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Abstract

This monograph is concerned with the investigation of an inexact-Newton algorithm and
its adaptation to the Kaczmarz methods. The new iterative methods aim the construction
of regularized solutions for nonlinear inverse ill-posed problems in Banach spaces.

To perform an iteration, the Newton-type algorithm linearizes the original problem
around the current iterate and then applies a regularization technique in order to stably
solve the resulting linear system. Various methods are proposed to the task of solving the
generated linear system and a complete convergence analysis is carried out. Furthermore,
stability and regularization properties of the computed solutions are established.

The new methods are tested in the nonlinear and highly ill-posed inverse problem of
Electrical Impedance Tomography in some numerical implementations realized at the end of
the work. The experiments simultaneously provide the necessary support to the theoretical
results and contribute to a relevant improvement to the solutions of the referred inverse
problem.

Key words: Inverse problems, Ill-posed problems, Regularization theory, Iterative meth-
ods, Inexact-Newton methods, Electrical Impedance Tomography, Banach spaces.






Chapter 1

Introduction

This work is dedicated to the study of regularization methods for obtaining stable solutions
of nonlinear inverse ill-posed problems in Banach spaces. It is focused on iterative methods
and places particular emphasis on Newton-type algorithms. Further, a convergence analysis
of the investigated methods is provided and some numerical implementations support the
theoretical results.

In order to properly introduce the classical definition of ill-posedness due to Hadamard,
we start defining a forward problem as a function which associates the cause of a specific
phenomenon with the effect produced by it. The effect of this phenomenon is usually called
the solution of the forward problem. To each forward problem belongs a correlated inverse
problem.

The inverse problems consist of a set of mathematical problems where one aims to
determine the cause of a particular phenomenon (solution of the inverse problem) by means
of observing the effect produced by it (data). This kind of procedure encompasses an
extensive amount of real problems described by mathematical models in the most diversified
fields such as medicine, astronomy, engineering, geology, meteorology and a large sort of
physical problems as well as image restoration and several other applications [30, 45}, [48].
The biggest challenge in the resolution of such problems is related to the fact that they are
frequently ill-posed in the sense of Hadamard.

The French mathematician Jacques Hadamard [19] has defined a problem as well-posed
if for this problem:

1. A solution exists (existence);
2. There exists at most one solution (uniqueness);

3. The solution depends continuously on the data (stability).

A problem which is not well-posed is called ill-posed.

If the data space is defined as the set of the solutions of the forward problem, existence of
a solution of the inverse problem is clear. However, a solution corresponding to a measured
data may fail to exist if this data is corrupted by noise. In this case, the solution space
should be enlarged in order to guarantee the existence of a solution. Typical examples of
enlargement of the solution space are constructed by using the Moore-Penrose generalized
inverse for linear inverse problems, and by accepting distributional solutions of partial
differential equations in Sobolev spaces.

In contrast, a restriction on the set of the admissible solutions can be imposed with
the purpose of ensuring uniqueness of a solution (the use of a minimal norm solution is
a common example). In this case, some a priori information about the solution must be
available. Non-uniqueness of solutions might also mean that insufficient data has been
gathered and consequently more data needs to be observed.



2 CHAPTER 1. INTRODUCTION

The third item in the definition of Hadamard is certainly the most delicate to deal
with. The non-fulfillment of the stability statement implies that unavoidable measurement
and round-off errors can be amplified by an arbitrarily large factor, severely compromising
the reliability of the computed solutions. Moreover, in contrast to the two first items of
Hadamard’s definition, a reformulation of the problem in order to achieve stability is not
a trivial issue. The stability property depends on the topology of the involved spaces and
an alteration of these topologies often modifies the original features of the problem and
deprives it of its fundamental characteristics, or in other words, the reformulated problem
becomes meaningless.

The observance of item 3 of Hadamard’s definition on the other hand, signifies that
the solution of the inverse problem corresponding to data corrupted by a low-level noise
cannot be distant from the searched-for solution. Hadamard believed, just as many of
his contemporaries, that a mathematical model could only correctly represent a natural
phenomenon if the associated inverse problem was well-posed (natura non facit saltum).
If this was not the case, the model was considered incorrectly formulated and the related
problem was called ill-posed. This was a controversy perception until the beginning of last
century, when was finally realized that an enormous quantity of real problems are actually
ill-posed if translated in any reasonable mathematical model. This conclusion initiated in
the second half of last century a huge amount of research targeting methods capable of
stably solving inverse ill-posed problems. At this time, the regularization theory was born.

In practical situations one usually has access only to a perturbed version of the data,
which is invariably contaminated by noise. As a consequence, the exact reconstruction of a
solution is unattainable and therefore, the best it can be done is finding an approximate so-
lution. However, unless a reqularization methocp_-] is engaged, the ill-posedness phenomenon
combined with even very low noise levels can easily ruin the process of computing a solution.

Due to both, its technological relevance and the challenging difficulties involving the
development of regularization methods, inverse problems are still nowadays an active area
of research. This fact is reflected in the large number of Journals, books and monographs
devoted to this subject. A particular interesting group, widely applied in the resolution of
large scale inverse ill-posed problems, is the iterative regularization methods. The literature
in this area is vast and the books [30, [15] [45] can be duly included in the most complete
references concerning the subject in Hilbert spaces. The work [29] deserves to be mentioned
too. For more recent progress, including the regularization theory in Banach spaces, consult
[48] and the references therein.

Known for their fast convergence properties, Newton-type methods are often regarded
as robust algorithms for solving nonlinear inverse problems. Among all the members of this
large group of remarkable iterative methods, we highlight the REGINN method. Introduced
in 1999 by A. Rieder [43], the REGularization based on INexact Newton iteration is a class
of inexact-Newton methods, which solves nonlinear inverse ill-posed problems by means
of solving a sequence of linearizations of the original problem. This algorithm linearizes
the original problem around the current iterate and then applies an iterative regularization
technique in the so-called inner iteration to find and approximate solution of the resulting
linearized system. Afterwards, this approximate solution is added to the current iterate
in the outer iteration in order to generate an update. Finally, the discrepancy principle is
employed to terminate the outer iteration.

The properties of REGINN in Hilbert spaces are well-known. Convergence results, regular-
ization property and convergence rates have been established under standard requirements
and with different iterative regularization methods in the inner iteration [43], 44] 46, 25]. A

MIf for each sequence of positive noise levels converging to zero, the correspondent sequence of approximate
solutions converges to an exact solution of the problem, then the related method is called a regularization
method and it is accordingly said to satisfy the reqularization property.



few examples of possible inner iterations are given by gradient methods like the Conjugate
Gradient, Steepest Descent and Landweber methods and by Tikhonov-like methods such
as the Iterated-Tikhonov and Tikhonov-Phillips methods.

Perhaps the biggest disadvantage of Newton-like methods is the necessity of calculating
the derivative of the forward problem. This is normally an expensive process and it is
generally the bottleneck in numerical implementations. A wise approach to overcome this
obstacle is the utilization of a loping strategy. This procedure, proposed by S. Kaczmarz in
[27], splits the problem into a finite number of sub-problems, which are cyclically processed,
using one sub-problem each time, in order to find a solution of the original problem. The
Kaczmarz’s technique reduces drastically the computational effort necessary to perform
a single iteration. The expected effect is the acceleration of the original method with a
consequent gain in the convergence speed. Kaczmarz methods have an additional advantage:
they describe more appropriately the problems whose data is gathered by a set of individual
measurements, which is the case in Electrical Impedance Tomography for example (see the
numerical experiments in Chapter [5)).

There are many papers concerning Kaczmarz methods in the context of ill-posed prob-
lems, but similar to REGINN, most results are proven in the Hilbert spaces framework
[31L [l 20l [7]. Several inverse problems however, are naturally described in more gen-
eral contexts than Hilbert spaces. The Lebesgue spaces LP (), as well as the Sobolev
spaces W™P () and the space of the p—summable sequences (P (N) for different values of
p € [1,00] are classical examples of Banach spaces, which model more appropriately nu-
merous inverse problems. Further, describing an inverse problem in more suitable Banach
spaces contributes with supplementary benefits such as the non-destruction of sparsity char-
acteristics of the searched-for solution and the increase of data accuracy when dealing with
impulsive noiseﬂ These improvements are commonly obtained changing in the solution
and data spaces, the parameter p = 2, commonly used to characterize Hilbert spaces, with
p =~ 1, see Daubechies et al [12].

Figure illustrates the advantage of using more general Banach spaces in the descrip-
tion of inverse problems. The searched-for (sparse) electrical conductivity is reconstructed
in the Electrical Impedance Tomography problem using 1% of impulsive noise and compares
two different frameworks: in the first case, the solution space X and the data space Y are
both the Hilbert space L2, while in the second one, the conductivity is reconstructed in the
Banach spaces X =Y = L10%,

For more examples of inverse problems modelled in Banach spaces, see the numerical
experiments in Chapter |5/ and the book of Schuster et al [48].

The difficulties of carrying out a convergence analysis in Banach spaces grow massively if
the solution and data spaces have poor smoothness/convexity properties. It is not straight-
forward modifying classical methods from Hilbert spaces in order to adjust them to more
complicated Banach spaces. As long as we know, the first version of REGINN in Banach
spaces has been published by Q. Jin in [24], where a weak convergence result was proven.
The first strong convergence result has been firstly successfully accomplished for the com-
bination Kaczmarz/inexact-Newton/Banach spaces in our previous work [40], where the
Landweber method was employed as inner iteration. The most recent progress has been
made using the Iterated-Tikhonov method as inner iteration [39].

The present thesis contributes to expand the results above mentioned, providing a rel-
ative general convergence analysis of a Kaczmarz version of REGINN (in short K-REGINN) in
Banach spaces, valid at the same time for different methods in the inner iteration. This
work is structured as following:

e In Chapter [2] the necessary preliminaries concerning the geometry of Banach spaces

2Impulsive noise is a kind of sparsely distributed noise, common in many practical applications, see e.g.
[11].
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Ezxact X=Y =12 X -y = 101

Figure 1.1: Sparse conductivity (picture on the left) reconstructed in the Electrical
Impedance Tomography problem with 1% of impulsive noise. The Hilbert spaces X =
Y = L? and the Banach spaces X =Y = L% have been used to reconstruct the pictures
displayed on the middle and on the right respectively.

are presented. First, the concepts of convexity and smoothness are discussed. These
concepts determine "how favorable” the geometry of a Banach space is. Hilbert
spaces are usually regarded as the Banach spaces with the most favorable geometrical
features, being at the same time the most convex and the smoothest Banach spaces.
After a discussion about the connections between convexity and smoothness, the
definition of duality mapping is introduced. Inspired by the Riesz Representation
Theorem, this mapping associates each element x in the solution space with a subset
Jp (z) of its dual space so that the resulting duality pairing (z*,y) , with 2* € J, (x),
mimics the properties of the inner product (x,y) in Hilbert spaces. At the end of this
chapter, the Bregman distance is presented. It serves to simulate in Banach spaces
the polarization identity and replaces the norm in some specific situations. Finally,
using the Xu-Roach famous Theorems [53], some connections between the Bregman
distance and the standard norm are proven.

e The Kaczmarz version of REGINN is introduced in Chapter In order to solve the
inner iteration in Banach spaces, we carry out in Section [3.1] an adaptation of dif-
ferent regularization techniques from Hilbert to more general Banach spaces. The
gradient methods are first considered. In Hilbert spaces, these algorithms update the
current iterate adding a multiple of the gradient of the residual-squared-norm func-
tional. The primal and dual gradient methods, presented respectively in Subsections
[3.1.1] and [3.1.2] are the Banach space versions. The fundamental difference between
these two kinds of gradient methods is the space where the iteration occurs: while the
primal gradient methods have an iteration occurring in the original space, the dual
version performs this iteration in the dual space. Among all the dual gradient meth-
ods of Subsection [3.1.2] we highlight the important Landweber, Modified Steepest
Descent and Decreasing Error methods, with the last one being a new strategy, firstly
presented in this work. In Subsection the Tikhonov-like methods are introduced
and special attention is put on to the study of the relevant Iterated-Tikhonov and
Tikhonov-Phillips methods. It is well-known that Tikhonov-type methods provide
further stability to the computations, however, the necessity of minimizing function-
als in order to perform the inner iteration, substantially increases the effort of these
methods. To simplify this task, a mixed version of Tikhonov and dual gradient meth-




ods is suggested in Subsection This novel algorithm yields extra stability to the
computations of the inner iteration without requiring the solution of an optimization
problem.

Most methods presented in Section [3.1] have a similar nature and share similar prop-
erties. This particular aspect makes possible a general convergence analysis, which
is implemented in Chapter The convergence analysis of K-REGINN presented in
Chapter [4] is carried out without considering any specific method in the inner itera-
tion. It is made assuming only specific properties of the sequence generated in the
inner iteration, which makes this convergence analysis valid for every method having
the required properties. Since many of the requested properties have already been
proven for the methods presented in Section the results of Chapter [4 hold true
in particular for these methods. We highlight the main results: In Section {4.1] it is
proven that REGINN terminates and has a decreasing residual behavior whenever a
primal gradient method or a Tikhonov-Phillips-like method is used as inner itera-
tion. For the remaining methods, we further provide in the subsequent sections the
proofs of strong convergence of REGINN in the noiseless situation and of the regu-
larization property, see Theorems and Moreover, a decreasing error behavior
and a weak convergence result for the Kaczmarz version are provided in Theorem
and Corollary 1] respectively. Additionally, for the dual gradient Landweber method,
Iterated-Tikhonov and Tikhonov-Phillips methods, strong convergence in the noise-
less situation and the regularization property are proven for the Kaczmarz versions
too.

In Chapter[5] the performance of K-REGINN is tested for solving the inverse problem of
the Electrical Impedance Tomography. Section presents the Continuum Model [§]
and the Complete Electrode Model [50] is presented in Section At the beginning
of each section, a brief explanation of the mathematical model is given and in the
subsequent subsection, the evaluation of the derivatives is discussed. Further, some
numerical experiments are performed in Subsections and and the respective
results discussed.
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Chapter 2

Geometry of Banach Spaces

This first chapter lists the most relevant concepts and facts concerning the geometry of Ba-
nach spaces. The main goals are to point out and explain the main results about convexity
and smoothness of Banach spaces, duality mappings, Bregman distances and the proper-
ties connecting these notions. We only prove some few results and suggest some references
where the remaining proofs can be found.

We consider the book of Cioranescu [10] a good reference. It presents in a very clear
and understandable way the main ideas concerning the uniform convexity and uniform
smoothness of Banach spaces and their connections with duality mappings. However, it
lacks the important concepts of convexity and smoothness of power type. Moreover, the
Cioranescu’s book had been written before the very famous paper of Xu and Roach [53]
was published, which means that the main relations between convexity/smoothness and the
Bregman distances is not present. To understand this significant issue and learn its main
results, we suggest beyond the paper of Xu and Roach itself, the article [47], the books
[48, 9] and the references therein.

The theoretical results of this work cover simultaneously real and complex Banach
spaces. However, as we will discuss in a moment, their dual spaces have analogous proper-
ties, which permits to assume without restriction of the generality that the Banach space in
question is always a real Banach space. To make it clear, we give the following definition.

Definition 1 Let X be a normed space defined over the field k (either R or C). We call
the set
X" ={z": X = k: z" linear and continuous}

the DUAL SPACE of X. We write Xgr to represent the vector space X regarded as a real
vector space. Accordingly,

Xg ={z": Xgp = R: z* linear and continuous}

={z": X - R: 2" R — linear and continuous}
denotes the dual space of Xg. An element of X* or Xy is called a FUNCTIONAL.

As R and C are Banach spaces, so is X*, independent of X being a Banach space itself.
Let X be a complex Banach space. It is easy to see that if z* € X*, then the function
Rex* : X — R defined by

(Rez*,z) :== Re(z*,2), z € X,
belongs to Xy. Further, the operator 7' : X* — Xy defined by T'z* = Re z* satisfies
T (z* 4+ \y*) = Tz* + XTy"* for all z*,y* € X* and \ € R,

7
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which means that T" is R—linear.
Let * € X* be fixed. We claim that for each x € X, there exists a vector 7 € X such
that

1Z]l = l|lz|| and (Rea®,Z) = (2", 2)|. (2.1)
In fact, this is obviously true if (z*,z) = 0. Suppose that (z*,z) # 0 and define the vector
T := sgn ({(x*, x))x, with sgn(z) := z/ |z| being the signal function. Thus ||Z|| = ||z| and

(x*, x) (x*, )
[(z*, z)|

which proves the claim. Using this property, it is not so hard to prove that (see e.g. [0,
Lemma 6.39])

(2%, 7) = = (=", z)| € R,

HRex*HL(X,R) = ”x*Hﬁ(X,(C)
for all z* € X* and consequently 7" is an isometric R—linear operator. In particular T is
injective. Writing now (x*, z) = a + ib, with a,b € R, we see that a = Re (z*, z) and
Re (z*,iz) = Re (i (z*,x)) = Re (i (a + b)) = —b.
Hence
(x*,z) = (Rez*,z) —i (Rex™,iz), v € X
which implies that T is surjective. Indeed, if z* € X7, then the operator z*: X — C defined
by

(¥, 2y = (% z) —i(T",ix), € X
is C—linear and continuous, which means that * € X*. Further, it is clear that
(Rez™,z) = Re (z*,z) = (z*,z) forall z € X

and consequently Rex* = z*. This leads to the conclusion that T is a R—linear isometric
isomorphismus.

Remark 2 The above result implies in particular that
o the spaces (X*) and X are isometric isomorphic;

e if X and Y are complex Banach spaces and A : X —'Y is a bounded linear operator,
then the operator Ar : Xr — Yr defined by Arx = Ax is linear and bounded with the
same operator norm and its Banach adjoint operator satisfies A = TA*T~1;

e the complex pre-Hilbert space H is a Hilbert space if and only if Hg is a Hilbert space
with the inner product (x,y) ., = Re(z,y) y;

All these considerations show that it suffices to consider only real Banach spaces (resp.
real Hilbert spaces). For this reason, we assume without restriction of the generality, that
X is always a real Banach space for the rest of this work. Accordingly, the Hilbert space
H is always considered a real Hilbert space.

2.1 The subdifferential

Definition 3 Let X be a vector space and R := (—oo,00]. The function f: X — R is said
to be CONVEX if

fOz+ (1 =Ny) <Af(2)+(1=N)f(y)
for all z,y € X and \ € (0,1). If this inequality is strict whenever x # y, then f is said

to be STRICTLY CONVEX. The set D(f) := {z € X : f(x) < oo} is called the EFFECTIVE
DOMAIN of f. Finally, the function f is said to be PROPER if D(f) # O.
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A convex function f always has a convex effective domain, i.e., Az + (1 — A)y €D(f)
whenever z,y €D(f) and A € (0,1). Further, a proper convex function f is continuous
in the interior of its effective domain int(D (f)) if X is finite dimensional. If X is infinite
dimensional, the same result holds whenever f is bounded from above on a neighborhood
of an interior point z¢ €int(D (f)) [10, Theo. 1.10 and Cor. 1.11, Ch. I].

Definition 4 Let X and Y be normed vector spaces, C C X open, F: C — Y a function
and xg € C. The DIRECTIONAL DERIVATIVE of F' at xg in the direction x € X is defined by
the limat

. F(xg+tx)— F(x0)
F =1
o0 I : |
if it exists.
If there exists a linear and bounded operator A: X —'Y satisfying

A — limF (xo +tz) — F (x0)
t—0 t

for each x € X, then the function F is said to be GATEAUX-DIFFERENTIABLE (in short
G-differentiable) at xy and we denote by F' (x) := A the G-derivative of F at xy.

We say that F is FRECHET-DIFFERENTIABLE (in short F-differentiable) at xq, if it is
G-differentiable at this point and

F (zo +tx) — F (x0)
t

lim sup — F' (z0)|| = 0.

t=0)|z)|=1

In this case, the G-derivative of F at xo, F' (xg), is also called the F-derivative. Finally, F
is said to be CONTINUOUSLY F-DIFFERENTIABLE (Tesp. continuously G-DIFFERENTIABLE)
in C if the F-derivative (resp. G-derivative) F': C — L(X,Y) is a continuous function.

It is clear from definition that F' F-differentiable at xg implies F' G-differentiable at x.
The second condition in turn, implies that the directional derivative of F' at z exists in all
directions x € X and

Fi (zo,2) = F' (o) x = F_ (20, 7),

where

. F(xg+tx)— F (z
F_ (1‘0,1‘) ::thSE (0 t) (O)Z_FJr(xO’_x)‘

Under appropriate assumptions, the important chain rule holds true for F-differentiable
functions F': X — Y and G: Y — Z (see [10, Theo. 1.14, Ch. 1]): G (F (z)) = G’ (F (z)) F' (z)
for all x € X.

If f: X — R is a proper convex function, then for any z¢ €int(D (f)), the directional
derivatives f, (xo,x) and f’ (o, x) exist in all directions x € X and f’ (z,z) < f (o, ).

It is clear that this inequality becomes an equality if f is G-differentiable at z¢. Reciprocally,
Il (zo,x) = f (xo,x) for all x € X implies the G-differentiability of f and in this case,
IL (wo, ) = f (x0,2) = [ (x0) 2.

Definition 5 Let X be a Banach space, f: X — R be a function and let 2% denote the set
of all subsets of X. We say that f is SUBDIFFERENTIABLE at a point xo € X if there exists
a functional xy; € X™, called SUBGRADIENT of f at xq, such that

f(x) — f(xo) > (x5, 2 —x0) forallz € X.

The set of all subgradients of f at xq is denoted by Of (xo) and the mapping Of : X — 2%~
is called the SUBDIFFERENTIAL of f.
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The equivalence
af (&) = af (av) 2 g5, — ) <= f (2) ~ £ (o0) = 5.0~ 20 )

for any o > 0, leads to the conclusion: z € 0 (auf) (zo) <= Laj € df (x0), this is,
0 (af) (zo) = adf (xg) for each a > 0.

A subdifferentiable function f is convex and lower semi-continuous in any open convex
set C' CD(f). Reciprocally, a proper convex and lower semi-continuous function f is always
subdifferentiable on int(D (f)) .

The optimality condition 0 € Of (x¢) is equivalent to f (z¢) < f (x) for all x € X, which
means that xg is a minimizer of f.

Let f be proper and convex and let zg €int(D (f)). Then aj € 0f (x0) if and only if

(o, ) < (zf,2) < f:L (zg,x), for all z € X,

see [10, Prop. 2.5, Ch. I]. From it, we conclude that f has a unique subgradient at
zo €int(D (f)) if and only if f is G-differentiable at zy. In this case, f’'(x¢)x = (x§,x) for
all z € X, this is, df (xo) = {f' (x0)}.
If f1 and fs are two convex functions defined on X such that there is a point zo €D(f1) ND(f2)
where f; is continuous, then [I0, Theo. 2.8, Ch. I

O(fi+ f2) (x) =0f1 (x) + Of2 (x) for all x € X.

If A: X ~— Y is a bounded linear operator between the Banach spaces X and Y and
f:Y — R is convex and continuous at some point of the range of A, then

O(foA)(x)=A"(0f (Ax)) for all x € X,

where A*: Y* — X* represents the Banach adjoint of A (cf. [49]). Finally, for f: ¥ — R
convex and b € Y fixed, see [48, Theo. 2.24],

O(f(-—=0)(y) =(0f)(y—b) forally €Y.
Example 6 Let X and Y be Banach spaces. Define the Tikhonov functional

1 1
To (@) = Az = 0" + @ [E |

with p,r > 1, a« > 0, A: X — Y linear and bounded and b € Y. Using the optimality
condition, we find that xo € X minimizes Ty, if and only if

0o, (an) = 4" (0 (L1 ) ) (oo~ )+ 00 (5 1" ) oo (22)

We concentrate in the particular case p = r = 2. In a Hilbert space, making use of

the definition of G-derivative and the polarization identity (2.5)), it is not too difficult to

prove that the convex function f(x) = %HQZ”Q satisfies f' (xo)x = (xo,x) for all x € X.

Consequently Of (xo) is single valued and Of (xo) = f' (x0) = xo, this is, O <% ||||2> is just
the identity operator. Equality (2.2)) assumes in this case the form (forp=r=2)
0= A" (Azg — b) + axg = zo = (A*A+ al) "' A*D.

Using the definition of subdifferential, one can prove that for all x € X\ {0} [10, Prop.
3.4, Ch. I,
Ollz) = {2 € X*: (2%, 2) = || and [2"[| = 1}. (2.3)

This result motivates the definition of a smooth Banach space.
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2.2 Smoothness of Banach spaces

Definition 7 A Banach space X is called SMOOTH if for every x # 0, there is a unique
x* € X* such that (x*,x) = ||z| and ||z*| = 1.

The existence of z* in the above definition is guaranteed by the Theorem of Hahn-
Banach. Thus, smoothness of Banach spaces is only a matter of uniqueness of z*.

Remark 8 We want to mention the fact that from the isomorphismus T constructed at the
beginning of this chapter it follows that a complex Banach space is smooth if and only if its
corresponding real Banach space is smooth. This is a direct consequence of the equivalence

(%, z) = ||z|| and ||z¥|| =1 <= (T2",x) = ||z|| and | Tz"| =1, (2.4)
which we prove now. Indeed, first remember that ||Tz*|| = ||x*||. Now, if (x*,z) = ||z|] € R,
then
2]l = (27, 2) = Re (27, 2) = (T", z).
Reciprocally, assuming (T'z*,x) = ||z|| we define the vector T := sgn ((z*,x))x and obtain

from (2.1,

|z|| = (Tz*,x) = Re (z*,z) < |(z*,x)| = Re (2", T)
= (Tz", z) < ||Tz*| |z]| = |z = ||z -

Consequently, Re (x*,z) = |(z*, x)| which implies that (z*,x) = Re (z*,z) = ||z|| and the
proof is complete.

As the subdifferential of ||-|| : X — R is always a subset of X5, we see that in a complex
Banach space X, the set in 15 actually described by

Ozl = {2" € Xz : («", 2) = ||zl and [lz"]| = 1}.

But as these two sets can be identified to each other using the isomorphismus T (see ([2.4))
above), (2.3]) can be used, in a slight abuse of notation, even in complex Banach spaces.

Using the last definition and , we conclude that a Banach space is smooth if and
only if the subdifferential of the convex function f(x) = ||z|| is single valued for all z €
X\ {0} . This is in turn, an equivalent condition to the G-differentiability of f in X\ {0},
i.e., the Banach space X is smooth if and only if the norm-function is G-differentiable in

X\ {0}.

Definition 9 Let X be a Banach space. The function px: RT — R defined by

1
px (1) = gsup{|lo + 1yl + llo — 7yl = 2+ ||l = [lyll =1},

is called the MODULUS OF SMOOTHNESS of X. The space X 1is said to be UNIFORMLY
SMOOTH if lim+,0X (1) /7 =0 and it is called p—SMOOTH, for p > 1 fized, if px (1) < Cp7P,
T—0

where C, > 0 is a constant independent on 7.
X p—smooth implies that px (1) /7 < Cp7P~! — 0 as 7 — 0, which in turn implies that

X is uniformly smooth.
Define the function f (z) = ||z|| and observe that

px (1) _ 1 {f(erTy)—f(x)+f(w+T(—y))—f($)

T T

el =yl = 1}.
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Assume now that X is uniformly smooth, then for all z,y € X with ||z| = |ly|| =1,
. flx+T1y)—f(z) fle4+7(-y)—f(z
0= iy (HEEmI= L) et rCMZTEN) gy - 2 o).
T—0+t T T

It is not so difficult to extend this equality for all ¥y € X, which implies that f is G-
differentiable at x, for all x € X satisfying ||z|| = 1. Finally, one can prove that the
result actually holds for all x € X\ {0}, which means that X is smooth. Hence, the
uniform smoothness of X implies the smoothness of this space. The converse is however
not true, as can be seen in [10, Theo. 3.12, Ch. I], where a proof of the equivalence
between uniform smoothness and uniform F-differentiability of the norm-function on the
unit sphere is given. In particular, the norm-function is F-differentiable in X'\ {0} provided
X is uniformly smooth.

Example 10 With help of the POLARIZATION IDENTITY:

1 2 1, 9 L2
> Il =l = S llall® = G, + 5 Iyl (25)
which holds true for all vectors x and y in an arbitrary Hilbert space H, one can prove that
2 2 2 2 2
(llz+ 7yl + o = 79l)* < 2 (2 + ryll* + o = 7yl”) = 4 (2l + 72 0lP) . (2.6)

which implies that
1
5 (lz+ 7yl +llz —7yl) < V1472

for |z|| = |lyll = 1. Consequently, pu (1) < V1472 —1 < £72, which proves that a Hilbert
space is always 2—smooth. Further, as T > 0, the inequality in holds if and only if
|l + 7y|| = ||z — 7yl , i-e., (x,y) = 0. This is possible if and only if dim H > 2, and in this
case we obtain py (1) =1+ 72 — 1.

2.3 Convexity of Banach spaces

Definition 11 The Banach space X is said to be STRICTLY CONVEX if for all x,y € X
with x #y and ||z|| = ||y|| = 1 it holds | Az + (1 — N y|| <1 for all X € (0,1).

The above definition states that in a strictly convex Banach space, the line segment
connecting two points in the unit sphere has only points lying inside this sphere, except for
the extremal points themselves. It is possible to prove (see [10, Prop. 1.2, Ch. II]) that a
Banach space is strictly convex if and only if the unit sphere has no line segments. It is also
an equivalent condition to H% (x + y)H < 1for all z,y € X with x # y and ||z|| = |ly]| =1
(the midpoint of a line segment with extremal points lying in the unit sphere does not
belong to this sphere).

The strict convexity of the Banach space X is also equivalent to the strict convexity of
the function h (z) = ||z||?, for any p > 1 fixed. In fact, let p > 1 and z,y € X be fixed. As
the function f: RO+ — R(J)r, t — tP is strictly convex, we get from triangle inequality,

h(Az 4+ (1= A)y) = [[Adz+ (1 =) y[l” < (Allz] + (=) [lyl)” (2.7)
= f Ozl + @ =) Nyl < Af =)+ @ =2 £ lyl)
=M (z) +(1=A) h(y),
for all A € (0,1). Hence h is convex. Suppose now that A is not strictly convex. Then

there exist x,y € X with z # y and Ao € (0, 1) such that h (Aoz + (1 — o) y) = Aoh (x) +
(1= Xo) h(y). From (2.7),

FQollzll + (1 =20) lylh) = Xof (lzl]) + (1 = 20) £ (llyl]) ,
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which implies that ||z|| = ||y|| # 0 because f is strictly convex. Again from ,
Aoz + (1= 2o) yll = Ao llzll + (1 = Ao) lyll = ll=ll = llyll,

this is,
suppose that X is not strictly convex. Then there exist A € (0,1) and z,y € X with z # y
and [|z|| = ||ly|| = 1 such that

)\OH%” + (1= o) HZ—”H = 1, which implies that X is not strictly convex. Conversely,

hAz+ (1 =Ny =+ 1 -Ny|’ =1
=AMz[”+ @ =)yl = A (z) + (1 =N h(y),

which implies that h is not strictly convex.

Definition 12 Let X be a Banach space. The function dx: (0,2] — R defined by

. 1
ox (= int {13 (o)< ol = Ioll =1 and o =y > ¢},
is called the MODULUS OF CONVEXITY of X. The space X is said to be UNIFORMLY CONVEX
if 0x (€) >0 for all 0 < € <2 and it is called p—CONVEX, for p > 1 fized, if dx (€) > KpeP,
where K, > 0 is a constant independent on 7.

It is easy to prove that p—convexity implies uniform convexity.

Fix z,y € X with z # y and |[z| = [jy|| = 1. If X is uniformly convex, then for
€ = |[lz—y| € (0,2] it holds d (¢) > 0, which implies in view of definition of dx that
1-— H% (x + y)H > 0, which in turn implies that X is strictly convex.

In [9 Example 1.7], the author presents an interesting example of two different Banach
spaces, which have equivalent norms, and at the same time the first one is strictly convex,
the second one is not. Further, the strictly convex space is not uniformly convex, which
proves that these are not equivalent concepts.

An interesting property of uniformly convex Banach spaces is the following: if z,, — x
and ||z,| — ||z|| as n — oo, then x,, — = as n — oo [10, Prop. 2.8, Ch. IIJ.

For an arbitrary Hilbert space H and a Banach space X, the inequalities dz (€) > dx (€)
for all 0 < € < 2 and py (7) < px (7) for all 7 > 0 always hold. Moreover X p—convex
implies p > 2 and X p—smooth implies p < 2. Since Hilbert spaces are 2—smooth and
2—convex (see Example and Example below), we conclude that they are the ”most
convex” and ”smoothest” Banach spaces.

As shown in Example an explicit formula for pg (7) is known in case of dim H > 2.
The same is true for dz (¢) as the next example shows.

Example 13 In a Hilbert space H, the polarization identity (2.5) shows that

o+ gl =2 (el + 1yl1?) = ll = I

’ lz = yIl\*
()
2

and with ||z — y|| > € we find 05 (€) > 1—4/1 — (5)2 > €2, which proves that Hilbert spaces
are 2—conver. If dim H > 2, then choosing two sequences in the unit sphere satisfying

With ||z|| = ||yl = 1, it results in

H;(wﬂ/)

|zn — ynl| = € as n — 00, we obtain the equality dp (€) =1 — /1 — (%)2
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2.4 Relations between smoothness and convexity

In this section we always consider X a Banach space and X* its dual space. The numbers
p,p* > 1 represent conjugate numbers, i.e., 1/p+1/p* = 1.

The strict convexity of X is equivalent to the smoothness of its dual space and vice-versa
in case of X being reflexive, as shown in [10, Cor. 1.4, Ch. II]. X uniformly smooth or
uniformly convex implies X reflexive [10, Theo. 2.9 and 2.15, Ch. II].

A very important result is the so called Lindenstrauss’ duality formulas, which connects
the modulus of smoothness of X and the modulus of convexity of its dual space X* and
vice-versa (see [10, Prop. 2.12, Ch. IIJ]): For each 7 > 0 it holds

px(T):Sup{%—éx*(e)20<6§2}

and

PX*(T):SUP{%—CSX(G):0<e§2}.

A consequence of Lindenstrauss’ formulas is the following important result: X is uni-
formly convex (resp. p—convex) if and only if X* is uniformly smooth (resp. p*—smooth)
and vice-versa (cf [38, 143, Vol II 1.e]).

Example 14 The Lebesgue space LP () satisfies:

51 () %624-0(62) >p8;1€2 l<p<?2
€) = 1
o 1-(1-(5)")" >
and )
pr(T):{(l—i-Tp)P—l <l i1<p<2
D)

which means that this space z’sﬂp\/Q—convem and pA2—smooth. In particular, it is uniformly
smooth and uniformly convex. The space of the summable sequences P (N) and the Sobolev
spaces WP (Q), n € N, are also p V 2—convex and p A\ 2—smooth for 1 < p < co. As these
spaces are not reflexive for p = 1 and p = oo, we conclude that they cannot be uniformly
smooth nor uniformly convex. One can actually prove that they are not even strictly convex
or smooth Banach spaces.

2.5 Duality mapping

The Riesz Representation Theorem states that in an arbitrary Hilbert space H, for each
element « € H, there exists a unique linear and continuous functional *: H — R such that

<x*7y>H*><H = <l‘7y>Ha for all Y€ H
and [|2*(| ;g ) = [|#| - This implies that
(2%, 9) < |z lly]| and (2*,z) = ||z (2.8)

This reasoning suggests we could cover the lack of an inner product in a general Banach
space X associating each element x € X to a functional z* € X* and then replacing the
inner product (x,y) with (2*,y) x«, x - In the ideal case, the dual pairing (-, -) y«, y would
have inner-product-like properties similar to above.

a4V b:=max{a,b} and a A b := min {a,b}.
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Definition 15 Let X be a Banach space. A continuous and strictly increasing function
¢: RS — R{ such that ¢ (0) = 0 and 1tlimcp (t) = oo is called a GAUGE FUNCTION. The
—00

set-valued mapping J,: X — 2X" defined by
Jo (x) :=A{z" € X : (2%, 2) = |[7|| . || and [lz"[| = ¢ (||=]))}

is called DUALITY MAPPING associated with the gauge function . The duality mapping
associated with the gauge function ¢ (t) = t is called NORMALIZED DUALITY MAPPING.
Finally, a SELECTION of the duality mapping J, is a single-valued function j,: X — X*
satisfying j, (z) € Jo, (x) for each x € X.

Suppose we are given x € X. From Hahn-Banach Theorem it follows that there exists
x* € X* such that ||z*|| = 1 and (z*, ) = |||, which means that y* := 2*¢ (||z||) € J, (z).
Hence J, () # @ for any = € X.

Remark 16 The same reasoning of the previous paragraph implies, in view of (2.4)), that
the vector x* belongs to the set

{z" € X" : (2%, 2) = [[27|| . [lz]| and |z"]| = ¢ ([|=]])}
if and only if the vector Rex* belongs to
{27 € Xg: (¢, 2) = |lz7||. [lz]| and [l2"] = ¢ ([[z[D)},

which means that the two above sets can be identified to each other by the use of the iso-
morphismus Tx* = Rex*. Therefore, one is allowed to write

(e (), y) <7 (@) [ly]]

even if X is a compler Banach space. The above inequality should actually be interpreted
as

Re (jo (2),y) < [IRejo ()| - lyll = ll7 @I - lyll -

The Asplund’s Theorem (2.9)) below and the Xu-Roach inequalities in Theorem should
be interpreted in the same way.

With the special notation J,, where p > 1 is fixed, we denote the duality mapping
associated with the gauge function ¢ (t) = tP~1. In particular, Jo is the normalized duality
mapping. From definition, we conclude that, for all z,y € X,

iy (@)1l = ¢ (ll2]l) = llP~,
(o (), 2) = dp (@) [l2]| = [|=]|” and
Gp (2) ) < gp @1 lyll = 127~ )l

Further, each selection jy of the normalized duality mapping has the inner-product prop-

erties shown in (12.8)) .

The connection between the subdifferential and the duality mapping is given by the
very important Asplund’s Theorem [10, Lemma 4.3 and Theo. 4.4, Ch. I]: Let X be a
Banach space, * € X an arbitrary vector and ¢ a gauge function. Then the function
P (t) := fot ¢ (s)ds, t > 0 is convex in Rj and

Jo (2) = 0 (¥ ([[z[])) - (2.9)
For the gauge function ¢ (t) = t*~1 we have ¢ (||z||) = % |z||” and conclude that .J, =

0 <% ||Hp) . In particular, for the normalized duality mapping it holds Jy = 0 (% ||H2> .In
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a Hilbert space, 0 <% ||H2> (x) = (% ||||2)/ (x) = x, which means that Jo = I is the identity
operator. Unfortunately, this very nice property is true only in Hilbert spaces. In fact,
one can prove that the normalized duality mapping Js is linear in X if and only if X is a
Hilbert space [10, Prop. 4.8, Ch. IJ.

The Asplund’s Theorem is the key to connect the properties of the duality mappings
with convexity and smoothness properties of a Banach space. For instance, an interesting
consequence of Asplund’s Theorem is the fact that a Banach space X is smooth if and only
if each duality mapping J,, is single valued (cf [10, Cor. 4.5, Ch. I]). In this case,

d
(Jo (2),y) = aw (Ilz + ty||) , for all z,y € X. (2.10)
t=0

Further, X is uniformly smooth if and only if each duality mapping is single-valued and
uniformly continuous in the unit sphere [I0, Theo. 2.16, Ch. II].

The next properties of the duality mapping J, are collected from [I(, Prop. 4.7, Ch. IJ:
Let z,y € X. The duality mapping inherits the monotonicity property of the subdifferential:

(dp () = Jo (y) ,z —y) 2 0.
Further, J, (—z) = —J, (x) and

QD(HLUH))JSO () for all A > 0.

In particular, Jo (Ax) = A\J2 (z) is homogeneous. The inverse of ¢ is a gauge function too
and if J;,l ¢ X* — X** is the duality mapping on X™* associated with the gauge function

Jo (Ax) =

¢!, then
z* € Jy(x) =z € (27). (2.11)

Finally, if ¢1 and ¢y are gauge functions, then

w2 ([l2]) Jor () = @1 ([[]]) Jop () -

In particular, for ¢ (t) = t"~! and @3 (t) = t*~! with p, > 1 it holds
To @) = 27 gy (). (2.12)

From [10, Cor. 3.13, Ch. II], we see that the rang of J, is dense in X*, i.e., R(J,) =
X*. If X is reflexive, then this result becomes R (J,) = X* (actually, this is an equivalent
condition to the reflexivity of X, see [10, Cor 3.4, Ch. II]). We conclude that in case of X

being reflexive, the reciprocal of (2.11)) is true and R (J;_l) = X** =~ X. Assuming that

X is smooth, then each duality mapping is single valued and if X is additionally reflexive
(this is the case for instance, if X is uniformly smooth), then J, is invertible and satisfies

Jot =T X XX (2.13)

In particular, J, = Jp«. Lastly, if the norm-functions in X and X* are F-differentiable,
then X is reflexive, J,, is single-valued, continuous and invertible with continuous inverse
satisfying . This result is valid for example, if X is uniformly smooth (then the norm
in X is uniformly F-differentiable on the unit sphere) and uniformly convex (then X* is
uniformly smooth and the same result holds true in this space).

The strict monotonicity of the duality mapping is equivalent to the strict convexity of
X, i.e., X is strictly convex if and only if, each duality mapping satisfies

(Jo () = o (y) ;& —y) >0 for all z,y € X with z # y.

2We define the range of J,: X — 2% as R(J,) := UzexJy, (), which makes sense even if J, is not
single-valued.
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Example 17 The dual space of the Lebesgue space LP (), 1 < p < oo is given by (LP (2))*
LP" () and the duality mapping J,: LP (Q) — LP" (Q) can be calculated using the formula
. In fact, the duality mapping J,, is associated with the gauge function ¢ (t) = P,
which means that ¥ (t) = f(f ¢ (s)ds= %tp. Let f,g € LP () be given. Then by (2.10) ,

d /1
= S (24l >
=0 dt (pH HLP
1d

-t [r@ @

d
<JP (f)ag>Lp*><Lp = a¢(”f+t§”m)

t=0

t=0

= /Qlf(fv)+tg(w)|p_lsgn(f(x)+t9(fl»‘))g(w)dx

t=0

= [ £ @F s (7 @) @)ax = (177 sgn (7))

L xLp

This means that Jp, (f) = |f|pflsgn(f), where the equality is understood pointwise. Using
now (2.12)) we conclude that the duality mapping J, in LP (Q) is given by

T (F) = 1 FIP 1P sen (f) - (2.14)

2.6 Bregman distances

In 1991, Xu and Roach proved in their famous paper [53] two very important results, which
are nowadays known as Xu-Roach inequalities. We start this section formulating these
results in form of a theorem.

Theorem 18 (Xu-Roach) Let X be a Banach space and p > 1. N
(A) If X is uniformly convez, then there exists a positive constant K, such that for all
z,y € X and j, (z) € Jp (x),

lz = yll” = =l” = p (G () ) + 0p (2, 9)

~ (||l - T
oyt = By [ UV I s (Y

t [l =2yl v l=]])

with

where dx is the modulus of convexity, see Definition[13. N
(B) If X is uniformly smooth, then there exists a positive constant Cy, such that for all
z,y€e X

lz = yll” < [lz)I” = p(Jp (), y) + op (2, 9)

_ ~ Y (llx = tyl| V||z]D? t
e =Gy [ LV (Y

t |z =ty v =]

with

where px is the modulus of smoothness (Definition @)

Assuming that the space X is s—convex for some s > 1 and using the definition of
s—convexity,
K,K,
28

1
op (z,y) = ||y|s/0 (llz =ty v [l])P~" £ dt.
Since for all t € [0,1],

= tyl| V=]l < flzll + [yl < 2 (=l v 1lyl)
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it follows that for p < s,
op (2, y) = pKps (2] V IyID" llyll”, (2.15)

where K, = IN(pKSQP_%/ps > 0. Similarly, if the Banach space X is assumed to be
s—smooth and p > s, then there exists a positive constant C), s such that for all z,y € X

op (,y) < pCh,s ([l V IlyI)"" [lylI” - (2.16)

In particular, if p = s, then

1 1 K
SNz =yllP = =zl = Gy (@), y) + =2 y|?, 2.17
= yll” = 2l = Gp (=) 90 + = F Iy (2.17)

and

1 1 C
— Nz =yl < =||z||P = (J, (z),y) + =2 ||y||”, 2.18
pH yll pH 17 = (Jp (z), y) ) [yl (2.18)

respectively, with K, := pK, s and C,, := pC .

In [9, Cor. 4.17 and Cor. 5.8] it is shown that the existence of K, and C), in inequalities
and are actually equivalent conditions to p—convexity and p—smoothness of
X respectively.

Note that inequalities and reduce to the polarization identity in
Hilbert spaces (for p = s = 2, K, = C, = 1). Trying to mimic this identity in a general
Banach space, we introduce the Bregman distance.

Definition 19 Let X be a Banach space and Q: X — R a convex and subdifferentiable
functional. The BREGMAN DISTANCE associated to € is the function Ag: X x X — R
defined by

Agq (z,y) == Q(z) = Q(y) —inf {{({,2 —y) : £ € 0 (y)}.

Despite its name, the Bregman distance is not a metric because it does not satisfy the
reflexivity for example (Agq (z,y) # Aq (y, z) in general). It does not satisfy the important
triangle inequality either. But, from definition of subdifferential immediately follows that
Agq (z,y) > 0 for all z,y € X. Additionally, z = y implies Aq (z,y) = 0.

Let ¢ be a gauge function. Then, from Asplund’s Theorem, the function Q (z) :=
Y ([|z]]) = folle ¢ (s)ds is convex and 02 (x) = J, (x) . It follows that in this case,

Aq (z,y) = (lz]) = (lyll) —inf{(&,x —y) : £ € J, (y)}-

We denote by A,, p > 1, the Bregman distance associated to the particular gauge function
¢ (t) = tP~L. This means

Ay (z.y) = ; r|? - ; Iyl — inf {(€.2 —y) € € T, (1)} (2.19)

Assume from now on that the duality mapping is single-valued (this is the case in smooth
Banach spaces for instance). Hence, the above equality becomes

1 1
Ay (@y) = S el” = LIyl = (J, () 2 — )

p p
1 1

=~ lz]l” = = Iyl + ylP = (Jp (),
el = = l? + = ¢y ) )
Yl + Lyl = 0, ), 2)

= — ||z — |Y — y),x
p p* P

- ; P = (J, (), ) + pl 1y ()

p*
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Observe the similarity between this formula and the polarization identity (2.5 . Since in

Hilbert spaces the normalized duality mapping is the identity operator, we conclude that

in these spaces Ag (z,y) = % |z —y||*. Further,

1 1 4
Ap (#.9) 2 el + gl =yl ll=ll-

Now, if (zn),cy C X is a sequence and = € X is a fixed vector, then the inequality

A, (z,xy,) < p implies
1
—1
leall? (p lall - ||x||) <p.

Considering now the cases ]% |zl — x| < 2}% ||| and 1% znl| — [z > 2’% |lzn|, we
conclude the implication

Ap(@,am) < p =zl < 20" (lef v 7). (2.20)

Therefore, (z,),cy is bounded whenever A, (z,,) is bounded. A similar result can be
proven if Ay (x,,z) < p. If the duality mapping is single-valued and continuous (this is
the case, for instance, in a uniformly smooth Banach space) then the continuity is handed
down to both arguments of the Bregman distance A,,.

If X is strictly convex, then x = y whenever A, (z,y) = 0 because X strictly convex
implies that x — % |z||” is strictly convex, which in turn implies that A, is strictly convex
on its first argument. Now, if x # y, we find for A € (0,1)

0<Ay(Az+ (1 =Ny, y) <AL, (2,y) + (1= A) Ay (y,y) = Ay (7,9),

which implies that A, (z,y) # 0.
A straightforward calculation leads to the THREE POINTS IDENTITY:

Ap (2,y) — Ap (2z,2) = Ay (z,y) + (Jp (y) — Jp (x) , 2 — 2) (2.21)

for all z,y,z € X. It is also easy to verify the identity A, (z,y) = Ap+ (Jp (y) , Jp (z)) .
The Xu-Roach Theorem states that in an arbitrary uniformly convex Banach space it
holds

1
];Up (yvy —.’L’) S Ap (xvy)a

for all z,y € X. Using (2.15)) we conclude that in an s—convex Banach space there exists,
for each p < s, a constant K, ; such that

Kps (lyll v lle =yl [l = ylI* < Ap (2,9) (2.22)

for all z,y € X. In particular, if the sequence (z,,),cy C X is bounded (or p = s), then
there exists a constant C' > 0 such that

|zn — zm||® < CAp (20, Tm) - (2.23)

In the same way, in an uniformly smooth Banach space it is true that

Ay (z,y) < =0, (y,y — )

"=

for all z,y € X, which in view of (2.16| implies that in a s—smooth Banach space it holds,
for each p > s,

Ap (z,y) < Cps (lyll V llz = yIDP ™ llz = yll* = Cpos (" Nz = yll* V2 = ylI”)  (2:24)



20 CHAPTER 2. GEOMETRY OF BANACH SPACES

for all z,y € X. One can additionally prove for an arbitrary s—smooth Banach space, that
for each p > 1, there exists a positive constant C), s satisfying

—pA - -1
1p (@) = Jp (Il < 257PCps (1] V Iyl llz =yl
for all x,y € X. Since
| Vllyll < flz = yll + llyll < 2 ([lz =yl vyl
we additionally have for p > s,

15 (@) = o )]l < Cps (= yll V 17~ 1o = "~ (2:25)
s (Il = yIP " VIl = ") .



Chapter 3

The Inexact Newton Method
K-REGINN

We aim to find an approximate solution to the nonlinear ill-posed problem
Fz) =y (3.1)

with F' operating between Banach spaces X and Y, that is, F': D(F) C X — Y, where
D(F') denotes the domain of definition of F'. We suppose to have full knowledge of this
operator. An approximation y° for y satisfying

Hy—fHS&

and the noise level § > 0 are assumed to be known as well. Suppose now that a solution
xT of exists and for the ease of presentation, assume for now that it is unique. We
aim to find for each pair (y‘s, 6) satisfying the above inequality, a vector x5 such that the
reqularization property hold&E]:

s —xt asd — 0. (3.2)

The basis of our work is the Newton-type algorithm REGINN (REGularization based on
INexact Newton iteration). We first explain the original idea of this method as introduced
in [43] and later present our Kaczmarz version K-REGINN, which is a generalization of the
original algorithm. REGINN, as described in [43], improves the current iterate x,, via

Tpal = Tn + Sp (3.3)
by a correction step s, obtained from approximately solving a local linearization of (3.1):
Aps =10 (3.4)

where A,, := F'(x,) is the Fréchet derivative of F' at z, and b := y® — F (z,) is the
corresponding nonlinear residual. For a fixed number n, REGINN typically applies an iterative
solver to (3.4)), called inner iteration, to generate a sequence (s 1), Which approximates
a solution of this system. The inner iteration terminates in the first index k = k,, satisfying
< bfl

HAnSn,k - bi (35)

with a pre-defined constant 0 < g < 1. The Newton iteration (3.3)), also called the outer
iteration, is now realized defining s, := s, 1,,. The algorithm is finally terminated with the

!The approximate solution zs actually depends on ¢ and y‘S PLs = T y6)-

21
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discrepancy principle: Stop in the first iteration n = N (J) satisfyingﬂ
Hy5 —F ($N(5))H <79,

with 7 > 1 being a constantﬂ

In order to define REGINN in a more general framework, we assume that splits
into d € N ”smaller” sub-problems, that is, Y factorizes into Banach spaces Yy,..., Yy 1:
Y = Yb XY XX Ydfl. ACCOI‘dingly, F = (Fo,Fl, NN ,Fdfl)T, Fj: D(F) cCX— ij, and
y = (Y0,¥1,---,Ya—1)". The equation is now equivalent to the system

Fj((]})zyj, j:O,...,d—l. (36)

Our task can be recast as: for each d pairs <y?j ) (5j) satisfying

§; .
s — 21 < 650 5 = 0,eid — 1, (3.7)
find a vector xs such that the regularization property (3.2]) holds for
d:=max{d;:j=0,...,d—1} > 0. (3.8)

The approximations y?j to y; and the respective positive noise levels J; as well as the
operators Fj, j =0,...,d — 1 are assumed to be known.

We emphasize that systems like arise quite naturally in applications where the
data is measured by d individual experiments or observations. For instance, in electrical
impedance tomography, one wants to find the conductivity of an object by applying, say, d
current patterns at the boundary and measuring the resulting voltages at the boundary as
well (see the numerical experiments in Chapter [5)).

Our goal now is to introduce a Kaczmarz variant of REGINN (in short K-REGINN). In
contrast to traditional iterative methods, the Kaczmarz strategy, also known as loping
strategy, aims to find a solution of the original problem processing the equations (3.6))
cyclically, using one equation each time stead of using all of them at the same time. This
kind of cycling strategy was initiated by Kaczmarz [27] in the context of linear systems in
finite dimensional spaces, first analyzed in the context of inverse problems by Kowar and
Scherzer [31] and further investigated by several authors [20], [7, 40, [39] [37].

The idea of K-REGINN is to determine s,, from similarly as explained in but
with s

Ay = F['n] () and bS = y[r[;]” — Flp) (2n),

where [n] := nmod d denotes the remainder of integer division. Thus, the subsystems are
processed cyclically, breaking the large-scale system into handy pieces. Observe that
the inner iteration works with a fixed equation of . When the inner iteration terminates,
the current vector z,, is updated in the outer iteration generating the vector z,41 and
the current equation is replaced by the next one. Finally, the outer iteration is stopped
using a variant of the discrepancy principle.

We go now into details and explain K-REGINN more precisely: Start the outer iteration
with 2y €D(F') and the inner iteration setting s, o := 0. With n fixed, generate the sequence
(Sn,k)keN . Update now the outer iteration using 11 := & + Sy k,,, where the final (inner)
index ky, is determined as follows: choose 7 > 1 and p € (0,1). Define k, = 0 in case of

2The number N is chosen by a posteriori strategy, it thus depends actually on § and y°: N = N (6, y‘s) .
But we stick to the simpler notation N = N (9).

3The idea of using was originally introduced in 1982 by Dembo et al [I3] in the context of nonlinear
well-posed problems in finite dimensional spaces.

b,

< (- (3.9)
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Algorithm 1 K-REGINN
Input: zy; (y‘sﬂ',éj); Fj; F]{, j=0,....d—1; u; ;

Output: xy with ||yjj — Fij(zn)|| <765, 5=0,...,d—1;
£:=0; zg:=an; c:=0;
while ¢ < d do
for j=0:d—1do
n :={4d + j;
b o= yjj = Fj(zn); An = Fl(wy);
if |b)| < 70; then
Tntl 1= Tp; C:=c+1;
else
k :=0; sp0 := 0; choose kyaxn € N;
repeat
calculate s, 41 := f(spk) from % The meaning of f is explained in
% Remark
k=k+1;
until Hbfl - Ansn,kH < Hbsz or k = kmax,n
Tn4l = Tp + Spg; €:=0;
end if
end for
(:=0+1;
end while

IN = Tid—c

Otherwise choose arbitrarily k,, € {1, ..., krpc} with

kREG = min {k EN: HAnsmk B < pl[p? } . (3.10)
Note that the definition of k,, can be seen as
kn = kREG A kmax,n, (311)

where (Kmaxn),cy 18 an arbitrary sequence of natural numbers and kgpg := 0 if (3.9) is
verified. Observe further that if kp,.x < 0o, where

Emax 1= max {kmaxn : 1 € N}, (3.12)

then the sequence (kn)neN is bounded: k,, < kmax for all n € N.

The equality z,4+1 = x, holds whenever holds, which means that the algorithm
does not alter z,, anymore in case of being verified d times in a row. Stop therefore the
outer iteration as soon as the discrepancy principle is satisfied d consecutively times.
Our approximate solution of is then xn where N = N (4) is the smallest number
satisfying

Hij ~F (:cN)H <785, j=0,...,d—1. (3.13)
See Algorithm [I] for an implementation in pseudocode. See also Remark

Remark 20 The function f: X — X in the repeat looping of Algorithm |1| represents a
general procedure to generate the inner iteration sequence (Sn»k)0<k<kn from (3.4). Although
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the function f depends on the Banach spaces X and Y and on the particular method used
to approximate the solution of , we do not consider any particular method to perform
this task in our convergence analysis in Chapter [} Instead of this, we only assume that
some properties of this sequence hold true, without caring about how it is generated. In
next section however, we adapt some classical and well-known methods from Hilbert to
more general Banach spaces to provide some practical examples of how this sequence could
be generated in order to have the required properties used in the convergence analysis of

Chapter [}

3.1 Solving the inner iteration

In this section we present various iterative methods which can be employed to approximately

solve the linear system A,s = b9 in order to find the vector s, x, (see (3.10) and (3.11))
used to update the outer iteration of K-REGINN. We recall that

On

represent respectively the F-derivative of the forward operator Fj, at the current iterate
xp, and the nonlinear residual. The numbers p,r > 1 are fixed and p* and r* represent their
conjugate numbers respectively.

We suppose in the whole of this section that exact data (6 = 0 in ) is given. The
objectives are to avoid unnecessary complications at this point of the text as well as to ease
the notation, and for this last reason, we temporarily omit the superscript §. We would like
to stress however, that all the results presented here can similarly be proven for the noisy
data case. Later, in Chapter [d] we turn back to the old notation and consider noisy data
again.

The concept in next definition is essential to understand the ideas of the primal gradient
methods of Subsection [3.1.1] below.

Definition 21 Let X be a vector space and ¢: D(¢) C X — R a functional with domain
D(¢) having non-empty interior. The vector v € X is a DESCENT DIRECTION for ¢ from
z €int(D (p)) if there exists a positive number t such that ¢ (x + tv) < ¢ (x) for all0 < t < t.

K-REGINN updates the current vector xz, adding the vector s, j, found in the inner
iteration: xp41 = Ty + Spk,. The vector x,41 is now a new approximation for a solution
of . For this reason, we would like the vectors s, ; to be descent directions for the
functional ¢y, (z) := 2 HF[n] (T) = Y] Hr from z,,.

The function 1 ||-||" is F-differentiable if the uniform smoothness of Y[,y is assumed, see
Section Assume now the F-differentiability of Fj,;. In this case the chain rule applies
to the auxiliary function ¢, (t) := ¥n, (Tn, + tspk):

o (0) = <J,~ (Fnj (@0 + tSnk) — Ypn)) ,F[’n] (@ + tsn k) S"’k>‘t=o
= (Jr (=bn), Ansn i) = (Jr (=bn), Asn . — bn) — (Jr (=bn) , —bn)
< 1ball" ™ (| Ansn g = ball = [1Ball) -
Assuming additionally that ||Ay,sy i — bn|| < ||bn]| , it follows that

lim @n (t) — ¢n (0)

Y
50 t - @n (O) < 07

which implies that there exists ¢ > 0 such that ¢, (t) < ¢, (0) for all 0 < ¢ < ¢. This is
equivalent to ¥y, (25, + tsp k) < ¥ () for all 0 < ¢ < t, which means that s, is a descent
direction for v,, from x,,.
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Though the assumption under the space Y}, facilitates the above proof through the
use of the chain rule in the F-differentiable functions 2 ||-|" and F| in], it is not an essential
condition. The result actually holds true under weaker restrictions on the space Y,), which
guarantees only G-differentiability of norm-functions, as the next proposition shows.

Proposition 22 Let X and Y be Banach spaces with Y being smooth and let F': D(F) C
X — Y be a Gateauz-differentiable function in x €int(D (F)). Further, let y € Y be a
fized vector and define A = F'(z) and b = y — F (z). If s € X satisfies the inequality
|As — b|| < [|b]|, then s is a descent direction for the functional ¥ (-) = ||F (-) — y|| from x.

Proof. Define the auxiliary functions g (t) := % ||b — tAs||",r > 1,1 (t) := ||F (z + ts) — y||

T r

and v (t) := [|b — tAs]||. As Y is smooth, the duality mapping J,: Y — Y™ is single-valued
and satisfies (see ([2.10))

(Jr (v),w) = dit [i lv+ tw”r] » (3.14)
Therefore,
tim PO =000 g 0) = (7, (), —48) = (2 ()b As) — () )

< |[BlI"" (|| As — bl — [Ib]) < 0.
The result implies that there exist small numbers ¢,y > 0 such that

o (t) — 10 (0)

< - <0
n ==

for all 0 < ¢t < ¢, which in turn implies that

3=

o (t) < (=7tr + 12 (0)")
Now,

U1 (t) < ||F (z+ts) — F(z) — tF' (x) s|| + 12 (t)
<||F (v +ts) — F (x) — tF' (2) s|| + (¥ (0)" — ~tr)

1
-

and as 91 (0) = 12 (0),

Vi(t) =91 (0) _ |IF(x+ts) = F(x) - tF (@)s]| | (42(0)" — Atr)T — 13 (0)
t - t t

for all 0 < ¢ < ¢. Finally, [|F (z +ts) — F (z) — tF' (z)s]| /t — 0 as t — 0 because F is
Gateaux-differentiable at x and

1
0) — ~tr)r — 0) L’Hospita — =
o (02O = 980)7 = 2 O) wtspital o 0y gy = —— 2 <,
£0 t =0 Yo (0)77

Hence, there exists a number #; > 0 such that 1 (t) < 91 (0) for all 0 < t < {3, ie.,
[F (z +ts) =yl < [|F'(z) —yll. =
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3.1.1 Primal gradient methods

We forget K-REGINN for a while, skip the index n of the outer iteration and concentrate
only in the inner iteration. A: X — Y represents a linear operator and b € Y is a fixed
vector.

In Hilbert spaces, the gradient of the functional ¢ (s) := % |As — b||* is given by
Vi (s) = A* (As — b) and the vector —V ¢ (si) is a descent direction for ¢ from s; whenever
it is not zero. We prove in the next proposition a similar result for smooth Banach spaces.

Proposition 23 Let X and Y be Banach spaces with Y being smooth. Further, let A: X —

Y be linear, b € Y a fived vector and ¢: X — R the convex functional ¢ (s) := L || As — b||"

with r > 1 fived. Then ¢ is G-differentiable in X and if Vi represents the G-derivative of
@ at sy, the vector —jp. (Vi) with p* > 1 fized is either equal zero or a descent direction

for ¢ from sg.

Proof. Like in (2.2), we see that
1
Oy (s) = A%0 (7’ H]r> (As —b) = A*J, (As = D).

As'Y is smooth, the duality mapping J,.: Y — Y™ is single-valued, and so is the subdiffer-
ential 0p: X — X*, which implies that ¢ is G-differentiable in X. Further, its G-derivative
at s is given by Vi = A*J, (Ask — b) . Suppose that Vi # 0. Using the auxiliary function

B (1) i= ¢ s+ 1 (=5 (V1)) = 1 [ (s = ) + ¢ (=45 (V)|

we find applying (3.14),

®(t) — @ (0) B14)
t

lim =@ (0) =" (J, (As, —b),—Ajr (Vi)

t—0

= (Vi ji (Vi) = = [ V&P < 0.

It follows that there exists a number ¢ > 0 such that for all 0 < ¢ < ¢ it holds @ (¢) < ® (0),
this is, ¢ (s +t (- (Vi) < @ (sx). ®

Proposition 23| shows that in a smooth Banach space Y, the sequence generated by the
iterative method

Sk+1 ‘= Sk — /\kj;* (Vk) s (315)
with p* > 1, s € X and A\; > 0 small enough, satisfies the inequality ¢ (sp+1) < @ (Sk),
ie.,

[Asgq1 — bl < [[Asi — bl (3.16)
as long as Vj # 0. If additionally so := 0, then ||Asy —b|| < ||b]| for alf] k& € N. The
iterative methods defined in this way are called primal gmdientﬂ methods. Algorithm
codifies K-REGINN with a primal gradient method in the inner iteration in a smooth Banach
space Y. The pieces highlighted in red represent the part of the algorithm exclusively
related to .

If the step-size Ay in can be chosen independently on k, the associated gradient
method is called Landweber methodﬁ (in short LW), that is, Apw =constant. The Steepest
Descent method (SD) is defined choosing a step-size Agp satisfying

Asp € arg ming (s/z€ — N (Vk)) ,
AERT

In view of Proposition , we see that for A = A, and b = b,, the vectors s = s, are descent
directions for the functional ||Fl,) (-) — Y[n) H from xp,.

SHere the iteration occurs in the primal space X, in contrast with the so-called dual methods where the
iteration happens in the dual space X, see Subsection

5To homage the relevant work of L. Landweber [33].
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Algorithm 2 XK-REGINN with primal gradient inner iteration
Input: zy; (y%,6;); Fj; Fj, j=0,...,d=1; p; 75 p,r > 1;

Output: zy with ||yjj — Fij(zn)|| <765, 5=0,...,d—1;
£:=0; zg:=an; c:=0;
while ¢ < d do
for j=0:d—1do
n:={4d + j;
b = yjj = Fj(zn); An = Fi(wy);
if |b)| < 70; then
Tnt+l 1= Tp; C:i=c+1;
else
k :=0; sp0 := 0; choose kyaxn € N;
repeat
Vi i= A% T (Ansn g — b3);
choose A, ;; > 0 and j;*(v,“k) € J;‘*(mG);
Snk+1 = Snk — AnkJpr (Vik);
k=k+1;
until Hbfl — Ansn,kH < W Hble or k = kmax,n
Tpgl = Tp + Spg; €:=0;
end if
end for
(:=0+1;
end while

IN = Tid—c

if such a minimizer exists. Assuming this is the case and additionally assuming that the
function ¢ is F-differentiable (the second assumption is true for instance, if Y is uniformly
smooth), one can apply the chain rule to find

d o - -
N4 (sk = e (Vi) . = (¢ (s = M= (Vi) , =i (Vk)>‘)\:)\SD

= — (A" T (Aspy1 =), gpe (Vi) = = (Vi1 dp (Vi) -

It follows that, similarly to Hilbert spaces, the gradient of two consecutive iterates are
“orthogonal” in the sense that <j;;* (Vi) Vig1) = 0. Further, the inequality ¢ (sp41) <
%) (sk = N (Vk)) is immediately verified for all A > 0 and consequently holds. Due
to the nonlinearity of the duality mapping, an explicit formula for Agp is nevertheless
difficult to be achieved. The uniqueness of a minimizer is guaranteed for instance, if A is
injective and Y is strictly convex because in this case the function 1 ||-||" is strictly convex
and Ax; — b # Axo — b whenever z1 # x2, which implies the strict convexity of ¢ and
consequently the desired result.

Suppose now that Y is a r—smooth Banach space, then there exists a positive number
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C, (see (2.18)) such that for all A > 0 and sp41 = s — Ajy- (Vi)

1 1 r
" |Aspy1 — b||" = " |(Asg, — b) — AAjn. (Vi) ||

1 . ” C, " r
< - lldsk =" ~ (Jr (Asp —b) , MAjr. (Vi) + 7 Ay (V)]

r
)

1 r * Cr r -
sk = b7 = VAP + SEX | Ag (1)

which implies that

* zﬂ r - r
@ (sx11) =@ (s8) < =AIVRl” + =207 | Aje (V)" = £ (V). (3.17)

The above inequality is verified for each method defined via sg11 = s — Ajp+ (Vi) and
in particular, since the step-size A\gp minimizes the difference ¢ (sx1+1) — ¢ (sg) , inequality
holds for this method using an arbitrary A > 0 in the rightmost side. The optimality
condition f’(\) = 0 drives to the step-size

p*

/\7]"\/;51‘D = Co W

with Cp := 1/C,.. The associated gradient method is called Modified Steepest Descent (MSD)
method. If Y is a Hilbert space and r = 2, then the polarization identity (2.5 shows that
C, = 1 can be chosen. In this case, the SD and MSD methods coincide and have the same
step-size:

[Vel”

|4z (vn]

If X is a Hilbert space too, then this step-size is given by the expression (for p = r = 2):

A=

o VRl (AT (Ask = b))

_ - . (3.19)
IAVL|?  [[AA* (s — b)||?

Changing the definition of Cy with an arbitrary number satisfying the inequality 0 <
Co < r/C,, we observe that the choice A\, € (0, A\yssp] implies that f(\;) < 0, which in

view of (3.17)) implies (3.16]). The inequalities 0 < A\ < Ajpsgp in combination with (3.17])
additionally imply that

P Cr
@ (skr1) — @ (s6) < f (M) < =M [[Vi][” + >\k7

C,Cy
r

Nizsp | Adne (V)| (3.20)

= ANVl + M VR = =Cod V[P <0,

where C1 := 1—C,.Cy/r > 0. The above result is true for each primal gradient method with
step-size satisfying Ay € (0, \arsp] with 0 < Cy < 7/C,.. Tt holds for SD too (in principle
not for A\ = Agp in the rightmost term because we do not know whether 0 < Agp < Aysp,
but for an arbitrary A\ € (0, Aaprsp]). Now, if Ay € [eAysp, Avrsp] with 0 < ¢ < 1 being
independent of k,

N\ T—1 N\ T—1
(e lVil) ™ = (eAuso 19417")
Hvkup*—r(P*—l)
A"

ey Z ¢ Co g

> T‘—l —
s AT

Vi
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which implies that A [|V[”" 2 V] . From (3:20),

> IV

k=0

oo o0
TS MV S D e (sk) = @ (ske) < @ (s0) < oo
k=0 k=0

It follows that
Vil — 0 as k — oo. (3.21)

Hence, there exists a constant Cy > 0 independent of &k such that |Vg| < Cy. The result is
true for each primal gradient method with step-size Ay in the interval [cAyrsp, Aprsp] with
0 < ¢ < 1 fixed but arbitrary. Although we do not know if the inequality cAyrsp < Asp <
AMSD is true, is ensured for SD method too because holds for this method
with an arbitrary A\ € (0, A\prsp]. In particular, holds for SD with A\, = Ayrsp for
example, which implies .

Finally, the inequality p < r implies that p* — r (p* — 1) < 0, which in turn implies
w * * *_1
V|| r(p*—1) Cé’ r(p*—1)

1Al

-1
A?\JSD > Cy > Cy

1AL -

Choosing

CT*—lCT*—p*
Apwy = —0——2_ 3.22
o Al (322)

we conclude that Arw € (0, \yrsp] and due to (3.20)) , the inequality

¢ (sk11) — @ (s8) < —Codpw ||Vl

is valid for LW method. As Ary is constant, the last inequality immediately implies (3.21]).
In summary, we have proven that:

e If it is well-defined, the SD method always satisfies (3.16]). Additionally, if YV is
r—smooth, then (3.21)) holds true.

e The LW method is well-defined, satisfies (3.16]), (3.20) and (3.21)) whenever Y is

r—smooth and p < r.

e Y r—smooth implies that each primal gradient method with step-size A\, € [cArrsp, Ayvsp)
and 0 < ¢ <1 (in particular, MSD itself) satisfies (3.16]), (3.20]) and (3.21]).

Lemma 24 Let X and Y be Banach spaces and (si),cy be a sequence generated by the

iterative method (3.15)) with sog = 0. Suppose that (3.21)) and (3.20) hold. Then there exists
a constant C > 0 such that

1
: _ T < - _ T T . .
klgrgo |Ase — b||" < T C (I[As —=0o||" + C|b||"), foralls e X (3.23)

Proof. From (3.21)), it is possible to choose a subsequence (ij)j N such that HVk]. H <

[Vl for m < kj. Let s € X be an arbitrary vector. As Vj, € ¢ (sg,), it follows from
definition of subgradient that

kj—1
@ (1) < @ (8)+ (Vo ot,) — (Vios) = 0(5) = 3 A (Vg e (Vi) — (V)
m=0

kj—1
<)+ D A IVall? + || Vi || - llsl],

m=0



30 CHAPTER 3. THE INEXACT NEWTON METHOD K-REGINN

and employing we arrive at
¢ (sk,) <0 (s)+C(e(s0) =@ (s,)) + ||[Vi ]| - Isll,
with C := 1/Cy > 0. Hence
(1+C) ¢ (sx;) < @(s) +Cp(s0) + || Vi, || - sl -

Now, (3.20) implies that (¢ (sk)),ey is @ positive decreasing sequence, hence convergent. It
follows that

: . 1
Jim o (se) = Tim ¢ (s;) < Jim 7= [ (s) + Cip (0) + [V || - lsl]

= A [P () +Cp(0)].

3.1.2 Dual gradient methods

We start this subsection using a motivation in Hilbert spaces to introduce a new method,
which we call Decreasing Error method (in short DE). Using the best of our knowledge,
a similar method was introduced by Fridman in [I7] in the context of linear problems in
Hilbert spaces. In this particular situation, this method results in the gradient method
with the fastest decreasing error and this is the reason why it was called later, the Minimal
Error method, see e.g. [41]. As far as we know, the adaptation of DE method to nonlinear
problems in Banach spaces is novel.

Suppose momentarily that there exists a solution s* of the linear equation As = b.
Define now the gradient method sx11 = sy — Ax Vi, with A > 0 and Vi being the gradient
of o (s) = 5| As — b||* at s, ie., Vi = A* (As, —b). The main idea consists of finding a
calculable upper bound Ax > 0 for the step-size Ay such that the inequality A\x < A implies
the monotonically reduction of the error in each step.

Using the polarization identity we find

Slisin =717 = 5 sk — 57 = MVall” = 3 llow — 57" = A s — 57, Vi) + S A N0l
Thus,

% lsksr —s7)° = % st = sTI° = =Ae (s — 57, Vi) + %/\i IVEI® =g (). (3:24)
Observe that g () < 0 if and only if

M < o5t =5 Vi) _ (Al —s7), Asp —b) || Ask — b||?
IVk|? Vx| IVk|?

We conclude that the choice \;, € (O,Xk.] with the calculable step-size

T o s = b

(3.25)
V5]

and Cy < 2 implies that g (\;) < 0, as we wanted. Observe that Cy = 1 transforms A, in the
optimal step-size (in the sense that the resulting method has, among all gradient methods,
the error which decreases with maximal speed), which is obtained from ¢’ (Xk) = 0. The
gradient method associated with the step-size A\, with Cy = 1 is just the Minimal Error
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method introduced in [I7]. Note further that the step-size is simpler to be computed
than the one of Steepest Descent method .

To enlarge the above results in order to guarantee their validity for nonlinear problems in
Banach spaces, more general results as those shown in last subsection are required. For the
proper adjustment of DE method to K-REGINN, we suppose for the rest of this subsection
that X is an uniformly smooth and uniformly convex Banach space. Both restrictions
together ensure that the duality mapping J,: X — X*, 1 < p < oo, is single valued,
continuous, invertible and with continuous inverse given by .J = Syt X* = X = X
This result provides free access to the dual space X* in the sense that it is always possible
to transfer a vector from X to its dual space X*, perform an iteration and then come back
to the original space in a stable way.

We further assume the next assumption on the inverse problem F () =y :

Assumption 1 (a) There exists a solution = € X of equation (3.1)) satisfying
B, (x+,Ap) = {v ceX:A, (x*,v) < p} cD(F),

where p > 0 and p > 1 are fized numbers and the Bregman distance A, is defined in (2.19)) .
(b) All the functions Fj, j = 0,...,d — 1, are continuously Fréchet differentiable in
B, (x%,Ap) and their derivatives satisfy

HFJ/(U)H <M forallve B, (z*,Ay) and j =0,...,d -1,

where M > 0 is a constant.
(¢) (Tangential Cone Condition (TCC)): There exists a constant 0 < n < 1 such that

|Fj(v) = Fj(w) = Fj(w) (v = w)|| <0 F(v) - Fw)ll,

for allv,w € B, (z7,Ap) and j =0,...,d— 1.

Before starting the analysis in more general Banach spaces, we stay a little longer
in Hilbert spaces and observe how could be possible to employ the DE method as inner
iteration of K-REGINN. Similar to before, we define the iteration sy, p+1 = spr — Ak Vi,
where A, , > 0and V,, ,, = A% (Apsp — by), with 4, == F[’n] (zn) and by, := Ypp) — ) (7n) -
Observe that the most suitable vector to be approximated in the inner iteration is not s™,
but e, := 27 — x,. The reason is quite simple: if Spkn = €n, then x, 11 = 2, + €, = xt.
Applying an idea similar to , we derive the equality

1 1 1
S s — €l = & s = el = A (s — e Vi) + 220 Vsl (326)
=g ()‘n,k)

and conclude that g (A, ) < 0 if and only if

<3n,k — €n, Vn,k>

A gk < 2
! IVl

Note that the term (s, — €n, V,, %) depends on the unavailable information e,. But,
<3n,k — €n, vn,k) = <An (Sn,k - en) aAnSn,k - bn> (3-27)
= <An5n,l€ — by, Ansn,k - bn> - <An€n — by, Ansn,k - bn>
> || Ansnk — an2 — | Ansnk — bnll - [[Anen — byl -
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Applying now the TCC, Assumption c) , and observing that ||b,| < i | Arsn i — by for
k = 07 "'7kn7 ) See "

[ Anen = ball = [y (2%) = Floy (2) = Fpy (@) (& = )

< bl < g 1 AnSns — bull -

‘ (3.28)

Therefore
<3n,k: — €n, vn,k> > Ky HAnsn,k - bn||2 )

with K7 :=1— g (which is positive for p € (n,1)). Thus, A\, i € (O,Xnyk) with

Py . ||An3n,k - an2
n, A 2
IV il

implies ||sp k41 — €nl| < [[Snk — €nl| -

At this point we clearly see why is important to observe the outer and inner iteration
of K-REGINN simultaneously for this method. An arbitrary linear operator A : X — Y and
an arbitrary vector b € Y do not necessarily verify . We actually need to use A = A,
and b = b,,.

See that the monotonicity of the error in the outer iteration is inherited from the inner
iteration because

Han - 33+H = ISnkn — €nll < oo < ll$n0 — €nll = ||on — l’+” .

Remark 25 To expand the above ideas to more general Banach spaces, we need to assume
that X is s—convex for some s > 1, which leave us with two possible approaches. In the
first one, we assume that s = p, which means that the index s coincides with the index used
to define the duality mapping J,. In this case, the numbers p and s in inequalities ,
, and coincide. This framework strongly facilitates the convergence
analysis of K-REGINN presented in Chapter [{] However, when performing the numerical
experiments in Chapter@ we are interested in the use of the Lebesgque spaces LP (2) with
1 < p < 2, which are not p—convex but 2—convex spaces. This structure forces the use of
the normalized duality mapping Jo in LP () instead of the standard option J,. At first, this
is not a big problem, because Jo can be calculated in LP () via . But the numerical
experiments we have done suggested that this is not the best approach to guarantee good
reconstructions.

In order to fix this problem, an alternative and more general approach can be applied
assuming the space X to be s—convex with p < s, which makes possible the use of the duality
mapping Jp, in the s—convex space LP () (s = max {p,2}). For this reason, we have chosen
to employ this approach to develop our theory. This procedure actually results in a much
more complicated theory, but as a reward we are free to use a more suitable duality mapping
and expect to achieve better reconstructions in our numerical experiments in Chapter |5,

We now clarify how to engage the dual gradient methods in combination with K-REGINN
in Banach spaces. Assume that X is uniformly smooth and s—convex with some s > p.
Suppose that the current outer iterate z,, of K-REGINN is well-defined and define the convex
functional ¢, (s) := 1 |Ays — by ||", r > 1. The dual gradient methods are now defined by
the following iteration:

JP (Zn,kJrl) = Jp (Zn,k) - )\n,kvn,kv (3.29)

where A\, > 0, Vi € 0pp (snk) = Ay Jr (Ansni — bn), Snk = Znk — Tn and s, 0 := 0.
Observe that z,0 = x, + sp0 = op as well as 2,5, = Tp + Spk, = Tny1. We codify
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Algorithm 3 K-REGINN with dual gradient inner iteration
Input: y; (y%,05); Fj; F, j=0,...,d—=1; 5 75 p,7 > 1;

Output: zy with ||yjj — Fij(zn)|| <765, 5=0,...,d—1;
£:=0; zg:=an; c:=0;
while ¢ < d do
for j=0:d—1do

n:={4d + j;

b = yjj = Fj(zn); An = Fi(wy);

if |b)| < 70; then

Tnt+l 1= Tp; C:i=c+1;

else
k :=0; sp0 := 0; choose kyaxn € N;
repeat

choose A, > 0 and V,, 1, € A% J.(Ansn i — bi);
Znk = Spk + Tn;
Jp(Znk+1) = Ip(Znk) — Ak Vik;
Sn,k+1 = J;*(']p(zn,7k+1)) — Tn;
k=k+1;
until Hbi — Ansn7k|| < U HbiH or k = kmaxn
Tn4l = Tp + Spk; c:=0;
end if
end for
(:=0+1;
end while

IN = Td—c;

K-REGINN with a dual gradient method in the inner iteration in Algorithm[3] The fragments
highlighted in red represent here the part of the algorithm corresponding to .

To imitate the polarization identity, which is necessary to derive (3.26)) , we change the
functional § [l — ||? into the Bregman distance A, (z*, -) . Assume tha |2, € B, (z%,4,),
that is, A, (7, 2y) < p. In view of , this inequality implies that ||z, | < C, .+, with

Cpar =20 (||| v p17). (3.30)

Our goal now is to define a calculable step-size A\pp = Apg (n,k) > 0 such that the
inequalities 0 < A, < Apg will imply the monotonicity of the error in the inner iteration:

A, (1:+, Zn,k:+1) <A, (x"', Zn,k:) . (3.31)

Further, we prove that the step-size Ay of the Landweber method and Aj;gp of the
Modified Steepest Descent method satisfy the required inequality and consequently the
monotonicity property is ensured for these methods.

The definition of Apg depends on an uniformly bound in n and k for the generated

sequence (Zn.k)y<y <k, » M € N, see (3.32) and (3.39). But in order to prove that this

"In Theorem we will prove that if K-REGINN starts with zo € B, (:E+, Ap) , then all the outer iterations
T, belong to the same ball, see
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sequence is uniformly bounded, it is necessary to use the property , which in turn
depends on the definition of Apg. This reasoning suggests that an induction argument is
necessary to prove all these properties at the same time. Note that z, 0 = 2, € B, (z,A,)
and therefore [|z0/| < C, ,+. We prove now by induction that

||Zn7k|| < Cp,z"" (332)

for k =0,..., k,. Assume that holds true for some k < ky, as well as A, (27, z,0) <
Ap(xt, 2z 0-) for £=1,.., k.

The three points identity is applied to replace ([3.26)) . Definition together
with e, = 2% — x,, yields

Ap (SC+, Zn,k—l—l) - Ap ($+, Z’n,k) = Ap (Zn,k) Zn,k—l—l) (333)
+ (Jp (Znk+1) — Jp (2nk) s Sk — €n)
= Ap (Zn,k, Zn,k—l—l) - )\n,k <vn,k7 Sn,k — €n> =g (An,k) .

Making use of the properties of the duality mapping, we obtain, similarly to (3.27),

<vn,ka Sn,k — €n> = <]r (Ansn,k - bn) Ap (Sn,k - en)> (3'34)
= <]7‘ (Ansn,k - bn) aAnSn,k; - bn> - <]r (Ansn,k - bn) aAnen - bn>
> ||An5n,k - anT - ||An5n,k - anTil ||An6n - bn” .

As X is s—convex, X* is s*—smooth and since p* > s*, there exists a positive constant
M M

Cpr s+ (see (2.24)) such that
By (on s zm) = By (Jp (zner1) s Iy (zn,0)) (3.35)
< e (1 )P 1y Ganern) = Ty ()|
VI Gri1) = o Gz IP)

TV IVl

—g* —1 *
< G (COT PN Vi

The last inequality is the exact point where the bound (3.32) is used. We impose now a
restriction on A, j : if it is possible to find A, j satisfying

—5%(p—1) y s* s* * «\ ! r
Cpr e (0T IN L IT 0™V X IVl < Codne A — bl (3.36)

for some 0 < Cp < 1, then putting it together with (3.34)) in (3.33)) we arrive at
9 (Ank) < Ank [ Ansne — anr_l [l Anen = bull = (1 = Co) [[Ansni — ball] - (3.37)

The above inequality is the key to prove that g (A, ;) < 0 and it is fundamental for our con-
vergence analysis in Chapter 4] Observe that it does not depend on the TCC (Assumption
c), page , but if we use it, together with k& < k, and the definition (3.11)), we obtain

like in (3.28) the bound
9 (Mnk) < =M iCsl|Ansnk — bnl” <0, (3.38)

with C3 := 1 — Cp — n/p (which is positive if n <1 — Cp and n/ (1 — Cp) < p < 1). This
inequality ensure that (3.31]) holds and accordingly

Ay (x+,zn7k+1) <A, (a:+,zn7k) <L <A ($+,Zn’0) < p.

It follows that ||z k41| < C, 4+, which completes the induction proof.
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It remains only to find Apg > 0 such that (3.36) holds for all A, 1 < Apg. Looking at
(3.36]) , we see that this is the case if

ADE = Cl)\DE7s VAN CQ)\DEJJ (339)

where
[

IVl

ADEy =

9

with Cy := G5~ /O L.CoE and Cy := CF ' /C L.

Remark 26 As z,; — 27 = s,k — ey, it comes from ([3.34) and (3.2§ - ,
IVl |20 = || = (Vo Snp — €n) = (1 - M) | Ansnk — bnll" .

Since the sequences (21, — x+)k<kn , n €N, are uniformly bounded, we obtain
[Ansng = bnll” S Vol -
Finally, p < s implies || AnSpn i — by |77 < Vo ill”™ and consequently

I Ansn = bal™ ™Y [ Ansnk = bl
Vs, S VaslP

Therefore, Apg.s S Ape,p for all n and k. This means that Apg,s S Ape S ApE,p. Further,
if a small enough constant replaces the constant C in definition of Apg, then A\pg = Appg,s
can be chosen and the property

)\n,k < )\DE - Ap ($+, zn,k+1) < Ap (iL‘+, zn,k)

still holds.

Remark 27 As long as a minimizer s, of ¢n (s) = L||Ays —by||" ezists and A\, ) €
(0, \pE], the sequence (A (z;[,znk))kqC with 2 = a:n + s} is also monotonically de-

creasing. In fact, proceeding like in and (3.35) -,
Ap (Z:a Zn,k—H) - Ap (Z'r—l_a Zn,k) <h ()\n,k)

with

psxT

B Og) = Gy (O PTONT IVl VAT, ||vn7k||p*) = M (Vs Sy = 557 -
Now, as [|[Ans;, — by|| < [|Anen — byl , we obtain like in ) and (3.28),
<vn,k:a Sn,k — 57—5> <1 — ) ||An5n k— b ||r
u
From (3.36) , it follows that for all A\, € (0, \pg] it is true that

h()\n,k) < — (1 — C() — Z) )\n,k HAnSn,k — bn”r < 0.
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Notice that

Ansnp —ballD 1
H nonk — ”H > s HAnSn,k; - anS—T,

A
DES N ||vn7k||5 -

which implies that
ApE 2 | Ansnk — ball", with t := 5 —r > —r. (3.40)
Employing the TCC (Assumption (c) , page , we see that
1|l = | Anenl] < [[bn — Anenll < n|ball-

Hence

M M
Iball < 7= lleall < 7= (= + G (3.41)

Thus, the sequence of residuals (by,),,c is bounded. Since
[0kl < Nl2nkll + ll2nll < 2C, 4+, (3.42)

the sequences (sp), <k and consequently (Anspr — bn), <k, are uniformly bounded for all
n € N. This implies that there exists a constant Cy > 0 1ndependent on n and k such that
|Apsnk — bn|l < Cy for all k < k, and n € N. Thus, as ||Apspr — bnll > /by for all
k=0,..k,—1,
C_T s
Aoe 2 [ Ansns — bal*7 = S

In particular, the Landweber method with step-size (mdependent of k) defined by Apw =
Cs ||bn||?, where C5 > 0 is a small constant, is well-defined as inner iteration of K-REGINN
and satisfies Ay € (0, A\pg]. Consequently, inequality is satisfied for this method.

Even a small constant in » and k can be used as Landweber step-size if s < r, because
in this case

ApE 2 | Ansng — bn||" > CJ". (3.43)

From definition (3.29), we can see that
Sn.k+1 = J;* (Jp (xn + Sn,k) - )\n,kvn,k) — Tn

and since the Steepest Descent method is the gradient method whose the step-size minimizes
the residual, the most natural manner to define the Steepest Descent method for the dual
gradient methods seems to be choosing a step-size satisfying

Asp € argming, (J;* (Jp (@n + spk) — AVipp) — xn) ) (3.44)
AeRt

If such a number exists, it follows immediately that

Pn <3n,k+1) S 2 (J;* (Jp (xn + Sn,k) - )\vn,k) - xn)

for all A > 0, and in particular, |[Ansp k41 — bnl| < [|Ansn ik — bnl| is achieved by picking
A = 0. However, an explicit expression for Agp is hard to find. Even simple inequalities
involving Agp are not easy to be obtained. Unfortunately we were not able to prove that
Asp € (0, A\pg| to include it in our convergence analysis of Chapter But, the Modified
Steepest Descent method defined in can be useful here, because it already has an
explicit step-size. For the dual methods it is nevertheless convenient to alter its exponents.
Notice that for £ € {p, s},

IV 77D = (T3 (W, ),Vn,k> D AT (V) i (Ansn,k—bn)y*(e*l)
< [ Andge (Va7 1 Ansn g — bal
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and therefore,
p*r*(f—1)—¢ ”Ansnjc o anT(ﬁfl)

r*(0—1) — an,k ‘K

Vi
HAnJ;;* (V)

Thus, deﬁningﬂ
Amsp = KiAmsp,s N KaAmspp (3.45)

with
H Vn f ||p*7‘* (£—1)—¢

r(6—1)°

AMSD,e =
”AnJ;* (V)

0 < K1 <Cpand 0 < Ky < (C9, we conclude that A\yrsp < Apg and inequality (3.37))

automatically holds for this method. We remark that this step-size still coincide with the

one of Steepest Descent method (3.19) in Hilbert spacesif p =s =r =2 and K; = Ky = 1E|
Further

A > Iv. .|
r*(0—1 (p*—1)r*(£—1) ~ H ﬂ,kH )
M =DV |

with t :=7*({ —1) — € > —1 > —r. Now, if £ < r (i.e, if p < s < r), we conclude that
t <0, which implies that

AMSD >

Avisp 2 |1 Ansn ke — ant, with —r <t <0. (3.46)
Using the same argument as that used for the DE method (see (3.43))), we conclude that
Avsp 2 CF, (3.47)

where C4 > 0 is an uniform upper bound to || Ay s,k — by -
We investigate now what should be the optimal step-size for the dual gradient methods.
Defining the vector z, y € X as

JP (zn,)\) = Jp (Zn,k) - Avn,lm

we intend to find a step-size A = A, such that the corresponding dual gradient method
minimizes f () := Ay, (a1, 2p,0) — Ap (27, 2z, 1) , yielding a dual gradient method with the
fastest decreasing error in the inner iteration of K-REGINN. Looking to the three points
identity , we see that this difference can be written as

f ()‘) = Ap (Zn,ka Zn,)\) =+ <Jp (zn,)\) - Jp (Zn,k) s Ak — ~T+>
1 1 *
_ (p el = 1 Gns) s2n) + 2 1 o)1 ) MV — )
1 1 X
_ (p Jonall? = 1 o) = AVots20a) + = 1 (o) = AVl )

- <Vn7k, Znk — JI+> .
*
= P

p*

The uniformly smoothness of X* implies the Fréchet-differentiability of . Applying

the chain rule, we obtain

f/ (A) = <Vn,ka zn,k> - <Jp* (Jp (zn,k) - )‘vn,k) ) vn,k) - <vn,k; Znk — .’L'+>
- <Vn,k7 J;* (Jp (Zn,k) - )‘vn,k) - .%'+> )

8The step-size of the MSD method is defined slightly differently for the primal and dual gradient methods.
The same occurs with the LW method. We however keep the same notation Ayrsp and Apw for these step-
sizes in both situations.

9In Hilbert spaces, Cp+ s+ = 1/2 can be chosen and therefore, the unique restriction we have is 1 = K, <
Cy = Co/Cp» s+ = 2Co, £ = 1,2. This means that the inequality 1/2 < Cy < 1 needs to be observed.
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which makes evident that f’ is continuous. From ([3.28]) and (3.34]),

F(0) = = (Vo 2 — ) < — (1 _ Z) 1 Ansss — ball” < 0

in the inner iteration of K-REGINN. Further,
1p (znk) = AVl = MVl = [[Jp (znp) | = 00 as A — oo,

which in view of implies that A, (27, z,0) = Ap+ (Jp (2n0) , Jp (x1)) cannot remain
unbounded as A grows to infinite. It follows that f()\) — oo as A — oo and since f is
continuous, it needs to be increasing at least in a small open interval. The derivative of
f is therefore positive in this interval and since it is a continuous function and f’ (0) < 0,
there exists a A = Aot > 0 such that f/ (Ayp¢) = 0. The uniqueness of A, follows from the
injectivity of [ : let A1, A2 € R satisfy f' (A1) = f/ (A\2). Assuming that \; # Ao we derive
from the strictly monotonicity of the duality mapping in strictly convex Banach spaces the
contradiction

0= (A —X2) (f (M) = f" (M)
= (A1 — A2) <Vn,ka J;* (Jp (zn)\z>) - J;* (Jp (Zn,h)»
= ((Jp (znk) = XaVir) = (Jp (zng) = MVak) s Ty (Jp (znxy)) = T (Jp (2nxr)))
= (Jp (Znxng) = Jp (znn) s Ipe (Jp (2n00)) = I (Jp (2n1))) > 0.

Of course A\, is a minimizer of f because f’ is negative in zero and positive for large values.
P
Additionally, the unique minimizer \,p; solves the nonlinear equation

<vn7k7 ‘];* (Jp (Zn,k) - )‘Optvn,k) - 117+> =0. (3.48)
Using again the three points identity, we conclude that for 2, k11 = 2 .

Ap (!T+a Zn,k—H) - Ap (‘T+7 Zn,k) = _Ap (Zn,k—i-h Zn,k) + <Jp (Zn,k—H) - Jp (Zn,k) s Znk+1 — .’L‘+>
= _Ap (Zn,k—l-h Zn,k) - )\opt <vn,ku Znk+1 — x+>

and consequently

Ap (:C+, zn,kJrl) - Ap (:L'+, zn,k) = _Ap (zn,k+17 Zn,k) .

An explicit formula for A,y is hard to achieve and to calculate Ay, even numerically, is
very challenging since the nonlinear equation depends on the unavailable information
x. It is easy to confirm that Aopt = (Vi k, Snk — €n) / ankH2 in Hilbert spaces, which still
depends on the unavailable information #*. This leaves little hope to exactly determine Ay
for nonlinear problems using only available informatiorm However, using the property
a lower bound for A,,; can be achieved:

Aopt <vn,k7 Rnk — x+> = - </\0ptvn,ka Znk4+1 — Zn,k)
= <Jp (Zn,k+1) —Jp (znk) sy Znk+1 — Zn,k)
= Ap (2nk+15 Znk) + Bp (2nk, Znk+1)
= Aps (Jp (Zn,k:) s Jp (Zn,k—s—l)) + Ap (Jp (Zn,k—H) s Jp (Zn,k)) .
The inequality obviously hold for £k = 0,...,k, — 1, and accordingly, the uniform
bound is true. Proceeding like in , we obtain

)\opt <Vn,ka Sn,k — €n> = )\opt <vn,k’7 “nk — $+>

< QCp*,s* (Cp_s*(p_l))\s*

p,xt opt |V7l7k||s v Agpt ||vn,k’

p*) .
19Tn Hilbert spaces, the last expression reduces to the calculable step-size Aopr = ||Ask — b||> / ||V |? if
the problem (3.1) is linear, see (3.25)).
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Thus

A > 1 <Vn,k7 Sn,k — €n>871 1 <vn,k7 Sn,k — 6n>p71
e e o IVnill® Mo Vsl
n 2r-100" L, IVl

p*,s*  pat

Finally, from ([3.34) and (3.28) we obtain, like in Remark

1 s—1 1_ p—1 1 s—1
Aopt = (277/M> CiApEs N\ <W> ColpEp > ( 77/M> ADE

2 2

Remark 28 Unfortunately, we do not know if Aopt < Apg to include this method in the
convergence analysis of Chapter . However, as Aopy minimizes f, we can conclude that

)
Ap (eru Zn,)\(,pt) - Ap (ery Zn,k) = f (Aopt) < f (ADE) < _CS)\DE HAnSn,k - an ,

which is enough to prove that the inner iteration of K~REGINN terminates (k, < oo) and
consequently the monotonicity property as well as the bound 18 transferred to
the outer iteration, see Theorem[38 This implies that at least weak convergence holds for
this method, see Corollary[{1].

We finish this subsection discussing how the dual gradient methods look like when
Emax = 1 is used (see (3.12))). In this case, K-REGINN performs only one inner iteration each
outer iteration whenever the inequality (3.9)) is not verified. It follows that

Jp (Tnt1) = Jp (Zn,l) =Jp (Zn,ﬂ) - An,OA:Ljr (Ansn,o —by)
= Jp (SUn) - )\n,OF[/n] (.Tn)* jr (F[n] (xn) — y[n]) .

We conclude that this procedure is equivalent to apply a dual gradient method directly to
the nonlinear system . Thus the convergence of K-REGINN using these methods as inner
iteration implies in particular the convergence of a Kaczmarz version of the dual gradient
methods themselves. Analogously, the iteration

Tp+1 = Tn — )\n,Oj;* (F[/n] (mn)* Jr (F[n] (zn) — y[n]))

represents the primal gradient methods in case kpax = 1.

3.1.3 Tikhonov methods

The linear system A,s = b, often inherits the ill-posedness of the nonlinear equation
Fi) (rn) = Y[n]- Therefore, it is crucial to apply a regularization technique to reconstruct
stable approximations. The plan in this subsection is to employ Tikhonov regularization
[51] to the referred linear system in order to generate the inner iteration of K-REGINN. To
alleviate the notation, we forget K-REGINN once again and skip the index n of the outer
iteration for a while. Let X and Y be Banach spaces, A: X — Y linear and b € Y fixed.
Define for each k € Ny, the Tikhonov functional Ty : X — R(J{ as

1 T
Tk (s) := - |As = b||" + axf2 (s), (3.49)

withr > 1, ap > 0and Q: X — RS’ being subdifferentiable and satisfying (5,,),,cy bounded
whenever (€2 (5,)),,cy bounded. Define now the Tikhonov iteration as

Spt+1 € argminTy (s), so = 0. (3.50)
seX
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Algorithm 4 K-REGINN with Tikhonov inner iteration
Input: zpy; (y‘sﬂ',&j); Fj; FJ{, j=0,....d—1; u; 757 > 1;

Output: zy with Hy?j — Fj(zn)|| <765, j=0,...,d—1;
{:=0; xg:=xnN; c:=0;
while ¢ < d do
for j=0:d—1do

n = 4L4d + j;

by o= y?j — Fj(zn); An = Fj(zn);

if |b2| < 70; then

T+l 1= Tp; C:=cC+1;

else
k :=0; sp0 := 0; choose kmaxn € N;
repeat

choose ay, ), > 0 and : X — Ra’ subdifferentiable;
choose s, 41 € arg 111111(% HA”S — bfLHT + (xkak(s));
seX
k=k+1;
until |[6) — Apsp | < 1 |63]] or & = kmaxn
Tp+l 1= Tn + Spk; Ci= 0;
end if
end for
{:=0+1;
end while

TN ‘= Tpd—c;

Algorithm [4] displays the combination of K-REGINN with a Tikhonov method in the
inner iteration with the parts corresponding to the Tikhonov methods highlighted in red.
To guarantee the well-definedness of the inner iteration, the space X is assumed to be
reflexive, which is a sufficient condition for the existence of a minimizer of T} in as
we will see in a moment.

Remark 29 The PENALIZATION TERM §2 is defined above in a relatively general form.
Therefore, the Tikhonov functional can represent many different functionals and the
associated iteration accordingly plays the role of various Tikhonov-based iterations.
In this subsection we analyze four different methods, namely, the TIKHONOV-PHILLIPS and
ITERATED-TIKHONOV methods, where Q(s) := %Hs —Z||” for some fixed vector T € X
and Q(s) = %Hs — si||P respectively, as well as their BREGMAN VARIATIONS, ) (s) :=
A, (x+ s,z +T) for somex € X fired and Q2 (s) = Ay (x + s,x + si) respectively. Although
our main intention is to prove some properties of these methods, we keep the analysis as
general as possible and only introduce the referred methods at the specific points we need

them.

The existence of a minimizer of T}, is assured in case of X being reflexive as we prove
now. Indeed, following ideas from [48, Prop. 4.1], let (5,,),,c5y C X be a sequence sat-
isfying Ty (5,n) — inf {T} (s) : s € X} as m — oo. Thus the sequence (T (5:)),cn» and
consequently Q(5,,) < Ty (5,,) /ag is bounded. It follows that (5,,),,cy is bounded and

since X is reflexive, there exists a subsequence (Emj)j N and a vector sT € X such that
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Sm; — sT as j — oco. Hence ASp,; —b — As™ — b and since the norm-function is lower
semi-continuous,
|As* b < liminf | A4Sy, — B||.
J—00

As ) is subdifferentiable, it is also lower semi-continuous. Therefore

Q (s+) < lim inf€) (Emj) .

Jj—00
Both results together prove that

+ < . . — — . — — .
Ty (s ) < lljﬂ_l}ngk (smj) W%gnooTk (Sm) slél)f(Tk (s).
Therefore st is a minimizer of T}, as we wanted.

Utilizing the optimality condition 0 € 9T}, (sg4+1) we find

0e A*Jr (A8k+1 — b) + akaﬂ (Sk+1) y

and conclude that there exist a selection j,: ¥ — Y™ and s}, | € 9Q (8g+1) such that

Shy1 = —a—kA Jr (Asgy1 —b).

If the functional €Q is strictly convex, the minimizer of T}, is unique and consequently, sj1
is unique in (3.50). If Q is Gateaux-differentiable in sy, the above equality becomes

1 ..
4 (Skt1) = _chA gr (Asgy1 —b),

where € represents the G-derivative of .

The Tikhonov-Phillips method (TP) is defined by choosing a strictly decreasing zero-
sequence (ag),cy and Q(s) = % |s —Z||P, with p > 1 and T € X being independent on
k.

Assume from now on that X is smooth and strictly convex. The first restriction is
equivalent to the G-differentiability of %H-Hp and consequently Q' (s) = J, (s —T). The
second restriction in turn, is equivalent to the strict convexity of % I|I-/I”, which implies that
T}, is strictly convex and therefore the minimizer of this functional is unique. Choosing
T := 0, the TP method results in the implicit iteration

1.
JIp (Sk41) = fa—kA*jr (Asg11—b). (3.51)

It is easy to confirm that sy = (A*A + a,]) "t A*b in Hilbert spaces (using p = r = 2).
Definition immediately implies that Ty_q (sx) < Tx—1(0) for all k£ € N and as
Q(0) = 0,
[ Asy — bl < [b]]. (3.52)

Used as inner iteration of K-REGINN, the iteration results in a Kaczmarz variation
of the well-known Levenberg-Marquardt method [21]. K-REGINN with the use of TP method
in the inner iteration and the choice T := xg — x,, is transformed into a Kaczmarz version
of the IRGN (Iteratively Regularized Gauss-Newton method, due to Bakushinskii [3], see also
[29]). Observe that, if T # 0, then 2 (0) = % |Z||P # 0, which means that the inequality
Ti—1 (sk) < Ty—1(0) alone is not enough to ensure . However, inequality can
be proven for this method, as Lemma [30] below shows.

A variation of TP method is defined employing the Bregman distance instead of the
standard norm in X. The functional % |- — Z||? is then replaced by Q (s) := A, (z + 5,2 + T)
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where x € X is a fixed vector. The restrictions on X still guarantee the strict convexity
and G-differentiability of € in this case. Moreover, Q' (s) = J, (z + s) — J, (z +T) and we
have for this variation,

1 ..
Jp (-ZU + Sk+1) = Jp (.T} + T) — ;kA Ir (A8k+1 — b) . (353)

The two variations of TP method coincide for p = 2 whenever X is a Hilbert space, because
in this situation 3 ||s — Z|?* = Ay (x4 s,z +T) . Similar to before, T = 0 implies © (0) = 0
and the property (3.52)) follows again from Tj_; (sg) < Tx—1(0). Inequality also
holds for this method, even in case of T # 0, as the next lemma demonstrate.

The first part of this lemma is a generalization to Banach spaces of [30, Theo. 2.16].

Lemma 30 Let X and Y be Banach spaces with X being reflexive, A: X — Y linear,
beY and (ou)peny C R a strictly decreasing positive sequence with oy, — 0 as k — oco. Let
so € X and

Sk+1 € argminTy, ()
seX

with )
Ti(5) 1=~ 145 — b +n2(s)

where > 1, Q: X — R{ is subdifferentiable and satisfies (3m)men bounded whenever
(2(5m))pen bounded. Then (sy),cy is well-defined and satisfies

[Asi1 — bl < [[Asp — bl and Q (sg11) > Q (s1) (3.54)

for all k € N, where the above inequalities are strict in case of Y being strictly convez.
Furthermore,
lim ||As; — b|| = inf ||As — b (3.55)
k—o0 seX

and consequently, inequality (3.23|) in Proposition holds for C' = 0.

Proof. As shown at the beginning of this subsection, a minimizer of T}, exists for each k €
Np. Thus s and sg1 are well-defined and fill the optimality conditions 0 € 97T)_1 (si) and
0 € 0T}, (sk+1) - Therefore, there exist a selection j, of the duality mapping J,., s; € 09 (si)
and s € 09 (sg11) such that

ag—18; = —A"jr (Asy, — b) and (3.56)
apspy = —A"jr (Aspy — ).

Subtracting the second equation from the first and applying both sides of the resulting
equality in the vector si — sg41,

k1 (8§ — Shy1 Sk — Skt1) + (o1 — i) (Sfi1s Sk — Skt1)
= (Jr (Ask+1 —b) — jr (Asg — 1), A (s — Sg11)) -

Observe now that A (s — sg+1) = — [(Asg+1 — b) — (Asg — b)] . From the monotonicity of
the duality mapping (respectively the strict monotonicity in case of Y being a strictly
convex space), we conclude that the first term in the left-hand side and the one in the
right-hand side of above equality are non-negative (resp. positive) and non-positive (resp.
negative) respectively. As aj_1 > g, we conclude that <s}:+1,sk —sk+1> < 0 (resp.
<sz+1,sk — sk+1> < 0). We proceed applying both sides of second equation of in
the vector s — Sk+1,

0> o (k1> 8% — Skr1) = Ur (Aspy1 — ), A (sp1 — sx))
= (jr (Aspy1 —b), Aspy1 — b) — (jr (Aspq1 — b)), As — b)
> || Aspa1 — b]|" — | Asgsr — b)) [ As, — b,
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which proves the first inequality in . To prove the second one, we only use Tj_1 (sx) <
Ti—1 (sg+1) and apply the just proved inequality ||Asg+1 — bl < ||Ask — ]|

Now we turn to (3.55) . Because (||Asi — b||),cy is @ non-increasing sequence, it con-
verges. Let € > 0 be given and (5;) jen C X be a sequence satisfying

1 1
—||A5; —b||" — a:= inf — ||[As — b||" as j — occ.
r seEXT
Then there exists a number J € N such that for all j > J and all k£ € N,

1 1
a<- [Asg — 0" < - | Asg — bl|" 4+ arp—19 (sx)
1
< . |43 = b|" + ap—122(55) < a+ e+ ax_19(5;) .
In particular

1
a< . |Asi, —b||" < a+ e+ ap_192(57)

for all £ € N. Since o, — 0 as k — o0,
. 1 Id
a < lim —||Asp —b||" <a+e.
k—ooT

As € > 0 is arbitrary, (3.55)) follows. Inequality (3.23)) with C' = 0 is just (3.55). =

We now impose some restrictions on the sequence (o), o in order to prove an inequality
similar to (3.67)) for the Bregman variation of TP method (3.53)) . Choose 1 < 6 < (r + 1) /r

and assume that
A1

873

1< <0, for all k € N. (3.57)

Define zj := x + sj and observe that the inequality Ty _1 (sg) < Tk—1 (Sg+1) implies

— ||A8k+1 — bHr — HAsk — bHT + T‘Oék_lAp (Zk+1,$ + f)

— HASk — bHT + T‘@akAp (Zk+17 x + f) ,

VANVAN

Now, as T (sx+1) < T} (T),

1
arAp (2pg1, 2 +7T) < - |AZ — b||"

and with help of (2.21)) and (3.54)) , we obtain for f (k) := A, (27, 2x) — A, (21,2 + T) with
+

e:=z" —x,

fFle+1) = (Jp (2rs1) = Jp (2 +T) s 241 — 27 ) — By (2441, 2+ T)

1 . -

= —— (Jr (Aspr1 = b), A(sky1 —€)) = Ap (2p41,2 + T)

(e%%

1 - i )
<o (I Astr — bl 146 — bl — [ Asppr — bl — @y (21,2 + 7))

1 - ) i
< o (s = DI e = bl = [ As = b + (0 — 1) gy (1,2 + 7))

1 . ) .
< <”Ask —0||" " | Ae — b]| — || Asg — b + C2 || AT — b|| ) ,

k

with Cy := (rf — 1) /r < 1. For 7 := 0, z := xy, S} := spk, A := A, and b := b, the TP
method becomes

1 ..
Jp (Zn,k-l-l) =Jp (zn) — OTkAn]r (Ansn,k—l—l —by) (3.58)
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and the above inequality takes the form

Ap (27 n ) = Bp (27, 70) (3.59)
1 . )
< on [HAnSn,k — by 1(||An6n*bn|| — | Ansng — ball) + Co [|ball"| -

Moreover, the vector z, 41 in (3.58)) is the unique minimizer of the Tikhonov functional

1
Tog (2) = . |An (2 — z0) = bp||” + axp (2, 20) . (3.60)
Remark 31 Inequality (3.59) was achieved using only the conditions for existence and
uniqueness of a minimizer of (3.49) together with the hypotheses of Lemma . These are
actually very few requirements. The s—convexity of X, for instance, is not necessary either
to the well-definedness of the TP method nor to prove (3.59) above. The TCC (Assumption

(c) , page s mot necessary as well.

The main difficulties in studying the convergence of K-REGINN using the Tikhonov-
Phillips-type methods as inner iteration arise from the fact that the iteration sy, is actually
independent of the previous iteration si. This fact also indicates that some information is
wasted during the inner iteration. It would be helpful if we could count on an iteration
similar to of the dual gradient methods, where the available information sj is used
to generate the update sx11. Motivated by these facts, we introduce the Iterated- Tikhonov
method (IT), where the sequence (ay),cy is chosen being independent of & , ie., ap = «
for all £ € N. In contrast, the functional 2 is dependent on this variable: Q (s) = Q (s) :=

% |s — sx||” . Then from (3.50] ,

1 ..
Ip (sk41 = s8) = ——A"jr (Aspy1 = b),
for some selection j,.: Y — Y*. Adopting the Bregman distance variation
Qi (s) :=Ap (z+ 5,2+ sp),

with x € X fixed, we arrive at
L.
Ip (@ + spy1) = Jp (x + s1) — EA*jT (Asg11—b). (3.61)

The inequality ||Askr1 — bl < [|Ask —b|| is an immediate consequence of Tj (sxy1) <
Ty (sg). Moreover, Ty (sg+1) < T (sk) for sg11 # sk because in this case Q (sg11) > 0 and
accordingly applies. Since sgo = 0, inequality is also true.

Our target now is to prove a similar inequality to for the Bregman variation of
IT method. Similarly to what occurs with the dual gradient methods, this property needs
to be proven by induction at the same time with and . For this reason, it is
necessary to observe the inner and outer iteration of K-REGINN simultaneously. Regarded
as inner iteration of K-REGINN, IT method has a constant regularization parameter « in
the inner iteration, but it can be chosen dependent on the index n of the outer iteration:
o = ay. Let Assumption |1} page hold true and assume that X is uniformly smooth and
s—convex with p < s < r. Define now z = x,, s = spr, A = Ay, b =b, and a = a;, in

(3.61]), which results in

1 .
Jp (Zn,kJrl) = Jp (Zn,k) - 744:1.77’ (Ansn,kJrl - bn) ) (362)

n
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with z, 1 := 2, + 55, . With these definitions, the vector z, y4+1 € X is the unique minimizer
of the Tikhonov functional

Ty (2) = % 14n (2 = ) = ball” + andy (2 2r) (3.63)

In order to prove , and based in the proof of this inequality for the dual gradient
method DE presented in the last subsection, we assume thaﬂ T, € B, (z",Ap) and observe
that this implies that A, (27, 2,0) = Ap (27, 2,) < p and consequently ||z, 0] < C,, ,+, with
the constant C), .+ > 0 being defined in . Suppose now by induction that for some
k € N, the inner iterates 2y, ..., 2 are well-defined and satisfy the inequalities (3.31])
and . Everything we need to complete the induction proof is that the inequality
Ap (7, zn k1) < Ap (2, 2, k) holds. To this end, we adapt ideas of our previous work

[39]. Applying the three points identity (2.21)) :

A;D (l‘+, Zn,k—l—l) - Ap ($+7 Zn,k) = *Ap (Zn,k—l—lv Zn,k) (364)
+ <Jp (Znkt1) = Jp (Znk) s Zngs1 — $+>

<‘]p (Zn,k—i-l) - Jp (Zn,k) y Znk+1 — $+>

I
=T (Jr (AnsSnk+1 = bn), An (Snk+1 — €n))

n

1 .
= <]7" (Ansn,k:—‘rl - bn) , (Anen - bn) - (Ansn,k—&—l - bn)>

Qp,

IN

S <”An5n,k+1 - anr—l ||An€n - an - ”Ansn,k+1 - anT) .

1
Qp
We would like to have the linearized residual in the k—th inner iterate, ||Ans, 1, — byl
instead of ||ApSy k+1 — bypl| in the rightmost term of above inequality. Observe however
that, since the functional ||-]|" is convex,

1Ansne = ball” < 277 (| Ansngert = ball” + [1An (s = sl

which implies that

1 r
- ||An8n,k+1 - bn”T < _F ”Ansn,k - anT +M" Hzn,k+1 - Zn,k” . (365)

To estimate the last term in the right-hand side of (3.65)) we recall the definition V,, ; =
A g (Apsp i — by) and make use of the s—convexity of X. Since X* is s*—smooth and as
p* > s*, it follows from ([2.25)) and (3.32)) that

lonss = znill = 15+ Up Gaen)) = e (Jp )|
< Cpr s ( I Jp (znk+1) — Jp (Zn,k)Hp*il
Py Gngert) = Ty Ga) )

1 p—s*(p—1)

— _ +
< Cpost | o1 VgtV 22— |V |
an an

VI (2n.)

s*—1

As p < s <, the inequality (r — 1) (p* —1) — 1 > 0 holds true and as

[Ansn i1 = bnll < [[Ansnk = ball < [|bnll,

HGimilar to the DE method, this property needs to be assumed in order to prove inequality (3.32). This
fact will be proven later in Theorem
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it follows that

IVaksr 771 < MP Y| Apsp egr — b | 77D (3.66)
< M7 [ |7V A — bl
Proceeding similarly, replacing p* with s* and using at this time the inequality (r — 1) (s* — 1)—

1 > 0 we arrive at
M" |zn g1 — zngll” < C(n)" [[Ansnk — bull”,

with
e MV b, [[0 00 D1 T O VAL |y 7DD
C(n):= e v T .

Choose 0 < Cp < 2~/7" and observe that C (n) < Cj if and only if o, > Qimin,n, With

— —s—1 — —
O M2l G G M [l

pxt

p—1 s—1
Ch Cb

Omin,n ‘=

Hence, for o, > aminn,

M Hzn,k—l—l — Zn,k " < 06 ||An5n,k - bn”r .

Inserting it in (3.65)), (3.65) in (3.64) and using the inequality

HAnsn,k—‘rl - bn” < ”Ansn,k - bn”
once again, we obtain

JAVS (x+, Zn’k-+1) AN (x+, an) (3.67)
1 r—
< o ||An3n,k — bnl ! (l[Anen — bl — C1 HAnSnJc —ball),

with C7 := 1/2”_1—06 > 0, which has the same form as with A, = 1/c,. Employing
the TCC and choosing carefully the constant u, we conclude, like in (3.28)) and ([3.38)), that
the right-hand side of is negative, this is, A, (27, 25 k1) < Ap (x1, 2pk) , completing
the induction proof.

Notice that, from TCC, the sequence of the residuals can be proven to be bounded, this

is, ||bp]] < Ca (see (3.41)) and since p < s <,

~p—1 r—p 1 ~s—p g rsr—s
CP*VS*MPCQ Cp*7S*C M4Cy

pxt

p—1 s—1
Ch Cb

Qmin,n < =: Omin,

which means that the inequality o, > amin implies oy, > aumin,. Choosing, for instance,
Omax ‘= Kamin with K > 1, we conclude that all the above results hold true for

Qn € [amim OCrnaux] . (368)
In particular, the choice «,, =constant is possible.

Remark 32 See that, if a single step is given in each inner iteration, i.e., if k, = 1
whenever (3.9)) does not hold (this means that kyax = 1 in (3.12)) ), then x,+1 minimizes

T, (z) Ty an, (2, ) .

= = v = Foy @) = Fy (@0) (2 = )
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In Hilbert spaces this functional reads (with p=1r =2)

To () = 5 i = Fot (o) = Fy (o) (& = )| | + Sl = al?
2 2

revealing K-REGINN-IT as a Kaczmarz version of the Levenberg-Marquardt method in Ba-
nach spaces. In case of a linear problem (F; = A; are linear for all j’s) we have

1 r
T, (v) = . W) — Apyz||” + andp (@, 2,)
and the method is now a Kaczmarz version of the Iterated-Tikhonov method defined in [26)].

3.1.4 Mixed gradient-Tikhonov methods

To apply a Tikhonov method in order to generate the inner iteration of K-REGINN as done
in the last subsection, one needs to minimize a Tikhonov functional on each single step of
the inner iteration. But, even finding an approximate minimizer for a Tikhonov functional
is normally not a simple task and finding it exactly is almost impossible in general Banach
spaces. Motivated by this reasoning, we propose to employ a dual gradient method to
iteratively minimize a fixed Tikhonov functional and then use the resulting iteration as
inner iteration of K-REGINN. The advantage of this procedure over a classical Tikhonov
iteration as presented in Subsection [3.1.3]is clear: we do not intend to find a minimizer of
a Tikhonov functional. We only apply a dual gradient method to iteratively improve the
current iterate until finding an approximate minimizer good enough.

Assume Assumption [I] in page and let X be uniformly smooth and s—convex with
p < s. Define the Tikhonov functional

1
T, (s) == . |Ans — bpl|” + an (s), (3.69)

where 7 > 1, a;, > 0 and Q,: X — R is a subdifferentiable functional satisfying the
condition: for each n € N fixed, the sequence (5,,),,cy is bounded whenever (€2, (5:m)),,en
is bounded. This condition guarantees the existence of a minimizer of 7,, (see the reasoning
in the beginning of last subsection). Define now

Jp (zn’kJrl) = Jp (Zn’k) - )\n,van,ka (3.70)
with 2y, 0 := Tpn, Ay x > 0 and
VTn,k e 0T, (Sn,k) = A;;Jr (Ansn,k — bn) + a, 00, (Sn,k)

with s, 1 := 2p 1 — Tpn. See Algorithm [5| for an implementation in pseudocode.

Since in each inner iteration the update z, 141 is obtained following the direction of the
gradient of a Tikhonov functional, we hope to obtain extra stability in comparison to the
regular gradient methods, where the direction of the gradient of the linearized residual is
chosen to update the current iterate. Compare (3.70) and (3.29) .

We now apply a similar idea to that used to derive the Decreasing Error method in
Subsection @L in order to prove inequalities and at the same time. Assume
that z,, € B, (v™,A;), which implies that ||z, 0| < C, .+, see . Suppose by induction
that for some k € N, the iterates 2,0, ..., 21 are well-defined and satisfy the inequalities
and . Again, everything we need in order to complete the induction proof is
to prove that the inequality Ay (27, 2, k+1) < Ap (27, 2, %) holds. Making use of the three

points identity (2.21)) and inequality (2.24]) we find, like in (3.33)) and (3.35]) ,

Ap ($+, Zn,k—l—l) - Ap ($+, Zn,k) <y (An,k) >
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Algorithm 5 K-REGINN with mixed gradient-Tikhonov inner iteration

Input: zy; (y‘sﬂ',&j); Fj; FJ{, j=0,....d—1; pu; 75 p,r > 1;
Output: zy with Hy?j — Fj(zn)|| <765, =0,...,d—1;
£:=0; g :=zpn; c:=0;
while ¢ < d do
for j=0:d—1do
n = 4L4d + j;
6.
by o= y;' — Fj(zn); Ap = Fi(zn);
if |b2| < 70; then
T+l 1= Tp; C:=cC+1;

else
k:=0; spo := 0; choose kyaxn € N; o, > 0 and 2, X — Rar subdifferentiable;
repeat

choose A\, > 0 and VT, 1, € A} J . (Ansp i — b)) + a0, (Sn.k);
Znk = Spk T Tn;
Jp(Zngt1) = Jp(Znk) — Ak VT ks
Snk+1 = Jpe (Jp(Znk+1)) = Tn;
k=k+1;
until Hbg — Ansn,kH < U HbfLH or k = kmax,n
Tpt1l = Tp + Spk; €:=0;
end if
end for
0:=0+1;
end while

IN = Tld—c;

with
9 () = =M (VT sk = €n) + Cprse (T T INT VT |7V N VT
Observe now that,
(VT ks Snk — €n) = (Apjr (Ansnk — bn) , Sni — €n) + oy <3;§7k, Spk — en> )
with some vector s, , € 98y, (8n,k) - Like in ,
(Anjr (Ansngk = bn) , Sng — €n) = [ Ansni = bull” = [ Ansnk — bull"™" [ Anen — bull,

and as 3:1, w € 0, (Spk) , it follows from definition of subgradient that,

<s;k, Snk — en> > Qp (Snk) — QU (€n) > = (€5) -
If an upper bound C5 > 0 for Q,, (e,) is known, i.e., if

Qp, (en) < C3 (3.71)

for all n € N, then choosing 0 < a,, < (Cy4/C3) ||by||” with 0 < Cy < 1,

(VT $nk = €n) 2 [ Ansnp = ball” = [ Ansng — ball"™" [ Anen — bull = Ca [ball"
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Proceeding similarly to (3.39) , we define Apg = Apg (n, k) as
XDE = CIXDE,S A CQXDEJ) (3.72)

with C; and Cj like in (3.39)) and XDE,@ being the same as Apg ¢ but with V7, j replacing
Vo, ie.,
< | A = ball"
ADE = 7
VT il

Thus, A,k € (O,XDE] implies that

9 () < A [ [ Ansn e = ball™ (1 Anen = ball = C5 | Ansye = ball) + Ca [al| . (3.73)

where C5 =1 — Cy. See that C5 > Cy > 0if 0 < Cy < 1 — Cy.

Inequality above was achieved using neither the TCC nor the definition of k.
However, as we will see later in Theorem if the constant n in the TCC is small enough
and the constant p which stops the inner iteration of K-REGINN is well chosen, then the
right-hand side of is negative. Consequently, g (A, %) < 0 and the induction proof is
complete.

We assume now that the functionals €2, satisfy the property: Q, (s, ) is uniformly
bounded in n and k whenever (s, ) is uniformly bounded in n and k. In this case, since
the sequences (sn k)<< k, » ™ € N are uniformly bounded (see ), it follows that,

1
an || (sn1) | S an S [bn]]” < o [ Ansnk — nll"

for k=0,...,k, — 1. Thus,

IV Tl < M [|Ansng = ball" ™" + an |2 (.0
S HAnSn,k - anT_l \% HAnSn,k — bl

S 1 Ansn e — anT_l ;
because || Ay Sy — byl is uniformly bounded (see and (3.42)). Consequently,
Apee 2 | Ansns — bl
and therefore,
ApE 2 [ Ansng — bnl* ™" Al Ansnk — bullP™" 2 | Ansnk — bull®™" (3.74)

for k=0,...,ky, — 1.

Similarly to (3.43]), one can prove for s < r that XDE,@ 2 Cg", where Cg > 1 is an
upper bound to ||Ay,sp k — byl . This reasoning implies that the Landweber method, with
constant step-size given by

Aow = Cq 7, (3.75)

satisfies Ay < Apg, which implies that inequality ([3.73]) holds for this method.
Suppose from now on that the functional €2, is defined by Q, (s) := % |ls — Zn||”, with
(Tn)peny C X being independent of k. Then the iteration (3.70) assumes the form

Jp (Zn,k—l-l) = Jp (Zn,k) - )‘n,k (A:Ljr (Ansn,k - bn) + an!]p (Sn,k - fn)) . (376)

In this case, as X is s—convex and hence strictly convex, €, is strictly convex too and the
minimizer of T),, defined in (3.69) , is unique.
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llen, — Tn||”, an upper bound for
—Tn, L., Dy (s) = Zl; Is + manv
then we need a bound for Q,, (e,,) = % |z ||” . If the functional Q,, (s) = % IIs — (xg — xp)||P
is considered, then

In order to find an upper bound Cj for Q, (e,) = %

|z"]| normally needs to be known. For example, if T, :

1
O (en) = 5 =0l < 3 (o + sl

1
p
The bound €, (e5) < ([|[#F||+ Cpr )" /p holds in case of Q, (s) = %HsHp is chosen and
Ty € B, (z1,Ap) is assumed.
We finish this subsection giving a practical example: consider the iteration (3.76)) with
Tp, := 0, which is equivalent to the dual gradient iteration (3.70|) applied to the Tikhonov
functional ) )
T (s) = = [|1Ans = bu|" + an— [Is[|”.
r p

If one wants to use SD method to iteratively minimize this functional, it is necessary to
define the step-size A, in such that the number T}, (sp, x41) is as small as possible.
As

Snk+1 = J;* (Jp (Sn,k + xn) - )\n,kVTn,k) — T,

we conclude that )\, € argminh (\), with h: Rf — R{ defined by
AeRF

h(A) =Ty (T3 (Jp (Snge + 2n) = AVTp) — ) -

It is possible to employ now an iterative method to find a minimizer of h if it exists.
Although D(h) C R, this optimization problem is often difficult to be solved and can be
computationally expensive, particularly if the Banach space Y has poor convexity and
smoothness properties.

In Hilbert spaces however, the use of polarization identity (with p = r = 2) yields

1
BN = T (50 = AVTok) = T (30) = M VTsl® + 532 (JAVTell” + i [ VTl

Requiring A’ (Asp) = 0, we obtain the explicit step-size

VT k|2

LAV T kl|? + cn [V T

Asp =

The result implies in particular that 1/ (]\J2 + an) < Asp < 1/ay,. Finally, from the modi-
fied version of Young’s inequality@, it follows that for all a,b > 0 and € > 0,

2 eb? 1
(a+b)2§a2—|—2(;—|—62>+b2:+6a2+(1—|—e)b2.
€ €

Thus,

INToill* = (VT g, VT 1) = ((AVT ok, Ansk — bn) 4 n (VT gy $nge))?
1+e

; P Ansng = ball® + (1 +€) @i IV Tkl sn gl

<

|AVT,

for all € > 0. Now, if
[ Ansnk — an2

n = 2
€[5kl

)

2For all a,b > 0 and € > 0 it holds: ab < a®/2¢ + €b?/2.
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it follows that

1+e
€

IVTel* € = Ansnk = ball” (IAV Tl + an IV Tl

and consequently,
1+ e€l||Ansnr — b

IV T il

for all € > 0. Choosing 0 < € < 1/ (1 —Cp), we find (1 +¢€) /e < Cp, which implies that
Asp < ApE, see (3.72) .

Asp <

)
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Chapter 4

Convergence Analysis of K-REGINN

Although we do not consider in this chapter any specific method to generate the inner
iteration of K-REGINN, some properties of the inner iteration sequence (s, 1), cn are required
in form of assumptions. Only these assumptions are then used to prove general results for
the outer iteration sequence (z,),.y. Many of these required properties were previously
proven for the sequences generated by the methods presented in Section which means
that these sequences can be used as inner iteration of K-REGINN and the respective results
proved in this chapter are assured for these methods. We point out however, that any
sequence satisfying the necessary requirements assumed in this chapter can be used as
inner iteration of K-REGINN and all the respective results will accordingly hold for them.
We assume again that only noisy data is available, that is, § > 0 in is given. To

stress this fact, we accordingly add a superscript ¢ in the residual by, : b) = yﬁ] — Fip) (wn) -

Lemma 33 Let X and Y be Banach spaces with Y being smooth. Let Assumption (1] in
page hold true and k, = kgrpqg. If x, is well-defined and krpa < oo, then s, i, is a

descent direction for the functional 1y, (+) := HF[n] (1) — ym] H from x,,.

Proof. The result follows from Proposition [22| and HAnsn,kn — bfLH < HbfLH < HbfLH . u
The above lemma shows that HFM (n +tspk,) — yﬁ[l’]ﬂ H < HFM () — yﬁ[l’]” H fort >0

small enough. But, as we will see later in Theorem if the right assumptions are required,

< HF[n] (#n) — yg&]’]

1
then ¢t = 1 can be used and consequently HF n] (Tn+1) — y[gf]

4.1 Termination and qualified decreasing residual

To show termination of K-REGINN, we need only some few restrictions on the sequence
(Sn.k) ren - Keeping this goal in mind, we use for the first results a level set based analysis.
The LEVEL SET associated to the point T €D(F) is defined as

£@)i={eeDF):|F @ - <|F@ -y

,j:OVWd—l}

For any T €D(F), it holds 7 € £ (%) and z € £ (T) = £ () C £ (T).
In the first step towards the termination of K-REGINN, we prove that k, is finite. For
that, we require the first assumption on the sequence (snk) keN -

Assumption 2 If the iterate x,, of K-REGINN is well-defined, then there exists a constant
C > 0 independent on n and k such that

T 1 (HAns—bg

- " C
=15c +

b6

lim HAnsn,k - bfl T) , for all s € X.

k—o0

53
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The Assumption [2| holds true if the sequence (s k) pen is generated from the following
methods:

e Each primal gradient method, defined by iteration (3.15)), presented in Subsection
m with step-size A\ € [cAysp, Avwsp] and 0 < ¢ < 1, where \j;gp is defined in
(3.18) (this includes the MSD method itself) and assuming that Y}, is 7—smooth (see

Lemma .

e The primal gradient LW method, defined by iteration (3.15)) with the constant step-
size (3.22)) and with the additional requirement p < r. For this method, we also assume
the hypotheses of Lemma In particular, the space Y[,) needs to be r—smooth.

e The Tikhonov-Phillips method presented in Subsection under the hypotheses of
Lemma

We did not prove this property for the dual gradient methods, Iterated-Tikhonov and
mixed gradient-Tikhonov methods. Therefore, the results shown in this section, which are
based on Assumption [2| above are in principle not guaranteed for these methods. However,
the inequalities (3.37) , (3.67) and (3.73)) are strong enough to guarantee not only the results
of this section, but even the stronger results of the next one (see Theorem (38| below).

Assumption [2] is a weaker version of

9

= inf HAns B
seX

lim HAnsnk e
k—o00 ’

which is equivalent tdfl]
: _ 0
khm Apsp = PR(An)bn

in Hilbert spaces. This last property is exactly the Assumption (2.2) in [36], used to prove
[36, Lemma 2.3], which is a similar version of next proposition. Assumption [2| combined
with a careful choice of  implies that the inner iteration stops after finitely many iterations.

Proposition 34 Assume Assumption [ and that the iterate x,, is well-defined. Assume
further that the TCC (Assumption (c), page holds for z,, =+ and Fin). Then for
7> (14n)/(1—n) and p € (fmin, 1) with

r
L (mee
Hmin = 1+C )

the stop index ky is finite.

Proof. n < 1 together with the restriction on 7 imply (14 n) /7 +n < 1, which in turn
implies that the interval of picking the parameter p is non-empty. If inequality is
satisfied, then k, = 0. Otherwise, HbfLH > 7], and we define e, := xt — xz,, use and
the TCC to obtain

HAnen —

’ (4.1)

e o e
6774

< ||y’ = vl + |y (%) = Fog @) = Fy () (& = )

< Oy 40 || Fing (27) — Fig () ||

NER

1Pm: Y — Y is the orthogonal projection in R (A,).

o, o,

< (5[7@ +n <5[n] +
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Now, we apply Assumption [2] with s = e, to prove

1 r r
i HAM e <7<HAnn—b5 B )
el [ S e en = baf| + P
(—11’7+n) +C 5"
b i
- 1+C nf| < H[Pnf]

which means that &k, < krpg < 00. =

Under the hypotheses of above proposition, we conclude that x, well-defined implies
ZTn+1 well-defined, this is, the inner iteration terminates. The next theorem shows that the
outer iteration also terminates after finitely many iterations if d = 1 (only a single equation
in is considered) and k,, = krgg. This theorem is an adaptation of [36, Theo. 2.8].

Theorem 35 (Termination) Let X and Y be Banach spaces with Y being smooth. Let
D(F) be open, d = 1, ky, = krpc and suppose that Assumption @ holds true. Suppose
additionally that Assumption in page holds true with B, (z, A,) replaced by £ (T) for
some T € X fized and start with xo € £ (T). Further, assume that the constant n in the
TCC (Assumption[1|c)) is small enough to satisfy the inequality

n"+C
1+C

<(1-2n)" (4.2)

and the constant T in the discrepancy principle (3.13)) is large enough to verify the inequality
1+ "

(7_77+77> +C<(1+C)(1-2n)". (4.3)

Define now the constants 0 < pimin < fUmax < 1 as

(14244) 1 c
1+C

y Mmax = 1 —2n (4.4)

:U’rnin =
and pick up 1 € (Umin, bmax) - Then, there exists a constant 0 < A < 1 such that:

1. all the iterates of REGINN are well-defined and belong to the level set £ (xg) as long as
the discrepancy principle (3.13)) is not satisfied;

2. there exists N = N (0) € N satisfying (3.13) and

In(7d/ Hbéu) '
N < TAO +1; (4.5)

3. the residual has the qualified decreasing behavior

b(S

bfz+1H <A

forn=0,..,N — 1.
Proof. We first discuss the choices of the constants. See that
1 1
. n+C\r C v
1 = —— <1,
nf&(wc) + e (1+C

which implies that (4.2)) is verified provided n small enough. Now, due to the restriction on
UL

lim <¥+’7)T+C_W+C

= < (1-2n)"
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and therefore, inequality (4.3 is verified whenever 7 is large enough. Further, the restriction
on 7 implies that the constants pimin and pimax in (4.4)) are well-defined and thus the interval
for choosing the tolerance y is non-empty. Finally, choosing A € R satisfying

1

L=mn
we observe that the restriction p < pimax implies that g+ n(1+ u) /(1 —n) < 1. Hence A
is well-defined. Further, as 1 — 2n < 1, we also have 7 > (1 +n) /(1 — n) and Proposition
applies.

We use now an inductive argument: xzg is well-defined and belongs to £ (xg). Suppose
that the iterates xg, ..., z, with n < N — 1, are well-defined, belong to £ (o) and satisfy
inequality . From Proposition kn, < oo and consequently x,41 = x, + Sy, is
well-defined. We prove next that z,+1 €D(F') and inequality holds for this vector,
which will prove that z,,4+1 € £ (x0) . In fact, for each ¢ € R define the vector

Tnt = Tp +1tspk, €X

and see that for each ¢t € R such that z,,; € £ (T) CD(F), it is true that (see Assumption

()
IF (20) = F () = F' () (@ns — 20)]|| < % [F (@) (s — 22)]|

)

= tﬁ HF’ () Sn,kn|

and from definition (3.10|) of krrq,

|F () Snpn || = 05| < 1188 — F' (20) Sk || < 2 ||,

)

which implies that [|F” (zn) Snk, || < (1 + ) ||[63]] . It follows that

|F @) = o < =0 o] + ¢ |0l = P (wa) su,
+ HF (Tnt) — F (zn) — F' (z) tsman

<(1-1) 77(11:7“)

[ =)l

for each t € [0,1] such that x,; € £(T). Let

b, b, o,

+tu +1

b, 0,

<[1—t(1—-A)

tmax :==sup{t € [0,1] : zp,s € £ (z0)}.

We want to prove that t,.x = 1. Observe first that the above set where the supremum is
taken is non-empty because from Lemma Sp.k, 15 & descent direction for the functional
P () = HF() - y‘SH from x;,, and since D(F) is open, there exists a constant ¢ > 0 such
that for all 0 <t <, z,,; €D(F) and

Induction

[P @) = v|| < |[F @) = o) <

F (xy) — y(sH .

This implies that z,,; € £ (x¢) for all 0 < ¢ < ?. Assume next that tymax < 1, i.€., Tyt €
O£ (o). As xg € £(T), it follows that

T e € OL (x0) C £ (z9) C £(Z) CD(F).
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Thus,
HF(xn,tmax)_yéH < [1_tmax (1_A)] Hbi y

which contradicts @y, 4,,,,. € 0L (zo) . Choosing t = 1 in (4.7]) we find (4.6]) . Now, from (4.6,
HbiH < A" HbSH — 0 as n — oo, which implies that (3.13)) is satisfied for n large enough.

Finally, from

< Hb;i

< [

70 < o] = o]

we obtain ( H 5H)
In (75/ [|b3

N-1< A )

[
Note that the level set £ (Z) can be replaced by £ (z¢) or X in the above theorem.

Corollary 36 Assume all the hypotheses of Theorem . Then, F (:cN((;)) — F(z7) as
0 —0.

Proof. The result follows from
|y = F (zn@)| < Hy‘S - yH + Hyé — F (zn(5)) H <(1+7)d. (4.8)

[
From Tangential Cone Condition, Assumption (c) , page it follows easily that

I155(0) = )l < 7= |Fw) 0 = )|

for all v,w € B, (x*,Ap) and j =0,...,d — 1. Now, if d =1 and =™ is the unique solution

of (3.1) in a neighborhood of z*, then the null space of A := F’ (z7) satisfies N (A) = {0}
because if 0 # v € N (A), then for ¢t > 0 small enough,

1
HF($+ —tv) — yH = HF($+ —tv) — F(x"')H < ﬂt ||Av|| = 0.

In general, the function |||, : X — R, z — ||Az|| is a semi-norm in X and it is a
norm in case of A being injective (it is a weaker norm than the standard norm, because
[zllg = [|Az]| < [[Al ]|, for all z € X).

Corollary 37 Assume all the hypotheses of Theorem . Then, HxN((;) — ZL'+HA — 0 as
0—0

Proof. From inequality (4.8]) of Corollary [36{and Assumption (c) )

v =2, = [|[F («F) (zne) —27) ||

<+ ||F (zne) —F @) < m+1) (1+7)0.

]

The boundedness of £ (xg) would certainly facilitate a convergence analysis of the family
(:L‘N(5)) 50 C £ (zg) using for instance, a weak convergence argument in reflexive Banach
spaces. There is no reason however, to believe that this is the case. On the contrary, this
set is expected to be unbounded for ill-posed problems, which stimulate us to concentrate
in a local convergence analysis restricted to the bounded set B, (Ap, z7).



58 CHAPTER 4. CONVERGENCE ANALYSIS OF K-REGINN

4.2 Decreasing error and weak convergence

Assumption 3 If the iterate x,, of K-REGINN is well-defined and the definitions e, :=
T — 1z, and zn g 1= Sy + Tn With sy = 0 are adopted, then there exist constants 0 <
Ky < K1 <1 and positive numbers Ay 1, satisfying

t
Ang 2 HAnSn,k — 2|, witht > —r

such that
Ap (era Zn,k—l—l) - Ap (er; 2V\n,k)

< Ak [HAnsn,k _ %,

(e

K HAnsmk 8

)+ Ko

1

The following methods satisfy the required properties of Assumption [3}, with z,, , = 2,
provided X is uniformly smooth and s—convex with p < s:

where either Z j, = 2z | O Zn ) = Tn.

e The dual gradient method DE, presented in (3.29) and (3.39)) , Subsection with
Ki=1-Ch0<Cy<1, Ko =0 (see (3.37)) and t = s — r (see (3.40]));

e Each dual gradient method, defined by iteration (3.29) in Subsection with step-
size satisfying A\, 1 € [c HAnsn’k — bfLHt,)\DE} where ¢ > 0 and ¢ > —r (K and Ky
are the same as the DE method). In particular, the MSD method as defined in ([3.45)) ,

with —r < t <0, see (3.46)), and LW method with step-size being given by a small
constant (see (3.43))) and with s < r. For this last method, it obviously holds ¢ = 0;

e The Bregman variation of the IT method defined by the implicit iteration (3.62))
in Subsection [3.1.3| with Ky = 1/2"71 — C}, 0 < C} < 1/2"7%, A\ = 1/, and
Ko =1t=0 (see (3.67) and (3.68]));

e Each of the mixed gradient-Tikhonov methods presented in Subsection [3.1.4] and
defined by iteration (3.76) , with step-size satisfying A, € [c HAnsn’k — bﬁ! ¢ ,XDE}
with ¢ > 0 and t > —r, where Apg is defined in (3.72). In particular, the DE method

itself (see (3.74)) and the LW method with a small constant step-size (see (3.75)).
For these methods, 0 < Ky <1 — Cy = K7 with 0 < Cy < 1, as we can see in (3.73]).

The Assumption [3| is verified for Z, ; = x, if X is uniformly smooth and uniformly
convex for:

e The Bregman variation of TP method as presented in (3.58) , Subsection with
Ki=1,Ky=(r0—1)/r <1, Ay = 1/oy, and t = 0 (see (3.59) and (3.57)).

Assumption [3|is a generalization of [36, Assumption (3.2)] and the next Theorem cor-
responds to Theorem 3.1 in the same reference.

Theorem 38 (Decreasing error) Let X andY be Banach spaces with X being uniformly
smooth and uniformly convex. Assume that Assumption [J and Assumption [1] in page
hold true with the constant n in the TCC satisfying

0§77<K1_K07
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and the constant T in (3.13|) satisfying
_on+tl
Ky —Ko—1n

Assume additionally that Assumption@ m page holds true with C' = 0 in case of Zp , = X,
and start with xg € B, (7, A,). Then for p € (fumin, 1) with

T > (4.9)

T 4+ + Ky
K '

:U’;dnin =
1. all the iterates of K~-REGINN are well-defined and belong to B, (x*,A,) CD(F) as long
as the discrepancy principle (3.13)) is not satisfied;

2. the outer iteration terminates, this is, there exists a number N = N () € N satisfying

:

3. the iterates have the error decreasing behavior
JANS (m"', $n+1) <A, (:E+, l‘n) (4.10)
forn=0,...,N — 1, where the equality holds if and only if holds;
4. the generated sequence is bounded:
|znll < Cppt for all§ >0 and n =0,..., N, (4.11)
where C, -+ > 0 is defined in ;

5. there exists a constant Co > 0 such that the inequality

kn—1

Co Z Ank HA"S"’k — bfl ' <A, (x+,:nn) - A, (:E+,l‘n+1) (4.12)
k=0

holds if Zy ), := zn 1 and
CoMnkn—1 HAnsn,k;n—l — bfLHr <A, (l’+,l’n) - A, (m+,xn+1) (4.13)

if Zn g 1= Tn.

Proof. The restrictions on the constant 7 imply the well-definedness of 7 and piyin < 1. We
use induction: as xg € B, (z*,4,), the bound ||zo| < C, .+ holds (see (2.20)). Suppose
that the iterates o, ..., z,, with n < N are well-defined, belong to B, (1, A,) and satisfy
(4.10) as well as (4.11) . If (3.9) is verified, then x,,+1 = z, and all the required properties
hold true for x,,4+1. Otherwise, as HbfLH < i HAnSn,k — biH for k=0,...,k, — 1, we proceed
like in (4.1) to validate

1+m7

() 0] < O o

)

HAnen - bi

with Cy 7, = (11777 + 77) /1. Using now fimin < g < 1, we get from Assumption

r

Ay (7 2p1) — Dp (27, Z0k) < Ank [(CW ~K) HAnsn,k 88| 4 Eo ||pe } (4.14)

K, r
< An,k (Cn,‘r,u - Kl + l;> HAnSn,k: - bfz

T

< _CO)\nJc HAnSn,k - bz

I
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with Co i= K1 — (22 49+ Ko ) /a7 > 0.

We study first the case Z, ; = z, . Using the inequality A, ; 2 HAnsn,k — szt, with
t > —r (see Assumption B we obtain for all ¢ < k,,,

()= 5 s

<Zc0 nkHAnsnk

t+r

rél
<

Z Zn,k) - Ap ($+7 Zn,k—l—l))

= Ap (2%, 2n0) — Ap (21, 20) < Ap (a:  Zn0) = Ap (2, 2,) < o0,
which implies that ¢ < co and consequently k, < oco. This means that the inner iteration
terminates. Using ¢ = k,, in the above inequality we obtain

kn—1
0< Z Co/\nkHA s — B3|

< Ap (37+’ Zn,O)_Ap (ery Zn,kn) = Ap ($+7xn)_Ap ($+,$n+1) >

Wthh 1mphes and (| . Using now , we conclude that
Ap (x+,a:n+1) <A, (aﬁ,xn) <. <A (:c a:o) < p,

which means that 2,41 € B, (21, A,) CD(F') and that ([4.11) is true (see (2.20)). It remains
to prove that the outer iteration terminates. Define the set I := {n € Np: Hbg“ > 7'5[”]}
and let 7 represent the largest number in I (which in principle could possibly be 0o). For any

n € I the inequality HbfLHHT > (Témin)HT holds, where Opin := min{d; : j =0,...,d — 1} >
0. Now, as k, > 1 for all n € I and k,, = 0 otherwise, we obtain from (|4.12)),

Z (7 Gmin) T < Z ( )t-i-rk - Z ( >t+r '

nel
slT
nkHA Sn,k — b

nf

2/\

Z/\

n
n
Z - A, (x+,:vn+1)) <A, (x xo) < 00,
which can only be true if @ < co. Then N (§) =7+ 1 < 0.

We turn now to the proof in the case z, = x,,. Observe first that 7 > (1+1n) /(1 —n).
Now, as C' = 0 in Assumption 2, 0 < K7 < 1 and Ky > 0, we conclude that pmi, is larger
than that one in Proposition [34] which implies that the results of this proposition are valid
here and therefore k,, is finite. Using k = k,, — 1 in (4.14)),

A;D (:L'er anrl) - Ap (33+a -Tn) = Ap (x+7 Zn,kn) - A10 (33+a 2n,lc)

)
< _CO)‘n,kn—l ‘Ansn,kn—l - bn

r

)

which is (4.13). Consequently, z,41 € B, (21,A,) and (4.10) as well as (4.11)) is true.

Defining the set I and the number §,,;, as before,

t+r
Z ,UH_T (7—5min)t+r < Z (,U bz ) < Z HAnsn,knfl - bi
nel nel nel

n
6 T
S Z An ke —1 HAnSn,kn—l — by,

t+r

<Z x xn - A, (w+,xn+1))<A (a: x0)<oo.
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As before, we conclude that N (§) < co. m

Remark 39 Assuming the hypotheses of Theorem|[38, the results of Corollaries[36 and[37
are clearly true. Furthermore, the monotonicity estimate (4.10)) can be proven in a more
general setting:

Ay (U, xng1) < Ap (O, z0) , (4.15)

where ¥y, represents a solution of the [n]-th equation in By, (x, Ap): ypy = Fiy (0n) . We
remark further that, for those iterations satisfying k, = krrpc and where inequality (3.9) is
violated by x,,, we find following [21]],

i~ Fig )| < 65— Fi @) = By (o) Gz =)

+ HF[n] (Tn+1) — F[n} (zn) — F[/n] (zn) (Tny1 — Tn)

< pol|uits’ = Fog (@n)|| + 1| Floy (@) = Floy ()|
< (u+mn) ) us) = Fug ()| [+ Hyfﬁﬁ” — Fpo (@nr1) |
so that
n n . —"_
Hyﬁg]] — F[n] ($n+1)H <A Hyﬁg]] — F[n] ($n) with A := H

Finally, if n satisfies n+ Ko < (1 —2n)" Ky (this is possible for a small n because Ky < K1)

and
n+1

(1—=2n)" Ky = (n+ Ko)

then pl . < (1—2n)" and restricting p1 to (fimin, 1 — 21) yields A < 1. In particular, if
d =1 (only one equation in (3.6)) is considered), (4.6) and (4.5) are true.

Remark 40 Inequality (4.14) together with z, j, = zp 1 implies

T >

Ap ($+a Zn,kJrl) < Ap ($+7 Zn,k) <..< Ap ($+, zn,O) = Ap (x+a xn) < p,

which is the monotonicity of the inner iteration. In view of (2.20)),

[2nkll < Cpot- (4.16)

Thus the sequences (zn,k)0<k<kn ,n < N (9), are uniformly bounded in n, k and 6.
The monotonicity in the inner iteration does not follow directly from (4.14)) if Zp, )y = n,
but the uniform bound (4.16)) still holds in this case because

Ap (x+7 Zn,k‘Jrl) < Ap (eryxn) <p.

Weak convergence of K-REGINN follows immediately from (4.11]) and the reflexivity of
X.

Corollary 41 (Weak convergence) Let all the assumptions of Theorem hold true.
If the operators Fj, 7 = 0,...,d — 1, are weakly sequentially closed then for any se-

quence <y§6j)i)ieN with 60 = max {(8;);:j=0,....,d—1} — 0 as i — oo, the se-
quence <$N(5(i))>ieN contains a subsequence that converges weakly to a solution of (3.1))

in B, (%, Ay). If x is the unique solution of (3.1) in B, (z%,A,), then (zn(s))
verges weakly to ™ as 6 = max{d; : j =0,....,d — 1} — 0.

§>0 con-

Proof. This is a standard proof. See, e.g. [36, Cor. 3.5]. =
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4.3 Convergence without noise

From now on, we need to clearly differ between the noisy (6 > 0) and the noise-free (§ = 0)
situations. For this reason we exclusively mark quantities by a superscript § when the data
is corrupted by noise: xfl, bfL, Afl, etc. Thus, z,, b,, A, etc. originate from exact data.
Note that the starting guess is chosen independently of 4: 338 = x9.

Algorithm [I] is well defined in the noiseless situation when we set §; = 0, 7 = oo,
and 76; = 0. Then, the discrepancy principle is replaced by ||b,]| = 0, in which
case Tpi1 = Tp. Lermination only occurs in the unlikely event that an iterate xy satisfies
ly; — Fj (xn)|| = 0for j =0,...,d — 1, ie., zy solves (3.6). In general, Algorithm [1] does
not stop but produces a sequence which converges strongly to a solution of as we will
prove in this section, see Theorem 43| below.

Except for the termination, all results of Theorem [3§ hold true with an even larger
interval for the selection of the tolerances: pu € (%, 1>. Accordingly, the constant in
(4.14)) is replaced by Cp := K1 — (n+ Ko) /p" > 0. Further, N (0) = oo in case we have no
premature termination.

In the next assumption, we define how the regularizing sequence is generated in the
inner iteration.

Assumption 4 If the iterate x,, of K-REGINN is well-defined, then the inner iteration se-
quence is generated by

Jp (Zn,k—l-l) = Jp (/Z\n,k) - /\n,k (A;;]r (Un,k) + ’Yan (Sn,k - fn)) ,

where (Vnk) <y, C Yin) satisfies ||[vnpll < [Ansngk — bl The sequence (yn),en C R obeys
the inequalities 0 < v, < Ky ||b,||" with Ky > 0. Further, (Tn),cy C X is an arbitrary
sequence and Ko = 0 whenever this sequence is unbounded or in case zn j, = T,

The following methods satisfy the above assumption:

e All the dual gradient methods, defined by iteration (3.29)) in Subsection and
satisfying A\, x < Apg. In particular, the DE method itself, the MSD and LW methods.
Here, Zp 1 = Zn ks Unk = AnSnk — bp and Ky = 0;

e The Bregman variation of the Iterated-Tikhonov method (3.62), with 2, = 2k,

Un,k = Ansn,k-I—l — by and K3 = 0;

e The Bregman variation of Tikhonov-Phillips method (3.58) with 2, 1 = zp, vpi =
Aunsnps1 — bn (see (B53)) and K = 0;

e The mixed gradient-Tikhonov methods, defined by iteration (3.76)) , with z,, , = 2, 1,
Unk = AnSnk — bn, o = oy, and Ky = Ky/K3, where K is defined in Assumption

page|58] and K3 is an upper bound to the sequence (% llen — anp) N (see Subsection
ne
3.1.4).

With the next lemma we prepare our convergence proof for the exact data case.

Lemma 42 Assume all the hypotheses from Theorem but with p € (”}Ifo,l) and let
Assumption []] hold true. Then,

Ay (xp, Tny1) S A, (1‘+, :L‘n) - A, (ZE+, l’n+1) (4.17)

for alln € N.
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Proof. From ({2.21)),
Ay (xp, Tnt1) =4, (m+,xn+1) - A, (1:+,mn) + <Jp (Xn41) — JIp (xn) N azn> . (4.18)
We first analyze the case Z, = 2, x. From Assumption

(Jp (Tns1) — Jp (an) , 2" —2y) =

T~

Jp (Zn,kn) —Jp (Zn,O) s€n)
n—1

= <Jp (Zn,k-I—l) —Jp (Zn,k) ;€n)
k

= )\n,k (<]r (Un,k) ) _Anen> + n <Jp (Sn,kz - fn) ) _en>) .

o

o
=

b
Il
o

If (Zn),,cy is not bounded, then v, = 0 (K2 = 0), otherwise, since the sequences (e,) and

(Sn,k) are uniformly bounded, see (4.11)) and (4.16),
Y (Tp (sn = Zn) s —en) < l5np = FnllP " Hlenll S v S 10all” (4.19)

From properties of j,, the TCC (Assumption (c)) and ||b,] < i”b” — Apsp il for k =
0, ...,k — 1, we obtain by making use of (4.12)),

kn—1
(Jp (@ni1) = Iy (@), 2" = 20) S D" Ane (I4nsn e = ball™™ [ Aneall + 15a]")
k=0
kn—1
< 3 ke (14 = bl ™ 0+ 1) 6] + 190l
k=0

kn—1

n+1 1

< < + 7n> § )\n,k HAnSn,k - anT
K 12 5—0

= Ap (33+7xn) - Ap (."L‘+,l'n+1) .

Inserting this result in (4.18)), we arrive at (4.17) . We proceed now proving the result for
the case 2, ; = x, (consequently, Ky = 0). Similarly to above, but using (4.13) instead of

(4.12) , the inequality

<Jp (Tpy1) — Jp (7) ,$+ - $n> = <Jp (Zn,kn) —Jp (Tn) , €n)
= _An,kn—l <]r (Un,kn—l) 7Anen>

+1
< nT/\n,knfl HAnsn,knfl - anT

S; Ap (erwrn) - Ap (:C+, xn—‘rl) )

is achieved, which concludes the proof. m

Assumptions (1| to 4] are strong enough to prove the convergence of the sequence (), oy
to a solution of (3.1]) as n — oo if a single equation in is considered (d = 1). However,
it is very difficult to prove the same result for the Kaczmarz version of REGINN (d > 1)
using only these assumptions. The boundedness of k,, and of A, ;. seems to be necessary
conditions to this end. For this reason we enunciate the next assumption.

Assumption 5 If s < r and kpax < 00 in (3.12)), then there exist constants 0 < Apin <
Amax such that Apin < Ay < Amax for all k =0,...,k, and n € N.

The above assumption is verified for:
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e The dual gradient method LW with a small constant step-size. This method clearly
satisfies Amin = ALWw = Amax;

e The Bregman variation of Iterated-Tikhonov method, where the required inequalities
are satisfied for A, = 1/a,. Consequently, Apmin = 1/@max and Apax = 1/amin (see
(13.68);

e The Bregman variation of Tikhonov-Phillips method with A, = 1/cy. In this case,

Amin = 1/ap and Apax = 1/ay,... (see (3.57))).

It is possible to prove the existence of A\, for the dual gradient methods DE and MSD
(see and ) But unfortunately, this seems not to be the case for A\p.x. However,
if we modify the definitions of these methods to Apew = Agig A A with a (possibly very
large) constant A > Amin, Assumption [5| is immediately verified for these methods with
Amax = M. Anyway, some results of next Theorem hold true for these methods in their
original definition. In the following convergence proof we adapt ideas from our previous
work [40].

Theorem 43 (Convergence without noise) Let X and Y be Banach spaces with X
being uniformly smooth and s—convex with p < s. Let Assumption 1| in page hold true
and start with xy € B, (", A,). Assume that Assumptions @ page and |4, page @
hold true and that Assumption @, page is verified with C' = 0 in case of Zp = Tp.
Suppose that the constant n in the TCC satisfy n < K1 — Ko and that p € (fimin, 1) with
fmin == (n+ Ko) /K1 < 1. If d =1, then REGINN either stops after finitely many iterations
with a solution of or the generated sequence (xy,),cn C B, (z,Ap) converges strongly
m X to a solution of . If % is the unique solution in B, (zT,Ay), then x, — z™T as
n — oo.

If d > 1 then the same results hold true for K~REGINN in case of Assumption [5] holds
true as well as kmax < 00 and s < r.

Proof. As this proof is relatively long, it is divided in four parts. In the first and second
parts, the case d > 1 is analyzed and Assumption [5[is employed to prove inequality
below, for the case z, j, = 2y 1 in the first part of the proof and for Z, ; = x,, in the second
one. In the third part, an inequality similar to is established for the case d = 1.
Finally, we prove in the fourth part of the proof that the residual converges to zero as n
goes to infinity, which together with will ensure the desired result.

If Algorithm [1] stops after a finite number of iterations then the current iterate is a
solution of and consequently of . Otherwise, (2,),cy is a Cauchy sequence, as
we will prove now. Let m,l € N with m < [. The trick of the whole proof is to use the
triangle inequality in order to "cut” the norm ||z, — x| in an appropriate vector x, and
then estimate each of the resulting norms using the properties of this vector.

Part 1: We consider first the case d > 1. In this case Assumption [5| holds true as well
as kmax < o0 and s < r. Write m = mod + m1 and [ = lod + I; with mg,lyg € N and
mi,l1 € {0,...,d—1}. Of course my < ly. Choose zy € {my,...,lp} such that

d—1
;} (Il — Fj (@zpa45) | + |1 Z20d1541 — Taod i) (4.20)
]:

d—1
< ZO (lyj = Fj (Znodsi) | + 1nodtjr1 — Tnoarjll)
]:

for all ng € {mo,...,lo}. Define z := zpd + 21, where 2y = 13 if 29 = lp and 2y = d — 1
otherwise. This setting guarantees m < z <. As X is s—convex and the sequence (xn)neN
is bounded (see (4.11))), it follows from (2.23)) that

lzm = 2l < 27 (lam — 22" + lloz = aal®) S Ap (22, 2m) + Ay (22, 22) -
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Three points identity (2.21)) implies now that

||37m - les 5 ﬁm,z + /Bl,z + f (vaa l) (421)

with
Bm,z = Ay (a:+,xm) EAY ($+,1‘Z)

and
f(z,m,l) = ‘<Jp (x2) = Jp (), x> — x+>‘ + }(Jp (xz) — Jp (x1) 2, — a:+>| )

By monotonicity (4.10), we conclude that A, (z*,z,) = v > 0 as n — oo. Thus, 8, . and
By~ converge to zero as m — oo (which causes z — 0o and [ — c0). Further,

(z,m,l) < Z ‘<Jp Tnt1) — Jp (z0), @ —:c+>|. (4.22)

We want to show now that f (z,m,[) is bounded from above by a term that converges to
zero as m — oo, which together with (4.21)) will prove that (z,),cy is a Cauchy sequence.
Our first goal is to prove this property for the case 2, ;, = 2, k. As in the proof of Lemma

B2

’<Jp ($n+1) - Jp (l‘n)axz _$+>‘ (4.23)
kn—1
< > Mk ([l Ausn = bl ™ Aweall+ 90 [y (s = Fa) e}l )
k=0

Similarly to (4.19)),
Yo |[(Jp (8n.k — Tn) ez S bl (4.24)

We proceed applying Assumption [[{c) to estimate || Ape.| :
lneal < [[An (% = 20| + 1 4n (22 — )] (4.25)
< ol + [[bn = An (27 = 2n) | + || Pl (22) = Fipy (2n) |
o |[Fo () = Pl () - F(n] () (2 — )|
< (0 +1) (llonll + [ Fiuy (22) = Fioy (2)]])
< (n+1) (21wl + [y — F[n] z2)]]) -

Note that in the last norm, the operator F}, is applied in the "wrong” vector z.. To
estimate this norm, we use Assumption (1 Write n = nod 4+ ny with ng € {mo,...,lo} and
ny € {0,...,d —1}. Then,

Hy[n} - F[n} (xz)H = [|Yny — Fny (Tapdrz) |l

d—1
< Hynl - Fm (ngd-i-ru)” + Z HFm ($20d+j+1) - Fnl (‘/L'Zod-‘rj)H
7=0
< Nyny = Fay (@2d4n0)[ + 72 H xZod+J $20d+j+1 - ‘TZOdJrj)H

d—1
(1 T > Z ||y] J;Z()d'i‘])” + ||$Zod+]+1 - x20d+]’|)
7=0
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This inequality was the motivation for the definition of z. From (4.20)),

d—1

M

o = By ()] < (1 20 ) S (s = 5 sl + lmpasis = ) (420
=0

Inserting (4.26)) in (4.25)), (4.25) and (4.24)) in (4.23), (4.23) in (4.22)), and using the defini-
tion of k,, we arrive at

-1 kn—1
Fm D) S0 Akl Ansnk — ball” + g (z,m, 1) + b (z,m, 1), (4.27)

n=m k=0

where
1—1 kp—1

Z ml Z Z)\nkHA Sn,k — bn, Hr 12”% xnodﬂ)H

n=m k=0

-1 kp—1

(z,m,1) Z Z/\nkHA Sn,k — bn [ 1Z||xnodﬂ+1 xnodﬂH

n=m k=0

The first term on the right-hand side of (4.27) can be estimated by - It remains to
estimate g and h. At this point we need the boundedness of k,,. From k,, < kmax,

kn—1 kn—1 Y kn-1
Z [ Ansnk — (Z | Ansn,k — by H) < Z [ Ansnk — bll”
k=0

for any v > 0. Then defining
kn—1

= Z ”Ansn,k - an ,
k=0

and making use of the inequalityP]

d—1
ZaT 12() < d? Za + Zbr for every a;, b; > 0,
we find applying Assumption H and definition of k, ,

g(z m, l N maxZwT 1Z||y] xnod-i-J)” (4'28)

lo d—1

< Amax Z Z nOdJran Hyj $nod+])||

no=mgo \n1=0

lo
S Amax Z <anod+n1 =+ Z Yn, — xngd-ﬁ-rn)” )

no=mo \ni=0 n1=0
lod+d—1 lod+d—1
2 : r
S )\max Z w;+ anH
n=myo n=mo
lod+d—1k,—1 lod—i-d 1kn—1

N max Z ZHA Sn,k —

n=mo k=0

= > Ak [ Ausng = bl

mll’l
n=mo k=0

d—1 d—1
2@:_1bj < aj if b; < ay, and a’;_lb‘j < b} otherwise. Thus, a’-ﬂ_lbj < a; +0b; < Zaf + Zb; for

1
i=0 =0

d—1
i,j =0,...,d — 1 and consequently Zar 126 < d? <Zaz + Zbr>
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Similarly,
lod+d 1kn—1 lod+d—1
hzm ) S Y Y Mgl Ansng —bal "+ D lwnts — 2" (4.29)
n=mo k=0 n=mg

Making use of the s—convexity of X once again,

(14.17)
[Zns1 — 2nll® S Ap (Tn, 2ns1) S Ap (2, 2n) — Ay (27, 2n41) - (4.30)

~

As r > s, we have for m, [ large enough that

lod+d—1 lod+d—1
Yo Mz —zall" < Y lwag — @l
n=myo n=mo

SA (T, 2mg) — Ap (27, Tigdrd) = Bmolod-+d-

Plugging this bound into (4.29)), inserting then inequalities (4.29) and (4.28) in (4.27)), (4.27)
in (4.21)), and using (4.12)), we end up with

me - leS S Bm,z + Bl,z + Bmo,loder- (4'31)

Part 2: Now we consider the case Z, ;, = x, (in this case Ky = 0 and consequently
Yn = 0 in Assumption [4) together with d > 1. Inequality (4.23) reads here

‘<Jp (@nt1) = Jp (zn) 22 — $+>| < Anko—1 [ Ansnk, -1 — anTil [Ane-| - (4.32)

Proceeding like above, we find, similarly to (4.27)),

-1
f (Z7m7 l) S Z)\n,knfl HAnSnykn,1 - anT + g (Z7m7 l) + h (Z7m7 l)

n=m
with
g(z,m,1) = an bt [ Ansn k1 = bl 12 ly; = Fj (@nga+)ll
-1 d—1
h(zm D) =Y Mgt [Ansnia—1 = ball ™™ Y 1 ngdtje1 — Tnoarsll -
n=m 7=0

In the same way as done in (4.28) and (4.29)) above, the inequalities

lod—H 1
g (z,m,1) Z Ak —1 | AnSn k-1 = bnll”,

n=mgq
l0d+l 1

h(z,m,1) Z A en—1 | Ansn k-1 — ball” + Z [Znt1 — 2"

n=mgo n=mg

can be proven. Using now (4.13)) instead of (4.12) we arrive again at (4.31)) .

Part 3: The case d = 1 is considered now (therefore kpyax = oo is possible). This
situation is easier because everything we need is to change the definition of z, in (4.20) to
the vector with the smallest residual in the outer iteration, i.e., choose z € {m,...,l} such

that ||b]| < ||bs||, for all n € {m,...,l}. Then, from (4.25),

[Anez|l < (n+1) (2[ball + [102]) < 3 (1 + 1) [[bn]] -
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The 1nequahty b, < L o [ Ansn g — bpl| for k = 0,....k, — 1, together with (4.32)) (respec-

tively (4.23]) and ( - and -, results in

-1 kn—1
f(z,m,l) < ZAnkHAnSnk nll”
n=m k=0

in the case z, j = 2p 1 and

-1
f (z,m,l) 5 Z)\n,kn—l ||An3n,k:n—1 - anT

n=m

in the case 2, = x,. Plugging now these inequalities into and using again
(respectively ), we arrive at with mg and lod + d replaced by m and [, respec-
tively.

Part 4: In any case the right-hand side of inequality converges to zero as m — oo
revealing (), to be a Cauchy sequence. As X is complete, it converges to some 2, € X.
Observe that k, > 1 if ||b,|| # 0 and since p [|by|| < ||Apsp i — bnl| for all & < k, — 1, it
follows that for the case z, = zn 1,

oo knp—1
:
T*tz [al < Zk o)™ S 33 Ak [Ansns — ball” 5 o0

n=0 k=0

Similarly, 2°°  ||bn||" ™" < oo for 2, 4 = @, Then, W) — Fin) (@n)|| = [[bn]] = 0 as n — oo
and since the Fj’s are continuous for all j =0,...,d—1, we have y; = F; (). If (3.1) has

only one solution in B, (z*,A,) then zoo = 27. =

4.4 Regularization property

In this section we validate that, under appropriate conditions, K-REGINN is a regularization
scheme for solving (3.1)) with noisy data ¢°. Indeed, we show that the family (x(jsv( 5))5>0

of outputs of Algorithm [1| relative to the inputs (y5)5>0 converges strongly to solutions of
with exact data y as § — 0.

To avoid possible wrong interpretations, we will not use the notation d;, j =0,...,d—1,
as in any more. Instead, when we write §;, we mean a positive number in a sequence
of ¢’s as defined in , ie., §; := max{(5j)i :j=0,...,d— 1} > 0.

In order to prove the regularization property, a standard argument of three steps is fre-
quently used. Firstly, one proves the monotonicity of the error: sz —zt H < Hfﬁi—l — gt H
forn =1,..., N (0) . Secondly, the convergence in the noiseless situation is proven: for € > 0
fixed, ||z, — 27| < €/2 provided n large enough. Thirdly, a stability result is necessary:
foL — aan < €/2 provided 0 small enough. Now, disregarding the details of pathological
cases, N (§) — oo as § — 0. Thus, for n € N sufficiently large but fixed and ¢ small enough
to guarantee N (0) > n, it follows that

Hx?\,(é) - x"" < a:z - x+H < Hxi - an + H:cn - SC+H <e€.

In this subsection, we apply a similar reasoning with the necessary modifications to fit
it in with our framework. We follow ideas from [36] and [40]. In order to facilitate the
comprehension, we summarize the main results:

1. From (3.11)), it follows that k, is an arbitrary number less than or equal krpq,
which means that the sequence (x,), .y, generated from a run of K-REGINN using
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data without noise, can change if the sequence (k"maxvn)neN is chosen differently. In
Definition [44] below, we observe all the sequences which are possibly generated from
a run of K-REGINN in the noiseless situation and collect all the n—th iterates in the
set X,.
2. In Lemma we prove that if the sequences (xfj)neN, with (04);cy C R being a
zero-sequence, are generated by different runs of K-REGINN with the different noise

levels d;, then for each n € N fixed, the sequence of the n—th iterates (xf;)l cy Splits

into convergent subsequences, all of which converge to elements of X, (z — &, as
0 —0).

3. Further, in Lemma [46|it is proven that for each ¢ > 0, there exists a M € N such that,
for each n > M, there exists an element &, € &, and a solution x, of (3.1) satisfying
l€n — Zoo|| < € (the sets A}, converge uniformly to the set of solutions of (3.1])).

4. Finally, in Theorem we provide a proof that the sequence (m%( 5_)> N of the final
i)/ ie

iterates of K-REGINN (generated with the different noise levels d;, where (d;),cy C R

is again a zero-sequence) splits into convergent subsequences, all of which converge

strongly to solutions of (3.1)) as i — oc.

In a first step we investigate the stability of the scheme, i.e., we study the behavior of
the n-th iterate :):g as 0 approaches zero. The sets X}, defined below play an important role,
see the Item [I] above.

Definition 44 Let Xy := {xo} and define X,,11 from X, by the following procedure: for
each & € &, change x, in definition of K~-REGINN with & and change the respective inner
iterate zp 1 with oy, resulting from using & instead of x,. More precisely, define 0,0 =
on0(§) ==& and oy k41 = opkr1(§) as

Ty @) = Ty @) = X (Fly (€075 (v5,) +28 (0nn — ) = 75))

where Oy, j;, )\flk, vik, ’yﬁ and f% replace Zn iy Anks Unk, Yn ond T, in Assumption page
respectively, when the vectors zy, j and x, are replaced by o, ) and & respectively.
Let by, := ypp) — Flny (§) and define krpg(§) := 0 in case of b, = 0 and

krec (§) == min{k eN: HF[/"] (&) (onk — &) —gn < gn

} (4.33)

otherwise. Then oy (§) € Xpy1 fork =1,..., krpa(§) in case krpa (§) > 1 and only for
k=0 in case krpg (§) = 0. We call £ € X, the PREDECESSOR of the vectors oy, 1,(§) € Xnt1
and these ones SUCCESSORS of &.

Note that z,, is a possible outer iterate of K-REGINN if and only if x,, € &),. Moreover,
X, is finite for each n € N and from inequality (4.15)) follows that, if &, € X),4+1 is as
successor of &, € X,

Ay (o1, nn) <8 (a1,61)

whenever ' is a solution of in B, (z",A,). We emphasize that the sets X,,, n € Ny,
are defined with respect to exact data y.

The following stability property of inner iteration of K-REGINN is crucial to prove con-
vergence with noisy data. This assumption is a variation of [36, Assumption (3.12)].
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Assumption 6 Let (;);cn C R be a zero-sequence. Assume that the sequence (zi%) N

"/ ie
converges to oy (§) for k = 0,...,krec (§) whenever the sequence (:Ef{)ieN converges to
& e X,. This s,

lim 2 = ¢ € X, = Zlggozzlk =onk (§) fork=0,...krec (§)-

1—>00
Assumption [0] is verified for the following methods:

e All the dual gradient methods, defined by iteration in Subsection and
satisfying /\2 RS )\5D > Where )\z i depends continuously on 4. In particular, the DE
method itself, the MSD and LW methods. For these methods, we assume that X is
uniformly smooth and s—convex with p < s. Additionally, we suppose that the spaces
Y;, 7 =0,...,d — 1 are uniformly smooth;

e The Bregman variation of the Iterated-Tikhonov method (3.62)), assuming that X is
uniformly smooth and s—convex with p < s < r;

e The Bregman variation of Tikhonov-Phillips method (3.58). We assume that X is
uniformly smooth and uniformly convex;

e The mixed gradient-Tikhonov methods, defined by iteration (3.76)) . Here the uniform
smoothness and the s—convexity of X, with p < s, as well as the uniform smoothness
of Y;,j=0,...,d — 1 is assumed.

As these proofs are long, we transfer them to Appendix [A]
Based on Assumption @, we prove the next lemma, which basically adapts ideas of [30),
Lemma 3.11].

Lemma 45 Let all assumptions of Theorem[38 hold true and assume additionally Assump-
tion |6| and that X is s—convex with p < s. If §; — 0 as i — oo then for n < N (6;) with
0; > 0 sufficiently small, the sequence (azfj)ieN splits into convergent subsequences, all of
which converge to elements of X,.

Proof. We prove the statement by induction. For n = 0, xgi =129 — To € Xy as i — 00.
Now, suppose that for some n € N with n < N (§;) for i large enough, (zf{')ieN splits into
convergent subsequences, all of which converge to elements of &},. To simplify the notation,
let (a:f;)l N itself be a subsequence which converges to an element of X,,, say

lim 2 = € € A, (4.34)

1—00

We have to prove that the sequence (xf{ +1) splits into convergent subsequences, each
ieN

one converging to an element of Xj,; 1. From Assumption [6and ([4.34),

lim 207 = 0, (§) for k=0, ..., kreg (€).- (4.35)

1—00

As the functions F; and F j’ are continuous for j = 0,...,d — 1, it follows from (3.7)), (4.35))
and (4.34) that

lim |[B)i || = ||b,|| and (4.36)
1— 00
o [ (4 s~ ] = @ a0 -5

for all k < krpa (§) . Now, we have to differ two cases.
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Case 1: b, # 0. From definition of krpe (€) (see (£.33)),

HF i (&) (Fnfenpate) =€)

and we conclude, making use of (4.36|) that for i large enough

/ (51 51 _
HF["] (a:n) Snkrpa(€)
which implies in view of (3:10) that k% < k%, < krpe (€). Hence k% € {0,.. ., krpa (€)}

for ¢ large enough. This means that for ¢ large enough, the sequence (k:f;)Z N splits into at

most krpa (§) + 1 constant subsequences (k:g”)g N satisfying ki""g =kec{0,....krec (6)}.
€
Accordingly,

Mgn

&, . 6, [@&39)

lim 20 = 1i 1 € X
1m x = 111m z = 11mm 2 = = O0O_7 .
(—o0 nt1 (500 gt oo Mk nk = Sl

Case 2: b, = 0. In this case, Yin] = Finy (€) and on0 = £ € Xy1 (see Definition .
51' . . .
As the sequence (xn)n <N 1 uniformly bounded (see (4.11)) and X is s—convex, we
conclude that (2.23)) applies. We prove now that :cé' 11— §asi— oo Assume the contrary,
then there exist an € > 0 and a subsequence (d;,),cy such that e < Hf - a:n L1 - It follows
that

s 5, \ @19 5;
< CA4y (§7$nil> < CA) (57'%'”[) — CAp(§€) =0

6<H§— T,

as ¢ — oo, contradicting ¢ > 0. m
In the second step towards establishing the regularization property we provide a kind
of uniform convergence of the set sequence (X,), to solutions of (3.I). For the rigorous
formulation in Lemma below we need to introduce further notation: Let [ € N and set
(()l) := 9. Now define 57(121 =0 kw(g,(f)) by choosing KV € {1,... ,kREg(@(ll))} in case of
kREg(é}(Ll)) > 1 and kg) = 0 otherwise. Then 57(1111 is a successor of f,(ll). Of course §7(Ll) e X,
for all n € N and reciprocally, each element in A, can be written as fy(Ll) for some [ € N.
Observe that (ér(f ))nGN represents a sequence generated by K-REGINN in the case of exact
data is given and with the inner iteration stopped with an arbitrary stop index kzg) less
than or equal k‘REg(fT(Ll)). Due to this fact, we call the sequence (k‘g))neN a stop rule. The

sequence (Enl Jnen is therefore one of many possible sequences which can be generated from
a run of K-REGINN with initial vector z¢. Since the results of Theorem [A3] hold true for all
these sequences, it applies in particular to (fn))neN Thus, the limit

2 = lim W (4.37)

exists and is a solution of in B, (z7,A,).

The following result was first presented in [22] in the context of Hilbert spaces and later
generalized to the Banach spaces framework in Proposition 19 of [40], where only the case
of a unique solution of was analyzed. The present version, appeared first in [39].

Lemma 46 Let all assumptions of Theorem hold true and let (&Sl))neN denote the se-

quence generated by the stop rule (k,g))neN. Then, for each € > 0 there exists an M =
M (e¢) € N such that

Hgg) —x(()lo)H <€ foralln>M and alll € N.

In particular, if xT is the unique solution of B.1) in B, (z*,A,) then Hﬁy(ll) —zt|| < e for
allmn> M and alll € N.
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Proof. Assume the statement is not true. Then, there exist an € > 0 and sequences
(nj);(l;); € N with (n;); strictly increasing such that

)

-

where (éfj ))n represents the sequence generated by the stop rule (k:g] ))n. We stress the fact

that the iterates fnl 7) must be generated by infinitely many different sequences of stop rules

@

(otherwise, as {n — Too as j — oo for each [ and as the [;’s attain only a finite number of

values, we would have ||§n]»') — 2 | < e for n; large enough). Next we reorder the numbers
l; (excluding some iterates if necessary) such that

&b - ngH > ¢ for all [ € N. (4.38)
Set & = 20 (= € for all I € N). As kppa(&) < oo and kY € {0,... krpa(d))} =
{0,.. .,kREg(go)} for all [ € N, there exists a number k:g in this set such that 76\0 = k(()l)
for infinitely many [ € N. Let £3 C N be the set of those indices I. Fix now 7{:\0 as the
stop index of the first inner iteration, i.e., El =007 (a)), see Definition @ Then gl — égl)
for all [ € £¢ and as k‘RE(;(gl) < oo, we conclude like before, that there exists a number
k1 € {0,. .., krpc(€1)} such that ky = kgl) for infinitely many [ € £o\ {1}. Those I’s are
collected in £;. Proceeding by induction, we find a sequence (g])n, generated by the stop
rule (k,), as well as a sequence of unbounded sets (£,), satisfying £, C N\ {1,...,n}
with £,41 C £, and

¢ =& foralll e £,, neN,. (4.39)

In view of - ) the limit 7, Too 1= lim,, oo fn exists in B, (z7,Ap) and solves It

follows that the sequence (En)n is bounded and since X is s—convex, 1nequahty -
holds. Additionally, there exists M = M (€) € N such that

A, (fw,§n> (4.40)

2C

where C' > 0 is the constant from ([2.23)) . We can additionally suppose that En € B, (z1,4))
for all n > M. In fact, as lim, o0&, = ZToo and the mappings J, and A, (Too,:) are

continuous, we have that A, (ﬁoo, §n) and <Jp(€n) — Jp (To) , Too — ™) converge to zero
as n — oo. From three points identity (2.21),

A, (:ﬁfn) A, (5500,2”) + A, (2, F00) + <Jp(§n) — Ty (Too) s Too — x+>

and as A, (27, Zs) < p, we conclude that A, ( +,§An> < p for n large enough.
Now, for lg € £ fixed,

o (o 1) D 5, (1) P

As T is a solution of (3.1)) and 51(\?11 = E M+1 € B, (21, Ap), inequality (4.10) applies and
the errors A, <§Oo, gﬁf“) are monotonically decreasing in n for all n > M +1. In particular,

lo > lo>M +1 (because ly € £y C N\ {1,...,M}). Then

68

A (Toor€80) < Ay (T, 64711 ) < Yok
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Since 57(110) — acgg) as n — 0o, we conclude that

A (Toor o)) = Tim A, (70, 607) S A (T, 600) < 2—

n—0o0

From the s—convexity of X,

e o] s )
<9510 (Ap <5:\oo,§$?) +A, <5300,xg£9>>) < e,

contradicting (4.38]). m

We are now in position to prove our main result. The result of the next theorem was
first established in our work [39].

gllo) _ (o)

s
= (lo)
Ny, + H:L'oo — Tao

1 ~
57(”%) — Too

Theorem 47 (Regularization property) Assume all the hypotheses of Theorem As-

sumptions[{], page[63, and[6, page[70, and suppose that X is s—convex withp < s. Ifd > 1,

assume additionally that Assumption[3], page% holds true, as well as kypax < 00 and s < 7.
8;)

If 6; = 0 as i — oo, then the sequence (xf\i,( splits into convergent subsequences, all

€N
of which converge strongly to solutions of (3.1) as i — oco. In particular, if x™ is the unique
solution of [3.1]) in B, (z™,A,) then

: 05 _
lim (255 — | = 0.

Proof. If N (§;)) < I as i — oo for some I € N, then the sequence (w%((;i))z‘eN splits

. i .

into subsequences of the form (z,*)seny where n is a fixed number less than or equal to 1.
According to Lemma each of these subsequences splits into convergent subsequences.
Hence each limit of such a subsequence must be a solution of (3.1]) due to the discrepancy

principle (3.13). In fact, if % — a as i — oo, then using )

lys = F (@]l = lim [ly; = £ (a) ] < fim @+ 7)8i =0, j=0,....d-1.

1—00 71— 00

Suppose now that N (0;) — oo as i — oo and let € > 0 be given. As the Bregman distance
is a continuous function in both arguments, there exists v = v (¢) > 0 such that

S

) € )
JANS (x,xf[) < c whenever Hx — %

<, (4.41)

where C' > 0 is the constant from ([2.23). From Lemma there is an M € N such that,
for each 51(\9 € X, there exists a solution m(olo) of (3.1 satisfying

et <3

According to Lemma the sequence x‘]s\ﬁf splits into convergent subsequences, each one

converging to an element of Xys. Let (x Azj )jen be a generic convergent subsequence, which
converges to an element of X, say

. 0; l
glggox f = ](V[O) e Xuy.

i .
We prove now that the subsequence (x N’“’( 5 ))geN converges to the solution m&@). In fact,
e

. di .
since z,{ — 51(\20) as { — oo, there exists a Lj = Lj (€) such that

[SREENY

< % for all £ > L.
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As N(6;,) — 0o as ¢ — oo, we have N (6;,) > M for all £ > L where L > L, is a sufficiently
large number. Then, for all £ > L,

(lo diy

+ HfM) x| <7

[t — | < [l - &0

Finally, the s—convexity of X leads to

s [223) . E19) N &)
< CA), (mé@),xf\lf‘{(%o < CA), (:L“(()?),xfw’) < €.

9 (lo)
H””N@m) ~ Too
||



Chapter 5

Numerical Experiments

To test the performance of K-REGINN, we have chosen a severely ill-posed problem, namely,
the Flectrical Impedance Tomography (in short EIT). In this non-invasive problem, one
alms to reconstruct specific features of the interior of an object collecting information on
its boundary. The procedure consists in applying different electric current configurations
on the boundary of a bounded set and then measuring the resulting potentials on the
boundary as well. The objective is to access information of the interior of this set in order
to reconstruct the electrical conductivity.

This idea was originally introduced by Calderén in his famous paper [8]. The problem
proposed by him is currently known as the Continuum Model of EIT (EIT-CM), where
electric current is applied on the whole boundary and the corresponding potential is also
read in all the point of the boundary. The Calderén’s method is more of theoretical than
practical interest because in real situations is actually impossible to apply or record this
information in the whole boundary. This method is however important in the mathematical
point of view. More details and some numerical experiments using K-REGINN to solve this
problem are presented in Section below.

To modify the EIT-CM in order to adjust it to a more concrete and realistic framework,
many attempts have been made and different methods have been suggested. One of the
most promising and currently considered a very realistic framework is the so-called Complete
FElectrode Model (EIT-CEM), which was first presented by Somersalo et al in [50]. In the
EIT-CEM, electrodes are attached on the boundary of an object and the electric current is
injected on this object through these electrodes. The resulting voltage is then read in the
same electrodes. The inverse problem of reconstructing the electrical conductivity in the
entire set from the application of different configurations of currents and the measure of
the respective voltages on its boundary is considered in Section where we additionally
present some numerical experiments and discuss the results.

Concerning practical situations, EIT has a vast range of potential applications in several
fields, including non-invasive medical imaging, non-destructive testing for locating resistiv-
ity anomalies, monitoring of oil and gas mixtures in oil pipelines, geophysics, environmental
sciences, among others. See [5 23] and the references therein.

Before starting, we would like to point out that both EIT variations are appropriated
and naturally suitable to the use of Kaczmarz methods. The reason is simple: the electrical
conductivity is reconstructed from a set of individual measurements. Each of those mea-
surements can be regarded as an individual operator in a system of equations to be solved.
The details will be explained later in a convenient moment.

75
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5.1 EIT - Continuum Model

Let © C R? be a simply connected Lipschitz domain. Applying some electric currents
f: 092 — R on the boundary of {2 and recording the voltages g: 92 — R on the same set,
we aim to find the electrical conductivity v: €2 — R in whole of €. The set €2 is assumed to
have no electrical sources or drains, which means that the electric flux YVu is divergence
free, where u: 2 — R represents the potential distribution in €. This condition is written
as

div (yVu) = 0 in Q. (5.1)

The electric flux is assumed to be completely transferred to the boundary, which means
that

'7% = g on 0f, (5.2)

where Ju/0v is the outward normal derivative of u. In order to prove existence and unique-

ness of a solution u, we write the weak formulation of (5.1)) and (5.2) : Given g € H, 1/2 (092)
and y € L3 (Q), find u € H} (Q) such that

/ YWuVep = / g for all ¢ € H) (Q). (5.3)
Q 0N

The symbol ¢ means that the integral of the function over the boundary of 2 is zero:

H)? (69) == {v e H'/2 (5Q) : /mv = 0} .

If the function is defined in €2, this integral is understood in the sense of the trace theorem:
for u € H' (Q), its trace f = u,q belongs to H/? (09), and we define

Hé(Q)::{ueHl(Q):/mf:O}.

Finally, the set H,, 1/2 (09) is defined as the dual space of H, <1>/ 2 (092) and
LT (Q):={vel>*(Q):v>Cae. inQ},

where C' > 0 is a constant.

The condition [,,9 =0 (g9 € Hy 1/2 (092)) is interpreted as the law of conservation of
charge. Using it in combination with the Lemma of Lax Milgram, one can prove that there
exists a vector u € H'(Q) satisfying and that it is unique up to a constant. The
condition [, f =0 (u € H <1> (€2)) is therefore required to guarantee uniqueness of solutions
in . It can be interpreted as the grounding of potential. Further, the lower bound
v 2> Cae inQ(y€ LY (Q)) ensure that the electric flux can flow through the entire set
Q.

With the existence and uniqueness of solutions of the variational problem , the
Neumann-to-Dirichlet (NtD) operator A, which associates the current with the respective
voltage,

Ay HY 2 (09) —» HY? (09), g — f

is well-defined. Moreover, it can be proven to be an invertible linear bounded operator. Its
bounded linear inverse is called the Dirichlet-to-Neumann operator (DtN).

The forward operator associated with EIT-CM problem is now defined as the nonlinear
function

F:D(F)C L®(Q) = L (H;W (09), 1/ (89)) v A, (5.4)
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with D(F) := L°(Q2). The EIT-CM inverse problem consists therefore in recovering -y
from a partial knowledge of the NtD operator A, which is a nonlinear and highly ill-posed
problem [1].

In 2006, Astala and Paivéarinta [2] proved the injectivity of F' in , which means
that the EIT-CM is uniquely solvable. In practice however, one cannot expect to have
full knowledge of the NtD operator. The best it can be done is to apply a finite number
of currents ¥ := (go,...,gq—1) and then recover the corresponding voltages, f; = A,g;,
7 =0,...,d — 1. This fact suggests that the operator

Fa:D(F) € %@ - (HY? 00)" . 7 (fonm fa).

is a natural substitute for ([5.4]) in practical applications.
Observe that by defining the operators

Fj: D(F) C L®(Q) = HY* (09), v~ fj, j=0,..,d — 1, (5.5)

we immediately see that Fg = (Fo,...,Fd_l)T and Y = Yy x ... x Yy_q, with Y :=
d

(Hé/2 (092)) and Yj := H<1>/2 (0Q2) for j = 0,...,d — 1. This is exactly the structure pre-
&

sented in (3.6)) , which makes this problem suitable to the application of a Kaczmarz method.
Moreover, each of the operators in (5.5)) is Fréchet-differentiable as we will discuss now.

5.1.1 Fréchet-differentiability of the forward operator

The F-differentiability of the forward operators Fj in (5.5) is a well-known result, see
e.g. [35], and we do not intend to prove it here. The goal of this subsection is only to
give a roughly explanation of how the vectors F] (v) o and F} (v)*n for v € int (D (F)),

o€ L>*(Q) and n € H <1>/ 2 (092) can be calculated, which is important for our numerical
implementations in the next subsection.

Fix g; € H&l/Q (89) and define Gj () := u,, where u, € H} (2) is the unique solution

of (5.3) with g := gj, i.e.,
/ YVu, Vi = / gjep for all p € H} (Q). (5.6)
Q 19)
Thus G (7)|yq = Fj (7). Further, let ¢ € R\ {0} be small enough to satisfy v + to €

D (F) and define w145 := G; (v + to) , which is the unique vector in HJ () satisfying the
equation

/Q (v +to) Viytio Ve = /{m gjep for all o € H} (). (5.7)

Subtracting (5.7) from (5.6)) we obtain
/ YV (Unytto — uy) Vo = —t/ oVuy116 Ve for all ¢ € H<1> Q).
Q Q
Dividing both sides of above equality by ¢ and letting ¢ — 0 we obtain

/ YVw,Vy = —/ oVu, Ve for all ¢ € H<1> (Q), (5.8)
Q Q

where
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is the Fréchet derivative of G evaluated in v and applied in the vector o. As the trace
operator is linear and continuous,

FJI (Vo= G; (’Y)U‘aﬂ = Wolaq -

Therefore, in order to calculate Fj (y) o, one needs first to find u, € H 5 (Q) in (5.6) , use it

to find w, € Hé () in (5.8) and finally evaluate its trace wq|yq € Hé/Q (092) .
To calculate the vector F (y)"n, we use the following procedure: let ¢ € L (Q2) be
fixed and let ¢, € Hé () be the unique solution of (5.3)) for g := 7, i.e.,

/ YVip, Vi = / ne for all p € H (). (5.9)
Q oN

Now, let wy € H<1> (©2) denote the unique solution of (5.8]) for o := ¥, which implies that
FI(7) 9 = wylyg - Consequently,

(Fj (v)"n,9) = (n, Fj (v)9) =/8an§ /viwnvwﬂ

(5.8)
- /Q YWy Vi, = — /Q OV, Vi = (— Vi, Vb, 9) .

Thus,
Fj(v)"n==Vu, Vi, (5.10)

with uy, ¥, € H <1> (©) being given in and respectively.

Unfortunately, the space L* (€2) has too poor smoothness/convexity properties to be
included in the convergence analysis of K-REGINN in Chapter [4] (it is not uniformly smooth,
for example). But, as Q is bounded, L™ (2) C LP (Q2) for 1 < p < oo, and since these spaces
have the necessary properties (remember that for 1 < p < oo, the Lebesgue spaces LP are
pV2—convex and pA2—smooth (see Example ), a possible and immediate solution would
be redefine the operators F} in different spaces:

Fj: D(F) C LP(Q) — H)/* (092),1 < p < oo,

The duality mapping J,: LP (2) — LP" (Q2) can be now easily calculated via (2.14)).

Using this strategy however, a new problem becomes evident: D(F') has no interior
points in the L? —topologyﬂ which means that differentiability or even the continuity of F}
are compromised. To overcome this technical obstacle, we suggest restricting the searched-
for conductivity space X to a finite dimensional space V' C L (), that is, redefine the
functions F}’s as

Fj: Vi CV,— L2 (0%), v+ f;, Vi :==D(F)NYV, (5.11)

where 0€); is the part of the boundary where the experiments are actually taken. The
subscript index p in V), := (V,||||;,) highlights the fact that the LP—topology is used
inE| V = span{vi,...,var}. This is a reasonable framework because from a computational
point of view, the best one can do is to find the coefficients of the conductivity vector in a
specific basis of a finite dimensional subspace of L> (2). Moreover, using a finite number of
experiments, only a finite number of degrees of freedom of the conductivity can be restored.

Since in finite dimensional spaces all the norms are equivalent, the F-derivative of F)
remain the same’]

For v € D (F) fixed, the ball {5 €L Q) lv=Allpry < p} is not entirely contained in D (F') for
any p > 0.

2The vectors v; € L™ (2),4=1,..., M are naturally assumed to be linearly independent.

3The change of the data space H<1>/2 (09Q) with L?(89;) in does not alter the derivative of Fj
either, since H'/2 (99) < L? (%), see e.g. [14, Theo. 2.72].
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5.1.2 Computational implementation

In order to improve the reconstructions in our numerical experiments, we propose the use
of a weight-function as done in [52]. To formalize the results and properly adjust the ideas
to our scheme, the next proposition needs to be proven.

Proposition 48 Let X and Y be Banach spaces defined over the same field k. If there ex-
ists a linear, isometric and surjective operator T: X — Y, then the operator (Tﬁl)* Xt —
Y* is well-defined and shares the same properties.

Proof. Suppose that T: X — Y has the required properties. From its isometry follows
that T is injective and hence bijective. Thus 77 !: Y — X is well-defined and it is clearly
linear, invertible and isometric too. From the isometry of 7! follows now the boundedness
of this operator, which implies that its Banach-adjoint (T‘l)* : X* — Y™ is well-defined.
Further, (T‘l)* is a linear operator. It remains to prove that this operator is isometric and
surjective. Let therefore z* € X* be given. As T~! is invertible and isometric,

s

= s (@) e )| = s (@ T = e

Y7 lylly=1 1T~ yll x=1

which proves that (T‘l)* is isometric. Lastly, to prove surjectivity, let y* € Y* be given
and define the operator *: X — k as

(x*,x) = (y", Tx), v € X.
Then it is clear that z* € X*. We will prove that (Tﬁl)* x* = y*. In fact, for each yp € Y,
define zg := T 'yp. Then
(" v0) = (", Txo) = (2", x0) = <$*,T_1yo> = <(T_1)* 90*,3/0>~

]

Note that if T" has the required properties of above proposition, then it is a linear,
bounded, isometric and invertible operator. Further, its inverse is also a bounded operator,
because it is isometric too. This means that T is an isomorphismus of Banach spaces and
the same applies to (T‘l)*. Moreover, it obviously holds, for all * € X* and =z € X,

(™, ) yuy x = <(T_1)* x*,Tm>Y*XY ,

which implies that (T‘l)* is actually an isomorphismus of dual spaces. The result implies
in particular that
a* € J,(x) = (T7Y) 2" € J, (Tx),

this is, (I1)" J, (z) = J, (Tz) . Then, for all z,y € X,

o (1), Tyhyey = (T7) Jp (0, T0) = (1) 9 e

Each property of X which only depends either on the norm |-||y or on the duality pair-
ing (-,-) y«xx of its dual space X* is therefore preserved. In particular, smoothness and
convexity properties of X and Y are exactly the same. For instance, the equivalence

1 1 C
P p p p
—lz—=y|I¥ < = |lz||" = (Jp(x),y) +—|ly

if and only if B
1 p ol P Cp P
p Tz = Tyll" < ZAITe|" = (Jp (Tz), Ty) + == ITy [
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implies that X is p—smooth if and only if Y is p—smooth. Furthermore, the constant C,,
remains unchanged.

The motivation for proving Proposition is to define the weighted Banach space
L (). Let w: © — R be a positive function and define the vector space

LP(Q) := {f:Q—>R:/ |f|pw<oo}.
Q
Observe that f € L%, (Q) if and only if fw!'/? € LP (). We can therefore define the norm
— 1/p p
1750 = || 7)), ) 7 € L2,

which transforms L% () in a normed space. If wpin < w(2) < wmax for all x € Q, where
0 < Wmin < wmax are constants independent of x, then

1
— £l -

1
. p p
—— 171 ) < 17y <

Thus, the two vector spaces have equivalent norms and the same elements. Further, the
completeness of LP () is transmitted to L% () and the operator T: LE () — LP (Q),
f — fw'/P is well-defined and satisfies all the hypotheses of Proposition Therefore the
Banach space L (Q) inherits the properties of L? (). In particular, (L% (Q))* = LY (Q)
and for all f,g € L (Q),

o (D291 = o (TF) T9) e g = (ITSP sn (1) Tg)
= (P s (N g = [ s () g
= (IfP*sen (£) . 9)

7R
Hence, the duality mapping J, in L%, (Q) is still given by J, (f) = 1P tsgn(f).

The adjoint operator FJ’ (7)* changes slightly in the new space because for the new
adjoint operator F; (7)* we want to have for each v € int (D (F)), o € L () and n €
L? (0%y),

—
(F ("m0

! *
>Lg* QxILQ) (1 F5 (1) ) 1200,y = CF5 ()7 1:0) 1 0y ey

that is
[ F 0y now = [ F) e
Q Q

Thus (see ((5.10)),

f; (N =w ' F (7)" = —w ™ ' Vu, Vi, (5.12)
We keep using the old notation F; instead of Fj for the new operator.

The idea of using the function w is to give different weights for different regions of (2.
With this procedure we hope to increase stability in some regions where is important to
have it. We come back to this subject later to introduce an appropriated weight-function
for our framework. Before doing that however, some preliminaries are needed.

For our numerical experiments in this section, we observe only the Kaczmarz version
of REGINN and let the comparison between Kaczmarz and non-Kaczmarz methods for the
EIT-CEM problem, which will be analyzed in next section.
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In order to perform the experiments, we have chosen 2 as the unit square (0,1) x (0,1)
and d = 4m (m € N) independent currents
| cos(2jomz) cos (2jomy) : (x,y) €Ty,
93 = { 0 : otherwise
where j =4 (jo— 1)+ (j1—1), jo =1,...,m and j; = 1,...,4. The sets I';, represent the
faces of Q : I'y :=[0,1] x {1}, 'y := {1} x [0,1], '3 := [0,1] x {0} and I'y := {0} x [0, 1].
The voltages f; = A,g; are measured in 0Q; = 0Q\I';,, which means that we do not read
the voltages where we apply the currents.

For implementing K-REGINN numerically, the computational evaluation of the vectors
Fj(v), Fj(y)o and F} (y)"n for v € int (V) , 0 € V,, and € L? (9Q) are necessary. Since
an analytical solution is in general not available, we apply the Finite Element Method
(FEM), constructing a Delaunay triangulation

YT:={T,:i=1,..,M} (5.13)

for , provided by MATLAB’s pde toolbox with M = 2778. The same triangulation is then
used to solve the elliptic problems (5.6)) , (5.8) and ([5.9) and to reconstruct the conductivity.
The elements of the basis used to define the finite dimensional space V are defined as

1 :2€eT;
Ui($)3:XT¢($):{O o d T , T €Q, (5.14)

which means that we are looking for piecewise constant conductivities. This choice of
V' guarantees injectivity of F]’ (7). Moreover, F; satisfies the Tangential Cone Condition
(Assumption c) , page , see [35, Subsection 3.1].

We want to test the performance of K-REGINN to reconstruct sparse conductivities in
the {v1,...v5s} basis, and for this reason, we define the exact solution as

09 :xeB

M

+ o 7. e

7 (@) =0 (w)+;am (z), o .—{ 0 erwice  TED (5.15)
P

where 7o (z) = 0.1 represents a known background and it is also the first iterate. The set
B represents two open balls inclusions with radii equal 0.15 and centers (0.35,0.35) and
(0.65,0.65). Figure [5.1|shows v* and the triangulation T of Q.

To properly compare the results in different spaces, we always calculate the error in the
L?>—norm. The relative iteration error of the n—th iterate =, is therefore defined by

17 = 7 2@

en = 100
" 7l p20)

, (5.16)

which implies that the initial error is eg ~ 87,4%. The (final) relative iteration error ey s)
is denominated the reconstruction error. The corresponding data f; = A,+g; have been
synthetically computed using again the FEM, but with a different and much more refined
mesh than T to avoid an inverse crime. The generated data is then corrupted by artificial
random noise of relative noise level 4, that is, the perturbed data are

£y = I+ 0Willaon pers 7= 00 d =1, (5.17)

where per; is an uniformly distributed random variable with ||per;|| . (90, = 1. in contrast
to the previous chapter, § denotes here a relative noise level. The other input parameter of
Algorithm [I] are chosen as 7 = 1.8, u = 0.8 and kpax = 50.
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Figure 5.1: Left: the searched-for conductivity 4", defined in (5.15) and modelled by a
resistive background (in blue) and two balls-like conductive inclusions (in dark red). Right:
the triangulation T of €.

An appropriate choice of the weight-function w is crucial for the quality of the recon-
structions. Based on the explanations from [52], we have defined w as a piecewise constant
function: w := Zf\il wixT;, with

L2(09)
|T] ’

\/Z?:é HF; (7o) X1, i
w; == (5.18)

where |T;| represents the area of the triangle T;. In spite of being only a heuristic choice for
the EIT-CM, this definition of w has a special meaning for the complete electrode model
in Hilbert spaces, see (.43) and Remark [50|in next section.

Since Y; = L? (9€);) is a Hilbert space, we choose r = 2 because in this case, j2 (f) = f
for all f € L? (0€25) . Since we are interested in studying sparse conductivities, we follow
ideas from [12] and always choose 1 < p < 2. For the first test, we have used p = 1.1.
The goal of the first experiment is to test the quality of the weight-function w. Figure [5.2
illustrates the results obtained using d = 8 and different relative noise levels §. It compares

the influence of the Banach spaces X =V, := (V, H-HLg(Q)) , weighted with w and the

standard space X = V), in the reconstruction vys). The dual gradient DE method with
C1=Cy=0.1 (see and ) is employed as inner iteration of K-REGINN to generate
the results. Below each picture it is shown the number of outer iterations N = N (), the
reconstruction error ey and the number k,;;, which represents the sum of all inner iterations
performed until convergence. All the pictures are in the same scale of colors and below all of
them, a color bar is exhibited. Observe that for all noise levels, the reconstructions in first
row, obtained with the weighted-norm |-|| i1, are both qualitatively and quantitatively
superior than those found using the L' —norm and displayed in the second row. Moreover,
in the weighted space, Algorithm [I] requires less iterations until convergence. Further, it
is clear that the use of the weight-function w brings more stability to the solutions in the
sense that it reduces the oscillation near the boundary, which is constantly present in the
reconstructions in the non-weighted space L!'!. This figure also makes perceptible in both
spaces, the behavior N (§) — oo as § — 0 and the regularization property, IN(G) = ~T as
§ — 0, proved in Theorem [A7]

Due to the improvement provided by the use of w, this weight-function is used in all
the remaining experiments of this subsection. For this reason, we skip the dependence of

Vp, on w, i.e., from now on V, = (V, ||'||L5(Q)) .
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d=4% d=2% 0=1%

N =30, en =81.57% N =63, en = 79.28% N =96, ey = 77.20%
kauy =15 kaiy = 52 kay = 133

Via

N =63, exn = 85.19% N = 142, en = 83.25% N =598, en = 81.24%
kau = 204 kau = 465 kay = 3018

O.1

Figure 5.2: Reconstructed conductivity vy (s) in two different Banach spaces and with dif-
ferent noise levels. The first and second rows display the results obtained using respectively
the weighted-norm ||-|| ;1.1 and the standard norm ||-||;1.1.

0.15

The purpose of the second test is to check the results of Theorem [43] We fix all the same
parameters of last experiment (inclusively p = 1.1 and d = 8) and analyze the behavior
of the Bregman variation of TP method in the inner iteration of K-REGINN with
maximal number of inner iterations is fixed to kmax = 1. This configuration results in a
variation of the Levenberg-Marquardt method. The regularization parameter in (3.57)) is
chosen as ap = 0.01. Now, in order to carry out the inner iteration, either the solution
of the nonlinear equation (3.58|) needs to be found or the minimization of the functional
must be executed. A fixed-point iteration for z, 11 in could be employed to
find this vector. Convergence is guaranteed if the spaces X and Y have enough regularity
and the constant ag is large enough, see e.g. [39, Appendix A]. However, these conditions
are very restrictive: convergence is only ensured for large values of o and this constant
needs to be very large for small values of p, which in a practical point of view, seems to
render this method unfeasible. In the other hand, minimizing the functional , even
in Hilbert spaces, is not a trivial task and it is far from simple in more general Banach
spaces. In order to achieve this goal, we have utilized the DE method ( and )
with C7 = Cy = 0.01, which showed itself robust enough to reach a satisfactory precision
in the minimization of . As Theorem [43| refers to the noiseless situation, no artificial
noise is added in the generated data (6 = 0). Table presents the results. It reinforces
the fact that in the noiseless situation, both the residual b,, and the relative iteration error
en converge to zero as the number of outer iterations n grows to infinity.
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n | 0 1 10 100 1000 10000
en | 87.40 8627 80.50 7457 69.29  60.17
[ba|| | 0.0715  0.0690 0.0291 0.0030 0.0014 0.0008

Table 5.1: Levenberg-Marquardt method employed to confirm the results from Theorem
the relative iteration error e, as well as the nonlinear residual b,, approaches zero as
the outer iteration index n grows to infinity.

In the next experiment we aim to confirm the results of Theorem which states that
the iteration error in the Bregman distance is monotonically non-increasing in the outer
iteration of K-REGINN, this is, A, (Y7, 7)) < Ap (71, 9m—1) for n = 1,..., N (8) . Figure
exhibits the evolution of the iteration error versus the outer iteration index n for three
different dual gradient methods (3.29) engaged as inner iteration: the DE, MSD and LW
methods with C; = C, = 0.1in ,Ki=K,=0.1in and AL = 0.1 (see (3.43)).
The noise level is set to § = 1%, kmpax = 50 and 7 = 1.5. The other parameters remain the
same as in the last experiment. See that the (final) iteration errors are comparable for all
methods. This behavior is somehow expected because the quality of the approximations
in the inner iteration are not only dependent on the utilized method itself, but it is also
controlled by the stop criteria of inner iteration , which remains the same for all
methods. Among these three methods however, the DE method is by far the method which
results in the fastest convergence while the LW method seems to be the slowest. See that
although the iteration error is strictly decreasing in most iterates, it remains constant in
some of them. This behavior is in accordance with the results of Theorem which states
that the iteration error in the Bregman distance remains the same in the iterates where the
discrepancy principle [3.9]is satisfied and it is strictly decreasing otherwise.

0.24r

0.22

0.2

0.18

0.16

0.14

Iteration Error in the Bregman Distance

012 L L L L ]
0 40 80 120 160 200
Outer lteration

Figure 5.3: The decreasing error behavior of the outer iteration of X-REGINN (shown in
Theorem observed with three different dual gradient methods in the inner iteration.

In order to observe the influence of different Banach spaces in the reconstructions of 4,
we apply the LW method with the same configuration of last experiment to generate the
Figure The reconstruction error ey s is displayed in the vertical axis and confronted
with the noise level §. The Banach spaces V),, with p = 2, p = 1.1 and p = 1.01 are tested in
this situation and the results are compared using a discrete set of four different noise levels:
6 =4%, 6 = 2%, 6 = 1% and § = 0,5%. The regularization property yn() — " as § = 0,
is somehow observed in all the tested Banach spaces. Note however that the reconstruction
errors are higher for p = 2 in all noise levels and become lower as p approaches 1. This
quantitative improvement in the reconstructions for small values of p is expected and can
be credited to the LP Banach space norm for suitable values of p. in contrast to the
Hilbert space L?, which has the tendency of producing over-smoothed reconstructions and
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Reconstruction error

0.74 L I )
2 .

Noise level

Figure 5.4: Reconstruction error confronted with the noise level and observed in three
different Banach spaces norms: L? (in red) L*! (in blue) and L' (in green).

consequently destroying the sparsity properties of the solution 4+, the LP—norm with p
assuming values close to 1 preserves these sparsity features and it is therefore more capable
to reconstruct sparse solutions, see e.g., [12].

One of the main advantages of using the Kaczmarz methods is the fact that this kind
of algorithms does not work with all the equations of in all cycles. Only the equations
whose the current iterate is not a good enough approximatiorﬁ are used to perform an
iteration. The remaining equations whose the current iterate is already considered good
enough, are not used. This procedure only updates the current iterate in the necessary
directions, accelerating the method until convergence and rendering better reconstructions.
This behavior is evident in Figure [5.5] where the number of active equations is compared
on each cycle of K-REGINN. The dual gradient MSD method ( and ) is employed
as inner iteration with the same parameters of last experiment but with the fixed noise
level § = 1%, p = 1.1 and d = 16. Observe that after some few initial cycles, the number of
active equations drops to relative small levels, where only the relevant equations are worked
until termination. The average of active equations in this example is roughly half of the
whole number.

= =
© N o

Number of active equations
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Cycles

Figure 5.5: Behavior of Kaczmarz methods: the average of active equations becomes lower
with the time and the current iterate is corrected using only the relevant information.

The regularization property proved in Theorem [{7] is once more evident in Figure
where different numbers of electric currents are applied on the boundary of  (different
values of d, or equivalently, different numbers of equations in ) are tested. We want to
illustrate both behaviors in this experiment: more information improves the reconstructions
independently on the noise levels and the results become better whenever the noise levels
are reduced. Each row in this Figure presents the reconstructions for a different value of
d:d=4,d =8 and d = 12. The columns exhibit and compare the different noise levels
0 = 2%, 6 = 1% and 6 = 0.5%. The pictures have been generated using the Bregman
variation of the IT method with the same parameters of the last experiment but

4Called the active equations, they are those equations, whose inequality (13.9) is not satisfied.
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with kpax = 10. Further, the regularization parameter in (3.68|) is defined as the constant
ay, = 0.1 and the dual gradient DE method ((3.29) and (3.39)) with C; = Cy = 0.01 is
used to find the minimizer of the associated functional @ All the pictures are in the
same scale of colors and below all of them, a color bar shows the values represented by each
of those colors. A clear improvement in the reconstructions is seen moving towards the
rightmost column (where the noise levels are lower) and moving downwards (where more
information is available).

d=1.0% d=0.5%

Figure 5.6: Reconstruction 7y(s) in the space Vi1 obtained with the noise levels § = 4%,
0 =2% and § = 1% and with different number of equations: d =4, d = 8 and d = 12.

The norm of the noise can vary if it is regarded as a vector in different spaces. For
instance, the so-called impulsive noise, which consists of standard uniform noise superim-
posed with some few highly inconsistent data points called outliers, has a small L™ —norm
for r small and becomes larger if r increases. In contrast, the so-called Gaussian noise,
which is an uniformly distributed noise, is less sensitive to the chosen norm and has more
similar values in different L”—norms. In the first row of Figure three completely differ-
ent kinds of noise are presented. The above referred Gaussian an impulsive noises are the
first and second picture respectively. Below each kind noise, the value of the corresponding
L"—norm is shown for different values of r. The noises are scaled such that the (relative)
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r=2 0.0e—3 0.0e—3 06.0e—3
r=1.01 8.1e—3 3.9e—3 10.2e—3
r =50 8.4e—3 13.2e—3 3.5e—3

Figure 5.7: Norm of three different kinds of noise, measured in the Banach space norms
L2 (080) (first row), L' (9Q4) (second row) and L° (9§2;) (third row).

L?—noise is 6 = 1% in all cases.

The same noises shown in the top of Figure are used to compute the reconstructions
presented in Figure[5.8] The pictures exposed in this new figure are organized in columns
and rows in the same way as in the last figure. Thus, each column and each row of Figure
represents respectively the same kind of noise and space of Figure We have used
d =4, 7=1.8 and kpax = 50. The dual gradient DE method have been engaged again as
inner iteration of K-REGINN with and C7 = Cy = 0.1 in (3.39)). The parameter p is fixed
in 2, which means that X is a Hilbert space in this experiment. On the other hand, we
have chosen different values for r expecting to obtain better reconstructions in those spaces
where the noise, measured in the corresponding norm, has smaller values.

Since the set 9Q; is an uni-dimensional Lipschitz manifold and H'/? ((a,b)) is contin-
uously embedded in L" ((a,b)) for (a,b) C R and 1 < r < oo, see e.g. [14, Theo. 2.72], it
follows that H'/2 (9Q;) < L" (09;) [18] and we have permission to set Y; = L" (952;) for
an arbitrary r € (1,00). Since ng”Hl/?(an) S HgJ'HLT(an) for 1 < r < oo, the new opera-
tors I are still Fréchet differentiable and have the same derivatives as before. We want to
point out however, that the standard choice J,. for the duality mapping is in principle not
allowed if r < 2. Indeed, we do not have any convergence results for the Kaczmarz methods
in this case. Theorem actually requires that s < r for the case d > 1, but as X is a
Hilbert space, it follows that s = 2, and accordingly, the index r of the duality mapping
should be larger than or equal 2. This technical problem could be overcome for instance,
using the normalized duality mapping Jy in the L" space, which can be realized via .
However, this seems not to be the best solution because the reconstructions found with this
framework are not as good as the ones found when the duality mapping J, is used in the
space L" (see also Remark . Seemingly, the duality mapping J, is the right one for the
space L" and for this reason, we have chosen to use it, even without having the complete
convergence proof in this situation.

As expected, all the reconstructions in the L? space (first row of Figure are similar
because all the noises have the same L?—norm. The results shown in the first column are
also similar because the Gaussian noise has similar norms in the three different investigated
spaces. But, a slightly superior quality of the picture in the first row can be observed. This
behavior can be explained looking again to the first column of Figure which shows
that the smallest value for the Gaussian noise is obtained with the use of the L?—norm.
The most interesting results however, are shown in the two last rows intersected with the
two last columns. Comparing the results of Figure [5.8) with those shown in Figure we
clearly see that an improvement is achieved when the kind of noise matches with the used
space, in the sense that the resulting noise-norm has a small value (this is the case in the
intersection between the second row with the second column and the third row with the
third column). On the other hand, the contrary effect occurs if the combination of kind of
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X=Vin

X =Vx

0.05 O.1

Figure 5.8: Reconstruction vy (s;) obtained in different Banach spaces norm (compared by
rows) and with different kinds of noise (compared by columns). All the noises are scaled
and have the same L?—norm.

noise and used space results in a large noise-norm (see the second row intersected with the
third column and the intersection between the third row and the second column).

To finish this section we explain how to take advantage of the weight-function w to
incorporate a priori information about the solution y*. If the inclusions B are expected
to be located in a specific region A of ), one way to get better reconstructions is giving
less weight for the points within this region and ”penalizing” the distance to this set: let
A C Q be a closed subset in €2 where the inclusions are expect to be located. Define the
new weight-function

w(x):=w(x)h(x), z€Q,
where
h(x) := (co + dist (z, A)). (5.19)

The function dist (-, 4) : Q@ — R measures the distance between a point of Q and the set
A:
dist (z, A) :=inf {[|lz —y[| 1y € A}, z € Q.
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Al

N =934, en = 74.60% N =662, en = 71.86% N =278, en = 70.66%
kau = 5162 kau = 4750 kau = 1747

Figure 5.9: Reconstructed solution 7y s) for different weight-functions. The first row shows

the function h from ([5.19).

The small constant ¢y > 0 is used to avoid zero-weights and to define the ”contrast” between
the points which belong and the ones which do not belong to the set A. This new weight-
function is still bounded from above and from below: cowmin < @ < (¢o + |2|) Wmax, where
0 < Wmin < wmax are respectively lower and upper bounds for w.

Figure [5.9] collects the results obtained using different sets A and the same constant
co = 0.03. The first row shows the function h, defined in , while the second one
exhibits the respective reconstructions with the number of outer iteration N, the overall
number of inner iteration k,; and the reconstruction error ey being highlighted below each
picture. At the end of each row, a color bar is displayed. The first column presents the
result for the set A = ), which means that the new weight @ (x) = cow () is just a multiple
of the original weight-function w. For the reconstruction in the second column the strip-like
set

A={(z,y) € N:y—025<z<y+0.25}

have been used, and the surface delimited by a square
A =10.2,0.8] x [0.2,0.8]

is the chosen set in the third column. The pictures have been generated using the DE
method with Cy = Cy = 0.1 and the following configuration: d =8, p=1.1,r=2, 7= 1.5
and 6 = 0.5%. The other parameters are the same of last experiment.

Note that better results are found in both the second and third columns, where more
accurate information about the location of the inclusions is provided. Further, the overall
number of outer and inner iterations are lower in both cases.

5.2 EIT - Complete Electrode Model

In this new procedure, introduced by Somersalo et al. in [50] to build a more realistic frame-
work for the EIT problem, electric currents are injected in the simply connected Lipschitz
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domain Q C R? via L € N electrodes attached to its boundary 99 and the resulting voltages
are measured in the same electrodes with the goal of restoring the electrical conductivity
~v: © — R. For the correct translation in an appropriate mathematical model, we suppose
that the electrodes ey, ..., ey, are identified with the part of the surface of €2 they contact.
Thus, e; C 99 is open and has positive measure |e;| > 0 for i« = 1,..., L. Additionally,
the electrodes are connected and separated: €; Ne; = @ for ¢ # j. Similarly to the EIT-
CM model, we suppose that {2 has no sources or drains and thus is satisfied, where
u: £ — R represents again the potential distribution in 2. The electrodes are modelled as
perfect conductors, which means that the electric current in the electrode e; is a constant
I; € R, which agrees with the total electric flux over the same electrode:

/’yaudSZIi, 1= 1,...,L.
e, OV

The vector I := (I1,..., I L)T € RY, which collects in a single vector the electric currents of
all electrodes, is called a current pattern. As the electric flux does not flow in the electrodes

gaps we have

ou

’)/87 0 in OQ\ U,L‘Lzl €;.

v
At the contact of the electrodes with OS2, there is an electro-chemical effect which gives rise
to a thin, highly resistive layer characterized here by the quantities z; > 0,¢ =1, ..., L and
called the contact impedances. The product of the contact impedance z; times the electric
flux 7y (Qu/0v) results in the drop of the voltage in the electrode e;. Thus

0
U"‘%”Y% =U;, one;, 1 =1,...,L,

where U, is the measured voltage in the i—th electrode e;. We denote by U := (Uy, ..., UL)—r €
RE, the vector of the voltages associated with the current pattern I.

In [50, Prop. 3.1], it is demonstrated that if the set 2, the electrical conductivity v and
the electrodes e; have enough regularity, the above conditions can be equivalently replaced
by the variational problem

L
B((u,U),(v,V))=> LV forall (v,V) € H, (5.20)
=1

where H := H' (Q) @ RY and the bi-linear form B: H x H — R is defined by

L
1
B((w,U),(w,V)) = /Qwuw + ; > / (u—Uy) (v — Vi) dS. (5.21)

Aiming now to apply the Lemma of Lax Milgram [32] in in order to prove the
existence of a vector (u,U) for fixed contact impedances z; > 0 and a fixed current pattern
I € RE, it was suggested in [50, Theo. 3.3] changing the space H with H = H/R, which
is essentially the same space but with the difference that two vectors from H which differ
only by a constant function are regarded as the same vector in H , 1.e.,

(v, V) ~ <'17, ‘7) & v —v=const =V — 171 =.=V, - ‘7L~ (5.22)

In this new vector space, the bi-linear form B in (5.21)) is coercive whenever v € L ().
Now defining f: H — R as
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we see that, in order to have a well-defined function, the equality f ((v,V)) = f ((5, ‘7)>
must be verified whenever the right-hand side of ((5.22)) holds true. Thus, the equality

L L L
0=f({(v,V))—f ((5, ‘7)) = ZIin‘ — ZIi (Vi + const) = constZIi,
i=1 i=1 i=1

must be verified for an arbitrary constant. We thus assume that I € ]Ré , where

L
RL::{IGRL:ZQ:O}.

i=1

In this case, f is a well-defined, bounded linear functional and the Lemma of Lax Milgram
applies. It follows that there exists a unique solution of if H is replaced with H.
Therefore, there exist infinite solutions in H, differing from each other only by a constant.
To obtain uniqueness in H, we suppose that U € Ré . The conditions I,U € Ré can be
understood as the law of the conservation of the charge and the grounding of the potential
respectively.

The above reasoning leads to the conclusion that the following related variational prob-
lem is well-defined: fixed a current pattern I € Ré and positive contact impedances
21, ..., 2L, find the unique pair (u,U) € H' (Q) @ Ré satisfying

L
B((w,U),(v,V))=>_ LV forall (v,V)e H"(Q) @R}, (5.23)
i=1

where B: H x H — R, with H := H! (Q) & Ré is defined in ([5.21) .

Remark 49 The variational problem (5.23)) has a unique solution even if the fized current
pattern I belongs t RL\Ré. Indeed, defining a := ZZLZI I; and changing I with I — C|
where C := (a/L,...,a/L)", we see that I — C € ]Ré and for all V € RE,

L L L
(L= C)Vi=Y_LVi= 7> Vi=>_LV:
=1 =1 =1

=0

L

=1

Since a unique solution of (5.23)) exists with the current pattern I — C, the same occurs with

I.
Using (5.23)), it is not difficult to prove that the Neumann-to-Dirichlet (NtD) operator
A RESRE T T, (5.24)

which associates a current pattern I € RY with the respective voltage vector U € Ré Cc RE
is linear. The Complete Electrode Model of the EIT (in short EIT-CEM) forward problem
is now defined by the function

F:D(F)C L™ (Q) = L (R*,RY), v A, (5.25)

with D(F') := LS° () . Recovering vy from a partial knowledge of A, is the associated inverse
problem to be solved.

5The current pattern vector I € RT \Ré does not satisfy the principle of the conservation of the charge.
Therefore, it has no physical meaning.
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As can be seen from Remark the NtD operator (5.24)) is not injective. In fact, the
null-space of A, is given by

N(Ay) ={I eR": I, =...=1j = const} #0.

But, since it is a linear operator, the knowledge of the vectors U7 = Aylj ,j=1,...,L, where
{I oI L} is a basis for R, implies in the knowledge of the NtD operator A, itseliﬂ

In practical situations, one fixes ¢ € N (not necessarily linearly independent) current
patterns I’ € RE, j =1, ..., ¢, which for notational reasons we put together in a single vector

T
S = (11,...,15) e RY, (5.26)
and reads in the EIT-CEM experiment a noisy version of
1 u (L
T, = (U U) e R, (5.27)

where (u/,U7) € H' () @ Ré is the unique solution of associated with the current
pattern I = [/, that is, U’ := A, I, j = 1,...,£. Observe that the noisy versions of U’
belong to the space R” but not necessarily to R<L> .

We now reformulate as

Fy:D(F)C L™ (Q) - RY™ v =T, (5.28)

and regard this operator as the EIT-CEM forward problem for the rest of this section.
The determination of an approximation for v from partial knowledge of I', is therefore the
associated inverse problem we want to solve.

Similarly to the EIT-CM, presented in the last section, the space Y = R factorizes into
the spaces Y = ¥ x ... x Yy, with ¥ := R, j = 1, ..., and accordingly, Fg = (Fy, ..., Fy)"
with

Fi:D(F)CL™®(Q) - R v U7 j=1,..,¢, (5.29)

which replaces the problem (5.28) with a more suitable version for an application of a
Kaczmarz method.

5.2.1 Fréchet-differentiability of the forward operator

The Fréchet differentiability of the operators F} in can be proven similarly to the
EIT-CM, see [28] and [34, Theo 4.1]. Further, for v € int (D (F)) and n € L* (Q), the
F-derivative F} (v)n =: W is the second element of the pair (w/, W7) € H'(Q) @ RE,
which is the unique solution of the following variational problem:

B((w, W), (v,V)) = —/ nVu! Vudx for all (v, V) € H* (Q) @ RE, (5.30)
Q

where (uj ,Ud ) c H (Q) o Ré is the unique solution of with the current pattern
I=17, thisis, U7 = Fj (7).

Proceeding similarly to , one can prove that for each Z € RZ, the adjoint operator
of the F-derivative of F} satisfies

Fl(v)" Z = -Vu'Vy, (5.31)

where (y,Y) € H' (Q) @Ré is the unique solution of ([5.23)) with the current pattern I = Z.

fSince dim (N (A,)) # 0 and A, is symmetric [50], less linearly independent measures are actually needed.
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The F-derivative of the forward operator (5.28)) is now given by F§ (v) = (F| () ..., F} ',
i.e., for each n € L* (Q),

Fi(7)n
S (0= : e R (5.32)
Fy(v)n

Since only a finite number of experiments can be made, only a finite number of degrees
of freedom of the conductivity can be restored. Thus, it makes fully sense to restrict
the searched-for conductivities to a finite dimensional space. Proceeding similarly to the
last section, we define the triangulation Y := {T;:i=1,..., M} of Q as in and
analogously to and , we restrict the space X to the finite dimensional space V'
and the domain of definition of F' to

Vi = VNLE(Q) CV,, (5.33)

where V' := span {x,, ..., x7, } C L>® () and V}, := (V, ”'Hm(g))- The discrete version of
the operators defined in (5.28)) and ([5.29)) are

F:VyCV,—»RE 5T, (5.34)

and .
Fi:VyCcV, =R v U7 j=1,..,4, (5.35)

respectively. Identifying the arbitrary vector v = Zf‘i Loixr, of Vi € L™ () with the
vector of its coordinates (ayq, ...,on)T € RM we see that the functions in and in
above can now be seen as nonlinear operators from (a subset of) RM to R’ and
from (a subset of) RM to R” respectively. Their derivatives F’ () and Fi(v), evaluated
in a vector v € int (V) can accordingly be regarded as two matrices (called the Jacobian
matrices) with dimension M x ¢L and M x L respectively. In this framework, the adjoint
operators of these derivatives are simply the transpose Jacobian matrices.

We now explain how to calculate the Jacobian matrix efficiently: let v € int (V) be
given and observe that

Fi(7) = (Ff () X1y Fj (V) X1y ) €RPM =100

Further, using (5.30) , the vector FJ’ (v) xT, =: WZJ can be evaluated as a part of (wf, sz) €
H' (Q)® Ré , the unique solution of

B ((wg', Wg') (v, V)> - —/ X1, Vi Vodx for all (v, V) € H' (Q)@RE,  (5.36)
Q

where (v/,U7) € H'(Q) @ ]Ré is the unique solution of for the current pattern
I = [J. This relative straightforward procedure for calculating the Jacobian matrix is
however highly expensive. In fact, it is necessary to solve the problem for I = I’ in
order to obtain the vector u/ and then solve the problem for i = 1,..., M in order
to calculate FJ' (7). Similarly, ¢ solutions of and M/ solutions of are required
for the evaluation of F’ (7). But, using a simple trick, as explained in [42], we are able to
strongly reduce these numbers. For each i € {1,...,L}, let (vi, Vi) cH' ()@ Ré be the

unique solution of ((5.23)) with the current pattern I = J* := (&‘,j)le,

having the value 1 in the i—th coordinate and zero elsewhere. This is,

which is the vector

B((v',V"),(2,2)) =(J",Z) forall (z,2) € H'(Q) ®R. (5.37)
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Thus
Fi(y)xr, =W} = (<J1,Wg‘> . <JRW5’>)T (5.38)
D (5 (). () (9. ()
T

(B (7). ) (7). 7))

-
<—/ XTiVuvaldx,...,—/ XTiVUjVULdX>
Q Q

.
= (—/ Vuvaldx,...,—/ VujVULdX> .
T; T;

Thus, in order to calculate the Jacobian matrix, which represents the derivative of
, everything one needs to do is to solve the problem for each of the ¢ current
patterns in , solve for i € {1,..., L} and assemble the results as explained in
and . This procedure demands the solution of only ¢ + L variational problems
and since the number of electrodes L is normally much smaller than the number of triangles
M in T, a tremendous saving in the computational effort can be achieved with this strategy.
If we further observe that in each inner iteration of REGINN, the vectors u’, j = 1,....¢
have already been calculated in the outer iteration in order to evaluate F' (), then the
calculation of the Jacobian actually requires the additional calculation of L solutions of
- Analogously, the evaluatlon of the Jacobian F ! () for the Kaczmarz version
demands L solutions of (5.37)) if the information Fj (v ) is already available.

All the methods presented in Sectlon-demand the calculation of at least one derivative
applied in a vector (Ays, s € X) or of the calculation of the adjoint of the derivative applied
in a vector (A}b, b € Y*) to calculate the first vector s, 1 in each inner iteration of REGINN.
Thus, if one wants to calculate s,, ; for the problem without executing the calculation
of the Jacobian matrix, we conclude in view of that at least L solutions of or
need to be found. Considering that the process of obtaining a solution of a variational
problem is the unique relevant computational effort in a run of Algorithm [T} and recalling
that L solutions of is everything one needs in order to calculate the Jacobian for this
problem, we conclude that it is always worth to evaluate this matrix.

The situation is a little different for the Kaczmarz version of REGINN, i.e., if the problem
is analyzed instead of . If the Jacobian matrix F’ () is not available and a
dual gradient method - or a mlxed gradient-Tikhonov method is employed
as inner iteration for instance, the solution of two variational problems are required to
compute each single vector: one for the calculation of the derivative applied in s, ; and a
second one for the adjoint of the derivative applied in j, (Ansn,k — b;i). This results in a
total of 2k, required solutions for the entire execution of an inner iteration. In the first
iteration however, the calculation of A, s, 0 can be avoided because s, = 0. But, if the
inner iteration is not terminated by the maximal number kyaxn, the additional derivative
Apsp i, needs to be calculated only to verify the stop criteria in the last iteration,
which leave us with the same number 2k,,. The calculation of the last derivative is not
necessary however, if the maximal number of inner iterations is reached. In this case,
the inner iteration calculates the solution of 2kmax, — 1 variational problems. Since the
evaluation of the Jacobian matrix demands a total of L solutions of , we conclude
that it is not worth to calculate this matrix if 2,4, —1 < L or 2k,, < L for the cases when
the maximal number of inner iterations is reached or not reached respectively. But, as an
a priori estimation for the number k, is not available, it is difficult to decide whether the
Jacobian should be calculated. Note however, that if knax < L/2, then both inequalities
are satisfied and therefore the calculation of the Jacobian is more expensive. See a detailed
comparison in the Tables [5.2] and [5.3]in the final of Subsection [5.2.2] below.
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5.2.2 Computational implementation

To implement our experiments, we define ) as the circle centered in the origin and with
radius equals 4/7. To reconstruct the conductivity, we use the same triangulation Y of 2
defined in the last subsection, which is also used to calculate the Jacobian matrix of the
forward operator. Since an analytical solution of is in general not available, the FEM
is used to find an approximate solution. For this approximate solution however, a different
and more refined triangulation © of 2 is usedm Further, we fix d = 1 (non-Kaczmarz
method), which means that we analyze the problem defined in .

In [35], Lechleiter and Rieder have proven that once Y is fixed, there exists a num-
ber Lnin € N dependent on Y, such that if the number of electrodes satisfies L > Lyin
then the Fréchet-derivative of the (discrete) forward operator (5.34) is injective and sat-
isfies the Tangential Cone Condition (Assumption (c) , page |3__]L-[) in a small ball centered
on an arbitrary element v € int (D (F)). Further, the same result remains true if the
vector (u,U) € H' (Q) @ Rk, which is the exact solution of , is changed by its FEM-
approximation (ug,Ug) in the mesh © whenever this triangulation is sufficiently fine, see
[35, Theo. 4.5 and 4.9]. In particular, the inequality dim Y < L (L — 1) /2 is a necessary
condition for the injectivity of F’.

Once fixed the meshes, the forward operator is well-defined and acts between finite
dimensional spaces and since all the norms are equivalent in such spaces, the derivative of
the forward operator does not change if the norms in X and Y are modified. As explained
in the last subsection, we choose the norm in X to be the LP—norm and denote this space
by X =V, see above. We now transform the vector space Y = R in a Banach
space, equipping it with the norm

eL 1/7‘
U1, == (ZIW’“) , UeRY, (5.39)
=1

where r > 1 is a fixed number. A similar calculation to that made in Example shows
that the duality mapping is given by

(J (U); = U] P sgn(Uy), i =1,..., 0L, (5.40)

where

Jr (U) == (Jp (U)y,dr (U),) ", U€Y.

In our experiments, we have chosen T and © with dim Y = 1200 and dim © = 14340.
We highlight the fact that the use of the relatively large dimension of the triangulation T
implies that the inequality dim Y < L (L — 1) /2, necessary for the injectivity of F’, is only
verified for L > 50. However, most experiments we have performed in this subsection have
a moderate number of electrodes, which is in general much smaller than 50. The result is
that a solution of an under-determined system

Aps = by, (5.41)

needs to be approximated in each inner iteration of K-REGINN. Among all the possible
solutions we could approximate, we then pick up a specific one which is the most suitable to
our interests. We follow ideas from [52] and select an appropriate weight-function w:  — R,
changing the LP—norm in X with L%, as done in the last section. In [52], Winkler and Rieder
have proposed choosing a different weight-function w = w, for each (outer) iteration. They
argument that an usual choice for the solution of in the Hilbert spaces is

s:= argmin ||A,S — by,
SEN(An)*

"For a full explanation of how to employ the FEM in order to find a solution of (5.23) we recommend
[42].
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where the condition 5 € N (A,)" resolves under-determinedness. The author’s idea is to
define a suitable piecewise constant and positive weight

M
Wp = g Wn i XT; s
=1

such that the weighted inner product (-,-),, = (-,wn")12(q) substitutes the original L?

inner product and then redefine

Wn,

s:= argmin ||A,5—by], (5.42)
SEN(Ay,)twn

where N (A,,)™“" represents the orthogonal complement of N (A,,) with the new inner prod-
uct (-,-), . They have suggested an strategy which updates indistinguishable coefficients
of the current (outer) iterate =, := Zf\il Yn,iXT, With the same amount as following: the
definition of the coefficients

w

Wn = Vs fori=1,..,M, (5.43)
T3

where |T;| is the area of the triangle T; and

¢ 2

1ily 1= | D2 ||F5 () x|
j=1

is the 2—norm of the i—th column of the Jacobian matrix A,, = F’ (), results in a weight-
function w, which provides a solution s = Zf\i 1 8ixT; of whose coefficients s; and s;
are proportional to the local updates v, ; and v, ; whenever the columns S; and S; of the
Jacobian matrix A,, are linearly dependent. More precisely, in [52, Theo. 1], it is proven
that if the coefficients of w,, are defined like inﬂ , then the equality

S; Sj

= sgn (B)
Tn,i Yn,j

is guaranteed whenever the condition
Sj = BS;, B € R\{0}
holds true.

Remark 50 Since vo was chosen as a constant in the last section, the weight function w
used in that section is just given by the first weight (n = 0 in Definition (5.43) above) times

a constant, this is, w = yowo, see ((b.18]).

Note that the use of the weighted L? inner product (f, Do, = Jo fgwn results in the

weighted space X,, = Vay,, = (V, 1] 1.2 (Q)) . Unfortunately, our framework does not allow

the use of different spaces X in different iterations and for this reason we proceed like in
the last section and fix the same weight-function for all iterations. We therefore define

M
W= E WiXT;
i=1

8The authors of [52] actually proposed the use of a slightly different weight-function @,,, whose coefficients
@n,i correspond to |T;| wy.: in (5.43) . But, since they have used the Euclidean inner product in R™ in place
of the L? inner product, both choices result in equivalent approaches.
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Figure 5.10: Left: example of a conductivity v, modeled by a background (in blue) and
a sparsely distributed inclusion (in dark red). Middle and right: Triangulations © and T
respectively.

with

2
Y4
Voo TR
Wi = 7 Yo.i -

(5.44)

Even not having any results for Banach spaces, we use this weight-function in all the
experiments. In particular, the change of the space X = V), with X =V}, results in the
new norm

1y = ||f7]

Mm,feX.

Further, this modification in X implies a slight modification in the way the adjoint operator
of the derivative is calculated. In this new space, the adjoint A} of the Jacobian matrix is
not only the transpose of the matrix A,, but the transpose of the weighted matrix A, .,
defined multiplying each element in the i—th row of the matrix A, by w;. Indeed, for all
u e RM and v € R,

<u, (An,w)T v>

= (Ap Lu, U>Vp = (wAnu, v)y, = (Apu,v)y, = (u, Ay0)y

s

Y

resulting in A¥ = (An,w)T .

We point out that no additional computational effort is required to calculate the weights
in since all the needed information have already been calculated in order to evaluate
the Jacobian matrix Ag = F’ (), necessary to perform the first inner iteration.

Since the weighted-space V., is always used in our experiments, we skip the dependence
of V}, on w, denoting V), = (V, ||'HL5(Q)) from now on.

In each experiment we have performed, all the electrodes have the same measure, are
uniformly distributed on the boundary of €2 and cover 50% of 2. We have fixed L = ¢ = 16
for the first experiments and the current patterns in are defined as the vectors I :=
0,...,0,1,-1,0, ...,O)T, with 1 in the i—th coordinate, —1 in the immediately following
one and zero elsewhere. The contact impedances are the known constant z; = 0.04/7 for
j=1,...,L, which is 1% of the radius of €.

The exact solution v we are looking for has the form shown in (5.15)) . However, different
inclusions B C 2 are considered in different experiments. The first iterate 79 = 0.1 matches
the background again and the relative iteration error e, as well as the error reconstruction
is defined in the same way as . In all the tests we have realized, the data I'y in
has been synthetically generated using a very fine mesh with more than 230000 triangles.

Figure illustrates an example of v, where the inclusion B is modelled by a four
squares-like inclusion. The triangulations © and Y, used respectively to solve the elliptical
problem and to reconstruct the conductivity, are also exhibited.
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€10 — 65.10% €100 — 59.89% €1000 — 46.57%

Figure 5.11: Convergence in the noiseless situation observed in two different Banach space
norms. The first and second rows show the reconstructions obtained using the Hilbert space
X = V5 and the Banach space X = V71 respectively.

To confirm the important noiseless convergence result, proved in Theorem [43] we add no
artificial noise in the generated data (§ = 0), and see what happens to the approximation
Yn, as n grows to infinity. For this first experiment, the I'T method has been employed
as inner iteration of REGINN and the results, which have been built in the spaces X = V5
(p =2) and X = Vi3 (p = 1.1), are respectively displayed in the first and second row of
Figure The Euclidean norm ||-||, (Definition with 7 = 2) is used to transform
the vector space Y in a Hilbert space. With this configuration, the duality mapping in
is just the identity operator. The parameter «,, in is given by the constant
value 0.1 and the dual gradient DE method (see and (3.39)) with C; = Cy = 0.1
is applied to find the minimizer of the functional , which is necessary to realize the
inner iteration. The other parameters of REGINN are p = 0.8 and kpax = 10. Each picture
displayed in Figure is actually a linear interpolation of the coefficients of the piecewise
constant reconstructions. All these pictures are in the same scale of colors and below each
of them, the relative error iteration e, is shown. The first column illustrates the iterate
Y10 while the second and third one refers to 199 and 71000 respectively. As expected,
the reconstructions in the Hilbert space X = V5 are over-smoothed, with a relative large
oscillation in the background and too low inclusions. In the other hand, the second row
clearly shows more thin and high inclusions with larger slopes and a lower oscillation levels
in the background, which is a typical behavior of solutions restored in the Banach space
norms LP for small values of p, see e.g. [12].

In the next experiment we use artificially generated noise to contaminate the data I'y

in (5.27) with the relative noise level ¢ :
Fi =1, + 0 |||, per,

where the perturbation vector per € R is an uniformly distributed random variable with
lper|l, = 1. We fix § = 0.1% and compare the performance of REGINN for reconstructing
sparsely located inclusions when different norms in X are employed to this task. We use
p =2 and p = 1.01. The parameter ky.x is now set to 500 and a mixed gradient-Tikhonov
method is used as inner iteration, combining the Tikhonov-Phillips method with the dual
gradient DE method (Z, = 0 in (3.76) with X\, = Ape being defined in with
C1 = Cy = 0.1). The constant 7 has the value 1.5 and the other parameters are the same as
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Figure 5.12: Conductivity with sparsely located inclusions (first row) and the respective
reconstructed solutions: using the Hilbert space norm L? (second row) and the Banach
space norm L0 (third row).

in the last experiment. Figure presents the searched-for solutions 4T in the first row
and exhibits in the second and third rows, the respective Vo— and V; g1 —reconstructions. All
the pictures are in the same scale of colors and after the third row, a color bar is displayed.
We clearly see a lower level of oscillation in the background for the reconstructions in the
third row. Additionally, a doubtless improvement in the reconstructions is achieved if the
Hilbert space V5 is replaced with the Banach space Vg1, resulting in sharper inclusions
with more accurate values, forms and locations.

In order to examine the behavior of REGINN for reconstructing a sparse conductivity
together with impulsive noisd’} we choose different norms in both X and Y. The values
p=2and p=1.01 as well as r = 2 and r = 1.01 have been designated to perform this task.
Since d = 1 (non-Kaczmarz method), inequality s < r in Theorem [47] is an unnecessary
condition and therefore, the index r of the duality mapping in Y can be freely chosen.
Figure illustrates the searched-for conductivity v, modelled by a ring-like inclusion,

9Tmpulsive noise in the context of the Complete Electrode Model corresponds to a low level error in most
electrodes in the measure of the voltage for a fixed current pattern, but with very high error levels in some
few of them.
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Figure 5.13: Left: the searched-for sparsely distributed conductivity v*. Middle and right:
impulsive noise F‘S7 -,

followed by the noise FiSY —T' (see ) displayed in two different angleﬂ and with noise
level § = 1%.

Figure[5.14|complements Figure and shows the reconstructions in the above referred
framework. The dual gradient DE method ((3.29) and with C; = Cy = 0.1) is used
as inner iteration of REGINN to generate the results. The remaining parameters of REGINN
are the same as in the last experiment. In the first and second rows we present the results
found using the Hilbert space X = V5 and the Banach space X = Vi g1 respectively. The
first column shows the reconstructions when r = 2 in the norm is used, while the
second column displays the results for » = 1.01. Below each picture, the number of outer
iterations N = N (J) as well as the reconstruction error ey and the overall number of inner
iterations k,;; are shown. Further, a color bar is presented on the right. It is clear that
the pictures in the last column have a superior quality than the ones in the first column,
which means that the norm ||-||, ,; is more appropriated to deal with the impulsive noise
than the standard Euclidean norm ||-||, . The price to be paid for better reconstructions is a
significantly increase in the overall number of inner and outer iterations. Observe however,
that a small value for p produces an additional effect of less variation in the background
in the same time that it demands less computational effort until convergence. Figure
makes clear that the combination p = r = 1.01 results in a very satisfactory framework for
this specific situation.

To finish this chapter, we confront the non-Kaczmarz version of REGINN (where
the case d = 1 is considered) with its corresponding Kaczmarz version , where d = /¢
is used (i.e., each single current pattern in results in a different equation used by
K-REGINN). The goal is to compare the reconstruction errors and the computational effort
necessary to perform an entire run of Algorithm[Il For the case d = 1, it is only considered
the case where the Jacobian is calculated because this is always the most advantageous
situation (see the discussion at the end of last subsection). Further, the computational
effort necessary to perform all the iterations using or not using the calculation of the
Jacobian matrix is compared for the Kaczmarz version. Different numbers of electrodes,
and respectively of current patterns, are used: L = ¢ (= d for the Kaczmarz version) with
L =8 L=16, L =32 and L = 64. Trying to be as fair as possible in the comparisons,
we have not used any weight-function in the LP—norms of X. The constant 7 has been
chosen as the smallest constant such that Algorithm [1] terminates in all cased']] We found
the values 7 = 1.3 for the non-Kaczmarz version and 7 = 3 for the Kaczmarz version as
the optimal values. The conductivity function " is the one shown in the intersection of

10The vector-noise ny -I', e RY is actually displayed in Figure in the matrix form, where the j—th
column corresponds to the vector U?° — U7 € R and generated from the current pattern I7 in (15.26)) .

" The constant 1 in the TCC can be significantly different for the problems (5.34) and f the
number of experiments ¢ € N is large. Since the constant 7 depends on 7, see , it can be different for
the Kaczmarz and non-Kaczmarz versions.
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r=2 r=1.01

N =11, exn = 74.85% N =69, exn =64.71%
kayy = 67 kau = 27815

p =101

N =16, exn = 75.50% N =26, ex = 62.72%
kayy = 34 kqu = 4632

Figure 5.14: Conductivity function 4+ from Figure reconstructed in different Ba-
nach spaces with 1% of impulsive noise. In the first column Y = (]RLQ, ||||2) and

Y = (RLZ, H-||1_01) in the second one. The first and second rows correspond to the spaces

X = Vs and X = V) g1 respectively.

the first row and the first column of Figure For the inner iteration, the dual gradient
DE method with C7 = Cy = 0.1 is used again. Further, all the tests have been made with
the same noise level 6 = 0.1% and with p = 1.1. Since a large constant k., represents an
extra advantage for the case where the Jacobian matrix is calculated in comparison with
the case where this matrix is not calculated, this constant must be carefully chosen. We
fixed it with the value 50, which we consider a good number. All the other parameters
are the same as in the last experiment. The results of this experiment are collected in the
Tables and In the first table, the number of outer iterations N (J) as well as the
overall number of inner iterations k,; and the reconstruction error ey s) are displayed for
each electrode configuration.

As already discussed at the end of last subsection, the regular version of REGINN requires

L 08 16 32 64
N (5) Regular 39 149 109 561
Kaczmarz 558 28174 33111 202499
L Regular 3700 26294 14788 18643
all Kaczmarz 2003 103227 93392 535148
Regular 79.20 70.38 67.10 65.48
eN@) | Kaczmarz 79.08 69.16 65.78 64.32

Table 5.2: Comparison between the Regular version of REGINN and its Kaczmarz version
with different numbers L of electrodes.
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L 08 16 32 64
Al 331 14954 18093 77693
Regular 616 4752 6944 71744
CE | Kaczmarz Jac 3206 267438 612087 5174851
Kaczmarz 4564 234628 219895 1272795

Table 5.3: Computational effort CE (overall number of required solutions of variational
problems for an entire run of K-REGINN). The row denoted by ”Regular” represents the
case d = 1 (non-Kaczmarz version) with the evaluation of the Jacobian matrix. The rows
denoted by "Regular Jac” and "Regular” represent the Kaczmarz versions (d = L) when
the Jacobian matrix is respectively evaluated and not evaluated.

the solution of L variational problems in each outer iteration in order to calculate F (7).
Each inner iteration in turn, requires the solution of L additional problems for the evaluation
of the Jacobian matrix. Since the last outer iteration is the unique iteration which does
not perform an inner iteration, we conclude that the overall number of variational problems
which need to be solved in an entire run of Algorithm [1}is (2N — 1) L. For the Kaczmarz
version of REGINN, 1 solution of a variational problem is required in each outer iteration
in order to calculate Fj, (7,). If the Jacobian is calculated, L additional solutions are
necessary in each active itemtiora which results in a total of N + L.AI, where the number
Al represents the overall number of active iterations. On the other hand, each vector
calculated in the inner iteration of K-REGINN demands the solution of approximately 2
variational problem if the Jacobian matrix is not calculated, which results in a total of
N + 2k, required solutions.

Turning again to the results, we see that a small improvement in the reconstruction
error ey is shown in the Table if the Kaczmarz version of REGINN is considered.
The price to be paid is however high, as Table makes evident. This table compares
the computational effort necessary to achieve the results. It shows the overall number of
active iterations Al and the ”computational effort” C'E for each electrode configuration]
Further, the regular version of REGINN (where d = 1 and the Jacobian matrix is calculated)
and the Kaczmarz versions (where d = L) with and without the calculation of the Jacobian
matrix are compared. It is clear that the regular version of REGINN always works less than
its Kaczmarz versions in all situations. Comparing only the Kaczmarz versions, we see that
the calculation of the Jacobian matrix demands less computational effort only for a small
number of electrodes. If a relative large number of electrodes is used, the computational
effort necessary to calculate the Jacobian matrix becomes higher than the direct calculation
of the solutions of and and the evaluation of this matrix is not worth any longer.

12 An active iteration is an outer iteration where the discrepancy principle is not satisfied and con-
sequently, the inner iteration needs to be performed.

3The number CE actually represents the overall number of required solutions of variational problems
used by Algorithm [I| until termination.



Chapter 6

Conclusions and Final
Considerations

We consider the convergence analysis of Chapter |4 the main accomplishment of this work.
In this chapter, a Kaczmarz version of the inexact-Newton method REGINN [43] is analyzed
in Banach spaces and the proofs are carried out considering an inner iteration defined in
a relatively general way, which fits in with various methods. The result is a convergence
analysis of K-REGINN, valid at the same time for several different regularization methods
in the inner iteration. This analysis is a generalization to Banach spaces and to Kaczmarz
methods of ideas previously discussed in [36]. In order to properly develop this general
convergence analysis however, strong restrictions needed to be imposed. We think it is
possible to weaken these hypotheses, especially those required on the solution space X. For
instance, in the cases where the non-Kaczmarz version (d = 1 in (3.6)) is observed, the first
inequality in becomes unnecessary to prove convergence in the noiseless situation.
But, this inequality seems to be exactly the crucial point, where the s—convexity of X
is most needed. In the remaining cases, the s—convexity is apparently preventable and
could be handled with similar techniques to those engaged in [47]. Assuming the condition
d = 1 therefore, the uniform smoothness and s—convexity of X could be weaken to only
smoothness and uniform convexity. Of course without the s—convexity, the verification of
Assumption [3| page b8, for the methods investigated in Section would be much more
arduous.

In our opinion, the uniform smoothness of data space Y, required to show the stability
property of the dual gradient methods in Appendix [A] could also be avoided using similar
arguments to those employed in [47]. However, in order to perform this modification,
the proof of the stability property should be made simultaneously with the proof of the
regularization property, which means that, at least in principle, Assumption [6] page
could not be proven separately, and consequently the general convergence analysis could be
harmed.

The Tikhonov-Phillips method has a peculiar iteration form, which is somewhat
different from the other methods of Section This characteristic complicates the con-
vergence analysis of Chapter [4] substantially, forcing the recurrent separation in two cases:
Zng = Znk and Z, ; = T, see Assumptions [3| and [ page But looking on the bright
side, none geometrical property on the space Y is required for this method in order to prove
Assumption @, see the stability proof in Appendix This suggests that the space L' could
be used as data space in further numerical experiments, building up a more appropriate
framework to deal with impulsive noise for example. If Y = L! however, although the
functional remains strictly convex, it is not differentiable any longer and the pro-
cess of finding its minimizer, necessary to perform the inner iteration, becomes much more
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challenging.

At the end of Subsection the possibility of obtaining the optimal step-size of
the dual gradient methods is discussed and a lower bound for this step-size is shown.
Though an explicit formula for the optimal step-size is hard to achieve, sharper bounds could
possibly be determined. An upper bound like Aoy S Appg for instance, would be especially
interesting and could facilitate the verification of Assumption [3| including the gradient
method associated with the optimal step-size in our convergence analysis of Chapter

A similar situation is observed with the dual gradient Steepest Descent method. Find-
ing an explicit formula for Agp in involves the differentiation of the duality mapping,
which makes difficult the determination of this step-size. To overcome this technical obsta-
cle, we have replaced this method with its similar version, the Modified Steepest Descent
method , which already has an explicit step-size satisfying the desired inequality
Avsp < Apg, necessary to include it in our convergence analysis. Although an obvious
formula for Agp is not available, it is not unconditionally necessary to prove Assumption
since only the inequality Asp < Apg needs to be verified. Once proven, Assumption
would imply the convergence of Steepest Descent method. The implicit defined step-size
Asp could be numerically approximated with the help of an optimization algorithm in the
real-line.

In addition to several classical regularization techniques, which have been adapted from
Hilbert to more general Banach spaces in this work, a few novel approaches are presented.
Among the methods which have been firstly introduced in this thesis, we highlight the
mixed gradient-Tikhonov methods (Subsection and the dual gradient Decreasing
Error method ((3.29) and (3.39)). Both algorithms have shown themselves useful methods
to reconstruct stable solutions of ill-posed problems as can be seen in Figures and
for example. The additional (regularization) term of the mixed gradient-Tikhonov
methods confers further stability to regular gradient methods and results in a more steady
inner iteration. The Decreasing Error method in turn, exhibits the advantage of playing
the role of the gradient method with the fastest decreasing error in the case of a linear
problem in a Hilbert space been observed. This behavior seems to be somehow transmitted
to nonlinear problems in Banach spaces as Figure [5.3| shows.

The nonlinearity of the duality mapping is possibly the biggest complication in the con-
vergence analysis of K-REGINN in general Banach spaces. The extra effort to demonstrate
the theorems in these more complicated spaces is however counterbalanced with the im-
provements provided by the use of more convenient norms. The use of Banach spaces can
be therefore lucrative in order to achieve better reconstructions of inverse problems in some
specific situations, especially if sparsity constraints on the searched-for solution or on the
data-noise are present. This enhancement of the quality becomes evident in the numerical
experiments performed in Chapter [5] however, many questions concerning the mathemat-
ical modelling of EIT problem with LP—norms remain still open. In its original (infinite
dimensional) version, differentiability or even continuity of the forward operator with the
Lebesgue spaces LP are in principle not valid for any p € (1,00) and legitimizing the use
of these spaces seems not to be a trivial issue. For a proper adaption, further research is
therefore needed.

A superficial examination on the computational implementations of Subsection
and particularly on Tables and could erroneously lead to the conclusion that the
Kaczmarz version of REGINN is not competitive. These results however, are in large part
due to the manipulation described in , which reduces considerably the computational
effort necessary to calculate the Jacobian matrix, especially for the non-Kaczmarz version
of REGINN. But without this strategy, the regular REGINN would be much more ”expensive”
and its Kaczmarz version could become more advantageous. Thus, to have a more accurate
answer about the real utility of the Kaczmarz version of REGINN, supplementary numerical
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experiments, preferably with a different problem, should be performed.

To finish this work, we want to compare all the algorithms introduced in Section[3.1] The
primal gradient methods from Subsection [3.1.1] are the easiest to implement and are from
far the methods with least prerequisites on space X. But they require strong hypotheses
on Y and only termination of (regular) REGINN can be shown if such a method is used in
the inner iteration. The dual gradient methods from Subsection on the other hand,
can be employed as inner iteration of REGINN to show convergence in the noiseless case and
the regularization property when only noisy data is available. These results hold true even
for the Kaczmarz version of REGINN if the Landweber method is considered. However, the
iteration needs to be performed using the current (outer) iterate x;,, which makes this
version of the gradient methods a little more complicated. Additionally, the requirements
on the spaces X and Y constitute a considerable disadvantage. Among all the methods
introduced in Section these are the ones which demand the most restrictive Banach
spaces to work: uniformly smoothness of X and Y and p—convexity of X are required.

Tikhonov methods own the convenient property of working without any restrictions on
space Y, as shown in Subsection and Appendix [A] Moreover, convergence and the
regularization property of K-REGINN can be proven whenever either the Iterated-Tikhonov
or the Tikhonov-Phillips method is the chosen inner iteration. However, the obligation of
solving an optimization problem in order to generate a new vector in the inner iteration
represents a big obstacle: the more poor convexity/smoothness properties the space Y pos-
sesses, the more difficult this optimization problem becomes. To combine the advantages
of dual gradient and Tikhonov methods, we have introduced in Subsection the mixed
gradient-Tikhonov methods. Though this kind of algorithm necessitates the same (strong)
requirements on the spaces X and Y as the dual gradient methods, it confers extra stability
to the inner iteration by incorporating a regularization parameter «,, on its iteration, see
. Further, it does not request the solution of any optimization problem, although sim-
ilarly to Tikhonov methods, a suitable regularization parameter «,, needs to be determined,
which in the particular case of mixed methods, depends on a priori information about the

norm of the solution, see (3.71)) .
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Appendix A

Stability Property of the
Regularizing Sequences

This appendix provides for different methods, the proof of the stability property given in
Assumption [0, page For the ease of the presentation, we assume all the hypotheses
of Theorem except for Assumption [0] itself. For some methods, other hypotheses are
necessary to complete the proof and these additional hypotheses will be required at the
specific points where they are needed.

Let (6;);cny C R be a zero-sequence and suppose that 20— £ € X, as i — oo. We

O £ = ono(§) as i — oo.

proceed giving a proof by induction: for £ = 0, Zgi,o = )

Assume now that lim zfjk = on (&) for k < kppc (€). Our task is now to prove that
1—o0 7’

ziikﬂ — Opk+1 aS T — 00.

e Dual gradient methods DE, LW and MSD

20 _0; 0;i  _ A8; i 85 : ~ _
For these methods we have Zok = Zn'k and v, = Adisti — byl Accordingly, oy, =

n °n.k
Un,k~

This proof is a slightly different version of that given in [40, Lemma 10]. Assume that
the Banach spaces Y}, j =0, ...,d — 1 are uniformly smooth. As the functions F; and
F j’ are continuous, using the induction hypothesis and (3.7) it is clear that the vector

Ut = AN — b = B <$fz) (ng - Ig) - (y?ﬁ] — (xfz))

converges to

WS = Floy (€) (0 (6) = €) = (Y] — Fruy ()

as i — oco. Similarly, )\i"k — )‘ik as i — oo (see (3.39)), (3.43)) and (3.45))). As the
spaces Y;’s are uniformly smooth, the selection j,: Y; — YJ* is unique and continuous
and since the mappings J,,, F; and F J’ are continuous too,

T (2n) = o (200) = X0y (28) o (Adise, — v8) (A1)
converges to
Tp (@npi1) = Tp (Ons) = X Flog (€07 (v54) (A2)

as © — 0o. This means that lim zfj ki1 = Onk+1 because the duality mapping Jp_ 1=
1—00 7’

J;* is also continuous.
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e Bregman variation of Iterated-Tikhonov method (3.62))
Here Ef:k = zf;k and vfj’k = Azisiikﬂ — %,
This proof was first presented in [39] in its current version. It is an adaptation from
[26, Lemma 3.4], which in turn uses ideas from [16]. The stability proof in this case
is more complicated because we do not assume any condition on the Banach spaces

g
Y;’s.

See that the vectors 2% and o 1 respectively minimize the functionals
nk+1 n,k+ P Yy

1= (4) (- ) -1

T 6
+ap, (z, ank)

and

1 T
Wk (2) = — [ By (€) (2 = ©) = B[ + by (2,000

where b, := Yin) — Finy (§) - As the family (zifk +1>5»>0 is uniformly bounded (see

(4.16)) and X is reflexive, there exists, by picking a subsequence if necessary, some
Z € X such that zzikH — Z as 1 — 0o. We first prove that zZ = o, 111 and later that

fo,k:ﬂ —Zasi—oo. Forall g € Y[Z],

ooy () stk = oo (Pl () = P ) ki) + (9 By (€) i)

0; _ .6 05 = —-3 3 / *
But as s,/ =2,/ — 2y 4z—ﬁ—.sasz—>ooaundF[n](§) g€ X",

<g’F[ln} (€) szi,k+1> = <F[ln} (f)*g,sii7k+1> - <F[/n] (f)*97§> = <97F[/n] (f)§> :

/s 3 &;
Now, as F] ] 18 continuous and z)¢ — &,

(o (B (22) = Fly ©) )|

05
< HQHY[Z]

—0
nk+1 HX

S

5 () = P )]y

as i — oo because Hsi’;k +1H < is uniformly bounded (see (4.11]) and

(A-16)). Then,

Ziﬁk—‘,—l” + Hx‘f;

<g,F['n] (:L‘f;) Sii,k+1> — <g,F['n] &) §> (A.3)

and as g € Y[;} is arbitrary,

From (3.7) we conclude that
) N\ 6 N _
= By (25) s0ips = o = By ()5,

and then
bl
n

< liminf

- B N
by — FLy () 5‘ - F, (x;i) S +1H . (A.4)
Now, as J, is continuous, we have similarly to (A.3]),

5 5 _ 5 5 5
<Jp <an) ’Zn,k+1> = <Jp (an) = Jp (onk) 7Zn,k+1> + <Jp (Onk) ’Zn,k+1>

= (Jp (Onk)2)
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which in turn implies

"= {Jp(onk) %) (A.5)

‘p“<Jp<Z%k)vzjk+1>>

_ 1, 1
Ap (Zonp) = 217+ o

9;

i 51
n,k—+1

1
+ Znk

p*

zZ

1
< lim inf < ‘
b

Hp

e 5i 5
= liminf A, (znikJrl, an,k) .

From z% — ¢, (A4), (A5) and due to the minimality property of zii et 1o
W (2) < liminf T3, (2, ) < liminf 7% (0, 401)
. S5
= Zliglonk (Un,k+1) = Wn,k (Un,k+1) .

Using minimality and uniqueness of oy, 41, we conclude that o, 11 = Zz and then

zf;;k“ — 0y k+1- Accordingly, szi,kﬂ — 0p k+1 — & which implies that 5 = o, 141 —&.

We prove now that
d; 0 .

A, (Zn,k-s—lv Zn,k) — Ap (Op k1, 0nk) @s i — 00. (A.6)

Define
= A d; d; — 1 ) — A
ai =Dy (2,11, %, ) a=limsupa;, c:=A4, (Onk+1:Tn k) 5
d; / d; 05
bn - F[n] <x’n> Sn,k:Jrl

In view of (A.5)), it is enough to prove that a < c¢. Suppose that a > ¢. From the
definition of lim sup there exists, for all M € N, some index ¢ > M such that

T
, and re := liminf re;.

1
re; = —
r

ai>a—a_c (A.7)
4
From the definition of liminf, there exists N7 € N such that
re; >re— 079 (2_ c), (A.8)

for alli > Nj. As above, lim Tg"k (Onk+1) = Wik (0 k+1) and then there is an Ny € N
1—oo 7

such that
ap (a—c)

2
for all i > Ns. Using (A.4) and setting M = Ny V Na, there exists some index ¢ > M
such that

Tik (Ongt1) < Wik (Onps1) + (A.9)

Wik (Ont1) < e+ ane=re+ ana — ay (a —c)

an(a_c) an(a—c)

§rei+?+anai+?—an(a—c)
an (a—c . v an (a—c
=re; + apa; — n(2 ) zngk (zf;kﬂ) — "(2 )
5; ap (a—c)
< T (Onkt1) — %

where the second inequality comes from (A.8) and (A.7) and the last one, from
the minimality of zf;k 41+ From (A.9) we obtain the contradiction Wi, (oy k41) <
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Wik (0nk+1). Thus, a < ¢ and (A.6) holds. From the definition of the Bregman

distance A, we have ‘

sz k41 — Onk+1 @8 & — 00, because X is uniformly convex. So far, we have shown

o; d;
zntkHH = |lop g1l As 211 — Onk+1 we conclude that

that each positive zero-sequence (6;);cy contains a subsequence ((5ij)j N such that

Oi.; . . .
Zp a1 — Onk+1 a8 j — 00 which is enough to prove the statement.

e Bregman variation of Tikhonov-Phillips method (3.58))

. =0 _ .5 0 A8; i _ Ko
This method uses z') = x/ and v’} = A Sy a1 — b

We omit this proof because it is very similar to that one given above to the I'T method.

e Mixed gradient-Tikhonov methods presented in Subsection [3.1.4
For these methods, ’z\zzk = Zf:ka vzik = Af;’siik — b, 4% = % and Kg" = KO/Kgi,
where Kj is defined in Assumption |3 page and K is an upper bound to the

sequence (% He%’ - Ef{
addition to the hypotheses of Theorem we need to assume in this case that Y},
7 =0,...,d—1 are uniformly smooth Banach spaces, which guarantees that the duality

mapping j, is unique and continuous.

p) N (see Assumption page and Subsection [3.1.4]). In
ne

The proof is very similar to that given above for the dual gradient methods, with the

difference that here Ky # 0 (see Assumption. Since x%’ — £ and Tf{ — Thasi — 0,

2
1 75 ) and
p neN -

en - xn
as 7 — 0o. It follows that 0 < lim fygi < Kg Hgn’

1—00

the bound Kgi converges to a bound K§ of the sequence

i|" — KS|[bn
which implies, similarly to (A.1)) and (A.2) that

T (281) = o (20m) = X [y (8) e (A8 = 050 ) i (53 — 78|

converges to

accordingly, K. gi

)

Ty @ngs1) = Ty (k) = N [Py (€07 G (v51) +98%p (omi — €= 75) |

as ¢ — o0o. Since J,; e Jp« 1s a continuous function, the vector ziik 41 converges to
Opnk+1 as ¢ — 00 and the proof is complete.
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