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ABSTRACT

ANDREY KUZHUGET. Global convergence and quasi reversibility for coefficient
inverse problems. (Under the direction of DR. MICHAEL KLIBANOV)

An inverse problem of the determination of an initial condition in a hyperbolic
equation from the lateral Cauchy data is considered. This problem has applications
to the thermoacoustic tomography, as well as to linearized coefficient inverse problems
of acoustics and electromagnetics. A new version of the quasi-reversibility method is
described. This version requires a new Lipschitz stability estimate, which is obtained
via the Carleman estimate. Numerical results are presented.

A new globally convergent numerical method is developed for a 1-D and 2-D
coefficient inverse problem for a hyperbolic partial differential equation (PDE). The
back reflected data are used. A version of the quasi-reversibility method is proposed.
A global convergence theorem is proven via a Carleman estimate. The results of

numerical experiments are presented.
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2.15 Test 2.5. Exact (red) and calculated (black) function ¢ with
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place after 5 s-sweeps. The location of the mine-like target is imaged
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3.2 (a) shows coefficients ¢;(z) calculated on ny steps for Stage 2. (b)
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(3.90) for the case when the function ¢ (1, s)was found approximately
via the procedure of this subsection after 3 s-sweeps. Locations of
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discussion in next section.
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4.1 (a) The schematic diagram of our data collection. The plane
wave falls from the top and backscattering data are collected at the
top side of this rectangle. (b) The “sensitivity” function f(s) =
w (0,0,s) /wy (0,s), s € [0.5,1.2] for two different centers (0,1) and
(0,1.5) of mine-like targets, which correspond to 10 cm and 15 cm
depths respectively.

4.2 A typical example of the image resulting from the globally
convergent stage. The rectangle is the domain €2. This is the image of
Test 4.1 (subsection 4.7.3). (a) The correct coefficient. Inclusions are
two squares with the same size d = 1 of their sides, which corresponds
to 10 cm in real dimensions. In the left square €, = 6, in the right one
e, = 4and e, = 1 everywhere else, see (4.87) and (4.88). However, we
do not assume knowledge of ¢, (x) in Q. Centers of these squares are
at (z3,27) = (=1.5,0.6) and (x3,25) = (1.5,1.0). (b) The computed
coefficient before truncation. Locations of targets are judged by two
local maxima. So, locations are imaged accurately. However, the error
of the computed values of the coefficient ¢, in them is about 40%. (c)
The image of (b) after the truncation procedure, see the text.

4.3 Test 4.1. The image obtained on the globally convergent stage is
displayed on Figure 4.2(c). (a) The correct image. Centers of small
squares are at (z7, 27) = (—1.5,0.6) and (23, 23) = (1.5,1.0) and values
of the target coefficient are €, = 6 in the left square, ¢, = 4 in the
right square and e, = 1 everywhere else. (b) The imaged coefficient
e, (x) resulting of our two-stage numerical procedure. Both locations
of centers of targets and values of ¢, (z) at those centers are imaged
accurately. We have not used truncation on the second stage.

4.4 Test 4.2. Imaging of a wooden-like targets: small square with
the length of its side d = 1, see (a). Inside of this small square
g, = 0.5 and ¢, = 1 outside of it.However, neither the presence of the
small square nor the value of the unknown coefficient ¢, (z) at any
point of this rectangle €2 are not assumed to be known a priori in our
algorithm. (b) The image computed after the two-stage numerical
procedure. Location of the center of the small square and the value
of ¢, = 0.5 at that center are imaged accurately. The value ¢, = 1
outside of the imaged small square is also accurately imaged.
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CHAPTER 1: INTRODUCTION

1.1 Quasi Reversibility Method and Thermoacoustic Computed Tomography

The Quasi Reversibility Method (QRM) was introduced in the book [20] as an
approach for the numerical solution of ill-posed boundary value problems for partial
differential equations. The QRM amounts to the minimization of the Tikhonov
functional for an I1l-Posed boundary value problem for a Partial Differential Equation
(PDE). In such a problem usually one has both Dirichlet and Neumann boundary
conditions at a part of the boundary and no conditions at the rest of the boundary.
This works for the case of a second order elliptic PDE. In the time dependent case
(i.e. parabolic and hyperbolic cases) Dirichlet and Neumann boundary conditions
can be assigned at a part of the lateral boundary of the time cylinder and no initial
conditions would be given. As a result of the QRM one obtains a weak solution
of a fourth order PDE. To practically get this solution we use the Finite Difference
Method. Convergence of the QRM is proved via Carleman estimates. It should be
pointed out that while the QRM was extensively used in above references for solving
linear problems, it was not used before for solving nonlinear problems, such as, e.g.
Coefficient Inverse Problems. So, our works in chapters 3, 4 are the first ones in
this direction. QRM consists in replacing the ill-posed second order problem with
a well-posed fourth order problem, and was previously applied to ill-posed Cauchy
problems for elliptic [2,3,10,20], parabolic [9,20] and hyperbolic [13] equations as well
as coefficient inverse problems [8,12]. In chapter 2 we present a new version of QRM
applied to ill-posed Cauchy problem for a hyperbolic equation, which has application

in acoustics, electromagnetics and thermoacoustic tomography.
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Many practical problems are concerned with determining the strength and location

of sources of disturbances in a medium, when only boundary measurements are
available. Examples include medical imaging, seismic observations, geodynamics,
or tracing electromagnetic pulses. If the sources can be temporally localized, this
problem is equivalent to the determination of the initial conditions in a wave equation.
One such application is the medical imaging method of Thermoacoustic Computed
Tomography (TCT), where electromagnetic radiation induces a pressure wave in a
sample, which is proportional to the varying energy absorption by different types of
tissue. From time dependent measurements, one wishes to calculate the absorption
coefficient and from this, the tissue distribution (e.g., healthy and cancerous tissue). If
it would be possible to completely characterize a final state, then the time reversibility
of the wave equation can be employed to calculate the wave field backwards in time
to the moment of interest. However, in practical applications, it is usually either not
possible to measure a wave field in a complete region, or dissipative terms break the
time invariance of the equation. In both cases, the problem is then the reconstruction
of initial conditions from boundary measurements only. The problem is known to
be ill-posed in general, but under certain conditions observability estimates can be
proved, which warrant a unique and stable solution. An additional difficulty appears
when the wave propagates in a medium with spatially varying wave speed, as for
instance in bone and soft tissue or water. In this case, the wave propagation will no
longer happen along straight lines, a fact which increases the difficulties in proving
the stability estimates as well as in computing the numerical solution. Previous works
on the numerical determination of the initial condition in a hyperbolic equation from
lateral Cauchy data were [7] and [13], which only applied to constant coefficients
in the principal part of the operator. The variable coefficient case was considered
n [14], but no numerical studies were done. For numerical approaches to TCT in a

homogeneous medium, see e.g. [5], [47], [7] and [4].



1.2 The Coeflicient Inverse Problem in 1D

In chapter 3 a new globally convergent numerical method for a one-dimensional
Coefficient Inverse Problem (CIP) for a hyperbolic PDE is presented. We modify
here the idea of [27] for our case (also, see follow up publications [28,29,31]). This
CIP has applications in acoustics and electromagnetics. More specifically, we consider
here an application to the problem of imaging of antipersonnel plastic land mines. It
is well known that plastic land mines are hard to detect by ground penetrating radars
because they do not have a significant metal component in them. So, our idea is to
image the spatial distribution of the relative dielectric constant in them. A similar
idea was carried out in [39] by the globally convergent numerical method of the first
generation, the so-called convexification algorithm [14]. However, [27] represents the
second generation of such methods.

The 1-D problem is considered here only as a preliminary step before applying
similar ideas to 2-D and 3-D cases. In other words, the goal of the chapter 3 is
to develop a methodology for our future studies of 2-D and 3-D problems. Similar
1-D CIPs were studied numerically quite extensively in the past, see, e.g. [36] and
references cited there. Those publications were working either in time or in frequency
domain. The latter is generated by the Fourier transform of the time domain equation.
Since our ultimate goal is to work in several dimensions, then following [27], we work
in the “pseudo frequency” domain generated by the Laplace transform of the 1-D
hyperbolic equation. In our definition “global convergence” entails: (1) a rigorous
convergence analysis that does not depend on the quality of an initial guess for
the solution, and (2) numerical simulations confirming the advertised convergence
property.

The main difficulties in numerical studies of CIPs are linked to the fact that
CIPs are both nonlinear and ill-posed. A conventional way to numerically solve a

CIP is via the minimization of a least squares objective functional. However, it is well
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known that the phenomenon of multiple local minima and ravines of these functionals
represents the major obstacle in this approach. This phenomenon naturally causes
local convergence of resulting numerical methods. Following [27], the method of the
current work is not using those functionals and relies on a structure of the underlying
differential operator instead. First, we reduce the CIP to a boundary value problem
for a nonlinear integral differential equation. The numerical solution of this equation
is the main difficulty here. The major difference between both our method and the one
of [27] is the approach to the solution of the latter equation. While [27] approximates
the solution of this equation via the solution of a series of Dirichlet boundary value
problems for elliptic PDEs, we use over-determined boundary conditions for these
problems, thus, solving them via the Quasi-Reversibility Method (QRM) [14, 20].
The QRM is well suitable to handle over-determined boundary conditions for PDEs
8,10, 14,20,35]. As to CIPs, in the past QRM was used for numerical solutions of
1-D CIPs for parabolic equations via locally convergent numerical methods [8,33,37].
However, it was not used for the global convergence.

The reason why we use over-determined boundary conditions is twofold. First,
our numerical experience has shown that we cannot get good results without this
over-determination. This is because, the one-dimensional case is less informative
compared with 2-D and 3-D cases of [27-29,31]. Second, we want to work only
with the back-reflected data in our future 2-D and 3-D cases, and in this case one
has Dirichlet and Neumann boundary conditions at the back reflected side. We prove
a global convergence theorem for our method. Instead of the Schauder theorem,
which was used for this purpose in [27-29, 31|, we use Carleman estimate. Since
Carleman estimates enable to obtain upper bounds for corresponding constants, we
obtain explicit estimates for all constants involved in the convergence analysis. At
the same time obtaining an estimate for a certain constant in the Schauder theorem

is a quite complicated problem, which was not addressed in [27-29, 31].



1.3 The Coeflicient Inverse Problem in 2D

In chapter 4 we extend the recently developed globally convergent numerical
method of [27,31,40,41] for a hyperbolic CIP for the case of backscattering data.
Note that only the case of the data given at the entire boundary was considered
(27,31, 40, 41]. Just as before, we work with a CIP with the data resulting from
a single measurement, i.e. either a single position of the point source or a single
direction of the initializing plane wave. Since we have both Dirichlet and Neumann
boundary conditions on the backscattering part of the boundary of the domain of
interest, we use the Quasi-Reversibility Method (QRM) [20], which was not a part
of [27,31,40,41]. We refer to, e.g. [2-4,14,35] for some recent publications on the
QRM.

The main new analytical result here is the proof of the global convergence theorem
in the case when the QRM is used. To do so, we first obtain an analog of a priori
upper estimate of the QRM solution using a Carleman estimate. Next, the global
convergence result is established. Applications of our CIP are in imaging of dielectric
constants of explosives, since their dielectric constants are much higher than those of
regular materials, see http://www.clippercontrols.com/info/. The target application
of this publication is in imaging of plastic land mines. We also mention an important
application of CIPs with backscattering data to geophysics.

An independent verification of the technique of [27] was carried out in [44]
for the case of experimental data. Computations were conducted for blind data
only. Comparison of computed refractive indices of dielectric abnormalities with a
posteriori measured ones has revealed an excellent accuracy of computational results.
Because of this accuracy, it was concluded in [44] that the technique of [27,31] “is
completely validated now”, regardless on a certain approximation, which is a part of
that technique. This conclusion justifies the same approximation of the chapter 4.

In our opinion, some approximation like this one are inevitable for such challenging



problems as CIPs are. Indeed, CIPs are both nonlinear and ill-posed.

That approximation is due to the truncation of certain Volterra-like integrals at
a high value 5 > 1 of the parameter s > 0 of the Laplace transform of the original
hyperbolic PDE. We call s pseudo frequency. This truncation is similar with the
truncation of high frequencies. As an analogy, we point out that such truncations
are routinely done in engineering without any proofs of convergence, and still those
things usually work quite well in practice. The meaning of this approximation was
discussed in detail in subsection 3.3 of [44] and in subsection 6.3 of [31], where a new
mathematical model was proposed. In particular, it was shown in these references
that this model has the same nature as the truncation of divergent asymptotic series
in the classical Real Analysis.

We use a two-stage numerical procedure here, the framework of which was developed
in [31,40,41]. Indeed, because of the above approximation, the global convergence
theorem only guarantees that the resulting solution is sufficiently close to the correct
one. However, it does not guarantee that this solution can be made infinitely close to
the correct one, because the truncation pseudo frequency s cannot be made infinitely
large in practical computations. On the other hand, the availability of a good first
approximation for the correct solution is the key component of any locally convergent
algorithm. Therefore, our procedure works as follows. On the first stage the globally
convergent numerical method provides a good first approximation for the solution.
On the second stage this approximation is refined via a locally convergent modified
gradient method, which uses the solution of the first stage as its starting point.

More precisely, our numerical experience shows that the first stage provides
good locations of mine-like targets. The subsequent application of the second stage,
which is a modified gradient method in our case, provides accurate values of the
unknown coefficient within those targets. At the same time, it is worthy to note that

the modified gradient method being applied without the first stage results in quite
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inaccurate images (not shown here), even if the background value of the unknown
coefficient is taken as the starting point, see subsection 8.4 of [44] for a similar

observation.



CHAPTER 2: QUASI REVERSIBILITY METHOD FOR A HYPERBOLIC PDE

2.1 Problem Formulation

In this chapter we propose a new version of the QRM for the inverse problem of
the determination of an initial condition in a hyperbolic equation from the lateral
Cauchy data. We discuss applications of this inverse problem to thermoacoustic
tomography, as well as to linearized coefficient inverse problems of acoustics and
electromagnetics. Using the Carleman estimate, we prove convergence of our version
of the QRM. We also present numerical results. In particular, we show that this
version of the QRM enables one to image d— like functions, i.e., narrow high peaks.

Let 2 C R™ be a convex domain with a piecewise smooth boundary 02 and
2R be the diameter of Q,2R = max, ecq |t —y|. Let T = const. > R. Denote

Qr = Q x (0,7) . Consider the elliptic operator L(z,t) of the form

Lz, tyu=Au+ Y b (2, t)uj+ by (x,8)u + ¢ (2, 1) u,

Jj=1

where u; := 0,,u. We assume that all coefficients of the operator L belong to C' (@T) .

Let the function v € H? (Qr) be a solution of the hyperbolic equation in the cylinder

QT)
uy = L(z,t)u+ F (x,t) in Qr, (2.1)

F € Ly (Qr) with initial conditions

u(2,0) =@ (x),u (2,0) = (z),p € H' (Q),1 € Ly (). (2.2)



We consider the following
Inverse Problem 1. Let one of functions ¢ or @ be known and another one be
unknown. Determine that unknown function assuming that the following functions

f and g are given

ou

u |ST:f(x7t)7 % |ST:g<x7t)a ST:aQ X (O,T); (23)

where v is the unit outward normal vector at 0§2. We call the problem of the determination
of the function ¢ the “p—problem” and the problem of the determination of the
function ¢ the “i)—problem”.

In principle, in the case T' > 2R one should not assume that one of functions ¢
or v is known. This is because for T' > 2R the following Lipschitz stability estimate

takes place (see [4,11,12] and Theorem 2.4.1 in [14])

lellisam < € (1l sy + 190 cagsny + 1P lzagar)) - (2.4)

Here and below C' denotes different positive constants depending only on €2, 7 and
C (@T) norms of coefficients of the operator L. However, since numerical studies
for the case of the finite domain were conducted in previous publications [4, 13],
we are interested here in solving the Inverse Problem 1 in an unbounded domain,
which was not done before. This leads us to the case T' > R. Namely, we want to
solve an analogue of the Inverse Problem 1 in a quadrant, assuming that the lateral
Cauchy data are given only on parts of two coordinate axis. We are motivated by the
publication [15], where the Lipschitz stability was proven for an analogue of Inverse
Problem 1 for the case of either a quadrant in R? or a an octant in R3, assuming that
one of initial conditions (2.2) is zero, and the second one has a finite support.

We now specify conditions of our numerical study. Suppose that equation (2.1)

is homogeneous with F'(z,t) = 0 and it is satisfied in D3 = R? x (0,T). Consider



the quadrant QU = {x1, 25 > 0} . And also consider the square SQ C QU,

SQ (a) ={0 < zy,29 < a}.

Suppose that
o(x) =1 (z) = 0 outside of SQ (a).

Then the energy estimate implies that

u(x,t) =0,V (x,t) € {x |z € QU,dist (z,5Q (a)) > T} x (0,T).

Denote

Ty ={z1€(0,a+T),2, =0} x (0,7),
Lor ={z2€ (0,a+T),z1 =0} x (0,7),
Lsp={x;=a+T,20€ (0,a+T)} x(0,7),
Lyp ={xes=0a+T,21 € (0,a+T)} x (0,7),

see Figure 2.1. Then by (2.6)

0
u:—u:OoanTUF4T.

ov

Hence, we focus our numerical study on

10

(2.5)

(2.6)

(2.7)

Inverse Problem 2. Let equation (2.1) be satisfied in D3 with initial conditions

(2.2) satisfying (2.4). In this case 2 := SQ (a + T') .Suppose that one of these initial

conditions is zero. Determine the second initial condition, assuming that functions f

and g are known, where

ou

u |F1TUF2T: f (Z‘, t) ) % |F1TUF2T: g (ZL’, t) .

(2.8)
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a-f—T E

rl a a+ 1 X4

Figure 2.1: Geometry for the Inverse problem 2.

Suppose for a moment that only the function f (z,t) is given. Then one can solve
the boundary value problem for equation (2.1) with F' = 0 outside of the square

SQ (a+ T) with the following initial and boundary data
u(2,0) = u (2,0) = 0,2 € RASQ(a+T),

u |F1TUF2T: f (:L‘,t) U |F3TUF4T: 0.

This gives one in a stable way the normal derivative g (x,t) on I';7 U T'ap. Thus, we

arrive at Inverse Problem 2. It was proven in [15] that if

av/2

T >
2 -2

(2.9)

and one of functions ¢ or ¥ equals zero, then the following Lipschitz stability estimate
is valid

ldli iy < € (I sy + N9y ) (2.10)
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where I'r = I'ip Ulor and || f{ g1,y = 1 f gy + 11151y, - The estimate (2.10)
implies a similar estimate for the unknown initial condition [15]. The knowledge of
the fact that one of initial conditions was zero was used in [15] for either odd or even
extension with respect to ¢ of the function u(x,t) in {t < 0}, depending on which
of initial conditions was assumed to be unknown. The proof of [15] is based on the
Carleman estimate. The method of Carleman estimates was first applied in [12] to
obtain the Lipschitz stability for the hyperbolic problem with the lateral Cauchy
data, also see [11] and Theorem 2.4.1 in [14]. Prior to [12] the Lipschitz stability
for the hyperbolic problem with the lateral Cauchy data was obtained in [21] by
the method of multipliers, but only for the case when lower order terms in (2.1) are
absent. The use of the Carleman estimate enables one to incorporate lower order
terms and also to extend to the case of hyperbolic inequalities. Recently the method
of [11,12,14] was extended to hyperbolic equations with the non-constant principal
part, see, e.g. [23-25]. The method of multipliers was recently extended to the case
of non-zero lower order terms in Theorem 3.5 of the book [6].

The problems considered above were previously studied and solved numerically
in [4,7,13,16]. The work [7] was the first one, where the problem of thermoacoustic
tomography was formulated and solved numerically as Inverse Problem 1, i.e., as the
hyperbolic Cauchy problem with the lateral data. The QRM for the latter problem
was used in [4]. The QRM was first proposed in the book [20] for a variety of ill-posed
boundary value problems. Its convergence rates were established in [10,12] for the
cases of Laplace and hyperbolic equations respectively and in section 2.5 of [14] for
elliptic, parabolic and hyperbolic equations. In particular, it was shown in [14] that
one can work with weak H? solutions of QRM instead of strong H* solutions of the
original book [20]. Also, see [2,3] for the recent results for the QRM for the elliptic
case and [8] for the application of the QRM to linearized coefficient inverse problems

for parabolic equations. The main tool of works [4,8,10,12,14] is the tool of Carleman
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estimates.

There are three main differences between the current chapter and the previous
works on the QRM for hyperbolic equations. First, we take into account boundary
conditions via including them in the Tikhonov regularizing functional J.. Unlike
this, boundary conditions were made zero in [4] via subtracting off a corresponding
function, and they were treated via integration by parts in [13]. Second, we incorporate
in J. a penalizing term, which reflects our knowledge of one of initial conditions. We
show numerically that without this term we cannot image well maximal values of the
unknown initial condition inside of narrow peaks. On the other hand, since cancerous
tumors can be modeled as narrow peaks, it is interesting to image those peaks in the
application to thermoacoustic tomography considered below. These first two ideas
for J. are taken from [16]. Mainly because of the second difference we cannot apply
previously derived convergence results and thus, need to prove convergence of our
new version of the QRM. In particular, we need to prove a new Lipschitz stability
estimate (Theorem 2.1). Finally, the third difference is that while H? finite elements
were used in [4,13], we use finite differences now. Note that while smooth slowly
varying functions were reconstructed numerically in [4,13], our numerical experiments
reconstruct both those functions and d—like functions. d—like functions were also
reconstructed in [16] for the Inverse Problem 2. However, the numerical technique
of [16] is different from one of the current chapter. The method of [7,16] is based on the
representation of the function u(x,t) via truncated Fourier series and minimization

of the resulting residual least squares functional.
2.2 Applications

In this section we discuss two applications of above inverse problems
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2.2.1 Thermoacoustic tomography

Inverse Problems 1 and 2 arise in thermoacoustic tomography, which is described
in [4,17,26]. In this case the target is subjected to a short electromagnetic impulse.
The electromagnetic energy is absorbed. As a result, temperature is increased and
the target is expanded. This causes a pressure wave, which is measured as a change in
the acoustic field at the boundary of the sample. Assuming that the absorption of the
electromagnetic energy is spatially varying inside the sample, the resulting wave field
is carrying the signature of the inhomogeneity. On the other hand, cancerous regions
absorb more than surroundings. This leads to applications in medical imaging. Hence,
the problem is to calculate the absorption coefficient a(x) of the sample using time
dependent measurements at its boundary. Let § be the thermal expansion coefficient,
¢, be the specific capacity of the medium and I, be the power of the source. Usually
B,¢c, and Iy are known. Also, assume that the speed of sound in the medium is

constant and equals 1. Let u(x,t) be the pressure wave. It was shown in e.g., [4] that

uy = Au, (z,t) € R* x (0,7), (2.11)
u(z,0) = a(:v)]og, ug (x,0) = 0. (2.12)

Suppose that we measure the function u(z,t) at the boundary of the domain Q and
a(z) = 0 outside of Q. Then those measurements give us the boundary value problem
for equation (2.11) outside of Q2 with zero initial conditions. Solving this problem,
we uniquely determine the normal derivative of the function u(z,t) at 9€2. Thus, we
arrive at the ¢— problem.

A different approach to the problem of thermoacoustic tomography is currently
actively developed in a number of publications. In this approach the solution of the
problem (2.11), (2.12) is presented via the Poisson-Kirchhoff formula, which leads to

the problem of integral geometry of recovering a function via its integrals over certain
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spheres, whose centers run over a surface and radii vary. Then uniqueness theorems
are proven for this case and inversion formulas are derived, see, e,g., [1,5,17, 18].
In particular, works [1,17] include the case of a variable speed and [17,18] include
numerical examples. A survey of these developments can be found in [17]. Also, see
§1 of Chapter 6 of the book [19] for an example of the ill-posedness of this integral

geometry problem for the case when centers of spheres run over a plane in R3.
2.2.2  Linearized inverse acoustic and electromagnetic problems

There is also another application, in which Inverse Problems 1 and 2 can be
considered as linearized inverse acoustic and inverse electromagnetic problems. The
idea of this subsection is motivated by §1 of Chapter 7 of [19] and §3 of Chapter 2
of [22]. We present this application now without discussing delicate details about
the validity of the linearization. In this setting the point source is running along a
surface and time dependent measurements of back-reflected data are performed at
the positions of the source. In [12] the Newton-Kantorovich method was presented
for the case when the source position is fixed and the time dependent measurements
are performed at a surface.

Let the function a (z) € C (R?) be strictly positive, a (z) > const. > 0. Consider

the Cauchy problem for the hyperbolic equation

o (z) wy = Apgw + 478 (x — w0, 1), (2,1) € R? x (0,7), (2.13)

w (z,x9,0) = wy (z,20,0) =0, (2.14)

where zy € R? is the source position. It is well known that in acoustics a (z) =
¢ 2 (x), where c(z) is the speed of sound in the medium, and in some situations
of the electromagnetics « (x) = (ue) (z), where p and e are respectively magnetic
permeability and electric permittivity of the medium. We pose the following

Inverse Problem 3. Suppose that the function a () = 1 outside of the domain
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() and it is unknown inside of this domain. Determine this function for x € €,

assuming that the following function p (z,t) is known

w (2o, To, 1) |spean= P (2o, 1) - (2.15)

The full Inverse Problem 3 is difficult to address because of its nonlinearity.
Hence, we consider now a linearized problem. Similarly with §3 of Chapter 2 of [22],

suppose that the function « (z) can be represented in the form

o (@) =1-¢a(a),

where £ € (0,1) is a small parameter. Hence, the term £a () is a small perturbation of
1. We assume that this perturbation is unknown, i.e., the function a (x) is unknown.

Again, similarly with [22], we can formally set at £ — 0

w (x,xo,t) = wo (z, g, t) + Ew (2, 20,t) + O (52) , (2.16)

where functions wy and w; are independent on £. This setting was rigorously justified

in §3 of Chapter 2 of [22] for the case of the telegraph equation

wy = Aw + (ag (z) + €ay (z)) w. (2.17)

It was also justified in §1 of Chapter 7 of [19] for equation (2.17) without the

introduction of the parameter &, which is actually introduced here for convenience

only. Indeed, instead, one can assume that o (z) = 1 — a(x), where |a (z)] << 1.
Substituting (2.17) in (2.13) and (2.15) and dropping the term with O (£?), we

obtain that functions wy and w; are solutions of the following Cauchy problems

woy = Agwo + 478 (x — 20,1) , (7,1) € R? x (0,7, (2.18)
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wo (x, 20, 0) = wet (2, 9,0) = 0, (2.19)
Wi = Aywy + a (x) woy (7,70, 1) , (z,1) € R® x (0,T), (2.20)
wo (x,0,0) = wy (x,20,0) = 0. (2.21)

Consider the function h (x, g, t),

t T
h(x,zo,t) :/dT/w1 (x, 0, s) ds.
0 0
Integrating (2.20) with respect to ¢ twice and using (2.19) and (2.21), we obtain
hy = Aph +a(z) wo (z,70,t) , (z,1) € R? x (0,T), (2.22)

h (ZE, Zo, 0) = ht (ZE, Zo, 0) = 07 (223)

It follows from (2.18), (2.22), (2.23) and the formula (7.13) of §1 of Chapter 7 of [19]

that the function h (x, z,t) is

1
2 (82 — |z — x0|2)

h(x,xo,t) = / ly — z0l” a (y) dw,, (2.24)

S(z,z0,t)

where dw, = sin0dpd, (p,0) € [0,27] x [0, 7] are angles in the spherical coordinate

system with the center at {z} and S (z,x¢,t) is the following ellipsoid with foci at

{z} and {zo}

S({L‘,Jfo,t):{yeRg|$—y|+|$0—y|:t}

Setting in (2.24) xy := x and denoting v (x,t) = h(x,z,t), we obtain that the

function v is the spherical Radon transform of the function a,

v(z,t) =— / a(y) dw,. (2.25)
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On the other hand, (2.25) implies that the function v (x,t) = v (z, 2t) -t is the solution

of the following Cauchy problem
Uy = AV, (7,t) € R® x (0,27) . (2.26)

f’(\J/ |t=O: O,f?\JJt |t=O: a (.Z’) . (227)

Also, using the above linearization one can “translate” the data p (xo,t) in (2.15) for

the Inverse Problem 3 in the following function p (z, t)
@/’ST:ﬁ('Tat)at S (072T) (228>

Since the function a (z) = 0 outside of the domain €2, then solving the initial boundary
value problem (2.26)-(2.28) for (z,t) € (R3\Q) x (0,T), we obtain the normal
derivative ¢ (z,t),

v

5, ls7=a(z,1),t € (0,2T) (2.29)

In conclusion, we have reduced the linearized Inverse Problem 3 to the ¥»—problem,
which consists in the recovery of the function a (z) from conditions (2.26)-(2.29). A
similar derivation is valid for a similar inverse problem for the telegraph equation

(2.17) at ag = 0, see [19,22].
2.3 The Method

We consider Inverse Problem 1, because it is more general than Inverse Problem
2. Denote Mu = uy — Lu. To solve the Inverse Problem 1 numerically, consider the

Tikhonov regularizing functional
2 2
Je (u) = [|Mu = Fll, 0, + € lullizor)

2 2
+[|DPu sy =DPF| g+l Ise 0150, (2.30)
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X [lue(z,0) — ¢||12(Q) + xp [lu(z, 0) — 90||12ql(9) Yu e H?(Qy) .

Here £ > 0 is the regularization parameter,

ou

Uy ‘ST:: a0 ‘ST
ov

and DP |8| < 1 is the operator of (x,t) derivatives with, where z-derivatives are

those, which are taken in directions orthogonal to the normal vector. Also,

1 for the ) — problem 1 for the ¢ — problem
Xy = X =
0 for the ¢ — problem 0 for the 1) — problem
Hence, x,xu» = 0, Xy + Xy = 1. In previous works on the QRM terms in the second
line of (2.30) were absent because of subtracting off boundary conditions from the
original function u. Terms in the third line of (2.30) were absent also, and they are
incorporated now to emphasize the knowledge of one of initial conditions.

To find the minimizer of J. (u), we set the Fréchet derivative of this functional

to zero and obtain for all v € H? (Qr)

/MuMdedt + / (DﬁvDﬁu + UU) lsy dS + / (vyuy) |sp. dS

Qr St S

X / [VuVou + uvl (z,0) dx + Xw/ut(x, 0)ve(x,0)dx + € [u, v (2.31)

:/FMvdxdt+/ > (D% |ST)Dﬁfds++/(vy |57) - gdS

Qr Sy 1BI<1 Sr

+Xy / VeV (z,0) + pv (z,0)] dr + X(p/gbvt(m, 0)dzx.
0 )

Riesz theorem and (2.31) imply

Lemma 2.1. For any vector function (F, f,g) € Lo (Qr) x H' (S7) X Lo (S7) there
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exists unique solution u. € H? (Qr) of the problem (2.31) and

C
[uell 2o < VG <||F||L2(QT) + 1 sy + M9l y 050 + X0 1l 1) + X ||77ZJ||L2(Q)> :

Setting in (2.31) v := u, we obtain that the unique minimizer of the functional

J. (u) satisfies the following estimate
2 2 2
1Ml g + X lu(@, )l q) + Xe w2, 0) I, q)

2 2
el sy + lluw [sellzys,) (2.32)

2 2 2 2 2
<Ny @0 T I i sey + 191,050y + xw @l @) + Xe 1911 -

To prove convergence of our method, we need to derive from (2.32) the Lipschitz
stability estimate for the function u in the H!(Qz)-norm. This in turn requires
a modification of the proofs of [4,11,12,14]. We specifically refer to the proofs of
Theorem 2.4.1 in [14] and Theorem 4.4 in [4]. The main difference with previous
proofs is that now either ||u(x,0)||§{1(m or ||ut(x,0)||%2(m can be estimated via the
right hand side of (2.32), which was not done before. This is because terms in the
third line of (2.30) were not included in the Tikhonov functional for QRM. So, if
Xy = 0, then x, = 1 and we estimate [ju(z, O)Hig(g) in the p—problem. If, however,
Xy = 1, then x, = 0 and we estimate ||u;(x, O)HiQ(Q) in the 1 problem. It is because
of the incorporation of these terms that we can assume that 7' > R, as it is required
in Inverse Problem 2 (see (2.9)), instead of 7" > 2R of previous works. The required

modification is done in the next section.
2.4 Lipschitz Stability Estimate

Theorem 2.1. Let {2 C R” be a convex bounded domain with the piecewise smooth

boundary and let T > R. Suppose that the function u € H?(Qr) satisfies the
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inequality
1M ull g + Xo (@, )l g0y + X [lue(2, 0| L0 (2.33)
+ [lu |STHH1(ST) + [Juy |ST||L2(ST) < K,

where K = const. > 0. Then

[l 1@y + X e (25 0) |11 ) + X [lue (2, 0) [, 0) < OK (2.34)

Proof. Choose a pair of points z’,y’ € 9 such that |2’ —y'| = 2R. Put the
origin at the point (z +y) /2. Choose a constant n € (0,1). Consider the function
p(z,t),

p () = ol — nt?.

Consider the Carleman Weight Function (CWF) C(x, ),
C(z,t) = exp (2Ap (2, 1)),

where A > 1 is a parameter. For any positive number b denote
Gy = {(z,t) | p(z,t) > b,x € Q,t > 0}. Choose a sufficiently small number ¢ €
(0, R?). Since T > R, then in G.

R?—c¢

2 <

<T%¥n € (n,1),

where 19 = no (T, R) € (0,1). Hence, G. C Qr. Choose ¢ € (0,c¢) so small that

Geia5 # 9. Note that

Gc+45 C GC+35 C GC+25 C GC+5 C Gc- (235)
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Denote Myu = uy — Au. The following pointwise Carleman estimate takes place
(Mou)? C? > O (|Vypul> + XNu?) C+V-U+V; in G, Yu € C? (G.) , VA > \o, (2.36)

where
U+ V| < CX (|Vapul? + Xu?) C in G, (2.37)

and Ao (G¢,m) > 1 is sufficiently large. In addition, the function V is estimated as
V] < CNt (| Vgl + u?) C 4+ CN |ug| ([Vul + |u) € in G.. (2.38)

This Carleman estimate was proven in Theorem 2.2.4 of [14]. It was derived earlier
in §4 of Chapter 4 of [19].

Consider the cut-off function p (z,¢) € C? (G,) such that

Lin Geyas
p(z,t) = 0 in G\ Gleys . (2.39)

between 0 and 1 otherwise

The existence of such functions is well known. For an arbitrary function u € C? (Ec)

denote v = v(u) := pu. Using (2.36)-(2.38), we obtain

/ (Mov)? Cdadt > CA / (IVaevl” + A20?) Cdadt

Ge Ge

—C’/\3/[|ut|(|Vu|+ [ul)] (2, 0) exp (2 |2[?) dm—C)\/ (D7u)” + 22| cas.

Q St

Because by (2.35) Gei25 C G, then (2.39) implies that the last inequality can be
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rewritten as
/ (Mov)? Cdadt > C / (IVaoul* + Nu?) Cdadt (2.40)
Ge Gc+2§
—C\? / (o] (V] + [u])] (2, 0) exp (2A |2|*) do — C)\/ [(Dﬂu)2 + ui} Cds.
Q St

By (2.39) the left hand side of (2.40) can be estimated from the above as

/ (Myv)® Cdzdt < / (Mou)® Cdzdt + C / (IVapu)® +u?) Cdwdt

Ge Getas Gc\Geyas

< / (M) Cdzdt + N [l €D [2 (¢ + 26)]

Gc+26
< / (Mu)® Cdzdt + C / (|Vx,tu]2 + u?) Cdzdt + C [wll g1y €xP [2A (¢ + 26)] -
Gc+26 GC+25
Substituting this in (2.40), recalling that A is sufficiently large and using (2.35), we
obtain
/ (Mu)? Cdxdt + \° ||u||§{1(QT) exp [2) (¢ + 20)]

Gc+25

+)\/ [(D%)QHQUﬂ CdS+)\3/[|ut|(|Vu| + [u])] (x,0) exp (2A |2[?) da
ST Q

> CA / (|Vgc,tu|2 + X*u?) Cdzdt > CX*exp [2) (¢ + 36)] / (|Vm7tu|2 + u®) dadt.

Gc+26 Gc+36

Let m = maxg_p(z,t). Dividing the last inequality by C'A? exp [2) (¢ 4 30)] , we obtain

/ (]Vmu\Q + u?) dadt <

Gc+35

m 2 2 2 2 _
Ce** (HMUHLQ(QT) + lu |STHH1(ST) + ||y ‘STHLQ(ST)) +C HUHHI(QT) e 2 (2.41)
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O / (] (V1] + u])] (2, 0) diz.
Q

The last term of (2.41) was not present in previous publications, and we will
analyze it now. Consider the p—problem first. That is, consider the case x, =
1, xy = 0. Let v > 0 be a small number which we will choose later. We estimate the

last term of (2.41) as

Cen / (ue] ([921] + [u])] (2, 0) diz

0
9 , C€4Am N
<Cv | (IVu]" +u?) (z,0) dz + > uf (x,0) dz (2.42)
0 0
064/\m

<Cv HU(%O)“le(Q) + K>,

We have used (2.33) to estimate the last term in the second line of (2.42). Consider

now the y—problem. Then similarly with (2.42)

064)\m

Ce”m/[\uzel (IVul + [u])] (2, 0) dz < C [[us (2, 0)[1 7,0y + K% (2.43)

Q

Consider now the set

Fi(c,8) = Geans N {t € (0,0)} .

Then

{(x,t) x| > Vet 36+t e e te (0,5)} C Fi(c,9). (2.44)
Then (2.41), (2.42) and (2.43) imply that

064)\m

/ (IVaeul? + u?) dadt < K*+C ||u]|§,1(QT) e N

F1(c,9)

m 2 2
+Ce (I s I sy + o Isi I sy )
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+xC [ (2, 0) |17 ) + xwC s (2,017, -
Hence, by (2.33)

4 m

/ (|Vmu!2 + u2) dzdt < Ce

Fi(c,0)

K*+C HUHZI(QT) e N (2.45)

2 2
+X<p07 ||u (.I‘, O)HHl(Q) + X#}CW ||ut (SL’, 0)“L2(Q) ’

Choose numbers ¢ and § so small that 3y/c + 30 + 762 < R. Hence, we can choose
xo € Q such that |zo| = 3\/c+ 3 + n02. Next, we “shift” the function p (z,t) to the

point zg, thus considering the function
2
p(x —20,1) = |2 — 20|" — Nt*.

For b > 0 let Gy (z9) = {(z,t) | p(x —x,t) > b,z € Q,t > 0} . Similarly with the
above denote

F2 (C, (5) = GC+3§ (l’o) N {t c (0, 6)} .

Then

{(x,t) Nz — x| > Vet 30+ otz et e (0,5)} C Fy(c,0). (2.46)

Consider an arbitrary point x such that « € {|a:| < 2¢/c+ 30+ 7752} . Then

2o — x| > |xo| — || > 3v/c + 30 + 102 — 23/ + 36 + 062 = \/c + 36 + no2.
Hence, by (2.46)

{(x,t) |z < 2¢/c+ 30 + 0%t € (0,5)} C Fy(c,9).
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Combining this with (2.44), we see that

Q% (0,8) = Qs C Fi (¢,8) UF,(c, ). (2.47)

Using function p (x — o, t) instead of p (x,t), we obtain similarly with (2.45)

4 m

/ (|Vmu|2 + u?) dadt < Ce

Fs(c,0)

K*+C ||U||12111(QT) e

X0 [l (@, 0) [ + xwC Il (2, 0) 17,0

Combining this with (2.45) and (2.47), we obtain

Cetm 2 2 275
[ull i1y < TK + O lulli g e

X C [lu (2, 0) 131 ) + xwC llue (2, 0)]|7, @)

Hence, there exists a number t* € (0,6) such that

. Cetrm C _
[ (Ve +) ) o < ER 4 S

Q

1
5 X0 (. 0) i @y + X007 e (2,0) 0

This inequality combined with (2.33) and the standard energy estimates implies that

2 _
el ey + oo Nl (2 )z g + X Nlte (2, 0) [y < C el gy €2

064/\m
+

K2 4+ x,07 [lu (2, 0) 3710y + xuC llue (2, 017, - (2.48)
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Note that ¢ is independent on A. Choose sufficiently large Ay such that

1
1—Ce P00 > =
c 2

and set A := Ag. Choose 7 so small that Cy < 1/2. Then we obtain (2.34) from (2.48).
O

2.5 Convergence

Theorem 2.1 enables us to prove convergence of our method. Following the
Tikhonov concept for ill-posed problems [19], we first introduce an “ideal” exact
solution of either ¢ or @ problem without an error in the data. Next, we assume
the existence of the error in the boundary data f and g and prove that our solution
tends to the exact one as the level of error in the data tends to zero. We consider
the more general Inverse Problem 1. Let f* € H' (Sy) and g* € Ly (S7) be the exact
boundary data (2.3), F'* € Ly (Qr) be the exact right hand side of equation (2.1) and
¢* and ¥* be exact initial conditions. We assume that there exists an exact function

u* € H? (Qr) satisfying

ul, = Lz, tyu* + F* (2,4) in Qr, (2.49)

with initial conditions
W (@0) = ()0 (2,0) =0 (1), " € B Q)07 € Ly (), (250)
0 lse= £ (00, G lsy= " (1), (251

where ¢* and 1* are exact initial conditions. We assume that the real boundary data

in (2.3) have an error, so as the given initial condition. In other words, we assume
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that

1 = Nerspy 119 = 9y + 1E = Fo 00 (2.52)
+xp 1o = €l + X 1Y = V7| 1,0 <6,
where ¢ > 0 is a small number. The following convergence theorem holds

Theorem 2.2. Suppose that T' > R. Let u.s € H? (Qr) be the solution of the QRM
problem (2.31), which is guaranteed by Lemma 2.1. Let conditions (2.49)-(2.52) be

satisfied. Then the following estimate is valid

lw = w1y + X 0 = "l + X 1 = 7Ly < C (34 V7).

Proof. Since the functional Jy (u) with the exact data (2.50), (2.51) achieves
its minimal zero value at u := u*, then the function u* satisfies equation (2.31) with
e = 0 and with the exact data (2.50), (2.51). Subtracting that equation for u* from
equation (2.31) for u := u.s, denoting w = u.s — u*, setting in resulting equation

v :=w and using (2.52), we obtain similarly with (2.32)

/ (Mw)? drdt + X [[w(, 0) |2 + X 062, O
Qr

2 2
+ Hw ’STHHI(ST) + ||UJ1/ ’STHLQ(ST) S 4.52 + €.

The rest of the proof follows immediately from Theorem 2.1. [
2.6 Numerical Implementation

In our numerical study we have considered the Inverse Problem 2. To generate

the data for the inverse problem, we have solved the Cauchy problem

uy = Au, (z,t) € R* x (0,T), (2.53)
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u(z,0) = ¢ (z),u(x,0) = (). (2.54)

In our numerical experiments ¥ (x) = 0 for the p—problem, and ¢ (z) = 0 for the
—problem. Because of (2.5) and the finite speed of propagation, we use in our
solution of the forward problem zero Dirichlet boundary condition at the boundary of
the rectangle (=7,a+ T) x (=T,a + T') (Figure 1). Hence, we solve initial boundary
value problem inside of this rectangle for equation (2.53) with initial conditions (2.54)
at zero Dirichlet boundary condition. In all our calculations we took a = 1. In Tests
2.1, 2.2 and 2.5, which are concerned with the Inverse Problem 2, we took T" = 3.
Hence, condition (2.9) is satisfied. Tests 2.3 and 2.4 are concerned with the Inverse
Problem 1 and we have taken different values of 7" in these tests. The square SQ(a)
is SQ(a) = SQ(1) = (0,1) x (0,1), the domain 2 in tests 2.1, 2.2 and 2.5 is

Q= (0,4) x (0,4) (2.55)

and in all tests

o (x) =1 (z)=0for z ¢ SQ(1). (2.56)

We have solved the Cauchy problem (2.53), (2.54) via finite differences using the

uniform grid. We set
u(ty, Tin, Tom) R Ugmn, k=0,...,N;, n=0,...,Ny;;m =0,..., N,

tk = khl‘n Tip = nth Tom = mhxza

step sizes hy, = hy, = 0.1,h; = 1/15 and N, = N, = 10, N; = 45. This solution has

generated the boundary data (2.8). Next, we have introduced noise in these data as

In (xiatj) =/ (mivtj) (1 + N (tj)) s Gn (xi7tj) =49 (xivtj) (1 + N (tj>) ) (2'57)
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where (2, ¢;) is the grid point at the boundary. Here N € (—1,1) is a pseudo random
variable, which is given by function Math.random() in Java and ~ € [0.05,0.5] is the
noise level. We have chosen the grid points the same as ones in the finite difference
scheme we have solved the problem (2.53), (2.54). The presence of the random noise in
the date prevents us from committing “inverse crime”. In (2.57) points z° € I';7UT 7.
As to I'sy U Tyr, we simply set f = g = 0 on this part of the boundary, because of
(2.7).

To find the minimizer of the functional .J., we have also used finite differences.
We have used in (2.30) the finite difference approximations for Mu = wuy; — Au

and u, |g, and have minimized the resulting functional j;- with respect to the

T
vector {Ugmn}, which approximates values of the function u at grid points. Here
j;- means the functional J., which is expressed via the finite differences. The norms
[ty (2, 0)[ 1y 0+ [tws (@, 0)[[ 50y I [[ulz, 0)|| g1y in the 1p—problem were calculated
via finite differences. As to the term ||D"u |g, —Dﬁinz(ST) in (2.30), we have used
only 8 = 0, thus ending up with |lu |g, —f||2LQ(ST) (in the discrete sense). Note that

since 3 = 0, our numerical results seem to be stronger than Theorem 2.1 predicts.

The integrals were calculated as

Nt—l Ny_]- Nx—l

where

Mkmn - (uk—l—l,mn - 2ukmn + uk—l,mn) - )\y(uk,m—l—l,n - 2ukmn + uk,m—l,n)
- Am (Ukm,n—i-l - 2ukmn + ukm,n—l)

- (uk-l—l,mn + uk—l,mn) - )\y(uk,m-‘rl,n + ukz,m—l,n) - /\w(ukm,n—‘rl + Ukm,n—l) - /\tukmn>
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where
h? h?
Am:hTt, Ay:hTt, A=2(1— X — Ay).
T X9
Also,
T a+T N sz
/ /(u(t,xg,ff) — f(t,22)) daadt ~ hihgy, Y Y HE,L
0 0 k=0 m=0
where

Hkm = Ukmn, — hkm7

where n, in the layer number (value of z7) at which the grid function f,, is given.
To minimize the functional js, we have used the conjugate gradient method.
Derivatives with respect to variables uy,,, where calculated in closed forms, using the

following formula

= 6kE 5mm 5nﬁ )

where §,z is the Kronecker symbol. This formula can be conveniently used to obtain

closed form expressions for derivatives

0J. (u)

aukmn

Let a be the vector of unknowns of the functional j; We start our iterative
process from a := ag = 0. It is well known in the field of ill-posed problems that the
number of iterations can often be taken as a regularization parameter, and it depends,
of course on the range of parameters of a problem one considers. We have found that
the optimal number of iterations for our range of parameters is 300. Thus, in all
numerical examples below 300 iterations of the conjugate gradient method were used,
thus ending up with azgg. Figure 2.2 displays typical dependencies of the functional

je (ay) and the norm of its gradient on the iteration number k.
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Figure 2.2: Typical dependence of the functional J and g on number of iterations.

2.7 Numerical Results

In this section we present results of some numerical experiments. We have always
used ¢ = 107, Larger values of € such as 107° brought lower quality results. In our
numerical experiments we have imaged both smooth slowly varying functions and
the finite difference analogue of the — function. Let (z1x,x2.) € € be a fixed grid
point. To obtain the finite difference analogue of § (x1 — 1y, £9 — x2,), We consider

the following grid points (21, Z2,) and we model the function § (x1, — 1k, Tom — Toy)

as

3
Wyyhras

o (l’ln — L1k, Lo2m — 9€2r) =

5nk §mr7

where the multiplier at d,,,6,,,. is chosen such that the volume of the pyramid based
on (xlkfla -,L'erl) ) ($1k71, 1’2r+1) ) ($1k+1, $2r+1) ) ($1k+17 xzr—l) equals to 1. Hence, the
support of the function 0 (21, — 1k, Tom — To,) is limited only to the point (x1,, Tam).

We have observed that having equal coefficient at all terms of the functional :fg in
(2.30) does not lead to good reconstruction results. This is because not all the terms

of (2.30) provide an equal impact in this functional. For example, for the p—problem
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with no noise in the data for the function

sin(27xy) sin(27rxs), z € SQ (1)
p (1) = (2.58)
0 otherwise
we first got the result displayed in Figure 2.3. One can observe that the error at
the boundary is significant. And indeed, the values of two terms in (2.30) after 300

iterations were for this case

/(utt — Au)’dzdt ~ 1072, |lu — f|1y(sp) =~ 1072
Qp
Hence, the impact of the boundary term in (2.30) is 10 greater than the impact of the
| M uHiQ(QT) . To minimize the error at the boundary, we took the balancing coefficient
1000 at 1000 ||u— f||L,(sy) instead of 1-||u— f|,(sy)- The other balancing coefficients
equal to 1. The quality of the resulting image was improved, see Figure 2.4. Thus, in
all our tests with the ¢—problem we have taken the same balancing coefficients. In
the case of the 1)—problem we have taken 100 - xy ||u(z, 0) — 90”?11(9) and the other
balancing coefficients equal to 1.
Note that Theorems 2.1 and 2.2 remain the same, including their proofs, if
balancing coefficients are introduced.
Test 2.1 The p—problem. Here ¢ (x) = 0 and the function ¢ (x) to be reconstructed
is one in (2.58). In Figures 2.5 and 2.6 represent resulting images with 25% and 50%
noise respectively. Next, we test our method for the case when the term with x,, is
absent in the functional J. (u) in (2.30). Regardless on the small amount of noise in
the data, both maximal (1) and minimal (—1) values of the imaged function were
missed by about 22% in this case, whereas they were not missed in the previous
cases with 25% and 50% noise when the term with x, was not absent in (2.30). To

see this, we display on Figure 2.7 the 1-dimensional cross-sections by the straight
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exact
————————————————— calculated Y

Figure 2.5: Test 2.1. Exact (red) and calculated (black) functions ¢ in (2.58) with
25% noise in the boundary data.
line {z; = 0.5} of the correct function (2.58), the imaged function with 50% noise
of Figure 2.6 and the imaged function with the absent term with y,, and 5% noise.
One can observe that the maximal value of the calculated function is 0.7, while the
maximal absolute value of the correct function is 0.9, so as the one of Figure 2.6.
Here we have 0.9 instead of 1 only because the points with the absolute value of 1
are not the grid points. This emphasizes the importance of the incorporation of the
term with x,,. We have observed the same for the ¢)— problem (images not shown).
Test 2.2. The 1—problem. In this case ¢ () = 0 and the function ¢ (x) to be
reconstructed is
b (@) = sin(% (r1 — 0.5) sin(3 (2 — 0.5)), 7 € SQ (1) | (2.59)
0 otherwise.
Figures 2.8, 2.9 and 2.10display resulting images of the function (7.2) with 5%, 25%

and 50% of the noise level in the data respectively.
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exact
————————————————— calculated Y

Figure 2.6: Test 2.1. Exact (red) and calculated (black) functions ¢ in (2.58) with
50% noise in the boundary data.

Test 2.3. The p—problem in SQ(1) for T € (0.5diam SQ (1),diam SQ (1)),
where diam SQ (1) = /2 is the diameter of the square SQ (1). We have decided to
see what kind of results can be obtained if the boundary Cauchy data are given on the
entire boundary of the square S@ (1) in the case when 7" € (0.5diam SQ (1) , diam SQ (1)) .
We are especially interested in the question about the influence of terms with y,, and

Xv- We have used
T =0.75 < diam SQ (1) = V2, N, = N, = 20, N, = 3.

and have reconstructed the function (2.58). Figure 2.11 displays the resulting image
with 25% noise in the case when the term x,, is present in (2.30). This quality of
the reconstruction is good for such a high noise level. Figure 2.12 displays the 1-
dimensional cross-section of the image by the straight line {x; = 0.5}, as well as the
1-dimensional cross-section of the image for the case when the term with x, is not

present in (2.30) and 25% noise in the data is in. One can observe that the minimal
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Figure 2.7: Test 2.1. Cross sections of exact (red) and calculated (black, blue)
functions ¢ with 5%, 50% noise, "no integral” means y,—o. One can see that the
maximal value of the case x,—¢ is 0.7/(—0.7). The maximal value of the exact function

is 0.9 < 1 only because of the grid step size.
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exact
————————————————— calculated Y

Figure 2.8: Test 2.2. Exact (red) and calculated (black) functions ¢ in (2.59) with
5% noise in the boundary data.

exact
————————————————— calculated Y

Figure 2.9: Test 2.2. Exact (red) and calculated (black) functions ¢ in (2.59) with
25% noise in the boundary data.
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exact
,,,,,,,,,,,,,,,,, calculated Y
/l

Figure 2.10: Test 2.2. Exact (red) and calculated (black) functions ¢ in (2.59) with
50% noise in the boundary data.
value of (—0.9) is not achieved in the case when the term with ., is not present. The
calculated minimal value is (—0.7) in this case.

Test 2.4. The p—problem in SQ(1) for T > diam SQ (1). We now test our
method for the case when the boundary Cauchy data are given at the entire boundary

of the rectangle SQ (1) and T' > diam SQ (1). We take

T =2, N, = N, =20, N, = 60.

The function (2.58) was reconstructed. Figure 2.13 displays the resulting image with
25% noise and Figure 2.14 displays the 1-dimensional cross-section of the image by
the straight line {z; = 0.5}, as well as the 1-dimensional cross-section of the image
for the case when the term with x,, is not present in (2.30) (with 25% noise). One can
observe that both images are very close to the correct one. This points towards the
fact, which follows from the theory of above cited publications and also from Theorem

2.1: the presence of terms with x, and x,, is important only when 7" € (R, 2R) and
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Figure 2.11: Test 2.3. Exact (red) and calculated (black) solutions of the problem
¢— in SQ(1) with 25% noise in the boundary data for 7' = 0.75.
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Figure 2.12: Test 2.3. Cross sections of exact (red) and calculated (black, blue)
functions ¢ with 25% noise in the boundary data for 7' = 0.75, "no integral” means
X, = 0. The maximal value of the exact function is 0.9 < 1 only because of the grid
step size.
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L

exact
----------------- calculated

Figure 2.13: Test 2.4. Exact (red) and calculated (black) solutions of the ¢— problem
in SQ(1) with 25% noise in the boundary data for T' = 2.

it is unimportant for T > 2R.
Test 2.5. The p—problem with two 6—functions. We now again consider the
Inverse Problem 2 with the domain €2 as in (2.55) and with ¢ (z) = 0. The data for

the forward problem were simulated for the case

o (x1,29) = (21 — 0.4, 29 — 0.4) + (21 — 0.7, 29 — 0.7) (2.60)

with the above described finite difference analogue of the d— function. Figure 2.15
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Figure 2.14: Test 2.4. Cross sections of exact (red) and calculated (black, blue)
functions ¢ with 25% noise in the boundary data for 7' = 2, "no integral” means
X, = 0. The maximal value of the exact function is 0.9 < 1 only because of the grid
step size.
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Figure 2.15: Test 2.5. Exact (red) and calculated (black) function ¢ with 50% noise in
the boundary data. The function x,, in (2.30) is present. Scatter plot mode. Squares
show heights. Correct heights are achieved.
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exact
calculated

Figure 2.16: Test 2.5. Exact (red) and calculated (black) function ¢ with 5% noise
in the boundary data and x, = 0. Scatter plot mode. Squares show heights. Correct
heights are not achieved.
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displays the resulting image of the function (2.60) for the case of 50% of the noise in
the boundary data, scatter plot mode was used, squares show exact height. Figure
2.16, on the other hand, shows the image when the term with ., is absent in (2.30)
and only 5% noise in the data is present. One can see that the correct height is not
reached on Figure 2.16, unlike Figure 2.15. This again shows the importance of the
introduction of terms in the third line of (2.30).

Very similar results (not shown) were obtained for the ¢¥)—problem with exactly

the same d— functions as ones in (2.60).
2.8 Conclusions

We have considered the inverse problems of the determination of one of initial
condition in a hyperbolic equation using the lateral Cauchy data. We have presented
applications of these problems to the thermoacoustic tomography, as well as to
linearized inverse acoustic and inverse electromagnetic problems. The problems we
consider are very close ones with the Cauchy problems for hyperbolic equations with
the lateral data, and we have actually solved the latter numerically in Tests 2.3 and
2.4. We have focused on the inverse problem in an infinite domain (octant), whereas
only finite domains were considered in previous numerical studies. Nevertheless, we
are able to reduce our inverse problem to one in a finite domain due to the finite
speed of propagation of waves. Since one initial condition is known, we were able to
decrease the observation time T by twofold. We have shown numerically that it is
important to know one of initial conditions if T' < diameter (), as it is required by
stability and uniqueness results. However, if ' > diameter (§2) , then both the theory
and our numerical result of Test 2.4 show that one does not need to know the initial
condition.

We have proposed a new version of the Quasi-Reversibility method. The main
new element of this version is the inclusion of the terms characterizing a priori

knowledge of one of initial conditions. Two other new elements are incorporation



47

of boundary terms in the Tikhonov functional instead of subtracting off boundary
conditions and the use of finite differences instead of finite elements in the inverse
solver. To prove convergence of this new version, we have modified the technique of
previous works, which is based on Carleman estimates. A comprehensive numerical
study of the proposed numerical method was conducted. This study has demonstrated
robustness of our technique with respect up to 50% random noise in the data, similarly
with previous publications [4,13,16]. This study has also demonstrated that this
method is capable to image sharp peaks, which is important for the application to

thermoacoustic tomography, for example.



CHAPTER 3: GLOBALLY CONVERGENT NUMERICAL METHOD FOR A
HYPERBOLIC COEFFICIENT INVERSE PROBLEM IN THE 1D CASE

3.1 Statements of Forward and Inverse Problems

As the forward problem, we consider the Cauchy problem for a hyperbolic PDE

c(x)uy = Uz in R x (0,00), (3.1)

u(z,0) = 0,u(z,0)=0(z—2", (3.2)

where 2° < 0. Equation (3.1) governs, e.g., propagation of acoustic and electromagnetic
waves. In the acoustical case 1/ \/m is the sound speed. In the 2-D case of EM
waves propagation in a non-magnetic medium the coefficient ¢ (z) is ¢ () = (ue) (x),
where p and € are respectively the magnetic permeability and the electric permittivity
of the medium, see [32] for the derivation of (3.1) from Maxwell’s equations in the

2-D case. We assume that the function ¢ (z) satisfies the following conditions

c(zr) > 1,c(x)=1for z € R\]0,1], (3.3)

c(z) € C'(R). (3.4)

Consider the Laplace transform of the functions wu,

w(zx,s) = /u(:p,t)e_Stdt, for s > s = const. > 0, (3.5)
0

where s is a certain number. In principle, it is sufficient to choose s such that the

integral (3.3) would converge, although we choose s experimentally in our numerical
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studies. We call the parameter s pseudo frequency. Equation for the function w is

Wy — s°C ()W = —0 (x — mo) Vs > s, (3.6)
|1|im w(z,s) = 0,Vs>s. (3.7)

Lemma 3.1. Assume that conditions (3.3) and (3.4) hold and let 2z < 0. Let the
function w(x,s) € C? (R3\ {|x — 2°| < &}),Ve > 0 be the solution of the problem
(3.6), (3.7). Then the following asymptotic behavior of the function w is valid for

x#2° k=0,1;7=0,1,2

DLDku(a,s) = DL (29) o || [ e | [140(5)] s

(3.8)

Proof. Introduce a new variable y = y(z) and new functions P, a,

y = ylo)= / Vel@)de + 2

20

Ply,t) = u(z(y),t)c ' (y),

ay) = ) y)" 2 )"

Then P(y,t) is the solution of the following Cauchy problem

Pu(y,t) — Py(y,t) = —aly)P(y,t),

P(y,0) = 0,P(y,0)=0(y—2a).

Note that the coefficient a(y) has a finite support. Using D’Alembert formula for
the 1-D non-homogeneous wave equation and using the fundamental solution of this

equation, one can represent the function P as the solution of a Volterra-like integral
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equation, thus coming up with the following properties

1
P(ya t)|0<t<|y—yo\ = 07 P(yat) = 5 + Pl(y7t)a

where the function P; is such that P, € C? (t > |y — 2°]), Pi(y, |y—2"|) = 0. Consider

the Laplace transform of the functions P,

e e}

Ay, s) = /P(y,t)e‘“dt, for s > s = const. > 0.

0

Then
—st 1 —st
A(y,s):/P(y,t)e dt = /(§+P1(y,t))e dt =
0 ly—=0|
i _ _ .0 l _ .0 P, 0 _l —stP d
286Xp( sly—a \)+82€Xp( sy —2°]) Pu(y, ly —2°)) = e Py (y, t)dt
ly—=0|
— — 20 1
:exp( s2|y gl {1+O(—)},s—>oo.
s s

Since w(x,s) = A(y (x),s), then we obtain (3.8). [

Inverse Problem. Suppose that the coefficient ¢ (z) in equation (3.6) satisfies
conditions (3.3), (3.4) and is unknown in the interval (0,1). Determine the function
¢ (z) for z € (0, 1), assuming that the following functions ¢ (s), ¢1 (s) are known for

a single source position 2° < 0

w(0,8) = o (s), w;(0,8)=¢1(s),Vs € |[s3], (3.9)

where s > s is a number, which should be chosen experimentally in numerical studies.
We note that in experiments usually only the function ¢ (s) can be made available

as the Laplace transform (3.5) of w(0,¢). However, since the coefficient ¢ (x) = 1 is
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known for z < 0, then solving the forward problem (3.6), (3.7) for x € (—o0,0) with
the boundary condition w (0,s) = ¢q (s), one can uniquely determine the function

w(z, s) for x < 0, thus coming up with the function w, (0,s) = 1 (s).
3.2 Layer Stripping with Respect to the Pseudo Frequency

By the maximum principle w(z,s) > 0. Hence, we can consider the function

v = Inw/s? Then (3.6) leads to

Upe + 8702 = c(x), 2€(0,1), (3.10)
5<07 S) = 2 (S) ;o Ug (07 S) = ¥3 (3) , Vs € [§7 §] ) (3'11)

where vy = Inpg/s?, o3 = @1/ (s*¢0) . The term § (z — 2°) is not present in (3.10)
because z° ¢ (0,1). We now eliminate ¢ (x) from equation (3.10) via the differentiation
with respect to s, since 0s¢ (z) = 0. Introduce a new function ¢ (z,s) = 9050 (x,s).

Lemma 3.1 implies that

Di@®) = O (é) ,Di(q) =0 (%) .5 — 0055 =0,1,2, (3.12)

S

o0

B(rs) = — / ¢ (2,7) dr. (3.13)

S

We truncate the integral in (3.13) as

v(x,8) = —/q(x,T) dr +V (x), (3.14)

where 5 > s is a large parameter which should be chosen in numerical experiments
and V (z) = v (z,5). We call the function V (z) in (3.14) the “tail”. It is important
that the tail function is unknown. On the other hand, by (3.12) the tail is small

for the large values of 5. However, the numerical experience of [27-29,31] shows that
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it would be better to somehow approximate the tail function via updating it in an
iterative procedure. Since the tail function V' () is unknown, the follow up equation
(3.15) contains two unknowns: ¢ and V. Nevertheless, we can approximate both
these functions, because we treat them differently. Indeed, while we approximate the
function ¢ via inner iterations, we approximate the function V' via outer iterations,
see section 3.3 and also [27-29,31] for this issue.

Thus, we obtain from (3.14)-(3.16) the following (approximate) nonlinear integral

differential equation

T P / Gz (z,7)dT + 28 /qgC (x,7)dr (3.15)

+25%q, V' — 45V’ / o (z,7) dT + 25 (V')* = 0.

In addition, (3.11), (3.12) and (3.15) imply that the following Dirichlet and Neumann

boundary conditions vy, ¥, are given for the function ¢

Q<078) :% (8)7Qr (0’8) :¢1 (S>7 VS S [§7§]7 (316)

where ¥ (s) = ¢} (s), 11 (s) = ¢4 (s) . We now find the Neumann boundary condition
for the function ¢ at = = 1. By (3.3), (3.6) and (3.7) w (z,s) = C' (s) e™* for x > 1.
Hence,

q(1,8) = 572 (3.17)

If integrals would be absent in (3.15) and also the tail function would be known,
then the problem (3.17), (3.16) would be trivial Cauchy problem for the linear ODE.
However, the presence of integrals implies the nonlinearity, which is the main difficulty
here. Furthermore, solving the problem (3.15), (3.16) as the Cauchy problem would

lead to the instability with respect to x because of the nonlinearity. Indeed, the



53
classic existence theorem for the Cauchy problem for a nonlinear ODE guarantees
existence only in a small z-interval. In addition, this approach would not give us a
lot of information for our target 2-D and 3-D problems. Thus, below we focus on the
following question: How to solve numerically the problem (3.17), (3.18), (3.19)¢

We approximate the function ¢ (x, s) as a piecewise constant function with respect
to the pseudo frequency s. That is, we assume that there exists a partition s = sy <
Sn-1 < ... < 81 < Sp = 5 of the interval [s,s] with the sufficiently small grid step
size h = s;_1 — s; such that ¢ (z,s) = g, (x) for s € (s,, sp—1]. We approximate the

boundary condition (3.16), (3.17) as a piecewise constant function,

dn (0) = Eo,nv (];l (0) = Elma C];l (1) = 87:27 (318)

where Eo,n and Elm are averages of functions ¢y and v, over the interval (s,, s,_1).
Rewrite (3.15) for s € (s,, s,_1] using this piecewise constant approximation. Then
multiply the resulting approximate equation by the s-dependent Carleman Weight
Function (CWF) of the form

Cox (8) =exp[=Als — sn_1]], s € (Sn, Sn_1] (3.19)

and integrate with respect to s € (s,,S,_1]. We obtain the following approximate

equation for the function ¢, (z)

n—1 n—1 2
¢ — A, (hz g, — v’) ¢, = B.(¢)) = Ay h? (Z q, (:c)) (3.20)
j=1 3=1

n—1

+245,V’ (hzq;) — Ay, (VY n = 1,..,N,

=1

where A;, = Ay, (A h), Ay, = Ay (A ), B, = B, () h) are certain parameters
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depending on \ and h, see details in [27]. An important point is that

|B,, (\, h)| < 82\, for Ah,5 > 1. (3.21)

Therefore by taking A >> 1, we mitigate the influence of the nonlinear term with
(¢/)? in (3.19) and this is why the CWF was introduced.

The idea is to approximately solve the sequence of boundary value problems
(3.18), (3.20) sequentially starting from ¢;. Since boundary conditions (3.18) are
over-determined ones, it seems natural to somehow apply a version of the QRM
here, because it is designed to solve boundary value problems with over-determined
boundary conditions. In fact, we will iterate with respect to the nonlinear term in
(3.20) because of (3.21). Hence, on each iterative step we will solve a linear problem
derived from (3.18), (3.20) and the QRM will find the “least squares” solution of the
latter. The reason why, in addition to functions ¢,, we can also approximate the tail
function V' is that V' is approximated from outer iterations, which means that we

treat functions ¢, and V differently.

Remark 3.1. Our attempts to use in (3.18) only one boundary condition at v = 0
and the second one at x = 1 did not produce good quality images, unlike the 2-D and
3-D cases of complete data collection [27-29,31]. Both types of the boundary condition
at x = 1 were tried, Dirichlet and Neumann, and neither produced good results. We
conjecture that this is because the 1-D case is less informative than multidimensional
cases, basically because the wave cannot get around an abnormality. Thus, we use
in our computations over-determined boundary data (3.18) and also add one more
piece of data sometimes, namely, q, (1) . In computations the above integrals with the
CWEF, which generate parameters Ay ,,, As pn, By, should be calculated in closed forms.
This is because the function Cy x (s) changes rapidly for large N, which means that the

integration step size should be taken too small. In principle, one can decrease the step
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size h in the s-direction instead of using the CWF. However, the introduction of the
CWEF provides more flexibility for the choice of parameters for computations, since
parameters h and \ are independent, as long as \h > 1. In addition, taking h too
small would increase the computational time, because one would need to compute too

many functions q, then.

3.3 The Algorithm

Our algorithm reconstructs iterative approximations ¢, (z) € C0,1] of the
function ¢ (z). On the other hand, to iterate with respect to tails, we need to solve
the forward problem (3.6), (3.7) in R on each iterative step. To do this, we need to
extend each function ¢, () outside of the interval (0,1). A numerical procedure of
this extension is described on (3.84). Thus we assume below that ¢, (z) € C'(R)
and ¢,k () =1 for z € R\ (0,1). In addition, in the course of our algorithm we use

cut-offs to ensure that ¢, (z) > 1in (0,1).
3.3.1 Iterative Process

We now describe the algorithm step-by-step. Each step requires an approximate
solution of an analog of the boundary value problem (3.18), (3.20). This is done via
the QRM, which is described in subsection 3.3.2.

Step 1'. Choose an initial tail function Vi (z) € C?[0,1]. Choose a large
parameter A >> 1. To compute the first approximation ¢;; for the function ¢; with
this tail, use the QRM of subsection 3.3.2 to find an approximate solution of the

following over-determined boundary value problem in (0, 1)

2
q,1/,1+A1,1V1/,1Q1,1 = —Ag; (V1/,1) ;

qu(O) = EOJ?Q&J(O) = El,l?qll,l(l) = SIQ- (3.22)

We obtain the function ¢q;; € C?[0,1]. Reconstruct an approximation ¢, (z) €

C'[0, 1] for the unknown coefficient ¢ (x) using the function ¢; ; (z) and formulas (3.10),
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(3.14), where in (3.14) V (x) := Vi (z,5) and in (3.10) s := s;. Next, construct the

function ¢4 (x) € C'[0, 1] via applying the cut-off as
c11 () = max (¢4 (z),1),z € [0,1]. (3.23)

Next, we extend the function ¢;1(x) =1 for z € R\ (0, 1).

Step 1%, k > 2. Iterate with respect to the tail. Suppose that the function
c1x—1 € C'(R) is reconstructed. Solve the forward problem (3.6), (3.7), with ¢(x) :=
c1k-1 (), s =3. Let wyx(z,3) be the solution of this forward problem. Update the

tail function as

Vik (®) =3 2 Inwy(z,3) € C*0,1].

Next, solve the boundary value problem for the equation
2 2
@+ AV, = Ba (1) — Az <V1/,k)

with the boundary conditions (3.22). We obtain the function ¢; ,, € C? [0, 1] . Compute
a new approximation ¢y € C' (R) for the unknown coefficient similarly with the Step
11, Make several steps 1!,1%, .., 1™ (the number of steps is specified in our numerical
experiments). Thus, we have m iterations with respect to the tail. As a result, we

obtain functions i, € C?[0,1],¢1m, € C (R),Vim, € C*[0,1]. Next, set
Q1= Qim, € C?[0,1],¢1 1= c1m, € C(R).

Step n'. Having functions ¢, ..., ¢,_1 € C?[0, 1] and the tail function V,,_1,,, _, €
C?10,1], set gno (z) == qu_1 (x), Va1 (x) == Vi1, , (x) in [0,1]. Next, using the

QRM, find an approximate solution of solve the following boundary value problem
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(3.24) in (0, 1) for the function ¢,

n—1 n—1 2

2

Gy — Ain <hz q; — n’,k> G = B (Ghp1)” — Aoult® (Z g (x)> + (3.24)

j=1 j=1

n—1

2
+242,V, (th; (@) — Ao (Viy)™
j=1

Qn,k(o) = Eo,m q;,k(o) = El,n? q;z,k“) = 3;2'

where in (3.24) the vector function (¢, k, gn k-1, Vak) is replaced with (g 1, gno, V1) -
Hence, we obtain the function ¢,; € C?[0,1]. Similarly with Step 1! compute a
new approximation ¢,; € C (R) for the unknown coefficient ¢ (z) using the function
qna (x), functions ¢, ..., ¢,—1 and formulas (3.10), (3.14), where in (3.14) V (z) :=
Vo (x) and in (3.10) s := s,,.

Step n*, k > 2. Iterate with respect to the tail. Suppose that the function
cni—1 € C'(R) is constructed. Solve the forward problem (3.6), (3.7), in which ¢(x) :=
Cnk—1(2), s = 3. Let wy, x(x,5) be the solution of this forward problem. Update the tail
function as V,x (z) =5 ?Inw, x(z,5) € C*[0,1]. Next, find an approximate solution
of the boundary value problem (3.24) via QRM. Reconstruct a new approximation
¢ € C (R) for the unknown coefficient similarly with the Step 1'. Make several steps

1,2

n-,n-,..,n™. Thus, we have iterated m,, times with respect to the tail. As a result,

we obtain the functions gy, ¢,, V;,m,, where
Gn = qnm, € c? 0,1], en == cnm, € C(R), Vi, (7) € c? [0, 1].

If functions ¢,(x) did not yet converge, then proceed with Step (n + 1)1, provided
that n < N. However, if either functions ¢,(z) converged, or n = N, then stop.
The convergence criterion for functions ¢,(x), which we have established in our
computational experiments, is described in section 3.6. In principle, however, there

might be several convergence criteria, which indicates that a better one might be
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found. Thus, we do not specify such a criterion in this section.
3.3.2 The quasi-reversibility method

Let
n—1
Qn,k (33') = Al,n <h Z Q; - é,k)
j=1

and let H,; be the right hand side of equation (3.23). Then the boundary value

problem (3.24) can be rewritten as

Gk = Onilng = Hup, (3.25)

Qn,k(()) = EO,m Q;L,km) = El,m q;l,k‘ (1) = 5;2- (3.26)

Because of the over-determination of boundary conditions in (3.26), we find a “least
squares” solution of this problem, for which the QRM is a very suitable one. In other

words we minimize the following Tikhonov functional

2
ik(q) = ||q”(x) - an,kq/(x) - Hn,k|’%2(0,1) te ”q||H3(o,1) ) (3.27)

subject to boundary condition (3.26), where the small regularization parameter ¢ €
(0,1). Let ¢ be the minimizer of this functional. Then we set g, (z) := ¢ (z). We
note that the problem of local minima does not occur here because (3.27) is the
sum of square norms of two expressions, which are linear with respect to ¢, also see
Lemma 3.3 in section 3.4. The second term in the right hand side of (3.27) is the
Tikhonov regularization term. We use the H? (0,1) norm here in order to ensure that
the minimizer ¢ € C?[0,1]. Indeed, by the embedding theorem H?(0,1) C C?0,1].
The latter smoothness is used in turn to ensure that functions ¢, € C'[0, 1], see the

previous subsection.
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3.4 Global Convergence Theorem

By the concept of Tikhonov for ill-posed problems [38], which we follow, one
should assume first that there exists an “ideal” exact solution of an ill-posed problem
with the “ideal” exact data. Next, one should assume the presence of an error
of the level ¢ in the data, where ¢ > 0 is a small parameter. Suppose that an
approximate solution is constructed for each sufficiently small (. This solution is

called a “regularized solution”, if it tends to the exact solution as ¢ — 0. Denote:

- ll2 =1 M2 - M2z o= - ez [ - fls= - e,

3.4.1 Exact solution

First, we briefly introduce the definition of the exact solution, see details in [27].
We assume that there exists a coefficient ¢* (x) > 1 satisfying conditions (3.3), (3.4),

and this function is an exact solution of our Inverse Problem with the exact data

*

5 (s), 7 (s) in (3.9),

o (s) = w*(0,5), @i (s) = w; (0,5), Vs € [5,3].

Here the function w* (z,s) € C? (R\ {|z — 2°| < v}), Vy > 0, Vs > s is the solution

of the forward problem (3.6), (3.7) with ¢ (x) := ¢* (x). Let

v (z,8) = s 2Infw* (z,8)], ¢" (x,s) = 00" (v,s), V*(x) =7 (z,5).

By (3.10)
& (z) =7, (z,5) + 5° (U (x,5))° . (3.28)

The function ¢* satisfies equation (3.15), in which the tail V (z) is replaced with

V* (x). Boundary conditions for ¢* are the same as ones in (3.16) and (3.17) where
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functions ¢y (s), 11 (s) are replaced with ¢ (s), 5 (s), where

* * -1 * — * * * -1 * — *
g (s) = (90052) Doy — 25 Ingg, ¥ (s) = (90132) Dsipy — 25 In gy,

Definition. We call the function ¢* (z,s) the ezact solution of the problem
(3.15)-(3.17) with the exact boundary conditions ¢ (s), ¥7 (s).
Therefore, ¢* (x,s) € H?(0,1) x C*[s,5]. We approximate functions ¢* (z, s)

and 1* (x, s) via piecewise constant functions with respect to s € [s,3]. Let

Sn—1 Sn—1 Sn—1
. 1 [ . 1 . 1 .
i) =5 [ @ @ods =g [ @i [ e

Sn

Hence, it is natural to assume that

max flg sy < €707 21, (3.29)
T = Fon| + [Pl = 1| < C 041, (3:30)

where the constant C* = C* (||q*||H3(071)X01[§,§]> > (0 depends only on H?(0,1) x
C![s,s] norm of the function ¢* (x,s) and o > 0 is a small parameter characterizing
the level of the error in the data v (s),%1 (s). We use H?(0,1) norm rather than
C?10, 1] because of the quasi-reversibility, see (3.34). The parameter h can also be
considered as a part of the error in the data, since we have replaced a smooth
s-dependent function with a piecewise constant one. In addition

a; (0) = g, @ (0) =y, g (1) = 5,7 (3.31)

- ¥Y0,n> 4n 1,m7 4n
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The function ¢ satisfies the following analogue of equation (3.23)

&

q:L - Al,n qn

n—1
hz q;f/ () = V¥
j=1

- B, (q;;’)2 — Apnh? (nz‘i ¢ (x)) (3.32)

j=1

n—1
’ / / 2
+2A5, V" (hzq; (@) — Ao (V) 4 Fulw,h, ),
j=1
where the function F, (z,h,\) € C'[0,1] and
< C* .
max |, (2, h, A) [|2 < C*h. (3.33)

3.4.2 Estimates, existence and uniqueness for the quasi-reversibility

Lemma 3.2. ( [1}], page 188). For any function u(x) € H?(0,1), u(0) = «/(0) = 0,
and for any p > 1 the following Carleman estimate holds
1 1
1
/(u//)26_2lwdl‘ Z E /[M(U/>2 + N3U2 + 8(u")2]e_2’”dx.
0 0

Lemma 3.3. Let functions H € L(0,1),a € C0,1],[[all¢p, < a0 = const..

Consider the problem of the minimization of the functional J¢ (u),
€ 2
J* (u) = |lu" + a(@)u’ — H(@) |y + e llull e,y (3.34)

subject to initial conditions

u(0) = /(0) = 0, (3.35)

where ¢ € (0,1) is a small parameter. Then there exists unique minimizer uy, €

H3(0,1) of the functional (3.34) with conditions (3.35) and the following estimates
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hold

[ucllgsory < %”HH27 (3.36)
lucll,o < K[ H]l,, (3.37)

where the positive constant C' depends only on the interval (0,1) and
K =8e", jip = max (1, 64a3) . (3.38)

In particular, if e = 0, then the unique minimizer ug € H?(0, 1) also exists and (3.37)

holds.
Proof. Let (,) be the inner product in Ly(0,1) and [,] be the inner product in
H3(0,1). Denote Lu = u”+aw’. Then (3.34) implies that the function u. must satisfy

(Lue, Lv) + €* [ue,v] = (H, Lv) ,Yv € H?(0,1),v (0) = v' (0) = 0. (3.39)

The Riesz theorem immediately implies existence and uniqueness of the function wu.
as well as the estimate (3.36). To prove (3.37), set v := u.. Then the Cauchy-Schwarz

inequality and Lemma 3.2 imply that for any p > 0

1 1
1
IH|[; > (Lu, Lu) / dez/ 5 (W) = ag(u)?)e " de
0 0
! 1
1
> 3—/ )2+ pbu? + 8(u”)?)e Qde—/ag(u')Qe_Q“zdx,
0 0

Taking in this inequality u© = po, we obtain (3.37). By (3.37) the scalar product
{u,v} = (Lu, Lv) is defined and generates the norm, which is equivalent with the
norm ||e||,, . Hence, the existence of the minimizer ug for the case ¢ = 0 follows from

Riesz theorem. Next, estimate (3.37) for the case e = 0 follows from the above. O
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Remark 3.2. Since boundary terms at x = 1 are not involved in the Carleman
estimate of Lemma 3.2, we do not use a boundary condition at x = 1 in our convergence
analysis. Still, we use both Dirichlet and Neumann boundary conditions at x = 1 in
numerical experiments, see section 3.6. While the Neumann boundary condition is
natural to use for a better stability, see (3.18) and (3.26), the Dirichlet boundary
condition 1s not desirable to employ. Nevertheless, the latter condition provides
better results, see more discussion in subsections 3.6.6, 3.6.7. Naturally, Lemma
3.3 remains the same for the case of extra boundary conditions at x = 1, so as
Theorem 3.1. Thus, (3.37) and (3.38) provide us with a specific constant K is
used in the global convergence Theorem 3.1 instead of an unspecified constant K
in the Schauder theorem, which was used in [27-29, 31]. We stress that although
an estimate for K can be obtained via simply estimating the solution of the Cauchy
problem u” + a(z)u’ — H(z) = 0,u (0) = «’' (0) = 0, we use a different proof via the
quasi-reversibility. The reason is twofold. First, we use the QRM in our numerical
tests due to the over-determination in boundary conditions (Remark 3.1). Second, we

wish to work out the methodology for 2D and 3D cases.

3.4.3 Global convergence theorem
Assume that

5>1, Ab > 1. (3.40)

Then [27] maxj<p<y {|A1n] + |A2.,]} < 85% Introduce the constant
M* = M (H llorio ot ,g) = 165" > 20" max {[Aia| +[Aenl}  (341)

In the formulation of Theorem 3.1 we provide estimates via M* and also use (3.41) to
obtain estimates via 5. Recall that by the embedding theorem H? (0,L) C C' [0, L].
In the course of the proof of Theorem 3.1 we will estimate norms of differences ||, x —

¢ |l2.2 between our approximate and exact solutions. Naturally, we will use Lemma
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3.3 then. However, there is one inconvenience in this lemma linked with the zero

Cauchy data (3.35). Thus, we assume that

@S,n = @O,yuain = wlm' (342)

In principle, this assumption is not necessary. Indeed, one can consider the following

functions instead ¢, ., ¢,

_ — — _ —% —%
Ank = dnk — ¢0,n - 5U¢1,na T =Gy — ¢0,n - $¢1,n-

These functions satisfy (3.35). Equations for these functions can be obtained from the
above equations for g, x, ¢ in an obvious fashion. Next, using estimates (3.30), one
can modify both the formulation and the proof of Theorem 3.1 in a straightforward
manner. We have chosen not to do so for the sake of brevity only. By the embedding
theorem H?(0,1) C C'[0,1] and with a positive constant C; > 1 the following

inequality holds || f[l; < Cy|[|fll,,,Vf € H*(0,1).

Theorem 3.1. Suppose that (3.29), (3.40) and (3.42) hold. Let the exact coefficient
c* (z) satisfies conditions (3.3), (3.4). For any function ¢ € C'(R) such that ¢ (z) > 1,
c(z) = 1in R\ (0, 1) consider the solution w, (z,5) € C? (R\ {|z — z°| <~}),Vy >0
of the problem (3.6), (3.7). Let V. (z) = s ?Inw, (x,5) € C? (R\ {|z — 2°| < ~}),Vy >
0 be the corresponding tail function. Suppose that the cut-off pseudo frequency 5 is

so large that for any such function ¢ (z) the following estimate holds
IVellezio) <€, (3.43)

where £ € (0,1) is a sufficiently small number. Let V;; (x,5) € C?[0,1] be the initial
tail function and let

Vil ez < € (3.44)
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Denote n =2 (h+ 0 + ¢+ €). Let in Lemma 3.3 ap < 1 and thus K = 8e. Let N < N
be the total number of functions ¢, calculated by the above algorithm. Suppose that
the number N = N (h) is connected with the step size h via N (k) h = 3, where the

constant 3 > 0 is independent on h. Let 3 be so small that

8< I 1 - 1
-~ KM*C, 16KC*52C, — 16KC*3?

(3.45)

In addition, let the number 1 and the parameter A\ of the CWF satisfy the following

estimates

* * _ ]_

n < ono(K,M*)=mn (Hq |’H3(0,1)><Cl[§,§]75) = GIKS (3.46)

M*C*)? 1
A > XN (K, M* n)=max (%,3[(]\/[*,?) . (3.47)

Then for every integer n € [1,m the following estimates hold
1
Mg — @ollne < 2KM (ﬁ i n) < 6ACT KT, (3.48)
nillze < 207, (3.49)
1

Remark 3.3. 1. Although by (3.45) and (3.46) parameters 5 and n seem to be
too small, it often happens in the computational practice of inverse problems that
theoretical estimates in convergence theorems are more pessimistic than ones obtained
in numerical studies. And our computational experience shows that one can choose
reasonable values of these parameters. Still, Theorem 3.1 ensures the global convergence,
which s important for computations.

2. The convergence estimate (3.50) depends on a parametern =2 (h+ o +¢e+¢§),

in which parameters h, e, &, although sufficiently small of course, cannot be made too
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small in any particular computation. So, Theorem 3.1 basically tells one that one can
indeed get a good first approximation for the solution. But as soon as (3.50) holds, one
cannot guarantee that all follow up iterations would lead to a solution, which would be
closer to the exact than one on a few first ones. A logical conclusion from this is that
one should consider a two stage numerical procedure. On the first stage one would
obtain a good first guess for the solution using the above globally convergent method.
And on the second stage one would use a locally convergent numerical method, which,
however, would take the solution obtained on the first stage as the first approximation.
The point is that locally convergent numerical methods do not depend on parameters
h,e, & Still, the main input which any locally convergent numerical methods needs
1s a good first gquess for the solution, and this is exactly what the globally convergent
part provides. Such a two stage procedure was recently implemented in [29, 31] in 2-D
and 3-D cases of the data collection at the entire boundary. However, when working
on this 1-D case, we were not prepared to use the second stage here. Hence, we have
appropriately modified the algorithm of section 3.3. The main point is that Theorem
3.1 is basically valid for this modification, see subsection 3.6.2.

3. Truncating integrals at a high pseudo frequency 5 is a natural thing to do,
because one routinely truncates high frequencies in physics and engineering. By
truncating integrals, we actually come up with a different, although a quite reasonable
mathematical model. One of the back bones of the theory of ill-posed problems is
that the number of iterations can be chosen as a reqularization parameter, see, e.q.,
page 157 of [34]. Therefore, we have a vector (E, N,m, ...,mﬁ) of reqularization
parameters. Setting N (h)h = 3 = const. > 0 is in an agreement with, e.g., Lemma
6.2 on page 156 of [3]], since this lemma shows a connection between the error in the

data and the number of iterations (that lemma is proven for a different algorithm).

We assume below in this section that conditions of Theorem 3.1 hold. We obtain
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from (3.40), (3.41), (3.46) and (3.47) that
M*C* 3K M* 1
<1

<1

— <.
2\/X_’)\ 7\/X_77

(3.51)

Denote

~ * * -~ *
Ank = dnk — 4y, Vn,k = Vn,k -V y Cnjk = Cnk —C .
We first prove

Lemma 3.4. Suppose that estimates (3.48), (3.49) are true for functions ¢, ..., ¢,—1

as well as for functions gy 1, ..., gnx (1 < k < m,). Then the estimate (3.50) holds.

Proof. Introduce functions v, (z), vk (z) as

r n

U () = —h (i: q; () + o (x)) + Vi (), (3.52)

7 (r) = —h (Z ¢ (x)+q, (:c)) +V* (x). (3.53)

It follows from the definition of functions ¢ (z) that v} (z) = v* (x,s,). By our
algorithm ¢, (2) = 01, () + 52 (0}, 1 (m))2 . Subtracting (3.28) (at s := s,,) from this

formula, we obtain
G = (T =) + 52 (T =) (B + 7). (3.54)
By (3.43), (3.45), (3.48), (3.52) and (3.53)

1 1 1 1
ok — Vellon S2KEM B —=+n)4n< < (—=+n)+n<(—=+n). (355
|V, 2,2 5(\5 77) nsg (\/X 77) n (\/X 77) (3.55)

(3.40), (3.41), (3.43), (3.45), (3.46), (3.49), (3.52) and (3.53) imply that |5, + 7|, <
AC*C1 B + n < 4C*. Combining this with (3.46), the third inequality (3.51), (3.54)
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and (3.55), we obtain

~ 1 o
||cn,k||2 S M* (ﬁ + 77) S 320 8277,

which is (3.50). O

Lemma 3.5. Assume that (3.49) holds. Then the following estimate is true

n—1
Al,n (hz% - é,k)

j=1
Proof follows immediately from (3.41), (3.45) and (3.46). O
Corollary 1. In conditions of Theorem 3.1 K = 8e.

This Corollary follows immediately from Lemmata 3.3 and 3.5.

Proof of Theorem 3.1 This proof basically consists in estimating norms ||g, k[, ,
for k =1,...,m, from the above. Compared with proofs in [27,31], the main difficulty
here is that we have to analyze integral identities which come out of (3.39), instead

of pointwise equations. We start from||qi x|, . By (3.43) and (3.44)
Vi =2¢ < (3.56)
1

Let L1111 = i +A11V] 1q11. Then (3.32),(3.39) imply that for allv € H* (0,1) ,v (0) =
v (0) =0
(L11q11, Liav) +€(qua,v] = <—A2,1 (V1’1)2 ) Ll,l”) ; (3.57)

(L1147, L1av) + g1, 0] = <Bl (q7')* + A1,1‘71/,1CIT — Aoy (VY2 4 P, L1,1U> —(3.58)

—€ [qTa U] :



69
Subtracting (3.58) from (3.57), we obtain

(LiaGug, Liav) + €2 [, v) = (3.59)

(=B1 (@)’ = AaViagi’ = Asa Wiy (Vi + V) = Fi, Lygo) + 2 [gf, 0],

Estimate terms in the right hand side of (3.59). By (3.21), (3.29), (3.41) and the first

inequality (3.51)

B (¢) < & (C*)? < 1 (3.60)
1 1 >~ )\ ~ \/X .
Next, by (3.29) and (3.56)
‘Al,lvl/JQf < 5 T (3.61)
Also by (3.41), (3.43), (3.44), (3.46) and (3.56)
~ . * n
[Aoa W, (Vi + V)| < g < 2 (3.62)

Next, by (3.33) ||Fi]|, < C*n/2. Combining this with (3.60)-(3.62), we obtain

L L (Moo
2= 2 T2 g
(3.63)

H_Bl (@) - A1,1‘71/,1q>1k/ - A2,1‘71/,1 (Vi +V—F

By (3.42) q1,1 (0) = ¢ ; (0) = 0. Setting in (3.59) v := q1,1, using the Cauchy-Schwarz

inequality, Lemmata 3.3, 3.5, Corollary 1, (3.29) and (3.63), we obtain

~ 1 M*  3C* 1 L1
||Q1,1H272 <K {ﬁ + (7 + N + é) T}} <2KM <ﬁ + 77) : (3.64)

Since [|q11llyy < lq11lloy + laillae < [la11]l5, + €, then (3.64), the third inequality
(3.51) and (3.46) imply that (3.49) is true for g1 1, i.e. [|qi,1]l,, < 2C*. Next, Lemma
3.4 implies that (3.50) holds for ||c; 1 — ¢*||2.

Assume now that estimates (3.48)-(3.50) are valid for functions ¢ -1, ¢1 k-1, k >
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2 and prove them for ¢ i, g1 By (3.50) and (3.43)

<. (3.65)

VA k”c?ol <& HVM’ C2[0,1]

We obtain similarly with (3.59)

(L11q1 gk, L1av) + £ 1,1, V] £3.66)
<B1(71,k—1 (qi,k—l + qw - A1,1‘71/,1QT/ - A2,1‘71/,1 (V1,1 + V*/) — I, Ll,l“) +¢° g7, ] -
By (3.21), (3.41) and the second inequality (3.51)

24C"*35? 1
| B 1 (141 + @ Hz < h\ KM <_+77> (3.67)

= SK (MY (\%m) < M (%m).

Hence, using (3.65), similarly with (3.63), (3.64), we obtain from (3.66)

S

- 1 M* 3C* 1 1
< KM*[ —+ + K + + = <2KM* | — + i
Wiy < 10 () ¢ (35 4+ 557 4 g o omar (o)

Hence, the estimate for ||qixl/,, is the same as one in (3.64), which means that

estimates (3.48)-(3.50) are valid for functions ¢y k, ¢1 -
Assume now that estimates (3.48)-(3.50) are valid for functions g, ¢; %, where
j=1,..,n—-1k=1,..,m;. We will prove now that they are also valid for functions

@n,1; Cn,1- First, we obtain similarly with (3.65)

<. (3.68)

||Vn,1||c2[0,1} < 5’ v 1 C2[0,1]

Denote

n—1
LGy = Gpy — Arn (hz 4 (z) =V, 1) G

=1
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Using (3.23) and (3.32), we obtain similarly with (3.59) and (3.66)

(Ln,lan,la Ln,lv) + 52 [an,la U] = (Bna;z—l <Q;L—1 + q;;l> - Fn’ L”hﬂ))

n—1
J=1
n—1
((QAz,nh Y @ = Aing — Ao (v;l + v)) Vi Ln,w> + &2 [qf, 0]
j=1

We now estimate each term in the right hand side of (3.69). Using (3.33), we obtain

similarly with (3.67)

*

, 1
B, (’ *>—Fn < M — = 3.70
H Qn—l qn—l + qn 9 = (\/X +77) + 2 77 ( )

By (3.29), (3.41), (3.45), (3.46) and (3.49)

n—1
Al,nq:;l - AQ,nh Z <q; + Qj/> + 2A2,nVrZ,1
7j=1

3 3
< M* (1 + éﬁ) < SMT. (371
C[o,1]

Next, by (3.48)

Combining this with (3.71), we obtain

(3.72)

n—1 n—1
(v - 0t 5 (5 ) w22, ) (523 | <
7j=1

7j=1

2

< 3K (M*)? (L +n> .

>
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Next, since by (3.45) and (3.46) 5+ n/2 < 1/4, then

H(zAznth] A — Agy (v,;,1+v*’)) vl < (3.73)
2
Mr M 3
< * < —M*n.
_<Mﬁ+ 5t 2)77_41\477

Using (3.69)-(3.73), we obtain

_ (1 30" o 1 3
[Lnagnall < M (ﬁ+7]>+ 5 n+3K (M )25<ﬁ+7])+1M7)

3C 1 1
< M*|1+ + 3K M* — + <2M* | —+1n).
< ar (1o gy e amara) (G5 o) <2 (G 0)

Hence, Lemmata 3.3 and 3.5 imply that (3.48) is true for ||g,1 — g}, , - Similarly with

the above we obtain that (3.49) and (3.50) are true for norms ||g,.1(|2,2, ||cn,1 — ¥, -

The proof for the pair (n, k), k > 2 is similar. [J

3.5 A Simplified 1-D Mathematical Model of Imaging of Plastic Antipersonnel Land

Mines

First, we describe a mathematical model for the Coefficient Inverse Problem of
detection and imaging of antipersonnel land mines that are buried under the ground.
This model is similar with one used in [39] in the 2-D case. Some assumptions and
simplifications have been made with our model. At the same time, we use realistic
ranges of parameters. First, we work with a one-dimensional model, which is a
simplification of course. As we have stated in Introduction section 1.2, we intend to
work with 2-D and 3-D CIPs in the future using the methodology of this chapter. So,
in these future cases our mathematical models will not use the latter simplification.
The irregularity of the ground surface has been neglected to avoid the complication
of gathering the data for the direct problem. Also, we assume that the dielectric

permittivity ¢ of the medium does not have a discontinuity at the ground surface
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where measurements of the back reflected electric signal are performs. Further, we
neglect the electric conductivity of the medium, which can be justified in the case
when the background is a dry sand, for example, and we work exactly with this case.

Let the ground be {x > 0} . Suppose that a polarized electric field is generated
by a pulse at the point 2° < 0 at the initial time ¢ = 0. In other words, the electric
source {z°} is located above the ground. The following hyperbolic equation can be

derived from the Maxwell equations [32]

pe(T)uyy = Uy, (x,t) € R x (0,00)), (3.74)

u(x,0) = 0, u(x,0) =6 (z —2°),

where the function u(x,t) is one component of the electric field and the parameter p =

41 x 1077 (Henry/m) is the magnetic permeability in the free space and & = goe,. ()

is the dielectric permittivity, where gy &~ 8.854 x 107'2 (Farad/m) is the dielectric
permittivity of the free space and €, (x) is the dimensionless relative dielectric permittivity
of the medium. The Laplace transform (3.5) applied to (3.74) leads to the following
analog of the problem (3.6), (3.7)

Wee — 2 pegs, ()W = —6 (m — mo) Vs > s, (3.75)
|1|im w(z,s) = 0,Vs>s. (3.76)

It is well known that the maximal depth of an antipersonnel land mine is about
10cm. So, we model these mines as small smooth symmetric “bumps” of the diameter
4cm and their centers should be at the maximal depth of 10cm. But the total
length of the interval on which we consider the inverse problem is 20cm=0.2m in
our calculations. To transform this interval into (0, 1) (see above), we make change of
variables in (3.75) 2/ = /0.2, xj, = 2°/0.2. Note that § (z — 2°) = § (2’ — ) /0.2. We

now use the data about the value of the dielectric constant from http://www.clippercontrols.com /infc
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1. By these data ¢, = 5 in dry sand and ¢, = 22 in trinitrotoluene (TNT). Hence, to

have the background value of the unknown coefficient equals 1, we denote in (3.75)

c(z) = 6Téx),s’ = <0.2\/@) s, = % (3.77)

Finally, for convenience, we keep the same notations for (z/,x),s', ) := (z,2°, s, w)
as before. Then equations (3.75), (3.76) become identical with equations (3.6), (3.7),

which we now reproduce for reader’s convenience

Wy — sc(x)w = —0(z—2°),Vs>s, (3.78)
|1|im w(z,s) = 0,Vs>s. (3.79)

Note that since the interval (0,20) cm is transformed now into (0, 1) and centers of
our mine-like inclusions of the thickness of 4cm are between 2 cm and 10 c¢m, then
we are interested to image such mine-like targets whose centers are between 0.2 and
0.5,

centers of interest in our specific application € [0.2,0.5]. (3.80)

We are interested in the identification of antipersonnel plastic mines, which is
difficult in a practical scenario since the metal component in them is not large. Hence,
we need one parameter inside the mine which can give us sufficient contrast against
the surrounding dry sand. We use the parameter ¢ from (3.77), which is proportional

to the dielectric constant. Since

5 (INT) 22
e (dry sand) 5 7

then in our computations the height of inclusions is about 4, i.e., inclusion /background
contrast in ¢ (x) is about 4:1. Thus, if one can quantify the coefficient ¢ (x), then

points whose values are close to 4, will be those inside or close to the mine. Thus,
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finding an approximation for this coefficient with solution of the Coefficient Inverse
Problem would provide us a useful information about a target which we would

‘suspect’ is a land mine.
3.6  Numerical Study
3.6.1 The Forward Problem

In this chapter, we work with the computationally simulated data. That is,
the data are generated by computing the forward problem (3.78), (3.79) with the
given function ¢(x). Then this forward problem is “forgotten” and only so generated
boundary data are used. To solve the forward problem (3.78), (3.79), we use FDM
and the sweep method. To eliminate the ¢ (x — z°) function from (3.78), consider
first the fundamental solution of equation (3.78) with ¢ (x) = 1, which is the value
this function attains outside of the interval of interest (0,1), see (3.3). This solution
1s

exp (—s|z — 2°])
2s '

wo(z,s) =

Because of (3.79), we can solve the problem (3.78), (3.79) on a finite truncated
interval with zero Dirichlet boundary conditions at its edges. We took 2° = —1 and
next we have chosen the interval x € (—6,4). Let w = w — wy. We have solved by

the sweep method the following problem

Wy — s2c(x)w = s*(c(x) — 1)wy, (3.81)

w(—6,s) = w(4,s)=0. (3.82)

The singularity is absent in the right hand side of (3.81) because ¢(z) — 1 = 0 for
x < 0 and 2° < 0. We have chosen the step size in z to be h, = 0.01. Now, we

have solved the problem (3.81), (3.82) for s € [0.5,1.22] with the grid step size in
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s direction being h = 0.01. The reason why we have chosen this s-interval as one
preferable to others is that we have found in our reconstructions that this is the
optimal frequency interval for depths of inclusions we are interested in, see Figure
3.3(c), 3.4(c). Furthermore, the sensitivity of the back reflected data at z = 0 drops
for larger s, for locations of inclusions of our applied interest, see Figure 3.3(c). Thus,
because of the poor sensitivity for larger s, s = 1.22 can be counted as that truncated

large value s introduced above.
3.6.2 The two stage algorithm

Following the second part of Remark 3.3 after Theorem 3.1, we modify in this
subsection the general algorithm described in section 3.3. We point out that because
of the application of our interest, we are mostly interested in imaging of small mine-
like inclusions rather than in imaging of slowly changing functions. The main point
is that Theorem 3.1 is still applicable even to our amended algorithm, except of the
smoothness requirement, which still can be fixed, see the next paragraph. In this
subsection we describe our numerical algorithm, which consists of two main steps.
In our numerical experiments we have taken N = N = 72, meaning that the step size
in the s-direction is A = 0.01 and the length of the s-interval on which we compute
functions ¢, is = 0.72, see Theorem 3.1. In addition, the number of iterations with
respect to the tail was in our computations is m; = my = ... = my = m = 10.
To implement the QRM numerically, we partition the interval [0,1] in 100 equals
subintervals 0 = zp < 1 < ... < Z190 = 1, 2; — x;—1 = hy = 0.01, see details about the
numerical implementation of the QRM in subsection 3.6.3.

In actual computations we relax the H?(0,1) smoothness requirements of the
QRM imposed in subsection 4.2. Namely, in (3.27) use ¢ = 0 on the first stage of
computing and we use € € (0,1) and the H? (0, 1) norm in (3.27) on the second stage,
also see Lemma 3.3 for ¢ = 0. The true reason why we can relax that requirement

is that we work in a finite dimensional space when computing, and all norms are
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equivalent in such a space. The global convergence theorem 3.1 is not directly
applicable in this case for a single reason: because we can guarantee only that
functions ¢, (z) € Lo (0,1) rather than being continuous. Nevertheless, a discrete
analog of this theorem can be proven. To do this, one can apply almost straightforwardly
the idea of [10] of the proof of convergence of the discrete analog of the QRM for the
Laplace equation and, in particular the discrete Carleman estimate of this reference.
The same problem with smoothness occurs in 2-D and 3-D cases. as our preliminary
studies indicate, and it can also be handled this way. Because of space considerations,
we leave this development outside of the current publication and plan to work it out

in the future.

Remark 3.4. In our computations we have used 100 mesh points in [0,1]. However,
when we have tried to increase this number to 200, results of the QRM worsened. Most
likely this was because the dimension of our above mentioned finite dimensional space
was becoming too large, thus making it “almost” infinitely dimensional. Note that
above mentioned discrete estimates of [10] naturally worsen when the grid step size
decreases. Hence, one would need to introduce the H3 (0,1) smoothness requirements
of subsection 3.3.2 if decreasing the step size h,. In other words, there exists a natural

trade-off between h, and the smoothness.

Step 1. Finding the geometry. Proceed with the algorithm of section 3.3
with the truncation (3.23) and ¢ = 0 in (3.34). In addition to boundary conditions

(3.26) in the QRM we have also added the Dirichlet boundary condition at z = 1,

Qi (1) = dp, (3.83)

where the number d,, is known from the forward problem solution, see Remark 3.2. On
this stage we average discrete approximations ¢, for the coefficient ¢(z). Suppose a

discrete function ¢, x (x;) is found, where z; € (0, 1) are grid points. Then we compute
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another function b, (z;) and re-define the value ¢, (x;) as
i+2

byie (%) :é > o (7)), (3.84)

j=i—2

b i (20) = bp (1) = bp(To9) = by k(100) = 1, Coie (1) 1= e () -

Next, we compute the discrete function ¢, (z) as in section 3.3. We repeat the
run along the interval s € [0.5,1.22] several times as follows. Suppose that on the
first s-sweep we have computed the function cy(x) := cg\l,) (x), which corresponds to
the last s-subinterval [sy,sy—1] = [0.5,0.49]. Hence, we have also computed the
corresponding tail function Vi (z). Then we return to the first s—interval [s1,3] =
[1.21,1.22], set 1/1(21) (x) := Vy (z) and repeat the algorithm of section 4 via finding

a new function ¢; () := c§2) (x), next a new function ¢ (z) = c§2) (x), etc., until

new functions 05\2[) (x), V]\(,Q) (x) are found. We repeat this sweep over the interval
s € [0,5,1.22] r times until the stabilization occurs, i.e. until the following inequality

takes place

e () = eV (@) | 201y < 7 (3.85)

where 7 is a sufficiently small number of our choice. We have taken 7 = 10=°

As soon as (3.85) takes place, we set cg\?) (x) == cgl) (x) and go to the Stage 2.
The reason why we use Stage 2 is that Stage 1 gives us only accurate locations of our
mine-like inclusions. However, the computed value of the coefficient ¢ (z) := ¢ (z)
in them is significantly lower than the correct value, see Figure 3.1.

Step 2. Finding the contrast. Having the first approximation for the solution
from Step 1, we now proceed with Step 2. This step provides us with good values for
contrasts in our inclusions.

Step 2.1. We take the last tail function V]\(,r) (x) computed on the first step as the
starting value for the algorithm of Section 3.3. In other words, in Step 1! of section

3.3 weset Vi (x) := VA(,T) (x) . Next, we proceed with a modified algorithm of section
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exact
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(a) (b) Computed c%)(:p) where (3.84) holds.

Figure 3.1: A typical example of images we obtain on Step 1. (a) displays the correct
coefficient. (b) shows the computed CE\T;) (x) where (3.84) holds. In all our experiments
r = 5, i.e. stabilization on Step 1 took place after 5 s-sweeps. The location of the
mine-like target is imaged with a good accuracy. However, only 45% (1.8/4) of the

contrast is imaged. Thus, it is necessary to proceed with Step 2.

3.3. Namely, let functions qT(;L (r) € H%(0,1) be functions q,(:,)c () computed on the
last s-sweep in step 1. Then we minimize the following functionals in the QRM, see

(3.24)-(3.27) and (3.83)

2
JfL,k(Qn,k) = ||q;;k($) - an,kq;L,k(x) - Hn,k”%g(o,l) +&||nk — q’fl’r])ﬂ H2(01) ,(3.86)
Gk (0) = Yo G i(0) = V1 @i (1) = dn, g, (1) = 5, (3.87)

This way we obtain functions q&fi,?ﬁ),eﬁz as described in section 3.3. However,

(1)

unlike Step 1, we do not average functions ¢,/ , i.e. we do not apply the procedure

n,k’
(3.83).
. . _(n=1) 77(n=1) _(n-1)
Step 2.n. Having functions g, , ',V ,C,; ', repeat the sweep over the
s—interval via setting Vgnl) (z) = VEQ“” and finding qun,)c via the minimization of

the functional (3.85) in which qr(:“,)g is replaced with qﬁf‘k‘ 2 Again, unlike Step 1, we

do not apply the procedure (3.83) to functions ¢,
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Stopping criterion for Step 2. We make steps 2.1,...2.ny, where the final
sweep number ns is chosen in numerical experiments. So, we obtain the function

(n
n7

12

Since we do not average functions ¢ ) then typically the function ¢? (z) looks

like one on Figure 3.2(a), i.e. it is non-smooth. Next, to smooth out the image,
we apply a post processing to the function ¢3? (x). This post processing consists in
averaging over 5 points as in (3.83) and linear interpolation near the edge z = 1. This
way we obtain the final reconstruction result ¢,.. (). The linear interpolation “by

values at x = 0.78 and x = 17 is necessary due to the occurrence of some artifacts for

x € [0.78; 1], which is shown on Figures 3.2(a), 3.2(b).

c(1) — ¢(0.78)

c(x) = 0 (x —0.78) + ¢(0.78),z € (0.78; 1) .

3.6.3 Parameters used in computations

To summarize our parameters used in computations, we first remind that: X is
the parameter of the CWF in (3.19), h, is the mesh size in the forward problem
solution, h, is the mesh size in the QRM discretization, h is the mesh size in the
s-direction, m is the number of iterations with respect to the tail for each ¢, and
parameters 7 and ¢ are defined in (3.84) and (3.85) respectively. It is important that
parameters, once chosen, were used in all our numerical experiments. In other words,
once chosen for one configuration, parameters were not conveniently “adjusted” to

other configurations.

Table 3.1: Parameters used in computations

T A hy hyg h |m T € | ng | s-interval
—1{101{0.01 |0.01 {0.01|10]107>|0.05 |15 | [0.5,1.22]
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— — — — — calculated

postprocessed

exact

Figure 3.2: (a) shows coeflicients ¢;(z) calculated on ny steps for Stage 2. (b) shows
postprocessing procedure.

3.6.4 Numerical Implementation of the Quasi Reversibility Method

We have minimized functionals (3.85) with respect to values of the discrete
function ¢, (x;) at mesh points. To do this, we have used the conjugate gradient
method. In this subsection we explain how we have calculated derivatives with respect
t0 @nk (2;) analytically. For brevity we provide this explanation only for Step 1, since

Step 2 is similar. In (3.85) denote for brevity

q = {4nk, 0= Qnk, H = Hn,k7

¢ = q(v),0=a(x;), Hy=H(r;),0 <z <1

By the QRM we will minimize on Step 1

My—1 q 2 + g 2 Me—1
i+1 7 1—1
o=t 3 (B ) < h
i=1 z i=1

subject to boundary conditions
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where numbers Gy, Gy, G, 3 are given. Here M, is the number of mesh points in [0, 1],

and in our case M, = 100. Hence,
0. o,
— =2h —J;. 3.88
dq; ! Zl dq; (3.88)

An important observation simplifying the calculation of the gradient is that

0Ji _ biy1y — 2055 + 051
0q; hi

- ai5i7j,j = 2, ceey Mx - 2, (389)

Formulas (3.88), (3.89) explain the calculation of the gradient of the QRM functional

J. In addition, formulas (3.10), (3.23) and (3.52) become in the discrete case

Ung (2i) = —hg (Z qj (i) + quk (ﬂfi)> + Vo (@),

h? " 2h,

U (2i1) = Do (20) + D (2i01) |, (m (zi41) = B <xi>)2 1]
q

Cog () = max[

3.6.5 Results of the reconstruction

In this subsection we present results of our reconstructions. We have performed
numerical experiments to reconstruct c¢(x) as inclusions. In all our tests we have
introduced the multiplicative random noise in the boundary data, w,, by adding

relative error to computed data w,p using the following expression
Wy (T4, 85) = Weps (T4, 55) [+ o], i=0,1, M, —1,M,; ,j=1,..,N.

Here, « is a random number in the interval [—1;1], and o is the noise level. We
use 0 = 0.05 of the multiplicative random noise in the observed boundary data wps.
The starting value for the tail was chosen Vi (x,5) = 0, which reflects the fact that

no advanced knowledge about tails is available. Because of the application of our
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interest, we model our mine-like targets as a inclusions of the width 0.2, the height
a > 1 and with different centers z* € [0.2,0.5], see section 3.5 and, in particular,
(3.80). To avoid dealing with discontinuities, we model our inclusions as continuous
functions which look as the cos function.

Test 3.1. We test our numerical method for the case a = 3 and with two centers
at ¥ = 0.2 and at z* = 0.4. That is, we calculate the data via the solution of the

forward problem for the function ¢ (z) defined as

(o) = 1+ 3cos(0.57m(x —2%)/0.1), |z —z*] <0.1 | (3.90)

1,  otherwise

As we can see, in both cases the location of the center of the imaged inclusion is
shifted to the left by about the radius of this inclusion 0.1. The error in the 4:1
inclusion/background contrast is 10% (1-3.6/4) for x* = 0.2 and 33% (1 — 2.7/4) for
x* = 0.4. The 10% error can be explained by the fact that the function ¢ (x) does not
exactly equal 4 within inclusion. As to a much larger error of 33% for x* = 0.4, we refer
to Figure 3.3(c) for a possible explanation. Indeed, this figure shows that at larger
distances from the left edge z = 0 the sensitivity function f (s) = w (0, s) [wo (0, s)] "
becomes closer to 1, i.e. the data loose their sensitivity when the target moves away
from the back reflected edge x = 0. One can see on Figure 3.3(c) that the sensitivity
of the data is much better for * = 0.2 than for * = 0.4 and z* = 0.5. This explains
a better accuracy of Figure 3.3(a).

Test 3.2. Consider now a more realistic case when the medium is a slowly

changing background with a mine-like targets embedded in it. Consider functions

hi(z), ha(x) defined by

hi(z) = cos*(0.5n(x — 0.5)/0.45),

ho(xz) = 3cos(0.5m(x —2*)/0.1).
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Figure 3.3: Test 3.1:(a) displays exact and calculated functions (3.90) for z* = 0.2.
(b) displays exact and calculated functions for z* = 0.4. (c) displays the “sensitivity”
function f(s) = w(0,s)[wo (0,5)] " for s € [0.5,4] for different centers z* =
0.2,0.4,0.5 of mine-like targets.

And calculate the data for the function ¢ (z) defined by

(

1+ hy(x),z € (0.05;0.095), |z —az*| >0.1,

1+ ho(x), |z —a* <0.1,
c(z) = (3.91)
1+ hy(x), |z—a* <0.1,

1,  otherwise
\

As one can see from Figure 3.4, the quality of the reconstruction of the mine-like
target is better than one in the case of the uniform background (Test 3.1), especially
for z* = 0.4. As to the slowly changing background, it is not reconstructed accurately.
The latter is insignificant for our specific application, since we only want to image
mine-like inclusion. An explanation of a poor quality of the reconstruction of the
slowly changing background follows from our next test (Figure 3.5(c)). One can see
on Figure 3.4(c) that the sensitivity of the data for 2* = 0.2 and z* = 0.4 is better
than on Figure 3.3(c). This partially explains a better accuracy in this case.

Test 3.3. We test our numerical method for two sets of blind data. These
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calculated
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Figure 3.4: Test 3.2: (a) and (b) display exact and calculated functions (3.91) for
x* = 0.2 and z* = 0.4 respectively. (c) displays the “sensitivity” function f(s) =
w (0, s) [wo (0, 5)] " for s € [0.5,4] for different centers z* = 0.2,0.4.

data were kindly produced for us, by our request, by Professor Paul Sacks from Iowa
State University (he has kindly allowed us to reproduce results of our tests here).
He has calculated the solution of the above forward problem by a method, which is
different from ours. No noise was introduced. Next, he has given us resulting values of
qn (0), 4, (0),gn (1) . However, when applying our code to these data, we did not know
the answer. This answer became known to us only after we got our solution. Our
results are displayed on Figure 3.5. As one can see, in the case of a slowly changing
background, the accuracy of the reconstruction from the blind data is about the
same as in Test 3.3. However, in the case of a constant background (Figure 3.5(a))
the accuracy is even better than one of Figure 3.3(b).

Figure 3.5(c) displays two superimposed curves of the function w (0, s) for the case
of Figure 3.5(b): one for the exact coefficient ¢ (z) and the second one for the calculated
coefficient ¢ (x). One can see that these two curves are practically indistinguishable.
The fundamental reason of this is the ill-posed nature of our CIP: we see an example

when a small fluctuation of the data correspond to a large deviation of the solution.
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- calculated

Figure 3.5: Test 3.3: Two sets of blind data kindly produced for us by Professor Paul
Sacks. (a) shows the case a mine-like target embedded in the uniform background. (b)
displays the case of a mine-like target embedded in a slowly changing background. To
understand why we cannot image the slowly changing background along with mine-
like targets, we have superimposed on (c¢) two functions w (0, s) for (b): one for the
exact coefficient c¢(x) and the second one for the calculated coefficient ¢(x). There is
a very little difference between these two curves.

So, Figure 3.5(c) provides an explanation of our inability to image the slowly changing

background in the case when a mine-like inclusion is embedded in it, also see Test 3.2

for a similar observation.
3.6.6 The case of the back reflected data only

In above tests 3.1-3.3 we have assumed that both functions ¢(1,s), ¢.(1,s) are
known. While by (3.17) the function ¢,(1,s) = s72 is known automatically, the
Dirichlet boundary condition ¢(1,s) is unknown when one works with the back
reflected data. So, we now test the case when the function ¢(1, s) is unknown. We have
tried to figure out an approximation for this function using Step 1 for the function
c(z) given in (3.90). Suppose that on the s-sweep number k of Step 1 we have

~(k)

found the function ¢y’ (z). Using this function, we have calculated the solution of

the forward problem (3.81), (3.82) with ¢ := /cfl\;) (x). Next, we have calculated the
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function ¢(1, s) and compared it with the exact function ¢*(1,s) via

Geate(1, 8) — q*(1, 3)||L2(0.5,1.22)
lg*(1, s) ||L2(0.5,1.22)

Erel =

Table 3.2: Finding the optimal number of s-sweeps in Step 1 for the case of the
backreflected data only

x* | Number of s-sweeps | &,¢

0.2 1 0.06
0.4 1 0.02
0.2 2 0.05
0.4 2 0.01
0.2 3 0.03
0.4 3 0.007

Table 3.6.6 provides summary of results. We have used the function geuc(1, s)
obtained after 3 sweeps as an approximation for the correct function ¢*(1, s). Next, we
performed calculations with g.q.(1, s) as described in subsections 3.6.2, 3.6.3. Figure
3.6 displays results for two values z* = 0.2 and x* = 0.4. Similar results (not shown)

were obtained for the case when the function (3.91) was reconstructed.
3.6.7 Why the function ¢(1, s) is likely not informative?

We now show that the function ¢ (1, s) is likely not informative in fact. Consider

the case when ¢ (x) = 1+ ¢(z), where ¢(z) =0 for z ¢ (0,1) and

lc(z)| << 1. (3.92)

The solution of the forward problem (3.6), (3.7) can be represented via the following

integral equation
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—————— calculated — — — — — - calculated
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Figure 3.6: (a) and (b) display results of the reconstruction of the function (3.90) for
the case when the function ¢ (1, s)was found approximately via the procedure of this
subsection after 3 s-sweeps. Locations of mine-like targets are reconstructed with a
good accuracy. However, the inclusion/background contrast is reconstructed poorly,
see a discussion in next section.

Since in our case s € [0.5,1.22], then by (3.92) solution of this equation can be

represented via convergent resolvent series

1 - 1
— —_p—sle—mo| ~ —slz—xo|
w(x,s) 53¢ + ng_l wy, (z, ) 53¢ +wy (x,5),
where X
1 o~
wn(,9) = 35 [ e ls (o= € =l +I¢ — ao ]

0

which corresponds to the linearization with respect to ¢, i.e., the well known Born
approximation (note that we have not used the linearization before this subsection).

Since xg < 0, we obtain

_exp[—s (1 —2x)] / ~
wn (1,8) = P2 e
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In other words, in the case (3.92) the function ¢ (1, s) contains only the information
about the integral of the function ¢(x) over (0, 1) . Clearly, there is not much information

about ¢(z) in this integral.
3.7 Discussion

We have presented a globally convergent numerical method for a 1-D CIP. This
method is a modification of the technique described in [27-29,31]. The key point of the
modification is the use of over determined boundary conditions, which weren’t used
in [27-29, 31]. The latter logically led to the application of the Quasi-Reversibility
Method [14,20]. We consider this chapter as a prelude to our use of the QRM
for 2-D and 3-D cases. The reason of using over-determined boundary conditions
is our intention to work with the back reflected data only, since the latter is the
case of many applications. In particular, in our numerical experiments here we
have considered an application to imaging of the dielectric permittivity in inclusions
modeling antipersonnel land mines [39)].

We have proven a global convergence theorem for our method. Since its proof
is based on the Carleman estimate for the operator d?/dz* and Carleman estimates
allow to obtain specific estimates for all constants involved, then this theorem includes
a specific upper estimate for the constant K = 8e. This is an advantage over the
global convergence Theorem 6.1 of [27], since in that result an explicit estimate for a
constant involved in the classic Schauder theorem was not obtained.

The resulting convergence estimate (3.50) depends on a small parameter 1. Although
(3.50) guarantees that the resulting solution is sufficiently close to the correct one, still
7 cannot be made infinitely small in any practical computation. Therefore, a logical
conclusion is that in order to enhance the solution obtained by the globally convergent
part, one should subsequently use a locally convergent method which would take the
solution obtained on by the globally convergent method as a good first guess. Indeed,

a good first guess is the main ingredient which any locally convergent algorithm needs,
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and this is exactly what our technique provides. On the other hand, locally convergent
numerical methods for CIPs are independent on all components of the parameter 7
except of the level of error in the data o. This two stage scheme was carried out
in [28,29] in 2-D and in [31] in 3-D, and results were quite good (for the case of non-
over determined data). Our preliminary results for the QRM in the 2-D case indicate
that such a two stage procedure should be implemented for the QRM. However, when
working on this chapter, we were not prepared to use a locally convergent method on
the second stage. Thus, we have modified our globally convergent algorithm. Still,
the main point is that Theorem 3.1 almost works for this modified version. The part
which does not work is the lower smoothness conditions we have actually used in our
computations. The latter can be justified by the fact that we actually work in a finite
dimensional space of discrete functions, in which all norms are equivalent. In addition,
the technique of [10] of the convergence proof for the discrete version of the QRM can
be modified for our case and discrete analogs of lemmata 3.2, 3.3 can be obtained. On
the other hand, when we have tried to increase the number of mesh points in QRM,
computational results worsened. The latter can be explained by the fact that the case
of “too many” mesh points is sort of close to the continuous case, when one indeed
needs a higher smoothness prescribed by Lemma 3.3 and, subsequently, Theorem 3.1.

First, we have tried in our computations to use non-over determined boundary
conditions and thus, to solve a regular boundary value problem for the ODE for each
function ¢,. However, this attempt has failed to produce good quality solutions for
reasons which we cannot explain at this moment (Remark 3.1). Thus, we have used
the QRM. We have obtained rather accurate solutions of our CIP in our numerical
tests, in the case when both Dirichlet and Neumann boundary conditions for functions
¢n are known at both edges of the interval (0, 1) : recall that the Neumann condition
at x = 1 is given automatically, whereas the Dirichlet boundary condition is not

given. Furthermore, we have established analytically that the latter condition likely
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does not carry a lot of information. We have tested two cases of the medium: (1)
when a mine-like target is embedded in the uniform background and (2) when this
target is embedded in a slowly changing background. Our sensitivity curves of Figures
3.3(c) and 3.4(c) at least partially explain the quality of results. Results of imaging
of these targets in the second case were more accurate. However, the slowly changing
background was imaged poorly, which is still acceptable for our application. An
explanation of the poor image of that background is linked with the ill-posed nature
of our CIP. Indeed, we have shown that the boundary data for the forward problem
solution with our computed coefficient, which actually represented the image of the
mine-like target only, are very close to the original boundary data, which included
both that target and the slowly changing background. In particular, we presented
two tests for the case of blind data.

The case when the Dirichlet boundary condition at x = 1 was unknown, was
computed with a lesser accuracy. Specifically, while locations of mine-like targets
were imaged accurately, the inclusion/background contrast was imaged poorly. Still,
we believe that an application of the above mentioned two-stage procedure should
provide a better accuracy in the contrast. In addition, the 2-D and 3-D data are
more informative, because waves can get around targets in these cases, unlike the
1-D case considered here. So, we believe that our future images with 2-D and 3-D
CIPs with the backscattering data only will have a good quality, and our preliminary

computations provide a good indication of this.



CHAPTER 4: GLOBALLY CONVERGENT NUMERICAL METHOD FOR A
HYPERBOLIC COEFFICIENT INVERSE PROBLEM IN THE 2D CASE

4.1 Statements of Forward and Inverse Problems

We work with the 2-d case only. Some properties of the solution of the forward
problem were established in the 3-d case in [40]. Their extensions to the 2-d case can
be done along the same lines, although it is space consuming. Hence, for brevity we
use these properties here, assuming that they hold for 2-d.

Denote x = (z, z) € R?. As the forward problem, we consider the Cauchy problem

for a hyperbolic PDE

c(x)uy = Auin R* x (0,00), (4.1)

u(x,0) = 0,u;(x,0) =06 (x— %) . (4.2)

Equation (4.1) governs, e.g. propagation of acoustic and electromagnetic waves.
In the acoustical case 1/4/c(x) is the sound speed. In the 2-d case of EM waves
propagation in a non-magnetic medium the coefficient ¢ (x) is ¢ (x) := ¢, (x), where
e, (x) is the spatially distributed dielectric constant, i.e. €, (x) = € (x) /&g, where € (x)
is the spatially distributed electric permittivity of the medium and ¢y is the dielectric
permittivity of the vacuum, see [32] for the derivation of (4.1) from Maxwell’s equations
in the 2-d case. Let Q C R? be a convex bounded domain with the piecewise smooth
boundary 0f). As it is always the case of the QRM, we need to assume a certain

over-smoothness of the solution. So, we assume that the function ¢ (x) satisfies the



93

following conditions

c(x) > 1,c¢(x)=1for x € RAQ, (4.3)

c(x) € C*'(R?). (4.4)

We will work with the Laplace transform of the functions w,

w(x,s) = /u(x, t)e *'dt, for s > s = const. > 0, (4.5)
0

where s is a certain number. In our numerical studies we choose s experimentally.

We call the parameter s pseudo frequency. Equation for the function w is

Aw —s’c(x)w = —§(x—xg),Vs > s, (4.6)
‘llim w(x,s) = 0,Vs>s. (4.7)

The condition (4.7) was established in [40] for sufficiently large values of s. In addition,
for these values of s [40]

w(x,s) > 0. (4.8)

In the course of the proof of the convergence theorem (section 4.5) we will work with
functions ¢ € C* (R?) c C7 (R?),Vy € (0,1). Below C**7 are Hélder spaces, where
k > 0 is an integer. It follows from the classic theory of elliptic PDEs [43] that if
c € C*7(R?), then w € CF2H7 (RN {|r — 29| < 6}),V0 > 0.

In our derivations we need an asymptotic behavior of the function w(x,s) at
s — 00, which is formulated in Lemma 4.1. Although this lemma is now formulated
only for the 3-d case, we assume that it is valid in the 2-d case as well, see the

beginning of this section.

Lemma 4.1. [27]. Assume that conditions (4.3) and (4.4) are satisfied and that we



94
work in R?. Let the function w(x,s) € C° (R¥*\ {|x — xo| < 6}), V6 > 0 be the
solution of the problem (4.6), (4.7). Assume that geodesic lines, generated by the
eikonal equation corresponding to the function ¢ (x) are regular, i.e. any two points
in R? can be connected by a single geodesic line. Let [ (x, %) be the length of the
geodesic line connecting points x and xy. Then the following asymptotic behavior of

the function w and its derivatives takes place for |a| < 2,k =0,1,x # xq

DeD*w(x, s) = DD {eXp][:(i SZ’)XO)] {1 +0 (%)} } s o0, (4.9)

where f (x,Xg) is a certain function and f (x,%g) # 0 for x # xq.

An interesting question here is about an easily verifiable sufficient condition of
the regularity of geodesic lines. In general, such a condition is unknown, except of
the trivial case when the function ¢ (x) is close to a constant. To our best knowledge,

the only case of such a condition in 2-d is
Alnc(x) > 0,Vx € R?,

see [45] as well as Theorem 2 in Chapter 2 of [42]. However, this condition is
not satisfied in our computational examples. So, we verify (4.9) numerically in our
computations (subsection 7.2 of [27]): this is a typical case when the computational
experience is less pessimistic than the theory. Thus, everywhere below we assume
that the asymptotic behavior (4.9) is valid.

To simplify the presentation and also because of our target application to imaging

of plastic land mines, we now specify the domain 2 C R2. Let B > 0 be a constant.
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Below

Q = (=B,B) x(0,2B),00 = uU;_,I, (4.10)
I, = 00N{z=0},T'y=00n{xr= B}, (4.11)
s = 00N{r=-B}T,=00Nn{z=2B}. (4.12)

Inverse Problem. Suppose that the coefficient ¢ (x) in equation (4.6) satisfies
conditions (4.3), (4.4) and is unknown in the domain Q2. Determine the function c (X)
for x € Q, assuming that the following functions ¢o (x,s) and @1 (x,s) are known

for a single source position xo ¢ €2

w(x,8)|r, = po(x,s),w, (x,8)|r, = ¢1(x,s),Vs € [s,5], (4.13)

where s > s is a number, which should be chosen experimentally in numerical studies.

Note that in experiments usually only the function wu(z,0,t) is measured. One
can approximately assume that the function u(x,0,t) is known for all x € R implying
that the function ¢ (z, s) is known for all x € R and for all s € [s,3] via the Laplace
transform (4.5) of u(z,0,t). Next, since the coefficient ¢ (x) = 1 is known for z < 0,
then solving the forward problem (4.6), (4.7) in the half plane {z < 0} with the
boundary condition w (x,0,s) = g (z,s), one can uniquely determine the function
w(x,s) for z < 0, thus coming up with the function w, (x,0,s) = ¢ (z, s).

The question of uniqueness of this CIP is a well known long standing problem.
Currently it can be addressed positively via the method of Carleman estimates only
in the case when the § (x — xg) in (4.2) is replaced with such a function f (x) that
f(x) # 0in Q [14]. Nevertheless, the authors believe that, because of the applied
aspect, it makes sense to develop a globally convergent method for this CIP, assuming

that uniqueness holds.
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4.2  Layer Stripping With Respect to s

By (4.8) we can consider the function v = Inw/s?. Hence, (4.6) and (4.13) lead

to

Av+ 52 |Vu)? = ¢c(x), xe, (4.14)

vlp, = @a(x,8), wvlr, =ps(z,s), Vs € s, 3], (4.15)

where o = Inpg/s?, 3 = p1/ (s%pg) . The term 0 (x — xg) is not present in (4.14)
because xo ¢ . We now eliminate the function ¢ (x) from equation (4.14) via the
differentiation with respect to s, since dsc (x) = 0. Introduce a new function ¢ (x, s) =

0sv (%, s). Lemma 4.1 implies that

D2 = 0(3) D80 =0 ()5~ ooilal <2 (416)

v(x,s) = —/q(X,T)dT. (4.17)

s

We truncate the integral in (4.17) as

v(x,5) ~ — / ¢ (x,7) dr, (4.18)

where s > s is a large parameter which should be chosen in numerical experiments.
Actually, s is one of regularization parameters of our method. In fact, we have

truncated here the function V' (x,3), which we call the tail function,

o0

V(X,E):—/q(x,T)dT.

|
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By (4.16)

1
(2% (Xag)”cz(ﬁ) =0 <ﬁ> k=0,1; 35— o0. (4.19)

Although by (4.19) the tail is small for the large values of 3, the numerical experience
of [27,31,40,41,44] shows one should that it would be better to somehow approximate
the tail function updating it via an iterative procedure.
Thus, still taking into account the tail, we obtain from (4.14) and (4.18) the
following nonlinear integral differential equation
E 3 2
Aq —25*Vq - /Vq (z,7)dT + 25 /Vq (x,7)dr
y # (4.20)

+25°VqVV — 2sVV - /Vq (z,7)dr + 25 (VV)* = 0.
Let ¢ (x,8) = Ospa (x,8) , 11 (s) = Ostps (2, s) . Then (4.15) implies that

Q|F1 = o (l‘, S) 7QZ|F1 =1 (:L“, S) , Vs € [§’ §] . (4'21)

A slight modification of arguments of subsection 2.2 of [40] shows that, for if
s > s and s is sufficiently large, then the function w (x, s) tends to zero together with
its appropriate (x, s) —derivatives as |x| — oo (in both 3-d and 2-d cases), which is

slightly more general than (4.7). Hence, we have the following radiation condition

B
lim ( o —|—sw> Ir,= 0,7 = 2,3, 4.
B—oo (91/2-

where v; is the outer normal vector on I';. Since ¢(x,s) = 9 (s ?Inw), then we
obtain from the latter the following approximate Neumann boundary condition for
the function ¢ at I';

0,.q |r,= 52, i=234. (4.22)
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So, while conditions (4.21) change with the change of the unknown coefficient ¢ (x),
the condition (4.22) is generic and it is independent on ¢ (x) . Thus, we use conditions
(4.22) only to stabilize the problem.

The presence of integrals in (4.20) implies the nonlinearity, which is the main
difficulty here. If the functions ¢ and V' are approximated well from (4.20)-(4.22)
together with their x—derivatives up to the second order, then the target unknown
coefficient ¢ (x) is also approximated well from (4.14), where the function v is computed
from (4.18), where the function V' is added. Thus, below we focus on the following

question: How to solve numerically the problem (4.20)-(4.22)¢

Remark 4.1. Since the tail function V is unknown, equation (4.20) contains two
unknown functions q and V. The reason why we can approzimate both of them is that
we treat them differently: while we approximate the function q via inner iterations,

the function V is approzimated via outer iterations.

We approximate the function ¢ (x, s) as a piecewise constant function with respect
to the pseudo frequency s. That is, we assume that there exists a partition s = sy <
Sn-1 < ... < 81 < 5o = 5 of the interval [s,s] with the sufficiently small grid step
size h = s;—1 — s; such that ¢ (x,s) = ¢, (x) for s € (s,, $,—1] . We approximate the

boundary condition (4.21), (4.22) as

0, = (SnSn_1) ' i =2,3,4. (4.23)

Qn‘Fl = Eo,n(x)v aan|F1 = El,n('x% au‘]n

L over the

where Eo,m ELn and (snsn,l)_l are averages of functions v, 17 and s~
interval (s,,s,—1). Rewrite (4.20) for s € (s, S,—1] using this piecewise constant
approximation. Then multiply the resulting approximate equation by the s-dependent

Carleman Weight Function (CWF) of the form

Cm“ (3) = exp [_,u ’5 - 3n71|] 8 € (3717 Snfl] )
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and integrate with respect to s € (s,,Ss,_1]. We obtain the following approximate

equation in Q for the function ¢, (x),n=1,..., N

n—1
j=1
n—1
= B, (V)" — Ag,h? (Z Vq]> +245,VV, (thqj> — Ay (VV,).
j=1

We have intentionally inserted dependence of the tail function V,, from the iteration
number n here because we will approximate these functions iteratively. In (4.24)
A=A, (uh), Asyy = Asy (,h) , By = By, (11, h) are certain numbers depending

on p and h, see specific formulas in [27]. It is convenient to set in (4.24)

% = 0. (4.25)

Since boundary value problems (4.23), (4.24) are actually generated by equation
(4.20), which contains Volterra-like s-integrals, then these problems can be solved
sequentially starting from ¢;. Since boundary conditions (4.23) are over-determined
ones, it is natural to apply a version of the QRM here, because the QRM finds “least

squares” solutions in the case of over-determined boundary conditions.

Remark 4.2. As to (4.24), an important point is that | B, (u, h)| < 85%/u for uh > 1
[27]. We have used p = 50 in our computations. Hence, assuming that p >> 1,we
ignore the nonlinear term in (4.24) below via setting B, (an)2 = 0. This allows us

to solve a linear problem for each qy.

4.3 The Algorithm

Our algorithm reconstructs iterative approximations ¢, (x) € C* (ﬁ) of the
function ¢(x). On the other hand, to iterate with respect to the tails, we need

to solve the forward problem (4.6), (4.7) in R? on each iterative step. To do this,
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we extend each function ¢,y (x) outside of the €, so that the resulting function
Cnk (x) = 1 outside of Q,¢,x (Xx) = ¢y (x) in a subdomain Q' CC 2 and ¢, €
C' (R?). In addition, to ensure the ellipticity of the operator in (4.6), we need to
have ¢, 1, (x) > const. > 0 in R2. So, we now describe a rather standard procedure of

such an extension. Choose a function x (x) € C* (R?) such that

1in €,
X (x) = ¢ between 0 and 1 in O\,

0 outside of .

The existence of such functions x (x) is well known from the Real Analysis course.
Define the target extension of the function ¢, j as ¢, x (x) := (1 — x (x))+x (X) ¢k (x) , V2 €
R2. Hence, ¢, (x) = 1 outside of Q and &, € C* (R?). Let Q C Q be a subdomain

and € cC . Suppose that Cnk (x) > 1/2in Q). Then Cng (x) > 1/2 in €. Indeed,

Gk (%) = 1/2 = (1 = x (%)) /2 4+ x (%) (cnk (x) = 1/2) 2 0.

4.3.1 The iterative process

We now present our algorithm. On each iterative step n we approximate both
the function ¢, and the tail function V,,, see Remark 4.1. Each iterative step requires
an approximate solution of the boundary value problem (4.23), (4.24). This is done
via the QRM, which is described in subsection 4.3.2. First, we choose an initial tail
function Vi, (x) € C?(Q) and use (4.25). As to the choice of V;, it was taken as
Vi1 = 0in [27]. In later publications [31,40,41,44] V; ; was taken as the one, which
corresponds to the case c¢(x) = 1, where ¢(x) := 1 is the value of the unknown
coefficient outside of the domain of interest 2, see (4.3). An observation was that
while both these choices give the same result, the second choice leads to a faster
convergence and both choices satisfy conditions of the global convergence theorem.
For each ¢, we have inner iterations with respect to tails.

Step n*, where n,k > 1. Recall that by (4.25) ¢y = 0. Suppose that functions
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¢ € H(Q),i=1,...,n—1 and tails Vi, ..., V,,_1, V., € C? (ﬁ) are constructed. To
construct the function g, x, we use the QRM (subsection 4.3.2) to find an approximate

solution of the following boundary value problem in €2

n—1
AQn,k - Aln (hz Vq] - VVn,k) vqu =

J=1

n—1 2
— Ay b <Z vqj> + 245,V Ve - (thqj> Agn (VVii)?, (4.26)

J=1

= (Snsn_1) i =2,3,4.

Qn,lel = Eo,n(m)a azqn,k\rl = Em(fﬂ), 81/1'(]11,16

Hence, we obtain the function ¢, € H®(Q). By the embedding theorem g, €
C? (Q) . To reconstruct an approximation ¢, (x) for the function ¢ (x), we first, use

(4.18) to calculate an approximation for v (x, s,) as

Unk (X, 80) = —hgui (X) — h Z g (x) + Vo (x). (4.27)
Next, using (4.14), we set for n > 1

Cok (X) = Avy g (X, 8,) + 82 [V (X, sn)]2 , X € €. (4.28)

Assuming that the exact solution of our Inverse Problem ¢* > 1 in R? (see (4.3)), it
follows from Theorem 4.2 that ¢, (x) > 1/2 in Q,, C Q, where the subdomain €,
is defined in section 4.4. Next, we construct the function ¢, (x) as in the beginning
of this section. Hence, by (4.26)-(4.28) the function ¢, ;€C” (R?) . Next, we solve the
forward problem (4.6), (4.7) with ¢ (x) := ¢, (x) for s := 3 and obtain the function

Wk (X,5) . Next, we set for the new tail

Inw, (x,5 —
Vi1 (x) = # €C*(Q).

S
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We continue these iterations with respect to tails until convergence occurs. We cannot
prove this convergence. However, we have always observed numerically that functions
Gn.ks Cn e and V,, i have stabilized at k := m for a certain m. So, assuming that they

are stabilized, we set

Cn (X) 1= Cpm (X) , Gn (X) = G (X), Vi (X) 1= Vi (X) 1= Viy1 1 (x) for x € €

We stop iterations with respect to n at n := N.
4.3.2 The quasi-reversibility method

Let H, (x) be the right hand side of equation (4.26) for n > 1. Denote

n—1
g (X) = A1 (h > Vg - an,k) (4.29)

j=1
Then the boundary value problem (4.26) can be rewritten as

AQH,k — Qpk - VQn,k == Hn,ky (430)

0, = (SpSn_1) i =2,3,4.  (4.31)

qn,k|r1 = Eom(x), 52Qn,k|r1 = Em(x)’ OviQn

Since we have two boundary conditions rather then one at I';, we find the “least
squares” solution of the problem (4.30), (4.31) via the QRM. Specifically, we minimize

the following Tikhonov functional
() = 18U = ap - Vu = Hoil|2,0) + @ s 0 (4.32)

subject to boundary condition (4.31), where the small regularization parameter « €
(0,1). Let u(z) be the minimizer of this functional. Then we set g, (x) := u(x).
Local minima do not occur here because (4.32) is the sum of square norms of two

expressions, both of which are linear with respect to u, also see Lemmata 4.3 and
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4.4 in section 4.4. The second term in the right hand side of (4.32) is the Tikhonov

regularization term. We use the H® () —nmorm here in order to ensure that the

minimizer u := g, € C* (Q), which implies in turn that functions ¢, € C* (R?).

Remark 4.3. 1. In our computations we relax the smoothness assumptions via
considering the H* (Q) —norm in the second term in the right hand side of (4.32).
This is possible because in computations we actually work with finite dimensional
spaces. Specifically, we work with finite differences and do not use “overly fine” mesh,
which means that dimensions of our “computational spaces” are not exceedingly large.
In this case all norms are equivalent not only theoretically but practically as well. To
the contrary, if the mesh would be too fine, then the corresponding space would be
“almost” infinite dimensional.

2. One may pose a question on why we would not avoid the QRM via using
Just one of two boundary conditions at Ty in (4.31), since we have the Neumann
boundary condition at OON\I'1. However, in this case we would be unable to prove
the C®— smoothness of the function q,y, because the boundary 9 is not smooth.
In the case of the Dirichlet boundary condition only gnx|r, we would be unable to
prove smoothness even assuming that 02 € C*, because of the Neumann boundary
condition at the rest of the boundary. Besides, in our convergence estimate of the
QRM in Theorem 4.1 we do not use the boundary condition (4.31) at T'y. Finally,

r, = (snsn_l)f1 are independent on the target coefficient, it

since conditions O,,qn, i
seems to be that two boundary conditions rather than one at I'y should provide a better

reconstruction.

4.4 Estimates for the QRM

For brevity we scale variables in such a way that in sections 4.4 and 4.5 it is
assumed that Q = (—1/4,1/4) x (0,1/2). In sections 4.5 and 4.6 C = C'(2) > 0

denotes different positive constants depending only on the domain Q. Let \,v > 2 be
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two parameters. Introduce another Carleman Weight Function (CWF) K(z),

1
K (2) := Ky, (2) = exp(Ap™"), where p(2) =z + ik 0.

Note that p(z) € (0,3/4) in  and p(2) |r,= 3/4. Let the number » € (1/3,1).
Denote €,, = {x € Q: p(2) < 3s/4}. Hence, if 5, < 35, then Q,, CC Q,,. Also,
() = Q and /3 = J. Lemma 4.2 established the Carleman estimate for the Laplace
operator. Although such estimates are well known [14, 19], we still need to prove
this lemma, because we use a non-standard CWF and also because when integrating
the pointwise Carleman estimate over €2, we should take into account that only one,
rather than conventional two, zero boundary condition (4.33) is given at both I'; and

I's. These were not done before.

Lemma 4.2. Fix a number v := 14 (2) > 2. Consider functions u € H? () such

that (see (4.10)-(4.12)
u |F1: Uy |F1: Uy |F2: Ug |F3: 0. (433)

Then there exists a constant C' = C'(€2) > 0 such that for any A > 2 the following

Carleman estimate is valid for all these functions

/ (Au)?K?dedz > % / (w2, +u2, +u2,) K*dzdz + CX / [(VU)Q + M\?] K2dvdz
Q

Q
311,112 4\"

Proof. It is convenient to assume initially that v > 2 is an arbitrary number.

Q
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We have

(Au)’ K? = (u2, + 2, + 2ugpu..) K? =
(uix + uzz) K?+0, (quuZZKQ) — Qg K2 4 dvp ™ ugu,, K2
= (v, +ul, +2ul,) K* + 0, (2upu.. K?) + 0, (—2uzu,. K*?)

F4Ap ™ (Ut — Ugtiz,) K2
Since

Ap ™ (Ugtizs — Uptiy:) K? > —= (02, +ul,) K? — 8\ p 7 Ul K2,

DN | —

then we obtain that

—_

(Au)* K? > 5 (w2, +uZ, +ul.) K — 8\ p " Ul K* (4.34)

+0, (2uxuzzK2) + 0, (—2umumK2) )
Consider a new function v = u - K. Substituting u = v - K~!, we obtain

(Au)?p" T K? = (g1 +y2 +u3) 0" > 2u0(yr +y3)p” ™, (4.35)

—v— —2v— v+1 v
mo= Av, g =2wp ™ s, s = (W) (1L = ——=p")o.

We have
201y20" ! = 0, (Ahvvzu,) + 0. 20 (v —02)]. (4.36)
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Next, by (4.35)

v —2v— V+1 —v—
2y2y3,0 +1 4()\V)3 (p 2v-2 0 2) v,

AU
1
= 0, [Q(Ay)g (p_z”_Q - %p"’_Q) U2:| (4.37)
+2
4 3 1 —2v—-3 1 v v 2
0P+ (12252
> XAy 2 1, [2()\1/)3 <p21/2 _ V)‘\" ]‘pu2) ,02]
v

Summing up (4.36) and (4.37), using the backwards substitution u = v - K and using
(4.35), we obtain

(Au)?p" T K2 > 2030 0 2 3 K2 4 0,U, + 0,Us, (4.38)

where the following estimates are valid for functions U; and U,

1%1

IN

O [ug| (|us] + Avp™ 7 ul) K2, (4.39)

Us| < Chv(|Vul* + N2 222 K2
\ p

Since we do not have the term A (Vu)? K2 in the right hand side of (4.38),we

continue as follows:

- AuK? = 0, (—)\l/uuxKQ) + 0, (—)\VUUZKQ) + v (Vu)2 K? —

N2 uK? = v (V) K2 — 23308 p 2202 K2 + 0,Us + 0.Uy,
Hence,

“MwuAuK? = M (Vu)? K2 = 2)30°p 222 K? + 9,Us 4+ 0.U,,  (4.40)

Us = —dvuu,K? Uy < C (Avul + XNv2p " 1u?) K2
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Add (4.40) to (4.38) and take into account (4.39) as well as the fact that

2)\3y4p—2y—3 > 4)\3y3p—2y—2
for v > 2. Likewise, by the Cauchy inequality
v AuK? < V20 K22 + (Au)?p KR 2.

Fix the number v := vy > 2. Then we can incorporate vy in C' and also we can regard

that po*! < C, since p°*! < 1. Hence, we obtain

(Au)’K? > CX[(Vu)? + \?] K2 + 0,Us + 9,Us, (4.41)

Us| < CNug| (Jus| + Aul) K2, |Us| < CX[|Vul? + A\u?] K2

Now we set in (4.34) v := 1y, divide it by Ad with a positive constant d = d (1)
such that 4\v2p~2072/d < (/2 and next add it to (4.41). Then we can choose a
constant obtain the following pointwise Carleman estimate for the Laplace operator

in the domain 2

¢
A
Uz| < CNug| (Juzs| + |us| + Xul) K2, |Us] < CA [|um|2 + |Vul® + Nu®] K2

(Au)?K*?

v

(u2, + 2, +u2) K2+ CA[(Vu)? + \u?] K2 + 8,Ur + 0.Us, (4.42)

We now integrate (4.42) over the rectangle €2 using the Gauss-Ostrogradsky
formula. It is important that because of (4.33) and the estimate for |U;|, resulting
boundary integrals over I'1, 'y and I's will be zero. Finally, to obtain the estimate of

this lemma, we note that
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Thus,

A\
/ AJua” + [Vul” + N0 K2dw < ON® [Jul|fya g exp [% (§> ] i

Ty
We now establish both existence and uniqueness of the minimizer of the functional

(4.32).

Lemma 4.3. Suppose that in (4.32) H,,; € Lo () and that there exists a function
® € H° () satisfying boundary conditions (4.31), except of maybe at I'y. Assume

that in (4.29) both components afzj, l;aj = 1,2 of the vector function a,, j are such that

aﬁﬁc € C(Q) and HaSL < 1. Then there exists unique minimizer u. € H® () of

‘C(Q)

the functional (4.32). Furthermore,

C
[l s () < 7a <||Hn,k||L2(Q) + HCI)||H5(Q)> :

Proof. We assume here that ‘ ag}k

‘ @ < 1 for the purpose of Theorem 4.2 only,
c(@

since actually we can impose any a prior: upper estimate on these numbers. Let u
be a minimizer of J¢, (u) satisfying boundary conditions (4.31). Denote U = u — ®.

The function U satisfies boundary conditions (4.33). By the variational principle
(G iU, Griv) + a[Uv] = (Hyp — Gui®, G iv)
for all functions v € H® (Q) satisfying boundary conditions (4.33). Here
Gn U := AU — a,y, - VU. (4.43)

Here and below (-, -) denotes the scalar product in Lo (2) and [, | denotes the scalar
product in H? (). The rest of the proof follows from the Riesz theorem. [J

In the course of the proof of Theorem 4.2 we will need
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Lemma 4.4. Consider an arbitrary function g € H° (Q2) . Let the function u € H® (Q)

satisfies boundary conditions (4.33) as well as the variational equality
(Grgtty, G ) + o [u,v] = (Hp g, Gppv) + a[g, 0], (4.44)

for all functions v € H® (Q) satisfying (4.33). Then

all gy < i@ o
H5(Q) = Ja 9l () -

Proof. Set in (4.44) v := u and use the Cauchy-Schwarz inequality. [J

Theorem 4.1. Consider an arbitrary function g € H® (Q). Let uw € H® (Q) be the

function satisfying (4.33) and (4.44). Let ) < 1, where ag}c,j = 1,2 are two

)

‘C(Q)

components of the vector function a,j in (4.36). Choose an arbitrary number 3 such

that 3¢ € (5,1). Consider the numbers by, by,

1
by = <

= b —1—b >0
2(1+(1—2")(3%) ") 207 Lo

2

where vy is the parameter of Lemma 4.2. Then there exists a sufficiently small
number oy = g (1, ¢, %) € (0, 1) such that for all a € (0, ) the following estimate

holds

“Hn,kHL Q)
||u||H2(Q%) < C’a—bl2 +a” ||g||H5(Q) :

Proof. Setting (4.44) v := u and using the Cauchy-Schwarz inequality, we obtain
(Gl oy < F2 = [ Hoi 2, 0 + 0 915y (4.45)

Note that K2 (0) = maxg K% (2) = exp (2) - 4°) . Hence, K2 (0) ||K - Gm’ﬂ“”iz(m <
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F2. Clearly (G, xu)’ K? > (Au)® K2/2 — C (Vu)® K2. Hence,

/ (Au)? K?dzdz < C / (V) K2dzdz + K2 (0) F2. (4.46)
Q Q

Applying Lemma 4.2 to (4.46), choosing A > 1 sufficiently large and observing that

the term with (Vu)® in (4.46) will be absorbed for such A, we obtain

4

0]
AK? (0) F? 4+ CX* [Jul| s g oxp [2)\ (5) }

> C/ (u2, +uZ, + 2, + |Vul’ + u?) K*dadz
0

> C/ (w2, +ul, +u2, + |Vul* + u?) K2dzdz
Q..

4\
> Cexp [2)\ (3—%) } HuH?p(Q).

Comparing the first line with the last in this sequence of inequalities, dividing by the
exponential term in the last line, taking A > A\g (C, 2,%) > 1 sufficiently large and

noting that for such A

Mexp [—2/\ <i> ] < exp l—2)\ (i_) } ,
3 37

we obtain a stronger estimate,

4 \"°
[ullZnge,, < CI? (0) F2 + C 30y exp [—% (—) <1—7”0>] (4.47)

Ry74

Applying Lemma 4.4 to the second term in the right hand side of (4.47), we obtain

4\
ilfpny < O {1 4m) v [-21 () -

Since « € (0, ap) and «y is sufficiently small, we can choose sufficiently large A = \ («)
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such that

exp (2) - 4") = a texp [—QA <%>m (1-— ;7”0)] : (4.49)

We obtain from (4.49) that 2) - 4 = Ina~?"1. Hence, (4.45) and (4.47)-(4.49) imply

the validity of this theorem. [J
4.5 Global Convergence Theorem

We follow the concept of Tikhonov for ill-posed problems described in [46]. By
this concept, one should assume that there exists an “ideal” exact solution of an
ill-posed problem with the “ideal” exact data. Next, one should prove that the

regularized solution is close to the exact one.
4.5.1 Exact solution

First, we need to introduce the definition of the exact solution. We assume that
there exists a coefficient ¢* (x) satisfying conditions (4.3), (4.4), and this function is
the unique exact solution of our Inverse Problem with the exact data ¢f (z, s) , ¢} (z, s)
in (4.13), where ¢f (z,s) = w* (2,0,s), ¢} (z,s) = w! (x,0,s), Vs € [s,5]. Here the
function w* (x,s) € C* (R {|x — xo| < €}) x C*([s,5]), Ve > 0, Vy € (0,1),Vs >

s is the solution of the forward problem (4.6), (4.7) with ¢ (x) := ¢* (x). Let
vt (x,8) = s Infw" (x,5)], " (x,5) = 0" (x,5), V7 (%) =v" (x,5).
Hence, ¢* (x,5) € C°T (Q) x C' [s,35]. By (4.14)
¢ (x) = Av* (x,5) + 5% | Vo™ (x,8)]7, Vs € [s, 3. (4.50)

The function ¢* satisfies equation (4.20) where V' is replaced with V*. Boundary

conditions for ¢* are the same as ones (4.21), (4.22), where functions v (z, s) , ¥1 (z, s)
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are replaced with the exact boundary conditions ¢§ (z, s), ¥ (z,s) for s € [s,3],

q*|F1 - 1/)8 (IL‘, S) 7Q:|F1 - @ZJT (:L“, S) ) a’/iq* |Fi: 8_27 i =2,3,4. (451)

We call the function ¢* (x, s) the exact solution of the problem (4.20)-(4.22) with the
exact boundary conditions (4.51). For n > 1 let ¢, E;n and J{n be averages of

functions ¢*, vy and ¢} over the interval (s,,s,—1). Hence, it is natural to assume

that
g =0, Jax lan |l 3 < C°,C* = const. > 1, (4.52)
P —) P — < C* h 4.53
Hwom wo’" H2(T'y) + len wl’" HY() — (o +h), ( )
max Hq;_q*HH5(Q) < C"h (4.54)

Se[snvgnfl]

Here the constant C* = C* (||q*||H5(Q)XC1[§’§}) depends only on the C* (Q) x C' [s, 3]
norm of the function ¢* (x,s) and ¢ > 0 is a small parameter characterizing the level
of the error in the data 1 (z,s),v1 (z,s). We use the H° () norm because of the
quasi-reversibility, see (4.32). The step size h = s,,_1 — s, can also be considered as

a part of the error in the data. In addition, because of (4.51)

r = (Snsno1) i =2,3,4. (4.55)

q:;lfﬁ = E;,n($)v 8z(]:|r1 = Ein(l‘% auqz

The function ¢ satisfies the following analogue of equation (4.24)



113
Since we have dropped the nonlinear term B, (Vg,)* in (4.26) (Remark 4.2), we
incorporate this term in the error function F, (z,h, ) € Lo (2) in (4.56). So, it is

reasonably to assume that
max || Fr (x, 5, €, 1) | o) < C7 (h+nu7t). (4.57)

4.5.2 Global convergence theorem

Assume that

s>1, puh > 1. (4.58)
Then [27]
@%“AL"‘ + Az} < 83° (4.59)
We assume for brevity that
Eg,n = EO,TM %in = El,n' (460)

The proof of Theorem 4.2 for the more general case (4.53) can easily be extended
along the same lines, although it would take more space. Still, we keep the parameter
o of (4.53) as a part of the error in the data and incorporate it in the function F,.

Thus, we obtain instead of (4.57)
o 1 Fn (%, 0, & 1) | 1o S CF (h+p7 ' +0). (4.61)

We also recall that by the embedding theorem H® (Q2) C C* (Q) and

flles(a) < Cllfllusqey VS € H (). (4.62)

Theorem 4.2. Let the exact coefficient ¢* (x) satisfy conditions (4.3), (4.4). Suppose
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that conditions (4.51)-(4.58), (4.60) and (4.61) are satisfied. Assume that for each
n € [1, N] there exists a function ®,, € H° () satisfying boundary conditions (4.31),
except of maybe at T'y. For any function ¢ € C7 (R?) such that ¢ (x) > 1/2, ¢(x) =1
in R*\© consider the solution w, (x,35) € C*™ (R*\ {|x — xo| < 0}),V0 > 0 of the
problem (4.6), (4.7). Let V. (x) =5 ?Inw, (x,5) € C?*™ (RN {|x — x| < 6}),0 >0
be the corresponding tail function and V1 ; (x,3) € C? (ﬁ) be the initial tail function.
Suppose that the cut-off pseudo frequency 5 is so large that the following estimates
hold
£
5’

1V llery < 5 WVaalln ) < 5 IWVellny < (1.63)

for any such function ¢ (x). Here £ € (0,1) is a sufficiently small number. Introduce
the parameter 3 := § — s, which is the total length of the s-interval covered in
our algorithm. Let ag be so small that it satisfies the corresponding condition of
Theorem 4.1. Let o € (0, ap) be the regularization parameter of the QRM. Assume

that numbers h, o, &, (3, are so small that

h+u ' +o+E<5, (4.64)

Ja
Fs 13652 (C*)* Cy (4.65)

where the number by was introduced in Theorem 4.1 and the constant C; depends
only on the domain 2. We assume without loss of generality that C; € (1,C*). Then

the following estimates hold for all a € (0, ap) and all n € [1, V]

el sy < 3C7, (4.66)

gn — CI;HHQ(Q%) < 2C%a™, (4.67)
1

llen — C*HCl(m) < 2%’ ¢, > 3 in §2,,. (4.68)

Remark 4.4. 1. Because of the term 572 in inequalities (4.65), there is a discrepancy
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between these inequalities and (4.19). This discrepancy was discussed in detail in
subsection 3.3 of [44] and in subsection 6.3 of [31], also see section 1.3. A new
mathematical model proposed in these references allows the parameter & in (4.63)
to become infinitely small independently on the truncation pseudo frequency s, also
see discussion in the Introduction section 1.5. We point out that this mathematical
model was verified on experimental data. Indeed, actually the derivatives 05V, j
instead of functions V,r were used in the numerical implementation of [{4], and
this implementation was done prior experimental data were actually measured, see
subsections 7.1 and 7.2 of [44]. It follows from (4.19) that one should expect that
H@ngkHCQ(ﬁ) << |]Vnk|]02(§) = 0(1/5),s — oo. Finally, we believe that, as in
any applied problem, the independent verification on blind experimental data in [44]
represents a valuable justification of this new mathematical model.

2. In our definition “global convergence” means that, given the above new mathematical
model, there is a rigorous guarantee that a good approximation for the exact solution
can be obtained, regardless on the availability of a good first guess about this solution.
Furthermore, such a global convergence analysis should be confirmed by numerical
experiments. So, Theorem 4.2, complemented by our numerical results below, satisfies
these requirements.

3. The assumption of the smallness of the parameter 3 =5 — s is a natural one
because equations (4.26) are actually generated by equation (4.20), which contains the
nonlinearity in Volterra-like integrals. It is well known from the standard Ordinary
Differential Equations course that solutions of nonlinear integral Volterra-like equations

might have singularities on large intervals.

Proof of Theorem 4.2: Denote ¢ux = gni — ¢, Vor = Var — V™. By (4.63)

‘ v

n,k

o) <¢. (4.69)
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This proof basically consists in estimating norms ||Gnx|| (@) from the above. Compared
with proofs in [27,31], the main difficulty here is that we have to analyze integral
identities resulting from the QRM, instead of pointwise equations of [27,31]. Hence,
we use results of Theorem 4.1 here instead of the Schauder theorem of [27]. Recall
that (-, ) denotes the scalar product in Ly (€2) and [+, -] denotes the scalar product in
H’(Q).

Since by (4.25) and (4.54) qo = ¢ = 0, then (4.66) and (4.67) are true for n = 0.
Assume that they are true for functions ¢; with j < n —1,n > 1. Below we will
prove them for j := n. Denote Q) = ¢ — ®p, Qnr = G — Pn. Below in this proof
v € H°(%,) is an arbitrary function satisfying (4.33). Let G, be the operator in
the left hand side of (4.56). Let H, be the right hand side of (4.56). Substituting in
(4.56) ¢ := QF + P, multiplying both sides by the function G, v, integrating over

2 and then adding to both sides « [¢}, v], we obtain
(G 1 @iy Grt) + @ [Qf 4 O, 0] = (Hys o — G ®r, Gopv) + a[g), 0] (4.70)
It follows from the proof of Lemma 4.3 that
(GrkQnes Grit) + & [Que + P 0] = (Hp g — G @y Grp) - (4.71)
Subtracting (4.70) from (4.71), we obtain
(GrpQui = Gk @rs Grpv) + (G, v] = (Hogo — Hyy gy Gogev) — alan, o], (4.72)
Elementary calculations show that (4.72) is equivalent with

(Gn,kzlvn,ka Gn,k“) + a [an,lm U] = (Pn,ka Gn,kv) -« [QZ> U] . (473)
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In addition, it follows from (4.60) that

an,k: |F1: azan,k |F1: aﬂ?aﬂ,k |F2: aﬂ,‘a’nﬂlﬂ |F3: O (474)

The function P, in (4.73) is

Pn,k (ZU) = _Al n (hz VQJ nk) Vq:;
Ay, (thqj> (hz Vo + V) - 2vvn,k> (4.75)
7j=1

j=1

+ A5, Vs - <2h > Vg — (VW + vv*>> — F,.

It follows from (4.63)-(4.65) as well as from (4.66) for ¢;,j < n — 1 that components

of the vector function a, in the operator G, satisfy the corresponding condition of
(4) ’

an,k C(ﬁ)
(4.73) and (4.74) imply that

< 1,i = 1,2. Hence, Lemma 4.4 and Theorem 4.1, (4.52),

_ 1Pkl L0
||Qn,k||H5(Q) < 72() + C7, (4.76)
[Pkl
||an,k||H2(Q%) < la—blLQ(Q) + abgc*. (477)

It follows from (4.76) and (4.77) that we now need to estimate the norm [| P, || ., o

from the above. First, using (4.52), (4.59), (4.63), (4.64) as well as (4.66) and (4.67)

for ¢;,7 < n —1, we obtain

< 24352 (C*)* C1 3. (4.78)

La(2)

n—1
H—Al,n <thaj —~ Vn,k) v

J=1
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Similarly we obtain

< 8052 (C*)* C1 8. (4.79)
La(Q2)

n—1 n—1
Ay (h > va]) (h (Vg +Vq)) — 2vvn7,€>

j=1 j=1

Likewise,

< 325°C*C13. (4.80)
L2(Q)

n—1
Ag Ve - <2h > Vg = (VWi + vv*)) ~F,
j=1

Summing up (4.78)-(4.80), we obtain [|Fy |, o) < (13652 (C*)? C1] 8. Hence, (4.65)
implies that

||Pn,kHL2(Q) < \/a (4.81)

Hence, using (4.76), (4.77) and (4.81), we obtain
Gesll sy < 207, Wil < 2C70. (482)

The second inequality (4.82) proves (4.67). To prove (4.66), we use the first inequality
(4.82) in ||gn.k|

) S NGnll gs) + 16l @) < 3C™. As soon as (4.66) and (4.67)
are established, the proof of the first inequality (4.68) is straightforward. To do so,
one needs to subtract (4.50) from (4.28) and then use (4.62), (4.66), (4.67), (4.27)
and (4.54) in a straightforward manner. The second inequality (4.68) follows from

(4.3) and the smallness condition imposed on the number ag. OJ

4.6 A Simplified Mathematical Model of Imaging of Antipersonnel Plastics Land

Mines

The first main simplification of our model is that we consider the 2-D instead of
the 3-D case. Second, we ignore the air/ground interface, assuming that the governing
PDE is valid on the entire 2-D plane. The third simplification is that we consider a

plane wave instead of the point source in (4.1). This is because our current computer
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code is designed only for the plane wave. As it is always the case of sophisticated
computer codes, it takes quite an effort to re-design it for the case of a point source
and this work is currently underway. The point source was considered above only for
the convenience of analytical derivations due to Lemma 4.1.

Let the ground be {x = (x,2) : 2 > 0} C R?. Suppose that a polarized electric
field is generated by a plane wave, which is initialized at the point (0, 2°), 2% = —0.2 <
0 at the moment of time ¢ = 0. The following hyperbolic equation can be derived

from Maxwell equations [32]

e (X)uy = Au, (x,t) € R? x (0,00), (4.83)

u(x,0) = 0, u(x,0)=6(2—2, (4.84)

where the function u(x,t) is a component of the electric field. Recall that ¢, (x) is the
spatially distributed dielectric constant, see the beginning of section 4.1. We assume
that the function e, (x) satisfies the same conditions (4.3), (4.4) as the function ¢ (x) .

The Laplace transform (4.5) leads to the following analog of the problem (4.6), (4.7)

Aw — s’e,(x)w = —0(2—2"),Vs > s, (4.85)

lim (w—wp)(x,s) = 0,Vs>s, (4.86)

x| =00

where wy (z,s) = exp (—s|z — z0|) /(2s) is such a solution of equation (4.85) for the
case £,(x) = 1 that lim.|. wo (2, s) = 0.

It is well known that the maximal depth of an antipersonnel land mine does
not exceed about 10 cm=0.1 m. So, we model these mines as small squares with
the 0.1 m length of sides, and their centers should be at the maximal depth of 0.1
m. We set 2 = {x =(z,2) € (=0.3m,0.3m) x (0m,0.6m)}. Consider dimensionless

variables x' = x/0.1, 2% = 2°/0.1. For brevity we keep the same notations both for
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these variables and the new domain €2,

Q= (—3,3) x (0,6). (4.87)

We now use the values of the dielectric constant given at http://www.clippercontrols.com.
Hence, €, = 5 in the dry sand and ¢, = 22 in the trinitrotoluene (TNT). We also take

g, = 2.5 in a piece of wood submersed in the ground. Hence,

5 (INT) 22
e, (dry sand) 5 ©

Since the dry sand should be considered as a background outside of our domain of
interest 2, we introduce parameters /. = ¢,/5,8 = s-0.1-+/5, and again do not
change notations. Then relations (4.85) and (4.86) are valid. Hence, we now can

assume that the following values of this scaled dielectric constant

g, (dry sand) = 1,¢, (TNT) = 4, ¢, (piece of wood) = 0.5. (4.88)

In addition, centers of small squares modeling our targets should be in the rectangle

{x = (z,2) € [-2.5,2.5] x [0.5,1.0]} . (4.89)

The side of each of our small square should be 1, i.e. 10 cm. The interval [0.5,1.0]
in (4.89) corresponds to depths of centers between 5 cm and 10 cm and the interval
[—2.5,2.5] means that any such square is fully inside of . Hence, an accurate image
of the location of that small square as well as of the value of the coefficient ¢, (x) both
inside and outside of it would provide a useful information about the possible presence

of a land mine and also might help to differentiate between mines and non-mines.
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4.7 Numerical Studies

In this chapter we work only with the computationally simulated data. The data
are generated by solving numerically equation (4.85) in the rectangle R = [—4,4] x
[—2,8]. By (4.87) Q C R. To avoid the singularity in 6 (z — 2"), we actually solve in
R the equation for the function w = w — wy with zero Dirichlet boundary condition
for this function, see (4.86). We solve the resulting Dirichlet boundary value problem
via the FDM with the uniform mesh size h;y = 0.0675.

It is quite often the case in numerical studies, one should slightly modify the
numerical scheme given by the theory, and so we did the same. Indeed, it is well known
in computations that numerical results are usually more optimistic than analytical
ones. We have modified our above algorithm via considering the function v = s72 -
In (w/wp) . In other words, we have divided our solution w of the problem (4.85), (4.86)
by the initializing plane wave wy. This has resulted in an insignificant modification of
equations (4.26). We have observed in our computations that the function w/wq at
the measurement part I'y C 02 is poorly sensitive to the presence of abnormalities,
as long as s > 1.2, see Figure 1-b). Hence, one should expect that the modified
tail function for the function v should be small for s > 1.2, which is exactly what is

required by the above theory. For this reason, we have chosen the truncation pseudo

frequency 5 = 1.2 and the initial tail function V;; = 0.
4.7.1 Some details of the numerical implementation of the globally convergent method

We have generated the data for s € [0.5,1.2] with the grid step size h = 0.1 in the
s direction. Since the grid step size in the s-direction is h = 0.1 for s € [0.5,1.2], then
B8 =0.7and N = 7. Also, we took the number of iterations with respect to the tail
mi; =mg = ... = my = m = 10, since we have numerically observed the stabilization
of functions qn,k,efnn’k),mG at k = 10, also, see section 4.3. In our computations
we have relaxed the smoothness assumption in the QRM via taking in (4.32) the

H?—norm instead of the H>—norm, see the first part of Remark 4.3.
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Backscattering data

| | 1Ll

0.99 |
098 - -
097F _ _ _ — -~

center at depth 1.0
0.96 - center at depth 1.5

095

0.94

@ cstector 05 0.6 0.7 0.8 0.9 1 11 1.2

(a) (b)

Figure 4.1: (a) The schematic diagram of our data collection. The plane wave falls
from the top and backscattering data are collected at the top side of this rectangle. (b)
The “sensitivity” function f (s) = w (0,0, s) /wy (0,s), s € [0.5,1.2] for two different
centers (0,1) and (0, 1.5) of mine-like targets, which correspond to 10 cm and 15 cm
depths respectively.

Based on the experience of some earlier works on the QRM [4, 35] for linear ill-
posed Cauchy problems, we have implemented the QRM via the FDM. Indeed, the
FDM has allowed in [35] to image sharp peaks. On the other hand, the FEM of [4]
did not let to image such peaks. So, we have written both terms under signs of norms
of (4.32) in the FDM form. Next, to minimize the functional (4.32), we have used
the conjugate gradient method. It is important that the derivatives with respect to
the values of the unknown function at grid points should be calculated explicitly.
This was done using the Kronecker symbol, see details in [35]. As soon as discrete

~(n.J)

values &, were computed, we have averaged each such value at the point (z;, z;)

over nine (9) neighboring grid points, including the point (x;,z;) : to decrease the
reconstruction error. The resulting discrete function was taken as ek,
We have used the 49 x 49 mesh in 2. However, an attempt to use a finer 98 x 98

mesh led to a poor quality results. Most likely this is because the dimension of our

above mentioned finite dimensional space was becoming too large, thus making it
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“almost” infinitely dimensional, which would require to use in (4.32) the H°—norm
instead of the H2—norm, see the first part of Remark 4.3. The regularization parameter
in (4.32) was taken o = 0.04.

We have made several sweeps over the interval s € [0.5,1.2] as follows. Suppose
that on the first s-sweep we have computed the discrete function et (x) := e (x),
which corresponds to the last s-subinterval [sy, sy_1] = [0.5,0.6]. Hence, we have also
computed the corresponding discrete tail function V) (x). Next, we return to the
first s—interval [s1,35] = [1.1,1.2], set 1/1(21) (x) := V1 (x) and repeat the algorithm of
section 4.3. We kept repeating these s—sweeps p times until either the stabilization
has was observed, i.e.

e — @D <1070 (4.90)

or an “explosion” of the gradient of the functional J3', on the sweep number p took

place. “Explosion” means that
IV (gl | > 10% (4.91)

for any appropriate values of indices n, k. Here and below ||-|| is the discrete Lo (£2) —norm.
The stopping criterion (4.91) corresponds well with one of backbone principles of the
theory of ill-posed problems. According to this principle, the iteration number can
serve as one of regularization parameters, see pages 156 and 157 of [34].

Suppose that either (4.90) or (4.91) takes place. Then we work with the function

D)

P, First, as it is usually done in imaging, we apply a truncation procedure. In this

(p)

procedure we truncate to unity 85% of the max |ey (x)‘, see Figure 2. If we have

several local maxima of

57@ ) (X)’, then we apply the truncation procedure as follows.
Let {x;},_, C Q be points where those local maxima are achieved, and values of those
maxima are respectively {a;};_, . Consider certain circles {B (x;)};_, C € with the

centers at points {x;}/_, and such that B (x;) N B (x;) = @ for i # j. In each circle
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Figure 4.2: A typical example of the image resulting from the globally convergent
stage. The rectangle is the domain . This is the image of Test 4.1 (subsection
4.7.3). (a) The correct coefficient. Inclusions are two squares with the same size
d = 1 of their sides, which corresponds to 10 cm in real dimensions. In the left square
g, = 6, in the right one ¢, = 4and ¢, = 1 everywhere else, see (4.87) and (4.88).
However, we do not assume knowledge of ¢, (x) in §2. Centers of these squares are at
(x3,27) = (—1.5,0.6) and (z3,25) = (1.5,1.0). (b) The computed coefficient before
truncation. Locations of targets are judged by two local maxima. So, locations are
imaged accurately. However, the error of the computed values of the coefficient ¢, in
them is about 40%. (c) The image of (b) after the truncation procedure, see the text.

B (x;) set
e?) (x) if

e® (X)‘ > 0.85a;

1, otherwise.

Next, for all points x € Q\ Ul_; B (x;), we set £P (x) := 1. As a result, we have
obtained the truncated function £ (x) . Finally we set €9/ (x) := g (x) and go to

Stage 2.

4.7.2 The second stage of our two-stage numerical procedure: a modified gradient

method

Recall that this method is used on the second stage of our two-stage numerical
procedure. Since this method is secondary to us and since we want to save space,

we derive a modified gradient method only briefly here. A complete, although space



125
consuming derivation, including the rigorous derivation of Frechét derivatives, can be
done using the framework developed in [40,41]. We call our technique the “modified
gradient method” because rather than following usual steps of the gradient method,
we find zero of the Fréchet derivative of the Tikhonov functional via solving an
equation with a contractual mapping operator.

Consider a wider rectangle €' D €, where ' = (—4,4) x (0,6) . We assume that
both Dirichlet ¢y and Neumann ¢; boundary conditions are given on a wider interval

I, ={z=0}nQ, I, cC I, ie. similarly with (4.13)

w(x,8) | = @olz,s), (4.92)

w, (x,8) |, = o1(w,8)+ e~slol, (4.93)

Also, we have observed in our computations that limx .. |V (x, s)| = 0. Hence, we

use

&Lﬁm |6Q/\F’1: 0 (494)

In addition, by (4.85)
AW — %, (X)W — s*(,(x) — Nwo(z,s) =0, in . (4.95)

So, we now consider the solution of the boundary value problem (4.93)-(4.95),
keeping the same notation. We want to find such a coefficient ¢, (x), which would

minimize the following Tikhonov functional
1 / 0
- - obl[2
T(ep) = 5//(10(95,0, s) — Py (x,8))*dwds + 2 ||5r — e bHL2(Q) (4.96)
a F’l

+ / / MAD — s%e,(x)w — s*(e,(x) — Dwo(z, s)]dxds,

a €
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where 6 > 0 is the regularization parameter and  (x, s) is the solution of the so-called

“adjoint problem”,

AN — s%c,(x)A = 0, in Y, (4.97)

A:(2,0,5) = w(r,0,5) = po(z,5), On)|aa~r; = 0. (4.98)

If the coefficient £,(x) is such that, in addition to (4.93)-(4.95), (4.92) is true, then
T (e,) = 0, i.e. this coeflicient provides the minimum value for the functional 7'
Because of (4.97), the second line in (4.96) equals zero. Although boundary value
problems (4.93)-(4.95) and (4.97), (4.98) are considered in the domain € with a
non-smooth boundary, a discussion about existence of their solutions is outside of
the scope of this chapter. We have always observed existence of numerical solutions
with no singularities in our computations. Although, by the Tikhonov theory, one
should consider a stronger H*—norm of &, — £%°® in (4.96) [46], we have found in our
computations that the simpler Ly—norm is sufficient. This is likely because we have
worked computationally worked with not too many grid points. Using the framework
of [40,41], one can derive the following expression for the Fréchet derivative 7" (g,) of

the functional T’

T' () (x) = 0 (&, — £2*%) (x) — / 2 (@ + wo)] (x, 5) ds, x € Q.

Hence, to find a minimizer, one should solve the equation 7" (¢,) = 0. We solve it

iteratively as follows

5”( ) — 8glob +

r

b
/ Mw + wo)] (x, 5,67 Hds, x € Q, (4.99)

Cbl»—l
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where functions w(x, s,e” ') and \(x, s,&""!) are solutions of problems (4.93)-(4.95)

and (4.97), (4.98) respectively with ¢, (x) := e"~! (x). One can easily prove that one
can choose the number (b — a) /60 so small that the operator in (4.99) is contractual
mapping. We have worked with such an operator in our computations. We have
iterated in (4.99) until the stabilization has occurred, i.e. we have stopped iterations
as soon as [[e” —e™ Y| /[|e" || < 107°, where ||-|| is the discrete Ly (2) norm. Then we

set that our computed solution is €} (x) . In our computations we took a = 0.01,b =

0.05,6 = 0.15.
4.7.3 Numerical results

In our numerical tests we have introduced the multiplicative random noise in the

boundary data using the following expression

Wy (24,0,5;) = w (2;,0,s;) [L +<0], i =0,...,.M; ,j=1,..,N,

where w (z;,0,s;) is the value of the computationally simulated function w at the
grid point (z;,0) € I'} and at the value s := s; of the pseudo frequency, < is a random
number in the interval [—1;1] with the uniform distribution, and o = 0.05 is the
noise level. Hence, the random error is presented only in Dirichlet data but not in
Neumann data.

Test 4.1. We test our numerical method for the case of two squares with the same
size d = 1 of their sides. In the left square €, = 6, in the right one ¢, =4 and ¢, = 1
everywhere else, see (4.88). Centers of these squares are at (z7, 27) = (—1.5,0.6) and
(23, 25) = (1.5,1.0). However, we do not assume a priori in our algorithm neither the
presence of these squares nor a knowledge of €, (x) at any point of the rectangle Q.
See Figure 2 for the globally convergent stage and Figure 3 for the final result.

Test 4.2. Consider now the case of imaging of a piece of wood, see (4.88). So, now

our target is a square with the d = 1 size of its side. Inside of this square ¢, = 0.5 < 1
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Figure 4.3: Test 4.1. The image obtained on the globally convergent stage is displayed
on Figure 4.2(c). (a) The correct image. Centers of small squares are at (z7,2]) =
(—1.5,0.6) and (23, 25) = (1.5,1.0) and values of the target coefficient are &, = 6 in
the left square, €, = 4 in the right square and ¢, = 1 everywhere else. (b) The imaged
coefficient ¢, (x) resulting of our two-stage numerical procedure. Both locations of
centers of targets and values of €, (z) at those centers are imaged accurately. We have
not used truncation on the second stage.

and ¢, = 1 outside. Figure 4 displays both this square and the reconstruction result.
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Figure 4.4: Test 4.2. Imaging of a wooden-like targets: small square with the length
of its side d = 1, see (a). Inside of this small square ¢, = 0.5 and &, = 1 outside
of it.However, neither the presence of the small square nor the value of the unknown
coefficient ¢, () at any point of this rectangle € are not assumed to be known a priori
in our algorithm. (b) The image computed after the two-stage numerical procedure.
Location of the center of the small square and the value of ¢, = 0.5 at that center
are imaged accurately. The value €, = 1 outside of the imaged small square is also
accurately imaged.
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