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Preface

Many questions and applications in natural science, engineering, industry or
medical imaging lead to inverse problems, that is: given some measured data
one tries to recover a searched for quantity. These problems are of growing
interest in all these disciplines and thus there is a great need for modern and
stable solvers for these problems. A prominent example of an inverse problem
is the problem of computerized tomography: From measured X-ray attenua-
tion coefficients one has to calculate densities in human tissue. Mathematically
inverse problems often are described as operator equations of first kind

Af=g, (0.1)

where A : X — Y is a bounded operator acting on appropriate topological
spaces X and Y. In case of 2D computerized tomography the mapping A
is given by the Radon transform. Typically these operators have unbounded
inverses A1, if they are invertible at all. For instance if A is compact with
infinite dimensional range, then A~! is not continuous. In case of Hilbert
spaces X and Y the generalized inverse AT exists and has a dense domain.
But AT is bounded if and only if the range of A is closed which is not satisfied
for compact A. In applications the exact data g is noise contaminated e.g. by
the measurement process or discretization errors. Noisy data ¢° lead to an
useless solution f¢ = A~1¢% or f¢ = AT¢® in the sense that the error f — f¢
is unacceptably large. Hence, the stable solution of equations like (0.1) with
noisy right-hand side g° require regularization methods R,. The mappings R,
are bounded operators which converge pointwise to the unbounded generalized
inverse Af. Many regularization techniques have been developed over the last
decades such as the truncated singular value decomposition, the Tikhonov-
Phillips regularization or iterative methods such as the Landweber method
and the method of conjugate gradients (CG-method) to name only the most
popular ones.

A powerful tool which subsumes a whole family of regularization tech-
niques is the method of approximate inverse. This method uses the duality of
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the operator and the spaces where it acts on. It calculates approximations to
the exact solution by smoothing it with mollifiers which are approximations
to Dirac’s delta distribution and attenuate high frequencies contained in the
solution. The method consists then of the evaluation of the measured data
with so called reconstruction kernels. The reconstruction kernels themselves
are solutions of an equation involving the dual operator and the mollifier and
can be precomputed before the measurement process starts. A further feature
of the method is its flexibility: it can be adjusted to the operator and the
underlying spaces to improve the efficiency. The first idea of solving linear
operator equations by mollifier methods arose in 1990 by Louis AND MAASS
[71] and it was Louis, who published its first fundamental properties [66] and
showed its regularization property [68]. RIEDER AND SCHUSTER [101, 102] de-
rived a setting of the method for operators between arbitrary Hilbert spaces
and proved convergence with rates and stability. An extension of the method
to spaces of distributions was done by SCHUSTER, QUINTO [115]. The article
SCHOPFER ET AL. [107] must be seen as a first step to realize this technique
in Banach spaces.

This monograph contains a comprehensive outline of the theoretical as-
pects of the method of approximate inverse (Part I) as well as applications of
the method to different inverse problems arising in medical imaging and non-
destructive testing (Parts II-IV). Part I gives a brief introduction to inverse
problems and regularization methods and introduces then the approximate
inverse on spaces of square integrable functions, where the Radon transform
serves as a first example. We then go one step further and present the abstract
setup of solving semi-discrete operator equations between arbitrary Hilbert
spaces by the method of approximate inverse. Semi-discrete operator equa-
tions are of wide interest since in practical applications only a finite number
of measured data is available. Part I ends with an extension of the theory to
spaces of distributions. Part II puts life into the theoretical considerations of
Part I and demonstrates their transfer to the problem of 3D Doppler tomog-
raphy. Doppler tomography belongs to the area of medical imaging and means
the problem of recovering the velocity field of a moving fluid from ultrasonic
Doppler measurements. It is outlined how the method of approximate inverse
leads to a solver of filtered backprojection type on the one hand and can be
involved in the construction of defect correction methods on the other hand.
In SONAR (SOund in NAvigation and Radiation) and SAR (Synthetic Aper-
ture Radar) the problem arises of inverting a spherical mean operator. If the
center set consists of a hyperplane this operator can no longer be described
as a bounded mapping between Hilbert or Banach spaces, but it extends
to a linear, continuous mapping between spaces of tempered distributions.
Part III of the book presents the extension of the method to distribution
spaces and shows its performance when being applied to the spherical mean
operator. Further applications such as X-ray diffractometry, which is a sort
of non-destructive testing, thermoacoustic tomography, where the spherical
mean operator is involved, too, but with spheres as center sets, and 3D
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computerized tomography are the contents of Part IV. The book contains
plenty of numerical results which prove that the method is well suited to cope
with inverse problems in practical situations and each part is completed by a
conclusion and future perspectives.

This monograph is an extended version of my habilitation thesis which I
submitted at the Saarland University Saarbriicken (Germany) in 2004. The
mathematical results contained therein would have been impossible to accom-
plish without some important people accompanying my scientific way now
for many years. Thus, the first person I would like to thank is my teacher
Prof. Dr. A.K. Louis who introduced me to the area of approximate inverse
many years ago and who supported me all the time. Part II of the book was
the result of an intensive collaboration with Prof. Dr. A. Rieder between 2000
and 2004 and I am still thankful for conveying his rich experience in approx-
imation theory to me. Part III of the book was the result of an one year stay
at Tufts University in Medford (USA) at the chair of Prof. Dr. E.T. Quinto,
an acclaimed expert in integral geometry and numerical mathematics. I owe
him many useful pointers with respect to the extension of the approximate in-
verse to distribution spaces and I will never forget his hospitality. I am further
indebted to Dr. R. Miiller for a very careful review of the manuscript.

Thomas Schuster Hamburg, January 2007
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1

Ill-posed problems and regularization methods

We start by presenting the essential concepts for regularizing ill-posed
operator equations of first kind. We refer the reader who is interested in
a comprehensive treatise of this subject to the standard textbooks of LOUIS
[65], ENGL, HANKE AND NEUBAUER [26], RIEDER [99], TARANTOLA [125]
and HOFMANN [46].

We only consider the case of linear and bounded operators A between
Hilbert spaces X and Y. The set of linear and bounded operators between X
and Y is denoted by £(X,Y). Our aim is to investigate the solution of

where g € Y is a given set of data and f € X is the quantity we want to
determine. In case that A has a bounded inverse A~! we obtain f by simply
calculating f = A~1g. In this situation we call (1.1) well-posed. Unfortunately
in many real applications A is not invertible at all. Even if A~! exists, then
the inverse might not be bounded, e.g. when A is compact with infinite di-
mensional range. Moreover, in real world problems the exact data g might not
be available, but only a noise contaminated set of measurements ¢° € Y with

lg° —glly =¢.

The corresponding solution f¢ = A~1'¢® then usually does not converge to f
if € — 0 and the defect

115 = Fllx

can be tremendously large. The solution of equations like (1.1) where A has
no bounded inverse A~! is called an ill-posed problem due to HADAMARD.

Since often A~! does not exist, the aim is to generalize what we understand
by a solution of an equation like (1.1). To this end consider the defect

a(f) = lAf =gly,
! References [26], [125] are in English.
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which satisfies

d(f)* =[|Af — Preayglly + [Preayg — glly - (1.2)

In (1.2) Pra) : Y — Y denotes the orthogonal projection onto R(A), the
closure of the range of A. If g € R(A) ® R(A)12, then the equation

Af =Praa)g (1.3)

has a solution. From (1.2) we further deduce that every solution from (1.3)
minimizes the defect d(f) in X. If A is not injective and f a solution from
(1.3), then f + fo also solves (1.3) for all fy in the null space N(A) of A.
As a consequence there exists a solution of (1.3) with minimal norm. This
minimum norm solution lies in N(A)+ and serves as a generalized solution of
Af=g.

After defining the generalized inverse Af of a mapping A we note several
properties of AT (Lemma 1.2). Since AT is only bounded if R(A) is closed, we
need bounded approximations to AT called regularization methods (Definition
1.3).

Definition 1.1. The mapping A" : R(A) @ R(A)* — X, which assigns to
each element g € R(A) ®R(A)* the unique solution fT of (1.3) in N(A)=L, is
called generalized inverse (Moore-Penrose inverse) of A.

If A is injective then we obviously have that A~! and AT coincide on R(A).
The following lemma contains some fundamental properties of the generalized
inverse.

Lemma 1.2. Let A : X — Y be linear and bounded and g € D(AT) :=
R(A) ® R(A)*. Then,

1. AT is linear.
2. f1 = A'tg is the unique solution of

A*Af=A%g (1.4)

in N(A)L, that means the unique solution of (1.4) with minimal norm.
3. N(AT) =R(A)*, R(AT)=N(A)*.
4. The generalized inverse AT is bounded if and only if the renge R(A) of A
is closed.

Lemma 1.2 describes 1 as solution of the normal equation which is solvable
whenever g € D(AT). Note that D(AT) = R(A)®R(A)* is dense in Y. On the
other hand the bad news are that A is discontinuous if R(A) is not closed in
Y which is the case if A has infinite dimensional range and is compact. If we

2 For a set M in a Hilbert space the symbol M* always denotes the set of all
vectors that are orthogonal to M with respect to the given inner product.
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accepted fT = ATg as solution of (1.1) we would still run into the problem that
noisy data ¢° would cause large reconstruction errors in Afg. To overcome
this difficulty we approximate AT pointwise on its domain D(A) by a sequence
of bounded operators. This leads us to the concept of reqularization methods.

Definition 1.3. Let A : X — Y be bounded. A family of bounded operators
R,:Y — X, v € (0,+00) is a regularization method for AT, if there exists
a parameter choice rule v = (e, %) fulfilling

lim sup{(e,9%) : 9" €V, [lg° —glly <&} =0,
such that
tim sup{| Ry e g10°” ~ Algllx g €Y, o —glly <} =0 (15)
holds true. The value v s called regularization parameter.

We have not postulated that the family {R,} consists of linear mappings,
thus also non-linear operators are admitted. Furthermore, we only can demand
the pointwise convergence of R, since the uniform convergence would imply
the boundedness of the limit AT due to the Banach-Steinhaus theorem. As a
consequence we have that

%{%”R’YHY—’X = +oo.

Ezample 1.4. a) (Truncated Singular Value Decomposition)

An important tool for constructing regularization methods is the singular
value decomposition (SVD) of a compact operator A. The SVD consists of a
sequence of triples (o4, U, Un)neny C Ry X X x Y with the property

Av, = o, Uy, A*u, = o, v, , n €N,

The sets {vn}n C X and {un}, C Y further form complete orthonormal
systems of N(A)+ = R(A*) and R(A) = N(A*), respectively. The sequence
{0} has the unique limit point 0. The generalized inverse At can be repre-
sented with the SVD as

Afg=>" 0, (g,un)y va, g€D(AT). (1.6)

on, >0

For a g € Y the truncated SVD is then defined by

Rig= S o7 (g, u)y vn. (1.7)
on2y
From (1.7) and (1.6) we easily obtain the pointwise convergence to Af.

b) (Tikhonov-Phillips regularization)
The Tikhonov-Phillips regularization reads as
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Ryg=(A"A++*1)""A%g, gev,
and is equivalent to the minimization problem
argmin{[|Af — g[l§ +*[|f]% : f € X}?, (1.8)

in the sense that R,g minimizes the functional in (1.8). The penalty term
|l fII% can be alternated. The Tikhonov-Phillips regularization can also be
written by means of the SVD as

Ryg= Y (02 +7) " onlgun)yvn, gevy.
on>0

Both, the truncated SVD as well as the Tikhonov-Phillips regularization be-
long to the class of filter methods, since they are generated by introducing a
filter in the representation for At (1.6) which attenuates the small singular
values causing numerical instabilities. We refer to Louis [65] for more details.

¢) We can also see iterative methods like the Landweber method or the con-
jugate gradient method as regularization methods. Here, the regularization
parameter is given by the number of iteration steps. The regularization prop-
erties of these methods have been investigated e.g. in HANKE [40, 41] and
NEUBAUER [85].

Once we have chosen a specific regularization method, we are interested
in the quality of the method. In other words: What is the convergence rate
of the error ||R,g° — Afg|ly under certain conditions on Afg? To this end we
introduce the spaces

X, ={feN(A):feD(A*A)"/?)} =R((A*A)"/?), veR,

which in fact turn into Hilbert spaces when we endow them with the inner
product
<f17f2>1/ = Z 0—7:21/ <f17vn>X <f2;vn>X .

o, >0

Moreover, because of X,, C X,, for u > v, the family {X, } represents a Hilbert
scale. The requirement f € X, can be seen as a sort of regularity assumption:
With growing v the spaces X, contain ‘smoother’ elements. The worst case
error of a regularization method for solving A f = g with noisy data g° under
the assumption that ||ATg||, < p is then given by

Ey(e,p, Ry) = sup{[[Ryg" — Algllx : 9" —glly <e. [|ATgll, < p}.

The unavoidable error for solving this problem is

3 For a functional J the symbol argmin is defined as f. = argmin{J(f) : f €
X} e J(f.) =min{J(f) : f € X}.
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E,(e,p)= inf E,(e,p,T).
(€, p) vt (e,p,T)

One can show the estimate
E,(e,p) < v/ (wv+1) pl/(V+1) ,

which is sharp. This leads to the definition of optimal and order optimal
regularization methods.

Definition 1.5. A regularization method { R}, is called optimal for v, if for
each € > 0 and p > 0 there exists a parameter v = (g, p) such that

Ey(e.p, R,) < e//04D) pl/w+)

is valid. The method is called order optimal for v, if for each e >0 and p > 0
there exists a parameter v = (e, p) and a constant ¢ > 1 such that

EV(ga Py R"/) < C€V/(D+1) pl/(”“’l)
holds true.

The Tikhonov-Phillips regularization is order optimal under certain as-
sumptions on the degree of smoothness v. Applying a certain parameter choice
rule v, the truncated SVD turns to a regularization method which is order
optimal for all ¥ > 0 but which is not optimal. For detailed investigations we
again refer to Louis [65].
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Approximate inverse in L2?-spaces

The method of approximate inverse includes a whole class of regularization
schemes. The concept of these mollifier schemes has been established in a
paper by Louis AND Maass [71] in 1990, its essential properties can be
read in Louis [66]. Just as in [71] we confine ourselves to linear, bounded
operators between L2-spaces. Throughout this chapter let X = L2(£21, 1),
Y = L%(f23,p2), where £2; C R™ are open, bounded domains and let u;
be measures defined on §2;. This chapter is concerned with the solution of
operator equations of first kind

applying the method of approximate inverse, where A : L?(£21,p1) —
L2(825, o) is supposed to be linear and bounded.

In the first section we introduce the main idea of the method, prove its
regularization property and point out its advantages considering the task of
solving (2.1). One feature of this technique is that the computation of recon-
struction kernels is done independently of the measured data g and thus is
not influenced by noise. The second section demonstrates the performance
of the method in case that A = R is the two-dimensional Radon transform.
The corresponding inverse problem of solving Rf = g serves as mathematical
model of two-dimensional computerized tomography (CT). Applying the ap-
proximate inverse to R leads to an inversion scheme of filtered backprojection
type. This is a standard algorithm used in today’s CT scanners.

2.1 The idea of approximate inverse

The main idea of approximate inverse is to calculate a smoothed version of
the exact solution f of (2.1) or its generalized inverse fT = Afg rather than
f itself. This is done by computing the moments

f’Y(y) = <f7e’Y('ay)>X (22)
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of f with an explicitly given function e,(z,y) € L*(R™ x R™, u; X po),
v € (0,+00). The function e, is to be chosen such that e, (z,y) approximates
Diracs delta distribution® §(y—x) in a way being specified in Definition 2.1. In
this situation we obviously have that f,(y) = f(y), i.e. f, is an approximation
to the original f. In general we further will choose e, as a smooth, at least
differentiable, function implying f, to be smooth, too. For this reason we call
e a mollifier, that means a ‘smoother’. We now specify this terminology. Note
that we have L2(£2y, 1) — L?(R™, ) putting f(z) = 0 for x & £2;. We will
use this embedding without stating it explicitly.

Definition 2.1. Let for ally € R™ be e, (-,y) a function in L?(R™, u1) which
has mean value equal to one for all v > 0,

/ ey(@,y)dp(z) =1,  yeR™.
R™1

If further
f4(y) = - (x)ey(z,y)dpa(z),  yeR™

converges to f in L*>($21, 1) as v — 0, then we call e, a mollifier.

Ezample 2.2. Mollifiers are commonly generated by means of translation (with
respect to y) and dilation (with respect to ) of a square integrable function
with normalized mean value. More specifically, take a smooth e € L?(R™, j11)
with [e(z)dz =1 and set

ey(@,y) =7 " e((x —y)/7)- (2.3)

It is readily verified that e., defined by (2.3) represents a mollifier in the sense
of Definition 2.1. Typical examples for functions e of such type are given by
the Gaussian function

ea(z) = (2m)7™/% exp(—|z]?/2), (2.4)
or by
vy — o L A=), el <1,
e’ (x) = Ky { 0, |z >1 (2.5)

where 1, = (fj <, (1- |z||?)” dz)~t. The Gaussian function is arbitrarily dif-
ferentiable, but does not have a compact support. The regularity of e” grows
with v (see [102]) and generates a mollifier e, (-, y) having compact support in
{z : ||z — y|| <~}. The radial parts of both functions are displayed in figure
2.1, where we took the Lebesgue measure as p; in these examples.

We further mention that scaling functions of wavelets with mean value one
are also suited as mollifiers, see e.g. Louts, MAASS AND RIEDER [72]. Note

! For continuous f we have 6(f) = [ f(t)é(t)dt = f(0).



2.1 The idea of approximate inverse 13

that mollifiers do not need to satisfy any symmetries though both exam-
ples (2.4) as well as (2.5) are radially symmetric. Radial symmetric molli-
fiers are convenient if one does not want to prefer a specific direction when
smoothing f.

Fig. 2.1. Radial parts of the Gaussian function eq (2.4) (solid line) and of the
function e” (2.5) for v = 2 (dashed line)

The problem of calculating f, is that the unknown exact solution f appears
in Definition (2.2). To overcome this difficulty we assume for the moment, that
the mollifier e, (-,y) is in the range of the adjoint A* for all y € 2. Hence,
equation

Afuy(y) =ey(hy),  yeh (2.6)

has a solution v,(y) € Y and f, computes as

Hy) =, A%, (y)) x = (Af,0,(W))y = (9, 05(y))y Yy € .

That means that the computation of f, can be done by a simple evaluation
of inner products of the given measured data g € ¥ and solutions v, (y) of
(2.6). In general equation (2.6) is not solvable, especially if A is not injective
and hence the range of A* is not dense in X. If at least e, (-,y) € D((A*)T) =
R(A*) @ R(A*)*, then the normal equation

AATvy(y) = Aey(hy),  yedh (2.7)
has a solution which due to Lemma 1.2 minimizes the defect
min{||[A*v — e, (-, y)[|x ;v €Y}
The mapping g — (g,v,(y))y is called the approzimate inverse of A.

Definition 2.3. Suppose A : L2(02y,u1) — L*(f22,p2) to be linear and
bounded and let e, be a mollifier satisfying e, (-,y) € D((A*)T) for y € £2.
The linear mapping A : L*($22, p2) — L*($21, 1) defined by
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A’yg(y) = <gavv(y)>L2([22,ug) ’ Yy < Ql 5 (28)

where vy (y) solves (2.7) is called the (continuous) approximate inverse of A.
A solution vy(y) of (2.7) is the reconstruction kernel associated to e..

Lemma 1.2 tells us that every solution of (2.7) validates
A*vy(y) = Priasyey () yE .
Thus, we have that
ALAL(Y) = (f, Pranyey (5 0)) L2 (20 = (Prean)fr ey (9 2 (@) (229)

proving that the approximate inverse does not depend on the particular solu-
tion of (2.7). Furthermore (2.9) implies that

1A gl L2 (21 0) < 1 llz2 (200 ey llL2@m xrrz i )

from what we deduce that Aﬁyg is in L?(§21, 1) and the operator Av is well-
defined. The intention of introducing the approximate inverse was to get a
class of regularization methods. And in fact we can prove pointwise conver-
gence of A, g to Afg.

Theorem 2.4. The operator ;&7 1Y — X is continuous, if

) 1/2
L ;:(/Q 03 ) ) dir () < 00 (2.10)

1

In case that (2.10) is satisfied, then ||.XA,||YHX <.
Further, if g = Af, g € D(AT), then the convergence

1ir%1&7g = A'lg, geD(AY (2.11)
Y—
holds true.

Proof. From (2.8) we immediately deduce for g € Y

~ 2
1Rl = [ (000012000 ) < 2 -
1

To prove (2.11) we use (2.9) and Definition 1.1 to obtain

A’Yg(y) = <PR(A*)f7 6’)’('7 y)>L2(Ql,M1) = <ATg’ 67('7y)>L2(Q17M1) .

Since e, has the mollifier property according to Definition 2.1, the convergence
(2.11) is verified. O
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Remark 2.5. To prove stability with respect to noise we would have to state a
parameter choice rule for v depending of the noise level € in the data g° such
that

lim sup{[| Ay (e g+)9" — Afgllx g €Y, lg° —glly <e} =0

is guaranteed according to Definition 1.3. An application of the triangle in-
equality yields

1A,9° — Afgllx < A, lly—x llg° = glly + |A,g — ATg|lx
<lye+||Ayg—Afg|x.

Because of (2.11) we obtain convergence to 0 of the second summand for every
sequence {7} tending to 0. The sequence {l,} however in general diverges as
~v — 0. Hence, we have to find a parameter choice rule {y = y(¢)} tending to
0 in such a way that

;l_I)I(l) l'y(e) e=0.

That procedure, which is typical for regularizing ill-posed problems, will be
outlined in detail in Part II when applying the method to the problem of
Doppler tomography.

So far we did not say anything about how to compute reconstruction
kernels, that means how to solve equation (2.6) or (2.7), respectively. We
point out two possibilities: one by means of an inversion formula for A, the
second with the help of the SVD.

Assume that A is injective, e, (-,y) € R(A*) and that we have an inversion
formula

f=BAf (2.12)
at our disposal, where B : Y — X is bounded. Then, a solution of (2.6) is
given by

v (y) = By (- y) (2.13)
with B* : X — Y the adjoint of B. Since A*B* =I|_ .., vy(y) is in fact a
reconstruction kernel for A.

If A is compact, then there exists a SVD {0, vn, Uy fnen. The unique
solution of (2.7) in N(A*)L, that is v, (y) = (A*)Te, (-, y), is then represented
according to (1.6) by

Uy(y) = D 0 ey (1), Un) L2 ) tn (2.14a)
on,>0

= Z 0-777,2 <A6’Y('3 y)7un>L2(Q2,M2) Unp - (214b)
on,>0

In practical situations we have to cut off the series (2.14b) after finitely many
steps leading to unwanted artifacts in the reconstructions. That is why the
cut-off index must be chosen carefully.
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A further possibility to get an approximate solution of (2.6) is to use a
projection method. To do so we have to define subspaces X;, C X and Y;, CY
of finite dimension and then to seek for a solution UQL €Y} of

P A" = Phes (). (2.15)

With Py, : X — X} we denote the orthogonal projection onto Xj,. Expanding

dim Y},

By = Y e

j=1

in a basis {¢;} of ¥}, transforms (2.15) into a system of linear equations with
the coefficients {a;} as solution. This is then to be solved by an exact or
iterative inversion scheme. A projection method to get reconstruction kernels
has been applied in [111], where the author has used a collocation method
to compute kernels for the Laplace transform. That was necessary since there
is neither an inversion formula nor the SVD available for the Laplace trans-
form in R. For a thorough study of projection methods we highly recommend
NATTERER’S article [79].

The fact that the equation (2.6) does not depend on the set of data g¢ and
thus the computation of reconstruction kernels is independent of noise must
be seen as a great advantage of the method of approximate inverse. But the
method is not efficient in the present form, since (2.6) has to be solved for all
reconstruction points y € {21, i.e. all values y at which we want to recover f.
Even in two dimensions this would be much too time consuming, making the
method not applicable to large scale problems even though the calculating
of the kernels can be done before the measurement process starts. There is a
possibility to overcome that predicament, if the operator A satisfies certain
invariance properties.

Theorem 2.6. Let 7)) : X — X, 7)) : Y — Y be bounded operators on X
and Y fory € 21, respectively, satisfying

TYAA*=AAT), T/A=AT’, yec.

Further assume that the mollifier e, is generated by T}. That means, there
exists a y* € (1 with

6’7('72*/) :,Zdlye’}’(ﬁy*)a JNS -Ql-
If vy(y*) is a solution of A A*vy(y*) = Ae,(-,y*), then
vy(y) = T'vy(y") (2.16)

solves (2.7) for arbitrary y € (2;.
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Proof. The assertion follows from

Acy(y) = ATVe,(y") = T3 Ay (- y")
— T AN (y) = AAT T, (y).

O

Theorem 2.6 has been taken from Louls [66]. In case of an injective oper-
ator A an invariance property as 7Y A* = A* 7T} for y € {2; is sufficient to
verify (2.16). Since the normal equation (2.7) is equivalent to

A"vy(y) = Priasyey(9)

the conjecture comes up that an intertwining with respect to A* is enough
even in more general situations. Actually, we will prove a theorem with weaker
assumptions in Part II. Note that A might not satisfy any invariance proper-
ties at all. In that case we can not apply Theorem 2.6.

Thanks to the invariance property (2.16) we only have to solve the normal
equation (2.7) for a single reconstruction point, namely y*. The remaining re-
construction kernels are then produced using v, = 7;'v,(y*). This procedure
saves a lot of computation time. The method of (continuous) approximate
inverse finally reads

As9(y) = (9, /vy (V")) L2 (@), Y E SN

The invariance mappings 7/, ¢ = 1,2, in most cases rely on symmetry prop-
erties of the underlying measurement geometries.

2.2 A first example: The Radon transform

A norm || - || without subscript always denotes the Euclidean norm in R"™,
llz|l = llz|]|l2 = v/ {x, x)2. The Radon transform assigns a function f defined on
R?2, or part of it, to its integrals over all lines. We confine to functions defined
on the unit disk in R2. More explicitly, let 2% = B1(0) = {z € R? : ||z|| < 1}
be the open unit disk in R? and Z = [0, 7] x [-1,1]. A line L intersecting {22
is determined by the polar angle ¢ € [0, 7] of its normal and its distance from
the origin s € [—1, 1],

L(p,s) = {zx € R* : (z,w(p)) = s}, pe[0,7], se[-1,1].

Here, w(p) = (cos ¢,sinp) " € S = 92?2 is the unit normal vector to L(y, s).
Hence, the vector w(p)t = (—sing,cosy), being perpendicular to w, is
a vector of direction associated to L(ep,s). The situation is emphasized in
figure 2.2.

For f € L?(£2?), the Radon transform is then defined by
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/n(«p)

Fig. 2.2. Parameters of the Radon transform

Ri(es) = [ @@, (2.17)

Since the publication of RADON’s [95] fundamental article, where he also
stated an inversion formula for R, the mathematical properties as well as
the development of inversion schemes for that mapping have been object of
thorough research. The reason is that, amongst other applications, the Radon
transform represents the mathematical model of the two-dimensional com-
puterized tomography (CT). The results of this research can e.g. be found
in NATTERER [80], NATTERER, WUBBELING [84], KAK, SLANEY [51], or
HELGASON [43]. At first we summarize the essential mathematical properties
of R.

By virtue of the mapping (2.17) R is a linear, bounded operator between
L?(0?%) and L?(Z). The corresponding adjoint R* : L?(Z) — L?(£2?) has the

representation
Rig(o) = [ glale). (o.(o) de (218)
0

and integrates a function g over all lines intersecting . That is why R is called
backprojection. The Radon transform is injective and an inversion formula is
given by

f:%R*ARf, feL*02%)), (2.19)

where F Ag(p,0) = |o| Fg(p, o) denotes the Riesz potential and

Fy(p,0) = (2m) 1/ / g, 5) ™17 ds

is the one-dimensional Fourier transform with respect to the variable s.
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We give an outline how to determine reconstruction kernels for R by means
of formula (2.19) and the usage of appropriate invariances due to Theorem
2.6. The kernels are then be used to formulate the method of approximate
inverse from Section 2.1 to solve the inverse problem

Rf=g. (2.20)

Equation (2.20) can be interpreted as the mathematical formulation of the
two-dimensional CT problem: We have to reconstruct the density function f
from measured line integrals g.

Let e € L2(R?) be a function with mean value 1,

/Rze(x)dle.

We generate a mollifier by translating and dialating e,

_ T —
ey (@) = T e(w) =772 7”), nycR.  (221)

It is easily verified that
ili%g’ e’y('a y)>L2(R2) = f(y)

in L?(R?) and hence that e, is a mollifier in the sense of Definition (2.1).
Furthermore 7,7, : L?(R?*) — L2(R?) is linear, continuous and satisfies an
intertwining with the backprojection R*.

Lemma 2.7. Fiz y € R? and define

gl =1 2o L) g e (0. < B).

Then, T, is linear and bounded on L*((0,7) x R) and obeys the invariance
property

T R*=R'T. . (2.22)
Proof. Since TQyﬂf is a composition of linear, bounded operators, the first part
of Lemma 2.7 is obvious. Assertion (2.22) follows from

s

RT3 le) =177 [ o SO ety o

¥
_ 7_20/9@77 (z — y;w(w)>) dy
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With the help of (2.22) we can show how to produce an arbitrary kernel
v (y) associated to e, (-,y) from a single one.

Corollary 2.8. Suppose e € R(R*) and v to be a solution of
R'v=e. (2.23)

Then,
vy(y) = T (2.24)

solves R*v,(y) = e4(-,y), where e, is the mollifier (2.21).

Proof. This corollary is an immediate consequence from (2.22), the injectivity
of R and Theorem 2.6. O

Corollary 2.8 tells us that we only have to solve (2.23). The kernels v, (y)
are then generated by applying 7—21/7 to that solution. Note that (2.23) is
equivalent to the normal equation, since R is injective. A solution v of (2.23)
can be obtained using the inversion formula (2.19). We get

v = iAR@. (2.25)

C2r

To calculate v from (2.25) explicitly we use the Fourier slice theorem. For
f € L*(R?) we have, that

FRf(p,0) = (2m)'"? flow(p)), o€R, pel0n]. (2.26)

On the right-hand side of (2.26) we have used the two-dimensional Fourier
transform

FI(©) = f©)=m™ | f@)et .

Since we do not want to prefer a particular direction when filtering f, we
choose a mollifier e which is radially symmetric, e(x) = e(]|z|]).

Lemma 2.9. Let e € L*(R?) be radially symmetric with [4, e(z)dz = 1.
Then,

v(s) =71 [ 0é(ow(0)) cos(sa)do (2.27)
/

solves (2.23). Particularly, the solution is independent of ¢.
Proof. Using (2.25) and the Fourier slice Theorem (2.26) we get

0(p,0) = (27) P FARe(p,0) = (27) ! |o| FRe(y, 0)
= (2m) ol é(ow(p))-
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Since e is radially symmetric, its Fourier transform é also does not depend on
the direction and we may write é(o w(y¢)) = é(cw(0)). An application of the
inverse Fourier transform finally yields

v(s) = (2m)~* / o] é(ow(0))e*7 do

=7 [ oélow cos(so)do.
- / (6.(0)) cos(s0) d

O

Ezample 2.10. a) The Gaussian (2.4) is radially symmetric with mean value
equal to 1. Taking into account eg (o) = (27) ! exp(—o0?/2), the correspond-
ing reconstruction kernel (for n; = 2) computes as

1 oo
va(s) = ﬁ/(f exp(—0?/2) cos(so)do
0

1 70 I
= 2—/6— exp(— /2)) cos(so)do.
0

Applying formulae (7.4.7) and (7.1.3) from ABRAMOWITZ, STEGUN [2] we
obtain

va(s) = 212 (1 —|—1\/§s exp(—s2/2) erf(is/ﬁ)), (2.28)

where erf(t) = (2/+/7) fo exp(—22) dz denotes the error function. Just as eq
the reconstruction kernel vg does not have a compact support.

b) The function (2.5) represents a radially symmetric mollifier with com-
pact support but without the smoothness of the Gaussian. Let n; = 2, and
v € N. Then, e reads

e’(x) =

v+ 1 [ =]lzl?)”, llzl <1,
{ o (2.29)

™ lz]] > 1.

The factor (v + 1)/7 was chosen such that [ e”(z)dz = 1. The smoothness
of e” increases with v, we have e¥ € Hg(2?) Whenever a<v+1/2. We are
interested in the reconstruction kernel v associated with e”. Using spherical
coordinates we compute

e’ (ow(0)) =

1 / 2\v
O/T(l — 1) Jo(ro)dr, (2.30)

where
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2\ F —1)k z\2k
1) =(3) 2 w(ﬁ)k“) (3) (2:31)

is the Bessel function of first kind and order p and I denotes Fulers gamma
function. Putting the series expansion (2.31) into (2.30) and switching the
order of summation and integration leads to

) vl ! [e) 02k
e’(ow(0)) = % kZ:O(_l)k AFEIT (v + k + 2)
_ 2+ ot I, (o). (2:32)

™

We use again (2.27) together with formula (6.699.2) from GRADSHTEYN,
RIzHIK [32] to find the representation

2Y 1)! T
vY(s) = (VTH /a_” Jui1(0) cos(so)do

0 (2.33)
1 { 2(v +1)2F1(1,-151/2;5%), |s| <1,

C2m? | —s2,F(1,3/2v + 2:572), |s| > 1.

Here, oIy means the hypergeometric function. Note that the kernel v” does
not have a compact support whereas e” has one, namely 22, see (2.29). The
reason is the Riesz potential A which occurs in (2.25) and is a non-local
operator. Certainly the smoothness of v grows with v just as it does for the
mollifier e”. Figure 2.3 illustrates the reconstruction kernels vg as well as v¥
for different values of v.

Fig. 2.3. Plot of the reconstruction kernels ve (left picture) and v” for v = 2,3,4
(right picture)

Assume e to be a mollifier and v the corresponding reconstruction kernel,
that is R*v = e, then the method of approximate inverse to solving (2.20) for
given measured data g € L?(Z) reads
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R,g(y) = <97721,/7U>L2(z)
(2.34)
T 1

=y [ [ g(p,8)v o, )Y g g
| [ oo )

Y
0

according to Corollary 2.8. A discretization of (2.34) by applying a trapezoidal
sum leads to the method of filtered backprojection, the most common algorithm
in computerized tomography, see e.g. NATTERER [80]. The term ‘filtered back-
projection’ is explained by the fact that the inner integration in (2.34) can
be seen as a filtering of the measured data g followed by the backprojection,
that is the summation over all lines intersecting the reconstruction point y.
Figure 2.4 shows reconstructions of the well known Shepp-Logan head phan-
tom using the kernels vg and v¥ for v = 6. We see that the Gaussian
has a large smoothing effect making the boundaries of the ellipses a little
fuzzy, whereas the mollifier €% yields an image with contoures which are
pretty visible.

One might argue that the application of the approximate inverse to the
Radon inversion does not yield a novel solution scheme for this inverse prob-
lem. But the convergence and stability analysis in Section 3.2 allows for error
estimates with requirements for the solution f which are significantly weaker
then previous ones. Furthermore we did not have any a priori constraints to a
coupling of the discretization step size in s and the regularization parameter
v as it is the case for the widely used Shepp-Logan filter, see SHEPP, LOGAN
[117] and NATTERER [80].

Remark 2.11. If U,/Y\(y) solves R*vﬁy\(y) = Aey(-,y), then we have

<Af7 67("y)>L2(R2) = <Rf7 U§\>

because of the symmetry of A. Thus, we get a smoothed version of Af when
using Uﬁy\(y) as kernel for the approximate inverse. Since the A-operator pre-
serves the singular support of f, computing A f emphasizes singularities such
as edges and jumps of f. This sort of tomography is called lambda tomogra-
phy. Standard references for lambda and local tomography are VAINBERG AND
FANGOIS [127], FARIDANI ET AL. [29, 27], and RASHID-FARROKHI ET AL. [97].
The application of the method of approximate inverse to lambda tomography
is outlined in RIEDER, DIETZ AND SCHUSTER [100].
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Fig. 2.4. Reconstruction of the Shepp-Logan head phantom using the Gaussian eq
as mollifier (top left) and e° (bottom left). To the right corresponding cross sections
are displayed.

‘Courtesy of Prof. Dr. A. Rieder, University Karlsruhe, 76123 Karlsruhe, Germany.
The pictures are taken from his article On filter design principles in 2D computerized
tomography, in Radon Transforms and Tomography, E. Q. et al., ed., vol. 278 of Con-
temporary Mathematics, AMS Publications, 2001, pp. 207-226. Copyright (©2001
American Mathematical Society Publications. Reproduced with permission’.
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Approximate inverse in Hilbert spaces

We go one step further and focus at linear and bounded operators
A: XY

between real or complex Hilbert spaces X and Y.

The method of continuous approximate inverse introduced in Chapter 2
is not close to reality with respect to two points. On the one hand, in practi-
cal situations we only have a finite number of data available rather than a
function g. On the other hand, we evaluate the inner products (g, v, (y)) for
finitely many points y € 27 only and not in the whole of £2;. This predicament
suggests to consider the semi-discrete equation

Anf=gn

instead of Af = g. Here, g, € K", K = R, C, is the vector containing the n
measurement data and A,, emerges from A by a discretization to be specified.
Once we have stated the concept of a mollifier in an arbitrary Hilbert space
and have a bunch of mollifers {e;}% ; C X at hand, our aim is to approximate
moments
(f,ei)x, 1=1,...,d

in a way similar to (2.2) using the finite set of data g,, only. Using the mo-
ments (f, e;) x we approximate f by an interpolation operator and show strong
convergence in X.

Thus the idea of this chapter is not only the generalization of the approx-
imate inverse to Hilbert spaces but also to establish a framework well suited
to address real world problems.

3.1 Semi-discrete operator equations

Let K be the field of real or complex numbers, respectively. As mentioned
we can not expect to have all data g € Y available. Moreover, we model the
measurement process by a so-called observation operator
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v,:Y —-K" (3.1)

and assume that data g, = ¥,g € K" are given. The observation opera-
tor contains all details about the measurement device like the measurement
geometry and the particular discretization. Further we suppose ¥,, to be con-
tinuous, e.g. we may consider g, as a finite number of moments of g which
are measured. The task is then to find an element f € X satisfying

where A,, = ¥,, A. Since problem (3.2) is underdetermined, the minimum-
norm solution fi = Al g,, that is the unique solution of

AZ A.f= A:gn (3.3)

in N(A,,)*, is the best we can hope for. Since dimR(A,) < co and hence
closed, Al g, is well defined for all g, € K". Applying the method of approx-
imate inverse we actually compute moments (fT, e, (-,y)) of the generalized
inverse with a mollifier as can be seen from equation (2.9). Thus, we might
calculate moments

(fl,eib(, ’iZl,...,d (34)

of the minimum-norm solution f! with mollifiers e;, i = 1,...,d, if we want
to extend the method to solve problems like (3.2). In case that X = L?({2)
such a set of mollifiers {e;} is e.g. given by e;(z) = v 2 e((z — y;)/7), where
e is a radial symmetric function having mean value 1 and y;, i = 1,....,d
represent the reconstruction points in 2. In that situation the moments (3.4)
approximate the values f(y;) for finitely many ;.

At first, we have to define what we mean by a mollifier in an arbitrary
Hilbert space. The aim is to use an interpolation operator to approximate f;f
with the help of the computed moments (3.4). More explicitly, given (f1,e;)x
fori=1,...,d, compute

d

Eafh = (fl,e)xbi, (35)

=1

where {b;}%_; is a family in X associated to {e;}&; and is specified later. The
mapping Ey : X — X assigns values (f!, e;)x, which are obtained applying
the method of approximate inverse, to elements of X and we want that the
convergence

lim [|[Eaff — flllx =0
d—oo

holds true. To this end we postulate the family {b;}¢; to satisfy

d d

C

7 E o < H E a; b
=1 =1

2 _C& J
XSE;W’ aeKk?, (3.6)
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where C' > ¢ > 0 are two constants which are independent of d. A system {b;},
for which (3.6) is valid, is called Riesz system. The estimates (3.6) imply that
the b; are linearly independent. All that gives rise to the following definition.

Definition 3.1. Let {e;}%_ | be a subset of X and {b;}%_, be a Riesz system
in X. We say that Eq : X — X with

d
Eaf = (f.e)x bi (3.7)
=1

has the mollifier property, if
Jim [[Eaf = fllx =0, feX (3.8)
is satisfied.

Note that the convergence property (3.8) implies that the families {e;}
und {b;} are related to each other. The reader might be interested whether
systems fulfilling (3.8) do exist. Hence, we continue by presenting a family
{e;}4_, which has the mollifier property.

Ezample 3.2. Suppose 2™ = {& € R™ : ||z|| < 1} is the open unit disc in R™,
X = L2(2™) and e to be a radially symmetric function with compact support
and mean value equal to 1. Such a function is e.g. given by (2.29). For d € N
we define a sequence {eq;}iczm in L2(R™) by eq(z) = d™ e(dx — i) where
d > 2 and i € Z™. If e has the support 2™ = B;(0)!, then ey ; is supported
in By-1(d—11). The reconstruction points y; are then equal to d~1i.

Next we have to fix a Riesz system {Bg;}. Let for ¢ € R the linear B-spline

be given by
BERYCIRD Bl U PR [y
b(t) =10 { 0, [t >1
and set bq (t) =b(dt — k) for k=1,...,d—1 and
bd,o(t) = X[O,d—l](t) b(d t) und bd7d(t) = X[1—d-1,1] (t) b(dt — d) ,

where x;(t) always denotes the characteristic function of an interval I. Let
further B=b®b®...R0b be the m-fold tensor product of the B-spline b and
B i(z) = B(dx — i). We define a mapping E((im) : LA(R™) — L?(R™) by

EY™ f(x) = Z (fsed,i)r2@®m) Ba,i() - (3.9)

1EL™

Note that, since e is compactly supported, we have (f,eq,;)r2®m) 7 0 only for
finitely many ¢ € Z™. Using [e(z)dz =1and [zje(z)dz=0,j=1,...,m,
which follows from the radial symmetry of e, we deduce that

! Br(z) always denotes the open ball {z € R™ : ||z — z|| < R}.
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EyVp(x) =p(z), zeR™ (3.10)

where p is a polynomial in m variables with degree less than or equal to 1.
Thus, the mapping El(jm) reproduces polynomials of degree 1. This is essential

to prove the mollifier property of Eém).
The key idea to prove (3.8) is to use an argument from BRAMBLE, HILBERT

[11]. To do so we need the local boundedness of E((im) in addition to the
conservation property (3.10). Let O = (0,1)™ be the n-dimensional unit cube
and Oy, = d~" (O+7) be a translated and dilated version of it. If we denote
Fr={i € Z™ :supp B(-—i)N0;,}, then F, is finite because of the compact
support of B and we obtain

||Ec(zm)f||2L2(de) = Z (fredr) 2@, (fredi)r2@a,) Kr.i
ki€F,

< Z (s ean) 2o P IIK]2 (3.11)

keF,

where the real and symmetric matrix K of dimension |F,| is given by

Kk,i:dfm/ B(x — k) B(x —1)dx
O

1,7

m ri+1
:d*mH/ b(z; — kj) bz — i) da; .
j=1""3

Here, we used the tensor product structure of B. We proceed by estimating
the spectral norm |||z of K. Because K is symmetric, |||z is equal to the
eigenvalue with greatest absolute value. Gershgorin’s theorem says that all
eigenvalues of a matrix A of dimension n are contained in the set

n

U{<e<c:|<—Au|s§"j|Am|},

=1
k£l

see e.g. HANKE-BOURGEOIS [42, Theorem 23.1]. Since |y ;| is bounded by a
multiple of d=™, Gershgorin’s theorem implies that

IK]l2 < Cpd™™.

This together with Hed,;gH%z(Rm) < Cod™ and (3.11) leads to the estimate

IES™ FI22 0, < Cod™™ > £ supp e e
keF,

< Cp Cel|fll72(s,,) (3.12)

‘2
L2(R™)
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where Sy, = ;e F, Supp €4,k Since Eflm) reproduces polynomials of degree

1 we have for p € IT7*2
IES™ f = fllee@any < If = pllzz@a,) + 1ES 0 = Hli@.,)
<A+ CH2CI) N = pllra(sa,) -

and since p was arbitrary we finally get

1B f = fllrean S e b 1 = pllzesa,

Hence, the error ||E¢(im)f — fllz2@,.,) can be estimated by the approximation
power of polynomials of degree 1. Jackson’s theorem characterizes how well a
function can be approximated by polynomials of fixed degree. It can be found
in SCHUMAKER [108, Theorem 3.12]. An application of that theorem yields

pieflllfT If = pllrzes,,) < cwalfid™ 12,

where w, (f;d 1) denotes the ath modulus of smoothness of f in L?(Sg..).
The moduli of smoothness are described in detail in Section 2.8 in the book
of Schumaker [108]. There, one also finds the estimate

walfit)2 <t flae(s,.,)

which finally gives
|ES™ f - flzz@a,) < cd | flaa(s.,) 0<a<2.
Here, | - [fa(s,,) denotes the H*-seminorm on Sg,. We conclude
IES™ f — Fllzegmy < cd™ ™2 | ] g gm)

and obtain for f € H§(£2™) C H*(R™)

1BG™ f = fllizcamy < IBG S = flliz@ny < ed ™2 | flgaom) . (3.13)
Since H§ (2™) is dense in L?(£2™) the mollifier property

Tim [|ES™f = flliaam =0, fe L2 Q™). (3.14)

is verified. 0

2 By II" we always denote the multivariate polynomials in m variables with degree
less than or equal to k.
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We have seen that for X = L?(02™) systems {e;}, {b;} which validate
the convergence (3.8) actually do exist. Suppose we have approximations for
(fl e;)x — in a way to be specified later — then the mollifier property yields
Equft — fl as d — occ.

So far, we did not specify how we obtain approximations to (f;, e;)x. To
this end we introduce, analogously to the L?-case in Chapter 2, reconstruction
kernels v which are to minimize the defect |A%w — e;|| x. In other words v}
solves the normal equation

A, AN = Aye;, i=1,....,m. (3.15)
We have an analogue to (2.9) in this semi-discrete setting too.

Lemma 3.3. If A,, € L(X,K") and either g € R(A) or v the unique solu-
tion of (3.15) in R(A,,), then

(fl e x = (gn, v/ kn | (3.16)
where g, = ¥,g.

Proof. From Lemma 1.2 we have Ajv;' = Py(a, )€ leading to

(fl ey x = (f1, Puianyr€i)x = (Anfl vl re = (Pran)dns U )kn -

If g € R(A), then g, = ¥,g = U, Au for v € X and we immediately
obtain Pr(a,)gn = gn- If, on the other hand, vi' € R(A,), then obviously
Pr(a,) v’ = vj’. In both cases (3.16) is verified. O

Equation (3.16) motivates the following definition for the approximate
inverse in the semi-discrete setting for Hilbert spaces.

Definition 3.4. Assume A, : X — K" to be linear and bounded. Let
{e;} € X, {b;} C X be systems satisfying the mollifier property (3.8). Fur-
ther let vl € K™, i =1,...,d be solutions of the normal equations (3.15). The
mapping And K™ — X defined as

d
Kndw = Z(w, vl gn b; (3.17)
i=1

is called (semi-discrete) approximate inverse of A, .

Because of (3.8) and (3.16) we have the convergence
Kn’d A.f=Euft — fl = Pnayrf asd—oo. (3.18)

So far, we translated the concepts established in Chapter 2 to the semi-
discrete setting in arbitrary Hilbert spaces. The computation of the recon-
struction kernels however bears two crucial difficulties:
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1.) The matrix A,, A’ is not sparse and has a large dimension correspond-
ing to the number of data n. This number grows tremendously, if we consider
higher-dimensional problems. Since we furthermore handle the discretization
of an inverse problem we must expect that A,, A is ill-conditioned leading to
unstable solutions even when the right-hand side in (3.15) is not contaminated
by noise. In that case one might use iterative solvers yielding an approximate
solution only.

2.) Even worse is the situation where A, : D(A,) C X — K" is un-
bounded. This situation e.g. appears when A = R is the Radon transform
and ¥, are point evaluations in (pk,s;) € ([0,7] x [-1,1]) = Z. RIEDER,
SCHUSTER [101, Appendix A] proved that

R : HS(2?) — HTY2(7) (3.19)

is continuous for a > 0. Note that in (3.19) the smoothing by the factor 1/2
is to be understood with respect to both variables ¢ and s and thus differs
from known results in NATTERER [81, Chap. II, Theorem 5.3], LOUIS AND
NATTERER [73] or HAHN AND QUINTO [36]. Hence, the domain D(R,,) of R,,
is given by D(R,,) = D(¥,, R) = H§(2?) for o > 1/2. In RIEDER, SCHUSTER
[102, Theorem 5.1] the authors construct sequences of functions {fi}ren in
H§(£2?), a > 1/2, satisfying || fellr2(02) < 1 but [|Ry, fr||rr — 00 as k — oc.
This proves that D(R},) = {0} and hence that the adjoint R}, does not exist.
Examples where A, is bounded on X are integral operators with sufficiently
smooth kernels.

To include also unbounded A, like the semi-discrete Radon transform
R, to the concept of approximate inverse, we assume that there exist Banach
spaces X1, Y7 with continuous and dense embeddings X; — X and Y; — Y
such that

A : X1 — Y1

is bounded. In case A = R, due to the considerations made before, such
Banach spaces are X = H§(£22), Y1 € H*t'/2(Z). The observation operator
U, Y7 — K" is assumed to be given as

(\Ilnv)k = <wn,k>v>Y1*><Y1 y k=1,...,n,

where ¥, € Y|, k = 1,...,n, are linear and bounded functionals on Y7,
Y7* is the topological dual of Y7 and (-, -)y+xy; denotes the dual pairing for
Yy x Y1t Obviously D(A,) = X; and A, : X; — K" is linear. If A,, is
bounded, then X; = X also topologically and the reconstruction kernels v}’
are well defined as solutions from (3.15). If A,, is unbounded, then A does

3 For unbounded A, we have that D(A}) = {v € K" : f —
(A, f,v)kn is continuous on D(A,)}, see e.g. RUDIN [105, Chapter 13].

4 The topological dual Y* of a Banach space Y consists of all linear and bounded
functionals y* : Y — K. The dual pairing is given by y*(y) =: (y*,y)y*xy for
yey.
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not even need to exist as in case of the Radon transform. In this situation,
the reconstruction kernels are not meaningfully defined by (3.15).

If A, : X; — K" is unbounded, we suggest the following procedure. Let
€, >0,2=1,...,d, be given. Then there exist v; in Y; with

H’PN(A)Lei—A*Ui”X SGi, 1= 1,...,d (320)

because Y is dense in Y. Such ‘continuous’ kernels can be computed by means
of the singular value decomposition of A or an inversion formula as outlined
in Section 2.1. If A is injective, then we can even postulate ¢; = 0 as we have
seen in Section 2.2. As a replacement for the non-existing discrete kernels
vi* we essentially take the vectors which arise when applying the observation
operator ¥,, to v;. More explicitly,

U?:Gnqlnvh i=1,...,d. (321)

Here, G,, € K™*™ is the Gramian matriz of a Riesz system {¢x}?_; C Y which
is connected with ¥,, and will define an interpolation operator II,, : Y7 — Y.
The Gramian matrix G,, then is given as

(Gn)ig = (Pr 1)y 1<k I<n.

We will specify the connection of the family {¢r} with ¥,, as well as the
interpolation operator II,, in Section 3.2. Note, that the application of ¥,, to
v; is well defined because of v; € Y;. The kernels (3.21) can then be used to

formulate the method of approximate inverse A,, 4 according to (3.17).

3.2 Convergence and stability

The question arises to what extent the convergence (3.18) is satisfied and, if
it does not longer hold true, which additional constraints we have to include
that it is still valid. Furthermore by now we did not take into consideration
the influence of measurement errors in the data g,. All that is subject of this
section.

As mentioned, we aim to generate kernels with the help of the observation
operator ¥,, by (3.21) and use them as replacements to define the semi-discrete
approximate inverse Kn,d by (3.17). In view of convergence results it is nec-
essary to assign the discrete values ¥,v; to an element of Y. This is done
by means of an interpolation operator II,, : Y7 — Y, which has to obey two
fundamental conditions: one is a boundedness, the other an approximation
condition. To this end let {¢;}7_; C Y be a Riesz system in Y. The mapping
II, : Y7 — Y is defined by

n n

Moo =Y (Vo) dk = Y (Ynk 0)vpxvy Bk, 0 E VL. (3.22)

k=1 k=1
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Just as in the case of the mollifier operator Eq4, the choice of {¢x}}_; is not
arbitrary, either. Moreover the family {¢y}7_; has to be such that the two
mentioned conditions are satisfied which we will specify now.

On the one hand II,, has to fulfill an approximation property. Assume
{pn}n C[0,1] to be a monotonically decreasing sequence tending to zero such
that

I, v —vlly < Crpnllvlly;, veEYr,n— 0 (3.23)

with Cpy > 0 independent from n.
On the other hand we postulate uniform boundedness from II,,

I, v,y < Ch for n — oo, (3.24)

where the constant C;, > 0 does not depend on n either.

Postulating the conditions (3.23) and (3.24), it is clear that the choice of
the system {¢} depends on the observation operator ¥,,. Imagine that ¥,
represents point evaluations of a function, then II,, in fact is an interpolation
operator.

If we denote by G,, € K" the Gramian matriz with respect to {¢y}, i.e.

(Gn)kg = (dk, d1)y, then
(W, Gy Upw)gn = (v, yw)y,  v,we Y. (3.25)

Equation (3.25) provides an important relation between II,, and ¥,. Note
that the matrix G,, also appears in the Definition (3.21) of the replacement
kernels v].

Lemma 3.5. There exists a constant ¢ > 0 which does not depend on n such
that the estimate

(v, w)y = (I, Lyw)y| < cpnvlly; lwlly,  v,weN (3.26)
is valid for n — oco.

Proof. Using the approximation property (3.23), the boundedness (3.24) and
the triangle inequality we obtain

|<an>Y - <Hn7}; Hnw>Y| < |<U —,v, w>Y| + |<Hn'U7w - Hnw>Y|
< CnCyy; pul[vllvi [wllyy + Cr Co pu [[v]ly; [[w]lys

where Cy,y, is the norm of the continuous embedding Y; — VY,

sup |lylly = Cvy, -
[lylly, =1

The assertion follows then with ¢ := Cr (Cy,y, + Cb). O

We have all ingredients together to formulate the convergence statement
for Ay, 4.
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Theorem 3.6. Let the mappings A, E4, ¥, and I1,, be given as in sections
3.1 and 3.2. Further assume that the triples

{(eivviabi)}gzl C X x Y1 x X

satisfy (3.8), (3.20) and that Awd is defined by (3.17) where v} = Gy, Uy,
i=1,...,d. If f € X1, then there exists a constant C > 0 which does not
depend on d and n, such that

A Anf = Puaye flix < (I — Eq) Pucay- fllx (3.27)
d
1 1/2
+C (52202 il +€0)) 1l
i=1

If further d™'3°% €2 — 0 for d — oo and p2d~* Z?:l vill§, — 0 as

i=1"1
n,d — oo, then we have convergence

lim [|AyqAnf — Pyaye fllx =0, feX:.

d— oo

Proof. By means of the triangle inequality we estimate
[ An.a Anf~Priare flix S IN(T—Ea) Pucay- fllx+11Ea Pucays f—Ana Anfllx-
Using the identity

(Pnays frei)x = (f, Puayrei)x = (f, Pnayrei — AMvi) x + (Af,vi)x
and applying (3.20) and (3.26) yields

|EaPriay: f — Ana Anflk
2

= H é (<PN(A)Lf, ei)x — (Anf,Gn \Pn’U»L'>]Kn) b; N

IN
IS

d
Z (Pniaye frei)x — (U Af,Gn Wu)gn |
=1

{I{f, Pucayrei — A*vi) x> + [(Af,vi)y — (I, Af,TL,v:)y [}

IN
ISHIS
.M&

=1

a

4
< 2 AL I+ 2 2 IAT I, il )
i=1
d
4
<5 S {Chx, &+ 02 AR il A
i=1

where C'x_x, > 0 is the norm of the continuous embedding X; — X. Setting
C:=max{2Cx x,,2¢c||Alx,-y, } with ¢ from (3.26) completes the proof. O
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Theorem 3.6 shows that convergence of the semi-discrete approximate in-
verse of A, to the part of f being perpendicular to the null space of A ac-
tually is possible, if we only have a suitable coupling of p,, and €;. Though in
Theorem 3.6 we let n — oo and d — oo separately, we will have an appro-
priate intertwining of d and n in concrete situations such that the conditions
of the theorem are satisfied. We will demonstrate this procedure explicitly in
case of Doppler tomography in Part IT of the book.

If A is not injective then an unavoidable reconstruction error occurs.

Corollary 3.7. Adopt all assumptions made in Theorem 3.6. Then,

lim [|AnqAnf — fllx = Pnayfllx -

d—oo

Proof. The assertion follows from Theorem 3.6 using the estimate
| A Anf = fllx < [ AnaAnf = Puays fllx + 1 = Pueay fllx
and the fact that || f — Pneaye fllx = [[Pnca)fllx- O

Corollary 3.7 states that An,d A, f in fact converges to f if A is injec-
tive. The part of f being in the null space N(A) of A is invisible for the
measurement process and cannot be recovered.

We have demonstrated in Section 2.1 how we obtain reconstruction kernels
v; by means of an inversion formula in case of injective operators. We then
even may choose ¢; = 0, ¢ = 1,...,d. An approximation to v; according to
(3.20) can also be obtained with the help of the SVD, if A is compact, see
Section 2.2. This is important, if A is not injective or an inversion formula
not at hand. If we cut off the series (2.14a) after M; < oo steps, then we get
an approximation

M;
viag, = Yoy e o) x uk,  i=1,....d, (3.28)
k=0

where {(og, vk, ur) tren, denotes the singular value decomposition of a com-
pact operator A : X — Y. We easily see, that

Am [A*vi, v, — Prnayreillx =0,
whence (3.20) is satisfied for sufficiently large M;. We formulate Theorem 3.6
for the special case that v; is given by (3.28). We omit the proof which can
be found in RIEDER, SCHUSTER [101, Theorem 3.12.].

Theorem 3.8. Let A : X — Y be compact with SVD {(0k, vk, )} ken, -
Further suppose the existence of constants 0 < A\ < Ay < 00 and p > 0 such
that

ME+FD) <o <Aa(B+1)7* as k — oo (3.29)
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from Theorem 3.6 let e; € D((A* A)~%) = R((A* A)*).
Ifa>(1+0)/2+1/(4u) and M; > cpn ) for a constant ¢ > 0 which
does not depend on n, then there exists a C' > 0 with

and let ||ug|ly, < HO'k_ﬁ for some k > 0, 8 > 0. In addition to the requirements

[AnaAnf —Puaye fllx < |If — Eafllx

1 d * —« 2 1/2
+Cpn (g 2o lAr Ay el%) Il
i=1

In Theorem 3.8 the norms ||v;]]y, are explicitly expressed by
[(A"A)eillx .

Note that (3.29) implies a polynomial decrease of the singular values. Hence,
severely ill-posed operators A, that means operators with exponentially de-
creasing singular values, are excluded by the assumptions in Theorem 3.8.

In Theorem 2.6 we investigated how far invariance properties of the un-
derlying operator A can be used to accelerate the computation of recon-
struction kernels and hence to make the whole algorithm more efficient.
The questions arises, whether this property is transfered to the condition
[A*v; — Pneayreillx < €. Is it sufficient to determine only one single kernel
which satisfies (3.20) to generate the remaining kernels? The answer is ‘yes’, if
we restrict the invariances to be multiples of an isometry. Moreover, we need
an intertwining with respect to A* only.

Lemma 3.9. Let A : X - Y, T: X - X and S:Y — Y be linear and
bounded satisfying T A* = A* S. Further assume that S has dense range and
that T is the multiple of an isometry, that means the existence of a T > 0 with
[Tullx =7 |lullx forue X. If |[A*v —Pyayrellx <eforee X, veY and
€ >0, then

||A* Sv — ,PN(A)L T6||X <TeE.

Proof. We only have to show that Pyayr T' =T Py(a)+ - Once this is proved,
the assertion follows from

[A" Sv = Pyeayr Tellx = [|T (Pyayre — Av)[x < Te.

First we prove the inclusions TN(A)Lt C N(A)L and TN(A) C N(A). Let
w € N(A)L = R(A*). Then, there exists a sequence {z;} in Y with w =
limg_. oo A*zg. Using the invariance property we get A* Sz = T A*z; and
hence limy_,o, A* Sz, = Tw. As a consequence we obtain Tw € R(A*) =
N(A)+ which is the first inclusion. Since T'/7 is an isometry, we have T* T =
72 Ix. Using that identity and T'A* = A* S leads to S* AT = 72 A. Because

of R(S) =Y, we furthermore have N(S*) = {0}. If u € N(A), then by means
of all considerations made before we may deduce that 0 = 72 Au = S* ATu
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whence A Tu = 0 follows. This corresponds to the second inclusion.
Finally for z € X we may summarize, that

PN(A)L Tr = PN(A)J_ T'PN(A)LL‘ + PN(A)L TPN(A)J_.’L' = T'PN(A)J_CL',
which completes the proof. ]

Up to this moment, we only took measured data g, = A, f into con-
sideration which are free of noise. What happens, if we only have a noise
contaminated set of data g;! available? In fact, this is a more realistic assump-
tion than to have exact data. Thus, it remains to investigate the stability of
the method. To prove that A, 4 actually is a regularization method in the
sense of Definition 1.3, we have to show the existence of a parameter choice
rule for d such that the reconstruction error tends to zero with n — 0.

We specify the mathematical setup by modelling the noise in the data
as a perturbation of the observation operator W,. This is motivated by the
fact that the perturbation of the data are mainly caused by the measurement
device. To this end let for > 0 the operator ¥] : Yy — K" be defined as

(Phw)p = (Ppw)k + i lwlly,, me<n, k=1,...,n, (3.30)

what implies n=Y/2||(®1 — W, )w|2/|w|y, < 1. We outline that A, 4 has
a regularizing effect using an appropriate coupling of d and the number of
data n. Note that setting (3.30) yields that the relative noise level is bounded
by 7, but we did not specify the particular kind of noise.

Theorem 3.10. Beyond the assumptions made in Theorem 3.6 we require
that the triples
{(e,vi, b))}, C X x V1 x X

allow for a coupling of d and n such that d = d,, — oo for n — oo and

d'I‘L
lim pZd," > |vill3, =0

18 valid as well as
d

' L,
nlir&dn Zei =0.
i=1
If furthermore n = n, in such a way that n, — oo and n/p,, = O(1) for
n — 0, then

lin% sup {”Ann,dn w—PynayL fllx cw=V7 Af, Ul satisfies (3.30)} =0
n— n n n

forall f € X;.
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Proof. We denote by g, = U, Af a set of exact data and by ¢ = ¥’ Af a
set of noisy data according to (3.30). Since the family {b;} is a Riesz system
we can use the second inequality in (3.6) to get

- d 1/2
Bt (g Dl < O (SN0~ 02) AL G i) )

i=1

d
=Cd'? (Z (G2 (B, — U)) Af, G,/ mnvimn\?)m.

=1

Since {¢x} is a Riesz system too, we can estimate the spectral norm of the
Gramian matrix G,, by means of (3.6) as

1Gnllz < &/n

for some constant x > 0.
Together with (3.24), (3.25), (3.30) and the continuity of A : X; — V3
both estimates lead us to

1A (gn — gD)llx < Cd™Y2|(Tn — UD) Af|xn |GE?]l2

d 1/2
X (Z G2 \Ilnvi||%@>
=1

d 1/2
< Cd 2| Al Vrfn (Y )
i=1

7

Using the convergence estimate (3.27) we finally obtain

d

VECC, 1 1/2

< ALy I (5 il)
=1

”An,dgz - PN(A)if”X < ”An,d(ng —gn)llx + ”An,dgn - PN(A)LJCHX

i Tn, a \V2 1R )\ 12
<IN = B) Pucays Flx+ [+ p0) (23 I0ili) + (5 32€F) ] fIx,
=1 3

with a suitable constant ¢ > 0. The proof is finished replacing n by n, and d
by dp,,. ]

In Part IT of the book, we consider the problem of vector field tomography
as a specific application and demonstrate the existence of sequences n, and
dy,, satisfying the assumptions of Theorem 3.10.
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Approximate inverse in distribution spaces

There exist inverse problems which can no longer be represented by an
operator equation neither on Hilbert nor on Banach spaces. This situation
appears, if an integral operator does not assign smooth functions to smooth
functions again or if the elements contained in the range are not integrable.
An example for such an operator is given by the spherical Radon transform,
when the center set is a hyperplane. In contrast to the classical Radon trans-
form, the spherical Radon transform — which is also known as the spherical
mean operator — maps a function to its integrals over spheres. It serves as a
mathematical model for problems in SAR and SONAR and hence is of great
practical relevance. Even if the function f is rapidly decreasing, the spherical
means M f are not even integrable. The mathematical properties of M are
outlined in detail in Part III.
Thus, there is motivation to investigate equations

AV W

and their regularizations thoroughly, where V/ and W' are dual spaces of cer-
tain function spaces. Concrete regularization methods for mappings between
distribution spaces are barely found in literature. This chapter aims to extend
the method of approximate inverse to such mappings. To do so, we have to
give a new definition of what we mean by a mollifier in a distributional sense
and this definition plays a key role in our investigations. We will state such a
definition which turns out to be a weakening compared to its introduction in
Definition 2.1. We show that the method of approximate inverse has all advan-
tages we know from the Hilbert space setting: The reconstruction kernels can
be precomputed independently of the measurement process and hence are not
affected by any noise in the measured data, and invariances of the underlying
operator A can be used to increase the efficiency of the method.

Certainly, we would like to transfer the convergence and stability analy-
sis made in Chapter 3 to the distributional case. But then we run into the
difficulty that the important term of a Riesz basis cannot be translated to
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distribution spaces meaningfully. Nevertheless, we will give a brief sketch on
how to deal with semi-discrete problems.

In this chapter we do not adapt the theory to Sobolev spaces of negative
order which also contain distributions. The reason is that there are integral
operators, as e.g. M, which can not be formulated as continuous mappings
between Sobolev spaces of negative order.

4.1 Mollifier and reconstruction kernels in dual spaces
of smooth functions

At first, we specify the function spaces V and W. Let £ C K™ und (25 C K"z
be open domains and K the field of real or complex numbers. Assume V C
C>(§21), W C C*(f22) to be subspaces of smooth functions, which are closed
with respect to their topology. As examples, one can see the space of rapidly
decreasing functions S(R™) or the Schwartz space D(R™) = C§°(R™). Further
suppose that A : V/ — W’ is linear, continuous and injective. With V' W’
we denote the dual spaces associated to V', W, that is the spaces consisting of
all linear functionals V' — K, W — K which are continuous in the topology of
V and W, respectively. We consider the inverse problem to find a distribution
f €V’ which for given g € W’ fulfills

Af=g. (4.1)

If we want to construct a regularization method for (4.1), then we have to take
into account that there do not exist any inner products and orthogonal pro-
jections on V', W'. But the orthogonal projection plays a crucial part when
defining regularization schemes in Hilbert spaces. Since a generalized inverse
of A is not defined, it is not entirely clear what we mean by a regularization
method for operators between distribution spaces. Nevertheless, the introduc-
tion of mollifiers makes perfect sense also in that case. We denote by V"', W
the double duals of V', W; these are the duals of V/, W' if we endow the latter
ones with the weak *-topology.

Definition 4.1. Let v > 0. Assume e, (y) € V" for all y € £21 be given, such
that

M) = N ey(W)vixvr €V forall X eV’ (4.2)
holds true. We call e, a mollifier, if in addition to (4.2) the convergence
lim (A, B)vrcy = (A Blvixy  Jorall BEV (4.3)

is valid. For subspaces Vi C V' and Vo CV we call e, a (Vi, Va)-mollifier, iff
(4.2) is satisfied for all X € Vi and condition (4.3) holds true for all A\ € V3
and 3 € Vs.
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As in Definition 4.1 we always denote dual pairings with (-, )y xy and
(5 hvrxvo.

Hence, if e, is a mollifier in the sense of Definition 4.1 and f € V' a
solution of (4.1), then

f'y(y) = <f7 e'y(y)>V/><V/’7 y e

is a distribution in V', which converges to f with respect to the weak x-
topology given on V’. Since V' C V" also with respect to the topology (see
RUDIN [105, Section 4.5]), we may choose e, in V yielding a smooth ap-
proximation f, for f. For this reason, Definition 4.1 is a meaningful and
straightforward extension of the concept of mollifers to distributions.

In accordance with the approximate inverse in L2?-spaces the approxi-
mations f, will be computed with the help of reconstruction kernels also
in the distributional case. The operator A has a linear, continuous adjoint
A* : W" — V" defined by

(A w, v)yrxy = (W, Av)wrw: , weW”, veV’,

which has a dense range R(A*) in V" because of the injectivity of A. Assuming
ey (y) € R(A*) for all y € {21, then the equation

A'uy(y) =eyy),  yE (4.4)

has a solution v (y) and f,(y) computes as

Ty () = (f, A vy (y))vixve = (g, 0, (¥))wrswr yE .
This motivates the following extension of the method of approximate inverse.

Definition 4.2. Assume A : V' — W' to be linear, continuous and injective
and e~ to be a mollifier according to Definition 4.1. Furthermore let e, (y) €

R(A*) for all y € £21. The mapping :An, : W' — V' defined by

A w(y) = (w, vy ()wixwr,  weW', ye (4.5)
where vy (y) solves (4.4), is called (distributional) approximate inverse of A.

Note that Definition 4.1 implies that 117 is well-defined: For w € W’ we
always have A w € V.

Remark 4.3. The particular choice of e, (y) C V in general does not automat-
ically imply v, (y) € W and hence the reconstruction kernel being smooth (if
it exists at all). Thus, the question arises: When does (4.4) have a solution
contained in W, supposed that the mollifier is in V7 This is likely — but not
guaranteed — if R(A*) NV is dense in V. This is the case, if
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a) the function spaces V and W are reflexive, that means we have V = V"
W = W" also with respect to the topology. In this situation A* : W — V
is linear, continuous with dense range.

b) we have A*(W)CV C V".

We now show that the name approzimate inverse actually is justified
for A,.

Lemma 4.4. If g € R(A), A € L(V',WW') is one-to-one and e,(y) € R(A¥)
for ally € {1, then B

lirr%)Awg:f inV',

y—

where Af = g.

Proof. Since A is one-to-one, g € R(A), there is a unique f with Af = g. The
condition for e, assures that (4.4) is solvable. The convergence finally follows
from (4.5) and the fact that e, is a mollifier in the sense of Definition 4.1. O

Condition e, (y) € R(A*), y € {21, seems to be rather restrictive at first
glance. However, in applications equation (4.4) is to be solved for a finite
number of reconstruction points y; € 27 only. Furthermore we are eager again
to use invariances of A so that (4.4) possibly has to be solved only once. To
do so we have to take into account that in the distributional case we rely upon
invariances for the adjoint A* since a normal equation is no longer available.

Lemma 4.5. Assume that T € L(V"), T, € L(W") are linear and continu-
ous for y € 1 and that there exists a y* € 21 with e, (y) = Te(y*), where
er(y") € R(AY). If

WA =A*T/, y e, (4.6)

then
vy (y) = T vy (")

are reconstruction kernels associated with e (y) whenever v, (y*) satisfies
ATuy(y") = ey(y7) -

Proof. Because of e, (y*) € R(A*) there is a wy, € W with A*w, = e, (y*).
Applying (4.6), we obtain

e(y) =Ty (y") = T A'wy = A" Ty wy,

whence e, (y) € R(A*) for y € £2;. Hence, equation (4.4) is solvable and using
(4.6) again we may deduce that

ey(y) = Tley(y") = T ATvy (y7) = A" Tvy (y") -
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Remark 4.6. We summarize that the distributional approximate inverse (4.5)
has all features which we know from the Hilbert spaces setting: The recon-
struction kernels may be precomputed as solutions of (4.4) and hence are
independent from the noise level in the measurement data. Furthermore in-
variance properties can be used to improve the efficiency of the algorithm. If
we had no such invariances for the spherical Radon transform, then an appli-
cation of this method as inversion scheme for M would not pay because of
the large computation time.

It is still an open question what to do when e, (y) ¢ R(A*). A normal
equation does not exist and would anyway be equivalent to (4.4) in case that
A is injective. SCHOPFER ET AL. [107] formulated a Landweber-type method
to solve operator equations in Banach spaces, but it is unclear how this method
extends to distribution spaces. Since A* has dense range in V", we find to a
finite number of reconstruction points y; € 21,7 =1,...,d, and given bounds
€ >0,i=1,...,d, as well as elements v} € W" satisfying

|<A*Uf/—efy(yi),/\>vuxv/| <€ foral Ae V', i=1,....d. (4.7)

This is an equivalent formulation of (3.20) in the weak *-topology of V". By
now, we do not know how condition (4.7) might be checked in a concrete
application.

We complete this section by comparing the concept of a mollifier given
in Definition 4.1 with that for L?-spaces as stated in Definition 2.1. If
V = L?({1), then V' = V" = V, since L?(§2;) is a Hilbert space. Apply-
ing Definition (4.1) to V we obtain the weak L?-convergence

%il)%<f7,’u>[lz(_ql) = <va>L2(.Ql) for all v € LQ(Ql),

as condition for e, to be a mollifier, where f,(y) = (f,e5(,¥))r2(,)- From
this view Definition 4.1 includes a weakening of the mollifier concept compared
to 2.1 which is due to the weak *-topology defined on V’. This emphasizes
that the idea of a mollifier is always bound to a corresponding topology.

Remark 4.7. Even though we introduced V and W as subspaces of smooth
functions, all the considerations made in this section can be transfered to
other pairings of function spaces and their duals without any difficulties. For
instance such pairings are given by V = C(K), where K C R™ is compact,
with its dual space V' consisting of the regular Borel measures on K, or the
pairing V = LP(£21),1 < p < oo, with V' = L(£2y), p~1+¢~ ! = 1, or Sobolev
spaces V.= H*(f21) and V' = H~*(§21). In all these cases the definitions 4.1
and 4.2 lead to an approximate inverse in the sense of Lemma 4.4, where the
convergence always is to be understood with respect to the weak topology.
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4.2 Dealing with semi-discrete equations

This section is dedicated to establishing a semi-discrete setting similar to
that in Chapter 3. To this end we again introduce an observation operator
U, : W’ — K" representing the measurement process. Let n linear, bounded
functionals ¢, , € W, k=1,...,n be given such that

(\I/n’w)k = <’L/Jn’]€,’w>WN><W/, k= 17...,71. (48)
We seek a distribution f € V' satisfying

where A,, = ¥, A and g, = ¥, g € K" is the given outcome of the measure-
ment process.

If we tried to carry over the concepts for solving semi-discrete operator
equations in Hilbert spaces outlined in Chapter 3 to distribution spaces, we
would have the problem that the fundamental concept of Riesz systems is not
available in those spaces. Nevertheless, we try to establish a theory of dealing
with equations like (4.9) in distribution spaces. The following investigations
are first steps in this direction.

We start by defining a mollifier operator E,; as we did in (3.5). Let d € N
and {e;}&, C V", {v;}%_, C V' be sequences. The mapping Eq: V' — V'

d
Eaf =Y (frei)vixvnvi (4.10)

i=1
has the mollifier property, if

dlim Eif=f inV’' forall feV'. (4.11)

The limit (4.11) is to be understood with respect to the weak x-topology in
V' induced from V, that is

dlggo<Edfvﬁ>V’><V:<fvﬁ>V’><V forall feV', BeV.

Furthermore we assume that e; € R(A*), i = 1,...,d and that hence the
equations
A*Uizei, iZl,...,d (4.12)
have solutions in W".
In accordance to Section 3.1, we postulate a coupling of the observation

operator ¥,, to an interpolation operator II,, : W/ — W'’ which has to satisfy
two requirements. More precisely,

n

w =Y (W ) s Wi,
k=1
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where the sequence {wy}?_; C W' is assumed to be defined for arbitrary
n € N. On the one side, the interpolation II,, is required to obey a boundedness
condition

\(Hnw, Z>W’><W“‘ < Gy \(w, Z>W/><WN| for all w € W/, zeW” (413)
with a constant Cp > 0. On the other side, we postulate the convergence

Jim w —TLw,2)wxwr| =0  foralwe W', zeW". (4.14)
In other words: We have that I —II,, — 0 for n — oo in W’ with respect to
the weak topology induced from W’

The aim is to gain reconstruction kernels v]' € K™ with the help of solu-
tions v; of (4.12) and then to define a semi-discrete approximate inverse. In
Section 3.1 we have done this by means of ¥,,. That was possible since Hilbert
spaces are reflexive and hence the kernels v; were in Y. The mappings ¥, (4.8),
however, are defined on W’ and hence are not suited to generate the discrete
kernels v}". Therefore, we introduce a further operator II/, : W — W". Ass-
ume we have functionals ¢, , in W"'" as well as some elements wj, € W”,
k=1,...,n,n €N, such that

n

! !/ ! 1"
Hnw = E <wn,k7 w>W”’><W” Wi w e W
k=1

satisfies the convergence

lim [(w,z =1 2)w xwr| =0  forallwe W', zeW", (4.15)

n—oo
that means, I — I}, — 0 for n — oo in the weak *-topology of W".

Remark 4.8. We virtually have free choice for the functionals ¢, , : W" — K.
It is only important that there are sequences {w}}7_, € W” for n € N
satisfying the convergence (4.15). A possible choice for {1], ; }}_; is the dual
basis of {¢n x}7_;.

Finally, we denote ¥/ : W"” — K" by
(W) = (W g, w e W
We get the kernels v}* € K™ for the semi-discrete problem (4.9) setting
ol =Gy, Wy, i=1,...,d.

Here, G,, € K™*" is the Gramian matrix with respect to the families {wy},

{wi.},

(Gp)ig = (Wi, W) wrxwr 1<k 1<n.

L With W we denote the dual space of W with respect to the weak *-topology
given in W”.
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Theorem 4.9. Let A : V' — W' be a linear, bounded and one-to-one operator
and let A, = ¥, A for a linear and continuous observation operator ¥,
W' — K"™. We further assume the existence of triples

{(es,vi,vi) Yoy CV'XW" %V’ und {(Wk,zp;’k,wz)}ﬁzl C W' xW" xw"

such that the mappings Eg, 11, and 11, satisfy the conditions (4.11), (4.12),
(4.13), (4.14) and (4.15). Then the (distributional) semi-discrete approximate
inverse A,, 4 : K" — V' given by

d
Z G\IJUZ]KnV,L

has the convergence property

lim lim An dALf=f inV’ (4.16)

d—oo n—oo

forall f eV,
Proof. Let 8 € V. We may estimate
(AnaAnf— 1, Bviv| <WEaf = f,B)vixv] + [(Ana Anf — Eaf, B)vixv] .

Note that the first part on the right-hand side does not depend on n. Taking
into consideration (4.11), it is sufficient to prove

lim [(A ndAnf_Edf76>V’><V| =0

n—oo

for arbitrary, fixed d € N. Since
|<KN,d A.f—Eaf, B>V’><V| (4.17)

d
<Y {IUedvivs = (Anf. Gu Wi {vis By |

we have to show, that

tim {[(f, ea)vvn — (Anf, Go Wyvihea|} =0

n—o0

First, we find that
(AL f,Gp U v)kn = (IL, Af, 1L v wr—wr

is valid. Equation (4.12) yields (f,e;)v:xv» = (Af,vi)w'xw~ which leads
together with (4.13) to

KA f,vi)ywxwr — (I Af I v wexwr |
< (I =) Af,vi)wrsxwr | + [ Af, (I =11, Jvi) wscow |
< I —1Ly) Af,vi)wrswe | + Cy [(Af, (I = 1L, Jvg) wrscw | -

The assertion can then be deduced from the convergence properties (4.14) and
(4.15) of II,, and II/,, respectively. O
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Remark 4.10. The order of limits in (4.16) is essential and must not be
changed. This can be seen from (4.17) and is an important difference com-
pared to the convergence proof of Theorem 3.6. This is the price we have to
pay because there is no analogue to the Riesz property for the systems {v;},

{wi} or {w}}.

To finish this section, we consider a particular situation which is of great
importance for the spherical Radon transform M and easily allows for solving
semi-discrete problems.

Let R(A) C (C(£22) N W) and the observation operator ¥,, be defined via
point evaluations

(Vnw)r = (Wn g, w)ywr s = w(b) weRA), k=1,...,n,

where 0y, € {25, k =1,...,n, are given scanning points. Suppose further that
A satisfies an invariance property as in Lemma 4.5. We choose a mollifier
ey (y*) € R(A*) and assume that the solution v, (y*) of A*v,(y*) = e, (y*)
belongs to C(£22) N W hence is a continuous function. For arbitrary y € (2
we have v, (y) = TYv,(y*) for a certain 7/ € L(W"). The semi-discrete
approximate inverse to solve

v, Af = Anf = gn

for given g, € K" can then be formulated as

An,’ygn (y) = <gnv Qn v, 7—2va (y*)>K" (418)

and emerges from the continuous approximate inverse

Aq9(y) = (9, T/ vy (¥ ) wrxwr s g € R(A), (4.19)

by applying a numerical integration rule, as for example the trapezoidal sum
corresponding to the nodes {6;}. This is possible, since the dual pairing on
the right-hand side of (4.19) is the L%-inner product and the convex hull of
the scanning points {0} is a compact and hence bounded subset of K"2. The
matrix entries of @, € K"*™ are the weights of the applied integration rule.
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Conclusion and perspectives

In this first part of the book, we have introduced the method of approximate
inverse and have shown how it can be used to solve semi-discrete operator
equations in various situations. We have further emphasized the different fea-
tures of the method. Since we have complete freedom in choosing the mollifier,
the approximate inverse represents a flexible tool to solve inverse problems.
Since the reconstruction kernels are computed independently of the measure-
ment process, this method is well suited for large-scale computations.

The mathematical framework of the approximate inverse might offer a
possibility to develop a unified theory for regularization methods. The idea
is to assign each regularization method a mollifer such that the resulting
approximate inverse and the given regularization coincide. A big step in that
direction can be seen in the article Louls [68]. There, filter methods and the
approximate inverse are identified as smoothing the generalized inverse At on
the one hand and as applying the generalized inverse to smoothed data on
the other hand.

A rigorous extension of the convergence and stability analysis of the ap-
proximate inverse for mappings between distribution spaces will further be
subject of future research. First ideas have been presented in Section 4.2.
The application of the method to the spherical means operator is outlined in
Part III. First numerical results are promising.
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A semi-discrete setup for Doppler tomography

In [50] and [120] the authors describe how ultrasound signals and the Doppler
effect can be used to get informations along lines about a velocity field f of
a moving fluid within a region 2 C R3. This region {2 is supposed to be a
bounded domain and represents the object under consideration. We give a
brief summary of the derivation from the measurement setup to the mathe-
matical model.

If we emit a signal 7(t) = e with frequency ko along a line L which
hits a particle of the fluid with velocity v, then the frequency of the signal
will be increased or decreased by the Doppler shift

1kot

26]€0V
c2 — 2’

A:

where ¢ denotes the velocity of sound within the medium. Note that it is
necessary that the fluid contains particles causing a Doppler shift for this
measurement procedure. Since usually v < ¢ the Doppler shift may be ap-
proximated by A = kv with k = 2kg /¢, which means that A is approximately
proportional to the velocity v of the particle causing the Doppler shift. Our
experimental setup must satisfy that essential assumption. The signal o(t)
which is received at the detector consists then of a superposition of reflections
from particles along L contributing to the signal,

o(t) = %/Rel(kﬁ””)tdS(f?L,uL A=rv. (6.1)

Here, dS is a positive Radon measure characterized by
dS(f,L,v) =meas{z € L:v < (01,f(z)) <v+dv}, (6.2)

where 0, € S? = {x € R3 : ||z|| = 1} is the vector of direction of L. The
measure dS is called the velocity spectrum of f and can be interpretated as
the number of particles with velocity v along L. Defining
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S(f,L,v) =meas{z € L: (01,f(z)) < v}

the velocity spectrum dS has the representation dS = S’dv, where S’ is the
derivative of S with respect to v. Hence (6.1) essentially is the inverse Fourier
transform of S” and we obtain the first moment of the velocity spectrum using
Fourier techniques

/RudS(ﬂL,V) = / (Op,f(x))dl(x) =-Df(L). (6.3)

LN
We call the mapping f — Df(L) the Doppler transform.

In principle, L varies over all lines in R3. However, we confine to lines
being parallel to one of the coordinate planes {z; = 0}, j = 1,2,3, which
corresponds to the measurement geometry suggested by JUHLIN [50]. This
geometry scans the object slice by slice where the parallel geometry known
from the 2D computerized tomography is applied in each slice. Once the slices
parallel to one coordinate plane are scanned, the measurements device has
to be turned by 90° and the procedure is repeated, i.e. the slices parallel
to another coordinate plane are measured. This leads to three sets of data
corresponding to the three planes {z; = 0}, j = 1,2, 3. The parallel geometry
in two dimensions is illustrated in Figure 6.1.

N

Ultrasoundwave

Fig. 6.1. The parallel geometry in two dimensions. Eight transducer/detector po-
sitions are displayed. The measurement device is shifted along the tangent of the
scanning circle and ultrasound signals are emitted along parallel lines.
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The first step to establish the Doppler transform as continuous operator
between suitable L2-spaces is to parameterize the lines L being parallel to
{z; = 0}. Before doing so, we introduce notations which seem to be awk-
ward but which are necessary. Vectors will be written either horizontally or
vertically depending on covenience. Let w; = (0,0,1), we = (1,0,0) and
wz = (0,1,0) be a permutation of the standard unit vectors. To each w; we
associate embeddings P; : R? — wjl, j=1,2,3, by Pi(z1,22) = (21, 22,0),
Po(x1,22) = (0,21,22) and Ps(x1,z2) = (x1,0,22). For the parameter-
ization of the lines L we need three quantities: an angle ¢ € [0,27] to
define the direction of the line, the distance from the wj-coordinate axis
s € R and the distance a € R of the line L from the coordinate plane
wi = {z € R® : (z,w;) = 0}. With the help of these quantities, lines be-

ing parallel to wf can be defined by

Lj(<p75ﬂa) = {x ER?: <x7ij(§0)> =S5, <I7wj> - a}7 (64)

where w(p) = (cos ¢,sinp) € ST is the unit vector in R? with polar angle .
For j =1 the meaning of the parameters is emphasized in Figure 6.2.

T2
2n{zs =a}

/ \ w(p)

€3

L1(<p7 -, a)

x1

. J

Fig. 6.2. Parameters of the first component of the Doppler transform D, f.

From now on, we assume §2 = 23 = {z € R3 : ||z|| < 1} to be the open
unit ball in R? if not indicated otherwise. If f is compactly supported, then
this can always be accomplished by a suitable re-scaling of f. In (6.3) the
integration is now to be taken along lines L; of the form (6.4). The vectors
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of direction 6, of such lines L; are given by w; x Pjw(y). Applying this
to (6.3), then the 3D-Doppler transform is defined in correspondence to our
special measure geometry as a mapping

D = (D;,D,,D3) : L*(23,R?) — L*(Q)3, Q=1[0,27] x [-1,1]%, (6.5)

where

Djf(Lp,s,a):/ (w; x Pw(e), £(@) dl(z),  j=1,2.3. (6.6)
Lj(p,s,a)Ne23

Here, L*(£2°,R?) = {f : 2° — R® : [, |f(z)]|*dz < oo} is the Hilbert
space of all square integrable vector fields on 2% and L?(Q)3 = L?*(Q) x
L?(Q) x L?*(Q) is the three-fold cartesian product of the space L?(Q) with
inner product

2 1

3
//gi(go,&a)hi(gp,s,a)dsdgoda, g,hELQ(Q)B.
0 1

(g M) 12y =Y

i=1

Le—

The following continuity result can be found in SCHUSTER [109, Theorem
2.3].

Lemma 6.1. The mappings D; : L?(23,R3) — L*(Q), j = 1,2,3 and D :
L2(23,R3) — L*(Q)3 are linear and bounded. We have

||D]f||L2(Q) S 2ﬁ||f||L2(Q3,R3) B j = 1,2,3,
||DfHL2(Q)3 S 6\/77T||f||L2(Q37]R3) .

To adopt the situation of Chapter 3, we identify A = D, X = L?(23,R?)
und Y = L%(Q)3. The inverse problem of Doppler tomography in Juhlin’s
measurement geometry reads as

Df=g (6.7)

for given data g € L?(Q)?. But problem (6.7) certainly is far from reality, since
we only have a finite number of integrals (6.6) available. The corresponding
semi-discrete operator thus emerges from Df by point evaluations in ). These
are not meaningfully defined on L?(Q)3. Hence a smoothing property of D
is desired. That means — just as in Chapter 3 — we search spaces X; —
L2(23 R3) and Y, — L?(Q)® with continuous and dense embeddings such
that D : X; — Y7 is bounded. Such a smoothing property exists and has
been proven in [109, Theorem 2.10]. Before stating the result (Theorem 6.2)
we continue by defining appropriate function spaces.

For real numbers o, 3 > 0 and j = 1,2, 3 we introduce anisotropic Sobolev
spaces Xf’ﬁ as the closure of the Schwartz space D(£23) = C§°(£23) with
respect to the norms
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5 N 1/2
loleo = ([ 146+ 0+ (P +aw)| )

The expression P;(&1,&) + 3w, is a permutation of the entries of ¢ =
(&1,&2,&3). E.g. we have

1/2
ol = ([ 146+ 0+ @R a)

The Sobolev spaces X;"B are called anisotropic, since the parameters a and 3
allow for different orders of smoothing in the corresponding variables. For
a > 0 and an open domain G C R™, let H*(G) be the Sobolev space of order
a and H§(G) be the H*-closure of the set of all tempered distributions that
are compactly supported in G. A detailed outline of the theory of Sobolev
spaces can be found e.g. in the books of ADAMS [3] and MAz’JA [77].

Theorem 6.2. The Doppler transform D maps the Cartesian product (Xla”@ﬁ
Xga’ﬂ) x (P NPy x (X;"ﬂﬂ)(}?’ﬂ) continuously to the tensor product space
(HO“H/Q(Z)@H(?(—LU)B with Z = (0,27) x (=1,1). There exist constants
c; >0, 7 =1,2,3, validating the estimates

||DjfHHaJrl/z(z)ggHé’(_Ll) < ¢ (Hf]”;\ffﬁ + Hfj+1||;.gjw) , J=12,
||D3fHHa+1/2(Z)®H(§’(—1,1) <c3 (Hflnxf’f’ + ||f3HXJM) .

Theorem 6.2 says that D smoothes in two variables by the factor 1/2,
whereas it has no smoothing property with respect to the remaining third
variable. This makes perfect sense in view of Definition (6.6), since D; f acts on
one variable as the identity mapping, which is a consequence of our particular
measure geometry.

If we write

X8 = (A7 N &57) x (X7 0 a0 x (g 0 g
and
Yol = HVA(Z)@Hp (—1,1)

then Theorem 6.2 simply says that
D, : X - yos (6.8)

is linear and bounded. In analogy with Chapter 3, we set X; = X*? and
Y; = Y*#. We note that X0 = L2(23 R3).

It is now time to define the observation operator, which describes the mea-
surement process. In practical situations only a finite number of measurements
are available. Hence, we set the observation operator to be point evaluations
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of the data sets D;f. One can show that point evaluations are continuous
functionals on H!(R™) only for ¢ > m/2. Hence Theorem 6.2 assures that
point evaluations of D;f are well-defined if only a and [ are greater than 1/2.
At first we have to specify a sampling scheme (g, s;,ar). We choose the
equidistant sampling

o =1-hy, he=27/p, l=0,...,p—1,
Si:i'hsa h/szl/qv i:_Qa"'aq_la
ap =k - hg, he =1/, k=-r...,r—1
with integers p,q,7 € N. The observation operator evaluates D;f at

(¢1, 8i,ax). For a,3 > 1/2 point evaluations are continuous on H®*1/2(Z)
and Hg (—1,1), respectively. Thus, the mappings

Uy HOPV2(Z) S R, (U 00)1 = v(e1, 1) (6.9)
and
U, HY(-1,1) - R*", (U,0)5 = v(ag)
represent bounded functionals. The tensor product
Vpgr =Y @V, : Yo L RPIQR =R, n=4pqr

acts continuously on Y*? and serves as observation operator for the intro-
duced model of Doppler tomography. The inverse problem now reads as: To
given measurements g, q.r € R3", which are possibly perturbed by noise, find
a vector field f € X*8, o, 8 > 1/2, satisfying

VyarDf=gpqr, (6.10)
where ¥, . . acts on Df as
Uy g Df = (U, - Dif, U, Dof, ¥, . Dsf).

Following the lines in the proof of RIEDER, SCHUSTER [102, Theorem 5.1] we
deduce that ¥, , . D can not be extended continuously on L?(£23,R3).

Lemma 6.3. The semi-discrete Doppler transform

Uy or Do X C L2023 R3) — R

p,q,r

is unbounded with respect to the L%-norm topology for all real numbers
a, B > 1/2. In other words: The mapping ¥, ,,» D has no bounded extension
to L2(£23,R3).

The adjoint operator belonging to ¥, , . D does not exist due to Lemma
6.3. Moreover, one can show that D((¥,, ,,D)*) = {0}. In order to use the
method of approximate inverse for solving (6.10) according to the concepts
presented in Chapter 3, we have to fix the reconstruction kernels by means
of the observation operator ¥, , . and an analytic kernel for D in analogy to
(3.21). This process is being specified in Chapter 7.
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Remark 6.4. In contrast to the Radon transform, the Doppler transform (6.3)
is not injective. When we integrate over all lines in R?, the null space of D
consists of all potential fields with vanishing boundary values, that means
all fields f = Vv with v € HZ(£23). Thus, only the solenoidal part of f can
be recovered from Df. A proof of this well-known fact can be found e.g. in
the book of SHARAFUTDINOV [116]. Inversion formulas yielding the solenoidal
part of f have been derived e.g. by DENISJUK [21], SHARAFUTDINOV [116], see
also NATTERER, WUBBELING [84, Theorem 2.27]. However, the attenuated
vectorial Radon transform as a matter of fact is injective, see Bukgheim,
Kazantsev [13] and NATTERER [82]. The null space of D; is specified in [110].
E.g. we have

N(D,) = {(3xlv,3x2v,w) ve HY (2%, we L2(93)} .
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Solving the semi-discrete problem

In this chapter we formulate the semi-discrete approximate inverse (3.17) to
solve the inverse problem (6.10). We first have to state concrete representa-
tions for the interpolation operator 11, 4 associated with ¥, , . and a mollifier
operator E; according to the abstract formulations (3.22) and (3.7) which is
done in Section 7.1. Section 7.1 also contains the proof of certain invariance
properties of the adjoint D7, which we use to improve the efficiency of our al-
gorithm. Section 7.2 includes a scheme for the computation of reconstruction
kernels for the mappings D;. The last section finally summarizes the inversion
method and shows some reconstructions from synthetic data.

7.1 Definition of the operators Il ,, and E4

We start by constructing an interpolation operator I, 4 .., which is associated
with the observation operator ¥y, , .. As Riesz system {¢} C L*(Q) we take
tensor products of piecewise constant B-splines. More explicitly, let S,, S; and
S, be the spaces of piecewise constant B-splines corresponding to the sets of
nodes {¢;}, {s;} and {ay}, respectively. Bases of these spaces are given by

(0) _

bp,l = Xlpr,0141) 0<i<p-—-1,
(0) _ .

byi = X[si,siz1) » —¢<i<qg-1,
b(o)* 7T§k’§7’713

rk = Xlak,art1)

where x; always means the characteristic function of an interval I. Hence, the
tensor products

B et @bl 0<i<p-1, —q<i<q-1, —r<k<r—1} (7.1)

form a basis of V, 4, = S, ® Ss ® S,. The Riesz property (3.6) of (7.1) is
proved by simple calculations. In analogy with our abstract concept (3.22),
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we define the interpolation operator II, ;. : Y*# — V,, ... C L*(Q) for real
a,>1/2 by

p—1 g—1 r—1

My g rv = Z Z Z (p,q,r0)1,ik b;(;?l) ® bt(l(,)i) ® bﬁ?}i’ veYHP. (72)
1=0 i=—q k=—r

We have to verify the important approximation property (3.23) and bound-
edness property (3.24).

Lemma 7.1. Let o, 3 > 1/2. The mapping I, 4, : Y*P — V,, 4, satisfies the
approximation property

Mpg0v = vllz2(@) < Cuplvllyes, — vey™’ (7.3)
for a constant Cry > 0 and
p = p(B,hy, hs, ha) = max{h,, by} + hmn{81} (7.4)
Furthermore, we have the uniform boundedness
MLp.q.r0llz2(@) < Cb ollyas, — veY*? (7.5)
where Cy, > 0.

Proof. To a real number £ > 0 we define II, , : H*"(Z) — S, ® S, and
0, : HH1/2(—1, 1) — S, by

p—1 g—1 r—1
II, qv = Z Z (TpqV)ii bl(fl) ® b((fi) und ILwv:= Z (T,0)g bg?,z .
=0 i1=—q k=—r

The interpolation operator I, , . can then be expressed as the tensor product
I, 4.» = I, o ® IL.. Using results from approximation theory for B-splines,
see e.g. SCHUMAKER [108, Chapter 12], we derive constants c1, ca, C1,Co > 0
which do not depend on p, ¢ and 7 such that the estimates

My gl zrmt1(zy—22(2) < er und ||| geti2(zy—p2—10) <2, (7.6)
as well as
||I— Hp,qHH“Jrl(Z)—»LQ(Z) < Cl max{hg,,hs} (77)
and _
I =T\ gtz —1y—r2(—1,1) < Co ppintntl/2.1) (7.8)

are valid. Since 1I, ; - is the tensor product of II, ; and II,, its norm is esti-
mated as

IMp.g,rllyes—r2(Q) < Mpgllgatirzz)y—r2z) Ml ms(-1,1)—12(-1,1) < €1 c2,
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according to AUBIN [6, Prop. 12.4.1]. This is (7.5) with C}, = ¢; ca.
The approximation property (7.3) is obtained from

||I - Hp,q,r”yaﬁHL?(Q) = HI®I - Hp,q,r|
<@ —pg)l

Yor—12(Q)

yesr2@Q) + [Mpq © (I =1L |[yes_r2(q)
< Cyas r2Q) = Upgllgatirzzy—r2zy) e Il = llgs—1,1)—2(-1,1)

< Cyas 12(@) O1 max{hy, hs} +c1 Co pmin{r+1/2,1}

where we applied the estimates (7.6), (7.7) and (7.8). The constant Cya.s 12 ()
is equal to the norm of the embedding Y*# < L2(Q). Finally we set Cry =
max{cl Cs, Cya,/i}[ﬂ(@) Cl} O

Before we state the mollifier operator E4, we prove the existence of an
intertwining relation for D} which fulfills all conditions of Lemma 3.9. To this
end, we define for d > 0 and k € Z3 the mappings

dk g ._ 3
T f=d° f(dw — k)
which act on L?(R?) and
g;‘tkg(spv S, a) = dg 9(% ds— <,Pj*k7w(§0)>v da— <k7 wj>)
acting on L?([0,27] x R?).

Lemma 7.2. Let D% : L?([0,27] x R?) — L*(R®)? be the adjoint operator of
D; with respect to the given L*-spaces. Then

« pdk _ gedk Ty 3

DIGH =T DY d>0, ket (7.9)
Proof. The adjoint operator D% : L*([0,27] x R?*) — L?(R?)® has the repre-
sentation

27

D39(0) = P, (1) [ 9. Pyl o)) sino .
0

27

15 [ Prowto. o)) cosd).
0

where ¢; = 19 = —1 und ¢3 = 1. This result can be found in [109, Formula
(2.10)]. The invariance property (7.9) is now obtained in the same way as
in the proof of the corresponding Lemma 2.7 for the Radon transform by a
straightforward computation. O
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The intertwining (7.9) suggests to generate a mollifier for D; by means of
the mappings 7}d’k. Having functions e/ € L?(R3) satisfying [ e’(z)dz = 1
for 7 =1,2,3 at hand, we therefore define mollifiers

€, 0; = (T;""el) 5, (7.10)

where §; € R?® are the standard unit vectors’. Note that d > 0 represents
the regularization parameter. This fact implies for large values d > 0 the
approximation

(€00 2oy = (Fi, €l D pe@sy = £5(d7 k), keZ’.

Thus, the reconstruction points are given by d~! k. These are contained in 23
when ||k|| < d. 4
From Lemma 3.9 we deduce that the reconstruction kernels Ué’ & associated

with eé  can be generated by an application of Q;l’k.

Corollary 7.3. Assume that d > 1 and k € Z3 with ||k|| < d—1. If v/ €
L2([0,2 7] x R?) satisfies

D;Uj = ’PN(Dj)Lej (5]' s

then

vl =Gt (7.11)
is a reconstruction kernel belonging to eil’k. That means, Uik solves
D0} . = P,y (€], 65) - (7.12)
Proof. A simple calculation shows
||7}d’kf||L2(R3) = d3/? 11|22 ®s)
and

(G*) 9o 8,0) =d g(% A7 (s + (Pik,w()),d ™" (a+ (k, wj>))

proving that T}d’k is the multiple of an isometry and Q;l’k is invertible and
hence onto. Putting A = D;, X = L%, (R?) := {f € L*(R®) : supp f C 23},
Y = L%([0,27] xR?), § = G and T' = T.**, then (7.11) readily follows from
Lemma 3.9. The conditions for d and k assure that ’Z}d’k(L?ZB (R3)) € L2, (R®).
O

Remark 7.4. Note that Theorem 2.6 could not have been applied to prove
(7.11). One reason is that D; is not one-to-one, another reason is that we do
not have an intertwining relation for D; D7 available.

161 =(1,0,0), 62 = (0,1,0), 65 = (0,0,1).
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The last missing ingredients to define the mollifier operator E, are spec-
ifications of a Riesz system {Bgr} C L2*(23,R?®) and of the mollifiers
e/ € L*(R?). Similar to the setting of II, ; ., we define the functions Bg
with the help of tensor product-splines. Here, we use piecewise linear splines.
Let B = b ® by ® b; be the tensor product of the first order B-spline
by = Xj=1/2,1/2] * X[—1/2,1/2]27 which we have already used in Section 3.1.
Then, By, are defined as translated and dilated versions of B

Byx(z) = B(dz — k), d>0, keZ?. (7.13)

The family {Bg} forms a Riesz system in L?(£23,R?). The mollifier operator
Eq: L?(23,R3) — L2(023,R3) finally reads as

(Ba);f(2) == > (Fj,¢) ) 12(0%) Ba()
kezZ?
(7.14)

= Z <f7 e;k 6j>L2(937R3) Bdﬁ(x) .
keZ3

In order to prove the mollifier property (3.8) of E4, we have to specify the
particular choice of ¢/ € L?(R?®). When defining e/, we want to pay tribute
to the special structure of D; as we did it in the definition of the space Y.
For instance, D, essentially acts as a two-dimensional Radon transform with
respect to the variables (x1,x2) and as the identity with respect to x3. In the
same way, Do leaves x; constant and D3 the variable x5. This is to be taken
into account when fixing e/. Correspondingly, we define e/ as tensor products

@1(33) =p(21,72) q(z3),
() :=p(xg,23) q(z1) , (7.15)
e*(x) :==p(z1,23) q(x2) .

The functions p and q are chosen to be the mollifiers with compact support
(2.5). For v € N let

(7.16)

v+1[(1-82=t?)", $2+t2<1,
p(s,t) = pu(s,t) := {( ) -

T 0, else

wnd @r+DI (1 =57, s
_ _ v+ DR A =s7), [s| <1,
as) = av(s) = 1 { 0 else. (7.17)

Setting e/ as in (7.15), (7.16) and (7.17) we have that

/ e(z)de =1,
R3

2 The symbol f * g always denotes the convolution of two functions f and g.
S@r+=1-3-5-...-(2v+1)
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i.e. the e/ have normalized mean values. Unfortunately, the support of el is

not the closed unit ball 23 but the cylinder 22 x [—1,1], which is slightly
larger than 23. By the scaling e/ (-) := 23/2 ¢7(1/2-) we in fact would achieve
that e/ is supported in £23. Since, in the following, we will scale the e/ anyway,
see (7.10), and for the sake of a better readability, we omit the scaling right
now and consider e/ being elements of Xj)")‘ as long as A < v+ 1/2. The
smoothness of e/ can be proved by calculating their Fourier transform and
studying the decay behavior. At last, we state the mollifier property of Eg.

Theorem 7.5. Let {eék} be the sequence of mollifiers according to (7.10),

2

(7.15), (7.16) and (7.17) and {Bai} be the Riesz system (7.13). The operator
Eq: L?(23,R3) — L2(023,R3) defined by (7.14) satisfies

Jim ||[Bof —f[|r2(0ope) =0 forallf € L*(23,R3). (7.18)

Iff; e Xjaﬁ for 7=1,2,3 and a, B > 1/2, then furthermore the estimate
||(Ed)jf — fj”Lz(Qs) < Chp (d* min{2,a} +d min{2,ﬁ}) ”fjH‘)(;"’B (719)

holds for a suitable constant C,, > 0.

Proof. Similar to II, , ., we will use the specific tensor product structure of
E; and apply the results (3.13) and (3.14) from Section 3.1. To this end, we
first introduce two mappings Eél) : L2(RY) — L%(RY) for i = 1,2 and d > 0
via

EYv = > (v, Pak) 22y (b @ bi)(d - —k)
kez?

and

By = Z<U,Qd,l>L2(R) bi(d - =),
IeZ

where b; is again the univariate B-spline of first order with support in [—1, 1]
and

Pak(s,t) =d’p(ds —ki,dt —ks),  qai(s) =dq(ds —1)
are translations and dilations of p (7.16) and q (7.17). From (3.13) we deduce

||E((il) — IHH(I(R’L')‘)LZ(Ri) <c¢d min{2,a} , a>0, =12 (7.20)

with ¢; > 0, ¢« = 1,2. In the same way as the local boundedness (3.12), we

prove that E((f) is uniformly bounded. That means, there exists a constant
¢ > 0 which does not depend on d, such that

2 ~
IES fllzee) <l fllmes) - (7.21)

We notice that E; can be written as
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2 1 )

(Ba);f = (BP @ EP)(fi0Q)),  j=123, (7.22)
with the permutations Qj;(x1,x2,x3) = Pj(x1,22) + z3w;. Following the
arguments in the proof of Lemma 7.1 together with (7.20) and (7.21) yields

2 1
”Ec(l '® E(El )~ I go®2) g Ho ®)—12(®?)

< E(l)_I o C E(2)_I -

<cllE, | o (R)— 2R3y + Crs 12 | By | e (R2)— L2 (R?)

<c éd” min{2,8} + CHB,IP cod™ min{2,a}

< Cm (d— min{2,5} +d- min{2,a}) ’

where Cs 2 > 0 is the norm of the continuous embedding H?(R) — L?(R)
and Cy, := max{ccy,Cgs 12 c2}. Let £ € D(£2°,R3). Then, for j = 1,2,3, we
have

[(Ea); f — fille2(os) < 1(Ba)if — fill L2 s
= [[(Ba);f o Q;j — fj © Qjllr2(re)
— E(Q) E(l) . Q _ f. Q 3
[(Ey” @ Eq")(fj0Q5) — fi o Qjllrawe)
<, (d_ min{2,a} 4 - min{Q,B}) Hfj ° Qj”Ha(R?)@HB(R) )

where we made use of representation (7.22). Taking into account that
1£j 0 Qj||Ha(R2)®Hﬁ(R) = ||fj||)(;‘=f’

and that the Schwartz space D(£23) is dense in X ja”g , we derive estimate (7.19)
and at last the mollifier property (7.18) by means of a density argument. 0O

Provided that we have a solution of
D;Uj = PN(DJ)Lej (5j (723)

at hand, we are able to formulate the semi-discrete approximate inverse to D
and D according to (3.17). The solution of (7.23) is subject of Section 7.2.

Remark 7.6. We used the fact that D; acts as a Radon transform with respect
to two variables, whereas it leaves the remaining variable constant to define the
mappings ¥y, 4, II, 4 » und Eg. The whole convergence and stability analysis
of the method as well as the computation of reconstruction kernels relies on
this observation. It becomes clear, why we did not set w; = J, in (6.6), because
in that case we would have D}g L w; for all g € L*(Q) and j = 1,2,3. The
equations (7.23) then would only be solved by 0; a reconstruction kernel would
not exist at all.
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7.2 Computation of reconstruction kernels for D;

We present a recipe to solve the equations (7.23), which is suited for arbitrary
mollifiers e/ of type (7.15), though we use the particular representation (7.16),
(7.17). The equations (7.23) are equivalent to the normal equations

D;Djv/ =Dj(e’4;),  j=1,2,3. (7.24)

Using the relation 9; D; = R (w; - V x (e §;)), which is proved in STRAHLEN
[124] or SCHUSTER [109, Lemma 2.4], one can show that the solutions v7 of
(7.24) satisfy

R*®I1)007 =w; -V x (e/6;), j=1,2,3. (7.25)

We again refer to [109] for a proof. Here, R* is the adjoint operator of the
two-dimensional Radon transform (2.17). Let again be £2? the open unit disk
in R2.

We perform the following calculations for j = 1 only, the computation of

v?, v? is done accordingly. Hence, we focus at the solution of

R* @ 1) 00" = —0,,e', (7.26)

which is (7.25), if j = 1. Our starting point to solve (7.26) is the inversion
formula (2.19) for the two-dimensional Radon transform R. Applying (2.19),
we deduce for the derivative O,v! the representation

9l = 7(271')71 (AR®I) 696261 = —(277)71 (ARO,,p) ®q.

By means of the Fourier slice theorem (2.26) AR O,,p can be calculated
explicitly,

AR O.,p(p, s)

[ lolFionphowee ao
R

=1 sin<p/ lo|oplow(0))e' 7 do (7.27)
R

-2 sincp/a2 p(0,0) sin(so) do.
0

This yields
o
dsvt(p,s,a) =71 singpq(a)/(f2 p(o,0) sin(so)do.
0

Representation (2.32) implies
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5(0,0) = 2+7r1)! (i)yﬂ Jyi1(0). (7.28)
We may conclude that
s (¢, 5, )
1 : i 1—v .
=2 (v+1)12” SIHSOQ(CL)/U Ju41(0) sin(so)do
0

(7.29)
dv(v+1)s2F1(2,1 —V;%;SQ), ls|] <1,

_3_3 2F1(27%;V+2;8_2)’ |S| > 17

1.
=7r281n<pq(a){

where we further applied formula (6.699.1) from GRADSHTEYN, RIZHIK [32].
So far, we know the derivative with respect to s of the searched for reconstruc-

tion kernel v!. According to the fundamental theorem of calculus, v! can be
written as
vl (p,5,0) =1(p,5,0) + h(p,a), (7.30)
where .
I(p,s,a) := /8Sv1(<p,t,a) dt (7.31)
-1

is an antiderivative of dsv! and h is a function which does not depend
on s. We seek explicit expressions for I and h. To this end, we determine
v! to be the unique solution of the normal equation (7.24) in R(D;). This
is an essential assumption. Theorem 3.9 from [109] proves that the function
system

M= {sin(kp), cos(ky) : k e NU{0}, k # 1}
is orthogonal to R(D;). This implies

2T 2
/Qw%a@smwwd¢=/¢%%&@cmwwdw:o
0 0

if kK # 1. From (7.29) we immediately read that

27 2

/I((p,s,a) sin(k ) dp = /I(cp,s,a) cos(kp)dp =0
0 0

if k # 1. In view of (7.30), this yields

2m 2m

[ e sin o) de = [ hip.a) cos(iordo =0
0 0
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if k # 1. Setting ¢ = 0 and s = 0 in (7.24) (for j = 1) and taking into account
the symmetry I(—¢, —s,a) = —I(p, s,a) lead to

2m

/h(%a) cospdp =0.
0

Assume for the moment the Fourier coefficient fo% h(9,a) sinddd to be
known, then h could be expressed by

h(y,a) /h (¥, a s1n19d19} sin g,

since M U {sin ¢, cos ¢} builds a complete orthogonal system in L?(0,2 7).
To calculate this very coefficient we again consider the normal equation (7.24)
and evaluate it for j =1 at ¢ = 7/2 and s = 0. The right-hand side of (7.24)
then turns to

L v+1 v
Di(e!d1)(n/2.0,0) = —a(a) [ (1= #)" dt = ~ (o)
21

whereas the left-hand side reads as

D, Djv!(7/2,0,a) = Dy D{I(7/2,0,a) + Dy Dh(7/2,0,a)

27 1 27
= //I(ﬂ,t cos ¥, a) sinﬂdtdﬂ+2/h(19,a) sinddd.
0
Hence, we get
1
h(p,a) = = sin (7.32)

2 1(9,t cosd, a) dt sin® di
((2y+1”q // t cos¥,a)dt sin )

To continue our calculations we need an analytic expression of I. We do
not outline the derivation in detail since this would be very intricate. The
interested reader is refered to RIEDER, SCHUSTER [103] where every single
step of the proof is described. The expression of I is obtained by using the
series representation of the hypergeometric function oF; and several technical
transformations. At last one gets

1
I(p, s,a) = — sinpa(a) (7.33)

2v (v +1) (322F1(1,1—u;g;s2)—1/(2y—1)), Is| <1,

X
;(3—22F1(,2,u+23 2y~ (21/+2)/(2V—1)), Is| > 1.
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It remains to evaluate the double integration over I which occurs on the right-
hand side of (7.32). The hypergeometric function 5F; is given as

oF1(u, v;w; 2) = i (e e i

=0 (w)k k!

where the Pochhammer symbols are defined via (u)r = u-(u+1)-...-(u+k—1)
when k£ > 0 and (u)r =1 else. A simple calculation proves

(1-v) i

t2k+2 dt
|
0

(1 —v)k S2k+3
= (3/2)k (2k+3) '

This identity together with (7.33) leads to

z

3
/t2 oF (1,1 — V;i;tQ)dt =
0

v—1

;M

v—1

/Iﬁtcosﬁad v(r+1) sindq(a)
v—1 1_1/ ) 0 1
(2) (3/2) 2k+3)(°“9) - )

By applying an integration by parts and formula (3.631.17) from
GRADSHTEYN, RIZHIK [32] we arrive at

2r 1
9 2k+2 39 _ T 2k+4
//sm ¥ (cos¥) dﬁ_(2]<;+3)22k+3<k+2 ’
0 1
which finally yields
2m

1
//Iz?tcosﬂa )dt sinddy =
0 —1

(7.34)
(v+1) z_: C-ve(iy) 1
22 (3/2) (2 +3)2225 ~ 2y —1)
Putting together (7.30), (7 32), (7.33) and (7.34) we obtain as representation
for the unique solution v! of (7.24) in R(Dy):
1.
vl (p,s,a) = = sin p q(a) (7.35)

2v(v+1) <322F1(1,1—1/;§;32)—ﬁ> -, |s| <1,

%(5—22]5‘1( v+ 255 )—%)—cy, ls| > 1,
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where the constants ¢, are defined by

v—1 2k+4
(1_V)k(k+2) 1 2¥ !
¢ =2v{v+l) (;} (3/2) (2k + 3)2 22K48 21/1) T er o

By the same arguments we get v? = v! and v? emerges from v! replacing sin ¢
in (7.35) by cos . Figures 7.1, 7.2 show graphic illustrations of the kernel v!.
Note that the plot in figure 7.1 is very similar to the well-known filter of
SHEPP, LOGAN from [117], when the graph is reflected about the z-axis.

-2 -1 0 1 2

Fig. 7.1. One-dimensional cross section of the reconstruction kernel v*(7/2, s, 0)
(7.35) for v = 2 (solid curve), v = 3 (dashed curve) and v = 4 (dashed-dotted
curve). The kernels shape emphasizes that a derivative with respect to s is involved,
see equation (7.26).

Remark 7.7. In analogy to the three-dimensional Doppler transform (6.5),
(6.6), the two-dimensional Doppler transform D : L?*(2% R?) — L*(Z),
Z = [0,27] x [—1,1], is defined by

Di(.s) = [ (o)t i), (7.36)
L(p,s)Ne22

where wt(p) = (—sin g, cos p) € S is the vector of direction of L(¢y, s). The
transform (7.36) appears as mathematical model when we consider only a two-
dimensional cross section through the object. Reconstruction kernels for (7.36)
associated with the mollifier e(x1,x2) = p(x1,z2) with p from (7.16) are ob-
tained from (7.35) by simply setting q(a) = 1. The method of (semi-discrete)
approximate inverse can be formulated according to the three-dimensional
case and is outlined in more details in Section 9.2.2. Numerical results are
shown in Section 7.3. A measurement device for two-dimensional Doppler to-
mography was constructed at the Lund Institute of Technology (Sweden) and
is described in JANSSON ET AL. [47].
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i

i

s

o5 O

0, -15 1

Fig. 7.2. Two-dimensional plot of the reconstruction kernel v*(¢p,s,0) (7.35) for
v=2s€[-22] and ¢ € [0,7]. On clearly sees the differentiation in s-direction
and the sin-curve in ¢-direction, compare representation (7.35).

In view of the convergence theorem 3.6, it is important to have Sobolev
norm estimates for the kernels v7.

Lemma 7.8. Let ¢/ be the mollifier according to (7.15) and v’ be the corre-
sponding reconstruction kernel, i.e. the unique solution of (7.24) in R(D;).
Then v3 can be decomposed to

Uj((pﬂ Saa) = U{(%Sva) + U%(@va)a
where
vl € H5((0,27) x RY®HE(=1,1) fork <v, t <v+1/2

and
vl € H*(0,2m)QH(~1,1) for k>0, t <v+1/2.

Proof. Again we only consider the case j = 1. The decomposition of v! essen-
tially relies on representation (7.30). Function I may be written as

(¢, 5,a) = 0 sinpq(a) W(s)

with a constant o and

S

W(s) = /w(t) dt, w(t) = /01_” Jut1(0) sin(to)do,
0

-1

what becomes obvious when we have a closer look at (7.29) and (7.31). From
(7.27) and (7.28) it follows that

w(t) sing = cARI,,p(p, 1)
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with an appropriate constant c. We further have that R : H{F(02?%) —
L?(0,27)@H"t/2(R), as well as A : H*(R) — H* (R) are continuous for
any real k > 0, see LOouis, NATTERER [73, Theorem 3.1]. Since p is in Hg((ﬁ)
whenever § < v+ 1/2, we have

we H*(R) forall w<v—1.

From (7.33) we deduce that

— 12v42

W():=W()+ 55, 1€ L*(R)

is valid. Summarizing O, W = w € H"(R), K < v —1 and W e L*(R) we
conclude that W € H"(R) for any real k < v. We define

o02v+2
22v—-1

v = o singq(a) W and vy = h(p,a) sinpq(a).

Since h(p,a) = ¢ sinpq(a) for a constant ¢, see (7.32), (7.33), the proof is

complete. ]

Remark 7.9. In NATTERER, WUBBELING [84, Theorem 2.27] we find the inver-
sion formula

m—1 —a Ty Aa—1
= oG A TDRATI D, e, (7.37)
where -
D, f(w,z) = /w~f(x—|—tw)dt, re{wtl},
—o0

which is valid for solenoidal £ € S(R™,R™). In case that we consider all lines
in (6.3), Dy, and the Doppler transform D coincide. In that case reconstruc-
tion kernels can also be computed by means of (7.37) for solenoidal mollifiers
e, 1. 5. Our specific mollifier (7.15) is not solenoidal and the lines of integra-
tion in (6.5), (6.6) are restricted due to the special measurement geometry.
That is why we have considered the normal equations (7.24).

7.3 The method of approximate inverse for ¥, ., D

Suppose we have a solution v’ of (7.23) available. According to Corollary 7.3
we put _ '
Uik :g;l’kvjy d>1, kezZ®, |kl|<d-1.

Due to the notations and investigations made in Section 7.1, we are now
able to state the semi-discrete approximate inverse D;, 4 : R" — L2({23)
associated with the mapping ¥, , . D; by
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Djnav(@) = > (0,GpgrVporG7 v e Ban(z), z€2°. (7.38)

kez3
lIkll<d—1

The definition is due to the abstract setting (3.17). Here, {Bg4x} denotes the
Riesz system (7.13) and G 4, € R™*™ is the Gramian matrix corresponding
to the splines (7.1)

(Grrar) i) (i) = 057 @0 @b 0 @bl @b Vraq)-

Qip LN PRI NN q,ix K
A simple calculation shows that G), 4, is a multiple of the identity matrix

27

Pq,r T n,n -
par

Putting the measured data v = V¥, ., D;f in (7.38) for a vector field
fex*P «,8>1/2, then the inner products in (7.38) compute as
Uy 0r DiE,Gpyr ¥ ol Ygn =
(p,q,0 D3, Gpogr Upog,r gj vl )pn =

r—1 p—1 g—1

S S0 Dyt(pnsian)v? (v dsi— Pk, (@), dam— (k,wj) )

m=—r [=0 1=—q

27 d3
pqr

Thus the scalar products in (7.38) can be evaluated very efficiently by a
method of filtered backprojection type, a distinguished method well-known
in computerized tomography. We refer the reader to NATTERER [80, Chapter
V.1] for a comprehensive study of the filtered backprojection algorithm. If we
use the particular representation (7.35) and the fact that q(da — (k,w;)) =~
a(d! (k,w;)) for large d, then we can cancel the outer summation saving one
order of time complexity. The details of that efficiency increase as well as hints
for the implementation of the method are outlined in [110].

The semi-discrete approximate inverse ﬁn,d : R3 — L2(023R3) of
W, ¢,» D is finally defined as

(Dp,qv)j(z) :=Djpavi(z), v=(vi,v9,v3), v; ER", z€ 3. (7.39)

Figures 7.3, 7.4 show reconstructions of solenoidal vector fields. In [110]
the author emphasizes that it is also possible to recover the curl of the field
V x f by a simple change of the reconstruction kernel. This is an additional
feature of this method. Figure 7.4 displays a reconstruction of the curl of a
solenoidal field.

Chapter 8 aims to prove the limits

lim DjpqPpq,Dif = (Pyp,yef);, j=1,2,3 (7.40)

d— oo

and
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Fig. 7.3. Reconstruction of f(x1,22) = 2exp(—x? — x3) (—x2, 1) from discrete
Doppler data. Left column: Original vector field f and first component f;. Right
column: Reconstruction of f and of its first component.

‘The picture is taken from T. SCHUSTER, Defect correction in vector field tomog-
raphy: detecting the potential part using BEM and implementation of the method,
Inverse Problems, 21 (2005), pp. 75-91. Copyright (©2005 IOP Publishing Limited.
Reprinted with permission.’

Fig. 7.4. Reconstruction of the vector field f(x1, x2,23) = (1 — x3 — 23,0, 0) which
describes a horizontal, solenoidal flow through a cylinder centered about the zz-axis
using the method of approximate inverse (left picture). The right picture shows a re-
construction of the curl of the field V x f. The curl V x f(z1, z2, z3) = (0, —2z3, 2x2)
consists of a vortex which is clearly visible in the picture to the right.

‘The picture is taken from T. SCHUSTER, An efficient mollifier method for three-
dimensional vector tomography: convergence analysis and implementation, Inverse
Problems, 17 (2001), pp. 739-766. Copyright (©2001 IOP Publishing Limited.
Reprinted with permission.’
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lim Dy g0y, DE=Pf, (Pf); = (Pyp,ef);, j=123. (741)

d— oo
Note that P : L2(23,R3) — L?(£23,R3) actually is a projection which is not
orthogonal. The convergences (7.40) and (7.41) are the best we can accomplish

since D; and D are not one-to-one. However, we have explicit representations
for the null spaces N(D;), N(D), see Remark 6.4.
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Convergence and stability

This chapter is concerned with the application of convergence Theorem 3.6 to
the inversion method (7.39). To this end, we will need not only the estimates
(7.3), (7.5) and (7.19) of the operators II, ,, and Eg, respectively, but we
have also to investigate the behavior of the kernels Ué,k in Sobolev norms.
The following lemma is a first step into this direction. Much of this chapter
is subject of the article [103] of RIEDER AND SCHUSTER.

Lemma 8.1. We put Z = (0,27) x (—1,1), Zjdk ={(p,ds = (Pik,w(p))) :

(p,8) € Z} and I;l’k ={da — (k,wj) : a € (=1,1)}. If ||k|| < d, then there
exists a constant Cg > 0 with

d.k K+T
||gg g||H~(Z)®HT(71,1) < ng tre ||g||HN(ZJ?‘vk)®HT(IJ4v’C)7 (8-1)

whenever the right-hand side is bounded for k,T > 0.

Proof. Let || k|| < d. We have g;“ﬂ = Tjd’l€ ® K;l’k, where

T]d’kv(gp, 8) = d? v(p,ds — <P;k7w(§0)>) (8.2)
and
K;.l’ku(a) =du(da — (k,w;)).

First, we prove

1T 0l a2y < Crd™ 32 ol e (8.3)

)

for a constant Cp > 0.
The transform @;(p,s) := (p,ds — (P;k,w(p))) represents a C>-diffeomor-

phism between Z and Zf’k, such that Tf’kv =d?vo @;. The Jacobian of ®;
satisfies det J®; (¢, s) = d. We prove by complete induction that

|U o dsleh(Z) S éT dﬁ—1/2 |’U|H*‘~(Z;.i’k) (84)
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for a ér > 0. Here, M%{»(z) = Dlaj=s ID0l|L2(z), @ € N2, denotes the
Sobolev seminorm on H"(Z).

For k = 0 estimate (8.4) is obtained by simple integral transformations. Sup-
pose that (8.4) is valid for an arbitrary £ € N. We have

00 @[3 ns1(z) < DYV (00 B))Fn( ) + DOV (00 @) 3 2) -
A closer look to the different differential operators yields

DOV (od;) =d(DOVv)od;,
DM (wod;) = (Prk,w(v)) (DOVv) 0 &) + (DHVv) 0 B; .

From the induction hypothesis, we deduce

IDOD (00 ®))[31 7 = d? [(DODv) 0 B[ )

< ér d2n+1 |D(0’1)U|§-I”(Z) < ET,l d2n+1 |'U|§{x,+1(z) )

If we take into account that |(Pk, wt(p))| < d, then the same argumentation
gives

DO (0 B)) |G gy < Erp d* 90573 70

with an additional constant éz 2 > 0, which completes the proof of (8.4). We
finally get

d.k ~ P
||Tj 7f||3jr~(z) =d ||U0¢j||§1~(z) =d E |U°¢j|§{i(z) < &p & |2 K (2R
J

=0

yielding (8.3) for k € Ny with Cr = /ér. Estimate (8.3) is obtained for any
real k > 0 by an application of the interpolation inequality for Sobolev spaces,
see e.g. LIONS, MAGENES [64, Chapter 5.1].

In the same way

|55 ull e -1,y < Cred™ 2 ul g

is verified for a constant C'x > 0. Using the tensor product structure of gj”“
finishes the proof. a

From (8.1) we deduce the necessary Sobolev norm estimates of ||v§l’k||ya,ﬁ.

Corollary 8.2. Let the mollifiers ¢/, j = 1,2,3 be defined according to (7.15),
(7.16), (7.17). If v > max{a + 1/2,8 — 1/2} and d > 1, then there exists a
constant C,, > 0 with

[0 llyes < Cud*TFH3/2 =123 (8.5)

The boundedness is uniform in k for |k|| < d — 1.
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Proof. Due to Lemma 7.8 v/ allows for the splitting
Uj(% s,a) = U{((p, s,a) + U%(‘@ a),

where v/ € HOF1/2((0,27) x R)®HP(R) and v} € H*/2(0,21)QHP (R).
Applying (8.1) leads to

j d.k
[V gllyes < 11G5

. ik
V1 llyes + 1G5 V3]l ya.s

5/2 j
<Cg (da+ﬁ+ 2 |02l grot1/2 (0.2 1) xR)GHA ®)

+dﬁ+5/2 HU%||HQ+1/2(0727T)®H[9(R)) <, da+ﬁ+5/2 7
where we have defined

Cy:=Cg (HU{||Ha+1/2((0,27r)><R)®H5(]R) + HU%HHWJrl/?(O,Z 7r)®H5(R)) :

We have now all ingredients together to prove the convergence (7.40).

Theorem 8.3. Let a, 3 > 1/2 and f € X*P having support in 2°. Suppose
the mollifiers €7, j = 1,2,3, to be defined by (7.15), (7.16) and (7.17), where
v > max{a+1/2,5—1/2}. We further denote byfi = d(f) the smallest positive
integer such that supp f C Bl_l/(i(O)l. If d > d, then we have for j =1,2,3
the estimate

HDj,n,d \I/p7q,r Djf— (PN(Dj)Lf)j”lﬂ(QS) (86)

<C (d7 min{2,a} +d min{2,3} + pda+ﬁ+5/2>

with a constant C > 0.

Proof. Because of (f, eé,k 0j)r2(0sr3) = 0 for d > d and ||k|| > d, the mollifier
operator (E4); has the representation

(Ba);f(@) = Y (f,€],,0;) (05 83) bai(x) .-

kezd
Ikl[<d—1

As a consequence of Theorem 3.6 and Corollary 8.2, we obtain
IDjn.a ¥p.gr Dif — (Pn,)+£)jllL2 (29
< Cpd ™ f]| oo + || (1 = Ba) Pro, - f)

j‘ L2(2%)

Since f € X*F we either have Pyp,)-f € X*F in which case (8.6) follows
directly from (7.19), or Py(p,)f € X*”. In the latter case, we use

! Br(z) is the open ball with radius R > 0 centered about z, e.g. B1(0) = 02°.
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(180 u) s, = (-2 )

J

J ‘ L2(£2%)
and prove (8.6) after an application of the triangle inequality together with
(7.19). O

The estimate (8.6) helps us to find a relation between the data sampling
which is characterized by the discretizations p, ¢ and r and the regularization
parameter d, such that we are able to prove convergence with rates.

Corollary 8.4. Adopt all assumptions made in Theorem 8.3. Let further
sequences {putuen C N, {qu}puen C N, {rp}uen C N and a sequence
{d,}en C RT be given in such a way, that all the sequences diverge to infinity
as p — oo and that the relations

lim d%™%%/2/min{p,,, q.} = “11_{20 dotts/2 fpmin{B 1y —

H—00
are valid. Then we have the convergences

lim | Djin,.d, Up.q,.r, Dif = (Pu,sf)illizen =0, j=1,2,3, (8.7)

p—00

and

lim Dy, .q, ¥p,.q.rn DE — Pl 12(08 rs) = 0.

H—00
If the quantities p, q, v and d further allow for a coupling® p ~ q, r ~
gt/ mintB.1} ynd d ~ ¢*, where

1

(8.8)

then for ¢ — oo we get the convergences with rates
ID;md Up.gr Djf — (Pn;ye )5l < Crg™? min{2,a.5}
as well as
||f)n,d Wp g Df — 7JfHLQ(Qf’,H@) <Gy qi)\ min{2.o.5}
with constants C,Cy > 0.

Proof. At first, we prove the convergence statements for D j.n,d- Convergence
(8.7) is an immediate consequence from (8.6) and the requirements to {p,},
{qu}, {r,} and {d,}. By the assumptions made for p, ¢ and r, we learn from
(7.4) that p ~ ¢~ . This implies

2 By A ~ B we mean the existence of generic constants ci1,c2 > 0 validating
C1 A S B S C2 A.
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1Dy n,d ¥p,qr Dif = (Pno,)+ £);llr2(0s)
<C (q—A min{2,0} | g min{2,6} | g~ (a+5+5/2)) .

Because of
—1+A(a+8+5/2) = - min{2, o, 5}

this gives the convergence rate for ]5j’n,d with C; = C. The corresponding

results for D, 4 follow from those for D; ,, 4 taking into account that the norm
L 3

on L?(§23,R3) is given as ”f”%?([F,R?’) =20 Hfj”%z(my O

From Corollary 8.4 it is easy to derive convergence in the 2D case. In
contrast to the three-dimensional Doppler transform, we even get exact con-
vergence as d,n — oo in a suitable manner, if only the field f is solenoidal. The
semi-discrete approximate inverse for the two-dimensional Doppler transform
is described in more detail in section 9.2.2.

Corollary 8.5. Let D : L%(£2?,R?) — L?(Z) be the two-dimensional Doppler
transform (7.36), ¥, , (6.9) the corresponding observation operator of the
semi-discrete problem and the mollifier be defined by e(x1,x2) = p(x1,x2)
with p as in (7.16). Assume further that f € H*(2% R?) for a > 1/2 and that
sequences {p,tuen CN, {qu}tpen C N and {d,},en C R are given in such a
way that all the sequences diverge to infinity as u — oo and that the relation

lim dz"'s/z/min{pu, qu} =0

p—00
is valid. Then

#ILH;O ”D"uadu \Ilpuaqu Df — PN(D)Lf||L2(Q2,R2) = 0 .

Since f = Pympyrf if V-£=01in 22, we have exact convergence for solenoidal
fields B

lim ||D"uxdu \I/P;uqu Df — f”Lz(Qz’]Rz) =0. (89)

Hn— 00
Proof. The convergence can be deduced from Corollary 8.4 with 8 = 0. To
get the exact convergence (7.41) we only have to show that f = Pyp).f for
solenoidal fields. To this end, assume V - f = 0 and take h € N(D). We have
h = Vp with p = 0 at 9122, compare Remark 6.4. Hence,

/ £(x) - h(z) do = / (o - £(@)) pla) dss — | V- £(z)p(z)dz =0
02 9922 02

by the Gauss-Ostrogradsky theorem. Here, v, denotes the unit outer normal
vector of 3§22, This shows f 1 N(D), which completes the proof. O

We conclude this chapter by having a closer look at the regularization
properties of the approximate inverses D; , 4, Dy 4, respectively, where our
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investigations rely on the abstract framework set in Theorem 3.10. Compared
to the definitions of optimality made in Definition 1.5 we will realize that the
presented inversion method represents a regularization which is sub-optimal.

We assume the measured data ¥,,,.D;f to be contaminated by
noise, where the perturbation again is interpretated as error in the
observation operator W, , .. Hence, let ¥7 : Y*% — R" for o, 3 > 1/2 be

P,q;T
a contamination of ¥, ;. with noise level > 0

(U3 4 r0)im = (pgr0iim| <0 vllyes, — veY™? (8.10)

foral0 <l <p—-1,—¢g<i<g—1and —r < m < r — 1. Corollary 8.6
tells how to choose the number of data scanning points and the regularization
parameter d subject to the noise level 7 to yield convergence as n — 0, see
also Remark 2.5.

Corollary 8.6. Adopt again all assumptions made in Theorem 8.3. Let fur-
ther p ~ q, 7 ~ q and d ~ ¢* with X as in (8.8). The noise perturbed obser-

vation operator W}l . is supposed to satisfy (8.10). If g = n~', then there are

constants C1,Cy > 0 validating

~ ~ min{2 o0}
IDjin.a ¥} 4. Dif = (Pu,)+£)jllL2(02) < Cpnedasszimntzas)
as well as
~ n ~ __ min{2,0,8}
[Din,g W3 4 DE — PE|| 1203 gy < Cp nodoFs/zrmmizasy
forn — 0.

Proof. We split the reconstruction error into data and approximation error
which is a usual procedure in the theory of regularization methods,

IDjna ¥, , Dif — (Pnu,)+£)jllz2(as) <

p,q,T
||Dj7n7d (\Pg,q,r - \IJZMI»T) DijLZ(m) +
| ~

Dj,n,d \I/p7q7r D]f — (PN(Dj)Lf)j ||L2(.Q3) .
From the proofs of Theorem 3.10 and (8.5) we see that the data error can be
estimated as

_ . d P 1/2
1D, (W = W) Dyl < e (470D [0 4ll3es) ] 2o
i=1
< cCund™ T2 ]| yos
for suitable ¢ > 0. The approximation error is obtained from Corollary 8.4,

Hﬁj,n,d Uy g Dif — (Pyp,y£)jllzz(es) < Ch g~ min{Zef}
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The total error is then given as

||]5j,n,d \szq’r Djf B (’PN(Dj)lf)j”LQ((ﬁ) < él(n q)\ (a+,3+5/2)+q7)\ min{2,a,ﬁ})

_ min{2,«,8}
S 201 nu+5+5/2+mm{2.a,ﬁ} ,

where Cy := max{cC, ||f|| x5, C1}. This yields also the reconstruction error

in Dy, ¢ ¥}, . Df after applying the triangle inequality. ]

Remark 8.7. In view of Definition 1.5, Corollary 8.6 tells us that the inversion
scheme D, 4 represents a regularization which is sub-optimal. More explicitly,
if1/2 < a= <2, then
||Dn,d \1127(177_ Df — PfHLZ(Q3,R3) < 52 ’I]W 5

which is obviously worse than the optimal rate 77%“. In FARIDANI AND
RIEDER [28] the authors prove that the algorithm of semi-discrete filtered
backprojection applied to the two-dimensional Radon transform is optimal.
Since that algorithm is contained in the framework of approximate inverse, as
we have seen in section 2.2, see also RIEDER, SCHUSTER [102], we have the
conjecture that f)n,d represents a regularization which actually is optimal.
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Approaches for defect correction

We conclude this part by demonstrating how defect correction methods can
be developed, which are adjusted to the method of approximate inverse. By
the defect we mean the approximation error ||f — fap|lz2(0,rs) of the exact
solution f and the calculated solution f,,,. These methods are supposed to
improve the accuracy of the reconstruction procedure outlined in the previous
chapters. As we pointed out in Remark 6.4 the Doppler transform has a non-
trivial null space. When we look at the convergence Theorem 8.3 we moreover
see that the reconstruction error depends on how large the parts of the sought
solution f are, which lie in the kernel of D ;. Hence, each approximate solution
f.pp of problem (6.10) contains unwished parts from the null spaces of D;.
Since these parts might cause great approximation errors |[f — fapp 220 r3),
we are interested in approximating the error fqos = f — f,,;, and computing a
defect correction via
frew = fapp + faer -

Over the last few years different approaches for defect correction methods
have been developed. References are DEREVTSOV ET AL. [23], SCHUSTER [112]
und ANDERSSON [4]. Starting point of the first two articles is the HELMHOLTZ-
decomposition

f=1+ Vo, V- =0,

where the exact flow is supposed to be incompressible V-f = 0. Direct methods
compute projections f,,, of f onto a subspace spanned by solenoidal fields,
see DEREVTSOV, KASHINA [22]. KAZANTSEV AND BUKGHEIM [57] derived
the singular value decomposition in two dimensions which also can be used to
establish direct methods of defect correction. Indirect methods calculate the
potential v as solution of a boundary value problem. Yet, in 1992 JUHLIN [50]
showed that the exact field f can be obtained by solving a boundary value
problem, if only the curl and divergence of f as well as the normal component
at the boundary are known. These are the methods to be described in this
chapter.
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Andersson [4] suggests another approach. He gains more information of
f by calculating higher order moments of the velocity spectrum dS (6.2).
Remember that the first moment of dS is the Doppler transform. If we had
all moments of dS available, f would be uniquely determined up to a small
ambiguity, see SPARR ET AL. [120].

In section 9.1 we introduce elliptic Dirichlet and Neumann problems which
have potentials v as unique solution and show that the gradient Vv can be
used to calculate a better approximation f,.,. We further compare the two
arising methods relying on the Dirichlet problem on the one hand and on
the Neumann problem on the other hand. A concrete method to solve the
Neumann problem is suggested in section 9.2, where f,,, is the approxi-
mate inverse for the two-dimensional inversion problem. In that case we need
the measured data ¥, , Df only and not the reconstruction f,,, itself to com-
pute fqer. A brief treatise of the Dirichlet problem is subject of section 9.3.
We note that all considerations are done for two-dimensional Doppler tomog-
raphy, though they apply also for the three-dimensional case.

9.1 Potentials as solutions of elliptic boundary value
problems

We assume 2 C RV, N = 2,3 to be a bounded domain with piecewise smooth
boundary 92, e.g. 2 = B;(0) with 2 = S¥~1. Further suppose that the
flux f € L?(2,RY) is incompressible with normal flow ¢ € L?(9£2) at the
boundary, i.e.

V-f:0, Vz-f‘(?n:f, (91)

where v, is the unit outer normal vector at 0f2. By means of the Gauss
theorem, this implies

(r)ds, =0. (9.2)

a0

E.g. £ = 0 physically means that we have a tangential flow at the boundary
and that there is no flux through 0f2. Furthermore, we assume that an app-
roximate solution f,,, € L2(£2,RY) of (6.10) is given. E.g. fapp could be the
approximate inverse

fupp = Dp.g Uy g DE. (9.3)

Our starting point is the Helmholtz decomposition, which has been deduced
by HELMHOLTZ [44], see also WEYL [130]. According to this decomposition,
the approximate solution f,,, € L?(2,RY) can be written as a sum of a
solenoidal part f* and an irrotational part Vv

Fapp =5+ Vo, V- =0. (9.4)

The splitting (9.4) becomes unique, if v = 0 on 92 what we presume whenever
using (9.4).
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The two approaches for defect correction methods outlined in [23] consist
of first solving corresponding boundary value problems to obtain a potential
v and then subtracting Vv from f,,,, that is f4of = —Vv. The first approach
calculates the potential v of the decomposition (9.4). To distinguish the two
potentials of the methods, we denote v by v(!). Applying the divergence oper-
ator to (9.4) and taking into account that v vanishes at the boundary, yields

(9.5)

AvM =V £, in 2,
v =0 on 0.

The unique solution v(*) of (9.5), which coincides with v from (9.4), is used
to compute the corrected field

£0 = fapp — Vol (9.6)

Since Vo) € N(D), one hopes for a better result fﬁle)w
The second approach relies on the solution of the Neumann problem

Av® =V .f,  in 2,
{ PP (9.7)

8%'0(2) = vy - fapp —E o0 012

The solution v is unique up to a constant since

/arz ((Vx Fapp) () — f(m)) ds, = /Q(V Fapp) (2) d

by the Gauss theorem and (9.2). Thus Vo) is uniquely determined and the
field
£2) = fapp — Vo (9.8)

new

well-defined. Since v, - fffe)w equals £ on 0f2 and V - fg%)w = 0, this method
promises an improvement in accuracy too.

First, we state that both methods in fact lead to better reconstruction
results.

Lemma 9.1. If Vo) £ 0, £ = 1,2, then

||f_f£1?w||%2(9,RN) = ||f_fapp||2L2(Q,RN) _”VU“) H%?(Q,RN) < Hf_fappH%‘z(Q,RN) :

Proof. We outline the proof for ¢ = 2. The case ¢ = 1 is handled accordingly
and can be found as Lemma 2.2 in [23].
A straightforward calculation shows

If — faPPH%%Q,RN) =[f - fl(”fe)w - VU(Q)H%Z(Q,RN)

=[f - fge)w“%/Q(Q,RN) —2(f - fELQE)W7 v1)(2)>L2(0JR<1\’) + ||VU(2)||2L2(Q,RN) :
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Taking into account that V - (f — fgc) )=01in 2 as well as v, - (f — fﬁ)w) =
& —& =0 on 912, an application of the theorem of Gauss-Ostrogradsky yields

(f - ffi)wa VU(2)>L2(Q,RN) = / (f - f£12e)w)(x) - Vo@ (z)dx
2

_ / vy - (£ — £2),)(x) ds, — / (V- (f - £2,))(x) v (2)dz = 0.
o0 0
Thus, we have
IE = FapplZagmny = IF = 2, 12200 + V0@ 2200 vy -
O

So far, Lemma 9.1 proves that we found two possibilities to enhance the
reconstruction accuracy. But what is the differnce between the two methods
and which one is to prefer? To analyze the methods, we introduce the errors

e —f_ £

new ?’

(=12

and denote the difference by € = e — e()). Lemma 9.2 states that € is a
harmonic field being L?-orthogonal to e(?).

Lemma 9.2. a) We have that € = Vh for a harmonic function h.
b) The fields € and e® are L2-orthogonal to each other,

(e,e®) 2o rv) =0.

c) We have

||e(2)”2L2(Q,RN) = ||e(1)||2L2(Q,RN) - ||é||%2(Q,RN) = He(l)H%Z(Q,RN)'

Proof. From the settings (9.6), (9.8) and the boundary value problems (9.5),
(9.7), it follows that V x & = 0 = V-& in £2. The first identity implies & = Vh
for h € H'(£2), the latter one yields Ah = 0.

Using part a) and the Gauss-Ostrogradsky theorem implies

@ e®paamm = [ (@)@ hw)ds — [ (V- e)@)h(r)dr =0

because of (9.7). This gives part b).
Part c) is a simple consequence from part b), since e =e® _g. ]

From Lemma 9.2, we read that ffl%)w represents a better correction than

f flle)w But note that the boundary values £ = v, -f must be known to apply this
method. A more detailed analysis of the two approaches is found in SCHUSTER
[113].
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9.2 The Neumann problem

We show in this section an adept algorithm to solve the Neumann prob-
lem (9.7) by means of a boundary element method. We deal with the two-
dimensional case (N = 2) using a slight modification of the approximate
inverse as approximate solution f.,,. As a special feature, the algorithm of
defect correction uses the measured data ¥, , Df only and hence can be per-
formed in parallel to the reconstruction process. For the sake of a better
readability, we write v = v(2). We essentially follow the outlines of [112]*.

9.2.1 A boundary element method for the Neumann problem

First, we apply a boundary element method (BEM) to the Neumann problem
(9.7) which results in an integral equation of second kind. Denoting with u*
the fundamental solution of the Laplacian

AU*(IE,y):*(S(I*y)7 I,yGQ

with Dirac’s delta distribution d(x), we can identify v|,, as solution of an
integral equation of second kind

1 * *
(374K)e) = [ ) e Fapp)@)dse [ 0 00) (7)) 09)
a0 Q
for y € 092, see e.g. CHEN, ZHOU [14]. The integral operator K is the double
layer potential

a *
Koly) = | 2% (z,y)v(z)ds, . (9.10)
o 6”:3
To eliminate the differentiation of f,,, in (9.9) we apply an integration by

parts and get

(% I+ K)v(y) = /Q fapp(x) - Vou™ (z,y) de =: 2(y) . (9.11)

From (9.11), we get the Dirichlet data v(y), y € 9£2. The solution v of (9.7)
is then given by

ou*
o) =20~ [ G () ole)ds, (912)
a0 OVz
for y € £2, where v, comes from solving (9.11).
The defect correction method reads then as follows:

e Solve the integral equation (9.11) to get the Dirichlet data of v.
e Compute v(y) for y € 2 by (9.12).

! The figures in this section were reproduced from T. SCHUSTER, Defect correction
in vector field tomography: detecting the potential part using BEM and implemen-
tation of the method, Inverse Problems, 21 (2005), pp. 75-91. Copyright (©2005
IOP Publishing Limited. Reprinted with permission.’
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e Compute the corrected field

£2) = fapp — Vo.

new

Unfortunately, the Newton potential
) = [ fupoli) - Vi 2.9) o (9.13)

reduces the efficiency of the BEM, since the evaluation of (9.13) is of higher
order than those of integrals over the boundary 9f2. Thus, we aim to calcu-
late approximations of (9.13) analytically using the special structure of our
reconstruction f,,p.

9.2.2 The computation of the Newton potentials

As we only dealt with the three-dimensional case since Chapter 7, we start
with a brief re-formulation of the semi-discrete approximate inverse for the
2D Doppler transform ¥, ,D with ¥, , as in (6.9). We further consider the
case 2 = 22 with 002% = S*. N

The semi-discrete approximate inverse Dy, g : R™ — L2(02% R?), n = 2pq,
is defined via

(Dpaw)j(@) = D> (W, Gpg Uy g Tj 0 ) By ().
kez2
[IEll<d—1

Here,

Byy(r)=Bdx—k), d>0, keZ?
with the tensor product splines B = b® b according to (7.13), T;i’k from (8.2)
and the Gramian matrix Gp, ; € R"*™ with respect to the splines (7.1)

2m
Gpqg= % Inn
For w = ¥, ,Df, f € H*(0? R?) and o > 1/2, the inner products compute
as

(W DF, Gpg Uy g T 07 ) (9.14)

o7 2§~ 12 :
= T Z Df(gOl,Sl) v (@lvdsi - <kaw(§0l)>) .

pq =0 i=—q

The reconstruction kernel v/ is assumed to be associated with the mollifier
e(z1,x2) = p(z1,22) with p as in (7.16) for v = 2. This gives

Uj(@a 8) =72 w;(@) QE(S) ) J=12 (915)
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with = s2(6—4s?) + k18| <1
#s) = {3_22F1(1,3/2;4;s )—i—/i; [s] >1
where k1 = —(64+87)/15 and k2 = (33—167)/30. This in fact is representation
(7.35) with q(a) =1 and v = 2.

In order to get approximations to the Newton potentials z(y) in an explicit
form, we slightly simplify the operator D,, 4. Observing that

(W, Gpg Uy g T 07 g = (Dpyqw);(d k), d>0, ke
we deduce that Bf%d :R™ — L?(£2?) with
-1 q—

ZZ v (e d (s = (@,w())

=0 i=—q

J
Bn aw

is a reasonable replacement for (]Sn,dw)j (z). Actually (]Sn,dw)j(x) emerges
from B, jw(x) using piecewise linear interpolation with respect to the nodes

{d=1 k}. In contrast to (f)nydw)j, the functions le 4w have a continuous deriv-
ative due to the smoothness of v7. For the remainder of this section, we put

(fapp)j = Bi,d Wy, Df. (9.16)

We focus now on the Newton potentials z(y). A simple calculation shows

2
. ; ou*
w0) = [ Fanala) - Vo (w)de =3 [ (B0, DO @) G (o9) do
02 — 02 EJ
2 ou*
= Z<Bj \I’p7q Df, ' ( 72/)>L2(92) (9.17)
; iz

<
Il
—

[
Mm

(008 (80" { G () P

<.
Il
—_

where the adjoint operator (le’d)* 1 L2(§2?) — R” of thd reads

27 d?
pq 02

(B),)" i = F@) v (end(si— @w@)) do. (918)

The fundamental solution v* of the two-dimensional Laplacian is given by

u* () = —5 log(lle — ) (919)

yielding
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ou* 1 zj—vy;

90, Y = T eyl

To calculate z(y), we use not only the special form of f,, (9.16), but also the
special structure of the kernel v7. Obviously the integrals

; ou* d? T;—Yi
B/, *{ (-,y}:——/ jijvj(ap,d(s— z,w(p )dac, 9.20
( ,d) axj ) pq J o2 ||l’7y||2 < ( >>) ( )
which appear in (9.17), are singular.

To approximate integrals as in (9.20), we use representation (9.15) and
investigate the integrals

j L -
Yaf (e s) = = wi(p) . f(z) ¢(d(8 - <x7w(¢)>)) dz (9.21)

for arbitrary f € C*°(£2?) with ¢ € [0,27], s € [~1,1] and ¢ from (9.15). In
order to analyze the behavior of Y7, f for large values d, we define the functions

Fys)=do(ds), se[-2,2], d>0. (9.22)

Figure 9.1 shows a plot of d~! - F; for different values of d. We notice that
d~!. F; has three extreme values and is almost constant (= 2) for s large. If
d is increased, the graph consists almost only of the three extreme values and
is constant everywhere else. This observation is important for our searched
for approximation of (9.21).

L L
1 15 2

Fig. 9.1. Plot of d™' - Fy for d = 2 (solid curve), d = 4 (dashed-dotted curve) and
d = 20 (dashed curve).

At first, we localize the three extreme values of d—! - Fy;.

Lemma 9.3. The functions d=' - F; have two global mazimum points at
’Pl,g(i @ d=t, (k1 + %)) and a global minimum at B(0, k1).
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Proof. Differentiating Fy gives F/)(s) = d? ¢/(d s) where

#(s) = 125 —16s%, [s| <1,

T35 aF(1,3/2:4557%) — L5700 (1,3/2:4;572), s > 1.
(9.23)
From (9.23) we see that ¢ has the zeros s = 0 and s = +v/3/2 in [~1,1] and
that qNS is monotone decreasing, if s > 1, and increasing, if s < 1. Thus, there
are only critical points in [—1, 1]. A little bit of analysis shows that we have a

minimum point at s = 0 and maximum points at s = :I:\/g/Q. O

Lemma 9.3 tells us that the three extreme points of Fy lie in the Interval
g = [féd’l, @dil] which is concentrated about 0 as d — oo. Because of
|s — (x,w(p))| < 2 we are interested in the behavior of Fy in [—2, 2] for large
values of d. To this end, we take an arbitrary Schwartz function v € D(—2, 2)
with compact support in [—2,2] and compute

2

/ A(s) Fa(s) ds

—2

for large d. Note, that for sufficiently large d we have that Z; C [—2,2]. Thus,
we can divide [—2, 2] into subintervals Z; and [—2, 2]\Z4, apply the trapezoidal
sum corresponding to the nodes s¢ = —\/gd_1/27 s =0 and si = +\/§d_1/2
and obtain

/)\(s) Fy(s)ds = /I A(s) Fya(s)ds + /[_2 - A(s) Fy(s)ds

_1(k1+9/4 K K1 +9/4
d 1{% A(s) + 25 M(0) + % Ash)}
+/ A(s) Fy(s)ds
[(—2.2]\Za

i (k1+9/4 4 K1 k1+9/4 4
a7 { A + 2 A0) + T A )

|G

Q

|G

Note that for d — oo the approximation error in the calculation above gets
arbitrarily small. We used also the fact that Fj; is almost constant equal
to d ke outside Z; and that [—2,2]\Zy ~ [-2,2] for large values of d. The
considerations above inspire for large d > 0 the approximation

Fy(s) ~ FY(s) := ? (/—@1 5(s)+

4/€1+9
4

(5(s5—s2 )+5(s+si)))+d Ko, (9.24)
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where § denotes Dirac’s delta distribution. Thus, we may replace Fy(s) by
F{(s) as d — oo and get a nice relationship to the Radon transform R.

Lemma 9.4. Let f € C>*(02?%), s € [-1,1] and ¢ € [0,27]. Then

. fla) F(s — (z,w(p))) dz = Raf(p,s), (9.25)
where the integral operator Ry is defined via

4I£1+9
4+ —

Raf(p,s) = ? (/‘01 Rf(p,s) 1

+d Ky 2°(f)
and Q2(f) = [ f(z) d.

Proof. Assertion (9.25) is an immediate consequence of (9.24) and the defin-
ition of the Radon transform (2.17). O

(Rf(p.s = s1) + Rf(p,5 + 1))

With the help of Lemma 9.4 we get an approximation of Tﬂ f(9.21).

Corollary 9.5. For large d — oo and f € C>®(£2?) we get the approzimation
; d
Tf(pr5) = 25 o (D) Raf(r5). (9.26)
Proof. From (9.21), (9.24) and (9.25) we deduce

Yif(g.5) = St (e) [ 1) Fals = (o.w(e)) do

St [ @) Fils — (o) da

T
d |
=~ S wH @ Raf(9,9)
as d — oo. O
Remark 9.6. Statement (9.26) in Corollary 9.5 is to be meant in the sense that
. j d
dllnolo |Tilf(90a 5) + ﬁ w]l(go) Rdf(<p7 5)' =0 for all pE [07 27T] , SE€ [_17 1] :
Using the approximation (9.26), we reduce the dimension of the domain
of integration. Instead of the two-dimensional domain 22, we only need to

integrate over lines. Moreover, if we are able to calculate the Radon transform
of the function f explicitly, we get also an explicit representation of Y7 f. Since

D 2T .
[(B‘T]l,d) f]lJZET‘;f((phsi), Oglgp_la _C]SZSC]_L

we get an expression for the Newton potential z(y) as d — oo.



9.2 The Neumann problem 99

Theorem 9.7. Let (f.pp); = Bi’d U, , Df be the approzimate inverse (9.16)
of ¥, , Df and f € H*(2% R?) for a > 1/2. Then, the Newton potential z(y)
has the representation

20) = [ fnl@) - Vo' 0.9 do
(9.27)

=—— -2 D D D)y (00 Rafd, v () Heor, 1)

as d — 0o.

Proof. The proof of Theorem 9.7 follows readily from (9.13), (9.17) and (9.26).
O

A short calculation shows

. 1
02{8931’“ (7y)} = 5 Y5 (9'28)
see [23, Lemma 4.2], where the integral is to be understood in the principal
value sense. In that very paper an alternative approach is presented to approx-
imate z(y), replacing the integrand in (9.20) by a function which is bounded
in £22. Analytic expressions for

R{0z,u" (-, y) }e, 5) (9.29)
have been computed in [112, Lemma A.1], when |y| < 1.

Remark 9.8. The calculation of z(y) with the help of Theorem 9.7 requires the
measured data ¥, , Df only, not the reconstruction f,p, itself, which occurs
in (9.13). Thus, the computation of the defect correction term Vv can be done
without knowledge of f,,,. Moreover, both processes, the reconstruction and
the defect correction, can be performed in parallel.

Furthermore we mention that the condition f € C*°(£2?) in Lemma 9.4 and
Corollary 9.5 is meaningful since 9,,u*(-,y) € C*®(£2*\{y}). The singularity
in (9.27) appears only, if one of the finitely many lines L(gy,s;) contains y
and is a weak singularity, see (9.28). In case that y € L(py, s;) the expressions
(9.29) still are finite for ||y|| < 1, see [112, Lemma A.1].

The (large) factor d in (9.27) comes from the fact that we have a two-
dimensional dilation of the mollifier d?e(d(y — z)) - §;, but only a one-

dimensional dilation in ¢(s), see (9.22).

Thus, we may conclude, that we have a possibility to evaluate z(y) for an
arbitrary y € 22 But note that (9.27) is only valid in the special case when
we use fop, = B? ¥,  Df to reconstruct f and the special reconstruction
kernel (7.16). But (;bviously all the calculations and investigations can be done
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accordingly, if we use another reconstruction kernel. Unfortunately, formula
(9.27) is not of filtered backprojection type and thus more time consuming
than the reconstruction process. But since we will use the defect correction
method only in case of a small number of data, this drawback is justified by
the better reconstruction result.

9.2.3 Numerical results

We use the technique of evaluating z(y) outlined in section 9.2.2 to test the
algorithm of defect correction. Hereby, we solve the integral equation (9.9),
applying a collocation method approximating the boundary I' = 9622 = S* by
a polygon I';, and making a piecewise constant ansatz for v on I'j, see figure
9.2. Since the collocation points are inner points of 22, we only need a stable
evaluation of z(y) for |ly|| < 1 which is given by (9.27). The details of this
method are drawn from BEBENDORF, RJASANOW [7, 8].

Fig. 9.2. The unit circle T' = S* with the polygon I', and vertices z; and ;1.
The collocation points y; are defined as the center points of an edge I'y,,; and hence
satisfy [[y[| < 1. We make the piecewise constant ansatz pj., = c;.

]

Vector fields which fulfill (9.1) on 2?2 with £ = 0 have the form
f=V x, w(xy,x2) = (—0,w, 0z, w), w e HY(2?) (9.30)

with —2; Op,w + 22 0, w = 0 on S'. Furthermore, we set f = 0 in R?\ 22,
Setting
w(wy, ) = —exp(—x7 — x3), (9.31)

we obtain the vector field plotted in figure 7.3. The method of defect correction
is of large interest, especially if the amount of data is rather small. Data
acquisition might be time consuming, thus only few data can be measured.
To adapt this situation, we choose p = 10 and ¢ = 15. We calculate f,,,
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applying the method of approximate inverse (9.16) with d = 4.54, leading to
a relative error

2 2
(0B Wya DE = 85132 00/ 5132002 ) = 0.165 = 16.5% .
j=1 j=1

A plot of f,,, can be seen in figure 9.3 (left picture). The choice of d might
not be optimal, but often it is not possible to determine the optimal value
for d, causing further inaccuracies. To compute the defect correction nge)W, we
first solve the integral equation (9.11) by the mentioned collocation method
using 500 collocation points and obtain the Dirichlet data for the searched for
potential v. With (9.12) we compute then v and Vv analytically. Finally, we

determine f g?w = f,pp — Vo resulting in the relative error

2 2
(Z I(£2),); — fj||2L2(92)/Z Hfj||2LZ(Q2)) = 0.1292 = 12.92%,
j=1 j=1

which means an improvement by about 4%. The potential field Vv is displayed
in figure 9.3 (right picture).
Figure 9.4 contains the approximate inverse f,,, of the vector field f cor-
responding to
w(zy, ) = (1 — [|2]|*)? cos(xy + z3) (9.32)

in (9.30) as well as the potential field Vv, where we used noise contaminated
data with a noise level of 7%. Here, the original error

2 2
(Z ||Bil,d Wy, Df — fj||2L2(92)/ Z ||fj||2L2(Q2)) =0.1=10%
j=1

Jj=1

could be improved to

2 2
(IR £l 2/ DI85 32 ) ) = 0.0833 = 8.33%
j=1

Jj=1

Note that the improvement is only small, since fields V x ;| w are solenoidal
and hence we have exact convergence for d,n — oo as pointed out in Corollary
8.5.

9.3 The Dirichlet problem

There are several ways to solve the Dirichlet problem (9.5). Certainly, we may
apply a BEM also in that case after a reformulation of (9.5) as an integral
equation. The Neumann data of v = v(!) are obtained by solving
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Fig. 9.3. The approximate inverse fapp of f(1,22) = V x 1 w(w1,22) = 2exp(—27 —
23)(—x2, 21) with w from (9.31) (left picture) and the corresponding potential part
Vo (right picture). The structure of f is illuminated well by the picture to the left.
But the plot of the potential part Vv also shows reconstruction errors near the

boundary.
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Fig. 9.4. The approximate inverse fap, of f = V x| w with w as in (9.32) (left
picture) and the corresponding potential part Vv (right picture). Again the potential
part reveals boundary errors.

(% I+ IN{)v(y) = - /Qu*(w,y) Ap(x) dx (9.33)

— [ fan@) Vo @) o= [ (00) (- ) ) sy = 20)
0]

o

where K is the single layer potential

Ku(y) = /89 u*(z,y) ;—li(x) ds, .

The evaluation of Z(y) can be done as follows. The first integral in (9.33)

[ farnl@) Vo ) e
2

is exactly the function z(y), which we considered in section 9.2.2 and is eval-
uated as indicated in Theorem 9.7. Assuming again that {2 = £22, the second
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integral may be treated in the following way. We write the boundary integral
in (9.33) first in spherical coordinates

2T

[ @) (- ) @) s, = / w* (@(9),) (09) - Eapp((9) ) 49

(9.34)
d2 2 p—1qg-—1
= g 2= 2 2 Diersi)uy (01) x
pq j=11=0 i=—q
27

< [ lw0) =~ ylws(9) 3(d (51 = B, w0))) 0,

0

where w(d) = (cos 9, sin¥) € S*. Note, that v, =z, z € S. Since we evaluate
(9.34) for values y € £22 only, there is no singularity in (9.34). Thus, we may
apply the trapezoidal rule to get an appropriate approximation. Let

2

ﬂuzuﬁv

w=0,...,M,

be an equispaced discretization in ). Then

27

[ l(0) = ol o3 (9) (451 — (BCo. 0(0)))
0

M
Y (@) = yllw; (9,) (d (s = O(e0),w(8,))) )

n=0

To solve (9.33) we can use a collocation method again.

Another approach is described in [23, section 3]. There, the authors suggest
a method which uses a conformal mapping P : 22 — [-2,2]? to transform
the Dirichlet problem (9.5) to an equivalent boundary value problem on the
square [—2,2]? which is then solved by means of a finite difference scheme.
The drawback of this method is that the mapping P changes the metric in
[—2,2]2 to a non-Euclidean one.
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Conclusion and perspectives

We transfered the abstract framework done in Part I to the problem of Doppler
tomography. The result is a stable inversion scheme of filtered backprojection
type which emphasizes all amenities being characteristic for the method of
approximate inverse. These are:

e The reconstruction kernels can be pre-computed before the measurement
process starts.

e Invariances of the underlying operator help to improve the efficiency of the
method. Here we used dilation and translation invariances of the adjoint
of the Doppler transform.

e These invariances are further the reason that we have to compute the
reconstruction kernel only once. Thus the method is well suited, if one
needs to repeat the reconstruction process very often.

The measurement geometry described in Chapter 6 is very time consuming,
since the body has to be scanned slice by slice and in three different direc-
tions. Hence, from a practical point of view, cone beam data would be more
convenient. The application of the method of approximate inverse to the cone
beam transform

Df(a,w) = [ (w,f(a+tw))dt, weS?,

where a € T' C (R?\£2) is a source point on a given scanning curve, is subject
of current research as well as the general development of inversion schemes
for the cone beam geometry.

In chapter 9, we emphasized that defect correction methods are necessary
to improve the reconstruction accuracy and outlined a method in 2D which
relies on the approximate inverse as reconstruction scheme and needs the
measured data only to compute the defect correction term. The aim is to
extend the presented method to the three-dimensional case, since in that
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situation we do not have exact convergence for d,n — oo in contrast to the
two-dimensional case, compare (8.7), (8.9). To solve the according boundary
value problems in 3D, fast boundary element methods such as the adaptive
cross approximation (BEBENDORF, RJASANOW [8]) could be useful.



11

The spherical mean operator

After a short treatise about SONAR and SAR, we summarize in Section
11.2 the essential mathematical properties of the spherical mean operator
M. Though there are some similarities to the Radon transform R with
respect to its definition and inversion formula, we point out crucial differences
when the center set is given by {x,11 = 0} C R""!, which causes difficulties
in the numerical treatment of that mapping. The most important difference
between the two transforms is the fact that M can neither be formulated as
continuous mapping between L2- nor between Sobolev spaces. Moreover, M is
meaningfully defined on certain spaces of tempered distributions only. Hence
to solve the inverse problem

Mf =y,
we need the concepts presented in Chapter 4.

11.1 Spherical means in SONAR and SAR

To detect and visualize objects in the water, one emits ultrasound signals
from an antenna and measures reflections. In shallow water the assumption of
a constant speed of sound ¢(z) = ¢y is reasonable. A signal U = U(t, z) being
emitted from a source ag in a domain A C R? at time ¢t = 0 hence generates a
spherical wave front. The reflected signal which is received at time ¢ in ag thus
contains information of all reflections located at a sphere with radius (¢/2) ¢g
and center ag, see Figure 11.1. In Figure 11.1 the center set consists of the
line {zo = 0}.

The measured signal is

M/ (a0, r) = /S( I@AS @, r=@2e, 0L

where S(ag,r) := {z € R3: ||z — ag|| = r} and f(z) is the reflectivity. Here
dS? denotes the n—1-dimensional surface measure on S(ag, ). The reflectivity
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14

X2

Fig. 11.1. Measurement geometry of SONAR in two dimensions. The x1- and x2-
axes are switched to be consistent with the definitions in Section 11.2.

essentially depends on the speed of sound ¢(x), which gives information about
objects in the water. The problem to recover objects in water from ultra-
sound measurements is called SONAR (SOund NAvigation and Radiation).
In SONAR the centers ag usually are located at the hyperplane {x3 = 0}. As
can be read in Louls, QUINTO [74] the signal U (¢, z) propagates according to
the acoustic wave equation

k*(x) Uy = AU + 6(t) 6(x — ag) , ap € A. (11.2)

Provided that there is no multiple scattering (Born approzimation) which
means a linearization, then the determination of k2 from the back-scattered
signal is equivalent to the reconstruction of k? from M(k?)(ag,r), see
LAVRIENTIEV ET AL. [62] and ROMANOV [104]. Here, the refraction index k?
corresponds to the reflectivity f in (11.1).

We have a similar situation in SAR. Here, the aim is to determine objects
at the earth’s surface by ultrasound signals, where the antenna usually is
attached to the wing of an aircraft. To be exact, we would have to consider
Maxwell’s equations as mathematical model. But for the sake of simplicity,
one investigates equation (11.2) or the similar equation

U = AU + q(x) U +6(t) 6(x — aop) , ap € A,

where ¢(x) denotes the scatterer. HELLSTEN, ANDERSSON [45] show, how the
measured data in SAR can be interpretated as spherical means of the ground
reflectivity. CHENEY [15] explains how the signals which are measured at the
antenna can be expressed by spherical means of ¢~!(z) — ¢y ! when we take
equation (11.2) with k?(x) = —1/c?(x) as a starting point.
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11.2 Properties of the spherical mean operator

Let S(R™) be the space of rapidly decreasing functions in R™, i.e. the space
of all functions f € C*°(R"™) for which the seminorms

pm(v) = sup sup (1+ [|z]|*)™ | D (z)| < oo
|a|<m zER™

are finite for all m € Ny. Here, o € Njj is a multiindex and D® := 931 -...-0g»
is the differential operator of order |a] = a1 + ... 4+ a,. The system {p,,}
induces a local convex topology which turns S(R™) to a Fréchet space. Its
dual 8'(R™) consists of all functionals which are linear and bounded on S(R"™).
That means that to each A € S'(R™) there exists a m € Ny and a constant
Cyn, > 0 satisfying

(A v) s mryxs@m)| < Crm Pm(v) for all v € S(R™).

Thus, each A € §'(R") is of finite order. The space S'(R") is called the space
of tempered distributions. The following theorem, which can be found e.g. in
CONSTANTINESCU [17, Theorem 7.4], characterizes tempered distributions as
(weak) derivatives of slowly increasing functions.

Theorem 11.1. To each A € S'(R™) there exists a multiindexr o € N} and a
continuous function Py of at most polynomial growth, such that

</\,U>3/(Rn)><3(Rn) = (—1)‘04| Py (z) D%v(z)dx (11.3)
R’!L

for allv e S(R™).

Obviously, S(R™) € §’'(R™) and the embedding is dense. As a consequence,
the Fourier transform F can be extended continuously to an isomorphism on
S'(R™).

Following the lines in [5] we investigate the particular case where the cen-
ters ag in (11.1) are located on the hyperplane {z € R"*! : z,,; = 0}. To
adapt this very situation we re-define M. The spherical mean operator M
now particularly assigns a function f € S(R"*!) to its mean values over all
spheres with radius r > 0 centered about (z,0)" € R"*! 2z € R",

Mf(z,7) fz+r&rn)dSa(&n) =g(z7). (11.4)

15| Jgn

By |S™| we denote the surface area of the n-dimensional unit sphere S™ =
{&nT e RM . ¢ e R*, n € R, ||€]|? +7% = 1} € R*FL dS, is the
surface measure on S™. In contrast to the Radon transform R, the spherical
mean operator integrates over n-dimensional hyperspheres S™ instead of n-
dimensional planes. We often will use the notation = = (z/,z,,1)" for z €
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R™*! where 2’ = (z1,... ,xn)T contains the first n components of z and 11
is the (n + 1)-st component.

Obviously, M is not injective, since Mf = 0 for each f € S(R™*!) being
odd with respect to the last variable. COURANT and HILBERT [18] proved
that the null space of M consists of all those functions which are odd in
Zpy1. Thus, it is reasonable to restrict the domain of M to the subspace
Se(R™1) € S(R™H1) of all rapidly decreasing functions being even in 1,

SR = {f € SER™) : f(af, ~wpi1) = f(2', 20s1)} -

Unfortunately, f € So(R™*!) does not imply that Mf is again a rapidly de-
creasing function. Even worse: the image M f in general is neither in L?(R"+1),
nor in L'(R"*1). This fact is emphasized in Example 11.2 in two dimesnions
(n = 1). The image of the characteristic function of two circles under M, that
means of a function with compact support, is not even integrable.

Ezample 11.2. Let n = 1 and ¢ € L?(R?) be the characteristic function of
two disks which are reflected about the xs-axis

xc (@) = xc(21,22) = {(2): ng”eI @l < Lorflo ==l <1,
(11.5)
Note that y¢ is even with respect to x3. The picture to the left in Figure
11.2 shows a plot of x¢ for zo > 0. After some geometric considerations we
compute for z € R and r > 0

My (z,r) = {87rlr arccos (%) , d—1<r<d+1,
0, else,
where d = ||(z,0) — (4,4)||. We integrate over spheres with radius r > 0; the
center set is the line {(z,0) : z € R}. The picture to the right in Figure 11.2
displays Mx¢ for (z,7) in [-35,35] x [0, 50]. Obviously the support of Mx¢
is not bounded in R?.

This is a crucial difference compared to the Radon transform. The question
arises on which spaces M can be defined meaningfully as a bounded operator.
To answer this question, we first introduce a subspace of S(R?"*+1). Let

S:(R™ x R™):={f € S(R*™ ) : f(z,w) = f(z,||wl]) for f € Se(R"1)}.

The space S;(R™ x R"*1) contains all functions of S(R***1) being radially
symmetric in the last n+41 variables. Thus we will always understand functions
from S, (R™ x R™*1) as functions on R™ x R in virtue of the setting f(z,7) =
f(z,w), r = |Jwl||. The reason to use R™*! for the radial variable rather than R
is that we may apply the Fourier transform to a function from S, (R™ x R™+1).
This is important in view of Theorem 11.3. Of course the Fourier transform
again is radial in the last n+1 variables. In analogy to (S(R™),S’(R™)) we may
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Fig. 11.2. Left picture: Plot of the object function xc consisting of two disks
reflected about the z2-axis. Only the part for z2 > 0 is shown. Right picture: Plot
of Mxc¢ in [—35,35] x [0, 50].

also consider the dual pairings (Se(R"*1), SL(R" 1)), (S, (R™ x R* 1), S/(R™ x
R™*1)). For the sake of a better readability, we set S := Se(R"™1) and S, :=
S:(R™ x R™*1), the notations S, S/ are respectively. As a consequence of the
considerations made before, we cannot expect that Mf € S;, when f € S..
But it is easy to show that Mf € S/ for all f € S.. Since S, — &, is dense,
we even have M f € S/ whenever f € S.. Further properties are summarized
in the following theorem whose proof can be found in ANDERSSON [5] and
KLEIN [59].

Theorem 11.3. The spherical mean operator M : S, — S! is a linear, con-
tinuous mapping which is one-to-one. The range R(M) can be characterized

by
ROM) = S/ cone i= {9 € S/ supp § C {(0,0) € R" x[0,00) : 0> [0} } € S.

(11.6)

If the Fourier transform of f € S! is equal to an integrable function f(o,0),
then the inversion formula

flo,0) = calol (lol® + )" D2 4(o, /0|12 + 02) (11.7)

holds true with ¢, = |S™|/(2(27)") and g = Mf.
The adjoint operator M* : S, — S has dense range and is given by

Mgeann) = [ o(sfle=olPrain)de as)
]Rn

We further have

FM%g(0,0) = g(o, Vol + ¢*) - (11.9)

Note that the function § on the right-hand side of equation (11.7) is a
Fourier transform of a function on R2"*!, which is radially symmetric with
respect to the last n + 1 variables, and so is §. In the entire Part III, we
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define the Fourier transform without the normalizing factor (27)~"/2 to be
consistent with ANDERSSON’s article [5].

Remark 11.4. The adjoint operator M* integrates a function g € S, over all
spheres containing the point 2 = (2/,2,,1) . That is why M* is called back-
projection just as in case of the Radon transform R. But in contrast to R*,
the adjoint M* maps rapidly decreasing functions to rapidly decreasing func-
tions.

We further remark that it is not possible to formulate the spherical mean
operator as linear, bounded mapping between Sobolev spaces of negative or-
der. This becomes clear by Figure 11.2 showing that a function, which is not
continuous, has a range of large local smoothness or by the estimate

/ Sn
Hf||Ha(Rn+1) S % ||Mf||Ha+1/2(R2n+1) (1110)

and its proof which can be read in [5, Theorem 3.1]. Note that the Sobolev
norm at the right-hand side of the estimate does not need to be finite.
Defining the operator K : HY(R"*1) N S — He™(R2"t1) N 8! via

r,cone
FKyg(o,0) = \/0* —||o||? 0" ! g(o, 0), the inversion formula (11.7) has the
representation

f=ee M"KMf
and hence a structure which is according to the inversion formula (2.19) of R.
We aim to transfer the concepts of Chapter 4 to the problem of solving
Mf=g. (11.11)
To compute reconstruction kernels, we need a solution of

M v, (y) = e, (y), ey (y) € Se. (11.12)

Theorem 11.3 tells us that we have the situation described in part b) of
Remark 4.3: if e, (y) € R(M*), then v, (y) lies in S,. Against this background,
the extension lemma [5, Lemma 2.4] is of great importance.

Lemma 11.5. There exists a linear and continuous mapping E : S¢ — S,
satisfying
M*E = 1g, , (11.13)

where 1g, denotes the identity on Se, 1s.(f) = f, [ € Se. For o > ||o|| the
mapping E is characterized by the Fourier transform

FEf(0,0) = f(o,7/ 0> — |o]]?). ceR™, 0p>0. (11.14)

Identity (11.13) can easily be deduced from (11.14) with the help of rep-
resentation (11.9). The crucial difficulty of proving Lemma 11.5 is to extend
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FE for o < ||o]|]. ANDERSSON uses in [5] an extension theorem contained in
the book of STEIN [123]. Since this theorem does not provide an explicit rep-
resentation of F E, we will use another technique to obtain an extension in
Chapter 12.

To increase the efficiency of the inversion method, we used the existence of
invariances in case of an operator between Hilbert spaces. Lemma 4.5 promises
an improvement in efficiency in the distributional case, too, as long as an
intertwining property applies to the adjoint M*, since M is one-to-one on S..
Lemma 11.6 will show that such an intertwining in fact does exist. But first,
we introduce some notations.

For real M > 1 we distinguish certain open subsets of R"*1. We define

HM = HMR™) = {y = (¢, yns1) T €R™ 1 1/M < |ynpal},

R = MR = {y = (4, ypsr) T € R LM <[y < M}
Since the invariances in (11.15), (11.16) use dilations in y,+1, the reconstruc-
tion points y must be contained in the complement of the hyperplane y,, 11 = 0.
That is why we introduced the set H*. To state convergence results as in

Corollary 11.7 we even have to postulate that y,,41 is bounded. That is the
reason to define H* M For an open subset U C R"*! we denote

S(U) :={veS,:suppv CU},
S.(U):={ eS8, :supp N\C U},
ELU) :={\e S, :supp A C U is compact}.

Note that in general S.(U) represents a proper subspace of So(U)’. Finally,
let mappings 7., : Se — Se and G/, : Sy — S; be defined by

—n—1 '~y Tpgr M n+1
7 () = { e (e ) e MR
’ 0, ygHM R,

’

—2n—1 2=y T M (mn+1
gEJM’lU(Z77') = Iyn+1| u}(lvarl‘7 ‘ynJrll) RS H (R )’ (1116)
’ 0, ygHME®R).

Obviously, 7;yM and gf{ a are linear and bounded as compositions of transla-
tions and dilations. But nevertheless ’];va as well as gf’ pw may be discon-
tinuous in y for y,+1; = +1/M. Both meippings fulfill the desired intertwining
property with respect to M*.

Lemma 11.6. Let 7;yM :Se — So and Qf)M : S, — S, be given as in (11.15),
(11.16) respectively. Then

Ty M =M*GY,,, yeR". (11.17)

Proof. When y ¢ HM (R"+1), then there is nothing to show, since both sides
of (11.17) are equal to zero.
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Let y € HM(R"*!). Using representation (11.8) and appropriate substitutions
yield

M* gyMw(fE Tpy1) =

—on— z— _
=l [ (= el - P2, )z

Y+

o e I P e RV PR P TR A PRSP P
Rn

—lyial " [ (el = ol @ = I |22 s
Rfl
= 7:31\4 M w(z', 2pi1),
where w € S,. This completes the proof. ]

Lemma 11.6 allows for solving equation (11.12) for a single y € R™*! only.

We conclude this section by remarking that the transform 7. :=
limps oo ’Z;yM is a representation of the group (R",+) x ((0,400),-). The
identity element of that group is (0,...,0,1)" which is exactly that point for
which equation (11.12) is to be solved. Thus, the invariances are adjusted to
the given measurement geometry.

11.3 Approximate inverse for M

We give an outline how to transfer the abstract framework of distributional
approximate inverse from Chapter 4 to the spherical mean operator M. We
identify A = M, V = S, W = S, T/ = 7, and 7)) = G/, and consider
first the continuous problem (11.11). At the end of this section, we briefly
deal with the semi-discrete setting which is necessary for the implementation
of the method in Chapter 14.

Assume that we have an e, (y) at hand which is in S, for every y € R"*!
and satisfies the requirements to be a mollifier according to Definition 4.1.
The reconstruction kernel v, (y) associated with e, (y) solves equation (11.12)
and is an element of S, for every y € R™*! due to part b) from Remark 4.3
and Theorem 11.3. Applying Lemma 11.5, we immediately see that

vy(y) = Eey(y) (11.18)

fulfills (11.12). The intertwining property (11.17) enables us to solve equation
(11.18) for y = (0,...,0,1) € R**! only.

Corollary 11.7. For all v > 0 let &, € Se(R™™) and e, (y) € Sc(R™™) be
generated for fited M > 1 by the transform ’]ZjM,

ey (y) =T 8, y € R™HL, (11.19)

e)
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Assume that ey is a mollifier for M according to Definition 4.1. Then all
corresponding reconstruction kernels v, (y) are obtained by

v, = Eé, (11.20)

and
vy (y) = vy (Y)(2,7) = G 0y (2,7) - (11.21)
If ey is a (EL(HMM), So(HMM))-mollifier according to Definition 4.1, then

M,YMf = (Mf,vy("))s:xs, = f as vy — 0
for all f € EL(HMM). That means

Jim ((MLF, vy () spse B)egrnnany s, rmnnny = (s B)egratanxs, (o)

whenever 3 € So(HM:M).

Proof. Obviously, v = Ee, satisfies M*0 = e,. Lemma 11.6 then gives the
identities

ey(,y) = Ty 8q(x) = T M0y = M™ G0y () = M {vy (y) }(2)

Taking into account that M*v,(y) = e,(y), the convergences are conclusions
from Definition 4.1. O

Remark 11.8. The fact that e, (y) is generated by TeyM implies that
supp M,YMf c HM .

As a consequence we can only recover objects f(y) whose support has a dis-
tance greater than 1/M from the plane {y,+1 = 0}. This is not a restriction
for applications in SONAR and SAR, since the objects to be detected always
have a positive distance from the measure plane {y,+1 = 0}. Thus, the objects
always are supported in HM (R"*1) for sufficiently large M.
We will present a criterion for &, which guarantees that (11.19) generates
a (EL(HMM) S, (HMM))-mollifier in Chapter 12. Essentially, it is sufficient
for e, to have mean value 1. Note that Corollary 11.7 says that using a
(EL(HMMY S (HMM))-mollifier we have (weak) convergence of MA, My for
distributions f with support in H-M(R"*+1) only. But again, M may be
arbitrarily large.

Besides the translation invariance M has a dilation invariance, too. We
have

M*D7g(z) =y "' M*g(y ' z)

with DYg(z,7) = y=2"~1 g(z/~,r/v). Thus, it would preferable to transfer
this property to the mollifier e, (y) by ey (z,y) := v T, &1(z/v). But
unfortunately, such an e, does not fulfill the mollifier properlcy of Definition
4.1 anymore.
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We summarize the method of approximate inverse for solving M f = g,
[ € EL(HMAM),

e Choose &, € So(R""1) such that

exy(z,y) = IZ;Z,IMé'y ()

is a mollifier.
Compute v, = Ee,.
Evaluate

M, g(y) = (9, G 10~ ) 515, (11.22)
for y € HMM(RnH),

The crucial task in applying this algorithm is the computation of v, = Ee,.
Representation (11.14) of F Eg is valid only for ¢ > ||o||. To calculate 0, we
need F Eé,, for all o > 0. This fact has to be taken into account when designing
an appropriate mollifier.

Remark 11.9. By means of Parseval’s identity 1’\7[79 can be expressed by

M, g(y) = (2m)~*" "' (Fy, F G/ 0y) /x5, -
From (11.6) we see that
supp Fg = supp FMf C {(0,0) € R" x [0,00) : 0 > |[o]]} .

Hence, it seems sufficient to have knowledge of 0, for ¢ > ||o|| only. But then
it would be necessary to calculate the Fourier transform of the measured data,
which ought to be avoided for two reasons. A discrete Fourier transform would
extend the data periodically, which are known in a bounded domain only,
leading to artifacts. On the other hand, we would have to calculate a three-
dimensional Fourier transform in the 2D case (n = 1) and a Fourier transform
in five dimensions for the 3D case (n = 2) which would decrease efficiency of
the method significantly, since we could not use the radial symmetry in the
last n + 1 variables of M f.

We conclude the chapter by dealing with the semi-discrete setting which
is of great importance from a practical point of view. To this end, let f €
EL(HMM) be such that Mf can be identified with a continuous function
which does not need to be integrable. If the measured data M f are given for
p+ 1 centers z; € R", k=0,...,pand for ¢+ 1 radii r;, ro <r; <...<rg,
then we have to solve

UyMf=gny, gveRY, N=@p+1)(¢+1). (11.23)
The observation operator Wy : C(R™ x R}) — R¥ is defined by

(Tnyw)k =w(zg,m), k=0,....,p, 1=0,...,q.
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As we do not have a rigorous convergence theory as in the case of Hilbert
spaces, we have to define the semi-discrete approximate inverse in another way.
Since we have only a finite number of data and M f is a continuous function,
the dual pairing on the right-hand side of (11.22) is a double integral with
a bounded domain of integration. This suggests the application of numerical
integration leading to

My 9n(y) = (gn, On Uy G\ 0y RN - (11.24)

The weights from numerical integration are contained in the matrix Oy €
RN, The continuity of Mf(z,7)GY )0, (z,7) yields pointwise convergence

e My, ¥y Mf(y) = (Mf, G M D) L2 (choo X [0,700)) (11.25)

where ch., and ro, are defined via

(oo}
— P T
chy = pL:JlCh({Z’f}kZO) , Too 1= qlggo Tq

and ch({zr}) denotes the convex hull of the centers {zx}, Kk = 0,...,p, in
R™. The right-hand side of (11.25) equals (f,e,(y))s:xs,, if chee = R™ and
Too = +00. For v — 0, we obtain then (weak) convergence to f.

It is an open question, whether this is possible or not, and how the three
parameters v — 0,p,q — oo must be coupled to get convergence as in
Corollary 8.4.
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Design of a mollifier

This chapter is dedicated to the development of a (E.(HMM) S, (HMM))-
mollifier e, (y) which fulfills the requirements of Corollary 11.7 and hence is
generated by 7%, . Hence, let

1g (m/—y/ Tng1 ) , Y€ HM(Rn+1)’

[Ynt1l” [yntal
0, y ¢ H]\/[(Rn+1)
(12.1)
for e, € So(R"Y), 2 = (2, 2p41) ", ¥y = (¥, Yn+1) - Equation (12.1) implies
ey(z,y) =0 for y & HM(R"‘H) and
ey (,

ex(,0) = Ty (2) = {'y"“'

yn+1) = e,y(z,y',yn+1), (122)

what shows that e, (x,-) is even in y,11 and thus (f,e,(-,y))e xs, is even
in Yn41, too. Since we need Eé, to compute the reconstruction kernel, it is
important that the Fourier transform of €, can be easily calculated in view of
representation (11.14). For this reason, we assume €., to have a tensor product
structure

&y (@) = & (a') © (i), (12.3)

where e} € S(R™) and &2 is an even function in S(R). Conditions (12.1),
(12.3) imply that e, (-,y) € So(R™*1) for all y € R* 1.

To make sure that e, in fact is a mollifier and to get rid of the difficulties
which come from extending F Ee, (a, 0) for ¢ > ||o||, we postulate & and &2
to satisfy

1. f]R" é,ly(z) dz = fR ég(t) dt =1,
2. Féi is easily to calculate,

3. Fe2(\/€) has a nice extension for £ < 0,

see SCHUSTER AND QUINTO [115, Section 4].



124 12 Design of a mollifier

Theorem 12.1 will state that the first property suffices to turn e, into
a mollifier. The requirements 2. and 3. have only the sense to facilitate the
computation of the corresponding reconstruction kernels and to avoid the
extension lemma from the book of STEIN [123]. This is why we will construct
é% in such a way that the extension can easily be deduced.

We proceed as in Section 4 of [115]. By now, we omitted a specific choice
of é}Y and é%. Before proving the main theorem of this chapter, we have to be

more precise. Let &) be generated by dilations of a function e’

Y

n

el(z')=vy""el(a'/y) for e € S(R™) with / el(z)dz=1. (12.4)

Thus, é,ly is defined in the same way as in case of the Radon or Doppler
transform, that means by spatial translations and a dilation in ~, see (2.3).
We have to be more careful with respect to é?y. If e S(R) is an even
function with mean value equal to 1, then F(-/v) is not an appropriate choice
for ég/. Since ’Z;yM involves a dilation with respect to |yn+1], too, the mollifier

property is violated when setting €2 in such a way. Therefore we define €2 via

E(t) = - {F(%) +F(%)} for F € So(R) with /F(t) at = 1.

2y R
(12.5)
Functions el and &2 defined by (12.4), (12.5) satisfy requirement 1. and &2 is

an even function. The desired extension property 3. is guaranteed, when there
exists to é?/ a function g such that

Fe2(\/€) = g(€%). (12.6)

Equation (12.6) is the starting point for the specification of F' and hence of
52
e:.

Defining e, by (12.1), (12.3), (12.4) and (12.5) we get a mollifier. This is
subject of Theorem 12.1. In case of L?-spaces this fact is shown with the help
of suitable substitutions and Lebesgue’s dominated convergence theorem. In
case of distributions the proof is more sophisticated, since we have to show
the weak convergence A\, — X for all distributions A € &,(HM-M).

Theorem 12.1. Let M > 1 and functions €, & be given by (12.4) and (12.5).
Then e, (y) defined via (12.1), (12.3) represents a (EL(HM M), S,(HM-M))-
mollifier.

Proof. We follow the lines of the proof of Theorem 4.1 in SCHUSTER AND
QUINTO [115]. Let M > 1 be fixed. The proof consists of three parts. First,
Lemma 12.2 shows that A\, (y) := (A, ey (-, y))s;xs, for every A € S/ is again
a distribution in S.. After that, we prove a variant of Fubini’s theorem for
distributions (Lemma 12.3). The third part finally deals with the convergence
Ay — Ain EL(HMM) x S;(HM-M). To show this convergence, we need a
further, technical Lemma 12.4.
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Lemma 12.2. Lety > 0 be fized, e, be defined by (12.1), (12.3), (12.4), (12.5)
and X € S{(R™). Then Ay (y) := (A ey(,y))s:xs. represents a continuous
function of polynomial growth for y € HM (R"*1) which is identical to 0 when
y & HM(R"T1). We conclude that A, € SL(R™T1).

Proof. (of Lemma 12.2)

Obviously y — e, (-, y) represents a continuous mapping between H™ and S..
Hence, A, is continuous when y € HM and 0 else.

To show the polynomial increase of Ay, we apply Theorem 11.1 which allows
a confinement to functions. Let Py be the function associated to the tempered
distribution A according to (11.3). For y € HM, we obtain

(@) = (s er(9))sixs, = (—1) / Py () D2es () da

Rn+1

_ (_z)la‘ (7|yn+1|)_n_l/n/RP)\(m) Dg’/{el(;/y;ill)}

><D%+1{F( “ntl —1)+F( “ntl +1)}dxn+1dx' (12.7)

Tn+1

Ylyns1l YlYns1l
=0 Px(V[yn+1l 2" + 457 [Yyn+1] 2n+1 + [Ynta]) +
2(—7\yn+1l)|°‘| W Jr ( | n+ ‘ | n+ | n-+ | n+ |)
PV |Yns1l 2"+ Y [Yns1| 2nt1 — Iyn+1l)}
« D e1(2") DO+ F (2 11) Az dz’} :
where we used the substitutions 2/ = (' — ¢")/(v|yn+1|) and z,11 =

(Tn+1/|ynt+1]| £1)/7v as well as the symmetry of F. Since Py has a polynomial
increase there exist constants C > 0 and « > 0 such that

[Pa(@)| < Cx (1 +[l2l*)*, 2] = o0, zeR". (12.8)

Using (12.8) to estimate the integrand in (12.7) yields

Pr(v [yn+1] 2" + 47 [yns1] 201 £ |yn+1|)’
< O (L4 I lynnl 2 + 912 + (gt 21 £ gt l)?)
< 2 (L2 g P 12" (L + )
< O (M2 492 D) fya [ (1 + )"

Here, we made use of the triangle inequality and of the estimates (1+a+b) <
(1+a) (1+b) and (a+b)? < 2 (a® +b?) which are valid when a,b > 0. Finally,
we get for (12.7) a bound

A< Cx 2% sy [y [ (Y lyna )T A+ Mlyl®)", ye WM
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with
T / /(M_2 +77 [|2]7)" DY e (=) D"+ F(2041) d2ny1 d2’ < o0
n JR

finishing the proof of Lemma 12.2. ]

The main idea for continuing the proof of Theorem 12.1 is as follows: to prove
the convergence A\, — A, we would like to investigate the convergence of the
dual pairing (A, (e, (z,-), B))s:xs, for v — 0 rather than that of (A, 3)s:xs.,-
In case of (measurable) functions, this can be done with the help of Fubini’s
theorem (see e.g RUDIN [106, Theorem 8.8]). In case of distributions, we again
will use Theorem 11.1 to pull back to functions.

Lemma 12.3. Let v > 0 be fized, e, be defined by (12.1), (12.3), (12.4),
(12.5), A € SL(R™Y) and B € Se(R™) be an even, rapidly decreasing func-
tion. If furthermore

By () = (ey (T, ), B)s1(Rr+1)x 8o (HM) 5 (12.9)
then we have 3, € Se(R™ ™) and the intertwining

<)\’Y7 6>3é(R"+1)><Se(’HM) = <)\, 6’7>54(R"+1)X3e(R"+1) . (1210)
Note that 3, is a function in z, whereas A, varies in y.

Proof. (of Lemma 12.3)
We again use representation (12.7) and write

<)‘7aﬁ>SQ(R"+1)XSe(HM) :/ / I;\y(y,l‘) dajdy, (12.11)
HM JRn+1

where

—1)ledl
2

« (Da/el) ( z’ — y/ ){(Dan+1F) (anrl - |yn+1 ‘ ) +(Dan+1 F) (‘rTHrl + ‘ynJrl | )}
Y |Yn+1] Y Y1l Y |Yn+1l

D Yni1. 8 1) = (Y Y1) T B Y1) Pa(a o)

The application of (12.8), y € H™, and the fact that F, 3, e! are functions
in S, as well as the estimates

1+ (a/b)? > 1 +a®)/(1+), aeR, beR\{0},
(14 fla=b*) 7" <2 A+ []pI>)* (1 +[lal>)™*,  a,beR", keN,

leads to
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|I; (y/7 Yn+1, $/7 xn+l)‘

< (Cx/2) (L + Jl2)1?)" (v/M) " 1B )| (1 * M)im

Yyia
Tp — |Yn 2 —H2 T + n 2 —H2
X{@ﬂg#) +(1+(+12#) !
v yn—',—l Y yn+1
_ Oy ()" <v)"1'“'
T2 (1l \M

L+ 1Y 1P)H (L + lynea )
(L fl2"][2)mr (1 Jwnga]?)0e

[2(1 + '72 yr21+1)]M1+M2

for any p; € N, j = 1,2,3. The latter estimate implies that for ui, po,
ps sufficiently large, I7 in (12.11) is dominated by a function which is inte-
grable in (z,y) € R"™! x HM . Hence, the classical Fubini theorem applies to
(Ay, B)s;xs. and we may change the order of integration in (12.11). Since the
integrand is arbitrarily smooth for y € H™, we further may pull the differ-
ential operator D in front of the inner integral. Representation (11.3) then
proves (12.10).

It remains to show that 3, from (12.9) actually lies in Se(R™*!). To this
end, let o € Ng“ be an arbitrary multiindex. We will prove that D3, (x)
decreases more rapidly than any polynomial as ||| — oo. From (12.9) we
deduce

—1)le /
D) = [ Al RO =) )

{ (D F) (P = 1) /7) + (D2 F) (5224 1)/4) | Bly) dy.

Yn+1 Yn+1

We find a constant ¢, > 0 such that

DBy () <& L+ Y117 L4+ 4201) ", (¥ ynt1) €R™!

holds true for any integers u1, u2 € N, since 3 € So(HM) and v > 0 is fixed.
Applying similar arguments as in the estimate of |I)| it finally follows that
By € Se(R™*1) and the proof of Lemma 12.3 is complete. O

Lemma 12.3 helps us to relocate the investigations of convergence from A, — A
to By, — B in Se(HMM). If 3, tends to 3 in So(H M), then this would be
equivalent to the convergence A\, — X in E.(HMM) because of (12.10). The
following lemma thus plays a key role in the proof of Theorem 12.1.

Lemma 12.4. We again assume e, to be defined by (12.1), (12.3), (12.4),
(12.5), B € Soe(HMM), o € Ny to be a multiindex and 3, as in (12.9). Then
D*B.(x) — D*B(z) pointwise in HMM as v — 0 and DS, is uniformly
bounded in (x,v) € HMM x (0,1).
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Proof. (of Lemma 12.4)
We use again the symmetry of F' and write

1 =y Tntl /
67(56) /HM,M (v |yn+1|)n+1 € (fy |yn+1|> <<yn+1 1) /7)6@!) ’ (—;_12 ].y2)

Provided that (z,y) € HMM x HM:M e perform the substitutions

Tn+1
=@ =)/ (Ynt1l7),  zpg1 = ( e 1)/7. (12.13)
Yn+1
We have
Yn+1 _ 1 and Yn+1 dzn+1 _ dynJrl
Tn+1 YZn+41 +1 Tn+1 Yn+17

and the domain of integration with respect to z,41 satisfies

1 1 1 M

— < < < < M?. 12.14
M2 < Mam] ~ Fompr 711~ Towed] (12.14)

The integral in (12.12) then turns into

// et (") F(zpa1) ¥ (12.15)
n 1/ vz 1 <M?

Y|Tni1] / Tn+1 1 ’
X3 (x’ - 2, ) dz'dzny1,
Vznt1 + 1 yzng1 + 17 [yznn +1] m

where the integration limits of the inner integral are bounded independently

from x,,41 since 1/M < |yn+1] < M and the support of 3 is contained in
x [1/M, M].

We aim to subtract §(z) inside of the integral (12.15) and then letting v — 0.

At first, we set

1
:ﬁx/ / et (2) F(zn1) —— dz,p 1 d2/
(=) m J1)|yzp 141 <M? JF(zne) [V2n41 + 1 *

and prove that 3, — by tends to 0 in Se(HM-M) Considering the derivative
D*[3, — b,], we get

Do16y (@) / //I'yzﬂ+1+1|<M2 e () Flznt1) (12.16)

YNeng1] Tn+1 1 ’
x DY ﬁ(m’— 2, )—ﬁaﬁ}dzdzn )
{ ot + 117 7o + 1) PO o 1] i

For applying Lebesgue’s dominated convergence theorem to (12.16), we have
to show that the integrand is dominated by an integrable function for every
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r € HMM yniformly in v € (0,1). To this end, we explicitly calculate the
derivative which appears in the right-hande side of (12.16).

The differential operator D& can be split into D2 = D7} Dg,/. The differ-
entiation with respect to 2’ can be easily handled since z’ occurs in the first
argument of 3 only. We may compute

9 |xn+1| / Tnt1
D (x’ _ /| ) — B(x } - 12.17
{ﬂ |'an+1 + 1| Y zZnt1 + 1 ﬂ( ) ( )

! Y |xn+1| / Tnt1
Dgr1¢ (DS, (m’ — 2, )} —DSB(x).
e {( b [V Zn41 + 11 T yzng1 +1 bz)

The differentiation with respect to z,41 addresses both arguments of D;‘,Iﬂ .
If & = (61,...,0n) € Nij denotes a multiindex, then we prove for z,11 >
1/M > 0 the following representation of the integrand in (12.16) by means of
complete induction:

el(z’)F(an)[ Z { AT ()

Y Znt1 + 1] Y Zng1 + 1191 (y 2 g1 + 1)@ns1=1

0<|8’ | <ant1

% DOML+1_|5,| D§:+a/ )(Z‘/ 7 ‘xn-‘rl‘ 2/7 Tn+1 ) 12.18
( ot v IV Znt1 + 1]y zng +1 ( )

- YTntal Tn+1
+(v zpy1 + 1) (DS (Jc'— z, )—Do‘ﬁx}
(7 Zn+1 ) ( ) IV Zne1 + 1|77y zngr + 1 (z)

A similar formula can be obtained for z,+; < —1/M < 0.

From (12.14) we read that 1/|7y z,,41+1| < M?. From (12.18) we then conclude
that the integrand in (12.16) is bounded above by an integrable function
uniformly in v € (0,1). Lebesgue’s dominated convergence theorem gives that
D*[3, — b,] — 0 pointwise in So(HM"M) as v — 0. Note that the terms
appearing as arguments in the sum of (12.18) are multiples of ~.

The convergence b, — 3 in Se(HMM) is obvious since e! and F have mean
value 1. Thus, we may summarize

lim (6, — B) = %E%(ﬁv —by) + yi%(bv -p)=0

7—0
in So(HMM).
The uniform boundedness of D3, in v € (0, 1) is shown using similar argu-
ments. O

We are now able to complete the proof of Theorem 12.1. We remember that
A € EL(HMM) is assumed to have compact support in HM* . According to
Theorem 11.1, we have A\ = D P, with a continuous, slowly increasing func-
tion Py. Unfortunately, in contrast to A, the function Py does not need to have
compact support. Hence, we define a cut-off function ¥ (z) = ¢ (a’) ¥a(2yy1)
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from S,(R™*1) which is supposed to be identically 1 on supp A and compactly
supported. More specifically, we assume that the support of 1, is contained
in [-2M,—1/2M]U[1/2M,2M]. Then we have A = ¢» D*P) and from Lemma
12.3 it follows that

(s B) s @nt1)xSo(HMMY = (P, Bry) St (HM M) xS, (Rn+H) (12.19)

= (—1)lel /HM,M P,(z) D*{¢(z) By (x)} dz .

With the help of the product rule for derivatives and the convergence result
from Lemma 12.4, we see that the derivative on the right-hand side of (12.19)
converges pointwise in & on any compact set and is uniformly bounded. A last
application of Lebesgue’s dominated convergence theorem finally finishes the
proof of Theorem 12.1. a

Remark 12.5. To get the estimates in the proof of Theorem 12.1, we had to
postulate that the distributions A which satisfy the mollifier property have
compact support in HM M Tt is unclear which requirements have to be fulfilled
that 7%),€, generates a (SL(R"*1), Se(R™1))-mollifier.

To conclude this chapter, we present two functions e, satisfying the con-
ditions of Theorem 12.1. First, we set

e(a) =y el @), ) = @m) " exp(—|lZ'|?/2), @ €RT.
(12.20)

Hence, &l has a structure as in (12.4), is a function in S(R™) and has mean

value [, e}(z') dz’ = 1. The function F defining & via (12.5) is supposed to

be defined as

F(t) := 2F {exp(— ¢ }(2t) . (12.21)

Obviously, this function satisfies relation (12.6) with g(£) = exp(—[¢[?). Fur-
thermore, we have F' € S¢(R) and [, F(t)dt = F'(0) = 1.
The Fourier transform of e, = é# ®é§ is not compactly supported when we

choose é# and é% as in (12.20), (12.21). For this reason we consider a further
mollifier. Let
1-—L1
Rey=de Ll <1, 12.22
© { 0, lel>1 (1222

and

' (@) =FHn(l- ID}I="l),  F(t) =FH{rE*)}1). (12.23)

The functions e} and €2 again are defined by (12.4), (12.5), respectively. With
the help of Theorem 12.1, the mollifier property of both settings for e, can
easily be verified.

Corollary 12.6. Let M > 1 and e, = €} @ €2 be defined by (12.20), (12.21),
or (12.22), (12.23), respectively. Then the requirements of Theorem 12.1 are
satisfied and e, (y) = Ty €, is a (ELHMAMY S (HMMY))-mollifier.
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Figure 12.1 displays e, for n = 1 — the two-dimensional case — and v =
0.06. The global maximum is attained at (0,1)T which is the identity element
of the group (R,+) x ((0,+00),-) and the single point for which equation
(11.12) is to be solved.

[ 0.5 1 15

L L L L L L L
-2 -15 -1 -0.5 0 0.5 1 15 2

Fig. 12.1. Mollifier e, = &}, ® &> defined by (12.5), (12.20) and (12.21) for v =
0.06 (upper picture). Below, the graphs of &} (bottom) and &> (middle picture) are
plotted. The width of the peak is about 0.5 units in each case (note the different
scales), which is achieved by the dilation in (12.21). In contrast to the mollifiers
considered in Part II, the function e, takes on negative values.
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Computation of reconstruction kernels

This chapter is concerned with the computation of a reconstruction kernel
associated with €, where the calculations are performed in detail for the
mollifier given by (12.3), (12.5), (12.20) and (12.21). Our aim is to find a
representation of

v, = Ee, . (13.1)

The reconstruction kernel corresponding to e,(z,y) = ’Z;fMéW(:E) is then

vy(y) = 93M67 according to Corollary 11.7. From Lemma 11.5, we read that

Fu,(0,0) = FEey(0,0) = Fey (0, v 0 — [lo]?), (13.2)

when ¢ > ||of|, o > 0 and o € R™. First, we have to calculate the Fourier
transform of e,.

Lemma 13.1. We have

Fe,(0,0) = é,(0,0) = é}/(o) éi(g) = cos(p) e 1 llol*/2 o= o (13.3)

Proof. Because of é}y(a) = e 7 1Iol*/2 equation (13.3) follows from

2(0) % R{F(qtl)JrF(q;l)}e‘“”dq
— 5o [ Fgeriea
R

= cos(p) e~V e/

P,

For o > ||o]|, we deduce

Fo, (0, 0) = cos(v/0* — [o][2) e Io1?/2 g7 (&*~llolI*)*/16 (13.4)
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from Lemma 13.1 and (13.2). With the help of (13.4), we see that an extension
of ¥ to the whole of R x [0, 00) as a function from S, requires an extension of
cos(v/€) for € < 0. Thus, we need a function G € C*(R) with G(§) = cos(\/€),
if £ > 0, such that

Fo,(0,0) = G(0* — ||o||?) e IoI*/2e=7" (&®~llol*)?/16 (13.5)

is meaningfully defined for all o € R™, o > 0 and additionally is a function in
S;. The latter one implies that v, € S;.

The first idea to extend cos(y/€) is to use its power series expansion. For
& > 0 we have

Q
@]
wn
—~
=
~
Il
Nk
—
|
—_
~—
ol
I
ol

(13.6)
k=0

Using the power series (13.6) to extend cos(v/€) on & < 0 we obtain the

function
o[ VO €0,
| cosh(VIE]), €<0

which obviously is in C*°(R), but unbounded. If we take into account that
G(&) = O(exp(1/[¢])) for & — —oo, then in fact we have that Fo, € S;.

As outlined in Remark 11.9 the particular choice of the extension for Fu,,
on 0 < g < ||o]| has no impact to M’v MY/, since supp FMf C {(0,0) : 0 >
|lo]|}. In applications, we only have a finite number of data available as it
was expressed by equation (11.23). This implies that the data are given on a
bounded domain (z,7) € Zy X [0, R] only, where Zy C R™ is bounded and
R > 0. As a consequence, the specific extension of G actually has an influence
to My, Mf. Numerical tests have shown that a bounded G(§) € C(R) is
desirable. To this end, we introduce a cut-off function x € C*°(R) which is
supposed to have the properties

x() =1, if&=0,
x() =0, if&<—1,
X(k)(—l) = X(k)(O) =0, forallk>1.

Such a function is explicitly given by

B w(&+1)
N 3]

where

e7l/E, ¢>0,
moz{ S

The bounded extension G of cos(y/€) finally reads as
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_ { cos(v§€), £€>0,

G = .
©= () coshi(y), <0 13.7)

and is a bounded function in C*>°(R). Plots of x as well as of the extension G
are displayed in Figure 13.1.

2 15 -1 -05 0 05 1 15 2 -1 -05 0 05 1

Fig. 13.1. Plots of the cut-off function x (left picture) and the extension G (right

picture). We have displayed G(£) only in the interval £ € [—1,1] to emphasize the
smoothness of the extension.

The reconstruction kernel v, is now computed applying the inverse Fourier
transform to (13.5).

Lemma 13.2. Let &, = &} @@ be given by (12.5), (12.20) and (12.21). Then
a solution of

M*o, =&,
is represented by
B (2r) = —— // (& — 0%) =" (F477 (¢=o?)?/10)
AR
00
xoJo(or) cos(o z)} dodo forn=1, (13.8a)

( ) (271_) n— %7'1 n)/2 4(2—n)/2
x// (0*—72)e —72 (G4y* (02 =72)%/16) (13.8b)
0 0

x ot /2 £ (2=n)/2 Jm—1y/2(07) J(n—2y/2(T t)} dodr forn>1.

Here r,t > 0, J, denotes the Bessel function of first kind of order v and G is
defined as in (13.7). In (13.8b) we have t = ||z|| and T = ||o]||.
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Proof. Formulas (13.8a), (13.8b) follow from (13.5) by an application of the
(2n + 1)-dimensional inverse Fourier transform and using identity (13.3) and
spherical coordinates. The proof is completed with the help of

/, e 48, (w) = (2m) "2 (or) M2 T g a(er)

which is found e.g. in FAWCETT [30]. O

Since the o-variable is in R if n = 1, the introduction of spherical coordi-
nates for the integration with respect to o does not make sense in that case.
That is why we wrote down the representation of . (z,r) for n = 1 separately.
The kernel v, is illustrated in Figure 13.2 for v = 0.06 and n = 1, i.e. the
two-dimensional setting. The integrals in (13.8a) were computed by numeri-
cal integration where we confined to values (o, 9) for which the integrand is
greater than or equal to 10712, The reconstruction kernel plotted in Figure
13.2 is associated with the mollifier e, and also reaches its global maximum

t (0,1). This again is compatible with the group structure which underlies
the operators gg M-
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Fig. 13.2. The reconstruction kernel o, given as in (13.8a) for v = 0.06 and n = 1.
A cross section through the z-axis again would show the similarity to the Shepp-
Logan filter just as in Doppler tomography, compare Figure 7.35, whereas we have
a smoothing with respect to the radius variable 7.

The computation of the reconstruction kernel corresponding to the molli-
fier with compactly supported Fourier transform is done accordingly.
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Corollary 13.3. If the mollifier e, = é# ® 63 is defined by (12.4), (12.5),
(12.22) and (12.23), then a corresponding reconstruction kernel can be written
as

Oy(2,1) =
"/71’}/71
1 /o2 1 2 2- o dplerot ) o
ﬁ{ T]JQ( n + o T) cosne (A=v202) (1—v=0%) COS(UZ)dT}dU
0 0

2.4

¥ o
_ 2 (62—~2%1n
* / /77‘]0(\/02—7727")X(—772) coshne’” T2 B 170 COS(OZ)dUd"}
0O 0

form=12€eR, r>0 and

Oy(2,m) = (27)~ n—% p(1-n)/2 y(2-n)/2

-1 ,.—-1
2 4

Y vy
_ 2 (24249
X{/ /”J%Wn%r%) cos e’ T AT s (7 ) dydr +
0 0

+

0\4

9 D (242t
/77 V72 =2 1) x(=1?) coshpe” (-2 a7 JnT—2(Tt) dndT}
0

forn>1,t=|z||, =0, and r > 0.

In Corollary 13.3, we additionally applied substitutions ¢ = v/n% + 02 and
0 = y/o2 — n2. Note that we do not need to restrict the integration limits in
order to apply numerical integration since they are finite.
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Numerical experiments

Over the last three chapters, we provided all tools for the implementation of
the method of semi-discrete approximate inverse applied to ¥y Mf,

My, Uy Mf(y) = (Ux Mf, Qn U GY 10 ) - (14.1)

We will test the performance of the method with the help of synthetic data
in two dimensions (n = 1). Since n = 1, the measured data ¥ M consist of
a finite number of integrals over circles

M) = 5o [ fetrernasicn

27

1
—/f(z—kr cosf,r sinf)do,

27
0

where 2 € R, r > 0. Applying the substitutions ¢ = /72 + 02 und ¢ =
V02 —n?, respectively, the reconstruction kernel ., (13.8a) turns into

Oy(z,1) = (14.2)

oo o0
2 2.4
2{//1}J0 V2 +o%r) cosne =7 (i ) cos(o z) dndo
00

T 2 252 '72774
+// Vo2 —n2r) x(—n?) coshne™" T+ cos(o 2) dnda}.
0

Since we proved the mollifier property for e, for distributions with compact
support in HMM(R™) only, see Theorem 12.1, we assume f € HM:M(R?) for
a certain M > 1. The method of approximate inverse (11.22) for solving the
continuous problem M f = g in two dimensions reads
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M, Mf(y) = (Mf,GY 1,0)s:x5. (14.3)

— Y
rMf(z,r) drdz
= ap // sen (Tt )

—oo 0

with reconstruction points y € HM-M(R?), y = (y1,92) " . Note that the right-
hand side of (14.3) is not of filtered backprojection type due to the dilation
by [ya|~". N

We show how the semi-discrete algorithm My, emerges from (14.3). In
practical situations, we only have a finite number of data M f(z,r) at hand.
These are spherical means for finitely many centers (zj,0) " with z;, € [A1, Ag],
Ay < Ag, and radii r; € [0, R] with R > 0. Assume that the sampling scheme
is given as

Ay — A
Zk:A1+k'hZ7 hzzgv k:Oa"'ap7

(14.4)
rp=1he, hy =

Hence, we have N = (p+1) (¢ + 1) spherical means available. Instead of M,
the measured data are given by the vector Wy Mf, where the functionals
Uy :C(R x [0,00)) — RY are point evaluations at (zj,r;)

(Tnv)gy =v(zk,m), 0<k<p, 0<I1i<gq, veCRx][0,00)).

Remark 14.1. The observation operator ¥ is well-defined only if M f can be
represented by a continuous function. Since we only know Mf € S/, we have
to require — just as in Section 11.3 — that f € &(HMM(R?)) is such that
Mf € C(R x [0,00)) holds. This does not mean a large restriction, since M
smoothes by a factor of 1/2 in Sobolev scales, see estimate (11.10). If, e.g., f is
a sum of characteristic functions of convex sets with smooth boundaries, then
actually M f is continuous. Note that we do not assume that M f is integrable
over R X [0, 00) which in general does not hold true, see Figure 11.2.

To recover f from Wy Mf, we apply the trapezoidal sum corresponding
to the nodes {(zx,7)} to (14.3) and get

My, Ux Mf = (Uy Mf, Qn U G305 )zn (14.5)

P q
| 2‘3 hzh,«ZZrlvv(

k=0 i=0 T

") Mf (1)

for y € HMM(R?). In that case, we have Qn = h, h, Iy n. The specific
sampling scheme yields the convergence
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Jim My Wy Mf(y) = (M, G0 04) 22 (s As] < [0, R])

according to (11.25). Formula (14.5) was applied to get the reconstructions in
figures 14.1 and 14.2.

The kernel ¢, has been pre-computed by applying numerical integration
to (14.2) choosing convenient integration boundaries. Moreover, we determine
0(2,7) on the square [0, 10]? on a equidistant mesh grid consisting of 128 x 128
grid points. Since the kernel is rapidly decreasing, the absolute value of ‘I’v
outside the square [0,10]? is rather small, so we may extend the kernel by 0
there. Using the symmetry ©.(z,7) = 04(—2,7) and linear interpolation, we
get Oy(z,r) for every z € R, r > 0. To check the performance of the above
algorithm, we implemented it to reconstruct several objects. All reconstruc-
tions were computed for (y1,y2) € [0, 7] x [1, 8] using an equidistant mesh grid
with 128 x 128 grid points. The objects are assumed to have their support
in H!(R?). The data are given according to the sampling scheme (14.4) with
A = =36, Ay = 36, p = 384, R = 25 and ¢ = 400. Please note, that in all
pictures the yo-axis is the horizontal one, whereas the y;-axis (the SONAR
sources, circle centers) is the vertical one.

1.) First, we recovered the function ¢ (11.5), the characteristic function of
two disks reflected about the y;-axis. Hence, x¢ is even in y, and a tempered
distribution yielding xc € S.(R?). The picture at the top of Figure 14.1
shows the original function y¢c in [0,7] x [1,8] as well as the approximate
inverse M N,y YN Myc. Cross sections of the reconstruction along with the
exact object function yo are plotted in the bottom picture in Figure 14.1.
The horizontal and vertical cross sections displayed in Figure 14.1 emphasize
that the singularities of f(y1,ys2) for y1 = const can be better recovered than
those for y» = const as predicted by the microlocal analysis, see Remark 14.2.

2.) Second, we applied the algorithm to the sum of two functions where
each one has a representation as xc and thus is in S(R?). The function to
be recovered consists of four disks alltogether having radius 1. One disk is
centered about (4,4) and has density 2, the second is centered about (2,3)
with density 1 and both of them are reflected about the y;-axis to obtain
again a function which is even in y,. The reconstruction, the original object
as well as corresponding cross sections can be seen in Figure 14.2 for (y1,y2) €
[0,7] x [1,8], the parameters are the same as in Figure 14.1.

These tests show that the method of approximate inverse works fine, and
the reconstructions would be comparable to those in DENISJUK [20] if the op-
timal regularization parameter was found (see Remark 14.2 for that problem).
Some blurring in the reconstructions is caused by the numerical calculation of
the reconstruction kernel and truncation errors. However, some ill-posedness
is inherent in the problem.

Remark 14.2. Some of the fuzzy reconstruction boundaries in figures 14.1 and
14.2 are intrinsic to the problem. As shown in Louis, QUINTO [74], PALAM-
opov [91], the object boundaries that are most difficult to reconstruct are
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Fig. 14.1. Top: Reconstruction of xc as in (11.5), (left picture) and original object
function (right picture), v = 0.04. The yi- and y2-axes are switched. The sources are
located at the vertical (y1-) axis. Bottom: Cross sections through the reconstructions
(dashed line) and the original object function yc (solid line). We have displayed
K/I/N,, U N Myc(y1,y2) for yo = 4 (left picture) and for y1 = 4 (right picture). One
sees that the reconstruction is smooth and recovers the jumps of xc but the peak is
attenuated. This is an indicator that we have not chosen the optimal regularization
parameter v which is difficult to determine. The jumps in the left-hand cross section
furthermore belong to edges which are hard to recover according to the microlocal
analysis, see Figure 14.3. This is the reason why the left jump is located more exactly
in the right-hand picture.

those not tangent to circles in the data set. This means that horizontal bound-
aries in figures 14.1 and 14.2 will be intrinsically hardest to reconstruct, since
the set of circle centers is the vertical axis. Since more-or-less vertical bound-
aries are tangent to spheres in the data set, the microlocal analysis predicts
they will be easiest to reconstruct. This is analogous to limited angle X-ray
tomography in which some boundaries are invisible in the data, see QUINTO
[94]. We emphasized the situation in Figure 14.3.

We furthermore mention that the numerical computation of the reconstruc-
tion kernel breaks down for very small values of -y, since then the integrand in
(14.2) has dramatic oscillations which are almost impossible to handle. That



14 Numerical experiments 143

Fig. 14.2. Top: Reconstruction of the sum of two functions of type (11.5), (left
picture) and original object function in [0, 7] x [1, 8] (right picture), v = 0.04. The y-
and y2 axes are switched. The sources are located at the vertical (y;-) axis. Bottom:
Reconstruction profiles (dashed lines) y2 = 3.5 (left picture) and y; = 4 (right
picture) and corresponding profiles of the exact function (solid lines). Although the
cross section for y2 = 3.5 seems to be smoother, the location of the singularities are
determined better in the profile y; = 4. This coincides with the moicrolocal analysis,
see Remark 14.2.

makes it impossible to compute reconstructions with the optimal v since the
results in Figures 14.1, 14.2 suggest that the optimal v is distinctly smaller
than 0.04. Thus, analytic expressions for reconstruction kernels are of large
interest.
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Fig. 14.3. The letter ‘V’ marks the parts of the boundary we expect to recover well
from the spherical means M f. As in Figures 14.1 and 14.2 the sources are located
at the vertical (y1-) axis, the y-axis is the horizontal one.
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Conclusion and perspectives

The spherical mean operator M with hyperplanes as center sets is a typical
example of a linear operator which cannot be formulated as a bounded map-
ping between Hilbert spaces. It has important applications in SONAR and
SAR. The method of approximate inverse proved to be a powerful tool to
construct an inversion scheme for this operator for the semi-discrete setting,
too. Note that the computation of reconstruction kernels in three dimensions
(n = 2) can be done with the same complexity as in the 2D case, since we use
radial symmetric mollifiers, see (13.8b) and Corollary 13.3. Numerical exper-
iments in 3D will be subject of further investigations. Questions concerning
resolution of synthetic-aperture imaging have been answered by NATTERER
ET AL. [83] and BORDEN AND CHENEY [10].

Current research deals furthermore with adapting ideas from local tomog-
raphy (see FARIDANI ET AL. [29, 27], VAINBERG AND FAINGOIS [127]) to M.
Instead of reconstructing the original object f, one might be interested in
getting information about discontinuities of f, that means one reconstructs a
function Af having the same singular support as the original f. In case of M
this could be done computing a pseudodifferential operator

Af = AM*T.MJ,

where A is the Laplacian and I'. denotes the multiplication with a cut-off
function which is necessary since the adjoint M* can not be applied to M in
the first place. The support of the cut-off function is controlled by a parameter
e. Certainly, the Laplacian A can be replaced by another appropriate elliptic
pseudodifferential operator.
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Approximate inverse and X-ray diffractometry

16.1 X-ray diffractometry

The aim of X-ray diffractometry is to recover the stress tensor ¢ = 0y in a
probe, which has a crystalline structure, with the help of X-rays. A comprehen-
sive treatise of this kind of non-destructive testing along with some solution
schemes can be found in KAMPFE [52]. We give here a short description of the
measurement setting.

Mechanical stresses and elastic strains in solids are connected by Hook’s
law

v+1 v
57;j = 7E 0ij — 5ij E I;O'kk, (161)

where €;; denotes the strain tensor, £ is the modulus of elasticity and v is
the Poisson number. We introduce a laboratory coordinate system by rotating
the probe about the x3-axis by an angle ¢ and tilting the probe about the
To-axis by an angle 1) which transforms the strain tensor to

3
ek = Z T e T (16.2)
k=1

with
cospcosy singpcosy —siny
TV = —singp cos 0
cos psiny sinpsiny cosy

In X-ray diffractometry, it is only possible to measure the component

L
Eoyp 1= €33

Putting Hook’s law (16.1) into (16.2) gives an explicit expression for e,y
depending on the stress tensor o;;. To describe diffraction of X-rays at a
crystal lattice, we use Bragg’s reflection model, which explains deflections as



152 16 Approximate inverse and X-ray diffractometry

reflections on parallel lattice planes, see Figure 16.1. According to Bragg’s
condition, the angle of the interference peak 6 is related to the distance d of

the lattice planes as
2dsinf =nA\, (16.3)

where A means the wavelength of the applied X-rays and n is an integer.

B S R e S #HHO*HO*HO}
d
L S S e e S e S S S

B S T S S S T S S S I S T S

Fig. 16.1. Bragg’s reflection model. W denotes the axis of rotation.

Stresses cause a shift of the peak position § away from 6, the interference
maximum of the unstressed probe. Differentiating (16.3) gives

od A cos @

— =-n——5—=—dcotf
90 ~ " 2sin%0 0
and thus dd/d = —cotfdf. A linearization finally identifies the measured
strain component €, ,, as a peak shift
dd  dyy —d
Cov = 7 ® % = —cot by (Bpy — bo), (16.4)
0

where 0,4, dyy means the peak position and lattice plane distance of the
stressed probe corresponding to rotation angle ¢ and tilt angle v, dy is the
distance of lattice planes in the unstressed specimen. Putting together (16.2),
(16.4) and Hook’s law (16.1) we get the formula

3 3
v+1 v
gy = — ot O (Opy — 00) = ZT;}’( T O'kl—(SklEZO’mm)T;;wy

k,l=1 m=1

(16.5)
which is valid for isotropic material and is the fundamental equation of X-ray
based stress detection. The peak positions 6 are also called Bragg angles.

So far, we did not take into account that the intensity I(z) of the X-rays
is attenuated within the probe according to Lambert-Beer’s law

I(z) =Ipe "=,
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where I is the intensity of the emitted rays, z denotes the penetration depth
and g is the attenuation coefficient. Hence, we obtain the fundamental equa-
tion of X-ray diffractometry from (16.5), when we replace the tensor entries
0;j by their reciprocal Laplace transforms &;;, where

o0
Gij(Ty) = L / oij(z)e /™ dz. (16.6)
Ty
0
Here, 7y = cos® sinfy/(2 1) denotes the maximal penetration depth of the
X-ray beam, which depends on the tilt angle 1. Thus, a method for X-ray
diffractometry has to overcome two difficulties: decoupling the transformed
tensor entries J;; from (16.5) followed by a solver for the reciprocal Laplace
transform (16.6).

One of the most popular and oldest method for X-ray diffractometry is
the sin? ¢-method, see MACHERAUCH, MULLER [76]. Here, one assumes the
stresses to be near the surface and parallel to it, which leads to 013 = 093 =
033 = 0. The basic formula then reads

v+1

0y sin® Y — = (o1 +022).  (16.7)

Epyp = —cot by (Bpy — bo) = i

with o, = o011 cos? @+ 012 8in2¢ + 099 sin? ¢. Equation (16.7) represents a
line depending on sin . The sin® ¢»-method recovers stress 04, which acts
in parallel to the surface, by identifying the slope of the best fit straight line
from (16.7). Other methods rely on a least squares parameter fitting of certain
functions (e.g. polynomials, splines) to the searched for stress tensor o;;, see
e.g. EIGENMANN ET AL. [25], LEVERENZ ET AL. [63].

We describe a method published in SCHUSTER ET AL. [114] which gains
the transformed tensor entries &;; from (16.5) applying a least squares method
followed by inverting the reciprocal Laplace transforms with the help of the
approximate inverse. The next section is concerned with this very step: ap-
plying the approximate inverse to the Laplace transform.

16.2 Approximate inverse for the Laplace transform

In this section we subsume results from SCHUSTER [111] where a stable inver-
sion scheme for the Laplace transform

Lf(t) = / F(z)e t*dz (16.8)
0

was developed. We consider L as a mapping which acts on L?(RT). Thus, L
is a linear, self-adjoint, but unbounded operator. In practical situations, Lf
is given only for finitely many scanning points ¢; in an interval [a,b], where
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t; # t;, if j # 4. In our setting the scanning points ¢; do not need to be
equidistant. F.g. in X-ray diffractometry, we have

t; =2u/(sinfy cos);). (16.9)

That means we evaluate L at the points ¢; and obtain the semi-discrete map-
ping

(me)j:(q/mLf)j:/f(z)e*Wdz, j=1,...,m, (16.10)
0

where ¥, : C(RT) — R™ denotes the point evaluations in ¢;,
(Cng); =9(;), j=1,...,m. (16.11)
Note that Lf is in C*°(R*) for all f € L?(R") since
exp(—tz) € C®° (Rt x R1).

Hence the semi-discrete Laplace transform L,, is well defined and the inequal-
ity

m

1
s < (3 50 ) 1o
J

j=1

shows that L,, is a continuous, compact operator between the spaces L?(R™)
and R™, whenever t; # 0 for j = 1,...,m. To get convergence results, we
endow R" with a weighted Euclidean scalar product

m
(2, 9)w = Y wj ;95
j=1

where the weights w; are given as

hy/2,ifj=1,
wj = (hj—1+h;)/2,if 1 <j<m, (16.12)
hm_l/2,ifj =m

with h; =t;41 —t;. If the scanning points ¢; are equidistant, this means ¢; =
a+(j—1)b/(m—1), we have w; = (b—a)/(m—1). Defining L,,, as a mapping
between L2(RT) and R™ := (R™,(-,-)y), the adjoint L* : R™ — L2(R")

computes as
m

Liv(z) = Z wjvje 7, (16.13)
j=1

Thus, applying the trapezoidal sum corresponding to the nodes {t;} to L*g
gives L, W,,g, when g € C(RT) N L2(RT).
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The problem which we investigate, reads: for given data g,, € R™ we have
to find f € L2(R™) satisfying

me =39m - (1614)

Because of the smoothing property of L, it is obvious that (16.14) is a severely
ill-posed problem in the sense, that any discretization of (16.14) leads to a
matrix whose condition number grows exponentially in m.

We briefly formulate the concept of approximate inverse to solve (16.14).
Let e, € L*(RT x RT) be a mollifier, that means the mean value of e, (-,y)
is equal to 1 for all y € RT and lim,—¢ [ f(2) e4(z,y) dz = f(y) a.e. Further-
more, suppose that e, (-, y) lies in the range R(L,)! of L,. This implies the
existence of a v, (y) with

Lvy(y) = ey (1, y). (16.15)

for fixed y € RT. The moments f,(y) := (f, e (-,y))r2 are then computed by
the semi-discrete approximate inverse Ly, - : R™ — L2(RT),

Lm,’ygm(y) = (gm> U’y(y))w .

In general, equation (16.15) is not solvable. The range R(L},) has finite
dimension and is given by

R(L;,) = span {exp(—t;-) :j =1,...,m},

see (16.13). All elements in R(LZ,) have exponential decay and (16.15) has
a solution, only if e,(-,y) is a linear combination of functions of the type
exp(—t; -). Moreover neither an inversion formula, nor a singular value de-
composition is available for L,,. Thus, we have to take a more careful choice
of the mollifier than in the applications of Part II and III. We want to design
a mollifier of exponential decay, which is adjusted to R(LZ,). To do so, we take
an element ¢} from R(L},),

o (z) =Lk v(z) = ij vje 2 (16.16)
j=1

with v € R™ and w; as in (16.12). Obviously ¢ in general does not fulfill the
mollifier properties. So, we look for a bounded, linear mapping A, -, which
acts on L?(R*) and forces ¢™ to be a mollifier.

Lemma 16.1. Let A, ., : L*(RT) — L*(R") be a bounded, linear mapping,
y > 0, with

%ii% A;_ f(z)=f(y) for almost every z € RT (16.17)

! That means for fixed y € RT we postulate e, (z,y) € R(L},) as a function of z.
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and assume, that ¢ with (16.16) fulfills the standardization

m
> wijvit;t=1. (16.18)
j=1
Then
%iir([)<Ay’,Y¢L”, f>L2(R+) = f(y) a.e. (16.19)

Remark 16.2. Standardization (16.18) is satisfied e.g., if v; = ¢; wj_l/m. Note
that w; # 0, since ¢; # ¢, whenever j # k.

Proof. A quick calculation using (16.17) shows

%E%(Ay,'y(b:;nvf>L2(R+) = %{%@T’Azﬁf)m(uxﬂ = f(y)/éf?T(Z) dz = f(y),
0

since - .
/d)”m(z)d'z:ijvj/eftjzdzzzwjvjtfl =1.
0 Jj=1 0 j=1

The last identity follows from (16.18). 0

Thus, every mapping A, , with (16.17) and (16.18) leads to a mollifier.
Theorem 16.3 presents a special choice of A, ..

Theorem 16.3. Assume that A  f(z) = f(vy2z+y) forvy,y > 0 and (16.18)

holds. Then eZ'(z,y) = A, ,¢y'(2) is a mollifier. Furthermore, defining for

y > 0 a dilation DY on L*(R™) by
DVf(z) =y~  fly™" %),
we get el'(z,y) = DYel(2,1).

Proof. Obviously, (16.17) is valid, if we put Ay | f(z) = f(yyz + y). Thus,
because of Lemma 16.1, we only have to prove the normalization property.
We first compute A, ., explicitly. With f, g € L*(RT), we have

(A% f.0) ey = / Flryz+1)g(z) dz
0
-1 -1 r -1, -1
="'y /f(2+y)g(v Yy z)dz
0

— oy / F@) gty (2 — y) da

= (f, Ay 9) 2 ®+)
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and thus A, ,g(z) = vty (1 - X[Oyy)(z))g('y_l y~tz—v71), where X[0,)

means the characteristic function of the interval [0,y). This yields

/ezl(z,y) dz = /Ayﬁqbvm(z) dz
0

= (79)_1/@77((7@_1 (z —y)) dz = /qb;”(z) dz=1.

To show the dilation property, we use once more the representation of A, .
and get

Ayr9(2) = Dy (1= xp) 9(v! - =77} (z) = DY Aqyg(2),
which completes the proof. ]

Remark 16.4. Note that in Theorem 16.3 we designed a mollifier by forcing
an element from R(L},) to be a mollifier. The resulting mollifier e.,, however,
is not an element from R(L},), but has the same exponential decay promising
a good approximation by a function L} v, (y).

The dilation property of the mollfier 7 is associated with the dilation
invariance of the Laplace transform L. It is easy to check, that

LDYf=(DY)"Lf with (D¥)"g(z)=g(y>2).

Figure 16.2 displays the mollifier €' from Theorem 16.3 for three different
values of y.

To solve (16.15) numerically, we apply a collocation method. The pos-
sibility of using projection methods to compute reconstruction kernels was
mentioned in Section 2.1. We choose collocation points z, £k = 1,...,m and
postulate (16.15) to hold in z,

Ly v, (y)(2k) = e (2k,y), k=1,...,m. (16.20)
The system of linear equations (16.20) can be reformulated as
Crvy(y) =d(y), (16.21)

where {C,, }1 j = w; exp(—t; 2) € R™*™ and dJ}(y) € R™ with

1Zk —’y_l).

A7k = €7 (zry) =7y (1 = Xjo) (21) (v Ty~
Theorem 16.5. Setting
zp=bi+k—-—1Dhn, k=1,....m, h = (U — £1)/(m —1) (16.22)

uniformly in some interval [(1,03] leads to an invertible matriz C,,.
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Proof. To show the non-singularity of C,,, it suffices to prove the injectivity
of the transpose C,). Let v € R™ be an element from the kernel of C,, that
means C,} v = 0. Then

m

m

t; t; L thm )"t
E wjeffz’ka.:wjefflg (e*J’") v =0
k=1

k=1
yielding
lis k—1
Z(e*%‘hm) =0, forj=1,....,m. (16.23)
k=1
System (16.23) is a Vandermonde system and hence regular, which gives v = 0.

O

For the remainder of this section we suppose that the collocation points are
equidistant according to Theorem 16.5, which implies that C,, has an inverse
C,,!. Since system (16.21) is the discretization of a severely ill-posed problem,
we expect C,, to be extremely ill-conditioned. So, to get a stable solution,
regularization is necessary, even though the right hand side of (16.21) contains
no noise. Thus, instead of (16.21) we consider the system

(Cm + p L) Vi (y) = dT(y) , (16.24)

which arises from (16.21) applying Lavrentiev’s method. Here, I, denotes the
identity matrix in R™. Since in general C,, is indefinite, we have to find a
criterion for p resulting in a stably invertible matrix

Cl =C,,+pl,.

Theorem 16.6. Let || - || be a matriz norm and p € R with |p| < ||C;,1||~1/2.
Then C? s invertible and

I(Cr)HE < 1ol 7t (16.25)
Proof. Because of |p| ||C;.}|| < 1/2, we have from Neumann’s series

1

I+ pC 7 = | Yo (p )| = e <2
2 L= Il

Assertion (16.25) follows from

I(Ch) M = Tm + p CLHTHCLI < 210G < ol

Condition
ol < lICLHI7H/2 (16.26)
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guarantees the solvability of (16.24), but means a very strong restriction on p,
because commonly ||C;.t|| is very large. Since condition (16.26) is not neces-
sary, but only sufficient, and det(C?,) = 0 for finitely many p only, we expect
that C?, has an inverse even for some |p| > ||C;.}|~1/2. Figure 16.3 shows
the three reconstruction kernels vf(y) associated with the mollifiers eZ'(-,y)
in Figure 16.2. The kernels were computed as solutions from (16.24) with
p = 10715, Note that the reconstruction kernels have the same dilation prop-
erty as the mollifiers €' mentioned in Theorem 16.3. The mollifier e (-, y) for
y = 0.5 is plotted in Figure 16.4 together with its approximation Ly, vf(y) in
R(L;,). We see that Ly v5(y) also has its global maximum at z = 0.5 and that
the approximation becomes worse as z — 0. This comes from the exponential
increase of exp(—t; z) for z — —oo.

Our inversion scheme for L,, now reads as follows: for given data g,, € R™
compute L?, gy,

L, gm(¥) = (gms V(1)) - (16.27)

In [111, Section 4], the author presented an error estimate for (16.27). We
will state the most important results. Let f having compact support in some
interval [¢1, £2]. Without loss of generality we may assume that 0 < ¢ < {9
what always can be achieved using

Lf(t) =e""L{f(- —)}(1).

As was done to show convergence in case of the Doppler transform, see Corol-
lary 8.5 in Chapter 8, we have to couple the data scanning in ¢ and the
regularization parameters v and p. With

(Sm ::max{tj —tj,1 :j:2,...,m}7
we denote the maximal discretization step size. First, we estimate

() = L, Lo f ()]

As a result of our investigations we will see that the error essentially is a
sum of three parts: A regularization error, a discretization error and the error
coming from applying Lavrentiev’s method (16.21). The proof of Theorem
16.7 is omitted; it can be found in [111].

Theorem 16.7. Let f € H*({1,43), 1/2 < o < 1 with supp f C [l1,0s], y €
(€1,22) be a reconstruction point, e’} be the mollifier designed in Theorem 16.3
and v > 0 be a fized regularization parameter. Furthermore, we assume {py, }
to be a sequence with lim,, .o pm = 0 and 0 < py, < [[(Cy) Y7L/ (m + 1).
Then

F2®) = T 027 ()| < (Cor ™y ! (16.28)

at1 a+1

15 {C1ar™ Y 4 Coar bt ) I et
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for m — oco. If 6,, satisfies 8,, < ch)), pm with A < a, ¢ > 0 for m — oo, we
get for a fived v > 0 the convergence result

Jim 1 () = (Lo f, 057 ()

=0. (16.29)

Since we know from Theorem 16.3 that

1f () = F ()] < ry(y) (16.30)

for a function k., with lim,_,o x(y) = 0 for almost every y, we get the follow-
ing convergence estimate from Theorem 16.7.

Corollary 16.8. Adopt all assumptions from Theorem 16.7 and assume the
sampling condition 6,, < ch), pm with X < a for m — co. Then

i [£(y) = £ ()] < ky(y)

for almost every y € (£1,42).

Proof. The proof follows from Theorem 16.7, (16.30) and an application of
the triangle inequality

|f) = 2 < |f () = )+ 1) = £ )l

Note that by (16.27) ££" (y) = (LS, v4™ (4))w = (£, L2 (1)) L2 (6, 22 holds
true. O

Remark 16.9. Condition 6, < chﬁ‘n Pm, A < « implies that the maximal scan-
ning step size converges to zero as m grows to infinity. Convergence estimate
(16.29) is valid only if there exists a sampling d,, fulfilling that condition.

So far, we have proved a limit estimate for a fized regularization parameter
~v > 0. Now we present conditions on a sequence of parameters {v,,} leading
to point-wise convergence of the approximate inverse to the exact solution f.

Theorem 16.10. Adopt all assumptions made in Theorem 16.7. Let {vyn} be
a sequence of positive numbers with lim,, o ¥y = 0 such that
atl

lim v,,'m™' = lim A% v, 2 :mhgloohgn,;l Smpmi=0.  (16.31)

m—00 m— 00

Then we have for almost every y € (£1,4s) the convergence

lim [f(y) = /5" (y)| = 0. (16.32)

A sequence {vm} satisfying (16.31) is given by
1

Inm)™’ T>0

’Ym:(

where 0, fulfills 5, < cm™ py, for a constant ¢ > 0 and \ < a.
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Proof. Condition (16.31) guarantees the convergence of the right-hand side
of (16.28) to 0 for m — oo. Furthermore, lim,, .o k+,, (y) = 0, since Y,
converges to 0. Thus, convergence (16.32) becomes clear from Corollary 16.8.
Defining v,, = 1/(Inm)™ for 7 > 0 and constraining d,, by d,, < e¢m?* p,,, for
a constant ¢ > 0 and A < a obviously satisfies the conditions (16.31). ad

Remark 16.11. In view of Theorem 16.7 and Corollary 16.8, the reconstruc-
tion error consists of several parts: a regularization error depending only on
v, discretization errors depending on h,, and ¢, and a further regularization
error which comes from applying Lavrentiev’s method to (16.21). The dis-
cretization errors are the crucial ones, since they vanish for m — oo only if
we have a sampling condition as stated in Theorem 16.7.

25F T T T T T T T T .l

20 b

0 L L _
1.2 1.4 16 1.8 2

0.2 0.4 0.6 0.8

Fig. 16.2. Plot of e’ (-, ) = A, ¢y from Theorem 16.3 for v = 0.04, y = 0.5 (solid
line), y = 1.0 (dashed line) and y = 1.5 (dashed-dotted line). The vector v is chosen
according to Remark 16.2, where the scanning points ¢; are equally distributed in
[0.3,2], m = 300.

16.3 A solution scheme for the X-ray diffractometry
problem

The solution scheme for X-ray diffractometry published in [114] consists of
two steps: The computation of ;; from (16.5) (with o;; replaced by &;;) and
an inversion of the Laplace transform to get 0;;. Let measured peak shifts

Eorpy = — cot tp (e@zwk - 90) (16.33)

be given for a finite number of tilt angles v, and rotation angles ;. We use
a two-step method to regain the stress tensor from (16.33).
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x10"

201 b

L L L L L L L L
02 0.4 0.6 0.8 1 12 14 16 18 2

Fig. 16.3. Plot of v5(y) for y = 0.5 (solid line), y = 1.0 (dashed line), y = 1.5
(dashed-dotted line), v = 0.04, m = 300 and p = 107*®. The collocation points
zr = ti are equally distributed in [0.3,2].

Fig. 16.4. Mollifier e’ (-, y) for y = 0.5, v = 0.04 (solid curve) and its approximation
L;,v2(y) in R(L},) (dashed curve). Here, v%(y) solves (16.24) with p = 107'%, m =
300.

‘Figures 16.2 — 16.4 have been reproduced from SCHUSTER [111] with kind permission
of de Gruyter GmbH & Co. KG.’

Step 1: Solve (16.5) by the method of least squares and get &;;.
Step 2: Calculate

0ij(2) = (5ij(Ty,)s T V5 (2500, 98))

according to (16.27). Here v, ¢, are the angles for which measured data are
acquired and the reconstruction kernel v# is a solution of (16.24). The addi-
tional factor 7, comes from the reciprocal Laplace transform (16.6).
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The method was used to recover the stress profile of a ground corundum
(AlzO3) specimen. The measurement used 44 tilt angles ¢ and the two
rotation angles @1 = 0° ¢ = 90° which gives a total number of 88 data
values. The maximum tilt angle was 1max = 87° and the measure process was
carried out with synchroton radiation at HASYLAB (DESY), Hamburg (Ger-
many). The wave length of the applied X-ray beams was A = 179 pm and the
Bragg angle of the unstressed probe 6y = 37.1° was determined by averaging
the measured Bragg angles 6, . Figure 16.5 shows the measured reflection
angles at the different tilt angles and the recovered stress tensor components
011 and o92. The regularization parameters were v = 0.035, p = 0.1. Hence,
the method of approximate inverse led to a stable solver in the bad situation
of a severely ill-posed problem with only a few number of (noisy) data.
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Fig. 16.5. Upper picture: Measured Bragg angles at different tilt angles varying
from 0° to 87° for the two rotations ;1 = 0° and 3 = 90°. Lower picture: Cal-
culated stress profile of the components 011 (dashed-dotted line) and o2 (dashed
line) depending on depth. The method of approximate inverse was applied using the
parameters v = 0.035, p = 0.1.
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A filtered backprojection algorithm
for thermoacoustic computerized tomography
(TCT)

Thermoacoustic computerized tomography (TCT) is a novel imaging tech-
nique for non-destructive testing and medical imaging, which combines both
the advantages of purely optical imaging (high contrast) and ultrasound
imaging (high resolution). TCT uses electromagnetic energy as input and
the induced thermoacoustic pressure field as measurement output. The
determination of the unknown energy deposition function is equivalent to
the reconstruction of a function from its integrals over spheres. In TCT the
center sets are spheres whereas the SONAR and SAR problems usually use
hyperplanes as center sets. This leads to a spherical mean operator with dif-
ferent mathematical properties. We apply the method of approximate inverse
to derive a reconstruction algorithm of filtered backprojection type.

17.1 Thermoacoustic computerized tomography (TCT)

The aim of TCT is the reconstruction of spatial inhomogeneities in human
tissue or some specimen. To this end, one illuminates the sample by a pulsed
electromagnetic energy resulting in a non-uniform energy deposition within
the sample followed by a thermoelastic expansion which causes an acoustic
pressure wave, see GUSEV AND KARABUTOV [35], and Liu [93]. Measuring
the induced thermoacoustic pressure wave with the help of acoustic detectors
which surround the object, TCT tries to recover the energy deposition func-
tion. A scheme of the scanning system is sketched in Figure 17.1. The energy
deposition itself depends on the absorptivity which in return offers clues to the
searched inhomogeneities. HALTMEIER ET AL. [37] developed a measurement
setup and reconstruction method which is based on the Radon transform us-
ing large planar receivers. In [92] PATCH delivers consistency conditions which
are useful when part of the data is unknown. The articles of KRUGER ET AL.
[60] and XU ET AL. [133, 132, 134] also contain basics of TCT. An inver-
sion formula for TCT using a series expansion was presented by NORTON
AND LINZER [89]. Inversion formulas for the spherical mean operator in odd
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dimensions as well as uniqueness results are found in FINCH, PATCH, AND
RAKESH [31]. We follow the outlines of HALTMEIER ET AL. [38] and present
an inversion scheme based on the method of approximate inverse.

Fig. 17.1. Thermoacoustic scanning system. The examined object is illuminated
by a short electromagnetic pulse. The thermoelastic effect (c.f. Figure 17.2) causes
an evolving pressure wave that is measured with several acoustic detectors enclosing
the imaged object.

‘The picture was reprinted from M. HALTMEIER, T. SCHUSTER, AND O. SCHERZER,
Filtered backprojection for thermoacoustic computed tomography in spherical geome-
try, Math. Meth. Appl. Sci., 28 (2005), pp. 1919-1937. Copyright (©2005 John Wiley
& Sons Limited. Reproduced with permission.’

The specimen under consideration is illuminated by a pulsed electromag-
netic signal j(¢). The temporal shape of that signal is assumed to have small
support [0, 7], where 7 < 1. In fact, that pulse lasts a few picoseconds only.
The signal j is furthermore supposed to be non-negative, smooth (at least

j € CY(R)) and to satisfy
/ iWdt=1.
R

That means, j has the shape of a delta peak. The absorbed energy per unit
volume and unit time r(z,t) is given as

r(@,t) = Lem(2) 3(t) (),

where I, denotes the radiation intensity and ¢(x) is the absorption density
inside the fluid which surrounds the object under investigation. The heating
caused by the absorbed energy leads to an expansion of the volume. The rate
of change of the volume depends on the thermal expansion coefficient (3, the
adiabatic speed of sound v,, the specific heat capacity c, of the material and
is related with the rate of change of pressure p(z,t) and the absorbed energy

r(x,t) as
0 _1op 8
T (17.1)

S
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Equation (17.1) is called the ezpansion equation. The thermoelastic effect is
described by this very equation: the absorbed energy causes a thermal expan-
sion J;p and a pressure field p. Figure 17.2 emphasizes that issue.

illuminated volume

heat

deposited

.....

Fig. 17.2. Thermoelastic effect. The absorbed electromagnetic energy within the
illuminated part of the fluid causes thermal expansion and a subsequent pressure
field. The dependance between the thermoelastic expansion and the pressure on the
received electromagnetic energy is given by the expansion equation (17.1).

‘The picture was reprinted from M. HALTMEIER, T. SCHUSTER, AND O. SCHERZER,
Filtered backprojection for thermoacoustic computed tomography in spherical geome-
try, Math. Meth. Appl. Sci., 28 (2005), pp. 1919-1937. Copyright (©2005 John Wiley
& Sons Limited. Reproduced with permission.’

Together with some fundamental equations of fluid dynamics like the lin-
earized continuity equation and Euler equation, see e.g. CHORIN, MARSDEN
[16], LANDAU, LIFSCHITZ [61], equation (17.1) results in

2
(25— a)p= @) i), (7.9
where
fa) =2 % L) ()

is the energy deposition function. A very detailed proof of relation (17.2) is
found in [38]. The inverse problem of TCT counsists of recovering the energy de-
position function f(z) from the measured pressure field p(z, t) at the detectors.

Endowed with appropriate initial conditions, equation (17.2) has a unique

solution. We use
dp

ot
taking into account that there is no acoustic pressure before the experiment
starts. The unique solution of (17.2), (17.3) is given by

p=7j'(t) % (tMf), (17.4)

where *; means the Laplace-convolution with respect to ¢

p(z,0) =0, (2,0) =0, (17.3)
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t

(g1 % 92) (3, 1) 1= / 01(z,t — ) g2z, 5) ds
0

and M f again is the spherical mean operator

1
Mf)(z,t) := — flz+tw)dSs(w) . (17.5)
47 S2
We refer to the well-known book of JOHN [48] for a comprehensive investiga-
tion of the wave equation. Hence, the inverse problem of calculating the energy
deposition f from the pressure field p boils down to inverting the spherical

mean operator M where the center set is a surface S outside the illuminated
fluid.

17.2 An inversion method for the spherical geometry

In order to apply the method of approximate inverse to (17.5), we first prove
some important results of the spherical mean operator as well as of some
related operators. Note that the spherical mean operator in case of TCT differs
from that of SONAR and SAR problems, because the center sets are different.
In TCT we have the (comfortable) situation of a linear and bounded operator
between Hilbert spaces and we need not to consider distribution spaces.

We explicitly deal with the case where the energy deposition function f
is supported in a closed ball B, := B,(0) with center 0 and radius p and in
which the thermoacoustic pressure field is measured on S, := 0B,,. Let

X,:=L*B,) ={f € L>(R¥) : f(z) =0 for a.e. € R3\ B,}

be the Hilbert space of all square integrable functions supported in B, with
inner product

(utyi= [ @) o) da
and norm || - ||,. For all T > 0, let
Y, 1 = L*(S, x [0,7))

denote the Hilbert space of all square integrable functions f : S, x [0,00) — R
supported in S, x [0, 7] with inner product

(01,2 = /S / 91(0,1) g (0, 1) A ASE (o)

and associated norm | - ||, 7. Here dS5 denotes the surface measure on S,. We
furthermore write D, for the operator that maps ¢ € C*(S, x [0,00)) onto its
derivative with respect to the second variable
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Dt@(:yﬁt) :¢t(y7t)7 yESpa te [0,00)
Finally, we introduce operators

N:Co(Bp) C Xp = Y,0,,  (Nf)(o,t) :=tMf(0,1),
P:Cy(B,) CX,—=Y,001r, Pf=Dyj*x Nf.
From (17.4) we see that the operator P maps an unknown energy deposition
function f onto the thermoacoustic pressure field restricted to the recording
surface S,. Particularily, if f is a C!-function and the pulse duration 7 tends to

0, then P f tends to D; Nf. Furthermore N, P are linear bounded operators
between L2-spaces.

Lemma 17.1. Let f € Co(B,). Then |[Nf|2,, < p* || [ and

IPFIZ 2p4r < 20+ 1) 722 DellZ I £ (17.6)

Here, ||Dijlloo := sup{|D:j(t)| : 0 < t < 7} denotes the supremum norm of
Dyj.

Proof. Let 0 € S,. Since supp f C B,, an application of the Cauchy-Schwartz
inequality shows

2p ; 2
INF(o, ) oo = / (5 [ 10 +10)a5:0))

S2
2p
1 2 1 2
< fchrtw) dSy(w) t*dt = — | fII7,
0

whence

INSI2., = /S INF(, )2 00y 4S5(0) < 2?12, (17.7)

P

Next we verify (17.6). Assume o € S, and t € [0,2p + 7]. Again, we use the
Cauchy-Schwartz inequality to obtain

|Dyj *¢ Nf(o,t)] /Nf (0,t —5)(Dj)(s)ds

T

< INF(o, )12 2(0,201 /(Dtj)(s)st < 7Dl INF (0, )72 00,2 -
0

From the last inequality and (17.7) we conclude that
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2p+T1

IPFEspe = [ [ 1D Nso.0P dtasio)
"o

< 20+ 1) 71D / INF(o, )220

P

< (2p+ 1) 7IIDej|% 22 I FI12
proving (17.6).

As a consequence of Lemma 17.1, the operators N and P extend in a
unique way to bounded linear operators N : X, — Y,9, and P : X, —
Y, 2p++, respectively. In particular, they have bounded adjoints. The proof of
Lemma 17.2 is found in [38].

Lemma 17.2. Let g € Cy(S, x [0,2p]) and p € Co(S, x [0,2p + 7]). Then

(N*g)(2) = — /S g@le=ol) 4opry,  wen,, (17.84)

T i [z — o]

(P*p)(x) = —ﬁ /S (Dtj*ﬁ’i(f’gx —9 4s5(6), x e B,. (17.80)

Here j is defined by j(s) := j(—s) and

s+T
(Dij*p)(w.s) = [ Diils — plat)dr

Remark 17.3. The duration 7 of the electromagnetic pulse is typically in the
range of picoseconds. Hence, the temporal part of the electromagnetic pulse
can be approximated by the delta distribution. Therefore we can regard D;N f
as measurement data instead of Pf. From Lemma 17.2, it follows that an
appropriate approximation to the adjoint P* of P is given by —IN*D;.

FINCH ET AL. [31] proved the injectivity of the operator N on the space
of smooth (i.e. C*°-) functions which are supported in B, and stated several
inversion formulas for it.

Theorem 17.4. [31, Theorem 3| Let f € C§°(B,). Then
2 *
f:—;N Dt D, Nf. (17.9)

Formula (17.9) even is valid, if we have weaker smoothness assumptions.

Corollary 17.5. Let f € C{(B,) and assume D;Nf € C5(S, x [0,2p]). Then
(17.9) holds true.
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Proof. Let ¢ € C3°(B,). Equation (17.9) holds true for ¢ and thus

—p/2(f,¢)p = (f,N" Dyt Dy Ny), .

Since f and hence N*f is a C' function the right-hand side of this equa-
tion equals to —(t Dy Nf, Dy Ny), o,. Together with the assumption D, Nf €
CL(S, x [0,2p]), this yields

~S{feho = (N" D1t DiNJL ),

Since this equation is valid for all ¢ € C§°(B,,), we may conclude that —p/2f =
N*D,t D;Nf.

After these preliminaries, we proceed to apply the method of approximate
inverse to the problem of TCT, i.e. the solution of

Pf=p.

Hence, instead of solving Pf = p we search for smoothed approximations
(f’Y,V)’Y>0 with .
f’Y,V(y) = <f?e’y,l/('ay)>p7 CUER )

where we again consider radially symmetric mollifiers e, . (-,y), v > 0, of the
form (2.3)

1 _ 2
eyw(@,y) = 7 3 R, (y Wf' ) ,  xyeR3. (17.10)

Here, v > 0 is a real number, I, := /2T (v+1)/T(v+5/2) is a scaling factor
and R, denotes a function on [0, 00), defined by

[ -s)¥,if0<s<1,
R,(s) = {O, ifs>1 . (17.11)

A plot of the radial part of e, ,(-,y) can be seen in the picture to the left in
Figure 17.3.

Remark 17.6. We have chosen a shift invariant mollifier e, , (17.10) though
the operators P and N are not translation invariant. The reason is simple:
A mollifier generated by translations is associated to a reconstruction kernel
which is also shift invariant, see representation (17.18).

Since supp R, = [0,1], the mollifier e, ,(-,y) has support B, (y) and the
chain rule guarantees that e, ,(-,y) € C¥(R3) for all integer numbers k < v.
Furthermore, the scaling factor I,, has been chosen such that

/ eyp(Ty)de=1,  yeR?, (17.12)
By (y)
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which can be shown by a quick calculation. Hence, e, , as in (17.10) is a
mollifier according to definition 2.1.

From Corollary 17.5, we deduce that if e, ,(-,y) as well as tD;Ne, ,,(-,y)
are functions in C!, then

2
Uy (y) = ;tDt Ney (5 y) (17.13)

is a solution of —N* Dyv, ,(y) = e, (-,¥). As mentioned in Remark 17.3,
we may approximate P*v, ,(y) by —N* Dyv, ,(y) if 7 < 1 and thus can
consider v, ,,(y) as a reconstruction kernel for the operator P associated with
the mollifier e, , (-, y).

In order to compute (17.13), we have to calculate D;Nf for a function f
which is a translation of a rotationally symmetric function. The steps of that
calculation are outlined in Lemma 17.7 and Theorem 17.8.

Lemma 17.7. Let ¢ : [0,00) — R be continuous and ® be an antiderivative
of ¢. Assume y € R® and define f, € C(R®) by f,(z) := ¢(||x — y||?). Then

2((lz—yll+6)*) =@ ((llz—yl-1)*) .
M — tlo— ) fo 7& Yy, .
(Mf,)(x,t) { o). Tt eyl e (17.14)

for positive t, z € R® and Mf,(z,0) = o(||z — y||?) = f,(x).

Proof. The identity Mf,(x,0) = ¢(||z — y||*) immediately follows from the
definitions of f, and M, see (17.5). Let t > 0 and x € R3. If z = y, then
fo(x+tw) is constant on w € S? and hence M f,(z,t) = ¢(t?). If = # y, then

M/p(ot) = o | llle +tw = yl?) dSa(w)
1 2 2 r—y
= — — 2t ||z — y||{ —F :
= S#’(””” g2+ + 2t e y||<”xy”,w>) dS5(w)

To evaluate the last integral, we apply the Funck-Hecke theorem for n = 3,
see e.g. [78, p. 20], leading to

1

1
M/ (eit) = 5 [ lle =yl + 2+ 2t o =yl ) ds.
1

Since ® is an antiderivative of ¢ we find

1
O(||lz —yl* + 2 + 2t lz — yl| s)|_,

Mfo(m:1) = ey
(e =yl +0?) = @ (e =yl — 17)
1tz gl !

which proves (17.14). O
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Theorem 17.8. Let ¢, ®, and f, be as in Lemma 17.7 and assume ¢ to
be a Ct-function such that there is some 0 < v < 1 with supp ¢ C [0,7?].
Furthermore, assume that y € B,_.,. Then f, € C}(B,),

Dy Nf, € Cy(S, % [0,2p])
and
(Dth@)(O'7t) :psﬂ(Hgiy”vt)a UESP? te [0,2/)], (1715)

where

(s =) ((s —1)?)
2s ’

Py(s,t) := s>0, te][0,2p]. (17.16)
Proof. Since || - ||* € C*°(R"), we have that f, = po |- |? € C}(R3). To show
that supp f, CC B, let n := (||ly||+v+p)/2 and = € R3\B,,. From [|y|| < p—~
we see that 0 < n < p and thus B, CC B,. An application of the triangle
inequality yields [ —y[ > [zl = lly] = n =yl = (o +~v = llyl)/2 > 0 and
hence f,(z) = 0 which implies f,, € C(B,).

We aim now to prove (17.15). Let ¢ > 0 and o € S,. Since (Nf,)(o,t) =
(tMf,)(o,t) and ||o —y|| > v > 0, we deduce from Lemma 17.7

Since ||o —yl||+t > , the first term at the right-hand side vanishes. Moreover,
since ' = ¢, equation (17.17) implies (17.15). For ¢ = 0 equation (17.15) holds
true anyway, since both sides are equal to 0.

Finally, assertion Dy Nf, € C3(S, x [0,2p]) is an immediate consequence of
(17.15) and (17.16). O

We are now able to compute an explicit representation of v, (y).

Corollary 17.9. Let vy, (y) be defined by (17.13) with e, (-,y) as in (17.10),
(17.11) and let v > 1. Furthermore, assume y € B,_,, and 0 <~y < 1. Then
we have the representation

kyo(lo—yll,t
Uy (y)(ot) = M’ ces,, tel0,2g], (17.18)
where
drt(s—t
fery o (s,t) == H R, ((s—t)*/7?) (17.19)

and R, is defined as in (17.11).
Particularly, if |o —y|| & [t —v,t + 7], then vy, (y)(o,t) = 0.
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Proof. The assumption v > 1 guarantees that p(r?) = R, (r?/v%)/(I,v?) and
hence f, = ey, (-,y) satisfies the requirements of Theorem 17.8. Hence, from
(17.13), we deduce

2t (lo=yll=t) R ((lo =yl = 1)*/+?)
pv3 I, 2|jo —yl
1 drt(llo —yll

—t) 2.2
= Rl/ ag—Yy —1 Y B
4o -yl py3 I, (d I=6%7)

Uy (y)(o,t) =

whence (17.18), (17.19) follow. From the fact that supp R, = [0, 1], we find
Oy (y)(o,t) = 0 for [lo —yll € [t =, ¢ +1]. o

A plot of vy, (0)(o,t) for p =1 can be found in the picture to the right in
Figure 17.3.
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Fig. 17.3. Plots of the radial part e,,.(¢,0), ¢ = ||z||, of the mollifier e, ,(:,0)
(17.10, left picture) and of the associated reconstruction kernel v, (0)(||o|| = 1,¢)
(17.18, right picture) for v = 1, v = 2 and p = 1. Both functions are compactly
supported. The support of e, . (¢,0) is [—y,7] = [—1,1] whereas the support of
Uy, (0)(J|o]| = 1,t) is given by the closed interval [—y + 1,y + 1] = [0, 2]. The graph
of the reconstruction kernel v,,, clearly illuminates the differentiation D, involved
in (17.17) as well as the shift by ||o|| = 1, see representation (17.18).

Let v > 0, v > 1 be fixed and assume y € B,_, and define p := Pf.
Taking into account that P*v,(y) = —IN D,v,(y), if j is replaced by the delta
distribution, we may consider (17.18) as an appropriate choice for the recon-
struction kernel associated with the mollifier e, ,,. Note that in this case we set
7 = 0. Hence, assuming a delta function pulse j, the method of approximate
inverse applied to Pf = p then reads as

fyw(y) = INDW,Pf = (Pf,vyu(y )>p,20

sl =) g5,
// wllo =y Cr452()
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2p
=
= _ plo,t) ky (o =y, t)dt | dS5(o
J AP et sl o ) asio
= (N"g4,.)(y)
with
s+y
Gy (o, 8) = /p(mt)k%,,(s,t)dt (17.20)
5=

which represents an inversion scheme of filtered backprojection type.

Remark 17.10. The assumption y € B,_, is not a significant restriction with
respect to applications, since 0 < 7 < 1 and the support of f has in fact a
positive distance from 05, = S, in practical experiments.

17.3 Numerical results

We conclude this chapter to show the performance of the method by some
numerical experiments where we again use a semi-discrete setting. We want to
recover a function f from measurement data p = Pf. Let v > 0 and v > 1 be
fixed positive numbers. The approximations f, ., (y) := (p, Uy, (¥)) 2, consist
of first computing the filtered signal ¢, defined by (17.20) followed by the
evaluation of the backprojection

g 1 0y, (0, ly —oll) p
f'y,u(y) (N q’y,l/)(y) A7 ~/Sp ”y_O,H dSQ (U)
in every reconstruction point y € B,. Hence, the algorithm consists of two
steps: First we perform a filtering step and then we integrate over all spheres
with center on S, intersecting y. For our numerical tests we set p = 1, that is
S, = S2. We furthermore assume that the data are merely known for a finite
number of NgN,, detector points

cos(f) cos(o;)
Ok, = COS(ek)SiH(¢l) GSzZSp, k=1,...,Ny, lil,...,N¢,
sin(0)

with 0 := —7w/2+m (k—1)/(Ng—1) and ¢; := 27(l—1)/Ny, and the pressure
signal at each detector point is sampled at IV; time steps

tm:2(m—1)/Nt, mzl,...,Nt.

The aim is to evaluate f, , at N := Ng’ points y;, 1 = 1,..., N, located at an
equidistant mesh grid. This requires the computation of g, ., (ok 1, [|o%,1—¥:||) in
every reconstruction point y;. To reduce the computational effort, we evaluate
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@y, (0,1, ) for tp, with m = 1,..., N; only and use linear interpolation to
approximately find the value at ||y, — y;||. As quadrature rule on S? for a
function F' on the sphere, we use the trapezoidal rule in § and ¢ applied to
the coordinate representation cos(6) F'(, ¢).

Let us assume that O(Ny) = O(Ng) = O(N;) = O(Ny). The total number
N,y of operations needed to perform this algorithm computes as

Nop = O(NZ) + O(Ny Ny) (O(NE) + O(NF)) = O(N) = O(N**).

We show reconstruction results for two different examples.

1. Let us consider an energy deposition function f € C}(B,) of the form

M
f(y) = ZFO((Hy_ yaH)a

consisting of M radially symmetric absorbers Fy, (||y—yq||) with centers y,,
and radial profiles F,. From Theorem 17.8, we compute data p = Za Pa
with

o —yal — ¢

o at -
Pa(o ) = S

Fa(lllor = vall = 1))

for 0 € S% and t > 0. To produce the results of Figure 17.5, we used an
object consisting of M = 8 balls of different radii, centers and densities.
Hence, F(2) = dqa X[0,r,](?) are characteristic functions of closed intervals
[0, ] where r,, denotes the radius and d,, the density of ball a. The centers
are given by y,. The table of Figure 17.4 shows the parameters which were
used in the reconstructions of Figure 17.5.

al e  da Yo

1| 08 4 (-0.1,0,0)
2| 07 4 (0.1,0,0)
3 02 2 (-04,0,0)
4 01 2 (-04,0,0)
51 01 25 (-0.05,0,0)
6/ 025 2 (04,0,0)
7102 2 (04,0,0)
8 01 45 (04,00

Fig. 17.4. Parameters of the phantom used for the reconstructions in Figure 17.5.

We have displayed a cross section through the plane {y3 = 0} and com-
puted reconstructions on the grid (yi*,v5*,0) C [—1,1] x {0}, where

Yt = —142(m—1)/N,, y5 =—-1+2(m'=1)/N,, 1<m,m’ <N,.
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The algorithm has been performed with N, = N; = Ny = 120 and Ny =
60. Figure 17.5 shows both the reconstruction of the exact data as well
as of noisy data with a random perturbation of 20% additive Gaussian
noise. The regularization parameter v has been chosen to be 0.05 and the
exponent in the mollifier was v = 2.

—— Original

- - - Reconstruction

4 —

Energy deposition function [a.u.]

Jo

Vertical center line {y, =y; =0}

Fig. 17.5. Cross section y3 = 0 of the object from which the thermoacoustic pres-
sure is calculated analytically (upper left picture). Vertical centerline of the original
and the reconstruction from exact data (upper right picture). Reconstruction from
exact data (lower left picture). Reconstruction from noisy data perturbed with 20%
Gaussian white noise (lower right picture). The reconstructions were computed on
(y1,92) € [-1,1]* using an equidistant mesh grid with N, grid points, N, = 120.
‘The picture was reprinted from M. HALTMEIER, T. SCHUSTER, AND O. SCHERZER,
Filtered backprojection for thermoacoustic computed tomography in spherical geome-
try, Math. Meth. Appl. Sci., 28 (2005), pp. 1919-1937. Copyright ©2005 John Wiley
& Sons Limited. Reproduced with permission.’

2. Consider an arbitrary energy deposition function f € C{(B,). To simulate
the measurement data, we have to find p(o,t) for ¢ € S? and t € [0,2]
numerically. To this end, we use Fourier series expansions

1 .
fly) = 3 Z fre T kw)/2 (17.21)
keZ3
and 1 .
ply:t) =g > pr(t)e TR/ (17.22)
kez

for y € [-2,2]% and ¢ > 0. Defining
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pr(t) = cos(m ||kl t/2) fx, (17.23)

then p agrees with the unique solution of (17.2), (17.3) on S? x [0,2] (for
7 — 0). By means of (17.21), (17.22), (17.23), we compute approximations
to p = D;IN f using the fast Fourier transform.

In that way, we simulated the thermoacoustic measurement data for a
three-dimensional head phantom. Figure 17.6 shows the Shepp-Logan
phantom and its reconstruction f, ,. The parameters were N, = N, =
Ny =100, Ny = 80, v = 0.05 and v = 2.

Thus, the method of approximate inverse delivers a stable inversion
algorithm for TCT. Choosing a shift invariant mollifier e, saves one order
regarding the number of operations N, to be performed in the resulting
reconstruction algorithm.
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Fig. 17.6. Upper picture: original head phantom. Lower picture: Reconstruction
from simulated data with v = 0.05 and v = 2. The reconstructions were computed
in an equidistant mesh grid in [—2, 2]%.

‘The picture was reprinted from M. HALTMEIER, T. SCHUSTER, AND O. SCHERZER,
Filtered backprojection for thermoacoustic computed tomography in spherical geome-

try, Math. Meth. Appl. Sci., 28 (2005), pp. 1919-1937. Copyright (©2005 John Wiley
& Sons Limited. Reproduced with permission.’
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Computation of reconstruction kernels in 3D
computerized tomography

The material of this chapter is based on Louis [70]. We already dealt with
the problem of 2D computerized tomography (CT) in Section 2.2. 3D - CT
is concerned with the problem of recovering a three-dimensional quantity f
from X-ray measurements where the X-ray sources are located on a curve
I' C (R3\{2) and 2 C R? denotes the object under consideration. The problem
is described by the cone beam transform

Xf(a,w):/f(a—l—tw)dt,l (18.1)
0

where @ € T is the source from which the X-rays are emitted and w € S?
means a normalized vector of direction of the X-ray beam. Common source
curves are e.g. a circle, two circles which are perpendicular to each other or a
helix. We always assume that the function f to be recovered has its support in
a bounded domain {2 C R? and make all further considerations for £2 = 23,
the open unit ball in R3. Figure 18.1 illustrates the situation where I' consists
of two perpendicular circles surrounding the object §23.

We first show that X is a bounded mapping between appropriate L?2-
spaces, if the scanning curve I' satisfies a certain requirement.

Theorem 18.1. Let a € T'. The mappings X, : L*(£23) — L?(S?) defined by
X, f(w) = Xf(a,w) and X : L?(£2%) — L?(T" x S?) are bounded, if

/F(llall —1)72da < 0. (18.2)

Proof. For f € L?(§23) and a source point a € I' we have

! Although in relevant literature the cone beam transform usually is denoted by
D, we are using X to avoid confusions with the Doppler transform.
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7

detector plane

Fig. 18.1. Scanning geometry using two circles which are perpendicular to each
other as scanning curve I'.

/S2 D((;Lf((x))PdW:/S2 ‘/f(a+fw)dt‘2dw§2‘/520/f(a+tw)|2dtdw
=2 [ @R e a0 < 20l =) o

where we used the substitution z = a + tw and the fact that f(z) = 0 in
R3\ 23. This shows the continuity of X,. The continuity of X follows then by
using X(a,w) = X4 (w) and

/ / X f(a,0)[2 dwda < 2|20, / (llall - 1)2 da.
T JSs2 I
O

Theorem 18.1 implies that X, and X have linear and bounded adjoints
X Xk

Lemma 18.2. The adjoints X : L*(S?) — L*(23) and X* : L*(T" x §?%) —
L2(£23) have representations

* _ Tr—a
Xio(w) = o —a| (T =0r). (18.3a)

r—a
I

X*g(z) = /F 2 — a||*2g(7) da. (18.3b)

|z —a



18 Computation of reconstruction kernels in 3D - CT 183

Proof. Let f € L*(£23), g € L*(S?). Then

S2

Xaf(w)g(w)dw:/Sg/f(a—l—tw)g(w)dtdw
0

= /93 o —al| 7 f(z) g((x — a)/||x — al|) dz
= ([, X59)L2(23) -

Here again, we substituted x = a + tw. This shows (18.3a). Representation
(18.3b) follows easily from (18.3a) by an integration over T. a

To compute reconstruction kernels for X we have to solve equations
X*U’Y($) = 67($7') ) (184)

where e (z,y) is a mollifier in the sense of definition 2.1. To cope with equa-
tions as (18.4), an appropriate inversion formula for X might be useful. Lours
outlines in [69, 70] how to deduce such an inversion formula and how to get
reconstruction kernels using the formula of Grangeat. Grangeat’s formula is
based on a more general identity obtained by HAMAKER ET AL. [39] and states
a connection between the cone beam transform X and the three-dimensional
Radon transform R. We have

%Rf(w,s = {a,w)) = — . X f(a,0)d ((6,w))do (18.5a)

_ / V, Xf(a,y = 0)dS; (0) . (18.5b)
S21{(6,0)=0}

Formula (18.5a) has been proven by GRANGEAT, see [33, 34]. Simple proofs
can be found in Louis [70] and NATTERER, WUBBELING [84]. Identity (18.5b)
explains how the derivative of the delta distribution ¢’ is to be understood.
Note that the Radon transform R in (18.5a) integrates over planes in R3.
Louis [70] takes the inversion formula of the 3D Radon transform as starting
point ,
1 0
fw) = 872 Jg2 082

which can be written also as

Rf(w, (z,w)) dw,

1
flx) = @/52 Rain(w,s)(S’(s (z,w))dsdw. (18.6)
KIrILLOV [58] and TUY [126] showed that full reconstruction from cone-beam
data is possible, if the source curve I intersects each plane which passes the
support of f transversally. Assume a = a(a) : I — R3 to be a parameterization
of the scanning curve I' = R(a), then this condition means that for each
x € supp f and direction w € S? there exists an a = a(z,w) satisfying
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(a(a),z) = (w, z), (a'(a),w) #0. (18.7)
Condition (18.7) is known as Tuy-Kirillov condition . If we further denote by
n = n(w, s) the number of source points a € I' with s = (a,w) = (z,w) and
m = 1/n, which is possible since n > 1 by the Tuy-Kirillov condition, then
we may substitute s = (a,w) in (18.6) and apply Grangeat’s formula (18.5a)
to obtain

10) = 5oz [ [ 5 RI@ (0, 3 ((a = 00) | ) o f0,0)) da o

:_S%L/F( [ Xf(@.0)8(0.0)d0

&' ({a — z,w)) [{a, )| m(w, (a,w))) da dw

oz [ e=al ™ [ ([ Xr@o)d (0.0

x8'(((z = a)/[lx — all,w)) [{a', w)| m(w, (aaw>)) dwda.

In the last step, we used that §’ is homogeneous of degree —2. The number
m(w,s) € NU{0} is called Crofton symbol and equals the number of intersec-
tion points of the plane {z € R? : (x,w) = s} with the source trajectory T.
Introducing operators

Toww) = [ o@®F (@), acT, wes?
SZ

and
Mr oh(a,w) = |{d',w)| m(w, (a,w)) h(a,w), acl, wes?
we may summarize the results as stated in the following theorem.

Theorem 18.3 (Louis [70]). Assume that the Tuy-Kirillov condition and
(18.2) are satisfied. Then the inversion formula for the cone beam transform
has a representation

1
f=-ga X TMr,TXS. (18.8)

Relying on formula (18.8), we are able to compute reconstruction kernels
for X. If a mollifier e, (z,y) € L*(R3,R?) is given, then an associated recon-
struction kernel v, (z) € L*(T' x 5%) can be computed as

1
vy (z) = = T Mr,o T Xey(z,), v e N, (18.9)
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60

40 ~
20 30 40 50 60 70 80

Fig. 18.2. Reconstruction kernel for the cone beam transform X.

A reconstruction kernel which has been computed according to formula (18.9)
is displayed in Figure 18.2.2

Remark 18.4. The operators X* and Mr , depend on the scanning curve I
and so do any invariance properties which might decrease the cost of com-
puting reconstruction kernels. A detailed analysis of the usage of invariances
in practical applications of the approximate inverse in 3D X-ray tomogra-
phy with a circular scanning geometry can be found in Louis [69]. A further
inversion formula for the special case when I' equals a spiral was found by
KATSEVICH [53], see also NOO, PACK, AND HEUSCHER [87]. The possibility
of calculating reconstruction kernels using Katsevich’s formula is subject of
current research. We also refer to KATSEVICH [54, 55], NOO, DEFRISE, AND
KUuDO [86], WANG ET AL. [128] for more general trajectories, and KATSEVICH
[56] for cone beam local tomography.

2 Courtesy of Prof. Dr. A.K Louis, Department of Mathematics, Saarland Univer-
sity, 66041 Saarbriicken, Germany. This picture has been taken from his article
Filter design in three-dimensional cone beam tomography: circular scanning geom-
etry, Inverse Problems, 19 (2003), pp. S31-S40. Copyright (©2003 IOP Publishing

Limited. Reprinted with permission.’
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Conclusion and perspectives

We outlined in the last part of the book that there are various possible appli-
cations of the method of approximate inverse in industry and medical imaging.
In some cases the method did not only lead to novel and very efficient solvers
but allowed also for a detailed convergence analysis. Nevertheless, there are
still more applications which have not been discussed in this book at all. A
large area of current research are scattering problems. The first publication
concerning a reconstruction method for inverse scattering using the method
of approximate inverse is ABDULLAH, Louis [1]. Here, the authors considered
the Lippmann-Schwinger equation

u(0, ) = e 0, 7) — K /| Gyl S u(a ) dy, (19

where the entire field u is the sum of the scattered field and the incident field,
U = Ugse + Uine, k is the wave number, f(x) = n?(x) — 1 with the refractive
index n and

i

TH klle—gl),  xAy

Gkl —yl)

denotes the Green function, H(()l) is the Hankel function of first kind and order
0. Solving equation (19.1) is equivalent to the inverse problem of recovering
the refractive index n from measurements of the scattered field us.. In [1] this
problem is solved by computing reconstruction kernels with the help of the
singular value decomposition of the integral operator in (19.1). Improvements
and extensions of the method, e.g. for solving three-dimensional problems
related to Maxwell’s equations, are still under consideration.

Inverse problems will play a role of increasing importance when deal-
ing with questions in industry, natural science and medical imaging and the
method of approximate inverse might be a powerful and important tool for
finding new ways to cope with these problems.
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