3 Randomized Rounding

In this section we will introduce various randomized algorithms that can find good solutions to combinatorial optimization
problems. First, we define some important classes of optimization problems, and then we study various randomized
rounding techniques for special problems like the MAXSAT problem, the MINCUT problem, the SETCOVER problem,
and finally, the MaxCUT problem. The randomized rounding idea goes back to an influential work by Raghavan and
Thomson [RT87] and is nowadays a standard technique in the area of approximation algorithms.

3.1 Optimization problems

In general, optimization problems are defined as follows. Consider a set S of feasible solutions and an ordered set (7', <)
of evaluations. Moreover, consider the mapping f : S — T (the objective function). We are looking for an element x* € S
with the property that f(x*) > f(x) for all s € S (maximization problem) or f(z*) < f(x) for all z € S (minimization
problem). It is common to use the following notation:

maxgzes f(z) or max{f(z) ]|z e S}
minges f(z) or min{f(z) |z € S}

In practice, mostly either R (the set of real numbers), Q (the set of rational numbers), or Z (the set of integers) are
used for (7', <). The formulation above, however, is too general. If S is just given by a list of all of its elements, this
problem is either useless or trivial (one simply computes f(x) for all € S). Thus, S should instead be specified by
certain constraints that uniquely determine .S without the need to know each of its elements. Also, the function f should
have a compact representation. The optimization problems that we are interested in in this section are defined as follows:

e Linear optimization problem (Linear Program, or short LP):

Letc € R", A € R(™") and b € R™. Then the optimization problem with S = {z € R" | Az < b} and
f(x) = cT'x is called a linear optimization problem.

o Integer linear optimization problem (Integer Linear Program, or short ILP):
Letc € R*, A € R(™™ and b € R™. Then the optimization problem with S = {z € Z" | Az < b} and

f(x) = cT'x is called an integer linear optimization problem.

Integer optimization problems are also called combinatorial optimization problems. Combinatorial problems are usually
hard to solve while for linear optimization problems there are efficient polynomial-time algorithms (i.e., the methods
by Karmarkar and Kachiyan). One approach is therefore to convert a combinatorial optimization problem into a linear
optimization problem, to optimally solve that, and then convert this solution back into an integer solution. A standard
technique for the conversion into an integer solution is randomized rounding, which will be illustrated in this section by
considering various examples.

3.2 The MAXSAT Problem

Let V = {1,...,2,} be a set of Boolean variables, i.e., variables that can only take the values TRUE and FALSE. A
literal is a variable x; € V or its negation T;. A clause C = {1 V ...V {} is a disjunction of literals. A Boolean formula
(resp. expression) ® is in conjunctive normal form (CNF) if it is a conjunction of clauses, i.e., ® = Cy A ... A Cy, for
some clauses C';. We also write in this section C; € ®. For example, the Boolean formula

‘1)($1,$2,l‘3) =Z1 N (.131 V xo V $3) A (l‘l \Y 533) A\ (.132 V 1‘3)

is in CNF.

In the MAXSAT problem we are given a Boolean formula ® in CNF. The set S of all feasible solutions of ® is given
by the set of all truth assignments b : V' — {TRUE, FALSE} of the Boolean variables in ®. Given a truth assignment, a
Boolean expression is recursively evaluated in the following way:



P, P, [TV Py d, D N Dy

® | -9y TRUE  TRUE TRUE TRUE  TRUE TRUE
TRUE | FALSE TRUE FALSE TRUE TRUE FALSE | FALSE
FALSE | TRUE FALSE TRUE TRUE FALSE TRUE FALSE
FALSE FALSE | FALSE FALSE FALSE | FALSE

We say that a Boolean expression @ is satisfiable if there is a truth assignment b that satisfies ® (i.e., ®(b) = TRUE).
The objective function is given by

fa(b) = [{C; € | C;j(b) = TRUE}|

Thus, fo(b) is the number of clauses in @ that are satisfied by b. We are looking for the b* that maximizes f¢(b*).

It is straightforward to formulate the MaxSAT problem as an ILP. We replace the domain of each Boolean variable x;
by {0, 1} where 0 means FALSE and 1 means TRUE. For each clause C; we introduce a binary variable z; that is 1 if and
only if Cj is satisfied. In this case, the number of satisfied clauses is given by Z;nzl z;. In order to set z; to 1, at least
one of the literals in C; = ¢; V ...V £, must be true. Let Vj+ the set of non-negated variables in C; and V™ be the set
of negated variables in C;. Then z; can be set to 1 if Zzi€V7+ x; + inEVj_ (1 — ;) > 1. Thus, we can formulate the

following ILP:
maximize Z Zj
i=1

J
subject to Z x; + Z (1—x;) >z forally

zi €V TEV;

x;,2; € {0,1} foralli, j (1

Here, x;, z; € {0,1} is a short form of the constraints that x; > 0, z; < 1,2; >0, z; < 1, and z;, z; € Z for all 4, j.
An optimal solution to this ILP is obviously a maximum satisfying assignment and therefore not easier to compute than
an optimal solution to the original problem. However, when replacing the conditions in (1) by

0<#;,Z;<1 foralli,j

then the resulting optimization problem is an LP and therefore can be solved optimally in time polynomial in the size of the
LP [Kar91]. Since the size of the LP is polynomial in the size of ®, the polynomial time bound also applies to the original
instance ®.

The approach of exchanging a restrictive by a more general condition and thereby obtaining a simpler problem is called
relaxation. Note that a relaxation usually changes the set of feasible solutions. Hence, after obtaining a feasible solution for
the relaxation, one has to use a mechanism to convert it into a solution that is also feasible for the original problem. In the
following we assume that the z7, Z7 represent the values of an optimal solution for our LP. Since an optimal assignment
for ® fulfills the conditions of the LP, it holds:

> Z; > OPT(®).
j=1

This is the relationship we intend to use when comparing the quality of our solution with the quality of a best possible
solution for MAXSAT. It is frequently used when applying linear optimization to approximation algorithms and is called
the superoptimality of the linear relaxation.

How do we arrive now from a real-valued solution to a feasible integral solution? Simply by using the following
randomized rounding approach.

RANDOMIZEDROUNDING(7):
fori =1tondo

T - r, =1

with probability{ 1w =0
- X =



The randomized rounding approach can now be used to construct the following algorithm for the MAXSAT problem.

1. determine an optimal solution z* to the linear relaxation for ¢
2. setm; = z; forevery i (*)
3. use RANDOMIZEDROUNDING(7) to obtain a feasible solution for the ILP

Intuitively, the randomized rounding approach tries to select a feasible solution that is as close to =* as possible, hoping
that this will produce a feasible solution whose value is close to the value of z*. In fact, when viewing TRUE = 1 and
FALSE = 0, we get

Elz;] = Prla; = 1] = o}

7

and therefore E[Y ", x;] = >, «}.
If we assume that the x;’s are chosen independently at random in RANDOMIZEDROUNDING, we get the following
relationship between 75 (C;) and Z7.

Lemma 3.1 Let k; be the number of literals in C;. Then it holds:

kj
1 J
Pr(z satisfies C;] > (1 - (1 - k) ) - Z5 .
J

Proof. We need two well-known facts.

Fact 3.2

(a) If a; > 0 for all 4, then ([]"

i a)E < LS ay, ie. the geometric mean is at most as large as the arithmetic
mean.

(b) If the function f(x) is concave (i.e. f"'(x) < 0)in the interval [a,b] and f(a) > c¢-a+d and f(b) > c-b+d, then
f(z) > c-x+dforall x € a,b]

C; can be written as
Cj = \/ x| V \/ z;
T«z‘EVJ-Jr €V
Hence, it follows from the linear program formulation that
Zyp< > a4 Y (1-a)). 2

ZiGVj+ riGVf

Obviously, C; is false if and only if all x; € Vj+ are set to O (representing FALSE) and all z; € V™ are set to 1 (representing
TRUE). This happens with probability

I a-an| | I =

Iier z; €V



Here it is important that the x;’s are chosen independently at random. The product consists of altogether k; factors. Thus,

Pr(z satisfies C] = 1- H (I—a)| - H x}
wLGVj+ z, €V,
Fact 3.2(a) Ypevt (1= a)) + 3, ey ] )’“
> —
> i

k;

B . <ij+|zzievj+x?+|‘/j_|Z:pievj_(le)>

Theorem 3.3 For every Boolean expression ® in CNF in which there are at most k literals in every clause,

k
Elfy(e)) > (1 - (1 - ;) ) .OPT(®).

Proof. Let ® = C; A ... A Cy, and let k be the length of the longest clause.

m

E[fs(x)] = ZPr[x satisfies C}]

J=1
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We used in (a) that 1 — (1 — 1/2)* is monotonically decreasing for z > 0 and in (b) the superoptimality of the linear
relaxation. a

Since 1 — (1 — 1/k)* > 1 —1/eforall k € N, we obtain:

Theorem 3.4 The expected number of satisfied clauses achieved on input ® is at least (1 — 1/e) - OPT(®) ~ 0.632 -
OPT(®).

We used for the randomized rounding the assignment 7; = «} for all i (see (x)). For other assignments like m; =
%xz‘ + i one can even show that the expected objective value is at least (3/4) - OPT. The same holds for arbitrary
assignments for 7 with 1 — 1/4% < m; < 4% ~! for all 4. This approach is called non-linear randomized rounding.

The best known approximation algorithm for MAXSAT with a polynomial runtime achieves an expected objective
value of at least 0.833 - OPT [AWO00]. It is a combination of various optimization techniques including semidefinite
optimization, which is discussed later in this section.



3.3 The MINCUT Problem

In the MINCUT problem we are given an undirected graph G' = (V, ) with special nodes s,¢ € V and edge costs
: E — R,. A partition (U,U) of V is called an (s,t)-cutif s € Uandt € U = V \ U. The cost of a cut (U,U) is

deﬁned as -
c(U,U) = Z c(v, w)
{v,w}eE: veU,wel

The set S of feasible solutions is the set of all (s, t)-cuts, and the objective function is defined as f(U,U) = ¢(U,U). Our
goal is to find an (s, t)-cut with minimal cost.

The MINCUT problem can be formulated as an ILP. For every node 7 let the binary variable z; be 0 if € U and 1
otherwise, and for each edge {i, j} let the binary variable z; ; be 1 if the edge {4, j} crosses the cut (U, U) and 0 otherwise.
Then the goal is to minimize } (; ;1. Ci,ji,j. Formally, the ILP looks as follows:

minimize Z Ci,j%i,j
{ijreE

subjectto  z; —x; < zjjand w; — 2; < 75 forall {i, j} € E
T, =0andx; =1
xi,z; € {0,1} foralli,j

If we replace the condition x;, z; ; € {0,1} by 0 < x;, z; ; < 1, we obtain a linear program. For an optimal solution of
the ILP and its linear relaxation it has to hold that z; ; = |x; — z;|. Let 2] and z; ; be the values of an optimal solution
of the linear relaxation, and let the objective value of that solution be y*. Certainly, the optimal value OPT of the integer
program must satisfy y* < OPT. We will now prove via randomized rounding that y* = OPT.

Choose a random u € [0,1). For every i € V we set z; = 0 if 7 < w and otherwise z; = 1. Consider now a fixed
edge {7, j} € E. The edge crosses the cut if and only if u € [min{z}, z}}, max{z],z}}), which happens with probability
|z} — a7, i€, 2] ;. Hence, E[z; ;] = 2] ; and therefore,

*
E[ Y cijagl= Y, cijBlaigl= > cija;=

{ijleE {i.j}ekE {i.j}ekE

Thus, there must be a u with > (ijeE CijZij < y*, which implies that y* = OPT. Moreover, since there cannot be
awwith Y3, o pcijzi,; < y*, the rounding for all u leads to an optimal value. See, for example, [TS97] for more
applications of this idea.

3.4 The SETCOVER Problem

In the SETCOVER problem we are given a set Sy, ..., S, of subsets of {1,...,n} with costs ¢, ..., ¢, € Ry. The set
S of feasible solutions is the set of all subsets C' C {1,...,m} with the property that for every element j € {1,...,n}
there is at least one ¢ € C with j € Sy, i.e., S(C) = {S; | i € C} is a(set) cover of {1,...,n}. The goal is to minimize
f(C) =3 air

Also the SETCOVER problem can be expressed as an integer linear program. Let the binary random variables x1, ...,
have the property that z; = 1 if and only if ¢ € C'. Using these variables, we get

m

minimize E CiT;

subject to Z x; > 1 forallj
©:JES;
z; €{0,1} foralli

This can be turned into a linear program if we replace z; € {0,1} by 0 < z; < 1. Let (7, ..., z},) be an optimal solution
of this linear relaxation. We use the following rounding strategy in order to turn this solution into an integer solution.



(Y1, -y Ym) :=(0,...,0)

forr:=1totdo
(z1,...,2Zm) := RANDOMIZEDROUNDING(7r(x) = z*)
Wis s Ym) = (91 V T1 ey Y V )

Output (y17 te 7ym)

The solution obtained by that algorithm may not be feasible, but we will see that for a sufficiently large ¢ it is feasible
with high probability. For this we need the following lemma.

Lemma 3.5 The probability that some fixed element j € {1,...,n} is not covered after t rounds is at most (1/e)".

Proof. Consider an arbitrary fixed element j. Let C,. = {i € {1,...,m} | ; = 1} be the subset that is randomly
generated in round r. Then

Prjg |J S)= [ (-ap)< J] e = Zmes™
i€C, i1jES; i:j€S;
since it holds that 1 — x < e~* for all x € R. From the constraints of the LP we know that >

Prij¢ | J Sil<1/e

i€Chr

*
ijes; Ti > 1. Hence,

When using ¢ independent randomized roundings, the probability that j is not covered by any of the subsets C'. is at most
(1/e)". O

Let C- be the subset chosen in round r and let C' = Ui:1 C'-. Then it holds for ¢ = In(4n):

n

Pr[S(C) is nota cover] < Z Pr[S(C) does not cover j]
j=1

i 1 tin } 1n(4n)in iil
. e) e B dn 4

Jj=1

The expected cost for every C, is equal to ) ;- | ¢z} and therefore equal to the optimal cost of the linear program, which
we denote by y*. The expected cost of C' is therefore y* In(4n). According to the Markov inequality it holds for any
non-negative random variable X that

Pr[X > k-E[X]] <

Thus, it holds that

Pr[cost(C) > 4y* In(4n)] < i

Thus, the probability that our algorithm produces a feasible solution with an approximation ratio of less than 41n(4n) (i.e.,
the objective value is less than a factor of 4 In(4n) away from the optimal solution)) is equal to

1 —Pr[S(C) is not a cover or cost(C) > 4y*In(4n)] > 1 — (Pr[S(C) is not a cover] + Pr[cost(C) > 4y* In(4n)])
> 1-(1/4+1/4)=1/2

On expectation, it must therefore be executed at most twice to obtain a feasible solution.

The best known approximation algorithm for the SETCOVER problem is, surprisingly, a simple deterministic greedy
algorithm, which guarantees an approximation ratio of Inn + 1. On the other hand, Feige [Fei98] has shown that no
polynomial time algorithm can have a better approximation ratio than (1 — o(1))lnn (unless some complexity classes
collapse), so complexity of solving the SETCOVER problem is well-understood.

3.5 Semidefinite optimization

In this subsection we will continue to refine our randomized rounding techniques by using semidefinite optimization. An
excellent overview of applications for semidefinite optimization can be found in [WSVO00].



3.5.1 Definitions and facts

We start with a short introduction to linear algebra. A sequence A = («;, j) with entries o; ; € Rforall 1 <7 < m and
1 < j < nis called a matrix with n columns and m rows and written as

g1 dr2 - A1n

Q21 Q9o ¢ a2 p
A=

am,1 Om2 - Am,n

s

If n = 1, Ais simply called a vector. Let M (m, n; R) be the space of all real-valued matrices with m rows and n columns.
Basic operations on matrices are performed as follows:

e For any two matrices A, B € M (m, n;R):
A+ B =(0;;)+ (8i;) = (o + Bij) € M(m,n;R) .
e For any v € R and any matrix A € M (m,n;R):
v A=7-(aij) = (v-aij) € M(m,n;R) .
e For any two matrices A € M(m,n;R) and B = M (n,p; R):
A-B = (aij)- (Bij) = (i) € M(m,p;R)

with~; ; = >0 @ik - B; forall i, j.

The neutral element concerning addition is 0,,,,, € M (m,n;R), and the neutral element concerning multiplication is
E, € M(n,n;R), where

00 --- 0 10 0

00 --- 0 0 1 0
Ompn = . and E, =

0 0 0 0 0 1

That is, for any matrix A € M(m,n;R), A+ 0, = Aand A- E, = E,, - A = A. The transpose of a matrix
A = (o ;) € M(m,n;R) is defined as

Q11 Q@21 0 Oy

a a ... a
AT 1,2 Q22 m,2

Qlpn Q2pn - Onnp

A vector a = (a;) € R™ is called a unit vector if it is of unit length or

A matrix A € M (n,n;R) is called positive semidefinite if for all b € R™, b - A - b > 0. A is symmetric and positive
semidefinite if there is a matrix B € M (m,n;R) with BT - B = A.

Definition 3.6 A semidefinite program is a linear program in which we demand that the solution for the variables can be
represented as a symmetric and positive semidefinite matrix. That is, a semidefinite program looks as follows:



Semidefinite program (SDP):
optimize Z Cij " Tij
.3

subject to Z ag k- Tig < by forallk
2
X = (x;,;) is symmetric and positive semidefinite

OPT(SDP) represents the optimal value achievable for the given SDP.
Fact 3.7

(a) If A is symmetric and positive semidefinite, then the matrix B with the property that B” - B = A can be computed
in time O(n?) with the help of a so-called Cholesky decomposition.

(b) If all diagonal entries in a symmetic and positive semidefinite matrix A are equal to 1, then each column of the
corresponding matrix B is a unit vector in R™.

(c) Semidefinite optimization can be performed in time O(poly(n,m,log(1/¢))) with an absolute error of at most ¢ for

fe ) is computed whose entries fulfill the

any € > 0. That is, a symmetric and positive semidefinite matrix X (¢) = (z F

restrictions and ©
|OPT(SDP) =Y ci ;-7 <e.
4,7

Example 3.8

(a) The matrix A; = ( le le ) is not positive semidefinite, since (1,—1) - Ay - ( 71 ) = —6.

1

(b) The matrix Ay = ( 1

_le ) is positive semidefinite, since Ay = BT .BforB = (

O =

|
W] =
N~

3.6 The MAXCUT problem

Semidefinite optimization was used with great success for the design of an approximation algorithm for the problem of
determining a maximum cut in a graph. The algorithm presented in this section is the best algorithm known so far for this
problem.

Definition 3.9 An instance of the MAXCUT problem is an undirected, connected graph G' = (V, E). A feasible solution
for Gis a cut (U,U), where B B
U, U)={{v,w}eElveUandw e U}

for some subset U C V. The objective is to maximize |(U, U)|, i.e., the number of edges crossing that cut.

The decision variant of the MAXCUT problem is NP-complete [GJ79, p. 210]. Similar to the MAXSAT problem,
every graph has a relatively large cut.

Theorem 3.10 Let G = (V, E) be a connected graph. Then G has a cut of size at least |E|/2.

The proof can be done with the help of a probabilistic method (see Theorem 1.6). Hence, it immediately implies a ran-
domized approximation algorithm with an expected approximation ratio of 2 that runs in time O(|V'| + | E|). Alternatively,
the theorem could also be proved with the help of a simple, deterministic greedy algorithm.

For along time, an approximation ratio of 2 was the best result known for MAXCUT. It took until 1994 before Goemans
and Williamson came up with a better approximation ratio that is based on semidefinite optimization [GW95]. We will
present their method in the following.

First, we show how to transform the MAXCUT problem into a so-called quadratic optimization problem. Let n = |V/|
and Ag = (a;,;) € M(n,n;R) be the adjacency matrix of the given graph G = (V, E), i.e. for all nodes i, j € V,

1 i{ijeE
“J 71 0 otherwise



In order to perform an arithmetization of the problem, we select a variable x; for each node ¢ that can take the values

—land +1. 2; = —1 means that i € U, and ; = +1 means that i € U. For an edge {i,7} € E consider the value

+(1 — @;z;). If the edge is crossing the cut, then its value is 1 and otherwise 0. Hence,

(U0 = Y 10 —wm) =1 a;;(1 - zay)

{i.j}eE i<j
O, <j is an abbreviation of 2?21 Z;L: i+1-) Now we can state the following optimization problem:

Quadratic program for MAXCUT:

maximize Z a; (1 —zizj) 3
1<J
subject to x; € {—1,+1} foralli 4)

Since in the objective function (3) two variables are multiplied with each other, we talk about a quadratic optimization
problem. Due to condition (4) it is hard to solve. However, just relaxing (4) to —1 < x; < 1 does not help much, because
we still have a quadratic objective function. Instead, our aim will be to convert this program into a semidefinite program.
This will be done in several stages.

First, we replace every variable z; by an n-dimensional vector Z; = (;,0,...,0)T of length 1 (recall that n = |V').
This does not change anything in the objective function, since 7,” - ¥; = z; - ;. We relax now these vectors in a form that
we allow all places in them to have values different from 0, as long as they are still of unit length. We call these vectors ;.
It holds that @,” - ii; = 1. This results in the following relaxation:

Relaxed quadratic program for MAXCUT:

maximize 5 Z a; ;(1—4; uj) 5)
1<J
subject to UiT -i; =1 foralli 6)

Now we are ready to transform the program into a semidefinite program. We introduce n? new variables y; ; with

Yij = TI @;. These variables can be written as a matrix Y = (y; ;) € M(n,n;R). Since the @; have a length of 1,
yi; = 1foralli. Let B = (i @2 --- i) whose columns are the vectors ;. It is easy to check that Y = BT - B. Thus, we
know that Y is symmetric and positive semidefinite. Thus, we can formulate now the semidefinite program corresponding
to the MAXCUT problem:

Semidefinite program “SD-CUT” for MAXCUT:

maximize Z a; ;( — Yij) j @)
1<j

subject to Y = (y;,;) is symmetric and positive semidefinite (©))

¥ =1 forall¢ &)

According to Fact 3.7(c), this semidefinite optimization problem can be solved with an absolute error of € (we will
determine the e later). Hence, y( <) can be computed with

0 < OPT(SD-CUT) — £ 3 a; (1 - y{9) <
1<J
Since OPT(G) < OPT(SD-CUT), it follows that
13 (1 -9{)) > OPT(G) —¢. (10)
1<j

This bound will be useful later.
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Figure 1: Possible vectors in the unit ball: (a) in the quadratic program and (b) in the semidefinite program

From the obtained symmetric and positive semidefinite matrix Y'(¢) we can get via Cholesky decomposition the matrix
B and therefore the vectors ;. Due to Fact 3.7(b), these vectors are unit vectors. It remains to transform the ;s into the
original z;’s. We will do this with the help of a randomized method.

Figure 1(a) shows the situation we would have had, had we been able to obtain an optimal solution for the original
quadratic program. The vectors have the values i = (—1,0,0)7, iy = (1,0,0), and @3 = (1,0,0).

Figure 1(b) shows the situation for the optimal solution obtained for the semidefinite program. It may consist of vectors
whose endpoints are somewhere on the surface of the ball. The problem is to divide these vectors into two sets (one for the
value —1, and one for the value +1 in the original problem). We do this with the help of a random hyperplane through the
origin of the ball. All vectors that lie on one side of the plane will be mapped to —1, and the vectors that lie on the other
side will be mapped to +1.

Now we have to determine how to select the random hyperplane. Since we require it to go through the origin of the
ball, it will be completely determined by selecting a normal vector 7 for the hyperplane, i.e. a vector that is orthogonal to
all vectors aligned with the hyperplane. From analytical geometry it is known that u; and #; lie on opposite sides of the
hyperplane if sgn(7 7 - @;) # sgn(7T - @;). Hence, the complete algorithm looks as follows:

Algorithm SDCUT:

1. € =0.0005
2. solve the semidefinite program for MAXCUT with absolute error e

3. compute the matrix B with Y9 = BT . B via Cholesky decomposition
(this will give the vectors ;)

4. select uniformly at random an n-dimensional unit vector 7
5. fori =1tondo
ift7 7, >0
then z; = +1 (i.e. add node 7 to V)
else x; = —1 (i.e. add node ¢ to V)

6. output (V, V)

Theorem 3.11 Let G = (V, E) be a graph with at least one edge. Then E[SDCUT(G)] > 0.878 - OPT(G), i.e. algorithm
SDCUT has an expected approximation ratio of at most ﬁ =1.139.

Proof. Let the indicator variables X; ; be defined as

X, - 1 if {i,7} € E crosses the cut
71 0 otherwise

10



Figure 2: Angle o between @; and ;.

Obviously, E[X, ;] = a; ; - Pr[z; # z;] and therefore

E[SDCUT(G)] = E Z Xi,j = Z E[XZ,]] = Zai,j . Pr[xi 75 l‘j]
{i,j}€E {i,j}€E i<j
= Zai’j Prlsgn(77 - i;) # sgn(7 7 - ;)] .
i<j

In Figure 2 we see the 2-dimensional plane spanned by #; and @;. Due to symmetry reasons, the probability that the
random hyperplane separates i; and @ is equal to the ratio of the angle o between @; and u; and 7. Since cosa =

i = i 0 we get
—OT . _’.
Prlsgn(7T - ;) # sgn(FT ;)] = — = arccos(d; - ;)
o ™
and therefore
_'T . _}-
E[SDCUT(G)] = Y ai;- arccos(d;” - 4;)
i<j T
(@) 0.8785(1 — ;T - i)
> . i J
I 2
1<J
= 0.8785-1) a;;(1— @ i)
i<j
= 087855 ai;(1-y))
i<j
(10)
> 0.8785- (OPT(G) — €)
®)
> 0.878 - OPT(G) .
For (a) we used that for all z € [—1,+1],
arccos z 0.8785(1 — z)
T 2 '
(b) holds because of the choice of e. O

Semidefinite optimization was possible, because we were able to describe the MAXCUT problem as a quadratic pro-
gram. Quadratic programs can often be transformed into semidefinite programs in the way described above. The semidef-
inite optimization influences at the point the quality of the solution where we used and bounded arccos.
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Let o™ be the largest value for o with % > @

SDCUT be brought to 1/a*.

The graph has n nodes, but we apparently only did a single random experiment, namely in line (4) of SDCUT. Did we
separate n objects by a single coin toss? No, because we actually selected an n-dimensional vector! In order to determine
its components, at least 7 coin tosses are necessary.

The expected approximation ratio of 1.139 presented here is the best known so far. Since the algorithm can be deran-
domized (in an involved way) [MR99], the value is also the best known for deterministic approximation algorithms for
MAXCUT. Hastad has shown that P = NP if there is an approximation algorithm for MAXCUT with an approximation
ratio of p < }—g = 1.0625. ~ ~

MAXCUT is a so-called symmetric problem since the set U in (U, U) can be switched to U without changing the value
of the found solution. In contrast, MAXSAT is an asymmetric problem because in general we cannot reverse the obtained
truth assignment for the variables without changing the solution.

Since 1994, the semidefinite optimization approach has been successfully used for many other problems such as graph
coloring problems, graph bisection problems, and the maximum independent set problem, where the best algorithms are
now based on semidefinite optimization.

. The smaller the ¢, the closer can the approximation ratio of
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