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CHAPTER 1

PRELIMINARIES: CONVEX
SETS AND POSITIVE
SEMIDEFINITE MATRICES

A set C is called convex if, given any two points x and y in C, the straight line
segment connecting x and y lies completely inside of C. For instance, cubes,
balls or ellipsoids are convex sets whereas a torus is not. Intuitively, convex sets
do not have holes or dips.

Usually, arguments involving convex sets are easy to visualize by two-dim-
ensional drawings. One reason being that the definition of convexity only in-
volves three points which always lie in some two-dimensional plane. On the
other hand, convexity is a very powerful concept which appears (sometimes
unexpected) in many branches of mathematics and its applications. Here are
a few areas where convexity is an important concept: mathematical optimiza-
tion, high-dimensional geometry, analysis, probability theory, system and con-
trol, harmonic analysis, calculus of variations, game theory, computer science,
functional analysis, economics, and there are many more.

Our aim is to work with convex sets algorithmically. So we have to discuss
ways to represent them in the computer, in particular which data do we want
to give to the computer. Roughly speaking, there are two convenient possibil-
ities to represent convex sets: By an implicit description as an intersection of
halfspaces or by an explicit description as the convex combination of extreme
points. The goal of this chapter is to discuss these two representations. In the
context of functional analysis they are connected to two famous theorems, the
Hahn-Banach theorem and the Krein-Milman theorem. Since we are only work-
ing in finite-dimensional Euclidean spaces (and not in the more general setting
of infinite-dimensional topological vector spaces) we can derive the statements



using simple geometric arguments.

Later we develop the theory of convex optimization in the framework of
conic programs. For this we need a special class of convex sets, namely convex
cones. The for optimization most relevant convex cones are at the moment two
involving vectors in R™ and two involving symmetric matrices in R™”*", namely
the non-negative orthant, the second order cone, the cone of positive semidefi-
nite matrices, and the cone of copositive matrices. Clearly, the cone of positive
semidefinite matrices plays the main role here. As background information we
collect a number of basic properties of positive semidefinite matrices.

1.1 Some fundamental notions

Before we turn to convex sets we recall some fundamental geometric notions.
The following is a brief review, without proofs, of some basic definitions and
notations appearing frequently in the sequel.

1.1.1 Euclidean space

Let F be an n-dimensional Euclidean space which is an n-dimensional real vector
space having an inner product. We usually use the notation z - y for the inner
product between the vectors = and y. This inner product defines a norm on F
by ||z| = /= - = and a metric by d(x,y) = ||z — y|.

For sake of concreteness we will work with coordinates most of the time:
One can always identify E with R™ where the inner product of the column
vectors x = (xq,...,2,) and y = (y1,...,y,)" isthe usualone: -y = x'y =
Z?Zl x;vy;. This identification involves a linear transformation 7" : £ — R"
which is an isometry, i.e. x - y = Tz - Ty holds for all z,y € E. Then the norm
is the Euclidean norm (or ¢;-norm): |z|2 = />, 27 and d(z,y) = ||z — y||2 is
the Euclidean distance between two points x,y € R"™.

1.1.2 Topology in finite-dimensional metric spaces

The ball with center x € R™ and radius r is
B(z,r) ={y e R" : d(z,y) <r}.

Let A be a subset of n-dimensional Euclidean space. A point = € A is an interior
point of A if there is a positive radius € > 0 so that B(z,e) C A. The set
of all interior points of A is denoted by int A. We say that a set A is open if
all points of A are interior points, i.e. if A = int A. The set A is closed if its
complement R" \ A is open. The (topological) closure A of A is the smallest
(inclusion-wise) closed set containing A. One can show that a set A in R™ is
closed if and only if every converging sequence of points in A has a limit which
also lies in A. A point « € A belongs to the boundary 0A of A if for every e > 0
the ball B(x,¢) contains points in A and in R™\ A. The boundary dA is a closed



set and we have A = AUOA, and A = A\ int A. The set A is compact if every
sequence in A contains a convergent subsequence. The set A is compact if and
only if it is closed and bounded (i.e. it is contained in a ball of sufficiently large,
but finite, radius).
For instance, the boundary of the ball with radius 1 and center 0 is the unit
sphere
OB(0,1) ={y € R":d(0,y) =1} ={x cR" : 2T = 1}.

Traditionally, it is called the (n — 1)-dimensional unit sphere, denoted as S"~!,
where the superscript n — 1 indicates the dimension of the manifold.

1.1.3 Affine geometry

A subset A C R"™ is called an affine subspace of R™ if it is a translated linear
subspace: One can write A in the form

A=z+L={z+y:yelL}

where x € R™ and where L is a linear subspace of R™. The dimension of A
is defined as dim A = dim L. Affine subspaces are closed under affine linear
combinations:

N N
VNGNVxl,...,:L'NGAVozl,...,ozNGR:Zai:1:>Zaix¢€A.

=1 i=1

The smallest affine subspace containing a set of given points is its affine hull.
The affine hull of A C R" is the set of all possible affine linear combinations

=1 i=1

N N
aff A = {Zaixi:NGN,xl,...,xN €A a,...,ay ER,Zail}.

A fact which requires a little proof (exercise). The dimension of an arbitrary set
Aisdim A = dim(aff A). One-dimensional affine subspaces are lines and (n—1)-
dimensional affine subspaces are hyperplanes. A hyperplane can be specified as

H={zcR":c'z =p},

where ¢ € R™ \ {0} is the normal of H (which lies orthogonal to H) and where
B € R. Sometimes we write H, g for it.

If the dimension of A C R™ is strictly smaller than n, then A does not have an
interior, int A = . In this situation one is frequently interested in the interior
points of A relative to the affine subspace aff A. We say that a point z € A
belongs to the relative interior of A when there is a ball B(z,e) with strictly
positive radius ¢ > 0 so that aff A N B(z,e) C A. We denote the set of all
relative interior points of A by relint A. Of course, if dim A = n, then the
interior coincides with the relative interior: int A = relint A.



1.2 Convex sets

A subset C' C R" is called a convex set if for every pair of points =,y € C also
the entire line segment between x and y is contained in C. The line segment
between the points = and y is defined as

[,y = {1 —a)z+ay:0<a <1}
Convex sets are closed under convex combinations:
N N
VN € NVzy,...,zny € CVaq,...,an ERZO:ZQZ» = 1:>Zaimi cC.
i=1 i=1

Throughout we set R>¢g = {A € R: A > 0}. The convex hull of A C R" is the
smallest convex set containing A. It is

N N
conv A = {Zaizi:NEN,xl,...,xN €A ay,...,ay GRZO,Zai 1},

=1 =1

which requires again a small argument. We can give a mechanical interpretation

of the convex hull of finitely many point conv{xzi,...,zx}: The convex hull
consists of all centres of gravity of point masses «;,...,ay at the positions
T, - ,IN.

The convex hull of finitely many points is called a polytope. Two-dimensional,
planar, polytopes are polygons. Other important examples of convex sets are
balls, halfspaces, and line segments. Furthermore, arbitrary intersections of
convex sets are convex again. The Minkowski sum of convex sets C, D given by

C+D={z+y:2€C,yec D}

is a convex set.

Here are two useful properties of convex sets. The first result gives an al-
ternative description of the relative interior of a convex set and the second one
permits to embed a convex set with an empty interior into a lower dimensional
affine space.

Lemma 1.2.1. Let C C R"™ be a convex set. A point x € C lies in the relative
interior of C if and only if

VyeCIzelCac(0,1):z=ay+(1—a)z,
where (0, 1) denotes the open interval 0 < a < 1.

Theorem 1.2.2. Let C C R"™ be a convex set. If int C = () then the dimension of
its affine closure is at most n — 1.



1.3 Implicit description of convex sets

In this section we show how one can describe a closed convex set implicitly as
the intersection of halfspaces (Theorem [1.3.7)). For this we show the intuitive
fact that through every of its boundary points there is a hyperplane which has
the convex set on only one of its sides (Lemmal[1.3.5)). We also prove an impor-
tant fact which we will need later: Any two convex sets whose relative interiors
do not intersect can be properly separated by a hyperplane (Theorem [1.3.8).
After giving the definitions of separating and supporting hyperplanes we look
at the metric projection which is a useful tool to construct these separating hy-
perplanes.

The hyperplane at a point « € R™ with normal vector ¢ € R™ \ {0} is
H={yeR":c'y=c"z}.

It is an affine subspace of dimension n — 1. The hyperplane H divides R™ into
two closed halfspaces

Hr={yeR":c'y>c'z}, H ={yeR":c'y<c'z}.

A hyperplane H is said to separate two sets A C R™ and B C R" if they lie on
different sides of the hyperplane, i.e., if A C H* and B C H~ or conversely. In
other words, A and B are separated by a hyperplane if there exists a non-zero
vector ¢ € R™ and a scalar § € R such that

VeeAyeB:cla<pf<cy.
The separation is said to be strict if both inequalities are strict, i.e.,
VeeAyeB:cla<f<cly.

The separation is said to be proper when H separates A and B but does not
contain both A and B.

A hyperplane H is said to support A at a point z € Aif x € H and if A
is contained in one of the two halfspaces H+ or H—, say H~. Then H is a
supporting hyperplane of A at x and H ™~ is a supporting halfspace.

1.3.1 Metric projection

Let C € R™ be a non-empty closed convex set. One can project every point
x € R™ onto C' by simply taking the point in C' which is closest to it. This fact is
very intuitive and in the case when C is a linear subspace we are talking simply
about the orthogonal projection onto C.

Lemma 1.3.1. Let C be a non-empty closed convex set in R™. Let x € R™ \ C be
a point outside of C. Then there exists a unique point wc(z) in C which is closest
to x. Moreover, 7c(z) € 0C.



Figure 1.1: The hyperplane H supports A and separates A and B.

Proof. The argument for existence is a compactness argument: As C is not empty,
pick zy € C and consider the intersection C’ of C' with the ball B(zy, r) centered
at zo and with radius r = ||zo — z||. Then C’ is closed, convex and bounded.
Moreover the minimum of the distance ||y — z|| for y € C' is equal to the mini-
mum taken over y € C’. As we minimize a continuous function over a compact
set, the minimum is attained. Hence there is at least one closest point to z in C.

The argument for uniqueness requires convexity: Let y and z be two distinct
points in C, both having minimum distance to z. In this case, the midpoint
of y and z, which lies in C, would even be closer to x, because the distance
d(z, 5(y + 2)) is the height of the isosceles triangle with vertices x,y, z.

Hence there is a unique point in C which is at minimum distance to x, which
we denote by m¢(x). Clearly, 7o (z) € 9C, otherwise one would find another
point in C closer to x lying in some small ball B(w¢(x),¢) C C. O

Thus, the map 7¢ : R* — C defined by the property
Vy eC: d(yaz) > d(ﬂ-C(x)a‘T)

is well-defined. This map is called metric projection and sometimes we refer to
the vector m¢(z) as the best approximation of z in the set C.
The metric projection ¢ is a contraction:

Lemma 1.3.2. Let C be a non-empty closed and convex set in R™. Then,
Vz,y € R" - d(mc(x), mo(y)) < d(z,y).
In particular, the metric projection w¢ is a Lipschitz continuous map.

Proof. We can assume that d(wc(z), 7o (y)) # 0. Consider the line segment
[rc(x), mc(y)] and the two parallel hyperplanes H, and H, at m¢(z) and at
mc(y) both having normal vector ¢ (x) — o (y). The points = and n¢(y) are
separated by H, because otherwise there would be a point in [r¢(z), ¢ (y)] C
C which is closer to z than to 7¢(z), which is impossible. In the same way, y
and 7m¢(z) are separated by H,. Hence, x and y are on different sides of the



“slab” bounded by the parallel hyperplanes H, and by H,. So their distance
d(x,y) is at least the width of the slab, which is d(7w¢(z), 7o (y))- O

The metric projection can reach every point on the boundary of C:

Lemma 1.3.3. Let C be a non-empty closed and convex set in R™. Then, for every
boundary point y € 9C there is a point x lying outside of C so that y = w¢(x).

Proof. First note that one can assume that C' is bounded (since otherwise re-
place C by its intersection with a ball around y). Since C is bounded it is
contained in a ball B of sufficiently large radius. We will construct the desired
point x which lies on the boundary 9B by a limit argument. For this choose a se-
quence of points y; € R™ \ C such that d(y,y;) < 1/i, and hence lim; o y; = ¥.
Because the metric projection is a contraction (Lemma|1.3.2)) we have

d(y, mc(yi)) = d(me(y), 7o (yi) < d(y,vi) < 1/i.

By intersecting the line aff{y;, 7 (y;)} with the boundary 0B one can determine
a point z; € 0B so that 7¢(x;) = mc(y;). Since the boundary 0B is compact
there is a convergent subsequence (z;,) having a limit € JB. Then, because
of the previous considerations and because 7¢ is continuous

j—o0

y = rely) = e (hm y) — lim 7o (y,,)
j—o0

= lim m¢(xy;) = 7c (}lim xij) = mo(x),
J‘)OO J‘)OO

which proves the lemma. O

,:’

Figure 1.2: The construction which proves Lemma [1.3.3



1.3.2 Separating and supporting hyperplanes

One can use the metric projection to construct separating and supporting hy-
perplanes:

Lemma 1.3.4. Let C be a non-empty closed convex set in R". Let x € R™ \ C be
a point outside C and let w¢(x) its closest point in C. Then the following holds.

(1) The hyperplane through x with normal x — w¢(x) supports C at wc(z) and
thus it separates {x} and C.

(i) The hyperplane through (x + ¢ (x))/2 with normal © — 7o (x) strictly sep-
arates {z} and C.

Proof. It suffices to prove (i) and then (ii) follows directly. Consider the hyper-
plane H through x with normal vector ¢ = = — ¢ (z), defined by

H={yeR":c'y=c"ro(x)}

As c'x > c"mo(z), x lies in the open halfspace {y : c'y > cTnc(z)}. We
show that C lies in the closed halfspace {y : ¢y < c"7mc(x)}. Suppose for a
contradiction that there exists y € C such that ¢"(y — ¢ (z)) > 0. Then select
a scalar A € (0,1) such that 0 < A < M < landsetw = Ay+ (1—
Ao (x) which is a point C. Now verify that ||w — z|| < ||rc(z) — || = |||,
which follows from

lw =] = [IA(y = 7 () = l* = lle|* + X|ly — me(@)[* = 2Ac (y — 7c(2))

and which contradicts the fact that 7« (x) is the closest point in C' to x. O

Figure 1.3: A separating hyperplane constructed using 7¢.

Combining Lemma and Lemma we deduce that one can construct
a supporting hyperplane at every boundary point.

Lemma 1.3.5. Let C C R"™ be a closed convex set and let x € OC be a point lying
on the boundary of C. Then there is a hyperplane which supports C at .



One can generalize Lemma (i) and remove the assumption that C is
closed.

Lemma 1.3.6. Let C' C R"™ be a non-empty convex set and let x € R™ \ C be a
point lying outside C. Then, {«} and C can be separated by a hyperplane.

Proof. In view of Lemma [1.3.1| we only have to show the result for non-closed
convex sets C'. We are left with two cases: If x ¢ C, then a hyperplane separat-
ing {z} and the closed and convex set C also separates {z} and C. If z € C,
then x € 9C. By Lemma there is a hyperplane supporting C at x. In
particular, it separates {z} and C. O

As a direct application of the strict separation result in Lemma (ii),
we can formulate the following fundamental structural result for closed convex
sets.

Theorem 1.3.7. A non-empty closed convex set is the intersection of its supporting
halfspaces.

This is an implicit description as it gives a method to verify whether a point
belongs to the closed convex set in question: One has to check whether the
point lies in all these supporting halfspaces. If the closed convex set is given as
an intersection of finitely many halfspaces, then it is called a polyhedron and the
test we just described is a simple algorithmic membership test.

We conclude with the following result which characterizes when two convex
sets can be separated properly. When both sets are closed and one of them is
bounded, one can show a strict separation. These separation results will be the
basis in our discussion of the duality theory of conic programs.

Theorem 1.3.8. Let C, D C R™ be non-empty convex sets.

(1) C and D can be properly separated if and only if their relative interiors do
not have a point in common: relint C' N relint D = (.

(ii) Assume that C' and D are closed and that at least one of them is bounded. If
C N D =), then there is a hyperplane strictly separating C and D.

Proof. (i) The “only if” part (=): Let H. g be a hyperplane properly separating
Cand DwithCC H-and D C HT, i.e,,

VeeCuyeD:clz<p<cly.

Suppose there is a point zo € relint C N relint D. Then c¢'zq = f, i.e., o € H.
Pick any = € C. By Lemma there exists 2’ € C and a € (0, 1) such that
zo = az + (1 — a)z’. Now

B=czg=ac’z+ (1 -a)c's <af+(1—-a)s =4,

hence all inequalities have to be tight and so ¢'z = 3. Thus C is contained in
the hyperplane H. Similarly, D C H. This contradicts the assumption that the
separation is proper.



The “if part” (<=): Consider the set
E =relint C —relint D = {z —y : z € relint C, y € relint D},

which is convex. By assumption, the origin 0 does not lie in E. By Lemma|[1.3.6]
there is a hyperplane H separating {0} and E which goes through the origin.
Say H = H. and

Vz € relint C,y € relint D : ¢ (z — y) > 0.
Define
B =inf{c"x : x € relint C}.

Then,
CCl{zeR":c'z>p},

and we want to show that

DC{y:c'y<p}

For suppose not. Then there is a point y € relint D so that ¢'y > 3. Moreover,
by definition of the infimum there is a point € relint C' so that 8 < c¢'z < cTy.
But then we find ¢ (z — y) < 0, a contradiction. Thus, C and D are separated
by the hyperplane H, g.

If C U D lies in some lower dimensional affine subspace, then the argument
above gives a hyperplane in the affine subspace aff(C' U D) which can be ex-
tended to a hyperplane in R" which properly separates C' and D.

(i) Assume that C is bounded and C N D = (). Consider now the set
E=C-D

which is closed (check it) and convex. As the origin 0 does not lie in F, by
Lemma (ii), there is a hyperplane strictly separating {z} and E: There is
a non-zero vector ¢ and a positive scalar 8 such that

VeeCyeD:c'(z—y)>B>0.

This implies

inf ¢'z > B +supcly > é +supcly > supc'y.
zeC yED 2 yED yED

Hence the hyperplane H,. , with o = §+sgg cy strictly separates C and D. [
Yy

10



1.4 Explicit description of convex sets

Now we turn to an explicit description of convex sets. An explicit description
gives an easy way to generate points lying in the convex set.

We say that a point z € C' is extreme if it is not a relative interior point
of any line segment in C. In other words, if x cannot be written in the form
z=(1-a)y+azwithy,z € C and 0 < a < 1. The set of all extreme points of
C we denote by ext C.

Theorem 1.4.1. Let C' C R" be a compact and convex set. Then,
C = conv(ext C).

Proof. We prove the theorem by induction on the dimension n. If n = 0, then C
is a point and the result follows.

Let the dimension n be at least one. If the interior of C is empty, then C lies
in an affine subspace of dimension at most n — 1 and the theorem follows from
the induction hypothesis. Suppose that int C' # (). We have to show that every
x € C can be written as the convex hull of extreme points of C'. We distinguish
between two cases:

First case: If z lies on the boundary of C, then by Lemma there is a
supporting hyperplane H of C through z. Consider the set ' = H N C. This is
a compact and convex set which lies in an affine subspace of dimension at most
n — 1 and hence we have by the induction hypotheses x € conv(ext F'). Since
ext F' C ext C, we are done.

Second case: If = does not lie on the boundary of C, then the intersection of
a line through x with C is a line segment [y, z] with y, z € 9C. By the previous
argument we have y, z € conv(ext C'). Since x is a convex combination of y and
z, the theorem follows. O

An easy, but very useful application, is that if one maximizes a convex func-
tion on a compact convex set then the maximum is attained at an extreme point.

Lemma 1.4.2. Let C C R™ be a compact convex set and let f : R™ — R be a
continuous convex function. Then, the maximization program max,cx f(x) has a
maximizer which is an extreme point of C. This applies in particular to maximizing
(or minimizing) a linear function over C.

Proof. Let z* € C be a maximizer of f over C' (which exists by continuity of
f over C compact). By Theorem [1.4.1] z* is a convex combination of extreme
points z1,...,xy of C, ie. z* = Zf\;)\ixi where \; > 0 with Zi]il)‘i =
1. Then, as f is convex, f(z*) < Zfil Aif(x;). Moreover, f(x;) < f(z*) by
maximality of z*. This implies f(z;) = f(«*) for each i and thus any z; is a
maximizer as well. O
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1.5 Convex cones

We will develop the theory of convex optimization using the concept of conic
programs. Before we can say what a “conic program” is, we have to define
convex cones.

Definition 1.5.1. A non-empty subset K of R™ is called a convex cone if it is
closed under non-negative linear combinations:

VYo, € R>o Vr,y € K : ax + By € K.
Moreover, K is pointed if
r,—r €K — z=0.

One can easily check that convex cones are indeed convex sets. Furthermore,
the direct product

KxK' ={(z,2) eR"™" :z e K,2' € K'}

of two convex cones K C R" and K’ C R" is a convex cone again.
The dual of a cone K C R" is defined as

K*={ycR":2Ty>0Vx € K}.

The set K* is a closed convex cone.
A pointed convex cone in R"™ defines a partial order on R™ by

zry<—zc—yeckK

for z,y € R™. This partial order satisfies the following conditions:

reflexivity:
VieeR":z =z

antisymmetry:

Ve,yeR":z =y y=x=—zx=y
transitivity:

Ve,y,z€ R":x =y, y=z2=—=zx =2
homogenity:

Ve, y e R"Va e Rsp:x =y = azx > ay

additivity:

Voe,y, o',y ER" o =y 2’ =y =z +2’ =y+y.

12



In order that a convex cone is useful for practical algorithmic optimization
methods we will need two additional properties to eliminate undesired degen-
erate conditions: A convex cone should be closed and moreover it should be
full-dimensional, i.e. have non-empty interior. Then, we define strict inequali-
ties by:

T-y<<=zr—ycint K.

The separation result from Lemma specializes to convex cones in the fol-
lowing way.

Lemma 1.5.2. Let C C R"™ be a closed convex cone and let z € R™ \ C be a
point outside of C. Then there is a linear hyperplane separating {x} and C. Even
stronger; there is a non-gero vector ¢ € R™ such that

VyeC:c'ly>0>c'z,

thus with the strict inequality ¢"z < 0.

1.6 Examples

The convex cone generated by a set of vectors A C R” is the smallest convex
cone containing A. It is

N
cone A = {Zaixi:NeN,xh...,xN €A a,...,ay €R>0}.

i=1

Furthermore, every linear subspace of F is a convex cone, however a somewhat
boring one. More interesting are the following examples. We will use them,
especially cone of positive semidefinite matrices, very often.

1.6.1 The non-negative orthant and linear programming

The convex cone which is connected to linear programming is the non-negative
orthant. It lies in the Euclidean space R™ with the standard inner product. The
non-negative orthant is defined as

Rgoz{x:(xl,...,xn)TeR”:xl,...,xnZO}.

It is a pointed, closed and full-dimensional cone. A linear program is an opti-
mization problem of the following form

maximize cizy1+ -+ cpTn
subjectto ajjzy + -+ a1pTy, > by
a1, + -+ -+ aopTp > by

Am1T1 + -+ GmnTn Z bm

13



One can express the above linear program more conveniently using the partial
order defined by the non-negative orthant RZ ,:

maximize ¢'z

subject to Az = b,

where ¢ = (c1,...,¢,)" € R™ is the objective vector, A = (a;;) € R™*" is the
matrix of linear constraints, x = (z1,...,2,)" € R" is the optimization variable,
and b = (by,...,by)" € R™ is the right hand side. Here, the partial order x > y
means inequality coordinate-wise: x; > y; for all i € [n].

1.6.2 The second-order cone

While the non-negative orthant is a polyhedron, the following cone is not. The
second-order cone is defined in the Euclidean space R"*! = R" x R with the
standard inner product. It is

4 = {(at) R xR el = o+t <o)

Sometimes it is also called the ice cream cone (make a drawing of £> to con-
vince yourself) or the Lorentz cone. The second-order cone will turn out to be
connected to conic quadratic programming.

1.6.3 The cone of semidefinite matrices

The convex cone which will turn out to be connected to semidefinite program-
ming is the cone of positive semidefinite matrices. It lies in the space S™ of
symmetric n x n matrices, which can be seen as the (n(n+1)/2)-dimensional Eu-
clidean space, equipped with the trace inner product: for two matrices X,Y €
R?’LXTL,

(X,Y)=Tr(XTY) :izﬂ: X;;Yi;, where TrX = ZX“
i=1 j=1 =1

Here we identify the Euclidean space S with R™"*1)/2 by the isometry T :
S§" — R™*(n+1)/2 defined by

T(X) = (X11,V2X12,V2X13, ..., V2X 10, X292, V2X03, ..., V2X2p, ., X

where we only consider the upper triangular part of the matrix X. We will come
back to the trace iner product in Section below.
The cone of semidefinite matrices is

Sy ={X € 8" : X is positive semidefinite},
where a matrix X is positive semidefinite if
VreR™: 2" Xz > 0.

More characterizations are given in Section[1.7]below.
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1.6.4 The copositive cone

The copositive cone is a cone in 8™ which contains the semidefinite cone. It is
the basis of copositive programming and it is defined as the set of all copositive
matrices:

C"={XeS8": "Xz >0 Vo € R%,}.

Unlike for the semidefinite cone no easy characterization (for example in terms
of eigenvalues) of copositive matrices is known. Even stronger: Unless the
complexity classes P and NP coincide no easy characterization (meaning one
which is polynomial-time computable) exists.

1.7 Positive semidefinite matrices

1.7.1 Basic facts

Throughout we let I,, denote the identity matrix and J,, denotes the all-ones
matrix. Sometimes the index n may be omitted if there is no ambiguity on the
size of the matrices.

A matrix P € R"*" is orthogonal if PP" = I,, or, equivalently, PTP = I,,
i.e. the rows (resp., the columns) of P form an orthonormal basis of R™. By
O(n) we denote the set of n x n orthogonal matrices which forms a group under
matrix multiplication.

For a matrix X € R™*™, a nonzero vector u € R™ is an eigenvector of X
if there exists a scalar A € R such that Xu = Au, then X is the eigenvalue of
X for the eigenvector u. A fundamental property of real symmetric matrices is
that they admit a set of eigenvectors {uy, ..., u,} forming an orthonormal basis
of R™. This is the spectral decomposition theorem, one of the most important
theorems about real symmetric matrices.

Theorem 1.7.1. (Spectral decomposition theorem) Any real symmetric matrix
X € 8™ can be decomposed as

X => Nuu, (1.1)
i=1
where \1,...,\, € R are the eigenvalues of X and where u,...,u, € R™ are

the corresponding eigenvectors which form an orthonormal basis of R™. In matrix
terms, X = PDPT, where D is the diagonal matrix with the \;’s on the diagonal
and P is the orthogonal matrix with the wu;’s as its columns.

Theorem 1.7.2. (Positive semidefinite matrices) Let X € S™ be a symmetric
matrix. The following assertions are equivalent.

(1) X is positive semidefinite, written as X = 0, which is defined by the property:
2T Xx > 0 forall z € R™
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(2) The smallest eigenvalue of X is non-negative, i.e., the spectral decomposition
of X is of the form X = Y | Nusul with all \; > 0.

(3) X = LL" for some matrix L € R™** (for some k > 1), called a Cholesky
decomposition of X.

(4) There exist vectors vy, ...,v, € R* (for some k > 1) such that X;; = v]v;
forall i, j € [n]; the vectors v;’s are called a Gram representation of X.

(5) All principal minors of X are non-negative.

Proof. (1) = (2): By assumption, u] Xu; > 0 for all i € [n]. On the other
hand, Xu; = \;u; implies u] Xu; = \;||u;||* = \;, and thus \; > 0 for all 4.

(2) = (3): By assumption, X has a decomposition where all scalars
A; are nonnegative. Define the matrix L € R™"*" whose i-th column is the vector
vAiu;. Then X = LLT holds.

(3) = (4): Assume X = LLT where L € R*"**. Let v; € R* denote the i-th
row of L. The equality X = LLT gives directly that X;; = v]v; for all 4, € [n].

(4) = (1): Assume X = (vaj)gszl for some vectors vy, ...,v, € R* and
some k > 1. Letx = (v1,...,2,)" € R". Then, 2" Xz = Zﬁjzlxiijij =
S i1 wirjujv; = || 3001 wivgl|? is thus nonnegative. This shows that X > 0.

The equivalence (1) <= (5) can be found in any standard Linear Algebra
textbook (and will not be used here). O

The above characterization extends to positive definite matrices. A matrix
X is positive definite (denoted as X > 0) if it satisfies any of the following
equivalent properties: (1) 27 Xz > 0 for all z € R™\ {0}, (2) all eigenvalues are
strictly positive, (3) in a Cholesky decomposition the matrix L is non-singular,
(4) any Gram representation has full rank n, and (5) all the principal minors
are positive (in fact already positivity of all the leading principal minors implies
positive definiteness; Sylvester’s criterion).

Observe that, if X is a diagonal matrix (i.e., X;; = 0 for all i # j € [n]),
then X > 0 if and only if all its diagonal entries are nonnegative: X;; > 0 for
all i € [n]. Moreover, X > 0 if and only if X;; > 0 for all ¢ € [n].

The positive semidefinite cone set ST, is the set of all positive semidefinite
matrices in S™. It is a pointed, closed, convex, full-dimensional cone in S™.
Moreover, by Theorem 2), it is generated by rank one matrices, i.e.

82y = cone{zz' : x € R"}. (1.2)

The matrices lying in the interior of the cone S, are precisely the positive
definite matrices (Exercise 1.9).

1.7.2 The trace inner product

The trace of an n x n matrix A is defined as Tr(A) = Y., A;;. The trace is a
linear mapping: Tr(AA) = ATr(A) and Tr(A 4+ B) = Tr(A) + Tr(B). Moreover
the trace satisfies the following properties:
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Tr(A) = Tr(AT), Tr(AB) = Tr(BA), Tr(uu") = u"u = |ju|® Yu € R".  (1.3)

Using the fact that Tr(uu") = 1 for any unit vector u, combined with the relation
(1.1), we deduce that the trace of a symmetric matrix is equal to the sum of its
eigenvalues.

Lemma 1.7.3. If A € S™ has eigenvalues A1, ..., \,, then Tr(A) = A1 + ...+ .
One can define an inner product on R"*™ by setting
ij=1

This defines the Frobenius norm on R"*™ obtained by setting | A|| = /{4, A) =

> i j—1 A% For a vector z € R” we have 2T Az = (A, zz7). The following
property is useful to know:
Lemma 1.7.4. Let A, B € 8" and P € O(n). Then, (A, B) = (PAPT, PBPT).

Proof. Indeed, (PAPT, PBPT) is equal to
Tr(PAPTPBP") = Tt(PABP") = Tr(ABP"P) = Tr(AB) = (A, B),

where we have used the fact that PPT = PTP = I,, and the commutativity rule
from (1.3). O

Positive semidefinite matrices satisfy the following fundamental property:

Lemma 1.7.5. For a symmetric matrix A € 8",
A=0 <= VBeSl: (A B)>0.
In other words, the cone Sy is self-dual, i.e., it coincides with its dual cone:
(8%0)" = 8.

Proof. The proof is based on the fact that S’ is generated by rank 1 matrices
(see ). Indeed, if A > 0 then <A,xxT; > 0 for all x € R™ implies that
(A,B) > 0 for all B € S,. Conversely, if (A, B) > 0 for all B € S, then for
B =z we obtain that 2T Az > 0, which shows A > 0. - O

1.7.3 Basic operations

We recall some basic operations about positive semidefinite matrices. The proofs
of the following Lemmas|1.7.6} [1.7.7|and [1.7.8| are easy and left as an exercise.

Given a matrix X € S" and a subset I C [n] of its index set, the matrix
X[I] = (Xij)i,jer is the principal submatrix of X indexed by I.
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Lemma 1.7.6. If X > 0 then every principal submatrix of X is positive semidefi-
nite.

Moreover, any matrix congruent to X > 0 (i.e., of the form PX PT where P
is non-singular) is positive semidefinite:

Lemma 1.7.7. Let X € 8™ and let P € R™*™ be a non-singular matrix (i.e., P is
invertible). Then,
X =0+ PXP" = 0.

Given two matrices A € S™ and B € 8™, we define the following block-
diagonal matrix A ® B € St

A 0
Ao B = (O B). 1.4)

Lemma 1.7.8. For A € S" and B € 8™, we have:
A®B~=0<= A>0 and B > 0.

From an algorithmic point of view it is more economical to deal with positive
semidefinite matrices in block-form like (1.4).

If we have a set A of matrices that pairwise commute, then it is a funda-
mental result of linear algebra that they admit a common set of eigenvectors. In
other words, there exists an orthogonal matrix P € O(n) such that the matrices
PTX P are diagonal for all X € A.

We now introduce the following notion of Schur complement, which can be
very useful for showing positive semidefiniteness.

Definition 1.7.9. (Schur complement) Consider a symmetric matrix X in block

form
X = (,_;;% g) (15)

with A € R™*", B € R"*! and C € R"*!. Assume that A is non-singular. Then,
the matrix C — BT A='B is called the Schur complement of A in X.

Lemma 1.7.10. Let X € 8" be in block form where A is non-singular. Then,
X =0 <= A=0andC—-B"A"'B = 0.

Proof. The following identity holds:

T (A 0 (I A'B
X=P (0 C_BTA-1B P, where P = 0 7 .

As P is non-singular, we deduce that X > 0 if and only if (P~1)TXP~! = 0

(use Lemma [1.7.7) which is thus equivalent to A = 0 and C — BTA™!'B = 0
(use Lemmall.7.8)). O
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1.7.4 Kronecker and Hadamard products

Given two matrices A = (4;;) € R"*"™ and B = (Bpx) € RP*9, their Kronecker
product is the matrix C = A ® B € R"P*™4 with entries

Cin,jk = AijBnr Vi € [n],j € Im],h € [p], k € [q].

It can also be seen as the n x m block matrix whose 7j-th block is the p x ¢ matrix
A;;Bforalli € [n],j € [m]. As an example, the matrix [> ® J; takes the form:

101010
010101
L I L 101010
Lo b Lf=fg 4 01 01
L I I 101010
010101

or after permuting rows and columns, the form:

111000
111000
Js 0y _|1 110 0 0
<0J3)000111
0001 11
0001 11

This includes in particular defining the Kronecker product u ® v € R™ of two
vectors u € R™ and v € R?, with entries (u ® v);, = u;vp, fori € [n], h € [p].

Given two matrices A, B € R"*™, their Hadamard product is the matrix
Ao B € R"*™ with entries

(A o B)U = A”B” Vi € [TLL] S [m]

Note that A o B coincides with the principle submatrix of A ® B indexed by the
subset of all ‘diagonal’ pairs of indices of the form (i, jj) for ¢ € [n],j € [m].
For an integer k > 1, A°* = Ao Ao...o A (with k terms) is the matrix with
(i,7)-th entry (A;;)*, the k-th power of A;;.

Here are some (easy to verify) facts about these products, where the matrices
and vectors have the appropriate sizes.

1. (A® B)(C® D) = (AC) @ (BD).
2. In particular, (A ® B)(u ® v) = (Au) ® (Bwv).

3. Assume A € §" and B € SP have, respectively, eigenvalues a4, . .., a;,, and
B1,...,8p. Then A ® B € §™P has eigenvalues «; 0}, for ¢ € [n], h € [p]. In
particular,

A B=0=—=A®B >0 and AoB >0,
Ar 0= A% = ((4;;)")};=1 =0Vk €N.
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1.7.5 Properties of the kernel

The kernel of a matrix X € S" is the subspace ker X = {z € R" : Xz = 0}.
Here is a first useful property of the kernel of a positive semidefinite matrix.

Lemma 1.7.11. Assume that X € S" is positive semidefinite and let x € R™.
Then,
Xr=0<=z"Xz=0.

Proof. The ‘only if’ part is clear. Conversely, decompose = Y " | x;u; in the
orthonormal basis of eigenvectors of X and let Ay, ..., A\, be the corresponding
eigenvalues of X. Then, "Xz = Y1 | \;z?. Hence, 0 = 2" Xz gives 0 =
S Aix? and thus z; = 0 for each i for which \; > 0. This shows that z is
a linear combination of the eigenvectors u; with eigenvalue \; = 0, and thus
Xz =0. O

As an example of application, we get the following fact:

Lemma 1.7.12. Let X = LTL € 8™ where L € RF*™, Then, ker X = ker L and
thus rank(X) = rank(L) (< min{k,n}).

Clearly, X = 0 implies X;; > 0 for all i, because X;; = e/ Xe;, where
e; denotes the i-th standard unit vector (with all zero coordinates except 1 at
the i-th position). Moreover, if X;; = 0 then the whole i-row and column are
identically zero. This follows e.g. from the following property:

Lemma 1.7.13. Let X € S™ with the block-form:

A B
X:<BT O)v

where A € 8®, B € RP*4, C € S%and n = p + ¢. Given a vector y € RP, define
the vector © € R™ defined as x = (y, 0, ...,0). Then,

Ay=0= Xz =0.

Proof. We have: 2" Xz = y" Ay = 0 which, by Lemma|9.3.1 implies that Xz =
0. O

1.8 Historical remarks

The history of convexity is astonishing: On the one hand, the notion of convexity
is very natural and it can be found even in prehistoric arts. For instance, the
Platonic solids are convex polyhedra and carved stone models of some of them
were crafted by the late neolithic people of Scotland more than 4,000 years
ago. For more information on the history, which unearthed some good hoax,
see also John Baez’ discussion of “Who discovered the icosahedron?” http:
//math.ucr.edu/home/baez/icosahedron/.
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On the other hand, the first mathematician who realized how important con-
vexity is as a geometric concept was the brilliant Hermann Minkowski (1864—
1909) who in a series of very influential papers ‘Allgemeine Lehrsétze iiber
die konvexen Polyeder” (1897), “Theorie der konvexen Korper, insbesondere
Begriindung ihres Oberflachenbegriffs” (published posthumously) initiated the
mathematical study of convex sets and their properties. All the results in this
chapter on the implicit and the explicit representation of convex sets can be
found there (although with different proofs).

Not much can be added to David Hilbert’s (1862-1943) praise in his obituary
of his close friend Minkowski:

Dieser Beweis eines tiefliegenden zahlentheoretischen Satzesﬂ ohne rech-
nerische Hilfsmittel wesentlich auf Grund einer geometrisch anschau-
lichen Betrachtung ist eine Perle Minkowskischer Erfindungskunst. Bei
der Verallgemeinerung auf Formen mit n Variablen fiihrte der Minkowski-
sche Beweis auf eine natiirlichere und weit kleinere obere Schranke fiir
jenes Minimum M, als sie bis dahin Hermite gefunden hatte. Noch
wichtiger aber als dies war es, dal3 der wesentliche Gedanke des Mink-
owskischen Schluf3verfahrens nur die Eigenschaft des Ellipsoids, daf3
dasselbe eine konvexe Figur ist und einen Mittelpunkt besitzt, benutzte
und daher auf beliebige konvexe Figuren mit Mittelpunkt iibertragen
werden konnte. Dieser Umstand fiihrte Minkowski zum ersten Male
zu der Erkenntnis, dal} iiberhaupt der Begriff des konvexen Korpers ein
fundamentaler Begriff in unserer Wissenschaft ist und zu deren frucht-
barsten Forschungsmitteln gehort.

Ein konvexer (nirgends konkaver) Korper ist nach Minkowski als ein
solcher Korper definiert, der die Eigenschaft hat, dal}, wenn man zwei
seiner Punkte in Auge fal3t, auch die ganze geradlinige Strecke zwischen
denselben zu dem Korper geh('jrtE]

Until the end of the 1940s convex geometry was a small discipline in pure
mathematics. This changed dramatically when in 1947 the breakthrough of
general linear programming came. Then Dantzig formulated the linear pro-
gramming problem and designed the simplex algorithm for solving it. Nowa-
days, convex geometry is an important toolbox for researchers, algorithm de-
signers and practitioners in mathematical optimization.

'Hilbert is refering to Minkowski’s lattice point theorem. It states that for any invertible matrix
A € R™"*™ defining a lattice AZ™ and any convex set in R™ which is symmetric with respect to the
origin and with volume greater than 2™ det(A)? contains a non-zero lattice point.

21t is not easy to translate Hilbert’s praise into English without losing its poetic tone, but here is
an attempt. This proof of a deep theorem in number theory contains little calculation. Using chiefly
geometry, it is a gem of Minkowski’s mathematical craft. With a generalization to forms having n
variables Minkowski’s proof lead to an upper bound M which is more natural and also much smaller
than the bound due to Hermite. More important than the result itself was his insight, namely that
the only salient features of ellipsoids used in the proof were that ellipsoids are convex and have a
center, thereby showing that the proof could be immediately generalized to arbitrary convex bodies
having a center. This circumstances led Minkowski for the first time to the insight that the notion of
a convex body is a fundamental and very fruitful notion in our scientific investigations ever since.

Minkowski defines a convex (nowhere concave) body as one having the property that, when one
looks at two of its points, the straight line segment joining them entirely belongs to the body.
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1.9 Further reading

Two very good books which emphasize the relation between convex geometry
and optimization are by Barvinok [1]] and by Gruber [5] (available online).
Less optimization but more convex geometry is discussed in the little book of
Bonnesen, Fenchel [3] and the encyclopedic book by Schneider [7]. The first
one is now mainly interesting for historical reasons. Somewhat exceptional, and
fun to read, is Chapter VII in the book of Berger [2]] (available online) where
he gives a panoramic view on the concept of convexity and its many relations
to modern higher geometry.

Let us briefly mention connections to functional analysis. Rudin in his clas-
sical book “Functional analysis” discusses Theorem and Theorem|[1.4.1|in
an infinite-dimensional setting. Although we will not need these more general
theorems, they are nice to know.

The Hahn-Banach separation theorem is Theorem 3.4 in Rudin.

Theorem 1.9.1. Suppose A and B are disjoint, nonempty, convex sets in a topo-
logical vector space X.
(a) If Ais open there exist A € X* and v € R such that

RAz < v < RAy

for every x € A and for every y € B. (Here, Rz is the real part of the complex
number z.)

(b) If Ais compact, B is closed, and X is locally convex, there exist A € X*,
v1 € R, 72 € R, such that

RAz < v1 < v < RAy

for every x € A and for every y € B.
The Krein-Milman theorem is Theorem 3.23 in Rudin.

Theorem 1.9.2. Suppose X is a topological vector space on which X* separates
points. If K is a nonempty compact convex set in X, then K is the closed convex
hull of the set of its extreme points.

In symbols, K = conv(ext(K)).

In his blog “What’s new?” Terry Tao [8] gives an insightful discussion of the
finite-dimensional Hahn-Banach theorem.

The book “Matrix analyis” by Horn and Johnson [6] contains a wealth of
very useful information, more than 70 pages, about positive definite matrices.

1.10 Exercises

1.1. Give a proof for the following statement:
Let C' C R" be a convex set. If C' # (), then relint C' # ()
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1.2. Give a proof for the following statement:

Let C C R™ be a closed convex set and let x € R™\ C' a point lying outside
of C. A separating hyperplane H is defined in Lemma Consider
a point y on the line aff{z, 7o (x)} which lies on the same side of the
separating hyperplane H as z. Then, n¢(z) = 7c(y).

1.3. (a) Prove or disprove: Let A C R™ be a subset. Then,

conv A = conv A.

(b) Construct two convex sets C, D C R? so that they can be separated
by a hyperplane but which cannot be properly separated.

1.4. Show that the [,y unit ball

n 1/p
(1, 2n)" €R™: ||zl = (Z |in”> <1
=1

is convex for p = 1, p = 2 and p = o (||z]lc = max;=1,...n |z;|]). Deter-
mine the extreme points and determine a supporting hyperplane for every
boundary point.

(*) What happens for the other p?

1.5. Consider a subset S C RZ,. Then, S is said to be down-monotone in R, if
for each x € S all vectors y € R%, with 0 < y < z belong to S. Moreover,
its antiblocker abl(S) is defined as

abl(S) = {y e R, : y'x<1Vz e S}

Show: abl(abl(S)) = S if and only if S is nonempty, closed, convex and
down-monotone in R%,.

1.6. Let P and @ be polyhedra in R™ such that P C Q.

(a) Show: P = (@ if and only if the following equality holds for all

weights w € R™:

maxw'z = maxw' . (1.6)

zeP T€EQ

(b) Assume that P C @ C RY, are down-monotone in RY,.
Show: P = @ if and only if (1.6) holds for all nonnegative weights
w € RY,,.

(¢) Show that in (a),(b) it suffices to show that (1.6)) holds for all integer
valued weights w.

1.7 Given an integer k € [n] consider the polyhedron

P={zel0,1]" 21 +...+z, =k}
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1.8.

1.9.

1.10.

1.11.

(a) Show: P = conv(P N{0,1}").
(b) Show that each point x € P N {0, 1}"™ is an extreme point of P.

Consider the set of matrices:
D, ={X R : Xe=¢,X"e=¢,X >0},

where e is the all-ones vector. Matrices in D,, are called doubly stochastic
and 0/1-valued matrices in D,, are permutation matrices (as they corre-
spond to the permutations of [n]).

Show: [Birkhoff’s theorem] D,, = conv(D,, N {0,1}"*").

Define the matrices F;;, G;; € S™ for 1 <14 < j < n, where G,; has entries
1 at positions (i,4), (4, 4), (¢,7) and (j,%) and entries O elsewhere; F;; has
entries 1 at positions (4, %) and (j, j), entries —1 at positions (7, j) and (j, ©),
and entries O at all other positions.
(a) Show: FijuGij = 0.
(b) Assume that X € S™ satisfies the conditions:
Xii> Y X forallie [n].
JE[n]:j#i
(Then X is said to be diagonally dominant.)
Show: X > 0.
(a) Show that the identity matrix I,, lies in the interior of the positive
semidefinite cone SZ,,.

(b) Show that a positive semidefinite matrix A lies in the interior of SZ,,
if and only if A is positive definite. B

Given z1,...,z, € R, consider the following (n + 1) x (n + 1) matrix:
1 x ... z,
r1 X1 0 0
X = .
o - 0

z, 0 0 =z,
That is, X is indexed by {0,1,...,n}, with entries Xoo = 1, X¢; = X;0 =

X;; = x; for i € [n], and all other entries are equal to 0.
Show: X > O ifand only if z; > 0 foralli € [n] and } )", z; < 1.
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CHAPTER 2

SEMIDEFINITE PROGRAMS:
BASIC FACTS AND EXAMPLES

In this chapter we introduce semidefinite programs and we give some basic
properties. Moreover, we present several problems that can be modeled as
instances of semidefinite programs, arising from optimization, geometry and
algebra. to which we will come back in later chapters.

For convenience we briefly recall some notation that we will use in this chap-
ter. Most of it has already been introduced in Section[1.7] S" denotes the set of
symmetric n X n matrices. For a matrix X € S, X > 0 means that X is positive
semidefinite and S7, is the cone of positive semidefinite matrices. Analogously,
X > 0 means that X is positive definite and S, is the open cone of positive
definite matrices.

Throughout I,, (or simply I when the dimension is clear from the con-
text) denotes the n x n identity matrix, e denotes the all-ones vector, i.e.,
e=(1,...,1)T € R”, and J,, = ee' (or simply .J) denotes the all-ones ma-
trix. The vectors ey, . . ., e, are the standard unit vectors in R", and the matrices
Eij = (eie] + eje])/2 form the standard basis of S”. O(n) denotes the set
of orthogonal matrices, where A is orthogonal if AAT = I, or, equivalently,
ATA =1,.

We consider the trace inner product: (A, B) = Tr(ATB) =" j=1AijBj for
two matrices A, B € R"*". Here Tr(A) = (I,,, A) = > | A;; denotes the trace
of A. Recall that Tr(AB) = Tr(BA); in particular, (QAQ",QBQ") = (A, B) if
Q@ is an orthogonal matrix. A well known property of the positive semidefinite
cone S, is that it is self-dual: for a matrix X € 8", X > 0 if and only if
(X,Y)y>0foralY € S%,.
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2.1 Primal and dual semidefinite programs

2.1.1 Primal form

The typical form of a semidefinite program (often abbreviated as SDP) is a
maximization problem of the form

pr= S;p{<0, X): <Aj7X> =b; (j € [m]), X = 0}. 2.1)

Here Ay, ..., A,, € 8™ are given n x n symmetric matrices and b € R™ is a given
vector, they are the data of the semidefinite program (2.1)). The matrix X is the
variable, which is constrained to be positive semidefinite and to lie in the affine
subspace

W={Xe8"[(4;,X)=0b;(jcm])}

of §™. The goal is to maximize the linear objective function (C, X) over the
feasible region
F = 850 W,

obtained by intersecting the positive semidefinite cone S-, with the affine sub-
space W.

A feasible solution X € F is said to be strictly feasible if X is positive definite.
The program is said to be strictly feasible if it admits at least one strictly
feasible solution.

One can also handle minimization problems, of the form

inf{(C, X) : (4;,X) =b; (j € [m]), X = 0}

since they can be brought into the above standard maximization form using the
fact that inf(C, X) = —sup(—C, X).

Note that we write a supremum in (2.1) rather than a maximum. This is
because the optimum value p* might not be attained in (2.I). In general, we
have: p* € R U {+oo}, with p* = —oo if the problem is infeasible (i.e.,
F = 0) and p* = +oo might occur in which case we say that the problem is
unbounded.

We give a small example as an illustration. Consider the problem of mini-
mizing/maximizing X, over the feasible region

]-'a:{XGSQ:X:<)2“ ‘

) = 0} where a € R is a given parameter.
Note that det(X) = —a?® for any X € F,. Hence, if a # 0 then F, = () (the
problem is infeasible). Moreover, if a = 0 then the problem is feasible but not
strictly feasible. The minimum value of X;; over Fy is equal to 0, attained at
X = 0, while the maximum value of X7, over Fy is equal to oo (the problem is
unbounded).
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As another example, consider the problem

X . X 1
= : - .
P )(1222 {Xu ( 1 X22> - 0}

Then the infimum is p* = 0 which is reached at the limit when X1, = 1/Xs9
and letting Xo5 tend to +oo. So the infimum is not attained.

In the special case when the matrices A;, C' are diagonal matrices, with di-
agonals a;, c € R”, then the program (2.1) reduces to the linear program (LP):

max {c'z : aij =b; (j € [m]), z>0}.

Indeed, let = denote the vector consisting of the diagonal entries of the matrix
X,sothatz > 0if X = 0,and (C, X) = ¢"x, (A}, X) = a] z. Hence semidefinite
programming contains linear programming as a special instance.

2.1.2 Dual form

The program (2.1) is often referred to as the primal SDP in standard form. One
can define its dual SDP, which takes the form:

d* = inf by =b' h that A —C = 0. 2.2
in Z Y y such tha Zyj j > (2.2)

j=1 j=1

Thus the dual program has variables y;, one for each linear constraint of the
primal program. The positive semidefinite constraint arising in is also
named a linear matrix inequality (LMI). The following facts relate the primal
and dual SDP’s. They are simple, but very important.

Lemma 2.1.1. Let (X,y) be a primal/dual pair of feasible solutions, i.e., X is a

feasible solution of and y is a feasible solution of (2.2).
1. (weak duality) We have that (C, X) < b"y and thus p* < d*.

2. (complementary slackness) Assume that the primal program attains its
supremum at X, that the dual program attains its infimum at y, and that
p* = d*. Then the equalities (C,X) = b'y and (X,Y ", y;4; — C) = 0
hold.

3. (optimality criterion) If equality (C, X) = b"y holds, then the supremum
of is attained at X, the infimum of is attained at y and p* = d*.

Proof. If (X,y) is a primal/dual pair of feasible solutions, then

0= (X, D yidi=C) = D (X, Aj)y;=(X, C) = D _byy;—(X,C) = by~ (C, X).

J J J
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The left most inequality follows from the fact that both X and ), y;A; — C are
positive semidefinite and we use the fact that (A4;, X) = b; to get the second
equality. This implies that

(C,X)<p"<d" <bly.
The rest of the lemma follows by direct verification. O

The quantity d* — p* is called the duality gap. In general there might be
a positive duality gap between the primal and dual SDP’s. When there is no
duality gap, i.e., p* = d*, one says that strong duality holds, a very desirable
sitiuation. This topic and criteria for strong duality will be discussed in detail
in the next chapter. For now we only quote the following result on strong du-
ality which will be proved in the next chapter (in the general setting of conic
programming).

Theorem 2.1.2. (Strong duality: no duality gap) Consider the pair of primal
and dual programs and (2.2).

1. Assume that the dual program is bounded from below (d* > —o0)
and that it is strictly feasible. Then the primal program attains its
supremum (i.e., p* = (C, X) for some X € F) and there is no duality gap:
p* =d*.

2. Assume that the primal program is bounded from above (p* < oo) and
that it is strictly feasible. Then the dual program attains its infimum
(i.e., d* = by for some dual feasible y) and there is no duality gap: p* = d*.

In the rest of this chapter we discuss several examples of semidefinite pro-
grams.

2.2 Eigenvalue optimization

Given a matrix C € 8", let Apin(C) (resp., Amax(C)) denote its smallest (resp.,
largest) eigenvalue. One can express them (please check it) as follows:

-
Amax(C) = max w: max z' Cr, 2.3)
seR™\{0} [lz||  wesn

where S~ = {z € R" | ||z|| = 1} denotes the unit sphere in R", and

)
Amin(C) = z Cz in 'Cxz. 2.4)

= min —— = m
zeRm\{0} |z|| zesn—1

(This is known as the Rayleigh principle.) As we now see the largest and small-
est eigenvalues can be computed via a semidefinite program. For this, consider
the semidefinite program

p* =sup{(C,X): Tr(X)=1,X > 0} (2.5)
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and its dual program
d*:igﬂf{{y:y[—CtO}. (2.6)
Yy

In view of (2.3), we have that d* = Ayax(C). The feasible region of
is bounded (all entries of any feasible X lie in [—1,1]) and closed. Hence, in
program (2.5), we maximize the continuous function (C, X) on a compact set
and thus the supremum is attained. Moreover, the program is strictly
feasible (since the positive definite matrix I,,/n is feasible), hence the infimum
is attained in the dual program and there is no duality gap: p* = d*. Here
we have applied Theorem Thus we have shown:

Lemma 2.2.1. The largest and smallest eigenvalues of a symmetric matrix C € S™
can be expressed with the following semidefinite programs:

)\max(c) = max <C7 X> = min y
s.t. Tr(X)=1,X =0 st. yl,—C =0,
Amin(C) = min (C, X) = max Yy

st. Tr(X)=1,X%0 s.t. C —yl, = 0.

More generally, also the sum of the k largest eigenvalues of a symmetric
matrix can be computed via a semidefinite program.

Theorem 2.2.2. (Fan’s theorem) Let C' € 8™ be a symmetric matrix with eigen-
values A1 > ... > \,. Then the sum of its k largest eigenvalues: A1 + ...+ A\ is
equal to the optimal value of any of the following two programs:

= CYYDY : Yy =1 2.
f Ygigz,xxk {< ’ ) k}’ 2.7
pz = max {C,)X) :Tr(X) =k, I, = X = 0}. (2.8)

Thatis, A\ + ...+ X\p = 1 = po.
The proof will use the fact that the extreme points of the polytope
P={zc(0,1]":e'z =k} (2.9
are the points z € P N {0,1}". (Recall Exercise 1.7).

Proof. Let uy,...,u, denote the eigenvectors corresponding to the eigenval-
ues A\i...., A, of C, let U denote the matrix with columns u,...,u, which is
thus an orthogonal matrix, and let D denote the diagonal matrix with entries
M, ..., A\n. Thus we have: C = UDUT.

The proof is in three steps and consists of showing each of the following
three inequalities: Ay + ...+ g < g < o <A1+ ..+ Ak

Step 1: Ay + ... + Ay < pq1: Consider the matrix Y with columns wy, ..., us,
then Y is feasible for the program (2.7 with value (C, YY) = Ay 4 ... + .
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Step 2: 111 < po: Let Y be feasible for the program (2.7) and set X = YYT,
then X is feasible for the program (2.8)).

Step 3: p2 < A1 + ...+ Ap: This is the most interesting part of the proof. A
first key observation is that the program (2.8) is equivalent to the same pro-
gram where we replace C by the diagonal matrix D (containing its eigenval-
ues). Indeed, using the spectral decomposition C = UDU T, we have: (C, X) =
Tr(CX) = Tr(UDU'X) = Tr(DUTXU) = Tr(DZ), where the matrix Z =
UT XU is again feasible for (2.8). Therefore we obtain:

Lo = éne%}fz“D’Z) :Te(Z) =k, I, = Z = 0}.

Now let z = (Z;;)"_, denote the vector containing the diagonal entries of Z.
The condition: I = Z > 0 implies that z € [0,1]”. Moreover, the condition:
Tr(Z) = k implies e" z = k and we have: Tr(DZ) = 3" | \;z;. Hence the vector
z lies in the polytope P from and we obtain: po < max.ep i Aizi
Now recall that the maximum of the linear function Y ;" | \;z; is attained at
an extreme point of P. As recalled above, the extreme points of P are the
0/1 valued vectors with exactly k& ones. From this follows immediately that
the maximum value of ) ;" | \;z; taken over P is equal to \; + ... + A\;. Thus
we have shown the last inequality: ps < A1 + ...+ Ax and this concludes the
proof. O

As an application, we obtain that the feasible region of the program (2.8) is
equal to the convex hull of the feasible region of the program (2.7). That is,

{(XeS": I, =X =0, Tr(X) =k} =conv{YYT: Y e R"* VTV = [,.}.

2.3 Hoffman-Wielandt inequality and quadratic as-
signment

In this section we consider the following optimization problem over the set of
orthogonal matrices:

OPT(A, B) = min {Tr(AXBX"): X € O(n)}, (2.10)

where A, B € 8™ are two given symmetric matrices. We will indicate below its
relation to the quadratic assignment problem.

Quite surprisingly, it turns out that the optimal value of the program (2.10)
can be expressed in a closed form in terms of the eigenvalues of A and B.
This gives the nice inequality about interlacing of eigenvalues of two
matrices, due to Hoffman-Wielandt (1953). Moreover, the program has
an equivalent reformulation as a semidefinite program given in (2.11)).

Theorem 2.3.1. Let A, B € S™ be symmetric matrices with respective eigenvalues
ai,...,an and By, ..., B, ordered as follows: oy < ... < apand 5, > ... > Bp.
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The program is equivalent to the following semidefinite program:

Jmax {Tr(S)+Tr(T) : A®B-1, T -S®1I, = 0}. (2.11)
Tesr

and its optimum value is equal to
i=1
In particular, the following inequality holds:

Tr(AB) > Z ;. (2.12)

i=1

For the proof we will use an intermediary result about doubly-stochastic
matrices. Recall that a matrix X € R™*" is doubly stochastic if X is nonnegative
and has all its row and column sums equal to 1. So the polyhedron

S

Dp={ XeRL™: > Xy=1Vj€ ], > Xij=1Vi€ n]
j=1

i=1

is the set of all doubly stochastic matrices. Given a permutation ¢ of [n] one
can represent it by the corresponding permutation matrix X (o) with entries
X(0)is(s) = 1 for all i € [n] and all other entries are equal to 0. Hence 0/1 val-
ued doubly stochastic matrices are precisely the permutation matrices. More-
over, the well known theorem of Birkhoff shows that the set of doubly stochastic
matrices is equal to the convex hull of the set of permutation matrices.

Theorem 2.3.2 (Birkhoff’s theorem). D,, = conv{X (o) : o is a permutation of [n]}.

Lemma 2.3.3. Given scalars o, ...,a, and B1,...,58, orderedas a1 < ... < ap
and 3, > ... > f3,, consider the following linear program:

; B —m—y; >0Vi, € 2.13
:cl,gglfén ;I+;y] 0125] €T Y; = (2N [n] ( )

and its dual linear program:

n n n
min Z aiﬁjZij:ZZij=1Vje[n}, ZZUZI\V/ZE[TZ], ZZO
j=1

Z RTLX’IL
€ ij=1 i=1

(2.14)

The optimum value of (2.13) and (2.14) is equal to >, o 3;.

Proof. The feasible region of the program (2.14) is the set D,,of doubly stochas-
tic matrices and, by the above mentioned result of Birkhoff, it is equal to the
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convex hull of permutation matrices. As the minimum value of is at-
tained at an extreme point of D,, (i.e., at a permutation matrix), it is equal to
the minimum value of } ,_, a;3,(;) taken over all permutations o of [n]. It is an
easy exercise to verify that this minimum is attained for the identity permuta-
tion. This shows that the optimum value of (and thus of (2.13)) is equal

to Z;L:l Olzﬁl O

Proof. (of Theorem The first step in the proof consists of replacing the
program by an equivalent program where the matrices A and B are
diagonal. For this, write A = PDPT and B = QEQ" where P,Q € O(n) and
D (resp., E) is the diagonal matrix with diagonal entries «; (resp. /3;). For
X € O(n), we have Y := PTXQ € O(n) and Tr((AXBX") = Tr(DYEYT).
Hence the optimization problem is equivalent to the program:

OPT(D, E) = min{Tr(DXEX") : X € O(n)}. (2.15)
That is,
OPT(A, B) = OPT(D, E).

The next step is to show that the program has the same optimum
value as the linear program (2.14). For this, pick X € O(n) and consider the
matrix Z = ((Xj;)?)}',—, which is doubly-stochastic (since X is orthogonal).
Moreover, since

Tr(DXEXT) = Z aiﬂi(Xij)Q = Z ;i BiZij,
i,=1 t,5=1

it follows that Tr(DX EX ) is at least the minimum value of the program
and thus the minimum value of is at least the minimum value of (2.14).
By Lemma the minimum value of isequalto >, ;3;. So we can
already conclude that OPT(D, E) > Y7 | o;3;. The reverse inequality follows
by selecting the orthogonal matrix X = I, as feasible solution of (2.15), so that
OPT(D,E) < Tr(DE) = >_I , a;f3;. Hence we have shown that OPT(D, E) =
Z:L:l o; 3; and thus OPT(A7 B) = Z?:l ;.
We now show that the semidefinite program:

o min {Te(S)Y+Tr(T): EQF —1,T - S ® I, = 0} (2.16)
/7 /E "

is equivalent to the program (2.11)). Indeed, using the relation
(PRQ)EQF-1,T-S®1,)(PRQ)" = A9 B—1,®(QTQ")— (PSP")®I,

and the fact that P ® Q is orthogonal, we see that S, T is feasible for if
and only if S’ = PSPT, T' = QTQ" is feasible for and moreover we
have Tr(S) + Te(T') = Tr(S") + Te(T”).

Finally we show that the program has the same optimum value as
the linear program (2.13). For this, first observe that in the program we
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may assume without loss of generality that the matrices S’ and T’ are diagonal.
Indeed, if we define the vectors z = diag(S’) and y = diag(7”), we see that,
since £ ® F is diagonal, the diagonal matrices S” = Diag(x) and 7" = Diag(y)
are still feasible for with the same objective value: Tr(S’) + Tr(T') =
Tr(S”) + Tr(T"). Now, the program with the additionnal condition that
S’, T' are diagonal matrices can be rewritten as the linear program (2.13)), since
the matrix E® F —I,, T’ — 5’ ®1I,, is diagonal with diagonal entries «; 8; —z; —y;
fori, j € [n]. From this we can conclude that the maximum value of the program
is equal to the maximum value of (and thus of (2.14)). In turn we
can conclude that the program (and thus (2.11)) has the same optimum
value as the program (2.10), which finishes the proof. O

The result of Theorem [2.3.1] can be used to give an explicit lower bound for
the following quadratic assignment problem (QAP):

n
QAP(A, B) = min Z AijBs(i)o(j) : 0 is a permutation of [n] 5. (2.17)

ij=1

The QAP problem models e.g. the following facility location problem, where
one wants to allocate n facilities to n locations at the lowest possible total cost.
The cost of allocating facilities ¢ and j to the respective locations (i) and o(5)
is then A;; B, (;)0(j) (Ai; is the ‘flow’ cost between the facilities i and j, and B
is the ‘distance’ between the locations  and k). Or think of the campus building
problem, where one needs to locate n buildings at n locations, A;; represents
the traffic intensity between buildings 7 and j, and By, is the distance between
locations % and k.

As QAP is NP-hard one needs to find good tractable lower bounds for it.
For this observe first that problem can be reformulated as the following
optimization problem over the set of permutation matrices:

QAP(A, B) = min{Tr(AXBX") : X is a permutation matrix}

(because szzl AijBo(iyo(j) = T((AXBXT) if X = X(0)). Then, observe that
a matrix X is a permutation matrix if and only if it is doubly stochastic and
orthogonal (Exercise 2.6). Hence, if in program we relax the condition
that X be a permutation matrix by the condition that X be orthogonal we obtain

program (2.10). This shows:
QAP(A, B) > OPT(A, B)
and the next result.

Theorem 2.3.4. Let A, B € 8™ be symmetric matrices with respective eigenvalues
ai,...,an and By, ..., B, ordered as follows: oy < ... < apand 5, > ... > B
Then,

QAP(A, B) > OPT(A,B) = Y aif3;.
=1
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2.4 Convex quadratic constraints
Consider a quadratic constraint for a vector x € R™ of the form
2 Az < bz + c, (2.18)

where A € 8™, b € R™ and ¢ € R. In the special case when A > 0, then the
feasible region defined by this constraint is convex and it turns out that it can
be equivalently defined by a semidefinite constraint.

Lemma 2.4.1. Assume A = 0. Say, A = LL", where L. € R"**. Then, for any
rz e R”,

I LTz
T T k
v Az <b'z+c < (xTL bquLc)tO'

Proof. The equivalence follows as a direct application of Lemma|l.7.10; Choose
here A=1,, B= LTz ¢ R**' and C = b"z + ¢ € R'*!, and take the Schur
complement of the submatrix I in the block-matrix on the right hand side. O

As a direct application, the Euclidean unit ball can be represented by an LMI:

- B W (1 2T\ (1 0 " 0 e
wersimsn=frew (L 7)=(0 )50 9)0)

as well as its homogenization:

t a'
n+1l _ n+1 . _ n.
£ = {(z,t) R o] <t} = {w € R (x Hﬂ)ﬂ}.

So at t = ty, we have in the 2-space the ball of radius to. The set LT is a cone,
known as the second-order cone (or Lorentz cone), which we briefly introduced
in the previous chapter and to which we will come back in the next chapter.

The fact that one can reformulate linear optimization over the Euclidean ball
as a maximization or minimization semidefinite program can be very useful as
we will see in the next section.

Corollary 2.4.2. Given c € R", the following holds:

. T . T 1 LCT
min ¢'x = minc'z s.t. =0
lzli<1 zERn xz I, (2.19)
= max —Tr(X) s.t. 2Xp;=¢; (i€[n]), X =0

Xesntl

Proof. Apply Lemma|2.4.1|combined with the duality theorem (Theorem|2.1.2).
O
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2.5 Robust optimization

We indicate here how semidefinite programming comes up when dealing with
some robust optimization problems.
Consider the following linear programming problem:

max{c'z :a'z > b},

where ¢,a € R" and b € R are given data, with just one constraint for simplicity
of exposition. In practical applications the data a, b might be given through ex-
perimental results and might not be known exactly with 100% certainty, which
is in fact the case in most of the real world applications of linear programming.
One may write a = a(z) and b = b(z) as functions of an uncertainty parameter
z assumed to lie in a given uncertainty region Z C R*. Then one wants to find
an optimum solution z that is robust against this uncertainty, i.e., that satisfies
the constraints a(z) "z > b(z) for all values of the uncertainty parameter z € Z.
That is, solve

max{c'z : a(z)"x > b(z) Vz € Z}. (2.20)

Depending on the set Z this problem might have infinitely many constraints.
However, for certain choices of the functions a(z),b(z) and of the uncertainty
region Z, one can reformulate the problem as a semidefinite programming prob-
lem, thus tractable.

Suppose that the uncertainty region Z is the unit ball and that a(z), b(z) are

linear functions in the uncertainty parameter z = ({1, --- ,(x) € R¥, of the form
k k
a(z) =ao+ Y _ Gaj, b(z) =bo+ Y _ (b (2.21)
Jj=1 j=1

where a; € R™ and b; € R are known. Then the robust optimization problem
can be reformulated as a semidefinite programming problem involving
the variable z € R™ and a new matrix variable Z € S&,. The proof relies on
the result from Corollary [2.4.2] where we made use in a crucial manner of the
duality theory for semidefinite programming, for showing the equivalence of
both problems in (2.19).

Theorem 2.5.1. Suppose that the functions a(z) and b(z) are given by (2.21) and
(&

that Z = {z € R* : ||z|| < 1}. Then problem ) is equivalent to the problem:

min_ c'x suchthat alz—2Zp; =b; (j € [k])

TER™, ZESk+1 J (2.22)
adx —Tr(Z) > by, Z = 0.

Proof. Fix x € R", set a; = aJTx —b; for j =0,1,...,k, and define the vector
a = (a;)%_, € R* (which depends on z). Then the constraints: a(z)"z > b(z)
Vz € Z can be rewritten as

a'z > —ag Vz € Z.
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Therefore, we find the problem of deciding whether p* > —ayq, where

= min a'z.

llzl<1

*

Now the above problem fits precisely within the setting considered in Corollary
Hence, we can rewrite it using the second formulation in (2.19) — the
one in maximization form — as

pr = max, {-Te(2) : 2Zy; = a5 (j € [K]),Z = 0}.
So, in problem (2.20), we can substitute the condition: a(z)Tx > b(z) Vz € Z
by the condition:

37 € LYY st —Te(Z2) > —ao, 220, = oy (j € [K]).

The crucial fact here is that the quantifier “vz” has been replaced by the exis-
tential quantifier “3Z”. As problem (2.20) is a maximization problem in z, it is
equivalent to the following maximization problem in the variables z and Z:

T T T (s
zeRngaé{skH{c x:agx —Tr(Z) > by, ajx —2Zg; = b (j € [k])}

(after substituting back in «; their expression in terms of ). O

2.6 Examples in combinatorial optimization

Semidefinite programs provide a powerful tool for constructing useful convex
relaxations for combinatorial optimization problems. We will treat this in detail
in later chapters. For now we illustrate the main idea on the following two
examples: finding a maximum independent set and a maximum cut in a graph.

2.6.1 The maximum independent set problem

Consider a graph G = (V, E) with vertex set V' = [n], the edges are unordered
pairs of distinct vertices. A set of nodes (or vertices) S C V is said to be inde-
pendent (or stable) if it does not contain an edge and the maximum cardinality
of an independent set is denoted as (&), known as the stability number of G.
The maximum independent set problem asks to compute «(G). This problem is
N P-hard.

Here is a simple recipe for constructing a semidefinite programming upper
bound for a(G). It is based on the following observation: Let S be an indepen-
dent set in G and let z € {0, 1}" be its incidence vector, with z; = 1 if i € S and
x; = 0 otherwise. Define the matrix X = zx"/|S|. Then the matrix X satisfies
the following conditions: X > 0, X;; = 0 for all edges {i,j} € E, Tr(X) = 1,
and (J, X) = |S|. It is therefore natural to consider the following semidefinite
program

9(G) = max {(J,X) : Tr(X) =1, Xy =0 ({i,j} € B), X =0}, (2.23)
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whose optimum value ¥(G) is known as the theta number of G. It follows from
the above discussion that ¢(G) is an upper bound for the stability number. That
is,

a(G@) < I(G).

The dual semidefinite program reads

min Z Yij Z YijEBij —J =05, (2.24)

]RE
ye ijEE ijEE

and its optimum value is equal to ¥(G) (because is strictly feasible and
bounded - check it). Here we have used the elementary matrices E;; introduced
in the abstract of the chapter.

We will come back to the theta number in a later chapter. As we will see
there, there is an interesting class of graphs for which a(G) = 9(G), the so-
called perfect graphs. For these graphs, the maximum independent set problem
can be solved in polynomial time. This result is one of the first breakthrough
applications of semidefinite programming obtained in the early eighties.

2.6.2 The maximum cut problem

Consider again a graph G = (V, E) where V = [n]. Given a subset S C V,
the cut 6¢(S) consists of all the edges {i,j} of G that are cut by the partition
(S,V'\ 9), i.e., exactly one of the two nodes i, j belongs to S. The maximum
cut problem (or max-cut) asks to find a cut of maximum cardinality. This is an
N P-hard problem.

One can encode the max-cut problem using variables z € {£1}". Assign
x; = 1 to the nodes i € S and —1 to the nodes ¢ € V' \ S. Then the cardinality
of the cut d¢(S) is equal to } y; . p(1 — x;z;)/2. Therefore max-cut can be
formulated as

max-cut = ma 1—zx;)/2:x L .
max > (- mixy)/2: 2 e {£1} (2.25)
{ij}eE
Again there is a simple recipe for constructing a semidefinite relaxation for
max-cut: Pick a vector z € {£1}" (arising in the above formulation of max-
cut) and consider the matrix X = z2'. This matrix X satisfies the following

conditions: X > 0 and X;; = 1 for all ¢ € [n]. Therefore, it is natural to consider
the following semidefinite relaxation for max-cut:

sdp = max ¢ > (1-X;;)/2: X =0, X;=1(i€n]) . (2.26)
{i,j}€E

As we will see later this semidefinite program provides a very good approx-
imation for the max-cut problem: sdp < 1.13 - max-cut. This is a second
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breakthrough application of semidefinite programming, obtained in the early
nineties.

Let Lg € 8™ denote the Laplacian matrix of G: its (i,¢)th diagonal entry is
the degree of node 7 in G, and the (i, j)th off-diagonal entry is —1 if {7, j} is an
edge and 0 otherwise. Note that

1 1

T n T n

z Lox = Z (xi—xj)z Vr € R", Vi Loz = 5 Z (1—z;z,) Vo € {£1}".
{i,j}eE {i,j}€E

The first item shows that L > 0, and the second item shows that one can refor-

mulate max-cut using the Laplacian matrix. Analogously one can reformulate

the semidefinite program (2.26) as

sdp zmax{i@g,X):XtO, Xu=1(i€ [n])}. (2.27)

Given a positive semidefinite matrix A, consider the following quadratic
problem
opt = max{z’ Az : |||/ < 1}. (2.28)

where ||z]lc = max; |z;| is the {-norm. As we maximize a convex function
over the convex set [—1, 1]", the maximum is attained at a vertex, i.e., at a point
of {£1}". This shows that (5.11) is equivalent to

opt = max{z? Az : x € {£1}"}. (2.29)

This problem is A/ P-hard - indeed it contains the max-cut problem, obtained
when choosing A = Lg/4.

Note that if we would replace in (5.11) the cube [—1,1]™ by the Euclidean
unit ball, then we find the problem of computing the largest eigenvalue of A
which, as we saw earlier, can be modeled as a semidefinite program.

Just as for max-cut one can formulate the following semidefinite relaxation

of (2.29) (and thus of (5.11))):
sdp = max{(4,X): X »= 0, X;; =1Vi € [n]}. (2.30)

We will see later that this semidefinite program too gives a good approximation
of the quadratic problem (5.11): sdp < 7 opt .

2.7 Examples in geometry
Given vectors uy, ..., u, € R¥, let d = (d;;) denote the vector consisting of their
pairwise squared Euclidean distances, i.e., d;; = ||u; — u;||* for all i,j € [n].

Thus d;; = 0 for all 7. Now, think of the vectors u; as representing the locations
of some objects (e.g., atoms of a molecule, or sensors in a sensor network).
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One might be able to determine the pairwise distances d;; by making some
measurements. However, in general, one can determine these distances d;; only
for a subset of pairs, that we can view as the set of edges of a graph G. Then
the problem arises whether one can reconstruct the locations of the objects (the
vectors u;) from these partial measurements (the distances d;; for the edges
{i,7} of G).

In mathematical terms, given a graph G = (V = [n], E) and d € R%,), decide
whether there exist vectors u,, . .., u, € R¥ such that

||U7 — ’LLjH2 = dij for all {Z,j} € F.

Of course, this problem comes in several flavors. One may search for such
vectors u; lying in a space of prescribed dimension k; then typically £ = 1,2, or
3 would be of interest. This is in fact a hard problem. However, if we relax the
bound on the dimension and simply ask for the existence of the u;’s in R* for
some k > 1, then the problem can be cast as the problem of deciding feasibility
of a semidefinite program.

Lemma 2.7.1. Given d € Rgo, there exist vectors ui,...,u, € R* (for some
k > 1) if and only if the following semidefinite program is feasible:

X >0, X; —‘y—ij — 2Xl‘j = dij fOT" {Z,j} c F.

Moreover, such vectors exist in the space R* if and only if the above semidefinite
program has a feasible solution of rank at most k.

Proof. Directly, using the fact that X > 0 if and only if X admits a Gram repre-
sentation uy,...,u, € R* (for some k > 1), i.e., X;; = u]u; for all i,j € [n].
Moreover, the rank of X is equal to the rank of the system {uy, ..., u,}. O

Thus arises naturally the problem of finding low rank solutions to a semidef-
inite program. We will come back to this topic in a later chapter.

2.8 Examples in algebra

Another, maybe a bit unexpected at first sight, application of semidefinite pro-
gramming is for testing whether a multivariate polynomial can be written as a
sum of squares of polynomials.

First recall a bit of notation. Rzy,...,z,] (or simply R[z]| for simplicity)
denotes the ring of polynomials in n variables. A polynomial p € R|z] can
be written as p = > _ poz®, where p, € R and z* stands for the monomial
z{' - 2%, The sum is finite and the maximum value of || = Y1 | a; for
which p, # 0 is the degree of p. For an integer d, [z]4 denotes the vector con-
sisting of all monomials of degree at most d, which has (”:lrd) entries. Denoting
by p = (p.) the vector of coefficients of p, we can write

40



p= Zpaxa = pT[x]d. (2.3

Definition 2.8.1. A polynomial p is said to be a sum of squares (SOS) if p can
be written as a sum of squares of polynomials, i.e., p = Z;”:l(q]')2 for some
polynomials ¢;.

As an example, consider the polynomial p = 322 + 23 — 2x119 — 221 + 4 =
p'[7]2, where [z] = (1, 171,I2,I%,$1£E2,I2) and p=(4,-2,0,3,-2,1)T. Then
pis SOS since p = (11 — x2)? + (z1 — 2)? + 23.

It turns out that checking whether p is SOS can be reformulated via a semidef-
inite program. Clearly, we may assume that p has even degree 2d (else p is not
SOS) and the polynomials ¢; arising in a SOS decomposition will have degree
at most d.

Let us now make the following simple manipulation, based on (2.31)):

qu Z 2)ia5a;" Z%‘b = [2]3Q[x]a,

after setting Q = Y ; gjq;'. Having such a decomposition for the matrix Q
amounts to requiring that @ is positive semidefinite. Therefore, we have just
shown that the polynomial p is SOS if and only if

= []"Q[z]4 for some matrix Q > 0.

Linear conditions on () arise by equating the coefficients of the polynomials on
both sides in the above identity.

Summarizing, one can test whether p can be written as a sum of squares by
checking the feasibility of a semidefinite program. If p has degree 2d, this SDP
involves a variable matrix @ of size ("*d) (the number of monomials of degree
at most d) and ("+2d) (the number of monomials of degree at most 2d) linear
constraints.

One can sometimes restrict to smaller matrices (). For instance, if the poly-
nomial p is homeogeneous (i.e, all its terms have degree 2d), then we may
assume without loss of generality that the polynomials ¢; appearing in a SOS
decomposition are homogeneous of degree d. Hence @ will be indexed by the

("*gfl) monomials of degree equal to d.

Why bother about sums of squares of polynomials? A good reason is that
they can be useful to recognize and certify positive polynomials and to approxi-
mate optimization problems dealing with polynomials. Let us just give a glimpse
on this.

Suppose that one wants to compute the infimum p™" of a polynomial p
over the full space R™. In other words, one wants to find the largest scalar \ for
which p(z) — A > 0 for all x € R™. This is in general a hard problem. However, if
we relax the positivity condition on p — A and instead require that p — A is a sum
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of squares, then it follows from the above considerations that we can compute
the maximum ) for which p — X is SOS using semidefinite programming. This
gives a tractable bound p* satisfying: p* < p™i®,

In general p* might be distinct from p™®. However in the univariate case
(n = 1), equality holds: p™» = p*. (This will follow from the result in Problem
2.2.) Equality holds also in the quadratic case: d = 2, and in one exceptional
case: n = 2 and d = 4. This was shown by Hilbert in 1888.

We will return to this topic in a later chapter.

2.9 Further reading

A detailed treatment about Fan’s theorem (Theorem can be found in
Overton and Womersley [8]] and a detailed discussion about Hoffman-Wielandt
inequality, Theorem|2.3.1]and applications to quadratic assignment can be found
in Anstreicher and Wolkowicz [2].

The recent monograph of Ben-Tal, El Ghaoui and Nemirovski [3] offers a de-
tailed treatment of robust optimization. The result presented in Theorem [2.5.1
is just one of the many instances of problems which admit a robust counterpart
which is a tractable optimization problem. Although we formulated it in terms
of semidefinite programming (to fit our discussion), it can in fact be formulated
in terms of second-order conic optimization, which admits faster algorithms.

The theta number 9(G) was introduced in the seminal work of Lovész [[10].
A main motivation of Lovasz was to give good bounds for the Shannon capacity
of a graph, an information theoretic measure of the graph. Lovasz succeeded
to determine the exact value of the Shannon capacity of Cs, the circuit on five
nodes, by computing ¥(C5) = /5. This work of Lovasz can be considered as
the first breakthrough application of semidefinite programming, although the
term semidefinite programming was coined only later. Chapter 33 of [1]] gives
a beautiful treatment of this result. The monograph by Grotschel, Lovasz and
Schrijver [5] treats in detail algorithmic questions related to semidefinite pro-
gramming and, in particular, to the theta number. Polynomial time solvability
based on the ellipsoid method is treated in detail there.

Using semidefinite programming to approximate max-cut was pioneered by
the work of Goemans and Williamson [5]]. This novel approach and their result
had a great impact on the area of combinatorial optimization. It indeed spurred
a lot of research activity for getting tight approximations for various problems.
This line of research is now also very active in theoretical computer science,
where the unique games conjecture has been formulated that is directly relevant
to the basic semidefinite relaxation for max-cut — cf. e.g. the survey by
Trevisan [10]].

Sums of squares of polynomials are a classical topic in mathematics and they
have many applications e.g. to control theory and engineering. In the late 1800s
David Hilbert classified the parameters degree/number of variables for which
any positive polynomial can be written as a sum of squares of polynomials. He
posed the question whether any positive polynomial can be written as a sum of
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squares of rational functions, known as Hilbert’s 17th problem. This was solved
by Artin in 1927, a result which started the field of real algebraic geometry. The
survey by Reznick [6]] gives a nice overview and historical perspective and the
monograph by Delzell and Prestell [4] gives an in-depth treatment of positivity.

2.10 Exercises

2.1. (a) Show that the dual SDP of the program (2.8) can be formulated as
the following SDP:

min {kHZZ“- 7 =0, C+zI+ZiO}.
2€R,Z€8™ pt

(b) Give a semidefinite programming formulation for the following prob-
lem:

min{ A (X) + ...+ (X)) : (4;,X) =b; ( € [m])},

which asks for a matrix X € S™ satisfying a system of linear con-
straints and for which the sum of the k largest eigenvalues of X is
minimum.

2.2. Let p be a univariate polynomial.

(a) Show that p can be written as a sum of squares if and only if p is
non-negative over R, i.e., p(z) > 0 Vz € R.

(b) Show that if p is non-negative over R then it can be written as sum
of two squares.

2.3. (a) Build the dual of the semidefinite programming (2.27)) and show that
it is equivalent to

"o i coTy —
1 Jrelﬁrylb{)\max(Dlag(u) +Lg) e u=0},

where Diag(u) is the diagonal matrix with diagonal entries ug, . . . , uy,.
(b) Show that the maximum cardinality of a cut is at most

n
*Amax L ’
1 (La)

where A< (L¢) is the maximum eigenvalue of the Laplacian matrix
of G.

(c) Show that the maximum cardinality of a cut in G is at most
1 n
—|E| - *>\min A
S 1Bl = "huin (Ac)

where Ag is the adjacency matrix of G.
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(d) Show that both bounds in (b) and (c) coincide when G is a regular
graph (i.e., all nodes have the same degree).

2.4. Consider the polynomial in two variables x and y
p = at + 223y + 322y + 223 + 2y,
(a) Build a semidefinite program permitting to recognize whether p can
be written as sum of squares.
(b) Describe all possible sums of squares decompositions for p.
(c) What can you say about the number of squares needed?
2.5. Let G = (V = [n], E) be a graph and let Ls € S™ be its Laplacian matrix,
whose eigenvalues are denoted A} < Ay < ..., < \,.
(a) Show that L is positive semidefinite.
(b) Show: If GG is connected then the kernel of L has dimension 1.

(c) Show: The dimension of the kernel of Ls is equal to the number of
connected components of G.

(d) Show: \; > 0 if and only if G is connected.
2.6. Show that the following assertions are equivalent for a matrix X € R"*":

(1) X is a permutation matrix.

(2) X is an orthogonal matrix and X is doubly stochastic.
(3) X is doubly stochastic and || X|| = v/n.

(4) X is doubly stochastic with entries in {0, 1}.
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CHAPTER 3

DUALITY IN CONIC
PROGRAMMING

Traditionally, convex optimization problems are of the form
minimize fo(x)
subject to f1(z) <0,..., fn(z) <0,

T T
a1 =b1,...,ax = by,

where the objective function fy : D — R and the inequality constraint functions
fi : D — R which are defined on a convex domain D C R"™ are convex, i.e. their
epigraphs

epif; ={(z,a): DxR: fi(z) <a}, i=0,...,N,

are convex sets in D x R C R**!, Equivalently, the function f; is convex if and
only if

Ve,y € DVa € [0,1]: fi((1 — a)xr + az) < (1 — a)fi(z) + afi(y).

The equality constraints are given by vectors a; € R™ \ {0} and right hand sides
b; € R. The convex set of feasible solutions is the intersection of N convex sets
with M hyperplanes

M

ﬂ{xED:fi(x) <0}n ﬂ{xeR”:a}xzbj}.

j=1

The set-up for conic programming is slightly different. We start by consider-
ing a fixed convex cone K lying in the n-dimensional Euclidean space R™. The
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task of conic programming is the following: One wants to maximize (or mini-
mize) a linear function over the feasible region which is given as the intersection
of the convex cone K with an affine subspace:

maximize c'z

subjectto z € K,

T

T
ax=>b1,...,a,

= by,

This differs only slightly from a traditional convex optimization problem:
The objective function is linear and feasibility with respect to the inequality
constraint functions is replaced by membership in the fixed convex cone K. In
principle, one can transform every convex optimization problem into a conic
program. However, the important point in conic programming is that it seems
that a vast majority of convex optimization problems which come up in practice
can be formulated as conic programs using the three standard cones:

1. the non-negative orthant RY, - giving linear programming (LP),

2. the second-order cone L£"*! — giving second-order cone programming

(CQP),

3. or the cone of positive semidefinite matrices S, — giving semidefinite
programming (SDP).

As we will see in the next lecture, these three cones have particular nice analytic
properties: They have a self-concordant barrier function which is easy to evalu-
ate. This implies that there are theoretically (polynomial-time) and practically
efficient algorithms to solve these standard problems.
In addition to this, the three examples are ordered by their “difficulty”, which
can be pictured as
LP C CQP C SDP.

This means that one can formulate every linear program as a conic quadratic
program and one can formulate every conic quadratic program as a semidefinite
program.

Why do we care about conic programming in general and do not focus on
these three most important special cases?

The answer is that conic programming gives a unifying framework to design
algorithms, to understand the basic principles of its geometry and duality, and
to model optimization problems. Moreover this offers the flexibility of dealing
with new cones obtained e.g. by taking direct products of the three standard
types of cones.
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3.1 Fundamental properties

3.1.1 Local minimizers are global minimizers

A first fundamental property of convex optimization problems is that every local
minimizer is at the same time a global minimizer. A local minimizer of the
convex optimization problem is a feasible solution x € D having the property
that there is a positive € so that

fo(x) = inf{fo(y) : y is feasible and d(z, y) < €}.

Here and throughout we use the notation d(z,y) to denote the Euclidean dis-
tance ||z — y||2 between z,y € R™. To see that local optimality implies global
optimality assume that x is a local but not a global minimizer, then there is a
feasible solution y so that fy(y) < fo(z). Clearly, d(z,y) > e. Define z € [z, ]
by setting

€
- 2d(w,y)’

which is a feasible solution because of convexity. Then, d(z, z) = ¢/2 and again
by convexity

z=1-a)z+ay, «

fo(2) < (1 —a)fo(z) + afoly) < folz),

which contradicts the fact that z is a local minimizer.

3.1.2 Karush-Kuhn-Tucker condition

A second fundamental property of convex optimization problems is that one has
necessary and sufficient conditions for = being a local (and hence a global) min-
imizer. Stating and analyzing these kind of conditions is central to the theory
of non-linear programming and convex analysis. We just state one fundamental
result here without proving it. A proof can be found for instance in the book [2]
Chapter 5] by Boyd and Vandenberghe.

We assume that the convex optimization problem satisfies the following con-
dition, known as Slater’s condition:

There exists a point = € relint D such that f;(x) < 0foralli=1,...,N and
such that o]z = b; forall j =1,..., M.

This point is called a strictly feasible solution since the inequality constraints
hold with strict inequality. Furthermore, we assume that the objective function
and that the inequality constraint functions are differentiable. Under these con-
ditions a feasible solution is a global minimizer if and only if the Karush-Kuhn-
Tucker (KKT) condition holds: There are Aq,..., Ay € R>gand pg,...,un € R
so that the following equations are satisfied:

Afi(z) =0,...,Anfn(x) =0,

N M
Vf()(:v) + Z)\lVfl(l') + Z,ujaj =0.
i=1 i=1
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The KKT-condition is an extension of the method of Lagrange multipliers where
one also can consider inequalities instead of only equalities.

3.2 Primal and dual conic programs

When defining conic programming we need a “nice” cone K, satisfying the fol-
lowing properties: K is closed, convex, pointed, and has a non-empty interior
or, equivalently, it is full-dimensional.

3.2.1 Primal conic programs
Let K C R™ be a pointed, closed, convex cone with non-empty interior.

Definition 3.2.1. Given ¢ € R", ay,...,am € R", and by,..., b, € R, a primal
conic program (in standard form) is the following maximization problem:

sup{c'z:z €K, ajz=>by,...,a" ©=b,},
which can also be written in a more compact form as
sup{c'z:x € K, Az = b},
where A is the m x n matrix with rows a{,...,a! and b= (by,...,b,)" € R™.

We say that « € R™ is a feasible solution (of the primal) if it lies in the cone
K and if it satisfies the equality constraints. It is a strictly feasible solution if it
additionally lies in the interior of K.

Note that we used a supremum here instead of a maximum. The reason is
simply that sometimes the supremum is not attained. We shall see examples in
Section 3.5

3.2.2 Dual conic programs

The principal problem of duality is to find upper bounds for the primal conic
program (a maximization problem), in a systematic, or even mechanical way.
This is helpful e.g. in formulating optimality criteria and in the design of effi-
cient algorithms. Duality is a powerful technique, and sometimes translating
primal problems into dual problems gives unexpected benefits and insights. To
define the dual conic program we need the dual cone K*.

Definition 3.2.2. Let K C R™ be a cone. The dual cone K* of K is
K*={yeR":y'z>0foralzecK}.

Lemma 3.2.3. If K is a pointed, closed, convex cone with non-empty interior, then
the same holds for its dual cone K*.
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You will prove this in Exercise 3.1. The following property of cones will be
useful — you will prove it in Exercise 3.2.

Lemma 3.2.4. Let K be a closed convex full-dimensional cone. Then we have the
equivalence
reint K < Yye K*\{0}:y 2 > 0.

Definition 3.2.5. Let
sup{c'z:x € K, ajz=b1,...,a) x =b,} =sup{c'z:x € K, Az = b}

be a primal conic program. Its dual conic program is the following minimization
problem

m m
inf Zyjbj YL,y Ym € R,Zyjaj —ce K* 3,
j=1 j=1
or more compactly,
inf{b'y:y e R™, ATy —ce K*}.

We say that y € R™ is a feasible solution (of the dual) if Z;"Zl yja; —c € K*.
It is a strictly feasible solution if 77" | y;a; — ¢ € int K*.

3.2.3 Geometric interpretation of the primal-dual pair

At first sight, the dual conic program does not look like a conic program, i.e.
optimizing a linear function over the intersection of a convex cone by an affine
subspace. Although the expression z = " y;a; — c ranges over the inter-
section of the convex cone K* with an affine subspace, it might be less clear a
priori why the objective function ) ;" | ;b; has the right form (a linear function
inz=>",via — 0.

The following explanation shows how to view the primal and the dual conic
program geometrically. This also will bring the dual program into the right
form. For this consider the linear subspace

L={z€R":ajz=0,...,a) = =0},

and its orthogonal complement
m
Lt = Zyjaj ER™:yp,...,ym €R
j=1

We may assume that there exists a point zg € R" satisfying Az = b for, if not,
the primal conic program would not have a feasible solution. Note then that

m m

T TaT, T )T e T

bly=z5Ay =g §ajyj = Tg §ajyj ¢| txge.
Jj=1 j=1
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Therefore, the primal conic program can be written as
sup{c'z:x € KN (xo+ L)}
and the dual conic program as
c'xo +inf{zlz: 2z € K*N(—c+ L)}

Now both the primal and the dual conic programs have the right form and the
symmetry between the primal and the dual conic program becomes more clear.

What happens when one builds the dual of the dual? Then one gets a conic
program which is equivalent to the primal. This is due to the following lemma.

Lemma 3.2.6. Let K C R" be a closed convex cone. Then, (K*)* = K.

Proof. The inclusion K C (K*)* is easy to verify using the definition only. For
the reverse inclusion, one needs the separation theorem (Lemma [1.5.2). Let
x € R"\ K. Then {z} and K can be separated by a hyperplane of the form
H={z€R":c"z =0} forsome c € R"\ {0}. Say, K C H* = {z:¢"2 >0}
and c"z < 0. The inclusion K C H+ shows that ¢ € K* and then the inequality
ez < 0 shows that z ¢ (K*)* O

3.3 Examples

Now we specialize the cone K to the first three examples of Section[1.5] These
three examples are useful for a huge spectrum of applications.

3.3.1 Linear programming (LP)

A conic program where K is the non-negative orthant R% is a linear program.
We write a primal linear program (in standard form) as

sup{c'z:x>0,a]x=by,...,a) x =b,} =sup{c'z:x >0, Az =b}.

The non-negative orthant is self-dual: (R%,)* = R%,. The dual linear program
is - -

inf ijyj:yl,...,ymER,Zyjaj—czo =inf{b"y: ATy —c >0}
j=1 j=1

In the case when the problems are not unbounded we could replace the supre-
mum/infimum by maximum/minimum. This is because we are optimizing a
linear function over a polyhedron, which is equivalent to optimizing over its set
of extreme points, and any polyhedron has finitely many extreme points.
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3.3.2 Conic quadratic programming (CQP)

A conic program where K is the second-order cone L£"*! is a conic quadratic
program. We write a primal conic quadratic program (in standard form) as

sup{(c,7) " (x,t) : (x,t) € L (a1, 1) (2,8) = b1y ... (Qmy ) T (2,) = by }.

Here (x,t) stands for the (column) vector in R™*! obtained by appending a new
entry ¢ € R to € R™, we use this notation to emphasize the different nature of
the vector’s components. Recall the definition of the second-order cone £"*!:

(z,t) € £ if and only if ||z|y < ¢.
The second-order cone is self-dual, too — you will show this in Exercise 3.3
(EnJrl)* — £n+1'
The dual conic quadratic program is

m m

inf Zyjbj SYly ey Ym € R,Zyj(aj,ozj) —(¢,v) € £
j=1

J=1

This can be written in a nicer and more intuitive form using the Euclidean norm.
Define the matrix B € R™*™ which has a; as its i-th column, and the vectors
b= (b;)1, @ = (ay)jL; and y = (y;)L; in R™. Then the dual conic quadratic
program can be reformulated as

inf {bTy cy €ER™||By —¢fl2 < aly — ’y} .

3.3.3 Semidefinite programming (SDP)

A conic program where K is the cone of semidefinite matrices SZ, is a semidef-
inite program. We write a primal semidefinite program (in standard form) as

sup{(C, X) : X = 0,(41,X) =b1,...,{An, X) =bn}.
We have already seen earlier that the cone of semidefinite matrices is self-dual:
(Sgo)* =S

The dual semidefinite program is

inf Zyjbj Y-y YUm ER,ZyjAj -C=0
j=1

Jj=1

Engineers and applied mathematicians like to call an inequality of the form
2211 yiA; — C = 0 a linear matrix inequality (LMI) between the parameters
Y1,---,Ym. 1t iS @ convenient way to express a convex constraint posed on the
vector y = (Y1, ..., Ym) -

52



3.4 Duality theory

Duality is concerned with understanding the relation between the primal conic
program and the dual conic program. We denote the supremum of the primal
conic program by p* and the infimum of the dual conic program by d*. What
is the relation between p* and d*? As we see in the next theorem it turns out
that in many cases one has equality p* = d* and that the supremum as well
as the infimum are attained. In these cases duality theory can be very useful
because sometimes it is easier to work with the dual problem instead of the
primal problem.

Theorem 3.4.1. Suppose we are given a pair of primal and dual conic programs.
Let p* be the supremum of the primal and let d* be the infimum of the dual.

1. (weak duality) Suppose x is a feasible solution of the primal conic program,
and y is a feasible solution of the dual conic program. Then,

c'r < bTy.
In particular p* < d*.

2. (complementary slackness) Suppose that the primal conic program attains
its supremum at x, and that the dual conic program attains its infimum at
y, and that p* = d*. Then

m T
<Z Yi; — c) xz=0.
i=1

3. (optimality criterion) Suppose that x is a feasible solution of the primal
conic program, and y is a feasible solution of the dual conic program, and
equality

m T
(Z Yi; — c) r=0
i=1

holds. Then the supremum of the primal conic program is attained at x and
the infimum of the dual conic program is attained at y.

4. (strong duality; no duality gap) If the dual conic program is bounded from
below and if it is strictly feasible, then the primal conic program attains its
supremum and there is no duality gap: p* = d*.

If the primal conic program is bounded from above and if it is strictly feasible,
then the dual conic programs attains its infimum and there is no duality gap.

Before the proof one more comment about the usefulness of weak duality:
Suppose you want to solve a primal conic program. If the oracle of Delft, gives
you y, then it might be wise to check whether """ | y;a; — ¢ lies in K*. If so,
then this gives immediately an upper bound for p*.
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The difference d* — p* is also called the duality gap between the primal conic
program and dual conic program.

One last remark: If the dual conic program is not bounded from below:
d* = —oo, then weak duality implies that p* = —oo, i.e., the primal conic
program is infeasible.

Proof. The proof of weak duality is important and simple. It reveals the origin
of the definition of the dual conic program: We have

T

m m m
Syibi = yila]z) = | Y yia; | w>cla,
j=1 j=1 j=1

where the last inequality is implied by >\, y;a; —c € K* and z € K.

Now complementary slackness and the optimality criterion immediately
follow from this.

Strong duality needs considerably more work. It suffices to prove the first
statement (since the second one follows using the symmetry between the primal
and dual problems). So we assume that d* > —oo and that the dual program
has a strict feasible solution. Using these assumptions we will construct a primal
feasible solution x* with ¢"2* > d*. Then, weak duality implies p* = d* and
hence z* is a maximizer of the primal conic program.

Consider the set

m
M = Zyjaj —c:yeR™ by <d*
j=1

If b = 0 then d* = 0 and setting «* = 0 proves the result immediately. Hence
we may assume that there is an index 7 so that b; is not zero, and then M is not
empty. We first claim that
M nint K* = (.

For suppose not. Then there exists y € R™ such that 3_7", y;a; — ¢ € int K*
and y'b < d*. Assume without loss of generality that b; < 0. Then for a small
enough ¢ > 0 one would have (y; +e€)a; + 307", yja; —c € K* with (y1 + )by +
> imayiby < y'b < d*. In other words, the vector § = (y1 + €,%2,...,Ym) ' is
dual feasible with b"§ < d*. This contradicts the fact that d* is the infimum of
the dual conic program.

Since M and K* are both convex sets whose relative interiors do not inter-

sect, we can separate them by an affine hyperplane, according to Theorem
Hence, there is a non-zero vector x € R” so that

sup{z'z:z€ M} <inf{z"z:2¢€ K*}. (3.1

We shall use this point x to construct a maximizer of the primal conic pro-
gram which we do in three steps.
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First step: = € K.
To see it, it suffices to show that

inf z72>0, (3.2)
zeK*

as this implies that x € (K*)* = K. We show the inequality by contradiction.
Suppose there is a vector z € K* with 7z < 0. Then, for any positive ), the
vector \y lies in the convex cone K*. Making \ extremely large drives 2" \y
towards —oo. But we reach a contradiction since, by (3.1), the infimum of 7>
over z € K* is lower bounded since M # {).

Second step: There exists ;1 > 0 so that ajz = pb; (j € [m]) and z7¢ > pd*.

Since 0 € K* we also have that the infimum of (3.2) is at most 0. So
we have shown that the infimum of (3.2)) is equal to 0. Therefore, by (3.1),
sup,¢ 212 < 0. In other words, by the definition of M, for any y € R™,

yTbgd* — xT(Zyjaj —c) <0
=1

or, equivalently,
yb<df = Zyj(xTaj) <z'e.
j=1
This means that the halfspace {y : y"b < d*} is contained into the halfspace

{y : y"(x"a;); < x"c}. Hence their normal vectors b and (z7a;); point in the
same direction. In other words there exists a scalar y > 0 such that

zla; =pb; (j=1,...,m), pd* < x'e.

It suffices now to verify that 4 is positive. Indeed suppose that ;1 = 0. Then, on
the one hand, we have that z"7¢ > 0. On the other hand, using the assumption
that the conic dual program is strictly feasible, there exists 4 € R™ such that
>_jYja; — c € int K*. This implies

m T
0< (Zgjaj - c) r=—c'z,
j=1

where strict inequality follows from }; yja; —c € int K* and z € K \ {0} (use
here Lemma [3.2.4). This gives c"x < 0, a contradiction.
Third step: z* = /1 is a maximizer of the primal conic program.

This follows directly from the fact that «* is a primal feasible solution (since
we saw above that 2* € K and a]Ta:* = b; for j € [m]) with ¢T2* > d*. O
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3.5 Some pathological examples

If you know linear programming and its duality theory you might wonder why
do we always write sup and inf instead of max and min and why do we care
about strictly feasibility in Theorem Why doesn’t strong duality always
hold? Here are some examples of semidefinite programs showing that we in-
deed have to be more careful.

3.5.1 Dual infimum not attained

Consider the semidefinite program

emf((4 D)) e (596 )0

and its dual

. (10 00\ (0 —1\_(y 1
o=t foon (o o) e (@ 1) (5 W)= (1 ) =0

In this example, p* = d* = 0 and the supremum is attained in the primal, but
the infimum is not attained in the dual. Note indeed that the primal is not
strictly feasible (since Xs» = 0 for any feasible solution).

3.5.2 Positive duality gap

There can be a duality gap between the primal and the dual conic programs.
Consider the primal semidefinite program with data matrices

-1 0 0 100 00 1
c=10 -1 0|l,4=[0 0 0|,4=[0 1 0],
0 0 0 000 100

and b; = 0, by = 1. It reads
P =sup{—Xi11 — Xo2 : X11 =0, 2X13+ Xoo =1, X > 0}
and its dual reads
y1+1 0 Y2
d* = inf y22y1A1+y2A270: 0 y2+1 0 EO .
Y2 0 0

Then any primal feasible solution satisfies X135 = 0, Xoo = 1, so that the primal
optimum value is equal to p* = —1, attained at the matrix X = F5;. Any dual
feasible solution satisfies y, = 0, so that the dual optimum value is equal to
d* = 0, attained at y = 0. Hence there is a positive duality gap: d* — p* = 1.
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3.5.3 Both primal and dual infeasible

Consider the semidefinite program

rese (5 1)) =0 (6 8)x) =0 () X))

and its dual

o mf{yz " (g g’) + 1 (192 162) _ (8 (1)) - o}.

Both programs are infeasible, so that —oco = p* < d* = +o0.

3.6 Strong and weak infeasibility
Consider the following two conic programming systems

Ar =0, z € K, (3.3)

Zyjaj =ATye K*, by <0. 3.4)
j=1
Clearly, if (3.3) has a solution then (3.4) has no solution: If x is feasible for
(3.3) and y is feasible for (3.4) then

0< (A" Tz =y Az =y b <0,

giving a contradiction. When K is the non-negative orthant then the converse
also holds: If has no solution then has a solution. This fact follows by
applying the separation theorem (Lemma|1.5.2)). Indeed, assume that has
no solution. Then b does not belong to the cone generated by the columns of A.
By Lemma there exists a hyperplane, having normal y € R™, separating
{b} and this cone spanned by column vectors. So we have the inequalities
ATy > 0and y"b < 0. This shows that y is feasible for . We just proved
Farkas’ lemma for linear programming.

Theorem 3.6.1. (Farkas’ lemma for linear programming)
Given A € R™*™ and b € R™, exactly one of the following two alternatives
holds:

(1) Either the linear system Ax = b, x > 0 has a solution,
(2) Or the linear system ATy >0, b"y < 0 has a solution.

For general conic programming, it is not true that infeasibility of im-
plies feasibility of (3.4). As an illustration, consider the following semidefinite
systems:

(Er1, X) =0,(E12,X) =1, X =0, (3.5)
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nEn +y2E12 = 0, y2 <0, (3.6)

which are both infeasible.
However, one can formulate the following analogous, although weaker, the-
orem of alternatives, which needs some strict feasibility condition.

Theorem 3.6.2. Let K C R"™ be a full dimensional, pointed, closed and convex
cone, let A € R™*" withrows a],...,a! andlet b € R™. Assume that the system

- 'm

Ax = b has a solution xq. Then exactly one of the following two alternatives holds:
(1) Either there exists x € int K such that Az = b.
(2) Or there exists y € R™ such that 37" | yja; = ATy € K*\ {0},b7y <0.

Proof. Again one direction is clear: If z € int K satisfies Ax = b and y satisfies
ATy € K*\ {0} and bTy < 0, then we get 0 < (ATy)Tz = yTAz = y"b < 0,
implying (ATy)"x = 0. This gives a contradiction since = € int K and ATy €
K*\ {0} (recall Lemma(3.2.4).
Assume now that the system in (1) has no solution. By assumption, the
affine space L = {x : Az = b} is not empty, as xg € L. Define the linear space
L={z:Az=0}={z:a]z=0,...,a" 2 =0}

m

so that L = £ + zo. By assumption, L Nint K = ). By the separation theorem
(Theorem|1.3.8)), there exists a hyperplane separating L and int K: There exists
a non-zero vector ¢ € R™ and a scalar 3 such that

VieK:c'a>p8 and Ve e L:c'a < 8.

Then 3 < 0(as0 € K)andc € K* (asc'te > Bforallz € K and ¢t > 0,
which implies that ¢"2 > 0). Moreover, for any # € £ and any scalar ¢t € R,
we have that ¢'(tz + x9) < B which implies ¢z = 0. Therefore ¢ € £t
and thus c is a linear combination of the a;’s, say ¢ = 7", y;a; = ATy for
some y = (y;) € R™. So we already have that ATy € K*\ {0}. Finally,
yTb = yTA:vo =c'zy < B <0 (aszo € L). O

Consider again the above example: the system (3.5) is not strictly feasible,
and indeed there is a feasible solution to (3.6) after replacing the condition
y2 < 0 by y» < 0 and adding the condition y; F11 + y2 F12 # 0.

We now further investigate the situation when the primal system (3.3) is
infeasible. According to the above discussion, there are two possibilities:

1. Either (3.4) is feasible: There exists y € R™ such that 37" | y;a; € K*
and by < 0. Then we say that the system (3.3)) is strongly infeasible.

2. Or (3.4) is not feasible.

As we will show below, this second alternative corresponds to the case when
the system (3.3)) is “weakly infeasible”, which roughly means that it is infeasible
but any small perturbation of it becomes feasible. Here is the exact definition.
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Definition 3.6.3. The system Az = b, x € K is weakly infeasible if it is infeasible
and, for any € > 0, there exists x € K such that ||Az — b|| <e.

For instance, the system (3.5) is weakly infeasible: For any ¢ > 0 the per-
turbed system (F11, X) = ¢, (F12,X) = 1, X = 0 is feasible.

Theorem 3.6.4. Consider the two systems (3.3) and (3.4). Assume that the sys-
tem (3.3) is infeasible, i.e., there does not exist x € K such that Az = b. Then
exactly one of the following two alternatives holds.

(1) Either is strongly infeasible: There exists y € R™ such that by < 0
and 3770 yja; —c € K*.

(2) Or (3.3) is weakly infeasible: For every ¢ > 0 there exists x € K satisfying
|Az — b]| < e
Proof. Assume that (3.3) is not strongly infeasible. Then the two convex sets
{y: ATy € K*} and {y : b"y < 0} are disjoint. By the separation theorem
(Theorem|[1.3.8) there exists a non-zero vector ¢ € R™ such that

inf{c'y: ATy € K*} >0 >sup{c'y:b'y <0}
Hence, b"y < 0 implies ¢"y < 0. This implies that ¢ = \b for some positive A

and, up to rescaling, we can assume that ¢ = b. Therefore,
m
Zajyj e K* — bTy > 0. (3.7)
j=1
We show that is weakly infeasible. For this consider the following pro-
gram, where we have two new variables z, 2/ € R™:

p* = inf {eTz4e"y Azt 2—2 =b, € K,z,2 €¢R%}, (3.8)
zeR™ 2z, 2z’ €R™ =

where e = (1,...,1)T is the all-ones vector. It suffices now to show that the
infimum of (3.8)) is equal to 0, since this implies directly that (3.3)) is weakly
infeasible. For this consider the dual program of (3.8), which can be written as
(check it)

d* = sup {bTy ATy e K*, —e<y< e}. (3.9)

yeR™

Clearly the primal (3.8) is strictly feasible and d* > 0 (since y = 0 is feasible).
Moreover, d* < 0 by (4.26). Hence d* = 0 and thus p* = d* = 0 since there is

no duality gap (applying Theorem [3.4.T)). O

Of course the analogous result holds for the dual conic program (which
follows using symmetry between primal/dual programs).

Theorem 3.6.5. Assume that the system

m
> yja; —ce K (3.10)

j=1

is infeasible. Then exactly one of the following two alternatives holds.
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(1) Either (3.10) is strongly infeasible: There exists x € K such that Ax = 0
and ¢z > 0.

(2) or is weakly infeasible: For every ¢ > 0 there exist y € R™ and
z € K* such that ||(3271, yja; —c) — 2| < e

3.7 More on the difference between linear and conic
programming

We have already seen above several differences between linear programming
and semidefinite programming: there might be a duality gap between the pri-
mal and dual programs and the supremum/infimum might not be attained even
though they are finite. We point out some more differences regarding rationality
and bit size of optimal solutions.

In the classical bit (Turing machine) model of computation an integer num-
ber p is encoded in binary notation, so that its bit size is logp + 1 (logarithm in
base 2). Rational numbers are encoded as two integer numbers and the bit size
of a vector or a matrix is the sum of the bit sizes of its entries.

Consider a linear program

max{ch Az =b,x >0} (3.1D

where the data A, b, ¢ is rational-valued. From the point of view of computability
this is a natural assumption and it would be desirable to have an optimal solu-
tion which is also rational-valued. A fundamental result in linear programming
asserts that this is indeed the case: If program has an optimal solution,
then it has a rational optimal solution € Q", whose bit size is polynomially
bounded in terms of the bit sizes of A, b, c.

On the other hand it is easy to construct instances of semidefinite program-
ming where the data are rational valued, yet there is no rational optimal solu-
tion. For instance, the following program

max{x: (; ;) ao}

attains its maximum at z = ++/2.

Consider now the semidefinite program, with variables z1, ..., z,,

inf{xn:(l 2)&0,( ! xi_l)io fori:2,...,n}.
2 T Ti—1 T

Then any feasible solution satisfies x,, > 22". Hence the bit-size of an optimal
solution is exponential in n, thus exponential in terms of the bit-size of the data.
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3.8 Further reading

Conic programs, especially linear programs, conic quadratic programs, and
semidefinite programs are the central topic in the text book of Ben-Tal and Ne-
mirovski [1]]. There also many interesting engineering applications (synthesis
of filters and antennas, truss topology design, robust optimization, optimal con-
trol, stability analysis and synthesis, design of chips) are covered. This book
largely overlaps with Nemirovski’s lecture notes [5] which are available online.
A nutshell version of these lecture notes is Nemirovski’s plenary talk “Advances
in convex optimization: conic programming” at the International Congress of
Mathematicians in Madrid 2006 for which a paper and a video is available on-
line: [6]]. It is astonishing how much material Nemirovski covers in only 60
minutes.

A second excellent text book on convex optimization is the book by Boyd
and Vandenberghe [2] (available online). Here the treated applications are: ap-
proximation and fitting, statistical estimation, and geometric problems. Videos
of Boyd’s course held at Stanford can also be found there.

The duality theory for linear programming which does not involve duality
gaps is explained in every book on linear programming. For example, Schrijver
[[7, Chapter 7] is a good source.

3.9 Historical remarks

The history of conic programming is difficult to trace. Only recently researchers
recognized that they give a unifying framework for convex optimization.

In 1956, Duffin in a short paper “Infinite programs” [3]] introduced conic pro-
grams. His approach even works in infinite dimensions and he focused on these
cases. However, the real beginning of conic programming seems to be 1993
when the book “Interior-Point Polynomial Algorithms in Convex Optimization”
by Yurii Nesterov and Arkadi Nemirovski was published. There they described
for the first time a unified theory of polynomial-time interior point methods for
convex optimization problems based on their conic formulations. Concerning
the history of conic programs they write:

Duality for convex program involving “non-negativity constraints” de-
fined by a general-type convex cone in a Banach space is a relatively
old (and, possibly, slightly forgotten by the mathematical programming
community) part of convex analysis (see, e.g. [ET76]). The correspond-
ing general results, as applied to the case of conic problems (i.e., finite-
dimensional problems with general-type non-negativity constraints and
affine functional constraints), form the contents of §3.2. To our knowl-
edge, in convex analysis, there was no special interest to conic problems,
and consequently to the remarkable symmetric form of the aforemen-
tioned duality in this particular case. The only previous result in spirit
of this duality known to us it the dual characterization of the Lovasz
capacity number 6(I") of a graph (see [Lo79]).
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3.10 Exercises

3.1 Let K C R™ be a cone and let K* be its dual cone.

(a) Show that K* is a closed convex cone.

(b) If K is pointed, closed, convex and full-dimensional, show that the
same holds for K*.

3.2 Let K be a closed convex full dimensional cone. Show that

reintK < y'z>0vy e K"\ {0}

3.3 (a) For the Lorentz cone, show that (£L"+1)* = £n+1,

(b) Determine the dual cone of the cone of copositive matrices.

3.4 Consider the following location problem: We are given N locations in the
plane z1,...,2x € R2. Find a point y € R? which minimizes the sum of
the distances to the N locations:

N

in > d(zi,y).
min 2 (2i,y)

(a) Formulate this problem as a conic program using the cone

L2 L2 o L2

(b) Determine its dual.

(c) Is there a duality gap?
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CHAPTER 4

GRAPH COLORING AND
INDEPENDENT SETS

In this chapter we revisit in detail the theta number J(G), which has already
been introduced in earlier chapters. In particular, we present several equivalent
formulations for ¥(G), we discuss its geometric properties, and present some
applications: for bounding the Shannon capacity of a graph, and for comput-
ing in polynomial time maximum stable sets and minimum colorings in perfect
graphs.

Here are some additional definitions used in this chapter. Let G = (V, E) be
a graph. Then, E denotes the set of pairs {i, j} of distinct nodes that are not
adjacent in G. The graph G = (V, E) is called the complementary graph of G. G
is self-complementary if G and G are isomorphic graphs. Given a subset S C V,
G|[S] denotes the subgraph induced by S: its node set is S and its edges are all
pairs {i,j} € E with i, j € S. The graph C,, is the circuit (or cycle) of length n,
with node set [n] and edges the pairs {i,7+ 1} (for ¢ € [n], indices taken modulo
n). For a set S C V, its characteristic vector is the vector x° € {0,1}°, whose
i-th entry is 1 if 1 € S and 0 otherwise. As before, e denotes the all-ones vector.

4.1 Preliminaries on graphs

4.1.1 Stability and chromatic numbers

A subset S C V of nodes is said to be stable (or independent) if no two nodes
of S are adjacent in G. Then the stability number of G is the parameter a(G)
defined as the maximum cardinality of an independent set in G.
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A subset C' C V of nodes is called a clique if every two distinct nodes in C
are adjacent. The maximum cardinality of a clique in G is denoted w(G), the
clique number of G. Clearly,

w(G) = a(G).

Computing the stability number of a graph is a hard problem: Given a graph
G and an integer k, deciding whether a(G) > k is an N P-complete problem.

Given an integer k > 1, a k-coloring of G is an assignment of numbers (view
them as colors) from {1,--- ,k} to the nodes in such a way that two adjacent
nodes receive distinct colors. In other words, this corresponds to a partition of
V into k stable sets: V = 51 U --- U Sk, where S; is the stable set consisting of
all nodes that received the i-th color. The coloring (or chromatic) number is the
smallest integer k for which G admits a k-coloring, it is denoted as x(G).

Again it is an A/ P-complete problem to decide whether a graph is k-colorable.
In fact, it is N P-complete to decide whether a planar graph is 3-colorable. On
the other hand, it is known that every planar graph is 4-colorable - this is the
celebrated 4-color theorem. Moreover, observe that one can decide in polyno-
mial time whether a graph is 2-colorable, since one can check in polynomial
time whether a graph is bipartite.

Figure 4.1: The Petersen graph has a(G) =4, w(G) =2 and x(G) =3

Clearly, any two nodes in a clique of G must receive distinct colors. There-
fore, for any graph, the following inequality holds:

w(G) < x(G). (4.1)

This inequality is strict, for example, when G is an odd circuit, i.e., a circuit
of odd length at least 5, or its complement. Indeed, for an odd circuit Cy,,11
(n > 2), w(Cant1) = 2 while x(Cs,+1) = 3. Moreover, for the complement
G = Copy1, w(G) = n while x(G) = n + 1. For an illustration see the cycle of
length 7 and its complement in Figure 4.2.

4.1.2 Perfect graphs

It is intriguing to understand for which graphs equality w(G) = x(G) holds.
Note that any graph G with w(G) < x(G) can be embedded in a larger graph
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Figure 4.2: For C7 and its complement C7: w(C7) = 2, x(C7) = 3, w(Cr) =
a(Cr) =3, x(Cr) =4

G with w(G) = (@), simply by adding to G a set of x(G) new nodes forming
a clique. This justifies the following definition, introduced by C. Berge in the
early sixties, which makes the problem well posed.

Definition 4.1.1. A graph G is said to be perfect if equality
w(H) = x(H)
holds for all induced subgraphs H of G (including H = G).

For instance, bipartite graphs are perfect (the min-max relation w(G) =
X(G) < 2 is clear) and complement of line graphs of bipartite graphs are per-
fect (then the min-max relation claims that in a bipartite graph the maximum
cardinality of a matching is equal to the minimum cardinality of a vertex cover,
which is true by a theorem of Konig).

It follows from the definition and the above observation about odd circuits
that if G is a perfect graph then it does not contain an odd circuit of length
at least 5 or its complement as an induced subgraph. Berge already conjec-
tured in 1961 that all perfect graphs arise in this way. Resolving this conjecture
has haunted generations of graph theorists. It was finally settled in 2006 by
Chudnovsky, Robertson, Seymour and Thomas who proved the following result,
known as the strong perfect graph theorem:

Theorem 4.1.2. (The strong perfect graph theorem)[2]] A graph G is perfect if
and only if it does not contain an odd circuit of length at least 5 or its complement
as an induced subgraph.

This implies the following structural result about perfect graphs, known as
the perfect graph theorem, already proved by Lovasz in 1972.

Theorem 4.1.3. (The perfect graph theorem) If G is a perfect graph, then its
complement G too is a perfect graph.

We give a direct proof of Theorem in the next section and we will
mention later some other, more geometric, characterizations of perfect graphs

(see, e.g., Theorem [4.2.4).
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4.1.3 The perfect graph theorem

Lovasz [9]] proved the following result, which implies the perfect graph theorem
(Theorem [4.1.3). The proof given below follows the elegant linear-algebraic
argument of Gasparian [4].

Theorem 4.1.4. A graph G is perfect if and only if |V(G')| < a(G")w(G") for
each induced subgraph G’ of G.

Proof. Necessity is easy: Assume that G is perfect and let G’ be an induced
subgraph of G. Then x(G’') = w(G’) and thus V(G’) can be covered by w(G’)
stable sets, which implies that |V (G’)| < w(G")a(G").

To show sufficiency, assume for a contradiction that there exists a graph G
which satisfies the condition but is not perfect; choose such a graph with |V (G)]
minimal. Then, n < a(G)w(G), w(G) < x(G) and w(G") = x(G’) for each
induced subgraph G’ # G of G. Set w = w(G) and « = «(G) for simplicity. Our
first claim is:

Claim 1: There exist aw + 1 stable sets Sy, ..., S.. such that each vertex of G
is covered by exactly « of them.

Proof of the claim: Let Sy be a stable set of size « in G. For each node v € Sy,
as G'\ v is perfect (by the minimality assumption on G), x(G\v) = w(G\v) < w.
Hence, V' \ {v} can be partitioned into w stable sets. In this way we obtain a
collection of aw stable sets which together with Sy satisfy the claim. O

Our next claim is:

Claim 2: For each i = 0,1, ..., aw, there exists a clique K; of size w such that
K;NS;=0and K, NS; # 0 for j # i.
Proof of the claim: For each i = 0,1,...,aw, as G \ S; is perfect we have

that x(G\ S;) = w(G \ S;) < w. This implies that x(G \ S;) = w since, if
X(G\ S;) < w — 1, then one could color G with w colors, contradicting our
assumption on (. Hence there exists a clique K; disjoint from S; and with
|K;| = w. Moreover K; meets all the other aw stable sets S; for j # i. This
follows from the fact that each of the w elements of K; belongs to « stable sets
among the S;’s (Claim 1) and these wa sets are pairwise distinct. O

We can now conclude the proof. Define the matrices M, N € R™**(®w+1) whose
columns are x°°, ..., xy%«~ (the incidence vectors of the stable sets S,), and the
vectors %0, ... x®“*! (the incidence vectors of the cliques K;), respectively.
By Claim 2, we have that M TN = .J—1I (where J is the all-ones matrix and I the
identity). As J — I is nonsingular, we obtain that rank(MTN) = rank(J — I) =
aw + 1. On the other hand, rank(MTN) < rankN < n. Thus we obtain that
n > aw + 1, contradicting our assumption on G. O
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4.2 Linear programming bounds

4.2.1 Fractional stable sets and colorings

Let ST(G) denote the polytope in RV defined as the convex hull of the charac-
teristic vectors of the stable sets of G:

ST(G) = conv{x® : S CV, Sis a stable set in G},

called the stable set polytope of G. Hence, computing «(G) is linear optimization
over the stable set polytope:

(@) = max{e'z : x € ST(G)}.

We have now defined the stable set polytope by listing explicitly its extreme
points. Alternatively, it can also be represented by its hyperplanes representa-
tion, i.e., in the form

ST(G) = {x € RY : Az < b}

for some matrix A and some vector b. As computing the stability number is
a hard problem one cannot hope to find the full linear inequality description
of the stable set polytope (i.e., the explicit A and b). However some partial
information is known: several classes of valid inequalities for the stable set
polytope are known. For instance, if C is a clique of G, then the clique inequality

2(C) = ;<1 (4.2)
icC
is valid for ST(G): any stable set can contain at most one vertex from the clique
C'. The clique inequalities define the polytope

QST(G) = {z € RV : 2 >0, 2(C) < 1VC clique of G} . (4.3)
Cleary, QST(G) is a relaxation of the stable set polytope:
ST(G) € QST(G). 4.4

Maximizing the linear function e'z over the polytope QST(G) gives the pa-
rameter
o*(G) = max{e'z : x € QST(G)}, (4.5)
known as the fractional stability number of G. Analogously, x*(G) denotes the
fractional coloring number of G, defined by the following linear program:

X (G) = min{ Z Ag Z Asx® =e, Ag > 0VS stable in G} )
S stable in G S stable in G
(4.6)

If we add the constraint that all Ag should be integral then we obtain the
coloring number of G. Thus, x*(G) < x(G). In fact the fractional stability
number of G coincides with the fractional coloring number of its complement:
a*(G) = x*(G), and it is nested between «o(G) and x(G).
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Lemma 4.2.1. For any graph G, we have

a(G) < a*(G) = x*(G) < x(G), “4.7)

where x*(G) is the optimum value of the linear program:

C clique of G C clique of G

min{ Z Yo Z yox© = e, yo > 0VC clique ofG} . 4.8

Proof. The inequality a(G) < a*(G) in (4.7) follows from the inclusion (4.4)
and the inequality x*(G) < x(G) was observed above. = We now show that
o*(G) = x*(G). For this, we first observe that in the linear program (4.5) the

condition x > 0 can be removed without changing the optimal value; that is,
o*(G) = max{e'z : £(C) < 1 VC clique of G} (4.9

(check it). Now, it suffices to observe that the dual LP of the above linear
program (4.9) coincides with the linear program (4.8). O

For instance, for an odd circuit Co,11 (n > 2), o (Capq1) = 241 (check it)
lies strictly between a(Cay,+1) = n and x(Capi1) =n + 1.

When G is a perfect graph, equality holds throughout in relation (4.7). As
we see in the next section, there is a natural extension of this result to weighted
graphs, which permits to show the equality ST(G) = QST(G) when G is a
perfect graph. Moreover, it turns out that this geometric property characterizes
perfect graphs.

4.2.2 Polyhedral characterization of perfect graphs

For any graph G, the fractional stable set polytope is a linear relaxation of the
stable set polytope: ST(G) C QST(G). Here we show a geometric character-
ization of perfect graphs: G is perfect if and only if both polytopes coincide:
ST(G) = QST(G).

The following operation of duplicating a node will be useful. Let G = (V, E)
be a graph and let v € V. Add to G a new node, say v/, which is adjacent to v
and to all neighbours of v in G. In this way we obtain a new graph H, which
we say is obtained from G by duplicating v. Repeated duplicating is called
replicating.

Lemma 4.2.2. Let H arise from G by duplicating a node. If G is perfect then H
too is perfect.

Proof. First we show that a(H) = x(H) if H arises from G by duplicating node

v. Indeed, by construction, a(H) = «(G), which is equal to x(G) since G is
perfect. Now, if C1, ..., C; are cliques in G that cover V with (say) v € Ch, tlEn

C1U{v'}, ..., C; are cliques in H covering V (H ). This shows that x(G) = x(H),
which implies that o(H) = x(H).
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From this we can conclude that, if H arises from G by duplicating a node
v, then a(H') = x(H’) for any induced subgraph H’ of H, using induction on
the number of nodes of G. Indeed, either H' is an induced subgraph of G (if
H’ does not contain both v and v'), or H' is obtained by duplicating v in an
induced subgraph of G; in both cases we have that o(H') = x(H').

Hence, if H arises by duplicating a node in a perfect graph G, then H is
perfect which, by Theorem implies that H is perfect. O

Given node weights w € RY, we define the following weighted analogues of
the (fractional) stability and chromatic numbers:

(G w) = max w'z,
z€ST(G)
o (G,w) = max w'z,
z€QST(G)
*(G,w) = min Z Yo ! Z yex© = w, yo > 0VC clique of G 3 |
Y C clique of G C clique of G

X(G,w) = min Z Yo : Z yox® =w, yo € Z, yo > 0VC clique of G
Y C clique of G C clique of G

When w is the all-ones weight function, we find again o(G), a*(G), x*(G) and
X(G), respectively. The following analogue of (4.7) holds for arbitrary node
weights:

a(G,w) < o*(G,w) = x* (G, w) < x(G,w). (4.10)

Lemma 4.2.3. Let G be a perfect graph and let w € Z‘z/o be nonnegative integer
node weights. Then, a(G,w) = x(G,w).

Proof. Let H denote the graph obtained from G by duplicating node i w; times
if w; > 1 and deleting node i if w; = 0. Then, by construction, a(G,w) = w(H),
which is equal to x(H) since H is perfect (by Lemma. Say, S1,...,S; are
t = x(H) stable sets in H partitioning V (H). Each stable set S, corresponds to
a stable set Sy in G (since S) contains at most one of the w; copies of each node
i of G). Now, these stable sets Sy, ..., S; have the property that each node i of
G belongs to exactly w; of them, which shows that x(G,w) < ¢t = x(H). This
implies that x(G,w) < x(H) = a(G,w), giving equality x(G,w) = o(G,w). O

We can now show the following geometric characterization of perfect graphs,
due to Chvatal [1]. In the proof we will use the fact that ST(G) C QST(G) are
down-monotone polytopes in RY, (and the properties from Exercise 1.6). Re-

call that a polytope P C R%, is down-monotone if x € Pand 0 < y < z
(coordinate-wise) implies y € P.

Theorem 4.2.4. [I]] A graph G is perfect if and only if ST(G) = QST(G).
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Proof. First assume that G is perfect, we show that ST(G) = QST(G). As
ST(G) C QST(G) are down-monotone in RY,, we can use the following prop-
erty shown in Exercise 1.6: To show equality ST(G) = QST(G) it suffices to
show that (G, w) = o*(G,w) for all w € ZY¥,; now the latter property follows

from Lemma (applied to G).

Conversely, assume that ST(G) = QST(G) and that G is not perfect. Pick
a minimal subset U C V for which the subgraph G’ of G induced by U satis-
fies a(G’) < x(G’). Setting w = xY, we have that o(G’) = (G, w) which,
by assumption, is equal to max,cqsr(q) w'r = o*(G,w). Consider the dual of
the linear program defining o* (G, w) with an optimal solution y = (y¢). Pick
a clique C of G for which yo > 0, then C is a nonempty subset of U. More-
over, using complementary slackness, we deduce that «(C') = 1 for any optimal
solution z € QST(G) and thus |C' N S| = 1 for any maximum cardinality sta-
ble set S C U. Let G” denote the subgraph of G induced by U \ C. Then,
a(G") < a(G") =1 < x(G") — 1 < x(G"), which contradicts the minimality
assumption made on U. U

When G is a perfect graph, equality ST(G) = QST(G) holds. Hence an
explicit linear inequality description is known for its stable set polytope, given
by the clique inequalities. However, it is not clear how to use this information in
order to give an efficient algorithm for optimizing over the stable set polytope of
a perfect graph. As we see later in Section [4.5.1]there is yet another description
of ST(G) - in terms of semidefinite programming, using the theta body TH(G)
— that will allow to give an efficient algorithm.

4.3 Semidefinite programming bounds

4.3.1 The theta number

Definition 4.3.1. Given a graph G = (V, E), consider the following semidefinite
program

max {(J,X) : Tr(X) = 1, Xi; = 0¥{i.j} € B, X =0} (4.11)

Its optimal value is denoted as J(G), and called the theta number of G.

This parameter was introduced by Lovasz [10]. He proved the following
simple, but crucial result — called the Sandwich Theorem by Knuth [6] — which
shows that ¥(G) provides a bound for both the stability number of G and the
chromatic number of the complementary graph G.

Theorem 4.3.2. (Lovasz’ sandwich theorem) For any graph G, we have that

a(@) < 9(G) < X(@).
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Proof. Given a stable set S of cardinality |S| = a(G), define the matrix

1
R

Then X is feasible for with objective value (J, X) = |S| (check it). This
shows the inequality a(G) < 9(G).

Now, consider a matrix X feasible for the program and a partition of
V into k cliques: V = C; U--- U Cj. Our goal is now to show that (J, X) < k,
which will imply ¥(G) < x(G). For this, using the relation e = Zle X%,
observe that

X S(XS)T cS”.

Y =

k
1=

k
(kxci - 6) (kXCi — e)T = k? Zxci (Xci)T —kJ.
1 i=1

Moreover,
k
<X, > X~ (xci)T> = Tr(X).
I=1

Indeed the matrix >, x“*(x“?)" has all its diagonal entries equal to 1 and it
has zero off-diagonal entries outside the edge set of GG, while X has zero off-
diagonal entries on the edge set of G. As X, Y > 0, we obtain

0 <(X,Y) = k*Tr(X) — k(J, X)

and thus (J, X) < k Tr(X) = k. O

An alternative argument for the inequality ¥(G) < x(G), showing an even
more transparent link to coverings by cliques, will be given later in the para-
graph after the proof of Lemma|4.4.2

4.3.2 Computing maximum stable sets in perfect graphs

Assume that G is a graph satisfying «(G) = x(G). Then, as a direct applica-
tion of Theorem a(G) = x(G) = Y¥(G) can be computed by solving the
semidefinite program (4.11), it suffices to solve this semidefinite program with
precision ¢ < 1/2 as one can then find a(G) by rounding the optimal value to
the nearest integer. In particular, combining with the perfect graph theorem

(Theorem 4.1.3):

Theorem 4.3.3. If G is a perfect graph then o(G) = x(G) = 9(G) and w(G) =
X(G) = 9(G).

Hence one can compute the stability number and the chromatic number in
polynomial time for perfect graphs. Moreover, one can also find a maximum
stable set and a minimum coloring in polynomial time for perfect graphs. We
now indicate how to construct a maximum stable set — we deal with minimum
graph colorings in the next section.
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Let G = (V, E) be a perfect graph. Order the nodes of G as vy, - - ,v,. Then
we construct a sequence of induced subgraphs Gy, G4, - - - , G,, of G. Hence each
G, is perfect, also after removing a node, so that we can compute in polynomial
time the stability number of such graphs. The construction goes as follows: Set
Go =G. Foreachi=1,--- ,n do the following:

1. Compute a(G;_1\v;).
2. If OL(Gi_l\’Ui) = OL(G), then set G7 = Gi_l\vq;.
3. Otherwise, set G; = G;_;.

By construction, a(G;) = «(G) for all i. In particular, a(G,,) = «(G). Moreover,
the node set of the final graph G,, is a stable set and, therefore, it is a maximum
stable set of G. Indeed, if the node set of G,, is not stable then it contains a
node v; for which a(G,\v;) = «(Gy). But then, as G, is an induced subgraph
of G;_1, one would have that a(G,\v;) < a(G;_1\v;) and thus a(G;_1\v;) =
a(@G), so that node v; would have been removed at Step 2.

Hence, the above algorithm permits to construct a maximum stable set in
a perfect graph G in polynomial time — namely by solving n + 1 semidefinite
programs for computing «(G) and «(G;—1\v;) fori =1,--- ,n.

More generally, given integer node weights w € ZY,, the above algorithm
can also be used to find a stable set S of maximum weight w(S). For this,
construct the new graph G’ in the following way: Duplicate each node i € V w;
times, i.e., replace node ¢ € V by a set W; of w; nodes pairwise non-adjacent,
and make two nodes = € W, and y € W, adjacent if ¢ and j are adjacent in
G. By Lemma the graph G’ is perfect. Moreover, a(G’) is equal to the
maximum weight w(S) of a stable set S in G. From this it follows that, if the
weights w; are bounded by a polynomial in n, then one can compute o(G, w)
in polynomial time. (More generally, one can compute «(G,w) in polynomial
time, e.g. by optimizing the linear function w'x over the theta body TH(G),
introduced in Section below.)

4.3.3 Minimum colorings of perfect graphs

We now describe an algorithm for computing a minimum coloring of a perfect
graph G in polynomial time. This will be reduced to several computations of
the theta number which we will use for computing the clique number of some
induced subgraphs of G.

Let G = (V, E) be a perfect graph. Call a clique of G maximum if it has
maximum cardinality w(G). The crucial observation is that it suffices to find a
stable set S in G which meets all maximum cliques.

First of all, such a stable set S exists: in a w(G)-coloring, any color class S
must meet all maximum cliques, since w(G \ S) = x(G \ §) =w(G) — 1.

Now, if we have found such a stable set S, then one can recursively color
G\S with w(G\S) = w(G) —1 colors (in polynomial time), and thus one obtains
a coloring of G with w(G) colors.
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The algorithm goes as follows: For ¢ > 1, we grow a list £ of ¢ maximum
cliques Cy,---,C;. Suppose C1,--- ,C; have been found. Then do the follow-
ing:

1. We find a stable set S meeting each of the cliques C4, - - - , C; (see below).
2. Compute w(G\S).

3. fw(G\S) < w(G) then S meets all maximum cliques and we are done.

4

. Otherwise, compute a maximum clique C;; in G\ S, which is thus a new
maximum clique of G, and we add it to the list L.

The first step can be done as follows: Set w = >2'_, x% € ZY,. As G is
perfect, we know that o(G, w) = x(G,w), which in turn is equal to ¢. (Indeed,
x(G,w) < t follows from the definition of w. Moreover, if y = (y¢) is feasible
for the program defining x(G,w) then, on the one hand, w'e = Y, yc|C| <
> ¢ yow(G) and, on the other hand, w'e = tw(G), thus implying ¢t < x (G, w).)
Now we compute a stable set .S having maximum possible weight w(S). Hence,
w(S) =t and thus S meets each of the cliques Cy, - - , C;.

The above algorithm has polynomial running time, since the number of iter-
ations is bounded by |V|. To see this, define the affine space L, C R defined
by the equations z(C;) = 1,---,2(C}) = 1 corresponding to the cliques in the
current list £. Then, L; contains strictly L;,, since x° € L; \ L; for the set S
constructed in the first step, and thus the dimension decreases at least by 1 at
each iteration.

4.4 Other formulations of the theta number

4.4.1 Dual formulation

We now give several equivalent formulations for the theta number obtained by
applying semidefinite programming duality and some further elementary ma-
nipulations.

Lemma 4.4.1. The theta number can be expressed by any of the following pro-
grams:

— 3 . — - L= =l ), ] E .
HG) teﬂgﬁg‘g”{t tI+A—J>=0,A;; =0@G=j or {i,j} € E)}, (4.12)

9(G)= min_{t:tI-B=0, By=1(i=jor {i,j}€E)}, (413)

" teR,Besn
(@)=, min_ {t:C=J =0, Cy=t(ieV), Cy=0({ij}e E)}, (4.14)
ﬁ(G) = BHeuSn” {)\max(B) : Bij =1 (’L =jor {Z,]} c E)} (4.15)
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Proof. First we build the dual of the semidefinite program (4.11]), which reads:

teﬂg;lgRE + Z Yij Fij >~ (4.16)
{i,j}€E

As both programs (4.11)) and (4.16)) are strictly feasible, there is no duality gap:
the optimal value of (4.16) is equal to ¥(G), and the optimal values are attained
in both programs — here we have applied the duality theorem (Theorem 3.4.1J).

Setting A = "/, 1 cp¥ijEij, B=J—Aand C = tI+ Ain (4.16), it follows
that the program 4__1L6[) is equivalent to (4.12)), and (4.14). Finally the
formulation follows directly from after recalling that \,.x(B) is
the smallest scalar ¢ for which ¢t — B > 0. O

4.4.2 Two more (lifted) formulations

We give here two more formulations for the theta number. They rely on semidef-
inite programs involving symmetric matrices of order 1+ n which we will index
by the set {0} UV, where 0 is an additional index that does not belong to V.

Lemma 4.4.2. The theta number ¥(G) is equal to the optimal value of the follow-
ing semidefinite program:

ZI%in+1{Z00 2 Z =0, Zos =2y =1 (’L S V), Zij =0 ({Z,j} € E)} 4.17)
csn

Proof. We show that the two semidefinite programs in (4.12) and (4.17) are
equivalent. For this, observe that

t el
tI+A—J»= 0 Z:= (6 1+1A) =0,
which follows by taking the Schur complement of the upper left corner ¢ in the
block matrix Z. Hence, if (¢, A) is feasible for , then Z is feasible for
with same objective value: Z,y = ¢. The construction can be reversed:
if Z is feasible for (4.17), then one can construct (¢, A) feasible for with
t = Zyo. Hence both programs are equivalent. O

From the formulation (4.17)), the link of the theta number to the (fractional)
chromatic number is even more transparent.

Lemma 4.4.3. For any graph G, we have that 9(G) < x*(G).

Proof. Lety = (yc) be feasible for the linear program defining x*(G). For
each clique C define the vector zc = (1 x¢) € R*", obtained by appending
an entry equal to 1 to the characteristic vector of C. Define the matrix Z =
22C dlique of G yczozy. One can verify that Z is feasible for the program (4.17)

with objective value Zyy = >° yc (check it). This shows ¥(G) < x*(G). O
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Applying duality to the semidefinite program (4.17), we obtairE] the follow-
ing formulation for ¥(G).

Lemma 4.4.4. The theta number ¥(G) is equal to the optimal value of the follow-
ing semidefinite program:

Yeania {;/Y“ Y =0, Yo=1,Yu=Y;(teV),Y,;=0{i,j}€E),.

(4.18)

Proof. First we write the program (4.17) in standard form, using the elementary
matrices E;; (with entries 1 at positions (7, j) and (j,¢) and 0 elsewhere):

inf{(Eoo, Z) : (Eii, Z) = 1, (Eoi, Z) =2(i € V), (Eyij, Z) = 0 ({i, 5} € B), Z = 0}

Next we write the dual of this sdp:

sup Zyz +2z:Y = Eoo — Z%En + 2z Eoi + Z u;jEi; = 0
i€V i€V {i,j}€E

Observe now that the matrix Y € S"*! occurring in this program can be equiva-
lently characterized by the conditions: Yoo = 1, Y;; = 0if {i,j} € Eand Y > 0.
Moreover the objective function reads: ;. yi + 22 = — (3, Yii + 2Y0i)-
Therefore the dual can be equivalently reformulated as

max{— (ZYii+2Y0i> LY =0, Yoo=1, Yi; =0 ({i,j} € E)}. (4.19)

eV

As is strictly feasible (check it) there is no duality gap, the optimal value
of is attained and it is equal to 9(G).

Let Y be an optimal solution of (4.19). We claim that Yy, + Y;; = 0 for all
i € V. Indeed, assume that Yy; + Y;; # 0 for some i € V, so that Y;; # 0. We
construct a new matrix Y’ feasible for having a larger objective value
than Y, thus contradicting the optimality of Y. If Y; > 0, then we let Y’ be
obtained from Y by setting to O all the entries at the positions (7,0) and (¢, j)
for j € [n], which has a larger objective value since Y;; + 2Yy; > 0. Assume
now Yy; < 0. Then set A = —Yy;/Y:; > 0 and let Y’ be obtained from Y by
multiplying its i-th row and column by . Then, Y/, = A\?Y;; = Y2 /Yi, Y§;, =
AYy, = =Y/, and Y’ has a larger objective value than Y since —Y;, — 2Yj, =
Yi/Yii > =Y — 2Yy,.

Therefore, we can add w.l.o.g. the condition Yy, = —Y;; (i € V) to (4.19),
so that its objective function can be replaced by » ;_ Y;;. Finally, in order to
get the program (4.18), it suffices to observe that one can change the signs on

LOf course there is more than one road leading to Rome: one can also show directly the equiva-

lence of the two programs and (4.18).
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the ﬁrstNrow and col~umn of Y (indexed by tl~1e index 0). In this way we obtain a
matrix Y such that Yy; = —Y{, for all i and Y;; = Y;; at all other positions. Thus
Y now satisfies the conditions Y;; = Yy, for i € V and it is an optimal solution

of (4.18). O

4.5 Geometric properties of the theta number

In this section we introduce the theta body TH(G). This is a semidefinite relax-
ation of the stable set polytope ST(G) tighter that its linear relaxation QST(G),
which provides another more geometric formulation for the theta number as
well as geometric characterizations of perfect graphs.

4.5.1 The theta body TH(G)

It is convenient to introduce the following set of matrices X € S™*!, where
columns and rows are indexed by the set {0} U V:

Me={Y eS8 Yyo=1, Yy =Y, (i€V), Y =0}, (4.20)

which is thus the feasible region of the semidefinite program (4.18]). Now let
TH(G) denote the convex set obtained by projecting the set M onto the sub-
space RV of the diagonal entries:

TH(G) = {x € RV : 3Y € Mg such that z; = Yj; Vi € V'}, (4.21)

called the theta body of G. It turns out that TH(G) is nested between ST(G) and
QST(G).

Lemma 4.5.1. For any graph G, we have that ST(G) C TH(G) C QST(G).

Proof. The inclusion ST(G) C TH(G) follows from the fact that the character-
istic vector of any stable set S lies in TH(G). To see this, define the vector
y = (1 x¥) € R"*! obtained by adding an entry equal to 1 to the characteris-
tic vector of S, and define the matrix Y = yy" € S"*!'. Then Y € M and
x° = (Y;)iev, which shows that x* € TH(G).

We now show the inclusion TH(G) C QST(G). For this pick a vector = €
TH(G) and a clique C of G; we show that z(C) < 1. Say z; = Y}; foralli € V,
where Y € M. Consider the principal submatrix Y- of Y indexed by {0} U C,

which is of the form
Vo — 1 acg
¢~ \zc Diag(zc))’

where we set z¢ = (7;)icc. Now, Yo = 0 implies that Diag(z¢) — zcal = 0
(taking a Schur complement). This in turn implies: e (Diag(z¢) — zczl)e > 0,
which can be rewritten as z(C) — (z(C))? > 0, giving z(C) < 1. O
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In view of Lemma [4.4.4, maximizing the all-ones objective function over
TH(G) gives the theta number:
9(G) = max{e'z: z € TH(G)}.
z€RY

As maximizing ez over QST(G) gives the LP bound o*(G), Lemma im-
plies directly that the SDP bound ¢(G) dominates the LP bound o*(G):

Corollary 4.5.2. For any graph G, we have that o(G) < ¥(G) < o*(G).

Combining the inclusion from Lemma with Theorem [4.2.4), we deduce
that TH(G) = ST(G) = QST(G) for perfect graphs. As we will see in Theorem
below it turns out that these equalities characterize perfect graphs.

4.5.2 Orthonormal representations of graphs

We introduce orthonormal representations of a graph GG, which will be used in
the next section to give further geometric descriptrions of the theta body TH(G).

Definition 4.5.3. An orthonormal representation of G, abbreviated as ONR, con-
sists of a set of unit vectors {uy, ..., u,} C R? (for some d > 1) satisfying

wlu; =0 V{i,j} € E.

Note that the smallest integer d for which there exists an orthonormal rep-
resentation of G is upper bounded by x(G) (check it). Moreover, if C is a clique
in G and the u;’s form an ONR of G of dimension d, then the vectors u; labeling
the nodes of C' are pairwise orthogonal, which implies that d > w(G). It turns

out that the stronger lower bound: d > ¥(G) holds.

Lemma 4.5.4. The minimum dimension d of an orthonormal representation of a
graph G satisfies: 9(G) < d.

Proof. Let uy,---,u, € R? be an ONR of G. Define the matrices Uy = I,
U; = uu] € 8% fori € [n]. Now we define a symmetric matrix Z € S"*! by
setting Z;; = (U;,U;) for i, j € {0} U[n]. One can verify that Z is feasible for the
program defining ¥(G) (check it) with Zyg = d. This gives 9(G) < d. O

4.5.3 Geometric properties of the theta body

There is a beautiful relationship between the theta bodies of a graph G and of
its complementary graph G:

Theorem 4.5.5. For any graph G,
TH(G) = {z € RY; : 272 < 1Vz € TH(G)}.

In other words, we know an explicit linear inequality description of TH(G);
moreover, the normal vectors to the supporting hyperplanes of TH(G) are pre-

cisely the elements of TH(G). One inclusion is easy:
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Lemma 4.5.6. If v € TH(G) and » € TH(G) then 27> < 1.

Proof. Let Y € Mg and Z € Mg such that = (Yj;) and z = (Z;;). Let 7'
be obtained from Z by changing signs in its first row and column (indexed by
0). Then (Y, Z') > 0 as Y, Z' = 0. Moreover, (Y, Z') = 1 — 2"z (check it), thus
giving 27z < 1. O

Next we observe how the elements of TH(G) can be expressed in terms of
orthonormal representations of G.

Lemma 4.5.7. For x € Rgo, x € TH(G) if and only if there exist an orthonormal
representation vy, . .., v, of G and a unit vector d such that x = ((d"v;)?);cv-

Proof. Let d,v; be unit vectors where the v;’s form an ONR of G; we show that
r = ((d"v;)?) € TH(G). For this, let Y € S"*! denote the the Gram matrix
of the vectors d and (v] d)v; for i € V, so that z = (Yj;). One can verify that
Y € Mg, which implies « € TH(G).

For the reverse inclusion, pick Y € M and a Gram representation wg, w;
(G eV)ofY. Setd = wp and v; = w;/||w;|| for i € V. Then the conditions
expressing membership of Y in M imply that the v;’s form an ONR of G,
|d|| =1, and Y;; = (d"v;)? foralli € V. O

To conclude the proof of Theorem we use the following result, which
characterizes which partially specified matrices can be completed to a positive
semidefinite matrix — this will be proved in Exercise 6.1.

Proposition 4.5.8. Let H = (W, F) be a graph and let a;; (i = j € W or
{i,j} € F) be given scalars, corresponding to a vector a € RWYF. Define the
convex set

K,={YeSV:Y =0, YV,=a;Vi=j€cWand{i,j}€F} (4.22)
(consisting of all possible positive semidefinite completions of a) and the cone
Cu=4{2eSV:7Z~0, Z; =0V{i,j} € F} (4.23)

(consisting of all positive semidefinite matrices supported by the graph H). Then,
K, # 0 if and only if

Z ai; iz + 2 Z aijZij >0 VZ elCyq. 4.24)
ieW {i,j}eF

Proof. (of Theorem . Let # € RY, such that 272 < 1 for all z € TH(G);
we show that + € TH(G). For this we need to find a matrix Y € Mg such
that x = (Y;;):cv. In other words, the entries of Y are specified already at the
following positions: Yy = 1, Yo; = Vi3 = =, for i € V, and Yy; ;; = 0 for all
{i,7} € E, and we need to show that the remaining entries (at the positions of
non-edges of () can be chosen in such a way that Y = 0.
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To show this we apply Proposition [4.5.8, where the graph H is G with an
additional node 0 adjacent to all 7« € V. Hence it suffices now to show that
(Y,Z) > 0forall Z € 89" with Z;; = 0if {3, j} € E. Pick such Z, with Gram
representation wg,wy, - ,w,. Then w]w; = 0 if {i,j} € E. We can assume
without loss of generality that all w; are non-zero (use continuity if some w;
is zero) and up to scaling that wy is a unit vector. Then the vectors w;/||w;||
(i € V) form an ONR of G. By Lemma (applied to G), the vector z € RV
with z; = (wdw;)?/||w;||? belongs to TH(G) and thus 2"z < 1 by assumption.
Therefore, (Y, Z) is equal to

T 2
W W;

12
[1=2% i€V i€V ”le

U)TU)‘ 2
=S (S ) o0
Tl

eV

4.5.4 Geometric characterizations of perfect graphs

We can now prove the following geometric characterization of perfect graphs,
which strengthens the polyhedral characterization of Theorem

Theorem 4.5.9. For any graph G the following assertions are equivalent.
1. G is perfect.
2. TH(G) = ST(G)
3. TH(G) = QST(G).
4. TH(G) is a polytope.

We start with the following observations which will be useful for the proof.
Recall that the antiblocker of a set P C RY, is defined as

abl(P) = {y € R, : y'z <1Vz € P}.

We will use the following property, shown in Exercise 1.6: If P C R%, is a

down-monotone polytope in R%, then P = abl(abl(P)). -
Using this notion of antiblocker, we see that Theorem shows that

TH(G) is the antiblocker of TH(G): TH(G) = abl(TH(G)) and, analogously,

TH(G) = abl(TH(G)). Moreover, by its definition, QST(G) is the antiblocker of

ST(G): QST(G) = abl(ST(G)). This implies the equalities
abl(QST(G)) = abl(abl(ST(G))) = ST(G)
and thus

ST(G) = abl(QST(G)). (4.25)
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We now show that if TH(G) is a polytope then it coincides with QST(G),
which is the main ingredient in the proof of Theorem As any polytope
is equal to the solution set of its facet defining inequalities, it suffices to show
that the only inequalities that define facets of TH(G) are the nonnegativity con-
ditions and the clique inequalities.

Lemma 4.5.10. Let a € R" and o € R. If the inequality a"x < « defines a facet
of TH(G) then it is a multiple of a nonnegativity condition x; > 0 for some i € V
or of a clique inequality x(C') < 1 for some clique C of G.

Proof. Let F = {x € TH(G) : a'x = a} be the facet of TH(G) defined by the
inequality a"x < . Pick a point z in the relative interior of F, thus z lies
on the boundary of TH(G). We use the description of TH(G) from Theorem
If z; = 0 for some i € V, then the inequality a2z < « is equivalent to the
nonnegativity condition ; > 0. Suppose now that 2"y = 1 for some y € TH(G).
In view of Lemma 4.5.7, y = ((c"w;)?)"_, for some unit vectors c, Uiyt €
Rk forming an orthonormal representation of G, i.e., satisfying u]u; = 0 for
{i,j} € E. Then the inequality o'z < « is equivalent to > ;- (' ul) x; <1,
i.e., up to scaling we may assume that « = 1 and a; = (c' uz)2 foralli e V. We
claim that

Z ¢ u;)z;u; forallx € F. (4.26)
=1

Indeed, for any unit vector d € R¥, the vector ((d"u;)?)"_, belongs to TH(G)
and thus Y | (d¥)?z; < 1 for all z € F. In other words, the maximum of the
quadratic form d' (3", x;u;u] )d taken over all unit vectors d € R” is equal to
1 and is attained at d = c¢. This shows that ¢ is an eigenvector of the matrix
S, zuu] for the eigenvalue 1, and thus equality (3., z;u;u] )c = ¢ holds,

which gives (4.26).
From (4.26)) we deduce that each equation Y, (u] ¢)x;(u;); = c; is a scalar

multiple of ¥, (u]¢)® = 1. This implies that (u; ¢)(u;); = ¢;(u]c)? foralli, j €
[n]. Hence, u] ¢ # 0 implies u; = (u] ¢)c, thus u; = +c (since u; and ¢ are both
unit vectors) and without loss of generality u=c SetC={ieV:u =c}
so that the inequality Z (c u;)?x; < 1reads Y, icC mz < 1. Fmally we now
observe that C'is a clique in G, since i # j € C implies u]u; = ¢"c = 1 and thus
{i,7} € E. This concludes the proof. O

Proof. (of Theorem 4.5.9). By Theorem we know that G is perfect if and
only if QST(G) = ST(G). Moreover, by Lemma [4.5.1] we have the inclusion
ST(G) C TH(G) C QST(G). Hence, in order to show the theorem it suffices to
show that G is perfect if and only if TH(G) is a polytope.
There remains only to show the ‘if’ part. Assume that TH(G) is a polytope.
Then TH(@) too is a polytope since TH(G) = abl(TH(G)). Therefore, by Lemma
0| (applied to G), TH(G) = QST(G). Taking the antiblocker of both sides
(and using (4.25)), we obtain that TH(G) = abl(TH(G)) = abl(QST(G)) =
ST(G). 0

81



4.6 Bounding the Shannon capacity

The theta number was introduced by Lovasz [10] in connection with the prob-
lem of computing the Shannon capacity of a graph, a problem in coding theory
considered by Shannon. We need some definitions.

Definition 4.6.1. (Strong product) Let G = (V,E) and H = (W, F) be two
graphs. Their strong product is the graph denoted as G - H with node set V. x W
and with edges the pairs of distinct nodes {(i,7), (j,s)} € V x W with (i = j or
{i,j} € E) and (r = s or {r,s} € F).

If S C Visstable in G and T' C W is stable in H then S x T is stable in
G - H. Hence, a(G - H) > a(G)a(H). Let G* denote the strong product of k
copies of GG. For any integers k,m € N we have that

a(G™™) > a(GM)a(G™)

and thus a(G*) > (a(G))*. Consider the parameter

0(G) := sup /a(GH), 4.27
(G) sup a(G*) (4.27)

called the Shannon capacity of the graph G. Using Fekete’s lemm one can
verify that ©(G) = limyy00 v/ (GF).

The parameter ©(G) was introduced by Shannon in 1956. The motivation
is as follows. Suppose V is a finite alphabet, where some pairs of letters could
be confused when they are transmitted over some transmission channel. These
pairs of confusable letters can be seen as the edge set E of a graph G = (V, E).
Then the stability number of G is the largest number of one-letter messages that
can be sent without danger of confusion. Words of length k correspond to k-
tuples in V*. Two words (i, - - , i) and (ji,- - ,jx) can be confused if at every
position h € [k] the two letters i;, and j;, are equal or can be confused, which
corresponds to having an edge in the strong product G*. Hence the largest
number of words of length & that can be sent without danger of confusion is
equal to the stability number of G* and the Shannon capacity of G represents
the rate of correct transmission of the graph.

For instance, for the 5-cycle Cs, a(Cs) = 2, but o((Cs)?) > 5. Indeed,
if 1,2,3,4,5 are the nodes of C5 (in this cyclic order), then the five 2-letter
words (1,1), (2,3), (3,5), (4,2), (5,4) form a stable set in G2. This implies that
O(Cs5) > V5.

Determining the exact Shannon capacity of a graph is a very difficult prob-
lem in general, even for small graphs. For instance, the exact value of the Shan-
non capacity of C5 was not known until Lovasz [[10] showed how to use the
theta number in order to upper bound the Shannon capacity: Lovasz showed

2Consider a sequence (ay,)y, of positive real numbers satisfying: agi,, > ax + am for k,m € N.
Fekete’s lemma claims that limy_, o a/k = supgcyar/k. Then apply Fekete’s lemma to the
sequence ay, = log a(GF).
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that ©(G) < ¥(G) and 9(Cs) = /5, which implies that ©(C5) = /5. For in-
stance, although the exact value of the theta number of Cs,,; is known (cf.
Proposition [4.7.6), the exact value of the Shannon capacity of Cs,; is not
known, already for C-.

Theorem 4.6.2. For any graph G, we have that O(G) < ¥(G).

The proof is based on the multiplicative property of the theta number from
Lemma [4.6.3| - which you will prove in Exercise 6.2 — combined with the fact
that the theta number upper bounds the stability number: For any integer k,
a(G*) < 9(GF) = (9(G))* implies &/a(G*) < I(G) and thus O(G) < I(G).

Lemma 4.6.3. The theta number of the strong product of two graphs G and H
satisfies V(G - H) = ¢(G)I(H).

As an application one can compute the Shannon capacity of Cs: ©(Cs) =
V5. Indeed, ©(Cs) > /a(C2) > /5 and O(Cs) < 9(Cs), with 9(Cs) = /5 as

we will see below in relation (4.29).

4.7 The theta number for vertex-transitive graphs

The following inequalities relate the stability number and the (fractional) col-
oring number of a graph:
V] < a(G)x"(G) < a(G)x(G).

(Check it.) First we mention the following analogous inequality relating the
theta numbers of G and its complement G.

Proposition 4.7.1. For any graph G = (V, E), we have that 9(G)J(G) > |V|.
Proof. Using the formulation of the theta number from (4.14)), we obtain ma-

trices C,C’" € 8" such that C — J,C" — J = 0, Cy; = 9(G), Cl, = I(G) fori € V,
Cij = 0 for {i,j} € FE and Cj; = 0 for {4,j} € E. Combining the inequali-
ties (C — J,J) >0, (C' — J,J) > 0and (C — J,C’' — J) > 0 with the identity

(C,C") = nY¥(GQ)Y(G), we get the desired inequality. O

We now show that equality 9(G)9(G) = |V| holds for certain symmetric
graphs, namely for vertex-transitive graphs. In order to show this, one exploits
in a crucial manner the symmetry of GG, which permits to show that the semidef-
inite program defining the theta number has an optimal solution with a special
(symmetric) structure. We need to introduce some definitions.

Let G = (V,E) be a graph. A permutation o of the node set V is called
an automorphism of G if it preserves edges, i.e., {i,j} € FE if and only if
{o(i),0(j)} € E. Then the set Aut(G) of automorphisms of G is a group. The
graph G is said to be vertex-transitive if for any two nodes i, j € V there exists
an automorphism o € Aut(G) mapping i to j: o(i) = j.
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The group of permutations of V' acts on symmetric matrices X indexed by
V. Namely, if o is a permutation of V and P, is the corresponding permutation
matrix (with (4, j)th entry P,(i,j) = 1 if j = o(¢) and O otherwise), then one
can build the new symmetric matrix

0(X) =P, XP)] = (Xo(i)o())ijev-

If 0 is an automorphism of G, then it preserves the feasible region of the
semidefinite program defining the theta number ¥(G). This is an easy,
but very useful fact.It follows from the fact that the matrices entering the pro-
gram (the all-ones matrix J, the identity I and the elementary matrices
E,; for edges {i,j} € E) are invariant under action of Aut(G).

Lemma 4.7.2. If X is feasible for the program (4.11) and o is an automorphism
of G, then o(X) is again feasible for (4.11), moreover with the same objective
value as X.

Proof. Directly from the fact that (J,0(X)) = (J, X), Tr(c(X)) = Tr(X) and
0(X)ij = Xo(i)o(j) = 0if {4,7} € E (since o is an automorphism of G). O

Lemma 4.7.3. The program (4.11)) has an optimal solution X* which is invariant
under action of the automorphism group of G, i.e., satisfies c(X*) = X* for all
o € Aut(Q).

Proof. Let X be an optimal solution of (4.11). By Lemma [4.7.2} o(X) is again
an optimal solution for each o € Aut(G). Define the matrix

L1
X = ey 2 o,

oeAut(G)

obtained by averaging over all matrices o(X) for o € Aut(G). As the set of
optimal solutions of (4.11)) is convex, X* is still an optimal solution of (4.11).
Moreover, by construction, X * is invariant under action of Aut(G). O

Corollary 4.7.4. If G is a vertex-transitive graph then the program (4.11) has an
optimal solution X* satisfying X = 1/n foralli € V and X*e = @e.

Proof. By Lemmaf4.7.3] there is an optimal solution X * which is invariant under
action of Aut(G). As G is vertex-transitive, all diagonal entries of X* are equal.
Indeed, let 7, j € V and o € Aut(G) such that o(i) = j. Then, X7, = X7, =
X As Tr(X™) = 1 we must have X}; = 1/n for all i. Moreover, 3, .\, X7, =
> okev Xoik = 2nev Xo(o(h) = 2onev Xip, Which shows that X*e = Ae for
some scalar A\. Combining with the condition (J, X*) = ¥(G) we obtain that
r=3%8 O

n

Proposition 4.7.5. If G is a vertex-transitive graph, then 9(G)9(G) = |V|.
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Proof. By Corollary[4.7.4} there is an optimal solution X * of the program (4.11))
defining ¥(G) which satisfies X = 1/n for i € V and X*e = D¢, Then

n

%X * —J = 0 (check it). Hence, t = 57 and C' = 197(12))( * define a feasible

solution of the program (4.14) defining ¥(G), which implies ¥(G) < n/9(G).
Combining with Proposition we get the equality J(G)J(G) = |V|. O

For instance, the cycle C,, is vertex-transitive, so that

I(C,)I(Cy) = n. (4.28)
In particular, as Cj is isomorphic to Cs, we deduce that
9(Cs) = V5. (4.29)

For n even, C, is bipartite (and thus perfect), so that J(C,) = o(C,) = %
and 9(C,) = w(C,) = 2. For n odd, one can compute 9¥(C,,) using the above

symmetry reduction.
Proposition 4.7.6. For any odd n > 3,

9C,) = n cos(mw/n) and 9(C)) = 1+ cos(w/n)'
1+ cos(m/n) cos(m/n)
Proof. As¥(C,,)9(C,,) = n, it suffices to compute ¥(C,,). We use the formulation
(4.15). As C,, is vertex-transitive, there is an optimal solution B whose entries
are all equal to 1, except B;; = 1 + x for some scalar  whenever |i — j| = 1
(modulo n). In other words, B = J + zA¢,, where Ac, is the adjacency
matrix of the cycle C,,. Thus ¥(C,,) is equal to the minimum value of \,,..(B)
for all possible 2. The eigenvalues of Ac, are known: They are w® + w™*

(for k = 0,1,--- ,n — 1), where w = e*" is an n-th root of unity. Hence the
eigenvalues of B are
n + 22z and x(wk'—&—w_k) fork=1,---,n—1. (4.30)

We minimize the maximum of the values in (4.30) when choosing x such that
n+ 2x = —2x cos(mw/n)

(check it). This gives 9(C,,) = Amax(B) = —2w cos(/n) = {2 O

As another application, one can compute the Shannon capacity of any graph
G which is vertex-transitive and self-complementary (like Cs).
Theorem 4.7.7. If G = (V, E) is a vertex-transitive graph, then ©(G - G) = |V|.
If, moreover, G is self-complementary, then ©(G) = \/m
Proof. We have O(G - G) > a(G - G) > |V]|, since the set of diagonal pairs

i,i) :i € V}is stable in G- G. The reverse inequality follows from Proposition

combined with Lemma 0(G-G) <IG-G) =9G)IG) = |V]|.
Therefore, O(G - G) = |V|.

If moreover G is isomorphic to G then ¥(G) = /|V| and thus O(G) <
9(G) = /]V]. On the other hand, |[V| = (G - G) = ©(G?) < (6(G))? (check
it), which implies: ©(G) > /|V| and thus equality: (G) = /|V]. O
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4.8 Application to Hamming graphs: Delsarte LP
bound for codes

A binary code of length n is a subset C of the set V' = {0, 1}" of binary sequences
(aka words) of length n. Given two words u,v € V, their Hamming distance
dp(u,v) is the number of positions i € [n] such that u; # v;. The Hamming
weight |u| of a word u € V is its number of nonzero coordinates: |u| = dg(u,0).

Given an integer d € [n], one says that C has minimum distance d if any two
distinct words of C' have Hamming distance at least d. A fundamental problem
in coding theory is to compute the maximum cardinality A(n,d) of a code of
length n with minimum distance d. This is the maximum number of messages
of length n that can correctly be decoded if after transmission at most (d — 1)/2
bits can be erroneously transmitted in each word of C.

Computing A(n, d) is in fact an instance of the maximum stable set problem.
Indeed, let G(n,d) denote the graph with vertex set V' = {0,1}" and with an
edge {u,v} if dy(u,v) < d—1, called a Hamming graph. Then, a code C C V
has minimum distance d if and only if C is a stable set in G(n,d) and thus
A(n,d) = a(G(n,d)).

A natural idea for getting an upper bound for A(n,d) is to use the theta
number J(G), or its strengthening ¢ (G) obtained by adding nonnegativity con-
ditions on the entries of the matrix variable:

V(G) = {max(J, X) : Tr(X) =1, Xup =0 {u,v} € E), X >0, X = 0}.

(4.31)
Computing the paramater 9(G(n,d)) or ¥'(G(n,d)) is apparently a difficult
problem. Indeed the graph G(n,d) has 2™ vertices and thus the matrix X in
the above semidefinite program has size 2". However, using the fact that the
Hamming graph has a large automorphism group, one can simplify the above
semidefinite program and in fact reformulate it as an equivalent linear program
with only n + 1 variables and linear constraints. This is thus an enormous gain
in complexity, thanks to which one can compute the parameter ¥'(G(n, d)) for
large values of n.

In a nutshell this symmetry reduction is possible because the symmetric ma-
trices that are invariant under action of the automorphism group of the Ham-
ming graph form a commutative algebra, so that they can all be diagonalized
simultaneously, by the same orthogonal basis. In what follows we explain how
to derive the linear program equivalent to (4.31).

Automorphisms of the Hamming graph.

Any permutation 7 of [n] induces an automorphism of G(n, d) by setting
(V) = (Vo(1)s -+ Vo(n)) € 10,1} forv € {0,1}".

Moreover, any a € {0,1}" induces an automorphism s, of G(n, d) by setting

sq(v) =v®a forve {0,1}".
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Here we use addition moduo 2 in {0,1}": v ® v = (u; ® v;)I4, setting 0 ® 0 =
1®1=0and 1®0=0¢1=1. Thus dg(u,v) = |u @ v|. The set

Gn = {ms, : ™ € Sym(n), a € {0,1}"}

is a group (check it), which is contained in the automorphism group of G(n, d).
Note, for instance, that ms, = s, (q)7 (check it).

The graph G(n,d) is vertex-transitive under action of G, (since, for any
two vertices u,v € V, the map s,q, maps u to v). Moreover, given words
u,v,u’,v" € V, there exists o € G, such that o(u) = v’ and o(v) = ¢’ if and only
if dg(u,v) = dg(u',v") (check it).

Invariant matrices under action of G,,.

Let B,, denote the set of matrices indexed by {0,1}"™ that are invariant under
action of G,. Thatis, X € B, if it satisfies: X (u,v) = X(o(u),o(v)) for all
u,v € V and o € G, or, equivalently, if each entry X (v, v) depends only on the
value of the Hamming distance dg (u,v). For k € {0,1,...,n} let M, denote the
matrix indexed by V with entries My, (u,v) = 1 if dg(u,v) = k and My (u,v) =0
otherwise. Then the matrices My, My, ..., M, form a basis of the vector space
B, and B,, has dimension n 4+ 1. Moreover, B,, is a commutative algebra (this
will be clear from Lemma [4.8.1), known as the Bose-Mesner algebra. It will
be convenient to use another basis in order to describe positive semidefinite
matrices in B,,.

Given a € V = {0,1}", define the vector C, € {£1}" defined by

T

Co=((-1)"")yey foraeV. (4.32)
Next define the V' x V matrices By, By, ..., B, by

By = Z C,CI fork=0,1,...,n. (4.33)
a€V:|a|=k

Lemma 4.8.1. (i) The vectors C, (a € V) are pairwise orthogonal.
(ii) The matrices By, B1, ..., By, are pairwise orthogonal: By, By, = 2" B0}, .
(i) By =J, Tr(Bi) =2"(}) for 0 < k < n,and (J,By) =0for 1 < k < n.

(iv) For any k and u,v € V, Bp(u,v) = P¥(dg(u,v)), where P¥(t) is the
Krawtchouk polynomial which, at any integer t = 0,1,...,n, is given by

PE(t) = zk;(_w‘ (:) (Z B :) (4.34)

(v) The set {By, ..., By} is a basis of B,, and B,, is a commutative algebra.
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Proof. (i) is direct verification (check it) and then (ii),(iii) follow easily.
(iv) Set t = dy(u,v) and Z = {i € [n] : u; # vi} with ¢t = |Z|. Moreover
for each a € V define the set A = {i € [n] : a; = 1}. Then, we find that
t i
Bi(u,0) = 3 g uajek (DA = 3000 (1) (0) (525) = PE(®).

(v) follows from (ii) and (iv). O

Note that the vectors {C, : a € V = {0,1}"} form an orthogonal basis of
RY, and they are the common eigenvectors to all matrices B;, and thus to all
matrices in the Bose-Mesner algebra B,,.

Lemma 4.8.2. Let X =), _, zxBj € B, Then, X = 0 <= zo,21,...,2, > 0.

Proof. The claim follows from the fact that the By’s are positive semidefinite
and pairwise orthogonal. Indeed, X > 0 if all ;s are nonnegative. Conversely,
if X > 0then 0 < (X, By) = xx{(By, Bx), implying x5, > 0. O

Delsarte linear programming bound for A(n, d)

Using the above facts we can now formulate the parameter ¢'(G(n,d)) as the
optimum value of a linear program. This linear program provides an
upper bound for A(n,d), which was first discovered by Delsarte [3]; that this
bound coincides with the theta number ¥'(G(n,d)) was proved by Schrijver
[121.

Theorem 4.8.3. (Delsarte LP bound for A(n,d) = «a(G(n,d))) The parameter
¥ (G(n,d)) can be computed with the following linear program:

maX_tO’___’;Il-neR 22n.§C0 s.t. Zk: Ozk( )* 2- n

S Oa:kP (t) = fort=1,...,d—1,

Yoz PE(t) >0  fort=d,...,n,

x>0 fork=0,1,... n,
(4.35)

where P¥(t) is the Krawtchouk poynomial in .

Proof. In the formulation of ¥ (G) we may assume that the variable X
belongs to B, i.e., X = Zk:o 21, By, for some scalars zg,...,z, € R. It now
suffices to rewrite the constraints on X as constraints on the z;’s. Using Lemma
4.8.1) we find: (J,X) = 22"z, 1 = Tr(X) = >7_,2"(})aw, and X (u,v) =

n—o Tk PR (t) if d(u,v) = t. Finally the condition X = 0 gives z > 0. O

4.9 Lasserre hierarchy of semidefinite bounds

A first easy way of getting a stronger bound toward «(G) is by adding nonneg-
ativity constraints to the formulation of ©(G). In this way we get the parameter
¥(G) in (4.31), which satisfies a(G) < ¥ (G) < I(G).

There is a more systematic way of constructing stronger and stronger bounds
for a(G). The idea is to start from the formulation of J(G) from and
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to observe that the matrix variable is indexed by all nodes together with an
additional index 0. More generally, we can define a hierarchy of upper bounds
for a(G) that are obtained by optimizing over a matrix variable indexed by all
products of at most ¢ (distinct) variables, for increasing values of ¢.

The idea is simple and consists of ‘lifting’ the problem into higher dimension
by adding new variables. Given a set S C V, let z = x° € {0,1}" denote its
characteristic vector and, for ¢ € [n], define the vector

_ Pi(n
[]: = (1,21, ..., @4, T1T2, oy Ty 1Ty e v oy TIT2 Tty oy Tyl Tpy) E R ¢(n)

consisting of all products of at most ¢ distinct z;’s (listed in sone order). Here we
let P;(n) denote the collection of all subsets I C [n] with || < ¢. For instance,
[x]1 = (1,21,...,z,) and [z], contains all 2" possible products of distinct z;’s.

Next we consider the matrix Y = [z];[z]] which, by construction, is positive
semidefinite and satisfies the following linear conditions:

Y(I,J)=YI',J) ifruJ=1uJ
and Yj ¢ = 1. This motivates the following definition.

Definition 4.9.1. Given an integer 0 < ¢ < n and a vector y = (y;) € RP2(n) Jet
M, (y) denote the symmetric matrix indexed by Pi(n), with (I, J)th entry yr_ for
I,J € Pi(n). Mi(y) is called the moment matrix of order ¢ of y.

Example 4.9.2. As an example, for n = 2, the matrices M, (y) and M (y) have
the form

1 2 12

0 1 2 "
0 Yo U1 Y2 Y12
M 1 Yoo g b2 M _ 1 Y1 Y1 Y12 Y12
1(y) = vy e | Ma(y) = Vs Yo s o
2
Y2tz e 12 \y12 y12 y12 Y12

Note that M;(y) corresponds to the matrix variable in the formulation (4.18) of
¥(G). Moreover, M (y) occurs as a principal submatrix of M (y).

We can now formulate new upper bounds for the stability number.

Definition 4.9.3. For any integer 1 < t < n, define the parameter

yERP2¢(n)

las, (@) = max {Y yiiyo=1, 45 =0({i,j} € E), Mi(y) = 0}, (4.36)
=1
known as the Lasserre bound of order t.

Lemma 4.9.4. For each 1 < t < n, we have that o(G) < las;(G). Moreover,
las;11(G) < lasi(G).
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Proof. Let x = x° where S is a stable set of G, and let y = [z];. Then the
moment matrix M,(y) is feasible for the program with value Y | y; =
|S|, which shows |S| < las;(G) and thus a(G) < las:(G).

The inequality las;1(G) < las;(G) follows from the fact that M;(y) occurs
as a principal submatrix of M1 (y). O

Some further observations:
e For ¢t = 1, the Lasserrre bound is simply the theta number: las; (G) = ¥(G).
e For ¢t = 2, the Lasserre bound improves 9'(G): las2(G) < ¢'(G). This is
because the condition M, (y) > 0 implies that all entries y;; are nonnegative (as
y;; occurs a diagonal entry of Ms(y)).
e The bounds form a hierarchy of stronger and stronger bounds:

a(G) <las,(G) < ... <lasi(G) < ... <lase(G) <las1(G) = ¥(G).
It turns out that, at order ¢t = «(G), the Lasserre bound is exact: las;(G) = a(G).
Theorem 4.9.5. For any graph G, las;(G) = a(G) for any t > o(G).

In the rest of the section we prove this result.

Characterizing positive semidefinite full moment matrices M, (y).

In a first step we characterize the vectors y = (ys)c[,) whose moment matrix
M, (y) is positive semidefinite.

For this we use the 2" x 2" matrix Z,,, whose columns are the vectors [x],
for € {0,1}". Alternatively, Z,, is the matrix indexed by P, (n), with entries
Zn(I,J) =1if I C Jand Z,(I,J) = 0 otherwise. Its inverse matrix Z} is
defined by Z;'(I,J) = (—1)//Ml'if I C J and 0 otherwise. (Check it). The
matrix Z,, is known as the Zeta matrix of the lattice P,,(n) (all subsets of the set
[n], ordered by set inclusion) and its inverse Z,, ! as its M6bius matrix (cf., e.g.,

(11D).

Example 4.9.6. For n = 2 we have
1 2 12 0 1 2 12
0 /1 1 1 1 0 /1 -1 -1 1
1 (o 10 1 4 1 (0o 1 0 -1
Z2= 001 1| Zy = 0 0 1 -1
12\0 0 0 1 12\0 0 0 1

Lemma 4.9.7. Let y € RP»(") and set A = Z;'y. Then,
Mn(y) = ZnDlag(/\)Z;zr

Proof. Pick I,.J C [n]. We show that the (I, J)th entry of Z,Diag(\)Z is equal
to yrus. This is direct verification:

(Z,Diag(\)Z})1s = > (DiagNZDks= Y. (Z;'vxk
K:ICK K:IUJCK
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= > > My = Y g Y ()

K:IUJCK H:KCH H:IUJCH — K:JUJCKCH
which is equal to y;u, since the inner summation ., c e (— 1)Kl is
equal to zero whenever H # I U J. O

Corollary 4.9.8. Let y € RP»("), The following assertions are equivalent.
i M, (y) = 0.
(i) Z;ly>0.

(iii) y is a conic combination of the vectors [x],, for x € {0,1}", ie., y =
2we{0,13n Ax[z]n for some nonnegative scalars .

Example 4.9.9. Let n = 2 and consider a vector y = (yp, y1, Y2, y12). Then, y can
be written as the following linear combination of the vectors [z]s for x € {0,1}?:

y=(yo —y1 — Y2 +v12)[0]2 + (11 — y12)[e1]2 + (y2 — y12)[e2]2 + yiz[e1 + e2)2

(setting e; = (1,0) and e5 = (0,1)). Therefore, we see that this is indeed a conic
combination if and only if any of the following equivalent conditions holds:

0 1 2 12

0 Yo Y1 Y2 Y12 Yo — Y1 — Y2 +y12 >0
1 Y1 Y1 Y12 Y12 Y1 —yi2 >0
Ma(y) = -0 =
2(v) 2 Y2 Y12 Y2 Y12 | Y2 —y12 >0
12 \y12 w12 Y12 Y12 y12 > 0.

Canonical lifted representation for 0 — 1 polytopes

We sketch here the significance of the above results about moment matrices
for discrete optimization. A fundamental question is whether one can optimize
efficiently a linear objective function over a given set X C {0,1}". Think for
instance of the traveling salesman problem, in which case X is the set of the
incidence vectors of all Hamiltonian cycles in a graph, or of the maximum stable
set problem considered here, in which case X is the set of incidence vectors of
the stable sets in a graph. The classical so-called polyhedral approach is to
consider the polytope P = conv(X'), defined as the convex hull of all vectors in
X. Then the question boils down to finding the linear inequality description of
P (or at least a part of it). It turns out that this question gets a simpler answer
if we ift’ the problem into higher dimension and allow the use of additionnal
variables.

Define the polytope P = conv([z], : * € X). Let w denote the projec-
tion from the space R”~(") to the space R” where, for a vector y = (y;) IC[n)>
m(y) = (y1,...,yn) denotes its projection onto the coordinates indexed by the
n singleton subsets of [n]. Then, by construction, we have that P = 7(P). As
we now indicate the results from the previous subsection show that the lifted
polytope P admits a simple explicit description.
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Indeed, for a vector y € RP»(") the trivial identity y = Z,(Z; 'y) shows
that y € P if and only if it satisfies the following conditions:

Z7ly >0, (Z7'y)=0Ve g X, T 27y =1. (4.37)

The first condition says that y is a conic combination of vectors [z],, (for x €
{0,1}"), the second one says that only vectors [z],, for z € X are used in this
conic combination, the last one says that the conic combination is in fact a con-
vex combination and it can be equivalently written as yy = 1. Hence (9.7)
gives an explicit linear inequality description for the polytope P. Moreover, us-
ing Corollary we can replace the condition Z, 'y > 0 by the condition
M, (y) = 0. In this way we get a description of P involving positive semidefi-
niteness of the full moment matrix M, (y).

So what this says is that any polytope P with 0 — 1 vertices can be obtained
as projection of a polytope P admitting a simple explicit description. The price
to pay however is P ”lives” in a 2"-dimensional space, thus exponentially large
with respect to the dimension n of the ambiant space of the polytope P. Never-
theless this perspective leads naturally to hierarchies of semidefinite relaxations
for P, obtained by considering only truncated parts M, (y) of M,,(y) for growing
orders t. We refer to [7,[8]] for a detailed treatment, also about the links to other
ift-and-project techniques used in combinatorial optimization.

This idea of ‘lifting’ a problem by adding new variables is widely used in
optimization and it can sometimes lead to a huge efficiency gain. As a simple
illustrating example consider the ¢;-ball B = {x € R" : |z1],...,|z,| < 1}. The
explicit linear inequality description of B requires the following 2" inequalities:
Yo a;z; < 1forall a € {£1}". On the other hand, if we allow n additional
variables we can describe B using only 3n linear inequalities. Namely, define
the polytope

Q={(z,y) eR"xR" : 2; <yi, —x; <ys, ys <1 (i € [n]}.

Then B coincides with the projection of @ onto the z-subspace.

Convergence of the Lasserre hierarchy to o(G).

We can now conclude the proof of Theorem showing that the Lasserre
relaxation solves the maximum stable set problem at any order ¢ > «(G). It fol-
lows through the following claims. We let S; denote the set of all characteristic
vectors of the stable sets of G (so we consider here the set X = Sz).

Lemma 4.9.10. Assume M;(y) >= 0 and y;; = O for all edges {i,j} € E. Then
yr = 0if I contains an edge and |I| < 2t.

Proof. Exercise. O

Lemma 4.9.11. Assume yo = 1, M, (y) = 0 and y;; = 0 for all edges {i,j} € E.
Then y is a convex combination of vectors [x],, for x € S¢.
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Proof. By Corollary , Y= sc (0.1}n Az[2]n, with all A, > 0. It suffices now
to observe that A\, > 0 implies x € S(G), which follows directly from the fact
that 0 = y;; = >, A\a;z; for all edges {i, j} € E. O

Lemma 4.9.12. Lett > a(G). Assume y € RP2(") satisfies M (y) = 0, y;; = 0 for
all edges {i,j} € E and yo = 1. Then, >, y; < a(G) and thus las;(G) < a(G).

Proof. We extend the vector y to a vector § € P,,(n) by setting gy = yr if |I] < 2¢
and g; = 0 if |I| > 2¢t. We claim that the matrix M,, () has the block-form:

) = (M5 7).

Indeed, by construction, 7,5 = y;uy if both I and J have cardinality at most ¢.
Otherwise, say |I| > t. If [ U J| < 2¢, then g§;u; = yyus = 0 by Lemma [4.9.10]
(since I is not stable). If |T U J| > 2t, then §;,; = 0 by construction.

Hence M;(y) = 0 implies M,(y) > 0. Using Lemma [4.9.11] we can con-
clude that 3 is a convex combination of vectors [z],, for € Sg. By projecting

onto the positions indexed by 1,2, ..., n, we get that the vector (y1,...,y,) =
(%1, - - -,9n) is a convex combination of characteristic vectors of stable sets of G,
and thus this implies ", y; < a(G). O

4.10 Further reading

In his seminal paper [10], Lovasz gives several equivalent formulations for the
theta number, and relates it to the Shannon capacity and to some eigenvalue
bounds. It is worth noting that Lovasz’ paper was published in 1979, thus be-
fore the discovery of polynomial time algorithms for semidefinite programming.
In 1981, together with Grotschel and Schrijver, he derived the polynomial time
algorithms for maximum stable sets and graph colorings in perfect graphs, based
on the ellipsoid method for solving semidefinite programs. As of today, this is
the only known polynomial time algorithm — in particular, no purely combinato-
rial algorithm is known. Detailed information about the theta number can also
be found in the survey of Knuth [6] and a detailed treatment about the material
about the theta body TH(G) can be found in Chapter 9 of Grétschel, Lovasz and
Schrijver [5].

The Lasserre hierarchy of semidefinite bounds for «(G) is based on the work
of Lasserre [7] and Laurent [8]. As explained there this type of hierarchies
extends to arbitrary 0/1 polynomial optimization problems.

4.11 Exercises

4.1 Show the result of Proposition
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4.2

4.3

4.4

4.5

The goal is to show the result of Lemma about the theta number of
the strong product of two graphs G = (V, F) and H = (W, F'):

(G - H) = 0(G)I(H).

(a) Show that ¥(G - H) > ¥(G)(H).
(b) Show that ¢(G - H) < ¥(G)¥(H).

Hint: Use the primal formulation (4.11) for (a), and the dual formulation
(4.12) for (b), and think of using Kronecker products of matrices in order
to build feasible solutions.

Given a graph G = (V = [n], F), a symmetric matrix B € S" is said to fit
G if it has non-zero diagonal entries and zero entries at the off-diagonal
positions corresponding to non-edges of G. Consider the parameter R(G),
defined as the smallest possible rank of a matrix B which fits G, i.e.,

R(G) = min rank(B) such that B;; #0 (i € V), B;; =0 ({i,j} € E).
(a) Show that R(G) < x(G).
(b) Show that R(G) > a(G).
(c) Show that R(G) > ©(G).

(This upper bound on the Shannon capacity is due to W. Haemers.)

Let G = (V = [n], E) be a graph. Consider the graph parameter

1
¥1(G) = minmax ——
1( ) c,up 1€V (CTuZ—)z’
where the minimum is taken over all unit vectors ¢ and all orthonormal
representations ug, - - - , u, of G (i.e., uy, ..., u, are unit vectors satisfying
uju; = 0 for all pairs {i,j} € E).
Show: 9(G) = ¥1(G).

Hint for the inequality ¥(G) < ¥1(G): Use the dual formulation of ¥(G)
from Lemma and the matrix M = (v]v;)},;_,, where v; = ¢ — EieT
for i € [n].

Hint for the inequality ¥;(G) < 9(G): Use an optimal solution X =t/ — B
of the dual formulation for ¥(G), written as the Gram matrix of vectors

Z1,...,%,. Show that there exists a nonzero vector ¢ which is orthogonal
to x1,...,xn, and consider the vectors u; = ‘JFT’;
Show: ¥(C5) < /5, using the formulation of Exercise 4.3 for the theta

number.

Hint: Consider the following vectors c¢,u1,...,us € R3: ¢ = (0,0,1),
ug = (scos(2km/5), ssin(2kn/5),t) for k = 1,2, 3,4, 5, where the scalars
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s,t € R are chosen in such a way that wuy,...,us form an orthonormal

representation of Cs. Recall cos(27/5) = \/54’1.

(This is the original proof of Lovasz [[10]], known as the umbrella construc-
tion.)

4.6 Let G = (5,41 be the complement of the odd cycle (1,2,...,2n + 1).
Consider a vector y = (y1);cv,|11<4 Which satisfies the conditions of the
Lasserre relaxation of order 2. That is, Ms(y) = 0, y;; = 0 for all edges
{i,j} € E(G), and yp = 1.
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CHAPTER 5

APPROXIMATING THE MAX
CUT PROBLEM

5.1 Introduction

5.1.1 The MAX CUT problem

The maximum cut problem (MAX CUT) is the following problem in combina-
torial optimization. Let G = (V,E) be a graph and let w = (w;;) € R¥ be
nonnegative weights assigned to the edges. Given a subset S C V, the cut
d¢(S) consists of the edges {u,v} € FE having exactly one endnode in S, i.e.,
with |{¢,7} N'S| = 1. In other words, éc(S) consists of the edges that are
cut by the partition (S,S = V \ S) of V. The cut 6¢(S) is called trivial if
S = () or V (in which case it is empty). Then the weight of the cut §(S)
is w(dc(S)) = Xqij1ese(s) Wiy and the MAX CUT problem asks for a cut of
maximum weight, i.e., compute

mc(G,w) = max w(0a(9)).

It is sometimes convenient to extend the weight function w € R to all pairs
of nodes of V, by setting w;; = 0 if {4, j} is not an edge of G. Given disjoint
subsets S, T C V, it is also convenient to use the following notation:

i€S,jET

Thus,
w(S,S) = w(dg(9)) forall S C V.
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To state its complexity, we formulate MAX CUT as a decision problem:

MAX CUT: Given a graph G = (V. E), edge weights w € ZE and an integer
k € N, decide whether there exists a cut of weight at least k.
It is well known that MAX CUT is an NP-complete problem. In fact, MAX CUT
is one of Karp’s 21 NP-complete problems. So unless the complexity classes P
and NP coincide there is no efficient polynomial-time algorithm which solves
MAX CUT exactly. We give here a reduction of MAX CUT from the PARTITION
problem, defined below, which is one the first six basic NP-complete problems
in Garey and Johnson [3]:

PARTITION: Given natural numbers a1,...,a, € N, decide whether there ex-
ists a subset S C [n] such that 3 ;g ai = ;45 Qi

Theorem 5.1.1. The MAX CUT problem is NP-complete.

Proof. 1t is clear that MAX CUT to the class NP. We now show a reduction from
PARTITION. Let a4, ..., a, € N be given. Construct the following weights w;; =
a;a; for the edges of the complete graph K,,. Set o = 3"  a; and k = o2 /4.
For any subset S C [n], set a(S) = >, ¢ a;. Then, we have

w8 = Y wy= Y wa;=0Q a)d_a)=a(S)(0-a(S)) <o?/4,

i€S,j€S i€S,j€S icS j€S

with equality if and only if a(S) = o/2 or, equivalently, a(S) = a(S). From
this it follows that there is a cut of weight at least % if and only if the sequence
ai,...,a, can be partitioned. This concludes the proof. O

This hardness result for MAX CUT is in sharp contrast to the situation of the
MIN CUT problem, which asks for a nontrivial cut of minimum weight, i.e., to
compute

min  w(S,9).
SCV:S£0,V

(For MIN CUT the weights of edges are usually called capacities and they also
assumed to be nonnegative). It is well known that the MIN CUT problem can be
solved in polynomial time (together with its dual MAX FLOW problem), using
the Ford-Fulkerson algorithm. Specifically, the Ford-Fulkerson algorithm per-
mits to find in polynomial time a minimum cut (5, S) separating a given source
s and a given sink ¢, i.e., with s € S and ¢ € S. Thus a minimum weight nontriv-
ial cut can be obtained by applying this algorithm |V| times, fixing any s € V
and letting ¢ vary over all nodes of V' \ {s}. Details can be found in Chapter 4
of the Lecture Notes [7].

Even stronger, Héstad in 2001 showed that it is NP-hard to approximate
MAX CUT within a factor of 12 ~ 0.941.

On the positive side, one can compute a 0.878-approximation of MAX CUT
in polynomial time, using semidefinite programming. This algorithm, due to

99



Figure 5.1: Minimum and maximum weight cuts

Goemans and Williamson [4], is one of the most influential approximation al-
gorithms which are based on semidefinite programming. We will explain this
result in detail in Section[5.2.71

Before doing that we recall some results for MAX CUT based on using linear
programming.

5.1.2 Linear programming relaxation

In order to define linear programming bounds for MAX CUT, one needs to find
some linear inequalities that are satisfied by all cuts of G, i.e., some valid in-
equalities for the cut polytope of G. Large classes of such inequalities are known
(cf. e.g. [2] for an overview and references).

We now present some simple but important valid inequalities for the cut
polytope of the complete graph K,,, which is denoted as CUT,,, and defined as
the convex hull of the incidence vectors of the cuts of K,,:

CUT,, = conv{x®<» %) : § C [n]}.

For instance, for n = 2, CUT,, = [0,1] and, for n = 3, CUTj3 is a simplex in R3
(indexed by the edges of K5 ordered as {1, 2}, {1, 3}, {2, 3}) with as vertices the
incidence vectors of the four cuts (S, 5) of K3: (0, 0, 0), (1, 1, 0), (1, 0, 1),
and (011) (for S =0,{1},{2} and {3}, respectively).

As a first easy observation it is important to realize that in order to compute
the maximum cut mc(G, w) in a weighted graph G on n nodes, one can as well
deal with the complete graph K,,. Indeed, any cut 65 (S) of G can be obtained
from the corresponding cut dx,, (S) of K, simply by ignoring the pairs that are
not edges of G, in other words, by projecting onto the edge set of G. Hence one
can reformulate any maximum cut problem as a linear optimization problem
over the cut polytope of K,,:

me(G,w) = hax Z Wi Tij;
{ij}€E
the graph G is taken into account by the objective function of this LP.
The following triangle inequalities are valid for the cut polytope CUT,,:

Ty — Tig — Tk < 0, Ti5 + x5 + Tjp < 2, (5.1)

100



for all distinct i, j, k € [n]. This is easy to see, just verify that these inequalities
hold when z is equal to the incidence vector of a cut. The triangle inequalities
(5.1) imply the following bounds (check it):

0<uz; <1 (5.2)

on the variables. Let MET,, denote the polytope in R¥(X~») defined by the trian-
gle inequalities (5.1). Thus, MET,, is a linear relaxation of CUT,,, tighter than
the trivial relaxation by the unit hypercube:

CUT,, C MET,, C [0, 1]5(),

It is known that equality holds for n < 4, but the inclusion is strict for n > 5.
Indeed, the inequality:

1<i<j<5

is valid for CUT5 (as any cut of K5 has cardinality 0, 4 or 6), but it is not valid
for MET5. For instance, the vector (2/3,...,2/3) € R° belongs to MET; but it
violates the inequality (5.3) (since 10.2/3 > 6).

We can define the following linear programming bound:

Ip(G, w) = max { Z WiiTij 1 T € METH} (5.4

{i.7}eB(G)

for the maximum cut:
me(G,w) < Ip(G,w).

The graphs for which this bound is tight have been characterized by Barahona
[10:

Theorem 5.1.2. Let G be a graph. Then, mc(G,w) = Ip(G,w) for all weight
functions w € R¥ if and only if the graph G has no K5 minor.

In particulary, if G is a planar graph, then mc(G,w) = Ip(G,w) so that the
maximum cut can be computed in polynomial time using linear programming.

A natural question is how good the LP bound is for general graphs. Here are
some easy bounds.

Lemma 5.1.3. Let G be a graph with nonnegative weights w. The following holds.
() mc(G,w) <Ip(G,w) < w(E).
(i) mc(G,w) > w(E)/2.

Proof. (i) follows from the fact that MET,, C [0, 1]”(¥») and w > 0. For (ii) pick
S C V for which (5, 9) is a cut of maximum weight: w(S, S) = me(G, w). Thus
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if we move one node i € S to S, or if we move one node j € S to S, then we
obtain another cut whose weight is at most w(S, S). This gives:

w(S\{i}, SU{i}) —w(S,S) = w(S\{i},{i}) — w({i}, ) = 0,
w(SU {5} S\ {j}) —w(S,8) =w({j}, S\ {5}) — w(S,{j}) = 0.

Summing the first relation over i« € S and using the fact that 2w(E(S)) =
Y ics w(S\{i},{i}), where E(S) is the set of edges contained in S, and the fact

that >, w({i},S) = w(S, S), we obtain:
2w(E(S)) = w(S,9).

Analogously, summing over j € S, we obtain:
2uw(E(S)) = w(S,9).

Summing these two relations yields: w(E(S)) + w(E(S)) > w(S,S). Now
adding w(S, S) to both sides implies: w(E) > 2w(S,S) = 2mc(G, w), which
shows (ii). O

As an application of Lemma [5.1.3] we obtain that
1 < mc(G, w)
2 7 Ip(G,w)

It turns out that there are graphs for which the ratio me(G, w)/lp(G,w) can
be arbitrarily close to 1/2 [6]. This means that for these graphs, the metric
polytope does not provide a better approximation of the cut polytope than its
trivial relaxation by the hypercube [0, 1]Z.

<1 for all nonnegative weights w > 0.

We now provide another argument for the lower bound mc(G, w) > w(E)/2.
This argument is probabilistic and based on the following simple randomized al-
gorithm: Construct a random partition (S, S) of V' by assigning, independently,
with probability 1/2, each node i € V to either side of the partition. Then the
probability that an edge {i, j} is cut by the partition is equal to

_ _ 11 11
P(Li i) is cut) — P(i ) Pl : _1t 1 11 .
({i,7} is cut) (1€8,jeS)+PliesS,jes) 5373353
Hence, the expected weight of the cut produced by this random partition is
equal to

E(w(S,S) = > wiP({i,j}iscut) = > w” = (E).

{i,j}€E {i,j}eE

1

Here we have used the linearity of the expectation.

In the next section, we will see another probabilistic argument, due to Goe-
mans and Williamson, which permits to construct a much better random cut.
Namely we will get a random cut whose expected weight satisfies:

E(w(S,S)) > 0.878 - w(E),
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thus improving the above factor 0.5. The crucial tool will be to use a semidefi-
nite relaxation for MAX CUT combined with a simple, but ingenious randomized
“hyperplane rounding” technique.

5.2 The algorithm of Goemans and Williamson

5.2.1 Semidefinite programming relaxation

We now want to describe the Goemans-Williamson algorithm.

For this we first reformulate MAX CUT as a (non-convex) quadratic optimiza-
tion problem having quadratic equality constraints. With every vertexi € V, we
associate a binary variable x; € {—1, +1} which indicates whether ¢ lies in .S or
inS,say, i € Sifx; =—1ands € S if x; = +1. We model the binary constraint
x; € {—1,41} as a quadratic equality constraint

z7=1 forieV.
For two vertices i, j € V we have
1-— TiT; € {0,2}.

This value equals to 0 if i and j lie on the same side of the cut (S, S) and the
value equals to 2 if i and j lie on different sides of the cut. Hence, one can
express the weight of the cut (.5, S) by

— 1—$iﬂf,‘
U)(S,S): Z wi]‘TJ.

{ij}eE
Now, the MAX CUT problem can be equivalently formulated as
1 9 .
mc(G,w) = max 3 Z wij(1 —aay) raf =1VieV ). (5.5)
{i.iteE

Next, we introduce a matrix variable X = (z;;) € S", whose entries x;;
model the pairwise products z;z;. Then, as the matrix (z;z;)7;_, = rx’ is
positive semidefinite, we can require the condition that X should be positive
semidefinite. Moreover, the constraints #? = 1 give the constraints X;; = 1 for

all i € [n]. Therefore we can formulate the following semidefinite programming
relaxation:

{ij}eE

By construction, we have:

mc(G, w) < sdp(G,w). (5.7)
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The feasible region of the above semidefinite program is the convex (non-
polyhedral) set

En={Xe€S": X =0, Xy =1Vi€ [n]},

called the elliptope (and its members are known as correlation matrices). One
can visualize the elliptope &;. Indeed, for a 3 x 3 symmetric matrix X with an
all-ones diagonal, we have:

1
X=1|x 0= 14+22yz —a? —y? =22 >0, z,y,2 € [-1,1],
Y

w =R
RS

which expresses the fact that the determinant of X is nonnegative as well as the
three 2 x 2 principal subdeterminants. The following Figure[5.2.1] visualizes the
set of triples (z,y, z) for which X € &£;. Notice that the elliptope &; looks like
an “inflated” tetrahedron, while the underlying tetrahedron corresponds to the
linear relaxation METs5.

Ayd

Figure 5.2: Views on the convex set &5 behind the semidefinite relaxation.

5.2.2 The Goemans-Williamson algorithm

Goemans and Williamson [4] show the following result for the semidefinite
programming bound sdp(G, w).

Theorem 5.2.1. Given a graph G with nonnegative edge weights w, the following
inequalities hold:

sdp(G,w) > me(G,w) > 0.878 - sdp(G, w).

The proof is algorithmic and it gives an approximation algorithm which
approximates the MAX CUT problem within a ratio of 0.878. The Goemans-
Williamson algorithm has five steps:

1. Solve the semidefinite program (5.6); let X be an optimal solution, so
that Sdp(G, ’LU) = E{Lj}EE wm(l — X”)/Q
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2. Perform a Cholesky decomposition of X to find unit vectors v; € RIVI=?
fori e V,sothat X = (U;F’Uj)i)jev.

3. Choose a random unit vector » € RIVI=1  according to the rotationally
invariant probability distribution on the unit sphere.

4. Define a cut (S, S) by setting z; = sign(v/r) for alli € V. Thatis, i € S if
and only if sign(v]r) < 0.

5. Check whether 3, ., c pwi; (1 — @;x;)/2 > 0.878 - sdp(G, w). If not, go to
step 3.

The steps 3 and 4 in the algorithm are called a randomized rounding pro-
cedure because a solution of a semidefinite program is “rounded” (or better:
projected) to a solution of the original combinatorial problem with the help of
randomness.

Note also that because the expectation of the constructed solution is at least
0.878 - sdp(G,w) the algorithm eventually terminates; it will pass step 5 and
without getting stuck in an endless loop. One can show that with high proba-
bility we do not have to wait long until the condition in step 5 is fulfilled.

The following lemma (also known as Grothendieck’s identity, since it came
up in work of Grothendieck in the 50’s, however in the different context of
functional analysis) is the key to the proof of Theorem

Lemma 5.2.2. Let u,v € R? (for some d > 1) be unit vectors and let r € R?
be a random unit vector chosen according to the rotationally invariant probability
distribution on the unit sphere. The following holds.

(i) The probability that sign(u'r) # sign(v'r) is equal to

arccos(u"v)

P(sign(u'r) # sign(v'r)) = (5.8)

™

(ii) The expectation of the random variable sign(u'r)sign(v'r) € {—1,+1} is
equal to

E[sign(u"r) sign(v'r)] = %arcsin(uTv). (5.9

Proof. (i) Since the probability distribution from which we sample the unit vec-
tor r is rotationally invariant we can assume that u,v and r lie in a common
plane. Hence we can assume that they lie on a unit circle in R? and that r is
chosen according to the uniform distribution on this circle. Then the probability
that sign(u'r) # sign(v'r) depends only on the angle between u and v. Using
a figure (draw one!) it is easy to see that

1 1
P[sign(u'r) # sign(v'r)] = 2- o arccos(u'v) = — arccos(u'v).
™ 7T
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(ii) By definition, the expectation E[sign(u"r)sign(v"r)] can be computed as

(+1) - Plsign(u"r) = sign(vr)] + (—1) - P[sign(u"r) # sign(v'7r)]

=1-2-P[sign(u'r) #sign(v'r) =1-2- M7
where we have used (i) for the last equality. Now use the trigonometric identity

. us
arcsint + arccost = 3

to conclude the proof of (ii). O
Using elementary univariate calculus one can show the following fact.
Lemma 5.2.3. For all t € [—1,1)], the following inequality holds:

2 arccost

> 0.878. (5.10)
T 1—

One can also “see” this on the following plots of the function in (5.10), where
t varies in [—1, 1) in the first plot and in [—0.73, —0.62] in the second plot

10

8 8.791e1
8791
6
8.789e1
4 8.788e1
8.787e1
2
8.786e1

Proof. (of Theorem Let X be the optimal solution of the semidefinite
program and let vy, ..., v, be unit vectors such that X = (v/v;)i";_,, as
in Steps 1,2 of the GW algorithm. Let (S,S) be the random partition of V,
as in Steps 3,4 of the algorithm. We now use Lemma [5.2.2{i) to compute the

expected value of the cut (S, S):

E(w(S,5)) = Yo e wi P, 3} is cut) = X, o wig Pl # 2;)

1 05

arcco::(v vj)

Z{’L jteE w”P(SlgH(’U T) 7& Slgn(’l} )) Z{'L,]}EE T

_ Z - 1—v;.rvj 2 arccos(v;rvj)
= 2.{ijreE Wij 2 T 1-v]v; :

2 arccos (v, v;)
l—vL v

0.878. Since all weights are nonnegatlve each term w;;(1—v; v;) is nonnegative.

By Lemma |5.2.3} each term can be lower bounded by the constant
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Therefore, we can lower bound E(w(S, S)) in the following way:

E(w(S,5)) > 0.878- > w <1”T”J)

2
{ijteE

Now we recognize that the objective value sdp(G,w) of the semidefinite pro-
gram is appearing in the right hand side and we obtain:

_ Ty
E(w(S,5)) > 0.878 Y wy (1;’”’1) = 0.878 - sdp(G, w).

{i,j}eE

Finally, it is clear that the maximum weight of a cut is at least the expected
value of the random cut (S, S):

mc(G, w) > E(w(S,9)).
Putting things together we can conclude that
me(G,w) > E(w(S,S)) > 0.878 - sdp(G, w).

This concludes the proof, since the other inequality mc(G, w) < sdp(G, w) holds

by (5.7). O

5.2.3 Remarks on the algorithm

It remains to give a procedure which samples a random vector from the unit
sphere. This can be done if one can sample random numbers from the standard
normal (Gaussian) distribution (with mean zero and variance one) which has

probability density
1 2
_ —x%/2
x) = e .
f@)= =
Many software packages include a procedure which produces random numbers
from the standard normal distribution.
If we sample n real numbers x4, ..., z, independently uniformly at random
from the standard normal distribution, then, the vector

1
re e (r1,..2) T €57

is distributed according to the rotationally invariant probability measure on the
unit sphere.

Finally we mention that one can modify the Goemans-Williamson algorithm
so that it becomes an algorithm which runs deterministically (without the use
of randomness) in polynomial time and which gives the same approximation
ratio. This was done by Mahajan and Ramesh in 1995.
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5.3 Extensions

5.3.1 Reformulating MAX CUT using the Laplacian matrix

Given a graph G with edge weights w, its Laplacian matrix L., is the symmetric
n X n matrix with entries:

(Lw)ii = Z wij (i € [n]),

j{ij}eE
(Luw)ij = —wij ({i,5} € E), (Lw)ij =0 (0 # 4, {i, 7} ¢ E).
The following can be checked (Exercise 4.2).
Lemma 5.3.1. The following properties hold for the Laplacian matrix L.,:
(i) For any vector x € {+1}", jaTLyx = 5 3¢ iy epwis(l — zi;).
(ii) For any nonnegative edge weights w > 0, L,, > 0.

This permits to reformulate the quadratic formulation of MAX CUT as
mc(G, w) = max {imTLwaz cal=1Vie V}
and its semidefinite relaxation as
sdp(G,w) = max{i(Lw,X> X >0, Xy =1Vie V} .

A property of the above programs is that the matrix L,,/4 occurring in the ob-
jective function is positive semidefinite. In the next section we consider general
quadratic programs, where L,, is replaced by an arbitrary positive semidefinite
matrix A. Then one can still show an approximation algorithm, however with
performance ration % ~ 0.636, thus weaker than the 0.878 ratio of Goemans
and Williamson for the case when A = L,, for some w > 0.

5.3.2 Nesterov’s approximation algorithm

Nesterov [5] considers the class of quadratic problems:
qp(A4) = max Z Ajjzizycx? =1Yi€n] 3, (5.11)
ij=1

where A € §” is a symmetric matrix. (Thus, qp(A) = mc(G,w) for A = L,,/4).
Analogously define the semidefinite programming relaxation:

sdp(A) = max {{A4,X) : X =0, X;; =1Vi € [n]}. (5.12)
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The following inequality holds:

qp(A) < sdp(A4)

for any symmetric matrix A. In the special case when A is positive semidefinite,
Nesterov shows that sdp(A) is a 2-approximation for gp(A). The proof is based
on the same rounding technique of Goemans-Williamson, but the analysis is
different. It relies on the following property of the function arcsin ¢: There exist
positive scalars a; > 0 (k > 0) such that

arcsint =t + Z apt* 1 forallt € [—1,1]. (5.13)
k>0

Based on this one can show the following result.

Lemma 5.3.2. Given a matrix X = (z;;) € 8", define the new matrix
X = (arcsin X;; — Xij)i =1,

whose entries are the images of the entries of X under the map t > arcsint — t.
Then, X = 0 implies X > 0.

Proof. The proof uses the following fact: If X = (z;;)},_; is positive semidef-
inite then, for any integer k¥ > 1, the matrix (ij)ﬁj:l (whose entries are the
k-th powers of the entries of X) is positive semidefinite as well. (Recall Section
1.2.2 of Chapter 1.)

Using this fact, the form of the series decomposition (5.13), and taking limits,

implies the result of the lemma. O

Theorem 5.3.3. Assume A is a positive semidefinite matrix. Then,

sdp(A) > qp(4) > %sdp(A)-

Proof. Let X be an optimal solution of the semidefinite program (5.12) and let
v1,...,V, be unit vectors such that X = (viij)ijl (as in Steps 1,2 of the GW

algorithm). Pick a random unit vector » and set z; = sign(viT r)fori € V (asin
Steps 3,4 of the GW algorithm). We now use Lemma ii) to compute the
expected value of 3", Ajjziv;:

E(3C7 o Aigmary) = 300 2y AijE(wixy)

— 25y - in(vTv.) = 257 - i -
= 2> =1 Aijaresin(v;v;) = 2 320, Ajjaresin Xy

= % (ZZ]’:I Ainij + ZZj:l Aij(arcsinXij — X”)) .

By Lemma|5.3.2} the second term is equal to (A4, X) > 0, since X > 0. Moreover,
we recognize in the first term the objective value of the semidefinite program
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(5.12). Combining these facts, we obtain:
- 2
E(AZ Ajjwiz;) > ~sdp(A).
i,j=1
On the other hand, it is clear that
qp(4) = E( Z Aijziz;).
i,j=1

This concludes the proof. O

5.3.3 Quadratic programs modeling MAX 2SAT

Here we consider another class of quadratic programs, of the form:

qp(a,b) = max Z ai; (1 — zz5) + Z bij(1+ zzy) :x € {£1}" 5,
(IS ijE L
(5.14)
where a;;,b;; > 0 for all 45. Write the semidefinite relaxation:

sdp(a7b) = max Z aij(l — XU) + Z b”(]. + X”) X =0, X, =1Vie [n]
ijeE; ijEE>
(5.15)
Goemans and Williamson [4] show that the same approximation result holds as
for MAX CUT:

Theorem 5.3.4. Assume that a,b > 0. Then,
sdp(a, b) > qp(a,b) > 0.878 - sdp(a, ).
In the proof we will use the following variation of Lemma[5.2.3

Lemma 5.3.5. For any z € [—1, 1], the following inequality holds:

2 T — arccos z

> 0.878.
m 1+2
Proof. Sett = —z € [—1,1]. Using the identity arccos(—t) = 7 — arccost and
applying (5.10), we get: 2 T—gtecosz — 2arcost > ().878, O
Proof. (of Theorem|5.3.4) We apply the GW algorithm: Let X = (v]v;) be an

optimal solution of (5.15). Pick a random unit vector r and set x; = sign(v, )

fori € [n]. Using the fact that E(x;z;) = 1-2-P(z; # z;) = 1—2-%@”1), we
can compute the expected value of the quadratic objective of (5.14) evaluated
at x:
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E (ZijeEl aij(1 —xix;) + 3 e, bij (1 + xi%‘))

T T
o ~arccos(v; vy) B arccos(v; v;)
=2 ZijGEl Qij - +2 Zij€E2 bij (1 - e

T

2 7 — arccos(v; vj

)

+Xijem, bij(L+ viv;) =

2 arccos(v, v;)
= .. a"l_'UT'U' 771']
ZWG&MW 1—v]v; - L1 1+,

>0 —_— >0
>0.878 >0.878

> 0.878 - sdp(a, b).

Here we have used Lemmas [5.2.3] and [5.3.5] From this we can conclude that
qp(a,b) > 0.878 - sdp(a, b). O

In the next section we indicate how to use the quadratic program (5.14)) in
order to formulate MAX 2 SAT.

5.3.4 Approximating MAX 2-SAT

An instance of MAX SAT is given by a collection of Boolean clauses C1, ..., Cy,,
where each clause C is a disjunction of literals, drawn from a set of variables
{#1,...,2n}. A literal is a variable z; or its negation Z;. Moreover there is
a weight w; attached to each clause C;. The MAX SAT problem asks for an
assignment of truth values to the variables zy, ..., z, that maximizes the total
weight of the clauses that are satisfied. MAX 2SAT consists of the instances
of MAX SAT where each clause has at most two literals. It is an NP-complete
problem [3] and analogously to MAX CUT it is also hard to approximate.

Goemans and Williamson show that their randomized algorithm for MAX
CUT also applies to MAX 2SAT and yields again a 0.878-approximation algo-
rithm. Prior to their result, the best approximation was 3/4, due to Yannakakis
(1994).

To show this it suffices to model MAX 2SAT as a quadratic program of the
form (5.14). We now indicate how to do this. We introduce a variable z; € {£1}
for each variable z; of the SAT instance. We also introduce an additional variable
xo € {£1} which is used as follows: z; is true if z; =z and false otherwise.

Given a clause C, define its value v(C) to be 1 if the clause C is true and 0
otherwise. Thus,

v(z) = M, v(z) =1 —v(z) = 1 - zox;

2 2
Based on this one can now express v(C) for a clause with two literals:

v(ziV2j) =1 —v(E AZ) =1 —0(F)v(F;) = 1 — 1tz 12002

— ltwomw; | l4xoz; | 1-zizy
== t—3 t+t—73 "
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Analogously, one can express v(z; V Z;) and v(Z; V Z;), by replacing z; by —x;
when z; is negated. In all cases we see that v(C) is a linear combination of
terms of the form 1 + x;x; and 1 — x;2; with nonnegative coefficients.

Now MAX 2SAT can be modelled as

max{z wv(C)) 1wl =... =22 =1}
j=1

This quadratic program is of the form (5.14). Hence Theorem applies.
Therefore, the approximation algorithm of Goemans and Williamson gives a
0.878 approximation for MAX 2SAT.

5.4 Further reading and remarks

We start with an anecdote. About the finding of the approximation ratio 0.878,
Knuth writes in the article “Mathematical Vanity Plates”:

Sometimes people obtain mathematically significant
license plates purely by accident, without making a per-
sonal selection. A striking example of this phenomenon is
the case of Michel Goemans, who received the following
innocuous-looking plate from the Massachusetts Registry of
Motor Vehicles when he and his wife purchased a Subaru at
the beginning of September 1993:

#assachuseTs [l

8/8-CSK

Two weeks later, Michel got together with his former stu-
dent David Williamson, and they suddenly realized how to
solve a problem that they had been working on for some
years: to get good approximations for maximum cut and
satisfiability problems by exploiting semidefinite program-
ming. Lo and behold, their new method—which led to a
famous, award-winning paper [15]—yielded the approxi-
mation factor .878! There it was, right on the license, with
C, S, and W standing respectively for cut, satisfiability, and
Williamson.

For their work [4]], Goemans and Williamson won in 2000 the Fulkerson
prize (sponsored jointly by the Mathematical Programming Society and the
AMS) which recognizes outstanding papers in the area of discrete mathemat-
ics for this result.
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How good is the MAX CUT algorithm? Are there graphs where the value
of the semidefinite relaxation and the value of the maximal cut are a factor of
0.878 apart or is this value 0.878, which maybe looks strange at first sight, only
an artefact of our analysis? It turns out that the value is optimal. In 2002 Feige
and Schechtmann gave an infinite family of graphs for which the ratio mc/sdp
converges to exactly 0.878.... This proof uses a lot of nice mathematics (con-
tinuous graphs, Voronoi regions, isoperimetric inequality) and it is explained in
detail in the Chapter 8 of the book Approximation Algorithms and Semidefinite
Programming of Gértner and Matousek.

In 2007, Khot, Kindler, Mossel, O’Donnell showed that the algorithm of Goe-
mans and Williamson is optimal in the following sense: If the unique games
conjecture is true, then there is no polynomial time approximation algorithm
achieving a better approximation ratio than 0.878 unless P = NP. Currently, the
validity and the implications of the unique games conjecture are under heavy
investigation. The book of Gértner and Matousek also contains an introduction
to the unique games conjecture.

5.5 Exercises

5.1 The goal of this exercise is to show that the maximum weight stable set
problem can be formulated as an instance of the maximum cut problem.

Let G = (V, E) be a graph with node weights ¢ € RY. Define the new
graph G’ = (V', E’) with node set V' = V U {0}, with edge set E' =
EU{{0,i} :¢ € V}, and with edge weights w € Rf/ defined by

Wo; = C; — degG(i)M fori e V, and Wi; = M for {Z,]} e k.

Here, deg (i) denotes the degree of node ¢ in G, and M is a constant to
be determined.
(a) Let S C V. Show: w(S,V'\ S) =¢(S) — 2M|E(S)|.

(b) Show: If M is sufficiently large, then S C V is a stable set of maxi-
mum weight in (G, ¢) if and only if (S, V' \ S) is a cut of maximum
weight in (G', w).

Give an explicit value of M for which the above holds.

5.2 Let G = (V = [n],E) be a graph with edge weights w € R¥. Define
the Laplacian matrix L,, € 8™ by: L;; = ZjGV;{i_’j}eE w;; fori € V,
L;; = —w;; if {i,j} € E, and L;; = 0 otherwise.

(@) Show: x" Lz =233, i1 pwij(1 —w;x;) for any vector = € {+1}".
(b) Show: If w > 0 then L,, = 0.

(c) Given an example of weights w for which L,, is not positive semidef-
inite.
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5.3 Let G = (V = [n],E) be a graph and let w € R¥ be nonnegative edge
weights.

(a) Show the following reformulation for the MAX CUT problem:

.
arccos(v; v, . .
mc(G, w) = max E wijM :v1,...,v, unitvectorsin R"
™
{i.jteE

Hint: Use the analysis of the Goemans-Williamson algorithm.

(b) Let vq,...,v; be unit vectors. Show:

E arccos (v, v;) < 127.
1<i<j<T

5.4 For a matrix A € R™*" we define the following quantities:

called the cut norm of A, and

g(A) = max Z Z ATy T X1, B, Y1 -, Yn € {1}
i€[m] j€[n]
(@) Show: f(A) < g(A) < 4f(A).
(b) Assume that all row sums and all column sums of A are equal to O.
Show: g(A) = 4f(A).
(¢) Formulate a semidefinite programming relaxation for g(A).
(d) Show:

g(A) = max Z Z Ay X1, Ty Y1, - Yn € [—1,1]
€[m] jen]

(e) Assume that A is a symmetric positive semidefinite n x n matrix.
Show:

g(A) = max Z ZAijxixj PX1,. .., Ty € {£1}
i=1 j=1
() Show that the maximum cut problem in a graph G = ([n], E') with

nonnegative edge weights can be formulated as an instance of com-
puting the cut norm f(A) of some matrix A.
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5.5 Let G = C5 denote the cycle on 5 nodes. Compute the Goemans-Williamson
semidefinite relaxation for max-cut (where all edge weights are taken
equal to 1):

5
Sdp(CE,) = max{; Z(l — Xi,i+1) : X € 85’X > O,X” =1Vi e [5]} .
=1

mc(Cs)

How does the ratio s3p(C2)

compare to the GW ratio 0.878?

5.6 Given a vector y = (y;;:j%) indexed by all subsets of V' = {1,...,n} of
cardinality 2 or 4, consider the symmetric matrix M (y) of size 1 + (5)
indexed by all pairs of V' and an additional index denoted 0, with entries:

M(y)o,o = M(Y)ijij = 1, M(Y)ijir = Yjr, M(Y)ijm = Yijui

for all distinct 4, j, k,1 € V. (Here y;;, y;j1; denote the cooordinates of y
indexed by the subsets {4, j}, {4, 4, k, 1}, resp.).

Given a graph G = (V, E) with edge weights w, consider the SDP:

1 — s
sdp, (G, w) = max > wy——22 s.t. M(y) = 0, (5.16)
Y icE 2

(a) Show that (5.16) is a relaxation of max-cut: mc(G, w) < sdp,(G,w).

(b) Show that the bound given by (5.16) is at least as good as the basic
bound sdp(G, w) of (5.6): sdp,(G,w) < sdp(G, w).

(c) Show that M(y) = 0 implies the following (triangle) inequalities:
Yij T Yik T Yik = =1, Yij — Yk — yjx = —1

for all distinct 4,7,k € V.
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CHAPTER 6

EUCLIDEAN EMBEDDINGS:
LOW DIMENSION

In many situations one is interested in finding solutions to semidefinite pro-
grams having a small rank. For instance, if the semidefinite program arises
as relaxation of a combinatorial optimization problem (like max-cut or max
clique), then its rank one solutions to correspond to the solutions of the under-
lying combinatorial problem. Finding an embedding of a weighted graph in the
Euclidean space of dimension d, or finding a sum of squares decomposition of
a polynomial with d squares, amounts to finding a solution of rank at most d
to some semidefinite program. As another example, the minimum dimension of
an orthonormal representation of a graph G = (V, E) is the minimum rank of a
positive semidefinite matrix X with nonzero diagonal entries satisfying X;; = 0
for all non-edges.

This chapter is organized as follows. First we show some upper bounds on
the rank of solutions to semidefinite programs. For this we have to look into
the geometry of the faces of the cone of positive semidefinite matrices. Then we
discuss several applications: Euclidean embeddings of weighted graphs, hidden
convexity results for images of quadratic maps, and the S-lemma which deals
with quadratic inequalities. We also discuss complexity issues related to the
problem of determining the smallest possible rank of solutions to semidefinite
programs.
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6.1 Geometry of the positive semidefinite cone

6.1.1 Faces of convex sets

We begin with some preliminary facts about faces of convex sets which we will
use to study the faces of the positive semidefinite cone SZ.

Let K be a convex set in R”. Aset F' C K is called a face of K if forallz € F
the following holds:

x=ty+ (1—1t)z witht € (0,1), y,z2€ K = y,z € F.

Clearly any intersection of faces is again a face. Hence, for z € K, the smallest
face containing x is well defined (as the intersection of all the faces of K that
contain x), let us denote it by Fx (x).

A point z € R™ is called a perturbation of x € K if t ez € K for some ¢ > 0;
then the whole segment [z — ez, x + €z] is contained in the face Fi (x). The set
Pk (z) of perturbations of x € K is a linear space, whose dimension is equal to
the dimension of the face F (x).

Lemma 6.1.1. Given a convex set K and x € K, let F (x) be the smallest face of
K containing x. The following properties hold.

(i) « belongs to the relative interior of F ().
(ii) Fx(x) is the unique face of K containing x in its relative interior.

Proof. (i) Assume for a contradiction that = ¢ relint F(«). Then, by applying
the separation theorem from Theorem 1.3.8 (i), there exists a hyperplane

Hen ={y:c'y=7}

separating the two convex sets {z} and Fk (x) properly: There exist a nonzero
vector ¢ € R™ and v € R such that

c'x>7, c'y<yVy€ Fg(z), and Fr(z) € H, .

We may assume that v = ¢"z. Then the set F(z) N H. ., is a face of K, which
contains x and is strictly contained in Fx(z) (check it). This contradicts the fact
that F(x) is the smallest face containing x.

(ii) Let F' be a face of K containing « in its relative interior. Then Fix(z) C F.
To show the reverse inclusion, pick y € F, y # x. As z lies in the relative interior
of F', Lemma 1.2.1 implies that there exists a point z € F' and a scalar ¢t € (0, 1)
such that z = ty + (1 — t)z. As Fk(x) is a face, we deduce that y, z € Fx(x).
This shows that F' C Fi(x). O

Hence, z lies in the relative interior of K precisely when F (z) = K and =
is an extreme point of K, i.e.,

r=ty+(l—t)z withy,z€ Kandt e (0,1) = y=z2=u,

precisely when F(x) = {z}. Recall that if K does not contain a line then it has
at least one extreme point.
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6.1.2 Faces of the positive semidefinite cone

Here we describe the faces of the positive semidefinite cone SI,. We show that
each face of S’ can be identified to a smaller semidefinite cone SI, for some
0<r<n. B B

Proposition 6.1.2. Let A € 8L, r = rank(A), and let F'(A) = Fsy (A) denote

the smallest face of SU', containing A. Let uq,--- ,u, be an orthonormal set of
eigenvectors of A, where uy,--- ,u, correspond to its nongero eigenvalues, and let
U (resp., Uy) be the matrix with columns uy,--- ,u, (resp., ui,--- ,u,). The map

$a: & - 8"

Z = U (g 8) UT =UyzUJ 6.1)
is a rank-preserving isometry, which identifies F'(A) and SL:
T Z 0 T T r
F(A) =¢(SLg) =4qU 0 0 U'=UoZUy : Z €S-
Moreover, F'(A) is given by
F(A) ={X € 8 : KerX D KerA} (6.2)

and its dimension is equal to ("3").

Proof. Set D = diag(A1,- -+, A, 0,---,0) € Sy, Do = diag(A1,- -+, Ar) € SLo,
where ); is the eigenvalue for eigenvector u;, A = diag(0,---,0,1,---,1) €
S, where the first 7 entries are 0 and the last n — r entries are 1. Finally, set

Q =UAUT = %" . uwu]. Then, A = UDUT and (A, D) = 0. Moreover,

(@, A) = 0, as the vectors u, 41, - , up span the kernel of A.
As @ = 0, the hyperplane
H={XeS8":(Q,X)=0}
is a supporting hyperplane for S, and the intersection
F=8'NH={Xe8%: (QX)=0}
is a face of SZ, containing A. We claim that

F={X eS8, :KerX D KerA}.

Indeed, the condition (Q,X) = 0 reads Y., ., u/Xu; = 0. For X = 0,
u] Xu; > 0 for all 4, so that (Q, X) = 0 if and only if u] Xu; = 0 or, equiv-
alently, Xu; =0foralli € {r+1,---,n},ie., KerA C KerX. Moreover,

F = ¢a(SLo).
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For this, consider X € 8™ written as X = UYU" where Y € 8. Then, X >~ 0
if and only if Y > 0. Moreover, (Q,X) = 0 if and only if (A,Y) = 0 or,
equivalently, Y = ¢4(Z) for some Z € S". Summarizing, X € F if and only if
X = ¢a(Z) for some Z € SL,,.

We now show that F = F(A). In view of Lemma it suffices to show
that A lies in the relative interior of the face F. We use Lemma let
X € F, we show that there exist X’ € F and a scalar ¢ € (0,1) such that
A =1tX+ (1 —-1t)X'. As we just saw above, X = ¢4(Z) for some Z € SL,.
As Ay is an interior point of ST, there exists Z’' € S_, and ¢ € (0, 1) such that
Ao =tZ+ (1 —1t)Z'". Then, X' = ¢pa(Z') € Fand A = tX + (1 — )X/, as
required.

Summarizing, we have shown that F'(A) can be identified with S, via the
rank-preserving isometry: -

Z — Y:(Z O) = X=UYUT

0 0
Dy — D = A
Sy — F — F(4)
and the dimension of F is equal to dim 8L, = ("}). O

As a direct application, the possible dimensions for the faces of the cone 82

are ("1') for r = 0,1,--- ,n. Moreover there is a one-to-one correspondence
between the lattice of faces of S, and the lattice of subspaces of R™:

U subspace of R" — Fy = {X € 87 : KerX D U}, (6.3)

with Uy C Uy <— F‘U1 D) FU2'

6.1.3 Faces of spectrahedra
Consider an affine subpsace A in the space of symmetric matrices, of the form
A={Xe8":(A4;,X)=0b; (j € m])}, (6.4)

where A1, --- , A,, are given symmetric matrices and b1, - - - , b,,, are given scalars.
Assume that A is not empty. The codimension of A is

codim A = dim 8" — dim A = dim(A4y, -+ , An),

where (4;,---, A,,) denotes the linear subspace of §” spanned by {A;, ..., 4, }.
If we intersect the cone of positive semidefinite matrices with the affine
space A, we obtain the convex set

K=8NA={XeS8:X =0, (4;,X)=0b; (j € [m])}. (6.5)

This is the feasible region of a typical semidefinite program (in standard primal
form). Such a convex set is called a spectrahedron — this name is in the analogy
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with polyhedron, which corresponds to the feasible region of a linear program
and spectra reflects the fact that the definition involves spectral properties of
matrices.

An example of spectrahedron is the elliptope

En={X €8 : Xy =1Vien]}, (6.6)

which is the feasible region of the semidefinite relaxation for Max-Cut consid-
ered in earlier chapters.

As an application of the description of the faces of the positive semidefinite
cone in Proposition [6.1.2] we can describe the faces of K.

Proposition 6.1.3. Let K be the spectrahedron (9.2). Let A € K, r = rank(A),
and let U, Uy be as in Proposition Define the affine space in S":

Aa={Z €S8 : (Uj AjUs, Z) = b; Vj € [m]}, (6.7)
and the corresponding linear space:

La={Zec8 : (U AjUy, Z) =0Vj € [m]}. (6.8)
The map ¢ 4 from identifies Fix(A) and S, N Aa:

Fr(A) = ¢a(SLo N Aa)
and the set of perturbations of A € K is
Prc(A) = pa(La).

Moreover, F (A) is given by

Frg(A)={X € K : KerX D KerA} (6.9)
and its dimension is equal to
. . r+1 . T .
dim Fg(A) = dim A = 5 )~ dim(Uy A;Up = j € [m]). (6.10)

Proof. Recall that K = S, N A and that F'(A) denotes the smallest face of S’
containing A. One can verify that the set F|(A) N A contains A in its relative
interior and thus we have that Fx(A) = F(A) N A. Hence follows from
(6.2).

If X = ¢a(Z) is the image of Z € S” under the map ¢4 from (6.1), then

(A, X) = (UT AU, UTXU) = <UTAjU, (g 8)> — (UT A,;Us, 2).

Therefore, the face Fix(A) is the image of S{, N A4 under the map ¢4, i.e.,
Fr(A) = ¢a(SZ, N As). Moreover, a matrix B € 8™ is a perturbation of A if
and only if A+eB € K for some e > 0, which is equivalent to B € UyL AUy, i.e.,
B € ¢a(L4). Therefore, we find that P (A) = ¢p4(L4), and thus the dimension
of F(A) is equal to dim Pg (A) = dim ¢ 4(L4) = dim A4, which gives (6.10).
O
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Corollary 6.1.4. Let K be defined as in (9.2). Let A € K and r = rank(A). If A
is an extreme point of K then

(T ; 1) < codim A <m (6.11)

In particular, K contains a matrix A whose rank r satisfies

r< _1+— V28m+1 (6.12)

Proof. If A is an extreme point of K then dim Fx(A4) = 0. Then, by (6.10),
("3') = codimAs < codimA (since, for any J C [m], {UJA;U : j € J}
linearly independent implies that {A, : j € J} too is linearly independent). As

codimA < m, then (9.15]) follows from (6.10).

As K contains no line, K has at least one extreme point. Now (6.12)) follows
r+1

directly from ("}") < m for any matrix A which is an extreme point of K. [
Remark 6.1.5. The codimension of the affine space A 4 can be expressed from any
Cholesky decomposition: A = WW'T, where W € R"*", by

codim Ax = dim(WTA;W : j € [m]).

Indeed, the matrix P = WTUyD, " is nonsingular, since PTP = Dy using the
fact that U] Uy = I,.. Moreover, W P = Uy, and thus

dim(WTA; W : j € [m]) = dim(PTWTA; WP : j € [m]) = dim(Uj A;Uy : j € [m]).

As an illustration, for the elliptope K = &, if A € &, is the Gram matrix of vectors
{a1,-++ ,a,} C R¥, then codim A4 = dim(aial,- -, ayal).

As an illustration we discuss a bit the geometry of the elliptope &,,. As a
direct application of Corollary [6.1.4] we obtain the following bound for the
rank of extreme points:

Corollary 6.1.6. Any extreme point of &, has rank r satisfying ("}") < n.

A matrix X € &, has rank 1 if and only if it is of the form X = zx" for some
x € {£1}". Such matrix is also called a cut matrix (since it corresponds to a
cut in the complete graph K,,). There are 2"~ ! distinct cut matrices. They are
extreme points of &, and any two of them form an edge (face of dimension 1)
of &£,. While for n < 4, these are the only faces of dimension 1, the elliptope
&, for n > 5 has faces of dimension 1 that are not an edge between two cut
matrices. You will see an example in Exercise 10.3.

Figure shows the elliptope €3 (more precisely, its bijective image in R?
obtained by taking the upper triangular part of X). Note the four corners, which
correspond to the four cuts of the graph K3. All the points on the boundary of
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Figure 6.1: The elliptope &3

&; - except those lying on an edge between two of the four corners — are extreme
points. For instance, the matrix

1 0 1/V2
A=1 0 1 1/V2
/v2 1/v2 1

is an extreme point of & (check it), with rank r = 2.

6.1.4 Finding an extreme point in a spectrahedron

In order to find a matrix A in a spectrahedron K whose rank satisfies (6.12)),
it suffices to find an extreme point A of K. Algorithmically this can be done as
follows.

Suppose we have a matrix A € K with rank r. Observe that A is an extreme
point of K precisely when the linear space £4 (in (6.8)) is reduced to the zero
matrix. Assume that A is not an extreme point of K. Pick a nonzero matrix C' €
L4, so that B = UyCU{ is a nonzero perturbation of A. Hence A 4 tB = 0 for
some t > 0. Moreover, at least one of the supremums: sup{¢t > 0: A+tB > 0}
and sup{t > 0 : A —tB > 0} is finite, since K contains no line. Say, the first
supremum is finite, and compute the largest scalar ¢ > 0 for which A +tB = 0
(this is a semidefinite program). Then the matrix A’ = A+tB still belongs to the
face Fx(A), but it now lies on its border (by the maximality of ¢). Therefore, A’
has a larger kernel: KerA’ D KerA, and thus a smaller rank: rankA’ < rankA—1.
Then iterate, replacing A by A’, until finding an extreme point of K.

Therefore, one can find an extreme point of K by solving at most n semidef-
inite programs. However, finding the smallest possible rank of a matrix in K is
a hard problem - see Proposition [6.2.4

6.1.5 A refined bound on ranks of extreme points

The upper bound on the rank of an extreme point from Corollary is tight
— see Example below. However, there is one special case when it can be
sharpened, as we explain here. Consider again the affine space A from
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and the spectrahedron K = SZ( N .A. From Corollary|6.1.4, we know that every
extreme point A of K has rank r satisfying

(r—;— 1) < codim A.

Hence, r < s+ 1 if codim A = (532). Under some assumptions, Barvinok shows
that r < s for at least one extreme point of K.

Proposition 6.1.7. Assume that K is nonempty bounded and codim A = (*1?)

for some integer s > 1 satisfying n > s + 2. Then there exists A € K with rank
rank A < s.

The proof uses the following topological result.

Theorem 6.1.8. Consider the projective space P™"~1, consisting of all lines in R™
passing through the origin, and let S"~ be the unit sphere in R™. For n > 3 there
does not exist a continuous map ® : S*~1 — P"~! such that ®(z) # ®(y) for all
distinct z,y € S~ L.

The following lemma deals with the case n = s+ 2, it is the core of the proof

of Proposition

Lemma 6.1.9. Let n = s+ 2 with s > 1 and let A C S**2 be an affine space with
codim A = (*}?). If K = S$1? N A is nonempty and bounded, then there is a
matrix A € K with rank A < s.

Proof. Assume first that ANS?}? = (). Then A lies in a hyperplane H supporting
a proper face I of S{§?. (This can be checked using the separating theorem
from Theorem 1.3.8 (i).) By Proposition , F can be identified with S., for
some t < s + 1 and thus an extreme point of K has rank at most ¢t — 1 < s.

Suppose now that ANSH? # 0. By (6.10), dim K = (*}%) —codim A = s+2.
Hence, K is a (s + 2)-dimensional compact convex set, whose boundary 0K is
(topologically) the sphere S**!. We now show that the boundary of K contains
a matrix with rank at most s.

Clearly every matrix in 0K has rank at most s + 1. Suppose for a contra-
diction that no matrix of 9K has rank at most s. Then, each matrix X € 0K
has rank s + 1 and thus its kernel KerX has dimension 1, it is a line though the
origin. We can define a continuous map ® from 9K to P*! in the following
way: For each matrix X € 0K, its image ®(X) is the line KerX. The map & is
continuous (check it) from S**! to P**! with s + 1 > 2. Hence, applying Theo-
rem[6.1.8] we deduce that there are two distinct matrices X, X’ € 9K with the
same kernel: KerX = KerX’. Hence X and X' are two distinct points lying in
the same face of K: Fg(X) = Fx(X’). Then this face has an extreme point A,
whose rank satisfies rankA4 < rankX — 1 < s. O

We can now conclude the proof of Proposition |6.1.7
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Proof. (of Proposition |6.1.7). By Corollary there exists a matrix A € K
with rank A < s + 1. Pick a vector space U C KerA with codim U = s + 2.

By Proposition , there is a rank-preserving isometry between Fy; and ngg.
Moreover, A € F; N A. Hence the result follows by applying Lemma O

Example 6.1.10. Consider the three matrices

a=(p 5)-m=(1 o) = (1 o)

and the affine space
A={Xe8*: (A, X)=0, (B,X)=0, (C,X)=1}.

Then S2,N A = {I} thus contains no rank 1 matrix, and codim A = 3 = (°}?)
with s = 1. This example shows that the condition n > s + 2 cannot be omitted in
Lemma

Example below shows that the assumption that K is bounded cannot be

omitted as well.

6.2 Applications

6.2.1 Euclidean realizations of graphs

The graph realization problem can be stated as follows. Suppose we are given
a graph G = (V = [n], E) together with nonnegative edge weights w € R%,
viewed as ‘lengths’ assigned to the edges. We say that (G, w) is d-realizable if
one can place the nodes of G at points v, - -- ,v, € R? in such a way that their
Euclidean distances respect the given edge lengths:

31)1, ce,Up € Rd ||’Uz — Uj||2 = Wi, V{’L,j} S (6.13)

(We use here the squares of the Euclidean distances as this makes the notation
easier). Moreover, (G, w) is realizable if it is d-realizable for some d > 1. In
dimension 3, the problem of testing d-realizability arises naturally in robotics
or computational chemistry (the given lengths represent some known distances
between the atoms of a molecule and one wants to reconstruct the molecule
from these partial data).

Testing whether a weighted graph is realizable amounts to testing feasibility
of a semidefinite program:

Lemma 6.2.1. (G, w) is realizable if and only if the following semidefinite pro-
gram (in matrix variable X € 8™):

Xii + ij — 2X,L‘j = W;j V{Z,j} ek X>0 (6.14)

has a feasible solution. Moreover, (G, w) is d-realizable if and only if the system
6.14]) has a solution of rank at most d.
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Proof. Ifvy,--- ,v, € R?is a realization of (G, w), then their Gram matrix X =

v] v;) is a solution of rank at most d of (6.14). Conversely, if X is a solution of
(6.14) of rank d and v1,--- ,v, € R?is a Gram decomposition of X, then the

v;’s form a d-realization of (G, w). O

As a direct application of Corollary [6.1.4] any realizable graph (G, w) is d-
realizable in dimension d satisfying

-1 E 1
(dgl) <|B|, ie, d< —LEVOIEIFL (6.15)

2

When G = K, is a complete graph, checking whether (K, w) is d-realizable
amounts to checking whether a suitable matrix is positive semidefinite and com-
puting its rank:

Lemma 6.2.2. Consider the complete graph G = K, with edge weights w, and
define the matrix X € S"~! by

X“:’LU”L (Ze [n—l}), ij:# (Z#]G [n—l])

Then, (K,,,w) is d-realizable if and only if X > 0 and rankX < d.

Proof. The proof relies on the observation that if a set of vectors vy,--- ,v, €
R? satisfies (6.13), then one can translate it and thus assume without loss of
generality that v,, = 0. O

Example 6.2.3. Consider the complete graph G = K,, with weights w;; = 1 for
all edges. Then (K,,w) is (n — 1)-realizable but it is not (n — 2)-realizable (easy
to check using Lemmal6.2.2]).

Hence, the upper bound is tight on this example. This shows that the
condition that K is bounded cannot be omitted in Proposition (Note that
the set of feasible solutions to the program (6.14) is indeed not bounded).

On the other hand, for any fixed d > 1, deciding whether a graph (G, w)
is d-realizable is a hard problem. Therefore, deciding whether the semidefinite
program has a solution of rank at most d is a hard problem.

We show this for d = 1. Then there is a simple reduction from the following
partition problem, well known to be NP-complete: decide whether a given se-
quence of integers aq,--- ,a, € N can be partitioned, i.e., whether there exists
e € {£1}" such that e;a; + - - + €,a, = 0.

Proposition 6.2.4. Given a graph (G, w) with integer lengths w € N¥, deciding
whether (G,w) is 1-realizable is an N P-complete problem, already when G is
restricted to be a circuit.

Proof. Let aq,---,a, € N be an instance of the partition problem. Consider
the circuit G = C,, of length n, with edges {i,7 + 1} for i € [n] (indices taken
modulo n). Assign the length w; ;11 = a;41 to edge {i,i+ 1} fori =1,--- ,n.
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It is now an easy exercise to show that (C,,w) is 1-realizable if and only if the

sequence (ay, - ,a,) can be partitioned.

Indeed, assume that vy, - ,v,_1,v, € Ris a 1-realization of (C,,, w). With-
out loss of generality we may assume that v,, = 0. The condition w, ; = a1 =
|v1| implies that v; = €a1 for some ¢; € {£1}. Next, fori =1,--- ,n — 1, the
conditions w; ;41 = a;+1 = |v; — v;+1| imply the existence of €3, -+ , €, € {£1}
such that v;11 = v; + €;41a;+1. This implies 0 = v,, = €1a; + - - - + €,a,, and thus
the sequence a1, - - - , a, can be partitioned.

These arguments can be reversed to show the reverse implication. O

On the other hand:
Lemma 6.2.5. If a circuit (C,,, w) is realizable, then it is 2-realizable.
This can be shown (Exercise 6.1) using the following basic geometrical fact.

Lemma 6.2.6. Let uy, - ,ur € R™ and vy, --- ,v € R"™ two sets of vectors
representing the same Euclidean distances, i.e., satisfying

llwi = wsll = flvi = v;]| Vi, j € [K].

Then there exists an orthogonal matrix A € O(n) and a vector a € R™ such that
v; = Au; + a for all i € [k].

Hence what the above shows is that any realizable weighted circuit can be
embedded in the line or in the plane, but deciding which one of these two
possibilities holds is an A/ P-complete problem!

6.2.2 Hidden convexity results for quadratic maps

As a direct application of Proposition [6.1.4] we obtain the following result for
systems of two quadratic equations.

Proposition 6.2.7. Consider two matrices A,B € 8™ and a,b € R. Then the
system of two quadratic equations

Z Ajjziz; = a, Z Bijriz; =b (6.16)
4,5=1 i,j=1
has a real solution x = (x1,--- ,2,) € R™ if and only if the system of two linear
matrix equations
(A, X)=a, (B X)=0 (6.17)

has a positive semidefinite solution X > 0.

Proof. If x is a solution of @ , then X = 22" is a solution of . Con-
versely, assume that the system (6.17) has a solution. Applying Corollary[6.1.4]
we know that it has a solution of rank r satisfying (Hz'l) < m = 2, thus with
r < 1. Now, if X has rank 1, it can be written in the form X = zz7, so that z is

a solution of (6.16). O
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This result does not extend to three equations: The affine space from Exam-
ple |6.1.10| contains a positive semidefinite matrix, but none of rank 1. As we
now observe, the above result can be reformulated as follows: The image of R™
under a quadratic map into R? is a convex set.

Proposition 6.2.8. (Dines 1941) Given two matrices A, B € 8™, the image of
R™ under the quadratic map q(z) = (2" Az, 2" Bx):

Q = {(z"Az,z"Bx) : x € R"}, (6.18)
is a convex set in R2.

Proof. Set
Q' ={((4,X),(B,X)) e R*: X € 8L}

Clearly, @ C Q' and Q' is convex. Thus it suffices to show equality: Q = Q'.
For this, let (a,b) € Q'. Then the system (6.17) has a solution X > 0. By
Proposition [6.2.7] the system (6.16)) too has a solution, and thus (a,b) € Q. O

While it is not obvious from its definition that the set Q is convex, it is obvious
from its definition that the above set Q' is convex. For this reason, such a result
is called a hidden convexity result.

Here is another hidden convexity result, showing that the image of the unit
sphere S"~! (n > 3) under a quadratic map in R? is convex. We show it using
the refined bound from Proposition [6.1.7

Proposition 6.2.9. (Brinkman 1961) Let n > 3 and A, B € S8™. Then the image
of the unit sphere under the quadratic map q(z) = (z" Az, 2" Bx):

C = {(«"Az,2" Bx) : fo =1}
i=1

is a convex set in R2.

Proof. It suffices to show that, if the set
K={XeS&:(A,X)=a, (B,X)=0b, Tr(X) =1}

is not empty then it contains a matrix of rank 1. Define the affine space
A={XeS": (A, X)=a, (B,X)=0, Tr(X) =1}.

Then the existence of a matrix of rank 1 in K follows from Corollary if
codim A < 2, and from Proposition if codim A = 3 (as K is bounded,

codim A = (‘“322), n>s+2fors=1). O

The assumption n > 3 cannot be omitted in Proposition [6.2.9; Consider
the quadratic map ¢ defined using the matrices A and B from Example[6.1.10]
Then, ¢(1,0) = (1,0), ¢(0,1) = (—1,0), but (0,0) does not belong to the image
of S! under q.
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We conclude with the following application of Proposition|6.2.9} which shows
that the numerical range R(M) of a complex matrix M € C"*" is a convex sub-
set of C (viewed as R?). Recall that the numerical range of M is

R(M) ={z"Mz = Z ZiM;jz; 1 z € C", Z |zi\2 =1}

ij=1 i=1

Proposition 6.2.10. (Toeplitz-Hausdorff) The numerical range of a complex
matrix is convex.

Proof. Write z € C" as z = z+iy where z,y € R, sothat >, |22 = Y, 22 +y2.
Define the quadratic map ¢(z,y) = (¢1(z,y), ¢2(x, y)) by
"Mz = qi(z,y) + iga(z, y).

Then, the numerical range of M is the image of the unit sphere $?"~! under
the map ¢, and the result follows from Proposition [6.2.9 O

6.2.3 The S-Lemma

In the preceding section we dealt with systems of quadratic equations. We now
discuss systems of quadratic inequalities.
Recall Farkas’ lemma for linear programming: If a system of linear inequali-
ties:
alr < b

ajnx < b,

implies the linear inequality ¢z < d, then there exist nonnegative scalars
A, Am > 0such that ¢ = Ajag + - -+ + Apay, and A\yby + -+ - + A\by, < d.

This type of inference rules does not extend to general nonlinear inequali-
ties. However such an extension does hold in the case of quadratic polynomials,
in the special case m = 1 (and under some strict feasibility assumption).

Theorem 6.2.11. (The homogeneous S-lemma) Given matrices A,B € S",
assume that 27 Az > 0 for some = € R™. The following assertions are equivalent.

() {zeR":2TAz >0} C {z € R": 2" Bx > 0}.
(ii) There exists a scalar X > 0 such that B — AA = 0.

Proof. The implication (ii) = (i) is obvious. Now, assume (i) holds, we show
(ii). For this consider the semidefinite program:

inf{(B,X): (4, X) >0, Tr(X) =1, X = 0} )

and its dual:
sup{y: B—zA—yl =0, z > 0}. (D)
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First we show that (P) is strictly feasible. By assumption, there exists a unit
vector z for which 274z > 0. If Tr(A) > 0 then X = z2"/2 + I/2n is a
strictly feasible solution. Assume now that Tr(A) < 0. Set X = azx' + BI,
where we choose ov > 0, § > 0 in such a way that 1 = Tr(X) = a + fn and
0< (A X)=axr"Az + BTr(A), i.e.,

0 < B < mi 1 wAr
PR naTAz — Tr(A) |-

Then X is strictly feasible for (P).
Next we show that the optimum value of (P) is nonnegative. For this, con-
sider a feasible solution X, of (P) and consider the set

K = {X €80y : (A, X) = (4, Xo), (B,X) = (B, Xo)}.

As K # (, applying Corollary there is a matrix X € K with rank 1.
Say X = xa'. Then, 2" Az = (A, X,) > 0 which, by assumption (i), implies
"Bz > 0, and thus (B, Xo) = 2" Bz > 0.

As (P) is bounded and strictly feasible, applying the strong duality theorem,
we deduce that there is no duality gap and that the dual problem has an optimal
solution (y, z) with y, z > 0. Therefore, B — zA = (B — zA —yI) + yI > 0, thus
showing (ii). O

This extends to non-homogeneous quadratic polynomials (Exercise 6.5):

Theorem 6.2.12. (The non-homogeneous S-lemma)

Let f(x) = 2T Az + 24Tz + o and g(x) = 2" Bx + 2b"2 + B3 be two quadratic
polynomials where A, B € 8™, a,b € R" and «, 8 € R. Assume that f(x) > 0 for
some x € R™. The following assertions are equivalent.

@ {zeR": f(x) >0} C{zxeR":g(x) >0}

. . B b a a'
(ii) There exists a scalar \ > 0 such that (b B~ A 0 A = 0.

(iii) There exist a nonnegative scalar A and a polynomial h(x) which is a sum of
squares of polynomials such that g = Af + h.

6.3 Notes and further reading

Part of the material in this chapter can be found in the book of Barvinok [1].
In particular, the refined bound (from Section on the rank of extreme
points of a spectrahedron is due to Barvinok. Details about the geometry of the
elliptope can be found in [3].

The structure of the d-realizable graphs has been studied by Belk and Con-
nelly [2]. It turns out that the class of d-realizable graphs is closed under taking
minors, and it can be characterized by finitely many forbidden minors. For d < 3

130



the forbidden minors are known: A graph G is 1-realizable if and only if it is a
forest (no K3-minor), G is 2-realizable if and only if it has no K4-minor, and G
is 3-realizable if and only if it does not contain K5 and K5 5 » as a minor. (You
will show some partial results in Exercise 10.1.) Saxe [5] has shown that testing
whether a weighted graph is d-realizable is A/ P-hard for any fixed d.

The S-lemma dates back to work of Jakubovich in the 1970s in control the-
ory. There is a rich history and many links to classical results about quadratic
systems of (in)equations (including the results of Dines and Brinkman presented
here), this is nicely exposed in the survey of Polik and Terlaky [4].

6.4 Exercises

6.1 A graph G is said to be d-realizable if, for any edge weights w, (G,w) is
d-realizable whenever it is realizable. For instance, the complete graph
K, is (n — 1)-realizable, but not (n — 2)-realizable (Example|6.2.3).

(a) Given two graphs G; = (V4, E1) and Gy = (Va, E») such that ViNVa is
a clique in G; and Ga, their clique sum is the graph G = (VU Vs, E1 U Es).
Show that if G is d;-realizable and G5 is ds-realizable, then G is d-
realizable where d = max{d, ds}.

(b) Given a graph G = (V,F) and an edge e € E, G\e = (V,E \ {e})
denotes the graph obtained by deleting the edge e in G.

Show that if G is d-realizable, then G\e is d-realizable.

(c) Given a graph G = (V, E) and an edge e = {i1,i2} € E, G/e denotes
the graph obtained by contracting the edge e in GG, which means: Identify
the two nodes i, and is, i.e., replace them by a new node, called iy, and
replace any edge {i1,j} € E by {io,j} and any edge {i2,j} € E by {io, j}.
Show that if G is d-realizable, then G/e is d-realizable.

(d) Show that the circuit C,, is 2-realizable, but not 1-realizable.

(e) Show that G is 1-realizable if and only if G is a forest (i.e., a disjoint
union of trees).

() Show that K 5 o is 4-realizable.

NB: A minor of G is a graph that can be obtained from G by deleting and
contracting edges and by deleting nodes. So the above shows that if G is
d-realizable then any minor of G is d-realizable.

Belk and Connelly [2]] show that K55, is not 3-realizable, and that a
graph G is 3-realizable if and only if G has no K5 and K> 5 » minor. (The
‘if part’ requires quite some work.)

6.2 Let A, B,C € 8™ and let

Q ={q(z) = (2" Az,2" Bx,2"Cx) : 2 € R"} C R?
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6.3

6.4

6.5

denote the image of R™ under the quadratic map ¢. Assume that n > 3
and that there exist «, 3,7 € R such that oA + B + vC > 0.

Show that the set Q is convex.
Hint: Use Proposition[6.1.7]
(a) Consider the two cut matrices J (the all-ones matrix) and X = za"

where © € {£+1}", distinct from the all-ones vector. Show that the segment
F = [J, X] is a face of the elliptope &,.

(b) Consider the matrix

1 0 0 1/vV2 1/V2
0 1 0 1/v/2 0
A= 0 1 0 1/V2|eés.

0
1/vV2 1/v/2 0 1 1/2
/v2 0 1/V/2 1/2 1

What is the dimension of the face Fg, (A)? What are its extreme points?

Let p be polynomial in two variables and with (even) degree d. Show that
if p can be written as a sum of squares, then it can be written as a sum of
at most d + 1 squares.

NB: For d = 4, Hilbert has shown that p can be written as sum of at most
three squares but this is a difficult result.

Show the result of Theorem [6.2.12]
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CHAPTER 7

SUMS OF SQUARES OF
POLYNOMIALS

In this chapter we return to sums of squares of polynomials, which we had al-
ready briefly introduced in Chapter 2. We address the following basic question:
Given a subset K C R"™ defined by finitely many polynomial inequalities, how
can one certify that a polynomial p is nonnegative on K? This question is moti-
vated by its relevance to the problem of minimizing p over K, to which we will
return in the next two chapters. We collect a number of results from real al-
gebraic geometry which give certificates for nonnegative (positive) polynomials
on K in terms of sums of squares. We give a full proof for the representation re-
sult of Putinar, which we will use later for designing a hierarchy of semidefinite
relaxations for polynomial optimization problems.

In this and the next two chapters we use the following notation. Rz, ..., ;]
(or simply R[z]) denotes the ring of polynomials in n variables. A polyno-
mial p € R[z]| can be written as p = ) _ pox®, where p, € R and 2 stands
for the monomial z7* ---2%~. The sum is finite and the maximum value of
lo] = >, o for which p, # 0 is the degree of p. For an integer d, N’y denotes
the set of sequences o € N with || < d, thus the exponents of the monomials
of degree at most d. Moreover, R|x],; denotes the vector space of all polyno-
mials of degree at most d, its dimension is s(n,d) = |N?| = (";d) and the set
{z%: a € N",|a| < d} of monomials of degree at most d is its canonical base.

7.1 Sums of squares of polynomials

A polynomial p is said to be a sum of squares, abbreviated as p is sos, if p can be
written as a sum of squares of polynomials. > denotes the set of all polynomials
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that are sos. A fundamental property, already proved in Section 2.7, is that sums
of squares of polynomials can be recognized using semidefinite programming.

Lemma 7.1.1. Let p € R[z]24. Then p is sos if and only if the following semidefi-
nite program in the matrix variable Q € S*("% is feasible:

Q=0, Y Qpy=pa YaeNy, (7.1)
B,vENY
B+y=a

7.1.1 Polynomial optimization

Why do we care about sums of squares?
Sums of squares are useful because they constitute a sufficient condition for
nonnegative polynomials.

Example 7.1.2. Consider the polynomial:
fol@) =24+ +a} —nxy -2y

One can show that f,, is a sum of squares for any even n, which permits to derive
the arithmetic-geometric mean inequality:

n

Ve -x, < (7.2)

for xy,--- ,x, > 0and any n > 1. (You will show this in Exercise 13.1).

As one can recognize sums of squares using semidefinite programming, sums
of squares can be used to design tractable bounds for hard optimization prob-
lems of the form: Compute the infimum pmin of a polynomial p over a subset
K € R™ defined by polynomial inequalities:

K = {J:ER"gl(a;) 207 7gm(x) ZO},

where ¢1,-- -, gm € R[z]. Such optimization problem, where the objective and
the constraints are polynomial functions, is called a polynomial optimization
problem.

Define the set of nonnegative polynomials on K:
PK)={f eRz]: f(z) >0Vx € K}. (7.3)
Clearly,
Pmin = mlél;(p(x) =sup{\:p— e P(K)} (7.4)

Computing pmin is hard in general.
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Example 7.1.3. Given integers a1, - ,a, € N, consider the polynomial

p(z) = <Z aia?i) + Z(CE? —1)%

i=1

Then the infimum of p over R™ is equal to O if and only if the sequence a1, - ,ay
can be partitioned. So if one could compute the infimum over R™ of a quartic
polynomial then one could solve the N’ P-complete partition problem.

As another example, the stability number a(G) of a graph G = (V, E) can be
computed using any of the following two programs:

a(G):maX{in:xi—i—xj <1Vv{i,j} € E, x?—xizoweV}, (7.5)

i€V

1 . T

—— =minz (Ag+ Dz : z, =1, x>0, (7.6)
i = e D5 |

where Ag is the adjacency matrix of G. The formulation ([7.6) is due to Motzkin.
This shows that polynomial optimization captures N P-hard problems, as soon as
the objective or the constraints are quadratic polynomials.

A natural idea is to replace the hard positivity condition: p € P(K) by the
easier sos type condition: p € ¥ + ¢1X + - -+ + g 2. This leads to defining the
following parameter:

Dsos = SUp{A:p—AEX+ X+ +gnX} (7.7)

As a direct application of Lemma|7.1.1} one can compute py,s using semidefinite
programming. For instance, when K = R",

Dsos = Po +sup s —Qoo : @ = 0, po = Z Q,B,'ya Vo € Ngd {0} . (7.8)

n
B,vENG

Bty=a
Clearly the inequality holds:
Dsos < Pmin- (7.9

In general the inequality is strict. However, when the set K is compact and
satisfies an additional condition, equality holds. This follows from Putinar’s
theorem (Theorem [7.2.9)), which claims that any polynomial positive on K be-
longsto ¥ + ¢1X + - -+ + g 2. We will return to the polynomial optimization
problem and its sos relaxation in the next chapters. In the remain-
ing of this chapter we investigate sums of squares representations for positive
polynomials and we will prove Putinar’s theorem.
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7.1.2 Hilbert’s theorem

Hilbert has classified in 1888 the pairs (n, d) for which every nonnegative poly-
nomial of degree d in n variables is a sum of squares of polynomials:

Theorem 7.1.4. Every nonnegative n-variate polynomial of even degree d is a sum
of squares if and only if n = 1, or d = 2, or (n,d) = (2,4).

We saw earlier that nonnegative univariate polynomials are sos, the case
d = 2 boils down to the fact that positive semidefinite matrices have a Cholesky
factorization, but the last exceptional case (n,d) = (2,4) is difficult. For every
pair (n,d) # (2,4) with n > 2 and even d > 4, there is an n-variate polynomial
of degree d which is nonnegative over R™ but not sos. It is not difficult to see
that it suffices to give such a polynomial for the two pairs (n,d) = (2, 6), (3,4).

Figure 7.1: The Motzkin polynomial

Example 7.1.5. Hilbert’s proof for the ‘only if’ part of Theorem was not
constructive, the first concrete example of a nonnegative polynomial that is not sos
is the following polynomial, for the case (n,d) = (2,6):

p(mvy) = .’L‘2y2($2 +y2 - 3) + ]-a

constructed by Motzkin in 1967.

To see that p is nonnegative on R?, one can use the arithmetic-geometric mean
P l'.a+b+c>3 lied — 4,2 — 2,4 dec=
inequality: “=5+¢ > Vabc, applied to a = z°y*, b= z“y* and ¢ = 1.

137



To show that p is not sos, use brute force. Say p =", s? for some polynomials
s; of degree at most 3. As the coefficient of x° in p is 0, we see that the coefficient
of z2 in each s; is 0; analogously, the coefficient of y> in s; is 0. Then, as the
coefficients of x* and y* in p are 0, we get that the coefficients of 2% and 3 in s,
are 0. After that, as the coefficients of x> and y? in p are 0, we can conclude that
the coefficients of x and y in s; are 0. Finally, say s; = a;xy® + bjz’y + cjzy + d;.
Then the coefficient of 2y in p is equal to —3 = Y, 7, yielding a contradiction.

In fact, the same argument shows that p — X is not sos for any scalar A € R.
Therefore, for the infimum of the Motzkin polynomial p over R?, the sos bound pgos
carries no information: pges = —o0, While pnin = 0 is attained at (£1,+1).

For the case (n,d) = (3,4), the Choi-Lam polynomial:

q(z,y,2) =1+ 2y + y*2° + 2%2% — dayz

is nonnegative (directly, using the arithmetic-geometric mean inequality) but not
sos (direct inspection).

7.1.3 Are sums of squares a rare event?

A natural question is whether sums of squares abound or not within the cone of
of nonnegative polynomials. It turns out hat the answer depends, whether we
fix or let grow the number of variables and the degree.

On the one hand, if we fix the number of variables and allow the degree
to grow, then every nonnegative polynomial p can be approximated by sums of
squares obtained by adding a small high degree perturbation to p.

Theorem 7.1.6. If p > 0 on [—1, 1]™, then the following holds:

Ve>03keN p+e<1+2x?k> €.

i=1

On the other hand, if we fix the degree and let the number of variables
grow, then there are significantly more nonnegative polynomials than sums of
squares: There exist universal constants ¢, C' > 0 such that

. 1/D
copd-0/2 < (YOUPn2a) ) - ey (7.10)
VOl(En’Qd)

Here P, o4 is the set of nonnegative homogeneous polynomials of degree 2d
in n variables intersected with the hyperplane H = {p : [q._. p(z)u(dz) =
1}. Analogously, 3, o4 is the set of homogeneous polynomials of degree 2d in
n variables that are sums of squares, intersected by the same hyperplane H.

Finally, D = ("*247') — 1 is the dimension of the ambient space.
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7.1.4 Artin’s theorem

Hilbert asked in 1900 the following question, known as Hilbert’s 17th problem:
Is it true that every nonnegative polynomial on R™ is a sum of squares of rational
functions? Artin answered this question in the affirmative in 1927:

Theorem 7.1.7. (Artin’s theorem) A polynomial p is nonnegative on R" if and
2
only if p = Z;”:l (%) for some p;, q; € Rz].

This was a major breakthrough, which started the field of real algebraic
geometry.

7.2 Positivstellensatze

We now turn to the study of nonnegative polynomials p on a basic closed semi-
algebraic set K, i.e., a set K of the form

K={zeR":¢g1(x) >0, -, gm(x) > 0}, (7.11)
where g¢1,--- ,gm € Rlz]. Set go = 1. When the polynomials p, g; are linear,
Farkas’ lemma implies:

p>0on K < p= Z Ajg; for some scalars A; > 0. (7.12)
Jj=0

We will show the following result, due to Putinar: Assume that K is compact
and satisfies the additional condition (7.17) below. Then

p>0on K —= p= Z sjg; for some polynomials s; € X. (7.13)
5=0

Of course, the following implication holds trivially:

m
p= Z s;9; for some polynomials s; € ¥ = p > 0 on K.
=0

However, this is not an equivalence, one needs a stronger assumption: strict
positivity of p over K. Note the analogy between (7.12)) and (7.13): While the
variables in (7.12)) are nonnegative scalars )\;, the variables in are sos
polynomials s;. A result of the form is usually called a Positivstellensatz.
This has historical reasons, the name originates from the analogy to the classical
Nullstellensatz of Hilbert for the existence of complex roots:

Theorem 7.2.1. (Hilbert’s Nullstellensatz) Given g1, - , gm € R[z], define the
complex variety, consisting of their common complex roots:

V(C(gh'” 7gm) = {Jf eC": gl(x) = 07 7gm(x) = 0}
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For a polynomial p € R[x],

m
p=00nVe(gr, -, gm) = p* = Zujgj for some u; € Rlz],k € N.

j=1

In particular, Ve (g1, -+, gm) =0 <= 1= >"7_, u;g; for some u; € Rz].
Checking a Nullstellensatz certificate: whether there exist polynomials u;

satisfying p = > ; ujh;, amounts to solving a linear program (after fixing a
bound d on the degrees of the unknown u,’s). On the other hand, checking a
certificate of the form: p = }_, s;g; where the s;’s are sos, amounts to solving
a semidefinite program (again, after fixing some bound d on the degrees of the
unknown s;’s). In a nutshell, semidefinite programming is the key ingredient to
deal with real elements while linear programming permits to deal with complex
elements. We will return to this in the last chapter.

7.2.1 The univariate case

We consider here nonnegative univariate polynomials over a closed interval
K C R, thus of the form K = [0,00) or K = [—1,1] (up to scaling). Then
a full characterization is known, moreover with explicit degree bounds.

Theorem 7.2.2. (Pdlya-Szeg06) Let p be a univariate polynomial of degree d.
Then, p > 0 on [0,00) if and only if p = so + s1z for some sg,s1 € X with
deg(sp) < d and deg(s1) < d— 1.

Theorem 7.2.3. (Fekete, Markov-Lukacz) Let p be a univariate polynomial of
degree d. Assume that p > 0on [—1,1].

(1) p=so + s1(1 — x?), where sg,s1 €3, deg(so) < d+ 1 and deg(s;) < d — 1.
(ii) Fordodd, p = s1(14x)+s2(1—x) where s1, 52 € 3, deg(s1),deg(s2) < d— 1.

Note the two different representations in (i), (ii), depending on the choice
of the polynomials describing the set K = [—1, 1].

7.2.2 Krivine’s Positivstellensatz

Here we state the Positivstellensatz of Krivine (1964), which characterizes non-
negative polynomials on an arbitrary basic closed semi-algebraic set K (with no
compactness assumption). Let K be as in (7.11)). Set g = (g1, - , gm) and, for

a set of indices J C {1,--- ,m}, set g; = ]_[jeJ gj. The set
T(g) = Z $ygy iS5 €D (7.14)
JC[m]
is called the preordering generated by g = (g1, -+ ,gm). It consists of all

weighted sums of the products g;, weighted by sums of squares. Clearly, any
polynomial in T(g) is nonnegative on K: T(g) C P(K).
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Example 7.2.4. Let K ={zr € R: g=(1—2%)> >0} andp =1 — 22 Then, pis
nonnegative on K, but p ¢ T(g) (check it). But, note that pg = p* (compare with
item (ii) in the next theorem).

Theorem 7.2.5. (Krivine’s Positivstellensatz) Let K be as in (7.11) and let
p € Rlz]. The following holds.

() p>0on K < pf =1+ h forsome [, h € T(g).

(ii) p > 0on K <= pf = p** + h for some f h € T(g) and k € N.
(iii) p =0on K < —p?* € T(g) for some k € N.

(iv) K =0+ —-1€T(g).

In (i)-(iv) above, there is one trivial implication. For example, it is clear that
—1 € T(g) implies K = (. And in (i)-(iii), the existence of a sos identity for p
of the prescribed form implies the desired property for p.

Choosing K = R" (g = 1), we have T(g) = ¥ and thus (ii) implies Artin’s
theorem. Moreover, one can derive the following result, which characterizes the
polynomials that vanish on the set of common real roots of a set of polynomials.

Theorem 7.2.6. (The Real Nullstellensatz) Given g1, - , gm € R[z], define the
real variety, consisting of their common real roots:

(g1, ygm) ={z €R" : q1(x) =0, -+ , gm(x) = 0}. (7.15)

For a polynomial p € R]z],

p=0 onVa(gr, - ,gm) = p*F+s= Zujgj for some s € ¥,u; € Rlz], k € N.
j=1

In particular;

V(91,7 1 gm) =0 = —1= s+Zujgj for some s € ¥, u; € Rlz].
j=1

The above result does not help us yet to tackle the polynomial optimization
problem (8.1): Indeed, using (i), we can reformulate psos as

Psos= sup  {A:(p—A)f=1+g,f g€ T(g)}
AER, f,gER[z]

However, this does not lead to a semidefinite program, because of the quadratic
term \f where both \ and f are unknown. Of course, one could fix A and
solve the corresponding semidefinite program, and iterate using binary search
on \. However, there is an elegant, more efficient remedy: Using the refined
representation results of Schmiidgen and Putinar in the next sections one can
set up a simpler semidefinite program permmitting to search over the variable
A.
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7.2.3 Schmiidgen’s Positivstellensatz

When K is compact, Schmiidgen [7]] proved the following simpler representa-
tion result for positive polynomials on K.

Theorem 7.2.7. (Schmiidgen’s Positivstellensatz) Assume K is compact. Then,
p(x) >0Ve e K = p e T(g).

A drawback of a representation ), s;g; in the preordering T(g) is that it
involves 2™ sos polynomials s s, thus exponential in the number m of constraints
defining K. Next we see how to get a representation of the form }_; s;g;, thus
involving only a linear number of terms.

7.2.4 Putinar’s Positivstellensatz

Under an additional (mild) assumption on the polynomials defining the set K,
Putinar [[5] showed the analogue of Schmiidgen’s theorem, where the preorder-
ing T(g) is replaced by the following quadratic module:

m

M(g) =< sjg:8, €. (7.16)
7=0

First we describe this additional assumption. For this consider the following
conditions on the polynomials g; defining K:

Jh € M(g) {x € R": h(z) > 0} is compact, (7.17)
INeN N =) a7 € M(g), (7.18)

i=1
VfeR[z]IN eN N =+ f € M(g). (7.19)

Proposition 7.2.8. The conditions (7.17), (7.18) and (7.19) are all equivalent.
If any of them holds, the quadratic module M(g) is said to be Archimedean.

Proof. The implications = = (7.17) are clear. Assume ([7.17)
holds and let f € R[z]. As the set Ky = {z : h(z) > 0} is compact, there exists
N € Nsuch that —N < f(z) < N over K. Hence, N + f is positive on K.
Applying Theorem|[7.2.7, we deduce that N + f € T(h) C M(g). O

Clearly, implies that K is compact. On the other hand, if K is com-
pact, then it is contained in some ball {x € R" : g,,, ;1 = R* =Y 7 > 0}.
Hence, if we know the radius R of a ball containing K, then it suffices to add
the (redundant) ball constraint g,,,+1(x) > 0 to the description of K so that the

quadratic module M(g’) is now Archimedean, where g’ = (g, gm+1)-
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Theorem 7.2.9. (Putinar’s Positivstellensatz) Assume that the qudratic module
M(g) is Archimedean (i.e., the g;’s satisfy any of the equivalent conditions (7.17)-

(7.19)). Then,
p(z) > 0Ve € K = p € M(g).

Example 7.2.10. Consider the simplex K = {z e R" : x >0, Y., z; < 1} and
the corresponding quadratic module M = M(z1, - ,z,,1 — > i x;). Then M
is Archimedean. To see it note that the polynomial n — Y, z7 € M. This follows

from the following identities:
° 1—x1 = (1_Zj‘rj)+2j;ﬁimi e M.

2 (12 , .
o1-a2= (1+mq,)2(1—1i) + (1+ﬂ%)2(1 z7) _ (1+§cz,)2 (1— )+ a 29%)2 (1+ ;) € M.

° n—zixfzzi(l—xf)eM.

Example 7.2.11. Consider the cube K = [01]" ={z e R": 0 < z; < 1Vi € [n]}
and the corresponding quadratic module M = M(z1,1 — 21, ,Zpn, 1 — xy).
Then M is Archimedean. Indeed, as in the previous example, 1 — x? € M and thus
n—>,a? € M.

7.2.5 Proof of Putinar’s Positivstellensatz

In this section we give a full proof for Theorem The proof is elementary,
combining some (sometimes ingenious) algebraic manipulations. We start with
defining the notions of ideal and quadratic module in the ring R[z].

Definition 7.2.12. A set I C R[z] is an ideal if I is closed under addition and
multiplication by Rlz]: I+ 1 C I and Rlz]- I C I.

Definition 7.2.13. A subset M C R[x] is a quadratic module if 1 € M and M is
closed under addition and multiplication by squares: M+M C M and ¥-M C M.
M is said to be proper if M # R[z] or; equivalently, if —1 ¢ M.

Example 7.2.14. Given polynomials g1, , gm,

(g1 o9m) = § D usg; s u; € Rla]
j=1

is an ideal (the ideal generated by the g,’s) and the set M(g) from is a
quadratic module (the quadratic module generated by the g;’s).

We start with some technical lemmas.

Lemma 7.2.15. If M C RJz] is a quadratic module, then I = M N (—M) is an
ideal.

Proof. This follows from the fact that, for any f € R[z] and g € I, we have:
2 2
fg:(%) g+(%> (—g) el O

143



Lemma 7.2.16. Let M C R[z| be a maximal proper quadratic module. Then,
MU (—M) =R[z].

Proof. Assume f ¢ MU(—M). Each of thesets M’ = M+ fXand M = M — f%
is a quadratic module, strictly containing M. By the maximality assumption on
M, M’ and M" are not proper: M’ = M" = R[z]. Hence:

—1=g1+s1f, —1=go—sof forsomegi,go € M, s1,89 € X.

This implies: —89 — 81 = 52(91 + Slf) + 51(g2 — ng) = S201 + S$1G2 and thus
$1,82 € —M. On the other hand, s;,s; € ¥ C M. Therefore, s1,s5 € I =
M N (=M). As I is an ideal (by Lemma [7.2.15), we get s;f € I C M and
therefore —1 = g1 + s1f € M, contradicting M proper. O

Lemma 7.2.17. Let M be a maximal proper quadratic module in R[z] and I =
M N (—M). Assume that M is Archimedean, i.e., satisfies:

VfeRz]INeNN+ fe M.
Then, for any f € R[z], there exists a (unique) scalar a € R such that f —a € I.
Proof. Define the sets
A={aeR:f—-aec M}, B={beR:b—fe M}

As M is Archimedean, A, B are both non-empty. We show that |A N B| = 1.
First observe that a < b for any a« € A and b € B. For, if one would have
a>b,thenb—a=(f—a)+ (b— f)is a negative scalar in M, contradicting M
proper. Let ag be the supremum of A and by the infimum of B. Thus ay < bg.
Moreover, ag = bg. For, if not, there is a scalar ¢ such that ay < ¢ < by. Then,
f—c¢ MU (—M), which contradicts Lemma|7.2.16

We now show that ag = by belongs to AN B, which implies that ANB = {ag}
and thus concludes the proof. Suppose for a contradiction that ag ¢ A, i.e.,
f —ag ¢ M. Then the quadratic module M’ = M + (f — ap)X is not proper:
M’ = R[z]. Hence,

—1=g+(f—ap)s forsomege M, s€ 3.

As M is Archimedean, there exists N € N such that N — s € M. As ay = sup 4,
there exists € such that 0 < ¢ < 1/N and @y — e € A. Then, f — (ap —€) =
(f — ao) + € € M and thus

—l4+es=g+(f—ao+e)se M.
Adding with ¢(N — s) € M, we obtain:
—1+4+eN =(—1+e€s)+ €N —s) € M.

We reach a contradiction since —1 + eN < 0. O
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Lemma 7.2.18. Assume p > 0 on K. Then there exists s € 3 such that sp — 1 €
M(g).

Proof. We need to show that the quadratic module My, = M(g) — pX is not
proper. Assume for a contradiction that M, is proper. We are going to construct
a € K for which p(a) < 0, contradicting the assumption that p is positive on K.
By Zorn’s lemmeﬂ let M be a maximal proper quadratic module containing M.
As M 2 M(g), M too is Archimedean. Applying Lemma [7.2.17]to M, we find
some scalar a; € R for which

zi—a;, €I =MnN(-M) Yié€|[n].
The a;’s constitute a vector a € R™. As [ is an ideal, this implies that
f—fla)eI VfeRx]. (7.20)

Indeed, say f =) fox®, then f — f(a) = fa(z® — a®). It suffices now to
show that each z® — a® belongs to I. We do this using induction on |«| > 0. If
a = 0 there is nothing to prove. Otherwise, say «; > 1 and write § = « — e s0
that 2 = z;2” and ¢® = a;a”. Then we have

2 —a® =x1(2® —dP) +aP(xy —ar) €T

since 2” — a” € I (using induction) and z; — a; € I.
Now we apply (7.20) to each of the polynomials f = g; defining K and we
obtain that

9i(a) = g; — (9; — g;(a)) € M
since g; € M(g) C M and g; — g;(a) € —M. As M is proper, we must have that
g;(a) > 0 for each j. This shows that a € K. Finally,

—p(a) = (p—pla)) —p € M,

since p —p(a) € I C M and —p € My C M. Again, as M is proper, this implies
that —p(a) > 0, yielding a contradiction because p > 0 on K. O

Lemma 7.2.19. Assume p > 0 on K. Then there exist N € N and h € M(g) such
that N —h € ¥ and hp — 1 € M(g).

Proof. Choose s as in Lemma|7.2.18] Thus, s € ¥ and sp — 1 € M(g). As M(g)
is Archimedean, we can find k& € N such that

2k — s, 2k — s*p — 1 € M(g).

Set h = s(2k — s) and N = k%. Then, h € M(g) and N — h = (k — s)? € %.
Moreover,

hp—1=35(2k—8)p—1=2k(sp—1)+ (2k —s*p — 1) € M(g),
since sp — 1,2k — s?p — 1 € M(g). O

1Zorn’s lemma states the following: Let (P, <) be a partially ordered set in which every chain
(totally ordered subset) has an upper bound. Then P has a maximal element.
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We can now show Theorem Assume p > 0 on K. Let h and N satisfy
the conclusion of Lemma [7.2.19] We may assume that N > 0. Moreover let
k € N such that k+p € M(g) (such k exists since M(g) is Archimedean). Then,

(k=) 9= (O = W0+ + (b= 1)+ k) € M),

So what we have just shown is that
k+peM(g) = (k—1/N)+pec M(g).

Iterating this (kV) times, we obtain that

p= (k—k]\];f) +p € M(g).

This concludes the proof of Theorem

7.3 Notes and further reading

Hilbert obtained the first fundamental results about the links between nonnega-
tive polynomials and sums of squares. He posed in 1900 at the first International
Congress of Mathematicians in Paris the following question, known as Hilbert’s
17th problem: Is it true that every nonnegative polynomial on R"™ is a sum of
squares of rational functions? The solution of Artin in 1927 to Hilbert’s 17th
problem was a major breakthrough, which started the field of real algebraic
geometry. Artin’s proof works in the setting of formal real (ordered) fields. It
combines understanding which elements are positive in any ordering of the field
and using Tarksi’s transfer principle which roughly states the following: If (F, <)
is an ordered field extension of R which contains a solution x € F™ of a system of
polynomial equations and inequalities with coefficients in R, then this system also
has a solution «’ € R™. Tarski’s transfer principle also plays a crucial role in the
proof of the Positivstellensatz of Krivine (Theorem[7.2.5)). The book of Marshall
[3] contains the proofs of all the Positivstellensétze described in this chapter.

Reznick [J6] gives a nice historical overview of results about positive polyno-
mials and sums of squares. The idea of using sums of squares combined with
the power of semidefinite programming in order to obtain tractable sufficient
conditions for nonnegativity of polynomials goes back to the PhD thesis of Par-
rilo [4]. He exploits this idea to attack various problems from optimization and
control theory. Lasserre and Netzer [2] showed that every nonnegative polyno-
mial can be approximated by sums of squares of increasing degrees (Theorem
[7.1.6). Blekherman [I]] proved the inequalities relating the volumes of
the cones of sums of squares and of nonnegative polynomials.
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7.4 Exercises

7.1. Let f(z1,...,2n) = X4 |a|<24 faz® be an n-variate polynomial of de-
gree 2d and let F(z1,...,2n,t) = 3, 101<2a far*t**1°l be the corre-
sponding homogeneous (n + 1)-variate polynomial (in the n + 1 variables
L1y - 7.’17n,t).

(a) Show: f(z) >0 forall z € R® <= F(z,t) > 0 for all (z,t) € R**.
(b) Show: f is a sum of squares of polynomials in R[z1,...,z,] <= F'is
a sum of squares of polynomials in R[z1, ..., z,,t].

7.2. Given a € N" with |a| = ). a; = 2d, define the polynomial in n variables
x = (1, -+ ,x,) and of degree 2d:

n n n
Fpod(a,x) = E aix?d — 2dH xyt = g aiac?d — 2dz”.
i=1 i=1 i=1

(a) Show: For n = 2, F,, 24(a, x) is sum of two squares of polynomials.

(b) Let @ € N with |a|] = 2d. Show that a = b + ¢ for some b,c € N",
where |b| = |¢| = d and both b;, ¢; > 0 for at most one index i € [n].

(c) With a, b, ¢ as in (b), show that

1
Fpod(a,x) = g(Fn}gd(%, ) + Fr2a(2¢, 1)) 4 d(zb — ).
(d) Show that, for any ¢ € N™ with |a| = 2d, the polynomial F), »4(a, z)
can be written as the sum of at most 3n — 4 squares.
(e) Show the arithmetic-geometric mean inequality (7.2) for any n € N.
7.3 Show Theorem A univariate polynomial p of degree d is nonneg-

ative on [0,00) if and only if p = sy + syx for some sg,s; € ¥ with
deg(sp),deg(s1z) < d.

7.4 For a univariate polynomial f of degree d define the following univariate
polynomial G(f), known as its Goursat transform:

G(f)(w) = (1+2)f (;i) .

(a) Show that f > 0 on [—1, 1] if and only if G(f) > 0 on [0, c0).
(b) Show Theorem|[7.2.3]

7.5 Show the Real Nullstellensatz (Theorem [7.2.6) (you may use Theorem
7.2.5).
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7.6 Let G = (V, E) be a graph. The goal is to show Motzkin’s formulation (7.6
for the stability number «(G). Set

u:min{xT(Ag—FI)x:in:l, 1220}. (7.21)
eV
(a) Show that 1 < 1/a(G).

(b) Let = be an optimal solution of the program (7.21), S = {i : z; # 0}
denotes its support. Show that u > 1/a(G) if S is a stable set in G.

(c) Show that the program (7.21)) has an optimal solution 2 whose support
is a stable set. Conclude that (7.6) holds.
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CHAPTER 8

POLYNOMIAL EQUATIONS
AND MOMENT MATRICES

Consider the polynomial optimization problem:
Pmin = mlgf{p(x)a 8.1)

which asks for the infimum py;, of a polynomial p over a basic closed semi-
algebraic set K, of the form:

where g1, -+, gm € Rlz]. In the preceding chapter we defined a lower bound
for pmin obtained by considering sums of squares of polynomials. Here we con-
sider another approach, which will turn out to be dual to the sums of squares
approach.

Say, p = >, paz®, where there are only finitely many nonzero coefficients
Do and let p = (p,)aen» denote the vector of coefficients of p, so p, = 0 for all
|a] > deg(p). Moreover, let [x]oc = (2%)aen» denote the vector consisting of all
monomials z%. Then, one can write:

p(x) =Y par® =p'[2]oo-

We define the set Co, (K) as the convex hull of the vectors [z], for z € K:
Coo(K) = conv{[z]s : € K}. (8.3)

Let us introduce a new variable y, = z® for each monomial. Then, using
these variables y = (y,) and the set C,(K'), we can reformulate problem (8.1)
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equivalently as

. . T . T .

Pmin = Inf p(z) = inf pla]s ook {p'y:yela(K)} (8.4)
This leads naturally to the problem of understanding which sequences y belong
to the set Coo (K). In this chapter we give a characterization for the set Co. (K),
we will use it in the next chapter as a tool for deriving global optimal solutions
to the polynomial optimization problem (8.1)).

This chapter is organized as follows. We introduce some algebraic facts
about polynomial ideals I C R[z]| and their associated quotient spaces R[z]/I,
which we will need for the characterization of the set Co,(KX). Using these
tools we can also describe the so-called eigenvalue method for computing the
complex solutions of a system of polynomial equations. This method also gives
a useful tool to extract the global optimizers of problem (8.I). Then we give
a characterization for the sequences y belonging to the set C,(K), in terms of
associated (moment) matrices required to be positive semidefinite.

8.1 The quotient algebra R|x]/]

8.1.1 (Real) radical ideals and the (Real) Nullstellensatz

Here, K = R or C denotes the field of real or complex numbers. A set I C K[z]
isanideal if I +1 C I and K[z]-I C I. Given polynomials hq, - - , h,,, the ideal
generated by the h;’s is

I=(hy, hm) =Y ujhj:u; €Kz p.
j=1
A basic property of the polynomial ring K[z] is that it is Noetherian: every ideal
admits a finite set of generators. Given a subset V' C C, the set
IV)={feK[z]: f(x)=0Vz eV}

is an ideal, called the vanishing ideal of V.
The complex variety of an ideal I C K][z] is

VeI)={zeC": f(x)=0Vfel}
and its real variety is
V(I)={zeR": f(z)=0Vfel}=Vc(I)NR".

The elements x € V(I) are also called the common roots of the polynomials in
I. Clearly, if I = (hq,--- , hy,) is generated by the h,’s, then V(1) is the set of
common complex roots of the polynomials hq,--- , h,, and Vg(I) is their set of
common real roots.
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Given an ideal I C K]z], the set
VI={feKz]: f" el forsomem c N} (8.5)

is an ideal (Exercise 14.1), called the radical of I. Clearly we have the inclu-
sions:
I CVICI(Ve(l)).

Consider, for instance, the ideal I = (2?) generated by the monomial x2. Then,
Ve(I) = {0}. The polynomial 2 belongs to v/T and to Z(V(I)), but 2 does not
belong to I. Hilbert’s Nullstellensatz states that both ideals v/T and Z(V¢ (1))
coincide:

Theorem 8.1.1. (Hilbert’s Nullstellensatz) For any ideal I C K[z], we have
equality:

VI =I(Ve(I)).
That is, a polynomial f vanishes at all x € V¢(I) if and only if some power of f
belongs to I.

The ideal I is said to be radical if I = /T or, equivalently (in view of the
Nullstellensatz), I = Z(V¢(I)). For instance, the ideal I = (2?) is not radical.
Note that 0 is a root with double multiplicity. Roughly speaking, an ideal is
radical when all roots « € V() have single multiplicity, but we will not go into
details about multiplicities of roots.

Given an ideal I C R[z], the set
VI={f€eR[z]: f*" +seI forsomemcN,s¢c X} (8.6)

is an ideal in R[z] (Exercise 14.1), called the real radical of I. Clearly we have
the inclusions:
1C VI CI(Va(I)).

As an example, consider the ideal I = (2%2+y?) C R[z, y]. Then, Vx(I) = {(0,0)}
while Vi (I) = {(x, +iz) : € C}. Both polynomials = and y belong to v/T and
to Z(Vi(I)). The Real Nulstellensatz states that both ideals v/T and Z(Vx(I))
coincide.

Theorem 8.1.2. (The Real Nullstellensatz) For any ideal I C R[z],
VI =Z(Va(I)).

That is, a polynomial f € R[z] vanishes at all common real roots of I if and only
if the sum of an even power of f and of a sum of squares belongs to I.

We will use the following characterization of (real) radical ideals (see Exer-
cise 14.2).

Lemma 8.1.3.
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(i) Anideal I C K[z] is radical (i.e., v/T = I) if and only if
VfeKz] f2el= fel.

(i) Anideal I C R[z] is real radical (i.e., VI = I) if and only if

It is good to realize that, if V' is a complex variety, i.e., if V' = V(1) for some
ideal I, then V¢(Z(V)) = V. Indeed, the inclusion Vi(I) C Ve (Z(Ve(1)))) is
clear. Moreover, if v ¢ Vz(I), then there is a polynomial f € I C Z(V¢(I)) such
that f(v) # 0, thus showing v & Ve (Z(Ve(1))).

However, the inclusion V' C Vi (Z(V)) can be strict if V' is not a complex va-
riety. For example, for V = C\ {0} C C, Z(V') = {0}, since the zero polynomial
is the only polynomial vanishing at all elements of V. Hence, V¢(Z(V)) = C
contains strictly V.

For any ideal I, we have the inclusions:
I I(Ve()) € Z(Ve(1)),

with equality throughout if I is real radical. Yet this does not imply in general
that Ve(I) = W(I), ie., that all roots are real. As an example illustrating
this, consider e.g. the ideal I = (z — y) C R[z,y]; then I is real radical, but
Wr(I) C Ve (I). However, equality holds if V(1) is finite.

Lemma 8.1.4. If I C Riz] is a real radical ideal, with finite real variety: |Vg(I)| <
0o, then V(C([) = VR(I)

Proof. By assumption, equality: Z(Vr(I)) = Z(V(I)) holds. Hence these two
ideals have the same complex variety: Ve (Z(Vr(1))) = Ve(Z(Ve(1))). This im-
plies equality Vg (I) = Vi(I), since V() is a complex variety (as it is finite, see
Exercise 14.3) and V(1) too is a complex variety (by definition). O

8.1.2 The dimension of the quotient algebra Kiz]/I

Let I be an ideal in K[z]. We define the quotient space A = K[z]/I, whose
elements are the cosets

fl=f+1={f+q:qel}

for f € K[z]. Then A is an algebra with addition: [f] + [g] = [f + g], scalar
multiplication \[f] = [Af], and multiplication [f][g] = [fg], for f,g € K[z] and
A € K. These operations are well defined. Indeed, if [f] = [f'] and [g] = [¢'],
i.e., f', g are other representatives in the cosets [f], [g], respectively, so that

f—fﬁ g—g €1, then
(f"+d)—(f+g elLXf'=Xfel, f'd—fag=(f"—4)g +flg—g) el

As we now see, the dimension of the quotient space A is related to the cardinal-
ity of the complex variety V(7).
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Theorem 8.1.5. Let I C K[z| be an ideal and let A = K[z]/I be the associated
quotient space.

(i) dimA < oo if and only if |V (I)] < oc.

(ii) Assume |Vc(I) < oo. Then [Vc(I)| < dim A, with equality if and only if the
ideal I is radical (i.e., I = /I).

Remark 8.1.6. Let I be an ideal in R[z]. Then the set
Ic:=1+il={f+ig: f,ge I}

is an ideal in C[z]. Moreover, the two quotient spaces R[z]|/I and Clx]/Ic have the
same dimension. Indeed, if fi,..., f, € R[z] are real polynomials whose cosets in
R(x]/I form a basis of R[z]/I, then their cosets in C[z]|/I¢ form a basis of C[z]/I¢.
Hence, in order to compute the dimension of R[x]/I, we can as well deal with the
corresponding ideal Ic = I + il in the complex polynomial ring.

For the proof of Theorem|8.1.5] it is useful to have the following construction
of interpolation polynomials.

Lemma 8.1.7. Let V C K" be a finite set. There exist polynomials p, € K[z] for
v € V satisfying the following property:

Po(w) = Oy Yu,v € V.

They are called interpolation polynomials at the points of V. Then, for any poly-
nomial f € K[z],

f= > f)p, € I(Ve(D)). 8.7

veVe(I)

Proof. Fix v € V. For any u € V' \ {v}, let i, be a coordinate where v and u
differ, i.e., v;, # u;,. Then define the polynomial p, by

T, — Us,
Py = H “ “.
Uiu — Ul‘u
ueV\{v}

Clearly, p,(v) = 1 and p,(u) = 0ifu € V, u # v. By construction the polynomial
in (8.7) vanishes at all v € V(1) and thus belongs to Z(V¢(1)). O

Example 8.1.8. Say, V = {(0,0),(1,0),(0,2)} C R2 Then the polynomials
P0,0) = (1 —1)(22—2)/2, pa1,0) = @} and p(g 2) = x2(1 —x1)/2 are interpolation
polynomials at the points of V.

Lemma 8.1.9. Let I be an ideal in C[z] and A = C[z]/I. Assume V¢(I) is finite,
let p, (v € V(1)) be interpolation polynomials at the points of Vi (I), and let

L=A{[py]:veVec()}

be the corresponding set of cosets in A. Then,
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(i) L is linearly independent in A.
(i) L generates the vector space Clx]/Z(Vc(I)).
(iii) If I is radical, then L is a basis of A and dim A = |Vc(1)|.

Proof. (i) Assume that ZUGVC( n Ay[py] = 0 for some scalars \,. That is, the
polynomial f = ZUGVC( 1) Avpy belongs to I. By evaluating the polynomial f at
each v € V¢(I) and using the fact that p,(v) = 1 and p, (u) = 0if u € Ve(I)\{v},
we deduce that A\, = 0 for all v. This shows that £ is linearly independent in .A.
(ii) Relation implies directly that £ is generating in K[z]/Z(Vc(1)).
(iii) Assume that I is radical and thus I = Z(V(I)) (by the Nullstellensatz).
Then, £ is linearly independent and generating in A and thus a basis of A. [

Proof. (of Theorem [8.1.5). In view of Remark we may assume K = C.
(i) Assume first that dimA = k& < oo, we show that |V¢(I)] < oo. For this,
pick a variable x; and consider the k + 1 cosets [1], [z;],- -, [z¥]. Then they
are linearly dependent in A and thus there exist scalars A\, (0 < h < k) (not
all zero) for which the (univariate) polynomial f = Zﬁ:o Apzl is a nonzero
polynomial belonging to I. As f is univariate, it has finitely many roots. This
implies that the i-th coordinates of the points v € V() take only finitely many
values. As this holds for all coordinates we deduce that V(1) is finite.

Assume now that |[V¢(I)] < oo, we show that dim.A < oo. For this, as-
sume that the i-th coordinates of the points v € V¢ (I) take k distinct values:
ay,- -+ ,ar € C. Then the polynomial f = (z; — a1) - - - (z; — ax) vanishes at all
v € Ve(I). Applying the Nullstellensatz, f™ € I for some integer m € N. This
implies that there is a linear dependency among the cosets [1], [x;], - , [z7*].
Therefore, there exists an integer n; for which [z}’] lies in the linear span
of {[z?] : 0 < h < n; — 1}. From this one can easily derive that the set
{[z*]: 0 < ay <m; — 1,4 € [n]} generates the vector space .4, thus showing that
dim A < oo.

(i) Assume |V¢(I)] < oo. Lemma (i) shows that |V ()| < dim A.
If I is radical then the equality dim A = |V¢(I)| follows from Lemma
(iii). Assume now that I is not radical and let f € /T \I. Ifp, (v € Vc(I)
are interpolation polynomials at the points of V(I), one can easily verify that
the system {[p,] : v € Vc(I)} U {[f]} is linearly independent in A4, so that
dim A > [Ve(I)| + 1. O

8.1.3 The eigenvalue method for complex roots

A basic, fundamental problem in mathematics and many areas of applications
is how to solve a system of polynomial equations: hy(z) =0, -, hp(z) = 0. In
other words, how to compute the complex variety of the ideal I = (hq, - , hy)-
Here we assume that I C K[z] is an ideal which has finitely many complex roots:
|[Ve(I)| < oco. We now describe a well known method for finding the elements
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of Vi(I), which is based on computing the eigenvalues of a suitable linear map
on the algebra A = K|z]/I.

Namely, given an arbitrary polynomial » € K|z], we consider the following
‘multiplication by &’ linear map:

A —- A
[/l = [fhl.

mp :

(8.8)

As V(1) is finite we known from Theorem that the vector space A has
finite dimension. Say, N = dim A, then N > |V(I)|, with equality if I is radical
(by Theorem|[8.1.5).

Let us choose a set of cosets B = {[b],--- , [bn]} forming a basis of A and let
M, denote the matrix of m; with respect to the base B (which not symmetric
in general). Then, for v € V¢(I), we define the vector [v]z = (bj(v));\]:1 whose
entries are the evaluations at v of the polynomials in 5.

Lemma 8.1.10. The vectors {[v]g : v € V(I)} are linearly independent.

Proof. Assume ), .. 1) Au[v]s = 0 for some scalars Ay, i.e., 3, ey, () Avbj(v) =
0 for all j € [N]. As B is a base of A, this implies that }° .. ) Avf(v) = 0 for
any f € K|z] (check it). Applying this to the polynomial f = p,,, we obtain that
Ay, =0 forallv e V(). O

As we now show, the matrix M, carries out useful information about the
elements of Vi(I): its eigenvalues are the evaluations h(v) of h at the points
v € Vi(I) and its left eigenvectors are the vectors [v]z.

Theorem 8.1.11. Let h € K]z, let I C K[z] be an ideal with |Vc(I)| < oo, and
let my, be the linear map from (8.8).

(i) Let B be a base of A and let My, be the matrix of my, in the base B. Then, for
each v € Vi (I), the vector [v]g is a left eigenvector of M}, with eigenvalue
h(v), ie.,
M [v]5 = h(v)[v]s. 8.9
(ii) The set {h(v): v € Vi(I)} is the set of eigenvalues of my,.

(iii) Assume that I is radical and let p, (v € V(1)) be interpolation polynomials
at the points of Ve (I). Then,

mi([pu]) = h(w)[pu]

for all uw € Vi(I). Therefore, the matrix of my, in the base {[p,] : v € Vc(I)}
is a diagonal matrix with h(v) (v € V(1)) as diagonal entries.

Proof. (i) Say, My, = (a;;)Y._,, so that

ij=1
N N

[hbj] = Zaij [bl], i.e., hbj — Zaijbi el.
i=1 i=1
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Evaluating the above polynomial at v € V(1) gives directly relation (8.9).

(ii) By (i), we already know that each scalar h(v) is an eigenvalue of MJ
and thus of mj,. We now show that the scalars h(v) (v € V(I)) are the only
eigenvalues of my. For this, let A & {h(v) : v € Vc(I)}, we show that A is
not an eigenvalue of m;. Let J denote the ideal generated by I U {h — A}.
Then, Vi(J) = (. Applying the Nullstellensatz, we obtain that 1 € J and thus
1 —u(h — \) € I for some u € K[z]. It suffices now to observe that the latter
implies that m, (m; — Aid) = id, where id is the identity map from A to .A. But
then m;, — Aid is nonsingular, which implies that )\ is not an eigenvalue of my,.

(iii) Assume that I is radical and let {p, : v € V¢(I)} be interpolation poly-
nomials. Using relation , we obtain that mx([f]) = 3, cv.(r) f(0)h(v)[po]
for any polynomial f. In particular, my([p,]) = h(v)[py]- O

Here is a simple strategy on how to use the above result in order to com-
pute the points v € Vi (I). Assume that the ideal I is radical (this will be the
case in our application to polynomial optimization) and suppose that we have
a polynomial & for which the values h(v) (v € V(I)) are pairwise distinct (e.g.
pick a linear polynomial 4 with random coefficients). Suppose also that we
know a base B of A and that we know the matrix M) of m, in this base. We
know from Theorem that Mj, has N = |V(I)| distinct eigenvalues so
that each eigenspace has dimension 1. Hence, by computing the eigenvectors
of M;T, we can recover the vectors [v]g = (bj(v))é\[:1 (up to scaling). In order to
compute the i-th coordinate v; of v, just express the coset [z;] in the base B: If
[x;] = Z?’:l ¢i;[b;] for some scalars ¢;;, then v; = Z;VZI ¢ijbj(v).

Example 8.1.12. Let I = (2% — 622 + 11z — 6) be the ideal generated by the
polynomial x® — 62 + 11z — 6 = (x — 1)(x — 2)(x — 3) (univariate case). Then,
Ve(I) ={1,2,3} and B = {[1], [«], [#?]} is a base of A = R[z]/I. With respect to
this base B, the matrix of the multiplication operator by x is

@] 27 [27]

1 /0 0 6
My=1[z] | 1 0 -11
AR

(built using the relation [z®] = 6[1] — 11[x] + 6[2%]). It is an easy exercise to
verify that M has three eigenvectors: (1,1,1) with eigenvalue A = 1, (1,2,4)
with eigenvalue \ = 2, and (1, 3,9) with eigenvalue A = 3. Thus the eigenvectors
are indeed of the form [v]g = (1,v,v?) for v € {1,2,3}.

The polynomials py = (x — 2)(z — 3)/2, po = —(z — 1)(x — 3) and p3 =
(z — 1)(x — 2)/2 are interpolation polynomials at the roots v = 1,2, 3. Note that
the matrix of m, with respect to the base {[p1], [p2], [ps]} is

[xp1]  [zp2]  [zps]
[p1] (1 0 0



thus indeed a diagonal matrix with the values v = 1,2, 3 as diagonal entries.

Finally, we indicate how to compute the number of real roots using the mul-
tiplication operators. This is a classical result, going back to work of Hermite in
the univariate case. You will prove it in Exercise 14.4 for radical ideals.

Theorem 8.1.13. Let I be an ideal in R[z] with |V (I)| < oo. Define the Hermite
quadratic form:
H: Rlz]/IxR[z]/I — R
(IfLl) = Te(mpy),

where Tr(my,) denotes the trace of the multiplication operator by fg. Let o4 (H)
(resp., o_(H)) denote the number of positive eigenvalues (resp., negative eigenval-
ues) of H. Then, the rank of H is equal to |Vc(I)| and

(8.10)

or(H) —o-(H) = [Ve(I)]-

8.2 Characterizing the set C,,(K)

Our goal in this section is to characterize the set C,(K) from (8.3). We need
one more ingredient: moment matrices.

8.2.1 Moment matrices

Let y = (yo)aenn be a sequence of real numbers indexed by N”. It is convenient
to introduce the corresponding linear functional L on the polynomial ring:

L: Rlz] - R
z* = L(z%) =y, (8.11)
f:Zozfaxa = L(f)zzafayw

Consider first the case when y = [v]o for some v € R"™. Then, L is the
evaluation at v (denoted as L,) since L(f) = > fav® = f(v) for f € R[z].
Moreover, the matrix yy' has a special structure: its («, 3)-th entry is equal to
v¥0P = v*+P =y, 5, thus depending only on the sum of the indices « and f3.
This observation motivates the following definition.

Definition 8.2.1. Given a sequence y = (Yo )aenn Of real numbers, its moment
matrix is the real symmetric (infinite) matrix indexed by N", defined by

M(y) = (Ya+p)a,penn-

Next we observe that nonnegativity of L on the cone ¥ of sums of squares
can be reformulated in terms of positive semidefiniteness of the moment matrix

M(y).

158



Lemma 8.2.2. Let y = (Yuo)aen~ be a sequence of real numbers and let L be the
associated linear functional from (8.11)). For any polynomials f, g € R|x]:

L(f*) = fTM(y)f, L(gf*) =F M(g=y)f,

where g xy € RN" is the new sequence with a-th entry

(9*Y)a = L(gz®) = Zgwya_,_ﬁf Vo € N™.
g

Therefore, L > 0 on ¥ if and only if M(y) = 0, and L > 0 on ¢% if and only if
M(g*y) = 0.

Proof. For f =3" fax® g=>_, g,27, we have:

L(f*) =L (Z fafﬂ$a+6> = fafsvoss = fafsMy)as=F My)f,
a,f a,B a,B

L(gf*) =L ( > fafﬁgyx(**“v) = falsL(ga?) = fFTM(g*y)f.
a,B,y a,p

These two identities give directly the result of the lemma. O

Next we observe that the kernel of M (y) can be seen as an ideal of R[z],
which is real radical when M (y) > 0. This observation will play a cucial role in
the characterization of the set Co,(K) in the next section.

Lemma 8.2.3. Let y = (Yo)aen~ be a sequence of real numbers and let L be the
associated linear functional from (8.11)). Set

I={f€eR[z]: L(fh) = 0 Vh € R[z]}. (8.12)

(i) A polynomial f belongs to I if and only if its coefficient vector f belongs to the
kernel of M (y).

(ii) I is an ideal in R|x].
(iii) If M (y) = 0 then the ideal I is real radical.

Proof. (i), (ii): Direct verification.
(iii) Using Lemma and the fact that M(y) > 0, the following holds for any
polynomial f:

L(f*) = fTM(y)f 20 and L(f*) =0 = M(y)f =0= [ € L.

We now show that [ is real radical, using the characterization from Lemma
8.1.3; Assume that >, f? € I. Then, 0 = L(}_, f?) = >, L(f?) and thus
L(f7) = 0, which in turn implies that f; € I for all 4. O

159



8.2.2 Finite rank positive semidefinite moment matrices

We can now characterize the sequences belonging to the set Co.(K), in terms of
positivity and rank conditions on their moment matrices.

Theorem 8.2.4. Let K be the set from (9.2). Let y = (yo)aen~ be a sequence
of real numbers and let L be the linear functional from (8.11). The following
assertions are equivalent.

() y € Cx(K), ie., y = Z§=1 Ai[vi]oo for some vy,...,v, € K and for some
scalars Ay,..., A >0with >._ N\ = 1.

(ii) rank M(y) < oo, M(y) = 0, M(g; xy) = 0 for j € [m], and yo = 1.
(iii) rank M(y) <oo, L>0onX+ g1 X+ -+ g%, and L(1) = 1.

Proof. Assume that (i) holds. Then, M (y) = >"._, A\; M ([vi]~o) is positive semidef-
inite (since M ([v;]oo) = 0 for each i) and M (y) has finite rank. For i € [r] and
j € [m], we have that g; * [v;]oc = g;(vi)[vi]oc With g;(v;) > 0. Therefore,
M(gj *y) = > i_; Mig;(vi) M ([vi]o) is positive semidefinite. This shows (ii).

The equivalence of (ii) and (iii) follows directly from Lemma

We now show the implication (ii) = (i), which is the core of Theorem
Assume that rank M (y) = r < oo, M(y) = 0, M(g; *y) = 0 for j € [m];
we show (i). Let L be the linear functional from and let I be the set from
(8.12). By Lemma|9.3.1] we know that I is a real radical ideal in R[z]. First we
claim that

dimR[z]/T = r.

This follows directly from the fact that a set of columns {C,--- ,Cs} of M(y),
indexed (say) by {a1,--- ,as} C N7, is linearly independent if and only if the
corresponding cosets of monomials {[z*!],--- , [z*:]} is linearly independent in
R[z]/I.

As dimR[z]/I = r < oo, we deduce using Lemma that |V (I)] < oc;
moreover, |V (I)] = dimR[z]/I = r since I is real radical (and thus radical).
Furthermore, using Lemma [8.1.4] we deduce that Vi (I) = V¢(I). Say,

V(C(I) = {vlv"' 7”7’} g R™.

Let py,, -+ ,Pv, € R[x] be interpolation polynomials at the v;’s. We next claim
that . .
L=Y L(pu)Lv, i€, y=> L(pu)[ilo, (8.13)
i=1 i=1

where L,, is the evaluation at v;. For this, set L' = Y""_| L(p.,)L.,; we show
that L = L’. As both L and L’ vanish at all polynomials in I, in order to show
that L = I/, it suffices to show that L and I’ coincide at all elements of a given
base of R[z]/I. Now, by Lemma|[8.1.9] we know that the set {[p,,],- - , [py,]} is
a base of R[z]/I and it is indeed true that L/(p,,) = L(p,,) for all i. Thus
holds.
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Next, we claim that
L(p,,) >0 foralli e [r].

Indeed, L(p.,) = L(p2,), since p,, — p2. € I (as it vanishes at all points of V¢ (1)
and [ is radical). Therefore, L(p,,) > 0 (since M (y) = 0). Moreover, L(p,,) # 0
since, otherwise, the rank of M (y) would be smaller than r.

Remains to show that v1,--- ,v, belong to the set K, i.e., that g;(v;) > 0
for all j € [m], i € [r]. For this, we use the fact that L(g;p? ) > 0, since
M(g; *y) = 0. Indeed, using (8.13)), we get:

L(g;py,) = g;(vi)L(py,).

By assumption, L(g;p3,) > 0 and we just showed that L(p,,) > 0. This implies
that g;(v;) > 0, as desired, and the proof is complete. O

8.2.3 Moment relaxation for polynomial optimization

Let us return to the polynomial optimization problem (8.1)). In Chapter 13, we
defined the lower bound psos < pmin, Obtained by considering sums of squares
decompositions in the quadratic module M(g) =X + g1 X + -+ - + g 2t

Psos =SUp{A:p—AeEM(@E) =S4+ qaX+ - gnZ} (8.14)

Based on the discussion in the preceding section, we can also define the follow-
ing lower bound for pyn:

Pmom = inf{pTy tyo =1, M(y) = 0, M(gj xy)>=0(j€ [m})} (8.15)

These two bounds are ‘dual’ to each other, since the positivity conditions in
(8.15) mean that the corresponding linear functional L is nonnegative on M(g).
We have the following inequalities:

Lemma 8.2.5. We have: psos < Pmom < Pmin-

Proof. The inequality psos < Pmom is ‘weak duality’: Let A be feasible for
and let y be feasible for with associated linear functional L. Then, p—\ €
M(g), L(1) =1and L > 0 on M (g). Therefore, L(p—\) = L(p) — A > 0 implies
p'y = L(p) > X and thus pmom > Psos-

The inequality pmom < pmin follows from the fact that, for each v € K,
y = [v]o is feasible for with value p(v). O

We saw in the preceding chapter that psos = pmin = Pmom if K is compact and
if moreover the quadratic module M (g) is Archimedean.

On the other hand, it follows from Theorem that pmom = Pmin if the
program has an optimal solution y for which M (y) has finite rank.

In the next chapter we will consider hierarchies of semidefinite program-
ming relaxations for problem obtained by adding degree constraints to
the programs and (8.15), and we will use the results of Theorems[8.1.11
and for giving a procedure to find global optimizers of problem (8.1)).
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8.3 Notes and further reading

The terminology of ‘moment matrix’ which we have used for the matrix M (y) is
motivated by the relevance of these matrices to the classical moment problem.
Recall that, given a (positive Borel) measure p on a subset K C R”, the quantity
Yo = [;e z*dp(z) is called its moment of order . The K-moment problem asks
to characterize the sequences y € RY" which are the sequence of moments of
some measure p supported by K.

In the special case when . is a finite atomic measure, i.e., when p is sup-
ported by finitely many points of K, then its sequence of moments is of the form
y = > i_; \i[vi] for some positive scalars ); and some v; € K. In other words,
the set C., (K) corresponds to the set of sequences of moments of finite atomic
measures on K. Moreover, the closure of the set Co.(K) is the set of sequences
of moments of an arbitrary measure on K. Hence, Theorem [8.2.4] character-
izes which sequences admit a finite atomic measure on K, when K is a basic
closed semi-algebraic set, in terms of positivity and finite rank conditions on the
sequence y. This result is due to Curto and Fialkow [1]. (When the condition
rank M(y) < oo holds, Curto and Fialkow speak of flat data). The proof of
[1] uses tools from functional analysis, the simpler algebraic proof given here is
based on [4] (see also [5]).

We refer to the books of Cox, Little and O’Shea [1], 2] for further reading
about ideals and varieties (and, in particular, about multiplication operators in
the quotient space R[z]/I).

8.4 Exercises

8.1 Recall the definitions (8.5) and for /T and /1.
(a) Show that the radical v/T of an ideal I C C[z] is an ideal.
(b) Show that the real radical v/T of an ideal I C R[] is an ideal.
8.2 Show Lemma
8.3 (a) Let I and J be two ideals in C[z]. Show that I N J is an ideal and that
V@(I N J) = Vc(I) U V@(J).
(b) Given v € C™, show that the set {v} is a complex variety.
(c) Show that any finite set V' C C" is a complex variety.

8.4 The goal is to show Theorem[8.1.13|in the radical case.

Let I be a radical ideal in R[z] with N = |Ve(I)| = dimR[z]/I < oc.
Let B = {[b1],--- ,[bn]} be a base of A = R[z]/I and, for any h € R[z],
let M;, denote the matrix of the multiplication by & in the base B. Then,
the matrix of the Hermite quadratic form in the base B is the real
symmetric matrix H = (H;;)]_, with entries H;; = Tr(M,z,). Finally,
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o+ (H), o_(H) denote, respectively, the numbers of positive and negative
eigenvalues of H.

(a) Show that H = ZUGVC(I)[U]B[UE; and rank(H) = |V (1))

(b) Show that V(1) can be partitioned into V(1) UT UT, where T is the
set of complex conjugates of the elements of 7.

(c) Show that H = P — @ for some matrices P, such that P,Q = 0,
rank(P) = |Vg(I)| + |T'| and rank(Q) = |T.

(d) Show that H = A — B for some matrices A, B such that A,B > 0,
AB = BA =0, rank(4) = 04 (H) and rank(B) = o_(H).

(e) Show that o (H) = |Vr(I)| +|T| and o_(H) = |T|.
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CHAPTER 9

POLYNOMIAL OPTIMIZATION
AND REAL ROOTS

We return to the polynomial optimization problem:
Pmin = inf p(z), CAY

where K is defined by polynomial inequalities:
K:{xeRn:gl(x)ZOa"' 7gm($) ZO} (92)

with p, g1, , gm € R[z]. Throughout we set go = 1. In the previous chapters
we have introduced the two parameters:

m

Psos = Sup A:p—AG]\{(g):Zng )
=0

Pmom = Inf{L(p) : L linear function on R[z], L(1) =1, L >0 on M(g)},

which satisfy the inequalities:

Psos < Pmom < Pmin-

Both parameters can be reformulated using positive semidefinite matrices. How-
ever these matrices are infinite (indexed by N"), since there is a priori no de-
gree bound on the polynomials s; entering a decomposition: p — A = 3. s;9;
in M(g), and since L is a linear function on R[z] which is infinite dimensional.
Hence, it is not clear how to compute the parameters pmom and pses. In this
chapter, we consider hierarchies of approximations for problem obtained
by adding degree bounds to the programs defining psos and pmom-
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Given an integer t, recall that R[z]; denotes the set of polynomials of degree
at most t. We set Xy; = ¥ N R[z]y; and we define the truncated (at degree 2t)
quadratic module:

M(g)Qt = ZQJSJ 2 Sj € Z’ ng(Sjg]) S 2t (.] = 0717' o am) )
j=0

which consists of the elements ) _; s;g; of the quadratic module M (g) where all
summands have degree at most 2¢. Then, we define the bounds:

Psos,t = SUP{/\ ip—AE M(g)%}a (9.3)
Pmom,+ = iInf{L(p) : L linear function on R[z]e;, L(1) =1, L > 0 on M(g)2}-
9.4

Lemma 9.0.1. For any integer t, psost < Pmom,t < Pmin-

Proof. Let L be feasible for and let \ be feasible for (9.3)). Then, we have:
0 < L(p — A) = L(p) — A. This implies that psos; < Pmom,t-

Given v € K, let L be the evaluation at v; that is, L is the linear function
on R[z]y; defined by L(f) = f(v) for f € R|z]s;. Then, L is feasible for the
program (9.4) with objective value L(p) = p(v). This implies: pmom, < p(v). As
this holds for all v € K, we deduce that pmom,t+ < Pmin- O

In this chapter we investigate some properties of these hierarchies of bounds:

1. Duality: The bounds psos,: and pmom,: are defined by dual semidefinite pro-
grams.

2. Asymptotic convergence: Both bounds converge to pmyin, when M(g) is
Archimedean.

3. Optimality certificate and global minimizers: When has an optimal
solution satisfying a special rank condition, the bound ppom + is exact and
one can compute global minimizers of the problem (9.1).

4. Application to computing real roots of polynomial equations.

9.1 Duality

We now indicate how to reformulate the programs and as semidefi-
nite programs and to check that they are in fact dual semidefinite programs.

The following is the truncated analogue of what we did in Section 14.2 (for
linear functions L on R[z] and sequences y € RN"). Any linear function L on
R[x]y; is completely specified by the sequence of real numbers y = (ya)aenz,,
where y, = L(z®). Then we define the corresponding truncated (at order t)
moment matrix:

My (y) = (ya-i-B)a,BeN?a
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indexed by N}'. One can easily check that:
L >0 onXNR[z]e: < M(y) = 0.
Analogously,
L>0 on{sg:sc¥, deg(sg) <2t} <= M;_q,(g*y) =0,

after setting d, := [deg(g)/2] and where g «y is the sequence indexed by Nj"_;
with (g * y)a = L(z%g) = >_. gyYa+- (Which is well defined if [af < 2(t — dg)
as then |a + | < 2(t — dy) + deg(g) < 2t). Therefore, the program (9.4) can be
equivalently reformulated as:

Pmom,t = yle%]fﬂ {pTy Yo =1, Mt(y) >0, Mt—dgj (gj xy)=0(G=1,--- 7Tn,)}
2t

(9.5)

We now explicit the fact that the dual semidefinite program of coin-

cides with (9.3); we do this only in the unconstrained case: K = R" (i.e., with

no constraints g; > 0) in order to avoid tedious notational details. For v € N5,

let A, denote the 0/1 matrix indexed by N}* with («, §)-th entry A, , (o, 3) =1
when a + 5 = 7 and 0 otherwise. Note that

Mi(y) = > y,Ary and > aA, = [a]i[z]] (9.6)
vENE, ~ENg,
after setting [z]; = (2%)aeny -

Lemma 9.1.1. The programs:

sup{A:p— A € ENR[z]a}, 9.7
and
inf {pTy:yo =1, M(y) = 0} (9.8)
yeRN2t

are dual semidefinite programs.

Proof. Using (9.6), we can express as the following semidefinite program
(in standard dual form):

po+infd Y pyy iAot Y YA, =0, (9.9)

vENG,\{0} v€ENg,\{0}
Next we express as a semidefinite program (in standard primal form). For
this, we use the fact that p — A\ € ¥ N R[z]y, if and only if there exists a positive
semidefinite matrix @ indexed by N7 such that p — A\ = [2]]Q[z];. Rewrite:
27 Qlale = (Q [alela]l) = 32, cng, (A, Q)27 (using (9.6)). Therefore, is

equivalent to

po +sup{—(A0, Q) : (As,4, Q) =py (v €Nz, \ {0}), @ = 0}. (9.10)
It is now clear that the programs and (9.10) are dual semidefinite pro-
grams. U
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9.2 Convergence

Theorem 9.2.1. Assume that M (g) is Archimedean (i.e., there exists a polynomial
f € M(g) for which the set {x € R™ : f(x) > 0} is compact). Then, the bounds
Pmom.¢ ANd Dsos + CONVeErge to pmin as t — 0.

Proof. Pick € > 0. Then the polynomial p — pmin + € is strictly positive on K. As
M (g) is Archimedean, we can apply Putinar’s theorem (Theorem 13.2.9) and
deduce that p—pmin+e€ € M(g). Hence, there exists ¢t € N such that p—pmin+e €
M (g)2, and thus pmin — € < psost. Therefore, lim;_, o Psos,t = Pmin- Since, by

Lemma , Dsos,t < Pmom,t < Pmin for all ¢, we deduce: lim;_, Pmom,t = Pmin-
O

9.3 Flat extensions of moment matrices

We state here a technical result about moment matrices which will be useful for
establishing an optimality certificate for the moment bounds pmem. Roughly
speaking, this result permits to extend a truncated sequence y € R\2: satisfying
a rank condition (see below) to an infinite sequence § € RN" whose
moment matrix M (y) has the same rank as M (y), to which we can then apply
the result from Theorem 14.2.4.

We recall that we can view the kernel of a moment matrix as a set of poly-
nomials, after identifying a polynomial f with its vector of coefficients f. If y is
a sequence in RN2: and L is the associated linear function on R|z],,, then

f € ker M(y) <= L(fg) = 0 Vg € Rz]s; 9.11)

from now on we abuse notation and also write ‘f € ker M,(y)’. We also recall
that the kernel of an infinite moment matrix M () corresponds to an ideal I in
R[z] (Lemma 14.2.3). The following simple result about kernels of matrices is
useful (check it).

Lemma 9.3.1. Let X be a symmetric matrix with block form

A B
x= (4 ).
Assume that we are in one of the following two situations: (i) rankX = rankA
(then one says that X is a flat extension of A), or (ii)) X = 0. Then the following
holds:
re€ker A<=z ckerB' < (2',0)" € ker X.

As an application we obtain the following result showing that the kernel of
a truncated moment matrix behaves like a ‘truncated ideal’.

Lemma 9.3.2. Given a sequence y € RY2s consider its moment matrices M,(y)
and My_1(y). Clearly M._4(y) is a principal submatrix of M (y). Assume that we
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are in one of the following two situations: (i) rankM,(y) = rankM;_1(y), or (ii)
M;(y) = 0. Given polynomials f, g € R[z], the following holds:

[ €ker My(y), deg(fg) < s—1=> fg € ker M(y).

Proof. Let L be the linear function on R[z]s, associated to y. A first observation
is that it suffices to show the result when ¢ has degree 1, say g = x; (then the
general result follows by iterating this special case). A second observation is
that it suffices to show that fg belongs to the kernel of M,_;(y) (then fg also
belongs to the kernel of M,(y), in view of Lemma[9.3.1)). So, pick a polynomial
u of degree at most s — 1 and let us show that L((fz;)u) = 0. But this follows
from the fact that f € ker M, (y) since deg(z;u) < s (recall (9.11)). O

Theorem 9.3.3. Given a sequence y € RNz, consider its moment matrices M, (y)
and M;_1(y). Assume that

rank M, (y) = rank M,_1(y). (9.12)
Then, one can extend y to a sequence § € RN satisfying:
rank M(g) = rank M, (y). (9.13)

Let I be the ideal in R[z| corresponding to the kernel of M(y). The following
properties hold:

@ If{oq, - ,a,} CN”_, indexes a maximum linearly independent set of columns
of Ms_1(y), then the set {[x*'], - ,[x*"]} C R[z]/I is a base of R[z]/I.

(ii) The ideal I is generated by the polynomials in ker M;(y): I = (ker My (y)).

Proof. The first part of the proof consists of constructing the sequence ¢ satisfy-
ing (9.13). It is based on Lemma[9.3.2} the details are elementary but technical,
so we omit them. (You will show the case n = 1 in Exercise 15.1).

(i) If the set {aj, -, a,} indexes a maximum set of linearly independent
columns of M;_;(y) then, as rankM (g) = rankM;_1(y), it also indexes a max-
imum set of linearly independent columns of M(g). This implies that the set
{[z*],- -+, [x%"]} is a base of R[z]/I.

(ii) As rankM (g) = rankM;(y), we have the inclusion: ker M;(y) C ker M ()
(recall Lemma[9.3.1). Thus the ideal generated by ker M, (y) is contained in the
ideal ker M (3):

(ker Ms(y)) C ker M(g).

Set M = {z*,.-- , 2%} where the a;’s are as in (i), and let (M) denote the
linear span of M (whose elements are the polynomials ) . \;z% where \; € R).
Then, (M) Nker M (g) = {0} (by (i)). We claim that

Rlz] = (M) + (ker M;(y))-

For this, one can show using induction on its degree that each monomial x® can
be written as % = p + ¢ where p lies in the span of M and ¢ lies in the ideal
generated by ker M,(y) (check it). Now, let f € ker M(g). Applying the above
to f, we can write f = p 4+ ¢ where p € (M) and ¢g € (ker M,(y)). This implies
thatp = f —q € (M) Nker M(y) = {0} and thus f = p € (ker M;(y)). O
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9.4 Optimality certificate and global minimizers

Let K; = {z € K : p(x) = pmin} denote the set (possibly empty) of global
minimizers of the polynomial p over K. We also set

dx = max{dg,,--- ,dg, }, wheredy = [deg(f)/2] for f € Rlz]. (9.14)

Theorem 9.4.1. Let L be an optimal solution to the program and let y =
(L(z*)) € RN2¢ be the corresponding sequence. Asssume that y satisfies the rank
condition:

rank M;(y) = rank M,_q4, (y) (9.15)

for some integer s satisfying max{d,,dx} < s < t. Then the following properties
hold:

(i) The relaxation (9.4) is exact: pmom,t = Pmin-

(ii) The common roots to the polynomials in ker M;(y) are all real and they are
global minimizers: Vc(ker Ms(y)) C K.

(iii) If L is an optimal solution of for which the matrix M, (y) has maximum
possible rank, then V¢ (ker M, (y)) = K.

Proof. As y satisfies the rank condition (9.15)), we can apply Theorem
There exists a sequence § € RV" extending the subsequence (Yar)|a|<2s Of y and
satisfying rank M (y) = rank M;(y) =: r. Thus, g, = y. if |a| < 2s, but it could
be that § and y differ at entries indexed by monomials of degree higher than
2s, these entries of y will be irrelevant in the rest of the proof. Let I be the
ideal corresponding to the kernel of M(y). By Theorem I is generated
by ker M, (y) and thus V(1) = Ve (ker M, (y)). As M(g) is positive semidefinite
with finite rank r, we can apply Theorem 14.2.4 (and its proof): We deduce
that
Ve) =A{vy, - ,u.} CR"

and

T

7= Ai[vi]eo Where A\; > 0 and Z)‘i =1.
1 i=1

(2

Taking the projection onto the subspace R, we obtain:

(Yo)aeng, = Z Ai[vi]2s where A; > 0 and Z)‘i =1. (9.16)

i=1 i=1

In other words, the restriction of the linear map L to the subspace R[z]y; is the
convex combination > ._, \;L,, of evaluations at the points of V¢(I). More-
over, let {ay,---,a,} € N}, index a maximum linearly independent set of
columns of M,_4, (y), so that the set B = {[z**],--- ,[z%"]} is a base of R[x]/I
(by Theorem|9.3.3)).
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First we claim that we can choose interpolation polynomials p,,, at the points
of Vi (I) with deg(p,,) < s — di. Indeed, if p,, are arbitrary interpolation
polynomials then, using the base B, write p,, = f; + g; where g; € I and f;
lies in the linear span of the monomials x®*,--- % . Thus the f;’s are again
interpolation polynomials but now with degree at most s — d.

Next we claim that v, --- , v, belong to the set K. To see this, we use the
fact that L > 0 on (¢g;%) NR[z]y for all j € [m]. As deg(p,,) < s — di, we have:
deg(g;p2,) < deg(g;)+2(s—dx) < 2s, and thus we can compute L(g;p3, ) using

0.16) and obtain that L(g;p3,) = gj(vi)\i > 0. This gives g;(v;) > 0 for all j
and thus v; € K.

As deg(p) < 2s, we can also evaluate L(p) using (9.16): we obtain that
L(p) = Yi_; A\ip(vi) > Pmin, since p(v;) > pmin as v; € K. This gives the
inequality: pmom,+ > pmin- The reverse inequality holds always (Lemma [9.0.T).
Thus (i) holds: pmom,t = Pmin. In turn, this implies that p(v;) = pmin for all ¢,
which shows (ii): {vy,--- ,v.} C K.

Assume now that rankM,;(y) is maximum among all optimal solutions of
(9.4). In other words, y lies in the relative interior of the face of the fea-
sible region of consisting of all optimal solutions. Therefore, for any
other optimal solution y’, we have that ker M;(y) C ker M(y’). Consider a
global minimizer v € K}, of p over K and the corresponding optimal solution
y = [v]2; of (9.4). The inclusion ker M, (y) C ker M,(y’) implies that any poly-
nomial in ker M;(y) vanishes at v. Therefore, ker M;(y) C Z(K,) and thus
I = (ker M,(y)) € Z(K};). In turn, this implies the inclusions:

K, € Ve(Z(Ky)) € Vell) ={vy, -+ ,or}.
Thus (iii) holds and the proof is complete. O

Under the assumptions of Theorem|9.4.1} we can apply the eigenvalue method
described in Section 14.1.3 for computing the points in the variety V¢ (ker M (y)).
Indeed, all the information that we need is contained in the matrix M;(y). Re-
call that what we need in order to recover Vi (I) is an explicit base B of the
quotient space R[z]/I and the matrix in the base B of some multiplication op-
erator in R[z]/I, where I = (ker M,(y)).

First of all, if we choose {ay,--- ,a,} €N} _, indexing a maximum linearly
independent set of columns of M,_;(y), then the set B = {[z*],--- ,[z*"]} of
corresponding cosets in R[z|/I is a base of R[z]/I. For any variable xzj, we
now observe that it is easy to build the matrix M,, of the ‘multiplication by
z)’ in the base B, using the moment matrix M;(y). Indeed, for any j € [r], as
deg(xpz®) < s, we can compute the linear dependency among the columns of
M;(y) indexed by the monomials 2%,z ,--- ,z* . In this way, we obtain
a polynomial in the kernel of M(y) (thus in I) which directly gives the j-th
column of the matrix M,, .

Finally, we point out that it is a property of most interior-point algorithms
that they return an optimal solution in the relative interior of the optimal face,
thus a point satisfying the assumption of (iii). In conclusion, if we have an
optimal solution of the moment relaxation satisfying the rank condition
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9.15)), then we can (numerically) compute all the global optimizers of problem

9.1).

9.5 Real solutions of polynomial equations

Consider now the problem of computing all real roots to a system of polynomial
equations:
hi(z)=0,--+ ;hp(z) =0

where hq,- -+, by, € R[z]. In other words, with I denoting the ideal generated
by the h;’s, this is the problem of computing the real variety Vg(I) of I. We
address this question in the case when Vg(I) is finite.

Of course, if the complex variety V() of I is finite, then we can just apply
the eigenvalue method presented in Chapter 14 to compute V(I) (then select
the real elements). However, it can be that V([) is finite while V(I) is infinite.
As a trivial such example, consider the ideal generated by the polynomial % +x3
in two variables, to which we come back in Example below. In that case
we cannot apply directly the eigenvalue method. However we can apply it
indirectly: Indeed, we can view the problem of computing V(/) as an instance
of polynomial optimization problem to which we can then apply the results of
the preceding section. Namely, consider the problem of minimizing the constant
polynomial p = 0 over the set

K ={z eR":hj(zx) >0,—hj(xz) >0Vj e [m]}.

Then, K = Vg(I) coincides with the set of global minimizers of p = 0 over K.

As before, we consider the moment relaxations (9.4). Now, any feasible
solution L is an optimal solution of (9.4). Hence, by Theorem[9.4.1] if the rank
condition holds, then we can compute all points in V(7). We now show
that it is indeed the case that, for ¢ large enough, the rank condition will
be satisfied.

Theorem 9.5.1. Let hy,--- , h,, € R[x] be polynomials having finitely many real
roots. Set dx = max;[deg(h;)/2]. Fort € N, let F; denote the set of sequences
y € RNzt whose associated linear function L on R[x]y; satisfies the conditions:

L(1)=1, L >0 on X9, L(uh;) =0Vj € [m] Vu € R[z] with deg(uh;) < 2t.
9.17)
Then, there exist integers to and s such that dx < s < ty and the following rank
condition holds:

rankM;(y) = rankM,_4, (y) Yy € F; Vit > to. (9.18)

Moreover, /I = (ker M,(y)) if y € F; has maximum possible rank.

Proof. The goal is to show that if we choose ¢ large enough, the the kernel
of M,(y) contains sufficiently many polynomials permitting to show the rank
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condition (9.18). Here y is an arbitrary feasible solution in 7, and L is its
corresponding linear function on R[z]y;. We assume that ¢ > max; deg(h;).
Then,

h; € ker M;(y) Vj € [m] (9.19)

(since then L(h?) =0).
Now we choose a ‘nice’ set of polynomials {fi,--- , fr} generating /I, the

real radical ideal of the ideal I; namely, one for which we can claim the follow-
ing degree bounds:

L
Vie VI f= Zulfl for some u; € R[z] with deg(u;f;) < deg(f). (9.20)
1=1

(That such a nice set of generators exists follows from the theory of Grobner
bases.) Next we claim:

Jt; €N fr,---, fr € ker My(y) foranyt > t;. (9.21)

Fix [ € [L]. Applying the Real Nullstellensatz, we know that there exist polyno-
mials p; and u; and an integer N (which, for convenience, we can choose to be
a power of 2) satisfying the following identity:

m
le + pr = Zujhj'
% j=1

If ¢ is large enough, then L vanishes at each u;h; (since h; € ker M,(y) and
apply Lemma . Hence L vanishes at the polynomial f + >, p?. As Lis
nonnegative on Y5, we deduce that L(f{¥) = 0. Now an easy induction permits
to show that L(f?) = 0 (this is where choosing N a power of 2 was helpful) and
thus f; € ker M(y).

By assumption, the set Vi ([) is finite. Therefore, the quotient space R[z]/+/T
has finite dimension (Theorem 14.1.5). Let M = {by,--- ,b,.} be a set of poly-
nomials whose cosets form a base of the quotient space R[z]/v/I. Let dy denote
the maximum degree of the polynomials in M and set

tg = max{tl,do + dK}
Pick any monomial z“ of degree at most ¢5. We can write:
L
2% =p@ 4 ¢ with ¢ = Zul(a)fl, (9.22)
=1

where p(®) lies in the span of M and thus has degree at most d, and each term
ul(a) f1 has degree at most max{|a|,dp} < t2. Here we have used the fact that

{[b1],- -, [bs]} is a base of R[z]/ /I, combined with the property (9.20) of the
generators f; of V/1.
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We can now conclude the proof: We show that, if t > ¢, := t3 + 1, then the
rank condition (9.18)) holds with s = ¢5. For this pick a monomial z“ of degree
at most t,, so that ll holds. As deg(ul(“)fl) <ty <t—1and f; € ker My(y)
(by ), we obtain that ul(“) fi € ker M;(y) (use Lemma @ . Therefore,
the polynomial 2 — p(®) belongs to the kernel of M, (y). As the degree of p(*)

is at most dy < to — dk, we can conclude that rankM;, 4, (y) = rankM,, (y).
Finally, the equality v/ = (ker M, (y))) follows from Theorem (dif).
O

Example 9.5.2. Let I be the ideal generated by the polynomial z3 + x3. Clearly,
Ve(I) = {(0,0)} and V/T = (x1,x2) is generated by the two monomials x; and 5.
Let us see how we can find this again by applying the above result.

For this, let L be a feasible solution in the set F; defined by fort = 1.
Then, we have that L(x?), L(x3) > 0 and L(z} + 23) = 0. This implies: L(x?) =
L(x3) = 0 and thus L(x1) = L(x3) = L(z122) = 0. Hence the moment matrix
M, (y) has the form:

1 X1 o
1 1 w0 you 1
Mi(y)= 21 yi0o Y20 yuu | =1]0
T2 \Yo1 Y11 Yo2 0

o O O

0
0
0

Therefore, rankM; (y) = rankMy(y), z1, x2 belong to the kernel of M (y), and we
find that ker M, (y) generates /1.

As an exercise, check what happens when I is the ideal generated by (23 +x2)>.
When does the rank condition holds?

9.6 Notes and further reading

The flat extension theorem (Theorem [9.3.3) was proved by Curto and Fialkow
[1] (this result and some extensions are exposed in the survey [4]).

The moment approach to polynomial optimization presented in this chapter
was introduced by Lasserre [3]. Lasserre realized the relevance of the results of
Curto and Fialkow [1]] for optimization, in particular, that their flat extension
theorem yields an optimality certificate and together with Henrion he adapted
the eigenvalue method to compute global optimizers. Having such a stopping
criterium and being able to compute global optimizers is a remarkable property
of this ‘moment based’ approach. It has been implemented in the software
GloptiPoly, the most recent version can be found at [2]. The application to
computing real roots (and real radical ideals) has been developed by Lasserre,
Laurent and Rostalski, see the survey [5].

Other implementations of the sums of squares vs. moment approach for
polynomial optimization include
- YALMIP:
http://users.isy.liu.se/johanl/yalmip/pmwiki.php?n=Main.HomePage,
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- SOSTOOLS: http://www.cds.caltech.edu/sostools/,
- SparsePOP, for polynomial optimization problems with sparsity pattern:
http://www.is.titech.ac.jp/~kojima/SparseP0OP/.

9.7 Exercises

9.1.

9.2

Given an integer s > 1, consider a sequence y = (yo,y1, - ,%2s) € R25F!
and its moment matrix M;(y) of order s. Assume that the rank condition
holds:

rankM,(y) = rankM,_1 (y).

(a) Show that one can find scalars a,b € R for which the extended se-
quence .7; = (yOa Yi,- 0 5 Y25, @, b) satisfies:

rankM,1(y) = rankM,(y).
(b) Show that one can find an (infinite) extension
J= (Yo Y1, + Yoss J2st1, Jost2, ) € RY

satisfying
rankM () = rankM,(y).

This shows the flat extension theorem (Theorem [9.3.3) in the univariate
casen = 1.

Consider the problem of computing pmin = inf,cx p(x), where p = 125
and
K={zeR?:—22>0, 1+x; >0, 1 —x; >0}.

(a) Show that, at order t = 1, pmom,1 = Pmin = 0 and pges 1 = —00.
(b) Atorder ¢ = 2, what is the value of pgos 2?
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