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1 Introduction

The game of chess has inspired mathematicians for a long time. A well-known
example for a chess problem is the so-called "Eight Queens Puzzle". In 1848 the
german mathematician M. Bezzel asked for the number of possibilities to place
eight queens on a chessboard, without two queens threatening each other. A re-
lated problem was covered in G. Berge’s famous book "The Theory of graphs" and
is known as the "Five Queens Puzzle". This problem deals with the question of
finding the minimum number of queens needed to attack or occupy every square
on a chess board. The general case of this problem is known as the DOMINATING
SET Problem or DS Problem and belongs to the fundamental problems in graph
theory.

In 1990 S. T. Hedetniemi and R. C. Laskar (see [I7]) noted that essential research
on Domination in graphs started with the graph theory texts of D. Konig (1950),
G. Berge (1958) and O. Ore (1962). From the mid-1970s onwards the number of
domination papers grew quickly. The authors attribute this to mainly three factors.
Two of them are the diversity of applications and the interest in finding polynomial
time solutions to domination problems in special classes of graphs, which have mo-
tivated the approach worked out in this thesis .

A dominating set for an undirected graph G = (V, E) is a subset D of V', such that
every vertex in V' is connected to at least one member of D. Now we are look-
ing for the domination number v(G) which is the number of vertices in a smallest
dominating set of G.

To classify the hardness of DOMINATING SET we consider the so-called decision
version of DOMINATING SET, which means, given an integer k, to decide whether
a dominating set of size < k exists in a given graph. Due to the fact that V itself
is always a dominating set in a graph G = (V, E'), we can reduce the decision prob-
lem to integers k£ < |V|. It has been shown by M. Garey and D. Johnson in 1979
(J10]), that this decision version of DOMINATING SET is NP-complete. Under
the hypothesis that P NP, there is no efficient algorithm to solve this problem.
The approach to the DS Problem worked out in this thesis is to formulate DOM-
INATING SET as a so-called copositive program, which is a certain optimization
problem.

The field of Mathematical Optimization is a very active area of research in mod-
ern mathematics. Generally speaking it is about finding a point in a set of feasible
points which maximizes or minimizes an objective function. For the purpose of this
thesis we mostly stick to conic programs, where the set of feasible points can be ex-
pressed with the help of convex cones and linear constraints. Examples for convex
cones are the non-negative orthant or the cone of positive semidefinite matrices,
common constraints are linear (in)equalities or integrality constraints. Copositive
programs are certain conic programs, where the considered cone is the cone of
copositive matrices. In Chapter 3 we develope two specific copositive formulations
for DOMINATING SET.



CHAPTER 1. INTRODUCTION

Because solving copositive programs in general remains NP-hard, we approximate
the resulting program with a series of simpler programs developed by P. Parrilo in
[21]. This allows us to develope algorithms to approximate any copositive program,
such as the formulations given in Chapter 3 within polynomial time. This means
we provide two new approximation algorithms for DOMINATING SET.
Furthermore, a simplification for semidefinite programs, developed by C. Bachoc,
D. C. Gijswijt, A. Schrijver and F. Vallentin [I], can be applied to Parrilo’s hier-
archy in certain instances of DOMINATING SET. This increases the performance
of the algorithms significantly for large instances, providing a useful tool to find
lower bounds for the domination number v(G).



2 Notations, General Theory and
Complexity

In this chapter we give the theoretical background that we need to obtain a copos-
itive formulation of DOMINATING SET. We start with some general definitions
and properties for convex sets, continue with theory on conic programming and
close with specific definitions and statements about graph theory, necessary to be
able to express DOMINATING SET as an optimization problem. For this we follow
mainly the script of M. Laurent and F. Vallentin [18]. Later on, the complexity of
DOMINATING SET and its approximations is covered. The last section overviews
a couple of applications in different fields of science.

2.1 Definitions and Basic Properties

Optimization problems differ in terms of hardness, due to differences in the type of
the objective function and the underlying set of feasible points. For our purpose it
is sufficient to limit oneself to convex sets of feasible points in the Euclidian Space.

Definition 2.1. A set C' C R" is called a conver set, if for every pair of elements
x,y € C the entire line segment between = and y is contained in C. The [line
segment between the elements x and y is defined as

[z, y] ={(1 =Nz +Ay:0< A< 1}

An important special case for the following chapters are convex sets of real matrices.

Remark 2.2. Since the spaces R™" and R™ are isomorphic, matrices A € R™*"
can be regarded as elements of convex sets in the sense of the definition above.

Definition 2.3. A convexr combinationin a set S is a linear combination of elements
in .S, where the non-negative coefficients of the elements sum up to 1, i.e.

N N
E N - xl,...,xNES, )\17---7>\N€R207 E A= 1.
i=1 i=1

Convex sets are closed under convex combinations of their elements.

Definition 2.4. The convexr hull of S C R™ is the smallest convex set containing
S, defined by

N N
COHV(S) = {Z)\zl’z 2NEN, T1y.ey TN ES, /\1,...,)\NER20, Z/\zzl}
i=1 i=1
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As mentioned before a very useful class of convex sets is the class of convex cones.
Roughly speaking the main difference between the two classes is that we omit the
last constraint, which guarantees the parameters \; to be bounded. This implies
that convex cones are in general unlimited.

Definition 2.5. A nonempty subset K of R" is called a conver cone, if it is closed
under non-negative linear combinations, so-called conic combinations, i.e.

N
Z)\zxz ek \V/l’l, L IN € IC, V)\l, ---7>\N S Rzo.

=1

Definition 2.6. Similarly the conic hull of S C R"™ is the smallest cone containing
S, defined by

N
cone(S) = {Z ANx; : NeN, x,...,axy €5, M,..., Ay € ]R>0} )

i=1
Another interesting hull of a set is the affine hull, obtained by setting the nonneg-
ativity of the parameters \; aside.

Definition 2.7. The affine hull of a set S C R"™ is

N N
aff(9) = {Zaixi :NeN, zq,...,zy €5, ay,...,ay € R, ZO"' = 1} )
i=1

i=1

In particular the definitions above define objects in the space of real matrices. To
be able to represent conic programs on this space we further provide the definition
of the Frobenius inner product.

Definition 2.8. Given two matrices A, B € R"*" the Frobenius inner product of
these matrices is:

<A, B> = TI'(ATB> = Z Z AZJB”
i=1 j=1

With the help of these basic facts and definitions we can express a conic program as
follows: Let K denote a cone. A conic program over this cone is a program which
asks besides of linear restrictions for a membership in IC. A possible representation
of these kinds of programs is

inf (C, X) (Prim)
st. (A4, X) =0b; Vie{l,...,m}
Xek.

Example 2.9. We will see later on that the domination number (G) of a graph
GG mentioned in the introduction (see also Definition [2.31)) can be expressed as

7(G) = inf (C, X)
st. (4, X) =b;Vie{l,...m}
X ek,

where the matrices A;, C and the vector b depend on the graph G. The underlying
cone K is the completely positive cone (see Definition [2.11]).
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Similar to linear programming every conic program of the form (Priml) has a dual
program that we denote by (Dul):

sup b’y (Du)

s.t. C'— iyZAZ e K.

i=1

In this program K* denotes the so-called dual cone to the cone K:

Definition 2.10. Let L C R™*" be a cone, then its dual cone K* is defined by
Kr={Y eR”: (X,Y)>0VX €K} .

Common examples of conic programs are linear or semidefinite programs, where X
is the non-negative orthant respectively the cone of positive semidefinite symmetric
matrices. These examples have the convenient property that they are self-dual, i.e.
K = K*. In this thesis our main concern will be with the case that I denotes the
copositive cone. As we will see later on (see Chapter 3, formulations and
(D2V])) DOMINATING SET can be expressed as a copositive, conic program.

Definition 2.11. The closed, full-dimensional, convex cone of n X n copositive
matrices is defined as

C,={XeS8: v'Xv>0VveRy},

and its dual is the closed, full-dimensional, convex cone of n x n completely positive
matrices

Cy = cone {vv" : veRL}.
Remark 2.12. In S. Burer’s paper [3] an equivalent definition of C is used, which
is more convenient for the proofs of the upcoming theorems:

C: = {X e RV X = Z ZF(2F)T for some finite {2"}rer C RT\ {0}} U {0}.

keK

To check whether a given matrix is copositive or not turns out to be very costly
in terms of computation time. Thus in general copositive programs remain very
hard, i.e. NP-hard to solve. To illustrate this we introduce a method to check
copositivity, mentioned by W. Kaplan [15].

Definition 2.13. A principal submatrix of a matrix A € R™*" is a matrix con-
structed by selecting some of the rows and columns of A simultaneously. This
means for I C {1,...,n} with I # ) the corresponding principal submatrix is the
matrix ALI = (Aij)i,jel-

Theorem 2.14. The matriz A is copositive if and only if all principal submatrices
of A have no non-negative eigenvector with negative eigenvalue.

Proof. see [15] Theorem 2. O
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Due to the fact that each matrix in the n-dimensional Euclidean Space has 2" prin-
cipal submatrices, this characterization provides exponentially many eigenvalues we
have to compute. To achieve more convenient formulations for convex optimiza-
tion problems it is sometimes useful to have a closer look on the boundary of the
underlying feasible set. In linear programming for example, the powerful simplex
algorithm is based on a method of searching for optimal solutions on the boundary
of the feasible set. In the case of copositive programming we talk about objects
on the boundary of the underlying convex set. To this end we give the following
definitions:

Definition 2.15. A point x € C in a closed, convex set C' is defined as eztreme if
x cannot be written in the form z = (1 — A\)y + Az with y,z € C and X € (0, 1).
The set of all these points will be denoted Extp(C').

Definition 2.16. The set of extremal rays Ext(K) of a closed, convex cone K C V
in a Euclidean Vector Space V' consists of the conic hulls cone(z) of the elements
z € K for which the equation z = x + y for all z,y € K implies

INe0,1]:x=Az,y=(1—-N)=z.
Remark 2.17. A pointed convex cone K, i.e. a cone with the property
r,—relk=>x=0

has only one extreme point in x = 0 but maybe a lot of extremal rays due to its
shape. The non-negative orthant, the positive semidefinite cone and the copositive
cone are pointed.

Definition 2.18. The interior of a closed, convex set C' C V', denoted Int(C') is
defined as
Int(C) ={zeC: Fe>0: B(x) CC}.

Likewise the set of boundary points of this set is defined as 9C' := C'\ Int(C).

Remark 2.19. A characterization for the interior of dual cones K* of cones of sym-
metric matrices  C S was given by Diir and Still [9]:

Int(K*) ={Y eS: (Y, X)>0VX e L\ {0}}.

For our purpose it is convenient to consider the interior of the copositive cone. The
characterization above can be applied to this cone as follows:

Lemma 2.20. The interior of the n-dimensional copositive cone is the set of strictly
copositive matrices, 1.e.

Int(C,) = {A € S|lz" Az > 0 Vo € RL, \ {0} } .
Proof. The above characterization can be found e.g. in Diir and Still [9]. O

Remark 2.21. M. Hall and M. Newman [I4] proposed the following characterization
for the extremal rays of the completely positive cone, obtained from Definition [2.11}

Ext(C}) = {aa” :a € R%,}.
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For the reader’s convenience we further provide a few basic properties of convex
sets and their boundaries, which will be useful to reformulate DOMINATING SET.
Especially Lemma will play a major role in proving the main theorems in
Chapter 3. Important for these properties are so-called hyperplanes.

Definition 2.22. A hyperplane H at a point x € R"™ is a (n — 1)-dimensional
subspace of the form
H = {yER": aTx:aTy},

where a € R" \ {0} is the normal of H. This hyperplane divides R™ into two
halfspaces

Ht ={yeR": d"z>d"y}, H ={yeR": a'z <da'y}.

A hyperplane H is a supporting hyperplane of a convex set C at z € C'if z € H
and either C C Ht or C C H~.

Lemma 2.23. [I8] Let C C R™ be a closed convex set and let x € OC be a point
lying on the boundary of C'. Then there is a hyperplane that supports C' at x.

Lemma 2.24. [18] Let C C R™ be a convex set. If Int(C) = () then the dimension
of its affine closure is at most n — 1.

Lemma 2.25. Let KK C R" be a closed, convex cone and H be a hyperplane in R",
with KN H being a compact set. Then,

Extp(X N H) = Ext(K) N H.
Proof. To show "Extp( N H) C Ext(K) N H", consider:
reExtpKNH)=2reKNH=2rcKandx e H

This means it suffices to show that = € Ext(K). We prove this by induction on the
dimension n. If n = 0 then K = {0} and the result follows immediately.

If we assume the interior of I to be empty, we have that K lies in a n— 1-dimensional
subspace A of R™. Because of the compactness of N H we know that H cannot be
identified with A except for the case K = {0}, because otherwise £ N H = K and
thus compactness would not hold. We can therefore consider the n — 2-dimensional
intersection Hy := HNA and the n— 1-dimensional cone K = KN A. The induction
hypothesis implies the statement of the theorem in this case. This means we can
assume that we have a nonempty interior of K.

If  lies in the interior Int(KC) of K, we obtain without loss of generality H =
r+ Myr + ... + \_1Yn_1, Where y; and x are linearly independent. If we define
y =+ glli\\’ z=x— §||§ﬁ|| with e is sufficiently small and X := § € (0,1), we
obtain

x=(1—-Ny+ Az, where y,z € B.(zx) CInt(K) C K, y,z € H.

This implies that  can be written as a strict convex combination of y and z, i.e.
x ¢ Extp(K N H), which is a contradiction.

Thus « lies on the boundary 9K of K. Lemmal[2.23|tells us that there is a supporting
hyperplane H for K. This means x lies in a n— 1 dimensional cone F := HNK in a
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n— 1 dimensional subspace aff(F'). With similar arguments as in the case Int(K) =
() we obtain that H cannot be identified with aff (F'). Thus Hp := HNaff(F') defines
a n — 2 dimensional hyperplane. Applying the induction hypothesis on this n — 1
dimensional cone F' and the n — 2 dimensional hyperplane Hp leads to

x € Extp(FNH) CExt(F)NH.

We finally show that Ext(F) C Ext(K).

Let ¢ denote the normal vector of H. Because 0 lies in H we can denote H = {y €
R : ¢Ty = 0} and w.lo.g K C H*.

If we consider the equation z = zy + x5 for any z;,2, € K, implying w.l.o.g
'z, c'zy > 0, we obtain

r€Ext(F) =z =0
=clr+c2,=0, 1,20 € K
=clr =0, Tz, =0
= X1, xgeﬁ
= 21, T9 € F.

The fact that « € Ext(F') implies for x1, 2z, that there is a A € [0, 1], such that
r = Ax1, © = (1 — A\)zy and thus we conclude that = € Ext(K).
For the inclusion "Extp(K N H) D Ext(K) N H", we use contraposition

(KNH)\Extp(KNH) C(KNH)\ (Ext(K)NH).
Let o ¢ Extp(K N H) then we can express x as follows:
r=Xy+(1—=XNzfory,z€e CNH, A€ (0,1). (2.1.1)

If we choose ;1 = Ay and 2o = (1 — A\)z we know because K is closed under
non-negative scalar multiplication that

Tr=2x1+ T2 xl,xgelC.

Let H ={y € R": Iy = b} with b # 0 because otherwise K N H is either a
non-compact cone or the zero cone. If we assume that x € Ext(K) we obtain

1—

r1 = px, xzz(l—u)xéyzgx, 2= /;xfoerlCﬂH
:>cTy:'§cT:B:§b7ébforu7é)\
=y¢ H

This is a contradiction to equation (2.1.1) and thus = ¢ Ext(K). Finally this
implies = ¢ Ext(K) N H. O

Lemma 2.26. [I8] Let C' C R" be a compact and convex set. Then,

C = conv(Extp(C)).
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With the help of the above definitions and basic properties we are able to formulate
a central theorem for conic programming. Let opt (Prim)) and opt (Dul) denote the

optimal values of (Prim|) and (Dul).

Theorem 2.27 (Strong Duality Theorem for conic Programming).
(i) If there exists an interior feasible solution X € Int(KC*) of (Priml|) and a feasible

solution y of (Dul), then
opt(Primj) = opt(Du)
(i) If there exists an interior feasible solution y of (Dul), i.e.

C — ZyZAl < Int(/C),
=1

and a feasible solution X of (Priml), then
opt (Primj) = opt(Dul)
Proof. A proof is given in J. Renegar’s paper [24]. O

Applying this theorem to the case K = C will help us to provide a copositive
formulation for DOMINATING SET and closes the optimization theoretical part
of this chapter. To give a first formulation of the DS Problem we provide a few basic
concepts in graph theory. Consider an undirected and connected graph G = (V, E)
with V' the set of vertices and E the set of edges.

Remark 2.28. We can limit ourselves to connected graphs because, if we have a
disconnected graph, we can consider all of its connected components separately.
Then we solve the DS Problem for all of these connected components and add up
the results to get the domination number for the original graph.

Definition 2.29. We define the adjacency matriz Ag of a graph G by
(Ag)uw =1 {u,v}€eFE
AG =
(Ag)w =0 {u,v} ¢ FE
and we denote by (Ag); the i-th column of Ag.

Definition 2.30. A dominating setisaset D C V if for allv € V|, we have v € D
or there is a node u € D such that {u,v} € E.

Definition 2.31. If G = (V, E) is an undirected graph. The domination number
v(G) is defined as

Y(G) == min{|D| : D CV is a dominating set}.

Remark 2.32. [18] The domination number «(G) can be reformulated as the follow-
ing binary optimization problem i.e. a problem, where the decision variables can
only take two values

~7(G) = min vazzce{(),l}v,xv~l— Z T, > 1YoeV

veV u{uv}el
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2.2 Complexity of DOMINATING SET

To get an impression of the complexity of the DS Problem we give an introduction
similar to the one in T. W. Haynes et al. [11]. Given a graph G = (V, E) with
|V| = n, the domination number lies in the range 1 < v(G) < n. Thus to determine
a dominating set D C V' we could check all the 2" given subsets of V' and take the
one with the smallest cardinality. The construction of this brute force algorithm
is quite easy but this algorithm would need exponentially many steps. Thus one
goal is to obtain an algorithm with significantly faster, for example polynomial run
time. The theory of NP-completeness suggests that it is not likely that we are able
to construct an polynomial algorithm.

In the theory of NP-completeness we restrict our attention to the so-called decision
problems. The answer to these kinds of problems is always a "yes" or a "no". For
the DS Problem this means we seek an algorithm which, given a graph G and a
positive integer k, can decide whether GG has a dominating set of size at most &.
Let P denote the class of all decision problems that can be solved in polynomial
time, which means polynomial in the length of the inputs for every instance of the
problem.

NP denotes the class of all decision problems that have a certificate which is check-
able in polynomial time by a deterministic Turing machine. For details see [I0] or
the famous paper of S. A. Cook [5].

For DOMINATING SET we want to know if a given graph G has a dominating
set D with |D| < k for some given positive integer k. A nondeterministic Turing
machine has the ability to make a guess if v; € D or not for every 1 < ¢ < n. Then
it is possible to verify in polynomial time whether the resulting D is a dominating
set and |D| < k or not.

The fundamental open question and also one of the famous Millennium Prize Prob-
lems (see [12]) is whether P equals NP or not. To characterize the complexity of
DOMINATING SET we use Cook’s (see [10] or [5]) class of NP-complete problems
and check it with the help of the following definitions.

Definition 2.33. P, is polynomial-time reducible to a problem Ps if

1. there exists a function f which maps any instance of P; to an instance of P,
in such a way that: I; is a "yes" instance of P, < f(I;) is a "yes" instance
of P2.

2. for any instance [, the instance f(I;) can be constructed in polynomial time.
Notation: P, <, P

This implies if P, is solvable in polynomial time so is P, or roughly speaking: P,
is at least as hard as P, in terms of run time.

Definition 2.34. P is NP-complete if

1. Pe NP

2. PeENP= P <, P

10
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Remark 2.35. If condition 2 is satisfied but not necessarily condition 1 we call the
problem NP-hard.

Because of the transitivity of <, a method to show that a given problem P (in our
case DOMINATING SET) is in NP is the following:

1. show P € NP, and

2. show that there is a NP-complete problem P’ such that P’ <, P

We use this format, as established by M. Garey and D. Johnson in [I0], to be
able to handle the following form for the basic complexity question concerning the
decision problem for the domination number.

DOMINATING SET
Instance: A graph G = (V, E) and a positive integer k
Question: Does GG have a dominating set of size < k7

To prove the NP-completeness of DOMINATING SET we will use the reduction
techniques given in [I0]. Thus we need the definition and the NP-completeness of
the following decision problem.

VERTEX COVER

Instance: A graph G = (V, E) and a positive integer k

Question: Is there a verter cover of size k or less for GG, that is, a subset V' C V
such that |V’| <k and, for each edge (u,v) € E, at least one of u and v belongs to

V'?

Lemma 2.36. VERTEX COVER is NP-complete.

Proof. see [10] for a reduction from the well known 3-SAT problem, which is one
of R. M. Karp’s famous 21 NP-complete problems (see [16]).

In [10] the additional restriction k& < |V| is given. But for &k > |V| the answer
to VERTEX COVER is "yes" because V itself is always a vertex cover of V', this
means we can omit the additional restriction. O

Lemma 2.37. DOMINATING SET is NP-complete.

Proof. We use the idea of A. Paz and S. Moran [22] (Examples 5.3.(v)) and reduce
VERTEX COVER polynomially to DOMINATING SET.
First we need to show that DOMINATING SET € NP.

Consider a "yes" instance of DOMINATING SET, that is, for a graph G = (V, F)
a positive integer k and an arbitrary set S C V with |S| < k. To verify in polyno-
mial time whether S is a dominating set can be done for example by a brute force
algorithm by checking the connections of all v € V to all v € S.

Second we will show that VERTEX COVER <, DOMINATING SET.

We use the abbreviations VC for a vertex cover and DS for a dominating set and
transform VERTEX COVER to DOMINATING SET. Let G = (V, E) and k € N

11
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be any instance of VERTEX COVER. We need to construct a graph G’ = (V', E')
with &' € N such that

G has a VC S of size |S| < k < G’ has a DS S’ of size |S'| < k'

For this we choose G’ and k’, where each undirected edge e connecting nodes u and
v is denoted by exactly one tuple (u,v) as follows:

V —VUE, K =k
E' ={(i,§)| i,j e V}U{(i,e)| i € V, e € E, i incident to e}.

7 ¢ 2

We will show that S =S5 U{u. € V:e= (ue,v.) € ENS'}\ENS" isa VC of G
with |S| < k, where u, is the left node of the tuple (ue,v.) corresponding to edge
e, i.e. we take exactly one node for each edge e.

G'hasaDS S" = Vve V' eitherve S orJues: (u,v) € E
Consider an arbitrary edge e € F, then

ecE=eccV' Zececs vIues: (ue) ek

Case 1:
ecS =ucS=3JuesS: uce

Case 2:

JueS: (ue)e EE=3uesS: ueV,uce
=3JueS: u¢gENS, uee
=dJuecS: uce

This means S is a VC of G and with
S| =S U{ue €V :e=(ue,v.) € ENS}\ENS

FRECS o U fue € Ve = (ue,v.) € ENS'Y — |[ENS

<S4+ {ue €V ie = (ue,v.) € ENS} —|ENS|

<|SN<K =k

the first inclusion follows.
7 : 2
We will show that S” := S is a DS of size |S'| < K.

G has a VC S such that |[S| < k =V (u,v) € E=ue S V veS Con
sider an arbitrary vertex v' € V' then v’ € V' v v/ € E.
Case 1:

VeV eS VY eEs S ves vIues: (u) el
Case 2:
(hy,wy) =0 EE B uy €SV wy €S=3ues: (u,v)eF

This means S’ is a DS of G’ and with |S'| = |S| < k = £’ the second inclusion
follows. 0

12
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2.2.1 Complexity of approximations

To give some relevant statements for approximations of DOMINATING SET we
use the equivalent problem SET COVER, where equivalency means we can map
instances of the problems to each other (for a construction see [22]).

SET COVER

Instance: Collection C' of subsets of a finite set S, positive integer k£ < |C/.
Question: Does C contain a cover for S of size k or less, i.e. a subset ¢’ C C' with
|C'| < k such that every element of S belongs to at least one member of C'?7

Lemma 2.38. DOMINATING SET is approzimable within 1+ log(|V'|) by using

a polynomial algorithm

Proof. see the paper of D. Johnson [I3] for the approximation of SET COVER and
conclude the above lemma by using Johnson’s algorithm for

S =V, C:={5,....,8v}, where S; .= {i} U{j|(i,j) e E} C S
(see [22] Examples 5.3. (iv)). O

Lemma 2.39. For any 0 < ¢ < %, DOMINATING SET cannot be approximated
within a factor of ¢-log(|V'|) in polynomial time unless NP-complete problems can
be solved in O(nroWes()) (je. NP C DTIME(nroves())),

Proof. Assume that we knew a polynomial algorithm which would be able to ap-
proximate DOMINATING SET within a factor of ¢ - log(|V]). We could apply
the solution of this algorithm to get a solution for DOMINATING SET with
G = (V,E), where V = {1,...,n,z1,...,x,} and E = {(i,5)] 1 < i < j <
n} U{(i,2;)| z; € S;} (see [22] Examples 5.3. (iii)).

Thus we obtain an approximation of SET COVER with C' = {5),...,S,} and
S=U., S ={x1,...,x,} within a factor of ¢-log(n +m). For a connected graph
and m > 3 we can conclude n+m < 2m+1 < m? and thus c-log(n+m) < 2c-log(m).
For 0 < ¢ < % we would be able to approximate SET COVER within a factor of
+log(m). This would contradict a theorem of C. Lund and M. Yannakakis (Theo-
rem 3.3 in [I9]) or NP-complete problems would be solvable in O(nret(tosm)) ]

2.3 Applications of DOMINATING SET

These statements are valid for graphs with finite node and edge sets. Examples for
these kinds of graphs are well known, for example we could think of cluster heads in
a network. A rather popular example to apply DOMINATING SET are the famous
British "football pools" and its continental counterpart the "toto" competitions.

2.3.1 Football Pools

A "football pool" is a betting pool based on predicting the outcome of football
matches. Invented in the United Kingdom similar football pools known as "toto"
competitions became very popular in Continental Europe. In these games players
predict the outcome of typically thirteen given football matches from the upcoming
matchday. The player marks a home win with 1, an away win with 2 and a draw

13
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with 0 (sometimes with an X or N).

It is of great interest for the players to know, how many combinations or codes
w € {1,0,2}'® a player has to cover to predict at least 12 out of 13 matches cor-
rectly, i.e. to guarantee quite a large amount of money. In fact players have to
cover 59049 (see J. G. Mauldon [20]) of these codes. But if we don’t stick to
n = 13 matches to choose from, or to R = 1 differences between the codes, the
problem is generally unsolved even today. A possibility to reformulate this problem
is DOMINATING SET for a graph G = (V, E) with node set V' = {1,2,0}" and
E={{u,v} € VxV:|i:u; #v| <R} We will refer to this problem later on.

2.3.2 Radio Stations

T. W. Haynes, S. T. Hedetniemi and P. J. Slater [II] gave another example of
DOMINATING SET. If we suppose a remote part of the world like the Outback
in Australia or Siberia and we want to locate radio stations in some of the very
rare villages in these regions we need to use several stations to ensure that each
village can receive the radio program, due to limited broadcasting range. Since
radio stations are expensive we want to construct as few as possible. Let the
broadcasting range be 50 kilometres, the villages be represented by a vertex and two
villages be adjacent if the distance between them is less or equal to 50 kilometres.
The domination number of this graph gives us the least number of radio stations
needed to broadcast to every village.

Figure 2.1: Two radio stations broadcasting to 9 villages vy, ..., v7, 71, 73.

So far we have only considered applications for DOMINATING SET, given finite
node and edge sets. To convince the reader that the concept of dominating sets is
also useful in infinite graphs we provide some useful applications when there are
infinite node and edge sets.

2.3.3 Applications of the Spherical Covering problem

More applications of DOMINATING SET can be found for the following param-
eters of our problem. Let V = S"!' = {z € R" : 272 = 1}, Er = {{z,y} :

14
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|z —y|| < R}, where R > 0 and consider the DS Problem of the graph G = (V, E).
This special case of DOMINATING SET is called Spherical Covering problem be-
cause it describes for a fixed radius R the minimal amount N of points x1, ..., xy,
which is needed to cover S"! via so-called spherical caps with angle . These caps
are defined by

Cla,y) ={yeS" "' |lz—y| <R }={yes"": a7y >cos()},

where v is defined by v := arccos(1 — L R?).

2.3.4 Coverings with Transmission Towers

Similar to covering an area with radio stations we can cover a whole planet with
transmission towers for e.g. a GPS network. A planet’s surface can approximately
be assumed as shaped like a sphere and we want to design a network that covers
the whole surface of the planet. Each transmission tower has fixed expenses and
fixed range R. To obtain the cheapest network we want to know how to place
the towers on the planet. We design the problem as a Spherical Covering problem
where the radius of range R assigns the spherical caps.

2.3.5 Surveys in astronomy

A similar application of these spherical caps is given in [2]: "Large surveys using
multiobject spectrographs require automated methods for deciding how to effi-
ciently point observations and how to assign targets to each pointing. The Sloan
Digital Sky Survey (SDSS) will observe around 10° spectra from targets distributed
over an area of about 10,000 deg?, using a multiobject fiber spectrograph that can
simultaneously observe 640 objects in a circular field of view (referred to as "tile")
1.49° in radius. No two fibers can be placed closer than 55” during the same ob-
servation; multiple targets closer than this distance are said to "collide"."

If we assume v to be 1.49°, these circular fields can be considered as the caps in our
model and the firmament we can consider as the node set V = S2. Let us assume
further that we have enough fibers to cover each object in the caps (or tiles), so we
neglect the restrictions given above. A solution to our problem would provide the
minimal amount of spectrographs needed to cover the sphere and thus to create an
efficient survey to observe the whole firmament.

15






3 Formulation of DOMINATING
SET as a Copositive Program

As seen before approximating DOMINATING SET remains a hard problem. In
2009 S. Burer [3] provided a general result to achieve a completely positive reformu-
lation of binary programs such as DOMINATING SET. Because of duality reasons
approximating copositive programs should have the same computational complex-
ity as approximating completely positive programs. However, a formal proof for
this statement still has to be found. Nevertheless for certain classes of matrices
checking copositivity is cheap in terms of computational run time. For example the
copositivity of diagonal matrices is verifiable in linear time. This leads to the im-
pression that copositive programs are promising candidates to approximate binary
programs like DOMINATING SET. The ideas of Burer’s approach will be used in
this chapter to obtain several completely positive formulations for DOMINATING
SET. Afterwards by dualizing we obtain corresponding copositve formulations that
are approximable with the methods given in Chapter 4. Recall that we have the
following formulation of DOMINATING SET (see Remark [2.32)):

v(G) =min ZxU:xG{O,l}V,xU+ Z T, > 1Yo eV

veV u{u,w}ER
=min {17z : z€{0,1}", (Iv +Ag)z > 1}.

Introducing a slack vector s := (s, S, ..., $,) > 0 changes the inequalities to equal-
ities. Let us further denote A := Iy, + Ag. We obtain

Y(G) =min{1"z: z€{0,1}", s >0, Az —s=1}.

Defining V' = {1, ..., n} leads to the below formulation of this program. We will refer
to this formulation as the standard form of the binary program for DOMINATING
SET.

min 17z (P)
st. ATz = 1+s; VieV

r,s > 0 (3.0.1)
v € {0,1} VieV

17
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A natural completely positive formulation of (P)), due to S. Burer [3] is the following:

min 17z (C)
st. Alz = 1+s; VieV (3.0.2)
(AT X) = (14 54)? VieV (3.0.3)
s>0
T
(i &) €Cy (3.0.5)

For convenience of the reader we provide a proof for this formulation in Theorem
.5 For this we need some further preliminaries.

Definition 3.1.
Feas(P) := {(z,s) € R%, x RY, : (x,s) is feasible for (P)}

Feas(C) := {(:L’,S,X) € R" x R" x R™" : (z,s, X) is feasible for }

Feas™ (P) — {<S,X) . X € conv { (}U) (glc)T} (1,9) € Feas(P)}

Feas™ (C) = {(3 (313 “;)) (0,5, X) € Feas(C’)}

Definition 3.2.

opt*(P) i {(S,X) . X € conv { (i) @)T} . (z,5) is optimal for }

opt™* (C) = {(3 (1 “)’?)) . (2,5, X) is optimal for u

x
Lemma 3.3. Feas and Feas are compact.

Proof. Consider ([P)). The constraint z; € {0, 1} restricts x in each component and
thus via s; = ATz — 1, s is restricted in each component. This means we have a
finite set of points in R”, which is closed and restricted and thus compact.

To show that Feas is compact, consider the closed convex cone R%, X C; ;.
Feas is a projection of this cone on the intersection of the hyperplanes (3.0.2)),

(3.0.3) and (3.0.4). Projections of closed sets remain closed and thus Feas(C)) is
closed. To show that for Feas is restricted, observe that for (z, s, X) € Feas
T

x *
X> E{YECnJrl: }/11:1, }/m:
Xy, 1>2C{Y eS8 Y, =1, Yy =Yy, ¢ > 2}, which is a compact set.
This is because each principal minor of a matrix in the last set has to be positive
semidefinite, implying

the components z and X define a matrix

(1,-1) (Yl 5;1) (_11):1—2}q@-+3@:1—m-20wev

18
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This implies that 0 < Y}; < 1 for each ¢« € V. If we use a similar argumentation
for the remaining minors we conclude that each entry of Y is restricted and thus

f'= Y1, ., Ying), X = <Y2’2 v ) and s = Ax — 1 are restricted. O
o Ypgiml

Remark 3.4. Observe that opt(P) > 0 and opt(C) > 0 because of restrictions
(3.0.1) and . Also we observe that none of the above sets is empty, because
x =1, s=Ax —1, X = za’ always provides a solution. The compactness of
FeasJr and Feas.Jr implies that we do not have to distinguish between inf and
min.

With these preliminaries we can prove the equivalence between and .

Theorem 3.5. (C) is equivalent to (P), i.e.:

(i) opt(C') = opt(P)
(i) (z*, s*, X*) is optimal for (C) = (x*,s*) is in the convex hull of optimal solu-
tions for (P).

Proof. For (i):
Let 1 be of dimension n. We define the linear function

L: 8" —R
_ (0 417
L(Y) ._<<%1 0 ),Y}.

We can express opt(P) and opt(C') as follows:

opt(P) = min  L(Y)= min LY
P ( ) (t,Y)€Feas™ (P) ( ) (t,Y)€optt(P) ( )
opt(C) = min  L(Y)= min L(Y).
P ( ) (t,Y)€Feas™(C) ( ) (t,Y)eoptt(C) ( )

7 opt(C) < opt(P)”
It can be easily checked that (5, (i) (

lution (:U,s,xa:T) for (C). Thus we have Feas™(P) C Feas™(C), which implies
opt(C) < opt(P).

1

T
93) ) € Feas™ (P) provides a feasible so-

" opt(C) > opt(P)”

The proof of this inequality is organized in two steps. First we show that each
optimal solution of can be expressed as a convex combination of extreme points
of a subset of Feas™ (C'). Second we show that these extreme points are in Feas™ (P)
and conclude the inequality.

1. We consider the convex cone C' = {X € C},y: X; = Xy; Vi € {2,...,n+1}}
and the hyperplane H = {X €eCri: Xu= 1}. Let us define C' := C'N H, which
is compact and convex. Lemma implies that the extreme points of C are of

T
the form (i) (i) , where z; = ? and thus z; € {0,1}.

1 (x*>T

If we consider an optimal solution <s*, (x* P )) € opt™(C), we have in

particular
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Lemma [2.26] implies that we can regard this matrix as a convex combination of the
extreme points of C'. These points are denoted with the help of a finite set, say S,
of vectors z*, whose support corresponds to a node set of the graph as follows:

(L= > () (1) ORI () (1) & Bxtp(C).

2. The two first feasibility restrictions provide

Z)\kATxk—l—FSZ, Z)\k (A AT , 2" (2¥) ) =01+s)%

keS kesS

This implies
2
(Z A AT a:k> = (AT zh)?
kesS keS

Recall that Y, o A = 1, if we denote z*¥ = /Aga*, we obtain

(e () ().

kes kesS kes

Because of the equality case of the Cauchy-Schwarz inequality we know that there
are 9; for which we have

5@'\/ A = AzTZk Vk € S,VZ eV.
To calculate these §; we use

5= b= VMAT =) NATE =1+,

kes kesS keS

which leads to
Tk

vk

1+ s = = Al2FVke S, VieV.

T
Thus for each k € S we have ATz* = 1 + s¥ and <xlk) (;k) € Ext(C), which

means ¥ € {0,1}". This implies (z¥, s*) € Feas(P), implying

() (3] s
opt(C) = L ((xl (QQT» = ; Al ((xl’“> (fcl’“) T)

> Z Ar min L(Y) = opt(P).

+
oS (t,Y)eFeas™ (P)

And thus
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For (ii):
If we consider the solutions (z¥, s* ,x (xk’)T) from part i), we know 172* > opt(P)
because of feasibility of (2%, s*) for (P). With the help of i) we conclude

opt(P) © opt(C) = Z NP2k 172k > opt VEkeSsS.

kes
Thus we have 172% = opt(P) for each k € S, which means that (z*, s*) are
optimal solutions of (P)). Finally the equation (:L’ ,8*) = D eg Mi(@F, s*) finishes
the proof. O

The biggest obstacle left in (C)) is the quadratic restriction (3.0.3). One cannot
neglect this restriction due to the following counterexample.

Example 3.6. Consider a circle with four nodes as the underlying graph G.

Figure 3.1: Circle Cy

Let G = Cy = (V, E) be a graph with extended adjacency matrix

A=1+Ag =

—_ O =
O ==
T )
ol =

The domination number can be derived as v(G) = 2. We will show that

5 2 2 2
(fﬂ,S,t,X)— E]I’Z]I’Z ,E 2 9 5 9
2 2 2 5

solves the following relaxation of with a better value than v(G) = 2.

min 17z (CEx)
st. ATz = 1+ VieV
(LAT X)) = 1425+t VieV
i = X VieV
5,t>0

1 27 N
(l’ X) S Cn+1
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First we calculate the objective value:

) ) ) )
1" =1"=1=-1"1=—-4=-<2.
12 12 12 3
Second we show that (z*, s*,t*, X*) is feasible for (CEx]).
Alr* = AT—]l_—AT]l—5 3:§=1+1:1+s’f\ﬁe{1234}
’ L 12 12 4 4 ! T
5 2 2 2
1 2 5 2 2 15+12 27
A AT X+ — (A, AT
WALXD = @Ay 5 5 2= — 1
2 2 2 5
1 9 1 3
=l4+-4+—==142-—-+-=1+4+2 t: v 1,2,3,4
tst +2- 747 + 257 + 17 Vi e { }
5 .
1= 5= XiVie {1,234
* 1>0 tr = 3>O‘v’€{1 2,3,4}
S, = — — )
1 4— Y [ 4—
12 5 5 5 5 4 1 1 11 4 3 3 3 3
1 (@) 155222111000133222
eoxe =P 252 2f=cf10 10045323 22
5 2 2 5 2 1 0010 3 2 2 3 2
5 2 2 2 5 10 0 01 3 2 2 2 3
1 1\ /1) 1 ¢ 1 1\,
2 6) en () () e

Now we can conclude that Cy is a suitable counterexample for the equivalence
between and (| . This means we cannot relax the quadratic constraint

in thls way.

A completely positive program like is though not very promising in terms of
run time, due to the quadratic restriction (3.0.3)). Hence a program which avoids
this constraint is more convenient. A program satisfying this property is

min 17z (CQV)
st (AT, —eT) (:”> — 1 VieV
s
T
<(Ai)(‘4i> Xy =1 VieV
6 €
r; = Xy VieV

Similar to the proof of Theorem we need some further definitions to describe
the feasible respectively optimal solutions of and (C2V)).
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Definition 3.7.

Feasy (P) := conv : (z,s) € Feas(P)

1\ /1\"
z| |
s \s
1 (27, s7)
Feast(C2V) == (x) x . (2,8, X) € Feas(C2V)
s
1\ /1\"

opty (P) = conv z z : (z, s) is optimal for
s

S

optT(C2V) == (:c) X . (x,s,X) is optimal for (C2V))

Theorem 3.8. (C2V) is equivalent to (P), i.e.:

(i) opt(C2V') = opt(P)

(i1) (z*, s*, X*) is optimal for (C2V) = (x*,s*) is in the convex hull of optimal
solutions for (P).

Proof. For (i):
Let 1 be of dimension n. We define the linear function

L: & 4R

0 (L1707
LY) = ( (%1) . Y).

We can express opt(P) and opt(C2V) as follows:

opt(P)= min L(Y)= min L(Y)

Y €Feas] (P) Yeopt;(P)
opt(C2V) = min  L(Y)= min L)
P ( ) Y €Feas™ (C2V) ( ) Yeoptt(C2V) ( )
7 opt(C2V) < opt(P)”
T
1 1
It can be easily checked that | x x € Feas] (P) is a feasible solution for
5 5
+

(C2V). Thus we have Feas; (P) C Feas*(C2V), which implies opt(C2V) < opt(P).
7 opt(C2V) > opt(P)”
This inequality will be proved as follows: First we show that each optimal solution

of (C2V) can be expressed as a convex combination of extreme points of a subset
of Feast(C2V). Second we show that these extreme points are in Feas®(P) and
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conclude the inequality.
1. We consider the convex cone

A;‘F(XQ,M ---an+1,1)T —Xntipin =X VieV
~ * A’L A’L ’ ,
C=<KX¢e€ CQnJrl : <(_€‘) (—6) ,X{Q 77777 2n+1}> =X VieVp,

Xigrim1 = X1 VieV

-----

plane H = {X €C: X = 1}. Let the compact, convex set C' == C' N H,
where compactness can be shown similar to the proof of Lemma [3.3] Lemma

1\ /1\"
implies that the extreme points of C' are of the form | z x| , where z; = 2?
S s

and ATz =1+ s;.

Lo (@) (sM)7)

If we consider an optimal solution (x*) P € optt(C2V), we have
S*
L@\
(x*) X+ € C. This implies that we can regard this matrix as a
S*

convex combination of the extreme points of C'. These points are denoted with the
k

help of a finite set, say .S, of vectors (ik)’ whose support corresponds to a node
set of the graph, i.e.

Lo (@) (7)) 1\
* k k
<x*> X+ Z Ak w xk ,
s kes s s
1\ /1\" ~
where A\, > 0,>, s\ =1and | 2% | | 2F | € Extp(C).
sk s
2. Thus we have ATz =1+ s¥ zF € {0,1} and s¥ > 0. This implies (z*,s*) €
T
1 1
Feas(P), which on the other hand implies | z* zk € Feas; (P). For the
s sk
optimal value this leads to
*\T' *\T' T
1 (@) (7)) LY (L
opt(C2V) = L (i) " = 2 AL A
€

> Z A min  L(Y) = opt(P).

+
kes Y €Feas; (P)

For (ii):
If we consider the solutions (z*¥, s ) € Feas(P) from part i), we know 172 > opt(P)
because of the feasibility of (z*, s*) for (P]). With the help of i) we conclude
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opt(P) © opt(C2V]) = Z)\k]ITxk, 1725 > opt(P) Vk € S.
kes

Thus we have 172 = opt(P) for each k € S, which means that (x*,s*) are
optimal solutions of (P). Finally the equation (z*,s*) = Y, s Ax(z", s") finishes
the proof. O

Due to this equivalency we obtain a completely positive reformulation of DOMI-
NATING SET. To get a more convenient, e.g. copositive, formulation we need to

dualize the above program (C2V]).

Theorem 3.9. The dual formulation for (C2V)) is:

2X17n+2 Xn+2,n+2
sup 17 —17 — X1 s.t. (D2V)
2X1 9041 Xont1,2n+1
Xiyiipi +2 Z Xins14s T2X1 140 — Z Xot1jntir; =1 VieV
j{ij}eE j{ijeE
Xitiits — Z Xni+kmt1+k =0 Vi,jeV,i<j
kAi,k}YeE {jk}€FE
Xivint1+j T Xnt14jn+145 = 0 Wi, jt € E
Xitint145 =0 V{i,j} ¢ £
KXot1tintirs =0 Vi,jeV,i<j
X € Conyr
Proof. Recall the primal formulation of (C2V)):
min 17z (C2V)
s.t. (A, —€]) (x) =1 VieV
s
T
<(Ai)(Ai) X)=1 VieV
€ —€

We can reformulate (C2V)) by using the Frobenius inner product for the restrictions

25



CHAPTER 3. FORMULATION OF DOMINATING SET AS A COPOSITIVE PROGRAM

1 (27, sh)
and redefine X = (x) ¥

s
0  (317,07)
min ( (%]1) , X) (C2V?)
0
0
—e;
0 (0T, 07)
(/o AN (AN ] X) =1 VieV
0 —€; —€;
0 (ef,0")
(| (e —2e;el 0) ],X)=0 VieV
0 0 0
1 (0T,07)
(| [0 ,X)=1
0 0
X € Chn
Consider the dual program:
2n
sup Z Yi + Ysn+1
i=1
0 (TN [ 0 (AT,
1
8.t. (51) 0 - 2%5 ( A; ) 0
0 =1 —€;
n 0 <0T, OT) n 0 (eiT, OT)
=D i | (0 A (AN = D i | (@ —2ee] 0
i=1 0 —e; —e; i=1 0 0 0
1 (07, 07)
— Y3n+1 0 0 € Cont1
0
If we define the vectors yo == —¥sni1, ¥* = (Y1, -, Yn), ¥ = (—=Yns1, ..., —Yon) and
v® = 2(Yont1, .-, Y3 ) the dual program can be written in a more convenient form:
sup 17y' — 17y% — g (D2V’)
Yo s(1—y? — Ayh)" sh”
st | 3(1 —¢® — Ay') diag(y®) + Adiag(y?)A —Adiag(y?) € Copy1.
LA — diag(y*)A diag(y?)

To verify that for (C2V’) and (D2V’]) strong duality holds and thus the objective
values of the two programs do not differ, we need to check the conditions of Theorem
In this proof we set back ourselves to the dual formulation and prove strong
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duality in Lemma [3.10l We continue with the formulation of (D2V’), where we
define X € Cy,11:

sup 17y" — 17y? — g (D2V’)
Yo s(1—y° — AyhH)" s

st. X = | 1(1 —y®— Ay') diag(y®) + Adiag(y*)A —Adiag(y?) | € Copsr.
sy — diag(y*)A diag(y?)

Let X11,..., X12n+1 and X, 4049, ..., Xopt12n41 be free variables. This leaves the
other variables restricted with the constraints:

X2,2 Xn+l,2
= diag(y’) + Adiag(y*)A

X2,n+1 Xn+1,n+1

X2,n+2 X2,2n+1

= —Adiag(y?)

Xn+1,n+2 Xn—|—1,2n+1

Xn+2,n+2 Xn+2,2n+1

= diag(y®),

X2n+1,n+2 X2n+1,2n+1

which are equivalent to

X2,2 Xn+1,2
:]—2d1ag(X1,2,...,X1,n+1)
X2,n+1 Xn+1,n+1
. T .
-2 dlag(A(XL,H_Q, ey X1,2n+1> ) + A d1ag(Xn+2,n+2, . X2n+1,2n+1)A
XZ,n+2 X2,2n+1
=-A dlag(Xn+2,n+27 ceey X2n+1,2n+1)

Xn+1,n+2 Xn+1,2n+1

Xn+2,n+2 Xn+2,2n+1

= dlag<Xn+2,n+27 oo X2n+1,2n+1)-

X2n+1,n+2 X2n+172n+1

Due to symmetry reasons this leads to:

Xitiiyi +2 Z Xipti4j +2X0 14 — Z Xntitjntit; =1VieV

Jj{igteE j{i.jleE
Xitiits — Z Xntitkmti+k =0 Vi,jeV,i<j
k{i,k}eE {jk}€E
Xivipt145 + Xnt1+jnt145 = 0 v{i,j} € E
Xitint145 =0 Wi, jt ¢ E
Xnt1tintirj =0 Vi,jeV, i<y

The objective function translates to:

2X1,n+2 Xn+2,n+2
17y — 1Ty — gy = 17 —17 — Xn
2X1 2041 Xont1,2n41
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CHAPTER 3. FORMULATION OF DOMINATING SET AS A COPOSITIVE PROGRAM

As mentioned before we need to verify that strong duality between (C2V’) and
(D2V’) (and thus for (C2V]) and (D2V))) holds.

Lemma 3.10. If we choose yo =1, y' =0, y> =1 and y> = 1 then,

1 Yo %(]l — B — AyHT %<yl)T
s(L—y° — Ay') diag(y’) + Adiag(y*)A —Adiag(y?) | € Int(Conta).
syt — diag(y*)A diag(y?)
Proof.
Yo s —y® = Ayh)! )"
s(1—9?— Ay') diag(y®) + Adiag(y®)A —Adiag(y?)
5y — diag(y*) A diag(y?)

=|i1-11 I1+4 -A
0 —A I
1 o7 0T
=0 I+A4% —-A
0 -—A I
1 o7 of 0o of o7 0 (0T, 07)

={0 0 o|+f0o I o|+]/0 A\ (AN | =M
0 0 O 0 0 O 0 —1)\—-I
To show that this matrix is strictly copositive we have to show that 7’ Mz > 0
holds for all z > 0, = # 0. We will show the contrapositive. Due to the fact that

each of these matrices is positive semidefinite we have z” Mz > 0 and thus we can
assume z? Mx = 0 instead of 27 Mz < 0 and show that this implies that = 0.

1 0T o 0 of of 0 (07,07)
271 1o o ol+lo 1 of+{7/0 A AN\ lz=0
00 0 0 0 0 0 1)\ =TI

Also because of positive semidefiniteness we can conclude:

1 o" o"
710 0 0]2z=0 (3.0.6)
0 0 0
0 o of
2710 I 0]2z=0 (3.0.7)
0 0 0
0 (07, 07)
o A\ (AN |z=0. (3.0.8)
0 —1)\-I
From (3.0.6) and (3.0.7)) we obtain #; = ... = 241 = 0 and thus for (3.0.8) we

conclude
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0 (0T7 OT) LV|+2 ! LIV|+2
i AN (AN == .. Il .. |=o
0 —1) \—-1 T2V |+1 To|v|+1
This means we also have x|y |42 = ... = Tgy|41 = 0 and have shown the contrapos-
itive. L]

We can conclude with Lemma and Theorem that 7(G) can be formulated
e.g. with the copositive program . As an example we can consider the
equivalent copositive program , where the underlying graph is just a simple
graph with two connected nodes.

Example 3.11. Let GG be a graph with two nodes connected via an edge, i.e.

A = <(1) (1)> and thus A =T+ Ag = <1 ! . The domination number v(G) < 1

11

because we can choose one of the nodes and the other one is connected via the

edge to obtain a dominating set. We consider (D2V) with 3, = 1, y* = % <1>

1 Y
=1 (i), Y3 = (8) We obtain

"y =17y —yo=3-1-1=1=7+(G)

and
Yo s(L =y’ = Ayh)T 5"
(L —y° = Ay) diag(y®) + Adiag(y*)A —Adiag(y)
3y — diag(y*)A diag(y?)
11
| 14T _ 31, 1) (1 N sy
1 1) (1 11 11 11
—|1ig_3 1 _1
B EEEACIETAY 2(1 1)1(1 1) 2(1 1)1
1 11
0 Gy
1 17 3(1,1) 1 -1 -1 3 3
4 11 (11 -1 1 1 - -2
= 11 2\1 1) |=-1 1 1 -1 -ifec
s (1) _.i(1 1 1y T 3 -3 3 0
AU P 0

To prove that this matrix is copositive can be done by using Theorem This
is quite elaborate and thus is done in the appendix. The solution provides a lower
bound 17y! — 17y? —yy =3 —-1—-1=1 < (@) and thus v(G) = 1.

The program is a convenient copositive program with the major drawback,
that the dimension of the matrix X is more than twice of the input size of the
original problem. This means every solver has to use big matrices that decrease
the performance significantly in the long run. So far it is unknown whether this
approach is a good choice for medium size instances. To avoid the problems in
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CHAPTER 3. FORMULATION OF DOMINATING SET AS A COPOSITIVE PROGRAM

the long run we use a third possibility to reformulate (P]) as a completely positive
program.

min 172 (CVV)
st (AT, —1) (x): 1 VieV
S5
AN (AN (XS, .
IO N —
1 27 s
r X 5] € Ch, VieV
s; SIS

where z, s, S; € RV, S; € R and X € C*.
Again similar to the proof of Theorem [3.5] we need to define the sets of feasible
and optimal solutions of the programs (P)) and ([CVV]) to prove the formulation

(CVV).

) 1 2T s 1 1\
Definition 3.12. Let Z(x,s, X, S,5); == X S |and W(z,s); = = || =
Si S@T [ S; Si
then we define:
Wi(z,s); 0 .. 0
LFeass(P) := conv 0 0 : (x,s) € Feas(P)
0 e 0 W(x,s)p
LFeas(CVV) =
Z(x,5,X,5,8), 0 .. 0 )
0 0o (x5, X,S5,85) € Feas(CVV)
0 e 0 Z(2,8,X,5,9),
Wi(z,s)1 0 .. 0
LOpt4(P) = conv 0 0 : (¢, s) is optimal for
0 0 W(z,s),
Z(z,5,X,5,8)1 0 .. 0
LOpt(CVV) = 0 0o
0 0 Z(x,s,X,5,5),

(z,s,X,5,5) is optimal for (CVV))

Theorem 3.13. (CVV) is equivalent to (P), i.e.:

(1) opt(CVV) = opt(P)

(i) (x*, %, X*, 8%, 5%) is optimal for (CVV) = (x*,s*) is in the convex hull of
optimal solutions for (P).
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Proof. For (i):
Let 1 be of dimension n. We define the linear function

L: St s R

0 117 0
LY)=([i1 "0 o],y
0 0 0

We can express opt(C'VV) and opt(P) as follows:

opt(CVV) = min  L(Y) = min  L(Y)
Y €LFeas(CVV) Y eLOpt(CVV)
t(P) = i L(Y)= i LY
PUE) = e oy V) = i ) B V)

7 opt(CVV) < opt(P)” )
Let us denote s? = (s2,...,82), Z; == Z(z,5,X,S,5); and W; := W(x,s);. It can

’ren

wy 0 ... 0
be easily checked that | 0 .. ... 0 | &€ LFeas3(P) encodes a feasible solu-
0o .. 0 W,

tion (z, s, xzT, xsT, s?) for (CVV]) and thus LFeass(P) is contained in LFeas(CVV).
This implies opt(CVV') < opt(P).

7 opt(CVV) > opt(P)”

The proof of the other inequality is organized as follows: We will show that for a
fixed j the Z7 part of an optimal solution for is in the convex hull of feasible
solutions for certain relaxations of . In a second step we use this property to
obtain a convex combination for the whole optimal solution of with elements
in LFeas3(P) and therefore obtain the wanted inequality.

1. First we consider the convex cone

A?(X2,la e Xn+1,1)T — Xpyon = Xu1
_ * A A T
Cj=qXelyy: <(_]1> <_]1>  X(2,.my2y) = X1 ;

Xitit1 =X Ve eV

H = {X €C},,: Xu=1}. Consider the compact, convex set C; := C; N H,
where the compactness can be verified again by using the methods of the proof for
Lemma . Referring to Lemma m the set of extreme points of C'j is given by
the intersection of the extremal rays of C; with the hyperplane H.

where Xy o2y is the bottom (n+1) x (n+1) submatrix of X and the hyperplane

1\ /1\"
This implies that these points are of the form | x x|, where z; = z7, ATz —
t.)] \4
t; =1, and t; € R and thus z; € {0, 1}, A?:v =1+1t;, and t; € R.
Z: 0 .. 0
If we consider an optimal solution | 0 ... ... 0 | € LOpt(CVV), we have
0 .. 0 Z

VARIS C’j for each j. Observe that C’j is compact. Referring to Lemma this
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implies that we can regard each of these matrices as a convex combination of the

extreme points of é'j. Observing that the support of xf corresponds to a "k-th"

node subset and denoting the set of these finitely many subsets by S; leads us to

1 1\" 1 1\"
77 = Z Ak a:f m? , A >0, Z A =1, xf xf € EX‘L(C’ ).
keS; ty ty keS; ty ty

2. Consider the vector z*, which is a common component of all

L (2" s
Zi= |z X* 5
ss (ST S ¥
Recalling that {z € RV : ATz > 1} is a halfspace for each j, we obtain:
Tt e ﬂ conv {z € {0,1}V : ATz > 1}
jev
C ﬂ (Conv {3: € {0, 1}V} N {3: eRY: A;‘-Fx > 1})
jev
Cconv{z € {0,1}" : A]T:E >1VjeV}
It is also possible to show equality of these two sets because
ﬂ conv A; O conv m A;
iel il
holds by Definition[2.4] This means that we can express z* as a convex combination,

Le. z* = >, o ua', where S” denotes the corresponding index set, 2! € {0,1}V
and st == ATx! — 1 > 0. We obtain

1+s"=Ax" = ZmAxl = Z,ul(]l +s) =1+ Z,ulsl,
les’ les’ les’
implying
" !
(S*) = Z/“Ll <Sl : Z,ul - ]-7 > 07 (Il7sl) S Fea‘S(P>‘
les’ les

We now consider the corresponding matrix

Wl oo ..o 1\ /1\"
0 .. .. 0 | €LFeass(P), where W} = [ 2! !
0o .. 0 W st sk

And thus, recalling that the value of L is only affected by z* as a part of Z; =
ZleS’ :ulWll

Z: 0 .. 0 wh o .. 0
opt(CVV)=L[|l 0 .. .. 0 => wL||0 .. .. 0
0o .. 0 zZ les’ 0o .. 0 W

> Z py, min L (Y) = opt(P).

32
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For (ii):
If we consider the solutions (2!, s') € Feas(P) from part i), then we know 172! >
opt(P). Further we conclude

opt(P) o opt(CVV) = Z w17z where 172! > opt(P).
kes'

Thus we have 172! = opt(P), which means that (z!,s') are optimal solutions of
(P). Finally the equation (z*,s*) = Y, g fu(z', s') finishes the proof. O

To obtain the corresponding copositive program we have to dualize (CVV)).

Theorem 3.14. The dual formulation for (CVV]) is:

sup Y (2(Xk)1ms2 — (X1t — (Xi)nsons) (DVV)
keV

s.1. Z(Xk)lJri,lJrj + Z (Xk)nt2nt2 =0 Vi<
keV {kiteE{k,j}eE
Z (Xi)14i,140 + 2(Xi)1,044) +
keV

Z (2(Xk)1nt2 — (Xk)nt2nt2) =1 VieV

{k,i}€E
(Xk)nt2,14i + (Xi)nt2nr2 =0 v{i,k} e £
(Xk)ny214i =0 V{i,k} € &
Xi € Chio VkeV

Proof. Let us recall the primal formulation of (CVV)):

min 172 (CVV)
st (AT, 1) ("”) — 1 VieV
S;
(A (A (X 5)) 2 VieV
—1)\-1) \sr &)/~ '
T = Xi VieV
1 27 s
r X 5:1 c C;+2 VieV
S; SZT 7
2 Tl s
If we use standard notation and denote Z; :== | @ X S | (consider constraints
Sk Sg Sk

33
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(3.0.9) respectively (3.0.10) below) this is equivalent to:

1 0 17 0
min (5 T 0 0],2) (CVV2)
0 0 0
0 Al -1
S.t.( Ay 0 0 ,Zk>:2 VkeV
-1 0 O
0 of 0
< 0 AkAg — A ,Zk>: 1 VkEeV
0 —-AF 1
0 et 0
(ler —2exel 0),2))=0 VkeV
0 0T 0
10" 0
(o 0 o],z)=1 (3.0.9)
0 0 O
ol T
((“’”eﬁ (;;eﬂel 8) Ty — Zp) =0 Vi jkeV, k#1 (3.0.10)
Zr € Cpiy VEeV

By dualizing we obtain:

max Y (2yk +up) + vi (DVV1)
keVv

0 17 0 0 AT —1 0 o 0 1 07 0

st. =1 0 O)—wyi|lA 0 0 ]|—9i{0 AAT A —9yil0 0 0

0 0 0 -1 0 0 0 —-AT 1 0 0 0

keV 0 or 0 ij,kEV
k>2
0 A -1
eiel +ejel 0 &
S (M g) ka0 o
ijEV -1 0 O
0 oF 0
— i | 0 ARAT —Ai ] € Coa VE € V\ {1}
0 —-A 1
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Let us denote Y> = 37, . yi(eie] +ejel). Also we denote X, as follows:

max > (2y; + 7)) + (DVV2)
keV
S.t.
—y1 17—yl AT — (y )T yi
X, = 1]1 i Al —yt =2 ALAT + 2diag(yt) y2A;
yl AT —Z/%
Y2 0
- Z (O’% 0) S Cn+2
keV\{1}

Y5 0 0 YA Y
X, = <0T 0) + _y]iAk —yzAkAg ygAk € Cn+2 VkeV \ {1}
1 2 AT 9

Yk YA Yk

Observe that (X});; are free entries (except for symmetry) for all ¢, j € {1,...,n+1}
and thus we obtain:

max Y (2yp + i) +vi

keV
S.t.
) _y? %]lT - Zkev y;Af _'(94)T Zkev y}i
Xy = |31~ Zkev YA =yt — Zkev yl%AkA{ + 2 diag(y*) ZkeV Yi A
Zkev yli Ekev yiAf - Ekev yi
> X
keV\{1}
(Xk)n+271+i + (Xk)n+2’n+2 - 0 V{Z, k:} G E, k: 7é 1 (3011)
(Xi)nt214i =0 V{i,k} € B, k# 1(3.0.12)

We observe that except for the central block of X, there are always free variables
left or we can handle them by using restrictions (3.0.11)), (3.0.12)) and for
k = 1. Hence the central block of X, denoted by X;, provides a couple of other
restrictions. If we denote X}, analogously we derive:

Xl :Z AkAT—i—leag Z Xk
keV keV\{l}
= Z (Xi)nt2ni2ArAL + 2 diag(y Z X
keV keV\{1}

Further we have for y*:

W = 217 = kAl = 3 (Xi)ran s (X )

keV keV

= %]1T — Z(Xk)LnHA% — Z (Xe)r2, - (Xi)1ng1) -

keV keVv
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And thus we obtain for X,

X, = Z(Xk)n+2,n+2AkA£ +1—2 Z<Xk)1’”+2 diag(Ax)

keV keV
(Xk)l,Z -
—2) diag - > X
kev (X&) 141 keV\{1}
which implies
Z Xy — Z(Xk)n+2,n+2AkAg
keVv keV
(Xk)1,2
+2) | (Xi)1n42 diag(Ay) + diag =1
kev (Xk)l,n+1

This we can split up in two restrictions:

Z(Xk)1+i,1+j - Z (Xk)n+2,n+2 =0Vi<y

keV {i,k},{j,k}€E
Z(Xk)l+i,l+i - Z (Xk)nt2n+2+2 Z (X )1n+2 +2Z(Xk:)1,1+z’ =1VieV.
keV (ik}EE (i, k}EE keV

The resulting program is:

max Z(z(Xk)l,nJr? - (Xk)n+2,n+2 - (Xk)H)

keV
s.t. Z(Xk)1+i,1+j - Z (Xk)nt2nt2 =0 Vi<yj
keV {i,k},{j,k}€E
S (Xi)ipiawi— > (Xi)nszmsat
keV {i,k}eE
2 Z (Xk)1n42 + ZZ(Xk)l,H—i =1 VieV
{i,k}eE keV
(Xi)ny214i + (Xi)nt2nie =0 V{i,k} € £
(Xk)nt2,14+i =0 V{i,k} € E
Xy € Cpyio Vk € V(3.0.14)

]

Similarly to (D2V|) we need to verify that this dual formulation (DVV]) provides
the same objective value as , i.e. that strong duality holds. We can prove
this by checking that Theorem can be applied to (DVVI)) and thus strong
duality holds for each equivalent program in the above proof, e.g. for the programs

[CYY) and (DVY).
1

Theorem 3.15. Let y' = 0, y* = =1, y} = —1, y* = 31, yj), = § and ¥, =
0, © # j then the corresponding matrices in (DVV1) are interior points of the
feasibility set of (DVV1)).
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Proof.
L (0 170 0 AT —1 0o o 0 1 0" 0o
(L 00 —yl A 0 0 ) —yi{0 AAT A ] —¢¥[0 0 0
0 0 0 -1 0 0 0 —AT 1 0 0 0
0 er 0 T T
e;e; +eje; 0
_Zyé €k —2€k€;‘50 - Z yfjk( ]OT ! O>
T ..
keV 0 0 0 i,5,k€Vk>2
([0 170 0 0\ /1 oF 0 0 17 o 1o o
=51 0 of+|A Arl+lo o of-(i1 -1 o]-[0 ir 0
0 0 0 -1/ \~1 0 0 0 0 0" 0 0 0 0
L1070 0 0\ "
:é 0O I O + Al Al c Int(Cm_Q)
0 0 0 -1) \—1
0 AT —1 0 o 0
eiet +ejel 0 k
nyjk( VR 0)—y,1 A 0 0 ) —yi |0 AAL -4
ijev -1 0 0 0 —-AF 1
L1070 0 0\ "
25 0O I 0]+ Ak Ak € IIlt(Cn+2> VkGV\{l}
0 0 0 -1) \—1

We can verify the strict copositivity for the last matrices similarly to the end of
the proof in Theorem [3.10] O

We have obtained two copositive formulations of DOMINATING SET in standard
form. It is possible to efficiently consider every constraint in a solver, such as
CSDP, except for the copositivity constraints (3.0.14). Checking these constraints
is an NP-hard problem whereas checking positive semidefiniteness of a matrix can
be checked in polynomial time (for example using Gaussian elimination). To ob-
tain lower bounds for DOMINATING SET in polynomial time we need to find a
semidefinite relaxation for (CVV), i.e. a semidefinite program with a larger set of
feasible solutions. This corresponds to a semidefinite program whose feasible set is
contained in the feasible set of the dual program . To find such an approxi-
mation or more precisely a hierarchy of such approximations is content of the next
chapter.
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4 An Approximation Algorithm

With the information given in the chapters before and some additional information
we are able to compute an approximate solution of DOMINATING SET. This
chapter is organized as follows: First we use a hierarchy of semidefinite programs
developed by P. Parrilo [2I] to be able to calculate a sequence of lower bounds for
and respectively their dual copositve formulations. Algorithms to
solve these programs are given via pseudocode in the appendix (see Sections and
, the implementation was done in matlab. They consist of a code for creating
the semidefinite program and using the solver CSDP to solve it via an interior
point method. After that we will use the fact that belongs to a special class
of programs, so-called G-invariant programs, where G is a group acting on the
underlying matrices. We close with illustrating that the corresponding modified
program is applicable to the "football pools" example introduced in Chapter 2
(see Subsection . This provides the opportunity of a modified algorithm with
enhanced performance for certain cases, such as "football pools".

4.1 A Semidefinite Test for Copositivity

The following two sections are based on the PHD thesis of P. Parrilo ([21], chapters
4 and 5) and provide an increasingly powerful hierarchy of sufficient conditions for
copositivity. Parrilo’s approach was obtained through the use of the sum of squares
decomposition for multivariate forms. Thus we begin this section by introducing
some background information on the theory of sum of squares.

Definition 4.1. A n-variate polynomial f in xq, ..., x,, with coefficients in the real
numbers is a finite linear combination of monomials:

f:E caxazg CaZTt i xm, ey €R,
[0

[e%

where the sum is over a finite number of n-tuples o = (ay, ..., ), a; € Ny. We
further define the degree of f asmax ). | ;. The set of all polynomials in x4, ..., z,
[0}

with coefficients in R is denoted R|xy, ..., ;).

Definition 4.2. A form is a polynomial where all the monomials have the same

degree d := ) . ;. In this case, the polynomial is homogeneous of d, since it
satisfies f(Axy, ..., \zp) = Nf (21, ..., T).

The following example illustrates that checking the nonnegativity of forms helps
us to check whether a matrix is copositive or not.

Example 4.3. Recall that a matrix M is copositive if and only if 2" Mz > 0
for all z € R%,. Furthermore if we denote (y;)* = x;, y = (43,...,y2) we have
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pu(y) = y"My > 0 for all y; € R. Now we observe that py(y) = >, ; miyiy; is

a multivariate form with degree d = 4. This means checking whether the matrix
M is copositive is equivalent to checking whether the form pj(y) is non-negative.

Of course in general this problem remains (for d > 4) NP-hard. This means there
are no established methods to obtain the correct answer for every possible instance
in polynomial time. Nevertheless we will show that there are some conditions,
guaranteeing global nonnegativity of a form, which can be checked in polynomial
time. One of these conditions is the existence of a sum of squares decomposition
for the polynomial f, i.e.:

fa) =3 f2la)

We observe that the existence of such a decomposition provides the nonnegativity
of f for all values of x € R. The sum of squares decomposition will become the
fundamental method used in the upcoming algorithm. It is mainly based on the
first part of the "Gram matrix" method presented in [23], which is a useful tool to
decide whether a polynomial can be expressed as a sum of squares or not.

The basic idea in Parrilo’s paper is that it is possible to express a polynomial f of
degree 2d as a quadratic form in the following way. Let z consist of all monomials
of degree less than or equal to d. Then we have the representation:

flx) =2"Q (4.1.1)

where () is a coefficient matrix for f. A possible positive semidefiniteness of @
would imply f(z) > 0 for all x. A major problem that arises from this kind of
representation is that ) might not be unique due to the fact that the z; are not
independent variables. This causes the possibility that ) may not be positive
semidefinite for certain representations of f but for others. Hence it would be
useful to restrict the matrices ) to a (smaller) subspace in which the existence of
such a matrix () is equivalent to the existence of a sum of squares decomposition of
f (implying nonnegativity). This subspace is obtained by handling the dependence
of the z; with the help of constraints of the form z;2; = 2,2, respectively 22 = 2.
It can be shown that these constraints provide a linear subspace of matrices () that
satisfies . If there is a positive semidefinite matrix )’ in this subspace then
we can conclude that f can be decomposed as a sum of squares. The reason for this
is that given an eigenvalue decomposition Q' = T diag(d)TT, d; > 0 this implies
f(z) = >2,di(Tz)?. The reverse case would be that if we know that f can be
expressed as a sum of squares of polynomials then splitting up the sum of squares
to monomials provides the representation . For an example to illustrate the
paragraph above for the form f(xy,z3) = (2 — 22)? see Example

Example 4.3 (Continuation). We recall that the degree of the monomials was
d = 4 and every monomial yfy? can be expressed as a product of the monomials
with degree d = 2. If we store all the monomials of degree 2 in a vector Y this
implies that we have a representation of py/(y) in the way:

pu(y) = Y myyiy; = Y'QY
i
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Furthermore monomials of degree d < 2 cannot provide monomials of degree 4,
thus we can neglect these kind of monomials in our vector Y. The dependence of
the Y; is caused by the identities of the form

(wiy;)? = (W) (y3)
(yiyj)(yiyk) = (?J?)@Jyk)
(i) (wen) = (Waye) (i) = (Wav) (Yiyn)-

Observe that only the first kind of identities have coeflicients m;; in py(y) not
equal to zero. We denote the associated multipliers in matrix Q by ¢, ijk, Gijri
and ¢;;;;. If we further group the variables in Y in the way y? first, y;y; second we
obtain a matrix @ of the following structure

miy mig2 —qi2 ... Mip — qin * * *
mi2 — (12 mag «e Mop — G2n * * *
* * *
Q = Mip — qin Moy — (qon, ... Mpn * * * 5
* * * 2q12  * *
* * * * ¥ o 2q(n—1)n

where the asterisks symbolize either zero or linear combinations of g;jx, ¢;jr and
Gijn- Because of our observation above that the coefficients in py(y) associated to
the above entries of () are zero we obtain that the sum of each of the above entries
is zero. This implies that we can choose these entries to be zero without changing
the value of YZQY. This choice leads us to the linear matrix inequality system

mi1 mi2 —qi12 ... Mip — qin
migs — qi12 mao «o Maop — Qon n
€ 8&07 Qij = 0.
Mmin — q1n Mop — q2n Mpn

This is equivalent to show the existence of a positive semidefinite matrix P and
a componentwise non-negative matrix N such that M = P + N, which is a well-
known sufficient condition for the copositivity of M. For more details concerning
the equivalence of these tests Parrilo suggests the paper of M. D. Choi and T. Y.
Lam ([4], especially Lemma 3.5).

4.2 Parrilo’s Hierarchy

We have seen so far that the above theory is applicable to design a sufficient test
for checking copositivity. The main drawback of the method seen so far is that we
need stronger conditions to be able to check copositivity more precisely. This can
be done by a hierarchy of increasingly powerful tests, which was developed by P.
Parrilo [21]. To do this we consider the 2(r 4+ 2)-forms

ply) = (Z y?) puty)
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There are two main facts, we obtain from this representation. First if p, is a sum of
squares p,+1(y) = >, y7p,(y) is a sum of squares but not necessarily the converse
proposition holds. Second the inequality p,(y) > 0 implies pys(y) > 0. This means
by testing whether p,(y) is a sum of squares we check a stricter condition implying
copositivity of M. Let A, = {M € 8" : p,(y) is SOS}, e.g. A9 = C then the two
facts translate to

Ar g Ar+1 g C.

Thus it is possible to sharpen the lower bounds for DOMINATING SET with
increasing 7.

Let us denote |a| = > | a; and for m € Ny denote A, = {(o, ..., ) € Np :
|a] = m}. Let us assume that the finitely many, say k, elements of A,, are ordered,
i.e. A, = {8, ..., 3¥}. Following these notations the last part of section can be
stated for forms with the help of the following theorem, of which a similar form
can be found in [23].

Theorem 4.4. Suppose f(x) = cp, gz and T = (x™,...,2%). Then f is a
sum of squares of polynomials in R if and only if there exists a matrixz ) € S;O
such that

f(z) = zQz".

Proof. If f = Zle h? is a sum of squares of polynomials h;, we have that each

monomial is of degree m because otherwise we would halve a mo?omial of degree
by, ... by

strictly less than 2m in f. Take Q = HH" with H = 1 t , where bfli is
ok b

the coefficient corresponding to 2% in the polynomial ;. If we assume that there is

a matrix Q € S¥, with rank(Q) = t, then there exists an eigenvalue decomposition

f(z) = zT diag(dy, ..., dy, 0, ...,0) T z".
If we define h; == \/E-Z?:l t;;2% we obtain f = h? + ...+ hl. O
To illustrate the above construction consider the following example.

Example 4.5. Let f(z1,22) = 2] — 22323423, which is a sum of squares witnessed

by the function h(z1,zs) = x% — 25. Consider the two representations for z =

(220 £02) 7(.D)
T

0
0 |¢8, Q=HH " =[-1||-1]=1[-1

-1
1
-2 0 0 0 0

3
€ 8,

o = O
o O O

1
Q=10
0

ie. f(z1,m9) = TQ1x7 respectively f(x1,72) = ZQ2Z”. This means we have two
representations ZQz? for f, both handling the constraint z?z3 = (r129)?, via
go1 + q12 + @33 = —2, but only (), satisfies the additional positive semidefiniteness
constraint. The reverse conclusion is as follows: Suppose ()5 is given, then we
obtain the eigenvalue decomposition

U 1
0|77, whereT=— [ -1
0

Q=T 1
V2 0 0

S O N
o O O
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If we define h(x <% - x2 +0- (1'11'2)) = x? — x2 we obtain exactly our

sum of squares f ( ) = h(x)>.

Consider that the form p,(y), which is homogeneous in d = 2(r + 2), can also be
expressed with the help of

py)= > ayt= Y. > Qi
a€My(r12) a€lp(ry2) 1,5t BitBi=a

Comparing coefficients leads to

Z Qij = Ga-

i,J: BitBij=a

Similar to Example [£.3] we can reduce the considered part of the matrix Q). First
we need to order the [y.

Definition 4.6. First we define the 7-order for n-variate forms as

(BL, ... BN = (eq, ..., en).

Inductively we define an 7-order of n-variate forms:

B = (B4 e, i+ en, B+ €1, B+ €ny oy €1, Bl + 1)
Definition 4.7. Consider the n-variate monomials of degree 2 ordered in the way

2 2
Ly oees Ty L1L25 ooy Tn—1Tp.

The corresponding degrees are
5* = (ﬁika "'7ﬁ7*mﬁ;;+17 ooy 5]:) = (2€1a <oy 2677,7 €1 +e2,...,6h1+ en)-

We consider A" and add the vector 8* component-by-component to each entry of
B". Reordering of the resulting vector defines the vector " of r + 2 degrees by

B = (B’l" + 2eq, ,B{ + Qen,ﬁg + 2eq, ,Bg + 2e,, ...,B;;T + 2eq, ...,B:LT +2en, BL4)s

where /37, , is a vector of degrees in A, 5, which haven’t been considered in the first

n’H components ordered in lexicographic ascending order. Let us further define
= 24" and al,; = 28,4

Remark 4.8. The order within o/, and 3

7 4 does not affect the following theorems.

Definition 4.9. Let iy, ...,i; € {1,...,n} be a set of indices. Define the k-dimensio-
nal multinder number I, inductively:

Kn(ll) = il, Kn(il, ,Zk) = TL(Kn(’Ll, --wik—l) — ].) + ’L]g

Remark 4.10. The r-dimensional multiindex number K, (i1, ...,7,) helps us to de-
note the degrees Sy ; . =€, + ... +¢€, and further S .,y =e +..+
ei'r + 26i?"+1 N
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Similar to Parrilo’s (see [2I]) theorem for the case r = 1 we deduce the basic
theorem for the upcoming algorithms.

Theorem 4.11. Let us denote 1o = {(i,j,k) € [n] X [n] x [n"] © By, ., +

67’;(k_1)+j = a}. Consider the system of linear matriz inequalities given by:

M—-A>=0  Vke{l,..n"}

Z A=0  Vaea \ay, (4.2.1)
(4,9,k) €l

Y A0 Vaed, (4.2.2)
(i.5,k)€la

with n" matrices AF € S™. If there exists a feasible solution, then M is copositive.
Furthermore, this test is at least as powerful as the same test for r — 1.

Proof. Let us denote j the r—1-tuple (Jjs, ..., jr11). First we show the nonnegativity
of p,(y). We denote w.l.o.g k = K,,(j, jr+2). Consider

Kn(Gjr . :
Z m]17]2y]1yj2 - Z Ajl J2 37 +2)yj21y]22 ij? o Jry2 € {17 "'an}>

J1,j2€[n] J1,52€[n]

which implies

_ 2 2 2
ply)= ) My 12U Yis " Y
J1yeesdr+2€[N]
Kn(§,jr+2),2 2 2
2 Z A]1 \J2 YiYj * oo yjr+2
J1yeensdrt2€[N]

Kn(udr+2), 2e5, 451 2 e, 2ej,+5 712 ¢,
= 1 iy 1 qy“Ciz iy 7
Z AJ17J2 Z/ y

J1sensjry2€[N]
— E Aﬁ”jg ’J”‘?)yﬁKn Jodr+2 J1>yBKn(J Jr42:32)
jlv"'zjr+2€[n]

Thus each a € o can be expressed in the form

@ = Brk—1)+i T Prh—1)+5>

‘a T 3 3 ‘a
where ﬂn(k_l) L and Bn(k—l) . are no entries in Br.4- The sum above equals

Z AUy + Z Az]y Z Ak ya > 0

(3,9,k)€lo: a€am™\al (1,5,k)Ela: a€al, , (1,5,k)Ela: acal,

end

due to restrictions and -, implying the coposﬂ:wlty of M.
Second we show that 1f the system in Theorem [4.11| has a feasible solution A for

r — 1 then this implies that the system has a fea81ble solution for r. Denoting
a(i) == a — 2e;, we set

Kn(jrt+2)
A11732J+2 _A11]2 for ji # Jj2
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and

Aﬁn(jvj?”r?) — AZ{(ZTL(J) _ hi(j,jr+27 A)7

where for & =207 5 ) -1)1

L5 1 -~
hi(§, a2, ) = AKR@),
+ |(, 4, Kn(§, Jri2)) € Lo (Z’@Kn(%]a J

(Gra2)

Observe that

a(fry2) = a — 2€j,1, = 2/8;(Kn(jajv"+2)—1)+i —2€j,, = 2/82(_1§n(j)71)+i €a’

(i’jaKn(j’jr+2))ela(jr+2)

and thus implies

Hence h; > 0 and thus
M — AF = (M — A¥) + diag(h),

where both matrices M — A* and diag(h) are positive semidefinite, implying the
positive semidefiniteness of the r-system. Furthermore let oo € o \ o, we obtain

Z Afj = Z Agn (:dr+2)

(i,j,k)ela (i7j,Kn(j,jr+2))€Ia
— Z Agn(jv.jf‘-l-Q) + Z Afjn(j7j1”+2)
(4.3, Kn(3sdr+2))Ela: i#] (4,3, Kn(J,Jr+2))€la
A Kn()
— ij . Kn . .T [a
(i (i)l Giatisaern |05 Enlrez)) € Lol
_ Z [\gn(j) _ Z ]\fj{n(j) -0
(i7j7Kn(j:jr+2))eIa (i:j7K’n(j))e[a(jT+2)

and for the lower restriction, i.e. for o € al,, implying ¢ # j

Z Afj = Z Agn(j,jm)

(ivjvk)ela (ivij’ﬂ(jvj?”‘FQ))eIa

_ S A

(i7j7K’rL(.j7j7‘+2))€Io¢

_ Z ]\fj{n(i) > 0.

(’i,j,Kn(j))eIa(jr+2)

Thus a solution A for the r — lI-program provides a solution for the r-program,
which makes the r-test more powerful. n

We have shown that this family of systems is less strict with growing parameter
r and thus provides a series of increasing lower bounds for DOMINATING SET.
For the question of conservativeness for Parrilo’s hierarchy we consider the famous
theorem of Pélya:
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Theorem 4.12 (21|, Theorem 5.3). Given a form F(xy,...,x,), strictly positive
forxz; >0, Y7 x; >0, then F' can be expressed as

F=—
H’

where G and H are forms with positive coefficients. In particular, we can choose
H = (Il + X9 + ... +.Tn)r
for a suitable r.

We can apply Polya’s theorem to any interior point of (DVV]), which is a strictly
copositive matrix M, providing for a suitable r:

pr(y) =pu(y) (5 + ... +y2) = F(y)H(y) is a sum of squares.

Thus Polya’s theorem states that there is a finite r for which the copositive program
and the more restricted semidefinite program corresponding to p,(y) have
the same interior. Due to the fact that the algorithm will be based on an interior
point method to solve the resulting semidefinite relaxation, we obtain the same
approximate solution for the r-relaxation of as for itself. However
so far no such r has been found to express r as a polynomial in n, meaning that
finding an exact solution for remains a very hard problem. Examples of
effective bounds for r have been presented by J. de Loera and F. Santos in [6] and
[7].

If we combine the copositive formulation (DVV]) with Theorem [4.11] we obtain a

semidefinite program, whose feasible solutions are contained in the feasible solutions

of (DY)

sup Y (2(Xi) v — (Xt — (Xi)nsznse) (RVV)
kev
st Y (Xohsin+ Y (Xi)nszag2 =0 Vi < j
keV {k,i}eE{k,j}eE
Z (Xi)r4i14i + 2(X5)1044) +
keV
Z (2(Xk)1m42 — (Xi)ntome2) =1 VieV
{ki}eFE
(Xk)n+2,1+i + (Xi)nt2ni2 =0 V{i,k} € E
(Xk)nt214: =0 V{i,k} e £
> AF=0 Vaca"\ o, VkeV
(4,5,)) €l
> AN>0 Vaeal , YkeV
(1,5,)) €l
X, — A" =0 Vie{l,..(n+2)}, VkeV

This program can be solved like every semidefinite program with an interior point
method in polynomial time. An algorithm to solve (RVV)) by using CSDP is given
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in the appendix (see Section [6.4)). Similarly we can combine (D2V)) with Theorem
[4.11] and obtain:

2X1’n+2 Xn+2,n+2
sup 17 —17 — Xn (R2V)
2X1 2011 Xont1,2n+1
s.t. X1+i,1+i + 2 Z Xl,n+1+j + 2X1,1+Z‘ — Z Xn+1+j,n+1+j =1 VieV
j{i,j}ER j{i.jeE
Xigig4 — Z Xnt1knt1ek =0 Vi,jeV, 1<
k:{i,k}eE{jk}eF
Xitint145 + Xng1+jnt145 = 0 Wi, j} € E
Xiyipt145 =0 v{i,j} ¢ £
Xnt1t+in+1+5 = 0 Vi,jeV,i<j
> AG=0 Va €\ al,,
(4,9,k)Ela
Z Afj >0 Vo € o,y
(4,9,k)Ela
X—-A=0 Vk e {l,..,2n+1)"}

Again an algorithm to solve (R2V)) is given in the appendix (see Section [6.3).

To check how precise our approximations are we consider the following table for

the case r = 1 and the average of the approximation ratios respectively

for different input instances, i.e. randomized graphs with |V| = n.

Qual. for n=7 n=8 n=9 n=10 n=11 n=12 n=13 n=14

el 081 097 097 087 098 08 094 087

°p 081 097 097 087  0.98 0.85 0.94  0.87

Table 4.1: Approximation quality of R2V and RVV

The following table illustrates the run time of the two algorithms, where we use
a naive exponential algorithm calculating the exact domination number as a com-
parison. Moreover we use the quotient of the run times of the approximation
algorithms and the naive algorithm to illustrate the behaviour of the run time over
the different sizes of the input problems.

However this does not seem to be a very efficient way of solving these problems,
because it is necessary to use a large number of semidefinite matrices. Thus we
run out of memory very quickly (e.g. using a normal desktop computer for n = 16
for (RVV])). Nevertheless for some instances of DOMINATING SET it is possible
to reduce the memory space needed immensely just as the run time (as shown in
Section . One of the applications allowing this are so-called "covering codes",
which are used for example in the field of the European betting pools, such as
"football pools".
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Time for n=7 n=8 n=9 n=10 n=11 n=12 n=13 n=14
App. D2V 119 235 469 951 174.1 3265 562.2 909.3
App. DVV 131 302 72,6 184.8 428.6 981.1 2122.1 5070.1
Naive 0.005 0.009 0.013 0.027 0.04  0.07 0.127 0.257
D2V /Naive 2185 2513 3709 3473 4311 4670 4421 3532
DVV/Naive 2416 3228 5747 6748 10612 14031 16687 19694

Table 4.2: Behaviour of run times in seconds for CSDP solving programs R2V and
RVV

4.3 A Simplification for Symmetric Programs

To be able to reduce the run time and memory needed to solve certain instances
of (RVV)), we need some further theory, developed by C. Bachoc, D. Gijswijt, A.
Schrijver and F. Vallentin [I] on semidefinite programs like:

inf (C, X) (Psem)
st (A4, X) =bVie{l,.. 1}
X =0
X e R™™

Let G be a finite group and O(n) denote the group of orthogonal matrices, i.e.
matrices Q € R™" with property QQ* = I,,. Let 7 : G — O(n) be an orthogonal
representation of G, i.e. a group homomorphism from G to O(n). We can denote
an inner product between these two groups with

(9,Q) — 7(9)Q7(g).

An action of a group G on a set A is a map
GxA— A, (g,a) = ga,

satisfying: Let e denote the neutral element of GG, then ea = a for all a € A and
(9192)(a) = gi1(g2a) for all g1, g2 € G and all a € A.

Definition 4.13. Consider a finite group G' and an action G' x R™*" — R™*". A
matrix M is called G-invariantift M = gM for all g € G. We denote the set of these
matrices by (R"*")%. Likewise we call a semidefinite program (Psem)) C-invariant
if for each feasible solution X and g € G the matrix gX is also feasible for (Psem))
and ¢gX provides the same objective value, i.e. (C, X) = (C, gX).

Let G be a finite group for which (Pseml) is G-invariant. Then convexity of (Psem))
provides that if X is an optimal solution of (Pseml|) we have that the group average
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& deg ¢gX is an optimal solution of:

G
inf (C, X) (Pres)
X =0
X € (Rnxn>G

Remark 4.14. The group average ﬁ > gec 9X of a matrix is G-invariant because

]G|ZQX—’G|Z§]9 |G’Zngorallg€G

geG geqG

Example 4.15. Consider a semidefinite program of the form and the per-
mutation group on the index set [n] = {1,..,n}. Let 3 denote a finite subgroup
of permutations, also acting on [n], for which the set of feasible solutions X for
(Pseml) is invariant under the corresponding simultaneous permutations of rows
and columns. These permutations of rows and columns can be expressed with the
help of transformation matrices T, defined by

1, ifi=o()),
(T5)ij = .
0, otherwise
where (o) = T,. The action on the feasible solutions X is
U(X) T. XTUT, where O'(X) o~ 1(i),0~1(j)

Thus we can consider the following equivalent program:

inf (C, X)
st (A, X) =b; Vie{l,..,1}
X0
X e (R™")*

Consider the matrices in the intersection (R™*")NSZ,, which form a vector space.
Let Bj, ..., By be a basis of this space. We use this basis to simplify (Pres|) by
expressing it with the following equivalent program:

inf (C, X) (Pbas)
st (A4, X) =bVie{l,.. 1}
X=MB1+..+ By =0
A, Ay ER

Example 4.16. The permutation action mentioned above (see Example |4.15]) pro-
vides a set of Y-invariant matrices. We will determine a canonical basis C1, ..., Cy
of this space by looking at the orbits of the group action on pairs. Further-
more this basis can be used to determine a basis By, ..., By of the intersection
V = (R™™")*>N82,. The orbit of the pair (i,5) € [n] x [n] under the group X is
defined by -

O(i,j) ={(o(i),0(j)) : o€ X}.
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Decomposing the set [n] x [n] into the orbits Oy, ..., Oy under the action of ¥ leads
to M < n? because some pairs may provide the same orbit. For every k € {1,..., M}
we define the matrix Cj € {0, 1}"*" by

(€ = {1 if (i) € Or

0 otherwise

For obtaining the basis By, ..., By we need to consider the orbits of unordered pairs
and define

U7 O+ G i (4, §) € Oty (j,i) € Opa, k1 #K2°

Due to the fact that X;; = Ay ;3 because (i,7) = (id(¢),id(j)) and (0(i),0(j)) are
in the same orbit we have

Xij = Xo(i)o() = Xo()ol) = Xji
for each o € Y.

For the next simplification of our program we use that (R™*")¢ has the structure
of a matrix x-algebra. A matriz «-algebra is a set of complex matrices, which is
closed under addition, scalar multiplication, matrix multiplication and taking the
conjugate transpose. Linearity of each g € G provides the first two properties,
whereas

9(AB) = 1(g9)ABr(9)" = (n(9)An(g)")(n(9)Br(9)") = 9(A)g(B)
and
* % A nxn
9(A") = m(g)A'(g)" "= w(g)An(9)" = g(A),
provide the other properties.
Theorem 4.17. [1] Let A C C™™ be a matriz x-algebra. There are numbers

mq, ..., mg such that there is a *-isomorphism between A and a direct sum of com-
plete matrix algebras

d
o A @ T
k=1

A detailed proof of this theorem can be found e.g. in [I]. We apply a *-isomorphism
¢ to A = (RV")%:

d
p: (R — GHemm,
k=1

Since ¢ is a *-isomorphism between matrix algebras with unity, this leads to the
fact that ¢ preserves eigenvalues and hence positive semidefiniteness. In fact if X
is G-invariant we have that X — AI is G-invariant because

g(X = M) = g(X) = Mg(I) = X = An(g)In(g)" = X — AL
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Furthermore X —\I has an inverse if and only if (X )— Al has an inverse. Denoting
™1 (X — M) = I as the first inverse leads to the fact that /~! o o~! is an inverse
for ¢(X) — Al because

(7 o™ )(@(X) = A) =y (¢ (p(X = A)) =1
and denoting x 7' (¢(X) — AI) = I as the second inverse leads to
(X o) (X = Al =x"(@(X) =) = 1.

For positive semidefiniteness this means that for an eigenvalue A we have that
det(X — M) = 0 is equivalent to det(¢(X) — AI) = 0 and thus X is positive
semidefinite if and only if ¢(X) is positive semidefinite. Hence we can simplify

(Pbas) and obtain the G-invariant program (Psem))

inf (C, X) (PS2)
st (A4, X) =b; Vie{l,..1}
Mp(B1) + ...+ Avp(By) = 0
X = MBj + ... + Av By,

where ¢(B;) are block diagonal matrices with blocks of size my, ..., my. Hence in-
stead of a semidefinite program of dimension n? we only need to solve a semidefinite
program of dimension m? + ... + m2.

Remark 4.18. If G = X is a subset of the permutation group we have that the sum
m?+ ...+ m2 = M, where M is the number of distinct orbits.

A problem that arises when using the simplification instead of is that
we need to find a *-isomorphism ¢. In the case of permutation action C. Bachoc,
D. Gijswijt, A. Schrijver and F. Vallentin ([I]) proposed the following construction
for the *x-isomorphism. The main drawback of this construction is that it does not
guarantee to provide the maximum possible simplification but it can be computed
only by knowing the orbit structure of the permutation group action o € ¥ (see
Example . Consider the canonical basis C1, ..., Cjs in the case of permutation
action, computed in Example [£.16] We define the multiplication parameters or
structural parameters mt, by

my, =k €[n]: (i,k) € O, (k,j) € O},

where (i,7) € O,. Notice that m!  does not depend on the choice of i and j.
By using the Frobenius norm ||C,|| = /(C,, C,), which equals the size of the
corresponding orbits O, we can define the matrices D(C,) € RM*M by

oy _lall
GG = Tie,™

(D(C))ij

We can now find a x-isomorphism ¢ as stated in the following theorem.

Theorem 4.19. [1 Let D denote the algebra generated by D(C4), ..., D(Cyr). Then
the homomorphism

¢: (R™™* — D, ¢(C,)=DEC,), r=1,..,M,

1S a *-isomorphism.
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The above theorem leads to a simplification for (Psem)), similar to (PS2)):

inf (C, X) (Pfin)
s.t. (A, X) =10 Vie{l,.. 1}
MO(By) + ...+ Ané(By) = 0
X = M By + ... + A\x By,

where the dimension of the matrix \y¢(B) + ... + An¢(By) is M instead of n. For
certain instances of the problem M < n holds and thus is not as hard to
solve in terms of computational run time as . Certain instances of football
pools belong to these instances.

4.4 Application to Football Pools

As mentioned before our application will refer to the european pendant of the
famous British "football pools", the so-called "continental pools" or "toto" com-
petitions. See Subsection for a more detailed explanation. Basically it is an
instance of DOMINATING SET for a graph G = (V, E) where V = {1,2,0}™
denotes the set of vertices and E = {{u,v} € V x V :|i:u; # v;] < R} the edge
set for fixed numbers m, R € N.

For this instance we are able to apply simplification to our approxima-
tive program we only need a permutation group X for which is
Y-invariant. We order the 3™ nodes of V in lexicographical ascendent order, i.e.
vt = (0,...,0,0),v* = (0,...,0,1),...,0" = (2,...,2,2). Consider the adjacency
matrix for football pools of dimension m > 2, A(Gm ) g R3"X3™

AT L Iy 117 I, I
Agn) - ]3m—1 Agn_l) I3m71 5 Ag) = 13 ]l]lT ]3
I3m—1 [3m—1 Agnil) 13 [3 ]]-]]-T

These matrices remain the same under permutations of the entries of the nodes,
i.e. if we consider a permutation

o: V-—=V, o) = (Vo1); -, Vo(m))

then the corresponding adjacency matrix to the corresponding rearranged node set
V, = (o(v'),...,0(v*")) remains A%, To prove this we denote the set of these
permutations ,,.

Lemma 4.20. Agn) s Y -tnvariant for any m > 2.

Proof. Due to the fact that o is only acting on the entries of any v € V| it is
independent of the number of the node. This implies that

v = Ui S (V)o@ = (V)o@
For any pair of nodes v, v/ using the above result leads to
('} e Es |k v, #v]| <R
&k o(W)em) £ o(0)em] <R
< {o(v'),o(v))} € E.
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This means for each rearranged node set V, the entry of the adjacency matrix
(AG)ZR) remains the same. O

The entry permutation o corresponds to a row and column permutation ¢ because
instead of changing the entries in a certain node we can also permute the node with
its counterpart, where the entries are already permuted. To illustrate this consider
the following example.

Example 4.21. For m = 2, ¥,,, consists of the identity and 7((v1,v2)) = (v2,v1),
this leads to
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—
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T(v") = 7((2,2) = (2,2) =

and thus to a simultaneous row and column permutation matrix T, = ejel +esel +
eoed + eged + eqed + ezel + erel + egel + egel. Tt is easy to verify that

T(AD) = T ADTT = AL,
This leads to the needed property of (RVV)).

Theorem 4.22. For a graph with adjacency matriz A(Gm ) the semidefinite program

(RVV) is 3,,-invariant.
Proof. Recall formulation (RVV)):

sup > (2(Xk)1nv2 — (X1t — (Xi)nazms2) (RVV)
keV
s.t. Z(Xk)1+i,1+j + Z (Xi)nt2nte =0 Vi<j
keVv {kji}eE {k,j}cE
D (X rsines +2(X0) 1) +
keV
Y QXD inse = (Xi)nranta) = 1 VieV
{kji}eE
(Xk)nt2,14i + (Xi)nt2pnte = 0 V{i,k} e £
(Xi)nt214i =0 V{i,k} € E
> A =0 Vaoea \ o, VheV
(i.3.1)€la
> AN >0 Vaeaol, , YkeV
(4,5,)Ela
Xp— A" =0 Vie{l,..,(n+2)"}, VkeV
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Denote the number of nodes |[V| = n = 3™. Consider the positive semidefinite
restriction X, — A¥ = 0Vl € {1,....(n+2)"}, k € V in (RVV). An equivalent

formulation is to express this restriction with the help of a diagonalmatrix

Y1 0 0 X — AR 0 0
Z=10 .. 0] >0, where Y, = 0 0
0 0 Y, 0 0 X, — Ak(+2)"

A permutation o € X, of entries in a node v € V corresponds to a permuta-
tion of nodes & with V, := &(V'), where the permuted nodes 7(v) = o(v). The
corresponding solution is

Yoy 0 0 ] Xy — AT 0 0
a(Z)=| 0 .. 0 ] whereY,p= 0 0
0 0 Yym 0 0 Xy — g2

and (Xo(k))1+i,1+j = (Xo(k))1+0(i),1+a(j)> (Aa)l+i,1+j = A1+cr(i),1+a(j)- We can verify
that this is a feasible solution for by using the invariance of the adjacency
matrix Ag from Lemma [£.20] In particular this invariance implies that (i,j) € E
is equivalent to (0(i),0(j)) € E and thus the first four constraints in are
not affected by the permutation. For a fixed node k respectively o(k) the two
sums of entries in A are not affected by a permutation of rows and columns of A.
Eigenvalues of a matrix are not affected by a simultaneous permutation of rows and
columns and thus semidefiniteness holds as well. Finally to sum up over the nodes
k € V does not change under permutations and thus the objective value remains
the same. 0

Thus we can apply the simplification (Pfin) to (RVV]). If M < |V| = 3™ holds,
this allows us to use an algorithm, needing fewer memory and run time but still
giving the same lower bounds for the domination number 7(G). Unfortunately

the number of orbits will turn out to be M = (m; 8), as we can see in Lemma
To prove this, we use the following Lemma [4.23] Although Burnside himself
attributed the lemma to F. Frobenius it became famous as "Burnside’s Lemma".

For a general version of this lemma see e.g. J. Rotman [25].

Lemma 4.23 (Burnside’s Lemma). Let X be a finite permutation group acting on
a finite set [n] X [n]. Then the number of orbits M can be expressed as

1
M= EZF(U),

oeY

where, for o € X, F(o) is the number of (i,j) € [n] x [n]| fized by o, where
o ((i,7)) = (0'(i),0'(j)) for the corresponding permutation group ' acting on [n].

Lemma 4.24. For an m-dimensional permutation group >, the number of orbits

M,, can be expressed as
M, = (m + 8) ‘
8
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Proof. We can use Burnside’s Lemma to obtain

A !Zml 2

0EX M o'ext,

for a permutation X, acting on [n] = |[V| = 3™. We prove s> /s F(0')? =
121

(m+8) via Induction on m. If m = 2, recall 7 from Example which implies

8
1,y o 10-9 10! 248
(T =6=— =g (8)

Hence for the m-dimensional permutation group 3,, we have the induction hypoth-

esis: . .
_.I_

M, — Fo)2= (" .

s 2 =)

m UIGE/

M, = = (F(id)* + F(7)?)

3

For the inductive step we observe that any o' € ¥/ | can be expressed as a
composition of a permutation ¢’ € X! on the last m entries of the nodes v €
{1,0,2}™*! and a transposition & with the first entry, as follows:

1 1
Mysi = 3. Flo) = —— ) N Fo,00').
‘Em-‘rl’ rexy (m + 1) 51 61 (1)=k, k€[m+1] '€
o m41 OL: O =K, m g m

Splitting up the sums leads to

1 ~ N2 pt 12
T | 2 Feed)’+ 2 PORACALY

o'ext, ok 0x(1)=k, ke{2,...m+1} o'€X],
To count the fixed points of & o ¢’ we need the following observation:
Grod'(v) =v & o'(v) =6, (V) = (Vk, V2, ey V1, V1, Ukt 1, -y Umt1)
g (U17UU’(2)> -~-avo’(m+1)) = ("Uk,vm ooy Uk—1, V1, Vg1, ---;Um—i-l)
E V] = U, Vgi(k) = V1, Vo) = V5 Vi # K
& v =V, 0 (Vgy ooy Upy1) = (vg, ey Upnt1)-

Hence if k # 1 each fixed point v of & o ¢’ leads to exactly one fixed point of ¢’
implying F(6 o 0’') = F(0’). In the remaining case v; can be chosen arbitrarily
out of {1,0,2}, i.e. F(6100’) =3F(0’). This means we can express M as follows:

m;H % > (3F(o’))2+% > > F(o)?

Tolext, oy 6, (1)=k, ke{2,...,m+1} 0’€X,

Finally applying the induction hypothesis leads to

1 52 m+ 8 m m+ 8 _8+1+m m + 8 B m-+1+8
m+ 1 8 8 T om+1 8 B 8 '
O

This means the number of orbits grows polynomially in the number of games m
Due to the fact that the run time of any algorithm using this reduction method
grows in M instead of 3™ we have a quite powerful tool to reduce the run time in
the long run. Unfortunately this affects only the case m > 10, i.e. for programs of
size |V| = 3'. Semidefinite programs of this size are still out of reach for present
computers and thus the method is not applicable for our purpose yet.
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5 Outlook

The central question motivating this thesis can be formulated as follows:

If we have a certain combinatorial problem, which seems not to be solvable with a
polynomial time algorithm, can we at least approximate it quite precisely?
Because of the variety of combinatorial problems that are known so far, we consider
only one of these problems, namely DOMINATING SET. S. Burer’s paper provides
the opportunity to apply the theory of copositive optimization on combinatorial
problems. Using this approach we achieved two copositive formulations of DOMI-
NATING SET.

Due to the fact that copositive programs remain NP-hard, we needed an approxima-
tion hierarchy, where the single steps of this hierarchy are computable in polynomial
time. This hierarchy was developed by P. Parrilo and has provided semidefinite
hierarchies for each of the two copositive formulations. The corresponding polyno-
mial solving algorithms compute approximations for the domination number v(G)
with different behaviour in run time.

It turns out that both algorithms have a large (though polynomial) run time for
computably small instances. However, it seems that at least for the first approx-
imation step the algorithms will have a smaller run time for graphs of estimated
50 nodes than the naive brute force approach. For the given instances of nodes
up to n = 14 , computing the formulation provides lower bounds of the
domination number v(G) with equal quality but in a significantly smaller run time
than computing . This implies that we can approximate larger instances,
such as n = 20. On the other hand the copositive formulation uses smaller
matrices, which should enhance the performance in the long run significantly.
Due to the large run time of the presented polynomial algorithms, the use of copos-
itive optimization to calculate lower bounds for DOMINATING SET suffers from
a lack of computational capacity. The developed algorithms should disproportion-
ately benefit from faster computers because, if the given instances are large enough,
the polynomial run time should pay off. Especially approximation algorithms for
instances such as "football pools", for which the simplification in Chapter 4 can be
used, should gain significant performance enhancements.

Further research could be based on the questions, whether there are other coposi-
tive formulations for DOMINATING SET that enhance the performance or provide
better bounds for a comparable performance of the resulting algorithms. For exam-
ple relaxing the quadratic restriction in the completely positive program could
be a convenient approach. It might be another approach to sharpen the bounds
for the hierarchy steps needed to obtain an exact or at least approximate solution.
Generalizing the results of this thesis to graphs with infinite node sets V' could
improve our knowledge of NP-hard problems in general. The related problem of

computing the stability number of a graph is currently under investigation by C.
Dobre, M. Diir, L. Frerick and F. Vallentin [§].
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6 Appendix

6.1 Algorithm for Checking Copositivity

To prove that

-1 1 1 - -1
M=|-1 1 1 —; —3]|€C
3 1 _1 1 0
i1 1 4 1
i 72 72 03

we need to check whether there are principal submatrices with negative eigenvalues
and corresponding positive eigenvectors. This can be verified by the following
algorithm.

Algorithm 1 Checking Copositivity of M

Require: M:

Ensure: iscopositive: boolean variable indicating whether M is copositive
1. indexset < {1,2,3,4,5}

2: powerset < 2inderset

3: 1scopositive <+ TRUE

4: for element € powerset do

5: etg < eigenvectors of Meiement

6: for k € {1, ...,length of eig} do

7: if eig(k) is componentwise strictly negative or strictly positive then
8: if eigenvalue corresponding to eig(k) is negative then
9: iscopositive <+ FALSE

10: end if

11: end if

12: end for

13: end for

6.2 Preliminaries for Solving Algorithms

For the solving algorithms for the semidefinite programs (R2V]) and (RVV]) for each
step r in Parrilo’s hierarchy we need to compute the degrees 5" and a”. Due to
the fact that o = 28" we introduce three procedures to compute " and neglect
the corresponding a”. First we compute the degrees 8° := 5* of an n-variate form
with the procedure degreest. Observe that we use different for loops to achieve the
wanted order within the degrees $*. Furthermore we add an additional column of
zeros to the variable betaOmatrixz, which becomes important for the next procedure.
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Algorithm 2 Procedure degrees0

Require: n:
Ensure: betaOmatrix: matrix with 5* components as rows and zeros in the last
column
nsum <— n(n +1)/2
counter <— 0
forie {1,..,n} do
counter <— counter + 1
betaOmatriz[counter, :| < 2(el’, 0)
end for
for i < j do
counter <— counter + 1
betaOmatrizlcounter,:] < (e +e],0)
end for

—
@

Second we use the procedure degrees to compute the degrees S inductively by
adding (e, ..., e,) to each component of f7~!. In line 9 we add the index of the
original 3? to the matrix degb. This means if B;(kfl)ﬂ. is stored in row [ of degb,
Le. B ;1) = degb[l,1: end — 1] then i = degb[l, end]. Thus for any step in the
hierarchy the information of ¢ is kept, providing information about the entries 7, j
for degrees o” = Bj;(kfl)ﬂ. + ffﬁ(mw (later referred to as: B} and 7). as we will
see in the solving algorithms below.

Algorithm 3 Procedure degrees

Require: b: matrix with entries of 37!
Ensure: degb: matrix with 8"\ ., , components as rows and the information S;
added
n < (length of rows of b) — 1
counter < 0
for j € {1,...,n} do
forie{1,..,n""} do
counter <— counter + 1
degbcounter,:] < b; + (], 0)
> Add information about g} added (0 if k£ > n):
if b[i, end] = 0 then
degb[counter, end] < i
end if
11: end for
12: end for

,_.
e

The last procedure minimumevendegrees provides for a matrix of degrees a” of
size 2(r + 2) the corresponding even degrees without double entries and additional
information.
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Algorithm 4 Procedure minimumevendegrees

Require: dega: matrix with all entries of o \ o, ;, and two columns of additional
information
Ensure: mindega: matrix with even o’ \ o, , components as rows
1: dega < degal, end — 2]
2: vector help <~ number of odd entries in rows of dega
[ < number of entries >0 in help
> Copy only even degrees in smaller matrix hmindega

@

4: counter < 0

5: for i € {1,...,length of help} do

6: if help[i] = 0 then

7 counter < counter + 1

8: hmindega|counter, ] < degali, |

9: end if

10: end for

11: > Eliminate double entries in hmindega
12: for i € {1,...,1} do

13: > Check whether hmindegalfi,] is in mindega. If not append it to mindega.
14: end for

6.3 Solving Algorithm for R2V

We declare K as a cone variable with two components, where K.s is the set of
n” + 2 positive semidefinite cones with the components

XtT>=0, X~ >=0and W, =X+ — X~ —A*>0.

and K.l is the non-negative orthant for the slack variables for the inequalities given
in (R2V). Let further G = (V, E) with adjacency matrix Ag and denote |V] = V.
For any o € o" we have a corresponding set of matrices A, to define the degree
constraints in . Similarly we compute the constraints Aj;;, and b in line 39.

Algorithm 5 Algorithm to solve R2V
Require: Ag: adjacency matrix of the graph G,
Require: r: step of Parrilo’s hierarchy
Ensure: res: result of CSDP inner point solution for
Compute degh:
degh <+ degrees0(m)
for i€ {1,....,7} do
degb <+ degrees(degb)
end for
degb < degb[1 : m"1 ]
Compute matrix dega consisting of the relevant parts of o, i.e. 5] + 57, where
pi and 3} are in the same (k-th) block. These degrees correspond to the entries
(Wh)ij-
9: mindega < minimumevendegree(dega) > Delete double entries
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:

Set C' as given in (R2V)).

Compute size of K.I:
for a € mindega do

if a ¢ 2-degb then

slack < slack + 1

end if
end for
K.l < slack
C <+ —-C > Needed for applying CSDP
Compute degree constraints for each o € o'
for a € mindega do

if a € 2-degb then >a¢al ,?
for [ € length of dega do
if a =degall,1: end — 2| then > Is B} resp. 37 € 81,47

if degall,end — 1] < m™™! & degall, end) < m"! then
Compute equality constraint and set A,.

end if
end if
end for
else > o€ a,’
for [ € length of dega do
if a = degall,1: end — 2| then > Is B resp. 8] € 01,47
if degall,end — 1] < m"™! & degall, end) < m"*! then
Compute inequality constraint and set A, and slack.
end if
end if
end for
end if
end for
Compute other constraints. > i.e. Apn, b

Asp < sparse(A)

bsp < sparse(b)

Csp < sparse(C')

[x,y,2,info] < csdp(Asp, bsp, C'sp, K)
res < —(C, X)
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6.4 Solving Algorithm for RVV

We declare K as a cone variable with two components, where K.s is the set of
2n +n - (n+ 2)" positive semidefinite cones with the components

X, =0, X = 0 and Wiy == X = X, =AM = 0.

and K.l is the non-negative orthant for the slack variables for the inequalities given
in (RVV). Let further G = (V, E) with adjacency matrix A and denote |V| = V.
For any a € o we compute a corresponding set of matrices A, to define the degree
constraints in (RVV]). Similarly we compute the constraints Ay, and b in line 41.

Algorithm 6 Algorithm to solve RVV
Require: Ag: adjacency matrix of the graph G,
Require: r: step of Parrilo’s hierarchy
Ensure: res: result of CSDP inner point solution for
M = VG + 2
Compute degb:
degb < degreesO(m)
forie{1,...,r} do
degb <+ degrees(degb)
end for
degb < degb[1 : m™1,]
Compute matrix dega consisting of the relevant parts of a”, i.e. 5 + 5}, where
Bf and 3} are in the same (k-th) block. These degrees correspond to the entries

(Wha)ij-

9: mindega < minimumevendegree(dega) > Delete double entries
10: for o € mindega do

11: Compute size of K.I:

12: if a ¢ 2-degb then

13: slack < slack + 1

14: end if

15: end for

16: K.l < V¢ - slack

17: Set C' as given in (RVV).
18: C'+ —C > Needed for applying CSDP
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19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:
46:

Compute degree constraints for each o € a":

for k €V do
for a € mindega do
if & € 2-degb then >adal
for [ € length of dega do
if o = degall,end — 2] then > Is B} resp. 8] € 01,47
if degall,end — 1] < m"™! & degall, end] < m"*! then
Compute equality constraint and set A,.
end if
end if
end for
else >oacal,,”?
for [ € length of dega do
if a = degall,end — 2] then > Is B resp. 3] € 81,47
if degall,end — 1] < m™™! & degall, end] < m"*! then
Compute inequality constraint and set A, and slack.
end if
end if
end for
end if
end for
end for
Compute other constraints. > i.e. Apn,b

Asp + sparse(A)

bsp < sparse(b)

Csp < sparse(C')

[z,y,2,info] < csdp(Asp, bsp, Csp, K)
res < —(C, X)
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List of Symbols

n]  ={1,..,n}

diag(v)zj = V; for 1 = ]

di =
iog(v) {diag(v)zj =0 fori#y

S ={M e R™" . MT = M}
e; i-th canonical unit vector
I, n-dimensional identity matrix
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