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Kurzfassung

In dieser Arbeit betrachten wir die symplektische Geometrie. Dieser eher junge For-
schungsbereich stoBt seit dem spiten 20. Jahrhundert auf zunehmend Interesse aufgrund
einiger namhafter Resultate wie dem berithmten Non-squeezing Theorem von Gromov.
Eine Besonderheit dieses Theorems ist die Tatsache, dass seine Aussage genau dann wahr
ist, wenn es globale symplektische Invarianten gibt, die bestimmte Eigenschaften erfiillen.
Diese globalen Invarianten werden symplektische Kapazititen genannt und ihre Existenz
ist eine nicht triviale Tatsache. Mittlerweile sind mehrere Konstruktionen bekannt, jedoch
wurde die Berechnung symplektischer Kapazititen bislang kaum betrachtet. In dieser
Arbeit beschiftigen wir uns mit diesem Gesichtspunkt fiir eine bestimmte symplektische
Kapazitit, namlich der Ekeland-Hofer-Zehnder Kapazitit, welche jedem konvexen Korper
in R?" eine nichtnegative Zahl oder co zuordnet.

Um die Ekeland-Hofer-Zehnder Kapazitit von Mengen der Form K x T zu berechnen,
wobei K und T konvexe Mengen sind, verwenden wir einen Ansatz, der auf Minkowski
Billards basiert. Genauer bauen wir auf einem Algorithmus von Alkoumi und Schlenk auf,
der zweidimensionale konvexe Mengen K betrachtet und annimmt, dass 7 die euklidische
Einheitskugel ist. Einerseits bearbeiten wir diesen Algorithmus so, dass auch konvexe
Mengen K mit beliebiger Dimension betrachtet werden konnen. Andererseits verallgemei-
nern wir den Ansatz von Alkoumi und Schlenk vom euklidischen Fall (wo T die euklidische
Einheitskugel ist) zum Minkowski Fall (wo T eine beliebige konvexe Menge ist). Insbe-
sondere betrachten wir die Situation, in der K und T Polytope sind.

Abgesehen von diesem Ansatz betrachten wir ein Resultat von Abbondandolo und
Majer, welches die Ekeland-Hofer-Zehnder Kapazitit als ein Maximierungsproblem for-
muliert. Dieses Maximierungsproblem ist ein Hybrid aus einem quadratischen Zuord-
nungsproblem und einem quadratischen Programm mit nichtkonvexer Zielfunktion. Wir
verwenden verschiedene Optimierungstechniken, um obere und untere Schranken an die
Ekeland-Hofer-Zehnder Kapazitit von Polytopen zu finden. Unter Anderem erhalten wir
eine sehr gute obere Schranke, die fiir viele kleinere Probleminstanzen dem Optimalwert
entspricht, jedoch eine schnell wachsende Laufzeit aufweist.
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Abstract

In this thesis we are concerned with symplectic geometry. This rather new field of research
gained much interest due to some famous results in the late 20th century, such as the
celebrated non-squeezing theorem by Gromov. An intriguing feature of this theorem is, that
it is true if and only if there are global symplectic invariants that satisfy certain properties.
These global invariants are called symplectic capacities and their existence is a nontrivial
fact. By now, several constructions are known but the computation of symplectic capacities
has not received much attention. In this thesis, we address this aspect for a certain sym-
plectic capacity, namely the Ekeland-Hofer-Zehnder capacity, which maps a nonnegative
number or infinity to every convex body in R?".

To compute the Ekeland-Hofer-Zehnder capacity of sets of the form K x T, where
both K and T are convex sets, we use an approach based on Minkowski Billiards. More
precisely, we build on an algorithm by Alkoumi and Schlenk, that is formulated for the case
where K is a two-dimensional convex set and 7 is the Euclidean unit ball. On the one hand,
we adapt this algorithm to allow convex sets K with arbitrary dimension. On the other hand,
we generalize the approach by Alkoumi and Schlenk from the Euclidean setting (where T
is the Euclidean unit ball) to the Minkowski setting (where T is an arbitrary convex set). In
particular, we consider the case where both K and T are polytopes.

Aside from this approach we consider a formulation of the Ekeland-Hofer-Zehnder
capacity as a maximization problem, which is due to Abbondandolo and Majer. This
maximization problem is a hybrid of a quadratic assignment problem and a quadratic
program with non-convex objective function. We employ different optimization techniques
and obtain upper and lower bounds on the Ekeland-Hofer-Zehnder capacity of polytopes.
Amongst others, we obtain a very good upper bound that is equal to the exact value for
many small problem instances at the cost of a rapidly increasing running time.
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CHAPTER ONE

Introduction

What is symplectic geometry and why are people interested in it? To answer this question
we take a look into the past. Even though symplectic geometry is a rather new subject,
its roots are old and date back to the early 19th century. In 1808 Joseph-Louis Lagrange
used classical mechanics to study the behaviour of planets. While doing so, he came up
with a simple way to formulate classical mechanics . Later William Rowan Hamilton built
up on Lagrange’s formulation and established that if ¢(f) € R3 denotes the position and
p(t) € R? the momentum of a planet at the time ¢, then the motion of this planet is given by
the differential equations

dp 0H dq__aH
dt — 0q° dt  dp’

where H(q(t), p(t),t) is the energy of the planet at the time # [100]. We can think of
symplectic geometry as a mathematical formalization of Hamilton’s formulation. More
precisely, symplectic geometry is about manifolds that are equipped with a skew-symmetric,
nondegenerate bilinear form, which we call a symplectic form and denote by w. The prime
example of a symplectic form is the standard symplectic form

wo(u,v) = u” ((1) —()I) v for u, v € R*".

While symplectic geometry did not receive much attention for a long time, it is now an
active and thriving subject with connections to many other areas, for instance classical and
quantum mechanics, optics, algebraic geometry and low-dimensional topology [12], [30],
[40l, [44], [74], [95]. Multiple celebrated discoveries in the last few decades are the reason
for this renewed interest. One of these results is Gromov’s non-squeezing theorem [42].

Theorem 1.0.1 (Non-squeezing Theorem). Let B,(0) S R*" be the ball of radius r and
Zr(0) = {(x,y) e R" x R": ¥ + y] < R*},
with r,R > 0. There is an injective symplectic map ¢: B,(0) — Zg(0) if and only if r < R.

The term “symplectic map” refers to a differentiable map which preserves the structure
given by the corresponding symplectic form.
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One important aspect of Gromov’s theorem is its relation to certain symplectic invariants
which are called symplectic capacities. More precisely, a symplectic capacity ¢ maps each
subset of R?" to a nonnegative number or to infinity such that the following properties hold
for every subset A € R?":

e c(A) < c¢(B) for every set B with A € B € R?",

e c(p(A)) = ¢(A) for every symplectic diffeomorphism ¢,
e c(aA) = a*c(A) forevery a € R, a > 0,

e ¢(B,(0)) = ¢(Z,(0)) = nr?,

where B,(0) and Z,(0) are defined as in Theorem |[L.0.1]

The existence of a symplectic capacity is sufficient to prove Gromov’s non-squeezing
theorem, but whether there is a symplectic capacity is not obvious. Nevertheless, several
constructions have been found [42], [49], [SO]. On the other hand, the question of how
to compute c¢(A) for a given symplectic capacity ¢ and A < R?" did not receive much
attention. So, exact values are only known for a few special cases [81]].

Furthermore, the study of invariances in symplectic geometry is of particular meaning.
In 1882, Darboux showed that any two symplectic manifolds with the same dimension are
locally isomorphic [29]. This rules out any local symplectic invariants. Thus, the question
arises of what global invariants look like.

In Chapter 2 we revisit the content of this introductory section to give a more rigorous,
albeit basic, introduction to symplectic geometry. Most notably, this includes the definition
of the Ekeland-Hofer-Zehnder capacity. This particular symplectic capacity is the central
object of this thesis. Furthermore, we take a look at Hamiltonian mechanics and a famous
conjecture by Mahler and see how these topics relate to the symplectic setting.

Even though the investigation of the Ekeland-Hofer-Zehnder capacity is a problem that
stems from symplectic geometry, we mostly make use of optimization techniques in this
thesis. We dedicate Chapter 3 to the corresponding preliminaries. Aside of an introduction
to conic optimization and some prominent special cases, we take a look at a particular
optimization problem, namely the quadratic assignment problem.

In Chapter 4 we consider convex sets of the form K x T, where K, T < R" are convex
as well. The Ekeland-Hofer-Zehnder capacity of K x T is closely related to the concept
of closed billiards. More precisely, K plays the role of the billiard table and the set T
determines the bouncing rule. First, we study some theoretical aspects of this approach.
Then, we consider the Euclidean setting, i.e. where K is a polytope and 7 is the unit ball.
We provide a polynomial-time algorithm to compute an upper bound on the Ekeland-Hofer-
Zehnder capacity in this setting. The input of this algorithm consists of the vertices and the
facets of K. Afterwards, we examine the Minkowski setting, i.e. where both K and T are
polytopes. In this case we give a polynomial-time algorithm to compute the Ekeland-Hofer-
Zehnder capacity if both K and T are two-dimensional. The input consists of the vertices
and the facets of K and 7. This chapter is based on [65] and [66], which is currently
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in preparation. Both of these publications are joint work with Daniel Rudolf from Ruhr-
University Bochum.

In Chapter 5 we step away from convex sets of the form K x 7" and consider arbitrary 2n-
dimensional polytopes instead. We use a result by Abbondandolo and Majer that formulates
the Ekeland-Hofer-Zehnder capacity as an optimization problem [1]. Furthermore, we
discuss the challenges that arise with this formulation and apply different strategies to
compute upper and lower bounds. In particular, a strategy that relies on semidefinite
relaxation yields remarkable upper bounds. Therefore, we elaborate on the quality of our
results by employing a rank minimization technique. In some cases this approach yields a
proof that our upper bound is tight.






CHAPTER Two

Basics of symplectic geometry

In this chapter we give the basic notions and concepts of symplectic geometry. We do so
by mainly following [S1]]. Usually literature on symplectic geometry discusses symplectic
manifolds. In this thesis we concentrate on symplectic vector spaces instead, since the
manifold we are considering is R>".

The goal of this chapter is to define the central object of this thesis, namely the Ekeland-
Hofer-Zehnder capacity, and to provide some motivation. The techniques used in later
chapters are not of symplectic nature and therefore do not appear in Chapter 2}

2.1 Symplectic vector spaces

We start our introduction to symplectic geometry by defining our setup. Let V be an n-
dimensional real vector space and w: V x V — R a bilinear form that is

e skew-symmetric: w(u,v) = —w(v,u) for all u,v € V and
e nondegenerate: for every u € V\{0} there is v € V such that w(u,v) # 0.
We call w a symplectic form and the pair (V,w) a symplectic vector space. The simplest

example of a symplectic vector space is (R*", w"), where for every u, v € R*" we define

w(z)"(u, v) = u’ Jpv with Jp, = (? _01”> .

Here, I, denotes the (n x n)-identity matrix. We write wy and J instead of a%” and J,,
if the dimension is clear from the context. On the one hand, we observe that J is regular
because det J = 1. Thus, wy is nondegenerate. On the other hand, J T — _ J which implies
skew-symmetry:

wo(u,v) = ul Jv = (' Jv)" =" J"u = —wy(v,u) Yu,ve V.

The pair (R?", wy) is called the standard symplectic vector space and in fact it is more than
just a simple example. Every symplectic vector space looks like (R?", wy) provided we use
the correct basis.
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Proposition 2.1.1. [51)] Let (V,w) be a finite-dimensional symplectic vector space. Then

it has even dimension 2n and there is a basis ey, ..., ey, fi,..., fn of V such that for every
i,je{l,...,n}:

e w(ejej) =0,

o w(fifj) =0,

o w(fi,e;) = bij.

Proof. If V = {0} there is nothing to prove. So, we assume there is ¢; € V\{0}. Since w is
nondegenerate, we can find w € V such that w(e;,w) # 0. Letting fi = w/w(e;, w), we get
w(ey, fi) = 1. Note that fi is not a multiple of e; because skew-symmetry and bilinearity
of w imply foreveryve Vanda € R

w(v, av) = —w(aw,v) = —w(v, aw)

and hence w(v, @v) = 0. In other words, e; and f; are linearly independent. If dimV = 2,
the proof is finished. Otherwise, we consider the subspaces

E = span{ey, fi},
Et ={ueV:w(v) =0 YveE}.

Next we would like to argue that

dimE + dim E* = dim V. 2.1

To this end, we let {by,...,b,} be a basis of E+L, r = dim E+. We can extend this to a basis
{bi,...,b} of V, s = dim V. Furthermore, we define a matrix M € R>** by

M, ;= w(e,b;

b (e1,)) forall je {l,...,s}.

Mz’] = w(f],bj)
On the one hand, a simple calculation yields that a vector y € R® is in the kernel of M if
and only if Zj y;bj is contained in E*. Because {by,...,b,} is a basis of E*, we conclude
that y,4+; = ... = yy; = 0 and that dimker M = r.

On the other hand, we observe that the rows of M are linearly independent. To see this,
we take A1, A, € R such that

a)(el,bl) w(fl,bl) a)(/hel +/12f1,b1)
T N E S I s
w(el,bs) w(fl,bs) w(/hel +/12f1,b5)
Since {b1,...,b,} is a basis of V, we find that
U_)(/lle] + /lzfl,l)) =0

holds for every v € V. Now nondegeneracy implies that 1;e; + A,f] = 0 and we get
A1 = Ay = 0 because {e, f1} is a basis of E. Thus, tk M = 2. Identity (2.1)) follows by the
rank-nullity theorem if we plug in r = dimE+, s = dimV and 2 = dim E.
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Because of w(ey, fi) = 1, we have E n E* = {0}. Together with (Z.I) this means that
the subspaces E, E1 decompose V,i.e. V = E @ E'. We can apply the same reasoning as
at the start of the proof to E1 inductively and conclude the proof. O

Now we have an acurate idea of what symplectic spaces look like. Thus, we usually
focus on the standard symplectic space (R?", wy) throughout this thesis.

2.2 Symplectic maps and the action functional

Next, we turn our attention to maps on symplectic vector spaces. Since a symplectic form
provides a symplectic vector space with some structure, it is instructive to consider maps
that leave this structure invariant. This motivates the following definition.

Definition 2.2.1. Fori € {1,2} let U; € R*" be an open set and let w;: R*" x R — R
be a symplectic form. Furthermore, let ¢: Uy — U, be a differentiable map that for every
x € Uj has the property

w1 (u,0) = W (Dy(x)u, Dy(x)v) Yu,v e R™, (2.2)
where D, (x) is the Jacobian of ¢ at x. Then we say that ¢ is symplectic.

It is an immediate consequence of Proposition[2.1.1| that between every two symplectic
vector spaces with same dimension there is a linear symplectic map (more precisely a
symplectic isomorphism). This symplectic map is a change of basis according to Proposi-
tion2.T.11

A distinctive property of a symplectic diffeomorphism ¢: R?" — R is that it preserves
the volume. More precisely, we consider the standard symplectic vector space (R, wy).
Identity (2.2) then reads for every x € R*":

u" Jo = u"Dy(x)"ID,(x)v Yu,ve R™. (2.3)
This is equivalent to
D(x)TID(x) = I

and immediately implies det D,(x) € {—1,+1}. In fact, detD,(x) = 1 holds (see for
instance [33]). Thus, vol ¢(U) = vol U for every U < R*".

In addition to the symplectic form wy and the volume there is another functional that is
left invariant under symplectic diffeomorphisms. It is called the action functional. To state
it properly, we use the language of differential forms. The concepts and notions that we
utilize are common and can be found, for instance, in [24]], [39] and [56]].

We let x;,y;: R — R fori € {1,...,n} be coordinate functions defined by

xi(u) = u;, yi(u) = tyy;

for u € R*". We can express the standard symplectic form as

wy = Zn:dyi A dx;.

i=1
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We can verify this expression using the definition of the wedge product. For u,v € R*" we
have

(Z dy; A dxi> (u,v) = Z (dy; A dx;) ( Z dyi(u)dx;(v) — dy;(v)dx;(u)

i=1 i=1

T
= Z Up iU — Wiy = u Ju.
i=1

There is another common way to express the standard symplectic form, namely wy = dA,
where

A= Zn] Yyidx;
P

is the Liouville 1-form. This is due to the following calculation:

dl=d <Z yidxi> = Z d(yidx;) Z (Z —=Ldix; A dix; + Z % Yy, A dxl>
i=1 i=1 i= n+tj

= Zdy, AN dxi = Wy.
i=1

We are now ready to state the definition of the action functional.

Definition 2.2.2. Lety € R?" be a closed curve. Then

A =] 2

is called the action of .

As mentioned before, applying symplectic diffeomorphisms leaves the action functional
invariant. This is easy to show if we utilize differential forms. Therefore, we state the proof
for the sake of completeness.

Proposition 2.2.3. [51|] Let y € R*" be a closed curve and ¢: R* — R>" be a symplectic
diffeomorphism. Then

Proof. First, we reformulate (2.3) using the pullback ¢* to get
wo = ™ wy.
Indeed, this equation is equivalent to (2.3):

- _Z": iﬁpmd. R 2"%61' _Z": Ognsi Opi
$reo= 0z; % 0z; il _l 0z; 0z R

i=1 \j=1 j=1 i=11<j,t<2n
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Plugging in some points u, v, x € R?* we get

(¢™wo), Z Z X)ni,jDy ()i (e — uevj) = “TDw(x)TJDtp(x)U

i=11<j,0<2n
= wo(Dy(x)u, Dy(x)0).

The second equality in this equation is a simple but lengthy calculation. Therefore, we omit
the details.

Next we consider the 1-form 1—¢* A. Because the exterior derivative d and the pullback
¢* commute, we have

d(d—¢*2) =dAl— ¢*dAl = wy — ¢ *wy = wy — wy = 0.
Thus, the 1-form 2 — ¢*A is exact and according to the Poincaré lemma [69] there is a
function F: R?* — R such that
A—¢*A =dF.

Now Stokes’ theorem [69] implies

j/l—go*/l=de=J, F =0,
Y Y ay

where the last equality holds because v is a closed curve. This completes the proof as

- L,l = J;,tp*/l = Lm A= Ap(y))-

In the upcoming chapters we consider problems in which the action functional takes a
significant role. Therefore, it is beneficial to examine it closer. Above, we state the action
functional using differential forms. Next, we want to reformulate this definition such that
we receive an expression for A(y) that does not rely on the notion of differential forms. The
trick is to parametrize the closed curve y by a function f: [0,a] — R*" with £(0) = f(a)
for some a € R>y. This idea is mentioned in [S1]. Here, we carry out the calculation in
more detail.

Proposition 2.2.4. Let f: [0,a] — R*" be a differentiable function with f(0) = f(a) for
some a € Rx. Then

O

AP = A((0.al) = = [ F0)" 70
0

Proof. Let f; = x;0 fand f,4; = y; 0 f fori € {1,...,2n}. In other words f;(¢) is the
ith coordinate of f(¢) fori € {1,...,2n} and ¢ € [0, a]. We perform a change of variables
which means

an- | j s fﬁfﬁi(r)ﬂmdu 4
0 i=1

f([0.a])
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Next, we switch summation with integration and integrate by parts.

a
n

Alf) =), ffnw(f)f/(t)dt = 2 | i@ fi@) = £4:(0) £:(0) — Jfr:-&-i(t) i(n)dt
i=1 0

i=1

0
2.5)
-3 [ fetosar
=1y
The last equation holds since f(0) = f(a). Adding 2.4) and (2.5), we find
24(F) = | 2 hei 70 = £ 00t = = [ £ 50, .
0 =1 0

In the statement of Proposition [2.2.4] we obviously require that the parametrization f
is differentiable since the differential of f appears in the statement as well. However, we
can consider piecewise differentiable curves instead. Say we have points 0 = #) < 1; <

. < tn, = a and a continuous function f that is differentiable on (z,_,¢;) for every
je{l,...,m}. Again, we require f(0) = f(a). Then we can extend Proposition to
get

The proof is similar with the exception that we need to split up the integral. Then (2.4)
becomes

j=li=1

A = DS s fie) = ity ) files1) — j 0 s |

where the term
D D0 Fari W) filty) = foiltim) filtj1)
j=li=1

is a telescopic sum and vanishes like in the proof of Proposition due to £(0) = f(a).
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2.3 Symplectic capacities

We now introduce the object that we primarily study in this thesis, namely symplectic
capacities. Usually, a symplectic capacity is defined as a map c that associates to each
symplectic manifold (i.e. a manifold equipped with a symplectic form) a nonnegative
number or infinity such that certain conditions hold (see Definition [2.3.T). As mentioned
earlier, we are interested in a more specific setting. Therefore, we state this definition for
the case where all appearing manifolds are open subsets of R>".

Definition 2.3.1. Let My, be the set of all open subsets of R%" and let Qy, be the set of all
symplectic forms on R*". A map

c: My, x Qo — Ry U {0}
is called a symplectic capacity if it has the following properties:

(i) If A € My, is equipped with w € Qy, and B € My, is equipped with T € €, such
that there is an injective symplectic map ¢: A — B, then:

¢(A,w) < ¢(B, 7).

(ii) If A € My, w € Qy, and a € R\{0}, then:

(A, aw) = |a|c(A, w).

(iii) Let B1(0) be the Euclidean unit ball and let
Z1(0) = {(x,y) eR" x R": x} + 7 < 1}
be an infinitely long cylinder. Then:

c(int B1(0), wy) = m = ¢(int Z; (0), wy)-

An immediate implication of this definition is that ¢(A,w) = c¢(B,7) if there is a
symplectic diffeomorphism ¢: A — B. One simply applies the monotonicity property
(i) to the symplectic maps ¢ and ¢~!. Furthermore, we observe that c(A, w) < ¢(B, w) for
every w € Q,, whenever A € B. To see this, we apply the monotonicity property to the map
¢ = id. This map is injective, differentiable and its Jacobian is the identity matrix. Thus, ¢
is symplectic. A third property that we deduce from Definition [2.3.T]is the 2-homogeneity.

Lemma 2.3.2. [5]]] Let A € R*" be open and let w be a symplectic form on R*". Then for
every @ € R\{0} and every symplectic capacity ¢ we have

c(aA, w) = a?c(A, w).

Proof. We define the map ¢: @A — A by

1
¢(x) = —x forall x € @A.
a



12 Basics of symplectic geometry Chapter 2

We see that ¢ is a diffeomorphism and its Jacobian is given by

1
Dq,(x) = 51

In particular, we have for every x € @A:
w(u,v) = @*w(Dy(x)u, Dy(x)v) ¥ u,v e R™.

So, ¢ is a symplectic diffeomorphism mapping @A to A, where we consider (a4, w) and
(A, @*w). This means that we can apply the monotonicity property with equality to get

c(aA, w) = c(A, Pw).
The statement now follows if we apply the conformality property (ii). O
With Lemma we can extend the nontriviality property (iii). We have
c(int B.(0), wo) = 7r* = ¢(int Z,(0), wy), (2.6)
for every r > 0, where B,(0) is the Euclidean ball of radius r and center 0 and
Z.(0) = {(x,y) e R" x R": x} + 47 < 1*}.

We note that in dimension two the sets Z,(0) and B,(0) are equal for every radius r > 0.
Therefore, the requirement (2.6)) lets us suspect a relation between symplectic capacities
and the two-dimensional volume. In fact, Siburg [92]] proved that ¢(D, wy) = vol D holds
for every compact and connected domain D S R? with smooth boundary. This however,
is a special feature in dimension two. In every even dimension greater than two the set
Z,(0) is unbounded for every r > 0. This means that the volume of Z,(0) is infinite which
disqualifies the volume as a symplectic capacity.

The next property of symplectic capacities that we discuss is the continuity with respect
to the Hausdorff metric. For each two sets A, B € R?" we define the Hausdorff metric by

A,B) = inf ||la — inf ||a — .

dn(A, B) lnax-{iggégBHa bH,igg;gAlkl bH}

This continuity property is stated as an exercise in [[74] and a proof can be found in [7].
Here, we give a slightly different proof.

Lemma 2.3.3. Let A C R>* be open, bounded and convex and let ¢ be a symplectic
capacity. For every & > 0 there is 6 > 0 such that dy(A,B) < & with B € R*" open
and convex implies

lc(A, wo) — ¢(B, wp)| < &.

Proof. Letd > 0 and let B < R*" be open and convex such that dy (A, B) < 6. This means
that every point in A has Euclidean distance at most § to B and vice versa:

inf |ja —b|| <6 YaeA,
beB

inf||la—b|| <6 Vbe B.
acA
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Now consider the intersection of A and B. A n B is open, convex and contained in both A
and B. If we choose ¢ sufficiently small, we know that A N B is nonempty because A and B
are open. Furthermore, we have

inf ||z — b|]| <6 Vze AN B,
beB

infllz—al| <6 Vze AnB.
acA

In other words, both dy(A,A n B) and dy(B, A n B) are at most §.

Next, let u € R?". We note that the translation ¢: R** — R?" given by ¢(x) = x + u
is a symplectic diffeomorphism. This is easy to see since ¢ and ¢! are both differentiable
and their Jacobian is the identity matrix. Therefore, we can assume that 0 is contained in
the open set A n B without changing ¢(A, wy) or ¢(B, wy). We can now scale A n B such
that it contains A and B. More precisely, we let

A¥=inf{l1>0:AuB<A-(An B)}.

We observe that 1* > 1. Moreover, for every & > 0 we can pick § small enough such that
A* < 1+¢&. Letus fix some € > 0. If ¢(A, wy) = 0, then we choose some & such that
A n B is nonempty. Otherwise, we choose ¢ such that

&

A<+ ———.
* c(A, wo)

Note that ¢(A, wy) is finite since A is contained in some ball with radius R and so ¢(A, wy) <
nR?. We have

c(2* - (AN B),wp) = (1*)*c(A n B,wy),
(A*)%c(A n B,wy).

2
&~
*
=
D)
=
S
S8
[

< (1*)%c(A N B,wp) — c(A N B,wy)
< (%) = 1) c(A, wp)
<e¢

O

In this thesis we mainly consider convex sets, most notably polytopes, instead of open
sets. Therefore, it is convenient to generalize the definition of a symplectic capacity to
arbitrary subsets of R*". We do so by letting

¢(A,w) := inf{c(B,w): Bopenand A C B},

where A € R is not open, ¢ is a symplectic capacity and w is a symplectic form. We
note that all properties of symplectic capacities that we established so far also hold for non-
open, bounded, convex sets, provided we consider the standard symplectic form wy. This
is a consequence of Lemma [2.3.3| because we can approximate every bounded, convex set
with open, bounded, convex sets from the outside and from the inside.
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Perhaps the most important property of symplectic capacities is the fact that their
existence is sufficient to prove Gromov’s non-squeezing theorem [42]. In fact, this mo-
tivated symplectic capacities in the first place. The theorem states a restriction on what
symplectic maps can achieve. In this regard, not much was known prior to Gromov’s
theorem, except for the fact that symplectic maps preserve the volume.

Theorem 2.3.4. [42)] There is an injective symplectic map ¢: B,(0) — Zg(0) if and only
ifR>r.

Proof. 1t is easy to find a suitable map ¢ if R > r, such as the identity map given by
¢: x — x. Conversely, if we assume that there is a symplectic capacity c, we get

7r? = ¢(B,(0), wy) < ¢(Zr(0),wp) = 7R m]

2.3.1 The Ekeland-Hofer-Zehnder capacity

So far, we elaborated on symplectic capacities but we have yet to demonstrate that sym-
plectic capacities exist at all. Many constructions have been found since Gromov stated
his non-squeezing theorem. Two examples are the Ekeland-Hofer capacity [49] and the
Hofer-Zehnder capacity [50]. It is known that these two symplectic capacities coincide on
convex bodies, i.e. nonempty, compact, convex sets with O in the interior [50]], [98]. Thus,
the name Ekeland-Hofer-Zehnder capacity makes sense if we restrict our focus to convex
bodies.

To state the definition of the Ekeland-Hofer-Zehnder capacity, we require the notion of
an outer normal cone. The outer normal cone of a set A € R" at a boundary point y € JA
is the cone

Ny(y) = {meR": m" (z —y) <Oforallze A}.

Throughout this thesis we abbreviate the term “outer normal cone” with “normal cone”.
This carries some ambiguity since the term “inner normal cone” also exists. However, all
normal cones appearing in this thesis are outer normal cones.

Figure 2.1: Three normal cones of a two-dimensional convex set. The normal cones at
the points y, and y3 are one-dimensional, indicated by arrows. The normal cone at y; is
two-dimensional, indicated by the blue area.
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Definition 2.3.5. The Ekeland-Hofer-Zehnder capacity (short: EHZ capacity) is defined
by

cenz(C) = min{A(x): x is a generalized closed characteristic on 0C}

for every convex body C. Here, a generalized closed characteristic on 0C is a curve
x: [0,1] — OC that is closed, i.e. fulfils x(0) = x(1), and satisfies

Jx(1) € Ne(x(1))
for almost every t € [0, 1].

We abide by the convention that the minimum over an empty set equals infinity. The
reason for the adjective “generalized” is that closed characteristics were originally defined
for convex sets with smooth boundary. The usage of the normal cone to include convex sets
with non-smooth boundary began later. Therefore, if we use the term “closed characteristic”
we mean a generalized closed characteristic on dC, where C has smooth boundary.

To see that the minimum in the definition is attained we refer to [49] and [51]]. In
general, finding a closed characteristic that minimizes the action functional is a difficult
task. An exception to this is the case where we study a convex body of the form C =
K x T with convex bodies K, T € R". Such a body C is sometimes called the Lagrangian
product of K and T. We elaborate more on this case in Chapter[d While there is not much
known about the EHZ capacity in general, the situation is different for a specific class of
Lagrangian products. More precisely,

CEHz(K X KO) =4

for every centrally symmetric convex body K < R" [81]. Here, K° < R" denotes the polar
set of K:

K°=1{y:y"z<1 VzeK}.

Another formulation for the EHZ capacity is due to Abbondandolo and Majer [[1]. In
the proof one examines two functions He and Heo that are in a certain sense a dual pair.
This process is reminiscent of Clarke’s duality [35], a variational principle for periodic
solutions of Hamiltonian systems (see Chapter [2.4.1). We state the proof for the sake of
completeness.

Theorem 2.3.6. []] Let C S R be a convex set with smooth boundary and 0 € intC.
Then:

1

———— = max{A - 10,1 — R* absolutel continuous,
T = M (A 12 [0.1] y

£(0) =&(1), éeC®ael}.
Proof. Foraset A € R™, me N, we let uy be the Minkowski functional, i.e.:

pa: R™" >R, pa(z) =inf{te Ryg: z€tA} VzeR™
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It is easy to see that

pa(rz) = rpa(z) (2.7)

holds for every r € R and z € R™: We have z € A if and only if rz € rtA for every r,t € R
with r # 0. Additionally, it is clear that (2.7) holds for r = 0, provided that 0 € A. We let

a>(C) = max {A(¢) | £: [0, 1] — R* absolutely continuous,
£(0) =&(1), [lpce(§)lla < lae},

a,(C) = max {A(¢) | £: [0, 1] — R* absolutely continuous,
£(0) = £(1), [|uce ()l < lae},

where || - ||5 is the L?>-norm and || - ||, is the L*-norm. Note that

|| o (€)|]x <1 <= pco(€) < 1 almost everywhere
<= £&(t) € C° almost everywhere.

Both a,(C) and a..(C) are equal to the optimal value of the maximization problem in the
statement of the theorem (see [1]]). We now pursue the following strategy:

(i) First, we prove that

1
AW = -5

holds for every closed characteristic x on 0C.

(ii) Second, we let &: [0,1] — R?" with £(0) = &(1) and || uce(€)|]2 < 1 such that
the maximum in the formulation of a,(C) is attained. We construct from & a closed
characteristic x on 0C such that

1
4612(C) ’

Ax) =

Let us prove (i). We define a function

uc(z)?

He:R™ SR, He(z) = for all z € R*"

and we let x: [0, 1] — 0C be a closed characteristic. By definition of H¢, we have
VHc(Z) € Nc(Z)

for every z € 0C. Therefore, we get a closed curve y: [0,b] — R?" with period b > 0 by
reparametrizing x such that

Jy(t) = VHc(y(1))
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for almost every ¢ € [0, b]. Furthermore, we have y(¢) € 0C and therefore

for every ¢ € [0, b]. Next, we recall Euler’s theorem for homogeneous functions [94]. If a
function f: R™ — R is k-homogeneous, i.e.

flaz) = & f(z) forevery z € R™ and @ € R,
then we have
kf(z) = (Vf(z))"z for every z € R™.

We can use this identity to calculate the action of y. Note that H¢ is 2-homogeneous
because pc is 1-homogeneous:

b b b
Of o0 Jylo)di = 5 Of (5(0)) y(e)di = 5 f VHC((0) y(1) i

l\JI'—‘

We know not only the action of y but also the action of x. If g: [0,6] — [0, 1] is the
parametrization that we applied to get the curve y, then:

t\.)l'—‘

b
1
xo J(xo —
g)( g)( )

0

Next, we define the function H¢o analogously to He:

for all z € R,

2
Heo: R2n — R, Heo (Z) _ Mc 2(2)

We note that the following relation holds for every v € R?" because C is convex and contains
0:

ZERM r20 pe(z)=1 r=0 uc(z)=1

= sup <wco(v) - 32) _ e @ )

r=0 2

2 2
sup (v'z — He(z)) = sup sup (rsz - /Jc(zrz) > = sup (r sup v'z— %)
(2.8)
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Since Hce satisfies (2.8) we say that it is the Fenchel conjugate of Hc. Using the Legendre
reciprocity formula (see [33]]), we get

VHCO (VHC(Z)) =z and VHC (VHCG (Z)) =2z (29)
for every z € R?". With Euler’s theorem it follows that
2Hco (VHe(2)) = (VHe(2))" VHee (VHe(2)) = (VHe(2)) 2 = 2He(2) (2.10)

for every z € R?". We now consider the closed curve
1
7 [0.1] = R, y(e) = 3 Jy(br).

With (2.10) we see that y fulfils the following for almost every ¢ € [0, 1]:

1

He= (#(1)) = Hee (J§(b1)) = He= (VHe(y(b1))) = He (y(b1)) = 5.

In particular, it follows that puce (¥(f)) = 1 and hence (t) is contained in C° for almost
every t € [0, 1]. Therefore, vy is a feasible solution in the maximization problem that defines
a(C). Furthermore, we can relate the action of 7y to the action of x:

1

40) = =5 | 6O vt ar =~ [ (o) " a0
0 0
b
— 5 | GO ) = S40) = AW,
0

Together with the fact that the action of x is b/2 we get:

1 1 b?
10,00 Sag) " e - AW

Now we proceed with part (ii). We let ¢: [0,1] — R?" be an absolutely continuous
curve such that
& = argmax {A(p) | ¢: [0, 1] — R*" absolutely continuous,
¢(0) = ¢(1), [[uce(@)ll2 < lae}.

In particular, we have a;(C) = A(&). We observe that || uc-(£)|]2 = 1 because otherwise
we can scale & by some factor § > 1 to get a curve 6€ with || uco (6€)||» < 1. Furthermore,
its action is

@2.11)

A(0€) = FA(E) > A(é),

which violates the definition of £. Note that A (&) is positive since we already found a curve
v in part (i) with

U= luce )l = [l uc- ()2
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and with action A(y) = 1/2b > 0. Additionally, we notice that £ is still a maximizer of
(2.17) if we add the constraint ®¢(¢) = 1/4, where

1

| ey ar = Juc- @18

0

-

1
0c(e) = 5 [ He(E0)di -
0

According to the Lagrange multiplier theorem [38] there is some A € R such that
VA(£) = AVD¢(E). (2.12)

We note that both A and @ are 2-homogeneous. Therefore, we can use Euler’s theorem to
get

A
2ay(C) = 2A(8) = VAE)[¢] = AV (§)[¢] = 240 (¢) = 5. (2.13)
Thus, it is A = 4a,(C). We note that the differentials of A and ®¢ (&) are given by

0(t)" VHeo (€(1) + hip(t)) dt
h=0

=
Il
=
N —

7(t)T VHeo (€(2)) dt,

| —

o%,_, c%_

EWTIn() + n(0)"IE(t) + 2hn(0) In(r) dt
h=0

| =

VAE)lr] = A+ )

h=0

EO"In(r) + ()" JE(r) dr

N =

O%_ o%_

(1) JE(0) dt

o

for every closed curve 7 € H'([0, 1], R*"), where
H'([0,1],R*) = {ne L*([0,1],R*): € L*([0,1],R*")}

is the Sobolev space of order 1 on [0,1]. In the last equation we use integration by
parts and the fact that £(0) = £(1) and (0) = 5(1) holds. Combining (2.12) with
(2:13) and plugging in the formulas for the derivatives, we get for every closed curve
ne H'([0,1],R>"):

1

0 = AVOC()[n] — VA(£)[n] = fﬁ(r)f (242(C)VH (4(1)) + JE(1) dr.

0
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The Du Bois-Reymond Lemma [38]] now states that the function
2ay(C)VHeo (£(1)) + JE(t)

is a constant almost everywhere. So, there is u € R?" such that for almost every t € [0, 1]
we have

—JE(t) + u = 2a(C)VHeo (£(2)).
We apply the 1-homogeneous function VH¢ to both sides and use (2.9) to get
VHe(=JE(t) + u) = 2ay(C)VHe(VHeo (£(2))) = 2a2(C)E().

In particular, if we let y: [0, 1] — R?" be the closed curve defined by y(1) = —J&(t) +u
then:

1

Jy(t) 2612 (C)

5—— VHc(y(1)) (2.14)

for almost every ¢ € [0, 1]. Thus, the curve y lives on a level set of Hc(y(t)) (see Figure
2.2). More precisely, there is £ > 0 such that Hc( (¢ )) = E for all t € [0, 1]. Now the
closed curve x: [0, 1] — R?" that we define by x(¢) = y(¢)//2E fulfils:

He(x(1)) = ~=He(y() = +

2E 2
for every 7 € [0, 1]. By definition of Hc, it follows that x(7) € 0C and together with (2.14)
we get that x is a closed characteristic on ¢C. To complete part (ii) and hence the proof
of Theorem @ we calculate the action of x. To this end, we combine our previous
considerations about the curves x and y and we use Euler’s theorem:

1

Alx) = )= 35 [Ci0 ﬁ | wHew) v
0 0
1
1 E 1
~ 3Ea () J Hely0)dt = 756 = Tm(0) .

0

We note that the requirement 0 € intC has a rather technical reason. It ensures that
the polar set fulfils some necessary properties. However, we can also apply Theorem
[2.3.6] to every nonempty convex set that does not contain 0 in its interior by shifting it.
The corresponding map that performs the shift is a symplectic diffeomorphism and thus
preserves the EHZ capacity.

Due to a result from Haim-Kislev, a similar version of Theorem [2.3.6] also holds for
polytopes [47]. We pursue this approach in greater detail in Chapter 5}
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VHc(y(1))

y(t) = =IVHc(y(1))/2a2(C)

Figure 2.2: A level curve of H that contains y(t), which is a solution of (2.14)). We observe
that y moves along the level curve.

2.4 Applications and related problems

2.4.1 Hamiltonian mechanics

Symplectic geometry has a tight connection to Hamiltonian mechanics, a specific formu-
lation of classical mechanics. It is one of the first applications that comes to mind because
symplectic geometry was developed as a mathematical formalization of Hamiltonian me-
chanics. To make this connection clear, we consider a physical system in which we inves-
tigate the time evolution of some particle. As an example, we want to know how a celestial
object like a planet moves. To determine this, we need to know the current position p(0)
of the planet and its momentum ¢(0). Thus, we work in the space R® = R® x R3 or
more generally in the space R**. Note that we write variables in the form (p,g) for an
easier distinction between the position p and the momentum ¢. According to Hamiltonian
mechanics, we can determine the motion of the planet by solving the following differential
equation:

dp OH dq  0H

dt — 0dq  dt  op’ @15)

where H = H(p,q) is a differentiable, real-valued function that describes the physical
system. H is called the Hamiltonian. A more compact way to write (2.15)) is

i(t) = —JVH(x(1)), (2.16)

where we let x(¢t) = (p(t),q(¢)) for every t > 0. We define the Hamiltonian vector field
Xp: R — R that is associated to (2.16)), by

Xu(x) = —JVH(x).

Given an initial value xo, the differential equation (2.16) becomes
d t t
prid (x0) = Xu(¢'(x0)) V>0, 2.17)
¢"(x0) = x0,
if we let x(f) = ¢'(x0). The function ¢’ is called a flow of the vector field Xp. It maps

the initial position and the initial momentum of the planet to its position and momentum
at time ¢. It is well known that every flow of Xy is symplectic. Hence, investigating the
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motion of some object amounts to the study of symplectic maps. There are several ways to
prove this. We present the strategy used in [74] since it requires less specific background
knowledge.

Theorem 2.4.1. [74] Let H: R — R be twice differentiable and let ¢' be a flow of the
vector field Xy. Then ¢' is symplectic.

Proof. By definition of a flow, we have
d
7% (0) = Xu(¢ (x0)) = —JVH(¢'(x0))

for every initial value xy € R?*. We calculate the Jacobian at x for each side of this
equation, using the chain rule, to find

= %Dw(xo) = —JVZH(¢' (x0)) Dyt (x0).

Here, the differential d/dt Dy (xo) is to be understood componentwise. To make this equa-
tion clearer, we let ®(7) be the Jacobian of ¢ at xy and S (¢) be the Hessian of H at ¢'(xp).

Note that S (¢) is a symmetric matrix. Now the equation takes the form
L 1o(1) = S (1))
dt B ’

where we use the fact that J> = —I. This implies:

%(D(I)TJ(D(I) =o()"J (%@(r)) + (dit(l)(t)T> JO(1)

= o()'SO(1) + (‘DU)T’T <ditq)(t)>>r

— O(1)"SD(1) — (D) SD(1))"
= o(1)"(S —ST)0(1) = 0.

Furthermore, we have that ¢ is the identity map according to (Z.17). Thus, it is ®(0) = I
and

®(0)"JD(0) = J.
Together, this implies that ® ()7 J®(t) = J holds for every 7 > 0. In particular, we have
wot,v) = U Jo = T () JO(1)o = wo(Dy (x0)t, Dy (0)0)
for every u, v, xo € R?". O

We can deduce an interpretation of Gromov’s non-squeezing theorem from Theorem
[2.4.1] Let us assume the exact position and momentum of the object that we are studying
is not known. Instead, we have an estimate of position and momentum in the form of a
region of possible positions and momenta. This region may be a Euclidean ball of radius r
in R?". We can apply Gromov’s non-squeezing theorem to find that the region of possible
positions and momenta of the object fits at no time into an infinitely long cylinder Zg(0)
wit radius R < r.
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2.4.2 The symmetric Mahler conjecture and Viterbo’s conjecture

Symplectic geometry and in particular the EHZ capacity have a striking connection to the
following old problem in convex geometry. For a convex body K € R” and z € R” we let

K={yeR": (y—2)"(x—2) <1 VxeKk}.
The task is to determine the volume product, which is defined by

P(K) := min vol K - vol K*.
z€intK
In [88]] it is shown that the minimum is attained at a unique point, which is called the Santalé
point of K. Furthermore, if K is centrally symmetric, i.e. K = —K, then the Santal6 point
is the origin. Note that K* is the polar set K° of K for z = 0. Mabhler studied the volume
product P(K) for centrally symmetric, convex sets K in [[72] and formulated the following
conjecture, which is known as the symmetric Mahler conjecture.

Conjecture 2.4.2. [72]] Let K < R" be a centrally symmetric, convex set. Then:

n
P(K) = volK - vol K° > i—'
It is easy to see that Mahler’s conjecture holds for » = 1. In this case K is an interval
[—s, s] for some s > 0. Its one-dimensional volume is 2s. The polar set of K is [—1/s, 1/s]
and has volume 2/s. Thus, we have P(K) = 4. Moreover, it is known that the symmetric
Mahler conjecture is true for n = 2 [71] and n = 3 [S5]. The problem is open for every
n=4.
The EHZ capacity relates the symmetric Mahler conjecture to a conjecture that was
posed more recently by Viterbo [99]. Unlike Mahler’s conjecture, Viterbo’s conjecture is
of symplectic nature.

Conjecture 2.4.3. [99] Let ¢ be a symplectic capacity and let C < R>" be a convex set.
Then:

c(C, wo) volC \
(B (0), w0) <v0131(0)> :

Let us consider a special case of Viterbo’s conjecture. First, we assume that C has
the form C = K x K° for some centrally symmetric, convex body K < R”". Second, we
consider the EHZ capacity. Third, we note that we know the EHZ capacity of C due to the
following result.

Theorem 2.4.4. [[10],[81] Let K € R" be a centrally symmetric, convex set. Then:
CEHZ(K X Ko,a)()) =4.

The proof of this theorem uses a relation between the EHZ capacity and the notion of
closed Minkowski billiards. We study this relation thouroughly in Chapter ] but we omit
the proof of Theorem[2.4.4]
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If we assume that Viterbo’s conjecture holds, then we get:

4" (cEHZ(K X K°,w0)>" volK x K°  volK - volK°

7\ ceuz(B1(0), wo) vol Bi(0) ~ n'/n!
Thus, Viterbo’s conjecture implies the symmetric Mahler conjecture. Conversely, the
symmetric Mahler conjecture implies Viterbo’s conjecture for the special case ¢ = cguyz

and C = K x K° with centrally symmetric, convex K:

cenz(B1(0), wo) -

cenz(K x K° wp) \" _ 4" _ volK-volK°® _ volK x K°
R 7"/n! ~ volBy(0) °

For a more extensive literature about the volume product and beyond its connection to
symplectic geometry, we refer to [21], [22], [62] and [67].



CHAPTER THREE

Preliminaries and optimization
techniques

The formulations for the EHZ capacity in Definition [2.3.5]and Theorem [2.3.6] are minimi-
zation and maximization problems. Thus, being familiar with optimization techniques is
beneficial for the computation of the EHZ capacity. This chapter introduces some important
optimization concepts in two steps. First, we take a look at a specific, well-established
optimization problem, the quadratic assignment problem. As we discuss later in Chapter
[l the calculation of the EHZ capacity has a relation to this combinatorial optimization
problem. Afterwards, we introduce conic optimization, which is a meaningful and wide
class of optimization problems. Furthermore, we examine some important instances in
greater detail.

3.1 The quadratic assignment problem

For an extensive exposition on the quadratic assignment problem see [26].

Imagine our task is to build #n facilities denoted with the numbers 1,...,n. For this we
are given n locations which we also denote with the numbers 1,...,n. To each of these
locations we need to assign exactly one facility. For each pair of indices 1 < i,j < n
we know the distance between the locations i and j and denote it with d; ;. Moreover,
the n facilities ship goods among each other. We denote with f; ; the amount of goods
that are shiped from facility i to facility j. We can view the quantity f; ;d; as the cost
of exchanging goods between the facilities i and j if we build facility 7 at location k and
facility j at location . Additionally, building a facility i at a location k causes building costs
bjx. This raises the question: What assignment has minimal cost? In other words we want
to solve the following minimization problem:

min 30> fijdoiya) + D, B,
i=1

S
TEYM Y j=i

where Sym,, denotes the symmetric group of degree n. This problem is called the quadratic
assignment problem (QAP) and was first formulated in 1957 [63]. We can write the QAP in

25
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a neater way using matrix notation. The input is given by the three matrices F, D, B € R"*"
with

J :fi,j’ D;; —d,j, Bij = bi,j

for all , j € {1,...,n}. Furthermore, we define the permutation matrix X° € R**" for a
permutation o € Sym,, by

(X7, = {1, ifi = o (),

0, otherwise.

LetII, = {X?: o € Sym, } be the set of (n x n)-permutation matrices. We can now express
the QAP as
T
min ((F.X"DX) + (B, X)). (3.1

Throughout this thesis {:, ) denotes the frace inner product, i.e. for two matrices X,Y €
R"*" we have

X, Yy =tu(X"Y) Z Z XiYi).

i=1j=1

It is easy to see that the traveling salesman problem, which we can write in the form
(rgélyrr}] do'( .o (i+1)s

is a special case of QAP. One just sets b; ; = 0 and f; ; = ;1. Therefore, QAP is at least

as difficult as the traveling salesman problem, which is NP-complete [82]]. Furthermore,

the traveling salesman problem cannot be approximated within some constant factor unless

P = NP (see [64] or [87]). Thus, the same is true for QAP.

Even though QAP was formally stated more than 50 years ago, it is still studied actively.
Thus, there is a variety of techniques to approach this problem. We can subdivide these
techniques into two classes: Those which derive an exact solution and those which find an
approximation. In general, solving QAP exactly for n > 20 is very difficult [14].

Here, we present an approximative approach by Finke, Burkard and Rendl [37] that
relies on the formulation (3.I)) for the case B = 0. It utilizes the fact that there is a
convenient representation of the quadratic term <F, XTDX> via the eigenvalues of F' and D
if both F and D are symmetric.

Theorem 3.1.1. [37)] Let Yy, Y, € R"*" be symmetric matrices. Let A € R" be the vector

of eigenvalues of Y| and let xi,...,x, be the corresponding orthonormal eigenvectors.
Similarly, let p € R" be the vector of eigenvalues of Y, and let yy, . . ., y, be the correspond-
ing orthonormal eigenvectors. Then:

(i) X, Yoy = A"Sp,

where S = ((x] y;)? )Ue{l """"
(i) min A7 Xu < (Y, 1)) < < max AT Xu.
efl,

Xell,

n is a doubly stochastic matrix.
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Here, a doubly stochastic matrix is a matrix with nonnegative entries whose row and
column sums are all equal to 1. If we assume that F' and D are symmetric, we can plug
in F for Y; and X7 DX for Y, to receive an upper and a lower bound on <F, XTDX> that
only depends on the eigenvalues of F and X7 DX. Since all matrices of the form X7 DX
with X € II, have the same eigenvalues as D, it is sufficient to compute the eigenvalues
<., of Fand uy < ... < u, of D and to calculate

T _
max A" X = o 2 ﬂlua() —Zﬂlu, and

n

T _
min " Xp = agély?n ﬂ,u(r() = ZZ;M” 1.

The situation that we are facing in Chapter [3]is slightly different in the sense that the input
matrices F' and D are both nonsymmetric. However, we can make them skew-symmetric
while maintaining the form of a QAP. For this reason, we omit the proof of Theorem[3.1.1]
here. Instead, we carry the proof of Finke, Burkard and Rendl over to the skew-symmetric
case in Chapter[3]

3.2 Conic optimization

We now turn our attention to a wide class of optimization problems, namely conic optimiza-
tion. A more prominent term for the same class is convex optimization, where one seeks to
optimize a convex function over a convex set. The defining idea of conic optimization is to
formulate convex optimization problems using convex cones to gain convenient expressions
[8Q]. We introduce the concept of conic optimization by following [16]. Let us start with
some basic notions.

Definition 3.2.1. Let V be a vector space over R.

(i) A (convex) cone K S V is a set that satisfies ax + By € K for every x,y € K and
every a,3 = 0.

(ii) A cone K is called pointed if it contains no straight line that passes through the
origin. This means that x, —x € K implies x = Q.

(iii) We say that a cone is proper if it is closed, pointed and has nonempty interior.

With every cone K S V we can associate a preorder <y on V by letting x <g y if and
only if y —x € K. We observe that this preorder is a partial order if and only if K is pointed.

A particularly powerful tool of conic optimization is its duality theory. Loosely speak-
ing, this means that conic optimization problems come in closely related pairs that provide
a systematic way to prove optimality or to give bounds on their optima. To define this
concept formally, we call a nondegenerate bilinear form (-,+): V x W — R with vector
spaces V and W over R a duality. Dualities allow us to formulate corresponding pairs of
cones and linear maps.
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Definition 3.2.2.

(i) Let V1, Vo, Wi, W, be vector spaces over R and let (-,-);: V; x W; — R be a duality
forie {1,2}. Let A: Vi — V, and A*: Wy, — W, be linear maps. We say that A* is
the adjoint of A if

(A(e), f), = (e,A%(f)), (3.2
foreveryee Vi, feW,.

(ii) Let V, W be vector spaces over R and let (-,+): V x W — R be a duality. Let K € V
be a cone. The cone

K*={weW: (v,w)=>0forallve K}
is called the dual cone of K. Moreover, if K* = K we say that K is self-dual.

It is straightforward to show that A* is unique if it exists, due to nondegeneracy of the
duality (-, )1 in (3.2). We are now ready to state the aforementioned pair of conic programs.
Like in Definition [3.2.2} we let Vi, V2, Wy, W, be vector spaces over R and (-, )1, (-, )2 be
corresponding dualities. Furthermore, let K; € W, and K, S W, be cones. Additionally,
we let A: W, — W, be a linear map, b € W, and ¢ € V,. The following optimization
problem is called a primal conic program:

*

p* =sup (c, x),
A(x) <k, b
X =2k, 0.
The corresponding dual conic program is given by:
d* =inf (y,b),
A*(y) Zgx €
y Zgx 0.

In this thesis we only consider conic programs where K; = {0} and K, is a proper cone.
This is the most common type of conic programs in the literature. The resulting primal and
dual programs are said to be in standard form and since K;* = V the problems read:

p* =sup(c, x), d* =inf (y,b),
A(x)=b and A*(y) Zgx ¢ (3.3)
x =2k 0 ye V.

We say that x € W, is feasible for the primal problem if it satisfies the constraints above, i.e.
if x € K, and A(x) = b. If additionally x € int K, holds, we say that x is strictly feasible.
A feasible vector x with p* = (c, x), is called optimal. Similarly, y € V is feasible for the
dual problem if A*(y) — c € K, strictly feasible if A*(y) — ¢ € int K}’ and optimal if it is
feasible and d* = (y,b),.

The reason why duality is such a powerful tool is the fact that feasible and optimal
solutions of the primal program provide us with information about the dual program and
vice versa.
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Theorem 3.2.3. [[[6]] Consider the pair of conic programs (3.3).

(i) Weak duality: If x is a feasible solution for the primal program and y is a feasible
solution for the dual program, then:

(C,X)2 < (y’b)l .

In particular, we have p* < d*.
(ii) Optimality criterion: If x is a feasible solution for the primal program and y is a
feasible solution for the dual program such that

(A*(y) — .x)y = 0 and (5. A(x) — b), =0,

then both x and y are optimal and we have p* = d*.

(iii) Complementary slackness: If x is an optimal solution for the primal program, y an
optimal solution for the dual program and if p* = d*, then:

(A*(y) — c.x), = 0 and (5 A(x) —b), = 0.

(iv) Strong duality: If p* < oo and if there is a strictly feasible solution of the primal
program, then the infimum in (3.3)) is attained and p* = d*.

Conversely, if d* > —oo and if there is a strictly feasible solution of the dual
program, then the supremum in (3.3) is attained and p* = d*.

The condition in Theorem (iv), i.e. the existence of a strictly feasible solution for
the primal or dual program, is called Slater’s condition. For a more detailed introduction
to conic programming and its duality theory see [17]] and [68]].

We proceed to discuss four important instances of conic optimization that appear later
in this thesis.

3.2.1 Linear programming

One of the most obvious and in terms of notation simplest proper cones is the nonnegative
orthant R%, ;. Thus, it is not surprising that this cone leads to a classical type of conic
programs that is well understood by now, namely linear programs [|89]. First, let us specify
the vector spaces, the cone and the dualities in (3.3):

Vi =W, =R",
Vo, =W, =R",
K, =R%,,

(u,v), = u'v forall u,v e R™,

=u’p forall u,v e R".

—
F
<
=
S
|
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Furthermore, we can write the linear map A: R” — R™ as an (m x n)-matrix. Its adjoint is
A* = AT, It is clear from the definition that the cone RY, is self-dual. Plugging this into
the standard primal and dual conic programs (3.3) we get

p* =supclx d* =infy’b
Ax=1b and ATy >c¢ (3.4)
x€eRY, yeR".

This special case of conic programming is called linear programming. We use the ab-
breviation LP for both linear programming and linear program depending on the context.
The same principle applies for abbreviations for the other upcoming special cases of conic
programming.

LP stands out for two reasons. First, strong duality holds for LP regardless of whether
there are strictly feasible solutions.

Theorem 3.2.4. [16|] Consider a pair of LPs as (3.4)). If there is a feasible solution for the
primal LP, then p* = d* holds. Additionally, if p* < 0, there is an optimal solution for
the primal and an optimal solution for the dual LP.

In particular, we can exchange supremum and infimum in (3.4) by maximum and
minimum if we add the convention that minima and maxima can be +00.

Second, it is well known that solving LPs up to arbitrary precision is possible in
polynomial time. As a matter of fact, there are several established algorithms that compute
solutions of LPs. Schrijver gives a broad overview of such algorithms [89]].

3.2.2 Second order cone programming

Another established choice for the cone K,
is the Lorentz or second-order cone. It is
exactly what people have in mind when they
use the term cone in the common use of
language, for example if they buy ice cream.
Thus, the Lorentz cone is sometimes called
ice cream cone. We define it by

L = () e R 2] < 1}

0
where || - || is the Euclidean norm. As before, .
we specify the setting: Figure 3.1: The Lorentz cone £>.
Vi=W; =R",
V2 — W2 — Rn+1’
K2 — LVH—I,

uv forall u,v € R,

ulv + st forall (u, s), (v,1) € L.

(u,0),
((u,5), (v, 1)),
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As in the previous case, we can write the linear map A: R"*! — R™ as an m by (n + 1)
matrix. We denote the ith row of A by (aiT, r;) and its adjoint by AT. Using the Cauchy-
Schwarz inequality it is easy to prove that the Lorentz cone is self-dual. Thus, (3.3)
becomes:

p* =supclx+ st d* =infy’b
m m
aiTx—i-r,-[:b,- Vi<i<m (lZyiai] —c, [Zyiri] —S) e L]
i=1 i=1
(x,1) € L, yeR™

This type of conic programming is called second-order cone programming (SOCP). We
observe that LP is a special case of SOCP by picking r; = ... = r, = s = 0. In fact, this
caused SOCP to gain attention in 1984 when Karmakar gave a polynomial-time interior-
point algorithm for LP [60]. This algorithm carries over to the case where the objective
function and/or the constraints are quadratic and convex instead of linear. In the following
years this was studied intensively (see for example [57]I,[75]],[76],[79]), leading to efficient
algorithms to solve SOCPs.

We note that in the primal SOCP we only consider one variable (x,7) € £"!. In
practice however, it is often neccessary to employ multiple such variables. For this reason,
the term SOCP can also refer to a conic program where we optimize over a direct product
of Lorentz cones:

+1 41
K =L"" x...x L%,

where ny,...,n; € N. We remark that K, is again a cone. It is easy to generalize the above
primal-dual pair of SOCP in standard form from the case k = 1 to arbitrary k € N:

k
p* = SUPZ CJT-xj + s;t;
=1
k
(aj)fxj+ (r)iti=b; V1<i<m
j=1
(xj,t;) € L9 V1< j<k,

d* =infy'b
(lz yi(aj)i] - ¢, lz yi(rj)i‘| - Sj) eLVVI<j<k
i1 i1
yeR™

3.2.3 Semidefinite programming

The next cone that we consider is the cone of positive semidefinite matrices. For this, we
denote the space of symmetric 7 x n-matrices by S”. We say that a matrix X € S" is positive
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semidefinite, if we have
yTXy >0

for every y € R”. If this inequality is strict for every y # 0, then we say that X is positive
definite. We use the notation X > 0 (respectively X > 0) to express that a matrix X is
positive semidefinite (respectively positive definite). We observe that if X,Y € S”" are
positive semidefinite, then so is @X + BY for all real numbers «, 8 > 0. Thus, the set

S, ={XeS":X>0}
is a cone. Before we state the corresponding version of (3.3)), we recall some properties of
St.
>0

Theorem 3.2.5. [54)] Let X € R"*" be a symmetric matrix. The following properties are
equivalent:

(i) X is positive semidefinite.
n
(ii) There are uy,...,u, € R" and Ay,..., A, = 0 such that X = Y, /liuiuiT.
i=1

(iii) X has a Cholesky decomposition, i.e. X = LLT for some L € R*™ ",
(iv) The eigenvalues of X are nonnegative.

(v) X is a Gram matrix, i.e. there are xi,...,x, € R" such that X;; = x! x; for all
i,je{l,...,n}

(vi) All principal minors of X are nonnegative. This means that for every index set I S

{L,...,n}:
> 0.

det (Xi,j)i,jel =

Aside from positive semidefinite matrices we are also interested in positive definite
matrices here. The reason for this is that the set of positive definite matrices is the interior
of the cone of semidefinite matrices. In other words, the boundary of S;o consists of
positive semidefinite matrices with rank smaller than n. Moreover, every extreme ray of
S, is spanned by a positive semidefinite matrix with rank 1. Conversely, every positive
semidefinite matrix with rank 1 spans an extreme ray of S7,. We state a counterpart of
Theorem [3.2.5]for positive definite matrices.

Theorem 3.2.6. [54)] Let X € R"*" be a symmetric matrix. The following properties are
equivalent:

(i) X is positive definite.

n
(ii) There are uy,...,u, € R" and Ay,..., A, > 0 such that X = Y, /liuiuiT.
i=1

(iii) X = LLT for some regular matrix L € R™".
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(iv) The eigenvalues of X are positive.

(v) There are linearly independent vectors xi, ..., x, € R" such that X; ; = xl.ij for all
i,je{l,...,n}

(vi) All leading principal minors of X are positive. This means that for every index set
I={1,....k}withl <k <n:

det (X,',j) > 0.

i.jel

For more properties and details of positive definite and positive semidefinite matrices,
see [54]. Let us specify the corresponding setting to formulate a primal-dual pair of conic
programs:

Vi=W =R",
Vo=W,=8"
Ky =S,

(u,v), = u'v forall u,v € R™,

(X,Y), =<{X,¥):=tr(X"Y) forall X,Y € S".

Unlike in the two previous cases, it is rather confusing to write a linear map A: S" — R”
as a single matrix. Instead we use the following notation:

A(X) = (KA XD)ieq1,..my »

.....

where Ay, ..., A, are (n x n)-matrices. Its adjoint is given by
m
A*(y) = Z YiAi.
i=1

Similar to the previous cases, S;O is self-dual (see for instance [23]]). So, @ becomes

p* =sup(C,X) d* =infy"b
AinX)=b Y1<i<m and D lyiAi—C =0 (3.5)
i=1
X>0 yeR™

Conic programs of this form are called semidefinite programs (SDP). By letting the input
matrices C, A1, ..., A, be diagonal matrices, we observe that we can write every LP as an
SDP. Moreover, one can show that SOCP is a special case of SDP as well. To this end we
consider a block matrix of the form

A B
@Y

where the matrix A is regular. The matrix C — BT A~!B is called the Schur complement of
X.
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Theorem 3.2.7. [28] Let X be a symmetric matrix having the block form

A B
(5 o)

where A is a regular matrix. Then X is positive semidefinite if and only if A is positive
definite and the Schur complement C — B A~' B is positive semidefinite.

Thus, it follows that every SOCP can be expressed as an SDP since for (x,7) € R"*!
with ¢ # 0 we have

1
Il <t e x< e (52 %) =o.
xI

The same equivalences hold for t+ = 0, as in each of the three inequalities this implies
x=0.

Thus, we can solve SOCPs using SDP solvers. However, this is a suboptimal approach
as there are faster algorithms that are tailored to solve SOCPs [70].

In contrast to LP and SOCP, it is not clear whether we can always find a solution of an
SDP in polynomial time. In fact, Ramana [84] gave an example for which every feasible
solution has double exponential bit-size, i.e. requires coefficients of size roughly 22" where
the matrix variable has size n x n, even though the problem looks simple and has only O(n)
constraints. It turns out that this example is a rather special case since it is indeed possible
to compute a solution of an SDP up to arbitrary accuracy in polynomial time under mild
assumptions. This has been shown by Grotschel, Lovasz and Schrijver in 1981 [43]] using
the ellipsoid method. In 2016 de Klerk and Vallentin [31] gave an alternative proof based
on an interior point method and the corresponding analysis that is due to Nesterov and
Nemirovski [80].

Theorem 3.2.8. [43],[31|] Consider the primal problem in (3.3). Assume that C, Ay, ..., A,
€ Q"*" and that by, ...,b,, € Q. Let

L= {XGS”Z <A,',X>=b,' VZE{I,,H}} and
F={XeL:X>0}.

Furthermore, assume that there is a matrix X € F n Q"*" and r,R € Q such that
Bx,(r) nL < F < Bx,(R) n L,

where By, (r) € S" is the ball of radius r and center X, with respect to the metric that is
induced by {-,-). Then for every € € Qy it is possible to find an X* with

€.X*)-p* <e,

in polynomial time. The polynomial is in n,m,log,(R/r),log,(1/€) and the bit size of
C,Al, N ,Am,bl, e ,bm and X().
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3.2.4 Completely positive programming

The last special case that we pay particular attention to employs the completely positive
cone:

CP,, := cone {xxT: X€E ano} .

We say that a matrix is completely positive if it lies in this cone. On the first glance, CP,
looks similar to S7,. It is the conic hull of positive semidefinite matrices with rank 1. The
difference is that these rank-one matrices are additionally required to be componentwise
nonnegative in the definition of C#,. It is remarkable that, while checking positive semide-
finiteness is easy, it is NP-hard to determine whether a given matrix is completely positive
[32]]. In the following we use the notation X > 0 (respectively X > 0) to express that the
matrix X is componentwise nonnegative (respectively positive). With this consideration we
observe that

CP,  Siy R, (3.6)

It is known that (3.6) holds with equality if and only if n < 4 [73]],[41]]. Thus, the interior
of CP, for n < 4 is given by:

intCP, = intSY, N intRY" = {X € S": X >0, X > 0} .

This is noted by Diir and Still [34] who additionally give a description of the interior of
CP,, for the general case.

Theorem 3.2.9. [34)] For every n € N we have:
intCP, = {XXT: X = [X|X;], where X; is regular and X; > 0, X, > 0}.

Next, we specify the setting to state the corresponding primal-dual pair of conic pro-
grams:

Vi =W =R",
Vo=W,=8",
K, = CPy,

(u,v), = u'v forall u,v € R™,
(X,Y), =<X,Y) forallX,Y € S".

We employ the same notation for a linear map A: §" — R” as in Chapter Unlike in
the previous cases, CP,, is not self-dual. Instead, we have

CP¥=COP,:={XeS": y'Xy=0VyeRL}.

The proof for this is straightforward. The cone COP, is called the copositive cone. Similar-
ly, we call the matrices contained in COP,, copositive. From the definition it is immediate
that

Sy + R € COP,.

=20 —

Since COP,, and CP, form a dual pair, Diir and Still [34] state some properties of COP,, as
well, including a description of its interior.
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Theorem 3.2.10. /34| For every n € N we have:
intCOP, = {X € S": x'Xx >0 VxeRL)\{0}}.

As before we plug this setting into (3.3). We get:

p* =sup{C,X) d* =infy’b
AnX)=b Y1<i<m and dlyAi—Cecor, (37
i=1
X eCP, yeR".

We call this type of conic programming completely positive programming (CP). In the
literature the term “copositive programming” is also common and refers to the same primal-
dual pair of conic programs. We use these terms interchangeably.

The difficulty of CP differs greatly from the difficulty of LP, SOCP and SDP. While
LP, SOCP and SDP (under mild assumptions) can be solved in polynomial time, this is
not the case for CP. Solving CP is an NP-hard problem because it is NP-hard to determine
whether a given matrix is contained in CP, as mentioned earlier. At the same time, CP
is a meaningful type of optimization problems. Burer [25] showed that every quadratic
optimization problem with binary and/or continuous variables can be expressed as a CP.

One way to address this difficulty is to search for good upper and lower bounds instead
of solving CP exactly. Since the primal problem in (3.7) is a maximization problem, any
feasible solution yields a lower bound on the optimum. Finding upper bounds is a little less
straightforward. One possibility is to make use of (3.6) and the fact that SDP is usually
easier to solve than CP:

sup<{C, X) < sup<{C, X)
AnX)=b V1<i<m ApnX)=b; Y1<i<m (3.8)
X e CP, X=0,X=>0.

Note that we can bring the right-hand side of (3.8) into the same form as in (3.3) by
introducing slack variables.



CHAPTER FOUR

An algorithm to compute the EHZ
capacity of Lagrangian products

The goal of this chapter is to provide an algorithm that computes cguz(C) (see Definition
2.3.5) or a corresponding upper bound, where C € R?" is a Lagrangian product. This
means, there are convex sets K,7 < R” such that C = K x T. To do so, we examine
the concept of Minkowski billiards. The connection between Minkowski billiards and the
EHZ capacity was first studied by Artstein-Avidan and Ostrover in 2012 [11]. Additionally,
we state some properties of Minkowski billiards that allow us to formulate an algorithm to
compute a closed Minkowski billiard trajectory with minimal length. Consequently, this
yields an algorithm to compute the EHZ capacity of K x 7. We develop our algorithm
first in the Euclidean setting, where K is a polytope and T is the Euclidean unit ball B;(0).
Afterwards, we discuss the algorithm in the Minkowski setting where both K and T are
polytopes.

This chapter is based on the papers [65] and [66]. The latter paper is currently in
preparation. The theoretical aspects of this chapter, which are presented in Chapters [4.1]
and [#.2] are mainly attributed to Daniel Rudolf. Therefore, we omit the proofs here and
refer to [65]] and [66]].

4.1 From the EHZ capacity to closed Minkowski billiard
trajectories

To understand the term billiard as it is used in mathematics we can think of an actual game
of billiards. If we play a ball on the billiard table (without doing trick shots), then the ball
moves straight and only changes directions when bouncing of a wall. In other words, the
route of the ball is a polygonal line. Here, a polygonal line is a curve y: [0,00) — R” such
that there is #; € R for every i € N with:

i) ty =0and t,,; > t; forevery i € N.
(i) + y
(@) Y|y, 18 linear for every i € N.

37
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(iti) For every i € N the points y(¢;),y(t;+1) and y(#;,2) are not contained in a common
straight line.

We call the points y(y), y(¢1), . . . the vertices of y. If y is periodic, say with period a € R-.,
then we say that y is closed. In this case, if we let

{le,...,[i’n} = {[il i€ N} N [a,Za],

then we refer to y(#;,),...,y(t;,) as the vertices of y, because these vertices repeat them-
selves. As an exception, if y is a closed curve that moves linearly from some point # € R"
to some point v € R", then back from v to u, then from u to v again and so forth, we say that
v is a closed polygonal line with the vertices u and v, even though property (iii) is violated.
If we refer to a closed polygonal line y as a subset of R”, then we mean the image of vy.

U3 v =y(t) =y(ts) =

v4 v =y(h) =y(t7) =
v3 = y(13) = y(ts) =

vy = y(ta) = y(to) =

¥(0) vs = y(ts) = y(to) =

Us

Figure 4.1: A closed polygonal line. Its period a lies between f5 and 5. On the interval
[a,2a] we can find the points fg, #7, 3, ty and #19. Thus, y has 5 vertices.

If we think of a game of billiards again, the vertices of the route of the billiard ball
are the points at which the ball hits a wall. At these points the route of the ball follows the
Euclidean billiard reflection rule: The angle of reflection equals the angle of incidence. The
upcoming definition generalizes this concept in a sense that the reflection rule is governed
by a convex set 7. We make a few remarks before we state the definition formally.

We recall from Chapter [2.3.T|that for a set 7 < R” the Minkowski functional ur: R" —
R is defined by:

pur(y) =inf{r > 0: y e 1T} forally e R",

where we can replace the infimum by a minimum if 7" is compact. For two points b,d € R"
we let [b, d] denote the line segment with end points b and d. Furthermore, whenever we
consider the vertices vy, ..., v, of a closed polygonal line 7y in this chapter, these vertices
are ordered such that [v;, v;41] is contained in the image of y. Note that this ordering is not
unique because if the ordering vy, .. ., v, satisfies this property, then so do

U(14%) modm> V(24+k) modm> - - - » U(m+k) modm and

U(m+kymodm> -+ +> U(2+k) modm> U(1+k) modm

forevery k € {1,...,m}.
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Definition 4.1.1. Let K,T € R" be convex bodies and let m = 2.

(i) A closed polygonal line with vertices qi,...,qn € 0K is called a closed (K, T)-
Minkowski billiard trajectory (MBT) if for every j € {1,...,m} there is a supporting
hyperplane H; of K with q; € H; such that:

q; = argmin {uro(q; — qj—1) + pro (qj41 — ;)2 ; € Hj},
where qo 1= g, and g1 = q1.
(ii) The vertices of a closed (K, T)-MBT are called bouncing points.

(iii) A closed (K, T)-MBT is called regular if all its bouncing points qy, . . . , g are smooth
boundary points, i.e. Nx(q;) is one-dimensional for every j € {1,...,m}.

Recall that the normal cone is given by
Ng(y) = {ueR": u’' (z —y) <Oforall z € K},

as defined in Chapter [2.3.1] We proceed with some remarks regarding the notation. We
write “closed MBT” instead of “closed (K, T)-MBT” if K and T are clear from context.
Furthermore, we encode a closed polygonal line with vertices ¢, ..., qm by (g1,---,Gm)
throughout this chapter. We let ¢; := ¢jmoam for every j € Z. If we have T = B;(0),
it is customary to call a closed Minkowski billiard trajectory a closed Euclidean billiard
trajectory (EBT) instead. In this case the Minkowski functional is the Euclidean norm and
one verifies that for the minimum of

llg; — qj—1ll + llgj+1 — gjlls

the angle of reflection equals the angle of incidence. Therefore, we recover the Euclidean
billiard reflection rule.

qj+1
qj—1

qj

Figure 4.2: Three consecutive bouncing points of a closed EBT. The two indicated angles
(i.e. angle of reflection and angle of incidence at g;) are equal. The boundary of the billiard
table K is an ellipse.

Billiards have broad application and they are studied actively. For an overview on
billiards we refer to [45], [61] and [93]]. In particular, Euclidean billiards have been studied
intensively in dimension two. On the other hand, not much is known about Euclidean
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billiards in higher dimension. Even less results are known for the more general Minkowski
case where T is an arbitrary convex set. To our knowledge, the only publications that treat
Minkowski billiards intensively are [2]], [3]], [4], [S], [6], [0, [11], [20], [46] and [83]].

A particularly important, known fact about Minkowski billiards is that we can charac-
terize them much easier than Definition d.1.1] suggests.

Theorem 4.1.2. [66] Let K S R" be a convex body and let T = R" be a strictly convex
body. Then a closed polygonal line (q.,...,qm) with q; € 0K forevery je {1,...,m} isa
closed MBT if and only if there are points py, ..., pym on 0T such that

{%‘H —qj € Nr(pj)),

forall je {I,...,m}, 4.1
Pj+1 —PDj€ —NK(‘Ij+1)}

where g1 := q1 and ppy1 i= pi.

\/\/ ’
q2 q3 P2
lql D3

Figure 4.3: A closed MBT with vertices g, g2, g3 and corresponding points py, ps, p3. The
convex body K is depicted in blue and the strictly convex body T is depicted in green. Also
shown are the normal cones at ¢1, g2, g3 and py, p2, p3. One can see that @) is satisfied.

Theorem shows that with each closed MBT ¢ = (g1, ...,qn) We can associate a
(not necessarily unique) tupel p = (py,..., p) of boundary points of 7. We call p a dual
closed MBT of g. Note that we do not require that consecutive points in py,..., p, are
distinct. In fact, Figure d.4)depicts an example in which there are two consecutive points in
p that are equal. Thus, strictly speaking, p does not encode a closed polygonal line unless
we allow that line segments between two vertices can have length 0. This ambiguity has not
much influence on the remainder of this thesis. We simply keep in mind that consecutive
vertices of closed MBTs are distinct while consecutive vertices of dual closed MBTs may
not be distinct.

For a closed polygonal line (qi,. .., q,) we call

m

(s qm) = D ure(gjen — q5)
=1

with g,,+1 := q) the {r-length of g. Another discovery about Minkowski billiards, which
is highly relevant for this thesis, is the fact that the minimal {7-length of a closed MBT is
exactly the minimal action of a generalized closed characteristic (see Definition [2.3.5).
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q2

q1 q3 P3

pP1r=p2

Figure 4.4: A closed MBT g = (q1, ¢2,¢3) and a dual closed MBT (p1, p2, p3) of g. Not all
consecutive vertices of the dual closed MBT are distinct. More precisely, p; = p>. Asin
Figure[d.3| K is depicted in blue and T is depicted in green. The red area depicts the normal
cone at p; or p;.

Theorem 4.1.3. [66]] Let K = R" be a convex body and let T < R" be a strictly convex
body.

(i) Let x be a generalized closed characteristic on (K x T) with minimal action, i.e.
cenz(K x T) = A(x). Then there is a generalized closed characteristic X = (X4, X))
on 0(K x T) such that:

o X, is a closed (K, T)-MBT with minimal {r-length,
o X, is a dual closed (K,T)-MBT of %,
o A(x) = A(X) = £r(xy).

(ii) Let q be a closed MBT with minimal {r-length. Then there is a generalized closed
characteristic x on (K x T) with minimal action and

Theorem makes apparent that it is beneficial to compute the {r-length of some
closed MBTs if we want to study the EHZ capacity. Moreover, if we are given the vertices
of a closed MBT ¢ as well as the vertices of a dual closed MBT, then the computation of
the {7-length of g is particularly simple.

Lemma 4.1.4. [66] Let T < R" be a convex body. Then for every z € R" and every y € 0T
we have:
pre(z) = 7'y < z€ Nr(y).

If g = (q1,-..,qm) is a closed MBT and if p is a dual closed MBT of ¢, then we have
gj+1 — q; € Nr(p;). Consequently, if we denote g,,+1 := ¢, the £7-length of ¢ is

m

tr(q) = . pre(gjon — ;) = (g1 — )"y (4.2)
j=1

J=1
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Now, we can outline the strategy that we pursue in this chapter to calculate cgyz(K X
T). From Theorem we know that finding a generalized closed characteristic with
minimal action (and consequently finding cgpz(K x T)) is equivalent to finding a closed
MBT with minimal {7-length. Additionally, Theorem[d.1.2] provides us with a way to find
such a closed MBT. We search for points ¢, ..., q, € 0K and py,..., p, € 0T that satisfy
(@1). Alkoumi and Schlenk [6] also followed this approach in the Euclidean case for two-
dimensional sets and suggested the application of this idea to the more general Minkowski
setting as an open problem.

4.2 Properties of closed Minkowski billiard trajectories

The goal is now to use the strategy that we sketch at the end of Chapter [4.1]to formulate an
algorithm that computes cgpz (K x T). In the process we encounter some problems that we
need to solve first. The most obvious problem is that we successively search for m points
on the boundary of K and m points on the boundary of T for every m > 2. This is difficult
without a threshold for m at which we can stop. In [6] this problem is resolved using a
result from [18] that states that a closed EBT with minimal £7-length has only two or three
bouncing points. The following theorem is a generalization of this result to the Minkowski
setting.

Theorem 4.2.1. [66] Let K S R" be a convex body and let T = R" be a strictly convex
body with smooth boundary. Furthermore, let (q1,...,qn) be a closed MBT with minimal
Cr-length. Following Theorem [#.1.2) we take p; € 0T, u; € Nk(q;) with ||uj|] = 1 and
1 € Rxo such that

Dj+1 = Pj= —Hj+1Uj+1,
Sforevery je {1,...,m}, where pyi1 1= p1, Uy := Uy and py1 := 1. Then the cone
U := cone {uy,... Uy}

is a linear space with dimension m — 1. Moreover, we have
dlm(NK(qj) N 7/{) = 1,

Sforevery je {1,...,m}.

Theorem[d.2.T]is useful for the implementation of our algorithm for three reasons. First,
we have

m—1=dmU < n,

which means that in our algorithm we only need to consider m € {2,...n + 1} rather than
every m = 2.

Second, if we consider m = n + 1, then Theorem states that the normal cone
Nk(q,) is one-dimensional for every j € {1,...,m}. Hence, if we search for a closed MBT
with minimal £7-length that has n 4+ 1 bouncing points, then it is sufficient to look for a
regular closed MBT.
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Third, Theorem.2.T|gives us a way to rule out certain choices of gy, . . ., ¢,, in advance.
Let us assume we are given ¢y, ..., g,, that are smooth boundary points of K. This means
the normal cone Nk(g;) is one-dimensional for each j € {1,...,m}. Therefore, uj, ..., u,
are uniquely determined and we can check whether the cone spanned by them is a linear
space with dimension m — 1. If not, we know that (g, ...,g») is not a closed MBT and
there is no need to look for py,..., p,.

We have another theorem that allows for a similar observation. It makes a statement on
the dimension of the convex hull of the bouncing points g1, ..., g,. Via Theorem[d.T.2]this
turns out to be useful in the search of a dual closed MBT (py, ..., pu)-

Theorem 4.2.2. [66|] Let K,T S R” be strictly convex bodies with smooth boundaries and
let g = (q1,-..,qm) be a closed MBT with minimal {r-length. Then we have

dim(conv{qy,...,qn}) =m— 1.

Later in Chapter d.3.1| we see how Theorem [4.2.1| and Theorem [4.2.2] can be exploited
in the implementation of our algorithm.

Next, we discuss an alternative formulation for closed MBTs with minimal {7-length.
For this we let

F(K):={MCR":$teR", M+t CintK},
Fou1(K):={MCR": M| <n+1, Me F(K)}.

In other words, F,+1(K) consists of sets with at most n + 1 points that we cannot shift
into the interior of K. We have the following theorem that establishes a one-to-one corre-
spondence between closed MBTs with minimal ¢7-length and members of F,(K) with
minimal {7-length.

Theorem 4.2.3. [66]] Let K = R" be a convex body and let T < R" be a strictly convex
body. Furthermore, let ¢ = (q1,...,qm) be a closed polygonal line. Then q is a closed
MBT with minimal Cr-length if and only if it is a member of

{d' =(d).--.q1): k= 2. {q\.....q;} € Fura(K)}
with minimal Cr-length.

We use Theorem [#.2.3]in Chapter [4.3.2] to justify the application of our algorithm to
instances where T is a polytope and thus neither strictly convex nor with smooth boundary.
More precisely, we use Theorem [4.2.3| together with a continuity result to show that it is
sufficient to find a member of F,(K) with minimal ¢7-length if we want to compute
cenz(K x T), even if T is not strictly convex. We give the continuity result in the following
theorem. Every convergence that comes up in this statement is with respect to the Hausdorff
metric dy as defined in Chapter [2.3]

Theorem 4.2.4. [66]

(i) Let T € R" be a strictly convex body and let (K;)ien be a sequence of convex bodies
in R" that converges to some convex body K C R". Then there is a strictly increasing
sequence (i}) je of indices such that the sequence (q")jew of closed (K;,, T )-MBTs
with minimal €r-length converges to a closed (K, T )-MBT with minimal r-length.
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(ii) Let K € R" be a convex body and let (T;)ien be a sequence of strictly convex bodies
in R" that converges to some convex body T < R". Then there is a strictly increasing
sequence (i}) jen of indices such that the sequence (q") jen of closed (K, T;,)-MBTs
with minimal le.j-length converges to a closed polygonal line g = (q1, ..., qn) With

{q1>--->qm} € F(K) and
tr(q) = min{tr(q'): ¢' = (g1 qi): {q1.--.. g} € F(K)}.
Furthermore, q is a closed (K, T)-MBT.

4.3 Formulation and implementation of the algorithm

Next, we turn our attention to the implementation of the strategy that we sketch at the
end of Chapter .1 We start with the Euclidean case and develop an algorithm to find a
regular closed EBT that has minimal £7-length among all regular closed EBTs. According
to Theoremmmis gives us an upper bound on the EHZ capacity of K x B;(0).

Afterwards, we focus on the Minkowski case and formulate an algorithm to find a
closed MBT with minimal ¢7-length if both K and T are two-dimensional polytopes, i.e.
polygons. Thus, this gives us an algorithm that computes the EHZ capacity of K x T for
polygons K and T.

4.3.1 The Euclidean setting

In the following, we let K < R” be a full-dimensional polytope. Since we consider the
case T = By(0), the £7-length is the usual Euclidean distance. Thus, we simply say length
instead of £7-length while we examine the Euclidean setting. First, we recall the strategy
that we sketch at the end of Chapter[d.T)and provide a few more details.

Algorithm 1 Shortest closed EBT

1: forme{2,...,n+ 1} do

2: for every choice of m pairwise different facets F1, ..., F,, of K do

3: For every j € {1,...,m} let u; be a unit vector in Nk(q;4+1) for some point
gj+1 in the relative interior of F;;, where gnuy1 = qi and F,4 = F.
Construct a closed polygonal line y by successively moving in the directions
—uy, ..., —U,. Translate and scale y with a positive factor such that its vertices
lie on the unit sphere S"~!. Let ny, ..., n, € S"~! be these vertices, i.e.:

Mjp1 = Nj = —HjU;

with appropriate y1; € R+ for every j € {1,...,m}, where n,,41 1= nj.

4: Construct a closed polygonal line ¢ by successively moving in the directions
ny,...,n,. Translate and scale & with a positive factor to get a closed polygonal
line ¢ = (q1,...,gm) such that g; € F; and

qj+1 = qj = Ajn;

with appropriate 1; € R+ for every j € {1,...,m}, where g,+1 := q1.
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5: Calculate the length of the closed polygonal line ¢ and store it, if it is the
smallest among all such closed polygonal lines found so far.

6: end for

7: end for

Note that the unit vector u; that appears in Algorithmis unique forevery j € {1,...,m}
since Nk(gj+1) is one-dimensional and that u; does not depend on the choice of gj .
Furthermore, we point out that it is not always possible to construct the closed polygonal
lines vy and £ or to translate and scale them in the required way. In this case we reject the
current iteration and proceed with the next choice of facets F, ..., Fy,.

Theorem[d.1.2)ensures that every closed polygonal line found by Algorithm|[I]is indeed
a closed EBT. More precisely, if (¢1,...,qn) is such a closed polygonal line, then it fulfils
(@T) by construction. We will now examine this algorithm in more detail.

First, we note that we require u;,4; > 0 here, while Theorem @] only suggests

tj,A; = 0. The reason for this is that, on the one hand, the bouncing points gi,...,qn
should be pairwise distinct. Thus, we can consider positive instead of nonnegative 4;. On
the other hand, if y; = 0 for some i € {1, ..., m}, then we have n;; | = n;. Thus, g1 2 —¢qiv1

is a multiple of g;+; — g;, where g,,11 := g1 and g,,42 := g». In other words, we find that
qi,qi+1 and g;4» lie on a straight line. Therefore, we can remove g;+; and n;; without
changing the length of (g1, ...,¢n). One can check that after removing ¢;.; and n;.; the
remaining points still fulfil #@I). So, the algorithm already found a closed EBT with less
than m bouncing points that is at least as short as (gy, ..., qm).

We proceed to discuss the third step in Algorithm [} For this, we let Fy,..., F,, and
ui, ..., Uy, be as described above in the algorithm. Let U be the (n x m)-matrix containing
ui,...,uy as columns. If for every j € {1, ..., m} there is a smooth boundary point g; of T
with g; € Fjand n; € S~ ! such that (@) is fulfilled, then there are uy, . ..,u, > 0 such
thatnj, | —n; = —pu; with n, 4 := n;. Thus, because of

m m
0= (njw1 —nj) = — Y pjuj,
j=1 j=1

we have that uy,...,u, are linearly dependent. Hence, tk(U) < m — 1. On the other
hand, if we assume that the regular closed EBT (g, ..., q,) has minimal length, then by
Theorem m the convex cone spanned by uy,...,u, is an (m — 1)-dimensional linear
space. In particular, there are (m — 1) linearly independent vectors in {uy,...,u,}, so
tk(U) > m — 1. Together, we have that rk(U) = m — 1 is necessary if we search for
a regular closed EBT with minimal length. In this way, some choices of Fi,..., F,, can
be discarded immediately. More precisely, after we choose facets Fy, ..., F,, we compute
tk(U). If this rank is not equal to m — 1, then we can directly proceed with the next choice
of facets. We note that tk(U) = m — 1 also implies that

m
—Zujuj =0
j=1

has up to scaling a unique solution yj,...,u,. Consequently, there is up to homothetic
transformations (i.e. up to scaling and translating) only one closed polygonal line that we
can get by successively moving in the directions —u; ..., —uy,.
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To find suitable ny,...,n, € S"~! welety = (yi,...,¥n) be this closed polygonal
line. The task is now to translate and scale y with a positive factor such that the vertices
of y lieon § =1 We take ny,...,n, as these vertices. Note that in the fourth step of the
algorithm it is required to form another closed polygonal line by successively moving in
the directions ny,...,n,,, i.e.:

Ay >0 ) Any = 0. (4.3)
J=1
If this property is satisfied, one says that ny, ..., n,, form a fotally cyclic vector configura-

tion. Following [105] we can find an equivalent characterization by using Farkas’ lemma.
More precisely, (@.3) holds if and only if for every vector v € R” one of the following two
conditions is satisfied:

(a) an.v < 0 for some j € {1,...,m},
T _ .
(b) niv= Oforall je {l,...,m}.
Hence, if ny, ..., n,, are a totally cyclic vector configuration, it follows that
VoeR"3je{l,....,m}:v'n; <0. (4.4)

This property is less restrictive than (.3)), which is illustrated in Figure [4.5] but it is still
sufficient for the upcoming arguments. In particular, we would like to scale and translate
v such that its vertices ny,...,n, € sl satisfy @]) If this is not possible, then we
are not able to construct the closed polygonal line ¢ in the fourth step of Algorithm [T]and
consequently we can reject the current iteration.

w1 w
U1 2

U w3

wy
U3 Wws

Figure 4.5: On the left, the points vy, v, v3 form a totally cyclic vector configuration. On
the right, the points wy, w,, w3, ws, ws do not form a totally cyclic vector configuration but
they still satisfy (@.4).

While there might be multiple possibilities to scale and translate y such that its vertices
lie on S~ !, there is at most one possibility such that the vertices fulfil {#.4).



Section 4.3 Formulation and implementation of the algorithm 47

Lemma4.3.1. Lety = (y1,...,¥m) ER" x ... x R",
Sy={(u,t): peRug, teR", |luy;+t|]| =1 forall je{1,...,m}}

and (u*,t*) € Sy. If ny,...,n, € S" ! satisfy @&4), where n; = u*vy; + t* for every j,
then:

u* =max{u: (u,t) €S, forsomereR"}.

Proof. First, we observe that the maximum in the statement is indeed a maximum. To see
this, we let ((u, #) ke be a convergent sequence in R x R” with (u, 1) € S, for every
k € N such that

= klim i =sup{pu: (u,tr) €S, forsomereR"}. 4.5)
— L

Since || uy; + || is continuous in x and ¢ for every j € {1,...,m}, the limit (&,7) of this
sequence is either contained in S, as well or satisfies i = 0. But due to the existence of
(u*,1*) € S, we know that S, is not empty and in particular z > 0. Hence, the supremum
in @.5) is infact a maximum.

Next, we show that the existence of (i, 7) € S, with i > u* yields a contradiction. For
Jje{l,...,m} we have

L 1%
nj—t ~

e

Fyj+1=[

where ¢/ = fi/u* > 1 and ¢’ =7 — (fi/u*)r*. Because of (u*,t*), ({i,7) € S, we get

/

~ ~ 2
U= || gy + 117 = [lu'nj + 7|7 = u"|InjI]* + 260l ¢ + ||
—u”+ Z/J'nJT-t’ +1711%
Since ny, ..., n, satisfy (.4)), there is some i € {1,...,m} such that nl.T(—t’) < 0. Hence,
0=p> +2unl? +|IIP =12 u? +|I]P 1> |I/|P >0,
which is a contradiction. |

Lemmald.3.1]implies that if the vertices of w1y +t; and oy + 1, with (1, 11), (w2, 1) €
S, form totally cyclic vector configurations (and hence satisfy (.4)), then they are scaled
by the same factor, i.e. u; = pp. However, we also need #; = #, to make sure that there is
only one suitable way to scale and translate y. The next Lemma shows that this is indeed
the case.

Lemma 4.3.2. Lety = (y1,...,¥m) € R" X ... x R", let S, asin Lemmaand let
(11,11), (42, 12) € Sy. Furthermore, let ny, ... 0y, 0y, ... .1, € S~ be defined by

nj=y;+t and nj = oy +n

forevery je{l,...,m}. Ifny,...,n, satisfy @4), then (1, 11) = (2, 12).
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Proof. From Lemma.3.1|we have y; = 1, and therefore for every j € {1,...,m}:

nj—1n

n;-=/.t1yj+t2=/,t1 +h=n;j—1t +1h.

Similar to the calculation in the proof of Lemma4.3.T|we get
L= |[|n|| = |lnj =t + 6|l = 1+ 20T (s — 11) + ||ta — 11

Hence, the term njr(tz — 1) does not depend on j. Because of (@4) one can find i €
{1,...,m} such that
I’llT (1‘2 — I]) <0

and similarly there is k € {1,...,m} with
n,{(tl — l2) <0 n,{(l‘z — l‘]) > 0.

Since these terms do not depend on the indices i and k, we get an(tz —t1) = 0 for every
j€{l,...,m}. Furthermore, we get

1=1+ ||l2 —l1||2,

and so t, = ;. O
Assume we find some ny, ..., n,, € S"~! by scaling and translating the closed polygonal
line y as described above. Remember that by construction of y we have nj | —n; = —pju;
with some y; > 0 for every j € {1,...,m}, where n,,;; := n;. This implies:
2 2 T 2 2
U=l [I7 = lnj — | |” = VIl = 2pm e + sl uj|

T 2
=1—=2un;u;+ p;

= 0=p;(u; — 2nfuj).
Because u; is positive, we have y; = 2nJT.u ; and

njp1 = nj— pjuj = nj = 2(nju;)u;

for every j € {1,...,m}. Therefore, if one of the vectors ny,...,n, is known, then the
remaining ones can be calculated recursively. In the following, we choose to search for
ny. This search can be carried out by an SOCP (see Chapter [3.2.7). Before we derive this
SOCP we need the following identity:

nj=nj =200 ju;uj = (1= 2u; uj_)nj
j—1
=(I— 2uj_1u]T-_|)(I — 2uj_2u]T._2)nj_2 =...= <HI — 2uiu[T> ny.
i=1

This identity holds for every j € {1,...,m}. Two types of constraints are necessary for the
SOCP. First, we rewrite the condition n; = n,, 11 with n,,4 1 := 1, — 2(nL )y

m
ny = ny — 20l u )y, = (I — 2upu’ \n, = (HI — 2u,~uiT) ny.
i=1
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Second, we require u; > 0 for every j € {1,...,m}, where

j—1
Hj= Zn?uj = 2u_]T- (Hl — 2uiuir> n.
i=1

Here we can replace the strict inequality by >. The reason for this is the observation

made earlier (see page [43)), that the closed polygonal line y is unique up to homothetic

transformations. So, if a solution of the SOCP yields u; = 0 for some i, then every solution

yields y; = 0 and no regular closed EBT (g1, ..., gn) withg; € F; for j € {1,..., m} exists.
For the objective of the SOCP we note that

m m m ji—1
S S - 30 (1120 ) . @9
j=1 j=1 j=1 i=1

The vectors ny,...,n, are required to be vertices of uy + ¢ for some (u,t) € S y- Lemma
[.3.1] states that the only possible way for ny, ..., n,, to form a totally cyclic vector config-
uration is if ¢ is maximal. Hence, we would like to choose n; such that (@.6) is as large as
possible. Thus, we obtain the following SOCP:

m j—1
max Z ZMJT (HI - 2u,~uiT) X
j=1 i=1

j—1
s. t. 2u]T< I—Zuiu?)xZO Vje{l,...,m}
=1

i

(fr-e) e

xeRY x| < 1.

We note that this SOCP is not in primal standard form as introduced in Chapter [3.2.2] but
we can bring it into primal standard form by introducing slack variables.

If there is an optimal solution x*, we pick n; = x*. Then it is easy to see that n; lies on
S"~1. First, we note that the optimal value is nonnegative because of the first constraint. In
fact, if there is a regular closed EBT for the given choice of facets, then the optimal value
is positive. Otherwise, an optimal value of 0 would imply u; = O for every j € {1,...,m}.
Thus, if we assume ||x*|| = ||n1]| < 1 then x*/||x*|| would be a feasible solution as well
but would have a greater objective value. This would contradict the optimality of x*.

We now have a way to find n; and hence also ny, ..., n,. These vectors are unique by
Lemma[.3.2] This concludes our discussion on the third step of Algorithm[T]and we move
on to the fourth step.

We proceed in a similar fashion as before to find the bouncing points ¢y, ..., g, of a
regular closed EBT. Equation (4.1)) states that g, — ¢; = A;n; needs to hold for every
je{l,...,m}, where A; > 0 and ¢,,41 := ¢i. Thus, just like u,...,u,, we have that
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ni,...,n, are linearly dependent:
m
OzZqH_l—qJ E/In]
j=1
We would like the (n x m)-matrix (ni,...,n,) to have rank m — 1. Then the closed
polygonal line that we get by successively moving in the directions ny, ..., n,, is unique up
to homothetic transformations. Indeed it can be shown that this is the case if we make two
assumptions. If for a given choice of facets Fy,..., F,, one or both of these assumptions
are violated, then we proceed with the next choice of facets.
First, we assume that the bouncing points ¢y, .. ., ¢,,, Wwhich we are going to find in the

remainder, belong to a regular closed EBT with minimal length. In particular, this includes
the assumption that among all closed EBTs with minimal length there is one that is regular.

Second, we assume that the convex hull of ¢y, ..., g, has dimension m — 1. Note that
if the first assumption is satisfied and if K is a strictly convex body with smooth boundary,
then Theorem {.2.2] implies that the second assumption is satisfied as well. However, in
our case K is a polytope, i.e. neither strictly convex nor with smooth boundary.

Using these two assumptions we now show that the matrix that contains ny, ..., n,, as
columns has rank m — 1. We clearly have

tk(ng,...,ny) <m—1
because ny,...,n, are linearly dependent. Due to the assumption that the convex hull of
q1,---,qm has dimension m — 1, we find that
q1 —49ms 92 — 49ms --- s 9m—1 — gdm

are linearly independent. Recall that rk(AB) = rk(A) for A € R"*" and B € Gl,,(R). Thus,
we get:

m—l :rk(q] —qm q2 — gdm qm—1 _‘Im)
1 -1 0
=tk | (@1=Ggn ©2—Gn - Gu-1—Gqm) -
0 1
=rk (ql —qm q992—qQ1 43 —4q2 ... Gm—1— Qm—Z)
=rk (/lmnm /l]fl] 12712 o Am—an—Z)
=rk (nm . nm_z)
Sk(nl nm).
The second to last line of the equation holds since A, A1, ..., An—2 > 0. Thus, it follows
that the closed polygonal line which we get by successively moving in the directions
ni,...,Ny, is unique up to homothetic transformations. In the following we let £ be such a

closed polygonal line, i.e. £ = (£1,...,&,) and

&1 — &= An;
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with /l;. > 0forje {1,...,m}, where &, := &. The task is now to find A > 0 and s € R"
such that A¢; + s € F; for every j. We can complete this task using an LP (see Chapter

3.2.1). For j € {1,...,m} let
Hj={xeR": ulx=b;}
be the unique supporting hyperplane of K that contains F';. Then we require

Aj+seFj— Aj+seKnH;
— (/1§j+s)Tuj=bj, (/lg-"j-i-s)Tu,-Sbi Vi#j

= (§u ) (?) =bj. (§ui u) </s1> b Yi# |

Additionally, we would like to make sure that (if possible) the resulting closed EBT
(q1,-..,qm) With g; = A¢; + s is regular. Thus, we maximize the smallest slack of the
form b; — (/LfJTu, +ul's)with 1 <i,j < mandi # j. This leads us to the following LP
with n 4 2 variables:

max p
s.t. p,A€R5p, seR”

(&fu; ul) (j) —b; Vje{l,....m}

p<bi—(Eu u) (ﬁ) Vi, je{l,...,m}, i # ]

Again we can bring this problem into dual standard form by introducing slack variables.
Note that every solution of the LP satisfies 4 > 0. If otherwise 4 = 0, then the equality
constraints state that s € H; forevery j € {1, ..., m}. This means all supporting hyperplanes
that contain a facet of K intersect at the common point s, which is not possible if K is a
polytope.

If the LP has an optimal solution (p*, A*,s*), then we let g; = A*¢; + s* for j €
{L,...,m}. Moreover, if p* > 0, then (g1, ..., qy) is a regular closed EBT that potentially
has minimal length, meaning it fulfils the conditions in Theorem[4.2.1|and Theorem[4.2.2]
ie.

dim(conv{qy,...,qm}) =m—1,
dim(cone{uy, ... upy}) =m— 1.

To ensure that we do not miss regular closed EBTs that potentially have minimal length,
we prove that it suffices to find one such closed EBT per choice of F1,..., F,.

Theorem 4.3.3. Let Fy,...,F, be facets of some full-dimensional polytope K < R" and

letqj,q;. € Fjfor every j € {1,...,m}. Assume q = (qi,...,qn) and q' = (q},....q),)
are regular closed EBTs. Furthermore, assume that the conic hull of the one-dimensional
normal cones Nk (q1), ..., Ng(qm) is a linear space with dimension m — 1. Then:

Cp,0y(q) = €5, 0)(d').
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Proof. According to Theorem there are ny,...,ny,n},...,n, € S"! such that for
every j€ {1,...,m}:

{%‘H —qj=A4n;, 1; =0, and {q}+1 —q;=An", A, =0,

njy1 —nj € —=Ng(qj+1) n;H n € —Nk( ]+1)
where ¢,+1 = q1, Nyuy1 = np and ":n+1 = n’1 As we discuss earlier in this chapter,
ni,...,n, are unique and only depend on Nk(q1), ..., Nkx(qn), due to the assumption that
the conic hull of Nk(q1),...,Nk(gn) is a linear space with dimension m — 1. Therefore,

we have n; = n; for j € {1,...,m}. Identity (4.2) now states that

(gj+1— %‘)Tnj’

I
=

€5, 0y(q)

~.
Il
—_

N\NT

(Q;Jr] - qj') nj.

Il
M=

g, 0)(4")

~.
Il

Thus, we get:

M=

€5,0)(9) = s,0)(q") = [(%’H —q)'nj = (dy, — 4})T”j]

~.
Il
—_

(@41 = a)) " + (¢ = a)"n]

\
Il

Il
.'M§

S

m
(qj+l qj+1 n‘ qu+1 q]+l n]+1

~.
Il

I
M=

(¢ = qjs1) (nj1 — nj).

~.
Il
—_

For every j € {1,...,m} we let u; be the unique unit vector in Nx(q,4+1) and we let
Hi'H = {y eR": l/tfx = bj-‘rl}

be the supporting hyperplane of K that contains Fj,, where F,,;| := F;. On the one
hand, we have

T/ 1 _ T 1 T 1. . _
u; (g1 — qj+1) =ujqi . —u;qje1 =bj1 —bjy = 0.

On the other hand, nj —nj € —Nk(gj+1). Thus, nj; —n;jis a multiple of u;. This yields
€,(0)(9) — {8,(0)(¢') = 0. o

We conclude that if there is a closed EBT (qj,...,q,) with minimal length that is
regular and such that

dim(conv{qy,...,qm}) =m—1,
dim(cone{uy, ..., uy}) =m—1,
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then Algorithm [] returns its length. If there is no closed EBT with these properties, the
algorithm returns an upper bound on the minimal length. Together with Theorem[4.1.3| we
have an algorithm that computes an upper bound on cguz(K x B;(0)).

K with minimal closed polygonal line T with minimal closed polygonal line

1.0
2 4
0.5
14
0.0
0
—0.5 1
-1 -
—1.0
T T T T T T T T T T
-2 -1 0 1 2 -1.0 —0.5 0.0 0.5 10

Figure 4.6: An exemplary output of Algorithm The input is a randomly generated
polygon K. K and the two-dimensional Euclidean unit ball are depicted in blue. The
calculated closed polygonal lines ((g1, ¢2,¢3) on the left and (n;,n,,n3) on the right) are
depicted in orange.

For each choice of Fy, ..., F,, Algorithmﬂ]needs to solve the following tasks: Calculate
the rank of an (n x m)-matrix, solve an SOCP with n+m+ 1 constraints and n+ 1 variables,
solve an (n + 1) x m system of linear equations and solve an LP with mj constraints and
n + 2 variables, where f is the number of facets of K. All these tasks are solvable in
polynomial time with respect to the dimension n and the number of facets of K. However,
there are Z;’ié (5) Jj! possibilities to choose at least 2 but at most n + 1 facets, respecting
their order. We can slightly reduce this number since a circular shift of the chosen facets
Fi,...,Fy will yield a similar but shifted result. This leaves us with 375, (£)(j — 1)!
possibilities. The calculations for each of these possibilities are independent of each other.
Therefore, we utilize parallel computing to accelerate the execution of the algorithm.

Table [6.1] in the appendix collects the running time of Algorithm [I]for some instances
where the billiard table is a polytope K of dimension 2, 3 or 4 which we generate in the
following way. First, we choose some normally distributed random vectors. We scale each
of these vectors by some scalar between 1 and 3 and we decrease the length of this range if
the amount of random vectors becomes too large. Afterwards, we receive K as the convex
hull of these vectors. Instead of a total running time the table shows the time needed to
compute a suitable regular closed EBT with 2, 3, 4 and 5 bouncing points respectively. The
table suggests that the calculations for m bouncing points with m < n+ 1 terminate quickly.
The reason for this is that many iterations are rejected early when the rank of (uy, ..., u,) is
checked. All calculations have been done on a Dell Latitude E6530 laptop with Intel Core
17-3520M processor, 2.9 GHz (capable of running four threads). We use the programming
language Python [96] and mainly utilize the NumPy library [48]. Furthermore, we solve
the LPs and SOCPs using the respective default solvers of the software Mosek [§]], which
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employ interior-point methods. Throughout this thesis we use the same hard- and software
unless specified otherwise.

4.3.2 Governing the bouncing rule with polytopes

In the remainder of Chapter ] we pay attention to the Minkowski setting. Thus, we let
T be a convex set that is not necessarily the unit ball. Most of the results in Chapter [4.1]
and [4.2] require 7' to be strictly convex and some of them also require that the boundary
of T is smooth. Our next goal is to recover the strategy from the end of Chapter [4.1] for
the case where both K, T < R”" are full-dimensional polytopes. The reason for this is that
polytopes allow for an easy implementation via their vertices or their facets. Besides, we
can approximate every convex body with polytopes.

Throughout Chapter #.3.2] we are concerned with sequences in R” as well as with
sequences of subsets of R". If we say that a sequence in R” converges, then we mean
convergence with respect to the standard Euclidean metric. On the other hand, if we say
that a sequence of subsets of R” converges, then we mean convergence with respect to the
Hausdorff metric dy unless specified otherwise. We recall the definition of the Hausdorff
metric as given in Chapter 2.3

dy(A, B) = max {suplijnlf?Ha —b
€

acA

, supinf||a—b||}, A,BC R
beBaEA

Theorem states that if we take a sequence (T;);en of strictly convex bodies in
R" that converges to T, then we can find a subsequence (7},) e such that the sequence
of closed (K, T;,)-MBTs with minimal foj—length converges to a closed polygonal line ¢*
such that the set of vertices of ¢* lies in

F(K)={M cR":}1eR", M+1CintK}

and such that the £7-length of ¢* is minimal among all closed polygonal lines with this
property. By Theorem m the set of vertices of every closed (K, T;;)-MBT is contained
in

Forr(K) = {MCR": M| <n+1, Me F(K)).

Moreover, since the vertices of a closed MBT lie on the boundary of K, they are contained
in some ball with sufficiently large radius. Using a standard compactness argument we
conclude that the set of vertices of ¢g* lies in F,(K) as well. Together with Theorem

[F13]and Lemma[2.3.3] we have
cenz(K x T) = min{€r(q) : g = (q1,. ... qx) with {q1, ..., qx} € Fpi1(K), k = 2}.

The algorithm that we discuss in Chapter .3.3]expects two full-dimensional polygons
K,T < R? as input. It finds closed polygonal lines (qi,...,¢,) and (p1,..., pn) with
qj € 0K and p; € OT for j € {1,...,m} and m € {2,3} such that (.I)) holds and ¢ has
minimal {7-length among all these lines. The following theorem proves that this suffices to
compute the EHZ-capacity of K x T.
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Theorem 4.3.4. Let K,T € R" be convex bodies. Furthermore, let q be a closed polygonal
line such that the set of vertices of q lies in F,,+1(K) and such that q has minimal Cr-length
among all closed polygonal lines with this property. Then there exists a closed polygonal
line g* = (q1,...,qm) with

q* € argmin{¢7(q) : q is a closed polygonal line and there is a closed
polygonal line p so that the pair (g, p) fulfils (E1)}

suchthatme {2,...,n+ 1} and {r(q*) = €r(q).

Proof. We start by letting (T;);ci be a sequence of strictly convex bodies in R” that con-
verges to T. Furthermore, we let this sequence be an inner approximation, i.e.:

T; € T forallieN.

Applying the same reasoning as before (i.e. apply Theorem [d.2.4]and Theorem {.2.3] take
a subsequence and make a standard compactness argument) we find a converging sequence
(¢")iew of closed (K, T;)-MBTs with minimal ¢7.-length. Furthermore, this sequence con-
verges to some closed polygonal line ¢g* € F,(K) with minimal ¢7-length. In particular,
we have £7(¢*) = €r(q). It remains to show that there is a closed polygonal line p* such
that (¢*, p*) fulfils @.I).

Since qi is a closed (K, T;)-MBT, by Theoremwe can find a dual closed MBT pi
in 7; such that

{q§+1 —d; € Nr(pf),

Plip —Pe =Nk(d),,)

holds for all j € {1,...,m} and for all i € N. Here, ¢}, , := ¢} and p! | := p|. We now
consider the sequence ( p’]) ien for some j € {1,...,m}. Every element of this sequence lies
in the convex body 7. We recall that a convex body is a compact set. Thus, the Bolzano-
WeierstraBl theorem [L5] implies that there is a converging subsequence of (p ),eN By
successively repeating this process for every j € {1,...,m} we find that the sequence
((p'.....PL))icw has a converging subsequence. We now sw1tch to this subsequence while
keeping the notation ((p,..., p!,))iew for the sake of simplicity. We write

&
li
P} = Jim p)
for every j € {l,...,m}. We have p € 0T because on the one hand p is contained in
0T; and on the other hand (7;),er» converges to 7. Next, we show that (by switching to a
subsequence if necessary)

lim NT,»(PS-) c Nr(p7),
—%L

for every j € {l,...,m}. We need to specify what these limits mean since the Hausdorff
metric is inconvenient if we talk about cones. More precisely, if we have two different
cones, then the Hausdorff distance between them is always infinite. Instead we say that
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a sequence of cones (C;);en converges to some cone C, if the sequence (C; N B1(0))ien
converges to C n B;(0) with respect to the Hausdorff metric.
We fix j € {l,...,m} and let

uj € lli,q’fleT‘(pll)

Then there is a sequence (u});en With u; € Nr,(p’) that converges to u;. By the definition
of the normal cone we have

W) (z = pl) <0,

for all z € T; and every i € N. In particular, for every z* € T we can take a sequence (z;);en
with z; € T; that converges to z* and get

() (2 = ) <.

Therefore, by continuity we have

()" (z* = p}) = lim (u})" (z: — p) <.

=0

It follows that u; € Nr(p7) and thus

lim Nz,(p}) € Nr(p}).

1—0

A similar argument proves that lim Nk (¢’ ,) S Nk(q*, ). In total, we get:
i—>L Jj+l j+l1

gt~ = lim (qhy, — a}) € lim Ne(p}) € Ne(p}),

i—C ’

Pl —pf = lim (pjﬂ - pf}) € lim —Ng(q},,) € —Nk(q},)

i—

*

forall je {1,...,m}, where g% | := g} and p» | := p{. So, the pair of closed polygonal

lines (¢*, p*) with p* = (pf,..., py,) fulfils @.1). O

Now, we know that to compute cguz(K x T), where K,T € R" are convex bodies, it
is sufficient to find closed polygonal lines g, p with m vertices, m € {2,...,n + 1}, such
that the pair (g, p) satisfies {@.I)) and such that ¢ has minimal {7-length. If T is strictly
convex with smooth boundary and if we consider m = n + 1, then by Theorem f.2.T| we
can demand that the vertices of ¢ are smooth boundary points of K. We can extend the
proof of Theorem [{.3.4] to obtain a similar result if 7 is an arbitrary convex body and if K
is a polytope.

Theorem 4.3.5. Let K S R” be a full-dimensional polytope and let T € R" be a convex
body. Furthermore, let

Q = {q: q is a closed polygonal line and there is a closed
polygonal line p so that the pair (g, p) fulfils @.I)}.
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Assume that every closed polygonal line g € Q with minimal {r-length has exactly n + 1
vertices. Then there is a closed polygonal line g* := (qf,....q; ) € Q with minimal

Cr-length and a closed polygonal line p* := (p{, ..., pi. ) such that (g*, p*) fulfils (@.1)
and for every j€ {1,...,n + 1} we have

* *
P —Pj 1€ _NK(ZJ')»
where p := p;“ﬂ and z; is a smooth boundary point of K so that z; and q;‘ lie in a common

facet of K.

Proof. We let (T;);en be a sequence of strictly convex bodies in R” with smooth boundaries
such that this sequence converges to 7. Like in the proof of Theorem [#.3.4] we find a
sequence of closed (K, T;)-MBTs ((q},. . .,q, ;))icn and a sequence of dual closed MBTs
((P}, .. Plyy))iew such that the pair of closed polygonal lines (¢*, p*) fulfils @.I), where

9 = zliné ap
pi7 = lim p;
1=
for every j € {1,...,n + 1}. Moreover, g* has minimal {r-length among all closed

polygonal lines in Q. Theoremimplies that the bouncing points of ¢' = (¢},..., ¢, )
are smooth boundary points of K for every i € N. In other words, N, K(q;) is one-dimensional
forevery i € Nandevery j € {1,...,n+1}. If the points g}, ..., qZ‘H are smooth boundary

points of K as well, then the statement follows immediately since
p; —pj_ € —Nk(q7})

holds for every j € {1,...,n + 1}. Therefore, we assume that q; is not a smooth boundary
point of K for some j. In particular, Nk (¢7) is not one- dlmenswnal We note that (g ),eN
and (p ),eN are Cauchy sequences. Hence for every € > 0 there is N € N such that for
every i, k = N:
(=i jut’) — (—peulf)] = 1P — Piy) — (P — PE_)
<|p; =Pl + Py — Pl
e ¢

S_ ST =&,
2 t7=¢

where u denotes the unique unit vector in Nk (g ) and y; j, uy,; = 0 are some scalars as in
@1). Here, ph:=pi,  and p§ = pk_ . Furthermore, we have

llirr/l y”u = hm (p] p’jil) # 0.
Otherwise, p;‘ = p;’.‘_l which would imply that

= (@) G Dt D)5

*
1
(o * * *
= (P1,-~~,P_,-_],Pj+1,~--,l7n+1)

S DIISSY
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satisfy (@.I) and that £7(q) < €r(g*) holds. This would contradict the assumption that
every closed polygonal line in Q with minimal {r-length has exactly n + 1 vertices.

Since K is a polytope, it has only finitely many facets. Therefore, there are finitely
many different outer normal cones of the form Nk (z) with z € 0K. Taking into account that
q? is a smooth boundary point of K for every i € N, this means that the set

{u;:ieN}

is finite for every j € {1,...,n + 1}. More precisely, its cardinality is at most the number
of facets of K. So, if multiples of u’] and u’; become arbitrary close and do not approach 0

as i and k increase, we conclude that there is N’ € N such that u‘J = u’j‘ holds for i,k = N’.
Therefore, we can denote u; := u’} for i > N'. From this follows:

® * 0 _ 1 i i — 1i C U

Pj = Pj1 = IILH}J (p-i _pffl) N zgno}g THLM
Thus, the claim follows if we repeat this argument for every j € {1,...,n + 1}. More
precisely, we pick z; = q;‘ if q;‘ is a smooth boundary point of K and otherwise we pick
Zj = Uj. ]

Theorem [.3.4]and Theorem [4.3.5| motivate the following strategy to compute the EHZ
capacity. Given two full-dimensional polytopes K, T we search for two closed polygonal
lines ¢ = (q1,...,9m) and p = (p1,..., pn) such that g; € 0K, p; € OT for every j €
{1,...,m} and such that (4.I) is fulfilled. We do so for every m € {2,...,n + 1}. If
m = n + 1 we demand that g and p satisfy the following system which is more restrictive

than (@.I):

gj+1 —q;j € Nr(pj),
pj+1 — Pj € =Nk(zj+1)s

for some smooth boundary points zi,...,z, € 0K such that z; and g; are contained in
a common facet of K for every j € {1,...,m}. Here, gu+1 = q1, pm+1 := p1 and
Zm+1 := z1. Together, the observations in Chapter [4.3.2]ensure that the minimal {7-length
among all found closed polygonal lines ¢ equals cgpz (K x T).

4.3.3 The Minkowski setting in dimension 4

Next, we elaborate on the implementation of our strategy to compute the EHZ capacity
in the Minkowski setting. Before we can describe the algorithm in more detail, we need
a statement similar to Theorem [4.3.3] More precisely, we show that if we are given two
pairs of closed polygonal lines (¢, p) and (¢', p'), where the vertices g;, ¢ lie in the relative
interior of a common face of K and the vertices p;, p’; lie in the relative interior of a common
face of T for every j € {1,...,m} and such that both pairs fulfil (.I)), then g and ¢’ have
the same {7-length.
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Theorem 4.3.6. Let K,T = R" be nonempty, convex sets, let Fy,...,F,, be faces of K
and let Gy,...,Gy, be faces of T for some m > 2. Furthermore, let ¢ = (q1,...,qm),
q = (q).-...q,) be closed polygonal lines with vertices on 0K. Assume there are closed
polygonal lines p = (p1,...,pm), p' = (P},....P),) with vertices on 0T such that both
(g,p) and (¢, p') fulfil @I). Moreover, assume for each j € {1,...,m} that qj,q;. €
relint F'; and pj, p; € relint G; (where we apply the convention that the relative interior of
a single point is the point itself). Then €r(q) = €7(q’).

Proof. We start the proof by stating a simple fact. If F is a face of a polytope P with
dim(F) = 1 and y1,y, € F, then

(y1 —y2)"v =0 Yo e Np(z) 4.7

holds for every z € relint F. To see this, consider the affine hull of F and shift it such that it
is a linear space, i.e. such that it contains the origin. Then the vector y; —y, is an element of
this space and Np(z) with z € relint F is contained in the corresponding orthogonal space.
Note that (@.7) also holds if F is a vertex because then y;,y, € F implies y; = y,. Now

recall @)

qj+1 —4; € Nr(pj), i1 — q; € Nr(p)).
Pj+1 — Pj € =Nk(qj+1), Pl — P € =Nk(d),y),
where g1 := q1s Pm+1 := P1, q;nH = ¢q; and perl := p}. The following calculation
completes the proof:
m
tr(d) = 2, dj =)' p

~.
Il
—_

I
M=

(dip1 — 47 P+ (@j41 — 4))" P — (@41 — 4)" P
J J J J

~.
Il

m m m
= > (gj1 - Z L= i — 45 )"
=1 j=1 j=1
m m m
=Y (@ir1—q Z L= —d) P
=1 =1 =1
m m
=>\(gir1—q Z —Pis) =D (@i —a)" P
Jj=1 Jj=1 j=1
m m m
=) (gjr1 — Z qjv1 — —pj) = Z(qm —q,)" pj = tr(q),

~.
Il

~.
Il

where p{, := p;,. In the last and second to last lines of this equation we use the following
identity, which follows from (@.7):

(g; = )" (Pi=1 = P)) = 0= (q;51 — a)" (P — pj). O
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Theorem [4.3.6] and the observations from Chapter [4.3.2] suggest the following two
algorithms to find closed MBTs with two or three bouncing points that have minimal {7-
length. Together, these algorithms provide a way to compute cgyz (K xT), where K, T € R?
are polygons. The input for both algorithms are the faces, i.e. vertices and edges, of K and
T. In the following we let

F(P) := {F € P: F is a vertex or an edge of P}

for every polygon P.

Algorithm 2 Shortest closed MBT with two bouncing points
1: for every choice of Fy, F € F(K) with F| # F, and G|,G, € F(T) with G| # G,
do
2. Let Ng; = Ng(y) for some y € relint F; and let Ny; = Nr(z) for some
zerelintG; and for j € {1,2}. Find points ¢; € F; and p; € G; such that

{qj+1 —4q; € Nz.j» 4.8)
Pj+1 — Pj € —Nkj+1,

where g3 := ¢q; and p3 := p;.
3: Calculate ¢r ((g1,q2)) and store this value if it is the smallest value found so far.
4: end for

Algorithm 3 Shortest closed MBT with three bouncing points

1: for every choice of three different edges F'y, F», F3 of K do

2: Let u; be the unique unit vector in Ng(y) for some y € relint F;. Con-
struct a closed polygonal line y by successively moving in the directions
—uy, —uy, —u3. Translate and scale y with a positive factor such that its vertices
lie on the boundary of T'. Let py, p2, p3 be these vertices, i.e.:

Pj+1 = Pj = ~Hj+1lj+1

with some suitable y; € Ry for every j € {1,2,3}, ps 1= p1, us := u; and

Ha 1= H1-
3: for every choice of unit vectors w; € Ny(p;) for every j € {1,2,3} do
4: Construct a closed polygonal line & = (&,...,&y,) by successively moving in

the directions wy, wy, ws. Translate and scale & with a positive factor to get a
closed polygonal line ¢ = (g1, q2, q3) with g; € F; for every j € {1,2,3}. In
particular:
qj+1 = qj = A,
with some suitable A; € Ry for every j € {1,2,3} and g4 := ¢.
5: Calculate ¢r(g) and store this value if it is the smallest value found so far.
6: end for
7: end for
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We proceed to discuss Algorithm [2} For each choice of Fy, F, € F(K) and for each
choice of G, G, € F(T) we compute closed polygonal lines ¢ = (q1,¢>) and p = (p1, p2)
that fulfil such that ¢; € F; and p; € G; for j € {1,2}. Note that Theorem [4.3.6]
implies that Algorithm 2] considers for each

r € {€r(q): qis a closed MBT with two bouncing points}

at least one closed MBT with {7-length r if we ask for g; € relint F'; and p; € relintG; in
each iteration. We allow ¢; € 0F; and p; € 0G; as well because we can extend the proof
of Theorem[4.3.6]to the case where ¢; € F; and p; € G; such that (4.8) holds.

To reduce the running time we check whether Ng(g1) N —Nk(g2) and Nr(p1) 0
—Nr(p2) are nonempty before we start the calculation. The reason for this is that the
existence of a pair (g, p) of closed polygonal lines that satisfy (4.1)) implies:

—Nx(q2) 2 p2 — p1 = —(p1 — p2) € Nk(q1),
Nr(p1) 2 q2 — q1 = —(q1 — q2) € —=Nr(p2).

Note that the normal cones Nk (q,), Nr(p;) only depend on F';, G;. So, in the following we
can assume that these intersections are indeed nonempty. The goal is now to calculate a pair
of suitable closed polygonal lines (g, p) if possible. To this end, it is helpful to distinguish
F;,G; into edges and vertices. We consider the following cases:

1) Fi,F,,Gy,G> are vertices.
2) F,, F, are vertices and among G, G, there is at least one edge.
3) Among Fi, F,; and among G, G, there is at least one edge.

All remaining cases can be covered by switching the roles of K and 7.

The first case is easy. If Fy, F, Gy, G, are vertices, the resulting closed polygonal lines
are unique and we can check directly.

We start the investigation of the second case by assuming that both G, and G, are edges.
Then Nr(p1) and Ny (p») are one-dimensional cones. Let w; be the unique unit vector in
Nr(p;) for every j € {1,2}. We can verify whether ¢ — g1 € Nr(p1) holds by checking
whether w) is a positive multiple of ¢, — ¢;. If this is the case, then ¢ — g2 € Nr(p2)
follows directly since we assume that Ny(p;) n —Nr(p,) is nonempty. Alternatively, we
can check whether wy is a positive multiple of g1 — ¢, and get g, — g1 € Nr(p;) for free. It
remains to solve the following problem:

Find p;, p> such that:
p1 € Gy, p2 € Gy,
P2 — p1 € —Nk(q2),
p1— p2 € —Nk(q1).

We can express the constraints by linear equations and inequalities. For this recall the
definition of the outer normal cone of a convex set C at z € 0C:

Ne(z) = {v: v (y—2) <0 YyeC}.
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If C is a polytope, it is sufficient to demand that v” (y — z) < O for every vertex y of C.
Therefore, we can model the membership of N¢(z) with finitely many linear inequalities.
Altogether, we can find suitable points p;, p, using LP techniques. We use the same
approach if either G| or G, is a vertex. In this case the LP remains unchanged except
for the fact that we replace one of the two variable vectors by a constant vector.

In the third case we start with the assumption that F'y, F,, G|, G, are edges. Then all
relevant normal cones are one-dimensional and we let

uj € NK(CIJ) , Wi € NT(pJ)
be unit vectors for every j € {1,2}. Now we solve the following problem:

Find g1, ¢2, p1, p2, @1, @, such that:
q1€F1, g€ Fa, preGy, pr€ Gy,
ay,ay =0,
q2 — 41 = ajwy,

P2 — P1 = —@aUp.

Similar to the previous case, this problem is an LP. Note that the last two constraints suffice
to imply @) since Nr(p1) n —Nr(p2) and Nk(q1) n —Nk(q2) are nonempty. If there are
vertices among F, F», G|, Gy, for instance if G| is a vertex, then the LP has to be changed
in two places. First, like in the second case, we replace the corresponding variable vector,
here p;, with a constant vector. Second, if G| is a vertex, then the normal cone Nz (p;) is no
longer one-dimensional and the definition of w; does not make sense any more. However,
in this case G, is an edge and we replace the constraint g —q; = ajw; with g —g> = aw,.
We apply the same reasoning if F'| or F is a vertex.

There may be multiple ways to choose (p, g) for a given choice of Fy, F»,Gy,G,. If
this is the case, Algorithm [2| chooses (if possible) ¢ such that Nk(g;) is one-dimensional
for j € {1,2} (or equivalently such that ¢, g, are not vertices of K). We achieve this in
the following manner. If F; or F, is a vertex, then the resulting closed polygonal line ¢
always contains a vertex of K. So, we assume both F; and F, are edges. If ¢; and ¢, are
smooth boundary points, i.e. lie in the relative interior of F'| or F, then there is nothing to
do. Otherwise, we denote

Ni(q1) = cone {u} = {Bu: € Rxo},
Nk (q2) = cone {—u} = {B(—u): B € Rxp}.

for some suitable vector u € R%. Let v # 0 be a vector orthogonal to u. We can move ¢ i
along the edge F; in at most two directions, namely v or —v. If we can move both ¢; and
q» in the same direction, we simply translate the closed polygonal line ¢. If we can move
q1 and g, only in opposite directions, it is necessary to check whether the normal cones
Nr(p1) and N7 (p,) allow such movement. If not, it is not possible to find suitable points
q1 € relint Fy, g, € relint F, (see Figure[4.7). This concludes our discussion of Algorithm
2

Next, we discuss Algorithm We choose edges F, F», F3 of K. For each j € {1,2,3}
we let u; be the unique unit normal vector of K at some point in the relative interior of
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q2
Jo To
u —u u —u
| |
q2
q1 q1

Figure 4.7: Two closed polygonal lines such that g, g, are vertices of K. On the left, we
can translate g1, ¢> upwards (in direction v). On the right, we need to move ¢; upwards and
q>» downwards. Whether this is possible depends on N7 (p;) and Nr(p3).

F;. If possible we construct a triangle, i.e. a closed polygonal line with three vertices, y by
successively moving in the directions —u, —uy, —u3. We can do this easily by solving a
system of linear equations:

0 = —u; — wuy — pous3.

If this system does not have a unique, positive solution (i, ), we reject the iteration and
proceed with the next choice of edges. If we find a unique, positive solution, then the task is
to translate and scale y with a positive factor such that its vertices lie on 0T. This motivates
the following definition.

Definition 4.3.7. Let y  R? be a triangle and let T < R? be a convex body. A (y,T)-
inbody is a set A € R* which fulfils:

(i) A = conv(uy +b) for some y € Rwg and b € R,
(ii) All three vertices of A are contained in 0T.

(iii) If V(A) = {v1, 02,03} denotes the set of vertices of A, then there is no line H through
the origin, such that Ny (v1) U N (vp) U N7 (v3) is contained in one of the two closed
halfspaces defined by H.

If we can find such a (y, T')-inbody with vertices vy, v, v3, then we pick p ;= v; for
every j € {1,2,3}. The reason for the first two properties in Definition are obvious:
They ensure that we have

Pit1 —Pj = —pjpiujy forall je {1,2,3},

where ps 1= pi1, w4 := uy and py := p;. We take the convex hull in (i) to simplify some
upcoming arguments. The reason for property (iii) is that we need to construct another
triangle using directions w; € Nr(v;) for j € {1,2,3} later on in Algorithm 3 This is only
possible if (iii) holds. We can find (y, T')-inbodies with the following Lemma.
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Lemma 4.3.8. Let T < R? be a polygon and let v € R? be a triangle. If there is a
(v, T)-inbody A* = conv(u™y + b*), then (u*,b*) is the unique solution of the following
LP:

max u
s.t. u=0,beR? (4.9)
uy+bcT.

Proof. Let A = conv{vy,vz,v3} be a (y,T)-inbody and let A* = conv{v},v},v}} be as in

the claim. Here, we choose the indices of the vertices such that there are u > 0 and b € R2
with v;‘ = uvj + b for every j € {1,2,3}. Note that such a labeling is possible since A is a
homothetic copy of A*. We start by letting H;, H,, H3 be three lines defined by

vy, 05 € Hy, vf,v5 € Hy and v}, v € Hs.

Each of these lines is the affine hull of an edge of A*. Furthermore, for every j € {1, 2,3},
H; divides the plane R? into two closed halfspaces H and H; such that A* < H. If
A = A*, then there is nothing to show. So, we assume A # A*. Because A is a smaller or
equal-sized homothetic copy of A*, it is contained in Hj+ for some j € {1,2,3}. Without

loss of generality, we assume A S H 1+ ,

as we can treat the other cases similarly. This
situation is depicted in Figure [4.§]

H,

*
3

14

Figure 4.8: The (y, T)-inbody A (green) with vertices v, v, v3 and the triangle A* (blue)
with vertices v}, v}, v5. The dashed arrows indicate the location of the line segment [v1, 2]
after shifting it by v} — vs.

We now show that property (iii) is violated for A. This contradiction implies A = A*
and finishes the proof. More precisely, we claim that the halfspace

I = {yeRz: (v3 —0)'y <0}

contains Nr(v;) for every j € {1,2,3}. By definition of the normal cone it immediately
follows that Ny (v;) € 1. Because A is a smaller or equal-sized homothetic copy of A*, we
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have v} — v} = a(v2 — v3) for some a > 1. For every y € Nr(v3) this implies:

T
vy —va 0 —vf +us—u3)'y

= (o}
((0F = 0%) = (2 —03) Y+ (0 —v3)Ty
(5 —o}) 'y — (2 —v3)"y

= (@—1)(x —v3)"y
<0.

(05 =)'y

/N

Thus, Nr(v3) < I. Next, we observe that if we shift A by v5 — vy, then the edge [v;, 1]
of A is contained in [v], v}] (see Figure . So, vy + (v5 — v2) is contained in A* C T.
Now, for every y € Nr(v;) we get:

T
0= (v1+ W —v)—v) y=0F—0)y.
As desired this yields Ny (v;) € I. O

We point out that there is not always a (y, T')-inbody. For example, if (.9) has multiple
optimal solutions, then the proof shows that there is no (y, T)-inbody. An example for this
situation is depicted in Figure

H

Figure 4.9: A situation where there is no (y, T)-inbody. The blue area is a scaled translate
of y. Also shown is a line H through the origin 0.

As we can see there are multiple optimal solutions for (4.9) since we can shift the blue
area to the left and right. The only way to have all vertices of this area on 0T is to shift it
to the left. Then all the corresponding normal vectors are contained in the halfspace on the
left of H.

With Lemma we can reduce the search of (y, T)-inbodies to a maximization
problem which we can formulate as an LP. It is clear that this problem has an optimal
solution (u*,b*) as long as T is compact. We check whether A* = u*y + b* fulfils
properties (i) — (iii) in Definition If at least one of these properties is violated, then
there is no (y, T)-inbody and we proceed with the next choice of Fy, F;, F3. Otherwise,
we take a unit vector from Ny (v) for each vertex v of A*. We construct another triangle as
before by successively moving in the directions of these vectors.

It is notable, that v may be a vertex of 7. In this case Nr(v) is not one-dimensional and
the choice of the corresponding unit vector is not unique. One way to handle this case is due
to Theorem It is sufficient to find one vector in N7 (v) such that the current iteration
in Algorithm [3|yields a closed MBT g = (g1, g2, ¢3). If another unit vector in Ny (v) yields
a different closed MBT ¢’ = (¢}, 45, 4}), then we have qj,q;. € Fjforevery j e {1,2,3}
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and it follows from Theorem [4.3.6] that ¢7(gq) = ¢r(¢’). Therefore, we continue to pick
unit vectors from Nr(v) until we find one that yields a closed MBT. Alternatively, if we
do not find such a unit vector in N7 (v), we slightly perturb the vertices of K or 7. Due to
Lemmawe know that this changes the value of cgpz (K x T') only slightly as well. The
remainder of the algorithm is straight forward and only uses strategies that we discussed
before.

Regarding efficiency, we point out that Algorithm[2|takes O(|V(K)|?|V(T)|?) iterations
before it terminates. This is clear since the number of edges of a polygon equals the
number of its vertices. For each of the two polygons K and T the algorithm considers at
most one choice for Fy, F,, G|, G, per iteration. In each iteration we search for the points
q1,q2, P1, p2- In the worst case (i.e. if Fy, F», G, G, are edges) we solve an LP with 10
variables and 2(|V(K)| + |V(T)| + 3) constraints. We use the conelp solver of CVXOPT
[97], which relies on a primal-dual path-following method.

K with minimal closed polygonal line 3T with minimal closed polygonal line

2 27
1__
l_
0_
O_
_1_
_1— _2_
T T T T T T T T T T
-2 -1 0 1 2 -2 -1 0 1 2

Figure 4.10: An exemplary output of Algorithm 3] The randomly generated polygons (K
on the left and T on the right) are depicted in blue. The calculated closed polygonal lines
(g on the left and p on the right) are depicted in orange. The closed polygonal line ¢ in the
picture has smaller {7-length than the closed polygonal line with two vertices that we find
with Algorithm 2}

Algorithmtakes O(|V(K)|?) iterations to consider every choice of edges Fi, Fa, Fs.
In each iteration we solve the maximization problem stated in Lemma[4.3.8] This is an LP
with three variables and 3|V(T)| + 1 constraints. We can implement the remainder of the
loop for Fy, F,, F5 with running time O(|V(K)|). Finally, we note that the calculations for
each choice of edges are independent of each other. Therefore, we use parallel computing
to speed up the calculations.

In Table [6.2]in the appendix we examine the running time of our implementation of
Algorithm 2] and 3] We let K and T be polygons and consider three different cases. First,
we regard the case where both K and 7 have the same number of vertices. In the second
case K has a small number of vertices and in the third case we choose T to have few
vertices. Every time we choose the polygons K and 7 randomly in the following sense.
First, we generate some normally distributed points in R? and scale each of these points to
have a random length in [1,3]. Then we get a polygon by taking the convex hull of these
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random points. As the number of random points grows, the convex hull resembles a ball
of radius 3 due to the normal distribution. So, to accelerate this process, we reduce the
interval [1, 3] for polytopes with many vertices (= 30).

We compare the running time for finding a closed polygonal line with minimal ¢r-
length and with two vertices to the running time for finding one with three vertices. As we
can see the running time for two vertices is approximately symmetric in |V(K )| and |V(T)|

In contrast to this, the running time for three vertices mainly depends on |V(K )|

4.3.4 The Minkowski setting in higher dimension

To conclude Chapter [ we point out a slightly different approach to compute a closed MBT
with minimal ¢7-length that is also applicable if the polytopes K and T have dimension
higher than two. Instead of constructing, scaling and translating closed polygonal lines, we
attempt to find a solution of (@.I) immediately. Assume we search for a closed MBT with
minimal £7-length and m bouncing points, where m € {2,...,n+ 1} and n is the dimension
of K and T. Then we fix faces Fy,...,F,, of K and faces Gy,...,G,, of T and solve the
following problem:

Find q1,...,¢m, P1,--., pm such that:
gjerelintF;, p;erelintG; forall je {1,...,m},
gj+1 —q;j € Nr(pj) forall je {1,...,m},
Pj+1 — Pj € —Nk(gjy1) forall je {1,...,m}.

(4.10)

Here, ¢,y 1 := q1 and p,,41 := p1. If m = n+1 itis sufficient to consider facets F1,..., F),
instead of faces. Note that if we fix a face G; of T, we only have to compute the one-
dimensional normal cones at facets of T that contain G;. If wy, ..., wy are the unique unit
vectors in these normal cones, we have

Nr(pj) = cone{wy, ..., wy}

for every p; € relintG;. Thus, we can ask whether g;; — g; lies in Ny(p;) by asking
whether there are nonnegative numbers A, ..., 4 such that

k
qj+1—4qj = Zﬂiwi-
i=1

We can rephrase all constraints in (4.10)) that contain a normal cone to get an LP. If we solve
this LP for every choice of faces F1,...,F,, and Gy,...,G,, and for every m € {2,...,
n + 1}, we find a closed MBT with minimal ¢7-length. To accelerate this process we can
also divide (4.10) into two problems. First, we solve the following problem:
Find py, ..., p, such that:
pjerelintG; forall je {1,...,m},
Pj+1 —Dj € —Nk(gj+1) forall je {1,...,m},

with some g; € relint F; for every j € {1,...,m}. Here, p,y1 = pi and gu11 = qi1.
If we do not find a solution, then we can reject the iteration and proceed with the next
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choice of faces. Otherwise, we solve a similar problem to determine ¢y, ...,q,. In the
two-dimensional case this approach is much slower than running Algorithm [2]and [3] The
reason is that we now iterate over every choice of Fy, F», F3 and G, G,,G3. In contrast
to this, Algorithm [3] only iterates over every choice of Fy, F,, F3 because Lemma [4.3.§]
provides us with an easy way to find (p1, p2, p3).



CHAPTER F1VE

Bounds on the EHZ capacity of
polytopes

In this chapter we examine a formulation of the EHZ capacity that is due to Haim-Kislev
[47] (see identity (5.4) below). This formulation is similar to the one that is given by
Theorem in the sense that they both express 1/4cgnz(C), where C is a convex set,
as a maximization problem. The difference is that in Theorem [2.3.6] we require C to
have smooth boundary, while Haim-Kislev considers polytopes instead. In Chapter
we compare these two expressions in more detail. Afterwards, in Chapter [5.2)and [5.3] we
proceed to compute upper bounds on the EHZ capacity of polytopes using Haim-Kislev’s
formulation. To this end, we write (5.4) as a QAP and adapt the technique that is mentioned
in Chapter [3|to bound the optimal value. Another strategy that we pursue is to reformulate
using multiple CPs. Then, as noted in Chapter 3] we employ semidefinite relaxation
to compute upper bounds. In Chapter [5.4] we compute lower bounds on the optimal value
as well.

5.1 The EHZ capacity as a maximization problem

We recall Theorem If C € R?" is a convex set with smooth boundary and 0 € int C,
then:

1
— = max {A(x) | x: [0, 1] = R*" absolutely continuous,
4egnz(C) {a0 [x: 0.1] Y (5.1

x(0) = x(1), xe€C°ae.}.

We observe that finding an optimal solution is difficult because the set of feasible solutions
has infinite dimension. Therefore, we would like to reduce the search to a finite-dimensional
subset that contains optimal solutions. A common way to find such a subset is to discretize
the original problem. More precisely, we add the constraint that x is a closed polygonal
line. In other words, we assume there are 0 = 15 < ... < fr, = l and vy,..., v € C° for
some integer k > 1 such that for every i € {1,...,k}:

x(t) =v; forallze (f_y,8).

69
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In particular, x is linear on the interval [#;_,;] for every i € {1,...,k}. Thus, we have
x(t) =x(ti)+ (@ —ti)v; Vie[ti,t], ie{l,... .k}
It follows that if 7 € [£;—;, #;], then we can write

x(t) = (l — l‘,‘_])U,‘ + x(l‘,‘_]) = (l — l,'_l)l},‘ + (l‘,‘_1 — l‘,‘_z)l),‘_1 + x(l‘,‘_z) =

=(t—ti1)vi+ (i(tj - fjl)vj) + x(t0).

j=1

In (3.1) we require that x(0) = x(1) holds. Therefore:

k
0 = x(1) — x(to) = <Z — fi1 ) )+xfo — x(to) Zylvz,

where we substitute y; := t; — t,_1. The objective function takes the following form:

Alx) = — J ()T Tx(t)dt
0

1 . ti
1 k i—1
EZ J (Z(tj_tjl)viTij> dt + J’(l—ti,I)UITJUi dt

where we use the fact that o”Jvo = 0 for every v € R?" because J is skew-symmetric.
Two additional constraints arise from the discretization. First, we require that #;_; < t; or
equivalently y; > O for every i € {1,...,k}. Second, the numbers 1, ..., f; discretize an
interval of length one. Thus,

k k
h—th=1 Z(fi_ti—l)zl — EinI.

i=1 i=1

Altogether, we receive the following optimization problem as a discretization of (5.1)). Note
that k > 1 is some fixed integer and that the optimization variables are a vector y € R¥ and
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points vy, ..., v, € C°.

k =1
max —%ZZyiijiTij

i=1j=1

k
S. t. ;y,v, 0 52)
k
Zyi =1
i=1
v1,...,0t € C°, yERk;o-

One could assume that the optimum is only a lower bound on 1/4cgpz(C) since we added
the constraint that x is a closed polygonal line. However, Haim-Kislev [47]] showed that
if C is a polytope, if we pick k = |V(C®)| and if we require that vy, ..., v; are exactly the
vertices of C°, then this maximum is equal to 1/4cguz(C).

Theorem 5.1.1. [47)] Let C < R*" be a polytope with 0 € int C and let k be the number of
facets of C. Let A € RF*?" and b € R¥ such that

C={zeR™: Ax < b}

and such that the ith row a! of A satisfies ||a;|| = 1 for everyi € {1,...,k}. Then:

k i—1
1 T
————— = max — (VBN Ao
derrn (C) ;;ﬁ DB () iy I (j)
k
S. t. Z,Bi(l,‘ =0
i=1

k
D Bibi=1
i=1

Bi=0,Vie{l,... .k}
o € Sym,.

To observe the connection between (5.2)) and the maximization problem in Theorem
[5.1.1] we first characterize the vertices of C°. This characterization is well known and we
state the proof from [[105]] for the sake of completeness.

Theorem 5.1.2. [[05)] Let C S R" be a polytope with 0 € int C. Furthermore, assume that
C={zeR":Az< ¢}
for some matrix A € R™*", where e = (1,...,1)T € R™. Then
C° =conv{g;:ie{l,...,m}},

where al.T denotes the ith row of A fori € {1,...,m}.
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Proof. Let Ay,..., 4, = 0suchthat Y, 4; = 1. Then for every x € C we get

Therefore, every convex combination of ay, . .., a,, is contained in C°.

For the converse, let z € C°. By definition, 7T ¢ < 1 holds for every ¢ € C. A variant of
Farkas’ lemma (see [[105]]) now states that there is a vector A € R’;O such that ATA = 7T and
ATe < 1, where e € R is the vector whose entries are all equal to one. Next, we note that
Au < —e has no solution u € R™. Otherwise, if Au < —e holds for some u, then we have
u # 0and vAu < —e < e for every @ € R>p. In particular, we find that au € C for every
a = 0, which contradicts the fact that C is bounded. Now, since Au < —e has no solution,
Farkas’ lemma (see [[105]]) implies that there is a vector u € RZ 20 such that u"A = 0 and

ule > 0. We let

1—2ATe

=1+
% e

u

and observe that v > 0 because A, u > 0 and A”e < 1. Furthermore, we have

1—A"e
vie=2aTe + — ,uTe =1,
ule
1—ATe
WA= ATA + 7 /,lT =7
~—— ple ~——
=T =0
Hence, z is a convex combination of the rows of A. O

Let C, A, b as in Theorem [5.1.1] With Theorem[5.1.2] we get

C°=conv{%:ie{l,...k}}. (5.3)
If we require that vy,...,v; are the vertices of C° in (5.2), then we can introduce the
optimization variable o € Sym; and let v; = ag(;)/bs(;) for every i € {1,...,k}. The

objective function in (5.2)) becomes:

k i—1

1 k
__ZZylyjl) JUJ —Eg

i=1j=1

i

L

So, we get the same objective function as in Theorem if we let 8,1y = yi/by(;) for
every i € {1,...,k}. Furthermore, we get

g Il )-

Zylvz_(){:)’zlgoz )b()_0<:>2ﬁ1a1_0

i=1
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as well as

k

k k
2ui=1 = Y Brpboy =1 < Y Bibi=1.
i=1

i=1 i=1

Since we require that 0 € intC, the numbers by,..., by are positive. So, we have that
YlseoosYp = Oifandonly if,Bl,...,,Bk = 0.

The goal in the remainder of this chapter is to provide upper and lower bounds on
1/4cguz(C) and consequently also on cguz(C) by investigating the maximization problem

i

k i—1
1 1 T
—————— =max — = E Yiy v nJVo(j
4CEHZ(C) 2 i=1j=1 ol &

k
S. t. Z YiVo(iy = 0
i=1

J

64
k
2 yi=1
i=1
yi =0 Vie{l,... k}
o € Symy,
where vy, . .., v are the vertices of C°. For this, C always denotes a polytope with 0 € int C

and k denotes the number of facets of C or equivalently the number of vertices of C°.

5.2 An upper bound via QAP techniques

To start our investigation of (5.4)) we focus on the fact that we ask for an optimal permutation
o € Sym,. Thus, (5.4) is reminiscent of a QAP. More precisely, if we substitute z,(; := y;
forevery j € {1,...,k}, we get

k
1 1
————— =max{ —=
4CEH2(C) { 22
k k
Mz{zeR’;O: ZZ]’UJ'ZO,ZZJ‘: }

Note that the set M is the (k — 1)-dimensional standard simplex intersected with the kernel
of the matrix (vy,...,v;). Furthermore, M does not depend on o-. Thus, we can write the
maximum as two maxima:

1 1 k h—1 ,
demz(C) 2 5o ( Max — 37> Zo(h)Zo() Uy o) | - (5.5)

oE€Sym, =1 =1
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Recall from Chapter 3| that a (k x k)-matrix X is called a permutation matrix if there is a
permutation o € Sym,, such that

~ {1, ifh = o (j),

Xpi =
’j 0, otherwise.

Furthermore, we denote the set of all (k x k)-permutation matrices with IT;. We observe
that the maximization over Sym,, is a QAP of the form

max ({F, X'D(2)X) + (B,X)), (5.6)
elly
where we define the matrices F, D(z), B € R**k by

1, if h > j,
Bh,j =0, D(Z)h:j = _ZthUZJUj, Fh,j = {0’ ifh< ;’
for all A, j € {1,...,k}. Here, it is notable that the matrix D(z) depends on some vector
z € M. We point out that (5.6) has the same form as (3.I) except for the fact that we
perform a maximization instead of a minimization. This is not an issue since the approach
in Chapter [3.1] still suggests that we give an upper and a lower bound on the objective
function in (5.6) that only depends on the eigenvalues of F and D(z). In particular, we do
this regardless of whether the goal is to maximize or minimize this objective function. A
more pressing problem is that the reasoning in Chapter 3.1 mainly relies on Theorem[3.1.1]
which requires the matrices F and D(z) to be symmetric. This is not the case here. Due to
the skew-symmetry of the matrix J it is obvious that D(z) is skew-symmetric. F is neither
symmetric nor skew-symmetric. However, we can consider F’ := (F — FT)/2 instead.
Then F’ is skew-symmetric and

(F',X"D(2)X) = = ({(F.X"D(2)X) — (F",X"D(2)X))

== N =

((F.X"D(2)X) + (F", X" (=D(2))X)) (5.7)

=3 (F.X"D(2)X) + {(F',(X"D(z)X)")) = (F,X"D(2)X).

The goal is now to prove another version of Theorem [3.1.1] for skew-symmetric matrices.
First, we recall some properties of skew-symmetric matrices and provide a proof for the
sake of completeness.

Lemma 5.2.1. [54)] Let A € R¥** be a real, skew-symmetric matrix. Then:
(i) All eigenvalues of A are purely imaginary.
(ii) If Ais an eigenvalue of A, then so is —A.

(iii) A is unitarily diagonalizable, i.e. there is some unitary matrix U € C*** such that
A = UZU*, where X is a diagonal matrix containing all eigenvalues of A as diagonal
elements. Furthermore, the columns of U are exactly the eigenvectors of A.
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Proof. Let A € C be an eigenvalue for the eigenvector x # 0. Then we have
Ax*x = AxTx = (Ax)Tx = x*A*x = —x*Ax = —Ax*x.
It follows that 1 = —A which implies that Re A = 0. Furthermore,
Ax=lx = —Ax=—-lx = ATx=—Ax.

Hence, —A is an eigenvalue of A”. Because A and AT have the same eigenvalues, statement
(ii) follows.

For (iii) we note that A is a normal matrix, i.e. AA* = A*A, because we have A* =
AT = —A. We consider a Schur decomposition of A:

A = URU*,

where R € CF** is an upper triangular matrix and U € C**¥ is a unitary matrix. The fact
that A is normal implies that R is normal as well:

RR* = U*AUU*A*U = U*AA*U = U*A*AU = U*A*UU*AU = R*R.

It remains to show that a normal upper triangular (k x k)-matrix is a diagonal matrix. We
prove this inductively. If k = 1 it is obvious that R is a diagonal matrix. If kK > 1 we write

_ Rl,l V*
k= ( 0 Rr)

where v € Ck=1 and R” € Ck=1)x(=1) j5 an upper triangular matrix. With this, we get:

RiAl? + [P v (R)*\ _ pex _ prp = (IRUP R
( R’y Ry ) =R =RR= Ry e wyr)  OY

In particular, |R; 1|* + ||[v||* = |Ry.1|* implies that v = 0. If we plug this into (5.8) we also
get R'(R')* = (R")*R’. So, R has the form

N Rl,l 0
e (% &)

with a normal upper triangular (k — 1) by (k — 1) matrix R’. By induction it follows that R
is a diagonal matrix. Moreover, the diagonal entries of R are the eigenvalues of A because
A and R are similar matrices. It is straightforward to show that the columns of U are the
eigenvectors of A. Let u; be the jth column for j € {1,...,k}. If ¢; € R¥ denotes the jth
unit vector, it follows that

Auj=UZU*uj=UZej=UEj’jej=Zj,juj. O

We now pursue a similar strategy as in [26] to prove a suitable version of Theorem
[3.1.1] To this end, we recall from Chapter [3|that a matrix with nonnegative entries is called
doubly stochastic if all its row and column sums are equal to one.
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Theorem 5.2.2. Let Y,,Y, € RF** pe skew-symmetric matrices. Let A € RF be the vector

of eigenvalues of Y| and let xi,...,x; be the corresponding orthonormal eigenvectors.
Similarly, let i1 € R be the vector of eigenvalues of Y, and let y,, . . ., yy be the correspond-
ing orthonormal eigenvectors. Then:

(i) 1. Yoy = "Sp,

.....

k
(ii) (¥1,Y2) < — min ;Im/lj-lmyg(j).

oesymy £
J

Theoremprovides us with an upper bound on {F’, X" D(z)X ) that only depends
on the eigenvalues of F’ and D(z) since D(z) and X7 D(z)X have the same eigenvalues. We
point out that a similar situation is considered by Hoffman and Wielandt [52]. They show
that there is a permutation o- € Sym, such that

k
Z Aoy = to(p)|* < (A—B,A=B), (5.9)
j=1

where A, B € R¥** are normal matrices, i.e. AA* = A*A and BB* = B*B, with eigenvalues
Aty Ag and py, . .., yg. The proof of Theorem [@], that we present here, is similar to
the proof of (5.9) by Hoffman and Wielandt. Additionally, it is noted in [52] that finding
the permutation o~ in (5.9) is difficult in general and that it is easy to find ¢ in the case that
A and B are Hermitian. Later, we make a similar observation for the skew-symmetric case,
i.e. we deduce a permutation for which the minimum in Theorem (i) is attained.

Given the properties of skew-symmetric matrices in Lemma the proof of (i) is a
simple calculation. In addition, we apply the following lemma to show that the matrix S in
Theorem [5.2.2]is indeed doubly stochastic.

Lemma 5.2.3. Let {x|,...,x;} and {y,...,y} be orthonormal bases of C¥. The matrix
S € Rk given by

Snj = lxyl*

forevery h, j€ {1,...,k} is doubly stochastic.

Proof. We need to show that every entry of S is nonnegative and that every row and column
sum is equal to one. The nonnegativity of the entries is obvious from the definition of S.
We fix an index j € {l,...,k}. Since {x,...,x} is an orthonormal basis of C¥,
{X1,..., X} is an orthonormal basis of Ck as well. So, we can express y; in terms of
these basis elements, i.e.:
yj = Z X,
¢

for some ay,...,a, € C. Thus, the jth column sum is
k k k| k 2 k| k 2 k
T 2 T — = % — 2
PRTE WA D NI EAT DN IIEAE DN
h=1 h=1 h=1|e=1 h=1le=1 h=1
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To show that this sum is equal to one, we use that {yy,...,y} is a basis of C¥ as well:

If we fix a row index instead, then a similar calculation also yields that the corresponding
row sum of S is equal to one. O

The second statement in Theorem [5.2.2] follows from the first one if we apply the
famous Birkhoff-von Neumann theorem [[19].

Theorem 5.2.4. [[I9] The set of all doubly stochastic (k x k)-matrices is a polytope and its
vertex set is I1i.

In other words, a matrix is doubly stochastic if and only if it is a convex combination
of permutation matrices. We now give the complete proof of Theorem [5.2.2]

Proof of Theorem[5.2.2] We start with the proof of statement (i). According to Lemma
B2.Tlwe can write

k

k
Y1 ZZ/lejX;‘ and Y2:2#MM7~
j=1 j=1

Thus, we have

k k k k
M, Ya) =37 > i <xhx;f ,yjy7> IO EEAT T

h=1j=1 h=1j=1
k k k k

=] 2 R ECAT TENEDY Z Auijlxpy; P = AT Sy,
h=1 j=1 h=1 j=1

where the matrix § € R*** is defined by S, ; = |x]y,|* for every h,j € {1,....k}.
Moreover, S is doubly stochastic due to Lemma[5.2.3]

To show (ii) we apply the Birkhoff-von Neumann theorem and find that S is a convex
combination of permutation matrices. This means that there is a number ax > 0 for every

X € I such that

S=2a/XXand Za/le.

Xelly Xell,
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In total, we get:

XYy =A"Sp= > axd"Xu=— ) ax(ImA)" X (Imp)

Xelly Xelly

<= aymin (Ima)" Y (Imp) (5.10)

Yelly
Xelly

k

= —(rrerélylrlnA ImA; - Tm g j).

j=1
Here, we use Lemma (i) in the first line of equation (5.10). i

As mentioned earlier, Theorem provides an upper bound on <F ", XTD(z)X > for
every X € II;. Moreover, this bound depends only on the eigenvalues of F’ and D(z). In
particular, we have

F'.X"D(z)X) < — Im2A; -1 5.11
i < PS T, I imbe o0
where A, ..., A are the eigenvalues of F’ and y, .. ., y are the eigenvalues of D(z). Now,

we compute this upper bound. Let us order the eigenvalues of F’ and D(z) in the following
way:

We can use Lemma (i) to pick up where we left off in (5.11):

k

k
—(rrerélyrllnk] 1Im/l -Im oy, = —]ZIm/lj-Im/Jk_jH

=1

L&)

—2 3 ImA; - Im gy (5.12)
j=1
I

—

k
2
=2 ) ImAa; -Imy;.

J=1

For the second equality in (5.12)) we point out that the eigenvalues A4 72141 and g4y are
zero if k is odd. This is due to Lemma[5.2.1] (ii).

It remains to find the eigenvalues A;,...,4; of F’ and yy,...,u of D(z). Finding
A1, ..., Ak is easy since we can calculate them directly. This is not as simple for yj, ..., 1
because the matrix D(z) depends on some vector z € M. More precisely, if we define the
matrix D’ by DZ,; = —v! Jv;, then we have

D() D;I] ( T)h,J
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forevery h, j € {1,...,k}. Equivalently, we can write D(z) = D’ozz!, where the Hadamard
product of two matrices A, B € R¥ is defined by

AoBeRM* (AoB),; = AyBu,

for h, j € {1,...,k}. Before we continue investigating the eigenvalues of D(z) we recall
the Rayleigh-Ritz principle. Usually, the Rayleigh-Ritz principle is stated as a variational
formulation of the largest or smallest eigenvalue of a symmetric (or more general Hermitian)
matrix (see [54]]). We can adapt the corresponding proof to show a similar formulation for
the eigenvalue of a skew-symmetric matrix with largest absolute value. Even though this
idea is rather straightforward, it seems to be only rarely stated in the literature. Therefore,
we provide a detailed proof here.

Lemma 5.2.5. Let A € R* be a skew-symmetric matrix and let y1, be an eigenvalue of A
with maximal absolute value. Then:
x*Ax

x*x

|41 = max |x*Ax| = max
x¥x=1 x€CH\{0}

Proof. The second equality is obvious. For the first equality we recall that A is unitarily
diagonalizable due to Lemma [5.2.1] (iii). Therefore, we can find an orthonormal basis

{uy,...,ux} of C* such that the basis elements uy, ..., u; are the eigenvectors of A. Let
x € CF be a unit vector, i.e. x*x = 1. We can express x in terms of the basis {u;, ..., u}.
So, there are complex numbers a7y, .. ., @; such that

k
X = Z O’jlztj.
=1

Together with the unit length of x this implies:

k ok k
1 =x%*x= (Z a’h”h) (Z a’j”j) = Z Z Vi, U

h=1 j=1 h=1 j=1
k k
= 2
= > @ = ) |aj]
J=1 J=1
We can use this to bound | 4 | from below. To this end, we let y, .. ., y be the eigenvalues
of A such that u; is an eigenvector for the eigenvalue y; for every j € {1,...,k}.
k k k
=~ — 2
i Ax| = | Y @ Aug = | Y dauiuug) = | e w
hj=1 h,j=1 j=1

k
< D laPlul < ).
=1

This holds for every unit vector x € Ck. Therefore, we have

| 1] = max |x*Ax]|. (5.13)
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We complete the proof with a simple calculation that implies the equality in (5.13):
|| = |uf | = |ufAur| < max |x*Ax]. i
x¥x=1
We want to study the eigenvalues of the Hadamard product D’ ozz?. In 1911 Schur [91]
investigated such Hadamard products. One of his results is an upper bound on the spectral
norm of A o B, where one of the two matrices A, B is positive semidefinite. We can use this
approach to give an upper bound on the largest absolute value of the eigenvalues of D(z).

More precisely, because D(z) is skew-symmetric it immediately follows from Lemma
that its spectral norm is

[|D(2)]]2 := max |x*D(z)x| = max{|u|: p is an eigenvalue of D(z)}.
x*Fx=1
Schur formulates his results in the language of bilinear forms. For a translation to the
language of matrices, see [58]]. While Schur’s result considers a Hadamard product A o B,

where A or B is positive semidefinite, we focus on a special case that fits our problem
setting. This simplifies the proof.

Theorem 5.2.6. Let A € RF*f pe a skew-symmetric matrix and let x € RX. Furthermore,
we let u| be an eigenvalue of A and y, be an eigenvalue of A o xxT such that

Wy = max {|p|: pis an eigenvalue of A},
1 = max {| u|: p is an eigenvalue of A o xx” } .
Then:
|| < i max {xf,...,x;}.

Proof. First, we note that A o xxT is skew-symmetric because

(Aoxx")T = AT o (xx")T = —A o xx”.
So, by Lemma5.2.5| we have
| 1| = max{|u*(A o xx")u|: ue C, u*u=1}.

For every unit vector u € C* we have:

ko k
|u*(A o xx")u| = Z Z UpAp jXn Xl
h=1j=1

= |X*AX|, with X =uox

x* X

2
widws (Y

k
* - 2
< o (Som)
j=1
k
< il <Z u,-u,--max{ﬁ,...,x%})
=1

= || - w*u -max{x},...,x}.
=1
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We note that we require X # 0 in the third line of this equation. If this is not the case then
X = 0 implies
|u*(A o xxT)u| = |¥*AX| = 0 < | )| max{x?, ..., x}. m

Theorem bounds an eigenvalue of a matrix A o xx” by using the diagonal elements
of xx”. This is reminiscent of another theorem by Schur [90]: Let A;,. .., A; € R. Then

{diagA: A € C*** Hermitian with eigenvalues i, ..., A}

is contained in the convex hull of
T
{(oys o Aow) "+ o€ Sym, |

Conversely, Horn [S3]] proved that for every point x in this convex hull there is a Hermitian
matrix A with eigenvalues A, ..., A; such that x = diagA. As it turns out, these results
have a generalization that can be related to symplectic geometry [13]].

We now have all the pieces together, to derive an upper bound on 1/4cguz(C). For this,
we keep in mind that every eigenvalue of a skew-symmetric matrix is purely imaginary.
So, its absolute value equals its imaginary part if the imaginary part is nonnegative.

1 @ 1 ,
depn(C) 2 wem (Xm€%>z<FX D(z)X})

&l . (max <F',XTD(Z)X>>

ZEM Xelly
2y "
S 2% (‘ oo, 2 My Im#rr(j)) (5.14)
: S
62 2
= rfé% Zlmxlj-lmyj
j=1
1)
< max DlIma; - Impf - max {z}.....2} |

J=1

where 1| is an eigenvalue of D’ with maximum absolute value. The last line in this equation
follows from Theorem and the fact that Imy; > Imy; for every j € {1,...,k}. To
compute the upper bound given by (5.14) we note that u7, A, ..., 4; do not depend on the
choice of z. Thus, it remains to solve the following problem:

max Zi

(5.15)
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We can solve this problem with k LPs. For this, we remove the last constraint, successively
solve the resulting LP for every 2 € {l,...,k} and take the largest optimal value. We
remark that these problems are indeed LPs even though their objective functions are quad-
ratic. Since the variables zj, ...,z are nonnegative, we can maximize z, first and square
afterwards.

In Table[6.3]we give some numerical results for this upper bound. Like in Chapter[]the
input is a random polytope C that we get by taking the convex hull of normally distributed
random points. The polar set C° is part of the input as well. Additionally, we provide
numerical results for larger instances in Table [6.4 We can see from these tables that the
approach in this chapter provides a (computationally) cheap upper bound but the quality of
this bound is rather poor, especially for larger instances, i.e. where the number of facets k
is big.

One could suspect that the reason for the poor quality of this upper bound lies within
the last inequality in (5.14). There, we make the estimate

Imu; <Imy; forall je{l,...,k},

where py, .. .,y are the eigenvalues of D(z), ordered by their imaginary part. It turns out
that this estimate is indeed one reason, but not necessarily the only explanation for the gap
between our upper bound and the exact value of 1/4cgnz(C). More precisely, for a given
polytope C we can pick a large number of points in

k k
MZ{ZERI;OIZZjUjZO,Zijl}
=1 =1

and compute the corresponding eigenvalues of D(z) for each choice. With this approach
we can approximate

151
max ; ImA;-Imy; |,
so we avoid the last inequality in (5.14). As an example, we consider line 17 in Table [6.3]
in the appendix. There, we examine a randomly generated polytope C for which we find
that the exact value of 1/4cgnz(C) (rounded to eight decimal places) is 0.01286290 and our
upper bound is 1.702583848. If we avoid the last inequality in (5.14) we get the improved
upper bound

ZEM

L£]
max Z ImA;-Imy; | = 0.090131495.
=1

Another example, that we give here, is the square

ceomf (1) (7)-()- (1)

The exact value of 1/4cgpz(C) is 0.0625 and our upper bound is 0.70710678. The improved
upper bound is 0.15088835.
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5.3 Upper bounds via semidefinite relaxation

Another approach to compute upper bounds on 1/4cguz(C) is to formulate (5.4) as a CP
(see in Chapter [3) and to employ the strategy that we describe in Chapter[3.2.4] More
precisely, we relax the complete positivity constraint to get an SDP that we can solve. As
in the previous chapter we have to discuss how to find an optimal permutation 0. One
way is to relax the fact that vy, ..., v are vertices of C°. This results in a single CP that
we investigate. Another way is to fix the permutation ¢ in (5.4)) and solve k! maximization
problems. The latter approach is clearly only applicable for small values of k. On the upside
we only relax (5.4) once, namely when we go from completely positive to semidefinite
optimization. Thus, we can expect sharper bounds with the latter approach.

5.3.1 A completely positive formulation of the EHZ capacity
Consider the following quadratic optimization problem:

k i—1

1 T
max — E;;yiiji Jw;

k
S. t. Z yiw; = 0
i=1

(5.16)
k
yi=1
i=1
Y >0 Vie {1,,](}
Wi, ..., Wk € C°.
If we let (y1,...,y 0) be an optimal solution of (5.4), then (y1,..., Yk Vo(1)s - - -+ Vor(k))
is a feasible solution for (5.16)), where vy, ..., v are the vertices of C°. Thus, the optimal

value of (5.16)) is an upper bound on 1/4cguz(C).
To simplify (5.16) we recall a property of the polar polytope C°. We let W be a matrix
whose rows are exactly the vertices of C. Then, since 0 € int C, we have

C°={x: Wx<e}, (5.17)

where e = (1,...,1)T. For a proof, see [105]. We use (5.17) to prove a more general
property.

Lemma 5.3.1. Let C S R" be a polytope with 0 € int C and let W be a matrix whose rows
are exactly the vertices of C. Then for every a € R:

aC® = {x: Wx < ae}.

Proof. For a # 0 the claim immediately follows from (5.17):

o 1
aC® ={ax: Wx<e} =_{x: —Wx<ep ={x: Wx < ae}.
@



84 Bounds on the EHZ capacity of polytopes Chapter 5

Now we let @ = 0. It is obvious that
0-C°={0} < {x: Wx<0}.

Thus, it remains to prove that Wx < 0 implies x = 0. Assume this is false, i.e. there is
Xo € R" with xg # 0 and Wxy < 0. This means that v" xo < 0 holds for every vertex v of
C. Therefore, the halfspace

H™ = {zeR": 7 xy <0}

contains C and hence int C C int H~. This contradicts the fact that 0 € int C but O ¢ int H—.
It follows that x = 0 if and only if Wx < 0 which concludes the proof. O

In the objective function and in the first contraint of (5.16) the quadratic terms of the
form y;w; appear, where y; > 0 and w; € C°. We substitute z; := y;w; and require z; € y;C°.
With Lemma[5.3.T| we get the following quadratic maximization problem:

i=l (5.18)

Wz <yie Vie{l,... k}

yi =0 Vie{l,... k}.
According to Burer [25] we can reformulate every quadratic optimization problem with
binary and/or continuous variables as a CP. The problem that we are concerned with,
i.e. (5.18), has a convenient form which we can exploit to find such a reformulation in a
particularly simple way. In the following we deduce the corresponding CP for this special
case of quadratic programs and give a proof that is independent of [25]]. First, we need some
basic convex geometry statements. To this end, we recall the definitions of the completely
positive and the copositive cone from Chapter[3.2.4}

C#P, := cone {xxT: X€ R’;O} ,

COP, = {A eS": xTAx >0 VxeR”ZO}.
Lemma 5.3.2. Let A € COP,, be a copositive matrix. Then:
{X eCP,: (A,X) =0} = cone{xx’: xTAx = 0, x > 0}.

Proof. 1t is obvious that the inclusion "2" holds since x"Ax = (A, xx”). To show the
converse, take X € CP, with (A, X) = 0. By definition we can write

N

T

X = Z iXiX; ,
i=1
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where x; € RY ), @; € R>9 and N € N. We assume that ay, ..., ay are positive. Otherwise,

we drop every term where @; = 0. We get:

N N
T T
0=(A, Z ;i X;X; = 2 a;x; Ax;.
i=1 i=1

Since A is copositive, every term of the last sum is nonnegative. Because the sum is 0, it
follows that every term has to be 0. Furthermore, a/,...,ay > 0 implies x,.TAxi = 0 for
every i € {1,...,N}. Thus, the inclusion "<" holds as well. O

Lemma 5.3.3. [16] Let C S R" be a convex, closed set that does not contain straight
lines. Then for every c € R"

max{c’x: x € C}
is either oo or attained at an extreme point of C.

We omit the proof of Lemma [5.3.3] since it is a well-established fact. It immediately
follows from Theorem 3.2 and Lemma 3.5 in [[16]].

Lemma 5.34. Let K € R” be a cone and let H S R" be a hyperplane. Then every
extreme point of K n H lies in an extreme ray of K.

Proof. We prove the statement via contradiction. Let x be an extreme point of K n H.
Assume there are v,w € K such that x = (v + w)/2 and that v, w are not multiples of x.
Define the set

Vie={ueR": 3&> 0with x + eu, x — eu € K}.

It is easy to check that V, is a linear subspace of R” and that x,v — x € V. Note that x and
v are linearly independent and thus dim V, > 2. We let Hj be the linear space that we get
by shifting the hyperplane H. In particular, it is dim Hy = n — 1. Consequently, we have

dim(V, n Hy) = dimV, —1 > 1.

So, there is a nonzero vector z that lies in both V, and Hy. On the one hand, this means
there is £ > 0 such that

z1:=x+eze K,
=x—8&2€K,

(z1 + 22)-

N =

X =

On the other hand, if we let H = {y: a’y = b} and Hy = {y: a’y = 0}, then

a'zi=d"x+ea"z=b,

a'z=a"'x—¢ead'7=b.

Thus, z1,z2 € K n H. The fact that x is an extreme point of K n H implies z; = z, and
therefore z = 0. This contradicts the choice of z # 0 and the claim follows. O
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Putting the statements in the previous three lemmas together, we derive a way to for-
mulate every quadratic optimization problem of a certain type as a CP.

Theorem 5.3.5. Let A€ R"™*™, Qe R" ™ and c € R’;O. Then:

max x’ Qx = max <Q0,X)

s.t. Ax=0 s.t. (ATAX)=0
x=1 <ccT,X> =1
xeRZ, X € CPu,

if both maxima are finite.

Proof. First, we rewrite the quadratic problem on the left-hand side such that its con-
straints are quadratic as well. For the first constraint we note that Ax = 0 is equivalent to
(Ax)T(Ax) = 0. Since we require that x and ¢ are nonnegative, the second constraint is
equivalent to

1= (xTe)* = (xTe)(xTe)T = xTec .
We can write the nonnegativity constraint as x;x; > 0 for every i, j € {1,...,m}. This
implies that x > 0 or x < 0. The problem that we get contains only quadratic terms and no
linear terms. Thus, for every solution x < 0 we have that —x is a solution as well and both
x and —x have the same objective value. Therefore, we get:

max x| Ox = max x| Ox

s.t. Ax=0 s.t. xATAx =0 (5.19)
Ix=1 xectx =1
xeRY, xix; =Z0 Vi, jed{l,... k}.

We prove that the maximum on the right-hand side of (5.19) is equal to the optimal value
of the CP in the claim of the theorem. It is easy to see that the optimal value of the CP is
at least as big as the maximum in (5.19). For every feasible solution x € RZ, we can take
X = xx” and observe that X is a feasible solution for the CP with objective value x” Qx.
Now we show the converse. Application of Lemma|5.3.2] yields that the set of feasible
solutions of the CP is the intersection of a cone K with a hyperplane H. More precisely,

K =cone{xx": x"ATAx =0, x e RZ},
H={XeS8": {c" X)=1}.

Note that the matrix AT A is positive semidefinite and hence copositive. K n H is convex
and closed because both K and H are convex and closed as well. Moreover, K n H does
not contain straight lines because it is contained in the proper cone

{XESmIXi,jZO Vl,JE{l,,m}}

If we identify 8™ with R"("+1/2 we can apply Lemma Thus, if the optimal value
of the CP is finite, it is attained at an extreme point X* of K n H. Due to Lemma this
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extreme point X* lies in an extreme ray of K. So, X* has the form xx” with some x € R’;O
such that x"ATAx = 0. It is straightforward to check that x is feasible for the quadratic
problem on the right-hand side of (5.19) and that its objective value equals {Q, X*>. i

We can use Theorem 5.3.5]to formulate (5.18)) as a CP. To this end, we bring (5.18)) into
a form that fits the requirements of Theorem[5.3.5] We introduce slack variables sy, ..., s; €
RY , and for every i € {1,...,k} we write z; = 7 — z; with 27",z € RZ}. Then we get:

k i—l
+T +T 7,— -T 7.+ T 7 —
Z ( Jof =Mz = Uz + g sz)

i=1 j=l1

NIH

G.18) =

k
Z
:k (5.20)
2.1~

Wz — Wz —yie+s5;=0 Vie{l,...,k}
iz 2 s =0 Yie{l,... k}

Now we can apply Theorem [5.3.5]and obtain a CP. Afterwards, we perform a semidefinite
relaxation as described in Chapter[3.2.4] More precisely, we replace the constraint X € CP,,
by X € 8%, R’”X’” This results in the following SDP whose optimal value is an upper
bound on 1 /4cEHz(C)

1
T (©) < max (0, X)
s.t. (ATAX)=0
(e Xy =1 (5.21)
Xi;=0,Vije{l,... 0
XeSL,

where m is the number of vertices of C, k is the number of facets of C and € = k(1+4n+k).
Here, we let the matrices Q € R/, A € R*"*¥"* and the vector ¢ € R be such that the
quadratic optimization problem has the same form as in Theorem[5.3.3]

In Table [6.5] we provide numerical results for this upper bound. We observe that the
upper bound is much better than the one that we derive in Chapter[5.2]and that the required
running time is still reasonable. However, we run out of memory rather quickly because
the input for the SDP in (3.21)), i.e. Q,A and c, is rather large, even for polytopes with
dimension < 4 and with few vertices.

5.3.2 A more accurate bound with multiple semidefinite programs

As mentioned earlier, another way to handle the maximization in (5.4) is to remove the
constraint oo € Sym,, and to solve the resulting problem for every permutation o-. In com-
parison to the approach in Chapter [5.3.1] this method prevents that we run out of memory
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quickly at the cost of longer running time. Thus, for o € Sym, we focus on the following
problem:

k i—1
= =33 Sl

t. V(i) =0
Z””‘) (5.22)

yi=>0Vie{l,. .k}
where vy, ..., v are the vertices of C°. From (5.4) we have

1

max{p}: o€ Sym,} = T (©)

We notice that the maximization problem (5.22)) is a quadratic optimization problem that
has the same form as the quadratic problem in Theorem Moreover, p¥ is finite
because the set of feasible solutions in (5.22)) is contained in the standard simplex

Ap—y = {xERkZO: ef'x =1},

which is bounded. So, we can apply Theorem[5.3.5]and get a completely positive formula-
tion of p¥:

pE=max (Q0,X)
s.t. (ATA,X) =0

(5.23)
<eeT,X> =1
X € CPy,
where A is the (21 x k)-matrix whose ith column is v,;) for every i € {1,...,k} and the

matrix Q € RF*F is given by

0 = _%U(r(i)-lvo-(j)a if i > j,
"0, ifi < j,

forevery i, j € {1,...,k}. We remark that strong duality holds for (5.23), i.e. it is p* = d*
for every o € Sym,, where

d¥ :=min s
s.t. nseER (5.24)
rATA + see” — Q € COP,
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is the optimal value of the dual program of (5.23). This strong duality follows from
Theorem (iv) if (5.24) is bounded and has a strictly feasible solution. We know
from (5.17)) that the polar polytope C° contains 0. So, there is @ € ngo such that

k k
0= Z @iVg (i) and 1= Z ;.
i=1 i=1

This means that aa” is a feasible solution of (3.23). With Theorem [3.2.3] (i) we find that
d* > —o0. On the other hand, we get a strictly feasible solution for (5.24) if we pick

r=0 and s> max{Q;;:i,je{l,....k}}.

The fact that AT A is positive semidefinite implies

k i—1
x" (rATA + see” — Q)x = ra" ATAx + x" (see” — Z Z xixj(s — Qi) >0,
i=1j=1

for every nonzero x € szo' With Theorem |3.2.10| we see that (r, s) is indeed a strictly
feasible solution of (5.24) and strong duality follows.

We handle the CP (5.23) in the same way as in Chapter[5.3.1] More precisely, we relax
the complete positivity constraint to get

Do :=max {Q,X)
t. (ATAX)=0

<eeT,X>=1 (5.25)
Xij=0Vije{l,... .k}
X e S,

Thus, we obtain an upper bound on 1/4cgyz(C) due to

1
4CEHZ (C )

To compute this bound we need to solve k! SDPs. However, we can reduce this number
from k! to (k — 1)!. To this end, we note that if x: [0,1] — R is a feasible solution
of the optimization problem in Theorem [2.3.6] then x o ¢ is also a feasible solution and
A(x) = A(x o ¢), where

= max{p*: o € Sym;} < max{p,: o € Sym,}. (5.26)

t"l_ay te[o’l_a]’
t+a—1, te(l—al],

¢:[0,1] = [0,1], ¢(1) = {

for some a € [0, 1]. Note that x o ¢ is a continuous curve because of x(0) = x(1) and that
this curve is closed. More precisely,

xop(0)=0+a=1+a—1=x0¢(1).
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Showing that x o ¢ is indeed a feasible solution of the maximization problem in Theorem
[2.3.6]is straightforward. Additionally, we have

1—a

Axop) = -1 j V(o () I (xo)(r) - (1) dr

The first line of this equation holds since ¢/(r) = 1 for every ¢ € (0,1 — a) and every
t€ (1 —a,1). Thus, if we let o € Sym,, be such that p* = 1/4cgpz(C), then we also have

1
4CEHZ (C) ’

*
Poor =

for every circular shift 7. Here, we say that a permutation 7 is a circular shift if there is
a € Z such that

7(i) = (i + a) mod k
forevery i € {1,...,k}. We want to prove that the same principle also holds for our upper

bounds, i.e. that p, = Py, holds for every o, T € Sym,, where 7 is a circular shift. Before
we prove this result we show the following lemma.

Lemma 5.3.6. Let A € R"™*" be a positive semidefinite matrix with

k k
D> Ay =0
i=1j=1

Then every row and column sum of A is equal to zero.

Proof. Due to the symmetry of A it suffices to show that the row sums are equal to zero.
Since A is positive semidefinite, it has a Cholesky decomposition A = LLT and we get

0=c’Ae=e"LL e = ||LTe|).
This implies that LTe = 0 and therefore

Ae=LLTe = 0. |
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Theorem 5.3.7. Let C  R?" be a polytope with O € int C and let v, . .., v be the vertices
of C°. Furthermore, let o, € Sym, and let T be a circular shift. Then P, = Pyor-

Proof. As before we let A € R?"** be the matrix whose ith column is o) and we let
0 € RF*k be defined by

1 . . .
0. = — 3V (iy Vo), >,
“ o0, ifi < J.
To simplify the notation in this proof we let Q' = 2(QT — Q). We note that
T
0= Vg (i Ver()
holds for every i, j € {1,...,k}. Furthermore, we define wy, ..., wy € R** by
Wi = Vg (i) » Weri = J0o (i),
forevery i € {1,...,k} and we let B € R%*2 be the corresponding Gramian matrix:
_ (T
B = (wi w.f)i,je{l ..... K}

B is positive semidefinite and it has the following form:

ATA O
B = QIT ATA .
Next, we let X be an optimal solution for the SDP (5.23). In particular, p, = {Q, X). Since

X is positive semidefinite, it has a Cholesky decomposition X = LLT. We define another
matrix D € R* by

b (X X\ _(LLT LL™\ _ (L LT>0
TA\Xx x) o\ L) \p)\r) =

The Hadamard product B o D is positive semidefinite since both B and D are positive
semidefinite [103]. We get

k&
0< e (BoDe=2 (X ATAL + X, ,-Q;J.) =23 N1 x,50L (5.27)

i=1 j=I i=1j=1
In the last equation we use <X,ATA> = 0. If we change the signs for wy1, ..., wx, we can

apply the exact same reasoning. Note that instead of the matrix B we have the matrix
ATA -0
_ Q/T AT A

and instead of (3.27) we get:

k k
0< -2 > X0, (5.28)
i=1j=1
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Together, (5.27) and (5.28) imply e’ (B o D)e = 0, so all the entries of B o D sum up to
zero. Due to Lemma every row sum of Bo D is equal to zero. Forevery i € {1,...,k}
this means

k
D1 Xi(ATA), +2X,,QU

Jj=1 Jj=1

Note that X o ATA is a positive semidefinite matrix whose entries sum up to zero because
of (ATA,X) = 0. So, Lemma also implies:

X ;(ATA);; =0

~.
[~
I

forevery i € {1,...,k}. It follows that

k

> Xi,0;,;=0. (5.29)

=1

Now, we construct a feasible solution for the SDP (5.25]) that corresponds to o-o7. First,
we assume that
7(i) = (i + 1) mod k

forevery i€ {1,...,k}. Welet X* € R¥** be given by

Xij = Xe(ye()
for every i,j € {1,...,k}. The goal is now to show that X* fulfils the constraints of the

SDP for o o 7. To this end, we denote the (2n x k)-matrix whose ith column is Vgor(i) DY
A" and we let Q7 € R*** by given by

QT _ _%UD'OT(i)JUO'OT(j)’ ifi > s
w0, ifi <j

It is clear that X7, = 0and that X > 0 because we have X* = PT X P for some permutation

matrix P. It is also easy to see that (ee”, X*) = 1 because

Similarly, the remaining constraint {(A7)” (A7), X*) = 0 follows from

k k k k
0= Z Z v ;X Z Z UZ(i)vT(j)XT(i)sT(j)'

i=1j=1 i=1j=I
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Showing that the objective values are equal takes a little bit more effort.

] |
QX =—5 Z 2 Xe(i) 2() Vor(iy JVror())

1 k—1i—1 | —1
5 (Z Z XT( T(J)UO'OT (i) ‘,U"OT(])> T 5 (Z X‘r(k) J)UO'OT JUU'OT(J)
j=1

i=1 j=1

k i—1
(ZZX, ,va( Jvo(; ) — <Z X ]UU_(])JU(T(1>

i=2 j=2

(3 S aty) (St

11/]

II II
NI —

0. X) — Z X101,

Jj=1

In the second to last line of this equation we add the term

1[< 1[<
_5 (Z Xi,lvz-(l')Jva(l)) - z (Z Xl,jv(Tr(l)Jv(,(j)> .
i=1 Jj=1

This term is equal to zero because J is skew-symmetric. Now we can apply (5.29) and
obtain that both objective values are equal. This implies p, < Pgor. In particular, we find
that

1/7\0' < ﬁ(ro‘r < 1/50'01'2 <... 8 ﬁo—or“—' < 1/7\001"*’ = 1/7\0"

Thus, all these inequalities hold with equality. This completes the proof because every
circular shift has the form 7/ for some i € {1,...,k}. O

Due to Theorem we do not have to calculate both p,, and p, for o,p € Sym,
if we can obtain o by applying a circular shift to p. This reduces the number of SDPs
that we have to solve from k! to (k — 1)!. Furthermore, we note that we can solve these
SDPs independently of each other. Therefore, we can use parallel computing to reduce the
running time. We present some numerical results in Table [6.6] From this table we can see
that our upper bound is very accurate and that we do not run out of memory as in Chapter
However, the running time grows more than exponentially in k.

5.3.3 Minimum rank solutions

It turns out that the upper bound from Chapter [5.3.2)is very close to the exact value of
1 /4cguz(C) for most of the two-dimensional random instances that we consider in Table
[6.6] Therefore, we would like to verify whether the upper bound is indeed equal to the
exact value. The following strategy is one way to achieve such a verification. First, we
compute the upper bound

max{p,: o € Sym,}
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and we let o* € Sym, be a permutation for which the maximum is attained. In particular,
we have

1
4CEHZ (C )

Assume that in the SDP (5.23)) for o* there is an optimal solution X with rk X = 1. Then
we have X = xx” for some x € R¥. Furthermore, due to the constraint X; ; > 0 for every
i,j € {l,...,k} we can assume that x is nonnegative. Thus, we find that X is completely
positive and that it is a feasible solution of the CP (5.23) for o-*. Therefore,

= max{p}: o € Sym;} < max{p,: o € Sym;} = py=. (5.30)

Dot < Ph (5.31)
On the other hand, the SDP is a relaxation of the CP. This means that (5.31)) holds with
equality. It follows that the first maximum in (5.30) is attained for o* and
1
4CEHz(C )

Summerizing these considerations, we get that the existence of an optimal solution of (5.23)
for o* with rank one implies that the bound

1
4CEH2(C)

holds with equality. Motivated by this approach we give the following bound on rk X,
where X is a feasible solution of the SDP (5.23).

—p¥ —_ 5
= Pyx = Do

< max{p,: o € Sym, }

Theorem 5.3.8. Let C € R?" be a polytope with 0 € int C and let v, . .., vy be the vertices
of C°. Furthermore, let X € St be a feasible solution of the SDP (5.23) for some o €
Symy. Then:

kX < k—2n.
Proof. Recall that the matrix A in (5.23)) is the (2n x k)-matrix whose ith column is vy;)
for every i € {1,...,k}. Using spectral decomposition of the positive semidefinite matrix
X, we get

k k k
0=CATAX) = Y (AT A ] ) = 3 Al AT Auy = 7 Ay |Aui] |,
i=1

i=1 i=1

where uy,...,u; € R¥ are the orthonormal eigenvectors and Ap,...,4; = 0 are the ei-
genvalues of X. Since every term in the last sum is nonnegative, it follows that for every
i€ {l,...,k} we have 4; = 0 or Au; = 0. Hence, every eigenvector corresponding to a

positive eigenvalue of X is contained in ker A. Next, we observe that C is full-dimensional
because it has nonempty interior. Therefore, there are 2n linearly independent vectors
among vy, ..., V. This implies rank A = 2n and by the rank-nullity theorem

kerA =k — 2n.

So, X has at most kK — 2n eigenvectors that correspond to positive eigenvalues. If we count
eigenvalues according to their multiplicity, this means that X has at most kK — 2n nonzero
eigenvalues which implies the claim. O



Section 5.3 Upper bounds via semidefinite relaxation 95

An immediate consequence of Theorem [5.3.8]is that the upper bound from Chapter
is exactly 1/4cguz(C) if C is a simplex. The reason for this is that a nonempty
polytope C < R?" is a simplex if and only if it has 2n + 1 facets. As we note in the
vertices of C° correspond to facets of C. Thus, Theorem [5.3.§] states that every feasible
solution of the SDP (5.23) for arbitrary o~ € Sym,, has rank at most one. In particular, the
same is true for every optimal solution.

If C is not a simplex, we can use an SDP technique to estimate the minimal rank among
all optimal solutions of an SDP. There are several methods to solve such rank minimization
problems. We present the one that is given in [85]. For this, we define the spectral norm

[IX]]:= o1(X)

and the nuclear norm

min{r,s}

Xl := D) oi(X)

i=1
for every X € R"™™*. Here,
g1 (X) =2 O—min{r,s}(X) =0

denote the singular values of X. We recall that the ith largest singular value of X is the
square root of the ith largest eigenvalue of X X for every i € {1,..., min{r, s}}. The idea
is now to formulate the nuclear norm ||X||, as an SDP. Then we can add constraints to
this SDP and obtain a way to find an optimal solution for the SDP (5.23) that has minimal
nuclear norm. In practice, this is a good heuristic for an optimal solution with minimal
rank. First, we present a statement that relates the spectral norm and the nuclear norm to
each other. The reason is that there is an easy representation of the spectral norm as an SDP.
We exploit this fact in the proof of the following theorem to deduce an SDP reformulation
of the nuclear norm as well.

Theorem 5.3.9. [85)] The nuclear norm is the dual norm of the spectral norm, i.e.:
[1X]] = max {{X,Y): Y eR™, ||Y|| < 1}
forall X € R"™*.

Proof. Let Z € R"™** and let t € R. The matrix Z7Z is positive semidefinite and we can
write Z7 Z using spectral decomposition, i.e. ZTZ = PTZP, where P is an orthogonal matrix
and X is a diagonal matrix whose diagonal consists of the eigenvalues of Z7 Z. In particular,
we have

Pl—7"Z =PP"P— P'SP = PT(’ 1 - 2)P.

Therefore, we have that 21—Z7 Z is positive semidefinite if and only if the largest eigenvalue
of Z'Z is at most 2. In other words:

12| <t = PI-ZT250 < (zﬂT ZZI> > 0. (5.32)
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The last equivalence follows from Theorem [3.2.7) for ¢ # 0. It is easy to see that t = 0
implies Z = 0 in all three statements. Thus, we can rewrite the spectral norm as an SDP:

. t Z
||Z||=m1n{teR. <ZT t1> zO}.

Now we let X € R"** be a matrix. X has a singular value decomposition [54] which means
that there are orthogonal matrices U € O(r), V € O(s) and a matrix ¥ € R"** such that

X =UzvT.

Moreover, the matrix X is given by %;; = o(X) and X;; = O for all i € {1,...,r} and
Je{l,...,s} withi # j. We let Y := UVT. We can immediately see the singular value
decomposition of Y. This decomposition yields that every singular value of Y is one. In
particular we have ||¥|| = 1 and

min{r,s}
<X, f/> = r(X"7) = u(VEUTUVT) = u(VIVEUTU) = s = Y oi(X).

i=1

Thus, we get
11X = <x, 1?> <max {(X,¥): Y e R™, ||Y]| < 1} (5.33)
For the converse we use (5.32)) to rewrite the dual norm of the spectral norm as an SDP:

max {(X,Y): YeR™, ||Y|| <1} = max (X,Y)
s.t. YeR™

1 Y
(4 7)=0

We construct the corresponding dual SDP and use weak duality (Theorem (i) to get

‘ 1
max {<X,Y): Y e R™, ||Y|| <1} < min 3 (LY + {1, Y2))
s.t. Y eR™, Y, e R (5.34)
, -X
<—XT Y2) =0

Next, we construct a feasible solution of the dual SDP in (5.34). For this we write the
singular value decomposition of X as

X = UIZI(VI)T

with U" € R™( V' € Rl and &' € R™!, where ¢ = min{r,s}. We achieve this
decomposition by removing zero columns and rows from X and by removing columns from
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U and V accordingly. We let Yy = U'Y/(U")" and Y, = V'Z/(V')T. It is easy to verify that
(Y1,Y>) is a feasible solution for the dual SDP in (5.34):

Yl -X _ UIEI(U/)T _UIZ/(V/)T _ U/ Z/ UI T .0
_XT Y2 - —VIZI(U/)T V/zl(vl)T - -V -V = Y
Note that ¥’ is a square diagonal matrix with nonnegative entries. The columns of U’ are

orthonormal because U € O(r). Therefore, we have

min{r,s}
ALY y=uY =uUTU)) =u(U)UY) =ty = Z ai(X).

i=1

The columns of V’ are orthonormal as well and we can make a similar calculation for
(I, Y»). Together, we find

%(a, Y1)+ (L V2)) = [1X]]s.

(3:34) now implies
max {{X,Y): Y e R, ||Y]] < 1} < |1X]]«
and the theorem follows with (5.33). O

An important feature of the proof of Theorem [5.3.9]is that (5.34) holds with equality.
Thus, we can express the nuclear norm as an SDP. As mentioned earlier, this is useful if we
want to examine the rank of some matrices because the nuclear norm is in a certain sense
the best convex approximation of the rank. More precisely, we have the following theorem
that is due to Fazel [36].

Theorem 5.3.10. [36] Let M = {X € R"™*: ||X|| < 1}. The nuclear norm is a convex
function on M and

[1X]]« <1kX

for every X € M. Moreover, if f: M — R is a convex function with f(X) < tk X for every
X € M, then

SX) < [IX]]
for every X € M.
We point out that the first statement in Theorem [5.3.10] i.e.:
|1X] ]« <rkX (5.35)

for every matrix X € M, is easy to prove. If X € M, then the largest singular value of X is
at most one. Thus, the nuclear norm

min{r,s}

Xl = >, oulX)

i=1
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is bounded by the number of nonzero singular values of X. The inequality (5.33) now
follows from the fact that the rank of X is equal to the number of its nonzero singular
values [54].

A more compact way to express Theorem [5.3.10] is to say that the nuclear norm
is the convex envelope of the rank function [I0I]. Theorem [5.3.10] suggests that if
we are interested in an optimal solution of the SDP (5.25) with minimal rank, then com-
puting an optimal solution with minimal nuclear norm is a reasonable heuristic. Let us
make this approach more precise. We assume we solved the SDP (5.23) for every o €
Sym,/{circular shifts}. Let o* be a permutation for which the maximum

max{p,: o € Sym,}

is attained. Then we solve the following SDP:

.1
min §(<I, Y1)+, 1))
s.t Y, Y, e RPE X e S

Y, —X) o
<_X Y, (5.36)

(0. X) = P
(ATA,X) =0
<eeT,X>=1
Xi; =0, Vi, je{l,... .k},

where the ith column of the (2n x k)-matrix A is v« (i) and the matrix Q is given by

0i; = —%UD-*(,')JUO-*(]), ifi > j,
"o, ifi <,
for every i, j € {1,...,k}. It is obvious that if (¥}, Y2, X) is a feasible solution for (5.36)),
then X is an optimal solution for (5.23). Thus, if we find that tk X = 1 it follows that
Po# = 1/4cenz(C) as we describe earlier in this chapter.
We note that to solve (5.36) it is crucial that we compute p,+ accurately because there
is no feasible matrix X that satisfies

<Q’X> = ﬁo’* +e

for € > 0. Therefore, we solve the SDP (5.23) for o* again with higher accuracy to obtain
Do+. For this, we use the SDPA-GMP solver [[77]], [[78], [102], which is a slower solver
that is based on SDPA and that is designed to compute highly accurate solutions. We use
an accuracy of 107'9, i.e. we compute a feasible matrix X* such that

|<Q’X*> - 1/7\0'*| < 10710~

This is sufficient to ensure that the SDP (5.36) can be solved computationally if we plug in
{Q,X*) for py+.

In the last column of Table[6.6|we provide the numerical results for the same instances
that we considered in Chapter [5.3.2] We see that our upper bound from Chapter [5.3.2]is
often equal to the exact value of 1/4c¢gyz(C) up to solver accuracy.
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5.4 Lower bounds

Another way to estimate the quality of the upper bound that we describe in Chapter[5.3.2]
is to find good lower bounds on 1/4cgpz(C). To this end, we consider the maximization
problem (5.4). We see that every feasible solution (yi, ..., y, o) yields a lower bound on
the optimal value and hence also on 1/4cgpz(C). Thus, the goal is to find a feasible solution
that ideally has an objective value close to the optimal value. We get a decent candidate for
the permutation o by computing the upper bound from Chapter [5.3.2] More precisely, we
take the permutation o-* for which the maximum

max{p,: o € Sym,}

is attained. To find reasonable candidates for yi,...,y; we consider the corresponding
quadratic maximization problem (5.22) and compute a local optimum. For this, we use the
TRUST-CONSTR method from SciPy [59]]. This method relies on [27] and employs sequential
quadratic programming techniques combined with a trust region approach. This means that
we solve (5.22)) iteratively, similar to a Newton method. In each step the objective function
and the constraints are made more manageable by approximating them by quadratic or
linear models. At the same time the search of the next iterate is restricted to a subregion
such that the quadratic or linear models are good approximations on this subregion. The
input for this method consists of the constraints of (5.22) and the objective function

k i—1
1
FRESR, fy) = 5 Z Z !/i!/jv(Tr*(,-)JUa*(j)

i=1j=1

as well as the gradient and Hessian of the objective function:

i—1 k

1

(Vf(v))i = 2 (Z ijz;-*(i)‘]vo'* »+ Z ijZ_*(j)JUrr* (l)) >

j=1 j=i+1

0, i=j,

(Hy(y))ij = _%UZ;.*(Z-)JUO-*(]'), i>j,
_%”i*uﬂvo*(o, i<
forall i, j € {1,...,k}. Additionally, the TRUST-cONSTR method requires a feasible solution

of (5.22) as a starting point. More precisely, we need to input a vector y, € Rk;o such that
By = b, where

B (V) "t Ver(n) o Rr+Dxk : e R2+1
1 1 0
1
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One way to find such a feasible starting point is to employ an LP technique. More precisely,
we let ¢ € R¥ and we pick y as an optimal solution of the following LP:

max ¢’y
yeRE,
By =b.

Note that this maximum is finite for every vector ¢ because the set of feasible solutions is
contained in the standard simplex

A1 = {yeRk:yl—i-...—}-yk:l,yZO}

and hence is bounded.

With this approach we get a feasible starting point that lies on the boundary of the set
of feasible solutions of (5.22). Therefore, if this boundary contains many saddle points of
the objective function, we might find a feasible starting point for which the TRUST-CONSTR
method terminates immediately without having found a local optimum. Next, we discuss
an approach that is capable of producing a feasible starting point in the interior of the set
of feasible solutions.

First, we choose a uniformly distributed random vector in [0, 1]%. Then we project this
vector onto the hyperplane {x: Bx = b} and check whether its entries are still nonnegative
after this projection. If this is the case, then this point is a feasible solution of (5.22).
Otherwise, we repeat this process until we found a feasible solution.

Algorithm 4 Feasible starting point

1: while no y, found so far do
2: Generate a random vector uo uniformly distributed in [0, 1]¥.
3: Let BT be the first row of B. Set

b] - BITM()

—— B;.
1B !

Uy = ug +

forie{2,....2n+ 1} do
Let BT be the jth row of B for every j € {1,...,2n+1}. Find w; € R* such that

B 0
Bl | 0
B! 1

Set Ui :=uj_1 + (b, — B?M,‘,l)wi.
end for
if Up+1 > 0 then
Output yo := Upp+1-
10: end if
11: end while

R
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If yo is the output from Algorithm 4] then it is easy to see that Byy = b holds. Due to
the third line of the algorithm we have

b] — B{uo

BTy, = BTy +
TR

BB, = b,.

Furthermore, for every i, j € {1,...,2n + 1} with j < i the lines 5 and 6 imply

BZTM,‘ = BiTM,‘_1 + (b, — Bl-Tui_l)BiTw,- = b;,

B;M[ = BJT-u,',l + (b, —_ B?Mi,I)B?w,' = B}"uifl.
From this we conclude that for every i € {1,...,2n + 1} the following holds:
BlTy() = BiTuz,,_H = B?Mzn =...= BITMI‘ = bl‘.
It remains to show that in line 5 it is always possible to find a vector w; € R,

Lemma 5.4.1. Let C € R?" be a polytope with 0 € intC and let vy, ..., v be the vertices
of C°. Furthermore, let B € R®"tD)Xk pe defined by

_ Ul .. Uk
s=(n ).

Then for everyi € {2,...,2n + 1} there is w; € R¥ such that:

BY 0
Bl | 0
B! 1

Proof. To simplify the notation we fix i € {2,...,2n + 1} and let

By 0

B= Lo |eR¥ b= e R
B ,
BT 1

We prove the statement by contradiction, so assume it is false. Then there are no vectors
+ W e RE
w;",w; € R, such that
D — Bt - B4 Py— = ~ (w’
b= B(w —w;) = Buw] — Bu; = (B —B) wo )
1

If we apply Farkas’ Lemma [89]], we find that there is a vector z € R such that

/(B —B) =0 and b <0.
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On the one hand, this implies z; < 0 and in particular z # 0. On the other hand, we
get Z'B = 0. This means that the rows of B and hence also the rows of B are linearly

dependent. More precisely,
y'B=y" <U11 N vf) =0

has a solution y # 0. It follows that vy, . . ., vy lie in the hyperplane
H={xeR": x"y=—ymu}.

In particular, C° = conv{vy, ..., v} is contained in H and thus has no interior in R?", But
from (5.17) we see that O € int C°. So, the lemma follows by contradiction. |

In Table[6.7| we compare our lower bound with the upper bound from Chapter[5.3.2] We
carried out the computation of the lower bound on a Dell OptiPlex 9020 MT Desktop-PC
with Intel Core i17-4770 processor, 3.4 GHz (capable of running 8 threads).



CHAPTER SIx

Outlook

In this thesis we provide several ways to compute bounds on the EHZ capacity. One may
wonder how these bounds can be improved or what other approaches appear promising. To
conclude this thesis, we suggest some ideas in this direction.

Again, we consider the maximization problem (5.4). As we can see from the results
of Chapter we have a decent way to approximate an optimal solution (y},...,y;), if we
are given a permutation o-* for which the maximum is achieved. However, finding such
a permutation remains a difficult problem. We address this problem in Chapter using
an eigenvalue based QAP technique. One can also consider other approaches to handle the
QAP that we face in Chapter[5.2] Two general techniques that come to mind in this context
are linear and semidefinite relaxations of QAP (see for instance [86]] and [104])). Recall that
in Chapter[5.2]the goal is to solve the maximization problem

k h—1

1

max {—5 2 D5 o) aqyTiety: L€ M, 07 € Symk} ’
h=1 j=1

k k
M={ZGR];0:ZZjUj=O’ZZj=1}’
Jj=1 Jj=1

where vy, ..., v; are the vertices of C° for some polytope C € R?" with 0 € int C. The idea
is now to fix z € M and to consider an LP or SDP that yields an upper bound on

1 k h—1
max {_E Z Z Zo-(h)Zo—(j)Ug(h)JUo—(j): (S Symk} .
h=1 j=1

Then, in a second step, one could aim to incorporate the optimization over M into this LP
or SDP.

Problem 1. Employ different QAP techniques to compute bounds on the optimal value of
the maximization problem (5.3)) (and hence on 1 /4cgnz(C)).

Aside from techniques with which one can compute bounds on the solution of a QAP,
there are also strategies that aim to solve a QAP exactly. Branch and bound algorithms are
an example for such exact solution algorithms. These algorithms should also be considered
to handle the QAP in Chapter[5.2]

103
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Problem 2. Employ exact solution algorithms to determine the optimal value of the maxi-
mization problem (5.3) (and hence 1/4cgnz(C)).

Our approach to compute bounds on 1/4c¢gpz(C) via completely positive optimization
yields two additional problems that are left open. First, we observe from our numerical
results that the bound discussed in Chapter [5.3.2] (see Table [6.6) is often equal to the exact
value of 1/4cguz(C) because we are able to find optimal matrices with rank one. This
raises the following problem.

Problem 3. For a polytope C < R*" with 0 € int C consider the SDP (5.23) with optimal
value Py, where o* € Sym, is a permutation such that

Do+ = max{p,: o € Sym,}.
For which polytopes C does this SDP have an optimal solution with rank one?

Second, we note that the bound from Chapter[5.3.2] provides better bounds than the one
given in Chapter[5.3.1] (see Table[6.5). In fact, if we let vy, ..., v be the vertices of C°, then

k oi—1 koi—1
1
max Y Z Z yzy] o ( Jl)o. < yma?/( 3 Z yiy_,-wiTij
"""" Yo i=1j=1 u)lly,':.'.’,'lll)(;: i=1j=1
k k
t Z Yivo(p) =0 s L. Zyiwi =0 (6.1)
i=1 i=1
k k
Yi = Zyl =1
i=1 i=1
yi =0 Vie{l,... .k} yi=0Vie{l,... .k}
O'ESym,< wiy,...,w; € C°

because every feasible solution of the problem on the left-hand side yields a feasible
solution of the problem on the right-hand side. Note that we consider these quadratic
programs in Chapter[5.3.T]and Chapter[5.3.2] By Theorem[5.3.5|the inequality in (6.1) still
holds if we replace each of these two quadratic optimization problems with a suitable CP.
However, the question remains whether the inequality also holds if we apply semidefinite
relaxation to both CPs. Our numerical results suggest that the answer is positive but the
proof seems to be cumbersome since we consider large coefﬁcient matrices in the CP
reformulation of the problem on the right-hand side of (6.]]

Problem 4. Prove that the bound on 1/4cguz(C) given in Chapter_ (see (5.260)) is ar
least as good as the one given in Chapter-( see (5.21))) for every polytope C € R*" with
OeintC.

For another idea for future research we recall Viterbo’s conjecture which we state in
Chapter[2.4.2]

Conjecture 6.0.1. [99] Let ¢ be a symplectic capacity and let C < R*" be a convex set.
Then:

c(C, wp) << vol C >1/”
c(B1(0),wo) — \vol B;(0) '
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As stated earlier, we get a particularly interesting case of this conjecture if we fix ¢ =
cgnz and consider convex sets of the form C = K x K°, where K is a centrally symmetric,
convex set. The reason for this is that this special case is equivalent to the prominent
symmetric Mahler conjecture. In Chapterwe provide an algorithm that computes cgyz (K %
T) for two polytopes K and T. We can use this algorithm to test Viterbo’s conjecture. More
precisely, if there is a centrally symmetric polytope K such that Viterbo’s conjecture is false
for C = K x K°, then we can use our algorithm to verify

cenz(K x K°) (volK X K")l/”
cenz(Bi1(0)) vol B (0)

It remains to find such a counterexample, if there is one.

Problem 5. Find a centrally symmetric polytope K such that

cenz(K x K°) (volK x KO)””
cenz(B1(0)) vol B;(0)
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Appendix

In this appendix we provide numerical results for the algorithms and methods in this thesis.
In Table[6.1]and [6.2] we present results for the Algorithms [T]and 2] Table [6.3]and [6.4] treat
the upper bound on 1/4cgpz(C) that is based on a QAP approach (see Chapter[5.2). Table
[6.5] provides the upper bound on 1 /4cgpz(C) that we describe in Chapter[5.3.1] Afterwards,
we state the results from Chapter[5.3.2]and Chapter[5.3.3]in Table[6.6] Lastly, in Table[6.7]
we compare the upper bounds from Table [6.6 with the lower bounds that we describe in
Chapter[5.4]

As stated in Chapter ] we generate random polytopes as input for Algorithms [I] and
[2] by taking the convex hull of normally distributed random points. We do the same to
generate the input for the methods in Chapter 5] For better comparability we use the same
instances in the Tables [6.3] [6-3] [6.6] and [6.7} These instances are enumerated in the first
column of each of these tables. A more detailed description on how to replicate this input
is available on the website

www . github.com/S-Krupp/EHZ-capacity-of-polytopes

together with the implementation of our algorithms.

Aside from a polytope C, the methods in Chapter[5|require the polar set C° as an input.
This means that the time to calculate C° is not included in the running time in the following
tables.

In Chapter [2.3] we mention that for every symplectic capacity ¢ and every compact,
connected set D € R? with smooth boundary, we have

¢(D, wy) = vol D.

Together with Lemma we have a way to determine the exact value of 1/4cgpz(C) for
every two-dimensional polytope C. Thus, we provide this exact value in the Tables [6.3]
[6.4][6.5] [6.6] and [6.7]if possible to demonstrate the quality of our bounds.

107


www.github.com/S-Krupp/EHZ-capacity-of-polytopes

108 Appendix

# facets | dim | time 2 bp. | time 3 bp. time 4 bp. time 5 bp.
10 2 0.00831 0.30746 - -
15 2 0.00973 0.77826 - -
20 2 0.01228 1.90130 - -
25 2 0.01535 3.68928 - -
30 2 0.01885 6.87248 - -
35 2 0.02242 10.98917 - -
40 2 0.02611 17.82252 - -
45 2 0.02676 26.24746 - -
50 2 0.03756 37.58889 - -
60 2 0.04348 68.84613 - -
70 2 0.07126 121.99939 - -
80 2 0.08522 181.44979 - -
90 2 0.09377 276.15113 - -
100 2 0.12422 | 390.50119 - -
110 2 0.14459 516.93047 - -
120 2 0.16201 706.91467 - -
130 2 0.16660 887.57707 - -
140 2 0.23777 | 1145.28408 - -
150 2 0.26617 | 1400.09367 - -
14 3 0.00983 0.02658 2.78469 -
20 3 0.01315 0.05639 12.75729 -
24 3 0.01319 0.10031 25.36455 -
30 3 0.01869 0.16165 69.23203 -
34 3 0.01990 0.30546 121.10618 -
40 3 0.02877 0.43128 281.39158 -
44 3 0.02691 0.50671 456.25295 -
50 3 0.03799 0.76186 755.02158 -
54 3 0.04065 0.96421 1091.77615 -
60 3 0.04458 1.32361 1646.65092 -
64 3 0.04991 1.61337 2158.03637 -
70 3 0.07663 2.09306 2849.52804 -
11 4 0.00991 0.01654 0.05954 2.36219
15 4 0.00870 0.02263 0.17406 19.43698
20 4 0.01176 0.04806 0.56930 54.60817
25 4 0.01730 0.10708 1.58835 245.41436
30 4 0.02492 0.24002 4.56021 961.83634
35 4 0.02928 0.36108 9.92964 2171.25146
40 4 0.03232 0.50996 19.76087 | 4201.35654

Table 6.1: Running times of Algorithm (I} The billiard table K is a polytope. The first
two columns contain the number of facets and the dimension of K. The last four columns
contain the running time for 2, 3, 4 and 5 bouncing points in seconds.
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IV(K )| IV(T)| time Algorithmlzl time Algorithm[§|
5 5 1.28237 0.22158
10 10 7.85068 2.54632
15 15 27.39097 11.71706
20 20 54.75007 25.03621
25 25 82.30637 60.11260
30 30 125.05111 110.61238
35 35 170.22497 181.65273
40 40 259.88731 302.30844
45 45 266.73415 385.03827
50 50 361.56254 609.04153
55 55 451.56054 786.54793
5 10 3.02675 0.22164
5 15 5.57299 0.22637
5 20 11.40925 0.22114
5 25 16.91015 0.23931
5 30 19.89903 0.21554
5 35 23.96365 0.39383
5 40 29.05107 0.21106
5 45 32.18348 0.54072
5 50 36.41029 0.38885
5 55 49.02657 0.57020
5 65 59.80655 0.79811
5 75 67.33951 0.72834
10 5 3.39280 1.19793
15 5 5.74532 4.32675
20 5 10.50168 11.31948
25 5 14.59203 24.99738
30 5 17.76183 45.60183
35 5 20.62535 90.62127
40 5 23.89690 137.52914
45 5 25.73543 170.43779
50 5 30.23246 266.66650
55 5 33.68478 345.84228
65 5 41.49229 558.22820
75 5 51.92742 937.36931

Table 6.2: Running times of Algorithm [2] and Algorithm All numbers are given in
seconds.
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no. | 2n | k | upperbound | 1/4cguz(C) | running time ins.
1 2 3 0.118312739 | 0.03943758 0.03
2 2 | 3 | 0.654845637 | 0.21828188 0.06
3 2 | 4 | 0579574375 | 0.06553471 0.05
4 2 | 4 | 0571432932 | 0.06040702 0.06
5 2 5 3.252296476 | 0.19042428 0.06
6 2 5 0.736995517 | 0.03465068 0.08
7 2 |6 1.126261845 | 0.02836316 0.08
8 2 | 6 | 0.720733241 | 0.02526072 0.09
9 2 | 7 | 0985491510 | 0.01962865 0.08
10 | 2 7 0.715791752 | 0.01797603 0.07
11| 2 8 0.763852162 | 0.01298729 0.07
12 | 2 8 0.944722052 | 0.01523280 0.09
131219 1.487177140 | 0.01671262 0.10
14129 1.373066146 | 0.01324055 0.10
15| 2 | 10 | 1.490686021 | 0.01303215 0.09
16 | 2 | 10 | 1.441573266 | 0.01467288 0.08
17 | 2 | 11 | 1.702583848 | 0.01286290 0.09
18 | 2 | 11 | 1.334970645 | 0.01073714 0.10
19 | 4 | 5 | 0.297548760 — 0.07
20 | 4 | 5 | 0.195625368 — 0.08
21 | 4 6 3.338312157 — 0.08
22 | 4 6 2.628991873 — 0.07
23 | 4 | 7 | 47777343817 — 0.08
24 | 4 | 7 | 5.891492750 — 0.07
25 | 4 | 8 | 5.746260320 — 0.07
26 | 4 8 7.792411833 — 0.07
27 | 4 9 | 13.016826334 — 0.08
28 | 4 9 | 16.390665185 — 0.08
29 | 4 | 10 | 21.937612205 — 0.09
30 | 4 | 10 | 16.982943326 — 0.09
31 | 4 | 11 | 20.654944146 — 0.11
32 | 4 | 11 | 12.527661511 — 0.09
33 | 6 7 0.491114783 — 0.10
34 | 6 | 7 | 0335022836 — 0.10
351 6 | 8 1.443657647 — 0.08
36 | 6 | 8 | 2.525658478 — 0.07
37 1 6 | 9 | 3.699497740 — 0.08
38| 6 9 4.188805924 — 0.08
39 | 6 | 10| 3.383507518 — 0.09
40 | 6 | 10 | 8.788380407 — 0.09

Table 6.3: Upper bounds based on the QAP approach in Chapter For two-dimensional
polytopes we provide the exact value of 1/4cguz(C).
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no. | 2n | k upper bound 1/4cgnz(C) | running time in s.
41 | 2 | 40 17.602496958 | 0.00909707 0.35
42 | 2 | 50 | 29.547775366 | 0.00898793 0.43
43 | 2 | 60 | 45232497368 | 0.00895741 0.53
44 1 2 | 70 60.932335802 | 0.00890341 0.64
45 | 2 | 80 84.601556668 | 0.00890331 0.74
46 | 2 | 90 | 101.275455498 | 0.00888242 0.84
47 | 2 | 100 | 123.467778088 | 0.00888238 0.95
48 | 4 | 40 | 735.244449053 — 0.34
49 | 4 | 50 | 1062.545297909 — 0.45
50 | 4 | 60 | 1751.250513762 — 0.53
51 | 4 | 70 | 2655.205710218 — 0.63
52 | 4 | 80 | 3348.928392732 — 0.71
53 | 4 | 90 | 4302.098377014 — 0.83
54 | 4 | 100 | 4957.872036794 — 0.92
55| 6 | 40 | 347.407734072 — 0.34
56 | 6 | 50 | 610.667190452 — 0.43

111

Table 6.4: Upper bounds based on the QAP approach in Chapter for larger instances.
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no. | 2n | k | upperbound | 1/4cguz(C) | running time ins.

1 2 3 | 0.039468058 | 0.03943758 0.13

2 2 3 | 0.218443732 | 0.218281879 0.15

3 1 2| 4 ]0.069972860 | 0.065534708 0.57

4 | 2 | 4 | 0.065090727 | 0.060407024 0.58

5 ] 2| 5 ]0.266359869 | 0.190424277 2.19

6 | 2 | 5 | 0.042582561 | 0.034650682 1.50

7 2 6 | 0.039404677 | 0.028363161 5.58

8 | 2 | 6 | 0.034717004 | 0.025260717 5.51

9 | 2 | 7 | 0.030068372 | 0.019628645 16.24
10 | 2 | 7 | 0.029644262 | 0.017976027 15.67
11 | 2 | 8 | 0.025605698 | 0.012987287 34.90
12 | 2 8 | 0.027875957 | 0.015232795 57.22
13 | 2 9 | 0.033203063 | 0.016712622 118.96
14 | 2 | 9 | 0.026567933 | 0.013240549 134.52
15 | 2 | 10 | 0.026317105 | 0.013032145 408.47
16 | 2 | 10 | 0.029802683 | 0.014672875 393.38
17 | 2 | 11 | 0.028995359 | 0.012862896 956.24
18 | 2 | 11 | 0.024114858 | 0.010737144 1350.73
194 ] 5 0111109919 — 7.60
20 | 4 | 5 | 0.055562610 — 7.63
21 | 4 | 6 | 0.156993945 — 55.55
22 | 4 6 | 0.178815627 — 48.07
23 | 4 7 | 0.163989888 — 363.57
24 | 4 | 7 | 0.238847434 — 547.43
25 | 4 | 8 | 0.270707005 — 5962.98
26 | 4 | 8 | 0.189944156 — 2672.76
2714 |9 out of memory

33 | 6 7 | 0.149188406 — 348.37
34 | 6 7 | 0.104485904 — 413.39
35| 6 | 8 out of memory

Table 6.5: Upper bounds by solving an SDP as described in Chapter and the
corresponding running time. Additionally, we provide the exact value of 1/4cguz(C) if
the polytope is two-dimensional.
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no. | 2n | k | upperbound | 1/4cpuz(C) | runningtimeins. | rank heuristic
1 | 2] 3 |0.039438726 | 0.03943758 0.02 1
2 2 | 3 | 0.218282856 | 0.218281879 0.02 1
3 2 | 4 | 0.065536004 | 0.065534708 0.05 1
4 2 | 4 | 0.060408224 | 0.060407024 0.04 1
5 | 2| 5 |0.190435748 | 0.190424277 0.23 1
6 | 2 | 5 | 0.034654127 | 0.034650682 0.16 1
7 | 2] 6 | 0028366133 | 0.028363161 0.84 1
8 | 2 | 6 | 0.025263986 | 0.025260717 0.82 1
9 2 | 7 ]0.019632944 | 0.019628645 5.11 1
10 | 2 | 7 | 0.018180046 | 0.017976027 5.02 3
11 | 2 | 8 | 0.012992788 | 0.012987287 34.98 1
12 | 2 | 8 | 0.015237283 | 0.015232795 34.93 1
13 1 2| 9 |0.017762342 | 0.016712622 474.12 3
14 1 2 | 9 | 0.013244750 | 0.013240549 328.82 1
15 | 2 | 10 | 0.013035867 | 0.013032145 5768.32 1
16 | 2 | 10 | 0.015951592 | 0.014672875 6010.77 4
17 | 2 | 11 | 0.015016787 | 0.012862896 65693.18 5
18 | 2 | 11 | 0.011773859 | 0.010737144 66326.39 3
19 | 4 | 5 | 0.111035126 — 0.16 1
20 | 4 | 5 | 0.054042156 — 0.19 1
21 | 4 | 6 | 0.145718315 — 0.98 1
22 | 4 | 6 | 0.153409896 — 0.88 1
23 | 4 | 7 | 0.133809639 — 6.24 1
24 1 4 | 7 | 0.196341291 — 7.24 1
25 | 4 | 8 | 0.186138179 — 46.60 1
26 | 4 | 8 | 0.149438204 — 37.90 1
27 | 4 | 9 | 0.186649345 — 498.42 1
28 | 4 | 9 | 0.188494803 — 583.19 1
29 | 4 | 10 | 0.283382067 — 8988.94 1
30 | 4 | 10 | 0.181076891 — 5299.46 1
31 | 4 | 11 | 0.251035638 — 77898.48 4
32 | 4 | 11 | 0.200704143 — 90035.55 1
33 | 6 | 7 |0.144871774 — 5.56 1
34 | 6 | 7 | 0.096864958 — 6.77 1
35| 6 8 | 0.069709911 — 46.48 1
36 | 6 8 | 0.141613154 — 42.00 1
37 | 6 | 9 | 0.140578777 — 544.97 1
381 6| 9 | 0138142153 — 454.95 1
39 | 6 | 10 | 0.086869180 — 8206.18 1
40 | 6 | 10 | 0.129523513 — 8977.53 1

Table 6.6: Upper bounds by solving (k — 1)! SDPs as described in Chapter and the
corresponding running time. Additionally, we provide the exact value of 1/4cguz(C) if
the polytope is two-dimensional as well as a heuristic for the minimal rank of an optimal
solution as described in Chapter[5.3.3] If this heuristic is equal to one, then the upper bound
is exact (up to solver accuracy).
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0.145558669
0.153397393
0.133793204
0.196316775
0.186132486
0.149407543
0.186568474
0.188470827
0.283324215
0.180856019
0.208349487
0.200589322
0.144853224
0.096860887
0.069704162
0.141587402
0.140540242
0.138093848
0.086833645
0.129474486

0.145718315
0.153409896
0.133809639
0.196341291
0.186138179
0.149438204
0.186649345
0.188494803
0.283382067
0.181076891
0.251035638
0.200704143
0.144871774
0.096864958
0.069709911
0.141613154
0.140578777
0.138142153
0.086869180
0.129523513

no. | 2n | k | lowerbound | upper bound | 1/4cguz(C)
1 3 | 0.039437580 | 0.039438726 | 0.03943758
2 3 | 0.218281879 | 0.218282856 | 0.218281879
3 4 | 0.065534708 | 0.065536004 | 0.065534708
4 4 | 0.060407024 | 0.060408224 | 0.060407024
5 5 | 0.190424277 | 0.190435748 | 0.190424277
6 5 | 0.034650682 | 0.034654127 | 0.034650682
7 6 | 0.028363161 | 0.028366133 | 0.028363161
8 6 | 0.025260717 | 0.025263986 | 0.025260717
9 7 | 0.019628643 | 0.019632944 | 0.019628645
10 7 | 0.013454116 | 0.018180046 | 0.017976027
11 8 | 0.012987287 | 0.012992788 | 0.012987287
12 8 | 0.015232794 | 0.015237283 | 0.015232795
13 9 | 0.014746672 | 0.017762342 | 0.016712622
14 9 | 0.013240447 | 0.013244750 | 0.013240549
15 0.013032123 | 0.013035867 | 0.013032145
16 0.012411318 | 0.015951592 | 0.014672875
17 0.012565752 | 0.015016787 | 0.012862896
18 0.010026363 | 0.011773859 | 0.010737144
19 0.111033394 | 0.111035126 —
20 0.054040204 | 0.054042156 —

Table 6.7: Lower bound from Chapter and upper bound from Chapter on
1/4cgnz(C). Additionally, we provide the exact value if the polytope is two-dimensional.
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