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Summary

Mathematical programming is a vast area of research in mathematics. On the basis of spe-
cial structure this field can be further classified into many other, not necessarily completely
distinct, classes. In this thesis we will focus on two classes, namely Cone Programming
and Semi-infinite Programming.

Semi-infinite programming represents optimization problems with infinite many con-
straints and finitely many variables. This field emerged in 1924, but the name semi-infinite
programming was coined in 1965.

Cone programming is the class of problems in which the variable should belong to a
certain cone. The most interesting application of cone programming is cone program-
ming relaxation which has numerous example in combinatorial optimization and other
branches of science and mathematics. The most popular and well known cone programs
are semidefinite programs. These programs got popularity due to there huge application
in combinatorial optimization. Another class of cone programing is copositive programing.
Copositive programming has recently gained attention of researchers for their application
to solve hard combinatorial optimization problems. Our main focus in this thesis will be
on copositive programming.

Another problem of interest is to analyze the way how we can represent these different
classes in terms of each other. We will consider the restrictions and benefits we will obtain
for these kind of representations. Normally these kind of representations helps to use
algorithms available for one class, for the solution/approximation or finding good bounds
for other classes of problems.

Eigenvalue optimization can be seen as the building block for the development of
semidefinite programming. In this thesis we will investigate this relationship to answer
the question whether one can solve semidefinite program by formulating it as an equiva-
lent eigenvalue optimization with the aid of semi-infinite programming.

In summary, SIP and SDP are old and well studied problems and copositive program-
ming is a new area of research. Moreover there are some relationships among copositive ,
semidefinite and semi-infinite programming. So in this thesis we will focus on these three

problems,

1. Survey of Copositive programming and its application to solve integer programs.
2. Semi-infinite representation of copositive and semidefinite programming

3. Semi-infinite solution methods for solving SDP problem by use of eigenvalue problem.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

Mathematical programming represents, the class of problems in which we maximize /minimize
some function with respect to some side conditions called constraints. This area of math-
ematics is further subdivided into classes of convex and non-convex programming.

Convex programming problems are considered less hard comparative to non-convex
programming. Convex programming contains both hard and easy solvable problems. If
the feasibility problem in a convex program can be solved in polynomial times then these
problems can be solved /approximated in polynomial time.

Every convex program can be formulated as cone program. Cone programming is well
known from decades. Specifically its special cases like second order cone programming
and /or Semidefinite programming are very well studied in literature. Feasibility problems
for the semidefinite and second order cone programs can be solved in polynomial time
hence these two classes are polynomial time solvable/aprroximable. Another subclass of
cone programming is copositive programming which is rather new and can be applied to
many combinatorial optimization problems. Since the feasibility problem for copositive
programming cannot be determined in polynomial time hence existence of a polynomial
time algorithm for this class of problem is out of question unless P = N P.

The notion of semi-infinite programming is used to denote the class of optimization
problems in which the number of variables are finite but constraints are infinite. This
class contains both convex and nonconvex optimization problem. Cone programs can be

formulated as a special sub class of semi-infinite programming as we will see in chapter



1.2. PROBLEM STATEMENT

1.2 Problem Statement

Semidefinite programming (SDP) is a very well studied problem so is semi-infinite pro-
gramming (SIP). In contrast to SDP and SIP, copositive programming(CP) is a relatively
new area of research. CP, SIP and SDP have some connections; we will investigate these
connections in this thesis. Integer programming is an important class of mathematical
programming. In terms of CP and SDP relaxations of hard combinatorial optimization
problems, integer programming has some obvious connections with SDP and CP.

This thesis is mainly concerned with following questions,
1. Survey of copositive programming and its application for solving integer programs.
2. Semi-infinite representation of copositive and semidefinite programming

3. Semi-infinite solution methods for solving SDP problem by use of an eigenvalue prob-

lem.

1.3 Literature Review

The topic of the thesis is quite wide, covering large subclasses of mathematical program-
ming. For ease of reading and presentation we will divide our literature review into different
subsections. Although copositive programming and semidefinite programming are special

classes of cone programming, we will discuses them in different subsections.

1.3.1 Integer Programming

The area of integer programming is as old as linear programming. The development of
this theory is progressed with the progress of discrete optimization. There is an overlap
of literature available on integer programming, semidefinite programming and copositive
programming. Since the strength of copositive programming and semidefinite programming
lies in relaxation of hard combinatorial optimization problems. These problems are first
formulated as integer programs then relaxations are formulated.

Here we would like to mention some classics on the theory and application of integer
programming. A classic is the book by Alexander Schrijver [129], this book covers both
theoretical and practical aspects of integer programming. Another title covering history of

integer programming is edited by Spielberg and Guignard-Spielberg [133]. The proceedings
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of the conferences "Integer programming and combinatorial optimization" |1}, 11, 15 16,
39, [40], (411, 56], 86l O8] covers recent developments in the area of integer programming for

combinatorial applications.

1.3.2 Cone Programming

Conic programming represents an important class of mathematical programming. Conic
programming includes both linear and nonlinear programs. If the cone under consideration
is convex, than we will have convex conic programs. Convex conic programming has a
number of applications in engineering and economics. Let K be any convex cone (see
Definition , and K* is its dual then we consider the following optimization problem,
I%}n (C, X)
s.t.

<AZ,X> :bz; VZ:I,,m
XeK

where A;,C' C S,, and K C S, is a convex cone and (C, X) = trace(CT X) is the standard

inner product. The dual of the above program can be written as follows

max by
y

s.t.

i=1
yeR" 7 e K*

Cone programming can be seen as general abstraction of linear programming. Semidefinite
programming and copositive programming are two well known subclasses of cone program-
ming. Most of the theoretical results and algorithms for Linear programming (LP) can
be generalized in a straightforward manner to the case of cone programming. But there
are some differences. Existence of a feasible solution in linear programming results in a
zero duality gap for the primal and dual program. This is not true in general for cone

programming see [TTT].
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1.3.3 Semidefinite Programming

Perhaps the most well studied special class of conic programming is semidefinite program-
ming(SDP). SDP are optimization problems over the cone of semidefinite matrices. SDP
are natural extension of LP, where linear (in)equalities are replaced by semidefinitness con-
ditions. The earliest discussion on theoretical aspects of SDP was done in 1963 (for details
see [I38]). After initial discussions on theoretical aspects, a lot of researchers have paid
attention to this subject. Now the theory of SDP has become very rich and most aspects
like duality, geometry etc are very well discussed in literature. The well known book edited
by Wolkowicz et al [I43] contains nice articles on both theoretical aspects of SDP and its
applications. Interior point methods for linear programming were introduced in 1984. In
1988, Nesterov and Nemirovsky [138| proved that by adaption of suitable barrier functions
interior point methods can be defined for a general class of convex programming. Indepen-
dent from Nesterov and Nemirovsky, Alizadeh [4] has specialized interior point methods
for SDP. By adaption of suitable barrier function one can solve/approximate SDP in poly-
nomial time with the help of interior point methods.

Semidefinite programs are well known for their applications in combinatorial optimiza-
tion. The use of SDP for combinatorial optimization was known from 1973 (see [138]),
but a first remarkable result in this area was obtained by Lovasz [102], who used semidef-
inite programs to bound the stability number of a graph by the so called theta num-
ber. In 1987, Shor (see Shor [131] or Vandenbeghe and Boyed [I38]) gave his so called
Shor relaxation for general quadratic optimization problems with quadratic constraints.
Shor’s relaxation and the newly developed interior point methods for SDP have revolu-
tionized the study of SDP and it application in combinatorial optimization. The real
break through in SDP was achieved by Goemans and Williamson [68], when they found
a randomized approximation algorithm for the Max Cut problem. After the Max-cut re-
sults this field got attention of many researchers and number of nice results have been
obtained (see [5], 146, 66, [75], [94], 96, 123}, 138, [143]). Wolkowicz [142] has collected a huge list

of references with comments on different aspects of cone and semidefinite programming.

1.3.4 Copositive Programming

Another interesting class of cone programming is copositive programming (CP). That is
cone programs over the cone of copositive matrices. CP is not solvable in polynomial

time. The main difficulty arises for checking the membership of a matrix in the cone of
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copositive or completely positive matrices. There is no efficient algorithm known for the
solution of copositive programs. There exists some approximation methods for solving
copositive programs. Beside the difficulty in the solution of copositive programs, a number
of combinatorial optimization problems have been modeled as copositive programs [30, 52|
115].

The study of copositive and completely positive matrices started with the work on
quadratic forms. An earliest definition of copositive matrices can be found in the work of
Motzkin [107|. Hall [70], has introduced the notion of completely positive matrices and
provided a first example that a "doubly nonnegative" matrix may not be completely posi-
tive. Other classic contributions for copositive and completely positive matrices are given
by [73,105]. The most recent works covering theoretical and practical aspects of copositive
and completely positive matrices includes a book by Berman and Shaked-Monderer [12],
a thesis by Bundfuss [30] and an unpublished manuscript [80]. Moreover the interested
reader may also find article [0, 22, 3], 36], 42, [48], 53|, 81l 126}, 87, [137] interesting with re-
spect to theoretical properties and characterizations of completely and copositive matrices.
Although the list is not complete in any sense, it covers some classic articles dealing with
some state of the art results on copositive and completely positive matrices.

The relation of copositivity and optimization was known as early as 1989 [19]. Moreover
Danninger [42] has discussed the role of copositivity in optimality criteria of nonconvex op-
timization problem. The use of copositive programming relaxation for hard combinatorial
optimization problem was started by the paper of Preisig [118]. In 1998, Quist et al [119]
gave a copositive programming relaxation for general quadratic programming problem.
Recently after Quist et al, Bomze and De Klerk [25] applied the copositive programming
to standard quadratic optimization problems and gave an approximation algorithm for the
solution. To our knowledge the following is a complete list of all problem where copositive
programming is applied: standard quadratic optimization problem [24], stable set problem
[45 51, 113], quadratic assignment problem [I17], graph tri-partitioning [116], graph col-
oring [51], [69], clique number [I7] and crossing number of graph [44]. Burer|34], has given
a relaxation of a special class of general quadratic problems and proved with the help of

some redundant constraint that his relaxation is exact.
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1.3.5 Semi-infinite Programming

Semi-infinite programming is perhaps one of the oldest branches of mathematical program-

ming. A semi-infinite program is an optimization problem of the form,

s.t.
gi(x) <0 VieV

where f, g are real valued functions while V' is any compact set. As one can see, semi-infinite
programs are mathematical programs over finite variables with infinite constraints, so is
the name semi-infinite. It is a well known fact that some cone programs can be expressed
as semi-infinite programs, see [90]. Semi-infinite programming has many application in en-
gineering and science [I01]. SDP can be converted to a semi-infinite programming problem
[90]. Duality theory for semi-infinite programming is quite rich, a number of surveys and
books are available discussing theoretical and practical aspects of semi-infinite program-
ming [62], 63, 64, 101, 122, 130]. Lopez and Still have collected a huge list of literature
available for semi-infinite programming [I00]. There does not exist an algorithm which
can solve all kind of semi-infinite optimization problem. In fact this is still an active area
of research in semi-infinite programming to find a good algorithm for solving a class of

semi-infinite programming problems.

1.4 Structure of the Thesis

This thesis consists of totally five chapters. Chapter one (the present chapter) deals with
the introduction and literature review of the thesis topic.

In the second chapter we will briefly discuss the cones of matrices and their properties.
We will also discuss copositive and completely positive matrices in detail in chapter 2.
Moreover this chapter also contains notations we will use throughout this thesis.

Chapter 3 will contain an introduction of cone programming. We will also discuss
semidefinite programming and its relation with quadratic programming.

Chapter 4 will deal with copositive programming. We will overview the combinato-
rial optimization problems where copositive programming is applied. We will also briefly
describe the algorithm available for solution/approximation of copositive programs.

Chapter 5 is the final chapter and deal with an introduction to semi-infinite program-

7



1.4. STRUCTURE OF THE THESIS

ming. We will also state and prove strong duality result for Linear Semi-infinite programs.
Later we will use this strong duality result to establish similar result for copositive and
semidefinite programs. In the last section of this chapter we will discuss the semi-infinite

programming approach for the solution of semidefinite programs.



Chapter 2
Cones and Matrices

The aim of this chapter is to introduce some basics on cones of matrices and related results
which we will need in our next chapters. The first section of this chapter is concerned
with some basic definition and self duality of semidefinite cones. The second section will
deal with the copositive matrices and cones. The last section will deal with the completely
positive cones. In the last section we will also show that the dual of the copositive cone is

the completely positive cone and vice versa.

2.1 Basic Definitions

Definition 2.1 (Kronecker Product). Let A € R™*™ and , B € RP*9 then the Kro-
necker product denoted by ® s given by,

anB cee alnB
A® B = :

amB - ampB

Definition 2.2 (Inner Product). The standard inner product denoted by < .,. > is given
by (X,Y) = trace(XTY) = 32, aiyyi; for X, Y € R where trace(A = {a;;}) =
Z?:l ai; is the trace of a matriz A € R,

Definition 2.3 (Convex Set). A subset S C R" is called conver if A\x + (1 — N)y € S
for all z,y € S and 0 < X\ < 1. The convex hull of S denoted by conv(S) is the minimal

convex set which contains S.
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Definition 2.4 (Extremal Points). A point y of convex set S is extremal point if it can
not be represented as conver combination of two points different from y. In other words a
representation y = y1 + y1,y1,y2 € S is possible if and only if y1 = Ay, yo = (1 — \)y where
0< A<,

Definition 2.5 (Extreme Ray). A face of a convex set S is a subset 8" C S such that
every line segment in S which has a relative interior point in S" must have both end points

in S". An extreme ray is a face which is closed half-line.

Definition 2.6 (Convex Cone). A set K C R(™™ which is closed under nonnegative

multiplication and addition is called convex cone, i.e.,
X, YeK=>)ANX+Y)e K VA>0

A cone is pointed if KN —K = {0}. The dual of a cone K is a closed convex cone denoted
by K* and 1s given by,

K'={Y eR™":(X,Y) >0, VX € K}

where < .,. > stands for the standard inner product.

Definition 2.7 (Recession Cone). Let S C R" be a convex set then the recession cone
is the set of vectors d € R"™ such that

rec(S)={deR": x+\de S, Vres \>0}

where rec(S) denotes the recession cone of the set S.

2.1.1 Notation

Here we will enlist notations which we will use in next sections and chapters. Some of
them are already mentioned before, we will repeat them.

We will use ® to denote the standard Kronecker product, vec(A) will denote the matrix
A € R™*" when written, column wise, as a vector in R™" and conv(S) will denote the
convex hull of a set S. If P denotes a program then wval(P) will denote the optimum
value of the program and Feas(P) will denote the set of feasible points of the program
P. N, S, Sf, C,, C will denote the cone of nonnegative, symmetric, semidefinite,

copositive and completely positive matrices respectively. We will use subscript such as x;

10



2.2. SEMIDEFINITE MATRICES AND CONES

to show " element of vector , while superscript such as v* will be used to show the 7

vector of a sequence of vectors. e; will denote the i unit vector.

2.2 Semidefinite Matrices and Cones

Semidefinite matrices are very well studied in literature. We will give the definition of
semidefinite matrices and cones generated by such matrices. We will start by defining

nonnegative matrices,

Definition 2.8 (Nonnegative Matrix). An m xn matriz is nonnegative if all its entries
are nonnegative. If A in nonnegative then we will write A > 0. The cone generated by all

n X n nonnegative matrices will be denoted by N,,.

Definition 2.9 (Symmetric Matrix). An nxn matriz A is called symmetric if AT = A,
where AT denotes the transpose of matriz A. The cone of symmetric matrices denoted by

Sy 1s the cone generated by all symmetric matrices.

Semidefinite matrices are very well studied due to their large application in system and
control engineering and many other areas of science. Here we will only define semidefinite

matrices and establish the self duality result of the semidefinite cone S

Definition 2.10 (Semidefinite Matrix). An nxn symmetric matriz A is called semidef-
inite if T Az >0, Y € R".
The set of all n x n semidefinite matrices define a cone called the cone of semidefinite

matrices. We will denote this cone by S} and if A € St we will write A>0.
Lemma [2.11] gives the duality result for semidefinite cone,

Lemma 2.11. The cone of semidefinite matrices is self dual, i.e., S;7 = (S;)*

Proof. S C (S;F)*: Tt is not difficult to show that X,Y € S/, implies (X,Y) > 0.

(SH)* € SF: Let X € (S))*, then for all z € R" the matrix za” is positive semidefinite.
So,
0 < (X,zz") = trace(Xzz") = 2" Xz

Hence X € S;f.
This completes the proof. ]

11
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2.3 Copositive Matrices

Copositive matrices were introduced in 1952 and can be defined as follows,

Definition 2.12 (Copositive Matrices). A symmetric matriz X of order n is copositive
if

'Xer>0Ve € Ry
Alternatively we can define copositive matrices as,

Definition 2.13. A symmetric matriz A is copositive if and only if the optimization prob-
lem

min 2l Az
20, ||z||=1

has a nonnegative optimal value.

Remark Bundfuss and Diir[3I] have described an algorithmic approach for testing copos-
itivity of a matrix based on the above definition. We will briefly discuss their approach in
section For complete details see [31].

The set of all symmetric matrices of order n generate a cone called cone of copositive

matrices and is given by,

C,={X€S,:v"Xv>0vweR}

We will write A € C,, to describe that A is copositive or A is in cone of copositive matrices.

Checking copositivity is hard. For matrices of order less then 4, there exists some
characterization based on the structure of matrices. These condition can be checked easily,
for details see [80]. Another interesting result states that matrices of order less then 4
are copositive if and only if they can be decomposed as the sum a nonnegative and a
semidefinite matrix, see Theorem [2.14]

Theorem 2.14. Let n < 4 then C,, = S;f + N,,.

Proof. Consider S+ N,, C C,,. Since both ST C C,, and N,, C C,, and C,, is a cone hence

ST+ N, C C,.
The other part of the proof is quite complicated and lengthy. We refer the interested reader
to [48]. O

12



2.3. COPOSITIVE MATRICES

For n > 4 we will have strict inclusion S;" + N,, C C,. The following counter example

shows that strict inclusion holds for n > 4,

Example Consider the so called Horn-matrix [30, 48], 52]

Let z € R", then,

2T Az = (2 — 20 + 23 + 24 — 15)% + daoxy + das(25 — 14)

= (21 — To + T3 — T4 + 75)° + dwoxs + 47y (T4 — T5)

If z is nonnegative and x5 > x4 then 27 Az > 0 for the first expression. For the second
expression above we should have x5 < x4 to obtain 27 Az > 0 for all nonnegative x. Hence
A is copositive and A ¢ S;F + N,, (for complete details see [73]).

There are many characterizations of copositive matrices. But none of them is practical
except for some special cases. For tridiagonal and acyclic matrices, copositivity can be
tested in polynomial time (see [2I], 82]). The copositivity of a matrix has relations with

the copositivity of principle sub-matrices. This fact is given in Proposition [2.15]

Proposition 2.15. If A is copositive then each principle sub-matrixz of order n — 1 is also

copositive.

The converse of the above proposition is not true in general. However, in particular cases

the converse is also true,

Theorem 2.16. Let A € S,, and each principle sub-matriz of order n — 1 is copositive.

Then A is not copositive if and only if A~ ewists and is entry wise non-positive.

1
The matrix of the form ( ;) where x € R, X € R"™" is often used in combinato-
x

rial application of copositive programming. Theorem [2.17], states the criteria for testing

copositivity of this kind of matrices.

13



2.4. COMPLETELY POSITIVE MATRICES

Theorem 2.17. Let x € R" and X € S,,. The matrix

a xr
A= S
<$ X) +1

1s copositive if and only if
1. a > 0,X copositive

2. yT(aX —xaT)y > 0 for all y € R such that 27y <0

2.4 Completely Positive Matrices

One can define the completely positive matrices as follows,

Definition 2.18 (Completely Positive Matrix). A symmetric n x n matriz A is called
completely positive if it can be factorized such that A = BBT where B > 0 is an arbitrary

nonnegative n X m matriz.

The set of all completely positive matrices generate a cone called the cone of completely

positive matrices, which can be defined as,
N
CPP, = {X €8, : X =) ¢ with {y*}}, C R1/{0} N € N} U {0}
k=1

It is interesting to note that copositive and completely positive matrices are dual to each

other. In Lemma we will proof this fact,

Lemma 2.19.

The dual of C,, is CPP, and vice versa i.e.
C, = (CPP,)" and C; = CPP,

Proof. First We will show,
C,=(CPP,)" (2.1)

C, C (CPP,)*: Let X € C, and Y € CPP,. Since Y € CPP, so there exists finitely many

14



2.4. COMPLETELY POSITIVE MATRICES

vectors y; € W} /{0},i € N C N such that Y = Z vyl . Now we consider,

>0

(CPP,)* C C, : Consider A ¢ C,,. Then there exists x > 0 such that (z7x, A) = 27 Az <
0. Since xz” € CPP,(by definition of CPP,) and (xTz, A) < 0 so A ¢ (CPP,)*.
Hence (CPP,)* C C,

For C = CPP,, we will consider ({2.1)),and take dual on both sides to get
Cr=(CPP))"=CPP,

The last equality follows from well known results, "if a cone K is closed and convex then
(K*)* — Kll . D

Since C! = CPP, in the rest of thesis we will use C to represent cone of completely
positive matrices.

The cone of completely positive matrices is interesting with respect to combinatorial
application of copositive programming. Unlike copositive matrices the cone of completely

positive matrices is contained in the cone of semidefinite matrices hence we have,
* +
c,cSyccC,

Just like copositive matrices for matrices of order less than four it is easy to check their

membership in the cone of completely positive matrices,
Proposition 2.20. Let n < 4 then C = S;F N N,.

Proof. The inclusion C C S;' N N, follows from definition of completely positive matrices.
Since A € C7 if and only if A = BB” where B € N,, hence A € N,,. Moreover A € S, since
2T Az = 2T S0, (V) Tykx = oo, (v*aT)T(y*x) > 0. For the other side of the inclusion
see [105]. O

In the literature matrices of the form S;" N N, are called doubly nonnegative matrices. For
arbitrary n the inclusion C* C S;* N N, is always true. But the other side of inclusion is

not true in general,

15



2.4. COMPLETELY POSITIVE MATRICES

Example

O W = e O
—= o= O O N

O O NI= = N

b
I
NIk O O NI

= = okl O© O

It is clear that A € N, also A € S;F since,

xr xr X x xr xr X x

L1 11 2+5( o)
5 T 21’3 21‘4 8273 Ty

but A is not completely positive (for a detailed proof see [72, page 349]).

Remark For a matrix of order less then five it is easy to check if the matrix is completely
positive. There exists examples where matrices of order five are doubly nonnegative but not
completely positive, hence doubly nonnegative matrices of order five got special attention

of researchers (see [12, [13] [36], 99, [145] and references there in).

By the definition, one can see that checking if A is completely positive amounts to checking
if there exists a matrix B € R*™ such that A = BB”. It is not trivial to find this kind of
factorization. A big part of literature on completely positive matrices deals with finding
the least number m for which this factorization is possible. The minimal number m, the

n

so called cp-rank, is conjectured to be equal to {;J where n is the order of the matrix.

1 =
As stated earlier the matrix of the form often occurs in combinatorial applica-
x

tion of copositive programming. One natural question arises if we are given with X € C7,

x
can we construct a factorization of the matrix . Recently Bomze [22], has tried
x

to answer this question by giving sufficient conditions under which we can determine the
complete positivity of a matrix given the complete positivity of a principle block.

Another important property which is often used in SDP relaxation of hard combinatorial

1 =z
problem is: € S if and only if X —za? € S. A natural question arises, can we
x

generalize this result to the case of completely positive matrices. In order to answer this
question we will start with following Lemma [2.21],
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2.4. COMPLETELY POSITIVE MATRICES

Lemma 2.21. Let © € R} and X — za” € C}; then,

1
A:< x)e():;
r X
a T
Y = .| €eC,
(ﬁ X) .

where a > 0, X € C,, and consider,

Proof. Let

(AY) =a+2iTz + (X, X)
—a+2iTe 4+ (X — 22", X) + (22T, X)

Since (X — 22T, X) > 0, (z2T, X) > 0, by duality of copositive and completely positive
matrices. Hence nonnegativeness of the above expression depends on 27z, so we will

consider two cases,

Case 1: 272 >0

_ T T % Ty
(AY)=_a 423" z+ (X —zx , X)+ (zz”, X)
>0 >0 >0 >0

>0

IN

Case 2: 272 <0 a > 0:

=

(AY) = a+2i"2 + (X — 22, X) + (227, X)
1

= (a + (:iTx)T (iTx))Q

+ 27X —iT8)r 4+ (X — 22", X)

By Theorem |2.17|we have, if 72 < 0 then xT(aX—izch):z: >0orz! (X — %i:%T> x>

17



2.4. COMPLETELY POSITIVE MATRICES

0. Hence we will have,

(AY) =

Y

(a+ (@72)" (@%))2

N |
+ 27 (X - —:%:%T) T

Q|

a

>0

a = 0: Since #”x < 0 so by theorem [2.17}
(z” (aX — fci’T> r) = —(272)* >0
giving that 27z = 0.

So for an arbitrary copositive matrix Y, (A,Y’) is nonnegative hence A is completely

positive. This completes the proof. O

I
The converse of Theorem [2.21f namely " X) € C implies X — zz? € C}" is not
x

true in general. The following is a counter example.

Example Let,

A:

—_ N =
= Ot N
W = =

It is clear that A € N3 and A € S5 since,
TAr =3 +1( + 2) +14 +5 2+1 I>0 VoeR
T Ar =3 (23 + = (11 + 2 — |23+ — —x T
S 3\7° 1) Tt

Hence by Proposition [2.20], A is completely positive. Now take,
1 2
X = 5 s Tr =
1 3 1

18



2.4. COMPLETELY POSITIVE MATRICES

X —zxl = bl
-1 2

Since X — xz”, has negative entries, so it cannot be completely positive.

Then we will have,

1
Remark Let A = ; and x € {0,1}", X € {0,1}"*" then the converse of Lemma
T

is also true owing to the result "A symmetric binary matrix is semidefinite if and only
if it is completely positive [97, Corollary 1|".

The interior of a cone plays an important role for establishing strong duality results. The
characterization of the interior is often required for checking strong duality. The interior of
copositive matrices consists of the so called strictly copositive matrices (A € S, is strictly
copositive if and only if 27 Az > 0, V x € RF{0}). For the case of completely positive
matrices, characterization of the interior is not simple. Diir and Still [53] have given a

characterization for the interior of completely positive matrices,

Theorem 2.22. Let [A1|As] describe the matriz whose columns are columns of Ay aug-
mented with columns of As then we can define the interior of the completely positive matriz
as,

int(C) = {AAT|A = [Ai| AsJwhereA; > 0 is nonsingular and Ay > 0}

Proof. For a proof see [53]. O
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Chapter 3
Cone and Semidefinite Programming

Conic programs are similar to linear programs in a sense that we have a linear objec-
tive function with linear constraints but there is an additional constraint which checks
the membership of the variable in a cone. The well known examples of conic programs
are linear programming, semidefinite programming and copositive programming. These
three examples are respectively programs on the nonnegative cone, semidefinite cone and
copositive cone.

In this chapter we will study the primal dual formulation of general conic programs and
then briefly discuss the duality theory of conic programs. The last sections of this chapter
are concerned with Semidefinite programming (SDP) and SDP relaxation of quadratic

programming. We will also describe some application of SDP.

3.1 Cone Programming

A large class of mathematical programs can be represented as a conic program. We will

consider the following formulation of a conic program

min (C,X)

s.t.
Conep (A, X) =b;, Vi=1,..m
XeK
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3.1. CONE PROGRAMMING

where A;,C' € S,, and K is a cone of symmetric n X n matrices. The dual of the above

program can be written as follows

max b’y
y

s.t.

Conep Z yiAi+ 2 =C

i=1
yeR™ Z e K*

3.1.1 Duality

In mathematical programming duality theory plays a crucial role for finding optimality
conditions and solution algorithms. Duality theory can be further classified into two cat-
egories weak duality and strong duality. In weak duality we investigate, if the optimal
value of the primal problem is bounded by the dual problem. Strong duality investigates
the conditions under which strict equality holds in the values of primal and dual solutions.

Conep and Conep satisty weak duality. This fact is proved in Lemma |3.1],

Lemma 3.1 (Weak Duality). Let X and (y, Z) be feasible solutions for Conep and Conep
respectively then b7y < (C, X)

Proof. We have

0y = biyi =Y (A, X) = Z yidi, X) = ZyzAz,X
i=1 i=

=(C-2,X)=(C,X)—(Z,X)
<(C,X)

]

In the case of K being the nonnegative orthant whenever Conep or Conep are feasible we
have equality in the optimal values. If both Conep and Conep are feasible then we have
zero duality gap and both optimal values can be attained. Unfortunately this nice property
does not hold for more general classes of conic programs such as semidefinite programs, as

shown by the following example,
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3.1. CONE PROGRAMMING

Example Consider the conic program with,

00 100
c=]oo0o0|.4=]000],
00 1 000
010 .
Ay = 100,:<>and K=K"=S"
00 2 2

Then it is not difficult to verify that val(Conep) = 1 and val(Conep) = 0 even though

both problems are feasible.
For strong duality in conic programs we need extra conditions on the constraints.

Definition 3.2 (Primal Slater Condition). We say a set of feasible points satisfies the
Slater condition for Conep if there exists X € int(K) such that (A;, X) = b;.

The Slater condition for dual problems can be defined in a similar manner. By taking this

additional assumption we can derive a strong duality result as given in Theorem

Theorem 3.3 (Strong Duality). If the primal problem Conep or its dual Conep satisfies

the Slater condition then, val(Conep) = val(Conep).

Remark The discussion of conic duality can be traced as early as 1958. This subject is
more flourished in the early 1990’s. The backbone for the development of this area is the
desire to extend Karmarkar’s polynomial time LP algorithm to the non-polyhedral case,

see [111] and references there in.

3.1.2 Examples of Cone Programming
For different values of K and K* we obtain a class of well known programming problems,

1. If K = R the sol called nonnegative orthant, we will have linear programming. The
feasibility of one of the primal or dual program implies that strong duality holds.
Linear programming has huge applications in science and engineering. In fact the
term mathematical programming was first used as linear programming coined by
Dantzig in 1940. The simplex method was considered to be the first method for
solution of linear programs but now linear time algorithm like the ellipsoidal method

and interior point method exists for linear programming problems (see [125] [141]).
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CONE PROGRAMMING

2. If we consider K = K* = {(§{,x) € RxR"|¢ > ||x||2} the so called second order cone,

then we will get the second order cone programming problem. In this case we need a
Slater condition for obtaining strong duality. Polynomial time algorithms also exists

for this class of problems. They have large application in control engineering.

. For K = S we obtain the semidefinite programming problems. Semidefinite pro-

gramming has large application in combinatorial optimization, control engineering,
eigenvalue optimization and many other areas of engineering and science. We will

discuss this class of problems in more details in the next section.

. For K = (), we will obtain copositive programs. It is interesting to note that this

is the first problem where the cone is not self dual. Moreover, no polynomial time
algorithm exists for this class of problems. This is relatively new area of cone pro-

gramming.

From the above examples it is evident that cone programming covers many mathematical

programming problems. For some specific kind of cone it is easy to solve the cone programs

but for other cases, we cannot solve them to optimality. Interior point methods are a

common choice for solving conic program. But for certain classes of conic programs, like

copositive programs, they failed to provide solutions [30], 115].

We will close this section by arguing that any convex program can be written as cone

programming problem. Consider the problem,

min ¢’z

xT

s.t
reY

where Y is any closed convex set in ™. This problem can be seen as a conic programming

problem, where the dimension of the problem is increased by one,

with K = cl{(z,&) € R" x R[€ > 0,2/¢ € Y} where cl(S) denotes the closure of the set S.
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

Proposition 3.4. K is closed convex cone.

Proof. 1t is not difficult to show that, if Y € K then \Y € K. Since (y,&) € K implies
¢ €Y, then for any A > 0 :\\—2’ €Y giving A\(y, &) € K.
It is well known that if a set is convex, then its closure is also convex and vice versa. So

let us consider the set,
K ={(,§) e " x R[¢ > 0,z/¢ € Y}

We will show that K is convex. Let V1,Y; € K,0 < A < 1 with ¥; = (;,&) € R x R,
& > 0and y; /¢ € Yior i = 1,2, where Y is a convex set.

A+ (1 =Ny A n (1-X)
Mo+ (1-N6 M+ —N&" TG+ 1-06"
B R 7
=g TAAg
where
p Aoy € [0,1]

TG+ (1 NE

Since Y is convex s0, py1 /& + (1 — p)ys /&2 € Y. Hence

Ay + (1= Nys .
)\gl _|_ (1 _ )\)52 € Y = (Ayl + (1 - )‘>y27)\£1 + (1 - )\)52) € K,

So K is convex. Hence K is a closed convex cone. O

3.2 Semidefinite Programming (SDP)

SDP can be regarded as one of the most well studied special cases of cone programming.
As mentioned earlier SDP can be seen as natural generalization of linear programming
where linear inequalities are replaced by semidefinitness conditions. Moreover it is one
of the polynomial time solvable(approximable) classes of cone programming. SDP has
become a very attractive area of research among the optimization community due to its
large applications in combinatorial optimization, system and control, solution of quadrat-
ically constrained quadratic programs, statistics, structural optimization and maximum

eigenvalue problem.
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

SDP are optimization problems often written in the following form,
min (C, X)
X
s.t.

X e St (orX =0)

where A;,C, X € S,,. The dual of the above program is given by,

max by
y

s.t.

SDPp Y i+ Z=C

i=1
yeR" Ze St

It is worth mentioning that the cone of semidefinite matrices is self dual, see Lemma
[2.11} Being an extension of linear programming most of the algorithms available for linear
programming can be generalized for SDP in a straightforward manner. Beside many simi-
larities there are some major differences one of them is, as shown before, for general SDP
strong duality does not hold in general. In linear programming a pair of complementary
solutions always exists but this is not the case in SDP. For a rational linear program the
solution is always rational but this not the case for SDP. A rational SDP may have an
irrational solution. Moreover there does not exists a practical simplex like method for SDP
(for details see [138]). As a special case of cone programming the same duality theory
holds for SDP. Based on the structure of SDP many necessary and sufficient conditions
are formulated for an optimal solution of SDP. For a detailed discussion on duality theory
of SDP one can see [120, 121, 143]. Most appealing and useful application of SDP is SDP

relaxation, which has a number of applications in combinatorial optimization.

Remark It is usual in combinatorial applications of SDP that strong duality holds, so
optima can be obtained. SDP with zero duality gap were introduced by Borwein and
Wolkowicz [28] and Ramana [120]. Ramana et al [I121] has given a good comparison of zero

duality gap results for SDP.
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

3.2.1 Integer Programming

Almost all combinatorial optimization problems can be formulated as integer programs.
These programs may be linear or nonlinear depending on the specific problem. In this
section we will deal with integer programs with only linear constraints and quadratic

objective function. We consider the program,

min 27 Qx + 2¢x
s.t.
IP alr <b, VYi=1,..,m

z;€{0,1} Vj=1..n

Most of the Combinatorial optimization problems can be expressed as I P. But unfortu-
nately formulating a hard combinatorial problem as 0-1 integer program will not make the
original problem tractable because 0-1 integer programming is itself a hard problem. It is
well known that integer programming is NP-hard. The main difficulty lies in the integer
constraints, i.e. the constraints which ensure that the solution must be integer. By relaxing
this constraint one can obtain bounds on the solution of I P

The first and the most common relaxation, the so called LP relaxation, is to replace
the condition = € {0,1} by the condition = € [0,1]. This kind of relaxation is useful for
finding lower bounds on the optimum value of the original problem. We can state the

linear programming relaxation of 1P as follows,

min 27 Qz + 2c'x
s.t.
IP;p aiTac <b, Vi=1,...m

z € 1[0,1]"

It is important to note that I P.p is central to the branch and bound methods, used to
approximate the solution of I P for details see [57,05]. In order to strengthen the relaxation
IPpp of IP one need to avoid fractional solution as much as possible. Chvatal-Gomory
cuts (see [55, Chapter 9|,[127, 129]) were introduced in order to avoid fractional solutions.
Another important technique to strengthen IPpp is lift and project methods developed

in the nineties and proved very useful for obtaining good bounds on solution of IP(see
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

[85, 04, 127], 129)] for more references see [2]).
Another common relaxation is the so called Lagrange relaxation which is based on the
Lagrange function. The Lagrange relaxation results in another optimization problem and

solving the dual problem will provide us with bounds on the optimum value, see [60], 90]).

SDP Relaxation

Yet another relaxation coined by Lovasz [102], is to relax the integer constraint by the

semidefinite constraint. This is possible due to the fact that z; € {0, 1} can be equivalently

2

written as x7 — x; = 0, hence I P can be written in the form,

min 27 Qx + 2c7x
s.t.
P alz <b;, Yi=1,...m

x?—a:j:() Viji=1..,n

The SDP relaxation of the above program will be,

min (X, Q) + 2"z
s.t.

IPspp alr <b, VYi=1,..,m

The above relaxation is possible since xzz? = X implies that there exists a rank one
matrix X = za?. We can replace the rank one constraint with the semidefinite constraint
obtaining the above relaxation. Another advantage is to gather all nonlinearities in one

variable X, which is further relaxed with a semidefinitness condition.
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

3.2.2 Quadratically Constrained Quadratic Program

One can formulate the general quadratic programming problem with quadratic constraints

as follows,

ming 27 Qx4 2(c”) 'z
s.t.
QP o' Ar +2(H T2+, <0 Viel

where @, 4;,Q € S, and [ = {1,...,m}.

It is worth mentioning that the above program may not be convex. A standard way to
make this program convex is to gather all nonlinearities in one variable. For this we intro-
duce a matrix X, such that X = 2z and consider, 27Qx = trace(Qua’) = <Q, :mT> =

(@, X). Then the above program can be equivalently written as,

min (Q,X) +2(") "
s.t.
QP (Ap, X) +2() o +b; <0, Viel

X = zz”

It is interesting to note that most of the conic relaxations in literature are based on in-
troducing some new redundant constraints along with replacing the constraints X = za”
with the constraint of the form X € K where K is a cone of matrices. If K = S;" we will

have semidefinite relaxation.
It is not difficult to verify that 2% A;x+2(c") ' x+b; = ) , , where
c Al z X

X = zz”. Let us define,
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

Then the set of feasible points of QP will be defined as follows,

1 a7
Feas(QP) =<z e R": ( B, - <0,VPeP
r xx

The SDP relaxation of QP relaxes the rank one matrix constraint X = zz? with the

(1 2T .
constraint >0, so we will have,
r X

mgl (Q,X)+ 27 1

s.t.

1 27 )
QPspp P; <0, Viel
z X
1 z7
=0
rz X

Then the set of feasible points for the above program can be described by,

1 2T
3X € 5, such that =0
r X

Feas(QPspp) = v € R": - , Viel
and <R~ ( ’ >§0
x X

Let us denote by Q. all semidefinite quadratic functions i.e.
Q, ={z"Ar+ x4+ b: Ac ST ce R b € R}
Let K denote the convex cone generated by the quadratic functions z” A;x + 2(c)rx + b;

1.e.

K = cone{P}
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

Then we have following relaxation of QP

min, v’ Qx + 2(°)

QPs

s.t.

1 z7 ]
P, . <0 Viel
T xT

Pekng,

The relaxations Q Pspp and (QPs are equal,

Theorem 3.5.

Feas(QPspp) = Feas(QPs)

Proof. One can define the dual cone of IC as,

Kr={V eSS, :(V,U)>0, YUeK}

We can see that for the set of feasible points for )Py and (QPspp we have,

Feas(QPspp) = {x e R"

Feas(QPs) = {:1: e RN

:{1365}?":

1 'IT * +
: 3 X € S, such that ¥ e (-K"nsSy,)
T

(1 xTT) .k Q+)*}
()l G )
v zx’ 0 Sf

Feas(QPspp) C Feas(QPs): Take x € Feas(QPspp), then there exists X € S, such that
(x,X) € Feas(QPspp) then we can write

1:UT_1:CT+O 0
r z2T)] \z X 0 zzT — X
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

For P; € P we will have,

TAx—i—Q =

So, x € Feas(QPs).

Feas(QPspp) D Feas(QPs): For the converse let x € Feas(QPs), then there exists some

H € S;f such that,
1
. e —K*
x xxl + H
T

The matrix T is positive semidefinite if and only if H is positive
r xx' +H

semidefinite. Which is our assumption that H € S;. Hence

1 T
e —K*Nn Sy,
([E zal + H) n

So z € Feas(Qspp).

This completes the proof. ]

Remark 1. The above results even holds if the index set I is infinite.

2. The relaxation @ Ps is first discussed by Fujie and Kojima [58] but its equality with
the SDP relaxation is proved by Kojima and Tungel [8§].

Another Semidefinite Relaxation

Several semidefinite relaxations of )P are discussed in the literature. The basic and

simple semidefinite relaxation is given by Shor [I3I]. In the Shor relaxation we will relax
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

the constraint X = za”, by the constraint X € S,

m}}n (Q,X) + 2l
s.t.
QPspp (A, X)+2cf 2 =0, Vi=1,..m
XeStH

The Shor relaxation actually relax the rank one condition X = zz? by lifting matrix X
from the class of rank one matrices to the bigger class of semidefinite matrices.

The Shor-relaxation became central for finding the p-approximation algorithm for hard
combinatorial optimization problems. Some nice p -approximation algorithms were found

for problems like Max-Cut and box constrained problems (see [68], [119]).

3.2.3 Applications of SDP

Many state of the art results have been obtained by formulating the SDP relaxation of QP.

We will enlist some of them,

1. The most popular SDP relaxation is for Max-Cut problem. Using a SDP relax-
ation along with randomization Goemans and Williamson[68] has obtained a 0.878-
approximation algorithm for the Max-cut problem. This is the first major break
through for SDP. It has opened a way for application of SDP in combinatorial op-
timization problems. This problem is furthered discussed with reference to SDP by
[124].

2. The SDP relaxation of stability number of a graph resulted in the so called Lovarz
theta number. Theta number has not only provided a bound on the stability number
of the graph but also provided a polynomial time algorithm for finding the stability
number in perfect graph for details see [102] [113].

3. The well known spectral bundle methods for the eigenvalue optimization problem
are based on the concept of SDP. These methods are used for finding maximum or

minimum eigenvalues of a matrix. For details see [143)].

4. SDP has been proved very useful for approximating nonlinear problems. Specifically
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3.2. SEMIDEFINITE PROGRAMMING (SDP)

quadratically constrained quadratic programs(QCQP) are approximated by the use
of SDP relaxations (for details see [9, [3, 138§]).

5. There are many other complex problems for which SDP has provided promising re-
sults, this list of problems includes the satisfiability problem |7, [74], maximum clique
and graph coloring 23], [49] [50], non-convex quadratic programs [58|, graph partition-
ing [61], 1T5], 144] 146], nonlinear 0-1 programming [92, 97|, knapsack problem [77],
traveling salesman problem[47|, quadratic assignment problem [115] 146], subgraph
matching [128], statistics [143, Chapter 16 and 17] [I38|, control theory [138], struc-

tural design [138, (143, Chapter 15| and many other areas of science and engineering,.
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Chapter 4
Copositive Programming (CP)

Copositive programming is a relatively new area of research in cone programming. Only a
few papers and a thesis have been written, covering applications and algorithms for coposi-
tive programming. The main theme of this chapter is to introduce copositive programming
along with its application. We will also discuss some algorithms available for solving copos-
itive programming. We will start with an introduction into copositive programming. Then
we will give the applications of copositive programming. The final section of this chapter

is concerned with the algorithm available for solving copositive programs.

4.1 Copositive Programming

Copositive programs refer to cone programs of the form,

min (C,X)

s.t.
CPp <AZ,X>:bl, VZ:l,,m
X eC,
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where A;,C' C S, and the dual

max b’y
y

s.t.

=1

yeR™ Z e

with C), and C} are the cones of copositive and completely positive matrices respectively.
It is not difficult to see that the above programs are convex. But being convex does not
guaranty that we can solve these programs efficiently. The main difficulty lies in checking
the set of feasible points of both the primal and dual programs. It is co-NP hard to check
that a matrix is copositive (see Murty and Kabadi [110]).

Duality theory helps to find algorithms and solution procedures for mathematical pro-
grams. The same duality theory holds for copositive programs as for cone programs. As
mentioned before interior of a cone plays an important role for developing strong duality
results. Recently Diir and Still [53], has given characterization of the interior of the com-
pletely positive cone. In contrast to semidefinite programming duality theory for copositive
programming is not very well discussed. A recent paper by Eichfelder and Jahn [54] has
discussed the KKT type optimality condition along with duality for copositive program-

ming.

4.2 Applications

Copositive programming has been applied to a number of interesting problems. Here we

will briefly discuss these problems.
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4.2.1 Quadratic Programming

Consider the specific case of a quadratic program with only one quadratic constraint.

min 2z’ Qx
s.t.
SQC 2T Ar =0

x>0

where A is a strictly copositive matrix and b € R.

The connection between copositive programming and the above problem was first inves-
tigated by Preisig [I18]. SQC contains some interesting problems like standard quadratic
programming over simplex and the maximum clique problem as special case. The coposi-

tive programming formulation of the above problem is,

min (@, X)
s.t.
SQCcx (A, X) =10
XeC;

The dual formulation of the above program is,

max by
y

s.t.
SQCe, Q—Ayed,

The set of feasible points of SQCc- is the intersection of the completely positive cone
and a hyperplane. The extremal rays (see Definition of the completely positive cone
are rank one matrices za? with > 0. So we have equivalence for SQCc: and SQC' in
the special case if we choose the hyperplane in such a way so that the extremal points (see
Definition of the feasible sets coincides with the extremal rays of completely positive
cone. The equivalence of SQC and SQCg¢: is given in Lemma

36



4.2. APPLICATIONS

Lemma 4.1. Let A € S, be strictly copositive then

1. if b>0 then the extremal points of the feasible set of SQCc: are exactly the rank-one

matrices X = xx’ with 7 Az = b and x > 0.

2. The problems SQC,SQCcx and SQCg¢, are equivalent that is,

val(SQC) = val(SQCc:) = val(SQC¢,)
Proof. For a proof see [30, Lemma 4.1| O

Standard Quadratic Programs

A special case of SQC' is the standard quadratic optimization problem (SQP). If we take
A = E, = uwu”, where u is a vector consisting of all ones, and b = 1, and consider the fact
(uTz)Telx = 1 if and only if uTx = 1, then the standard quadratic optimization problem

over the simplex will be,

SQP wle =

its copositive programming formulation will be,

min (Q, X)
s.t.
SQFc: (En, X)=1
Xed,
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T

where F,, = u" u is n—dimensional matrix. The corresponding dual formulation,

max y
y

s.t.
SQPc, Q—yk, €C,

From Lemma [4.1] we can deduce,

Corollary 4.2. The optimization problems SQP, SQPc: and SQF¢, are equivalent i.e.
val(SQP) = val(SQPc:) = val(SQPc,)

Remark 1. It is interesting to note that the copositive and completely positive formu-
lation of the standard quadratic optimization problem is the first celebrated result
for copositive programming. Bomze et al [24] has given a polynomial time approxi-
mation scheme for the solution of the standard quadratic optimization problem for
details see [24] 25].

2. Bomze and Schachinger [27], have also established equivalence for multi standard
quadratic programming. In multi standard quadratic programming, quadratic func-
tion is maximized over the Cartesian product of several standard simplices. The

simplicies can differ in dimension, for details see [27, [30].

4.2.2 Quadratically Constrained Quadratic Program

Recall from subsection [3.2.2]

H}}n (Q,X) +2(") '
s.t.
QP (A, X) +2() o+, <0, Viel
X =zt

z>0
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where I = {1,...,m},c* € R", b; € R, consider the set P,

P = {R: (b’ﬁ (Ci>T> v z’e]I}
a A

The set of feasible points of QP is,

1 a7
Feas(QP):{xER”:<PZ-< T>>§0‘V’B~EP}
T xx

Here, instead of taking the SDP relaxation we will consider the copositive relaxation,

described in the program given below,

m)}n (Q,X) +2(")"z

s.t.

1 z7
QPcp P, . <0V eI
T XX
1 2" .
(I X) € On—i—l

Then the set of feasible points for the above program can be described by,

1 27
34X € S, such that e Cry
r X

Feas(QPcp) = ¢ x € R": LT , Viel
and <R~ ( x>>§0
r X

Let us denote by @', , all copositive quadratic functions i.e.
Q. ={z"Az+ Tz +v: A€ C,ce R,y R}
Let K denotes the convex cone generated by the quadratic functions z7 A;z + 2(c')Tx + b,

1.e.

K = cone{P}
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Then we have following relaxation of QP

. T
ming =7 Qz + 2" x

s.t.
1 T
or, <p( 2)>go
T ITT
PeKnQ,

The next theorem describes the relation between these two relaxations,

Theorem 4.3.
Feas(QPs) C Feas(QFPcp)

Proof. One can define the dual cone of IC as,
Kr={Ves,:(V;U)>0, VU €K}

Let Q" is the dual of Q',, then by the definition of dual,

a wt , a wl v ! v ,
oo (R a)poen) e

From above we get,

T T
“or , T >0=ay+2c'7+(I,A) >0
m 1 c A

= a=0,r=0and Il € C)
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We can see that for the set of feasible points for Q Ps and Q) Pop we have,
1 27 . .
Feas(QPcp) =< x € R" : 3 X € S, such that ¥ e(-K'nC.y)
x

Feas(QPs) = {x eR": (1 xTT> e—-(Kn Q'+)*}

Tr ITT

fer {2 (2)

Feas(QPs) C Feas(QPcp): Let x € Feas(QPs) then there exists some H € C such that,

1 T
v e —K*
x xxl + H

1 T
Since zz? + H —za’ = H € C? and x > 0 so Lemma [2.21|implies f €
z xx't +H

*
C; 1. Hence,

1 xt
€ -K"nC,
(x zal + H) i
establishing, = € Feas(QPcp).

This completes the proof. O

4.2.3 Stable Set Problem

Let G = (V, E) be a graph with n vertices. Then a stable set of the graph is defined as a
set of vertices which are not adjacent to each other. The problem of finding the maximum
stable set (sets of maximum cardinality such that no two vertices in the sets are adjacent)
is NP-hard. The complement of the stable set problem is the clique problem. In clique
problems it is required to find the set of vertices in the graph such that the subgraph is
complete. Clique problem is also NP-hard and its decision version is NP-complete.

The stability number a(G) of a graph is defined as the cardinality of a maximum stable
set in graph G. Clique number w(G) is the cardinality of a maximum clique in the com-
plement graph G (in the complement graph G of G, two vertices are adjacent if and only
if they are not adjacent in G).

Another problem which can be associated with the above two problems is the k-coloring
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problem which is defined as: given a graph G and an integer £ > 1 then k-coloring is the
assignment of k-colors to the vertices of G such that adjacent vertices have distinct colors.
The chromatic number or coloring number x(G) of a graph is the smallest integer k& for
which G has a k-coloring. It is interesting to note that k-coloring gives the partition of

vertices into k stable sets. The three problems have the following relation,
a(G) = w(G) < x(G)

where G = (V, E) denote the complementary graph of G. For the mathematical program-
ming formulation of the stable set problem we associate with any stable set S C V a

characteristic vector g € {0,1}" defined as,

1 vel
0 ves

(5)v =

On the basis of the characteristic vector we can define a matrix X by,

1

$£$S

X =

$5I£

which has the property that |S| = (X, J), moreover X>0, X;; =0, V (i,j) € FE and
(I,X) = trace(X) = 1, resulting in the following semidefinite relaxation of the maximum

stable set problem (see Lovasz [102]),

mazx  (J, X)

AICEDP A&j::O v ii#(j and @,j)E.E

where J is a mtrix consisting of all ones. The optimum value of the above program gives
the so called Lovasz theta number i.e ¥(G) = val(MCspp). Moreover ¥(G) gives a bound

on the stability and the chromatic number of graphs,

Theorem 4.4. For any given graph G, one has

a(G) < 9(G) < x(G)
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Remark A graph is called perfect if w(G') = x(G’) for every induced subgraph G’ of
G. The existence of polynomial time algorithm for the stability and chromatic number
of perfect graphs became possible only after the definition of the theta number. The
inequalities given in the above theorem become strict equalities in case of perfect graphs
(see [94, 102]).

Having M Cgspp it seems natural to consider a copositive relaxation of this problem. de

Klerk and Pasechnik [45] considered the following copositive relaxation of MCspp,

mazx  (J, X)
s.t.
MCecp X;;=0 V i#j and (i,j) € E
(I,X)=1
XeC;

Theorem 4.5. Let G(V,E) be given with |E| = n. The stability number of G is given by
val(MCep) i.e a(G) = val(MCep).

Proof. For proof see [45, Theorem 2.2|. O

Since X € C! implies X is nonnegative. So (I, AX) = 0, where A = {q;;} is the adjacency
matrix of the graph G, if and only if X;; =0, Vi # j and (i,j) € E. Hence we can write

the above program as follows,

maz  (J, X)
s.t.
MCep (I, AX) = 0
(I,X)=1
XedC;

Now we can write the above program equivalently in the following form (for details see

43



4.2. APPLICATIONS

[45])
max (J, X)
s.t.
MCep (A+DT, X)=1
XedC;

Remark The copositive relaxation of the stability problem is first discussed by de Klerk
and Pasechnick [45] in 2002. The chromatic and the stability number of a graph are perhaps
the most studied problems with respect to copositive programming [17, 45, [51].

4.2.4 Graph Partitioning

Let G = (V, E) be an undirected graph with a set of vertices V', having cardinality n and
the set of edges F with weight a;; for each edge. Then the 3-partitioning of vertices is
the partition of the vertices into 3 disjoint sets S7, So and S3 of specified cardinalities such
that the total weight of all edges joining S; and S5 is minimized. We use the symmetric
nonnegative matrix A called adjacency matrix of graph, with A = {a;;} and a;; > 0 if there
exists an edge e;; € E(G) (with weight a;;), where e;; denote the edge between vertices ¢
and j. If we denote the total weight of edges between sets S; and Sy as cut(Sy, S2), then

we have the optimization problem,

min  cut(Sy, Sa) = Z [y

1€851,j€S2
GP, (S1, S2,S3) partitions of V(G)
’SZ’:m“ 22172,3

Let X € {0,1}(™3) be a matrix whose j* columns is a vector x; of the form,

1 if 1€58;
()i = @iy = J T vji=1,23
0 if i¢S,
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then
Z a;; = 1] Azg = trace(Ar,z3)
1€S51,j€S2
1 1
= 5tmce(AXBXT) = §<X, AXB)
010
where B= [1 0 0]|. Then GF, can be written as,
0 0 0
o1
min §<X, AXB)
s.t.
G P, XTX = Diag(m)
Xus = u,
X €{0,1}™3
T
where m = (ml,mg,mg is a vector such that m; = |5;],7 = 1,2, 3.

A usual way to make quadratic program of the above form convex is to gather all
nonlinearities in a single constraint. Hence obtaining a program which has linear constraints
with exception of one nonlinear constraint of the form Y = zz”. In case of GFy, we will first
make the linear constraint quadratic and then we will linearize the quadratic terms, which
result in gathering all linearities in the constraint Y = za”. Following is an equivalent

formulation of the above program,

min %(BT®A,Y>
s.t.
(By @ LYY =mdy;, V 1<i<j<3
(J3@ E,Y) =1, V 1<i<n
GP VoWl Y) =m,, V 1<i<3,1<j<n
B ® Jp,,Y)=mym,;, V 1<i<j<3

Y =a2t, z € ERi"
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where 2 = vec(X), Ejj = eel, By = 5(Eij + Eji), V; = equl € ®3, J, is n-dimensional

matrix consisting of only ones and W; = e;ul € R™" 1 <i <3, 1<j<n.
Just like SDP relaxation, the rank one matrix constraint ¥ = za” is relaxed by the

copositive constraint Y € C3

4n, hence we will have,

N
min §<B ® A Y)

s.t.
(B @ I,LY) =midy;, ¥V 1<i<j<3
(J3@ Eu,Y) =1, V 1<i<n
GPqp VoWl Y)=m,, V 1<i<3,1<j<n
(Bij @ Jn,Y)=mym;, V 1<i<j<3

Y e (5,

Povh and Rendl [116] proved that this relaxation of the partition problem is exact, ,

Theorem 4.6. Let x € R3" and Y € Feas(GPcp) then

Conv {z2";Y = 22" € Feas(GP)} = Feas(GPcp)
Proof. see [116]. O

The immediate consequence of this theorem is the following corollary,

Corollary 4.7. val(GP) = val(GPcp)

Remark 1. In GPif wereplace Y = zz” by Y € S, then we obtain an SDP relaxation.
Povh and Rendl [116] have proved that their proposed relaxation is equivalent to
another SDP relaxation proposed by Helmberg et al [76] (replace the constraint
X € {0, 1}(»*%) with the constraint of the form X”u, = m). SDP relaxation proposed
by Helmberg et al [76] is mainly used to obtain easy to compute lower bounds for

graph partitioning problems.

2. SDP relaxation of the partition problem is not only discussed by Povh and Rendl. As
a matter of fact there exist semidefinite relaxations of the more general k-partition

problem in which we divide vertices into k disjoint sets instead of only three sets, for
details see [61], [76, 144, 146].
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4.2.5 Quadratic Assignment Problem (QAP)

QAP is one of the most studied problems in combinatorial optimization. It was first
introduced by Koopmans and Beckmann [89] as facility location problem. Nowadays the
application of QAP is not restricted to facility location problem only. QAP has been applied
to other areas likes wiring problems in electronics, scheduling, parallel and distributed
computing, statistical data analysis, design of control panel, chemistry, archeology and
design of turbine runners etc [3§].

In QAP you are given a set of n location and n facilities and the distance between these
locations. The objective of this problem is to find assignments of locations to facilities such
that the cost is minimized. Normally a permutation vector denoted by 7 is used to denote

the assignment. Koopmans and Beckmans presented this problem as:

min Z aiibr(iyr(s) + Z Ci,m (i)
i, i

s.t.

7 is a permutation of {1,...,n}

where A = {a;;}, B = {b;;}, C = {c;;} € R™*". Each permutation can be represented by

the permutation matrix X = {z;;}, with,

1 if w(i) =

0 otherwise

Let II be the set of the all permutation matrices X. Then QAP can be written as,

min (X,AXB +C)
s.t.
X ell,

It can be seen easily that every permutation matrix is orthonormal since there is only one
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nonzero term in each row and column of the permutation matrix, so we can write,
N={XeR™: X"X=1X>0}
then,

min (X,AXB +C)
s.t.
XTX =1,
X >0

If we add an extra redundant constraint X X7 = I in the above program then we obtain,

min (X, AXB)

s.t.
QAP XTX =1,
XXT =1,
X>0

Let Y and Z be two symmetric matrices corresponding to the Lagrangian functions of the
constraints X7X = I and X X7 = I respectively (for complete details see [8, [94]). Then

we obtain the following program,

max (I,Y + Z)
s.t.
QAPrp IRY)+(I®Z)=<(B®A)
Yr=v 2t =27

The optimum value of QAP and QAP p is equal,

Theorem 4.8. val(QAP) = val(QAPLp) giving that the strong duality holds for the pair
QAP and QAPLD.

Proof. see [§]. O
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Povh and Rendl [117], has extended the ideas by giving a copositive relaxation. They have
added one more redundant constraint by considering the fact that sum of all elements in
X is n, hence they have included the constraint (X, JX.J) = (uTX u)2 = n?. By adding

this constraint QAP will become,

min (X,AXB+C)

s.t.
XTX =1
QAPp XXT =1
(X, JXJ) =n?
X>0

Just like QAP;p we introduce two matrices Y, Z and v € R, the Lagrange variables cor-
responding to the constraints X7 X = I, X X7 and (X, JXJ) = n? respectively. Moreover
consider the fact, (C, X) = (Diag(c), zzT) for X € Il and (X, PXQ) = (QT @ P,xzT) for
any X > 0 where x = vec(X), ¢ = vec(C) implies (X, AXB + C) = (B® A+ Diag(c),Y).
We obtain copositive relaxation of QAPp given below,
max (I,Y + Z) + n*v
s.t.
QAPp ) B® A+ Diag(c) —I QY —Z Q1 —vd,2 € Cpe2
Y €8,
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The dual of above program is given by,

min (B ® A+ Diag(c),T)

s.t.
QAPPD <[, TZ]> - 5@']’ \V/’l,]
<Jn2,T> = TL2
TecC,
Tll . Tln
where T=1| : .. with 79 € Rnxn,
Tnl ... T

It is interesting to note that strong duality hold for the primal dual pair QAPp, and
QAPp(cy. Since QAPp(c), is strictly feasible (for Z = Y = —al and v = 0 the matrix
B ® A + Diag(c) + 2al,2 is strictly copositive). Povh and Rendl have established the
equivalence of QAPp and QAPp,, see Theorem [4.9]

Theorem 4.9. val(QAPp) = val(QAPp,)

Proof. see [117]. O

4.2.6 Mixed Binary Quadratic Programming

Recently Burer [34], has given a completely positive relaxation of a mixed quadratic binary

program. Burer has considered the program,

mxin T Qx4 2 x
s.t
alr="b;, Vi=1,..,m
QPg x>0
r;€{0,1} V jel
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where z € R" and I C {1,...,n}. Consider (a!z)? = 0? & alzzTa; = b?, we will add
these constraints in QPp. It is well known [55] [94], that the condition z; € {0,1} can be

equivalently stated as 7 —z; = 0. If X = 22" then 27 —z; = 0 implies X;; = x;. Just like

in SDP we will relax the rank one matrix constraints X = xz’, 2 > 0 by the constraint
1 =z

T 1 2t N (1)
€ Cr ., (since X = za” if and only if = ). Then we will
r X r X r) \x

have the relaxation,

I)I(ljn (Q,X) +2c"x
s.t.
CPPg al v = by, Vi=1,..,m
al Xa; =07 Yi=1,...m

ij:I'j VJGH

1 2T .
(I X) < On—i—l

In order to derive a relationship among the set of feasible points of QPg and C'PPg we

make the following assumption,

Assumption 4.10. Let L = {x >0:alex =0 Vi=1,.., m} be the linear part of Feas(QPg)
then
rel = 0<z;<1 Vjel

Remark 1. It is clear that if Assumption does not hold then it can be implied by

introducing at most |I| slack variables z; such that z; + z; = 1.

2. Bomze and Jerry [I8] has noted that the above assumption can be replaced by a

weaker assumption namely

Assumption 4.11.

xel = x; isbounded for all j €1

This weaker assumption can be enforced by introducing just one slack variable instead

of |I] slack variables.
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The recession cone of L is given by,
Lo={d>0:a]d=0 Vi=1,..,m}
then it is clear from the Assumption that if L # ¢ then,
delyo = dj=0 Vjel (4.1)

In order to show that the relaxation of ()Pg is indeed exact, we will consider the new
feasible set namely Feas™(CPPg) and Feast(QPp) which are linear parametrization of
Feas(CPPg) and Feas(QPg) respectively, and are defined by:

1 2T

Feast (CPPg) = { (z %

) . (z,X) € Feas (C’PPB)}

T
Feas™ (QPg) = Conv (1) <1> 1z € Feas (QPp)

T T

T
0 0

LT = Cone . d € Ly (4.2)
d) \d

Theorem gives the relationship between the above sets of feasible points,
Theorem 4.12. Feas™(CPPp) = Feas™(QPp) + L1

Proof. Feas™(CPPg) C Feas™(P)+ L%: For this we will prove that for any (z,X) €

Feas(CPPg) we have a decomposition of the form,

)2 500 e

where Zk@b/\kzla v EL VEeE®, and y* € L, VEk € .

Let (z, X) € Feas(CPPg) and consider the completely positive decomposition,

AN T ANAN
()20 () w
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with y* € R, & € Ry. Wedefine, o, ={k € ®: &, >0} and @y = {k € ¢ : & = 0}.
From equation (4.4)), we will have,

e
v X)) S\ E\eyt v

Y g=1 (4.6)

ke @
We identify Ay, k € @ by &, hence giving >, s, A= L.
From b; = al x and b? = af Xa;, and (4.5)), one can see,

hence,

i

bi=a; _x_ :aiTkayk:Z&(afyk) Vi=1,...,m (4.7)
:ngyk ked ked
and
v = al Xa; = aiTZykykTai = Z (aly*)? Vi=1,..,m (4.8)
ke ke

So we can write, from , ,
2
(o) - (59) (g
ked ke ® ked

In Cauchy-Schwarz inequality, equality holds if and only if the two vectors (& : k € )
and (aly® : k € ®) are linearly dependent, so in our case for all i = 1,...,m, there
exists 9; such that,

Sip=ualy® Vked i=1,...m (4.9)

If k € @y then & = 0 than (4.9)), will become
alyfF =0 Vkedyi=1,..,m
hence y* € L.,V k € ®y. Consider (4.7),

bi=> &laly") = &) =6 (&) =4

ked ked ked
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So for all £ € &, , we will have

0ik = aiTZ/k
yk
= bi=a > Vked,
&k
yk

= —€L Vked,
&k

So we can conclude that v* := g satisfies the linear constraints.

For the binary constraint, let j € I. From constraint X;; = x;, we will get,

SO =D M+ D> (v )’
ked, ked, kEdo \:’0'/
o 3 Ak - ) 0
k€¢+

In above expressiony; = 0, since (4.3) implies y* € Lo and from (4.1) we get
yf = 0 for all 5 € I. Moreover, since A\, > 0 and 0 < vf <1, Vj €1 so the

sum of nonnegative numbers is zero if and only if each one of them is zero that is

v;? — (vf)2 = 0, giving that Uf € {0,1} V j € I. Hence the binary constraints are
satisfied for all j € I. So decomposition of the from (4.3]) exists and the inclusion
follows.

Feas™(QPg) + L, C Feas™(CPPg): Consider Feas'™(QPg) C Feast(CPPg) which fol-
lows directly from the construction. The recession cone (see Definition of
Feas™ (CPPg) given by,

0 & ald=0 i=1,..m
rec(Feas™ (CPPg)) = (d D) €eCi,: a’Da;=0 i=1,...m

dj:Djj jGH

0 df
Since J D> € C7,,, it should have a decomposition of the form 1} giving

d = 0, and the recession cone then simplifies to,

0 07 TDa;=0 i=1,...
rec(Feas™ (CPPg)) = e Cl,: % ~a ! , "
0 D Djj =0 ] el
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From (4.1) and (4.2)) we can write,

T
0 0 0 of

LY = Cone : d € Ly p = cone :d € Ly
d d 0 dd’

which shows that L} is contained in the recession cone of Feas'(CPPg) so the
inclusion follows.

Hence the proof is complete. ]
The following is an immediate consequence of Theorem [4.12]
Theorem 4.13. Under Assumption[4.10, we have,

1. val(CPPg) = val(QPg)

2. If (z*, X*) is optimal for CPPg, then x* is in the convex hull of optimal solutions
for QPg.

Proof. 1. Let us define the linear function,

(V) = <(2 E;) ,Y> (4.10)

It is not difficult to verify that the optimum values of () Pg and C'PPg can be written

in terms of {(Y) in following manner,

val(QPp) = min (YY) and wval(CPPg) = min Iy

YeFeast(QPp) YeFeast(CPPp)

Since Feas™ (QPg) C Feas™(CPPg), hence we will have val(QPg) > val(CPPg).

In order to obtain equality we will consider following two cases,

val(QPg) = —oo: If val(QPp) = —oo then from val(QPg) > val(C'PPg), we obtain
that val(CPPg) = —o0, hence val(QPg) = val(CPPg). So in case of infinite

values the optimum values are same.

val(QPp) # —oo: From Theorem we have,

Feast(CPPg) = Feas™ (QPg) + L7,
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The above equation suggests that if [ is nonnegative over LY then optimum
values of ()Pp and C' PPy coincides with each other. In order to show that [ is

nonnegative over LY take d € L, then,

0\ [0 ! 0 cr 0\ (0 !
= , =d'Qd
() 6) ) {0206
From above equation it is clear that [ is negative only if d” Qd is negative which
implies that we can have optimum value from negative orthant hence from
val(QPp) = miny cpeqst@pry) [(Y) We get val(Q Pg) = —oo which is a contradic-

tion. Hence d’' (Qd is nonnegative. Since d € Lo is arbitrary so [ is nonnegative

on L.

2. Since (z*, X*) is optimal for C'P Py hence it will have decomposition of the form ({4.3))

that is,
P sl @ (9) (0 T
= Ak +
o X* 5 ok Ukva s yk yk

giving that, 2* = 37, 4 A" By Theorem [1.12} v* € Feas(QPg) hence z* €
Cov{Feas(QP)}. Moreover v* is also optimal for QPg since,

val(CPPg) =1 (( 1* %)T)) =) (@@ 27 Y e+ Y QL ()T

X ked ked ked

Z val(QPB) = ’U(ZZ(CPPB)

the last equality holds from part 1. Hence v* is optimal and this completes the proof.
O

Remark Bomze and Jarre [18], have showed that under the weak assumption we will
have Feast(QPp) = Feast(QPg) + L, = Feast(CPPg), where Feast(QPg) denotes
the closure of Feas™(QPg).

A disadvantage of C'PPpg is that it does not contain interior points. Since,

1 27 b; 1 27
(bz —CLZ‘) (;L‘ X> (a?) =0, W <x X) EF@CLS(CPPB)
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1 2T
Thus the matrix < > is not in the interior of semidefinite cone so by definition of com-
x

T

x
pletely positive matrices the matrix can not lie in the interior of the completely
x

positive cone. Recall that the interior of feasible set of points for a certain cone program
is crucial for obtaining strong duality results. Therefore nonexistence of interior points is
a disadvantage. In order to solve this problem Burer, suggests to eliminate x from the
completely positive representation. Elimination of z is possible only if there exists some
y € R™ such that,

iyiai >0 and iyzbl =1
i=1 i=1

If we consider above constraints then we can write C'P Py after elimination of x as,

I%}n (Q,X)+2c"Xa

s.t.
aiTon:bi, 1=1,....m
al Xa; = b7, i=1,..,m
CPP, equced (Xa)y =X V keB
afXa=1
XedC,

where,
m
o= Z yia; > 0
i=1

CPP,cquceq is equivalent to C'PPpg, as stated in next theorem.
Theorem 4.14. If there exists y € R™ such that Zyi@i >0 and Zyl-bi = 1. We define
i=1 i=1

o= Z yia; > 0 then CPPreguceq 1S equivalent to QPg i.e
i=1

1. Opt(CPP'reduced) = Opt(CPPB>

2. If X* is optimal for CPPrequcea, then X*« is in the conver hull of optimal solution
for CPPg
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4.3 Algorithm

Copositive programming being a new area of research does not enjoy the luxury of hav-
ing some standard solution method. Although copositive programming has been applied
to a number of practical problems, still there is no algorithm for solving copositive pro-
gramming. Some efforts have been made for developing a solution procedure. But these
methods are not really efficient and have a number of deficiencies. Beside the fact that the
available methods are not good enough, they are still applied to practical problems.

To the best of our knowledge there exists three methods/procedures for solving copos-
itive programs. The oldest and most widely used method is based on an approximation
of the copositive cone by different cone hierarchies. Another method which is based on
inner and outer approximations of the copositive cone is also applied to certain practical
problems. The feasible descent method of Bomze et al [26] provides a choice for solving
copositive programs over the cone of completely positive matrices. In the next subsections
we will briefly discuss each of the above three procedures/methods for solving copositive

programs.

4.3.1 Approximation Hierarchy Based Methods

These methods are based on the quadratic form associated with copositive matrices. With
every matrix A we can associate a quadratic form. If this quadratic form is nonnegative for
nonnegative argument then the matrix is copositive. This quadratic form can be written
as finite sum of quadratic terms, with elements of A being coefficient of the polynomial,

hence for a certain matrix A € S,,, we can define the polynomial,
n n
2 2
PAe) = 303 Ayl
i=1 j=1

It is clear that A € C), if and only if P4(x) > 0 for all x € R". So the problem of checking
copositivity of a matrix reduces to checking conditions when P4(z) is nonnegative. It is

not difficult to verify that Ps(z) will be nonnegative if,
1. P4(z) can be written as sum of square

2. All the coefficients of P4(z) are nonnegative

Whenever the first condition holds the second condition become true automatically. It is
shown by Parrilo [I12] that A € S + N, if and only if Ps(x) allows a sum of square
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distribution. Moreover if f(zq,...,z,) is a homogeneous polynomial which is positive on

the standard simplex, then for sufficiently large r € N, the polynomial

fz1, .y my). (Z x?)

has positive coefficients. Using these two results Parrilo [I12] has defined the following

cone hierarchy,

K" = {A € Sp|Pa(x) (Z a:f) has a sum of square decomposition}
i=1

It is shown by Parrilo that the cone K" approximate C,, from interior since S, + N =
K°c K' c ... and int(C,) C U,e nK". Hence one can approximate the copositive cone by
a set of linear matrix inequality due to the linear matrix inequality formulation of sum of
square decomposition. So each copositive program can be approximated by a large SDP.
The size of SDP can be exponential in the size of the copositive program.

By definition, P4(z) has nonnegative coefficients if and only if A € N,,. By exploiting
this property de Klerk and Pasechnik[45] has defined the following cone hierarchy,

A" = {A € Sp|Pa(x) (Z xf) has nonnegative Coefﬁcient}
i=1

de Klerk and Pasechnik have shown that N, = A° Cc A! C ... and int(C,) C U,enA". Tt
is not difficult to see that A, C K" for all = 0,1,... (see [45, Corollary 3.6]), since if
P(z) has only nonnegative coefficients then it has sum of square decomposition. The cone
program over A" result in linear programs since each cone is polyhedral.

The above cone hierarchy for approximating copositive cone results in solving either
SDP or linear programs. These programs are exponential in the size of copositive programs.
Hence for large r it is difficult to solve these programs. Beside this fact that for large r
it takes exponential time to solve certain copositive program, these kind of methods has
been applied efficiently for some practical problems (see [24} 44l [45, 116]). To the best of

our knowledge no such cone hierarchies exists for the cone of completely positive matrices.
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4.3.2 Feasible Descent Method

Bomze et al [26] has given a feasible descent method for solving optimization problems

over the completely positive cones. We will start with following problem,

min (C, X)
s.t.
CPP (Ai, X) =b;, 1=1,...m
Xed,

Suppose there exists an initial feasible solution X° which has a factorization X° = (VO)(V)T,
then the next iteration point can be calculated by X7*! = XJ + VX7, where VX’ is a

solution of following program,

min (C,VX)+ (1-¢)|VX|?
s.t.
CPP, (A, VX)=0, i=1,..,m
X' +VXecC:

The norm ||.||; used in iteration j depends on the current iterate X/. Using X7*! =
(V+VV)(V +VV)T one can show that the above program can be written as (for details
see [26]),

min € (C,V(VV)" + VVVT + (VV)(VV)") +
(1= [V(YV) + VT + (VV)(VV) |
s.t.
CPPy (A, VIV +vv vt (v vy =0, i=1,...,m
V+VV eN,

The objective function of the above program has become a non-convex quadratic function.

Algorithm [I] gives an implementable algorithm for solving above regularized problem.
The algorithm (1] gives a solution which is only locally optimal. The convergence of the

algorithm is not guarantied. The main disadvantage of this algorithm is the requirement

of an initial solution which itself a hard problem. Moreover finding the factorization of the

60



4.3. ALGORITHM

Algorithm 1 Feasible descent method |26, Algorithm 2.1|
Require: ¢ € (0,1), V > O with (AL, VVT) =b; Vi
set VVo =0 and 5;,=0foralli. Set [=1and 73, =1 —¢
Solve

min (2C(V + VYV, VV) + (1 — &) [|[VV 4+ VV|* + 1 [|VV?
s.t.
QAW +VVI VYV =5, i=1,...m
V 4+ VL VY e R

and denote the optimal solution by VV'.

Update VV = YVl + YV and 3; = b; — (A(V + VV) V 4 VV/oldy,
If [VVV|| > 1 set € = €/2 and VV°4 = YVl /2

If |[VV!|| & 0 then stop, VV° approximately solves C'PP; locally.

ELSE update l =1+ 1,77, = 1.5 % 7;_1, and go to step 2.

solution matrix is not trivial.

4.3.3 c¢—Approximation Algorithm

An algorithm for the solution of C'Pp (see section is proposed by [32]. The algorithm is
based on some newly defined polyhedral inner and outer approximations of the copositive
cones. The idea is similar to the idea of approximating copositive cones by the cone hier-
archy. The problem of testing copositivity of a matrix can be converted to an optimization

problem over a simplex in following way.
1. A is copositive if and only if 7 Az > 0 for all x € R with ||z]| =1
2. If we take 1—norm then the set A® = {z € R : ||z||; = 1} is the so called simplex.
3. Hence A is copositive if and only if 27 Az > 0 for all z € R" with z € A®

For describing our algorithm we need to define simplicial partitions,

Definition 4.15. Let A be a simplex in R". A family P = {A',...,A™} of simplices
satisfying

A =U" Aand int(AY) Nint(AV) =0,V i #j
is called a simplicial partition of A.

61



4.3. ALGORITHM

Moreover the sets of vertices and edges of a simplex are defined as,

V(P) = {v: vis a vertex of some simplex inP}

E(P) ={(u,v) : u # v are vertices of the same simplex in P}

One can prove that a matrix A is copositive if v7 Av > 0 for all v € V(p) and u? Av > 0
for all (u,v) € E(P) (for details [32, Theorem 3|). Based on the described results we
define the two closed convex polyhedral cones Ip and Op giving inner respectively outer

approximations of copositive matrix,

Ip={A€S, v Av >0, VveV(P)
u'Av>0V (u,v) € E(P)}

Op={AcS, :v"Av >0, YweV(P)}

In the algorithm if the partitions get finer then the approximation of C,, gets monotonically
better for both inner and outer approximation cones. Since the cones Ip and Op are
polyhedral, so optimizing over them results in solving linear programming problem. Solving
over Ip gives upper and over Op gives lower bounds on optimal solution.

Under standard assumptions the Algorithm [2] is provably convergent. A drawback of
this algorithm is that, the constraints in the linear programs grow very quickly and the
constraint system contains a lot of redundancy. This results in more computer memory
usage. Moreover this algorithm is not applicable for the general model of Burer (see section

4.2.6)) and provides poor results for box constrained optimization problems.

Remark Beside the methods/algorithms given above, some other attempts for a solution
of copositive programs over copositive or completely positive matrices are given in [17) 22]
39].
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Algorithm 2 e-Approximation Algorithm for C'Pp

1:
2:

set P ={A®}
solve the inner LP
min{(C, X)
s.t.

<A1,X> - bia Z - 1,

X elp

let X! denotes the solution of this program
solve the outer LP

min{(C, X)
s.t.

<A1,X> - bi7 ’l - 1,

X e Op

let X© denotes the solution of this program

. (C,xT)—(C,Xx°)
if Texhrcxoy then

STOP X9 is an e— optimal solution of C'Pp
end if
choose A € P
bisect A = AU A?
set P+ P{A} U{A' A?}
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Chapter 5

Semi-Infinite Programming (SIP)
Representation of CP and SDP

SIP, CP and SDP being subclasses of mathematical programming have some obvious con-
nections. In special cases these three classes can be represented by each other. In previous
chapters we have discussed about CP and SDP. In this chapter we will investigate the
connections among SIP, CP and SDP. We will start this chapter by giving description of
semi-infinite programming. Then we will give SIP representation of CP and SDP. The final
section of this chapter is devoted to SIP solution methods for SDP.

5.1 Semi-infinite Programming (SIP)

Semi-infinite programming is one of the oldest classes of mathematical programming. Being
oldest class it is very well studied in literature. The area of semi-infinite programming is
very rich in terms of theoretical results. A major drawback of semi-infinite programming
is the nonexistence of an efficient algorithm which can solve semi-infinite programs to
optimality. In special cases some other classes like cone programs can be represented as
semi-infinite programs.
The most general form of SIP is,
min f(z)

s.t.
Psip g(x,v) >0 VoeV
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where f, g are real valued (continuous) functions and V' is a compact set. The set of feasible

points for Pg;p is defined by infinitely many constraints,
Feas(Psrp) = {x|g(z,v) > 0,v € V}

It is not difficult to show that Feas(Ps;p) is closed. Moreover Pg;p will be convex if the
function f is convex and for every index v € V, the constraint function g,(z) = g(z,v) is
concave that is —g, is convex. In convex SIP the set of feasible points is always convex
and every local minimizer is also global minimizer. First and second order optimality
conditions have been derived for Semi-infinite programming. These conditions are based on
generalized Farkas lemma and generalized Mangasarian-Fromowitz constraint qualification.

SIP arise naturally in many applications for example Chebyshev approximation. SIP has
been applied to some other areas like minimal norm problem in the space of polynomial,
mathematical physics, robotics, geometry, optimization under uncertainty, economics, ro-
bust optimization and system and control (see [79, 10T, 139]).

Since the feasibility problem for SIP cannot be solved in polynomial time in general
hence existence of polynomial time algorithm for SIP is not possible unless P = NP.
Nonexistence of an efficient algorithm implies that one has to rely on numerical methods.
The numerical methods available can be classified to three main categories: Local reduction
method, discretization methods and exchange methods.

In the local reduction method the original problem is replaced by a locally equivalent
problem with finitely many inequality constraints. The problem can also be replaced by
a system of nonlinear equations with finitely many unknowns. This system can be solved
by Newton’s method and hence these methods have good convergence results. Reduction
based SQP-methods are one example of these kind of methods.

Discretization methods are based on solving a sequence of finite programs. The sequence
of finite programs are solved according to some pre-defined grid generation scheme or some
cutting plane scheme.

The exchange methods can be seen as a compromise between discretization methods and
reduction methods. Hence they are more efficient then discretization methods. Exchange
methods works in two phases, for complete details see |78, [79, [122].

Besides the methods discussed above, some other methods also exists for solution /approximation
of SIP. These methods includes interior point method [134], [136] and feasible direction
methods [101], 122].
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Remark The earliest description of SIP can be found in 1924, where it was discussed as
Chebyshev approximation. The term semi-infinite was first used by Charnes and Kortanek
in some papers devoted to linear semi-infinite programs (LSIP) (see [10I]). Now the field
of semi-infinite programming is rather very well developed with respect to both theoretical
as well as practical point of view. In last decades more then 1000 articles and 10 books
have been published covering one or more aspect of SIP (see the huge list of references on
SIP collected by Lopez and Still [100]).

5.1.1 Linear Semi-infinite Program (LSIP)

In SIP when all the constraints and objective functions are linear then we will have a linear

semi-infinite program (LSIP). One can write LSIP in the following form,

min ¢ z
zeER"

s.t.

Prsip alr>b, YveV

where a,,c € R" and b, € R. The set of feasible points of Prg;p is a closed convex set,
since it is an intersection of closed half spaces. One can define different dual problems
associated with Prg;p. If Prs;p is continuous i.e. when V is compact and a,,b, are

continuous function on V', then one can define the following dual,

max/ b(v)d(u(v))
v

s.t.
Dyrsip /Vb(v)d(u(v)) =c
ue KH(V)

where v — a, = a(v) and v — b, = b(v) and K™ is the cone of non-negative Borel measures

on the compact space V. Another dual which can be associated with Ppg;p is the so called
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Haar dual defined below,

Drsip Zuvav =
Uy > 0, veV

where only a finite number of dual variables u,, v € V attain positive values. Dyg;p is

feasible if and only if ¢ belongs to the cone generated by a,, that is
Dysrp is feasible if and only if ¢ € cone{a,|v € V'} (5.1)

Remark It is worth mentioning that the sum  _, u,b, is finite, since by Caratheodory’s
theorem(see e.g. [55 Theorem 3.6]) this sum can be express with at most n non-zero

coeflicients u,. The same is true for the sum ) _ u,a,.
Let us write v = (u,) then,

Lemma 5.1. If x € Feas(Prsip) and u € FeasDygrp then Ly > Zuvbv
veV

Proof. see e.g. |55, Theorem 12.17]. O

Before giving the strong duality result we give some basic definitions required for the strong

duality proof.

Definition 5.2 (Active Index Point). Let the vector T € Feas(LSIP) then the active

index set denoted by V(T) is given below,
V(@) = (v e Vigr, ) = 0} (52)

The set V() is a closed compact subset of V.

A strictly feasible direction at T is a vector d € R™ such that,

V.97, 7)d <0 ¥ Te V@)
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Definition 5.3 (KKT Condition). A local minimizer T is said to satisfy the KKT con-
dition if there exist multipliers py, ..., i, > 0 and indezes vy, ..., Ty, € V(T) such that,
k
V@) + Y 1 Vag(®@,v;) = 0" (5.3)

j=1

Just like cone programming strong duality does not hold in general for LSTP, we need to

define a constraint qualification.

Definition 5.4 (Slater Condition). The primal Slater condition holds
if there exists x € R" with a,x > b, Yv €V (5.4)
We say dual Slater condition holds if
¢ € int(cone{a,|v € V}) (5.5)

Now we will state and prove strong duality result.

Theorem 5.5. EI If the primal and dual slater conditions are satisfied. Then

primal and dual solutions x and u exists and val(Prsip) = val(Drgsip).

Proof. Let A is a matrix with infinite mainly rows al,v € V and b is a vector with infinite
components b,. The dual slater condition implies that Dy g;rp is feasible. Hence weak
duality implies that Prs;p is bounded.

On the basis of the dual Slater condition we may assume that there exists a strictly

feasible dual basic solution,
T = TA s o7

where A is a basic submatrix of A. Scaling c if necessary we may further assume 0 < § < 1.
Let € > 0 such that for all ¢ = ¢+ ep, ||p|| < 1,

g' = TATY still satisfies 0 < y<1 (5.6)

Let (2) be a sequence of primal feasible solution such that ¢ x;, — val(Ppg;p) and take p =
Ty,
lze ]l

with the assumption that for sufficiently large k, z; # 0. Hence we have perturbation

I This theorem is extracted from [55, Theorem 12.18,12.19 and corally 12.3]
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. Since we have ¢z, — val (Pprsrp), hence for sufficiently large k,

val(Prsrp) — € < clwp = & — e||ay |
= i Az — ez

< 33 0 — el

where b is the right hand side subvector of b corresponding to A. Hence,

ellzs| < G5 — valPrgp + ¢ < Z 10| — val(Ppsip) + €
j=1

shows that ||zx|| is bounded. So (z;) must contain a convergent subsequence. Giving that
T = lim z,, hence 7T is feasible since Feas(Ppsip) is closed set and val(Pps;p) = Z. This
proofs the existence of an optimal solution 7.

Now assume that Z is a Slater point for Prg;p. Then take d = & — 7, then for any

v € V(T), we will have,
V.9(Z,v)d =ald=al (2 —7) < b, — b, =0

giving that d is a feasible direction. Since we have discovered a feasible direction d at @

hence T satisfies KKT-condition,

=V/[(@ +ZIL‘J 29(T,v;) = —c +Z/“LJ

7j=1

with p; > 0,0; € V(Z). So Yy, = pj proves the claim. Now by definition of ¥,, we
find 77 (b — A(Z)) = > Yo, (by; — fjf) = 0 hence y'b = ¢'7 implying val(Prsip) =

U(IZDLSIP. ]

From (5.1) we get the intuition that there is some relationship between LSIP and cone

programming. Our next two sections are focused on this kind of relations.

Remark Although LSIP is linear and convex but the existence of polynomial time algo-
rithm is not possible for LSIP. The main difficulty lies in checking the constraint g(z,v) >
0 Vv e V. Checking the feasibility of point = will result in solving a global minimization
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problem |,

min ¢(Z,v)
Y

s.t.
veV

and to check that for a global minimum @ the condition holds ¢(Z,v) > 0

5.2 SIP Representation of CP

Consider the following copositive program,

min ¢’z

e R™
s.t.

Pop Y wAi+Z=B
i=1
Z el
where A;, B € S,,. Recall from Definition that for any A € S,,, we will have,

AeC,ev"Aw>0 YVoeV={peR? ||v|=1}

By the above definition we can have,

ZECn:>B—2$1Az€Cn

=1

¢UT<B—Z@AZ~>UZO YVvoeV
i=1

:afx—bvz() YoeV
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where al’ = (v Ayv,vT Ay, ..., vT A, v) and b, = v Bv. Then we can write Pop equiva-
lently as,
min ¢’
e M
s.t.
Pcp alz —b, >0 VoeV

Above is a LSIP with constraints ag’x > b,, hence its dual can be written as

myax Z bu s

veV
s.t.
(Dcp) > yuay =c
veV
Yo >0 Yo eV

Now if we consider,

m m

m m
UTBU—g rpvl Ao = E bijU@'Uj_E Tk 5 (aij)rviv;
k=1

i=1,j=1 k=1 i=1,j=1

= <UUT, B> — Zxk <va, Ak>
k=1
then (Pop) and (Dep) can be written as follows,

zeR™

min ¢z max E Yo <’UUT,B>
Yy
v

s.t. s.t.

Pop Zxk <U"UT,Ak> < <’UUT,B> VveV Deap Zyv <va,Ak> =c, k=1,...

k=1 v
y=>0
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Considering the fact that C7 can also be described as C7 = cone{vv’|v € R"} we can use

substitution, Y = > y,[vv”] € C, hence primal and dual can take the form,

min 'z max (Y, B)
e RM Y
s.t. s.t.
Pop Y wAi+Z=B  Dcp Y, A) =cp, k=1,...,m
i=1
Z e C, YedC,

Theorem 5.6 (Weak Duality). Let z and Y belongs to the set of feasible points of Pop
and Dcp respectively then, c'x < (Y, B).

Proof. Similar to the proof of Lemma [3.1] O

Recall, for strong duality result the characterization of interior for primal and dual pro-
grams is often required. It is well known that the interior of copositive cone consist of the

so called strictly positive cones, i.e.
int(C,) = {A € S,lz" Az > 0,2 € R}

where S, is the set of symmetric matrices, hence the primal slater condition will be of the

form,
3 2R st < Zaj A) € int(Cy) (5.7)

Since a, = ((Ay, [vo!]), ..., (A, [vv])) and the definition of completely positive cone, we

can write,

ccint{({ALY), .., (A, Y)Y € C} (5.8)
Hence we will state the strong duality result,

Theorem 5.7. If the constraints qualification and (@ holds then both primal and

dual have complementary optimal solution (T) respectively (Y).

Proof. The proof is similar to the proof of Theorem O
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5.3 SIP Representation of SDP

Consider the SDP with linear constraints and linear objective function,

min 'z
€ R™M
s.t.
m
Pspp > #idi+Z=B
i=1
Z>0
where A;, B are n X n symmetric matrices. We know that for any A € S, we will have,

A-0& vTAv >0V oeV={weR} ||v]=1}

by above definition we can have,

Zt0:>vT<B—inAi>020 YveV
i=1
=alr—b,>0 VoeV

where al’ = (vT Ajv, vT Agv, ..., vT A,v) and b, = v? Bv. Then we can write P equivalently
as,

min c x
e M

s.t.
Pspp afx—bsz YVveV
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Above is LSIP with constraints a!'z > b,, hence its dual can be written as

myin Z bu

veV
s.t.
l)SDP zzzyvavzzc
veV
Yp >0 YoV

Pspp and Dgpp can also be written as follows,

reR™

min ¢z max E Yo <UUT,B>
Yy
v

s.t. s.t.

Pspp Zxk <va,Ak> < <va,B> YVveV Dspp Zyv <U’UT,Ak> =c, k=1,..

k=1
y=>0

Using the substitution Y = Y y,[vvT] € (S;F)" = S, Dspp can be written as,

max (Y, B)
s.t.
Dspp (YAp) =cx, k=1,...m
Y eS!

By Using above Pspp and Dgpp weak and strong duality theorem can be formulated in

a similar manner as was done in last section. We will use LSIP representation of SDP in

next section.
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5.4 SIP Solution Approach for SDP

The primal and dual pair of SDP program can be written as,

max (Y, B) min ¢’z
Y me%Tﬂ
s.t. s.t.
P <A“Y> = Gy, Vi = 1,...,m D g(l’) :AO_ZA’L'T;Z
i=1
Y-0 9(x)=0

where A; € S, Vi =1,...,m and C are given matrices and ¢ = {¢y,¢9,...,¢} € R A
matrix is positive definite if all its eigenvalues are positive. So the dual program can also

be written as follows,

min c x
zeR™

EOP Ai(z) >0, Vj=1,..,n

where \;j(x) is the function of eigenvalues of the matrix g(x). Now if we consider g(x) as
parametric family of matrices depending linearly on parameter x, then we can write the

eigenvalue equation for g(z) = Ag — > | A;x; as,

Now consider A; : " — It as function of eigenvalues and v; : " — R" as the corresponding
set of orthonormal eigenvectors for the above equation. One can see D and EOP are same

problem. But there are two major differences in D and FOP,
1. The constraint in D are convex while in FOP they are concave,

2. In D constraint are differentiable. For EOP its is well known that the function J; is

continuous but differentiability is not satisfied.

The reason why we have converted SDP to FOP is the unavailability of fast solution
method for SDP. Although interior point methods are polynomial time methods, but for

most of practical problems where we have thousands of constraints these methods become
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annoying.

Here we will try to solve SDP problems by exploiting the structure of eigenvalues. So
we begin by investigating some properties of the eigenvalue function. Let us start with the
simple case when all the eigenvalues of the g(z) are simple for a fixed T € R", then we will

have following result,

Theorem 5.8. Suppose that g(x) € C"(R", S,) for somer > 0. Let A : R" — R be a fizved
eigenvalue function of g(x) with corresponding eigenvector function v : R* — R™. If \(T)
is a simple eigenvalue of g(T) locally near T then A € C™(R",R) and v € C"(R", R").

Proof. For the proof we consider the following function,

z)v— =0
) = 499 (5.9)
vTo—1=0

It can be easily verified that for a fixed 7 € R", if (\,9) is a solution of H(Z, \,v) = 0
then (\,?) is an eigenpair of g(z). Now consider H € C"(R",R) since g(x) € C"(R", S,).
Moreover, the Jacobian | Dy, H(%, X, v)| # 0, where |A| denotes determinant of A. To prove
this, we consider the Jacobian matrix J = Dy ,H (T, \,v) of ,

S g(@) =N —v
20 0

J is singular if for some a € ®" and 5 € R), the system,

(9() — X)a—pv =0

20 a =0

has only trivial solution, i.e. a = 0,3 = 0. Multiplying the first equation by v from left

we will get 8 = 0, hence our system reduces to,

(9(T) — X)a =0
2va =0

First equation says that a belongs to the null space of g(Z) — AI. So we can write a = a@.
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So from second equation we will get

2000 = 0

and by 770 = ||[9]|2 # 0 we find o = 0, hence a is a zero vector. So |Dy,H (7, \,v)| # 0,
now by implicit function theorem locally near z, A € C"(R",R) and v € C"(R", ®"). O

It is interesting to note that in case of eigenvector function, the continuity of the eigenvector

function is not guarantied even in one parameter case, see the example below,

Example Consider the one parameter matrix, depending on = € R,

S cos% sin%

g(x) =€ = . 2 2
sin< —cosZ

X x

g(x) is infinitely differentiable on R. The eigenvalue function is

tea? x#0
0 z=0

Az) =

But we can not define any eigenfunction which is continuous at x = 0.

If the eigenvalue A(Z) is not simple we do not have smoothness result for eigenvectors but

these results holds for eigenvalues,,

Theorem 5.9. Assume g € C"(R,S,),r € NU{oo}. The the eigenvalue function \; of F
can be defined in such a way that \; € C"(R",R),j=1,...,n

Coming back again to FOP and D. Owing to the SIP representation of SDP we can write,
g(2)=0 & vlgx)v >0V veV

With the assumption that Slater condition holds for P, the minimum of FOP can only be

obtained at minimum eigenvalue identified by the active index set since for v € V(T) we
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have v? g(x)v = 0, so D can be written as,

min ¢ x

s.t.
Amin (0l g(z)0) =0 ¥V v € V(T))

Remark In [29], Bossum has discussed Newton type methods based on formulation of SDP
as eigenvalue problem. Krishnan and Mitchel [90] has developed methods based on SIP
representation of SDP and spectral bundle methods. With the help of example problems

like bisection and MaxCut they have compared their method with interior point methods.
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Chapter 6
Conclusion and Future Work

The main objective of this thesis was to explore the relationship between three different
classes of mathematical programming. Throughout this thesis we have concentrated on
copositive programming and related concepts. We have dealt with copositive, semidefinite
and semi-infinite programming with respect to integer programming or to be more precise
with respect to combinatorial optimization. In this chapter we will conclude about our
findings in this thesis. Since our emphasis is survey existing results so only few new results
are included in this thesis. In the last section of this chapter we will enlist some future work

associated with the topic of this thesis or more precisely with copositive programming.

6.1 Conclusion

Here we will discuss about our findings and results we have discussed in each chapter. If
some new results are included in any of chapter here we will pinpoint those results.

First chapter is introductory. The literature review part contains references to almost
all state of the art results for copositive programming. We have also given some literature
on semidefinite programming. The literature indicated in chapter 1 can be useful for new
researchers working in the field of copositive programming.

In the second chapter we have tried to collect some state of the art results on the cone
of completely positive and copositive matrices which we feel necessary for their application
in copositive programming. Our contribution in this chapter is Lemma [2.21] To the best
of our knowledge no similar result is available in literature. Moreover we have surveyed
some recent developments for the cone of completely positive and copositive matrices.

Chapter 3 is mainly a revision of some old results known for cone programming and
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semidefinite programming. Our main contribution in this chapter is an easy proof of
results by Koijma and Tuncel [88| for quadratically constrained quadratic programs and
its relaxations. Other contribution includes the indication of literature for different problem
for which semidefinite programming is proved useful.

Chapter 4 is our main chapter. In this chapter we have mainly dealt with the survey
of applications and methods/algorithm available for copositive programming. Bundfuss
[30] has also given the survey of applications but we have attempted to provide surveys on
available algorithm /solution procedure for copositive programming. Our main contribution
in this chapter is subsection [4.2.2 We have extended the result of Koijma and Tuncel (see
[88] or subsection for the case of copositive programming. The result can be seen as a
positive step for determining copositive relaxation for quadratically constrained quadratic
programs.

In chapter 5 we have briefly described semi-infinite programming. It is well known that
linear conic programs can be represented as linear semi-infinite programs but no results are
available for copositive programming. We have represented copositive program as linear
semi-infinite program with the future objective to apply linear semi-infinite program meth-
ods for solving/approximating copositive programs. Moreover semi-infinite representations
of copositive programming is useful for developing duality results for copositive program-
ming. In the last section of the chapter we have represented semidefinite programming as
eigenvalue problem and proved some associated results for eigenvector and eigenvalue func-
tion. It is well known fact that semidefinite programming problems can be solved by the
methods of eigenvalue optimization. Spectral bundle methods are well known in this re-
gard. We have formulated the semidefinite programing problem as eigenvalue optimization

problem with the future goal of obtaining similar results for copositive programming.

6.2 Future Work

During the literature search and compiling of the thesis we have kept an eye on open
problems related to the topic of the thesis which can be interesting for future work. Here

we will list some of them with brief detail.
1. Copositive Programming and Burer’s MBQP (see subsection |4.2.6)

e Extension of Burer’s result to the case of quadratic constraints.

e The dual of Burer’s completely positive representation of QP is a copositive
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program. It is still not known whether there is any duality gap in copositive
and completely positive representation. This will be an interesting problem
since there exists some approximation methods for programs over the cone of
copositive matrices but no such methods exists for programs over the cone of

completely positive matrices.
2. Copositive Programming and Semi-infinite Programming

e Investigating the use of methods available for semi-infinite programming for

solving copositive programs.

e Since copositive programs can be represented as semi-infinite programs so the
use of discretization methods might result in good solution methods for coposi-
tive programming. Cone hierarchy based methods can be seen as discretization

methods. Hence we can expect good solution methods.

e Semi-infinite representation of semidefinite programs allows to deploy methods
of eigenvalue optimization for solving semidefinite programs. The similar can

be investigated for the case of copositive programming.
3. Copositive and Completely Positive Cones

e The complexity of completely positive matrices is conjectured (infact strongly
believed) to be NP-hard but no formal proof is given, it would be interesting to

give a formal proof.

e By further exploring the geometrical aspects of copositive matrices such as faces

of the copositive cone can help to develop more efficient algorithms.
e Finding characterization for extremal rays for copositive matrices.

e It would be nice to find some necessary and sufficient conditions for checking

copositivity or complete positivity for certain classes of matrices.

e [t is already known that a binary symmetric matrix is completely positive if and
only if it is semidefinite. The question is "Is it easy to factor a binary matrix
into another binary matrix". For the three dimensional case Berman and Xu
[14] has formulated necessary and sufficient conditions for matrices with integer

entries but nothing is known for higher dimension.

e The so called CP-rank of completely positive matrices is conjectured to be %2.

This conjecture is already proved for the special class of 5 dimensional matrices
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containing at least one zero. The proof for general class of matrices would be

interesting.
4. Miscellaneous
e Extension of PTAS given by Bomze and De Klerk [24], to the more general class
of quadratic programs.
e Finding cone hierarchy for completely positive matrices.

e Semidefinite relaxation for MaxCut and interior point methods resulted in 0.87
randomized approximation algorithm. It would be interesting to investigate if

we can get a similar result using copositive programming.
e Finding special cases when we can have equality in Theorem [4.3]

e Formulation of duality results which are specific for copositive programs can be

a big achievement for the development of new solution algorithms.

82



References

1]

2l

3]

4]

5]

(6]

7]

K. AARDAL AND B. GERARDS, eds., Integer programming and combinatorial opti-
mization, vol. 2081 of Lecture Notes in Computer Science, Berlin, 2001, Springer-

Verlag.

K. AARDAL AND R. WEISMANTEL, Polyhedral combinatorics:an annotated bibliog-
raphy, in Annotated bibliographies in combinatorial optimization, M. Dell’Amico,
F. Maffioli, and S. Martello, eds., Wiley-Interscience Series in Discrete Mathematics
and Optimization, John Wiley & Sons Ltd., Chichester, 1997. A Wiley-Interscience

Publication.

F. A. AL-KHAYYAL, C. LARSEN, AND T. VAN VOORHIS, A relaxation method for

nonconvex quadratically constrained quadratic programs, J. Global Optim., 6 (1995),
pp- 215-230.

F. AL1IZADEH, Optimization over the positive semi-definite cone: interior-point meth-
ods and combinatorial applications, in Advances in optimization and parallel comput-
ing, P. M. Pardalos, ed., North-Holland Publishing Co., Amsterdam, 1992, pp. 1-25.

Honorary volume on the occasion of J. B. Rosen’s 70th birthday.

—, Interior point methods in semidefinite programming with applications to com-
binatorial optimization, SIAM J. Optim., 5 (1995), pp. 13-51.

L.-E. ANDERSSON, G. Z. CHANG, AND T. ELFVING, Criteria for copositive ma-
trices using simplices and barycentric coordinates, in Proceedings of the Workshop
“Nonnegative Matrices, Applications and Generalizations” and the Eighth Haifa Ma-
trix Theory Conference (Haifa, 1993), vol. 220, 1995, pp. 9-30.

M. F. ANJOS, An improved semidefinite programming relaxation for the satisfiability
problem, Math. Program., 102 (2005), pp. 589-608.

83



REFERENCES

8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

K. ANSTREICHER AND H. WoLkOwICZ, On Lagrangian relazation of quadratic
matriz constraints, STAM J. Matrix Anal. Appl., 22 (2000), pp. 41-55 (electronic).

K. M. ANSTREICHER, Semidefinite programming wversus the reformulation-
linearization technique for monconvex quadratically constrained quadratic program-
ming, J. Global Optim., 43 (2009), pp. 471-484.

K. M. ANSTREICHER AND S. BURER, D.C. versus copositive bounds for standard
QP, J. Global Optim., 33 (2005), pp. 299-312.

E. BALAS AND J. CLAUSEN, eds., Integer programming and combinatorial optimiza-
tion, vol. 920 of Lecture Notes in Computer Science, Berlin, 1995, Springer-Verlag.

A. BERMAN AND N. SHAKED-MONDERER, Completely positive matrices, World
Scientific Publishing Co. Inc., River Edge, NJ, 2003.

A. BERMAN AND C. XU, 5 x 5 completely positive matrices, Linear Algebra Appl.,
393 (2004), pp. 55-T1.

— {0,1} completely positive matrices, Linear Algebra Appl., 399 (2005), pp. 35—
51.

D. BIENSTOCK AND G. NEMHAUSER, eds., Integer programming and combinatorial
optimization, vol. 3064 of Lecture Notes in Computer Science, Berlin, 2004, Springer-

Verlag.

R. E. BixBY, E. A. BoyD, AND R. Z. RI0OS-MERCADO, eds., Integer programming
and combinatorial optimization, vol. 1412 of Lecture Notes in Computer Science,

Berlin, 1998, Springer-Verlag.

I. BomzE, F. FROMMLET, AND M. LOCATELLI, Copositivity cuts for improving SDP
bounds on the clique number, Technical Report TR-ISDS 2007-05, Department of
Statistics and Decision Support Systems, University of Vienna, Austria, 2007. avail-
able at: http://www.optimization-online.org/DB_HTML/2006/08/1443.html.

[. BoMmzE AND F. JARRE, A note on burer’s copositive representation of mized-
binary QPs, Optimization Letters, (2010), pp. 1-8. Article in Press.

84


http://www.optimization-online.org/DB_HTML/2006/08/1443.html

REFERENCES

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

[27]

28]

[. M. BoMZE, Copositivity and optimization, in XII Symposium on Operations Re-
search (Passau, 1987), vol. 58 of Methods Oper. Res., Athendum/Hain/Hanstein,
Konigstein, 1989, pp. 27-35.

—, On standard quadratic optimization problems, J. Global Optim., 13 (1998),
pp. 369-387. Workshop on Global Optimization (Trier, 1997).

—, Linear-time copositivity detection for tridiagonal matrices and extension to
block-tridiagonality, SIAM J. Matrix Anal. Appl., 21 (2000), pp. 840-848 (electronic).

—, Building a completely positive factorization, Technical Report TR-ISDS 2009-
06, Department of Statistics and Decision Support Systems, University of Vienna,
Austria, August 2009. Availabel at: http://www.optimization-online.org/DB_
HTML/2009/08/2381 .html.

I. M. BomMmzE, M. BUDINICH, P. M. PARDALOS, AND M. PELILLO, The maxi-

mum clique problem, in Handbook of combinatorial optimization, Supplement Vol.
A, Kluwer Acad. Publ., Dordrecht, 1999, pp. 1-74.

I. M. BomzE AND E. DE KLERK, Solving standard quadratic optimization problems
via linear, semidefinite and copositive programming, J. Global Optim., 24 (2002),
pp. 163-185. Dedicated to Professor Naum Z. Shor on his 65th birthday.

I. M. BomzE, M. DUR, E. DE KLERK, C. Roos, A. J. QuIisT, AND T. TERLAKY,

On copositive programming and standard quadratic optimization problems, J. Global
Optim., 18 (2000), pp. 301-320. GO’99 Firenze.

[. M. BomzE, F. JARRE, AND F. RENDL, Quadratic factorization heuristics for
copositive programming, Technical Report TR 2009-08, Department of Statistics and
Decision Support Systems, University of Vienna, Austria, October 2009. available
at: http//www.optimization-online.org/DB_HTML/2009/10/2426.html.

I. M. BoMZE AND W. SCHACHINGER, Multi-standard quadratic optimization: inte-

rior point methods and cone programming reformulation, Comput. Optim. Appl., 45
(2010), pp. 237-256.

J. BORWEIN AND H. WOLKOWICZ, Regularizing the abstract convex program, J.
Math. Anal. Appl., 83 (1981), pp. 495-530.

85


http://www.optimization-online.org/DB_HTML/2009/08/2381.html
http://www.optimization-online.org/DB_HTML/2009/08/2381.html
http//www.optimization-online.org/DB_HTML/2009/10/2426.html

REFERENCES

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

137]

[38]

[39]

M. A. v. BossuM, Semidefinite optimization, a spectral approach, PhD thesis,
Utrecht University, the Netherlands, 2002.

S. BUNDFUSS, Copositive matrices, Copositive programming and applications, PhD
thesis, TU Damstadt, 2009.

S. BUNDFUSS AND M. DUR, Algorithmic copositivity detection by simplicial parti-
tion, Linear Algebra Appl., 428 (2008), pp. 1511-1523.

— An adaptive linear approximation algorithm for copositive programs, STAM J.
Optim., 20 (2009), pp. 30-53.

S. BURER, Optimizing a polyhedral-semidefinite relazation of completely pos-
itive programs, Technical Report TR-ISDS 2009-04, Department of Manage-
ment Sciences, University of lowa, December 2008. vailable at: http://www.
optimization-online.org/DB_HTML/2009/01/2184.html.

—, On the copositive representation of binary and continuous nonconvex quadratic
programs, Math. Program., 120 (2009), pp. 479-495.

S. BURER, Optimizing a polyhedral-semidefinite relaxation of completely positive pro-
grams, Mathematical Programming Computation, 2 (2010), pp. 1-19.

S. BURER, K. M. ANSTREICHER, AND M. DUR, The difference between 5 x 5 dou-

bly nonnegative and completely positive matrices, Linear Algebra Appl., 431 (2009),
pp- 1539-1552.

S. BURER, R. D. C. MONTEIRO, AND Y. ZHANG, Maximum stable set formulations
and heuristics based on continuous optimization, Math. Program., 94 (2002), pp. 137—

166.

E. CELA, The quadratic assignment problem, vol. 1 of Combinatorial Optimization,
Kluwer Academic Publishers, Dordrecht, 1998. Theory and algorithms.

W. J. CoOK AND A. S. SCHULZ, eds., Integer programming and combinatorial
optimization, vol. 2337 of Lecture Notes in Computer Science, Berlin, 2002, Springer-

Verlag.

86


http://www.optimization-online.org/DB_HTML/2009/01/2184.html
http://www.optimization-online.org/DB_HTML/2009/01/2184.html

REFERENCES

[40]

[41]

42|

|43

[44]

[45]

|46]

[47]

48]

[49]

[50]

G. CorNUEJOLS, R. E. BURKARD, AND G. J. WOEGINGER, eds., Integer pro-
gramming and combinatorial optimization, vol. 1610 of Lecture Notes in Computer

Science, Berlin, 1999, Springer-Verlag.

W. H. CUNNINGHAM, S. T. McCORMICK, AND M. QUEYRANNE, eds., Integer
programming and combinatorial optimization, vol. 1084 of Lecture Notes in Computer

Science, Berlin, 1996, Springer-Verlag.

G. DANNINGER, Role of copositivity in optimality criteria for nonconvex optimization
problems, J. Optim. Theory Appl., 75 (1992), pp. 535-558.

E. DE KLERK, FExploiting special structure in semidefinite programming: A survey
of theory and applications, European J. Oper. Res., 201 (2010), pp. 1-10.

E. DE KLERK, J. MAHARRY, D. V. PASECHNIK, R. B. RICHTER, AND
G. SALAZAR, Improved bounds for the crossing numbers of K,,, and K,, SIAM
J. Discrete Math., 20 (2006), pp. 189-202 (electronic).

E. DE KLERK AND D. V. PASECHNIK, Approximation of the stability number of a
graph via copositive programming, SIAM J. Optim., 12 (2002), pp. 875-892 (elec-

tronic).

E. DE KLERK AND D. V. PASECHNIK, On semidefinite programming relaxzations of
association schemes with application to combinatorial optimization problems, CentER
Discussion Paper 2009-54, Tilburg University, the Netherlands, 2009. available at :
http://arno.uvt.nl/show.cgi?fid=95337.

E. DE KLERK, D. V. PASECHNIK, AND R. SOTIROV, On semidefinite programming
relazations of the traveling salesman problem, SIAM J. Optim., 19 (2008), pp. 1559—
1573.

P. H. DIANANDA, On non-negative forms in real variables some or all of which are
non-negative, Proc. Cambridge Philos. Soc., 58 (1962), pp. 17-25.

[. DukaANOVIC AND F. RENDL, Semidefinite programming relaxations for graph
coloring and mazimal clique problems, Math. Program., 109 (2007), pp. 345-365.

— A semidefinite programming-based heuristic for graph coloring, Discrete Appl.

Math., 156 (2008), pp. 180-189.

87


http://arno.uvt.nl/show.cgi?fid=95337

REFERENCES

[51] ——, Copositive programming motivated bounds on the stability and the chromatic

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

numbers, Math. Program., 121 (2010), pp. 249-268.

M. DUR, Copositive programming - a survey.  available at: http://www.
optimization-online.org/DB_HTML/2009/11/2464 . .html.

M. DUR AND G. STILL, Interior points of the completely positive cone, Electron. J.
Linear Algebra, 17 (2008), pp. 48-53.

G. EICHFELDER AND J. JAHN, Set-semidefinite optimization, J. Convex Anal., 15
(2008), pp. 767-801.

U. FAIGLE, W. KERN, AND G. STILL, Algorithmic principles of mathematical pro-
gramming, vol. 24 of Kluwer Texts in the Mathematical Sciences, Kluwer Academic
Publishers, Dordrecht, 2002.

M. FISCHETTI AND D. P. WILLIAMSON, eds., Integer programming and combinato-
rial optimization, vol. 4513 of Lecture Notes in Computer Science, Berlin, 2007,
Springer.  Available electronically at http://www.springerlink.com/content/
978-3-540-72791-0|

J. J. H. FORREST AND J. A. TOMLIN, Branch and bound, integer, and non-integer
programming, Ann. Oper. Res., 149 (2007), pp. 81-87.

T. Fuisie AND M. KoJIMA, Semidefinite programming relazation for nonconvex
quadratic programs, J. Global Optim., 10 (1997), pp. 367-380.

M. FUKUDA, M. YAMASHITA, AND M. KoJIMA, Computational prospects on copos-
itive programming, technical report series rims, Institute for Mathematical Sci-
ences,Kyoto University, Japan, december 2006. availabel at: http://hdl.handle.
net/2433/58859.

A. M. GEOFFRION, Lagrangean relazation for integer programming, Math. Program-
ming Stud., (1974), pp. 82-114. Approaches to integer programming.

B. GHADDAR, M. F. ANJos, AND F. LIERS, A branch-and-cut algorithm based on

semidefinite programming for the minimum k -partition problem. To appear.

88


http://www.optimization-online.org/DB_HTML/2009/11/2464.html
http://www.optimization-online.org/DB_HTML/2009/11/2464.html
http://www.springerlink.com/content/978-3-540-72791-0
http://www.springerlink.com/content/978-3-540-72791-0
http://hdl.handle.net/2433/58859 
http://hdl.handle.net/2433/58859 

REFERENCES

[62]

|63]

|64]

[65]

(6]

[67]

|68

[69]

[70]

[71]

72|

M. A. GOBERNA AND M. A. LOPEZ, Linear semi-infinite optimization, vol. 2 of Wi-
ley Series in Mathematical Methods in Practice, John Wiley & Sons Ltd., Chichester,
1998.

M. A. GOBERNA AND M. A. LOPEZ, eds., Semi-infinite programming, vol. 57 of
Nonconvex Optimization and its Applications, Kluwer Academic Publishers, Dor-
drecht, 2001. Recent advances, Papers from the conference (SIP’99) held in Alicante,
September 1999.

M. A. GOBERNA AND M. A. LOPEZ, Linear semi-infinite programming theory: an
updated survey, European J. Oper. Res., 143 (2002), pp. 390-405. Interior point
methods (Budapest, 2000).

D. GOELEVEN, G. E. STAVROULAKIS, AND P. D. PANAGIOTOPOULOS, Solvability
theory for a class of hemivariational inequalities involving copositive plus matrices.
Applications in robotics, Math. Programming, 75 (1996), pp. 441-465.

M. X. GOEMANS, Semidefinite programming in combinatorial optimization, Math.
Programming, 79 (1997), pp. 143-161. Lectures on mathematical programming
(ismp97) (Lausanne, 1997).

—, Semidefinite programming and combinatorial optimization, in Proceedings of
the International Congress of Mathematicians, Vol. III (Berlin, 1998), vol. Extra Vol.
I11, 1998, pp. 657-666 (electronic).

M. X. GOEMANS AND D. P. WILLIAMSON, Improved approzimation algorithms for
mazimum cut and satisfiability problems using semidefinite programming, J. Assoc.
Comput. Mach., 42 (1995), pp. 1115-1145.

N. GVOZDENOVIC AND M. LAURENT, The operator ¥ for the chromatic number of
a graph, SIAM J. Optim., 19 (2008), pp. 572-591.

M. HALL, JR., A survey of combinatorial analysis, Surveys in Applied mathematics,
IV (1958), pp. 35-104.

—, Combinatorial theory, Blaisdell Publishing Co. Ginn and Co., Waltham, Mass.-
Toronto, Ont.-London, 1967.

—, Combinatorial theory, Wiley Classics Library, John Wiley & Sons Inc., New
York, second ed., 1998. A Wiley-Interscience Publication.

89



REFERENCES

(73]

[74]

[75]

[76]

[77]

78]

[79]

[30]

[81]

[82]

[83]

[34]

M. HALL, JR. AND M. NEWMAN, Copositive and completely positive quadratic
forms, Proc. Cambridge Philos. Soc., 59 (1963), pp. 329-339.

E. HALPERIN AND U. ZWICK, Approzimation algorithms for MAX 4-SAT and

rounding procedures for semidefinite programs, J. Algorithms, 40 (2001), pp. 184—
211.

C. HELMBERG, Semidefinite programming, European J. Oper. Res., 137 (2002),
pp. 461-482.

C. HELMBERG, F. RENDL, B. MOHAR, AND S. POLJAK, A spectral approach to
bandwidth and separator problems in graphs, Linear and Multilinear Algebra, 39

(1995), pp. 73-90.

C. HELMBERG, F. RENDL, AND R. WEISMANTEL, A semidefinite programming

approach to the quadratic knapsack problem, J. Comb. Optim., 4 (2000), pp. 197
215.

R. HETTICH, A comparison of some numerical methods for semi-infinite program-
ming, in Semi-infinite programming (Proc. Workshop, Bad Honnef, 1978), vol. 15 of
Lecture Notes in Control and Information Sci., Springer, Berlin, 1979, pp. 112-125.

R. P. HETTIiCH AND K. O. KORTANEK, Semi-infinite programming: theory, meth-
ods, and applications, STAM Rev., 35 (1993), pp. 380—429.

J. B. HIRIART-URRUTY AND A. SEEGER, A wvariational approach to copositive ma-
trices. availabel at : http://www.math.univ-toulouse.fr/~ jbhu/Copositivity_
SIREV.pdfl

A. J. HOFFMAN AND F. PEREIRA, On copositive matrices with —1,0,1 entries, J.
Combinatorial Theory Ser. A, 14 (1973), pp. 302-309.

K. D. IKRAMOV, An algorithm, linear with respect to time, for verifying the coposi-
twity of an acyclic matriz, Comput. Math. Math. Phys., 42 (2002), pp. 1701-1703.

M. W. JETER AND W. C. PYE, Some remarks on copositive (Q-matrices and on a
conjecture of Pang, Indust. Math., 35 (1985), pp. 75-80.

C. R. JOHNSON AND R. REAMS, Spectral theory of copositive matrices, Linear Al-
gebra Appl., 395 (2005), pp. 275-281.

90


http://www.math.univ-toulouse.fr/~jbhu/Copositivity_SIREV.pdf
http://www.math.univ-toulouse.fr/~jbhu/Copositivity_SIREV.pdf

REFERENCES

[85]

[36]

[87]

[38]

[89]

[90]

[91]

[92]

(93]

[94]

195]

E. L. JouNSON, G. L. NEMHAUSER, AND M. W. P. SAVELSBERGH, Progress in
linear programming-based algorithms for integer programming: an exposition, IN-
FORMS J. Comput., 12 (2000), pp. 2-23.

M. JUONGER AND V. KAIBEL, eds., Integer programming and combinatorial optimiza-
tion, vol. 3509 of Lecture Notes in Computer Science, Berlin, 2005, Springer-Verlag.

W. KAPLAN, A test for copositive matrices, Linear Algebra Appl., 313 (2000),
pp- 203-206.

M. KoJIMA AND L. TUNCEL, Cones of matrices and successive convex relaxations
of nonconvex sets, SIAM J. Optim., 10 (2000), pp. 750-778 (electronic).

T. C. KOOPMANS AND M. BECKMANN, Assignment problems and the location of
economic activities, Econometrica, 25 (1957), pp. 53-76.

K. KRISHNAN AND J. E. MITCHELL, Semi-infinite linear programming approaches
to semidefinite programming problems, in Novel approaches to hard discrete opti-
mization (Waterloo, ON, 2001), vol. 37 of Fields Inst. Commun., Amer. Math. Soc.,
Providence, RI, 2003, pp. 123-142.

K. KRISHNAN AND T. TERLAKY, Interior point and semidefinite approaches in

combinatorial optimization, in Graph theory and combinatorial optimization, vol. 8
of GERAD 25th Anniv. Ser., Springer, New York, 2005, pp. 101-157.

J. B. LASSERRE, An explicit exact SDP relazation for nonlinear 0-1 programs, in
Integer Programming and Combinatorial Optimization, vol. Volume 2081/2001 of
Lecture Notes in Computer Science, Springer Berlin / Heidelberg, 2001, pp. 293—
303.

M. LAURENT, Semidefinite representations for finite varieties, Math. Program., 109
(2007), pp. 1-26.

M. LAURENT AND F. RENDL, Semidefinite programming and integer programming,
in Discrete Optimization, K. Aardal, G. L. Nemhauser, and R. Weismantel, eds.,
vol. 12 of Handbooks in Operations Research and Management Science, Elsevier
Science B.V., Amsterdam, 2005, pp. 393-514.

E. L. LAWLER AND D. E. WooOD, Branch-and-bound methods: A survey, Operations
Res., 14 (1966), pp. 699-719.

91



REFERENCES

[96]

197]

98]

199]

[100]

[101]

[102]

103

[104]

[105]

[106]

C. LEMARECHAL AND F. OUSTRY, Semidefinite relaxation and lagrangian dual-
ity with application to combinatorial optimization, Research Report N.3710, INRIA
Rhone-Alpes, France, 1999.

A. N. LETCHFORD AND M. M. SORENSEN, Binary positive semidefinite matrices
and associated integer polytopes, in Integer Programming and Combinatorial Opti-

mization, vol. Volume 5035/2008 of Lecture Notes in Computer Science, Springer
Berlin / Heidelberg, 2008, pp. 125-139.

A. LobI, A. PANCONESI, AND G. RINALDI, eds., Integer programming and combi-
natorial optimization, vol. 5035 of Lecture Notes in Computer Science, Berlin, 2008,
Springer.  Available electronically at http://www.springerlink.com/content/
978-3-540-68886-0.

R. LOEWY AND B.-S. TAM, CP rank of completely positive matrices of order 5,
Linear Algebra Appl., 363 (2003), pp. 161-176. Special issue on nonnegative matrices,
M-matrices and their generalizations (Oberwolfach, 2000).

M. LOPEZ AND G. STILL, Literature in semi-infinite programming. http://
wwwhome .math.utwente.nl/"stillgj/sip/lit-sip.pdf.

M. LOPEZ AND G. STILL, Semi-infinite programming, European J. Oper. Res., 180
(2007), pp. 491-518.

L. LovAsz, On the Shannon capacity of a graph, IEEE Trans. Inform. Theory, 25
(1979), pp. 1-7.

L. LovAsz, Semidefinite programs and combinatorial optimization, in Recent ad-
vances in algorithms and combinatorics, vol. 11 of CMS Books Math./Ouvrages
Math. SMC, Springer, New York, 2003, pp. 137-194.

H. MARCHAND, A. MARTIN, R. WEISMANTEL, AND L. WOLSEY, Cutting planes in
integer and mized integer programming, Discrete Appl. Math., 123 (2002), pp. 397—
446. Workshop on Discrete Optimization, DO’99 (Piscataway, NJ).

J. E. MAXFIELD AND H. MINC, On the matriz equation X'X = A, Proc. Edinburgh
Math. Soc. (2), 13 (1962/1963), pp. 125-129.

S. R. MoHAN, S. K. NEOGY, AND A. K. DAS, On the classes of fully copositive
and fully semimonotone matrices, Linear Algebra Appl., 323 (2001), pp. 87-97.

92


http://www.springerlink.com/content/978-3-540-68886-0
http://www.springerlink.com/content/978-3-540-68886-0
http://wwwhome.math.utwente.nl/~stillgj/sip/lit-sip.pdf
http://wwwhome.math.utwente.nl/~stillgj/sip/lit-sip.pdf

REFERENCES

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

T. S. MOTZKIN, Copositive quadratic forms, Report 1818, National Bureau of Stan-
dards, 1952.

G. S. R. MURTHY AND T. PARTHASARATHY, Fully copositive matrices, Math. Pro-
gramming, 82 (1998), pp. 401-411.

G. S. R. MURTHY, T. PARTHASARATHY, AND G. RAVINDRAN, A copositive Q-
matriz which is not Ry, Math. Programming, 61 (1993), pp. 131-135.

K. G. MURTY AND S. N. KABADI, Some NP-complete problems in quadratic and
nonlinear programming, Math. Programming, 39 (1987), pp. 117-129.

A. NEMIROVSKI, Advances in convexr optimization: conic programming, in Interna-
tional Congress of Mathematicians. Vol. I, Eur. Math. Soc., Ziirich, 2007, pp. 413—
444.

P. A. PARRILO, Structured semidefinite programs and semialgebraic geometry meth-
ods in robustness and optimization, phd thesis, California Institute of Technology,

may 2000. available at http://www.mit.edu/ " parrilo/pubs/.

J. PENA, J. VERA, AND L. F. ZULUAGA, Computing the stability number of a
graph via linear and semidefinite programming, STAM J. Optim., 18 (2007), pp. 87—
105 (electronic).

P. Popr AND G. STILL, A direct way to obtain strong duality results in linear semidefi-
nite and linear semi-infinite programming, Mathematica, 47(70) (2005), pp. 105-112.

J. POVH, Application of semidefinite and copositive programming in combinatorial
optimization, PhD thesis, Department of Mathematics, Faculty of Mathematics and
Physics,University of Ljubljana, 2006.

J. PovH AND F. RENDL, A copositive programming approach to graph partitioning,
SIAM J. Optim., 18 (2007), pp. 223-241 (electronic).

[117] ——, Copositive and semidefinite relazations of the quadratic assignment problem,

[118]

Discrete Optim., 6 (2009), pp. 231-241.

J. C. PREISIG, Copositivity and the minimization of quadratic functions with non-
negativity and quadratic equality constraints, STAM J. Control Optim., 34 (1996),
pp. 1135-1150.

93


http://www.mit.edu/~parrilo/pubs/

REFERENCES

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

A. J. QuisT, E. DE KLERK, C. RO0Os, AND T. TERLAKY, Copositive relaxation
for general quadratic programming, Optim. Methods Softw., 9 (1998), pp. 185-208.

M. V. RAMANA, An ezact duality theory for semidefinite programming and its com-
plezity implications, Math. Programming, 77 (1997), pp. 129-162. Semidefinite pro-

gramming.

M. V. RAMANA, L. TUNCEL, AND H. WOLKOWICZ, Strong duality for semidefinite
programming, STAM J. Optim., 7 (1997), pp. 641-662.

R. REEMTSEN AND S. GORNER, Numerical methods for semi-infinite programming:

a survey, in Semi-infinite programming, vol. 25 of Nonconvex Optim. Appl., Kluwer

Acad. Publ., Boston, MA, 1998, pp. 195-275.

F. RENDL, Semidefinite programming and combinatorial optimization, in Proceed-
ings of the Stieltjes Workshop on High Performance Optimization Techniques
(HPOPT ’96) (Delft), vol. 29, 1999, pp. 255-28]1.

F. RENDL, G. RINALDI, AND A. WIEGELE, Solving maz-cut to optimality by
intersecting semidefinite and polyhedral relaxations, technical report, Alpen-Adria-
Universit at Klagenfurt, May 2007.

R. SAIGAL, Linear programming, International Series in Operations Research & Man-
agement Science, 1, Kluwer Academic Publishers, Boston, MA, 1995. A modern

integrated analysis.

L. SALCE AND P. ZANARDO, Completely positive matrices and positivity of least
squares solutions, Linear Algebra Appl., 178 (1993), pp. 201-216.

H. M. SALKIN AND K. MATHUR, Foundations of integer programming, North-
Holland Publishing Co., New York, 1989. With contributions by Robert Haas.

C. SCHELLEWALD AND C. SCHNORR, Subgraph matching with semidefinite pro-
gramming, in 9th International Workshop on Combinatorial Image Analysis, vol. 12

of Electron. Notes Discrete Math., Elsevier, Amsterdam, 2003, p. 11 pp. (electronic).

A. SCHRIJVER, Theory of linear and integer programming, Wiley-Interscience Series
in Discrete Mathematics, John Wiley & Sons Ltd., Chichester, 1986. A Wiley-

Interscience Publication.

94



REFERENCES

[130]

[131]

132]

133

[134]

(135

[136]

[137]

138

[139)

[140]

141

A. SHAPIRO, Semi-infinite programming, duality, discretization and optimality con-
ditions, Optimization, 58 (2009), pp. 133-161.

N. Z. SHOR, Quadratic optimization problems, Izv. Akad. Nauk SSSR Tekhn. Kiber-
net., (1987), pp. 128-139, 222.

—, Dual quadratic estimates in polynomial and Boolean programming, Ann. Oper.
Res., 25 (1990), pp. 163-168. Computational methods in global optimization.

K. SPIELBERG AND M. GUIGNARD-SPIELBERG, eds., History of integer program-

ming: distinguished personal notes and reminiscences, Springer, Norwell, MA, 2007.
Ann. Oper. Res. 149 (2007).

G. STILL, On some topics in semi-infinite programming(a preliminary discussion),
2005. available at: http://wwwhome.math.utwente.nl/"stillgj/sip/pap-kairo.
pdf.

L. TUNGQEL, Generalization of primal-dual interior-point methods to convex opti-

mization problems in conic form, Found. Comput. Math., 1 (2001), pp. 229-254.

L. TUNGEL AND M. J. ToDD, Asymptotic behavior of interior-point methods: a
view from semi-infinite programming, Math. Oper. Res., 21 (1996), pp. 354-381.

H. VALIAHO, Quadratic-programming criteria for copositive matrices, Linear Algebra
Appl., 119 (1989), pp. 163-182.

L. VANDENBERGHE AND S. BOYD, Semidefinite programming, SIAM Rev., 38
(1996), pp. 49-95.

— Connections between semi-infinite and semidefinite programming, in Semi-
infinite programming, vol. 25 of Nonconvex Optim. Appl., Kluwer Acad. Publ.,
Boston, MA, 1998, pp. 277-294.

R. J. VANDERBEI AND B. YANG, The simplest semidefinite programs are trivial,
Math. Oper. Res., 20 (1995), pp. 590-596.

G. R. WALSH, An introduction to linear programming, A Wiley-Interscience Publi-
cation, John Wiley & Sons Inc., New York, second ed., 1985.

95


http://wwwhome.math.utwente.nl/~stillgj/sip/pap-kairo.pdf
http://wwwhome.math.utwente.nl/~stillgj/sip/pap-kairo.pdf

REFERENCES

[142] H. WOLKOWICZ, Semidefinite and cone programming bibliography/comments,
2010. available online at:http://orion.math.uwaterloo.ca/ hwolkowi/henry/
book/fronthandbk.d/sdpbibliog.pdf.

[143] H. WOLKOWICZ, R. SAIGAL, AND L. VANDENBERGHE, eds., Handbook of semidef-
inite programming, International Series in Operations Research & Management Sci-
ence, 27, Kluwer Academic Publishers, Boston, MA, 2000. Theory, algorithms, and

applications.

[144] H. WOLKOWICZ AND Q. ZHAO, Semidefinite programming relazations for the graph
partitioning problem, Discrete Appl. Math., 96/97 (1999), pp. 461-479.

[145] C. Xu, Completely positive matrices of order five, Acta Math. Appl. Sinica (English
Ser.), 17 (2001), pp. 550-562.

[146] Q. ZHAO, Semidefinite programming for Assignment and Partition Problem, PhD
thesis, University of Waterloo, Canada, 1996.

96


http://orion.math.uwaterloo.ca/~hwolkowi/henry/book/fronthandbk.d/sdpbibliog.pdf
http://orion.math.uwaterloo.ca/~hwolkowi/henry/book/fronthandbk.d/sdpbibliog.pdf

	Summary
	Introduction and Literature Review
	Introduction
	Problem Statement
	Literature Review
	Integer Programming
	Cone Programming
	Semidefinite Programming
	Copositive Programming
	Semi-infinite Programming

	Structure of the Thesis

	Cones and Matrices
	Basic Definitions
	Notation

	Semidefinite Matrices and Cones
	Copositive Matrices
	Completely Positive Matrices

	Cone and Semidefinite Programming
	Cone Programming
	Duality
	Examples of Cone Programming

	Semidefinite Programming (SDP)
	Integer Programming
	Quadratically Constrained Quadratic Program
	Applications of SDP


	Copositive Programming (CP)
	Copositive Programming
	Applications
	Quadratic Programming
	Quadratically Constrained Quadratic Program
	Stable Set Problem
	Graph Partitioning
	Quadratic Assignment Problem (QAP)
	Mixed Binary Quadratic Programming

	Algorithm
	Approximation Hierarchy Based Methods
	Feasible Descent Method
	-Approximation Algorithm


	Semi-Infinite Programming (SIP) Representation of CP and SDP
	Semi-infinite Programming (SIP)
	Linear Semi-infinite Program (LSIP)

	SIP Representation of CP
	SIP Representation of SDP
	SIP Solution Approach for SDP

	Conclusion and Future Work
	Conclusion
	Future Work

	References

