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Abstract

Generalized Max-Cut and the Approximation Ratio
Master of Science 2019
Junsi Zhang
Applied Mathematics

Ryerson University

In this thesis, we formulate a new problem based on Max-Cut called Generalized Max-Cut. This problem
requires a graph as input and two real numbers (a,b) where a > 0 and —a < b < a and outputs a number.
The restriction on the pair (a,b) is to avoid trivializing the problem. We formulate a quadratic program for
Generalized Max-Cut and relax it to a semi-definite program. Most algorithms in this thesis will require

solving this semi-definite program.

The main algorithm in this thesis is the 2-Dimensional Rounding algorithm, designed by Avidor and
Zwick, with the restriction that the semi-definite program of the input graph must have 2-Dimensional
solutions. This algorithm uses a factor of randomness, 8 € [0, 1], that is dependent on the integer input to

Generalized Max-Cut. We improve the performance of this algorithm by numerically finding better S.
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Chapter 1

Introduction

Our world can be structured using graphs. From obvious examples such as maps with roads that connect
places, to more subtle examples such as relationships between people. Naturally, this structure gave rise to
optimization problems, such as which route will take me point A to point B the fastest? Or where should
hospitals be built to minimize the response time? In this thesis, we will demonstrate some applications of

graphs, solving optimization problems, and approximating optimization problems.

Consider a company that decides to distribute free samples as an advertisement strategy. This company
has access to a person (call him Carlos for simplicity) and a list of people he knows (for example, the people
Carlos graduated high school with). This company wants to minimize the amount of free samples given out
while maximizing the amount of people that are reached by this advertisement directly and indirectly. This
group of people can be structured as a graph in which each person is a vertex and if two people know each
other, then we connect them by an edge. We assume that people in this group talk to each other, so word
of mouth is an indirect way to advertise this product. For example, if Carlos receives a free sample, then
he will tell people he knows about it meaning that this product has directly reached Carlos and indirectly
reached the people he is incident to.

We formulate the above real life problem as a mathematical problem using graphs. Let each person on
the list of people Carlos knows, including Carlos, be a vertex. For each pair of people, we connect them with
an edge if they know each other. There are two successful ways to advertise, the direct way is to receive
a sample, and the indirect way is to be the immediate friend of someone who has received a sample (word
of mouth). The goal is to maximize the number of people we successfully advertised to. We can solve this
problem by separating the group of people into two groups where the number of edges connecting between
the two groups are maximized. This problem is the same as the optimization version of Max-Cut. We target

the smaller group with samples, while assuring the maximum number of people are indirectly advertised to.

An alternative version of this problem, suppose each edge is given a ”weight” w as an integer. Realistically,
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not everyone in this group will be friends with each other. We assume some relationships are stronger than
others and assign weights to these relationships accordingly. For instance, if two people are very close friends,
then we give their relationship a weight of 10. If two people are only familiar with each other, then their
weight is 5 and if they are enemies, then we give them weight of -5 and so on. This weight distribution is based
on the assumption that if two people are very close, then they are more likely to believe the other’s opinions
on the product, and if they are enemies, then they will be more skeptical towards the other’s opinions. In
this scenario, it makes sense to want to separate two people whose relationships are stronger, namely has a
higher weight, to increase the effects of indirect advertising. Hence, we want to separate the group into two

groups where the sum of the weights of the relationships between the two groups are maximized.

In this thesis, we formulate a new problem based on Max-Cut that we call Generalized Max-Cut. We
take into account of repercussions for the edges that are not cut. Consider the following scenario. For each
person that is not reached by word of mouth or the free sample, the company will lose money. Furthermore,
if two people who know each other both get the free sample, then the company will still lose money. We
assign an arbitrary a > 0 for each connection between the two groups, and b, where —a < b < a, for each
connection not between the two groups. This is a problem that we will analyze in great detail throughout
this thesis.

1.1 Literature Overview

Max-Cut is the problem of finding the maximum number of edges ”cut” by a partition of the vertex set
of a graph into two sets. Equivalently, the problem can be rephrased as maximizing the summation of a
function that adds 1 for each edge cut, and subtract 0 for every edge that is uncut. Weighted Max-Cut is
a more general variation of the original problem. In Weighted Max-Cut, each edge has a weight attached
to it. Instead of maximizing the number of edges cut, we aim to maximize the sum of the weights of edges
that are cut. Various attempts to solve Max-Cut exactly have been shown to be inefficient in terms of time
complexity. In 1971, Stephen Cook showed that all problems in the set NP can be reduced to the problem
3S AT in polynomial-time, proving that 3SAT is N P-hard. Furthermore, as 3SAT is also a problem in NP,
it is N P-complete [4]. In the following year, Richard Karp used the Cook-Levin theorem from Cook’s paper
to show a polynomial reduction from 3SAT to 21 other problems, including Max-Cut, which was proven to
be N P-complete [12].

It is possible that no polynomial-time algorithms exist that can solve Max-Cut exactly, unless P = NP
[9]. Hence, it makes sense to design polynomial-time algorithms to approximate Max-Cut as close to the
optimal value as possible. We test out several existing approximation algorithms on Generalized Max-Cut
in this thesis, as well as improving upon an existing approximation algorithm to achieve the optimal result

for our problem.

Since the introduction of Max-Cut, the best algorithm, introduced by Sahni and Gonzales, is a basic
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algorithm that was only able to give a %—approximation of the optimal value with no dependency on the
input. On given any graph, the algorithm operates only on the set of vertices with uniform randomness [20].
This algorithm uses uniform randomness to determine the two partitioned sets of V. For every vertex v € V,

v is put into into one of the two sets with probability 3 [20].

In 1995, a breakthrough was made by Goemans and Williamson, who provided a much better approximation
of roughly 0.878, by solving a semi-definite formulation of Max-Cut [9]. The Hyperplane Rounding algorithm,
presented by Goemans and Williamson is the first to use the technique of solving a semi-definite program for
Max-Cut. This algorithm then uses a random hyperplane to determine the two partitions of vertices. The
first step in the algorithm solves the semi-definite formulation of Max-Cut to obtain a set of unit vectors.
These n-dimensional unit vectors, where n € Z, represent the vertices. The goal is to round these vectors
to —1 or 1 where —1 and 1 represent the two partitions. The second step of this algorithm is to pick a unit
vector 7 uniformly at randomly on the unit circle. Then they round the unit vectors obtained from solving
the semi-definite program using the hyperplane perpendicular to r [9]. We run this algorithm and the trivial
algorithm on Generalized Max-Cut as a reference to see how much better other algorithms perform on our

problem.

A natural question that arises from the Goemans and Williamson lower bound ratio, is whether we can
find a polynomial-time algorithm that performs better than the ~ 0.878 ratio for Max-Cut on general graphs
[1][11]. The answer to this question has been studied and analyzed by many scientists and it comes down to

two important conjectures: P # NP [4][22] and the Unique Games Conjecture [13].

The conjecture P # NP was officially and formally introduced in 1971 by Stephen Cook [4]. This
conjecture implies that there are problems that cannot be solved exactly in polynomial-time. However, we

can still approximate solutions for such problems using polynomial-time algorithms. We determine how

good an algorithm performs on a given problem using the ratio ir}f AOL};TO((II))’ where OPT(I) is the global
optimal value for a problem on instance I and ALGO(I) is the optimal value of the problem obtained from
the algorithm on instance I. This ratio also provides an insight to the integrality gap of problems, since
the integrality gap, irIlfgl};Z)Eg where the OPT(I) and SDP(I) are the optimal value of a problem on
instance I and the semi-definite formulation of a problem on instance I respectively, is never greater than

the performance ratio of an algorithm on the same problem.

Assuming P # NP, the best ratio that can be obtained for Max-Cut in polynomial-time is % [10][14].
Goemans and Williamson provided a polynomial-time algorithm that achieves a ratio of roughly 0.878.
However, there are papers that improve upon this result for specific cases of Max-Cut. Feige and Schechtman
showed in 2001 that no algorithm that requires solving a semi-definite program will have a better approximate
ratio than 0.891 by adding triangle inequalities to the semi-definite formulate of Max-Cut [6]. In dense graphs,
using the simple greedy algorithm has been proven to achieve near optimal value. The algorithm simply runs
a greedy algorithm until we are satisfied with the cut it presents. This algorithm is guaranteed to converge

to near optimal value in polynomial time OPT — en?, for some € > 0 and n € N [16].
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A variant of Max-Cut, known as Max-Bisection is the problem of solving Max-Cut where the two
partitioned sets have an equal amount of vertices (assume even order graphs). Since Max-Bisection is
as hard as Max-Cut, the Unique Games Conjecture implies that it is hard to approximate Max-Bisection
to within a factor of 0.878 + €[14]. A new algorithm is presented in the paper ‘Better Balance by Being
Biased‘,this algorithm reaches a ratio of 0.87765366 [2]. This paper leaves an open question of whether the

bisection constraint makes Max-Cut harder.

Another variant of Max-Cut is to analyze graphs with bounded degree, meaning graphs with degree no
more than A € Z number of vertices. This variation admits an algorithm that achieves a ratio of at least
0.878 + ¢, where € > 0 and depends only on A [5].

Now instead of considering special graphs, consider cases where solving the semi-definite formulation
of Max-Cut returns nearly exact solutions, that is, vectors that are only 2 or 3 dimensional [3]. Would
this improve the Goemans and Williamson ratio? The answer to this question is yes. Using Gengenbauer
polynomials, we can improve upon this ratio [3]. This algorithm uses similar techniques to the Hyperplane
rounding algorithm used by Goemans and Williamson [3]. We first solve the semi-definite formulation, and
obtain a set of vectors that are only 2-dimensional. Then we obtain another set of unit vectors by mapping
the original solutions using a special Gengenbauer polynomial. Now we run the Hyperplane algorithm on
the original vectors using probability 5 and the new vectors with probability 1 — 5. We improve upon this
algorithm in our thesis using details unique to our problem. The contribution made by us in this thesis will

be discussed in detail in the next section.

A Unique Game is a constraint satisfaction problem, where the goal is to satisfy as many constraints as
possible [7]. In a constraint satisfaction problem, we have a set of variables, a set of values that the variables
are allowed to assume, and a set of constraints. Max-Cut is also an example of a constraint satisfaction

problem.

The Unique Games Conjecture uses Unique Games in its definition: for all €, > 0, and a list of
constraints, we are given an instance with two possible guarantees: either this instance is highly unsatisfiable,
meaning only § percentage of the constraints can be satisfied, or this instance is almost satisfiable, meaning
1 — e percentage of the constraints can be satisfied [13]. The Unique Games Conjecture states that the

problem of checking to see which case the instance belongs to is N P-hard.

The Unique Games Conjecture is believed to be independent of the conjecture P # N P. If we assume the
Unique Games Conjecture instead of P # NP, then the ratio 0.878, obtained by Goemans and Williamson

using hyperplane rounding is optimal in polynomial-time [14].
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1.2 Our Contributions

We formulate a generalized version of Max-Cut by changing the objective function. Max-Cut counts the
number of edges cut which is equivalent to a function that adds one for each edge cut and 0 for each edge
uncut. In our generalized version, we consider the function that adds a € R for each edge cut and subtracts

b, where —a < b < a for each edge uncut.

We follow closely the Hyperplane algorithm presented by Goemans and Williamson and run the Hyperplane
Rounding algorithm on the Generalized Max-Cut to see how well the algorithm performs. Since we have
more inputs than Max-Cut, the results we obtain use numerical analysis and rely on graphs to illustrate the

significance of it.

In addition, we improve the approximate ratio and difference comparisons by considering the case where
vectors obtained from solving the semi-definite formulation of Generalized Max-Cut are 2-dimensional [3].
We follow Zwick and Avidor’s algorithm that runs the Goemans Williamson Hyperplane Rounding Algorithm
with probability 8 and a Gengenbauer Polynomial Rounding algorithm with probability 1 — 5. We improve
upon this algorithm to find the best g for the fixed a and b in each instance.

This thesis is structured as follows. In Chapter 2, we discuss theorems, definitions and lemmas in Linear
Algebra, Graph Theory and Combinatorial Optimization. In Chapter 3, we discuss definitions of various
mathematical programming, and some properties of mathematical programs. In Chapter 4, we define our
problem Generalized Max-Cut and its formulation. In Chapter 5, we explore the motivation approximation
algorithms and the conjecture P # N P. In chapter 6, we run the trivial algorithm on Generalized Max-Cut
to see how well it performs. In Chapter 7, we run the Hyperplane Rounding algorithm by Goemans and
Williamson and evaluate numerically the approximate ratio and difference of the expected value of the
algorithm on Generalized Max-Cut and its semi-definite formulation. In Chapter 8, we follow Zwick and

Avidor’s Gengenbauer algorithm and improve it for Generalized Max-Cut.



Chapter 2

Preliminaries

In this Chapter, we introduce some results from linear algebra and graph theory, as well as some
background information. Although most theorems, definitions and facts mentioned in this section are well
known, it is convenient to gather these results together and specify the notations that will be used throughout
this thesis. More detailed explanations and proofs can be found in the linear algebra textbook by Nicholson,

W. Keith [17]. We begin with linear algebra, followed by an introduction to graph theory.

2.1 Linear Algebra

Definition 2.1.1. (Inner Product) Let A, B € R™*™ be two matrices. We define the inner product of A
n n

and B to be <A,B> = ZZA”B”
i=1 j=1

Lemma 2.1.1. (Properties of Inner Product) VA, B,C € R™*" for all a € R, we have that:

1. (A,B) = (B, A)
2. (aA+C,B) =a({A,B) + (C,B).
3. (A, A) > 0. Equality holds when A = 0.

The proof of these facts can be found in any linear algebra textbook and thus will be omitted from this
thesis [17].

We define the notion of a n variable quadratic function and represent it as the inner product of two

matrices.
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n n
Lemma 2.1.2. Letx = (z1,22, - ,2,)T . Any quadratic function f : R™ — R such that f(z) = Z Zaijxixj—&—

i=1 j=1
n

Z b;x; + ¢, where a;j,b;,c € R can be written as a sum of inner products in the form: (A, X) + (b, z) + c.
i=1

Proof. Define X by the following:

I% T1T2 e T1Tp
X =zl =
2
LTl Tpky ... T,
: : : AT+ A
Define the symmetric coefficient matrix A = where:
ai; aiz - Qip
_ az1 Q22 - G2p
A= ,
apl  Ap2 - Qpp
a2 + as A1n + An1
all 2 .o 2
a21 + a12 a a2n + ap2
221 T %2 99 ... 2n T Wn2
A= 2 2

Gn1 + G1p Ap2 + a2p
LT 2 2 o ]

n n
By definition, the inner product of these two matrices is: (A4, X) = ZZaijxixj. Now let b € R"™,
i=1 j=1

and ¢ € R. It is clear to see that Z bixz; + ¢ = (b,z) + ¢ using Definition 2.1.1, and we have shown that
i=1

f(z) = (4, X) + (b,x) + ¢ as needed. O

This matrix definition of quadratic functions will be used to formulate Max-Cut and Generalized Max-Cut

as a quadratic optimization problem in later Chapters.
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Definition 2.1.2. Let A € R™™"™ be a symmetric matrix, then it has real eigenvalues A such that Av = \v

for all non-zero v € R™. We call v the eigenvector corresponding to the eigenvalue .

Definition 2.1.3. A symmetric matriz A is called positive semi-definite, denoted by A = 0, if every

eigenvalue of A is nonnegative.

Positive semidefinite matrices have important properties that will be used in later Chapters. In this

Chapter, we focus on elaborating and proving these properties.

Recall that a symmetric matriz is a matrix A such that A = AT. The eigenvalues of A are roots of the
polynomial det(A — AI), where I is the identity matrix of appropriate dimensions. Here are some Lemmas

regarding symmetric matrices.
Lemma 2.1.3. If A is symmetric, then all eigenvalues of A are real. [17]

Lemma 2.1.4. If A is symmetric, then there exist an orthogonal matriz Q such that A = QDQT where D

is the diagonal matriz of eigenvalues. [17]

Theorem 2.1.1. Let A € R™*™ be a symmetric, positive semidefinite matriz. There exist some B € R™*™
such that A= BBT.

Proof. Let A\;, i = 1,--- ,n be eigenvalues of A. Let D be the diagonal matrix of these eigenvalues, that
is D = diag(A1,---,\n). By Lemma 2.1.4, we write A = QDQ”. From Lemma 2.1.3, we know that
Vi € R is well defined, Vi = 1,---,n. Let S = diag(v/A1,- -+ ,VAn) such that SST = D. Now we have
A=Q8STQT =QS(QS9)T. Let B=QS, and we derive that A = BB” as needed. O

Proposition 2.1.1. The following are equivalent for symmetric A € R"*":

1. A is positive semi-definite.

2. There exist B € R"™" such that A= BBT.

3. There exist vectors v; € R",i=1,2,...,n such that A;; = (v;,v;).
4. T Az >0 for all z € R™.

Proof. We show that these propositions are equivalent by showing that 1 = 2,2 < 3,2 =4, and 4 = 1.

1. (1 = 2). This is Theorem 2.1.1.
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2. (2 = 3). Suppose we have have a matrix A that can be written as BB”. Let v; be the i*" row of the
matrix B such that B = ( vl ool >7 it is clear to see that A;; = (v;, v;).

(3 = 2) Similarly, let v; be the rows of the matrix B.

3. (2 = 4). Since there exist matrix B such that A = BB we can write 27 Az as 27 BBz, which is
equal to (T B) (2T B)T = ||z B||? > 0.

4. (4 = 1). Let A be any eigenvalue of A, and let = be the corresponding eigenvector of A. Then

2T Az = 2T x = \aTz = \||z|? > 0, hence A > 0 as needed.
We have shown that these propositions are equivalent. O
Definition 2.1.4. The rank of a matriz A € R"*"™ is the number of linearly independent rows.

Theorem 2.1.2. The rank of a symmetric matriz A € R™"*" is k < n if and only if n — k eigenvalues of
A are 0.

Proof. Recall that the dimension of null(A4) is the number of linearly independent eigenvectors z such that
Az = Oz, namely the number of eigenvalues that are 0. Since we have null(A) = dim(A) - rank(A) by the
rank-nullity theorem, we have that null(A) = n — k as needed. O

Corollary 2.1.2.1. A matriz A € R™*" is a rank k PSD matriz if and only if there exist vectors v; € RF
such that A;; = (vs, v;).

Proof. Let Ai,---, A, be eigenvalues of A. By Lemma 2.1.4 we have A = QDQ7 for some orthogonal Q
and D = diag(M\1,- -+, An). By Lemma 2.1.3 and Theorem 2.1.2, we know that A; > 0 and A; € R, and that
n — k eigenvalues are 0. Thus, D = diag(\1, - , M\, 0,---,0). Let S = diag(v/A1,- -+, vV, 0,--+,0) such
that A = (Q9)(QS)T. Let v; be the i*" row of QS without the 0 entries, and we have A;; = (v;,v;) as
needed. O

2.2  Graph Theory

Graphs are data structures that consist of two sets: a set of elements and a set of pairwise connections
of these elements. In more technical terms, a graph G = (V, E) is of a pair of sets: V, the nonempty set of

vertices; and E, the set of edges where each edge e = {i,j} € E is a subset of V.

In this thesis, we focus on finite simple graphs. In a finite simple graph, every pair of vertices has at most

one edge connecting them, and we have a finite number of vertices and edges .
Consider the following example of a graph G = (V, E):

9
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Figure 2.1: Graph G

The graph in Figure 2.1 has vertices V = {1,2,3,4, 5,6}, and edges E = {a,b,c,d, e, f, g} as follows:

a

b

C

d

e

f

g

{1,2}

{1,3}

{2,4}

{3,4}

{2,6}

{4,6}

{5,6}

Definition 2.2.1. Let G = (V, E) be a graph, a cut in G is a partition of V into two sets: S CV and V\S.
We say an edge e = {i,j} € E is cut if i,j are not both in the same partitioned set. We denote the set of

cut edges induced by S as 0(S5).

Definition 2.2.2. The size of a cut S is the number of edges that are cut, denoted by |6(5)].
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Figure 2.2: A cut in G

(D
¢

Example 2.2.1 (A cut in G). Consider Figure 2.2, one potential cut for this graph is the following partition:
S ={1,3,5} and V\S = {2,4,6}. The size of this cut is 3 since 3 edges, {1,2}, {5,6} and {3,4} are cut.
The edge cut set is given by 6(S) = {{1,2},{5,6},{3,4}}.

Definition 2.2.3. Let G = (V, E) be a graph. We say that the vertices i,j adjacent if {i,j} is an edge.

Definition 2.2.4. A clique is a special type of graph where all vertices are adjacent. We denote a clique

with n vertices by K,.

In other words, every vertex in a clique is connected to every other vertex by an edge. Observe that

since there exist an edge for every distinct pair of vertices, a clique with n vertices has (g) many edges. We

illustrate two examples, K5 and K, in Figure 2.3.
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(a) A graph Ks with 5 vertices and (g) = 10 edges (b) A graph K4 with 4 vertices and (3) =6
edges

Figure 2.3: Clique graph examples

2.3 Combinatorial Optimization Problems

In this section, we define explicitly what it means to solve an optimization problem, and what categorizes

a problem as combinatorial.

An optimization problem is a problem that involves finding the best solution in a set of all feasible
solutions. Typically, optimization involves maximizing or minimizing a function. For example, a company

would want to minimize production time, or maximize profit.

Definition 2.3.1. A combinatorial optimization problem is an optimization problem where the set of

possible solutions is finite or discrete.

An example of a combinatorial optimization problem is Maz-Cut. Informally, Max-Cut is an optimization
problem that aims to maximize the size of the edge cut set of a given graph. Formally, we have the following

definition:

Definition 2.3.2. Given a graph G = (V, E), Max-Cut is the problem of finding the maximum size of the

cuts in G.

One way to find a Max-Cut in a graph is to find a set S C V such that for any other S’ C V, |§(5)| >
[6(5)]. Any subset S C V is a feasible solution since it provides us with §(S). Here is an example of a

maximum cut in a graph:

Example 2.3.1 (Max-Cut for G). Consider Figure 2.4. We have G = (V, E), where V. = {1,2,3,4,5} and
E ={a,b,c,d, e} as follows:

12
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a b c d e
{1,2} | {1,3} | {1,4} | {1,5} | {3,5}

Figure 2.4: Graph - Table Format

The maximum cut of G can be induced by two different sets S and S’ as shown below.

(a) glcut (b) glcut2

Figure 2.5: Cut example

13
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As shown in Figure 2.5a, the edge cut set induced by S = {1,3} and V\S = {2,4,5} is

6(9) = {{1.2},{1,4},{1,5},{3,5}}.
The size of this set |§(S)| = 4, which is the maximum value attainable by this function.

In Figure 2.5b, the edge cut set induced by the partition S’ = {1} and V\S’' = {2,3,4,5} is

§(8") = {{1,2},{1,4},{1,5},{1,3}}.
The size of the set |§(S7)| is also 4.

This example emphasizes the difference between optimal solutions and the value given by those optimal
solutions. Note that we have two distinct solutions that produce the same optimal value. We only care to
find the optimal size of the edge cut set, the actual solution does not matter to us. In general, finding the
set that is maximum cut of a graph is difficult, and finding the size of this set is also difficult. In this thesis,

we alm to approximate the size of a maximum cut on a given graph, rather than to find the actual cut.

We discussed Max-Cut as a combinatorial problem in this section. In the following section, we formulate

this optimization problem formally and mathematically using mathematical programming.

14



Chapter 3

Mathematical Programming

Mathematical programs are optimization problems that involve maximizing or minimizing a function
with constraints. These programs are often used to formulate real life problems mathematically, making the
real life problems easier to understand. In this section, we discuss four types of mathematical programs:
integer programs, linear programs, quadratic programs, and semi-definite programs. We also discuss some

properties of these programs and how they relate to Max-Cut.

3.1 Integer Programming

An integer program is the problem of optimizing a linear function with n € N variables subject to linear
constraints, and a mandatory constraint that all feasible solutions must be integers. For example, suppose
we want to maximize the function f(x1,23) = z1 + x2 subject to the constraint z; — xo < 5, z; € Z™.

Typically, an integer program has the following form:

maximize clx

subject to a?m < by,
T
ay T < by,

(3.1)

T

A < by

x e,
where a1,a9,...,a;, € R, b1,ba, ..., by € R, and x = (21,...,2,) is a vector of n variables.

Definition 3.1.1. (Feasibility) We say x € R™ is a feasible solution for an integer program if x satisfies
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CHAPTER 3. MATHEMATICAL PROGRAMMING 3.1. INTEGER PROGRAMMING

all the constraints of the program.
The set of all feasible solutions to a mathematical program is called the feasible region. If this region is
nonempty, then the mathematical program is feasible, else, it is infeasible.

We use Max-Cut as an example throughout the thesis. In this section, we define and prove the integer

formulation of Max-Cut.

Recall that Max-Cut is a combinatorial optimization problem that takes an instance of a graph as input.

Any partition S C V is a feasible solution and the goal is to maximize the size of the edge cut.

Lemma 3.1.1. The integer program formulation of Maz-Cut is as follows:

mazrimaize E Ze

c€E
subject to ze <wmi+x;,Ve=ijeE (constraint 1)
2e <2—(z;+x;),Ve=1ij € E (constraint 2) (3.2)
2. €{0,1},Ye € E (constraint 3)
z; €{0,1},Vie V (constraint /)

Proof. Let S be a random partition of V', that is a subset of V' where the elements are randomly chosen
from V. We define the indicator variables z; € {0,1} and z, € {0,1} to be:

0 ifi¢s 0 ifed d(s)
€Tr; = Ze =

1 ifies 1 ifee€d(9)

(=) We want to show that every feasible solution for Max-Cut is also feasible for the integer formulation.
Suppose we have an instance of a graph G = (V, E) and a partition of vertices S and correspondingly, V\S.

Let x; = 11if i € S and 0, otherwise.

Suppose we have an edge e such that e = ij € §(S). In other words, the vertices 4, j are not both in §
or not both in V\S. Then we have z; + z; = 1 and 2 — (z; + z;) = 1, meaning that z, = 1 or z. = 0 by
constraints 1 and 2. Since we aim to maximize the size of this cut, we take the large value of 2z, = 1. This

effectively adds 1 to the objective function for ever edge e € §(5).

Now consider e = ij ¢ §(S). One of constraints 1 and 2 will be 0, hence z, will be 0. This adds 0 to the

objective function for every edge that is not cut as needed.

(<) We begin with an optimal solution to the integer program, and show that it maps to an edge cut

where the size of the edge cut is the value of the objective function.
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Suppose we are given z}s and z.s that are optimal to the integer program. Define S = {i € V|x; = 1}.
Now all we need to show is Z ze = 10(9)].
ecE
Let e = ij € 6(5). Without loss of generality, we have i € S, j ¢ S and z; # x;. Then z; + z; =
2 — (i + ;) =1, and 2z, = 1, since this is the optimal solution. Now consider ij ¢ 6(S5), then i,j € S
or i,j € V\S. In either case, one of constraints 1, 2 is equal to 0, meaning that z, = 0. Thus, we have

Dz =18(9)]. O

eckE

3.2 Relaxations and Integrality Gap

Solving integer programs exactly can be difficult. Practically, it makes more sense to find good approximation
to solutions fast rather than to spend lots of time finding exact solutions. Relaxations of mathematical

programs allow for more solutions by “relaxing” some of the constraints of the mathematical program.

Definition 3.2.1. (Relazations) Let M be any mathematical program. A relaxzation of M, denoted Mg,

is any mathematical program where all feasible solutions to M are also feasible to Mg.

In general, the feasible region of a relaxation is a superset of the feasible region of the original program.

Lemma 3.2.1. If minimization or maximization problem Mg is a relazation to minimization or mazximization
problem M, and I is any instance to the problem M, then OPTy(I) > OPTy,(I) or OPTy(I) <
OPTy, (1), respectively. Where OPTa,, (I) and OPTy(I) are optimal values for Mp and M respectively

[21].

Proof. Since the feasible region for My contains the feasible region of M, Mg contains at least the optimal
solution for M and possibly more. Hence we have OPT(M) > OPT(Mpg) for minimization problems, and
OPT(M) < OPT(Mpg) for maximization problems. O

As relaxations allow more feasible solutions, the optimal solution of a relaxation might not be feasible for
the original. A natural question is how close is the relaxed optimal solution to the original optimal solution?
The answer to this is what is known as an integrality gap. Since we only work with combinatorial problems in

this thesis, we define what integrality gap means for a formulation of a combinatorial optimization problems.

Definition 3.2.2. (Integrality Gap) Let M be a formulation for a combinatorial optimization problem, and
Mpg be any relazation to M. Denote OPTy(I) to be the optimal value of M on instance I, and OPTy,, (I)
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the optimal value of My on instance I. The integrality gap (IG) of Mg is defined as

su OLM(I) for minimization problems
P OPTy, (1)’ b
IG =
OPT\ (1
ir}f OPTAJ/\IZ((I))’ for mazimization problems

We use supremum and infinmum because the maximum and the minimum might not exist.

3.2.1 Linear Programming

A linear program consists of optimizing a linear objective function subject to linear constraints. Notice
that a linear program is similar to an integer program except it does not have the constraint that requires

solutions to be integers. This allows feasible solutions to be any real number.

Remark. FEvery integer program can be relaxed into a linear program by removing the integrality constraint.

Here is a brief justification. Let M be an integer program, let Mg be the relaxation of M where the
integer constraint is removed. We want to show that every feasible solution to M is also feasible to Mpg. Let

x be any arbitrary solution to M, x is also a solution to My as it satisfies all the same constraints of Mp.

For example, we have the linear program relaxation of Max-Cut.

maximize Z Ze
e€E
subject to 2z, < x; +x;,Ve=1ij € F constraint 1
2e <2—(x;+z;),Ve=ij e E
€[0,1],Ve e E

€0,1,VieV

(
(
(constraint 3
(

)
constraint 2)
)
)

constraint 4

This linear program is similar to the integer formulation except for the integer contraints. Now we have

solutions that can be all real numbers between 0 and 1.

Lemma 3.2.2. The size of the edge cut |3(S)| induced by any partition S CV of a clique is |S| - |[V\S].

Proof. Suppose we have any arbitrary partition S C V of a clique K,,. For each vertex i in S, we know that
it is connected to all other vertices. Moreover, it is connected to all vertices in V'\\S. Hence the number of
edges cut for vertex 4 is how many vertices are in V\\S, namely the size, |[V\\S|. This is true for all vertices
in S, thus we have that the size of the edge cut produced by any S is |S] - |V\S|. O
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2
n
Lemma 3.2.3. The mazimum cut of a clique with n vertices, K,, has value at most ik

Proof. Given a clique K,,, we want to show that if §(S) is a maximum cut for K, induced by S, then

2

n

< —.
5(s) < 2

Let s = |S], then n — s = |V\S|. From Lemma 3.2.2., we can define a function for the size of the edge
cut with respect to the size of the partition S. Let f(s) = s(n — s), where f(s) is the size of the edge cut
induced by S. Now we can find the maximum of this function with respect to s. f’(s) = n — 2s, we have

critical points at s = 4. Since f(s) is a concave parabola, f(5) = §(n—5) = % must be the maximum. O

Theorem 3.2.1. The linear program relaxation of Maz-Cut has integrality gap less or equal to %

Proof. Since the claim states the integrality gap is less or equal to %, it suffices to find one instance of a

graph where this holds true.

Consider a clique K,,. We know from Lemma 3.2.3. that it has optimal value less or equal to %2. Consider
the feasible solution z; = %, z. = 1, this clearly satisfies all the constraints of the linear program relaxation

n(n—1)
2

of Max-Cut. Moreover, this produces a value of (g) = . Now we use the definition of the integrality

gap, define I to be an instance of a graph. Let M denote the integer program of Max-cut, and Mg denote

the linear relaxation of Max-Cut with the integer constraint removed.

. OPTy(I)
16 = 1]?fOPTMR(I)
_OPTw(K,)
< inf M)
= OPTur, (K,)
n2

. 4
< - =
- H%f n(n —1)

2

1
< -
-2

So the integrality gap of the Max-Cut integer formulation and its linear program relaxation if at most % O

One important reason to relax integer programs into linear programs is that linear programs can be

solved fast due to their convexity property.
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CHAPTER 3. MATHEMATICAL PROGRAMMINGCONVEXITY OF MATHEMATICAL PROGRAMS

3.3 Convexity of Mathematical Programs

Convex mathematical programs have important properties that we discuss in this section. We first define

what it means for sets, and vectors in R™ to be convex.

Definition 3.3.1. (Set Convezity) A set A € R™ is called convex if for every x1,x9 € A, Ox1+(1—0)xs € A

for all 8 € [0,1]. In other words, every convex combination of elements in A is also an element in A.

Definition 3.3.2. z € R" is a convex combination of vectors {w"}; if there exist non negative {\;};, with

Z)\i =landz =), Niw@.

We define half-space H := {z € R" : a’x + b < 0}, for a € R" and b € R. Note that this is the feasible

region for a mathematical program with constraints a”z + b < 0.

Lemma 3.3.1. All half-spaces are convez.

Proof. Let H = {x € R" : a’x + b < 0} be a half-space. Let 21,75 € H, then we have a € R",b € R such
that a”z; +b < 0, and a”29 + b < 0. Consider 0x; + (1 — 6)xo for some 6 € [0,1]. We want to show that
at [Hxl +(1- 9)322] +b<0:

al [03:1 +(1- 9)332} +b
=0a"z, + (1 —0)aT2zy + b
<O(=b)+ (1 —0)(—=b) +b
=—0b—b+0b+b
=0

Lemma 3.3.2. For every convex sets A, B C R"™, the set AN B is convex.

Proof. Let A, B be convex sets, let 21,29 € AN B. We want to show that for all 8 € [0, 1], 8z1 + (1 —0)xs €
ANB.

Since z1,292 € AN B, we have z1,29 € A and z1,z2 € B. By definition, x; + (1 — 0)zs € A and
Oz1 4+ (1 —0)xe € B for all § € [0,1]. Hence we have 0z1 + (1 — 6)z2 € AN B as needed. O

Corollary 3.3.0.1. The feasible region of linear programs are convez sets.
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Proof. Constraints of linear programs are in the form a;z < b;, where a; € R™, and b € R. The feasible x’s
form a half-space by definition, hence, the feasible region of linear programs are intersections of half-spaces.
By Lemma 3.3.2 and Lemma 3.3.1, the intersections of half-spaces are convex, and thus the feasible region

of linear programs are convex. O
Definition 3.3.3. (Function Convezity) A function f : R™ — R is called convez if for every x1,z2 € R",
we have f(Azy + (1 — Na2) < Af(x1) + (1 = N) f(z2) for all X € ]0,1].

Here is an important definition regarding mathematical programs:

Definition 3.3.4. (Mathematical Program Convexity) A mathematical program is called convex if its

objective function is convex, and its feasible region is conver.

Lemma 3.3.3. Linear and affine functions are convexz.

Proof. Let f(x) = ax + b, where a,b € R and x € R®. We want to show that for all A € [0,1], and any
r1, 22 € R™ f(Azy + (1= A)z2) < Af(x1) + (1= A) f(22).

FOr1++(1 = N)z2) = a(Azy + (1 — N)axg) + b
=Xazxy + (1 — Nazg +b
=Xaz1 + (1 — ANaza +b+ Ab— A
= dax1 + A0+ (1 —Naxa +b— b
= AMf(z1) + (1 = A) f(22)

Theorem 3.3.1. All linear programs are convez.

Proof. We want to show that for any linear program, the set of feasible solutions and the objective function

are convex. By Lemma 3.3.3, and Corollary 3.3.0.1, we have that all linear programs are convex. O

3.4 Quadratic Programs

Definition 3.4.1. (Quadratic Program) A quadratic program is mathematical program that has constraints

constant, linear or quadratic, and a quadratic objective function.
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Definition 3.4.2. (Quadratic Formulation) Let f, g; : R" — R be quadratic functions. Let xT = (z1, 22, ,2y).

A quadratic program can be written as:

mazximize f(x
(@) (3.4)
subject to  g;(x) =b,i=1,---,m

Theorem 3.4.1. Any quadratic program can be written in the following form, let F, G; be symmetric n X n

matrices:
mazimize (F,X)
subject to (G, X) =b;,i=1,---,m (3.5)
X =zl 2T = (1,21, ,2)
Proof. This is true by Lemma 2.1.2 O

The linear relaxation of Max-Cut does not give the best integrality gap. The relaxation of the quadratic

formulation of Max-Cut provides a much better integrality gap as we will see in later Chapters.

Corollary 3.4.1.1. Any quadratic program with equality constraints on n variables can be written in the

following form:
mazimize (F,X)

subject to (G, X) =b;,i=1,---,m
X>=0,X eR™"
rank(X) =1

(3.6)

Proof. See Corollary 2.1.2.1. O

Using Theorem 3.4.1, we can formulate the quadratic program of Max-Cut by the following:

2

x] ‘e T1Tp
T2T1 - T2Tp
Let z = {xl xn} Let X = zat
TnT1 N x%

Define the coefficient matrix F' as the following: For every edge ij € E, let the 75" and ji*" entries of F
be —1, and the 7", j;*" entires be 1.

Let G; be an n x n matrix where all entries are 0, except (G;)i; = 1.

Finally, b is an n x 1 vector of all 1’s.

22



CHAPTER 3. MATHEMATICAL PROGRAMMING 3.5. SEMI-DEFINITE PROGRAMMING

We write the quadratic formulation of Max-Cut in function form for simplicity by expanding the inner

products, (F, X) and (G;, X).
)2
maximize Z M
b 4
ijeE (37)

subject to 27 =1,Vi€ V

We show that this is indeed the formulation of Max-Cut by showing that a solution is feasible and optimal

for Max-Cut if and only if it is also feasible for this formulation.

Proof. Let x; = 1ifi € S, and —1if i € V'\'S, then this satisfies the constraint 27 = 1. Consider an arbitrary
edge {i,j} € E, if z; # x;, then the edge {7, j} is cut. We want to check if the objective function counts one

whenever z; # x; and 0 otherwise.

(z — ;)

Clearly, = 1 whenever z; # z;, and 0 otherwise.

Now suppose we have a solution of z;’s to the quadratic program. Let S := {i € V|z; = 1}. Since z;’s

are an optimal solution, clearly it provides us with an optimal S. O

3.5 Semi-Definite Programming

Definition 3.5.1. (Semi-Definite Programs) A semi-definite program is any optimization problem of the

following form:
i&f (F, X)

subject to (G, X) =b;,i=1,---,m (3.8)
X >=0,X eR™",
where F,G; € R™*™ are given symmetric, constant matrices.

Theorem 3.5.1. All quadratic programs can be relaxed to a semi-definite program.

Proof. Let Q be a quadratic program. Consider the same mathematical program with the constraint
rank(X) = 1 removed, call this program Qr. We want to show that Qg is the semi-definite relaxation

of Q. Clearly, Qg allows more solutions including X’s of rank 1. Hence Qg is a semi-definite relaxation of

Q. O

An alternative way to write a semi-definite program is by replacing the variables with inner products
of vectors. Max-Cut is one example where its semi-definite relaxation is actually in the form of a vector

program.
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Definition 3.5.2. (Vector Program) A vector program is a mathematical program where variables are

inner products of vectors.

Corollary 3.5.1.1. FEvery semi-definite program can be written as a vector program.

Proof. Since X > 0, we know there exist vectors z;,z; such that X = (z;,x;). Thus we can write the

variables as an inner product of vectors. O]

Theorem 3.5.2. The following is a relaxzation of the quadratic program for Max-Cut into a semi-definite
program:
o lvi — ;2
maximize —_—
> T
ijJeER
subject to ||v||? =1,Vi € V
v, eRVI viev
Proof. We see how to get this objective function from the quadratic program. We begin with (z; — xj)2 =
w7 — 2wy — af = Xy — 2X;; — Xj;. Since X = 0, there exist vectors v;,v; such that this is same as:
(vi, v;) — 2(v;,v;) — (v;,v;), using the definition of linear product we have (v; — v;,v; —v;) = |Jv; — v;||*. By
relaxing the integer constraint to n-dimensions, we allow feasible solutions to be n-dimensional vectors as

well as one dimensional integers. O
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Chapter 4

Generalization of Max-Cut

In this Chapter, we define a variation of Max-Cut we call Generalized Max-Cut. We also formulate a

quadratic program for Generalize Max-Cut and relax it into a semi-definite program.

Definition 4.0.1. (Generalized Maz-Cut) Fixz two real numbers a,b € R such that

a>0

—a<b<a

Let G = (V, E) be a graph, and f(S): S CV — R be defined as f(S) = a|d(S)| —b|E —(S)|. Generalized
Mazx-Cut is the problem of finding the mazimum value of the function f(S).

4.1 Formulation of Generalized Max-Cut

We formulate Generalized Max-Cut as follows:

2 _ 2
maximize a Z M _p Z w
ijEE ijEE (4.1)

subject to yZ=1,Vie{l,...,n} =V

We prove that this is indeed a formulation for Generalized Max-Cut by showing that any feasible solution
for the definition is also feasible for the formulation, and vice versa. We also show that the value of the

solutions are equal to each other.
Suppose we have a graph G = (V, E), and a S C V such that for any other S” C V', [6(S)]| > |6(5)].
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Define
1, ifieS
Yi =
-1, ifig¢S.

)2 ) 2
What we want to show now is that Z w = 16(9)|, and Z W =|E —0(9)|.
ijEE ijEE

Let ij be an arbitrary edge. If it is cut, or it does not have both vertices in the same set, then y; # y;.

2 ) 32
In this case, we have that M =1, and % =0.
)2 . 2
Now suppose ij is not cut. Then y; = y;, and we have that w =0, and W =1.

Since we are taking the summation over all the edges, it is clear that the objective function will give the

total number of edges that are cut multiplied by @, minus the number of uncut edges multiplied by b. Thus

)2 . )2
we have shown that ) | w = |5(S)], and Y % =|E - 5(9).
ijeE ijeE

4.2 Simplification-Objective Function

We simplify the objective function of the above formulation for easier analysis in later Chapters.
(yi —v;)° (yi +y5)°
MiT i)y M Y5)
D 2
ijeE IS
u Z Y7 — 2yiy; + Y3 b Z Y; + 2y + 5
4 4 < 4
ijEE ijeE

Since our constraint in the formulation above states that y? = 1,Vi € V

_ Z a(l —2yy; +1) Z b(1 + 2y;y; + 1)

4 4 4 4
ijeE ijeE

_ a  ayiy; | é byiy;
-3 [5-5]- 2 [+ %]
ijeEE ijeE

Now combining the summation gives us:
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The formulation we will be using from here on will be the following quadratic program of Generalized
Max-Cut:

1 1
maximize Z {2(a —b)— i(a + b)Yy,
ijeE (4.2)

subject to y? =1, Vie {1,...,n} =V

4.3 Relaxation

In this section we relax the quadratic formulation of Generalized Max-Cut into a vector program. We use
the same techniques as in Chapter 3 when we relaxed Max-Cut into a vector program. We state the vector
program of Generalized Max-Cut without a rigorous proof. We briefly explain that it is indeed a relaxation

of the quadratic formulation of Generalized Max-Cut.

Theorem 4.3.1. The vector relaxation of Generalized Max-Cut is as follows:

o 1 1
mazimize Z [Q(a -b) — §(a +b)(vi, vj)
ijeEE
subject to loil =1, i=1,...,n=|V]
v €ER"i=1,...,n.

Proof. Since feasible solutions are now in R", it will contain the integer solutions as well. Hence this is a

relaxation of the quadratic problem. O
Theorem 4.3.2. The semi-definite relaxzation of Generalized Max-Cut is a convex program.

Proof. The semi-definite program of Generalized Max-Cut is a linear program with the added constraint
X > 0. Thus we only need to show that the set C' = {X € R"*"|X > 0} is convex.

Let A € [0,1], we want to show that for any X;, X; € C, we have A\X; + (1 — A)X; € C. Since each
X; = 0, we know that vX;vT > 0 for all v € R™, so it is enough to show that v[AX; + (1 — /\)Xj]vT > 0.

oIAX; + (1= NX 0T =odX2” + 2(1 = M) X 0T
J J
= Xl 4+ (1 - MvX;oT
>0
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Chapter 5

Algorithms

An algorithm is a step-by-step method for solving a problem. Many types of algorithms are designed to
not only solve problems, but to solve them as efficiently and exactly as possible [7]. However, many problems
do not have an efficient algorithm that outputs an exact solution [7]. We therefore aim to design algorithms
that output approximate solutions. In this section, we discuss various approximation algorithms and their

run-time.

5.1 Approximation Algorithms

Suppose M is an optimization problem, let I be an instance to M. We denote the optimal value of
this problem on instance I to be OPTy;(I). Let A be any algorithm, we denote SOL%;(I) to be the value

achieved by A on instance I.

Definition 5.1.1. (Approximate Algorithm) For maximization problems: An algorithm is called an
approximation algorithm if there is a real number o € [0,1] such that for all instances I, then SOLy,(I)
is at least o - OPTpy(I).

Note that when a = 1, then SOL%;(I) = OPTj;(I) meaning we have found the exact optimal solution.

Hence, we want to design algorithms where « is as close to 1 as possible.

All algorithms must terminate at some step and return with an output. The run-time of an algorithm
is the number of steps an algorithm takes to terminate. We call an algorithm A efficient if it terminates

within a polynomial number of steps with respect to the size of the input.

The inputs we work with in this thesis are all graphs, so it is useful to define explicitly what this means
for graphs. We define the size of a graph G = (V, E) to be the number of vertices, denoted by |V]|. A
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graph has vertices and edges, hence the storage required is larger than |V|. However, the number of edges
is at most (g), which is polynomial with respect to |V, meaning the algorithms used still terminate in a

polynomial number of steps with respect to the size of the input.

5.2 Expected Value of Generalized Max-Cut

All algorithms presented in this thesis use randomness. The solutions given by these algorithms on a
fixed instance vary each time due to randomness, so we replace the value of the solution of an algorithm on

a given problem with its expected value.

Suppose we are given a G = (V, E), and a randomly chosen S C V. Define random variables, Y;, where
1 € V such that
Y, =1 ifieS

Y; = —1 otherwise

Lemma 5.2.1. The expected performance of any randomized algorithm on Generalized Max-Cut can be

calculated using:

S [3ta—0 - ja+vEpy]

ijeE
Proof. We use the simplified version of the objective function as presented in Section 4.2.

If X is the value of any feasible solution to the formulation of Generalized Max-Cut, then we have that:

X = Z[ a—b—%( +b)myj]

ijER

We want to find E[X]:

— 2 2
iJER

1 1
BX) —E[ 3 30— ) - j(a+ 1Y)
Using linearity of expectation function, we have that:

— ZE[ (a—b) —%( +b)y;-y;-]

ijeR

-y { (a—b) 1(a+b)IE[Yinﬂ

ijerR
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The only variation between different algorithms is the expected value JE[Yin], which will be calculated

separately in each analysis.

53 P#£NP

P # NP is a famous conjecture that holds relevance in many fields of research. In this section, we
focus on the importance of P # NP in computational complexity theory. We begin with an introduction to

computational complexity theory, defining what the sets P and N P are, and their implications on Max-Cut.

Computational complexity classifies problems by the difficulty of their solvability [18]. In most cases, the

difficulty of a problem is quantified by how much time or space is required to solve the problem.

We say that a problem can be solved efficiently or fast if it can be solved in a polynomial number of
steps with respect to the size of the input to the problem. Every problem we have encountered so far is a

combinatorial optimization problem, and in most cases can be reduced to a decision problem.

Definition 5.3.1. (Decision Problem) A decision problem is a problem to which the answer is either yes

or no.

P is defined as the set of decision problems that can be answered fast [18]. NP is the set of decision
problems whose solutions can be verified fast. It is important to note that the solutions for the problems in

NP are not required to be found fast.

The decision version of Max-Cut is a problem in NP. Given a graph G = (V, E) and an integer k € Z,

is there a partition of V' that induces an edge cut set of at least size k7

Theorem 5.3.1. The optimization version of Maz-Cut can be solved fast if and only if the decision version

of Maz-Cut can be solved in polynomial time with respect to the size of the input.

Proof. We show that if the optimization version of Max-Cut can be solved fast, then so can be decision
version, and vice versa. Suppose we can find the size of the largest edge cut on a given graph fast. Then on

input G = (V, E) and k, return yes if k is less or equal to the largest size, and no, otherwise.

Now suppose we have an algorithm D that runs in polynomial time with respect to the size of the input:
G = (V,E), k and outputs yes if there is a an edge cut in G of size at least k, and no, otherwise. Consider

the following algorithm:
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1 fori=1,---,|V], do:
2 run D on (G,1)

3 if D returns no:
4 return ¢ — 1
5 end

Clearly, this algorithm runs in polynomial time with respect to |V'|. This algorithm checks to see if there
is a cut of size 7 and increase i by 1 each time until there is no cut of size ¢, meaning the previous size is the

largest cut. O

Max-Cut is a problem in N P because we can verify any proposed solutions fast. Suppose we are given a
graph G = (V, E), an integer k and a partition of vertices S C V. It is easy to count how many edges are cut
by the partition S, and to check if that number is greater or less than the integer k. What makes Max-Cut
interesting is that moreover, Max-Cut is N P-hard, meaning that all problems in NP can be reduced to
Max-Cut in polynomial time. This N P-hard property indicates that if we can solve Max-Cut in polynomial

time, then we can solve every problem in NP in polynomial time, effectively proving that P = NP.

We assume the conjecture P # NP in this thesis, hence the integer formulation of Max-Cut cannot be
solved fast. However, the relaxations of Max-Cut can be solved fast due its convexity property. Algorithms
such as the Ellipsoid Method are capable of solving problems fast precisely due to the fact that they are

convex . Hence relaxation are a useful tool for our analysis.

5.4 Algorithm Analysis

We analyze the values of solutions returned by running approximation algorithms using the definition of

approximation algorithms. Recall that for any approximation algorithm A, there exist some « € [0, 1] such
soLy >

OPTy — Q.
If this inequality holds for all instances to M, then a can be referred to as the « approximation ratio of

that SOLY > aOPT)y; for some maximization problem M. We rearrange this inequality to

algorithm A.

We redefine the above notations and definitions to be specific to Generalized Max-Cut as it is the only
problem we will be analyzing. Recall that Generalized Max-Cut is a maximization problem whose instances

are graphs.

Denote OPT(G) to be the optimal value of Generalized Max-Cut for any graph G, and E[SOL 4(G)] to be

the expected value of the solution of Generalized Max-Cut obtained by running randomized algorithm A on

E[g?jLT‘E‘g);)] > ]E[i%%(‘é?” , then we can claim that A is an a-approximation

an instance G. If we can show that
algorithm, where %&(g)] > a for some « € [0,1]. We can also claim that the relaxation of Generalized

Max-Cut has integrality gap at least c. Some interesting observations for maximization problems:
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1. Linear relaxations, and semi-definite programs can be solved fast, in other words in polynomial-time
with respect to the size of the input. Methods such as the Ellipsoid method can solve such programs

fast due to the convexity property [7].

2. On any given graph G, we have that REL(G) > OPT(G).

3. On any given graph G and approximation algorithm A, we have that E[SOL4(G)] < OPT(QG)

Figure 5.1: Ratio Scale

Ratiol IG

Relaxation N

Ratio
o | optma 1

Approximated
Solution

Figure 5.1 roughly (not to scale) shows the relationship between an optimal solution, a relaxed optimal
solution and an approximated solution for a maximization problem. The relaxation allows more feasible

solutions, hence the value of its optimal solution is at least the the value of the optimal one. The approximated

E[SOLA(G)] -, E[SOLA(G)]
OPT(G) < ~ REL(G)

that Ratiol is not too big, we also show that the Ratio2 is not too big. Similarly for the IG , which is at

value is more than the optimal value. We claim that

for some graph G. By showing

most equal to Ratiol. From Theorem 3.2.1, we can claim that the linear program relaxation of Max-Cut is

bound to emit an approximation algorithm that cannot perform better than % times the optimal value.

In addition to the ratio comparison, we also analyze the difference comparison between the relaxed optimal
value and the approximated value of Generalized Max-Cut. We will see in later Chapters that the ratios
obtained are not always valid, hence it makes sense to use alternative ways such as difference comparison to
analyze the algorithms used. We use the formula E[SOL4(G)] — OPT(G) to calculate the difference for the

algorithms presented.
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Chapter 6

Sahni and Gonzales

Since the introduction of Max-Cut, the best approximation algorithm has been a trivial algorithm that
had no dependency on input. This algorithm was introduced in 1976 by Sartaj Sahni and Teofilo Gonzalez
in their paper P-Complete Approximation Problems [20]. We run this algorithm on Generalized Max-Cut

for a reference on how much of an improvement other algorithms are in later Chapters.

6.1 %-Approximation Algorithm

In this section, we find the approximate ratio of Generalized Max-Cut and the Coin Flip algorithm to be

1+ k&
%. We label this algorithm to be CF (Coin Flip). On input graph G = (V, E) and (a,b):

Algorithm 1: CF

1let S=0

2 for each i € V, do:

3 add 7 to S with % probability

4 leave ¢ as it is in V' with % probability

5 end

We calculate the expected performance of this algorithm on our problem, Generalized Max-Cut as follows:
1
Lemma 6.1.1. The expected performance of the Coin Flip algorithm on Generalized Max-Cut is Z {2(a—
ijeE

b|.
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Proof. Using Theorem 2.1, we calculate E[Y;Y]]:

Esc|ViV;] = (1)Pry: = y;] — Prly: # y;]
= () Prly; =y;] — (1 — Prly; = y;])
1 1
=5-1-3)

0

By Lemma 3.1, the expected performance of the Coin Flip algorithm on Generalized Max-Cut is:

> _;(a—b)—;(a#—b)E[YzYJ]}
ijeE -
ijeE -
:Z Q(G—b)}
ijeE -

O

We calculate the comparative ratio of Generalized Max-Cut and the approximated value by the Coin
1 1
Flip algorithm. As Z [Q(G - b)] has no dependency on the edges ij, we write it as [2(a - b)} |E|,
ijEE
where |E| is the number of edges in the input graph G. Recall that the value of Generalized Max-Cut is

1 1
Z {Q(a —-b) — i(a + b)yiy]}, the optimal value is at most when every edge is cut. When y;3; = —1
ijEE

1 1
for all i € E, we have [z(a —b) + i(a + b)} |E|. On input G = (V, E) and (a,b), we have the relation

1 1
OPT(G) < [2(a —-b)+ i(a + b)] |E|, where OPT(G) is the optimal value of Generalized Max-Cut on input
graph G and (a,b).

b
We scale (a,b) to one variable ¥ = —— for simplicity. The expected performance of the Coin Flip
a

algorithm on Generalized Max-Cut, §(a —b)|E| is rewritten as %(1 +k)|E|, and the optimal value is at most

[‘2‘(1 +k)+ %(1 - k:)} |E| = a|E|.

We calculate approximate ratio using the expected performance of the Coin Flip algorithm on Generalized
Max-Cut, and the value obtained from solving the semi-definite program of Generalized Max-Cut.

1+k
Theorem 6.1.1. The approximate ratio of Generalized Max-Cut and the Coin Flip algorithm is —’2_ .
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Proof. Let E[SOLcr(G)] be the expected performance of the Coin Flip algorithm of Generalized Max-Cut
on input G = (V, E), and (a,b). Let OPT(G) be the optimal value of Generalized Max-Cut on the same

input. Let £k = ——, we have:
a

E[SOLcr(G)] _ E[SOLcr(G)]
OPT(G) = alB|

a
—(1 E
21+ )|

T B
14k
)
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Chapter 7

Goemans and Williamson

In 1995, a breakthrough was made by Michel X. Goemans and his student David P. Williamson [9]. A
0.878 approximation algorithm for Max-Cut was published, this algorithm involves solving a relaxation of
Max-Cut and randomized rounding. In this chapter, we closely follow their paper, and run their algorithm

and analysis on Generalized Max-Cut.

7.1 Hyperplane Rounding Algorithm

The logistics of the Hyperplane Rounding (HR) algorithm involves solving the relaxation of Generalized
Max-Cut to get a set of feasible vectors to the vector program. Let G = (V,E) be the input, and
{vi:i=1,---,n=|V|} be a feasible solution to the relaxation of Generalized Max-Cut on input G. We
map these vectors to an n-dimensional unit sphere, and pick a random vector r on the n-dimesional sphere.
We round each vector v; to 1 if v;-r > 0, and —1, otherwise. This algorithm is referred to as the Hyperplane
Algorithm because it produces a partition of the vertices induced by a random hyperplane whose normal is

r[9]. The actual algorithm is as follows, on input G = (V, E):

Algorithm 2: HR
1let S=0

2 solve the relaxation of Generalized Max-Cut to get a set of vectors v;.
3 pick a vector r uniformly at random on the n-dimensional unit sphere.
4 for each v;, do:

5 add i to Sifv;-r>0

6 leave 7 as it isin V if v; - r < 0

7

end
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Figure 7.1: HR Algorithm

Y -

0.5 -

Uj

Although this sphere is n-dimensional, we can project each pair of vectors down onto a two dimensional
circle. Our illustration will demonstrate this in two dimensions. The graph on the right shows a pair of
vectors v;, vj, the randomly picked vector 7, and the hyperplane induced by r. In this specific example, v;
and v; are on different sides of the hyperplane, so the edge ij is cut. The mathematical way of looking at
this is for any pair of vectors v;, vj, if not both (v;, ) > 0 and (vj,r) > 0 or (v;,r) < 0 and (v;,7) < 0, then
the edge ij is cut. The probability of an edge i¢j being cut is equal to the probability that the randomly
picked r lies in the angle between v; and v;. By symmetry, we only need to consider half of the unit circle.
Thus Prij is cut] = Prly; # y;] = %, where 6;; is the angle between the vectors v; and v;. We calculate
the expected performance of this algorithm on Generalized Max-Cut as follows:

Theorem 7.1.1. The probability of an edge ij being cut using the Hyperplane Rounding algorithm is
arccos (v;, vj)

™

Proof. We use the definition of inner products here to justify our theorem.

(vi, v) = ||vil[l|vj | cos bi;
(vi,vj) = cosb;; since ||v;]| =1 VieV

0;; = arccos (v;, v;)

Lemma 7.1.1. The expected value of the Hyperplane Rounding algorithm on Generalized Maz-Cut is

1 1 arccos(v;, v;)
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Proof.
EnrlY;Y;] = () Pr[Y; = Y;] + (1) Pr[Y; # Yj]
— (1= PrlY; £Y}]) — PrlY; £ Y]]
— 1 2Pr[Y; £ V)]
_ | gArccos (vs, v5)
™
1 iy Vg
Thus we have the expected value Z lQ(a —b) —1(a+0b) {1 - 2arccos<vvJ>H as needed. 0
™
ijEE

We simplify the expected value for later analysis.

s

> _;(a—b)—;(a—i—b)[l—fmwu

b) (a+b)—2(a+Db) arccos(v;, v;)

_ [ (a — T
_Z_ 2 2

arccos(v;, v;)

T, a 2(a+b
_y[ech @y HOHDT

£ 2 2 2
ijeEE
[a—a+2b (a+Db) arccos(vi,vjq

= +

< 2 T

ijeE
_ Z [ b+ (a+b) arccos(vi,vﬁ].

ijeE

7.2 Hyperplane Rounding Analysis

In this section we analyze the ratio comparison and the difference comparison. We replace the integers

b

a and b with k = —— for simplicity. By the restrictions on a and b, it is easy to see that —1 < k < 1. We
a

rewrite both the relaxation and the expected value of the Hyperplane Rounding algorithm in terms of k.
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The relaxation of Generalized Max-Cut is as follows:

S [bo-0-de+nir)]

ijEE
=Y B(a + ak) — %(a + (—ak))(vi, vj>]
ijer
—a Z B(l +k)— %(1 - k)(wwﬁ]
ijeE

Now we rewrite the expected value:

1]

=

[—b+(a+b)m<vi’“ﬂ'>}

1J€

1]

[ak + (a + (—ak))

arccos (v;, vj)
™

ijeE

—a {lﬁ—(l—k)

arccos {(v;, vj>]
ijeE

™

m

7.2.1 Approximation Ratio

We calculate the approximation ratio between the expected performance of the Hyperplane Rounding
algorithm on Generalized Max-Cut, and the value obtained from solving the semi-definite program of
Generalized Max-Cut.

b
Theorem 7.2.1. On input G = (V, E), and k = 0 where k € [0,1], the Hyperplane Rounding Algorithm
admits an approzimate ratio on Generalized Maz-Cut of at least f(k) = (1 — g)k + g, where g is the

Goemans-Williamson’s 0.878 constant.

We find the function f(k) = (1—g)k+ g, where g is the Goemans-Williamson’s 0.878 ratio and k € [0, 1],

to be the lower bound function for our approximation ratio.
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We compare the ratio of the expected value and the relaxation. Recall that the optimal value of the

relaxation is at least the exact optimal value.

1. Using the fact that OPT(G) < REL(G).

E[SOLur(G)] , E[SOLur(G)] ) :
OPT(G) > REL(G) 2. We substitute the expected value of
e arccos (v, v]> the Hyperplane Rounding algorithm on
a Z ( +(1 - f) Generalized Max-Cut, given input G, through
ijeERE
LS 1 (2) some simplification, we see that the constant a
a Z { (1+k)— 5( — k) (v, Uj>)] can be cancelled out.
ijeR
arccos T
) (k’ +(1—Fk) ) 3. Since we know that (v;,v;) is between 0 and 1,
> inf (3)

T 0<e<1 (%(1 +k) - 11— k)m) we aim to find the smallest value this ratio can

obtain to get a lower bound for our analysis.

Figure 7.2: Approximation Ratio

arccos r

{00l k+(1-k) —
’ inf
0=z=t L(1+ k) — 1(1 - k)x

Evaluated Ratio

0.96
0.94¢
092

0.90¢

0.2 0.4 0.6 0.8 1.0

The values of the above ratio are evaluated numerically. We present this result along with a lower bound
function visually in Figure 7.2. Note when a = 1 and b = 0, Generalized Max-Cut becomes Max-Cut and we
obtain the Goemans-Williamson’s 0.878 ratio. Another note is that k is bounded between 0 and 1 instead its

full domain between —1 and 1. This is due to the reason that when k < 0, this ratio may become negative,
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it makes no sense to analyze a negative ratio as we require « € [0, 1]. Thus, in this ratio analysis section, we

restrict k£ > 0, and consider the case k < 0 in the next section using comparative difference.

Figure 7.3: Approximation Ratio Lower Bound Difference

e
Uéggl 1 _1 _ - f(k)
(2(1+k) 11 k)m)
0.004 |
0.003 }
0.002
0.001
0.2 0.4 0.6 0.8 1.0

We show that f(k) = (1 — g)k + g is a lower bound by graphing the difference between f(k) and the
evaluated ratio in Figure 7.3. This graph shows the difference between the lower bound function f(k) and the
evaluated ratio is all nonnegative, hence we can claim f(k) to be a fair lower bound for the ratio comparison

equation.

7.2.2 Approximation Difference

When k < 0, the ratio becomes negative, and cannot be analyzed. We will instead calculate and analyze
the comparative difference. In this section, we find the approximate difference to be a|E|(0.1053)(1 — k),

where |F| is the number of edges in E.

b
Theorem 7.2.2. On input G = (V,E), and k = — where k € [—1,1]. The expected performance of the
Hyperplane Rounding algorithm on Generalized Maz-Cut is at most a|E|(—0.1053)(1 — k) away from the

optimal value.
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Figure 7.4: Derivative of f(z) = areeose v
77

0.60| f(z)

E[SOL(G)] — OPT(G) > E[SOLyr(G)] — REL(G)
-y {a(k - k>m<v1’]>)} -y [a(;(l k) - %(1 - k)(?}i,vﬁ)}

s

ijeE ijEE
. arccos x 1 1
> nf a(k+(1—k) - )—a<§(1+k)—§(1—k)x) |E|

arccosx) B (1(1 k) - }(1 - k)m)

(k:—i—(l—k) : :

1+k arccosxr
k— ——— 1—k —
2 +< >< T +2)]

b 1+k+(1—k) nf (arccosx_’_;c)]
™

alE| inf
—1<z<1

alE| inf
—1<z<1

= alE|

2 —1<z<1

Lemma 7.2.1. inf
—1<z<1

(arccosx n x) ~ 0.394743
T 2

arccosT T )
+ —. As Figure 7.4 shows, there are four extrema

Proof. First we find the derivative of the function

™
points, so the derivative gave us four values. We tested each of the x-values, and saw that the minimum

N —4+ 2
occurs when x = —i, which gives us the minimum y-value of 0.394743. O
0
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1+k
We simplify |k — % + (1 — k)0.3947| to —0.1053 4+ 0.1053k, thus giving us a final difference of

al B|(—0.1053)(1 — k).

There are specific cases where the Goemans and Williamson constant can be improved upon. In the

following section, we attempt to improve this ratio for a specific instance of Generalized Max-Cut.
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Chapter 8

2-Dimensional Rounding

Avidor and Zwick showed that the 0.878 ratio can be improved if the relaxation of Max-Cut gave an
optimal solution in low dimensions, especially if the solutions are 2-dimensional[3]. Avidor and Zwick use
an algorithm that runs one of two possible algorithms with probability 8. In this section, we describe the
algorithm in detail, and analyze its approximate ratio and difference on Generalized Max-Cut. Moreover,

we improve their algorithm accordingly with the inputs of Generalized Max-Cut.

8.1 Gegenbaur Polynomial Rounding

The Gegenbaur Polynomial Rounding algorithm uses a function f(x) to map the unit vectors of the
solved relaxation to another set of unit vectors and round these new vectors using the Hyperplane Rounding
Algorithm [3]. This is one of the sub-algorithms that will be used in the final algorithm. The Gegenbaur
Polynomial we use is the same one used in the paper by Avidor and Zwick, we call this function f(x), and

define it in the algorithm [3].

Algorithm 3: Gegenbaur Polynomial Rounding (GP)
1 Let f(z) =8z* — 822 + 1

2 Solve the relaxation of Generalized Max-Cut to get a set of vectors v;.

3 Find vectors w1, ...u, unit vectors such that u; - u; = f({v;, v;)).
4 Pick a vector r uniformly at random on the n-dimensional unit sphere.
5 Round each u; to 1 if r-u; > 0, and —1 if 7 - u; < 0.

Here is a rough proof of the existence of the unit vectors u;’s. Recall that the constraints of a semi-definite

program is a positive semi-definite matrix. In this section, solving the semi-definition program of Generalized
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Max-Cut will give us a positive semi-definite matrix M;; = (v;,v;) that has rank 2, the mapping of M with
f will give us another positive semi-definite matrix N;; = (u;,u;), where (u;,u;) = f({v;,v;)). Thus
guaranteeing the existence of u;’s. Avidor and Zwick used a convex combination Gegenbauer polynomials
and the fact that f(1) =1 in their paper to prove the existence of these vectors [3]. Rujuta .S. Joshi proves
in her paper Polynomial Optimization and Discrete Geometry that if X € R™*™ such that X = 0 with
rank at most n, then X' = 0, where X/, = f((x;,x;)) and f is a Gegebauer polynomial [19]. We use this
result without proof in our thesis. We continue with our analysis of the Gegenbauer Polynomial algorithm

by calculate the probability of an edge being cut using this algorithm.

Lemma 8.1.1. The probability of an edge ij being cut using the Gengenbaur Polynomial Rounding algorithm

. arccos f({v;,v;))

1§ ————————<=12
™

Lemma 8.1.2. The expected value of the Gegenbaur Polynomial Rounding algorithm on Generalized Max-Cut

S| R e )

£ T
ijeE
Proof.

EaplY;Y;] = () PrlY; = Y] + (-1 PrlY; £ Y]
— (1- PrY; £Y))) - PrlY; £ Y]
— 1 2P/[Y; £ Y]]

arccos f((v;, v;))
D

=1-2

This gives us that

3 %(a—b)—%(a+b) 12MCCOSJ"(<%WH

™

[(a —b) (a+w—2m+m§§§i@@ﬁﬁ

2 2

[(a—b) (a+D) 2(a+b)w

2 2 + 2

[a—a+2b (a+b) arccosf((vi,vﬁ)}
+
2 ™

= —b+(a+d
™

b iy Uj
Substituting k = ——, we have a E [(k-i-(l—k) arccosf((vvﬁ))} as the expected value of the Gegenbauer
a T

ijEE
Polynomial Rounding Algorithm on Generalized Max-Cut . O
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8.2 2-Dimensional Rounding Algorithm

We combine the above two algorithms using a probability 8 obtained from Adivor and Zwick’s paper.

Algorithm 4: 2-Dimensinal Rounding (2D)
1 Let 8 =0.963322, and 1 — 8 = 0.036678

2 Solve the relaxation of Generalized Max-Cut to get a set of vectors v;.
3 Run the HR algorithm with probability 8, and the GP algorithm with probability 1 — 5.

Lemma 8.2.1. The expected value of the 2-Dimensional Rounding Algorithm is

oy k+(1—k)[ﬁ(1—2W)+(1—ﬁ)<1—2mcosf(<%vj>))”.

= ™
ijeER

Proof.

ElY;Y;] = fEur + (1 — B)Eqp
= Barccos (v;,v) + (1 — B) arccos f({vi, v;))

Substituting the above expected value into the full equation, we get the following:

oy k+(1k)[ﬁ(12W)+(lB)<lQW)” as needed. O

iyeEE

8.3 Approximation Ratio

In our numerical evaluation of the comparative ratio, we separate parts of the above expected value to
understand it better. Let f(z) = 82z* — 822 + 1, this is the fixed Gegenbauer function obtained from the
. arccos
algorithm. Let g(z,k) = k+ (1 — k)
the Hyperplane Rounding algorithm on Generalized Max-Cut, if we replace = with f(z) as input we get

, where x € [—1,1]. This is the expected value of running

g(f(x),k), which is the expected value of running the Gegenbaur Polynomial algorithm on Generalized

k 1- k
Max-Cut. Finally, let h(z,k,5) = 59(516, )+ ( 1ﬁ)g(f(x), ) and we see that finding the infimum of
5(1+k)—5(1—Fk)z
h(z,k,B) with —1 < 2 < 1 and 8 = 0.963322 is the same as finding the infimum of the ratio of the

2-Dimensional Rounding Algorithm. We evaluate 1i£1f<1h(x, k,0.963322) with k € [0, 1] and plot the results

in Figure 8.1.
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Figure 8.1: 2-Dimensional Rounding Ratio

100} 71i:fl$f51h(m,k, 0.963322)
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Theorem 8.3.1. When the semi-definite program of Generalized Maz-Cut has only 2-dimensional optimal

solutions, the 2-Dimensional Rounding algorithm on Generalized Maz-Cut admits an approximate ratio of
at least f(k) = 0.145k + 0.855.

32
25+ 5v/5

When k = 0, the problem becomes Max-Cut and we get 1iélf<1h(.%', k,0.963322) = ~ (0.8844,
_1<a<

the same ratio Adivor and Zwick achieved in their paper for Max-Cut.
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Figure 8.2: 2-Dimensional Rounding: Approximated Ratio and f(k) Difference
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As shown in Figure 8.2, the difference between the lower bound function f(k) and the approximated ratio
of the 2-Dimensional Rounding algorithm on Generalized Max-Cut is positive for all & € [0, 1], and are all

very close to 0. Hence f(k) is a good estimated lower bound for this approximated ratio.

Note that the lower bound function of the 2-Dimensional algorithm is slightly greater than the lower
bound function for the Hyperplane Rounding algorithm, this indicates that the 2-Dimensional algorithm

performs better on Generalized Max-Cut.

The above result is based on a fixed § obtained from Adivor and Zwick’s paper. We ask the question: is
this the 8 that will give us the optimal value for Generalized Max-Cut? The answer is no. In fact, we can
find different 8’s for each k input. We tested many k values to numerically obtain a list of points (k, 5) and
plot them to get a line of best fit (shown in Figure 8.2).
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Figure 8.3: Optimal 8 on Input k
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We observe from Figure 8.3 that the best 8’s are near linear with respect to k. Thus we define the
function, B(k) = 0.963322 4 0.021679%. This function gives the 8 that optimizes the ratio on any given
k€ [0,1].

Theorem 8.3.2. There exist a [ for each input k, 8 = B(k) = 0.963322 + 0.021679k, such that the
2-Dimensional Rounding algorithm performs better on Generalized Maz-Cut with B(k) than with the fixed
B8 = 0.963322.
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Figure 8.4: Numerical 5 vs B(k)
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Not all the numerically obtained values fit on this line, however we show that the function B(k) does
indeed output a 5 that performs better than the constant 8 = 0.963322 by graphing the difference between
the functions inf h(x,k,0.963322) and liélfqh(x,k,B(k)) with k£ € [0,1]. At K =0 and k = 1 we have

—1<x<1
the difference equal to 0 as we used the same §’s to make the B(k) function.
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Figure 8.5: Difference of i£1f<1h(x, k,0.963322) and

inf_ ho, k, B(K)
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8.4 Approximate Difference

The above section focuses on k € [0,1] since the ratio may become negative with k € [-1,0]. In
this section, we compare the difference between the expected value of running the Gegenbaur Polynomial

algorithm on Generalized Max-Cut and the relaxation.

Theorem 8.4.1. When the semi-definite program of Generalized Maz-Cut has only 2-dimensional optimal

solutions, the expected value of 2-Dimensional Rounding algorithm on Generalized Maz-Cut is at most

E|(1-k
%(0.656646) away from the optimal value.
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Using the same functions f(z) and g(x, k) as the previous section, we want to evaluate:

0 3 [Boltunug) ) + (1= B)gl (i) 1) ~a 3 |50+0) = 50~ R,
ijelR iJyeER
> iut_ [1B1| oo k) + (1= g7 1) - [ 3040 - 5 - k)H

Using Mathematica, we simplify the above to the following
(=1 + k)(m — 7z — 2B arccos (z) + 2(—1 + ) arccos (1 — 8z + 8x4)}
2

= inf |F] {

E|(-1+k
We see from the simplified version that the constant M can be factored out, where —1 + k is
T
at most 0 since —1 < k < 1. We conclude that the simplified version can be written as the function

t(B,z) = —(m — mx — 2B arccos (x) + 2(—1 + B) arccos (1 — 822 4 8z?), which has no dependency on k.

We want to find the § that maximizes the quantity 1iélf<1t(ﬁ’ x). We find the derivative of ¢(8, z) with
respect to 2 and found 4 roots. We numerically evaluated each root and found the best 8 to be 0.9846. This

gives us the result:

inf |B] (=14 k)(m — ma — 2B arccos (z) + 2(—1 + ) arccos (1 — 8z* + 8z*)|  |E|(k — 1)
—1<a<1 2 - 2

(—0.656646).
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Conclusion

In this thesis we present a new problem we developed based on Max-Cut called Generalized Max-Cut.
Our problem generalized Max-Cut by transforming the objective function, we add to the input two integers
(a,b) such that a > 0 and b, where —a < b < a. Instead of counting one for each edge cut and zero for each

edge uncut, we add a for each edge cut and subtract b for each edge uncut.

We analyze the performances on various algorithms. The first algorithm is the simple Coin Flip algorithm

that has an approximate ratio , where k = ——.
a

The second algorithm is the famous Goemans-Williamson’s Hyperplane Algorithm, without restriction
of types of graphs as input, we graphed the approximate ratio delivered by this algorithm and find f(k) =
(1—g)k+ g, where g is the 0.878 ratio and k € [0, 1], to be the lower bound of approximate ratio. The ratio
obtained is only significant when k& > 0, thus, we also calculated the approximate difference for when k < 0.
We found the lower bound of the approximate difference is a|E|(0.1053)(1 — k), where |E| is the number of
edges of the input graph.

The third algorithm is the 2-Dimensional algorithm that requires the restriction of the input to be such
that the semi-definite program of the input graph must have 2-Dimensional solutions. This algorithm uses
Gegenbaur polynomials to map these vectors to new unit vectors, then it runs the Hyperplane algorithm on
the original vectors with probability 8 = 0.963322, and the new vectors with probability 1— 3. We evaluated
Generalized Max-Cut using the 3 presented in the original algorithm, and tested numerically which 8’s would
give the optimal solution for Generalized Max-Cut. We found the function B(k) = 0.963322 + 0.021679k,
where k € [0,1] to be function that provides the best § for each input k. We also found the approximate

difference for when k € [0, 1], we numerically calculated the difference between the optimal value and the

E|(1-k
expected performance of the algorithm to be ||(27)(0.656646).
™

We used three existing algorithms to test how well they perform on Generalized Max-Cut. There are
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CHAPTER 9. CONCLUSION

numerous other algorithms such as the greedy algorithm on dense graphs, or algorithms that require the
solutions to the semi-definite program of the input graphs to be 3-dimensional. A natural question is to ask

whether other algorithms for Max-Cut can be improved upon on Generalized Max-Cut.

54



Appendices

55



Appendix A

Mathematica Code

A.1 Approximation Ratio for Hyperplane Rounding

The following is the Mathematica code used for this thesis. (Not included: brute force testings, and
various test cases).
flko, x-] = 2x(k + (1 — k)*ArcCos[x]|/Pi)/((1 + k) — (1 — k)x*x)
(x* This is the function of the ratiox)

minimizer [k_] := x /. NMinimize[{ f [k, x], -1 <= x <= 1}, x][[2]]
(* This gives us the tupple (kvalue, z) that minimizes kx)
approxratio[k_] := f[k, minimizer[k]];

mc = approxratio [0];

(x check to see if ratio makes sensex)
Plot [{ approxratio[k], (1 — 0.87856)*k + 0.87856}, {k, 0, 1}]
Plot [{ approxratio[k] — ((1 — 0.87856)xk + 0.87856)}, {k, 0, 1}]

A.2 Approximation Difference for Hyperplane Rounding

flko, x-] := 2%(k + (1 — k)*xArcCos[x]|/Pi) — ((1 + k) — (1 — k)=*x)
(x* This is the function of the ratiox)

minimizer [k_] := x /. NMinimize[{f [k, x], -1 <= x <= 1}, x][[2]]
(* This gives us the tupple (kvalue, z) that minimizes kx)
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approxratio[k_] := f[k, minimizer [k]];
mc = approxratio [0];
mc

(xcheck to see if ratio makes sensex)
Plot [{ approxratio [k]}, {k, 0, 1}]

A.3 Approximate Ratio for 2-Dimensional Rounding

flx-] :

= 8xx 4 — 8xx"2 + 1;
gw([x_, k_]

:= k + (1 — k)*xArcCos|[x]/Pi;

test [x_, k_, \[Theta]_] := (\[Theta]xgw[x, k] + (1 — \[Theta])x
gw[f[x], k])/(1/2%(1 + k) — 1/2%(1 — k)*x);

newcompratio[k_, \[Theta]_] :=
NMinimize|[ {test[x, k, \[Theta]], -1 <=x<= 1}, {x}][[1]]

A.4 Approximate Difference for 2-Dimensional Rounding

flx-] = 8 x"4 — 8xx"2 4+ 1;

glx_, k.] := k + (1 — k)xArcCos|[x]/Pi;

j[x-, k-, \[Beta]_] := (\[Beta]*g[x, k] + (1 — \[Beta])x
glf[x], k]) — (1/2%(1 + k) — 1/2%(1 — k)*x);

bb = 0.963322;

b2 = 0;
oldalg [k_-] := NMinimize[ {j[x, k, bb], -1 <=x<= 1}, x][[1]];
oldalg2 [k_-] := NMinimize[ {j[x, k, b2], -1 <=x <=1}, x][[1]];

Plot[{oldalg [k], oldalg2[k]}, {k, -1, 1}]
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