

polynomial time.

Given a resolving set R of G/, it is straightforward to construct the set C/(R)
in polynomial time. Hence, it remains to be proved that C’é(R) is a vertex
cover of G. According to Lemma 8.6.1, a resolving set R of G/ contains at
least one main vertex of the every graph G! with v € V/(G). Moreover, we
may assume that every resolving set contains Ré as a subset. This can be
deduced from the fact that for every = € V(G)\{v"', v"*} with i € V(G),

AR

we have dgr (v, ) = dgr (v"*, ). As a matter of fact, even when including

: 1 2 -
both vertices, v} and v}”, we resolve the same number of pairs in G/. By

7 )
Lemma 8.6.3, the remaining unresolved pairs p € (V(;; I)) are exactly p. with
e € E(G). It gives rise to the question which vertices in G! are able to

distinguish the remaining pairs. The following lemma resolves this question.

Lemma 8.6.6
Let G be a 4-reqular graph and G its corresponding graph. Given an edge
{u,w} € E(G), then, the vertex v e V(G!) resolves the pair pgy, .\ if and only

ifve (p{ww} uD(u)u D(w)) )

Proof of Lemma 8.6.6.
Let G be a 4-regular graph and {u,w} € E(G) an edge in G. Furthermore, let
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the neighborhood of u in G be given by Nj(u) = {w,z} and Nj(u) = {z,y}.
Then, from Lemma 8.6.3, we know that o5, v#?, vb' and v£? cannot resolve
pe. On the other hand, we see that the vertices v € p, are able to distinguish
Pe- According to Lemma 8.6.4, v5! and v3!, both split the pair p.. It implies
that every vertex along the shortest path Ps1-% from vs! to v possesses this

property, where Ps1-% is defined as follows.

sl-=w _ ,s1 _ ,s2 83 ,wxr __,u2__,ul __ s
Ps—e = Uy Uy, Uy, Uys Ve Ve Ve

The situation is displayed in Figure 8.15. For convenience, we use the ab-
breviations a = {u,z} and b = {u,y}. Then, we note that dgr(v¥,v¢) =5 and
dgr (v, vt) = 7 holds. Accordingly, all vertices along the shortest path Pl @

e

from v*! to v? resolve the pair p., where

ul-a _ ,ul u2 wT u2 ul s
Ps—e = Vg —Uq —Uys = Ve — Ve — Ve

By contrast, the vertex v: cannot distinguish the pair p. since we have
1

dgr(vit,v) = 6 and dgr(vet,vl) = 6. For the vertex v;", we observe that

dgr (v, v8) =7 and dgr(vit,vt) =9 implying that every vertex on the short-

est path Pt from vt to v$ splits the pair p., where

Pulb = il — 2 Y — 3 T U2 Ul g8,

On the other hand, we have dg:(v;,vs) = 8 and dg:(vi,vt) = 8. A similar
situation holds for the vertex v¥! with ¢ = {u, z} yielding dgr (v¥,v$) = 7 and
dgr(vet,vt) = 9. Therefore, we conclude that vertices v € D(u) all resolve the

pair p.. By symmetry, the same holds for vertices v € D(w). On the other

hand, for the vertices

T2 0w oY obd ot | p g e Ny(w), u,t e Ni(w)},

w u w

ve ol v, ofl, v

we obtain dgr(v,v$) = dgr(v,vt). Analogously, for all vertices w having the
property that a shortest path P¥, from w to v? in G! is including v¥*, we

obtain dgr(w,vs) = dgr(w,vt).

By induction, it can be proved that all vertices
Ve V(QI)\(pe uD(u)u D(w))
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possess this property. In summary, we conclude that the only vertices resolv-

ing the pair p, are v € (p. U D(u) u D(w)). m

Figure 8.15: Subgraphs G!, G!, G and G/, where a = {u, 2z} and b = {u,y}.

After having resolved which vertices can distinguish the pairs p, with e €

E(G), we are ready to give the proof of Lemma 8.6.5.

Proof of Lemma 8.6.5.

Let G be a 4-regular graph and R a resolving set of G/. From Lemma 8.6.1, we
know that any resolving set R of G! includes at least one main vertex of every
subgraph G/ with v € V(G). According to Lemma 8.6.3, the vertices in Ry
resolve every pair in G/ except p. with e € E(G). By applying Lemma 8.6.6,
for every e = {u,w} € E(G), there exists a vertex i, € (C’é(R) ne) correspond-
ing to the vertex r € Rn (p. u D(u) u D(w)) and the proof of Lemma 8.6.5

follows. n

221



8.6.4

8.7

CHAPTER 8. THE METRIC DIMENSION PROBLEM

Proof of Theorem 8.4.3

Given a 4-regular graph G, we construct in polynomial time the corresponding
graph G! as described in Section 8.6.1. Note that the maximum degree of G/
is 3.

(i) Let C be a vertex cover of the original graph G. Given C, we construct
in polynomial time the corresponding resolving set Rf(C). According to
Lemma 8.6.2, R}(C) is indeed resolving for G’ and the metric dimension of

G! can be bounded from above as follows.
dimpr(G) < [RG(O)] = |C|+|Rg| = |Cl+|V(9)]

(i1) On the other hand, given a resolving set R of G/, we are able to construct
in polynomial time the set C}(R). By Lemma 8.6.5, we know that C}(R)
is a vertex cover of G. Furthermore, we know that every resolving set of
G! contains at least one main vertex of every subgraph G! with x € V(G).

Furthermore, for each vertex w € (R\{v}', v}’ [v e V(G)}), CEt(R) contains
at most one vertex u, € V(G). We conclude that the size of the set C}(R)

can be bounded from above by

IC{(R)| < |RI= % [Ro{of"of”}] < |RI-|V(9)]
1€V (G)

and the proof of Theorem 8.4.3 follows. [ ]

Bibliographic Notes

Some parts of the material presented in this chapter are based on the paper
[HSV12]. In particular, the proof of Theorem 8.4.1 appeared in [HSV12].

222



CHAPTER 9

The Shortest Superstring and
Related Problems

223



9.1

CHAPTER 9. THE SHORTEST SUPERSTRING AND RELATED PROBLEMS

In this chapter, we study the approximation hardness of the SHORTEST
SUPERSTRING, the MAXIMUM COMPRESSION and the MAXIMUM
ASYMMETRIC TRAVELING SALESPERSON (MAX-ATSP) problem. We in-
troduce a new reduction method that produces strongly restricted instances
of the SHORTEST SUPERSTRING problem, in which the maximal orbit size is
8 (with no character appearing more than 8 times) and all given strings hav-
ing length exactly 4. Based on this reduction method, we are able to improve
the best up to now known approximation lower bound for the SHORTEST
SUPERSTRING problem and the MAXIMUM COMPRESSION problem by an
order of magnitude. In particular, our first reduction implies an inapproxima-
bility threshold of 345/344 for the SHORTEST SUPERSTRING problem and
207/206 for the MAXIMUM COMPRESSION problem. By designing more effi-
cient gadgets, we improve the corresponding bounds to 333/332 and 204 /203,
respectively. The results imply also an improved approximation lower bound
for the MAX-ATSP problem.

Introduction

The SHORTEST SUPERSTRING problem is the following problem: given a
finite set S of strings and we would like to construct their shortest superstring,
which is the shortest possible string such that every string in S is a proper
substring of it.

The task of computing a shortest common superstring appears in a wide
variety of application related to computational biology (see. e.g. [L88| and
[L90]). Intuitively, short superstrings preserve important biological structure
and are good models of the original DNA sequence. In context of com-
putational biology, DNA sequencing is the important task of determining
the sequence of nucleotides in a molecule of DNA. The DNA can be seen
as a double-stranded sequence of four types of nucleotides represented by
the alphabet {A,C,G,T}. Identifying those strings for different molecules
is an important step towards understanding the biological functions of the

molecules. However, with current laboratory methods, it is quite impossible
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to extract a long molecule directly as a whole. In fact, biochemists split
millions of identical molecules into pieces each typically containing at most
500 nucleotides. Then, from sometimes millions of these fragments, one has
to compute the superstring representing the whole molecule.

Interested in computational aspects of this problem, Maier and
Storer |MST77] proved that the decision version of the SHORTEST
SUPERSTRING problem is NP-complete. However, there are many ap-
plications that involve relatively simple classes of strings. Motivated by
those applications, many authors have investigated whether the SHORTEST
SUPERSTRING problem becomes polynomial time solvable under various re-
strictions to the set of instances. Gallant, Maier and Storer [GMS80| proved
that this problem in the exact setting is still NP-complete for strings of
length three and polynomial time solvable for strings of length two. On the
other hand, Timkovskii [T90| studied the SHORTEST SUPERSTRING prob-
lem under restrictions to the orbit size of the letters in the alphabet. The
orbit size of a letter is the number of its occurrences in the strings of S.
Timkovskii proved that this problem restricted to instances with maximal
orbit size two is polynomial time solvable. He raised the question about
the status of the problem with maximal orbit size k for any constant k > 3.
Middendorf [M94| proved that the restricted problem, in which instances &
have maximal orbit size six and the length of all strings in § equals four,
is NP-hard. Furthermore, we mention that the SHORTEST SUPERSTRING

problem remains NP-hard for strongly restricted instances, such as
e all strings have length three and the maximal orbit size is eight [M94],
e the size of the alphabet of the instance is exactly two [GMS80|, and
e all strings are of the form 10p10g, where p,q € N [M98].

In order to cope with the exact computation intractability, approxima-
tion algorithms were designed to deal with this problem. In 1990, Li [L90]
gave a polynomial time approximation algorithm for this problem with an
approximation ratio O(logn). The first polynomial time approximation al-

gorithm for the problem with a constant approximation ratio was given by
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Blum et al. [BJL*94] achieving an approximation ratio 3. This factor was im-
proved in a series of papers yielding approximation ratios of 2.89 by Teng and
Yao [TT93|, 2.84 by Czumaj, Gasieniec, Piotrow and Rytter [CGPR97], 2.80
by Kosaraju, Park and Stein [KPS94|, 2.75 by Armen and Stein [AS95], 2.67
by Armen and Stein [AS96]; 2.60 by Breslauer, Jiang and Jiang |[BJJ97| and
2.5 by Sweedyk [S99]. Kaplan, Lewenstein, Shafrir and Sviridenko [KLSS05]
and Paluch, Elbassioni and van Zuylen [PEZ12] designed an efficient approx-
imation algorithm for the MAX-ATSP problem (see Definition 9.4.3) with
approximation ratio 1.5. By using a black-box reduction due to Breslauer,
Jiang, and Jiang [BJJ97|, the approximation algorithms mentioned above for
the MAX-ATSP problem yields an approximation ratio 2.5 for the SHORTEST
SUPERSTRING problem. Both, especially the approximation algorithm given
by Paluch, Elbassioni and van Zuylen [PEZ12|, are significantly simpler
than the approximation algorithm for the SHORTEST SUPERSTRING prob-
lem due to Sweedyk [S99]. More recently, Mucha [M13] broke the long-
standing bound of 2.5 and developed an efficient approximation algorithm
for the SHORTEST SUPERSTRING problem with approximation ratio 2.48.
For the special case, when all input strings have length exactly v, the prob-
lem can be approximated within (y2++-4)/(4y-6) improving on the general
bound of 2.48 for all v e {3,...,7} (cf. [GKM13]).

On the lower bound side, Blum et al. [BJL*94| proved that the
SHORTEST SUPERSTRING problem is APX-hard. However, the con-
structed reduction produces instances with arbitrarily large alphabets.
Ott [099] gave the first explicit approximation hardness result and proved
that the problem is APX-hard even if the size of the alphabet is two. More-
over, he established an inapproximability threshold of 17246/17245 for in-
stances over a binary alphabet. In 2005, Vassilevska [VO05| improved this
bound to 1217/1216 by using a natural construction. The constructed in-
stances of the SHORTEST SUPERSTRING problem have maximal orbit size
20 and the length of the strings is exactly 4.

In this chapter, we prove that even instances of the SHORTEST
SUPERSTRING problem with maximal orbit size 8 and all strings having
length 4 are NP-hard to approximate to within any factor less than 333/332.
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Maximum Compression Problem

Given a collection of strings &, we want to find a superstring for § with
maximum compression, which is the difference between the sum of the lengths
of the given strings and the length of the superstring.

In the exact setting, we note that an optimal solution to the SHORTEST
SUPERSTRING problem is an optimal solution to this problem, but the
approximate solutions can differ significantly in the sense of approxima-
tion ratio. The MAXIMUM COMPRESSION problem arises in various data
compression problems (cf. [SS82], [S88b] and [MJ75]). The decision ver-
sion of the problem is NP-complete [MS77]. Tarhio and Ukkonen [TUSS|
and Turner [T89| gave efficient approximation algorithms for the problem
with approximation ratio 2. The best known approximation upper bound
is 1.5 [KLSS05] by reducing the MAXIMUM COMPRESSION problem to the
MAX-ATSP problem defined below.

On the approximation lower bound side, Blum et al. [BJL*94] proved
that the MAXIMUM COMPRESSION problem is APX-hard. The first ex-
plicit approximation lower bound was given by Ott [099]|, who proved that
it is NP-hard to approximate the problem to within any factor less than
11217/11216. This hardness result was improved by Vassilevska [V05| imply-
ing an approximation lower bound of 1072/1071.

In this chapter, we prove that it is NP-hard to approximate the
MAXIMUM COMPRESSION problem to within any constant factor less than
204/203.

Maximum Asymmetric Traveling Salesperson (MAX-ATSP) Problem

Given a complete directed graph G and a weight function w assigning each
edge of G a non-negative weight, the task is to find a closed tour of maximum
total weight visiting every vertex of G exactly once.

Since the MAX-ATSP problem is APX-hard [PY93], there is little hope
for polynomial time approximation algorithms with arbitrary good preci-
sion. Besides being an interesting problem on its own, we are interested in

designing good approximation algorithms for the MAX-ATSP problem since it
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implies good approximations for a number of related problems. For example,
it was proved by Breslauer, Jiang and Jiang [BJJ97] that an approximation
algorithm for the MAX-ATSP problem with approximation ratio a entails an
approximation algorithm for the SHORTEST SUPERSTRING problem with
approximation ratio (7/2 -3/2- (l/a)). In addition, Kaplan, Lewenstein,
Shafrir and Sviridenko [KLSS05| proved that it implies an approximation
algorithm for the MAXIMUM COMPRESSION problem with approximation
ratio a.

The first efficient approximation algorithm for the MAX-ATSP prob-
lem with guaranteed approximation performance is due to Fisher,
Nemhauser, and Wolsey [FNW79| and achieves an approximation ratio 2.
This approximation upper bound was improved in a series of papers yielding
approximation ratios of 1.66 by Kosaraju, Park, and Stein [KPS94]|, 1.63 by
Bléser [B02|, 1.60 by Lewenstein and Sviridenko [LS03] and 1.50 by Kaplan,
Lewenstein, Shafrir and Sviridenko [KLSS05|. More recently, Paluch, Elbas-
sioni and van Zuylen [PEZ12| gave a simpler approximation algorithm com-
pared to the one due to Kaplan, Lewenstein, Shafrir and Sviridenko [KLSS05|
with the same approximation ratio.

On the approximation hardness side, Engebretsen [E03| proved that it is
NP-hard to approximate the MAX-ATSP problem within any constant ap-
proximation ratio better than 2804/2803. The approximation lower bound for
this problem was improved to 320/319 by Engebretsen and Karpinski [EKO06].

In this chapter, we prove that approximating the MAX-ATSP problem to
within any constant factor less than 204/203 is NP-hard.

The Proof Methods and Summary of Results

The results of this chapter depend on a new reduction method for prov-
ing approximation hardness of the SHORTEST SUPERSTRING and related
problems. This reduction method defines for each problem so called parity
gadgets that on the one hand, are simulating the variables of a well-suited

bounded occurrence CSP and on the other hand, transmit the parity infor-
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mation to the gadgets that are simulating the linear equation mod 2 with
exactly three variables of the CSP. The crucial point of the reduction is that
we make essential use of the underlying structure of the constraints in the
CSP, which are induced by a 3-regular amplifier graph. In Chapter 10, we
will extend this method to TSP problems and we believe that it could be a
more widely useful method for improving the approximation lower bounds of
other problems.

In Table 9.1, we summarize our approximation lower bounds as compared

with previous inapproximability results.

Problem Previously known | Our Results
SHORTEST 1217/1216 333/332
SUPERSTRING problem [V05]
MAXIMUM 1072/1071 204/203
COMPRESSION problem [VO5]
MAX — ATSP problem 320/319 204/203
|[EKO06]

Table 9.1: Comparison of known explicit lower bounds and our results.

Outline of this Chapter

This chapter is organized as follows. In Section 9.5, we formulate our main
results. In Section 9.6, we describe the properties of our first reduction and
its implications. In Section 9.7, we give a high-level view of the reduction. In
Section 9.8, we define the special instances of the SHORTEST SUPERSTRING
problem. In Section 9.9, we construct a superstring from an assignment to
a given instance of the MAX-HYBRID-LIN2 problem (cf. Definition 4.9.1).
In Section 9.10, we give the description the corresponding assignment given
a superstring and prove our first result. In Section 9.11, we construct an

improved reduction and give the proof of our main results.
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Preliminaries

As we will deal with strings, we are going to introduce some basic terminology
used in this context. In addition, we introduce some notation related to tours

in directed graphs.

Basic String Terminology and Problem Specification

Given two strings v = v;...v, and w = w; ... w,, over a finite alphabet ¥, v
is said to be a substring of w if m > n and there exists a j € {0,...,n—m}
such that for all i € [n], we have v; = wj,;. A string v is said to be a prefic
of w if v is a substring of w and w = vy ...V, Wpy1 ... w,,. We say that v is a

suffix of w if there is a prefix w’ of w such that w =w} ... w),

Wy U1 -+ Uy

Furthermore, we define the overlap of w and v, denoted ov(w,v), as the
longest suffix of w that is also a prefix of v. Also, we define the prefix of v with
respect to w, denoted pref(v,w), as the string v’ such that v = v’ ov(v,w).
w is said to be a superstring of v if v is a substring of w. Given a finite set of
strings S = {s1,...,8,}, a string s is a superstring for S if s is a superstring
of every s; in S.

According to Definition 4.1.1, the SHORTEST SUPERSTRING problem is

defined as follows.

Definition 9.4.1 (SHORTEST SUPERSTRING problem)
Instances: A set of strings S

Solutions: A superstring s for S

Task: Minimize |s|

Given a superstring s for a collection of strings S, the compression of s

with respect to S, denoted comp(S, s), is defined as follows.

comp(S,s) = Z lsi| = |s]-

SZ'ES

By means of the notion of compression, we are going to specify the MAXIMUM
COMPRESSION problem.
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Definition 9.4.2 (MAXIMUM COMPRESSION problem)

Instances: A set of strings S
Solutions: A superstring s for S

Task:  Mazimize comp(S,s)

Given a finite set of strings S over a finite alphabet, we introduce the no-
tion of the mazimal orbit size of S being the maximum number of occurrences

of a letter in S.

MAX-ATSP Problem

Given a complete directed graph G, a tour o in G is formally a subset of
V(G) x V(G) inducing a directed cycle in G that visits each vertex in G only
once. Given a weight function w: V(G) xV(G) - Qs and a tour o in G, the

length or cost of o in (G, w) is defined as follows.

length of o in (G,w) = > w(a)

aco

According to Definition 4.1.1, the MAX-ATSP problem is specified as follows.

Definition 9.4.3 (MAX-ATSP problem)
Instances: A complete directed graph G and
a weight function w: A(G) - Qs
Solutions: A tour o in G
Task:  Mazimize the length of o in (G, w)

In order to relate the MAXIMUM COMPRESSION problem to
the MAX-ATSP problem, we are going to introduce the overlap graph for

a given collection of strings.

Definition 9.4.4 (Overlap Graph)
Given a finite set of strings S = {s1,...,8,} over a finite alphabet > such that
no s; is a substring of a s; for alli+ j. We define the overlap graph G' with

weight function w’ : A(GZ") - Ny as follows.
V(Gg") =S, A(GS") = S x S\{(sis0) | i € [n]} and wg’(si,55) = ov(si, s;))]
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Given a collection of strings S = {si1,...,s,} as an instance of the
MAXIMUM COMPRESSION problem, we define an instance Gs of the
MAX-ATSP problem by adding a special vertex s,,; to the overlap graph
G2’ and constructing the weight function wg: V(Gs) x V(Gg) - N5y with

’wg“(si,é’j) if {i,j}¢c[n],

else.

w5(5i> Sj) =

Then, the optimal compression of a superstring for S is identical to the
maximum length of a tour in Gg. This simple approximation preserving
reduction was used by Kaplan, Lewenstein, Shafrir and Sviridenko [KLSS05|
in order to obtain an improved approximation algorithm for the MAXIMUM
COMPRESSION problem.

Lemma 9.4.1 (|KLSS05])
A polynomial time approzimation algorithm for the MAX-ATSP problem with

approximation ratio o implies a polynomaial time approximation algorithm for

the MAXIMUM COMPRESSION problem with approzimation ratio .

Our Contribution

We now formulate the results of our first approach.

Theorem 9.5.1
Given an instance £ of the MAX-HYBRID-LIN2 problem with n wheels,
meo equations with two variables and ms equations with exactly three vari-

ables with the properties described in Theorem 4.9.1, we construct in poly-
nomial time an instance S¢ of the SHORTEST SUPERSTRING problem and
MAXIMUM COMPRESSION problem with the following properties:

(i) If there exists an assignment ¢ to the variables of £ which leaves u
equations in £ unsatisfied, then, there exist a superstring for S¢ with

length at most bmsg + 16ms + Tn + u.
(it) From every superstring s for Sy with length |s| = 5mg + 16ms + u + Tn,
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we can construct in polynomial time an assignment V4 to the variables

of £ that leaves at most u equations in £ unsatisfied.

(iti) If there exists an assignment ¢ to the variables of £ which leaves u
equations unsatisfied, then, there exist a superstring with compression

at least 3msy +12ms —u + 5n.

(iv) From every superstring s for Sy with compression 3msy+12ms—u+5n,
we can construct in polynomial time an assignment Y, to the variables

of £ that leaves at most u equations in £ unsatisfied.

(v) The mazximal orbit size of the instance Sy is 8 and the length of each

string in Sy is 4.

The former theorem can be used to derive an explicit approximation lower
bound for the SHORTEST SUPERSTRING problem by reducing instances of
the MAX-HYBRID-LIN2 problem of the form described in Theorem 4.9.1 to
the SHORTEST SUPERSTRING problem.

Corollary 9.5.1
It is NP-hard to approrimate the SHORTEST SUPERSTRING problem to

within any constant approximation ratio less than 333/332.

Proof of Corollary 9.5.1.
For a given € > 0, we choose constants k € N and 6 € (0,3) such that the

following holds.
333-96 333

- 2 —_
332+5+4—k2 332

Given an instance .Z3 of the MAX-E3LIN2 problem, we generate k copies of
%3 and produce an instance .Z of the MAX-HYBRID-LIN2 problem. Then, we
construct the corresponding instance S¢ of the SHORTEST SUPERSTRING
problem with the properties described in Theorem 9.5.1. We conclude ac-
cording to Theorem 4.9.1 that there exist a superstring for S¢ with length

at most

5-60vk + 16 - 2vk + dvk + Tn < (332+5+Z—n)uk: < (332+6+%6)yk
14
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or the length of a superstring for S¢ is bounded from below by

5-60vk +16-2vk+ (1 -0)vk+Tn > (332+(1-9))vk > (333-0)vk.

From Theorem 4.9.1, we know that the two cases above are NP-hard to
distinguish. Hence, for every € > 0, it is NP-hard to find a solution to the
SHORTEST SUPERSTRING problem with an approximation ratio

333-9¢ S 333
33246+ 22 332
k
and the proof of Corollary 9.5.1 follows. [ ]

Analogously, Theorem 9.5.1 can be used to derive an approximation lower

bound for the MAXIMUM COMPRESSION problem.

Corollary 9.5.2
It is NP-hard to approximate the MAXIMUM COMPRESSION problem to

within any constant approximation ratio less than 204/203.

By applying Lemma 9.4.1, we obtain the following hardness result for the
MAX-ATSP problem.

Corollary 9.5.3
It is NP-hard to approzimate the MAX-ATSP problem to within any constant
approzimation ratio less than 204/203.

The First Reduction

In this section, we present the proof of a slightly weaker result by using
a more intuitive approach. In particular, it uses strings with length 6
simulating equations with exactly three variables. In section 9.11, we will
introduce smaller gadgets for equations with exactly three variables implying

the claimed inapproximability results.

Let us state the properties of our first approach.
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Theorem 9.6.1

Given an instance £ of the MAX-HYBRID-LIN2 problem with n wheels,
meo equations with two variables and ms equations with exactly three vari-
ables with the properties described in Theorem 4.9.1, we construct in poly-
nomial time an instance Sy of the SHORTEST SUPERSTRING problem and
MAXIMUM COMPRESSION problem with the following properties:

(i) If there exists an assignment ¢ to the variables of £ which leaves u
equations in £ unsatisfied, then, there exist a superstring s, for Sg

with length at most bmgy + 22ms + Tn + u.

(ii) From every superstring s for Sy with length |s| = 5mg +22ms +u + Tn,
we can construct in polynomial time an assignment 4 to the variables

of £ that leaves at most u equations in & unsatisfied.

(iii) If there exists an assignment ¢ to the variables of £ which leaves u
equations unsatisfied, then, there exist a superstring for So with com-

pression at least 3msq + 14ms — u + d5n.

(iv) From every superstring s for Sy with compression 3msy+ 14dms—u+5n,
we can construct in polynomial time an assignment 4 to the variables

of £ that leaves at most u equations in £ unsatisfied.

(v) The mazimal orbit size of the instance Sy is eight and the length of a

string in Sg is bounded by siz.

Combining Theorem 4.9.1 with Theorem 9.6.1, we obtain the following ex-
plicit lower bound for the SHORTEST SUPERSTRING problem.

Corollary 9.6.1
It is NP-hard to approximate the SHORTEST SUPERSTRING problem to

within any constant approximation ratio less than 345/344.

Before we proceed to the proof of Theorem 9.6.1, we describe the reduc-

tion from a high-level view and try to build some intuition.
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The High-Level View of the Reduction

In order to build some intuition, let us first give the high-level view of the
reduction. Given an instance .Z of the MAX-HYBRID-LIN2 problem (cf. Def-
inition 4.9.1), we want to transform .# into an instance of the SHORTEST
SUPERSTRING problem. Fortunately, the special structure of the linear
equations in the MAX-HYBRID-LIN2 problem is particularly well-suited for
our reduction, since a part of the equations with two variables form a
cycle and every variable occurs exactly three times. For every equation
liv1 = 2 ® 241 = 0 included in this cycle, we introduce a set S(¢;,1) contain-
ing two strings, which can be aligned advantageously in two natural ways.
If those fragments, corresponding to two successively following equations
i1 ®x; =0 and x; ® ;.1 = 0, use the same natural alignment, we are able
to overlap them by one letter. From a high level view, we can construct
an associated superstring for each wheel in ., which contains the aligned
strings.

We will define for every equation ¢ in . an associated set of strings
S(¢) and the corresponding natural alignments. The instance Sg of the
SHORTEST SUPERSTRING problem is defined as the union of all sets S(¢).
Due to the construction of the sets S({), there is a particular way to inter-
pret an alignment of the strings in S(¢) included in the resulting superstring
as an assignment to the variables in the instance of the MAX-HYBRID-LIN2
problem. The major challenge in the proof of correctness is to prove that
every superstring for S¢ can be interpreted as an assignment to the variables
of .Z with the property that the number of satisfied equations is connected
to the length of the superstring.

Description of the Instance S¢ given .

Given an instance .Z of the MAX-HYBRID-LIN2 problem, we are going to
construct the corresponding instance S¢ of the SHORTEST SUPERSTRING

problem. Furthermore, we introduce some useful notation.
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For every equation ¢ in .Z, we define a set S(¢) of corresponding strings.
The corresponding instance S¢ of the SHORTEST SUPERSTRING problem is
given by S¢ = U S(¢). The strings in the set S(¢) differ by the type
of equation /¢ inlZ i,nfg In particular, we distinguish four types of equations

contained in .Z.
e Cycle equations
e Matching equations
e Wheel border equations
e Equations with exactly three variables

Let us begin with the description of the strings corresponding to wheel border

equations.

Strings Corresponding to Wheel Border Equations

Given an instance .Z of the MAX-HYBRID-LIN2 problem, a wheel W, in .
and its wheel border equation ¢{ = z1 @ z,, = 0, we introduce six associated
strings, that are all included in the set S(¢7). Due to the construction of the
wheel W,, the variable x,, is a contact variable. This means that z,, appears
in an equation (3 with exactly three variables. The strings in the set S(¢})
differ by the type of equation Kgf. We begin with the case K? =, ®ydz=0.

The string L,C" is used as the initial part of the superstring correspond-
ing to this wheel, whereas C” R, is used as the end part. Furthermore, we
introduce strings that represent an assignment that sets either the variable

x1 to 0 or the variable x,, to 1. The corresponding two strings are
ClaozllCr and T Or el
Finally, we define the last two strings of the set S(¢7) given by

l,.rl,.m0 r mO0 vl rl
CLaiartCr and P CrChal

having a similar interpretation. Both pairs of strings can be overlapped by

two letters. Those natural alignments have a crucial influence during the
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process of constructing a superstring. For this reason, we introduce a notion
for this alignments. By the 0-alignment of the strings in S(47), we refer to
the following alignment of the four strings. In the following, (}) will denote

the overlapping of the strings.

l,,.mO0, .11, 7 11 ~r Yl om0 1 ,..rl, mO0 r mOyr el rl
CoxWzx, C,  and z,C C z] Coxyay”Cr and 2, CLCL @)
C’ix?oxﬁC’;C’ixTo and xanC’;Cfcx’{l:p?OC;

On the other hand, we the define the 1-alignment of the strings in S(¢7) as

follows.

ClaOz'Cr and  2'CrCLla® ClaTtagmCr  and  2™0CrCLlat!.
1o el om0, l,.r1, .m0 yr~l rl
x, CrCLax, CF and Cxl " CrCl oy

Both ways to join the four strings are called 0/1-alignments.

After having described how the strings corresponding to S(47) in case of
E? = 2,®y®z = 0 are defined, we are going to deal with the case E? =1,®Y®z =
1. As before, we use L,C. as the initial part of the superstring corresponding
to this wheel, whereas C7 R, is used as the end part. Furthermore, we define

the remaining four strings contained in S(¢7) as follows.
Craa O apt Cr O™
and
ClattaoCr 20Cr Lt
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Both pairs of strings can be overlapped by two letters. We introduce a

notation for these alignments.

Clgmzm™Cr  and 2™ CTCL a0 Clam20CT  and  2°CTCL2T.
CLa02mCrCLym0 and ?0CrClat 00T

The former introduced alignment is called the 0-alignment of the strings in
S(¢7). On the other hand, we the define the 1-alignment of the strings in
S(47) as follows.

Clzmym™Cr  and ™ CrClamo Clat'20CT  and  20CICLa7!.
mlr el m0,.ml r l,.r1, .00 ~r~l _.rl
xCrCLa - CF and Coxlx, CrCxl

In the remainder, we refer to both ways to overlap the four strings as 0/1-

alignments.

Strings Corresponding to Matching Equations

Let W, be a wheel in . and M(W,) its associated perfect matching. Let
{i,7} be an edge in M(W,) and {7, ;y = 2 ® ¥; = 0 the associated matching
equation. We now define the corresponding set S (E"fij}) consisting of two

strings. Assuming 7 < 7, we introduce two strings of the form

r0,.00,.r1, .[1 rl, .01,.r0,.10
T and T T Xy

corresponding to the matching equation. There are two ways to align those

two strings to obtain an overlap of two letters. In the remainder, we refer
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to those alignments as 0/1-alignments. (The brace notation indicate original

strings).

r0,.00,.r1, .[l1 rl, .01,.r0,.10
riryx; vy and  xprg ahg

'd N
0,10 .71 .11 1,011,710 .10
—_—— ——
r0,.00,,.r1,.01,.70,.00 rl,.01,.r0,.100,.r1, .11
.l’j l'j X, Z; l'j [Ej X, x; [L'j l’j X, Z;
————e (S —

prlpllpr0y

z;‘Olem'g'lzl‘l

0
7 7 i i

The first way to overlap the strings is called the 0-alignment, whereas the
second one is called the 1-alignment. Next, we describe the strings corre-

sponding to wheel equations.

Strings Corresponding to Cycle Equations

Let W, be a wheel in . and M (W,) its associated matching. Furthermore,
let {7,7} and {i + 1,7’} be both contained in M(W,). Assuming i < j, we

introduce the corresponding strings for x; ® x;,1 =0. If i + 1 < j’, we have

1,.r1 ,.m0,.m0 m0,.m0 ..l1,.rl
Ty Tip1ly Tyl and Li g1y Tiyy-

Otherwise (i +1 > j'), we use

11,.ml,m0,.r0 m0,.r0 .01, .ml
Ty Tig1 Ly Tigy and Ly Ty Ty Tiyy-

In case of (¢ >j and i+ 1> j’), we use

ml,.ml1,.10,7r0 10,.r0 ,.ml,.ml
Ty Li15 Tipq and Ty Li1ls Ly

Finally, if (¢ > j and i + 1 < j') holds, we introduce
ml,.rl ,.10,.m0 10,,m0,.ml, .rl

Ty Lip1 Ty Tipq and LiTip1 Ty Tiy-

Let x; be a variable in .Z that occurs in an equation E? with three variables.

We now define the corresponding strings for the equations z;_1 & x; = 0 and
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z; ® x;y1 = 0. We assume that {i — 1,5} and {i + 1,5’} are both included in
M(W,). Furthermore, we assume i —1<j and i + 1 < j'. If the equation ¢}

is of the form z; ® y ® z = 0, we introduce

1 ,.rl,.m0,m0 m0,.m0 ,.l11 .rl
Liali LT and Tialiy Tyl -

for x;_1 ® x; = 0. Furthermore, for z; ® x;,1 = 0, we use the strings

1,.r1 ,.m0,.m0 m0,.m0 ,.l1,.r]l
Ti Tip1ly Tyl and Li i1y Tiyq-

On the other hand, if the equation E?. is of the form z;®@y®z = 1, we introduce

m0,.r0,.l1

11 ml,.m0 ,.r0 ml
i Li-1dy -

T xyt Tty and T
corresponding to the equation z;_y ® z; = 0. For z; @ x;,; = 0, we use the
strings

ml, .rl .10,.m0 10,.,m0,,.ml, .rl
Ty Ty Ty Tigy and Ly Lig1 Ly Ty

Analogously, we introduce the notation of 0/1-alignments for the strings in
S(¢%,,). For the strings,

+1

ml,.ml, 10,70 10,70 ,.ml, .ml
Ty Tyl Ty and Ty Ti1 s iy,

we define the following alignments as 0/1-alignments.

1,m1_10, 10 1070 . ml_ml
LA SRT s el L T M
— ——
ml,ml1,100,.r0 ..ml_ ml 10,0 ,.ml1,.ml,.10,r0
Ty Tl Tip1y Tipg and Ty Tip1Ty L1y Tipy
—_— —_—
10,70 ,.m1,m1l 1,.m1.,.10,.r0
et LA SR s el

The the former alignment is called the 1-alignment and the latter one is called
the 0-alignment. Next, we describe the strings corresponding to equations

with three variables.

Strings Corresponding to Equations with Three Variables

We now concentrate on equations with exactly three variables. Let é;’? be an
equation with three variables in .. For every equation E;’?, we define two

corresponding sets S4(¢%) and S5(£3), both containing exactly three strings.
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The set S(£2) is defined by the union S4(¢2)uS?(¢3). We distinguish whether
E? is of the form z®@y®2=1or xr®y ® 2z = 0. The description starts with
the former case.

An equation of the form x ® y @ z = 0 is represented by SA(K?) containing

the strings
xrlA}xllyrlA?yll yrlA?yllmeAgcj xmoA?ij“A}x”
and by S8 (f;’) including the following strings.
11,01 rl p2 11 1211 3,.m0 3,.m0,.rl pl, 11
" Bjam 2" Bz 2" Biz C;Bia™ C;B5x™x" Bz

The strings in the set S4(¢3) can be aligned in a cyclic fashion in order to
obtain different fragments, which we will use in our reduction. Every specific

alignment possesses its own abbreviation given below.

Pl AL L, vl A2, 01 o rl A2, 11, .m0 43 m0 A3,y .l g1, 01
e Aty Ajyt YT Ayt A Gy ™A Ci A

!

IrlAjl..TllyrlA?y“ zmoA?C]-a:”A;a:”

g Afatty T ARy a0 ABC i Afa! = 2" Aja®t called 2!~ alignment

yrl AJQ_yl11.7n0A§Cj

$m0A?C7 Z‘Tl A;$l1

Yt A2y O ABC i Ajaty T Syt =y Ayt called y'- alignment

~-
yrlA?yllmeA?Cj xrlA;zllyrlAiyll

!

$7‘1 A; xllyrl A?yll

:vaA?ij“A}x”y“A?y“xmoA;?Cj = 2" A;C; called left-2°- alignment

~-
meA?ijrlAlell yrlA?yllxMOA?Cj

The strings in S B(E;’?) can also be aligned in a cyclic fashion. For each of the

fragments, we are going to define an abbreviation.
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xrlB}xllzrlszzll ZTIBJZlech?:CmO OjB?$m0$rl B}l’ll

!

xrlB;wllzrlBJZle

CjB?mexrlB;x”zrle-z”C’jB?xmo = C;Bjz™ called right-z°- alignment

~
. B3ym0yrl Blall 21 B2,01 . B3,m0
i J J J Ci J

!

mrlBJlmllzrlBJZle CjB?zmomrlB;xll

xrlB;x”zrlBJQ-z”C’ija:mox’”lB}x” = 2" Bja" called x'- alignment

21 B2,11¢. B34m0
J Cj J

. n3,.m0,.r1 1,11
C]Bj:c T Bj:c

B2 O Ba™0x ™ Blat 2 B = 2 B2 called 2'- alignment

~
ZrlBJZlech?me xrlB]lxllzrlBJZle

The strings in SP(¢3) and S4(¢3) can be overlapped in a special way that

corresponds to assigning the value 0 to x.

rl A1,.01,r1 42,11 rl A2,,101,.m0 43 m0 A3 rl A1,.01
g Aty Ajyt YT Ayt A Gy ™A Cie A
ZrlB]Zlecer;‘)me CjB?{L’mOQTHB]l-ZE“ xrlB}l.llzrlB]Zle

|

P Ajl_zlly'rl AJQ_yll CjBJ31.77LO$r1 B]1_$11 Lrl BJQ_ZH Cj B?mmo
e

mO0 A3y .11 AL 01, 11 A2, 01,.m0 A3~ R3.,.m0,.r1 p1 .01 _r1 R2 11~ R3,m0
2" A Cyax" Ay Ajy ™ AL Cy B ™ " B 2 Bi 2 O By

meA?ijrlAjl_xll yrlA?yllmeA?Cj $T1B}$ZIZT1B]2-Z“

In the remainder, we call this alignment the z%-alignment of S(¢3) and use

the abbreviation ™YC;2™? for this string.
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When the equation with three variables is of the form E? =roydz=1, the

set S4(£3) contains the following strings.
270 A]; 10470 A?ylo Y0 A?yloxml A?Cj 2l A?Cj 270 A} 210
Furthermore, the set S B(E;’) includes three strings defined as follows.
erB}xlOZTOBJZZZO ZTOBJZZZOCj Bjiixml Cj B?xmleOle LL’lO

The corresponding alignments for the strings in S4(¢?) and SZ(¢3) can be

defined in an analogous way.

Constructing Superstrings from Assignments

Given an assignment ¢ to the variables of £, we are going to construct the

associated superstring s, for the instance S¢.

For every equation ¢ in .Z, we formulate rules for aligning the corre-
sponding strings in S(¢) according to the assignment ¢. We start with sets
corresponding to wheel border equations and cycle equations. Afterwards,
we show how the actual fragments can be overlapped with strings from
the sets corresponding to matching equations and equations with three
variables. Furthermore, we analyze the relation between the number of
satisfied equations by ¢ and the length of the obtained superstring s,. We
begin with the description of the alignment of strings corresponding to wheel

border equations in .Z.

Aligning Strings Corresponding to Wheel Border Equations

Let W, be a wheel in . and x| & z,, = 0 its wheel border equation. Further-
more, we assume that z,, is contained in a equation with three variables of the
form z, ®y® z = 0. First, we set the string L,C. as the initial part of our su-
perstring corresponding to the wheel W,.. Then, we use the ¢(z;)-alignment

of the strings
l,.m0,ml r 1l .m0 l,.r1l,.m0 r m0 el
CoaxxrCr x, CrCla™,  Coapay”Cr. and  a)WCrClal™.
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In this condition, one of the strings s; can be overlapped from the left
side with L,C! by one letter. The other string s, will be joined from the
right side with C” R, by one letter. This construction will help us to check
whether ¢ assigns the same value to the variable x,, as to ;. The string s,
can be interpreted as the ¢(z;)-alignment of the strings corresponding to

Tp ® Tpy1 = 0, since the first letter of s, is either 279 or !l

The parts corresponding to a wheel border equation with x,®y®z =1 can be
constructed analogously. Next, we are going to align strings corresponding

to cycle equations.

Aligning Strings Corresponding to Cycle Equations

Let x; ® z;,1 = 0 be a cycle equation contained in .. Furthermore, let the

corresponding strings be given by

m0,.mO0 ,..01,.r1 11,.r1 _.mO0,.m0
rVrinrs v, and  xpwgatell.

In dependence of the given assignment ¢, we use simple alignments to overlap
the considered strings. More precisely, we make use of the ¢(x;,1)-alignment.
For every pair of associated strings, we derive an overlap of two letters. We
are going to align those fragments with strings corresponding to matching

equations and equations with three variables.

Aligning Strings Corresponding to Matching Equations

Let z; ® z; = 0 be a matching equation in .Z. Let us assume that ¢ < j holds.
We define the alignment of the strings in S (E:{”ij}) according to the value of

¢(x4:1). More precisely, we use the ¢(x;,1)-alignment of the strings

r0,.00,.r1, .[1 rl,.01,.r0,.00
vy ey and  xp i aprg

Due to this alignment, we obtain an overlap of two letters. We are going
to analyze the length of the resulting superstring in dependence of the as-

signment ¢ to the variables z;, z;11, x; and z;,,. We start with the case

¢($i+1) = (b(l'j+1) =1.
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Case (¢(zi1) = ¢(wj01) = 1):
rl,.01,.r0,.10 70 .00 .71 ll

We use the l-alignment of the strings z] z; 27"z and 27272 2. The
situation is displayed below. (The two triangle notation >[> and << will be

explained hereafter.)

b > DX |l el 2l am > b X 2]t el 2?02 2t g e

JJTll‘“J};OJJlO

b D:U“x”a:’”oxloa:” g am > > X 2™ < e

[

:E;O:DéOzrla;ll

The actual superstring s is denoted by the following sequence.

s=b > DX |20zl 2l | am > b X |22l 27020 2 | e

The part > I> represents a simple alignment of the strings corresponding

to z;-1 ® x; = 0 ending with the letter X; € {z"°, 27!}, which means
m0 ,,.m0 .01 rl,.m0,m0 .1 rl,.m0,.m0, .01 rl
> [>e B e S A e N A A Al T A A Ll

The letter in the box emphasizes the letter which can be used to overlap from

the right side with other strings. Furthermore, the string | z!! |<1 < denotes

(]

alart gmOpmOyliyrl - Analogously, > >|X;|is a simple alignment of the

strings corresponding to x;_; ® x; = 0, where X; € {2"° 2™!}. Furthermore,

10

it
29 2 Finally, b, m and e are

we use :1:2”1 < < to denote a:m11:]+1:c

sequences of letters, which we do not specify in detail. They define the

remaining parts of the superstring.
If X; = 2! holds, we align > [> with z7'zlta02 2 2!l to achieve an

additional overlap of one letter. An analogous situation holds for > > X |and

27" | <. Allin all, we obtain an overlap of three letters if ¢(z;) = ¢(2is1) = 1

and ¢(zj.1) = ¢(z;) = 1 holds. Otherwise, we lose an overlap of one letter

per unsatisfied equation.
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Case (¢(zi1) = ¢(7j11) = 0):

We use the O-alignment of the strings xj'z}'27%2) and 270z} x]!.

b > Dx?oxé%glmﬁl el <am > | X |eftat e a0 e

70,.00,.r1 11
I‘j .ZE]- X, T,

—_—
0 r0,.00,.r1,.01,.r0| ,.I0
b > B X270 | am > B X |20 2l a2l | qe

—_—————
71,01 ,,70,10
J

i i g

In this case, we use |2 |< < as an abbreviation for z70z70zlyrl 7m0gmo

10 10,.70 ,.ml,.m1 ,.l0,.70 . _ ,m0 : .
and |z |< < for afal) a el lal, . I X; = 2™ holds, we align > l>

2

with [27° < < and gain an additional overlap of one letter. An analogous

situation holds for > >|X;| and :Eé-o < <. Hence, we obtain an overlap

of three letters if ¢(x;41) = ¢(x;) = 0 and ¢(xj41) = ¢(x;) = 0 holds. If the

corresponding equation with two variables is not satisfied, we lose an overlap

of one letter.

Case (¢(zi1) # d(zj41) = 1):
In this case, we use the O-alignment of the strings z/lazla70z and

( J 7
70 ,.00 .71 .01
Ij l’j Ii l’i .

b > b X, |o0a0artalt a0 |4 am b o] X [aftalar0al? [ a e

x}'ozéox;'lxil
—_——t
b > [ X; | a0 am > o X2t @ <e aPalPartellar 0l
| ——

21 pl1 470,100
Rt St B
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We attach 27027 2l'27020 at the end of our actual solution s, without
having any overlap with the so far obtained superstring. Notice that we
obtain in each case an additional overlap of one letter if the corresponding

equation with two variables is satisfied, i.e. X; =27 and X = :c;."l.

Case (¢(zis1) # d(zj11) = 0):

According to ¢, we use the l-alignment of the strings xj'z{'27%2!" and
70 .00 .71 .01
a0l

b > ] X a0l 2l | < am > X e alar0al0 20| < <e

rl,.01,70,10

—_——
1,..01,.r0,.100,.7r1 .01 10
D E I B E e

—_————
2r0410,71 01
J i e

rl 01,170,100
i L $j $j

overlap of one letter. This reduces the length of the superstring by one

1

7 |< < and obtain an

We join x 271zl from the right side with |z

letter independent of the assignment ¢(z;). In case of X; = 27!, we achieve
another overlap of one letter, since we are able to align > > from the

P00l Tt corresponds to the satisfied equation

right side with x
x; ® riy1 = 0. Hence, we obtain at least the same number of overlapped

letters as satisfied equations.

As for the next step, we are going to align strings corresponding to

equations with three variables.

Aligning Strings Corresponding to Equations with Three Variables

Let E? be an equation with three variables x, y and z in .. Furthermore,
let z;iy@2 =0, 2021 =0, Y1 @y =0, y® yjs1 =0, 2,1 ®2 =0 and

2 ® z1 = 0 be the equations with two variables, in which the variables
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x, y and z occur. Given the assignment ¢ to x, y and z, we are going
to define the alignment of the corresponding strings. Let us start with
equations of the form 63. =x@®y®z=0. Then, we define the rules for
aligning strings in S4(¢?) and SE(¢?) as follows. In particular, we handle
the cases ((b(l‘m) + O(Yjur) + ¢(zk+1)) € {3,2,1,0} separately starting with
O(Tin1) + O(Yje1) + ¢(2ke1) = 3.

Case (4(zir1) + @(yjs1) + d(2rs1) = 3):
In this case, we align the strings in S(¢?) in such a way that we obtain the
former introduced strings y"'A;y"t and 2"'B;z!t. The situation, which we

want to analyze, is displayed below.

b > X ][ <my > B[V ]yt Ayt [yt |a amy s [ Z] 2B [ < e

2
Z’rlszll
—_——
b > X 2] <amy > [V ]yt Ayt < <my > [ Z] 2 B2 < qe

Similarly to the situations that we discussed concerning matching equations,

we define the actual superstring s in the way described below.

s=b> b X 2] <amy b [V ]y Ayt < <ame > [ 2] B2 21 a e

Here, b, m1, ms and e denote parts of s, which we do not specify in detail

to emphasize the parts corresponding to the equation with three variables.
The string < < denotes the ¢(x;,1)-alignment of the strings in S(¢%

+1/

The strings 4 < and |y'| < < are defined analogously. In this sit-

uation, we want to analyze the cases X € {z"! 2™} Y e {y"!,y™°} and
Z e {z1,2m%}. We infer that we obtain an overlap of four letters if all
equations with two variables are satisfied. Otherwise, we lose an overlap of

one letter per unsatisfied equation with two variables.
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Case (¢(zir1) + (Y1) + (2hs1) = 2):
Let a,vy € {%i+1,Yj+1, 2k+1} be variables such that ¢(y) = ¢(a) = 1 holds.
Then, we use the a'-alignment and y!-alignment of the strings in S4(¢3)

and SB(£3) breaking ties arbitrarily. We display exemplary the situation for
O(2k41) = O(zi11) = 1.

b B[ X o Ajatt 2t [ amy > B[Y [y < amy b B[ 2] By 2 a e

|
zrlBjle
—~
b B[ X] a2 A el [q amy b p[Y] [y amy > p[Z] 2By 1< e
—_——

rl A . pl1
x"l Az

In this case, we achieve an overlap of five letters if all equations with two
variables are satisfied. Otherwise, we lose an overlap of one letter per

unsatisfied equation with two variables.

Case (¢(xir1) + O(Yje1) + P(2r41) = 1):

If ¢(2k41) + @(xis1) = 1 holds, we align the strings in SP(£3) and S4(¢3)
to obtain ™Azt and 2" B;z!t. Otherwise, we make use of the strings
2™ Bjx!tt and ymtA;ytt. We display the situation for ¢(y;.1) = 1.

b > B[ X o B! 2m0 [ <my > DY [y Ayt ot [ <ams > b Z] 20 )< e
¥

yrlAjyll
/___/\_—“

b B[ X2 amy > B[V ]y Ay < amy > [ Z][2m0] < <eam Bt
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Notice that we obtain an overlap of four letters if the equations with two
variables are satisfied, i.e. X =2™, Z = 2™ and Y = y"!. Otherwise, we lose

an overlap of one letter per unsatisfied equation with two variables.

Case (¢(zir1) + @(yjr1) + O(2re1) = 0):
In this case, we use the z%-alignment of the strings in S(f?). The situation

is displayed below.

b > B[ X |20 (20| amy > p[Y ][y | amy > B[ Z][ 20 <e

3
b > B[X]2m0C 20| amy b B[V [y < ams b p[Z][2m0]a e
—_—

ImOC]. 2m0

Here, we are able to achieve an overlap of five letters if all equations with

two variables are satisfied, i.e. X =20, Z = 2™ and Y = y™0.

The situation for equations of the form z ® y @ z = 1 can be analyzed

analogously. In summary, we obtain the following statement.

Lemma 9.9.1

Given an instance £ of the MAX-HYBRID-LIN2 problem with n wheels, ms
equations with two variables, ms equations with three variables and an as-
signment ¢ to the variables of £ leaving u equations unsatisfied, then, it is

possible to construct a superstring sg for S¢ with length at most
7T-n+mg-d+mg-22+u.

As for the next step, we are going to define the assignment v, which is

associated to a given superstring s for S¢.
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Defining Assignments From Superstrings

Given a superstring s for S¢, we are going to define the associated assign-
ment 1, to the variables in .Z. In order to deduce the values assigned to
the variables in . from s, we have to normalize the underlying superstring
s. For this reason, we define rules that transform a superstring for S¢ into

a normed superstring for S, without increasing the length.

Let us first give the definition of a normed superstring for S¢.

Definition 9.10.1 (Normed Superstring for Sy)

Let £ be an instance of the MAX-HYBRID-LIN2 problem, S the correspond-
ing instance of the SHORTEST SUPERSTRING problem and s a superstring
for S¢. We refer to s as a normed superstring for Sy if for every equation
0 in L, the superstring s contains sy as a substring, where s, is a 0/1-

alignment of the strings in S({).

After having defined a normed superstring, we are going to state rules which
transform a superstring for S¢ into a normed superstring for S without
increasing the length. All transformation can be performed in polynomial
time. Once accomplished to generate a normed superstring, we are able to
define the assignment 1), and analyze the number of overlapped letters in
relation to the number of satisfied equations in .Z by 1,. Let us start with
transformations of strings corresponding to cycle equations and wheel border

equations.

Normalizing Strings for Cycle and Wheel Border Equations

r0 ZL‘ZIJTml

Let 2; ® 2;:1 = 0 be a cycle equation in .#. Furthermore, let 270270 zllym!

and zlla™l2m0279 be its corresponding strings. We note that these strings
can have an overlap of at most one letter from the left side as well as from
the right side with other strings in S¢. Given a superstring s for S¢, we
obtain at least the same number of overlapped letters if we use one of the 0/1-

alignments in s. More precisely, we will use the 0/1-alignment that maximizes
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the overlap with the remaining strings after separating z70z7% x!'zm and

i+1
m”x 1xm0xﬁ)1 from s. In order to build some intuition, we first consider the

following example.

Example 9.10.1
Let S be a finite set of strings over the alphabet 3 such that no string is

mo 1 1
a substring of another string in S and {x0x70 ol plamlpmOyr0 4 c G
Let s be a superstring for S defined by
bapo et e
— ——— —

m0,.r0 ,.l1,.ml [1,.m1,m0,.r0
s = bl’ Lip1T5 Lip 1] MTy Ty 1Ty L €

mO0 .70

mO0,.r0 .l1,.m1l 11,
x x x I CUH_I

i i+1%Ti Tivl % z +174

1 ml .m0

R ,
where bym,e € X*. By separating x70x70 zla™ and xlamiam0x™0 from s,

we obtain three remaining strings bx™°, xmalt and 279 e such that

m0,.ml 1,70
bx" xlimz, xl e

11 1 1

am, atlemiamOpt0 Y Then, we define the

is a superstring for S\{z70x9 xllznt,

transformed superstring s’ for S with at least the same number of overlapped

letters by

11,,m1,,m0,7r0
Ty Ty 1Ty Tigq

r—’—

m0,.r0 ,.01,.m1,m0,r0 1
bl’ Ti1 Ty Li1 25 $Z+1€$Z+1ml‘

\—,_—/

m0,.70 .l1,.ml
Ty T i

Given a wheel W, in .Z, we successively transform the underlying super-
string s for S¢ according to the order of the cycle equations ¢7 in W,. For
each equation ¢7 in the wheel W,,, we apply the following rule that determines
the particular 0/1-alignment of the strings in S(¢¥) that is used in s.

We denote by s! and s” the 1-alignment and the 0-alignment of the strings
in S(¢%), respectively. Furthermore, let s1, s2 and s3 be the strings that result
by separating the strings in S(¢7) from s. Note that one of them could be the
empty string Ag. Then, we say that the strings in S(¢7) use the 1-alignment
in s if the following condition holds.

1 1 0 0
max {|ov(sy, s ov(s', s, > max {|ov(ss, s”)|+ |ov(s”, s;
e {| (st,87)] + Jov( DI {t’j}g[g]ﬂ (st,87)] + |ov( DY
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Otherwise, we say that the strings in S(¢¥) use the O-alignment in s.

Let us assume that the strings in S(¢¥) use the a-alignment in s,
where a € {0,1}. Furthermore, let s,,s, € {s1,s2,s3} be strings with the

following property.

ov(sass) +lov(stys,)| > max {Jou(si, ")+ fous", )]}
be{0,1}

Let k€ {1,2,3}\{z,y}. Then, we define the transformed superstring as fol-

lows.

s' = pref(ss,s®) pref(s®,sy) sy sk

Let us fix an arbitrary order of wheels in .Z. For each wheel W, in the
fixed order and for every cycle equation £¢ in W,, we define the 0/1-alignment
for the strings in S(¢?) in s according to the rule given above and apply the
corresponding transformation. Note that we obtain a superstring s’ for S¢
with |s'| <s|.

For wheel border equations, we use a similar argumentation. Let ({ =
1 ® x, = 0 be the wheel border equation of W,. Furthermore, we let the

strings in S(¢7) be represented by
l l,.m0, L Il el om0 l,.rl, .m0 r mO0yr el rl T
L,C,, CaWx, Cr x, CoCa™ Claya, Cr, " CrC ol and CTR,.

Since the 0/l-alignments of the strings in S(¢%) achieve an over-
lap of two letters for each pair, {Clz?0zUCr —2UCrCLy ™}  and
{CLatamoCr am0CTClatl}, we argue as before that these strings can be
rearranged such that these pairs use a 0/1-alignment without increasing the
length of the underlying superstring for S¢. Note that if both pairs are us-
ing the same 0/1-alignment, it is possible to overlap one of the mentioned
pairs with L,C. from the left side and the other one with C’R, from the
right. This construction checks whether the variables z; and z, have the
same assigned value, which is rewarded by another overlap of one letter.
For the aforementioned fixed order of the wheels in ., we build the

backbone of our new superstring consisting of the concatenation of the strings
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s¥sY...s%, where the string s* is associated to its wheel W*. Furthermore,
s consists of the corresponding 0/1-alignments of the strings in S(¢%) used
in s for each cycle equation ¢7 in W, and the order of the strings is given by
the order of appearance of cycle equations in W,. The string s* starts with
the letter L, and ends with R,.

Note that similar transformations can be applied to strings corresponding
to matching equations and equations with three variables, but we are going
to define the transformation for those strings in detail while analyzing the
upper bound of overlapped letters.

Before we start our analysis, we define the assignment v, based on the
actual superstring s for S, which is not necessarily a normed superstring
for Sy. By applying the transformations, which we are going to define, the

assignment s will change in dependence to the actual considered superstring.

1 if the strings in S(¢¥) use a l-alignment in s
1/15(%) =

0 otherwise

Due to the transformations for the strings corresponding to cycle and wheel

border equations, the assignment 1), is well-defined.

Defining the Assignment for Checker Variables

Let W, be a wheel in £ and M(W,) its associated perfect matching.
Furthermore, let z; ® 2,1 =0, z,.1®2; =0, ;.1 ®2; =0, ; ® x;,1 = 0 and
z; ® r; = 0 be equations in ., where {i,j} € M(W,) and i < j. Let s be a
superstring for S¢ such that the strings corresponding to cycle and wheel
border equations are using a 0/l-alignment in s. Based on the particular
alignments of the strings in s corresponding to €7, (7, E; and 6}”“, we are
going to define the assignment to the variables x; and z;. Furthermore,
we analyze the number of overlapped letters that can be achieved by
0/1-alignments and relate them to the number of satisfied equations in .Z
by 1. Before we start our analysis, we introduce a notation to specify the

0/1-alignments used by the strings corresponding to ¢%, ¢%,,, (7 and £, in s.
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Given a superstring s for Sy and {i,j} € M(W,), a constellation c is
defined by (XZ-XHl,XijH)?Z.J} with X;, Xii1, X, X0 € {0,1}, where
X = b if and only if the strings in S(¢;) use the b-alignment in s for
ke{ii+1,j,j+1}. We call a constellation (X;X;,1, Xij_"l)?iJ} inconsistent
if there is a k € {i,7} such that X # Xj,;. Otherwise, we refer to ¢ as

consistent.

Based on a given superstring s and a corresponding constellation, we

are going to define 1.

Definition 9.10.2 (Assignment v; to Checker Variables)

Let £ be an instance of the MAX-HYBRID-LIN2 problem, S its correspond-
ing instance of the SHORTEST SUPERSTRING problem and s a superstring
for S¢. Given the constellation c = (Xz‘XHl,XijH)?M}; we define g for
the variable x; as follows.

1-X; Zf XiGBXj:landXiiXHl

ws(xz) =

X; otherwise

For the variable x;, we use the following assignment.

1—Xj Zf Xi@ijl,Xi=Xi+1 and Xj¢Xj+1
Vs(z)) = .

X; otherwise
In the following, we are going to analyze the different constellations and

discuss the associated cases of the definition of ,. We start with the case

when c is consistent and X; & X; = 1.

Case (X;® X, =1 and c is consistent):

There are two constellations, which we have to analyze, namely (11, OO)?M}
and (00711)?1‘,3‘}' Starting with the former constellation, we obtain the
scenario displayed below. Since we know that using the most profitable
0/1-alignment of the strings in S (ég{”l.J}) does not increase the length of the
superstring, we make use of the 1-alignment and transform the superstring

s in the superstring s’, which are both displayed below.
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s=b > >lapt |zt e e 2t a am > o2 | ePala 2l 20 <e

i i j
x;‘lxélmgoxé_o
—_—
s'=b > > |2 a0xla 2l | <a am > p{ a0 | 20 < e
—_—

2704001 0l
J J 1 K2

Let us derive an upper bound on the number of overlapped letters. More
precisely, we are interested in the number of overlapped letters being addi-
tional to the overlap of two letters due to the 0/1-alignment. In both cases,
either by using the 1-alignment or the 0-alignment of the strings in S (éfm.}),
we cannot obtain more than an overlap of two letters. It corresponds to the
number of satisfied equations, ; ® x;,1 =0 and z; ® z;,1 = 0, by 9.

71,01 ,.70 .10

In case of the constellation (00, 11)?1.].}, we separate the strings z 'z 27 z]

and 270x0x7 2! from the superstring s. Then, we attach the aligned string
xzflxilx;%é.ox?{lxél at the end of the actual solution. The considered situation

is displayed below.

—_

b > > a0 |zt el a0 a0 | am > plam 202 Pl < e

K] (] J J
0 ml
> > T 101010
7 J x mg z;
/_J% /_H P
b> D2 am > >z < Qe aftaftalaPa)t

—————
2r021071 01
J e e
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In this scenario, we obtain an overlap of at most two letters. This cor-
responds to the number of satisfied equations, namely x; ® z;;; = 0 and

Z; @ Tj+1 = 0.

Case (X;® X, =0):
Let us start with the constellation (OXHI,()X]»H)?M}. In this case, we set
Ys(x;) =0 and ¢5(x;) = 0. Given the strings > >| 20| | <l 4, > >

? J

and | X;,1|< < with Xj4p € {20 211} and X, € {x;”l,xé.o}, we obtain the

following scenario:

70,.00,.71 .11
TS

—_——
b > >0 x;’lxﬁlx;%?d am > o 20 plrt el X0 | < Qe

!

270071 1

J J e
——t~
b b 20| Xy |[< <m > D270 plaftalat02 X, [« e
—_——

rl..01,.70,.10

The most advantageous 0/1-alignment in this case is the 0-alignment of the
strings in S(Efij}). If Ys(;) = ¥s(wi1) = 0 and therefore, X;,1 = 27 holds,
we obtain another overlap of one letter by aligning > >| 270 | with |20 |< <.

A similar argument holds for ¢s(x;) = ¢s(z,+1) = 0. Notice that the equation

r;®x; = 0 is satisfied by 1),. In summary, we state that we obtain an overlap
of one additional letter per satisfied equation. Hence, we obtain an overlap
of three letters according to the satisfied equations z; ® x4, =0, x; @ z; = 0

and z; ® xj,1 = 0.

Let us consider the constellation (1Xi+1,1Xj+1)?i i Hence, we are
given the strings > > |27'| | | Xi1|< <, > b2 | and | X |< < with

X1 € {20 2'} and Xj,q € {x?l,xéo}. We obtain the scenario displayed
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below.

—

b > >l xflmﬁlmgox?d am > > o™ 202 el X | < Qe

|

Ty

——t~
b > b it |20 e X | am > b2 [ X < <e
—_—

r1..01,.70,10
J

(2

70 .00 .71 .11
.Z‘j CC]- x, X,

In this case, we use the l-alignment of the strings in S(ﬁfz.j}). If

VYs(x;) = Ys(wis1) = 1 holds, which means X;,; = z!!, we obtain another

7

overlap of one letter by aligning

rl..101,.r0.10
T T T

/_-———_Jk_ﬁ

> >t al e 0x0rm e with |2l < <.
i i g g i M i
N —

0,.10 1,01

In case of ¥s(z;) = Ys(x;41) = 1, we may apply a similar argument. Notice
that the equation x; ® x; = 0 is satisfied by ¢,. In summary, we state that
we obtain an overlap of one additional letter per satisfied equation. Hence,
we obtain an overlap of three letters according to the satisfied equations

ZBZ’@I'Hl:O, a:iGij:Oand .Tj@l'j+1=0.

Case (X;® X, =1 and X; # X;;1):
Let us begin with the constellation (10,0X j+1)?ij}. We consider the scenario

T lemta q,

[ ) 7

depicted below, in which we are given the strings > > |z

> > $§0 and | X1 |< < with X, € {$§0,x;?“ .
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rl|,.rl,.01,.r0,100| ,.m0 r0 | ,.r0,.00,.r1, .01
m0
D> T, x;oxéorlﬂx?

— —_——

b > Dl | am > >t Pt al | X< <e
N ———
271l 470,10

A B

Instead of using the l-alignment of the strings in S(¢?), we rather switch to

the O-alignment, i.e. we obtain the string > >|2™" | and define ¥(z;) = 0. It

7

results directly in gaining two additional satisfied equations and an overlap
of one additional letter. As a matter of fact, we might lose an overlap of
one letter, because the string > > could have been aligned from the
right side with another string. Furthermore, the equation z; 1 ® x; = 0
could be unsatisfied. But all in all, we obtain at least 2 — 1 additional
satisfied equations by switching the value without increasing the length the
superstring. Notice that we may achieve an additional overlap of one letter
if Xji1= xé.o holds, which means that v, satisfies the equation z; ® x,; = 0.

The next constellation, which we are going to analyze, is (01, 1Xj+1)?ij}~

Hence, we are given the strings > > |20 | |zt < <, > D xgnl and

X |< <, with X, € {xéo, a:?”l} The situation is displayed below.

0,r1 11,70 10[ 11 1],.r0,.00, 71,11
b > Do o wy af wy | oy | <Im D Dl x e x| X | <] e

r1,.01,.r0,.10

—_—
rl|,.01,.70,.00,.r1 .01 ml
b Dl |z ai xy x| x| <<m D Do X <] e
| —
m;()a;éox;_rlmél

260



9.10. DEFINING ASSIGNMENTS FROM SUPERSTRINGS

We obtain a similar situation, in which we switch > >|27| to > > |27t |

Accordingly, we define 9 (z;) = 1. We obtain at least one additional
satisfied equation by switching the value without increasing the length of the
superstring. Notice that we may achieve an additional overlap of one letter

if X1 = x;.”l holds. It corresponds to the satisfied equation z; ® x;,1 = 0.

Case (Xz EBX]‘ =1, Xj * Xj+1 and X; = Xi+1):
Starting our analysis with the constellation (00, 10)?”.}, we obtain the

following scenario.

b > D2 |t o a0 | 20 | am > e 0P el 20 e

A % 7
m0
> Ty x?oxéox;“lxél
/_J% /_J%
1,01
b> D2 4 <am > >0 |Pa a0 < e
| —
27111 270,10
i T T

In this case, we argue that we switch the string > > x}”l to > > x}fo . This

means that we set ¢);(x;) = 0. This transformation yields an overlap of at

least the same number of letters since we could lose an overlap of one letter

from the left side. On the other hand, we align the string

70,10 .71 .11
S w

—_—

> > 270 with  2ala]taal 201 <q <

———————

271201270 ,10
7 K2 J J

from the right side by one letter. Notice that we gain at least one additional

satisfied equation.

The last constellation, we are going to analyze, is (11,01)“{*1.3.}. The
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corresponding situation is displayed below.

b > ot o] 2202 | 2 a am > a0 PP 2l < Qe

ml
1,.01,.70,.10 >
xp T x; T J
—_—— —_—
b > o2t |2t Pa 2l | am > e < e
———

{L'T.'Oml.o:v’flll'l.l
R R Bt

In this case, we switch the string > > |27 to > >|27|. Similarly to

the former case, this transformation does not increase the length of the

superstring. By defining ¢s(z;) = 1, we achieve at least one more satisfied

equation.

As for the next step, we are going to define the assignment 1, for
contact variables. After that, we will analyze the relation between the

number of satisfied equation by 15 and the overlap of the associated strings.

Defining the Assignment for Contact Variables

Let E? =rx@dy®z =0 be an equation with exactly three variables in .Z. Given
a 0/1l-alignment of the strings corresponding to the equations z;,_; & x = 0,
200,41 =0,9,10y=0,y®yj,11 =0, 2j,1 ®2=0, and 2 & zj,,1 =0, we are
going to define an assignment based on the underlying 0/1-alignments. As
before, we introduce a notation in order to specify the 0/1-alignments used

in the underlying superstring.

For a given superstring s for S¢ and equation 6? =xdy®z =0, we define
a constellation ¢ = (Xng,YlYg,ZlZg)j with X1, X5, Y1,Y2, 71, Z5 € {0,1},
where X; = by, Xg = by, Y] = b3, Y5 = by, Z1 = by and Zy = bg if and only

if the strings corresponding to z;,.1 @ x = 0,  ® xj,,1 = 0, yj,-1 ®y = 0,

262



9.10. DEFINING ASSIGNMENTS FROM SUPERSTRINGS

Y®Yje1 =0, 2j,.1 ®2 =0 and 2 ® 2,41 = 0 are using a by, by, b3, by, bs
and bg-alignment in s, respectively. We call a constellation inconsistent if

thereisan A € {X,Y, Z} with A; # Ay. Otherwise, we refer to ¢ as consistent.

Based on a constellation for a given superstring s and an equation €§?
with three variables, we are going to define the assignment 1, for the

variables in E;?.

Definition 9.10.3 (Assignment 15 to Contact Variables)

Let £ be an instance of the MAX-HYBRID-LIN2 problem, S¢ its correspond-
ing instance of the SHORTEST SUPERSTRING problem, s a superstring for
Sy and E? =r®ydz=0 an equation with three variables in £. For the
associated constellation ¢ = (X1 X3, Y1Ys, ZlZg)j, we define 1, for the variable

x as follows.

1-X; ’Lf XieYi®eZ =1 CLTLXmng
X, else

V() =

For the variable y, we use the following assignment.

1-Y; Zf Xl@)ﬁeaZl:l,Xl:Xgand YiY5
7/18(3/):

Yi else

For the variable z, we define 1, as follows.

1-7; Zf X169Y16921=1,X1=X2,Y1:Y2anlethz
74 else

Vs(2) =

In the following, we will analyze the relation of satisfied equations by
1, and the number of overlapped letters in the given superstring. In par-
ticular, we consider the following three cases and define the corresponding

transformations.
e X;0Y,® 7, =1 and c is consistent.

o XY, ® 7, =0 and c is inconsistent.
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e X;0Y;® 7, =1 and c is inconsistent.

Let us begin with the first case.

Case (X;j@Y; @ Z; =1 and ¢ is consistent):
In this case, we start with the constellation (11,11, 11);. We display the

considered situation below.

b b [t |a amy > by [y Ayl gt g amg > ol 1B a qe

¥
b a2l <amy byt Ayt < <ams > 2B 21« <e
—_— —
Yl Ayl 2r1 Bzl

According to the definition of 1, we have ¥,(x) = s(y) = ¥s(z) = 1.
Notice that the equation z @ y @ z = 0 is unsatisfied. On the other hand,
the assignment 15 satisfies the equations x ® z;,4.1 = 0, y ® yj,.1 = 0 and
2@ Zj,41 = 0.

We note that a string corresponding to S4(¢3) or SB(£3) using a 0/1-
alignment can have an overlap of at most one letter from the right side as
well as from the left side. Therefore, one possibility, maximizing the number
of overlapped letters given the constellation (11,11,11);, is to align the
string y™t Ayt with > > |y"!

argue similarly for the string 2" B;z!t. Consequently, we conclude that the

and |41 | < < each by one letter. We may

number of overlapped letters is bounded from above by four.
In case of X7 +Y; + Z; = 1, we analyze exemplary the constellation

(00,00,11)%. We set 5(2) = 1, ¢s(z) = 0 and 9s(y) = 0. This situation is
displayed below.
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b p{am0 [am0]aam! s by [y Ay ymoa ams b2 By A a e
2
b > plam] < am’ b B[y am b B[ B2 < qe yt A"
—_—— —_—
'>‘> >> Byt

Due to the z'-alignment of the strings in S?(£3), we obtain an overlap of
two letters. Additionally, we align the string > > from the left with
<] <. The same holds for > > and < <. Notice that it is
not more advantageous to align the string z™°B;C; with > > since we
lose the overlap of one letter with < <. Hence, we are able to get an
overlap of at most four letters, which corresponds to the satisfied equations

T®x;41=0,y®Yyj,,1 =0 and 2 zj,,1 = 0.

Case (X;0Y, 0 7; =0 and c is inconsistent):
First, we concentrate on constellations with the property X; + Y, + Z; = 2.

Exemplary, we analyze the constellation (0Xy, 1Y3,125)3 displayed below.

b b0 || Xy | amy b oy |y Ay Ve | amy b b2 [ B2 Zy [ e

I
b > Blam [ Xo | amy & by Ay Ve amy b 2B, 2 Zs] < qe
51\,-—/ 1B, 1
y" Aj’yll z j

The strings > > and D> l> can be used to align from the right side
with 2" B,z and y™ A;y!, respectively. It yields an overlap of two letters.

If the corresponding equations with two variables are satisfied, which means

Xo =20 Yy =y and Z, = 2!, we gain an additional overlap of one letter
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per satisfied equation. Notice that using the 20-alignment of S(¢?) does not
yield more overlapped letters. In summary, it is possible to attain an overlap
of at most five letters, which corresponds to the constellation (00,11,11)3.
An analogous argumentation holds for the constellations (1X2,1Y2,OZQ);?
and (1X,0Y2,175)%.

Next, we discuss constellations with the property X; +Y; + Z; = 0. For

this reason, we consider the constellation (0X,0Y2,072)5.

b b2 || Xy [a<amy >y |y By Yo < <imy b b2 [y By Zy Ja<e

l
C’ijJ:mO
—
b > B0 ]4,05Ba™ [ Xy | < amy & by [ Vo] <amy > b0 Zo|< e
| S —
szAjC].

Recall that z™0C;2™0 denotes the 2°-alignment of S(¢3). This string can
be aligned from the left with > > a™0. If X, = 2™ holds, we achieve
another overlap of one letter. Furthermore, the string > D> can be
aligned from the right with <4 < if and only if Y5 = ™0 holds. A
similar argumentation can be applied to the strings > D and < 4.
Finally, we note that we cannot benefit by aligning the string ? < < with

y"LA;ytt. Consequently, we see that using the string z™9C;2™0 is generally
more profitable. All in all, we gain an additional overlap of one letter for
satisfying x @ y ® z = 0 and another overlap of one letter if the equation with

two variables corresponding to the considered variable is satisfied.

Case (X;0Y, 8 7, =1 and c is inconsistent):

Let us start with constellations satisfying X; + Y7 + Z; = 3. Exemplary, we
analyze the constellation (10,1Y3,175)3. According to the definition of 1)y,
we set ¥s(x) = 1- Xy, ¥s(y) =1 and 14(z) = 1. Notice that 1, satisfies the
equation z @ y @ z = 0. By switching the value ¥,(x) from X; to 1 - Xq,
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the equation z;,_; ® x = 0 could become unsatisfied. Furthermore, we could
lose an overlap of one letter by flipping the l-alignment of the strings
corresponding to x;_; ® x = 0 to the 0-alignment. On the other hand, we
gain an overlap of one letter by aligning the string > > from the right
side with < <. This transformation yields at least one more satisfied
equation. In addition, the strings y™ A;y'! and 2"1B;z!! can be aligned by
one letter with > > and > D> , respectively. If Z, = 2! and Y, = ¢!

holds, we achieve another overlap of one letter in each case (see below).

b b2t [am0]a amy b ol Ay [Va|a ama b o2 L B Zy]a e
l
b > bl Q> by Ay [Ye < 9 > b B 2] < <
>|> yrt Ayl 21 Bz

The other constellations satisfying X; + Y7 + Z; = 3 can be analyzed
analogously.

The remaining constellations (X;X5,Y1Y5, ZlZg)j. to be discussed satisfy
X1+Y1+ 7, =1 and are inconsistent. Exemplary, we analyze the constellation
(01,0Y5,175)%5. For (01,0Y5,175)%, we set 1s(x) = 1 - Xy, ¥s(y) = Y1 and
¥s(z) = Z1. The scenario is displayed below.

b > p{am0 |2 Ayattatt [ amy b By |[Ya|< 9my & b2 B2 Zy]< <e
—_——

zrlBjle
2
b > bl A2l < amy b B{y|[Ya < amy b b2 B2 Zy] < qe
2L ALzl Sr1RB. Al
J J
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By flipping the 0-alignment of the strings corresponding to z;,_1 ® z = 0 to
the 1-alignment, we can overlap 21 A;z!! from the left side with > >
and with < < from the right side. This transformation achieves an
overlap of at most one more letter. Moreover, we obtain at least one more
satisfied equation. If Z, = 2/ and Y, = y™0 holds, it yields an overlap of
three additional letters, which corresponds to the constellation (11,00, 11)?.

Finally, we note that the strings corresponding to equations of the
form z @ y ® z = 1 can be discussed analogously. In summary, we obtain the

following statement.

Lemma 9.10.1

Let & be an instance of the MAX-HYBRID-LIN2 problem with n wheels, ms
equations with two variables and ms equations with three variables. Given a
superstring s for Sg with length |s| =7 -n+5-mg +22-mg3 +u, it is possible
to transform s in polynomial time into a superstring t without increasing the

length such that the associated assignment 1, leaves at most u equations in
£ unsatisfied.

The Proof of Theorem 9.6.1

Given an instance .Z of the MAX-HYBRID-LIN2 problem with n wheels, ms
equations with two variables and mg equations with exactly three variables
with the properties described in Theorem 4.9.1, we construct in polynomial
time an instance S¢ of the SHORTEST SUPERSTRING problem with the
properties described in section 9.8.

Let ¢ be an assignment to the variables of .Z leaving at most u equations
in .Z unsatisfied. According to Lemma 9.9.1, it is possible to construct in

polynomial time a superstring s4 for S¢ with length at most
S| < 7T-n+5-my+22-m3+u

since the length of the superstring increases by at most one letter for every

unsatisfied equation of the assignment. Regarding the compression measure,
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we obtain the following.

v

Yolsl = (7-n+5-my+22-my+u)

5653
(4+8)n+8-mo+36-m3 — (7T-n+5-mg+22-mgz+u)

comp(S,55)

o + 3mg + 14dms —u
On the other hand, let s be a superstring for S¢ with length
|s| = bmg +22mg +u+Tn,

it is possible to construct in polynomial time a normed superstring s’ without
increasing the length by applying the transformations defined in section 9.10.
According to Lemma 9.10.1, it enables us to define an assignment v, to the
variables of .Z that leaves at most u equations in .Z unsatisfied. A similar
argumentation leads to the conclusion that given a superstring s for S with
compression
comp(Sy,54) = bn + 3mg + 14ms — u,

it is possible to construct in polynomial time an assignment to the variables

in .Z that leaves at most u equations unsatisfied. [

In the next section, we are going to describe smaller gadgets for equations
with three variables implying an improved explicit lower bound and give the

proof of Theorem 9.5.1.

An Improved Reduction

Given an equation with three variables g2 = x @ y ® z = 0, we introduce the

sets S%(g7) and SP(g?) including the following strings.
Z’Tlal’llyﬂyll, y“y”xmon, meCjITlaIll € Sa(g?)
xrlﬁxllzrlzll, ZTIZ“C]'QTmO, ijmoxrlﬂxll € Sﬁ(gji’))

In addition, we introduce new strings for the equation z;_; ® x = 0. On the

other hand, the strings corresponding to r®x;,1 =0, y;_1®y =0, y®y;.1 =0,
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zi1®2z=0and z® z,; = 0 remain the same. Let us define the strings for
Tio1®x=0:

Tlﬁ 1 ,rla ll rla,,.m0,.m0 m0 ,.m0..l11 _.rlj3

Z;_ 1‘1: T 1ZE Ty T ;1 MO A 11‘

These three strings can be aligned each by two letters in a cyclic fashion.
Accordingly, we obtain three combinations that can be used to overlap with
other strings by one letter from the left side as well as from the right side.
Note that we have only two combinations if we consider only the left most
position of the combined strings. For example, the combination

rlﬁ 1 ,rla,m0,mo0,l1 ,.rig

xz 1L L 1T MO G lx

can be used to overlap from the right side with strings in S#( g?’), whereas

ll rla,,.m0,.m0 .01 Tlﬁ 1 rla
Ti L Tigl T T Ti 1ZL'

can be aligned with strings contained in S<( gj’) Therefore, we may apply the
same arguments as in the proof of Theorem 9.5.1. The strings corresponding

to equations of the form z @ y ® z =1 can be constructed analogously.

The Proof of Theorem 9.5.1

Given an instance .Z of the MAX-HYBRID-LIN2 problem with n wheels, ms
equations with two variables and mg equations with exactly three variables
with the properties described in Theorem 4.9.1, we construct in polynomial
time an instance S¢ of the SHORTEST SUPERSTRING problem. Let ¢ be an
assignment to the variables of .2 which leaves at most u equations unsatisfied.

Then, it is possible to construct a superstring s, with length
|se| < 7T-n+5-mg+16-m3+u,

since the length of the superstring increases by at most one letter for every
unsatisfied equation of the assignment. Regarding the compression measure,

we obtain the following.

v

Yo lsl=(7-n+5-my+16-ms3 +u)

SESH
(4+8)n+8-mg+28-mg—(7-n+5-mg+16-m3+u)

comp(Sy,s4)

= bn+3mg+12ms—u
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On the other hand, given an superstring s for S¢ with length
|s| = Bmg + 16ms + u + Tn,

we can construct in polynomial time a normed superstring s’ without in-
creasing the length of it. The corresponding assignment 1 to the variables
of .Z leaves at most u equations in .Z unsatisfied. A similar argumentation

leads to the conclusion that given a superstring s for S¢ with compression
comp(Sg,ss) =dn+3mg +12ms — u,

we construct in polynomial time an assignment to the variables in £ such

that at most u equations are unsatisfied. [
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CHAPTER 10. TRAVELING SALESMAN PROBLEMS

In this chapter, we investigate the approximation hardness of symmetric
and asymmetric TSP problems with bounded metrics. By extending our
reduction method from Chapter 9, we give improved explicit approximation
lower bounds for the (1,2)-ATSP problem, (1,2)-TSP problem, (1,4)-ATSP
problem, (1,4)-TSP problem and the MAX-(0,1)-ATSP. In particular, we
prove the best known approximation lower bound for TSP with bounded
metrics for the metric bound equal to 4.

We study the approximation complexity of the (1,2)-TSP problem and
the GRAPHIC-TSP problem restricted to subcubic and cubic instances, and
obtain new inapproximability bounds for those problems.

By constructing a new bounded degree wheel amplifier and exploiting the
special properties of a well-suited bounded occurrence CSP, we obtain the
best up to now inapproximability thresholds for the general METRIC and
ASYMMETRIC TSP problem.

Introduction

The Metric Traveling Salesman (TSP) problem is the following problem:
Given a metric space (V,d) and the objective is to construct a shortest tour
visiting each element in V' exactly once.

The TSP problem in metric spaces is one of the most fundamental NP-
hard optimization problems. The decision version of this problem was shown
early to be NP-complete by Karp [K75]. Christofides [C76] gave an efficient
algorithm approximating the TSP problem with an approximation ratio 3/2,
that is, an algorithm that produces in polynomial time a tour with length
being at most a factor 3/2 from the optimum.

As for lower bounds, a reduction due to Papadimitriou and Yan-
nakakis [PY93] and the PCP Theorem [AS98, ALM*98| together imply that
there exists some constant, not greater than 1+ 1075, such that it is NP-
hard to approximate the TSP problem with distances either one or two. For
discussion of bounded metrics TSP, see also [T00]|. This hardness result was
firstly improved by Engebretsen [E03|, who proved that it is NP-hard to
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approximate the TSP problem restricted to distances one and two to within
any constant less than 5381/5380. Bockenhauer and Seibert [BS00| stud-
ied the TSP problem with distances one, two and three. They obtained an
approximation lower bound of 3813/3812 for this restricted version of the
problem. After that, Papadimitriou and Vempala [PV06| proved that ap-
proximating the general problem to within any constant approximation ratio
less than 220/219 is NP-hard. Only recently, this lower bound was improved
by Lampis [L12]. In particular, he gave an approximation lower bound for
the problem of 185/184.

In this chapter, we prove that it is NP-hard to approximate the TSP

problem to within any constant approximation ratio less than 123/122.

The Asymmetric Traveling Salesperson (ATSP) Problem

In the ATSP problem, we are given an asymmetric metric space (V,d), that
is, d is not necessarily symmetric, and we would like to construct a shortest
tour visiting every vertex exactly once.

The best known efficient algorithm for the ATSP problem approximates
the solution within O(logn/loglogn), where n is the number of vertices
in the metric space (cf. [AGM*10]). On the other hand, the currently
best known inapproximability threshold for the ATSP problem is 117/116
(cf. [PVO06]).

In this chapter, we prove that that the ATSP problem is NP-hard to

approximate to within any constant approximation ratio less than 75/74.

TSP Problems with Bounded Metrics

It is conceivable that the special cases of the ATSP problem with bounded
metrics are easier to approximate than the cases when the distance between
two points grows with the size of the instance. Clearly, the (1,B)-ATSP
problem, in which the distance function is taking values in the set {1,...,B},
can be approximated within B by just picking any tour as the solution.
When we restrict the problem to distances 1 and 2, it can be approxi-
mated within 5/4 due to Bléser [B04]. Furthermore, it is NP-hard to ap-
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proximate the problem within any constant approximation ratio less than
321/320 [EKO06].

For the case B = 8, Engebretsen and Karpinski [EK06| constructed a
reduction yielding the approximation lower bound of 135/134 for the problem.

In this chapter, we prove that it is NP-hard to approximate the
(1,2)-ATSP problem and the (1,4)-ATSP problem to within any constant
approximation ratio less than 207/206 and 141/140, respectively.

The restricted version of the TSP problem, in which the distance function
takes values in {1,...,B}, is referred to as the (1,B)-TSP problem.

The (1,2)-TSP problem can be approximated in polynomial time with
an approximation ratio 8/7 due to Berman and Karpinski [BK06]. On the
other hand, Engebretsen and Karpinski [EK06| gave an approximation lower
bound for the (1, B)-TSP problem of 741/740 for B = 2 and 389/388 for B = 8.

In this chapter, we prove that the (1,2)-TSP problem and the (1,4)-TSP
problem are NP-hard to approximate to within any constant approximation
ratio less than 535/534 and 337/336, respectively.

An instance of the (1,2)-TSP problem is called cubic and subcubic if
the graph induced by the edges of weight 1 is cubic (3-regular) and subcubic
(maximum degree 3), respectively. As claimed in [CKKO02|, the inapproxima-
bility thresholds for the (1,2)-TSP problem restricted to cubic and subcubic
instances are 1141/1140 and 673/672 , respectively.

In this chapter, we prove new inapproximability bounds for cubic and
subcubic instances of the (1,2)-TSP problem of 1141/1140 and 673/672, re-

spectively.

The Graphic TSP Problem on Subcubic and Cubic Graphs

The restricted version of the TSP problem in the shortest path metric com-
pletion of graphs is referred to as the GRAPHIC-TSP problem.

The problem is known to be NP-hard in exact setting even when we
restrict the input graph to be cubic, as the Hamiltonian cycle problem is
NP-hard for 3-regular graphs (cf. [GJT76]) and can be reduced to the
GRAPHIC-TSP problem. The (1,2)-TSP problem can be viewed as a spe-
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cial case of the GRAPHIC-TSP problem. To see this, we simply augment
the subgraph induced by all weight 1 edges in an instance of the (1,2)-TSP
problem by a new vertex z and add all edges connecting the original ver-
tices with that vertex z. Thus, the explicit approximation lower bound of
535/534 for the (1,2)-TSP problem is also the inapproximability bound for
the GRAPHIC-TSP problem. On the algorithmic front, there was a remark-
able progress on the GRAPHIC-TSP problem (|OSS11],[MS11], [M12]) lead-
ing to the approximation ratio 7/5, cf. Sebé and Vygen [SV12].

The GRAPHIC-TSP problem on cubic graphs as well as subcubic graphs
played a crucial role in some recent developments on the GRAPHIC-TSP
problem (cf. |[GLSO05|, [BSSS11a|, [BSSS11b|, [MS11], [M12]). Both prob-
lems are of special interest because of its connection to the famous 4/3 con-
jecture on the integrality gap of the metric TSP problem (cf. [BSSS1lal,
[BSSS11b]). It is also known that the approximation ratio 3/2 of Christofides’
algorithm [C76] for the general metric TSP is tight for the GRAPHIC-TSP
problem on cubic graphs. Recently, the first efficient approximation algo-
rithms with approximation ratio 4/3 for the above problem on cubic and
subcubic graphs were designed in [BSSS11b] and [MS11]. Correa, Larré and
Soto [CLS12] managed to break the bound of 4/3 and gave an efficient al-
gorithm for the problem with approximation ratio (4/3 —eg), where ¢ is a
small constant (0 <egp < 1074).

In this chapter, we shed some light on the inapproximability status of the
GRAPHIC-TSP problem and prove explicit approximation hardness bounds
of 1153/1152 for the cubic and 685/684 for the subcubic case.

The MAX-ATSP Problem with Weights 1 and 2

The MAX-(0,1)-ATSP problem is the restricted version of the MAX-ATSP
problem, in which the weight function w takes values in the set {0,1}.
Vishwanathan [V92] constructed an approximation preserving reduction
proving that an approximation algorithm for the MAX-(0,1)-ATSP prob-
lem with approximation ratio « transforms into an approximation algo-
rithm for the (1,2)-ATSP problem with approximation ratio (2 — 1/a)). Due
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to this reduction, all negative results concerning the approximation of the
(1,2)-ATSP problem imply hardness results for the MAX-(0,1)-ATSP prob-
lem. Since the (1,2)-ATSP problem is APX-hard [PY93], there is little hope
for polynomial time approximation algorithms with arbitrary good precision
for the MAX-(0,1)-ATSP problem. Due to the explicit approximation lower
bound for the (1,2)-ATSP problem obtained by Engebretsen and Karpin-
ski [EKO06], it is NP-hard to approximate the MAX-(0,1)-ATSP problem to
within any constant approximation ratio less than 320/319. The best up to
now known approximation algorithm for the restricted version of this prob-
lem is due to Bléser [B04| and achieves an approximation ratio 4/3.

In this chapter, we prove that approximating the MAX-(0,1)-ATSP prob-
lem to within any constant approximation ratio less than 206/205 is NP-
hard.

The Proof Methods and Summary of Results

The results of this chapter depend on several new reductions from a bounded
occurrence CSP problem called the MAX-HYBRID-LIN2 problem (cf. Defi-
nition 4.9.1). We extend our reduction method from Chapter 9 and define
parity gadgets for TSP problems with bounded metrics. The crucial point
of the reductions is that we make essential use of the underlying structure
of the equations in the MAX-HYBRID-LIN2 problem, which are induced by a
3-regular wheel amplifier graph. This could be a more widely useful method
for improving the approximation lower bounds of other problems.

In order to give improved inapproximability results for the ATSP
problem and the TSP problem, we introduce a new 3-regular amplifier graph
called bi-wheel amplifier. This bi-wheel amplifier graph entails an even more
advantageous structure of the linear equations in the MAX-HYBRID-LIN2
problem, which enables us to define parity gadgets simulating two variables
of the CSP instance simultaneously. Furthermore, we prove that it is only
necessary to construct gadgets for roughly one third of the constraints of

the CSP instance, while the remaining constraints are simulated without
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additional cost using the consistency properties of our gadgets. This crucial
idea leads to very economical reductions with less vertices in the instances
produced by the reduction to the ATSP problem and the TSP problem.
We believe that this approach may be useful in improving the efficiency of

approximation preserving reductions for other problems.

In Table 10.1, we summarize our approximation lower bounds as com-

pared with previous inapproximability results.

(1,B)-ATSP problem B=2 B=4 B=8 | unbounded
Previously known 321/320 | 321/320 | 135/134 | 117/116
results [EKO06] | [EKO06] | [EKO06| [PV06]
Our results 207/206 | 141/140 75/74
(1,B)-TSP problem B=2 B=4 B=8 | unbounded
Previously known results | 741/740 | 741/740 | 389/388 | 185/184

[EKO06] | [EKO06] | [EKO6| [L12]
Our results 535/534 | 337/336 | 337/336 123/122
MAX-(0,1)-ATSP problem
Previously known results 320/319

[EK06]

Our results 206/205

Table 10.1: Comparison of our approximation lower bounds with previously

known inapproximability results.

In order to prove the new inapproximability bounds for the (1,2)-TSP
problem restricted to subcubic and cubic instances, we design new cu-
bic gadgets simulating the linear equations with three variables of the
MAX-HYBRID-LIN2 problem.
special way, to the cubic and subcubic instances of the GRAPHIC-TSP

problem.

This construction will be extended, in a
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In Table 10.2, we summarize our approximation lower bounds as com-

pared with previous inapproximability results.

(1,2)-TSP problem Cubic instances | Subcubic instances

Previously known results 1291/1290 787/786
[CKKO02| [CKKO02]

Our results 1141/1140 673/672

Graphic-TSP problem Cubic instances | Subcubic instances

Previously known results - -

Our results 1153/1152 685/684

Table 10.2: Known explicit lower bounds and the new results.

10.3 Outline of this Chapter

This chapter is organized as follows. In Section 10.5, we review some se-
lected results related to the topics covered in this chapter. In Section 10.6,
we formulate our main results. We give improved inapproximability results
for the (1,2)-ATSP problem in Section 10.7, the (1,4)-ATSP problem in Sec-
tion 10.8, the (1,2)-TSP problem in Section 10.9, the (1,4)-TSP problem in
Section 10.10, the (1,2)-TSP problem restricted to subcubic instances in
Section 10.11, the (1,2)-TSP problem restricted to cubic instances in Sec-
tion 10.12 and the GRAPHIC-TSP problem restricted to subcubic and cubic
graphs in Section 10.13. In Section 10.14 and 10.15, we study the hard-
ness of approximation of the general metric and asymmetric TSP problem,

respectively.

10.4 Preliminaries

In this section, we fix the notation and provide some definitions.
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Given an asymmetric metric space (V,d) with V = {vy,...,v,} and
d:V xV - Q, a tour o in (V,d) is a tour in the associated complete
directed graph (V, {(vi,v;) eV xV |i# ]}) (cf. Section 9.4). The length or
cost of a tour o in (V,d) is defined as follows.

length of o in (V,d) = > d(a)

a€o

By means of this notation, we define the ATSP problem as follows.

Definition 10.4.1 (ATSP problem)
Instances: A asymmetric metric space (V,d)

Solutions: A tour o in (V,d)
Task:  Minimize the length of o in (V,d)

For every integer B > 2, the (1,B)-ATSP problem is the ATSP problem re-
stricted to instances (V,d) with d: {(v;,v;) e VxV |i#j} - [B].

Given a complete graph G, a tour ¢ in G is a subset of E(G), which
induces a cycle in G visiting every vertex of G only once. A Hamiltonian path
in G is a simple path containing all vertices of G. For a given metric space
(V,d) with V' = {vy,...,v,} and d : (‘2/) - Q.0, a tour o in (V,d) is a tour
in the associated complete graph (V, (‘2/)) The length or cost of a tour ¢ in
(V,d) is defined as follows.

length of o in (V,d) = ) d(e)

€eeo

Analogously, the TSP problem can be formulated as follows.

Definition 10.4.2 (TSP problem)
Instances: A metric space (V,d)
Solutions: A tour o in (V,d)
Task: Minimize the length of o in (V,d)

For every integer B > 2, the (1,B)-TSP problem is the TSP problem re-
stricted to instances (V,d) with d : (‘2/) - [B].

In order to specify, an instance (V,d) of the (1,2)-ATSP problem, it
suffices to identify the arcs a € V x V with d(a) = 1. Accordingly, we de-

code an instance ({vy,...,v,},d) by a directed graph G;, where for every
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a€{(v,v;) eV xV|i#j}, we have

d(a) _ 1 iface A(gd)
2 else.

Analogously, in the symmetric case, an instance of the (1,2)-TSP problem is
completely specified by a graph.

In the following, for every c € {1,2}, we refer to an arc a and an edge e
with d(a) =d(e) = ¢ as a c-arc and a c-edge, respectively.
We call an instance of the (1,2)-TSP problem cubic and subcubic if the graph
induced by the all weight 1 edges is cubic and subcubic, respectively.

Figure 10.1: Graph G34 simulating equations of the form z ® y @ z = 0.

Related Work

Engebretsen and Karpinski [EK06| constructed approximation preserving
reductions from the MAX-HYBRID-LIN2 problem to the (1,2)-ATSP prob-
lem and to the (1,2)-TSP problem implying explicit approximation lower
bounds for both problems. They introduced graphs (gadgets), which simu-
late variables, equations with two variables and equations with three vari-

ables. For equations of the form x @& y & z = 0, they used a gadget that was
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constructed in [PV06]| displayed in Figure 10.1. We rely on this gadget and
use it in our reduction. In particular, we will exploit the following statement

that was proved by Papadimitriou an Vempala [PV06].

Lemma 10.5.1 ([PV06])
There is a simple path from s, to sei1 in G344 (Figure 10.1) containing all

vertices of G34 if and only if an even number of dashed arcs is traversed.

In [EKO06], a similar gadget was constructed to prove explicit approximation
lower bounds for the (1,2)-TSP problem. The graph corresponding to an
equation of the from x & y @ z = 0 is displayed in Figure 10.2.

Sc+l

1

Ve

Figure 10.2: Gadgets used in [EK06| to prove approximation hardness of
the (1,2)-TSP problem.

In the reduction of the (1,2)-TSP problem, the following statement was
proved by Engebretsen and Karpinski [EK06| concerning the graph corre-

sponding to equations of the form z @&y & 2 = 0.

Lemma 10.5.2 (JEK06])
There is a simple path from s, to Se,q in G35 (Figure 10.2) containing the

vertices v € {v}, v?

Lv2} if and only if an even number of parity graphs (Figure
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10.50) is traversed.

By using the hardness results due to Berman and Karpinski [BK99] for the
MAX-HYBRID-LIN2 problem, the reductions due to Engebretsen and Karpin-
ski [EKO06] yield the following inapproximability results.

Theorem 10.5.1 ([EKO06])
The (1,2)-ATSP problem and the (1,2)-TSP problem are NP-hard to ap-

prozimate to within any constant approximation ratio less than 321/320 and
741/740, respectively.

Inapproximability Results for the MAX-ATSP problem

By replacing all arcs with weight 2 of an instance of the (1,2)-ATSP prob-
lem by arcs of weight 0, we obtain an instance of the MAX-(0, 1)-ATSP prob-
lem. Vishwanathan [V92| proved that this reduction relates the (1,2)-ATSP
problem to the MAX-ATSP problem in the following sense.

Lemma 10.5.3 (|V92])

A polynomial time approrimation algorithm with approximation ratio a for
the MAX-(0,1)-ATSP problem implies a polynomial time approximation al-
gorithm for the (1,2)-ATSP problem with approzimation ratio (2 -1/a).

This reduction transforms every hardness result addressing the (1,2)-ATSP
problem into a hardness result for the MAX-(0,1)-ATSP problem. In par-
ticular, Theorem 10.5.1 implies the best known explicit approximation lower
bound for the MAX-(0,1)-ATSP problem stated below.

Corollary 10.5.1
It is NP-hard to approzimate the MAX-(0,1)-ATSP problem to within any

constant approzimation ratio less than 320/319.

Our Contributions

We now formulate our main results.
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Theorem 10.6.1
Suppose we are given an instance £ of the MAX-HYBRID-LIN2 problem with
n wheels, msy equations with two variables and ms equations with exactly three

variables with the properties described in Theorem 4.9.1.

(i) Then, it is possible to construct in polynomial time an instance Gg of
the (1,2)-ATSP problem with the following properties:

o [f there exists an assignment ¢ to the variables of £ which leaves
at most T equations unsatisfied, then, there exist a tour in G with

length at most 3mg+13mz+3(n+1)-1+7.

o From every tour o in Go with length 3ma+13ms+3(n+1)-1+7, it
15 possible to construct in polynomial time an assignment 1, to the

variables of £ that leaves at most T equations in £ unsatisfied.

(it) Furthermore, it is possible to construct in polynomial time an instance
(Vg,dy) of the (1,4)-ATSP problem with the following properties:

o [If there exists an assignment ¢ to the wvariables of £ which
leaves at most T equations unsatisfied, then, there exist a tour

in (Vg,dg) with length at most 4ms + 20mg +6(n + 1) + 27 - 2.

o From every tour o in (Vyg,dy) with length 4mq+20ms+6(n+1)+
27 —2, 1t is possible to construct in polynomaial time an assignment
1y to the variables of £ that leaves at most T equations in £

unsatisfied.

The former theorem can be used to derive an explicit approximation
lower bound for the (1,2)-ATSP problem by reducing instances of the
MAX-HYBRID-LIN2 problem of the form described in Theorem 4.9.1 to the
(1,2)-ATSP problem.

Corollary 10.6.1
It is NP-hard to approzimate the (1,2)-ATSP problem to within any constant
approzimation ratio less than 207/206.
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Proof of Corollary 10.6.1.
Let £3 be an instance of the MAX-E3LIN2 problem. For a fixed ¢ > 0, we
choose constants 0 € (0,1/2) and k € N such that

207-¢6 207
>

206+6+£ - 206

holds. Then, we generate k copies of Z3 and the corresponding instance
% of the MAX-HYBRID-LIN2 problem. Given .Z, we construct the corre-
sponding instance G¢ of the (1,2)-ATSP problem with properties described
in Theorem 10.6.1. We conclude according to Theorem 4.9.1 that there exist

a tour in G¢ with length at most

3-60v-k+13-2v-k+dv-k+n+1

IN

(206+6+n+k1)y-k

V .

(2O6+5+6;;1)y-k

IN

or the length of a tour in G¢ is bounded from below by

3-60v-k+13-2v-k+(1-0)v-k+n+1

v

(206 + (1-8))v-k
(207 = 8)v - k.

v

From Theorem 4.9.1, we know that the two cases above are NP-hard to
distinguish. Hence, for every e > 0, it is NP-hard to find a solution to the
(1,2)-ATSP problem with approximation ratio better than

207 -6 207
>

77206

—_— €
206+ 0 + —
+0+ ?

and the proof follows. [ ]

Analogously, we derive the following statement by combining Theo-
rem 4.9.1 and Theorem 10.6.1.

Corollary 10.6.2
It is NP-hard to approximate the (1,4)-ATSP problem to within any constant

approximation ratio less than 141/140.
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For the symmetric version of the problems, we construct reductions from the
MAX-HYBRID-LIN2 problem with similar properties.

Theorem 10.6.2
Suppose we are given an instance £ of the MAX-HYBRID-LIN2 problem with
n wheels, ms equations with two variables and ms equations with exactly three

variables with the properties described in Theorem 4.9.1.

(i) Then, it is possible to construct in polynomial time an instance Gg of
the (1,2)-TSP problem with the following properties:

o [f there exists an assignment ¢ to the variables of £ which leaves
at most T equations unsatisfied, then, there exist a tour in G o with

length at most 8mgy +27Tms +3n+2+T.

e From every tour o in Gy with length 8mg +27Tms+3n+2+7, it is
possible to construct in polynomial time an assignment 1, to the

variables of £ that leaves at most T equations in & unsatisfied.

(i1) Furthermore, it is possible to construct in polynomial time an instance
(Vg,dg) of the (1,4)-TSP problem with the following properties:

o [f there exists an assignment ¢ to the variables of £ which leaves
at most T equations unsatisfied, then, there exist a tour in (Vyy, dy)

with length at most 10msy + 36ms + 6(n + 1) + 2 + 27.

o From every tour o in (Vy,dy) with length 10ma+36ms+6(n+1)+
2+27, it is possible to construct in polynomial time an assignment
1y to the variables of £ that leaves at most T equations in £

unsatisfied.

Analogously, we combine the former theorem with the explicit approximation
lower bound for the MAX-HYBRID-LIN2 problem described in Theorem 4.9.1

yielding the following approximation hardness result.

Corollary 10.6.3
It is NP-hard to approximate the (1,2)-TSP problem and the (1,4)-TSP
problem to within any factor better than 535/534 and 337/336, respectively.
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By Lemma 10.5.3 and Corollary 10.6.1, we obtain the following explicit ap-
proximation lower bound for the MAX-(0,1)-ATSP problem.

Corollary 10.6.4
It is NP-hard to approzimate the MAX-(0,1)-ATSP problem to within any
constant factor less than 206/205.

For the (1,2)-ATSP problem restricted to subcubic instances, we prove

the following explicit inapproximability result.

Theorem 10.6.3
The (1,2)-TSP problem restricted to subcubic instances is NP-hard to ap-
proximate to within any factor less than 673/672.

For cubic instances of the (1,2)-ATSP problem, we obtain the following
inapproximability threshold.

Theorem 10.6.4
The (1,2)-TSP problem restricted to subcubic instances is NP-hard to ap-
prozimate to within any factor less than 1141/1140.

For subcubic and cubic instances of the Graphic TSP, we prove the fol-

lowing.

Theorem 10.6.5
The GRAPHIC-TSP problem restricted to subcubic and cubic graphs is NP-
hard to approzimate to within any factor less than 685/684 and 1153/1152,

respectively.

For the general version of the metric TSP problem, we give the following

inapproximability result.

Theorem 10.6.6
It is NP-hard to approzimate the TSP problem to within any constant ap-

proximation ratio less than 123/122.

For the general version of the ATSP problem, we obtain the following

explicit approximation lower bound.
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Theorem 10.6.7
It is NP-hard to approzimate the ATSP problem to within any constant ap-

prozimation ratio less than 75/74.

The (1,2)-ATSP Problem

Before we proceed to give the proof of Theorem 10.6.1 (7), we describe the

reduction from a high-level view and try to build some intuition.

High-Level View of the Reduction

As mentioned above, we prove our hardness results by a reduction from the
MAX-HYBRID-LIN2 problem (cf. Definition 4.9.1). Suppose we are given an
instance .Z2 of the MAX-E3LIN2 problem and .# the corresponding instance
of the MAX-HYBRID-LIN2 problem. Recall that every variable z! in the
original instance .£3 introduces an associated wheel W, in the instance &
as illustrated in Figure 4.1.

The idea of our reduction is to make use of the special structure of the
wheels in .Z. Every wheel W, in .Z corresponds to a graph G; in the instance
G of the (1,2)-ATSP problem. Moreover, G, is a subgraph of G, which
forms almost a cycle. An assignment to the variable z! will have a natural
interpretation in this reduction. The parity of !, that is, the value b ¢
{0,1} of the variable z!, corresponds to the direction of movement in G,
of the underlying tour. The wheel graphs of G¢ are connected and build
together the inner loop of G. Every variable x! in a wheel W, possesses
an associated parity graph P! (Figure 10.4) in G, as a subgraph. The two

natural ways to traverse a parity graph will be called 0/1-traversals and
l

correspond to the parity of the variable 2. Some of the parity graphs in
G, are also contained in graphs G34 (Figure 10.1 and Figure 10.6 for a more
detailed view) corresponding to equations with three variables of the form
B=xey®z=0. (By negating a variable in an equation x @ y ® z = 1, we
obtain the equation * @ y @ z = 0, which is satisfied by an assignment to =z,

y and z if and only if the former equation is satisfied. Accordingly, we only
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need to consider equations of the from z@y®z=0or z@y® 2 =0)

inner loop

Figure 10.3: An illustration of the instance G and a tour in G¢.

The graphs corresponding to equations with three variables are connected
and build the outer loop of G». The whole construction is illustrated in
Figure 10.3. The outer loop of the tour checks whether the 0/1-traversals of
the parity graphs correspond to a satisfying assignment of the equations with
three variables. If an underlying equation is not satisfied by the assignment
defined via a 0/1-traversal of the associated parity graph, it will be punished

by using a costly 2-arc.

Constructing G from .

Given a instance .Z of the MAX-HYBRID-LIN2 problem, we are going to
construct the corresponding instance G of the (1,2)-ATSP problem.

For every type of equation in .Z, we will introduce a specific graph or a
specific way to connect the so far constructed subgraphs. In particular, we
will distinguish between graphs corresponding to cycle equations, matching
equations, wheel border equations and equations with three variables. First

of all, we introduce graphs corresponding to the variables in .Z.
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Figure 10.4: Parity graph P! corresponding to the variable ! in W,.

Variable Graphs

Let £ be an instance of the MAX-HYBRID-LIN2 problem and W, a

wheel in £. For every variable z! in the wheel W), we introduce the par-
n

ity graph P! consisting of the vertices v!*, v!* and v!° displayed in Figure 10.4.

IL 1
i+1 1+1

1(i+1)

pl0 Ve
j+1
o—
11 I 11 lL 0
Vit Yin Yj Yj Yj

Figure 10.5: Connecting the parity graph P..

Matching and Circle Equations

Let .Z be an instance of the MAX-HYBRID-LIN2 problem, W, a wheel in .Z
and M (W,) the associated perfect matching. Furthermore, let xﬁ@xé = ( with
e={i,j} € M(W,) and i < j be a matching equation. Due to the construction
of .Z, the cycle equations z} @ z},, = 0 and 2} @ 2, = 0 are both contained
in W,. Then, we introduce the associated parity graph P! consisting of the
vertices v7 vl and véml). In addition to it, we connect the parity graphs

Pl Pl,y, Pi, P, and P! as displayed in Figure 10.5.
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Graphs Corresponding to Equations with Three Variables

Let (3 = 2} @ % ® 7 = 0 be an equation with three variables in .#. Then,

we introduce the graph G34 (Figure 10.1) corresponding to the equation £3.
2

c)

1

The graph G324 includes the vertices s., v}, v2, v3 and s.1.

Figure 10.6: The graph G34 corresponding to (2 = 2} @ * @z} = 0, which is
connected to the graph corresponding to zt @ 2!, | = 0.
Furthermore, it contains the parity graphs P!, P; and P¥ as subgraphs,
where e = {i,i+ 1}, b={j,7+ 1} and a = {¢t,t + 1}. Exemplary, we display
G34 with its connections to the graph corresponding to the cycle equation
ztexl =0 in Figure 10.6.
In case of £ =zl @ xi @ xy = 0, we connect the parity graphs with arcs

(vit,veh), (v, vit) and (v, vif)).

Graphs Corresponding to Wheel Border Equations

Let W, and W, be wheels in £. In addition, let 2! @ 2!, = 0 be the wheel
border equation of W,. Recall that z!, also occurs in an equation (2 with
three variables. Let us assume that ¢2 is of the form z!, @ y ® z = 0. Then,
we introduce the vertex b, and connect it to v and v!!. Let by be the

vertex corresponding to the wheel W,,;. We draw an arc from vio to byi1.
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Finally, we connect the vertex vi?l 1 to b;.1. This construction is illustrated

in Figure 10.7, where we displayed only a part of the corresponding graph
Gaa.

2

v} V2
b”l Ul{ll n} ,Ul{ll n} ¢
Yiny

Figure 10.7: The graph corresponding to z! @zl = 0 in the case 7, ®@y®z = 0

For equations ¢2 of the form z!, ®@y@®z = 0, we use a similar construction, in
which the parity graph 73{1 n) is connected to b; and v!! by means of (bl, v n})
and ( v },vﬁ}) Furthermore, we connect vl with b;,;. Let W, be the last
wheel in .Z. Then, we set b,,; = s as s is the starting vertex of the graph

34 corresponding to the equation £3. This is the whole description of the

graph G .

Constructing a Tour from an Assignment

Let .Z be an instance of the MAX-HYBRID-LIN2 problem and G« the corre-
sponding instance of the (1,2)-ATSP problem as defined in Section 10.7.2.
Given an assignment ¢ to the variables of .Z, we are going to construct a
tour in G in dependence of ¢. In addition to it, we analyze the relation

between the length of the tour and the number of satisfied equations by ¢.

Let £ be an instance of the MAX-HYBRID-LIN2 problem consisting
of the wheels Wi, Wh, ..., W, and equations with three variables ¢2, where

c € [ms]. The tour in G starts at the vertex b;. From a high-level view, it
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traverses all graphs corresponding to equations associated with the wheel
W, ending with the vertex by. Successively, it passes all graphs for each
wheel in .Z until it reaches the vertex b,,1 = s; as s; is the starting vertex
of the graph G34.

At this point, the tour begins to traverse the remaining graphs G34 which
are simulating equations with three variables in .. By now, some of the
parity graphs appearing in graphs G34 already have been traversed in the
inner loop of the tour. The outer loop checks whether for each graph G34,
an even number of parity graphs has been traversed in the inner loop. In
every situation, in which ¢ leaves the underlying equation unsatisfied, the
tour needs to use a 2-arc. For each wheel W;, we have to use 2-arcs in order
to obtain a Hamiltonian path from b; to b;,; traversing all graphs associated
with W, in some order except in the case when all variables in the wheel
have the same parity.

In order to analyze the length of the tour in relation to the number of
satisfied equation, we are going to examine the part passing the graphs
corresponding to the underlying equation and account the local length to
those parts of the tour. Let us begin to describe the tour passing through

parity graphs associated to variables in .Z.

1-traversal of P! given ¢(zl) =1. | O-traversal of P! given ¢(z!) =0.

Figure 10.8: Traversal of the graph P! given the assignment ¢. The tra-

versed arcs are represented by thick arrows.

Traversing Variable Graphs

Let z! be a variable in .. Then, the tour traverses the parity graph P! by

—p (! x . .
using the path vi[l o)l vf.i - viqﬁ( ' In the following, we call this part of
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the tour a 0/1-traversal of the parity graph. In Figure 10.8, we displayed the
corresponding traversals of the graph P! given the assignment ¢(z!), where
the traversed arcs are illustrated by thick arrows.

In both cases, we associate the local length 2 with this part of the tour.

Traversing Graphs Corresponding to Matching Equations

Let W, be a wheel in .# and #} @ 2}, = 0 with e = {i, j} € M (W) a matching

!

equation. We assume that i < j holds. Given ! @ 2!,

=0, i@l =0,
ab @, =0 and the assignment ¢, we are going to construct a tour through

the corresponding parity graphs in dependence of ¢. We begin with the case
o(x) @ ¢(af,1) =0, ¢(a}) @ ¢(2}) = 0 and ¢(a}) ® ¢(],,) = 0.

Figure 10.9: The scenario in the 1. Case.

1. Case (6(x}) @ 6(a!.,) = 0, 6(al) @ 6(al) = 0 and o(z!) & (') = 0):
In this case, we traverse the corresponding parity graphs as displayed in Fig-
ure 10.9. In Figure 10.9 (a), we have ¢(x}) = ¢(zl,,) = (2}) = (2!, ) = 1,
whereas in Figure 10.9 (b), we have ¢(z}) = ¢(x},,) = ¢(2}) = ¢(2},,) = 0. In
both cases, this part of the tour has local length 5.
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(0)

Figure 10.10: The scenario in the 2. Case.

N

.\—/
|2 2
(0)

Figure 10.11: The scenario in the 3. Case.
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2. Case (6(21) ® 6(a!,,) =0, 6(a}) @ 6(a1) = 1 and o(a!) @ o(a,,) = 0):
The tour is displayed in Figure 10.10 (@) and (b).

In the case ¢(z}) = ¢(xl,,) = 1 and ¢(2}) = ¢(},,) = 0 displayed in
Figure 10.10 (a), we are forced to enter and leave the parity graph P! via
2-arcs. So far, we associate the local length 6 with this part of the tour.

In Figure 10.10 (b), we have ¢(z}) = d(2!,,) = 0 and o(z}) = ¢(2l,,) = 1.
This part of the tour contains one 2-arc yielding the local length 6.

Figure 10.12: The scenario in the 4. Case.

3. Case (6(z}) ® 6(al,,) = 0, 6(z!) @ 6(xl) =0 and 6(x!) ® o(al,,) = 1):
In dependence of ¢, we traverse the parity graphs as displayed in Figure 10.11.
The situation, in which ¢(2}) = ¢(al,,) = 1 and ¢(2}) = 1 # é(z,,)
holds, is depicted in Figure 10.11 (a). On the other hand, if we have
o(x}) = o(zl,,) = 0 and ¢(af) = 0 # ¢(a},,), the tour is pictured in
Figure 10.11 (b). In both cases, we associate the local length 6.

4. Case (¢(IZ) @ ¢($i+1) =0, QS(ZE» @ gb(l’J) =1 and gb(l']) @D ¢($j+1) = 1)!
The tour is displayed in Figure 10.12. In Figure 10.12 (a), we are given
o(x}) = ¢(al,,) = 1 and o(z}) # ¢(at,,) = 1, whereas in Figure 10.12 (b), we
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have ¢(x}) = ¢(f,,) = 0 and ¢(2}) # p(2},,) = 0. In both cases, we associate
the local length 6 with this part of the tour.

(a) (0)

Figure 10.13: The scenario in the 5.Case.

Figure 10.14: The scenario in the 6. Case.
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5. Case (6(21) ®6(a!,,) = 1, 6(a}) @ 6(a1) = 1 and 9(a!) @ o(al.,) = 1):
In this case, we traverse the corresponding parity graphs as depicted in Fig-
ure 10.13.

In Figure 10.13 (a), we notice that ¢(z}) # ¢(xl,,) = 0 and ¢(2) # ¢(2},,) =
1, whereas in (b), we have ¢(z}) # ¢(f,,) = 1 and ¢(a') # ¢(a!,,) = 0. This
part of the tour has local length 7.

Figure 10.15: The scenario in the 7. Case.

6. Case (o(z}) ® ¢(z},,) = 1, ¢(2}) ® p(2}) = 0 and ¢(}) ® ¢(a},,) = 1):
In this case, we traverse the corresponding parity graphs as depicted
in Figure 10.14. In Figure 10.14 (a), we have ¢(z!) # ¢(2!,;) = 0 and
o(2h) # ¢(at,,) = 0, whereas in (), we have ¢(zl) # o(zl,,) = 1 and
¢(a) # ¢(24,,) = 1. This part of the tour has local length 7.

7. Case (¢(zi) ® ¢(wir1) =1, ¢(z:) ® #(x;) =0 and ¢(x;) ® ¢(x)41) = 0):
In this case, we traverse the corresponding parity graphs as displayed
in Figure 10.15. In Figure 10.15 (a), we have ¢(zl) # ¢(al ) = 1 and

o(ah) = o(2l,,) = 0, whereas in (D), we have ¢(z}) # ¢(f,,) = 0 and
¢(xh) = p(a,,) = 1. This part of the tour has local length 6.
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Figure 10.16: The scenario in the 8. Case.

8.Case (6(2) ®6(a,) = 1, 6(}) @ 6(a1) = 1 and o(z!) @ 6(1.,) = 0):

In the last case, we traverse the corresponding parity graphs as depicted
in Figure 10.16. In Figure 10.16 (a), we notice that ¢(z!) # ¢(2l,,) =0
and ¢(2}) = ¢(},,) = 0, whereas in (D), we have ¢(z}) # ¢(z},,) = 1 and
¢(x) = (2, ,) = 1. This part of the tour has local length 6.

As for the next step, we are going to analyze the length of the tour

in graphs corresponding to equations with three variables.

Traversing Graphs for Equations with Three Variables

Let 2 =zl @ i e z¥ = 0 be an equation with three variables in .. Further-

more, let 2zl @2l =0, z;®x;,, =0 and zh ® 2F,, = 0 be cycle equations
in .Z. For notational simplicity, we introduce e = {i,i + 1}, a = {t,t + 1}
and b={7,j+1}. In Figure 10.17, we display the construction involving the

graphs G34, Pk Ps PL P! and P!

:.1- Exemplary, we depicted the connections

of the graphs G24, P., P! and P!,, in this figure. We are going to construct

the tour traversing the corresponding graphs and analyze the relation of the

local length and the number of satisfied participating equations.
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Figure 10.17: The graph G234 with its connections to P! and P.,,.

Recall from Lemma 10.5.1 that there is a simple path from s. to s.4;
containing the vertices v!, vZ and v? in G34 if and only if an even number of

parity graphs P e {P¥, Pg, Pl} is traversed.

3
Vg U?
10 I i1
\ Ue Ue Ue Z4
( Vi n
v}/ } N \ 4 ) mviu
lL 11 10 L
v Y Vis1 Vi

Figure 10.18: A part of the graphs corresponding to 2l @ 2!, | =0 and 2! @

s k _
zi @ xy =0.

The outer loop traverses the graph G34 starting at s. and ending in s.,1
while passing the vertices v!, v2 and v2 in some order. If the inner loop of the
tour contains an odd number of parity graphs P € {P¥,Pg P}, it is possible
to construct a simple path from s, to s.;; containing the vertices that are

not included in the inner loop of the tour. In particular, it passes an even
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number of remaining parity graphs, and we associate the local length 3-3+4
with this part. In the other case, we have to use a 2-arc yielding the local
length 14.

Let us analyze the part of the tour traversing graphs corresponding to
zt @ al,, = 0. For this reason, we will examine the situation displayed in

i+1

Figure 10.18. Let us begin with the case (gzﬁ(xi) ®o(xt,,) = ()).

3 2
10 11 1
\ve Vg [y 4
11
vl ) /\jb \ v } mvm
10 Uli

U; Y; Vi1 i+l

Figure 10.19: Case (gb(xi) =¢(al,,) = 1).

1. Case (6(z}) ® (L) = 0):

If ¢(2!) = ¢(2t,,) =1 holds, the tour uses the arc (v}, v9,). Afterwards, the
parity graph P! will be traversed when the tour leads through the graph G34.
More precisely, it will use the path v3 — v - vlt - vl > v2. In Figure 10.19,
we illustrated this part of the tour.

In the other case (¢(z!) = ¢(al, ;) = 0), we use the path v!0, - vl - vlt -
vl0 — vt Afterwards, the tour contains the arc (v2,v3).

In both cases, we associate the local length 1 with this part of the tour.

Figure 10.20: Case (¢(zh) #+ ¢(al,,) = 1).
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2. Case (§(xl,,) ® 6(al,,) = 1):
Assuming ¢(z!) # ¢(zl,,) = 1, the tour uses a 2-arc entering v!! and the path

vl > it - vl > 1. Furthermore, we need another 2-arc in order to reach

0

v;,;- The situation is depicted in Figure 10.20.

10

In the other case (¢(al) # ¢(al,,) = 0), we use 2-arcs leaving v, and v!'.

Afterwards, the tour uses the path v3 — vl - vt — ¢!l - 2 while traversing
the graph G34.

In both cases, we associate the local length 2 with this part of the tour.

In the next section, we are going to analyze the length of the tour in

graphs corresponding to wheel border equations.

Traversing Graphs Corresponding to Wheel Border Equations

Let W, be a wheel in £ and 2} @ 2!, = 0 its wheel border equation. Recall
that the variable z!, is also included in an equation with three variables. We
assume that the equation is of the form Z! ®@y®z = 0. We are going to describe
the part of the tour passing through the graphs depicted in Figure 10.21 in
dependence of the assigned values to the variables x} and zl. Let us start
with the case (¢(z}) @ ¢(z}) = 0).

(SN}

11 l1
bt O ny Viim

.

Figure 10.21: Traversing graphs corresponding to wheel border equations.

1. (Case ¢(z}) ® ¢(zl) = 0):
The starting point of the tour passing through the graph corresponding to
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2t @ z!, = 0 is the vertex b;. Given the values ¢(z}) = ¢(2!,), we use in each
case the ¢(z!)-traversal of the parity graphs P! and P! ending in b}, ,. Note
that in the case ¢(zt) = ¢(zL) = 0, we use the 1-traversal of the parity graph

1)l

Ln}- Exemplary, we display the situation ¢(z}) = ¢(z}) = 1 in Figure 10.22.

3
vy v

11 l1
bt OLiny Viimg

10
UU YUiimy
1m0 in
U Uy Un-1
@ ooo ‘/
ol0 ol

10 lL 1
v U N o ° Un
lj In
vy vy

o—
by

Figure 10.22: Case (¢(z}) = ¢(2) = 1).

In both cases, we associated the local length 2 with this part of the tour.
2.Case (¢(zt) @ o(2h) = 1):
Given the assignment ¢(z}) # ¢(2,) = 0, we traverse the arc (b;,v!°). Due to
the construction, we have to use 2-arcs to enter by,; and v!! as displayed in
Figure 10.23.

2
2 c

/UC
bl+1 1%1 IJL
{1n} “{ln}
° /

10
Yy

Figure 10.23: Case (¢(z!) # ¢(zl) =0).

304



10.7.4

10.7. THE (1,2)-ATSP PROBLEM

In the other case, we have to use a 2-arc in order to leave
the vertices b and 0.  In addition, the tour contains the path
U = Uy Vi ™ Vimy Do

Hence, in both cases, we associate the local length 3 with this part of

the tour.

In summary, our analysis yields the following statement.

Lemma 10.7.1

Let £ be an instance of th MAX-HYBRID-LIN2 problem with n wheels, ms
equations with two wvariables, ms equations with three variables and ¢ an
assignment to the variables of £ leaving u equations in £ unsatisfied. Then,

there is a tour in Gg with length at most n+ 1+ 3mgy + 13ms + u.

Constructing the Assignment from a Tour

Let .Z be an instance of the MAX-HYBRID-LIN2 problem, G ¢ the associated
instance of the (1,2)-ATSP problem and ¢ a tour in G¢. We are going to
define the corresponding assignment 1, to the variables in .Z. In addition
to it, we establish a connection between the length of ¢ and the number of
satisfied equations by 1,. In order to define an assignment, we first introduce

the notion of consistent tours in G¢.

Definition 10.7.1 (Consistent Tour)
Let £ be an instance of the MAX-HYBRID-LIN2 problem and Go the associ-
ated instance of the (1,2)-ATSP problem. A tour in Gy is called consistent

if it uses only 0/1-traversals of all parity graphs that are in contained in Go.

Due to the following lemma, we may assume that the underlying tour is

consistent.

Lemma 10.7.2
Let £ be an instance of the MAX-HYBRID-LIN2 problem and G the asso-
ciated instance of the (1,2)-ATSP problem. Any tour o in G can be trans-

formed in polynomial time into a consistent tour © in Gg without increasing
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the length.

Proof of Lemma 10.7.2.

For every parity graph contained in Gy, it can be seen by considering all
possibilities exhaustively that any tour in G¢, that is not using the corre-
sponding 0/1-traversals, can be modified into a tour with at most the same

number of 2-arcs. The less obvious cases are shown in Figure 10.24 and
Figure 10.25 u

~
N

'}2/ o

(4) (i)

Figure 10.24: Situations before (i) and after the transformation (i7).

In the following, we assume that the underlying tour o is consistent. Let us
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now define the corresponding assignment v, given o.

Definition 10.7.2 (Assignment v,)
Let £ be an instance of the MAX-HYBRID-LIN2 problem, G the associated
instance of the (1,2)-ATSP problem. Given a consistent tour o in Gg, the

corresponding assignment ), s defined as follows.

1 if o uses a 1-traversal of P!
wa(xi) =

0 otherwise

B

(4) (i)

Figure 10.25: Situations before (¢) and after the transformation (i7).
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We are going to analyze the local length of ¢ in dependence of the number
of corresponding satisfied equations by ?,. In some cases, we will have to
modify the underlying tour improving in this way on the number of satisfied

equations by the corresponding assignment 1),. Let us start with the analysis.

Transforming ¢ in Graphs for Matching Equations

Given the equations zl @ 2! | =0, 2l ® xé =0, xé ® :L‘é.Jrl =0 and a tour o,
we are going to construct an assignment in dependence of ¢. In particular,
we analyze the relation between the length of the tour and the number of

satisfied equations by .

oz Y Y
—
2 vl
Uilwvéj
C oV
vﬁl 4
2
(a) (b)

Figure 10.26: The scenario in the 1. Case.

1.Case (%(952)@%(9%) =0, @Dg(xi)GDwa(xé) =0& ¢U(x§)@¢a(x§+1) =0):

Given 9y (z}) = Po(xh) = Po(ah) = ¥o(ah,,) = 1, it is possible to trans-
1

70

form the underlying tour such that no 2-arcs enter or leave the vertices v

10 10 lj, W(i+1) 1
s Ve, Ve and v;

a transformation, where Figure 10.26 (a) and Figure 10.26 (b) illustrate

v v Exemplary, we display in Figure 10.26 such

7+
the underlying tour ¢ and the transformed tour o', respectively. The case
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Vo () = o (2l,) = Yo (2}) = s(ah,,) = 0 can be discussed analogously. In
both cases, we obtain the local length 5 for this part of o while 1, satisfies

all 3 equations.

Figure 10.27: The scenario in the 2. Case.

2. Case (¢, (z}) @1, (2l,,) =0, @/Jg(xi)ea@/za(xé) =1& ¢U(x§.)®¢g(x§.+l) =0):
Assuming ¢, (2}) = ¢ (l,,) = 1 and ¢, (}) = wg(xéﬂ) =0, we are able to
0) and (v'°,,v"). Due

transform the tour such that it uses the arcs (v!! i1 Uj
to the construction and our assumption, the tour cannot traverse the arcs

v
(Vi v o), (W9 ol (W™ o vi,) and (v}, v vl Y. Consequently, we have to
use 2-arcs entering and leaving the parity graph P!. The situation is displayed
in Figure 10.27 (a). We associate only the cost of one 2-arc yielding the local
length 6, which corresponds to the fact that ¢, leaves the equation zi@z} = 0

unsatisfied.

Note that a similar situation holds in the case when ¥, (2!) = ¥, (21,,) = 0
and 1%(352) = 7/}0($é-+1) =1 (cf. Figure 10.27 (b)).
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(0)

Figure 10.28: The scenario in the 3. Case.

T
/

4
Sl
+ O
(

Figure 10.29: The scenario in the 4. Case.
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1
[ ] Vi

(0)

Figure 10.30: The scenario in the 5. Case.

3.Case (Yo (2}) ®Y,(2,,) = 0, ¢U(xi)@¢a(xé) =0& @ba(xé)@wa(xéﬂ) =1):
Let us start with the case ¢, (2!) = ¢, (2!,,) =1 and wg(mé-) * 1%(95241) = 0.

The situation is displayed in Figure 10.28 (a). Due to the construction, we

are able to transform o such that it uses the arc (v!',v!% ). Note that the

1(i+1) '

10 0 1
tour cannot traverse the arcs (ve ,vjl;) and (vjl;,v;'). Hence, we are

forced to use two 2-arcs increasing the cost by 2. All in all, we obtain the
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local length 6.

The case ¥, (7)) = ¥y (2},,) = 0 and ¢, (2) # 1, (2}, ;) = 1 can be analyzed
analogously (cf. Figure 10.28 (b)). Similar arguments can be applied when
Vo () ® Vo (2l,) = 1, Yo (2}) @ wcr(xé) =0 and wa(xé) ® wo(xé‘ﬂ) =0.

Figure 10.31: 5.Case (¢, (2!) =, (2l,) =0 & wg(xé-) # Y, (at, ) =0).

J+1
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4.Case (1, () 0Us (1) = 1, o)) @16, (a1) = 0 & 1y (21) @0, (a1,,) = 1):
Given 1, (2}) # ¥, (2l,,) = 0 and ¢, (af) # Yo (2},,) = 0, we are able to
transform the tour such that it uses the arc (vﬁgl,vé(ﬂl)). This situation is
depicted in Figure 10.29 (a). Notice that we are forced to use four 2-arcs in
order to connect all vertices. Consequently, it yields the local length 7.

The case, in which ¢, (2}) # ¢, (2}, ,) = 0 and ¢y (2}) # ¥y (2},,) = 0 holds,
is displayed in Figure 10.29 (b) and can be discussed analogously.

Vit

(b)
Figure 10.32: 6.Case (¢, (2}) # ¢o(2l,,) = 1 and b, (2}) # o (2},,) = 0).

5.Case (Vo (2)) ©Y,(2,,) = 0, @ba(xi)@@ba(xé) =1& @Da(xé)@@ba(xéﬂ) =1):
Let the tour o be characterized by ¢o (7)) = ¢, (2l,,) = 1 and ¢, (2}) #

i+1
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Yo (xh,,) = 1. Then, we transform o in such a way that we are able to use the

1,00
i Vi1

arc (v ). The corresponding situation is illustrated in Figure 10.30 (a).
In order to change the value of wg(xé), we transform the tour by traversing
the parity graph 73]4 in the other direction and obtain wa(a:é.) = 1. This
transformation induces a tour with at most the same cost. On the other

hand, the corresponding assignment 1), satisfies at least 2—1 more equations

l
j-1

cost 6 with o.

since a:é ® 2’ . =0 could be unsatisfied. In this case, we associate the local

(b)
Figure 10.33: 6.Case (¢, (2}) # ¢ (2l,,) = 0 and b, (2}) # o (2h,,) = 1).

i+1

314



10.7. THE (1,2)-ATSP PROBLEM

In the other case, in which ¢, (2}) = 15 (2},,) = 0 and ¢, (2}) # ¢, (2,,) = 0
holds, we may argue similarly. The transformation is depicted in Fig-
ure 10.31 (a) - (b).

6.Case (v, (2)0v, (x,) = 1, (e @1, (a1) = 1 & 1, (21) @t (al,,) = 1):
Given a tour o with ¢, (2}) # 1y (z},,) = 1 and ¥, (z}) # ¢, (2}, ;) = 0, we
transform o such that it traverses the parity graph PJZ. in the opposite
direction meaning w,,(xé) = 0 (cf. Figure 10.32). This transformation
enables us to use the arc (Uﬁl, vit). Furthermore, it yields at least one more
satisfied equation in .Z. In order to connect the remaining vertices, we are
forced to use at least two 2-arcs. In summary, we associate the local length
7 with this situation in conformity with the at most 2 unsatisfied equations
by ¥,

If we are given a tour o with 9y(z}) # ¥,(xl,,) = 0 and ¢, (a}) #
¢U(xé. .1) = 1, we obtain the situation displayed in Figure 10.33 (a). By
applying local transformations without increasing the length of the under-
lying tour, we obtain the scenario displayed in Figure 10.33 (b). We ar-
gue that the associated local length of the tour is 7. The case, in which
Vo () ® Vo (al,y) = 1, Yo (a]) ® Yo (xh) = 1 and b, (2}) ® Yo (2!,,) = 0 holds,
can be discussed analogously.

Transforming o in Graphs for Equations With Three Variables

Let (3 = 2} ® v ® 2}, = 0 be an equation with three variables, W, a wheel

4

i1 = 0 a cycle equation in .. For notational simplicity, we set

and 2zl @ x
e = {i,i+1}. We are going to analyze the relation between the number of
satisfied equations by 1, and the local length of o in the graphs P!, P!,
Pl and G34. First, we transform the tour traversing the graphs P!, P!,
and P! such that it uses the 9,(a!)-traversal of P!. Afterwards, due to
the construction of G234 and Lemma 10.5.1, the outer loop of the tour can
be transformed such that it has local length 3 -3 + 4 if it passes an even
number of parity graphs P e {P!,P* Ps} by using a simple path through

G34. Otherwise, it yields a local length of 13 + 1. Let us start with the case
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Vo (2!) =1 and ¥, (2!, ) = 1.

U;
(a)
vg g
T
\Ue Ue 'Uélﬂ
0/ } /\/ 3_)‘_>m 1
b I 10 I Vi1
I 1
v Y Vis1 Ui

(b)
Figure 10.34: 1.Case (¢,(2!) =1 and ¢, (2! ) =1).

1. Case (¢,(z!) =1 and 9, (zl,,) =1):
In Figure 10.34 (a) and (b), we display the tour passing through P!, P.

and P! with 1, (z}) =1 and ¥, (2%,,) = 1 before and after the transformation,

respectively. It is possible to transform the tour ¢ without increasing the

10

length such that it traverses the arc (v!!,0%,). In the outer loop, the tour

may use at least one of the arcs (v2,v%) and (vl',v!) depending on the

cr e e’ e

parity check in G34. We associate the local length 1 with this part of the tour.

2. Case (¢, (z!) =0 and ¢, (2, ;) =0):
In Figure 10.35, we display the underlying scenario with 1,(z}) = 0 and
¥y (2t,,) = 0. The transformed tour uses the O-traversal of the parity graph

PL. The vertices v? and v} are connected via a 2-arc. We assign the local
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length 1 to this part of the tour.
1)2

UZD Uli Ull

1
l Ui+1
1+1 z+1

2 [ 1

v2 UlO v“ v

Uzlil
(b) Z+1 z+1

Figure 10.35: 2.Case (¢, (z!) =0 and ¢, (2!, ) =0).

(a)

(b)
Figure 10.36: The scenario in the 3. Case with ¢U(x§)®¢g(x§)®¢g(x2) =0.
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(0)

Figure 10.37: The scenario in the 3. Case with ¢, (z}) @1, (23) @1, (2}) = 1.

3.Case (¢,(z!) =1 and ¢,(2!,,) =0):
Let us assume that ¢, (2}) @ 15 (25) ® ¢ (},) = 0 holds. Hence, it is possible
to transform the tour such that it uses the path v2 —» v/0 - it - il > ¢!
and thus, the O-traversal of the parity graph P! as displayed in Figure 10.36.
In the other case, namely 1, (2}) @5 (25) @90 (2}) = 1, we will change the
value of 1), (z!) achieving in this way at least 2 — 1 more satisfied equation.
Let us examine the scenario in Figure 10.37. The tour uses the O-traversal
of the parity graph P!, which enables o to pass the parity check in G34.
In both cases, we associate the local length 2 in conformity with the at

most one unsatisfied equation by 1), .

4.Case (¢, (2!) =0 and ¢, (zl,,) =1):

Assuming ¢, (2)) ® Vo(7%) ® Yo(2}) = 0 and the scenario depicted
in Figure 10.38 (a), the tour will be modified such that the parity
graphs P! and P! are traversed in the same direction. Since we have

Yo (2l) @ Vo (25) ® Yo (27,) = 0, we are able to uncouple the parity graph P}
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from the tour through G34 without increasing its length. We display the
transformed tour in Figure 10.38 (b).

(0)

Figure 10.38: The scenario in the 4. Case with ¥, (z!) = 0, ¥, (2l,,) = 1
and ¥, (7}) ® ¥y (25) ® ¥y (27) = 0.

Assuming 1y (z}) ® 1y(25) ® Yo(2}) = 1 and the scenario displayed in
Figure 10.39 (a), we transform o such that the parity graph P! is traversed
when o is passing through G34, that is, the path v2 - v/0 - Vit > vll - o]
is a part of the tour. In addition, we change the value of ¢,(z!) yielding
at least 2 — 1 more satisfied equation. The transformed tour is displayed in
Figure 10.39 (b). In both cases, we associate the local length 2 with o. On

the other hand, 1), leaves at most one equation unsatisfied.
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\___/.JJ e
(b) 2 Yy

Figure 10.39: The scenario in the 4. Case with ¢, (2!) = 0, ¥, (2l,,) = 1
and ¢, (2!) @ Yo (25) ® Yo (af) = 1.

Transforming ¢ in Graphs for Wheel Border Equations

Let W, be a wheel in £ and 2} ® 2!, = 0 its wheel border equation.
Furthermore, let €3 = 2!, ® x: ® x; = 1 be an equation with three variables
contained in .. We are going to transform a given tour ¢ passing through
the graph corresponding to x! @ z!, = 0 such that it will have the local length
2 if 2t @ 2!, = 0 is satisfied by 1, and 3, otherwise. In each case, we modify o
such that it uses the ¥ (! )-traversal of Pilll,n}' Afterwards, o will be checked
in G34 whether it passes the parity test.

Let us begin with the analysis starting with the case 1,(z;) = 1 and
Vy(x,) = 1.
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1.Case (¢¥,(z1) =1 and ¥, (z,) = 1):
Let us assume that 1, leaves (} unsatisfied meaning ¢, (z,) ® ¥, (%) @
Vo (a}) = 0.

v3 112

bl+1 \{1 n} {1 n}

10 /\f\”il vy vl f\
vl @ @

(a) o

C
-
<
ot
3
i\
3
@N
=
S
=

v3 v?2

bl+1 v
{I,n} {1,n}
{1,n}
f\’//\r . o f\

L 11
(h K. . Uy,
l
v

(b) b

Figure 10.40: 1.Case (¢,(x1) =1 and ¢, (z,) = 1).

In addition to it, we assume that the path v3 — U?m} l{ll "~ l{(im} -
vZ is a part of 0. Note that o fails the parity check in G} if v} — v} , >

Ul{ll ny v?)l ny v? is not contained in o. First, we modify the tour such that
it includes the arc (b;,v!?). Furthermore, we may assume that v and by,
are connected via a 2-arc. We obtain the scenario depicted in Figure 10.40
(a). As for the next step, we transform o such that it contains the arcs

(vfll,v{l n}) and (U{ln}’bl+1) Consequently, we use the 1-traversal of the
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parity graph 77{1 qy and connect v3 and v? via a 2-arc. The modified tour
is displayed in Figure 10.40 (b). If 1), satisfies £2 and o contains the path
v > v{l n l{ll o ?{% n vZ, we modify o in G34 such that it passes the
parity test in G34 and contains the arc (v2,v

the local length 2 with this part of o.

3). In both cases, we associate

c? C

‘ eoe .
10 / 11
o Ulll vl gl U
ln
Ub Vg,
—

U

\2 i1 \QQ}/ {1 n)

ZL’

1
vl vl Uzo v“ vy,
b
®

(b) b

Figure 10.41: 2.Case (¢,(x1) =0 and ¢, (z,) = 0).

2.Case (¢,(z1) =0 and ¢, (z,) = 0):

Let us assume that v, (z},) ® ¥, (25) ® 95 (27,) = 0 holds and o contains the
arc (v2,03). Given this scenario, we may assume that (b, v!!) is contained
in o due to a simple modification. Then, we are going to analyze the situa-
tion depicted in Figure 10.41 (a). We transform o in the way described in
Figure 10.41 (b). Afterwards, o will be modified in G34 such that it uses a
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simple path in G34 failing the parity check.

(a)

(0)

1 Il
an Yiny

[ )
ANy
1 10 1
L) Up-1 U
@ cc0 O

v3 /\.
bl+1 \ (% / Ug

(©) e
Figure 10.42: 3.Case (¢,(x1) =0 and ¢, (z,) = 1).

The case, in which ¢, (z!) ® ¥, () ® 1, (z!) = 1 holds and o contains
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3), can be discussed snmlarly since o passes the parity check by

o
including the path v3 — ’U{Ln} -0 {l,n} {2 7 Ve

the arc (v2,v

c? C

In both cases, we associate the length 2 with this part of o.

UB /—\. )
.\ {1,n} {1 n} {1 ve

bzl UU :

ln
Vg

b

(a) / K

{1,n} {1,n}v{l,n ¢

v3 m 2
‘C .\ ’
e UU'Z\

X
®
f\‘v Kmm
. (XX .
(b)
bt V% mﬂ%
n ny {1ln
N -
L UK_/ 2 T
e -9

/\f\“ S er ./Um’)/\#

ln
Ub v,

1

Figure 10.43: 4.Case (¢,(x1) = 1 and ¥, (z,) = 0).

324



10.7. THE (1,2)-ATSP PROBLEM

3.Case (¢Y,(z1) =0 and ¥, (z,) = 1):
Let us assume that 1, (2},) ® ¢, (25) ® ¥, (2},) = 0 holds and o traverses the
path v} - vf} vl{in} — v{] .y > v2. Then, we transform the tour o such
that it contains the arc (v{ b;,1). Note that neither (b;,v!°) nor (b, vll) is
included in the tour. Hence, o contains a 2-arc to connect b;. The same
holds for the vertex vil. This situation is displayed in Figure 10.42 (a).
We are going to invert the value of ¥, (L) such that 1, satisfies £3 and
2t @ xl, = 0. In this way, we gain at least 2 — 1 more satisfied equations. The
corresponding transformation is displayed in Figure 10.42 (b).

On the other hand, if we assume that ¢, (2},) ® ¥, (2%) ® ¥, (27) = 1 holds

and o traverses the path v? — Ul{ll n vl{Ll n vﬁ ny Ve

c)

we modify the
tour as depicted in Figure 10.42 (¢). Note that o passes the parity check in
G34 and therefore, the tour may use a simple path in G34. We associate the

local length 3 with o in this case.

4.Case (¢,(r1) =1 and ¥, (z,) = 0):
Let us assume that 1, (},) ® ¥, (25) ® ¥, (2}) = 0 holds and o uses the arc

(v2,v3). Then, we transform the tour o such that it contains the arc (b, vl}).

We note that neither (v, ;1) nor (vf},vg,n}) is included in the tour. For

this reason, o is forced to use a 2-arc to connect v?l ) The same holds for
the vertex v!°. The corresponding situation is displayed in Figure 10.43 (a).
We modify the tour as displayed in Figure 10.43 (b) and obtain at least 21
more satisfied equations.

On the other hand, if we assume that ¢, (z},) ® Vo (25) @15 (7}) = 1 holds,

1
17”}

in Figure 10.43 (¢). In both cases, we associate the local length 3 with this

we need to include the path v} - v}} , - vf{ll = Uy ~ Ve as depicted

part of the tour.
In summary, our analysis yields the following statement.
Lemma 10.7.3

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels, mo

equations with two variables and ms equations with three variables. Given
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a consistent tour o in G with length n + 1 + 3mg + 13ms + 7, it is possible
to transform o in polynomial time into a tour w such that the corresponding

assignment 1. leaves at most T equations in £ unsatisfied.

Thus far, we are ready to give the proof of Theorem 10.6.1 (7).

Proof of Theorem 10.6.1 (1)

Let £ be an instance of the MAX-HYBRID-LIN2 problem consisting of n
wheels Wy, ..., W,, ms equations with two variables and mgs equations with
three variables. Then, we construct in polynomial time the corresponding
instance G¢ of the (1,2)-ATSP problem as described in Section 10.7.2.

e Let ¢ be an assignment to the variables in .Z leaving 7 equations in
% unsatisfied. According to Lemma 10.7.1, it is possible to construct in

polynomial time a tour with length at most
3-mo+(4+3-3) - m3g+n+1+7.

e Let 0 be a tour in Gy with length 3-my+13-m3+n+1+7. Due
to Lemma 10.7.2, we may assume that o uses only 0/1-traversals of every
parity graph included in G¢. According to Definition 10.7.2, we associate
the corresponding assignment 1), with the underlying tour o. Recall from
Lemma 10.7.3 that it is possible to convert ¢ in polynomial time into a tour
7w without increasing the length such that ¢ leaves at most 7 equations in
Z unsatisfied. m

The (1,4)-ATSP Problem

In order to prove the claimed inapproximability results for the (1,4)-ATSP
problem, we use the same construction described in Section 10.7.2 with the
difference that all arcs in parity graphs have weight 1, whereas all other
arcs contained in the directed graph G¢ obtain weight 2. The asymmetric

metric space (Vg,dy) is given by Vg = V(G¢) together with the distance
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function dg: Vg x Vg - Qsg, which is defined by the shortest path metric in
G bounded by the value 4. In other words, given z,y € Vg, the distance

between x and y in Vg is
dg(x,y) = min{ length of a shortest path from z to y in G¢, 4}.

By construction of (Vg,d¢), we may apply similar arguments as in the
proof of Theorem 10.6.1 (i). However, the remaining difficulty is to prove
that given a tour ¢ in (Vg,dg), we are able to transform ¢ in polynomial
time into a tour 7 in (Vg,dy), which uses only 0/1-traversals of the parity
graphs, that are contained in G¢, without increasing the length of the tour.
This statement can be proved by considering all possibilities exhaustively
for each parity graph in G¢. We displayed some of the less obvious cases in
Figure 10.46 — 10.45.

We are ready to give the proof of Theorem 10.6.1 (7).

Proof of Theorem 10.6.1 (i)

Let .Z be an instance .Z of the MAX-HYBRID-LIN2 problem consisting of n
wheels, mo equations with two variables and mj3 equations with three vari-
ables. We construct in polynomial time the associated instance (Vg,d¢) of
the (1,4)-ATSP problem.

e Let ¢ be an assignment to the variables of .Z that leaves 7 equations
unsatisfied in 2. Then, it is possible to construct efficiently a tour with

length at most
mo-(2+2)+m3z-(3:4+2-4)+2-7+2(n+1).

e On the other hand, suppose we are given a tour ¢ in (Vg,dy) with
length 4mgy + 20mg + 2n + 2+ 2 - 7. Then, it is possible to transform ¢ in
polynomial time into a tour 7 without increasing the length such that the

associated assignment 1, leaves at most 7 equations in .Z unsatisfied. ]
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(i1)

Figure 10.44: Situations before (¢) and after (i7) the transformation.
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QQ\/}Q\%
&ﬁ AR

(4)

(i1)

Figure 10.45: Situations before (¢) and after (ii) the transformation.
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. .L\L\\/ 'R

Figure 10.46: Situations before (¢) and after (ii) the transformation.
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(i1)

Figure 10.47: Situations before (¢) and after (ii) the transformation.
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(1)

(4)

(i1)

Figure 10.48: Situations before (¢) and after (ii) the transformation.
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QQ\/}Q\%
&ﬁ AR

(4)

(i1)

Figure 10.49: Situations before (¢) and after (ii) the transformation.
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The (1,2)-TSP Problem

In order to prove Theorem 10.6.2 (i), we adapt the construction given in
Section 10.7 for the (1,2)-ATSP problem. As for the parity gadget, we use
the graph depicted in Figure 10.50 with its corresponding traversals.

2SI SN R 7N}

The parity graph P! | 1-traversal of P!. | O-traversal of P!.

Figure 10.50: Traversal of the graph P! given the assignment ¢. The tra-

versed edges are indicated by thick lines.

Let .Z be an instance of the MAX-HYBRID-LIN2 problem with n wheels

Wi, ..., W,. Given a matching equation } @z} = 0 of W, and the correspond-
I I
i+1 j+1

me.}, Pl and P!, as displayed in Figure 10.51.

ing cycle equations z! @ 2!, =0 and xé @z’ , =0, we connect the associated

parity graphs P!, P!

2+1?

l l
Pz‘ Pi+ 1

l l
Pj+1 Pj

Figure 10.51: Graphs corresponding to equations =} @ 2} = 0, zl @ 2!, = 0

i+1
Ll =
&roa;,, =0.
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Sc+l

—

Figure 10.52: The graph G3° corresponding to 2=z @y ® 2z = 0.

For equations with three variables of the form x @ y @ z = 0, we use
the graph G35 displayed in Figure 10.52. Recall from Lemma 10.5.2 that
there is a simple path from s. to s.,; in Figure 10.52 containing the vertices
v e {v},v?} if and only if an even number of parity graphs is traversed.
For the cycle border equation of a wheel VW, with associated variables
{«},..., 2L}, we introduce the path by — b7 — b} and the parity graph Ph,p}'
In addition, we connect b} and b}, to the parity graphs Pj, P, and Pfl’p} in
a similar way as in the reduction from the MAX-HYBRID-LIN2 problem to
the (1,2)-ATSP problem. The graphs corresponding to equations with three
variables are hooked together such that the vertex s.,; of G35 is identified
with the vertex s.,; of the graph G3°. This is the whole description of the

corresponding graph G%,.
Due to the following lemma, we may assume that the underlying tour
is using only 0/1-traversals of the parity gadgets contained in g;;.

Lemma 10.9.1
Let o be a tour in G,. For every parity graph P, the tour o in G5, can be

transformed in polynomial time into a tour w in g;;, such that m is using a
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0/1-traversal of P without increasing length of the tour.

Proof of Lemma 10.9.1.

For every parity graph contained in G¢, it can be seen by considering all
possibilities exhaustively that any tour in G¢, that is not using the corre-
sponding 0/1-traversals, can be modified into a tour with at most the same

number of 2-edges. The less obvious cases are shown in Figure 10.53 and

Figure 10.54 u
2
2
Tour o4 Modified tour o
2
2
Tour oy Modified tour o}

Figure 10.53: Transformations yielding a consistent tour.

Proof of Theorem 10.6.2 (7)

Given .Z an instance of the MAX-HYBRID-LIN2 problem consisting of n
wheels Wy, ..., W,, mo equations with two variables and mgs equations with

three variables, we construct in polynomial time the associated instance G,
of the (1,2)-TSP problem.
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e Given an assignment ¢ to the variables of . leaving 7 equations unsatisfied

in .Z, then, there is a tour with length at most
8 mo+(3-8+3) - mz+3(n+1)-1+7.

e On the other hand, if we are given a tour o in G5, with length 8-my + (3-
8+3)-m3+3(n+1) -1+, it is possible to transform o in polynomial time
into a tour m which uses 0/1-traversals of all parity graphs contained in G%,
without increasing the length of the tour.

Moreover, we are able to construct in polynomial time an assignment to

the variables of .Z, which leaves at most 7 equations in . unsatisfied. =
2 2
2
Tour o3 Modified tour o}
2
Tour o4 Modified tour o

Figure 10.54: Transformations yielding a consistent tour.

10.10 The (1,4)-TSP Problem

In order to prove the claimed approximation hardness results for the
(1,4)-TSP problem, we cannot use the same parity graphs as in the con-

struction in the previous section since tours are not necessarily consistent in
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the induced metric. For this reason, we introduce the parity graph displayed

in Figure 10.55 with its corresponding traversals.

o HE 4

Parity graph P! | 1-Traversal of P!. | 0-Traversal of P!.

Figure 10.55: 0/1-Traversals of the graph P!. The traversed edges are in-
dicated by thick lines.

-

Given a matching equation i@z, = 0 in £ and the cycle equations zi@x!, | =

0 and 2’ @z}, = 0, we connect the corresponding graphs as displayed in

Figure 10.56.

I _
i+1

Figure 10.56: The graphs corresponding to equations z} @z} = 0, 2l @
0 and Ié @xéﬂ = 0.

In order to define the new instance of the (1,4)-TSP problem, we replace
all parity graphs in G%, by graphs displayed in Figure 10.55. In the following,
we refer to this graph as G7,. All edges contained in a parity graph have
weight 1, whereas all other edges have weight 2. The remaining distances in

the associated metric space (V_f,;, diﬂ) are induced by the shortest path metric
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in G7, bounded by the value 4 meaning
d%,({x,y}) = min{length of a shortest path from z to y in G4, 4}.

This is the whole description of the associated instance (Vg,d¢) of the
(1,4)-TSP problem.

Tour oy Modified tour o}

Modified tour o/

Figure 10.57: Transformations yielding a consistent tour.
We are ready to give the proof of Theorem 10.6.2 (i7).

10.10.1  Proof of Theorem 10.6.2 (i)

Given .Z an instance of the MAX-HYBRID-LIN2 problem consisting of n
wheels Wy, ..., W,, mo equations with two variables and mgs equations with

three variables, we construct in polynomial time the associated instance
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(V2,d3,) of the (1,4)-TSP problem.
e Given an assignment ¢ to the variables of .Z leaving u equations in .

unsatisfied, then, there is a tour in (V2,d%,) with length at most
mo-(2+8)+m3z-(3-10+2-3)+6(n+1)-2+2-u.

e On the other hand, if we are given a tour o in (Vg,dy) with length
10mo+36ms+6(n+1)—-2+2-u, it is possible to transform ¢ in polynomial time
into a tour o’ such that it uses 0/1-traversals of all contained parity graphs in
Gy without increasing the length. Some cases are displayed in Figure 10.57
and 10.58. Then, we are able to construct in polynomial time an assignment

to the variables of .Z, which leaves at most u equations in . unsatisfied. m

Tour o4 Modified tour o

Figure 10.58: Transformations yielding a consistent tour.
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The (1,2)-TSP Restricted to Subcubic Instances

This section is devoted to the proof of Theorem 10.6.3 restated below.

Theorem 10.6.3
The (1,2)-TSP problem restricted to subcubic instances is NP-hard to ap-
proximate to within any factor less than 673/672.

In order to prove Theorem 10.6.3, we introduce a special subcubic graph
Gi% as an instance of the (1,2)-TSP problem that is simulating the equations
in the MAX-HYBRID-LIN2 problem. For this, we first construct the graph
g:; given an instance .Z of the MAX-HYBRID-LIN2 problem as described in
Section 10.9. Then, we define a new outer loop of gj,, in order to obtain an
instance of the (1,2)-TSP problem in subcubic graphs. Let us start with the

description of the subcubic graph Gi2, given G3,.

The Construction of G&%,

The gadgets simulating equation with three variables in G%, contain vertices
with degree 5. We are going to replace these gadgets by cubic graphs which
we will specify later on. In order to understand the cubic gadgets, we first
describe a reduction from the MAX-E3LIN2 problem to the MAX-2in3SAT
problem. The reduction is straightforward: Given an equation of the form
r@®y®z =0, we create three clauses (x v ay v as), (yVvasVvas) and (zv
aj v az). Note that if we are given an assignment to z,y and z that satisfies
the equation, then, it is possible to find an assignment to ai, as and as
that satisfies all three corresponding clauses. In the other case, we find
assignments to a;, as and az that make at most two clauses satisfied.

In the next step, we are going to design a gadget that simulates the
predicate 2in3SAT. This gadget is displayed in Figure 10.50 (a). The boxes
can be viewed as modules, which will be replaced with a parity gadget or a
graph with similar properties (see Figure 10.63). Any graph with less vertices
and the properties of a parity gadget will lead to improved inapproximability

factors for the corresponding problems.
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Co

(a) Modular view of the graph G2 (b) Detailed view of G3

Figure 10.59: The graph G2 simulating the 2in3SAT predicate (z vy vV z).

Note that the graph in Figure 10.59 (b) has degree at most 3. For this graph,

we are going to prove the following statement.

Lemma 10.11.1
There is a Hamiltonian path from s, to e, in the graph displayed in Fig-
ure 10.59 (a) if and only if 2 edges with modules are traversed.

Proof. There are three possibilities to enter the vertex s,,,q. Therefore, a
Hamiltonian path in G2 contains (i) ¢1—Smia—Ca, (1) ¢1—Smig—ey or (1i1) co—
Smia—€v- In the case (i), we are forced to use {cs, e, } and then, either {s,,c; }
and {c3,c0} or {sy,co} and {c3,c1}. In the case (ii), we first note that we
cannot use {ey,cs}. Due to the degree condition, we have to use ¢y — 3 — ¢;.
The only remaining vertex with degree one is ¢, and has to be connected to

sy. In case (iii), we may argue similarly to case (ii). ]

As for the next step, we introduce a gadget that simulates af ® a? = 0
displayed in Figure 10.60. We see that in order to get from the vertex s; to

e1, we simply use the edge {s1,e;} or the three edges which are connecting
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the two parity gadgets.

(a) Modular view of the graph G_

(b) Detailed view of G-

Figure 10.60: Graph G_ corresponding to a} ® a? = 0.

We are ready to describe the construction that simulates the equation r @y ®
z =0: We create three copies of the gadget G3, denoted by G3!, G32 and G33,
to simulate (zvalval), (yva3val) and (zva?va?). For each i€ [3], the
vertex set of G¥ is defined by {s?,c%, ¢, ch, ¢k, el st .}, In order to connect
those three copies, we add the edge {e!,sit'} for each i € [2]. In the next
step, we create three copies of the gadget G-, denoted by G!, G2 and G2, to
simulate a} ®@a? =0, aj®a3 = 0 and aj®a3 = 0. For each ¢ € [3], the vertex set
of G is defined by {s,el}. Again, we connect those three copies by adding
{et,si*1} for each i € [2] and we also create {e3,sl} in order to connect G3
with G!. The whole construction is illustrated in Figure 10.61.

Finally, we connect the graphs that we introduced by parity gadgets as
follows: For each graph G, we create two parity gadgets and connect them
to the graph G¥ corresponding the clause, in which the variable a¥ with

ke {1,2} appear (See Figure 10.62 for a detailed view). The parity gadgets,
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Figure 10.61: Modular view of the construction simulating x ® y @ z = 0.

which are associated to the variables x, y and z, are attached to GY with
7 €{1,2,3} similarly as in the construction described in Section 10.9 for the
graph G3°. Hence, the parity gadget is also connected to the graph which is
associated to the wheel W, where av € {z,y, 2}.

Given an instance .Z of the MAX-HYBRID-LIN2 problem, we refer to the

corresponding instance of the (1,2)-TSP problem on subcubic graphs as G&2..

Tours in Gi% From Assignments

We are going now to construct a tour from a given assignment and prove the

following lemma.

Lemma 10.11.2

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels,
60v equation with two variables, 2v equations with three variables and ¢ an
assignment that leaves at most 0v equations unsatisfied. Then, there is a tour
in G, with cost at most 672v +3(n+1) -1+ v

Proof. Let ¢ be an assignment to the variables of .Z. Due to the properties
of a wheel amplifier graph, we may assume that the variables associated to
wheel in .Z take the same value under ¢.

Given the assignment ¢, we define the inner loop of the tour in G&, in
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the same way as in the proof of Theorem 10.6.2 (7). This means that some
of the parity gadgets which are connected to gadgets simulating equations
with three variables may have been traversed in the inner loop of the tour.
In the outer loop of the tour, if the assignment satisfies the underlying
equation x @y ® 2z = 0, then there is a Hamiltonian path traversing all graphs
corresponding to (zvajval), (yvaival), (zvaival), aj®a? =0, ai®a3 =0
and a} @a? = 0. For each satisfied equation with three variables, we associate
the cost 3-(6+3-8+2). If the underlying equation is not satisfied, we have to
introduce a 2-edge. Thus, we associate the cost 3-(6+3-8+2)+1. Summing

up, we obtain a tour in G&%, with cost at most

8:60v+3-(6+3:8+2)-2v+3(n+1)-1+dr=672v+3(n+1)-1+dv

and the proof of Lemma 10.11.2 follows. ]
i c

Figure 10.62: Detailed view of the gadget for (zvaival), (yva3vaj) and

12—
a; ®a; = 0.
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Assignments From Tours in G&Z,

Given a tour in G§Z,, we are going to construct an assignment to the variables
of the corresponding instance £ of the MAX-HYBRID-LIN2 problem and

prove the following lemma.

Lemma 10.11.3

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels, 60v
equations with two variables, 2v equations with three variables and m a tour
in G&2, with cost 672v + 3(n+ 1) =1+ dv. Then, it is possible to construct

efficiently an assignment that leaves at most dv equations in £ unsatisfied.

Proof. In the first step, we convert the underlying tour in G2, into a consis-
tent one without increasing its cost. This is done by applying Lemma 10.9.1
to each parity gadget in Gi%. In the second step, we use the same 0/1-
traversals of the parity gadgets in the inner loop of the tour which enables

us to construct a tour in the corresponding instance G2, with cost at most
672v+3(n+1)-1+6v-3-(6+3-8+2)-2v+(3-8+3)-2v = 534v+3(n+1)-1+0v.

Finally, we apply Theorem 10.6.2 (i) and compute efficiently an assignment

that leaves at most dv equations in . unsatisfied. [ ]
We are ready to give the proof of Theorem 10.6.3.

Proof of Theorem 10.6.5.

Given .Z an instance of the MAX-HYBRID-LIN2 problem consisting of n
wheels, 60r equations with two variables and 2v equations with three vari-
ables, we construct in polynomial time the associated instance GiZ, of the
(1,2)-TSP problem.

Given an assignment ¢ to the variables of .Z leaving d - v equations un-
satisfied with § € (0,1), then, according to Lemma 10.11.2, it is possible to
find a tour with cost at most 672v +3(n+1)-1+6-v.

On the other hand, if we are given a tour ¢ in gg% with cost 672v +3(n +

1)-1+0-v, due to Lemma 10.11.3, we are able to construct efficiently an
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assignment to the variables of ., which leaves at most dv equations in .Z
unsatisfied.

Similarly to the proof of Corollary 10.6.1, for a constant 7 > 0, we may
assume that (3n+4)/v < 7 holds. According to Theorem 4.9.1, we know that
for all € > 0, it is NP-hard to decide whether there is a tour with cost at
most 6720 +3(n+1) - 1+ec-v <672 v+ v or all tours have cost at least
672-v+(1-e)v+3(n+1)-12673-v—¢'-v, for some ¢’ that depends only
on ¢ and 7. By appropriate choices for € and 7, the ratio between these two

cases can get arbitrarily close to 673/672. [ ]

(1,2)-TSP Restricted to Cubic Instances

This section is devoted to the proof of Theorem 10.6.4 restated below.

Theorem 10.6.4
The (1,2)-TSP problem restricted to subcubic instances is NP-hard to ap-
proximate to within any factor less than 1141/1140.

In order to prove Theorem 10.6.4, we are going to define the cubic graph
G3, as an instance of the (1,2)-ATSP problem.

The Construction of the Graph QéQU

Given an instance .Z of the MAX-HYBRID-LIN2 problem with n wheels,
60r equations with two variables and 2v equations with three variables, we
construct the corresponding graph G&2. In order to convert the instance
GL% of the (1,2)-TSP problem in subcubic graphs into an instance Gl%, of
the (1,2)-TSP problem in cubic graphs, we replace all vertices with degree
exactly two by a path in which all vertices will have degree exactly three. Let

us describe this in detail: Let w be a vertex with degree two in G&2,, which
2

is connected to z and y. Replace w with the path p, = v} —v2 - 03 —ov}. In
addition, we add edges {vl,v3}, {vZ,vi}, {z,vl} and {y,v}}. By applying
this modification to each vertex of degree exactly two, we create a cubic

graph and refer to it as G1%,.
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A modified parity gadget is displayed in Figure 10.63 (a). The corre-
sponding traversals are defined in Figure 10.63 (b) and (c).

(a) Modified parity gadget (b) 1-traversal (c¢) O-traversal

Figure 10.63: 0/1-Traversals of a modified parity gadget. The traversed
edges are pictured by thick lines.

The following lemma enables us to construct a tour in G}, given an
assignment ¢ to the variables of the corresponding instance £ of the
MAX-HYBRID-LIN2 problem with a certain cost that depends on the number
on unsatisfied equations in .Z by ¢.

Lemma 10.12.1

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels,
60v equation with two wvariables, 2v equations with three variables and ¢
an assignment that leaves § - v equations unsatisfied for some 6 € (0,1).

Then, it is possible to construct efficiently a tour in G, with cost at most
11400 +6(n+1)-1+6-v

Proof. Basically, we use the same tour as constructed in Lemma 10.11.2 for
the graph Gi% with the difference that instead of traversing a vertex w of
degree exactly two in G2, we have to use the path v} —-v2 -v3 -v} consisting of
3 more vertices. Thus, if we have given a tour o in G&%,, that was constructed
according to Lemma 10.11.2, we have to add 6-60v (for each equation with
two variables), 9-6-2v (for each equation with three variables), and 3(n+1)

(for each wheel) to the cost of o and obtain a tour in G2, with cost at most
672v+3(n+1)-1+6-v+(6-60r)+9-6-2v+3(n+1) = 1140v+6(n+1)-1+6-v

and the proof of Lemma 10.12.1 follows. [ ]
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Tours in G}%; to Assignments

We are going to prove the other direction of the reduction and give the proof

of the following lemma.

Lemma 10.12.2

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels, 60v
equation with two variables, 2v equations with three variables and m a tour
in G2, with cost 1140v +6(n+1) =1+ -v. Then, it is possible to construct

efficiently an assignment that leaves at most §-v equations in £ unsatisfied.

Proof. Let m be a tour in G, with cost 1140v + 6(n+1) —1+6-v. We are
going to show that we can convert efficiently 7 into a tour 7’ in G&Z, with cost
672v+3(n+1)-1+4d-v. For this, we consider the path x-v!-v2-v2-vi-y in
G&x,, where p, = vt —v2 —v3 —v# corresponds to the vertex ¢ of degree exactly
two in the instance G{,. As we want to contract the path p. into one vertex,
we will ensure that the (1,2)-tour is using either the path v} —v2 — 03 —v? or
vl —vd -0 -l

Let us assume that either v2 or v? is an endpoint of a 2-edge, say v2.

Clearly, it implies that there is another endpoint in {v},v3,v3} or v? is an
endpoint of another 2-edge. We delete all edges of weight 1 that the tour
is using and are incident on v? and v?. Then, we add {v}!,v?}, {vZ 03

and {v3,v%} to connect v} and v! by edges of weight 1. Note that this
transformation decreased the total number of 2-edges and the cost of the
(1,2)-tour.

By applying this transformation successfully to each such path p., we
obtain a tour which is using the complete path that corresponds to a vertex
of degree 2 in the instance GL%, without increasing the cost of the tour. By
contracting each path p. into the vertex c, it yields a (1,2)-tour in G&%, with
cost at most 672v+3-(n+1)+1+4-v. Finally, we apply Lemma 10.11.3 and

obtain an assignment that leaves at most §-v equations in .Z unsatisfied. =

Analogously to the proof of Theorem 10.6.3, we combine Lemma 10.12.1
with Lemma 10.12.2 and obtain Theorem 10.6.4.
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Graphic TSP on Subcubic and Cubic Graphs

In this section, we are going to give the proof of Theorem 10.6.5 restated

below.

Theorem 10.6.5
The GRAPHIC-TSP problem restricted to subcubic and cubic graphs is NP-
hard to approzimate to within any factor less than 685/684 and 1153/1152,

respectively.

For the reduction to the GRAPHIC-TSP problem on cubic and subcubic
Graphs, we are going to define the graphs G/%, and G&Z..

The Construction of G2, and G,

Let £ be an instance of the MAX-HYBRID-LIN2 problem. We first construct
the corresponding instances G52, and G&2, of the (1,2)-TSP problem in cubic
and subcubic graphs, respectively. Each gadget G- in G&%, is replaced by the
graph GZ" displayed in Figure 10.64. We refer to this construction as the
graph G¥.. In order to obtain an instance of the GRAPHIC-TSP problem on
cubic graphs, we use the modified parity gadgets in GZ" and denote this
instance as G2;.

Let us prove one direction of the reductions.

Lemma 10.13.1

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels,
60v equation with two wvariables, 2v equations with three variables and ¢
an assignment that leaves at most dv equations unsatisfied. Then, there is
a tour in G, and in Gy, with cost at most 684y +3(n +1) -1+ 0v and

11520 + 6(n + 1) = 1 + dv, respectively.

Proof. Let £ be an instance of the MAX-HYBRID-LIN2 problem and ¢ an

assignment to the variables of .. Recall that we may assume that the
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1 2
a4 aj

S 1 C2 €=

(a) Modular view of the graph G2

S= C1 Co €=

(b) Detailed view of GZ"

Figure 10.64: Graph G?" corresponding to a} @ a? = 0.

variables associated to a wheel in .Z take the same value under ¢. Let us
start with the description of the tour in G&,. As for the inner loop, we use
the same tour as in Lemma 10.11.2. Note that we traversed only edges with
weight 1 in the inner loop of the tour in G&%,. In the outer loop, we cannot
use the same shortcuts as in the (1,2)-TSP problem, since in some cases the
weight of an edge can be greater than 2. To ensure that the cost traversing
a gadget corresponding to an equation with three variables increases only by
one if the equation is unsatisfied by the assignment, we will use the following
trick: Consider an equation of the form = @ y @ z = 0 that is simulated by
(zvaivad), (yvasval), (zvaivai), aj®a?=0, al®ai =0 and ai®a3 =0.
If we have an assignment that satisfies x ® y @ z = 0, then there is also an
assignment that satisfies all 6 associated predicates. Furthermore, we see
that in the other case, we can find an assignment that satisfies all predicates

except exactly one equation with two variables.

In particular, it implies for a tour traversing the gadget G2 simulating

al @ a} =0 that if (a} +al =0) and (a} +a} =2) holds, we use s_ —cy—¢; — e

351



10.13.2

CHAPTER 10. TRAVELING SALESMAN PROBLEMS

and s_ — ¢y — ¢ — e, respectively. On the other hand, assuming (aj +aj = 1),
we traverse either s- —c¢; — ¢y — ¢y —e- or s- — ¢y — ¢; — ¢ — e—. Thus, we use
the edge {c1,co} twice increasing the cost only by 1.

Summarizing, given an assignment leaving dr equations unsatisfied, we
find a tour in Gi%, with cost at most 672v+3(n+1)-1+dv and a tour in GI,
with cost at most 684r +3(n+ 1) — 1+ dv, since we have to take into account
the small detour and add 3-2-2v to the cost.

Under the same conditions, we find a tour in QézU with cost at most
1140v + 6(n + 1) = 1 + év and a tour in G, with cost at most 1152v + 6(n +
1)-1+dv. ]

Tours to Assignments

We now give the other direction of the reductions and prove the following

lemma.

Lemma 10.13.2

Let £ be an instance of the MAX-HYBRID-LIN2 problem with n wheels, 60v
equation with two variables, 2v equations with three variables, m a tour in
Gl with cost 684v +3(n+1)-1+6v and o a tour in Gy, with cost 1152v +
6(n+1)—1+dv. By using either m or o, it is possible to construct efficiently

an assignment that leaves at most dv equations in £ unsatisfied.

Proof. Let us consider a tour 7 in G, with cost 684 +3(n+1)—1+0v. We
interpret 7 as a (1,2)-tour in GZ, with cost at most 684 +3(n+1) -1+ dv.
In the first step, we convert the underlying tour in G, into a consistent one
without increasing its cost by applying Lemma 10.9.1 to each parity gadget in
G&. In the second step, we use the same 0/1-traversals of the parity gadgets
in the inner loop which enables us to construct a tour in the corresponding
instance G&2, with cost at most 672v + 3(n + 1) — 1 + év. Finally, we apply
Lemma 10.11.3 and construct an assignment leaving at most dv equations in
£ unsatisfied.

Analogously, if we have given a tour in G, with cost 1152v+6(n+1)-1+

dv, we convert it into a (1,2)-tour without increasing its cost. By applying
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the contractions defined in Lemma 10.12.2, we obtain a (1,2)-tour in G,
with cost at most 684r +3(n+ 1) — 1+ v, for which we already know how to

construct an assignment with the desired properties. ]

By combining Lemma 10.13.1 and Lemma 10.13.2, we obtain immediately
Theorem 10.6.5.

The Metric TSP Problem

This section is devoted to the proof of the following theorem.

Theorem 10.6.6
It is NP-hard to approzimate the TSP problem to within any constant ap-

proximation ratio less than 123/122.

Let us first give an general overview of the reduction and the new techniques.

The General Overview of the Reduction

The hardness proof proceeds in two steps. First, we start from the
MAX-E3LIN2 problem. Optimal inapproximability results for this problem
were shown by Hastad [HO1|. We reduce this problem to a special CSP
where variables appear exactly 3 times. The main tool here is a new vari-
ant of the wheel amplifier graphs of Berman and Karpinski [BKO1]. The
construction of the bi-wheel amplifier is described in Section 10.14.3. In the
second step (Section 10.14.5), we reduce this bounded occurrence CSP to the
TSP problem and manage to obtain an improvement by exploiting the special
properties of the bounded occurrence CSP. In particular, we show that it is
only necessary to construct gadgets for roughly one third of the constraints
of the CSP instance, while the remaining constraints are simulated without
additional cost using the consistency properties of our gadgets.

In Section 10.15, we use our approach to derive the best up to now ap-

proximation lower bound for the ATSP problem.
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Thus, overall we follow an approach unlike that of [PV06|, where the
reduction is performed in one step, and closer to [L.12]. The improvement over
|[L12] comes mainly from the idea mentioned above, which is made possible
using the new wheel amplifiers, as well as several other tweaks. The end
result is a more economical reduction which improves the bounds for both
the TSP and ATSP problem.

An interesting question may be whether our techniques can also be used
to derive improved inapproximability results for variants of the ATSP and
TSP problem (cf. |[EKO06], [KS13] and [KS12|), or other graph problems,
such as the STEINER TREE problem.

Notations and Conventions

In the following, we give some definitions concerning directed (multi-)graphs
and omit the corresponding definitions for undirected (multi-)graphs if they
follow from the directed case.

For a multiset Er of directed edges and a vertex that is incident to an arc
in B, we define the outdegree (indegree) of v with respect to Er, denoted
by outdr(v) (indr(v)), to be the number of edges in E7 that are outgoing
of (incoming to) v. The balance of a vertex v with respect to Er is defined
as balr(v) = indr(v) — outdr(v). In the case of a multiset Er of undirected
edges, we define the balance balr(v) of a vertex v € V(Er) to be one if
the number of incident edges in Er is odd and zero otherwise. We refer to
vertices v € V(Er) with balr(v) = 0 as balanced with respect to Ep. It is well
known that a (directed) (multi-)graph G is Eulerian if and only if all edges
are in the same (weakly) connected component and all vertices v € V(G) are
balanced with respect to E(G).

Given a multiset of edges Er, we denote by conr the number of (weakly)
connected components in the graph induced by Er. A quasi-tour Ep in a
(directed) graph G is a multiset of edges from F(G) such that all vertices are
balanced with respect to Er and V(Er) = V(G). We refer to a quasi-tour
Er in G as a tour if cony = 1. Given a cost function w: E(G) - R,, the cost

of a quasi-tour Ep in G is defined by ¥ g, w(e) +2(cony - 1).
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In this section, we will use the following equivalent reformulation of the
ATSP problem: Given a directed graph G with weights on edges, we want
to find a tour Er in G, that is, a spanning connected multi-set of edges that

balances all vertices, with minimum cost.

Bi-Wheel Amplifiers

In this section, we define the bi-wheel amplifier graphs which will be our
main tool for proving hardness of approximation for a bounded occurrence
CSP with some special properties. Bi-wheel amplifiers are a variation of the
wheel amplifier graphs given in [BKO1|. Let us first recall the definition of a
regular amplifier graph (see also Definition 4.9.2).

Let G be a graph and X c V(G) a set of vertices. Then, we say that G is
a A-reqular amplifier for X if the following conditions hold:

e All vertices of X have degree A -1 and all vertices of V(G)\X have
degree A.

e For every non-empty subset U c V(§G), we have the condition that
[E(U,V(G\U)| 2 min{ [Un X],|(V(G)\U) n X]| }, where E(U, V(G)\U)

is the set of edges with exactly one endpoint in U.

We refer to the set X as the set of contact vertices and to V(G)\X as the
set of checker vertices. Amplifier graphs are useful in proving inapproxima-
bility for CSPs, in which every variable appears a bounded number of times.
Here, we will rely on 3-regular amplifiers. A probabilistic argument for the
existence of such graphs was given in [BK01|, with the definition of wheel
amplifiers.

A wheel amplifier with 2n contact vertices is constructed as follows: first
construct a cycle on 14n vertices. Number the vertices 1,2, ..., 14n and select
uniformly at random a perfect matching of the vertices whose number is not
a multiple of 7. The matched vertices will be our checker vertices, and the

rest our contacts. It is easy to see that the degree requirements are satisfied.
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Berman and Karpinski [BK01] gave a probabilistic argument to prove that
with high probability the above construction indeed produces an amplifier

graph, that is, all partitions of the sets of vertices give large cuts.

Theorem 10.14.1 (|[BKO01])
With high probability, wheel amplifiers are 3-reqular amplifiers.

Here, we will use a slight variation of this construction, called a bi-wheel.

Definition 10.14.1 (Construction of a Bi-wheel Amplifier)

A bi-wheel amplifier with 2n contact vertices can be generated as follows:
First, we construct two disjoint cycles, each on Tn wvertices and number the
vertices of each 1,2,...,7n. The contacts are the vertices whose number is
a multiple of 7, while the remaining vertices are checkers. To complete the
construction, select uniformly at random a perfect matching from the checkers

of one cycle to the checkers of the other.

Intuitively, the reason that amplifiers are a suitable tool here is that,
given a CSP instance, we can use a wheel amplifier to replace a variable
that appears 2n times with 14n new variables (one for each wheel vertex)
each of which appears 3 times. Each appearance of the original variable is
represented by a contact vertex and for each edge of the wheel we add an
equality constraint between the corresponding variables. We can then use
the property that all partitions give large cuts to argue that in an optimal
assignment all the new vertices take the same value.

We use the bi-wheel amplifier in our construction in a similar way. The
main difference is that while cycle edges will correspond to equality con-
straints, matching edges will correspond to inequality constraints. The con-
tacts of one cycle will represent the positive appearances of the original vari-
able, and the contacts of the other the negative ones. The reason we do this
is that we can encode inequality constraints more efficiently than equality
with a TSP gadget, while the equality constraints that arise from the cycles
will be encoded in our construction “for free” using the consistency of the
inequality gadgets.

Before we apply the construction however, we have to prove that the
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bi-wheel amplifiers still have the desired amplification properties.

Theorem 10.14.2
With high probability, bi-wheels are 3-reqular amplifiers.

Proof of Theorem 10.14.2.

Exploiting the similarity between bi-wheels and the standard wheel ampli-
fiers of [BKO1]|, we will essentially reuse the proof given there. First, some
definitions: We say that U is a bad set if the size of its cut is too small,
violating the second property of amplifiers. We say that it is a minimal bad
set if U is bad but removing any vertex from U gives a set that is not bad.

Recall the strategy of the proof from [BKO1|: for each partition of the
vertices into U and V(G)\U, they calculate the probability (over the random
matchings) that this partition gives a minimal bad set. Then, they take the
sum of these probabilities over all potentially minimal bad sets and prove
that the sum is at most v for some constant v < 1. It follows by union
bound that with high probability, no set is a minimal bad set and therefore,
the graph is a proper amplifier.

Our first observation is the following: consider a wheel amplifier on 14n
vertices where, rather than selecting uniformly at random a perfect matching
among the checkers, we select uniformly at random a perfect matching from
checkers with labels in the set {1,...,7n -1} to checkers with labels in the
set {Tn,...,14n}. This graph is almost isomorphic to a bi-wheel. More
specifically, for each bi-wheel, we can obtain a graph of this form by rewiring
two edges, and vice-versa. It easily follows that properties that hold for this
graph, asymptotically with high probability also hold for the bi-wheel.

Thus, we just need to prove that a wheel amplifier still has the amplifica-
tion property if, rather than selecting a random perfect matching, we select
a random matching from one half of the checker vertices to the other. We
will show this by proving that, for each set of vertices S, the probability that
S is a minimal bad set is roughly the same in both cases. After establishing
this fact, we can simply rely on the proof of [BKO1].

Recall that the wheel has 12n checker vertices. Given a set S with |S| = u,
what is the probability that exactly ¢ edges have exactly one endpoint in S?
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In a standard wheel amplifier, the probability is

e

where we denote by n!! the product of all odd natural numbers less than or
equal to n, and we assume without loss of generality that u—c is even. Let us
explain this: the probability that exactly ¢ edges cross the cut in this graph
is equal to the number of ways we can choose their endpoints in S and in its
complement, times the number of ways we can match the endpoints, times
the number of matchings of the remaining vertices, divided by the number
of matchings overall.

How much does this probability change if we only allow matchings from
one half of the checkers to the other? Intuitively, we need to consider two
possibilities: one is that S is a balanced set, containing an equal number of
checkers from each side, while the other is that S is unbalanced. It is not
hard to see that if S is unbalanced, then, we can easily establish that the cut
must be large. Thus, the main interesting case is the balanced one (and we
will establish this fact more formally).

Suppose that |S| = w and S contains exactly u/2 checkers from each
side. Then, the probability that there are exactly ¢ edges crossing the cut is
P'(u,c), where P’'(u,c) is defined below.

Plu.c) = (z//g)z(mn/f/; u/2)2 (g)!2 (w2 - c/2)! (1(2%? —uf2 - ¢/2)!

Let us explain this. If S is balanced and there are ¢ matching edges with
exactly one endpoint in S, then, exactly ¢/2 of them must be incident on a
vertex of S on each side, since the remaining vertices of S must have a perfect
matching. Again, we pick the endpoints on each side, and on the complement
of S, select a way to match them, select matchings on the remaining vertices
and divide by the number of possible perfect matchings.

Using Stirling formulas, it is not hard to see that (%)!2 = O(n!27/n).
Also n!l = ©((%)!27/2). 1t follows that P’ is roughly the same as P in this
case, modulo some polynomial factors which are not significant since the

probabilities we are calculating are exponentially small.
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Let us now also show that if S is unbalanced, the probability that it is a
minimal bad set is even smaller. First, observe that if S is a minimal bad set
whose cut has ¢ edges, we have ¢ < u/6. The reason for this is that since S is
bad, then, c¢ is smaller than the number of contacts in S minus the number
of cycle edges cut. It is not hard to see that, in each fragment, that is, each
subset of S made up of a contiguous part of the cycle, two cycle edges are
cut. Thus, the extra edges we need for the contacts the fragment contains
are at most 1/6 of its checkers.

Suppose now that S contains u/2 + k checkers on one side and u/2 - k
checkers on the other. The probability P”(u,c,k) that ¢ matching edges

have one endpoint in S is as follows.
12n—u—c)|

DTG

2

The reasoning is the same as before, except we observe that we need to select
more endpoints on the side where S is larger, since after we remove checkers
matched to outside vertices S must have a perfect matching. Observe that
for £ = 0 this gives P’. We will show that for the range of values we care
about P achieves a maximum for k£ = 0, and can thus be upper-bounded
by (essentially) P, which is the probability that a set is bad in the standard
amplifier. The rest of the proof follows from the argument given in [BKO1|. In
particular, we can assume that k < ¢/2, since 2k edges are cut with probability
1. To show that the maximum is achieved for k£ = 0, we look at
P"(u,c,k+1)
P"(u,c, k)

We will show that this is less than 1. By using the identity (Z:)/(Z) =

(n+1)/(k+1), we obtain after short calculation the following.

P'"(u,c,k+1) 2k +1 2k +1 2k +1
SR Vol R AR N4 | P | A | i .
P"(u,c, k) ka1 v _ 12n—u_k
2 2 2

Using the fact that 1+ x < e, we end up needing to prove that the following
inequality holds.
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2k +1 >2/{+1+ 2k +1
Coke1 Yop 12n-u
2 2 2

(10.1)
k

Combining u < 6n with the bounds of ¢ and k£ we have already mentioned,

the inequality (10.1) is straightforward to establish. [ ]

Special Instances of the M AX-Hybrid-Lin2 Problem

By using the bi-wheel amplifier from the previous section, we are going to
prove hardness of approximation for a bounded occurrence CSP with very
special properties. This particular CSP will be well-suited for constructing
a reduction to the TSP problem given in the next section. As the starting
point of our reduction, we make use of the inapproximability result due to
Hastad [HO1] for the MAX-E3LIN2 problem.

Let 2] be an instance of the MAX-E3LIN2 problem and {x;}?; the set of
variables, that appear in .%;. We denote by d(i) the number of appearances
of x; in 4.

Theorem 10.14.3 (|HO1|)

For every e > 0, there exists a constant B. such that given an instance £
of the MAX-E3LIN2 problem with m equations and max,)d(i) < B, it is
NP-hard to decide whether there is an assignment that leaves at most € -m
equations unsatisfied, or all assignment leave at least (0.5 — €)m equations

unsatisfied.

Similarly to the work by Berman and Karpinski [BK99| (see also |[BKO01]
and [BK03|), we will reduce the number of occurrences of each variable to 3.

For this, we use our amplifier construction to create special instances of the
MAX-HYBRID-LIN2 problem and prove the following theorem.

Theorem 10.14.4
For every constant ¢ > 0 and b € {0,1}, there exist instances of the
MAX-HYBRID-LIN2 problem with 31m equations such that: (i) Each vari-

able occurs exactly three times. (ii) 21m equations are of the form x@®y =0,
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9m equations are of the form x @ y = 1 and m equations are of the form
r@y®z=>b. (i) It is NP-hard to decide whether there is an assign-
ment to the variables that leaves at most €-m equations unsatisfied, or every

assignment to the variables leaves at least (0.5 —e)m equations unsatisfied.

Proof. Let € >0 be a constant and .} an instance of the MAX-E3LIN2 prob-
lem with max;,)d(i) < B.. For a fixed b € {0,1}, we can flip some of the
literals such that all equations in the instance £ are of the form z@y®z = b,
where x,y, z are variables or negations. By constructing three more copies
of each equation, in which all possible pairs of literals appear negated, we
may assume that each variable occurs the same number of times negated as
unnegated.

Let us fix a variable z; in 2. Then, we create 7-d(i) = 2-« new variables
Var(i) = {=%,2}"}%,. In addition, we construct a bi-wheel amplifier W;
on 2 -« vertices (that is, a bi-wheel with d(i) contact vertices) with the
properties described in Theorem 10.14.2. Since d(i) < B. is a constant,
this can be accomplished in constant time. In the remainder, we refer to
contact and checker variables as the elements in Var (i), whose corresponding
index is a contact and checker vertex in W;, respectively. We denote by
M(W;) € E(W;) the associated perfect matching on the set of checker vertices
of W;. In addition, we denote by C,(W;) and C,(W;) the set of edges

contained in the first and second cycle of W;, respectively.

Let us now define the equations of the corresponding instance of the
MAX-HYBRID-LIN2 problem. For each edge {j,k} € M(W;), we create the
equation x;“ @z} = 1 and refer to equations of this form as matching equa-
tions. On the other hand, for each edge {l,t} in the cycle C,(W;) with
q € {u,n}, we introduce the equation x?i ® a:?i = 0. Equations of this form
will be called cycle equations. Finally, we replace the j-th unnegated ap-
pearance of z; in .2 by the contact variable z4* with A = 7- j, whereas the
j-th negated appearance is replaced by z%’. The former construction yields
m equations with three variables in the instance of the MAX-HYBRID-LIN2
problem, which we will denote by .%. Notice that each variable appears in

exactly 3 equations in %. Clearly, we have | %| = 31m equations, thereof
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9m matching equations, 21m cycle equations and m equations of the form
r@Yy®z=>.

A consistent assignment to Var(i) is an assignment with x}” = b and
27" = (1-0) for all j € [a], where b€ {0,1}. A consistent assignment to the
variables of %5 is an assignment that is consistent to Var(i) for all i € [v].
By standard arguments using the amplifier constructed in Theorem 10.14.2,
it is possible to convert an assignment to a consistent assignment without
decreasing the number of satisfied equations and the proof of Theorem 10.14.4

follows. u

Construction of the Instances of the TSP

In this section, we are going to describe the instance of the TSP problem given
an instance the MAX-HYBRID-LIN2 problem. Furthermore, it is devoted to
the proof of Theorem 10.6.6.

Let us first sketch the high-level idea of the construction. Starting with an
instance of the MAX-HYBRID-LIN2 problem, we will construct a graph, where
gadgets represent the equations. We will design gadgets for equations of size
three (Figure 10.66) and for equations of size two corresponding to matching
edges of the bi-wheel (Figure 10.65). We will not construct gadgets for the
cycle edges of the bi-wheel; instead, the connections between the matching
edge gadgets will be sufficient to encode these extra constraints. This may
seem counter-intuitive at first, but the idea here is that if the gadgets for
the matching edges are used in a consistent way (that is, the tour enters and
exits in the intended way) then it follows that the tour is using all edges
corresponding to one wheel and none from the other. Thus, if we prove
consistency for the matching edge gadgets, we implicitly get the cycle edges
“for free”. This observation, along with an improved gadget for size-three
equations and the elimination of the variable part of the graph, are the main
sources of improvement over the construction of [L12].

Let us describe the construction that encodes an instance %5 of the
MAX-HYBRID-LIN2 problem into an instance of the TSP problem: Due to

Theorem 10.14.4, we may assume that the equations with three variables in
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%, are all of the form z@y® 2 = 0.

In order to ensure that some edges are to be used at least once in any
valid tour, we apply the following simple trick that was already used in the
work by Lampis [L12]: Let e be an edge with weight w that we want to be
traversed by every tour. We remove e and replace it with a path of L edges
and L — 1 newly created vertices each of degree two, where we think of L as
a large constant. Fach of the L edges has weight w/L and any tour that fails
to traverse at least two newly created edges is not connected. On the other
hand, a tour that traverses all but one of those edges can be extended by
adding two copies of the unused edge increasing the cost of the underlying
tour by a negligible value. In summary, we may assume that our construction
contains forced edges that need to be traversed at least once by any tour. If
x and y are vertices, which are connected by a forced edge e, we write {z,y}r
or simply z-py. In the following, we refer to unforced edges e with w(e) =1

as simple. All unforced edges in our construction will be simple.

$u u u
i-1 z; Ti
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Q »
Q .
Q .
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. »
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n n n
‘rj—l x] l’j+1

Figure 10.65: Gadget simulating equations with two variables. Dotted and

straight lines represent forced and simple edges, respectively.

Let us start with the description of the corresponding graph Gg: For each
bi-wheel W,, we will construct the subgraph G? of Gg. For each vertex of
the bi-wheel, we create a vertex in the graph and for each cycle equation
r@®y =0, we create a simple edge {z,y}. Given a matching equation between
two checkers ' @ 27 = 1, we connect the vertices x} and z7 with two forced
edges {x}, 2} and {z},27}%. We have w({z},27}},) = 2 for each i € {1,2}.

Additionally, we create a central vertex s that is connected to gadgets
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simulating equations with three variables. Let x @ y @ z = 0 be the j-th
equation with three variables in .%,. We now create the graph gfs dis-
played in Figure 10.66, where the (contact) vertices for x,y, z have already
been constructed in the cycles. The edges {v*,v}r with « € {r,{} and
v € {z,z,y} are all forced edges with w({y*,v}r) = 1.5. Furthermore, we
have w({e$,s}r) = 0.5 for all e {r,1}. {e],s}r and {€}, s} are both forced
edges, whereas all remaining edges of Q;’S are simple. This is the whole

description of Gg.

L d
-
- -
-___.__-

S

Figure 10.66: Gadgets simulating equations with three variables of the
form x@®y® 2 = 0. Dotted and straight lines represent forced

and simple edges, respectively.

Tours in Gg from Assignments

Given an instance %5 of the MAX-HYBRID-LIN2 problem and an assignment
¢ to the variables in %5, we are going to construct a tour in Gg according to
¢ and give the proof of one direction of the reduction. In particular, we are

going to prove the following lemma.
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Lemma 10.14.1
If there is an assignment to the wvariables of a given instance £5 of the
MAX-HYBRID-LIN2 problem with 31m equations and v bi-wheels, that leaves
k equations unsatisfied, then, there exists a tour in Gg with cost at most
61m+2v+k+2.

Before we proceed, let us give a useful definition. Let G be an edge-
weighted graph and Er a multi-set of edges of F(G) that defines a quasi-tour.
Consider a set V/ € V(G). The local edge cost of the set V' is then defined

as follows.

a()-y ¥

ueV' eeEr, e={u,v}

In words, for each vertex in V', we count half the total weight of its
incident edges used in the quasi-tour (including multiplicities). Observe that
this sum contains half the weight of edges with one endpoint in V'’ but the full
weight for edges with both endpoints in V"’ (since we count both endpoints

in the sum). Also note that for two sets Vi, V5, we have
cr(ViuVa) <cer(Vi) +cer(Va)

(with equality for disjoint sets) and that cr(V(G)) = Y w(e).
ceBr

Proof of Lemma 10.14.1.
First, note that it is sufficient to prove that we can construct a quasi-tour
of the promised cost which uses all forced edges exactly once. Since all
unforced edges have cost 1, if we are given a quasi-tour we can connect
two disconnected components by using an unforced edge that connects them
twice (this is always possible since the underlying graph we constructed is
connected). This does not increase the cost, since we added two unit-weight
edges and decreased the number of components. Repeating this results in a
connected tour.

Let {W,}"_, be the associated set of bi-wheels of .%,. For a fixed bi-wheel
W,, let {z¥ x?}7, be its associated set of variables. Due to the construc-
tion of instances of the MAX-HYBRID-LIN2 problem in Section 10.14.4, we
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may assume that all equations with two variables are satisfied by the given
assignment. Thus, we have ¥ # Ty, T =Ty and ] = 'l for all 7,7 € [=].

Assuming z¢ = 1 for some a € {u,n}, we use once all simple edges
{x& 22, } with i € [z - 1] and the edge {z¢,2{}. We also use all forced
edges corresponding to matching equations once. In other words, for each
bi-wheel, we select the cycle that corresponds to the assignment 1 and use
all the simple edges from that cycle. This creates a component that contains
all checker vertices from both cycles and all contacts from one cycle.

As for the next step, we are going to describe the tour traversing Q?S with
j € [m] given an assignment to contact variables. Let us assume that Q?S
simulates * @ y ® z = 0. According to the assignment to x, y and z, we will
traverse Q]?’S as follows: In all cases, we will use all forced edges once.

Case (z+y+2=2):

Then, we use {7,747} for all a € {r,l} and v € {z,y,2} with v = 1. For
6 € {z,2,y} with § =0, we use {ef,5*} for all € {r,1}.

Case (z+y+2z=>bwith be {0,1}):

In both cases, we traverse {y*,e$} for all v € {x,y,z} and ae {r,1}.

Case (z+y+2=3):

We use {7",+'} with v € {y,2}. Furthermore, we include {z*,¢e%} for both
ae{rl}.

Let us now analyze the cost of the edges of our quasi-tour given an as-
signment. For each matching edge {z¥, x;‘} consider the set of vertices made
up of its endpoints. Its local cost is 5: we pay 4 for the forced edges and
there are two used simple edges with one endpoint in the set. Let us also
consider the local cost for a size-three equation gadget, where we consider
the set to contain the contact vertices {z,y,z} as well the other 8 vertices
of the gadget. The local cost here is 9.5 for the forced edges. We also pay
6 more (for a total of 15.5) when the assignment satisfies the equation or 7
more when it does not.

Thus, we have given a covering of the vertices of the graph by 9m sets
of size two, m sets of size 11 and {s}. The total edge cost is thus at most
5:-9m +15.5-m+0.5-m+ k = 61m + k. To obtain an upper bound on the

cost of the quasi-tour, we observe that the tour has at most v+ 1 components
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(one for each bi-wheel and one containing s). The lemma follows. u

Assignments from Tours in Gg

In this section, we are going prove the other direction of our reduction. Given
a tour in Gg, we are going to define an assignment to the variables of the
associated instance of the MAX-HYBRID-LIN2 problem and give the proof of

the following lemma.

Lemma 10.14.2
If there is a tour in Gs with cost 61m + k-2, then, there is an assignment to
the variables of the corresponding instance of the MAX-HYBRID-LIN2 prob-

lem that leaves at most k equations unsatisfied.

Again, let us give a useful definition. Consider a quasi-tour E7 and a set
V' V(G). Let conr(V') be the number of connected components induced
by E7 which are fully contained in V’. Then, the full local cost of the set V'
is defined as c& (V') = ep (V') + 2 - conp(V'). By the definition, the full local
cost of V(G) is equal to the cost of the quasi-tour (plus 2).

Intuitively, ¢f (V") captures the cost of the quasi-tour restricted to V': it
includes the cost of edges and the cost of added connected components. Note
that now for two disjoint sets V1, Vs, we have c¢fi(Vy uV3) > cE(V)) + (V%)
since V3 UV, could contain more connected components than Vi, V5 together.
If we know that the total cost of the quasi-tour is small, then c£(V(G)) is
small (less than 61m + k). We can use this to infer that the sum of the local
full costs of all gadgets is small.

The high-level idea of the proof is the following: we will use the same
partition of V(G) into sets as in the proof of Lemma 10.14.1. For each set,
we will give a lower bound on its full local cost for any quasi-tour, which will
be equal to what the tour we constructed in Lemma 10.14.1 pays. If a given
quasi-tour behaves differently its local cost will be higher. The difference
between the actual local cost and the lower bound is called the credit of that
part of the graph. We construct an assignment for the variables of % and

prove that the total sum of credits is higher that the number of unsatisfied
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equations. But using the reasoning of the previous paragraph, the total sum

of credits will be at most k.

Proof of Lemma 10.14.2. We are going to prove a slightly stronger statement
and show that if there exists a quasi-tour in Gg with cost 61m + k — 2, then,
there exists an assignment leaving at most k equations unsatisfied. Recall
that the existence of a tour in Gg with cost C' implies the existence of a
quasi-tour in Gg with cost at most C.

We may assume that simple edges are contained only once in Ep due
to the following preprocessing step: If Er contains two copies of the same
simple edge, we remove them without increasing the cost, since the number
of components can only increase by one.

In the following, given a quasi-tour Er in Gg, we are going to define an
assignment ¢ and analyze the number of satisfied equations by ¢ compared
to the cost of the quasi-tour.

The general idea is that each vertex of Gg that corresponds to a variable
of % has exactly two forced and exactly two simple edges incident to it. If
the forced edges are used once each, the variable is called honest. We set
it to 1 if the simple edges are both used once and to 0 otherwise. It is not
hard to see that, because simple cycle edges connect vertices that represent
the variables, this procedure will satisfy all cycle equations involving honest
variables. We then argue that if other equations are unsatisfied the tour is
also paying extra, and the same happens if a variable is dishonest.

Let us give more details. First, we concentrate on the assignment for

checker variables.

Assignment for Checker Variables

Let us consider the following equations with two variables z¥ , ® z} = 0,
ciory,, =0, 27 @x? =0, 27ex], ) = 0and i@z} = 1. We are going to analyze
the cost of a quasi-tour traversing the gadget displayed in Figure 10.65 and
define an assignment according to Er. Let us first assume that our quasi-tour

is honest, that is, the underlying quasi-tour traverses forced edges only once.
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Honest tours: For z € {z}, 27}, we set x = 1 if the quasi-tour traverses both
simple edges incident on x and z = 0, otherwise. Since we removed all copies
of the same simple edge, we may assume that cycle equations are always
satisfied. If the tour uses zf', — a} —p ¥ —p x} — 2}, we get o' | =z, = 1,
ah g =aly = 0 and 5 satisfied equations. Given T —al —pal—prl-al,,, we
}. Notice that
in both cases, we have local cost c¢f'(VF) =5. We claim that ¢£(V?) > 5 for

a valid quasi-tour. In order to obtain a valid quasi-tour, we need to traverse

obtain 5 satisfied equations as well. Let us define V" := {z¥, x

both forced edges in G¥ and use at least two simple edges, as otherwise,
it implies ¢f(G") > 6. Given a quasi-tour Er, we introduce a local credit
function defined by crp (V) = cf(VF) =5. If af —p ! —pa} forms a connected
component, we get 4 satisfied equations and erp (V) = 1, which is sufficient
to pay for the unsatisfied equation z{ ®@ 2% = 1. On the other hand, assuming
ziy = xf,, =1and 27, =27, =1, we get crr(VP) = 1 and 1 unsatisfied
equation.

Dishonest tours: We are going to analyze quasi-tours, which are using
one of the forced edges twice. By setting z} # 27, we are able to find an
assignment that always satisfies z' @ 277 = 1 and two other equations out of
the five that involve these dishonest variables. The local cost in this case
is at least 7. Hence, the credit crp (V) = 2 is sufficient to pay for the two

unsatisfied equations.

Assignment for Contact Variables

Again, we will distinguish between honest tours (which use forced edges
exactly once) and dishonest tours. This time we are interested in seven
equations: the size-three equation x @ y @ z = 0 and the six cycle equations
containing the three contacts.

Observe that the local cost of st = {xr,xl,x,y’“,yl,y,z’”,zl,z,e;,eé} is
at least 15.5. The local edge cost of any quasi-tour is 9.5 for the forced
edges. For each component {~,~!,7"} with v € {z,y, 2}, we need to pay at
least 2 more because there are two vertices with odd degree (v!,7") and

we also need to connect the component to the rest of the graph (otherwise
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the component already costs 2 more). Let us define the credit of Vj?’S with
respect to Er by crp = c{;(Vf’S) -15.5.

Honest tours:

For each v € {x,y,z}, we set v = 1 if the tour uses both simple edges
incident on 7 and 0, otherwise. Notice that in the case (z +y + z = b) with
b € {0,2}, this satisfies all seven equations and the tour has local cost at
least cf (V%) = 15.5.

Case (r =y = z = 1): The assignment now failed to satisfy the size-three
equation, so we need to prove that the quasi-tour has local cost at least
16.5. Since all vertices are balanced with respect to Er, the quasi-tour has
to use at least one edge incident on ¢/ and ¢} besides {s, e/} r and {s, ¢!} p.
If the quasi-tour takes {e,7*} for a v € {z,y,2} and all a € {r,l}, since all
simple edges incident on x,y, 2z are used, we get at total cost of at least 16.5,
which gives a credit of 1.

Case (x+y+z=1): Without loss of generality, we assume that z =y =0+ z
holds. Again, only the size-three equation is unsatisfied, so we must show
that the local cost is at least 16.5. We will discuss two subcases. (i) There
is a connected component 0 —p 6" — §' =g § for some 0 € {z,y}. We obtain
that ¢f'({9,d",0"}) > 6 and therefore, a lower bound on the total cost of 16.5.
(i1) Since we may assume that 27, 2!, y" and y' are balanced with respect
to Er, we have that {e%,7*} € Er for all a € {r,l} and v € {z,y}. Because
e are also balanced, we obtain {e§,z} € Er for all o € {r, [}, which implies
a total cost of 16.5.

Dishonest tours:
Let us assume that the quasi-tour uses both of the forced edges {7",v} and
{¥!,~} for some v € {x,z,y} twice. We delete both copies and add {y",~'}
instead which reduces the cost of the quasi-tour. Hence, we may assume that
only one of the two incident forced edges is used twice.

First, observe that if all forced edges were used once, then there would
be eight vertices in the gadget with odd degree: a7, x!,y", v, 2", zl,eg,eé. If
exactly one forced edge is used twice, then seven of these vertices have odd
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degree. Thus, it is impossible for the tour to make the degrees of all seven
even using only the simple edges that connect them. We can therefore assume
that if a forced edge is used twice, there exists another forced edge used twice.

We will now take cases, depending on how many of the vertices x,vy, z
are incident on forced edges used twice. Note that if one of the forced edges
incident on x is used twice, then exactly one of the simple edges incident on
x is used once.

First, suppose all three of x,y, z have forced edges used twice. The local
cost from forced edges is at least 14. Furthermore, there are three vertices
of the form v, for v € {z,y,2} and a € {l,r} with odd degree. These have
no simple edges connecting them, thus the quasi-tour will use three simple
edges to balance their degrees. Finally, the used simple edges incident on
x,y, 2 each contribute 0.5 to the local cost. Thus, the total local cost is at
least 18.5, giving us a credit of 3. It is not hard to see that there is always an
assignment satisfying four out of the seven affected equations, so this case is
done.

Second, suppose exactly two of x,y, 2z have incident forced edges used
twice, say, x,y. For z, we select the honest assignment (1 if the incident
simple edges are used, 0 otherwise) and this satisfies the cycle equations for
this variable. We can select assignments for x,y that satisfy three of the
remaining five equations, so we need to show that the cost in this case is at
least 17.5. The cost of forced edges is at least 12.5, and the cost of simple
edges incident on x,y adds 1 to the local cost. One of the vertices !, x"
and one of y',y" have odd degree, therefore the cost uses two simple edges
to balance them. Finally, the vertices 2!, 2" have odd degree. If two simple
edges incident to them are used, we have a total local cost of 17.5. If the
edge connecting them is used, then the two simple edges incident on z must
be used, again pushing the local cost to 17.5.

Finally, suppose only = has an incident forced edge used twice. By the
parity argument given above, this means that one of the forced edges incident
on s is used twice. We can satisfy the cycle equations for y,z by giving
them their honest assignment, and out of the three remaining equations

some assignment to x satisfies two. Therefore, we need to show that the cost
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is at least 16.5. The local cost from forced edges is 11.25 and the simple
edge incident on z contributes 0.5. Also, at least one simple edge incident
on z! or z" is used, since one of them has odd degree. For ¢!, 1y", either two
simple edges are used, or if the edge connecting them is used the simple edges
incident on y contribute 1 more. With similar reasoning for 2!, 2", we get that
the total local cost is at least 16.75.

Let us now conclude our analysis. Consider the following partition of
V(Gs): we have a singleton set {s}, 9m sets of size 2 containing the matching
edge gadgets and m sets of size 11 containing the gadgets for size-three
equations (except s). The sum of their local costs is at most ¢&(V(Gs)) <
61m + k. But the sum of their local costs is (using the preceding analysis)
equal to 61m + ¥ crp(V;). Thus, the sum of all credits is at most k. Since
we have already argued that the sum of all credits is enough to cover all

equations unsatisfied by our assignment, this concludes the proof. [
We are ready to give the proof of Theorem 10.6.6.

Proof of Theorem 10.6.6.

We are given an instance .Z; of the MAX-E3LIN2 problem with v variables
and m equations. For all § > 0, there exists a k such that if we repeat each
equation k£ time we get an instance fl(k) with m’ = km equations and v
variables such that 2(v + 1)/m’ < 0.

Then, from Xl(k) , we generate an instance %5 of the MAX-HYBRID-LIN2
problem and the corresponding graph Gs. Due to Lemmata 10.14.1, 10.14.2
and Theorem 10.14.4, we know that for all £ > 0, it is NP-hard to tell whether
there is a tour with cost at most 61m/ +2v+2+e-m’ <61-m/+ (5 +e)m’ or
all tours have cost at least 61m/ + (0.5-e)m/ -2 >61.5-m'—e-m/-§-m/.
The ratio between these two cases can get arbitrarily close to 123/122 by

appropriate choices for €, 9. [ |

The Asymmetric TSP Problem

In this section, we are going to construct a reduction from the
MAX-HYBRID-LIN2 problem to the ATSP problem and prove the following
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theorem.

Theorem 10.6.7
It 1s NP-hard to approzimate the ATSP problem to within any constant ap-

proximation ratio less than 75/74.

The Construction of the Graph G4

Let us describe the construction that encodes an instance % of the
MAX-HYBRID-LIN2 problem into an instance of the ATSP problem. Again,
it will be useful to have the ability to force some edges to be used, that is,
we would like to have bidirected forced edges. A bidirected forced edge of
weight w between two vertices x and y will be created in a similar way as
undirected forced edges in the previous section: construct L —1 new vertices
and connect x to y through these new vertices, making a bidirected path
with all edges having weight w/L. It is not hard to see that without loss of
generality, we may assume that all edges of the path are used in at least one
direction, though we should note that the direction is not prescribed. In the
remainder, we denote a directed forced edge consisting of vertices  and y by
(z,y)F, or T —>F y.

Let % consist of the collection {W;}7, of bi-wheels. Recall that the bi-
wheel consists of two cycles and a perfect matching between their checkers.
Let {z¥ 27}%, be the associated set of variables of W,. We write u(i) to
denote the function which, given the index of a checker variable z¥ returns
the index j of the checker variable 2% to which it is matched (that is, the
function wu is a permutation function encoding the matching). We write n(%)
to denote the inverse function u=1(7).

Now, for each bi-wheel W,, we are going to construct the correspond-
ing directed graph G as follows. First, construct a vertex for each checker
variable of the wheel. For each matching equation z} & z =1, we create
a bidirected forced edge {z}, 2} }r with w({z},27}r) = 2. For each contact
variable xy, we create two corresponding vertices 2% and !, which are joined
by the bidirected forced edge {7}, 2!} with w({z}, 2! }p) = 1.
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Figure 10.67: Gadget simulating equation with two variables. Dotted and

straight lines represent forced and simple edges, respectively.

Next, we will construct two directed cycles C% and Ch. Note that we are
doing arithmetic on the cycle indices here, so the index z + 1 should be read
as equal to 1. For Cy, for any two consecutive checker vertices z¥, 2%, on the
un-negated side of the bi-wheel, we add a simple directed edge xz(i) - .
If the checker z} is followed by a contact z¥,, in the cycle, then we add
two simple directed edges xj ) — ]} and zil, - z%,. Observe that by
traversing the simple edges we have just added, the forced matching edges
in the direction z{ —p :L“Z(i) and the forced contact edges for the un-negated

ul

part in the direction z}" —p z! we obtain a cycle that covers all checkers

and all the contacts of the un-negated part.

We now add simple edges to create a second cycle Ch. This cycle will
require using the forced matching edges in the opposite direction and, thus,
truth assignments will be encoded by the direction of traversal of these edges.
First, for any two consecutive checker vertices z7', 27, on the un-negated side
of the bi-wheel, we add the simple directed edge x:fb(i) - af.,. Then, if the
checker z? is followed by a contact 27, in the cycle then we add the simple

Now by traversing the edges we

; U nr nl n
directed edges 7, ) — i) and xi,, — 27,

have just added, the forced matching edges in the direction 2} —p T i) and
the forced contact edges for the negated part in the direction 2" —p 2, we
obtain a cycle that covers all checkers and all the contacts of the negated

part, that is, a cycle of direction opposite to C%.
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Figure 10.68: Gadgets simulating equations with three variables of the
form z@®y® 2z = 1. Dotted and straight lines represent forced

and simple edges, respectively.

What is left is to encode the equations of size three. Again, we have a
central vertex s that is connected to gadgets simulating equations with three
variables. For every equation with three variables, we create the gadget
displayed in Figure 10.68, which is a variant of the gadget used by Papadim-
itriou and Vempala [PV06]. Let us assume that the j-th equation with three
variables in %, is of the form x @ y @ z = 1. This equation is simulated by
QJ?’A. The vertices used are the contact vertices v, v € {x,y,2},a € {r,l},
which we have already introduced, as well as the vertices {s;,;, ¢’ | i € [3]}.
For notational simplicity, we define the set Vf’A of vertices as follows.

‘/ng = {Sjvtjveé’afya | i€ [3]77 € {x,y,z},oz € {T,l}}

All directed non-forced edges are simple. The vertices s; and ¢; are connected
to s by forced edges with w((s,s;)r) = w((t;,s)r) = A, where A > 0 is a small
fixed constant. This is the whole description of the graph G4.
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Assignments to Tours in G4

We are going to construct a tour in G4 given an assignment to the variables

of % and prove the following lemma.

Lemma 10.15.1
Given an instance 25 of the MAX-HYBRID-LIN2 problem with v bi-wheels and
an assignment that leaves k equations in %5 unsatisfied, then, there exists a

tour in G4 with cost at most 37m + dv +2mA + 2v\ + k.

Before we proceed, let us again give a definition for a local edge cost
function. Let G be an edge-weighted digraph and E7 a multi-set of edges of
E(G) that defines a tour. Consider a set V' € V(G). The local edge cost of
the set V' is then defined as follows.

CT(V’)=Z Z w((u,v))

ueV! (uv)eBr

In words, for each vertex in V' we count the total weight of its outgo-
ing edges used in the quasi-tour (including multiplicities). Thus, that this
sum contains the full weight for edges with their source in V', regardless of
where their other endpoint is. Also note that again for two sets Vi, V5, we
have ¢ (V1 uVy) < ep(Vi) + er(Va) (with equality for disjoint sets) and that
cr(V(9)) = Eeeny w(e).

Proof of Lemma 10.15.1.
Let W, be a bi-wheel with variables {z¥, 2}z . Given an assignment to
the variables of %, due to Theorem 10.14.4, we may assume that either
zf =1 # 2} for all 4,5 € [2] or o} =0 # 2} for all i,j € [2]. We traverse
the cycle Cf) if z§ = 1 and the cycle C, otherwise. This creates v strongly
connected components. Each contains all the checkers of a bi-wheel and the
contacts from one side.

For each matching edge gadget, the local edge cost is 3. We pay two for
the forced edge and 1 for the outgoing simple edge. We will account for the
cost of edges incident on contacts when we analyze the size-three equation

gadget below.

376



10.15.3

10.15. THE ASYMMETRIC TSP PROBLEM

Let us describe the part of the tour traversing the graph Q?A, which
simulates z @ y @ z = 1. Recall that if x is set to true in the assignment
we have traversed the bi-wheel gadgets in such a way that the forced edge
2" - 2! is used, and the simple edge coming out of z! is used. According to
the assignment to x, y and z, we traverse Q?A as follows:

Case (r+y+z=1):

Let us assume that z =y = 0 # 2 holds. Then, we use s »p s; > ejz -yl >p
3
J
for the simple edges inside the gadget, plus 1 for the simple edge going out
of z!. Total local edge cost cost: cr(V4) =10+ A.

Case (x+y+2=3):

yr>ed >zl sp 2t > 6]1. —t; »r 5. The cost is 3 + A for the forced edges, 6

Then, we use s »p s; > €5 > ¢} > e} > t; > 5. Again we pay 3+ \ for the
forced edges, 4 for the simple edges inside the gadget and 3 for the outgoing
edges incident on !, ¢!, 2. Total local edge cost: cp(V34) = X+ 10.

Case (r+y+2z=2):

Let us assume that =y =1 # 2 holds. Then, we use s »p s; » e?. -2l >p
2" = ef = e > ef > t; »p s with total local edge cost cp (V) = A+11.
Case (r+y+2=0):
Weuse5—>F3j—>e?—>yl—>py’"—>e§'—>zl—>pz’”—>e;—>xl—>pxr—>e?—>
t; =p s with cp(V34) = A+ 11.

The total edge cost of the quasi-tour we constructed is 3-9m+(10+2\)m+
k=37Tm + 2 m + k. We have at most v + 1 strongly connected components:
one for each bi-wheel and one containing s. A component representing a
bi-wheel can be connected to s as follows: let z!, 2" be two contact vertices
in the component. Add one copy of each edge from the cycle s - s; - e} -
xt =gt - eJZ — t; »r s. This increases the cost by 5+ 2\ but decreases the

number of components by one. ]

Tours in G4 to Assignments
In this section, we are going to prove the other direction of the reduction.
Lemma 10.15.2
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If there is a tour in G4 with cost 37-m+k+2\-m, then, there is an assignment

that leaves at most k equations unsatisfied.

Proof. Given a tour Ep in G4, we are going to define an assignment to checker
and contact variables. As in Lemma 10.14.2, we will show that any tour
must locally spend on each gadget at least the same amount as the tour we
constructed in Lemma 10.15.1. If the tour spends more, we use that credit

to satisfy possible unsatisfied equations.

Assignment for Checker Variables

Let us consider the following equations with two variables z} ® ¥, = 0,
it @r! =0,z xh = 1, T @Y, = 0, i, @al = 0 and the corresponding
situation displayed in Figure 10.67 (b). Since Er is a valid tour in G4, we
know that {z}, 27} is traversed and due to the degree condition, for each

u n
x € {a}, 2]

Therefore, we have that cr({zf,z}}) > 3. The credit assigned to a gadget is
defined as crr({z,2%}) = cr({z}, 2% }) - 3.

Let us define the assignment for xj and x%. A variable z} is honestly

}, the tour uses another incident edge e on z with w(e) > 1.

traversed if either both the simple edge going into z is used and the simple
edge coming out of x’7 is used, or neither of these two edges is used. In the
first case, we set z' to 1, otherwise to 0. Similarly, 27} is honest if both the
edge going into 2% and the edge out of z} are used, and we set it to 1 in the
first case and 0 otherwise.

Honest tours:

First, suppose that both z} and z7 are honest. We need to show that the
credit is at least as high as the number of unsatisfied equations out of the
five equations that contain them. It is not hard to see that if we have set
xi # x7 all equations are satisfied. If we have set both to 1, then the forced
edge must be used twice, making the local edge cost at least 6, giving a credit
of 3, which is more than sufficient.

Dishonest tours:

If both =} and z7 are dishonest the tour must be using the forced edge in

both directions. Thus, the local cost is 5 or more, giving a credit of 2. There
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is always an assignment that satisfies three out of the five equations, so this
case is done. If one of them is dishonest, the other must be set to 1 to
ensure strong connectivity. Thus, there are two simple edges used leaving
the gadget, making the local cost 4 (perhaps the same edge is used twice).
We can set the honest variable to 1 (satisfying its two cycle equations), and

the other to 0, leaving at most one equation unsatisfied.

Assignment for Contact Variables

First, we note that for any valid tour, we have cr(V*4) > 10 + X\. This is
because the two forced edges of weight A must be used, and there exist 10
vertices in the gadget for which all outgoing edges have weight 1. Let us
define the credit crr(V34) = er(V34) = (10 + A).

Honest Traversals:

We assume that the underlying tour is honest, that is, forced edges are tra-
versed only in one direction. We set = to 1 if the forced edge is used in the
direction 2" —r 2! and 0 otherwise. In the first case we know that the simple
edges going into 2" and out of z! are used. In the second, the edges e; -
and z" - e? are used. We do similarly for y, z.

We are interested in the equation @y @ 2 = 1 and the six cycle equations
involving x,y,z. The assignment we pick for honest variables satisfies the
cycle equations, so if it also satisfies the size-three equation we are done. If
not, we have to prove that the tour pays at least 11 + \.

Case (z =y =z = 0): Due to our assumption, we know that e? -yl >p
yr > el > 2l sp 2t el > o 2
is a tour, there exists a vertex in V34\{s;,t;} that is visited twice and we
get cp(V*) > 11+ X, Thus, we can spend the credit crp(V*') > 1 on the

unsatisfied equation r®y @® z = 1.

—p " —> e% is a part of the tour. Since Er

Case (z+y+z = 2): Without loss of generality, let us assume that z =y =1+ z
1
J
this implies that there is a vertex in V(Q?A) that is visited twice. Hence, we
have that crp(V4) > 1.

Dishonest Traversals:

holds. Then, we know that e;’? - 2zl -p 27 — el is a part of the tour. But,
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Consider the situation, in which some forced edges {y",7'}r are traversed
in both directions for some variables 7 € {x,y,z}. For the honest variables,
we set them to the appropriate value as before, and this satisfies their cycle
equations. Observe now that if a forced edge v —r ~" is also used in the
opposite direction, then there must be another edge used to leave the set
{~+!,~4"}. Thus the local edge cost of this set is at least 3. It follows that the
credit we have for the gadget is at least as large as the number of dishon-
est variables. We can give appropriate values to them so each satisfies one
cycle equation and the size-three equation is satisfied. Thus, the number of
unsatisfied equations is not larger than our credit.

In summary, for every tour F7 in G4, we can find an assignment to the
variables of % such that all unsatisfied equations are paid by the credit
induced by FEr. ]

We are ready to give the proof of Theorem 10.6.7.

Proof of Theorem 10.6.7.

We are again given an instance .Z; of the MAX-E3LIN2 problem with v vari-
ables and m equations. For all § > 0, there exists a k such that if we repeat
each equation k time we get an instance fl(k) with m/ = km equations and
v variables such that v/m’ <.

Then, from gl(k), we generate an instance %5 of the MAX-HYBRID-LIN2
problem and the corresponding directed graph Gjy4. Due to Lem-
mata 10.15.1, 10.15.2 and Theorem 10.14.4, we know that for all £ > 0,
it is NP-hard to tell whether there is a tour with cost at most 37m’ +
Sv+2m(v + A) +e-m’ < 37-m/ +&'m’ or all tours have cost at least
3tm/+(0.5-¢)m’ > 37.5-m/—&’-m/, for some &’ depending only on &,0, A\. The
ratio between these two cases can get arbitrarily close to 75/74 by appropriate

choices for €, 6, \. [ |
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[KS13]. The paper [KLS13| contains the proofs of Theorem 10.6.6 and 10.6.7.
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In this thesis, we proved that it is hard to approximate the ATSP and
the TSP problem within any constant factor less than 75/74 and 123/122,
respectively. Since the best known upper bound on the approximability is
O(logn/loglogn) for the ATSP problem (cf. [AGM*10]) and 3/2 for the TSP
problem (cf. [C76]), there is certainly room for improvements. Especially, in
the asymmetric version of the TSP problem, there is a large gap between the
approximation lower and upper bound, and it remains a major open prob-
lem on the existence of an efficient approximation algorithm with constant
approximation ratio for that problem.

We gave an improved inapproximability threshold for the (1,2)-STEINER
TREE problem of 221/220. The best up to now known approximation up-
per bound is 5/4 (cf. [BKZ09]). Is the bound 5/4 the best possible under
usual complexity theoretic assumptions? Furthermore, it would be nice to
investigate if some of the ideas appeared in this thesis, and in particular the
bi-wheel amplifiers, can be used to offer improved approximation hardness
results for other optimization problems, such as the (1,2)-STEINER TREE
and the general STEINER TREE problem.

We provided new explicit inapproximability bounds for general, cubic
and subcubic instances of the (1,2)-TSP and GRAPHIC-TSP problem. The
important question is to improve the explicit inapproximability bounds on
those instances significantly. A bottleneck in our constructions, especially
for the cubic case, are the parity gadgets. Using the modularity of the con-
structions, any improvement of the costs of the parity gadgets will lead to
improved inapproximability bounds for the corresponding problems. The
current best upper approximation bound for general cubic instances of the
GRAPHIC-TSP problem is 4/3 (cf. [BSSS1la|). For the special case of 2-
connected cubic graphs, the bound was recently improved to (4/3 - 1/61236)
|CLS12|. How about further improving those bounds? How about improving
the general upper bound of 8/7 [BKO06] for cubic instances of the (1,2)-TSP
problem?

An interesting question remains about even tighter lower approximation
bounds for the VERTEX COVER problem restricted to dense and subdense
k-partite k-hypergraphs, perhaps by resolving Conjecture 6.5.1 affirmatively.
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We established an improved explicit approximation lower bound of
333/332 for the SHORTEST SUPERSTRING problem, even when we restrict
the length of the given strings to be exactly 4. Recently, this restricted ver-
sion of the problem was proved to be approximable within 8/5 (cf. [GKM13]).
Is it possible to use bi-wheel amplifier methods to obtain improved hardness
of approximation results for this problem as well?

Perhaps new PCP constructions or alternatively reductions from the UNIQUE
GAMES problem are the natural next step for proving stronger approxima-
tion hardness results for the SHORTEST SUPERSTRING problem and some
other problems that are related to the TSP problem considered in this thesis.
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