Inverse Problems for the Heat Equation
Using Conjugate Gradient Methods

Kai Cao

Department of Applied Mathematics

The University of Leeds

Submitted in accordance with the requirements for the degree of

Doctor of Philosophy

September, 2018


mailto:mmkc@leeds.ac.uk
https://physicalsciences.leeds.ac.uk/info/6/school_of_mathematics
http://www.leeds.ac.uk

The candidate confirms that the work submitted is his own, except where
work which has formed part of jointly authored publications has been
included. The contribution of the candidate and the other authors to this
work has been explicitly indicated below. The candidate confirms that
appropriate credit has been given within the thesis where reference has been
made to the work of others.

This copy has been supplied on the understanding that it is copyright
material and that no quotation from the thesis may be published without
proper acknowledgement.

@2018 The University of Leeds and Kai Cao



Joint publications

At the time of publishing this thesis some of the work presented in it has

already been published or has been accepted for publication, as follows:

e Some of the material of Chapters 2 and 4 is included in:
Cao K. and Lesnic D. (2018). Determination of space-dependent co-
efficients from temperature measurements using the conjugate gradient
method. Numerical Methods for Partial Differential Equations, 34 (4),
1370-1400.

e Some of the material of Chapter 3 is included in:
Cao K., Lesnic D. and Colaco M.J. (2018). Determination of thermal
conductivity of inhomogeneous orthotropic materials from temperature
measurements. Accepted by Inverse Problems in Science and Engineer-
ing.

e Some of the material of Chapter 5 is included in:
Cao K. and Lesnic D. (2018). Reconstruction of the space-dependent
perfusion coefficient from final time or time-average temperature mea-

surements. Journal of Computational and Applied Mathematics, 337,
150-165.

e Some of the material of Chapter 7 is included in:
Cao K. and Lesnic D. (2018). Simultaneous reconstruction of the perfu-
sion coefficient and initial temperature from time-average integral tem-

perature measurements. Accepted by Applied Mathematical Modelling.



Acknowledgements

I would like to thank my supervisor Professor Daniel Lesnic for his great
supervision, patience, continuous support and guidance throughout my PhD
study. In fact, words cannot express my heartfelt gratitude, appreciation and
thanks for all the support, guidance and time he had provided during my stay

in Leeds.

I would like to give my thanks to all the staff at the School of Mathematics for
their help with all the little things that keep everything running smoothly. I
am thankful also to my postgraduate colleagues for their company and friend-

ship during my time in Leeds.

My gratitude extends to Professor Jijun Liu for his valuable advice during
his visit of the University of Leeds in April 2018.

My special thanks are due to my parents for their continuous love, tolerance

and support.

Finally, many thanks go the China Scholarship Council (CSC) for financially

supporting my postgraduate studies.

Kai Cao



Abstract

In many engineering systems, e.g., in heat exchanges, reflux condensers,
combustion chambers, nuclear vessels, etc. concerned with high tempera-
tures/pressures/loads and/or hostile environments, certain properties of the
physical medium, geometry, boundary and initial conditions are not known
and their direct measurement can be very inaccurate or even inaccessible.
In such a situation, one can adopt an inverse approach and try to infer the
unknowns from some extra accessible measurements of other quantities that

may be available.

The purpose of this thesis is to determine the unknown space-dependent co-
efficients and/or initial temperature in inverse problems of heat transfer, es-
pecially to simultaneously reconstruct several unknown quantities. These in-
verse problems are investigated from additional pieces of information, such
as internal temperature observations, final measured temperature and time-
integral temperature measurement. The main difficulty involved in the so-
lution of these inverse problems is that they are typically ill-posed. Thus,
their solutions are unstable under small perturbations of the input data and
classical numerical techniques fail to provide accurate and stable numerical

results.

Throughout this thesis, the inverse problems are transformed into optimiza-
tion problems, and their minimizers are shown to exist. A variational method
is employed to obtain their Fréchet gradients with respect to the unknown
quantities. Based on this gradient, the conjugate gradient method (CGM) is

established together with the adjoint and sensitivity problems.

The stability of the numerical solution is investigated by introducing Gaus-
sian random noise into the input measured data. Accurate and stable numer-
ical solutions are obtained when using the CGM regularized by the discrep-

ancy principle.



Nomenclature

A admissible set

C heat capacity
D(T) domain of T

d" direct of descent
E accuracy error

e, e, Y,y exact data

ey, €5, Y, y¢ perturbed data

F space-dependent heat source component

f heat source

g, h space- and time-dependent heat source components
J objective functional

J’ gradient of J

k thermal conductivity

L parabolic operator

stopping iteration number

n iteration number

p% percentage of noise

q reaction coefficient
R(T) range of T

T final time

J operator

T adjoint operator

U temperature

u bounded linear operator
Z a-priori information

l Zo-minimum-norm solution
X, Y Hilbert spaces

Xp characteristic function of the domain D



Greek symbols

Abbreviations

BEM
BHCP
CGM
FDM
FEM
FVM
HTC
IHTP
MEFS
PDE
RBF
SVD
TSVD
TV

o Robin coefficient

6] regularization parameter
£" search step size

y", @™ conjugate coefficients
a(+) Dirac delta function

€ noise level

A adjoint function

7 heat flux

v outward unit normal
o standard deviation

0] initial temperature

w weight function

Q bounded domain

0N boundary of {2

boundary element method
backward heat conduction problem
conjugate gradient method

finite difference method

finite element method

finite volume method

heat transfer coefficient

inverse heat transfer problem
method of fundamental solution
partial differential equation

radial basis function

singular value decomposition
truncated singular value decomposition

total variation
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Chapter 1

Introduction

Inverse problems are considered as determining the cause of a desired or an observed
effect, on the other hand, the direct problem is concerned with determining the effect
when the cause is known. There is a natural distinction between the direct and the inverse
problem if there is a real physical problem behind the mathematical model.

For instance, one shall call a problem direct when one wants to predict the future
behaviour of a physical system if the present state and laws of the physical problem are
known, whilst possible inverse problems are to identify the knowledge of the present state
of the system from future observations or, the reconstruction of the physical parameters
and/or coefficients from the measurements of the system.

Inverse heat transfer problems (IHTPs) are to determine the thermal parameters or
coefficients, the temperature on an inaccessible part of the boundary and the initial tem-
perature from over-specified temperature measurements, see e.g. Alifanov (1994); Ozisik
& Orlande (2000). Such inverse problems are encountered in almost every branch of sci-
ence and engineering, and also found in aerospace, chemical and nuclear industry, etc.
Thus, the interest has grown rapidly in the theory and application of IHTPs in recent
years.

One example of an inverse problem is the following: It is difficult to directly measure
the heat flux by applying conventional methods on the surface of a wall subjected to fire,
in such case the inverse analysis in heat transfer can be employed to estimate the unknown
heat flux from the transient temperature readings which are taken by temperature sensors
at some specified locations beneath the heated surface.

Another practical application is about the aviation and rocket space technology using
IHTPs. For instance, the surface temperature of the thermal shield is impossible to be

measured directly by using temperature sensors, since the areodynamic heating of the
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space vehicles is extremely high during the re-entry in the atmosphere. The surface tem-
perature can be reconstructed by using inverse analysis from the measured temperature
obtained by sensors placed beneath the hot shield surface. Finally, since the measure-
ments of thermophysical properties based on classical methods to many materials can
only be realized at lower temperatures and heating rates, such limitation can be avoided
by estimating the thermophysical properties of the shield using the inverse analysis in
heat transfer during operating conditions at high temperatures.

IHTPs are usually ill-posed, which is the main difficulty associated with the solution
of such inverse problems, Alifanov (1994); Beck et al. (1985). As such, IHTPs are very
sensitive to random errors inherent in the measured input data, which implies that special

techniques are required to obtain stable solutions.

1.1 Direct problem

In mathematical physics, a direct problem is a problem of modelling some physical fields,
processes, or phenomena, especially using partial differential equations (PDEs). The
aim of solving a direct problem is to obtain the main dependent variable function that
describes and governs naturally a physical field or process.

One example of a direct problem for a one-dimensional heat transfer process is given

by
C(a) G = 5 (k(2)58) + f(a,1), (z,1) € (0,1) x (0,T),
—k(0)24(0,t) = (), u(l,t) = po(t), te€(0,7), (1.1)
u(z,0) = ¢(x), x € [0,1],

where u(z, t) is the unknown temperature, C(x) is the heat capacity, k(z) is the thermal
conductivity, f(z,t) is the source term, 1 (¢) is the heat flux at the left end point, j5(t)
is the boundary temperature at the right end point, ¢(x) is the initial temperature and T’
is the final time. The direct problem is to determine the temperature u(z, t) satisfying the
initial-boundary value problem (1.1) when the thermal coefficients C(z), k(z), f(z,1),
the boundary data i, () and u2(t) and the initial temperature ¢(x) are all specified.

We also present a two-dimensional heat transfer problem given by

C(xy, CCQ)%_’? =V - (k(z1,22)Vu)

_q<$lax27t)u + f(1'17332,t), (27171’2,{;) € Qa (1 2)
k(z1,22) 3% + a(z1, m2)u = p(21, 29, 1), (z1,22,t) €S,
u(xq, 22,0) = ¢(x1, 22), (x1,22) € Q,
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where 2 = (0,1)x(0,1),Q = 2x(0,T"), S = 002 x (0,T) and v is the outward unit nor-
mal to the boundary 0f2. The coefficients C(z1, 22), k(x1, z2), f(1,22,t), p(z1, 22, 1)
and ¢(z1,x2) have the same physical properties as those presented in (1.1), g(x1, 22, t)
is the reaction coefficient and «(z1,x2) is the Robin convective coefficient. Similarly,
the direct problem is to identify the temperature u(z1, 2, t) based on known coefficients,
source, initial and boundary conditions in the problem (1.2).

Direct problems are in general well-posed by the concept of Hadamard (1923) if they
satisfy:

(a) The solution to the problem exists;
(b) The solution is unique;
(c) The solution depends continuously on the input data.

The well-posedness of direct problems for parabolic PDEs has been extensively studied,
see, e.g., Friedman (2008); Ladyzhenskaia et al. (1968). Besides analytical results, the
methods to obtain numerical solutions play an important role in this thesis. There are
various numerical discretisation methods to solve PDEs, for instance, the finite differ-
ence method (FDM), Smith (1985), the finite element method (FEM), Reddy (1993), the
finite volume method (FVM), Versteeg & Malalasekera (2007), and the boundary ele-
ment method (BEM), Banerjee & Butterfield (1981). Meshless spectral methods such as
the method of fundamental solutions (MFS) or the radial basis functions (RBF) are also
possible, but they are not discussed herein.

The FDM, which seems to be the easiest technique to numerically discretise a PDE,
utilizes finite differences generated by the Taylor series expansion to approximate the
partial derivatives involved in the PDE. The method becomes complicated when the FDM
is employed to solve the PDE in irregular domains, and the convergence and stability
analyses of FDM are quite difficult for nonliner PDEs.

The FEM uses variational methods to rewrite the original governing equation in a
weak integral form. The large domain is subdivided into smaller, simpler parts that are
called finite elements, then the solutions can be approximated using appropriate basis
functions over each elements. The numerical solutions of the PDE over the entire domain
is obtained by solving an assembled system of algebraic equations.

The FVM is based on integrating the PDE over a finite volume surrounding each node
point. The volume integrals are converted to surface integrals by the divergence theorem.
The FVM does not require a structured mesh, which is an advantage of FVM over FDM.

In addition, the boundary conditions can be applied non-invasively in FVM.
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The BEM can be applied to solve those PDEs with explicit fundamental solutions
available. The PDEs then can be transformed into boundary integral equations by using
the Green’s formula, and the solutions can be computed using the given boundary condi-
tions. One advantage is that only the boundary of the domain needs to be discretised in

the BEM, which reduces the dimensionality of the problem by one.

1.2 Inverse heat transfer problems

In many engineering problems certain quantities of the direct problem (1.1) or (1.2) are
not directly specified or measured, which leads to inverse problem formulations.

For instance, a similar problem to the initial-boundary value problem (1.1) is consid-
ered, but the thermal conductivity k() is unknown, while all other physical quantities
C(z), f(x,t), q(t), u(t) and ¢(x) are known. One inverse problem formulation is to

determine the unknown thermal conductivity k(z) from the temperature measurements
u(z,t) =Y (x,t), (z,t)€(0,1)x(0,7). (1.3)

Similarly, for the problem (1.2), one IHTP is to identify the unknown reaction coefficient
q(z1, o, t) from the measured temperature in (), when other thermal coefficients, initial
and boundary conditions are known.

IHTPs can be classified based on the type of causal characteristics to be estimated,
Ozi§ik & Orlande (2000):

e unknown boundary conditions;

unknown thermophysical properties;
e unknown initial temperature;

e unknown source term;

unknown geometric characteristics.

The inverse boundary value problems of heat transfer are to determine the unknown
boundary data on an inaccessible part of the boundary from over-prescribed boundary
conditions provided on the remaining boundary part, when the thermal coefficients, the
heat sources and the geometry of the domain are known. In the reference book by Al-
ifanov (1994), analytical solutions and numerical methods for inverse boundary value

problems are presented together with the stability analysis.
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The thermophysical property identification problems in heat transfer are to determine
the thermal coefficients in the governing heat equation characterising the material proper-
ties, such as the thermal conductivity k(z1, z3), the heat capacity C(x1, x2) and the reac-
tion coefficient ¢(x1, x2, t) in (1.2). One example is that of the two-dimensional time- and
space-dependent thermal conductivity k(x1, x9, t) of a non-homogeneous medium recon-
structed from the temperature measurements (1.3) using the conjugate gradient method
(CGM), Huang & Chin (2000). Besides, the time- and space-dependent reaction coef-
ficient ¢(z,t) (or q(x1,x2,t)) was estimated from the measured temperature (1.3) using
the CGM, Cao & Lesnic (2018a).

The IHTP to determine the initial temperature is usually called the backward heat
conduction problem (BHCP). This inverse problem is to identify the unknown initial
status from the temperature measurement at a latter time, when the thermal coefficients,
source terms and boundary conditions are specified.

The inverse source problems are to identify the heat source, e.g., f(z,t) in (1.1), or
the heat source components, e.g., f1(z) in f(z,t) = fi(x)h(z,t), where h(x,t) is a given
function, when the thermal coefficients, initial and boundary conditions and geometry of
domain are given. In Isakov (1990), the existence, uniqueness and stability of solutions
to the inverse source problems of parabolic PDEs have been investigated from the final
time or lateral boundary overdeterminations. The inverse source problems have also been
reconstructed numerically, e.g., by using the CGM in Hao et al. (2017).

The inverse geometric problems are to determine the unknown location and shape of
part of the boundary of the domain from the over specified boundary conditions on the
known part of the boundary, when all the coefficients, heat source and initial temperature
are specified. Such inverse geometric problems can be used to model defects such as
obstacles, cavities, inclusions, flaws, faults, voids and cracks. Moreover, one typical
medical application of the inverse geometric problem is the detection of anomalies such
as tumours inside or on the skin of a body.

All the above categories of linear or nonlinear IHTPs are ill-posed, and the ill-posedness

concept is introduced in the next section.

1.3 1Ill-posed problems

For an inverse problem of mathematical physics, if one of the three conditions (a)—(c) of
Section 1.1 fail to hold, then the problem is called ill-posed (in the sense of Hadamard).
One main difficulty associated with IHTPs are that they are in general ill-posed, whereas

the corresponding direct problem is well-posed.



1. INTRODUCTION

A solution to an IHTP may exist, which can be established according to mathematical
modelling and physical reasoning. The uniqueness of some IHTP can be proved under
suitable sufficient conditions. The IHTP is not physical and cannot be computed if this
problem does not satisfy the stability condition (c). In such case, the inverse problem
becomes very sensitive to the noisy input data. Note that an unstable inverse problem may
be rendered stable mathematically under suitably changing conditions (e.g., functional
spaces), but such changes are not always possible for inverse problems in the realistic
applications for which the input data is inevitably contaminated by random non-smooth
noise.

In order to illustrate the ill-posedness of IHTP, we consider the one-dimensional heat

equation with homogeneous Dirichlet boundary conditions given by

{%—%za (2,1) € (0,1) x (0,1),

u(0,t) = u(1,t) =0, te€(0,1). (19

The BHCP is to determine the initial temperature u(z,0) = ¢(z) from the measured

temperature at the final time ¢t = 1,

u(z,1) = ¢1(x), =z €(0,1). (1.5)

Taking ¢y ,(x) = S“;(Q’gx), using the separation of variables to the problem (1.4) and (1.5),
it is easy to see that
1 2.2
_ n?m?(1-t) : *
Up(z,t) = —33¢ sin(nrz), n e N". (1.6)

It is obvious that

. ] 1
i oallaoy = Jim —= o =0
and i
. i en 7r
S ffun(, Ollzagoay = lim —=—s = 00

Hence, when we consider ¢, ,, as perturbation of ¢; = 0 with the Ly-error m de-

caying to 0 as n — oo, the corresponding error to the solution u(-,0) of the BHCP is

»*7* which implies that the initial temperature u(z, 0) to the

amplified exponentially by e
BHCP is not continuously dependent on the final measured temperature ¢, ().

Many IHTPs can be transformed into an operator equation:

where T : D(T) — Y is a linear or nonlinear operator with domain D(T) C X, and
X, Y are infinite-dimensional Hilbert spaces. Then the solution of (1.7) exists when
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T :D(T) — R(T) is surjective, i.e., when y belongs to the range R(T) of the operator T.
The solution is unique if and only if T is injective. In case T : D(T) — Y is bijective,
the stability is equivalent to the continuity of the inverse operator T~1 : R(T) — D(T).
The equation (1.7) becomes an ill-posed problem if it violates one or more of the above
conditions.

The operator equation (1.7) requires to determine x € D(T) given the measured
perturbed data y¢ € Y of the data y € R(T), where ¢ > 0 represents the noise level,
satisfying

ly —ylly < e (1.8)

For instance, in the IHTP (1.1) and (1.3), the nonlinear operator J maps the unknown
thermal coefficient k(x) onto the measured perturbed temperature Y of Y in (1.3). Even
if the inverse operator T~! : R(T) + D(T) exists, it is usually not continuous (e.g., in
case T is compact', T~! is unbounded) and therefore the problem becomes unstable. We
can illustrate this easier in case of linear or nonlinear compact operators as follows.

For any compact linear operator J in the operator equation (1.7), the singular value
decomposition (SVD) method is a widely used technique, e.g., Engl ef al. (1996).

The non-zero eigenvalues of the selfadjoint operator T7*J and J7T*, where J* denotes
the adjoint operator?® of T, are denoted by {ai}neN* with o, > 0, the {v,, },en+ are a cor-
responding complete orthonormal system of eigenvectors to T*T, and w,, = Tv,/||Tv, ||
are a complete orthonormal system of eigenvectors to TT*. Then (o,,; v,,, w,) is a singular

system of the compact linear operator J, and we have the following formulas:

Tr = Zan(a:,vn>wn, x e X, (1.9)
n=1

Ty=> only.wa)v., yeY, (1.10)
n=1

where (1.9) and (1.10) are the infinite-dimensional analogues of the SVD of a matrix,
Golub & Van Loan (2012).
If dim R(T) < oo, T has only finitely many singular values, thus the infinite series

(1.9) and (1.10) degenerate to finite sums, and the range R(7T) is closed, which means

Let X and Y be normed spaces and T : X — Y be an operator, then T is a compact operator if for any

bounded sequence {z"} in X the sequence {Tz™} contains a convergent subsequence in Y.
2Given T: X — Y an operator, then its adjoint operator 7% : Y — X satisfies

(Tz,y) = (x,T"y), VeeX,yely.
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that T is continuously invertible. However, if dim R(T) = oo, then lim,,_,,, 0, = 0.
Assuming further that T : D(T) — R(T) is invertible, on solving (1.7) we get that for
y € R(T)

[e.9]

r=T"y=Y" <y’0w">vn, (1.11)
n=1 n

where (0,,; v, wy,) is a singular system of the compact linear operator 7.

Taking y¢ := y + €w,, then ||y, — y||ly = € and using (1.11), we have

rJ~—1 € _(I—l _ <6wnawi> .= <€wnawn> X
-7y = 3 e, o

i=1 ‘ In

which implies that

€
1Ty — Ty |lx = — — 00, asn — oo.
on
This result means that the above error can be amplified arbitrarily by the factors Ui
As for the nonlinear operator equation (1.7), we introduce the concept of the z-

minimum-norm solution denoted by = of (1.7):
To' =y, |lz" — 20)lx = min{|lz — z0||xTz = v}, (1.12)

where z( is some a-priori information on the solution of (1.7).

We close this subsection by highlighting a case when we can conclude that a nonlinear
problem (1.7) is ill-posed. For a nonlinear, continuous and compact operator J, suppose
that D(T) is weakly closed'. We also assume that Tz = y and that there exists a p > 0
such that Tz = ¥ has a unique solution for Vy € R(T) N B,(y), where B,(y) := {¥ €
Y; lly — ylly < p} is the ball centred at y of radius p. If there exists a sequence {z"} €
D(T) satisfying 2" — z' but 2" - ', then T=! (defined on R(T) N B,(y)) is not
continuous in y, see Proposition 10.1 of Engl e al. (1996). Note that if D(T) is compact
and T~ exists, then T~! is continuous by the Arzela-Ascoli Theorem. This result implies
that the nonlinear ill-posed problems can be regularized by simply restricting D(7) to a
compact set, however, this usually does not yield qualitative stability estimates.

Regularization methods can be applied to overcome the difficulties arising from in-

stability, as described in the next section.

I'That is, for any {z"} in D(T), if 2™ — z then z € D(T).
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1.4 Tikhonov’s regularization

Some sort of regularization must be employed in order to retrieve the loss of stability for
ill-posed problems. The Tikhonov regularization approach, see Phillips (1962); Tikhonov
(1963a,b), is one of the most popular regularization procedure to deal with ill-posed
inverse problems. In Engl et al. (1996), the Tikhonov regularization has been studied
extensively for both the linear and nonlinear operator equation (1.7).

The quasi-solution to the ill-posed inverse problem (1.7) and (1.8) can be approxi-

mated by a minimizer of the Tikhonov functional given by:
J(@) = [Tz — Il + Blll3, (1.13)

where [ is a positive regularization parameter to be prescribed.
Convergence results for linear and nonlinear problems are presented in the following

two sections, see further Engl ez al. (1996).

1.4.1 Linear problems

If T is a linear operator, then there exists a unique minimizer x5 of the Tikhonov func-
tional (1.13) given by:
a = (T°T + BI) 1Ty, (1.14)

where J is the identity operator. If the linear operator equation (1.7) is uniquely solvable

and the regularization parameter 3 := [3(¢) satisfies

ll_{%ﬁ(@ =0, 11_1;%% =0, (1.15)
then T given by (1.14) tends to the solution x = T~y of (1.7), as ¢ — 0. It is also
possible to derive convergence rates. For example, if we know a-priori that the solution x
is in the range of the operator (T*T)? for some o € (0, 1] such that z = (T7*T)%v withv €
X and ||v||x sufficiently small, then choosing the regularization parameter 3 ~ €2/ (2+1)

we have the convergence rate, see Engl er al. (1996),
2§ — z|x = O(e2/ 7). (1.16)

The condition that z = (T*7)%v is called a source condition and T linear and compact
operator can be rewritten in the form z = > | 027 (v, v,)xv,,. Equation (1.16) expresses
that the convergence of zj; to x can be arbitrary slow when o is close to 0, and moreover

it cannot be better than O(e?/?) obtained when o = 1.
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For the linear problem, the truncated singular value decomposition (TSVD) of the
linear compact operator J, can be considered by replacing J with the finite-rank operator

T3, given by

o0

T 1= Z Tn (T, Up) W,

n=1,02>p
where the positive constant 3 is a regularization/truncation parameter. Using (1.11) and

assuming that T is invertible, we obtain the truncated regularized solution

-1, - <y>wn>
su= D o, m

n=1,02> "

for exact data y and
e R AL
n=1,02>8 "
for noisy data y°. The choice of the threshold 3 can be based on the discrepancy principle,
ie., H‘Tx; —ylly < 1€, T > 1, see Marin & Lesnic (2002).

1.4.2 Nonlinear problems

The quasi-solution to the nonlinear ill-posed inverse problem (1.7) and (1.8) can be ap-

proximated by a minimizer of the Tikhonov functional given by:
(@) = 1Tz — yII§ + Bllx — wol}- (1.17)

A minimizer to the functional (1.17) is still denoted by zg. Let (1.15) hold. Then every
sequence {x4, }, where " — 0 as n — oo, /" := [(¢") and x§, is a solution of (1.17),
has a convergent subsequence, and the limit of such subsequence is an zy-minimum-norm
solution of (1.7), see Engl et al. (1996). If in addition, the 2y-minimum-norm solution
is unique, then lim _,o 7§ = xt

Convergence rates can be established under stronger assumptions, as follows. As-
sume D(T) C X is convex and let #' be an 2¢-minimum-norm solution of (1.12). Then,
if the following conditions hold:

(i) T is Fréchet differentiable';

Let V and W be normed vector spaces, and V; be an open subset of V. An operator 7 is called Fréchet
differentiable at point € 'V, if there exists a bounded linear operator U : V — W such that

|T(x+ h) — Tx — Uh|w

=0.
l| 2]l v —0 |2 lv

The operator U is called the Fréchet derivative of T at x.

10
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(i1) there exist M > 0 such that
177 (z") — T (2)|ly < M||z" — z|lx, Vo € D(T)N B,(z") with p sufficiently small;
(iii) 2 satisfies the source condition
2t —zg = (T (") T (z7)

for some o € [,1] and v € X with ||v||lx < 1/M, then for the choice  ~ €771, we have

the convergence rate
|2 — &T|| = O(ez5). (1.18)

1.5 Landweber’s method

A regularized solution to the inverse problem (1.7) and (1.8) can also be obtained by
using iterative regularization methods, e.g., the Landweber iteration method, see Engl
et al. (1996); Hanke et al. (1995); Kaltenbacher et al. (2008); Landweber (1951). The

Landweber method is given by
" =" Ty = T2, n=0,1,2,--, (1.19)

where n denotes the number of iterations and x° is the initial guess.
Consider the linear operator equation (1.7) and suppose that ||T]| < 1, otherwise we

could introduce a relaxation parameter 0 < v < ||T|| 72, such that (1.19) becomes
2" =" T (y = T2"), n=0,1,2,---.

Thus, we can assume that ||T|| < 1 and drop the parameter , without loss of generality.

For exact input data, i.e., e = 0, if y € D(T 1), then
lim 2™ = T 1y, (1.20)
n—oo
otherwise if y & D(T1), then
lim ||z"|x = o0.
n—oo
For the noisy data y© satisfying (1.8), 2" (¢) obtained by (1.19) satisfies
2" — 2" (e)|lx < v/ne, Vn eN. (1.21)

The behaviour of the Landweber iteration with y¢ can be seen by

Ty —a™(e) =T 'y —a" + 2" — 2™(e),

11
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which means that the error has two components, ||T~!y — 2"||1 converging to zero from
(1.20) and ||z™ — 2"(€)||x of the order at most y/ne from (1.21). Thus 2" (e) converges
to T~y for the first few iterations after which it diverges as n — oo, i.e., the Landweber
method is semi-convergent, see Natterer (2001).

Thus, the proper stopping of the iterative algorithm plays an important regularizing
role, and the Landweber method should be stopped before the iterates start to diverge.
The iterative scheme can be regularized by the discrepancy principle, Morozov (1966),

which terminates the Landweber method at the iteration threshold n, = n.(¢) for which

[y = Ta"[ly < 7e < |ly* — Ta™ |y, (1.22)

where 7 > 1 is a constant to be chosen. Under source conditions, convergence rates can
be established, as described in Kaltenbacher er al. (2008).

1.6 Conjugate gradient method

The CGM was first introduced to solve finite dimensional systems of linear algebraic
equations by Hestenes & Stiefel (1952), and then extended to continuous operator equa-
tions in infinite-dimensional Hilbert spaces by Patterson (1974).

We first consider the following system of linear algebraic equations
Ax =y, (1.23)

for the vector x € RY, where the vector y € R? is known and A € R¥*4 is a symmetric
and positive definite matrix, i.e. AT = A and xTAx > 0 for all x € R?\ {0}.
The CGM for solving (1.23) is given by:

d’=r"=y - Ax",

n+l _ n ngn n __ |I'n|2 —
X =t gt 0" = rraan P (1.24)
d"=r"+ 7ndn_17 L Bn—lAdn—l, n= 17 27 T
A= ‘Ji|12‘2, n=12---,

where n denotes the iteration number, x° is the initial guess of the solution, r" is the
residual and the vectors d” form a set of conjugate, or A-orthogonal, directions, i.e.
(d")TAd™ = 0 for all m # n. The convergence results and stability analysis of the
method (1.24) are given in Hestenes & Stiefel (1952).

Note that the unique solution to the equation (1.23) is also the unique minimizer of
the following quadratic function

1
f(x) = éxTAx —x"y, xeR% (1.25)

12
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The first derivative of (1.25), f'(x) = Ax —y, satisfies f'(x") = —r". Thus, the CGM

given by (1.24) can be written as

x = x" 4 grdn, n=0,1,2,---,
d’ = — /(XO), (1.26)
d" = _f/(Xn)_i_,)/ndn—l, n= 1727"' )

and ", " can be computed using f'(x").

The CGM presented above can be naturally extended to the minimization of non-
linear functions. For instance, it can be applied to the inverse operator problem (1.7)
with the noisy data (1.8), whose solutions minimize the least-squares objective functional
given by

J(a) = 1T~ 1}, (1.27)

Using the algorithm (1.26), we can establish the CGM, which can be applied to recon-

struct the minimizer of the optimization problem (1.27), given by:

"t =" 4 Bdr, n=0,1,2,---,
40 = —s0 (1.28)

Y

d" = —s"+"d"', n=1,2---,

where s" = J™ = J'(2") is the Fréchet gradient of (1.27) at the point ™. Note that the
objective functional J(x) given by (1.27) is Fréchet differentiable when the operator T is

Fréchet differentiable, and its gradient is given by:
= J(a") = T (@) (T@") — ),
which means that the method (1.28) can be written as

xn—i—l:‘Z.n_i_ﬂndn7 n:O,LQ’...’
d® = —s% 9 =T (22)*(T(z%) — y°), (1.29)
d" = —s" + ,Yndn717 st = Tl(xn)*(j'(xn) - ye)’ n= 17 27 T

where 20 is the initial guess, 3" is the search step size in passing from iteration n to
iteration n + 1, d" is the direction of descent, 7" is the conjugate coefficient, and T’ (x")
is the Fréchet gradient of 7 at the point 2. Note that various choices of " and 7" yield

different iterative methods:
e Landweber iteration method, for 5" = 1 and 7" = 0, see Section 1.5;

e Steepest descent method, for 5" = % and 7" = 0, Eicke er al. (1990);

Kaltenbacher ef al. (2008); Neubauer & Scherzer (1995);

13
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e CGM, for 3" # 0,v" # 0 depending on n, (z*) and y°.

=0,n

In addition, there are many choices for the conjugate coefficient v" as shown in Table
1.1. Note that Powell (1977) introduced the so-called Powell-Beales version of the CGM
with the search direction d" given by

.0
=14 (1.30)
—s" + A AP, n=1,2,---

where the superscript p in (1.30) denotes the iteration number where a restarting strategy
is applied to the CGM, and «" and )" are the conjugation coefficients given by
(s", " — s 1)
"= =1,2,--- 1.31
Y <dn71,Sn—Sn71>’ n ) < ( )
<Sn7 s — Sn71>
(dp, spt1 — gp)’

Y = n=12,- (1.32)

According to Powell (1977), the application of the CGM with the conjugation coefficients
given by (1.31) and (1.32) requires restarting when gradients s™ at successive iterations n
tend to be non-orthogonal and when the search direction is not sufficiently downhill. The

non-orthogonality of gradients at successive iterations is tested by
[(s" 7, ™| > 0.2]|s"]%, (1.33)

and the non-sufficiently downhill search direction (i.e., the angle between the search di-
rection and the negative gradient direction is too large) is identified if either of the fol-

lowing inequalities is satisfied
(d",s") < —1.2||s"|)?, (1.34)

or
(d™, s™) > —0.8]|s™||%, (1.35)

where the vales 0.2, —1.2 and —0.8 in (1.33)—(1.35) are empirical obtained by Powell
(1977). Thus, d" can be computed using the following algorithm, Colaco & Orlande
(1999); Colacgo et al. (2006); Powell (1977):

S1. Test the inequality (1.33), set p = n — 1 if it is true.
S2. Compute the conjugate gradient coefficient v" by (1.31).

S3. If n = p + 1 set the conjugate gradient coefficient )" = 0, else compute the
coefficient )™ with (1.32).
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1.6 Conjugate gradient method

S4. Compute the search direction d" by (1.30).

S5. If n # p+ 1 test the inequalities (1.34) and (1.35). If either one of them is satisfied
set p =n — 1 and )" = 0. Then recompute the search direction d" by (1.30).

Vs = i b | Hestenes & Stiefel (1952)
TR = Hﬂiﬁg Fletcher & Reeves (1964)

e = Tt | Polak & Ribiere (1969)

Yep = — iy Fletcher (2013)

s =-S5 | Liu & Storey (1991)

Yoy = % Dai & Yuan (1999)

Table 1.1: Several expressions for the conjugate coefficient y".

The convergence and convergence rates of CGM (1.29) with the conjugate coefficient
vpr given by Fletcher-Reeves formula in Table 1.1 for linear ill-posed inverse problems
were investigated by Engl ef al. (1996); Hanke (1995). For exact data, i.e. € = 0, 2" given
by (1.29) converges to T~y of the linear problem (1.7) for all y € D(T~1) = R(T). For
nosiy data y¢, € > 0, the CGM is semi-convergent and should be stopped according to the
discrepancy principle (1.22). Suppose that the linear ill-posed problem (1.7) and (1.8) is
uniquely solvable and the CGM (1.29) is stopped according to the discrepancy principle
(1.22) with n, = n.(e). lf z —2° = (T*T)%v, where o > 0 and ||v|| is sufficiently small,
see Engl e al. (1996), then

1Ty — 2™ |l = O(e%51),  and n, = O(e %71). (1.36)

For nonlinear ill-posed problems a similar CGM (1.29) can be used to find the ap-
proximate solution, but convergence results are still open to be established, see Scherzer
(1996).

1.6.1 Global convergence

Now, we consider the unconstrained minimization for a smooth function J(x) of x € R4,
d > 1, i.e., minycpa J(x). For example, we can have J(x) as a Tikhonov functional for
the problem (1.23). CGMs are useful for minimizing J(x), especially for large d, and are
given by

x"H = x" 4 gnd”r, n=0,12---,

do = —J"°, (1.37)

d"=—-J"+~"d" L, n=1,2,---,
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1. INTRODUCTION

where J = J'(x") is the Fréchet gradient of J(x) at the point x™. The global conver-
gence of the CGM (1.37) is understood in the following sense:

lim inf, || J™]| = 0. (1.38)

Different choices of the conjugate coefficient 4", such as FR, PRP and HS formulae
described in Table 1.1, yield different formulations of CGM. The non-negative step size

™ can be obtained by a line search for solving
i "+ p.d").
IO+ e

Some line search strategies for choosing suitable search step size 8" in the direction d”

satisfying the descent condition (J,d") < 0, are as follows, see Schopfer (2016):
e Wolfe conditions: Let 0 < 07 < 03 < 1 and choose 3" such that

J(x") — J(x") < gy (T, A7),
<J/n+1’ dn> Z 02<J/n’ dn)

e Backtracking: Leto € (0,1)and 0 < 7y < 75 < 1. If 8. = 1 satisfies
J(x" + B.d") — J(x") < o (J™,d"),
then set 5™ = (.. Otherwise, choose a new [3. € [11/3., 23| and repeat the test.

e Exact line search: Calculate /5. with (J'(x" 4 £.d™),d") = 0 and set 5" = f3,.

The convergence analysis of the CGM requires a Lipschitz assumption given by: In

some neighbourhood A of
= {xeRJ(x) < J(x")},
the Fréchet gradient J’(x) is Lipschitz continuous, i.e., there exists L > 0 such that
|7/ (x1) — J' (x2)|| < L||x1 — %2, Vx1,%x2 € A.

Consider the CGM (1.37) together with the direction d™ satisfying the descent con-
dition and the search step size 3" satisfying the Wolfe conditions. Then, if the above
Lipschitz condition holds, the CGM converges globally in the sense of (1.38), see Hager
& Zhang (2006); Schopfer (2016).

16



1.6 Conjugate gradient method

1.6.2 Application of CGM to IHTPs

Throughout this thesis, the quasi-solutions to the IHTPs will be approximated by the
minimizer of the least-squares objective functional, e.g., for the inverse problem (1.1)

and (1.3) to reconstruct the unknown function, k(z) is given by:

1
J(k) = §||u(, k) — Y||%2((0,1)x(o,T))~

Clearly, the Fréchet gradient J'(k) is essential, and such gradient can be obtained
from an auxiliary problem known as the adjoint problem. In fact, a variational method
can be used to obtain the Fréchet gradient together with the adjoint problem. Many types
of conjugate coefficient 4" have been described in the above section, and the FR and PRP
formulae are commonly utilized in the CGM for IHTPs. The search step size 5" can be
determined by the Taylor series expansion and the sensitivity problem, which describes
the perturbed temperature from the perturbation of the unknown quantity.

In summary, the CGM regularized by the discrepancy principle is based on the direct
problem, the sensitivity problem, the adjoint problem, the Fréchet gradient, the iterative
algorithm and the stopping criterion, Ozisik & Orlande (2000). The procedure of the
CGM for IHTP starts with an initial guess n = 0, e.g., kY, for the unknown coefficient.
Then the direct problem is solved with such initial guess in order to obtain the value
of the objective functional. The adjoint problem and the Fréchet gradient are solved to
determine the conjugate gradient coefficient 4™ and the search direction d". We then
solve the sensitivity problem to compute the step size 3", and update k" by (1.37).
Finally, the iteration is stopped when the discrepancy principle is satisfied.

The analysis of the global convergence of the CGM to IHTPs is interesting and novel.
In such case, the conjugate gradient coefficient vy given by FR formula is used in the
iterative scheme and the exact line search method is applied to attain the step size 8.
Since the adjoint problem and the gradient can be expressed explicitly, the Lipschitz
continuity of such gradient may be obtained from classical arguments described in Dai &
Yuan (1996, 1999); Wolfe (1969); Zoutendijk (1970).

Finally, we present the general framework to reconstruct one or more unknown coef-
ficients of the IHTPs by using the CGM, as follows:

1. Given the mathematical formulation of the direct heat transfer problem, define its
weak solution, and present the well-posedness of the direct problem when all the

coefficients and initial-boundary conditions are given;
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1. INTRODUCTION

2. State one or more unknown coefficients of the heat transfer problem, and give the
temperature measurement, such as the interior measured temperature, the final tem-
perature observation or the time-average temperature measurement. In addition,
such information usually contains noise. Then, the inverse problem is to recon-
struct the unknown coefficients from such measured temperature, and the problem

is ill-posed;

3. Define a least-squares objective functional which is the gap between the computed
and the measured temperatures. Here, the computed temperature is the weak so-
lution to the heat transfer problem corresponding to the particular values of the

unknown coefficients;

4. The solution of the inverse problem can be approximated by the minimizer of the
objective functional, i.e. the inverse problem is transformed into an optimization
problem. Then, based on the arguments of functional analysis, the existence of
the minimizer to the optimization problem can be proved. Using the variational
method, the Fréchet gradient of the objective functional and the adjoint problem

can be obtained;

5. The CGM can be established using the gradient of the objective function, and the
iteration process has been described above. Since the inverse problem is ill-posed,
CGM regularized by the discrepancy principle can be used to obtain a stable nu-

merical solution to the inverse problem;

6. Use the CGM to numerically reconstruct the minimizer of the objective functional,
then such solution is also the numerical solution to the inverse problem. Thus,
this method can be used to numerically estimate one or more coefficients from

temperature measurements containing various level of noise.

1.7 Purpose and outline of the thesis

The identification of the unknown space-dependent thermal conductivity from various
types of additional information was considered analytically by Cannon & DuChateau
(1974); Cannon & Jones (1963); Cannon et al. (1963); Kohn & Vogelius (1984, 1985);
Kravaris & Seinfeld (1986). The numerical estimation of the thermal conductivity was
also investigated, when the unknown thermal conductivity is assumed to be a constant,
Beck & Al-Araji (1974), space-dependent using CGM, Colaco et al. (2006); Huang &
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1.7 Purpose and outline of the thesis

Ozisik (1990, 1991), time- and space-dependent, Huang & Chin (2000), and temperature-
dependent, Colago & Orlande (1999); Ozisik & Orlande (2000); Tervola (1989).

The simultaneous reconstruction of the constant anisotropic thermal conductivity ten-
sor was investigated by Harris e al. (2008); Sawaf & Ozisik (1995); Thomas et al. (2010),
but there is still no numerical estimation of the space-dependent thermal conductivity for
an orthotropic material.

The identification of the reaction coefficient was investigated mainly theoretically,
when is space-dependent, Gel fand & Levitan (1951); Isakov (1991); Kamynin & Kostin
(2010); Kozhanov (2004); Pierce (1979); Prilepko & Kostin (1993); Prilepko & Solovev
(1987); Rundell (1987); Suzuki (1983), time-dependent, Cannon & Lin (1990); Can-
non & Yin (1990); Cannon et al. (1992); Dehghan (2005); Trucu et al. (2008), time-
and space-dependent, Deng et al. (2008, 2010), and temperature-dependent, Trucu et al.
(2010a). Meanwhile, there were many works on the numerical reconstruction of the un-
known reaction coefficient using FDM or FEM by Cao & Lesnic (2018a); Chen & Liu
(2006); Trucu et al. (2008, 2010b, 2011), with regularization, but the CGM has not been
applied yet for the estimation of the reaction coefficient from final or integral observation.

According to the above literature research, this thesis aims to fill in the gaps on the
numerical solution for space-dependent thermal conductivity and reaction coefficient in
one and two-dimensions using CGM, which model real phenomena such as heat con-
duction, melting or cooling process, blood perfusion, etc. Meanwhile, the simultaneous
determination of the reaction coefficient and initial temperature will be numerically re-
constructed using CGM from temperature observations. Finally, the reaction coefficient,
initial temperature and some component of the source term shall also be recovered simul-
taneously by the CGM.

For all the IHTPs considered in this thesis, they are first transformed into optimiza-
tion problems by the least-squares objective functional, then the quasi-solutions to IHTPs
are approximated by the minimizers of these optimization problems. We prove the exis-
tence of the minimizer to each optimization problem using basic arguments of functional
analysis. A variational method is utilized to obtain the Fréchet gradient of the objective
functional, and the adjoint problem is also derived. Then we establish the CGM by the
steps described in the previous section to reconstruct the unknown function(s). Several
numerical examples for each IHTPs are calculated using the CGM and FDM, and stable
and reasonably accurate solutions are also presented.

The reconstruction of the space-dependent thermal conductivity of an isotropic ma-

terial from interior temperature observations is investigated in Chapter 2. The CGM is
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established using the Fréchet gradient of the objective functional together with the ad-
joint and sensitivity problems. The Sobolev gradient is introduced in order to obtain
smoother and more accurate numerical results. Three numerical examples for one- and
two-dimensional inverse problems are presented and discussed.

In Chapter 3, the determination of the space-dependent thermal conductivity in a
two-dimensional orthotropic material from the temperature observations is investigated
using the similar approaches applied in Chapter 2. The numerical results obtained by the
regular gradient and the Sobolev gradient are compared.

The simultaneous reconstruction of the space-dependent thermal conductivity and
the reaction coefficient of an isotropic material is investigated in Chapter 4 from interior
temperature observations. Three numerical examples are illustrated and discussed for
one- and two-dimensional inverse problems.

The space-dependent reaction coefficient is identified from the final and/or integral
observation in Chapter 5. Uniqueness of solution holds but continuous dependence on
the input data is violated. This is the first time that the CGM is applied to solve the inverse
problems under investigation. Three examples are investigated to verify the accuracy and
stability of the numerical method.

In Chapter 6, the space-dependent reaction coefficient and the initial temperature are
simultaneously identified from temperature observations at two distinct time instants.
The numerical reconstruction process is based on the CGM regularized by the discrep-
ancy principle. Accurate and stable numerical solutions are obtained for three examples.

The inverse problem investigated in Chapter 7 is to determine the same coefficients
considered in Chapter 6 but from the integral temperature observations generated by two
linearly independent time-dependent weight functions. The CGM is established similar
to that of Chapter 6. The new part is the consideration of the global convergence of the
CGM under the Lipschitz continuity property of the Fréchet gradient. In three numerical
examples, the global convergence of CGM, and stable and accurate numerical solutions
are presented.

In Chapter 8, the space-dependent reaction coefficient, initial temperature and one
space-dependent component of the heat source are simultaneously reconstructed from
the measured temperatures at three different time instants. Using the same methods of
the previous chapters, the CGM can be established and used to obtain the numerical
solutions of the three unknown quantities.

Finally, in Chapter 9, general conclusions and suggestions for possible future work
are highlighted.
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Chapter 2

Determination of the space-dependent
thermal conductivity of an isotropic
material

2.1 Introduction

The estimation of the thermal conductivity is very important in many heat transfer appli-
cations, see Alifanov & Tryanin (1985), e.g. in the cooling of continuously cast slabs and
electronic chips, see Hibbins (1982); Orlande ef al. (1997); Stewart et al. (1996).

The recent research about the space-dependent thermal conductivity identification has
been reviewed in Section 1.7. Although the determination of the space-dependent thermal
conductivity from temperature measurements has already been numerically attempted by
Colaco et al. (2006); Huang & Ozisik (1990, 1991) using the CGM, there is still need to
be put on a firm mathematical solid basis, as described in this chapter. In particular, a
variational framework is set up to rigorously establish the CGM. Moreover, the Sobolev
gradient is utilized to improve the accuracy of the standard CGM.

The plan of the chapter is as follows. First, some preliminary notation is introduced in
Section 2.2. In Section 2.3, the mathematical formulation of the IHTP that is investigated
is given. Analysis is performed in Section 2.4 and the CGM is introduced in Section 2.5.
Section 2.6 discusses the numerical schemes discretisation given by the Crank-Nicolson
(C-N) scheme for one-dimensional problems and the alternating direction implicit (ADI)
scheme for two-dimensional problems. Three numerical examples for one- and two-
dimensional inverse problems are discussed, and stable and accurate numerical solutions

are illustrated. Finally, conclusions are highlighted in Section 2.7.
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2. DETERMINATION OF THE SPACE-DEPENDENT THERMAL
CONDUCTIVITY OF AN ISOTROPIC MATERIAL

2.2 Preliminaries and notations

In this section we give some notations on functional spaces from Isakov (2006); La-
dyzhenskaia et al. (1968); Troltzsch (2010). We denote by Q C R4, d > 1, a bounded
domain with boundary 0€). The boundary 02 is Lipschitz if it can be thought of as lo-
cally being the graph of a Lipschitz continuous function. We denote by Q7 = Q2 x (0, 7))
and St = 082 x (0, 7)) the lateral boundary of Q.

The space L,(2), p € [1,00), consists of all p-integrable functions u(x) over 2,

1/p
@) = { / |u<x>|pda:} .

For p = 2, L,() is a Hilbert space with the inner product defined by

equipped with the norm

(U, V) [y (0) = /Qu(x)v(x)d:p, Vu,v € Ly(2).

The space L, (€2) comprises all essentially bounded functions u(z) in €2, endowed

with the norm
|ul| L) = esssup Ju(z)| = inf{M > 0; |u(z)| < M,a.e. x € Q}.
e

The spaces L,(Qr) and L (Q7) can be defined similarly.
The Sobolev space H™(2), m € N, is defined by

H™Q) = {u € Ly() : Dlu € Ly() with |j| < m}

equipped with the norm

1/2

Q) = Z I D3ull7, 0 ;

lil<m

[l

jl = Ly ji and Diu =
For m = 2, with the inner product (u,v) (o) = [(uv + Vu - Vu)dz, the

where j = (ji,...,Jjq) is a multi-index, j; > 0,7 = 1,d,
olily
8:1:{1 ---Bxid )

space H'(f2) becomes a Hilbert space.
We denote by H°(Q7) the normed space of all functions u(x,t) € Ly(Q7) having

first-order derivatives with respect to = in Lo(Q)7) endowed with the norm

1/2

lullo@r = § D I1D5ull? )

lil<1
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2.2 Preliminaries and notations

The Sobolev space H™!(Qr) is defined as a Banach space of all functions u belong-
ing to Lo(Qr) along with their space dependent partial derivatives up to the mth-order

and the first-order time derivative. The norm in this space is defined by

1/2
2

lullimson = 4 3 D5l 00 + \

l7]<m

ot

L2(Qr)

The space C'([0, T]; L2(£2)) consists of all functions u(z, t) that are square integrable
with respect to x € () for every ¢t € [0,7], and continuous in ¢ with respect to the norm
of Ly(Q2), i.e

Jim [fu(-, £+ A8 = (-, 1)) =0

The norm of such space is given by

lulleqomzao) = e (-, )| Lo

We denote by V,"°(Qr) the space H°(Qr) N C(]0,T]; Ly(R)), equipped with the
norm

lellvyop) = max lul Dllaw + [Vula@n.

The space C™(€2) is the set of all continuous functions u(x) in €2 having continuous

derivatives up to order m in €2, equipped with the norm
|l em@) = Z sup | D2 ul.
lil<m

The Holder space C'(€2), I € (0, 1) is the set of all continuous functions u(z) in

which are Holder continuous with exponent [/, equipped with the norm
u(z) — u(x’
ull 1) = sup |u| + sup M
z,x’' €Q ’.CL’ - ‘

The Holder space C™ () is the set of all continuous functions u(z) in ) satisfying

Diu € CYQ) for |j| < m, equipped with the norm

lullomsioy = Y 1Dl

l7]<m

The Holder space C*'/2(Qr) is a Banach space of all functions u(z, ) that are con-
tinuous on ()7, which are Holder continuous on x and ¢ with exponents [ and /2, respec-
tively. The norm on the space is defined by
|u(z,t) —u(a’,t)]

Jullonony =supled +  sup
Qr

(2.0), (2 1) EQr |z — '[!
"LL(LIZ’, t) - U(QZ, t/)l
+ sup
@th@eqr  |t—t]/?
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We denote by C™+:(m+0/2(()) the Banach space of functions u(x,t) that are con-
tinuous in Q7 with DI Diu € CY/2(Qr) for 0 < 2r + |j| < m, equipped with the

norm

lullgmevimnrzgr = Y 1D Diullorgr).
2r+j|<m

2.3 Mathematical formulation

In this section, we consider the heat transfer problem in the bounded domain 2 C R4,
d = 1, 2,3 for an isotropic material, from the initial time ¢ = 0 to the given final time

t =T, governed by the following mathematical model:

% = V- (K@) V) — gla)u + f(a. 1), woe@rn o
k(x)% =u(z,t), (x,t) € Sr, u(x,0)=¢(x), €, '

where k(z) > 0 is the thermal conductivity, u(z, t) is the temperature, ¢(x) is the reaction
coefficient, f(x,t) is the heat source, p(x,t) is the heat flux, v is the outward unit normal
to the boundary 02 and ¢(x) is the initial temperature at ¢ = 0. For simplicity, the
heat capacity has been assumed constant and taken to be unity. Note that the Dirichlet,
Robin or mixed boundary conditions can be prescribed instead of the Neumann boundary
condition in (2.1).

The direct problem is concerned with the determination of the temperature field
u(z,t) in Qr, when the thermal coefficients k(z), ¢(x), the heat source f(z,t), the heat
flux p(z,t) and the initial temperature ¢(x) are given. In such case, the problem (2.1)

defines a well-posed process, i.e., the solution u(z, t) to (2.1) is well-defined.

Definition 2.3.1. A function u(x,t) € H“(Q7) is called as a weak solution to the
initial-boundary value problem (2.1) if

/ (—u% + kVu-Vn+ qun) dzdt

= fndxdt + /

pndsde-+ [ on(,0)dz, ¥ € HY(Qr), 0 T) =0, (22)
QT St Q

Note that we define the weak solution (2.2) in H l’O(QT) to the problem (2.1) rather
than in H%'(Qr), since not only the result presented in Theorem 2.3.2 can be obtained,
but also we shall carry out the mathematical analysis in H°(Q7) in Section 2.4.

The existence and uniqueness of the weak solution v € H"°(Q7) to the initial-
boundary value problem (2.1) is presented in the following theorem (Troltzsch (2010),
p.373).
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2.4 Analysis

Theorem 2.3.2. Let Q C RY be a bounded domain with a Lipschitz boundary 0%, and
suppose that the functions ¢ € Lo(Q), [ € La(Qr), p € Lo(St), ¢ € Lo(Q) and
0 < k € Lo(QQ). Then the initial-boundary value problem (2.1) has a unique weak

solution u € H"°(Qr). Moreover, the solution satisfies the estimate

e luls Do + ullmo@r < @ (Il za@ry + il rase) + 191l ae))  (23)

with a positive constant ¢ which is independent of f, p and ¢.

The inverse problem, conversely, is concerned with the estimation of the unknown

space-dependent thermal conductivity k(z) using the measured temperature
u(z,t) =Y (x,t), (z,t)€ Qr, 2.4)

where Y (z,t) is given exact data. Note that at the steady-state, i.e. when all quanti-
ties in (2.1) and (2.4) are independent of time, the inverse problem was considered both

analytically and numerically by Richter (1981a,b), respectively.

2.4 Analysis

Let u(z,t; k) denote the solution of the initial-boundary value problem (2.1), that is,
the temperature corresponding to conductivity function k(x). The quasi-solution of the
inverse problem (2.1) and (2.4) is obtained by minimizing the least-squares objective

functional given by
1 €
(k) = 5 lu(k) =Y UL, 0. (2.5)
where we denote u(k) = u(-,-;k), and Y¢ € Lo(Qr) represents the noisy measured

temperature which satisfies
1Y€ =Y ||L,000) <6 (2.6)

and ¢ > 0 represents the noise level, subject to u € H'O(Qr) satisfying the (2.2), over
the admissible set A = {k € L,(Q) : 0 < k1 < k() < Ko, a.e. x € Q}, where k; and
Ko are given positive constants.

Penalizing (2.5) with a regularization parameter 5 > O we obtain the Tikhonov regu-
larization, Engl ef al. (1996),

Jl(k) = J(kf) + 5”1{5 - k*H%Q(Q)?

or the total variation (TV) regularization, Chen & Zou (1999),

1K) = J(0)+ 5 [ [Vhide,
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where £* is an a-priori information on k.
Following the approach of Keung & Zou (1998) and using the variational principle in
Zeidler (1995), the existence of a minimizer for the objective functional (2.5), over the

the admissible set A, can be established as follows.
Theorem 2.4.1. A minimizer k* = arginfyc4 J(k) exists.

Proof. Since ||u(x,t; k)| r,0,) is bounded by the a-priori estimate (2.3), it is obvious
that min J (k) is finite over the admissible set A by the definition (2.5). Thus, there exists
a minimizing sequence {k" : n € N} C A such that
Mim J(k") = Ind J(k).

The boundedness of {£"} in L. (2) implies that there exists a subsequence, still denoted
by {k"}, and some k* € L., () such that {k"} converges weakly' to k*. Since the ad-
missible set A is closed and convex, then k* € A?. The a-prior estimate (2.3) implies that
the sequence {u" := u(x,t; k™)} is bounded in the space H'°(Q7). Thus a subsequence,
still denoted by {u"}, may be extracted, and some v* € H'(Qr) such that u™ — u* in
Hl’O(QT).

From the definition (2.2) of the weak solution in H9(Q7) for the direct problem
(2.1), forany n € H"'(Q7) and n(-, T) = 0, we have

on

/ (—u“— + K"Vu" - Vn + qu"n) dzdt
. ot

= fnd:cdt—l—/ ,undsdt+/¢77(',0)d:c.
Qr St Q

The weak convergence of u" to u* in H(Qr) and of k™ to k* in L., (£2) imply that

0 0
lim —u D dedt = / —u*—ndxdt, lim qu"ndxdt = / qu*ndxdt,
=0 JQr ot Qr ot N0 JQr T

/ E"Vu" - Vndxdt = / E*Vu"™ - Vndxdt + / (k" — k" )Vu" - Vndzdt,
T T T
lim E*NVu" - Vndxdt = / E*Vu* - Vndzdt.

n—oo
Qr T

'A sequence {k"} is weakly convergent to k* in Lo (£2),i.e. k™ — k* in Lo (), if
n—oo

lim /k"vd:c:/k*vd:c, Vv € L1(Q).
Q Q

2Theorem. Let A be a closed, convex subset of a normed linear space X, and {k"} C A a sequence
converging weakly to k*. Then k* € A, see Lax (2002).
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Using (2.3) for u™ and the Lebesgue dominant convergence theorem' lead to

/ (k" — k*)Vu" - Vndzdt — 0, asn — oo.

T

Hence, we obtain
/ E"Vu" - Vndxdt = / E*Vu* - Vndxdt,
T T
and

/ (—u*@ + kE*Vu* - Vn+ qu*n) dzdt
. ot

= fndxdt+/ undsdt+/¢ﬁ('>0)dx.
Qr St Q

Thus, u* = u(k*), due to the uniqueness of a weak solution to the direct problem (2.1),
and the lower semi-continuity of norms implies

* 1 * € 1 : n €
T = " =Yg < 5 T = Y2 g
<liminf, o J(k") = min J(k),
keA

which indicates that £* is a minimizer of the objective functional J(k) over A. [
Lemma 2.4.2. The mapping k — u(k) is Lipschitz continuous from A to H"°(Q7), i.e.,

Julh + AR) = u() 10gr) < 1A 2o ex)
forany k, k + Ak € A and the corresponding u(k),u(k + Ak) € H"°(Qr).

Proof. Denote by Au = u(k + Ak) — u(k) the increment of the temperature u caused
by the increment Ak of the coefficient k. Then, Au and Ak satisfy the problem

A2 = V- (kV(Au)) — qAu+ V - (AR)Vu(k + Ak)), (1) € Qr,

_ (2.8)
k:a(aAV“) + Akau(lg;Ak) =0, (z,t)€Sr, Au(z,0)=0, ze€.
Multiplying (2.8) by Awu, and integrating it over {2, we obtain
1 ["d 2 2 2
3 E||Au(-,1t)||L2(Q)dt =— {E|V(Au)[* + q(Au)®} dudt
0 T
- / (AR)Vu(k + Ak) - V(Au)dzdt,  (2.9)

T

'Theorem (Lebesgue’s Dominated Convergence). Let {f,,(z)}2; be a sequence of Lebesgue inte-
grable functions that converges to a limit function f(x) almost everywhere on a domain of definition I.
Suppose that there exists a Lebesgue integrable function g such that | f,,| < g almost everywhere on I and
for all n € N. Then f is Lebesgue integrable on I and lim,, o [; fn(z)dz = [, f(z)dz.
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and then 3||Au(-, T)[17,q) + cllAul}0g, < — Jo, (AR)Vu(k + Ak) - V(Au)dadt,
which implies that

|Aul|g1ogry < cl|AK| L@ llulk + AK)|| g1ogp)-

Finally, by using (2.3), we can obtain that || Aul| z1.0(,) < c||Ak||L_ (o), Which concludes
the proof of the lemma. [

Note that the problem (2.8) represents the sensitivity problem subject to the thermal
conductivity k(x), which shall be utilized in the establishment of the CGM in Section 2.5

for the numerical estimation of the unknown thermal conductivity k(z).

Lemma 2.4.3. The mapping k — (k) is Fréchet differentiable with respect to k, i.e.,
for any Ak € Lo () such that k + Ak € A there exists a bounded linear operator
U: A~ HY(Qr) such that

[u(k + Ak) — u(k) — UAK| g1or)

=0. (2.10)
Ak e )40 [AK]| Lo
Proof. Consider the problem for the function w € H*°(Qr) given by
=V (kVw) — qu + V - (Ak)Vu), (z,t) € Qr, @.11)

k92 4+ (Ak)SL =0, (x,t) € Sp, w(z,0)=0, ze

Similarly as (2.9), we have

1 r d 2 2 2

= | e dt=— | {k(Vw)*+qu*}dedt — | (Ak)Vu- Vwdzdt.

2 0 dt 2 Qr T
Thus

lwllznowm < Akl L@ llullmo@nllwllmo@r,

which implies that the mapping Ak +— w from L., () to H(Qr) defines a bounded
linear operator U.

Denote v = u(k + Ak) — u(k) — UAk = Au — w, where Au satisfies the problem
(2.8). Then, v satisfies the following problem:

% =V - (kVv) —qu+ V- ((Ak)V(Au)), (x,t) € Qr,
k‘g—z + Ak‘% =0, (z,t)€Sr, v(x0)=0 z€qQ,

and we have

1

T
—/ i||u(t)\|§2(mdt:—/ {k(vU)2+qv2}dxdt—/ (Ak)V(Au) - Vudadt,
2 0 dt QT QT

which implies ||U||§{1’O(QT) < || AR Lo @) | Al gro@o) V]| H10(@r) - By (2.7), we obtain

]| o) < CHAkH%O@(Q)’ therefore, the lemma is proved. O
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In order to establish the CGM to obtain the minimizer of the objective functional

J(k), the adjoint problem is introduced and given by

{% = =V (kVA) + g — (ulz,t) = Y(z,1)), (,1) € Qr, (2.12)

kG =0, (z.t) €5, Mz T)=0, red.
The weak solution A € H'9(Qr) of the adjoint problem (2.12) satisfies the variational
equality

/ ( % +kEVA-Vn+ q)m) dzrdt = / Mu — Y)dzdt (2.13)

foralln € HY(Qr) withn(-,0) = 0.

Lemma 2.4.4. Under the assumptions of Theorem 2.3.2, there exists a constant ¢ > 0,

which does not depend on the given functions, such that
IAMzo@r) < ellu =Y Lo (2.14)

Proof. Let 7 € [0,T] and 7 := T — t, then the functions A, 7, W, and Y* are given by
X7)=XNT—=71),7(1) =n(T —7),0(r) = w(T —7) and Y (7) = Y(T — 7). Then we
have

D =V . (kVA) — g+ (a(a,7) = Y (x,7)), (2,7) € Qr,

o _ (2.15)
k5> =0, (z,7)€Sr, Mz,0)=0, x € Q.

By Theorem 2.3.2, there exists a unique weak solution Ne H 1’0(QT), and the esti-
mate (2.3) implies

Xm0 < cll@ =Y | Ly@n)-

Since || M| zr1.0(gr) = 1M z10(0p) and [T—Y || 2,0p) = [u—Y || 2o(@y)> One can conclude
that the estimate (2.14) holds. O

Theorem 2.4.5. The objective functional (2.5) is Fréchet differentiable and its Fréchet
derivative J'(k) is given by

T
J(k) = — / Vu - VAdt, (2.16)
0

where )\ satisfies the adjoint problem (2.12).

Proof. Taking any Ak € Lo.(2) such that k + Ak € A, denoting by AJ = J(k+Ak) —
J (k) the increment of .J(k), and by equation (2.5), we obtain

1
AJ:/ (u=Y*)Audrdt + S| Aullf g,
T
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Using the adjoint problem (2.12), we have

O L
ar= | {_E — V- (aV)) + q)\} Audrdt + S| Aul, ),

and the sensitivity problem (2.8) implies that

/ {—g—j — V- (kV)) + q/\} Audzdt

_ / Aul|Tdz + / k {a(A“)A - Au@} dsdt
Q S aV 87/

+ /T A {G(A“) _ V- (hV(Au) + un} dedt

ot
2 {a(A“) A— Au@} dsdt.

- /Q ) AV - ((Ak)Vu(k + Ak)dzdt + / > 5

S

Via integration by parts, we have

/ AV - (Ak)Vu(k + Ak)dzdt

T

__ / ARV u(k + AK) - VAdadt + / g2k £ AR o
Qr

St v

Adsdt

_ / AEVu(k + Ak) - VAdzdt — / RACD
Qr St v

which leads to

/ {—g—;\ — V- (kVA) + q/\} Audxdt = —/ AkVu(k + Ak) - Vdzdt.

T

Thus, we obtain
1
AJ = _/ ARY (4 Au) - VAdrdt + 3 [ A g,
T
Using (2.7), we obtain that

‘/ ARV (Au) - VAdIdt’ < 1Akl @ | At 0@ M 1o@r) < el AR @),

T
which implies

AJ:—/ AkVu - VAdzdt + o | AK||L_ o),
Qr

which means the Fréchet derivative is given by (2.16). The theorem is proved.
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2.5 Conjugate gradient method

The following iterative process based on the CGM is applied for the numerical estimation
of the unknown thermal conductivity k(x) in (2.1) by minimizing the objective functional
J(k) given by (2.5):

EH(z) = kK™(x) + B"d", n=0,1,2,--- (2.17)

with the search direction given by

_JIO
d" = ’ (2.18)
—Jm—l—"}/ndn_l, n:172’”,

where the subscripts n denotes the number of iteration, J" = J'(k"), k° is the initial
guess of the thermal conductivity k, and 5" is search step size.

From the Fréchet gradient J' (k) given by (2.16), the boundary condition in the adjoint
problem (2.12) and the search direction (2.18), it is easy to see that d"|sq = 0 for any
n > 0. Thus, in the iterative process (2.17) the boundary values of the unknown thermal
conductivity k& will stay fixed and equal to those of the initial guess k°.

Therefore, if the initial guess is not close to the exact solution on the boundary 0f?2,
the numerical results will also be far from it. In order to deal with this difficulty, extra
smoothness is imposed on the solution through the introduction of the Sobolev gradient,

as described in the next section.

2.5.1 Sobolev gradient

We introduce the Sobolev gradient denoted by .J}, for the unknown thermal conductivity
k(z), which can be obtained via the inner product in H' () rather than the gradient (2.16)
which is generated in L, (€2). The Sobolev gradient .J}; is given by Alifanov (1994); Jin
& Zou (2009); Neuberger (2009),

where (J};, Ak) i1 (q) the weighted inner product in H'(€2) defined by
(i, AR) iy = / (ART + KVl - V(AR)} de, (2.20)
Q
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where k is a positive constant representing the amount of regularization in the weighted

inner product. Using Green’s formula, equation (2.19) can be transformed into
AJ :/ {AkJy + kVJy - V(AE)} da
Q
= / Ak (Jy — V2 Jy) do + / KAV Jyds
Q o

Q

— (Ak, Ty — kY25 o) + / kALY T, ds.
o0

Setting V.J};|aq = 0, then we have

AJ = (Ak, Jy — 6V T ) py9) = (Ak, J') 1y).

Thus, the gradient J;; can be calculated from the Lo-gradient J' (2.16) by solving the

elliptic problem
— k2 +Jy=J, x €, (2.21)
0Jy
=0, €0 (2.22)
v

Note that the Sobolev gradient ./}, obtained by solving the elliptic problem (2.21) and
(2.22) is smoother than the conventional gradient .J’ (2.16). If the thermal conductivity
k is known on the boundary 0f2, the Neumann boundary condition (2.22) is replaced by

the homogeneous Dirichlet boundary condition

Ji =0, €. (2.23)

252 CGM

The search direction d" given by (2.18) is defined by the gradient and the conjugate
gradient coefficient 4. Several choices for the conjugate gradient coefficient 4" have
been given in Section 1.5. In this chapter and throughout the thesis, the Fletcher-Reeves
formula is utilized for the conjugate gradient coefficient v given by, see Fletcher &

Reeves (1964),

Jm 2
7n2M7 n=1,2---. (2.24)

[t ||%2(Q)

The step size 5" can be found by minimizing

Ty = / (w(k™ + Bd") — Y*)2dwdt.

2 T
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This expression implies that the step size 3" is implicit in the objective functional J (k™ *1).

Such expression can be transformed into an explicit formula by applying the Taylor se-

ries expansion to approximate u(k™ + "d"). Thus, setting Ak™ = d", the function

u(k™ 4 5™d™) can be linearised by the Taylor series expansion in the form

du(k™)
ok"

Denoting u(z, t; k™) = u™ and Au(z, t; k™) = Au", we obtain

w(k® + A" & (k") + B C8 L (k) + BT Au(k).

1
J(E") = = / (u" + B Au™ — Y) dadt.

2
T
The partial derivative of the objective functional .J(k"™!) with respect to 3" is given by

oJ
opr

_ / (" + " Au" — Vo) Aurdud.

T
We set 72 = 0, and obtain the step size 3" given by
<u — Y Au” >L2 (Qr)

B =
[PANT

(2.25)

The iteration process given by (2.17) and (2.18) does not provide the CGM with sta-
bilization necessary for minimizing the objective functional (2.5) to be classified as well-
posed because of the errors inherent in the temperature measurement (2.4). However,
the method may become well-posed if the discrepancy principle, see Alifanov (1994);
Engl et al. (1996); Hanke (1995); Jarny et al. (1991); Scherzer (1996), is applied to stop
the iterative procedure. According to the discrepancy principle, the iterative procedure is

stopped when the following criterion is satisfied:
J(k™) <, (2.26)
where € is a small positive value, e.g., € = 1075, for exact temperature measurement, and
— 1 €ll2

when the temperature measurements contain noisy data. The exact temperature can be
generated from the analytical solution, if available, or from solving the direct problem
numerically (with care not to commit an inverse crime). In the absence of knowledge of
any upper bound on the amount of noise in (2.27) popular heuristic error-free methods
such as the generalized cross-validation, see Wahba (1990), or the L-curve method, see
Hansen & OLeary (1993), may occasionally work well for a fixed noise level, but they
cannot lead to convergence as the amount of noise tends to zero, see Engl ef al. (1989).
The CGM established for reconstructing the unknown space-dependent thermal con-

ductivity is presented as follows:
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S1. Setn = 0 and choose an initial guess k°(z) for the unknown thermal conductivity

S2. Solve the direct problem (2.1) numerically by applying the FDM scheme to com-
pute the temperature u(x, t; k™) and the objective functional J (k™) given by (2.5).

S3. If the stopping criterion (2.26) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (2.12) to obtain the adjoint function \(x, ¢; k™), and the
gradient J'(k™) given by (2.16). Compute the conjugate gradient coefficient 7"
given by (2.24) and the search direction d" given by (2.18).

S5. Solve the sensitivity problem (2.8) to numerically obtain the sensitivity function
Au(z, t; k™) by taking Ak™ = d", and compute the search step size 5" by (2.25).

S6. Update k™! by (2.17), set n = n -+ 1 and return to S2.
S7. End.

Note that the Sobolev gradient H'-gradient J};(k™) can be applied in S4, and then the
CGM with H*-gradient can be established similarly.

2.6 Numerical results and discussions

In this section, the numerical methods for reconstructing the space-dependent thermal
conductivity k(z) are illustrated, and three numerical experiments based on the CGM
established in the previous section are shown for one- and two-dimensional cases (d =
1,2). The Simpson’s rule is utilized to deal with all the integrals within the CGM, e.g.,
the objective functional J(k) in (2.5). The accuracy error, as a function of the iteration

number n, for the thermal conductivity k() is defined as
E(E") = k" =kl Lo, (2.28)

where £" is the numerical solution obtained by the CGM at the iteration number 7, and k
is the analytical expression for the thermal conductivity, if available. The noisy tempera-
ture measurement Y ¢ is numerically simulated by adding to the exact temperature Y an

error term in the following form:

Y¢ =Y + 0 x random(1), (2.29)
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where 0 = X max, yeg, |Y (7,t)] is the standard deviation, random(1) generates

P
100
random values from a normal distribution with zero mean and unit standard deviation,
and p% represents the percentage of noise.

In the following two sections, the FDM is applied to solve the PDEs of the CGM.
The C-N and ADI methods are used for the one- and two-dimensional case (d = 1,2),

respectively.

2.6.1 The Crank-Nicolson scheme

The numerical scheme of the one-dimensional (d = 1) initial-boundary value problem
(2.1) can be established using the C-N scheme, see e.g. Richtmyer & Morton (1967);
Smith (1985), which is unconditionally stable and second-order accurate in space = and
first-order accurate in time ¢. Set the domain 2 = (ag, a1), and Q7 = (ag, a1) x (0,7T).
For numerical discretization, a rectangular network is constructed by subdividing the
domain Q) into I x M subintervals of the step lengths Ax and At in space = and time

t directions, where I, M are two positive integers. Taking Ax = “=¢ and At = %
then

rvi=ao+ (i—1)Az, i=11, t,=(m—-1)At, m=1M.

The temperature u(z,t) and the coefficients k(z), q(x), f(z,t), u(z,t), ¢(x) at the node
(i,m) are denoted by uf" = u(wi,t), ki = k(x), i = a(wi)s £ = Flss b, " =
(i, ty) and ¢; = o(;).

Denoting k;11/2 = %(l{:Z + k;1), approximating

uiy —ug” Uy —%ia
~ ki+1/2 Az — ki*1/2 Az

~

0 ou

im Ax
Eivi2 Kivijg+kicie 0 Kicie
= Uiy — D) U, S Ui—15
(Az)? (Az) (Az)
and employing the C-N scheme, the heat transfer equation (2.1) can be discretised as
wt —um 1 kg, Kivijo +kicie 0 Kicip m m
A2 { S e R 7.v ER A 7 e A A
ki""l/? m+1 ki+1/2 + ki—1/2 m+1 ki—1/2 m~+1 m+1 m+1
(Ax)zuiﬂ - (Az)? (. (Az)? W — g+ f
which implies that
— Aipul™ 4+ (24 B)u™ — A pultt!
=Ai_1ui" ) 4+ (2 — Bi)ui" + Aiprpufty + A(f" + ), (2.30)
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where A; = ki(AA—xt)Q and B; = ¢;At+A;_1/2+ A;+1/2. The Neumann boundary condition
in (2.1) can be approximated as

1 A

ur = = (At — gttt 28 2.31)
3 ki
1 A

untt = s (4u§”_+1 — a2t kx) : (2.32)
1

Thus, the difference equation (2.30) can be reformulated as a (/ — 2) x (I — 2) system

of linear equations of the form
Au™ ™ =Bu™"+F", m=1M—1, (2.33)

where u™ = [uf', - - ,u’[‘_l]T, and it is easy to see that u! = [¢, -, ¢;_1]" is known
by the given initial temperature ¢(x) in (2.1), the (I — 2) x (I — 2) tridiagonal matrices
A and B given by

2—1-32 %A% %A% —Ag 0 i
—Ag 2+ B3 —A% .................
A = | ,
............. _AI—5 24+ Br_s _AI—%
[ 0 %Alfé_Alfg 2—|—B[,1—%A171
2-B, A; 0 0 0 0 ]
A% 2— B3 Ax 0 0 0
B = : : : - : : : ;
0 0 o --- AI—% 2— B AI_%
0 0 o --- 0 AI—% 2—Br_,

and
At(me+fm+1) +A3u1 2A3”m+1Ax

AL(f5 + f5)
F" =

AL +fm+1) N
Aty + [0 + Apup + 3A TR

Note that for the direct problem (2.1) with the Dirichlet boundary condition given by

u(z,t) = u(x,t), (z,t) € Sr, then such boundary condition can be approximated by

uptt =ttt = et (2.34)

For the Robin convection type boundary condition given by k(z)3* + a(z)u(z,t) =

p(x,t), (z,t) € Sy, where a(x) is a given Robin coefficient, the boundary condition can

ov
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be similarly approximated by

1 Az
m+1 4 m+1 m+1 2 m+1 235
U1 3 + 2AZL’OJ1//€1 ( UZ + /L k‘l ’ ( )
1 Az
m+1 _ 4 m+1 _  m+1 ) m—+1 ) 236
UI 3 + QA[L'OQ/]{?[ < UI_ UI + Iu[ k’] ( )

Thus the C-N scheme for the initial-boundary value problem (2.1) with the Dirichlet or
Robin boundary condition can be established by the above approach and (2.34) or (2.35),
(2.36), respectively.

2.6.2 The alternating direction implicit (ADI) scheme

For the two dimensional case (d = 2), setting the domain 2 = (ag, a1) X (bo, by) and

Q7 = (ag,a1) x (bo,b1) x (0,T), the parabolic equation (2.1) can be written as

ou 0 ou 0 ou
a 78_331 (k(.ﬁCl,l'Q)a ) + — 8562 (k(%l,l'g)a—xz)

—q(w1, m)u(zy, 22,t) + f(21,22,1), (21,22,1) € Qr. (2.37)

The ADI scheme, see Peaceman & Rachford (1955); Richtmyer & Morton (1967), is
applied to compute the numerical solution for the two dimensional problem, which is un-
conditionally stable and second-order accurate in space (x1, z2) and first-order accurate
time ?.

For numerical discretization, a rectangular network is constructed by subdividing the
domain Q7 into I x J x M subintervals of the step lengths Az, Axs and At in space
1, To and time t directions, where I, J, M are positive integers.

Taking Az = 4=, Axy = l’}]%ﬁo and At = M -, then (21); = ag + (i — 1)Axy,

= 1,1, (z9); = bo+ (i — 1)Azy, j = 1,J, and t,, = (m — 1)At, m = 1, M.

The temperature u(z1, x9, t), the thermal coefficients k(z1, x5), ¢(x1, 22), the heat source

f (21, o, t) and boundary and initial conditions pi(x1, 2, ), ¢(z1, x2) at the node (4, j, m)

are denoted by "y = u((21)i, (2);,tm), kij = k((21)i; (22);), @15 = q((21)s, (22);),
7= f((@0)i (@2);,tn), 15 = (1)1, (22)5, ), and @5 = S((21);, (22);)-
According to the ADI scheme, the equation (2.37) can be approximated by

1
m+35

Uiy * = Uy _ kivi S k’z‘+é,j+ki—%,jum+§ e £ kit s
%At (Az;)? i+1,j (Az;)? 4,J ( 1)2 i1
k. koo 14+k . 1 k.. 1
jt3  m hits "3, m Y3 om m m
TR T T (Argr U T (Agy Yot T Gty H i (238
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and
1
m+1 mt3 ‘ 1

Uij  — Wiy = Kivl, L kit ]+kl—*]um+2+ ki1 s

SAL (Aw )? Uit (Axy)? " (Azq)? i1
koo k.o..o1+k . 1 k.. 1 1 1
LIt m+l L,j+3 LI=%  mal LIT%  m+l m+3 m+3

T A2 it —(AI2)2 Yig Ay it T Gidt +fiy t (239

where ;1 ; = s(kij + kiz1;) and kijel = s(kij + ki jx1). Denoting

At
Ai,j = ki,j (A.’L‘l)Q’ Ali,j =2+ A -1 + AH- NE
At
A2i,j = 2 — Ai—%,j — Ai-i-%d — At(]i7j, Bi,j = ki,j (A:L‘2>2’
BLL’JIQ—FB 1 —i-B,Lj+ , B2i,j:2_B@jfl_Biyj+%_AtQi,]7
the expressions (2.38) and (2.39) can be written as
A Al ™ — A
— A ]zl]+ 12]“ Al Wi
:Bi’ 1u” 1+BQUu +B”+1u”+1+At e (2.40)
and
—B ) m+1 —I—Bl m+1 B m+1
i,]— lju zy—i—luszrl
=A, 1 uy +A2”u ™ Apor w2 + Atfm+2. (2.41)

The Neumann boundary condition of the problem (2.1) for the two-dimensional case can

be approximated as

uptt = % (4ugjj+1 ugt 4 2Nm]+1?$) , (2.42)
it = % (4u;@_+11j — a4 QMT;Lliil) : (2.43)
utt = % (4%“ ustt + 2Mm+1ii2) : (2.44)
uZ”j’l = é (4u:”jr11 — um+12 +2 anl%) ) (2.45)

Thus, the difference equations (2.40) and (2.41) can be reformulated in the following

forms:
m+i m .
Aju;, *=F" j5=2J-1, (2.46)
Bu't'=F"2 i=2T-1, (2.47)
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m m T m __ m m T
form =1, M — 1, where u" = [ul, Tl u = ugy, e ulty )
_ L .
Aly 3Ag’j 3A%’j A%j 0
—A%J A137j — 27]' .................
A]’ Ee 5
............. _Al_gyj , A]‘I—Q,j _AI—E,]
[ 0 §A17%,] - AI 3 j Allflj 3‘4]7%,]
(B, 1ul_y + B2y jul; 4+ By aull, + 3 As p 28 4 At fi]
2,j—3U2,5-1 2,jU2,j 2j+2U2,5+1 T 342 5 F 2,j
m m
By 1ugly oy + B2sjuy’y + By joaug’y o + AL
P = :
7 )
Br g 1ufty 1+ B2rojur g+ By 1uf” 911 T ALy,
B, 1,g—7U1 1j-1 T B2- 1]“1 1+ Bi- 1]+1“1 11 AL
m~+1 Az
L + AI*i]MI?] k[,] .
and
_ A L .
Blip —3B;3s 3B;3 —B;s 0
’ 9 1) 1)
_Bi,g Bl;3 —BL% .................
Bi E y
............. —BM_% B1; 5_o —BM_§
1 4
[ 0 EBZ,J—% - Bi,J—S Bl’L,J—l EB’Z,J—%_
2
Aif— 2U; 12+A212u12 +Az+ 2“2+12+Atfz2
m+1Ax2
+3 Bz —:uzl ki1
Ao 4 A2 U, AL ™ AL
i—1.3 13 i,3 i+1.3 z+13 i3
Fm+% _
; —
m+2 m+2
A 1 g2t o+ A2, QuzJ 2+Az+ J2uz+1J 2+Atf
+2 m+2
Ai"J 1Ui 15— 1+A21J 1uz] 1+Az+ J— 1uz+1J 1+Atf
m+1Ax2
+3B; T Ty

Note that for the Dirichlet boundary condition u(z1, 2, t)

S, can be approximated as

m __ ., m
Uy = Mg

Similarly, the Robin boundary condition k(x1, 5)

- ﬂ(w1;x27t)’ (I’l,l‘g,t) €

Ml Uiy = Hi1, Uiy = Hiyg (2.48)
%+O&($1, Z'Q)U(Z'l, T2, t) = u(xla X2, t)’
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(x1,22,t) € St, can be approximated by

uptf =g - Axlalj T (4u;’jj+1 —uy 4 2p iil) , (2.49)
UTJH 3+ 2A$1a1]/k13 (4u§n+11] a U?HQIJ * QM??liil) ’ (2:50)
uit =g Qszaz Tk e 2“%1%) ’ 23D

i JH 3+ 2Aw2ai7j/ki7j (4u:nJ+11 - u:nfq2 + 2/%;7}12—?) - (2.52)

Thus, the ADI for the problem (2.1) with with the Dirichlet or Robin boundary condition
can be established by the above approach together with (2.48) or (2.49)—(2.52), respec-
tively.

2.6.3 Example 1

In this section, the CGM proposed in Section 2.5 is used to reconstruct the unknown
thermal conductivity k(z) of the IHTP (2.1) and (2.4).
For the one-dimensional case (d = 1), we take (2 = (0, 1), the final time 7' = 1, the

initial temperature ¢ = 0, and

flx,t) = (1 + 2 —ze ") (sin(mz) + (7 + 1)z)

l—et _
+ 3 (m°(1 + ) sin(nz) — 7 cos(mx) —m — 1),
da) =1+, 0,0 = —TI21—e ), 0 = g1- e,
Y(x,t) = (1 —e ") (sin(rz) + (7 + 1)z), (2.53)

and by the direct calculation for the parabolic problem (2.1), then the analytical solution

of the inverse problem (2.1) and (2.4) is given by

k(z) = 11+2°"”, (@, ) = (1 — et (sin(rz) + (7 + 1)z). (2.54)

Obviously, u(x,t) in (2.54) coincides with Y (z, t) in (2.53), however the latter one may
contain noise as in (2.29) and solving the PDE in (2.1) as

853: (z,t) =Vk(x) - VY(2,t) + k() V2Y (2, 1)

_Q(x)ye(xvt)_l'f(x?t)v ([E,t) EQT

constitutes an ill-posed problem of numerical differentiation.
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Figure 2.1: (a) The objective functional (2.5) and (b) the error £(k™) (2.28) with p €
{0,2, 4} noise and the initial guess £ (2.55) using the L,-gradient .J' (2.16), for Example
1

(b)
0.05 ‘
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Figure 2.2: (a) The objective functional (2.5) and (b) the error E(k™) (2.28) with p €
{0, 2,4} noise and the initial guess k° (2.55) using the H'-gradient J}; (2.21) and (2.23),
for Example 1.

The initial guess is taken as
1 1 1
E(2) = =2+ —o + — 2.55
(@) =—72"+ 32+ 35 (2.55)
which ensures that k°(z) coincides with the exact thermal conductivity (2.54) at the
boundary points z = 0 and z = 1, and the quadratic initial guess (2.55) is also suffi-

ciently far away from the linear exact function (2.54).
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Figure 2.3: The numerical thermal conductivity k(z) using (a) the Lo-gradient J' (2.16)
and (b) the H'-gradient J}, (2.21), (2.23) with p € {0, 2, 4} noise and the initial guess k°
(2.55), for Example 1.
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Figure 2.4: (a) The objective functional (2.5) and (b) the error E(k™) (2.28) with p €
{0, 2, 4} noise and initial guess k° (2.56), using the H*'-gradient Ji; (2.21) and (2.22), for
Example 1.

We consider this numerical example for estimating the unknown thermal conductivity
k(z) using the CGM, the C-N scheme of Section 2.6.1, and the L,- and H'-gradients.
Figure 2.1(a) shows the monotonic decreasing convergence of the objective functional
(2.5) that is minimized using the Lo-gradient J’ (2.16), as a function of the number of
iteration n, for various amounts of noise p = 0 (no noise) and p € {2,4} noisy data

generated by (2.29). For noisy data, the intersection of horizontal lines y = € with the
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graphs of J(k™) yields that the stopping iteration numbers Ny, forp € {2,4}, respectively,
according to the discrepancy principle (2.26). These values are equal to the optimal ones
obtained by plotting the error curves E'(k™) (2.28) in Figure 2.1(b).

The numerical results using the Lo-gradient J' (2.16) are illustrated in Figure 2.3(a),
and they are plotted at the stopping iteration numbers N, in Table 2.1 for p € {0,2,4}.
From Figure 2.3(a) it can be seen that in the case of no noise (p = 0), the retrieved
solution is in very good agreement with the exact solution (2.54) (the curves are almost
undistinguishable). However, in the case of noisy data, the retrieved numerical solution is
less stable and accurate indicating the limitations of the CGM to deal with large amounts

of noise, such as p € {2,4}, when inverting for the thermal conductivity coefficient.

Lo-gradient (2.16) || H'-gradient (2.21), (2.23)
p I M € Ny, E(k™) Ny E(k™)
0 51 51 1.0E-07 | 89 5.5E-04 17 1.1E-03
2 51 51 14E-03] 15 7.5E-03 10 3.0E-03
4 51 51 S5.5E-03| 8 1.1E-02 4 3.6E-03

Table 2.1: The stopping iteration numbers Ny, Ny and the errors obtained by L,- and
H'-gradient with p € {0, 2,4} and the initial guess k° (2.55), for Example 1.

0.18

0.16|

0.14¢

k(x)

012

01

Figure 2.5: The numerical thermal conductivity k(z) with p € {0, 2,4} noise and initial
guess k° (2.56), using the H'-gradient J}; (2.21) and (2.22), for Example 1.

In order to improve on the numerical results of Figure 2.3(a) for p € {2, 4} noise, the
Sobolev gradient H !-gradient (2.21) and the Dirichlet boundary condition (2.23) (instead

of the conventional gradient L,-gradient J’ (2.16)) is employed, since the initial guess k°
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(2.55) provides the exact values of the thermal conductivity at the boundary values x = 0
and r = 1.

Figures 2.2(a) and 2.2(b) show the objective functional (2.5) and the error E(k™)
(2.28) using the H!'-gradient (2.21) and (2.23), and by trial and error, x = 0.1, with
p € {0,2,4}. Similar properties of the objective functional and errors as in Figures
2.1(a) and 2.1(b) are present, except for the different stopping iteration numbers. The
numerical solutions in Figure 2.3(b) are stable and more accurate than those in Figure
2.3(a). The comparison of the stopping iteration numbers and errors are shown in Table
2.1, which indicates that the CGM with H!-gradient (2.21) and (2.23) converges faster
and obtain more accurate results than that using the Lo-gradient J' (2.16).

As there is a restriction on the initial guess k° (2.55) to ensure k°|pq = k|sq When
using the L,-gradient (2.16), in order to obtain a more robust method to reconstruct the
unknown thermal conductivity, the H*-gradient (2.21) and (2.22) is applied again for the
arbitrary initial guess

K (x) =0.2 (2.56)

which does not satisfy that k%0 = k|aq.

Figures 2.4 and 2.5 illustrate the objective functional (2.5), the error E(k™) (2.28), and
the numerical solutions of thermal conductivity k(x) using the H'-gradient J}, (2.21),
(2.22) and k = 0.1, with p € {0, 2,4} noise and initial guess k° (2.56). The stopping
iteration numbers n € {48, 15, 12} in Figure 2.4(a) are obtained according to the discrep-
ancy principle (2.26) with the values € € {4 x 1075 1.4 x 1073,5.5 x 1073}, and the
errors in Figure 2.4(b) at these iteration numbers are {1.9 x 1073,2.7 x 1073,3.5 x 1073}
for p € {0,2,4}.

The numerical results of the thermal conductivity in Figure 2.5 show that accurate
and stable numerical results are achieved even for the initial guess (2.56). The numerical
results in Figure 2.5 are almost as accurate as those in Figure 2.3(b), though the initial
guess (2.56) is farther away from the exact solution (2.54) than the initial guess (2.55)
which also satisfies ko\ag = k|sq. The comparison of the numerical results in Figures
2.3(a), 2.3(b) and 2.5 confirms the conclusion that the CGM with the Sobolev gradient is a

robust and stable method for retrieving the smooth space-dependent thermal conductivity.

2.6.4 Example 2

We now present a one-dimensional example where the input data for the temperature is

numerically simulated by solving firstly the direct problem (2.1) using the C-N scheme
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with p(0,¢) = —1, u(l,t) = 1,¢ =0, f = 0, ¢ = 0, and the discontinuous thermal
conductivity

_[2 2<e(53)
() _{ 1, elsewhere. (2.57)

-bo;n
SR

(K5

Figure 2.6: The numerical thermal conductivity k(x) with p € {0, 2,4} noise, for Exam-
ple 2.

I M ¢ N E(k")
51 51 1.0E-07 18 0.0879
51 51 22B-05| 11 0.1699
51 51 83E-05| 5 0.1778

AN OT

Table 2.2: The stopping iteration numbers N and the error with p € {0, 2,4} noise in the

estimation of k(z), for Example 2.

We take the initial guess for the thermal conductivity k(x) as
K (z) = 1. (2.58)

The numerical solutions for the thermal conductivity k(z) are presented in Figure 2.6
with p € {0,2,4} and the initial guess (2.58). The stopping iteration numbers and accu-
racy errors are shown in Table 2.2. From Figure 2.6 it is easy to see that the numerical
results are stable and reasonably accurate bearing in mind the difficult discontinuous ther-
mal conductivity (2.57) that had to be retrieved. There is also little difference between

the numerical results obtained with p = 2 and p = 4 noise.

45



2. DETERMINATION OF THE SPACE-DEPENDENT THERMAL
CONDUCTIVITY OF AN ISOTROPIC MATERIAL

2.6.5 Example 3

For the two dimensional case (d = 2), we take 2 = (0, 1) x (0, 1), the final time 7" = 1,

the reaction coefficient ¢ = 0, the initial temperature ¢ = 0, and

7T2

fxy, z0,t) = (e_t+ 5

(I+ 21 +29)(1 — e_t)> sin(7xy) sin(mzs)

12

+ (mr+ e (zy + x2) — (msinm(zy + z2) + 27 + 2),

w(0, z9,t) = — ! ~1|—2932 (1 —e ") (msinmazy + 7+ 1),
(1, zo,t) = 2 1_2@ (1—e ") (—msinmzy + 7+ 1),
p(xy,0,t) = — ! szl (1 —e M (msinmz; + 7+ 1),
p(xy, 1,t) = 2 1—;1 (1—e ") (—msinmz; + 7+ 1),

and by the direct calculation for the problem (2.1), then the analytical solution of the
inverse problem (2.1) and (2.4) is

1—|—[171—|—ZE2

12 ’
u(wy, 29, t) = (1 — e ") (sin(wzy) sin(may) + (7 + 1) (21 + 22)). (2.59)

k’((lfl, [L‘Q) =

First, the initial guess is taken as

1 14+ax+x
KO (a1,9) = a1@o(1 — 21)(1 — 2g) + —— 2

2.
2 12 (2.60)

so as to ensure that ko\ag = k|sq. The numerical solutions are computed by using the
ADI scheme in Section 2.6.2 with [ = J = 21 and M = 41 to solve the two-dimensional
parabolic differential equations. The standard L,-gradient .J’ (2.16) and the Sobolev H*-
gradient J}; (2.21), (2.23) shall be both applied in the CGM to obtain the numerical solu-
tion to the thermal conductivity k(x1, x2) with the initial guess (2.60) and p € {0,2,4}.
The stopping iteration numbers N, € {17,4,2}, Ny € {3,2,2} presented in Table
2.3 for L,- and H'-gradients, respectively, are generated by the discrepancy principle
(2.26) with the values € € {1.6 x 107°,5.5 x 1073,2.1 x 1072} for p € {0,2,4}. The
comparison of the errors in Table 2.3 shows that the results obtained by H'-gradient J;
(2.21), (2.23) are more accurate. Meanwhile, by comparing the results in Figures 2.7
and 2.8, it can be seen that the use of the H'-gradient J}; improves significantly the

smoothness and accuracy of the numerical solutions.
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Lo-gradient (2.16) || H!'-gradient (2.21), (2.23)
p I J M € Ny, E(k™) Ny E(k™)
0 21 21 41 1.6E-05| 17 3.8E-03 3 2.1E-03
2 21 21 41 S55E-03| 4 5.2E-03 2 2.9E-03
4 21 21 41 21E-02| 2 6.5E-03 2 3.0E-03

Table 2.3: The stopping iteration numbers Ny, Ny and the errors obtained by L,- and
H'-gradient with p € {0,2,4} and the initial guess (2.60) in the estimation of k(x1, z3),
for Example 3.

(a) (b)

Figure 2.7: (a) The exact thermal conductivity k(z1, x2) (2.59), and the estimated thermal
conductivity k(x1, z9) with (b) p = 0, (¢) p = 2 and (d) p = 4 noise using the Lo-gradient
J’ (2.16) and the initial guess (2.60), for Example 3.

Like the discussions in Example 1, the initial guess is taken as

k’o(l‘l,xz) = E, (261)
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which is more arbitrary than the initial guess (2.60), and this initial guess is used to

reconstruct the thermal conductivity k(x1, z2) by the H'-gradient (2.21) and (2.22).

(a) (b)

Figure 2.8: (a) The exact thermal conductivity k(z1, x2) (2.59), and the estimated thermal
conductivity k(z1, zo) with (b) p = 0, (c) p = 2 and (d) p = 4 noise using the H'-gradient
Ji; (2.21), (2.23) and the initial guess (2.60), for Example 3.

H'-gradient (2.21),(2.22)
p I J M e | ANy E(k")
0 21 21 41 1.3E-05] 18 3.9E-03
2 21 21 41 5.5E-03 9 5.4E-03
4 21 21 41 2.1E-02 7 6.8E-03

Table 2.4: The stopping iteration numbers Ny and the error obtained by H'-gradient
(2.21) and (2.22) with p € {0, 2,4} noise and the initial guess (2.61) in the estimation of
k(xy,z2), for Example 3.

The numerical solutions in Figure 2.9 for the thermal conductivity, and the stopping
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iteration numbers Ny, errors in Table 2.4 are obtained by using the H!-gradient (2.21)
and x = 0.1. The numerical results shown in Figure 2.9 confirm the stability of the
obtained solutions as well as the robustness with respect to the initial guess of the iterative
CGM with Sobolev gradient. It can also be remarked that the numerical results shown in
Figure 2.8 are more accurate than those obtained in Figure 2.9, because the initial guess
(2.60) is closer to the exact solution (2.59) than the initial guess (2.61), and especially
because the initial guess (2.60) and the exact solution (2.59) share the same boundary

values.

(a) (b)

pO
ST
S
SIS

Figure 2.9: (a) The exact thermal conductivity k(z1, x2) (2.59), and the estimated thermal
conductivity k(z1, z2) with (b) p = 0, (¢) p = 2 and (d) p = 4 noise using the H'-gradient
Jy; (2.21), (2.22) and the initial guess (2.61), for Example 3.

2.7 Conclusions

The reconstruction of the space-dependent isotropic thermal conductivity in IHTP from

interior temperature observations has been investigated using the CGM. The CGM is
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based on the Fréchet gradient of the least-squares objective functional, minimizing the
gap between the computed and the measured temperature. The use of the Sobolev gra-
dient in the CGM yields smoother and more accurate numerical results. Regularization
has been achieved by stopping the iterations at the level at which the objective functional
becomes just below the noise threshold with which the data is contaminated. The nu-
merical results show that CGM is an accurate, stable and robust regularization method
for reconstructing the space-dependent thermal conductivity from interior temperature
observations.

In the next chapter we extend the analysis for identifying a space-dependent or-

thotropic thermal conductivity from interior temperature observations.
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Chapter 3

Determination of the space-dependent
thermal conductivity of an orthotropic
material

3.1 Introduction

Prior to this study, the identification of piecewise constant or linearly dependent func-
tionally graded anisotropic materials was investigated in Harris et al. (2008); Lesnic
et al. (2007) using the genetic algorithm for the resulting finite dimensional optimiza-
tion problem. However, in many materials, e.g. thermally bonded nonwovens, Demirci
et al. (2012), the principal directions are orthogonal and then the anisotropic structure is
called orthotropic. Such simplified orthotropic structures have important characteristics
and several inverse analyses have been undertaken, Mejias ef al. (1999); Sawaf & Ozisik
(1995), for their estimation. Further, an experimental device for the simultaneous esti-
mation of the constant thermal conductivity and the specific heat of orthotropic polymer
composite materials was presented in Thomas e al. (2010). However, in all these stud-
ies the material properties were piecewise constant or linearly space-dependent and this
restricts the generality of the materials that can be identified. In reality, many materials
are highly heterogeneous and therefore simplified assumptions such as having uniform
or linearly varying in space properties are not appropriate.

Therefore, in order to meet this generality manifested by inhomogeneous materials,
the more general infinite dimensional problem is considered in which no prior informa-
tion about the functional form of the space-dependent thermal conductivity is assumed.
Furthermore, the CGM is developed for solving iteratively the resulting optimization

problem and obtaining the numerical solution of the unknown thermal conductivity.
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The mathematical formulation of the inverse problem to identify the unknown space-
dependent orthotropic thermal conductivity is given in Section 3.2. Such inverse problem
is analysed in Section 3.3, and the Fréchet gradient together with the adjoint problem are
obtained. The gradient is then applied to establish the CGM in Section 3.4. Section 3.5
presents a numerical example illustrating that stable and accurate numerical results are

obtained. Finally, conclusions are highlighted in Section 3.6.

3.2 Mathematical formulation

As a mathematical model, consider a two-dimensional, transient heat transfer problem in
an orthotropic square plate 2 = (0, 1) x (0, 1), over the time interval from the initial time
t = 0 to a given final time ¢ = T" > 0. The governing equation is given by the following

parabolic heat equation:

0 0 0 0 0
a—?(ﬂflw’@,f) = Er (kn(il?l,l'z)a—;l(fl,%%t)) + Oy <k22(9€1,$2)8—52($173327t))

— q(x1, xo)u(x1, w2, t) + fa1,22,t), (21,22,t) € Qpr = Q2 x (0,7,

(3.1)
where u(z1, x2,t) is the temperature, k11 (1, x2) and koo (1, x2) are the positive space-
dependent components of the orthotropic thermal conductivity tensor k = 61 k() 1,

22

q(z1, x2) is the reaction coefficient, f(x1, x2,t) is the heat source term and, for simplicity,
the heat capacity has been assumed constant and taken to be unity. For the boundary

condition we assume that this is of Neumann type

—k11(0, 22) 2 (0, w9, t) = iy (w2, 1), (w2,t) € (0,1) x (0,7,
k:11(1,$2)§—;‘1(1,m2,t) = pa(xq,t),  (x2,t) € (0,1) x (0,7), (3.2)
—k22(x1,0)§—;‘2(x1,0,t) = pg(zy,t), (z1,t) € (0,1) x (0,7), '
koo (1, 1)%@17 1,t) = pa(xy,t),  (x1,t) € (0,1) x (0,7),

where /1;],_17 are the given heat fluxes. Dirichlet, mixed or Robin boundary conditions

can also be considered. The initial condition is

u<xlax270) = ¢(x17$2)7 ($1ax2) < ﬁa (33)
where ¢ (1, z2) is the given initial temperature. The direct problem is concerned with the
determination of the temperature u(z1, x5, t) satisfying the initial-boundary value prob-
lem (3.1)—(3.3), when ¢(x1,x3), f(1,x2,t) and the thermal conductivity components

kll(xla 1’2) and kgg(l‘l, .772) are known.
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3.3 Analysis

Definition 3.2.1. A function v € H'°(Q7) is called as a weak solution to the initial-
boundary value problem (3.1)—(3.3) if

/ (— 877 kll Ou 87] kzz Ou a qun) dmldl’gdt

8 81’181 ox 82

/ / 1+ fo TldxzdtﬂL/ / s + pa)ndzdi

fndxldxgdt+/¢77 0)dzidzy, Vn € H“(Q ), n(-,T)=0. (3.4)
Qr

The existence and uniqueness of the weak solution u € H"°(Qr) to the initial-

boundary value problem (3.1)—(3.3) is presented as follows (see Troltzsch (2010), p.373):

Theorem 3.2.2. Let Q C R? be a bounded Lipschitz domain, and suppose that the func-
tions ¢ € Loo(Q), f € La(Qr), i € Lo((0,1) x (0,7)), i = 1,4, ¢ € Ly(Q), and
0 < v < kg, ks € Loo(Q2), where v is a given positive constant. Then the initial-
boundary value problem (3.1)—(3.3) has a unique weak solution u € Hl’O(QT). More-

over, the solution satisfies the estimate

trel%x%(] [, Ol o) + llullzro@r)

4
c <||f||L2(QT) + )l Lo oy + ||¢||L2(Q)> (3.5)

i=1

with a positive constant c which is independent of f, ;|;,_17, and .

The inverse problem, on the other hand, is to simultaneously determine the unknown
thermal conductivity components ki (x1,x2) and koo (21, x2) satisfying (3.1)—(3.3) and

the additional interior temperature measurement
u(ry,w9,t) = Y (21, 22,), (71,72,1) € Qr, (3.6)

where Y (1, 9, t) is the given exact data.

3.3 Analysis

Let u(xy, x2,t; k11, kao) denote the solution of the initial-boundary value problem (3.1)—
(3.3), that is, the temperature corresponding to a particular value of the pair (ki1, ka2).
The quasi-solution to the inverse problem (3.1)—(3.3), (3.6) is obtained by minimizing

the following least-squares objective functional:

1
J(k’n, k‘22) = 5 ||U(k11, k‘22) - Y€||iQ(QT) ) 3.7
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where Y¢ € Ly(Q7) is the noisy measured temperature satisfying
||Y - YEHLQ(QT) <,

and ¢ > 0 represents the noise level, subject to u € H 17°(QT) which is the weak so-
lution to the initial-boundary value direct problem (3.1)—(3.3) satisfying (3.4), over the

admissible set
A = {(k11,k22) € Loo(Q) X Loo(2) : 0 < k1 < kg and kop < Ko}, (3.8)
where ;1 and k9 are two given positive constants.
Theorem 3.3.1. There exists at least one minimizer to the optimization problem (3.7).
Theorem 3.3.1 can be proved using the methods in the proof of Theorem 2.4.1.

Lemma 3.3.2. The mapping (ki1, ko) — u(ki1, koo) is Lipschitz continuous from A to
HI’O(QT), i.e.,

lu(k11 + Aky1, kag) — u(ki, ka2) || mror) < cl| Ak || L. @) 3.9
lw(kr1, kog + Akag) — w(kir, kool 100 < ¢l Akaa||ro (@), (3.10)
for any (ki1,ko2), (k11 + Ak, koo + Akss) € A and the corresponding temperature
u(kyy, kog), w(kiy + Akyy, kao), u(kyy, koo + Aka) € HMO(Q7).
Proof. Denote Auyy = u(kyy+Akyy, koo) —u(ky1, koo) and Auge = u(kyy, koo + Akoo) —

u(ki1, ko2) be the increments of the temperature subject to increments in ky; and koo,
respectively. According to the initial-boundary value problem (3.1)—(3.3), Auy; satisfies
the following problem:

(6(Au11) _ 9 0(Auiy) o) O(Auyy)
g = g () 1 (183)
+52 (Aknﬁ—;‘l) — qAuy, (21, 22,) € Qr,
—yy 2oun) T Akyy 2 Ly (z9,t) € (0,1) x (0,T), ain
ky a(g;?l) = Akyy £ . (z9,1) € (0,1) x (0,7),
I(Au I(Au
gy Aotz) =k Dol =0 (z1,t) € (0,1) x (0,7),
\Aun(l‘l,xzao) =0, (21, x2) € )
Multiplying Awq; for (3.11), and integrating it over (), then we get
) a(A T O(Auyy) |
/ - (]{711M> Aundxldxgdt = / / ]{/’HAUHM dl‘gdt
0r 071 0z, o Jo o1 |,

2
—/ kll (%) dlL‘ldl’th,
T 1
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dl’ldt

0 O(A T rl (A 1
/ (k22 ( ull)) AUlldxldl‘th :/ / k22Au11 M
Q o Jo 0

T 833'2 8%2 i) 29=0

2
—/ k22 (%) dl‘ldl'gdt,
T 2

and
1
/ aa <Al€11 Ou ) Auudxldxgdt / / Ak‘HAU,H % dl‘gdt
Qr X1 835 8331 =0
ou J(A
= / IPRLIICUT) PR
Qr 3:151 (91'1
Using the boundary conditions in (3.11), we obtain
1 [T d 5 Ou O(Auyy)
5/0 E“Aull('at)an(Q)dt: _/TAk”(%l o, g, (riduadt
(A ? (A ?
—/ {k‘u (%) + koo (M> + q(Aull)Q} dxdzodt (3.12)
Qr 11 6x2
.. . 9 Ou. 9(Auir) :
which implies that | Au11 |30, < Ak L) || 7o L) H el B Using

the estimate (3.5) of Theorem 3.2.2, we obtain || Auyi|| g0,y < ¢f| Ak (@)

Similarly, Auys satisfies the following problem:

(
Adu) _ 2 (hﬁ%ﬁf”) + 2 (k22 6(?;;2))
+8x (Akm ) — qAus, (z1,72,t) € Qr,
b 25 =kn UG =0, (1) €(0,1) x (0.7),
z1=0 =1=1 (3.13)
—k 6(3522) — A]{;22 3 ) ($1, t) (O 1) (07 T)J
2 2o=0 T2 Zo=
O(Auss
k (81:2 ) eo=1 = _Ak22 Bzg 2_17 (.771,t) (O 1) (0>T)7
Au22(gj17$270) =0 (.1’1,.172) Eﬁv
and we can obtain ||Augs||g100.) < || Akas| 1 (o). The lemma is proved. O

Note that the problems (3.11) and (3.13) are the sensitivity problems subject to the
thermal conductivity components ki and ks, respectively, which shall be utilized in the
establishment of the CGM later for the numerical reconstruction of the unknown thermal

conductivity components k7 and kos.

Lemma 3.3.3. The mapping (ki1, ko) — u(ki1, kao) is Fréchet differentiable, i.e., for
any Ak, Akgy € Loo(S2) such that kyy + Akyy, kag + Akag € A there exist two bounded
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linear operators Uyy, Uy = A — HYO(Qr) such that

|lw(kry 4 ARy, kog) — u(kyy, kag) — Unn Ak 1000

=0, (3.14)
AE11] £ oo ()0 ||Ak11||Loo(Q)
ki1, k Akoo) — u(kyy, kao) — U Ak 1,
lim (K1, koo 4+ Akag) — u(kiy, ko) 220k || °(Qr) —0. (3.15)
[1AK22] £ oo ()0 ||Ak22||Loo(Q)

Proof. Consider the problem

(%1: = 51 (kll 8:1:1) + 9 <k228x2) —qw+ 5 <Ak11§_§1) » (@1,22,8) € Qr,

—kun1 8_9“‘331:0 = Akn 5—;‘961:0, (w2,1) € (0,1) x (0,T),

bu g = Akugy) 0 (@) €(0.)x (0,7, (3.16)
i 8_362‘362 —kn | =0 (@€ 0.1)x(0.7).

kw(ocl,xQ,O) =0, (z1,12) € Q.

where Ak € Loo(€2) is such that ky; + Aky; € A. Similar as in (3.12), we have

1 /T 4 ow \ 2 ow\ >
5/0 %"w<':t)|’%2(ﬂ)dt - / {kll (8_:(;1) + ka2 (8_:(;2) + qw2} dxydadt
T

ou 0
— | Ak daydasdt,
Qr 8x1 8x1
which implies that HwH?{LO(QT) < || Ak .o ‘ g—;l LaOn) g;‘i L) Thus, the
T T

mapping Aky; — w from L, () to H'°(Qr) defines a bounded linear operator Uy .
Denote v := U(k’u + Ak’ll, k’gg) — U,(k‘ll, ]{'22) — UHAk‘ll = Aull — UllAkH, where
Ay, satisfies the problem (3.11). Thus, the function v satisfies the problem given by

(
= ot (i) + s (k) — o0 (S 2522 (onat) € O,

—kun 5—;1 o Ak 3—;‘1“) s (w2,) € (0, 1) x (0,7,
wan = Ak R (@) € (0,1) x (0,7),

1 E, (x1,t) € (0,1) x (0,7),

_k22 8:p2‘ 290 = k22 312

S|

\U($1,$2,0> =0, (x1,29) €

Then we have

1 (T4 v\’ v\’
5/0 %HU('J)H%z(Q)dt:_/T {kll (8_931) + Koy (8_932) +QU2}d$1dx2dt

—/ Akﬁua(Aun)ﬁd 1d$2dt

81‘1 I
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9(Auir)
ox1

81}

which implies that ||v||H10 @n < cllAkullo@ H

. Using
L2(Qr) L2(Qr)
(3.9) of Lemma 3.3.2, we obtain [|v||g100,) < CHAkHHLOO(Q)’ wh1ch means (3.14)

holds, and (3.15) can be obtained by the same approach. The lemma is proved. ]

To find the minimizer of the objective functional J(k11, k22) (3.7), the CGM, where

the Fréchet gradient is required, shall be applied. Consequently, we introduce the adjoint

problem given by:
e (i 22) = & (k) +d = @=Y), (on,a20) €Qr,
—k =k =0 t 0,1 0, T
11 811 21=0 1 6961 2y=1 ) ($27 ) 6( ) ) X ( ) )7 (3.17)
k2| =kn | =0 (@0 € 0,1)x (0,7),
o=
\A(:cl,xQ,T) =0, (x1,22) € Q.

The weak solution A € H°(Qr) of the adjoint problem (3.17) satisfies the variational
equality

/(A@ e 0N O 9N O

ot U D + 228—8— + q)\n) dridrodt = / (u — Y)ndzdzydt,
1 1 4]

T
for any n € H"'(Qr) with n(-,0) = 0, and there exists a positive constant ¢, which does
not depend on the given functions, such that

Al 10r) < cllu = Y| Ly@n)- (3.18)

Theorem 3.3.4. The objective functional J(ki1, kao) given by (3.7) is Fréchet differen-
tiable, and the gradients Ji,(ki1, ko) and Jio(k11, kaa) with respect to ki1 and ko are

given by
T
ou O\
Ji(kyy, ko) = — ———dt 3.19
11( 11, 22) O axl axl ’ ( )
T ou o\
Jho(kyy, kao) = — ——dt. 3.20
5o (K11, ka2) Oy 01 (3.20)

Proof. Taking Aky; € L () such that k11 + Aky;y € A, denote AJyy = J(kyy +
Akn, kgg) — J(k’ll, kgz), and by (37), we obtain

1
AJy = / (u = Y)Auyydzydzdt + §||A“11||%2(QT)'
Qr

Using the adjoint problem (3.17), we have

o\ 0 o\ 0 O\
Bn = ot o \"ag )T A
= /QT{ ot O (k“ax1> o (kzz Do ) +q/\} wndaydasdt

1
+ §HAU11H%Q(QT)7
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and the sensitivity problem for Awuq; (3.11) implies

ox 0 (2 0 (2
/T {_E N Oy (kna%) - O (kma@) i q)\} Aundridradt

:/T A{a(A“”) - 81 (kua(A“”)) - 62 (k:ma(Aull))}dxldxgdt

ot ox 0y ox 0xs
T r1 A 1
—|—/ )\QAqufljldl'zdt—i—/ / )\kll 8( ull) d$2dt—/AU11A’?:0d$1d$2
Qr o Jo 0r1 |, -0 Q

T 1 A 1
- / 2 <Akn@> dydydt + / / VARACCIIN R
QT axl axl 0 0 81‘1 33120
Via integration by parts, we get
T 1 1
/ 2 (A/ﬁl%) daydaydt — / / VN AL R
or 011 O0xq o Jo Oy 21=0
— Aknﬁﬁdl’ldl’gdt,
Qr X1 8x1
and then
o\ 0 o\ 0 o\
———— | k — k A p Auqdzidxodt
/T{ at 81’1 ( Hﬁxl) aZL'Q ( 226I2) +q } Ui dts
ou O\
= — Ak =——=——dxdxydt.
/QT 11&7[:1 B 14X

Thus, we obtain Ay = — [, Akn g% 2-dwidradt+5]| Aunll, o, and (3.9) implies

ou O\
AJH = — /T Aklla—xla—xldiﬂldfﬂgdt + O(HAkHHLm(Q))

By the same method, we have

ou O\
AJQQ = —/ AkQQ—a—dlﬁld{Eth =+ O(||Ak22||LOO(Q))

T OT2

Therefore, the Fréchet gradients J7; and .J;, are given by (3.19) and (3.20), which con-

cludes the theorem. OJ

3.4 Conjugate gradient method

The following iterative process based on the CGM is now applied for the simultaneous
reconstruction of the two unknown space-dependent thermal conductivity components

k11(z1, o) and koo (21, x2) by minimizing the objective functional J(kq1, kgo) in (3.7):

kit = kfy + BLdyy, kS =k, + Bhd,, n=0,1,2,--- (3.21)
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with the search directions df,, d3, given by

/0
- J227

—J/O
dyy =< U - dgy = - (3.22)
{_Jﬁ_'_fyflldll 17 _J£g+7§2d22 17 n = 1727"'

where 7 is the subscript which indicates the number of iterations, Ji7 = Ji,(k}, k%),
Jon = Joo (K, kD), kY, and k9, are the initial guesses for the two unknown coefficients
in the inverse problem (3.1)—(3.6), 5, and /3%, are the search step sizes in passing from it-
eration n to the next iteration n+1, and , and 4, are the conjugate gradient parameters,
which are given by the Fletcher-Reeves formula, Fletcher & Reeves (1964),

. M) . B
Y11 = W7 Vo2 = W’ =12, (3.23)
11 L@ 22 IL,y(Q)

The search step sizes 87, and 33, are found by minimizing

n n 1
J(k11+17k22+1) -5

5 |l B + ) — YPdedaade,

T

This formula shows that the step sizes 7} and 33, are implicit in the objective func-
tional J (K75, k35™). Such expression can be transformed into an explicit formula with
step sizes (], and S5, by applying the Taylor series expansion to approximate u(k}, +
Brdyy, ks + Bhds,). Denoting u(xy, ko, t; kT, k) = u”, Auyy (1, 2o, t; kY, kD) =
Auly and Augs(xy, 29, t; K]y, k5y) = Aul,, and setting Ak, = dY, and AkL, = d3,, the
temperature w(ky, + 8y, dYy, k3, + B5,d3,) can be linearised by the Taylor series expansion

in the form

u(kyy + Bridiy, k3, + Bidsy) ~ u” + Blidyy - + Boadsy -

~ T n n n n
~u" + B Aut) + By Aus,,

where Au?, and Auj, are the solutions of the sensitivity problems (3.11) and (3.13).
Then we obtain
1
J(EH RS = 5/ (u" + By Aut, + By Auby — Y ) dxydzodt.

T

The partial derivatives of the objective functional .J(k7;™, k3;"') with respect to 47, and

By, are give by

oJ
57 :/ (u™ + B Auy + BhyAusy — YO)AuL deidzodt = Cy 4+ Cofffy + Cs 5,
11 T

oJ
o8 / (u" + By Aty + By Augy — V) Auydydrsdt = Co+ CsBy + Cs B,
22 T
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where
C = /Q (u" = Y)Au drydeydt,  Co = |Aufy |17, Cs = AU, 0
T

03:/ Aut Augydrydrsdt, 04:/ (u" — Y)Auyydridasdt.

T

Setting a%fl = 8%—‘]” = 0, the search step sizes 37} and 33, are given by
C1Cs5 — C3C, CyCy — C1C5
n = n = = O 1 2 LR 3.24
/811 032_0205 ) 522 032_0205 ) n y Ly ( )

The iteration process given by (3.21) and (3.22) does not provide the CGM with sta-
bilization necessary for the minimizing of the objective functional J (&1, k22) in (3.7) to
be classified as well-posed because of the errors inherently present in the measured tem-
perature (3.6). However, the method may become well-posed if the discrepancy principle
is applied to stop the iterative procedure. According to the discrepancy principle, the

iterative procedure is stopped when the following criterion is satisfied
J Ky, k3,) <€ (3.25)

where € is a small positive value, e.g., € = 107>, for exact temperature measurement,
ore = 3|V =Y, (Qr)» When the temperature measurements contain noisy data. The
exact temperature data can be generated from the analytical solution, if available, or from
solving the direct problem numerically (with care not to commit an inverse crime).

The CGM established for numerically reconstructing the unknown space-dependent
thermal conductivity components k11(x1, x2) and kg (1, x2) of an orthotropic material
is presented as follows:

S1. Set n = 0 and choose initial guesses k%, (1, z2) and k9, (xy, x5) for the unknown

thermal conductivity components kq1(x1, 22) and koo (21, 23).

S2. Solve the direct problem (3.1)—(3.3) numerically by applying the ADI scheme in-
troduced in Section 2.6.2 to compute the temperature u(z1, o, t; 7y, k%), and the
objective functional J(k7,, k%) (3.7).

S3. If the stopping criterion (3.25) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (3.17) to obtain A(z1, x9, t; K}y, k3,), and the gradients
J11 (3.19) and JJ3 (3.20). Compute the conjugate gradient parameters v}, and 5,
(3.23) and the search directions d7; and d3, (3.22).
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S5. Solve the sensitivity problems (3.11) and (3.13) to gain the sensitivity functions
AUH(ZL’l, Ta, t, k?l? ]{37212) and AUQQ([El, T2, t, /{3?1, ]{332) by taking Ak?l = d7111 and
AkL, = db,, and compute the search step sizes 5], and S5, by (3.24).

S6. Update k7" and k5™ by (3.21), set n = n + 1 and return to S2.

S7. End.

3.5 Numerical results and discussions

In this section, the numerical results for reconstructing the space-dependent thermal con-
ductivity components k11 (21, x2) and koo (1, z2) are illustrated. The accuracy errors for
the thermal conductivity components k11 (1, 22) and koo (1, 22) are defined as functions

of the iteration number n, and are given by

By (k7)) = 1k — k1l o), (3.26)
By (k) = ||koz — kil Lo (3.27)

where k7, and k%, are the numerical solutions at the iteration number 7, and k1; and koo
are the analytical expressions for the thermal conductivity components, if available. The
temperature measurement Y ¢ containing random errors is generated by (2.29).
Example. The CGM is used to reconstruct simultaneously the unknown thermal con-
ductivity components k11 (21, ) and kg (1, x2) of the two-dimensional inverse problem
(3.1)—(3.3), (3.6) for an orthotropic material.
We take the final time T' = 1, the coefficient ¢ = 0, and

(1, x9) = sin(may ) sin(may) + (7 + 1) (21 + 22) + 1,

[y, 29, t) = —e (sin(rxy) sin(mzy) + (7 + 1) (2 + 22) + 1)
—t 2, ,—t
- 6—(7rsin7r(x1 +x9) + 21+ 2) +

(24 1.521 + 2x9) sin(may ) sin(wz,),

12 12
p(xa,t) = — ! —;;2 (msin(ras) + 7+ 1)e™,
pa(xa,t) = 2 J{sz (—msin(ras) + 7+ 1)e™,
ps(zy,t) = —#(ﬂ' sin(rzy) + 7+ 1)e”,
ps(xy,t) = #(—W sin(mzy) +m + 1)e ™.
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By direct calculation, the analytical solution of the inverse problem (3.1)—(3.3), (3.6) is

1+x+x
ki (21, 22) = #, (3.28)
14+0.521 +x
Foa(1, 22) = i (3.29)
u(zy, ma,t) = e~ (sin(may) sin(mzy) + (7 + 1) (21 + 22) + 1) . (3.30)
10°
p=2,n=3

p=1,n=5

0 5 10
Number of iterations

Figure 3.1: The objective functional J(k11, ko2) in (3.7) with p € {0, 1,2} noise using
the Lo-gradients J{; in (3.19) and JJ, in (3.20).

(a) (b)
0.025
0.02+
" 0.015

oo} |
0.005

0 10 20 30 0 35 10 20 30
Number of iterations Number of iterations

Figure 3.2: The errors (a) F1(k};) (3.26) and (b) Ey(k%,) (3.27) for kqy; and koo with
p € {0, 1,2} noise, using the Ly-gradients J;; (3.19) and J., (3.20).
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We take the initial guesses for k11(x1, z2) and koo (21, z2) as

1 14214+

k?(l)l(l'l,xg) = 55[]11‘2(1 — I1>(1 — ZL’Q) + %, (331)
1 1+0.52, + 2

ng(.CL’l,QjQ) = 51’1%2(1 — :Ul)(l - 33'2) + 121 2, (332)

which ensure that the boundary values of the initial approximations are equal to the exact
ones (3.28) and (3.29).

(a) (b)
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Figure 3.3: (a) The exact thermal conductivity component kiq(z1,x2) (3.28), and the

estimated solutions with (b) p = 0, (¢) p = 1 and (d) p = 2 noise using the L,-gradients
J1; (3.19) and JJ, (3.20) and the initial guesses (3.31) and (3.32).

All the numerical results are obtained by using the ADI scheme with I = J = M =
26. The standard L,-gradients J;; in (3.19) and Jj, in (3.20) and the Sobolev H'-gradient

(2.21) with the homogeneous Dirichlet boundary condition (2.23) and x = 0.1 are applied
to obtain the numerical solutions.
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(a) (b)

Figure 3.4: (a) The exact thermal conductivity component ko (1, x2) (3.29), and the

estimated solutions with (b) p = 0, (¢c) p = 1 and (d) p = 2 noise using the L,-gradients
Ji; (3.19) and JJ, (3.20) and the initial guesses (3.31) and (3.32).

p I J M € N Ey Ey

0 26 26 26 3.0E-06| 10 5.6E-03 6.5E-03
1
2

26 26 26 42E-03| 5 609E-03 8.7E-03
26 26 26 1.7E-02| 3 7.0E-03 8.8E-03

Table 3.1: The stopping iteration numbers /N and the errors obtained by Lo-gradients J7,
(3.19) and J, (3.20), with p € {0, 1,2} noise and the initial guesses (3.31) and (3.32).

Figure 3.1 shows the monotonic decrease of the objective functional J(k11, ko2) (3.7)
as a function of the number of iteration n, and the stopping iterations numbers for p €
{0,1, 2} are obtained by the discrepancy principle (3.25) with the parameter ¢ presented
in Table 3.1. The errors F; (3.26) and E (3.27) for ky; and koo are plotted in Figure 3.2,
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and it is obvious that the errors at the stopping iteration numbers are quite close to the

optimal ones.

(a) (b)

Figure 3.5: (a) The exact thermal conductivity component ki;(z1,x2) (3.28), and the
estimated solutions with (b) p = 0, (¢) p = 1 and (d) p = 2 noise using the H'-gradients
and the initial guesses (3.31) and (3.32).

The numerical solutions for the thermal conductivity components ki, (z1,z5) and
koo(x1, z2) with the Lo-gradients are shown in Figures 3.3 and 3.4, whilst the numer-
ical results with the H'-gradients at the iteration numbers in Table 3.2 are presents in
Figures 3.5 and 3.6.

By comparing the results in Figures 3.3 and 3.4 with Figures 3.5 and 3.6, it is easy
to see that the numerical solutions obtained with the standard L,-gradient are not so
smooth, but the employment of the Sobolev H'-gradient alleviates this problem and the
improvement obtained is quite significant. Furthermore, the results obtained with the

Sobolev H*'-gradient are more accurate than the ones obtained using the L,-gradient
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according to the errors shown in Tables 3.1 and 3.2. Thus, the numerical results are
significantly smoother, more accurate and stable when using the Sobolev H!-gradient

than when using the L,-gradient.

(a) (b)
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Figure 3.6: (a) The exact thermal conductivity component ko (21, x2) (3.29), and the
estimated solutions with (b) p = 0, (¢) p = 1 and (d) p = 2 noise using the H'-gradients
and the initial guesses (3.31) and (3.32).

Next, for an arbitrary initial guesses for the thermal conductivity components k;; and

ko, say
1

Fhi= ko = 7, (3.33)
we apply the Sobolev H!-gradient (2.21).

With the initial guesses (3.33), the stopping criterion (3.25) yields the stopping it-
eration numbers presented in Table 3.3. Figures 3.7 and 3.8 show that the numerical
solutions for the thermal conductivity components k1; and koo are smooth, stable and
they become more accurate as the amount of noise p decreases. Remark also that the
standard L»-gradient produced very inaccurate results for the initial guess (3.33) due to
the incompatibility between (3.33) and (3.28), (3.29) on the boundary.
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p I J M € N E, Es

0 26 26 26 5.0E-06| 5 20E-03 2.3E-03
1
2

26 26 26 4.2E-03 | 3 2.1E-03 2.5E-03
26 26 26 1.7E-02 | 2 4.0E-03 4.6E-03

Table 3.2: The stopping iteration numbers N and the errors obtained by H*!-gradients,
with p € {0, 1,2} noise and the initial guesses (3.31) and (3.32).

(a) (b)

0SS
SIS
OS5
0‘:‘0‘::“‘
S

Figure 3.7: (a) The exact thermal conductivity component ki;(z1,x2) (3.28), and the

estimated solutions with (b) p = 0, (¢) p = 1 and (d) p = 2 noise using the H'-gradients
and the initial guesses (3.33).

p I J M € N Ey Es

0 26 26 26 3.0E-05| 18 5.8E-03 4.7E-03
1
2

26 26 26 4.2E-03 || 17 7.2E-03 5.6E-03
26 26 26 1.7E-02 | 7 9.0E-03 7.5E-03

Table 3.3: The stopping iteration numbers N and the errors obtained by H'-gradients,
with p € {0, 1,2} noise and the initial guesses (3.33).
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(a) (b)
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Figure 3.8: (a) The exact thermal conductivity component ko (21, x2) (3.29), and the
estimated solutions with (b) p = 0, (¢) p = 1 and (d) p = 2 noise using the H'-gradients
and the initial guesses (3.33).

3.6 Conclusions

The determination of two-dimensional space-dependent orthotropic thermal conductiv-
ity from internal temperature measurement has been accomplished using the CGM to-
gether with the discrepancy principle. The Sobolev gradient has been utilized in the
CGM to reconstruct smoother and significantly more accurate and stable numerical so-
lutions. Regularization has been achieved by stopping the iterations at the level at which
the least-squares objective functional, minimizing the gap between the computed and the
measured temperature, becomes just below the noise threshold with which the data is
contaminated. The numerical results illustrate that the CGM regularized by the discrep-
ancy principle is an efficient and stable method. Furthermore, its robustness with respect
to the independence on the initial guess has been further enhanced by using the Sobolev

gradient.
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Chapter 4

Simultaneous determination of the
space-dependent thermal conductivity
and reaction coefficient

4.1 Introduction

This chapter extends the inverse analysis of Chapter 2 from one coefficient, k(z), to two
coefficients, k(z) and ¢(z). This problem was previously investigated by Colaco er al.
(2006) in the one-dimensional case.

In this chapter, the mathematical analysis of the inverse problem shall be carried out
by some basic arguments of functional analysis and a variational method. The existence
of the minimizer to the optimization problem, and the Fréchet gradient are derived. The
CGM regularized by the discrepancy principle shall be established to simultaneously
estimate both two unknown coefficients, for one- and two-dimensional inverse problems.

The plan of the chapter is as follows. In Section 4.2, the mathematical formulation is
given and analysis is performed in Section 4.3. The CGM based on the Fréchet gradient
and the adjoint problem is introduced in Section 4.4. Three numerical examples for one-
and two-dimensional inverse problems are discussed, and stable and accurate numerical
solutions are illustrated in Section 4.5. Finally, conclusions are highlighted in Section
4.6.

4.2 Mathematical formulation

We consider the same heat transfer mathematical model (2.1) in an isotropic material

as in Chapter 2. Obviously, the direct problem is to determine the temperature u(z, t)
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from the specified thermal coefficients, heat source and initial and boundary conditions.
In the inverse problem, the space-dependent thermal conductivity k(x) and the reaction
coefficient ¢(z) are unknown, and have to be determined from (2.1) and the temperature

measurement (2.4).

4.3 Analysis

Let u(z, t; k, q) denote the solution of the initial-boundary value direct problem (2.1), that
is, the temperature corresponding to a particular pair (k(z), g(z)). The quasi-solution to
the inverse problem (2.1), (2.4) is obtained by minimizing the least-squares objective

functional given by

1 . 9
where Y“ is the measured temperature satisfying || Y —Y || 1,) < €, and € > 0 represents
noise level, where u € H 1’0(QT) is the weak solution satisfying (2.2), over the admissible

set A, x As, where

A ={k € Loo() : 0 < k1 < k(x) < Rg,a.e. z € Q},
As ={q € Loo(2) : 0 < q(x) < k3, a.e.x € Q},

and k1, ko and k3 are three known positive constants.

Based on the approaches in Keung & Zou (1998); Yamamoto & Zou (2001), the
existence of a minimizer to the objective functional (4.1) over the the admissible set
A x A, 1s established as follows.

Theorem 4.3.1. There exists at least one minimizer to the optimization problem (4.1).

Proof. Since ||u(x,t;k,q)| 1(Q.) is bounded by (2.3), it is obvious that min J(k, q) is
finite over the admissible set A; x A, by the definition (4.1). Thus there exists a mini-
mizing sequence {k", ¢"} from A; x Aj such that

lim J(k",¢") = inf J(k,q).

n—00 keA1,qEA2

By the boundedness of {k™,¢"} in Lo (£2) X L (€2), there exists a subsequence, still
denoted by {£", ¢"}, and some k* € Lo (2), ¢* € L (£2) such that both k™, ¢" converge
weakly to £* and ¢* respectively in L..(2), and k* € Ay, ¢* € A,. The estimate (2.3)
implies that the sequence {u" := u(x, t; k", ¢")} is bounded in the space H'°(Q7). Thus
a subsequence, still denoted by {u"}, may be extracted, and some u* € H'(Qr) such
that u™ — u* weakly in H'9(Qr).
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From the definition (2.2) of the weak solution in H?(Q7) for the direct problem
(2.1), forany n € H"'(Qr) and (-, T) = 0, we have

/ (—u"@ + E"Vu" - Vn + q”u”n) dxdt
Or ot

= fndwdt+/ undsdt—l—/@?('a())dx.
Sr Q

Qr
The weak convergence of u" to u* implies that
0 0
lim gt = / —u*—ndxdt,
n—oo Jo. ot " ot

Since u™ weakly converges to u* in H°(Qr) and k™, ¢" both weakly converge to k*, ¢*
in L (£2), respectively, we have

/ E"Vu" - Vndxdt = / E*Vu"™ - Vndxdt + / (k" — k*)Vu" - Vndadt,

T

lim E*Vu" - Vndxdt = / k*Vu* - Vndxdt,
n—oo QT T

and

/ q"u”ndxdt:/ q*u”ndwdt+/ (¢" — ¢")u"ndzdt,
Qr Qr Qr

lim g u"ndxdt = / q u*ndxdt,
n—oo QT T
using the estimate (2.3) for u™ and the Lebesgue dominant convergence theorem leads to

the terms [, (k" —k*)Vu" - Vndzdt and [, (¢" — ¢*)u"ndzdt converge to zero, hence

we obtain
lim E"Vu" - Vndxdt = / E*Vu* - Vndzdt,
" JQr Qr
lim q"u"ndzxdt = / q u*ndxdt,
n—oo QT T
and

/ (—u*% + k*Vu* - Vn+ q*u*n) dxdt

= [ fndadt + / pmdsdt + / én(-,0)dx.
Qr ST Q

Thus v* = u(k*, ¢*) by the definition 2.3.1 and k = k*, ¢ = ¢* in the direct problem
(2.1), and the lower semi-continuity of norms implies that
* % 1 * €2 1 . n €12
T8,07) =5 o = YN0 < 5 lim 0" = VI3 q,)

<liminf, . J(k",¢") = kejrlniqréﬂ J(k,q),
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which indicates that (k*, ¢*) is a minimizer of the objective functional J(k, ¢) (4.1) over
the admissible set A; x As. ]

Lemma 4.3.2. The mapping (k, q) — u(k, q) is Lipschitz continuous from A, to H*°(Qr)
with respect to k, and from A, to H*°(Qr) with respect to q, i.e.,

[u(k + Ak, q) — u(k, )|l a0 < | Akl @), (4.2)
[u(k, ¢ + Aq) — u(k, q)[[mr0@r < Al (4.3)

forany k, k+Ak € Ay, q, ¢+Aq € Ay and the corresponding u(k, q), u(k+Ak, q), u(k, g+
Aq) € HY(Qr).

Proof. The inequality (4.2) can be obtained according to Lemma 2.4.2. Thus, our work is
to prove (4.3). Denoted by Au, = u(k, ¢+Aq)—u(k, ¢) the increment of the temperature
with respect to ¢, then A, satisfies the following parabolic problem generated based on
the direct problem (2.1)

Aous) — 7. (kV(Auy)) — qAu, — Aqu(k,q + Aq), (z,1) € Qr, w
k.a(gfq) = 07 (:Bat) € ST7 Auq(fEaO) = O, xr e ﬁ

Using the estimate (2.3) to the parabolic problem (4.4), we obtain

| Avg|| 100 Zcl|Aqu(k, g+ Aq)|| L@y
<cl|Aql L@ llulk, ¢ + Ag) | Loor) < cllAGlo@)-

This concludes the proof of the lemma. ]

Lemma 4.3.3. The mapping (k,q) — u(k, q) is Fréchet differentiable with respect to k
and q, i.e., for any Ak, Aq € Lo (Q2) such that k+ Ak € A, and g+ Aq € A, there exist
two bounded linear operators Uy, : Ay — HY(Qr) and U, : Ay — HY*(Qr) such that

|u(k + Ak, q) — u(k, q) — U AK[ 100y

m —0, (4.5)
18K L (@)—s0 A L
k,q+ Aq) — u(k,q) — W,Aql| .
i ek g+ Ag) —ulk, @) —UAqllmoQn _ 4.6)
18gl| s (@) 50 [N Py

Proof. The main work is to obtain (4.6), since (4.5) has been proved in Lemma 2.4.3.
Consider the problem

9w =V - (kVw) — qu — Aqu(k, q), (z,t) € Qr,

' i @.7)
k52 =0, (x,t)€ Sy, w(x,0)=0, xec,
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where Aq € L () such that ¢ + Ag € A,. Then, there exists a unique solution
w € HYY(Qr) for the initial-boundary value problem (4.7) by Theorem 2.3.2, and by
(2.3) the mapping Aq — w from L. (Q) to H'%(Qr) defines a bounded linear operator
U,.

Denote v = u(k,q + Aq) — u(k, q¢) — U,Aq = Au, — w, where Au, satisfies the
problem (4.4), then v satisfies the problem

% =V - (kVv) — qu — AqAuy, (x,t) € Qr,
k’% =0, (x,t)€Sr, v(zx,00=0 x€Q.

Using (2.3), we obtain ||v]| 1.0 < ¢|AqAU| 1,0 < ¢l|AG|| L) | Atgll 1,0, and

via (4.3) of Lemma 4.3.2, we obtain that

[ulk, g+ Aq) = u(k, @) — UgAqll o = vllaro@r) < clAdll_ )
thus, the lemma is proved. [

Theorem 4.3.4. The objective functional J(k, q) defined in (4.1) is Fréchet differentiable
and its Fréchet derivatives J;(k, q) and J;(k, q) are given by

T
Ji(k,q) = —/O Vu-VAdt, z€Q, 4.8)

T
Jo(k,q) = —/0 uldt, x € Q. 4.9)

Proof. The gradient J; (k,q) in (4.8) is obtained in Theorem 2.4.5, then our work is to
obtain the gradient J;(k, ¢) in (4.9). Taking any Aq € L(§2) such that ¢ + Ag € A,,
denote AJ, = J(k,q+ Aq) — J(k,q), and by (4.1), we obtain

1
AJ, = / (u—Y°)Au,dxdt + §||Auq||%2(QT)'

T

Using the adjoint problem (2.12), then we have

O\ 1

AJ, = / {_E — V- (kVA) + q)\} Augdxdt + §||Auq\|%2(QT),
T

and the sensitivity problem (4.4) implies that

/ {—g—i\ — V- (kVA) + q)\} Augdzdt

I(Auy) (3D
_ T a)y _
= /QAquO dx + /ST k { 5 A — Ay, 81/} dsdt

i /QT A {% — V- (kV(Au,)) + unq} ddt

:—/ Aqu(k,q+ Ag)\dzdt = —/ Aunq)\dwdt—/ AquAdxdt.

T T Qr
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Since Auw, is the solution to the problem (4.4), in virtue of Lemma 4.3.2, we have
||AUQ||%2(QT) < C||AQ||2LOO(Q)7 and

'/ Aqﬁqud%’dt' <A L@ | Atgll L@ IM o) < ellAGlIZ ) M La@r)-
T

Thus,
AJ, = —/ Aquddzdt + o(||Aq|| L. @)
T

which means that the Fréchet derivative J; (k, q) is given by (4.9). The theorem is proved.
[

4.4 Conjugate gradient method

The following iterative process based on the CGM is applied for the numerical estimation
of the unknown thermal conductivity k(z) and reaction coefficient ¢(z) by minimizing
the objective functional J(k, ¢) in (4.1):

Eti(z) = K"(2) + Bidy,  ¢"THz) = ¢"(z) + B, n=0,1,2,--- (4.10)

q7q’

with the search direction given by

_Jno _Jn
diL - ]lcn7 n qn—1 d? - (fn’ n n—1 (41 1)
_Jk' +7kdk} ) _Jq +’}/qdq ) n:1727"'

where the subscripts n denotes the number of iteration, .J;" = Ji.(k", ¢"), J;* = J.(k", ¢"),
k9 ¢" are the initial guesses of the thermal conductivity k(x) and reaction coefficient
q(x), By, p, are search step sizes for k and g, respectively, in passing from iteration n to
iteration n + 1. ;" and ;' are the conjugate gradient parameters, which are given by the
Fletcher-Reeves formula, Fletcher & Reeves (1964),

J/n 2 J/n 2

[ [

The search step sizes 5 and 3 are found by minimizing

1 n n _m mn n yn €

5/(%k+@%ﬂ%ﬂﬂ&—¥f@ﬁ
T

Denoting u(z,t; k", q") = u", Aug(x,t; k", q") = Auf and Augy(z,t; k", ¢") = Auy,

and setting Ak™ = di and Aq" = d, the temperature u(k™ + Sidy, " + B;'dy) can be

linearised by the Taylor series expansion in the form

ou* . ou”
+ ﬁq dq aqn

J(kjn+1, qn+1> —

u(k" + Bdi, " + Bydg) ~ u" + Bidy

i ot B A+ Bl A,
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4.4 Conjugate gradient method

where Auj and Ay are the solutions of the sensitivity problems (2.8) and (4.4). Then
we obtain
1

= / (u" + BrAug + By Aul — V) ddt.

J(kjn+1, qn+1) —
2 T

The partial derivatives of the objective functional J(k"*!, ¢"') with respect to 37 and

B, are give by

oJ

DT o [ A+ g~ V) Mudadt = O+ o+ O,
k T

aJ n n n n n € n n n

0_/3” = (u" + Br Auy + ﬁq Auq -Y )Auqdﬂfdt = Cy + C38; + G55,
q T

where

o = /Q (w" = Y)Aupdzdt, Cy = |Aul7, 0.

n n n € n n 2
Cs = / Aug Augdzdt, Cy= / (u" = Y)Augdzdt, C5= HAuqHL2(QT) .
Setting % = 8%{7 = 0, the search step sizes 5} and 5 are given by

g — CiC5 — O30y, CoCy— C1Cy
e G N e S e N

To summarise, the CGM established for numerically reconstructing the unknown

n=0,1,--. (4.13)

space-dependent thermal conductivity k(z) and reaction coefficient ¢(x) is presented as

follows:

S1. Set n = 0 and choose initial guesses k°(x) and ¢°(z) for the unknown thermal

conductivity k(z) and reaction coefficient ¢(z).

S2. Solve the direct problem (2.1) to compute the temperature u(z, ¢t; k", ¢") numeri-
cally by applying the FDM scheme introduced in Subsections 2.6.1 and 2.6.2, and
the objective functional J(k™, ¢") in (4.1).

S3. If the stopping criterion
J(E", q") <, (4.14)

is satisfied, where € is a small positive value defined below equation (2.26), then go
to S7. Else go to S4.

S4. Solve the adjoint problem (2.12) to obtain the adjoint function A(z1, z2,t; kK™, ¢"),
and the gradients .J;" (4.8) and J* (4.9). Compute the conjugate gradient parame-
ters ;. and ;' (4.12) and the search directions dj; and dj (4.11).
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S5. Solve the sensitivity problems (2.8) and (4.4) to obtain the sensitivity functions
Aug(w,t; k", ¢") and Aug(x,t; k", ¢") by taking Ak™ = di and A¢" = d, and
compute the search step sizes i and ;' by (4.13).

S6. Update k"1 and ¢"*! by (4.10), set n = n + 1 and return to S2.

S7. End.

4.5 Numerical results and discussions

In this section, the numerical method for reconstructing the space-dependent thermal
conductivity k(z) and reaction coefficient ¢(x) simultaneously is illustrated, and three
numerical experiments based on the CGM are shown for one and two dimensional cases
(d = 1, 2). The accuracy errors for k(x) and ¢(x) are defined as functions of the iteration

number n, as given by

Ep(n) = ||k — k|| Lo, (4.15)
Eqy(n) =llg = ¢" [ o), (4.16)
where k" and ¢" are the numerical solutions for thermal conductivity and reaction coef-

ficient at iteration number n, respectively. The temperature measurements Y “ containing

random errors are generated by (2.29).

4.5.1 Example 1

In this section, the CGM is used to reconstruct the unknown thermal conductivity k(z)
and reaction coefficient ¢(z) of the IHTP (2.1) and (2.4), simultaneously. For the one di-
mensional case (d = 1), we take {2 = (0, 1), the final time 7" = 1, the initial temperature
¢ =0, and

flx,t) = (1 + 2 —ze ") (sin(nz) + (7 + 1)z)

! _126_ (72(1 4 ) sin(rz) — 7 cos(mx) — 7 — 1),
p(0.0) = ~T (=), 1) = 50— e,

Then the analytical solution of the inverse problem (2.1), (2.4) is

k(r) = ! ;;x 4.17)

q(r) =1+, wu(x,t)=(1—c ") (sin(rz) + (7 +1)z). (4.18)
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10°

10°} 1

J(q" k")

-10 ‘ ‘
10 20 30
Number of iterations

40

Figure 4.1: The objective functional J(k, ¢) in (4.1) for p € {0, 2,4} noise, for Example
1.
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Figure 4.2: The errors (a) Ej(n) (4.15) and (b) E,(n) (4.16) for the thermal conductivity
k and reaction coefficient ¢ with p € {0, 2,4} noise, for Example 1.

We take the initial guesses for the thermal conductivity k(z) and reaction coefficient

q(z) as

(4.19)
(4.20)

which ensure that the boundary value of the initial approximation £° is equal to the exact

one (4.17). All the numerical results illustrated in the figures of Example 1 are obtained
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by using the C-N scheme 2.6.1 with I = M = 51, p € {0,2,4} noise and the initial
guesses (4.19) and (4.20).

(a) (b)
0.18 2
0.16| 1.8}
0.14| 1.6/
= =
=2 &
012} 1.4} —
—— p=0
0.1} 1.2} - p=2
P - p:4
0.08 % 1 ‘
0 05 1
X X

Figure 4.3: (a) The numerical thermal conductivity k(x) and (b) reaction coefficient ¢(x)
with p € {0,2,4} noise, for Example 1.

Figure 4.1 shows the monotonic decrease of the objective functional J(k, ¢) in (4.1),
as a function of the number of iterations n, and the stopping iteration numbers for p €
{0,2,4} are obtained by the discrepancy principle (4.14) with the value of € presented
in Table 4.1. The errors Ej(n) (4.15) and E,(n) (4.16) for k and ¢ are plotted in Figure
4.2. The numerical solutions for the thermal conductivity k(z) and reaction coefficient
q(z) are shown in Figure 4.3, and they are plotted at the stopping iteration numbers N in
Table 4.1 for p € {0,2,4}. From Figure 4.3 it can be seen that the retrieved numerical

solutions are stable and accurate.

p I M € N £y, E,

0 51 51 5.0E-10 | 35 4.2E-03 3.6E-02
2 51 51 14E-03 | 3 5.8E-03 4.5E-02
4 51 51 S54E-03 | 2 9.5E-03 6.6E-02

Table 4.1: The stopping iteration numbers N and the errors Ej, and E, for p € {0,2,4}
noise in the simultaneous estimation of k(x) and ¢(x), for Example 1.

4.5.2 Example 2

We now present a one-dimensional example where the input data for the temperature is

numerically simulated by solving firstly the direct problem (2.1) using the C-N scheme
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in Subsection 2.6.1 with

p(0,8) = -2, p(l,t)=2 ¢=0, f=0, 4.21)

the discontinuous thermal conductivity and reaction coefficient

_ 2 ve(hd),
h(z) = { 1, elsewhere. 4.22)

q(z) = 2 + cos(mx). (4.23)
(b)
2 5
18}
16}

Figure 4.4: (a) The numerical thermal conductivity k(x) and (b) reaction coefficient ¢(x)
for p € {0, 2,4} noise, for Example 2.

I M G N  E, E,
101 101 1.0E-06 || 19 0.1027 0.2603
101 101 13E-04| 7 0.1680 0.3065

101 101 S5.3E-04 || 4 0.2207 0.3532

AN O|T

Table 4.2: The stopping iteration numbers N and the errors Ej and E, for p € {0,2,4}
noise and the initial guesses (4.24) and (4.25) in the simultaneous estimation of k() and
q(z), for Example 2.

We take the initial guesses for the thermal conductivity k(z) and reaction coefficient
q(x) as

1, (4.24)
¢’(z) =2. (4.25)
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The numerical solutions for the thermal conductivity k(z) and reaction coefficient
q(z) are presented in Figure 4.4 with p € {0,2,4} and the initial guesses (4.24) and
(4.25). The stopping iteration numbers are shown in Table 4.2, which are obtained by
the stopping criterion (4.14) with the quantity €. From Figure 4.4 it is easy to see that
the numerical results are stable and reasonably accurate bearing in mind the difficult
discontinuous thermal conductivity (4.22) that had to be retrieved.

4.5.3 Example 3

For the two-dimensional case (d = 2), we take 2 = (0,1) x (0, 1), the final time 7" = 1,

the initial temperature ¢ = 0, and the source term
f(z1,29,1) = 2m%(1 + sin(7x, ) sin(72)) sin(7z, ) sin(72s) (1 — e )
+ (sin(mrzy) sin(mwg) + (7 + 1)z + 22)) (1 + 27 + 23) (1 — e ) +e7F)

— (1 — ) (7 cos?(may) sin®(may) + 7 sin® (7)) cos® (was) + (7 + 1) sin(xy + x3)).

(@) (b)

0” \““{{ A\
/”/;Ill"'lf% g :\“\ \\\

AZEESR
,///717"0"”““““‘\“
AN

A

Figure 4.5: (a) The exact thermal conductivity k(x1, z5), and the estimated solutions for
(b)p =0, (c) p =2 and (d) p = 4 noise, for Example 3.
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<
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Figure 4.6: (a) The exact reaction coefficient ¢(x1, z3), and the estimated solutions for
b)p =0, (c)p=2and (d) p = 4 noise, for Example 3.

With the boundary conditions

w(0,29,t) = —(1 — e ") (msin(ras) + 7+ 1),
w(l,x9,t) = (1 — e ") (—msin(ras) + 7+ 1),
(g, 0,t) = —(1 — e ") (wsin(ray) + 7+ 1),
pu(zy, 1,t) = (1 —e ) (—msin(rzy) + 7 + 1),

the analytical solution of the inverse problem (2.1), (2.4) is given by
k(x1,29) = 1 +sin(rxy) sin(ras), ¢y, x2) = 14 22 + 23, (4.26)
u(ry, 2o, t) = (1 — ™) (sin(rxy) sin(mas) + (7 + 1) (2 + 12)) . (4.27)

The initial guesses for the simultaneous reconstruction of the thermal conductivity

k(x1,x9) and reaction coefficient ¢(x1, x5) are taken as
KO (zy, m5) = 1, (4.28)
¢"(z1,22) = 1. (4.29)
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The numerical solutions are computed by using the ADI scheme in Subsection 2.6.2 with
I = J =21 and M = 26 to solve the two-dimensional parabolic differential equations
with the initial guesses (4.28) and (4.29) and the level of noise p € {0,2,4} in the
following figures.

Figures 4.5 and 4.6 show the retrieved solutions of the space-dependent thermal con-
ductivity k(x1, x2) and reaction coefficient ¢(z1, x2) at the stopping iteration numbers in
Table 4.3 generated by the discrepancy principle (4.14), with p € {0, 2,4} noise and the
initial guesses (4.28) and (4.29). From these figures it can be seen that the numerical
solutions are reasonably stable and they become more accurate as the amount of noise p

decreases.

p I J M € N E; E,
0 21 21 26 3.0E-04 |49 0.1316 0.1583
2
4

21 21 26 5.2E-03 |39 0.1324 0.1606
21 21 26 2.0E-02 || 28 0.1355 0.1627

Table 4.3: The stopping iteration numbers N and the errors Ej, and E, for p € {0,2,4}
noise and the initial guesses (4.28) and (4.29) in the simultaneous estimation of k(z1, z5)

and g(x1, z3), for Example 3.

4.6 Conclusions

In this chapter, the determination of the space-dependent thermal conductivity and re-
action coefficient from the temperature measurements has been investigated using the
CGM. The quasi-solution for the inverse problem is obtained by minimizing the least-
squares objective functional, and the existence of a minimizer is proved. The variational
method is utilized to obtain the Fréchet gradient which is used in the CGM. Regulariza-
tion has been achieved by stopping the iterations according to the discrepancy principle
at the level at which the least-squares objective functional, minimizing the gap between
the computed and the measured temperature, becomes just below the noise threshold with
which the data is contaminated. The numerical results show that CGM is an accurate and
stable regularization method for reconstructing spatially-varying coefficients.

In the next chapter, we give a different inverse formulation to the task of recovering
the reaction coefficient ¢(z) from measurement of the temperature at the final time or

from a time-average temperature measurement.
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Chapter 5

Determination of the space-dependent
reaction coefficient from final or
time-average data

5.1 Introduction

In this chapter, the space-dependent reaction coefficient is sought to be retrieved from
the final or time-average temperature measurements. The reaction coefficient can also be
considered as the blood perfusion coefficient in biomedical applications, Pennes (1948).
Blood perfusion is defined as the blood volume flow exchange per volume of tissue,
which refers to the local, multidirectional blood flow through the capillaries and intracel-
lular space of living tissue, and its measurements can determine the success or failure of
skin grafts and any related healing, Robinson ez al. (1998).

Prior to this study, several parameter estimation least-squares techniques were uti-
lized for the determination of blood perfusion using non-invasive measurements from
minimally surface probe, Robinson ef al. (1998); Scott et al. (1997, 1998); Yue et al.
(2008).

The uniqueness of the space-dependent reaction coefficient in Holder spaces for the
heat equation with homogeneous Neumann boundary condition, initial and final data was
established in Rundell (1987). In Isakov (1991), the uniqueness in the same Holder space
of functions with the same data, but with zero initial condition and non-homogeneous
Dirichlet boundary condition was proved. In Prilepko & Solovev (1987), existence and
uniqueness for the space-dependent reaction coefficient in Holder spaces were estab-
lished for the heat equation with non-homogeneous initial and Dirichlet boundary con-

ditions and two distinct types of over-determination: the final temperature data and the
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temperature at a fixed point in the interior of the relevant space region for all values of
time.

In Kamynin & Kostin (2010); Kozhanov (2004), the existence and uniqueness of the
space-dependent reaction coefficient in Sobolev spaces for the heat equation with non-
homogeneous Dirichlet boundary condition and time-average temperature measurement
were established. Finally, the uniqueness of the space-dependent reaction coefficient in
Sobolev spaces from homogeneous initial and boundary conditions with inhomogeneous
source and final or time-average temperature data was established in Prilepko & Kostin
(1993).

In Yang et al. (2008), the space-dependent reaction coefficient was determined in the
one-dimensional heat equation with homogeneous Neumann boundary condition, and
initial and final observations, as in the inverse problem formulated and theoretically in-
vestigated in Rundell (1987). The unknown coefficient was reconstructed by minimizing
the first-order nonlinear Tikhonov regularization functional. Numerical results were ob-
tained using the FDM and an elliptic bilateral variational inequality. In Deng et al. (2009),
the same inverse problem as in Yang et al. (2008) was discussed from discrete final tem-
perature observations. On the basis of an interpolation technique, a new way was found to
reconstruct the coefficient by minimizing the same Tikhonov regularization functional. In
Chen & Liu (2006), the space-dependent reaction coefficient was determined in the heat
equation with homogeneous Dirichlet boundary condition and final temperature measure-
ment. A different weighted objective gradient functional was minimized to identify the
coefficient. The coefficient was obtained numerically by applying the Armijo algorithm
combined with the FEM. Finally, in Trucu ef al. (2010b), the space-dependent reaction
coefficient was determined in the one-dimensional heat equation with non-homogeneous
Dirichlet boundary condition and heat flux or time-average temperature measurement.
The first-order Tikhonov regularization functional was minimized using the NAG rou-
tine EO4FCF together with the FDM to obtain the numerical solution for the unknown
coefficient.

In this chapter, the determination of the space-dependent reaction coefficient from
final time or time-average temperature measurements in the inverse parabolic with initial
and boundary conditions is obtained by minimizing the nonlinear least-squares objective
functional. The Fréchet gradient of the objective functional is obtained using a varia-
tional method. In order to obtain a stable numerical solution, the CGM regularized by
the discrepancy principle, Alifanov (1994); Ozisik & Orlande (2000), is developed ap-
parently for the first time for the inverse problems under investigation. Three examples

are presented, and the numerical results obtained using the CGM and the FDM show that
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the CGM algorithm regularized by the discrepancy principle is efficient and stable for
identifying the space-dependent reaction coefficient.

The mathematical formulations of the coefficient identification problems under in-
vestigation are presented in Section 5.2. This inverse problem is analysed in Section 5.3,
and the Fréchet gradient together with the adjoint problem is obtained. The numerical
CGM algorithm based on the sensitivity and adjoint problems is presented in Section 5.4.
Numerical results are presented and discussed in Section Section 5.5. Finally, Section

5.6 highlights the conclusions of the work.

5.2 Mathematical formulation

The most common heat transfer model in tissue is obtained by balancing the accumulation
of energy with the diffusion, heat transfer due to the blood flow through the capillary
network and heat generation due to cell metabolism, to result in the well-known Pennes’
bio-heat equation, Pennes (1948). As such, we consider the heat transfer problem in a
bounded domain 2 C R with sufficient smooth boundary 92, over the time interval
t € (0,7T), given by

w(z,t) = 1), (2,t) € Sr, u(z,0)=o(x), zeq |
The operator
0
L= 5% V- (EV) + 49, (5.2)
where J is the identity, is assumed to be uniformly parabolic, i.e.,
d
vl€? <) kij(2)&68 S val¢f, ae x €Q, VEERY, (5.3)

ij=1
for two given positive constants v, and vy, and usually k;; = kj;.

In the above, 2 represents the tissue with d = 1,2, 3 usually, k = (ki;(2)), ;1 de-
notes the thermal conductivity of the tissue satisfying (5.3) which states and the physical
property that the thermal conductivity tensor is symmetric and positive definite, and leads
to the operator £ (5.2) being uniformly parabolic. The perfusion coefficient ¢(x) in the
bio-heat equation is the product between the heat capacity of the blood ), and the blood
perfusion rate wy. The arterial blood temperature has been assumed to be uniform and
taken, for simplicity, equal to zero, and f(x,t) is the given metabolic heat source. Neu-
mann heat flux or Robin convective boundary conditions can also be considered instead

of the Dirichlet boundary condition in (5.1).

85



S. DETERMINATION OF THE SPACE-DEPENDENT REACTION
COEFFICIENT FROM FINAL OR TIME-AVERAGE DATA

Since the coefficient ¢(z) in (5.1) is unknown we need additional information, and in

this chapter we supply either the final temperature at ¢ = 7', namely,
e1(z) =u(zx,T), z€qQ, (5.4)

or the time—average temperature measurement

T
es(z) = / w(t)u(e, )dt, =€, (5.5)
0

where w(t) € L2(0,7) is some given weight function, and e; (=) and e5(z) are given data
which may be subjected to noise due to measurement errors. Compatibility conditions
between (5.1), (5.4) and (5.5) require that

er(z) = p(x,T), xe€ 0, (5.6)

and ,
ea () :/ w(t)pu(z, t)dt, =€ R, (5.7)
0

respectively.

There are two inverse problems, namely, (5.1), (5.4) and (5.1), (5.5) termed IP1 and
IP2, respectively, which may be formulated for the determination of the space-dependent
reaction coefficient ¢(x) > 0 together with the temperature u(z, ). These two inverse
problems possess in common the fundamental property that both the input data, e; (x) or
eo(z), and output data, ¢(x), are space-dependent. A different inverse Cauchy-type prob-
lem in which, instead of (5.4) or (5.5), we have a time-dependent boundary measurement

of the heat flux,
ou

k(x)%(x,t) = i(z,t), (z,t) € Sy, (5.8)
is not investigated herein, but we mention Tadi ez al. (2002); Trucu et al. (2008).

The existence and uniqueness of the classical solution in Holder spaces of the IP1 was
established in Prilepko & Solovev (1987). For the IP2, existence of a generalized solution
was established in Kozhanov (2004) and Kamynin & Kostin (2010), whilst Prilepko &
Kostin (1993) established uniqueness of generalized solutions in Sobolev spaces for both
IP1 and IP2.

First, we state the existence and uniqueness of the solution for the direct problem
(5.1) when all the coefficients and boundary and initial conditions are known functions
(see Ladyzhenskaia et al. (1968), p.341).
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Theorem 5.2.1. Suppose that k € C'(Q) satisfies (5.3), ¢ € Lo(Q), f € La(Qr), ¢ €
HY(Q) and p € H3/*3/4(Sy). Then the direct problem (5.1) satisfying the compatibility
condition of zero order ¢|so, = i|i—o has a unique solution uw € H**(Qr) which satisfies

the estimate

lull z21@r) < el flla@r) + N0l @) + il marzars(sy)); (5.9)
where c is a positive constant.

Next, we state the uniqueness results for the inverse problems IP1 and IP2.

Theorem 5.2.2 (Prilepko & Kostin (1993)). Let Q) be a bounded simply connected do-
main in RY, d > 1 with boundary Q) € C?. Suppose that p = u =0, 0 < f € Ly(Qr),
0< fi€ Ly(Qr), 0 <w € Ly(0,T). Then:

(i) if ey > 0in § (or es > 0 in Q) the solution of the IPI (or IP2) is unique in the
class of functions u € H*'(Qr) and 0 < q € L(Q);

(ii) the same uniqueness result holds if f(-,T) # 0 for IP1, or fOTw(t)f(~, t)dt £ 0
for IP2.

5.3 Analysis

Let u(x,t;q) denote the solution of the direct problem, that is, the temperature corre-
sponding to a particular value of the unknown function ¢(x). The quasi-solution of the
IP1 or IP2 is obtained such that the following least-squares objective functionals are min-
imized:

Ji(q) = sl Ty q) — €5 ()7 (5.10)

or
2

: (5.11)
La2(Q)

/0 w(tul-t; q)dt — e5(-)

where e] or € is the noisy temperature measurement satisfying

ler — efll. <€

lea — €5l o) <€,

and ¢ is the level of noise, subject to u € H*'(Q7) satisfying the direct problem (5.1),
over the admissible set A = {q € Loo(Q2) : ¢(z) > 0,a.e. x € Q}.
The following result states the existence of the minimizer to the optimization problem

(5.10) or (5.11), which can be proved according to the approach of Theorem 4.3.1.

87
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Theorem 5.3.1. There exists at least one minimizer to the optimization problem (5.10) or
(5.11).

Lemma 5.3.2. The mapping q — u(q) is Lipschitz continuous from A to H**(Qr), i.e.,
forany q,q + Aq € A and the corresponding u(q),u(q + Aq) € H*Y(Qr), there holds

|u(q + Aq) — u(q)|| 21 @r) < cllAq|Lo (@) (5.12)

Proof. Denote Au = u(q + Aq) — u(q) which is the increment of the temperature u
subject to ¢, then Awu satisfies the problem

a(éu) =V (kV(Au)) — ¢Au — Aqu(q + Aq), (z,t) € Qr, 5.13)
Au(z,t) =0, (x,t) €Sy, Au(z,0)=0, z € Q. .
Using the estimate (5.9) in Theorem 5.2.1 to the problem (5.13), we obtain

|Aul| 2107y < cllAqullLy@r) < cllAGl L@l Lo @)
Since ||u|| 1, (@) is bounded by (5.9), this concludes the proof of the lemma. O

Lemma 5.3.3. The mapping q — u(q) from A to H*'(Qr) is Fréchet differentiable in
the sense that for any Aq € Lo, (Q)) such that ¢ + Aq € A there exists a bounded linear
operator U : Lo, (Q) — H>Y(Qr) such that

|u(q + Aq) — ulq) — UAG| 5210y _

0. (5.14)
1Al o (2)—0 HAQHLOO(Q)
Proof. Consider the problem
ow
_— = v . k’v - - A bl 7t e Y
o (kFVw) — quw — Aqu(q) (z,1) € Qr 5.15)

w(z,t) =0, (x,t)€ Sy, w(x,0)=0, xcqQ,

where Aq € L () such that ¢ + Ag € A. Theorem 5.2.1 shows that there exists a
unique solution w(z,t) € H*'(Qr) of (5.15), and the map Ag — w from L, () to
H?'(Qr) defines a bounded linear operator U by the estimate (5.9).

Denote v = u(q + Aq) — u(q) — UAq = Au — w, where Au satisfies the problem
(5.13), thus the function v satisfies the problem

% =V - (kVv) — qu — AgAu, (x,t) € Qr, (5.16)
v(z,t) =0, (x,t)€ Sy, v(x,0)=0, x€Q. ‘

Utilizing the estimate (5.9), we obtain

[l 21 Qr) < cllAqAU||Ly@r) < cllAll Lo AU o) (5.17)

and (5.12) implies that [[v]| z21(q,) < ¢[|Aq]|7_ ) The lemma is proved. O
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Theorem 5.3.4. The functional J,(q) in (5.10) is Fréchet differentiable and its gradient
is
T
Ji(q) = —/ u(z, t) A\ (z, t)dt, (5.18)
0

where \i(x,t) satisfies the following adjoint problem:

% ==V - (kVA) + g\ — 2(u(z,T;q) — e(x)o(t = T), (z,t) € Qr, (5.19)
A(z,t) =0, (z,t) €Sy, M(z,T) =0, zeQ, '
and 0 is the Dirac delta function.

Proof. Taking any Aq € L (€2) suchthat g+Aq € A, and AJy(q) = J1(¢+Aq)—J1(q),
we have

AJi1(q) :% /Q(u(x,T; q+ Aq) — €(x))*dr — %/ﬂ(u(m,T; q) — €(x))*dx

:/QAu(x,T)(u(x,T;q) — € (v))dx + %IIAu(-,T)IIiQ<Q>

Now we introduce a function \;(z,t), being the solution to the final-boundary value
problem (5.19). Using the problem (5.13) and integration by parts, we have

/ Aule, T)(ule, T;q) — & (2))de
w(z, T;q) — ef(z))o(t — T)dxdt

o\

-,
/ (__ =V (kVA) + qA1> drdt
- fo (5

— V- (kV(Au)) + un) dxdt — / Au |t dx
0

Au A
/ k (/\18( ) Au ﬁ) dsdt = — | Aqu(q + Ag)Aidxdt.
St aV aV Qr
Hence
1
AJi(q) =— | Aqu(q+ Ag)\dxdt + §HAU('7 D)||7,
Qr
1
= —/ Aun)\ldxdt—/ AquAidxdt + §HAU('7T>H%2(Q)'
T T

Since Aw is the solution of the parabolic problem (5.13), in virtue of Lemma 5.3.2, we
have ||AU('»T)||%2(Q) < C||AQ||200(Q)’ and

‘ g Aun)\ldxdt‘ <A L@ 1 Al o) M | 2200y < Al @)1 M L2,
T

thus AJy(q) = — fQ Aquidzdt + o(||Aql| L. (o)), Which means the functional J;(q) is
Fréchet dlfferentlable and its gradient is given by (5.18). The theorem is proved. ]
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Similarly, we can obtain the following result by applying the approach in the proof of
Theorem 5.3.4 for the objective functional J5(g) in (5.11):

Theorem 5.3.5. The functional J5(q) in (5.11) is Fréchet differentiable and its gradient

is
T
J5(q) = —/ u(x, t) Ao (z, t)dt, (5.20)
0

where \y(x,t) satisfies the following adjoint problem:

22 = —V - (kVA2) + qAs
—w(t) ( T w(ryu(z, 7 q)dr — eg(a:)) . (,1) € Qr, (5.21)
Ao(x,t) =0, (2,t) €Sp, Ao(z,T)=0, z€Q.

5.4 Conjugate gradient method

The following iterative process based on the CGM is used for the numerical estimation of
the reaction coefficient ¢(x) in (5.1) by minimizing the objective functional .J(q), where
J stands for J; or Js:

anrl(x) = qn(l,) +6ndn7 n:()7172>"' (522)

with the search direction given by

_J/O
d" = ’ (5.23)
_J/n_{_,yndnfl’ n = 1727“' )

where the subscripts n denotes the number of iteration, J™ = J'(¢"), ¢°(x) is the initial
guess for ¢(x), 5™ is search step size in passing from iteration n to iteration n + 1. The
conjugate gradient parameter 7" is given by the Fletcher-Reeves formula, Fletcher &
Reeves (1964),

Jln 2

1" )

For the problem IP1, the search step size 8" is found by minimizing

(") = %/Q(u(x, T:q" + 8"d") — ¢ (z))*dx. (5.25)

Setting A¢™ = d", the estimated temperature u(x, T; ¢" 4+ $"d") is linearized by a Taylor
series expression in the form

u(z,T;q")

0
w(z, T;q" + pd") = u(z, T;q") + p"d" o ~u(x,T;q") + 8" Au(z, T; q")
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and Au(z, T} q") is the solution of the sensitivity problem (5.13) when ¢t = T Then, we

have 1
J (g™ = = /(u(w,T; q") + B Au(z, T; q") — €5 (x))*du.
Q

2
The partial derivative of the objective functional .J; (¢" 1) with respect to 3" is give by
O Jl ( qn+1)
opr

dJi(g"t!)
EER

- / Aule, T: ¢")ule, T ¢") + B Au(w, T3 ") — ¢ (a))de.

Setting = 0, the search step size 5" is given by

Jolu(z, T;q") — €5 (x))Au(z, T; ¢")dx
[Au(, T;")[|7, 0

We also can obtain 8" for the inverse problem IP2 via a similar method. We have

g =

(5.26)

Jo(q"™ ) :% /Q [/OTw(t)u(x, tiq" + prd")dt — 65(56)] 2 dx

1 2

:5/9 [/jw(z&)u(m,t;q”)dt—i—@”/OTw(t)Audt—eg(x)} dz.

Then the derivative of Jo(¢g" ™) with respect to 3" is

g_;i :/Q U()Tw(t)udtwn /OTwa)Audt—eg] (/OTw(t)Audt) da.

0J2

ope = 0, and obtain

_fQ <f0Tw(t)udt — eg) <fOTw(t)Audt) dx

lwAullZ, o,

Again we set

g =

(5.27)

According to the discussion in Section 2.5, the CGM regularized by the discrepancy
principle, for the numerical reconstruction of the reaction coefficient ¢(z) for the inverse
problem IP1 or IP2, may become well-posed. Hence, the iterative procedure is stopped

when the following criterion is satisfied:
J(q") <€ (5.28)

where € is a small positive value, e.g., € = 1075, for exact measured data, or

_ 1 112

€= 5”6 — 7.0 (5.29)
when the temperature measurement contains noisy data, e denote the final temperature
measurement e; for the inverse problem IP1, or the time-average temperature measure-
ment e, for the inverse problem IP2.

The steps of the CGM algorithm for the estimation of the reaction coefficient ¢(z) for

the inverse problem IP1 (and similarly for the inverse problem IP2) are shown as follows:
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S1. Setn = 0 and choose an initial guess ¢° for the unknown reaction coefficient ().

S2. Solve the direct problem (5.1) numerically by applying the FDM scheme to com-
pute the temperature u(z, t; ¢"), and the objective functional .J; (¢") (5.10).

S3. If the stopping criterion (5.28) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (5.19) to compute the adjoint function A;(x,¢;¢"), and
the gradient .J;(¢") from (5.18). Compute the conjugate coefficient v (5.24), and
the search direction d™ in (5.23).

S5. Solve the sensitivity problem (5.13) to compute Au(z, t; ") by taking Ag" = d",
and compute the search step size 5" (5.26).

S6. Update ¢"** by (5.22). In case ¢""!(x) takes negative values replace it utilizing
max{0, ¢""!(z)} in order to enforce the physical constraint that the reaction coef-

ficient cannot be negative. Set n = n + 1 and return to S2.

S7. End.

5.5 Numerical results and discussions

In this section, the space-dependent reaction coefficient ¢(x) is numerically reconstructed
by the CGM proposed in Section 5.4. We use the FDM, based on the C-N method to one
dimension d = 1, or the ADI method to two dimension d = 2, to solve the direct,
sensitivity and adjoint problems. We define the accuracy error at the iteration number n

for the reaction coefficient ¢(x) as
E(q") = lla" = qllzo()- (5.30)

The final temperature e for the inverse problem IP1 containing random errors are sim-
ulated by adding to the exact data an error term generated from a normal distribution by
MATLAB in the form:

e] = e1 + 01 x random(1), (5.31)

where 01 = X max,.q |e1(x)| is the standard deviation and p% represents the per-

P
100
centage of noise. Similarly, the time-average temperature measurements e for the inverse
problem IP2 containing random errors are simulated as

e5 = eg + 09 X random(1), (5.32)

where 0y = 55 X max, g |e2(7)].

92



5.5 Numerical results and discussions

5.5.1 Example 1
In this example, we take Q@ = (0,1), 7 = 1, w(t) = 1 and

k=1, f=0, p0,t)=pl,t)=20e" o) =(x—2)*+20, (533)
er(r) = e ((z — 2*)* +20), forIP1, (5.34)
ex(r) = (1 —e N ((z — 2%)* +20), for IP2, (5.35)

we obtain the analytical solution, Trucu ef al. (2010b),

4 3 2
e 92 _xt =227 + 1327 — 122 + 22

u(z,t) =e “((r —2°)°+20), qz)= &= 25 20 : (5.36)

We take the initial guess as ¢°(x) = 1.1 such that on the boundary 9 = {0, 1}, the

initial guess is equal to the exact solution for the reaction coefficient ¢(x) in (5.36), with

the mesh size Az = At = 0.01 applied in the FDM for solving the direct, sensitivity and
adjoint problems involved.

Figures 5.1 and 5.3 show the monotonic decreasing convergence of the objective func-
tional J;(¢") given by (5.10) and J>(¢") given by (5.11) that are minimized for the inverse
problems IP1 and IP2, respectively, as functions of the number of iterations n, for various
amounts of noise p € {0, 1,2}. For noisy data p € {1,2}, the stopping iteration num-
bers {1, 1} are generated according to the discrepancy principle (5.28). It is clear that the
stopping iteration numbers are quite close to the optimal ones in Figures 5.2(a) and 5.4(a)

which present the error curve (5.30).

<s/ p:2, n=1

T

108! p=1,n=1

0 5 10 15 20
Number of iterations

Figure 5.1: The objective functional .J;(¢") (5.10) with p € {0, 1, 2} noise, for the IP1 of
Example 1.
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(a) (b)
10° 1.15
—o— p:O
7l 114
101 —p=2
105/ 1
=
&

0.95¢

0.9

01 5 10 15 20
Number of iterations X

Figure 5.2: (a) The error £(q") (5.30) and (b) the exact and numerical coefficient ¢(x)
with p € {0, 1,2} noise, for the IP1 of Example 1.

0 ‘
10 ve— D=2,n=1
10-5 L
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~
10—10 L
10—15 ‘ ‘
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Number of iterations

Figure 5.3: The objective functional .J5(¢") (5.11) with p € {0, 1, 2} noise, for the IP2 of
Example 1.

The numerical solutions for IP1 and IP2 are presented in Figures 5.2(b) and 5.4(b),
respectively. In the case of no noise, the results are plotted after 24 iterations, whilst for
noisy data the results are plotted after 1 iterations. First, it can be seen that in the case of
no noise, the retrieved solutions for both IP1 and IP2 are in very good agreement with the
exact solution (5.36). Second, in the case of noisy data, the retrieved solutions are stable

and they become more accurate as the amount of noise p decreases. The errors for IP1
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and IP2 for various amounts of noise p € {0, 1,2} are shown in Table 5.1, and it can be
seen that the numerical results for IP2 are more accurate than the numerical results for
IP1.

(a) (b)
105 : : 11
—— p=0
_ — Exact
— p=1 e o0
1.05} P
—a p_l
— p:2
= 1
S
0.95¢
10° - : : 0.9 :
01 10 20 30 0 0.5 1
Number of iterations X

Figure 5.4: (a) The error £(q") (5.30) and (b) the exact and numerical coefficient ¢(x)
with p € {0, 1, 2} noise, for the IP2 of Example 1.

12 ———

~ p=1, CGM (¢°=1, n=1)
~ p=1, CGM (¢°=1.1, n=2)
—— p=1, Tikhonov Regularization

1.15¢

11

=105l
=1.05

0.95¢

0.9

Figure 5.5: The exact solution (5.36), the numerical results of Trucu ez al. (2010b) (with
regularization parameter 0.8 and initial guess ¢° = 1), and of the CGM with initial
guesses ¢° = 1 and ¢° = 1.1 for p% = 1% noise, for the IP2 of Example 1.

Comparison with other method. For Example 1, a comparison for the IP2 can be
made with the previous numerical results of Trucu ez al. (2010b) obtained by minimizing
the first-order Tikhonov regularization functional using the NAG routine EO4FCF. In or-

der to keep the numerical simulations as similar as possible the time-average temperature
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Inverse problem IP1 P2

p I M € N E € N E

0 101 101 1.0E-12 20 1.0E-04 | 1.0E-12 23 5.9E-05
1 101 101 | 3.8E-03 1 1.5E-02|1.1E-02 1 9.9E-03
2 101 101 1.5E-02 1 29E-02 |45E-02 1 24E-02

Table 5.1: The stopping iteration numbers N and the errors £ with p € {0, 1,2} noise,
for IP1 and IP2 of Example 1.

measurement (5.35) is perturbed by the multiplicative noise
¢ = e (1 + L« 77) (5.37)
100 ’

where 7 are random variables generated from a uniform distribution in [—1, 1], as in
Trucu et al. (2010b), rather than the additive noise (5.32). In Trucu ef al. (2010b), the
initial guess ¢°(x) = 1, but in our CGM, because of (5.18) and (5.19), as the value of
q"(z) remains to ¢°(z) on x € 012, throughout iteration, we take the initial guess as
(x) =1.1.

For p% = 1% noise in (5.37), Figure 5.5 illustrates the comparison between the
analytical solution (5.36), the Tikhonov’s regularization numerical results of Trucu ez al.
(2010b) and those obtained by our CGM with the initial guesses ¢°(x) = 1 (and stopped
after n = 1 iteration according to (5.28)) and qo(x) = 1.1 (and stopped after n = 2
iteration according to (5.28)). From this figure it can be seen that for p% = 1% noise in
the data (5.37), both the Tikhonov’s regularization of Trucu et al. (2010b) and our CGM
under-perform in achieving good agreement with the exact solution (5.36) when the initial
guess is ¢ = 1. The CGM over-regularizes the numerical solution when stopped only
after n = 1 iteration, according to the discrepancy principle (5.28), whilst the Tikhonov’s
method of Trucu ef al. (2010b), with the regularization parameter 0.8, under-regularizes
the numerical solution, which manifests some unstable oscillations. However, when the
initial guess is ¢° = 1.1, which ensures that ¢°(z) = ¢(z) for x € Q our CGM is very
accurate in comparison with the exact solution (5.36). Unfortunately, we do not have
available the numerical results of Trucu et al. (2010b) for the initial guess ¢ = 1.1 to
compare with. Finally, on comparing Figures 5.4 and 5.5 for p% = 1% noise and initial
guess ¢° = 1.1, it can be remarked that the CGM inversion of the data (5.35) perturbed
by the multiplicative noise (5.37) is more accurate than when the data is perturbed by the
additive noise (5.32).
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5.5.2 Example 2

In this example, we take Q@ = (0,1), 7 = 1, w(t) = 1,

k=1, ¢=0, u=0, (5.38)
te(l —x)(2 — x), x €[0,0.3],
fle,t) =2t +2(1 —2)+ ¢ tz(l—2)(1 —x+42?), z€(0.3,0.7), (5.39)
3tx(l — x), z € [0.7,1],
ei(x) =x(1—=x), xe€(0,1), forlPl, (5.40)
1
es(z) = Ex(l —z), x€(0,1), forlIP2. (5.41)
10 ‘ ‘
p=2,n=4
10° p=1,n=4

p=0, n=35

-10 - -
10 0 10 20 30 40

Number of iterations

Figure 5.6: The objective functional J;(¢") (5.10) with p € {0, 1, 2} noise, for the IP1 of
Example 2.

One can observe that the conditions of Theorem 5.2.2 are satisfied and hence the
solutions of the IP1 and IP2 are unique. In fact it can be verified by direct substitution

that the analytical solution is given by

2 g, z € [0,0.3],
qglx) =< 1—x+42* z€(03,0.7), ulxt)=tx(l—x). (5.42)
3, x € [0.7,1],

The initial guess is chosen as ¢°(z) = 2+ which is a linear function passing through
the end points ¢(0) = 2 and ¢(1) = 3. Figures 5.6 and 5.8 show the monotonic decreasing
convergence of the objective functional J;(¢") given by (5.10) and J>(¢™) given by (5.11)
that are minimized for IP1 and IP2, respectively. For exact data, i.e., p = 0 numerical
results are plotted after 35 and 38 iterations for IP1 and IP2, while for noisy data p €
{1, 2}, the stopping iteration numbers generated by the discrepancy principle (5.28) are
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{4,4} and {4,5} for IP1 and IP2, respectively. The error curves (5.30) are shown in
Figures 5.7(a) and 5.9(a), and the numerical solutions are presented in Figures 5.7(b) and
5.9(b). It is obvious that the numerical results deviate from the exact solution (5.42) near
the discontinuity points z = 0.3 and x = 0.7. The errors for IP1 and IP2 are shown in
Table 5.2 with p € {0, 1,2} noise and it can be seen that the errors are quite close to each

other for both IP1 and IP2.

(a) (b)
0.8 35

0.6

5\
=04/
83

0.2}

0

0 4 10 20 30 40
Number of iterations X

Figure 5.7: (a) The error E(¢") (5.30) and (b) the exact and numerical coefficient ¢(x)
with p € {0, 1, 2} noise, for the IP1 of Example 2.

10

10—6

J,(q")

10—8 !

-10
10 0 10 20 30 40

Number of iterations

Figure 5.8: The objective functional J5(¢") (5.11) with p € {0, 1, 2} noise, for the IP2 of
Example 2.
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5.5 Numerical results and discussions

Inverse problem IP1 1P2

p I M € N E € N E

0 101 101 1.0E-10 35 0.0972 | 1.0E-10 38 0.1184
1 101 101 | 44E-06 4 0.2233 | 1.1E-06 5 0.2188
2 101 101 1.8E-05 4 0.2558 | 44E-06 4 0.2504

Table 5.2: The stopping iteration numbers N and the errors £ with p € {0, 1,2} noise,
for IP1 and IP2 of Example 2.

(a) (b)
0.7 ‘ ‘ ‘ 35
—— p=0 ——
0.6 ~p=1 - act
—— p:2
05
S04
=
03

0.2

0.1

0 10 20 30 40
Number of iterations X

Figure 5.9: (a) The error £(¢") (5.30) and (b) the exact and numerical coefficient ¢(x)
with p € {0, 1,2} noise, for the IP2 of Example 2.

5.5.3 Example 3

We consider now a two-dimensional (d = 2) example in the domain 2 = (0, 1) x (0, 1),
T =1, and
wt)=1, k=I, pu=0, ¢=0,
frr,ma,t) =(1+t(1+ 2 + 23))m122(1 — 21)(1 — 22)
+ t(I1<1 — ZL’1> + I‘Q(l — .’132)),
e1(x1, ) =x129(1 — 1) (1 — 23), for IP1, (5.43)
1
ea(1,x2) 25931;52(1 —x1)(1 — xq), for IP2. (5.44)
One can observe that the conditions of Theorem 5.2.2 are satisfied and hence the solutions

of the IP1 and IP2 are unique. In fact, it can be verified by direct substitution that the

analytical solution is given by

gz, ) =1+ 23 + 23, u(xy, T, t) = trro(1 — 1) (1 — 3). (5.45)
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(b)

n
J,(q

0 L L L
0 5 10 15 20 0 45 10 15 20
Number of iterations Number of iterations

Figure 5.10: (a) The objective functional J;(¢") (5.10) and (b) the error E(g") (5.30)
with p € {0, 1,2} noise, for the IP1 of Example 3.

(@) (b)

N
N

40x, )

[any
[E

RO
O

Q(xl’xz)

Figure 5.11: (a) The exact and numerical reaction coefficient ¢(z1, x5) for (b) p = 0, (c)
p = 1 and (d) p = 1 noise, for the IP1 of Example 3.
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(@) (b)

L 0 L L L
0 5 10 15 20 0 56 10 15 20
Number of iterations Number of iterations

Figure 5.12: (a) The objective functional J5(¢") (5.11) and (b) the error E(q") (5.30)
with p € {0, 1,2} noise, for the IP2 of Example 3.

(a) (b)
3 3
N2 2
< <
RH RH
=1 =1

RO
RO

4lxy )
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Figure 5.13: (a) The exact and numerical reaction coefficient ¢(z1, x5) for (b) p = 0, (c)
p = 1 and (d) p = 1 noise, for the IP2 of Example 3.
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We take I = J = M = 101 and the initial guess
" (r1,m2) = 1+ 27 + 23 + 10z129(1 — 21) (1 — 32)

which ensures that ¢° = ¢ on the boundary 9. Numerical results and errors presented in
Figures 5.10-5.13 and Table 5.3 reveal the same conclusions as those drawn for Examples
1 and 2.

Inverse problem IP1 P2
p I J M € N E € N E
0 101 101 101 | 1.0E-12 17 0.0273 | 1.0E-12 18 0.0355
1 101 101 101 || 1.9E-07 4 0.0741 | 4.8E-08 6 0.0608
2 101 101 101 || 7.7E-07 4 0.0824 | 1.9E-07 5 0.0706

Table 5.3: The stopping iteration numbers N and the errors £ with p € {0, 1,2} noise,
for IP1 and IP2 of Example 3.

5.6 Conclusions

The numerical CGM analysis developed and verified in this study overcomes the state
of the art limits in reconstructing accurately and stably the space-dependent reaction co-
efficient from noisy final temperature or time-average temperature measurements. The
Fréchet gradient together with the adjoint problems is obtained using the variational
method. Regularization has been achieved by stopping the iterations at the level at which
the least-squares objective functional, minimizing the gap between the computed and the
measured data, becomes just below the noise threshold with which the data is contam-
inated. We have tested three examples for both inverse problems, and found that the
numerical solutions are stable and become more accurate as the amount of noise de-
creases. From Example 2, we also understand that the error becomes larger when the
exact reaction coefficient is discontinuous but still stable and reasonable. The numerical
results show that the CGM is an efficient and stable iterative algorithm for reconstruct-
ing the reaction coefficient from minimal data which makes the solution of the inverse
problems unique. We have also found out that the numerical solution for the IP2 based
on the time-average temperature data (5.5), which is also more practically realistic, is
slightly more accurate than the numerical solution for the IP1 based on the final instant
temperature measurement (5.4).

In the next chapter, we extend the inverse analysis to the case when the initial tem-

perature ¢(z) is also unknown in addition to the reaction/perfusion coefficient ¢(x).
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Chapter 6

Simultaneous reconstruction of the
space-dependent reaction coefficient
and initial temperature

6.1 Introduction

Managing and controlling the complex process of heat transfer involves solving a wide-
range of inverse problems concerned with the identification of physical properties and
heat transfer coefficients, internal sources, boundary and/or initial conditions, Kurpisz &
Nowak (1995). In particular, the efficient and safe performance of heat transfer apparatus
and equipment requires knowledge of the heat transfer coefficients (HTCs). Therefore,
an important but difficult problem of reconstructing the reaction coefficient, which are
assumed to be spacewise dependent, from temperature measurements at interior points
inside the heat conductor at prescribed times is proposed. Moreover, in certain applica-
tions, e.g., steel melting, data assimilation or deblurring, the initial status of the diffusion
process cannot be prescribed directly, but instead the temperature at a later time is avail-
able. This BHCP is also well-known to be severely ill-posed, Miranker (1961).

When the initial temperature is known, the identification of the space-dependent reac-
tion coefficient from final temperature measurements has been investigated theoretically
and numerically, see Chapter 5. On the other hand, when the initial temperature is un-
known, this BHCP is well-known to be severely ill-posed, but conditions under which it
can become stable are well-known, Cannon & Douglas (1967); Miranker (1961). More-
over, there were many numerical techniques to reconstruct the unknown initial tempera-
ture, including the iterative CGM algorithm, Alifanov (1994); Ozisik & Orlande (2000),
the BEM, Han er al. (1995), the elliptic approximation together with the BEM, Lesnic
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t
u(@,T) = ¢a(x)

o[

uy =V - (k(x)Vu)
—q(z)u+ f(z,t) ——— |
_ 7T BN u(x,t1) = ¢o1(x
where ¢(7)|zeq =7 &y (z,t1) = ¢1(z)
S k()% + az)u = p(z, t)

u(w,0)]see = B(x) =7

Figure 6.1: Schematic of the inverse problem under investigation.

et al. (1998), the Tikhonov regularization approach, Muniz et al. (1999), the Fourier reg-
ularization method, Fu ef al. (2007), and the non-local boundary value problem method,
Hao et al. (2009). It is also worth noting, Colton (1979), for the solution of the BHCP
for the heat equation with heterogeneous thermal conductivity and the more recent inves-
tigation, Tuan et al. (2017), of the BHCP for the nonlinear heat equation.

Prior to this study, the space-dependent reaction coefficient and the initial tempera-
ture were simultaneously reconstructed in Yamamoto & Zou (2001) from temperature
measurements at a fixed time and in a subregion of the space-time domain. The stability
of the inverse problem and the existence of a minimizer to the Tikhonov’s first-order reg-
ularization functional were proved. The multi-grid gradient method was used to obtain
the numerical solution of the nonlinear finite element minimization problem. In a subse-
quent paper, Choulli & Yamamoto (2008), the previous reaction coefficient and the initial
temperature were determined simultaneously with the Robin coefficient, which appears
in a convection Robin boundary condition, from final time measurements only, provided
that the reaction coefficient is a-priori known on a sub-domain of the heat conductor. The
uniqueness and stability for this inverse problem were obtained.

In this chapter, the space-dependent reaction coefficient and initial temperature are
determined from temperature observations at the final time 7" and at a instant of time
t1, where t; € (0,7). This is a completely new inverse problem, sketched in Figure
6.1, which has never been investigated before. The reaction coefficient is proved to be

unique from the contraction mapping principle for the problem during the time-layer
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[t1, T], and finally the initial temperature is obtained uniquely from the energy estimate
for the BHCP during the time-layer [0, ¢;], Cao er al. (2018). Next, the simultaneous and
numerical reconstruction of the reaction coefficient and initial temperature is carried out
by minimizing the least-squares objective functional. The Fréchet gradient components
with respect to the two unknowns are obtained together with the adjoint problem. Since
the inverse problem is nonlinear and unstable, the CGM is regularized by the discrepancy
principle, Alifanov (1994); Ozi§ik & Orlande (2000), to obtain a stable and accurate
numerical solution.

The mathematical formulation of the multi-component inverse problem under inves-
tigation is presented in section 6.2 together with the uniqueness result for the inverse
problem. The variational formulation and the iterative CGM are presented in Sections
6.3 and 6.4. Numerical results are presented and discussed in Section 6.5 and finally,

Section 6.6 highlights the conclusions.

6.2 Mathematical formulation

In the bounded domain 2 C RY with boundary 9 € C?*!!, consider the transient heat

transfer process given by the following mathematical model:

- (6.1)

{%(m) = V- (k() Vu(a, 1) — g@)u(z,t) + f(.1), (,1) € Qr.
k(z)% + a(z)u(z, t) = p(z,t), (z,t) € Sp, u(z,0) = ¢(z), z€Q,

where k(z) = (kij()); j—74 is the thermal conductivity, g(z) is the reaction coefficient,
a(x) represents the Robin coefficient, and f(z,t), u(z,t) and ¢(z) represent an internal
source, heat flux and initial temperature, respectively. The convective boundary condition
in (6.1) involving the Robin coefficient, a(x) on z € 02, is the most important boundary
condition for quenching process simulation, Trombe ef al. (2003).

For known system functions (k(x),q(x), a(z)), if we consider (f, i, ¢) as the in-
puts for the heat conduction process, then (6.1) defines a well-posed process, namely,
the temperature solution u(x,t) to (6.1) is well-defined. However, in some engineer-
ing situations, the system parameters as well as some inputs may be unknown. To be
precise, we assume that the thermal conductivity k(z) and the Robin coefficient o(x)

are known, but ¢(x) and ¢(x) are unknown. We are interested in the determination of

I'That is, each point of 9§ has a neighbourhood in which 952 is the graph of a function x4 =
f(x1,...,x4-1) of class ota consisting of functions which themselves and all derivatives up to the
second-order are Holder continuous with exponent [ € (0, 1).
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(q(x), ¢(x),u(x,t)) satisfying (6.1) and the extra temperature measurements at some in-

ternal time ¢; € (0,7") and the final time ¢t = T, i.e., we are given
u(z,ty) = ¢1(x), u(x,T)=¢o(x), z€Q. (6.2)
A sketch of the inverse problem under investigation is presented in Figure 6.1.

Remark 6.2.1. A weighted time-average temperature observation

¢2(x):/ w(t)u(x,t)dt

t1
for x € Q, with w > 0 a given weight function, may be specified in place of the second
condition u(z,T) = ¢o(x) for v € €, in (6.2), see Prilepko & Kostin (1993) and Chapter
5. Note that the input data (6.2) and the output components q(x) and ¢(x) of the inverse
problem are both spatially distributed for x € ) and therefore, the rule of thumb of
trace functionals in prescribing the extra data with respect to the unknowns is followed,
Cannon et al. (1990). In case the destructive temperature measurements (6.2) are not per-
mitted or available, non-destructive boundary temperature (or heat flux) measurements
can be used instead, but this resulting non-characteristic, nonlinear and ill-posed inverse

problem is deferred to a future work .

In practical cases, measurements unavoidably contain some noise. Therefore, from
the numerical implementations point of view, we are in fact seeking the solution only

approximately from the noisy data (¢, ¢5) of (¢1, ¢2) satisfying

H¢i - ¢1HL2(Q) <€ ”(bg - ¢2HL2(Q) < ¢ (6.3)

where € > 0 represents the noise level.

In summary, our inverse problem is to identify the reaction coefficient ¢(), the initial
status ¢(x), and the temperature u(x, t) throughout Qr, from (6.1), and (6.2) or the noisy
data (¢, ¢5) satisfying (6.3). To analyse the above inverse problem, we need the follow-
ing well-posedness result for the direct problem (6.1) (see Ladyzhenskaia er al. (1968),
p.320).

Lemma 6.2.2. Suppose k;; = k;; € C*TY(Q), 4,7 = 1,d, satisfying (5.3), ¢ € CY(Q)
and o € CYYON). Then, for given f € CY/%(Qr), ¢ € C*HQ), u € CHHLFD/2( 5
satisfying the compatibility condition

K@) 22(0) + ala)ola) = p(e,0), €90,

the direct problem (6.1) has a unique solution v € C**"14YV2(Qyr) satisfying the estimate

ull gestasivz gy < € (1 lerzpy + 10llcza) + lillcrtianresy) - (6.4)
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Notice, the inverse problem (6.1) and (6.2) is nonlinear for unknown pair (g, ¢). We
state below the uniqueness for this inverse problem. Define Q := {¢(z) : ¢ € C'(Q),0 <
¢ < q(x) < gt} @ :={d(x) : 0 < ¢y < ¢ € C?*T(Q)} where ¢* and ¢, are given
positive constants.

Theorem 6.2.3 (Cao et al. (2018)). For known 0 < ko < k € C1(Q), 0 < a €
CH(00), 0 < fo < f € CY2(Q) and 0 < p € CWHUHD/2(S) the solution to the
inverse problem (6.1) and (6.2) is unique in Q x P.

6.3 Analysis

The unique reconstruction of ¢(x) and ¢(x) for x € (2, together with the temperature
u(z,t) for (z,t) € Qr, from specified temperatures (6.2) at two instants ¢; and 7" is

implemented by the following two steps:

e S1: Recover the solution (g(x),u(z,t)) satisfying the inverse problem

i (@, t) = V- (k(2)Vu(z, 1)) — q(@)ule,t) + f(z,t), (2,t) € Qx (8, T),

ot
k()5 + Oz( Ju(x, t) = p(z,t), (, ) € 00 x [ty, T,
( ) (CL’), u(w,T) :ng(l'), YIS
e S2: With ¢(x) in 2 already determined in S1, recover the solution (¢(z), T'(x,t))
of the BHCP given by

{dt (2,0) = V- (k(2)Vu(z, 1)) = g(x)ule,t) + f(z.1),  (2,6) € Qx (0,1),
k( )% + Oé(x)u(xat> = M($7t>7 <x7t) € 01 x [Outl]a u(xvtl) - ¢1(JJ), v €42,

Although the above reconstruction process, which recovers three unknowns step by
step, is clear for the formal uniqueness, the numerical implementation is not so easy, since
the reconstruction error in one step will contaminate the recovery in the next step. Step
S1 is the challenging since the inverse problem is both nonlinear and ill-posed, whilst
Step S2 considers a linear BHCP which has been investigated in many studies but which
is still challenging due to its severe ill-posedness and heterogeneity of the material.

In the following, we reconstruct ¢(x) and ¢(x) simultaneously using the noisy data
(¢5(x), 95(x)). To deal with these noisy situations, we reformulate the inverse problem
as its optimization version. Let u(x,t; ¢, ¢) be the solution of the direct problem (6.1).

Introduce the admissible sets

A1 ={q€ Lo(Q):0<q <q(r) <q", ae.x € Q},
Ax={p € Ly() : 0 < ¢p(x) < Fo, ae. x € Q}.
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The quasi-solution of the inverse problem is obtained by minimizing the least-squares
objective functional J(q, ¢) : A; x Ay — R, defined by

1
J(q,0) = 3 (- t59,0) = ST + 1ul, T3¢, ) — 65| 700) » (6.5)
where u(x,t;q,¢) € HYO(Qr) is the weak solution to (6.1) satisfying the variational
form

/ (—u% + (kVu) - Vn+ qun) dxdt —I—/ aundsdt
T S

T

= fndxdt + /

Qr St
The existence and uniqueness of u(q, ¢) € H'O(Qr) satisfying (6.6) for the direct
problem (6.1) can be found in Troltzsch (2010). Moreover,

undsdt+/¢n(fv,0)daf, vn e H"'(Qr), n(-,T) = 0. (6.6)
Q

lullzr o) + max flul #)llzae) < ¢ (Iflzatn) + Il rase) + 0llrae) — (6.7)

for some constant ¢ > 0 independent of f, p and ¢.
Inspired by the approaches in Hao er al. (2013); Keung & Zou (1998); Yamamoto
& Zou (2001), the existence of a minimizer for the objective functional (6.5) over the

admissible set A; x A, is established as follows.

Theorem 6.3.1. There exists at least one minimizer to the optimization problem (6.5) and
(6.6).

Proof. Since inf 4, x4, J(q,¢) =: Jo > 0, there exists a minimizing sequence
{(¢",¢") :n e N} C Ay X Ay

such that
Tim J(q".¢") =

Since {(¢", ¢") : n € N} is uniformly bounded in L., (€2) X L2(£2) and thus there exists a
subsequence, still denoted by {¢", ¢"}, such that (¢", ") — (¢*, ¢*) in Lo (2) X Lo(2)
with (¢*, ¢*) € Ay X Ay. The a-priori estimate (6.7) implies that the sequence {u" :=
u(q™,¢") : n € N} is uniformly bounded in H"°(Qr), noticing that the constant ¢
depends only on ¢. Thus we may extract a subsequence, still denoted by {u" : n € N}
such that u™ — u* € H"°(Q7) in H°(Q7).

From the definition (6.6) of the weak solution, for any n € H"'(Q7), n(-,T) = 0,
we have

/ (—u”@ + (kVu") - Vn + q”u”n) dxdt + / au"ndsdt
Qr ot St

= fndzxdt + /

MndsdtnL/gb"n(:E,O)dx. (6.8)
Qr St Q
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The third term in the left-hand side of (6.8) can be rewritten as
/ g u"ndxdt = / q u"ndxdt + / (¢" — ¢")u"ndzdt.
T T T

Since ¢" — ¢* in L, (f2), using the estimate (6.6) for v" and the Lebesgue dominant
convergence theorem giving | Or (¢" — q)u"ndzdt — 0, finally (6.8) leads to

/ —u*@ + (kVu®) - Vi + ¢*un | dadt +/ au*ndsdt
- ot St

= fndxdt + /

undsdt%—/gb*n(w,())dx,
Qr St Q

by v — u* in HY(Qr), H'(Qr) — Lo(Q7) compactly and u"|s, — u*|g, in
Ly(S7).

Thus we have u* = u(q*, $*) due to the uniqueness of weak solution to direct problem

(6.1). Now the lower semi-continuity of norms implies

1
Ja' o) = 5 (1) = 65O + (. T) = 650) )
1
< 5 T (1) = 650y + 0 T) = 650) B e)

< liminf, e J(¢", ¢") = Aigf4 2 J(q, ),

i.e., {¢*,¢*} is a minimizer of the optimization problem over A; x Ay. The proof is

complete. [

To find the minimizer, we will apply CGM where the gradient of J(q, ¢) is required,

which is ensured by the following lemma.

Lemma 6.3.2. The mapping (q, ¢) — u(q, ¢) is Lipschitz continuous from A, to H*°(Q7)
with respect to q, and from Ay to HYO(Qr) with respect to ¢, i.e.,

HU(q + Aqa ¢) - U(q, ¢)HH1’O(QT) < CHAQHLOO(Q), (69)
lulg, ¢ + A¢) —ulq, @) mo@r) < cllAd] L) (6.10)

forany q, q¢+Aq € Ay, ¢, 0+A¢ € Ay and the corresponding u(q, ¢), u(q+Aq, ¢),u(q, o+
Ap) € HO(Qr).

Proof. The proof is just a straightforward application of (6.7) to the initial-boundary
value problems for Au, := u(q + Aq, ¢) — u(q, ¢) and Auy := u(q, ¢ + Ad) — u(q, ¢).
We omit the details. [

Based on the above lemma, now we can prove the differentiability of u(q, ¢).
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Lemma 6.3.3. The mapping (q,¢) — u(q, @) is Fréchet differentiable with respect to
q and @, i.e., there exist two bounded linear operators U, : Ay — H 1’0(QT) and Uy :
Aq — HY(Qr) such that

|u(q + Aq, ¢) — u(q, ¢) — UgAq|| g0,

=0, 6.11
A4 oo ()0 1Aq] Lo @y
Ao — — Uy A 1,
lu(q, @ + Ap) — u(q, @) 6 A9 10y —0 6.12)
1861y ()0 [PANFE)
Proof. For given q € A, consider the problem
ow
S =V- I{ZV - - A ) ) ’t € )
o (FVw) = qu = Aqu(g, ¢) (B €@ 613

k(:c)g—f +a(x)w=0, (z,t)€Sr, w(x0)=0, z€qQ,

for Aq € Lo () such that ¢ + Aq € A4, where u(q, ¢) is the solution to direct problem
(6.1). Then there exists a unique solution w(x,t) € H"(Qr) for (6.13) depending on
Aq linearly, and by (6.7), the mapping Aq — w is from L, (92) to H°(Qr), which is
defined as U,,.

Define v := u(q + Ag, ¢) — u(q, ) — U,Aq = Au, — w. Then, it is easy to verify
that Au, satisfies the parabolic problem

G =V (R(Bu) — gBuy = Aqdug +ulg ), (w0 EQr
k(x)% +a(z)Au, =0, (z,t) € Sy, Auy(z,0)=0, x€Q.
Using (6.13), then v satisfies
% =V (k'V'U) —qu — Aunqa (.CE, t) € QT»
k(2)2 + a(z)v =0, (z,t)€Sr, v(z,0)=0, z€.
Applying (6.7) to this problem, we obtain
[oll 0@ < cllAqAug| Ly0r) < cll Al L@ | Atgll 10 r),
Using (6.9) in Lemma 6.3.2, the above estimate leads to
lu(g + Aq, ¢) — ulg, ¢) — UgAqllror) = vllaro@r) < cllAdl? -
So we have proven (6.11).
Similarly, the function Au, = u(q, ¢ + A¢p) — u(q, ¢) satisfies the problem
02U — - (kV(Aug)) — qAu ,t) €
It ( ( ¢)) q oy ( s ) QT(“GIS)

k() 225 4 o(2)Aug =0, (2,t) € S,  Aug(z,0) = Ap(z), €,

which defines a linear operator U, on A¢. Then, the relation (6.12) can be proven anal-
ogously. The proof is complete. ]
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Theorem 6.3.4. The objective functional J(q, ¢) is Fréchet differentiable and its Fréchet
derivatives J;(q, ) and J)(q, ¢) are given by

T

(g, ) = - / (@ DA, )dt,  z €, 6.16)
0

T4(q,0) = Mz,0), z€Q, (6.17)

where \ satisfies the following adjoint problem:

5 ==V (kVA) + X = (u(z,t150,0) — d5)d(t — t1)
—2(u(z, T;q,0) — 5)6(t = T), (z,t) € Qr, (6.18)
k()2 +a(@)A=0, (z,t)€Sr, Az,T)=0, z €,

where §(-) denotes the Dirac delta function.

Proof. Taking any Aq € L., () such that ¢ + Ag € Ay, we have

=S8t ey + [ gl ) e 150 6) — 6520} 6 — 1)

Qr

+ 18U D0 +2 [ Auy(o,0) i, T, ) = 65(2)] 8¢ — Tt

T

Let A be the weak solution of the problem (6.18). Integrating by parts in the above
identity, we have

O\

J(q+ Aq,9) — J(q, ) :/ Au, {_E -V (kEVA) + q)\} dxdt

1 1
1w 1) B @)+ 5180, T 0

and

/ Ay, {—% — V- (kVA) + q)\} dxdt

:/ A {a(gtuq) — V- (kV(Au,)) + unq} dxdt — / Aug\|g dx
T Q

+/ (k:a(AUQ)A — k?Auq> dsdt = —/ Aqu(q + Ag, ¢)Adxdt.
ST v T

ov

Using the decomposition on the first term of the right-hand side

—/ Aqu(q + Agq, ) Adxdt = —/ Aunq)\dxdt—/ Aqudzxdt

T T Qr
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and noticing Aw, the problem (6.14) with zero boundary and initial conditions and
by (6.7), we have max{||Auq(-, t)17, ) 18U (-, T)”%Q(Q)} < cllullf,opllAdlZ .. )

from Lemma 6.3.2 and
‘/ AqAUqul“dt‘ < Al Lo @) 1A% || L@ M Lat@r) < cllAgllT -
T

Thus, J(q¢ + Ag, ) — J(¢,¢) = — [, AquAdzdt + o([| Aq||r.. (), which means that
the Fréchet derivative J;(q, ¢) is given by (6.16). Using a similar approach, we obtain
J(q, 0+ A¢) — J(q,¢) = [, ApA(x,0)dx + o(||A¢]| 1)), thus the Fréchet derivative
J3,(q, ¢) is given by (6.17). The proof is complete. O

6.4 Conjugate gradient method

The following iterative process based on the CGM is now used for the estimation of ¢(x)

and ¢(z) by minimizing the objective functional J (g, ¢):

qn-l-l(x) = qn(m) + Bndn ¢n+1<x) = ¢n($) + Bgdna n = 07 17 2a Ty (619)

q-q’

where n denotes the number of iterations, ¢°(x) and ¢°(x) are the initial guesses for ¢(z)
and ¢(x), B; and (3} are the step search sizes for ¢(z) and ¢() in passing from iteration

n to iteration n + 1, and d; and d are the directions of descent given by

—_Jo _Jo
n __ q> n ,
dq - —Jm 4+ nn—1 d(j) - _gm ndn_l —19... (6.20)
q K q 7 ¢ +,7¢ ¢ n=1z

q

The Fletcher-Reeves type conjugate gradient coefficients ;' and ~; are given by

175170
||J<;>n_1||%2(9)

The search step sizes ;" and 3 are found by minimizing

= [EAg
R | P/ |

2
L2 ()

J(g, ¢ :% / [u(z, ty; q" + Brdy, ¢" + Bydy) — ¢ ()] d
Q

1
w3 e T + gy, o0+ 5y) - 65w
Q

Setting A¢" = P} and A¢" = P}, the temperature u(z, t1;¢" + Sy dy, ¢" + B3d}) and

u(z, T;q" + Bydy, o™ + ﬁgdg) are linearised by a Taylor series expansion in the form

w(z, t';q" + Bydy, " + Bydg)
%U(JZ, 2f/7 qn7 (bn) + B;LA’U/Q(JZ, 2f/7 qn7 (bn) + BZAU(JS(J:; tlv qn7 (bn)

112



6.4 Conjugate gradient method

where t’ represents ¢; and 7', respectively. Then, denoting
U? :u(x7t1;qn7¢n)v Ug :u(x7T7qn7¢n)7
AuZl = Auq(wa l1; qn’ ¢n)’ AUZ,Z = Auq<x7 Ta qn7 ¢n)’
AUZJ = AU¢>($, t1; qnu (bn)u A’U,Z’Z = Au¢<x7 T7 qn7 ¢n)7

we have

1
ﬂf“ﬁ“”:iémwﬂﬁm%+@ﬂ%J—ﬁ@W“

1
43 [+ By, + B30, - o5(0)de,
Q

We calculate the partial derivatives with respect to 57 and 37 to obtain

oJ " " oJ " "
o5 = C18; + Caf8; + Cs, a—ﬁg = Coffy + CufBy + Cs,

where

C :/ [(Augl)Q + (Aug‘g)z] de, Cy= / (Aug,lAug,l + Au’;’zAugz) dz,
Q (9]
Cy — / [ — 65) A, + (uf — 95)AuT,] de, Cy = / [(Au? )? + (Aun,)?] d,

Cs — / [ — $) AU, + (u — 5) A ] da

Next, we set a%]g = ;T‘]g = 0, and obtain the search step sizes 62} and ﬁg as follows:
CyC5 — C3Cy Cy,C5 — C1C%
n _ n _ e =0.1.---. 6.22
bh="@_cc %~ a@-ac "TOb (6.22)

The unregularized iterative procedure given by (6.19) does not provide the CGM with
the stabilization necessary for the minimization of the function (6.5) to be classified as
well-posed because of the errors inherent in the measurements (6.2). However, the CGM
algorithm may become well-posed if the discrepancy principle is used to stop the iterative

procedure when the following criterion is satisfied:
J(q", ") <€ (6.23)

where € is some small positive value, e.g., ¢ = 107>, for the exact temperature measure-

ments, and .
€=5 (lor = @117 + 02 — D517, -
when the measured temperatures contain noise.

To summarise, the steps of the CGM for reconstructing the unknown space-dependent

coefficients ¢(z) and ¢(x) numerically, are as follows:
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S1. Set n = 0 and choose initial guesses ¢°(z) and ¢°(x) for the unknown ¢(z) and

¢(x), respectively.

S2. Solve the direct problem (6.1) (using e.g., FDM) to compute u(z, t; ¢", ¢") and
J(q", ")

S3. If the stopping condition (6.23) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (6.18) to compute the function \(x,t;¢", ¢™), and the
gradients J;(q", ¢") in (6.16) and Ji(q", ¢") in (6.17). Compute the conjugate
coefficients Ve and Ve in (6.21), and the directions of descent dg and dg in (6.20).

S5. Solve the sensitivity problems (6.14) and (6.15) to compute Au,(z,t;¢", ¢") and
Aug(w,t;q", ¢") by taking Aq"(z) = dy(x) and A¢"(x) = di(z), and compute
the search step sizes ;" and 3} in (6.22).

S6. Compute ¢"*! and ¢" ™! by (6.19). In case ¢" ! takes negative values replace it by
max{0, ¢""'} in order to enforce the physical constraint that the coefficient ¢(x)

cannot be negative. Set n = n + 1 and return to S2.
S7. End.

Remark 6.4.1. At this stage it is worth mentioning that another possible approach, moti-
vated by Johansson & Lesnic (2008), was also developed based on decoupling the simul-
taneously identification into first obtaining the reaction coefficient q(x) using the CGM in
Chapter 5 by solving the inverse coefficient problem in the region Q) X (t1,T), after which
the initial temperature ¢(x) is obtained using an elliptic approximation method, Lesnic
et al. (1998), for solving the BHCP in the region 2 x (0,t;). However, due to the uncon-
trollable noise present or accumulated in q(x), ¢1(x) and Oyu(zx,ty), which are needed
as input in this latter method, the numerically obtained results were rather inconsistent

and therefore they are not presented.

6.5 Numerical results and discussions

In this section we show the numerical results for the initial temperature ¢(z) and the re-
action coefficient ¢(z) reconstructed simultaneously by the nonlinear CGM, as described
in Section 6.4. The FDM based on the C-N scheme in one dimension d = 1, or the ADI

scheme in two dimension d = 2, is employed to solve the direct, sensitivity and adjoint
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problems. Note that the source term in (6.18) contains the Dirac delta function which is

approximated by
1 o~ (t=D?/a?
a\/T ’

where ¢ denotes ¢; and T, and a is a small positive constant taken as a = 1073, The

da(t — 1) =

Simpson’s rule is used to approximate all the integrals involved. We define the errors at

the iteration number n for ¢(x) and ¢(z) as

B (q") = llg — ¢"[ Lo (6.24)
By (¢") = |l¢ — ¢" || Lo(n)- (6.25)

The temperature measurement ¢ at time ¢; and the final temperature measurement ¢
at 7" containing random noise are simulated by adding to the exact data ¢; and ¢ error

terms generated from a normal distribution in the following forms:
] = ¢1 + 0 x random(1), @5 = ¢y + o X random(1), (6.26)

where 0 = 55 x max,q{|¢1(z)], |¢2(x)|} is the standard deviation, p% represents the

percentage of noise, and the term random(1) generates random values from the normal

distribution with zero mean and standard deviation equal to unity using MATLAB.

6.5.1 Example 1

In the one-dimensional case we take 2 = (0, 1). We also take t; = 0.5, 7 = 1 and

k=1, f(z,t)=x(1+22+2%)e, afx)=1, up0,t)=c"
p(lit) =4de™, ¢u(x) =e (1 +2%), oa(x) =e (1 +27).

Then the analytical solution of the inverse problem is

qr)=3+z, o)=1+2* z€Q,
u(z,t) = e '(1+27), (2,t) € Qrp. (6.27)

For obtaining the components ¢(z), ¢(x) and u(z, t) of the solution we use the FDM
Crank-Nicolson scheme with I = 101 and M = 21 to solve the PDEs involved in the
CGM. In this example, the initial guesses ¢° and ¢° for ¢(x) and ¢(x) are chosen as
¢°(z) =2and ¢°(z) = x + 2.

In Figures 6.2, 6.3(a) and 6.3(b), the objective functional J(q", ¢") given by (6.5),
and the errors F(¢™) given by (6.24) and E5(¢™) given by (6.25) are illustrated for the
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simultaneous numerical reconstruction of the initial temperature ¢(x) and the reaction
coefficient ¢(x) using the CGM algorithm of Section 6.4. Figure 6.2 shows the monotonic
decreasing convergence of the objective functional (6.5), as a function of the number of
iterations n, for p € {0, 1} noise. The stopping number for the iterations is 9 for no noise
p = 0, and 2 iterations according to the discrepancy principle (6.23) for p = 1 noise.
These values are in good agreement with the optimal values of the iteration numbers,
which can be inferred from Figures 6.3(a) and 6.3(b) included herein only for illustrative

purposes.

0 5 10
Number of iterations

Figure 6.2: The objective functional J (g™, ¢™) (6.5) with p € {0, 1, 2} noise, for Example
1.

(a) (b)
15
— p:O
— p=1
1 L
L‘q\
05¢
0
0 2 5 10 0 2 5 10
Number of iterations Number of iterations

Figure 6.3: The errors (a) (6.24) and (b) (6.25) with p € {0, 1} noise, for Example 1.
The corresponding numerical solutions for ¢(x) and ¢(x) are shown in Figures 6.4(a)
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and 6.4(b), respectively. First, it can be seen that in the case of no noise, the retrieved
solutions for both reaction coefficient ¢(x) and initial temperature ¢(z) are in very good
agreement (see Table 6.1) with the exact solutions (6.27). Second, in the case of noisy
data p = 1, the retrieved solutions are stable and also in reasonable agreement (see Table
6.1) with the exact solutions (6.27) for both functions.

(a) (b)

38}

36

)
]

32}

2.8 ‘
0 0.5 1

X X

Figure 6.4: The exact and numerical results for (a) the reaction coefficient ¢(z) and (b)

the initial temperature ¢(x) with p € {0, 1} noise, for Example 1.

p I M & |N E E,
0 101 21 50E-07 | 9 19E-02 2.0E-02
1 101 21 3.0E-04 | 2 92E-02 6.7E-02

Table 6.1: The stopping iteration numbers N and the errors F; and E, for p € {0, 1}

noise, for Example 1.

6.5.2 Example 2

Previous example has been concerned with the recovery of smooth functions in (6.27).
In this example, we investigate a more severe situation in which the reaction coefficient
in (6.28) is a discontinuous function. We take 2 = (0,1),t; =05, T =1, k=1, a =1,
w(0,t) = u(1,t) = e, and

1 —ux, x € [0,0.3],
f(z,t) = *sin(rx)e™ + (1 + 7 +sin(rx))e ™" x { —x+422, z € (0.3,0.7),
2, z € [0.7,1],

$1(z) = e (1 + 7 +sin(nx)),  ¢o(x) = e (1 + 7 + sin(mx)).
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Then the analytical solution of the inverse problem is

u(z,t) = (1 + 7 +sin(mz))e™, é(x) =1+ 7 + sin(rz),

2 —x, z €1[0,0.3],
glz) = 1—z+42% 2z €(0.3,0.7), (6.28)
3, z €10.7,1].
(a) (b)

35

q(x)

Figure 6.5: The exact and numerical results for (a) the reaction coefficient ¢(z) and (b)
the initial temperature ¢(z) with p € {0, 1} noise, for Example 2.

p I M € N Ey E,
0 101 101 1.0E-07 || 43 0.1114 0.1260
1 101 101 1.2E-03 | 7 0.2372 0.1309

Table 6.2: The stopping iteration numbers N and the errors F; and E, for p € {0,1}
noise, for Example 2.

In order to obtain the components ¢(z), ¢(z) and u(x,t) of the solution, the initial
guesses are chosen as ¢°(z) = 1 and ¢°(z) = 2 for the two unknowns ¢(z) and ¢(z),
respectively. The Crank-Nicolson FDM scheme with I = M = 101 is utilized to solve
the PDEs involved in the CGM. The numerical results for ¢(z) and ¢(x) are illustrated in
Figures 6.5(a) and 6.5(b), respectively. We also quantify the errors (6.24) and (6.25), as
shown in Table 6.2. For these errors and Figure 6.5 it can be concluded that the numerical
solutions are stable and reasonably accurate bearing in mind the difficult discontinuous

reaction coefficient ¢(z) in (6.28) that had to be retrieved.

118



6.5 Numerical results and discussions

6.5.3 Example 3

In the two dimensional case we take {2 = (0,1) x (0,1). We also take t;
and

05T =1

k=T, a=1, f(z,2,t)= @+ +z)(1+af+a5)e”’ —de™,
(0,20, t) = (14 23)e™", p(l,ma,t) = (4+23)e ™,
plan,0,1) = (L+ad)e™,  plan,1,t) = (4 +af)e™,

oO1(x1, x0) = 670'5(1 + :L‘% + x%), Go(1, x0) = e’l(l + a:f + x%)

The analytical solution of the inverse problem is given by

a(zy,z2) =1, q(z1,22) =5+ 21 + 29,

P(x1,9) = 1 + 2% + 23,
u(zy, T9,t) = (1 + 25 + 23)e™".

(6.29)

(a) (b)

B
Ll

Figure 6.6: (a) The exact and numerical results for ¢(x1, z5) for (b) p = 0and (¢c) p = 1
noise, for Example 3.

©)

Figure 6.7: (a) The exact and numerical results for ¢(z1,x2) for (b) p = 0and (c) p = 1
noise, for Example 3.
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For the unknown reaction coefficient ¢(z1,x2) and initial temperature ¢(x1, z5) we
employ the ADI scheme with I = J = M = 21 to solve the PDEs involved in the
CGM, with the initial guesses ¢°(z1, 2) = 4 and ¢°(x1, 22) = 1.5 + 21 + xo. The exact
(6.29) and numerical solutions for the two unknown functions ¢(xy, z2) and ¢(zq, x2),
obtained using the CGM of Section 6.4 are shown in Figures 6.5 and 6.6. The iterations
are stopped after 25 for p = 0 and 4 for p = 1, giving the errors (6.24) and (6.25) in Table
6.3.

p I J M ¢ N E B,
0 21 21 21 13E-07]25 00884 0.0375
1 21 21 21 32B04| 4 0.1117 0.0454

Table 6.3: The stopping iteration numbers N and the errors F; and F, for p € {0,1}

noise, for Example 3.

6.6 Conclusions

In this chapter, the space-dependent reaction coefficient and the initial temperature have
been reconstructed from temperature measurements at two different instants. The unique-
ness of the reaction coefficient and the initial temperature in the inverse problem holds.
The two unknown functions have been simultaneously reconstructed by minimizing a
least-squares objective functional. The existence of a minimizer of the objective func-
tional is proved, and the Fréchet gradients are obtained by a variational method. Then, the
CGM has been applied to simultaneously determine the two unknown quantities. Three
numerical experiments for one- and two-dimensional examples have been illustrated and
discussed. Good accuracy and reasonable stability have been achieved.

In the next chapter, the two unknown coefficients investigated here shall be recon-

structed simultaneously from time-average temperature measurements.
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Chapter 7

Simultaneous reconstruction of the
space-dependent reaction coefficient
and initial temperature from integral

temperature measurements

7.1 Introduction

In the previous chapter we have investigated the simultaneous reconstruction of the space-
dependent reaction coefficient and initial temperature from temperature measurements
(6.2) at two distinct instants. In this chapter, we address the same coefficient identification
but additional measurements are integral observations instead of time instant temperature
measurements. So, in this sense, the new inverse problem investigated in this chapter gen-
eralizes the inverse models considered in Chapter 6, which can be obtained by particular
choices of the integral weights, e.g. Dirac delta functions. For the numerical reconstruc-
tion, the least-squares objective functional is minimised to obtain the quasi-solutions of
the two unknown quantities. The existence of the minimizer for the objective functional
is presented, and the Fréchet gradients are derived using a variational method. In ad-
dition, we show that these Fréchet gradients are Lipschitz continuous. These gradients
and the adjoint problem are utilized in the CGM to reconstruct the unknown quantities
simultaneously. The global convergence of the CGM with the Fletcher-Reeves formula,
Fletcher & Reeves (1964), is established according to the arguments in Zoutendijk (1970)
obtained from the Lipschitz continuity property of the Fréchet gradients. Since the in-
verse problem is unstable, our CGM is regularised by the discrepancy principle, Alifanov
(1994).
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This chapter is organized as follows: Section 7.2 presents the mathematical formu-
lation of the nonlinear IHTP of reconstructing the unknown reaction coefficient and the
initial temperature, together with the objective functional to be minimized. The CGM
is introduced in Section 7.4, according to the Fréchet gradients obtained in Section 7.3,
and the global convergence of the algorithm is obtained. Three numerical examples are

discussed in Section 7.5. Finally, Section 7.6 highlights the conclusions.

7.2 Mathematical formulation

Let O C R4, d = 1,2,3 be a bounded domain with sufficiently smooth boundary 052,
and consider the heat transfer problem given by (6.1) in the cylinder Q7 = © x (0,7,

and T > 0 is a final time of interest.

Definition 7.2.1. A function u(z,t) € V,"°(Qr) is called as a weak solution to the direct
initial-boundary value problem (6.1) if

/ (—u% + (kVu) - Vn+ qun) dxdt + / aundsdt
T S

T

= fndxdt + /

pundsdt + / on(-,0)dr, Yne H"'(Qr) withn(-,T) = 0.
Qr St Q

(7.1

The existence and uniqueness of the weak solution u(z, ) € V,"*(Qr) to the initial-

boundary value direct problem (6.1) is presented as follows (Troltzsch (2010), p.373):

Lemma 7.2.2. Let Q C RY be a bounded domain with Lipschitz boundary 0X), and
suppose that f € Ly(Qr), 0 < a € Loo(09), u € Lo(St) and ¢ € Lo(S2). Let k satisfy
(53)and kij = kj; € Loo(Q), 4,5 = 1,N, and q € L,(Q), 0 < ¢~ < q(x) < ¢*, a.e,
x € Q, where, ¢—,q" are two positive constants. Then the initial-boundary value direct
problem (6.1) has a unique weak solution v € H"°(Qr) that belongs to V,°(Qr).

Note that by the direct problem (6.1) for a.e., t € [0, T, we know that

§%||u(-,t)||%2(g)+/(k:|Vu|2+qu2)dx+/ aquSZ/fudx+/ puds.
Q o9 0 B

By (5.3),¢q > ¢~ > 0,and a > 0, we have

s llud, t)||%2(§z) +min{q~, v1 }|u(-, t)H?{l(Q)
< c(llul, )1, + 1 C N0 + 111G )1 00);
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where c is a positive constant depending on §). Using the Gronwall’s inequality', we can
obtain

e lu( Oy < e T) (1fllLsim + Il Lagsr + 191Luw)

T
lalpior) = / (1) 2t
<elg™, 0, Q7)) (11200 + 1l Tsp + 10170@) -

Thus the weak solution u(z,t) € V,"°(Qr) of the initial-boundary value direct problem

(6.1) satisfies the following estimate:

nax lu( )] o) + ullmrogr < Co (1 fllis@r) + il acse) + 19l Lo@)  (7:2)

where Cy(q—,v1, 2, T) is a positive constant.
The inverse problem is to determine the triplet (g(x), ¢(x), u(x,t)) satisfying (6.1)

together with the time-integral temperature measurements,
T
/ o (Bulz, )t = é(x), 7€, (7.3)
0
T
/ (Bl )t = do(x), 7€ Q, (7.4)
0

where wi (t) and wy(t) € Lo (0, T) are two given functionally independent” weight func-
tions, and ¢, (=) and ¢,(x) are given data which may be subject to noise due to measure-
ment errors. In particular, we are actually trying to recover the solution to the inverse
problem (6.1), (7.3) and (7.4) from the noisy data (¢, ¢5) satisfying

|97 — ¢1HL2(Q) <e o5 — ¢2HL2(Q) <, (7.5)

where € represents the noise level.

!Gronwall’s inequality. Let u be a nonnegative and continuous function on [0, 7], which satisfies the

ordinary differential inequality
u'(t) < fu(t) +g(t), ae.t€[0,T],

where f(t) and g(¢) are nonnegative, integrable functions on [0, T']. Then
- T
u(t) < elo F(dr u(O)—!—/ g(r)dr », Vtel0,T].
0

>The functions w; and w are functionally independent if the only function f : R? + R such that
flwi,wa) = 0is f = 0.
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Note that ¢;(x) may mimic the temperature measurement at an instant time t; €
(0, 7] if wy(t) = d(t — t1), namely,

u(z,th) = ¢1(x), x€Q, (7.6)
and ¢o () the temperature at another instant time t5 € (0, 1) if wo(t) = 6(t —t3), namely,
u(z,ty) = go(x), x € Q, (7.7)

where 4 is the Dirac delta function. The Dirac delta function §(t—t;) can be approximated
by the function 6, = #;re‘(t_tlw * with small positive parameter a, e.g., a = 1073, and
so does d(t — t5), such that the approximated weighted functions belong to the space
Lo (0,7).

Other cases of potential interest may be obtained by taking the weights as cut-off

functions, e.g.,
wi(t) = 01X, 1 (t),  walt) = @a(t) Xy (), t€0,77], (7.8)

where X denotes the characteristic function of the domain D and @, (t) and wy(t) €
L4(0,T), in which case (7.3) and (7.4) yield

T
/ o (u(x, t)dt = ¢1(x), z €9, (7.9)

t1

/tl Sz, )t = dolz), w € 0. (7.10)
0

The uniqueness of the general inverse problem given by (6.1) supplemented with (7.3)
and (7.4) is still to be established, but under some of the particular cases (7.6)—(7.10) the
inverse problem can be split in two separate inverse problem, namely, first identifying
q(x) and after that ¢(x). For example, when solving the inverse problem given by (6.1),
(7.3) and (7.7), one can first identify ¢(x) by solving this in the layer €2 x (o, t;) followed
by retrieving the initial data ¢(z) in (6.1) by solving BHCP (6.1) and (7.7) in the layer
2 x (0,t5). Similarly, when solving the inverse problem given by (6.1), (7.6) and (7.9),
for t; < T', one can first identity ¢(x) by solving this in the layer €2 x (¢, T") followed by
retrieving the initial data ¢(z) in (6.1) by solving the BHCP (6.1) and (7.6) in the layer
2 x (0,¢;). We finally mention that uniqueness results and the numerical reconstructions
of the reaction coefficient ¢(x) from final time or time-average temperature measurements
can be found in Chapters 5 and 6.

For the numerical reconstruction we employ a variation formulation, as described

next.
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7.3 Analysis

Letu(q, ¢) := u(z,t; q, $) denote the weak solution to the initial-boundary value problem
(6.1) subject to a particular pair (¢(z), ¢(x)) € Loo(§2) x L2(£2). Then, given ¢ and ¢
in Ly()) temperature measurements satisfying (7.5), the quasi-solution of the inverse
problem (6.1), (7.3) and (7.4) can be obtained by minimizing the following least-squares
objective functional:

2

2@)

(7.11)

2
: \

/0 wi (H)ulq, )dt — ¢ /0 wa(t)u(q, p)dt — ¢

La(92)

subject to u € Vzl’o(Q) satisfying the variational equality (7.1), over the admissible set
A X Ag, where A} = {qg € Loo() : 0 < g~ < q(x) < qF, ae.x € Q}, Ay = {0 €
Ly () : |o(x)| < R, a.e. x € Q}, for a positive constant x.

Note that there exists at least one minimizer to the optimization problem (7.11), which
can be proved by the approaches of Theorem 6.3.1.

In order to numerically obtain the minimizer of the objective functional J(q, ¢) (7.11),
the CGM can be applied together with the Fréchet gradient. Thus the adjoint problem to
(6.1), (7.3) and (7.4) is introduced and given by

—V - (kVA) + g\ —wi(t) (fo wi (T)u(z, T)dT — @5 (2 ))

—n(t) (g wa(m)ule, T)dr - ¢2<x>) , (x.1) € Qr,(7-12)
k()2 +ax=0, (z,t)€Sr, Mz,T)=0, T €Q.

Its weak solution \ € VQJ"O(Q) to the adjoint problem (7.12) is defined as satisfying

/ (/\% (k:VA)-V?H—q)\n) dadt + / andsdt
S

T

:/ / wi(t)n(x,t)dt (/T wi (T)u(z, 7)dr — ¢§(£C)> dx
// (), £)dt (/ wn(Fyulz, 7)dr — ¢;(x)) iz,

Vn € HY(Q) with n(-,0) = 0. (7.13)

o

Theorem 7.3.1 (Cao & Lesnic (2018b)). The objective functional J(q, ¢) is Fréchet dif-
ferentiable, and J;(q, ¢) and J}(q, ¢) are given by

T
a0 = = [ ule.0Mz 7.14)

Ji(q,6) = A(,0). (7.15)
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Proof. Take Aq € L (2) such that g+ Aq € A, and denote by Au, := u(q+ Ag, ) —
u(q, ¢) the increment of u with respect to g. According to the initial-boundary value prob-
lem (6.1), this increment satisfies the sensitivity problem (6.14), and using the estimate

(7.2) for such parabolic problem, we have

AU || Lo @r) < ColluAdllLy@r) < CollAdllrw @ llulla@r)-

Denote AJ, := J(q¢+ Ag, ¢) — J(q, ¢), then we have

2 2

1
+

Twl(t)Auq(x,t)dt 5 /OT wa(t) Aug(x, t)dt

Lo ()

n /T w1 () Aug(z, 1) (/OT wi(r)u(z, 7)dr — ¢;(x)) drdt

Lo (2)

+ / ) ws (1) Aug(z, 1) ( /0 ' wo(T)u(z, T)dr — ¢§(x)> dxdt.

By the adjoint problem (7.12) and the sensitivity problem (6.14), we have
2

T T 2

AJ, :1 / wi (1) Aug(x, t)dt + = / wa () Aug(x, t)dt

2 11Jo L2(Q) 2|Jo L2(Q)

O\
+ Au, 5 V- (V) + g\ ; dzdt,
and
/ Au, {—— — V- (kVA) + q)\} dxdt
Qr
/Q A {8 At“q — V- (kV(Au,)) + unq} ddt
+/ {ka /\ k?Auq} dsdt — / Au\|§dx
Sy Q

/ Aqu(q + Ag, ) Adxdt = —/ AgqAugAdzdt — / AquAdzdt,
Qr T T

thus
1| /" ? 1| /" ?
AJ, == / wi () Auy(z, t)dt + - wa(t) Auy(z, t)dt
2 lJo L@ 2 Lo(@)
—/ Aunq/\dmdt—/ AquAdxdt.
T T
We have

2

< cllwnll? o1 AugllZ, 00
L2(Q)

/T wi () Aug(z, t)dt

< cCillnlli o llullZomlAdl? o
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where ¢ > 0 depends on €2, and similarly

2

/ " nlt) Ay . 1)t

< cCillwall? . omlullZ,om1Adl7 o)
L2()

‘ / Aunquwdt\ < 18l @1 Ml s @my 1M a0
T

< Collullzo(@n) M za(@n 1 24llZ . 0

Finally,

AJ,=— Aqurdzdt + o (|| Aq| 1)) , (7.16)
Qr

which means that the Fréchet derivative J; (¢, ¢) is given by (7.14).

Similarly, take A¢ € Ly(€2) such that ¢ + A¢ € Ay, and denote by Au, = u(q, ¢ +
A¢) — u(q, ¢) the increment of u with respect to ¢, then this increment satisfies the
sensitivity problem (6.15). Then, we can obtain that the Fréchet derivative J}(q, @) is
given by (7.15) by the same approach. The theorem is proved. [

7.4 Conjugate gradient method

The following iteration process based on the CGM scheme is applied for the reconstruc-
tion of the two unknown functions ¢(x) and ¢(z) by minimizing the objective functional
J(q,¢)in (7.11):

¢"(x) = q"(x) + Bpdi(x), "N (x) = ¢"(x) + Budi(x), n=0,1,2,--- (7.17)

with the search directions d;; and dj; given by

A I,
dq = —J(Zn ndnil d¢’ = _gm ndn—l n = 1’ 2’ c. (718)
q +7q q ) ® —}—’y¢ p ,

where 7 is the subscript which denotes the number of iterations, J;* = J/(¢", ¢"), J3' =
J(;(q”, ®"), ¢° and ¢° are the initial guesses, B, and (j are the step sizes for ¢ and ¢
in passing from iteration n to the next iteration n 4+ 1. The Fletcher-Reeves formula in
Fletcher & Reeves (1964) is utilized for the conjugate coefficients ;' and 7, and they
are given by

I A0 e N P4 e
= AR W= e, n=Ll2ee. (19)
q La(2)

[EA [ ’
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To determine the step sizes ﬁ;‘ and ﬁg, the exact line search is utilized, i.e.,

J(q" + Bydy, " + Bidy) = min J(q" + Bdy, ¢" + Bedy), n=0,1,2---. (7.20)

ﬁqu(bZO
By (7.16), (7.17) and the gradient J;"“ (7.14), we have

0J 0J aanrl — I ‘](anrla ¢n+1) - J<qn7 ¢n+1)

_9) ;
OB; ~0qoFy sy Byd; q
n+1 n+1\ n An+1
_ o @0 = J(g" M)
By =0 By
: 1 n n n n n _jgn n _jgn
=t (= [t NG 0 st + o155 )
a q T

— _/ u(anrl,¢n+1))\(qn+1,¢n+1)d2dl’dt — / J;"Hdgdx,
T Q

and similarly, we have % = fQ J (;”Hdgdx. Thus, condition (7.20) implies that the step
o

sizes B and S} satisfy the following conditions:
(JHtdyy =0, (JPH dg) =0, (7.21)

where (-, -) is the inner product in the space Ly(€2).

7.4.1 Global convergence

For the exact data (7.3) and (7.4), the global convergence of the CGM over the admissible
set A; x A, is established in the following sense:

liminf,, oo || | o) = 0, liminfy, e[| T3 | 2o(@) = 0.

First, we will prove that the Fréchet gradients J; and Jj are Lipschitz continuous over

Ay x A, under the following stronger assumption on the input data than in Lemma 7.2.2.

Assumption 7.4.1. Let Q C R? (d > 2) be a bounded domain of class C**! for some
[ >0.Letp>1+d/2andr > d+ 1 and assume that f € L,(Q) and yu € L,(S).

Then we have the following lemma, see Proposition 3.3 of Raymond & Zidani (1999).

Lemma 7.4.2. Let the Assumption 7.4.1 on S, f and 11 hold. Let also the other assump-
tions of Lemma 7.2.2 on data «, k and q hold, and also let ¢ € Ay C Loo(S2). Then, the
weak solution u(z,t) € V,"°(Q) of the initial-boundary value direct problem (6.1) also
belongs to L. (Q) and there exists a positive constant C = C' (N, p,r,q~, 2, T) such that

lullee@ < CUfllzo@ + ellzas) + 19l L) (7.22)
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For the adjoint problem we also have the following lemma.

Lemma 7.4.3 (Cao & Lesnic (2018b)). Let the assumptions of Lemma 7.4.2 hold and
let wy and wy be given weights in L, (0,T). Then, there exists a unique weak solution
Az, t) € V,7'(Q) N Loo(Q) 10 the adjoint problem (7.12) with € = 0, which satisfies

M@ = Cillullza@) (7.23)

for some positive constant C'y depending on N, p,r,q~,, T, wy and w-.

Proof. First, through the change of time variable ¢t — 7' — ¢, the adjoint problem (7.12)

can be seen of the same form as the problem (6.1) with ;1 = ¢ = 0 and the source
R T
Fat) = Flat) i=enle) [ ntmnutenyir - o))
0
T
+ wy(t) (/ wo(T)u(z, T)dr — gbg(x)) .
0

From Lemma 7.4.2 it follows that u € L., (Qr) and since w; and ws € L (0,7), and
using also (7.3) and (7.4), we obtain that f € Lo (Qr). Moreover, from (7.3) and (7.4),
and using the inequality (7.22) of Lemma 7.4.2 for the function \ satisfying the adjoint
problem (7.12) with ¢ = 0, we obtain

M Lw@r) <Clfllzy@r) < ClFllLa@n)
<20 (el o) + w2l o)l L (@25
which implies that (7.23) holds. O

Theorem 7.4.4 (Cao & Lesnic (2018b)). Under the assumptions of Lemma 7.4.3, the
gradients J; in (7.14) and J (; in (7.15) are Lipschitz continuous, namely, there exist two
positive constants M, and My such that

175(a", ¢") = Jo(d®, 09 Loty < My(lla" = ooy + 107 = PPllia),  (724)
H‘Léb(qlv(él) - Jé)(q27 ¢2)HL2(Q) < M¢’(Hq1 - q2HL2(Q) + H¢1 - ¢2HL2(Q))7 (7.25)
fOl" any q17q2 € ‘Al’ ¢1a¢2 € ‘AQ-

Proof. By Lemma 7.4.2 and using the estimate (7.22), it is easy to see that

|u(q, D)l Lo @) < CUflILp@r) + il Losr) + &) = Ky (7.26)

for any ¢ € A, and ¢ € A, and K is a positive constant depending on N, p, r, ¢~, K,
O, T, f and p (independent of ¢ and ¢). Similarly, using Lemma 7.4.3, (7.23) and (7.26),
we have

M@, D) L (@r) < C1E71 =t Ko, (7.27)
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where K is a positive constant depending on N, p, r, ¢, K, €2, T, wy, wo, f and p
(independent of ¢ and ¢).
Denote u, := u(q*, ¢') — u(q?, ¢') and by the direct problem (6.1), we have

% =V: (kvuq) - qluq - (ql - q2>u(q27 ¢1)7 (l‘,t) € QT:
kau‘l +au, =0, (x,t)€Sr, uyr,0)=0, xe€Q.

Since ¢*, ¢* € Ay C Loo(R2), then ¢' — ¢* € Lo () C L2(2), and by using the estimate
(7.2), we have

gl 2207y < Coll(a" = a*)ula? #) | raier) < CoFalla" = ¢*[la0)-
Similarly, denoting u, := u(q?, ¢') — u(q?, ¢*), we have

85—? =V - (kVuy) — ¢Puy, (x,t) € Qp,
k:au“’ +au, =0, (x,t) €Sy, uy(x,0)=0¢"'—¢? z€Q,

and Hu(ﬁHLz(QT) < C()H(bl - ¢2HL2(Q)
Define \, := A(¢*, ¢') — A(¢?, ¢') and by the adjoint problem (7.12), we have

Da =~V (k) + ¢\ + (¢" — A, ¢")
—wi (t fo wi (T)ug(z, 7)dT — wo(t fo wa(T)ug(z, T)dr, (2,t) € Qr,

k% + a)\q = 07 (x’t> € ST7 )‘q(va) = 07 xr e Q,

and by Lemma 7.4.2, we have

||)\¢IHL2(QT)

<) (ql—qQ)A(q2,¢l)+w1/0 wl(T)uq(-,T)dT—i-wQ/O wa(T)ug (-, 7)dr

L2(QT)
<CoKallg' — ¢lla) + Co (lwrllf .0y + lw2llio 1)) gl Lat@r)
<Ksllq" = ¢l o)

where K3 := CoK, + C2K, (HMH%M(QT) + ||w2||%00(07T)>. Similarly, denoting A\, :=
A2, o) — M@, ¢?), we have

O\
G ==V - (kVg) + ¢* N

—wi (t fo w1 (T)ug(z, 7)dT — wa(t) fOTWQ(T)U¢(l‘,T)dT, (x,t) € Qr,
k22 pady =0, (2,8) € Sp, Ag(z,T) =0, z€Q,
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and

[ Al 2o (@r) <Co

T T
w1/0 wl(T)%(-,T)dT—{—wg/O wa(T)ug (-, 7)dr
L2(Qr)
<Co (Jlwr 17 + [Jwa I3 ) ugl] < Kylj¢' — &7
>Co U[WillLo (0,1) W2l Loo (0,1)) NUe | L2(Qr) = 134 La(Q)

where K, := C2 <||w1||200(07T) + ||w2||2oo(0’T)> -Denote AJ) := Ji(q", ¢') — J} (%, ¢*),

then we have [|AJ; o) = | fo Tu(a', 6)M (", 61) = u(e®, )N, 6)dt|| o @
2

u(q', @A, ') — u(g?, d*)A(@?, %) = (ug + ug)A(q", @') + (Ag + Ap)u(q?, ¢?), thus
T T
/ (g + us)A g, &)t / (g + As)ule?, ¢2)dt
0 0

AT o) < ‘

L2() L2(9)
<c([[ugllrat@ry + lugllia@m) NG 81w @r)
+ el Agllza@r) + 1Al za@)lu(@®, 6 Lo
<c(CoK1 K2 + KiK3)|l ¢ — ¢l na) + c(CoKa + K1 Ky) |9 — 6| Lo
<My (lg" = @llra) + 16" = ¢l r2)
where c is a positive constant depending on €2 and 7', and M, := ¢ X max{Cy K1 K, +
K, K3,CoKy + K K4} > 0, which is independent of ¢', ¢%, ¢* and ¢°.
Denote AJ), = Jj(q", ¢') — J} (¢, $*), then by (7.2) we have
AT | 2a00) = [[AX(z, 0)(¢", &) — A(,0)(¢%, 6°) [ Lo
<[Aq(@, Ol o) + 1A, 0) | o)

<) (ql—q2))\(q2,¢1)+w1/0 w1<7')uq(',7')d7'+WQ/0 wa(T)uy (-, 7)dr

L2(QT)

+Co

T T
wl/ wl(T)U¢(-,T)dT+w2/ wa(T)ug (-, T)dT
0 0 L2(Qr)

<Killq" = ¢l Lo + Kalldr — 2/l ro0) < Mo(lld" — @llra) + 10" — 0%l o),

where M, := max{K3, K;} > 0 independent of ¢', ¢°, ¢' and ¢*. The theorem is
proved. [

Lemma 7.4.5. Under the assumptions of Theorem 7.4.4, for the step sizes [ and (3}
satisfying (7.20), we have

Jm 4 J/n
Z H an2L2( Z H ¢ H (7.28)
n>0 ||dq||L2(Q n>0 H ¢>||

Proof. We use the arguments of Dai & Yuan (1996); Wolfe (1969, 1971); Zoutendijk
(1970). By (7.20), we have

T ¢ = J(d" + Bydy, ¢" + Bpdg) < J(q" + Pudy, ¢ + Bady), VB, B > 0.
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Taking 3, = 0 and using the mean value theorem', we obtain
J(q", ¢") = J(g", ")

1
>J(q", ") = J(q" + Prdy, ¢") = —&/0 (JL(q" + thrdy, ¢™), d7)dt

1
=~ By (T, ) — By /0 (TG + Byl ") — JIm, d)dt. (7.29)
Taking n = 0 and using (7.18), we have (J;, ) = —||J||7,(q- Forn > 1, using (7.18)
and (7.21), we have (J;",dg) = (Ji", = Jg +ygdy ™) = —[| "7, + 5 ( Sy dy ) =
—[173"1Z,()» Which means (J;", dy) = —|[J"[12, ) Y1 = 0.
For fol (Jo(q" +tpudy, o) — J, di)dt in (7.29), the Lipschitz continuity of the gra-

dient .J; from Theorem 7.4.4 implies that
1
[ e + ity ) — gy
0
1
<l | N3a" + 5005 6) = " )
1 1 )
Moty [ 8By it = 5000005
0

Thus, we obtain J(¢", ¢") — J(¢" ', ¢"*!) > ﬁlHJénHZLQ(Q) - %B%MquZH%Q(Q)’ VB > 0.
. AT 0 n ntl il 17512, )
Taking 3; = AT > 0, then we have J(¢", ¢") — J(¢" ', ¢"*) > NNI2, o
By the definition of the objective functional (7.11), it is easy to see that the sequence

{J(¢", ¢™)} is bounded. Then, we have

7ty
SR or ) — a0 + (a8 — T ) - < o0,

= 31120

which means the first inequality in (7.28) holds. And by the same approaches, we can
obtain the second inequality in (7.28), which concludes the proof. O

Theorem 7.4.6. Under the assumptions of Theorem 7.4.4, the CGM either terminates at

a stationary point or converges in the following senses:

ILet f be a continuously differentiable real-valued function defined on an open interval  C R, and let
x as well as x + h be points of I. Then,

F@+h) — f(z) = (/01 Fla+ th)dt) h.
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Proof. From (7.18), we have HdSH%Q(Q) = 17117, (q)> and

g 1120y = 193" 2o + () ldg L) — 20 (" dg ™), ¥n> 1.

q7q
. . AR .
Then (7.19) and (7.21) imply that ||dy|7, o, = /"7, + Wﬂd Iz,
o . ldgliZ,
m||4 1

Dividing both sides by [|./;"||7,q, and using IIJ’°HL2<9> = e Ve obtain

3117 () _ 1 n ”dn_IHLz Z

15 ey i T 1M, ||J”||

Assuming that lim inf,, . [|.J;"||£,(@) 7 O, then there exists a constant ¢ > 0 such that
1g o) = ¢, >0,
which leads to

G112, ) _ n+ L PLALIZE]
HJ’”||L2(Q)

n>0 I nHLz(Q

[RA

IR
=+ 1
This is in contradiction with the first inequality in (7.28). Thus, the first result in (7.30)

holds, and the second result in (7.30) can be obtained by the same method. The proof is

complete. O]

742 CGM

Based on the above discussions, all the coefficients of the iteration process (7.17) and
(7.18) are expressed in explicit form except for the search step sizes 57 and 5 which

satisfy (7.21). These can be found by minimizing
2

T
st =y [ ([ et gy o+ spayin - ) da
1 T ?
v /Q ( /0 wau(q" + GBI, ¢ + BTt — ¢g) dz

Since the above expression shows that the step sizes ;" and [j are in implicit form,
the Taylor series expression can be applied to approximate J(¢g" ™, ") such that the
step sizes (3] and 3} become explicit in the new formulation. Therefore, setting Ag" = d
and A¢" = dj, the temperature u(z, t;q" + Bydy, ¢ + Bdy) is linearised by a Taylor

series expression in the form

u(x,t;q" + Bydy, " + Bydy)

ou(x,t;q", o™ n mou(x, t; g, "
sl 0) + Gy P o g gy P ST
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Here the functions Au,(z,t;¢", ¢") and Auy(z,t; ¢", ¢™) can be obtained by solving the
sensitivity problems (6.14), and (6.15). Then, we rewrite

T T
uy = / wu(qg™, o")dt,  uy = / wou(q", @")dt,
0 0

T T
Au;ﬁ:/ wiAu,(q", ¢")dt, Auz?:/ waAu,(q", ¢")dt,
0 0
T

T
Aug’lz/o wiAug(q", ¢")dt, Auggz/ waAug(q", ¢")dt,

0

and then

mn n 1 n n n n n € 2
J(q +17 ¢ +1) 25 i {(ul + /Bq Au%l + /8¢AU¢71 - ¢1>
+

(u + By Ay + ByAug, — 65)° | de.

The partial derivatives of the objective functional J(¢g" ™, ") with respect to B, and

B, are given by

8J((]n+1 ’ ¢n+1)
apn

aj(qn—l—l’ ¢n+1)
86;}

= O\ B + Cofl + C, — ChB7 + Cuffl + Cs,

where
C) = /Q [(Aup,)® + (Aup,)?] do,  Co = /Q (Aul | Aufy + Aup ) Aull,) da,
Co = [ [t = )y + (03 — )] do, - Ca= [ [(Au3 )+ (A, do,
Cs :/Q [(u’f — gzﬁi)Aug’l + uy — qbg)Aqu} dzx.
U

. n n+1
According to the conditions (7.21), we set 55 — 9 ; ﬂl;fb = 0, and then
q [

obtain the search step sizes 3 and 5§ as follows:

_GsCi=GiCy GGy = Oy

n — = — =0,1,2,---. 7.31
Bq 022_0104 ’ ) 022_0104 ) n ) Ly &y ( )

The iteration process given by (7.17) does not provide the CGM with the stabilisation
necessary for the minimizing of the objective functional (7.11) to be classified as well-
posed because of the errors inherent in the time-average temperature measurements (7.3)
and (7.4). However, the method may become well-posed if the discrepancy principle
is applied to stop the iteration procedure. According to the discrepancy principle, the

iterative procedure is stopped when the following criterion is satisfied:

J(q",9") <& (7.32)
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where € is some small positive value, e.g., € = 1075, for the exact temperature measure-

ments, and
— 1 € €
€= b (||¢1 - ¢1||%2(Q) + [|¢5 — ¢2||%2(Q)) < é,

when the measured temperatures contain noise. Then, the CGM for the numerical recon-

struction of the reaction coefficient ¢(x) and initial temperature ¢(x) is shown as follows:

S1. Set n = 0 and choose initial guesses ¢" and ¢" for the unknowns ¢ and ¢, respec-

tively.

S2. Solve the initial-boundary value direct problem (6.1) numerically by applying the
FDM to compute u(z, t; ¢", ¢"), and the objective functional J(¢", ¢") by (7.11).

S3. If the stopping condition (7.32) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (7.12) to get the function A(z, t; ¢", ¢"), and the gradi-
ents J;(¢", ¢") in (7.14) and J},(¢", ") in (7.15). Compute the conjugate coeffi-
cients 7y, and ~y; in (7.19), and the search directions (7.18).

S5. Solve the sensitivity problems given by (6.14) for Au,(z,t; ¢", ¢™), and (6.15) for
Aug(w,t;q", ¢") by taking A¢g" = d; and A¢"™ = dj, and compute the step sizes
B and S by (7.31).

S6. Compute ¢"*! and ¢! by (7.17). Set n = n + 1 and return to S2.

S7. End.

7.5 Numerical results and discussions

In this section, the reaction coefficient ¢(x) and the initial temperature ¢(z) are recon-
structed numerically and simultaneously by the nonlinear CGM proposed in Section 7.4.
The FDM, based on the C-N scheme for the one-dimensional (d = 1) case and the ADI
scheme for the two-dimensional (d = 2) case, are applied to solve the direct, sensitivity
and adjoint problems involved. The accuracy errors, as functions of the iteration number
n, are defined by (6.24) and (6.25).

The integral temperature observations ¢ and ¢ are corrupted by Gaussian additive

noise as

¢] = ¢1 + 0 x random(1l), @5 = ¢y + o X random(1), (7.33)
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where 0 = 5 max, g {|¢1], |¢2|} is the standard deviation, p% represents the percent-

age of noise, and the term random(1) generates random values from the normal distribu-
tion with zero mean and standard deviation equal to unity.
In the following sections, three numerical examples are considered in one- and two-

dimensions.

7.5.1 Example 1

In the the one-dimensional (d = 1) case, we take @ = (0,1), T = 1, wi(t) = 1,
wo(t) = 2t and

k=1, a=1, p0,t)=pu(lt)=e",
f(z,t) = (2*(1+ 7+ sinmz) + 7 sinmz) e,
p1(r) =(1—e (1 +7+sinmr), @o(z) = (2—4e ) (1 +7+sin7r).

With this input data, an analytical solution for the combined inverse coefficient or back-

ward bio-heat conduction problem (6.1), (7.3) and (7.4) is given by

qiz) =1+2% ¢(@)=1+7+sinmr, u(r,t)=(1+n7+sinwr)e’. (7.34)

10°
p=1, n=14

1072

1074+

J(q". 4"

100

-8 ‘ ‘ ‘ ‘
10 0 10 20 30 40 50
Number of iterations

Figure 7.1: The objective functional (7.11) with p € {0, 1} noise, for Example 1.

The Crank-Nicolson FDM is used to solve the problems (direct, sensitivity and adjoint

problems) in the CGM with [ = M = 101. The initial guesses are chosen arbitrary, say
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¢°(xr) = 1.5 and ¢°(z) = 1. Figures 7.1 and 7.2 show the objective functional J(¢", ¢")
given by (7.11) and the accuracy errors F;(q") given by (6.24) and F(¢") given by
(6.25), for the reconstruction of the two unknown functions, simultaneously, in case of
no noise, i.e., p = 0, and with p = 1 noise. Figure 7.1 illustrates the rapid monotonic
decreasing convergence of the objective functional, as a function of iteration number 7n.
The stopping number of the iterative process is 42 for exact data, i.e., for p = 0, whilst the
iteration process is stopped at iteration number 14 according to the discrepancy principle
(7.32) for p = 1 noise. On comparing Figures 7.1(a) and 7.2 it can be seen that there
is some consistency and agreement between the stopping iteration numbers given by the
discrepancy principle (7.32) and the optimal iteration numbers given by the minimum of
the errors (6.24) and (6.25).

(a) (b)
04 H H 4 H H H H H
e N
§ ~s‘7 p:]_ o | | ~s‘7 p:]_
0.3 ! 3 i
o | o
> ‘ RS
=, 02 | =2
Lu‘_' A ? A LTJN
01 ‘ 1 .
0 P : : 0 m“ﬁw
0 1014 20 30 40 50 0 1014 20 30 40 50
Number of iterations Number of iterations

Figure 7.2: The accuracy errors (a) (6.24) and (b) (6.25), with p € {0,1} noise, for
Example 1.

(a) (b)
0
10 0
— p=1
S
=107
S
=
= L4
l@ 10
10° ' o
0 10 20 30 40 50 0 10 20 30 40 50
Number of iterations Number of iteration

Figure 7.3: The norm of gradients (a) [|J;(¢", ¢")||r,(@) and (b) [|.J,(q", ")/ L,(0), With
p € {0, 1} noise, for Example 1.
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Figure 7.3 shows the convergence of the norms of gradients ||J;(¢", #")||r,() and
| J5(q", #") || Lo(e) to small positive values with the increasing of the iteration number
for p = 0. For p% = 1% noise, the two norms are decreasing after the stopping iter-
ation number 14, whilst the errors in Figures 7.2(a) and 7.3(b) are increasing after this
discrepancy principle threshold. Such phenomenon means that while the CGM is con-
vergent, the numerical solution is unstable, since the inverse problem is ill-posed. This is
why the discrepancy principle (7.32) is applied to regularise the CGM to attain the stable
solutions.

The numerical solutions of the reaction coefficient ¢(x) and the initial temperature
¢(z) are presented in Figures 7.4(a) and 7.4(b) for p € {0, 1} noise. As previously
inferred from Figure 7.1, the plotted results are after 42 iterations in the case of no noise,
while for noisy data the results are plotted after 14 iterations. From Figure 7.4 it can be
seen that the accurate and stable results are obtained for both reaction coefficient ¢(z)

and the initial temperature ¢(x).

(a) (b)

0 0.5 1
X X

Figure 7.4: The exact and numerical results for (a) the reaction coefficient ¢(z) and (b)
the initial temperature ¢(z), with p € {0, 1} noise, for Example 1.

P 1 M € N El E2
0 101 101 1.0E-07 || 42 24E-02 3.7E-02
1 101 101 1.3E-03 || 14 4.3E-02 4.6E-02

Table 7.1: The stopping iteration numbers N and the errors F; and E, for p € {0,1}
noise, for Example 1.
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7.5.2 Example 2

We take 2 = (0,1), 7 =1, wy(t) = 1, wa(t) = 4t and

k=1, a=1, p0,t)=p(lt)=c",

-2,  z€[0,0.3],
flz,t)=2e"+ 242 —aHe " x{ —x+42? 2€(0.3,0.7),
2, z € [0.7,1],

p1(z) = (1—e 2 +2—2?), ¢ox)=(4—6e )24z — 2%,

with this data the analytical solution of the inverse problem (6.1), (7.3) and (7.3) is given
by

2 —x, z € 10,0.3],
qlzr) =< 1—x+42* =z €(0.3,0.7),
3, x € [0.7,1],
p(x) =2+z -2 wulxt)=2+x—2%)e". (7.35)
(a) (b)

q(x)
P(x)

Figure 7.5: The exact and numerical results for (a) the reaction coefficient ¢(z) and (b)
the initial temperature ¢(z), with p € {0, 1} noise, for Example 2.

In comparison with the previous Example 1, this example is more severe since the
reaction coefficient to be retrieved is a discontinuous function. We take the initial guesses
¢°(r) = 1 and ¢°(x) = 1 and employ the Crank-Nicolson FDM with the mesh sizes
I =M =101.

The corresponding numerical solutions for the reaction coefficient ¢(z) and initial

temperature ¢(x) at these stopping iteration numbers are shown in Figures 7.5(a) and
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P ] M € N E1 E2
0 101 101 1.5E-07 | 45 0.1319 2.0E-02
1 101 101 44E-04 | 5 0.1721 6.4E-02

Table 7.2: The stopping iteration numbers N and the errors F; and F, for p € {0,1}

noise, for Example 2.

7.5(b), respectively. From these figures it can be seen that the numerical solutions are
stable and reasonably accurate bearing in mind the severe discontinuous reaction coeffi-

cient that had to be retrieved simultaneously with the initial temperature.

7.5.3 Example 3

We now consider a two-dimensional example and take 2 = (0,1) x (0,1), T = 1,
(JJ1<t) = ]_, CUQ(t) = 3t and

k=T, a=1, p0,x9,t)=pu(l,z9,t) = p(x1,0,t) = p(we,1,¢) =€,
f(z1,20,1) = (27% 4+ 22 + 23)(sin? (1) sin?(7zs) + 1)e™"

— 21%(cos(2mxy ) sin? (mawy) + sin® (7)) cos(2mas))e ™,
$1(z1, 22) = (1 — e 1) (sin(7zy) sin®(7ag) + 1),

Bo(z1, 72) = (3 — 5e 1) (sin? (72, sin® (7)) + 1).

102
é p=1,n=5
_10*
NS
<
N
=
'\
10-6 L
p=0, n=30
108 - -
0 10 20 30

Number of iterations

Figure 7.6: The objective functional (7.11) with p € {0, 1} noise, for Example 3.
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With this data, the analytical solution of the inverse problem (6.1), (7.3) and (7.4) is
given by

q(z1,70) = 1+ 27 + 2% + 25, Pz, 1) = sin’(7xy) sin®(7as) + 1,

u(z1, T, t) = (sin’(7xy) sin®(7ay) + 1)e . (7.36)

The ADI scheme with mesh sizes I = J = M = 101 is used to obtain the nu-
merical solutions for the direct, sensitivity and adjoint problems in the algorithm for the
two-dimensional (d = 2) case. The initial guesses are chosen as ¢°(xq,z3) = 20 and
¢°(x1,22) = 1. Figures 7.6-7.10 for Example 3 represent analogous quantities to Fig-

ures 7.1-7.4 of Example 1 and similar conclusions can be observed.

(a) (b)

E (4"
E(d")

O O
0 5 10 20 30 0 5 10 20 30
Number of iterations Number of iterations

Figure 7.7: The accuracy errors (a) (6.24) and (b) (6.25), with p € {0,1} noise, for
Example 3.

(a) (b)
10 10 —
— p=1
g, 10° g 10°
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N 4 N 4
< 10 S 10
N =
= =

=
<
o

=
Q

()
=
Q

(=)

10 20 30 0 10 20 30
Number of iterations Number of iterations

o

Figure 7.8: The norm of gradients (a) [|J;(¢", ¢")||r,() and (b) [|.J,(q", ")/ L,(0), With
p € {0, 1} noise, for Example 3.
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(a) (b) ()

40xy.1)

Figure 7.9: (a) The exact reaction coefficient, and numerical results with (b) p = 0 and
(c) p = 1, for Example 3.

(a) (b) ()

Figure 7.10: (a) The exact initial temperature, and numerical results with (b) p = 0 and
(¢c) p = 1, for Example 3.

p I J M ¢ N  E E,
0 101 101 101 1.0E-08 |30 0.0444 0.0297
1 101 101 101 25E-04 | 5 0.1462 0.1000

Table 7.3: The stopping iteration numbers N and the errors F; and F, for p € {0,1}
noise, for Example 3.

7.6 Conclusions

In this chapter, the simultaneous retrieval of the space-dependent reaction coefficient and
initial temperature from time-integral weighted temperature observations has been inves-
tigated. The two unknown functions have been identified simultaneously by minimizing

the least-squares objective functional using the CGM based on the newly derived adjoint
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problem (7.12), the sensitivity problems (6.14) and (6.15) presented in Chapter 6, and
the gradient equations (7.14) and (7.15). Stability has been achieved by stopping the it-
erations according to the discrepancy criterion (7.32). Three numerical examples in both
one- and two-dimensions have been presented, and discuss showing the accuracy and

stability of the numerical reconstruction.
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Chapter 8

Simultaneous reconstruction of the
space-dependent reaction coefficient,
initial temperature and source term

8.1 Introduction

The simultaneous identification of several non-constant physical properties along with
initial and/or boundary conditions is very challenging, especially when it cannot be de-
coupled, as it combines both nonlinear as well as ill-posedness features. One such new
inverse problem, that is investigated in this chapter, is to identify the space-dependent
reaction coefficient, the initial temperature and the source term from measured tempera-
tures at two instants and at the final time, simultaneously.

The nonlinear identification of the space-dependent reaction coefficient from final
or time-average temperature observations has been investigated in Chapters 5. The re-
action coefficient and the initial temperature have been simultaneously identified from
temperature measurements at two different time instants in Chapters 6. Also, the linear
identification of the space-dependent source term from temperature measurements at the
final time was also widely studied, e.g., [sakov (1990, 2006); Prilepko et al. (2000).

In this chapter, the simultaneous reconstruction of the spatially-distributed reaction
coefficient, the initial temperature, the heat source, and the temperature throughout the
solution domain from temperature measurements at three different instants, is investi-
gated for the first time. The least-squares objective functional, whose minimizer is proven
to exist, is minimized to obtain a quasi-solution to the inverse problem. A variational
method is applied to derive the Fréchet gradient with respect to the three unknown co-

efficients based on the adjoint and sensitivity problems. The CGM which is based on
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the gradient, the adjoint and sensitivity problems, are utilized to simultaneously recon-
struct the three unknown functions. Furthermore, since the inverse problem is ill-posed,
the CGM is regularized by the discrepancy principle, Alifanov (1994), to obtain stable
numerical results.

This chapter is organized as follows: Section 8.2 presents the inverse problem to
reconstruct the unknown space-dependent reaction coefficient, initial temperature and
source term. The least-squares objective functional to be minimized is described having
several properties in Section 8.3. The CGM is established in Section 8.4 based on the
gradients of the objective functional, and the adjoint and sensitivity problems, and the
global convergence for the CGM algorithm is obtained. Two numerical examples for
the one-dimensional inverse problem are discussed in Section 8.5. Finally, Section 8.6

highlights the conclusions of this work.

8.2 Mathematical formulation

LetQ C R4, d = 1,2, 3 be a bounded domain with sufficiently smooth boundary 9. We
consider the heat transfer problem given by (6.1) in the cylinder Q7 =  x (0,7, and
T > 0is a final time. Moreover, the heat source f(z,t) in (6.1) has the form f(z,t) =
F(z)h(z,t) + g(z,t). Then, the mathematical model becomes

iy )=V - (klz)Vu(z,1) — q(z)u(z, )

at
+F(x)h(z,t) + g(x,t), (x,t) € Qr, &.1)
o )
k(z)5s + a(r)u(z,t) = p(w,t), (x,t) € Sr,
u(z,0) = ¢(x), x € Q,

where F'(z), h(x,t) and g(x,t) are the components of the heat source f(x,t). The direct
problem is to determine the temperature u(x,t) in (8.1) when the thermal conductivity
k(x), reaction coefficient ¢(x), the source components F'(z), h(x,t) and g(x,t), the heat
flux p(x,t) and the initial temperature ¢(x) are specified. The weak solution u(z,t) €
HY(Qr) of the direct problem (8.1) is defined as follows.

Definition 8.2.1. A function v € H°(Q7) is called as a weak solution to the initial-

boundary value direct problem (8.1) if

/ —u@ + kVu - Vn+ qun | dxdt + / aundsdt

, ot S

:/ Fhndxdt 4+ / gndxdt + / pundsdt + / on(-,0)dz, (8.2)
T T St Q

for¥n € HY (Qr) withn(-,T) = 0.
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Then, the existence and uniqueness of the weak solution to the initial-boundary value
direct problem (8.1) is stated in the following theorem (Troltzsch (2010), p.373).

Theorem 8.2.2. Let QO C RY be a bounded domain with Lipschitz boundary 00, and
suppose that the matrix k = (kij)id»:m is symmetric and positive definite, i.e., k;; =
kj; € Loo(QY) and satisfy (5.3), ¢ € Loo(2), F € Ly(Q), h € Loo(Qr), 9 € La(Qr),
a € Loo(0), u € Lo(St) and ¢ € Lo(2). Then the initial-boundary value direct
problem (8.1) has a unique weak solution v € H'°(Q). In addition, the solution satisfies

the estimate

max [Ju(, )| ae) + lullmon

<c (1Pl a@ 1Bl zi@r) + 191l La@n) + It Lasr) + 10 za) (8.3)

for some positive constant ¢ which is independent of F, h, g, . and ¢.

The inverse problem is to reconstruct (¢(z), ¢(z), F(z),u(x,t)) € Loo(Q) X La(2) X
Ly(Q) x H"(Qr) satisfying (8.1) together with the temperature measurements at two

time instants 1, £, 0 < t; < t5 < T and at the final time 7', i.e.

U(l’,tl) = ¢1<$), LS Qa (84)
u(z,ty) = Po(x), x € Q, (8.5)
U(fL‘,T) = ¢T(x)7 S Qa (86)

where ¢1 (), ¢2(x) and ¢ (z) are given data in Lo(§2) which may be subject to noise due

to measurement errors, as

161 — d1llzo) S € 105 — Dallza) L€ 07 — drlla@) <6 (8.7)

where € > 0 represents the noise level.

8.3 Analysis

Define the sets A; = {q € Loo(Q) : 0 < q(z) < k1, ae.z € Q}, Ay = {p € Ly(Q) :
|6(z)| < Ko, ace.x € Q}and Ay = {F € Ly(Q) : |F(2)| < k3, a.e. x € Q}, where £,
ko and k3 are given positive constants.

Let u(q, ¢, F) := u(z,t;q,¢0,F) € H"Y(Qr) denote the solution to the initial-
boundary value direct problem (8.1) for a particular triplet (¢(z), ¢(z), F'(z)) € A; X
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Ay x As. The quasi-solution of the inverse problem (8.1), (8.4)—(8.6) can be attained by

minimizing the following least-squares objective functional

1 € € €
T(4,¢, F) = 5 {llwr = 6illzy@) + llue = G5llZe) + llur — 97l ) B8)

where uy (z) = u(z, t1;q, ¢, F), us(z) = u(z, t2;q, ¢, F) and urp(x) = u(x,T;q, ¢, F).
The existence of a minimizer to the optimization problem (8.8) over the admissible

set A; X Ao x Aj is established in the following theorem.
Theorem 8.3.1. There exists at least one minimizer to the optimization problem (8.8).

Proof. We follow the same ideas as in the proof of Theorem 6.3.1 of Chapter 6. Based
on the estimate (8.3), it is obvious that min .J(q, ¢, F') is finite over the admissible set
Aq X Ay X As. Thus, there exists a minimizing sequence {¢", ¢, F™} from A; X Ay X A
such that

lim J(¢", ¢", F") = inf J(q, 0, F).

n—o0 qeAr A, FEA;
The boundedness of {¢", ¢", F"} in Lo (£2) x Lo(€2) X Lo(€2) implies that there exists a
subsequence, still denoted by {¢", ¢", F"}, such that ¢", ¢" and F" converge weakly to
q*in Lo (), ¢* in Ly(Q2), and F* in Ly(Q2). Clearly ¢* € A4, ¢* € Ay and F* € Ajs,
since the sets A;, A, and Aj are closed and convex. The a-priori estimate (8.3) implies
that the sequence {u" := u(q", ¢", F")} is bounded in H"°(Q7). Thus, we may extract a
subsequence, still denoted by {u"}, and some u* € H'°(Qr) such that u™ — u*, weakly
in HY9(Qr).
By Definition 8.2.1, for any n € H"(Q) with n(-,T') = 0, we have

/ (—u”% + kVu™ - Vn + q"u”n) dzdt + / au"ndsdt

T ST

:/ F"hndxdt + / gndxdt + / pundsdt + / o"n(-,0)dx. (8.9)
T T St Q

Since H°(S7) is compactly embedded in Ly(St), u"|s, converges to u*|s, in La(St).
The weak convergence of u" to u* in H'%(Qr) and the convergence of u"|g,. to u*|g,. in
Lo(St) imply that

on O

lim —u”—d:vdt:/ —u*—dzxdt,
n—oo Qr at Qr 315

lim EVu"™ - Vndzdt = / ENVu* - Vndxdt,
n—o0 QT T

n—oo

lim au"ndsdt:/ au*ndsdt,
ST ST
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and the weak convergence of ¢" to ¢* and F™" to F™* in Ly({2) implies that

lim F"hndxdt = /

n—oo
Qr

F*hndxdt, lim /¢”n(-,0)dx:/¢*n(~,0)da:.

T

The third term in the left hand side of (8.9) can be rewritten as
/ ¢ "u"ndxdt = / g u"ndxdt + / (¢" — ¢")u"ndzdt.
T T T
Since u™ weakly converges to u* in H'°(Qr), we have

lim q*u”ndxdt:/ g undxdt,
n—o0 QT T

and due to ¢" weakly converges to ¢* in L..({2), using the estimate (8.3) for u" and the
Lebesgue dominant convergence theorem we obtain that the term | or (¢" — ¢*)u"ndxdt
converges to zero, and hence

lim q"u"ndxdt = / g undxdt,

n—oo
Qr T

and (8.9) yields

/ (—u*% + (kVu*) - Vi + q*u*n) dxdt + / au*ndsdt
T S’

T

:/ F*hndxdt—i—/ gndxdt+/ undsdt+/¢*n(-,0)dx,
T T St Q

which means that v* = u(q*, ¢*, F*), due to the uniqueness of solution to the initial-
boundary value direct problem (8.1) in Theorem 8.2.2, with ¢ = ¢*, F' = F* and ¢ = ¢*

in (8.1). The lower semi-continuity of norms implies
* * * 1 * € * € * €
J(q", ¢, F") =5 {lluy — @517, + lus — d5112,0) + llur — %117,y

1 3 n € n € n €
§§ nh_{go {{ut - ¢1||%2(Q) + ||us — </52H%2(Q) + [lug — ¢T||%2(Q)}
Jim J(g",¢", F") = | min (¢ ¢"F"),
which indicates that the triplet {¢*, ¢*, F*} is a minimizer of the optimization problem

(8.8) over A; x Ay x As. O

Lemma 8.3.2. The mapping (q, ¢, F') — u(q, ¢, F') is Lipschitz continuous, i.e.,

|ulg + Ag, ¢, F) — ulq, &, F)|lmo@r) < cllAdllz.@): (8.10)
HU(Q7 ¢ + A¢7 F) - U(q, ¢7 F)HHI*O(QT) S C||A¢HL2(Q)7 (811)
Hu(q, ¢, F+ AF) — u(q, (b, F)HHLO(QT) < CHAFHL2(Q), (8.12)

forany q,q+ Aq € Ay, p,0 + Ap € Ay and F, F + AF € As.
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Proof. Denote by Au, = u(q + Aq, ¢, F) — u(q, ¢, F), Aug = u(q, ¢ + A¢, F) —
u(q, ¢, F) and Aup = u(q, ¢, '+ AF) —u(q, ¢, F) the increments of the temperature u
with respect to ¢, ¢ and . Then, based on the initial-boundary value problem (8.1) they

satisfy the following problems:

§8u) _ 7 (kY (Auy)) — qAuy — Aqulg+ Ag, 6, F), (2,t) € Qr,

kM -+ aAuq = O’ (:L"t) & ST7 Auq(l',()) = O, xr e ﬁ,

Uq
ov

A) — 7 - (kV (Aug)) — qAug, (z,t) € Qr,
k% +alAuy, =0, (x,t) €Sy, Auy(zr,0)=A¢p, z¢€ Q,

and
Aour) — v . (kV(Aur)) — gAup + AFh, (z,t) € Qr,

ka(%:jF). —|— (XAUF = 0, (ZL’, t) E ST7 AUF(.I, O) — 07 €x e ﬁ’
Using the estimate (8.3) to the above problem problems, we obtain

[ Aug || 5100z < cllAqullLyr) < cllAllLw@) Ul o),
|Augllgro@r) < cllAB|| Ly,
[Aur | m0r) < cl|AFR| Ly@r) < c|AF|| Ly 1Pl 20 @1);

which conclude the proof of the lemma.
Lemma 8.3.3. The mapping (q, ¢, f) — u(q, ¢, f) is Fréchet differentiable.

Proof. Consider the problem

% =V (k?VU) —qu — Agu(Qv ¢7F)7 ((L’,t) S QT,
kS +av =0, (2,1)€Sr, v(,0)=0, €,

(8.13)

(8.14)

(8.15)

(8.16)

where Ag € Lo (2) such that g+Aq € A;. Then, there exists a unique solution v(z,t) €

H'Y(Qr) for the initial-boundary value problem (8.16), and the mapping Ag — v from

Loo(Q) to H'2(Q7) defines a bounded linear operator U, by the estimate (8.3).

Denote w = u(q + Aq, ¢, F') — u(q, ¢, F) — U,Aq = Au, — v, where Au, satisfies

the problem (8.13). Then, w satisfies the problem

%—1: =V (kVw) — qu — AqAuy,, (x,t) € Qr,

k2% +aw =0, (z,t)€Sr, w(z,0) =0, z€e.
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By applying (8.3), we obtain

[wllzo@r < cllAqAug|lra@r) < cllAd]ra@ | Augllroqr),

then via (8.10) in Lemma 8.3.2, we obtain

HU(q + Aq7 (b? F) - u(Q? (b? F) - quq”Hl’O(QT) = HwHHI’O(QT) S CHAQH%OO(Q)7
which implies that

lu(q + Aq, ¢, F) — u(q, ¢, F) — UgAq|| 1000

— 0.
18qll o (1) =0 1Aq]| Lo ()

For the initial-boundary value problem (8.14), it is obvious that there exists a unique
solution Auy € H'O(Q7), and then the mapping A¢ — Auy from Ly(Q) to H2(Q7)
defines a bounded linear operator U, and UsA¢ = Aug.

Similarly, the problem (8.15) and Theorem 8.2.2 imply that there exists a unique
solution Aur € H'(Q7r), and the mapping AF +— Aup from Ly(Q) to H"°(Q7)
defines a bounded linear operator U such that Up A F' = Aup. Therefore, the lemma is
proved. ]

The CGM based on the gradient of J(q, ¢, F') is applied to obtain the minimizer of
the objective functional numerically. In order to obtain the gradient, we introduce the

following adjoint problem:

P = -V (kVA) + g\ — (uy — ¢9)(t — t1)
—(uy = $)3(t — t2) = 2ur — 975t = T), (v.t) €Qr,  (817)
kzg—i—l—a)\:O, (x,t) € Sr, MNx,T) =0, z€eQ,

where 0(-) is the Dirac delta function. According to Definition 8.2.1, the weak solution
A € HYO(Qr) of the adjoint problem (8.17), satisfies the variational equality

0
/T ()\8—2 +EVA-Vn+ q)\n) dxdt + /ST andsdt = /Q {(u1 — P))n(x, t1)
+ (uz = ¢3)n(x, ta) + (ur — 7)n(x, T)} dw, Yy € H"Y(Qr) with 5(-,0) = 0.

Theorem 8.3.4. The objective functional J(q, ¢, F') is Fréchet differentiable, and the
partial derivatives J,(q, ¢, F), J;(q, ¢, F') and Jp(q, ¢, F) are given by

T
J'(g, 6, F) = — / w(, DA, 1)t (8.18)
0
T4(a. 6, F) = A(x,0), (8.19)
T
Tela.0.F) = [ Mo Ol t)dr (8.20)
0
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8.3 Analysis

Proof. Taking Aq € L(€2) such that ¢ + Ag € A;, and denoting by AJ, = J(q +
Aq, ¢, F) — J(q, ¢, F), the increment of the objective functional J(q, ¢, F') in the ¢ di-

rection, then equation (8.8) yields

AJ, :/ {Aug1(ur — ¢7) + Auga(ug — ¢5) + Augr(ur — ¢7)} dv
Q
1
+ 5 {HAUq,IH%Q(Q) + ||Auq,2||%2(n) + HAUQ,TH%Q(Q)} ;

where Au,; = Auy(z,ti;q,¢0,F), i = 1,2, and Auyr = Auy(z,T;q, ¢, F). Using
the property of the Dirac delta function, the first term of the right hand side in the above

formula can be written as
| 1t = 65) + Buya(ua = 65) + B — 65} do
= [ Aug{(ur = ¢1)8(t —t1) + (up — ¢5)8(t — t2) + 2(ur — ¢7)0(t = T)} ddt,
and by the adjoint problem (8.17), we have

O\
AJ, :/ Au, {_E — V- (kVA) + q)\} dz
T
1
+ B {HAuq,lH%Q(Q) + HAquH%Q(Q) + HAuq,TH%Q(Q)} :

Also, by (8.13) for Au, and integration by parts, we get

/ Auy, {—g—;\ — V- (kVA) + q)\} dxdt

:/ 4 {M =V (kV(Aug)) + unq} dxdt

ot
0(Auy) O\ T
+ /ST {kTA k%Auq} dsdt /QAqude

= —/ Aqu(q + Ag, ¢, F)Mdxdt

T

=— AgAugAdxdt — Aqudzdt.
Qr Qr

Thus, the above two equations and the property of the Dirac delta function imply
AJ, =— / AgqAu A dxdt — / Aqudzdt
T T

1
+ 5 {HAUQJH%Q(Q) + ||Auq,2|]%2(9) + ||Auq7TH%2(Q)} :
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By the same approach for the problems (8.14) for Aug and (8.15) for Aup, we can obtain

1
AJy = /QAW\(%O)df + B {HA%,IH%Q(Q) + HA%QH%Q(Q) + HA%,TH%Q(Q)} )
1

From (8.3), we can obtain that

maX{HAUq,lH%Q(Q)a ||Auq,2||%2(9)7 HAuq,T”%Q(Q)} < C||ACZ||%OO(Q)7
maX{HA%,lHQLQ(Q)a ||A“¢>,2H%2(Q)a HA%,TH%Q(Q)} < CHA(bH%Q(Q)v
maX{HAUFJH%Q(Q)a HAUFJ”%Q(Q)a ”AUF,T”%Q(Q)} < CHAFH%Q(W

and via Lemma 8.3.2, we get

‘/ AqﬁqudIdt‘ <Al L@ M 2@ | Atgl Laior) < cllAgllT 0y,
T
thus

AJ, = _/ Aqurdzdt + o(||Aq|| .. ).

T

AJ¢:/A¢)\(I, 0)dz + o([| Ad|y(0)),

Q

AJF:/ AFhAdzdt + of|AF|ye),
Qr

which means that the formulae (8.18)—(8.20) for the Fréchet derivatives hold. The theo-
rem is proved. O

8.4 Conjugate gradient method

In this section, the CGM will be developed and applied to obtain the numerical solutions
for the reaction coefficient ¢(x), the initial temperature ¢(z) and the source term F'(x)
to the inverse problem (8.1), (8.4)—(8.6). The following iterative process is used for the
estimation of the triplet of functions (g, ¢, F') by minimizing the objective functional
(8.8):
=g+ By, QM =g+ Bydy, FMT = F 4 BRdp, n=0,1,2,- -
(8.21)

with the search directions dy, dj and d}. given by

_J/O _JIO —J’O
d;b - [Zn’ n gn—1 dg - (f)n’ n gn—1 d?‘ - Zz’ n qn—1
_‘]q +7qdq ) _JqS +7¢d¢ ) _JF +7FdF )
(8.22)
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8.4 Conjugate gradient method

where the subscript n indicates the number of iterations, ¢°, ¢° and F° are the initial
guesses for the three unknown functions, J;* = Ji(¢", ¢", F™), Ji* = Ji(q", ¢", F"),
Jp = Jp(q", 9", F"), By, B} and (3} are the step sizes with respect to ¢, ¢ and F’ in
passing from iteration n to the next iteration n+ 1. The Fletcher-Reeves formula, Fletcher
& Reeves (1964), is applied for the conjugate gradient coefficients v;, 74 and v given
by
o 174" 1) o 176117, e 12117, 0 .
- n— ’ - n— ) F — n— ) - 5
R B [ S [V S 17717 0
(8.23)

Denote u]" := u(z,t;; ", ¢", F™), i = 1,2, and v} := u(z,T;q", ¢", F™), then the

step sizes 3, B and [} can be found by minimizing

J( n+1 (anrl Fn+1 /{ n+l 6 ( n+1 ¢2) ( n+1 (bT }d.fl'/'

Setting A¢™ = d2, A¢" = d} and AF" = d}, the functions uf*", uf™" and uf" are

linearised by the Taylor series expansion in the following form:

u(z, t;q" + Brdy, ¢" + Bydy, F" + Bpdy)

E. mn n Fn
ol g 6 F")—l—ﬁ”d”au(x’ i q" 9", F)

oqn
wmOu(@ tg" 9" F") o, Ou(z, b g, ¢ FT)
T Pods " I g
~u(w, b q", ", F") + By Aug(w,t; ¢, 9", F™)
+ By Aug(x,t;¢", ¢", F") + BplAup(z, t; 4", ¢", F")

where ¢ represents ¢, t, and 7.

Denote Aug ; = Aug(z, 154", 9", F"), Auyy = Auy(z,t2;¢", ¢, F™) and Aug =
Aug(z, T;q", ¢", F™), and Aup |, Aug 5, Aug p, Aufy, Auf, and Auf o can be defined
in the same way. We have

TG ) = 5 | (B Ay + B A, + Bp A, - ¢7)” da

n n n n n n € 2
ﬁq Aqu + B¢Au¢,2 + BFAUF,Q - ¢2) dx

N | = [\DIH&
:o\»b\

n n n n n n € 2
+ By Augr + By Aug o + BpAupr — ¢T) dx
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The partial derivatives of the objective functional J(¢"*!, ¢"*', F"*1) with respect to 37,
B and [0} are given by
apn = AnpBy + Awfy + Awsfp — B, B = A By + AxnfBy + A fr — B,
q ¢
0J
ooy
where A1y = Ay, A1z = Asi, Aoz = As,

Au= D [AuGilie, An= D IMu}llie)

= As18; + Az + AssSp — Bs,

i=1,2,T i=1,2,T
A= > (Dup Auly), A= Y (Aup, Auj),
i=1,2,T i=1,2,T
2
Ags = Z (Aug,;, Aup;),  Ass = Z HAU%,iHLQ(Qy
i=1,2,T i=1,2,T
and
Bi=— Y (uf — ¢ Augy), By=— Y (ul —f Aujy),
i=1,2,T i=1,2,T
By = — Z (uj — f,AU%J
i=1,2,T
o9 _ o] _ dJ _ - :
Setting 95y — oy — op — 0, the search step sizes 3, 5 and 57 can be obtained by

solving the following linear system:

Ax = b, (8.24)
where A = {A;;}, 4,7 = 1,3 is a symmetric matrix, x = {3}, 3}, ¢} and b =
{Bl7 BZu B3}T'

The iteration process given by (8.21) does not provide the CGM with the stabilization
necessary for the minimizing of the objective functional (8.8) to be classified as well-
posed because of the errors inherent in the measured temperatures (8.4)—(8.6). However,

the CGM may become well-posed if the discrepancy principle, Alifanov (1994), applied

to stop the iteration procedure at the smallest threshold n for which
J(q" 9", F") <, (8.25)
where € is a small positive value, e.g., € = 107° for exact temperature measurements, and

— 1 € € €
€=3 (165 — ¢1ll70) + 95 — d2llZ,00) + 107 — orll7,0) »

if the measured temperatures contain noise. Based on (8.7), we indicate that € < 3¢2/2.
In summary, the CGM for the numerical estimation of the space-dependent reaction

coefficient ¢(z), initial temperature ¢(x) and source term F'(z) is presented as follows:
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S1. Set n = 0 and choose initial guesses ¢°, ¢ and F° for the three unknown coeffi-

cients ¢(z), ¢(x) and F'(z), respectively.

S2. Solve the initial-boundary value direct problem (8.1) numerically by using the
FDM to compute u(zx, t; ¢", ¢", F™), and J(q", ¢", F™) by (8.8).

S3. If the stopping criterion (8.25) is satisfied, then go to S7. Else go to S4.

S4. Solve the adjoint problem (8.17) to obtain A(z, t; ¢", ¢", F™), and the Fréchet gra-
dients J;" in (8.18), J" in (8.19) and J3* in (8.20). Compute the conjugate coeffi-
cients 7,, 7 and vz in (8.23), and the search directions dy, dg and d’. in (8.22).

S5. Solve the sensitivity problems (8.13) for Au,(x,t; ¢", ¢™, F™), (8.14) for Auy(z,
t;q", ¢", "), and (8.15) for Aup(z,t;¢", ¢", F™) by taking Aq" = dj, A¢"™ = d}}
and A f" = d}., and compute the search step sizes 57, 35 and [} by (8.24).

S6. Update ¢"*1, ¢"*1 and ™! by (8.21). Set n = n + 1 and return to S2.

S7. End.

8.5 Numerical results and discussions

In this section, the space-dependent reaction coefficient ¢(x), the initial temperature ¢(x)
and the source term F'(z) are simultaneously reconstructed by the CGM proposed in
Section 8.4. The FDM based on the Crank-Nicolson scheme is applied to solve the
direct, sensitivity and adjoint problem involved. Note that in the adjoint problem (8.17),
we approximate the Dirac delta function 6(-) by 6,(t — t) = #Ee_(t_iﬁ/ * where a is
a small positive constant taken as, e.g., a = 1073 and t represents ¢y, to and 7. The
accuracy errors, as functions of the iteration numbers n, for ¢(z), ¢(z) and F(z) are
defined as

Ev(q") = 14" — 4l o) (8.26)
Ey(¢") = [|0" — &l o) (8.27)
E3(F") = ||F" = F|| Ly, (8.28)

where ¢", " and F™ are the numerical solutions obtained by the CGM at the iteration
number n, and ¢, ¢ and F' are the analytical expression for the reaction coefficient, initial

temperature and source term, if available.
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The measured noisy temperatures ¢, ¢5 and ¢, are simulated by adding the Gaussian

noisy term to the exact temperature
¢ = ¢; + o0 xrandom(1l), i=1,2T,

where 0 = & max, g {|¢1(2)], |¢2(2)], |¢r(z)|} is the standard deviation, p% repre-
sents the percentage of noise, and random(1) generates random values from a normal
distribution with zero mean and unit standard deviation.

We consider a couple of one-dimensional (d = 1) test examples in a finite slab {2 =
(0, 1) over the time period 7" = 1. For the numerical discretisation we employ the FDM
with a mesh of 100 equidistant nodes equally spread over each of the space and time

intervals.

8.5.1 Example 1

In this example, we take t; = 0.5, to = 0.7 and

k=1, a=1, glxt)=x(1+z) %" —(1+2)(1+ 2%,
h(il?,t) = (1 + x)tga :u(O?t) = €_t7 :U(lﬂt) = 4€—t’
o1(x) = e (1 +2%), ¢ox) =e "7 (1+22), op(x)=e (14 27).

Based on this input data, the analytical solution to the inverse problem (8.1), (8.4)—(8.6)

is given by
qiz)=3+z, Fz)=1+2° ¢@)=1+2 wu(z,t)=1+2"e" (829)

The initial guesses are chosen as ¢°(z) = 2, ¢°(x) = 2 + z and F°(x) = 1. Figure
8.1(a) shows the objective functional J(¢", ¢™, F™) given by (8.8) for the simultaneous
reconstruction of the three unknown coefficients with p € {0, 1} noise. From this figure
it can be seen that the objective functional (8.8), as a function of iteration numbers 7,
is rapidly monotonic decreasing convergent. The stopping iteration number is 17 for
the exact data, i.e., p = 0, whilst the algorithm is stopped at the iteration number 4 for
p = 1 noise, obtained according to the discrepancy principle (8.25). The accuracy errors
E1(q™) given by (8.26), E5(¢™) given by (8.27) and E3(F™) given by (8.28) are shown
in Figures 8.1(b)-8.1(d), respectively. From these figures, it can be seen that for p = 0,
the accuracy errors keep decreasing as the iterations proceed, but for p = 1 noise the
errors start quickly increasing after just a few iterations. Therefore, stopping the CGM
iterations after 4 iterations, (cf. Figure 8.1(a)), is expected to yield stable and reasonably

accurate numerical solutions, as illustrated in Figure 8.2.
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(b)
15
—e— p:O
—a p:l
1 L
2
)
—
€3
05+
L L L O L L T
0 5 10 15 20 0 45 10 15 20
Number of iterations Number of iterations
(©) (d
I p:O
- p=l
0
0 45 10 15 20 0 45 10 15 20
Number of iterations Number of iterations

Figure 8.1: (a) The objective functional (8.8) and the accuracy errors (b) (8.26) (¢) (8.27)
and (d) (8.28), with p € {0, 1} noise, for Example 1.

(a) (b) (©)
4 2
38 18
3.6 16
<34 i ﬁ:g E/ 1.4
32 12
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3 1 —— p=0
- p=1
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0 0.5 1 0 0.5 1
X X X

Figure 8.2: The exact and numerical solutions for (a) the reaction coefficient ¢(x), (b) the
initial temperature ¢(z) and (c) the source term F'(x), with p € {0, 1} noise, for Example
1.
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P I M € N E1 E2 E3
0 101 101 1.0E-07 | 17 2.77E-02 2.0E-02 3.0E-03
1 101 101 39E-04 | 4 6.4E-02 54E-02 0.1077

Table 8.1: The stopping iteration numbers N and the errors F1, Es and F3 forp € {0,1}

noise, for Example 1.

8.5.2 Example 2

We take t; = 0.3, £, = 0.7, and

k=1, a=1, h(z,t)=2+2%e, u0,t)=pn(lt)=c",
g(x,t) = wsin(mz)e™ — (3 — 22%)(2 + 2%)e!

1—ux, x € 0,0.3],
+ (147 +sin(rz))e " { —z+42?, z € (0.3,0.7),
2 z € [0.7,1],

o1(7) = e O3(1 + 7 +sin(nz)), éo(x) = e (1 + 7 + sin(7z)),
¢r(z) = e ' (14 7 + sin(rz)).

Based on this input data, the analytical solution to the inverse problem (8.1), (8.4)—

(8.6) is given by

92— 1, € [0,0.3],
qir) =4 1 —x—i—4:c2, €(0.3,0.7), F(x)=3- 22"
3, € [0.7,1],
olr)=1+m+ Sin(wx), u(z,t) = (1 + 7 + sin(rx))e " (8.30)

In comparison with the Example 1, this example is more severe since the reaction
coefficient ¢(x) in (8.30) to be retrieved is a discontinuous function. The initial guesses
are taken as ¢°(z) = 1, ¢°(z) = 1 and F°(x) = 1. Figure 8.3(a) shows the conver-
gence of the objective functional J(¢", ¢", F") given by (8.8) with the iterative CGM
stopped at the iteration numbers {50, 18} for p € {0, 1} noise, respectively. The corre-
sponding numerical solutions to the reaction coefficient ¢(), the initial temperature ¢(z)
and the source term F'(x) at these stopping iteration numbers are illustrated in Figures
8.3(b)-8.3(d), respectively. From these figures, it can be seen that the retrieved results
are reasonably accurate and stable bearing in mind the severe discontinuous reaction co-
efficient that had to be recovered along with the initial temperature and the source term,

simultaneously.
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p I M € N E1 EQ E3
0 101 101 1.0E-06 || 50 0.1343 6.2E-02 2.5E-03
1 101 101 2.7E-03 || 18 0.3402 0.1640 0.1420

Table 8.2: The stopping iteration numbers N and the errors F;, F5 and F3 for p € {0, 1}

noise, for Example 2.

(a) (b)
10° 35

q(x)

p=0, n=50

_6 -
10 0 10 20 30 40 50
Number of iterations X
(c) (d)
3
— Exact
— p=0
25 — p=1
=
= 2
15+
l L
0 0.5 1
X X

Figure 8.3: (a) The objective functional (8.8) and the exact and numerical solutions for
(b) the reaction coefficient ¢(x), (c) the initial temperature ¢(x) and (d) the source term
F(z), with p € {0, 1} noise, for Example 2.

8.6 Conclusions

The simultaneous retrieval of the space-dependent reaction coefficient, the initial tem-
perature and the source term from the measured temperatures at two time instants ¢, to

and at the final time 7" has been investigated. The three unknown coefficients have been
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reconstructed by minimizing the least-squares objective functional. Based on a varia-
tional method, the Fréchet derivatives with respect to the three unknowns are obtained
together with the adjoint and sensitivity problems. The CGM has then been applied to
numerically retrieve the three unknown coefficients. Two numerical examples for one-
dimensional inverse problems have been illustrated for continuous and discontinuous re-
action coefficient. The numerical solutions regularized by the discrepancy principle have
been obtained accurate and stable for all the three space-dependent unknown quantities

that have been simultaneously retrieved.
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Chapter 9

General conclusions and future work

9.1 Conclusions

The objective of this thesis was to reconstruct unknown space-dependent coefficients
and/or the initial temperature in the IHTPs. Such inverse problems have practical physical
applications in heat and bio-heat conduction, melting or cooling processes, etc.

Since one or more space-dependent coefficients and/or the initial temperature in the
inverse problems is/are unknown, extra information is required to retrieve these unknown
quantities. Such information is usually provided as measured over-specified observation
which contains random noise. This random noise causes huge oscillations and unbounded
behaviour in the numerical solutions to the inverse problem under investigation, when this
problem is ill-posed. Consequently, the traditional numerical methods are not appropriate
unless combined with some sort of regularization.

In this thesis, the inverse problems have been transformed to nonlinear optimization
problems of the least squares objective functionals. Then, the quasi-solutions to the in-
verse problems can be approximated by the minimizers of these objective functionals.
The CGM regularized by the discrepancy principle was utilized to stabilize the solution
with respect to errors in the temperature measurements.

The existence of the minimizer for the optimization problem was proved by applying
basic arguments of functional analysis. The Fréchet gradient of the objective functional
is derived using the variational method, the adjoint problem and the sensitivity problem.

The CGM is established to obtain the numerical solutions to the unknown coeffi-
cients. The choice of the conjugate gradient parameter is taken into consideration, and
the Fletcher-Reeves formula is applied throughout the thesis. The temperature can be
transformed into a linear function of the step size using the Taylor series expansion.

Then, the objective functional can be approximated by the above temperature, and the
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step size is obtained by vanishing the partial derivatives of the objective function subject
to the step size. In summary, the steps of the CGM includes: (S1) set n = 0 and choose
initial guesses for the unknown coefficients; (S2) solve the direct problem and calculate
the objective functional; (S3) if the stopping criterion based on the discrepancy principle
is satisfied, then go to S7, else go to S4; (S4) solve the adjoint problem, Fréchet gradient,
conjugate coefficients and directions of descent; (S5) solve the sensitivity problem and
compute the search step sizes; (S6) update the unknown coefficients, set n = n 4 1 and
go to S2; (S7) end.

For all the inverse problems considered in this thesis, their accurate and stable numer-
ical results have been thoroughly investigated for various noise levels in the temperature
measurements. The direct, adjoint and sensitivity problems have been solved by using
the FDM, i.e. the C-N scheme for one dimensional problems and the ADI scheme for two
dimensional problems. The temperature measurement has been statistically simulated by
adding to the exact temperature random noise generated from a normal distribution by
MATLAB.

In Chapter 1, a general introduction to the direct parabolic problems and the IHTPs
has been provided. The ill-posedness of the IHTP has been presented, especially the
instability of the solution to linear or nonlinear inverse problems. Then, the Tikhonov
regularization can be used to regularize ill-posed problems for a suitable choice of regu-
larization parameter. Iteration regularization methods, such as the Landweber’s method
and the CGM can be used to obtain stable solutions to the inverse problems when the
iteration process is stopped according to the discrepancy principle.

In Chapter 2, the IHTP which requires to reconstruct the unknown space-dependent
thermal conductivity in an isotropic medium has been investigated. The interior measured
temperature is used as additional information. The quasi-solution of the inverse problem
is approximated by the minimizer of the objective functional, which is the gap between
the computed and the measured temperature. The existence of the minimizer to the op-
timization problem is proved based on basic functional analysis arguments. The Fréchet
gradient is derived using the variational method based on the sensitivity and adjoint prob-
lems. Then, the CGM is established based on such gradient. The Sobolev gradient can
also be applied in the CGM to obtain smoother results, especially for the conventional
gradient with zero boundary values. The stable results can be reconstructed by the CGM
regularized by the discrepancy principle, in such case the iterations are stopped at the
level at which the objective functional becomes just below the noise threshold with which
the data is contaminated. Three numerical numerical examples have been presented for

one- or two-dimensional problems obtaining accurate and stable numerical solutions.
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9.1 Conclusions

In Chapter 3, the space-dependent thermal conductivity orthotropic tensor has been
numerically reconstructed from internal temperature observations using the CGM. The
Sobolev gradient has been utilized in the CGM to determine smoother and significantly
more accurate and stable numerical results.

In Chapter 4, the inverse problem of identifying the space-dependent thermal con-
ductivity and reaction coefficient from internal temperature measurements has been con-
sidered using the CGM. The Fréchet gradient with respect to the coefficients has been
utilized to establish the CGM, and then regularized by discrepancy principle to obtain
stable numerical solutions. The numerical results of the three continuous and discon-
tinuous examples showed that CGM is an accurate and stable regularization method for
reconstructing spatially-varying coefficients.

In Chapter 5, the unknown space-dependent reaction coefficient has been recon-
structed from the final or time-average temperature measurements using the CGM reg-
ularized by the discrepancy principle. Three examples for both inverse problems have
been tested obtaining stable and accurate numerical results. Moreover, the numerical so-
lution for the inverse problem based on the time-average measured temperature has been
obtained slightly more accurate than the numerical solution for the inverse problem based
on the final data.

Chapter 6 has been concerned with the simultaneous reconstruction of the space-
dependent reaction coefficient and the initial temperature from temperature measure-
ments at two different instants. The uniqueness of the inverse problem holds under some
assumptions. The regularized CGM has been applied to obtain the numerical solutions
for the two unknown quantities. Three numerical examples for one- and two-dimensional
examples have been illustrated and discussed, and accurate and stable results have been
achieved.

In Chapter 7, the same unknown coefficients as in Chapter 6 have been retrieved, but
from time-integral weighted temperature observations. The CGM has been established
based on the Fréchet gradient and the adjoint and sensitivity problems. The global con-
vergence of the CGM has been established for exact data from the Lipschitz continuity of
the gradient. Three numerical examples in both one- and two-dimensional inverse prob-
lems have been presented, and the numerical solutions showed the accuracy and stability
of the numerical reconstruction.

Finally, in Chapter 8, the space-dependent reaction coefficient, the initial tempera-
ture and the source component have been simultaneously reconstructed from temperature

measurements at two time instants and at the final time. The CGM has been again utilized
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to retrieve the numerical solutions of the three unknown quantities. The numerical solu-
tions of two examples for one-dimensional inverse problems illustrate that all the three
space-dependent unknown coefficients can be retrieved in an accurate and stable manner.

Overall, the numerical results obtained by using the methods established in this the-
sis, i.e. the FDM combined with CGM regularized by the discrepancy principle, illus-
trate that accurate and stable solutions can be obtained for recovering one or more un-
known space-dependent coefficients in nonlinear and ill-posed IHTPs. Moreover, the
CGM semi-converges fast, i.e. the iteration process are stopped rapidly. In general, up
to 5% noisy data, which is a realistic amount noise in practical measurement, can be
inverted to produce reasonably accurate and stable numerical results.

In the simultaneous reconstruction of three unknowns investigated in Chapter 8, the
three search step sizes cannot be obtained in the two-dimensional case, since the matrix
A in (8.24) becomes singular. Thus, the method proposed in this thesis may not be useful
for reconstructing three or more coefficients in IHTPs, simultaneously.

In addition, since the FDM is applied to solve the PDEs, which may limit the appli-
cations of the CGM proposed in this thesis, the FEM could be a better method to solve
the PDEs in irregular domains. Besides, the weak solutions, which are used in the defini-
tion of the least-squares objective functional in Chapters 2—8, can also be applied in the
establishment of the FEM.

Much work remains to be done in the future and some possible avenues are proposed

in the next section.

9.2 Future work

The numerical solutions produced in this thesis confirm the fact that the CGM can be
applied for efficiently reconstructing the unknown coefficients of IHTPs and the initial

temperature of the BHCPs. Some possible future work may consist of:

e Extend the unknown space-dependent coefficients in Chapters 2-4 to time- and

space-dependent or temperature-dependent coefficients.

e Investigate the global convergence of the inverse problems in Chapters 2-4 based

on the approach applied in Chapter 7.

e Reconstruct the space-dependent reaction coefficient, the Robin boundary coeffi-
cient and the initial temperature from the measured temperatures at two distinct

time instants, simultaneously.
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9.2 Future work

Investigate the uniqueness of the reaction coefficient and the initial temperature in

the IHTP from time-average measured temperatures in Chapter 7.

Investigate the uniqueness of the reaction coefficient, the source component and
the initial temperature of the IHTP from temperature observations at two distinct

time instants and at the final time in Chapter 8.

Extend the one-dimensional numerical implementation of Chapter 8 to higher di-

mensional inverse problems.

The numerical solutions to the discontinuous coefficient examples are not suffi-
ciently accurate throughout the work, especially near the areas of the discontinuity
points. One may employ the TV regularization to improve the accuracy in recover-

ing these discontinuous coefficients.

Use the FEM combined with CGM to reconstruct unknown coefficients in IHTPs

for irregular solution domains.
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