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Abstract

This master’s thesis presents a multiphase functional to segment and approximate a given gray
scale image where the resulting image is smooth on the support of each characteristic function.
Therefore, unique existence of the model functions is shown and then existence of a minimum of
the functional with respect to functions in a convex relaxation of a set of characteristic functions
is shown, i.e. BV (Q, A)).

This research puts a focus on image denoising and image segmentation simultaneously and
uses both approaches in one functional. Moreover, since it is unsure if the functional is convex,
a semi-gradient descent approach is established in a spatially continuous setting and later on
in a finite dimensional setting. In order to prove certain features, a mollifying operator was
introduced. Furthermore, a mapping that binds the update of the optimization process to have
range in [0, 1] was used.

The segmentation was performed with up to four characteristic functions, whereas segmen-
tation with only two showed the best result, since x1 + x2 = 1. The work presented here has
profound implications for future studies of a concurrent algorithm of image segmentation and
denoising.
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Chapter 1

Introduction

Think of your favourite image. It is easy for you to distinguish areas that have different colours
or gray values. Even if it is disturbed by noise, in your head the disconnected pieces form
together and you can still recognize what the colours tell you.

The two processes that were briefly described are image segmentation and image denoising
- two important fields in the scientific world of image processing. Image segmentation is the
process of combining the pixels of connected components. The number of applications consid-
ering this scientific tool is enormous. For instance, it is mainly used in medicine for automatic
segmentation in computer tomography and magnet resonance tomography, but also for segment-
ing geological data such as satellite imagery. In addition, it is also needed in face recognition,
inspection of work pieces and character recognition.

Whereas image denoising describes the procedure of reducing noise in a given image, i.e. the
resulting one appears somewhat blurred — mathematically speaking, it shows signs of a smooth
function that describes the underlying image.

This master thesis aims to combine image segmentation with image denoising. Therefore, a
functional is proposed that depends on the model functions and on the characteristic functions,
which together form the piecewise smooth approximation of the given image. The idea is to
establish an algorithm, where model functions and characteristic functions are simultaneously
obtained. In order to address this problem, in the first part a continuous dependence of the
model functions on the characteristic functions is derived and other important features of the
functional are discussed. The second part of this work consists in designing a proper algorithm.
There are many different approaches, like primal dual methods with various regularizers, see [3].

Alas, for this particular functional with respect to characteristic functions it is not clear if it
is convex, whereas it is with respect to the model functions, hence another optimizing strategy
has to be investigated. However, a convex relaxation on the minimizing set is performed, which
means, that minimization is not performed over the set of characteristic functions, but rather
over a set of vector-valued functions that have range in [0, 1]l with the additional property
that the sum of the function’s components is one, where [ denotes the number of segments of
the corresponding characteristic functions. After the optimization process is completed, the
algorithm relies on a heuristic rounding scheme that transforms the calculated relaxed functions
into characteristic functions.

The rest of the thesis is organized as follows: In the second chapter, the basic concepts of
image segmentation and image denoising are further elaborated, to fully grasp the meaning of a
mathematical image. In addition, certain spaces and penalty terms are introduced which play
an important role in image processing and some examples of established methods are presented.

Chapter three introduces a multiphase functional which combines image segmentation and
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image denoising of a gray scale image, such that out of the segmentation process the corre-
sponding partitions are deduced. Furthermore, a proper algorithm is proposed to solve the
image denoising and segmentation problem.

Chapter four analyses the proposed functional and gives proof of the existing minimizers
for the relaxed constraint set. Therefore, continuity with respect to the model functions of the
solution of the segmentational problem is proven. Moreover, an optimality system is deduced
and so under certain conditions a simplified gradient of the functional is established. As a result
a semi-implicit gradient descent algorithm is proposed and hence the existence of a fixed point
is proven. All these results are given in a spatially continuous setting.

The fifth chapter deals with the discretization of the proposed method and shows that the
spline approximations of the model functions and characteristic functions are consistent. At the
end of this chapter, the discretized algorithm is presented.

In the sixth chapter, the numerical results are introduced. In addition, advantages and
disadvantages of the method are elaborated and discussed.

Finally, in the Appendix, mathematical facts and important results that are used frequently
throughout the Master Thesis are summarized.



Chapter 2

The Image Segmentation and
Denoising Problem

2.1 Definition of a Mathematical Image

To begin with, to properly understand the term image, one has to comprehend that what is an
easy task for the human brain, needs many difficult calculations for a computer. All objects on
earth reflect light, which is projected onto the retina of the human eye. This data is processed by
our brain immediately and we see an image without knowing the processes in the background.
But what is an image in the mathematical sense? The following definition gives the first outlook
into the world of image processing.

Definition 1. Let Q C R™ be a bounded domain. A continuous image u : 2 — F is a bounded
Lebesque-measurable mapping in a colour space F. For an image with continuous gray scales
the corresponding colour space F is the interval [0,1] or the space of real numbers R, whereas
for an image with continuous colours it is either [0,1]> or R3.

Note that in this thesis only images in a spatially continuous setting are considered. Al-
though, methods in Digital Image Processing rather deal with discrete images with discrete
colour space. A more sophisticated way in mathematics is to tinker with spatially continuous
images, like LP-measurable functions.

Lemma 2.1. Let Q C R" be a bounded domain and let 1 < p < oo and u : @ — R be an image.
Then u € LP(Q2).

Proof. The image u is a bounded mapping, i.e., there exists a constant M > 0 with |u(z)| < M,
for all z € 2. So for p = oo follows immediately |[u| o () < M and for 1 < p < oo the following
holds
/ luf? de < |9 max |u(z)[? < QM.
Q €N

O

Typically, 2 := (0,1)? is the domain most often used in Mathematical Image Analysis. It
will be also used in this thesis. An image v € LP()) can even have more properties like the
following one which will play an important role in this thesis.

Definition 2. Let Q C R™ be a bounded domain and let u : 0 — R be an image. Then the Total
Variation of u is defined as follows:

TV(u) = /Q V| de = sup{/gu divg dz: [loli~ <1, o € DR}, (21)

7
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with the space of test functions D(Q,R™) mapping from the domain 2 to R™.

Lemma 2.2. Let Q C R" be a bounded domain. The space containing functions with bounded
Total Variation
BV () := {ue L'(Q): TV(u) < o0}

provided with the norm
lullgyey = lull gy + TV ()

is a Banach space.

For the proof the reader is referred to the book of K. Bredies and D. Lorenz [!], Lemma
6.105. Note that the property of Total Variation admits discontinuities of the function v and
that the gradient is understood more like a measure than a function.

2.2 A Brief Summary of Image Segmentation and Denoising

The purpose of segmentation is to decompose objects into certain parts. For example partition
an image into foreground and background. One method to do so is approximating a given raw
image whilst minimizing a functional. The other would be detecting edges appearing in the
image, but this will not be discussed in this thesis. Therefore, the reader is referred to St.
Fiirtinger’s Dissertation [3]. The following definition declares the meaning of segmentation in
this thesis.

Definition 3. Let @ : Q — [0,1] be a gray scale image. The segmentation is the approzimation
of . with a function u, i.e.,

l
u(x) = u(z) = Z up(z)xk(x), =€) (2.2)
k=1

where | € N defines the number of phases. A segment of the image u is a connected component of
the support of a given xy. Each uy : Q — [0,1] is a model function which smoothly approzimates
@ on the support of the characteristic function xi : Q — {0,1}, which describes the segmented
parts Qi := {x € Q : xx(x) = 1} of the domain. For all i # k it follows Q N Q; = 0, so the
characteristic functions {xx} have disjoint supports.

Now, a brief explanation of some functionals will give an overview of the segmentation idea
in Mathematical Image Processing. Again, let @ : 2 — [0,1] denote the given raw image.
A computationally easy and established approach for segmentation is the K-Means Clustering
Algorithm, which involves minimizing the following

!
min { Z /Q lpexe — al? = {p} € P°, xi: Q — {0, 1}},
k=1

Pk Xk

where P denotes the space of polynomials with degree m. K-Means partitions the given image
into ! disjoint phases Q, i.e. Q;NQ; =0 for ¢ # j. In other words one pixel of the raw image is
assigned to only one intensity cluster. For each cluster the intensity centroid is computed and
the distance between a single pixel and the centroids determines whether the pixel belongs to a
certain cluster or not. This easily leads to unnaturally disconnected segments and is unwanted
at this point.



IR

Figure 2.1: Segmentation done with the k-means algorithm. The input image is at the top left,
followed by the resulting three characteristic functions.

The functional that serves as Status Quo in edge detection is the Mumford-Shah Functional,
which involves minimizing the following

min{/ lu—af? + 5*1/ Vul? + BHT) ),
u,I’ Q O\

where I" denotes the one-dimensional contour set and H the one-dimensional Hausdorff measure.
The segmentation is implicitly provided by I', which is a set of Lebesgue measure zero, i.e.
IT'| = 0. Note that in this functional u is already a piecewise smooth approximation of @ due to
the penalty term 6! fQ\F |Vu|?. The contour set I' is excluded from the domain of integration,
thus singularities of u are possible on I' and hence u can be discontinuous on the edge set.
Unfortunately, the two variables u and I' are of a different kind, i.e. u is an element of one
Banach space, whereas for I" the structure of the other appropriate Banach space is unknown.
Hence, existence of a minimizing pair (u*,I'*) cannot be guaranteed.

A more general approach was done by J. Lellmann, [3], who introduced a variational convex
formulation for multi-class labelling with different relaxations and regularizers like length-based,
isotropic or separable ones, whereas minimizing the following is involved,

inf /Q (u(@), s(z)) dz + J(u), (2.3)

u€BV(Q,E)

where s € L>=(Q)! denotes the data term, .J is the regularizer and £ := {e', ..., €'} denotes the set
of unit vectors. This constraint set forces the solution u to have only discrete values and hence
the solution attains a proper set of labelling functions. Unfortunately, due to the constraint set
the problem is not convex, hence he proposes a relaxed constraint set, namely BV (Q, A;), where
A, indicates the unit simplex in R!, which will be used later in this work. Alas, this functional
is not useful for this work because it only accomplishes the multi-class labelling part, whereas
model functions with higher regularity than just constants are desired.

As for image denoising, often the minimization of the LI-H'P-Denoising Functional for
1 < p < q < oo is considered,

1 A
min f/ lu —al? dz + f/ |VulP dz. (2.4)
ueLi(Q) q JQ pJa
This problem has a unique solution, see [1], Theorem 6.84. If n = 2 and Q € R" the solution u is

already continuous in the interior of 2 by the Sobolev Imbedding Theorem, see Appendix (A.10).
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Hence, if the reconstruction of images with discontinuities is desired, the above functional is not
optimal. However, taking the limit p — 1 the reconstructed images are less blurred. In this case
using the Total Variation as the penalty term seems to be the better choice.

Figure 2.2: Noice reduction of a given image computed with the functional (2.4) for ¢,p = 2
and A = 0.5

Nevertheless, in this thesis the focus lies not on the proper reconstruction of a noisy image,
but rather on the segmentation and therefore generating a piecewise smooth approximation of a
given raw image. Thus, we will further explore the following functional, which has already been
used to some extent and in a slightly different form in my Bachelor’s Thesis [15].

o 0.2 0.4 (AR =] 0.a 1

Figure 2.3: A multiphase segmentation of a one dimensional signal, see [15], where f denotes
the input signal, ¢ is the computed characteristic function and u and v are the corresponding
model functions.

Z%g:l fQ [|“k - Knﬂ|2(5KnXk +9)
J(u, x) = +IV™ug 2 (aKpxe +¢)] dz, (u,x) € H™(Q)! x L>=(Q)}, (2.5)
oo, otherwise
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where u := (uy,uz, ...,u;)" € H™(Q)" denotes the vector of model functions and x := (x1,...,x;) | €
L>(Q)! the vector of multiple characteristic functions, with parameters 0 < £, < 1 and o, 8 > 0
and m = 1,2 and K, denotes a mollifying operator, which is only a technical necessity. Details
considering this operator will be presented in the upcoming chapter. Together they build the
smoothed approximation of the raw image, i.e. @ ~ ka:l U X k-

Because of the parameters € and d the model function u; is extended naturally outside of
the support of xi. So these parameters serve to avoid falling into unwanted local minima. The
variable m gives the order of regularity for the model functions u;. Note that in most cases m
will be set to one in this thesis.

In the following, the functional will be reformulated, such that it depends only on the set of
characteristic functions, i.e. a model function u; will also depend on the characteristic function

Xk-
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Chapter 3

An Approach to Combine
Multiphase Segmentation with
Image Denoising

After revisiting some established models in the world of image segmentation, this chapter is
devoted to analysing the proposed functional for u € H'(Q)! and xy € L®(Q)!, x < 0 and give
rise to a proper algorithm,

l
T(u, ) = Z/Q [lus. — Ky 2 (8K + 6) + [Vurl2(aKpxs +€)| do. (3.1)
k=1

Unfortunately, a minimizer for the combined problem,

min J (u, 3.2
(u,x) EH(Q) x Lo () (.0, (3:2)
cannot be guaranteed with standard mathematical arguments. Hence, the goal in this chapter
is to combine multiphase segmentation with image denoising, i.e. reduce the dependence of the
functional to only one variable,

J (u,x) = T (u(x),x) =T (x) -

In order to fulfil this task, a unique solution of model functions v = (uy, ...,1;) " with the help
of the Laz-Milgram Lemma, see Appendix (A.4) for an arbitrary fixed vector of characteristic
functions xy € L°°()! is computed. For the sake of brevity, the following assumption is outlined.

Assumption 3.1. Let Q = (0,1)2, 0 < a, 8 and 0 < 6, < 1 and @ € L*(Y). In addition, let
0 < a(x) <1 for almost every x € Q.

Note that the second condition on the raw image may seem rather bold, but recall that this
thesis is anchored in the space of gray scale images, which can either have the colour space
F =Ror F =1]0,1]. At the end of this chapter, we will be ready to propose an algorithm to
compute x.

3.1 Introduction to the Mollifying Operator

In this subchapter, we take a look at the proposed operator K,. This technical necessity was
introduced in order to establish a proper algorithm, since in upcoming proofs certain features

13
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are needed, e.g. that the gradient of x is bounded and together with the mollified data K, the
model functions u;, have more regularity than H'. The parameter i will be chosen very close to
0, such that we are working with an accurate approximation to y. This is purely theoretical and
will not affect the implementation of the algorithm. Hence, denote the following characterization
of a mollifier. This idea was used in another way in [3] and [I1].

Definition 4. Let f € LP(Q), 1 < p < 0o and let f(x) =0 for x ¢ Q. Define

@)= e (33)
= — n
¥n 47
with the property
[, enf@) da=1 (3.4)

and let
@)= (s pn)l@) = [ enle = u)f () dy.

Lemma 3.2. The function resulting from the convolution f is real analytic on ). In addition,
fre LP(Q) for1 <p< oo and f7— f almost everywhere for n — 0. Moreover, if 0 < f(z) <1
for all x € Q, then 0 < f1(x) <1 [3].

For the readers’ interest on other properties, the proof can be found in [6], p. 30.

Proof. The function ¢, (xz — y) is infinitely differentiable in x and vanishes if |y — 2| > 7. Let «
denote the multi-index and so it follows for an integrable function f

Dy« @) = [, Dyla =) (w) dy.

So the first conclusion is valid.
Now let 1/p+ 1/q = 1. Applying Holder’s Inequality and (3.4) the following is obtained

o+ 1) = | [, eale = 0)f) dy

< </Rz on(z —y) dy> 1/q (/R2 on(z — )| f ()P dy)l/p
B </Rz on(z —y)f ()P dy)l/P

Thus, by Fubini’s Theorem and (3.4) we get f * ¢, € LP(Q).

Llenssrae< [ [ oue=y)lf@l dy da
(3.5)

= [ 1@ dy [ onle =) do = 110

Hence, we have shown that f7 € LP(§2). Now let £ > 0, since Cy(£2) is dense in LP(Q2) for
1 < p < oo, there exists g € Co(£2) such that || f — gl » ) < €/3 and by the previous calculations

WegotHwn*f en * gl o)y < €/3. So

o+ (o)~ 9(a)| = | [ eale =)o)~ gla)) dy| < sup_Ig(y) - gl
ly—z|<n
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The right-hand side tends to 0 for n — 0 since ¢ is uniformly continuous on 2. The last term
llen * g — gl| @) < /3 follows from compactness of supp g and choosing 7 sufficiently small.
Hence,

||‘Pn*f_f||LpQ < H‘Pn*f_‘:pn*gHLpQ +||‘Pn*g_g||LpQ +”f_gHLPQ
() (V) () )
<e/3+¢e/34+¢/3=c¢.

Now, assume 0 < f(x) < 1 for all z € Q2. Since ¢, > 0, then also f7 > 0 holds. Furthermore,
using (3.4) concludes the proof.

@1 < [ lenf @ =)l do < [ gfo)] dz =1

Lemma 3.3. Let f € LP(Q) for 1 < p < oo, then
OU(f xpn) = (0°f) * oy (3.6)
for |a| < 1. Moreover, 0“(f * ¢,) — 0% f almost everywhere as n — 0.

Proof. The proof for the first assertion follows easily by applying integration by parts,

0 x00) =0 [ eule =) (w) dy
— [, 0%t~ )1 () dy
R2
=0 [ G5~ )1 ) dy

=/ o —y)0* f(y) dy
RQ

=(0“f) * on.
The second claim follows from Lemma (3.2). O

Lemma 3.4. Suppose 1 <p < oo and 1 < r < oo such that %+ 1 —% € [0,1]. Then the operator
mapping an element f € LP(Q2) to L"(R2) is defined as follows

Kyf = f* oy
Then K, is continuous and injective, see [7].

Proof. Let 1 < p < o0 and 1 < g < oo. We already know from Lemma (3.2) that ¢y is real
analytic. So as a consequence, it is an element in LP(2). This operator is linear, since the
convolution of two functions is linear and hence, it suffices to show boundedness to guarantee
continuity. Therefore, we use Young’s Inequality for Convolutions, see Appendix (A.1), take
1 < r < oo such that %+1:%+% and thus for f € LP(Q)

HanHLr(Q) < ”fHLP(Q) ||9017HL<1(Q) :
Finally, from [p2 ¢y (z) do =1 it follows that the operator is injective. O

Remark 3.5. For the sake of brevity in writing, we denote the mollified data with t, = K.
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3.2 The Optimality System for Model Functions

In this section we want to deduce the necessary optimality conditions for minimizing the func-
tional J, recall (3.1), with respect to the model functions v € H'(Q)". Thus, consider the
minimization problem for a fixed characteristic function x € L*°()’

min  Jy(u):= min J(u,X). 3.7

ueH (Q)! x() ueH(Q)! (%) (3.7)

Note that we are deriving the necessary optimality condition for each model function wuy

separately. As a consequence uy depends only on the k-th characteristic function, i.e. wug(xx)-
In other words uy is modelled solely with the help of the k-th phase’s support.

Lemma 3.6. Given Assumption (3.1), let xi € L*°(Q) be a characteristic function. Then the
necessary optimality system for up € H*(Q), k= 1,...,1 reads as follows:

=V - [(aKyxi + €) Vug] + (BKyxk + ) up = (BKpxk + 0) Uy, in 9,

ou, (3.8)
on
Proof. Let v € C(‘)’O(Q) be an arbitrary perturbation. Due to the following calculations, i.e. the

%“:?”) — %jx(uk + tv)ltzo exists for every v € CF° (Q), we observe that 7, is

everywhere Gateaux differentiable.

0 on 0S).

first variation

8Ty d1¢

OIx (o oy 41 =2 2
S (0050) =3 3= [ (BT 4 8) a0 = !+ (@ +2) [V (e 00) ] _

:/Q (BKyxi + 6) (u + tv — @) v + (aKpxi +€) (V (ug + tv)) - Vv‘tzo dx

:/Q (BKyxk +0) (up — ay) v + (aKyx +¢) Vug - Vo dz, Vk=1,..,1.
(3.9)

By using Green’s Formula, see Appendix (A.2), and the assumption uj, € H?() it follows
that

0
0= /Q (BKyxi + 6) (up — ty) v — V- [(aKyxk + €) Vug] v do + o on " dsg.

Letting v be concentrated on €2 gives the boundary condition 88% = 0, and thus the bound-
ary integral cancels out. Moreover, v was chosen arbitrarily, so after applying the Fundamental
Lemma of Variational Calculus, see Appendix (A.3), the necessary optimality condition for
up € H'(R) is obtained and thus completes the proof. O

Hence, we are now able to prove unique existence of a minimizer v of J for an arbitrary fixed
set of characteristic functions and so we are one step closer to gaining our final cost functional.

Theorem 3.7. Given Assumption (3.1), the necessary optimality system (3.8) has a unique
weak solution ux € H'(Q) for an arbitrary fized characteristic function xj, € L=(Q), 0 < xx < 1
almost everywhere for all k = 1,...,1. Moreover,

Jurll gy < (6+90) [l oo () - (3.10)

min(e, 0)
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Proof. Multiply (3.8) with v € H'(Q) and apply Green’s Formula such that the following holds:

ap(ug,v) = k(v), Yo HY(Q), k=1,..,1, (3.11)
where ay, : H' (Q) x H' (Q) — R is a bilinear form, defined by

ag (ug,v) == / (BKpxk + 0) ugv + (aKyxr +€) Vuy - Vo dz, for k=1,...,1 (3.12)
Q
and [, is a linear functional mapping from the Sobolev space H'(Q) onto R, defined by
I (v) := / (BKpxi +06) tyv dz, fork=1,..,1 (3.13)
Q

Note further, since 0 < (K;xx)(z) < 1 for z € Q almost everywhere,

6 < HﬁKnX + 5HLoo(Q) <p HKnXkHLoo(Q) +d<B+0,
(3.14)
€ < laKyx + ¢l o) < ate.

To guarantee uniqueness Laz-Milgram is applied to the necessary optimality condition (3.11).
Firstly, boundedness of the linear functional [; is shown:

e @)1 < [ 18Kk + 8110l do < 18K + 8lego 2o ol

< (B+9) gl Lo @yl 51 (0)-

Secondly, boundedness of the bilinear form aj is proven:
() | < NBK G+ 0leg0) [ s do + oK+l [ Vel Tl da
< (B+9) lurll 2@ llvll2 ) + (@ + &) [[Vurl 20 VUl 2200
< max{(8+0),(a+e)} (HukHL2(Q)HUHL2(9) + HVUka(Q)HVUHB(Q))

< 2max{(8 +0), (a + &) }Hlurll m (o1l m1(0)-

Last but not least, ellipticity of the bilinear form a; is obtained:

ay (ug, ug) = /Q (BKpxi +96) |uk|2 + (K xk + €) |Vuk|2 dx

26/ |y |* dJ:Jre/ |Vug|? da
Q Q

> min (6, ¢) (HukH%Q(Q) + HV“kH%Q(Q))

> min (4, €) Huk”%ﬁ(ﬂ)'

Thus, the Laz-Milgram guarantees the existence of a unique minimizer u;, € H YQ), Vk =
1,...,1. Furthermore, Laz-Milgram gives a bound for the solution, i.e.,

1 1
< < — ||u .
||u/€||H1(Q) = min(s,&) HlkH = (ﬁ + 5) min(e,é) ||u77||L00(Q)7 vXk € BV (Qa [07 1])
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Remark 3.8. Since the mollification operator K, was already used on x and the data 1, note
that existence of u € H*(Q)! is also ensured for x € L®(Q), x > 0 and @ € L>(Q). But in later
calculations problems arise that demand higher regularity on the model functions ux, k=1, ...,1,
namely at least u, € H*(Q), which cannot be guaranteed.

Proposition 3.9. Given Assumption (3.1), then the unique solution u € HY Q) from Theorem
(3.7) is an element in C>®(Q)!.

Proof. Theorem 3, Section 6.3 in [7] states, that if the coefficients and the right-hand side are in

C*°(Q), then so is the solution. In this case K, xx+0, aKyx+e and (BK;)x,+0)i, are elements
in C>(Q) for all k = 1,...,1 due to the mollifying operator K, and hence u € C*°(Q)". O

3.3 Expressing the Model Functions in terms of a Characteristic
Function

As a consequence of the last section we are able to reveal that the model functions u; depend
implicitly on its corresponding characteristic function xg, £ = 1, ...,1. Recall that there exists a
corollary of Laz-Milgram which guarantees the existence of a unique solution operator L (xx) €
L (H' (2)), for which the following holds:

(L (Xk) vk 0) 1) =0k (wk; v) = /Q (BEpxk + 0) upv + (aKyxk + €) Vuy, - Vo du,
(3.15)

fork=1,...,1L
Furthermore, the operator is bounded for all x; due to its characterization of Laz-Milgram,

1

-1
12 0al < 2max{(a+2), (5+ )} and|[L0w) | £ sy (3.16)
Now let f(xx) € H'(2) be the representing element of
(F (xk) s 0) gy = b (0) = /Q (BEoxi + 6) Ggo dz, fork=1,...,1, (3.17)
with
L Ol rm ey = Nkl (3.18)
where |- denotes the corresponding operator norm. Note that its unique existence is ensured
due to the Riesz’ Representation Theorem, see Appendix (A.6). So, from
(L (k) Wiy V) iy = (F (Xk) » 0) i) » (3.19)
the unique solution u;, € H'(Q2) of (3.8) has the representation
ur(xk) = LOa) ™ (xr), (3.20)

So uy is well-defined and the k-th model function depends on the k-th characteristic function,
creating the k-th phase of the image.
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3.4 The Resulting Cost Functional

Before the final functional is introduced, some further definitions will be investigated, which will
be needed in the later chapter. For brevity in writing the following set is introduced.

Definition 5. Let the space of functions that have range in [0, 1] and bounded variation denoted

by
BV (2,[0,1]) := {x € BV (2) : x (x) € [0, 1] for almost every x € Q}. (3.21)

This introduction might seem out of the blue, but to give a sneak peak for upcoming
proofs, we will investigate minimizing the resulting cost functional with respect to functions with
bounded variation and their range in [0, 1]. Concerning the details, they follow in the upcoming
chapter. Note that Theorem (3.7) still holds for x; € BV (2,0, 1]) because 0 < xx(z) < 1 for
almost every x € Q and thus, x; € L*>(Q).

Hence, we introduce the following mappings.

Definition 6. The map that assigns an element x € BV (€, ]0,1]) to a linear operator is defined
as follows

B {BV(Q, 0,1)) — £ (H' (),

- = L),

and the map that assigns it to an element in H'(£2).

_ {BV(Q, 0,1]) = H' (Q).
e f0-

Later a continuous dependence on x € BV (€2, [0, 1]) will be shown for uy, for £ = 1, ...,1. This
particular result will be needed later on. Nevertheless, for this work minimizing the upcoming
functional is involved:

l
700 =5 22 o 00k) = 0 (B +0) + Vs () P (e ) e (3:22)

In this case we will not further investigate minimizing over L>(Q)!, but rather over the
constraint set

BV (Q,&) :={x e BV(Q)': x(z) €& for z € Qae} c L'(Q), (3.23)

where € = {ey, ..., ¢;} is the set of unit vectors, which was introduced in J. Lellmann’s Docotoral
Thesis []. This set describes the nature of characteristic functions in image segmentation. So for
an arbitrary z € ) take a vector-valued y € BV (Q, &) and thus, x(z) = (x1(2), ..., xi(z)) " = ex,
for k € {1,...,1}. In other words, = € €2 belongs to a single phase of the partition resulting from
the segmentation process. But this constraint set is actually too strict to find a minimum or
even a unique one. Thus, J. Lellmann has introduced the relaxed constraint set,

BV (Q,A) :={x e BV(Q): x(2) € A; for z € Qa.e.}, (3.24)

where A; denotes the unit simplex in R!. This means, that xz(z) is allowed to attain values
between [0, 1], and that 3% _; xx(z) = 1 for almost every z € Q. It is comparable to the soft
clustering methods, where every data point can belong to several clusters by a certain percentage.
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In addition, BV (€, 4;) is convex, i.e. for x,x € BV (©,4;) and A € [0, 1]
! ! !
> OAk(@) + (1= NXe(@) =AD xe(@) + (1=2) ) xp(@) =A+1-A=1,
k=1 k=1 k=1

and closed. If a sequence (X(")) converges to some x in BV (£, A;), then it converges in L?(f
since 2 C R™ and is bounded, see Appendix (A.8). Then there exists subsequence (X("m)) C

(X(”)) that converges point-wise almost everywhere to xy. Then it follows that

l l
I (nm) _
> xu(w) = lim > " (z) = 1.
k=1 k=1

Note that in contrast BV (€2, [0, 1]) was only introduced for a single-valued characteristic
function and will solely be used for some technical results.

However to obtain a suitable result in a space of bounded variation theoretically and compu-
tationally, a certain penalty term is needed which was already introduced in Chapter 2, namely
the Total Variation. Thus, the functional reads as follows

l
T 0)+9TVC) =5 3 [ Tk () = g (Ko + ) .
k=1 .

+ |V (x) > (Kyxpa +€) dz+~vTV(xk),

where v > 0.

So we are able to propose the following algorithm. It is the first version of our actual working
scheme. The parameters are chosen according to Assumption (3.1). The k-th summand of J is
denoted by Ji because i only depends on this part of the sum. Note further that for now it is
not clear, what the initial xo will be.

Algorithm 1 Image Multiclass Labelling and Denoising

1: Input: xo,4,,8,¢,9,7,l

2: Output: y,u

3: while x changes do

4: for k=1,...,l do

if xx(x) <0 or xx(x) > 1 for some z € § then
Cut xy such that it has range in [0, 1].

Compute uy, satisfying
=V - [(Kyxka + €)Vug] + (KyBxi + 6)ur = (KyBxi + 0) iy,

8: Compute x; = arg min Jx(xx) + YTV (xx).




Chapter 4

Analysis of the Proposed Method

This chapter focuses fully on analysing the cost functional and refining the algorithmic strategy of
Chapter 3. Thus, existence of a minimum for x € BV (2, A;) will be proven and then a more in-
depth algorithm will be presented. Convergence of the algorithm will be shown with Schauder’s
Fized Point Theorem Version II, see Appendix (A.9). Note that the technical necessity of K,
was cautiously introduced in order to obtain the desired fixed point. At the end of this chapter,
the strategy to map elements from BV (2, A;) to BV (2, ) will be elaborated.

4.1 Existence of Minimum

4.1.1 Preliminary Results

Firstly, some precursory results are needed, e.g. continuous dependence of the model function
u on x or boundedness of J(x), because in order to be able to prove some important features
of the functional like lower semi-continuity later on one has to know how the solution function
u(x) € H ()" and J behaves in dependence of .

Lemma 4.1. Let Assumption (3.1) hold, then uy for all k = 1,...,1 is non-expansive and thus
continuous in BV (€, [0,1]), i.e.,

pLGS H“k (X(n)) B uk(X)HHl(Q) =0, (4.1)

for a sequence (X(”)) that converges to some x in BV (2,0, 1]).

Proof. Let (X(”)) C BV (2,]0,1]) be
L' convergence). Subtracting (%J (ug; U)) (x) from (ij (ug; v)) (x(™) and linearity of K,

k Juy

sequence converging to some x € BV (£2,1]0,1]) (and thus

21
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gives

0= (o wxi)) () = (o i) ) ()
@/Q (BKUX(") + 5) Uk (X(”)) v+ (aKnX(”) + 6) Vuy (X(")) -V dx

- /Q (BEpx +0)ur (x) v+ (aKyx +¢) Vug (x) - Vo dz
(4.2)

= /Q (ﬁKnx(”) + 5) Uyv do — /Q (BKpx +9) tyv dx
& [ @K+ 0) (i () = (0) v+ @B+ o) (Vur (x) = Var () - Vo da

= /QBKn (X(”) — X) (ﬂn — U (X("))) v —ak, (X(") - X) Vuy (X(”)) -Vv dz

Comparing the last equation of (4.2) to ag, see (3.12), we see that they coincide and so only
boundedness of the right-hand side is left to show. Using Young’s Inequality for Convolutions on

HKn (X(n) - X)‘ @) < H‘PnHLq(Q) HX(n) - XH
and (3.10) gives

for r,q = oo and p = 1 such that %—1—1 = %—l—%

L Lr(Q)

‘ /QﬁKn (X(") — X) (71,7 — U (X("))) v—ak, (X(") — X) Vuy, (X(”)) - Vv dx

= HK” (X(n) - X)HLOO(Q) (ﬂ Ha” — Uk (X(n))‘

o+ 7 () ) Tl

L2(
(4.3)
< lleall ey | (X =) (5 gl ooy + (B + @) s (x)] Hm)) o211 0
n _ B+o
< lonlumqon (07 = )1 g (Bl ey + 8+ 0) = Ny ) ol -
The Corollary of Laz-Milgram implies the estimate
1
(n)y _ - (n) _
o) = 0000 1 0y < sy Wl X = N
B+ _
(n) _
= O HX X‘ LY(Q)

Recall that wug (X(”)) € H(Q) for all n, since Theorem (3.7) also holds for functions in
BV (£2,]0, 1]). Taking the limit n to co completes the proof. O

Next, recall the functional 7 (3.1), so before the proof of existence of minimum is presented,
some features of the cost functional 7 have to be ensured, i.e. boundedness from below of the
functional that guarantees existence of a minimizing sequence and continuity, such that together
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with the penalty term lower semi-continuity of the cost is ensured. These are all necessary for
using the direct method, see [1] p. 250, for proving existence of a minimum.

Lemma 4.2. Given Assumption (3.1). Then J is bounded from below and continuous for
x € BV (Q,4).

Proof. For boundedness from below, by definition J > 0. For continuity, take a sequence
(X(")) € BV (2, A;) that converges to x in BV and hence in L'. Linearity of K,, gives

7 (x™) = 70| :‘; El:/ﬂ (BE +6) fu (X)) =y
k=1
+ (O‘Knngn) + 5) |V, (X;(Cn)) |2 — (BEyxk + ) Jug (xx) — i |? (4.5)

— (@K pxk + €)|Vug (xx)|? dz

By adding the terms + (,BKnxén) + 6) lug (xk) — Gy|* and £ (aKnXl(Cn) + 6) |Vug(xn)|? gives

l
i (x) = 2100 =5 D [ B () = ) luwlo) — i
k=1
+aky, (Xg@) - Xk) Vg (xx)|? dz,

(4.6)
7 (\) — ) =13 [ (arn =+ 6) (Jur () = ] = o () = ) i,
k=1

5 () = 500 =5 3 [ (ard? +€) ([9md)f = 9 () )
k=1

With the help of the triangle inequality, (3.10) and Young’s Inequality for Convolutions for
r,g=o0and p=1
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\J1( ) Ji(0| <5 ZHK( _Xk>HL°°(Q)

(B luk0) = Bl + @ IV ) )

_1 ! n
=5 z_: lonll ooy [ = X L1 ()

(B + o) luk el + B 1172y )

1< n
<13 Vol ] ]

2
{001 (G2 Vol Sl |

min(e, §)

The differences J; (X(")) —Ji(x) for i = 2,3 have the form a?—b* = (a+b)(a—b) and together
with the Cauchy-Schwarz Inequality, see Appendix (A.17), (3.10) and HK”X’(:)HLOO(Q) < 1 for
k=1,..,0l and for all n € N and Lemma (4.1) implies

l

(8 +0) |Jueoor) — e (60”))

k=1

. { (Huk(Xk)HHl(Q)

N~

NG (x(")) - jz(X)' <

e ) s

_1y (n)
5 g 5 + 5)02 HXk — Xk L1(Q)

(st

min(e, J) HﬁnHL‘X’(Q) - ”aWHLw(Q))

and

T3 (X(n)) _ ‘ % Z (a+e HUk Xk) — Uk (Xl(cn)>‘

HY(Q)

o)

B+9
LY(©) “min(e, )

: <Huk(Xk)”H1(Q) + H“’f (Xl(fn)ﬂ

1 l
52_: HXk Xk (|t 77||L°° Q) -
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Finally, adding these three estimates leads to

|7 (x(”’) - J)| = % El: C Hx,(f”) - Xk‘ (4.7)
k=1

LY(Q)
and thus n — oo completes the proof. O

At the end of Chapter 3 the Total Variation was introduced as the penalty term such that
a minimum in a space of bounded variation can be obtained. But to avoid non-differentiability
of the penalty term at Vx = 0, a more general approach is used, i.e.,

Jr(x) = /Q VIVX|? + 7 da. (4.8)

where 0 < 7 < 1. This term is well-defined for x € WhH1(Q), see [12], where W1(Q) denotes
the corresponding Sobolev space. In this paper it was also proven, that the effective domain of
J- is indeed BV (2).

Theorem 4.3. Let Q be a bounded domain in R™, n € N. For any 0 < 7 < 1 and x € L'(Q),
TV(x) < oo holds if and only if J-(x) < oo [12].

Proof. Let x € LY(Q) and v € V :={v € CH(QR") : |v(x)] <1 Va € Q}, then it holds

/Q(—x div v) dx < /Q <—X div v +4/7(1 — |v|2)> dzr < /Q (—x div v ++/7) du.

By taking the supremum over v € V, it follows that

TV(x) < J-(x) < TV(x) + V7|Q. (4.9)
The proof completes due to boundedness of €. O

Theorem 4.4. Let 0 < 7 < 1, then J; is lower semi-continuous with respect to the LP-topology

[12].

Proof. Let (uy) be a sequence that converges weakly to some u in LP(€). Taking v € V, where
V is the same space as in the proof of Theorem (4.3), so div v € C(Q2) and thus,

/Q ((—a div v) + /7 (1 |v|2)> do= i [ <(—un div v) + /7 (1 — ]v|2)) i

n—oo

= liminf ((—u div v) + /7 (1 — ]v|2)) de  (4.10)

n—oo 0
< liminf J; (uy).
n—oo
Taking the supremum over v € V gives J,(u) < liminf,, o (uy). O

4.1.2 Proof of Existence of Minimizer y

After gathering all the necessary preliminaries, we are now able to prove existence of a minimizer.
Note that uniqueness cannot be guaranteed because of the apparent lack of convexity with
respect to x. Therefore, considering the algorithmic strategy we will start sufficiently close to a
minimum and then apply the proposed algorithm.
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Theorem 4.5. Given Assumption (3.1),y > 0 and let @ # 0. Then the functional J + ~J;,
0 <7< 1 has at least one minimizer in BV (2, A;).

Proof. First of all, Lemma (4.2) implies that J is bounded from below and so is J; because of
(4.9)
0 <TV() < J7(x),

and so J +~J; is bounded from below. Thus, a minimizing sequence (X(”)) € BV (2, A;) exists.

Furthermore, together with the lower semi-continuity of .J; the cost functional J (x) + vJ- (x)
for x € BV (Q,4;) is lower semi-continuous because J is continuous and J; is lower semi-
continuous. The next important step is to show that this sequence lies in a sequentially compact
set. It seems natural to choose the L!-topology but J. Lellmann stated in his thesis [3] that
this is too strong to actually find a minimum. So we choose the weak*-topology. Coercivity
of J + ~vJ7 with respect to the BV-norm will give the necessary upper uniform bound for the
minimizing sequence: Let (X(")) € BV (Q,4A;) with HX(")HI +TV (X(”)> — oo for n — oo. Since

X is bounded, so is |[x|| ;1 gy < 0o and therefore, it follows that TV (X(”)) — 0. Lemma (4.2),
(3.10) and HKnX(n)HLOO(Q) <1 for all n € N show that J is bounded, i.e.,

0<J(x) < Cllaf7aq (4.11)

and
Jr(x™) > TV (x™), (4.12)

so J(x™) 4+ vJ;(x™) = oo. Thus, it is coercive. Moreover, the minimizing sequence (X("))
is bounded in the BV-norm. Proposition (A.13) implies the existence of a weak*-convergent
subsequence (X("m)> C (X(")), such that the corresponding limit x* lies in BV (Q, A;). Since

J + ~J; is lower semi-continuous and BV (2, 4;) is closed with respect to L'-convergence, it
follows that

inf T () + 7 (0) T )+ () = liminf 7 (x")) + 4T, (X))

XGBV(Q,AZ)
(4.13)
—  inf J (x).
enirbay Y () +7J7 (x)
Thus, x* € BV (2, 4;) is a minimizer of the proposed functional.
O

Observe that the assumption @ # 0 was made because a simple black image is not of practical
significance, as the unwanted global minimizer is y = 0 and thus J(x) = 0 and so the iteration
process terminates immediately. We will later see, that the algorithm will strive for the global
minimum if the initial y( is not chosen properly.

4.2 The Proposed Algorithm

Finally, having proven existence of a minimum, it is now time to establish an algorithmic strategy
to actually compute it. Thus, a semi-implicit gradient descent procedure will be derived. First
of all, the gradient of the cost functional [J with respect of x will be computed. Therefore,

another result, namely g%(x;g; 5x) € HY(Q), k= 1,...,1, is needed. Secondly, other important

mappings will be established that form the algorithm.
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Finally, convergence of the iterative scheme will be proven with Schauder’s Fized Point The-
orem Version II. Therefore, Lemma (4.1) will play an important role, since it showed continuity
of the model functions uy with respect to x € BV (€, [0, 1]).

4.2.1 The Gradient of J with respect to

This subchapter is devoted to calculating an explicit formulation for the gradient of J (), since
it is essential for the gradient descent step. In the following Theorem it is shown, that luckily
the gradient has a rather simple structure and furthermore is positive.

Theorem 4.6. Let Assumption (3.1) hold. Then the gradient of J with respect to xy for
k=1,...1 reads as follows

VT (xk) = !uk (xk) = @y [*B + 5 quk (w) [P, (4.14)

provided that the directional derivative a“’“ (Xk’ 5x) € HY(Q) forallk = 1,...,1 exists and satisfies

0 Ouy,
/Q (BEpxk +0) (up — ) 8—12 (Xk;0x) + (Fyxk +€) Vuy - V (3X (Xk; (5)()) dx =0. (4.15)

Proof. First of all, the first variation of J with respect to xi for all k = 1,...,] and an arbitrary
perturbation dy € L*™(Q), dx > 0 is computed. Thus, J is everywhere Gateaux-differentiable.
Note that K,d0x € C*°(Q). Linearity of K, gives

P d
a—XkJ(Xk,éx) == (e +10X) |,

de/'“k (i + 16X) = @ ? (I (i + £9%) §+ )

+|Vug (xx + tox) |2 (Ky (X +tox) a + €) dx}tzo

_ . Oug
= | (o O 1930 = ) 5% (ks 00) (5 (i + £0%) B + )
1 ~12 1 2
+§|Uk (xk) — a|"BK,6x + §|Vuk (xk) ["aKydx

9
(K (xk + 10X) @ + ) Vg (x + 10x) - ¥ (azl’: (i) da

Oouy, 1 N
—/ ug (Xk) — Uy) 53— E (ka ox) (KyxeB + d) + 5’“k (xx) — un|26Kn5X

ou 1
+ (Kyxro +€) Vug (xx) - V (axz (Xk; 5)()) + §]Vuk (xx) |2aK,75X dx.

This equation can be simplified by using the condition (4.15), which is well-posed, provided
that g% (xx;0x) € HY(Q) and so the following holds

0 1 5 1
5 000) = [ 5k () = g PBK 0 + 5[V () o do

Finally, applying the Riesz’ Representation Theorem completes the proof. ]
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Before we continue with other important results, we perform some calculations, that will be
significant in proving some upcoming facts. Here, again we subtract (%j (ug; v)) (x) from

(%‘7 (ug; v)) (xx+tdx). Notice, that the same procedure was done in Lemma (4.1). Thus, the
calculation below will not be shown in full detail. Note further, that the following proofs will all
advance in the same pattern, namely with the help of Lax-Milgram and the already established
bilinear form ay, see (3.12).

0= (g7 ) ) (k105 — (T ) ) ()

& [ (BE 0+ ) (un (i +16) — e (1)) v
Q

(4.16)
+ (aKpxk + €) [Vug (xk + t0x) — Vug, (xx)] - Vo dz
= /QﬁtKncSX (T — u (X + t6X)) v — At KyoxVuy (xi + tdx) - Vo dz
Now we divide (4.16) by ¢t # 0 and the equation below holds,
[ BEapa+6) 5 e (001530 = e () 0
+(aRp+2) 9 (5 e Gt 10— 0u) )| - Vo o (2.17)

= /Q BE X (Ty — ug(xr + t0X))v — ok dx Vg (xi +tox) - Vo dx.

We will show, that it actually holds Eg% (xr;0x) € HY Q) for all k = 1,...,1. So firstly,
we will derive a suitable candidate for the directional derivative and secondly, show that these
two correspond. Moreover, some preliminary form has to be established, that helps finding the
candidate Dy, (Xk;6X)-

So we use a new system with the bilinear form ay,

ag (Du, (X3 0X),v) = /Q (BKyxk + 6) Dy, (Xk; 0x)v

(4.18)
+ (alyx + ) (V (D (xk;0X))) - Vo da
and a right-hand side by, for all k =1,....1,
bp(v) := /Q,BKnch (U — u (X)) v — K 0x Vuy (xi) Vo da. (4.19)

Note that g—;l’z (xx; 0x) cannot be calculated directly. Hence, its candidate will be determined
in a weak sense. Due to the fact, that the bilinear form is the same as in (3.12), certain features
are already known, i.e., it is a bounded and elliptic bilinear form.What is left to prove, is the
continuity of the right-hand side, which is linear in v.

Lemma 4.7. Given Assumption (3.1), there exists Dy, (xx;6x) € HY(Q) for an arbitrary §x €
BV (2,1]0,1]) satisfying

ar, (Dy, (&3 0%),v) = br(v) Yo € H'(Q). (4.20)
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Proof. Again, with the help of Laz-Milgram the solution of (4.20) is determined. As mentioned
above, the bilinear form ay(-, -) is elliptic and bounded, which can be reread in Chapter 3. Thus,
with the help of (3.10), it follows that

by (0)] :‘ /Q BI85 (T — u, (xi)) v — aKydx Vg, (x) - Vo di

<BIE X ey ity — 0t o) 20 0] ey
K0 e g [V 0 2y 1970 2

< (1Kl oo g2y (B N1l ooy + (B + @) k(i) Il e

<é|[v]l (e

with ¢ = | KX ey (B + (8 + @) et ) [l 120

min(e,0)

Hence, Lazx-Milgram guarantees existence and unlqueness of Dy, (xx;0x) € H L(Q). O

Thus, we have derived a proper candidate for the directional derivative of uy, for all k =1, ...1.
So we are able to show the following.

Lemma 4.8. Let Assumption (3.1) hold, then for all k =1,...,1

ug (xk + t0x) — ug(xk)
t

lim

t—0

HY(Q)

and thus 8“’“ (lefsk) identifies with Dy, (xx;dx) and so 8“’“ (Xk75k:) € H'(Q).

Proof. Therefore, we begin by subtracting (4.20) from (4.17). Hence, it follows

/ (BEpxk +9) (1 (uk (xk + t0X) — uk (X)) — Dy (Xk3 5><)> v
+ (aKyxk +¢€) V <1 (ur (x& +t0X) — ug (X#)) — Duy, (X1 5X)) Vv dzx
(4.22)

:/Q,BKnéx(uk(Xk + t8X) — (X))

— o 0xV (ug (X5 +t0x) — uk(xx)) - Vo do =: ZN)k(v).

The right-hand side can be estimated using the Cauchy-Schwarz Inequality, Young’s Inequal-
ity for Convolutions (again taking r,q = oo and p = 1) and (4.4) with xj, + tdy instead of x(™
and yg instead of ¥,

105 (0)] < el e () 10X 10y max (B, @) [k (e + £0X) = i (06| ra ey 191152
(4.23)
2 2
<tCy H5XHL1(Q) ||‘PnHLoo(Q) max (63, a) ||U”H1(Q) :

Thus, the final estimate from Laz-Milgram (A.5) implies the following estimate,
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ug(Xx + t0X) — ur(Xx)
t

1
- D) <G el X131 0 max(8, )
H(Q) c

where ¢ denotes the ellipticity constant of the bilinear form ax. Letting ¢ converge to 0 completes
the proof. O

4.2.2 Establishing a Proper Algorithmic Strategy

As the title suggests, we will finally merge certain pieces to create the iterative scheme for the
gradient descent approach. It is actually constructed of three mappings, which will be introduced
in the following. Now we take a step back and consider the minimization problem

i T (x). 4.24
XeBrg(lgﬁAl)J(va (x) (4.24)

An explicit formulation of V.7 (x) was already established, so our interest focuses on a
representation for a gradient of the penalty term J;.

Theorem 4.9. Given Assumption (3.1). The gradient of J-, 0 < 7 < 1 with respect to xy for
k=1,...,1 reads as follows,

o V Xk

if the right-hand side of (4.25) is in L?(2) and

Xk

= Q 4.2
n 0, ond (4.26)

Proof. Let dx € C3°(€2) and integration by parts provides

oJ. d
= (xk; 0X) = — tox)|2+ 7 d
axk(Xm X) dt/g\/IV(anL X2+ 7
B 2V - Vox
Q2V[Vixe +tox)P+7 i

V Xk Ok
=— | V| —L—-——10xd +/ —=0x dsg,
/Q <\/|V(Xk)!2+r> X o On X s

where % = 0 on 0f2 means the second term vanishes and thus, using Riesz’ Representation
Theorem gives the gradient of J;. O

Remark 4.10. What was not emphasized, was the fact that the gradient of J. does not nec-
essarily exist for any xx € BV (£2,1]0,1]). Since it is not possible to deduce Vxj € L>(2) with
standard reqularity estimates.
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Now to derive a proper iterative scheme, combine Theorem (4.9) and Theorem (4.6)to get the
necessary optimality condition a minimum has to satisfy, multiply it with a parameter w € (0, 1)
and reformulate it.

0=VJI(X*)+VI(x")
& —wVIKX) =wyVJI(x")

(4.27)
& X —wVI () = (1d+wVJr) (x7)

& X'=({d+wV) T (- wVIT (X))

As already mentioned, a semi-implicit gradient descent strategy will be performed. Thus,
the basic iterative scheme reads as follows

D ( VX ) — ™ _ % (Blu (xt) = @ [* + o Vu (M) [*) . (4.28)

VIVXOHD2 + 7

Since we are interested in deriving an algorithm in a continuous setting and recall Remark
(4.10), we will slightly change the formulation above. Therefore, the mollifier K, is applied to
x™ in the denominator of V.J,. Later on we will see that this even gives solvability in H'(Q)
for the update. So we have

. \V/ (n+1) . . ~ "
ey (\/’VK:X(N)P—FT) =X =5 (Blu (x™) = +alVu () ). (129)

For the sake of notational brevity, we define the following function
L2(Q)) — L2(Q),
G := w -2 2
X = x =% (Blul) = ayl* +alVu () ),
and the operator F(x): L?(2) — H'(9), which satisfies
ar(F(x)g,v;X) = (9:0)r2(), Yo € H'(Q), g € L*(Q), (4.30)

where a; denotes a bilinear form which will be defined later in (4.42). So the minimum has to
satisfy the condition (4.27). However this does not necessarily mean that x* is an element of
BV (Q,4;). In computational reality x*(z) < 0 and x*(z) > 1 for some z € 2 can hold, since
w € (0,1) cannot be chosen small enough, and thus there exists = € © such that G(x*(z)) < 0.
The actual problem that arises concerns violating ellipticity of (3.12) and thus existence and

uniqueness of the model functions w; for £ = 1,...,] cannot be guaranteed. Therefore, we
introduce the mapping T that cuts G such that it has range in [0, 1]. It is defined as follows
L*Q) — L*Q),
I= { v = 1—max(1—max(v,0),0). (4.31)

Hence, the fixed point mapping that is described by a semi-implicit gradient descent step is
defined as follows

o < (49) = [F (1) o7 ] () 4
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So we are able to propose an algorithmic strategy. Choose the input parameters according
to Assumption (3.1), 0 <7 < 1 and w € (0,1). Note that this was designed in a more general
way, since the update is not an element of BV (Q, ), i. e. characteristic functions will not be
computed right away. The final refinement such that the outcome will in fact be in BV (Q, )
will be introduced at the end of this chapter, namely the Modified First Max approach.

Algorithm 2 Semi-Implicit Gradient Descent Method for Functions with Range [0, 1]

IHPUt: X(]’ﬂva?ﬂagvda’yvpanma17wal
2: Output: y,u

Set 0 T iy
. n+1 n
4: while ka - X ‘ L) > pand n < Ny do
for k=1,....l do
6: Calculate uy, satisfying

-V [(Knxgl)oz + 8) Vuk} + (ﬁKnx,(gn) + 5) up = (ﬁx,(cn) + 5) Ty,

Compute X,(JLH) = [F (Knxl(c")) oT o G} (X,(:)) .

4.2.3 Existence of a Fixed Point

In the last section, the iterative scheme was presented which describes the update of x. Therefore
existence of a fixed point of

®(x) = [F (Kyx) o T oG] (x)

will be shown in this subsection. For that reason continuity of this composition will be proven
at first.

Theorem 4.11. Let Assumption (3.1) hold, w € (0,1) and recall
1 - 1
Glxw) =i = w (5l (ce) = 8 + 5[V () P ). (433
Then G is non-expansive and continuous, i.e.,
lm {|G (xx + 0x) = GOxk) | 2(0) = 0- (4.34)
Proof. Denote
Gr(xr) = lur(xw) — @y,

Ga(xk) = [Vur(x)?

Let xx, xr + tox € BV (£,]0,1]) for ¢ > 0 and some perturbation dx € L*(2). Denote that
BV (£,]0,1]) is continuously embedded in L?(2), see Appendix (A.8). So by the triangle in-
equality, the following is obtained

wp
|G (xk +tdx) — G(Xk)Hm(Q) <t H5XHL<>OQ) + 5 |G1(xx +tdx) — Gl(Xk)HL2(Q)

aw
+ 5 1G2(xk +10%) = Ga(xk)ll 2o
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Both G;(xk +t6x) — Gi(xx), i = 1,2 have the form a? — b* = (a — b)(a + b) so we are able
to reformulate them such that

1G1(xk + t6x) — G10xw) | 20y < e (e + t6x) + ur(Xi) = 2iy |l oo o
k(e + t6x) — ue(xw)ll 20
< ([l Otk + 103 | o 2y + i Ok | ey + 2 gl o )

Nug (xx + tox) — Uk(Xk)HHl(Q) )

and

«
1G2(xk + t0x) = G2l 2@y <5 VRO +0X) + V()| oo o)
IV (ot + 10%) — () 120
(6%
<5 (Ve + 1820l o) + 1 Vur (i) | )

g (xx +tox) — uk(Xk)”Hl(Q) )

Since u, € C*°(Q) for all k =1, ..., and 4, € L>(12) the estimates hold for all x; € BV (2)
il ey < 1
[ ()| Lo () < 00,

[IVuk Oc) | oo () < 00

Finally, with the help of (4.4), with yy, + tdx instead of x(™) and yy, instead x, the assertion
is valid for some c1,co > 0 and for the limit ¢ — 0,

w
IGO0 +10%) = GOx) L2y < tlIoXII (@) + 5 (Ber + ace) luk(xn + 80X) — uk(xi) | (o)

w
< 10X ey <1 + 0% (Ber + a62)> .

O]
Theorem 4.12. The map T is non-expansive and thus continuous in L*(£2).
Proof. Consider the map h(v) := max(v,0) for v € L?(Q2). Firstly, we show
1ho1) = bl 2@y < o1 = eall oy o102 € L2(9). (135)

This will be achieved for two cases.
1. Case: vi(z)va(z) < 0 for some z € Q, i.e., vi(x) < 0 and va(z) > 0 (or vi(x) > 0 and
va(z) < 0). Then,

max(vy(z),0) — max(vy(x),0) = —va(z)

(or max(vi(z),0) — max(ve(x),0) = vi(x)).
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Since vi(z) < 0 and va(x) > 0, the difference |vi(x) — va(z)| is greater than | — va(x)|. Also for
va(x) < 0 and vy (z) > 0, |vi(x)| < |vi(x) — va(x)| holds and thus,

[h(v1) = h(v2)ll 2 () < llor = v2ll 2y -

2. Case: vi(x)va(xz) > 0 for some z € €, i.e., vi(z) > 0 and ve(x) > 0 (or vi(z) < 0 and
va(x) < 0). Then,

max(vi(x),0) — max(va(z),0) = vi(z) — va(x)
(or max(vi(z),0) — max(v2(x),0) =0—-0=0),

and thus,
[7(v1) = h(v2)ll 20 < llvr — vl p2(q) -
Then it follows,

1T (v1) = T'(v2)l L2y = 1T — max(1 — max(v1,0)) — (1 — max(1 — max(vz,0)))l| 12 ()
< |11 — max(vz, 0) — (1 — max(v1,0))]l ;20 (4.36)

< lvr = vall 2 gy -

Thus, T is non-expansive. Now, take a sequence (v,) which converges to some v in L?(Q),
since (4.36) holds, continuity follows immediately. O

Now, define the following set
K:= {X € L*(): 0< x(z) <1 for almost every z € Q} : (4.37)

Recall (4.29), it is easy to see that applying F'(K¢x) to T(G(x)) is equivalent to solving the
upcoming minimizing problem, which will be proven in the following Lemma,

o ) Vo2
min 7/ 10 —T(G(x))|* +yw dx (4.38)
oek(@) 2 Jo V(KR +7
with the necessary optimality condition
0— / (0= TGO+ 7wl N g o e HY(Q). (4.39)
@ IV(EX)P? + 7

Further note, that in the following proofs the index k will be dropped since the various xy
do not depend on each other and the procedure for computing x; is the same for all k =1, ..., 1.

Lemma 4.13. Given Assumption (3.1) and let 0 < v < 1, w € (0,1) and assume x € K. Then
(4.38) has a unique solution in H'(2) and we write the solution operator as§ = F(K:x)T(G(x)).

Proof. First of all, since K¢x € C*(12), it holds that |V(K¢x)| is bounded. So we estimate

V£ VKR +7 < | IVEO ey +7 = (4.40)
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and thus,
1 1 1
< < = (4.41)
: IVIEx))P+7 VT
and define a bilinear form a; and a linear functional b
Vo - Vv
a1(0,v; ::/9v+ Ww————-—d
1( X) 0 v N
(4.42)
/T Ju dx.
So we apply Laz-Milgram to
a1(0,v; Kcx) = b(v), Yve HY(Q). (4.43)

We start with showing boundedness and ellipticity of the bilinear form a; using (4.41),

wy
a1 (6, v; Kex)| < 1101 20 101l £2(0) +2X 7 ||V9HL2 ) IVl 20y < (1 + \ﬁ) 1011z 101l 120
(4.44)
and

a1(0,0; Kox) > / 0> + <7 V0 dr > min ( ) 1012 (4.45)
Q

Concerning boundedness of the right—hand side of (4.43), recall T(G(x)) € L?() for all x € K,
since ug € C°°(£2) holds and thus T(G(x)) € L*(Q)

b(v)] < TGO 2@ 10 L20) < IT(GON 20 10110

Hence, there exists a unique € H'(Q) with

1
161 171 () <

min (1, 9w/%) TGO 20 - (4.46)

So, the corresponding operator is derived as follows. The minimum has to satisfy the neces-
sary optimality condition (4.39)
Vo - Vv

0= [ (6-T(G v+ w dz, Yve HY(Q).
ey o rres e H'(®)

Integration by parts leads to

\Y
TG vdr= [ v —ywV - vdz, Yve HY Q).
| 60w de = [ 00—~ ( ST +T) e H'(®)

Recall (4.30) and thus we have

(T(G0)).0) o) = (FE)00) -

Now, using Fundamental Lemma of Variational Calculus (A.3) gives
0 = F(Kx)T(G(x))-

Due to a Corollary of Laz-Milgram this operator on the left-hand side is unique and F(K¢x)
maps onto the unique solution.

O]
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Theorem 4.14. Given Assumption (3.1), then ® is continuous, i.e.,

iy =0 (4.47)

lim H<I> (X(”)> —®(x)

n—oo

where ™, x € K for alln € N and X" — x in L? for n — .

Proof. Recall that ®(x) = F(K¢x)T(G(x)) and thus, it is a solution of (4.39). Therefore,
define 0, := F (Kcx™) T (G (x™)) and 0 := P(Ko)T(G(x)). The proof will follow the
same pattern as Theorem (4.1), so we will show that [0, — 6| ;2(q) — 0. Considering (4.42), we
simplify the following

0= /Q 00— 0) — (T (G (X)) - T(G (1)) da

Ve, Y
+'yw/ — - Vo dx
Q \/]VIQX(”)P +7 \/]VKC)C\Q +7

By adding zero, we get

| ot 9—9+7/W_W VY gy

VK 247
2 \/[VEx™) )

:/QU (T (G (X("))) -T(G (X))) + wyA, VO - Vo dx =: b(v),

where
1 1

\/]V (Kex) 12+ 7 \/]V (Kcx™ )\2+T

To determine, if A, converges, (4.40) gives

Ap(x) =

V (Eox™) ‘2 — IV (Ex)I?

Ap(z) <
(VIV Eex®) P 7+ IV B0 4 7) IV (K@) IV (e P 7
<57 (¥ (Kax®) | =19 (e 1) (|9 (Kex®) [+19 (00 )

Now applying Young’s Inequality for Convolutions for r = co and p,q = 2 and x, x™ <1
almost everywhere leads to

1
[4nllzoe(@) < 71902 19l oy [ = x (4.49)

L2(Q)

— 0 for n — o0, it holds

Since HX(”) - X @)

Jim | An|[ oo ) = 0 (4.50)
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The left-hand side of (4.48) resembles the bilinear form a;(6,, — 6, v; x(™), see (4.42), and
thus it is continuous. Concerning ellipticity, the constant should be independent of n. Therefore,
we take a look at the following

1 1
VIVEX®PR+7  ([IVEX2+7

Ay (z)

1
> - o -
2 — = [l Anll o0 0

We already know that A, converges to 0 in the L*°-norm and thus for a sufficiently big

n € N it holds for & > k.
1

VIVEX™2 + 7

1
TR
and hence, uniform bound holds, i.e.,

) w
ai (v,v;x(")) > min (1, F;) ||U||H1(Q) :

What is left to prove, is uniform boundedness of the right-hand side, together with || T(G(x)) | 12

1Q|1/2 leads to

B(©)] < ol g1 {HT (6 (X)) = T (G 0| oy + 7 1 Anll e HenHlm)}

<ol {7 (¢ (x™)) - TG ()

1
min (1, yw/kK)

L2(Q)

+ w7 | 4nll 1o 0 IT(GO 20 §

<ol {7 (¢ (x™)) - TG ()

L2(2)

1 1/2
+ wY [[An| Lo ) W’Q |}=

where (4.46) was used. From the estimates above it follows that

1
0, — 0| S 0, — 0.0, —0: y™
|| HHl(Q) = min (1’70}/%) UGS}IIJE()Q) ai ( ) ' X )

1

= min (1, yw/R) (4.51)

{Ir (6 (x)) -r@ )|

) 1
+wy [ Anll () min (1, yw/k)

@) 16r = 0l g1 ()
Q26 } 116, = 01l 111 -
Now we divide by [|6n — 0| ;1 and since [0 — 0] 12y < [|6n — 0l g1(), (4.50) holds and

T o G is continuous in L?(£2) the right-hand side of (4.51) converges to 0 and thus, the proof is
complete. n

<
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Now we are able to give a full proof concerning convergence of our fixed point operator ® in
the following Theorem.

Theorem 4.15. Given Assumption (3.1) and let 0 <7< 1, w € (0,1) and
K::{xELZ(Q): 0<x<1a.e. mQ}

Then ® has a fixed point in K.

Proof. This proof will be done with Schauder’s Fized Point Theorem Version II. Therefore, it
is necessary that ® is continuous, which was already proven in Theorem (4.14). Furthermore,
the set K is indeed convex, since for A € [0,1] and x1,x2 € K

0<Axi(z)+ (1 =XNxo(z) <A+ (1-XN)=1

holds almost everywhere in 2. In addition, K is closed. Take a sequence (X(")) C K that

converges to some y in L?(). Convergence in L? implies existence of a point-wise almost
everywhere converging subsequence (x) C (x™). Hence, it follows that

IX(@)] < IX(@) = Xmy (@)] + X (2)] < X (2) = X, ()| + 1,

taking the limit [ — oo gives |x(x)| <1 and of course, if x,, () > 0 for all [ € N then x(z) > 0.
Moreover, we have to show that ® satisfies (k) C K. We already know that the problem
(4.38) has a unique solution in H'() and thus, ®(K) C L?*(Q) holds. Take x € K, then
6 = ®(x) is a minimizer of problem (4.38). Since for T'(G(x)) it holds 0 < T'(G(x)) < 1 almost
everywhere, it is shown that also 6 satisfies 0 < # < 1 and thus 6 € K. For a similar result, see
Theorem 6.95 in [1].
Define 6* := min(1, max(0,6)). Let x € Q, then for #(x) > 1 it follows that

10" () = T(GO)) (@) = 1 = T(G())(z) < |0(z) = T(G(0))()]-

Also for §(z) < 0 we get |0*(x) —T(G(x))(z)| < |0(x) —T(G(x))(x)| and hence, these estimates
imply

5 |17 @) — TGO @) do < 5 [ 16() - T(GO0) @) do (4.52)

Furthermore, since § € H'(Q) it also gives V8* = V6 almost everywhere in {0 < 6* < 1}
and VO* = 0 almost everywhere outside of {0 < #* < 1}. Hence, the following holds

*|2 1 2
/ Vo] dzx < f/ V6l dz (4.53)
2Ja \ [N(KooP + 7 2Jo | JIV(Kx)2+7

and thus we get

L[y Vo
— [ |0°(z) -T(G )2 + w dz
2 Iyl @) = TEN @ + e e
(4.54)

<= 0(x) —T(G z)|? w ver dx.
<3 Q| () =T(GX)) ()" +~ S Ko 1
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Because # was proven to be the unique minimizer in H'((), it follows that * = 6 almost
everywhere. The statement follows from the definition of 6* and hence 6 = ®(x) is an element
of K.

Last but not least, the following condition has to be satisfied, i.e. ®(K) has to be rela-
tively compact. Therefore, for x € K and § = ®(x) we already know the following, since
IT(GON 2y < 1212,

1 1

191171y < TGO (@) <

min (1, wy/k) min (1, wy/k)

The above result implies boundedness in H'(f2) of the sequence {<I> (X(”))}Oo E Since

n=
o0

Q C R? is bounded, H'(Q) is compactly embedded in L?*(2) and thus, {<I> (X(”))} . has
n=
a convergent subsequence. So ®(K) is compact in K and hence, there exists a unique x* € K
such that ®(x*) = x*.
O

Concerning, if the fixed point is actually a minimizer. We consider it the other way round
in a heuristical way. Assume x; € BV (£,[0,1]) is a minimizer that satisfies the optimality
condition

VI (Xk) + VI (xk) =0,
which leads to
F(xi) ™' = G0x)
and that G(xj) has range in [0, 1] such that the mapping 7' can be omitted. Plugging this
equation into the fixed point mapping ® for T'(G(x})) gives

D(x;) = F(Kexi)F () ™ ()

For ¢ — 0 it holds | K¢x} —XZHLQ(Q) converges to 0, see [0] p. 30, and thus xj satisfies
®(x%) = X} i-e. the minimizer is a fixed point.

4.2.4 Modified First-Max

Unfortunately, the computed minimizer x* cannot likely be considered a set of suitable charac-
teristic functions. A minimum was proven in the relaxed set BV (2, 4;), where y; was allowed
to have range in [0,1] for all & = 1,...,] with 3% _; xx(z) = 1 for all z € Q. But how do we
transform x* to a set of proper characteristic functions?

Therefore, J. Lellmann proposed a method called Modified First-Maz to map the minimizer
from BV (©,A;) to BV (©,€). This heuristic rounding scheme selects the label k at the point
x € Q corresponding to the nearest unit vector with respect to the chosen norm,

2} . (4.55)

Moreover, this formula can be generalized by using non-uniform distances or choosing any
normalized vector instead of eF. It performs better in practice than the First-Maz rounding
scheme, see [3] p.117.

So for the algorithm we will start sufficiently close to a minimum and after it has finished,
the Modified First-Max strategy (4.55) is applied to get a suitable set of characteristic functions
and then recalculate the various model function of u to get the approximation of the raw image

u.

k‘l

k(x) = min {arg k'eI?li? ) Hx(x) —e
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Algorithm 3 Semi-Implicit Gradient Descent Method to Compute Characteristic Functions

Inp]-It: XOvﬂa a)ﬁvea 6775 pvnmaxawal

Output: y,u
3: Set n = 1( ) )
. n+1 n
while ka - X ‘ L@y > pand n < Ny do
for k=1,...,l do
6: Calculate uy satisfying

-V [(Knx,(g")a + 8) Vuk} + (ﬂKnx,(:) + 6) up = (Bx,({;n) + 5) Ty

Compute X,(:H) = [F (KnXi(gn)) oT o G} (Xgﬁn)) .
K@ e}

Compute k(x) = min {arg mingeq,. 1y ‘




Chapter 5

Numerical Approximation

This chapter focuses on the numerical consistency of the proposed method. Therefore, the
discretization of Algorithm (3) is developed relying on the Finite Element Method. However, a
suitable approximation space has to be defined first. Secondly, we establish a unique discretized
solution for the model function u; and the update of yg, namely 0 for k = 1,...,1. Thirdly,
we prove that these numerical approximations are consistent. To give a sneak peak the most
important tool to achieve this will be the First Strang Lemma. For the sake of simplicity only
quadratic images with N x N, where N = 256, are considered. Also as Chapter 2 already
pointed out, only grey scale images will be of interest.

To begin with, we use the space of splines as our approximation space. Thus, it is initially
defined in one dimension and extended to two dimensions using the tensor product. Let I be an
interval, for our sake I := (0, 1), and partition it into equidistant intervals, called I; := (z;_1, z;)
with nodes x; := ih for i = 0, ..., N and stepsize h = 1/N, which also form the grid for the finite
element method. Hence, the space of splines of order g reads as follows

SI(I) = {s € PY[wi1,23)) : s€CI(I), i=1,2, N} . q=0,1,.., (5.1)

where PY([z;_1,z;]) denotes the space of polynomials with degree at most ¢ defined on
[zi—1,2;]. Now denote the canonical splines of degree ¢, which are defined by the convolution,
i.e.
(%) = (mg—1 % 70)(),
where
mo(x) = 1, 0<x <1,
071 0, otherwise

Thus, the splines that form the basis of S/(I) read as follows, see also [3],

_ T — I
Sg(ﬁnJri(x) = Tg ( h > )

fori = —q,—q+1,...,N — 1. Regarding the two dimensional setting, note that our domain
Q = (0,1)? can be rewritten as a tensor product, i.e. = (0,1) ® (0,1). Therefore, the same is
done concerning the space S7(Q) with its base splines

N-1
@\ T-% Y=Y
{SU }i,j:—n o {wq < h ) T < h >}i,j:—q'

41
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Note that dim (S{(I)) = N + ¢ and thus, dim (S}(2)) = (N + ¢)?. We rearrange the basis
(q)}(N +q)*

i fij=1 "~

Now we are ﬁnally able to define the spline representation of any real-valued function f. Denote

splines such that they have lexicographic ordering, i.e. the base of S/(§) reads {s

by {fij}; N+1q the values of the function f on the various nodes, then

N+q

fn= fijsl('?)-

i,j=1
To approximate the model functions uy the space of linear splines is chosen, i.e., S}IL(Q) As
a side note, the canonical linear splines have the following form

z, 0<z <1,
m(x)=<2—2, 1<x<2,.
0, else,

Furthermore, the space of constant splines S,?(Q) is used to approximate the characteristic
functions i and the data @. Thus, the spline representations and their coefficients read as
follows,

N+1 —
k ) N+1
Up = Z Uij Sig's Uk = {U }z_7+:1’
ij=1
k k,h _(0) khyN
Xhn = Z X E] ) qk = {Xz] }i,j=17 (52)
,j=1
N
- ~h N
Z aysy, = {afo
The following Lemma will accompany us throughout this chapter, compare [11]. The results

are presented without proof, but for the readers interest these can be found in [17] and [18].

Lemma 5.1. 1. Leti,j € {1,...,N +q}, then s(q)( ) >0 for all x € (z—1,2;) ® (yj—1,Y;)
and s(q)( ) = 0 outside of (vi—1,%;) ® (yj—1,y;). Moreover, ZNJrq q)( ) = 1 for all
7 € (21, 71) @ (4j-1.)-

2. Let w € H™(Q) and uy, be its spline interpolation. Then there exists a constant C' > 0,
that only depends on m, such that the following estimate holds

2 6mu 2 %
[ = wnll ooy < CR™ [ X055 : (5.3)
i=1 i 1L2(Q)

3. Let q € {0,1,...}, then the splines {S}(Q)}, are dense in H(Q). The space HY(Q) is
associated with L*(9).

Observe that 0 < x¥ <1 almost everywhere in (2 still holds by Lemma (5.1) since xF(z) =
Z” lxkh (0)( ) < Z” 15” ( ) =1forall z € (zj—1,2;) ® (yj—1,y;) fori,j =1,...,N and
x5 (x) > 0 since yx(z), Ej)( ) > 0 for all z € Q. In addition, |Q\UZJ (@i, ) ®(yj-1,95)| = 0,
i.e. its measure is zero, holds and thus, 0 < Xh < 1 almost everywhere in €.
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Lemma 5.2. Let Assumption (3.1) hold, then

ok _
o HXh X’“) 2y = (54)
}lig(l) @, — aUHLOO(Q) =0, (5.5)
. k B
I Huh B ukHLOO(Q) - (56)

Proof. Applying Lemma (5.1) gives the desired results. Note that we used it on the mollified
data ﬂz instead of 1y,. O

Having gathered the essential results from spline theory, we continue analyzing Algorithm
(3). Recall that we are interested in solving the optimality systems (3.8) and (4.39). Therefore,
we show well-posedness and convergence of the FEM-models.

Figure 5.1: The canonical B-splines: The constant (¢ = 0, blue), linear (¢ = 1, green), quadratic
(¢ = 2, red) and the cubic splines (¢ = 3, pink) are presented.

5.1 Analysis of the Finite Element Method for the Proposed
Algorithm

Starting with the discretized version of the model functions u for k = 1, ..., [, we prove that there
exists a unique solution qu € S}L(Q) and then show that the spline approximation is consistent.
Therefore, we use the First Strang Lemma. Also numerical consistency of the gradient descent
mapping G will be proven as well as for the mapping 7. Finally, in this section we will also
show that there exists a unique discretized solution 6, € S}(Q) of (4.39) and also that the
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approximation is consistent. Once more, this will be achieved by using the First Strang Lemma.
Then the numerical updating process of x will be completed.

Theorem 5.3. Given Assumption (3.1) and let k = 1,...,1. Then there exists a unique solution
uf € SH(Q) satisfying

af (up, vp) = 1 (vp), Vo, € SHQ), (5.7)
with the bilinear form
a¥ (up,vp) == /Q(aKnxﬁ + 8)Vuy, - Vo, + (BEKyXF + 8)upvy, da (5.8)
and the right-hand side
IF(vp) == /Q(ﬁKnxﬁ + d)a) vy da. (5.9)

Proof. This proof will be concluded with Lax-Milgram and proceeds analogously to Theorem
(3.7). Therefore, boundedness follows from

af(un, vn) < max {(5+ ), (a+ )} |uf| . o onllin)

and ellipticity from
af,(vn, vp) > min (8, €) [|vnl| g1 g -

Now boundedness for the right-hand side holds since
|15 (vn)| < (B + ) @3 £ gy 1onll i ) -
Thus, Laz-Milgram guarantees existence and uniqueness of the solution uf € S}(€). O

Before we proceed with the other discretized variational models, we present the Lemma
that will play the most important role in two of the upcoming proofs. Since our finite element
approach is non-consistent, i.e. aj # a, this result is the best we can get.

Lemma 5.4 (First Strang Lemma [19]). Let u € HY(Q) be the solution of a(u,v) = b(v) for all
v € HY() and uy, the solution of ap(up,vy) = by(vy) for all vy, € SH(Q). Let wy, € SH(Q) be
arbitrary and suppose there exist constants C1,Co > 0 that are independent of h such that

ap(up, — wp, vp)
Ch ||un — wh||H1(Q) < sup Tonll :
v ESE() Rl HL(Q)

(5.10)

and
a(u,vn) < Colull gy [vall g1 (o) (5.11)

for allw € HY(Q) and v, € S}(Q). Then u and vy, satisfy

|br.(vr) — b(vp)]
llu — up| <— su
O = esiy ol

) 02)
f 1+ = —
o (e el 612

1 _
+ = sup la(wn, vi) — ap(wh, vp)| }
C1 vesi (@) vl g o
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Proof. Let wy, € SL(2). Since SE(Q) C HY(Q), the equation a(u,vy) = b(vy) holds for all
vy, € S}(Q). Furthermore, ap(up,vs) = by (vy) for all v, € SE(S2). Thus,

ap(up — wp,vp) = a(u — wp, vy) + a(wy, vp) — an(wn, vy) + bp(vy) — b(vy).

Now by dividing by [|va|| g1y and taking the supremum over all v, € S7 () leads to

sup ap(up — Wh, vp) sup ap(u — wy, vp)
mesi@  nllgie)y " uesi@) lvnlla o
+ sup b (vn) — b(vn)| 4 sup |la(wn, vi) — an(wh, va)|
mesi@  vnlla o) ) lvnll g (@)

Then the assumptions (5.10) and (5.11) give

C lun — will g1 o) <C2 llu — whall 1o

_ _ (5.13)
+ sup bn(vn) b(vh)|Jr sup la(wn, vy) — ap(wp, vy)|

mesi@  vnllmq) ) vl g o

Combining the above estimate (5.13) with the following which is obtained with the help of the
triangle inequality

[ = wnl g0y < Nl = wnll ) + lun = whll i)

leads to
Co
[ = unll g1y <llw = whllgrq) + c lu = whl g1
L sup b (vn) — b(vn)| L sup |la(wp, vi) — an(wh, va)|
Clyesi  lvnllgg) C1 yesi (@ [vnll g (@)
So, taking the infimum over all wy, € S} (£2) proves the assertion. O

Theorem 5.5. Given Assumption (3.1) and let k =1,...,1, then

e Hui B UkHHl(Q) =0 (5.14)

Proof. Let uf € SL(Q) be the solution of the variational equation af(up,vy,) = IF(vy) for all
vy, € SE(R), recall (5.7), and uy, the solution of ay(u¥,v) = Ix(v) for all v € H*(Q). So to begin
with, the two requirements of the First Strang Lemma will be proven. The first one is already
valid considering that the bilinear form ay is elliptic, i.e.,

C lup, — wal| g1y < an(uj, = wn, uh = wn) sup an(uj, — wn, on)
= [ whHHl(Q)  weSLQ) [onll g1

where C' > 0 is the ellipticity constant of (3.12). The second condition follows from

ak(uk, va) < |ag(ug, vp)| < max {(8 +9), (o + )} lurll g (o) [lvall grq) -
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since max {(8 + ), (a +¢)} is clearly a constant independent of h. Thus, the Strang Lemma
holds, i.e. there exist constants C7,Co > 0 that are independent of h such that

k _
1 sup |15 (vn) — Lk (vn)|

@ ~C1 yesiy  Nonllme

k
Jok =]

. Cy
f 14+ —= —
e () = iy (5.15)

’LU}LES}L

1 _ .k
+ L s |ag (wh, vi) — ag,(wh, va)|
C1 ppesi(@) ol g

Now we continue by estimating the following by adding zero

thton) — (o] = | [ [(35k + 9)3 — (B + 81| wn o

< [ 1Bk + 0)(@ = enl +aen B — o) da
< (B+0)|ay — 2~Lh||L<><>(Q) ||Uh||H1(Q)
+ ||ﬂ77||L00(Q) B HKWX;CL - KnXkHLOO(Q) ||Uh||H1(Q) ‘

We divide by [|va| g1 () and taking the supremum over all vj, leads to the estimate

|15 (vn) — L (vn))| . _
sup < (B+6) ||a, — UZHLOO(Q)+”U17||Loo(Q) e HKnXﬁ - KnXk:H
v, ESL(Q) HUhHHl(Q)

peiy (316)

Considering the third term, it holds
Jax(un vn) = af (wn,vn)] < | 18 (Ko = Koxe) wnen,
+ ‘a (Knxﬁ - KnXk) Vuwy, - Vvh’ dx

k
< max(8, @) [ Koxf — Ko o Tl oy lonlin o)
Analogously to the above result by dividing and taking the supremum over all v, we get

k
ap\Wh, Vp) — Gp\Wh, Up
sup 1l t) Z 0o 0] (5 0) [ — Koo Tl - (5:17)
v EeSL(Q) [vnll g (o) )

So (5.15) can be expressed as

R e (RSO P

(5.18)
+ [l oo () B HKWX;?, - KnXkHLOO(Q)} + F(h),
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where

. Cs
0= (4 6 vl

(5.19)

a max (3, « HKnXh Knxk"Loo(Q) ’whHHl(Q)} .

Since uy € H1(2), there exists an interpolation Z,ui € S} (). Note that Zuy differs from

ul, since uf is the solution of the discretized variational formulation af (uf, vy,) = ¥ (v;) whereas

Thuy, is the spline interpolation of ug. Hence,

Cy 1
Fih) < { (1 G2 ) Nk = Toall oy + - meax(8,) [ Bk = Ko g [Tl o

holds and with the use of the triangle inequality
[ Znurll g0y < 1 Znuk — ull gy + 1wkl o) (5.21)

and applying the second assertion of Lemma (5.1) gives

1
2 2
LZ(Q))

+ a max (3, « HKnXh nXkHLoo(Q) Csh (:

82uk
9.2
Ox;

F(h) < (1 + ) Csh (ﬁj

9w, 2 3

- + [l g2
2 H(Q)

Ox; L2(9)

(5.22)

Then Young’s Inequality for Convolution for r = co and p,q = 2 gives

| ok — Knxzf\)mm < lleall 2oy |k — x o

Thus, (5.18) is estimated

k
ok =]

-

1 - 5 -
o Se {(ﬁ +8) (1 = @ || ooy + Il ooy B 2l 2y ||k — e

1
2 2 2
(14 2) e
i=1 L2(Q)

1 k
+ & max (83, @) [lenl 120 HXh R

82uk
2
Ox;

L*(Q)

2 2
82uk
+ Nkl g1 o)
L*(Q)

Ox?

7

osh (z

i=1

(5.23)

By letting h go to 0 the propositions of Lemma (5.2) complete the proof. O
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Now, we consider the update of Xﬁ- Therefore, we start with proving the following Lemma
which will be needed for G(xp) and thus, for the finite element approach of 6.

Lemma 5.6. Given Assumption (3.1), then

: E( k
}g(l) Hvuh (Xh> ”Loo(sz) < o0 (5-24)
Proof. This proof will be done by contradiction. Assume limy_,q HVU%(XZ)HLOC(Q) = o0, i.e.
there exists R > 0 such that for h small enough
k( k
vk (k) HLDO(Q) > R. (5.25)

Again, the optimality system for uy, recall (3.8) will be used, i.e. for all v;, € S}(Q2) holds
oK x5 +e) Vul (X5) - Vo + (BE,xF +6) uff (xF) v dac:/ﬁ”v KoxF+6).
/Q( nXh ) h (Xh) h (5 nXh > h (Xh) h o th h (5 nXh )

Inserting uﬁ (be) for vy, gives

A(Mg%+fﬂv@(%)f¢pzé(q_ﬂg@@)¢(%)@Kﬂﬁ+@.

The left-hand side can be estimated using (5.25), such that
5QR2</ ap —up (X)) uk (x5) (BEx5 +96) .
] A ( h T Uh (Xh)) h (Xh) (5 nXh )

Now adding zero and using (3.10), the right-hand side leads to the following
0k (k\) .,k (K k
(3= (x8)) wh () (95 + )
<(B+ 5)( 7, = il 2 ) + 1 = wr (i)l 2
k(. k
L2(Q)) (Huk(X’“) ~Un (Xh)’
<(B+9) [ |, = ﬂn||Loo(Q) + iy = we ()l 20

] U]uk(xk) —uf (x5)|

+ Huk(Xk) — uj; (xﬁ)\

iy 00 20

e ee) — s (x5) |+ kOl |

HHl(Q) HY(Q

. B+ .
< (8+8) 17 = tnll iy + (14 ey ) Il
B+d
0 = () s+ e gy 1ol

Letting h tend to 0, implies that the right-hand side is bounded, since @, — ug(xx), ur(X%) €
L?(Q) and Theorem (5.5) and Lemma (5.1) hold. However this contradicts our assumption

+ Huk(Xk) —uj, (Xﬁ) HHl(Q)

limyp,_¢ HVuﬁ(Xz)HLOO(Q) = oo at the beginning of the proof. Therefore, we get

fim [k ) g < o0

which proves the assertion.
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Theorem 5.7. Given Assumption (3.1), then

(5.26)

lim || G (k) = Glx)

=0
h—0 L2(Q)

Proof. We will proceed in a similar way than in Theorem (4.11), so again we denote the following
for G

G1(xk) = |ur(x) — G,
Ga(xk) = |Vur(xe) [,

as well as
Gi(xh) = [uk(xk) — @)%,

Ga(xF) = |Vup (x|

So by the triangle inequality, the following is obtained

+ L Ga0h) - Ga )|

|GOdh) = G|

12(Q) = sz B X’“‘ L2(Q 12(Q)

+ % HGz(Xﬁ) - G2(Xk)‘

L2(Q)

As in Theorem (4.11), both G;(x¥) — Gi(xx), i = 1,2 have the form a? — b? = (a — b)(a + b)
which again leads to

wh () = k()|

< ||k (k) + e () = 21ty

|61 0) = G0 oy <

‘Loo(sz) H L2(Q)
< ([ O]+ 000Ny + 2y

: HU]Z(XE) - Uk:(Xk)HHl(Q) ;

and
|20 = G0, <5 || TR OE) + Vs o,
[V (ko) = w0 |
<2 ([, g + 1700 e
kO = )| .
We know limy,_q Huz(x,’;)HLN(Q) < o0 holds since Lemma (5.1), uy, € C*(Q) forallk = 1, ...,
and

HUQHLOO(Q) < Huﬁ - ukHLoo(Q) + HukHLOO(Q) (5.27)



50 CHAPTER 5. NUMERICAL APPROXIMATION

give an upper bound. Also Lemma (5.6) guarantees limj_,o Hvuﬁ(X}fL)HLoo(Q) < o00. Also the

discretized data term is bounded for h — 0, i.e. limy,_o ||| () < 00, which follows from the
same argument as (5.27). For some ¢;, ¢ > 0 holds

|Gy = Gow)| @

Together with (5.5) and letting h tend to 0, the assertion holds true. O

120) = sz - Xk’ 2y % (Be1 + acy) Hul’f‘(xz) - uk(Xk)HHl

Theorem 5.8. Given Assumption (3.1), then
lim [|70cn) = TOO 20 = 0. (5.28)

Proof. Let x, the spline approximation of x € L*(2). Since {S}(Q)}, is dense in L*(), xp, is
an element in L?(2) as well. Hence, we apply Theorem (4.12)
IT(0xcn) = TOO L2y < lIxn = xllz2(q) -
Letting h tend to 0 implies the desired since { S} ()}, is dense in L*(9Q). O
Finally, we can prove existence of the discretized solution of (4.39) and that the numerical
approximation is convergent.

Theorem 5.9. Given Assumption (3.1) and xpn, € K, then there exists a unique solution 6, €
SHQ) which satisfies

Vo, - Vuy,
VIV X0+ 7

Proof. The conditions of Laz-Milgram will be verified to obtain existence and uniqueness of a
solution that suffices (5.29). Therefore, we use the following estimate

1 1 1
— <

= Si)
IV T T VT

/Q O on + dr = /Q T(G(xn))on dz, Yon € SHQ). (5.29)

where

VIV )P + 7 < IV Epi) oy +7 = 51
Letting vj, € S}(Q), starting with boundedness of the bilinear form gives
Vo, - Vuy,

dx
VIV xn)2 + 7

la1 (0, vn; Kexn)| i= ’/ﬂehvh + yw

wy
< max (1, ﬁ) 168 e lon 211

Ellipticity is achieved by
. w
a1(vn, vp; K¢xp) = min (1, 7) lonl 71 0 -
Kh
Last but not least, boundedness of the right-hand side is guaranteed since T(G(xz)) € L*(Q2),

bnon)|i=| [ TG Ow)on da| < IGO0 gz lonls oy

Thus, Lax-Milgram guarantees existence and uniqueness of 6, € S} (). O
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Theorem 5.10. Given Assumption (3.1), then
}Lii% 10 — 9”}11(9) =0, (5.30)
where 0 solves (4.39).

Proof. Let 6, € Si(Q) be the solution of (5.29). First of all, the two conditions of the First
Strang Lemma will be proven. To verify the first one, consider

1 1
VIV Eow) P11V (Eo) Pt

+ B(h)

with
1 1

)= — .
VIV Ex) P+ IV Ex) 2 +7

As in (4.49), we get the following estimate

B(h

1
B0y < 1001 Vel It = Xl
and so Lemma (5.2) leads to
lim [|B(A) |0 = 0. (5:31)

Considering (5.31), h can be chosen sufficiently small such that for a K > k
1
VIV Boxn) P+ 7

1 1
> = — IBW)|lyoeron > =,
>~ B0 i) = £

compare Theorem (4.14). Then it follows from ellipticity of the bilinear form that

>~ sup
16 — wall g1 (0 vhES] () [onll 71 0

) w a1(On — wp, O, — wp; Kexp a1(0n — wp, vi; Kexn
min (1, 7/?:) 116, — whHHI(Q) < ( ¢Xh) < ( ¢Xh)

The second condition follows from

1 (0,03 Kx) < lan (0,00 )] < e (12 ) 1015 oy ol o

where the constant max (1, %) is clearly independent of h. Thus, the Strang Lemma holds, i.e.
there exist constants C7, Cy > 0 that are independent of A such that

1 by (vp) — b(v
10 = Ol (@) <& sup | h’(’ h)” (v1)
1 v,e81(9) UnllH1(Q)

Co
v oinf {(1+> 0
e @) cr 16 = wh |l g1 (@) (5.32)
+i sup la1(wh, vp; Kex) — a1 (wn, v Kexn) '
C1 pes) (@) vl g o
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The first term can be estimated with (5.8)

bp(vy) — b(uy,
S U At ICDI IT(G(xn) = TGO 20y < 1G(xn) = GX) 2y - (5:33)
mesi@  Nvnlla o)
Considering the third term, it holds

la1(wh, vp; Kex) — ar(wn, v Kexn)

sup < wy |B(W) |l oo (0 lwnll g1 () - (5.34)
) lonll g1 (e
So (5.32) can be expressed as
1
16 = Ol 1 () < C 1G(xn) = GOl 20y + W(R), (5.35)
where
. Co 1
Wiy = int (142 ) 19— el + g 1B oy Il - (65:36)

Since 0 € H'() there exists an interpolation Z,0 € S}(£2). Hence,

Co 1
Wit < {(1+ G ) 10 - Tublli + - or 1B oy T8l ) (537
holds and again with the use of the triangle inequality
1Z06l 1) < 1200 = 6l 1y + 1101 g1 () - (5.38)

Inserting the above estimates to (5.35) implies

C:
16 = Bl ey < 160) = GOy + (1+ 62 ) 16 = Tl
(5.39)

1
e IB()| oo (HIhG = Oll 1) + HHHHl(Q)) :

Finally, (5.31), Lemma (5.1) and Theorem (5.7) ensures that (5.39) converges to 0 for the
limit h — 0. O

5.2 Discretization of the Proposed Method

This subchapter is devoted to the discretization of the finite element approach. We have al-
ready shown, that the numerical approximations are consistent and thus, we proceed to rewrite
Algorithm (3) such that it can be implemented numerically. Remark, since we stated that our
mollifying operator is just a technical necessity, it will not emerge in this subchapter. Now recall
that gray scale images with resolution NV x N, where N = 256, are considered and thus, the step
size is h = 1/N. So, further recall our initial approximations and their coefficients in (5.2),

kh s N+1 (N+1)2
t,j=1
> (0) 2
_ k,h _ (RPN N
= Z Xij Sij o qk = {Xij }z',j:1 e R,
2,7=1
_ N2
Z uzy z] 7 0= {UZ]}Z] 1€ R™ .

3,j=1
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Since {sgj)}fvj;ql is the basis of S}(€), it suffices to calculate the various coefficients of the

discrete model functions u’,j and the discrete characteristic functions X’,i for k = 1,...,1. Note
further that due to this representation, a two dimensional discrete image can be identified with
a matrix.

To begin with, u} satisfies

/Q(oanxlfL + 8)Vuy, - Vo, + (BKXF 4 d)upvy, dz = /Q(BKWX;CL + &)aj vy, de,

by using the spline representations of uﬁ and substituting v, = s(ylu) € S}(), the following
holds

N+1
Sl [k + O Vs + (BE + 055l da = [ (B + S)insly) da. (5.40)
i =1 Q Q

Hence, we introduce the following matrix for the two dimensional linear splines,

e o\ L g A
g(qk) “\n QXhSij Svi - 36{gmn}m,n:1 ’ (5 1)
4,J,v,p=1

where m,n = 1,..., (N +1)? are calculated by m = (j —1)(N+1)+iand n = (u—1)(N+1) +v.
Thus, denote the non-zero coeflicients of G

k,h
gm7m—N—2 = Xi—1,j—1
k,h k,h
Gmm-N-1 = 2 (Xi—l,j—l + Xi,j—l) ;

k,h
gm,m—N = Xij—1>

k,h k,h
Gmm—1=2 (Xi—l,j—l + Xi—Lj) ’
k,h k,h k,h k,h
gm,m =4 (Xi—l,j—l + Xi—l,j + X@j—l + Xz,] ) ’

kb kA
Gmm+1 = 2 (Xi,j—l T Xij ) ’

G ki
mm+N = Xi—1 js
k,h k,h
Gmm+N+1 = 2 (Xifl,j +Xij ) ,
ki
gm,m+N+2 = Xij -
Also the stiffness matrix reads as follows

L[ o ol
A(Qk): {h/QXhVSij 'VSVM)}

1 N+1)2
— = W{Amn}gn,n:)l ; (5.42)
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and thus only the following entries are non-trivial,

k,h
Am,m—N—2 = _2Xi—17j—1

k,h k,h
Amm-N-1=— (Xi—l,j—l + Xi,j—l)

k,h
Amm—N = _2Xi7j—1

kb k,h
Amm-1 = — (Xi—l,j—l + Xi—l,j)
k,h kh kb kb
Amm = 4 (Xi—l,j—l T Xal1; T Xaj—1 T Xi) )

kb kh
Am,m+1 = — (Xi,jfl + Xi,j )

kb
Amm+N = _2Xi71,j
kb kb
Am,m+N+1 = - (X’L'*Lj + Xz,j )

k,h
Am,m+N+2 = _2X7;7j

For both matrices if the indices i, j of ijfh are not in the range 1,..., N, we take ijfh = 0.
Note further that G(1) is the Gram matrix for linear splines and A(1) is the finite difference
approximation to the Laplacian with natural boundary conditions. Moreover, we define a pro-
jection matrix P from the linear spline coefficients to piecewise constants

N+1

1
{5 [ s} =Plaw (5.43)
Q ij=1

where
PP 1 1
P= c RVXWN+)? - p c RVX(N+1),
P P 1 1

In addition, the diagonal matrix is defined in terms of the lexicographic ordering of qy,

D(ai) = diag{x};"};. (5.44)

The combination of the matrices (5.41), (5.42), (5.43) and (5.44) leads back to the discretized
optimality system for ulfb (5.40) and thus, they give the system
K(gk)ux = [G(Baqk + 1) + A(aqk + 1) ug = P'D (Bak + 1) 0 =: L(qy). (5.45)

In order to compute the various model functions ui for k =1, ...,1, the pixels are rearranged
into a (N + 1)2 x 1-vector, in the lexicographic ordering, i.e., complete increments in the index
i along the z-axis are carried out after every step in the index j along the y-axis. Now that we
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have established a way of calculating the model functions u';:;, we deploy a discretized version of
the semi-implicit gradient descent step. Therefore, recall the mapping

G(x) = x —wVI(x)-

First of all, we deduce a discretized version of the gradient of 7. The cost functional 7 itself
reads as follows

!
Z G(Bak + 61)ue(qi) — 2ui(qi) ' PTD(Bax + 61)i

l\DM—\

RNVACT

+ 1 D(Bax + 61) + uk(qx) " A(egx + e1)uk(qx)

= % > ui(ak) " K(ak)uk(ax) — 2uk(ax) ' L(ak) + @' D(Bax + 61)1.
)

Since K(qk)uk(qx) — L(qx) = 0 and thus

h 1T (aw) = Z ' D(Bak + 01)1 — we(qi) ' L(qw)- (5.46)
2=

The discrete gradient of J with respect to xj is determined by adding —uy " (qu)L(qi) +
uy (qr) " K(qi)uk(qy), so that we can insert the operator K(qy),

!
ih Z [‘1 Dq, D(Bak + 01)i — 2uk(qx) " Dg, L(axk)
=1 (5.47)

ot (ax) " D K (et e ()| -

Denote with e; € RY the ¥ unit vector, such that

N

i Do, D(Bax + 61)it = B3 {ﬁTD(ei)ﬁ}  =pa'h,

~2u(ai0) Do L) = ~26 {uicla) PTD(en)a} = ~2Bw(ai) PTD(@),

1=

T T N

(i) " Do K (i) uiclai) = {uicla) "aA(e:) + AG (en)uc(aw) ) -
Thus,

G(ak) = gk — wDgq, J (ax). (5.48)

Note that the mapping 71" will not be discussed in this section since its representation can

be easily implemented. Finally, we build the disrete version of the operator F'(xy). Therefore,
denote that the discrete version of J,( o VIVxk|? + 7 dx reads as follows

N

N
ZZ’ ,] _Xz 1,]|T+ZZ‘ ,J _Xw ]_|T7 (5-49)

j=1i=2 i=1j=2
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where |z|, = Va? + 2.

Dg D(qx) = H(qk)ax, H(ax) = D, D(6;) D, + D, D(5,) Dy,

h N h N
5x {} 5 (5y: {} ,
‘XZJ _XZ 1]|T 1=2,j=1 ’X@] _q’L] 1‘7’ i=1,j=2
D, -1 1
D, = : eRVV-pxN? o1 L c RV-DxN  (5.50)
T = .. , r = .. ..
- h
D, -1 1
. -D, D, 1
Dy — E ~ ) GRN(Nfl)XNQ’ Dy _ ERNXN
_Dy Dy 1

So the operator F(x;) has the following discrete form F(qy) := [I +wyH(qi)] ™ . Thus,
denote the coefficients of the update of qy with §i, and so it is determined by the following
system

Ak = F(aw)T (g — wDq, J (qx)) , (5.51)

where I € RV’ Now, we are able to denote the final algorithm that will be implemented.
Again, choose the parameters according to Assumption (3.1). Also the number of model func-
tions or characteristic functions have to chosen by hand. Note further, that q contains all qi in
vector form, i.e. the matrices qy rearranged to vectors in lexicographic ordering, q(j,:) denotes
the j-th row vector of the matrix q and e* denotes the k-th unit row vector.

Algorithm 4 Discrete Semi-Implicit Gradient Descent Method to Compute Characteristic
Functions

Input: qo,Q, 0, 5,€,0,7, P, Nmaz, W, |

Output: q,u

Set n=1

4: while qu(”“) - qk(”)H2 > pand n < Nypge do
for k=1,....l do
Calculate uy satisfying

K (i) we = L(qu),
Compute qi ") =F <Qk(”)) T (Qk(”) —wDq, J (qk("))> .
8 for j=1,..,N? do
Compute q(j,:) = min {argminke{l’wl} Hq(j7 ) — ekHQ}

To plot the results, particularly the model functions uy, and calculating the approximated
raw image, the model functions uyx have to have the same size as the characteristic functions qy.
Therefore, we make use of the projection matrix P, which projects the linear spline coefficients
to piecewise constant ones, i.e. we use Puy.
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Numerical Results

Finally, this chapter is devoted to present the numerical results obtained with Algorithm (4).
Computations were performed on a Samsung R540 PC with the operating system Microsoft
Windows 7. All codes were written in Matlab R2012b (MathWorks, Natick, MA). Recall the
bounded image domain €2 := [0,1]2. All images considered in this thesis are digital gray scale
images of N x N arrays of pixels with NV = 256. First of all, an artificial image is observed, then
we regard a drawing and a photograph. Finally, two medical images are considered.

For the sake of notational brevity, the h indicating the discrete form of the functions is
omitted, e.g. the resulting discrete characteristic function will be denoted with x instead of xy,.
Concerning choosing the parameters from Assumption (3.1), it was stated earlier that € and §
are safeguards for computing the model functions uy for k = 1,...,1 if the function y; does not
behave properly. But the farther away they are chosen from 0 the more blurred the resulting x
becomes and ultimately converges to x = 0, which is not desired in this work. Concerning the
parameters « and 3, whereas 3 is mostly chosen equal to 1, the dimensionless quantity « serves
as the smoothing parameter and thus, a large value of a penalizes the gradient of the model
function, i.e. |Vug|? for all k = 1,...,1. So for noisy images it is necessary to choose « relatively
large. However, also for raw data with less noise it can be helpful to use a comparably large
value of o at the beginning and then reduce it gradually [I5]. In addition, v determines the
smoothness of the function x, but also it accelerates convergence to y = 0 if it is selected too
high. Unfortunately, there is another factor which encourages convergence to x = 0, namely if
the optimization process takes too long, e.g. the number of iterations is not fixed, then at some
point x = 0 is reached. One reason for this seems to be that the xj are calculated separately
from x; for j # k and thus, have no connection with each other during the optimization process.
This can be considered the greatest disadvantage of the method. Therefore, it gives better
results to terminate the optimization by hand, than wait till it has completed. Nevertheless, we
will later see that the functional 7 is still being minimized in the optimization process.

Considering xo := 0, computations indicate that x¢ is the global minimizer. To prove this
theoretically, recall that u(x) are the corresponding model functions of the phase functions y
and that u(x) minimizes J in (2.5) with respect to the model functions for fixed x. Hence,
J(u(x), x) < J(u,x) for arbitrary u. On the other hand, J(u,x) = Jes(u) + Jo g(u, x), where
Jes(u) > 0 depends only upon u,€,0 but not upon x, e, and J, g(u,x) > 0 depends only
upon u, X, «, 3 but not upon ¢€,6. Hence, J(u(x),x) > Jes(u(x)) = J(u(x), x0). With these
inequalities, it follows that for any x € K,

J(u(x),x) = J(u(x), x0) = J(u(x0), x0) (6.1)

and hence Yy is the global unconstrained minimizer in I of (4.37). Yet, x¢ is not the minimizer in

o7
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the constrained set BV(€2, A;) of Theorem (4.5). This fact will be seen among the computations
below in which the constraint is implemented. Other computations appearing below demonstrate
positive results obtained by seeking a local minimum in K obtained by avoiding the global
minimizer Yyp.

Concerning the parameter w € (0, 1), it was chosen rather close to 1 since changes in x would
appear too slow otherwise. Recall the function T" which guarantees the gradient is always in the
constraint [0, 1]. Note further that the number of phases which also corresponds to the number
of characteristic functions and model functions has to be chosen by hand. However, the Four
Color Theorem assures that choosing | = 4 as the number of phases suffices to partition the
given image properly. For further details see [20].

Model Fct. ul Model Fct. u2 Madel Fct. u3 Model Fct. u4 Convergence

10
- — RelDif
Tol
1w’
1’

1] 50 100 150 200

Characteristic Fct. ql Characteristic Fct. q2 Characteristic Fct. g3 Characteristic Fct. g4 B

E n n |
10°

Figure 6.1: Applying the Algorithm to an artificial image. The optimization process was ter-
minated after 300 iterations. Parameters: o = 1077, y = 1074 e =6 =109 g =1, 7 =
1073, w=0.9.

Objective Function

i} 50 1000 150 200

Starting off with an artificial image. The segmentation shows an intuitively good result.
Figure (6.1) shows the result before Modified First-Max approach was used. The final set of
characteristic functions seems rather clear here. We will later see a before-after example of the
Modified First-Max. Note further that the objective functional is indeed minimized, which can
be seen in the down right window of Figure (6.1), where the graph of the relative values of J
are mapped.

Concerning a realistic image, i.e. a photograph, the optimization process in Figure (6.2)
was terminated by hand after 150 iterations. All x; for & = 1,2,3 have values in [0, 1], so
the Modified First-Max needs to be applied to receive a suitable set of characteristic functions.
The difference between before and after using the Modified First-Max is clearly visible, see
Figure (6.3). Note further that the objective function J was minimized although the difference
between the updates is still significantly high such that the optimization will not complete by
its own. Concerning the resulting phases in Figure (6.3), intuitively one would think that parts
of the blouse, teeth and the white spot at the right upper corner would be captured in one
phase, whereas the dark parts described by x2 seem correctly combined in one phase. However,
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Figure 6.2: Parameters: a =107%, v =107%, e=6=10"19 =1, 7=10"3, w=10.9.
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Figure 6.3: Here the Modified First-Max approach was used on the results of Figure (6.2)
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considering Figure (6.2) one can see that the blouse belongs to the phase function ys with a
lower percentage than the pixels describing the wall in the background, which is also part of
the third characteristic function. An idea would be to choose four phases such that the brighter
shades of gray are again divided into two phases.

Comparing the performance for this input image to other raw data it appears that the
difference between the updates remains at a certain value. As mentioned earlier, sooner or later
the algorithm proceeds to strive for y = 0 and thus, the algorithm terminates on its own. The
results imply that terminating early in the optimization process and then applying the Modified
First-Max approach to be an effective strategy to find a multiphase segmentation and thus, an
appropriate piecewise smooth approximation of the given image.

Now, we briefly put our focus on the initial yo. As explained in previous chapters, in order
to get a segmentation that is considered good, we have to start relatively close to a minimum
since the segmentation mostly strives for x = 0. Considering the example below, Figure (6.4), a
segmentation was performed for x? = 1-0.75 and only two model functions, such that x§ = 1—x¥.
Immediately, the algorithm calculates for both k = 1,2 the same characteristic function, which
eventually converges to 0. Again, the reason for this seems to be the lack of connection between
x1 and x2.

Model Fct. ul Model Fct. u2 Convergence

ol

. — RelDif
10 Tol

1} 100 200 300

Characteristic Fct. q1 Characteristic Fct. g2 Objective Function

Figure 6.4: Here, the initial x¢ was not chosen sufficiently close to a local minimum. The
optimization process was terminated after 300 iterations. Parameters: o = 1072, v = 1074, ¢ =
§=10719 B=1,7=10"3, w=0.9.

In Figure (6.4) the segmentation immediately arrived at what looked like an edge map and
then gradually blurred and darkened. However, if a certain connection between xi1 and yo is
established, i.e. introduce a new dimensionless variable p € (0, 1] such that

= () [ - (9 () 9 (7)),

where V.J (Xgn)> is indeed associated with the model function uy. However, xo = 1 — x1 holds
always, i.e. there is no separate optimization process for xa, see Figure (6.5).
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Figure 6.5: Here, y; and Yo share the connection y; 4+ x2 = 1. Parameters: a = 1077, v =
1074, e=6=10"1°, =1, =103, w=0.9.
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Characteristic Fct. q1 Characteristic Fct. q2 Characteristic Fct. ¢3 Characteristic Fct. q4
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1"

Figure 6.6: Parameters: aa =107, v =102, e=6=10"19 =1, 7=10"3, w=0.9.

Finally, we consider the application of the algorithm to some medical images, such as ones
resulting from MRT. In the following images, it is important to know where the fat of the body
is stored, it is divided into the fat around the muscles directly under the skin, visceral fat which
lies in between the organs in the abdomen, essential and intramuscular fat. Concerning the
upcoming images the first two types are of interest in this segmentation. Of course, for the
segmentation to become accurate, it is important that the pixels that represent fat have roughly
the same intensity values. Starting sufficiently close to a minimum, the algorithm captures the
the visceral fat, the subcutaneous fat and the organs separately. However, in Figure (6.6) and
(6.7) some organs do not display a significant difference in shades of gray to the surrounding fat
and thus, the algorithm captures the organ together with the visceral fat. Again, the updates
show no reduction in relative difference, see in Figure (6.6) top right panel. As mentioned earlier,
the optimization process gives better results if it is stopped at a certain point. Note further that
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the functional is still relatively minimized. Here, the optimization process was terminated after
80 iterations.

Model Fct. ul Model Fet. u2 Model Fct. u3d Model Fet. ud
Characteristic Fct. q1 Characteristic Fct. g2 Characteristic Fct. ¢3 Characteristic Fct. g4

Figure 6.7: Parameters: a = 107", y =105, e =6 =107, 8=1, 7=10"3, w=0.9

In the end, let us reconsider what one actually gets from the algorithm. Therefore, we briefly
summarize what it does in practice. So starting sufficiently close to a local minimum with respect
to phase functions, the optimization process extends the support of the current phase functions
and refines it. Recall that the phase functions have range in [0, 1] at this point. Then, after a
fixed number of iterations, the process is stopped and the Modified First-Max strategy is applied
such that the result is a set of phase functions which satisfies 22:1 xx = 1 and each xj has
range in {0,1}, i.e. each one is transformed into a characteristic function. Simultaneously, it
also calculates the corresponding model functions uy for all k = 1,...,1. So a piecewise smooth
reconstruction of the input image is obtained.
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Conclusion

In the preceding chapters we proposed a hybrid model to combine image segmentation with
image denoising with the goal to compute model functions in dependence of their corresponding
characteristic functions and the segmentation of the raw image simultaneously. Existence and
uniqueness of model functions u; € H'(Q) for k = 1,...,1 that minimize the cost functional J
were proven, and also certain features were established which provide existence of a minimum
of J + ~J; with respect to relaxed characteristic functions y € BV (2, 4;). Then a procedure
to calculate the minimizer x* was proposed, analysed and eventually existence of a fixed point
of the iterative scheme was proposed. Finally, to obtain a suitable set of characteristic functions
the heuristic rounding scheme Modified First-Max was presented. Concerning the numerical
approximations the finite element method is the procedure of choice and thus, in the last chapter
the results were presented.

Problems arose since the functional 7 is convex with respect to the model functions but
evidently not with respect to the characteristic functions. Therefore, we could not rely on
primal-dual methods, but instead used a semi-implicit gradient descent procedure. However,
since our gradient is always positive, the resulting function from the gradient descent step can
have values outside [0,1] and the same can be the case for the final update. Therefore, we
introduced the mapping 7' that puts the constraint of having range in [0, 1] on the update.

The results show that the procedure converges to an effective local minimum. Thus, the
optimization was terminated by hand. The reason for this, as mentioned in the previous chapter,
is the lack of connection between the y; in the updating process. Nevertheless, following this
idea gives good results when starting close to a local minimum.

However, the method is far from perfect. First of all, one can investigate convexity for J
with respect to characteristic functions. However, the conjecture is that convexity does not
holds. Furthermore, creating more efficiency since evaluating the discrete gradient of J is
computationally very expensive, is another aspect that deserves more consideration. Moreover,
whereas the procedure enhances massively if the image should only be partitioned into two
segments since a connection between y; and yo is established, this link is still missing for
more than two characteristic functions concerning the optimization process. Unfortunately,
22:1 xx = 1 is not enough to establish this link, since it only states that the last characteristic
function can be calculated in terms of the others, i.e. x; =1— Zi;ll Xk, SO one segment is always
neglected. In addition, as in my bachelor’s thesis, the focus here was only on gray scale images.
Hence, one’s research can be expanded to include color images with range [0, 1]3.

Finally, although there are some aspects that haven’t been considered in this thesis, it gives
an idea on how to overcome optimization of a functional with respect to characteristic functions.
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Appendix A

Cited Analysis Results

Theorem A.1 (Young’s Inequality for Convolution [6]). Let 1 < p,q,r < oo such that 1/p +
1/¢q=14+1/r and let f € LP(Q2) and g € LI(2), then

1F * gll ey < 1Ly 19 2acen - (A1)
Theorem A.2 (Green’s Formula [7]). Let Q@ C R™ be an open, bounded, non-empty set and
u,v € H*(Q). This implies

/vAu—i—Vu-Vvdx:/ v@ ds,
Q a0 on

Lemma A.3 (Fundamental Lemma of Calculus of Variation [5]). Let © C R™ be an open,
bounded, non-empty set, u € L?(2) and let the following hold

/ up dr =0 VYo e C5°(Q).
)

Then u(x) = 0 holds for almost every x € .

Theorem A.4 (Theorem of Lax-Milgram [5]). Let X be a Hilbert space over K, leta : X x X —
K be sesquilinear and there exist constants ¢y and co with 0 < ¢; < cg < 00, such that for all
x,y € X it follows

o |a(z,y)l < 2|zl x Iyl x
e Re a(z,z) > ¢ ||z %-
Then there exists a unique mapping A : X — X with

a(z,y) = (y,Ax)x  forall z,y € X

Furthermore, it follows that A € L(X) is an invertible operator with
1 1
|A] < c; and HA H <=
C1

Lemma A.5 (Lemma of Lax-Milgram [7]). Let H be a Hilbert space over R, let B: Hx H — R
be a bilinear mapping and there exist constants c, B > 0, such that for all u,v € H

| B(u, v)| < afull [|v] (A.2)

65



66 APPENDIX A. CITED ANALYSIS RESULTS

and

B llul* < B(u,v). (A.3)

Finally, let f : H — R be a bounded linear functional on H. Then there exists a unique element
w € H such that
B(u,v) = f(v), YveH. (A.4)

In addition, the following estimate holds
1
lull < Z 11711 (A.5)

Theorem A.6 (Riesz Representation Theorem [7]). Let X be a Hilbert space over K. A linear
functional ' of X belongs to X' if and only if there ewists a unique x € X such that for every
y € X follows

l‘l(y) = (yax)Xa
and so

"] = llllx -
Theorem A.7 (Young’s Inequality [5]). Let o, 8 € R. If o, 8 > 0, then for any e > 0 follows
203 < ea? + 32 /e.
Lemma A.8. See [/], let Q C R™ be a bounded Lipschitz-Domain and 1 < g < n/(n — 1) with
n/(n—1) = oo for n=1. Then it holds:

1. There exists a continuous embedding BV (Q) — L1(Q). If ¢ < n/(n — 1) holds, it is
compact.

2. There exists a constant C' > 0, such that for all u € BV (Q) the following Poincaré-
Wirtinger inequality is true:
i
u—— [ uwdx
€2 Ja

Theorem A.9 (Schauder’s Fixed Point Theorem [10]). Let M be a conver and closed subset
of a Banachspace, let f be a continuous mapping of M into itself, and suppose that f(M) is
compact in M. Then f has at least one fized point.

Theorem A.10 (General Sobolev Imbedding Theorem [7]). Let u € W*P((Q).

[Prull, = < CTV(u).

q

1. If k< % and é = % — %, then u € L1(QY). Moreover, there exists a constant C > 0, which
depends on 0, k,p and n, such that

[ull Lagy < Cllullwrr () -

2. Ifk>%and

n n en .
Y= [5} +1 ' if p 8 not an tnteger,
any positive number < 1, otherwise,

then u € Cki[%]fl’ﬁ’(ﬁ). In addition, there exists a constant C' > 0, which only depends
on Q, k,p,v and n, such that

Hu”Ckf[%}*l’“’(Q) <C HUHW’V»P(Q) :
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Proposition A.11. See [5], the total variation has the following properties:

1. TV is conver, i.e.

TV(u+ M) < ATV(u) + (1 — A\)TV(v), VYu,ve LY(Q), VA€ [0,1].

2. TV 1is positively homogeneous:

TV(au) = aTV(u), Yu e L'(Q), VA€ R.

3. TV is lower semi-continuous in BV(Q)! with respect to the L*(Q)! topology, i.e. for all
sequences (u®)) € BV(Q)! converging (in the L'-sense) to some u € BV(Q)!,

lim inf TV (u®) > TV (u).
k—o00

Theorem A.12. See [/], the space BV(Q)! with the corresponding norm

July = (ki [ i) v

is a Banach space.

Definition 7. See [5], the sequence (x\") converges weakly* to an element x in BV(Q)! if and
only if

e x €BV(Q), x™ e BV(Q)! Vn €N,

o X = x in LY(Q)!, and

o (Dx™) = Dx weakly* in measure, i.e.,

Vo€ Co(@): lim /Q v dDx™ = /Q v dDx. (A.6)

Proposition A.13. See [5], the sequence (x™) C BV(Q) weakly* converges to some x €
BV(Q)! if and only if

1. X" = x in LY Q) and

2. the sequence (x\™) is uniformly bounded in BV(Q), i.e.,

3C < 0o Vn € N: Hx(")HBV < C.

Theorem A.14. See [3], let (x(™) € BV(Q)! be uniformly bounded in BV(Q)!. Then (x™)
contains a subsequence weakly* converging to u € BV(Q)!.

Theorem A.15 (Minkowski’s inequality [2]). Let 1 < p < oo and u,v € LP(Q). Then,
o+ ol oy < Ml oy + ooy - (A7)

Theorem A.16 (Holder’s Inequality [6]). Let 1 < p,q < oo sucht that 1/p+1/q = 1. Then for
any f € LP(Q) and g € L1(Q),

1£9ll L) < 1f o) 9/l Lacq) - (A-8)
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Theorem A.17 (Cauchy-Schwarz Inequality [6]). Let H be a Hilbert space and f,g € H. Then

[(F ) al < 1fllg gl (A.9)
Theorem A.18 (Fubini’s Theorem [2]). Let f:R™ — K be a measurable function. Then,

- f(x) dzx :/R .../Rf(a:l,xg,...,xn) dxy1 dxo ... dz,. (A.10)

Definition 8 (Directional Derivative [11]). Let F': X — Y and u,du € X, then

8£( ‘ . Fu+tou) — F(u)
ou t—0 t

(A.11)

1s called Directional Derivative of F in direction du. Moreover, if%—i(u; ou) exists for all du € X

and is bounded linear operator from X to Y. Then F is Gateaux differentiable with its Gateaux
e OF

derivative .

Definition 9 (Gateaux Differentiability [1]). Let X,Y be two normed spaces and U C X

non-empty. A mapping F : U — Y is called Gaiteaux differentiable in x € U if there exists

DF(xz) € L(X,Y) such that for all y € X the mapping Fy, : A — F(z + \y) defined on an

open neighbourhood around 0 is differentiable at X =0 and DF, , = DF (z)y. Analogously F' is

Gateaux differentiable if it is for all x € U.

Theorem A.19. See [/], let F : U — R be a functional defined on an open subset U of a convex
set K in a real normed space X and let it be Gateaux differentiable. Then F is convex in K if
and only if

F(u) 4+ (DF(u),v —u) < F(v) VYu,v € K. (A.12)

In addition, if u lies in the interior of K, then w = DF(u) is the unique element in X* such
that
F(u)+ (w,v—u) < F(v) YveK. (A.13)
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