TECHNISCHE UNIVERSITAT MUNCHEN
FAKULTAT FUR MATHEMATIK

Angewandte Numerische Analysis

LOCALIZED KERNELS AND SUPER-RESOLUTION
ON SPECIAL MANIFOLDS

Kristof Schroder

Vollstidndiger Abdruck der von der Fakultit fiir Mathematik der Technischen Universitiit
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Michael M. Wolf

Priifer der Dissertation: 1. Prof. Dr. Massimo Fornasier
2. Prof. Dr. Stefan Kunis (Universitdt Osnabriick)
3. Prof. Dr. Armin Iske (Universitit Hamburg)

Die Dissertation wurde am 10.11.2017 bei der Technischen Universitit Miinchen ein-
gereicht und durch die Fakultit fiir Mathematik am 28.02.2018 angenommen.






Abstract

In this thesis, we consider the problem of super-resolution on certain manifolds. Broadly speaking,
super-resolution aims to recover higher resolution information from low resolution measurements. In
this context, the given information has to be understood in the regime of analyzing signals with respect
to the eigenfunctions of the Laplace-Beltrami operator on the manifold. Especially, the two manifolds
SO(3) of rotation matrices in three dimensions and the two-dimensional Euclidean sphere S? are of
interest to us. On the one hand, these naturally appear in applications and on the other hand, these
considerations generalize the previous work on super-resolution, which is mainly situated on the one-
dimensional torus T, to more complex geometries. More concrete, the problem consists of recovering a
weighted sum of Dirac measures from its low-frequency information only. On the rotation group, the low
frequency information are moments of the sought measure with respect to Wigner D-functions, whereas
on the sphere the given moments are with respect to spherical harmonics. We investigate the recovery
of the sought measure using a total variation minimization approach. Regarding the theoretical aspects,
we provide recovery guarantees of a discrete signed measure both on the rotation group and the sphere in
terms of the separation distance of the support of the sought measure. In addition, we give error estimates
for the recovery on the rotation group in the presence of noise in the given data. The main ingredients
for the theoretical aspects are localization estimates for interpolation kernels and their derivatives. We
make numerical considerations regarding the recovery on the rotation group and investigate two different
recovery algorithms, one that utilizes a semi-definite relaxation of an infinite-dimensional optimization
problem and one that builds on an a priori discretization.
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Zusammenfassung

In dieser Arbeit untersuchen wir die Problemstellung der Superauflosung auf speziellen Mannigfaltigkeiten.
Grob gesprochen zielt die Superauflésung darauf ab hoher auflosende Informationen aus niedrig au-
flosenden zu rekonstruieren. In diesem Kontext verstehen wir Informationen als Analyse von Signalen
mittels Eigenfunktionen des Laplace-Operators auf der Mannigfaltigkeit. Insbesondere die Mannig-
faltigkeit SO(3) der Rotationsmatrizen in drei Dimensionen und die zweidimensionale Euklidische Sphire
S? stehen im Fokus dieser Arbeit, da diese Manigfaltigkeiten zum einen in natiirlicher Weise in den An-
wendungen von Bedeutung sind und zum anderen die Betrachtung dieser die bisherigen Arbeiten zur
Superauflosung, die sich zum grofiten Teil mit dem eindimensionalen Torus befassen, auf kompliziertere
Geometrien verallgemeinert. Genauer betrachtet besteht das Problem der Superauflosung in der Rekon-
struktion einer gewichteten Summe von Dirac-MaBen nur mithilfe der niedrigfrequenten Informationen.
Auf der Rotationsgruppe bestehen diese niedrigfrequenten Informationen aus Momenten des gesuchten
Mafes beziiglich der sogenannten Wigner D-Funktionen eines bestimmten Grades. Auf der Sphére hinge-
gen sind die Momente des gesuchten Mafles gegeben beziiglich der Kugelflichenfunktionen. Wir unter-
suchen die Moglichkeit das gesuchte Maf iiber die Minimierung der Totalvariation zu rekonstruieren.
Beziiglich der theoretischen Aspekte betrachten wir Rekonstruktionsgarantien abhingig von der Separa-
tionsdistanz des Trigers des gesuchten Malles sowohl auf der Rotationsgruppe als auch auf der Sphére.
Fiir den Fall der Rotationsgruppe geben wir in der Situation von gestorten Daten Fehlerabschidtzungen
an. Das Fundament fiir diese theoretischen Uberlegungen bilden Lokalisationsabschitzungen fiir Interpo-
lationskerne und deren Ableitungen. Wir diskutieren zwei unterschiedliche Algorithmen fiir die Rekon-
struktion eines diskreten Maf3es auf der Rotationsgruppe, wobei der eine auf der semidefiniten Relaxation
eines unendlichdimensionalen Optimierungsproblems beruht und der andere eine a priori Diskretisierung
verwendet.

il
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Introduction

The meaning of the expression super-resolution is manifold. Depending on the field of studies, quite
different phenomena and techniques are subsumed under this term. In optics, the phrase super-resolution
denotes instrumental techniques to overcome the diffraction limit of an optical system, [Lindberg, 2012].
Especially, the development of super-resolution fluorescence microscopy makes it possible to observe
biological structure beyond the diffraction limit, see e.g. [Huang et al., 2009]], [Schermelleh et al., 2010]
and [Cremer and Masters, 2013].

In contrast to this instrumental super-resolution, in the field of imaging the process of recovering a
high-resolution image from several low-resolution images is also called super-resolution, see e.g. [Park
et al., 2003|] and [Nasrollahi and Moeslund, 2014] for a good overview. To distinguish these algorithmic
techniques from the instrumental techniques, sometimes the term computational super-resolution is used,
see [Bertero and Boccacci, 2003]).

In this thesis, we will use the term super-resolution to describe the recovery of a spatially highly
resolved signal from its coarse scale information only. To make this statement more precise, the highly
resolved signal is modeled by a weighted sum of Dirac measures, i.e.

we= Z ST
J

The coarse scale information is a measurement, modeled as a linear mapping A*, such that A*u* is an
approximation to the measure p*, but this approximation may not point out the locations z; of the support
of p*. One can think of the information A*u* as a smooth function, which approximates the measure
w* so badly, that the unknown locations x; of the support of the measure are not identifiable anymore.
The process of super-resolution aims to recover the unknown parameters z; and ¢; from this coarse scale
information.

To make this abstract problem more concrete, consider a 2m-periodic signal of the form

M
f#)=> cje!, teR,
j=1

with unknown parameters c; € C,z; € T = R/27Z and M € N, i.e. a non-harmonic Fourier expansion,
see e.g. [Young, 2001]. What we can access are the samples

M
fk) = cje ik k=-N,.. N, (1)
j=1

which we want to use to recover the unknown parameters. From a statistical point of view, this problem
is also known as spectral line estimation, see [Tang et al., 2015]]. This problem of detecting hidden
frequencies was first considered by G.R de Prony in 1795. He proposed a method to extract the unknown
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frequencies as the simple roots of a certain polynomial, the Prony polynomial, whose coefficients can be
computed from the samples f(k) by solving a system of equations. Nevertheless, the locations of the
roots are sensitive to perturbation on the samples, which makes Prony’s method unstable in the presence
of noise. An additional restriction of Prony’s method is given by the fact, that one has to know the number
M of hidden frequencies, or at least a good estimate of it.

Recently, Prony’s method is undergoing a revival in order to stabilize and generalize the method in
various directions. To name only a few, stabilization approaches are ESPRIT [Roy and Kailath, 1989,
MUSIC [Schmidt, 1986[], Approximate Prony methods [Potts and Tasche, 2010], [Potts and Tasche, 201 1]
and [Potts and Tasche, 2013|], the Matrix pencil method [Hua and Sarkar, 1990]] and the use of orthogonal
polynomials on the unit circle (OPUC) [Filbir et al., 2012[]. We point out, that this is only a small selection
and we refer to the book [[Stoica et al., 2005]] and the thesis [Peter, 2013]] for a detailed overview of existing
work in this direction. Generalization to higher dimensions using projections can be found in [Plonka and
Wischerhoft, 2013]], [Diederichs and Iske, 2015]], and [Wischerhoff and Plonka, 2016]]. A generalization
to higher dimensions, revealing the algebraic structure of Prony’s method can be found in [Kunis et al.,
2016b].

To relate the problem of detecting hidden frequencies to a measure recovery problem, observe that
the samples in equation (T]) can also be interpreted in the following way. Consider the measure

M
pr = Z ¢, - )
j=1

Observe, that for the expressions in equation (1) we have

where ,L/E(k) = Z]A/il cje” "% denotes the k-th Fourier moment of the measure. Thus, we can observe
the first 2N + 1 Fourier moments of ;*. In other words, we can only access a band-limited approximation
of u* of the form

In this approximation the ’peaks’ of the Dirac measures are ’smoothed out’ and their locations are not
clear any more.

Very recently, several authors proposed a variational recovery method, that does not need to know the
number of support points of the measure beforehand, see [de Castro and Gamboa, 2012], [[Candés and
Fernandez-Granda, 2014]|. They proposed to minimize the fotal variation over the space of regular Borel
measures, given the low-frequency information in (3. It turns out, that the total variation norm induces
discreteness of the measure, which solves the restricted minimization problem. Thus, minimizing the total
variation norm over the space of measure can be seen as having a sparsifying property on the support of
the measure, analog to the minimization of the /' norm on a finite space. In the following, we will
shortly describe, what we mean by sparsifying property. Beurling considered the following extrapolation
problem, see [Beurling, 1989a], [Beurling, 1989b]]. Given a complex measure on the real line R, we know
its Fourier-Stieltjes transform only on a subset [— A, \] C R. He considered to extrapolate from this subset
by taking the Fourier-Stieltjes transform of a measure, whose transform agrees with the given data on
[—A, A] and that minimizes the fotal variation norm. His observation is, that under certain conditions such
a measure always exists, is unique and is a discrete measure, regardless of whether the data generating
measure itself is discrete or not. Hence, minimizing the total variation with respect to the given data
results in a discrete measure. He called this measure minimal extrapolation. The authors of [Benedetto
and L1, 2016] considered this extrapolation problem for measures on the torus T and observed the same
behavior, i.e. under certain conditions the minimal extrapolation is always a discrete measure.
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The natural question, that rises is under which conditions is the minimal extrapolation of a discrete
measure the measure itself? In other words, when is the measure p*, given in (2)), the unique solution of
the minimization problem

i bjectto (k) = u*(k), for k| < N. TP
Heﬂrr}ll(%,(c)\lulhv, subjectto  fu(k) = p*(k), for |k| < (TP)

The authors of [[de Castro and Gamboa, 2012]] and [Candés and Fernandez-Granda, 2014]] investigate
this question using measure theoretic techniques. A sufficient criteria for p* being the unique solution is
the existence of so called dual certificates. In more detail, consider the support points {x; };‘il given in
the definition (2) of the measure p*. If for each sign sequence {u;}}L, C C,i.e. |u;| = 1, there is a
trigonometric polynomial of degree N, the so-called dual certificate, that interpolates the sign u; at the
location x; and is strictly smaller than one in absolute value everywhere else, then p* is the unique solu-
tion of the minimization problem (TP). This somehow technical condition becomes more clear in view
of the convexity of the problem (TP), which we will see later on. Understandably, using this technique,
the points {z; }JM:1 cannot become arbitrarily close, since the existence of dual certificates would conflict
with Bernstein’s inequality for trigonometric polynomials. In [Candés and Fernandez-Granda, 2014], the
authors show, that a minimal separation of %‘ is sufficient for the existence of dual certificates and thus
w* being the unique solution of the total variation minimization. The method of proof relies on an explicit
construction of a dual certificate by solving a Hermite interpolation problem.

Apart from the theoretical considerations, the optimization problem (TP) is an infinite-dimensional
problem and therefore not feasible directly. The authors of [Candés and Fernandez-Granda, 2014 pro-
pose to solve the convex dual problem. In the dual problem, the minimization takes place on the space
of trigonometric polynomials of a fixed degree and is therefore finite-dimensional, but the constraints of
the minimization are infinite-dimensional in the form of a supremum norm bound on the trigonometric
polynomial. Nevertheless, this supremum norm bound on the trigonometric polynomial can be equally
cast as a semi-definite constraint by introducing an auxiliary matrix variable, based on the representation
of non-negative trigonometric polynomials as sum of squares. Using this, the dual problem is equivalent
to a finite-dimensional semi-definite program and can be solved by standard solvers for convex problems.
The solution of the convex problem is a trigonometric polynomial that acts as a dual certificate, i.e. it
interpolates the sign of the sought measure at its support points and is strictly smaller than one in absolute
value everywhere else. Thus, the support of the sought measure can be identified as those points, where
the solution of the dual problem approaches one in absolute value.

Next to the fundamental papers [Candés and Fernandez-Granda, 2014, [de Castro and Gamboa,
2012], the trigonometric super-resolution problem gained a lot attention very recently. Considerations re-
garding recovery from trigonometric moments corrupted by noise is considered in [|[Candés and Fernandez;
Granda, 2013]], [Tang et al., 2015]], [Duval and Peyré, 2015], [Li and Tang, 2016, [Fernandez-Granda,
2016| and [Boyer et al., 2017]. Also, the restriction to the case of positive measures gained attention, see
e.g. [Morgenshtern and Candés, 2014]], [Denoyelle et al., 2015b]] and [Denoyelle et al., 2015al]. The gen-
eralization to higher dimensions is considered in [Xu et al., 2014]. Numerical treatment of the problem is
the content of [Duval and Peyré, 2015] and [Duval and Peyré, 2016].

Beside the fact that this variational recovery approach does not need the number of unknown points
as prior information, an advantage is the adaptability to more general settings than recovery on the torus.
Indeed, one could consider the problem of recovery of a weighted sum of Dirac measures from its mo-
ments with respect to a systems of functions in a quite general setting. Concentrating on the problem
of super-resolution, i.e. recovering of highly resolved signals from coarse scale information, a straight-
forward generalization would be to consider signals on a compact smooth Riemannian manifold and
moments with respect to the eigenfunctions of the first few eigenvalues of the Laplace-Beltrami opera-
tor on the manifold. Nevertheless, considering the problem in this generality has the drawback, that the
eigenfunctions are not known explicitly in most cases, which makes it more difficult to construct the dual
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certificates. In this thesis, we concentrate on two concrete examples, which are also interesting from the
viewpoint of applications, the rotation group SO(3) and the two-dimensional Euclidean sphere S

The group SO(3) of all rotation matrices in dimension three plays a crucial role in various applications
ranging from crystallographic texture analysis, see [Bunge, 1982], [Hielscher et al., 2008], [v.d. Boogart
et al., 2007]], [Schaeben and v.d. Boogart, 2003|], over the calculation of magnetic resonance spectra
[Stevensson and Edén, 2011]] to applications in biology such as protein-protein docking, see [Castrillon-
Candas et al., 2005]], [Bajaj et al., 2013]], [Kovacs et al., 2003]]. For a good overview regarding applications
see also [Chirikjian and Kyatkin, 2000]. Signals or functions on the rotation group SO(3) are often
analyzed with respect to a harmonic basis arising from representation theory of the group, the so called
Wigner-D functions. Since these functions are also eigenfunctions of the Laplace operator on the manifold
SO(3), they can be regarded as a natural analog to Fourier series in the case of the torus group. Thus, the
super-resolution problem on the rotation group corresponds to the recovery of a weighted sum of Dirac
measures from its low degree approximation with respect to those Wigner D-functions. In this thesis,
we investigate the recovery from Wigner D-moments using a total variation minimization approach. We
analyze the problem using the concept of dual certificates as described before. We adapt the construction
of a dual certificate by solving a Hermite interpolation problem to signals on the rotation group SO(3)
and provide sufficient recovery guarantees in terms of the separation distance of the support points of
the sought measure. The crucial ingredient for this are localization estimates for interpolation kernels
and their derivatives on the rotation group. We also consider the numerical solution of the involved
optimization problems using two different approaches.

The second example, we consider in this thesis, corresponds to the two-dimensional Euclidean sphere
S2. In this geometry, the involved harmonic basis functions are known as spherical harmonics. Appli-
cations are ranging from acoustic source detection [Teutsch and Kellermann, 2006|] over astrophysics
[Vielva et al., 2003]] to magnetic resonance imaging [Deslauriers-Gauthier and Marziliano, 2012]. The
recovery of weighted sums of Dirac measures on the sphere from moments with respect to spherical
harmonics has been considered using different approaches such as sampling at finite rate of innova-
tion [|[Deslauriers-Gauthier and Marziliano, 2013| and Prony like methods [Kunis et al., 2016a]]. Recovery
using a total variation minimization approach was first considered in [Bendory et al., 2015af]. Although
the authors analyze the recovery using dual certificates, there are gaps in the construction of those. In
this thesis, we close these gaps and provide explicit reconstruction guarantees in terms of the separation
distance of the support points of the sought measure.

Contribution

In this thesis, we consider the super-resolution problem on the rotation group and the sphere in the context
of recovery using a total variation minimization. We contribute in the following aspects. On the rotation
group, we provide an explicit recovery guarantee of a discrete signed measure in terms of the separation
distance of its support. The guarantee builds on the construction of dual certificates, which we approach
using a Hermite interpolation. Fundamental for the involved bounds are localization estimates for certain
interpolation kernels and their derivatives. We construct interpolation kernels from weights, that are
generated by sampling certain B-splines. These kernels allow for bounds with explicit constants, which
is necessary in the construction of the dual certificates. Next to the recovery guarantee, we provide error
estimates in the presence of noise. Beside the theoretical aspects, we investigate two different recovery
algorithms. Whereas the first approach is build on a semi-definite relaxation of the dual problem and does
not need an a priori discretization, the second corresponds to recovery on a predefined grid.

On the sphere, we follow the meta-scheme of constructing dual certificates as the solution of Hermite
interpolation problems. We provide new bounds that involve derivatives of the Jackson kernel, which
are necessary for the construction. Building on this, similar to that on the rotation group, we provide a
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recovery guarantee of a discrete signed measure in terms of the separation distance of its support.

Outline of the Thesis

Chapter [T} In the first part of this chapter, we introduce the recovery of a discrete measure from lin-
ear measurements in an abstract setting. We formulate the recovery from these measurements using a
minimization of the fotal variation over the space of regular Borel measures. The key ingredients for
the analysis of this convex optimization problem is the notion of the null-space property of an operator
and the existence of so called dual certificates. The bottom line of this part is, that the existence of dual
certificates guarantees the recovery of the sought measure by minimizing the total variation.

The second part of this chapter is meant to introduce the problem of super-resolution on the rotation
group SO(3) in more detail. We give a short overview on the analysis on the rotation group and introduce
the recovery problem from moments with respect to Wigner D-functions. In this setting, a dual certificate
corresponds to a finite linear combination of Wigner D-functions up to a given degree, which interpolates
a given sign on the support of the sought measure and is less than one in absolute value elsewhere. We
close the part with a glimpse on the construction of dual certificates in this setting using a Hermite inter-
polation.

Chapter 2} To show the existence of a solution of the proposed Hermite interpolation problem, in
this chapter we construct polynomial interpolation kernels, i.e. kernels that have a finite expansion with
respect to Wigner D-functions. We show pointwise bounds for these kernels and their derivatives, which
we call localization estimates. These sort of estimates are used to show the invertibility of the matrix
arising from the Hermite interpolation problem. To derive suitable bounds on the coefficients of the in-
terpolation problem, we need explicit constants in all estimates. Beside the application to the problem of
super-resolution on the rotation group, these localization estimates might be of interest on their own.

Chapter (3} Building on the derived estimates from Chapter [2, we show that under a suitable sep-
aration condition on the support points of the sought measure, it is the unique solution with minimal
total variation given the available data. We show, that, if the minimal separation of a point set scales
proportional to 1/N, where N is the degree of the given Wigner D-moments, there is always a dual cer-
tificate, which interpolates any given real sign at these points and is strictly smaller than one in absolute
value elsewhere. This guarantees the recovery of a signed measure, whose support obeys the prescribed
separation condition, from exact data.

In addition to the theoretical recovery guarantee for the noise-free data case, we analyze the case of
noisy data. We derive L*°-error estimates for the super-resolution, seen as a spectral extrapolation prob-
lem.

Chapter [d} Whereas the previous chapters correspond to theoretical considerations, we investigate
the numerical aspects of the proposed total variation minimization. Due to the infinite-dimensional nature
of the optimization problem, it is not tractable directly.

In this chapter, we propose two different strategies to search for a solution of the minimization prob-
lem. The first considers the dual problem. This problem can be relaxed to a finite-dimensional semi-
definite program, building on the Bounded Real Lemma. From the solution of the dual problem, we can
compute the support of the sought measure. In the second approach, we discretize the problem on a
predefined grid and solve the resulting finite-dimensional problem. We analyze the convergence of the
solutions as the predefined discretization gets finer. For both approaches we provide numerical experi-
ments, which should be understood as proof of principle.
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Chapter |5; This chapter covers the super-resolution problem on the two-dimensional Euclidean
sphere S?. In contrast to the super-resolution problem on the rotation group, the problem on the sphere has
been considered before by different authors. Nevertheless, we provide the first valid proof for recovery
guarantees on the sphere.



Chapter 1

Super-Resolution and Exact Recovery

At the beginning of this chapter, we give a short introduction to the problem of super-resolution. Af-
terwards, in Section we formulate the problem in an abstract setting as an exact recovery problem.
The second part of this chapter introduces the super-resolution problem on the rotation group SO(3). We
briefly state the necessary analysis results connected to the rotation group and discuss dual certificates in
this setting.

Broadly speaking, the problem of super-resolution aims to resolve a spatial highly resolved signal,
modeled by a sum of Dirac measures, using only its low frequency information. In the spectral domain,
this corresponds to an extrapolation of the given spectrum.

The setting we will use for this introduction is a signal on the torus T = R/27Z, i.e. a 2w-periodic
signal, that is analyzed using its Fourier coefficients. More concrete, consider a discrete measure having
M support points, i.e.

M
=)0, (L.D)
j=1

where x; are unknown locations in [—7, 7] and ¢; € C are unknown amplitudes. What we can observe
are the first 2N 4 1 Fourier moments, given by

=) = [ e a), (1.2)
for —N < k < N. On the spatial side, this means that we observe a convolved version of the signal,
given by

s
(' Dy)@) = | Dnla—1di(t), v [-m7,
—T
where Dy (t) = chvzf ~ €Ft is the Dirichlet kernel. The process of super-resolution aims to deconvolve
this signal to recover the measure i, i.e. the unknown locations x; and amplitudes c;. The difficult part
of this is the recovery of the support locations x;, since after finding the support, the amplitudes can be
computed by solving a linear system.

At a first sight, the recovery seems not to be possible, since one theoretically needs all frequency
information to recover the support exactly. The problem becomes even more difficult, if the low frequency
information is not exact but corrupted by noise, due to the measurement process. In order to still be
able to recover the sought measure, one has to incorporate the knowledge of the special structure of the
measure p* into the recovery process. It turns out, that the discreteness of the measure in combination
with a separation condition on its support enables the recovery by minimizing the total variation over the
measure space with respect to the given Fourier information.

7
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(a) The discrete measure p*. (b) Its convolved version (u* * D1g).

(c) Real part of the Fourier coefficients 11* (k). (d) Available frequency information up to N = 10.

Figure 1.1: Tllustration of the problem of super-resolution. On the spatial side, it can be seen as a decon-
volution problem, whereas on the spectral domain, it is an extrapolation problem.

To clarify the capability of recovering via total variation minimization, we look at the problem of
super-resolution as an extension problem in the frequency space. We give a short excursion to the problem
of Beurlings minimal extrapolation, which was stated by A. Beurling in [Beurling, 193§]], [Beurling,
1989a], [Beurling, 1989b]]. Denote the space of bounded complex Borel measures on the real line by
M (R, C), see Appendix [B] The Fourier-Stieltjes transform of y* € M(R, C) is given by

O = [ e

Suppose, we know 1* on the interval A = [—\, A]. A measure . € M (R, C) is called minimal extrapo-
lation from A, if

A(E) = 1= (€), €eA,
lellrv = inf{[[vllzrv : v € M(R,C),5(§) = p*(£),€ € A},



Beurling asked the question about the existence and uniqueness of a minimal extrapolation. He showed,
that if we denote
m = inf{[lv|ry : v € M(R,C),v(§) = p*(£),§ € A},

the measure p* admits a unigue minimal extrapolation provided that
1% (€)| #m, forall & € A.

Moreover, he showed that this extrapolation is a discrete measure, i.e it is of the form

B = ch(sl‘]’7
j=1

for (z;)jen C R, (¢;)jen C C. This is true for all u* € M(RR, C), regardless of whether ;* is a discrete
measure itself or not. If one likes, one can call this a sparsifying property of the total variation norm.
Building on the work of Beurling, Donoho considered the recovery of a discrete measure on R supported
on a grid, see [Donoho, 1992].

Very recently, the authors of [Benedetto and Li, 2016] showed, that this behavior holds true for mea-
sures on the Torus T. To be more precise, they showed that for * € M(T, C) the minimal extrapolation
1, such that

(k) = p*(k), keA={-N,...N},
lpllrv = inf{||v]|rv : v € M(T,C), (k) = p*(k), k € A}.
exists, is unique and a discrete measure of the form (I.1)), if
p* (k) # inf{||v||ry : v € M(T,C),0(k) = p*(k),k € A}, forallk € A. (1.3)

For the cases, such that (I.3)) is not satisfied, A C 7Z is a more general subset or the extension problem is
on the d-dimensional Torus T¢, we refer to [Benedetto and Li, 2016].

In short, under certain conditions the minimal extrapolation always gives a discrete measure, regard-
less of whether p* is itself discrete or not. In the case p* is known to be discrete, this immediately raises
the question of whether the minimal extrapolation is p* itself? In other words, when is the measure p*
the unique solution of the minimization problem

min_||ul|ry, subjectto  7i(k) = p*(k), for |k| < N. (TP)
HEM(T)

In the articles [de Castro and Gamboa, 2012] and [Candés and Fernandez-Granda, 2014] it was pro-
posed to use the minimization (TP) to recover a discrete measure on the torus T from its low frequency
information. Both articles show that the sought measure p* is a solution of the minimization problem
under certain separation conditions on the points in the support of the discrete measure p*. If we denote
X = supp(p*) = {z;}},, the separation distance is given by

p(X) = min |z; —z;|, x;,z; €X.
TiFT

i

Whereas in [de Castro and Gamboa, 2012] it was shown, that under the assumption

9 (\/6>5/2+1+p(?()

N=m

the measure p* is a solution of the minimization problem (TP), the authors of [[Candés and Fernandez-
Granda, 2014] showed the following.
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Theorem 1.1 ( [Candés and Fernandez-Granda, 2014], Thm. 1.2). Suppose the measure p* is given by
(1) and one can observe its Fourier coefficients p*(k) up to order N > 128, given by (1.2). If the
support of the measure X = {x;}}, obeys

4
X)> —
pX) 2 7
then u* is the unique solution of the optimization problem
min_||pl|rv, subjectto  Ji(k) = p*(k), for|k| < N. (TP)
REM(T)

The backbone of the proof is the construction of a so called dual certificate. This is a trigonometric
polynomial of maximal degree NN, that interpolates a given sign pattern on the support of the measure
w* and is strictly less than one in absolute value elsewhere. We will provide more details in Section
Interestingly, a very similar concept already appears in the work of Beurling, where he calls it extremal
Junction, see [Beurling, 1989b| pp. 360 — 362].

We give several examples, that the recovery of discrete measures is a general theme. We start with the
recovery from low frequency information, which is the analog to the previous example of trigonometric
moments. We state this problem for two specific settings, which are the main topic of this thesis, the
rotation group SO(3) and the two-dimensional sphere S?. The finite trigonometric moment problem and
both these examples can be understood as the realization of an abstract super-resolution problem.

Example 1.2 (Super-resolution). Let X be a compact smooth Riemannian manifold. In this setting, it
is common to analyze functions with respect to the eigenspaces of differential operators, especially the
Laplace-Beltrami operator on X. Since this operator is compact in the L?-topology, the eigenspaces are
dense in L?(X) = L?(X,v), where v is the Riemannian volume measure. This means,

L2(X) = CIH'HZ U Hl,
=1

where H) is the eigenspace to the l—th eigenvalue. The frequency information is now carried in the

ascending spaces
N

Iy (X) :spanUHl, N=1,2....
=1

The L2-projection operator onto the space Il (X) for a fixed N can be written in the following way.

Choose for eachl = 1,2, ... an orthonormal basis {gol,k}zi:ml(H’) of H; and set
dim(H;)
Ky(z,y) = Z 1k () 1k (Y)-
I=1 k=1

Then the projection operator Sy : L*(X) — C(X) onto the space Il (X) can be written as

Swf@) = [ Ky (i)
X
This is the setting of most interest to us, since this corresponds to the reconstruction of point measures

from low frequency information in the meaning of analysis of functions with respect to eigenspaces of a
differential operator. The super-resolution problem now reads as follows. Given a discrete measure

M
*
,U/ = E Cj6$j7
j=1
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with x; € X and c; € C, recover * from the low frequency information Sy p1*.
In the case X = T this resembles the trigonometric setting with

@l,l(aj):eilzv l:_Na7N

and Ky (xz,y) = Dn(x — y) is the classical Dirichlet kernel.

In this thesis, we concentrate on two concrete realizations of this abstract super-resolution problem.
The first regards to measures on the group SO(3) of rotations in three dimensions. Here, the eigenspaces
of the Laplace-Beltrami operator are spanned by the so called Wigner D-functions and the kernel of the
projection operator has the form

Rtonn = 3001+ 00 (s (£572))

=0

where U, denotes the n-th Chebychev polynomial of the second kind and w(x~'y) is the rotation angle
of the rotation matrix x~'y. We give more details in Section To the best of our knowledge, the
super-resolution problem on the rotation group is first considered in this thesis.

Secondly, we consider measures on the 2—Sphere, i.e. S* = {z € R3, ||z|| = 1}. The involved basis
functions of the eigenspaces are called spherical harmonics. The kernel of the projection operator has

the form
N

20+1
where P, is the l-th Legendre polynomial. This setting was first considered in [Bendory et al., 20154a],
[IBendory et al., 2015b]] and [Bendory and Eldar, 2015]]. Nevertheless, there are severe gaps in the proofs,
which we discuss and close in Chapter|[3]

Example 1.3 (Generalized moment problem). The recovery of measures from a given set of moments
was also considered under other assumptions than discreteness of the sought measure like positivity or
absolute continuity with respect to a given prior measure, see e.g. [[Gamboa and Gassiat, 1994)], [Gamboa
and Gassiat, 1996|], [ILewis, 1996 and references therein.

To introduce a moment problem in the context of sparsity assumptions, let X = [—1, 1] and consider

a discrete measure |1 = Z;L; ¢jOz;, with c; € C,x; € [—1,1], M € N and its polynomial moments.

1

Yk = / ¥ dp*(x), fork=0,...,N.
-1

In [Bendory et al., 2014|] and [Castro and Mijoule, 2015]] these polynomial moment information were

used to recover unknown knots of non-uniform spline approximations using total variation minimization.

More general, one can consider any system of continuous functions @y, and the moments

1
yk:/lsw)du*(x), fork=0,...,N.
The generalized moment problem asks to recover the measure p* from these moments. In the case,
that {1} is a Markov system, the recovery of a discrete measure using the total variation norm
minimization was analyzed in [lde Castro and Gamboa, 2012)]. By Markov system, we mean that for each
N the system {py}N_, is a Chebychev system, i.e. each non-trivial function in span{ey }2_ has at most
N zeros. Nevertheless, the presented theory depends on py, being a Markov system and thus is restricted
to univariate settings by the Mairhuber-Curtis Theorem, see [[Mairhuber, 1956|], which states that there
are no Chebyshev systems on higher-dimensional domains.

For numerical considerations regarding polynomial moments on semi-algebraic sets, also in higher
dimensions, see [|[De Castro et al., 2017)].
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Example 1.4 (Point-spread deconvolution). Let X C R? be a compact set. Suppose, we measure a signal
of the form

M
fl@) = Z c¢iK(x,x;)

for a given continuous kernel K : X x X — R and would like to recover the unknown parameters
c¢; € Cox; € X, M € N. Typically the kernel K is a radial kernel, i.e. it is of the form

K(z,y) = K(cllz — yl2),

where ¢ is called scaling parameter and K is called point spread function. Again, this can be understood
to recover the discrete measure
M
wr= Z Cjlq;
=1

from the linear measurement.
/ K(z,y)du*(x).
X

Approaches, using a total variation minimization for recovery from measurements of this kind, can be
found in [Duval and Peyré, 2015|], [|[Bendory et al., 20164, [|Bendory et al., 2016b|], [Bendory, 2017
and [|Bernstein and Fernandez-Granda, 2017)].

Building on these examples, in the next section of this chapter we discuss the possibility of recovering
a discrete measure from linear measurements in an abstract setting using a total variation minimization
approach. It turns out, that the crucial ingredient to analyze this convex minimization problem is the
existence of so-called dual certificates.

1.1 Exact Recovery in an Abstract Setting

We state the problem of exact recovery in a more abstract way, which was also considered in [Bredies
and Pikkarainen, 2013|], to incorporate several different measurement situations. Let X be a compact
Hausdorff space and X C X a finite subset. The measure is given by

W= Z c(x)0g, (1.4

reX
with ¢(z) € K, where Kis C or R, forall z € X. Let H be a Hilbert space and
A:H - C(X,K)

be a bounded linear operator. Then the adjoint A* : M(X,K) — H is weak* to weak continuous and
will serve as a model for the measurements of the sought measure, i.e. given the measurements

y= Ay,

one has to reconstruct the measure p*. For example, in the recovery problem from Fourier coefficients,
discussed in the previous section, A is the convolution with the Dirichlet kernel.
To find the measure p* given the information A*p* one can consider the following minimization
problem
inf{|X]: p= Z c(x)dy, X finite set, c(x) € K}, subjectto A*u =y, (GPy)
TEX



1.1. EXACT RECOVERY IN AN ABSTRACT SETTING 13

with y = A*u*, i.e. minimizing the sparsity with respect to the given information provided by the map-
ping A*. Even in a complete finite-dimensional setting, i.e. X is finite and ran(A*) is finite-dimensional,
this problem is in general NP-hard, see e.g. [Rauhut and Foucart, 2013].

We observe that for some ¢ > 0 the measure p* is an element of

t-conv(&),

where & = {s-0;,2 € X,s € {—1,1,7,—i}} and conv(E) denotes the convex hull of £. In the finite-
dimensional case, i.e. X is finite and ran(A*) is finite-dimensional, the authors of [Chandrasekaran et al.,
2012] propose to use the convex surrogate

inf{t: p€t-conv(€),t > 0},

which leads to the || - ||, -norm, since conv(€) is the norm one ball with respect to || - ||¢,. This is the
classical Basis pursuit problem, see [Chen et al., 1998]].
In the case X is not finite, one replaces conv(E) with

By = cly» conv(E).

The theorem of Krein-Milman, see e.g. [[Simon, 2011]], shows that B; is indeed the norm one ball with
respect to || - ||y and

lnllry = inf{t: pet- By, t >0},

being the corresponding convex surrogate. Accordingly, one replaces the optimization problem (GPy)
with the convex relaxation

i , subjectto A*u=uy. GP
Meﬁ&m”“”” j p=y (GP)

Now the question is, under which conditions on the operator A* and the set X does the minimization of
the convex objective functional leads to the sought measure.

1.1.1 Null Space Property and Dual Certificates

Similarly to the finite-dimensional case, the null space of the mapping A*, i.e. the set of all measures
with A*u = 0, plays a crucial role in determining the uniqueness of the minimizers. In this section, we
see that the sought measure p* is the unique minimizer of the problem (GP), if and only if the mapping
A* has the null space property. In the following, we state a sufficient criteria for the null space property
to hold true, i.e. the existence of so called dual certificates, which is a major tool to study the solutions
of the convex minimization problem (GP).

Definition 1.5. [Null-space property] Let X C X be a discrete set. The operator A* : M(X,K) — H
has the null space property with respect to X, if for all i1 € ker(A*) \ {0}

luxlrv < lpxellrv, (NSP)

where j1 = px + pixe is the Lebesgue decomposition of i with respect to the measure v = ), _ . Oy,
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Theorem 1.6. Let X C X be a discrete set. Then each p* € M(X,K) with supp(u*) C X is the
unique minimizer of

min ,  subjectto A'u=vy,
i [ellrv j p=y

with y = A*p*, if and only if A* has the null space property (NSP) with respect to X.

Proof. First, we argue that the minimization problem has a solution. For this, set

0, A'p=y,
Xy(:“) =
oo, else,

i.e. Xy is the indicator function of the feasible set of the optimization problem (GP). Hence, the mini-
mization is equivalent to the unconstrained minimization

min  J(u),
HEM(X K) W)
with
J(1) = llellrv + Xy (10)- (1.5)
Due to the dual representation of the norm || - |7y, see appendix [Bl one veryfies that the norm is se-

quentially lower semicontinuous with respect to the weak*-topology (w*-s.1.s.c.) on M (X, K). Since the
effective domain of , is w*-sequentially closed, x,, is also w*-s.1.s.c. Therefore, J is w*-s.1.s.c and the
existence of a minimizer follows by a compactness argument, see Lemma[D.1]

Let o € ker(A*), with the Lebesgue decomposition

H= px o+ plxe.

By assumption, py is the unique minimizer of the optimization problem with the data given by
y = A*px. Moreover, A*uy = —A*pye and py # pxe, which yields

lnxllrv < [lpxellrv,

since otherwise py. would be a minimizer of (GP).
For the opposite direction, assume that ;g = p* + A is a minimizer and the difference measure X is
non-zero. By assumption we have A € ker(A*) \ {0} and

[Axll7v < [[Axe|Tv,

where A = Ay + Axe, with Aye # 0, is the Lebesgue decomposition with respect to the measure
V=7 .cx 0z Sincesupp(u*) C X, the measures y*+Ax and A\ ye are mutually singular. Consequently

Il ey > lw* + My = 1" + Axllrv + [ AxellTv,
> v = Axllrv + [[Axellrv > [[@*]rv,

which is a contradiction, meaning A = 0 and p* is the unique minimizer. O

Although the null-space property is an equivalent characterization, it is still hard to check this prop-
erty. However, it is well known, how to derive a sufficient condition for the null-space property. This
condition involves the existence of so-called dual certificates or dual interpolating polynomials. This con-
nection has been explicitly exploited in various settings, see e.g. [de Castro and Gamboa, 2012], [[Candés
and Fernandez-Granda, 2014], [Bendory et al., 2014]] and [Bendory et al., 2015a]. For completeness, we
will state this condition in our abstract setting, as the proof is purely measure theoretic.
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Theorem 1.7. Suppose for all sign combinations u(x) € K, where K is either R or C, i.e. |u(z)| = 1,
there is a function q € ran(A), such that

q(z) =u(x), forxzelX, (DC)
lg(z)| <1, forze X¢=X\X,
then A* has the null space property with respect to X.

Proof. Let A € ker(A*) \ {0} and
)\ — )\X + )\Xc

be the Lebesgue decomposition with respectto v = 3, 0. If Ay = 0, then the inequality
0= lAxllrv < [[Axellrv

holds trivially since A # 0.
Otherwise, using the polar decomposition of \x, see Appendix [B] we find a function u with |u(z)| =
1 for all z € X, such that
)\X =Uu- |Axl

By assumption, we can find ¢ € ran(A), i.e. ¢ = Ac for some ¢ € H, such that

q(x) =u(x), forxe X,
lg(z)] <1, forze X®=X\ZX,

which yields together with A*A = 0
[AxllTv + (Axe,q) = (A, @) = (A"A, ) = 0.
If Axyc =0, then Ay = 0, otherwise

[(Axes @) < [[Axe

TV,

and thus
[Axllrv < [[Axellrv.

O

Remark 1.8. In the case the measure is real-valued and one restricts the minimization to the space
M(X,R) of signed measures, the proof shows that it is sufficient to fulfill the condition only for
real-valued signs, i.e. u(z) € {—1,1}. Later on, in the case of the rotation group and the sphere, we
will restrict ourselves to signed measures. Furthermore, if the measure is known to be real-valued and
positive, one can even restrict tou = 1.

The connection of the existence of dual certificates to the minimization property of the measure be-
comes more clear in the context of the convexity of the problem. We state this connection in order to make
clear the relation of the condition (DC) and a slightly different condition, that can be found in [de Castro
and Gamboa, 2012, Lemma 1.1]. In view of Fermat’s rule, u € M (X, K) is a minimizer of (GP), if and
only if

0 € 9J(p),

where J is given in (I.5) and 9J(p) is the subdifferential of J at u, see Appendix@ By the Moreau-
Rockafellar Theorem, this is equivalent to

0 €9 - [lrv (1) + Ixy (1),
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particularly there is Q € 9| - ||7v (1) such that —Q € Jx,(u). Since
Ixy(1) ={Q € M(X,K)" : (Q,v — p) <0, forallv € M(X,K), A"v = y},
we have
Oxy (1) = ker(A") = {Q € M(X,K) : (Q,v) =0, forall v € ker(A*)},

i.e. the annihilator of ker(A*), meaning y is a minimum if and only if there is a subgradient at y that is
"perpendicular’ to ker(A*). By duality, one always has ran(A**) C ker(A*)* and the stronger assump-
tion ran(A**) N 9| - ||rv (u) # 0, which means there exists h € H, such that

Ah e d| - lrv(p), (SO

is an additional regularity assumption for the measure p. In the context of inverse problems, the condition
(SCO) is known as source condition, see e.g. [Bredies and Pikkarainen, 2013]], [Burger and Osher, 2004],
[Hotmann et al., 2007|] and [Scherzer and Walch, 2009].

In the case ran(A*) is closed, one can show ker(A*)1 = ran(A**), which means j is a minimizer
of (GP), if and only if the condition (SC)) holds.

In the situation A* is the adjoint of some operator, one can further simplify this condition. Following
[Bredies and Pikkarainen, 2013|], we have

O - llrv () ={Q € M(X,K)": (Q, 1) = llpllzv, |Qlmxxy =1},
and therefore (SC) is equivalent to
3 h € H, such that (A" g, ) = |ullrv, and A qllayxzy = 1,

or
3 h € H, such that (i, Ah) = ||p||7v, and || Ah|e = 1.

Using the polar decomposition = sign, -| |, we have (i1, Ah) = ||u||7v is equivalent to

| (1= an(a) e, @) dl ) = 0

which means Ah(z) - sign, (z) = 1 for [pu[—almost all z € X. In the case the measure is discrete with
supp(u) C X, this is equivalent to to the existence of h € H such that

Ah(z) = sign ,(v), =€ X, (1.6)

|Ah(2)| <1, =€ X°. (1.7)

This means, in the case that ran(A*) is closed, p is a minimizer of (GP), if and only if there exists
g = Ah € ran(A) such that the interpolation condition (T.6)), i.e. interpolation of the sign of the measure
1 is fulfilled and the supremum norm of Ah is bounded by one. Such an element ¢ = Ah certifies the

optimality of the measure p, hence the name dual certificate.
If one tightens the condition (I.7) to

|Ah(z)] <1, x € X°,

then one can show in addition, that each minimizer is a discrete measure with support in X, see [de Castro
and Gamboa, 2012| Lemma A.1]. Finally, the assumption that A* is injective on all measures with support
in & is sufficient for recovery of the measure . Summarizing, the condition

Ah(z) = sign ,(v), =€ X,
|Ah(z)| <1, z € X<, (DCa)
A'v =0, supp(v) CX¥ = v=0,
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guarantees recovery of the specific measure p by minimizing (GP), see [[de Castro and Gamboa, 2012|
Lemma 1.1]. The proof is very similar to that of Theorem[I.7] despite the fact that one only gets recovery
of the specific measure p. Indeed, the condition (DC) implies the condition (DCa).

1.1.2 Exact Recovery as an Inverse Problem

In general, one cannot assume to have access to the pure information y = A*p* but rather to a noisy
version 0 of it. It is therefore necessary to replace the minimization problem (GP) including the exact
side condition A*y = y. One popular approach is to solve the Thikonov-type minimization problem

1
ueﬂlﬁ?ﬂ@i”yé — A" pllF + Mgy (GPy)
The aim of this section is to summarize the convergence properties of the minimizers of to the
minimizers of as y° converges to y and A — 0. In the most general setting, the convergence results
are stated in terms of Bregman distances and we refer mainly to results especially from [Burger and
Osher, 2004]], [Hofmann et al., 2007]], [[Scherzer and Walch, 2009] and [Bredies and Pikkarainen, 2013].

As utilized in these references, we will choose a deterministic noise model. This means, for 6 > 0 we
will assume that /° obeys

ly =yl <,

where y = A*p* denotes the exact data. The first theorem states, that under the additional regularity
condition on the measure p*, given by the specialized source condition discussed in the previous
section, there is a a priori parameter choice for A depending on the noise level §, such that the solution of
the Thikonov-type problems converge to the exact solution p*.

Theorem 1.9. Suppose p* is a discrete measure as given in (L4), that fulfils the source condition (DCa).
Further assume sequences 0,, — 0, A, — 0 monotonically decreasing, such that

2

-2 0.
An

Then each sequence of solution py,, 5, of

Lo s
min =y — A*ul|3 + A :
HEM(X,K) 2Hy e+ Anllpllry

converges to * in the weak* topology.

Proof. The specialized source condition assures that ;* is the unique solution to the exact problem (GP).
Then the statement is a consequence of [Hofmann et al., 2007, Thm. 3.5], respectively [Bredies and
Pikkarainen, 2013|, Prop. 5]. ]

To show quantitative estimates in this very general setting, one has to make use of the notion of gen-
eralized Bregman distances introduced in the context of inverse problems in [Burger and Osher, 2004]]. In
this case the distances between two measures is a set of distance functions depending on the subgradient,
i.e. for ¢ € 9| - |rv (v) a distance is given by

Dy(p,v) = |ullrv — Re((q, 1))

For a good overview of Bregman distances in the context of inverse problems and further references,
see [Burger, 2016]. Assuming the source condition (DCal), one can derive the following bound
[

ox 3o

see e.g. [Burger and Osher, 2004, Thm. 2]. Instead of further exploring this very general setting, we will
concentrate on the special case of harmonic information on the rotation group in the next section.

D geep(pn,s, p*) <
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1.2 Super-Resolution on the Rotation Group

In this section, we further investigate the problem of super-resolution on the rotation group. We start this
section with a short reminder on analysis on the rotation group, including the smooth structure as well as
the analysis with respect to harmonic basis functions.

In the second subsection, we state the problem of super-resolution on the rotation group in more
detail. As seen in the previous section, the key ingredient to analyze the recovery via total variation
minimization is the existence of dual certificates. We describe a possible construction of a dual certificate
using a Hermite interpolation.

1.2.1 Analysis on the Rotation Group

The rotation group SO(3) is defined as the space of matrices
SO3):={zx eR¥>3: 2Ty = I detx = 1},

which is a group under the action of matrix multiplication. We will use two different parametrizations of
the rotation group.
By Euler’s Rotation Theorem, there is for each x € SO(3) a unit vector e € R? and an angle
w € [0, 7], such that x is a rotation with rotation axis e and rotation angle w. Using Rodrigues rotation
formula yields
x = I cos(w) + (1 — cos(w))ee® + [¢] sin(w),

where
0 —E€3 €9
e] =1 es 0 -—-ea
—€2 €1 0

This identification shows that SO(3) is diffeomorphic to the real three-dimensional projective space and
is therefore a connected compact Lie group. The corresponding Lie algebra of the Lie group SO(3) is
given by the skew symmetric matrices,

50(3) = {v e R¥3 10T = —o}.
The tangent space at x € SO(3) can be written as
T,50(3) = {v e R¥3 . 2T = —z0T} = {v € R¥3 v = zw,w € 50(3)}.

The generators of the Lie-Algebra s0(3) are given by

—_

00 0 0
Li=|0 0 —-1]|, L2=1]0
01 0 -1

L3 , (1.8)

o O O
O O =
Il
o = O
OO'
o O O

with the commutator relations
(L1, L2] = L1Ly — LoLy = L3, [L3,L1] = Lo, [L2,L3] = L.

A basis of the tangent space at z € SO(3) is thus given by L1, 2Ly, xL3.
The exponential map exp,, : T,SO(3) — SO(3) at x € SO(3) is defined by

»T
exp,(v) = ze® v,
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where e = & ‘2—! denotes the matrix exponential. The unique geodesic originating from = € SO(3)

in direction v € T,,SO(3) has the form
Va0 (t) = exp, (tv).
Set
B.(0) = {v e R¥3 : ||o||p < &},

where |[v]|Fp = /tr(vTv) denotes the Frobenius norm. Restricted to the set 7,SO(3) N B:(0) the
exponential map is invertible for ¢ < log(2) and its inverse log,, : SO(3) N Bs(z) — T,,SO(3) N B:(0
is given by

log, (w) = o log(z"w),

where log(A) = >0 1(—1)’“‘*1% denotes the matrix logarithm and

Bs(x) = {w € B : || log(a"w)| » < 6},

with & = /2¢. This parametrization is called normal coordinates. The Riemannian metric is defined for

x € SO(3) as
gz (v, w) = %tr(va), v,w € T,S0(3),

and x L4, x Lo, x L3 is an orthogonal basis with respect to this inner product. Hence, the gradient of f in
normal coordinates centered at x is represented by

3
V()= ZXif(x) ~xLy,

where
Xif () = lim 17 (f (ve"“) = f(2)),

whenever f is differentiable. For ¢ € R, the corresponding elements in SO(3) are given by

1 0 0 cos(t) 0 sin(¢)
e“1 =0 cos(t) —sin(t) |, e = 0 1 o0 |,
0 sin(t)  cos(t) —sin(t) 0 cos(t)
cos(t) —sin(t) 0
etfs = [ sin(t)  cos(t) 0
1

0 0

Similarly, for a two times differentiable function f the Hessian can be represented in normal coordi-
nates by the matrix

XiXaf XiXof XaiXsf 0 Xsf —Xof
Hf = | XoXif XoXof XoX3f ) — —Xsf 0 Xif . (1.9
X3 Xif X3Xof XsXsf Xof —Xif 0

DO | =

Using these differential operators, we have the following Taylor formula, see e.g. [Chirikjian, 2012].
Let f : SO(3) — R be a two times continuous differentiable function and Y € so(3) with ||Y||r = 1,
then for x € SO(3) and t € R

2
Flaexp(tY)) = f(w) + V() oY) + S e(¥)THf(z exp(€¥))e(Y), (1.10)
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for some & with |¢| < [t], where e(Y) = (e1(Y) e2(Y) eg(Y))T andY = Zle ei(Y)L;.
The second parametrization we will use is given by Euler angles. Each element € SO(3) can be
represented by

z = Rz(a)Ry (B)Rz(7),
with (@, 8,7) € [0,27) x [0, 7] x [0,27) and

0 cos(t) 0 sin(t)
Rz(t) = | sin(¢) cos(t) 0], Ry (t) = 0 1 0
1 —sin(t) 0 cos(t)

The triplet («, 3,7) is called Euler angles in the ZY Z-convention.
A distance on SO(3), that is compatible with its topology and invariant with respect to the group
action, is given by

1 1

w(y tx) := arccos <tr(y2x)—1> ﬂ” log(y" )| F,

which is equal to the rotation angle of the matrix y~'x.

Since SO(3) is a compact group, there is a regular Borel measure A, that is invariant under the group
action, i.e. A(zB) = A(B) = A(Bux) for all Borel sets B. This measure can be normalized such that

/ dA\(z) = 1.
50(3)

Using an Euler angle parametrization, we can write down the integral for each measurable function
f:50(3) — C explicitly as

/50(3) F@A) = g /0% /0 /:w f(2(a, B,7)) sin(8)dadady.

For functions that only depend on the rotation angle, i.e. f(x) = f(w(x)) the integral reduces to

/50(3) flz)d\(z) = 72r/0ﬂ F(t) sin? (;) it

The space L?(SO(3)) of square-integrable functions with respect to \ is defined in the usual way. The
Peter-Weyl Theorem now states that the right regular representation of SO(3) splits up into an orthogonal
direct sum of irreducible finite-dimensional representations and the matrix coefficients of these irreducible
representation form an orthogonal basis for L2(SO(3)). The dimensions of the irreducible representa-
tions are given by 2/ 4+ 1, [ € N and the matrix coefficients ch,m, =1 < k,m < [ are called Wigner-D
functions. We have that

{V20+1Dj,,,,,—1 < k,m <1, € N}

form an orthonormal basis of L?(SO(3)). The value I € N is called degree. In the Euler angle
parametrization the Wigner D-functions are given for [ € Nand —] < k,m <[ by

Dj, (e, B,7y) = e~ ™dj, , (cos(B))e™ ™7,

where dfv m 18 defined as

—(m— —(m d-m _
B (£) = Cigom (1= )71 4 )= (1= ) TR (1)),



1.2. SUPER-RESOLUTION ON THE ROTATION GROUP 21

(=D'* J—k)!(I+m)!
200—k)'\ T+E)(I—m)!

Another very useful representation of the functions d%« m 18 given by

with Cng,m =

d}, (cos(B)) = m+’<z 1)7d} . (0)dh, ;(0)e™”, (1.11)

j=-=1
see e.g. [Edmonds, 1957} p. 62] or [Risbo, 1996]. The addition theorem for Wigner D-functions states
—1
> Din.(@)Df,,(y) = Ua (cos (M)) : (1.12)
—1<k,m<lI

where U,, denotes the n-th Chebychev polynomial of the second kind.
The space of all finite linear combinations of Wigner-D functions with degree less or equal to NV is be
denoted as
Iy (SO(3)) :=span{D} ,,, : —l < k,m <1, 1< N}

and is also called generalized polynomials of degree N. The projection onto the space of generalized
polynomials of degree N can be written as

Sn : L*(SO(3)) — C(S0(3)),
Snf(x) = /S oy [P D)

where
N l
= (2+1) Y D)D), ®),
1=0 kym=—1
is the Dirichlet kernel on the rotation group. Using the addition theorem, one also has

N

Dy(x,y) = (2 + 1)Uz (COS(W(?/W> .

2
1=0

The closed form expression of Dy is given by Dy (x,y) = Dy (w(y~'z)), with

4sin3(w/2)

(N +1)(2N +1)(2N + 3), w =0,

(2N+3) sin(N+1/2)w)—(2N+1) sin((N+3/2)w) w 750
) = { : :

see [Schmid, 2008]. The differential operators defined above map IIx (SO(3)) to itself. More concrete,
we have

1. 1.

X\D} (@) = Sk Dl () + Sich, DL )
1 1

XQDé,m(l‘) = 7§Cl—nzD§c,m—1(z) + icl D%« m(z)

X3Dj, (x) = —imDj, ,, (2),

with ¢, = /(I = m)(l + m + 1), see e.g. [Chirikjian and Kyatkin, 2000].

Having introduced the Wigner D-functions, we show a possible construction of a dual certificate in
the next subsection, which is the important part to analyze the recovery with respect to these Wigner
D-functions.
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1.2.2 A Dual Certificate on the Rotation Group

In the following, we will introduce the problem of super-resolution on the rotation group, i.e. exact
recovery of Dirac measures from low frequency information. To be more specific, consider a Dirac
measure of the form

M
ur= b, (1.13)
i=1

where M € N, ¢; € R are real valued coefficients and J,, are the point measures centered at pairwise
distinct z; € SO(3). All parameters M, ¢;, z:; are unknown and we can only access

s;u%x>:3/ D (a,y)du* (9),
50(3)

for a possible low degree N. On the spectral side, this means we can access the moments of p* with
respect to the functions D! for—I < k,m <lonlyforl < N,ie.

k,m

M
<ww@m:/ DL, (@)du*(x) = 3 iDL, (w0),
50(3)

i=1

for - < k,m < [,I < N. The question is, under which conditions on the support of the measure p* it
is the solution of the total variation minimizaton

min , subjectto Sypu=Snu”. RP
MeM(SO(3)7R)||N||TV i) NH NH (RP)

As seen in the previous section, this relies on the existence of a dual certificate, i.e. a ¢ € I (SO(3)),
such that

q(x;) = uy, formx; € X,
lg(z)] <1, forze SO(3)\X.

Clearly, the existence of such a function should be coupled to the minimal separation of the support
points, i.e. the value

X) = minwx-ﬁlxi.
p(X) nin w(z; )

Otherwise, two collapsing interpolation points would result in a growing value of the derivatives, which
is not possible due to the Bernstein inequality

| Xiqlloo < N¢lloo, forgq e IIn(SO(3)), (1.14)

see [Schmid, 2008]].
Indeed, a proportional coupling of the minimal separation to the degree of the given moments is
sufficient for the existence of a dual certificate. More precisely, if

36
X)> ——
PX) 2
for N > 20, then for each sign combination u; € {—1, 1}, there is a ¢ € Iy (SO(3)) such that
q(z;) =u;, forz; € X,

lq(x)| < 1, forz € SO(3)\ X. (1.15)
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The proof is based on an explicit construction of the dual certificate. We will follow ideas from [[Candés
and Fernandez-Granda, 2014], where the construction was done for trigonometric polynomials. Here, we
shortly describe the construction process to point out the importance of localization estimates for kernels
and their derivatives, which are established in Chapter [2] The actual proof, i.e. showing the properties
(I.13), is postponed to the proof of Theorem [3.6]in Chapter [3]

In order to satisfy the conditions (I.13)), one formulates the Hermite-type interpolation problem

Q(‘Tl) = U,

1.16
Xug(es) = Xoq(as) = Xaq(a:) =0, (1.1

for z; € X, where X, are the differential operators defined in Section @ This means, beside the
interpolation itself, we ask for local extrema at the interpolation points. One then seeks a solution g to
this interpolation problem in the space I (SO(3)), that satisfies, due to the local extrema conditions,
lg(z)| < 1forxz € SO(3) \ X. The constructed interpolant is of the form

M
q(I) = Z 0[7;70(7]\7(1’, xl) + Oéile%O'N(I, Iz) + OZj’QXgO'N(I, 1177) + Oéj73X§JO'N(I, l’i),
i=1

where oy is an interpolation kernel of the form

on(z,y) =Y hn(l) > Din(x)Df,.(v),
=0

—I<k,m<l

with positive weights A (1) > 0. Observe, that the expressions o (,2;) and X /oy (2, x;), where the
superscript indicates the action of the differential operator on the second variable, are by construction
generalized polynomials of degree N in the first variable, which means ¢ € IIx(SO(3)). Applying the
interpolation conditions (I.16) leads to the linear system of equations

oN X{on XSon XSon Qg u
X%UN X%X%O’N X%X%O’N X??X%O'N a1 0
Ko := y z vy T vy T U = ) (1.17)
Xson X{Xj5on XiXjon X§Xjon Qi 0
X:?;UN XfXgaN X%XgCTN X§X3yJN Q3 0

where the entries in the matrix corresponds to blocks of the form on = (o (2, 2;))};_, and in the
same way for the derivatives. The blocks in the vectors are given by ai, = (a, j)jlvil fork =0,1,2,3
and v = (u; ) jNil To find the coefficients, we have to show the invertibility of the matrix K. Due to the
block structure of K this is done using an iterative block inversion, explained in Section (3| and the fact

that a matrix A is invertible if
1 — Al <1,

where || Al|oc = max; > |a; ;. In this case the norm of the inverse is bounded by

1
A oo € ————
see Appendix|[C| Thus, to show the invertibility of the matrix K, we have to employ localization estimates
for the entries of the matrix /', which means we have to bound the expressions |0y (z;, ;) |, | X} on (z, ;)]
and | XZX/on(x;,2;)|. The values of these expressions should decrease, if the distance of w(xj_lxi)
becomes bigger. We are locking for estimates of the form

N+ Dw(ytz))s’

lon (i, 25)] < T
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for some constants s and c only depending on the weights i and similar estimates for the derivatives.
Using these estimates we find explicit bounds on the supremum norm of the coefficients. Once we have
bound the coefficients, we have to show the condition |¢(x)| < 1, where z is not an interpolation point.
This includes convexity arguments for the interpolant ¢, which means we have to deal with the entries of
the Hessian matrix of q, where third mixed derivatives appear. For this reason, we also need localization
estimates for third derivatives.

The key ingredients for the construction of the interpolant g are localization estimates for the inter-
polation kernel o and its various derivatives. Moreover, we need explicit constants in these estimates to
show the claimed properties of the interpolant. This is the topic of the next chapter.

Notes and References. The assertions regarding the abstract recovery problem can be found in one
form or another in [Burger and Osher, 2004|], [[Hofmann et al., 2007, [Scherzer and Walch, 2009|]
and [Bredies and Pikkarainen, 2013|]. Especially the existence of minimizers and the notion of source
conditions are concepts, that are valid for general Banach spaces.

The abstract setting we chose in Section[I1]is very close to that chosen in [Bredies and Pikkarainen,
2013|], including the connection of a dual certificate to a source condition. Rather than originality, the
intention of Section[[.1]is to give a concise summary of the 'standard’ framework for the recovery via the
convex minimization problem and to point out the central importance of a dual certificate.

To the best of our knowledge, the problem of super-resolution on the rotation group SO(3) is first
considered in this thesis. The construction of the candidate of a dual certificate, i.e. solving the Hermite
interpolation problem (1.16), is inspired by the article [[Candés and Fernandez-Granda, 2014|], where
this procedure was proposed for trigonometric moments. Nevertheless, the realization of this so to say
meta-principle is the crucial point and the content of the Chapters[2land



Chapter 2

Localized Kernels

As seen in the previous chapter, the proposed construction of a dual certificate by solving the linear system
(L.T7) requires to control pointwise the quantities |on (z,y)|, | XYon(z,y)| and | XF XYon (2, y)| for an
interpolation kernel o . By pointwise control we mean estimates of the form

Cs

N + Dsw(z 1) 2.1

|0'N(Z‘,y)‘ < (

where s > 0 and ¢, is a constant depending only on s. In addition, since bounds of the form are
only meaningful in the case that z and y are sufficiently separated, we need different bounds for = and y
being close to each other. Deriving bounds of the form (2.I)) and bounds that control the behavior of the
kernels near the diagonal = = y is the content of this chapter.

The kernels we use are of the form

N
on(z,y)=> hn(l) > Din.(x)D,.(v),
1=0 —1<k,m<l

with positive weights hy (1) > 0. By the addition formula (I.12) for Wigner D-functions, this can also
be written as

l

on(z,y) = XN:hN(Z)ng (cos (“’(yzlx)» = ZN:hN(l) 3 kel 2.2)

=0 =0 k=—1

where Usy; is the Chebyshev polynomial of the second kind of order 2. In other words, the interpolation
kernels are radial kernels, i.e. they are of the form

O—N(xa y) = C~TN(UJ(1'71y)),

where o is a trigonometric polynomial. For this reason, the localization properties of the interpolation
kernel can be derived from corresponding localization principles for trigonometric polynomials, see e.g.
[Graf and Kunis, 2008||. In contrast to this, the derivatives of these interpolation kernels are no longer
radial, but should be controllable by the ordinary derivatives of the trigonometric polynomial &, which
we show in Section [2.2] Beforehand, we choose specific weights, that allow for good control of the
trigonometric polynomial & and its derivatives, which is the content of Section [2.1]

25
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2.1 Localized Trigonometric Polynomials

We start this section by fixing specific weights in the kernel expansion (2.2). The weights are generated
by sampling a function. More specific, we define the weights hy (1) by

l l
1 I\ 2vrD _9(2(1\Jrr+11)>7 0<I<N,
N
| NG ) b=

hy(l) =

where g : R — R, is a symmetric positive function with supp(g) C [—%, %} which is decreasing for

positive values. Its discrete coefficient norm is given by

N

gl == > 9(2<Nl+1>)

l=—N

This results in

N

1 k ) —1
— 5 -1 - - v itkw(y™ "x)

In [Mhaskar and Prestin, 2000] and also in [Kunis and Potts, 2007, it was shown that a trigonometric

polynomial of the form
N

obeys a localization property, as long as the function g is sufficiently smooth with derivatives of bounded

variation. The variation of a function f defined on [—3, 1] is given by

n—1
[fly == sup {Z [ (ti) — f(tm} ,
i=1

where the supremum is taken over all partitions (¢;)!_; of the interval [—1 , 1]. The space of (s — 1)-times
differentiable functlons g with compact support in [ ;, 2] such that |g (s—1) |y < oo, will be denoted

as BV~ '([—1%, 1]). Equipped with these definitions, we have for g € BV§™"([—3, 3]), see [Kunis and
Potts, 2007, Lemma 3.2],

N k ikt (23 _ 1)@-(5)‘9(3—1)“/
k:Z_Ng (2(_N+1)) © * < (4(N + 1))871|t‘s ) 2.3)

fort € (0,7] with N > s —1 > 1. Here, ((s) = > p; # denotes the Riemannian zeta function. In

addition, for positive g € BV§™"([—3, 3]) one has the bounds
20(8) | (s-1) llgllx,n 2¢(s) | (s—1)
(19 - ele® Dl ) < 5o < (gl + pils ) @

see [Kunis and Potts, 2007, Lemma 3.2]. This leads to explicit constants for localization results of the
trigonometric polynomial

o () i (sovrm)
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as long as one can compute the L'—norm of the filter function and the total variation of its (s — 1)-th
derivative. The [—th derivative of the trigonometric polynomial 6 is given by

N

)y _ QO+ D) B E Y i
Ao =G 3 () o Gwrn)

k=—N

Thus, to achieve an analog localization result for the derivatives we have to estimate the total variation of
the function (z!g4(2))*~1). To be able to bound the corresponding norms and variations, we will choose
a specific function to be sampled. We seek for a (s — 1)-smooth function, whose (s — 1)-th derivative
has small total variation. This leads to functions, whose (s — 1)-th derivative is piecewise constant. One
way to construct such a function is to use a B-spline function of order s — 1, see e.g. [Grif and Kunis,
2008]]. We will use the so called perfect B-spline of order s — 1 as filter function, since in this case
|9~V (z)| = 1. These functions are given by

_ DT TS
gS*l(m) - m Ll ;)(_1> X(COS(%ﬂ')7COS(%ﬂ')] (t)<x - t)? dt7

for s € 2N. For reasons of clarity and comprehensibility, the details, properties and bounds for the
corresponding variations and norms are stated in appendix [A]

The aim of this section is to show, that for this specific choice of weights the trigonometric polynomial
o and its derivatives obey

~ (1) Cls
H<——"—— 1=0,...,3
|UN()|— (N-i—l)s_l‘ﬂs’ ) )y

with explicit constants ¢; ; depending only on the order of the B-spline and the order of the derivative.
The scaled function

gsfl(l‘) = 9571(21')
has its support in [—2, 4] and we have §s_; € BV~ ([~3, 3]). We define the kernel by

N

~ 1 ~ k ikt
(o2 t = —— s— —_— el .
YO =G 29 (swem)

=—N

Theorem 2.1. Let s > 6, s € 2N and N > 2s. Using the scaled perfect B-spline gs_1 as filter function
leads to localization estimates for the kernel &y and its derivatives up to order 3, i.e. fort € [—m, 7]\ {0}

we have
Cl,s

|&%)(t)|§m, 1=0,...,3, 2.5)
where the constants are given by
cos =1.02- (s —1)1-2%.5,
c1,s =102 (s —1)!-2°.2s,
o = 1.02- (s —1)!-2° - (45 + 1),
c3s=1.02-(s=1)!1-2°-(9s—2).

Proof. The kernel and its derivatives up to order 3 are given by

N

50 = QO+ D! L S S P
N (t) B Hgs—IHI,N k;N (2(N—|—1)) 9s=1 (2(N+1)> ) l—0,73
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In view ofPropositionand Lemma wehave [|gs—1/1 = 3llgs-1l1 = (571)% and |§£‘:1)|V =
2°s. Thus, using estimate (2.4) we can bound the discrete norm ||gs—1||1, v from below by

N+1 1 ¢(s)s
Z 5 <<s—1>!<ws>s)' 20

Combining this with the localization estimate (2.3)) yields

0} (2(N + 1)) (2° = 1)¢(s)
Ul\lf )< 41N + 1)1t

25

ge-) Dy —
AN +1) (e - £92)

)y (@20 = 1))
N 4+ 1)s—1ts s 1 4(9)s
( ) | | 2 ((s—l)! (ws)s)
2|(2'gs-)" Ny (s 1)

(N + 1)s— ¢ ( 1 s(s—1)!>'
¢(s) (ms)®

1! . . . . .
Observe, that the sequences and sfi)g) are monotonically increasing in s. This means, we can

bound them from below by the ﬁrst possible value for s, that is s = 6. This gives the upper bound

1 1

<
1 s(s=D!') — 945 720
(C(S) (ms)s ) ( w6 7r666)

< 1.02,

which results in
1.02(s — 1124 (24 gs— 1)V

O]
UN( )| = (N+ 1)3—l‘t|s
In view of
l
L= \(s—1) _ s—=1\  1\(n)~(s—1-n)
(2 gsfl) ,;) ( n )(z ) Gs—1 )
and

luvly < flullsolvlv + [[0]loc |ulv,

for two functions u and v, we getforl < s — 1

d s—1
~(s—1—n
E ( n )(zl)(")gi_l :

n=0

)

1%
1
l! s—=1\, | (s—1-n)
< o n
- Z (l—n)!( n >Z Gomr v

l' 8—1 _ 1—-n s—1—n —
< A )(nzl MNelgT ™l + 1357 e )

|('g5-) Dy =

1

5= and |2y = sr=n=t for n <[, we have

Since [|2!7" |00 =

—n)l\ n

-1
5 o [! s—1 1 s n n
|('5:0)' ”Iv<Z(l( )2 (1855l +2035 ) @D
n=0
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s—1 ~(s—1-1
] G [ 19

Using inequality (2.7) for the variation of the derivative of products together with Lemma [A.3] and the

estimate tan (2=) < 2 for s > 6 yields

|(2g5-1(2) ]y < 2%,
|(22Gs-1(2) D]y <2972 (s + 1),
1(2%Gs-1(2)) D]y <2973 (95 — 2).
and therefore the constants. O

The bounds of the previous theorem are only meaningful if w is well separated from zero. For values
of w close to zero we will use different bounds derived from series expansion around zero. For this
purpose, we need upper and lower bounds for the values of the second and fourth derivative of o at
Zero.

Lemma 2.2. Let s > 8, s € 2N and N > 2s. Using the scaled perfect B-spline gs_1 as filter function
leads to the following bounds

cs(N +1)? < |65(0)] < (N +1)2,

with
_ 0999 _ 1001
“ToGr1) T2ty
and
dy(N +1)* < [50(0)] < do(N + 1),
with

30999 - 3.1.001

TA(s+2)(s+ 1) T 4A(s+2)(s+ 1)
In the case s = 8 we have for N > 20

15 8!
F0o) <o 2B v »
Proof. We have for m € N
N 2m
~(2m) (2(N_|_ 1))2m < I > ) < . )
o 0)] = —"-—"— _k o _ k)
lon 7 (0)] Gs—1ll1,n5 k;N 2(N + 1) Js—1 SRRy
(2N +1))>™
= ool PG

To estimate the expressions, we have to bound the discrete norms of the filter function. Using inequality

([2-4), we have to calculate the L!-norms of the functions 2™ gs_1 on [f%, %], which are given by
(2m)! - s
4m . mp) . 2s+2m—1(g 4 m)!’

1227 gs—1 ()]l =

see Lemma[A.2] Together with the bounds of the variations derived in Lemma[A.3] we get by applying
inequality (2.4)

1,N

s

el = (v 4 1) 12l
19s—1ll1.v
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(1251 ) = G121 () )
~ s) |~(s—1 ’
(13-l + L8513 1)
(2(N+1))21—2(s+1)(s— 1)!(fr(j))s (4s+1)
8(s+1) 145l ) '

(ws)®

> (2(N+1

>

(2.9)

We can bound the second quotient in (2.9) from below by its value at s = 8, i.e

1—2(s+1)(s— 1)1 (4s + 1 1_25
(s 7 D ~ Dty ) L35 > 0.999.

14 sl 1 g

Using the same argument, we can bound from above

2N +1)2 1+ 2(s + 1)(s = DI (45 +1)
8(s+1) 1_ s (ET(;))S )
1.001

T 2s+1)

|5 (0)] <

(N +1)2.

By Lemma and inequality (2.7) as well as sin () < 2 and cos (£ ) (2cos (Z) — 1) > 3 we have
1(z4Gs-1(2)) V] < 2°74(35s — 19)

and with the same argumentation as before

SV + 1)t 1+ 3SR (355 — 19)

=) 0y <
O'N (0)|_4(8+2)(S+1) 1_%(5))55‘ )
3(N+1)4
———1.001,
T A4(s+2)(s+1)

and

_(4) 3(N +1)*

0)| > ———————0.999.
N Oz e+

In the case s = 8 we have again by using Lemma[A-3]and inequality (Z.7)
1(z5G7(2)) ]y < 5.0896 - 10%.
The same argument as before shows

(s+3)

15 8
. 6: —_— e . 6
(VD= 1011 (N 1)

15
159 (0)] < 1.011 - <

O

Having established the localization estimates for the trigonometric polynomial & and its derivatives,
we are now able to state analog bounds for the kernel o and its derivatives on the rotation group in the
next section.
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2.2 Localized Kernels on the Rotation Group
Since the kernel o is of the form
on(z,y) = an(wly '),

the derived estimates of the last section immediately yield

Co,s
lon(z,y)| < (N1 De ) (2.10)

which shows the localization of the kernel oy itself. The derivative kernels XYon, X¥ X0 and
X7 X XY on are no longer radial functions. Nevertheless, they obey analog localization estimates with
the same constants as in the trigonometric case. Thereby, Theorem [2.3] provides estimates for the en-
tries of the interpolation matrix in (I.I7), whereas Lemma [2.4] and [2.5] give bounds for the entries of the
Hessian.

Theorem 2.3. We have for s € 2N, s > 6, N > 2s, w(y~'z) > m
Cl,s
XY )| < : )
‘ nO'N(x y)' = (N—I— 1)3—1w(y_1x)s
C2s

XrXY
XE Xt (@0)] € T

and c; s are the constants of Theorem 2. 1]

Proof. We calculate the derivative kernel X7 o . For w(y~'z) ¢ {0, 7}, we have

ox (2,565 — on ()
t
_on(w(e "y ') —on(wly'r) wle "y lr) —w(y'e)
B wlery~ta) —w(y'x) tr(e~*“1y~lz) — tr(y~'z)
tr(e 1y~ lz) — tr(y~1a)
; :
The limits are given by
w(e Fy=le) — w(y ') 1

lim =
t—0 tr(e~tfiy—1z) —tr(y—lx r(y—la)—
( Y ) (y ) _2\/1_(t(y - ) 1)2

and
i tr(e iy~ la) — tr(y~'a)

t—0 n = ((yilx)sz — (y~tx)a3).

Hence,

((y 130)32 —(y~ 195)23)

_2\/1 tr(y~ w) )1y

6 (w(y! ))((y 190)32—@ '2)23)

Wiy —2sin(w(y~1x))

X{/UN(J)’y) = &N

= —Gn(wly ™ z))er,
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1 1

where e; = e1(y~ ') is the first component of the unit vector describing the rotation axis of y~'z. In

the same way, one can calculate

Xtow(a) = (ol a) D) 5 oy ta)en

)19 — (y712)9g ~ -
1y W02 = W o) ot

X:?;JN(:E,y) :5;\/("‘)@ x 2sin(W(y_1$>)

Also observe, that we have
X;iUN(xa y) = _XgUN(x’ y)

This gives
Cl,s

|XgUN('T7y)| < |6§V(w(y_1x))| < (]\[Jr 1)5—1w(y71x)s'

These estimates are valid for all x,y € SO(3) with tr(y~x) ¢ {1,3}. We know that XYon(x,y)
is always a finite sum of products of Wigner D-functions, since each operator X; maps a Wigner D-
function to sums of Wigner D-functions, see e.g. [Chirikjian and Kyatkin, 2000]. Thus, we know for
a fixed x € SO(3) that XYon(x,y) exists for all y € SO(3) and is continuous, which means that by
limit considerations the estimates above are also valid if w(y~'2) = 7. In the case y = x, we have by
limit considerations XYo n (x, ) = &/ (0) = 0. This leads to the estimate for the first derivatives of the
kernel.

For the estimation of the second kind of kernel, we use the product rule and the calculations above to
show

X7 XYon(2,y) = —XFen(w,9)5 N (wly~"2)) — en(y™ @) XF (G4 (wly~"2))-

In the same way as before, we can show
X7 (@h(wly'2)) = oy (W™ o)ely ),
and consequently
XEXHon(2,y) = —X{en(x,9)5y (@(y'2)) = enly ™ 0)oy (wly ™ 0))ei(y ™).

Thus, the only part we have to calculate is X e, (z,y). Again, at first we restrict ourselves to w(y~1z) ¢
{0, 7} and extend afterwards by continuity. We concentrate on the example n = 1,7 = 3. We have

er(y twe') —ei(y~a)
_ [(ylxem?’)w — (y~'we3)g3 (Y 'w)ae — (ylff)z?,]
2sin(w(y~twetls)) 2sin(w(y~1x)) ’

- ey | e costt) -

2sin(w(y~lzetls

Sm(w(ylxews))) .

sin(w(y~'z))

(g )0 <Sin(”(y1”‘"ew3)) _ 1) — () Sin(t)}

sin(w(y~'z))
Using the rule of L’Hopital, we have

COS(t) _ sin(w(y ~'zet*3))

. sin(w(y—1z)) _ -1 COS(W(yilx))
Hm t = —esly x)< ))’
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1 1

where e3(y ™" x) denotes the third component of the unit vector representing the rotation axis of y~ z. In

the same way, we get

sin(‘w(yfliclefﬁfs)) 1
)
t—0 t

1

= es(y_lx)<m>.

Combining all this, we end up with

Xiei(x,y) = J;g% t er(y wet™®) —er(y'));

~ st (07 = O ety o) ()
! )<COS(w(y‘1:E))) (s

=W\ Gty Te) ) T Zein(elya)

1

Again, we use the Rodrigues formula for (y=*x)31 = (1 — cos(w))ejesz — sin(w)es and get

ey @)es(y” @)(1 + cos(w(y"'x))) | ealy'z)
2sin(w(y~1a)) 2

Xgel (l’, y) = -
Similarly, we can calculate

Xfer () = ey w)ea(zys;nzvi((lllﬁ;);(w(y‘ z)) 63(1/2‘ z)

and
1+ cos(w(y~tx))

—e1 “1x)2).
2ein(uly-12) W)

Xfel(x7y) =

For the other components of the rotation axis, the differentials are computed in the same way and are
given by

er(y ' w)ea(y o) (1 + cos(w(y'x))) | es(y™'x)

Aiealn == 25in(ao(y 1)) e

Xealany) = ey,

Xees(ay) = ey~ 13:)63(21;81;2(( +C()>)s( wly 'z))) (y2 1317)7 @.11)
Kfeta) = -0 D oty 10) )

Kfeta) = -2 DN LRt )

Kea(oy) = oW 2 (1 1),

2sin(w(y~'x))

Observe, that we have

sin(w) > % w, forwe (0,7/2]. (2.12)
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s s

Accordingly, for w € (m, 7] we simply estimate

1+ cos(w) , o (@) o
- < <2(N+1 .
o) < w PN <o g gty
For w € (%, ] we have
14 costw) _F.COS(M) = ‘cot (EN <1
sin(w) 2
and consequently
1+ cos(w) . -
’Sin(w)aﬁv(w)’ < |on (W)l.

Since |e;e;| < % and N > 2s > 12, we have the estimate

. 1 1\ . _ 1, _» _
X5 XY ow (. y)| < (2<N +1)+ 2) oy o)+ 5 lon (™ D)),
- _ 1 ~// _
< (N + 1oy (wy™ )| + lon(wly L))
Using the localization result of Theoremtogether with ¢; 4 < %cz,s results in

Cl,s + %CQ,S < C2 s
(N+1)s—2w(y—1x)s — (N_|_1)5—2w(y—1x)s'

X7 X on(,y)] <

If i = j, we have

IXPXYon(z,y)] < (1—e)(N+1)|oyw(y " a)| + efloy(w(y z))l,
o= e?)ct,s + €2ca s 2.5
T (N + 1) 2wy te)s T (N A+ 15 2wyt

For x = y we have
"

XiX/on(z,x) = —o5(0), XjX/on(z,z)=0.
O
The derived bounds are useful for estimating the entries of the interpolation matrix. In addition, we
need localization estimates for the entries of the Hessian matrix. We have to distinguish between two

cases, namely w(y~'x) is well separated from zero, covered by Lemma and w(y~'x) approaches
zeros, which is handled in Lemma 2.3}

Lemma 2.4. For s € 2N, s > 6, N > 2s, w(y~'z) >
and X}!on in normal coordinates, see (I.9), obey

x . . .
SNTI) the entries of the Hessian matrix of on

C2s
N+ 1Sl T
1.2 ¢34
(N +1)s3w(y—1z)s"

|(Hon(2,9))i;] <

(HX[on(z,y))ij] <

Proof. The proof works in the same way as the proof of Theorem [2.3] First the derivatives are calculated
directly via the product rule, then the according terms are grouped together in the right way, and an



2.2. LOCALIZED KERNELS ON THE ROTATION GROUP 35

estimate is shown. For abbreviation, we suppress the dependence on x, y in the following. By the product
rule we have

XPXPXVon = —XPXPerdy — (2e:XPey, + ex XFe;)on — €265y - (2.13)

Suppose we have
1+ cos(w) €;
Xfep = —e; — )2
Lk cick ( 2sin(w) ) 2’

see (Z.11), then the factor in front of & is calculated as

XiXier = <1+COS(M))2 (efer — (1 —ef)ex) + (1 i COS(M)) ( ?%ek) + eiej)

2 sin(w) 2sin(w)
ek
+ 1

and the factor in front of 5y as

1+ cos(w)

2e; X7 XTe;) = -
(2eXier + exXie:) (25111(0.})

) (—Qefek +erp(1— e?)) + eje;.
This means,

XX Xjlon = ((361@6? —ex) (
1+ cos(w)\” 1+ cos(w)
2ere? —ep) | ——— 2 ) —epe? | ——2
! <( e ( 2sin(w) > PO 2 (w)

1+ cos(w) er \ .
tee; [ ————2 )+ =
i ( 2sin(w) ) 4 N )

I

— e (2.14)

For this reason, again by using (Z.12) we have for w € okl

IXFXFXYon| < (13ere; — ex|(N + 1) + |esej|) o]+ eFer[F x|

a

CL 7
+ leie;| (N + 1) + u> |G N |-

1+ cos(w)
2

exe? cos(w) — ek ( )‘ (N +1)?

Now, we use that [3eie? — ey | < 1, |ere?|, |ejer| < %, leiej| < . and

1—|—cos(w)>‘ 1

exes cos(w) — ep ( 5

to derive for N > 2s > 12
2

Gl 4+ (N 4+ 1)21.04/6 |
3\/gl NI+ ( ) o]

IXEXEXPon| < (N +1)1.04|5 | +
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With Theorem 2.l and the observation that
C2,s _ 4s +1 < 1
c3s  9s—27 2
Cls _ 2s < 1
C3,s 9s—2 ~ 4

)

)

we have
1.2- C3.s

Xrxzrxy < .
‘ i < kJN(‘rvy”— (N+1)5—3w(y_1x)5

In the case k = i, we calculate

XTXTXVon = —3ei(1 — €2) <m> G (w) + 2e:(1 — €2) (my G (W)

1+ cos(w)
2sin”(w)

Fel—e) ( ) Fr(w) — B (w), @.15)

which yields

XPXE XY o] < Blei(1 = DIV +1) (Jok] + (N + 171y +1efllon],
1

S TEE = (3(1—€2) (cas +c1.5) + €dess)

C3 s 2 1.2- C3.s

<O 101(2.25— 1.25¢2) < —— 2 s

=N 1 153w il €i) < (N + 1)s—3ws
<1.2

This shows the estimate for the on-diagonal entries of the Hessian. For the off-diagonal entries observe,
that we have for n # j, i the following sign combination

Xfe, — —cc <1+C<>S<w>> LY

! 2 sin(w) 2’
1+ cos(w) e;

X7 n — —€€n | —(— 7~ a0
i€ Kk ( 2sin(w) > 3
1 n

X"Fei = —€45€4 LS(W) + i
J 2sin(w) 2

This gives

S 1 . v 1+ cos(w) .-
X X onN F §Xj ON = €i€p (UN(W) - %T(w) (w))

and therefore, using (2.12) and Theorem [2.1]

1 =z !
X2 Xgon F 5XFon] < leien] (13 (@) + (N + Doy @)])

leien|

S W 1)z (2 00

Since 25 < 1 and |eje,| < 4, we get
C2,s

1
XXy - X7 < ——FF—
KXo F 5 X onl < I yemaee
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which shows the first inequality. For the second one, we calculate

"

1 ~ xT xr xT ~
X7XiXYon F infX;{aN = —X;”X””enaﬁv (e Xien+enXje + ein’en) ay(w)
( Xiendy(w) - €2ox())
(er en +enXje + e, X7 en) x,(w)

/N

—eejendy(w

l\D\»—t

= —XfXxen(ﬁV w

~’” 1 1+ cos(w)\ . N

—eejendy(w) £ 3 ( < 3 sin(@) ) oy (W) + efﬂN(“)) ’

with
2
e + e — e
X7 X e, = 2ejeie, ! —|-.cos(w) T 1+ cos(w)
! 2sin(w) 2 2sin(w)
i eiejen (14 cos(w) N 1 Los(w)

sin(w) \ 2sin(w) 2\ 2sin(w)

and

T T z 1+ COS(W) e + 6% _ 612
(ejXTen+enXiei+ e XTen) = (—3eiene;) ( 2sin(w) ) ’ 2 ’

Putting this together yields

XiXX)on F anX}{aN = <Seiejen ( 5 sin(w) ) + 5 Fy(w)

_ <Qei€j€n (W)Q T eicjen <m>

2 _ . , B
= - 2 e < 251CI:)(S(4(J) )) )UN(W) —eiene;joy (w). (2.16)

Again using (2.12), we can estimate
TYvIT VY 1 T vy |€12 2‘ "
[ X7XPXRon F 5 X Xqon| < | 3leiejen| (N +1) + T o n ()]
s lef — ¢ N
+ | 3lesejen|(N +1)° + T(N +1) | |on(w)]

+ eiene;||ay (w)]-

NI

3
With Theorem and |e;ene;| < (%) < 4. as well as 2— < 1 and Z}s <
N >2s>12
C3,s

1
XIXrxy X7 XY < e
| J M nUN:F2 n nJN| = (N+1)S—3w5

In the same way one calculates

]_ i€ i
XPXPXVon F X"”XyaN <ej(3e§ —1) (M’S(“)> ¥ 6;) (W)

2sin(w)
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€ien (1+cos(w)> ieg>0N( ) — e2e;6m (W), .17

38

2 2sin(w) 4
leading to the estimate
T ve vy 1 T vy 2 ‘e’iej|
| X7 XX on F anXi onl < | le;(Bey — DI(N +1) + 5 |6 (W)]

+ (Iq(e? cos(w) + 1)|(N +1)?

"

leenl el )5
+ 5 (N + 1)+ =5 flon @)+ lefe;llon (W)].

ej|<1, and thus for N > 25 >

efe;| < \[7

(e cos(w) +1)] <

We have |e;j(3e? —1)| <

12
1.2 C3,.s

1
XTXTXY —XEPXVoy| < -2
(X7 XP X on F 5 X0 zUNI_(NJFl)S_g,ws

For the last inequality one finds

1 1+ cos(w) €ne;\ v
T YT vy z vy _ 2 n-j
XinXjO'N:FanXjO'N— (ei(3ej1)( 2sin(w) >:|: 3 >0N(w)
( 2ese? — ) 1 +cos 2 1+ cos(w)
/ 2sin(w) 2sin” (w)
ejen (14 cos(w) L o
i 2.18
2 ( Dsin(w) ) |ONW) TN (@) 18)
Using similar estimations as before, one shows
] 1 ] 1.2 ¢c3
XTXEXY ~“X*XYoN| < 2 —,
| X7 XF X on F 5 XnXfon| < (N + 1)s=3ws

O

1) < , 0 <6 < 5 we have the following estimates

Lemma 2.5. Fors € 2N, s > 8 N > 2s, w(y 'z +
(Hon(z,y))ii — &}’V(O)‘ < %(N +1)%62,
(o)l < 2V 41707, 04
(X)) < de (V4 1%+ 07+ 120°) 4+ S 4 1)

Proof. Since
1 ’ 1"
Lreostw) ) 250 () + o),

XrX® =
i A ON 2sin(w)
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where w = w(y~ ') again denotes the rotation angle and e; = e;(y~'z) denotes the i-th component of

the rotation axis, we can write

(xexzan =3 0)) = (1= ) (Fgr () k() 2.19)

+ (Fnw) - v ().
The second term can be estimated using

k2w? )

(1 = cos(kw)) < 5

(2.20)

For this reason, we can estimate using Lemma[2.2]

(a}'v(w) - 5};(0)) -t igs (2(Nk+1)) k(1 — cos(kw)),

|\9s—1||1 N =

We show that the first term in (2.19) is less or equal to zero and bounded in absolute value by the second
term. Since

(g e =) = qu () 4 (oo = Gy sinth).

it is sufficient to show that foreach 1 < k < N

(cos(kw) _ m sin(k:w)) <0, welo, NLH]. 2.21)

First, observe that the lefthand side in (2:21) equals zero at w = 0. Now we show that the lefthand side is
also monotonically decreasing. Its derivative is given by

) 1 (14 cos(w) sin(kw)
— ksin(k = - k . 2.22
sin(kw) + 2 < sin(w) ) (ksin(w) cos(hw) (222)
To proceed, we show that foreach 1 < k < N
1 in(k
—’_,COS(W) sm'( w) _ cos(kw) | < ksin(kw). (2.23)
sin(w) ksin(w)
On the interval [0, +1] this is equivalent to
cos(kw) sin(w) 1
k - <k—--. 2.24
cos(w) sin(kw) - k 2:24)

The function on the left hand side equals k£ — % for w = 0. To get the desired estimate we show that

the function on the lefthand side of (2.24) attains its maximum on the interval [0 atw = 0. The

)
derivative of the left hand side of (2:24) is given by

ksin(w) + ksin(w)  cos(kw) cos(w) _ kot (hw) sin(w) (cos(kw) ~ cos(w) ) .

sin? (kw) - sin(kw) sin(kw)  ksin(w)
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We have £ o sintkw) 4,6 16 the power series representation of the tangent function, and accord-

cos(w) cos(kw)’

ingly

(Z?;E::j)) B kcgisn(g» <0.

(2.25)

This means the function given by the left hand side of (2.24) is strictly monotonic decreasing on the
interval [0, & +1] Thus, it attains its maximum at w = 0. Hence, the function in (2:22) is strictly negative,
which implies that the inequality (Z.21)) holds. The first term of (2.19) can be bounded in absolute value

by

1 + cos(w) _/ ~u ’ < ) 5
———opn(Ww) —on(w s k
‘ 2sin(w) v = on(e) s 1”1NZg 2(N +1

As seen before in (2.21), we already know that

s(kw —71+Cos(w)sin w)| = 71—|—cos(w) in(kw) — cos(kw
cos(kw) 2k sin(w) (k )‘ <2ksin(w) sin(kw) — cos(k )>7
_ 1+cos(w) .
= m Sll’l(k’u}) — COS(ICUJ).

cos(kw) —

Since sin(kw) < ksin(w), we see

1+ cos(w) . k2w? 0
_ - P <1_ < -
cos(kw) Sl sin(@) sm(kw)' <1 —cos(kw) < 5 WE [0 Nl
which shows ~
ds
X2 X7on = an(0) < SN +1)%
Moreover, R
1+ cos(w) _» o ds 252 0
— - < 2(N +1)%6 .
s )| < GOV 1P we ]

Similarly, we have
T VveT 1 T N 1 —+ cos(w !
XIXJon F §Xj ON = €ien (UN(w) - ()O'N(w)> ,
which yields, since |e;e;| < 1,
|XIXw0N :FX O’N|

For the third mixed derivatives one has in the case n # @

2 sin(w) 2 sin(w)

1+ cos(w) .
2k sin(w

XeXE Ko = (2ene] —ea) (D) (50 - (L2 )

vt () (-5

1+ cos(w) - _n | en .
+ eje; (<2sm(w)) on(w) — crN(w)> —ele oy £ ZUEV

(W),

] sin(kw)| .

(2.26)

(2.27)



2.2. LOCALIZED KERNELS ON THE ROTATION GROUP 41

. . 14-cos(w)
as seen already in (Z.14). Since —=>< < 1, we have

(15) () 0 ) (50 (29 )
(2.28)

< ksin(kw),

see (2.23). Consequently, since |+ |(|2¢ — 1| + 3¢?) < 1, this yields
- 1 g,
I XFXPXYon| < ds ((N +1)%6 + i(N + 1)262) + CZ(N +1)d.

In the case n = i we have, see (2.19),

XeXXtow =261 - ) () (L)) 5, 0) - o)

2 sin(w) 2 sin(w)
- e) (el ) (T 5 w)) - o)

Using 2|e;|(1 — e?) + |e?| < 1, this results in
(X7 X XPon| < ds(N +1)%.
Observe that we have for n # j, i the following sign combination

Xien = —eien 1+ coslw) +.Cos(w) &
2sin(w)

1 i
Xeen = —ejen <+COS<W>> L6

J 2sin(w) 2’

1+ cos(w) en

X% = —eje; | D)) 4 O
i€ h < 2sin(w) ) 2

Accordingly, as seen in (2.16)),

1 1 ., 1
X; X7 Xfon F 5 X5 Xlon = 2eic;en (WS(“’)) (6N(w) _ (JFCOS(“)) 63,(@;))

2sin(w) 2sin(w)
+eiejen (M) (a-}’v(w) - ZfrleZ))) — eiene;om (W)
292 (S - () ).

3
so we can estimate using (2.28) together with |e;e,e;| < (%) <i
T YT 1 x 7 1 3 1 252
XinXgJN¥§XnXgUN < ds §(N+1) 6+Z(N+1) 1) .
Similarly, we have, see (Z.17) and (2:18),

1 1+ cos(w)\ (. 1+ cos(w) -
XTXFXY ~XXVon =2ele; | ——— P — | —=—2 |7}
ji A 0N + 9tnti ON €; €5 ( 2 sin(w) > (O—N(w) ( 2 sin(w) UN(w)
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~ o) () (a0 - ) - ey

2sin(w) sin(w)
79 (g - () ) 5 2avto)
and
XX XVon %ng;‘aN = (2ei€? — €;) (M) <5§'v(w) - (W) 5N(W)>
£f%%w%(ﬁﬁ$»mw)
which yields

C

1 - 1
‘X}XfX?aN F §X§X§’oN < d ((N +1)3% + §(N + 1)252> + ZS(N +1)4,

1
’XfoX]%N F 5 Xn X on

§&0N+U%+;N+n%ﬂ.

O

The previous statements, i.e. Theorem 2.3} Lemma [2.4] and Lemma [2:3] give pointwise control of
the absolute value of the interpolation kernel and its various derivatives. The last lemma of this section
provides bounds for summing up those pointwise expressions. In combination with Theorem [2.3] and
Lemma[2.4] we use it in the next section to bound off-diagonal entries of the interpolation and the Hessian
matrix.

Lemma 2.6. Let x; € X, where X C SO(3) is a discrete set obeying a separation condition of p(X') >

NV+1 with v > 7, and let x € SO(3) such that d(z,z;) < Eﬁ, Jor 0 < e < 1/2. Suppose f :

SO(3) x SO(3) — C obeys,

€T o
@) < S

forx # yand s > 3, then
Crag

EE: |f(m7$iﬂ S

:EiGX\IJ‘

where a. = ((s —2) - min{27- (1 —&)™° + 124,124 - (1 — £)~*}. Here ¢ denotes the Riemannian Zeta
function.

vs '

Proof. For x € SO(3), with d(x, z;) < e~ for some z; € X, we define the ring about x by

N+1
vm v(im+1)
m 1= : <d(z,y) < ——},
S {y € SO(3) Nils (,y) Nl }
for m € N. By definition we have S,,, = () for 1\71”1 > 7. Moreover, as shown in [Schmid, 2009] we can

estimate the number of elements in the intersection of S,,, with the set X' \ {z,} for m > 1 by

card(X \ {z;} NS,,) < 48m? + 48m + 28 < 124m?.
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Observe, that B__»__(x;) N B

2(NF1)

(l’n) = (Z)forxi7xn S X\{!L‘J} ﬁS() and

v
2(NF1)

U B, (2:) C B o (z).

z;€X\{z; }NSo

By the translation invariance of the Haar-measure ), this shows

M B_sv_(e) v sin(5ates)
card(X\{mj}ﬁSo) < ( 2(NFD) ) _ 2(N+1) 2(N+1)

(Bt () 7 — (e

We derive the following bound
3r — S%n(?ﬂ‘) <7
r — sin(r)

or equivalently sin(3r) — 27sin(3r) 4+ 24r > 0 for r € [0, 7]. Observe, that the lefthandside equals zero
for r = 0. For 0 < r < 7 the derivative obeys

3 cos(3r) — 27 cos(r) + 24 = 48 sin? (g) (cos(r) +2) > 0,

which shows
card(X \ {z;} NSp) < 27.

Since d(z,z;) < ex%y, we have d(z, x;) > (ﬁvf_ﬂ” for z; € X\ {z;} N'Sy. Using this and the locality
result (2.3), we can estimate for s > 4

.2, cf _ = Cf ’
2 MmN ey T 2 (NED).dma)y

T €EX\x; z;€(X\z;)NSoy m=1z;e(X\z;) NS,
27cs (1 —g)® > 2
< 2= o, m_
Vs = (mv)?

27cp(l — €)™  124cp = 1
LD
m

Vs VS

(2701 = &)= + 124)c (s — 2)

vs ’
where the last inequality follows by the definition of the Zeta function. On the other hand, we can define
the rings around z; again by

(I=em

Sm = {y € 50(3) : < d(ay,y) < LZOMmE )

N+1 — N+1

.

Since d(z,7;) < ey, we have d(z,z;) < ed(z;,z;) for z; € (X \ z;) N S, and consequently

d(z,z;) > d(z;,z;) — d(z,z;) > % Using this and the locality result (2.3)), we can estimate for
s>4

T, T; 3 o
Z |f(z,2:)| < Z Z ((NJrl)d(x,iZ?i))s’

T, €X\x mzlz,;e()(\mj)ﬂgm

> i
< 124c S LU
! = (1—e)*(mv)®
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124cy i 1 124c((s —2)
~ (1—¢)svs — ms=2 (1 —g)svs

O

The derived bounds for the kernel and its various derivatives are used in the next chapter to construct
and validate a dual certificate, that ensures the unique solvability of the minimization problem

i , subjectto Sxpu = Syu*. RP
MeMI(rslgl(g),R)”“”TV j N =Sy (RP)

As discussed in Section[I.2.2] the dual certificate is constructed as the solution of a Hermite-type inter-
polation problem, which we see in more detail in the next chapter.

Notes and References. Localization estimates for trigonometric polynomials with coefficients generated
by sampling a smooth function are well known, see e.g. [Mhaskar and Prestin, 2000] and [Kunis and
Potts, 2007|]. The paradigm of building localized kernels from orthogonal function systems, that obey
estimates similar to (2.1), is valid in very general settings, see [[Filbir and Mhaskar, 2010]]. Nevertheless,
those kernels only allow for asymptotic estimates, as the appearing constants are not known explicitly
and the behavior near the diagonal is not clear in general.

Localization estimates with application to stability results in scattered data interpolation on the ro-
tation group can be found in |Grdf and Kunis, 2008|], where also weights generated by sampling Spline
functions are considered. The contribution of this chapter is to provide analog estimates for the various
derivatives of a kernel of this form and to get pointwise bounds near the diagonal.



Chapter 3

Dual Certificate and Error Estimates

The aim of this chapter is to construct a dual certificate, i.e. a function ¢ € IIy(SO(3)), such that for a
given set of points X = {x1, ...,z } C SO(3) and a given sign u(z) € {—1, 1}, we have

q(zi) = u(zi), = €X,

lg(z)| <1, ze€SOB)\AX.

As seen in Section [I.1] constructing such a dual certificate for all possible signs is a sufficient criteria for
a signed measure p* with supp(u*) = X to be the unique solution of the minimization

@3.1)

. [ullTv, subjectto Sipu=Syu*. (RP)
Since we have to find an interpolating function ¢ € I (SO(3)) for each possible sign, the support points
x1,...,2 cannot get arbitrarily close. We demand a minimal separation on the support points, i.e. a
condition of the form X y
p(X) = mi’mjg}gg#mjw(xi zj) > N1

where v is a given constant. In Section[3.1] we construct a candidate for a dual certificate using a Hermite
interpolation under the separation assumption (3.2). We see in Section [3.2] that v = 36 is a sufficient
assumption for the candidate function being a dual certificate, i.e. obeying the conditions (3.T).

We close this chapter considering the case, that we cannot access the low frequency information Sy, p*
exactly, but only corrupted by noise of the form

Sy(u* +n),

with [|S*n|2(so(3)) < €. In this case, we solve the Thikonov type minimization problem

(3.2)

1
i —|ISh (e — p* = n)|? ) RP.
NeM{ggl(B)’R)?II N =" =mi2so@) T Tliklry (RP)

For a polynomial operator K, mapping to I, (SO(3)) for L > N, i.e.

Kif(z) = / F () Ko (,9)dAw),
50(3)

choosing 7 = ¢ yields bounds of the form
KL (e = 1) loo < C - 1KLlloo - sT v - T,

where 1, is the unique solution of the problem and sy v = £ is called super-resolution factor.
This is the content of Section[3.3]

45
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3.1 Solution of the Interpolation Problem

In this section, we construct a candidate for a dual certificate, i.e. a function ¢ € IIy(SO(3)), such that
the conditions

q(z;) = u(zi), = € X,
lg(z)] <1, ze€SOB)\X
are fulfilled. Heuristically, the interpolation points are local extrema of the function g, which means
that the first derivatives have to vanish at an interpolation point. We consequently solve the Hermite
interpolation problem
q(z;) = uj,
Xiq(x;) = Xaq(x;) = Xaq(x;) = 0,

forj =1,..., M. To find a solution of the Hermite interpolation problem in the space IIx (SO(3)), we

determine coefficients o 0, aj,1, 05,2, 53 for j = 1,..., M in the kernel expansion
M
q(x) = Zaj_,ooN(x,xj) + Oéjle%O'N(.’E,(Ej) + ajnganN(x,xj) + aj?ngaN(x,xj),
j=1
satisfying
oN XTon Xion XSon Qg U
Ko :— X%O’N X%X%O’N X%X%O’N X??X%O'N a1 _ 0 (33)
’ X%’UN XfXé’UN X%chrN XngUN Qg 0|’ ’
XgO'N XlzX;?CTN X%XBZ,/UN X?ng:‘;!O'N Qa3 0

where the entries in the matrix corresponds to blocks of the form o = (on (2, ;) _; and in the
same way for the derivatives. The blocks in the vectors are given by ay, = (o ;) é-”:l, fork =0,1,2,3,
and v = (u;) j]\/il. In the case this matrix is invertible, we have that ¢ satisfies the Hermite interpolation

conditions. Moreover, by construction of the kernel o, the function ¢ is always a polynomial of degree
at most V. For abbreviation, we write

O’ij:XfX;-!O'N, 17]117,3

We have to show, that the block matrix

with blocks given by

Ko =090 = on,
K, = "= [XVon XYon Xion]"
1= [001 002 003] = [ 10N 20N 30N] )
Ky = (o1 o020 o030 =|[X{on Xion Xjon]|,
011 0921 031 X%leO'N X%X%JN X:%X%CTN
KQZ 012 0922 032 — X%X%O’N X%X%}O’N XngUN
013 023 033 X%XgO'N X%X;)/JN X§X3y(TN
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is invertible. To do this, we use an two step block inversion to show that both the matrix K5 and its Schur
complement K /Ky = Ko — K1 K5 'K 1 are invertible. To show the invertibility of K5, we split up Ko
in the first step furthermore into blocks as

Koo Ko 1)
Ko — ; 1)
2 <K2 1 Koo
with
Ky =011,
T
Koy = [o12 o13]

b

Rz,l = [021 031] )

Koo = 022 032
227 oy o33

This shows that K is invertible, if K  is invertible and its Shur complement in K> given by
S=Ky/Kyo=Kso— K2,1K£21K2,1
is invertible. For the invertibility of K5 o, we proof the invertibility of
o33 = X§ X3Jon
and its Schur complement in K5 5 given by

T = Ky 3/033 = 029 — 032 (033)71 023.

Having this, we go backwards determining the inverse of K5 and in the end of K. For this purpose, we
use that a matrix A is invertible if
1 = All <1,

where || Ao = max; ), [a; ;|- In this case the norm of the inverse is bounded by
1
A oo < 7>
1- ||I - AHoo

see Appendix [C] In the following Lemma we bound the norms of the corresponding entries in the kernel
matrix K.

Lemma 3.1. If the separation condition (3.2) is satisfied, we have for any s > 6 even, N > 2s with
Cis = 124¢; 5((s — 2) and ¢cs = 0:999_ she estimates

2(s+1)
17 - oualle < 22, o], < l_lc
looillog s lloollog < W loisloe < %ﬂ)z fori# ;i #0,
- o] | <« P B oy < ey
= v (N +1)7 (1= £22)

where the constants ¢; s are given in Theorem@

Proof. The proof follows directly from applying Lemma [2.6| together with the bound for |6;{,(0)\ given
in Lemma 2.2 O
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Theorem 3.2. Suppose the separation condition (3.2)) is satisfied for some v > =, such that for s > 8
even and N > 2s, there is a constant b > 4, with

v®>b

02,5
)

Cs

(3.4)

where the constant cs is given in Lemma[2.2land Cy s in Lemma[3.1| Then the matrix K is invertible and
for u, b1, by, by € CMX1 sych that

(7)) u
ar | | b
(69 =K bg ’
[0 %] b3
we have
2
< P
Joolle = C0.9) (406 = Bl + 755 (1011w + el + Pl ).
|uHoo 4
o oo < ( o (O D ille + Pallc + sllsc) )
2||u|\oo 1
Jaslloe < <N+1 T (0= Dlealloc 1] 5] )
2lJuloc 4
< -2
|a3m_c<b,s>((N+1) v 72 (0~ Dbl + el + ls]lec) )

with C(b, s) = m. < 1andby = by = b3 = 0 we have the bound

Cs
agi|l>1— —77——.
04l 2 4(b —3) — ¢,
Proof. In this proof, the quotlent - > appears quite often, so we will denote it for abbreviation by
o 02,5
aj = .
csV’

It represents the quotient of the off-diagonal upper bound and the on-diagonal lower bound. The assump-
tion of the theorem then reads as

1
ai S 57
with b > 4. Oberve, that we automatically have b > 3 + 5 for all s € 2N. Using Lemma we can
estimate
ol < Ty
®© T co(N+1)2(1—ay)
and
GO = Fapfoss|| <[5 = om||_+ losallc flozat | Norsslc
Cos(N +1)?
S 2,8( + ) <1 + C2,s ) )
Vs csv® — Co g
This means

HI_ Ky 2/033
%0 |

~ 11

2
< 1 Cys(N+1) (1+ Cs2 )
|5 x (0)] ve

csv® — Ca g
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For the expression on the right hand side, we get

Ca,s (1+ Cy. s >: Cos a1 (3.5)

cyVs csv® — Co s csv® — Ca s 1—a

Since a1 < % withb > 3 + %S, we have the bound

aq 1
<——x<1 3.6
lfal_b—1< ( )

and consequently
(N+1)72(b—1)

H(Kz,z/(fsg)leoo <

cs(b—2)
This shows the invertibility of K5 2. Accordingly, this yields with T' = K o /033 the representation
- T-! —T o35 (033) "
K 1_ < a - 732033 ) 37
(K22) —(033) o T™ (033) "+ (033) 093 Lo (033)

In the next step we show the invertibility of the Schur complement of K5 2 in K, which is given by
KQ/K272 =Koo— K271K2_7§ K5 1. By the quotient formula for Schur complements, see Lemma we

can express Ko /Ks o as
Ky/Kso = (K2/033)/(K22/033).

Thus, we have to look at the matrix K5 /o33. Using the alternative partition of K5, given by

A B
K2 = (C 0_33) )

with

shows that we have

—1 -1
_ (011 —031(033)” 013 021 — 031 (033) 023)
012 — 032 (033) " 013 022 — 032 (033) " 023/

K20 Ko
=: ’ ’ . 3.8
<’C2,1 K2,2/<T33) (3:8)

This means

Ky /Koo = (Ka/o33)/(K22/033)

=011 — 031 (033)_1 013 — ’CQ,l (K2,2/U33)_1 ’C2,1-
So we can estimate using Lemma and the derived bound for (K 2,2 /033) _1,

H—&;(,(O)I — KQ/KQ,QH S ‘ 5’;(,(0)] — 0'11H + HO’31 (0’33)_1 0'13H
e} e}
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+ Hlézl (K2,2/033)71 ’C2,1H )

aj
< co(N +1)? .
se(NVH1) T
For this reason,
I K2~/”Kz,2 < ai
N (O) 5o 1-— 20,1
Again, we have
aq 1
< —<1,
1—2a; — b—2

which gives the invertibility of K5/K5 5 with

_ N+1)72(b—2)
Ky/Ky5) " H < ! .
H( 2/Ha2) | = cs(b—3)
This shows the invertibility of K5. If we denote S = K5/ K> o, then the inverse is given by

Kyl = ( 571 . _S;1R2,1K27,2i 1>
2 _K£2K2$1571 K£2 +K27’2K2’1571K2’1K27’2 ’

which has the blockwise representation

Aig A A
K;t=[ A1 Ass Asz |, (3.9
Az Asos Ass

where

A1 =871 Ay =-T'Kor A1y, Aio=—A 1Ko T7H

Az =—(Ai1031 + -/41,2032)03_317 Az = —03_31(013-/41,1 + 023A21)

Ago =T id — KopAi2), Asp=—05; (023A29 +013A12)

Aoz = —(A22032 + A2,1031)03_317 Aszz = 0'3_31(id — (023423 + 013A1,3)),

and K1, Ko,1 are given in (3.8). This leads to the following norm bounds
(N+1)"%(b—2)

T . (b—3) Z:ja

[Aijlloo < { ca(b29)
: (N+1) .
PRCEE i # j.

In the last step, we apply the same procedure to show the invertibility of R = K/K5. So, as seen before,
we use the quotient rule

K/Ky = (K/Kz2)/(K2/K22).
To calculate K/ K5 5 we split K into blocks as
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with

o o
A= |900 10
001 011

g g,
B = 20 30
021 031

Oo2 012
O =
1003 013

which leads to
K/Kyo=A—B(Ky2) ' C.

A lengthy calculation shows that we can write

_ K K
/i = a5 ) "0~ () o).

with
Ko = (000 — 030 (033) " 003) —Co T 'Ca,
K, = 52,1 - C~2,1T_1’C2,17
K1 =Goq —KonT Coy,

where /s 1, 16271 are given by @) and

1

Ca,1 = 002 — 032 (033) "~ 003,
Co1 = 020 — 030 (033)71 023,
Go1 =001 — 031 (033) " 003,
Go1 = 010 — 030 (033) " 013

This yields ~
K/Ks> =Ko — K1 (K»/Ka5) ™" K,

and therefore

1= K/Kalloo < I = Kolloo + 1K ool IK oo || (Ka/ B2 )™

o0
Observe, that we have the bounds

Cl,s(N'i‘ 1) 1

[Catlls 1C2 o G2 1 10 < 2 e

Using this, we can derive

1= Kollow < 117 = 0000 + 930 0 19031 [[(33) ™| _ + I1C2alloc[Cotlloe 1Tl
oo
< CO,S + Cl,s 2 2 ,
- s Vs cs(1—2ay)

~ ClS(N—I—l) 1
’C [ ok} ’C OOS : N
Rialleer 11 Ny

and similarly
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This results in

COS Cls ? 3
I — K/Ks|oo < — ’ '
[ /Kalloo < —2 +(ys> cs(1—3a1)

Ca s
2

Co,s s\’ 3 1 ay Cs
b b < _ s 1’
Vs +<1/s (1 —3a) ~4%T 3a; ~4(b-3) °

Since 2Cp s < C,s <

and b > 3 + $, we can estimate

and K/ K> is invertible with

K/K. *H <14
H( /) || = T3 -

This completes the last step and gives the invertibility of K. With R = K /K, we have

1 R! —R71K1K2_1
B =\ kiK' Ko's KoK RR Ko
2 1 2 2 1 1449

Using the representations (3.9) of the inverse of K3, a lengthy calculation shows the following block-wise
representation

Biix Biz2 Bisz Bia

Ba1 Baao Bas Baa

Bs1 Bzo Bss Bsal’

Byi Baz Bas Bia

K=

with
Bii= R, B2 = ~R7'K,57Y,
By =—-STUC R, Bao=S"t(id+ KRS
and
Biz = —(31,2162,1 + 31,162,1)T_1, Bia=—(Bi,1030 + Bi2031 + 51,3032)03_31
By =T (Ka1Bo1 +Co1Bi1), Bai= —033(003B11 + 013821 + 023Bs1),
Ba 3 = —(322762,1 + 32,162,1)7171» Bz o = _T*1(1C271322 +C2,1B1 2),
B3z = T~ (id - (K2,1Ba3+C21B13)), Bas= —03_31 (023832 + 013822 + 00381 2),
By = —(Byzosg + Baoosi + Ba1030)053, Bsa= —(Bs1030 + B3 o0si + Bz 3032)053

Bys = —033 (003813 +013Bos + 02383 3), Baa =033 (id — (003814 + 013824 + 023834)).

Accordingly, we can derive the following norm bounds

sl <1+ e Wohal sl < 5
(4(b—2) —¢;)(N +1)72
1B2,2]loc < Al =3) = 7
26— (N + 1) (N +1)2 2N +1)-1
Gl Bl = (b—2)(4(b—3)—cs)  (b—2)(4(b—3) —cs) = (4(b—3) —c5)’
20-3)(N+1)"" (b—5)(N +1)~2 (N 1)

1Bralloe, [1Balloo < (b—1)(4(b—3) —cs)  (b—1)(4(b—3) —cs)  2(b—2)(b—1)(4(b—3) —c5)’
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AN+
> (4(b— 3) _cs)a
(N +1)2 (4(b—2) — ¢ )(N +1)2 4(N +1)72
1B2,3l o0 [1B3,2]| 00 < (b—2)(4(b—3) — cs) + co(b—2)(4(b—3) — c5) < i
1Byl < C=2) )V +1)2

cs(4(b—3) —cs) ’
4(N +1)72
— v IBsalloo; [[Bagllec <
03(4(1) — 3) — cs) H 3,4H || 4,3”
(4(b—2) —cs)(N +1)72
cs(4(b—3) — ¢s) ’
Using these norm bounds, we get the bound

llaoll = [|B1,1u + B1,2b1 + Bi 3bs + B1,4bs]| o0,

4(N +1)72

< -
||BQ74||007 HB4,2HOO = 05(4(b — 3) — cs)v

[1B1,4

IN

o0

< 1Billoo[[tlloc 4 [1Br,2lloc [[1l[co + [I1B13l[ol[b2]loc + [1B1,4lloc 130
1 _
< m@@ = 3)ulloe +2(N + )7 ([brlloo + [1b2]loc + [1b3]10))

and in a similar way the desired bounds for a1, o, ag. Moreover, if |u;| = 1, ||u||oo < 1and by = by =

bs = 0, we can estimate

o = (1 (- 1)) ),
o (- ) ),
il = (7= ep2) ™) w),
1= |1 = K/ ) (/K)o

)

Y

Y

)

vV

Since b > 3 + 5, we have

(I = K/Ks) (K/K2) ™" wi| < ([T = K/Ka|loo|l (K/K2) ™" loc,
Cs
<— <1
SA0-3) e
and therefore .
J>1-—=
20l = 1= 5 =57,
O
Corollary 3.3. Suppose the interpolation points X = {x1, ...,z } obey the separation condition
36
: -1
y{rigj w(xj i) > N1l (3.10)
for N > 20. Then the interpolation problem (3.3)) has a unique solution, such that the coefficients obey
0.02+2-107°
oo<1 '174 'oo<—7 .:15277
Joolle 146107 oyl < =10, G =1,2.3

and
lags] >1—6-107%

Proof. Tt can be checked that the condition (3:4) is fulfilled for the parameters v = 36, b = 28 and
5 =38. O
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3.2 Bound for the Interpolant

Next to the interpolation conditions, guaranteed by Corollary [3.3] we have to show that the interpolant ¢
fulfills the second assumption in (3.1I)), namely |¢(z)| < 1 for = not being an interpolation point. We split
the proof into those x € SO(3), which are close to an interpolation point, which is Lemma and those
which are well separated, governed by Lemma[3.3]

Lemma 3.4. Suppose the separation condition (3.10) is satisfied for N > 20. Then for all x € SO(3),
such that there is a ., with w(z,'x) < 2(NL+1) we have for the interpolating function q of Corollary
3.3

lq(z)] < 1.

Proof. The proof is based on a concavity respectively a convexity argument. We show that in the pre-
scribed neighbourhood of an interpolation point x,,, the Hessian is negative definite in the case u,, = 1
and positive definite in the case u,, = —1, using the Theorem of Gerschgorin. For this, first observe that
the Hessian matrix for a function f is given by

XiXaf XiXof XiXsf 1 0 Xsf —Xof
Hf = | XoXif XoXof XoXzf | —- | —-X3f 0 Xif |- (3.11)
X3 Xuf X3Xof Xs3Xsf Xof —Xif 0

If we apply this to the function constructed from the interpolation problem

M
g(x) =Y ajoon(w,2)) + an Xfon (@, 25) + ;. XJon (@, 2;) + aj3 XY on (z, 2;),
j=1

the diagonal entries of the matrix are given by
M
XiXq(z) = Zaj,onXfUN(%xj) + a1 XP X XY on (@, 25) + 0o XTXT XS on (2, 25)

i=1
y
+ a3 XX Xon(z, ;).

For the estimates of the entries of the Hessian, we use Lemma[2.4] 23] [2.6] @and@with the following

parameters s = 8, v = 36, b = 28,0 = %, cg = 222, &g = L% and dg = 2% . We assume
that u,,, = 1, since the estimates for u,,, = —1 are completely analog. The first step is to show, that the

diagonal entries are negative. For this, we estimate

3
X7 XFa(x) < aomXTXFon (@, 2m) + ) lanlloo [XFXTXYon (2,200

n=1
3
+laollee D IXFXFon (@ ap)l+ ) llanlle Y |1XFXTXYoN (2, 25|
T;FTm n=1 TjFTm
The first term can be estimated using the bounds of Lemma[2.2]and Theorem [3.2]
aom X XTon (2, Zm) = aom X XTon (2, 2) + aom (X XTon (2, 2m) — X XTon (2, 2)),

= 0. (0) + o (XfoaN(x, ) — &}’V(O)) :

< —cs(N +1)° (1 - 4<b—3>—)
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i

(14 s ) (xextonteen) - 55(0).

By Lemma[2.5] we have the bound

%
5N+17

i

(XrXfon(e,om) —53(0)) < TN +1)%2, weo

which yields

(b—3) 2(b—3)  2cs
< —4.518-107% - (N + 1)

6%d,
o m X X on (2, 2m) < —(N +1)? (1 + 468> s (1 s 8)
s

In addition, we have again using Lemma [2.3]and Theorem 3.2]

4(b—3) —cs 21 4dg - 212
<8.044-107* - (N +1)?,

3 ~

-~ 6(N +1)% )
>l 1X7 XXt (200)| < do e o500 (1 25
n=1

as well as, using Lemma with a5/, = min{22(1 — 2)78 + 1,(1 — £)~8} and the assumption
e > ps
cg ’

cs > csas), (N +1)°

|lco]] oo Z |X;CXZ»IUN(JU,$]')| < <1+4(b_3)_08 b )

T F T

<2.601-107% - (N +1)?
and

2csas
D

3
C3,8
E An oo E XZX?X:‘{O' T, T; S3 > e
— H H B | N( ])| 02,8 b(4(b _ 3) _ 08)
J m

<331-107%- (N +1)2%
Inserting the parameters, we find
XPXPq(x) < —4.144-1072 - (N +1)2

For the off-diagonal entries of the Hessian matrix we have

M
1 1
XiXfqF ;X5q= Z Q.0 <X;7X§”0N(a:,xj) F X,faN(x,xj)>

2 , 2
Jj=1
2 1
+ Zaj,k (X;’XfX}faN(x,xj) F QXfZX;fUN(x,xj)>
k=1

and therefore we can estimate

1 1
XEXE0F X201 < ool X3 XFon (,00) F 5 X (0,0
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3
1
+ Z ok lloo | X7 XF X oN (2, 2m) F QX;JX,fJN(m,xm)'
k=1
1
+ |lao]|oo Z XfoaN(xmcj) T infUN(m,xj)

Z ;5 FTm

3

1

+ > llakllee Y XjX{Xjon(@,a;) F 5 X Xion(z,2))|
k=1 TiFELm

Lemma [2.3|and Theorem [3.2]yield

1 Cg QCig 2
o | XFXT , T —XZ )| S [ 14+ —————— | (N +1)°—67,
||0[0H ‘ j zJN(‘rx ):F2 nJN(xx )‘ ( +4(b—3)—88>( + ) 4
<5.149-107% - (N +1)?,
as well as

3
> lanlle

k=1

1
XXX on(x,2m) F injX,faN(m, xm)‘

!

IN

6(N +1)%5 B 5
X (N+1) 14 n ~Cs 7
4(b—3) — cs 4-21  4dg - 212
<8.044-107* - (N +1)%

Furthermore, we apply Lemma [2:4]to derive
1
loolle 3 |X XFor(,) % 3 Xeow(onz,)
TjFETm
N +1)2
< 14 Cg 08a5/1,( + ) :
4(b — 3) — C8 b

<2.601-1073 - (N +1)?

and

3

1

> llenlle Y ‘XfoX}jaN(x,xj) F 5 XaXfon(x,2))

k=1 T;FTm

<3. 8 ﬁ,
C2.8 b(4(b — 3) — Cg)

<331-107%- (N +1)2

Inserting the parameters results in

ow 1
| X7 X7qF 5 Xq| <8886 1072 (N +1)%

Since 1
X3 XPa(2)| > 21X7 XTqF 5 Xqdl,
and X7X7q(x) < 0 fori = 1,2,3, we see that the Hessian matrix is negative definite at x with

Amax (Hq(z)) < —2.36- 1072 - (N + 1)2.
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The definitness shows g(x) < 1. To show ¢(x) > —1 observe, that

3
4(z) = a0,mon (2, 2m) = ) llalloo X ow (@, 2m)l = laolles D low(z,z)]
k=1 T;FTm
3
=D el D [XFow ().
k=1 TjFTm

We have, using the Taylor expansion of cosine at zero,

Cg Eg 9
> - ] (1== > (.
aO,mUN(x7xm) = (1 4(b — 3) — Cg) ( 9 0 ) = 0.93

and

9640
k]loo| XYon (2, m)| < T °s <18-1073.

b— 3) — Cg
Using Lemma 2.6 yields

cs Cgag /v -4
- E Jz)| < (1 . <6.501-1077,
ol T FETm ot za) ( * 4 —3) — cS) 4b

2 C8as /v
4(b—3)—cs 20

[levke || oo Z | Xigon(z,z;)| < <2.601-107°.

TjFTm
Combining this results in
q(z) > 0.92.

The case u; = —1 is completely analog and one has Apin(H¢q(z)) > 2.36 - 1072 - (N + 1) and ¢(x) <
—0.92.
O

Lemma 3.5. Under the assumptions of Lemma we have that for all x € SO(3) with w(z, ' z) >

sovym Jor all xw € X the interpolating function q of Corollary ulﬁlls

lg(z)| < 1.

Proof. We can estimate

3
la(@)| < llaolloslon (@, 2m)l + Y ol XFon (2, 2m)]

k=1
3
tlaolee Y lon(z,z)l+ Y lawlle Y [ Xiow (e, 2))l- (3.12)
.’/Cj;é"/mn k=1 Zj FTm
First, assume that there is an z,,, such that w(z,'z) < 21\',4j’f. Using the Taylor expansion of the cosine

function at zero, we have with Lemma[2.2]

~(2) ~(4) ~(6)
on (0)] 5 1on ()] 4 |oN (0)] ¢
on(T, @) > 1— 5 W + o1 Y T e Y
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1.001

24 -120

1.011

N 14 4 SV
(N+ D)W = o a8

(N + 1)5u°.

It can be shown that the polynomial

L1001, 0999 , 1011

! 36 24 -120 6!-11-48

is positive for ¢ € [0, 2.457], since its derivative is strictly negative on this interval and the polynomial is
positive evaluated at ¢ = 2.457. Therefore,

‘O'N(mvxm” = UN(x7xm):

RO 5 5N

<1
= 2 v o1 Y

1.001 0.999
<1— (N +1)%w? N + 1)%w. .1
< 36( +)w+24‘120( +1)*w (3.13)

—to__| with tg =

The right hand side of (3.13) is strictly monotonic decreasing for w € [m, GEsy

24/10 - % and strictly increasing for w € 0 Ntf;_D , (21\‘[4_‘?’1’) . Furthermore, we can estimate

| XYon(z,2m)] < Es(N + 1)t (3.14)
as well as using Lemma [2.6]
cSat/l/

> on(za;)| < T

T FTm

s/, (N + 1
> [Xfow(rr) < ST Y,

T FTm

for t = (N + 1)w. Inserting the values b = 28, v = 36 and s = 8 for the bounds of the coefficients in
Theorem 3.2 results in

la(z)| <096, forw(z,,'z) € [2(N7T+ 1)’ (Nti 1)] ’
la(2)| <060, forw(z,,'z) € [(th)r 1)’ (12\7.4?;)} '

If there is a z,,, such that %\',‘f;r <w(z;tr) < Nl—fl, we can estimate in a similar way, but instead of the

Taylor expansion we use the asymptotic bound of Theorem[2.3] i.e.

0,8
lon (2, 2m)] < N+ )5

For the derivative we use the Bernstein inequality (T.14) to get
| XPon (@, 2m)] < (N +1)[lon (s 2m)|eo = (N +1).

This results in
lg(z)| < 0.95,
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for 2827 < w(z,'z) < 5. In the case w(z;

estimates similar to those of Lemma [2.6]

llaollooZIUN T, T |+Z”akHOOZ|XkUN , 5)],

Csa1/2

< s7E
~4(b—3) —cs

190) >

; for all x;, we derive with Theorem. and

(N+1)

lq(x)]

IN

< 0.032.

O

The combination of Corollary Lemma [3.4)and Lemma [3.3] gives the main result of this section.

Theorem 3.6. Suppose the points X = {x1,...,xpr} obey a separation distance of p(X) > Ng—ﬁl for
N > 20. Then for each sign combination u; € {—1,1}, there is a q € Il such that

q(xi) = wi, forz; € X,
lg(@)| <1, forze SOB)\X

As seen in Chapter I} the existence of a dual certificate guarantees, that the measure ;* is the unique
solution of the total variation minimization. For completeness, we will state this as a corollary.

Corollary 3.7. Suppose the support of the signed measure p* obeys the separation condition

36
minw(y 'z) >

*
min il x,y € supp(p”),

for N > 20, then p* is the unique real solution of the minimization problem

min , subjectto Spu=Snu*. RP
MeM(SO(g)R)”N”TV j N = SyH (RP)

Proof. Theorem guarantuees the existence of a dual certificate. Hence, by Theorem Sy has
the null-space property with respect to supp(x*) and Theorem shows that p* is the unique real
solution. O

On the spectral side, this recovery result means, that we can recover high frequency information of
the measure p* from its low frequency moments. Which means, we get access to

(" Digm)s 1Kl Im| <1

for all [ € N, and therefore can extrapolate the spectrum exactly from its low frequency parts. In other
words, we can construct the polynomial approximation S; to the measure p* forall L > N,ie. ST =
S; w* for the solution g of the total variation minimization (RP). If we cannot measure the low frequency
information of p* exactly, this is no longer possible. Instead, we introduce an error by extrapolating the
spectrum measured by the function

Spput = Spp
for any approximation p to the sought measure p*, that we construct via any process, and the higher

frequency L > N. Clearly, the induced extrapolation error, or super-resolution error, should depend on
the relation between N and L. This is the content of the next section.
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3.3 Super-Resolution Error Estimates

In the last section, we concentrated on the construction of a dual certificate, that guarantees the exact
recovery of the sought measure in the case of exact data. Nevertheless, one cannot assume that the given
moments of the measure are exact, but corrupted by noise. In this case, we cannot hope to recover the
sought measure exactly, but only up to an error, which needs to be controlled. It is therefore convenient
to substitute the minimization with a regularized version of it. In this section, we consider the
Thikonov-type problem

1

i Sx(p—p* —n)|? . RP,
MeM?slgl(?,),R)ZH N =" =m)li2so@) T Tllelrv (RP;)

We choose a deterministic noise model, i.e. the noise 7 satisfies

ISyl L2 (so)) < &

and € > 0 is called noise level. Since the functional

1 * *
Jr (1) = SlISN (1 — 1" — MI72(soe) + Tlulry

is weakly* lower-semicontinuous and strictly convex, we know that there is a unique solution of (RP,)),
which we will denote by p.. As seen in Chapter (1| see Theorem |[1.9} we already know, that ., will
converge to u* in the weak™ topology, as long as the regularization paramter 7 is coupled adequately to
the noise level ¢.

In the following, we consider the extrapolation error induced by ., i.e. we would like to control the
difference

SZ:U’* - SZ Hrs

with L > N. In the trigonometric setting, the first estimates in this direction can be found in [[Candés
and Fernandez-Granda, 2013||. The authors give bounds for the L'-error of the convolution of the differ-
ence measure with a high frequency Fejér kernel. Very recently, see [Li, 2017], those estimates where
generalized to L°° estimates, using a more general class of kernels.

We build on the work [Li, 2017] to show analog estimates for polynomial kernels on the rotation
group. Let K, be a polynomial positive semi-definite kernel of the form

L

l
Kp(w,y) =Y a Y Dji,(x)DL (), (3.15)

=0 k,m=—I

with a; > 0 and a; > a;1. As seen in chapter Kp(z,y) = f(L(w(y_lx)) with

L
RL(LU) = Z bkeikw

k=—L

and by, = El>| | @1- Clearly, this includes the Dirichlet kernel D r(z,y) as well as the kernel constructed
from the B-spline filters seen in Chapter[2] With this kernel we define the approximation operator Ky, :
L?(SO(3)) — C(S0(3)),

Kif(z) = / ) Ko (, 5)dA ).
50(3)

The bound on the difference K5 (11 — p*) depends on the quotient of NV and L given by

L

SL.N = N’
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which is called super-reolution factor. The aim of this section is to show the estimate

IKE (e = 1)l < C - | KLlloo - s - T

It relies on two pillars. First, the volume with respect to the difference measure |* — p,| of sets close
to the support of p* and its complement can be controlled by 7, which is shown in Lemma and is
independent of the chosen kernel K. Second, any kernel K, of the form can be quadratically
approximated near the support of p* with a low frequency function f € IIy, which is the statement of
Lemma[3.9] Both statements are built upon the estimates shown in Chapter [2] as well as the construction
of the dual certificate seen in the previous section. Consequently, we will assume that the support set
X = {x;} of the measure p* obeys the separation condition

min (w x;) > 36
w ? pi )

(3.16)

for N > 20.

Lemma 3.8. Suppose the support X = {x;} of the measure p* obeys the separation condition (3.16)
and pir is the unique solution of the minimization

ueM(SO(:s) R) 2” Snlw =" = 77)”“’ so@) T Tlullrv,

with ||SJ>§]77HL2(SO(3)) < 7. Then

/ d|pr — p*] <100 - 7,
(U; Br(z)°

(3.17)
Z/ w(x; Yo) 2|, — p*l(z) <213 -7 (N 4 1)72

forr = 72(1\;r+1).

Proof. First, we show that the solution of the regularized problem admits the following property

-
< * —
e llov < llp*[lrv + 5 G1s)

IS~ (ktr — 1) L2(s0(3)) < 2T

Since ., is a solution of the regularized problem, we have

2
-

Tllurllrv <7llplrv + 5 HSN( =1 =)llZaso@y < Tl + 5
which shows the first inequality. Again, since p- is a minimizer of

J
enslgl( lullrv + J (1),

with J(p) = (IS5 (1 — p* —n) ”%2(50(3))’ we know by Fermat’s rule that
0€ (7|l llrv + () (1r),
and consequently by the Moreau-Rockafellar Theorem that

T €8 lrv(nr),
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where .J/ denotes the Fréchet derivative of .J at p... We have
J' (1) = Re ((Sxp, Sy (1r = " =) 12),,
=Re ((u, Sy (pr — " = m))) -
Since 771J’ € 9| |1 || 7v, we know that
=77 s soe) = 7 ISk (e = 1 = 1)lloo-
This yields,
IS8 (1 — 1) 2(so)) < 1SN (e — 1" =)l z2(soe)) + 1SVl z2(so@)) < 27

For abbreviation, we now set v = pr — p*. The polar decomposition of v yields a function sign,,, such
that v = sign,, -|v|. By Theorem [3.6] we find a function ¢ € Iy with ||g|lcc < 1, which interpolates
sign,, on X'. Moreover, by inspection of the proof of Lemma|[3.5] we have that

c

lg(x)] <0.96 =1-0.04, forze || JB.(z))
J

For x € B,(x;), we can expand ¢ locally in a Taylor series given by

q(x) = q(z; exp(w(m}lx) log(xjflx))),
w(a:j_lx)z

2 e(x;'e)" Hy(w; exp(Elog(z; 'x)))e(a; ),

= q(z;) +

with €| < w(xj_la:). Close to an interpolation point x;, the proof of Lemma shows that the Hessian

is negative definite in the case x; = 1 and positive definite in the case x; = —1. We therefore have,
w(z; 'z)? -1 _
1+ s Tmaz (H (2 exp(§ 1Og(33j z)))), z; =1,
|Q(x)| < w(z'z)? 1
1+ —5—Tmin(Hq(z; exp({ log(xj ), = =-1,

and in both cases the absolute value of the eigenvalues can be bounded by 2.36- 102 (N +1)2, yielding

lg(2)] <1 -1.18-1072- (N + 1)%w(z; 'z)?, fora € | | By(x;).

J

With these properties of ¢ we have

/Xd|V|=/Xq(x)dV(x),
Ji 0 /(Uj ey 1)

/ q(z)dv(x) —l—/ dlv| — 0.04-/ d]v|
50(3) ‘ (U, Bo(@))°

—1.18-1072 - (N + 1)? Z/ w(:v;lx)2d|1/|(x).
—JU, B.(@))

<

_|_

4 / g(2)dv(z)| |
zj: By (z)\{z;}

<
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Rearranging yields

Z/ w(ee)2d v (x)
j Uj By (z;)

<85 (N+1)72. / q(z)dv(z) +/ d|v| —/ d|v|
50(3) xe X

and

/ v

(U; Br(2,))
< 40- / q(z)dv(z) +/ dlv| —/ dlv| ] .
S0(3) xe X

For the first term on the right hand side, we have using (3-18))

= (v, @) = [(v, Sna)| = [(Syvs @) 2]

/ g(z)dv(z)
50(3)

< IS3Vllzz(so@m) - lallzzsoe)) < 27

For the other terms on the right hand side, observe that since p* is supported in X, the inverse triangle

inequality shows
/ dp] + / djv] - / dlv] < Ile* + vliry = s llov-
X Xec X

Since [|pi7 || 7v < [[p*]lrv + 7/2, it follows, that

[am- [av<]
(/go(g)Q(x)du(x) +/Xcd|u—/Xd|V> <257

and the estimates (3:17) follows. O

This means,

Lemma 3.9. Suppose the points X = {x;} obey the separation condition (3.16). Then there is a function
feln, with || flloc <23-sp,n - || KL| oo, which fulfills for all x € SO(3)

f(yz) — Kp(z, )| < (1557 y + 15351, v) - |1 KL ]loo (N + 1)%w(z; y),

forally € B, (z;) and all v; € X withr = FIESE

Proof. The proof is based on Taylor expansion locally around each x; € X. Under the separation
condition on the points x;, we know by Theorem that there is for each x € SO(3) a function
fz € Iy, which fulfils the following interpolation conditions

fm(xj) = KL(CC,CEJ‘L

Xifol(wy) = (VKL(2,25))s = =K} (w(a) '0))ei(e; '2), i=1,2,3,
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for x; € X. Indeed, we again set the parameters to s = 8 and b = 28 and f has the form

3
foly) =) (Oéo,WN(yw’Ck) +) O‘n,kX%UN(yvxk)> :

k n=1
such that
106 - SL.N | + ~
o & ——||Kr||eo £ 1.07- N KL o,
faolloo < Jog e 1K sev - IR
SN ~ 112
n ||oo < ; K 00 2 — ],
[anloo < (N+1)(100_CS)II Ll ( + Cs) (3.19)
1K L[|
<2l-s . , =1,2,3,
=R TN
with cg = %39. Thus, Taylor expansion around z; € X yields
—-1,42
w(z; "y - -
[Faly) = Krlw,y)] < =5 |e(ay )T (H fal) — HEL(w, 2))e(; )]

with z; = z; exp(§; log(:z:j_ly)) and |§;] < w(xj_ly), meaning w(xj_lzj) < w(zj_ly) < sy Now
we estimate the spectral radius of H f,(z;) respectively H K (z, z;) using the Theorem of Gershgorin.
For the diagonal entries of H f,(z;), we get

3
XiXifa(2) = a0, X XFon (25, 05) + Y an j XX XYon (25, ;)

n=1

3
Z <a07kaXfUN(zj,xk) + Z o k1 X XTI XY on (25, xk)> .
k#j

n=1
As seen in Lemma@ we have for the interpolation point close to z;

IXFXFon(zj,7;)] < |6%(0)] < &(N+1)2<0.06- (N + 1),

) + %(N+ 1)% <1.61- (N +1),

1 2
R (LA s

XXX Yo (zay)| < ds (V417G + 4

with &g = 2001 and dg = 31001, Moreover, applying Lemmawith the parameters s = 8, v = 36,

b =28 and ¢ = = yields for the remaining interpolation points

cgaz(N +1)2

SIXIX o (22| < <3.107% . (N +1)%,

124 - ¢(6) - b
poy ¢(6)
3
8.4 N+1)3
SN IXEXE XY (00| < B0 W DT g g2 (v
. 124-¢(6) - b

n=1 k#j

Combining these estimates results in
3

X Xi £ (%)) = llolloo XFXTon (25, 25)| + D ool XFXT XVon (25, 25))|

n=1
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3
> <|ao|oo|XfXé”0N(Zj,xk) Y ||an|oo|Xf”XfX%0N(Zj7xk)l> ;

k]
<102-spn - | KLlleo - (N +1)2

n=1

In the same way, we can establish estimates for the off-diagonal entries of H f,(z;), given by

XX, fo ) F 3Kty =S (s Xtowto) 7 5 Xzox ()

+ Z ik (X;”XszaN(y, ) F 5

n=1

1
XiXon(rm)).
For the interpolation point near z; we have
1 x 2
ano*N(z,zj)\ <0.03- (N + 1),

1 .
|XPXIXVon(z ;) F 5X;f)(,faN(z, z;)] <1.61- (N +1)*

| X7 X on(z,25) F

and for the points separated from

1
Z XX on (2, ar) F infUN(x,wkN <3-107% (N +1)%,
ki

3

1
>3 X7 X7 Xfow(@a) F gXiXfon(z,on)| 31078 (V+1)°
n=1ks#j

Again, this yields
1 5
| X; Xife F 5angc| <102 558 - | KL lloo - (N +1)2.

Using the Theorem of Gershgorin, we therefore have the bound
e ') H fo(z))e(w; y)| <306 sz - [ Killoe - (N + 1)

In a similar way, we proceed with the spectral radius of HK,(x,z;). We have to distinguish between
two cases, w(z~1z;) > st and w(z™lz) < 37Ty~ In the first case, we know by inspection of the
proofs of Theorem 2.3]and Lemma [2.4] that

IXPXYK (2, 2)] < (1 e2)(N +1)| K (w(z™'2))] + €2 | K (w(z ™" 2))],

~ 11

T v 1 T 1 - —
XEXEKL (@) F 5 X Kn(w2)| < 5 (KL (@@ 2)] + (V + DR 2))
12;) is the i-th ~component of the rotation axis of 2~ 12;. Since K7, is a trigonometric
polynomial of degree L, so are K, 1 and K 7/ and we have by the Bernstein inequality for trigonometric
polynomials

where e¢; = e;(z~

1Kl < LIKL oo < L2 KL o0
This yields

XPXVKL(@,2)] < 5%y - (N + 12 Koo,
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1 .
| X7 X5 Kp(,25) F inKL(w,Zj)\ < st (N +1)?KLllso,
and consequently
le(a; ') HE (2, z)e(; 'y)] <357 n - (N +1)?| Ki]|oc-

In the second case, i.e. w(a:_lzj) < vy We have, as seen in the proof of Lemma ,

| XEXTKL(x, 25)] < |KZ(0)],
XEXERL(r,27) F XTKL(r, )] < 51D4(0) ~ KY()] < |KE(0)],
which yields the same bound as for the first case. Combining these results yields
foly) = Kp(ey)| < (1583 v +153s1,x) - [ Krlloo (N + 1)%w(z; 'y).

In addition, we see that f,(y) = fu(yz), where u € SO(3) is the identity. Setting f = f,,, it remains to
show the bound for its maximal value. We proceed in the same way as in Lemma [3.5] We split the argu-
ment into three cases in order to bound | f ()| for z € SO(3). Namely, first there is an interpolation point

-1 2.45m 2.45m -1 18 : : :
z; such that w(z; "z) < i1y second we have F=2fy < w(z; @) < x5y and third all interpolation
points are sufficiently separated, i.e w(x,:la:) > Nl—f_l for all 3, € X. For the first case, we have

lon(z,z;)| <1,

N+1
Xfon(e,2)| < (N + 12wy ey < EED,
as well as using Lemma[2.6]
> Jon(@,ap) £2-1077,
:Ek?fd?j
> XYooy (z,ap) <4-107° - (N +1).
TRFT;

Together with the bounds (3:19) on the coefficients of f we get
[f(@)] <1215 - | K]l

For the second case, we have using the bound of Theorem@

lon(z,z;)| < 0.86,
as well as using the Bernstein inequality (T-14)

X¥on(z,a,)| < (N +1)- fox ()l = (N +1),
Again, applying Lemma [2.]results in
> Jon (o) <3-1072,
TR

> IXfon (@) <6-107 - (N 4 1),

TR AT
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which yields .
|f(@)] <2351 N - [[KL]|oo-

In the last case, i.e. w(x, pox) > Ni—s-l for all 23, € X', we simply use the estimates of Lemma for the
set X U {x} to derive

1f(@)] <4sp.n - |1 KL]loo-
O

After establishing the results from the previous two lemmas, we can now state the main result of this
section, i.e. bounding the super-resolution error in the L°° norm by a constant depending on the kernel
and the super-resolution factor times the noise level.

Theorem 3.10. Suppose the support X = {x;} of the measure ji* obeys the separation condition (3.16).
Then the unique solution ji,, T > 0, of the minimization

1
. - S* o x 2
R IS8 (= 1" =) I72(s003)) + Tlleellrv,

with || Skl L2(so)) < 7 fulfills for L > N
KT (10" = 11r) oo <320 p(spon) - 1K Llloo - T (3.20)

withp(sp n) = (57 y + 1105 5 4 1).

Proof. Again, we write v = p, — p* for abbreviation. For z € SO(3) we have, using Lemma3.8]

Ky u(a)| = / Ky (2, y)du(y)]

INA
]
F\

D

Ki(o.p)dv(w)| + swp [Ku(oo)| [ “dpl,
yeSO(3) (U, Br(=;))

+100 - | Koo - T

SZ/ K (z,y)dv(y

(w5)

\/

For the first term, we use the low frequency function f € IIy of Lemma[3.9]to derive

; /B . Kalai)
<Z/ — K (z,y)|dlv|(y Z/Tz flyx)dv(y)|,

< (155 4 18350 IRl 173 [ sl ypa
7(431)

(3.21)

Z/ f(yz)dv(y)| .
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With Lemma [3:8] we see that
(1552 y + 15351, 3) - | KL]Joo(N + 1)2 Z/B ( )w(m;ly)2dV(y)
i B

<213 (1552 y +153sp,8) - || Kpl|oo - 7.

It remains to estimate the second term of the right hand side of (3:21). We have,

x)dv x)dyv
/(U]_Br(xj))cﬂy) |+ [ o )

< fllse /( Al + | [ oy )

j Br(z;))"
Again, the first term can be estimated using Lemma 3.8]and the supremum norm bound on the function f
derived in Lemma[3:9] i.e.

+

)

S, S| <

||fHoo/ )Cd|V|(y)§23'102-8L,N'||KL||00'7'~
r\Tj

J

For the second term, observe, since the function f, = f(-z) € Iy for all x € SO(3), that

/ Flm)dv(m)| = 1, £2)] = [0, Sw )| = (S f) 121
SO(3)

< | fll2lSxvlle < IfllscllSavlice,
<23-sL N8 KL - [[SyV Lz

As seen in the proof of Lemma 3.8} see (3-18), we know that ||Sy (|2 < 27 and therefore

/ Fly)dv(y)| < 46+ spx - |Ko o - -
50(3)

Thus

Z/ Flyz)duv(y)| < 23102 55 x - 1Kol - 7
;i Br(z;)

and combining this with the estimate (3.21) yields

S [ Kiwv) <320 6y + 100sx) - [Rell 7
5 Y Br(z;)

Finally, we therefore have the bound
1K v)loe <320 (57 x4+ 110sp, 8 + 1) - | KL ]loc - 7
O

Observe, that by sending 7 to zero in an appropriate way and L to infinity , this results in the noise
free recovery case.
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Notes and References. Measuring the error of the recovery in the noisy case by measuring the distance
in higher frequencies was first considered for trigonometric moments in [|Candés and Fernandez-Granda,
2013]. Next to L' error estimates for a deterministic noise model, the authors considered a Gaussian
noise model. We believe, that those kind of estimates can be transferred to signals on the rotation group.

The derived estimates of this section are in the spirit of the estimates in [|[Li, 2017 for the case of
trigonometric moments. Nevertheless, the generalization to the super-resolution problem on the rotation
group heavily relies on the localization estimates of Chapter 2] and the construction of interpolating
functions in Section|3.1
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Chapter 4

Numerical Solution of the
Optimization Problem

In the previous chapter, we have seen that the sought measure is uniquely determined as the solution of a
total variation minimization on the space of signed Borel measures. Nevertheless, the minimization takes
place in an infinite-dimensional vector space and is therefore not feasible at a first sight.

In this chapter, we present two different approaches to tackle the minimization problem

min 1 , subjectto Sxu=Sxu", RP
LEMSO3)) |l v ] Nt Nt (RP)

respectively the Thikonov-type problem

1 >
- * P . RPT
e SN (1 = 1" = 0)ll12(s0ey) + Tllrllry (RP7)

In the first approach, we solve a semi-definite relaxation of the dual problems, given by

max Re(f, Syu*), subjectto |[|flleo <1, (dRP)
Felln
respectively
Jnax Re(Sx (1" +n), f) = 7|l f72s0(3)),  subjectto || flloc < 1. (dRP)

Observe, that, although the objective of the pre-dual problem is finite-dimensional, the side condition is an
infinite-dimensional constraint. We substitute this infinite-dimensional constraint with a sufficient finite-
dimensional constraint, following the works [Candés and Fernandez-Granda, 2013] for trigonometric
moments and [Bendory et al., 2015b] for spherical harmonics.

In the second approach, w discretize the primal problems beforehand and solve the corresponding
finite-dimensional optimization problem. In the analysis of the convergence of this process, we build on
results stated in [Tang et al., 2013|.

4.1 Semi-Definite Formulation

To start this section, we recap the super-resolution problem in the case of Fourier moments, as it was
solved in [Candés and Fernandez-Granda, 2014]). It is based on a Bounded Real Lemma, derived from
Gramian parametrizations of non-negative polynomials and the Fejér-Riesz theorem. A good overview
on this topic can be found in [Dumitrescu, 2007|]. For the sake of completeness, we present the essential
ingredients to formulate our first algorithm.

71
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4.1.1 Recovery from Trigonometric Moments and the Bounded Real Lemma

The minimization problem, given by

min ||g|lrv, subjectto (k) =yg, for|k| <N, (TP)
HEM(T)

is an infinite-dimensional optimization problem over the whole measure space M (T) and thus not directly
tractable. The convex pre-dual problem to (TP), is given by

h th F <1 TP
nggzazﬁm Re({c,y)), suchthat |Fnc|leo <1, (dTP)
where Fyc(t) = Eszf N cre® is the Fourier summation operator. In the pre-dual problem, the

objective is finite-dimensional, but the constraints are infinite-dimensional. Since ran(Fy ) is finite-
dimensional, the pre-dual problem always has a solution. Moreover, due to a Slater condition, we now
that the duality gap is zero, see Theorem [D.4} which implies any solution ¢* € C>N+1 obeys

Re({¢",y)) = Re({¢", Fyp™)) = Re((n*, Fnc™)) = |[u*[|zv,
where p* is a solution to the primal problem (TP). In the case p* is discrete, this leads to the interpolation
Fnc*(z;) = sign,,. (v;),
as seen in (T.6). This means, the support set of * is contained in the set of zeros of
1 —|Enc*(t)

In the univariate case, one can now obtain the zeros by computing the unit magnitude eigenvalues of
the companion matrix. Afterwards, one can obtain the amplitudes by solving a least squares problem.
Observe, that the side condition is equivalent to the non-negativity of the trigonometric polynomial

R(t) =1— |Fnc(t)|. 4.1
The Fejér-Riesz theorem states, that a trigonometric polynomial R of degree n, i.e.

n
R(t) = Z ree M teT,

k=—n

is non-negative, if and only if there is a causal trigonometric polynomial H, i.e. it has the form

H(t) =Y hre ™, (4.2)
k=0

such that

R(t)=H(t)- H(t) = [H(t)|*. 4.3)
If we write

H(t) = @u(t)h,
where
1 ho
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then equation (4.3)) reads as
R(t) = (&) hh' o (t).

On the other hand, each trigonometric polynomial of degree n of the form

R(t) = on ()" Qen(t), 4.4

where Q € C(+1)x(n+1) i hermitian positive semi-definite is non-negative. The matrix @ is called a
Gramian matrix representing R. There is the following connection between the coefficients of R and any
Gramian matrix representing R.

Theorem 4.1 ( [Dumitrescu, 2007, Thm. 2.3]). If R(t) = Y_;__, rre”**" and Q is a Gramian matrix
representing R, then

min(n+k,n)

re=tr(OkQ) = > Qiik k=-n,....n, 4.5)

i=max(0,k)
where Oy, is the elementary Toeplitz matrix with ones on the k-th diagonal and zeros elsewhere.

This is known as trace parametrization of a non-negative trigonometric polynomial. Now, again
consider the case

R(t) =1 — |Fyc(t).

This can be written in the form
R(t) =1—]e"™N". Fye(t)?,

which means R(t) = 1 — |Hy(t)|?, where
Hy(t) = e Nt . Fye(t),

2N

=Y (ho)re™™*" = p(t)" ho,

k=0

with (hg)r = ¢k n is a monic polynomial of the form {@.2)), with n = 2N. The Fejér-Riesz Theorem now
states, that there has to be a positive semi-definite Gramian @) representing the polynomial identically to
one, i.e.

dok = tr(©rQo), k=-N,...,N, 4.6)
sucht that
R(t) =1 —[Ho(t)]* = o(t)" (Qo — hohg )p(t).

This means R(¢) > 0, if and only if
Q= Qo — hohy'

is positive semidefinite. Observe, that given the matrix

6% )

the matrix @ is the Schur complement of the block *1’ in the matrix (@.7). Therefor, @ is positive semi-
definite if and only if the matrix [.7) is positive semi-definite, see Lemma[C.T} Concluding, one has that
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R(t) = 1 — |Fyec(t)|? is non-negative, if and only if, there is a positive semi-definite hermitian matrix
QO c (C(2N+1)><(2N+1) obeying

(?13 i) =0, suchthat tr(©,Qo) =0dok, k=-N,...,N. (4.8)

Consequently, the constraint || Fnc|oo < 1in can equivalently be written as (@.8). Thus, the dual
program becomes

max Re({c,y)), subjectto @.3),

0,C

and is therefore a finite-dimensional semi-definite program with (2N + 1)2/2 variables. As seen, the
sufficiency is based on trace parametrizations and the necessity utilizes in addition that every univariate
non-negative trigonometric polynomial is a sum of squares, which is the assertion of the Fejér-Riesz
theorem.

In higher dimension, the equality of non-negative and sum of squares polynomials does no longer
hold true. Thus, we cannot hope to find an equivalent characterization of the supremum norm con-
straint in dimensions higher than one. Nevertheless, the construction of a sufficient condition utilizing
trace parametrizations is still possible by replacing the non-negativity constraint by a sum of squares as-
sumption. This is known as sum of squares relaxation. For this purpose, following [Dumitrescu, 2007]],
consider multivariate trigonometric polynomials of the form

n
R(t)= > me ™ teT
k=—n

where k € Z? denotes a multiindex k = (k1,...,kq), t = (t1,...,tq) and k = —n, ..., n is meant
elementwise. Positive orthant polynomials are of the form

H(t)=> he™* teT.
k=0
More generally, to state trace parametrizations of constant trigonometric polynomials, we need the notion
of a halfspace. A set H C Z% is called halfspace, if HN (—H) = {0}, HU(—H) = Z and H+H C H.
A standard way to construct a halfspace is given iteratively. We start with 7; = N and say that k € H4,
if either kg > 0, or kg = 0 and (k1,...,kq—1) € Ha—1. We say, that the trigonometric polynomial R is
a sum of squares, if

R(t) = [Hi(t)], 4.9)
=1

where H; are positive orthant polynomials. Observe, that the maximal degree m of the trigonometric
polynomials H; are allowed to be higher than the degree of R, i.e. m > n. This additional degree of free-
dom allows for the following. Every positive trigonometric polynomial is a sum of squares polynomial,
see [Dumitrescu, 2007, Thm. 3.5]. To get a more comprehensive representation in analogy to (@.4), set
the (m + 1)-dimensional vector

(I)WL(t) = me(td) K- ® (Pm(tl)a

where ® denotes the Kronecker product and ¢,,(¢;) = (1,...,e"™%)T, for m > n. This is only a

suitable enumeration of the exponentials. In two dimensions, for example, this would read as

1 ) Wm(tl)
CRER @m(tl)

D (t) = pm(tz) @ m(t1) =

tmto

e o (1)
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Using this notation, every positive orthant trigonometric polynomial can be written in the form
H(t) = ®m(t)"h,

where h € C(™+1)" contains the coefficients of H according to the ordering of the indices in ®,,. This
means, every sum of squares polynomial R can be written as

R(t) = @, ()7 Qi (¢), (4.10)

d . . - . . . . .
where Q € Cm+D"x(m+1)% is hermitian positive semi-definite and m is the maximal degree appearing
in the representation (4.9). Again, the important part is a trace parametrization.

Theorem 4.2 ( [Dumitrescu, 2007, Thm. 3.13]). Suppose that R(t) = > |_  ree ™% and Q €
CmAD <+ D gych that @I0) holds. Then
7zk = tr(ekQ)a
where
Ok =0, ® - ®Oy,,
and Oy, again denotes the elementary Toeplitz matrix with ones on the k;-th diagonal and zeros elsewhere

- a . . .
and 7 € C™*tD" denotes the continuation of r € C™+1" with zeros.

Again, consider the case that R(t) = 1 — |Ho(t)|?, where Hy(t) is a positive orthant polynomial
of degree n with coefficients hy. Then a sufficient condition for the non-negativity of R can be stated
as follows. Find a trace parametrization of the trigonometric polynomial identically one, i.e. there is
Qo € CmHDx(m+1)? gheving

dox = tr(OkQo), keH, k<m,

where H is a halfspace, such that Q = Qg — floflé{ > 0and hy € C(m+1)" is the continuation of hy with
zeros. Indeed, in this case

R(t) =1 — [Ho(t)]* = @, (1) (Qo — hoh{!)®,,(t) > 0.
As in the one-dimensional case, the condition

[Fnelloo <1,
where
N
Fye(t) = Z o™t
k=—N

is equivalently to the non-negativity of
R(t) =1~ e Fye(t)? = 1 — [Ho(t) ],

where Hy(t) = Ziﬁo ck—ne~ ™t is a positive orthant polynomial. The relaxation of the side condition
consists of replacing the non-negativity condition with a sums of squares representation of R(t) with
squares of degree M > N, to derive a finite-dimensional sufficient criteria. More concrete, as seen
before, the supremum norm bound is fulfilled, if there is Qo € CEM+D*xCM+1)" for \f > N and a
halfspace H, obeying

<§H i) =0, suchthat tr(OxQo)=7dx, keH, -M<k<M,
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where again ¢ € C?M +1 i the continuation of ¢ by zeros. This is a generalization of (4.8) to higher
dimensions, with the difference that this condition is only sufficient, but not necessary. In addition, there
is an extra relaxation parameter M > N, coming from the assumption, that the polynomial R(t) =
1 — et . Fye(t)|? is a sum of squares, with squares of degree M. Summarizing, to derive the
non-negativity of the trigonometric polynomial one replaces the non-negativity with a sum of squares
condition.

In the next section, we will see, that we only need to relax the non-negativity conditions on an al-
gebraic subset of the torus. To be as close as possible to the original non-negativity condition, we make
use of a slight generalization of the previous relaxation for globally non-negative polynomials, which is
known as the Bounded Real Lemma. For reasons of completeness, we comprehensively state the neces-
sary results from [Dumitrescu, 2007]]. An algebraic subset D C T has the form

D={teT?:D)(t)>0,l=1,...,L}, (4.11)

where D;(t) = Y, d;xe”™* are given trigonometric polynomials. If a trigonometric polynomial
R(t) = >"1__, ke * has the representation

L
R(t) = So(t) + Y _ Di(t)Si(t), (4.12)
=1
where S;, 1 = 0,..., L, are sum of squares polynomials, then R(t) > 0 for t € D. Again, one assumes

an upper bound on the degree of the polynomials S;. If deg(R) = n and deg(Sy) = m, with m > n,
then one choice is deg(S;) = m —deg(D;), such that the products D,.S; have degree m, see [Dumitrescu,
2007, Rem. 4.17]. In this case, the following trace representation is valid and can be derived from the
previous trace parametrization, see [Dumitrescu, 2007, Thm. 4.15].

L
Tk = tr(OkQo + Z U k@), keH, —-m<k<m,
=1

where
Uk = Z d; ;0. (4.13)
jH=k
The matrices Q; € C(des(S)+1)*x(des(S)+1)? 1 — (... L are Gramians associated to the polynomials

S; and the dimension of ©j, appearing in ¥; i is given accordingly. From this, one gets an sufficient
condition for a norm bound on the set D, that is known as Bounded Real Lemma.

Lemma 4.3 (Bounded Real Lemma, [Dumitrescu, 2007, Cor. 4.25]). Suppose H(t) = Y |_, hxe 'k
is a positive orthant trigonometric polynomial and D is a frequency domain as given in (4.11)). If there
exist hermitian positive semi-definite matrices QQ;, | = 0, ..., L, and a halfspace H for m > n, obeying

~ L
(}%913 ?) =0, suchthat tr(©OxQo + Z U k@) =0k, keH, k<m,
1=1

where U,  are given in ¢.13), then
|H(t)| <1, forteD.

In the next section, we will utilize the Bounded Real Lemma to derive our first reconstruction algo-
rithm in the case of Wigner D-moments.
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4.1.2 Recovery from Wigner D-moments

In this section, we formulate a finite-dimensional relaxation for the total variation minimization in the case
of Wigner D-moments. It is based on a special representation of the Wigner D-functions in combination
with the Bounded Real Lemma from the previous section.

As seen before, under a suitable separation condition for the support of the sought measure p* it can
be recovered as the solution of the minimization problem

H(l 0(3)) ||:LL||TV, subject to S;[,LL =9, (RP)
where
N l
Siplx) =Y _(21+1) 3 {1 D) D (@)
=0 km=—1

is the partial summation operator with respect to the Wigner D-functions and g = S p*. Since the
objective space is infinite-dimensional, the optimization problem is not feasible. The convex pre-dual of
the minimization problem (RP) is given by

max Re(g,Snf), subjectto S o <1,
FEL2(50(3)) (9, SN f) ) 1SN flloe <
or equivalently

max Re(g, ), subjectto | f[leo <1, (dRP)
felln

where
Iy =ran(Sy) = span{ch,m <N, =l <k,m<I}.

Let f* be a solution of the pre-dual problem, which always exists. Again, by strong duality we know that

Re(g, f*) = Re(u*, Sn f*) = [|u*[|l7v,

if ©* is a solution of the primal problem. In the case p* is discrete, we have that

fr(@;) = sign,,. (i), i € supp(p”)
meaning the support points are a subset of the zeros of the function 1 — |f*(z)|?> € Ilan. To replace
the norm constraint in the dual problem (dRP) with a finite-dimensional condition, we use Lemma [4.3]
from the previous section. In order to point out this connection, remember from (I.11)), that in the Euler
angle parametrization («, 8,7) € (0,27n] x (0,7] x (0,27] we have the representation of the Wigner
D-functions

( 6 ’Y _e—zka Z dl —zyﬂ e—im’y,
j==1

with Jﬁcm( ) = imtR(— )Jdl 4 (0)dl, _.(0). Thus, if f € Iy, we have in the Euler angle parametriza-

m,—]J

tion (v, 8,7) € (0,27] x (0, ﬂ (0, 27]

N l
fla(e,8,7) =Y _(2+1) > (f.D} ) D (0. 8,7),
=0 k,m=—1
N N
- Z Z dkm( )(2l + 1)<f, Dk ’m> efi(jﬁJrkOH»mfy),

Jikym=—N \l=max(|j],|kl|,|m|)
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or equivalently for («, 8,7v) € (—m, 7] x (=7, 0] x (—m, 7]

N N

falatmBrmy+m)= > (=17, () (2L + (D)

Jskym=—N \l=max(|j]|,|k|,|m|)
. e~ (iBtkatmy)
;

which means on the set (—m, 7] x (—m,0] x (—m, 7] f is equal to a trigonometric polynomial. For
abbreviation, define the mapping T, f : Il — CM +1)7,

Torf— {Zﬁmmmmu<—1)j+k+m£zm<j><2z +1)(f. DL,,), max(|j], [k], |m]) < N,
, else,

and the algebraic set
D=[-m,7| X [-m,0] X [-7,7] = {(a,ﬁ,’y) €T3 : —sin(B) > 0}.

We can write —sin(3) = £(e"’—e~%#), thus, in the context ofLemma we define U, € C(2M)°x(2M)°
fork = (j,k,m) as
) )
U, = -0 N — -0 N (4.14)
2 k- (g) 2 k+ (8)

with the convention that ©; = 0, if one of the entries of 1 exceeds 2M — 1 in absolute value. Concluding,
we have the following Lemma.

Lemma 4.4. %uppose f3 e lly. If for ]\/.3[ > ]\g there are hermitian positive semi-definite matrices
Qo € CCMH" XM+ gpg Q, € CEM)"*XCM)™ gnd g halfspace H such that

tr (OkQo + ¥kQ1) =dox, k€M, —2M <k <2M,

Qo Tuf 4.15)
(TMfH 1 ) 7 O>

where Wy is given in @14), then || flloo < 1.
Proof. The lemma follows immediately from Lemmal[4.3] O

In order to formulate our first algorithm, we substitute the infinite-dimensional constraint in the dual
problem with the finite-dimensional constraint (#.13). We would like to mention again, that in
contrast to the case of the univariate Fourier moments this is not an equivalent formulation but a relaxation
of the pre-dual problem, which depends on the following assumption.

Assumption. The solution f* of the pre-dual problem fulfills the following. The trigonometric
polynomial with the coefficients T f has a sums of squares representation of the form

FnTarf*(t) = So(t) —sin(t2)S1(t), t e T3, (SOS)

where Sy is a sum of squares polynomial of degree M and S is a sum of squares polynomial of degree

M —1.

Under which conditions on the primal solution p* this assumption is valid, remains an open and
difficult problem. Nevertheless, we have the following.
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Theorem 4.5. Ler f* € Il be a solution of the pre-dual problem [dRP). If f* fulfills the Assumption
(SOS) for M > N, then it is the solution of the problem

ma Re(g, f), subject to , dRP
feHNng(O:Ql <g f> 7 @D ( rel)

where Qg € CEM+D*x @M+ gpg Q1€ CEM?*xM)° have to be hermitian positive semi-definite.

In contrast to the pre-dual problem (dRP), the optimization problem (dRP) is inherently finite-
dimensional. In the case of the pre-dual problem (dRP;) to the Thikonov-type problem (RP.)), we substi-
tute it with the minimization

max  Re(g, f) — 7| f[|7 , subjectto (@.13). dRP, ,
JellN,Qo,Q1 <g f> ||f||L2(SO(3)) i 4.15] ( rel)

To solve the convex optimization problem, we use MATLAB® in combination with CVX, a free
package for specifying and solving convex programs, see [[Grant and Boyd, 2014]] and [Grant and Boyd,
2008]]. We set the preferences of CVX to call the open source solver SeDuMi, see [Sturm, 1999], at
the highest precision. This solver uses a primal-dual interior point method to approximate a solution of
from the interior of the feasible set and we will use it as a ’black box’ solver. For further details
see [Sturm, 1997|] and [Sturm, 1999]. For the same argument as in [Candés and Fernandez-Granda,
2014, Sec. 4], it is highly unlikely, that the result of the interior point method gives a constant function
equally to one in absolute value. After solving the program (dRPyj), we determine the minima of the
function

ple) =1—|f* (@)

This part is a problem of its own interest. We describe one possible solution in the following. To find
all local minimizer of the function p = 1 — |f*(-)|?, we will apply a simultaneous conjugate gradient
method with inexact line search using the Wolfe condition, as described in [Grat and Hielscher, 2015].
For initialization, we choose randomly P initial points. For completeness, we briefly state the conjugate
gradient algorithm as procedure (1| The expressions Vp(x) and Hp(z), that have to be computed, have
a local representation in Euler angles, which makes it possible to use fast Fourier techniques for the
simultaneous computation at different points, see [Potts et al., 2009], [Keiner and Vollrath, 2012]]. For a
detailed discussion on this, including convergence rates, see [Grif and Hielscher, 2015|] and [Grif, 2013a].
For our computations, we use an implementation of this algorithm from the C++ Library LORM [Grif,
2013b], provided by the authors of [Grif and Hielscher, 2015]].
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Procedure 1: CG method with inexact line search
Input: p € C%(S0(3)),z(» € SO(3)
Parameters: 0 < ¢; < 3,0 < ¢; < ca,t0lcg > 0
initialization: g(©) = Vp(z(9)),d© = —Vp(z®), r = ||Vp(z(?)]||2, k = 0;
while r > tol., do
//Step size via Wolfe condition
choose (%) maximal such that

P g (@) = p(a®) < ¢;a®d®" Tp(a®),
B Vp(0,40 (a®) = e Vp(a®);

//Updating the argument and the conjugate direction

a* ) = ) g (a®));

g(k+1) _ Vp(l'(k+1));

d®) = A0 g (@)
//Step size for descent direction update

. T ~
gD T B (D) GO

-~ \T ~
B(k) _ J(k)THp(w(k‘*'l))d(k) y d(k) Hp(x(k+1))d(k) 7é O,

0, else;

dF) = k) 4 gk ).

T
r=L30 [Vp(ah):
k=k+1,

end
Output: z* € SO(3)

We can now formulate our first reconstruction algorithm, Algorithm[I] and test it in several numerical
experiments.

Experiment 1 (Noise-free recovery). In the first experiment, we provide some reconstruction examples
of noiseless recovery. To illustrate the result of the semi-definite program, involved in Algorithm |l| we

simulate a point measure
6
*
lu’ = E Ciéxi»
i=1

where x; = xz;(ay, Bi, i) are six randomly distributed support points and c; are randomly generated
amplitudes, given in table[d.1} The support points are chosen, such that the minimal separation obeys

minw(x;la:j) > 2.01.

i#]
From this test measure we generate moments up to degree N = 2 and solve the semi-definite program
with M = N. To see the difference between the given low frequency information S u* and the
solution f* of the optimization (dRPyl), we plot the squared absolute value of both functions on three
slices along the second Euler angle. This is illustrated in figure [4.1]



4.1. SEMI-DEFINITE FORMULATION

81

Algorithm 1: Super-resolution on SO(3) via SDP

Input: low-frequency approximation g € Il of p*

Parameters: relaxation parameter M > N, regularization parameter 7, P € N, tol > 0

initialization: X = ()
do

fellN,Qo0,Q1

using an interior point method;

fori=1,...,Pdo

if (1 —|f*(z})| < tol) then
| X =XU{z}
end
end

end;
Output: v € M(SO(3))

Randomly choose P initial points {1, ..

Setv =3, cx Cidz,, with ¢; such that

Find z} via Procedure with initialization point x;;

Solve for f* € Iy, Qo € CCM+1*x2M+1)° ) ¢ C(2M)*x(2M)?

max  Re(g, f) = 7| f|Z2(s0@)), subjectto  @EI3),

ap} C SO(3);

v = argmin |Syv — g|l2;

(dRP T,rel )

{ Q; Bi Vi C;

1| 0.8277 | 1.0964 | 4.3325 | -0.6911
2 | 0.6007 | 1.5683 | 0.8292 | 0.7511
3| 3.9386 | 1.7086 | 3.7938 | 0.7696
4 | 4.1735 | 2.2986 | 0.8480 | 0.3185
51 2.7859 | 04716 | 0.4551 | -0.9460
6 | 1.6728 | 2.4994 | 3.0875 | 0.9161

Table 4.1: The support points and amplitudes of the test measure p*.
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(a) f* atslice 81 (b) S5 p* atslice 51

(c) f* atslice B2 (d) S5 p* atslice B2

(e) f* atslice B4 (f) S5 p* atslice 54

Figure 4.1: The squared absolute value of the solution f* of against the scaled squared absolute
value of the given low frequency information S5 11* on different slices along the second Euler angle. The
support of the measure p* is indicated by the red bars.
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One observes, that the solution f* of the minimization acts as a dual certificate, i.e. it equals one
in absolute value at the unknown support points of u*, whereas the low frequency approximation has
several local maxima that cannot be distinguished from the unknown support. Even if one restricts to the
slices in the second Euler angels of the unknown support points of *, the biggest local extrema of S5 pu*
are located elsewhere and the true support point may even not be a local extremum of S5 j1*.

After computing the solution f*, we randomly choose P = 20000 initial points and apply the simulta-
neous conjugate gradient method described in Procedure to the function 1 — | f*|2. We set the tolerance
to tol = 1078 and identify the resulting minima x'*, which fulfill 1 — | f*(2'*)|? < tol, as support points.
Finally, we solve for the amplitudes in

rec __ rec §
[ = E G e
%

via the least squares minimization

re * rec

¢ = argmin [|S3 " — S3p" 2.

rec

With this procedure, we obtain six points x'*‘, such that the maximal distance to the points x; fulfills

max mjnw(x;lx;-“') <86-1077,
i

and the correctly ordered amplitudes obey max; |c; — ‘| < 7.7 - 1078. We plot the result in figure
Moreover, we can apply Algorithm[I]to complexed valued measures. Some reconstruction examples
for different number of unknown points and values of N are given in figure

Experiment 2 (Influence of the separation). In this experiment, we give a glimpse on the influence of
the separation distance of the support points. Remember, the support points {x;} are supposed to obey a
separation condition of the form 5
w(x; tay) > N

As seen in Chapter 3] v = 36 is a sufficient criteria. Nevertheless, the actual minimal constant may be
much smaller, which the following experiment indicates. For this, we partition the interval [1, N - 7],
i.e. we choose 1 = vy < 11 < -+ < v, = N -7 and generate for each subinterval [v;,v;11] twenty
sets of two points, that are separated by 5t but not by V’X]fl, and choose random complex amplitudes.
Afterwards, we compute the moments for N = 1 and N = 2 and apply Algorithm[Ijwith M = N, 7 = 0
and L = 20000. We say that the recovery is successful, if

max mjinw(xi_lzl:;“) <1074,
where 7 are the recovered points. To underpin the observations, we partition the interval [2.5,3.5]
and generate for each subinterval ten sets of two points separated by the corresponding distance and
apply Algorithm I\ to moments of order N = 3. One can observe, that in these cases for 5, where v is
slightly larger than 3, we get exact recovery using Algorithm (I} The measured recovery rate is plotted in
figure[dA4) Due to the high complexity of solving the semidefinite program (dRPy), testing Algorithm I
for higher order moments is sophisticated. To consolidate the transition to exact recovery at a constant
slightly larger than 3, one has to test even on higher available moments, which demands for the use of
customized solvers for the semidefinite program to make the computation feasible, which goes
beyond the scope of this thesis. We leave this for future research.

Remark 4.6 (Relaxation parameter). In Experiment[2] we choose the minimal relaxation parameter, i.e.
M = N. We find, that increasing M to M = N + 1 does not change the recovery rate, at least for N = 1
and N = 2. The influences of the relaxation parameter on the recovery is closely related to the validity
of the Assumption (SOS). How to chose the parameter depending on the measure to recover is an open
problem.
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5

3

3
|

Figure 4.2: Reconstruction of the measure p*, defined in table The representation is done in the
axis-angle parametrization. The unknown points x; are marked with circles, located on the top of a ray,
whose direction correspond to the axis given as a point on the sphere, plotted in light grey, and its length
to the angle. The unknown amplitudes are color coded in different shadows of red corresponding to the
value of the amplitude. The reconstructions x}°° by algorithm [I{are marked by little small crosses and the

reconstructed amplitudes ¢;°° are color coded as described before.
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(a) 4 points with separation 3, N =1 (b) 10 points with separation 1.9, N = 2

(c) 22 points with separation 1.3, N = 3 (d) 40 points with separation 1.0, N = 4

Figure 4.3: Reconstruction examples for different number of unknown points and values of N. The
representation is done in the axis-angle parametrization. The unknown points are marked with circles,
located on the top of a ray, whose direction correspond to the axis and its length to the angle. The
unknown amplitudes are colour coded , the real part in red and the imaginary in blue. The reconstructions
by algorithm [T are marked by little small crosses. All examples show a nearly perfect recovery.
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(a) Recovery rate for N = 1. (b) Recovery rate for N = 2. (c) Recovery rate for N = 3.

Figure 4.4: The recovery rate of Algorithm [T for different values of N. On the x-axis, we plotted the
constant appearing in the separation condition +-, whereas on the y-axis we have the recovery rate.

Experiment 3 (Noisy data). In this experiment, we test the behavior of Algorithm|[I|on noisy data. For
this, we randomly generate sets of eight points on the rotation group, randomly generate corresponding
amplitudes and compute moments of order N = 2. We normalize the amplitudes, such that we always
have ||S¥ 1tl|2 = 1. The generated point sets are separated by %, as Experiment@ suggests that we can
expect exact noiseless recovery in this case. We choose nine different values of T ranging from 0.5 to 0.01
and randomly disturb the low frequency information with noise Syn, such that

ISyl < 7.

After generating the data, we apply Algorithm([I| for the different values of T and different data sets with
the parameters M = N and P = 30000. Again, we first evaluate the recovery by measuring the maximal
distance

max min w(z; ! z°), (4.16)
i

where '’ are the recovered points and x; denote the true support points. We plot the recovery error
averaged over the twenty sets in Figure[#.5(a)]

To measure the error induced by the super-resolution process, we plot the quantity ||S} (11* — 117)||2
in Figure for values of L ranging from 2 to 32. Here, u* is the sought measure and p., is the
measure recovered from the noisy measurements. Observe, that the theoretical L> bound of Section[3.3]
also yields a corresponding L?-estimate. The quadratic growth of the error with respect to the super-
resolution factor can be observed in Figure[4.3(b)|

Lastly, we plot the recovered measures for different values of the noiselevel T for one test measure in
Figure One observes, that the noise on the measurements induces artificial support points close to
the true support of the sought measure.



4.1. SEMI-DEFINITE FORMULATION 87
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(a) Recovery error as defined in (.16). (b) Super-resolution error ||S¥ (1* — pir)||2.
Figure 4.5: [(a)] The recovery error for moments of order N' = 2 and different values of the noise level 7

averaged over twenty test sets. [(b)] The induced super-resolution error for values of the super-resolution
factor % ranging from 1 to 16 for a noiselevel of 7 = 0.1 averaged over the test measures.

(@ 7=05 (b) 7=04 (¢ 7=03
d =02 (e) T=0.1 (f) 7 =10.05
(2) 7=0.03 (h) 7 =0.02 (i) 7=0.01

Figure 4.6: Recovered support points for different values of 7. The representation is done in Euler angles.
The true support of the measure p* are marked with blue circles and the recovered points with orange
crosses. One observes, that although the recovered points approach the support of the sought measure as
the noiselevel decreases, the noise on the measurements induces artificial support points close to the true
support.
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We would like to mention, that Algorithm [I]do not use any a priori discretization. Nevertheless, the
complexity of the semi-definite program grows dramatically in NV, the order of the given moments. More
concrete, the inspection of Algorithm [T]shows that the number of variables of the semi-definite program
grows like O(N®). A very important question is, how to adapt Algorithm 1| to make it applicable for
higher order moments. One possibility is the use of customized solvers for the semi-definite program,
which we leave for future research.

Instead, we consider a different approach, that relies on an a priori discretization, the solution of a
finite-dimensional problem and a clustering step in the next section.

4.2 Discretization of the Optimization Problem

Due to the high complexity of the semi-definite program for higher order moments, we propose to use a
discretization of the primal problems and (RP.). This means, we choose a sequence of discrete sets
Gn C SO(3) and solve for the discretized problems

min _ |l¢/l7v, subjectto Sypu=Syu”, (RP,)
supp(p) CGn
respectively
1
min | SK (u— p* =)L gy T ) RP. ,
wopiin_ S lSn (i = 1 = 0)T2(s0@) + Tllmllry (RP7,,)

In this section, we consider the convergence behavior of the solutions of the discretized problems. The
convergence depends on the filling distance of the chosen discretization G,,, given by

h(G,) = sup inf w(z ly).
2z€S0(3) YE€In

By doing this, we follow ideas from [Tang et al., 2013||, where the convergence for continuously parametrized
dictionaries has been examined.

Theorem 4.7. Assume ;* =), ¢;0, is the unique solution of and the sequence G,, of discretiza-
tions is chosen, such that

h(G,) — 0.

Then each sequence of solutions (., of (RPy,)) converges to 1* and the solutions (i, of (RP; ) converges
to the unique solution y, of in the weak*-topology.

Moreover, there exist € > 0, such that

pin(Be(zi)) = ¢iy  |pnl(Be(z:)) = leil,

and
|ten] ((U; Be(;))) — 0. 4.17)

Proof. The proof is quite similar to the proof of [[Tang et al., 2013, Thm. 2]. We show, that each sequence
of solutions is bounded and thus, due to the sequentially Banach-Alaoglu Theorem, admits a weak*
convergent subsequence, which converges to a solution of the continuous problems respectively
(RP.). The uniqueness of the solution to the continuous problems than guarantees the convergence of the
whole sequence by an subsequence-subsequence argument.

For the boundedness, consider the convex dual problems

Jnax Re((f,Syu™)), st |f(z)| <1,z €q,, (dRP,)
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respectively

fuax Re(Sx (1" +m), f) = 7| flZ2s0@): st |f(@)] <12 € G, (dRP- )

For abbreviation, we write
Q(f) = Re({f, Sxyn")),
Q-(f) = Re(Sx(w* +0), f) = 711 2(s0(3))-

We show, that the feasible sets of the dual problems, i.e. the sets of f € Il such that | f(x)| < 1 for
x € G, are bounded in ITy and therefore compact. Since h(G,,) — 0, we have that for large enough n,

1
h(Gn) < N

Applying a Marcinkiewicz-Zygmund inequality, see [Schmid, 2008, Thm. 4.4], yields for all f € Il
1flloe < (1= NA(Ga)) ™" max|f(z)],

z€Gn
meaning all feasible sets are uniformly bounded and thus compact. This shows, that each discretized
problem has a solution. In the case of the problem (dRP- ), this solution is unique, due to the strict
convexity of the objective function (). We denote these minimizer sequences by f,, respectively f; ,,.
The rest of the proof is identical to the proof of [Tang et al., 2013, Thm. 2]. We will sketch it briefly.
Due to the uniform boundedness, one can show, that each sequence f,, converges to a solution f* of the
continuous dual problem

max Q(f), subjectto | f]loo <1, (dRP)
felln

and the sequence f- ,, converges to the unique solution f; of

max Q-(f), subjectto ||f]leo < 1. (dRP,)
felly

Since strong duality holds for the discretized problems as well as for the continuous ones, one knows that

Q(fn) = lunllrv,
L ox
Qr(frn) = §||SN(/M-,n —pt = 77)H2L2(SO(3)) + 7| prnll v
and

Q™) = llu*llrv,
L ox *
Q- (fr) = SISk (pr = 1" = M) Z2s00s) + Tlrllrv

This shows, that the sequences (i, and (i, ,, are bounded. Again, by the Banach-Alaoglu Theorem, one
gets the weak™ convergence to the minimizers p* respectively g .

The convergence of the measure of the epsilon balls follows identically as in [Tang et al., 2013} Cor.
1]. O

As also mentioned in [Tang et al., 2013]], heuristically the property suggests that for fine enough
discretization the support of the solution of the minimization problem clusters around the true support of
the sought measure. In the following, we will consider this behavior numerically.
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First, we have to chose an appropriate discretization. We consider the following grid, defined in the
Euler angle parametrization. For n € N, set

_ 2mky ~ m(2k3 + 1) _ 27mk3

= ) 4.1
1 om k2 An s ks om (4.18)

g
for 0 < ki, ko, ks < 2n — 1, generating a grid G,, of 8n® sampling points. As shown in [Kostelec
and Rockmore, 2008]], with this choice of sampling one can compute the coefficients of any f € II,,_;
exactly. More concrete, there are quadrature weights wy,, k2 = 0, ...,2n — 1 such that

2n—1

1
<f7 D%c,m> = (2n)2 Z wk2f($(ak17ﬁkza’yks.))D%c,m(x(akuBk277k3))a
kl,kQJCg:O

for all [ < n — 1, i.e. the quadrature is exact on II,,_;, see [Kostelec and Rockmore, 2008, Thm. 2.1].
More important to us, using the equally spaced Euler angle grid makes it possible to use fast Fourier
summation to calculate the matrix vector products with the matrix D € C(2n)*xdim(Iy) \whose entries
are given by the evaluation of the Wigner D-functions up to degree IV on the sampling grid G,, given by
@I18), i.e.

Dy = (Dj (ks Bros Vs kn ™, (4.19)

with! < N < n — 1. With this matrix notation, the problem reads as

min_||c|l1, subjectto Dyc=g, (4.20)
ceCsn®

with g = ({(u*, DL,m»l,k,m’ i.e. itis a finite-dimensional basis pursuit problem involving the matrix D7%;.
In the same way, the Thikonov-type problem can be written as

Y
min_ §||DNC — "3+ 7llc|ls, (4.21)
cecsn

with g” = ((u* + 0, D}, . )tk

Experiment 4 (Noise-free recovery on finite grids). In this experiment, we solve the finite-dimensional
basis pursuit problem @.20). For this, consider the measure ;o defined in Experiment|[l] given by table
We compute moments with respect to the Wigner D-functions up to order N = 2 and solve the
problem on the grids G, for n = 8,12,16, 20 using again CVX calling the open source solver SeDuMi
at the highest precision. We plot the absolute value of the solution vector in figure

Since the support points of u* are not contained in G, we cannot hope to exactly recover |1*. Even
worse, the recovered solution has much more spikes, than the measure p*, actually in this examples, each
entry of the solution vector is non-zero. This phenomenon is known as basis mismatch, see e.g. [[Chi et al.,
2011)].

Nevertheless, only few entries are large in absolute value and it makes sense to keep only those,
which are above a certain threshold in absolute value. More concrete, if we denote the solution of the
minimization by ¢* € (C(Q")S, we keep only those recovered points in Gy, such that the corresponding
coefficient obeys

ler| > thres,

for some thres > 0. The result of this process for different values of thres are plotted in figure[4.8] One
observes, that the recovered grid points cluster around the true support of the the measure p*. Moreover,
the effect of the basis mismatch gets smaller for increasing grid size, such that the thresholding becomes
more accurate for denser grids, which is in line with the theoretical convergence statement {@.17).



4.2. DISCRETIZATION OF THE OPTIMIZATION PROBLEM 91

07 T v : v r : 05
045
06+
04
05+ 1 035+
03
04+
025
03+
02
02+ 0.15
0.1
01+
005 -
o1 “\ Lol L I ‘ o L ‘
0 500 1000 1500 2000 2500 3000 3500 4000 4500 0 2000 4000 6000 8000 10000 12000 14000
(@n=38 (b)y n=12
05 : : : 06
045+
05+
04
035 -
04+
03
025 1 03+
02
02+
015
01+ 1
0.1
0.05 - ’ ‘ R \ l
o | ‘ Ll . o | | | ‘ ‘ .
0 05 1 1.5 2 25 3 35 0 1 2 3 4 5 6 7
x10* x10*
(c)n=16 (d) n=20

Figure 4.7: Absolute value of the 8n? recovered coefficients of the solution of the minimization problem
(@20) for different grids G,,. One observes, that an increase of the grid size yields a better concentration
on few coefficients, whose corresponding grid points are close to a true support point of the sought
measure.
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(@) n = 8,thres = 10~8 (b) n = 8,thres = 10~* (c) n = 8,thres =102
(d) n = 12,thres = 108 (e) n =12, thres = 10~ (f) n =12, thres = 10~2
(g) n = 16,thres = 1078 (h) n = 16, thres = 104 (i) n = 16,thres = 102
() n = 20,thres = 1078 (k) n = 20, thres = 104 (1) n = 20,thres = 102

Figure 4.8: Recovered support points on the grid G,, for different values of n and values of the threshold
thres. The representation is done in Euler angles. The true support of the measure p* are marked with
blue circles and the recovered grid points with orange crosses.
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The previous experiment suggests, that we can recover clusters around the true support of the sought
measure via the discrete recovery process in combination with a thresholding step.

To find the clusters, we use an algorithm known as mean-shift clustering, see e.g. [[Tuzel et al., 2005]],
[Comaniciu and Meer, 2002]]. We will describe it briefly in the following. We assume, that the recovered
points are samples of an unknown distribution, which is localized around the true support points of the
sought measure. A popular way to approximate this distribution, is to approximate it using a kernel-
density estimator, see e.g. [Pelletier, 2005], [Hielscher 2013 and references therein. More concrete, if
we denote the recovered grid points by {«}}"_; C G, we set

where ¢ : R — R, is a suitable profile function. When the profile function is suitably localized, the
clustering of the recovered points leads to local maximizer of f,, near the the unknown true support points.
For the profile function, we will use the function

2
(g (¢ 2) .t <,

= 1 (=) s
0, else,

which is known as quartic kernel scaled with parameter ¢ > 0. Calculating the gradient of f,_ at x yields
fore < \/Qlog(Q),

n* 3
1 —1,.% —1, %
Vi) = 30> eyl Ll e e)),
i=1 j=1

= x— Zlog (z )l (w(z™ta))) € T,SO(3).

Observe, that this computation is valid due to the compact support of the kernel .. The mean shift of x
takes a weighted gradient ascent step in the tangent space T,,SO(3) given by

S log(a a Wl (w(z a}))
S (w(a )

my, (v) =
and projecting back with the exponential map

z exp, (my, ().

We start this procedure at each point, which appears in the solution of the minimization (4.20) and whose
corresponding amplitude exceeds the threshold thres in absolute value and is iterated until convergence.
For convergence results of this procedure, see e.g. [Comaniciu and Meer, 2002f|. For better readability,
we summarize the mean-shift procedure in Procedure [2]

After introducing the mean-shift clustering, we formulate our second recovery algorithm based on
the finite-dimensional optimization problem (RP,)), respectively (RP, ). We state it in Algorithm[2] To
test the algorithm, we generate randomly twenty points with random complex amplitudes and compute
moments of order N = 4. The points are generated in a way, such that they are separated by %. We
generate a grid with parameter n = 20, see (4.18). As the support points are in general located off the
grid, similar to the case of noisy data, we cannot hope to have equality in the side condition of the problem
#.20). Instead, we solve the regularized problem (4.21)) with regularization parameter 7 = 1. We set the
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Procedure 2: Local mean-shift iteration
Input: Point set {z;}"; C SO(3).
Parameters: Scaling parameter € and 0 < tol < 1.
initialization: res = 1;
while res > tol do

for i=1:ndo
Compute the mean-shift
(3., toga7 " a))ut (wa7'ay)))
my (i) = - ;
(., vt (wa'e)))
end
Update
x; = miexp(my(z;)), i=1,...,m
Set
res = max |[my ()|
end
M =y, i=1,...,n;

Output: Set of mean rotations {z"™*"}? | C SO(3).

i=1

threshold parameter to thres = 1078, the scaling parameter of the kernel to € = 8 and the tolerance for
terminating the mean-shift iteration to tol = 10710, The result of Algorithm [2]are plotted in Figure
The distance of the true support to the recovered points obeys

maxm_inw(m[lx;-ec) < 0.078.
[

Remark 4.8 (Influence of the parameters). We would like to informally discuss the influence of the pa-
rameters appearing in Algorithm[2} The most obvious parameter is the grid parameter, since we can only
recover grid points in the minimization process. The higher the grid parameter, the closer is the grid
to the unknown support points, which becomes important if two support points become close. Since we
demand a minimal separation condition for the unknown support points of the form &, where N € N is
the order of the given moments and ¢ > 0 is a relatively small constant, the grid parameter should be
coupled to N. If n is to small in comparison to the order N of given moments, then two unknown points
close to each other may not be distinguished by the algorithm. On the other hand, if n is too big, then the
matrix Dy, given in (819), is "nearly singular’, which may degrade the recovery process at all. However,
a good rule for choosing the pre-defined grid depending on the given order of moments is missing.

Closely related to the 'nearly singularity’ of the matrix D  is the choice of the regularization param-
eter 7. For a parameter T, which is too small, the minimizer of the minimization @21)) has weights on
nearly all grid points and the clusters that should indicate the unknown support points are not identifiable
any more. If T is chosen too big, it may happen that some support points are completely missed, i.e. no
surrounding grid point is assigned a weight by the minimization.

The thresholding parameter thres should avoid, that all grid points are considered, since typically
all points are assigned a weight, but away from a support point, these are usually small as also seen in
Experiment We found that a small value like thres = 1078 is sufficient.
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Algorithm 2: Recovery on a pre-defined grid

Input: low-frequency approximation g € Il of p*

Parameters: grid-parameter n € N, regularization parameter 7, threshold thres > 0, scaling
parameter ¢, tol > 0

initialization: X = ()

do

Solve for ¢* € C8°,

o1
min_ Z|[Dye =g+ 7lell,
cecsn

where D is given in (@.19), using an interior point method;

Choose those x; € G,,, such that
lei| > thres,

and set X = {z;};;

Apply Procedurewith parameters ¢ and tol to the set X = {x;}; and generate
X = {mr_nean} .

Setv =3, ¢y Cidz,, with ¢; such that

v = argmin |Syv — g|l2;

end;
Output: v € M(SO(3))

(a) Result of minimization with regularization parameter 7 = 1 (b) Application of mean-shift clustering with scaling parameter
and thresholding with thres = 1078, € = 8 and tolerance tol = 1010,

Figure 4.9: Application of Algorithm [2]to recover a measure ;* with 20 support points from moments of
order N = 4. The true support of the measure p* are marked with blue circles and the recovered grid
points with orange crosses. The left picture shows the result of the minimization and thresholding step,
whereas the right picture shows the result of the mean-shift iteration.
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Regarding the scaling parameter € of the mean-shift clustering, we would like to mention, that a
parameter chosen to high results in generating too many clusters, i.e. two grid points actually associated
to one unknown support points are assigned to two different clusters producing an artificial support point.
In the case the scaling parameter is chosen to small, two different clusters belonging to two different
support points may be merged resulting in completely missed support points. We observe, that choosing
€ proportional to the order N of given moments with a small proportional constant works well.

We found, that the choice of the tolerance tol for terminating the mean-shift iteration is rather uncrit-
ical. The value tol = 10710 is typically achieved within three to ten iterations.

Summarizing, the dominant problem is the choice of the grid parameter n. € N in combination with
the regularization parameter T > 0.

Notes and References. Relaxing non-negativity constraints for trigonometric polynomials with sum of
squares representations is a wide used tool in signal processing, see [Dumitrescu, 2000|], [[Dumitrescu,
2007|]. This relaxation leads to finite-dimensional semi-definite programs, which can be solved using
standard convex optimization algorithms. Nevertheless, the number of variables of these programs grows
exponentially in the degree of the involved polynomial. More concrete, in our case the number of vari-
ables grows like O(N°®), when N is the order of given moments. Recently, several authors proposed to use
customized interior point algorithms to solve semi-definite programs stemming from sum of squares re-
laxations of non-negativity constraints of trigonometric polynomials, see [[Roh and Vandenberghe, 20006]]
and [Roh et al., 2007|]. An interesting question for future research is the adaption of those proposed
methods to solve the optimization problems and appearing in Algorithm|l]

A different line of future research is due to the a priori discretized optimization problems resp.
involved in Algorithm@ Since the number of variables is 8n3, where n € N is the grid parameter,
it may be valuable to use specialized interior point methods or first order methods in combination with
fast algorithm for the matrix vector product with the matrix D resp. DY, see [Kostelec and Rockmore,
2008|]. One could also consider a local refinement of the grid near the points recovered after the mean-
shift clustering and restart the minimization process involving the new discretization. We leave these
considerations for future research.



Chapter 5

Super-Resolution on the Sphere

In this chapter, we show the applicability of the approach of the previous chapters, i.e. using Hermite
interpolation to construct a dual certificate, to the super-resolution problem on the two dimensional Eu-
clidean sphere.

Beforehand, we discuss the limitation of extending this approach to more general settings. Indeed,
one could consider the recovery of point measures on a smooth compact Riemannian manifold M from
low order moments with respect to the eigenfunctions {( }, of the Laplace-Beltrami operator on the
manifold, which includes the described setting of the rotation group and the sphere.

In order to construct a dual certificate, one can formulate the Hermite interpolation problem again.
As seen in Chapter [2]and 3] it was crucial to control quantities of the form

X;LX;/(I)N(x7y)7 $7ZJGM>

where X7, X]y are vector fields and ® 5 : M x M — R is an interpolation kernel of the form

N
P (z,y) = Z ar ek (2)pr(y)-

k=0

Although, there are asymptotic results of the form

XXV (2, y) (5.1)

< - -
= Moy
where d(x,y) is the geodesic distance, see [Filbir and Mhaskar, 2010], the constant C' > 0 is in general
not accessible. In addition, the behavior near the diagonal is in general not clear. The consequence is,

that, although one can show the invertibility of the interpolation matrix for a minimal separation distance
big enough, it is not possible to show the bound

lg(z)] <1,

where g is the solution of the interpolation problem and z is near an interpolation point, using only
asymptotic estimates of the form with unknown constants.

Thus, the approach using Hermite interpolation to construct a dual certificate seems limited to those
cases, where one can construct interpolation kernels obeying asymptotic localization estimates of the
form (5.I) with explicit constants and can be controlled well near the diagonal, by using e.g. Taylor
expansions.
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In this chapter, we consider the recovery of point measures on the two dimensional sphere from low
order moments with respect to spherical harmonics. This setting has been considered at first in [Bendory
et al., 2015a]. Nevertheless, there are severe gaps in the proofs due to the choice of interpolation kernel,
that do not allow for good control of its pointwise behavior. We aim to close these gaps in the following
chapter.

At first, we start by describing the setting of super-resolution on the sphere in Section [5.1] including
the differentiable structure on the sphere, the involved basis function, called Spherical harmonics, as well
as the recovery problem from moments with respect to these basis functions. Afterwards, in Section
[5.2] we derive the needed localization estimates for a specific interpolation kernel. Finally, we construct
the dual certificate in Section@ In short, the structure of this chapter is based on the structure of the
previous chapters, dedicated to the recovery on the rotation group.

5.1 Analysis on the Sphere

In this section, we briefly summarize the analytical tools on the sphere, which are needed in the following,
and formulate the super-resolution problem on the sphere.
The two-dimensional sphere is given by

S?={z cR®:|z]2 = 1}.

It is a two-dimensional smooth manifold and a metric, which is compatible with its topology, is the
great-circle distance
d(z,y) = arccos((z,y)), w,y € S*.

The tangent space at a point z € S? is
T.S* = {y € R®: (z,y) = 0}.

In the following we shortly describe the differential structure on the sphere. We will use two different
local coordinates on S2. First, for v € T,S?, there is a unique geodesic 7, , such that v, ,(0) = = and
Y »(0) = v. It has the form

. v
Voo (t) = cos([[v]l2t)z + Sm(llv\lzt)m-

The exponential map at s € S? is
exp, (V) = Yz (1).

We fix an orthonormal basis 1¥,n% in T,,S?, such that n§¥ = ¥ x z and thus ¥ = x x n%. This is
always possible, although we cannot choose the local bases in a continuous way, as there is no continuous
nowhere vanishing vector field on the sphere, due to the Hairy ball theorem. This is in contrast to the
case of the rotation group, where the tangent space is basically a translation of the tangent space at the
identity. One way to obtain 7 is to chose a z € S? and an orthonormal basis 17, 15 of 7,S? and set

d , . .z><ar:
_ e (iE Z) [sln(d,z)]n;?, x # —Z,
= 2
-nz, Tr=—2z,
where for a vector v € R3
0 —v3 Vo
[v] = | w3 0 -un
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is the corresponding skew-symmetric matrix in the algebra so(3). In other words, we rotate the local
coordinate system at z, which is continuous for all points but the antipodal point —z.

Combining the coordinates due to this basis with the exponential map yields the normal coordinates
centered at x € S?, i.e. we parametrize a neighborhood of x by

v1nf + van?

p(v1,v3) = cos([[v]|2) + sin([[v]]2) s

)

and the inverse parametrization for z in a neighborhood of z is given by

vi(2) = d(z7x))<sz>’ i=1,2.

sin(d(z, z

The vectors

(1), ppl(2),(2)

form an basis of 7,S2. One can schow, that in the center of the normal coordinates

0? 0?
Sz p(01(2), 02(0)) = —2, 5 —p(v1(2), va(w)) = 0.
i iUj
In this local coordinates centered at x € S?2, the gradient of a differentiable function f at x has the
representation
_ (Xif(x)
Vi) = <X2f($) ’
with 5
Xif(2) = 5 (fo@)(vi (@), va(@)) = Bt~ (f (Yaz (1)) — (). (5.2)
Vi t—0

In the center = of the normal coordinates, the Hessian of a two times differentiable function f has the
representation
<X1X1f(.%') XlXQf(LL')>
XoX1f(x) XoXof(x))~

This is only true in the center of the normal coordinates, since the Christoffel symbols vanish. For dif-
ferent points, we would have to compute the Christoffel symbols with respect to the normal coordinates,
which becomes quite complicated.

Alternatively, we introduce a second set of coordinates, such that the computation of the Christoffel
symbols is much simpler. For a point 2z € S2, we parametrize the set B, (0) \ {0} by

v(r, 0) = r(cos(0)ni + sin(0)n3)
for (r,0) € (0,7) x [0, 27). Combining this with the exponential map, i.e.
QDPOI(Ta 9) = €XP, (U(Tv 9));

yields the polar coordinates centered at z € S%, which parametrize S? \ {2z, —z}. For z = (0,0,1)T,
these are the usual spherical coordinates on the sphere, given by

cos(r) sin(#)
sin(r) sin(6)
cos(r)
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For S? \ {z, —z}, the inverse parametrization, is given by
r(x) = arccos({z, z)) = d(z, 2),
0(:17) = arctany (<xan§>7 <‘Ta Uf>) ’

where arctany (y, z) denotes the arctan of £ with respect to the different branches of the tangent function,
which means

cos(0(x)) = m

_ _ _(mmg)
sin(f(z)) = sin(d(z, z))

For each = # z, —z, the vectors

ol ol
o = @), 6(0). 25 = g g (). 6(2) 53)

form an orthonormal basis of the tangent space T),S?. Notably, we have 7§ = 7¥ x x and ¥ = x x 5.
In these coordinates, the Riemannian metric takes the form

g(r,0) = (é Sing(r)> ;

and the Christoffel symbols in this coordinates are therefore given by

F’“(r,e)—(g _Sin(r(;cos(r)), Fe(r70)_(cog(r) CO%(T))

For a two times differentiable function f and z € S? \ {z, —z}, the Hessian with respect to the polar
coordinates centered at z, i.e. with respect to the basis (5.3)), is represented by the matrix

82f pol 1 82f pol
Hf _ 6:5 sin(r) 87'08% 1 af o @pOI Ind 1 af © (ppol FQ
- 92 ° pol 2 ° pol - ) —_— N .
sinl(r) dafeai sin%(r) 2 (’fief Sl (T) or sm(r) 90

Next, we describe the involved basis functions known as spherical harmonics. For a detailed overview,
see [Atkinson and Han, 2012]. The space L?(S?) is given by all functions f such that

I1l2i= ([ 17@Pa0w) < .

where Q is the Riemannian volume form on S? for the metric g. In spherical coordinates, this can be

written as .
2 T 2
_ ,0)[? sin(r)d d0> .

T (A [ 10 sintrar

It is well known, that the space L?(S?) can be decomposed into an orthogonal sum

e’}
LQ(SQ) = CIH,HL2 @Hl,
=0
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where H is the eigenspace to the eigenvalue \; = —I(I + 1) of the Laplace-Beltrami operator on S?. We
have dim(H;) = 21 + 1. Set

N
N(S%) = |J H,
=0
then for f € Iy, (S?), g € Iy, (S?)

f'g € HN1+N2(S2)'

We choose the orthonormal basis that separates in spherical coordinates. They are given in spherical
coordinates by ‘
Y (x(r,0)) = Ny P/ (cos(r))e'™,  —1 <m <,

where
1 204+ 1 (1 —m)!
Nlm =
2T 2 (I4+m)!
is the normalization constant and
m (=Hm 2\ ditm 2 l
Pt = (1= )% S (2 - 1)

are called associated Legendre polynomials. With this, we have that the system
(vl :leN-l<m<I}
is an orthogonal basis of L?(S?). Moreover, the following addition theorem is true

47 !

Pi({z,y)) = P ((,y)) = G Y Ya(@)Yh(y).

m=—

Thus, the projection Py : L%(S?) — C(S?), onto the space ITy (S?) can be written as

Prs(@) = [ Fw)Dx (i)

with
N

Dtry) =Y 25D PG,
=0

With this preparation, we are now able to describe the problem of super-resolution on the sphere. Given

a discrete measure
M
*
o= E Ciafi
i=1

consisting of M support points x; with amplitudes ¢;, the super-resolution problem on the sphere is to
recover the unknown parameters X = {x;}, ¢ = (¢;) from the low frequency information

Pin*(e) = | Dl (o)
S
Again, we discuss the recovery of p* via the minimization

min , subjectto  Prxpu=Pru*. SP
peM(SZ,]R)HMHTV d NH NH (SP)
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As seen in Chapter [I} see Theorem to ensure that 1* is the unique minimizer of (SP), one has to
construct for each sign sequence u; a function ¢ € Iy (S?), such that

q(z;) =u;, z; € X,

lg(z)| <1, x€S*\AX.
In complete analogy to the previous discussion regarding the recovery on the rotation group, see (I.16),
we formulate the Hermite interpolation problem

q(xi) = s,

Xiq(z;) = Xa2q(xi) = 0,

for z; € X, and X, ¢ is defined in (5.2). In order to tackle the interpolation problem, we choose a kernel

Jy : $? xS? — R, such that Jy (-, y), X4 JIn(-,y) € I (S?) forall y € S?, and solve for the coefficient
vector in the linear system

JN XfJN X%JN (7)) u
Ka:= | X{Jnv X7X{JIn X5X{JIn a1 | =10
XgJN XfXgJN X%XQyJN (%) 0
Thus, the interpolant is of the form
M
q(z) = Z a0 N (w, 2;) + a1 i XY In (2, 2:) + a9, X5 In(z,2;) € TN (S?).
i=1

To control the interpolant properly, we need localization results for the kernel Jy and its derivatives. In
the next section, we therefore choose a specific kernel, that is of the form

In(z,y) = I (d(z,y))

and show analog localization estimates similar to those in Chapter 2]

5.2 Localization Estimates

The aim of this section is to show the necessary localization results for the construction of the dual
certificate. We start by discussing the choice of the interpolation kernel. First, the interpolation kernel
must have a polynomial expansion. To be more concrete, we choose a kernel that has an expansion of the
form

N R l l o N 20+ 1 )
=0 m=—I1 1=0

which means Jy is a zonal function. Thus, by construction we have Jy (-, y), XY Jn (-, y) € Uy (S?) for
ally € S2. In addition, the kernel has a representation of the form

In(z,y) = In(d(z,y)),

where Jy is a trigonometric polynomial. We therefore derive estimates of the interpolation kernel from
the corresponding bounds on the trigonometric function J).
As interpolation kernel, we chose the specific kernel, given by

. 1 sinf((IV/2] + Dd(z,y)/2)
Intey) = In(d@.9) = Ty sin(d(z,y)/2) ’

i.e. the classical trigonometric Jackson kernel evaluated at the distance of x,y € S.

(5.4)
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Lemma 5.1. The Jackson kernel Jy(x,y) has an expansion of the form

N

Inte) = 3 i, ))
=0

with positive Legendre coefficients
1 ~
W = 27r/ Py(t)Jn (arccos(t))dt,
-1
and thus Jn (-, y), XY JIn (-, y) € TN (S?) forall y € S*.

Proof. Setfort € [—1,1]

. o 1 sin®((n 4 1) arccos(t)/2)
Fr(arccos(t)) = (n+1)2  sin®(arccos(t)/2)

i.e. the Fejér kernel evaluated at arccos(t). Then

Jn (arccos(t)) = F2(arccos(t)), n= {

IR

In [Keiner et al., 2007, Lemma 7], it was shown, that

F,(arccos(t)) = Z 2t 1@lpl(t)7

which shows F, (d(z, -)), Fy, (d(-,y)) € I1,,(S?) forall z, y € S? and therefore Jy (d(z, -)), Jn (d(-,y)) €
I (S?). The positivity of the coefficients 1; follows from the positivity of the linearization coefficients
of a product of two Legendre polynomials

min(m,n)
2m+2n —4l+1 A(m — ) A(I)A(n — 1)
P,(t)P, = _ ,
(6P (2) ; 2m +2n — 20 + 1 An+m—1) metn-2()
where
1-3-5.....(2m—1
Alm) = D),
see e.g. [Adams, 1878)|. O

Before we state the necessary localization estimates for the Jackson kernel, we would like to mention
a different behavior for these kernels, than for the kernels we discussed on the rotation group. It turns
out, that the geodesic distance on the sphere behaves differently with respect to the boundedness of the
derivatives. As seen in Chapter [2| the geodesic distance w(z~'y) is not differentiable at x = y and
whenever w(m‘ly) = 7, i.e. y is an element of the cut-locus of x. Nevertheless, the derivatives only
have a true pole at © = y, which can be handled using the pointwise-wise estimates of Lemma [2.5]
which are summand-wise estimates of the trigonometric representations of the kernels. On the sphere,
the derivatives of the geodesic distance d(z, y) have true poles at z = y and x = —y. Whereas the first
case is again covered by estimates similar to those of Lemma [2.5] the second case can not be covered
by summand-wise estimation, since the sign of cos(kd(z,y)) and sin(kd(z,y)) alternates with k in a
neighborhood of x = —y. Consequently, we have do deal with the singularity at z = —y induced by the
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derivatives of the geodesic distance in a different way. Especially, we have to bound the trigonometric
expressions

In (@) ) — jz’v(éf) cos(w)
i ] sin(w) 5.5)
_ Jy(w)sin(w) — Jy (w) cos(w)

sin?(w)

)

)

that appear in the spherical derivatives. Knowing only asymptotic estimates for J \ and J v is not suffi-
cient, we have to consider the differences in closed form, which prohibits the use of the B-spline kernels,
that we considered for the rotation group. To achieve this, we use the closed form expression (5.4) of the
Jackson kernel.

Lemma 5.2. For |w| # 0, we have forn = | N/2]|

~ T - 3~7'r4 12. 5 7t
< - ! < - - o= 5
2. 7r4 14.5 - 74 8.t
< - - [ - -
Gl G WIS Giper 1B G
" _68.7% 4
where G, G2, G3 are defined in (5.3). For |w| < 0Ty, We have
. 7(4) } 3 7(4)
T4(0) — cos@)r )| < 2L, 1750) - Tyt < Qe
7(4)
JN'(0 .
Gae) < 2O, (Ga(w)] < 052- TP O,

Jh(w) — cos(w) sin(w)J5 (w)

- <052 TP O, [J¥ (@) < T 0)wl.
sin”(w)

Moreover,

In(O) =1, Jh(0) = JH(©0) =0, Ji(0) = -
7@y~ L
Iy (0) = %n(n +2)(9n(n+2) — 2).
Proof. We will use the property
|sin(w/2)| > M, forw € [—m, 7],
T

for the asymptotic estimates, and component-wise estimates of the expressions for the case |w| < 4(n P
The estimate for the kernel itself follows immediately. For the first derivative, we have

Ty (W) = 2F,(w)Fy (w)

_ 1
2(n + 1)2sin?(w/2)

S(w sin?((n w
((n +1)sin((n + Lw) — 2eost /QZin(w(/g) = /2)) :



5.2. LOCALIZATION ESTIMATES 105

“2(n-+1)52n9<w/2)((”*1>S““<”*1)“)2C0800/2>ﬁn<01+iwav2>vh<am(w/2»>,

where U,, denotes the n-th order Chebychev polynomial of the second kind. Since ||U, || = n, we get

1.5
(n +1)sin?(w/2)

|Fn(w)] <

Since the Fejér kernel can be written as

F(w) = ﬁ (1 + 2; (1 - nf—l) cos(k;w)) ,

we get F! (m) = 0 and therefore .J () = 0. Moreover, we have

F'(w) _ 1 <(n 1)sin((n+ Dw)  2cos(w/2) sin?((n + 1)0.1/2))
sin(w)  2(n + 1)2sin?(w/2) sin(w) sin(w) sin(w/2) ’
1

= 2(n + 1)2sin2(w/2) ((n + 1)U, (cos(w)) — (n + 1)2Fn(w)) _

Since || E,||o0 = 1, we get

F! () 1
sin(w) sin?(w/2)’
and ~
. F'I/L(w) T
allg}a sin(w) . (0).
For |w| < ﬁ, as seen in (2.23)), we have,
k2 cos(kw) — ksm(l.cw) cos(w) <0,
sin(w)
which yields
B2 ksm(l.ﬂw) cos(w) T ksgl(kw) cos(w) < K3(1 — cos(kw))),
sin(w) sin(d(z, z))
2
<K
- 2
Since,

2n
T (w) = ﬁ <—2kz_:1ckk sin(kw)) ,

with positive Fourier coefficients c, component-wise estimation shows

= cos(w)Jy(w)| _ JD(©) ,
— < .
In(0) sin(w) - 2 w
In the same way, one derives
- (4)
750) = ()] < T
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We compute
Galw) = ) - X2 ( ()" + o) (F;;(w) d (Sh)l(cjjj(“)))
Since
. B 1 B
) = o et o) (0 + 1)2((2 + cos(w)) Fo (@) + cos((n + 1)w))
—on+1)(1+ cos(w))Un(cos(w))),
we get
i _ Frlz(w) COS(UJ) _ 1 n 2 cos(w n w
Fl@) = =0 = s s sy (1 DR+ cos() ()
+cos((n+1w)) — (n+1)(2+ 3cos(w))Un(cos(w))>,
B 1 ~ U, (cos(w))
= S TR ((n +1)2(2(1 + cos(w)) <Fn(w) - TR >

+ (n41)%cos((n + Dw) — (n+ 1) cos(w)Un(cos(w))>

and inserting yields

= Jhy (w) cos(w) 14.574
1" N
— <
N = amw | S hr e
and similarly
12.574
‘ T (n+1)?wlt

For |w| < m, the estimate follows again by estimating component-wise in the trigonometric repre-
sentation, yielding
J®(0)

() — Jh (w) cos(w)
2

sin(w)

w™.

Furthermore, we have

T " _ g 3 n(n+2)
T (0) = 2F"(0) n—|—1k1< _n—|—1)> T3

Next, we consider the expression

Jih(w) sin(w) — Ji (w) cos(w) '

Galw) = sin? (w)

Observe, that for w = 7 the expression is zero. For w # 7, we get

JH (W) sin(w) — Ji (w) cos(w) 5 <<157'l(w)> B () + Fo(2) <FT’L’(W) sin(w) — F/ (w) cos(w)>> ,

sin?(w) sin(w) | " sin?(w)
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pnw<F’7(w)sm(w)_Fﬁ(wﬁos(w))— LD/ (g4, 4 qpllteoste)) (7

sin?(w) 2(n + 1)4sin*(w/2) sin(w)
B Un(cos(w)))
n+1
b (n+1) (n+1)cos((n+ 13;:1)((;) cos(w)Up (cos(w)) )
For the first summand of the righthand site, we have the bound
sin?((n +1)/2) (1 + cos(w)) ~ Up(cos(w))
(n+1)2sin*(w/2)  sin(w) <Fn(w) n+1 ) ‘
B 1 sin?((n +1)/2) cos(w/2) W) — U, (cos(w))
(n+ 1) sin*(w/2) (n+1) sin(w/2) <Fn( ) n+1 ) ’
B 1 sin((n+1)/2) sin(n cos(e B () — U (cos(w))
(n+1)sin*(w/2) | (n +1)sin(w/2) ((n+1)/2) cos(w/2) (F"( ) n4+1 ) ’

F,(w)

— D) sin4(w/2) sin((n + 1)/2) cos(w/2) (Fn(w) _

Un;c?rs(lw))ﬂ ~(n+ 1)521n4(w/2)’

For the second summand, observe that, due to the derivative representation of the Chebyshev polynomials,
we have

(n+ 1) cos((n + 1)w) — cos(w)Up (cos(w)
sin(w)

= —sin(w)U,, (cos(w)).
Using the Bernstein inequality for algebraic polynomials, i.e.

[P (1)) <

1Palloos, —-1<z<1,

\/7

for a polynomial of degree n, see e.g. [Bernstein, 1912], we derive

(n+1)cos((n + 1)w) — cos(w)Uy (cos(w)

< < 2,
sin(w) <nllUnlleo < (n+1)

Hence, we can estimate

‘ sin?((n +1)/2) (1) (n+ 1) cos((n + 1)w) — cos(w)Uy (cos(w)) ‘ < 0.5
2(n + 1)*sin*(w/2) sin(w) = (n+1)sin*(w/2)

Together, this yields

- E!(w) sin(w) — F! (w) cos(w) 2.5
Fale) ( sin® () ) ‘ = Gt Dsint()2)

and consequently
8
(n +1)sin*(w/2)

Ji(w) sin(w) — Ji (w) cos(w)
sin?(w)

<
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Again, for |w| < ﬁ, we estimate the expression component-wise. Observe, that
k? cos(kw) sin(a.))Q— k sin(kw) cos(w) ‘ < 1 K3 sin(hw),
sin ((U) 1 + COS(UJ)
k|l
~ 1+ cos(w)’
see (2.23). For this reason, we have for |w| < 777
511 : _J j(4) 0 j(4) 0
n(w)sin(w) — Jy(w) cos(w) | _ I (0)w] _ N (0)|w|
sin?(w) ~ 1+4cos(w) = 1+cos(n/(4(n+1)))’
TN ()] )
— = <0.52- J5/(0)|w].
~ 14 cos(m/8) — N (O]
Very similar to (2.23)), one shows
k? cos(kw) cos(c.u)Zsin(w) — ksin(kw) ‘ < 1 K9 sin(kw),
sin (w) 1 + COS(W)
k|l
~ 1+ cos(w)’

and thus ~ ~
I (w) — cos(w) sin(w) J3 (w

. <0.52- JP(0)|wl.
sin®(w)

Similarly, we can calculate the third derivative

N () = 23E, () F) () + Fo () B ().

n

Since,
Fule) (@) = oy (g /2 s+ )/ 20 o (a/2)
((5 + cos(x)) F(z) + cos((n + 1)z)) + % sin((n + 1)a-
(Fa(2)(10 + cos(z)) + cos((n + 1)z) — 1))
and
!/ 1/ 1 3 .
FL@) B @) =5y arara (g g <08@/2) sinl(n o+ D/ Un (cos(a/2)

((2 4 cos(z))Fy(z) + 5cos((n+ 1)) +4) + Z sin((n + 1)x)-
(Fo(2) (4 + 3 cos(z)) + cos((n + l)x))),
we estimate using the triangle inequality

” 68 -t

NN(W)‘ < CEDIEL
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With Ji () = 0, we get for |w| < 57

W) < TP Ol

The fourth derivative can be written as
- ~ 2 ~ ~ ~ -
JP(w) =2 (3 (Fi@)) + 4B @) By (@) + Fu(w)FLY <w>>

and therefore

Because of

o0 =23 (- ) < 2 D gy -,

we get

O

Now, we are able to state the localization estimates for the spherical derivatives of the Jackson kernel
using the bounds for the trigonometric expressions derived in the previous Lemma. More precise, the
bounds on the derivatives in normal coordinates are stated in Theorem [5.3]and those in polar coordinates
are derived in Theorem[5.4] In the proofs, we make use of several identities, see Appendix [C] regarding
the cross product in R?, which for abbreviation is not detailed in the proofs.

Theorem 5.3. The Jackson kernel fulfills for x # y andn = | N/2|

7r4 3.7t

I — XY < <5

o Dt RS ey
16.5 - 16.5 - 7

- - XxXI <

(n+1)2d(x,y)4’ X7 X5 N (z,y)| < (n+1)2d($,y)4’
110 - 7*

(n+1)d(z,y)*

|In(z,9)] <
| X XY TN (x,y)] <
| XFXTXY TN (x,y)| <

and forx =y

In(z,z) =1, XleyJN(:E,I) =X/ X JIn(2,2) = — ~;\//(0)7
X3 In(w, ) = X XY In(z,0) = X7 X XY Iy (2, 2) = 0.

Proof. The first estimate follows directly from Lemma @ For the second estimate, we first calculate
the derivative to get

N
2 +1
X4J(,y) =) 1

=0

- UA}l}Dl/(<1'7y>)<xa 77%>7

which immediately yields XYJ(z,z) = X¥.J(xz,—x) = 0. In the case x # —y, y, we can calculate

XU Jn(w,y) = _j&(d(m,y))%’
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- iif’v(d(%y));i(m( : y)>>’
= Fy(d(e, >>$’<’f 3 y>>>’

= FJn(d(@,9)(n¢ , nay),

where n, , denotes the unique unit vector perpendicular to = and y, which yields together with Lemma
[5.2] the second estimate. For the next estimate, we compute the derivatives in the same way to derive

+1

M=
N

XiX[In(z,y) =

Wi(P (2, y)) (@, ni)y i) + P (e, ) (7 i)

T
o

20+ 1
47

] =

Wy (P ((z, y)) (i, u) (W, ) — 0in Pl ({2, ) (2, ).

N
I
<

For i # n, this shows XF XY Jy(z,z) = XFXYJIN(z,—2) = XPXZIN(z,2) = XFPXZIN (2, —2) =
0. In the case ¢ = n, we have

N o141
X XPIn(z ) = XPXY In(z,) = W P (1),

— dm
71 71 (5.6)
i Jy (arccos(t)) ~ lim — J'N(o.))’
t—1 V1 —t2 w—0 s1n(w)
TN
= N(O)'

In the same way, one shows

N 9141
—XPXPIn (2 —x) = XPXY Iy (2, —x) = =) W P/ (-1),

For x # y, —y, the derivatives have the form

(@, m) (7, y)
sinz(d(gmy))

% (z,m3) (nf, y) cos(d(z, y)) (nf,np)

- JN(d(xay)) < sing(d(aﬁ y)) + sin(d(m,y)))
= (s ) (M M) G2 (W) — (07, 1) G (w),

XIXYIn(2,y) = Ty (d(z,y))

and

XPX5In (@) = (0 nay) (0, Na.y) G2(w) + Gip cos(d(x, )G (w),

where G, G5 are defined in (3.5) and again n, , denotes the unique unit vector perpendicular to both
and y. This yields

| X3 X I (2, )|, | XX TN (2,y)] < [Ga(d(z, )] + |G (w)]
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__ 1657
= (n+1)2d(z, )t

which are the estimates for the second derivatives. For the third derivatives, observe that

N
XPXTX TN (2,y) =) = wz(ﬂ”’(<x,y>)<nj7y><m,y><77}“~’,33>+P[’(<w7y>)<m,y><n%,m>
=0

B ((xy)) (0 mi) (y, )

— 6 (P ({z,9)) + P/ ({2, 9))) (z, y) (=, nii)),
which shows

XiXPXYIn (v, 2) = X7 XP XD In (2, —x) = 0.
Again, for = # y, —y we compute
(7, m3)(nf s y) — dij (@, ni ) (@, y)
sin(d(z, y))
(@, ) (i, y) (0 y) (@, y)

A ) + T (4 ) B eos(d, ) ()

e, m) 0y, y) osldla y
WG3(W)+5W (d(x,y))G1(w).

Hence, using the estimates of Lemma[5.2} we have the bound

XFXEXGIn(z,y) =

Gg(w)

110 - #

XIXTXYJ < ——
| i< On N(:E)y)| = (n+1)d(x,y)4

5.7
O

Theorem 5.4. For x,y,z € S? pairwise different and x # —z, with n = |N/2], the entries of the
Hessian of Jn (-, y), X% Jn (-, y) in polar coordinates centered at z obey

16.5 - 14.5 - 4
S H gl< ——27
(n+1)2d(z,y)*’ |(H T (2, 9)i] < (n+1)%d(x,y)*

117 - 7* 109 - 7*
7 HXY < 7
(v Dy (RIS G

[(HIn(z,y))i] <
(HXYIN (2, )il <
In the case y = z and d(x, z) < ﬁ, with § < /4, we get
T(0) = (LI, )il S 55+ 17, [(Hw(w,2)i] < 552 +1)?
(HXUn ()] < 000+ 1%, |(HXETw(,2))aal < 50(n+1)°,
(X 2))ig| < 00+ 1)

Proof. Remember, in polar coordinates centered at z € S, we have the local parametrization

O (r,0) = cos(r)z + sin(r)(cos(8)n7 + sin(0)n3),



112 CHAPTER 5. SUPER-RESOLUTION ON THE SPHERE

where 77, 13 is an orthonormal basis of 7., S?, such that n§ = n7 x z. The implicit inverse parametrization
for x # z, —z is given by

r(x) = d(z, 2),

_ wmi)
cos(f(x)) = sn(d(z.2)) (M3, Mz2),

, (z,m5)
0 = ————— =],y ).
Sln( (LC)) 51n(d(x Z)) <7717n s >
We first calculate the partial derivatives of the function f¢(r,0) = (©"(r,6),€), for £ € S?, given by

) =
+ cos(r)(cos(0) (77, &) + sin(0) (73, €)),
(1:€)

Or fe(r,0) = —sin(r)(z,)
39f£(7“79) = sin(r)(cos(0) {73, &) —sin(0){77,£)),
fe(r,0) = —cos(r)(z, &) —sin(r)(cos(0){y1, &) +sin(0) (13, £)),
39 efE(Ta 0) = —sin(r)(cos(0) (77, ) + sin(0) (13, ),
079 fe(r,0) = 03 . fe(r, 0) = cos(r)(cos(0) (13, €) — sin(0) (77, €)).-

Inserting the inverse parametrizations a lengthy calculation shows

O fe(r(x),0(x)) = sin(d(z,£))(na.g 12 .a),

Oy fe(r(x),0(x)) = sin(d(z, z)) sin(d(z, §))(z, neg X N2a),

7, fe(r(), 0(x)) = — cos(d(z, £)),
95 o.fc(r(x), 0(x)) = —sin(d(z, 2)) cos(d(, 2)) sin(d(x, £))(n.g, 1z 0)

—sin?(d(z, 2)) cos(d(z, £))),
07 fe(r(x),0(x)) = cos(d(z, z)) sin(d(, €)){x, e X M2 0),
where
oz x¢§
T el

After this preparation, we proceed by calculating the full derivatives. We start with the kernel Jy (-, y)
and first assume = # —y. We calculate

(arccos(f(r(x),0(x)))) _ Jy(arccos(f(r(x),0(x)))f (r(z),0(x))
(1= f(r(z),0(x)))? (1= f(r(z),0(x))?)%/?

ot iy pray Ja(arccos(f (r(@), 0()))
arrfy( ( ),9( )) (1_f( ( ) ( ) )/2

)?
= ((Na,ys 2,2)) ?Ga(w) + cos(d(@, )G (w),
where G1, G are defined in (3.5). Thus, using Lemma[5.2] yields

(HIn (2, y)11 = (0, f,(r(2),0(x)))* (JgG

b

16.5 - 74

If © = —y, we again use the polynomial representation of ./, given by Lemma[5.1] to derive

2041

o o(B (2, —2)) (0,-f(r(x),0()))* + P/ ((z, —2))0;, f (r(),0(x)),

(HJN(Z‘, —x))n = Z

=0




5.2. LOCALIZATION ESTIMATES 113

With the same argument as in (5.6), we therefore get

(HJy (2, ~2)11 = Iy ().

In the case y = z and d(z, z) < 4(nﬂi+l)’ we have

(HIn(2,2)11 = Jy(d(z, 2)),

and Lemma 5.2] yields
- 7(4)
740 — (n (e, 2Dl < TP 22 < Dt 22 1)

For the second diagonal entry, we compute

(HJIN(2,9))22 = (2,154 X 12202 | TN (d(z,9)) — Jz/v(d(sﬂfi,ny()d)(ioz()c;(x,y))>

+ cos(d(x, y)) W

= (2, Ny X Mz )2 Go(w) + cos(d(w,y))G1(w),

which means ’
16.57

HJ < ——

(HJn(z,y))22| < (n+ 1)2d(z, y)*

and
(HJN(QL‘, —JJ))QQ =0.

In the case y = z, we get

(HJIn (2, 2))22 = cos(d(z, z))M

sin(d(z, z)
and Lemma[3.2] shows
: JH(0
[JN(0) — (HIn (2, 2))22] < 2( )d(x,z)Q,
3 2 4
< A .
< 2Od(x,z) (n+1)

For the off-diagonal entries, we get
(HIN(2,9))ij = (s 2 a) (2, Mgy X 12.2) Ga (W),
and analogous estimates to the bounds above, yield

14.574

(N @ 9))i] < a0t
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(HIn(z,—x))ij =0,
(NG, 2)) i < d(z,2) (0 + 1)
For the kernel XYJn (-, y), the estimates are derived in the same way. Remember,
_ In(d(z,y))
sin(d(z,y))
where 1% € T, S?. Then, with & = ¥ and the abbreviations in (5.3)

(2,80, fy(z)
sin?(d(z, y) ¢

XiIn(@,y) = (@, m7),

aTXrszN(mﬂy) = Q(d(.%',y)) —8Tf§($)G1(d(.’L',y)),

Gy (d(l‘, y)) - a@ff(x)Gl(d(‘T7 y))

In polar coordinates centered at z, we have for y # —x

0,1 (ae,) =~ G, )
o H (d(z,y)) = mGg(d(x, Y))

0,G(d(w,y) = —f(z((’y)) (57 (@) + T (dz,y)) = 3cos(d(a,y))Ca(d(a, )
pG(d(x,y)) = —% (I3 () + Ty (d(w,y)) = Beos(d(z, 1)) Ga(d(x,p)))

We therefore compute the first diagonal entry as

(HX} Tn (2, ) = 07 X0 In (2, y),

_ O fe(2)0, f, () (,€)07, fy(x)
sin(d(z, y)) sin(d(z, y))

+ L85, G, ) ~ 02, Fe@)Gald(o.9) = 9r ()0, G (),

Inserting the precomputed derivatives yields

(HX3 Tn(2,9)11 = 2N 6,10z ) (N2, M) si0(d(2, €)) G (d(, )
{z,€) cos(d(,y))

- sin(d(x, y)) G3(d<.’lﬁ,y)) + <x’§>Gl<d($>y))

X nz X nz Yy 2 JI I~

- 8 (e, ) + Tl )

3<Ia §> <nz,£7 nfc,y>2 COS(d(I, y))
sin(d(z, y))

Gs(d(z,y)) + Gs(d(z,y))

_|_

Gs(d(z,y)).

Since,

(2,6) = (x,n) = (!, @ x y) = £}, nyy) sin(d(z,y))
we know that
<1

- b

(x,8) ‘
sin(d(z, y))
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and we can estimate using Lemma5.2]to derive

117 - 7*

(HXY T, (x,y)1| < (n+ Dd(z, y)*

In the case y = —x, we again use the polynomial representation of Jy to get
(HX;{JTL(Z', _x))ll =0.

In the case y = z and d(z, z) we have

™
< 4(n+1)°

(XY, s = - S, ),

and again the use of Lemma[5.2)results in,
1 3
((HX ] (2, 2) 1] < z5n(n+2)(9n(n +2) = 2)d(z, 2) < 750(n+1)°
For the second diagonal entry, we get

(HXYJn(x,y))22 = 2(x, Ny g X Ny x) (T, Mgy X Ny ) sin(d(z, §))Gs(d(z,y))

(z,€) cos(d(z,))
il Gl ) + (@, G (A )

<£C,§><:Z?,Tlx,y X nz7”ﬂ> 1" T/
-y (Rt ) + )
3w, E)(w, Ny y X My ) cos(d(z,y))

alr Gz, ),

+

which shows
117 - 74

(n+ Dd(z,y)*
Moreover, we have (H XY J,,(z, —))22 = 0 and using Lemmal[5.2] gives

(x,€) (mwuan—awﬂa@mmwuz»wmaxav‘
)) !

sin(d(z, z sin2(d(1'7 z))

(HXY T (2,y))22| <

|[HXY T, (z,2)| =

)
g(n—i—l)

1
<0.52- %n(n +2)(In(n+2) —2)d(x, z) <
Lastly, the off-diagonal entries are computed as

(HXYTn(,y))ij = (@, (Nay: Nea) (Mg X N22)) sin(d(z, §))Gs(d(z, y))
+ (2, (Na.g, Nz pz) (Mg y X Nz ) sin(d(z, £))Gs(d(z, y))

(z,8) (7, ng y XNy z)(n ,yanzw:v) 1 1
- s (T, y) + Ty (d(a. )
3z, E) (T, Ny X Mz ) (N, Mz ) cO8(d(T, Y))
n T o G (d(r, ),
which results in
109 - 74

(HX ) Tn(z,9))ij] < Dl )t
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(HXYJp(x,—2));; = 0 and
(HXYJn(,2))ij| = [(,nae X 0z ) sin(d(z, £))Gs(d(x,y))]

< g(nH)S-
O

We finish this section bounding sums of the pointwise expression of the previous theorems. For a
discrete set X C S?, we assume that its minimal separation is bounded from below in the following way
() i dene;) 2 —
= min Ti, X o
P %0 EX, T AT, vl = n+1
This is the analog of Lemma([2.6for the case of the rotation group and involves classical ringing arguments
on the sphere.

Lemma 5.5. Let x; € X, where X C S? is a discrete set, which obeys a separation condition of

p(X) > #H withv > 0. Let x € S? such that d(z,z;) < s%ﬂ, Jor 0 < e < 1/2. Suppose

f:8? x S? — C obeys,

cf
1@ S oD e (5.9)

forx # yand s > 3, then
Cfle

> @)l < (5.10)

T, €X\x;

vs '

where a. = ((s — 1) -min{9- (1 —&)7° 4+ 25,25 - (1 — )~ °}. Here ( denotes the Riemannian Zeta
function.

Proof. The proof is very similar to that of Lemma[2.6| We use a ringing argument on the sphere. More

concrete, for x € S2, with d(z, xj) < enf’H for some z; € X, we define the ring about x by

_ 2, VM _ v(im+1)
St {yES .7714_17al(3c7y)<7n+1 )

for m € N. As shown in [Keiner et al., 2007, Lemma 5], we can estimate the number of elements in the
intersection of S,,, with the set X' \ {z;} for m > 1 by

card(X \ {z;} N S;) < 25m.

Thus, it remains to estimate the number of elements in X'\ {z;}NSy. We will use the same argument as in

[Keiner et al., 2007, Lemma 5]. Observe, that Bz(n”“) (x;) ﬁBzm“H) (z,) = 0 fora;, x, € X\ {z;}NSo
and

U B2(nu+1) (xl) g Bz(fin (.Z‘)

z;€X\{z;}NSoy

Since ¢ < 1/2 and the Riemannian volume form is rotation invariant, we can bound the number of
elements by

& (B%@?’))
card(X \ {x]} N So) <—F—=,
0 (Bm(e?’))
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where e3 = (0,0,1)7 is the north pole on the sphere. In polar coordinates around e3, we consequently
have the bound

Q B 3v (63) % . d
card(X \ {z;} N Sp) < ( 2(n+1) ) _ fo } sin(r) 7"’
Q (BW”H) (63)> foz("“) sin(r)dr
1 — cos (5%~ 9
= (2( +1)> :(1—&-2(305(2(:_1))) <9
v n
1 —cos (m>

Because d(z, ;) < .55, we have d(z, x;) > % forx; € X\ {z;} N'Sy. Using this and the

locality assumption (2.3), we can therefore estimate

((n+1)-d(z,2i))*’

r;€X\x; z; €(X\z;)NSo m=1z,;e(X\z;)NSm
9
< Cf( 4 25¢; j{:
9Cf(1 - 6)_

s 25¢y
s + s Z msfl’
=1

91 —e)*+ 25)ch(si 1)

VS

where the last inequality follows by the definition of the Zeta function. On the other hand, we can define
the rings around z; again by

(1—¢e)vm
n+1

(1-ep(m+1)

= S?
8 {ye n+1

.

Since d(z, x;) < e.57, we have d(z, z;) < ed(z;, ;) for z; € (X \ 25) N Sy and therefore d(z, z;) >
d(z;, zj) —d(z,x;) > % Using this and the locality assumption (2.3)), we can estimate for s > 3

.%'.’E 3 o
2 W2, 2. G

z; €X\x; m=1g,c(X\z;)NS

<25 2 ey Gy

25¢; Si 1 25¢C(s—1)

< =
~— (1—¢)sws = ms—1 (1—¢)sv®

O

Having established the necessary localization estimates of the Jackson kernel and its derivatives in

this section, we are now able to construct and validate a dual certificate using the Hermite interpolation
in the next section.
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5.3 Dual Certificate on the Sphere

In this section, we construct a dual certificate as the solution of the Hermite type interpolation problem.
Remember, we would like to solve the interpolation problem

for z; € X, where ¢ needs to be an element of Iy (Sz). The interpolant, we construct, is of the form

q(x) = Z ao i In (T, i) + a1, X7 In (2, 0) + a2, X5 In (z, 2;) € TN (S?).

7

Thus, the coefficients should satisfy

In X¢Jn X5 Jn @ u
Koa:= Xy X¥X{In XsX{In||aa]=|0], (5.11)
XyJIn XiXYIn X3XYJIn) \a2 0

where again the matrix K consists of blocks of the form

XixX]yJN = (XfXJyJN(a?k,xm))k’m
For abbreviation, we write
Jij = XfXJ'yJN.

We will assume, that the interpolation points X = {z,, },», obey a minimal separation distance of the

form
v

p(X) = min d(xg,z,) >

5.12

9
where again n = | N/2].

In order to show the existence of ¢, we need to show the invertibility of the matrix K. Even more,
we need to partially compute its inverse to derive bounds on the coefficients «e. The following Lemma is
the counterpart of Lemma[3.1]in the case of the rotation group and bounds the entries of the interpolation
matrix.

Lemma 5.6. Suppose the points satisfy the separation condition (5.12). Then the entries of the interpo-
lation matrix are bounded in the following way

Co
I—- < =
I ol < 2,
Ci(n+1 Co(n +1)2 C
[J0ill oo » 1i0lloo < KT)y [Jijll oo < %7 fori# j,i,5 #0,
=1 C 1)2
H_JN(O)I_Jii < 2(717:_)7
e’} 14

with
Co=25-C(3)-71, CL=75-((3) 7", Co=412.5-¢(3) 7.

Ifn>9andv* > ﬁ-Cg, then

3

J1 < .
1-%° It < 0.99(n +1)% (1 — 5%527)

100 | <
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Proof. The bounds follow directly from Theorem [5.3]and Lemma[5.5] as well as from the invertibility of
a matrix A, if

I — Al <1,

and the bound on the norm of the inverse given by

1
A oo € ——————.
A = A

j],\//v(O)| _ n(n3+2) > 0.99~(n+1)2. 0

For the bound on J; !, one uses in addition, that for n >9, > 3

i

With this preparation, we state the main Theorem of this section, which gives a condition on the
separation of the interpolation points to guarantee the invertibility of the interpolation matrix /K and gives
bounds on the coefficients a.

Theorem 5.7. Suppose the separation condition (5.12) is satisfied for some v > 0, such that there is a
constant b > 3, with
3
i>_" p.C 5.13
Y =009 7T G-

where the constant Cy is given in Lemma[5.6] Then the matrix K is invertible and the coefficients of the

linear system (5.11) satisfy

1
00 <1 TEL 9y 1
laollee <1+ 27 —57 =7
(n+1)~! ,
oo < ——F——, =1,2.
leillee < 75 =2) =017 7
Moreover, we have the lower bound
| >1 !
agi| 21— ——m—r—.
0 45(b—2) — 1
Proof. The proof is in the same line as that of Theorem [3.2] We partition the matrix K into blocks of the
form _
_ (Ko Ky
K- i)
with blocks given by
Ko = Joo = JIn,
T y y T
Ky = [J01 Jo2] = [Xl IN X5 JN} ,

Ki= [T Ja|=[X{Iv X§JIn],

o= [ I _ [XEXYIN o X5XTUN
27 Ty Jao| | XPXYIN XEXYJN

and use an iterative block inversion. Again, we set for abbreviation

30
LT 09904
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It represents the quotient of the off-diagonal upper bound and the on-diagonal lower bound. The assump-
tion of the theorem then reads as

1
ay S 57
with b > 3. The same arguments, as those in the proof of Theorem 3.2 show

HI CKafJm| 1
T — _ ’
J0) ||~ (=1
and therefore
_ 3(b-1)
K3/J22) " leo < ;
”( 2/ 22) || = 0-99(n_~_ 1)2(b— 2)

which shows the invertibility of the matrix K. With the abbreviation T' = K5/ Ja9, we have the repre-
sentation

-1 T 1Jy (J22)71 ) (5.14)

K;l'= ( _ _ -’ _
2 — (Ja22) YTt (Jae) Tt (J22) YT g (Ja22) !

In the next step, one can show, that

1
I -K/K < —

which yields
1

_ 1
15(b—2)

I(K/K2) ™ oo <

and the invertibility of K. Thus, using the representation (5.14) of the inverse of K5 and the abbreviation
S = K /Ko, one can calculate the solution of the interpolation problem as

ag = S,
ay = =T~ (Jor — Ja1(Ja2) ™" Joz)cxo,
Qo = *J2_21(J120t1 + J()an).
This yields the bounds
faolloe €1+
Qolloe = 2T 5o—2)— 1’
(n+ 1)~
<
[ar]foo < 1502 01’
(n+1)71
<
lezlle < 55 =2y —01
Moreover, we have the estimate
—1
o=~ (1= vrma )1 |

2 [1=|((r = wrm ™)),

?

)

> |1— |1 - K /K) (5 /52) 7|
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Since b > 3, we have

1T = K/ Kool (K/K2) ™ oo,

1
P —
SBo-_2) -1

(I - K/K>) (K/K5) ™

IN

1

)

and therefore
1

N P
l@oil 21 = e =5y =7

Corollary 5.8. Suppose the interpolation points X = {x;} obey a separation distance of

207
X) > —
pX) 2 -

for N > 20. Then the interpolation problem (5.11) admits a unique solution, such that

1
<l4+—— <1+38-1073
laoloe <1+ 757 <1+ ’
(n+1)"' 38-1072
i oo< < ) :172a
loile < 757601 = a7
and we have the lower bound
1 -3
O’L el - - 4 L = - . . .
lag ;] > 1 >1-38-10
’ 45.6—1

Proof. Forn = |N/2|, we have (n + 1) > N/2 and therefore

107

LX) 2 0y

One shows, that with v = 107, we have

3
45 7 p.
vz g9 0O

with b = 8 and Theorem|[5.7] yields the assertion.
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(5.15)

O

Using the derived bounds on the coefficients of the interpolant, we proceed by showing the upper

bound in absolute value of the interpolating function g of Corollary ie.

lq(z)] <1,

whenever x is not an interpolation point. Again, we split the argument into two parts. Points, which
are close to an interpolation point, are covered by Lemma [5.9] where the argument involves convexity
arguments via the definiteness of the Hessian. The bound for points that are well separated from any

interpolation point is the content of Lemmal[5.10}
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Lemma 5.9. Suppose the interpolation points X obey a separation condition of the form (5.13) and

x € S? satisfies 0 < d(z,x;) < %, for an interpolation point x; € X. Then the interpolating

function q of Corollary [5.8|fulfills
lg(z)] < 1.

Proof. Remember, the interpolant is of the form

q(l‘) = Zao’jJN(l‘,LL'j) + al’iXiJJN(!Ll‘j) + ag’ngJN(l‘,xj).

J

Without loss of generality, we assume that uv; = 1 and we have to show that the Hessian is negative
definite. The case u; = —1 is completely analog with changing signs. At the interpolation point z; in
normal coordinates at x;, the Hessian has the form

. X1 X1q(x;) X1Xaq(x;)

We have, using the bounds of Theorem[5.3] Lemma [5.5]and Corollary [5.8]

XnXnq(w:) =Y a0 i Xp Xon (i, 2) + a1 Xp XXV In (w3, 25) + a9 X X3 XY Tn (@i, 25),
J
= aO,iXZXﬁJN(x’h .’EZ) + Z (ao’jX;fXijN(xi, .%'j) + al,iXﬁX,foJN(mi, l‘j)
i
+ az,jXﬁXﬁXé’JN(%mj))a

1 n(n + 2) 1 25¢(3) - 16.5 9
S_<1_45~61> 3 +(1+45~61) TG
2 B0 .

4.5-6—0.1 104
Since N > 20, we have (n + 1) > 10 and therefore

n(n+2) _nn+2) (n+1)? > 0.99. (n+1)2.

3 T (n+1)2 3 3

This yields
XnXnq(zi) < —=0.25- (n+1)%

Similarly, we can bound the off-diagonal entries by
| X% Xnq(x;)| <0.075- (n+ 1)2.
Combining these to bounds, we have
trace(Hq(z;)) < —0.5- (n+1)%,  det(Hg(x;)) > 0.05- (n + 1)2,

which means that the Hessian at x; is strictly negative definite and x; is an isolated local maximal point
of ¢ and ¢(z;) = 1 is a local maximum.

For x # x;, d(x, z;) < 7%_51 we argue in the same way, but instead of the bounds of Theorem 5.3| we
use the bounds derived in Theorem[5.4] Thus, for the diagonal entries we get

(Hq(@))ii =Y a0 (HIn (2, 25))ii + a1, (HXY In (2, 25))ii + az ;(HXY In (2, 25) )i,
7
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< agi 5 (0) + laolloo | 1T35(0) = (HIn (2, 2:))ial + D (HIn (2, %)) )il
i
+ e oo ((H XY I (2, 25) )il + Y (HXY I () )aal)
i
+ [zl oo ((H XY I (2, 20) )is| + D [(H XY In(, 25))aal)
Jj#i
< —0.19- (n+1)?

and in the same way for the off-diagonal entries
|(Hq(z))ij| <0.13(n + 1)2

This shows
trace(Hq(z;)) < —0.3- (n+1)?,  det(Hq(x;)) > 0.01 - (n + 1)2.

Hence, the function ¢ is strictly concave on By 5 (,,+1) (i) \ {2;}, which shows ¢(x) < 1. Moreover, the
Taylor expansion of the cosine and the sine function shows

T
In(z,z;) > 1+ JNZ(O) d(z,2;)? > 1 - Td(x,xl)z,
- - 1)2
X8 (o, 2| < T, 20))] < 17Ol z) < "5 e ),
meaning for d(x, x;) < (7?4}51)

q(x) = a0 (1, 2:) = [lenfloo| XTI (2, i) | + [laz]loc | X5 TN (2, 24)]
+ > laollooIn (@, )| + llonlloo| XY I (@, 25)| + [z ool X3 Tn (2, 2))],

Zj #T;
> 0.93.
Combining this shows 0.93 < ¢(z) < 1. In the case g(x;) = —1, the analog arguments with changing
signs show, that x; is an isolated local minimal point, g is strictly convex on By 5/(n41)(2;) and —1 <
q(x) <0.93. O

Lemma 5.10. Under the assumptions of Lemma we have that for all x € S with d(x, 2,,) > (ffl)
for all x,, € X the interpolating function q of Corollary[5.8|fulfills

lg(z)| < 1.
Proof. We split the proof into three cases. The first case corresponds to those 2 € S?, such that (T?fl) <
d(z, Tm) < éﬁ'f), the second to (%iif) < d(z,mp,) < (5%1) and the last to those € S2, such that
d(w,x7) > F5y for all interpolation points z;. We have to bound the summands in

‘q((E)| = ZCL()JJN(L&LEJ') + (llﬁiXilJN(.’L',(Ej) + agﬁngJN(ammj).,
J
< laollool In (2, @m)| + lla oo | XY I (2, @) | + [zl oo | X2 I (2, m)|

+ Y laolleclIn (@, @) + llar ool XY Tn (2, 2)] + llaalloo| X3 T (2, ;)]

T;FTm
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In the first case, we have due to the Taylor expansion of the cosine function and the positivity of the
Jackson kernel

~ 1 j(4) 0
|JIN (2, 20m)| = In(d(z,2,,)) < 1— Wd(x,xmf + %d(m,xm)‘l.
Since N > 20, we have (n + 1) > 10 and consequently
. +2) _nn+2) (n+1)? (n+ 1)
Juo) = M2 . >0.99. 1
75 (0) 3 T (n+1)2 3 = 3
In addition, we have
7$P(0 2 2)—2) < > (n41)*
I(O)] = 5nln+2)(9n(n +2) ~2) < = (n+ 1)
Thus, for ¢ € [0.5, 1.17], we have the bound
= 0.99 1
In(t 1) <1———t*4 —t"
The polynomial on the righthand side is monotonic decreasing for ¢ € [0.5, o], for tg = w and

monotonic increasing for ¢ = [to, 1.17]. Similarly, we have due to | sin(kw)| < kw,

(n+1)

X3 I (@, 2m)| < |y (2, 2m)] < T3 (0)]d(z, 2n) < 3

d(z, z.m,).

Accordingly, for ( ) <d(z,rn,) < =~ 1’{ we can estimate using the bounds above and the estimates
of Theorem[5.3] Lemma[5.5]and Corollary |§;8'|

1 0.99 1 2 3
<(1+——m)(1- P+ )+ — . =
i@l < (14 5g7) (1= 252+ 1) * T5oor 5

1 at /107 2 304 /107
1
( +45~6—1) 100 T45.6-01 10% °

where ¢t = d(x, z,,)(n 4 1). This results in the bounds

0.993, &y < d(z,2m) < Gy

lg(z)] < < 0.92, (n_lH) <d(z,rn) < (”tjr’l),
t 1.1m

091, Gy < d(z,2m) < Ty

which complete the first case. For the second case, i.e. 217 < d(z,2,,) < 22, we use the bounds
of Theorem [5.3to derive

71'4 7T4

< =@
|J($,xm)‘ — (n + 1)4d(.’ll,xm)4 N t4 ,
34 RV

XY < < —
o) S Gt <




5.3. DUAL CERTIFICATE ON THE SPHERE 125

with ¢ = d(x, x,,)(n + 1). For this reason, we have the estimate

|()|< 14 1 7r4+ 2 3t
AL = 5.6-1) 18 " 45-6-01 4

1 At /107 2 3G¢/10x
1
(+45~61> 10 " 45.6-01 108

which shows for (171‘1'” <d(m, ) < 2T

lg(z)| < 0.87.

Lastly, in the case d(z, z;) > n5T7-r1 for all interpolation points x ;, the set X Ux obeys a separation distance

of f—j:l and we again use the bounds of Theorem Lemma|5.5|and Corollary|5.8[to estimate
la(@)| < llaollee Y 1T (@, 25)| + la1lloo D 1XT T (2, 25)| + llaslloo D 1X5 T (2, 2;)],
J J J
1 )25~C(3) 2 75-¢(3)

<[(1 . < 0.06.
_( +45-6—1 54 +4.5~6—O.1 54—

O

Combining Corollary [5.8] Lemma[5.9)and Lemma[5.10] shows the existence of a dual certificate. We
summarize this result in the following theorem.

Theorem 5.11. Suppose the points X = {x1,...,xr} obey a separation distance of p(X) > 207” for
N > 20. Then for each sign combination u; € {—1,1}, there is a q € TIx(S?) such that

q(z;) =w;, forz; € X,
lg(z)] <1, forxeS*\X.

The existence of a dual certificate immediately yields the recovery of the sought measure via the
minimization of the total variation.

Corollary 5.12. Suppose the support of the signed measure p* obeys the separation condition

20m
ind ) > AT 0 ’ € * )
anég (z,y) > N by supp(p”)
for N > 20. Then p* is the unique real solution of the minimization problem

min , subjectto Pru=Piu. SP

LEM(EE R) el J NH NH (SP)

Proof. Theorem guarantuees the existence of a dual certificate. Hence, by Theorem P3; has
the null-space property with respect to supp(x*) and Theorem shows that p* is the unique real
solution. 0

Notes and References. Whereas the problem of super-resolution on the sphere was first considered
in [Bendory et al., 2015d|], we would like to mention, that to the best of our knowledge the first valid
proof for exact recovery in the context of total variation minimization is given in this thesis. We briefly
state the necessary modifications.

The choice of the Jackson kernel as interpolation kernel has two advantages. First, the closed-form
representation (3.4) of the kernel allows for asymptotic estimates with explicit constants, see Theorem
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[5.3] Second, the behavior of the derivatives near the diagonal can be controlled efficiently, see Theorem
Both ingredients are necessary for showing the bound |q(x)| < 1, whenever x is not an interpolation
point. This is in contrast to [Bendory et al., 2015a|], where the use of an unspecified polynomial kernel
prohibits those explicit estimates.

In addition, the geometry of the sphere, which plays a crucial role in bounding the Hessian, was not
considered properly in [Bendory et al., 2015a)]. Both gaps have been closed in this chapter.

Numerical considerations regarding the super-resolution problem on the sphere were stated in [Ben-
dory et al., 2015b|]. The proposed algorithm uses a semi-definite relaxation of the dual problem using the
Bounded Real Lemma and is similar to Algorithm[I| for the case of the rotation group. The authors ob-
serve numerically an exact recovery, whenever the support points of the sought measure obey a separation
distance of 2'15\['”, which suggests that the constant 20 - w of Theorem is not optimal.

Nevertheless, the investigation of the numerical aspects of the super-resolution problem on the sphere,
especially regarding applications, has to be considered in more detail. We leave this for future research.




Appendix A

B-spline Filter

In this section, we derive estimates that involve the perfect B-spline of order s. This function is given by

-1

-1 s—1 x S
gs—1(z) = ((S_)Q), /71 g(—l)kx(m(%w)m(%] (t)(z — t)*~2dt. (A1)

Proposition A.1. [Bojanov et al., 1993, Sec. 6.1] We have for s € N that the function gs_, given in
(A1) is a spline of order s — 1 with support [—1,1] and ||gs—1]1 = (é_l)ﬁ Moreover, we have for
alln < s — 1 the identity

gi’i)l (CC) = fs—l—n(z)v
where

fo(z) = (=1)* tsign(U,_1 (), fu(z) = /—361 fe—1(6)dt, k>0,

with the explicit representation for k > 0,

_1\s—1 T
fite) = T [ @0 iU () (A2)

Here U,_1 denotes the Chebychev polynomial of the second kind of order s — 1.

Lemma A.2. Denote by §s—1 = gs—1(2(+)) the scaled perfect B-spline. Then for m € N, we have

(2m)!- s
4m .l . 25t2m—1(g 4 m)!’

1227 gs—1(2)]l1 =

Proof. By Proposition[A.1] we have g, (z) = fs—1(z) and integration by parts shows

1 2m
/_ x2m§5,1(f£)dl’ — ﬁ ;(—1)5(25i7n)!l)!fs+l(l).

1
2

Now we use a specific orthogonality relation for Chebeychev polynomials of the second type, see e.g.
[Bojanov et al., 1993]]. For each polynomial p of maximal degree s — 2 it is true, that

1
/ p(t) sign(Us—1(t))dt = 0,

-1

127
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and form € N )
/ £ Gon (U, 1 (£))dE = 0,

-1
since the functions ¢572™ sign(U,_1(t)) are always odd. Moreover we can calculate

1 1 s—1
/ 1 pst2m—1 sign(U,_1(t))dt = / 1 gst2m—1 Z(—l)kx(cos(ktlﬂ)7cos(%ﬂ)] (t)dt,
— - k=0

RS k k+1
= (=1)% [ cos®*™2 [ =7 ) — cos**? Lﬂ' ,
s+ 2 P s s
3 1 k

We can write

k=1 k=1
R ik s X2 (542 i E@m—s—2)
SE =D LD Dl G Eh
k=1 m=0
s+2 s—1
1 s+ 2 omim=1\"
—gm > (P ()
m=0 k=1
Since .
E( Qﬂiﬂ)k 71+117627rT:71a m¢{175+1}7
e s = —e s
=1 s—1, m e {1l,s+ 1}
we have .
< k s s+ 2m
k s+2 _
k;(*l) COS (Sﬂ_) = 2‘5_"_2711_1( m ) — 1,
which yields
1
s+2m—1 . o s~(5+2m71)!
/71 t sign(Us—1(t))dt = STl (s )l

Thus, using the explicit representation (A.2)) of the fj, yields
é
1 1 s!
s 1)= ) ! )
fon) = Tz ;(1—2T)!4T~r!-(s+r)! even

-1

1 : 1 s!
ferr(1) = — > - , lodd.
(s —1)12572 L= (I = 2r)l 47 -7l (s 4 7))

Using this, we can derive

(2m)!- s
4m.m) - 2512m=1(g 4 m)!’

1227 gs—1(2) Il =
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Lemma A.3. For s € 2N, s > 6 we have

1 1
|gsS )|V = 2‘5 ||gsS )HOO = 26 1

2 — 2 s
5877 =270 38T e =20 %an(%),

s—3 s— ™ 3 s— ™
955 =2 an? () 5, (19857 e = 2 tan? ()
o o 3sin? tan
|gS 4)| < 95—4 44112 (1) ’ ” ~( 4)Hoo _ 9s—4 ( ) (23)’
25 2 cos (S) -1

3sin? ( S)tan( )

os () =

33y < 227

In the case s = 8 we have in addition

||g7 ||OO = 25(6—])'7 |g |V = 24(6—])|’ J 3 &y 9.

Proof. First observe that we have for0 <n <3

$ly =2l T oo = 207785

g ve 1387 o

(sln)
s—

By Proposmonu we know that g = fn. For n = 0, this means that

987" = fola) = (—1)° L sign(Us—1 (x))

and since Us_1 () has s — 1 zeros in the interval (—1, 1) and is not equal to zero for x = 1, —1, we have
that

s—1
19870 = 1folv =25, 1987 loo = I folloo = 1.

For n = 1, the total variation of f7 is given by
Tit1
/ fo(t)dt‘ <2

|filv = sup (Z |f1(@i1) — fl(ifi)) = sup <Z
where the supremum is taken over all partitions of [—1, 1]. Actually, choosing as partition the sequence

%

of zeros of U, shows that \925:12) |y = 2. Furthermore, we have the representation

—

s—

(cos( (sfk)w) COS((kkq)w)](m‘) (A3)

i <> (5w (%)

1952 oo = [l f1lloe = |£1(0)] = tan (218) .

Since f; is continuously differentiable with f} = f, we have

which shows

1 1
Faly :[1 |f§<t>\dt:[1 Fu(8)dt.
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Using the representation (A.3)) of f1, a lengthy calculation shows

s—3 S ™
9830l = |l = 5 tan® (5

For n = 2, we have the representation

s—1

fg (QZ) = Z(il)kX(Cos( (S_Sk)w ),Cos( (S_ks_1)7r )] (QZ) (A4)

k=0

. % <x2 ) (cos (T) ~tan (218) sin (T)) z
+ % (1 + cos <27;k) — sin (27;kj> tan (:)) )

Since the local extrema of f5 are the zeros of f;, which are given by

TN . (7k km
tan (—) sin|{— ) —cos|{— |,
2s S s

we can calculate the absolute extreme values of f5 on the intervals (cos (@) , COS (w)} for

k=0,...,s— 1. A lengthy calculation shows that the absolute values at these points are given by

2k+1
1tam2 (1> 1-— el ) ( 2 W)
4 2s cos (%)

which becomes maximal for k = % — 1. Since

1 1
mw:[Jmmw:[Jmmm

we get immediately | 3]y < tan® (%) In the same way we can derive a piecewise representation of f3

1 x—g + 22 | cos k—ﬂ — sin Lk tan (1)
2\ 3 s s 2s
< < kw) 2 < 27rk) 7r
+x|cos| — — —sin | — | tan (7>
s 2 s s
1 Er\® 1 . km T 1 . 3km 3
+ —cos | — — —sin| — | tan (—) — —sin| — | tan { — .
3 s 4 s 2s 12 s 2s
and plug in the zeros of f5, which are given by

tan (%) sin (T) — cos (k:) + tan <1> i (%k) i <7r(ks+1)> , k=0,... . 1,

2s cos (%)
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. 7k o 7(k+1)
T\ . Tk km T sin (T) sin ( s ) s
tan(—)sm — | —cos | — —tan(—) , k=—,...,s.
2s S S
A lengthy calculation for this shows

2 (T
(=) il — _1 3\ V) _ 3sin® (55)
o5 = e = 5001 = 5 (10 (57 ~31an (1) ) = 255200

and again |g{* 7|y < 2| f3]|oc-
For the case s = 8, we use the bound

2J+1

0 <
||gsfl||00 — 25_2(S_j _ 2)|7

see [Schumaker, 2007, Thm. 4.36] with a different normalization of the spline and again | ggj_ 711)|v <
20191 1. 0
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Appendix B

Measure Theory

Here, we give a quick reminder on the measure theoretic statements, we use in the thesis. These can be
found, e.g. in [Rudin, 1987].
Let X be alocally compact Hausdorff space and B(X) the corresponding Borel o-algebra. A mapping

p:B(X)—=C, resp. p:B(X)—R,

is called complex resp. signed Borel measure, if it is o-additive, i.e. for pairwise disjoint Eq, Ey,--- €
B(X), we have

p <U Ez) =, n(Es).

The variation of pon E € B(X) is given by,

ul(E) = Sup{Z M(EZ-)I},

where the supremum is taken over all partitions of E. The mapping |u| defines a finite positive Borel
measure.

Let 1 be a complex or signed Borel measure and v be a finite positive Borel measure. The measure 1
is called absolutely continuous with respect to v, denoted by p < v, if u(E) = 0 for all E € B(X), such
that v(E) = 0. The two complex or signed Borel measures p, v are called mutually singular, denoted by
u L v, if there are two disjoint sets A, B C X, such that AUB = X and u(FE) = Oforall E € B(X)NA,
while v(E) =0 forall E € B(X) N B.

Theorem B.1 (Lebesgue decomposition). Let p be a complex resp. signed Borel measure and v be a
finite positive Borel measure. Then i has a unique decomposition of the form

B= oy T+ L,

such that (i, j1,,. are complex resp. signed measures, with the property i, < v and p,. L v. If puis
positive, so are [, and (1,1 .

133
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Theorem B.2 (Polar decomposition). Let i1 be a complex or signed measure. Then there is a measurable
Sunction h, such that |h(z)| = 1 forall x € X and

p="h-|pl

Using the polar decomposition, we can define integration with respect to a complex measure u, by

/ f(@)dp(z) = / F@)h()dl|(z),
A A

for all |u1|-measurable sets. We set
oty = [ ra)duta),

whenever this is well-defined.
A complex resp. signed Borel measure is called regular, if for all E € B(X),

1(E) = sup{[1|(C) : € € E, C compact},
= inf{|u|(0) : E C O, O open}.

Definition B.3. The space of all regular complex resp. signed measures is denoted by M (X, C) resp.
M(X,R).
The fotal variation of a measure, given by
lullry = [ul(X),

defines a norm on M (X, C) resp. M(X,R) and (M(X,C), ||-||rv) and (M(X,R),||-||7v) are Banach
spaces. If assertion hold for both spaces, we write M (X, K) or simply M(X).

The space of complex resp. real-valued continuous functions is denoted by C (X, C) resp. C(X,R).
The subspace of function that vanish at infinity is given by

Co(X,C):={feC(X,C): {z e X :|f(x)|| >¢c}iscompactfaec >0}
and in the same way for real-valued functions. Equipped with the supremum norm

[flloe = sup | f(z)],
zeX

they are Banach spaces.

Theorem B.4 (Representation Theorem of Riesz). For a locally compact Hausdorff space X, we have
that (Cy(X,C)) =2 M(X,C) and (Co(X,R)) =2 M(X,R). Moreover, the positive functionals on
Co(X,R), denoted by (Co(X,R)). can be identified with the positive Borel measures, denoted by
M (X, R). Moreover, we have

lullrv = sup {1, 9)] = sup Re({u, f))-
FEC(X,C), || fllee<1 FEC(X.O)IIfll<1

Let u € M(X,R) be non-negative, then the LP-spaces are defined in the usual way for 1 < p < oo

LP(X, ) = {f : X — C, measurable :/X |f(z)|Pdu(z) < oo},

N = {f € LP(X, 1), f = O —ae},
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LP(X,p) = LP(X, ) \ N

Wwith || f]l, = ([ |f(ac)\pdu(x))1/p, these spaces are Banach spaces. For p = 2, it is a Hilbert space
with the inner product

(fog)e = /X f@)g@du(e),  f.g € L*(X, ).
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Appendix C

Linear Algebra

In this section, we state several results, that are useful to us. This includes results regarding Schur com-
plements, which can be found e.g. in [Zhang, 2006]], and assertions regarding the cross product of vectors
in R3.

Given a block matrix X € C%*? of the form

A B
(e n)

where D is invertible, the Schur complement of D in X is given by

X/D=A-BD'C.

Lemma C.1. The matrix X is invertible, if D and X /D are invertible. In the case that

A B

with C > 0, the matrix X is positive semi-definite, if and only if, A = 0 and X /C = 0.

Lemma C.2 (Quotient rule). Let X, D, E be nonsingular square matrices such that
A B E F
X_(C D>’ D_(G H)

X/D = (X/H)/(D/H).

Then

The induced operator norm for the [°°-norm on C is given by

[Xloo = mZaXZ |,
7
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Lemma C.3 (Neumann series). Let X € C¥* If||I — X ||« < 1, then X is invertible with

X t= i([ — X)k.
k=0

Moreover, we have || X || s < m

In the following we state some identities regarding the cross product of vectors in R3. Let a,b € R?,
then the cross product is given by the vector

a X b= |a||b] sin(0)nqg.p,

where 6 is the angle between a and b and 1y, is the unit vector perpendicular to a and b such that a, b, n, 3
follow the right hand rule. Its components are given by

azbz — azbo
axb= 0,3b1 — a1b3
arby — azby

Lemma C.4 (Identities cross product). Let a, b, c,d € R3, then
(i) ax b= —(bxa),

(ii) a- (bxc)=b-(cxa)=c-(axb),

(iii) ax (bxc)=ba-c)—cla-b),

(iv) (a xb) x (axc)=(a-(bxc)a,

(v) (axd)-(exd)=(a-c)(b-d)—(a-d)(b-c).



Appendix D

Convex Analysis

A short reminder on convex analysis, which can be found e.g. in [Peypouquet, 2015, which is used for
the optimization problem in the measure space M (X), see also [Bredies and Pikkarainen, 2013]].

Let (B, 7) be a Hausdorff space and J : B — RU {00} be an extended real-valued function. We give
a quick reminder on the existence and uniqueness of minimizers of the minimization problem

min J(x).

The function f is called proper if its effective domain, given by
dom(J) :={x € B: J(z) < o0},

is not empty. A simple example is given by the indicator function of a subset C' C B, i.e.

(2) = 0, =ze€B,
Xetr) = oo, z¢C.

A function f is called sequentially lower semi-continuous at xo € dom(J) if

liminf J(z) > J(zo)

Tr—rT0o

and sequentially lower semi-continuous if it is sequentially lower semi-continuous for all points in dom(J).
For abbreviation we write s.l.s.c. Given two s.1.s.c functions J, GG, the sum

J + aG

is s.L.s.c for & > 0. The property of sequentially lower semi-continuity can be employed to show existence
of minimizers, which is known as the direct method in the calculus of variations.

Lemma D.1. Suppose B is the dual of a separable normed space and J : B — R U {oo} is proper and
s.Ls.c with respect to the weak*-topology on B. Then J has a minimizer.

Proof. Choose a minimizing sequence {z, },en, i.e.

lim J(z,) = inf J(x).

n— 00 zEB
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Using the sequential Banach-Alaoglu Theorem, i.e. bounded sets are sequentially compact with respect

to the weak*-topology, there is a subsequence {z,, }ren With 2, — T. By the sequential lower
semi-continuity of .J we have

inf J(x) = lim J(z,,) > 1ikminf J(@n,,) > J(T) > inf J(x).
— 00

z€B k—o0 z€B
O
A set C' C B is convex if
tr+ (1—t)y eC,
forall z,y € C and t € (0,1). An extended real-valued function J is called convex, if
Jtz+ (1 —ty) <tJ(z)+ (1—1)J(y), (D.1)

forall z,y € X and ¢t € [0, 1]. If the inequality is strict, whenever z # y and t € (0,1), J is called
strictly convex. It is easy to check that the indicator function ¢ is convex, if and only if the set C' is
convex. Again, for J, G convex, we have the convexity of

J+aG

for a > 0, meaning the proper, convex and lower semi-continuous functions are forming a convex cone.
The subdifferential of a proper convex function .J is given by

oJ(x) ={z* € B*: J(y) > J(z) + («*,y — x), forall y € B}.

Theorem D.2 (Fermat’s Rule). Let J : B — RU{oo} be proper and convex, then x is a global minimizer
of J if, and only if, 0 € 0.J (z).

Theorem D.3 (Moreau-Rockafellar Theorem). Ler J,G : B — R U {oc} be proper, convex, and lower-
semicontinuous. For each x € B, we have

oJ(z) + 0G(z) C I(J + G)(x).
Equality holds for every x € B if fis continuous at some xy € dom(G).

In the following, we concentrate on the case B = M (X, C), where (X, g) is a compact d-dimensional
smooth Riemannian manifold. Since the Laplace-Beltrami operator is compact in the L2-topology, the
eigenspaces H; are dense in L?(X) = L?(X,v), where v is the Riemannian volume measure. This
means,

L2<X) = CIHHZ U Hl,
=1

where H; is the eigenspace to the [—th eigenvalue. The frequency information is now carried in the

ascending spaces
N

My (X) =span| JH, N=1,2....
=1
In this setting, the L?-projection operator onto the space I (X) for a fixed N can be written in the

following way. Choose for each [ = 1,2, ... an orthonormal basis {gpl,k}zi:l(H’) of Hj, and set

dim(H;)

Kn(z,y) = o1k (%) 1k (Y)-
=1 k=1
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Then the projection operator Sy : L?(X) — C(X) onto the space II7(X) can be written as

S f(z) = /X ) K (2 y)dv(y).

For a measure p* € M(X,K), the available information are given by S} p* for some N € N. We state
the necessary strong duality result in the following theorem.

Theorem D.4 (Strong duality). Let X be a compact d-dimensional smooth Riemannian manifold and
w e M(X,K). Thenforall N € N, 7 > 0, e > 0andn € M(X,K), such that |Syn||rz < €, we
have the following duality result. The values

* — : f ZS* :S* * ,
pr= nf el Syp=Syuy
&' = sup {Re(f, 85" ¢ |l <1},
FEN(X)
1
* — . f - S* - * _ 2
pr= nf ISk —w = n)lze +rllplry,
dr= sup {Re(Sx(* +n), ) — 7'||f||2L2 S lloe < 13,
felln(X)

are finite and p* = d* and p = d.

Proof. The proof follows from standard Fenchel-duality results, which can be found e.g. in [Borwein and
Zhu, 2005]], and the fact that

lellrv = sup {Re((p, f)) = [|flloo < 1}-
fec(x)

O

In the following, we briefly state some notions on Riemannian manifolds, which can be found e.g.
in [Udriste, 1994]]. Let (X, g) be a compact d-dimensional smooth Riemannian manifold. For a point
x € X and a neighborhood U of x with a chart ¢ : U — R?, we consider all curves v : (—=1,1) — X
such that p oy : (—1,1) — R9 is differentiable and we call

7(0) = (¢ 07)'(0) € R?

a tangent vector at © € X. Calling two curves 71, 2 equivalent if v1(0) = ~2(0), the set of equivalence
classes is called the tangent space T, X at x, which is a d-dimensional vector space. At each pointx € X
the Riemannian metric g defines an inner product on 7, X,

g ToX x T, X — R,

that varies smoothly in z. A smooth curve vy : [a,b] — R is called a geodesic, if it has minimal length
for all curves joining 7o (a) and vo(d), i.e.

b
Yo = argmin,, / \/ Gy (1), 4 (8))dt.
d(z, y) = min /b S (G0, A0,

The value
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where the minimization is taken with respect to all curves v : [a,b] — R, such that v(a) = z and
~v(b) = y, is called geodesic distance of z,y € X. It defines a metric on X, that is compatible with the
topology of X, i.e. the geodesic balls

B.(z) ={y € X :d(z,y) <7},

generate the topology. For each x € X and v € T,X, there is a unique geodesic 7, ,, such that
Yz.0(0) = 2 and 4, ,(0) = v. The mapping

exp, 1 1o X = X, v v,,(1),

is called exponential map at x € X. Taking the canonical coordinates x1,...,xq of T, X yields the
Riemannian normal coordinates centered at x € X. Parametrizing the d-dimensional euclidean space
T, X by d-dimensional spherical coordinates (7,01, ...,04_1), yields the polar coordinates centered at
x € X. In these local coordinates, the Riemannian metric is represented by a symmetric positive definite
matrix (g;;(y)) € R TIts inverse is denoted by (¢(y)) = (gi;(y))~!. At the center z € X of
Riemannian normal coordinates we have g;;(z) = J;;. If we denote the normal coordinate mapping
centered at z € X by ¢, then the gradient of a smooth function is given locally by

d
(VF)i =3 g90,(f o). i=1....d

j=1

The Christoffel symbols are given in normal coordinates centered at € X for y in a neighborhood of z

by
d

1 Z gim(y) <agmk(y) + agml (y) . 5gkz(y)> )

wly) = 2 ozl ozk oxm

m=1

The Christoffel symbols f‘};l for the polar coordinates are defined analogous. If we denote the normal
coordinate mapping centered at z € X by ¢ and the polar coordinate mapping by ¢, then the local
expression of the Hessian of a smooth function is given for » > 0, smaller than the injectivity radius of
X, by

(Hf®W)i; = 0i(f o) () = D _TH)dk(fo @)™ (), v € Br(x),

d
k=1

respectively

d
(Hf()ig = 05(fo @)@ () = D_THW(f o @)@ (v), v € Bp(x)\{z}.
k=

1

Lemma D.5 (Local minimizer). Let r > 0 be smaller than the injectivity radius of X and f : X — R
be a smooth function. If x € X is an isolated local minimizer of f and the matrix (H f(y)); respectively
(H f(y))i; is positive definite for all y € B,.(x) \ {z}, then x is an isolated minimizer of f on B, (z).
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