Sequential subspace optimization for
nonlinear inverse problems with an
application in terahertz tomography

Dissertation

zur Erlangung des Grades des
Doktors der Naturwissenschaften
der Fakultat Mathematik und Informatik
der Universitat des Saarlandes

eingereicht im Marz 2017
in Saarbriicken

von

Anne Wald

UNIVERSITAT
DES
SAARLANDES




ii



Tag des Kolloquiums:

Mitglieder des Priifungsausschusses:
Vorsitzender:

1. Berichterstatter:

2. Berichterstatter:

3. Berichterstatter:
Protokollfiihrer:

Dekan:

30.06.2017

Professor Dr. Mark Groves

Professor Dr. Thomas Schuster

Professor Dr. Dr. h.c. mult. Alfred K. Louis
Professor Dr. Bernd Hofmann

Dr. Steffen Weifler

Professor Dr. Frank-Olaf Schreyer

iii



iv



Acknowledgements

First of all, I would like to express my sincerest gratitude towards my supervisor Professor Thomas
Schuster. My decision to study mathematics was made when I attended his lectures “Hohere
Mathematik fiir Ingenieure I, IT” back in 2005 when I was a junior student at Saarland University.
All the more it is a pleasure also to finish my studies in his Numerics group and I am deeply grateful
for this opportunity and all his support.

Second, I want to thank Professor Alfred K. Louis for being the co-referee of this thesis and for his
contributions to my mathematical education.

For his comments on the proof of Theorem I want to express my gratitude to Heiko Hoffmann.

I want to thank Professor Ernst-Ulrich Gekeler for supervising my Bachelor and Master thesis in
mathematics and Professor Karsten Kruse for supervising my Diploma thesis in physics. In this
context, I also want to thank all my former colleagues and my co-authors Viktoria Wollrab and
Daniel Riveline.

Also, I want to express my gratitude to my colleagues from the Numerics group, in particular Jens
Tepe, whose research is strongly related to mine, for the joint work, but also to Julia Seydel, Dimitri
Rothermel, Frederik Heber, Petra Schuster and Claudia Stoffer. For their friendship, but also for
various mathematical discussions, I want to thank Philip Oberacker, Heiko Hoffmann, Christian
Tietz, Robert Knobloch, Alexandra Lauer, Bernadette Hahn, Gaél Rigaud, Jonas Vogelgesang, and
Aref Lakhal.

A special thanks goes to Philip Oberacker and Heiko Hoffmann for proof-reading this thesis and to
Alice Oberacker for helping me with the parallelization in my codes.

Last but not least I thank my family (especially my parents Jutta and Ulrich, my brother Philip,
and my grandmother Helga) and my beloved partner Philip Oberacker for their constant support.






Contents

List of Tables

||:|st of Flguresl

[Abstract]

[Zusammenfassung|

(Introduction|

IT.

Sequential subspace optimization|

[1.1. SESOP for linear inverse problems| . . . . .. ... ..
[1.1.1. Regularizing sequential subspace optimization| .

[1.1.2. RESESOP with two search directions| . . . . .

[1.2.2. The case of noisy datal . . . . ... ... ....
[1.2.3. An algorithm with two search directions| . . . .
[1.3. Convergence and regularization properties| . . . . . . .
[1.4. A first numerical example| . . . . . . ... .00

. Terahertz tomography|

[2.1. Propagation of electromagnetic waves] . . ... .. ..
[2.1.1. Maxwell’s equations| . . .. ... ... .....
[2.1.2. The wave equation| . . . . . ... ... ... ..
[2.1.3. The Helmholtz equation| . . . . . . . . ... ..

[2.1.4. Absorbing, isotropic media and the complex refractive index| . . . ... . ..

[2.1.5. The superposition principle] . . . . . . ... ..

[2.1.6. The inhomogeneous Helmholtz equation for the scattered field] . . . . . . ..

[2.3. Boundary values for the Helmholtz equation|. . . . . .
[2.4.  An analysis of the inverse problem ot THz tomography|
[2.4.1. Existence and uniqueness| . . . . ... ... ..
[2.4.2. The linearized scattering problem|. . . . . . . .
[2.4.3. The adjoint linearized problem| . . . . . . . ..
[2.4.4. The observation operator in THz tomography| .
[2.5. Terahertz tomography: direct and inverse problem| . .
PG N 2 - T the Landwdl Tod

Xi

xiii

xiii

11
12
16
18
19
20
23
31
32
34
39

41
41
42
43
43
44
44
45
45
48
49
92
60
65
67
70
73

vii



[3.

SESOP in complex Hilbert spaces|

[3.1. Sequential subspace optimization in complex Hilbert spaces| . . . .
13.2. Reconstruction ot the complex retractive index from simulated datal

B.

Some supplementary mathematical theory|

viii

IB.1. Functional analytic tools|. . . . . . ... ... ... ... ......
[B.2. Partial differential equations|. . . . . . . . ... ...
IB.2.1. Some theory for linear elliptic partial differential equations|

81
81
85

91

95
95
95

97
97
98
98

101



List of Tables

[Ll.1. Some key data to evaluate the performance of the methods (A), (B) and (C) in the |

case of noisy data ui| .................................... 35
[1.2. Some key data to evaluate the performance of the methods (A), (B) and (C) in the [

case of exact data up|. . . . . . . . . 37
[2.1. Parameters of the numerical Landweber experiment| . . . .. ... . ... ... ... 78
[2.2. Key data of the reconstruction with a nonlinear Landweber method, f = 2.5 - 10"V Hz| 79
[3.1. Parameters of the numerical RESESOP experiment|. . . . . . . ... ... ... ... 85
[3.2. Some key data to evaluate the performance of the RESESOP method (Algorithm

[3.2) at the identification of m of the tested object using a Gaussian beam with a

frequency f =0.1THz.|. . . . . . . . . . 86
[3.3. Some key data to evaluate the performance of the RESESOP method (Algorithm

[3.2) in comparison with the Landweber method at the identification of m of the

object from Chapter |2, using the microwave frequency f =2.5-10"YHz| . . . . . .. 88
[3.4. Some key data to evaluate the performance of the RESESOP method (Algorithm

[3.2) at the identification of the complex refractive index of the tested object using a

Gaussian beam with a microwave frequency f =2.5-10YHz.| . . . . . .. ... ... 89

ix






List of Figures

[1.1. Metric projection of x onto a convex set C'.| . . . . . . .. .. ... ... ... .. .. 8
[1.2. Tlustration of the metric projection onto the intersection of two stripes in R?| . . . . 14
[L.3. Surface plot of (a) exact function u; and (b) exact parameter ¢, on the grid Q. . . 34
[L.4. Reconstruction with the standard Landweber method (A), the Landweber type
method (B) and the RESESOP method (C): surface plots of the respective recon-
structed parameter ¢, ((a), (c), (e)) and of the deviations from the exact solution
cp, ((b), (d), (). « - v o o 36
[1.5. Plots of the respective residuals || RS ||, = ||[F(c}) — u°||, versus the iteration index
k for (a) the Landweber method, (b) the RESESOP method with a single search
direction and (c) the RESESOP method with two search directions| . . . . . . . . .. 37
|1.6. Plots ot the behavior of the respective norm of the residuals and the relative errors |
| during the iterations| . . . . . . . . ... Lo 38
[2.1. Real part of the electromagnetic field (z-component) of a Gaussian beam with fre-
| quency f = 4 - 10" Hz, beam waist Wy = 0.013m and a Rayleigh zone of length
| 2yp = 0.146 m in the x-y-plane (left) and as a three-dimensional plot (right).. . . . . 47
[2.2. Domain Q with boundary 052, containing the support of 1 — 7. . . . . .. ... .. 49
[2.3. Real part of the electromagnetic field (z-component) of a Gaussian THz beam with [
| frequency f = 0.1 THz, beam waist Wy = 0.013m and a Rayleigh zone of length |
| 2y = 0.146 m, refracted, reflected, and attenuated by a plastic cuboid with complex |
| refractive index n = 1.5+1-0.005 and quadratic cross-section of the size 4 cm X 4 cm. |
| The THz emitter is situated in the first quadrant outside the domain.| . . . . . . .. 50
[2.4. Schematic representation ot a THz tomograph|. . . . . .. ... ... ... ... ... 69
[2.5. Schematic representation of relevant test objects; (a) objects with unknown outer
boundaries, (b) objects with known outer boundaries and an unknown defect inside,
(c) objects that consist of different materials{. . . . . . . ... ... ... 0. 7
[2.7. Reconstruction of real (a) and imaginary (b) part of m, obtained with the Landweber |
| method, f =2.5-10""Hz[ . . . . . .. .. ... 80
13.2. Numerical reconstructions from the RESESOP experiment at trequency f = 0.1 THz| 87
13.3. Numerical reconstructions trom the RESESOP experiment at frequency f = 2.5 - |

1020HZ. .« . o 89

xi






Abstract

We introduce a sequential subspace optimization (SESOP) method for the iterative solution of
nonlinear inverse problems in Hilbert spaces, based on the well-known methods for linear prob-
lems. The key idea is to use multiple search directions per iteration. Their length is determined by
the nonlinearity and the local character of the forward operator. This choice admits a geometric
interpretation after which the method is originally named: The current iterate is projected sequen-
tially onto (intersections of)) stripes, which emerge from affine hyperplanes whose respective normal
vectors are given by the search directions and contain the solution set of the unperturbed inverse
problem. We prove convergence and regularization properties and present a fast method using two
search directions, which is evaluated by solving a simple nonlinear problem.

Furthermore, we extend our methods for complex Hilbert spaces and apply it to solve the in-
verse problem of terahertz tomography, a nonlinear parameter identification problem based on the
Helmholtz equation, which consists in the nondestructive testing of dielectric media. The tested
object is illuminated by an electromagnetic Gaussian beam and the goal is the reconstruction of the
complex refractive index from measurements of the electric field. We conclude with some numerical
reconstructions from synthetic data.

Zusammenfassung

In der vorliegenden Arbeit stellen wir eine Erweiterung der sequentiellen Unterraum-Optimierung
(SESOP) zur Lésung nichtlinearer inverser Probleme in Hilbertrdumen vor, welche auf den bereits
bekannten Verfahren fiir lineare Probleme basiert. Dabei handelt es sich um eine iterative Meth-
ode, bei der in jedem Schritt mehrere Suchrichtungen verwendet werden. Die Berechnung der
Schrittweite berticksichtigt die Nichtlinearitdt des Vorwéartsoperators und ldsst eine anschauliche
geometrische Interpretation zu, welche dem Verfahren urspriinglich ihren Namen gab: Die aktuelle
Iterierte wird sequentiell auf (den Schnitt von) Streifen projiziert. Diese Streifen gehen aus affinen
Hyperebenen hervor und enthalten die Losungsmenge des inversen Problems bei exakten Daten.
Wir zeigen Konvergenz- und Regularisierungseigenschaften des Verfahrens. Insbesondere geben
wir ein schnelles Verfahren mit zwei Suchrichtungen an und evaluieren die Methode anhand eines
einfachen Beispiels.

Anschliefend weiten wir die Methode auf komplexe Hilbertraume aus und verwenden diese zur
Losung des inversen Problems der Terahertz-Tomographie. Dabei wird ein nichtleitendes, nicht-
magnetisches Objekt mithilfe eines elektromagnetischen Gauflstrahls abgetastet. Das Ziel ist die
Rekonstruktion des komplexen Brechungsindex aus Messungen des elektrischen Feldes. Dieses
inverse Problem modellieren wir als Parameteridentifikationsproblem mithilfe der Helmholtzglei-
chung. Schlieflich erzeugen wir fiir verschiedene Objekte synthetische Daten und rekonstruieren
daraus den komplexen Brechungsindex.

xiii






Introduction

In the wide field of inverse problems, the class of nonlinear inverse problems has seen a great
development in recent years. Nonlinear inverse problems are not only of theoretical interest, they
arise naturally in science and technology and solutions to these problems constitute a major concern
in many fields from engineering and physics to finance. Generally, an inverse problem refers to the
determination of a source function x from information about the source’s impact y. Mathematically,
these problems are modeled by operator equations of the form

F(x) =y,

where F': D(F) C X — Y is the forward operator that maps a function € X to the respective
data y € Y. The space X is called the source space and Y the data space.

The direct problem consists in the calculation of the data y € Y from the knowledge of the function
x € X and it usually corresponds to the (physical) model of the underlying process. Conversely,
the inverse problem is the reconstruction of the source z € X from the given data y € Y.

Depending on their mathematical nature, inverse problems are assigned to special classes of prob-
lems, of which we want to mention two important ones. First of all, we distinguish between linear
and nonlinear inverse problems. Inverse problems are called linear, if the forward operator F' is
linear. In that case, we write

Fz=y

to emphasize this property. If F' is nonlinear, the respective inverse problem is called nonlinear.
This distinction is essential, as a solution of an inverse problem is strongly dependent on the (non-)
linearity of the forward operator, which we will discuss in some more detail in this work.

Second, the properties of the underlying source and data spaces give rise to a further classification.
The most prominent spaces in inverse problems are Hilbert and Banach spaces, of which a Hilbert
space setting allows a greater variety of tools that are helpful for the recovery of a solution x.

In this work, the focus lies on nonlinear inverse problems in Hilbert spaces.

In applications, the data y are usually subject to noise of a certain noise level §, such that it
is necessary to develop solution techniques that take into account noisy data y° and still yield a
useful solution, as a direct inversion of the above operator equation mostly leads to bad results.
This effect is due to the ill-posedness of such mathematical problems and has been classified by
Hadamard for linear forward operators [35]: The (linear) problem is well-posed, if the equation
Fz = y has a solution for each y € Y, if this solution is unique and if the inverse operator F~! is
continuous, such that the solution x depends continuously on the data y. If one of these properties
is not fulfilled, the problem is called ill-posed.

In the case of nonlinear forward operators, the ill-posedness is defined as a local property, see,
e.g., [63]: The (nonlinear) operator equation F'(z) =y is locally ill-posed in x+ € X, if in each ball
centered at ™ there is a sequence x) that does not converge to x+, whereas the corresponding
sequence of images F' () converges to F(z™T).

In order to reconstruct an appropriate approximation zt to a solution z of an ill-posed operator



equation F(z) = y from noisy data y°, it is essential to develop a suitable, stable regularizing
method, i.e., an approximation of the inverse mapping by continuous operators, such that the re-
constructed source depends continuously on the noise level §. The choice of a regularization is
closely related to the nature of the inverse problem we discussed above. A good understanding of
the problem is thus fundamental for the solution.

Taking a closer look at the difference between linear and nonlinear problems and the corresponding
definitions of ill-posedness, we see that the character of nonlinear problems has to be regarded lo-
cally, whereas it is possible to formulate and prove global statements for linear problems. Generally,
information about a nonlinear operator F' is given only in a neighborhood of some element z € X,
but not on the whole domain D(F'). Regularization algorithms have to take this into account,
for example by choosing the initial value in an iterative method close enough to the (estimated)
solution, which can be realized by using a priori information.

There is a great range of (regularizing) methods that have been developed for the solution of linear
inverse problems both in Hilbert and Banach spaces, see, e.g., [25], 52} [63]. Many of these have been
adapted for an application in nonlinear inverse problems. An overview can be found in [43] [63].
Popular regularization methods are for example the Tikhonov regularization [26] 43| 58| [67] or the
Landweber iteration, see [39, 42] [44]. The latter one is a standard method in nonlinear inverse
problems, which is known to be extremely stable, but comparatively slow. It thus serves as a
reasonable reference method for a comparison with the subspace methods we develop in this work.
Further regularization techniques are the method of approximate inverse [53], Newton-type methods
such as the iteratively regularized Gauss-Newton method [44] or the inexact Newton method [42]
44, 162], and the conjugate gradient method [3§]. In fact, most regularizing techniques for nonlinear
problems are iterative methods, see also [22].

When dealing with practical applications, such as medical imaging or nondestructive testing, re-
construction methods are additionally required to be fast. For this reason, it is highly relevant to
develop faster algorithms that speed up the solution of an inverse problem and enable an economic
evaluation of the respective data.

The sequential subspace optimization (SESOP) and regularizing sequential subspace optimization
(RESESOP) method for the solution of nonlinear inverse problems we present in this work is
designed to reduce computation time. It is inspired by the subspace methods that have first been
presented in [23], [56] for linear problems in finite-dimensional vector spaces and later generalized to
linear inverse problems in Banach spaces [68], 69].

In the development as well as in the analysis of our method, we have to include the local character of
the forward operator F'. While the Landweber method is based on the method of steepest descent,
i.e., the new iterate is sought in the search space that is spanned by the gradient of the least squares
functional

W)= 5 |F ()~ ol

the SESOP method can be regarded as an extension of this method towards larger search spaces.
We will see that in both the linear and the nonlinear case the use of the gradient of the least squares
functional as a search direction plays an important role, guaranteeing convergence and, in the case
of noisy data, regularization.

The underlying idea of sequential subspace optimization is to project onto suitable hyperplanes
or stripes, which contain the solution set of the original problem F'(x) = y. This originates from
the fact that in the linear case, the solution set itself is a hyperplane. When only noisy data are
available, this is taken into account by regarding stripes instead of hyperplanes. The width of the



stripes is chosen in the order of the noise level §. The sequential projection onto these stripes yields
a regularizing method, which has been studied in [69] for linear problems in Banach spaces. When
proceeding to nonlinear problems, we will basically apply two adaptions to the search spaces. First,
as the solution space of a nonlinear problem is in general no longer a hyperplane, we move on to
using stripes already in the unperturbed case, such that the nonlinearity of the forward operator,
measured by the constant c¢i. in the tangential cone condition

[|F(2) = F(@) - F'(2)(z - 2)||y <cclF@) - F@)lly, 0<eae<l,

determines the width of the stripes. Second, the stripes need to be defined in such a way that
the local properties of the nonlinear operator F' are respected. This is realized by relating the
shape of the stripes to the current iterate and the properties of F' in and around this iterate.
This will be discussed in detail in Chapter [I] We will give a detailed discussion of the underlying
ideas and finally prove convergence and regularization results for our proposed algorithms. The
methods are evaluated by solving a well-known two-dimensional parameter identification problem
and comparing their performance to a standard Landweber method.

Furthermore, we want to apply our method to a more complex inverse problem, which has seen
a growing importance in research and industry in the last years: the inverse problem of terahertz
(THz) tomography, which is a relatively new imaging technique that is, amongst others, applied in
the nondestructive testing of plastics and ceramics [14], 30, 33, [73]. The tested object is illuminated
by an electromagnetic beam in different positions. The main goal is to reconstruct the object’s
complex refractive index n from measurements of the beam’s electric field E around the tested
object. In recent years, there has been great progress in the generation and detection of THz beams,
such that THz radiation has become more and more attractive as a tool in nondestructive testing
[79]. So far, the mathematical methods used in THz tomography are mainly inspired by existing
imaging methods such as computed tomography or ultrasound tomography [28], 29] 611, [74, [77, [78].
The second part of this thesis deals with the mathematical modeling of the direct problem arising
in THz tomography and the solution of the respective inverse problem.

Various further tomographic techniques allow the testing and imaging of objects with different
physical properties for multiple purposes. The most prominent tomographic imaging technique is
the computed tomography or X-ray tomography, where the density of the tested object is recon-
structed from measurements of the intensity of the transmitted rays [57]. Due to the high frequency
of X-rays, the resolution of the reconstructed image is very high, such that even small defects or
structures can be detected. Consequently, this method is well established in medical imaging, for
example in tumor diagnostics, despite the ionizing effect of X-radiation.

Another commonly used imaging technique is ultrasonic tomography [20]. In this case, ultrasonic
radiation is used to gain information about the refractive index and inner boundaries of an object
by measuring the reflected and refracted wave. The relatively long wavelength of the sound waves
limits the resolution of this imaging technique. Yet, it is often applied in medical testing, as ultra-
sound does not affect the structure of human tissue.

Other examples are electrical impedance tomography [10, [I5] or magnetic particle imaging [46].
Finally, THz tomography allows the use of different types of measured data (intensities, time-of-
flight measurements) to reconstruct dielectric properties of non-magnetic materials. For the testing,
THz radiation can be generated for example as a continuous wave or in the form of THz pulses.

The knowledge of the complex refractive index of an object allows several conclusions about the
state of the object [30, 55l [79]. First of all, defects such as cracks, holes, or inclusions of air and
other impurities can be identified, as their complex refractive index differs from the surrounding



medium. For these purposes, it is usually sufficient to reconstruct only the refractive index, i.e.,
the real part of the complex refractive index, to obtain the relevant information. However, in the
nondestructive testing of plastics and ceramics, we are confronted with the problem that it is hard
to distinguish between the refractive indices of different plastics. The imaginary part, which is
proportional to the respective absorption coefficient, thus yields information about an additional
physical property of the materials in question. The absorption coefficient is hard to determine
experimentally, such that a THz tomographic analysis is not only used to identify qualitative, but
also quantitative material properties. Also, it is desirable to draw conclusions about the moisture
content of an object, which affects in particular the absorption coefficient and, consequently, the
imaginary part of the complex refractive index, see [55].

THz radiation is especially suited for the nondestructive testing of plastics and ceramics [30], as
these materials are almost opaque for electromagnetic radiation in this frequency range, resulting
in a high penetration depth. Consequently, THz tomography is not restricted to the testing of thin
objects and is suited to obtain depth information. Due to the relatively long wavelength of THz
radiation in comparison to X-radiation, the wave character of the electromagnetic THz radiation is
more prominent and needs to be taken into account in the modeling. On the other hand, in contrast
to microwave radiation or ultrasound, THz beams have a preferred direction of propagation and a
finite beam width. The intensity peaks around the axis given by the direction of propagation. We
are thus dealing with a beam geometry which combines certain characteristics of rays and spherical
waves. We will discuss the geometry of THz beams in more detail in Section This phenomenon
clearly distinguishes the physical modeling of THz tomographic imaging from X-ray and ultrasound
tomography as we are dealing with transmission and absorption (X-ray tomography) as well as
refraction and reflection at boundaries (ultrasound imaging). For this reason, the application of
reconstruction techniques that are suited for either X-ray or ultrasound tomography neglects one
of these aspects, leaving some room for improvements, e.g., in the resolution.

The second part of this thesis complements the work of Tepe et al. [511[71], who addressed the inverse
problem of THz tomography within the project Entwicklung und Evaluierung der Potenziale von
Terahertz- Tomographie-Systemen (IGF-457 ZN), a joint project together with the Plastics Center in
Wiirzburg (SKZ) and financed by the AiF (Allianz Industrie und Forschung). An adapted algebraic
reconstruction technique (ART) has been developed, which takes into account the laws of geometric
optics and absorption losses. The forward problem is based on the Radon transform over refracted
ray paths and can be interpreted as a model that is based on the ray character of THz beams. The
results have been published in [71].

We now aim at an approach which mainly focuses on the wave character of THz radiation, such
that the inverse problem in THz tomography that is derived in this work is to be related to the
wide field of scattering problems (see for example [7), [19] 20} [47, 48| [75]). The radiation that has
been used in the tomograph at the SKZ emits continuous wave THz radiation with a frequency
range of 0.07-0.11 THz, such that we are dealing with frequencies at the limits of microwave and
THz radiation. This supports a scattering theoretical approach.

Our underlying physical model is derived from Maxwell’s equations, which represent the most
general model for the mathematical description of the propagation of electromagnetic radiation in
time and space. The specification of the respective physical conditions allows us to derive a simpler
and yet sufficient model to describe a THz beam in vacuum as well as in the presence of objects with
certain physical properties. In our setting, where we are dealing with plastic or ceramic objects
that are neither magnetic nor conductive, the dielectric permittivity inside the area of interest can
be regarded as almost everywhere constant, such that Maxwell’s equations can be combined to



obtain the wave equation. We use a continuous wave THz source emitting a time-harmonic electric
field E with a fixed wave number ky. Consequently, the wave equation simplifies to the Helmholtz
equation

AE(x) + k372 (x)E(x) = 0,

where the complex refractive index 7 appears as a parameter in this partial differential equation.
Together with the superposition principle and the analytically given incident field, which is de-
scribed as a Gaussian beam, we obtain an inhomogeneous Helmholtz equation as the basis for the
direct problem of THz tomography. This demonstrates a major benefit of the model presented in
this thesis: The rather complex geometry of the beam is fully taken into account in the calculation
of the resulting total field. These physical basics are to be found in Chapter[2] along with a detailed
analysis of the full problem and the definition of the observation operator to describe the measuring
process. For simplicity we will work with a linear observation operator and restrict ourselves to
synthetic data.

The direct problem in THz tomography is thus modeled by a composition of a nonlinear parameter-
to-solution operator, mapping the complex refractive index 7 to the corresponding solution of
a boundary value problem based on the Helmholtz equation combined with the superposition
principle, and a linear observation operator. The nonlinearity of the forward operator suggests
an iterative solution of the corresponding inverse problem, consisting in the reconstruction of the
parameter 1 from measurements of the total electric field. By means of the nonlinear Landweber
method, we solve the inverse problem of THz tomography, given synthetic (noisy) data. However,
at this point the numerical disadvantage of our model becomes obvious: Each step of the Landweber
iteration requires two computationally expensive evaluations of boundary value problems, the direct
problem and the adjoint problem. The latter turns out to be again a boundary value problem based
on the Helmholtz equation. An application of a faster reconstruction method, such as the sequential
subspace optimization, is thus highly desirable.

The inverse problem we are dealing with in THz tomography is a nonlinear inverse problem in
complex Hilbert spaces. However, the SESOP methods we introduce in Chapter [1} are designed for
applications in real Hilbert spaces and need some further adaption for an application in complex
Hilbert spaces. We discuss the necessary adaptions in Chapter [3] and present an algorithm with
two search directions that meets these requirements.

In Chapter [2] we solve the inverse problem of THz tomography numerically with the nonlinear
Landweber method. We use a low wave number kg in the microwave spectrum to illuminate an
object with two different inclusions and generate synthetic noisy data for the reconstruction.
Further numerical examples are presented in Chapter [3| For an object with two smaller inclusions
than in the previous test we generate noisy synthetic data, first for the frequency 0.1 THz and
subsequently again for the microwave frequency we used in the Landweber experiment. For the
reconstructions, we use the adapted RESESOP algorithm with two search directions to iteratively
solve the respective inverse problem. We compare the results and give some interpretations of our
methods.

The thesis is concluded by giving a short overview and discussion of the results and an outlook to
future research.

An explanation of the notation and some useful statements from functional analysis are to be found
in the appendix.






1. Sequential subspace optimization

There are many ways to find a stable solution of an inverse problem when noisy data are given.
Depending on the nature of the problem, a method can be more or less suited for the solution of
a specific problem when it comes to the time that is needed for a reconstruction. Based on the
sequential subspace optimization (SESOP) methods that are discussed in [56] and [68], [69] we want
to present a similar method for nonlinear inverse problems in real Hilbert spaces.

To begin with, we summarize the SESOP methods for linear inverse problems, based on the results
presented in [56, [68), 69]. The theoretical findings of this chapter, dealing with the nonlinear case,
have been published in [72]:

A. Wald, T. Schuster. Sequential subspace optimization for nonlinear inverse problems.
Journal of Inverse and Ill-posed Problems. 25(1), pp. 99-117, 2016.
DOI:10.1515/jiip-2016-0014.

In order to keep the notation as simple as possible, we abstain from denoting the occurring norms
and inner products according to their respective domains in this chapter. As usual, norms are
denoted by ||-|| and inner products by (-, ).

1.1. SESOP for linear inverse problems

Let X.,Y be real Hilbert spaces and A : X — Y a continuous linear operator. The operator
A* ¢ X* — Y™ is the adjoint of A. As X and Y are Hilbert spaces, we have X 2 X* and Y 2 Y*,
and we thus identify X and Y with their respective dual spaces.

We consider the operator equation
Az =y (1.1)

with the solution set
Mpg—y ={x e X : Az =y}. (1.2)

The range of A is defined as
R(A):={Az : z € X} CY.

If only noisy data y° are available, we assume that
- <5

where the noise level is denoted by ¢ > 0.
We want to utilize an iteration of the form

Tn4+l = Tp — Z th*wn,i (13)
i€l

to calculate a solution x € X, where I, is a finite index set and w,; € Y for all ¢ € I,,. The index
n €N ={0,1,2,...} is called iteration index. The parameters t,, := (tni)ics, € RI»| minimize the



function

2
+ >t (wnisy) - (1.4)

i€ln

Tn — j{: tifl*lUnJ

i€ln

o (£) = %

In [68] it was shown that the minimization of h,,(t) is equivalent to computing the metric projection
Tnt1 =P, b, (2n)
onto the intersection of hyperplanes
H,;={zeX : (A'wp;,z) — (wn;y) =0}.

Note, that M,—, € H,,; for alli € I,,. This property later motivates the approach for a regularizing
sequential subspace optimization method, where we replace the hyperplanes by stripes whose widths
are of the order of the noise level § and which still contain the solution set M 4;—y.

At this point, we give a short overview of some basic tools that are needed throughout this chapter.

Definition 1.1. The metric projection of x € X onto a nonempty closed convex set C C X is the
unique element Po(x) € C such that

lz — Po()|* = min ||z — z||*.
zeC
(For later convenience, we use the square of the distance.)

The metric projection Po(x) onto a convex set C satisfies a descent property, which reads
2 2 2
Iz = Po(@)[|” <[z — 2| - [[Po(z) — || (1.5)

for all z € C. In the special case that C' is an (affine) hyperplane of X, the metric projection onto
C corresponds to the orthogonal projection and (|1.5)) becomes an equality, namely an instance of
the classical Pythagorean theorem.

x X

Figure 1.1.: Metric projection of x onto a convex set C.

Definition 1.2. For u € X \ {0} and a,§ € R with £ > 0 we define the hyperplane
Hu,a)={reX : (u,x)=a},

the halfspace
Ho(u,a) :={r e X : (u,z) <a}

and analogously H>(u,a), He(u, ) and Hs (u,«). Finally, we define the stripe

H(u,o,8) :={z € X : [(u,z) —a| <&}.



Obviously we can write H(u, o, &) = H<(u, a0 + &) N H>(u,a — &) and H(u,,0) = H(u, ), ie.,
the stripe corresponding to u and a with width given by £ contains the hyperplane H (u, «).

Remark 1.3. The sets defined in Definition[1.9 are convez, and due to u # 0 they are nonempty.
In addition, the hyperplane H (u, ), the halfspaces H<(u, ) and H>(u, o), and the stripe H(u, o, &)
are closed.

Definition 1.4. Let H(u,,&) C X be a stripe in the Hilbert space X. We call H(u, + &) the
upper bounding hyperplane and H (u, a—&) the lower bounding hyperplane of the stripe H (u, c, §).

In the Hilbert space setting, the metric projection Pp(, q)(z) of * € X onto a hyperplane H (u, «)
corresponds to an orthogonal projection and we have

u,T) —
Py (7) =2 — <”u>H2u (1.6)

The element u of X can be normalized, such that #/|ju| is the normal vector of the bounding
hyperplanes H (u, o £ &) of the stripe H(u, «, §), the parameter @/||u| is the offset and 2¢/|u| is the
width of the stripe. The normalization may be useful in numerical calculations, if ||u| is very small.

The following statement yields some helpful tools for the analysis of the sequential subspace methods
that are discussed in this work. According to Definition the metric (or orthogonal) projection
onto a convex set (particularly onto hyperplanes) can be treated as a minimization problem, such
that it is reasonable to make use of the tools provided by optimization theory, see, e.g., [59].

Proposition 1.5. The proof of the following statements is given in [70] for (convex and uniformly
smooth) Banach spaces and can be easily translated to the situation in Hilbert spaces.

(i) Let H(u;, ), i =1,..., N, be hyperplanes with nonempty intersection

The projection of x onto H is given by
N
Py(z) =z — Ztiuia (1.7)
i=1
where t = (t1,...,tx) € RY minimizes the convex function

2 N
1
h(t) = 5 +) tio, t=(t1,...,ty) €RY, (1.8)
=1

N
xr — E tiui
i=1

with partial derivatives
P N
87t]h(t) = — <U,j, xr — i:E 1 tiui> + a;. (19)

If the vectors u;, i = 1,..., N, are linearly independent, h is strictly convex and t is unique.



(ii) Let H; == H<(u;,;), i = 1,2, be two halfspaces with linearly independent vectors u1 and us.
Then T is the projection of x onto Hy N Hy if and only if it satisfies the Karush-Kuhn-Tucker
conditions for min,em,nm, ||z — z||?, which read

T =u1x—tiuy — toug, for some ty,to >0,
(07} > (ui,@, 1= 1,2, (110)
0>t (a; — (u;, T)), 1=1,2.

(11i) For x € Hs(u, ) the projection of x onto H<(u, ) is given by

PHS(u,a)(x) = PH(u,a)(‘r) =r—tiu, (111)
where (u. )
Uu,xr) — o
ty =—""—— >0. (1.12)
i uf?

(iv) The projection of x € X onto a stripe H(u,a, &) is given by

PHS(u,a+§)(x)7 if v € Hx(u, + §),
PH(u,a,&)(x) =357, Z.fx € H(u,a,{), (1'13)
PHZ(u,afﬁ)(m% fo € H<(U,OJ - §>

Our goal is to use search directions of the form A*w,; in each iteration n € N for some finite
index set I,. We set u,; := A*wy; and choose the offset a,; such that the solution set M,—, is
contained in each hyperplane Hy, ; := H (uyi, o, ;). The following algorithm provides a method to
compute the metric projection

PMAz:y (xo)

of zy € X onto the solution set Ma,—, in the case of exact data y € R(A).

Algorithm 1.6. Choose an initial value xg € X. At iteration n € N, choose a finite index set I,
and search directions A*wy; with wy,; €Y and i € I,. Compute the new iterate as

Tn+l = PHn (.I‘n), (1.14)
where
el

We have M a,—, C H), as each z € M g,—, fulfills
(Awn i, 2) = (Wi, Az) = (Wn, Y)
for all ¢ € I,, and n € N. Due to z,41 € H, we thus have
(Wn iy Api1 —y) = (A" Wy i, Tpp1 —2) =0 (1.16)
for all z € My,z—y and for all 7 € I,,. We define the search space

Uy = span {uy; == A*wy; @ i€ In}

10



as the linear span of the search directions u,; used in iteration n.

Note that (1.16) yields (zp+1 — 2) LU,.

As stated in Proposition the iterate z,41 can be computed by a minimization of the convex
function h. The search directions A*w,; spanning the subspace in which a minimizing solution
is sought are fixed, so the minimization itself does not require any costly applications of A or its
adjoint A*. The additional cost caused by higher dimensional search spaces is comparatively minor.

For the weak convergence of the sequence of iterates, the current gradient A*(Az, — y) of the
functional 3||Az — y||*> evaluated at x, needs to be included in the search space to guarantee an

estimate of the form )
| Ry

14|12
for all z € May—y, where R, := Ax,, — y is the current residual. This is verified by setting, for
example, wy, p = Ry, Unn = AWy, and using (L.5), as well as the estimate

Iz = 21 ]|* < Jlz = 2nll® — (1.17)

[tnnll = [[A*Rn|| < [ A]l - [[ Rl -

A more detailed analysis of convergence results can be found again in [70].

1.1.1. Regularizing sequential subspace optimization

If only noisy data y® € Y are given, we modify Algorithm to turn it into a regularizing method.
We define the two canonical sets of search directions

G = {A*(Axi —%)  0<k< n} (1.18)

and
n

D‘S::{xi—x?:0§1<k§n}. (1.19)

The set GfL contains the gradients of the least squares functional evaluated at the iterates mi,

whereas D? contains the directions given by the differences between two iterates.

The following algorithm takes into account the noise level §. The underlying idea is to proceed
to projections onto stripes instead of hyperplanes, such that the stripes have a finite width of the
order of the noise level and the solution set M 4,—, is still contained in the stripes.

Algorithm 1.7. Choose an initial value 378 = xg and fix some constant T > 1. At iteration n € N,
choose a finite index set IS and search directions A*wz’i € G U DY as defined above.

If the residual RS satisfies the discrepancy principle
1R < 7o, (1.20)

stop iterating. Otherwise, compute the new iterate as

0 § § é
xn+1 = .’En - Z tn,iA*wn,iv (121)
ield
choosing t° = (tg’i)ielg such that
§ 6 *, 0 é § 0
Tn+1 € Hn = ﬂ H(A wn,i? <wn,i7y >76Hwn,1”) (122>
ield

11



and such that an inequality of the form
é 2 6112 4112
Iz = ap " < llz =2 )° = Cll R, (1.23)
is valid for all z € Mag—y and for some constant C' > 0.

The choice A*wfm € GSUD? together with the linearity of the operator A can be exploited to obtain
a recursion for the computation of the search directions. This is discussed in detail in [69] [70]. An
adaption to the case of nonlinear operators is not possible, therefore we content ourselves with the
reference at this point.
However, we note that Mj;—, C Hg, because for z € M,—, we have

[(A%w) i 2) = (wn iy = (i — )] < Ol .

n,.s

Due to (L.23), the sequence {||z — 2| }n cn decreases for a fixed noise level 4. It is proved in [68} 69
that the discrepancy principle yields a finite stopping index n, = n,(8) := min{n € N : |R®|| < 76}.

It is possible to prove convergence results and other interesting statements for certain choices of
search directions for the RESESOP method in the linear case. Once again, we recommend to
consult [68, 69, [70] for further details. We want to emphasize though that gradients as search
directions are of special interest already in the case of linear inverse problems. We will see that
they are also a good choice in the nonlinear case. Before looking at a suitable method for nonlinear
inverse problems, we consider an important special case of Algorithm

1.1.2. RESESOP with two search directions

We want to summarize a fast way to compute xfl 41 according to Algorithm using only two
search directions, such that and are valid. This algorithm has been suggested and
analyzed by Schopfer and Schuster in [69] and has been successfully implemented for the numerical
solution of an integral equation of the first kind. It is based on the fact that the projection of
x € X onto the intersection of two halfspaces can be computed by at most two projections, if x is
already contained in one of them.

As a stopping rule we choose the discrepancy principle. We state that this choice has the important
advantage that, as long as the discrepancy principle is not fulfilled, we are in the above described
situation: The current iterate is contained in one stripe, but not in the other one, therefore a
stepwise projection of the current iterate onto the intersection of the respective stripes is possible,
see also Remark The following proposition provides the basic results for Algorithms and
21

Proposition 1.8. Let H; := H<(uj,«j), j = 1,2, be two halfspaces with Hy N Hy # (. Let
x € H-(uy,a1) N Hy. The metric projection of x onto Hy N Hy can be computed by at most two

metric projections onto (the intersection of ) the bounding hyperplanes by the following steps.

(i) Compute
(ui, ) —aq

I = PH(ul,al)(x) =T — HU1H2 Uu.
Then, for all z € Hy, we have
2
12— a2 < [z — a2 — ({2 01" (1.24)
[[uall

If x1 € Hy, we are done. Otherwise, go to step (ii).

12



(i) Compute
To = PHmHQ(xl).

Then xo = Py,nm,(x) and for all z € Hy N Hy we have

2 2 <U179C>—061 2 <U2,$1>—042 2
= o2l” < = =] ‘((uw) *(M) > (1.25)

2\ 2
vi=|1- <M> € (0,1]. (1.26)

where

[ ]| - fJuz]

Note that if (uj,u2) = |lui|| - ||ue| is valid, step (i) of Proposition already yields the metric
projection of x onto H; N He. Consequently, we have v € (0,1]. This is quite intuitive when
considering these two cases in the illustration in Figure [1.2

Proof. In our Hilbert space setting, equation requires no further proof as it follows directly
from estimate due to the convexity of Hy. To obtain the descent property in step (ii),
the statements from Proposition [1.5| are used. Consider the function h, which is associated with
the metric projection onto hyperplanes and let ¢ = (#1,%3) € R? minimize h. From 9/at;h(t) = 0 for
j = 1,2 we obtain the system of linear equations

0=— <u1,:c1 —tuy — 7F52u2> +aq,

0=— <UQ,$1 — flul — t~2?m> + Qo.

According to the first step we have (uj,x1) = . This yields after some elementary calculations

f, = {1, uz) | {ug, 1) — @
h_<%mﬁ—M;WMM» ((u2.70) ~ o)

and

fo =l (G, 2)? = (sl eel)?) ™+ (tuz, 1) — ).

Now we easily obtain the descent property by using ||z — 22* < ||z — z1||* — |tus + fgu2H2
(see (1.5)) together with , and the above expressions for t; and t5. Proposition finally
yields

ro = T1 — flul — EQUQ = PH1QH2(3}).

O

In general, this stepwise projection does not yield the correct metric projection, if the projected
point is not included in either of the halfspaces. We have illustrated this for the two-dimensional
case in Figure for two stripes: The point x7 is not contained in any of the stripes and the
stepwise metric projections, depending on the order of projections, yield the results y§1’2), yEZ’l)
that differ from the correct metric projection y; of x1 onto Hi N Hyo. On the other hand, the
successive projection of the point x5 onto Hi N Hy coincides with the correct metric projection ys.
Note that Proposition can easily be applied in the situation of our example in Figure just

by defining suitable halfspaces, see also Proposition |1.5

13



Figure 1.2.: Example for X = R2?: Metric projections 3; = Py, nm,(x1) and ya = Pr,nm,(22) onto the
intersection of the two stripes H; and Hs, the points y(iz), y?’l) and yo are the results of

stepwise metric projections as described in Proposition Note that ygm) +y1 #£ y?’l).

Remark 1.9. The previous statement is essential for our methods and for the choice of the stopping
criterion. When projecting an element x € X onto the intersection of two halfspaces (or stripes)
Hy and Hjy by first calculating v1 = Py, (x) and afterwards xo = Pg,nmp,(x1), we might have
x2 # Po,nm,(x). This can occur if x is contained neither in Hy nor in Ha. If x is already
contained in Hy or Ho, we have equality. This has been illustrated in [69] and in Figure for
Hilbert spaces. The reason is that the order of projection plays an important role. If we have for
example x € Hy, the order of projections is evident and yields the desired result. This observation

is reflected in the stepwise procedure in Algorithms[1.10 and [1.21]

In the following algorithm, Morozov’s discrepancy principle and the choices I,, = {n — 1,n} and

) 6

w; = wy = A:cf —y for i € I,, assure that the projections in each step can be calculated uniquely

according to Proposition which yields a fast regularizing method to compute a solution of ([1.1])
using noisy data.

Algorithm 1.10. Fiz an initial value 938 = x9 € X and a constant T > 1 for the discrepancy
principle. In Algorithm choose the search direction ug for the first iteration (n = 0) and, for
all iterations n > 1, choose the search directions {u’,u |}, where

ul = AMwd,  wd = Axd —1°.

Define Hfl = X and, for n € N, the stripes

) 6 6 1)
Hn = H(um Ay, 5HRnH)
with
1) 6 .0 S
Qp 1= <un7‘rn> - HRn||2

14



As long as || RS || > 76, we have
), € Hx (up, ap, + 8| RY ) N H_y, (1.27)
and thus calculate the new iterate aci+1 according to the following two steps.
(i) Compute
~ é
Tna1 = P, ag+s)R3 ) (Tn)

by
5 s (ud,xd) — (ab +0||R) 5 5 IR (I RSN —6)

Typy1 = Tp — Uy, =T Uy,
e [ |I? v lun |12 "

Then, for all z € Maz—y we have

2
N

2 (nR;ill(HRill —5>>2.

.l

If 3., € HY |, we have ¥, = PH;%HEL_I(I;Z)' In that case, we define x5, = %%, and
are done. Otherwise, go to step (ii).

(ii) Depending on &, € Hx(ul_i,ad_; £ 8| RS_,[), compute

n—1

) L ~0
Tpi1 7= Py os s R NnE @08 +5|RS_ ) (Tnt1);

n
i.e.,
6 __ =0 1) ) 1) 1)
Tpt1 = Lpy1 — tn,nun - tn,n—l“n—l?

such that (tfm, tfl,n_l) minimizes

1
ha(th, b2) = 5‘
)

Then we have x0, 1 = Pysqpo 1(xn) and for all z € M ay—y we have

2
1 é 4 1) 1) 1 1)
Ty, — iy, — t2un—1H +h (an + 5”]an) + t2(an—1 + 5Hlin—IH)

1 6 6
Iz = @1 lI* < llz = anl* = S,

with

N 2
g . (HRfLII(HRZII —5)>2+ [(ud 1, 85,1) — (ol £ 6||R) )]
" [[uf, | Yallud |

and

1
5 5 2\ 2
o= 1- <|<u"’u"1>‘) e (0,1].

o, g, s

Remark 1.11. (a) It is easy to see that (1.27) holds as long as | RS || > 76. Indeed, the definition
of al yields
(up, z5) = ap + | Rpll* > af + 8] Ryl,

which represents precisely the condition for 23 to be an element of Hs (uS, ad + 6| RS|). We
have x5, € H?_| due to the previous iteration.

(b) The advantage of this algorithm is that using the current gradient as a search direction assures
that the descent property (1.23) holds, yielding convergence, while the use of the gradient from
the previous step speeds up the descent additionally: the larger the second summand in S,

the greater the descent, see also Remark[1.29 (d).
(c) Proposition yields explicit expressions for an implementation.
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1.2. SESOP for nonlinear inverse problems

We now want to develop a method for nonlinear inverse problems based on the one we introduced
in the previous section. To this end, we consider the operator equation

F(z) =y, (1.28)

where F' : D(F) C X — Y is a nonlinear operator between Hilbert spaces X and Y and D(F) is
its domain. Our aim is to translate the idea of sequential projections onto stripes to the context of
nonlinear operators. For that purpose, we have to make sure that the solution set

Mpg)—y ={r € X : F(z) =y} (1.29)

is included in any stripe onto which we project in an effort to approach a solution of . A
simple replacement of A* by the adjoint F'(z,)* of the Fréchet derivative F’(x,) at the current
iterate z,, as might be the first idea given that the current gradient plays an important role in
SESOP methods, does generally not ensure that Mp(,)—, is included in a hyperplane or stripe of
the form H (F’ (xn)*wn7i,an7i,§n,i) as defined previously. The reason is obvious: a solution x of
the nonlinear operator equation is in general not mapped to y by F’'(Z) for some & € D(F).
Furthermore, the fact that the linearization F’(z) depends on the position z € X shows that the
local character of nonlinear problems will need to be respected when dealing with problems like
(1.28]). This is strongly reflected in the following assumptions on the properties of F.

Let F: D(F) C X — Y be continuous and Fréchet differentiable in an open ball
By(xo) :=={x € X : |lz —wol| < p} € D(F)
centered at the initial value 2y € D(F') with radius p > 0 and let the mapping
B,(x0) 3 x — F'(x) (1.30)

from B,(z) to the space L(X,Y’) of linear operators be continuous.
We assume the existence of a solution 27 € X of (1.28)) satisfying

a" € By (o). (1.31)
Furthermore, we postulate that F' fulfills the tangential cone condition
|F(z) = F(&) = F'(z)(x — 2)|| < e |F(2) = F(2)]| (1.32)
with a nonnegative constant ci. < 1, and the estimate
I1F' ()| < cr, (1.33)

where cp > 0, for all z,Z € B,y(zg). Moreover, we assume the operator F' to be weakly sequentially
closed, such that for some weakly convergent sequence {z,},en with z, — = and F(x,) — y, we
have

x € D(F) and F(z) = y.

As before, in the case of perturbed data we assume a noise level § and postulate

ly° =y <6

16



Let {zn}, cy resp. {x%}n N be the sequence of iterates generated by an iterative reconstruction
method. The residual is defined by

R, = F(z,) —y

for exact data y and by
Ry, = F(zp) =y

for noisy data y°. For later convenience, we define the current gradient
g = F/(ad) (F(ad) — o) (1.34)
in iteration n € N as the gradient of the least squares functional

W) = 5| F@) |

evaluated at the current iterate z°. In the noise-free case, the gradient g, is defined analogously.

Proposition 1.12. The validity of the tangential cone condition (1.32)) implies that the Fréchet
derivative F' fulfills F'(z) = 0 for some x € B,(xo) if and only if F is constant in B,(xo).

Proof. Let F'(x) = 0 for some x € B,(x¢). For all £ € B,(z() the tangential cone condition yields
|1F() = F(2)]| < et [|F(2) = F@)]

which can only be satisfied if F'(Z) = F(z) in B,(xo), i.e., F is constant in B,(x).
Now let F' be constant in B,(zg). The tangential cone condition now yields

HF/(SL‘)(JJ - i)H <0
for all z, & € B,(xo), implying F'(z) = 0 for x € B,(zo). O

Remark 1.13. The case that F is constant in B,(xq) is not interesting in this context. We thus
postulate F'(x) # 0 for all v € B,(xo). The estimate (1.33)) can thus be reformulated more precisely
as

0 < [[F(2)| < cp. (1.35)

Moreover, if we have ¢ = 0 in (1.32)), the operator F is linear. As we are concerned with the
nonlinear case, we will thus occasionally exclude the case cic = 0 without any further remarks.

The projection onto hyperplanes in the linear case for exact data is convenient since the solution set
itself is an affine subspace in X, spanned by elements of the null space N (A) of A. When dealing
with nonlinear problems, this is no longer true. Our approach is to consider stripes - similar to
the ones in the RESESOP scheme for linear operators - already for unperturbed data, using the
tangential cone condition.

Due to the local character of nonlinear inverse problems, the stripes will be defined locally as
well, i.e., they will depend on the point of linearization. We will see that it is sufficient for some
assumptions to hold only locally in order to guarantee convergence and regularizing properties.
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1.2.1. The case of exact data

We formulate a sequential subspace optimization method for nonlinear operators, based on the
tangential cone condition, in the case of exact data.

Algorithm 1.14. Choose an initial value zo € X. At iteration n € N, choose a finite index set I,
and define
Hn,i = H(Un,ia Qni, gn,z) (136)

with

Un i = F/(l‘i)*wn,i,
Qn i = <F,($i)*wn,ia -Tz> - <wn,ia F(xz) - y>> (137)

&n,i = Ceellwnill - [[Rill,

and wy; €Y for alli € I,. Compute the new iterate as

Tp+l = Tp — Z tn,iF/(mi)*wn,ia (138)
i€ly,

where t, = (tni)icr, are chosen such that

Znt1 € [ Hu, (1.39)
i€l

i.e., the new iterate is given by the projection

s = P len) = i el
i€l Hn,i

The parameters Uy i, o and &, ; are chosen to guarantee the validity of a descent property
12 = 241 ll* < 2 = @nll® = C (IRl cte, cF). (1.40)
Definition 1.15. We call uy i, @ € I,,, the search directions and
Up :=span{u,; : 1€ I,} CX
the search space at iteration n € N.

Taking a closer look at the definition of the stripes, we see that we have replaced A* with the
adjoint of the linearization of F' in the iterate x;. The width of the stripe depends on the constant
¢t from the cone condition . The other alterations can be interpreted as a localization of
the hyperplanes subject to the local properties of F' in a neighborhood of the initial value. This
becomes clear when we write the stripe H,, ; explicitly in the form

H,; = {a: eX : |<F’(mi)*wn,i,xi —x) — (Wny, F(x;) — y>‘ < ctel|wn;i

IR}

i.e., we have to work with distances xz; — z and F(x;) — y to the current iterate, respectively the
point of linearization, and to the value of F' in x;.

Proposition 1.16. For any n € N, i € I,, the solution set Mp(,)—, is contained in Hy,;, where
Uni, Qni, and &, ; are chosen as in (1.37).
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Proof. Let z € Mp(;)—,. We then have
(Un,is 2) = ani = (wng, F'(2:)" (2 — @) + F(2i) — y).
With F(z) =y we obtain

(Wi, F' (i) (2 = i) = F(i) + F(2)] < Jwnill - |1 F (i) = F(2) = F' (@) (i — 2)]|
< crellwnill - [1F (i) = yll;

where we have used the tangential cone condition ([1.32)) in the second estimate. The definition of
the residual R; = F(z;) — y now yields z € Hy, ;. O
1.2.2. The case of noisy data

Of course we want to extend our method to the case of noisy data. To this end, we again have
to modify the stripes onto which we project, now incorporating the noise level. The following
definition of stripes wa. ensures that the solution set is contained in each stripe.

Definition 1.17. Forn e N, i € I, and w ; €Y we define the stripes
Hp ;= H (5 00,5.65)
with
=F'(x ) Wi
= < whial) = (whi Fad) = o), (1.41)
a@w=(5+qawﬁu+60nwﬁ

We obtain the analogous statement as in the noise-free case.

Proposition 1.18. Forn € N and i € I5 let um, m, and 45 be defined as in Definition
Then the solution set Mp(y)—, ts contained in each stripe Hf”

Proof. We proceed as in the proof of Proposition and obtain

[ (uhivz) = | = | (whi F'@f)(z = 2d) + Fad) = F() + F(2) — o) |
< |t - (|F@d) - Fe) = Padal =2 + |y -4
< |t (cwllP@d) = o + 47 = P2+ 5)
< ‘wfm : (th (||R?H+5) +5)
for any z € Mp(z)—y- O

For the following algorithm we specify our choice of the function wfw

choice guarantees the validity of the descent property, which will be analyzed in the subsequent
section.

as the current residual. This
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Algorithm 1.19. Choose an initial value xg = xg and fixr some constant T > 1. At iterationn € N,
choose a finite index set IS and search directions F’(x?)*wg’i. If the residual RS = F(x3) — y°
satisfies the discrepancy principle

IR < 76, (1.42)
stop iterating. Otherwise, compute the new iterate as
)
2y =ad = > 0 F (a) wd (1.43)
ield
choosing 0 = (tfz,i)ielg such that
) ) é )
Tt € m H(“n,i? Qi fn,i)’ (144)
i€ld

where u? anl, and 5‘5 . are defined as in Deﬁmtwn and such that an estimate of the form

n,57
1 1) d
Iz = 2 |I” < Iz = 2l = C(I R, 6, cees cr) (1.45)

holds for all z € Mp(y)=, for some constant C > 0, which depends on the norm of the current
residual, the noise level §, the cone condition and the norm of the Fréchet derivative.

Remark 1.20. The choice n € I,, and F’(:cfl)*wgm = F'(28)*(F (%) — %) turns out to be a handy

n
choice. By setting
1 + th

l—CtC7

T >

which assures that :L' € H>( (G ann,£ ) and projecting first onto the stripe Hnn, we obtain a
descent if the other search directions are chosen appropriately. We exploit this property and present

a reqularizing method, inspired by these findings, and give the respective proof.

In the following section, we want to introduce a special case of the above algorithm, where the
choice of search directions not only provides a fast regularized solution of a nonlinear problem
as in , but also admits a good understanding of the structure of the method. We see that
the current gradient as a search direction plays an important role, as it guarantees that a descent
property holds.

1.2.3. An algorithm with two search directions

In analogy to Algorithm we want to develop a fast method for nonlinear operator equations,
where we use only two search directions in each iteration. For linear problems, this method provides
a fast algorithm to calculate a regularized solution of , where in each step the search space is
spanned by the gradients gg and 92—17 see also [69]. In the first step, only the gradient gg is used,
so that the first iteration is similar to a Landweber step.

We will adapt this method for nonlinear inverse problems in Hilbert spaces. Later, we
show convergence properties for our proposed algorithm. Also we show that, together with the
discrepancy principle as a stopping rule, we obtain a regularization method for the solution of
(1.28]).

The following algorithm is a special case of Algorithm where we have chosen Ig = {0} and
IS = {n —1,n} for all n > 1. For convenience, we skip the first index n in the subscript of the
functions and parameters we are dealing with.
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Algorithm 1.21. (RESESOP for nonlinear operators with two search directions) Choose an initial

value a:g :=x9 € X. In the first step (n = 0) choose ug as the search direction. For allmn > 1,

choose the two search directions {ug, uifl}, where

= Pl
p s 5 (1.46)
= F o
wy, = F(xy) —y°.
Define Hfl = X and, for n € N, the stripes
H) := H(uj,05,&) (1.47)
with
5 ,_< 5 5> _IROI2
ap = (uy, ,
= (s I s
& = Rl (6 + cee(| Byl + 9)).
As a stopping rule choose the discrepancy principle, where
1+ Ctc
> —— > 1. 1.49
’ 1-— Cte ( )
As long as |R%|| > 70, we have
20 e Ho(ud, ol +&)nH? |, (1.50)
and thus calculate the new iterate xi_H according to the following two steps.
(i) Compute
Tt = Prug.a5+65) ()
s () — (b +E) (1.51)
=x, — 12 Uy,
[z |

Then the descent property

2
T

2 <||R;1|y (IR = 6 — e (|| RS + 5))>2

.l

is valid for all z € Mp(z)—y-
If %, € HS_,, we have 35, | = PHgmH;ifl(xZ) and we are done. Otherwise, go to step (ii).

(ii) First, decide whether 5, € Hs(ud_y,a8 | +&_1) or 35, € Ho(ud_j,al_; —&_).
Calculate accordingly

) L ~0
Tna1 = Prs af+6)nB@d 08 +e0 ) Tni1);

n—1’
§ 40 _ 4

b aus — 18 qud .y such that (t5 .15, ) minimizes the

i.e., determine foH = iiﬂ —t n,ns

function

1 B 2
ha(ti,t2) = 5 ‘ Fp1 — iy, — t2u§i—1H +t (042 + 52) + ta (042—1 + 52-1) :
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Then we have :cflJrl = PHgmHg_l(mi) and for all z € Mp(,)—, the descent property

2
o —s° (1.52)

R

is satisfied, where

2
oo . (1Bl (1Bl = 6 — cic(|[Ball + 9))
" .l

R |

N (\ (o #h) — (01 £ €10) \)2

and

1
2\ 2
o _ ‘<“§w“§t—1>|

Remark 1.22. The RESESOP method with two search directions allows a good insight into se-
quential subspace optimization methods.

(a)

(b)

22

The validity of the statements made in Algorithm are a consequence of Proposition .

The explicit forms of the parameters tnn and tfm_l are directly obtained from the respective

proof and are given in the appendix . By projecting first onto the stripe H,‘fb, we make sure
that a descent property holds to guarantee weak convergence, as we will see in the following
section.

As mentioned before in Remark calculating the projection of x € X onto the intersection
of two halfspaces or stripes by first projecting onto one of them and then projecting onto the
intersection does not necessarily lead to the correct result if x is not contained in at least
one of them. In our algorithm we avoid this problem: By choosing T according to , we
guarantee that in iteration n (pmvided the iteration has not been stopped yet) the iterate 2
is an element of Hs (ud, ol + &) N H? |, which determines the order of projection that leads
to the desired result.

As 10 is the projection of x3_, onto HS_, ﬂ H o, we have 8 € H? . To see that - 18
valid as long as ||RS|| > 78, we note that 1.49) implies

1+th

th

|RS|| > 76 > p——

Because of 0 < ¢t < 1 we obtain
IR = ecl| Rl = bere — 6 > 0,
yielding

o+ &h = (b, ah) — IR (IR = ceel RO = deie = 8) < (u, ).

Thus 20 € Hs(ul, a8 + €) and we obtain (1.50).



(¢) The choice for T depends strongly on the constant ci. from the tangential cone condition.
The smaller ¢, the better the approrimation of F by its linearization. Of course cte = 0
implies the linearity of F'. A large value of cic, on the other hand, demands a bigger tolerance
78 in the data fitting term (the residual), such that the algorithm has to be stopped at a larger
value of the residual’s norm and the source is possibly reconstructed with a larger error.

(d) As already stated in [69, [7T0], the improvement due to step (ii) might be significant, if the
search directions ud, and ud_, fulfill

|<u§z>“i—1>‘ ~

gl - [[ud_y]] ~

since in that case the coefficient -y, is quite small and therefore Sfl is large. This can be
illustrated by looking at the situation where uflJ_ufl_l: The projection of ."L‘;i onto Hfl 18 already
contained in Hgfl, such that step (ii) will not lead to any further improvement.

This suggests an interesting interpretation: If the new search direction is chosen perpendicular
to the previous one, the choice is optimal in view of the steepest possible descent. This
motivates the approach of Heber et al. [{0)].

(e) Algorithm is very useful for an implementation. First of all, the search direction ufb_l
has already been calculated for the preceding iteration and can be reused. Furthermore, the
residual RS was necessarily calculated to see if the discrepancy principle is fulfilled and can
also be reused as we have wd = F(x0) —y® = R2. So the only costly computation is the
determination of F’(xi)*RfL In some applications, for example in parameter identification,
this corresponds to a numerical evaluation of a (partial) differential equation. The effort is
thus comparable to Landweber type iterations, but the algorithm may be faster as discussed in

the previous point.

Proposition 1.23. Algorithm can be transferred to the noise-free case by setting 6 = 0
(however, the discrepancy principle has to be replaced by some other stopping criterion, for instance
a mazximal number of iterations). In particular, remains valid, and the metric projection onto
the intersection of the two stripes is obtained executing the two steps of the algorithm.

Proof. We have 0 < 1 — ¢t < 1 and thus
an + & = (Un, Tn) — ”Rn||2 + thHRn||2 = (Un, Tn) — (1 — CtC)HRnHQ < (Un, Tn).

The remainder of the proof follows the same lines as in the treatment of the noisy case. O

1.3. Convergence and regularization properties

At this point, we want to analyze the methods presented in Section [1.2] Using the conditions
we postulated at the beginning of Section we will show convergence results for the SESOP
respective RESESOP algorithms which we adapted to solving nonlinear inverse problems .
For a special choice of search directions in Algorithm which includes Algorithm we will
prove that the method yields a regularized solution of the nonlinear problem with noisy data.

We want to begin with an analysis of the methods in the case of exact data.
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Proposition 1.24. Consider exact datay € Y. Let {xy}nen be the sequence of iterates generated by
Algorithm|1.14), where in each step n € N of the iteration we let n € I, and choose wy, », == F(xyn)—y,
such that the search direction uy, ., = gn 1s the current gradient. Then we have

Ty € Hs (un,n, Qpp + En,n)y

where oy, 5, and &y, , are chosen as in Algorithm|1.14l By projecting xy, first onto H(wn.n, 0nn,E&nn),
we obtain

(1= cie)?
12 = 2411 < N2 = Prun manngnn) @)* < |2 = za® — P ;‘ AL s (1.53)
n

for z € Mp(x):y.

Proof. The first estimate is due to an adequate choice of the stripes. According to our choice of
Wnn = F(x,) —y = R, we have

Onn = <Un,mxn> - ||Rn||2v

fn,n = CtCHRn”Q,

and thus (unn,Tn) — Qnn = | Rall? > &nn a8 0 < ¢ < 1. The descent property (i.e., the second
estimate) is easily obtained with the help of (L.11f), (1.12), (1.13]), and the estimate

1" (@n)* (F(zn) = )l < [F (@) - | Rnll-
Note that || F'(z,)|| > 0, see Proposition and the subsequent remark. O
Proposition 1.25. The sequence of iterates {xy},, oy, generated by Algorithm fulfills
Tn € By(xg) for allm € N

and has a subsequence {Ty, } .oy that converges weakly to a solution of (1.28)), if we choose n € I,
and wy, , = F(x,) —y for every iteration n € N.

Proof. By assumption ((1.31]), there exists a solution 2™ € B %(azg) C D(F'). We use Proposition
and obtain x; € Bg(mo) due to

2
lat = 21]]? < fla* — a0 < .

Thus, by induction, the descent property (1.53)) yields z,, € B 2 (x1). We conclude

lzn = @oll < llon — 2™ + Iz — 2ol < p,

so that x, € B,(zo) for all n € N and the sequence {||z,, — 21|}, cy is bounded and monotonically
decreasing.

We thus have a weakly convergent subsequence {xp, }, .y With a limit Z := ¢limy_,o 2, (see
Section . It remains to show that & € Mp(,)—,. For that purpose, we use again the descent
propert and the estimate ([1.33)), which is valid in B,(z), to obtain

(1_Ct )2 (1—Ct )2
la =z =Nl —ann I 2 P Sl Bl 2 =5 B
Nk F
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Let K € N be an arbitrary index. The subsequence {xp, }, . fulfills

K c 2 K

F
S0 () S0 O =l e =1
k=0 ¢

k=0
2
Cr
—(T) (et =l =l = )
— Ctc
2
< () Jat —anl? <.
AL e 0

This remains true for the limit K — oo, yielding the absolute convergence of the series > oo || Rn, [|*-
Consequently, the sequence {| Ry, ||}y has to be a null sequence, i.e., || F'(xy, ) —y|| — 0 for & — oo.
As F' is continuous and weakly sequentially closed, we have F (&) = limy_,o0 F'(zp,) = ¥. O

Remark 1.26. If there is a unique solution x* € B,(x¢) of , we obtain the strong convergence
of the sequence from Proposition if X is finite-dimensional: As each subsequence of {xy}nen
s bounded, it contains a weakly convergent subsequence which, in a finite dimensional Hilbert space,
is strongly convergent. Thus, the whole sequence converges strongly to a solution of , because
a sequence converges to a certain point if and only if each subsequence possesses a subsequence
converging to this point. In [68], this has been discussed in some more detail for linear problems in
Banach spaces.

Theorem 1.27. Let N > 1 be a fized integer and n € I,, for each n € N. We additionally choose
I,.C{n—N+1,..,n}NN
and set
Wy =R = F(z;) —y

for eachi € I,. Ifz" € Bg (x0) is the unique solution of (L1.28)) in B,(x¢), the sequence of iterates

{zn}nen generated by Algorithm converges strongly to x™, if the optimization parameters t, ;
fulfill
tnal <t (1.54)

for somet >0 for alli € I, and n € N.

Proof. Inspired by the proof of Theorem 2.3 from [39], we will show that the sequence {z,}nen is
a Cauchy sequence. For that purpose, it suffices to verify that {a,},cy, given by

is a Cauchy sequence.

Since our choices yield F'(zyp)*wnn = gn (i.e., the search direction u,, in Algorithm is
the current gradient), we can apply Proposition We have seen in the respective proof that
{llan|},cx is @ bounded monotonically decreasing sequence. So we have

llan|| — ¢ asn — oo,
for an ¢ > 0. Fix n € N, let 7 > n, and choose the index [ = [(n, j) with n <[ < j such that

IRl = |F (1) = yll < |F(2m) =yl = [[Rm]| for all n <m <.
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We have |la; — ap|| < ||la; — ai|| + ||a; — ay|| and
la; — all* = 2 (a; — aj, ar) + llaj|* — [la]?,
lar — anll” = 2 (@ — an, ar) + [lan|* = [la]*.

When n — oo, we have ||a;]|? = €2, ||la]|> — €% and [|a,||*> — 2. To prove |la; — a;|| — 0 for
n — 0o, we have to show that (a; — aj,al> — 0 as n tends to mﬁmty. To this end, we note that for
7 > 1 we have

a; —ap=Tj; — I

=Tj-1 — T — E tj— 12 ’U.)] 1,
’LEIJ 1

by (1.38]). Iterating this, we arrive at

aj —ap = — Zztm (i) Wi,

k= llelk

which is also valid if j = . We thus obtain

a — aj, ai) <Zztm wkual>

k=l i€l}
J—1
ZZszH xz wkl)al>‘
=l i€l},
J—1
< kil lwpall | F' (i) (21 — 27)]],

where we have used the Cauchy-Schwarz inequality. We estimate
HF/(J}Z)(.TI — m+)H < Hy — F(x;) + F'(z) (25 — x+)H
+ || F i) — Fa) = F' () (i — x) || + |1F (1) — yll
< cie |F(2i) = yll + cie [ F(xi) = F ()| + [|1F(z1) — yll
< 2eie |F (i) — yll + (1 + cie) [|F/(20) — vl
< Bewe + D) [[F (i) —yll-

Notice that the last inequality is valid due to the choice of I. The choice wy; = F(x;) —y and the
boundedness assumption ((1.54) imposed on the optimization parameters t;,; yield

(a1 = aj, a)| < (Bere + ZZ\%\HF () —yl”

k=l i€}

j—1
< Bere+1EY D [1F (@) —yl*.

k=l i€},

Note that due to I, C {k — N + 1,...,k} for a fixed N > 1, the sum over i € Ij is a finite sum with
at most IV summands. This allows us to use a similar calculation as in the proof of Proposition
According to (1.53)), we have, together with our assumptions on F,

_ (1 th) (1 th) |
[1F7 (i) |12

(1.55)

o il < [t IR < o — > - Ril?,
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such that

1— 2
o P~ o el = C g
F

This yields

K 2 2
C C
> o1 < s (e =l = et =) < =Ee?

for each K > 0 and consequently, {||R;||};cy is a null sequence. We deduce that the right-hand
side of

j—1
= aj, )| < Bewe + 1)t D ||Ril?
k=l i€l}
(see (|1.55])) tends to 0 as n — oo due to our choice of Ij,. As a consequence, the sequence {||a, ||}, cx
is a Cauchy sequence and so is the sequence {x}, ., which converges due to the weak sequential
closedness of F' to the unique solution ™ € B,(zg) as the sequence of residuals tends to 0 for
n — oo. O

We now want to deal with the sequences generated by Algorithms and for noisy data y°
with noise level
ly =l <.

Definition 1.28. For Algorithms and presented in Section we define the stopping
index
Ny :=n4(8) == min{n € N : |RS|| < 76}

as the smallest iteration index at which the discrepancy principle is fulfilled.
(In case {n € N: |RS|| < 70} =0, we set ny := 00.)

In Algorithm we have postulated that the parameter 7, which is used in the discrepancy

principle, satisfies
1+ Ctc

1—th.

T >

This choice has been useful as it allows a simple, stepwise calculation of the desired metric projec-
tion, which guarantees the validity of the descent property.
For simplicity, we put z9 := fo* for all n > n,.

Lemma 1.29. Let 7 be chosen according to (T.49). If the gradient g° = F'(x0)*(F(22) — y°) of
the functional SIF(x) — y°||? in 2d is included in the search space UJ for n € N in Algorithm

n
and the current iterate xfl s first projected onto the stripe H(gg,ozgn,ﬁg’n), the sequence

{ll= - meH}neN with z € By(wo) N Mp(y)—, decreases monotonically.

Proof. As we have seen before, in particular in Remark (b), the choice (|1.49)) of 7 yields

x0 € Hs (ufw, afw + fg,n) for n < n, if we set wfw = RY in Deﬁnitionm such that the current

gradient is included in the search space due to ufun =gl.

By projecting x9 first onto the stripe H(ugm, aim, 52771), we use (|1.13)) and obtain

5 .8 5 5

-5 P P <“,x>_(o‘,+§,)5

Tnir = P, 08,13, (@n) = ¥n — ””’Wm ﬁn "
n,n
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and with ||z — 23, || < ||z — @, ,||* the estimate

(1.56)

RO (IR — 6 — e (IR2] + 8)) |
|u_xaﬂﬁ<nz_xm2—<”’”“’”’ el el + ”>,

e,

which is a result of Proposition for the choice of the halfspaces in Algorithm This proves
the monotonicity of the sequence {Hz — foH }n N’ which is constant for n > n,. O

Theorem 1.30. Provided the current gradient go is contained in the search space US and the
parameter T is chosen such that
1+ cie

T >
1—th7

the discrepancy principle yields a finite stopping index n. = n.(9) in Algorithm .

Proof. Let us assume that the discrepancy principle is not satisfied for any iteration index n € N.

We then have § < %HR%H for all n € N. However, Lemma is applicable and equation (|1.56))
thus yields

2
omat <t (VECBL 5~ cc(IRE) +9)
el =l IEapa

2
5 IR | — 6 — cwo (| ROl + 6)
guz—$ﬂ2—< [F (D)

512 ].—th—%(]."‘ctc) 2 5112
<z —anll” - R,

Cr

where we have

1
l—ctc—;(1+ctc)>0

according to our choice of 7. By a calculation as in the proof of Proposition we find that
{I|R2 |} nen is a null sequence. This is a contradiction to our assumption ||R?|| > 76 for all n € N.
Consequently, there must be a finite stopping index n, fulfilling the discrepancy principle. O

We now want to deal with the sequence of iterates generated by Algorithm with the choices

IEC{n—N+1,.,n}NN,
nel’, (1.57)
wgﬂ- = RS forallie I’

for all n € N, where N is a fixed integer (see also Theorem [1.27)) and such that the search directions

ufm., 1€ Ig, are linearly independent for each n. In particular, we thus make use of the current

gradient (as n € Ifl and wfm = Rfl), such that the previous statements apply to the sequence of
iterates generated by Algorithm [1.19] Most notably, we know that Algorithm terminates after
a finite number n,(d) of iterations. It remains to show that the final iterate xfb*( 5) is a regularized

solution of the nonlinear operator equation ([1.28]), when only perturbed data y® are given.
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+ . . . .
Theorem 1.31. Let z* € By (o) be the unique solution of (1.28) in B,(xg). Algorithm 1.1%

together with the choices (1.57) and the discrepancy principle yields a regularized solution x;_ of
the nonlinear problem (1.28)), when only noisy data y® are given, i.e., we have

T (5) = xt for § =0, (1.58)

if there is only one solution x™ € B,(xo) and if lims_,g <t foralln eN andi € Ifl for some

t>0.

§
tn,i

To prove this theorem, we need to show that for a fixed iteration index n, the iterate fo depends
continuously on the data y°. For that purpose, we first prove the following lemma.

Lemma 1.32. Let 3 = z¢ be the initial value of the Algorithms and with the choices
(1.57)), where we choose 6 = 0 in Algorithm m Let {x”}nEN and {wg}neN be the respective

sequences of iterates generated by these algorithms. For a fized index n € N, the iterate xfz depends
continuously on the data y° and we have

22— x, ford—0.
Proof. We use induction. Let n € N be fixed. For k = 0 we have I = Iy = {0} and

:1:({ =0 — tg,OF/(xO)*(F(xO) - yd)
ul g, o) — (af o+ &
g < 0,0 0> 5( 02,0 070) F’(xo)*(F(xo) — yé),
Hu(),OH

which depends continuously on the data y° (see also Definition [1.17)) as the norm in Y is continuous
and thus x§ — z1 for § — 0.
Let us now assume that :Ef, i < k, depend continuously on y°. For xi 41 We have

5 5 5 Sy* 5 5
Tpi1 =T — E tyF' (x7) <F(xi> -y ) .
i€y,

Since F' is continuously Fréchet differentiable on D(F'), the inductive hypothesis implies that the
search directions F'(22)* (F(29) —y°), i € I}, depend continuously on y°. It remains to show that
the same holds for the optimization parameters ti ;- By Proposition the corresponding convex

function h (see (I.8)) is strictly convex as the search directions u ;, i € I7, are linearly independent.
Consequently, the optimization parameters are uniquely determined by a regular linear system of
equations, given by (1.9)), whose coefficients depend continuously on y°, such that we have

£ — thi
for 6 — 0. This proves the induction step and we have

2% — x, for § — 0.

Having this result at disposal we can now prove Theorem [1.31
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Proof. (of Theorem We show that
P (5. 5) —v]| =0 (1.59)

if the noise level ¢ tends to 0. For that purpose, let {J;}
such that

jeNy 0; > 0 for all j € N, be a null sequence,

Hy‘sﬂ' - yH < §; (1.60)

for all j € N. For each noise level §;, let n,(d;) denote the corresponding stopping index.
Proposition and Lemma yield 2y € B,(zg) for a fixed index n € N and all j € N.

Hence, the sequence {asz ( 5_)} is bounded and possesses a weakly convergent subsequence. Let
*N37) jeN

us consider the sequence {n.(d;)},.y and assume that n € N is a finite accumulation point of
this sequence. As in the proof of Theorem 2.4 in [39], we assume without loss of generality that
n«(d;) = n for all j € N. We thus have

ety

< 79 (1.61)
for all j € N. Since we have fixed the index n, the iterate xij depends continuously on 3% according
to Lemma yielding

xfbj — z, and F(:nff) — F(xy)

for j — oco. As a result, we infer F(z,) = y from (1.61). Since z,, € B,(x¢) and 2" is the only
solution of (1.28) in B,(xo), we have

HF (a:ij*((;j)) *yH < HF (xflj*(éj)> 7y6j

+ Hy‘sj — yH <(r+1)6; —0
and

oy +
X — T
s« (85)

for j — oo due to the weak sequential closedness of F'.

Let us now assume n,(d;) — oo for j — oco. From Theorem and its proof we recall that
the sequence {||z, — 2|/}, cy is @ bounded and monotonically decreasing sequence with limit 0.
Consequently, for every € > 0 there exists an Ny € N such that

€
e, - o < &
Furthermore, there is a jo € N such that, due to the continuity of the norm, we have
‘Hx%o - $+H2 - HxNO - x+H2‘ < % for all j > jo (1.62)
on the one hand and also, according to our assumption,
n*(éj) > N() for allj > jo
on the other hand. We thus have (using Lemma
% gy = < o, = ? < flany =[P + [l = | = lany — | < e

for all 7 > jp, which completes the proof. ]
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From these results, we directly deduce the following corollary concerning the special case of Algo-

rithm [L211

Corollary 1.33. Theorem [1.31] is valid for Algorithm where the explicit representation of
the optimization parameters (see directly shows the continuous dependence on the data y°.
Also, in each step of Algorithm the two search directions are either linearly independent or
the algorithm proceeds to the next iteration after executing step (i).

Proof. We make the choice N = 2 in ((1.57)) and apply Theorem Due to , the projection
of 23 onto HY is also contained in H? , if the directions u’ , and u’ are linearly dependent.
Consequently, at iteration n € N, the two search directions are either linearly independent or the
previous search direction ufhl is not used, i.e., step (ii) is not executed, as H (ug,ag + 52) -

HI .. O
Remark 1.34. We conclude our analysis with some final remarks.

(a) The choice U, = {gn} for all n € N yields a Landweber type method, where the current
iterate is projected onto a stripe corresponding to the conventional Landweber direction in
each iteration, for which we can apply our results from above. We thus obtain a requlation
of the step width. This method has been presented by Maaf$ and Strehlow in [54)] for finite
dimensional Banach spaces.

(b) One of the major obstacles in practice is the determination of the constant ci. from the
tangential cone condition. This parameter obviously influences the algorithms significantly
and yet, for many operators, even the existence of cic can not be determined and its value
might depend on the point of linearization. In any case, a bad choice either yields a diverging
algorithm if cic is chosen too small or useless results if cic is too large, as the discrepancy
principle is fulfilled too early. It is thus reasonable to find an adequate value numerically, for
example systematically with the help of a grid search. The results may give a hint about the
existence and value of cie for a given nonlinear operator.

1.4. A first numerical example

Finally, we want to evaluate the proposed methods in terms of Algorithm by applying it to a
well-understood nonlinear problem and compare the performance to a standard Landweber method,
see [39, 49]. Additionally, we apply the Landweber type method that is derived from the subspace
optimization techniques, see Remark (a), and also discuss its performance. The parameter
identification problem we are considering has been used many times for similar purposes, first in
[17] as a one-dimensional problem and for example in [39] 63] in two dimensions. We begin with a
short summary of this inverse problem.

Let  C R? be a bounded domain that is either a parallelepiped (e.g., = (0,1) x (0,1)) or has a
sufficiently smooth boundary. We want to reconstruct the parameter ¢ € L?(Q) from the knowledge
of the (noisy) field u, where
—Au—+cu= in Q,
! (1.63)
u=g on 0f,
for given functions f € L?(Q) and g € HY?(9Q) (for a definition of this space, see, e.g., [27, 64]).
Let F: D(F) C L*(Q) — L?(2) be the parameter-to-solution mapping satisfying

Flc) = u, (1.64)
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where u fulfills the elliptic boundary value problem (1.63). As stated in [I7, [39], there exists a
~v > 0 such that F' is well-defined on

D(F) :={ce L*(Q) : [[c—¢| < for a ée L*(Q) with & > 0 ae.}.
We define the operator L(c) : H?(Q2) N HE () — L*(Q) by
L(c)u = —Au + cu. (1.65)

Also, F is Fréchet differentiable in ¢ € B,(co) € D(F'), where p < v, and ¢g € D(F). The Fréchet
derivative F'(c) in ¢ and its adjoint F’(c)* are given by

F'(c)v=—L(c) ! (v-u) (1.66)
and

F'(¢)*w = —u - L(c) 'w (1.67)
for v, w € L?(2), see [39].
In case u has no zeros in €2, the parameter c is uniquely determined by

Au+ f
c= ,
u

but it does not depend continuously on w. Therefore, the above formula is not useful for the
reconstruction of ¢ from noisy data.

1.4.1. Discretization

As in [63], we choose © = (0,1) x (0,1) and use finite differences for the discretization, see for
example [3], 34] for the basics. We define the grid

ﬁh::{(xi,yj)eﬁzxi:ih,yj:jh,ogi,jSN—l—l},

where N + 1 is the number of equidistant steps in z- and in y-direction and

1
T ON+1

is the respective step width. The (discretized) interior €2}, of Qy, is thus given by
Qh = {(xz-,yj) S Qh L X = ih,yj :jh, 1< i,j < N}

By up, cp, fn and gy we denote the respective discretized functions on the grid €2, and on the
discretized boundary 0Qj := Q, \ Q4. The Laplace operator A is discretized as usually, see for
instance [3], [34], by a two-dimensional difference quotient. Let Aj denote the discretized Laplace
operator. Then we have

Anun(ih, jh) = % (cn (G — 1), ) + (i, GG — 1)h)

(1.68)
(3 + 1)k jR) + wn ik, ( + 1)R) = dup (ih, jh))

for all 1 <4,j < N. The grid points ((i — 1)h, jh), (ih, (j —1)h), ((i + 1)k, jh), and (ih, (j + 1)h)
are called the nearest neighbors of the point (ih,jh).
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At this point, it is important to remark that the boundary values of wj; contribute to the above
expression, if the Laplace operator is evaluated in a grid point that has boundary points as nearest
neighbors.

We represent the discretized function wuyj, by a vector with (N + 2)? components,

(un)igi,jy = un(i, y5), (1.69)

where [(i,7) =1-(N+1)+7 for 0 < 4,5 < N+1, such that the indices are ordered lexicographically.
Analogously, we obtain the vector ¢;,. This allows us to reformulate the discretized boundary value
problem
—Apup + cpup = in Qp,
hUp + chup = fp h (1.70)
up = gp on 08y,
as a linear system of equations
My(cp) - up = flgln  in Qp, (1.71)

where Mj,(cp,) € RV+2?X(N+2)* * The information about the boundary values is included in the
matrix M}y, and in the vector f[g]p.

As the boundary values are given, it is possible to reduce the above system of equations to an
N2 x N? system by separating the boundary values into a vector and shifting it to the right-hand
side of . As a result, we obtain the reduced system of equations

My(cp) - @i = fr in Qp, (1.72)
where (tp) k@, j) = (@n)(i-1).N4; and My (cp) € RN**N? In case g = 0, we have fj, = fp.

The matrix that corresponds to the discretized Laplace operator —Aj; now has a simple block
structure: Define the tridiagonal matrix

and B := —Iy, where Iy is the N-dimensional unit matrix. Then —Aj has the form

A B

A =B € RV XN, (1.73)
.o.g

B A
For the reduced matrix Mp,(¢;) we obtain

My (cp) = —Ap + diag(cp) € RNV XN, (1.74)

The norm on 2y, is given by the weighted Euklidian norm
N2 1/2 N 1/2

lwr<ienzl, =0 [ D_(w)? | =h- Z (ih, jh)) , (1.75)

=1 J=1
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which approximates the standard L?-norm on the equidistant grid €, with step width h = N +1

We are interested in the numerical solution of the parameter identification problem that corresponds
to (1.63), where the parameter c is reconstructed from the knowledge of the noisy function u°, the
exact function f and boundary values g, for which we make use of the above discretization.

1.4.2. Reconstructions with Landweber and RESESOP

In order to have a precise representation of the exact solution u and the parameter ¢ of (1.63)), we
provide u and ¢ analytically, such that f and the boundary values g are uniquely determined by

f=—-Au+cu, g=ulsq. (1.76)
Let
u: Q= R, ulz,y) =16x(xr — y(l —y) +1
and
= 3 1) 1
c: Q=R ¢(z,y) = 3 sin(2mzx) sin(3ry) +3 | |« — 5) tlv—35 + 2.

We have uy(ih, jh) = u(ih, jh) for all indices 0 < i,7 < N + 1 and g (ih, jh) = uy(ih, jh) =1 for
all (ih, jh) € 0Qy,. In our iterations, we will use the function

: Q= R, co(z,y) =3((z — 0.5)* + (y — 0.5)%) + 2+ 8z(z — L)y(1 — y)

as an initial value. This choice allows us to make use of the reduced matrix Mh to determine fh
and to calculate the search directions during the iteration: The initial value ¢y coincides with the
exact values of ¢ on the boundary. An iteration that is based on the reduced system of equations,
working only on the inner grid points, does not change the boundary values. Consequently, we set

[ = Mp - up, (1.77)

where up, = (up),(; ;) for 1 <i4,j < N.
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Figure 1.3.: Surface plot of (a) exact function u; and (b) exact parameter ¢, on the grid .
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For our reconstructions, we use synthetic noisy data u‘fb, which is obtained by adding a noise vector
v to the exact data vector uj. To this end, we generate a vector with random, equally distributed
entries v; € [—1,1] for all I = 1,..., N? and set
v
ud =up 46 ——, (1.78)
[0l
which ensures that Hui — uhHh =J.

The reconstructions are performed iteratively by
é o S
Cry1 = € — di,
where k is the iteration index, {Ci} ren 18 the sequence of iterates and di is calculated according to

(A) the standard Landweber method with a relaxation parameter w, i.e., di =w- gi,

(B) a Landweber type iteration that is based on the successive projection onto stripes, i.e., Algo-
rithm with a single search direction (the current gradient 92) per iteration and

(C) the RESESOP method with two search directions, the current gradient and the gradient
from the previous step.

Method | Number of iterations k. | Execution time | Relative error in reconstruction
(A) 287 123.65s 13.41%
(B) 11 7.1s 12.83%
(C) 8 5.71s 13.13%

Table 1.1.: Some key data to evaluate the performance of the methods (A), (B) and (C) in the case of noisy
data ug

All iterations are stopped by the discrepancy principle, where 7 > 1+ctc/1—¢ is chosen according
to Algorithms and For both methods, we set (see also [39] 54])

1
N =49, cc=001, 7=1005 7 e 5= 0.005. (1.79)

— Ctc

We denote the stopping index by k = k., which is the first iteration index that fulfills || Ry, ||, < 79.

The exact function uj and the exact parameter ¢p are plotted in Figure In order to compare
the methods, we measure the iteration steps until the iteration is stopped, the time that is needed
for the reconstruction and the relative error in the resulting solution cg,. The results are presented
in Table Plots of the respective residuals are to be found in Figure [I.5]

Remark 1.35. It is important to remark that the results concerning the three different methods,
which are listed in Table depend on the available data. Ezperiments show that the values we
have measured to quantify the performance of the proposed methods vary slightly due to the random
noise that is added to the exact value of up, in order to obtain noisy data ui However, the method
with two search directions is in all experiments faster than the method with one search direction.
The Landweber method is significantly slower than the other methods, as there is no regulation of
the step widths in the iterations in contrast to the RESESOP methods.

Also, we remark that the above methods yield, in the case of exact data, sequences of iterates that
converge to the exact solution wy. We make use of exact data to further test the performance of
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Figure 1.4.: Reconstruction with the standard Landweber method (A), the Landweber type method (B)
and the RESESOP method (C): surface plots of the respective reconstructed parameter cg,
((a), (c), (e)) and of the deviations from the exact solution ¢; ((b), (d), (f)).

the SESOP method with two search directions in comparison to the other two methods. For that
purpose, we set T := 2 -10~% and stop the iteration, when the residual Ry, fulfills |Ry|, < T.
We use the same parameters as in the case of noisy data. Again, we measure the total number of
iterations k,, the time that is needed for the iteration and the relative error in the reconstruction.
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The results are summarized in Table [L.2]

The plots of the relative error
llex — cnlln
lenlln
in the reconstruction and the norm of the residual || Ry||;, are illustrated in Figure Note that
these plots indicate that the descent property is fulfilled.

€relk =

Method | Number of iterations k. | Execution time | Relative error in reconstruction
(A) 742 306.18s 10.65%
(B) 44 21.03s 9.65%
(C) 23 12.03s 8.69%

Table 1.2.: Some key data to evaluate the performance of the methods (A), (B) and (C) in the case of exact
data uy,

It is interesting to observe the difference between the two methods that are based on the findings in
this chapter, i.e., the methods that are based on the successive projection onto stripes. First of all,
method (B) with one search direction takes about twice the time that is required for the iteration
with the RESESOP method (C). This is due to the fact that during the reconstruction with the
RESESOP method, an iteration may consist of only one projection onto the stripe Hy given by the
current gradient, which is the case if this projection is already contained in the stripe that belongs
to the previous search direction. Let us denote this case by Case 1. The other two cases that
may occur in the second step of Algorithm are Case 2, where the projection is situated above
the stripe that corresponds to the previous gradient, and Case 3, where the projection is situated
below this stripe.

In our experiment, Case I occurred four times, while Case 2 occurred 17 times and Case 8 occurred
only once. In the case of noisy data, some further tests have suggested that a higher noise level leads
to an increase of iterations in which Case 1 occurs. This is plausible as a higher noise level directly
leads to broader stripes. Also, this effect is observed when the constant ¢t from the tangential
cone condition is chosen larger.

All in all, we have been able to demonstrate that the developed SESOP and RESESOP methods
are suitable to solve nonlinear inverse problems. In the case of noisy data, the RESESOP method

37



s %108 ‘

-1

h
o
&

»
o
L

~

L
o
w

nelle

I
o
L

n
S Y
L L
o
IS
a
L

N

L
o
N

Residual R

o
2
L

Relative error [|¢; — ¢

o
=3

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Iteration index k Iteration index k

(a) Norm of residuals Ry, method (A) (b) Relative error in reconstruction, method (A)

-3
5 x10 .

-1

h
o
&

4.5

o
w

3.5

(3]

Residual R{
g
5
o
N

o

Relative error | — cl|n - |||
o
@

0.5 1
0 A R 005 e
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Iteration index k Iteration index k
(¢) Norm of residuals Ry, method (B) (d) Relative error in reconstruction, method (B)
%103
5 035

I
w

Residual Ri

e

Relative error |cp — ¢l - [lcll;
o
&

0 5 10 15 20 25 %%, s 10 s 20 25
Iteration index & Iteration index &
(e) Norm of residuals Ry, method (C) (f) Relative error in reconstruction, method (C)
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iterations

yields a regularized solution. In both cases, our methods are significantly faster than the standard
Landweber method, such that it is desirable to exploit this method for the solution of more complex
inverse problems, such as the inverse problem of THz tomography.
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1.4.3. A first outlook

The results of this chapter are valid for real Hilbert spaces, which is a suitable setting for many
nonlinear inverse problems such as the inverse medium problem [6, [7] or the three inverse problems
that Haltmeier et al. have analyzed in [36] regarding their Landweber-Kaczmarz methods for solving
systems of ill-posed operator equations [37].

However, the subspace methods we presented so far rely on the total order of the ground field of
the Hilbert space we are working in: In order to decide how to project an element of X onto the
intersection of hyperplanes, the ground field of the Hilbert space X needs to be totally ordered.
This becomes obvious when we look at the SESOP method with two search directions. In the
second step, we have to decide whether the iterate T,41 is inside, above or below the stripe that
belongs to the former search direction. For this, we need the ground field to be an ordered field.

The performance of our sequential subspace methods for nonlinear inverse problems suggests that
an application in the solution of a more complex inverse problem may considerably speed up
the reconstruction, which is of major importance in industrial applications. A relatively novel
application in imaging is THz tomography, which aims at the reconstruction of dielectric properties
(i.e., the complex refractive index) from measurements of the electric field around the tested object.
In complement to the work of Tepe et al. [51], [71], we formulate and analyze the inverse problem in
THz tomography in the following chapter, where we choose an approach that is motivated by lower-
frequency methods such as microwave tomography and scattering problems. In short, the inverse
problem we will deal with is a nonlinear parameter identification problem in complex Hilbert spaces,
such that we have to refine our (RE)SESOP methods to meet the requirements for an application
in complex Hilbert spaces, which is the topic of Chapter
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2. Terahertz tomography

The overall goal in terahertz (THz) tomography is the nondestructive testing of objects that con-
sist of dielectric materials, especially plastics. The corresponding physical quantity that contains
information about defects such as cracks or impurities is the complex refractive index 7, which
allows conclusions about the dielectric permittivity € and therefore about the refractive index n as
well as the absorption coeflicient a.

The inverse problem of THz tomography is thus the reconstruction of the complex refractive index
from measurements of the electric field of the THz beam, which interacts with the tested object in
a way that is described by the model we derive in this chapter.

THz radiation is particularly suited for the testing of plastics and ceramics, as these materials
are nearly opaque to electromagnetic waves in this frequency range, leading to a high penetration
depth. This property is reflected in the relatively low values of the absorption coefficient.

We will start with an introduction into the fundamental physics that are required for the modeling
of the direct problem in THz tomography. Due to its frequency of around 0.1 to 10 THz (or 10! to
10'3 Hz), THz radiation is located between microwave and infrared radiation in the electromagnetic
spectrum. Accordingly, it is sometimes referred to as submillimeter waves. In comparison to X-
radiation, which is used in computerized tomography, the frequency of THz radiation is significantly
smaller. The propagation of THz beams in the lower frequency range of the THz spectrum through
media is thus comparable to the propagation of microwaves rather that X-rays. Physical effects such
as refraction or reflection cannot be neglected and need to be taken into account in the modeling. In
particular, THz waves are not propagating along straight lines, such that the modeling differs from
the modeling in computerized tomography. As we have remarked before, we will focus on radiation
with a frequency in the limits of microwave (roughly 3-10% to 3-10''Hz) and THz radiation, which
motivates our approach from scattering theory.

In the following, we present the physical basics for the modeling and an analysis of the direct prob-
lem. In particular, we derive all necessary tools for a numerical solution of the inverse problem with
a Landweber iteration and, in the subsequent chapter, with the sequential subspace optimization
methods we introduced before.

We remark that we make use of the analytic representation of the occurring electromagnetic fields,
such that these quantities are regarded as complex valued functions. This is a well-established tool
in the theory of electromagnetic waves, which allows a simpler mathematical handling of the fields.

2.1. Propagation of electromagnetic waves

Electromagnetic waves consist of interacting, usually time-dependent electric and magnetic three-
dimensional vector fields. The electric field at time ¢ in position x € R? is denoted by E(¢,x) and
the induction field by B(t,x). The electric field E is associated with the electric displacement field
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D via

D(t,x) = eE(t,x)
and the induction field B via

B(t,x) = pH(t, x)
with the magnetic field H. The parameter €¢(x) depends on the position x and is called the
dielectric permittivity. It describes the dielectric properties of a medium. Similarly, the magnetic
permeability p(x) describes the magnetic properties. In anisotropic media, both functions are
second rank tensors. In isotropic media, both functions are reduced to scalars.

2.1.1. Maxwell’s equations

The propagation of electromagnetic waves in space is generally described by Maxwell’s equations.
They consist of four partial differential equations (Gauss’s law for magnetism , Faraday’s law
of induction , Gauss’s law , and Ampere’s circuital law (2.4))) and provide, together with
the Lorentz force law, the basis of electromagnetism. In the local formulation, they read

V- B(t,x) = 0, (2.1)
Vv x E( x) = —QB(t x), (2.2)

D(t,x) = ( x), (2.3)
V x H(t,x) = —D(t x) +j(t,x). (2.4)

The quantity p in Gauss’s law (2.3)) is the electric charge density and j in Ampere’s circuital law

T
[24) is called the electric current density. The differential operator V := (-2, -2, 2 is called the
oz’ 0y’ Oz

Nabla operator and is denoted as a vector whose entries are the first partial derivatives with respect
to the (cartesian) coordinates. (Note that the above notation has been adopted from physics, where
it is common to denote the inner product in R? by the dot - and the vector product by x.)

For our purposes, we assume that the media we are dealing with are isotropic and not magnetic,
i.e., we have u = o, where pg is the permeability of free space, and €(x) = epe,(x) is a scalar
function, where ¢y is the permittivity of free space and ¢, is the relative permittivity. Furthermore
we assume that the value of € does not vary strongly, such that we can neglect terms containing
Ve, i.e., we assume that

V- (()E(x)) ~ €(x)V - B(x)

holds almost everywhere (this corresponds to the limit of geometrical optics, see also [60]). We can
thus restrict ourselves to the use of the fields E and B and obtain

V.B(t,x) =0, (2.5)
V x E(t,x) = gtB(t,x), (2.6)
V. E(t,x) = (1x) o, %), (2.7)

V x B(t,x) = e(x

~—

o B(t, %) + i, ). (2.8)

For specific physical settings, we can derive further partial differential equations that describe the
propagation of electromagnetic radiation in the respective special situation. One example is the
wave equation.
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2.1.2. The wave equation

Let us assume there are no electric sources, such that we have no charge density and no current
density,
p(t,x) =0, j(t,x)=0.

We make use of the Laplace operator A := 88722 + g—; + 83722 and apply the curl to equation ([2.6]).
Together with the identity
Vx(VxA)=V(V-A)-AA

for three-dimensional vector fields A, Gauss’s law (2.7), and Ampere’s law (2.8]) we obtain the wave

equation
2

AE(t,x) — E(X)Mogth(t7X) =0 (2.9)

for the electric field E. Analogously, we can derive a wave equation describing the induction field
B.
In vacuum, where we have €(x) = ¢, the wave equation is

1 62
e o2
where ¢ = \/mfl is the speed of light in free space.

Obviously, the wave equation describes the temporal behavior of the electric field E. In the case
of time-harmonic waves, we can further simplify the wave equation , obtaining the time-
independent Helmholtz equation.

AE(t,x) — E(t,x) =0,

2.1.3. The Helmholtz equation

A time-harmonic wave E(¢,x) can be separated into a factor that depends on the position x and a
factor that is a harmonic function of the time ¢, i.e., we can apply a separation of variables of the
form

E(t,x) = u(x)e™, (2.10)

where w is the frequency of the wave. The second partial derivative with respect to the time ¢ is

92
@E(t,x) = — W E(t,x).
Inserting this into the wave equation , we obtain
(Au(x)) ™! + wle(x)pou(x)e™t = 0.
We have thus derived the Helmholtz equation
Au(x) + E*u(x) = 0 (2.11)
with the wave number k, which fulfills
k2 (x) = w?e(x)po. (2.12)
Remark 2.1. A very simple solution of the Helmholtz equation 1s the planar wave
u(x) = ae'kx, (2.13)

where a is a constant amplitude and k is the normalized wave vector.
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2.1.4. Absorbing, isotropic media and the complex refractive index

As already mentioned at the beginning of this chapter, the materials we are dealing with are
absorbing. A wave propagating through an absorbing medium loses energy, which corresponds
to a loss in intensity. This loss is taken into account by using a complex electric permittivity
€(x) = €1(x) + iea(x). We write

k = kon,

where kg is the wave number of the radiation in vacuum and 7 is the complex refractive index. We

have y

. 2

X) + i€a(x
fi(x) = <61()+62()> = n(x) + ir(x).
€0

The real part n is the refractive inder, i.e., the ratio of the propagation speed ¢y in vacuum and the
propagation speed ¢ inside the medium. The imaginary part x is called the extinction coefficient
and is linked to the absorption coefficient o via

_ koco

= 2.14
K=o (2.14)

(see [2I], Chapter 8.2).
Remark 2.2. By setting k = koit in the planar wave in Remark we obtain

iko(n+irk)k-x einkok'x . e—konk-x

u(x) = ae =a

—korkX “aphich is

The imaginary part k of the complex refractive index is contained in the term e
monotonically decreasing in the direction of the wave vector k and causes the attenuation of the

amplitude.

Depending on the type of data that is to be used in THz tomography, the THz beam is either a
short electromagnetic pulse or a time-harmonic wave. Pulses allow conclusions on the run-time
of the radiation through the tested medium, whereas the testing with a time-harmonic wave is
mostly used to measure transmittivities or intensities of the electromagnetic field. In this work,
we will restrict ourselves to the use of time-harmonic fields. Consequently, the propagation of THz
radiation through plastics or ceramics can be described by the Helmholtz equation

Au + k2a*u =0, (2.15)

It is well suited for our purposes, as the complex refractive index appears in a coefficient of this
linear partial differential equation. The inverse problem in THz tomography belongs therefore to
the class of parameter identification problems.

The Helmholtz equation is an adequate choice for the modeling of the propagation of THz
radiation, describing reflection and refraction of the waves on interfaces as well as the absorption
of the beam when it travels through the medium. Another important principle that we use for the
model is the superposition principle, which allows us to neglect source terms in our calculations.

2.1.5. The superposition principle

The shape or geometry of an electromagnetic wave that propagates through space is determined by
the properties of the incident wave, which can be interpreted as the source, and the scattered field,
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which results in the interaction of the wave with the obstacles. According to the superposition
principle, the total electromagnetic field u; is a superposition of the incident field u; and the
scattered field ug.. This means that the total field can be expressed as the sum

Uy = U + Ugc. (2.16)

This is a very important statement, as it allows us to treat our problem as described in this chap-
ter: Assuming the incident field is given, there is no additional source of electromagnetic radiation,
yielding p = 0 and j = 0 in Maxwell’s equations. As we are using time-harmonic waves, the total
field is described by the Helmholtz equation .

However, the superposition principle applies only approximately when the medium is a weak ab-
sorber, which is the case for the objects we are interested in.

2.1.6. The inhomogeneous Helmholtz equation for the scattered field

The total field u; and consequently each of its components « fulfill the homogeneous Helmholtz
equation (2.15). Applying the superposition principle, we obtain

A(ui + usc) + 1;2 (U-i + usc) =0.

We replace k by its representation k = kon and use that the incident wave uj (approximately)
solves the Helmholtz equation in vacuum,

Au; + k3w = 0.
A reformulation of the above equation yields
0= Aw + kJu; + k3 (A% — 1) wi + Auge + ki’ uge
= k‘% (ﬁ2 - 1) u; + Auge + kgﬁQuSC.
In other words, the scattered field ug. is determined by the inhomogeneous Helmholtz equation
Auge + k§ituge = kj (1 — 7?) ws. (2.17)

Note that the right-hand side of contains the spacial factor 1 — 7?2, which vanishes in vacuum
and is nearly zero in air. In the context of THz tomographic testing, this function is zero outside
the object and can therefore be interpreted mathematically as a function with compact support.
Also, the well-known incident field u; now only appears on the right-hand side as an inhomogeneity,
whereas the left-hand side only depends on the unknown scattered field ugc.

This mathematical description makes it easy to take into account the rather complex geometry of
the incident field. The THz beams used in THz tomography combine certain elements of ray and
wave character. This is reflected in their description as a Gaussian beam.

2.2. Gaussian beams

The incident field used in THz tomography, the THz beam, usually has a preferred direction of
propagation and a certain spacial width. We use this information to find a mathematical description
of a THz beam. This section is mainly based on Section 4.5 from [66].
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In vacuum, the beam propagates according to the Helmholtz equation (2.11]), where we have k = k.
Let us assume that the direction of propagation is the y-axis, such that each component u of the

electric field u is given by A
u(x) = a(x)e*ov

with an amplitude a(x). Our assumption motivates the following approximation: The change in
the amplitude of the electric field in the direction of propagation is small compared to orders of
the wave length, such that we can neglect the second partial derivative of a with respect to vy, i.e.,

we assume that
82

This yields

ok 9 .0 0? ikoy
8—y2u(x) = | —kja(x) + 2Zkoa—ya(x) + a—yza(x) e
.0 ;
~ (—l{:ga(x) + QZkoaya(x)> ekoy

= —k2u(x) + 2ik0§yu(x) + 2k2u(x)

0
= QZkoa—yu(x) + k2u(x),

where we have used
Qa(x) etkoy — 2u(x) — ikou(x)
Ay dy '
Inserting this into the original Helmholtz equation (2.11]), we obtain the parazial Helmholtz equation
0? 0 0? 9
The amplitude a(x) consequently fulfills
0? 0 0?
— + 2ikp— + = =0.
<8CE2 + 2 an + 822> a(x)

In cylindric coordinates, the above equation transforms to

? 10 0
- Vit — = 2.1
<87“2 ror 08y> a(ry) =0, (2.19)

where r = v/x2 + 22 is the radial component.

A solution of the paraxial Helmholtz equation ([2.18]) is obtained when the spacial variable R :=
(2% + 9 + 2%)"/2 of a spherical wave

1 kR
760
R

with a constant amplitude a € C is kept close to the optical axis, i.e., the y-axis. Using the

approximation
r2 r2
R=y\ |1+ 5 ~=y+ —
V2 2y

u(r, y) =a
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for |z| < |y| and |z] < |y|, we obtain an asymptotic solution

up(x) := aleikoyeikog

Yy
of the paraxial Helmholtz equation, which is invariant under translation of y. By shiftingy — y—s
for some s € C, we obtain additional solutions, of which the solution for s := iyg, yo € R, is of
special interest (the detailed derivation is to be found in [66]). This solution is called the Gaussian
solution or Gaussian beam. The most prominent representation of a Gaussian beam centered in

y=0is
o Woo o N Ry = 6(y) + kor?
vax) = aogprs p( W2<y>> p( 2R (y) ) (2.20)

where we have the original amplitude ag at the origin, the beam waist Wy = W(0), the Gouy phase
¢(y) = arctan (¥/yo) and yo € R. The factor

R<y>=y(1+y§)

Y

defines the radius of curvature of the wavefronts. The function

y2
W(y) = W() 1 + 5
Yo

is called the spot size parameter and represents the radius at which the field’s amplitude a falls to
et of its value a(0, y,0) on the y-axis. For increasing values of y, the value of W (y) increases, which
demonstrates that the beam is widening when it propagates away from the focal plane y = 0. When
Yy > 1o, the wavefronts of the Gaussian beam can be interpreted as the wavefronts of a spherical
wave. For y = 0, the curvature of the wavefronts is zero and the area —yy < y < gy, where the
wavefronts are almost planar, is called the Rayleigh zone. Inside this zone, the Gaussian beam can
be regarded as a planar wave with a finite width.

Note that ug is continuously differentiable in R3.

0.8
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Figure 2.1.: Real part of the electromagnetic field (z-component) of a Gaussian beam with frequency
f =4-10'""Hz, beam waist W, = 0.013m and a Rayleigh zone of length 2y = 0.146 m in the
x-y-plane (left) and as a three-dimensional plot (right).
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According to our assumption (2.10]), the time-dependent electromagnetic Gaussian beam can be
written as
E,(t,x) = ug(x) - "

For further reading and a derivation of the above description of Gaussian beams, there is a wide
range in literature, for example [66].

2.3. Boundary values for the Helmholtz equation

In the previous sections, we have derived a physical model for the propagation of THz radiation
through a medium. In order to find a unique solution of the Helmholtz equation or rather
the inhomogeneous Helmholtz equation , we have to establish suitable boundary conditions.
As long as the radiation is not absorbed or reflected at some finite boundary, we have to consider
the whole space R3 or R?, depending on the setting, as a domain for the solution. In that case, the
standard boundary condition that applies is the Sommerfeld radiation condition

ou
li U ikou) =0 9.91
@L%o@(ag ZO“) (2.21)
in R3 and
li ou _ ou) =0 9.22
Jim Ve (g, ~ ik ) = 222)

in R?, where we have used ¢ = |x|.

The Helmholtz equation together with the Sommerfeld radiation condition is a well-known and
established mathematical model for scattering problems. This boundary value problem has not
only been applied in the scattering theory of electromagnetic waves. It is also fundamental in the
scattering theory of acoustic waves (in particular ultrasound) and has been an important topic
of research. The existence and uniqueness of a solution of the scattering problem , is
discussed in [20] and can be shown also for the two-dimensional case [6]. The proofs make use of the
fundamental solution of the Helmholtz equation, which is why the proof in the two-dimensional case
has to be modified due to the more complex shape of the fundamental solution in two dimensions.

For numerical purposes, the Sommerfeld radiation condition is of course not very useful, as the
domains on which we need to calculate a solution of the Helmholtz equation are usually bounded.
Our goal is to find boundary conditions that can be applied on the boundary of a bounded domain
and approximate the Sommerfeld radiation condition well enough for our purposes.
One method to realize the radiation condition when dealing with bounded domains is the method
of perfectly matched layers (see, e.g., [9], [80]). The basic idea is to add an additional layer around
the domain and calculate the solution inside this layer such that there is no reflection of the field
into the domain at the inner boundary.
Another option are the Robin boundary conditions or first order scattering boundary conditions
g—z — ikou = 0. (2.23)
These boundary conditions approximate the Sommerfeld radiation condition and have been devel-
oped to minimize the back scattering of outgoing waves by the boundary of the domain. They
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represent a condition on the normal derivative 9u/on of the field u. In the literature ([7], [64]) they
are sometimes referred to as generalized Neumann conditions.

Both types of boundary conditions have been studied regarding their numerical implementation.
A comparison can be found in the COMSOL blog [31].

Inspired by the work of Bao and Li, who analyzed the inverse medium problem [7, B], which
consists in the reconstruction of the refractive index n from the knowledge of the boundary data of
the electric field influenced by the tested object, and in view of a solution of the inverse problem
of THz tomography, the Robin boundary conditions turn out to be particularly useful. Their
advantage concerns the calculation of the adjoint of the forward operator, as we will see in the
following section. To avoid too strong back reflections from the boundary, which occur when
the angle of incidence of the wave onto the boundary approaches 7/2, we will choose the domain
accordingly, i.e., large enough, such that the beam’s angle of incidence with the boundary does not
differ significantly from zero.

Figure 2.2.: Domain ) with boundary 052, containing the support of 1 — 72.

Summing up the results of this chapter so far, the first part of the direct problem in THz tomography
is given by the following boundary value problem. On a finite domain Q with C''-boundary 99 we
want to solve the scattering problem

Aug. + k%ﬁQusc = kg(l — ﬁ2)ui in Q,

Ouge

— ikouee =0 on 052, (2.24)
on

Uge + Uj = Uy in

for a known complex refractive index n. By 8% we denote the partial directional derivative in the
direction of the outward normal vector n of the boundary, which exists as we require the boundary
to be a C'-boundary. As the incident field u; and the total field u; fulfill the boundary condition,
the scattered field ug fulfills them automatically by the superposition principle.

2.4. An analysis of the inverse problem of THz tomography

The aim of this section is to establish the well-definedness of the scattering map .S and the definition
of the observation operator. We give a full description of the forward operator and analyze its
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Figure 2.3.: Real part of the electromagnetic field (z-component) of a Gaussian THz beam with frequency
f =0.1THz, beam waist Wy = 0.013 m and a Rayleigh zone of length 2y, = 0.146 m, refracted,
reflected, and attenuated by a plastic cuboid with complex refractive index n = 1.5 4 ¢ - 0.005
and quadratic cross-section of the size 4cm x 4cm. The THz emitter is situated in the first
quadrant outside the domain.

properties, also in view of a numerical solution of the inverse problem. This includes a derivation
of the Fréchet derivative and the adjoint operator, which play an important role in regularization
techniques (e.g., the Landweber iteration and particularly in the SESOP and RESESOP methods
we want to apply later).

The parameter identification problem analyzed by Bao, Chen, and Ma in [6] using the Sommerfeld
radiation condition and by Bao and Li in [7] together with Robin boundary conditions is called
the inverse medium problem, in which the refractive index of an object is reconstructed from the
boundary data. The scattering, penetrable object is illuminated by a one-parameter family of time-
harmonic electromagnetic plane incident waves, where the parameter refers to the spatial frequency
of the wave. The scattering object is considered a pure scatterer, i.e., the absorption is neglected.
Consequently, the refractive index n is real-valued. The mathematical description of the inverse
medium problem is also based on the Helmholtz equation and the superposition principle.

The inverse problem of THz tomography can likewise be interpreted as an inverse medium problem.
However, the goal of THz tomography is the reconstruction of the full complex refractive index
from (discrete) boundary measurements of the electric field, which is the result of a superposition
of an incident Gaussian beam and the respective scattered, refracted, and attenuated beam. For
an analysis of the forward operator of our parameter identification problem, we will use similar
methods as in [7]. A more general description of the procedure can be found in [65].

So far, we have described how to obtain the total electric field from the knowledge of the complex
refractive index given on a domain €2. The complex refractive index n can be defined as a piecewise
continuous complex function on 2. The jumps in 7 occur at the boundaries between different
materials, for example at the outer surface of the object. We assume that within one material, the
value of n changes continuously or is constant. Gradients in the complex refractive index can occur
for example if the material has a certain moisture content. Porous materials such as sponges or
foams often show this phenomenon. Objects that consist of one single material may have inclusions
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of air or impurities that have a different complex refractive index. Not only the classification of
inclusions is of interest, but also the detection of the resulting inner interfaces. Their knowledge
alone can be exploited in the adapted algebraic reconstruction technique that has been developed
for THz tomography by Tepe et al., see [T1].

In this work, we want to discuss a method to reconstruct the complex refractive index from discrete
measurements of the total electric field on the boundary of the bounded domain 2. We want to
restrict ourselves to the two-dimensional case, i.e., we only consider objects that fulfill

’FL(X) = ﬁ(l‘, Y, Z) = fL(.’E, Y, O)
for all z € R and thus neglect the change in 1 in z-direction.

Regarding our scattering problem (2.24]), we note that instead of 1, we are dealing with its square,
which is accordingly a piecewise continuous function on  and fulfills 2?(x) = 1 outside the object.
This motivates the following definition:

Definition 2.3. Let D C Q be the domain on which the complex refractive index n s different
from 1, i.e.,
D :=supp(1l — 7?). (2.25)

Furthermore, we define the complex valued function

m: Q—C, m(x):=1-n%x). (2.26)
In Definition the support

supp(f) ::Q\U{Ug Q : Uopen, fly=0 a.e.}

of a function f : V. — C (or f : V — R) is defined as the complement of the union of all open
subsets of €2, on which f = 0 almost everywhere. Hence, the support of f is closed.

The function m describes the same physical properties of the respective object as n. For this
reason, it is specially suited for our modeling and later for the reconstruction. Since the support
of m : 2 — C is bounded, the Heine-Borel theorem yields that m has a compact support.

Remark 2.4. As @i is a bounded function on Q, the function m = 1 —f? is also bounded. For our
purposes, we use that m is square-integrable over §2, such that

m e Lgomp(ﬂ) ={fe L*(Q) : supp(f) C Q}.

This allows us to work in a Hilbert space setting, where

m e L®(Q)N L2, (Q) C L*(Q).

comp

The receivers used in a tomographic measurement setup detect only the z-component F,(x) of the
THz beam’s electric field E(x) = (E.(x), Ey(x), E.(x))". As already stated, we are interested in
reconstructing cross-sections of the tested object that are embedded in the x-y-plane. We treat
our problem accordingly as a two-dimensional problem and aim at the reconstruction of a complex
valued, bounded function supported in Q@ C R? from discrete measurements of the corresponding
scalar field, the z-component of the electric field, on the boundary of 2. The underlying boundary
value problem holds for each component of the electric field. Together with the following
definition, we can reduce the direct problem of THz tomography (in our setting) to a scalar two-
dimensional boundary value problem.
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Definition 2.5. We define the z-component E,(x) in the x-y-plane by the scalar field uy, i.e.,
ut(z,y) == E,(x,y,0) for all (z,y) € Q C R?, (2.27)
which is, according to the superposition principle, the sum
ui(2,y) = ui(z,y) + use(z,y)

of the z-components of the electric field of the incoming wave, denoted by w;, and the scattered
wave, denoted by Usgc.

Before taking a closer look at the measuring process and its mathematical modeling, we first want
to establish the existence and uniqueness of the total electric field ut, which is given by (2.24)).

2.4.1. Existence and uniqueness of a weak solution of the Helmholtz equation using

scattering boundary conditions

From now on, we will consider the complex refractive index m as an element of L>°(2) ﬁLgomp (Q) C
L?(9), where the bounded domain € has a C*'-boundary Of2.

We want to establish the existence and uniqueness of a weak solution of the scattering problem we
derived in the previous sections, given by the boundary value problem

Use + Ui = Ut in Q, (2.28)
Auge + kg(l — M)Usc = k:gmui in €, (2.29)
Mse _ iotuge = 0 on 9. (2.30)

on

The partial derivative % is the directional derivative along the outside normal vector n of the

boundary of the domain ). The boundary condition is well-defined due to our choice of €.

A useful setting for the analysis of boundary value problems are the Sobolev spaces W*P(Q),
which are subspaces of LP-spaces and whose elements have a k-th weak derivative. The definition of
Sobolev spaces, weak differentiability and some important properties can be found in the appendix,
see We make use of the wvariational formulation of our boundary value problem ,
in order to prove the existence and uniqueness of a weak solution. These methods are well-
established and discussed in many standard references, see, e.g., [3, 12, 27, [50]. In the context of
boundary value problems, a shorter overview of this theory together with a great variety of typical
problems is presented in [64]. As we are working in an L? setting (i.e., in Hilbert spaces), we will
only use the Sobolev spaces H*(Q) := W"2(Q), which are Hilbert spaces as well.

The techniques and proofs we present are inspired by the methods discussed in [65] and specifically
in [7].

Before we establish the variational formulation of the boundary value problem given by the equa-
tions and for the existence and uniqueness proofs, we need some definitions to be able
to work in an appropriate setting.

We define the standard inner products

(u,v) ::/qudx
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on L?(12), and
(u,v) ::/ uT dsx
o0

on L*(0). Note that the integral [, uvdsx is to be understood in the context of traces, which
makes sense if 92 is at least of class C! (for reference, see, e.g., [27], chapters 5.4 and 5.5). We
define the trace operator, which is discussed in detail in, e.g., [3 5], 12, 27]. Some more statements
are also to be found in the appendix in Section

Definition 2.6. The operator
v HYQ) = L2(09), u+ uloq (2.31)
1s called the trace operator.

Remark 2.7. (a) The trace operator is a bounded, linear operator if O is of class C1. In that
case, we have
Ivull 2 a0y < cllullgrqy
where the constant ¢ depends on €, see, e.g., [3,[27).

(b) The above estimate will play a role in the proof of the existence of a weak solution, i.e., in

the proof of Theorem [2.13

At this point, we define the parameter-to-solution operator S, which plays an integral part in the
direct and inverse problem of THz tomography.

Definition 2.8. Let u; € HY(Q) and m € L*>°() N L2, (Q). We define the mapping

comp

S:D(S) C L) NI, (Q) — HY(Q), m— S(m) = uy,

comp

as the operator, that maps a function m € L>®(Q) N L2, () to the field uy € H'(Q), such that

comp

Uy = Ui + use and usc 18 the solution of the boundary value problem (12.29)), (2.30)).

Remark 2.9. (a) In our setting, u; € H*(Q) represents the incident field as defined in Section
and m € D(S) the complex refractive index, see Definition . As u; solves the parazial
Helmbholtz equation and is continuously differentiable, the statement u; € HY(Q) is valid.
Howewver, for most of our statements, we only use u; € L?(€2).

(b) By proving the existence and uniqueness of a weak solution of (2.29), (2.30)), we obtain the
well-definedness of the operator S.

(c) The operator S can be interpreted as a mapping from (D(S)) x H'(Q) to H*(2), when the
incident field u; € H'(Q) is considered as a variable, as it is done in [7]. In that case, S is
linear with respect to u; and nonlinear with respect to m. To emphasize this statement, we
write

S (m,u;) = S(m)u;.

The linear operator S(m) is bounded and, by consequence, continuous as an operator from
HY(Q) to HY(Q), see [7]. In our case, the incident field is not changed during the measuring
process apart from the shifts due to the change in the position of the emitter and receivers.
We will thus focus on the nonlinear mapping S as defined before.

(d) In the proof of the existence and uniqueness of usc, the superposition principle (2.28|) does not
play a role.
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Let the wave number kg > 0 be a fixed positive real number. To establish the variational formulation
of the boundary value problem given by the equations (2.29) and , we multiply both sides of
[2.29) with (the complex conjugate of) a test function v € H'(Q) and integrate over the domain
), obtaining
/ Aug. - 7dx +/ k:g(l —m)usc - vdx = / k:gmui -vdx.
Q Q Q
Partial integration of the first term on the left-hand side yields

/ Ouise -Ude—/vusc'vvdX—i-/k(z)(l_m)usc'vdxz/k(z)mui'vdx'
a0 8n (9] Q Q

We insert the boundary condition ([2.30)) into the first term and obtain

éko/ Uge - VdSx — / Vg - Vodx + k(Q) / (1 —m)ug. -vdx = kg/ mu; - vdx. (2.32)
o0 Q Q Q
Accordingly, we define the sesquilinear form

a: HY(Q) x HY(Q) - C

by
a(u,v) := (Vu, Vo) — k& (1 — m)u, v) — iko(u,v), (2.33)

and the linear functional b : H(Q2) — C by
b(v) := —ka(mu;,v), (2.34)

where (-,-) and (-, ) are the L? inner products as defined earlier. However, for the sake of a better
understanding, we will label the occurring norms and inner products in some proofs in this chapter.
In the following, we show that there is a unique u € H'(f2), such that

a(u,v) = b(v) (2.35)
for all v € H(Q).

Important tools in the analysis of variational problems such as are the Lax-Milgram lemma
, the Riesz representation theorem , and the Fredholm alternative . First of all, we
want to prove that there is at most one solution of our boundary value problem. In contrast to
the inverse medium problem, we are now dealing with a complex valued coefficient function. The
proof has to be adapted accordingly.

Lemma 2.10. For some m € D(S) with real part m, := Re(m) and imaginary part m; := Im(m) <
0 there is at most one solution to the variational scattering problem (2.35|).

Proof. We consider the variational problem (2.35)) for v = u, such that a(u,u) = b(u). Due to the
linearity of the elliptic partial differential equation it suffices to show that « = 0 in case there is no
incident field, i.e., u; = 0. We then have

a(u,u):/Vu-Vudx—kg/(1—m)u~udx—z’k0/ u-udsx = 0.
Q Q o0

We represent the complex refractive index m = m; +im; by its real and imaginary part and obtain

ik%/miu-udxziko/ u - uwdsy
Q o0
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for the imaginary part of the previous equation. We thus have

lullZ2 o0y = ko/gmi|u|2dx <0,

as mi(x) < 0 for all x € Q. We thus have u|gq = 0, such that our boundary condition now reads
g—ﬁ = 0 (Neumann boundary conditions). Hence, it remains to show that there is at most one

solution of the Neumann boundary value problem

Au+ k(1 —m)u=0 in €,

0 2.36

2o on 0f). (2.36)
on

Corollary 8.2 from [32] yields « = 0 in (2.36) on Q and consequently, we have u = 0 on . O

Remark 2.11. The condition m; < 0 holds naturally due tom = 1— (n—l—i/ﬁ)Q =1-n?+rKk>—i-2nk
and n > 1, kK > 0. More precisely, it suffices that m; < 0 almost everywhere in Q.

Having established the uniqueness of a solution of the variational problem , we now have to
prove its existence. In the following, we will always assume that the complex refractive index m
fulfills

Im(m) <0,

such that we can apply Lemma [2.10]
Throughout this section, let ¢; > 0, j € N, be positive constants.

Theorem 2.12. Let Q be a bounded domain with C*-boundary 09, kg € R* a nonnegative constant
and u; € HY(Q) the incident field. If m € D(S), the variational problem (2.35), respectively the
boundary value problem

Au+ k(1 —m)u = k3mu in €,
0
au tkou =0 on 09,
On

possesses a unique weak solution u € HY(Q), which fulfills

lull 1y < Cllml oo el ey (2.37)
for some constant Cy; = Cy(ko,Q2) > 0.

Proof. We split the sesquilinear form a into two sesquilinear forms a1,as : H'(Q) x H(Q) — C,
where

al (7)1, 1}2) = (Vvl, VUQ)LQ(Q) — iko <Ul, 'U2>L2(8Q)7
and
az(vi,v2) = —((1 = m)vy, U2)L2(Q),

such that
a=aj+ kgag.

Note that as can be defined on L?(Q2) x L?(2) as well.
We first show that a; is bounded and coercive. From

a1 (v, v2)| = | (Vor, Voa) 12 gy — iko (v1,02) 12 (90

< |vilgiq) - o2l g o) + ko llvill 2q) - 1v2ll 200
< lvillz (@) - lo2ll @) + erko llvill g1 q) - 1v2ll g1

< cakol|vill ) - vl o)
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we obtain the boundedness of a;. We have used the semi-norm |[-[1(qy on H L(Q), given by

|’U|?-_11(Q):/QVU'VU(1X

and satisfying |v| 1) < [[v]|g1(q), and the trace theorem (for reference, see, e.g., [3, 27] and also
B.13). The constant ¢z > 0 depends only on .
The coercivity of a; is obtained by estimating

‘(al(v,v))} = “U‘?p(g) - ZkO”UH%Q((?Q)‘
1/2

= (M%ﬁ(g) + k%””“%%aﬂ))
> c3 (|U|§{1(Q) + kOHUH%?(BQ))

> cqko <"U’2H1(Q) + HUH%%@Q))

> eskollvl| gy

using the equivalence of the Euklidian norm and the ¢'-norm on R2,

H(|’U|§{1(Q)7kOHUH%Q(@Q))T‘b 2 C3H(’v|%{1(9)7kOHUH%Q(aQ))THl’

and an estimate that can be found in [5], p. 214, which is another norm equivalence result. The
constant ¢ depends only on Q (also [5], p. 214).
In the following, we denote by

®: H'(Q) = (H'(Q)", v (v, )

the isometric Riesz isomorphism (see, e.g., [12] and [76], Theorem V.3.6). The Lax-Milgram lemma
yields the existence of an isomorphism 7 : H'(Q) — H'(Q) with 1T\ 51 )= H1 () < c2ko and
1T i) m1 () < (csko) ™!, which satisfies

ai (u7 U) = (TU, U)Hl(Q)
for all u,v € H'(Q) (this operator is associated to ay, see [12] [64]). Now consider the mapping
B LX) = (HY(Q)", p = az(p,-),

which is well-defined and for p € L?(Q), the mapping as(p,-) is antilinear. For w € H(f), we
write Bp[w] = az(p,w). For all p € L?(Q) and v € H(£2), we have

laz(p, v)] = | (1 = m)p,v) 20y < 1T = mll oo (@) Pl 20 0]l 2202
< [T = m| o @)llpll 2Vl 71 (0)-

Consequently, az(p,-) is continuous and we have [laz(p, )|z () < [I1 — m|lpe(@)llpllr2()- This
estimate also yields the boundedness of the linear mapping B with

1Bl L2 (@)= (1 (02)) < 11— m[Los(q)-
We now define the linear operator

A:=T"10o"18: L*(Q) - H'(Q).
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Consider the operator }
A L}(Q) » HY(Q) = L}(Q), p— Ap.

Since H'(Q) is compactly embedded in L?(Q), the operator A : L?(Q) — L?(Q) is compact as
a composition of a compact and a bounded linear operator. Note that A(L?(Q2)) C HY(Q). We
obtain for every p € L?(Q) the estimate

APl 10y = 4PN 1 (0) < 1Tl @) m@) - 127 Bpll o)
< (esko) ~ 1Bpllrr e+ < (esko) 7M1 — mll Ly llpll22(0)
and we compute
a1 (Ap,w) = a; (.,le, w) =a (T_1<I>_1l3p, w) = (@_1Bp,w)H1
= (®(@~'Bp))[w] = Bp[w] = as(p, w).

)

Furthermore, the operator A is unique: Let C : L?(Q) — L?(£2) be another bounded linear operator
with C(L%(Q)) € HY(Q) and a1 (Cp,w) = az(p,w) for every p € L*(Q) and w € H'(Q). This yields

®TCp = (TCp, ) () = a1(Cp, ) = az2(p,-) = Bp,
and consequently )
Cp=T"'1d 'Bp=Ap = Ap.
By I : L?(Q) — L?(f2), we denote the identity mapping in L?(Q2). In the next step, we show that
for every ko > 0 the operator I + k3.A is injective.
Let p € N (I + k§A) C L*(2). Then we have p = —kjAp € H'(Q) and thus
a1(p, p) + kaz(p,p) = a1 ( — k3Ap,p) + kiaz(p, p)
= —kga1 (Ap, p) + kjaz(p, p)
= —kpas(p,p) + kjaz(p,p) = 0.
Our uniqueness result, Lemma now yields p = 0. Hence, the operator I + k%.A is injective.
Consider now the (antilinear) functional b € (H'(2))* and let u € H'(£2). Using the definitions of
a1, az and the operator A, we see that our original variational problem of finding v € H'(2) which

satisfies
a1 (u,v) + kias(u,v) = b(v)

for all v € H'(Q) is equivalent to finding v € H'(£2), such that

b(v) = a1 (u + kg Au,v) = (T (u+ kg‘A)’v)Hl(Q)

for allv € H*(£2). This yields ® (T (I+k§A)u) = band we finally obtain u = (I-+k}.A) “lr-ig-l (b),
such that our variational problem has at least one solution v € H'(£2). Now put

i :=T"'d (b)

and we see that
b(v) = (®Ta)[v] = (T4, v) = a1(a,v)

for all v € H'(2). Since A is compact and I + k3A is injective, the Fredholm alternative is
applicable and yields the existence of a unique u € H'(Q), such that

(I +kgA)u =, (2.38)
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and the boundedness of the inverse of I + k:(Q).A, ie.,

(1 + k(%A)_lHHl(Q)—)Hl(Q) = <, (2.39)

where ¢ = cg(ko) depends on the wave number ky. We estimate

lull ) < 17+ kAl gl o)
< &[T i1 0y 1 @ 1270l 1

< co(csko) M| @70 1 g
and together with the boundedness of b, which we derive from

Bl iy = sup  [b(v)] = sup  [kg(mui,v)|
||U||H1(Q):1 ||”||H1(Q):1

< sup  kgllmllpeeylluill 2 llvll 22y
||U||H1(Q):1

< sup  kglmllpe o lluill 2yl g o)
”v”Hl(Q):l

< Kglml oo o luill 120y
we finally arrive at
ull 10y < cs(esko) ™ - kgllmll oo (o lluill 2) = Cullml| ooy lluill 2 () (2.40)
where c5 is independent of kg, whereas C; = C1(ko, Q) := C5_1C6 - ko. ]
Lemma 2.13. If kg is sufficiently small, we obtain the more explicit estimate
lull ey < Crkollmll zoo o luill 2y (2.41)

where C = C1(Q), for the weak solution v € HY(Q), replacing the estimate ([2.37) from Theorem
212

Proof. In the proof of Theorem we have derived the operator equation . At this point,
if ko is small enough, we conclude that the operator Ay, := I + k%A = I — (ikg)*A has a uniformly
bounded inverse: Define Ty, := —ko>A, such that | Tkoll ()Y () = kOZHAHHI(Q)_)HI(Q). Let

€ (0,1). Consequently, if ko < /q|l.A[|~, we have ||Tx, || g1 (@)—n1 (@) < ¢ < 1, and the operator

Ay, is invertible with inverse
o0
‘Ako - Z 77<:0’
j=0
which is a Neumann series (for reference, see, e.g., [76]). According to
-1
|4

the inverse is uniformly bounded.
We thus have

) ‘ o .
J i1
HY(Q)—H(Q) < J;O HEOHHl(Q)_ﬂﬂ(Q) < j;oq =1 q,

[ull 1) < (1 = 9" ]l g1y (2.42)
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where 1 — g is independent of k.
We now continue as in the proof of Theorem keeping in mind the new bound of (I + kg ),
and obtain

ull g2y < Crkollm oo e lall L2
by setting C; = C1(Q) := (1 — q) tes. O
We specify the domain of the scattering operator S by
D(S) € {m € L¥(Q) N Leynp () « [Iml| =0y < M, Im(m) < 0}
for some M > 0 and conclude our analysis by proving a continuity result for S on €.
Lemma 2.14. Let my,mg € D(S). Then we have
[S(m1) = S(m2)ll grqy < Callma — mall oo oy lluill 2 () - (2.43)
where Cy = Cy (ko, 2, M) > 0 and u; € H'(Q) is the incident field, i.e., S is Lipschitz-continuous.
Proof. We set uy) := S(m1) — uj and w(g) := S(mz) — u;, such that
Augy + kg (1= mj)ugy = kgmju, j=1,2. (2.44)
From Theorem we deduce that
Hu(j)HHl(Q) < Cl||mj||L°o(Q) ||U1HL2(Q) . (2.45)

By subtracting equation ([2.44]) for j = 2 from the one for j = 1 and by setting w := U(1) — Uz) We
obtain
Aw + k% (1 — ml) w = k%(ml — mz) (ui + U(Q)) . (2.46)

Note that w satisfies the Robin boundary condition of our scattering problem, such that we can
apply Theorem We thus have

lwll @) < Cillma = mall o) ui + ue) | 2 g -
Combining this estimate with Hu(z)HLQ(Q) < HU(Q)HHl(Q) and for j = 2 yields
1S(m1) = S(ma)ll () = lluy = ue) |l g1 g
< Cyllmy — m2HL°°(Q) H“l + “(2)HL2(Q)

< Cillma = mall ooy (ill 2oy + a2 )

< Collm1 = ma|| Lo [|uill L2 () »
where Cy = Cy (ko,Q,M) = Cl(l—i-ClM). O
Before we move on to the linearized scattering problem, we want to summarize our previous results.
We have considered the scattering map S, which is a nonlinear operator that maps m € D(S) to

the electric field (or rather its z-component) v € H'(2). This mapping is well-defined and S is
continuous as an operator from D(S) to H(Q).

99



2.4.2. The linearized scattering problem

The following considerations are to be understood in the weak sense, even though we formulate the
occurring boundary value problems in the classical sense.

The mathematical model of the direct problem in THz tomography is described by the scattering
map S, which we discussed in the previous section, and some observation operator that maps the
electric field u to the measured values in the data space. Due to the nonlinearity of the parameter-
to-solution mapping S, the corresponding inverse problem belongs to the class of nonlinear inverse
problems (in Hilbert spaces). These are usually solved iteratively, for example with a Landweber
iteration. For these methods, the knowledge of the linearization of the forward operator is essential.
In the proof of the continuity result for the scattering map S, we have deduced a boundary value
problem which gives rise to the following definition.

Definition 2.15. For some fired m € D(S) and the respective solution uy := S(m) of the scattering
problem (2.28)-(2.30), let T,y : L°(Q) N L2, () — H'(Q) be the operator that maps some
h € L®(Q)N L2, (Q) to the solution of the boundary value problem

comp
Aw + k3 (1 — m)w = k3h - uy in €, (2.47)
gl;l) — ikow =0 on ON. (2.48)

Let us for now assume that S is Gateaux differentiable in an open neighborhood around m € D(S).
The Gateaux differentiability in m yields the existence of the limit

fi (S0 0) = S(m)) (2.49)

a—0 (0%

The boundary value problem ([2.47)), (2.48) is obtained from the original scattering problem ([2.28))-
(2.30) by considering, for some m € D(S), the perturbed boundary value problem

Atgen + kg (1= (m + ah) Jugen = kg (m + ah)u; in Q,
8 SC .
gnm - Zkousc,h =0 on 01,

where uge 1 := S(m + ah) — u;. As before, we define ug. := S(m) — u; and note that both fields us.
and ug1, fulfill the Robin boundary condition .

Note that usc, tusen € H 1(Q), which follows from our analysis of the scattering map S. We subtract
the Helmholtz equation for ug. from the one for ug.p and obtain

A(usc,h - usc) + kg(l - m) (usc,h - usc) = k(Q) (Usc,h + ui)ah7
which can be reformulated as
A(S(m+ ah) — S(m)) + k(1 —m)(S(m + ah) — S(m)) = k§ (S(m + ah))ah.

We divide this expression by a and consider the weak formulation (2.35]) of this partial differential
equation,

/Vua-V’de—kS/(l—m)ua-vdx—iko/ Ug - Udsx = —kg/mui-vdx, (2.50)
Q Q oN Q
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where we have replaced u by
(S(m + ah) — S(m))
5 .
We have postulated the existence of the limit limg,_0 u, and assume |a| < @ for some @ > 0. Note
that due to our previous findings, we estimate

U =

[Vuallr2Q) = |ualmi@) < lluallmi@) < clko, @, Q [|m| Loo @)l Lo () lluill L2 ()

As a consequence,
sup (Vuq - V) € LY(Q).

lo|<a
Obviously, our previous analysis also yields

sup ((1—m)uq -v) € LYQ), sup (uq-0) € L*(0Q), sup (mu;-v) € L'(Q).

ol <@ la|<a lo|<a

We let a tend to zero in (2.50). The dominated convergence theorem (see, e.g., [24]) now allows us to

interchange limit and integration. Additionally, the continuity of the operator V : H'(Q2) — L?(1Q),

which follows from [|Vullr2q) = [ulgi) < |lullgi(q), allows a further interchange of limit and
differentiation. We thus have derived a variational formulation of
S h)—S S h)—S

A lim (S(m +ah) (m))—i—kg(l—m) lim (S(m + ah) (m)

a—0 « a—0 «

= k2 lim (S(m+ ah))h

with Robin boundary conditions. Since .S is continuous, the right-hand side converges to k(Q)S (m)h

for @« — 0. Now define
] ) (S(m+ah)—5’(m))
w = lim u, = lim ,
a—0 a—0 «
which fulfills the inhomogeneous Helmholtz equation ([2.47)) from the definition of the linear operator
T,,- This yields a candidate for the Fréchet derivative of the scattering map .S in m. We will further
investigate the linear mapping 7, prove that S is Fréchet differentiable and show that its Fréchet

derivative coincides with the operator T;,.

Remark 2.16. (a) In the following, we will restrict ourselves to formulating the occurring bound-
ary value problems in the classical formulation, but consider only the weak solutions. The
statements are therefore to be understood in the weak sense.

(b) Note that the linear operator T,, depends on the complex refractive index, i.e., m is not a
variable in Definition but rather a parameter. In fact, m corresponds to the point in
which the nonlinear operator S is linearized, as the calculation above shows.

(¢) The superposition principle does no longer play a role in the linearized scattering problem.

Similar techniques as applied in the previous section allow us to prove the existence of a weak
solution w € H () of the boundary value problem (2.47), (2.48), such that T;, is well-defined on
L>®(Q) N L2,,,(€). Also, we can deduce that T, is bounded and therefore continuous. We will

skip the proof as it is similar to the proof of Theorem and the subsequent statements.
Lemma 2.17. Let m € D(S) and u; € H'(2) be fived. The operator
Ty = L®(Q) N LA, () — HY(Q), Tp(h) = w,

comp

where w is the unique solution of (2.47)), (2.48), is linear and bounded. For h € L>°(Q) ﬂLgomp(Q),

we have
I Tmhll g0y < Cs 1Rl Loy - luill 2(q) - (2.51)
where C3 := C1(1 4+ C1 M) is a constant that depends on ko, M, and the domain ).
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Let us now consider the mapping T : D(S) — L(D(S),H'(Q)), where m — T(m) := Tp,. This
operator maps a bounded, compactly supported function m to the respective linear operator Ty,.
We can formulate a continuity result for this mapping.

Lemma 2.18. Let my,mg € D(S), h € L>®(Q) N L2,,,(Q), and u; € H' (). The mapping T
fulfills

| Pemon = Tmah||,, < Cullmn = mall ey - Wl oy - ol 2y (2.52)

where Cy = Cy (ko, M, Q)

Proof. For wj := T(mj)h = Tn;h, j = 1,2, we have
Aw; + k3 (1 —mj)w; = kb - S(m;).
By subtracting these two equations from each other, we obtain
A(wy — wa) + k§(1 —ma) (w1 — wa) = kGh(S(m1) — S(m2)) + k§(m1 — ma)ws.

Using the previously applied methods again, we obtain

w1 = we| g1y < ko <||hHLoo(Q) S (ma) = S(ma)|l g1 q) + lma — mall oo g - ||w2HH1(Q))
Finally, we use Lemma and Lemma to further estimate
lwi — w2l g1y < ko(C2 + C3) [|hl| ooy - [Im1 — mal[ ooy - uill 2(q)
and set Cy := ko(Ca + C3). O

Theorem 2.19. The operator S from Definition [2.§ is Fréchet differentiable with respect to m €
D(S). The Fréchet derivative in m € D(S) is the linear parameter-to-solution operator

S'(m): L®(Q)N L2, (Q) = HYQ), h S'(m)h = w, (2.53)

comp

where w € H(Q) solves the linearized boundary value problem

Aw + k3 (1 —m)w = kiug - h in Q, (2.54)
ow .
In ikow =0 on 0NQ. (2.55)

The function uy := S(m) is the solution of the scattering problem (12.28])-(2.30]).
We thus have S'(m)h = T,,h for all h € L*>°(Q) N L2, (Q) and S'(m) is continuous.

comp
Proof. If there is a positive constant Cs = C5(ko, M, ), such that the estimate
1S(m + h) = S(m) = Tuuhll gy < Csllhieery - il 200 (2.56)

holds for m,m + h € D(S), we are done.
Define the functions

Use 1= S(m) — uj,
Useh = S(m + h) — i,
w = Tpyh,
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which fulfill the Robin boundary condition and

Ausc + k%(l — m)usc = k(%muia
Ausc,h + k(2)(1 - (m + h))usah = k(% (m + h)ui’
Aw + kg(l — m)w = k(Q)h(USC + Ui)-

From these equations, we obtain for v := ug. p — use —w = S(m + h) — S(m) — T),h the Helmholtz
equation
Av + kg(l —m)v = k:gh(usc’h — usc),

and, noting that v fulfills the Robin boundary condition (2.30)), we estimate

HUHHI(Q) <Ch Hh||L°°(Q) Nusen — uSCHL2(Q)
< Cl HhHLOO(Q) : ||Usc,h - uscHHl(Q)

< C1C [hl2eeiey - il 25y
where we have used Lemma Resubstituting v again, we finally have shown
1S (m + h) = S(m) = Tuhl| g ) < Cs 1700 (@ - Nl

with C5 = C5(ko, M, ) = C1Cy > 0. The continuity of S’(m) is a direct result of the boundedness
of T,,. ]

Lemma 2.20. For my,mq € D(S), the operator S fulfills the estimate
[S(m1) — S(mz) — 8" (ma)(m1 — ma)|[L2) < CellS(m1) — S(m2)ll L2, (2.57)

where Cg = Cg (k:o, M, Q)

Proof. Let uy := S(my) — wi, ug := S(ma) — u; and w := S’(my)(my — me), which fulfill

Aug + kﬁ(l —my)uy = k§m1ui,
AUQ + k‘%(l — mg)UQ = k‘gmgui,
Aw + k(1 —my)w = k2 (my — ma)(u1 + ).

Additionally, uy, ue, w, and consequently u; — ue — w fulfill the Robin boundary condition. In
particular, we have uy, ug, w € H*(Q) C L%() according to our previous results.
Subtracting the equations for uy and w from the one for u; yields

Auy —ug — w) + k(1 —my)(ug — ug — w) = k2 (my — ma)(ug — uy).
As before, we now estimate

lur —u2 — w2y < llur — u2 — wllg1(q)
< Crllmy — ma|gee(q) - lur — vzl 120
< C1-2M - [lur — uzll (g,

which is equivalent to (2.57) for Cg := 2C1 M due to our definitions of uj, ue, and w. O
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Remark 2.21. For the constant Cg in the estimate (2.57)) holds
Ce(ko, M, Q) < 1 (2.58)

for M sufficiently small. Lemma then states the validity of the tangential cone condition
in the ball B,(m1), which we postulated for the analysis of the sequential subspace optimization
methods in Chapter . Assuming the tangential cone condition holds, the choice of ci. in
depends in particular on the wave number kg and has to be adapted when working with different
frequencies.

Note that the estimate ([2.57)) is valid in H'(Q) as well, according to the proof of Lemma|2.20.

With Lemma[2.20| we conclude our analysis of the scattering map S. We now proceed to a complete
description of the forward operator and its adjoint (which is an important tool for the numerical
solution of the inverse problem), most of which is related to the measuring process and, as a
consequence, the definition of the observation operator.

In many tomographic methods, the radiation that is used to scan the object is measured on some
curve around the object, usually a circle. In these cases, it is suitable to define the domain of
interest, i.e., the domain in which a parameter is supposed to be reconstructed, by the positions of
the receivers that generate the data.

In THz tomography, the electric field uy is measured by a fixed number of receivers that are
arranged on a circle. During the measuring process, the tomograph, consisting of one emitter and
the receivers, is rotated around the object with a certain step size, such that the tomograph defines
the domain € as the interior of the corresponding circle. Consequently, we assume the surfaces of
the sensors in the receivers to be a subset of the boundary of €2, i.e., the data is generated purely
on 0f2.

The observation operator, which models the measuring process and will be discussed later, is defined
as a function on 9. This means we first have to restrict the total field uy to the boundary, before
we apply the observation operator. The restriction of a (weakly differentiable) function u to the
boundary of a domain €2 is the well-known trace operator, which we introduced at the beginning
of this section in Definition

Remark 2.22. A linear operator T is Fréchet differentiable, if and only if T is continuous, see
[76]. Consequently, the trace operator v is Fréchet differentiable.

Corollary 2.23. The composition S : D(S) — L%*(0) is Fréchet-differentiable with Fréchet-
derivative vS'(m), which fulfills
7S (m)h = wlsq (2.59)

for h € L®(Q)N L2, () and w = S'(m)h.

comp

To complete the forward model of THz tomography, it remains to define the observation operator
@, which maps the restricted field yuy to the data. The forward operator F' will be defined as the
composition of the scattering map S, the trace operator v and the observation operator ). Finally,
we aim at solving the nonlinear operator equation

F(m) =y.

We mentioned before that nonlinear inverse problems are usually solved iteratively. A standard
method is the nonlinear Landweber method. In each step of the Landweber iteration, the new
iterate is located on a half-line that is spanned by the negative gradient

—g(m) ==~ (F'(m))" (F(m) — y) (2.60)
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of the least squares functional
1
V(m) = 5 [F(m) — yll?,

evaluated at the current iterate, where (F”(m))" is the adjoint of the forward operator’s linearization
in m. As we have seen in Chapter [I] the above gradient also plays an important role in sequential
subspace optimization methods. Hence, the knowledge of the adjoint of the linearized operator
F’(m) is essential.

For simplicity, we will choose a continuous linear observation operator ). In that case, we have
F:D(S) = CN, F(m) = QyS(m)

for m € D(S). As both @ and ~ are linear and continuous, the forward operator F' is Fréchet

differentiable in m and we obtain for the linearized forward operator
F'(m): L®(Q) N L2, () — CN, F'(m)h = QvS'(m)h

comp

for h € L>®(Q) N L2, (2). The adjoint of F’(m) is thus given by

comp
(F'(m))" = 8" (m)*y*Q* : C — L*(),
see [76]. Our choice of the observation operator @ will allow an explicit form of Q*.

Before moving on to the definition of the observation operator, we calculate the operator S'(m)*~*.

Instead of finding descriptions for both operators separately, we will, as it has been done in [7],
consider the composition of the two operators v and S’(m) to determine the adjoint operator of
this composition.

2.4.3. The adjoint linearized problem

While the Fréchet derivative v.S’(m) of the composition .S in m € D(S) maps a bounded, complex
valued function with compact support in Q to a function on 9, the adjoint operator (S’(m))* v*
maps an element of (L2(09))" = L%(09) to a function dm € L*(%).

We define the composition of the operators v and S’(m), m € D(S), by
T 0 L°(Q) N Ly, () — L2(09), h— 45’ (m)h.
Let b € L?(092). We want to find a function dm € L?(f2), such that
Tb = om. (2.61)
For that purpose, we will consider the standard L? inner product, such that for n € L?(2) we have

(5man)L2(Q)><L2(Q) = (Tntb’n)L%Q)xLQ(Q) = (b, Tmﬁ)L2(aQ)xL2(aQ) :

Theorem 2.24. There erists a ¢ € H (), such that

b=k S(m) - 6, (2.62)

where m € D(S). The function ¢ is uniquely determined as the solution of the adjoint problem
A¢p+ k(1 —m)p=0 in Q, (2.63)
gﬁ + ko = —b on OS2 (2.64)
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Proof. Let w := S'(m)h = T;,,h. Consider the inner product (-,-)r2(q)xr2(q) of equation ([2.54)
with some ¢ € HY(Q),

/ Awe dx + k2 / (1 —m)we dx = kg/ h - uyp dx, (2.65)
Q Q Q

where ug := S(m) denotes the solution of the direct scattering problem ([2.28)) - (2.30)).
With partial integration, we obtain from the first term

/ Awe dx = 8—11}5 dsy — / VwVe dx

Q a0 On Q B

= 8711)6 dsx — / w% dsx + / ’U)Aa dx.
a0 On o0 On Q

By applying the boundary condition ([2.48)) of the linearized problem, this yields

/S)Awqﬁdx:/(mikgw-gbdsx—/mwgﬁ dsx—I—/QwA¢dx
:/mw- (z’koqb—gﬁ) dsx—i—/Qquﬁdx
:/mw- <—ikoq§—gﬁ> dsx+/QwA¢ dx.

The second term of (2.65) is rewritten as

kg/g(l —m)wp dx = / w(k3(1 —m)e) dx.

Q

By setting 7,:b = k3u;¢, the right-hand side of (2.65)) yields

kg/hmt(édx—/h-k%utgbdx
Q Q

= (h, k§m¢)L2(Q)XL2(Q)
= (B, Tinb) L2 () x 12 ()
= (Tmh, b) 1290y x £2(692)

= (0,b) 12(50)x L2(02)

:/ wb dsy.
o0

All in all, by merging the above results we obtain

/Qw-(Aqﬁ—i—k%(l—m)qﬁ) dx = 0

/ w - <—ik0¢—a¢—b) dsx = 0.
on on

As the solution w of the linearized scattering problem does generally not vanish on either €2 or its
boundary 052, ¢ fulfills the postulated boundary value problem from Theorem The existence
and uniqueness of ¢ can be derived by similar calculations as in the preceding section. O

and
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Remark 2.25. The above calculations yield the adjoint of the operator T, = vS'(m). The advan-
tage of this approach is that the calculation of the adjoint of the trace operator is included in the
adjoint operator of Tp,. We are interested in the evaluation of expressions of the form

F/(m)*s = T:Q"

where Q is the observation operator and z € CN contains information about the datay € Y. In the
following section, we will discuss the observation operator () and give an explicit representation of
its adjoint, such that we can easily obtain an expression of the form b = Q*z, where b € L?(09Q), and
we can apply Theorem[2.2]) for the numerical solution of our inverse problem of THz tomography.

2.4.4. The observation operator in THz tomography

So far, we have discussed the mathematical description of the scattering map S and the trace
operator . To complete the mathematical description of the direct problem of THz tomography,
we have to deal with the measuring process, representing the generation of the data.

The observable is the electric field of the THz radiation. In the previous sections, we have discussed
the choice of the domain €2, which is defined by the arrangement of the measuring devices, i.e., the
surfaces of the receivers. We assume they are segments of this circle and choose the boundary 952
such that the surfaces of the receivers are contained in 0{2. The domain 2 is defined as the interior
of the circle, such that the closure of the support of the function m, which represents the complex
refractive index, is contained in 2.

Consequently, we first of all assume that the measured data are generated purely on 9€). Second, we
assume the observation operator to be linear, as our main purpose in this work is the evaluation of
the physical model, which is given by the scattering problem we analyzed in the previous sections.
However, we take into account that the receivers have a certain width. We will not model the
measuring process as a point evaluation, but rather take into account that each receiver generates
a mean value of the electric field uy over its surface. This definition allows an easy inclusion of
the sensor characteristic, which refers to the property that different areas of the receiver register
different, characteristic ratios of the field. For example, it is plausible that a receiver does not
register the field around its sensor’s edges as strongly as in the middle. This effect can be caused
by reflections or other influences of the receiver. The generated data can thus be interpreted as
weighted means over the sensors’ surfaces.

In tomographic measurements, the object is usually illuminated from different positions to increase
the number of data points and, by consequence, the information about the tested object. In the
case of two-dimensional THz tomography, the tested object is fixed on a pivotable support, which
moves along a rail in z-direction and rotates the object around a fixed axis. For the numerical
reconstruction of a tested object’s complex refractive index, we will assume that instead of the
object, the measurement set-up is rotated and shifted around the object.

Remark 2.26. During one measuring process, the set-up is shifted and rotated stepwise with step
size Ax in x-direction, and AY around the rotation axis. Let Ji be the number of angular positions
Y5, 1 =0,...,J1 — 1, and 2J3 + 1 be the number of positions dj, = jo - Az, jo = —Ja, ..., Jo on the
T-aTis.

In an effort to keep the notation as simple as possible, we make the following definition.
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Definition 2.27. The position of the measurement set-up is described by the tuple
(ﬁjlvdjé)? 19]1 € [0727'(]7 dj2 € [_xrmxm]? (2'66>

where x,, > 0 is the mazimal distance to x = 0. The quantities that depend on the Jy - (2J2 4+ 1)
different positions are indexed by elements of the set

3= {i= () 1€ {0, i =1}, o € { = Joee B2} ).

The rotation and shifting of the emitter-receiver set-up implicates in particular that the incident
field depends on the current position (¢;,,d;,) of the set-up. To keep the notation as simple
as possible, we will denote the shifted incident field u;(1;,,d;,) and the resulting scattered field
USC(ﬁjl ) djz) by

uf = ui(ﬁjudjé)?

U‘;C = USC(ﬁjlvd]é)'

Both emitter and receivers are not only situated at the boundary of the domain 2. They rather
define 2, on which the complex refractive index m is supposed to be reconstructed. Thus, the
whole domain € is shifted during a tomographic measurement and we write ¥ to underline the
dependence on the position of the set-up.

For each j € J we have supp(m) C O3, and consequently

supp(m) C ().
jedJ

Accordingly, by . ) .
S D(S) — HY () (2.67)

we will denote the operator that maps m to the resulting electric field th = uf + ugc in 4, where
] is the incident field generated by the emitter and wl. solves the boundary value problem

Aud, + k2(1 —m)ul, = k%mu{ in O, (2.68)
d . .
a;rslc — ikoud, = 0 on OV, (2.69)

Furthermore, we define the respective trace operator v by
N HY Q) = L2(099), Al = ud| s (2.70)

For the definition of the observation operator, which depends likewise on the position of the tomo-
graph, we will introduce the following notation. Furthermore, we assume that the emitter, which
generates the incident THz radiation, not only serves as a source, but also as a receiver.

Definition 2.28. Let N € N denote the number of receivers. By
ESCco, v=1,..N,

we denote the surfaces of the N receivers. The sensor characteristic of the receiver E3 is a real
valued function
e~l], . 89‘] — R+
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Figure 2.4.: Schematic representation of a THz tomograph with six receivers Ef,, v =1,...,6, where the
receiver EY also serves as an emitter.

with . .
supp(el,) C E},

and ' '
e (x) <1 forallxz € 0.

Using this notation, we define the observation operator Q4.

Definition 2.29. For each j € J, the observation operator Q3 maps the (restricted) electric field

Al € L2(0SW) to the measured values (yL) N e CN by
Q L) — CV,
- : : . 2.71
Y = oy = < el (x)yu! (x) dsx) (271)
o v=1,..,.N

Remark 2.30. The observation operator Q3 from Deﬁm’tion 18 a continuous linear operator.
Therefore, @ is Fréchet differentiable (see, e.g., [T6]) with Fréchet derivative

(@) 2099 € g (@) g = @l = ( [ el s ) (2.72)
J v=1,...,.N
in b€ L2(0W), evaluated at q € L2(0V).
Lemma 2.31. The adjoint of the observation operator
Q@ : L2OY) -CV, ¢ ( e (x)q(x) dsx>
o v=1,...,.N
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is given by (Q)* : CN — L2(04), where

N
B=(B)v=1,..n > (Q)B=D Bl (2.73)

v=1

Proof. Let B:= (B,)y=1...n € CN and (L2(00Q))* = L2(0R). For q € L*(0) we have

(Q08) s on = (0@ B) s oo (2.74)
using (CN)* =2 CV. From
. N .
(@a.8)_, =2 (@5,
v=1
N .
= el d X v
> ([ dux) ase) -5
N
= 76‘] x
/a0 @/ﬁ V<x>> ds
N .
= [ a0 (;ﬁud/(X)) e
N
= <Q7 Zﬁue']y>
v=1 L2(093) x L2(04)
we deduce
N
@) 8=3 hu
v=1
]

Remark 2.32. Possible choices for the sensor characteristic are characteristic functions
el = Xgi

forallv =1,..,N and j € J, which will be our choice in the upcoming numerical experiments.
Point evaluations are realized by setting

el = §(x — Xpi )

where the point Xpi corresponds to the position of the respective receiver (see, e.g., [§]).

2.5. Terahertz tomography: direct and inverse problem

The previous sections have been dedicated to a thorough analysis of the forward operator. Before
proceeding to a numerical experiment, we want to summarize our findings and formulate the direct
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as well as the inverse problem explicitly, using the same notation as before. For all positions j € J
of the tomograph, the forward operator

i DFY = N, Fim) = = (yf,) L (2.75)

where D(FJ) := D(S%), is the composition
= QJ' o AYJ 05
of the scattering map 9, the trace operator 49, and the observation operator Q.

Direct Problem 2.33. Let m € D(FY) represent the given complex refractive index with supp(m) C
QI for all positions j € J. The direct problem consists in the determination of the data

P = Fi(m) = (y‘) (2.76)

v=1,...,.N

from the knowledge of the complex refractive index m (and the incident field uf), where N is the
number of receivers of the tomograph, for all j € J.

In the context of nondestructive testing, we are mainly interested in the respective inverse problem,
which is the reconstruction of the function m, where

supp(m) C [ &Y,
jed

from measurements of the total electric field u; on the respective boundary of O for different
positions j € J of the tomograph (emitter and receivers). In particular, we assume the given data
to be perturbed.

Definition 2.34. We denote noisy data by 19°, where § refers to the noise level given by

Hyj - yj"gH < (2.77)
foralljeJ.

Inverse Problem 2.35. Given ezact data iy = (yf.,)yzl _y or noisy data 0 = (yf;’é)yzl N
from the tomograph’s N receivers in the positions j € J, we want to recover the complex refractive
index m such that

Fi(m) = . (2.78)

Regarding a numerical solution of the inverse problem, particularly with a Landweber method or
via sequential subspace optimization, we are required to evaluate the gradient ¢J of the least squares
functional

s 11 . 512
W) 1= HFJ(m) oy H , (2.79)
which is given by

gm) = (F3)' (m)* (Fi(m) - 1), (2.80)
)

in the current iterate m%. We have derived all the tools we need to calculate g(m) for some
m € D(FJ). For the adjoint (FJ)’(m)* of the linearized forward operator (Fj)’(m), we first want
to state the following lemma.
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Lemma 2.36. The Fréchet derivative of the forward operator F3 in m € D(FJ) fulfills
[(F3Ym)| b= (@I (m) ) B (2:81)

for all h € L>®(3) N L2, ().

comp

Proof. We apply the chain rule ([76], Theorem II1.5.4(d)) for the Fréchet derivative. Together with
the linearity of the observation operator @ and the trace operator 44 we obtain

(P m)| b= [(@87Y (m)| 1
= (@) (S m)) 0 () ($%(m)) o (S ()]
= [@F oo (s1)(m)|

for all h € L>®() N L2, (). O

comp

Consequently, the adjoint of the linearization of the forward operator in m € D(F j) is an operator
of the form

((FEy )" e = 2@, o [($)m) v (@) ] 8. (2.82)
Lemma 2.37. Let f = (B,) € CV, N €N, and ém € L*(V) with
omd = ((FJ)/(m))*ﬁ

Then we have

omd = k2Si(m) - ¢, (2.83)

where ¢ € HY(V) is the weak solution of the boundary value problem

AP+ k21 —m)¢pr =0 in
; N
¢ . . (2.84)
&1+Zk0¢l_—;efj-,8y on OY.
Proof. Theorem together with Lemma directly yields the desired statement. O
Consider the residual
3.6\ — (Rid (i 0
B (m) = (R (m),, o= (Fm)—ol?) (2.85)
in m € D(FY). We obtain the gradient
gm) = ((F)'(m)) " B (m)
by solving the partial differential Helmholtz equation
A# + k(1 —m)@ =0 in (2.86)
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with the Robin boundary condition

a¢1 . N . . .
Sy koo’ = - Vzlei : (RN)y on OO (2.87)

and setting ' )
¢ (m) = K383 (m) - &. (2.88)
Remark 2.38. We conclude the theory by some remarks.
(a) The noise free case is treated analogously by setting 6 = 0.

(b) In order to calculate the gradient, two boundary value problems have to be solved: the forward
problem F3(m) to obtain the residual R, and the adjoint problem. The forward problem
basically consists of calculating S¥(m), which should be reused in the evaluation of the adjoint
problem (see ) to avoid unnecessary numerical cost. However, for this reason the nu-
merical effort to calculate ((Fj)’(m))*/)’ for an arbitrary 3 € CN is comparable to the effort
for the calculation of ¢*(m).

The inverse problem of THz tomography is treated as a nonlinear ill-posed problem. The ill-
posedness of scattering type problems has been discussed multiple times, see, e.g., [18, 20} 411, [45].
Both Landweber and SESOP methods, in combination with Morozov’s discrepancy principle, yield
regularization techniques to compensate the instability of a direct inversion of the forward operator.

In preparation of a first numerical example, it is important to discuss our approach in THz to-
mography. We have mentioned before that we restrict ourselves to the lower frequency range of
the THz spectrum in order to complement the research that has been conducted by Tepe et al. in
cooperation with the Plastics Center in Wiirzburg ([51), [71]). Due to the relatively low frequencies
of 0.07 - 0.1 THz, the wave character of the THz radiation is more prominent than in the higher
frequency range, such that it is convenient to consider a model based on electromagnetic scattering.
In the following section, we will discuss the numerical solution of the inverse problem of THz to-
mography from the knowledge of noisy synthetic data using the Landweber method. However,
in our example we use an electromagnetic Gaussian beam with a frequency f = 2.5 - 100, which
belongs to the microwave spectrum. The reason is the high numerical cost when evaluating the
two boundary value problems in order to obtain the gradient ¢3 for each position j € J of the
tomograph. In a Landweber iteration, each step thus requires 2 - |J| such evaluations per iteration.
For higher frequencies, it is thus reasonable to use a faster reconstruction method.

In a further numerical experiment in Chapter |3 we use electromagnetic radiation in the THz range
(0.1 THz) for the testing and sequential subspace optimization methods for the reconstruction.
However, it is necessary to adapt our SESOP methods for applications in complex Hilbert spaces,
which is also done in Chapter

2.6. Numerical reconstructions with the Landweber method

Now we have all ingredients to solve the inverse problem of THz tomography, we will continue with
a first numerical test. To begin with, the forward problem is implemented to generate synthetic
data with a known noise level §. These data are used to find a solution of the inverse problem with
the nonlinear Landweber method.

The Landweber method is one of the most commonly used methods in inverse problems. In the
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following, we give a short overview of the nonlinear Landweber method. Consider a nonlinear
inverse problem

F(x) =y,

where F' : D(F) C X — Y is a nonlinear, continuous and Fréchet differentiable operator between
Hilbert spaces X and Y. We assume that only noisy data y° with a noise level § are given. If F
and its Fréchet derivative F’ fulfill some additional properties (similar to the ones we postulated
for the analysis of the SESOP methods in Section , the Landweber iteration, together with a
suitable stopping criterion, is a regularizing method to reconstruct the source z, see [39, 43, [63] for
a detailed analysis. In particular, the discrepancy principle yields a finite stopping index [39]. The
nonlinear Landweber iteration is given by

ad = a0 — wF’(azg)* (F(:cfl) - y‘s) , (2.89)
where w > 0 is a relaxation parameter. The discrepancy principle is fulfilled at iteration n,, when

I o) -] << o) o] 0
for all n < n,, where 7 > 1 is fixed.

In the case of exact data, we set § = 0 and use the same iteration as for noisy data. An analysis is
found in [39].

Instead of (2.89)), we write

0 0 0 1
zo . =z —wF' (acn> Ry, (2.91)
- xi - wgfw

where we denote the current residual by
d 6 1
R =F (:cn> —y

and the current gradient (i.e., the gradient of the least squares functional evaluated at the current
iterate z0) by
1 2
1) 1
g =V(5IF@-v")| .
T=x?

The gradient gfl can be interpreted as a search direction: The new iterate is found in the half-line
that is spanned from the current iterate :vfz by — gz.

Obviously, in each step of the Landweber iteration two major evaluations are necessary: first of all
the evaluation of the direct problem F (a:fl), which in turn yields the residual RS, and subsequently
the application of the adjoint of the Fréchet derivative F’ (:z:fl)* in R®. Regarding the inverse
problem of THz tomography, each of these evaluations consists of the solution of a boundary value
problem. A standard method to solve boundary value problems is the Finite Element Method
(FEM), where the solution is calculated on a triangularization of the domain 2. The triangles, or
finite elements, have a maximal element size hpyay that depends on the radiation’s wave length. A
general rule is to choose hyax in the range of a tenth of the wave length to obtain a solution with a
sufficient accuracy [I]. A higher frequency of the radiation that is used for testing involves a finer
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mesh and, consequently, a higher computational cost for the numerical solution of the boundary
value problem.

In order to reduce the computational cost, we will restrict ourselves to a purely rotating tomograph,
such that we can work with a fixed domain Q = J for all j € J that is independent of the
tomograph’s position. We simplify our notation from the previous section by

J={j=1,..,J},

where J is the total number of (angular) positions ¥’ = (j — 1) - hy of the tomograph, which is
rotated in equidistant steps hy := 27” The incident field u{ depends on the angle ¥’ and is obtained
from the initial position (2.20]) by the rotation transformation

e (2) - (20 Sy (2),

ul (2, y) = v (ts,(2,y)) .-
The dependence of the forward operator F7 on the position of the tomograph has to be taken into
account before we proceed to the implementation. There is a variety of problems where the forward
operator depends on an additional parameter, which is not necessarily a position. An alternative
is for example the frequency of the respective radiation, see [7], where the spatial frequency of the
radiation is varied during the measurements.
In any case, the result is a system of (nonlinear) operator equations

Fil(z) =9/, j=1,...J (2.92)

such that

There are several methods that take into account the dependence of F' on some additional discrete
parameter. A well-known method is Kaczmarz’s method, which has been applied successfully
in computerized tomography [57]. The combination of Kaczmarz’s method with the Landweber
method for the solution of nonlinear inverse problems has been addressed by Haltmeier et al. in
[36, [37], a combination with Newton methods is presented by Burger and Kaltenbacher in [13].

In this work, we are dealing with parameter-to-solution operators, whose evaluation is numerically
expensive. For this reason, we are interested in a parallel evaluation of the occurring operators.
Methods based on the Kaczmarz method are not suited for parallelization, such that we apply a
different approach.

For each position j € J, we obtain one gradient ¢7° belonging to the respective equation .
As the data ¢/ from each position j € J should contribute in equal measure to the reconstruction
of the function z, it is sensible to use the average (or mean) of all available gradients in each
Landweber step. We thus define

J J
=33 ak = 53 (F) () (P (e) - ) (293
j=1 j=1

and obtain a search direction for the Landweber iteration ([2.89)).

Remark 2.39. The approach to use the average of the gradients can be interpreted as a numerical
integration of the search directions gﬂ{é over the angle ¥ of rotation. Apart from the factor 27, the
above sum corresponds to the approximation of this integral by the trapezoidal rule, which is specially
suited for the numerical integration of trigonometric functions. Solutions of the Helmholtz equa-
tions depend on the boundary values. Yet, in many cases, they are combinations of trigonometric
functions, which motivates the use of the trapezoidal rule.
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We now return to the inverse problem of THz tomography. The data that are generated by the
tomograph during one measurement are assembled in a matrix. We have

1,6 76
y(5: (y]ﬁ)' — E(CNXJ.
J=lnd 1,6 75

yN RS yN

It is essential to combine the norm in the data space Y with the procedure of averaging over the
search directions corresponding to the tomograph’s positions. First, each data point is afflicted by
noise with a fixed noise level, ideally independent of the current position. The noise level is not,
however, dependent on the number of different positions of the tomograph, such that the norm
that is used to determine the noise level should not be influenced by J. Second, the norm in the
data space Y is induced by the inner product, which in C¥ is the standard scalar product. We
postulate that the noise level fulfills

max Hyj’é—yjH <.

G=1,...,J CcN T
For the discrepancy principle, we set
0 é 0 j (.0 j,0
|ro] = [t o] = max [ Foad) -7t (2:94)

in accordance with our averaged Landweber method.

For the generation of synthetic data y/ = (yf;)yzl _» the direct problem has to be solved for a
known complex refractive index m. We thus want to calculate

y) = Fi(m) e CV

numerically. The operator FV is evaluated in two steps. The first step is to determine S7(m) = u]

i.e., to solve the scattering problem

Aud, 4+ k2 (1 — m)ul, = k3mu! in Q,
J ,
Ouise _ ikoul. =0 on 01}, (2.95)
On

ul, +ul =ul = 57(m),

with the help of the Finite Element Method (FEM), see for example [11l, 34] for reference. In this
work, we use a FEM solver which is available in Matlab (elliptic partial differential equations are
solved with assempde in version R2015a; this solver uses linear basis functions). The FEM mesh
is generated by a Matlab function and the maximal element size of the triangles is determined
by the wave number ky: In order to get a decent solution, the maximal element size must not be
larger than a tenth of the wavelength of the electromagnetic radiation (the Gaussian beam). As
a consequence, the effort that is needed to solve two-dimensional problems such as grows
quadratically with the wave number.

In the course of the measurement, the emitter and the receivers are rotated on a circle around the
object. Accordingly,  is chosen as a two-dimensional disk and the surfaces Ej, of the receivers in
position j € J are thus parameterized as arcs on d€2. The value that is measured by receiver E)
in position j € J is obtained by a numerical integration over E} of the restriction of the total field
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ug to 0N (i.e., we choose the sensor characteristic el = x 7). This corresponds to the numerical

realization of the observation operator 7 in combination with the trace operator 77, see also
Definition [2.29] For that purpose, we use the trapezoidal rule. We define an equidistant grid in
the respective arc for the numerical integration, where the step size is chosen of the same order
as the maximal element size of the FEM mesh. The values on the grid points are obtained by
interpolation from the total field on the FEM mesh.

The adjoint problem is solved in a similar way on the same FEM mesh as the forward problem.

Remark 2.40. The numerical evaluation of the observation operator naturally yields a certain
noise level: The numerical integration of u] over a sensor FEj is realized with the help of the
trapezoidal rule. The respective grid points thus have to be located within the triangularized domain.
Accordingly, we choose the domain’s radius slightly larger (about a half of the mazximal element size)
than the radius of the circle that contains the receivers, such that we have to accept a certain error
in the data and a consideration of exact synthetic data is not possible. The use of finite elements
also causes the smoothed outer interfaces of the tested object, which is clearly visible in Figure
[2.7. This smoothing becomes less prominent when finer meshes are used, which is necessary when
dealing with higher frequencies in the THz range.

Figure 2.5.: Schematic representation of relevant test objects; (a) objects with unknown outer boundaries,
(b) objects with known outer boundaries and an unknown defect inside, (c) objects that consist
of different materials

We have remarked before that there are various properties of objects we would like to identify with
the help of a THz tomographic examination. In Figure [2.5] a selection of possible test objects is
given, representing the identification of (inner or outer) interfaces, defects, and compositions of
materials.

As a representative test object for our numerical example, we choose a plastic block with quadratic
cross section and known outer boundaries. The object has two inhomogeneities, a hole and an
inclusion of some material with a higher refractive index and a higher absorption coefficient. Fur-
thermore, the complex refractive index of the block itself is unknown. For the reconstruction, we
use the knowledge of the object’s outer interfaces, but assume that no information about the inside
of the object is given. By recovering m we want to identify and classify the inclusions and also the
material of the block.

Remark 2.41. There are many parameters (geometry of the receivers, beam parameters such
as beam waist or Rayleigh zone) in the forward model and also in the reconstruction algorithm
(relazation parameter) that need to be chosen. For this reason, a lot of testing is necessary to
determine reasonable values for these parameters. The costly evaluations of the two boundary value
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problems and the relatively small wave length turn this into a time-consuming process. The following
results might thus be improved by researching the parameters extensively.

The goal of this numerical experiment is to obtain a first impression of the performance of a standard
reconstruction technique (the Landweber method) when applying it to the inverse problem of THz
tomography. As we have remarked before, the computational cost to numerically calculate the
gradient increases quadratically with the reciprocal of the maximal element size of the FEM mesh.
As the Landweber method is known to be relatively slow, we choose a low frequency f = 2.5-10'° Hz
for the Gaussian beam that we use in this experiment. The tested object is a plastic block with
two inclusions. Re(m) and Im(m) of the original block’s material is presented in Figure The
block itself has the complex refractive index

my =1—(1.5414-0.005)% = —1.249975 — i - 0.015.

The inclusion in the top right corner is a hole filled with air, such that we can assume that its
complex refractive index is identical to mo = 0. The other inclusion in the middle of the lower half
is some unknown material with a higher optical density, we choose

mg=1— (1.8 4+14-0.02)* = —2.2396 — i - 0.072.

’ Parameter ‘ Value
Frequency f 2.5- 100 Hz
Beam waist Wy 0.015m
Rayleigh zone yq 0.02m

Number of receivers N | 20
Number of positions J 180
Relaxation parameter w | 0.08

Table 2.1.: Parameters of the numerical Landweber experiment

This example includes the localization and identification of unknown inner interfaces and different
values of m.

For the reconstruction, we generate perturbed data with a signal-to-noise ratio of 2 %. In order
to take into account the interpolation error from the evaluation of the observation operator, see
Remark we choose the noise § slightly larger than max;—y,__slly/ — y79|. The other relevant
parameters are listed in Table

We work on the domain
Q:={xe R? : ||x|]3 < (O.O4m)2}.

As we assume the outer boundaries of the object to be known, we set the starting value as
mo(x) = (=1 —14-0.001) - xp(x),
where
D:={xeQ:-0015m<z,y<0.015m}

represents the cross section and 0D the known outer interfaces of the tested block. The function
m of the tested object is plotted in Figure

The Landweber iteration is stopped at iteration n, by the discrepancy principle (2.94). For later
convenience, we choose 7 = 20. In Table the key data of this reconstruction is presented.

78



0.05

0.05 0
0.04 0.0al
-0.01
0.03 0.03 }
0.02 1 0.02 b -0.02
0.01 0.01F 0.03
0 [ 0 .
-0.04
0.01 -0.01
-0.02 + -0.02 F -0.05
-0.03 -0.03 F
-0.06
-0.04 + -0.04
-0.05 -0.05 : ] 007
-0.05 0 . -0.05 0 0.05
(a) (b)

Figure 2.6.: Real (a) and imaginary (b) part of the test object’s complex refractive index m.

The approximated solution mz* is presented in Figure We note that the real part of m is
reconstructed quite satisfactorily, with a relative error of 9.18 %, while the reconstruction of the
imaginary part is rather bad with a relative error of over 100 %. The reason will be discussed in
the following chapter. Yet, it is possible to draw qualitative conclusions from the reconstructed
imaginary part Im(mi*): The peaks in the plot of the reconstructed imaginary part indicate the

position of the inclusions. It is however not possible to draw any conclusions on the materials of
the inclusions, particularly not on the hole filled with air.

Number of iterations ns 155

Execution time 6h38min49s
Relative error in reconstructed real part Re(m) | 9.18 %
Relative error in reconstructed real part Im(m) | 164.31 %

Table 2.2.: Some key data to evaluate the performance of the nonlinear Landweber method at the iden-
tification of the complex refractive index of the tested object using a Gaussian beam with a
microwave frequency f = 2.5 - 101 Hz.

This experiment shows that it is possible to draw conclusions on the properties of some dielectric
object from synthetic measurements of the resulting electric field on the boundary of the respective
domain 2. The real part of m is well reconstructed, whereas the reconstruction of the imaginary
part allows only the localization of defects. The Landweber method as a reconstruction technique
has been proven to be a stable regularizing method for our inverse problem. Nevertheless, this
method is comparatively slow, keeping in mind that we used a frequency well below the THz range.
In fact, it is important to note that an evaluation of our inverse problem with the Landweber
method as above takes several days, if not weeks, when the frequency of the used radiation is at
least 0.1 THz. Numerical tests with the Landweber method at f = 0.1 THz were stopped after
three weeks of calculating without reasonable results. A better choice of the occurring parameters,
such as the relaxation parameter, might lead to better results, but the reconstruction time will
remain roughly in the range of several days.

In order to economically evaluate our model with respect to the parameter choice and particu-
larly for the testing with THz radiation, a faster algorithm is highly desirable. We have seen in
Section that sequential subspace optimization methods yield promising results regarding their
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Figure 2.7.: Reconstruction mfl*

155 Landweber steps and the respective error in the reconstruction m —m
(d) imaginary part).

of real (a) and imaginary (b) part of the complex refractive index m after
% ((c) real part and

M

performance in comparison to the Landweber method. We therefore adapt our SESOP methods
to solve nonlinear inverse problems in complex Hilbert spaces and give a numerical example for a
tomographic testing of a similar object with a Gaussian beam of frequency f = 0.1 THz.
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3. Sequential subspace methods in complex
Hilbert spaces and numerical reconstructions
of the complex refractive index

In the previous section, we have seen that a reconstruction of m from noisy (discrete) boundary
data with a nonlinear Landweber method yields promising results. The time that is needed to
perform such a reconstruction is however quite long due to the expensive evaluations of the two
boundary value problems per iteration and per position of the tomograph. In addition, the relax-
ation parameter w has to be chosen very small to obtain useful results for the imaginary part of
m. A thorough evaluation of our model to determine the optimal tomographic setup regarding the
minimal number of receivers, their placement, or the optimal beam geometry would be facilitated
by using a faster algorithm.

In Section [I.4] we have seen that our sequential subspace optimization methods significantly reduce
the computation time to perform reconstructions, such that we will transfer these ideas to develop
a method that is suited for the solution of inverse problems in complex Hilbert spaces. The main
obstacle at a direct implementation of our subspace methods is the lack of a total order in the
ground field C of the Hilbert spaces we consider. This becomes obvious when looking at Algorithm
[1.21] with two search directions: In step (ii) we have to determine whether the intermediate iterate
i:z 1 is situated above, below, or inside the stripe that belongs to the previous gradient. For this,
we need the ground field to be ordered.

We begin with a discussion of the necessary adaptions and introduce a method based on Algorithm
The methods are analyzed and later applied to solve the inverse problem of THz tomography
as modeled in the previous chapter.

3.1. Sequential subspace optimization in complex Hilbert spaces

Let X,Y be real Hilbert spaces with ground field R. Define the complex Hilbert spaces X°¢ and
Y¢ as complexifications of X resp. Y with ground field C. Now let F' : X¢ — Y° be a nonlinear
operator with domain D(F) C X°¢. We consider the inverse problem

F(z) =y (3.1)

and assume that noisy data fulfill Hy — y‘SH < 4. Furthermore, we assume that F' is continuous and
Fréchet differentiable in a ball B,(x¢) € D(F) with radius p > 0 around zg € X°.
For each function z € X¢ and y € Y, we have Re(z),Im(z) € X and Re(y),Im(y) € Y.

In the following, we will consider only noisy data. The respective methods and statements for
noise-free data are obtained by setting § = 0. We will use the discrepancy principle as a stopping
rule. In the noise-free case, it can be replaced by defining a maximal number of iterations. In

81



addition, we restrict ourselves to the use of gradients as search directions.

The inverse problem (3.1]) is to be solved iteratively by

932+1 =2 — Z ( Re(gl) +t Im(g?)) , (3.2)

ler?

6 Li,0 .. .
where t;’ I t;;l € R are optimization parameters and

=F'(2)" <F(x?) — y5> € X°

with [ € I and IS C {n — N + 1,...,n} for some fixed N > 1 are again the gradients of the least
squares functional, evaluated at the respective iterates. We define the residual

RS .= F(:cg) —yevye

for each step n € N. .
We split the iterates xl € X 1=0,..,n+ 1, into real part xf’(s € X and imaginary part x}’é eX
and define the stripes

6 N
H,, = H () w00, &) € X, (3.3)
6 6 1,0 ’
H111,l = H(“;z,z’a;,hflé) cX
with their respective offsets
rd . r,d _rd
Qi = (U 1y Ty
(3.4)

W /i 08
Qg i= Uy s 27

& =R - (0 +ec(|[RD] +9)) (3:5)

foralll € Ifl. Here, we choose the search directions as the real and imaginary part of the respective
gradients by setting

and width

= Re(g]
Uy, l = Im (gl )
In the iteration ({3.2]), we choose the parameters t;’fl and tirfl such that
,0
al ﬂ H, (3.7)
lerg
and
8 i0
zoq € () 5y (3.8)
el

This is again accomplished by calculating the metric projection of a;;’il and xi,;il onto the respective
above intersection, which is a convex subset of X.

Remark 3.1. By splitting the iterates and search directions into real and imaginary part we obtain,
together with the above definitions, basically the same methods as for real Hilbert spaces. We thus
refrain from explicitly formulating the analogues of Algorithms[1.17, and discuss a fast method
with two search directions in more detail.
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Howewver, it is important to remark that the (complex valued) search directions ui ; are calculated

without any separations of real and imaginary parts of the current iterate. Consequently, they are
still determined by the full forward model without neglecting any mutual influences. By optimizing
the parameters t> l and £ iy separately, we even hope to gain accuracy in the reconstructions due to
the individual treatment of the iterate’s real and imaginary part. This can be an asset if they differ
significantly in their (absolute) values.

The following algorithm yields an iterative (regularizing) method to solve nonlinear inverse problems
F(z) = y from given (noisy) data 3°.

Algorithm 3.2. (RESESOP for nonlinear operators on complex Hilbert spaces with two search
directions) As in Algorithm choose an initial value zf := zo € X¢. In the first step (n =0)
take ug and then, for all n > 1, choose the search directions {uz,ug_l}, where

uil = ub? —: Q- uiﬁz = F (xi)*wfl, (3.9)
wy, ::F(a;n) —y°.
Define HE? = Hlfi =X and, for n € N, the stripes
Hr,é = H r(5 9
" (i s i i) (3.10)
H}’ = H(u‘n ,Oz;; ) n)
with
o o= (ui® w7 — || B3,
oz;f = <ui;6,mi’5> — HR5 H2 (3.11)
& = [ Ral| (0 + cwe (| B0l +9))-
As a stopping rule choose the discrepancy principle, where
1+ cie
T > T (3.12)
As long as HRZH > 70, we have
a0 e Ho (uf?, ol + &) N HY, (3.13)
and .
#d e Ho (ulf,al? + € nHY |, (3.14)

and thus calculate the new iterate xflﬂ = xf{il +17- :ci;il according to the following two steps.

(i) Compute

70 = Pt o eny (@)

(uifa5) = (o + €0) (3.15)
rd ut

n
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Compute T il analogously and set xn+1 = an 4+ ~1ni1'

Then the descent property
o= &l < o - a8 - (Hmu (78] = 5 = eeclREN +8)) " (et 12+ 1)

is valid for all z € Mp;)—,

~1,0 0 r,0
If x;H € Hr "1, we have Tt il = PH;*éer"sl
e

N;il = PHii‘;ﬂHi;fl (:1:,; ) If both conditions are fulfilled, we are done. Otherwise, go to step

(i7).

(ii) First, in case the condition from step (i) is not fulfilled for :E;’il, decide whether :i’fl’il €

r,d FY ~1,0 r,0 r(5
H>( n—1s & n—1+§n—1) 0’)".’I,'n+1 €H<( Up_1, & é:

(x?{é) Analogously, if i;;il € Hlél, we have

) Calculate accordingly

x = P 5 ( 70 )
'ﬂ+1 (un an +§§l)ﬂH(un 1,00, :I:ﬁfb ») Tp+1

n—1

r,0

o 1) minimizes the

, determine xnil = i;il — tnn Lo _ tnn 1un61 such that (tnn,t
functzon

1 B 2
‘ ;il tund — 5t H +t§(a£;5+£2)+t5(a§;iligg_1).

Up—1

hra(t],15) ==

Proceed analogously with ilﬁil

r,0 i,0

Then we have ;7| = PH A (x?{é) as well as " il = PHiiémHi,il (xn ) and we set :z:le =
n+1 +i-x) +1 For all z € MF( )=y the descent property
Iz = al” < |2 = 23 l* = (537 + Si°) (3.16)

1s fulfilled, where

2
o (HRZH(HRQH — 0~ aie([| B +5))>

[l

r ~T T 2
n (K“n’ilv%iﬁ - (ariil + §271)‘
[y

with

2\ 2
,771;,5 = 1= ( ‘<u n 1>| ) E(O, 1]

il e

and analogously defined SE0 and ’yi;(s.
Remark 3.3. As before, we give a few interpretations of the above method.

(a) The statements (3.13) and (3.14) are again a consequence of our choice (3.12) and can be
derived in exactly the same way as for the respective statement in Algorithm [1.21] Here we
also see that we need - or rather must - not adapt the width of the stripes.

(b) The descent properties follow directly from

o= wl[F = [Re(z — 2 )|+ im(e - o))

and the descent properties that hold for the metric projection in real Hilbert spaces.
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(c) Splitting up the iterates and defining separate stripes for real and imaginary part yields an
interesting advantage. By optimizing real and imaginary part separately, the optimization
parameters t are calculated independently of the respective other part of the iterate, i.e., the
imaginary part of the new iterate is calculated without having to take into account the real
part and vice versa. This is a further option to accelerate the method in comparison to the
Landweber iteration, where the relaxation parameter w is chosen as a constant. In the case
of the inverse problem of THz tomography, numerical experiments have shown that w has to
be chosen very small to get good reconstructions for both the real and the imaginary part. To
reconstruct only the real part, which is mainly determined by the refractive index n, the value
of w can be chosen larger, yielding a faster reconstruction.

(d) The calculation of the search direction u® contains both the real and the imaginary part,

which reflects the underlying physical model, where the complex refractive index is treated as
one parameter. In the case of THz tomography, we consequently do not have to increase the
number of evaluations of the Helmholtz equation by splitting up the subspace optimization,
such that the additional computational cost is limited to the additional calculations of the
optimization parameters t. As we have mentioned before, the computational effort in this case
is comparatively low. The expressions for the optimization parameters are given explicitly for
Algorithm [1.21], see Section[A.3, and can be directly adapted to the complex case.

3.2. Reconstruction of the complex refractive index from simulated
data

To conclude this work, we will present numerical reconstructions of m from synthetic noisy data,
using a Gaussian beam with a frequency within the lower THz spectrum.

Again, we will restrict ourselves to a purely rotating THz tomograph, i.e., the object is fixed in
the middle of the domain defined by the receivers. During the measuring process, the receivers are
rotated around the object in equidistant steps 27/J, where J = |J| is the number of positions. The
receivers are arranged in a circle with a fixed distance to their neighbors. By neglecting the shifting
of the object, we can work with only one domain = Q7 for all j € J during the whole process.
For the later reconstruction, this means that we can again rotate the receivers and fix the object’s
position.

Parameter Value
Frequency f 0.1-10' Hz
Wave length A 2.998 - 103 m
Beam waist W 0.015m
Rayleigh zone yq 0.02m

Number of receivers N | 40
Number of positions J | 180
Cte 0.9
T 20

Table 3.1.: Parameters of the numerical RESESOP experiment

For our first reconstruction, we choose an object similar to the one we used before in Section [2.6
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The tested object is again a plastic block with complex refractive index
my =1—(1.541i-0.005)% = —1.249975 — i - 0.015.

Inside the object, there are two inclusions. One is a hole filled with air (mg = 0), the other one is
a material with a higher optical density, its complex refractive index is

mz=1—(1.841i-0.02)2 = —2.2396 — i - 0.072.

Both inclusions are circular, now with a smaller defect in the range of the beam’s wave length.
We now use radiation in the low THz frequency range,

f=0.1THz,

which corresponds to the wave number kg = 27f/c, ~ 2095.8m~!, and generate synthetic data for
the reconstruction with Algorithm We note that the higher frequency calls for a refinement
of the finite element mesh, such that a reconstruction using the RESESOP method is especially
interesting in order to reduce the number of iterations. Also, we increase the number of receivers
(in practice, when only a small number of receivers is available, this can be realized by rotating the
receivers while fixing the position of the emitter).
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Figure 3.1.: Real (a) and imaginary (b) part of m.

As an a priori information, we use the knowledge of the object’s outer interfaces and set the starting
value to mp(x) = (=1 —4-0.001) - xp(x) as before. The key data of the reconstruction are listed
in Table the reconstructions from synthetic data obtained with Algorithm [3.2] are displayed in
Figure (3.2

Number of iterations n. 30

Execution time 14h13min51s
Relative error in reconstructed real part Re(m) 7.98 %
Relative error in reconstructed imaginary part Im(m) | 456.33 %

Table 3.2.: Some key data to evaluate the performance of the RESESOP method (Algorithm at the
identification of m of the tested object using a Gaussian beam with a frequency f = 0.1 THz.
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Figure 3.2.: Reconstruction m?,_ of real (a) and imaginary (b) part of m after n, = 30 iterations with the

RESESOP method (using two search directions, Algorithm [3.2)) and the respective error in
the reconstruction m — mJ,_ ((c) real part and (d) imaginary part). The object was scanned
by a Gaussian beam of frequency f = 0.1 THz.

Similar to the results from the Landweber experiment, the real part Re(m) is reconstructed much
more accurately than the imaginary part Im(m). The error plots indicate that the reconstructed
real part allows quantitative and qualitative conclusions, while the reconstructed imaginary part
yields at most some qualitative information about the position of the unknown defects.

Let us consider only the reconstruction of the real part of m. We note that the upper defect - the
hole filled with air - is identified almost accurately, the minor difference is due to the discretization.
The inclusion of the denser material in the middle of the object’s lower part shows an offset in the
reconstruction. The absolute value of Re(ms) is reconstructed too small. The reason could be the
relatively high absorption coefficient, which causes a lower penetration depth of the radiation into
the inclusion.

Remark 3.4. This numerical experiment yields some insight into the application of Algorithm[3.3
wn THz tomography:

(a) The importance of an adequate choice for the parameter ci. from the tangential cone condition
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(11.32) becomes apparent. Several tests indicate the divergence of Algorithm for a lower
value of cic. Since the constant T from Morozov’s discrepancy principle has to be chosen such

that T > (1+cte) - (1 — ce) ™1, we have to settle for a higher tolerance in the data fitting term
1R

(b) The choice of ci. may depend on the multiple other parameters, such as the number of re-
cetvers, the size of the receivers, and most of all on the incident beam, in particular the wave
number kg.

(¢) These findings might give a hint that the tangential cone condition (1.32)) is indeed valid for
cie close to 1.

To conclude, we present the results of two further experiments. In both experiments, we use
synthetic data with additional 2% noise as before. First, we want to compare the performance of
our RESESOP method to the Landweber method from the previous chapter. To this end, we
generated synthetic noisy data as before, using the frequency f = 2.5 - 100 Hz, for the object we
already used in the example in Chapter 2] with the larger inclusions. For the reconstruction, we now
use Algorithm We choose the same parameters for the setup as in the Landweber experiment,
see Table and choose ¢t and 7 as in our previous RESESOP experiment. The performance is
illustrated in Table 3.3

Number of iterations n, | 20
Execution time 1h12min40s
Ctc 0.9
T 20

Table 3.3.: Some key data to evaluate the performance of the RESESOP method (Algorithm in com-
parison with the Landweber method at the identification of m of the object from Chapter 2]
using the microwave frequency f = 2.5-10'° Hz.

We are mainly interested in the execution time, which is significantly lower than in the Landweber
experiment. This complements the results from the numerical experiment in Chapter |1} underlining
the main advantage of our subspace methods. The reconstructions are presented in Figure |3.3

However, it is important to remark that the performance of the RESESOP method can be improved
by choosing a smaller constant ¢, keeping in mind that this constant depends on the wave number
ko. Numerical experiments have shown that it is sufficient to choose ¢t = 0.6 for f = 2.5- 109 Hz,
which allows a smaller parameter 7 in the discrepancy principle.

Second, we generated synthetic data y? by illuminating the object presented in Figure with a
Gaussian beam, now at a frequency of 2.5 - 1019 Hz. All other parameters are preserved. For a
better comparability and given the small size of the inclusions, we have not adapted the maximal
element size of the triangularization to the larger wave length. The performance is illustrated in
Table the plots of the reconstructions in Figure

A comparison with the results that were obtained with the THz frequency f = 0.1 THz shows the
advantage of using a Gaussian beam with a higher frequency. As expected, the resolution increases
with the frequency, which is well visible in our experiments. When testing the object with THz
radiation, we are able to reconstruct the refractive index quantitatively and qualitatively, permitting
a precise identification of the defects without any a priori information about them. The results we
obtained with the microwave radiation now hardly enable a characterization of the object’s state.
The inclusions are barely visible and we can expect that smaller defects are not detectable at all
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RESESOP method (using two search directions, Algorithm . The object was scanned by

a Gaussian beam of frequency f = 2.5-10'° Hz.

Number of iterations n. 32

Execution time 13h 36 min 13 s
Relative error in reconstructed real part Re(m) 9.43 %
Relative error in reconstructed imaginary part Im(m) | 473.63 %

Table 3.4.: Some key data to evaluate the performance of the RESESOP method (Algorithm at the
identification of the complex refractive index of the tested object using a Gaussian beam with
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of real (a) and imaginary (b) part of the complex refractive index m after

32 iterations with the RESESOP method (using two search directions, Algorithm and the
frequency f = 2.5 100 Hz).

when using microwave radiation. Regarding the imaginary part of m, the defect in the lower part
of the object is visible as a peak, allowing a localization, whereas the hole in the top right corner
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is not visible in the reconstruction.

For both frequencies, we see that a reconstruction of the imaginary part is not satisfactory. This
suggests that a model, which is inspired by electromagnetic scattering, is not suitable to describe the
absorption of an electromagnetic beam by dielectric materials. In our case, we are interested in the
nondestructive testing of objects consisting of materials with a very low absorption coefficient, such
that these objects are almost opaque for the electromagnetic radiation. One of the approximations
we made in the modeling is the use of the superposition principle. This physical law fails if the
illuminated objects are absorbing: If an electromagnetic wave travels through an absorbing medium,
it loses energy. This medium has to be considered as a sink term in Maxwell’s equations, which
are, in that case, no longer linear partial differential equations. For this reason, an application of
the superposition principle (i.e., the property that if two functions solve a linear equation, their
sum also solves it) yields at most an approximation, as it is no longer strictly valid.

Reflection or refraction on the other hand are well modeled by our approach. These effects are
determined by the refractive index, for which we have assumed that it fulfills the limit of geometrical
optics. As we have

Re(m) = Re(1 — (n+ik)?) =1-n?+r*~1-n?

due to the low attenuation coefficient k of the relevant objects, it is not surprising that the real
part of m is reconstructed nicely, whereas the imaginary part is not reconstructed satisfactorily at
all.

An alternative is a separate reconstruction of the refractive index n and the attenuation coefficient
k according to different physical models. Our findings show that the scattering approach is well
suited for the reconstruction of the refractive index. The knowledge of the refractive index yields
a geometric description of the beam’s propagation through the medium. Hence, we obtain good
estimates for the ray paths of the electromagnetic beam. The absorption coefficient causes the
attenuation of the beam while it travels along these ray paths through the medium, such that
the total attenuation of the ray by the object can be modeled with the help of an adapted Radon
transform, which has been done by Tepe et.al. in [71] and yields far better results for the absorption
coefficient than our approach. A combination of both methods in the shape of a hybrid reconstruc-
tion method, which exploits both models, is likely to increase the quality of the reconstructions and
also the resolution.
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Conclusion and outlook

In the first part of this thesis, we have developed a novel iterative reconstruction method for non-
linear inverse problems based on the sequential subspace optimization method for linear problems
[56, [68] [69]. The basic idea is a sequential projection onto stripes for both exact and noisy data.
The position and geometry of these stripes are designed to contain the solution set of the underly-
ing nonlinear operator equation by taking into account the local character of nonlinear operators
and the tangential cone condition. By using the current gradient of the least squares functional
as a search direction in each step of the SESOP iteration, we obtain at least a weakly convergent
subsequence. For a special choice of search directions, we have been able to prove convergence and
stability results. In particular, we obtain a regularization method for the solution of the inverse
problem, when only noisy data are given. Furthermore, we have presented a fast algorithm that
uses two search directions per iteration. This algorithm particularly yields a good understanding
of our subspace methods and is well suited for implementation. Our findings have been published
in [72]. We have applied our SESOP and RESESOP methods to solve a well-understood nonlinear
parameter identification problem from the knowledge of exact and noisy data. In comparison to a
standard Landweber method, we have observed a significant increase in the speed of reconstructions
by applying Algorithm were we have used the current and the previous gradient as the two
search directions in each iteration.

Additionally, we have obtained a Landweber type method with step size adaption, based on Al-
gorithm with a single search direction, which is also significantly faster than the standard
Landweber method, but not as fast as Algorithm A direct comparison of the two subspace
methods underlines that the additional computational cost per iteration due to the second search
direction reduces the total number of iterations (until the algorithm is stopped by the discrepancy
principle) and also the total reconstruction time. The reason is the expensive calculation of a new
search direction.

The performance of our methods suggested an application for the solution of a more challenging
inverse problem, in particular the reconstruction of the complex refractive index m from THz tomo-
graphic measurements. In this context, we have discussed a model for THz tomography based on
the Helmholtz equation. The forward operator, a nonlinear parameter-to-solution mapping com-
bined with a linear observation operator, has been analyzed regarding boundedness, continuity and
differentiability properties. In addition, we have obtained representations of the Fréchet derivative
and its adjoint, such that we are able to calculate the gradient of the least squares functional, which
plays a central role in the reconstruction techniques we employ.

In order to apply SESOP methods to solve the inverse problem of THz tomography, we made
some adjustments to fit the requirements of complex Hilbert spaces. In Algorithm these
considerations have been taken into account and we have obtained an adapted fast reconstruction
method, based on Algorithm This algorithm has been implemented to recover the complex
refractive index of test objects from noisy synthetic data. The resulting reconstructions of Re(m)
are suitable for the detection and identification of defects and material properties, whereas the
respective imaginary part Im(m) merely allows conclusions on the existence and position of defects.
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Future research

A natural continuation of our work regarding sequential subspace optimization for nonlinear inverse
problems, and also of the results presented in [68, [69], is the extension to Banach spaces. Banach
spaces are usually not equipped with an inner product, such that orthogonality, orthogonal projec-
tions and distances have to be replaced by appropriate alternatives such as Bregman distances and
Bregman projections. As a Banach space is in general not isomorphic to its dual space, duality
mappings, which correspond to the identity mapping in Hilbert spaces, become a basic tool in the
theory of inverse problems. The underlying functional analytic theory can be found in [16} [70],
along with an extensive overview of regularization methods in Banach spaces.

Using Banach spaces as source (or data) space may yield advantages in some situations: In the
case that the source * € X is an element of some LP space (p > 2), we also have xz € L?(f),
but at the same time we neglect available information about x, i.e., its regularity. Banach space
methods make it possible to pay respect to these properties. Specifically in our inverse problem of
THz tomography, an expansion of our SESOP methods to Banach spaces may be reasonable: We
know that m € L* (), which is not a reflexive Banach space, but by using m € LP(€2) we can use
Banach space methods and approximate the essential boundedness of m by letting p — oco. In [70]
some examples are presented that illustrate the advantages of using Banach spaces.

Regarding THz tomography, a reconstruction from real data is the next step. To this end, several
adaptions are necessary. First of all, the object is usually not only rotated, but also shifted during
the measuring process. This is a minor adaption mostly based on the integration of the respective

transformation
() () ) )+(5)

where we have used the notation from Section However, the implementation of the direct
and adjoint problem have to be altered in order to take into account the changing domains (.
The second adaption refers to the type of data that are generated by the receivers. For our purposes,
we are mainly interested in an evaluation of intensity data or transmittivities. To this end, the
measuring process has to be well understood and the resulting observation operator Q¥ has to be
defined and analyzed. In any case, a suitable observation operator is nonlinear, which demands
some further analysis regarding for example the adjoint of the forward operator’s linearization. A
possible choice for the observation operator is

@i = & ([ Aol as)

) v=1,....N

v

where K is a constant that is obtained by calibrating the tomograph, such that the data are related
to the measured intensities in vacuum. This value might also depend on the receiver E}, and could
yield a basis to evaluate the model for the measuring process.

Given the high numerical effort that has to be invested in order to obtain quantitative reconstruc-
tions, an alternative approach might be to stop the iteration as soon as the shape of the defects
become visible. By means of image analysis, the interfaces inside the object can be extracted. For a
reconstruction of the complex refractive index with the adapted algebraic reconstruction technique
(adapted ART), see [71], the knowledge of the object’s outer interfaces is necessary. The additional
knowledge of inner interfaces can also be used as a priori information and is likely to increase the
accuracy of the results with the adapted ART.
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Interfaces can be characterized for example by applying a differential operator such as the Lapla-
cian to the reconstruction: If Am(x) is large in x, it is probable that x is an interface point. By
defining

0, else

It = {1, if |Am(x)| > C,

for all x € supp(m) and some suitable threshold C' > 0, we obtain a characteristic function, which
is equal to 1 only at the interfaces. Depending on the artifacts, more elaborate techniques from
image analysis may yield better results.

From a more theoretical point of view, a generalization of the statements from Chapter 2] regarding
the properties of the scattering map and the occurring boundary value problems is of interest.
In particular, the use of Robin boundary conditions instead of the more common Dirichlet or
Neumann boundary conditions is a major concern. Arendt et al. (see, e.g., [3, [4]) have addressed
these questions, in addition to boundary value problems in connection to inverse problems [2]. An
analysis in the context of their methods might yield interesting results, also for applications.

A final goal is the development of a hybrid model and an according hybrid algorithm for the
numerical solution of the inverse problem of THz tomography. In the previous chapter, we have
already mentioned the deficit of the model we used in this work, which is the attenuation of the
electromagnetic radiation by the tested object. In computerized tomography, the attenuation is
computed from its Radon transform. A similar approach in THz tomography is possible, if the
propagation of the THz radiation along refracted lines is taken into account. We are thus dealing
with a Radon transform along refracted lines. These could be obtained by the knowledge of the
object’s refractive index mn, which is well reconstructed by the methods we have used so far. The
approach via a generalized Radon transform has already been successfully addressed by Tepe et
al. in [71]. A combination of the two models is likely to yield promising results for the inverse
problem of THz tomography.

93






A. Notation and formulas

A.1. Notations

The following notation is used throughout the thesis.

N={0,1,2,...} the natural numbers

|-l x a norm in the space X

()x, (h)x inner products on X

Il x =y the operator norm of a mapping X — Y
IBIPE the norm of a functional X — K

() x*xx the dual pairing in X

lim the limit of a strongly convergent sequence
o-lim the limit of a weakly convergent sequence
D(F) the domain of an operator F'

N(F) the null space of an operator F

R(F) the range of an operator F

A.2. Optimization parameters for the RESESOP algorithm with two
search directions

In Algorithm the current iterate is projected onto the intersection of the two given stripes in
two steps. We have

xy, € Hs (uy, 0f, + &) N Hpy_y

which implicates
2l € H. (Ufm ad + 52) NH< (ufz—lv ad i+ 52—1)7

such that Proposition can be applied. By substituting u; := ui, Uy 1= ufhl, and

0 ) 1) ) )
T1=Tp0q, 0=y +&,, ai=a, £

the same calculations as in the proof of Proposition yield the optimal parameters

6 ,,0
() (-0

Up—1

<<u 2><Ui’(1it|il> 1||>2> -

((uhor @ Fah 1>+ (IR IR (5 + eI +9)) )
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and

)

Un,

t :—‘

(oY~ (0 1al)?)
(s
) (<u2_17jg+1> — (ag_l +§2_1)> (A.2)

2 2 2\ !
6 0 é é
<<umun_1> = (il 1) )

((uboy @ Fahoy) + (IR F IR (6 + IR +96)) ) ) -

0

Un,

These parameters can be used directly for an implementation of Algorithm and, of course, of
Algorithm were the optimization parameters are calculated separately for real and imaginary
part of the iterates according to the respective definitions.
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B. Some supplementary mathematical theory

B.1. Functional analytic tools
The following definitions and statements can be found in many textbooks concerning partial dif-
ferential equations and functional analysis (e.g. [5], [27], [32], [64]).

Throughout this thesis, we deal with K-Hilbert spaces X, where K = R or K = C is the ground
field of X. We usually use the norm that is induced by the inner product (-,-) : X x X — K.

Definition B.1. A mapping a : X x X — C is called a sesquilinear form, if
a(uy + Aug,v1) = a(ug,v1) + Aa(ug, v1),
a(u1,v1 + Mvg) = a(u1,v1) + Aa(ug, ve)

for all uy,us,v1,v2 € X and all \ € C.

Definition B.2. A sesquilinear form is called X-elliptic, if there exist v > 0 and o € C with
lo| =1, such that
Re(oa(u,u)) > 7|lullk

for all u € X.

Lemma B.3. (Lax-Milgram lemma, [67]) Let X be a Hilbert space. If the sesquilinear form
a: X x X — Cis X-elliptic and bounded, the variational problem

a(u,v) =) forallveX

has a unique solution u € X for all functionals v € X* and
1
Jullx < 5 [l x-

where v is chosen as in Definition [B.3.

Remark B.4. The condition of the X -ellipticity of the sesquilinear form a in the Laz-Milgram
lemma can be replaced by the coercivity condition

la(u,u)| > ~|jul|} forallue X, (B.1)
see [64)].

Theorem B.5. (Riesz representation theorem, [J, [64]]) For every bounded linear functional 1) on
X there is a uniquely determined w € X such that

a(w,v) = (v)

for allv € X, where a is a coercive bounded sesquilinear form.
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Theorem B.6. (Fredholm alternative, [12, (64, [76]) Let T : X — X be a compact linear operator
and A € C\ {0} a constant. The homogeneous operator equation

Ax—Tx=0
either has only the trivial solution and the inhomogeneous equation
—Tx =2

is uniquely solvable for each T € X, or there are n = dim(/\/()\ — T)) < o0 linearly independent
solutions of the homogeneous equation (the space N(\ —T) is the kernel of the operator A —T).

B.2. Partial differential equations

B.2.1. Some theory for linear elliptic partial differential equations
Definition B.7. A linear elliptic differential operator L has the form
Lu = a;;(x)D;ju + bj(x) Dyu + c(x)u,

where x = (x1,...,x,) € @ CR", n > 2, and the matriz A(x) = (a;j(X))i j=1,..n s symmetric and
positive definite. The differential operators D;; and D; are given by
0? 0
= and D; = .
“ Bxﬁmj ! Ba:z

For a function f on Q, we consider linear elliptic partial differential equations of the form

Lu=f.

Given the function f in some suitable function space on ), we are interested in the existence and
uniqueness of solutions u, in particular in solutions of the Helmholtz equation.

Remark B.8. By setting a;j(x) = &;j, bi(x) = 0 and c(x) = k*(1 — m(x)) for all x € 0, where
m € L®(Q) and supp(m) C 2, we obtain the Helmholtz equation

Au+ k(1 —m)u = f.
Definition B.9. Let uw € LP(Q) for some p > 1 and o := (a1, ..., an) be a multiindez, such that
oM o
Da = - e
o= (o) (o)

for p € C"‘”(Q). A p-integrable function g : Q) — R is called the a-th weak derivative of u, if

/gpgdxz(—l)'a|/uDagodx
Q Q

for all p € C(‘)a|(Q), and we write

g = D,u.
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The functions ¢ are called test functions.
The Sobolev spaces WP (Q) are defined for k € N and 1 < p < 0o by

WEP(Q) := {u € LP(Q) : Dou € LP(Q) for all |o| < k}
and are equipped with the norm

1/p

lullwine = | 3 /Q | Dot]?

la|<k

Remark B.10. The Sobolev spaces WH*P(Q) are Banach spaces (see [27]). For p = 2 we obtain
the Hilbert spaces
H*(Q) = Wh?(Q),

which are equipped with the inner product

(wsv) oy = > (Dau, Dav) 20 -
| <K

We thus have H°(Q) = L*(Q).

The following definition and statements are essential for the estimates in Chapter

Definition B.11. Let X and X5 be two Banach spaces with X1 C Xo. The space X1 is continu-
ously embedded in X3, if
zllx, < cllzllx, (B.2)

for all x € X1. The space X is compactly embedded in Xo, if it is continuously embedded in Xa
and if each bounded sequence in X1 has a convergent subsequence in Xo.

Proposition B.12. The space H'(Q) is continuously embedded in L*(Q), such that

ullL2(0) < cllullgr ) (B.3)
for all w € HY(Q) (see e. g. [64)]). Note that we can choose c = 1 due to the definition of the norm
[ 21 (2)-

The trace operator has been defined in Chapter [2l The trace theorem along with the subsequent
statement is to be found for example in [3], 27].

Theorem B.13. (Trace theorem) Let 992 be of class C1. The trace operator~y : H*(Q) — L?(9Q)
is the unique continuous, linear operator such that yu = u|sq for all u € C(Q) N H ().

Proposition B.14. As the space C(Q) N HY(Q) is dense in H(Q), there is a constant ¢ > 0 such
that

luloall 20y < cllullm () (B.4)
for all u € C1(Q) (see [27]) and thus for all u € H*(Q).
Remark B.15. The existence and uniqueness of the Poisson problem —Au = f on a bounded

domain Q with C'-boundary and Robin boundary conditions is treated in connection with the trace
operator in [3].
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