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Abstract

The present thesis investigates several fundamental problems in Computational Con-
vexity, i.e. it studies algorithmic questions on convex sets in unbounded dimensions.
Throughout, a particular focus is put on the question how the dimension influences the
complexity and approximability of these problems.

To found our work geometrically, we use symmetry coefficients of convex bodies to
sharpen classic geometric inequalities and formulate them in a dimension independent
way. We employ the theory of Fixed Parameter Tractability to assess the influence of
the dimension on the complexity of various geometric optimization problems. Whenever
possible, we give variants of Helly-type theorems (sometimes approximative or local),
which contribute to the algorithmic solutions of the considered problems.






Zusammenfassung

Die vorliegende Dissertation untersucht eine Reihe grundlegender Probleme des Ge-
biets der Computational Convexity, d.h. des Studiums algorithmischer Fragen auf konve-
xen Mengen in unbeschrinkter Dimension. Besonderes Augenmerk liegt dabei stets auf
der Frage, welchen Einfluss die Dimension auf die Komplexitidt bzw. die Approximier-
barkeit dieser Probleme hat. Obwohl die betrachteten Probleme auf den ersten Blick
sehr dhnlich erscheinen, zeigt sich in den einzelnen Kapiteln, dass dieser Einfluss die
verschiedensten Ausprigungen annehmen kann.

In einem ersten Schritt zeigen wir, dass viele bekannte geometrische Ungleichun-
gen verschirft werden kénnen, indem sie auf Symmetriewerte der beteiligten konvexen
Korper gestiitzt werden. Anders als die Originale machen unsere Verallgemeinerungen
deutlich, dass die in diesen Ungleichungen auftretenden Koeffizienten nicht zwangslaufig
von der Dimension abhéngen. Vielmehr geht die Dimension lediglich als obere Schranke
fiir die groftmogliche Asymmetrie eines Korpers in die Ungleichungen ein.

Wir verwenden die Theorie der Fized Parameter Tractability, um die Komplexitét
des exakten Losens und der Approximation des Normmaximierungsproblems mit spe-
ziellem Hinblick auf die Dimension zu untersuchen. Die zentrale Rolle dieses Problems
in der Computational Convexity ermdoglicht es dann, Aussagen iiber die Komplexitéit
einiger grundlegender Radienberechnungsprobleme und des Problems der Berechnung
des Hausdorffabstandes zu treffen, auf denen die nachfolgenden Kapitel aufbauen.

Das Konzept der Core-Sets zeigt, dass die Komplexitét der Approximation des euklidi-
schen Umkugelradius vollstdndig unabhéngig von der Dimension ist. Wir zeigen scharfe
geometrische Ungleichungen zwischen verschiedenen Radien, die scharfe Schranken an
die GroBe von Core-Sets (sowohl im euklidischen Fall als auch in einem ganz allgemeinen
Set-up) implizieren.

Fiir das Problem, einen konvexen Koérper homothetisch so zu transformieren, dass er
den Hausdorffabstand zu einem anderen Koérper minimiert, charakterisieren wir Opti-
mallosungen und geben einen polynomiellen Algorithmus, der dieses Problem fiir Poly-
tope in Eckendarstellung in unbeschrankter Dimension 16st.

SchlieBlich geben wir eine Art , lokale Helly-Typ Aussage* fiir das Problem, einen klein-
sten einschlieffenden Zylinder im Raum zu berechnen. Da andere iibliche Ansétze fiir die-
ses Problem beweisbar nicht funktionieren konnen, zeigt unsere Aussage Moglichkeiten
auf, doch verwertbare strukturelle Eigenschaft dieses Problems auszumachen.
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Chapter 1

Introduction

The present thesis investigates several basic problems from the area of Computational
Convexity. Its results can be seen as an attempt to identify structures in these problems
that allow an efficient solution (or approximation) or to show that no such structure
exists. The problems under consideration can all be classified as geometric optimization
problems in a finite dimensional real vector space. Throughout the individual chapters,
the thesis puts a special focus on the question how the dimension of that space influences
the complexity of the problem. The obtained results show that this influence can lie in
a very broad range: There are problems, the hardness of which is directly linked to
the dimension; there are others, where the running time of an approximation algorithm
does not depend on the dimension at all; and there is a group of problems somewhere
in between, where the hardness of the problem is sensitive to the dimension but also to
other parameters of the problem.

After a quick overview of the thesis, this introductory chapter will first illustrate the
field of Computational Convexity, highlight some central questions in the field and show
how the present thesis can contribute to the answers of these questions. After introducing
the notation that is used throughout the thesis, we close this introduction with thanks
to the people that contributed to the completion of this thesis.

1.1 Overview and Organization of the Thesis

Besides this introductory chapter, the thesis consists of five chapters, which are de-

signed in the style of scientific papers. All chapters try to be as self-contained as possible,
so that they can in principle be read in arbitrary order.
Fach chapter also contains a short introduction which presents the respective problem
of interest and gives references to background material and related work. Moreover,
the introduction of each chapter states the main results of the chapter, which are then
elaborated in the subsequent sections. Where necessary the introductions also explain
special notation adapted to the particular needs in a chapter. Our general notation,
however, is explained in Section 1.3.
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In a first step, we show that many well-known geometric inequalities can be sharpened
by basing them on symmetry coefficients of convex bodies. Unlike the original theorems,
our generalizations demonstrate that the parameters of these inequalities do not intrin-
sically depend on the dimension. Instead, the dimension only enters these inequalities
as a worst case upper bound on the asymmetry of a body.

We employ the theory of Fixed Parameter Tractability to revisit the computational
complexity and the complexity of approximation of Norm Maximization with a special
focus on the dependence on the dimension. The central role of this problem in Com-
putational Convexity then allows us to deduce corollaries on the complexity of several
basic radii computation problems and the problem of computing the Hausdorff distance,
which are of interest in later chapters.

The concept of core-sets shows that the complexity of approximating the Euclidean
circumradius does not depend on the dimension at all. We derive tight geometric in-
equalities between certain radii that are turned into tight bounds on the size of these
core-sets in the Euclidean and in a very general setting.

For the problem of homothetically transforming a convex body in order to minimize
its Hausdorff distance to another one, we characterize optimal solutions and give a
polynomial time algorithm that solves the problem for vertex-presented polytopes in
unbounded dimension.

Finally, we give a “local Helly-type theorem” for the problem of computing a smallest
enclosing cylinder in three-space. The result is quite specific but constitutes a first
step towards an exploitable structure theorem of a problem for which other common
approaches have been shown to fail.

1.2 Computational Convexity

As the name already indicates, the field of Computational Convexity is concerned with
the study of computational and algorithmic problems on convex sets. The problems of
interest are often to evaluate some functional on a convex set in a finite dimensional
real vector space. An important aspect in the study of these problems is the fact that
they are considered in arbitrary (unbounded) dimension rather than in spaces of a (low)
a-priori fixed dimension. This leads to a close interplay of Computational Convexity
with Mathematical Programming, where the number of variables of a problem is usually
not fixed in advance: On the one hand, it allows for the analysis of problems that arise in
those fields; on the other hand, methods from Mathematical Programming are also often
basic building blocks for efficient algorithms in Computational Convexity. Moreover, the
focus on problems in unbounded dimension distinguishes Computational Convezity from
the area of Computational Geometry, which usually investigates algorithmic versions of
geometric problems in the plane or in three-space.
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In general, the methods that are applied can usually be located somewhere around the
intersection of Convex Geometry, Mathematical Programming and Discrete Mathematics
as well as Complexity Theory. For complexity questions, usually the binary (Turing
machine) model is applied.

For a rough overview, the following Section 1.2.1 highlights some classic and basic
problems in Computational Convexity and shows at which points the present thesis can
contribute to the field. We refer to [88, 89, 90] for more complete surveys on Computa-
tional Convexity and to [75, 92, 150, 162] for comprehensive background material.

1.2.1 Classic Problems

The Volume of a Polytope

As a first example to illustrate the basic questions in Computational Convexity, we
mention the problem of computing the volume of a convex compact set P C R%. There
is no doubt that the volume of P is a basic and important quantity associated with P.
It is very intuitive and comes with a whole theory behind it, which one is familiarized
with already during the first courses of calculus. However, it is not quite obvious how
to actually compute the volume of P even if P is a polytope. Hence, typical questions
that arise in this context are the following:

1. For a polytope P, is there a formula or an algorithm to compute its volume?

2. What is a suitable way to present a polytope P for this purpose? Is it convenient
to work with a presentation as convex hull of finitely many points or is it preferable
to deal with the intersection of finitely many halfspaces?

3. Is there an efficient algorithm for polytopes in high dimensions?
The answers that have been given to these questions in the literature are:

1. A possible approach is to dissect P into simplices, the volume of which can easily
be computed, and to add up these volumes. If a polytope P is presented as
intersection of halfspaces, there is a closed formula for its volume [127], but it
involves summation over all vertices.

2. Seemingly, no particular presentation of P is more suitable than the others [90].

3. The running time of none of the above algorithms depends polynomially on the
dimension. In fact, volume computation is #PP-hard for the above-mentioned pre-
sentations of P [63].

Hence, it turns out that the seemingly innocent problem of computing the volume of
a polytope is (not unfeasible but) intractable for general polytopes in high dimensions
under standard complexity theoretic assumptions.
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Linear Programming
Although the theory around Linear Programming is an independent field for itself, it
has to be mentioned in the present context nevertheless. First of all, the problem of
computing the maximum of a linear function over a polytope presented as intersection
of halfspaces is probably the most basic problem in Computational Convexity. The
question whether this maximum can be computed efficiently in arbitrary dimension and
the theory developed around it can be seen as the initial motivation for asking, what
other functionals can be computed efficiently on arbitrary dimensional polytopes or
convex bodies.
Especially the fact that many practical problems can be formulated as linear programs
with a problem dependent and possibly large number of variables makes it desirable
to consider the problem and its relatives in Computational Convexity in unbounded
dimension. Since Linear Programming has been shown to be solvable in polynomial
time in this setting, it may also serve as a basic tool for showing the tractability of other
more complex problems:
Consider for A € Q"% b e Q", ¢ € Q% the linear program
max clx

s.t. Ax <b. (1.1)

If L denotes the coding length of A,b, ¢, then [118] shows that (1.1) can be solved

in O(n3°L?). This result is at the heart of many tractability proofs. The algorithms
for Hausdorff matching in Chapter 5 also rely on solving linear programs (or the more
general second order cone programs).
On the other hand, concerning Linear Programming in fixed dimension, [132] shows
that (1.1) can be solved in time O(22'n). Thus, if d is considered as a constant, Linear
Programming can be solved in linear time. Using this result, we show in Theorem 3.2.12
that the NP-hard problem of maximizing the 1-norm over a halfspace presented polytope
is fized parameter tractable. In addition, we also obtain an FPT approximation algo-
rithm for general norm maximization (Theorem 3.1.3), again by solving suitable linear
programs.

Radii of Convex Bodies

A problem that has received a lot of attention is the computation of inner and outer
radii of convex bodies. Especially the circumradius, inradius, diameter and width of a
convex body have a long tradition in convex geometry. The references ranging from [30]
and [67] over [59] to [34], [103] and [102], radii have been used in order to approximate
“complicated” sets by simpler ones of appropriate size or to bound other geometric
functionals in terms of radii.
There are several ways to embed these four prominent radii into larger series of inner and
outer radii of convex bodies and, in this thesis, we will encounter different generalizations
at different places. The ones that we are mainly concerned with may also serve as an
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introductory example!.

Definition 1.2.1 (OQuter radii)
For P C R¢ compact and C' C R? a closed convex set, we let

R(P,C) :=inf{p>0: P Cc+ pC,cec R}

be the classic circumradius of P with respect to C'. For k € N, let Eg denote the set of
all k-dimensional linear subspaces of R% and define

Ry (P,C):= sup R(P,C+F) (1.2)
Fecd

Ri(P,C):= inf R(P,C+F) (1.3)
Fecd

R (P,C) := sup sup R(PN(c+F),C) (1.4)
FeLd ceRd

RI(P,C):= inf sup R(PN(c+ F),C). (1.5)
Feﬁz ccRd

Choosing C' = {r € R? : |lz||2 < 1}, we obtain the Euclidean circumradius of P via
R(P,C) = R}(P,C) = R%(P,C) = R;(P,C) = R5(P,C), half the width of P equals
RT(P,C), half the diameter is R; (P,C) = R] (P, C) and the inradius can be recovered
via R(C, P)~!. These relations are also illustrated in Figure 1.1.

N\

B ==.

Figure 1.1: Some special radii. Left: A set P C R? with its biggest contained ball of
radius R(C, P)~! and circumball of radius R(P,C). Middle: P C R? contained in the
slab ¢+ F + RT(P,C)C. Right: P C R? together with the one-dimensional section and
projection of biggest radius.

F(P.C)— FE(P.C)

Using some radius of a set to simplify calculations immediately rises the question if
and how efficiently the radii of the set can be computed. It is this question that we

We refer to page 15 for an explanation of the notation.
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mainly focus on in this thesis. For special polytopes such as simplices, boxes and cross-
polytopes, there exist explicit formulae for many radii [35, 68], but in general, it turns
out that the presentation of the polytope plays a crucial role for the tractability of radii
computation tasks, see [87] and below.

This thesis touches the field of radii of convex bodies at several points:

Basically, the combinatorial properties that make some of the radii computation tasks
hard are already present in the problem of maximizing a norm over a polytope presented
as intersection of halfspaces. In fact, the NIP-hardness proofs for the radii problems rely
on the fact of this problem being hard. Since, on the other hand, all these problems
are solvable in polynomial time in fixed dimension, Chapter 3 investigates the fixed-
parameter-complexity of norm maximization with respect to the dimension. In Theo-
rems 3.1.2 and 3.1.3, we answer the question, to which degree the hardness of computing
or approximating the norm maximum over a halfspace presented polytope depends on
the dimension. By the well established identities from [86], these results carry over to
the radii computation problems and are given in Corollaries 3.4.3 and 3.4.6.

As was observed in [67] and [86], Helly’s Theorem plays an important role for the prob-
lem of computing R(P,C). The results of Chapter 4 are basically approximative Helly-
type theorems that are formulated in terms of inequalities between the radii RZ (P,C)
for different values of k. These inequalities between radii can now be translated into
sharp bounds on the sizes of so called e-core-sets, a concept which attracted a lot of
interest in recent years: In Euclidean spaces the size of these core-sets does not depend
on the dimension of the space (e.g. [17, 18, 19, 55]), which allows approximation of
the Euclidean circumradius independently of the dimension, and which in turn leads to
efficient approximation algorithms for other, harder problems (e.g. [19]). We are able
to give sharp bounds on the size of core-sets in the Euclidean (Theorem 4.1.3) and a
more general setting (Theorem 4.1.2) and show that the dimension independence does
not carry over from Euclidean to arbitrary normed spaces (Theorem 4.1.2).

However, the same approach fails for the computation of R} ,(P). Already [58] pre-
sented a counterexample showing that there is no comparable Helly-property that would
make applicable the same techniques as above. A major obstruction on the way to such
a property is the non-convexity of the objective function in the optimization problem
for the computation of R} ,(P). Hence, a possible approach to overcome this is char-
acterizing local optima of the objective function instead of global ones. We follow this
approach in Chapter 6, where a first step in this direction is made and a bound on the
pinning number (i.e. a local Helly-number) of intersecting balls (Theorem 6.1.1) and
ovaloids (Theorem 6.4.5) in R? is given.

The Hausdorff distance
As a last example for the type of problems that are considered in this thesis, we
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mention another indispensable tool in Convex Geometry: the Hausdorff distance of two
convex bodies. Let || - || be a norm on R?.

Definition 1.2.2 (Hausdorff distance)
For a non-empty, compact and convex set K C R%, let

dwK): R* — R
¢+~ d(z,K)=min{||z —y|:y € K}

be the distance mapping of K induced by || - ||.
For two compact convex sets K, L C R the Hausdorff distance between K and L is

0(K,L):= max{gg}%(d(m,[/),r;lgicd(x,l()} (1.6)

and measures the maximum distance of a point in K or L to the other body as illustrated
in Figure 1.2.

d(K, P)
Figure 1.2: The Hausdorff distance of a convex body K C R? and a polytope P C R2.

Together with the volume of the symmetric difference of two bodies, the Hausdorff
distance is one of the commonly used metrics on the cone of convex bodies that appears
whenever the similarity of two convex bodies has to be measured. It is a natural way to
express results in the theory of approximations of convex bodies by polytopes and vice
versa [93], [150, Section 3.3]. Also the functional itself is very well studied [150, Section
1.8]. In addition, the Hausdorff distance also arises as a natural measure of similarity in
shape fitting tasks [10]. Here, also more general matching problems, where one body is
allowed to undergo a transformation from a certain family, are considered. For the case of
homothetic transformations, Helly-type properties of the Hausdorff distance are shown
in [14]. However, the attention in Computational Geometry has focused on the case
of two-dimensional polygons and finite point sets in two or three dimensions, which is
surveyed in [10]. Polynomial-time algorithms computing the Hausdorff distance between
collections of simplices in fixed dimension are presented in [9].

In the context of the present thesis, a natural question is to ask for the complexity
of computing the Hausdorff distance of polytopes in arbitrary dimension. To the best
of our knowledge, this question has not been answered before and we close this gap in



8 Chapter 1. Introduction

Theorems 5.2.13 and 5.2.16 building on the results on norm maximization from Chap-
ter 3. Guided by the insights of those theorems, we consider the optimization problem,
where a vertex-presented polytope is allowed to be transformed by a homothetic map-
ping in order to minimize its Hausdorff distance to another vertex-presented polytope.
Using the techniques developed in Chapter 4, we characterize optimal solutions in The-
orem 5.3.8. We also give an algorithm to solve this matching problem and variants of it
in Section 5.3.3. The theoretical running times of our algorithm are comparable to the
ones in low dimension cited above and the only ones which also depend polynomially on
the dimension.

1.2.2 Applications in Practice

The problems presented in the previous section are interesting mathematical problems
that deserve to be investigated in their own right. Additionally, the obtained insights
— in particular the ones on the algorithmic side — may be helpful for the solution of
many applied problems. The present subsection is intended to support this claim by
presenting some applications that are closely related to this thesis: During the time of
this thesis, the author has been working actively in the mentioned application areas by
contributing to third party projects, supervising students or co-authoring papers in the
respective area. The selection is by no means exhaustive; we rather refer to the list of
references at the end of this section for further possible applications.

Shape Fitting

The task of quantifying how much two given object resemble each other arises in many
application areas, such as pattern recognition, computer vision, computer graphics, etc.
Often the task is not only to evaluate the resemblance of two shapes but to transform
one shape such that it becomes as close as possible to another one. We give two examples
that show how methods from Computational Convexity can be applied for these shape
fitting problems:

The paper [37] investigates a problem that arises in operation planning in medical
surgery and explores the applicability of approximation by affine subspaces, i.e. radii
computations, for shape matching problems. In order to facilitate automation of the
planning process of a limb lengthening surgery, the data obtained by a computerized
tomography scan of the patient’s leg has to be processed to a compact and tractable de-
scription. Since the relevant parts of the (deformed) femur basically resemble a cylinder,
[37] suggests to use the union of two cylinders instead of the whole bone data. Hence,
once the bone data is split into the appropriate parts, the task amounts to computing
the outer 2-radius (in the sense of Equation (1.3) in Definition 1.2.1) of the respective
part of the bone together with an optimal axis. Figure 1.3 shows a major part of a femur
diaphysis and its best approximating 2-cylinder.
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Figure 1.3: A femur part and its best approximating cylinder. Left: 3341 points in
3-space segmented from a CT of a femur. Right: A best approximating 2-cylinder that
replaces the femur in computations.

It has already been claimed above that the Hausdorff distance is a natural objective
function in shape fitting tasks. In order to support this claim, we mention a few of the
possible applications.

In [112], the Hausdorff distance and variants of it are investigated in order to detect ob-
jects from one image in another one. The paper [114] develops a face detection algorithm
based on the Hausdorff distance as the underlying similarity measure which is used to
compare the region around the eyes in images to a geometric description thereof. In the
application in Computer Vision in [148], a model set that is to be detected in an image
is allowed to be affinely transformed before being matched to some part of the image.

The basic idea behind all these approaches is to define some model set and then find a
suitable transformation of that model that minimizes the Hausdorff distance between the
transformed model and some object segmented in the (image) data. In all three cases, the
authors report good results and especially highlight the fact that the Hausdorff distance
is very robust concerning changes in illumination, contrast and other image properties.

The particular application of Hausdorff Matching that we are aiming at in Section 5.3.3
can be interpreted as a shape fitting approach for tomographic reconstruction with prior
knowledge and is explained in the next paragraph.

Tomographic Reconstruction by Shape Fitting

In the field of Geometric Tomography, one is concerned with the problem of recon-
structing convex sets from tomographic data, e.g. from X-rays (i.e. Radon transforms)
or simply projections or sections of the set. The textbook [71] gives a comprehensive
overview of the field. Here, we focus on two specific problems at the intersection of
Geometric Tomography and Computational Convexity.
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As mentioned in the paragraph about Shape Fitting, Section 5.3.3 shows, that if strong
prior knowledge about the objects that are to be reconstructed is assumed, shape fitting
methods can also be used for tomographic reconstruction. In particular, we will show
how the methods for Hausdorff matching developed in Chapter 5 can be applied to the
task of “reconstructing” a femur from only two projections.

This approach is again motivated by the planning procedure for the limb lengthening
surgery considered in [37] and described above. Since for the actual planning procedure
the CT data of the femur of the patient is processed to a cylinder with the essential
features of the bone, one might as well think of replacing the whole CT scan by fewer
ordinary radiographs and extract the relevant information from these images. The ben-
efits of this approach are self-explanatory: The patient benefits from a lower radiation
dose and the two radiographs taken during the initial examination of the patient can be
reused for the planning procedure, saving time and money thereby.

A possible way to construct a model of the patient’s femur is as follows. In a first step,
we provide a geometric description of a model femur (or of parts of it) which we extract
from the CT data of a plastic femur with standard parameters [25]. In order to recover
essential parameters of the femur of a specific patient, we segment the bones in each ra-
diograph and solve the following matching problem: Find a transformation of the model
femur such that the sum of Hausdorff distances of the bone regions in the radiographs
to the projections of the transformed model is minimized. In our application, these
radiographs are taken in two a-priori fixed directions which leads to the optimization
problem (5.28) in Section 5.3.3.

Since we are working with polytopes instead of curved bones, we are, strictly speaking,
matching the convex hull of the model femur to the convex hull of the segmented bones
in the radiographs. However, applying the optimal transformation for the convex hull
to the model femur itself seems to yield good approximations of the femur of the patient
in practice (cf. Section 5.3.3, in particular Figure 5.3).

Another possibility of providing a 3D model of the patient’s femur is to build it directly
from geometric primitives that are suitably adjusted according to parameters that can
be determined from the two radiographs. Using a standard set of parameters as listed
in e.g. [137, 139], this approach is explored in [108]. Figure 1.4 shows a typical result of
a femur model together with its projection into the original radiograph.

Tomographic Reconstruction by Quadratic Programming

Another method from Geometric Tomography that can be subsumed in Computational
Convexity in the broadest sense is the following algorithm introduced in [73]. The task
of this algorithm is to reconstruct an approximating polytope to a convex body K C R?
from which noisy measurements of its support function

h(K,-):R? = R;u v max{u’z:2z e K}

are available. In cooperation with an interdisciplinary team of material scientists and
mathematicians, we applied this algorithm to the task of reconstructing a nanowire from
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Figure 1.4: Femur reconstruction with geometric primitives. Left: The geometric model
of the femora of a patient consisting of cylinders, balls, and truncated cones. Right. Its
projection into an X-Ray image of the lower extremities of the respective patient. Both
images are taken from [108].

electron microscopy data. We also compared its performance, along with other geomet-
ric algorithms, to conventional tomography algorithms such as SIRT [117, Chapter 7],
different discrete variants of ART [106, Chapter 11|, or filtered backprojection [106,
Chapter 8|. For the present purpose, we sketch our main results in the following; for a
complete assessment, however, we refer to the publications [7] and [141].

Nanowires, small wires that are tens of nanometers in diameter and micrometers in

length, are promising building blocks for future electronic and optical devices; see [129,
135]. They are typically grown from a substrate and much research effort is being focused
on understanding and controlling their growth mechanisms [62]. Electron tomography,
as in various materials science applications, is rapidly developing into a powerful 3D
imaging tool for studying these effects at the nanoscale [22, 134].
With current technology, however, the tomographic data acquisition time for 140 projec-
tions of a single nanowire is about 2 hours when performed manually. This is currently a
bottleneck preventing many in-situ experiments on short time scales and the imaging of
multiple nanowires. Hence, methods that require considerably fewer projection images
are of particular interest.

The cross-sections in horizontal (i.e. perpendicular to the growth direction) slices of
the nanowire in our application are all convex. In fact, most of the cross-sections are
close to regular hexagons [157]. This allows us to reconstruct the whole nanowire by
reconstructing one 2D slice after the other from the support function values obtained
from the microscopy images.
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The support function values in the two directions perpendicular to the projection direc-
tion can be easily determined from the data, because they correspond to the minimal
and maximal coordinates of the pixels in the data that recorded non-zero intensities,
cf. Figure 1.5. As data is available for several tilt angles, we collect support function
measurements for different directions. These serve as input to the algorithm.

(a)

o
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Position in profile (nm)
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Figure 1.5: Nanowire data: (a) bright-field electron microscopy image of the InAs
nanowire specimen used for tomography; (b,c) aligned images taken from the tilt se-
ries of the wire at angles of 10° and 40°, respectively (slice 220 is indicated by the white
line; the tilt axis is in the vertical direction through the center of the image); (d,e) mea-
sured projections of slice 220 (non-linear projection intensities) shown in red and ideal
projections of slice 220 (linear projection intensities) shown in black, at angles of 10°
and 40°, respectively. (The ideal projections were estimated from our reconstructions.
For further details, we refer to [7].)

Unfiltered backprojection (U-FBP) U-FBP is probably the most basic geometric
method to reconstruct a convex set K from measurements of its support function. The
idea is to “backproject” the slab between two hyperplanes where K is known to be
contained in, and to return the intersection of all these slabs. The returned object is
necessarily a polyhedron.

Modified Prince-Willsky (MPW) Since the measurements in our application can
be very noisy which may lead to inconsistencies in the data (cf. Figure 1.6), we apply the
more sophisticated modified Prince-Willsky algorithm from [73], which is a modification
of the algorithm in [143].

The MPW algorithm is designed to cope with noise in the measurements of the support
function. More precisely, for (Gaussian) noise affected measurements hq, ..., hy, of the
support function of K in a finite number of directions u1,...,u,, the MPW algorithm
solves a constrained least-squares problem to obtain values yi,...,y,, which are the
support function values of a best-approximating polyhedron P*. The set P* itself is
then obtained as intersection of halfspaces P* = (_ {z € R? : ul'z < y,}, for instance
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Figure 1.6: Inconsistent support function measurements. Left: A convex set K and
three exact measurements of its support function. Middle: A wrong support function
measurement leads to inconsistent data. Right: A wrong support function measurement
cuts away a big part of K.

via U-FBP.
With mild restrictions, the output of the algorithm converges as the number of shadows,
affected by Gaussian noise of fixed variance, approaches infinity [74].

Figure 1.7 shows that the quality of the reconstruction of MPW is comparable to
the ones obtained by standard tomography algorithms. Further, it appears superior in
settings where the reconstruction has to be performed from very few, very noisy images.
A detailed assessment of the results is, however, beyond the scope of this thesis and we
refer to [141] and [7] for further details.

Figure 1.7: Reconstruction of the nanowire using different algorithms. Top-to-bottom
and frontal views are shown in the first and second row, respectively. BART is the
algorithm introduced in [105]; DART in [24]; for GKXR see [72]; 2n-GON reconstructs
a near-regular 2n-gon in every cross section and is introduced in [7].

Clustering via k-center
Besides the direct applications that have already been mentioned, an additional com-
binatorial layer can be added to almost all of the above problems. For instance, a bent
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bone is probably better approximated by the union of two (or more) cylinders than by
one; the Hausdorff distance could also serve as a similarity measure between unions of
polytopes; etc. In these cases the task is not only to evaluate a geometric functional on
a single convex set but an additional assignment problem has to be solved in order to
determine which functional has to be evaluated for which set.

We make this precise for the well-studied example of the so called k-center problem,
which is the combinatorial extension of the outer radii of finite point sets as introduced
in Definition 1.2.1.

Problem 1.2.3 (k-center)
Let (Cyg)gen be a family of convex compact sets with Cy C R4, k € Nand j € {1,...,d}.
The following problem is called k-center problem and illustrated in Figure 1.8.

Input. A finite point set P := {pi,...,pn,} C R? in arbitrary dimension d.
Task: Find an assignment I : {1,...,n} — {1,...,k} that minimizes

Jmax, I ({pi : 1(i) = v}, Ca).

Figure 1.8: The k-center problem. Left: A 2-dimensional input point set. Right: An
optimal solution for the 3-center problem with j = 2 in the Euclidean norm. The
assignment to three clusters is indicated by the three different colors.

Because of the additional combinatorial difficulties, it is not surprising that the k-
center problem and similar problems tend to become hard very quickly (see e.g. [49, 133]).
This complexity is also made perceptible for a non-mathematical audience in the Java
applet developed in [61], which is now available at http://www-m9.ma.tum.de/Allge-
meines/KCenterSpielUeberblick. The reason why these problems are nevertheless ex-
tensively studied is their apparent application in areas that involve the clustering of
data. Hence, applications range from data mining, pattern recognition, preprocessing
for the creation of efficient data structures as examples in high dimensional spaces to
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problems like facility location or shape fitting with unions of convex sets in low dimen-
sional spaces [3, 41, 98, 144, 158]. Of course, once a solution of Problem 1.2.3 is at hand,
it can also be used for classification tasks by classifying a new point as belonging to its
nearest cluster.

The paper [41] proposes different solution techniques for the case j = 1 of Problem 1.2.3;
[2] is mainly concerned with the cases where j < d and the data is spread around several
affine subspaces in a high dimensional space. Both papers contain an extensive list of
pointers to problems where this clustering technique has been applied successfully. For
applications of clustering in general, we refer to the broad references in the introduction
of [32].

For the actual solution of the k-center problem, the concept of e-core-sets allows to derive
a very effective polynomial time approximation scheme via a Branch&Bound technique
[19, 41]. The present thesis contributes to this study by giving sharp bounds on the size
of e-core-sets in Chapter 4.

We close this section by pointing again to [88, 89, 90, 125], where many other successful
applications of methods from Computational Convexity are described.

1.3 General Notation and Background

Before going into details in the following chapters, we fix some general notations that
we will make use of throughout the thesis. Notations that only appear locally in certain
sections are explained within the respective section. Additionally, the table on page 131
gives a list of all notations used and pointers to the pages where they are introduced.

The symbols N, Z,Q and R are used to denote the set of positive integers, integers,
rational numbers and real numbers, respectively.
For a positive integer n € N, we will abbreviate [n] := {1,...,n}.
Throughout this thesis, we are working in d-dimensional real space R¢ and for A C R¢
we write lin(A), aff(A), conv(A), pos(A), int(A), relint(A), and bd(A) for the linear,
affine, convex or positive hull and the interior, relative interior and the boundary of A,
respectively.
For a set A C R%, its dimension is dim(A) := dim(aff(A)). Furthermore, for any two
sets A, BCR?and p € R, let pA:={pa:ac A} and A+B:={a+b:ac Abc B}
the p-dilatation of A and the Minkowski sum of A and B, respectively. We abbreviate
A+ (=B)by A—Band A+ {c} by A+c. A set K CR?is called 0-symmetric if
—K = K. If there is a ¢ € R? such that —(c + K) = ¢+ K we call K symmetric. At
several points, we will make use of the identity A + A = 24 for A C R? convex.
A set C' C R?% which is non-empty, convex and compact will be called a convez body or
body for short. The set of all convex bodies in R? will be denoted by C%. The set of all
polytopes in R? is denoted by P¢. For k € [d], a k-simplex is the convex hull of k + 1
affinely independent points. For z,y € R?, we write [z,y] = { Az + (1 — Ny : A € [0,1]}
for the line segment joining = and y. If a polytope P € P? is described as a bounded
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intersection of halfspaces, we say that P is in H-presentation. If P is given as the
convex hull of finitely many points, we call this a V-presentation of P. For a convex set
C C R4, ext(C) and rec(C) denote the set of extreme points and the recession cone of
K, respectively.

Furthermore, £g and .A‘,z denote the family of all k-dimensional linear and affine sub-
spaces of RY, respectively, and A|F is used for the orthogonal projection of A onto F for
F e A

For 1 < p < 0o, the p-norm of a point 2 = (z1,...,24)" € R? is defined as

1
d p
zllp := (Z |90i|p>
i=1

for p = oo, we let ||z||c := max{|z;| : i € [d]}.

For p € [1,00], we write B¢ := {z € R? : ||z[|, < 1} for the unit ball of || - ||, and
Si-t:={z € R? : ||z||, = 1} for the unit sphere in RY.

For two vectors x,y € R? we use the notation zTy := Zle x;y; for the standard
scalar /inner/dot product of z and y and by

H<(a,B):={z cR¥:aTz < B}

we denote the half-space induced by a € R? and 8 € R, bounded by the hyperplane
H_(a,B) := {zr € R?: a’x = B}. For a vector a € R? and a convex set K C R? we
write

h(K,a) :=sup{alz:z c K}

for the support function of K in direction a.

For a convex body C € C%, we write C° := {a € R%: a’z < 1 Vx € C} for its polar.

If X is a finite set and k € N, then ()k() :={Y C X : |Y| = k} denotes the set of all
subsets of X of cardinality k.

The standard basis in R? is denoted by {e; : i € [d]}; the all-ones vector by 1 :=
1,..., )7 e R,

In general, we use lower case latin letters for vectors, and upper case latin letters for
sets or sometimes matrices. Lower case greek letters are usually used for real scalars
whereas the letters n,m, k,d are usually positive integers. We implicitly assume this
throughout the thesis in statements such as “Let pq,...,pn, € R,

Throughout the thesis, the term “Theorem” indicates the major results of a chapter.
“Lemmas” are used to prepare the proof of the main theorems or give additional side
notes. The term “Proposition” is employed for a theorem which is stated within this
thesis but which has been proved elsewhere.
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We denote by P (and NP, respectively) the classes of decision problems that are
solvable (verifiable, respectively) in polynomial time. For an account on complexity
theory, we refer to [75]. We write FPT for the class of fixed-parameter-tractable problems
and W][1] for the problems of the first level of the W-hierarchy in the theory of Fixed
Parameter Tractability. For an introduction to Fixed Parameter Tractability, we refer
to the textbooks [70, 138].

For comprehensive background material, we refer to [150] for the general theory of
convex bodies, to [96, 162] for polytopes in particular, to [147] for Convex Analysis,
to [92] for the Algorithmic Theory of Convex Bodies and to [56, 57] for an account on
Linear Programming.
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Chapter 2

Symmetry Coefficients in
Geometric Inequalities

Many classical geometric inequalities on functionals of convex bodies depend on the
dimension of the ambient space. In this first chapter, we show that this dimension de-
pendence may often be replaced (totally or partially) by different symmetry measures
of the convex body. Since these coefficients are bounded by the dimension but possibly
smaller, our inequalities sharpen the original ones. Since they can often be computed effi-
ciently, the improved bounds may also be used to obtain better bounds in approximation
algorithms.

This chapter is joint work with René Brandenberg and a joint paper presenting the
obtained results is currently in preparation [39].

2.1 Introduction

Since Jung’s famous inequality [116] in 1901, geometric inequalities relating different

radii of convex bodies form a central area of research in convex geometry. Starting with
[30], in many classic treatises on convexity, significant parts are devoted to geometric
inequalities among radii (e.g. [33], [59, Section 6], [66, Chapter 6], [97, Section 4.1.3]). In
a broader context concerning the relevance of geometric inequalities, also the textbooks
[47] and [150] should be mentioned here.
Interesting and beautiful results of their own, geometric inequalities also serve as indis-
pensable tools for many results in convex geometry itself as well as in other application
areas. It is therefore not surprising that results such as Jung’s Inequality or John’s The-
orem [115] still are frequently cited in a broad variety of papers. Thus, even more than a
century after Jung’s seminal inequality, the area of geometric inequalities in general and
especially among radii is still a prosperous field of research (see [36, 83, 100, 107, 142, 151]
for inequalities among radii of convex bodies and [26, 44, 104] for inequalities involving
radii and other geometric functionals).

19
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The kind of inequalities to be considered in the following usually bound a geometric
functional (e.g. a certain radius) of a convex body in terms of another one. The statement
of the theorem then usually consists of two parts: a general bound on the ratio of these
two functionals that holds true for arbitrary convex bodies and an additional statement
that the bound can be improved (sometimes to a trivial bound) if the body under
investigation is symmetric. In this paper, we propose to use measures of symmetry to
strengthen geometric inequalities for convex bodies that are not symmetric but possibly
far from the worst case bound in the original theorem.

In particular, we prove sharpened versions of a classic inequality between in- and cir-
cumradius (e.g. [69, p. 28]), and of the famous theorems of Jung [116], Steinhagen [153],
Bohnenblust [28], Leichtweifs [128], and John [115].

The symmetry measures that we use for this purpose are variants of Minkowski’s

measure of asymmetry and have the desirable advantage that they are computable for
polytopes via Linear Programming (see Lemmas 2.3.5 and 2.3.9). Hence, the improve-
ment from basing these inequalities on symmetry coeflicients is not only of theoretical
interest but also allows better bounds in practical applications as in core set algorithms
(cf. Chapter 4) or e.g. in [65, 121].
As a first note on the role of the dimension in the present context, we point out that
our inequalities show, that in many cases the ratio between two functionals is bound
solely to the symmetry coefficients and not intrinsically dependent on the dimension.
The dimension dependence, which is known from the original theorems, only enters the
inequalities as a worst case bound on the symmetry coefficient.

This chapter is organized as follows. Section 2.2 starts with the definition of the
different radii that appear in the course of this chapter along with some basic properties.
Then, Section 2.3 introduces two variants of symmetry measures that we use in the
subsequent sections. The remainder of the chapter is organized in groups around the
individual theorems in the section headings that are generalized.

2.2 Radii Definitions and Preliminaries

2.2.1 Radii Definitions

We start this section by defining the circumradius of a closed convex set K C R¢
with respect to some gauge body C' C R%. The circumradius appears at many points
throughout this chapter and also serves for the definition of other radii and symmetry
coefficients. Note that in all the following definitions C' is not necessarily assumed to be
symmetric.

Definition 2.2.1 (C-radius)

Let K,C C R? non-empty, closed and convex. We denote by R(K, C) the least dilatation
factor p > 0 such that a translate of pC' contains K, and call it the C-radius of K
(cf. Figure 2.1). In mathematical terms,
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R(K,C):=inf{p >0:3cc R s.t. K C c+ pC}. (2.1)

Figure 2.1: The C-radius of a convex body K C R2. Left: The convex body K and an
unbounded closed convex set C. Right: A minimally scaled copy of C' is translated such
that it contains K.

If C = BY is the Euclidean ball, R(K,B%) is the common Euclidean circumradius of K.
If C is O-symmetric R(K,C) measures the circumradius of K with respect to the norm
|- lc induced by the gauge body C'. Since Definition 2.2.1 allows unbounded convex sets
K and C, one has to be careful with the cases where the infimum in (2.1) is not attained.
We treat these cases in the following lemma. Note that by definition R(K, C) is invariant
under translations of K and C. Hence, we may assume 0 € relint(K) Nrelint(C') without
loss of generality, wherever it simplifies the notation.

Lemma 2.2.2
Let K,C C R? non-empty, convex and closed with 0 € relint(/) N relint(C). Then,

a) R(K,C) < oo if and only if K C lin(C) and rec(K) C rec(C),
b) R(K,C) =0 if and only if R(K,rec(C)) < oo, and

c) if R(K,C) ¢ {0,000}, there exists a center ¢ € R? such that K C ¢+ R(K,C)C.

Proof.
Let K; := conv(ext(K)) and C; := conv(ext(C')) such that K and C can be expressed
as K = K +rec(K) and C = C} +rec(C'), respectively.

a) If R(K,C) < oo, there exist ¢ € R, p > 0 such that K C ¢ + pC. This implies the
right hand side in a). If, on the other hand, K C lin(C) and rec(K) C rec(C), we
immediately obtain K; C lin(C) and since K; is bounded and 0 € relint(C'), there
exists p > 0 such that K; C pC. Moreover, since rec(K) C rec(C) = p rec(C), we
obtain K = K; + rec(K) C pC.
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b) Assume that R(K,C) = 0. Then, by a), rec(K) C rec(C). If R(K,rec(C)) = oo,
then a) implies the existence of a point x € K such that z ¢ lin(rec(C)). Now,
assume without loss of generality that C; C BS. Thus, ¢ + pC = ¢ + pCy + rec(C) C
c+ pB4 +lin(rec(C)) for all ¢ € R and p > 0. Denote the Euclidean distance of 2 to
lin(rec(C)) by p > 0. Since z,0 € K, we conclude that K C ¢+ pC' is possible only

if p > £ > 0, which contradicts the assumption.

If, on the other hand, there exist ¢ € R? and p* > 0 such that K C ¢ + p*rec(C),
then K C c+ p rec(C) C c+ pC for all p > 0 and therefore R(K,C) = 0.

c) If R(K,C) € (0,00), Part a) and b) imply rec(K) C rec(C) and K; ¢ lin(rec(C)).
Hence, there exists p > 0 such that R(K,C) = R(K;,C) = R(Ky,C N pBY) and
therefore by the Blaschke selection theorem [150, Theorem 1.8.6] some ¢ € R such
that K1 C c+ R(K,C)(C NpaBY) C c+ R(K,C)C. Because of rec(K) C rec(C), this
implies K C ¢+ R(K,C)C.

O

As an immediate corollary of Lemma 2.2.2; we obtain the following if K and C are
bounded.

Corollary 2.2.3
Let K,C € C¢ with 0 € relint(K) Nrelint(C). Then,

a) R(K,C) < oo if and only if K C lin(C),
b) R(K,C) =0 if and only if K is a singleton, and
c) if R(K,C) # oo, there exists a center ¢ € R? such that K C ¢+ R(K,C)C.

In the same way as the circumradius, we introduce the inradius of a convex set K
with respect to a gauge body C.

Definition 2.2.4 (C-inradius)

Let K,C C R non-empty, closed and convex. The C-inradius r(K,C) of K is the
greatest scaling factor p > 0, such that a translate of pC' is contained in K (cf. Figure 2.2).
In other words,

r(K,C) :=sup{p>0:3ce R s.t. ¢4+ pC C K}. (2.2)

Strictly speaking, there is no need to introduce (K, C), since it can easily be expressed
as
r(K,C) = R(C,K) ", (2.3)

using the conventions co™! = 0 and 07! = oo (cf. e.g. [97, Section 4.1.2]). Neverthe-
less, we keep the notation, as the little r, reminiscent of inradius, will emphasize the
resemblance with the theorems being generalized.
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+r(K,C)C

Figure 2.2: The C-inradius of a convex body K C R2. Left: The convex body K and a
line segment C' C R?. Right: A maximally scaled copy of C' is translated such that it is
contained in K.

Whereas the definitions of in- and circumradius are canonical even for asymmetric C,
there seem to be at least two natural generalizations of the diameter of K with respect
to a non-symmetric C. The first possibility is given in Definition 2.2.5 and uses the
maximal C-radius of two-point-subsets of K. In the line of the general definition of core
radii in Definition 4.2.1, we denote this radius by R; (K, C).

Definition 2.2.5 (C-diameter)
Let K,C C R? non-empty, closed and convex. We define

R(K,C) :=sup{R([z,y],C) :z,y € K}
as the C-radius of the “longest” segment in K and
D(K,C):=2R,(K,C)

as the C-diameter of K (cf. Figure 2.3).

C+R1(K,C)C

Figure 2.3: The C-diameter of a convex body K. Left: K,C C R2. Right: The indicated
segment [z,y] has maximal C-radius among all line segments contained in K.
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A second way of introducing a diameter with respect to a non-symmetric C' is via
the (possibly asymmetric) distance measure induced by C. Although Leichtweif already
uses this definition under the name Minkowski diameter in [128], we prefer to speak of
asymmetric diameter to emphasize its asymmetric nature, which is in contrast to the
properties of R;(K,C) shown in Lemma 2.2.10.

Definition 2.2.6 (Asymmetric diameter)
Let C € C¢ and denote by

|- [lc: R = [0,00); &+ ||z]|¢ := min{\ > 0:2z € A\C}

the (possibly asymmetric) norm /gauge functional induced by C. For K C R? non-empty,
closed and convex, we define

AD(K,C) = sup{|lz — yllc : 2.y € K}

as the asymmetric diameter of K with respect to C' (cf. Figure 2.4).

=+ AD(K\C)C

0 0
@ [ >

Figure 2.4: The asymmetric C-diameter of convex body K C R2. Left: The convex
body K and the gauge body C' C R2. Right: The indicated segment [z, y] has maximal
length with respect to the “norm” induced by C.

Comparing the two diameter definitions, we remark that AD(K,C) is strongly de-
pendent on the position of C' with respect to the origin (note the assumption C' € Cg
in Definition 2.2.6), whereas D(K,(C) is invariant under translations of C. Moreover,
in view of Theorem 2.4.1 and Corollary 2.4.6, Definition 2.2.5 seems more advantageous
for our purposes. However, if C' is 0-symmetric, we have AD(K,C) = D(K,C).

Analogously to the diameter, we define the width for a closed and convex set K C R?
with respect to a general gauge body C' C R? in two ways. The idea of the first definition
is to measure the ratio of distances of two parallel hyperplanes that sandwich K and C,
respectively (cf. Figure 2.5).
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Definition 2.2.7 (C-width)

Let K,C C R? non-empty, closed and convex. If h(K — K,a) = oo or h(C' — C,a) =0
for all a € R?\ {0}, we define r1(K,C) := oo. If h(C — C,a) = 0o or h(K — K,a) =0
for all @ € R?\ {0}, let 71 (K, C) := 0. Otherwise, we define

WK — K, a)

ri(K,C) = inf{h(C—Ca)

ca € R\ {o}} . (2.4)

and denote by
w(K,C) :=2r(K,C)

the C-width of K.

—4
v
v

Figure 2.5: The symmetric C-width of K. Left: K,C C R2. Right: The symmetric
C-width of K is attained for a direction a, for which the ratio h(K — K, a)/h(C — C,a)
is minimal.

As for the diameter, the width of K with respect to C may also be defined as follows.

Definition 2.2.8 (Asymmetric width)
For K C R% non-empty, closed and convex, and C € Cg, define

aw(K,C) :=min{h(K — K,a) : a € bd(C°)}.

Again, in case C' is symmetric, w(K,C) = aw(K,C) is the width of K in the usual
sense. To avoid confusion, we explicitly remark that the width of K is sometimes also
called the minimal width or minimal breadth in the literature.

Remark 2.2.9 (Pathological cases)
Note that, by the definitions of the radii and Lemma 2.2.2, we immediately obtain:
whenever one of the four radii introduced above is 0 or co all of them are. More precisely:

{R(K,C),R(K,C),r(C,K),r1(C,K)} Nn{0,00} #
— R(K,C)=R((K,C)=r(C,K)' =r(C,K)" L.
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Our first lemma shows that both the C-width and the C-diameter remain unaffected
if the arguments are symmetrized. This allows us to establish a useful identity relating
Ri(K,C) tom(C, K).

Lemma 2.2.10 (Invariance under symmetrization)
Let K,C C R? non-empty, closed and convex. The following three identities hold

0 n(K,C) = (35~ K).5(C - C),
b) Ri(K,C) = R <;(K ~K), %(c - 0)>, and

c) 1(K,C) = R1(C,K)™! (or equivalently, D(K,C)w(C, K) = 4).

Proof.
First, observe that for K C R? we have
1 1
K—Kzi(K—K)—i(K—K). (2.5)

Using Identity (2.5), a) follows immediately from the definition of the C-width via Equa-
tion (2.4).

For the proof of b), let A € {K,C} and p,q € A. Then, p — %(p—i— q) = %(p —q) €
$(A—A)and ¢q— 1(p+q) = 3(q—p) € 3(A— A). Thus, with A = K, we obtain that
Ri(K,C) < Ri(3(K — K),C) and, with A = C, that Ry(K,C) > Ri(K, 3(C — O)).
On the other hand, let p = $(zp —yp),q = 3(2q — Yq) € 3(A— A) with zp, 24, yp, yq € A.
Then p+%(yp+yq) = %(xp—i—yq) € A and q—l—%(y,ﬁ—yq) = %(:rq+yp) € A. Hence it follows
Ri(3(K—K),C) < Ri(K,C) from using A = K and Ry (K, 1(C—C)) > Ri(K,C) from
using A = C.

For Part c), we use the well known identities R;(K,C) = R(K,C) and r(K,C) =
r(K,C) for symmetric K and C (e.g. [86, (1.3)]) and obtain

Ry(K,0) 2 Ry (A(K - K),1(C - C)) = R(L(K - K), L(C - ©))

Finally, the following lemma gives an alternative way to express AD (K, C'), which will
be useful in the sequel.

Lemma 2.2.11 (Alternative formulation of AD(K,C'))
Let K C R? non-empty, closed and convex, and C' € Cf)l. Then,

AD(K,C) =sup{h(K — K,a) :a € C°}.
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Proof.
For z € RY, ||z]|¢ = max{a’z : a € C°}. Hence,

AD(K,C) =sup{a’(p—q) :a € C°,p,qg € K} =sup{h(K — K,a):a € C°}.

2.2.2 Some Specific Radii

We conclude this section of preparing lemmas by computing some radii of certain
convex bodies that will serve to show the sharpness of several inequalities in the sequel.

Lemma 2.2.12 (Partial difference bodies of simplices)
Let S C R? be a d-simplex and «a, 8 € [0, 1]. Define C := S —aS, K := —S + 3S. Then,

d+ 8 B+1

R(K,C) = d Ri(K,C)= . 2.6
(7) 1+ do an 1(a) a+1 ()
Proof.
Since R(K,C) and R; (K, C) are invariant under translations of K and C, we may assume
that there exist 1,...,Zq11,a1,...,aq41 € R? such that

d+1

S =conv{zy,...,xq41} = ﬂ H<(ai, 1),
i=1

where the a; are numbered such that

r )1 ifi#j
a; Xj = e
—d ifi=

for all 4,7 € [d+ 1].
In a first step, we prove —S+ 35 C M(S — aS), which implies R(—S+ 5,5 —aS) <

1+da
1%36;. For this purpose let i,j € [d + 1] with i # j such that —z; + fz; is a vertex of

—S + BS. Showing that there exists p € S such that
d+p a(d+ B)

. R _ ) 2.7
i+ B 1+dap 1+ da Tir (2.7)

implies that —x; + fx; € 1%@(5 — a¥). Rearranging (2.7) yields that we need

_1+da
d+p

(—x; + Bxj) + ax;.

However, with this expression, it is straightforward to verify that, alp = 1 and a;fp <1
for all k € [d+ 1]\ {¢} and therefore that p € S.
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On the other hand, we have R(—S + 35,S5) = d+  and h(S — aS,a;) = 1 + da for all
i € [d+ 1], which implies R(—S + S, S — a§) > £
Now consider the diameter: Since K — K = (1+)(S—S5) and C—C = (1+«a)(S - 95),

Lemma 2.2.10b) yields

1+

Ri(K,C) =By (1 +8)(S = 5), (1 +a)(§ = 5)) = 1=

Q .

Lemma 2.2.13 (Regular simplez intersected with a ball)
Let T C Bg be a regular simplex with all its vertices on the Euclidean unit sphere,
pE [é, 1], and K := T N pBg. Then,

1 1
R(—K, K) = dp, r(K,]BBg):g, and rl(K,IEBg):min{rl(T,Bg),p—l—d}.

If further C' = T N paBY with pa < p. Then,

R(K,C):pﬂ and  R(C,K)=1.
2

Proof.
As p > é and r(T,BY) = é,
—K C pBY C dpT N dp’B} = dpK.

Again, since r(T,B%) = é, this scaling is best possible. Hence, R(—K, K) = dp.
Further, since p > é, r(K,B%) = r(T,BY) = é. And, if r(K,B$) < r1(T,B%), then,
because of p > é, the width of K is attained between a pair of hyperplanes supporting
T in a point x in the relative interior of a facet of T" and —px, respectively. Hence,

1
ri1(K, Bg) = min {rl(T,Bg),p + d} )
For the second statement, we immediately obtain R(K,C) = R(pBY, poBY) = p% by the
definition of K and C. And finally, since ps < p, C C K and C touches all facets of
T. Since these are also facets of K, we obtain R(C,K) = 1 by Corollary 4.2.4 and
Theorem 4.2.3. U

Lemma 2.2.14 (Convex hull of a reqular simplex and a ball)
Let T C Bg be a regular simplex with all its vertices on the Euclidean unit sphere,
pE [%, 1] and K := conV(T U pIEBg). Then,

1 1
R(—K,K):;, R(K,B}) =1 and RI(K,IBg)—max{Rl(T’EgL;p}'
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Proof.
We have %K = conv (%TU Bg). Since —T C ]Bg and p < 1, it follows that —K C %K.

Optimality of this inclusion is easily verifiable by Theorem 4.2.3, since ext(7T") C ngl.
This shows R(—K,K) = %. Further, by definition of K we have R(K,B%) = 1.

If Ri(K,BY) > Ri(T,B%), then, because of p < 1, the diameter of K is attained between
a vertex x of T' and —pzx. Hence,

1
Ri(K,BY) = max {Rl(T, BY), ;rp} .

2.3 Asymmetry Measures

There is a rich variety of measurements for the asymmetry of a convex body; see
[95, in particular Section 6] for an overview. It is already claimed in [95] that the one
which has received most interest is Minkowski’s measure of symmetry. Its reciprocal
measures the extent to which K needs to be scaled in order to contain a translate of —K
(cf. [150, Notes for Section 3.1]), which in our terminology, is the K-radius of —K. For
short, we call the latter value, which is large for “very asymmetric” sets, the Minkowsk:
asymmetry.

Definition 2.3.1 (Minkowski asymmetry)
Let K C R¢ non-empty, closed and convex. We denote by

s(K) := R(—K, K) (2.8)

the Minkowski asymmetry of K.

Further, if ¢ € R? is such that —(K —c) C s(K)(K — c), we call ¢ a Minkowski center of
K, and if 0 is a Minkowski center of K, we say that the body K is Minkowski centered
(cf. Figure 2.6).

In all three examples in Figure 2.6, the Minkowski center of K; is contained in Kj,
1 =1,2,3, a property which is also true in general as the following lemma shows.

Lemma 2.3.2 (Minkowski center is inside K)
Let K C R non-empty, closed and convex, and ¢ € R? a Minkowski center of K. Then,

c € relint(K).

Proof.

Without loss of generality we may assume int(K) # () and ¢ = 0. For a contradiction
suppose 0 ¢ int(K). Then there exists a € R?\ {0} such that "z < 0 for all z € K.
Since —K C s(K)K, we obtain a’x = 0 for all 2 € K, which contradicts int(K) # 0. O
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K

v
v

v

Figure 2.6: Planar examples with different Minkowski asymmetry. Left: Kj is sym-
metric, s(K7) = 1 and its Minkowski center is ¢;. Middle: Ka with s(K2) = 3/2 and
Minkowski center co. Right: A 2-simplex K3 with s(K3) = 2 and Minkowski center
c3. The suitable homothetics of —Ks and — K3 containing Ks and K3, respectively, are
indicated in dotted gray.

For unbounded K, the following statement can easily be obtained from Lemma 2.2.2.

Remark 2.3.3 (Asymmetry for unbounded convex sets)

R(—K,K) = 0 if and only if K is an affine subspace, and R(—K,K) = oo if and
only if rec(K) is not a linear subspace. The latter means that cylinders K = K; + F,
with F a linear subspace and K; C F a non-singleton compact convex set, are the
only unbounded sets with Minkowski asymmetry different from 0 and oo and for them
s(K) = s(K1).

Because of Remark 2.3.3, we henceforth assume K € C%. In this case, the following
proposition from [95] states the well-known bounds on s(K). With the tools developed
in Chapter 4, we also give a transparent proof of this fact in Corollary 4.2.7.

Proposition 2.3.4 (Bounds on the Minkowski asymmetry and the set of centers)
For K € C%,
1 <s(K) <d,

with s(K) = 1 if and only if K is symmetric, and s(K) = d if and only if K is a
d-simplex.

In contrast to the three examples in Figure 2.6, for an arbitrary K € C%, it can happen
that the Minkowski center is not unique and even that the set of centers is of dimension
up to d — 2 as indicated by Figure 2.7 and proved in [122].

Next, we turn to the computability of the Minkowski asymmetry.

Lemma 2.3.5 (Computability)

Let P € C% be a rational polytope given in H- or V-presentation Then s(P) and a
Minkowski center ¢ € R? such that —(P —¢) C s(P)(P — ¢) can be computed in polyno-
mial time.
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K \

Figure 2.7: Since K is a prism with triangular base area, we enforce s(K) > 2 by
Proposition 2.3.4. However, in direction of the third coordinate the dilatation is twice
as much as needed and therefore the Minkowski center of K is not unique.

Proof.
Using (2.1), the computation of s(P) = R(—P, P) requires the solution of the following
optimization problem:

min p
st. —P Cc+pP
ceR? (2.9)
p = 0.
By Proposition 2.3.4, and Lemma 2.2.2c), there exists a solution (¢*, p*) € R? x [1,d] of
(?193) By definition, s(P) = p* and we have that ¢ = —ﬁc" is a Minkowski center
of P, as

_ (p + S(P;Hc*> C e+ s(P)P— S(P;Hc* — o(P) (P + 5(]3)1+1c*) .

Now, the proof of [87, Theorem 3.4] demonstrates that the computation of R(K,C)
amounts to solving a Linear Program if K and C are both given in H-presentation or
both given in V-presentation. Throughout [87], it is assumed that C' is 0-symmetric and
fixed in advance, i.e. not considered as part of the input. However, this is not needed
for the formulation as Linear Program and the complexity of the Linear Program is
polynomial in the coding length of C, too. See e.g. [42, Section 2.1.2], where this is
made explicit for the case where K is given in V-presentation. Hence, in both cases,
s(P) = R(—P, P) and a respective Minkowski center can be computed in polynomial
time. g

Note that Lemma 2.3.5 can also be used to decide whether a polytope K in H- or
V-presentation is symmetric and to compute its center of symmetry if K is symmetric.
This yields an alternative proof for [87, Theorem 2.2].

In the following, we consider centered versions of asymmetry of a convex body K, i.e.
we are interested in the minimal dilatation factor needed to cover —(K —c¢p) with a copy
of K — ¢g for some fixed ¢y € R? depending on K, but not free to be chosen for the
optimal covering. The choice of ¢y that we focus on here is the center of the maximum
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volume inscribed K. Measuring the symmetry of K around this center nicely interacts
with John’s Theorem [115]: on the one hand, the classic formulation of John’s Theorem
can be used to bound this centered asymmetry of a body (as in Corollary 2.3.8). On the
other hand, we will use the centered asymmetry in Theorem 2.7.1 to strengthen John’s
Theorem itself. Because of its importance in this context, we give an explicit statement
of John’s Theorem in Proposition 2.3.6 and refer to [20, 21, 94] for the best readable
proofs.

When talking about John’s Theorem, we usually assume that K is full dimensional, i.e.
without loss of generality K € C¢. One may use the usual identification aff (K) = RAim(K)
to extend the results to lower-dimensional bodies.

Proposition 2.3.6 (John’s Theorem)
For every K € Cg, there exists a unique ellipsoid of maximal volume contained in K.
This ellipsoid is B¢ if and only if

(1) B4 C K, and

(2) for some k € {d—i— 1,...,d(d2+3)}, there are points pi,...,pr € bd(K) N Sg_l and
scalars A1, ..., A; > 0 such that
k k
0=> Api and I=)Y X\pip] . (2.10)
i=1 i=1

Moreover, if B¢ is the ellipsoid of maximal volume contained in K, then K C dB¢ in
general, and K C \/&Bg, if K is O-symmetric.

Definition 2.3.7 (John asymmetry)

Let K € C§, A € R¥4 and b € RY such that ¢ : R? — R% 2z — Az + b is the unique
affine transformation that brings K into John position (i.e. BY is the ellipsoid of maximal
volume contained in AK + b). We define

s0(K) :=min{p >0: —(K — A~'b) C p(K — A'b)}
as the asymmetry of K around the center of its maximum volume inscribed ellipsoid and

call it the John asymmetry of K.

As already mentioned, one may use John’s Theorem to obtain the same bounds on
so(K) as on s(K) (cf. [95, p. 248]).

Corollary 2.3.8 (Bounds on the John asymmetry)
Let K € Cg. Then,
1 S SO(K) S d

with equality if and only if K is symmetric in the first case and if and only if K is a
d-simplex in the latter case.
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As for the Minkowski asymmetry, the John asymmetry is computable for suitably
presented polytopes.

Lemma 2.3.9 (Computability of the John asymmetry)
If P C R? is a polytope in H-presentation, so(P) can be approximated to any accuracy
in polynomial time.

Proof.

First, we mention that aff(P) is efficiently computable for both presentations of P.
Hence, we may assume without loss of generality that P is full-dimensional. In [120],
it is shown that for a polytope P C R? in H-presentation, the center of the ellipsoid
of maximal volume contained in P can be approximated to any accuracy in polynomial
time. An approximation of this center at hand, call it ¢p, we can compute min{p > 0 :
—(P —cp) C p(P —cp)} via Linear Programming analogously to the Linear Program in
the proof of Lemma 2.3.5. O]

Of course, there are also other natural choices how the asymmetry of K can be mea-
sured. One particular choice is mentioned in the following remark, an extensive list of
others may be found in [95].

Remark 2.3.10 (Loewner asymmetry)

One could also measure the asymmetry of a body K around its Loewner center, i.e. the
center of the volume minimal enclosing ellipsoid of K. With the same arguments as for
the John center, the values of this asymmetry measure are also contained in the interval
[1,d]. Moreover, for a V-presented polytope P C R, this center can be approximated to
any accuracy in polynomial time [120] and therefore the asymmetry around the Loewner
center can be approximated efficiently for V-polytopes by the same argument as in the
proof of Lemma 2.3.9.

2.4 The Inequalities of Bohnenblust and Leichtweif

The present section gives generalizations of the Inequalities of Bohnenblust [28] and
Leichtweifl [128] and shows that these generalizations are actually one and the same
inequality unifying the two old theorems.

First, we prove a version of Bohnenblust’s Inequality for general convex bodies with the
ratio of the C-radius and C-diameter bounded in terms of the Minkowski asymmetry of
K and C.

A note on pathological cases. For all the geometric inequalities that follow, we
assume K, C € C%. As a consequence of Proposition 2.3.4, all the right hand sides in the
inequalities are therefore well defined. In view of Remark 2.2.9, the only pathological
cases that can appear on the left hand side are of the form 0/0 or co/oco. Presuming
both ratios to be 1, we tacitly ignore these cases in the remainder.
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Theorem 2.4.1 (Generalizing Bohnenblust’s Inequality)
Let K,C € C%. Then,
R(K,C) < (s(C) +1)s(K)
R(K,C) = s(K)+1

and for every og,oc € [1,d], there exist bodies K and C with s(K) = ok, s(C) = o¢
such that (2.11) is sharp for K and C.

(2.11)

Proof.

Suppose without loss of generality that Ry(K,C) = 1. Then, Corollary 2.2.3 ensures
that for all p;, ps € K, there is a ¢ € R?, such that p1,ps € ¢ + C; explicitly, p1 = ¢ + v
and ps = ¢+ w with v,w € C. Hence p1 —po =v—w € C — C for all p1,p2 € K and
thus K — K C C — C. Using Proposition 2.3.4, there exist cg, cc € R, such that

cK+(1+T}O)K:K+cK+ﬁKgK—K
C C-CCC+cc+s(C)C=coc+(1+s(C)C

and therefore
R(K,C) < s(C)+1 (s(C) + 1)S(K).

Ri(K,C) ~ 1+ 1/s(K) s(K) + 1

For the sharpness of the inequality, let S C R? be a simplex, o := lcr_cgcdd and 8 := %,

C:=5—aSand K := —S + 5. By Lemma 2.2.12, R(K,C) = 2 5(C) = o¢,

1+da
s(K) =0k and Ri(K,C) = H—g Together, we obtain

R(K.C) _ (d+p)(a+1) _ (s(C)+1)s(K)

RI(K,C) ~ (1+da)(B+1) s(K) + 1

Remark 2.4.2 (Bohnenblust’s Inequality with John asymmetry)

Since s(K) < so(K) and s(C) < s9(C), a version of Theorem 2.4.1 with s(K), s(C)
replaced by so(K), so(C) would be weaker but still valid and still strengthening Bohnen-
blust’s original inequality. As one may easily deduce from Proposition 2.3.6, it stays
sharp for the families of K and C' as given in the proof above.

Note that the statement of Theorem 2.4.1 is different from the version proved by
Leichtweifl in [128]. In his proof of Bohnenblust’s Inequality, Leichtweifl shows an in-
equality relating R(K, C) and the asymmetric diameter AD (K, C) from Definition 2.2.6
instead of the symmetric C-diameter from Definition 2.2.5. Leichtweifl remarks that the
inequality can be generalized to non-symmetric containers and that even the convexity
of C' can be relaxed to starshapedness. The idea of his proof is as elementary as the
proof of Theorem 2.4.1 and we repeat it here in contemporary notation with the slight
improvement that the dimension is replaced by s(K'). Note, however, that the inequality
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is independent of the Minkowski asymmetry of C' but strongly dependent on the position
of C via the dependence of AD(K,C) on the position of C' with respect to the origin.
We also refer to [59, Section 6], where Bohnenblust’s Inequality is discussed for both
versions of the diameter definition.

The first observations in Leichtweify’s proof is the following lemma, which, in the
context of symmetry measures, might be of independent interest and which we therefore
repeat with the constant d replaced by s(K).

Lemma 2.4.3 (Symmetry coefficients and the support function)
Let K € C% be Minkowski centered and a € R?. Then,

h(K,—a) < s(K)h(K,a)

and therefore
MK —K,a) < (14 s(K))h(K,a).

Proof.
Since K is Minkowski centered, we have

hK,—a) =max{a’z:z € (—K)} <max{a’z:z € s(K)K} = s(K)h(K, a).
This immediately yields the second statement via
MK — K,a) =h(K,a)+ h(K,—a) < (1+ s(K))h(K,a).
O

This lemma at hand, we easily obtain the following version of Bohnenblust’s Inequality.

Lemma 2.4.4 (Bohnenblust’s Inequality, Leichtweif$’s version)
Let K € C? and C € Cd. Then,

R(K.C) _ _s(K)
AD(K,C0) = s(K) +1°

Proof.
We can assume without loss of generality that K is Minkowski centered. Let a € C°
and z,y € K be such that a € N(K,z) and —a € N(K,y). Then, by Lemma 2.4.3,

28 < s(K), which via “Er0Y > L 41 yields

= s(K)
WK, a) =adTz < ma% —y) < mAD(K, o), (2.12)

where the second inequality follows from Lemma 2.2.11. Since (2.12) is true for all

a € C°, we obtain K C 2N AD(K, C)C. O
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Leichtweifl observed in [128], that his own inequality relating the width in the inradius
of a body K directly follows from h(K,a) > % for a € R Replacing this
inequality by Lemma 2.4.3, his original inequality can be stated as follows.

Proposition 2.4.5 (Leichtweif$’s Inequality, original version)
For K € C% and C € Cg, we have

WSS(KHL

In contrast to Proposition 2.4.5, the use of the symmetric diameter and width defi-
nitions reveals that Leichtweify’s Inequality no longer needs a separate proof, but is the
direct dual to Bohnenblust’s Inequality as demonstrated in the following corollary.

Corollary 2.4.6 (Generalizing Leichtweif$’s Inequality)
For K,C € C%, we have
ri(K,C)  (s(K)+1)s(C)
r(K,C) s(C)+1
and for every ox,0c € [1,d], there exist bodies K and C with s(K) = ok, s(C) = o¢
such that (2.13) is sharp for K and C.

< (2.13)

Proof.

The claim follows readily from Theorem 2.4.1 using (K, C) = R(C, K)~! (Equation (2.3))
and 71 (K,C) = R1(C, K)~! (Lemma 2.2.10). For the statement about the sharpness of

(2.13), we switch the roles of K and C used in the proof of the sharpness of (2.11). O

2.5 The Inequalities of Jung and Steinhagen

In the important special case where C' = IB%%, stronger formulations of the original
inequalities of Bohnenblust and Leichtweifl are known in the form of Jung’s [116] and
Steinhagen’s [153] Inequalities. However, for a body K € C% with s(K) < d, the bounds
of Theorems 2.4.1 and Corollary 2.4.6 become smaller for certain values of s(K) and can
therefore be used to improve Jung’s and Steinhagen’s Inequalities. The two following
theorems show that, building on symmetry coefficients, this is already the best one can
obtain.

Theorem 2.5.1 (Strengthening Jung’s Inequality)

Let K € C%. Then,
R(K,B%) . 2d  2s(K)
kSt kit VAP'S . 2.14
Ri(K,BY) ~ TNV A1 s(K) +1 (2.14)

This bound is best possible in the sense that for every value of o € [1,d], there is a
K € C% such that s(K) = o and (2.14) is sharp for K.
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Proof.

The inequality in (2.14) follows directly from Jung’s original inequality in conjunction
with Theorem 2.4.1. For the statement about the sharpness, let o € [1,d], T C ]B%g a
regular simplex with all its vertices on the Euclidean unit sphere, and

1
K := conv (T U Bg) .
o

Then, by Lemma 2.2.14, s(K) = o, R(K,B%) = 1, and

1
Ri(K,BY) = max {Rl(T, BY), U;; } .

Since Ry (T,B%) = Cg"—dl by Jung’s Theorem, K fulfills (2.14) with equality. O

Theorem 2.5.2 (Strengthening Steinhagen’s Inequality)
Let K € C%. Then,

ri(K,BY) _ Jming Vd, S(K)+1} if dis odd

r(K,B) ~ | min %,S(K)‘l—l} if d is even.

This bound is best possible in the sense that for every value of o € [1,d], there is a
K € C?% such that s(K) = o and (2.15) is sharp for K.

(2.15)

Proof.
The inequality in (2.15) follows directly from Steinhagen’s original theorem in conjunc-
tion with Corollary 2.4.6. In order to show that the bound is best possible, let o € [1,d|

and
o

K:=T
ﬁal

BY.

Then % € [é, 1] and, by Lemma 2.2.13,

d
Thus, K fulfills (2.15) with equality. O

1 1
s(K) = o, r(K,IBag):g and rl(K,Bg):min{rl(T,Bg),a+ }

2.6 An Inequality between the In- and Circumradius

In this section we present a generalization of a classical inequality, stating that the
Euclidean circumradius of a simplex is at least d times larger than its inradius. We refer
to [69, p. 28] for historical comments on the original authorship of the inequality itself
and different proofs thereof. Theorem 2.6.1 generalizes this inequality by lower bounding
the ratio of R(K,C) and r(K,C) in terms of s(K) and s(C) for arbitrary K,C € C.
The original inequality can be recovered from Theorem 2.6.1 by choosing C' = B¢ and
restricting K to simplices.
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Theorem 2.6.1 (Ratio of in- and circumradius)

Let K,C € C%. Then, : ) K) 5(C)
R(K,C s(K) s(C
- { S(C)" 5(K) } |

2.16
r(K,0) = % (2.16)
This bound is best possible in the sense that for every ok, o¢ € [1,d], there exist K, C
such that s(K) = ok, s(C) = o¢, and K and C fulfill (2.16) with equality.

Proof.
Since, by (2.3), R(K.C) R(C,K)
o) = R ORC.K) = Tams

it suffices to show R(K,C)R(C,K) > Z((g)) and we may assume without loss of generality
that C' is Minkowski centered.

Because of Lemma 2.2.2, there exist ¢; € R?, i = 1,2, such that ¢; + K C R(K,C)C and
—C Cey+ R(C,K)(—K). Hence,

1+ K C R(K,0)s(C)(—C) C R(K,C)s(C)ez + R(EK, C)s(C)R(C, K )(—K)

and thus R(K,C)s(C)R(C, K) > s(K) by definition of s(K).
For the sharpness of (2.16), let ox,0c € [1,d], T C B¢ a regular simplex with all its
vertices on the Euclidean unit sphere and let

K;:Tm%ﬁaag and C;:Tm%cmsg.

By Lemma 2.2.13, s(K) = ok and s(C) = o¢. Since the roles of K and C are in-
terchangeable, we can assume without loss of generality that ox > oc. Then, by
Lemma 2.2.13, R(K,C) = 75 and R(C, K) = 1. Hence, we obtain

R(K,C)R(C,K) = Zig)) = max { Z(([c(*; , j((z(?) } .

g

Remark 2.6.2

Let again T' C IB%% be a regular simplex with all its vertices on the Euclidean unit sphere
and o € [1,d]. With the help of Lemma 2.2.14, it is easy to verify that also the body
K :=conv(oc™'B4UT) has s(K) = o and fulfills (2.16) with equality.

Remark 2.6.3
Combining Theorem 2.4.1, Corollary 2.4.6 and Theorem 2.6.1, we obtain the following

chain of inequalities for K,C € C%, with C symmetric. For the sake of shortness the
arguments (K, C) as in R(K,C) and (K) in s(K) are omitted.

s+1
s

r<w<(1+s)r<r+R< R<D<2R (2.17)
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From (2.17), one easily sees that in every normed space all three generalized inequali-
ties (2.11), (2.13), (2.16) are sharp for any set of constant width. However, since s(K) =
d is attained only for d-simplices, the equality chain w = (1+d)r =r+ R = d%lR =D
can only hold true if there is a d-simplex K of constant width. This means that, in this
case, the unit ball of that space must be a dilatation of K — K, see [50]. The fact that,
in Euclidean spaces of dimension at least 2, simplices cannot be of constant width also
retrospectively explains the two cases in (2.14) and (2.15).

Furthermore, the inequality

w(i,BY) _ 2/}, ifdisodd

d’
ROK.BY) = | 221

d\/d+2’
by Alexander [6] (independently found in [91]), relating the width and circumradius of
simplices in Euclidean space is an immediate consequence of (2.17). Allowing sets K of
arbitrary Minkowski asymmetry, we obtain two new inequalities by combining (2.16),
and (2.14) or (2.15), respectively:

if d is even.

Corollary 2.6.4 (Generalizing and Dualizing Alexander’s Inequality)
Let K,C € €%, C symmetric. Then,

. Vd 1 . .
) rl(K,IBBg) _ min m,l—i—m} if d is odd
R(K,B%) = | min S(Kd)‘\"/ldﬁ, 1+ S(}()} if d is even, and

b)

Ri(K,BYf) = s(K)Vd+1 s(K)+1

The two inequalities are sharp exactly for the sets for which the corresponding inequal-
ities (2.14) or (2.15) are sharp.

r(K, B)) min { v2d 2 } .

2.7 John’s Theorem

We now leave the field of radii behind and turn to the probably most famous con-
tainment problem under affinity: computing ellipsoids of maximal volume contained in
convex bodies. In particular the second part of Proposition 2.3.6, which states that IB%g
being the ellipsoid of maximal volume in K ensures that K C dIBg, is an indispensable
tool when it comes to approximations of convex bodies by simpler geometric objects.
We strengthen this part of the theorem by introducing the John asymmetry coefficient
in Ball’s proof [20] of John’s theorem. For a historical account on John’s Theorem and
its importance, we refer to [101].

Theorem 2.7.1 (Strengthening John’s Theorem)
Let K € Cd such that BY is the ellipsoid of maximal volume enclosed in K. Then,

K C +/so(K)dBS.



40 Chapter 2. Symmetry Coefficients in Geometric Inequalities

Proof.

If ]Bg is the ellipsoid of maximal volume enclosed in K, by John’s Theorem (Proposi-
tion 2.3.6), for some k € {d + 1,...,#}, there exist uq,...,ur € bd(K) N Sg_l and
AL, ..., A > 0 which satisfy

k k
Z ANiw; =0  and Z /\Zulu;f =17. (2.18)
i=1 i=1
First, observe that, because of (2.18), Ele Ai = trace(I) = d and that —ﬁ[( CKC

C:={z € R?:ul'x <1Vi€ [k]}, which means
1
T
u; | — z ) <1
( so(K) >

—so(K) <ulz <1

and therefore

for all z € K and all i € [k]. Together with A; > 0 for ¢ € [k] and the identities in (2.18),
this yields for every z € K

k
0<> X1 —ufz)(s0(K) + u 2)
1=1

_ Z Xi (s0(K) +ul'z — so(K)ulz — (ul'x)?)

i T
- (Z )\i> s0(K) + (1 — so(K (Z)\ uz> z — ||z|I3
= dso(K) — |l[|3.

Thus, ||z||2 < v/so(K)d. O

Note that replacing the John asymmetry by the Loewner asymmetry as suggested in
Remark 2.3.10, one can easily derive the same results as above for the latter one.

If a polytope P C R? is given in H-presentation, it is shown in [120] that the ellipsoid of
maximal volume inscribed to P can be approximated to arbitrary accuracy in polynomial
time. (See also [155] and the extensive list of references therein.)

It is not known, on the other hand, whether the same is true for the minimum volume
enclosing ellipsoid of P. In fact, it is conjectured in [120] that approximation to arbitrary
accuracy of the minimum volume enclosing ellipsoid of an H-presented polytope is NIP-
hard.

An approximation with a multiplicative error factor of at most (1 + €)d, however, is
readily provided by combining the algorithm mentioned above and John’s Theorem.
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Depending on the input polytope P, the strengthened inequality in Theorem 2.7.1 allows
to improve this bound to (1 + €)+/so(P)d, where the coefficient syo(P) can be computed
(approximated) via Linear Programming once (an approximation of) the center of the
ellipsoid of maximum volume contained in P is known. Taking into account the hardness
of approximating the circumradius of an H-presented polytope even around a fixed center
(cf. [45] and the results in Chapter 3), the improvement of the bound by the computation
of so(P) is quasi at no cost.

As a second application, we mention that the the strengthening in Theorem 2.7.1 can
also be used to improve the bound that John’s Theorem implies on the Banach-Mazur
distance of two convex bodies.

Corollary 2.7.2 (A bound on the Banach-Mazur distance)
Let K,L € C¢. If

S(K,L):=min{p>0: K CAL+bC pK + ¢, Ac R4 b ¢ e RY}
denotes the Banach-Mazur distance of K and L, then

S3(K, L) < \/s0(K)so(L)d.

As stated in [76, Section 7.2], apart from the bound from John’s Theorem the “ques-
tion of the maximal distance between non-symmetric bodies is open”. Corollary 2.7.2
provides at least some partial improvement in this direction.

2.8 Asymmetry and Polarity

Finally, this last section gives bounds on the product of outer radii of K with inner
radii of K°. More precisely, we are interested in the following type of radii, which are
similar to the ones in Definition 1.2.1.

Definition 2.8.1 (Successive inner and outer radii)
For K,C € C%, let
R,(K,C):= inf R(K,C+F)
Fecgﬂ.
the j-th outer radius of K with respect to C' and

7 (K,C) := sup r(K,CNF)
Fecd

the j-th inner radius of K with respect to C.

Note that these series of radii are different from the series investigated in Chapter 4
which inspired the nomenclature in the previous sections. In contrast to the radii consid-
ered above, for the series R;(K,C), 7;(K,C), we can for instance recover the Euclidean
width of K via 2R, (K,B4) and the Euclidean diameter via 27 (K, BY).
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It is shown in [86] that, for K and C' symmetric, the identity
R, (K, C)y(K°,C7) = 1 (2.19)

holds for all j € [d], and [99] shows that for C' = B¢ and possibly non-symmetric K at
least the inequality

R;(K,B3)7;(K°,Bj) > 1 (2.20)
remains valid. For arbitrary bodies K and C, Theorem 2.8.5 gives lower and upper
bounds on the product R;(K,C)7;(K° C°). Compared to (2.20), the bounds of The-
orem 2.8.5 seem somewhat weaker and some of them are indeed provably not tight.
Nonetheless, they complement the results above and specialize to (2.19) if K and C are
restricted to be symmetric.

We start by collecting some results about the Minkowski asymmetry of the polar of
a body and centered inballs and circumcylinders, which make the same technique as for
(2.19) applicable for the proof of Theorem 2.8.5.

Remark 2.8.2 (Minkowski asymmetry of the polar)
For K € C? Minkowski centered, we have s(K°) = s(K).

Proof.
Let p > 0. Then —K C pK < (—K)° D %KO & pK° D —K°. O

Lemma 2.8.3 (Centered inballs and circumcylinders)
Let K,C € C% be Minkowski centered. Then the following two inclusions hold:

(s(C) + Ds(K)

a) K C S(K) +1 R(K,C)C,
s(C)+1

b) (K + 1)5(0)7’(1(, C)C CK.

Proof.

a) By definition of R(K,C), s(K), s(C), and the assumptions that K and C are
Minkowski centered, there exists ¢ € R? such that

K Cc+ R(K,C)C and (2.21)
8(1K)K C K C—ctR(KC)(-C)C—c+R(C)sC)C. (222
Adding (2.21) and (2.22) yields
s(K)

S(KTK C R(K,C)(1 + s(C))C,

which is equivalent to the claimed inclusion.
b) The claim follows from a) by changing the roles of K and C, and 7(K,C) = R(C, K)~L.
O
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The above inclusions imply lower and upper bounds on the product R; (K, C)r;(K°, C°).
In the Euclidean case, we can improve the lower bound by using a result from [99]. The
following proposition can be extracted from [99, Lemma 2.1].

Proposition 2.8.4
Let ¢ € RY p > 0 and B := ¢ + pBY such that 0 € int(B). Then, 74(B°,BI) >
74(B°,BY) = % if and only if ¢ = 0.

L and
P

Putting together both parts from Lemmas 2.8.3, we obtain the following inequalities.
The theorem assumes both bodies to be Minkowski centered. This assumption is without
loss of generality for the value of R(K,C). However, the value R(K°, C°) is heavily
dependent on this positioning of K and C since polarization is always performed with
respect to the origin. However, the Minkowski center seems a natural generalization of
the center of symmetry which is used as polarization center for O-symmetric bodies.

Theorem 2.8.5 (Radii of the polar)
Let K,C € C% be Minkowski centered. Then,

s(K)+1 (s(K)+1)s(C)

By(K, O (K5, C7) € | o) T 1s(K) s(0) 41

In the Euclidean case , the lower bound can be improved to

R;(K, BY)7;(K°,BY) > 1.

Proof.
Letce R%and F € ngj be such that K C c+F+R,;(K,C)C. Then, by Lemma 2.8.3a),

K c F+ U Ry (K, C)C and thus

s(K)+1
(s(C) + Ds(K)

K°D F°N R;(K,C)~'ce.

o : — o o s(K)+1
As F°e =F+ ¢ E;l, we obtain R;(K,C)7;(K°,C°) > W

If C =B, we may use K C F + c—i—Ej(K,Bg)Bg and
(F +c+ R;(K,B)B3)° = F- N (c+ R;(K,B3)B3)°

to obtain F- 1 (c+ R, (K, BY)BY)® C K°. As ?d((c—i- R;(K, Eg)mag)",mag) > R, (K,Bg)~!
by Proposition 2.8.4 and F' € E;-l, we obtain

7(K°,BY) > 75 (K° 1 F*, BY) > R, (K, B§) ™",
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On the other hand, if ¢ € R? and F € E? are such that K° D ¢+ 7;(K°,C°)(C° N F),

o s(C° = o o o
then by Lemma 2.8.3 b) K° D 24 zey7 (K°,C°)(C° N F) and by Remark 2.8.2,

(s(K) +1)s(C)
s(C)+1

K CF°+ R;(K°,C°)C.

: o —J . = o o S s(C
Again, F° = F* € L1 yields R;(K, C)7;(K°,C°) < BUEDNE),



Chapter 3

Fixed Parameter Complexity of
Norm Maximization

The problem of maximizing the p-th power of a p-norm over a halfspace-presented
polytope in R% is a convex maximization problem which plays a fundamental role in
computational convexity. It has been shown in [130] that this problem is NP-hard for all
values p € N, if the dimension d of the ambient space is part of the input. In this chapter,
we use the theory of parametrized complexity to analyze how heavily the hardness of
norm maximization relies on the parameter d.

More precisely, we show that for p = 1 the problem is fixed parameter tractable but that
for all p € N\ {1} norm maximization is W[1]-hard.

Concerning approximation algorithms for norm maximization, we show that for fixed
accuracy, there is a straightforward approximation algorithm for norm maximization in
FPT running time, but there is no FPT approximation algorithm, the running time of
which depends polynomially on the accuracy.

As with the NPP-hardness of norm maximization, the W[1]-hardness immediately carries
over to various radius computation tasks in Computational Convexity.

This chapter is joint work with Christian Knauer and Daniel Werner and we hereby
gratefully acknowledge that this work has been initiated during the 10th INRIA-McGill
workshop on Computational Geometry. A joint paper with the obtained results is cur-
rently in preparation [124].

3.1 Introduction and Preliminaries

The problem of computing geometric functionals of polytopes arises in many appli-
cations in mathematical programming, operations research, statistics, physics, chem-
istry or medicine (see e.g. [90] for an overview). Hence, the question how efficiently
these functionals can be computed or approximated has been studied extensively, e.g. in
[27, 45, 85, 87, 130].

45
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Of particular interest is the problem of maximizing (the p-th power of) a p-norm over a
polytope. Despite its simple formulation, this problem already exhibits the combinato-
rial properties which are responsible for hardness or tractability of the computation of
many important geometric functionals. As for most computational problems on poly-
topes, the presentation of the input polytope is crucial for the computational complexity
of norm maximization: If the input polytope is presented as the convex hull of finitely
many points, norm maximization is solvable in polynomial time by the trivial algorithm
of computing and comparing the norm of all these points. The situation changes dra-
matically when the input polytope is presented as the intersection of halfspaces. The
present chapter is concerned with the investigation of the parametrized complexity of
this problem.

For p € NU {o0}, a precise formulation of the norm maximization problem that we
consider is as follows:

Problem 3.1.1 (NORMMAX,,)
Input: d €N, v € Q, rational H-presentation of a symmetric polytope P C R¢
Parameter: d
Question:  Is max{||z|b:z € P} > 47

Here, a rational H-presentation of a polytope is a presentation as intersection of finitely
many halfspaces which are defined by inequalities that have only rational coefficients.

As shown in [130], for p = oo (with the understanding that ||z]|3 = ||z|/s), NORM-
MAX is solvable in polynomial time via Linear Programming. For all p € N, on the
other hand, NOrRMMAX,, is NP-complete. (When speaking of NP-hardness of parame-
terized problems, we mean the same decision problem, simply ignoring the parameter.)
Moreover, in [27], it is shown that NP-hardness persists for all p € N even when the
instances are restricted to full-dimensional parallelotopes presented as a Minkowski sum
of d linearly independent line segments. Moreover, by [45], there is no polynomial time
approximation algorithm for norm maximization for any constant performance ratio,
unless P = NP.

It is important to note that, as usual in the realm of computational convexity, the
dimension d is part of the input and the hardness of NORMMAX,, relies heavily on this
fact, especially for the very restricted instances in [27]. Indeed, if d is a constant, the
obvious brute force algorithm of converting the presentation of P yields a polynomial
time algorithm with running time O(n?), where n denotes the number of halfspaces
in the presentation of P. However, this algorithm quickly becomes impractical as n
grows, even for moderate values of d. The main purpose of this chapter is to close the
gap between NP-hardness for unbounded dimension and a theoretically polynomial, yet
impractical algorithm for fixed dimension.

A suitable tool that allows us to analyze how strongly the hardness of NORMMAX,
depends on the parameter d is the theory of Fixed Parameter Tractability. For an



3.1. Imtroduction and Preliminaries 47

introduction to Fixed Parameter Tractability, we refer to the textbooks [70, 138]. This
theory has already been applied successfully to show the intractability of several problems
in Computational Geometry even in low dimensions, see e.g. [48, 49, 77, 78, 79, 123].

Our analysis of NORMMAX,, shows that, although NORMMAX,, is NIP-hard for all p €
N, the hardness has a different flavor for different types of norms: Whereas hardness
of NORMMAX; only comes with the growth of the dimension, NORMMAX,, has to be
considered intractable already in small dimensions for all other values of p.

More precisely, we prove the following theorem:

Theorem 3.1.2 (Fized-parameter complexity of NORMMAX)
NorMMAX; is in FPT, whereas NORMMAX,, is W[1]-hard for all p € N\ {1}.

The presented reduction also shows that in the hard cases no n°® algorithm for NoR-
MMAX,, exists, unless the Ezponential Time Hypothesis! is false. Thus, the brute force
algorithm for NORMMAX,, mentioned above already has the best achievable complexity,

if pe N\ {1}.

In this case, one can also ask how strongly the inapproximability result of [45] relies
on the fact that NORMMAX,, is a problem in unbounded dimension. For this purpose,
call an algorithm that produces an € P such that, for some 8 € N,

faly > (254) ol s < Py

a (-approximation-algorithm for NORMMAX,,. The proof of the fact that NORMMAX; is
in FPT then suggests the following: Replace the unit ball of the p-norm by a suitable
symmetric polytope which approximates it sufficiently well and use the maximum of
this polytopal norm as an approximation for the maximum of the p-norm. As polytopal
norms can be maximized by solving a linear program for every facet of the unit ball and
linear programs can be solved in Trp(d,n) = O(22dn) (see [132]), which is polynomial
in n for fixed d, this yields an FPT-time approximation algorithm for fixed accuracy (.

Theorem 3.1.3 (Approzimation complexity of NORMMAX)

Let p € N\ {1}. For every fixed 5 € N, there is a [-approximation-algorithm for
NORMMAX, which runs in time O(B9Typ(d,n)). Conversely, there is no scheme of j3-
approximation-algorithms for NORMMAX,, with running time O(f(d)q(53,d,n)) with a
polynomial ¢ and an arbitrary computable function f.

Hence, although the problem is not in APX, approximation of NORMMAX,, is possible
for moderate values of 8 and d. On the other hand, approximation tends to become
costly as soon as the dimension or the desired accuracy grows.

!The Exponential Time Hypothesis conjectures that n-variable 3-CNFSAT cannot be solved in 2°(")-
time; cf. [113].
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Finally, analogously to the NP-hardness of NORMMAX,,, the W[1]-hardness of NOR-
MMAX,, implies the intractability of various problems in Computational Convexity as
immediate corollaries. In Section 3.4, we show that for the respective values of p, the
problems CIRCUMRADIUS,-H, DIAMETER,-H, INRADIUS,-V and WIDTH,-V (all param-
eterized by the dimension) are W[1]-hard.

This chapter is organized as follows. In Section 3.2, we will analyze the parameterized
complexity of NORMMAX,, i.e. we prove Theorem 3.1.2 and prepare some technical
lemmas, which we will also use in Section 3.3 where we prove Theorem 3.1.3. Finally, in
Section 3.4, we prove the corollaries for the mentioned radius computation tasks.

3.2 Fixed Parameter Complexity of Norm Maximization

3.2.1 Intractability

We will first prove the hardness result for NORMMAX,, for p > 2 via an FPT reduction
of the W[1]-complete problem CLIQUE to NORMMAX,,. The formal parametrized decision
problem of CLIQUE is given in Problem 3.2.1; a proof of its W[1]-completeness can be
found e.g. in [70, Theorem 6.1].

Problem 3.2.1 (CLIQUE)

Input: nkeN, EC (@)
Parameter: £k
Question:  Does G = ([n], E') contain a clique of size k7

Moreover, it is shown in [51] that CLIQUE cannot be solved in time n°*), unless the
Exponential Time Hypothesis fails.

In order to show the hardness result, we will first show how to construct a polytope
P for a graph G = ([n], E') with the property that

max{||lz|}:x € P} =k <= G contains a clique of size k.

This “reduction” will be laid out as if irrational numbers were computable with infinite
precision. The second part of this section will then show that the numbers can be
rounded to a sufficiently rough grid in order to make the reduction suitable for the
Turing machine model.

The construction.

Let (n,k, E) be an instance of CLIQUE and p € [1,00). Throughout this chapter, we
assume without loss of generality that n is an even number. (If not, we add an isolated
vertex to the graph.)
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We choose d := 2k and consider
R* =R2xR%x...xR?

i.e. we will think of a vector € R?* as k two-dimensional vectors stacked upon each
other. Therefore, it will be convenient to use the following notation.

Notation 3.2.2
By indexing a vector x € R?*, we refer to the k two-dimensional vectors z1, ...,z € R?
such that z = (27, ... ,x%)T. Further, for a € R? and 8 € R, we let

H;(a,ﬁ) ={z eR?*:alz; < B}
In order to construct an H-presentation of a polytope P C ]B%g X IBS?, X o X IB%?,, we will
first construct a 2-dimensional polytope P; C BZQJ as our basic building block by placing

vertices on the unit sphere Sll) (compare Figure 3.1):
For v € [5], let

Py = <é) + 2(1);1) <_11> and  {p,}:= (pi, + [0, 00) G)) NS, (3.1)

for v € [n] \ [5] let

Py = <(1)) + 2”_(7;”2) (j) and {p,}:= (p;+ [0, 00) <_11>) ns,. (3.2)

For v € [2n] \ [n], let

Pov ‘= —Pv—n
and
Py :=conv{p1,...,pon} = ﬂ H<(a,,B,) C R% (3.3)
vE[2n]

Note that P; is O-symmetric by construction and that the required H-presentation of P;
in (3.3) can be computed in time O(nlog(n)), see e.g. [60]. For notational convenience,
we also define

pont1:=p1  and  p_1:=pon.

Lemma 3.2.3 (Distance between the p,)
Let P; := conv{py,...,pa,} be the polytope defined in Equation (3.3) and v € [2n]. The
distance between two neighboring points on Sll) satisfies

Nﬂ]

Do — Potill2 € [
n n
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S

Figure 3.1: Construction of P; in the case p =2, n = 8.

Proof.

Let IT : R? — B denote the projection onto B?. By the definitions in (3.1) and (3.2), we
have II(p,) = pl,. Since II is contracting, the equidistant placement of pi,...,p) yields
o = potalla > P, — Pyl = 222 for all v € [2n].

For the other bound, assume that v < %. (The other cases can be handled with the same
arguments.) By elementary properties of IBSI%, we have elTpUH < elTpU and ﬂTva > llTpv
and thus p,4+1 € [q1, ¢2] with ¢1, g2 defined as in Figure 3.2.

Py +10,00) (1)

q2
Pv+1
ql S[l)
—
€1
[ Du

Figure 3.2: The situation in the proof of Lemma 3.2.3.

Inspection of the triangle conv{p,, q1, g2} shows that it is equilateral with a right angle

at q1. Thus, [lpy — pus1ll2 < llpv — @2ll2 = V2[ps — 1]l3 = 2. O

Using Notation 3.2.2, we define a polytope P, C R?* via

P = ﬂ ﬂ Hg(av,ﬁv) C R?,

i€[k] vE[2n]

Observe that P, is 0-symmetric by construction and that any vertex x of P, is of the
form x = (pu,,-..,pu, )7 for suitable vy, ..., vy € [2n].
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As for any z = (27, ..., 21)T € R?* the identity

k
lzlly = Ml
i=1

holds, and as for p € N\ {1} the unit sphere {x € R? : ||z||) = 1} contains no straight
line segments, it follows that for = € Ps,

Puy
lz|h >k <= =x= : for some vy, ..., v € [2n].

p’Uk

For v € [2n], let x,,y, € R be the coordinates of p, = (2,,%,)’ and define
sgn(zy)|zy [Pt
Qo = < g ( v)‘ v’ _1> . (3.4)
sgn(yo)|yu|P

Noting that for all z € P; and v € [2n], ¢/ x = 1 if and only if z = p,, we define
e:=1—max{¢lp, : u,v € 2n],u#v} >0 (3.5)
and for u,v € [n] and 4, j € [k],
Ei ={rxcR* . c-2<qlu;i+qlz; <2-¢}

and -
FiI ={zxeR*.c—2<qla;—qla; <2-¢}.
Thus, if z is a vertex of P with x; = £p, and z; = +£p, for some u,v € [n], then

T & Effv N Fﬁ%, i.e. if u,v € [n] and {u,v} € F the constraints of Effv N FZLZ) make sure
that P does not contain a vertex with x; = £p, and z; = %p,.

Finally, to encode the CLIQUE instance, we let N := ([72‘]) \ E, define

P=prn () EBLNEDHN () (BLNED,
{u,v}eN vE(n]
i,j€[k],i#£] i,j€[k],i#£]

and obtain the following lemma.

Lemma 3.2.4 (Reduction with infinite precision)
Let (n,k, E) be an instance of CLIQUE, p € [1,00) and P C R?* the polytope obtained
by the construction above. Then,

max{||z[|}: >z € P} =k <= G = ([n],E) contains a clique of size k.
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Analysis of the constructed polytope.

We will now investigate how much we can perturb the (possibly irrational) polytope
P in order to make it suitable for an FPT-reduction without loosing its ability to decide
between Yes- and No-instances of CLIQUE. For this purpose, we define the constant

1
In the following, we show that rounding the vertices pi, ..., ps, of our initial polytope

P; C R? to the grid %ZZ preserves all important features of our reduction. Since the
parameter p is a constant in NORMMAX,, all the necessary computations can be carried
out with a precision of O(log(nk)) bits. Since we only need a polynomial number of
computations, the whole reduction can be carried out in polynomial time.

Lemma 3.2.5
Let P, = conv{pi,...,pan} C R? with py,...,pon € S}J be the polytope from Equation
(3.3). For ¢ := 1 — max{qlp, : u,v € [2n],u # v} with g, defined as in Equation (3.4),
we have
21
€ > .
S

Proof.
Let o := (x1,22)" € S} and y := (y1,42)" € ] with 2,y > 0, [z — e1]2 > 22 and

n ?

lly —eill2 > 2—‘7{5 Since B} C Bz%’ T > Yo > % Combining this inequality with z € Sé
yields
1
1 2\"\ » 2pr
xl—(l—xg)p§<1—<> >p§1—, (3.7)
n pnP

1
where the last inequality follows by bounding the concave function z — zr from above
by a linear approximation at x = 1.
Now, let u,v € [2n] with u # v. Then,

Epo = ¢l pu + ¢ (po — pu) = 1+ co8(qu, o — Pu) l|qull2 ||[Po — Pull2- (3.8)

Since the points of lowest curvature on S}D are e and +eo, and since e; = p; = g1, we
obtain cos(qy, py — pu) < cos(ey, p2 — e1), which in turn can be bounded by

xr1 — 1
cos(er,pg —e€1) < 7
[p2 — €1l
with 21 = ef'z for the point x € S} defined above. Further, g, € 81L1 implies || gy |2 > ?,
=

and ||py, — pull2 > 27‘/5 by Lemma 3.2.3. Using (3.7), we can continue Equation (3.8) to

)4 p—1
2 \/5'2\/§<1_2

P —el] 2 m pnp

¢I'p, <1

)

where the last inequality follows again from Lemma 3.2.3. 0
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For v € [n], let p, be the rounding of p, to the grid %ZQ and define p, = —p,_y, for
v € [2n] \ [n] and further

Py :=conv{p, ..., P} (3.9)

For p, = (Zy,¥»)? € R?, define

Gy = <Sgn(xu)lwulp—1>
’ sgn (o) [Go[P~
By choice of our grid, we get
Ipo = Bolly <U V' > 1. (3.10)

Moreover, if ¢ € [1,00) is such that % + % =1, then ||gy|lq = 1 for all v € [2n] and since
x + 2P~ 1 is Lipschitz continuous on [—1, 1] with Lipschitz constant L = p— 1, we obtain

e — @l < (p—1U. (3.11)

First, we show that the points p1, ..., p2, are still in convex position, which is binned
into a separate lemma for later use in Chapter 5.

Lemma 3.2.6

Let P = conv{p1,...,p2n} C R? the polytope from (3.9). Then, ext(P) = {p1,...,Pon}
and the coding length of an H-presentation of P; is polynomially bounded in the coding
length of p1, ..., Pon-

Proof.

For v € [2n], we have ¢'p, > 1—|q|l2U > 1—|ql||qU = 1 —U, since p > 2 and therefore
q < 2. Foru € [2n]\ {v}, we get ¢lp, <1—e+U. Since 1l —e+U < 1—U, the
hyperplane H_(g,,1 — € 4+ U) separates p, from conv({pi,...,P2n} \ {Pv}) and hence
Py € ext(Py).

Assume now that P, := {z € R? : alz < 1 Vv € [2n]} is an H-presentation of P;.
Applying Cramer’s Rule, we see that, for all v € [2n], the entries of a, are quotients
of polynomials in pi,..., P2, and so the coding length of the H-presentation of P; is
bounded by a polynomial in the coding length of py, ..., pay,. O

Since the coding length of P; is polynomially bounded, we also get that the coding
length of

Py:=() ) Hi(aw,B) <R

i€]k] ve[2n]

is polynomially bounded.
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Now, let & := 1 — max{q.p, : u,v € [2n],u # v}. By expanding the expression
o _ T _ . .
ql'py = (qu + (Gu — qu)) ( v + (Do — pv)) and using (3.10) and (3.11), we obtain
£>e—3pU > 0. (3.12)

Finally, define -
B ={xcR®:2-2<ple;+pla; <2-E},

and B
Fi . ={zeR®.z-2<plo;— plz; <2- &)},

and, for N := ([72‘]) \ E, let

P:=pn () ELAFHN () (B4nFD). (3.13)
{u,v}eEN vE[n]
1,5 E[K],i#£] i,j€[k],i#j

The following two lemmas will now prepare the proof that we can still reduce CLIQUE
to norm maximization over P. To be able to state them in a concise way, we introduce
the following notation.

Notation 3.2.7
Let P C R?* be the polytope from Equation (3.13) and = = (27,...,21)T € P. By
letting

mi(z) € argmax{q. x; : v € [2n]},
we can refer to the index of a vertex which is “closest” to x in the sense that q_,Tni(z)ZU > gl
for all v € [2n]. This is illustrated in Figure 3.3.

Ps

n

Figure 3.3: Illustration of Notation 3.2.7. The figure shows a point z = (z7,23)7 € R*

with mq(z) = 1 and ma(z) = 8.

First, we show that if P contains a point which is “close” (in the sense specified in
Notation 3.2.7) to a clique vertex, then P contains the clique vertex itself.

Lem}rna 3.2.8 B
Let P C R?* be the polytﬁope constructed above in Equation (3.13). If ‘Ehere exists T € P
such that cjgli(i)ic >1—§ for all i € [k], then (ﬁgu(f)’ . ,ﬁ%k(f))T eP.
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Proof.

Since gL ,\z; > 1 — £ for all i € [k], for no pair (i,j) € [k]? the inequalities . . x; +
m;(Z) 2 ~ m;(Z)

chTnj @)% < 2 — & can be present in the description of P. Since, by definition of &, we

have ¢l P,z <1 —¢ for all v € [2n] \ {m;(Z)} and i € [k], we can conclude that

=T T T

g

In view of Lemma 3.2.8, it remains to show that the norm of a vertex which is “far”
from a clique vertex is sufficiently small:

Lemma 3.2.9
Let v € [2n] and Q := conv{0, Py, Po+1} N H< (G, 1 — §) N H<(Gv41,1 — §). Then, for n
sufficiently large,

2p—3

max{||z|}:r € Q} <1 - o

Proof.

Let @ := conv {0, e1,p2} N Hc (61, 1— g) NH< (cjg, 1-— %) Since e; is a point of lowest
curvature on the boundary of IEBI%, we have max{||z||) : z € Q} < max{|z|h:z € Q'} =
|z*|[5, where z* fulfills ef2* = 1 — § and 2* = Xe; + (1 — A\)p for some A € [0,1].
From the first property, we can deduce A = 1 — %, which implies egaz* = gegﬁg. By
Lemma 3.2.3, el'py < % + U. Putting things together, we obtain

Hﬁug(l—;y{+(;<3+l0>pg(1—;)+(;<Z+Ig>p. (3.14)

By Lemma 3.2.5 and Equation (3.12), £ > 2;; — 3pU. By the choice of U and the

assumption that n is sufficiently large, we can therefore continue (3.14) and obtain

£ E (2 P 2r—3
1—-— — <1- .
( 2)+ <2 <n+U>> - pnp

Hardness part of Theorem 3.1.2.

The following lemma shows that it is sufficient to carry out the reduction described
by Lemma 3.2.4 with finite precision as described in this subsection. It completes the
proof of the hardness part of Theorem 3.1.2. For notational convenience, we use the
clique number w(G) to denote the size of the biggest clique in a graph G = ([n], E).
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Lemma 3.2.10 (Reduction with finite precision) B
Let (n,k, E) be an instance of CLIQUE, G = ([n], E) and P C R?* the polytope with
rounded coordinates constructed above in (3.13). Then,

w(G) >k <<= max{||z|b:zeP}>k(1-U)P (3.15)

and

_ 2p—3
WG <k = madfzfpire P (b= DA+U)P +1-

(3.16)

Proof.

Since (k—1)(1+U)P +1—
in both (3.15) and (3.16).
If w(G) >k and {v1,...,vx} C [n] is the vertex set of a k-clique in G, then P contains
the vertex «* = (pl,...,pL, )" and |[z*[[j > k(1 — U)P by (3.10).

Assume now that w(G) < k and let * € P be a vertex of maximal norm in P. If
(jﬁi(z*)x* >1— 5 for all i € [k], Lemma 3.2.8 would imply that (ﬁﬁl(z*), ... 7pﬁk(w*))T

2;7;,3 < k(1 —U)P, if suffices to show the “forward” direction

is a vertex of P and therefore contradict w(G) < k. Hence, there is some i € [k] such
that q‘fu (x*)ac* <1- % By adding a constant number of vertices to G, we can assume

that n is sufficiently large and apply Lemma 3.2.9 in order to obtain ||z}||h < 1 — 2;;,3.
As |lz%llp < (1 + U)P for all j € [k]\ {i}, the right hand side of (3.16) follows. O

The construction of the polytope P (or P) relies on the fact that, for p > 2, the
boundary of the unit ball of a p-norm contains no straight line segment. This is not the
case for p = 1 and we show in the next subsection that NORMMAX; is indeed in FPT.

3.2.2 Tractability

This subsection completes the proof of Theorem 3.1.2 by showing that NORMMAX; is
fixed parameter tractable.
The statement of Theorem 3.2.12 is slightly more general than needed for Theorem 3.1.2
but will be of use in Section 3.3. The result for NORMMAX; can be obtained from
Theorem 3.2.12 by choosing g : RY — R;z + ||z||; in Problem 3.2.11.

Problem 3.2.11 (MAX-®)
Suppose that for each d € N, ¢4 : R? — R is positive homogeneous of degree 1 and let
® := (vq)dgen. The problem MAX-® is defined as follows:

Input: d € N, v € Q, rational H-presentation of a polytope P C R?
Parameter: d
Question:  Is max{pg(x):x € P} >~7?
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Theorem 3.2.12 (Tractability of MAX-®)

For each d € N, let ¢z : R — R be positive homogeneous of degree 1 and ® :=
(¢d)den. Suppose that, for d € N, the set B := {x € R? : py(z) < 1} is a full-
dimensional polytope, a rational H-presentation of which can be computed in time f(d)
for a computable function f : N — N. Then, MAX-® is in FPT and can be solved in
time O(f(d)Trp(d,n)).

Proof.
Let B? = N, H<(a;, 1) be an H-presentation of BY. Then, m € O(f(d)). Because of
the homogeneity of g, {z € R?: p4(z) < A} = AB? and ¢4(z) = MaX;e|pm] al'x. Hence,

max{p4(x):x € P} = f?f?,’j max{alz : z € P}.

Thus, MAX-® can be decided by the following algorithm:

(1) Compute an H-presentation of B¢ in time f(d).

(2) Solve m linear programs max{a! x : x € P} in time Trp(d, n).
(3) Compare the biggest objective value to 7.

As Tpp(d,n) € O(22"n), the above algorithm has FPT running time O(f(d)22'n). O

We can also establish fixed parameter tractability for the two problems [—1, 1]-PARMAX,,
and [0, 1]-PARMAX,, as considered in [27].

Problem 3.2.13 ([0, 1]-PARMAX,)
Input: deN,veQ,vi,...,v, € Q¢ linearly independent
Parameter: d
Question:  Is max{||z|}: z € 2% [0, 1]v;} > 47

Problem 3.2.14 ([—1,1]-PARMAX,)
Input: deN,veQ,v,...,v, € Q¢ linearly independent
Parameter: d
Question:  Is max{[|z|[} : z € 2% [-1,1]v;} > 7

In [27], it was shown that Problem 3.2.13 and 3.2.14 are both NP-hard, so that the NP-
hardness of NORMMAX,, persists even on very restricted instances. However, the follow-
ing theorem shows that these problems are fixed parameter tractable, when parametrized
by the dimension. So in this case, the hardness of PARMAX,, is really a phenomenon of
high dimensions.

Theorem 3.2.15 (Tractability of PARMAX,)
For all p € N, Problems 3.2.13 and 3.2.14 are in FPT.



58 Chapter 3. Fixed Parameter Complexity of Norm Maximization

Proof.
We only consider Problem 3.2.13; the argument for Problem 3.2.14 is exactly the same.
The vertices of the polytope P := 3% [0, 1]v; are all of the form 3% \u; for some

vector A = (A1,...,Aq)T € {0,1}4. As the the maximum of || - ||} is attained at a vertex
of P, it suffices to compute the norm of all 2¢ possible choices of A € {0,1}¢. This clearly
is an FPT-algorithm for Problem 3.2.13. U

3.3 Approximation

3.3.1 FPT-Approximation for Fixed Accuracy

In [45], it is shown that, for all p € N, NORMMAX,, is not contained in APX (i.e. there
is no polynomial time approximation algorithm with a fixed performance guarantee). As
norm maximization with a polytopal unit ball is in FPT, we can give a straightforward
approximation algorithm that has FPT running time for any fixed accuracy by replacing
the unit ball Bg by an approximating polytope. The following proposition concerning
the complexity of such a polytope can be obtained from [46, Lemmas 3.7 and 3.8].

Proposition 3.3.1 (Approzimation of balls by polytopes)
Let p € N and 8 € N be fixed. There is a symmetric polytope B C R? with a rational
H-presentation and at most O(3?) facets such that

Bl CBC B pa (3.17)

_/8—1 P

and B can be computed in time O(39).

Lemma 3.3.2 (FPT-Approzimation algorithm for fized accuracy)
Let p € N and 8 € N be fixed. There is an algorithm which for every H-presented
polytope P C R? runs in time O(39Typ(d,n)) and produces an Z € P such that

folg > (254 ) maxtlolg 2 < .

Proof.
The following algorithm has the desired properties:

(1) Compute an H-presentation of a symmetric polytope B C R? with the properties of
Proposition 3.3.1 and let || - ||p : R? = R;z + ||z||5 := min{\ > 0: 2 € AB}

(2) Choose z € arg max{||z||p: x € P}.
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It follows from Proposition 3.3.1 that step (1) can be accomplished in time O(3%). As the
number of facets of B is in O(3%), it follows from Theorem 3.2.12 that the maximization
of || - ||z over P can be done in time O(BTp(d, n)).

In order to show the performance ratio of the above algorithm, observe that Prop-
erty (3.17) of B implies that %Hm”l) < |lz|lp < ||lz||, for all z € RZ Hence, if

r* € argmax{||z||} : z € P}, we get

= = * B —1 P * B -1 P
I1zllp = 1zl = ="l = (5 %I = 5 max{||z[} : € P}.

3.3.2 No FPT-approximation for Variable Accuracy

Finally, we will show that the straightforward approximation of the previous subsec-
tion is already best possible in the sense that there is no algorithm with polynomial
dependence on the approximation quality and exponential dependence only on the di-
mension. Hence, combined with Lemma 3.3.2, Lemma 3.3.3 completes the proof of
Theorem 3.1.3. In fact, the basis for this has already been established in Lemma 3.2.10
and we can give the result right away.

Lemma 3.3.3 (No polynomial dependence on [3)

Let f : N = R be a computable function and ¢ : R> — R a polynomial function. If
W[1]#FPT, there is no algorithm which for every H-presented polytope P C R? runs in
time O(f(d)q(B,d,n)) and produces an = € P such that

lelg > (254) ol -« € P

Proof.

Let (n, k, E) be an instance of the W[1]-hard problem CLIQUE and P C R?* the polytope
constructed in Equation (3.13). By Lemma 3.2.10, it can be decided if G = ([n], E') has
a clique of size k by determining, whether

either max{||z|[h: 2 € P} > k(1 - U)P
or max{|[z|}:zeP}< (k—1)(1+UP+1- 2"

pnP

(3.18)

Assume that an algorithm with the claimed properties exists and call it A. One easily
checks that there is a suitable constant C' > 0 such that it suffices to choose 5 > % in
order to fulfill

p p-3

(5_1>p ((k —)(I+UP+1— imp> < k(1-U).

Hence, we can run the following algorithm A’ in order to decide (3.18):
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1) Choose 8 := {%—‘

2) Run A on the polytope P and obtain an approximate normmaximal vertex z € P.

3) I 2B > (k- 1)1+ UP+1 -2

pnp )

decide max{||z||} : x € P} > k(1 — U)P.

Else, decide max{||z|b:z € P} < (k—1)(1+U)P +1 — 2073

pnP

By the properties of A, the running time of the algorithm A’ is O(f(d)q(nPk,d,n)) and
by Lemma 3.2.10 and the choice of 3, A" decides (3.18) correctly. A’ is thus an FPT
algorithm for CLIQUE. Unless FPT=WT/1], this is a contradiction to the fact that CLIQUE
is W[1]-hard. O

3.4 Some Implications

As stated in the introduction of this chapter, norm maximization over polytopes plays
a fundamental role in Computational Convexity. This section gives corollaries concerning
the hardness of determining four important geometric functionals on polytopes.
If P C R? is a polytope, we denote by R(P, Bg) (r(P, ]B%g), respectively) the circumradius
(inradius) of P with respect to the p-norm, as introduced in Definitions 2.2.1 and 2.2.4.
Further, as introduced in Defintion 2.8.1, we write R, (P, Bg) (F1(P, ]B%g)) for half of the
width (diameter) of P, i.e. half the radius of a smallest slab containing P (half the length
of the longest line segment contained in P).
For p € NU {oo}, we consider the following problems:

Problem 3.4.1 (CIRCUMDADIUS,-H)
Input: d € N, v € Q, rational H-presentation of a 0-symmetric polytope P C R¢
Parameter: d
Question: Is R(P, Eg)p > 7

Problem 3.4.2 (DIAMETER,-H)
Input: d € N, v € Q, rational H-presentation of a O-symmetric polytope P C R¢
Parameter: d
Question: Is 71 (P, Bg)p > 7

It has been shown in [87] that Problems 3.4.1 and 3.4.2 are solvable in polynomial time
if p = oo and, by using an identity for symmetric polytopes from [86], that both problems
are NP-hard when p € N. Using the same identity, we can establish (in-)tractability for
both problems when parameterized by the dimension:

Corollary 3.4.3 (Circumradius & Diameter)
For p = 1, Problems 3.4.1 and 3.4.2 are in FPT. For p € N\ {1}, both problems are
W(1]-hard.
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Proof.
As shown in [86, (1.3)], for a 0-symmetric polytope P C R?, we have

R(P,BY)? = 71(P,BL)P = max{||z|? : « € P}.

Thus tractability or hardness of Problems 3.4.1 and 3.4.2 follow from Theorem 3.1.2. [J

Additionally, let g € [1,00] be such that 1/p+1/g =1 (with 1/00 = 0).

Problem 3.4.4 (INRADIUS,-V)
Input: d € N, v € Q, rational V-presentation of a 0-symmetric polytope P C R?
Parameter: d
Question: Is r(P, Bg)p <~?

Problem 3.4.5 (WIDTH,-V)
Input: d € N, v € Q, rational V-presentation of a 0-symmetric polytope P C R¢
Parameter: d
Question: Is Ry (P, Bg)p <~?

As for the previous two problems, the question of NP-hardness of INRADIUS,-V and
WIDTH,-V has been studied in [87]. It is shown that Problems 3.4.4 and 3.4.5 are
solvable in polynomial time if p = 1 and by using an identity for symmetric polytopes
from [86] that both problems are NP-hard when p € N. Here again, we can use the
same identity to establish (in-)tractability for both problems when parameterized by the
dimension:

Corollary 3.4.6 (Inradius & Width)
For p = 1, Problems 3.4.4 and 3.4.5 are in FPT. For p € N\ {1}, both problems are
Wi1]-hard.

Proof.
It is shown in [86] and follows from Theorem 2.8.5 of this thesis that if P C R? is a
0-symmetric polytope and P° is its polar the identities

d\=— o md
R.(P,B7;(P°,BY) = 1

hold for all j € [d]. As an H-presentation of P° is readily translated into a V-presentation
of P, tractability or hardness of Problems 3.4.4 and 3.4.5 follow from Corollary 3.4.3. [

The reductions of Corollaries 3.4.3 and 3.4.6 also show that the algorithm in the proof
of Lemma 3.3.2 can be used to compute the respective radii of a symmetric polytope
P C R? in the respective presentation. Lemma 3.3.3, in turn, shows that in these cases
the given running time is also best possible.
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Chapter 4

Core-Sets for Containment under
Homothetics

This chapter deals with the containment problem under homothetics which has the

minimal enclosing ball (MEB) problem as a prominent representative. We connect the
problem to results in classic convex geometry and introduce a new series of radii, which
we call core-radii. For the MEB problem, these radii have already been considered
from a different point of view and sharp inequalities between them are known. In this
chapter, sharp inequalities between core-radii for general containment under homothetics
are obtained.
Moreover, the presented inequalities are used to derive sharp upper bounds on the size
of core-sets for containment under homothetics. In the MEB case, this yields a tight
(dimension independent) bound for the size of such core-sets. In the general case, we
show that there are core-sets of size linear in the dimension and that this bound stays
sharp even if the container is required to be symmetric.

This chapter is joint work with René Brandenberg. Preliminary results already appear
in [125]. Its main results have been published in [40] at the 27th Annual Symposium
on Computational Geometry in June 2011 and in [38] in a special issue of Discrete &
Computational Geometry on the occasion of this symposium.

4.1 Introduction

Many well-known problems in computational geometry can be classified as some type
of optimal containment problem, where the objective is to find an extremal represen-
tative C* of a given class of convex bodies, such that C* contains a given point set P
(or vice versa). These problems arise in many different applications, e.g. facility loca-
tion, shape fitting and packing problems, clustering, pattern recognition or statistical
data reduction. Typical representatives are the minimal enclosing ball (MEB) problem,
smallest enclosing cylinders, slabs, boxes, or ellipsoids; see [86] for a survey. Also the
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64 Chapter 4. Core-Sets for Containment under Homothetics

well-known k-center problem (cf. Page 14 in Section 1.2.2), where P is to be covered by
k homothetic copies of a given container ', has to be mentioned in this context.
Because of its simple description and the multitude of both theoretical and practical
applications there is vast literature concerning the MEB problem. In recent years, a
main focus has been on so called core-sets, i.e. small subsets S of P requiring balls of
(almost) the same radius to be enclosed as P itself. For the Euclidean MEB problem
algorithms constructing core-sets of sizes only depending on the approximation quality
but neither on the number of points to be enclosed nor the dimension have been developed
in [17, 19, 55, 161]. This yields not only another fully polynomial time approximation
scheme (FPTAS) for MEB, but also a polynomial time approximation scheme (PTAS)
for the harder Euclidean k-center problem which also works very well in practice [41].
However, all variants of core-set algorithms for MEB are based on the so called half-
space lemma [17, 82] or equivalent optimality conditions, a property characterizing the
Euclidean ball [86], thus not allowing immediate generalization to the superordinate
Containment under Homothetics that we consider here:

Problem 4.1.1

For P C R non-empty and compact and C C R¢ a full-dimensional compact convex
set (called container) the minimal containment problem under homothetics is to find the
least dilatation factor p > 0, such that a translate of pC contains P. In other words, we
are looking for a solution to the following optimization problem (cf. also Figure 4.1):

min p

st. PCc+pC
ceR? (4.1)
p>0.

The assumption that C be full-dimensional ensures that Problem 4.1.1 has a feasible
solution for every P; cf. also Lemma 2.2.2, which shows that in this case the minimum
in (4.1) is attained for every P and C. As in Chapter 2, we write R(P, C') for the optimal
value of (4.1) and call it the C-radius of P. Hence, if C' is a Euclidean ball and P is
finite this specializes to the MEB problem. If C' is O-symmetric this is the problem of
computing the outer radius of P with respect to the norm || - || induced by the gauge
body C' as already considered e.g. in [30].

Besides direct applications Problem 4.1.1 is often the basis for solving much harder
containment problems (e.g. containment under similarities), which already gives a reason
for an intensive search for good (approximation) algorithms. Compared to the approach
in [149], approximation via core-sets has the additional advantage that it may be turned
into a PTAS for the k-center problem as demonstrated in [19]. Whereas there is a rich
literature on the Euclidean MEB problem (and its core-sets) that exhibit many nice
properties, only little is known about the general case and how much of the Euclidean
properties carry over to Problem 4.1.1. (For an overview of possible solution strategies
depending on given container classes, we refer to [42].)
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4+ pC

Figure 4.1: Left: Possible input for Problem 4.1.1. Right: An optimal solution for the
input on the left.

For P and C as in Problem 4.1.1, we call a subset S C P an e-core-set for some € > 0
if
R(P,C) < (1+¢)R(S,C).

Answering the questions for the size of core-sets for Problem 4.1.1, we prove the following
result:

Theorem 4.1.2 (No sublinear core-sets for containment under homothetics)

For every non-empty, compact set P C R%, every container C C R?, and ¢ > 0 there

_d
14¢

a body P C R?% and a 0-symmetric container C' such that no smaller subset of P suffices.

exists an e-core-set of P of size at most —‘ + 1. Moreover, for any € < 1 there exists

In order to prove the positive part of Theorem 4.1.2, we will state several new geometric
identities and inequalities between radii of convex sets, which connect Problem 4.1.1 to
results in classic convex geometry. The negative part of the theorem (i.e. that the bound
cannot be improved even for 0-symmetric containers) then follows by proving that these
inequalities (and so the resulting bounds on core-set sizes) are best possible.

Moreover, the connection between core-sets and a series of radii from convex geometry
will enable us to give a sharp upper bound for the size of core-sets for the MEB problem:

Theorem 4.1.3 (Size of e-core-sets for MEB)
Let P C R? be compact and € > 0. If C' = IB%‘%, then there exists an e-core-set of P of

size at most
1
- ]_7
[26 + sJ *

and this is the best possible d-independent bound.
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In the following section, we will shortly explain notational particularities of this chap-
ter, state the basic definitions and collect the tools that we need in order to prove
Theorems 4.1.2 and 4.1.3. Section 4.3 then proves the mentioned radius identities that
will lead to Theorem 4.1.3. Finally, Section 4.4 is dedicated to the derivation of Theo-
rem 4.1.2.

4.2 Geometric Foundations

Recall that C% denotes the set of convex bodies in RY, i.e. non-empty, compact and

convex sets in R%. In this chapter we will call a convex body C' € C% with the property
that 0 € int(C) a container. The set of all containers in R? will therefore be C§.!
For a fixed container C € Cg, we denote by cp a possible center for P, i.e. a point such
that P C ¢p+ R(P,C)C. Notice, that for general C, the center ¢cp might not be unique.
Additionally, we denote by T¢ € C% some regular d-simplex. This simplex will play
an important role in many of the inequalities that we derive. We do not specify its
orientation or edge length since the obtained results hold for all possible choices of these
values.

4.2.1 Core-Sets and Core-Radii

As already pointed out in the introduction the concept of e-core-sets has proved very
useful for the special case of the Euclidean MEB problem. Here, we introduce two
slightly different definitions for the more general Problem 4.1.1: core-sets and center-
conform core-sets together with a series of radii closely connected to them. The explicit
distinction between the two types of core-sets is intended to help to overcome possible
confusion founded in the use of the term core-set for both variants in earlier publications.

Definition 4.2.1 (Core-radii and e-core-sets)
For PCR? C ¢ Cg, and k € [d], we call

Ry(P,C) := max{R(S,C) : S C P, |S| < k+1}

the k-th core-radius of P.
Let € > 0. A subset S C P such that

R(S,0) < R(P,C) < (1+)R(S,C) (4.2)

will be called an e-core-set of P (with respect to C).
An e-core-set S C P which has the additional property, that there exists a center cg of
S, such that

PCecs+ (1+¢)R(S,C)C, (4.3)

!Usually, we consider Problem 4.1.1 as being parametrized by the container and having varying sets
P € €% as input. By Lemma 2.2.2, it would suffice for the feasibility of Problem 4.1.1 to impose the
condition that P be contained in some affine subspace parallel to aff(C'). As this condition is rather
technical and yields no further insight, we restrict to full-dimensional containers; and, as the problem is
invariant under translation of the container, we simply assume that 0 € int(C) for convenience.
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will be called a center-conform e-core-set of P (with respect to C).
All three notions are illustrated in Figure 4.2.

Figure 4.2: Illustration of Core-Radii and Core-Sets. Left: The red filled and the blue
empty points define R;(P,C) and Ry(P,C), respectively. Middle (Right): For some
e > 0, the red filled point set S forms a (center-conform) e-core-set of P of size 3. (In
all three cases C' = B3.)

By definition, every center-conform e-core-set is also an e-core-set. It will be shown in
Lemma 4.2.6 that an e-core-set is a center-conform &’-core-set for an ¢’ slightly greater
than ¢, if C = BY.

Surely, if one is only interested in an approximation of R(P,C) the knowledge of a good
core-set suffices. A center-conform core-set S carries the additional information of a
center cg of S that can be used to cover P. However, if the center of S is not unique, it
may not be possible to actually determine which of the centers of .S is suitable, when S
is the only information about P to be considered.

We present lower bounds on the sizes of core-sets (these are also lower bounds on the
size of center-conform core-sets), and we note that most existing positive results (via
construction algorithms) already hold for center-conform core-sets. When searching for
lower bounds, we use the fact that there exist e-core-sets of size at most k41 if and only
if the ratio R(P,C)/Ry(P,C) is less than or equal to 1 4 . This allows us to transfer
the size-of-core-sets problem to bounding the ratio between the core-radii of P.

As already observed e.g. in [67] and [86], the reason for restricting the core-radii
to k < d follows directly from Helly’s Theorem (see e.g. [59]). We need a slightly
more general statement here, which we prove in the following lemma for completeness.
However, the main part of the proof is parallel to the ones in [67] and [86] for balls.
Figure 4.3 also illustrates the situation.

Lemma 4.2.2 (0-core-sets)
Let P € C% C € C¢ and dim(P) < k < d. Then R(P,C) = R(P,C), i.e. there exist
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(center-conform) 0-core-sets of size at most dim(P) + 1 for all P and C.
Furthermore, for k& < dim(P), there always exists a simplex S C P such that dim(S) = &
and R(S,C) = Ri(P,C).

Proof.

Clearly, Ri(P,C) < R(P,C). To show Ri(P,C) > R(P,C) for k > dim(P), observe
that by definition of Ry (P, (), every S C P with |S| < k + 1 can be covered by a copy
of R(P,C)C. This means (,c5(p — Rk(P,C)C) # 0 for all such S. Now, as the sets
p — Ri(P,C)C are compact, Helly’s Theorem applied within aff(P) yields ﬂpG pp—
Ri(P,C)C) # (. Thus the whole set P can be covered by a single copy of Ry (P,C)C.
Moreover, by applying Helly’s Theorem within aff(S) one may always assume that the
finite set S with R(S,C) = Ry (P, C) is affinely independent. Hence, if |S| < k < dim(P)
one may complete S to the vertex set of a k-dimensional simplex within P. (|

c+ pC

p3

P1

Figure 4.3: The duality argument that makes Helly’s Theorem applicable for Contain-
ment under Homothetics: (),c5(p — pC) # 0 = R(S,C) < p.

4.2.2 Optimality Conditions

A characterization of optimal solutions for the MEB case of Problem 4.1.1 can already
be found in [30]. A corollary, known as “half-space lemma”, proved very useful in the
construction of fast algorithms for MEB (see, e.g. [17, 19, 82]). However, to our knowl-
edge, the literature does not contain any explicit optimality conditions for Problem 4.1.1
in its general form.

For brevity, P is said to be optimally contained in C, if P C C but there is no ¢ € R?
and p < 1 such that P C c+ pC.

Theorem 4.2.3 (Optimality condition for Problem 4.1.1)
Let PcC%and C € Cg. Then P is optimally contained in C' if and only if

(i) PCC and
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(ii) for some 2 < k < d + 1, there exist p1,...,pr € P and hyperplanes H_(a;, 1)
supporting P and C in p;, i = 1,...,k such that 0 € conv{ay,...,ax}.

The theorem stays valid even if one allows C' to be unbounded.

-
a9

Figure 4.4: The necessary and sufficient conditions from Theorem 4.2.3: Condition (ii)
is fulfilled by the three points p1, po, ps and the three hyperplanes with outer normals
a1, az, as, all highlighted in dashed red. Note that (in general) conv{pi,...,px} is opti-
mally contained in ﬂle Hc<(ai,1).

Proof.

Let C € Cd be given as C = (,cy H<(a,1) where N = bd(C®) is the set of outer
normals of C.

First, assume (i) and (ii) hold. By (i), R(P,C) < 1. Now suppose R(P,C) < 1. Then
there exists ¢ € R and 0 < p < 1 such that ¢+ P C pC. From (ii) follows PNbd(C) #
and therefore ¢ # 0. Moreover, as ¢ + P C pC, it follows sup,cy al(c+p;) < p and
in particular, al (c + p;) < p < 1 for all i. Now, as 0 € conv{ay,...,a;}, there exist
A > 0 with 3. A; = 1 such that >, \ja; = 0 and >, \jal (¢ +p;) < 1. Using al'p; = 1
one obtains Y. A\;al ¢ < 0, an obvious contradiction. Thus, conditions (i) and (ii) imply
optimality.

Now, let P be optimally contained in C'. The following part of the proof is illustrated in
Figure 4.5. As C'is compact, we can apply Lemma 4.2.2 which yields & < d + 1 points
pi € PNbd(C) for i =1,...,k such that

R(conv{pi,...,px},C) = 1. (4.4)

Let A={a€ N :3i€[k] st.alp; =1}. Since P C C, for a € A, we have that a’p < 1
for all p € P, and a”p; = 1 for at least one i by definition of A. We will show that
0 € conv(A). The statement that there exists a set of at most d + 1 outer normals with
0 in their convex hull then follows from Carathéodory’s Theorem (see [59]). Assume,
for a contradiction, that 0 ¢ conv(A). Then 0 can be strictly separated from conv(A),
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i.e. there exists y € R? with a”y > 1 for all @ € A. Now, for A’ = {a € N : aTy < 0}
there exists ¢ > 0 such that (A’ +eBJ) N A =), i.e. al’p; <1 —¢ for all a € A’ and

therefore
T

T € T —ay
a ( )=a"pi+e——r < 1.
" lalllly]

Pi = Y
" llalliyl
Moreover, if a € N\ A’ then

T
T( . € _ T ay
pi— ———y)=a'pi—e—— < L.
" lallllyl " allllyll

As 0 € int(C), we know that N C C° is bounded and therefore there exists a > 0
such that |la|| < a for all @ € N. Thus, altogether, p; — m;y € int(C) for all 7, which

contradicts (4.4). Finally, observe that the last statement about a possibly unbounded

Figure 4.5: The idea of the proof of Theorem 4.2.3: If the outer normals in the points
where P touches C' do not contain the origin in their convex hull, the separation theorem
yield a direction y € R?\{0} such that P — Ay C int(C) for a sufficiently small A > 0.

C' can be obtained from the one for bounded containers by considering a new container
C' = C N C" where C" € C¢ such that P C C” and P Nbd(C") = (. O

Remark. Besides the direct geometric proof of Theorem 4.2.3 as stated above, it is
also possible to derive the result from the Karush-Kuhn-Tucker conditions (see e.g. [147,
Corollary 28.3.1]) in convex optimization in conjunction with Lemma 4.2.2; see also [125,
p. 19].

As we assume that C has non-empty interior, “P optimally contained in C” implicitly
implies |P| > 1. So, in case P = {p}, Theorem 4.2.3 is not applicable and we note for
completeness, that in this case, P is optimally contained in p+ 0 - C.

Corollary 4.2.4
Let P € C% and C a polytope in R%. If P C C and P touches every facet of C, then P
is optimally contained in C.
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Proof.
If C is a polytope with facets F; = C N H=(a;,1), i = 1,...,m, it is well known [30]
that, with the choice \; = volg_1(F;), one has > ;" \ja; = 0. O

Corollary 4.2.5 (Optimality condition for the MEB problem / Half-space lemma)
Let P € C%. If P C BY, then the following are equivalent:

() R(PBY) = 1.
(ii) Forsome k < d+1, there exist p1, ..., px € PNbd(B4) such that 0 € conv{py,...,px}
(iii) 0 can not be strictly separated from P N bd(BY).

(iv) PNbd(BY) N H # § for every half-space H containing the origin in its boundary.
(Half-space lemma)

4.2.3 Side Notes

Lemma 4.2.6 (Center-conformity for MEB)
If PeC? e>0and S C P is an e-core-set of P with respect to Bg, then S is also a
center-conform (e + v/2¢ + €2)-core-set of P.

Proof.

Let p € P such that max,cp |[cs — z|2 = ||cs — p|l2. Further let H be a hyperplane
perpendicular to aff{cg,cp} passing through cg. Denote by H~ the halfspace which
is bounded by H and does not contain cp. Then by Corollary 4.2.5, there is a point
q € SN H™ at distance R(S,BY) of cs. Hence

lep — csll3 < llep — all3 — llg — esll3 < R(P,B$)* — R(S,BY)? < (2 + £°)R(S, BS)?
and
les—pll < |les—cpll+]lep—pll < V2 + €2R(S,BS)+R(P,BI) = (14+e+1/2¢ + £2)R(S, BY).

O

We recall that choosing P = —C' yields the symmetry measure s(C) from Defini-
tion 2.3.1 on which we built our results in Chapter 2. As observed in Chapter 2, the
Minkowski asymmetry s(C)

s(C) = R(~C,C) (4.5)

can also be expressed as a special case of containment under homothetics.
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As a further corollary of Theorem 4.2.3, we now present a very transparent proof
(due to [43]) of Proposition 2.3.4, which states the well-known fact that the Minkowski
asymmetry of a body C' is bounded from above by dim(C'). We will make use of the
sharpness condition of Proposition 2.3.4/Corollary 4.2.7 to show the sharpness of the
inequality in Theorem 4.4.1.

Corollary 4.2.7 (Mazimal asymmetry)
For every C' € C? the inequalities 1 < s(C) < dim(C) hold, with equality, if C is
0-symmetric in the first and if C' is a d-simplex in the latter case.

Proof.

Clearly, the Minkowski asymmetry is bounded from below by 1 and s(C') = 1if C = —C.
For the upper bound we suppose (without loss of generality) that C' is full-dimensional.
Then Lemma 4.2.2 yields a d-simplex S C C such that s(C) = R(—C,C) = R(—S,C) <
R(—S,S) = s(S). Thus, it suffices to show s(S) = dim(S) for every simplex S. Sup-
pose S = conv{zy,...,zqs1} C R? is a d-simplex, without loss of generality such that
Zfill x; = 0. For all i € [d+ 1], the center of the facet F; = d - conv{x;,i # j} of dS
is ¢j =3, ,;% = —xj. Hence —S C dS and —5 touches every facet of dS, showing the
optimality of the containment by Corollary 4.2.4. U

Remark. In [95] also the “only if” direction for the sharpness of the bounds in Corol-
lary 4.2.7 is shown.

Finally, note that Lemma 4.2.2 can also be seen as a result bounding the combinatorial
dimension of Problem 4.1.1 interpreted as a Generalized Linear Program (GLP). As it
is not our main focus here, we simply mention the connection and refer to [131, 152] for
a treatise on GLPs and to [13] for their relation to Helly-type theorems.

4.3 Radii Identities and Small Core-Sets

4.3.1 Identities between Different Radii

In this section, we show the identity of the core-radii from Definition 4.2.1 to two
series of intersection- and cylinder/projection-radii in convex geometry, similar to the
ones defined in [100] and to the more often considered ones in [86] and [145]. This
identity will help us to use a set of known geometric inequalities on these radii to obtain
bounds on core-set sizes.

Definition 4.3.1 (Intersection- and cylinder-radii)
For P € C% C € C§ and k € [d], let

RI(P,C) :=max{R(PNE,C): E c A}} (4.6)
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and
RY(P,C) :=max{R(P,C +F): Fe L .} (4.7)

It follows from Blaschke’s Selection Theorem [150], that the maxima in (4.6) and (4.7)
exist.

Remark 4.3.2 (Cylinder-radii in Euclidean spaces)
When dealing with the Euclidean unit ball B4, the observation that, for F' € L'gfk,
R(P,B$+F) = R(P|F*,BY) shows that the cylinder-radii can be interpreted as projection-
radii, i.e.

RT(P,B}) = max{R(P|E,Bl) : F € £} .

The following theorem states the identity of these series of radii. To the best of
our knowledge, even the equality between the intersection- and projection-radii in the
Euclidean case has not been shown before.

Theorem 4.3.3 (Identity of intersection-, cylinder- and core-radii)
Let P € C?% C € C¢ and k € [d]. Then,

Ri(P,C) = R(P,C) = R} (P,C).

Proof.

We show Ry (P,C) < R} (P,C) < RL(P,C) < Ri(P,C).

First, Ry(P,C) < Rj(P,C): By definition of the core-radii, there exists S C P with
|S| =k + 1 and R(S,C) = Ri(P,C). Since dim(aff(S)) < k, one obtains

Ri(P,C) = R(S,C) < R(PNaff(S),C) < RY(P,C).

Now, RZ(P,C) < RF(P,C): Let E € L% such that RJ(P,C) = R(P N E,C). As
dim(P N E) < k, Lemma 4.2.2 and Theorem 4.2.3 show that, for m < k + 1, there are
points p1,...,pm € PNE and hyperplanes H—(a1,1),..., H=(am, 1) such that H—(a;, 1)
supports C' in p; and 0 € conv{ai,...,an}. As 0 € conv{ai,...,an}, we get that
dim{ay,...,an}*t > d — k and we may choose F € Eg_k such that F C {ay,...,amn}".
Again by Theorem 4.2.3, if follows that

RY(P,C)=R(PNE,C)=R(PNE,C+F)<R(P,C+F)<R(P,C).

Finally, RT(P,C) < Ry(P,C): Let F € £4 , such that Rf(P,C) = R(P,C + F) and
suppose without loss of generality that P is optimally contained in C' + F (i.e. the
optimal radius and center are p* = 1 and ¢* = 0, respectively). Then it follows from the
statement for unbounded containers in Theorem 4.2.3 that there exist m < d + 1 points
Piy...,Pm € P and hyperplanes H—(a;,1), i = 1,...,m such that H_(a;, 1) supports
C + F in p; and 0 € conv{ay,...,a,}. Since every direction in F' is an unbounded
direction in C' + F, one obtains a; € F* for all i € [m]. Now, by Carathéodory’s
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Theorem, there exists a subset I C [m] with [I| < dim(Ft) +1 = k + 1 such that
0 € conv{a; : i € I'}. Applying again Theorem 4.2.3,

R;(P,C) = R(P,C+F) = R(conv{p; : 1 € I}, C+F) < R(conv{p; : i € I},C) < R(P,C).

O

4.3.2 Dimension Independence for Special Container Classes

The most evident (non-trivial) example for a restricted class of containers allowing
small core-sets may be parallelotopes. E.g. in [29, Chapter 25|, the following proposition
is shown:

Proposition 4.3.4 (Core-radii for parallelotopes)
The identity

Ri(P,C) = R(P,C)

holds true for all P € C% if and only if C' € Cg is a parallelotope.

In terms of core-sets, this means that there is a 0-core-set of size two for all P € C¢,
if C' is a parallelotope and that these are the only containers with this property.

Surely, a more important restricted class of containers is the class of ellipsoids. In
[100], geometric inequalities are derived which relate the radii of Definition 4.3.1 within
each series. Using Theorem 4.3.3, these inequalities can be presented in a unified way
in terms of core-radii:

Proposition 4.3.5 (Henk’s Inequality)
Let P € C% and k,! € N where | < k < d. Then

Ry.(P,BY)
R;(P,BY)

k(l+1)
I(k+1)

< (4.8)
with equality if P = T4,

Remark. Because of the affine invariance of (4.8) one may replace B¢ by any d-
dimensional ellipsoid.

This inequality can now directly be turned into a sharp bound on the size of e-core-sets
for the MEB problem and Theorem 4.1.3 follows:
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Proof of Theorem 4.1.3
Let ¢ > 0,k = [ﬁ ,and S C P such that R(S,BY) = Ry(P,BY). Then |S| < k + 1

and by Proposition 4.3.5 and Lemma 4.2.2:

d(k+1)

P,BY) < |7 - R(S,BS

R( ) 2)— k(d+1) R(Su 2)

where k is chosen such that z((flﬁ; <1+ ¢ independently of d € N.

Now, we show the sharpness of the bound: Let d € N such that ﬁ‘ll > (1+ 8)2%’_1 and

choose P = T?. Now, for k < ﬁ if 8’ C P consists of no more than k + 1 points then

dlk+1
ROPBY) = || Ty BT B) > (14 )R(T ) > (1+ )R(S', B,
Hence S’ is not an e-core-set of P. OJ

Remark. Jung’s well-known inequality (see [116] and the sharpened version in The-
orem 2.5.1), relating the diameter and the outer radius of P, can be obtained from
Proposition 4.3.5 just by choosing k = d and [ = 1. As Proposition 4.3.5, it can be
turned into a core-set result saying that, for the Euclidean ball in every dimension, a
diametral pair of points in P is already a (/2 — 1)-core-set.

A very easy and intuitive algorithm to actually find e-core-sets of a finite set P was
first introduced in [19]. Roughly speaking, it starts with a subset S C P of two (good)
points and computes (or approximates) the minimum enclosing ball Bg for S. Whenever
a dilatation by (1+¢) of Bg centered at c¢g does not cover the whole set P, an uncovered
point is added to S and the process is iterated. The analysis in [19] shows that this
algorithm produces e-core-sets of size O(1/e2), and, by construction, these are even
center-conform.

In [18], the existence of center-conform e-core-sets of size 1/e and the sharpness of this
bound are shown. Theorem 4.1.3 now complements this result and gives a tight upper
bound on the size of (general) core-sets, which is roughly half the center-conform bound.

4.4 No Sublinear s-Core-Sets

In this section, several geometric inequalities between core-radii are collected and then
used to derive positive and negative results on possible e-core-set sizes. We recall that,
because of Lemma 4.2.2, we already know the existence of 0-core-sets of size d+1, i.e. not
depending on the size of P (nor C') and only linearly depending on d.
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4.4.1 General (non-symmetric) Containers

Theorem 4.4.1 (Inequality relating core-radii)
Let P € C% C € Cd and k,l € N such that < k < d. Then

l

<
Rl(Pv C)

with equality if P = —C = T

Proof.

It suffices to show
Ri(P,C) < k

Ry 1(P,C) — k-1
as for [ < k—1 the claim follows by repeatedly applying (4.9). Without loss of generality
one may assume the existence of a k-simplex S = conv{zi,...,z11} C P satisfying
R(S,C) = Ri(P,C), as (4.9) is certainly fulfilled if Ry(P,C) = Ri—1(P,C). Moreover,
it can also be supposed that Ek+11 x; =0 and Ry_1(S,C) = 1. Now, let S; = conv{z; :
i#7}, ] = 1 .,k + 1 denote the facets of S.

Since Z e, =0, it follows —1/k - 2; = 1/k 3, .52 € conv{z; : i # j} = 5; for all j
and surely x; € §; for all 4, j, i # j.

Since Ri_1(S,C) = 1, there exist translation vectors ¢; € R? such that S; C ¢; + C for
all j € [k + 1] which implies

k+1 k+1
(k—)x]eZS czcz +(k+1)C

for all j and thus R(S,C) < (k+1)/(k — ). However, since Rj_1(S,C) =1 we obtain

(4.9)

Ry(P.0) = R(S,0) < TRy 1(5,0) < TRy 1 (P.O)

proving (4.9).

The sharpness of the inequality for —P = C = T% follows directly from showing
Ry(T9, —T9) = k for k € [d]:

Since every k-face F of T¢ can be covered by the k-face of —T'¢ parallel to F' and since
these k-faces are regular k-simplices, it follows from Corollary 4.2.7 that R(F,—F) =k
and, thus, Ry, (T%, —T9) < k for all k € [d].

Finally, for every face F of —T?, it is true that —T%|aff(F) = F. Thus, if S, C T%1is a k-
face of T% and Sy, C c+p(—T1) for some ¢ € R? and p > 0, then Si|aff (c+p(—Sk)) C (c+
p(—Sk)). However, aff(c + p(—Si)) is parallel to Sk, and therefore the above projection
is just a translation, which means there exists ¢ € R? such that S, C ¢/ + p(—Sk). Using
Corollary 4.2.7 again, it follows that p > k. O

Corollary 4.4.2 (No sublinear core-sets for general containers)
For every P € C% C € Cd and ¢ > 0, there exists an e-core-set of P of size at most

L +81 +1 and for P = —C = T no smaller subset of P will suffice.
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Proof.
The case € = 0 equates to Lemma 4.2.2. So, let ¢ > 0 and k = {i—‘ If S C P such

I+e |
that R(S,C) = Ri(P,C) then |S| < k+ 1 and by Theorem 4.4.1:

R(P,C) = Ry(P,C) < %Rk(P, 0) = %R(S, 0).

By the choice of k, d/k < 1+e.

In order to show the sharpness of the bound, choose P = T% and C = —T%. Now,
for k < #E, if S/ C P consists of no more than k + 1 points, then it follows from the
sharpness condition in Theorem 4.4.1, that

R(T4, —T%) = %Rk(Td, —TY > (1 +e)Rp(T4, —T% > (1 +¢)R(S', -T%).

Hence S’ is no e-core-set of P. O

Remarks.

(1) Note that, by Lemma 4.2.2, the minimal size of a 0-core-set depends linearly on d
and Corollary 4.4.2 now shows that allowing € > 0 does not improve this situation.
Thus, Corollary 4.4.2 already proves Theorem 4.1.2 for general containers.

(2) Additionally, we mention that, whenever C' is a polytope presented as C' = {z €
R : o]z <1 Vk € [m]} and P = conv{ps,...,p,}, Problem 4.1.1 can be rewritten
as a Linear Program [42, 87], with the help of which a 0-core-set of P of at most
d + 1 points can be computed in polynomial time.

Remark 4.4.3 (Center-conformity)

Choosing P = —C = T, every subset S of d vertices of P yields R(S,C) = d — 1 with a
unique center c¢g. But to cover P by ¢g+ pC, we need p > d%le(S, C). So, for e € (0,1),
a center-conform e-core-set may need to be of size d + 1.

Moreover, as much as we understood it, [140, Theorem 5] asserts (in particular) that
for every € > 0 there is a subset S C T of size O(1/£?) such that every point in 7% has
Euclidean distance at most € to cg + R(S, —T%)(—=T%). Again, taking any subset S C T¢
of d vertices and the fact that the distance of the remaining vertex to cg + (d — 1)(=T%)
is strictly greater than 1/4/2, shows that this theorem cannot be true for € < 1//2.

4.4.2 Symmetric Containers/Normed Spaces

As mentioned several times, every O-symmetric container C' € Cg induces a norm || ||¢
and vice versa. We will always talk about symmetric containers here, but one may as
well reformulate all results in terms of Minkowski spaces.
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The results in section 4.3.2 may motivate the hope that symmetry of the container
is the key for positive results on dimension-independence. Indeed, in [28], Bohnen-
blust proved an equivalent to Jung’s Inequality (see the remark after the proof of The-
orem 4.1.3) for general normed spaces. Taking into account the Minkowski asymmetry
s(C) of a possibly asymmetric container C, we showed a generalized version of this
inequality in Theorem 2.4.1; adapted to our purposes here and expressed in terms of
core-radii, it reads as follows:

Proposition 4.4.4 (Generalized Bohnenblust)

Let P € C? C € Cd. Then
R(P,C) < (1+s(C))d
Ry (P, C) - d+1

with equality, if P =T% = —-C or P =T% and C = T¢ — T¢.

One might hope that, for the class of symmetric containers, Bohnenblust’s Inequality
can be generalized in the same way as Henk’s Inequality generalizes Jung’s in the Eu-
clidean case (giving a bound on the core-radii ratio as in (4.10) at the end of this section).
This inequality would be tight for P = T% and C' = T? — T¢. However, the remainder of
this section will show that the bound on the ratio of core-radii with symmetric containers
does not improve the general bound from Theorem 4.4.1.

Lemma 4.4.5
With ¢4 = T4 (-T1),

d+1 - d+1
ar= if k< =
Rk(Td, Cd) _ 2 =2
kooif k> 4L
Proof.
Let T% = conv{zy,..., 2441} for suitable z1,...,7441 € R% Independently of which
coordinates we choose for z1,...,2411, we can index the normals aq,...,a4+1 € R? of a

halfspace presentation of 7% such that 7% = ﬂ;”ll H<(ai,1) and

¥ for i,j € [d + 1]

v 1 ifjAi
a'x’_{d if j =i

Let k € [d + 1] and consider an arbitrary k-face F' of T, without loss of generality,
F = conv{zy,...,xp11}.
For k < %, let

E+1 d+1
(k—1)(d+1) 1
20d — k) and c P lz;xl—F’yZml

I=k+2
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Then v > —%H and for i € [k + 1] and j € [d + 1]

~ itj>k+1

aj (ri—c)=9q B ifj<k41,j#i
—EE i =

Hence FF — ¢ C %C‘i. Moreover, these equalities show that 7% — ¢ touches the facets
of 2104 induced by the hyperplanes H_(a;, (d + 1)/2), H=(a;,—(d + 1)/2) for i =
1,...,k+ 1 and therefore it follows by Theorem 4.2.3 that Ry(T%, C%) = (d + 1)/2.
For k > 41, let c=YF12, Then1—k+d<kandforie[k+1] andje[d+1]

—k itj>k+1
aj (wi—c)=Q l—k+d fj<k+1,j#i
—k if =1
showing F' — ¢ C kC?. Here again, the equalities show that 7% — ¢ touches every facet
of —kT? and Ry (T?,C?) = k follows by Theorem 4.2.3. O

Theorem 4.4.6 (Inequality relating core-radii for 0-symmetric containers)
Let k,l € Nsuch that [ < k <d, PeC%and C € C[‘)i a O-symmetric container. Then

Ry(P.O) _ | g forl< i
RZ(P, C) - k for [ > k+1 )

> ‘

n
Moreover, let T be a k-simplex embedded in the first & coordinates of R? and C* =
(TF N (=T%)) + ({0}* x [~1,1]%F). Then

+
—_

Ry (T*, C%) 2y forl<k
e Rl S

~l& +
+ N
—

¥ ‘

Proof.
Let S C P be a k-simplex such that Ry(P,C) = R(S,C) and assume without loss of
generality that R(S,C) = k. By Bohnenblust’s Inequality, we get that R;(S,C) > (k +
1)/2 and thus R;(P,C) > R1(P,C) > (k+1)/2. Thus R(P,C)/Ri(P,C) < 2k/(k+1).
On the other hand

Ri,(P,C) < k

R(P,C) — 1
by Theorem 4.4.1. Together this yields

Ri(P,C) < min 2k k
R(P,C) — E+171])°
which splits into the two cases claimed above. The second statement follows from

Lemma 4.4.5 and the observation that the computation of R(T*,C¥) is in fact the
k-dimensional containment problem of containing 7% in T% N (=T*). O
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With Theorem 4.4.6 at hand, Theorem 4.1.2 follows as a simple corollary:

Proof of Theorem 4.1.2

For k =d and | > (d + 1)/2 the inequalities in Theorem 4.4.1 and 4.4.6 coincide. Hence
the proof of Corollary 4.4.2 can simply be copied up to the additional condition that
£ < 1 and the change from C = T% to C = T9 N (~T%) to show that the bound is best
possible. O

On the other hand diametral pairs of points in P are 1-core-sets for every 0-symmetric
container C' as Bohnenblust’s result already shows. Theorem 4.4.6 then shows that no
choice of up to |(d — 3)/2] points to add to the core-set improves the approximation
quality.

Remark. Theorem 4.1.2 also implies the non-existence of sublinear center-conform e-
core-sets for € < 1. On the other hand, we know from Lemma 4.2.2 that there are linear
ones, even if € = 0.

Theorem 4.1.2 shows that the class of symmetric containers is too large for an extension
of Bohnenblust’s Inequality to other core-radii than R;. A question that remains open is,
whether there is a sensible class of containers C C C¢ such that the following inequality
holds for 1 <[l < k < d:

Ry (P,C) < k(l+1)
R(P,C) — l(k+1)

If true, (4.10) would yield dimension independent e-core-sets for all € > 0 in the same way
as shown for the MEB problem in the proof of Theorem 4.1.3. In the remainder of this
section, we elaborate this idea and show that the phenomenon of dimension independent
core-sets is not restricted to Euclidean balls. In fact, the container does not even have
to be symmetric in order to allow dimension independent core-sets. However, the result
below is sill quite weak since the containers for which we establish this property all
converge to the Euclidean ball as d tends to infinity.

(4.10)

Lemma 4.4.7 (Proposition 4.3.5 applied to almost-balls)
Let P € C?, C € C such that for \ € [\/ d2d§1, 1] the inclusions ABS C C' C BY hold. If
kleNandl<k<d, then,

Ry(P,C) _ k(I +1)
R(P.C) = 1k +1)

Proof.
As in Theorem 4.4.1, it suffices to show
Rk(P7 C) < k2
Ry 1(P,C) — k2 -1

(4.11)
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as for [ < k—1 the claim follows by repeatedly applying (4.11). Without loss of generality,
we may assume the existence of a k-simplex S = conv{z1,...,zx11} C P satisfying
R(S,C) = Ri(P,C), as (4.11) is certainly fulﬁlled if Ri(P,C) = Ry_1(P,C).

By Proposition 4.3.5, we get R(S,BY) < d2 1Rd 1(S,BY). Hence, there is a ¢ € R?

such that
c+ 4/ Rd 1(S, B BY

(

c+ d2 L Ry_1(P,BS)BY
c+ d2 -Rq_1(P,B})3:C
c+ d2 1Rd 1(P, )
c+ de_l(P, a)C,

S

N 1N

N

N 1N

pog. Thus, Ry(P,C) = R(T,C) <
2Ry 1(P,C). O

where the last inclusion follows from A >

Theorem 4.4.8 (Dimension independent core-sets for almost-balls)

Let P4 C e Cg such that for \ € dfp L 1} the inclusions /\lBSUl cCCcC le hold and

€ > 0. There exists an e-core-set S C P of size

Proof.
Let k := [1] and S C P such that R(S,C) = Rx(P,C) and |S| < k+1. By Lemmas 4.4.7
and 4.2.2,

d(k+1)
R(P,C) < Rd+1) -R(S,C),
where k is chosen such that ZEZIB <1+ ¢ independently of d € N. O

We close this chapter by summarizing the different inequalities between core-radii in
Table 4.1.
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J R(P,B%) 2d Ry(P,B%) k(l+1)
Ru(P.Bg) ~ Vd+1 R(PBY) ~ \ 1k +1)
Jung’s Inequality Henk’s Inequality
2k k
O e R(P,C) _ 2 Ry(P,C) _ | 7e1 forls +
0 = <
R(P,C d+1 Ri(P,C
1( ) l( ) % for | > k—gl
0-symm. | Bohnenblust’s Inequality Theorem 4.4.6
R(P,C) Ri(P,C) _k
C ecd ) < d ) < 2
< %o Ri(P,C) = R(P,C) 1
Theorem 4.4.1

Table 4.1: Synopsis of inequalities between core-radii as collected in this chapter.




Chapter 5

Hausdorftf Matching

Whereas the previous chapters were concerned with the problem of computing func-
tionals of a single polytope, the present chapter will investigate different similarity mea-
sures of two polytopes based on the Hausdorff distance of two compact sets in R
We study the computational complexity of determining the Hausdorff distance of two
polytopes and a more general matching problem. Here, one polytope is allowed to be
homothetically transformed in order to minimize its Hausdorff distance to the other one.
For the matching problem, we characterize optimality, deduce a Helly-type theorem and
give polynomial time algorithms. We also demonstrate that a variant of our matching
algorithm can be applied for a particular tomographic reconstruction problem.

5.1 Introduction

The problem of comparing two geometric objects and evaluating their similarity or
dissimilarity arises naturally in many applications such as shape fitting, pattern recogni-
tion or computer vision. A suitable means that has been widely applied to evaluate the
resemblance of two compact sets is the Hausdorff distance, see e.g. [112, 114, 148] or the
survey [10]. Consequently, there is an extensive amount of mathematical literature that
is concerned with the question of how to compute the Hausdorff distance of geometric
objects such as finite point sets or triangulations [8, 9, 16]. Not only the static evalua-
tion problem, but also problems where one object is allowed to undergo a transformation
from a certain class in order to match the other one are of particular interest, see e.g.
[4, 8, 14, 54].

The geometric objects that are considered in the papers mentioned above are usually
finite point sets or finite unions of simple geometric objects such as line segments or
simplices and are usually considered in (low) fixed dimension. The tables in [160, Chapter
3] give a detailed list of problems that have been considered, together with the respective
references and show that the term “in low fixed dimension” can be replaced by “in the
plane” in most cases. For higher dimensions, the problem of exact point pattern matching
has been investigated in [11], while [160] considers the task of minimizing the Hausdorff
distance of two sets of points or simplices under translations. Apart from that, very

83
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little seems to be known.

In this chapter, we investigate the problem of evaluating the Hausdorff distance and
the matching problem under homothetics for polytopes in arbitrary dimension. More
precisely, we are interested in the following two problems, where R¢ is equipped with an
arbitrary but fixed norm.

Problem 5.1.1 (Hausdorff evaluation)
For two polytopes P,Q C R? in arbitrary dimension, compute their Hausdorff distance

(P, Q).

Problem 5.1.2 (Hausdorff matching)
For two polytopes P, @ C R? in arbitrary dimension, compute 6z (P, Q), i.e. the minimal
Hausdorff distance of a homothetic transformation of P to ). In other words,

opg(P,Q) = min §(aP +¢,Q)
st ceR? (5.1)
a> 0.

Of course, the computational complexity of these problems depends on the presenta-

tion of the polytopes P and ). We show that if both polytopes are in V-presentation,
both problems can be solved efficiently in arbitrary dimension for most important norms
(Theorem 5.2.13 and Section 5.3.3). If, on the other hand, at least one polytope is given
in H-presentation, already the evaluation problem has to be considered intractable in
low dimensions (Theorem 5.2.16).
Hence, the class of V-polytopes represents a first step towards a large class of geometric
objects for which the matching problem can be solved efficiently in arbitrary dimension.
Moreover, in view of the running times of our algorithms in Section 5.3.3, replacing dense
finite point clouds in high dimensions by their respective convex hulls might also be an
interesting approximation in many practical applications (cf. Remark 5.2.4).

This chapter is organized as follows. In Section 5.2, we state basic properties of
the Hausdorff distance that will be useful throughout this chapter and investigate the
evaluation problem. In Section 5.3, we study the matching problem, for which we prove
an optimality condition and a Helly-type theorem, and give (approximation) algorithms.

5.2 Computing the Hausdorff Distance of Two Polytopes

5.2.1 Problem Statement and General Properties

Throughout this chapter, we work in (R?, | -||), where || - || is an arbitrary norm on
R?. Besides our standard notation IB%Z for the unit ball of the p-norm, we will employ
B := {x € R?: ||z| < 1} if the norm is not explicitly specified.
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For a convex function f : C'— R on some convex set C' C R% and z € C, we write df(z)
for the subdifferential of f in z and, if f is continuously differentiable in z, we denote
by Vf(x) the gradient of f in x.

We start by defining the functional of interest in this chapter which is based on the
distance function of convex bodies.

Definition 5.2.1 (Distance mapping)
For P C R? non-empty and compact, define

d(-.P): R? — [0,00) (5.2)
z +— d(z,P)=min{||z —p||:p € P} '
the distance mapping of P induced by ||-||. (The minimum in (5.2) is attained, as P # ()
is compact and || - || is continuous.)

Since it is the key for the tractability result in Theorem 5.2.13, we give an explicit
proof that the distance function of a convex body is convex.

Lemma 5.2.2 (Convezity of d(-, P))
Let P € C% Then, d(-, P) is convex.

Proof.

Let z1,72 € R? and A € [0,1]. For i = 1,2 let p; € P be a point in P such that
d(zi, P) = ||zi—pi||. We have d(Az1+(1—=XN)z2, P) < ||Az1+(1—=N)x2—(Ap1+(1—=X)p2)||
< Mz = pill + (1 = N)||z2 — p2|| = Ad(z1, P) + (1 — X)d(z2, P) by convexity of P and
-1l O

Definition 5.2.3 (Hausdorff distance)
Let P,Q C RY non-empty and compact. The Hausdorff distance induced by ||- || between
P and @ is denoted by

(P, Q) = max{maxd(p. Q), max (g, P)}. (5.3)

Since P, ) are non-empty and compact, and d(+, P), d(-, @) are continuous by Lemma 5.2.2,
the maximum in (5.3) is attained. It is easy to see that it can also be expressed by

S(P,Q)=min{p>0: P C Q+pB,Q C P+ pB}. (5.4)

As an immediate consequence of Lemma 5.2.2, we can bound the Hausdorff distance
of finite point clouds in terms of the Hausdorff distance of their respective convex hulls.
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Remark 5.2.4 (Relation to finite point sets)
Let Py ... Pns Qs> Gm € RY, P = conv{pi,...,pn} and Q := conv{q,...,qm}. Fur-

ther, let R := max({d(x, (D1, pad) € bA(P)YULd(z, {q1, ..., qm}) : z € bd(@)}).
Then,

5(P7Q) < 5({p17-~-7pn}¢{QI>---,Qm}) < 6(P7Q) + R,

and both bounds are best possible.

Proof.

By Lemma 5.2.2, d(-, P) and d(-,Q) are convex and hence max,cp d(z, () is attained
within {p1,...,pn} as well as max,eq d(x, P) is attained within {qi1,...,¢n}. As we
have {p1,...,pn} C P and {qi1,...,¢n} C @, the first inequality follows. On the other
hand, for all 7 € [n], there is an x; € Q such that ||p; — z;|| < (P, Q). By the definition
of R and the triangle inequality, we get d(p;, {q1,...,qm}) < §(P,Q)+ R. Applying this
argument also to q1, ..., ¢y, yields the second inequality.

It is obvious that the first bound can be fulfilled with equality. By the definition of R,
the second bound cannot be improved, either, as the point sets {(0,0)”, (0, —1)7, (0,1)"}
and {(0,—-1)7,(0,1)7} in R? show. O

Of course, the quality of this bound strongly depends on the “density” of the point
clouds under investigation, which is reflected in the value of R. If the point clouds are
rather coarse, the approximation via convex hulls may be of no interest. If, on the
other hand, the point clouds are dense samples from convex regions (such as pixels of a
segmented region in an image), it might be possible to bound R by a small constant.

Besides the two equivalent definitions of the Hausdorff distance in Definition 5.2.3,
there is also a third formulation based on the support functions of P and (). This
formulation will be of great use for the hardness proof of Theorem 5.2.16 below. Since it
can also be used as an equivalent definition of the Hausdorff distance, we already state
it at this point. Before doing so, we fix some notation, which we make use of at several
points in this chapter.

Notation 5.2.5 (Tangential and normal cone)
Let P € C? and z € P. We denote by

T(P,z):=cl{v e RY: 3\ >0 s.t.  + \v € P}
the tangential cone of P at x and by
N(P,z):={a € R?: h(P,a) = a’ z} = T(P,z)°

the normal cone of P at .
Here, h(P, a) denotes the support function of P in direction a.
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Lemma 5.2.6 (Hausdorff distance via support functions)
Let P,Q € C%. Then,

Proof.

Let p:=0(P,Q) and u € B°. As P C Q + pB, it follows that h(P,u) < h(Q + pB,u) =
h(Q,u) + h(pB,u) < h(Q,u) + p. In the same way, h(Q,u) < h(P,u) + p. As u € B°
was arbitrary, this yields max,epo |h(P,u) — h(Q,u)| < p.

For the other inequality, let p* € P and ¢* € @ such that p = ||[p* — ¢*||. Let f(q) :=
lg —p*||. As f(q") < f(q) for all ¢ € Q, there exists

u' € 0f(q") = {ue B (¢" —p*) = f(d")}
such that —u’ € N(Q, ¢*). Thus, for u* = —u/,

p=1(a") = ()" = ¢) = ()P —max(u) g < h(P,u’) — h(Q,u")

< [A(P ") = (@, u’)| < max |h(P,u) — h(Q, u)].
O

Remark. Due to the homogeneity of h(P,-),h(Q,) and | - |, the maximum in (5.5) is
attained for some vector u* € bd(B°). But since the function f(u) := |h(P,u) —h(Q,u)|
is not convex in general, the maximization in (5.5) cannot be restricted to ext(B°).

Before turning to the matching problem in Section 5.3, we first ask for the complexity

of computing the Hausdorff distance of two fixed sets. For the case of convex polygons
in the plane, this question has first been studied in [16]. The paper [8] investigates the
case of finite point sets or sets of line segments in the plane. Both papers settle the issue
by giving efficient algorithms that solve the respective problems. In [9], these algorithms
are extended in order to compute the Hausdorff distance between a union of n and one
of m simplices of dimension k in R? in time O(nm**2).
In the context of the present thesis, however, it is natural to ask for the computational
complexity of computing the Hausdorff distance of two polytopes in unbounded dimen-
sion. As with NORMMAX,, (Problem 3.1.1) and the radii computation tasks in Chapter 3,
we investigate the problem for a fixed p-norm and different presentations of the poly-
topes. Again, the problems are parameterized by the dimension, which allows a refined
analysis of the role of the dimension in the NP-hard cases.

For the statement of the following three problems, let p € NU {oco} be fixed.

Notation 5.2.7 (Specific norms)
When working in (R%, || - ||,,) for some p € NU {00}, we write

P,Q) = P
3p(P.Q) = manx{masdy 2, Q) maxdy (g, P)}
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where the subscript p explicitly indicates the norm with respect to which the Hausdorff
distance is measured.

Depending on the presentation of the input polytopes, we distinguish three different
decision problems for the problem of computing the Hausdorff distance of two polytopes.

Problem 5.2.8 (HAUSDORFF,-V-V)
Input: deN,n,meN,p1,....,Pn,q1s--qm €Q%4 peQ
Parameter: d

. P
Question: Is 0, (conv{pl, e yDntsconv{qi, ..., qm}> > p?

Problem 5.2.9 (HAUSDORFF,-V-H)

IHPUt: d € Nanam € N7p17' -+yPn, 0155, am € Qd7517"' 7ﬂm € Qap € Q
Parameter: d

m p
Question: Is 9, (conv{pl, ot ) H<(as, Bﬂ) > p?
i=1
Problem 5.2.10 (HAUSDORFF,-H-H)
Input: deN,n,meN,ai,...,an,di,...,dnc Q%
/817"'7/8717617"'7877’1 € vae Q

Parameter: d

n m p
Question: Is 5p (ﬂ Hg(ai,ﬁi), ﬂ H<(di,€i)> 2 p?
=1 =1

5.2.2 Tractability Results

In this subsection, we show that the Hausdorff distance of two polytopes in V-presentation
can in principle be computed efficiently (Lemma 5.2.11, Theorem 5.2.13). The restric-
tion “in principle” is due to the fact, that for p € N\ {1,2} the (power of the) distance
d,(x, P)P of a point x to a polytope P might not be rational and therefore not computable
in polynomial time.

Lemma 5.2.11 (Restriction to vertices)

In an arbitrary normed space (R?, ||-||), let O be an oracle that on input z,p1, . .., p, € Q%
returns d(x,conv{pi,...,pn}). Then for any set of points pi,...,pn,q1,---,qm € Q%
d(conv{pi,...,pn},conv{qi,...,qn}) can be computed using at most m +n calls to O.
Proof.

Let P := conv{pi,...,pn} and @ := conv{qi,...,qn}. Since d(-,Q) is convex by
Lemma 5.2.2, maxgep d(x,Q) is attained at a vertex of P as well as max,cq d(z, P)
is attained at a vertex of Q). Hence, 0(P, Q) = max{rnax{d(p, Q) :p € P}, max{d(q, P) :
q € Q}} can be computed by determining d(p;, Q) and d(g;, P) for all i € [n] and j € [m]
via calls to O. O
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Lemma 5.2.12 (Computing d(-, P))

If the unit ball B C R? is a polytope given in V-presentation or in H-presentation, then
for any point € Q% and any rational polytope P C R? in V- or H-presentation, the
distance d(z, P) can be computed in polynomial time.

IfB = Bg, for any point € Q% and any rational polytope P C R? in V- or H-
presentation, d(z, P)? can be computed exactly in polynomial time.

Proof.

The cases where a V- or H-presentation of B is available can all be solved by Linear
Programming;:

First, let B = {z € R?: ufx <1Vje[m]}. If P={rcR?: Az < b}, then

d(z,P)= min t
st t> u;f(a: —y) Vje€[m]
Ay <b
y € RY
teR.

If P =conv{pi,...,pn}, then
d(z,P) = min ¢

st. t> u]T(:E — Yo dipi) Vg€ [m]

Z?:l Ai=1
teR.

Now, let B = conv{vy,...,vp}. If P ={z € RY: Az < b}, then

d(z,P)= min «
st x—y=3 1" 1iv;
Ay <b
Z;‘n:l My =@
fj >0 vj € [m]
y € R?
a>0.

If P =conv{pi,...,pn}, then

d(z,P)= min «
st. =Y 1 ANipi = Z;n:l HjU5

Z?:1 Ai=1
Z}n:l Hj =«
fj >0 vj € [m]

a>0.
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Finally, let B = BS. If P = {x € R?: Az < b}, then
d(z,P)>= min (p—2)"(p—x)
st. Ap <hb. (5.6)
p € R4
If P =conv{pi,...,pn}, then

d(z,P)’?= min (p—2)"(p—2)

st. p= Z?:1 AiDi
D=1 (5.7)
A >0 Vi € [n]

By [126], the optimal solutions of (5.6) and (5.7) are rational and can be found in
polynomial time. O

Together, Lemmas 5.2.11 and 5.2.12 yield the following:

Theorem 5.2.13 (Tractability of HAUSDORFF-V-))

HAUSDORFF1-V-V, HAUSDORFF2-V-V and HAUSDORFFo.-V-V are in P. More generally,
if a V- or H-presentation of the unit ball B can be computed in polynomial time, the
Hausdorff distance of two rational polytopes P,Q C R? can be computed in polynomial
time.

Remark 5.2.14 (Direct approzimation of d2(P,Q))
For two rational V-polytopes P,Q C R? the Hausdorff distance do(P, Q) can also be

approximated to any accuracy in polynomial time by solving a Second Order Cone
Program (cf. the SOCP in Lemma 5.3.12 with a = 1 and ¢ = 0).

Remark 5.2.15 (Approzimation for HAUSDORFF,-V-V)

For p € N and rational polytopes P = conv{py,...,p,} C R%and Q = conv{qy,...,qm} C
R?, the Hausdorff distance dp(P, Q) can be approximated to any accuracy in polynomial
time by combining Lemma 5.2.11 and the Ellipsoid Method [92] for the approximation
of d(p;, Q) and d(g;, P) for i € [n] and j € [m].

5.2.3 Hardness Results

The main result of this section is Theorem 5.2.16, which states the hardness of HAUS-
DORFF),-H-H for p € N. After the proof of Theorem 5.2.16, the section concludes with
remarks about the case p = oo, the complexity of HAUSDORFF,-V-H and an interesting
connection to the VERTEXENUMERATION problem (Problem 5.2.22).

Theorem 5.2.16 (Hardness of HAUSDORFF,-H-H )
For p € N, HAUSDORFF,-H-H is W[1]-hard, even if both H-polytopes are required to be
0-symmetric.
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The proof of Theorem 5.2.16 is given by Lemma 5.2.17 and Lemma 5.2.19, where the
key observation that enables the latter result is given in Lemma 5.2.18.

Lemma 5.2.17 (Reduction of NORMMAX),)
For all p € NU {oo}, NORMMAX,, (Problem 3.1.1) can be reduced in polynomial and
FPT (with respect to the dimension) time to HAUSDORFF,-H-H.

Proof.
If (d, P, \) is an instance of NORMMAX,, with an #H-presented rational polytope P C R,
let Q:={z € R?: +el'x <0 Vi€ [d]} = {0}. Then,

max{|[z|[b: x € P} > A& 6,(P, Q)P > A

0

Since Theorem 3.1.2 shows that NORMMAX,, is W([l]-hard for p € N\ {1} on 0-
symmetric polytopes, the statement of Theorem 5.2.16 follows in all cases except p = 1.
Since NORMMAX,, is NP-hard for all p € N (e.g. [27, 130]), the same reduction can be
used to show NP-hardness for all p € N, too.

Even though NORMMAX; is in FPT (Theorem 3.1.2), HAUSDORFF-H-H is also W]1]-

hard, as the following shows. Together with Lemma 5.2.17, this completes the proof of
Theorem 5.2.16.
As in Chapter 3, we present an FPT reduction of CLIQUE (Problem 3.2.1) to HAuUs-
DORFF1-H-H. The reduction uses a similar technique as the one used for Theorem 3.1.2
and considers R?* as the direct product of k two-dimensional spaces. We start by inves-
tigating the Hausdorff distance induced by the 1-norm for polytopes that are products
of k two-dimensional polytopes.

Lemma 5.2.18 (Hausdorff distance of direct products)
For k € N, let P;,..., P, C R? and Q1,...,Qr C R? be polytopes with Q; C P; for all
i € [k] and further P := Py x --- x P, CR?* and Q := Q1 x --- x Q C R?*. Then,

k
01(P,Q) = 61(P:, Qu).
=1
Proof.

Since Q; C P; for all i € [k] and hence @ C P, we have h(FP;,u) > h(Q;,u) for all i € [k]
and v € R?, and h(P,u) > h(Q,u) for all u € R?. Decomposing a vector u € R?* as
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u=(ul,..., uf)T with uy, ..., u; € R%, we obtain by Lemma 5.2.6,
k
01(P, Q) = max (h(P,u) — h(Q,u)) = max » (h(F;,u;) — h(Qi,ui)) =
u€B2k ueB2k =1
k k
= h P7,7 i h iy Uy = o PZ'; i)-
> (s (o) ~h(@uw)) = 3P @)

Lemma 5.2.19 (W/1/-Hardness of HAUSDORFF1-H-H)
HAUSDORFF-H-H is W[1]-hard, even when restricted to 0-symmetric polytopes.

Proof.
Let (m,k, E) be an instance of CLIQUE with m vertices, define n := 2m and let P, =
conv{pi,...,p2n} C R? be the polytope given in Equation (3.9) for p = 2, i.e. py, ..., Do
are the roundings to a grid of evenly spread points on the Euclidean unit sphere. By
Lemma 3.2.6,

P =P ={rcR?:plz <1Vve[2n]}

is an irredundant H-presentation of Py, the coding length of which is polynomial in m
and k. By relabeling and scaling, we can achieve that

P = ﬂ (Hg(avaﬁv) HHS(CU’%}))’

vE[n|

where the facets induced by a, and ¢, alternate along the boundary of P; (compare
Figure 5.1), |lay|/oo = [|cv|loc = 1 and By, 7, > 0 for all v € [n]. Observe that also the

sets {c1,...,¢cn} and {a1,...,a,} are O-symmetric.

Now, compute all vertices of P; in time O(nlog(n)) (e.g. [60]), such that P, = conv{pi,...,pan}
and define, for v € [n],

Ep = Yy — max{cfpw : Cfpw # Yo, W E [277’]} >0,

1
€= Emin{ev cv€n]} >0

and
Qui={reR*:alz < By, /o<y, —eWwen]}

For any u € bd(B2%), let p(u) € P; and q(u) € Q1 be vertices of the two polytopes with
u € N(Py,p(u)) = N(Q1,q(u)) = pos{cy, ay } for some v € [n] and w € {v—1,v}. Then,
we can express u = A¢y + pay, with A\, g > 0. By adding isolated vertices to the graph,
we can assume without loss of generality that n > 32. Hence, we have |c, — ay|l2 < 1,
by Lemma 3.2.3. Since ||cy||cc = 1, there exists e € {£ej, +es} such that efc, = 1.

Since ||¢y — ayll2 < % and ||ay||co = 1, we can conclude that e’ a,, > 0. Thus,

1>elu= )\eTcU + ,ueTaw > A
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P

Figure 5.1: Illustration of the two polytopes Py, Q; € R? from the reduction in the proof

of Lemma 5.2.19.

and equality holds if and only if A =1 and p = 0.
Therefore,

h(Pr,u) =h(Q1,w) = u' (p(u) —q(w)) = Acy (p(w) —q(w)) + pay, (p(w) —q(u)) = Ae € [0,€].

Hence,
51(P1, Ql) = max (h(Pl, U) - h(Ql, ’LL)) =g,
u€BZ,
where the maximum in (5.8) is attained if and only if u € {c1,..., ¢, }.

Using again Notation 3.2.2 from Chapter 3, let

Pyi= () () (Hilaw, ) 0 H (e, ) C R
i€[k] ve[n]

and

Q= ﬂ ﬂ (H%(av,ﬁv) OH%(CU,% —¢)) C R2*.

i€[k] ve[n]

By Lemma 5.2.18 and (5.8), we obtain (P, Q) = ke.
For i,7 € [k] and v, w € [m] define

Ezljjw = {1‘ eR¥*: —(Yo + Y — 5) < Cfmi + ngj < Yo+ Yw — 5}a

Fzﬁu = {xERQk:_(’}/U‘l_Vw_S)chxi_chj§7v+7w_5}

and, for N := ([73]) \ E, let

P:=pn () ELNFEL)N () (BLNE])
{v,w}eN veE[m]
1,JE[K],i#] 1,5 E[K],i#£]

(5.8)
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Now, by definition, P and @ are 0-symmetric and we claim that §;(P,Q) = ke if
and only if G = ([m], E) has a clique of size k. Since CLIQUE is W[1l]-complete [70,
Theorem 6.1], this completes the hardness proof for HAUSDORFF1-H-H.

Assume 6;(P,Q) = ke. Since Q C P, there exists u* € B2 such that h(P,u*) =
h(Q,u*) + ke. Since P C P,, we obtain via the sharpness condition in (5.8), that

u* = (cl,...,cl )T for some vi,...,v; € [n]. Hence, there is a vector z* € P such that
T % _ T x _
CorT1 = Yvis -+ Cvkxk = Y-

T

CH)

If ¢,; = +cy, for some i # j € [k], this would imply cg::v;‘ *c
z*c P C Eszvz N F;fvz Hence, defining for i € [k],

x; = 27, which contradicts

{ v; ifv, <m

Uy =

v, —m else

yields [{u1, ..., u}| = k. In the same way, ¢l } +cfj:ﬂj = 7;+; implies that {u;,u;} €
E. Thus, {u,...,ux} is the set of vertices of a clique of size k in G.

If on the other hand {vi,...,vx} C [m] is the vertex set of a k-clique, then u* :=
(cgl, A cfk)T satisfies h(P,u*) = h(Q,u*) + ke and therefore 0;(P, Q) = ke. O

As an immediate corollary of Lemma 5.2.19, we obtain the hardness of computing the
Hausdorff distance of two H-polytopes in an arbitrary polytopal norm which is part of
the input. Hence, the approximation of the unit ball of a p-norm by a polytopal norm as
in Theorem 3.2.12 and Lemma 3.3.2 is not possible for the computation of the Hausdorff
distance of two H-presented polytopes.

Corollary 5.2.20 (W/1/-hardness for polytopal norms)
For 0-symmetric B € C¢ and P,Q € C% let dg(P,Q) denote the Hausdorff distance
induced by the norm with unit ball B. Then the problems
Input: deN, peQ, P,Q C R rational polytopes in H-presentation,
polytopal unit ball B C R? in H-presentation (V-presentation, resp.)
Parameter: d
Question: Is 0 (P, Q) > p?

are both W/[1]-hard.

Proof.
Since we can construct an H- and V-presentation of IBB‘f in FPT-time, we can reduce
HAUSDORFF{-H-H to either of the above problems. O

Concerning mixed presentations, we can use the same reduction as in Lemma 5.2.17
and obtain the following hardness result.

Theorem 5.2.21 (W/[1/-Hardness of HAUSDORFF,-V-H)
For p € N\ {1}, HAUSDORFF,-V-H is W][l]-hard.
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Finally, we remark that, regardless the norm used to measure the Hausdorff distance,
HAUSDORFF-V-H is closely linked to the following vertex enumeration problem.

Problem 5.2.22 (VERTEXENUMERATION)
Input: deN,n,meN,ar,...,am € Q4 B1,...,0m €Q,p1,...,pn € Q4
Question: Isext{zr € R :alz < B; Vie [m]}\{p1,...,pn} # 07

Clearly, if Q := {x € R?: al'x < ; Vi € [m]} is bounded and P := conv{pi,...,ps},

then the question in VERTEXENUMERATION is equivalent to the question, whether
d(P,Q) > 0 in any norm.
In [119], VERTEXENUMERATION is shown to be NP-hard for a general (possibly un-
bounded) polyhedron @. The question for the complexity of the same decision problem
where () is required to be bounded is open [119] and we refer to [154] for a recent account
on this topic and related results.

5.3 Hausdorff Matching under Homothetics

The remaining part of this chapter is concerned with the Hausdorff matching problem
under homothetics. As stated in the introduction, many variants of this problem have
received considerable attention which mainly turns around the matching problem for
finite point sets or sets of line segments in low dimensions. For an overview, we refer
to [10]. For the problem of matching two convex bodies in arbitrary dimension, we first
characterize optimal solutions in Theorem 5.3.8 in Section 5.3.1, which in turn implies
a Helly-type theorem in Section 5.3.2. We combine these results with the insights of the
previous section in order to derive polynomial time algorithms for different matching
problems in Section 5.3.3.

In order to avoid degeneracies, we assume both bodies to have an interior point (the
origin without loss of generality, i.e. P,Q € Cg). We state the problem and the results
only for the Euclidean norm since it is probably the case of most interest and it offers
some notational conveniences. Arbitrary norms can be handled with exactly the same
ideas at the expense of a slightly more bulky notation.

Problem 5.3.1 (Hausdorff matching under homothetics)
For P,Q € Cg, find a scaled translate of P such that its Hausdorff distance to Q is
minimized. In other words, solve the problem

min d2(aP +¢, Q)
st. ceR? (5.9)
a > 0.

The optimal value of (5.9) will be denoted by

5H(P7 Q)7
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where the subscript “H” indicates that the Hausdorff distance (in Euclidean norm) of
P and @ is measured up to homothetics.

A first glance at the objective function shows that the problem at hand is a convex op-
timization problem, so that (for a suitable presentation of the input) efficient algorithms
do not seem out of reach.

Lemma 5.3.2 (Convezity of the objective function)
Let P,Q € C%. The function

f: (0,00) xRT — [0,00)
(a, ) = d(aP+¢,Q)

1S convex.

Proof.
Let a1, 00 > 0 and ¢, € RY X € [0,1] and for brevity p; := f(a1,c1), p2 := f(ao,ca).
We have

atP+c CQ+pB A QCarP+ci+piB (5.10)
and

P +coCQ+pB AN QC asP +co+ paB. (51
By combining (5.10) and (5.11), we obtain (Aaj + (1 — Nag)P + Acq + (1 — Neo
Q+(Ap1+(1=A)p2)B and Q@ € (Aox + (1= A)az) P+Acr+ (1= A)ea+ (Apr+ (1= A)p2)
yielding f(Aaq + (1 — A)ag, Acr + (1 = A)ez) < Apr + (1 — A)po.

_
N

=Nla

)

O

5.3.1 Optimality Criterion

The goal of this subsection is to give an optimality criterion for Problem 5.3.1 with
two arbitrary convex bodies in the spirit of John’s Theorem (Proposition 2.3.6) or The-
orem 4.2.3.

Let P,Q € Cg. We say, that P is in optimal homothetic position with respect to @ if

In preparation of Theorem 5.3.8, we first prove a series of technical lemmas that
provide required details such as normal cones of outer parallel bodies, several derivatives
and a statement about subgradients of certain convex functions. The first proposition
(see e.g. [150, Section 1.2]) allows us to express things in terms of projections on convex
bodies in the Euclidean case and alleviates the notation.

Proposition 5.3.3 (Projection onto convex bodies)
Let P € C? and € R% Then, there is a unique point IIp(z) € P such that {p € P :
lx = pl|l2 = d(z, P)} = {Ilp(z)}. Further, for all p € P, we have

(z = Tlp(x))"(p = Mp(z)) <0 (5.13)
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and the mapping
p : R P; z— [p(x)

is Lipschitz-continuous with constant L = 1.

Lemma 5.3.4 (Normal cone of outer parallel bodies)
Let P € C% and p > 0. For x € bd(P + pIB%g), the normal cone of P + p]B%g in x is given
by

N(P + pIB%gl, x) = pos{x — Hp(:c)}.

If further p’ > 0, then

P+pB{= () He (g; ~p(z), (z — Op(2) p(z) + pp').
z€bd(P+pBY)

Proof.
Since Ip(z) + pBY C P + pBY, we have

H<(z —Tp(z),0) = T(Tp(x) + pBY, x) C T(P + pBI, z). (5.14)

Since P + pBY is convex and hence the tangential cone T'(P + pBY,z) is at most a
half-space, we conclude that the inclusion in (5.14) is actually an equality and that

N(P + pBY, z) = T(Ilp(x) + pBY, )° = pos{z — Ip(z)}.
For p/ > 0, the above yields

P+ Bl = ﬂ H< (a:’—Hp(a:’),(x’—Hp(x’))T:U'>
z'€bd(P+p'BY)

= ﬂ H< (:c—Hp(a;), (x—Hp(:L‘))T (Hp(x)‘i‘ P (x—Hp(a:))>>
(

x€bd(P+pBY)

= ﬂ H<

z€bd(P+pBY)

Lemma 5.3.5 (Differentiating da(-, P))
Let P € C? and define

gp:RY = [0,00); > dy(z, P) = min{||z — p|l2 : p € P}.
The mapping gp is convex and, for € R%\ P, it is continuously differentiable in = with

x —Ip(x)

VoPl) = () [y
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Proof.
By Lemma 5.2.2, gp is convex regardless of the norm. Since, for € R?\ P, the function
gp does not attain its minimum in x, we can apply Theorem 23.7 from [147] in order to
obtain

pos(dgp(z)) = N(P + do(x, P)BS, ).

Hence, by Lemma 5.3.4, 0g(z) = {\(z — IIp(x))} for some A > 0. Using the linearity of
| - |]2 on rays emanating from the origin, we obtain A = ||z — IIp(x)||5 .

As |0g(z)| =1 for all x € R™\ P, Theorem 25.1 and Corollary 25.5.1 in [147] yield that
g is continuously differentiable in z and that Vgp(z) = ||z — Op(z)|2 " (z — Ip(x)). O

Lemma 5.3.6 (Differentiating the objective)
Let P,Q € C% and define, for p € P,

fp:(0,00) x R? — [0,00); (e, ¢) — da(ap+ ¢, Q)
and, for ¢ € Q,
fq:(0,00) x R? — [0,00); (e, ¢) — da(g,aP +c).

Then f, and f; are convex.
Further, if p € R%\ Q,

o (b — o)y
VL0 = o, < p—Tig(p) > (5.15)
and, if ¢ € R%\ P,
_ 1 (g —1Ip(q))"Ip(q)
VL0 = = 0T ( 4 - Tp(q) ) (5.16)

Proof.
First, observe that for 2,y € R? and K, L € C?

dz +y, K+ L) <d(z,K) +d(y, L),

as g (x) +1I1(y) € K + L. Now, for the convexity of f, for ¢ € @, let a1, 0 > 0,
c1,c2 € R and \ € [0,1]. We have

fa(Aar 4+ (1= N)ag, Aep + (1= A)ez) = d(Ag+ (1= N)g, A P+ ¢1) + (1 = X) (a2P + ¢2))

< d(Ag, MarP +c1)) +d((1 = N)g, (1 = X (2P + ¢2)) = Afg(oa, e1) 4+ (1 = X) fy(az, e2),

which shows the convexity of f,. For p € P, the function f, is a composition of a linear
function and a convex function and hence convex.
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A direct application of the chain rule together with Lemma 5.3.5 yields (5.15). In order
to differentiate f,, we express fy(«,c¢) = d(q,aP +¢) = agp(é(q —¢)) with gp defined
as in Lemma 5.3.5. Differentiating this expression yields

é(;JZI(a?c) = —aVygp (Cly(q - C))

and

gj;j(a,c) =gp (i(q - C)> - éVQP (i(q - C))T (g —c).

Plugging in a = 1 and ¢ = 0 and using gp(q)? = (¢ — IIp(q))T (¢ — Hp(q)), we obtain
(5.16). O

We remark that the convexity of f, and f, for all p € P and ¢ € @ can be used as an
alternative proof for Lemma 5.3.2 using the definition as maximum of convex functions in
(5.3) instead of the containment formulation in (5.4). The next lemma now investigates
the subdifferential of such a supremum of uncountably many convex functions.

Lemma 5.3.7 (Subgradient of the supremum of convex functions)
Let I be a (possibly uncountable) index set and f; : RY — R convex for i € I. Let

f:RY SR f(z) :=sup{fi(z):iecI}

and for z € R? define A(x) := {i € I : f;(z) = f(z)}. Then, for all z € R?,

cl(conv( U 8]2(37))) Cof(x). (5.17)

i€A(x)

Proof.

Let z € RY, i € A(z) and a € Of;(x). Let further @ := (f1> and (3 :=a’ (fé@)' Then,
H_(a, 8) supports epi(f;) and epi(f;) € H<(a, ) (cf. [147, Section 23]).

Since epi(f) = (;crepi(fi), we have epi(f) C H<(a,3); since i € A(z), we also have
that H_(a, 3) supports epi(f) in (f(xx)). Thus, a € df(x). Since df(z) is convex and
closed by [147, Theorem 23.4], the inclusion in (5.17) follows. O

We are now ready to prove an optimality criterion for Problem 5.3.1 for convex bodies
PQe Cg. The conditions of Theorem 5.3.8 are also illustrated in Figure 5.2.

Theorem 5.3.8 (Optimality criterion for Hausdorff matching)

Let P,Q € Cg. Then, P is in optimal homothetic position with respect to @Q, if and only
if there are p > 0 and R C P, S C Q with |R| +|S| < d+ 2 such that the following three
conditions hold:
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P1
o P
Q o)
1 &--»llp(@) 0  Ip(@)*-->q
H‘Q(P2)
P2

Figure 5.2: The conditions of Theorem 5.3.8. The blue polytope P C R? is in optimal
position with respect to the red polytope @ C R2. Conditions (1) — (3) of Theorem 5.3.8
are verified with R = {p1,p2}, S = {q1,¢2} and p as indicated.

(1) PCQ+pBf and Q C P + pBY

(2) d2(p, Q) =p Vp € Rand da(q, P) =p Vg € S
o ocam ({05507 e ) () o))

Proof.

If P = @, then conditions (1) — (3) are trivially necessary and sufficient with the choice
p=0and any R, S C P with |R| + |S| < d + 2. We will henceforth assume that P # Q
and consequently p > 0.

We first show the sufficiency of the conditions: Assume that conditions (1) — (3) hold
for some p >0, RC P and S C Q with |R| 4+ [S| < d+ 2. Let

f:(0,00) x R? — [0,00); (a,¢)— d2(aP +¢,Q),

and, as in Lemma 5.3.6, let fy(c, ¢) = da(ap+c, Q) for p € P, and fq(a, ¢) = da(q, aP+c)
for ¢ € Q. Then, (1) and (2) imply

p = f(1,0) = max({f,(1,0) : p € P} U{f,(1,0) : g € Q})

with (RUS) C A((1,0)) in the notation of Lemma 5.3.7. Hence, by Lemmas 5.3.6 and
5.3.7, condition (3) yields 0 € 9f(1,0) which in turn implies that d2(P, Q) < d2(aP+c, Q)
for all & > 0 and ¢ € R

It remains to show that the conditions are also necessary. Although the procedure is
slightly more involved here, we will argue in the same way as in the respective part of
the proof of Theorem 4.2.3.
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Let P be in optimal position with respect to ). Choose p := §(P,Q) > 0 and define
R :={peP:d(p,Q) = p} C bd(Q+pBS) and 5" := {q € Q : d(g, P) = p} C bd(P+pB3).

We have R’ # () and S’ # (), because one of these sets being empty would imply that P
is not optimally scaled.
For = € R?, define further

ag(z) ==z —Ilg(z) and ap(x):=2—1p(x)

() e} m= {0 0}

We show 0 € conv(AU(—B)). That R’ and S can be reduced to subsets R C R/, S C S’
with |R| + |S| < d + 2 then follows from Carathéodory’s Theorem (see e.g. [59]).

For a contradiction, assume that 0 € conv(AU (—B)). Then, 0 can be strictly separated
from conv(A U (—B)), i.e. there exists (n,y7)? € R4*! such that

and let

naq(p)'p+aqgp)’y<—1vpe R  and  nap(q)'Tp(q) +ap(q)'y > 1 Vg€ S
(5.18)
We will show that there exists A > 0 such that 6((1 + An)P + Ay, Q) < §(P,Q), which
contradicts the optimality of (1,0).
For this purpose, let

Qp=Q+pBy= [ Helag(w) aq(x) @),
z€bd(Qp)
where the second presentation is obtained via Lemma 5.3.4.
Define N := {(z,p) € bd(Q,) x P : nag(x)'p + ag(x)’y > 0} and further
fiN =R (2,p) — agx)'z —ag(x)'p

For (z,p) € N, (5.18) yields (ag(z)"p, aQ(x)T)T ¢ A, which implies p # z. Together
with p € Q + pB? , this yields ag(z)Tp < ag(x)Tx. Thus, for all (z,p) € N, f(z,p) > 0.
Since f is continuous and N is compact, there exists €1 > 0 such that

f(x,p) > e1 V(z,p) €N (5.19)
Now, for (z,p) € (bd(Q,) x P) \ N and A > 0, we have

aq(@)" (1 +An)p + Ay) = aq(2)" p+A (nag(2)"p + ag(2)"y) < ag(x)"x.
————’

<aq(z)Tz <0

By (5.19) and the boundedness of @, and P, we can choose A > 0 sufficiently small such
that for all (z,p) € N

ag(@)T(L+M)p+Ay) = agl@)'p +A(nag(z)p + ag(z)"y) < ag(z)"=.
——

<ag(z)Tz—e1
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Thus,
(1+An)P+ Ay Cint(Q,) for all A > 0 sufficiently small. (5.20)

Assume further that A > 0 is sufficiently small such that An > —1 and let

2

p d T P
P BS = H 11
sl () e (orl)ar@ e+ 7).
z€bd(P+pBY)

where again the H-presentation is obtained via Lemma 5.3.4.
Define M := {z € bd(P + pB}) : nap(z) p(z) + ap(z)Ty <0} and further

g MxQ—R; (z,q)— ap(x) Tp(@) + p* — ap(z)’q.

For x € M, (5.18) yields (ap(m)THp(x),ap(m)T)T ¢ B, which implies that there is no
q € Q such that ap()Tq = ap(2)TIp(z) + p?. Together with Q C P + pBY, we obtain
g(z,q) > 0 for all z € M and g € Q. Since M x @ is compact and g continuous, there
exists g2 > 0 such that g(z,q) > e for all x € M and g € Q.

Hence, we can again choose A > 0 sufficiently small such that for all x € M and ¢ € @,
we have

ap(z)’q < ap(x) p(x) + p* + A(nap(z) ' Tp(z) + ap(z)’y) (5.21)

and (5.21) is also fulfilled for = € bd(P+ pB%)\ M, A > 0 and ¢ € Q. Rearranging (5.21)
shows that it is equivalent to

1
1+ An

(Q — A\y) Cint (P + Hp)\nt) <= @ Cint ((1 + )P+ Ay + p]B%g) (5.22)

Together, (5.20) and (5.22) show that for A > 0 sufficiently small, §((1+An)P+\y, Q) <
0(P, @), which is the desired contradiction.
O

5.3.2 Helly-Type Properties

As in Chapter 4, we investigate Helly-properties of the Hausdorff matching problems
as a first step towards algorithmic and approximation questions. For the case of V-
polytopes, this question has already received attention and it was shown in [14] that
Hausdorff matching with V-polytopes can be formulated as a convex program in order
to show that it is a Generalized Linear Program [131, 152] of combinatorial dimension
d=d+2.

With Theorem 5.3.8 at hand, we can improve this result and state a generalized version
of this Helly-type theorem which holds true for arbitrary convex bodies.
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Corollary 5.3.9 (Helly-type theorem for Problem 5.3.1)
Let P,Q € Cg and for R C P, S C @, define

p(R,S):= min p

st. ap+ec € Q-+ pBY Vp € R
q € aP+c+pBf Vge S (5.23)
ceR?
a,p > 0.

Then for any p* > 0,

p(P,Q) <p* <= p(RS)<p" VRCPSCQIR[+|S|<d+2.

In addition to restricting the number of constraints, we can also state a Helly-type
theorem which restricts the number of vertices of a polytope that need to be considered:

Theorem 5.3.10 (0-core-sets for Problem 5.3.1)
Let P,Q € Cd. There are subsets R C ext(P) and S C ext(Q) such that |[R| + |S| <
d(d + 2) and

dp(conv(R),conv(S)) =g (P, Q).

Proof.

Assume without loss of generality that 0g (P, Q) = §(P, Q). Corollary 5.3.9 implies that
there are subsets R’ C P and S’ C @ with |R'| + |S’| < d + 2 such that in (5.23) only
the containment constraints for p € R’ and ¢ € S’ are necessary.

For p € R/, we have that Q C H<(p — Ig(p), (p — Hg(p)) g(p)) and Ig(p) € H=(p —
o(p), (p — g(p)) g (p)) by Proposition 5.3.3. Now, Carathéodory’s Theorem (see
e.g. [59]) applied to Q N H—(p — Ug(p), (p — Ig(p)) Ho(p)) yields the existence of

4, ... qh € ext(Q N H=(p — Hg(p), (p — Hg(p)) o (p))) C ext(Q) such that Ig(p) €
conv{q?,...,¢}}. Defining

S:=5u U{qf,...,qf;}

pER’

assures that d(p,conv(S)

) =d(p,Q) for all p € R'. Applying the same argument to R’
shows that |R| + |[S| < d(d + 2

). O

Remark. The restriction to extreme points in Theorem 5.3.10 aims at the algorithmic
application, where P and @ are specified as V-polytopes and ext(P) and ext(Q) are
easily available. If one drops this restriction, the bound |S| + |R| < d(d + 2) can be
improved to |S|+ |R| < 2(d + 2).
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5.3.3 Exact Algorithms and Approximations

The following two lemmas show that, in case the input polytopes are specified as V-
polytopes, Problem 5.3.1 can be formulated as a Linear or Second Order Cone Program
depending on the choice of the norm. These cases can thus be approximated to any
accuracy or even solved exactly in polynomial time.

Lemma 5.3.11
Let P := conv{pi,...,pn} € R% and Q := conv{q,...,qm} C RL If B = {z € RY :
ulz <1, Vk € [r]}, then §g(P,Q) can be computed by solving the following Linear
Program:

min p

m
s.t. uz(api +c— >, )\ijqj) < p Vi€ |[n]
j=1

n
uf (g; — Zluz‘jpz‘ —c¢) < p Vje[m]
1=

m (5.24)
j=1

‘Zluji = Vi € [m)]

Aijs pji = 0 Vi € [n],j € [m].

Lemma 5.3.12
Let P := conv{pi,...,pn} € R? and Q := conv{qi,...,qm} C R% If B = BY, then
0r (P, Q) can be approximated to any accuracy by solving the following SOCP:

min p
st |lapi+c— 3 Aijgill2 < p Vi€ |[n]
j=1
lgj = 22 migpi —cllz - < p Vi€ [m]
mo (5.25)
> Aij=1 Vi € [n]
j=1
;Mji =« Vj € [m]
Aijs ji = 0 Vi € [n],j € [m)].

Theorems 5.2.16 and 5.2.21 show that simple evaluation of the Hausdorff distance is
W]1]-hard, if at least one H-presented polytope is involved. Nonetheless, we can at least
give a polynomial time approximation algorithm in these cases. This can be done via
the so-called “Reference Point Method” developed in [5]. The general framework in [5]
was devised to produce approximate solutions for the Hausdorff matching problem under
similarities for compact sets in R%. However, since it requires the computation of the
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diameter of the involved sets, and diameter computation of H-polytopes is also W[1]-
hard (Corollary 3.4.3), we can not apply it directly. Hence, in the following, we describe
a version of Reference Point Matching which is specially tailored to our needs: It is only
formulated for matching under homothetics and replaces the diameter of a polytope by
the diameter of its bounding box. The performance guarantee of this version is slightly
worse but in the same order of magnitude as the one in [5].

The general idea of the algorithm is to replace the polytopes that are to be matched
by reference points of the polytopes and to compute a transformation that is only based
on the knowledge of these points (see [5] for a comprehensive study of the method). For
the present purpose, we choose two opposite vertices of the bounding boxes of the two
input polytopes P and Q.

Definition 5.3.13 (Reference points)
For P € Cg, let

r(P) := (h(P,—e1),...,h(P,—eq)) €RY,  s(P):= (h(P,e1),...,h(P,eg))" € RY
the “lower left” and “upper right” corner of the bounding box of P and
D(P) := [[s(P) — r(P)]l2

the diameter of this box.

We first state some elementary properties of the interplay between the reference points
of P and @ and the Hausdorff distance d2(P, Q).

Lemma 5.3.14 (Properties of the reference points)

a) Let P € Cd and oy, 0 > 0. Then, 62(a1 (P —7(P)), a2(P — r(P))) < | — az|D(P).
b) Let P,Q € C§. Then |D(P) — D(Q)| < 2Vdé(P, Q).

c¢) Let P,Q € C§. Then ||r(P) —r(Q)|]2 < Vdds2(P, Q).

Proof.

a) Let without loss of generality r(P) = 0, and p € P. Then, d(aip,asP) < ||aip —
aspll2 < |1 — az|D(P) and the same argument shows that also max{d(z,a;P) : z €
agP} <l|aj — as|D(P).

b) By Lemma 5.2.6, for i € [d], we have |h(P,te;) — h(Q, xe;)| < 02(P, Q) and hence
|D(P) — D(Q)| < 2vdb2(P, Q).

c¢) The statement also follows from |h(P, —e;) — h(Q, —e;)| < d2(P, Q) for all i € [d].
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If we compute a homothetic transformation which only relies on our two reference
points, we can give the following performance guarantee.

Lemma 5.3.15 (Approzimation by reference points)
Let P,Q € C¢ and

_._ D@ . .

a = DP) and c¢:=r(Q)— ar(P)
Then,

&(aP+e, Q) < (3\/&+ 1) 5u(P,Q)
Proof.

Let a* > 0, ¢* € R? and p* > 0 such that p* = 65 (P, Q) = d2(a*P + ¢*,Q). Then, by
Lemma 5.3.14c),

P (a*P +c+7r(Q) —r(a*P+c"), Q) < <1 + \/@ p*. (5.26)
Moreover, by using Lemma 5.3.14a) and b),

b2 (a(P = r(P)) +1(Q), 0" (P = r(P)) +7(Q))

(5.27)
< Ja* —a|D(P) = [a*D(P + ¢*) — D(Q)| < 2Vdp*.
By combining (5.26) and (5.27), we obtain
@GP +5Q) < 8(a(P—r(P) +r(Q), o*(P—r(P) +r(Q)
+ 89 (a*P +c+7r(Q) —r(a*P+c*), Q)
< (3Vd+1)p*
O

We close this chapter by showing that the above algorithms can in principle also be
applied for special variants of tomographic reconstruction problems. This is motivated
by the application problem in Section 1.2.2 in the introduction, where for one of the
two convex bodies only two projections in fixed directions are accessible. We therefore
formulate the following variant of Problem 5.3.1.

Problem 5.3.16 (Hausdorff matching for projections)
Let P € Cg, and vy, vy € ngl two fixed directions. For i = 1,2, let Q; C UZ-L be a convex
body and denote by

I : RY — o

the orthogonal projection along direction v; onto vf-. The Hausdorff matching problem
for projections consists of finding a homothetic transformation of the body P such that



5.3. Hausdorff Matching under Homothetics 107

its projections along vy and v best fit Q1 and Q)2. More precisely, the task is to solve
the following optimization problem

min m?>§52(ﬂi(0ép+c)aQi)
i=1,

st. ceR? (5.28)
a >0,

where the optimal solution of (5.28) will be denoted by ép(P, @1, Q2).

Since the projection mappings Ily, Il are linear operators that are fixed in advance and
not subject to optimization, we immediately obtain the following lemma as an adaption
of Lemma 5.3.12.

Lemma 5.3.17 (Solving Problem 5.53.16 for V—polytopes)
Let P := conv{py,...,pn} C R? and vl, vy € S ~! two fixed rational directions. Further,

fori=1,2, let Q; := conv{qu), e ,qml} - v polytopes in rational V- presentatlon let
I € R¥™? denote the d-dimensional identity matrix and II; := (I — v;v] ) € R¥?. Then
dp(P,Q1,Q2) can be approximated to any accuracy by solving the followmg SOCP:

min p

s.t.  |lallip; + e — Z )\ H < p Viée|n]
allap; + Iac — Z )\ H < p Vie|n]

Z M(I)Hlpl H16H2 < p VjE€[m]

- ; uij Mop; — H2CH2 < p VjE€ [mo (5.29)

% A = ;f A2 =1 Vi € [n]

ZM” vj € [mi]

gl n =a Vj € [mo]

AW A@ L0 4@ >

Remark 5.3.18 (Possible generalizations)

Of course, Problem 5.3.16 and the SOCP (5.29) can immediately be generalized to
cope with more than two projections, projections of lower dimensions, other polytopal
norms, or other objective functions such as the average of the Hausdorff distances in the
projections. However, we restrict the above presentation to the simplest case, since its
main purpose is to point out the general feasibility of this approach.
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Figure 5.3: Hausdorff matching for limb reconstruction. Left: 3D model leg presented
as a finite point cloud in R3. Middle: Two projections of the transformed leg with noise
added to each point. Right: The optimal solution of (5.29) applied to the model set and
projected into the input projections.

Concerning the application mentioned in the introduction, we refer to Figure 5.3: It
shows that, although the model set is not convex in this case, matching its convex hull
to the convex hulls of the two projections via (5.29) yields acceptable results.
Certainly, the assumption of a simple homothetic transformation is unrealistic for ra-
diographs of a (deformed) limb. However, Lemma 5.3.17 shows that for the presumably
more complicated problem of matching (parts of) a limb under affinities, the matching
problem under homothetics can serve as a subproblem for which an efficient algorithm
is available.



Chapter 6

Bounding the Pinning Number of
Intersecting Balls

In this chapter, we show that if a line £ is an isolated line transversal to a finite family

F of (possibly intersecting) balls in R? and no two balls are externally tangent on ¢ then
there is a subfamily G C F of size at most 12 such that £ is an isolated line transversal
to G. We generalize this result to families of semi-algebraic ovaloids.
As already motivated in the introduction, the special interest for isolated line transver-
sals in the context of this thesis is due to the fact that statements about isolated line
transversals are statements about locally minimal cylinder axes: “A line ¢ is a transver-
sal to a family of balls of equal radius” can readily be translated to “/ is the axis of a
cylinder of the same radius that encloses the centers of the balls”. If, in addition, £ is an
isolated line transversal, every slight perturbation of the axis £ needs a bigger cylinder
radius to enclose the centers. This application in mind, the important feature of our
result is, that it allows the balls (or ovaloids) to intersect so that it does not need the
centers to be somewhat dispersed when formulated as a result on cylinder axes of finite
point clouds.

This chapter is joint work with Xavier Goaoc and Sylvain Petitjean. Part of it was
achieved during the author’s stay at INRIA /LORIA supported by the INRIA Internship
Program. Preliminary results of Sections 6.2 and 6.3 already appear in [125]; the main
results of this chapter are published in [81] in a special issue of Discrete & Computational
Geometry on geometric transversals and Helly-type theorems.

6.1 Introduction

A straight line that intersects every member of a family F of convex compact subsets
of R? is called a line transversal to F. A line transversal to a family F that cannot be
moved without missing some member of F is said to be pinned by F (we also say that
F is a pinning of that line). In other words, a line is pinned by F if it is an isolated
point of the space of line transversals to F.

109
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The study of sufficient conditions for the existence of a line transversal also plays an
important rule in geometric transversal theory. Of particular interest are again conditions
that can be stated in the elegant form of a Helly-type theorem as e.g. in Sections 4.2 and
5.3.2. One of the earliest examples is the following theorem proven by Danzer [58] in
1957: If every 5 members in a finite family of disjoint unit disks have a line transversal
then the whole family has a line transversal. Danzer conjectured that this statement
generalizes to families of disjoint unit balls in arbitrary dimension. This conjecture was
recently settled in the positive in [53], and one of the main ingredients in the proof is
the following pinning theorem [53, Proposition 13|: If a finite family F of disjoint unit
balls in RY pins a line £ then some subset of F of size at most 2d — 1 pins ¢. This
pinning theorem can be understood as a Helly-type theorem for the existence of a line
transversal locally near a pinned line: if no other line than the pinned line exists locally,
this can be witnessed by 2d — 1 of the balls.

Pinning theorems seem more “robust” than Helly-type theorems for the existence of
a line transversal. For instance, Danzer’s theorem is best possible in the sense that it
becomes false if the disks are allowed to intersect or have arbitrary radii, whereas the
pinning theorem remains valid for disjoint balls of arbitrary radii in R? [31]. Similarly,
polytopes in three dimensions have a pinning theorem under certain conditions [15] but
admit no global Helly-type theorem [111].
In this chapter, we show that the pinning theorem for disjoint balls also extends, in
the three-dimensional case, to families of intersecting balls, provided no two balls are
externally tangent on the line. More precisely, we prove:

Theorem 6.1.1 (Bounding the pinning number of intersecting balls)
Let F be a finite family of balls in R? that pin a line £. If no two balls are externally
tangent in a point of ¢, then a subset of F of size at most 12 pins £.

While disjointness of the objects is crucial for global Helly-type theorems, its relevance
for the existence of a pinning theorem is not clear. On the one hand, whether disjointness
alone guarantees the existence of a pinning theorem for convex sets is a natural question,
and we do not know of any minimal pinning of a line by more than 6 pairwise disjoint
convex sets in R? (see [53, Section 6]). On the other hand, Theorem 6.1.1 suggests that
disjointness may be relevant for pinning only insofar as it prevents certain singularities
from happening (a line tangent to two balls at their external tangency point is a singular
point of the space of their line transversals, cf. the remark at the end of Section 6.3) and,
in the polyhedral setting, such singularities can indeed lead to arbitrarily large minimal
families of (intersecting) convex polytopes pinning a line [15, Theorem 3].

The proof of the pinning theorem for disjoint balls is based on properties of the so-
called cones of directions, which have been studied since Vincensini’s original paper [156]
that initiated geometric transversal theory. The cone of directions of a family of objects
is the set of directions of its line transversals. The proof of the pinning theorem in [53]
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is based on the observation that for families of disjoint balls, this set is surprisingly
well-behaved [12, 31, 53, 110]: its connected components are strictly convex, and are in
one-to-one correspondence with the orders in which a line can intersect the family (the
geometric permutations of the family, see e.g. [80]). Interestingly, this approach fails to
extend to situations where the balls intersect outside of the immediate vicinity of the
pinned line: the cone of directions of a family of intersecting balls can be locally non-
convex at directions of transversals meeting the balls in distinct points (see e.g. Figure
2d in [31]). In some sense, the fact that the cone of directions be convex locally near a
particular direction somehow requires that the balls be globally disjoint.

Our proof of Theorem 6.1.1, on the other hand, uses essentially local arguments and
extends to solids bounded by ovaloids, a class of “locally sphere-like” surfaces (cf. The-
orem 6.4.5). Let us sketch our proof briefly. It is well-known that a family F pins a line
¢ if and only if the direction of ¢ is an isolated point of the cone of directions of F and
that the cone of directions of F is the intersection of the cones of directions of the triples
of balls in F (Lemma 6.2.2). We first prove that the cone of directions of three balls is
“nice” in the sense that it is a manifold with boundary, and that this boundary is smooth
except in directions of lines tangent to the three balls and passing through a point of
tangency of two of the balls (Lemma 6.2.7). This allows to recast the intersection of the
(g) cones of triples as a sandwich region defined by semi-algebraic functions in the plane,
and Theorem 6.1.1 follows. We then give a geometric interpretation of the “first-order
approximation” of the cone of directions at a smooth point (Lemma 6.4.3). A conse-
quence of that interpretation is that our smoothness condition extends to ovaloids: the
cone of directions of three ovaloids is smooth, except possibly at (points representing)
directions of lines tangent to the three ovaloids and passing through a point of tangency
of two of them (Lemma 6.4.4). The same argument on sandwich regions then yields a
pinning theorem for ovaloids of “bounded description complexity” (Theorem 6.4.5).
The main idea leading to our interpretation of the “first-order approximation” of the
cone of directions to three balls is to associate to a configuration of a ball and a line
tangent to that ball a particular halfplane, which we call a screen; this construction was
previously introduced in [52] to analyze the stability of pinning configurations.

For a more general discussion of geometric transversal theory, we refer to the classic
survey [59] and to the more recent [64], [84] and [159]. More specific discussions of
recent progress on line transversals can be found in the survey [109] for the case of
families of translated ovals in the plane and in [80] for the case of families of disjoint
balls in arbitrary dimension.

Preliminaries and notation.

In the present section, the space of directions in R® is the sphere Sg and we assume
that lines are oriented. Given a direction u € S%, we denote by u* := {v € 3 : u’v = 0}
the set of directions (in S2) orthogonal to u. In some cases it will be more convenient
to identify opposite directions, and to work in the real projective space P? = P2(R) in
view of the identification P? = S2/Z,.
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We call a set strictly convez if any supporting hyperplane intersects it in a single point
and that a convex set is smooth if through any boundary point there is a unique support-
ing hyperplane. We say that two smooth surfaces are internally tangent (resp. externally
tangent) at a point p if they are tangent at p and locally lie on the same side (resp. on
opposite sides) of their common tangent plane.

We use the term family to denote a finite unordered set; in particular, in a family of
balls we assume that the balls are pairwise distinct.

6.2 Cones of Directions

Let F be a family of convex sets in R3. The directions of line transversals to F make
up a subset K(F) C S called the cone of directions of F. Here, we extend properties
of the cone of directions previously known for disjoint balls [12, 31, 53, 110] to arbitrary
balls. Note that in these papers, which deal with disjoint objects, IC(F) stands for the
directions of lines piercing the sets of F in a specific order <.

6.2.1 Arbitrary Families of Balls

We now assume that we are given an arbitrary family of balls . The cone of directions
of F can be seen as the image of the set of line transversals to F under the projection
that maps a line to its direction. It is clear that the image of a connected component of
transversals in this projection is connected. We can prove a stronger result:

Lemma 6.2.1 (Connected components of K(F))
If F is a family of balls in R? then there is a one-to-one correspondence between the
connected components of line transversals to F and the connected components of I(F).

Proof.

Let ¢ be the map associating to a line its direction. Let u € K(F), and for IT := H_(u,0),
let I := (", (B;|II). Since each member of F is convex, I is also convex and therefore
connected. Since the line transversals to F with direction u are exactly the lines with
direction u that intersect I, we get that ¢~!(u) is connected. Now, let 71, ..., T}, denote
the connected components of line transversals to F. Since ¢ is continuous, each ¢(7T;) is
connected. Since ¢~!(u) is connected for any u € K(F), the ¢(T;) are pairwise disjoint.
Since each of them is closed, it implies that each ¢(7;) is a connected component of
KC(F), and that each connected component of K(F) is the image of a single connected
component of line transversals to F. O

We now describe various properties of the boundary of I(F). In what follows, a line
is said to intersect a ball transversally if it intersects its interior. A line is an inner
special bitangent if it is tangent to two elements of F and lies in a common tangent
plane that separates them. In particular, two balls with intersecting interiors have no
inner special bitangent and the inner special bitangents to two externally tangent balls
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are the tangents through the point of tangency. A line is a tritangent if it is tangent to
three elements of F; a tritangent is called strict if it is not at the same time an inner
special bitangent.

Lemma 6.2.2 (Basic properties)
Let F be a family of balls in R%. We have:

(1) K(F) = Nxez) KX

(ii) We have u € bd/C(F) only if the projections of the members of F on a plane
orthogonal to u intersect with empty interior.

(iii) The boundary of K(F) consists of directions of tritangents and inner special bi-
tangents.

(iv) F pins a line ¢ if and only if the direction of ¢ is an isolated point of IC(F).

Proof.

Let u be a direction and let F,, denote the family of the orthogonal projections of the
elements of F on a plane orthogonal to a direction wu.

Helly’s theorem in the plane yields that F, has non-empty intersection if and only if
every triple has non-empty intersection. Thus, u € K(F) if and only if u € (. (%) K(X),
which proves statement (i).

If the intersection of the elements in F, has non-empty interior, then there exists a line
that intersects every member of F transversally. Since any sufficiently small perturbation
of that line remains a line transversal to F, u is in the interior of K(F). This proves
assertion (ii).

Let u € bdIC(F). Then there exists a triple X € (]3:) such that v € bdIC(X). By (i),
this implies that the orthogonal projections of the members of X on a plane orthogonal
to u intersect in a single point. This point is either on the boundary of the three
projections or an external tangency point of two of them. In the former case u is a
direction of tritangent and in the latter a direction of inner special bitangent. This
implies statement (iii).

Assume that v is the only point of K(F) in some open set R C P2. Property (ii)
implies that F has a unique line transversal ¢ with direction u. Thus, £ is the only
line transversal to F with direction in R. Since the set of all lines with direction in R
forms a neighborhood of ¢, it follows that F pins £. The reverse implication follows from
Lemma 6.2.1. ]

Remark 6.2.3

The proofs of Lemmas 6.2.1 and 6.2.2 hold for general closed convex sets, with the
understanding that (a) a line is “tangent” to a convex set if it intersects the set and
lies in some supporting plane and (b) a line intersects a convex set transversally if it
intersects its relative interior but is not included in a plane containing the object. As
we shall see in the next section, there are cases where the necessary condition (ii) of
Lemma 6.2.2 is not sufficient.
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6.2.2 Arbitrary Triple of Balls

Let us now turn our attention to a triple T = { By, B1, B2} of possibly intersecting
balls in R®. The main result of this section is Lemma 6.2.7, which shows that K(T) has
a “nice” structure. The proof is split across several lemmas:

Lemma 6.2.4 characterizes what it means for a direction to be on the boundary of I(7T');
Lemma 6.2.5 describes the topology of K(T'); and Lemma 6.2.6 shows that bd/C(T) is
“almost always” smooth.

We first characterize the directions of transversals of T' appearing on the boundary
of K(T') (extending [53, Lemma 9]) and those, among the directions of tritangents, that
appear on the boundary of the cone of directions (extending [31, Proposition 3]).

Lemma 6.2.4 (Characterization of bdiKC(T))
The direction of a line transversal £ to T belongs to bdXC(T') if and only if the following
three conditions hold:

(i) The three balls have no point in common.

(ii) The line ¢ is not tangent to two externally tangent balls at their tangency point
while meeting the third ball in its interior.

(iii) There is no other line transversal to T" parallel to /.

If ¢ is a (strict) tritangent then condition (iii) can be replaced in the above equivalence
by:

(iv) The line ¢ intersects the (interior of the) triangle formed by the centers of the balls.

Proof.

Let u € S2 denote the direction of £. If the three balls have a point in common then
K(T) = S3 has no boundary, so condition (i) is necessary. If ¢ is tangent to two externally
tangent balls at their point p of tangency and meets the interior of the third ball then
any line through p with direction sufficiently close to w is a transversal to 7', and u €
int/C(T'); condition (ii) is therefore necessary. If 7" has another line transversal parallel
to £ then the projections of the balls of T" along u intersect with non-empty interior, and
Lemma 6.2.2 (ii) ensures that u € int/C(T"); condition (iii) is thus also necessary.

Before we show that the conditions are sufficient, let us first remark that for v close
enough to u, T" has a line transversal with direction v if and only if T" has a line transversal
with direction v close to ¢. Indeed, let II, := H_(v,0) denote the plane through the
origin with normal v. The set of transversals to 7" with direction v are precisely those
that meet I, in a point of the intersection of the orthogonal projections of the balls on
IT,. Since the orthogonal projection of a fixed ball on II,, depends continuously on v, it
follows that for v close enough to u, T has a line transversal with direction v if and only
if T has a line transversal with direction v close to £.
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Now, assume that (i), (ii) and (iii) hold. First consider the case where ¢ is not tritangent
to T. Then, by Lemma 6.2.2 (iii) ¢ is an inner special bitangent to two of the balls and
condition (ii) implies that these balls meet ¢ in distinct points, and are thus disjoint.
The perturbation argument used in [53, Lemma 9] guarantees that there are directions v
arbitrarily close to v such that these two balls, and therefore T', have no line transversal
and therefore that u € bd/C(T). In the case where ¢ is not tritangent, (i), (ii) and (iii)
are thus sufficient.

Consider now the case where ¢ is tritangent to T'. If the balls meet ¢ in distinct points
then, again, the same perturbation argument ([53, Lemma 9]) guarantees that u €
bdC(T"). Condition (i) requires that at least two tangency points be distinct, so it
remains to consider the case where two balls, say By and Bj, are tangent to ¢ at the
same point and the third ball is tangent at a different point. If By and B; are externally
tangent, then there is a direction v in the plane of tangency of By and B and arbitrarily
close to u such that the line with direction v passing through the point of tangency of By
and Bj misses By; clearly, T has no transversal with such a direction v, and u € bd/C(T).
If By and By intersect properly, their bounding spheres intersect in a circle A. Observe
that /£ is tangent to A in its plane and that there is a direction v in this plane arbitrarily
close to u such that the tangent to A with direction v close to £ misses Bo; clearly, T" has
no transversal with such a direction v, and v € bd/(T"). This proves that in the case
where ¢ is tritangent, conditions (i), (ii) and (iii) are also sufficient.

Property (iv) was observed for tritangents to triples of disjoint balls in [31, Proposition 3].
Their proof easily extends to intersecting balls. O

Figure 6.1: Possible topologies of the cone of directions of three balls. Left: Contractible
connected components, possibly reduced to a point. Right: A strip containing the S}
of directions in the plane of centers in its interior. Note that, in all cases, the figure is
symmetric with respect to the Si of directions in the plane of centers.

Next, we describe the topology of the cone of directions (extending [31, Proposition 4]).

Lemma 6.2.5 (Possible topologies of KC(T))
Let C be a connected component of K(7"). The following holds:

(i) C is a single point if and only if there is a line with that direction that is pinned
by T.
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(ii) C is all of S3 if and only if the three balls have a point in common.

(iii) C is a strip that contains the S} of directions of the plane of centers in its interior
if and only if the balls in 7" intersect pairwise but not triplewise. In that case, C
is the only connected component of (7).

(iv) In all other cases, C' is contractible and is the closure of its interior.

Proof.

Let II denote the plane containing the centers of the balls in T' (or any such plane, if
the centers are aligned). Statement (i) follows from Lemma 6.2.2 (iv). If there is a point
common to the three balls in T then IC(T) = S3. If the intersection of the three balls is
empty then T has no line transversal with direction orthogonal to II, and K(T) # S3.
This proves statement (ii).

I1

Figure 6.2: Line transversals and mirror images. All lines between ¢ and its mirror image
with respect to II also intersect the three balls.

As observed in [31, Proposition 4], all the lines between a line transversal ¢ to T' and
its mirror image with respect to II are also line transversals to T (cf. also Figure 6.2).
When the three balls have no point in common, 7" has no line transversal orthogonal to
IT and the set of line transversals to T' can be retracted onto the set of line transversals
to T' contained in II. This induces a retraction from /C(7") onto the cone of directions of
the disks 7" = {B; N1l : i € {0,1,2}}.

Now onto statement (iii). Observe that K(7") = S} if and only if the disks, and hence the
balls, intersect pairwise. One direction follows from Helly’s theorem in one dimension,
the other from the observation that if two disks are disjoint, then 7" has no transversal
in the direction orthogonal to the vector joining their centers.

We now show that, assuming every two balls in 7T intersect but the three balls have
empty intersection, K(T) is a strip containing K(T”) = S} in its interior. Observe first
that under those assumptions no direction of bd/C(T') is parallel to II. Indeed, assume
for a contradiction that u is such a direction and let ¢ be the (unique by Lemma 6.2.4)
line transversal to T with direction u. If £ is an inner special bitangent to two balls, these
balls must be tangent and ¢ must meet them in their point of tangency; the interior of
the third ball must intersect ¢ (otherwise, as ¢ is in the plane of centers, the third ball
would not intersect one of the first two), and v ¢ bdK(T") by Lemma 6.2.4. If £ is not
an inner special bitangent to any pair in 7T then it is tangent to all three balls; in the
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plane II, the three disks must be on the same side of ¢, and w is therefore clearly not on
bd/C(T).
Now, if every pair in T intersects with the three balls having empty intersection, then we
can retract KC(T') onto the S} of directions parallel to II, and no direction from this S} lies
in bd/C(T); K(T) is thus a strip that contains the S} of directions of the plane of centers
in its interior. Conversely, if K(T') has this geometry, then the cone of directions of T” is
a S} (since the projection of any line transversal to T onto II gives a line transversal to
T"). Tt follows that the disks in 7" intersect pairwise but not triplewise, and so do the
balls in T', proving (iii).
Finally, in all other cases, a connected component of K(7”) is an interval, and (iv) follows.
O

The cone of directions of a triple of disjoint balls is strictly convex, but this property
fails for intersecting balls [31]. However, we can still show that the boundary of the cone
is “almost always” smooth.

Lemma 6.2.6 (Singular points on bdiC(T))
A direction u is a singular point of bdK(T") if and only if the intersection of the three
balls is empty and there exists a line with direction u that is:

(i) pinned by the three balls, or

(ii) tangent to all three balls, meeting two of them in the same point in which they
are externally tangent.

Proof.

Let u be a point of bdK(T"). By Lemma 6.2.2 (ii) there exists a unique line transversal,
say £, to the three balls having direction u. We argue that if u is a singular point then
¢ must satisfy condition (i) or (ii).

By Lemma 6.2.2 (iii), the boundary of K(T") consists of two types of arcs, arcs of direc-
tions of inner special bitangents to some pair { B;, B;} and arcs of directions of tritangents
to {By, B1, B2}. The directions of inner special bitangents to two distinct balls is either
empty or a smooth conic (cf. [31]). Note that Lemma 6.2.2 (ii) implies that for directions
on the boundary of K(T), two such arcs meet in a tritangent direction. Therefore, if u
is a singularity of bdX(T') it must be a direction of tritangent.

Let ¢; and s; denote the center and squared radius of B;, respectively. The directions of
tritangents to { Bg, By, B2} make up an algebraic curve of degree 6 in P2, the direction-
sextic op,B, B,(u) of these three balls. Letting eij = ¢j —¢; and d;; = eZ-Tjeij and writing,
for a given direction u € P?,

q=qu)=u"u and t;; =ty = (e;j x u)’ (e x u) = dijq — (eiTju)Q,
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Figure 6.3: Two triples of balls (represented by their trace on their plane of centers)
and a planar depiction of their cone of directions. The direction-sextic is drawn in red,
conics of directions of inner special bitangents are drawn in blue and green; the orange
region is the cone of directions (a connected set in this example) and the horizontal axis
corresponds to directions in the plane of the centers of the balls. Observe that when
the balls intersect properly (left) the cone of directions is smooth as when the balls
are disjoint, whereas when some of the balls are tangent (right) the cone of directions
exhibits a singularity.

the direction-sextic of By, By, B rewrites as a Cayley determinant [31, Proposition 2]:

1 1 1 1

0 gso gs1 qs2
qso 0 t01 t(]g =0. (6.1)
gs1 tor 0 ti2
qs2 toz tiz O

0ByB1 B (u) = det

—_ = = O

Figure 6.3 illustrates typical situations.

We now assume that u lies on the boundary of IC(T') and is a singular point of the
direction-sextic, i.e. that the gradient of op,p, B, in u vanishes. To analyze the gradient
of the direction-sextic in a direction on bd/K(T"), we proceed as in [31]. Consider the
projection along a direction u of the three balls and a tritangent ¢ with that direction;
by Lemma 6.2.4, u is on the boundary of the cone of directions if and only if the projection
of ¢ lies in the projection A of the triangle of centers. We equip R? with a coordinate
frame with axes x,y,z such that this projected triangle lies in the plane z = 0 (i.e.,
we consider tritangent lines having e3 = (0,0,1) as direction) and has its vertices at
¢o = (0,0,0),¢1 = (a,0,0),é = (b,¢,0), with the understanding that there is a point p
inside,

p= Zpiéz', with  po, p1,p2 > O,sz' =1L

Note that the squared distance from p to vertex ¢; is the squared radius of B;, i.e.
s;i = (p—&)T(p — ). Then, we use three real parameters xq, 1,2 to describe the
possible positions of the three centers of By, By, Ba:

co = Co+ xoe3, c1 =cC1+x1e3, c2 = Ca+ x2e3,
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where we assume without loss of generality that x9 > 21 > x(. Substituting in (6.1) we
can express the direction-sextic op,p, B, and its derivatives in the direction e3 = (0,0, 1)
as a function of zg, 1, x2 depending on the parameters a,b, ¢, pg, p1,p2. Denoting u =
(up, u1,usz), the computation gives:

do
870(0’ 0,1)=  16a*c? [apl(xlpo — Zopo — TaP2 + T1P2)
—bpa(—x2po — x2p1 + xopo + 561171)} ;
o (6.2)
87“(0’0’ 1) = —16a*cpy [po(xo —x9) + p1(r1 — 362)],
Jo
—(0,0,1) = 0.
8uQ( . )

Note that the partial derivatives all vanish if ¢ = 0 or ¢ = 0. If @ = 0 then the centers of
two balls coincide and these balls must have equal radii to allow for a common tangent,
a situation our assumptions rule out. If ¢ = 0 then the three centers are aligned; by
symmetry of revolution around the line of the centers, the cone of directions is a circle,
and therefore smooth. We can also rule this case out, and assume from now on that
ac # 0.

First assume A is degenerate, i.e. it collapses to a segment s. Then ¢ is a tritangent
line contained in a plane tangent to all three balls and is also contained in the plane of
centers P. Since /¢ hits s by Lemma 6.2.5 (iv), those centers must lie on both sides of
¢ in P, say c¢; on one side and cj,c, on the other. Since there are no strict tritangent
directions, either w is isolated in (7'), in which case the three balls pin ¢ and we are
in case (i); or w is not isolated in which case ¢ is the intersection of the sets of inner
special bitangents to {B;, B;} and {B;, By}. These two sets correspond, in the space of
directions, to two conics, one being internally tangent to the other at u. In other words,
K(T) is not singular at u.

Now assume A is non-degenerate. Suppose u is a strict tritangent direction, i.e. it is a
singular point of o and the point p is strictly inside A by Lemma 6.2.5 (iv). This implies

that the three derivatives above vanish and p; > 0,7 = 0,1,2. From (%) (0,0,1) =0

we conclude that g = x1 = x9. Geometrically, this means that the three balls intersect
in a common point and every line through this point is a transversal to the three balls.
Therefore K(T') = P? which has no singular point, a contradiction.

Thus, v must also be a direction of inner special bitangent and exactly one p; is zero (if
two of them vanish, p is a vertex of A, i.e. £ goes through the center of one ball, implying
that this ball has radius 0, which we rule out). Let j and k denote the other two indices;
notice then that ¢ is an inner special bitangent to B; and Bj. We then obtain from the
vanishing of the partial derivatives above that x; = x;. Thus, B; and By, meet £ in the
same point, and are externally tangent at that point; we are then in case (ii).
Altogether, we have that if w is a singularity then ¢ satisfies condition (i) or (ii). Con-
versely, if ¢ satisfies (i) then K(T) is, locally around u, reduced to a point and v is a
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singularity. If ¢ satisfies (ii), then the gradient of o in w vanishes and wu is therefore a
singularity. O

As a consequence, we obtain that the cone of directions of three balls has a nice
structure.

Lemma 6.2.7 (Topology of K(T"))
If T is a triple of balls, no two externally tangent, then every connected component of
KC(T) is either a single point, S3 or a semi-algebraic 2-manifold with a smooth boundary.

Proof.

As observed in [1], the set of line transversals to a family of semi-algebraic objects of
“bounded description complexity” (i.e. semi-algebraic sets defined using a bounded num-
ber of polynomial equalities and inequalities of bounded degrees), seen as a 4-dimensional
subset of line space, is a semi-algebraic set. For T a triple of balls, the set of transversals
to T is therefore a semi-algebraic set, and so is its projection IC(7T') onto the space of
directions. The fact that each connected component is a single point or a 2-manifold
with boundary (except when K(T) = S3) follows from Lemma 6.2.5. The fact that the
boundary is smooth when IC(T') is not reduced to a single point and no two balls are
externally tangent follows from Lemma 6.2.6. g

6.3 Pinning Theorem for Intersecting Balls

We can now prove Theorem 6.1.1, which states that if n balls in R? pin a line and no
two balls are externally tangent on the line, then a subset of at most 12 of these balls
pins that line.

Proof of Theorem 6.1.1

Let F be a finite family of balls in R? that pins a line ¢, no two balls being externally
tangent on ¢. Assume no triple of balls of F already pins ¢, as otherwise the statement
is trivially true. Let u denote the direction of ¢. By Lemma 6.2.2 (iv), u is an isolated
point of K(F), and it suffices to find a subfamily ¥ C F of size at most 12 such that u
is an isolated point of K(Y') to prove the statement.

By Lemma 6.2.2 (i), K(F) is the intersection of the cones IC(T") for all triples 7' C F and
dropping any triple T such that u € int/C(T) keeps u isolated in the intersection. Thus,
if we denote by N the set of triples 7' C F such that u is on the boundary of K(T), we
have that v is an isolated point of (N K(T).

By Lemma 6.2.7, for every T' € N there exists an arbitrarily small neighborhood Ur of
u such that IC(T) N U is homeomorphic to a halfplane. Let U denote a neighborhood
of u such that U N K(T') is homeomorphic to a halfplane for all T € N. Let ar denote
the normal to bd/(7') in u that points outward of K(T"), and consider an orthogonal
coordinate system (u,z,y) in U such that a%y # 0 for all T € N. We split N into two
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subsets:
NT={TeN:aty>0} and N~ ={T eN:aly<0}.

By the semi-algebraic implicit function theorem [23, p. 97], for U small enough bdK(T')
can be written in the form y = fr(x), where fr is a semi-algebraic function. Since
K(T) N U is homeomorphic to a halfplane, it follows that in U, K(T') can be written as
{(z,y) :y < fr(z)} f T e Nt and as {(z,y) : y > fr(x)} T e N~

Now, observe that in U, (e K(T') is exactly the set of points that are below all curves
in {fr: T € Nt} and above all curves in {fr : T € N~ }. Since the functions fr are
semi-algebraic, near u they either coincide or there is a neighborhood of u in which they
only meet in u. It follows that there exists ¢ > 0 and four subsets A, B € Nt and
C,D € N~ such that on the interval [—&, 0], all functions in {fr : T € N} are above
fa and all functions in {fp : T € N~} are below fc, and similarly on [0, ] all functions
in {fr: T € NT} are above fp and all functions in {f7 : T € N~} are below fp. As a
consequence,

K(A)NK(B)NK(C)NKD)NU = {u}

and Y := AUBUCUD is a subset of F of size at most 12 that pins /. O

Remark 6.3.1

It is not clear whether the condition that no two balls be externally tangent on the line
is really needed for the pinning theorem to hold. However, we do note that these config-
urations are indeed particular, in the sense that the space of oriented line transversals to
two externally tangent balls is singular at any line through their tangency point. Indeed,
the set of lines through the tangency point is 2-dimensional, and removing that set from
the set of lines intersecting the two balls creates two connected components, each being
4-dimensional.

Remark 6.3.2

Extending the proof of Theorem 6.1.1 to pinnings in higher dimension seems difficult.
First, generalizing Lemma 6.2.2 (i), one would have to work with cones of directions
of d balls in R? and identifying the singularities of such cones may not be an easy
task. Second, and more importantly, our proof exploits the fact that in the plane, a
lower /upper envelope of semi-algebraic functions is defined, near one of its vertices, by
a constant number of the functions (2 in this case). Already in dimension 3 this is not
true for general semi-algebraic sets (consider the lower envelope of several copies of the
paraboloid z = x? + 232, rotated around the z axis, in the neighborhood of (0,0,0)),
and it is not clear why it would be true for cones of directions.

6.4 Extension to Ovaloids

An ovaloid is a smooth closed surface in R? with strictly positive Gauss curvature
everywhere. According to a classical theorem of Hadamard, ovaloids are topologically
spheres (cf. [136, Chap. 4 & 6]). More precisely, Hadamard’s theorem asserts that an
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ovaloid is the boundary of a bounded, open, strictly convex set. By abuse of language,
we use the term ovaloid both for the surface and for the bounded solid it encloses.

In this section, we extend our pinning theorems to families of ovaloids of bounded de-
scription complexity. A key idea is to represent a first-order approximation of the cone of
directions of three balls in a given direction as the cone of directions of three well-chosen
parallel halfplanes. Our proof is split across several lemmas:

Lemma 6.4.1 extends our characterization of the boundary of the cone of directions
from triples of balls to triples of ovaloids; Lemma 6.4.2 describes the cone of directions
of three parallel halfplanes; Lemma 6.4.3 shows that the first-order approximation of the
cone of directions of three balls in a neighborhood of a given boundary direction can be
represented by the cone of directions of three well-chosen halfplanes; Lemma 6.4.4 then
extends our sufficient condition for the smoothness of the cone of directions to triples of
ovaloids, and our pinning theorem for ovaloids (Theorem 6.4.5) follows.

6.4.1 Boundary of the Cone of Directions of three Ovaloids

An ovaloid has positive Gauss curvature everywhere. Its second fundamental form
relative to the inward normal is positive definite at every point. It follows that its
principal curvatures k1 and ko are strictly positive everywhere. Assume «; is the largest
of the two principal curvatures. As is well known, any ball internally tangent to a smooth
convex surface at p of radius less than the principal radius of curvature 1/k1(p) is inside
the surface locally around p. Actually, picking a radius “small enough” will ensure that
the ball is not just locally but globally inside the ovaloid!'. Similarly, any ball internally
tangent at p of radius more than the principal radius of curvature 1/k2(p) is outside
the surface locally around p and picking a radius large enough will ensure the ovaloid
is globally inside the ball. One can therefore “sandwich” an ovaloid at any of its points
between two balls. Note that this is not true for all smooth, strictly convex sets: for
instance the set defined by f < 0 where f = 2% 4+ y* + 2* — 1 is smooth and strictly
convex but the two principal curvatures of the zero-set of f at all extreme points along
the z, y and 2z axes vanish.

This “sandwich” property allows to extend the characterization of the boundary of the
cone of directions of Lemma 6.2.4 to ovaloids:

Lemma 6.4.1 (Characterization of bdkKC(T))
Let T be a triple of ovaloids. The direction of a line transversal ¢ to T' belongs to bd/C(T')
if and only if the following three conditions hold:

(i) The three ovaloids have no point in common.

(ii) The line ¢ is not tangent to two externally tangent ovaloids at their tangency point
while meeting the third ovaloid in its interior.

(iii) There is no other line transversal to T parallel to £.

We do not need to be more precise here, but note that, by Blaschke’s Rolling Theorem (cf. [146]),
any ball of radius less than the infimum of 1/k1(p) can roll along the surface of the ovaloid while always
staying inside.
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Proof.

The three conditions are clearly necessary, so we prove the converse. Let u denote the
direction of £. By (iii), the orthogonal projections of the ovaloids on a plane orthogonal
to u intersect in a single point, so ¢ is either an inner special bitangent or a tritangent.
In the former case, the same argument as in Lemma 6.2.4 shows that v € bdK(T) if
(i) and (iii) hold. In the latter case, let T+ denote a triple of balls, where each ball is
tangent to an ovaloid of 1" at its tangency point with ¢ and contains that ovaloid. Now,
observe that u € bdK(T") by Lemma 6.2.4 and that K(T') C K(T"). It follows that u
is in the boundary of K(T'), and the statement follows. O

6.4.2 Screens

We associate to a pair (¢, B) of a line ¢ intersecting a ball B an object, which we call
a screen, as follows. If ¢ meets the interior of B then the screen of (¢, B) is the plane
orthogonal to £ that passes through the center of B. If £ is tangent to B, we let ¢ denote
that tangency point and v the outward normal to B at ¢, and define the screen of (¢, B)
as the (closed) halfplane

S¢(B) :i={z e R3:u(x —t) = 0 and vT (z — t) < 0},

that is the intersection of the plane perpendicular to ¢ through ¢ with the (closed)
halfspace “tangent” to B at ¢ and containing B (cf. Figure 6.4). When a screen is a
halfplane, we call its boundary line in its affine hull its boundary.

/

Figure 6.4: Illustration of the screen Sy(B) defined by a line ¢ tangent to a ball B.

To simplify the presentation, we assume here that a line parallel to a halfplane intersects
it at infinity (and thus u* is in the cone of directions of any triple of screens lying in
planes orthogonal to u). Note that this convention has no effect on pinning problems.

Lemma 6.4.2 (Balls and screens)

Let T be a triple of balls, ¢ a line transversal to 7" with direction v and S the triple of
screens defined by ¢ and the balls of T. Let I' denote the great circle of directions of
transversals to the boundaries of the screens in S. The following holds:
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(i) If T pins ¢ then IC(S) =T

(ii) If w € bdK(T") and T does not pin ¢ then K(S) is the union of AN B and its sym-
metric, where A and B are closed hemispheres bounded by I' and u' respectively.

(iii) If u € intkC(T) then K(S) = S3.

Proof.

If T pins ¢ then T consists of three balls tangent to ¢ with a common tangent plane II
and whose positions with respect to II alternate. Thus, the screens of S are bounded by
lines contained in IT and their positions with respect to II also alternate. Since the set
of directions contained in II is exactly I', statement (i) follows.

We now assume that 7' does not pin ¢ and that v € bd/C(T). By Lemma 6.2.2 (iii), ¢ is
an inner special bitangent to two of the balls or is tangent to all three balls in 7. Let
S1, S9 and S3 be the three screens in S.

We first consider the case where ¢ is an inner special bitangent to the first two balls.
Then, the boundaries of S; and Sy are parallel and span a plane II that contains £.
Moreover, II separates S; and S3. Since T does not pin ¢, Ss is a plane, a halfplane
whose boundary intersects Il in a single point, or a halfplane whose boundary is contained
in IT and that lies on the same side as Sy with respect to II. In each of these cases, it can
easily be checked that K(S) = K({S1,S52}). Consider a direction v. If a direction v is
orthogonal to u then by our convention v is in K(S). If v makes a positive dot product
with u then v € K({S1, S2}) if and only if v is parallel to II or crosses it from the side of
S1 to that of S5. If v makes a negative dot product with v them we are in the symmetric
case, and the result follows. The case where £ is an inner special bitangent to another
pair is handled similarly.

Now, assume that £ is tangent to all three balls in 7" but is not an inner special bitangent
to any two of them. In particular, this implies that no two screens in S have parallel
boundaries. The orthogonal projections of the S;’s on a plane orthogonal to u intersect
in a single point. Now, if we consider a direction v moving on I' starting in u, the
orthogonal projections of the S;’s on a plane orthogonal to v change continuously, and
the boundaries of these three halfplanes keep intersecting in a point. The intersection
thus remains a single point unless two of the projected halfplanes become equal or
opposite; this cannot happen, as it requires the boundaries of the corresponding screens
to be parallel. Thus, the intersection of the projections of the screens in S along any
direction of I' is a single point. Conversely, the intersection of the projections of the
screens in S along any direction not in I' Uu' is either empty or has non-empty interior.
Thus, the boundary of K(S) consists of T'Uut. A perturbation argument similar to [53,
Lemma 9] shows that K(.5) is, locally, on one side of T', and statement (ii) follows.

If w € intC(T) then for any direction v the projections of the screens in S along v
intersect with non-empty interior. Statement (iii) follows. O
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6.4.3 First-order Approximation of Cones of Directions

The tangential cone T,(X) of a closed non-empty set X C R? at a point p of its
boundary is the set of all directions d such that d = limg_,oo A\x(pr — p), where Ay >
0,pr € X for each k and pp — p. From the above definition, it is clear that d belongs
to the tangential cone if there is a sequence (pg)ken of points in X converging to p such
that the direction of the chords pr — p converges to d. In particular, if bd X is smooth
at p then 7,(X) is a closed halfspace whose outward normal is the outward normal of
X at p.

Figure 6.5: The cone of directions on the sphere and as a solid cone in R3.

The next lemma gives a simple local geometric interpretation of the tangential cone of
a cone of directions of three balls as a cone of directions of at most three attached screens.
Since cones of directions live in S3, where defining the tangential cone is awkward, we
first pull these objects back to R? by defining I@(]—" ) as the solid cone in R? formed by all
rays originating from the origin 0 and with directions in K(F) (cf. Figure 6.5). Notice
that a direction u is on the boundary of C(F) if and only if the ray 0 + R*« is on the
boundary of K(F), and that K(F) is smooth at u if and only if K(F) is smooth at any
point of the ray 0 + Rt u, except the origin.

Lemma 6.4.3 (Screens and linear approzimation of K(T'))

Let T be a triple of balls in R3, u a smooth point of bd/C(T') and ¢ the line transversal
to T with direction u. Let S be the set of screens defined by £ and the balls of T". Let p
be any point in 0+R¥u other than 0. Then locally near p, K(S) coincides with T,K(T),
the tangential cone of K(T) at p.

Proof.

Since w is on the boundary of K(T"), Lemma 6.2.2 (ii) implies that 7" has a unique line
transversal with direction w, which we denote by £. We equip R? with a frame such
that ¢ is the z-axis and let £ denote the set of lines not orthogonal to £. The map
that associates to x = (r1,22,73,74) € R? the line through the points (z1,x2,0) and
(73,24, 1) is an homeomorphism from R* to £, that is, it defines a proper parametrization
of £ and ¢(0,...,0) = ¢.

Let s be a screen defined by £. If s is a plane then any line in £ intersects it. Otherwise,
let § denote the boundary of s. Let p and p’ be two points on §. The condition that
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a line f(z) = (w1, x2, 23, 24) intersects s amounts to evaluating the orientation of a
tetrahedron formed by two points from ¢(x) and two points from 4. Since § is orthogonal
to the z axis, the z coordinates of p and p’ are equal and this orientation test recasts as
a sign condition on the 4 x 4 determinant

Ty —Tp Tp X1 T3
Y —Yp Yp T2 T4
0 zp 0 1
0 1 1 1

which is linear in x1,...,24. Thus, if L is the set of lines in £ that intersect a screen
defined by ¢, 1»~1(L) is thus a halfspace in R* or all of R*. In other words, ¢! maps
the set of line transversals to any screen defined by ¢ to R* or one of its halfspaces.
Now, let p be a point in 0 + R u other than 0. Let S denote the set of screens defined
by (¢, B) where B is a ball of T" tangent to ¢. By Lemma 6.2.2 (iii), |S| < 3. Since
u € bdK(T), Lemma 6.4.2 (ii) implies that K(S) is, near u, bounded by a great circle.
It follows that K(S) coincides with a halfspace near p. Since bdK(T) is smooth at w,
the tangential cone to l@(T ) at p is also a halfspace. To prove the statement, it suffices
to show that in a neighborhood of p, the interior of K(S) is contained in T,K(T).

Let v be a direction in the interior of (S). By Lemma 6.4.2 (ii), the relative interiors of
the screens of S have a line transversal . Consider the family of lines £() = ¢ (ty)~1(v))
that interpolates linearly (in our parametrization of lines) between ¢ and «y. Let s be
a screen in S, b the corresponding ball in T and let II denote the plane perpendicular
to ¢ that contains s. We note that the trace of £(¢) on II forms a line passing through
bN£. Since II intersects B in a disk tangent to the halfplane s in b N ¢, it follows that
there exists 5 > 0 such that for any t € [0,&,] the line £(t) intersects b. If b is a ball
in T to which £ is not tangent, the same holds trivially. Thus, there exists € > 0 such
that if 0 < t < ¢ then /() is a line transversal to T. The set of directions of the lines
{(t) : t > 0} forms, in S2, a great circle arc with endpoints u and v. It follows that
0 + R*v belongs to the tangential cone of I@(T) at p. O

6.4.4 Pinning Theorem for Ovaloids

The proof of Theorem 6.1.1 uses one property of cones of triples of balls that may not
hold, in general, for cones of triples of ovaloids: that if the boundaries of two such cones
of directions intersect in a direction u, there is a neighborhood of w in which the curves
either coincide or intersect only at u. In other words, we use the property that the lower
(or upper) envelope of boundaries of cones of directions near one of its vertices is defined
by at most 2 curves®. To ensure that a similar property holds here, we now assume we
deal with semi-algebraic ovaloids with bounded description complexity.

We first extend the smoothness condition of Lemma 6.2.6 to cones of directions of oval-
oids, in view of Lemma 6.4.3.

2The constant 2 is not crucial: any constant bound & would imply a pinning theorem with constant
6k.
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Lemma 6.4.4 (Singular points of bdC(T))

Let T be a triple of semi-algebraic ovaloids in R3. A direction u is a singular point of
bd/C(T") only if the intersection of the three solid ovaloids is empty and there exists a
line with direction w that is

(i) pinned by T, or

(ii) tangent to all three ovaloids, meeting two of them in the same point in which they
are externally tangent.

Proof.

We prove the statement by contraposition. Let u be a direction of bd/C(T'), ¢ the line
transversal to 7' with direction u and let p be a point distinct from 0 on the ray 0+ R u.
For each ovaloid C € T we consider a ball B~(C) contained in (resp. B*(C) containing)
C such that if £ is tangent to C then C' and B~ (C') (resp. BT (C')) are internally tangent
at C'N ¢, and if ¢ intersects the interior of C' then ¢ also intersects the interior of B~ (C)
(resp. BY(C)). Welet T~ :={B~(C): C €T} and T* := {B*(C) : C € T}. Observe
that ¢ and T~ define the same triple of screens as £ and T"; we call S that triple of
screens.

We now make two observations. First, note that u belongs to bdK(T~) and bdK(T™),
and thus p belongs to bdK(T~) and bdK(T). Second, the inclusions B~(C) C C C
BH(C) imply that K(T~) € K(T) € K(T), and similarly K(T~) C K(T) € K(T™). As
a consequence, T,K(T~) C T,K(T) C T,K(T™).

Now, by Lemma 6.4.3, we have that near p the tangential cones T,K(T~) and T,K(T")
both agree with K(S). By Lemma 6.4.2, we have that near p the cone K(S) is a halfspace.
Altogether, we get that near p, the tangential cone T,K(T) is a halfspace. Since K(T)
(and therefore K(T')) is semi-algebraic, this implies that p is a smooth point of bd(T).
Therefore u is a smooth point of bdC(T). O

We are now ready to prove our extension of Theorem 6.1.1 to semi-algebraic ovaloids:

Theorem 6.4.5 (Pinning theorem for semi-algebraic ovaloids)

Let F be a finite family of semi-algebraic ovaloids in R3 that pin a line £. If no two
members of F are externally tangent on £ then there is a subfamily of F of size at most
12 that pins /4.

Proof.

Assume that no triple of F pins ¢, as otherwise the statement is trivially true. Let u
denote the direction of £. As noted in Section 6.2.2, Lemma 6.2.1 and Lemma 6.2.2 (ii)
immediately extend to ovaloids. It follows that a family F of ovaloids pins a line ¢ if
and only if the direction of ¢ is an isolated point of K(F) = ﬂTE(J;) K(T'). Now, for

every triple ' C F such that u is on the boundary of K(F) Lemma 6.4.4 ensures that
bd/C(T) is smooth at u. We can then, as in the proof of Theorem 6.1.1, recast IC(F)
near u as the region above the lower envelope and below the upper envelope of a family



128 Chapter 6. Bounding the Pinning Number of Intersecting Balls

of semi-algebraic functions. Locally, these upper and lower envelopes are defined by two
curves each, and the statement follows. O
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