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Chapter 1

Introduction

Most of the research presented in this thesis has been done in the graduate program “Hierar-
chy and symmetry in mathematical models”! funded by the German Research Foundation
(DFG). The research topic is closely related to subjects studied in the collaborative re-
search center (SFB) 540 “Model-based experimental analysis of kinetic phenomena in fluid
multi-phase reactive systems”2. Fluid multi-phase systems are very common in process en-
gineering, e.g. in reaction and separation processes. The methodology of the model-based
experimental analysis, developed in SFB 540, combines high resolution measurement tech-
niques, numerical simulation, and methods for model-supported planning and evaluation of
experiments in a systematic way. Part of this methodology is the formulation and solution
of inverse problems. The efficient solution of these typically very complex inverse problems
allows the determination of interesting (for example, kinetic) quantities, which cannot be de-
termined directly from the available experimental measurement data. One goal in SFB 540
is the successful modelling of selected (kinetic) phenomena on the basis of these estimated
quantities leading to an improvement of existing and the development of new production
processes. In the following we describe one particular physical process that is considered in
this thesis and give an overview of the main research topics.

1.1 Problem motivation and main research topics

The modelling of kinetic phenomena in fluid multi-phase systems leads to problems of
model structure and parameter identification, which belong to the class of inverse prob-
lems [Mar05]. Challenging inverse problems appear in the study of heat and mass transfer
mechanisms in falling films, which are of special interest due to their technical relevance.
These film systems are frequently used in the chemical industry and the production of
food, e.g. in film evaporators used in the fruit juice and milk production. Many investi-
gations have already been performed to analyze the heat and mass transfer in falling films
[HR94, HMET03, LMFA99, LM91]. It has been observed that in realistic wavy films both
heat and mass transfer are significantly higher than predicted by simple one-dimensional
models. In these studies semi-empirical correlations of the heat and mass transfer enhance-
ment due to the waviness of the film are presented. However, the mechanisms of the transport
processes and the flow characteristics of wavy films are still not well understood.

The research in this thesis is motivated by the question how the heat transfer in falling films
is influenced by the wave characteristics. The approach used for answering this question is
based on high resolution temperature measurements. These measurements were performed
at the Chair of Heat and Mass Transfer (RWTH Aachen University) in a falling film appa-
ratus specifically designed for this purpose (see Fig. 1.1).

Thttp://www.math.rwth-aachen.de/homes/Kolleg/
2http://www.sfb540.rwth-aachen.de/
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Figure 1.1: Schematic falling film experiment; adopted from [GSM™T05]

In the falling film experiment a laminar wavy film travels along a thin foil that is heated
electrically from the back side. The identification problem of estimating the heat flux on
the film surface from the measurement data on the foil back side is coupled with the fluid
dynamics of the falling film. Due to this coupling the identification problem is of huge com-
plexity. Thus, a simplified but still very challenging and relevant problem is considered, in
which the heat transfer is decoupled from the fluid dynamics. We investigate the unsteady
heat transfer from the heating foil to the falling film (see Fig. 1.2 in which the z-coordinate
denotes the flow direction of the laminar wavy falling film).

heating foil

lacquer

IR-cameral] ||

Figure 1.2: Measurement setup in the falling film experiment

More precisely, we estimate the space- and time-dependent heat flux ¢ on the inaccessible
film side I'c of the foil using infrared (IR) temperature measurements on the foil back side
Ty, which are influenced by the transport phenomena in the falling film and the wavy film
surface. This is a model-free estimation problem in the sense that no a-priori knowledge
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of the heat transfer mechanism is used. In subsequent steps the estimated heat flux can
be correlated with other characteristic quantities in the falling film such as the mean film
temperature and the flow regime. This incremental approach of modelling, in which a model
structure (e.g. involving the estimated heat flux) is refined gradually by specifying submod-
els, is investigated in SFB 540 and at the Chair of Process Systems Engineering (RWTH
Aachen University). On the basis of this methodology an improved physical understanding
of the related kinetic phenomena can be obtained and predictive mathematical models can
be derived (see e.g. [KGMT08]). The results presented in this thesis are also meant to
contribute to a better understanding of numerical solution methods for multi-dimensional
inverse heat conduction problems. This is essential as a basis for future investigations of
more complex inverse transport problems such as the heat transfer through the falling film,
mass transfer from the film to the gas phase, or reaction processes inside the film.

There is a vast amount of studies devoted to inverse heat transfer problems. Most literature
on numerical solution methods is restricted to one or two space dimensions. For three-
dimensional problems only few publications are available (compare Chapter 2). In some
of these publications simulated data with few pointwise measurement locations are used.
Others are based on realistic experimental measurement data. However, the presented so-
lution methods, e.g. using model reduction techniques to reduce the problem complexity,
become computationally intractable when a fine space discretization is applied. In this the-
sis a three-dimensional inverse heat conduction problem (IHCP) for the reconstruction of
a boundary heat flux with high resolution in space and time is solved numerically. As a
key ingredient the realistic high resolution spatio-temporal measurements are used. For the
solution of the IHCP efficient and robust numerical methods are needed. The combination
of methods investigated in this thesis and outlined below is new.

The three-dimensional IHCP in falling films is formulated as an optimal control problem.
The optimization is performed in cooperation with the Chair of Process Systems Engineering
(RWTH Aachen University). The idea in this approach is to consider the unknown heat flux
on the estimation boundary as a decision variable to minimize a specified defect functional
on the measurement boundary of the heat conductor. In the defect functional the computed
temperature for an approximation of the searched for boundary heat flux is needed, which
is obtained from the solution of a direct heat conduction problem. We introduce the space-
time domains S, := T'y, X (to,tf], w € {m,e}, where T, and T'c denote the measurement
and estimation boundary of the heat conductor, respectively. The variational formulation
is as follows: find the optimal control ¢ € La(S) such that

1 .
J(Q) = §HT(Q)|SM - TmHiz(Sm) — min.

The norm in this objective functional is defined by

ty
112,05, = / / (Vdxt,

and T'(q) denotes the solution of the direct heat conduction problem

aa—f(x,t) = aAT(x,t), (x,t)€Qx (to,ty], (1.1)
T(x,tp) = To(x), x€, (1.2)
—)\g—i(x,t) = q(x,t), (x,t) € S, (1.3)
—)\g—i(x,t) = q(x,t), (x,t)€S,, (1.4)

with known initial and boundary data Ty and ¢, and strictly positive material constants
a, \. For an alternative formulation we use an abstract operator notation. Let A denote the
operator, which maps a time- and space-dependent boundary heat flux g € Lo(S.) on the
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estimation boundary of the heat conductor to the direct problem solution T'(¢q) of (1.1)-(1.4)
restricted to the measurement boundary, i.e.

A Lo(Se) — La(Sn)

2 T()ls,. (15)

With this operator we can reformulate the ITHCP as follows: find the heat flux ¢ € Lo(S,)
such that

1 .
J(q) = §|\Aq = Tll7 s,y — min, (1.6)

where the temperature data T, € La(S,,) are known. We will see that the operator defined
by (1.5) is affine and bounded. However, for realistic (multi-dimensional) geometries and/or
time- and space-dependent coefficients in the heat conduction equation (1.1) we are not able
to give an explicit representation of this operator. For the solution of the optimal control
problem we apply the conjugate gradient type method CGNE, in which the approximation
quality depends on how many iterative steps are performed. Since the optimal control prob-
lem based on realistic measurement data is severely ll-posed, which means that a solution,
if it exists, may be arbitrarily far from the exact solution, we use iterative regularization.
Although a suitable problem discretization results in a kind of regularization, too, it is not
sufficient for our problem. For the choice of the regularization parameter, i.e. the termi-
nation index of the CGNE iteration, we use the heuristic L-curve method which does not
require any information about the noise level and turned out to be satisfactory for our prob-
lem class.

In the CGNE algorithm well-posed direct heat conduction problems of the form (1.1)-(1.4)
have to be solved. However, the very different length scales of the heat conductor, i.e.
the thin heating foil, result in an anisotropy effect. For the numerical treatment we use
an implicit time integration method and a special space discretization based on (linear)
anisotropic tetrahedral finite elements. In order to obtain a bound for the discretization er-
ror we use the Céa-lemma and error bounds for standard nodal Lagrangian interpolation. A
mazimum angle condition is formulated which is the essential condition to deduce suitable
bounds for the interpolation error. Different approaches for the derivation of these error
bounds are considered. We give a uniform presentation of results for anisotropic (triangular
and) tetrahedral finite elements that can be found at different places in the literature. From
these results we can conclude that anisotropic tetrahedral elements which satisfy a maxi-
mum angle condition are suitable for the space discretization of the direct heat conduction
problems. Important phenomena concerning anisotropic finite elements are illustrated by
means of systematic numerical experiments.

In each step of the implicit time integration method linear anisotropic reaction-diffusion
problems have to be solved, which contain two important parameters: there is a parameter
which describes the anisotropy of the domain and one that measures the size of the reaction
term relative to that of the diffusion term. After discretization we have a third parameter,
namely the mesh width. For the efficient solution of the corresponding discrete problems the
convergence of a multigrid method with a special (symmetric line Gauss-Seidel) smoother is
analyzed. In the analysis there is a need for other (better) interpolation operators than the
standard Lagrangian interpolation operator. Thus, a modified Scott-Zhang interpolation
operator is studied. Both, for the W- and the V-cycle method we derive contraction number
bounds smaller than one uniform with respect to all three parameters. For the multigrid
Wh-cycle the convergence is analyzed in the framework of the approximation and smooth-
ing property. Most literature on convergence analyses of multigrid methods for anisotropic
pure diffusion problems is based on a special (i.e. the standard Lagrangian) interpolation
operator and (thus) is restricted to two-dimensional problems. In this thesis we treat the
three-dimensional case and consider an additional reaction term.

The thesis is organized as follows. In order to point out some essential properties of IHCPs
in more detail, in the next section we consider a one-dimensional inverse heat conduction
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model problem. For this problem an explicit representation of the corresponding operator A
in (1.5) is known. We finish the introduction with some notes on the CGNE approach used
for solving the optimal control problem. A clear advantage of this iterative approach is that
we only need applications of the operator A to given elements from the space La(S,), which
requires the solution of well-posed direct heat conduction problems. The three-dimensional
THCP in falling films is formulated in Chapter 2. The experimental falling film setup and the
optimization based solution algorithm are described. Different strategies for the choice of
the CGNE stopping index (i.e. the regularization parameter) are considered. The basic the-
ory of numerical solution methods for direct heat conduction problems using isotropic linear
finite elements for the space discretization is discussed in Chapter 3. Standard techniques
for the derivation of discretization error bounds are recalled. In Chapter 4 we investigate
anisotropic finite elements. A maximum angle condition is introduced and more involved
techniques that are needed for proving discretization error bounds for linear anisotropic (tri-
angular and) tetrahedral finite elements are explained. A convergence analysis of a special
multigrid method (using a robust line smoother) for the solution of the resulting discrete
problems is presented in Chapter 5. The combination of these numerical methods is applied
to realistic high resolution measurement data obtained from the falling film experiment in
Chapter 6. A multi-level approach for the optimization procedure is considered, in which
the entire optimization process is started on a relatively coarse level (space grid) in order to
find a good initial approximation of the estimation quantity on a next finer level. Finally,
some conclusions are given in Chapter 7.

1.2 An inverse heat conduction model problem

We want to determine an unknown heat source at the end of an insulated semi-infinite bar
on the non-negative z-axis, given temperature measurements at position z = 1 of the bar.
The mathematical formulation of this model problem is: find f(t) := (0, ) from

U = Uge, =€ (0,00), te(0,tf],
u(z,0) = 0, x>0,
uz(0,t) = 0, te]l0,ty],
u(l,t) = g(t), tel0ty],

where temperature data ¢(t) € L2(0,t¢) up to the final time ¢; are given. For convenience,
the space domain is unbounded and we want to determine temperature values (Dirichlet
data) instead of a boundary heat flux (Neumann data). If a solution f(t) € L2(0,ts) of the
model problem exists, it can be determined from the first-kind Volterra integral equation

/0' k(t,s)f(s)ds = g(t), te[0,ty], (1.7)

where the kernel & is of convolution type, which means k(t, s) = k(t—s) for some continuous
function k. One can show that the kernel is given by

k(t) = Wltgﬂexp <_4lt> . te(0,ty]. (1.8)

In practice the measured signal ¢g(¢) in equation (1.7) consists of the true signal and an
unknown noise and the kernel function represents the so-called instrument response function.
If we define the linear integral operator K : Ls(0,t¢) — L2(0,tf) by

(KA)(t) = / At - $)f(s)ds, te[0,tg], (1.9)

then an equivalent formulation of the described model problem is: find the unknown heat
source f from the integral equation
Kf=g. (1.10)
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Throughout this section, we assume that a solution of (1.10) exists for exact data g. Our
goal is to show that the inverse problem is ill-posed due to two different effects. The searched
for quantity does not depend continuously on the given data and it cannot be reconstructed
at final time ¢ = t; (compare [Eld83]). We emphasize that both effects are inherent to the
problem and do not depend on the chosen solution (regularization) strategy.

Analysis of the continuous problem

The fact that small perturbations in the given data may lead to enormous deviations in the
solution of the considered inverse heat conduction model problem can be seen as follows.
The problem is to solve an integral equation of the first kind (see appendix). For this type
of equation, the corresponding integral operator is compact in reasonable topologies and
under weak conditions on the kernel [EHN96, Kir96]. It can be shown that equations of the
form Kf = g, where K is a compact linear operator (with an infinite-dimensional range)
are always ill-posed in the above described sense. This can be illustrated using a singular
system for the operator .

In our case the integral operator is compact since the kernel in (1.8) is weakly singular
[EHN96]. The kernel function r(¢) vanishes exponentially for ¢ | 0 and thus, for f €
L5(0,t5), the integral in (1.9) exists and is finite. We introduce the adjoint operator IC* :
L(0,t5) — La(0,t5) of K w.r.t. the standard scalar product (-,-) in L2(0,ty)

(K*g)(s) ::/'f Kt = s)g(t)dt, s € [0,¢]. (1.11)

Let 01 > 09 > ... > 0 be the ordered sequence of positive singular values of K (i.e. the
square roots of the non-zero eigenvalues of K*K) counted with multiplicity. There exist
orthonormal systems {v,,(t) }nen and {u,(t) }neny with the properties:

Kv, =opu, and K*u, =o,v,, n€N.
bl

The system (0y,; Up, Un )nen is called a singular system for K. Now we can give the well-
known Picard criterion: for the compact linear operator K with singular system denoted as
before the problem (1.10) is solvable, i.e. g € R(K), if and only if

geR(K) and Y, é|(g,un)|2 < 00, (1.12)

where R(K) denotes the range of the operator K. If these conditions are fulfilled then the
solution of (1.10) with minimum Le-norm is given by

F=> Ui(g,un)vn. (1.13)
n=1 n

Note that (1.12) requires a fast decay of the Fourier coefficients (g, u,) relative to the
singular values o,,. Thus, the Picard criterion is quite restrictive since in practice the data g
contain measurement errors. Error components that correspond to small singular values are
amplified by the relatively large factors 1/0,. When the range of K is finite-dimensional,
ie. dim(R(K)) < oo, then there are only finitely many singular values. In this case the
amplification factors are bounded even though they might be unacceptably large. However,
the kernel in (1.8) is non-degenerate and thus for the corresponding integral operator in
(1.9) we have dim(R(K)) = oo with lim,, . 0, = 0 (see [EHN96] for more details). For this
reason data errors of a fixed size can be amplified arbitrarily much. The faster the singular
values decay to zero, the more severe the ill-posedness becomes. This poor conditioning does
not depend on special properties of the kernel function. The direct problem is to compute
g from the application of I to a given element f. In our case this means integration of the
given data, which is a smoothing process in the sense that highly oscillatory errors in f are
damped and have only little effect on g. On the other hand, this smoothing property of K
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causes high frequency errors in g to create large oscillations in the solution f of the inverse
problem.

We turn to the second effect that contributes to the ill-posedness of problem (1.10) and
concerns the structure of the operator K in (1.9). This operator is causal, which means
that for any ¢ > 0 the values of g(t) = (Kf)(¢) on the interval [0,7] are determined by the
data f(t) on the same interval. The kernel function is of convolution type and we have
k(t) € C*°((0,ty)) with

lim k) (¢) = =0,1,... 1.14
i r (t)=0, v=0,1, (1.14)

For n > 0 we define )
0 ift<ty——,
fn(t) == 1 ) (1.15)
t—(ty — — ift>typ— —.
ne—(tp =) iE> -

Due to (1.14), for fixed € > 0 (arbitrarily small) we can find ng such that |k(t)| < e for all
t €0, n—lo] For n > ng we get

2

1K hallaor,) = / ( / g(t_s)fn(s)ds) it

2
tf +
<20 (] nas) a
tf—% tf—%
2
62 t‘f R , ,
< o */tf,,ll fo(s)ds | < (5) anHL2(07tf)'
Thus, we can conclude
€ €
1K frllac0,s) < E||fn|\L2(0,tf) < ngm 0, n— oo (1.16)

Now we take ¢ > 0 (arbitrarily large), § > 0 (arbitrarily small) and n sufficiently large such
that [|KCfnllL,0,6,) < 6/c. We consider (1.10) and define gs := g + c¢Kf,. Then we have
|95 — gllzo(0,¢;) < & while for the inverse problem solution, which is given by fs = f + cfn,
we obtain

Js(ty) — f(ty) = cfulty) = c.

In other words, arbitrarily small perturbations in the data g may cause arbitrarily large
errors in the solution of the inverse problem at ¢ = ¢y, which means that f cannot be
reconstructed at final time. However, note that || f5 — f | z,(0,c;) < ¢/v/n — 0, n — oo. For a
discrete version of the integral equation (1.10) we illustrate the two above described effects,
which are independent of each other, in the next paragraph.

A discrete version of the model problem

Let N > 1 and h = ty/N. For the discretization of (1.10) we use the midpoint integration
rule, which leads to the approximate solution

i—1

hz k(tistjz1y2)fip12 =9:), i=1,2,...,N, (1.17)
=0

where t; = jh and t; /o = t; + h/2. For a survey of regularization methods for Volterra
equations of the first kind (including appropriate discretizations) we refer to [Lam00]. The
linear system of equations (1.17) can be written in matrix-vector notation with a square
lower triangular matrix K that has certain structure properties. The ill-posedness of (1.10)
is reflected in the ill-conditioning of this matrix. For a quite similar inverse model problem
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Figure 1.3: Smoothing property of the direct problem

in [E1d83] the structure and the pattern of the singular values of K are discussed. In the
following numerical experiments we take ¢y = 1 and IV = 500.

First, we illustrate the smoothing property of the direct problem. For this reason we consider
the vector f,, obtained from the discretization of

fn(t) =sin(27nt), n € N.

In Fig. 1.3 the corresponding direct problem solutions g,, = Kf;,, are shown for n = 1,4. We
observe that for increasing n the amplitude in the solution g, becomes smaller, i.e. high
frequencies are strongly damped. In order to demonstrate the second effect, we consider

the vector f,, obtained from the discretization of (1.15). For n — oo the values of f,, form
approximations of a peak at final time.
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Figure 1.4: Direct problem solutions g,, for approximations f,, of a peak at final time
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In Fig. 1.4 we can see the kernel function k(1 —t) and the direct problem solutions g,, = Kf,,
for n = 2.5 and n = 5. The results indicate that the direct problem solutions converge to
the zero-element in the Lo-sense (compare (1.16)).

1.3 The CGNE approach

For the “simple” one-dimensional inverse model problem of the previous section the corre-
sponding integral operator is known explicitly. This model problem can be treated by using
an appropriate discretization and standard regularization methods (dashed line in Fig. 1.5).
However, direct methods are not appropriate and may even not be applicable in higher
dimensions for the solution of the regularized discrete problem, if various computations for
different a-priori chosen regularization parameters are needed. Thus, the discrete problems
are often solved by an iterative technique. On the other hand, iterative methods have inher-
ent regularization properties. In this thesis we apply the iterative CGNE method for solving
the optimal control problem, in which the approximation quality depends on how many
iterative steps are performed, and use a suitable stopping criterion (solid line in Fig. 1.5). A
further clear advantage of this approach is that we do not need an explicit representation of
the associated operator, which is not available for realistic (multi-dimensional) geometries
and/or time- and space-dependent coefficients in the heat conduction equation. The CGNE
algorithm merely requires the computation of well-posed direct heat conduction problems,
i.e. different applications of the operator.

continuous
pemm e problem
i Kf=g
discretization ! transition
[}
\i
discrete normal equation
problem (NE)
Kf=g K*Kf=K*g
[}
transition | solution
[}
Y
least squares CG applied to NE
problem (CGNE)
ming || Kf — g||§ minfesk I<f— 9||2
|
o discretization +
regularization .
. regularization
+ solution ]
| computational
Lo

algorithm

Figure 1.5: Proceeding in this thesis (solid line) and for a model problem (dashed line)

For the THCP in falling films the linear operator in
Kf=yg (1.18)

is non-selfadjoint (compare Section 2.3.2). Throughout, we assume that a solution of (1.18)
exists for exact data g. If we apply the adjoint operator K* to this equation we get the
normal equation (NE)

K*'Kf=K"g (1.19)
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with the selfadjoint and positive semidefinite operator */C. Thus, the well-known conjugate
gradient (CG) method can be applied to (1.19) resulting in the CGNE algorithm. In each
iteration k of this algorithm the unique solution with minimum norm of the constrained

minimization problem

min |Kf — gl?

min 1/ — o]
is determined. Here, S* denotes the corresponding Krylov subspace of dimension k = 0, 1, ...
(shifted by the initial guess). The computational algorithm used in this thesis is finally ob-
tained from the discretization of the continuous CGNE approach.



Chapter 2

An anisotropic inverse heat
conduction problem in 3D

In this chapter we formulate a three-dimensional inverse heat conduction problem (IHCP).
The experimental falling film setup in which high resolution temperature measurements were
performed is described. For the solution of the inverse problem an optimization method
based on the numerical treatment of direct heat conduction problems in a thin foil is stud-
ied. The very different length scales in the geometry of this foil result in an anisotropy effect.
Since the considered THCP is severely ill-posed the inherent regularization properties of the
applied iterative solution method are discussed.

There is a vast amount of studies devoted to inverse heat transfer problems (see e.g.
[Ali94, BBH96] and the references therein). Most literature on numerical solution methods
is restricted to one or two space dimensions (cf. e.g. [HR98]). For three-dimensional prob-
lems only few publications are available. In [Cha01, HW99, YC97] simulated data with few
pointwise measurement locations are used. An efficient method for the solution of transient
three-dimensional THCPs based on experimental investigations of pool boiling can be found
in [LMMO5]. In that paper, which extends the studies of [BM97], a filter-based inversion
method is presented. However, the achievable discretization resolution is limited by the used
model reduction software. In contrast to that, in this thesis the reconstruction of boundary
heat fluxes with high resolution in space and time based on high resolution spatio-temporal
temperature measurements is investigated [GSM™05]. Recently, the reconstruction of local
boiling heat fluxes from pointwise experimental measurements applying the optimization
based solution approach studied in this thesis, too, is considered in [HMG™08].

2.1 Experimental setup

In order to analyze the influence of the wave characteristics of thin films on the heat transfer,
measurements were performed in a falling film apparatus designed and operated at the
Chair of Heat and Mass Transfer (RWTH Aachen University). In Fig. 2.1 a schematic
representation of the falling film experiment and a realistic laminar wavy film surface are
shown. The experimental setup consists of a fluid cycle with a loudspeaker that produces
waves with a certain frequency. The laminar wavy falling film travels along a thin constantan
foil that is heated electrically via a direct current (DC) power supply. On the back side of
this foil high resolution temperature measurements, that are influenced by the transport
phenomena in the falling film and the wavy film surface, are taken with an infrared camera
CEDIP Jade IT [ALR02, Als05, LARO1]. It has a HgCdTe focal-plane-array with a resolution
of 320 x 240 pixel and is sensitive to radiation in the long wavelength range between 7.7 and
9.5 um.

In Fig. 2.2 the measurement setup is illustrated. The z-coordinate denotes the flow direction

11
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loudspeaker

liquid overflow
flow @
meter liquid constantan foil
distributor 240x700mm?2
B
infrared
film radiometer
flow
= + b
DC power
supply
pump (&)

Figure 2.1: Schematic falling film experiment and surface of a laminar wavy film; adopted
from [GSM™T05]

of the laminar wavy falling film. The inverse heat conduction problem studied consists of
determining the time- and space-dependent heat flux ¢ on the inaccessible film side I'. of the
foil from measurement data 7,,, which are taken on the foil back side I';;,. The remaining
initial and boundary conditions are assumed to be known. There are two alternatives for
modelling the electrical heating at the back side of the thin foil. We could consider a
volumetric source inside the heat conductor or, as done in this thesis, we assume that we
have a constant boundary heat flux ¢ on I';,, as shown in Fig. 2.2.

heating foil

lacquer

| <@m||R-cameral] |
{ T

Figure 2.2: Measurement setup in the falling film experiment

In order to reach a small temperature gradient across the foil in z-direction it has a thickness
of 25 wm while the measurement section on I',,, has the dimension 19.5 x 39 mm? in the
y, z-plane. In this way the measured temperature data already provide a good estimate of
the temperature values on the inaccessible film side of the foil. Some measurements with
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C

foil back side

Figure 2.3: Temporal regimes of temperatures for a silicon oil; provided by F. Al-Sibai
(compare [Als05])

infrared thermography are shown in Fig. 2.3. The sequence of pictures shows one wave
of the falling film moving along the measurement section. There is an increasing surface
temperature within the substrate region where the heat transfer is dominated by conduction.
In the region of the wave front where the heat is transferred by convection, too, there is a
strong cooling. The temperature fluctuations on the film surface are much higher than those
on the back side of the foil, which are smaller than 0.06°C. Thus, a clear wave structure
cannot be observed at all on the foil back side, as Fig. 2.4 shows in more detail. Due to the
very small temperature range in the falling film experiment the material properties of the
heat conductor are assumed to be constant.

38.0 ; ; ; -
°C a) foil back side
o 37.0L 1w
2 2
S 36.00 ] O
3 film surface 3
£ . A A £
S
3 | L
i +g f ot Lg I %é’ 4
340 b v L Y4
EEEEEERE N
33.0 ‘ . . . 37.76 . . . .
0 0,2 0,4 0,6 08 ¢ 1 0 0,2 0,4 0,6 08 ¢ 1
time time

Figure 2.4: Temperature ranges on the film surface and the foil back side; provided by
F. Al-Sibai (compare [Als05])

2.2 Mathematical problem formulation

Let © C R3 be the parallelepiped (heat conductor) in Fig. 2.2. We consider the three-
dimensional heat conduction equation

cpa—f(x,t) =V -(AVT)(x,t) + f(x,1), (x,t) € Q; 1= Q x (to, ts], (2.1)

where T'(x,t), (x,t) € Q,, denotes the temperature distribution of the heat conductor and
J € L2(€4,) models an inner heat source. The initial and final times are denoted by t, and
t¢, respectively. In general the material properties which are given by the specific heat c,
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the density p, and the heat conductivity A\ are space- and time-dependent. However, in this
thesis the heat conductor is assumed to be a homogeneous isotropic solid, which means that
the material properties are positive constants.

The parabolic partial differential equation (2.1) together with an initial temperature distri-
bution Tp(x), x € ©, and Neumann boundary values g(x,t), (x,t) € I'y, := 0Q x (to, ],
lead to the instationary initial boundary value problem

%—f(x, t) = aAT(x,t)+ f(x,1), (x,t)€Q,, (2.2)
T(x,t0) = To(x), x€Q, (2.3)
_)\Z_Z(X’ t) = g(xt), (xt)eTly, (2.4)

with Ty € Lo(2) and g € La(I't;). In this representation the material properties enter the
thermal diffusivity 0 < a := A/¢p < 0o and n denotes the outer normal on the boundary
I':=00.

Definition 2.1 (classical solution) A solution T' of problem (2.2)-(2.4) is called a clas-
sical solution if T € C*(Q,) N CHO(Qy,).

The exponent in C*! (€2¢,) denotes the kth and Ith derivatives in space and time, respectively.
Since we want to apply a finite element discretization (and a solution of problem (2.2)-(2.4)
in the classical sense often does not exist, e.g. due to non-smooth initial or boundary
data), we turn to the variational formulation of the introduced parabolic problem (compare
[HR98, Hao098]).

For arbitrary D C Q we use the notation (-,-)p and || - ||p for the standard scalar product
and norm in Lo(D). In an analogous manner we define the inner product and norm in
Ly(Dy,), where Dy, := D x (to,t+], D C Q, t. € (to,ts], is a time-dependent domain:

ts
(u,v)p,, ;:/ / wodxdt, |ulp,, = (u,u)}j/f, u,v € Lo(Dy,). (2.5)
to JD *

With this notation we introduce the following Hilbert spaces. Let H10(£2, ;) be the space of
all functions u € L(£2,) that have generalized space derivatives in La(€2;,). The associated
scalar product is defined by

(U;,U)Hl,O(Qtf) = (U,'U)Qtf + (Vu, V'U)Qtf, u,v € HYO(,). (2.6)

Let further H'(€;,) denote the space of all functions u € Ly(€2,) that have both, gener-
alized space and time derivatives in Lo(€2,). The associated scalar product is given by

ou Ov

(U7U)H1’1(Qtf) = (U'a U)Qtf + (vu7 VU)Qtf + (Ev E)Qtfv

u,v € HYM (). (2.7)
Note that all derivatives in (2.6) and (2.7) are understood in the weak sense (see appendix).
With these definitions we are able to give the weak formulation of problem (2.2)-(2.4). The
formal multiplication of the differential equation (2.2) with a test function n € H''(€,)
leads to the identity

aT
(E’ 77)9,5* = (aAT7 U)Qt* + (fa 77)9,5* N S (t07 tf]'

Integration by parts using Green’s formula (see appendix) yields

oT orT
(Ev 77)9“ + (CLVT, VU)Q“ = (a%a U)Ft* + (fv 77)9“ .
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If we use the same technique for the time derivative and substitute the initial and boundary
conditions in (2.3) and (2.4), we get the identity

D)o+ (@VT, V), + (T )7 £)a
ot . (2.8)
= (TOa 7](; tO))Q - X(gv 77)1““ + (f7 U)Qf* .

—(T

A weak solution of problem (2.2)-(2.4) in the space H'9(€,) is a function T € H'0(€Y,)
that satisfies identity (2.8) for almost all ¢, € (to,tf] and all n € H>'(Q,). For the
formulation of the inverse heat conduction problem we introduce the spaces

V(@) = {ue B, | ess supyic, [uC Ol + [Vula, <o},
Vl’O(Qtf) {ueV(Q,) |t u(-t) € Ly() is continuous } .

In [LSUGS| it is shown that the space Vl’O(Qtf) is a Banach space with the norm

ulvroga,) = max [uCBlla + |Vulla,,

Now we can formulate the following definition of a weak solution in the space V10(€, ).

Definition 2.2 (weak solution) A function T is called a weak solution in Vl’O(Qtf) of
problem (2.2)-(2.4) if it belongs to VI0(Qy,) and satisfies the identity

n

_(Ta a

a
)Qt‘f + (GVT, Vn)sztf = (Toan('ato))ﬂ - X(g777)rtf + (f’ n)Q‘f’
for alln € HM(Qy,) with n(-,ty) = 0.

Remark 2.3 In [Hao098] it is shown that the formulation in Definition 2.2 is equivalent to
the following one: a function 7' is called a weak solution in V10(€2,) of problem (2.2)-(2.4)
if it belongs to V10(€),) and satisfies the identity (2.8) for almost all ¢, € (to,ty] and all
ne Hl’l(Qtf).

The following theorem states that a weak solution of problem (2.2)-(2.4) in the space
VO, ;) exists and is unique. Moreover, a stability estimate is given.

Theorem 2.4 Consider problem (2.2)-(2.4) with data f € La(S4,), To € L2(Q2), and g €
Ly(Ty,). Then there exists a unique weak solution T € V10(Qy,) and the inequality

sup (|7 03+ IVTIE, + T3, < c(fI, +1Tol +lgl,)

to<t<ty
holds with a constant ¢ independent of T (and thus also of f, g and Tp).

A proof of this theorem in a more general setting (with space- and time-dependent coefficients
and the general second order linear parabolic equation) can be found in [Hao98]. Existence,
uniqueness, and stability results for parabolic equations are also given in [Eva98, LSUGS|.

Remark 2.5 We can formulate an analogon of Definition 2.2 for a weak solution of problem
(2.2)-(2.4) in the space H"' (€, ). However, stronger regularity assumptions w.r.t. the initial
and boundary data are required (Ty € H'(Q) and g € H*'(T',)) in order to show that a
unique and stable weak solution of problem (2.2)-(2.4) in the space H"* (€2, ) exists [Ha098].
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Figure 2.5: Heat conductor and boundary data; T', consists of the (shaded) faces that are
orthogonal to the y, z-plane

2.2.1 The inverse heat conduction problem

We now turn to the specific inverse heat conduction problem studied in this thesis. Let
Q C R? be the three-dimensional heat conductor shown in Fig. 2.5. This heat conductor is
a parallelepiped whose boundary consists of pairwise disjoint parts I' := I",, UT'. UT',. which
specify the measurement boundary I',,, the estimation boundary I'., and the remaining
boundary T', orthogonal to the y, z-plane. Let the corresponding space-time domains be
denoted by

Sw =Ty x (to,ty], we{m,e,r}.

We assume the initial temperature distribution Ty € Lo(€2) to be given. Further, we impose
Dirichlet and Neumann boundary conditions on the measurement boundary I';, in time, i.e.
we suppose the temperature T,, € La(S,,) and the boundary heat flux § € Lo(S,,) to be
known. Given these initial and boundary data, we want to find the temperature distribution
T(x,t), (x,t) € Q,, and in particular the boundary heat flux ¢(x,t) := —)\‘g—z(x, t), (x,t) €
Se, on the estimation boundary from

aa—f(x,t) = aAT(x,t), (x,t) € Dy, (2.9)
T(x,t0) = To(x), x€Q, (2.10)
T(x,t) = Tn(x,t), (x,t)€ Sn, (2.11)

or _
_)‘%(Xat) = q(X,t), (Xat) € Sm7 (212)

where S, is supposed to be adiabatic, i.e. —/\g—g(x, t) =0, (x,t) € S,. In the remainder of
this chapter we always assume the boundaries not given explicitly in the problem formulation
to be adiabatic. Note that we do not consider an inner heat source in equation (2.9). When
the boundary heat flux ¢ on S, and the initial temperature distribution Ty are given, then
a (physically) imposed boundary heat flux ¢ on S. induces the temperature distribution of
the heat conductor and thus in particular the temperature data T, on S,,. In this respect,
by solving problem (2.9)-(2.12), we want to determine the cause for an observed (measured)
effect. For this reason, the latter problem is referred to as the inverse problem, which is
known to be severely ill-posed (compare Section 1.2).

Remark 2.6 In the realistic falling film experiment a very thin heating foil is used in order
to reach a small temperature gradient across the foil thickness (in a-direction). Thus, the
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first temperature frame taken with the infrared camera and assumed to be constant in
z-direction, should provide a good initial temperature distribution (see Section 6.3).

Definition 2.7 (solution of the inverse problem) A function q € La(S.) is called a
solution of the inverse problem (2.9)-(2.12) if there exists a function T € V1O(Sy,) that
satisfies the identity

o
"ot

a a

_(T )Qtf + (CLVT, vn)ﬂt‘f = (TO’ 77(’ to))Q - A ((77 77)Sm 2\ (qa 77)367

for alln € HMY(Qy,) with n(-,ty) =0 and
T(x,t) =Tn(x,t), (x,t) €S, (in the weak Lo-sense).

Since T € V10(€,) we have T|s,, € L2(S,,) and thus the definition of a solution of the
inverse problem is meaningful (compare Lemma 3.2).

To prove existence of a solution of such ill-posed problems is a very challenging task. Most
literature in the field of inverse heat conduction addresses problems in one space-dimension
(see e.g. [HR98] and the references therein). In [Hao98] Hdo studies a one-dimensional
inverse problem with a general second order parabolic equation. The coefficients in the
linear differential equation, which are time- and space-dependent, satisfy certain smoothness
conditions in time. Roughly speaking, Hdo succeeds in showing that a solution of the inverse
problem exists if and only if the temperature data and the heat flux, imposed on one and
the same side of the heat conductor, are also functions that are sufficiently smooth (w.r.t.
the time variable) in a certain sense. However, the existence of a solution for the general
multi-dimensional case with time- and space-dependent boundary data is not shown.

2.2.2 The associated direct and sensitivity problems

From the solution of the associated direct problem

aa—f(x,t) = aAT(x,t), (x,t) € Qyy, (2.13)
T(x,t9) = To(x), x€Q, (2.14)
or _
—)\%(x,t) = q(x,t), (x,t) € S, (2.15)
—)\g—i(x,t) = q(x,t), (x,t) €S, (2.16)

we obtain the temperature distribution 7'(x,t), (x,t) € Q;,, when the initial and boundary
data Ty € L2(Q2), ¢ € L2(Sy,), and g € La(Se) are known. In this respect, by solving (2.13)-
(2.16), we determine the effect of the imposed causes. Due to Theorem 2.4 there exists a
unique weak solution T € V19(€, ) of the direct heat conduction problem that satisfies the
identity

I
"ot

a

_(T \

a
)Qtf + (a‘vT7 vn)Qtf = (TOa 7](; tO))Q - X(Q7 U)Sm - (Qa T])Se?

for all n € H'(Q,) with (-, ) = 0.

In this section we introduce a further heat conduction problem, which is used to describe
the sensitivity of the associated direct problem solution w.r.t. a heat flux perturbation on
the estimation boundary. Let T(Q), @ € L2(S.), denote the solution of (2.13)-(2.16) with
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g =Q in (2.16) and S(Q), @ € La(S.), the solution of the so-called sensitivity problem

%—f(x,t) = aAS(x,t), (x,t)€Qy, (2.17)
S(x,tp) = 0, x€, (2.18)
—)\ﬁ(x t) = 0, (x,t)e S (2.19)
on ’ ’ " '
oS
At = Qkx1), (x1) €5, (2.20)

with zero initial data and an adiabatic measurement boundary. We remark that S(Q)
depends linearly on Q. Let further d¢ € L2(S.) be a perturbation of the heat flux ¢ in
(2.16). The perturbed heat flux ¢ := ¢+ dq¢ results in a perturbed temperature distribution
T(g), which can be written in the form

T(q) = T(q) + S(dq).

Hence, S(dq) describes the effect of the heat flux perturbation dg in the associated direct
heat conduction problem. The unique weak solution in V(€2 ) of the sensitivity problem
fulfills the identity

an

~(S(Q), 3D, + (aVS(Q), Via,, = ~3(Q.n)s.. (2.21)

for all n € H'(Q,) with n(-,t5) = 0.

2.3 Solution strategy

In this thesis we apply a variational method for the solution of the IHCP in falling films
(compare e.g. [EHN96, Hao98, NW99]). The idea in this approach is to consider the
unknown heat flux on the estimation boundary as a decision variable to minimize a specified
defect functional on the measurement boundary of the heat conductor. The optimal control
problem is formulated in Section 2.3.1. There are different strategies to deal with this
problem which is still ill-posed. Since an explicit representation of the integral operator
used in the formulation of the IHCP is not available, we use an iterative technique. In
that way only the applications of this operator are needed, which means that we have to
compute well-posed direct heat conduction problems. Moreover, iterative methods have
inherent regularization properties [Han95]. Thus, we can apply the conjugate gradient type
method CGNE, in which the approximation quality depends on how many iterative steps
are performed, directly to the original defect functional. In doing so, the choice of the
regularization parameter is made during the iterative process. The algorithm is formulated
and discussed in Section 2.3.2. Finally, in Section 2.3.3 we will see that the CGNE method
(for linear ill-posed problems) in combination with an appropriate stopping criterion has
even order-optimal regularization properties.

2.3.1 Variational formulation of the inverse problem

For the optimization-based formulation of the inverse heat conduction problem we introduce
an abstract notation. We define the operator

A: LQ(Se) - LQ(Sm)
Q — T(Q)ls..,

mapping a time-dependent boundary heat flux on the estimation boundary of the heat
conductor to the corresponding direct problem solution of (2.13)-(2.16) restricted to the
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measurement boundary. This operator is an affine mapping, which can be written in the
form

A= Ao + As, (2.22)

with ApQ := T'(0)|s,,, representing the temperature data on Sy, for the case of an adiabatic
boundary Se. The linear part Ag in the splitting (2.22) is defined by

.AS . LQ(SE) — LQ(Sm)

Q — SQ)s,. (2.23)

mapping @ € Lo(S.) to the corresponding sensitivity problem solution of (2.17)-(2.20)
restricted to the measurement boundary. With this notation we consider the following
optimal control problem: determine the control ¢ € La(S,) such that

1
= =[|Ag — T)n||2 — mi
J(q) := 5] Aq 5, — min (2.24)

with Ag = T'(q)|s,, from (2.13) — (2.16).

Here, the solution of (2.13)-(2.16) is understood in the weak sense in V(). For the
definition of the norm | - ||g,, in (2.24) we refer to (2.5). Note that the defect functional
can be written equivalently in the form J(q) = 3|/ Asq — Tm,S”?va with Th s == T, — Aog

2
denoting the shifted temperature data.

In [Hao98] Héo considers a multi-dimensional THCP of the form (2.9)-(2.12), where the
initial temperature distribution in addition to the boundary heat flux on S, is unknown.
If both quantities are considered as decision variables to minimize the defect functional, a
simultaneous estimation can be performed. Héo proves the existence of a solution of the
corresponding optimal control problem in a bounded and convex subspace. In this thesis we
do not consider any restrictions and suppose that a solution of (2.24) in Lo(S.) exists. We
remark that the variational problem has similar properties w.r.t. the ill-posedness as the
original inverse problem (2.9)-(2.12) (compare [Ha098]).

2.3.2 The conjugate gradient type method CGNE

The CG method solves the least squares problem (2.24) by setting up an iteration sequence
for the unknown optimal control ¢ € La(S.) until some stopping criteria are fulfilled. Let
q" € Ly(S.) denote the approximate solution of (2.24) at iteration k. Then the next approx-
imate solution ¢! € Lo(S.) is obtained from the previous one by the minimization of the
defect functional along a certain search direction. For this search direction (the conjugate
gradient) the gradient of the defect functional is needed. Further the optimal step length in
this search direction has to be determined.

The CG algorithm which is illustrated in Fig. 2.6 consists of the following steps:
i. Set k = 0 and choose an initial value ¢ € Ly(S,), e.g. ¢" = 0.

ii. Compute Aq° = T(¢°)|s,, from the direct problem (2.13)-(2.16) and evaluate the
defect functional J(¢°).

iii. If the stopping criterion is satisfied then stop, otherwise continue.

iv. Calculate the new search direction p* = V.J(¢*) 4+ v*p*~1. The gradient V.J(¢")
is obtained from the solution of the adjoint problem (2.28)-(2.31). The conjugate
coefficient v* is determined from the expression

0_g ok (VI VI("))s.
v ~ (VI VI(¢F ), k=1 (2.25)
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Figure 2.6: CGNE algorithm - flow chart
v. Compute the optimal step length in the search direction by solving the one-dimensional
minimization problem
p = min J(¢" — pp"), (2.26)
n>0
leading to the expression
A — T, Asp
luk _ ( q - m ip )Sm, (227)
(Asp”, Asp¥)s,,,
where Asp* = S(p")|s,, is obtained from solving the sensitivity problem (2.17)-(2.20).
vi. Update the approximation
¢+ = gk — uFpk
vii. Since the considered inverse problem is affine, i.e. the operator A is an affine map-

ping in the control parameter, the new temperature distribution on the measurement
boundary (i.e. the temperature update) can be determined via

Ag*tt = Ag® — P Asp”,

using (2.22) without solving the direct problem again. Increase k by one and go back
to iii.

For nonlinear problems, variants of this algorithm can be found in the literature (see e.g.
[EHN96, NW99]).

Gradient determination via the adjoint problem

For the gradient determination of the defect functional in (2.24) we introduce a third heat
conduction problem. Let ¥(R), R € L2(S,,), denote the solution of the so-called adjoint
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problem
%ﬁ@::wmmm(mmmw (2.28)

Y(x,t) = 0, xe€Q, (2.29)

—A%%C&t) = R(x,t), (x,t)€ S, (2.30)

-4%%@@ = 0, (xt)€S., (2.31)

with zero temperature data at final time and an adiabatic estimation boundary. Then ¢ (R)
satisfies the integral identity

23
ot
for all £ € H'(,). In this representation ¢(R) denotes the unknown solution at the
initial time ¢tg. We emphasize the fact that the adjoint problem is well-posed due to the final
time condition in (2.29) and the negative sign in front of the diffusion term in (2.28). By
introducing a new time variable ¢ := ty — ¢, we get the heat equation forward in time with
an initial temperature distribution. Thus, from Theorem 2.4 there exists a unique weak
solution of the adjoint problem in V().

—(W(R), 3)a,, — (@VU(R), VE)a,, = Wo(R),E(,t0))a + S(R.©)s,. (2.32)

We introduce the operator A% mapping a boundary heat flux on the measurement boundary
to the solution of the adjoint problem restricted to the estimation boundary, i.e.
Ag . LQ(Sm) — LQ(SQ)

2 o w(R) (2.33)

S, -
The following lemma gives a relation between the sensitivity and the adjoint problem.

Lemma 2.8 For any Q € Lo(Se) and R € La(S,,) we have the identity

(Q A5R)s, = (AsQ, R)s,,, (2.34)
where the operators As and A% are defined by (2.23) and (2.33), respectively.

Proof: Let Q € Ly(S.) and R € Ly(S,,). Then there exist sequences {Q*}x~o in H%1(S,)
and {R*}r~o in H%1(S,,) such that Q¥ — @ in Ly(S.) and R¥ — R in Ly(S,,) for k — oc.
Due to Theorem 2.4 there exist unique weak solutions S(Q*) of the sensitivity problem
(2.17)-(2.20) and ¢ (R") of the adjoint problem (2.28)-(2.31) in the space V(). In
[Hao98] it is shown that S(Q¥) — S(Q) and ¥(R*) — 1(R) in V19(€,) for k — oco. From
Remark 2.5 it follows that the solutions S(Q*) and v(R") belong to the space H! (€, ).
Thus, we can set 7 = 1(RF) in (2.21) and ¢ = S(Q*) in (2.32). Using integration by parts
we get

Lt ers 20 (5@, 2, (9@, iR ),
= @ ax- S v,
~(aVS(Q"), VY(R"))a,,
P2 LR, S(@)s,
The latter identity results from ¢(R¥) = 0 at t; (condition (2.29)) and thus in particular
the integral term vanishes. Finally, letting £k — oo the lemma is proved. o

Due to Lemma 2.8 the operator A% is the adjoint operator of Ag, if the final time and
boundary conditions of the corresponding adjoint problem are chosen as in (2.28)-(2.31).
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Definition 2.9 (Fréchet derivative of a functional) Let V' be a Banach space with the
norm || -|lv and V* its dual space. Further, let the functional J(v) be defined in a neighbour-
hood U(0,7) :={v e V||lv—==0|lv <~} of a point © € V. Then J is said to be Fréchet dif-
ferentiable at 0, if there exists an element VJ(0) € V* such that for any dv € V, ||0v||v < 7,
we have
J(0+dv) — J(0) = (VJ(0),0v)v- + o(D, v),

with A

(b 00)

Isvlv—o0 [|6v]lv

The expression (VJ(0),0v)y« is called the differential of the functional J at the point ¥, and
VJ(0) is called its gradient at v.

Lemma 2.10 Let Ag denote the linear operator defined by (2.23) and Ty, s € La(Sy,). Then
the functional J(q) = $||Asq — Tms|%, . q € La(Se), is Fréchet differentiable at G € La(S.)
and the gradient is given by

=0.

VJ(Q) = AE(ASQA - Tm,S)a
where A% is defined by (2.33).

Proof: Let dq € La(S.) be an increment of the control at ¢ € La(S.). For the variation of
the defect functional we get

m

) . ) 1
J(a+09) = J(@) = (Asq—Tms Asdq)s,, + 5llAsdall§

) 1
= (A5(Asq — T0).80)s, + 5]l Asdall3

m

From Theorem 2.4 we get the following bound for the solution S(d¢g) of the sensitivity
problem
sup [|S(9)[1& + [VS©q)ll5,, + 1S(0a)l[7,, < cllq|

to<t<ty

Estimate (2.35) in particular yields ||Asdql|3 /||d6qlls, — O for ||dg||s, — 0. Using the

m

definition of the Fréchet derivative the lemma is proved. o

% (2.35)

For the determination of the gradient in step iv. of the CGNE algorithm this means
VI(d") = A5(Asq” — Tn,s) = A5(AG" — Tin),

i.e. we have to solve the adjoint problem (2.28)-(2.31) setting R := T'(¢")|s
and subsequently restrict the solution to the estimation boundary S..

.. — Ty in (2.30)
The CGNE algorithm

For this CG method we get the following pseudocode:

Algorithm 2.11

choose ¢"; YV := 0;
r0 = AL (AP — T);
for k=0,1,..., unless 7* = 0 do

pF = rk - ykpE-l,

k _ (A" —Tm Asp")s,, .
R
¢t =gt — pfpt

if accurate then exit;
rhtl = A (A = Thn);

k+1 _ PP e
Y = TR s,

end for

CGNE algorithm in pseudocode notation
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From this representation we can easily see that the solution algorithm is just the standard
CG method applied to the normal equation (NE)

AGAsq = AT, s, (2.36)

with the selfadjoint positive semidefinite operator A%.As and the shifted temperature data
Tm,s = Tm — Aoq (compare (2.22)).

The conjugate coefficient results from a certain optimality condition w.r.t. the new search
direction. A detailed discussion of this issue is given in Section 3.3.2 for the discrete CG
method. The continuous analogon of the conjugate coefficient in (3.52) for the normal
equation directly leads to the expression in (2.25). The optimal step length in the search
direction is determined from the minimization problem (2.26). For x> 0 we define

1
F(p) = J(¢" — pp) 5 (A" = p") = T, A" — pp") = Tin)s,,

1
= §(Aqk — pAsp® — Ty Ad® — pAsp® — T) s

Setting F'(u*) = 0 we get the identity
pF(Asp®, Asp®)s,, — (Asp*, A¢" — T)s,, =0,

which leads to the formula (2.27). Note, that F"(u*) = (Asp®, Asp®)s,, > 0 for p¥ # 0.

Finally, we recall that the final time value of the initial guess ¢° is not modified by the
algorithm due to the fact that the gradient of the defect functional 7% = Ag(Aqk —Tw), k>
0, is always identically zero at ¢y (see condition (2.29)). If r* becomes identically zero for
some k > 0 the iteration is terminated while we let x = oo if no such finite x exists. In the
further context & is called the ultimate termination index (compare [EHN96]).

2.3.3 Regularizing properties of CGNE

In this section we discuss the inherent regularization properties of the iterative CGNE
method when an appropriate stopping rule is used in step iii. of the algorithm. We in-
troduce some basic notions of regularization theory following the lines of [EHN96, Han95].
For a concise introduction to the CGNE method in an abstract Hilbert space setting we
refer to [Kir96].

We consider the operator equation

Kf =g, (2.37)

where I is a linear and bounded operator between the Hilbert spaces X and ). As we
have already seen (in Section 1.2), in inverse problems the solution f typically does not
depend continuously on the data g. In that case problem (2.37) is called ill-posed, a notion
which was introduced by Hadamard [Had23] in 1923. Due to Hadamard a problem is said
to be ill-posed, if one of the following postulates of well-posedness is violated: a solution
exists for all admissible data, the solution is unique for all admissible data, and the solution
depends continuously on the data. The existence of a solution often follows from physical
considerations. However, when the operator K has a non-trivial nullspace then the solution
is not uniquely defined. This is also the case for the studied IHCP in falling films. Those
boundary heat fluxes which merely have a peak at final time belong to the nullspace of
the corresponding operator defined by (2.23). Thus, one usually searches the solution of
minsex ||ICf — ¢|| with minimum norm || f||. This uniquely determined element is called the
best-approzimate solution (see appendix). Let K denote the generalized (Moore-Penrose)
inverse of K and D(KT) its domain. Then, for g € D(K'), the best-approximate solution of
(2.37) is defined by

fr:=Kfg. (2.38)
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With this notation the ill-posedness of problem (2.37) is equivalent to X! being unbounded.
In that case, direct inversion is not adequate since the data g are usually not given exactly
e.g. due to measurement or modelling errors. These considerations lead to the concept of
regularization. The basic idea behind this concept is to approximate the original problem
(2.37) by a “better posed” problem and to find a good compromise between the approxi-
mation and the propagated data errors. Let {gs}s~0 be a sequence of noisy data with noise
level 0, i.e.

lgs —gll <6, d>0. (2.39)

A regularization method, involving a reqularization parameter «, determines an approxima-
tion f§* of fT that depends continuously on gs and thus can be computed in a stable way
with the property f§' — ff,6 — 0, for an appropriate choice of & = a(d,gs) > 0. The
replacement of the unbounded operator KT by a parameter-dependent family {R%},~¢ of
continuous operators leads to the approximation f§' := R“gs. The precise definition of a
regularization method is given in the appendix.

Besides the question how to construct appropriate regularization operators a main task is
the practical choice of the regularization parameter for a given noisy data set. The optimal
parameter a > 0 which minimizes the term |R*(%9)gs — KTg|| cannot be determined since
the exact solution Kfg is unknown. Instead, one often considers the asymptotic convergence
rate of fg* — ff, 6 — 0. In [EHN96] it is shown that the convergence of a regularization
method for solving (2.37) uniform in g € D(KT) is arbitrarily slow if T is unbounded. Note,
that KT being unbounded is equivalent to the range R(K) being non-closed (see appendix).
Thus, convergence rates are given only on subsets of D(KT), or rather under certain a-priori
assumptions on the exact solution. For some p > 0 we define the source set

X, = {f € X| f € ROKI") = R((K*K)"/?)}, (2.40)
which enters the formulation of the following assumption (cf. [Han95]).

Assumption 2.12 The solution f1 = K'g with the unperturbed right-hand side g € R(K)
belongs to the set X, in (2.40) for some p > 0, i.e. there exists w € X with 1 = (K*KC)*/?w;
let w:=||wl.

We remark that in ill-posed problems the operator /C is typically a smoothing operator and
thus the assumption can be considered as a smoothness condition (compare Section 1.2). If I
is compact this condition can be characterized in terms of the singular values (see appendix).
In [EHN96] the following result is shown. If the generalized inverse ' is unbounded, i.e.
R(K) is non-closed, then a regularization method cannot converge faster than O(§#/#+1)
under the a-priori assumption fT € X, for some p > 0. This leads to the following definition
of order-optimal methods.

Definition 2.13 Let R(K) be non-closed, {R*}a~0 be a family of reqularization operators
for KI. For n > 0 and g € KX, let a be a parameter choice rule for solving (2.37). If
(R, ) realizes the convergence rate

[R*®95) g5 — KClg|| = O/ F1), 6 — 0,
it is called order-optimal (with respect to ).

The CG method is known to be an efficient method for the solution of selfadjoint positive
semidefinite and well-posed linear operator equations. We discuss the inherent regularization
properties of the CGNE algorithm presented in Section 2.3.2 when applied to ill-posed
problems. The following results can be found in [EHN96, Han95].

Theorem 2.14 If the right-hand side g in (2.37) belongs to D(K') then the iterates f* of
the CGNE method converge to the exact solution KTg as k — oo.
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When problem (2.37) is ill-posed then R(K) is non-closed. Thus, even if g € D(KT), slightly
perturbed data gs do no longer need to belong to D(KT). In [Han95] it is shown that for gs ¢
D(K') the corresponding CGNE iterates fg“ diverge to infinity in norm as k — co. However,
if g5 is an approximation of g € R(K), then the data error propagation remains limited in
the beginning of the iteration. This convergence behaviour is also called semiconvergence.
In [Han95] the following result is proved.

Theorem 2.15 Let Assumption 2.12 be satisfied, and let ||gs — g|| < 0. Then there exists a
constant ¢ such that the iteration error of the CGNE method is bounded by

115 = Klgll < e (Ipk(0) 2w + [p},(0)]'/?6), 1<k <k, (2.41)
with the ultimate termination index K.

The so-called residual polynomial py, of degree k in (2.41) is such that |p},(0)| > k for every k.
Thus, only for small values of k the second term in the right-hand side of (2.41) is of the order
of 0 and the iterates seem to converge while in the further iterations divergence sets in. If the
iteration is terminated appropriately, and the approximation and propagated data errors are
balanced in that way, even order-optimal approximations (in the sense of Definition 2.13) of
the exact solution can be obtained. Below we discuss two different parameter choice rules
for the determination of the CGNE stopping index. Both of them belong to the class of a-
posteriori parameter choice rules, which means that o = «(9, gs5) depends on the perturbed
data gs (otherwise v = «(9) is called a-priori parameter choice rule).

The discrepancy principle

The results discussed in this section go back to Nemirovskii (compare [EHN96, Han95)
and the references therein). He suggested the so-called discrepancy principle of Morozov,
originally used in Tikhonov regularization, for the determination of an appropriate CGNE
stopping index. The idea behind this principle is to allow an error of the magnitude of the
noise level ¢ in the data fit of the regularized solution f§* in order to prevent an unacceptable
data error amplification. In other words, it is not recommended to determine an approximate
solution f§* with ||Cf§' — gs|| < 6, i.e. an approximation with a discrepancy that is smaller
than the noise level. Thus, one should choose the largest possible parameter a such that
the corresponding discrepancy is in the order of 4.

Stopping rule 2.16 (Discrepancy principle) Assume ||gs — g|| < 6. Fix 7 > 1, and
terminate the iteration with index o = (6, gs) when for the first time

1599 — gs|| < 7o (2.42)

In this principle an a-priori chosen parameter 7 > 1 is needed. For the so-called Landweber
iteration the discrepancy principle with 7 = 2 determines the beginning of the transition
from convergence to divergence [EHN96]. Since the iterates of the CGNE method do not
depend linearly on the data g5 (in contrast to Landweber) an analysis is much more involved.
However, one can show that a unique and finite termination index is determined by (2.42)
with «(0,gs) < K even if k is finite. For ¢ € R(K) (i.e. in the attainable case) the CGNE
method in combination with Stopping rule 2.16 is order-optimal, as proved in [EHN96,
Han95].

Theorem 2.17 Let Assumption 2.12 be satisfied, and let ||gs—g|| < 6. If the CGNE method
(with right-hand side gs) is terminated after (9, gs) iterative steps according to Stopping
rule 2.16, then

£ — KFgl| = 08"+ 1), 5 —0.

Even if Assumption 2.12 does not hold, for exact data g € R(K), the discrepancy principle
leads to converging approximations f(;a(é’ga) — KTgas§ — 0. In [EHN96] also some remarks
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about the non-attainable case with g € D(KT)\ R(K) are given. We formulate the following
consequence concerning so-called semiiterative methods, in which a basic step of the form
fg“ = f§71 +K*(gs — ICf(;Cfl), k € N, is performed followed by an averaging over all or some
of the previous iterates. Since the CGNE algorithm minimizes the residual || f¥ — gs| in
the corresponding Krylov subspace shifted by the initial guess (see Section 3.3.2) it requires
fewest iterations among all semiiterative methods, when the discrepancy principle is used
for termination (compare [EHNOG]).

In the numerical treatment of the IHCP besides the data error we also have discretization
errors. Suppose that || — ;|| < 7, i.e. n characterizes the accuracy of the numerical
schemes applied for the solution of the direct, the sensitivity, and the adjoint problems
within the CGNE algorithm. For that case in [Hao98] (see also the references therein) the
discrepancy principle with (2.42) replaced by

1o L5 — gsll < T(nll £5, 1 + )

is used as the stopping rule. Although the problem discretization results in a kind of regu-
larization it is usually not sufficient for practical purposes. In order to apply the discrepancy
principle successfully a suitable bound § for the noise level has to be known. If this infor-
mation is not available or very inaccurate difficulties arise. An alternative approach, which
does not require any knowledge about the noise level is the use of heuristic stopping rules.

The L-curve method

A brief description of the so-called L-curve method which is a heuristic and error-free pa-
rameter choice rule (i.e. it does not require information about the noise level) in the setting
of continuous regularization methods can be found in [EHN96]. The idea of this method is
to relate the norms of the computed approximations to the corresponding residual norms.
This is done in a parametric plot of || f5|| versus ||Kf§ — gs|| in a log-log scale for a large
range of the regularization parameter. A schematic representation of this plot is shown in
Fig. 2.7.

75l
10%-
10'-
100k <& increases
10-1 “corner”
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10 10 10 10 ”}Cfgz —gsll

Figure 2.7: schematic L-curve (for CGNE)

Due to the semiconvergent behaviour of the CGNE method we can give the following heuris-
tic explanation for the typical L-shape of the corresponding graph. Since the approximations
seem to converge in the beginning of the iteration, i.e. for small values of the iteration index
a, we expect the corresponding norms || f§| to be close to || fT|| and thus vary only little
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(see Theorem 2.15). On the other hand, if Assumption 2.12 is satisfied the bound
K15 = gsll < 3+ clpl ()"0, 1<a<n,

for the residual norm is given in [Han95]. Thus, for small values of the index « the numbers
p’,(0)]~(#+1/2 egsentially determine the rate of convergence and an observable decrease
of the residual norm can be expected. The corresponding part of the graph, in which the
solutions f§* are dominated by approximation errors and said to be “oversmoothed”, appears
almost horizontal. In contrast to that, when « becomes larger, i.e. more and more steps of
CGNE are applied with perturbed data gs ¢ D(KT), then || f§]| blows up while ||[Kf& — gs||
remains in the order of §. The corresponding part of the graph, in which the solutions are
dominated by perturbation errors, appears almost vertical. Altogether the above described
parametric plot often has a shape that looks like the letter “L”, which is the reason why it
is called L-curve. For the choice of the regularization parameter we are interested in a good
balance between the approximation and propagated data errors, i.e. in a parameter which
corresponds to a point near the “corner” of the L-curve, which is defined to be the point of
maximum curvature.

Stopping rule 2.18 (L-curve criterion) Find the point on the L-curve with mazimum
curvature. The corresponding regularization parameter o provides a good balance between
the approximation and perturbation errors.

There is a vast amount of literature about the L-curve method and its pros and cons (see e.g.
the references in [EHN96]). We only give a few comments. A clear advantage is that a bound
on the noise level ¢ is not required. A study of the method when applied to discrete ill-posed
problems is given by Hansen in [Han92]. He concludes that the discrepancy principle tends to
oversmooth the real solution while the L-curve method may lead to slightly underregularized
approximations. Further, in comparison to the generalized cross validation, the L-curve
method is shown to be often more robust in the presence of correlated data errors. Due to
the fact that we use iterative regularization only discrete points on the L-curve are known.
In [HO93] a data fit to these discrete points using a cubic spline curve is recommended.
Furthermore, an algorithm that generates the spline curve as well as an algorithm that tries
to locate the corner of the L-curve efficiently is given in that paper. We emphasize that a
distinct L-shape of the above described parametric plot is not guaranteed. The corner of
the L-curve depends on the scale in which it is plotted, the chosen (semi-)norms, and it may
even not appear at all [Reg96]. The numerical results of Chapter 6 show that the use of this
parameter choice rule is satisfactory for our problem class.






Chapter 3

Numerical analysis and solution
of the direct problems

We discuss standard numerical methods for the approximate solution of the continuous
direct heat conduction problems. In each step of an implicit time integration method, when
applied to these heat conduction problems, a linear stationary reaction-diffusion problem
has to be solved. For this reason, in Section 3.1 a reaction-diffusion problem is studied. The
variational formulation of this elliptic problem and its Galerkin discretization lead to the
approximate solution uj in the finite element space V;, C V. In this thesis we treat linear
finite elements that are also called P;-elements [QV94]. For regular families of triangulations
standard nodal interpolation and finite element discretization error bounds are presented.
However, for the numerical treatment of the inverse heat conduction problem we have to
take care of the very different length scales of the heat conductor that result in an anisotropy
effect. For such anisotropic problems the given discretization error bounds do not hold in
general (see Chapter 4). In Section 3.2 we give the weak formulation of the parabolic heat
conduction problem. Using finite elements for the space discretization we get a semi-discrete
approximation uy (-, t) € Vj, for each point ¢ in time. We get the fully discrete approximation
scheme by discretizing the corresponding system of ordinary differential equations in time
based on a one-step f-method. Finally, in Section 3.3 we discuss different iterative solvers
for the discrete problems.

3.1 The stationary boundary value problem

Let Q@ C R™, n = 2,3, be an open and bounded parallelepiped. We introduce the finite
element discretization of the linear stationary reaction-diffusion problem

—Au+pu=f in Q,
0

—/\a—zzg on I' =00,

(3.1)

with f € La(Q2) and g € Lo(T"). The constants p and A are assumed to be strictly positive.
In order to derive the weak formulation, for the solution we consider the space H'(2) which
does not take the boundary conditions into account (see appendix). We remark that for
u € HY(Q) the weak derivative D%u, |a| = 1, belongs to the space Ly(€) and due to this
it is not possible to define %h unambiguously. If we multiply the differential equation in
(3.1) with v € H'(Q), integrate over  and use Green’s formula, we obtain the variational

formulation: find u € H'(Q) such that

(Vu,VvH—u(u,v):(f,v)—;/gvdF, Yo € HY(Q).
r

29
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In this representation (-,-) denotes the standard scalar product in Ls(€2). Defining the
bilinear form k(-,-) and the functional {(-) by the left- and right-hand sides

kE(u,v) :== (Vu, Vo) + p(u,v), 1lv):=(f,v)— %/ng dr, (3.2)

we get the formulation: find u € H'(Q) such that
E(u,v) =1(v), Yove H' Q). (3.3)

In order to prove that the variational problem (3.3) has a unique solution we show that the
bilinear form k(-,-) is continuous and H*(2)-elliptic.

Definition 3.1 (V-elliptic bilinear form) Let V' be a Hilbert space with scalar product
(,-) and corresponding norm || - ||. Let further k : V- x V — R be a mapping with the
properties:

i. k(u,-) and k(-,u) are linear functionals on V' for arbitrary uw € V.

4. There exists a constant M > 0 such that

k(u, 0)] < M lul[[oll,  Vu, ve V.

i1i. There exists a constant v > 0 such that

k(u,u) > v |ull?, YueV.

A mapping k(-,-) that fulfills assumptions i. and . is called continuous bilinear form on
V. The property iii. is called V-ellipticity and the corresponding bilinear form coercive or
V -elliptic.

Before we present the existence proof of a unique solution of problem (3.3) we give some
elementary results (see e.g. [BS02, GR94]).

Lemma 3.2 (trace operator) There exists a unique bounded linear operator

v:HY(Q) = Lao(T), 7)oy < cllella o,
with the property that for all o € C*(Q) the equality v(¢) = ¢|r holds.

Lemma 3.3 (Lax-Milgram) If the bilinear form k(-,-) is bounded and coercive in the
Hilbert space V', and I(-) is a bounded linear form in V, then there exists a unique u € V
such that

k(u,v) =1(v), YveV,

is satisfied. Moreover, the energy estimate

lullv < cl|l]

V*
holds, where ¢ = 1/~ with ellipticity constant ~y.
Now we can prove the following theorem.

Theorem 3.4 Consider the variational problem (3.3) with data f € La(2) and g € Lo(T).
Then this problem has a unique solution u and the inequality

lullzr) < eI fllza@) + 19llzacry) (3.4)

holds with a constant ¢ independent of f and g.
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Proof: The linear functional [(-) is bounded:

N

1
L) < Nfllcallvlla@) + XH9||L2(F)||7(U)HL2(F)
(I fll o) + 9l o) 0l 1), v € HY (). (3.5)

The latter inequalities follow from Cauchy-Schwarz and the continuity of the trace operator.
The symmetric bilinear form k(-, ) is obviously continuous:

| (u, v)]|

IN

[ul 1) 0] Q) + pllul Ly vl Lo )
Mlul|gryllvllm @), uw, v e H(Q). (3.6)

IN A

And the bilinear form is coercive in H*(£):
k(u, u) = |ulfp ) + pllulll,@) = Ylluling, Yue H'(Q), (3.7)

with an ellipticity constant v > 0. Thus, k(-,-) is an inner product on H(Q). Using (3.5),
(3.6) and (3.7), from the Lax-Milgram lemma we obtain the existence of a unique solution
such that (3.3) holds. The energy estimate finally yields inequality (3.4). o

Remark 3.5 One can show that the unique solution of problem (3.3) belongs to H?(£2)
[Gri85] and that the variational problem is H?-regular, i.e., for f € La(£2) the unique solution
u of

k(u,v):/ﬂfvdx, Vv e HY(Q),

satisfies

lullrz0) < cllfllLa@),
with a constant ¢ independent of f. Such regularity results are discussed in Section 5.5 for
anisotropic reaction-diffusion problems.

In the next section we introduce the space discretization of problem (3.3) based on finite
elements.

3.1.1 Galerkin discretization and finite element method

For the space discretization of problem (3.3) we consider a finite dimensional subspace
Vi, € V = H'(Q) and the corresponding finite dimensional variational problem: find u;, € Vj,
such that

k(uh,vh) = l(’l}h), Yoy, € V. (3.8)

This problem is called Galerkin discretization of (3.3). Since we assume V3, C V the Galerkin
discretization is said to be conforming. The following lemma gives a bound for the error
between the continuous solution and the solution of problem (3.8), which is also referred to
as the Galerkin approximation (compare [BS02, GR94]).

Lemma 3.6 (Céa-lemma) Let Vi, C V be a finite dimensional subspace of the Hilbert
space V' and let the bilinear form k(-,-) be continuous and V -elliptic. Then the variational
problem

k(u,v) =1(v), YveV,

and its Galerkin discretization
k(uh,vh) = Z(Uh), V'Uh S Vh,

have unique solutions uw € V and uy, € V},, respectively. Furthermore, the inequality

M
uU—u <(14+—) inf |[u—w 3.9
Ju=wnllv < (142 inf Ju—nlly (39)

holds.
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On the one hand the Céa-lemma is a result on the existence and uniqueness of solutions
for variational problems with continuous and V-elliptic bilinear forms. On the other hand
inequality (3.9) allows us to give upper bounds for the discretization error ||u — ully in
terms of the approximation error inf,, ey, |[u — vp|lv in the finite element space V},. For
linear finite elements approximation error bounds are discussed in the next section. In the
remainder of this section we deduce the linear systems of equations resulting from a space
discretization based on finite elements.

Let 73, denote a subdivision of € into a finite number of subsets e. Such a subdivision is called
triangulation of €. In this thesis our main focus is devoted to triangular and tetrahedral
triangulations. Since the domain € is assumed to be polygonal the triangulations 7, = {e}
(where {e} denotes a family of elements e) can be constructed such that

i. Q= UeeTh e,
ii. int e;N int ex = () for all ey, ez € Ty, €1 # €2,

iii. any edge (face) of any e; € 7;, is either subset of 9Q or an edge (face) of another
es € Ty,

If a triangulation fulfills these properties it is called admissible. For a family F = {73} of
admissible triangulations and e € 7;, we introduce the notations (compare Fig. 3.1)

he = diam(e),
pe = sup{diam(S)|S is a ball contained in e},
O = p—p € [1,00) (“aspect ratio”).

Here, the index parameter h of 7j, is chosen such that h = max{h.|e € 7p,}, i.e. h decreases
if the triangulations get finer.

=

/

Figure 3.1: Notation for a single element e

Definition 3.7 (regular triangulations) A family F = {75} of admissible triangulations
is called reqular if

i. h approaches zero: inf{h|T, € F} =0,

1. the aspect ratio is bounded: there exists a constant k > 0 such that o, < Kk for all
ec Ty and all Ty, € F.

A family F = {7} of admissible triangulations is called quasi-uniform if there exists a

constant & > 0 such that ,

— <K
Pe

for all e € Ty, and all T, € F.
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Note, that the assumption of a bounded aspect ratio is quite restrictive. It prevents the
triangles or tetrahedra of the triangulations to become degenerated, i.e. the angles of these
elements are bounded from below and above independently of h. We define the general
simplicial finite element spaces

X)) = {v € La(Q) | v]. € Py for all e € Ty, },

: y (3.10)
X, ={vel)|vl.eP foralleec Ty}, 1>1,

where Py, | > 0, denotes the space of polynomials with degree less than or equal [. When the
triangulations are regular then the elements of the associated spaces in (3.10) are referred to
as reqular finite elements. In the remainder of this thesis we restrict ourselves to P;-elements
that are globally continuous and piecewise linear, i.e. X}.

Let {¢; }1<i<n denote the standard nodal basis of X}L, ie. if {N;}1<i<n denote the vertices
of the triangulation 7y, the basis element ¢; is the pyramid (hat) function that takes the
value one at the vertex N; and vanishes at all other vertices. Then every uj, € X} has the
unique representation

n
up = ij¢j, with x := (21,...,2,)7 € R™.
j=1

The reformulation of the Galerkin discretization (3.8) in the form: find x € R™ such that
Zk(¢Ja¢z)xj :l(¢l)7 Vi = 1,...,’/L,
j=1

then leads to a linear system of equations
Ax =Db,

where the matrix A = (A;;)},_; with components A;; = k(¢;, ¢;) is the so-called stiffness
matriz and the right-hand side is given by b = (I(¢1),...,1(¢,))T. Here n denotes the
dimension of the finite element space V;, = X}. For the Neumann boundary value problem
(3.1) with the natural boundary condition —)\% = g on I', which is implicitly contained
in the variational formulation, n equals the number of interior and boundary vertices of
the given triangulation. The corresponding stiffness matrix is strictly symmetric positive
definite. In order to see that this property holds, we write the term ¢7 A¢ for an arbitrary
& € R™ in the form

> A& = IVO_ &0, + 1l D &5l = 0. (3.11)
J=1

jk=1 j=1

Since we assume g > 0, equality only holds for £ =0 € R™. Note that for the pure diffusion
problem with u = 0, equality also holds for £ = ¢ with an arbitrary constant ¢ € R™. In
that case the stiffness matrix is symmetric positive semi-definite.

We briefly comment on the Dirichlet boundary value problem

—Au=f in Q,

u=0 onl.
The variational problem is: find u € H} () such that
(Vu, Vo) = (f,v), Yo e Hy(Q).

Note, that for this problem we do not have degrees of freedom located on the boundary due
to the essential boundary condition w =0 on I' that is imposed explicitly in the variational
formulation. We give the following conclusion of the Friedrichs inequality [BS02, GR94].
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Lemma 3.8 There exists a constant ¢ > 0 such that
cllvla@) < IVolloyw), Vv € Hy(Q).

Let {¢;}1<i<n be the standard nodal basis of X}, := X} N H}(Q) (associated with the
interior grid points only). From Lemma 3.8 it follows that & =0,j=1,...,n, to obtain
HV(Z?’:l §j¢j)||2L2(Q) = 0 for the homogeneous Dirichlet boundary value problem. Thus, all
eigenvalues of the corresponding stiffness matrix are strictly positive.

3.1.2 Basic error estimates

In this section we derive interpolation and finite element discretization error bounds based
on the classical finite element theory that is restricted to regular finite elements. These
results, which can be found at many places in the literature, e.g. in [Cia78, Tho97], serve
as a preparation for the study of anisotropic finite elements in the next chapter.

Let X! =V, C V = H'(Q2). We already pointed out that inequality (3.9) in the Céa-lemma
reduces the problem of estimating the discretization error ||u — up||g1(q) to the problem of
finding a bound for inf,, ev;, ||u — vp| g1 (q), i-e. for the approximation error in the finite
element space V, C V. We introduce the standard nodal interpolation operator

I, : C(Q) — X},

which is well-defined for u € H?(Q) due to the embedding H?(Q) — C(Q) (see appendix
and Remark 3.5). The linear interpolant Iu has the same values as u at the vertices of the
given triangulation and is linear on each e € 7},.

Definition 3.9 (linear interpolation) Let 7; = {e} be an admissible triangulation of (2.
For u € C(2) we define the function Inyu by standard linear interpolation on each e € Ty,
i.e.

(Tnu)(x) = Y u(N))¢;(x), x €9,

1

n

J

with {N; }1<i<n denoting the vertices of the triangulation Tj, and {¢;}1<i<n Tepresenting the
corresponding standard nodal basis.

Since the linear interpolant of the exact solution Ipu is an element of the space X in
combination with the Céa-lemma we get the inequality

||u—uh|\H1(Q) SCHU,—IhuHHl(Q). (3.12)
For the local interpolation operator I. on a single element e € 7;, we have the identity
(Inhu)le = Ic(ule), Ve € Ty. (3.13)

Thus, we can reformulate the term on the right-hand side of (3.12) in the form

1
2
i Tyl sy = (2 - Ieu@p(e))

eeTy,

i.e., in terms of the local interpolation errors. A basic idea to obtain a bound for the
local interpolation error on an arbitrary element e is to deduce an estimate on the so-called
reference element é and subsequently convert it into an estimate on the original element.
We illustrate this approach in Fig. 3.2 for the case Q C R? and a decomposition of 2 into
triangles. Let F' : € — e denote the affine transformation between the reference element é
and an arbitrary element e. Note, that such a transformation exists for all e € 7;, when
7Ty, is an admissible triangulation. Furthermore the reference element is independent of the
discretization parameter h. The following lemmas can be found in [Cia78, GR94].
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Zo
F T2
—
-
Ffl h2
e ]
X

0 17 2 0 hi xy

Figure 3.2: Transformation between é and e

Lemma 3.10 Let e and é be two open domains in R™ that are affine-equivalent, i.e.
F(é) = e with F(x) =Bx+c¢, det(B)#0. (3.14)

Form >0, p € [1,00], and v € W] (e) define b :=voF :é— R. Then v € W;(é) and
there exists a constant ¢ = ¢(m,n) such that

~ m -1 m
[olwye) < cIBIIF| det(B) 75 [vlwpeys Vo € Wi(e),

. (3.15)

[Wlwpn ey < el BTH5' det(B)|» [ofwy (o), V0 € W (@)
Here, the spaces W (e) denote the usual Sobolev spaces of functions whose weak derivatives
up to order m belong to L,(e) (see appendix). Thus, to obtain appropriate estimates for the
transformations between e and é in particular the terms ||Bl|2 and |[B7!|2 in (3.15) have
to be bounded.

Lemma 3.11 Let e, é C R™ be two affine-equivalent bounded open domains and F(X) =
Bx + ¢ be an affine mapping such that F(é) = e. Then the inequalities

he _ he

Bll2 < == [B7Hl2 < —

pe p

e

hold.

Due to this lemma we get ||Bll2 < che since pe is a fixed quantity of the reference element
that is independent of h.. In contrast to that the term ||B~!||2 has to be treated more
carefully. Note, that the terms in (3.15) containing the determinant of B cancel when we
apply the transformation from the original element to the reference element and in the
reverse direction (for more details we refer to the proof of Theorem 3.13).

We now present a local interpolation result that can be found in [BS02, Cia78] in a more
general setting, e.g. including higher order finite element spaces. Note, that no regularity
assumptions concerning the considered family of triangulations are made. Since it is a basic
ingredient in the proof we also give the following lemma which was first proved by Deny and
Lions [CiaT8].

Lemma 3.12 Let w be a Lipschitz domain in R™ and k > 0, p € [1,00]. Then there exists
a constant ¢ = ¢(w) such that

. k+1
qeg}f(w) llv+ (I||W;c+1(w) < c|v|W§+1(w), Yo e W, (w). (3.16)
We note that a Lipschitz domain is a domain whose boundary satisfies certain smooth-
ness conditions. For the parallelepiped 2 and the unit n-simplex é with piecewise smooth
boundaries these conditions are fulfilled.
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Theorem 3.13 Let F = {7},} be a family of triangulations of £ consisting of n-simplices
and X,{ the corresponding finite element space as defined by (3.10). Suppose p € [1,00] and
either n/p < 2 when p > 1 or n = 2 when p = 1. Then for each e € T, there exists a
constant ¢ independent of e such that

h2
lu = Teulwm(e) < cp—ni lulwz(ey, 0<m <2, Vue Wﬁ(e). (3.17)

e

Proof: Let é be the unit n-simplex and F' : é — e an affine transformation F'(é) = Bé + ¢
such that F'(¢) = e. Note that [|q[[« := 3" c (e [¢(2)], where N (€) denotes the set of vertices
of é, defines a norm on P;. Since all norms on P; are equivalent there exists a constant ¢
such that

lallwz@e) < cllgll« Vg ePr. (3.18)

Since n/p < 2 when p > 1 or n = 2 when p = 1, the continuous embedding W2(é) < C(¢)
(see appendix) yields the existence of a constant ¢ such that

il Loy < cllillwzee), Ve W2 (é). (3.19)
Let I; : C(¢) — P1(é) be the linear interpolation operator on é. We then have
(Ieu) oF = fé(uo F) = fé’&

with @ := wo F. Define the linear operator L := id —1I : W2(é) — W2(é). Using (3.18) and
(3.19), the continuity of this operator follows from

ILallwzey < Nalwze + 1 eillwze) < lallwze) + ¢l et

< allwze +¢ D @) < llallwze + cllil e < cldllwze-
zEN(€)

Since Lg = 0 for all ¢ € P1(é) we get
a—Isa=L(a+q), YaeWZ(),qePi(e).
From this identity, the continuity of the operator L and Lemma 3.12 we deduce that

H?:L — féﬁ”WZ(é) S ¢ inf R H?:L + qu2(é) S C|11|W2(é), Ya € WpQ(é) (320)
P qE€P1(e) P P

For u € W7 (e) and 0 < m < 2, using (3.20), we obtain

Lem. 3.10 —1nm 1
o Llwpe T BT B (- Lo Flwpe  (321)
“1ym 1 e
= c|[B7H|5"| det(B)|# @ — Letifwm o)
1im Lo e
< c|[BTH|5" det(B)| 7 (|4 — Leillwz(e)
ara e 1 1
< e@)BTHF det(B)|¥ [alwze)
Lem. 3.10 R —1nm 9
< BT IBIS [ulwz e
Lem. 3.11 . a2
< CPe ‘he |u|W5(e)

&

We note that the constant ¢ in (3.16) depends on the geometry of the associated domain
and may “blow up” if this domain becomes degenerate. Thus, in the proof of Theorem 3.13
we use the transformation from the original to the reference element and apply Lemma 3.12.
Subsequently, the obtained estimate is transformed back to the original element. In the
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following example we consider the upper bound in Theorem 3.13 for an anisotropic element.

An example in R%:

We consider the special element e in Fig. 3.2 with hy = o(h1). The transformation F'
between e and é is given by

e e ( h O
x = F(x) = Bx, B—(O h2>.

The example is chosen such that o, ~ Z—; — oo for h;y — 0, i.e. the element e has an
unbounded aspect ratio. The condition number of the matrix B is
h

condz(B) = [ B[z B~!|2 = 7
2

and thus it becomes worse for increasing degeneracy of the element e. Note, that already
the factor

B3 det(B)[» = hy™ (haha)?

in the upper bound (3.21) may become arbitrarily large for hy — 0, e.g. if we set p = 2
and m = 1. Thus, if we want to use anisotropic elements that are characterized by an
unbounded aspect ratio, we have to take special care of the bad asymptotics resulting from
the transformation. For a detailed discussion of this issue we refer to Chapter 4.

In the remainder of this section we set p = 2 and assume that the family F = {7;,} of
triangulations is regular, i.e. condy(B) < CZ—G < ¢ for some constants ¢ and ¢.

Theorem 3.14 (interpolation error bound) Let F = {7} be a regular family of trian-
gulations of Q0 consisting of n-simplices and Xj. the corresponding finite element space as
defined by (3.10). Then there exists a constant c¢ independent of h such that

lu — Inul gy < ch® ™ ulg2y, me{0,1}, Yue H*(Q). (3.22)
Proof: From Theorem 3.13 we get the local interpolation error bound

lu— Leul|gmey < ch2™ ulg2ey, 0<m <2, VYue H(e).

Using h. < h, e € Ty, this leads to the inequality

N

IN

1
2
< E [u — Ieu|12r{m(e)>

ecTy,

ch®=m < > |u|?-[2(e)>

ecTy,
= ch® " ulprq), 0<m<2, VueH*(Q). (3.23)

For the global linear interpolation operator we have I, : C(Q) — X} C H*(Q). Since Iyu
does not belong to H?(2) for all u € H?(2) we have to restrict the local estimate to the
choice m € {0,1}. With (3.13) and (3.23) we conclude

=

lu— Inullama) = <Z|“—Ih“|§me>>

e€Ty

IN

ch® ™ ul g2y, m€{0,1}, Vue H*(Q). (3.24)

&

Since Ipu € X} for all u € H?(2), from (3.22) we directly obtain the following result for the
approximation error in the space of linear finite elements.



38 Chapter 3. Numerical analysis and solution of the direct problems

Corollary 3.15 (P;-element approximation error bound) For the approzimation er-
ror of reqular Pi-elements we have

inf ) Hu - UhHHm(Q) < Ch2_m |U,|H2(Q), m < {0, 1}, Yu € HQ(Q) (3.25)

v E€X),

The following elementary results concerning finite element discretization error bounds can
be found in [BS02, Cia78].

Theorem 3.16 Let u be the solution of the continuous problem (3.3) and wy, the solution
of the discrete problem (3.8) with Vi, = X}. If u € H*(2) then the error estimate

||u - uhHHl(Q) < ch |U,|H2(Q)
holds, with a constant ¢ independent of h.

Proof: From the Céa-lemma 3.6 it follows that the continuous and the discrete problems
have unique solutions and that

lu—unllgr(o) < c inf ) lw — vnll g ()
vp€Xy

holds. Using (3.25) the proof is complete. o

In order to estimate the Lo-error we consider a duality argument applied in the Aubin-
Nitsche lemma (see e.g. [BS02, Cia78]). For k(-,-) as in (3.2) we define the problem: given
any element g € Lo(Q2) find @ € H(Q) such that

k(v,a) = /ngdx, Yo € HY(9). (3.26)

The problem (3.26) is called the dual problem of (3.3). Note, that the arguments in the
bilinear form k() are interchanged. The dual problem is said to be H?-regular if there
exists a constant ¢ independent of g such that

@l ) < cllgllae)- (3.27)
Theorem 3.17 Let u be the solution of (3.3) with u € H*(Q) and uy, the solution of (3.8)
with Vi, = X}. Then the dual problem (3.26) is H?-regular and there exists a constant c
independent of h such that

lu = unllzoi) < ch® fulm2()-

Proof: Since the bilinear form k(-,-) of the reaction-diffusion problem is symmetric, the
original and the dual problem only differ in the corresponding right-hand sides. Thus,
problem (3.26) has a unique solution for every g € Ly(f) and it is H?-regular (compare
Remark 3.5). Define ej, := u — uy, and let @ € H?(Q) be the solution of the dual problem

k(v,a) = / epvdx, Yve H'(Q).
Q

Using the orthogonality k(ep, v,) = 0, Vo, € X}, we get

/eidx
Q

k(eh,ﬂ) = k(eh, U — Ihﬂ)

||€h|\%2(9)

< cllenllm @l — Inil gr(q) (3.28)
(3.22)

< chllenllmr @)l g2
(3.27)

< chllenllmollenllr.@. (3.29)

which gives the desired statement using Theorem 3.16. o
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3.2 The instationary boundary value problem

We now consider the time-dependent direct heat conduction problem from Section 2.2 which
is given by

%—GA’U,—JC ithf:QX(tO,th
8u
_)\8__9 on I'y, = 0Q x (to, ty],

with f € La(€,), uo € L2(2) and g € Ly(I'y,). For the constant thermal diffusivity we
assume 0 < a < co. We deduce the fully discrete approximation scheme in two steps.

3.2.1 The space discretization

First we apply the Galerkin discretization to obtain a semi-discrete solution up (-, t) for each
point ¢ in time. We define

k(u,v) :== (aVu,Vv), 1(v):=(f,v )\/gvdf‘

The weak formulation of problem (3.30) is: for t € (to,tf] find u(t) € H*(2) such that

ou

TR v) + k(u,v) =1(v), Yoe HY(Q),

(5t (3.31)

u(to) = uo.

In order to gain the spatially semi-discrete problem we formulate the approximate solution:
for t € (to,ty] find up(t) € Vi, € H(Q) such that

8’U,h

(W,vh) + k(uh,vh) = l(vh), Yy, € Vh,

(3.32)
up(to) = u%,

where u(,)L is some approximation of ug in V3. With {¢; }1<i<, denoting a basis of V}, we can

write

t) = Za:j(t)(bj, with x(t) == (z1(t), ..., z.(t))T € R™.
j=1
Note that the coefficient vector x(t) is time-dependent. Substitution of this representation
in the Galerkin discretization (3.32) finally leads to the problem: for t € (to,ts] find up(t) €
Vi, € HY(Q) such that

Z(%, '8% +Zk¢J, ty=1(¢), Vi=1,...,n.

j=1

Using a matrix-vector notation this is equivalent to solving the system of coupled ordinary
differential equations

Mx'(t) + Ax(t) = b(t), t€ (to,tr], x(to) = a, (3.33)

where the matrix M = (Mij)?,j:
matriz and o = (o, ..., ;)T contains the coefficients of the initial approximation u) with
respect to the chosen basis of V},. The matrix A denotes the symmetric positive semi-definite
stiffness matrix (compare Section 3.1.1). Note that the mass matrix M is symmetric and

strictly positive definite. In order to derive the fully discrete approximation scheme we treat

1 with components M;; = (¢;,¢;) is the so-called mass
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the time discretization subsequently.

We remark that the entries of the stiffness matrix represent the couplings between the grid
points (unknowns) and their neighbouring points. In case of a regular triangulation the
number of neighbouring grid points is bounded by a constant which is independent of the
triangulation. Thus, the number of nonzero entries in the corresponding stiffness matrix is
proportional to the number of unknowns and the matrix is said to be sparse. This sparsity
property also holds for the mass matrix.

3.2.2 The time discretization

For the time discretization we apply a so-called one-step 0-scheme (see e.g. [MM94]). Let
the time step size be denoted by 7 and let u}} be the approximation of u(t) at time t = ¢,, =
nt, n > 0. In the same manner we define [" to be the approximation of the time-dependent
right-hand side functional [(t) at time ¢ = ¢,. Given u} we determine the approximate
solution u*' & wy(t,+1) replacing the time derivative in (3.32) by a backward difference
quotient introducing the parameter 0 < # < 1 to control the implicitness of the scheme.
This leads to the variational equation

n+1 )
<u,vh) + 9k(u2’+1, vp) + (1 — 0)k(up,vp) = 91”*1(1);1) + (1= 6)I"(vp),

and — after a separation of the terms containing uZ’H and v} — we obtain

(uzﬂ,vh) + HTk(uZH,vh) = (up,vn) + (1= 0)7(I"(vn) — k(uy,vn)) (3.34)

+ 971”“(1};1), Yo, € Vi, n>0. .
Using the notation introduced for the semi-discrete approximation equation (3.34) may be
written as

M+ 07A]x" T = [M — (1 —60)TA]x"

+ 0™ 1 (1 —-0)7b™, n >0, x=x(ty). (3.35)
In particular, # = 0 yields the explicit Euler scheme, § = 0.5 the Crank-Nicholson scheme,
and f = 1 leads to the implicit Euler scheme. Because of the strong stiffness of the system in
(3.33) only implicit schemes (6 # 0) should be used to solve the instationary heat conduction
problems. The implicit Euler scheme is only first order accurate in time, but is strongly
A-stable. The Crank-Nicholson scheme is of second order, is A-stable, but does not have
the strong A-stability property, which may lead to stability problems in certain situations.
In the remainder of this thesis we consider § = 0.5 and 6§ = 1. For the numerical analysis
we study the implicit Euler scheme and give the following result.

Theorem 3.18 Let uj be the approximation of up(t) at time t = t,, with 0 =1 in (3.34)
and u the solution of the continuous problem (3.31). If |[uo — uy|| L, (o) < ch? |uoll g2 then
the inequality

tn tn 2
n ou 0%u
lu(tn) — up |l o) < ch? (luoll 2 () —|—/ ||§||H2(Q) ds) + T/ “—8752 |Loc)ds  (3.36)
to tO

holds for n > 0.

For problem (3.30) with homogeneous Dirichlet boundary conditions a proof of this theorem
can be found in [GR94, LT03, Tho97]. In [Tho97] there is a remark that an analysis of
Neumann boundary value problems follows the same lines.

Proof: Define X ; := X; N Hj(Q) and let X, ; = Vi, C V = Hg(Q2). We introduce the
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elliptic projection Ry, from Hg(2) onto X, , as the orthogonal projection w.r.t. the inner
product k(-,-). For w € H3(Q) it is defined by

k(Rpw,vn) = k(w,vs), Vop € X} . (3.37)

In other words, if w is the exact solution of the corresponding elliptic problem, then Rjpw
is the finite element approximation of w in the space X ,1’0. Thus, for regular P;-elements,

using the Céa-lemma 3.6 and the analogon of (3.25) in Xio, we can conclude
[v = Rpv||grm () < ch®> ™ [0|l 2y, m € {0,1}, Vo e H*(Q)N H(Q). (3.38)
In order to derive the desired error bound we use the representation
u(tn) — upf = (u(tn) — Rpu(ty)) + (Rpu(ty) —up), n >0,
and give separate bounds for the right-hand side terms. We get
u(tn) = Ruu(ta)llia@) < ch® uta)llme()

t
mou
ch? (HUOHHZ(Q) +‘/t ||§(S)HH2(Q) ds). (3.39)
0

IA

For the estimation of p™ := Rju(t,) — uj we consider the identity
anrl _ pn
<7,vh> + k(" up) = (W™ vn), Yo € Xpy, n >0, (3.40)
- :

where w" is defined by

v Ruultun) — Ruults) 0u
w = - (9t (tn+1)

_ <Rhu(tn+1) — Rpu(tn)  u(tpgr) — u(tn)) n (u(th) —u(t,) Ou (tn+1)>

T T

J— n n
=! wy +wy.

The identity (3.40) can easily be verified by the substitution of p", using (3.37), (3.31) and
(3.34) with 6 = 1. If we set v, = p"*! in (3.40), Cauchy-Schwarz leads to the inequality

10" M o) < 10" | Lae) + Tllw" | Ly

and, by repeated application,

10" o) < 1% o) + 7Y Iw'lla@), n > 0.
=1

Note that
1% Lace) < IRhu(to) — uollLoce) + llwo — upl| o) < eh® uolla2(o),

using (3.39) and the assumption of the theorem with respect to the initial value approxi-
mation. It remains to give adequate bounds for [w!|| Lo(0)- We note that the operator Rp,
commutes with the time differentiation [Tho97] and conclude

ou ou

; 2B (3.38) tirr Ay,
T||w1|L2(Q):|/tl (Rha(s)—a(s))dsnm(ﬂ) < ch /t,, ||E(5)”H2(Q)d5-

Using integration by parts, we get the identity

b 0%u ou
/tl (t; — s)w(s) ds = u(tiy1) —u(ty) — Tg(tlﬂ) = Tle.
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Thus, we have

ti+1 o%u ti+1 92u
Tllwd | o) = ||/ (ti — 3)@@9”8”@(9) < T/ ||W(8)||L2(Q) ds.
1 ty

Finally, summation over [ completes our considerations. o

From this theorem we can conclude that for a sufficiently smooth solution u of problem
(3.31) the discretization error using piecewise linear finite elements and the implicit Euler
scheme is of second order in space and first order in time, i.e. the error is of order O(h? + 7).
Analogously, one obtains an O(h? + 72) convergence behaviour for the Crank-Nicholson
scheme. Note, that the approximation error bound (3.25) is crucial for the derivation of the
first term on the right-hand side of (3.36) containing the discretization parameter h. For
the gradient approximation using the implicit Euler scheme one can prove

[u(tn) — uplmr o) = O(h+7), n=0,
using (3.38) for the estimation of |u(t,) — Ryu(ty)| 1 (o) (see [Tho97] for more details).

Remark 3.19 When the time integration scheme is applied first, we obtain a linear elliptic
reaction-diffusion problem of the form (3.2)-(3.3) with pu := 1/70a > 0 in each time step.
We restrict our investigations (of degenerated finite elements) to this linear elliptic problem
class. Note that the parameter ;1 measures the size of the reaction term relative to that of
the diffusion term. The subsequent Galerkin discretization of the corresponding reaction-
diffusion problem results in the variational formulation (3.34), too.

3.3 Solution methods for the discrete problems

For an introduction of iterative solution methods we consider the isotropic reaction-diffusion
problem (3.2)-(3.3) with u = O(1). The Galerkin discretization of this problem with regular
(linear) finite elements results in a linear system of equations

Ax=b (3.41)

with a regular coefficient matrix A € R"*™ and the right-hand side b € R™. Note that the
diagonal entries of A are nonzero since this matrix is symmetric positive definite. Let the
unique solution of (3.41) be denoted by x*.

3.3.1 Basic iterative solution methods

In this section we introduce some of the classical iterative solution methods for the ap-
proximate solution of large (sparse) systems of equations (see e.g. [Reu05, Saa03]). These
methods are rather inefficient and thus not very suitable when applied to (3.41). However,
the point relaxation methods that we introduce will be needed in Section 3.3.3 as smoothers
within multigrid methods.

Using a further regular matrix M € R"*™ we can rewrite (3.41) in the form
Mx =(M—-A)x +b.
The latter representation leads to the frequently used basic model
Mx"! = (M - A)x* +b, k>0, xcR"starting vector, (3.42)

for the iterative solution of (3.41). Here the matrix M is assumed to be such that the linear
systems My = ¢ can be solved with relatively low arithmetic costs for an arbitrarily chosen
right-hand side ¢ € R™. For the error e := x* — x*, using (3.42), we get

el = (I-M1A)e"
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and thus we have a linear iterative method with iteration matrix
C=I1-M'A.

Let 0(A) denote the spectrum of A, i.e. the set of all of its eigenvalues, and p(A) the spectral
radius, which is defined by

p(A) :=max{|\| | A € 0(A)}.
We give an elementary lemma that can be found e.g. in [Saa03].

Lemma 3.20 A linear iterative method is convergent for an arbitrary starting vector x° €
R™ if and only if for the corresponding iteration matriz we have

p(C) < 1.

In the following we introduce some basic point iteration schemes which are based on the
additive splitting of the coefficient matrix

A=D-L-U (3.43)

into the strictly lower triangular part —L, the nonsingular diagonal matrix D := diag(A),
and the strictly upper triangular part —U.

The Jacobi method
The Jacobi iteration is defined by setting
MJac =D
in (3.42) and thus this method can be written in the form

x¥ given starting vector,
Dxf*! = (L+U)x* +b, k>0.

Note that for the evaluation of the new approximation xf“ only values x?, j # 1, of the

previous approximation are used. The corresponding iteration matrix is given by
Cjac =1-D7'A.

A variant of the Jacobi method, in which a real damping parameter w # 0 is used, is given
by

1
M, jac = ZD, w e (O, 1]

For w = 1 we obtain the original Jacobi method while for 0 < w < 1 we get the damped
Jacobi method.

The Gauss-Seidel method
The Gauss-Seidel method is given by setting

MGS =D —-L
in (3.42) leading to the representation

{ x? given starting vector, (3.44)

(D - L)x**! =Ux* +b, k>0.

Thus, in contrast to the Jacobi method, for the evaluation of xf“ the new approximation
x?“, j <, is already used. The iteration matrix of the Gauss-Seidel relaxation is given by

Cos=I1-(D-L)'A.
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In many cases the convergence rate of the Gauss-Seidel iteration is at least as high as for the
Jacobi relaxation. Thus, in general the Gauss-Seidel method is preferred. It is important to
note that the results of the Gauss-Seidel iteration depend on the ordering of the unknowns
while this is not the case for the Jacobi relaxation. Again there exists a damped version
of the Gauss-Seidel iteration which is called successive overrelazation method (SOR) and is
described by

1
Mgsor = ;D —L, w>0.

The symmetric Gauss-Seidel method

One symmetric Gauss-Seidel iteration consists of two Gauss-Seidel steps. In the first step
an original Gauss-Seidel iteration as in (3.44) is applied. In the second step again one
Gauss-Seidel iteration is applied but with the reversed ordering of the unknowns. Thus, the
symmetric Gauss-Seidel method is described by

xY given starting vector,
b+ kg k =
x, 2= _qu aijT; _Zj>ia’ijxj +bi) Jai, 1=1,2,...,n,

k41 _ k+1 k+3 .
x; _(_Zj<ia‘ijxj _Zj>ia’ijxj 240 Jay, i=nn—1,...,1, k>0.

This relaxation method results if we set
Msgs = (D —L)D™*(D - U)

in (3.42). If we apply the above described procedure to the SOR scheme we obtain the so-
called symmetric successive overrelaxation method (SSOR) which corresponds to the matrix
splitting

1
w(2 —w)
Note that for symmetric positive definite A the matrix Mgsogr has this property, too, and
thus it can be used as a preconditioner for the CG method (see Section 3.3.2).

Mssor = (D - wL)D (D - wU), w>0.

Block iterative methods

If the matrix A has a block structure — with square diagonal blocks which are assumed
to be nonsingular — and the splitting in (3.43) is based on block-matrices we obtain the
so-called block-variants of the above introduced point relazation schemes. More precisely,
we use the block-diagonal D, the lower block-triangular matrix L, and the upper block-
triangular matrix U. In this way whole sets of unknowns (associated with the blocks) are
updated simultaneously within the iteration while for the point relaxation schemes this is
done separately for each unknown.

3.3.2 Krylov subspace methods

In this section we give a brief introduction to Krylov subspace methods with focus on
the conjugate gradient (CG) method and its preconditioned version (PCG). For a more
detailed analysis of these methods using the so-called polynomial based approach we refer
to [Saa03, vdV03].

The conjugate gradient method

Following the lines of [AB84] we introduce the CG method as a method which minimizes

the quadratic functional

1
F(x) = EXTAX ~bfx+c (3.45)

over x € R™. For this functional we can conclude

DF(x) =VF(x)=Ax—-b and D?F(x)=A,
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with a symmetric positive definite matrix A and thus the minimization of the quadratic
functional F' in (3.45) is equivalent to solving the linear system Ax = b. The functional
minimization is accomplished as already described in Section 2.3.2 for the solution of the
THCP. For a given initial approximation the next approximate solution is given by

{ x¥ given starting vector,

Xk+1 — Xk + Qopt (Xk,pk)pk, k Z 0, (3'46)

where p* # 0 is the search direction at x* and Qopt (x*, p*) is the optimal steplength in this
direction. We use the notation

-

xy)=y'x, xya=y Ax, |[x[a=(x,x)3.

Since —o0 < aopy < 0o minimizes the function F (x’C + aoptpk) it is determined by the
expression

(p*,r*)
O T A
with r* := Ax* — b = VF(x*). For the residuals we have
f = P ag (x5, pF)APF, k>0, (3.47)

In order to explain the idea behind the construction of the search directions we define the
notion:
x is optimal w.r.t. the direction p < (p,Ax—b) =0. (3.48)

Note that the term on the right-hand side of equivalence (3.48) means that cop(x,p) = 0.
In the conjugate gradient method the search directions are chosen such that x* is optimal
w.r.t. the subspace
Vi :=span{p’,...,p" !}

and not — as it is the case for the steepest descent method — only w.r.t the subspace
span{p®~'}. For the construction of these directions we remark that at x° the steepest
descent direction of the functional F' is determined by setting p° = r’ = VF(x%). Using
(3.47) we can conclude that x! from (3.46) is optimal w.r.t. span{p°}. Now we assume that
search directions p°,...,p*~! are given such that x* is optimal w.r.t. Vj and r® # 0. A
unique new search direction p* is given by the A-orthogonal (or conjugate) projection of
the residual r¥ on V,jA, ie.

p* € VM such that |p* — rf|la = min |p — 1| (3.49)
pEVkLA
This choice of the new search direction leads to the formula
k—1 Pk k—1 . L
k_ ok P r)a 5 (p?, Ar")
p¥=r"— ——pl=r" - —p. (3.50)
; (p7/,p7)a Jz::O (p/, Ap)

One can easily show that the new iterand xFt1 is optimal w.r.t. Viq1 for p® defined by

(3.49). Before we give the resulting CG algorithm we consider some properties of the method
(compare [Reu05]).

Lemma 3.21 Let x° € R” be given and m < n be such that for k = 0,1,...,m we have
rF #£ 0 and x*T1 p*, as in (3.46), (3.50). Then the following holds for allk =1,...,m+1:
dim (V) = k, (3.51a)
x" € x + W, (3.51b)
F(x®) = min{F(x) | x € x" + V}}, (3.51¢)
Vi = span{r’, ... r* 1} = span{r®, Ar?, ... AF"1x0}, (3.51d)
(Pl cfy =0, forallj=0,1,...,k—1, (3.51e)
(i, x*y =0, forallj=0,1,....k—1, (3.51f)
p® € span{r® p*~!} (k <m). (3.51g)
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The subspace
Vi = span{r®, Ar’, ... ,Akilro} = KF(A;1?)

is called the Krylov subspace of dimension k corresponding to r’. Due to statement (3.51g)
of the previous lemma only the last summand in (3.50) is nonzero, i.e.

pk =k (p* ', Ar¥) ph1.
<pk—1’Apk—1>

Using the orthogonality properties (3.51e) and (3.51f) we can derive the equivalent repre-
sentations
<rk7 rk> k—1

<rk7rk> k p
<rk—1,rk—1> ’

aopt(xk,pk) = —< pF=rF+ (3.52)

p*, ApF)’
for the optimal steplength and the search direction and thus we finally obtain the following
CG algorithm.

Algorithm 3.22

choose xY;

p? :=1r%:= Ax" — b;
for £ =0 to kipas do
k rk
opt (x*, P) = — T

Xk+1 k.

= Xk + Qopt (Xk7 pk)p 3
if accurate then exit;
rk+1 _ I‘k 4 aopt(xky pk)Apk;

k+1 _k+1
etk

pitl =rhtl 4 & wh ek P

end for
CG algorithm in matrix-vector notation

We note that in the above presented CG algorithm the recursive choice of the search direc-
tions is done so that at each step the approximate solution has smallest error ||x* — x*|| 4
if we minimize over x* € x° + KF(A;r%). When the algorithm is applied to the normal
equation then the error norm

%" —x*[[ara = [ Ax" —b]lz = J(x")

is minimized in each step. In the continuous setting with A (or Ag) denoting a linear
operator we obtain the CGNE algorithm from Section 2.3.2. In contrast to the basic iterative
methods presented in Section 3.3.1 the CG method determines the exact solution in at most
n iterations due to (3.51a), (3.51c¢), and it is nonlinear.

Before we discuss a main result from the convergence analysis of the CG method we briefly
give an idea of the polynomial based introduction of CG (cf. [vdV03]). The iteration scheme
(3.42) can be written in the form

xMt = xF MY Ax¥ —b)
= xF - (Ax" —b) = xF —FF, (3.53)
with A := M~'A and b := M~'b. From (3.53) we get
P = (1 - A)FF = (I- AP0 =: prgg (AR,

where pg41 is a polynomial of degree k + 1 with pg41(0) = 1. For the error we have

Xk+1 —x* = pk+1(A)(XO o X*).
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Thus, the error reduction depends on how well the polynomial py; damps the initial error
components. Note that for the basic iterative methods of Section 3.3.1 this polynomial is
the (k + 1)-th power of the iteration matrix. In the CG method (applied to the original
problem, i.e. M =1,) the approximate solution x**! is constructed such that the A-norm
error is minimal over all polynomials of degree k + 1, with ps41(0) = 1. The next lemma
can be found in [ABS84].

Lemma 3.23 Define P; := {p € Px | p(0) = 1}. Let further x*, k > 0, denote the iterands
of the CG method and e* = x* — x* the error. Then we have

pr(A)e’ 4

||ek||A = min
prEP;;

< i A|]le® 3.54
< piggpg%lpk( )[le” ]l (3.54)

k
conda(A) — 1 o0
=2 < conda(A) + 1) Iella- (3.53)

The upper bound (3.55) is obtained from the selection of an appropriate polynomial in
(3.54) (the suitably scaled Chebyshev polynomial of degree k). In [AB84] it is shown that
this bound can be improved for certain distributions (clusters) of the eigenvalues. Thus,
one is interested (w.r.t. preconditioning) in having a small spectral condition number of
the system matrix, or, in having eigenvalue distributions with well-separated (clusters of)
eigenvalues.

The preconditioned conjugate gradient method

In the preconditioned conjugate gradient algorithm (PCG) we need a symmetric positive
definite preconditioner W ~ A which should be such that a system with this matrix can
be solved with low computational costs. If we use a basic iterative method for precondi-
tioning we can take W := Mggor with an appropriate damping parameter. The solution
of Mgsorx = y results from one step of the SSOR iteration with x° = 0 and b = y. One
can show that the higher the rate of convergence of the iterative method (3.42), the better
the quality of M as a preconditioner of A.

Algorithm 3.24
choose xY;
p? :=1r%:= Ax" — b;

for k = 0 to kpaz do

solve z* from Wz*F = r¥;
kooky — __(zFrk)
Oéopt(x P ) - _(p’“,Apk)7

xFTL = xF 4 agpe (%7, pF)DF;

if accurate then exit;

rk+1 - rk + aopt(xk7 pk)Apka
k41 k41

phtl = ghtl 4 %pk;

end for

PCG algorithm in matrix-vector notation



48 Chapter 3. Numerical analysis and solution of the direct problems

3.3.3 Multigrid methods

In this section we give a brief introduction and some fundamental results concerning multi-
grid methods for solving scalar elliptic boundary value problems. The main ideas of multigrid
methods are described. The approach of analyzing the convergence of a multigrid method
based on the approximation and smoothing property (introduced by Hackbusch [Hac85]) is
discussed. Finally, the method of nested iteration is explained. For a convergence analysis
of a multigrid algorithm for solving an anisotropic reaction-diffusion problem we refer to
Chapter 5.

Introduction

We introduce the two-grid and multigrid algorithms and discuss the related main ideas. One
of the characteristic properties of these methods is the use of discretizations of the given
continuous boundary value problem on two or several grids with different mesh sizes. We
consider the finite element discretization of the isotropic reaction-diffusion model problem.
The continuous variational formulation of this problem is: find u € H'(Q) such that

E(u,v) =1(v) for all ve H*(Q), (3.56)

where the bilinear form and the right-hand side functional are defined by (3.2). For the
discretization we use standard conforming finite elements on a nested family of grids. Let
this family of nested triangulations be denoted by {7y }r>0. With 7}, we associate the mesh
size parameter hy. For the corresponding hierarchy of finite element spaces Uy, := X }lLk, >0,
(compare (3.10)) we have

Up CUgy1  forall k.

More details about the Galerkin discretization can be found in Section 3.1.1. The stan-
dard nodal basis {¢;}1<i<n, in these finite element spaces (of dimension ny) induces the
isomorphism

Nk
P X :=R"™ - U, Pyx= Z%@
i=1

The discrete problem on level k is: find uy € Uy such that
k(ug,vi) = l(vg) for all vy € Uy,
which can be represented as a linear system of equations
Arxy = bg. (3.57)

Remark 3.25 When the hierarchy of nested triangulations is wuniform, we can give an
explicit representation of an orthogonal eigenvector basis of the stiffness matrix App s
obtained by a finite difference discretization of problem (3.56). In Section 5.3 we treat the
anisotropic case. Let  C R? be the unit cube, N, := h,;l — 1 and v, n, £ € Ny. For the
isotropic pure diffusion problem (with p = 0) the discrete Fourier modes on 7y, which are
eigenvectors of App j, are given by

"™ (x,y, 2) = cos(vmz) cos(nmy) cos(énz), (w,9,2) € Te, 0<w,m, €< Ny +1.

These vectors do not change if we consider the case with reaction, too (since in that case
w1 > 0 times the identity is added to the stiffness matrix of the pure diffusion problem). We
define the frequency f := max{v, n, £}. If for this frequency we have f < 1Nj, then it is
called low frequency and for f > %Nk it is called high frequency.

Without going into more detail here we remark that the damped Jacobi method is not
adequate when applied as a solver for (3.57). However, if we use an appropriate damping
parameter then the error is smoothed by this basic iterative method, i.e. the high frequency
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modes are strongly damped by the iteration matrix C,, j,.. Before we discuss the two-grid
algorithm we introduce some additional notation.

For the transfer between two different grids we introduce the canonical prolongations and
restrictions

P ¢ Xp-1— X, Pr=P; P, (3.58)
re Xk — Xk—h ry = pg. (359)

The prolongation is based on the identity operator between the corresponding nested finite
element spaces while the restriction is the one and only which satisfies the Galerkin condition

rpArpr = Ak-1. (3.60)
For smoothing we use a linear iterative method of the form
xnew — Xold o M;l(AkXOId o bk) = Sk (Xold7 bk)

The basic idea of the two-grid algorithm is the following. If we have an approximation of
the exact solution on a fine grid and the corresponding error is sufficiently smooth, then this
error can be approximated on a coarser grid. Solving the so-called coarse grid problem for
the error we get a new approximation on the fine grid. Let x; denote the exact solution of
(3.57) and Xy, the result of 1 (pre-)smoothing iterations applied to an initial vector x?. For
the error e, := X, — xj we get the so-called defect

Arer = ApXx, — b =: dg. (3.61)

If ey, is sufficiently smooth we can make the approximation ey ~ pper_1 with an appropriate
vector €,_1. Using (3.60) and (3.61) for the latter vector we get the linear system

Akflékfl = I‘kdk. (3.62)

Finally, we take x; := X; — px€xr_1 for the new iterand and thus we obtain the two-grid
algorithm. If vy smoothing iterations are applied after the coarse grid correction this is
called post-smoothing.

Algorithm 3.26

procedure TGMy (xx, bg)
if k=0 then x := A, by else
begin
Xk = SZl (Xk, bk);
dj—1 = ri(Arxi — by);

(pre-smoothing)

(
€1 1= A,;lldk_l; (coarse grid solution)

(

(

defect restriction)

Xp 1= Xk — Pk€k_1; correction)
Xy = S (Xk, br); post-smoothing)
TGMy := xi;

end;

The two-grid algorithm in pseudocode notation

We observe that the coarse grid system (3.62) is of the same form as the original system
(3.57). For this reason the above described two-grid algorithm can be used recursively for
the approximate solution of (3.62). This idea leads to the multigrid algorithm. We only
consider the choices 7 =1 (V-cycle) and 7 = 2 (W-cycle) in the recursive call for the coarse
grid solution.
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Algorithm 3.27
procedure MGMy, (xx, bg)

if £ =0 then xq := Aglbo else

begin
X = S (Xk, br);
di—1 :=ri(Arxg — bg);
&) :==0;fori=1tor7 doé_ ,:=MGMy_1(& ", dip_1);
Xk = Xk — Pk€r—1;
X = 8 (xk, br);
MGM;, = xy;

end;

The multigrid algorithm in pseudocode notation

Convergence analysis

We analyze the convergence of the multigrid W-cycle in the framework of the approximation
and smoothing property (compare [Hac85, Reu05]). From this analysis one can see that the
two-grid convergence directly implies the convergence of the multigrid W-cycle. However,
for the multigrid V-cycle a more involved analysis is needed.

It can easily be shown that the two-grid method is a linear iterative method with iteration
matrix

Crep(ve,v1) = SP(I— prALt reAy)SY, (3.63)
where S, =1 — M,;lAk denotes the iteration matrix of the smoother. The multigrid algo-
rithm can be formulated (see [Hac94]) with an iteration matrix that satisfies the recursion

Cuma.o(ve,v1) =0,
Cuci(va, 1) =S;2 (I — pr(I — Chyg 1) AL TR AL)ST, (3.64)
= Crax+SPPeCliar 1At ThARS, k=1,2,...
If we consider (3.63) without post-smoothing and v; = v pre-smoothing steps we get the
splitting
[Crax(0. )]z = [|X—prAL rrAL)S]l2
A" = preA w2 AxSE ]2 (3.65)

IN

of the two-grid iteration matrix. For the multigrid convergence we are interested in bounds
for the two terms in (3.65) of the form

ALY = prAL L k2
| AxSkIl2

CallArllz " (3.66)

<
< gl Akl (3.67)
where ¢g(v) is a monotonically decreasing function with lim,_ . g(v) = 0. The result in
(3.66) is called approzimation property and the one in (3.67) smoothing property.

Remark 3.28 For the further analysis in terms of the approximation and smoothing prop-
erty some assumptions and technical results have to be formulated (see e.g. [Hac85]). Since
these issues are discussed extensively in Chapter 5 for an anisotropic reaction-diffusion prob-
lem, we only give some comments. The family {7;}r>0 of triangulations is assumed to be
quasi-uniform. Furthermore, uniform bounds (w.r.t. the level k) of the isomorphism P and
its inverse, and a result concerning the scaling of the stiffness matrix are needed. In order
to prove that the approximation property (3.66) holds, the H?-regularity of the continuous
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problem (3.56) and an approximation error bound as in Theorem 3.17 are required. In
[Hac85] the derivation of the smoothing property for a few basic point iterative schemes and
symmetric positive definite matrix Ay can be found. However, we will see that these point
relaxation methods are not appropriate smoothers within the multigrid algorithm for solv-
ing the anisotropic problem. For that case, in Section 5.6 we prove the smoothing property
(3.67) for a symmetric block Gauss-Seidel iteration.

We now turn to a convergence result for the multigrid method with 7 > 2 (see [Hac85] and
the references therein). Note that for the proof of this result in addition to (3.66) and (3.67)
we need a stability bound for the iteration matrix of the smoother.

Theorem 3.29 Consider the multigrid method with iteration matriz defined by (3.64) and
parameters vo = 0, v1 = v > 0,7 > 2. Assume that there are constants C4,Cs and a
monotonically decreasing function g(v) with lim,_.o g(v) = 0 such that for all k we have

IA = prAmklls < CallAxl5™,
[A&SEll2 < g()[|Akllz, v >1,
IS¥]: < Cs, v>1.

Then for any fized 1 € (0,1) there exists vy > 0 such that for all v > vy
ICrmaklle <v, k=0,1,...
holds.
Proof: For the two-grid iteration matrix we have
[Crarllz < A" — PrALL rell2l| ASE 2 < Cag(v),

i.e. if sufficiently many smoothing iterations are applied the two-grid method converges.
Standard arguments yield that the isomorphism Py and its inverse are uniformly bounded
and thus for py = P 1P._1 we can conclude

allxlle < [|pex|l2 < cof|x]|2  for all x € R™ 1 (3.68)

with constants ¢; > 0 and ¢ independent of k. We define &, := ||Cug kll2- Due to (3.64)
we have £, = 0 and for k > 1, using (3.68), we get

& < Cagw) + |prllo&i_ [|AL L rr ALSE 2
< Cagv) + cocy 61 |PRAL L TR ARSE |2
< Cag(w) + cacy "¢y (1T — prA L e AR)SE 2 + [SE]2)
< Cag(v) + cacy '1_1(Cag(v) + Cs) < Cag(v) + &y,

with ¢* 1= cac] ' (Cag(1) + Cs). We consider the sequence

{xo =0, (3.69)

x; = Cag(v) + c*al_;.

For 7 = 1 this sequence is obviously unbounded. However, for 7 > 2 the sequence is bounded
by any ¥ € (0, 1) if g(v) is sufficiently small. To see this we consider Fig. 3.3 and use a fixed
point argument. For fixed ¢ € (0,1) we consider the function p(z) := Cag(v)+c*z™, 7 > 2.
If g(v) is sufficiently small, then there obviously exists a point z* = p(z*) < ¢, which is the
limit of sequence (3.69). o

Using Theorem 3.29 we get a bound for the spectral radius of the iteration matrix Cas¢ 1 (0, v).
Now we consider the iteration matrix of the multigrid method with vy pre- and v post-
smoothing iterations. Setting v := 11 + v5 we conclude

p(Crc k(2 11)) = p(Crc k(0,7)) < |Crra.k(0,v)]2.
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Cag(v) A

Figure 3.3: Schematic fixed point argument

Thus, for 7 > 2, Theorem 3.29 also yields a bound for the spectral radius of the iteration
matrix Caq k(v2, v1).

We are interested in a convergence result for the multigrid V-cycle, too. However, the
convergence analysis for 7 = 1 in (3.64) is more involved. We consider the case with a
symmetric positive definite system matrix Ay and v; = 5 > 1 pre- and post-smoothing
iterations. In [Hac85, Hac94] the contraction number of a multigrid method, including the
V-cycle, is shown to be uniformly bounded w.r.t. the || - || a-norm by a constant smaller than
one independent of the level k. Here, we only give the result for the two-grid method. These
considerations carry over to the multigrid algorithm.

We define the energy scalar product and corresponding norm by

1
(x,y)a = (Apx,y), |[Ix[la:=(x,x)3, x,y€R"™

In the analysis only smoothers with an iteration matrix Sy =1 — M;lAk and symmetric
positive definite My, are considered. Let B, C € R *™ be matrices. If these matrices are
symmetric (w.r.t. (-,-)) we use the notation B < C iff (Bx,x) < (Cx,x) for all x € R™. If
these matrices are symmetric w.r.t. {(-,-)4 we write B <4 C iff (Bx,x)4 < (Cx,x) 4 for all
x € R™ . One can easily show that for the damped Jacobi method (with appropriate chosen
damping parameter) and the symmetric Gauss-Seidel relaxation we have

A, <M, forall k, (3.70a)
E| C]u . HMk”Q S CMHAkHQ, fOI‘ all k‘ (370b)

Furthermore, for these smoothers the standard approximation property (3.66) and (3.70b)
yield the modified approximation property:

30 M2 (AL — prAT )M o < Oy forallk=1,2,... (3.71)

Due to symmetry arguments only the two-grid method with 11 = 15 = %1/ and v > 0 even
in (3.63) is discussed.
Theorem 3.30 Assume that (3.70a) and (3.71) hold. Then we have
(1-CYY ifv<Ca—1,
C < 1-Crly)' =4 ¢
[Crc.x(¥)lla < yrg[%ﬁ]y( Cay) Cy v
v+1\v+1

) ifv>Cy—1.
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Sketch of the proof: We define Q. := I—pkA,;llrkAk. For this matrix we have Q? = Qy,
and (A, Qr)” = AxQp. Note that the latter identity holds iff Qg is symmetric w.r.t. the
energy scalar product. It follows that Qj is an orthogonal projection w.r.t. (-,-)4. The
matrix M, ' Ay is symmetric w.r.t. (-,-), too, and from (3.70a) one can conclude that

0<aM;'Ap <41 (3.72)
holds. Further, one can show that property (3.71) is equivalent to
0<a Qi <a CaMj A, (3.73)

From (3.72), (3.73) and the fact that the A-orthogonal projection Qj is not identically zero,

~ 1 1
we get C4 > 1. For the iteration matrix of the two-grid method Crq (V) = S,ﬁ”QkS,iy we
obtain

1, ~ _ 1,
0<aCrgr(v) <a S7'CaM;'A;S?
= (I—=M;'Ap) 7" CaM AT — M, 'Ay)Z".

Thus, we finally get

ICrar(v)lla < max Caz(l—2)" = max y(1-Cyly),
z€(0,1] y€[0,C 1]
and the proof is finished with elementary calculus. o

Nested iteration

The method of nested iteration uses coarse grid problems to produce start approximations
for problems on finer levels. This idea is not restricted to multigrid methods but we men-
tion it here since it fits into the multigrid framework in which discretizations of a continuous
problem on different levels are used. In order to obtain a start approximation of the problem
A;x; = by, on level k we can apply some steps of an iterative solution method to a coarse
grid problem A;x; = b; with j < k. Let xé denote the result of i steps on level j. For the
start approximation on level £ we then use Xg = f)kxg, where pi denotes an appropriate
prolongation. In Fig. 3.4 a schematic representation of this method is given.

, =9 7}

l—p

0 P2
T e
1 ALGo(29,b2) f—
2 ALG: (a9, b1)
ALG[)(IS,b[))

0 —— . |

To To

Figure 3.4: Nested iteration; ALG) denotes an iterative solution algorithm on level k

We will make use of the nested iteration method for the solution of the inverse heat con-
duction problem. In order to get a good start estimation for the heat flux on a given
discretization level we consider the whole inverse problem on a coarser level. A comparison
w.r.t. efficiency of the nested optimization approach and a one-level procedure is given in
Chapter 6.






Chapter 4

Anisotropic finite elements

In this thesis a three-dimensional THCP in falling films is solved numerically based on re-
alistic high resolution temperature measurements (compare Section 2.1). In the falling film
experiment a thin heating foil is used in order to reach a small temperature gradient across
the foil thickness. The measurement data on the foil back side are influenced by the trans-
port phenomena in the falling film and the wavy film surface. However, the very different
length scales of the thin heat conductor result in an anisotropy effect. Thus, in this chapter
we investigate anisotropic finite elements and treat the question how these elements affect
the quality of the space discretization. In order to obtain a bound for the discretization
error we use the Céa-lemma and error bounds for standard nodal Lagrangian interpolation.
We give a uniform presentation of results for (triangular and) tetrahedral finite elements
that can be found at different places in the literature and illustrate important phenomena
by means of systematic numerical experiments. A mazimum angle condition is formulated
which is the essential condition to get suitable bounds for the interpolation error. Different
approaches for the derivation of these error bounds are considered.

4.1 Introduction and historical review

In the previous chapter we introduced basic error estimates for isotropic finite elements
with a uniformly bounded aspect ratio. Now we study anisotropic finite elements e that are
characterized by the property

lim o, = lim — = oo. (4.1)
he—0 he—0 Pe
Again the focus is on linear finite elements. For anisotropic P;-elements approximation error
bounds of the form
inf (lu—vnl[am o) < ch® ™ ul g2y, m€{0,1}, Vue H*(Q), (4.2)
Xh
do not hold in general. Note that such bounds are used to prove standard finite element
discretization error bounds (compare Theorem 3.16 and Theorem 3.17).

Remark 4.1 In the next chapter we consider a domain with a given fixed tetrahedral
triangulation. When the thickness of this domain becomes very small due to a one-directional
distortion, then the tetrahedra volumes decrease (with increasing degeneracy) while the
tetrahedra diameters do not change. This phenomenon can be compared to situations where
in a domain with equal length scales in all directions the grid is adapted to solutions that have
an anisotropic behaviour. The grid adaption results in a rapid refinement in the direction(s)
of rapid change and a relatively slow refinement in those direction(s) where the solution is
smooth. Since one always is restricted to a finite grid resolution and the heat conductor is
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very thin but has a fixed geometry the corresponding finite elements are not anisotropic in
the asymptotical sense of (4.1). However, o. — oo for increasing degeneracy, and thus the
constant in (4.2) may be arbitrarily large when highly distorted finite elements are used.

In the following we give a brief historical review of some results obtained in the field of
anisotropic finite elements without claiming completeness (see also [Ape99]). Starting point
of our review is Zldmal’s work [Z1a68] of 1968 concerning the approximate solution of a linear
second order elliptic boundary value problem in two dimensions using the finite element
method. For a family of triangular elements the so-called Zlamal condition, which states
that the minimum angle of every triangle is uniformly bounded from below by a positive
constant, is introduced.

Minimum angle condition (in 2D):

Let there exist a constant & such that
ae>a>0 forallee Ty, (4.3)

where a, denotes the minimum angle of the element e.

This condition is equivalent to the condition of a uniformly bounded aspect ratio. Assuming
that (4.3) holds for a given triangulation 7, and using piecewise quadratic finite elements,
Zlamal gives the bound

h2

e = unll o) < ‘sina

for the discretization error. Here, uj; denotes the finite element approximation and the
constant ¢ is independent of the parameter h, which denotes the largest side of all the
triangles in the given triangulation, but depends on u. The exact solution u of the problem
is supposed to be sufficiently smooth. However, if @ > 0 gets small, the factor 1/sin(a@)
in the upper bound becomes large. The minimum angle condition (4.3) was considered to
be essential for quite some time. But in 1976 Babuska and Aziz elaborated upon a result
from interpolation theory that was investigated by Synge [Syn57] in 1957 for the case of
piecewise linear interpolation. This result can also be found in [Kri92] and assumes that the
maximum angle of every triangle in a given triangulation is uniformly bounded from above
by a constant that is smaller than 7.

Maximum angle condition (in 2D):

Let there exist a constant 4 such that
Ve <y <m foralleeT, (4.4)

where 7, denotes the maximum angle of the element e.

We remark that Synge’s condition (4.4) is weaker than Zlamal’s condition (4.3): in a triangle
with one arbitrarily small angle, the other angles can always be chosen such that there is no
angle “close” to . Note that if a triangle has two small angles, the third angle is necessarily
a large one. For a family of triangular elements that satisfy condition (4.4) in [Syn57] Synge
proves the interpolation error estimate

lu = Tnullwi ) < e lulwzq), Yue WZ(Q), (4.5)

for the parameter p = oco. Here, ¢(3) > 0 is independent of h but depends on 4 and I,
denotes the standard linear interpolation operator. In [BA76] Babuska and Aziz give an
extension of (4.5) for p = 2 and consider the obtained interpolation result in the context
of the finite element method. For piecewise linear finite elements that fulfill the maximum
angle condition (4.4) they succeed in showing the discretization error bound

lu = unll ) < T ull2),  Yu € HA(Q). (4.6)
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In this result the constant ¢ is independent of h and 4 while the increasing function I'(¥)
depends on the maximum angle. We emphasize that (4.5) gives an interpolation error bound
while the result in (4.6) concerns the finite element discretization error. The latter result
in fact allows anisotropic finite elements that violate the minimum angle condition (4.3)
without loss of the discretization quality (in the sense that the H'-error is of first order).

Some numerical experiments to point out two-dimensional anisotropic effects are presented
in Section 4.2. A generalization of (4.4) to tetrahedral elements and a special error bound
for standard Lagrangian interpolation, which was given by Kiizek [Kri92] in 1992, is studied
in Section 4.3. A more general approach to anisotropic estimates due to the work of Apel
[Ape99] is discussed in Section 4.4. It is shown that for three-dimensional problems and the
nodal Lagrangian interpolation operator a result as in (4.5) with p = 2 does not hold in the
anisotropic case. However, for this operator and any p € (2, 00| an estimate of the form

lu = Tnullwi) < chlulwz(q), Yu e W),

holds with a constant ¢ independent of h. Finally, in Section 4.5 we give a discretization error
bound for anisotropic tetrahedral P;-elements based on the Céa-lemma and the previously
discussed interpolation results. We emphasize that (for three-dimensional problems) there
is a need for other (better) interpolation operators for anisotropic finite element spaces to
obtain a discretization error bound of the form

lu — upl| i) < chlulge), Yue H*(Q),

with ¢ independent of h (compare Section 5.4).

4.2 Numerical experiments

In this section we present MATLAB simulations to illustrate the results for two-dimensional
anisotropic finite elements discussed above. We consider the discretization of the elliptic
problem

(4.7)

u=x? on 0,

{ —Au=-2 inQ:=(-1,1)%

in the x1, z2-plane using different types of grids and linear triangular finite elements. The
exact solution of problem (4.7) is given by u(z1,z2) = 22, (z1,22) € Q. In the following we
describe the single elements that form the different grids.

€4 €1

€3 €2

Figure 4.1: Anisotropic elements of (a) type A and (b) type B
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Element type A: maximum angle condition (mac) violated

The first element type is pictured in Fig. 4.1 (a). The nodes of the triangle e; are A =
(=¢€,0), B = (g,0) and C = (0, ce®), for some ¢, s € N and a real parameter ¢ < 1. Then
w(A) = u(B) = €2 and u(C) = 0. When we choose s > 1 then the aspect ratio o, is
unbounded, i.e. e; is an anisotropic element in the sense of (4.1), and the maximum angle
condition is violated. Due to Theorem 3.13 (with the parameters p = 2 and m = 0) the Lo-
error of standard nodal interpolation is of second order. For the gradient of the interpolation
error we consider

0 B u(B) —u(A)
Gy U T ) = 2m - == =2,

0 o u(0) = (w(A) +u(B)/2 o,
—a@ (u—1Ieu) = — o =c e" .

While the exact solution u(x1,z2) = 23 does not depend on s, the partial derivative of
I, u in xo-direction becomes arbitrarily large when the triangulations get finer, if we use
anisotropic elements of type A with s > 2. Elementary calculus leads to

2
|u — Ieluﬁ{l(el) = / (221)% + (¢ 1?7 %)  dey = (552 + (6_162_8)2> / 1de;. (4.8)
e1

€1

The minimum and the maximum angles which are denoted by « and « in Fig. 4.1 are referred
to in the numerical experiments below.

Element type B: mac fulfilled & minimum angle condition (mic) violated

For the second grid we consider the elements of type A and insert additional nodes, such
that the elements become right-angled as shown in Fig. 4.1 (b). Now the element e; is
determined by the nodes A = (0,0), B = (¢,0) and C' = (0, ce®) with u(A) = w(C) =0
and u(B) = 2. For s > 1 the aspect ratio o., again is unbounded but this time we do not
expect the first order derivatives to cause problems due to the bounded maximum angle. In
fact, the calculation of the partial derivatives yields

1o} - B B u(B) —u(A) B
—8x1 (u—1I,u) = 217 - = 2x1 — €,
0 B u(C) —u(A)
52s (u—1I,u) = e 0.

For the gradient of the interpolation error on a single element we get

|U' - I€1u|§{1(e1) = /

€1

1
(221 — €)% de; = ?062/ 1de. (4.9)

In the following numerical experiments we study different error norms for standard nodal
interpolation and the finite element solution of (4.7) with P;-elements on different grids.
We choose ¢ = 2 and s = 2, which means that the grid refinement (from A — h/2) in
To-direction is twice as high as in z;-direction.

Experiment I: mac violated, divergent finite element (FE) approximation

The hierarchy of grids used in this experiment is composed of the anisotropic elements of
type A (see Fig. 4.1 (a)). For the discretization parameters h = 1 and h = 0.5 (i.e. € =0.5
and € = 0.25) the triangulations are shown in Fig. 4.2. Clearly, the maximum and thus also
the minimum angle condition are violated. The corresponding standard linear interpolant of
u(xq,m2) = 27 and the discrete finite element solution of problem (4.7) with P;-elements are
shown in Fig. 4.3. A careful study of Fig. 4.3 (a) confirms the presented analytical results.
For standard nodal interpolation the function value approximation is accurate. Note that
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(@) (b)

1 1

0.5 0.5

0

< <

-05 -0.5

-1 -1
-1 -0.5 X, 0 0.5 1 -1 -0.5 X, 0 0.5 1

Figure 4.2: Triangulations for h =1 (a) and h = 0.5 (b)

for m = 0 in Theorem 3.13 the factor p_ ™ is eliminated from the upper bound. However,
the gradient interpolation may become arbitrarily poor for A — 0. In fact, we observe that

the interpolant has a kind of “zigzag”-shape with large gradients in xs-direction.

(a) Standard linear interpolation (b) Finite element solution

Figure 4.3: Linear interpolant (a) and finite element solution (b)

The simulation results are documented in Tab. 4.1. The minimum angle « tends to zero
and the maximum angle v tends to 7 as the grid refinement increases.

| h || « | ~ || llu — Inu| L, | |u — Ipu| g || ||lw— upl Ly | |u — wp| g |
1 0.2450 | 2.6516 0.2415 3.5473 0.8539 2.6142
0.5 0.1244 | 2.8929 0.0645 3.7625 0.7660 2.6328
0.25 0.0624 | 3.0168 0.0166 3.8782 0.7415 2.6447
0.125 || 0.0312 | 3.0791 0.0042 3.9383 0.7353 2.6488

Table 4.1: Global error norms for nodal interpolation and the finite element solution

The error reduction in the Lo-norm is of second order while the H!-seminorm of the inter-
polation error is almost constant which is consistent with the bound in (4.8). The numerical
finite element solution which is shown in Fig. 4.3 (b) exhibits large gradients as well but
additionally does not yield an appropriate function value approximation. Note that for the
Lo-error estimate of the finite element solution in Theorem 3.17 the duality argument of
Aubin-Nitsche is applied. Since the interpolation error bound (3.22) with m = 1 is used for
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this argument in (3.28) and (3.29), both orders of accuracy may be lost. Due to the compu-
tational time we only consider grid refinements up to approximately 30 thousand unknowns.

Experiment II: mac fulfilled & mic violated, convergent FE approximation

In this experiment we study the anisotropic elements of type B (see Fig. 4.1 (b)). For two
different refinement levels the grids are illustrated in Fig. 4.4. The maximum angle condition

(@ (b)

1 1
0.5 0.5
0
XN XN
-0.5 -0.5
-1 -1
-1 -0.5 X, 0 0.5 1 -1 -0.5 X 0 0.5 1

Figure 4.4: Triangulations for e = 0.5 (a) and € = 0.25 (b)

is fulfilled while one angle of the triangles tends to zero for h — 0. This time the linear
interpolant shown in Fig. 4.5 (a) seems to be accurate with respect to both, the function
value and the gradient approximation. In particular the “zigzag”-shape described in experi-
ment [ has disappeared leading to smooth gradients in xs-direction. Furthermore, the finite
element solution in Fig. 4.5 (b) does not exhibit any visible differences in comparison to the
linear interpolant.

(a) Standard linear interpolant (b) Finite element solution

Figure 4.5: Linear interpolant (a) and finite element solution (b)

These first impressions are confirmed by the experimental results given in Tab. 4.2. The
Lo- and H'-errors are of second and first order, respectively. For the H'-seminorm of the
interpolation error this is consistent with the bound in (4.9).

Experiment I1I: mac violated, convergent FE approximation

The example meshes used in the numerical experiments I and II are introduced in the work
of Babuska and Aziz [BAT6]. As we have seen, the use of arbitrarily chosen anisotropic finite
elements may cause serious problems with respect to the quality of the discretization. On
the other hand, if the maximum angle condition holds, one can prove that the linear interpo-
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L b | a v e —Twulle, | Ju—Tula || lu—unllz, | Ju—uplm |
0.5154 || 0.2450 | 1.5708 0.0913 0.5774 0.0905 0.5731
0.2519 || 0.1244 | 1.5708 0.0228 0.2887 0.0227 0.2880
0.1252 || 0.0624 | 1.5708 0.0057 0.1443 0.0057 0.1442
0.0625 || 0.0312 | 1.5708 0.0014 0.0722 0.0014 0.0722

Table 4.2: Global error norms for nodal interpolation and the finite element solution

lation error in the H'-norm is of first order (in two dimensions). Due to the Céa-lemma one
can show that the H'-error reduction of the finite element solution of (4.7) with P;-elements
is of first order, too. In the last experiment of this section a further question in this context
is answered. Using the anisotropic elements proposed by Apel and Dobrowolski in [AD92]
we treat the question whether the maximum angle condition is a necessary condition to gain
a first order H!-error reduction of the finite element solution.

(@) (b)

1 1
0.5 0.5
0 0
K &
-0.5 -0.5
-1 -1
-1 -0.5 X, 0 0.5 1 -1 -0.5 X, 0 0.5 1

Figure 4.6: Triangulations for € = 0.5 (a) and € = 0.25 (b)

For two refinement levels the grids which (in contrast to so-called semiregular triangulations
introduced in the next section) combine the anisotropic elements of type A and type B (see
Fig. 4.1) are shown in Fig. 4.6.

(a) Standard linear interpolant

(b) Finite element solution

Figure 4.7: Linear interpolant (a) and finite element solution (b)

The corresponding nodal interpolant and the finite element solution are given in Fig. 4.7. We
clearly recover the “zigzag”-behaviour in zo-direction for some elements of the triangulation
in Fig. 4.7 (a). This also seems to be the case in Fig. 4.7 (b) but this time the situation is
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different (to the one in experiment I) as Tab. 4.3 clarifies. While the interpolation error in
the H'-seminorm is almost constant, the Lo- and H!-error reduction of the finite element
solution is of second and first order, respectively. We remark that in [AD92] the convergence
of a modified interpolant is discussed.

L h [ o [ v [[llu—Tuulle, [ Ju—Tnulg || lu—unlle, [ Ju—unlm |
0.5154 [ 0.2450 | 2.6516 0.2041 2.9155 0.2641 1.3712
0.2519 || 0.1244 | 2.8929 0.0510 2.8504 0.0664 0.6878
0.1252 || 0.0624 | 3.0168 0.0128 2.8339 0.0165 0.3420
0.0625 || 0.0312 | 3.0791 0.0032 2.8298 0.0041 0.1702

Table 4.3: Global error norms for nodal interpolation and the finite element solution

Remark 4.2 In the next section we give a proof of nodal interpolation error bounds for so-
called semiregular tetrahedral elements. The basic idea in this proof concerns a geometrical
argument that we can already explain in two dimensions. The geometrical property, which
distinguishes the “bad” elements of type A from the “good” ones of type B (see Fig. 4.1) is
the following: while for the elements of type B we can always find two vectors along the edges
of the elements which are linearly independent uniformly in the discretization parameter h,
this is not the case for the elements of type A.

4.3 Special interpolation error bounds

This section is dedicated to the study of Kiizek’s paper [Kri92], in which so-called semiregular
finite elements are introduced and the three-dimensional analogon of (4.5) with p = oo is
proven with a technique quite different from the approach used by Babuska and Aziz in two
dimensions.

Maximum angle condition (in 3D):

Let there exist a constant 4 < m such that

5y forall e € 7y, (4.10)
7 forall e € Ty, (4.11)

Ve
Pe

IN A

where 7, denotes the maximum angle of all triangular faces of the tetrahedron e and ¢,
denotes the maximum angle between the faces of e.

Definition 4.3 A family F = {1y} of tetrahedral finite elements is said to be semiregular
if for any Ty, € F the inequalities (4.10) and (4.11) hold.

Remark 4.4 Forlocal estimates in the next section the introduced mazimum angle condition
is used w.r.t. a single element in the following sense: an element e is said to fulfill the
maximum angle condition (4.10)-(4.11) if both bounds hold uniformly in h..

Note that any regular family of finite elements is also semiregular whereas the reverse in-
clusion does not hold in general. The following basic lemma concerning the geometry of
tetrahedra is given without a proof (for more details see [Kri92]).

Lemma 4.5 Let e be an arbitrary tetrahedron.

(a) Let o < 3 <y denote the angles of an arbitrary face of e. If (4.10) holds then v > %
and

B,y € [%ﬁ] . (4.12)
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(b) For an arbitrary vertex A of e let x < ¢ < ¢ denote the angles between the faces
passing through A. If (4.11) holds then ¢ > % and

Y, p € (ﬁ—gvﬁ} : (4.13)

Based on this lemma we are able to give Kiizek’s extension of (4.5) for a semiregular family
of triangulations. The result is deduced in the W21 -norm, i.e. for the parameter p = oo,
and subsequently generalized using embedding properties of Sobolev spaces. We introduce
the following notation. Let o := (au,...,an), a; € N, be a multi-index, (z1,...,7,)7 the
vector of coordinates and y € R™. Then we define

o oo

= i O‘:: o a", DO{ = o A o 414
o ;a Yo =yt s o B (4.14)

Theorem 4.6 Let F = {1} be a semiregular family of decompositions of a polyhedron into
tetrahedra. Then there exists a constant ¢ such that for any Tn, € F and any e € Ty, we have

|u — Ieu|W£(e) < chffm |u|W§o(e), me {0,1}, Vue Wfo(e).

Proof: Let e € 7;, € F be an arbitrary tetrahedron. Setting p = oo and m = 0 in
Theorem 3.13 (given in Section 3.1.2 for an affine family of finite elements) we obtain

lu — Teulwo (¢) < ch? |ulwz ().

Note that this interpolation error bound is valid without posing any regularity assumptions
upon the family F = {7} of triangulations. Thus, it remains to derive the estimate

|u — Ieu|W;O(e) < che |’U,|W§O(e), Yu € WOQO(B) (4.15)

In order to show that (4.15) holds, the geometrical assumption of bounded maximum angles
~e and @, is crucial.

The semiregularity of F = {7},} allows us to determine vectors t; with |[t;||o = 1,4 =1,2,3,
along the edges of e such that the volume of the parallelepiped generated by these unit
vectors is uniformly bounded away from zero, i.e. ti,ts and t3 are linearly independent.
For an appropriate choice of these vectors we consider the arbitrary tetrahedron e given
in Fig. 4.8 (a). Let ABC be an arbitrary face of e with the opposite vertex D and the

D

b right angles

(a) (b)

Figure 4.8: Tetrahedron (a) and linearly independent vectors (b) along its edges
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maximum angle v, which is without loss of generality assumed to be at the vertex A. From
(4.12) we can conclude that

—fy),sinfy} < sin~. (4.16)

m := min {sin( 5

Let t; and t be the unit vectors along the edges AB and AC, respectively. For the deter-
mination of the third unit vector we assume the angle w between the faces ABC and ABD
to be not less than the angle between the faces ABC and AC'D (otherwise we exchange the
notation of the vertices B and C). Then (4.13) leads to

m < sinw. (4.17)

Now we consider the triangle ABD and choose the vertex K € {4, B} such that the angle
¢ at this vertex is not less than the angle at the other vertex. From (4.12) we get the bound

m < siné. (4.18)

Let t3 be the unit vector along the edge K D. For the case K = A the corresponding
parallelepiped S is given in Fig. 4.8 (b). Denote by z the length of its spatial altitude
perpendicular to the plane given by t; and to. Let y denote the length of its altitude
perpendicular to ty, which lies in the plane given by t; and ts. For the volume of S we get
by (4.16)-(4.18)

S| = |ltill2(]Jt2]|2sin(m —¥))z = siny(ysinw) = siny(||ts]2sin)sinw  (4.19)
> md> 0,
independently of the discretization parameter h..

Let u € C?(e) and P be an arbitrary fixed point in the interior of e. Since the unit vectors
t;, 2 =1,2,3, are linearly independent we can write

3
V(u—ITu)(P) =Y cjt;, ¢ €R, (4.20)
j=1

with appropriate coefficients ¢;. In this representation V(u — I.u)(P) denotes the gradient
vector of the function u — I.u evaluated in P. If we consider the orthogonal projection of
this gradient vector on the edges of e along the unit vectors t; we see that the coefficients
c; fulfill the equations

3
t/ V(u—Lu)(P) =Y ¢;tlt;, i=1,23.
=1
This leads to the matrix-vector-notation
Dc = b, (4.21)

with the symmetric matrix D = (t;fptj)ij:l, the coefficient vector ¢ = (c1, ¢z, c3)”, and the
right-hand side b = (t'V(u — I.u)(P))3_;. Since D is quadratic and nonsingular we can

write
-1 1

~ det(D)
where D* is the matrix of cofactors of the entries of D, i.e. D* = (detij)f’!jzl with det;;
denoting the determinant of the submatrix that is obtained by eliminating the ith row and
the jth column of D. Since [t7t;| = |till2][t;l2] cos(<t(t;,t;))] < 1 we get |det;;| < 2
resulting in

D*, (4.22)

ID*[lc <6. (4.23)
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Finally, we can give the following bound for the gradient of the interpolation error using
(4.20)-(4.23)

3 3
190~ La)(P)loo = 1> itilloe < 3 lesl < 3lelloe < 31D oclbloc
j=1 =1
6 T
< 33— t; —I.u)(P)|. 4.24
o AL ) (424)

We note that |det(N)| with N denoting the matrix whose columns consist of the unit
vectors t; is equal to the volume |S| of the parallelepiped S in (4.19). Since the equality
det(D) = det(NTN) = det?(IN) holds, we can conclude

det(D) > m® > 0,

independently of h.. Thus, the proof is complete if we succeed in showing that the orthogonal
projection of V(u — I.u)(P) on any of the three unit vectors t; cannot exceed constant times
he [ulwz, (e)-

D

Figure 4.9: Unit vectors t and s along k and QP

Let k be an arbitrary edge of e (see Fig. 4.9) and define 2 := t7V(u — I,u) where t is a unit
vector along k. Since u — I.u = 0 at all the vertices of e (I.u is the nodal interpolant of u
over e), by Rolle’s theorem there exists a point @ € k such that

2(Q) =tV (u — Lu)(Q) = 0.
If P is the above chosen arbitrary point in the interior of e and the mapping

g:[0,1] — R
r — (1-rQ+rP

parameterizes the way from @ to P we can write

2(P) — Q) = / (V20 g)(r)|g (r)] dr-

With 2(Q) = 0 and s representing a unit vector along QP (compare Fig. 4.9) this is equiv-
alent to

P P
2(P) = /Q s'Vz(0)do = /Q sTA(u — Iu) (o)t do,
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where A(u — I.u)(o) is the Hessian matrix of u — I.u evaluated at o. Thus, we conclude

P
[2(P)] < / IsTA(u — ILou)(o)t| do
Q
P
< c/ S 1D(u - Lu)(0)|do
Q |al=2
P
< c/ ess sup,c.( Z | DY (u — I.u)(x)|) do
Q || =2
< che|u — Leulwz (o) = che [ulwz (o),

with ess sup denoting the essential supremum. If we use (4.24) and the density W2 (e) =
C2(e), we finally get

lu— Teulws (o) < che lulwz (o), Yu € W2 (e).

&

On the basis of this local result we can prove the following global interpolation error bounds
for semiregular families of linear tetrahedral elements.

Theorem 4.7 (interpolation error bound) Let F = {7},} be a semiregular family of
tetrahedral triangulations of the polyhedron 2 whose boundary is Lipschitz. For p € [1, 0]
we have

IN

cp llu— Tnullwm )
ch?=™ |U|WOZQ(Q), m e {0,1}, Vuc¢€ Wzo(Q) (4.25)

[u = Inullwm o)

IN

Here, the constant ¢, characterizes the topological embedding WZZ(§2) — W (€2).

Note that estimate (4.25) in particular holds for p = 2. Since the standard nodal interpolant
I u belongs to the space X ,{ of Pi-elements we can deduce the following approximation error
bound.

Corollary 4.8 (P;-element approximation error bound) For the approzimation er-
ror of semireqular tetrahedral Pi-elements we have

inﬁ(1 HU, - UhHWm(Q) < ch?~—m |U|W2 ), Mme {0, 1}, Yu € W;(Q), (4.26)
vpEX ), P <

and p € [1, 00].

For the analysis of a robust multigrid method for anisotropic reaction-diffusion problems
(see Chapter 5) we need a bound of the form (4.26) with p = 2 on the left- and right-hand
side of the inequality. We remark that such a result holds (in the three-dimensional case,
t00). In the next section we illustrate that for the nodal Lagrangian interpolation operator
a uniform bound of the form

||u—Ihu||H1(Q) Sch|u|H2(Q), VUEHQ(Q),

with ¢ independent of h does not hold in the anisotropic case. Thus, there is a need for other
(better) interpolation operators for anisotropic finite element spaces (compare Section 5.4).
However, using a more general approach to anisotropic estimates, we can give sharper bounds
for the nodal Lagrangian interpolation error.
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4.4 A general approach to anisotropic estimates

In the book of Apel [Ape99] estimates of the form

1

1_1.7_
= Inulwm ey < ¢ (measy, €)a ™ he ™ fuly ),

with u € Wé(e), meas, e denoting the area/volume of the n-dimensional finite element e,
and admissible ranges of the parameters are called isotropic estimates. Apel states that
these types of local interpolation error results are only rarely exploited for anisotropic finite
element error estimates, since they do not extract the advantage of using elements with
independent length scales. For this reason in [Ape99] so-called anisotropic estimates of the
form

1_1 o=y
[u— Tnulwy o) < c(measpe)a™> 3 AL B (4.27)
a4 Fap=l—-m 1 n W;n(e)
QY ey anp >0
with different, suitably defined element sizes hi, ..., hy., are investigated. In this repre-

sentation the idea of using small grid scales in the directions where the solution has large
derivatives and relatively large grid scales in those directions where the derivatives are small
becomes obvious. The main strategy in [Ape99] to achieve results of the form (4.27) still
remains the same as for isotropic elements (compare Section 3.1.2), i.e. the derivation of an
appropriate estimate on the reference element and the coordinate transformation. However,
Apel shows that one has to deduce sharper estimates on the reference element and that the
transformation has to be investigated very carefully. In this section we present the main
ideas for triangular and tetrahedral elements given in [Ape99].

4.4.1 Estimates on the reference element

When the lemma of Deny and Lions (Lemma 3.12) is applied on the reference element, it
leads to error bounds of the form

a = Letllwzee) < cltlwze), Vae W), (4.28)

for p € [1,00] and either n/p < 2 when p > 1 or n = 2 when p = 1 (see (3.20)). Using
a transformation between an arbitrary element e and the reference element é and (4.28)
an interpolation error bound for e can be shown (compare Theorem 3.13). However, for
anisotropic elements the terms in the upper bound of the interpolation error that result
from the transformation may have bad asymptotics as we discussed in the corresponding
example of Section 3.1.2. In the following we reconsider this example (which is taken from
Example 2.1 in [Ape99]) in order to make clear that there is a need for sharper estimates
on the reference element to obtain satisfactory estimates of type (4.27) for anisotropic finite
elements.

We consider the special triangular element
e={(x1,22)7 |0 <21 < hy, 0 <z < ho(l —1/h1)}, (4.29)

which is shown in Fig. 3.2 from Section 3.1.2 and the corresponding reference element é. We
define w :=u — I,u and W := w o F', where I, denotes the linear interpolation operator on
e and F : é — e the affine transformation. Then inequality (4.28) in particular leads to

IDODd| L, ) < clilwze), Vi€ Wi(e), pell,oal. (4.30)

Let h := (hy, ho)T and o = (a1, a2) be a multi-index. Then for the special element e in
(4.29) the identity D = h®D*w holds. Thus, we get the following estimate for the partial
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derivative in xo-direction:

IDOVwlf (= (b2 DOV
(4.30) piap
< c(h1ha)hy |“|W§(é)
_ c(hth)hQ_p((hth)_l Z he? ||D0‘u||1£p(e))
| =2

= hPh" DO e Y hPDFONy ] o (4.31)

=1

If hy = o(hy) then the first term in (4.31) has bad asymptotics h2hy ' ~ h2/p.. However,
we can avoid this term if (4.30) can be improved to the sharper estimate

1DV e < el DDilwyo, p € [1,00]

Let u € Wé(é) for some | < k + 1. Here, k denotes the degree of polynomials contained in
the space Py¢ of shape functions on the element é. For various element types and suitably
chosen parameter ranges Apel succeeds in showing inequalities of the form

12 = Fst) 1, 6) < clDlyy o Ve la] = m. 52

In this thesis we are interested in the choices ¢ = p, I = 2 and m € {0, 1}. Since the resulting
admissible ranges of the parameter p are different for two- and three-dimensional elements
these are treated separately.

Triangular elements

From Lemma 2.4 in [Ape99] we get the estimate

1D (i = Led)l| 1, e) < e|D¥|y2-mey, Ve, la] =m, me{0,1},

for 4 € C(¢) with D% € W2~™(é) and p € [1, o).

Tetrahedral elements

For tetrahedral elements the situation is slightly different. A crucial ingredient in the proof
of (4.32) is the embedding W)™ (é) — L1(G) for some domain G C é. This embedding
holds for triangular elements é without any restrictions but for tetrahedral elements é and
one-dimensional G (i.e. two dimensions less than the one of é) only if p > 2 in the case
l—m = 1. Thus, for certain choices of the parameters the methods of proof in two dimensions
cannot be applied in three dimensions since the embedding theorems depend on the space
dimension. However, Lemma 2.6 in [Ape99] yields the estimate

1D%(@ = Te@) | L) < ¢|D%ly2-m sy, Vo, la] =m, me{0,1}, (4.33)
for @ € C(&) with D4 € W7~ (&) provided that

p>3/2 ifm=0,
p>2 ifm=1.

Thus, for triangular elements we can choose p = 2 while this case is not covered for tetra-
hedral elements if m = 1. Example 2.6 in [Ape99] shows that for m = 1 the condition p > 2
in (4.33) is necessary. The following variant of this example is also given in [AD92].
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Example:

Let é be the unit tetrahedron in R® and 1 < p < 2. We define the multi-index « := (1,0, 0).
For ¢ > 0 we introduce the function

G (x) := (1 — min{1,eIn|In(r/e)|}) 21,

with 7 = r(72,73) = (x3 + 22)1/?
that D*I;t.(x) = 0. Furthermore,

D%.(x) = (1 —min{l,eln|In(r/e)|}) — 1, 10,

and Euler’s constant e. From . (x1,0,0) = 0 it follows

pointwise in é. Thus, for € | 0, we get
o[ T~ Ao (2 T - N 1
D% (e = o)l o = [ 1070 = ) dx — el = 5.
while

D%y o) = [L—min{L el In(r/e)[}fyy
1
e f o 43
0

1
< ca/ r~Hn(r/e)| "% dr — 0.
0

In [Ape99] Apel states that |ﬁaﬁ€|€v1(é) — oo for € | 0 in the case p > 2, which means
P

that the integral in (4.34) is unbounded for p > 2. For the further considerations we restrict
ourselves to three dimensions.

4.4.2 The coordinate transformation

In the preceding section we discussed sharper estimates on the reference element. Now we
turn to the second essential task for the derivation of anisotropic estimates, i.e. we consider
properties of the transformation matrix (compare Lemma 3.11 in Section 3.1.2). We first
introduce some notation.

O
ho “ Tt

Figure 4.10: Element sizes of the tetrahedron e

Let E be the longest edge of the element e, and let I'g be the larger of the two faces of e
with £ C I'g. Then we define the element sizes

h1 = |E|, hg = 2|FE|/h1, hg = 6|e|/(h1h2),

as shown in Fig. 4.10 (with | - | denoting the associated measures). On the basis of these
definitions in [Ape99] an element related Cartesian coordinate system X, = (#1,¢,%2.c, Z3.¢)
such that one of the vertices of e is at the origin is introduced and the following condition
is formulated.
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Coordinate system condition (in 3D):

The transformation of the element related coordinate system (xj ., 2., 23,) to the dis-
cretization independent system (z1,z2,x3) can be determined as a translation and three
rotations around the x; .-axes by angles ¥;, j = 1,2,3, where

hy

h h
|sindy| < h—z |sinddy| < h—j [sinds S 7= (4.35)

Here, the notation < means smaller than up to a constant. We give an illustration of this
condition in Fig. 4.11.

A T2

Figure 4.11: Tllustration of the coordinate system condition

In R? we only have the condition |sind| < ha/hy, which means that for hy/h; < 1 the
angle ¥ between the longest side E of the element e and the xi-axis has to be small. The
coordinate system condition and the maximum angle condition formulated in Section 4.3
(see also Remark 4.4) yield the following properties of the transformation matrix (compare
[Ape99]). These are sufficient to prove an anisotropic estimate of the form (4.27).

Lemma 4.9 Assume that the tetrahedron e satisfies the mazimum angle condition (4.10)-
(4.11) and the coordinate system condition (4.35). Then the entries of the transformation
matriz B in (3.14) and of its inverse B™1 satisfy the conditions:

bijl < min{hi b}, 4,5 =1,2,3,

~

b} < min{h; A} 65 =1,2,3.

Theorem 4.10 Assume that the element e satisfies the mazimum angle condition (4.10)-
(4.11) and the coordinate system condition (4.35). Let h = (h1,e,hae, hse)? be the vector
that contains the different length scales of the element e. Then there exists a constant c
independent of e such that the anisotropic interpolation error estimate

lu— Thulwye) <c > h¥D%u|wme), me{0,1}, (4.36)

|la]=2—m
holds for w € W2(e) N C(€) and p € (2,00].

We remark that the constant ¢ in (4.36) depends on p, but it is independent of u. Theo-
rem 4.10 trivially implies the isotropic interpolation error estimate. We emphasize that in
the following corollary the coordinate system condition is not needed anymore (cf. [Ape99]).

Corollary 4.11 Assume that the element e satisfies the maximum angle condition (4.10)-
(4.11). Then there exists a constant ¢ independent of e such that the isotropic interpolation
error estimate

lu — Inulwp(e) < ch*™m lulwz(e), m€{0,1},

holds for v € W} (e) N C(€) and p € (2, ).
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Proof: Suppose that the coordinate system condition (4.35) holds. Then the result follows
immediately from Theorem 4.10. Since the seminorms remain equivalent during a rotation
of the coordinate system the corollary is proved. o

Standard arguments (compare Section 4.3) yield the following global result.

Theorem 4.12 (interpolation error bound) Let F = {7} be a semiregular family of
tetrahedral triangulations of the polyhedron Q whose boundary is Lipschitz. Then there exists
a constant ¢ independent of h such that

|lu — I}LU”W;VL(Q) < ch?=™ |U;|W§(Q), m e {0, 1}, Yu € Wﬁ(Q), (4.37)
and p € (2, 00].

Note that from the general approach of Apel the special result of Kiizek in (4.25) directly
follows. For p € [1,00], ¢ € (2,00] with ¢ > p and all u € W2 (), using (4.37), we can write

||u—Ihu||W;n(Q) < C||U—IhU,HW(;n(Q)
2—m
< ch™ fulwe o)
< Ch?im |u|W§O(Q)a me {07 1})

due to the topological embeddings W/, (Q) — W}(Q) — W,(Q), 1 € N.
Corollary 4.13 (P;-element approximation error bound) For the approzimation er-
ror of semiregular tetrahedral Py-elements we have

inf(l |lu — UhHWm(Q) < ch?=™ |U|W2(Q), m e {0, 1}, Yu € Wﬁ(Q), (4.38)
vp € IS p p

and p € (2, 00].

4.5 Finite element discretization error bound

Now we consider the reaction-diffusion problem (3.1) and its finite element discretization
with semiregular tetrahedral P;-elements. To obtain a bound for the discretization error we
use the Céa-lemma and the error bounds for standard nodal interpolation discussed in the
previous section.

Theorem 4.14 Let u be the solution of the continuous problem (3.3) and wuy, the solution of
the discrete problem (3.8) with the space Vi, = X} of semiregular P -elements. If u € WPQ(Q)
for some p € (2,00] then the error estimate

[u = unllm () < chlulwze)
holds, with a constant ¢ independent of h and u.

Proof: Let p € (2,00] and assume u € W7Z(Q2). From the Céa-lemma 3.6 it follows that the
continuous and the discrete problems have unique solutions. Since W, (Q) — H'(Q2), using
the approximation error bound (4.38), we get

u—u < ¢ inf |lu—wv
I rlave < vhex,{” nlle (@)

< ¢ inf |lu—w
< vhex,{” nllwz)

< chlulwz).
<

From this result we can see that semiregular tetrahedral P;-elements are satisfactory for the
finite element discretization of our problem class. Note that we are not able to give a bound
for the Lo-error in analogy to Theorem 3.17 since the duality argument of Aubin-Nitsche
does not lead to the desired estimate. Due to the restriction p > 2 in Theorem 4.14, for the
analysis of a robust multigrid method in the next chapter, we study a modified interpolation
operator which is also introduced by Apel in [Ape99].






Chapter 5

A robust multigrid method for
anisotropic reaction-diffusion
problems

In this chapter we consider a linear reaction-diffusion boundary value problem in a three-
dimensional thin domain. The very different length scales in the geometry result in an
anisotropy effect. Our study is motivated by the inverse heat conduction problem stud-
ied in this thesis [GSM105]. In the solution method (explained in Chapter 2) direct heat
conduction problems in a thin foil have to be solved leading to such linear anisotropic
reaction-diffusion problems in each time step of an implicit time integration method (com-
pare Remark 3.19). The reaction-diffusion problem contains two important parameters,
namely € > 0 which parameterizes the thickness of the domain and p > 0 denoting the
measure for the size of the reaction term relative to that of the diffusion term. We analyze
the convergence of a multigrid method with a robust (line) smoother [RS07]. Both, for the
W- and the V-cycle method we derive contraction number bounds smaller than one uniform
with respect to the mesh size and the parameters € and pu.

5.1 An anisotropic reaction-diffusion model problem

We study a reaction-diffusion boundary value problem on the domain €. := [0,1]% x [0, €]
with 0 < ¢ < 1. For the standard scalar product and norm in Ly(£2.) we use the notation
(,-)o and || - |lo. The scalar products and corresponding norms in H*(€.), k = 1,2, are

denoted by (-,)r and || - ||, respectively. Let the Dirichlet and Neumann boundaries of €.
be denoted by

I'p:= {(xayvz) | (xvy) € [Oa 1]25'2 € {075}}7

. (5.1)
Iy = {(x,y,z) | (:E,y) € {07 1} S [075]}’

and define U, :={v e H'(Q.)|[v=0o0nTp}.

Remark 5.1 For the robustness analysis of the z-line smoother in Section 5.6 we assume
Dirichlet boundary conditions on the upper and lower faces of the domain {2.. These bound-
ary conditions are conserved by the modified interpolation operator that is introduced below.
As far as we know there is no variant of this operator that handles the problem with pure
Dirichlet boundary conditions. Therefore, we restrict our considerations to the combination
of Dirichlet and Neumann boundaries as in (5.1). Note that we have to treat reaction-
diffusion problems with pure Neumann boundary conditions for the solution of the inverse
heat conduction problem (see Section 2.3). However, the numerical experiments of Chap-

73
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ter 6 show, that the suggested robust multigrid method of this chapter seems to work quite
well for this case, too.

For p > 0 we introduce the bilinear form
a(u,v) == (Vu, Vo)o + p(u,v)o for all u,v € U..

This bilinear form is continuous and elliptic on U.. For given f € Lo(Q.) we consider the
following problem: find u € U, such that

a(u,v) = (f,v)o forall veU.. (5.2)

For the discretization of this problem we use standard linear conforming finite elements on
a nested family of uniform tetrahedral grids. To obtain a bound for the discretization error
we use the Céa-lemma and a suitable interpolation operator. In a two-dimensional domain
one can apply the standard Lagrangian interpolation operator even for such anisotropic
problems. For the three-dimensional case, however, this operator is not satisfactory due to
the fact that the case p = 2 is not covered in Theorem 4.12 (compare also Theorem 4.10
in Chapter 4). Instead we use a modified Scott-Zhang interpolation operator which is in-
troduced in [Ape99]. Based on the modified Scott-Zhang interpolation operator we derive a
finite element discretization error bound in which the dependence on the parameters € and g
is explicit. To solve the discrete problem we consider a multigrid method with a symmetric
z-line Gauss-Seidel smoother. The main topic of this chapter is a convergence analysis of
this method. For the multigrid W-cycle we analyze the convergence in the framework of
the approximation and smoothing property. We prove robustness of the multigrid W-cycle
method in the sense that (for sufficiently many smoothing iterations) its contraction number
in the Fuclidean norm is bounded by a constant smaller than one independent of all the
parameters. On the basis of [Ste93b] and [Ste94] we also prove a robustness result for the
V-cycle multigrid method. Finally, we present numerical experiments that illustrate these
robustness properties.

In the literature the convergence of multigrid methods for anisotropic pure diffusion prob-
lems, i.e. a problem as in (5.2) with x4 = 0, has been studied in [BZ00, Ste93a, Ste93b, Ste94]
and [Wit89a, Wit89b]. In the latter papers the robustness of smoothers is studied, whereas
in the former the convergence of W-cycle and V-cycle algorithms is analyzed. These con-
vergence analyses of multigrid methods are based on the standard Lagrangian interpolation
operator and (thus) are restricted to the two-dimensional case. In [AS02] a finite element
method for the Poisson problem on three-dimensional domains with anisotropic mesh re-
finement is studied. For a multigrid scheme in which semicoarsening and line smoothers are
combined, robust convergence of the V-cycle is shown. In all these analyses only the case
= 0 is considered. In this thesis we treat the three-dimensional case and consider the
additional (reaction) parameter p > 0 [RSO7].

5.2 Finite element discretization

From the Lax-Milgram Lemma 3.3 it follows that problem (5.2) has a unique solution. Note,
that the very different length scales in the (z,y)- and the z-direction (for e < 1) result in
an anisotropy effect.

Remark 5.2 Instead of (5.2) we could also consider the weak formulation of the following
anisotropic reaction-diffusion problem on the unit cube Q := [0, 1]3:

—Ugy — Uyy — Mizz + pu = f in £,

u=0 onIp, (5.3)

0
8_1’“1,:0 ODFN,
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with a parameter A\ = 1/e2 > 1. The discrete versions of both formulations (5.2) and (5.3)
lead to operators that have very similar anisotropy properties. In this thesis we consider
(5.2) because our research is motivated by the heat conduction problem in a thin foil, which
is a domain of the form 2. with ¢ < 1 (cf. Chapter 2 and [GSM™05]). An implicit time
integration method applied to this parabolic problem leads to a problem of the form (5.2)
in each time step.

For the discretization we apply a standard finite element method based on a uniform family
of nested triangulations. The uniform subdivision of the domain is based on Kuhn’s trian-
gulation, as illustrated in Fig. 5.1.

(@) ¢ 1 z (b)

Figure 5.1: (a) Initial Kuhn triangulation 7o and (b) first refinement 7.

A stable regular (red) refinement strategy results in a family of consistent, nested triangu-
lations (see [Bey98]), which is denoted by {7x}r>0. With 7 we associate the mesh size

parameter iy = (3)*. Note that for all T € 7 we have

hy = diam(T) = V2 hy,
pr = sup{diam(S)|S is a ball contained in T'} ~ chy.

Thus, this family of triangulations is regular in the sense that

0 :=sup sup T <
keNTET, PT
holds. However, 0 ~ ¢~! and thus ¢ — oo for ¢ | 0. In Fig. 5.2 we show one particular
hexahedron on level k£ and a typical tetrahedron 7' € 7;. Due to the degeneracy of the
given domain (), inside the elements T arbitrarily small angles appear for € | 0. On the
other hand the maximum angles that occur are right angles meaning that a mazimum angle
condition is satisfied uniformly w.r.t. k and €.

Ehk

@ = | ()
(3)*

Figure 5.2: (a) Hexahedron on level k and (b) typical tetrahedron T € 7.

For the discretization of (5.2) we use conforming finite elements and piecewise linear func-
tions (Pi-elements) with respect to the sequence of nested triangulations {7 }x>o. This
results in a hierarchy of nested finite element spaces

UsoCUs1C...CU..
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The discrete problem on level k is: find uy € U, such that
a(ug,vy) = (f,or)o for all vy € Ue . (5.4)

Due to the fact that a maximum angle condition is satisfied the spaces U, ;. of dimension ny,
are suitable for the spatial discretization of the parabolic problem from which (after implicit
time integration) problem (5.2) originates. For fixed p > 0, this follows from Theorem 4.14.

5.3 Fourier analysis of the discrete model problem

In this section we study the discrete reaction-diffusion problem that is obtained by a finite
difference discretization of problem (5.2) on the uniform family of triangulations {7 }x>0
by means of Fourier analysis. This is possible since the differential equation has constant
coefficients. We analyze the spectrum of the corresponding stiffness matrix App ; on level
k in dependence of the anisotropy parameter €. Further, we derive an upper bound for the
spectral condition number conds(App ;) uniformly in e. Note, that the matrix App j is
slightly different from the one obtained by the finite element discretization (5.4) due to the
boundary conditions. However, the structure of the eigenvalue distributions of both matrices
is comparable. The gained insights play an important role with respect to the convergence
of the (preconditioned) CG algorithm when applied to problem (5.4).

We consider the pure Poisson problem on Q. (¢ = 0) with mixed boundaries I'p and T'y as
in (5.1). For the discretization (including the Neumann boundary) we use central second-
order finite differences. In an interior grid point the corresponding difference stencil is the
same as for the discretization based on linear tetrahedral finite elements (compare Fig. 5.6).
However, on the Neumann boundary I'y the situation is slightly different. In Fig. 5.3 we
give the difference stencils for two points on the left boundary (z = 0) of ..

—1/e? —1/€?

=X O *_2 =X O °—2

d+2/e 1 442/

—1/e? —1/e?
(a) (0)

Figure 5.3: 3D difference stencil in (a) the left front edge and (b) the interior of the left
boundary; () marking the auxiliary points.

As described in [TOSO01] for the discretization of I'y an extended grid with auxiliary points
(O) outside . is introduced. These auxiliary points are also called ghost points. In this
way, assuming that the right-hand side of the Poisson equation can be extended to I'y, the
discrete Laplace operator can also be applied on the Neumann boundary. Then the discrete
Poisson equation is used to provide a new approximation for the unknowns on I'y whereas
the discrete Neumann boundary condition is used to eliminate the unknowns associated with
the ghost points. In that way we get the couplings given in Fig. 5.3.

The corresponding stiffness matrix App j is symmetric and thus there exists an orthogonal
basis of eigenvectors of this matrix. For the construction of this basis we introduce the
continuous Fourier modes

e’ (z,y, z) = cos(vmx) cos(nmy) sin (512) , v,m,EeN.
€
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Note that the Fourier modes which satisfy the mixed Dirichlet and Neumann boundary
conditions are eigenfunctions of the Laplace operator

—Ae" = ((vm)* + () + (€7 /2)*)er ™.
Let Nj, := 2% — 1. The corresponding discrete Fourier modes on the grid 7;, are defined by
eznf(x) =" (x), forxe€Tp, 0<v,n<Npy+1, 1<E<N,.

If we use the same ordering of the grid points as for setting up the stiffness matrix to each
Fourier mode ezné there corresponds a unique vector which is denoted by e:né. These vectors
are eigenvectors of the stiffness matrix
Apprel™ = Apeel™,
Aome = 4hy?(cos?(vmhy /2) + cos® (nmhy,/2) + e 2 sin® (Emhy, /2)), (5.5)
0<v,n<Npg+1, 1<E§<N.

From this we are able to deduce the following result.

Lemma 5.3 For the spectral condition number of the stiffness matrix App  on level k that
corresponds to the second-order central difference discretization of the Poisson equation on
Q. with mized boundaries (5.1) we have

condz(Appi) < chlzz, k=0,1,...
with ¢ independent of € and k.

Proof: Let Ayax(Arp.i) and Amin (A rp i) denote the in absolute value largest and smallest
eigenvalues of App i, respectively. Using (5.5) we get

Amax(Arpy) < 4h2(1+1+¢e72), (5.6)
Amin(Arpr) > 4hg2(04 0+ e 2sin®(why/2)) > 4hy 2e2(mhy /2)% (5.7)
Thus, using 0 < € < 1, we obtain

Amax(-AFD,k) 2+ 6_2 < E
Amin(Appk) — €7 2(mhi/2)? — w2

CondQ(AFDJC) = h;Q.

&

From Lemma 5.3 it follows that we can give an upper bound for the condition number of
A rp i uniformly in the anisotropy parameter €. Further, we can conclude that for decreasing
e clusters of eigenvalues develop since for € | 0 the last summand in (5.5) gets dominant. This
effect is shown in Fig. 5.4. While the spectrum of App 3 is almost continuous on the unit
cube (a) there are N3 = 7 eigenvalue clusters on the degenerate domain (b). The spectrum
of the stiffness matrix Ay that corresponds to the space discretization with linear tetrahedral
finite elements on level k is also given in Fig. 5.4 for k = 3. As already mentioned, there are
some differences between the finite difference and the finite element discretization concerning
the unknowns on the Neumann boundary I'yy. These differences are related to the spacial
orientation of the tetrahedra and consequently the varying supports of the finite element
basis functions on I'y, resulting e.g. in varying diagonal entries of A3. However, the plots
in Fig. 5.4 show comparable eigenvalue distributions. Note, that the cluster development
for £ | 0 in general leads to a convergence improvement of the CG method when used as a
solver for the discrete problem (see Lemma 3.23 in Section 3.3.2).

Note that the above considerations also hold for the reaction-diffusion problem (5.4) with
p > 0. In this case the spectrum of the stiffness matrix is shifted to the right on the
positive real axes due to the mass matrix term. The above analysis is also applicable for
pure Dirichlet or Neumann boundary conditions in (5.4).
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Figure 5.4: Spectrum of the stiffness matrix for (a) e = 1 and (b) £ = 1073 based on finite
differences (FD) and finite elements (FE) on level k = 3 with h3=1/8.

Remark 5.4 In Lemma 5.11 from Section 5.6 we consider the scaling of the stiffness matrix
A ;. and show that

Amax (Ak) ~ (ﬁ + u) (5.8)

holds, i.e. the largest eigenvalue of Ay tends to infinity for € | 0. This bound has the same
form as the one in (5.6). For the smallest eigenvalue we obtain

2 2
Amin(Ag) = min 121+ A0l
veler  |olg

e (5.9)
with a constant ¢ > 0, if we use the Poincaré-Friedrichs inequality
lv]jo < e(Q)|v|1 forall v e U,

in which the constant only depends on the diameter of .. This bound is worse than the
one in (5.7). Combination of (5.8) and (5.9) leads to

1
condz(Ay) = O <m) ,

which is worse than the corresponding result for App ; in Lemma 5.3. Numerical experi-
ments confirm that conds(Ay) is bounded uniformly in €, too.

5.4 Interpolation error bounds

In our convergence analysis of the multigrid method we need finite element discretization
error bounds. If we apply the standard approach based on the Céa-lemma then a key
ingredient for obtaining such bounds is a suitable (quasi-)interpolation operator

Iy H*(Q.) - Uk, k=0,1,...
This operator Iy should be such that for all u € H?(€2.) the following error bounds hold

cihj [ul2, (5.10)

<
S Cghk |'LL|2, (511)

with constants ¢, co independent of € (and, as usual, also of k, u). We refer to [Ape99]
for an extensive treatment of interpolation operators for anisotropic finite element spaces.
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Here we briefly discuss a few issues that are relevant for the multigrid convergence analysis
in this chapter. For the two-dimensional case uniform bounds as in (5.10)-(5.11) hold for
the standard nodal Lagrangian interpolation operator (cf. Section 4.4 and Corollary 2.1 in
[Ape99]). For three-dimensional problems the nodal Lagrangian interpolation operator still
satisfies the uniform bound (5.10), but a result as in (5.11) does not hold in the anisotropic
case (see Section 4.4). However, for this operator the result in (5.11) “almost” holds, in the
following sense. For any p > 2 an estimate of the form

v = Trullwi(o.) < cphi [ulwz(o.) forall ue Wg(QE),

holds, with ¢, independent of ¢ (cf. Theorem 4.12). For the Clément and Scott-Zhang
interpolation operators the uniform bound (5.10) holds but again (5.11) does not hold (cf.
Example 3.1 and further comments in [Ape99]). Thus, there is a need for other (better)
interpolation operators for anisotropic finite element spaces. Such operators are presented
in [Ape99]. In particular a modification of the original Scott-Zhang operator is introduced
which can be shown to satisfy, for the three-dimensional case, both uniform bounds (5.10)
and (5.11). This operator is needed in the finite element discretization error analysis in the
next section and therefore we describe how this operator is defined. A detailed discussion
of this operator and its properties can be found in [Ape99] (Section 3.4).

For the description of the modified Scott-Zhang operator we need some additional notation.
Let {X;}1<i<n, denote the set of vertices of the triangulation 7;, including those on the entire
boundary (i.e. in particular on the Dirichlet boundary) and {¢;}1<i<#, the corresponding
standard nodal basis which generates the finite element space V; ;. Note that we consider
n, vertices while ny denotes the dimension of the original finite element space U, ;. For an
element T' € 7}, we introduce the patch of surrounding elements

Sri=|JT" e T | T'NT # 0}
To each node X; we associate a planar subdomain o; C €. with the following properties:
(P1) o is parallel to the z, y-plane.
(P2) X; €4;.

(P3) There exists a face E of some element T € 7}, such that the projection of E on the
x,y-plane is identical to the projection of o;.

(P4) If the projections of any two points X; and X; on the z,y-plane coincide then so do
the projections of o; and o;.

/y n 5 7

— =
=3 Xi| (o

(a) : , ®) ;

Figure 5.5: (a) 7; with plane z = § and (b) corresponding subdivision into faces.

In the triangulation 7;, all the vertices are contained in planes z = le(1/2)%, 1 =0,...,2",
which are subdivided into faces (triangles). Such a subdivision and the corresponding degrees
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of freedom are shown in Fig. 5.5 for the case k =1, = 1.

One possibility to select the subdomains o; is to assume a lexicographical numbering of the
faces (see Fig. 5.5 (b)) which should be the same in all the planes and to associate to each
node X; the face with maximum number. In this way the properties (P1)—(P3) are obviously
satisfied (cf. shaded face in Fig. 5.2 (b) for (P3)). Due to the refinement strategy used, on
each fixed level k the corresponding subdivisions into faces are identical for all the planes
and thus (P4) is fulfilled, too. Given these subdomains o; the modified Scott-Zhang type
interpolation operator £, : H(Q.) — -k from [Ape99] is based on the local Lo-orthogonal
projections on o;:

lu — o, ull Ly o,y = 52%1 lu—vlryon, i=1,...,7, for ueH(Q).
1

For u € H'(Q.) we define

Tk
Lyu:=a;¢;, with a; = (Il,,u)(X;). (5.12)
i=1

In Theorem 3.3 from [Ape99] the following local stability and approximation property of the
operator Ly is given.

Theorem 5.5 The modified Scott-Zhang operator Ly, defined in (5.12) satisfies the following
estimates for all T € Ty, and all w € W)(Sr):

|Crulwmr)y < C(meaS3T)1/q71/p|U|W£n(ST),

lu— Lrulwmr) < c(meass T)1/171/P Z hLa‘6a3|Dau|W;1(5T), (5.13)

la]=l—m

with 0 <m <1, 1=1,2. For (5.13) the numbers p, q € [1,00] must be such that W}(T) —
Wi (T'). The constant c is independent of k and ¢.

Here | - [y () denotes the seminorm in the Sobolev space W*(T'). Note that the term

hl@a‘e% represents the product of the length scales of the edges of T' in the three coordinate
directions. The estimate (5.13) is an example of an anisotropic estimate. Theorem 3.3 in
[Ape99] is more general than the result formulated in Theorem 5.5. The former gives a
similar result for more general (for example, higher order,) polynomial finite elements in
d-dimensional spaces, with d = 2, 3.

Corollary 5.6 The modified Scott-Zhang operator Ly, defined in (5.12) satisfies the follow-
ing estimates

c1hi Jula, (5.14)
cahy |ul2, (5.15)

lu—Lrullo <
lu— Lruly <

for all u € H?(Q.) N U. and with constants ci, co independent of k and . Moreover,
Ly : H*(Q:) NU. — U.y holds.

Proof: If in (5.13) we take p = ¢ = 2,1 = 2 and m € {0,1}, and sum over all T € 7}, we
obtain (using e < 1) the results in (5.14) and (5.15). Take u € H*(Q.) N U, i.e. yr, = 0.
From the construction of the modified Scott-Zhang operator Ly : H*(Q.) — Ve in (5.12)
it follows that a; = (Il,,u)(X;) = 0 if X; is a vertex on the Dirichlet boundary I'p. Thus
(Lru)r, = 0 holds. Using U, = {v € Vo | vjr,, = 0} we conclude that Lru € Ue . o
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5.5 Finite element discretization error bound

In this section, using a standard approach, we derive a finite element discretization error
bound that is uniform w.r.t. the parameters p and e.

Remark 5.7 Due to the special geometry of the considered domain 2. one can use the
so-called Schwarz reflection principle (see [Fol76] page 143) to show that the solution u
of (5.2) lies in H%(€.) taking into account the mixed boundary conditions. The idea in
applying this principle is to get the original problem in a larger domain Q. o> Q. with an
extended right-hand side f that belongs to Ly(Q.). This can be realized by even extension
over the Neumann boundaries and odd extension over the Dirichlet boundaries, respectively.
Using the inner regularity of the extended problem solution finally leads to the desired result
u € H?(Q.). Similar results for cases with pure Neumann or Dirichlet boundary conditions
can be found e.g. in [Gri85].

We proceed with an elementary lemma.
Lemma 5.8 For all u € H*(Q.) N U, the identity

|ul2 = [[Auflo (5.16)
holds.
Proof: It is sufficient to prove (5.16) in the dense subset C*°(£2.) N U.. For u from this
space we have

lu3 = /Q u?, + uf/y +u? + 2uiy +2uZ + 2u§z drdydz. (5.17)

The unit outward pointing normal on the boundary I'; := O£ is denoted by n = (ng, ny, n.)T.
On the sides of Q. with normal n = (0,0,+1)7, i.e. the Dirichlet boundary, we have the
identities uy = uyz = 0 and uy, = uy, = 0. On the sides with normal n = (0, £1, 0)” we have
uy, = 0 and thus ugz, = 0. Similar relations hold on the remaining Neumann boundaries.

Integration by parts yields

/ ufw dz dy dz

/ UgUgyNy dle —/ UgUgyy dx dy dz

e EH’_/ e
=0
= —/ UgUyy N dFE—F/ UgpUyy dr dy dz.
€R/_/ Qe

=0

Similar expressions can be derived for the mixed derivatives u,, and w,, in (5.17). This
yields

|u|§ = / uim + uzy + uiz + 2Ugplyy + 2Uzgllzz + 2Uyy U, dody dz

€

/ (U + Uy + us2)? dody dz = / (Au)?* dz dy dz = || Aul|3
Q. Qe

and thus the lemma is proved. o

Lemma 5.9 Let u be the solution of the continuous problem (5.2). Then the inequalities

A

lullo < %Ilfllo, (5.18)
2[| f1lo, (5.19)

IA

|ul2

hold.
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Proof: Setting v = u in (5.2) gives

pllullg < a(u,uw) = (f,u)o < || flloflulo,

and thus (5.18) holds. Since the solution u of (5.2) lies in H2(£2.) (see Remark 5.7) we can
write —Au = f — pu. Using Lemma 5.8 we get

ulz = [[Aullo = [ = pullo < [ fllo + pllullo < 2[ flo,

which proves the result in (5.19). o

Theorem 5.10 Let u be the solution of the continuous problem (5.2) and uy the solution
of the discrete problem (5.4). Then

. 1
IU—UNoScmm{;Ji}Uh

holds, with a constant ¢ independent of f, €, u and k.

Proof: We use the notation e = u — uy. Since a(eg,vy) = 0 for all v, € U, i we get

pllerlld < aler, ex) = alu, ex) = (f,er)o < lIfllollexllo

and thus )
lexllo < ;Hf”o- (5.20)

Now we apply Nitsche’s duality argument and use the interpolation results from Corol-
lary 5.6. Let w € U, be such that a(w,v) = (ex,v)o for all v € U.. From Lemma 5.9 we
get

[wl2 < 2(lex]lo- (5.21)

We also have (due to the Céa-lemma)
u — Lrul? + pllu — Liul3

(c3hi + pethy)ul;
c(1+ phip) hic || £I5- (5.22)

lexl? < aler, ex)

ININCIA

Thus we get (with a constant ¢ independent of k, ¢ and )

||€k|\3 = a(w, ex) = a(w — Lrw,ey)
= lw = Lrwlilerlr + pllw — Lewllollello
< (c2hilexls + perhi llexllo)wl2

c(hilerlt + il fllo)lexllo

¢ ([L+ b1 R0 fllo + B2 11 lo) llexll
= o1+ uhdlE + 1) B flollexlo-

Hence, for hi < ,lll, we obtain

llexllo < chi 1| fllo-

Combining this estimate with the one in (5.20) proves the theorem. o
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5.6 Multigrid convergence analysis

In this section we investigate the convergence behaviour of a multigrid method applied to the
discrete problem (5.4). We use the approach introduced by Hackbusch (see [Hac85]) based
on the approximation and smoothing property (compare Section 3.3.3). It is well-known that
the anisotropy in the discrete problem (5.4) causes standard pointwise relaxation methods,
such as the damped Jacobi method or the (symmetric) Gauss-Seidel method, to smooth the
error only in the direction corresponding to the strong couplings. This causes a (strong)
deterioration in the rate of convergence of a multigrid method with such smoothers for
€ | 0. One possibility to deal with this problem is to keep pointwise relaxation but to
adapt the strategy of grid coarsening e.g. by doubling the mesh size only in the directions
in which the error is smooth. An alternative approach, which is used in this thesis, is to
modify the smoothing procedure from pointwise relaxation to linewise relaxation meaning
that the unknowns belonging to a line are updated simultaneously. Hackbusch (cf. [Hac85])
introduced the notion of a “robust smoother” for anisotropic problems. Such a smoother
should be a fast iterative (or even direct) solver for the discrete problem in the limit case
€ | 0. In the model reaction-diffusion problem that we consider we do not only have the
anisotropy parameter £ but also the parameter p in front of the reaction term.

In this section, using a fairly standard approach, we derive an approximation property,
Theorem 5.12, and a smoothing property for the symmetric z-line Gauss-Seidel method,
Theorem 5.15, in which the dependence of the bounds on ¢, p and k is explicit. Combination
of these results immediately yields a uniform bound (< 1 for sufficiently many smoothing
iterations) for the contraction number of the two-grid method and of the W-cycle iteration.

We introduce the isomorphism

Nk
Py Xy =R"™ - Uy, Pix= Z$7¢1

i=1
In order to establish the norm equivalence
cHIxlle < |Pexlo < ¢f|x]|c  for all x € Xy, (5.23)

with a constant ¢ independent of € and k we use the scaled Euclidean scalar product

nk
(x,y)e = ehj} vayu 112 = (e

i=1

Standard arguments yield that for this scaled norm indeed the uniform norm equivalence
(5.23) holds. Let the corresponding matrix norm (which is independent of ) be denoted
by || - ||. Note that the adjoint P} : U.p — X satisfies (Pyx,v)0 = (x, Pfv). for all
x € X, v € Ug . The stiffness matrix Ay on level k is defined by

(Arx,y)e = a(Pyx, Pyy) for all x,y € Xj. (5.24)

In an interior grid point the discrete problem has the stencil given in Fig. 5.6. Note that for
a point on the Neumann boundary only certain off-diagonal stencil entries in the z, y-plane
change which does not affect the further analysis. For the prolongation and restriction in
the multigrid method the canonical choice

Pr Xk—l — Xk, Pr = Pk_lpk_l (525)

_ hie \°
vy Xp— Xy, =P (P = <hk > Pr, (5.26)
o—1
is used. We use stationary linear iterative methods as smoothers and thus these are of the

form
xhew — Xold o W]:l(AkXold o b)
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Figure 5.6: 3D difference stencil.
The corresponding iteration matrix is denoted by
Sk =1-W, Ay (5.27)

We consider the damped z-line Jacobi method and the symmetric z-line Gauss-Seidel method
as smoothers. For the matrix representation of the discrete operator (see the stencil notation
in Fig. 5.6) we assume a z-line ordering of the grid points, i.e. within each line of unknowns
in z-direction (the z-lines) the vertices are numbered from bottom to top while the z-lines
themselves are ordered lexicographically in the x,y-plane. Let N := 2F — 1. The stiffness
matrix can be decomposed as

A, =D — Ly — LI,

with the block-diagonal matrix Dj, = blockdiag(Dy) € R™*™* and diagonal blocks

- 1
Dy = tridiag(—1,2, 1) +

= P tridiag(1,8,1) € RN« Nk, (5.28)

4
h2 20
Note that the upper and lower faces of 2. are Dirichlet boundaries. The matrix Ly, is strictly
lower block-triangular. The choice
Wi :=w Dy, we(0,1],
defines a (damped) line Jacobi smoother, and
Wy := (D — Ly)D; ' (D — L) (5.29)

yields the symmetric line Gauss-Seidel method. In the convergence analysis below we only
consider the symmetric line Gauss-Seidel method. Similar results, however, can be obtained
for the damped line Jacobi method if we use a damping factor w = w(e, u, k) such that
w 1D}, > A} holds.

Based on these components a standard multigrid algorithm with 4 pre- and vy post-
smoothing iterations can be formulated (see [Hac94]) with an iteration matrix that satisfies
the recursion

My (v2,v1) =0,

. 5 (5.30)
Mk(l/g,l/l) ZSk (I pk(I—Mk 1)Ak_1rkAk)Sk17 k=1,2,...

The choices v = 1 and v = 2 correspond to the V- and W-cycle, respectively. Results of
numerical experiments with this method are presented in Section 5.7.

We now turn to the convergence analysis of this multigrid method. All constants (denoted
by ¢ or ¢;) that appear in the analysis are independent of ¢, u and k. The following lemma
gives a result on the scaling of the stiffness matrix.
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Lemma 5.11 Let Ay be the stiffness matriz from (5.24). Then the inequalities

1 1
— < < — .
o (g ) < Iavl < en (). (5.31)

hold with constants ¢1 > 0, ¢o independent of €, i and k.

Proof: Let e; denote the ith basis vector in R™ and S; := supp(¢;) the support of the
nodal basis function ¢;. Then we have

(Ap)i = MZK%EBG(@,@)

<ei7 ei>8

e i (19l T + ull4illp)

e 'h? (/ (Vepi)2dQ. +u/ @dQ)

—1h3< % dQ€+u/Si1dQs>
( |
(e

2

1
- 3 3
~ e 'h? (ehi—g 2h2 + peh ) =t

Thus we have ||Ag|| > (Ag)i > 1 (1/(e?h3) + p) with ¢; > 0, yielding the left inequality
n (5. 31) Using the inverse inequality

|Pext < ce ™2 || P
we get
(Apx,x)e = a(Pyx, Bx) = [Pux] + p Pex|ff

1 2 1 2
(o + ) 1P < 2 (g + ) D2

Finally, we note that all the constants used in this proof are independent of ¢, p and k. ¢

Theorem 5.12 (Approximation property) Let Ay be the stiffness matriz from (5.24)
and pg, ri the prolongation and restriction from (5.25) and (5.26), respectively. Then the
approximation property

_ _ 1+e2uh? . 1 _
ALY — prAl ] < c% mm{WJ} | Akl ™ (5.32)
k

holds with a constant ¢ independent of €, u and k.

Proof: We consider an arbitrary y, € Xj. Let w € U., wy € Ug, and wi—1 € Uc -1 be
such that

alw,v) = (P tyr,v)o forallve U,
a(wg,v) = (PF) 'yr,v)o forallve Uy, (5.33)
a(wk—1,v) (P}) 'yg,v)o forallve U py.

Setting v = Ppyy € Uz x in (5.33) we get the identity

_ 5.24
(ARP; wg, yi)e 624 a(wy, Pryr)

= () 'y Peyr)o = (Yr, Yi)e-
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Thus we obtain wy = PkA,;lyk. Using the same line of argumentation it follows that
Wh_1 = Pk,lA,;_llrkyk. We use Theorem 5.10 with f := (P,:)’lyk € Ly(€2:) and obtain

.1 o
[ — w0 < cmm{;,h%} I1(PY) tykllo forle {k—1,k}.
Using a triangle inequality and hg_1 = 2hj we get
. 1 2 *\—1
|we — we—1[lo < cmin ;vhk 1(P) ™ yrllo-

Due to the norm equivalence (5.23) we have

[(AL = preA i r)yelle: < el PeAy yk — PopkA L Teyello
= cllwk —wi-1o

. 1 o
< cuin {12 b 1)yl
N (S
< cmin< —, by ¢ |yElles
1
and thus .
HAI;1 — pkAlzilrk|\ < ¢ min {;, hi} (5.34)

holds. Using the scaling property from Lemma 5.11 one easily derives the bound in (5.32).
o

We now turn to the smoothing property of the symmetric line Gauss-Seidel method for
which the matrix Wy, in (5.29) is symmetric positive definite. We start with an elementary
lemma.

Lemma 5.13 Let D, = blockdiag(]jk) be the block-diagonal part of Ay. The smallest
eigenvalue of Dy, is bounded from below by

11
Amin(Dg) > 1 (—2 + =+ u) : (5.35)
€ hi

For the lower block-triangular part Ly of Ay we have

1
ILill < (ﬁ n u) . (5.36)
k

The constants ¢y > 0 and co are independent of €, u and k.

Proof: Consider the diagonal blocks D;, of Dy, in (5.28). For the third term in this repre-
sentation we have

1 . 3
on 7\min 17 51 Z TA M-
20)\ (tridiag(1,8,1)) s

Furthermore, for the smallest eigenvalue of the first summand in (5.28) we have

e2h 2 Anin (tridiag (1,2, —1)) = e 2h; %4 sin’ (g(zvk +1)7)

= de?hZsin? (1277 > ce7?
with ¢ > 0 independent of ¢ and k. Since all three terms in (5.28) are symmetric positive
definite we get the lower bound in (5.35). We now prove (5.36). From Fig. 5.6 we see that

the matrix Ly does not contain any entries depending on & and that || Ly, < ¢ (hy? + p),
for p = 1, 00, holds with ¢ independent of k£ and p. Thus we obtain

Lkll* < [Tk [l Lklloo < € (A + )%,
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which completes the proof. o
For the symmetric line Gauss-Seidel method we have

Wi = Ay, + LD, 'L > Ay (5.37)
The following result can be found in [Hac94].

Lemma 5.14 For all symmetric matrices B with 0 < B < I, the inequality
BI—-B)"[l2 <mo(v) (v=0)

holds, where the function ny(v) is defined by

no(v) :==v"/(v+ 1" <

ev+1°

Theorem 5.15 (Smoothing property) For the symmetric z-line Gauss-Seidel smoother
Sk defined by (5.27) and (5.37) the following property holds

et (1 + ph3)?
v (B2 +e2(1 + ph2)) (1 + e2uh3)

|AS < e A, v=12.. (538

with a constant ¢ independent of €, k, p and v.

Proof: The symmetric block Gauss-Seidel method corresponds to the splitting Ay = Wy, —
R, with R := LkDglL;{. Note that R = Rg, W, = Wf > 0 and Wi > Ry > 0 holds,

and thus (W 'Ry) C [0,1). Moreover, R% is well-defined and
0<Cpi=R;W;'R] <L
Using the identity (for v > 1)
A4SY = (Wi — R) (W} 'Ry)” = RZCL (I - Cp)R;
and Lemma 5.14 with B =1 — Cj; we obtain
[A&SEIl < [Rllmo(v — 1) < SIIRkII
with ¢ being independent of all the parameters. Using the result in Lemma 5.13 we get

IRl < L D I = 1Lk [ Amin (D) ™

(L N (Lo N
=\ h) @t

S php)
©BR(e2 + hi +E2uh)’

(5.39)

In combination with the scaling property of ||Aj| in Lemma 5.11 we obtain the bound in
(5.38). o

Remark 5.16 Note that for fixed & and p the symmetric z-line Gauss-Seidel smoother
becomes an exact solver for € | 0 while for the standard point relaxation method this is not
the case. Due to the strong couplings in Ly for the symmetric point Gauss-Seidel smoother
we get

-1

[R&l = (Ra )i

v

N (L I
e2pz M) \enz TRz T
(1 + peh?)?
e2hi(1+ e + pe?hi)’
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As a direct consequence of the approximation and smoothing property we obtain the follow-
ing main result.

Theorem 5.17 For the two-grid iteration matriz with vy = v pre- and vo = 0 post-
smoothing iterations with the symmetric z-line Gauss-Seidel method we have

_ Cr 62(1 —l—,uhQ) Cr
I-prA; ' r,ALSY| < — k<
||( Pk k*lrk k) kH = v hz +€2(1 _'_Mhi) —

—_— 1 2 DY 5-40
) v ) 4y ( )
with CT independent of g, W, IC, and v.

Proof: From Theorem 5.12 and Theorem 5.15 we obtain

10— prA L s Ar)SK]

< AL - prA T rel AxSE|
c1 +e2ph? i {L } e* (1 + ph3)?
- e2 phi ) v (hi +e2(1+ uhi)) (1 + 2uh3)
¢ e2(1+ uhi) 1
= - 1+ ph?)min{ —,1¢.
yhi+€2(1+,uhi)( Th k)mm{uhi’ }
Finally, note that (1 + z) min{1,1} <2 for all z > 0. o

For the multigrid W-cycle we can apply Theorem 3.29 (compare Theorem 10.6.25 from
[Hac94]) and thus obtain the following result.

Theorem 5.18 For every fized ¢ € (0, 1) there exists vy > 0 independent of €, pu and k such
that for the iteration matriz My, of the multigrid W-cycle (v = 2 in (5.30)) with symmetric
z-line Gauss-Seidel smoothing we have

My (0,0)| <4 for all v > 1g.

From the first bound in (5.40) we see that for fixed k and p the norm of the two-grid iteration
matrix tends to zero for € | 0. The same holds for the iteration matrix of the multigrid
Wh-cycle. Thus we expect very fast convergence of the multigrid method for e < 1. This is
confirmed by numerical experiments in the next section.

We now derive a convergence result for the multigrid V-cycle, based on the analysis given

1 1
in [Ste94]. We use the energy norm ||B| 4 := |[AZBA, ?|| for B € R™*". Note that this
norm depends on the parameters k, p and ¢.

Theorem 5.19 Let M = My (v,v) be the iteration matrixz of the multigrid V-cycle (v =1
in (5.30)) with symmetric z-line Gauss-Seidel smoothing. There exists a constant ¢ inde-
pendent of €, u and k such that

c
M < — Il v>1.
Milla < ——— forall v=

Proof: From Theorem 2.1 in [Ste94], with a =1, v = 1, it follows that

with
+4 (5.41)

Theorem 2.3 in [Ste94] yields

P(Rk).

p(Arl1-s¥)~ -1) < 2
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Using the bounds in (5.34) and (5.39) we obtain

1 2(1 h3)?
< imin{—,hi} . e*(1 + phy)
K hi(

1 _ _
6 < ZHAkl - PkAk—11rkH [Rell

2v e2 4+ hi + e2uh3)
c . 1 9 c .1 c
< me{ﬂ—hi, 1} (1+ phi) < 5, max {mm{;, 1} (1 +x)] =
Substitution of this result in (5.41) yields
c/v c
M < = ,
| k”Afl—i—c/y c+v
and thus the theorem is proved. o

A very similar result holds for the V-cycle method with 14 pre- and v, post-smoothing
iterations (with the symmetric z-line Gauss-Seidel method), if 1 +v5 > 0 but not necessarily
v1 = vy (cf. [Ste94]).

5.7 Numerical experiments

In this section we present results of some numerical experiments using the multigrid method
with a symmetric z-line Gauss-Seidel smoother. The results confirm the robustness of the
W- and the V-cycle multigrid algorithms w.r.t. variation in the discretization parameter hy
and the problem parameters ¢ and p.

We consider a linear system with stiffness matrix as in (5.24) and a random right-hand side
vector. The zero vector is used as starting vector. For the stopping criterion we take a
reduction of the relative residual by a factor 10°. The block problems arising within the
smoother are solved with a tridiagonal LU decomposition.

First we study the smoother without coarse grid correction (Table 5.1 and Table 5.2). In
these and all other tables the numbers between brackets give the average residual reduction
factor per iteration.

hy
e TI/8 1/16 1/32 1/64
1 82(0.85) 279(0.95) 988(0.09) 3514(0.996)
le-l 3(0.11e-1)  6(0.1) 14(0.43)  42(0.77)

le-3  1(0.5e-10) 1(0.27¢-9) 1(0.15e-8) 1(0.85e-8)

Table 5.1: Number of GS iterations and average reduction for p = 1.

hy
i 1/8 1/16 1/32 1/64
le3  3(0.11e1) 6(0.1) 14(0.43) 42(0.77)
let3  3(0.52e-2) 3(0.11e-1) 8(0.2)  23(0.61)
le+6  8(0.18)  8(0.16)  7(0.14)  7(0.12)

Table 5.2: Number of GS iterations and average reduction for € = 0.1.

In Table 5.1 and Table 5.2 we observe convergence phenomena as expected for the symmetric
z-line Gauss-Seidel method (GS). For fixed parameters € and p (not too large) the rate of
convergence decreases with increasing refinement level. For fixed values of p and k the rate
of convergence increases if € decreases.
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hy
e TIJ8 1/16 1/32 1/64
1T 7(0.13) 7(0.11) 6(0.11) 6(0.980-1)
le-l  2(0.54e-4)  3(0.21e-2)  4(0.17e-1)  4(0.27e-1)
le-3  1(0.36e-15) 1(0.52-15)  1(0.86¢-15) 1(0.11e-13)

Table 5.3: Number of W-cycle iterations and average reduction for p = 1.

hy
" 1/8 1/16 1/32 1/64
Te3  2(0.5504) 3(0.21c-2) 4(0.17c-1) 4(0.27¢-1)
let+3  2(0.22e-4) 2(0.72e-4) 3(0.45¢-2) 4(0.21e-1)
let6  4(0.21e-1) 4(0.19e-1)  3(0.12e-1)  3(0.86¢-2)

Table 5.4: Number of W-cycle iterations and average reduction for ¢ = 0.1.

We now turn to the W-cycle multigrid algorithm with 14 = 2 pre- and v = 0 post-smoothing
iterations. Table 5.3 shows very fast convergence for ¢ < 1 which is consistent with the
first bound in (5.40). Furthermore, we clearly observe a uniform upper bound < 1 for
the reduction number w.r.t. variation in all three parameters. Finally, in Table 5.5 and
Table 5.6 we show results for the V-cycle multigrid algorithm with vy = 2 pre- and vy = 0
post-smoothing iterations. These results show no significant differences compared to those
for the W-cycle algorithm.

hy
e T1/8 1/16 1/32 1/64
1T 8(0.15) 8(0.15) 8(0.15) 8(0.15)
le-l  2(0.54e-4)  3(0.21e-2)  4(0.17e-1)  4(0.3e-1)
le-3  1(0.36e-15)  1(0.52-15)  1(0.86¢-15) 1(0.11e-13)

Table 5.5: Number of V-cycle iterations and average reduction for p = 1.

hy
" 1/8 1/16 1/32 1/64
T3 2(0.5504) 3(0.21c-2) 4(0.17e-1) 4(0.3¢-1)
le+3  2(0.22e-4) 2(0.72e-4) 3(0.45¢-2) 4(0.2¢-1)
le+6  4(0.22e-1) 4(0.19¢-1) 3(0.12e-1)  3(0.86¢-2)

Table 5.6: Number of V-cycle iterations and average reduction for € = 0.1.

Finally, we consider the multigrid V-cycle algorithm with z-line Jacobi smoothing and vy = 4
pre- and v» = 0 post-smoothing iterations. In Table 5.7 we address the case with damping
(w= %) in all the smoothing iterations. The more theoretical approach of using damping
in all the smoothing steps except the last one is shown in Table 5.8. Further experiments
which are not given in detail show that the choice of a suitable damping factor becomes
more significant (w.r.t. the multigrid convergence) with decreasing number of smoothing
steps.
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hk:
£ 1/8 1/16 1/32 1/64
1 16(0.40)  16(0.41) 16(0.41)  16(0.40)
le-l  4(0.18¢-1) 4(0.29e-1) 5(0.62e-1) 5(0.79¢-1)
le-3  4(0.13¢-1) 4(0.13e-1) 4(0.13e-1)  4(0.13¢-1)

Table 5.7: V-cycle iterations for p = 1 and damping in all the smoothing steps.

hk:
e TI/8 1/16 1/32 1/64
T 14(0.35) 14(0.36)  14(0.36)  14(0.36)
le-l 3(0.40e-2) 4(0.18e-1) 5(0.5le-1)  5(0.73e-1)
le-3  1(0.30e-6) 1(0.47e-6) 1(0.70e-6) 2(0.13e-5)

Table 5.8: V-cycle iterations for = 1 and damping in all except the last smoothing step.






Chapter 6

Numerical solution of an inverse
heat conduction problem

In this chapter the IHCP described in Section 2.2.1 is solved numerically. The CGNE
algorithm in combination with iterative regularization and a suitable discretization based
on semiregular finite elements is applied. In Section 6.1 the software components and some
implementation details are discussed. For method and code validation we use simulated
measurement data obtained from the solution of a direct heat conduction problem in which
the heat flux on the estimation boundary is known. Both, simulation results with error-free
and noisy measurement data are illustrated in Section 6.2. The falling film application with
realistic high resolution temperature measurements is considered in Section 6.3. For the
solution of the discretized anisotropic direct heat conduction problems two different solvers
are applied. We discuss the efficiency of a preconditioned conjugate gradient and a robust
multigrid method. Finally, we study the method of nested optimization. The idea of this
approach is to start the entire optimization process on a relatively coarse level (space grid)
in order to find a good start approximation of the estimation quantity on a next finer level.

6.1 Software realization

In the iterative optimization process illustrated in Fig. 2.6 anisotropic direct heat conduction
problems have to be solved. All these problems, i.e. the direct, the sensitivity and the
adjoint problem are of parabolic type. The solutions are computed by means of the software
package DROPS! [GPRR02], which was extended and improved for that purpose. DROPS
is based on multi-level nested grids and conforming finite element discretization methods.
The CGNE algorithm (i.e. the optimization loop) is realized in MATLAB.

In Fig. 6.1 the software components and the data transfer via the mex-interface (mex
stands for matlab extension), which embeds C++ programs into the MATLAB software
framework at run time is illustrated. Since the IHCP is affine in the searched for boundary
heat flux, the direct problem has to be solved only once at the beginning of the iteration (see
Section 2.3.2). In each of the further CGNE steps, the adjoint and the sensitivity problems
have to be solved, i.e. DROPS is called twice per iteration. The corresponding geometry
and discretization parameters as well as the initial temperature distributions and the time-
dependent boundary data on the estimation or measurement boundaries are transferred. The
remaining boundaries are always assumed to be adiabatic. In DROPS the instationary three-
dimensional problems are treated on the basis of conforming finite elements on tetrahedral
nested grids. For the resulting large sparse systems of equations various solvers are available
in this software package. Note, that in the optimization procedure only the restrictions
of the calculated time-dependent solutions to the estimation or measurement boundary of

Thttp://www.igpm.rwth-aachen.de/DROPS/
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2D boundary data

MATLAB geometry parameters DROPS

discretization parameters
initial data

o > finite element
optimization loop discretization on

mex—interface | tetrahedral grids

< various solvers

2D solutions for the discretized
on the boundary 3D problems

data visualization

Figure 6.1: Data transfer between MATLAB and DROPS

the heat conductor are needed. Thus, the data transferred between MATLAB and DROPS
are time-varying but only {wo-dimensional in space. The obtained results presented in this
chapter are visualized with the graphic tools of MATLAB.

6.2 Simulation examples for method and code valida-
tion

In this section we consider some case studies for the numerical solution of the inverse heat
conduction problem. Since we focus on method and code validation the material and ge-
ometry properties do not reflect the data in the realistic falling film experiment. We use
simulated measurement data obtained from the solution of a direct heat conduction prob-
lem.

For the time discretization a standard one-step #-method is applied. We use the Crank-
Nicholson scheme (6 = 0.5) while in [GSM105] simulation examples for the implicit Euler
scheme (6 = 1) can be found. For the space discretization linear finite elements on tetrahe-
dral grids are employed. The resulting systems of linear equations are solved by a standard
SSOR preconditioned (symmetric Gauss-Seidel) CG method. For the stopping criterion of
the discrete problem solver we take a reduction factor of the initial residual by a factor 10°.

6.2.1 Continuous and time-varying heat flux

In this first illustrative case study we consider the space domain €2 := 10 x 40 x 100 mm3.

Note that in this case there is no anisotropy effect. The material properties are lumped in
the parameter a = 10~4 T"TZ For the time discretization (Crank-Nicholson scheme) we use
the time step size 7 = 0.01 s and apply 200 time steps. The initial and known boundary
conditions consist of a constant temperature distribution Ty(x) = 20 °C, x € Q, a constant
heat flux g(x,t) =2 &% (x,t) € S,,,, for heat addition and adiabatic boundaries S, (cf. the
notation of Section 2.2.1). For the initialization of the optimization procedure we choose
°(x,t) = 0 2% (x,t) € S. (compare Fig. 2.6). Let the given exact heat flux on the
estimation boundary be denoted by ¢°*(x,t), (x,t) € S.. For this heat flux we consider
a sinusoidal pattern in z-direction, which represents an intuitive approximation of the real
quantity in the falling film experiment. The wavy structure is assumed to be time-dependent,

such that the waves travel along the z-coordinate in the flow direction of the falling film

o . z t kW
q“(x,y, z;t) = sin (471' (100 200)) T (x,1) € Se. (6.1)
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In this example a uniform space discretization with 35937 unknowns is used, which corre-
sponds to an initial grid triangulation with 32 x 32 x 32 parallelepipeds and 196608 tetrahedra
[GPRRO2].

Estimation with error-free measurements

First, we present estimation results for the exact boundary heat flux in (6.1) with error-free
measurements. As measurement data, we take the temperature 75" on S, obtained from
the solution of the direct heat conduction problem with the chosen quantity ¢“* as the cor-
responding boundary condition on S,.

(@) (b)
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Figure 6.2: Objective functional (a) and estimated heat flux ¢?°° (b)

In Fig. 6.2 (a), the objective functional is plotted over the number of optimization itera-
tions, whereas a snapshot at one point in time of the estimated time-varying heat flux at
the end of the optimization (after 200 iterations) is presented in Fig. 6.2 (b). We observe
the expected convergence behaviour of the applied CGNE method in terms of a more rapid
decrease of the objective functional at the beginning of the iterative process followed by stag-
nation at a certain level. Since the estimated heat flux is, like the exact quantity, constant
in y-direction, in the following plots we consider a cross-section through the y-axis in order
to look at the estimation quality in more detail. Both, exact and estimated heat fluxes are
given in Fig. 6.3 over the z-direction for constant y = 20 mm, i.e. in the middle of the heat
conductor w.r.t. to its dimension in y-direction, and different numbers of time steps, which
are denoted by n;. Except for a region at final time the recovered heat flux is of high quality,
since there are only little visible deviations compared to the exact quantity. At final time,
the estimation quality decreases, due to the fact that the solution of the adjoint problem, i.e.
the gradient of the objective functional, is zero and therefore yields no improvement of the
start approximation. We already explained the effect that it is impossible to reconstruct the
exact heat flux at ¢t = ¢; from measurement data in the time interval [to, ] in Section 1.2.
In order to obtain a better reconstruction quality at ¢ = ¢y one could use measurement data
(if available) that exceed the time point ¢y, e.g. in [to,tp] with tp > t;. However, for the
concrete choice of tp further investigations are needed. An alternative approach is based
on certain (smoothness) assumptions, as e.g. the assumption that the searched for heat
flux varies linearly in time. In that case the estimation result at an earlier time level could
be used to obtain an extrapolated estimation at ¢t = t5. The effect of the iterative CGNE
method is illustrated in Fig. 6.4. Here, the exact and estimated heat fluxes are shown at the
fixed time level n, = 100 and for different iterations of the optimization, which are denoted
by nope. We clearly observe that the estimation quality increases with an increasing number
of optimization steps, since we use simulated error-free temperature measurements. To stop
the iteration, we consider the usual procedure and specify a small threshold parameter e for
the objective functional, i.e.

J(g"r) <e. (6.2)
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Figure 6.4: Estimated heat flux ¢"o»* for different optimization iterations ngy: and n; = 100

From Fig. 6.2 (a) we see that about 90 iterations are needed until the stopping criterion in
(6.2) with e = 1077 is fulfilled.

Estimation in the presence of measurement errors

Now we perturb the exact temperature data T)2F, obtained as described previously, with an
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artificial measurement error w. We assume that the perturbed temperature T,, is given by
Ty =T + dw,

with § being the standard deviation of the measurement error. The values of w are generated
from a zero mean normal distribution with variance one. The parameter ¢ is used to control
the error amount added to the exact data. In the case of measurement errors, we cannot
expect that the objective functional becomes arbitrarily small. In order to find an appro-
priate € to stop the iteration, we use the parameter choice rules discussed in Section 2.3.3.

The discrepancy principle suggests that we stop the iteration when the residual approxi-
mately equals 0. If we set |T(q)|s,, — Tm| = ¢ on S, in the objective functional, we get

1[4 1
@) =5 [ [ @@, - T drdt ~ Gty — t0) 408"
to T

where A,, denotes the surface of the measurement boundary I';,,. Thus, for the threshold
parameter ¢ in (6.2) we choose

1
€= Ti(tf —t0) Ao,

with a parameter 7 > 1, which is introduced for theoretical considerations (compare (2.42)).
Since the regularized solutions become “oversmoothed” if the value of this parameter is
chosen too large, in the following simulations we used 7 = 1.02. For § = 0.5 some estimates
at the fixed time level n, = 100 are given in Fig. 6.5.

exact
estimated (n__=16)
opt

_ x — estimated (nopt:35)

— o estimated (nopt=120)

Heat flux g"opt [KW/m?]

0 10 20 30 40 50 60 70 80 90 100
z [mm]

Figure 6.5: Estimated heat flux ¢"°r* for perturbed measurements with § = 0.5

The optimal result is obtained after n,, = 16 iterations using the stopping rule based on
the discrepancy principle as described above. In that case a good reconstruction of the
exact heat flux is achieved. If too many iterations are performed, the estimated heat flux
begins to oscillate and the estimation quality decreases (consider ngp = 120). In Fig. 6.6
the estimated quantity ¢'® is compared to the exact heat flux ¢°* for different time levels
(and constant y = 20 mm). The corresponding temperature distributions at one time level
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Figure 6.6: Exact heat flux ¢°* (solid line) and estimated heat flux ¢*
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Figure 6.7: Exact, measured, and estimated temperatures

ng = 100 are illustrated in Fig. 6.7. Similar results have been obtained for various values of
the noise level ¢ (compare [GSM105]).

The alternative heuristic stopping rule discussed in Section 2.3.3 is based on the L-curve,
which is a parameterized plot of the residual against a solution norm. For two different
solution norms, the L-curve is shown in Fig. 6.8. The best compromise between the approx-
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Figure 6.8: L-curve for perturbed measurements with § = 0.5; residual against the norm of
(a) the solution and (b) the second order time derivative

imation and the propagated data errors is found at the point of the L-curve with maximum
curvature. If we consider the plot of the residual against the standard discrete Ls-norm of
the solution in Fig. 6.8 (a), the optimal value is about n.,: = 35 iterations. If we take into
account certain smoothness properties of the solution e.g. by measuring the second order
time derivative as shown in Fig. 6.8 (b), the optimal value is found at about n,, = 16
iterations, i.e. the result is comparable to the one obtained by the discrepancy principle.
Similar results are obtained by measuring the (space) gradient of the solution.

107
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Figure 6.9: Approximation error over the number of optimization steps

The approximation error is shown in Fig. 6.9 for the whole range of optimization steps. Both
solutions, at nepr = 16 and npe = 35 iterations, seem to yield appropriate approximations
of the exact quantity, which is confirmed by Fig. 6.5.

Multi-level optimization

We consider a multi-level approach for the optimization procedure. This concept is also
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called method of nested iteration in Section 3.3.3 (see Fig 3.4). The idea of this approach
is to start the entire optimization process on a relatively coarse level (space grid) in order
to find a good start approximation of the estimation quantity, and in that way reduce the
number of iterations needed, on the next finer level. For this reason we introduce a hierarchy
of nested grids. Let I;, denote the level with 2¥(4 x 4 x 4), k > 0, parallelepipeds. On the
finest level [3 the measurement data are given. These are restricted subsequently to the
coarser levels by standard injection, i.e. the values at the coarse grid points are identified
with the corresponding values at the fine grid points. Now we reconsider the simulation
example of this section, first for the case with error-free measurement data. We start the
nested optimization process on the coarsest level [ with an initial approximation

q?o(x,t) =0 %, (x,t) € Se.

m
For the start approximation qlok_ , on level [;11 we use the estimation result qlT;””" from level
Ik, k = 0,1,2, which is prolongated to the finer grid by standard linear interpolation. We
take the threshold value ¢ = 10~° in the stopping criterion (6.2) on each level. On the levels
lp and [; the optimization is terminated after at most 10 iterations. The iteration numbers

and the initial values of the objective functional on each level are documented in Table 6.1.

k J(q)) # iterations
0 34-1073 10
1 1.1-1073 10
2 1.8-1074 20
3 15-107° 21

Table 6.1: Iteration numbers for nested optimization with error-free data

From Fig. 6.2 (a) we see that 40 iterations are needed until the stopping criterion is fulfilled
when the optimization is carried out completely on the finest level. In contrast to that if
we use the method of nested optimization we only need about half the number of iterations
on the finest level and half the number of iterations on the next coarser level. Since the
computational time needed on the coarse grids [y, {1 and [s is negligible, the described multi-
level optimization approach leads to a significant performance improvement. For the case
with perturbed measurement data we consider the discrepancy principle as the stopping rule
on each level. Again, we stop the iteration on the coarsest levels [y and [y after at most 10
iterations.

k J (qlok) # iterations
0 4.3-1073 10
1 21-1073 10
2 12-1073 9
3 1.04-1073 6

Table 6.2: Iteration numbers for nested optimization with perturbed data

Instead of 16 iterations that are needed with the standard optimization performed exclusively
on the finest level, from Table 6.2 we see that essentially 6 and 9 iterations on the levels
ls and [o, respectively, are needed with the method of nested optimization. The plot of
the regularized solution ql63 in the middle of the foil over the time does not show any visible
differences to the quantity ¢'® shown in Fig. 6.6. We remark that the multi-level approach is
more involved when the L-curve method is used as the stopping criterion. In order to locate
the point of maximum curvature more iterations than needed have to be performed on each
level and an algorithm that determines this point automatically is desirable. However, in
combination with the discrepancy principle, the multi-level approach is a suitable method in



6.2. Simulation examples for method and code validation 101

order to reduce the computational time. Further investigations concerning a combination of
the multi-level approach in space and time could yield an additional efficiency improvement
but this idea is not carried out in this thesis.

6.2.2 Discontinuous and steady-state heat flux

In this section we present the simulation of an THCP that is known to be “hard” since
the searched for exact heat flux is discontinuous on I'. (compare [JLO0] and the references
therein). Examples of that form can be found at different places in the literature as a kind
of benchmark problem. The time-independent exact heat flux has the representation

0 ’;n—VZ for (z,y,2) € To,

Cx,y,zt) =
¢ (z,y, 2;1) {_3% olse,

with Tg := {(z,y,2) € Te | y € [10,30] V z € [20,80]} and is shown in Fig. 6.10 (a).

@) (b)

-
-

o
o

I
AN

!
N

!
IN)

)
w

Heat flux g [kW/m?]
1

Heat flux q3°0 [kW/mz]
I

.
o
S
=
1S)
S

40

20

z [mm] 00 y [mm] z [mm] y [mm]

Figure 6.10: Exact (a) and estimated (b) heat flux

We reconsider the situation described in the first paragraph of Section 6.2.1, but this time
we use a quasi-uniform space discretization with 36057 unknowns, which correspond to an
initial triangulation with 16 x 20 x 100 parallelepipeds w.r.t. the space coordinates. We
take this triangulation in view of the realistic falling film application, where we choose a fine
space resolution in the flow direction (i.e. the z-coordinate) and relatively coarse resolutions
in the other directions (see Section 6.3).

The obtained estimation result is given in Fig. 6.10 (b). The objective functional shows the
same typical behaviour as already described for the first simulation example and therefore
we do not give the plot here. Both, exact and estimated solutions of the inverse problem are
given in Fig. 6.11 and Fig. 6.12 for cross-sections through the y- and the z-axis, respectively
(i.e. for y = 0 and z = 0). Again, the results are presented for different iteration numbers of
the optimization procedure. Due to the discontinuities of the error-free boundary heat flux,
oscillations appear in the piecewise linear approximations, when the number of optimization
steps increases. A comparison of both plots, with 100 and 20 unknowns in the corresponding
space directions, shows a better approximation quality for the case with a higher space
resolution. For efficiency reasons the number of unknowns used to reach a desired accuracy
should be kept as small as possible. Instead of uniform grid refinements, it may be better
to use locally refined triangulations. Local grid refinement leads to good approximation
properties, while at the same time the number of unknowns is severely reduced compared
to the global refinement case. The multi-level refinement algorithm of DROPS [GPRR02]
makes it easy to use such locally refined grids. However, the solution of the considered inverse
heat conduction problem on such grids remains a challenging task for future investigations.
In this context, suitable error estimators have to be developed that are based on the spatial
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Figure 6.11: 2D plot of the heat fluxes for y = 0 at different optimization steps np¢
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Figure 6.12: 2D plot of the heat fluxes for z = 0 at different optimization steps 7oy

behaviour of the estimation quantity. Thus, these error estimators do not have to take care
of direct problem solutions (i.e. the temperature distributions) but rather of the boundary
heat flux on I'..

The temperature distributions which correspond to the estimated quantities are shown in
Fig. 6.13 (a) and (b) together with the exact values for different optimization steps. The
plots show that we obtain good approximations of the exact temperature distribution after
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Figure 6.13: 2D plots of the temperatures for y = 0 (a) and z = 0 (b) at different optimiza-
tion steps nopt

only few optimization iterations in contrast to the corresponding heat fluxes. This example
shows, that the value of the functional is in general not a good measure for the quality of the
estimation. The fit of the temperatures may be almost perfect, even though the estimated
heat flux is quite different from the exact one. This largely unavoidable effect is due to the
ill-posedness of inverse heat conduction problems caused by the strong smoothing properties
of the direct problem.

6.3 Estimation results with realistic measurement data

In this section, we present an estimation case study for the realistic falling film experiment
(compare [GSMT'05]) employing high resolution temperature measurements, which were
performed at the Chair of Heat and Mass Transfer (RWTH Aachen University). These are
taken with an infrared camera on the back side S, of a constantan foil, which has a thickness
of 25 um (see Fig. 2.1). The main idea behind choosing a very thin heating foil consists
of reaching a small temperature gradient across the foil thickness, i.e. the temperatures on
both sides of the foil should be almost identical. In that case, the measured data provide a
good estimate of the temperature distribution on the inaccessible film side of the foil. The
measurement section has the dimension 19.5 x 39 mm?2. Hence, we define the space domain
Q :=0.025 x 19.5 x 39 mm?>. Due to the very different length scales of the heat conductor
we use anisotropic semiregular Pj-elements (cf. Chapter 4).

The measurement data are taken with a sampling frequency of 500 H z and a space resolution
of 100 x 200 pizxel. These technical data translate to a time step size of 7 = 2 ms in the one-
step #-scheme and a space discretization of 100 x 200 unknowns in the y, z-plane in the case
of a one-by-one allocation, i.e. if we consider the same resolution for the measurement data
and the numerical simulation. For the space discretization in z-direction only 5 unknowns
are used, which turned out to be an appropriate choice. To investigate the effect of the
discretization in z-direction on the temperature profile, we solved the direct problem for
5 and 9 unknowns, respectively. Since no additional frequencies appeared using the finer
space mesh, we conclude that already the coarser grid is appropriate for the resolution of
the temperature changes in that direction. Altogether, we get a space discretization with
472824 tetrahedra. The final time of the experiment is t; = 0.3 s, which corresponds to
150 temperature frames that are taken with the infrared camera in order to observe the
influence of some waves moving along with the laminar falling film. The electrical heating
generates a constant heat flux g(x,t) = 6.4 &% (x,t) € S,,. For the initial approximation,
we choose ¢°(x,t) = G(x,t), (x,t) € S, because we expect ¢ and g to have the same order
of magnitude, due to the very thin heating foil. The other boundaries of the space domain
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Figure 6.14: Realistic measurement data

are assumed to be adiabatic and the initial temperature distribution corresponds to the first
temperature frame assumed to be constant across the foil thickness (in z-direction). The
material properties of the foil are

kg J

w
= 8900 —% =410 ———, A=23 ——
P m3’ € kg K’ m K’

resulting in a thermal diffusivity of a = 6.3 - 1076 mT2

In Fig. 6.14 the measured temperature distribution over the y, z-plane at one point in time
is shown. The plot clearly shows that these data are perturbed by a relatively large amount
of noise. Without going into more detail here, we mention the measurement preprocessing
applied to the experimental data of the falling film. The convective heat transport in flow
direction causes a constant rise of the film temperature of approximately 0.05 K /mm, which
overlays the local fluctuations caused by the waves. In order to remove this effect of the
convective heat transport in the flow direction, a reference picture is subtracted from all the
temperature frames taken with the infrared camera. This is the reason why we use adiabatic
boundary conditions in the flow direction.

6.3.1 Single-level optimization

In this section the optimization is performed on one space grid which corresponds to the
above described discretization parameters. Again, a CG method (symmetric GS precondi-
tioned) with a reduction of the initial residual by 10° is applied to the resulting discrete
heat conduction problems.

A typical observation in the context of inverse problems deals with the effect of noise in the
given input data with respect to the number of optimization iterations. Fig. 6.15 shows the
evolution of the corresponding objective functional, which decreases rapidly in the first iter-
ations and flattens in the following steps. Although the temperature residual gets smaller,
the quality of the corresponding estimated heat flux gets worse because of oscillations that
appear with a rising number of optimization steps. This is an important reason why we
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Figure 6.15: Objective functional over the number of iterations

have to investigate suitable regularization methods.

The discrepancy principle as described above with 7 = 1.02 has been used as the stopping
rule resulting in 7., = 12 iterations. The estimated standard deviation of the measure-
ment error is 6 = 0.02. Two different L-curves for this case are shown in Fig. 6.16. In
Fig. 6.16 (a) we use the standard discrete Lg-norm of the estimated heat flux for measuring
its quality. The typical L-shape of the corresponding graph does not appear. If we use the
norm of the second order time derivative instead, as shown in Fig. 6.16 (b), we see that the
optimal estimate is obtained after 15 iterations. Similar results are obtained by measuring
the (space) gradient of the iterates. However, the point of maximum curvature is not very
much exposed. Again, the termination indices obtained by the discrepancy principle and
the L-curve method are comparable.

(b)

(d%/dlt? g x|

I I I I
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Figure 6.16: Different L-curves for the realistic measurement data

In Fig. 6.17 the estimated heat flux ¢'® at one point in time computed on the basis of realistic
measured input data is presented. In Fig. 6.18 (a) this quantity is plotted for different time
values in the middle of the foil over the flow direction (i.e. the z-coordinate). As a reference
for the quality of the computed result the measured and the calculated temperatures are
shown in Fig. 6.18 (b). Looking at the solution in time we observe that the estimated heat
flux shows a wavy structure moving along in the flow direction of the falling film with the
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Figure 6.17: Heat flux estimate after 15 iterations
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same frequency (10 Hz) as the film waves. This can be traced back to the influence of the
wavy film surface whose varying thickness effects the amount of heat that is transferred from
the foil to the film. The quality of the approximation decreases at the end of time, since the
solution of the adjoint problem is zero at final time and therefore yields no improvement of
the corresponding iterative solution at ¢ = ty.

6.3.2 Multi-level optimization

In this section we consider a multi-level approach in two different ways. On the one hand, the
up to now applied iterative solver (PCG) for the linear systems of equations is substituted
by a robust multigrid method. On the other hand, we consider the method of nested
optimization. Both methods require a hierarchy of (nested) grids. Let I, denote the level
with 2%(1 x 24 x 49), k > 0, parallelepipeds. Since the number of grid points on the finest
level Iy (with 5x 97 x 197 unknowns) does not agree with the space resolution of the infrared
camera, we only use the information of a cutout with 97 x 197 pizel. The temperature data
in the remaining pixels are not used. For the dimension of the measurement section we still
take 19.5 x 39 mm?.

Robust multigrid

In the previous chapter a detailed convergence analysis of a multigrid method with a robust
line smoother for anisotropic reaction-diffusion problems is given. This multigrid method
is adapted to the falling film setup, in which the heating foil is very thin (25 pwm) in -
direction relatively to the other directions. The very different length scales of the heat
conductor result in an anisotropy effect. In each step of the implicit time integration method
(Crank-Nicholson) an anisotropic reaction-diffusion problem has to be solved. We consider
the multigrid V-cycle algorithm on the levels I, k = 0,1,2, with 11 = 2 pre- and v, = 0
post-smoothing iterations. For the smoother we take the symmetric z-line Gauss-Seidel
relaxation. The block problems arising within the smoother are solved with a tridiagonal
LU decomposition. The zero vector is used as starting vector. Again, we take a reduction
of the relative residual by 10°.

On average (in time and the performed 50 optimization steps) we need 2 V-cycle iterations
for the approximate solution of the corresponding discrete problems. Note, that in contrast
to Section 5.6 for the numerical solution of the IHCP we have to treat linear reaction-
diffusion problems (compare Remark 3.19) with pure Neumann boundary conditions. Thus,
the suggested robust multigrid method of the previous chapter seems to work quite well
for this case, too. However, since the eigenvalues of the corresponding system matrices are
clustered due to the anisotropy (compare Section 5.3), for the PCG solver only 20 iterations
have to be performed on average (and on the original grid with 5 x 100 x 200 unknowns).

k. PCG MG
0 13 -
1 16 2
2 20 2

Table 6.3: Iteration numbers for single-level optimization on level [

However, if the level number & on which the optimization is performed increases, also an
increasing number of PCG iterations needed is expected. We emphasize that in contrast to
that, for the robust multigrid method the rate of convergence seems to be uniform w.r.t.
variation in the level number as Table 6.3 suggests.

Nested optimization

Finally, we consider the nested optimization approach on the levels Iy, £ = 0,1,2. For the
initial approximation on the coarsest level, we choose ¢p (x,t) = q(x,t), (x,t) € S.. The
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initial temperature distributions on each level correspond to the first temperature frame
assumed to be constant across the foil thickness (in z-direction). We use the discrepancy
principle as the stopping rule on each level.

k J (Q?k) # iterations
0 1.144-10°° 14
1 5.042-1078 8
2 4.735-1078 3

Table 6.4: Iteration numbers for nested optimization with realistic measurement data

When the whole optimization is performed exclusively on level I3, we have to apply 13
optimization steps. For the method of nested optimization the iteration numbers and the
initial values of the objective functional are given in Table 6.4. Again, the plots of the
regularized solutions qi and ¢'3 are comparable (see Fig. 6.18). Thus, a significant reduction
of the computational time can be achieved, if the optimization is performed on a hierarchy
of nested space grids.
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Conclusions

In this thesis a three-dimensional anisotropic inverse heat conduction problem (THCP) in
falling films is solved numerically based on realistic high resolution temperature measure-
ments that were performed with infrared thermography in a falling film experiment. The
simulation studies show that a transient boundary heat flux on the (inaccessible) film side
of a thin heating foil can be predicted adequately from the measurement data on the
foil back side. While most numerical solution methods for inverse heat transfer problems
that can be found in the literature are restricted to two-dimensional problems or, in the
three-dimensional case, to a limited space-time resolution, we succeed in reconstructing the
searched for quantity with high resolution in space and time. Besides high resolution mea-
surement data, efficient and robust numerical methods are needed for this. For the solution
of the ill-posed IHCP the conjugate gradient type method CGNE is used. This iterative
optimization technique does not require an explicit representation of the operator in the
inverse problem formulation, which (in general) is not available. From the theory of in-
verse problems it is known that the CGNE algorithm in combination with an appropriate
stopping criterion is an order-optimal regularization method. Although a suitable problem
discretization results in a kind of regularization, too, it is not sufficient for our problem.
In the numerical experiments we clearly observe the typical behaviour of such a solution
strategy, namely a limited data error amplification in the beginning of the iteration while
the estimated quantity begins to oscillate, if too many iterations are applied. For the choice
of the regularization parameter, i.e. the termination index of the CGNE iteration, we use
the heuristic L-curve method which turned out to be satisfactory for our problem class.
This parameter choice rule does not require any information about the noise level in the
measurement data.

In the CGNE algorithm standard direct heat conduction problems have to be solved. How-
ever, the very different length scales of the heat conductor (the thin constantan foil) result in
an anisotropy effect. In each step of an implicit time integration method a linear anisotropic
reaction-diffusion problem has to be solved. For the numerical treatment we use a spe-
cial space discretization based on linear anisotropic finite elements. In order to obtain a
bound for the discretization error we use the Céa-lemma and error bounds for standard
nodal Lagrangian interpolation. We give a uniform presentation of results for (triangular
and) tetrahedral finite elements that can be found at different places in the literature and
illustrate important phenomena by means of numerical experiments. A maximum angle
condition is formulated which is the essential condition to deduce suitable bounds for the
interpolation error. Different approaches for the derivation of these error bounds are con-
sidered. We discuss a special approach using a geometric argument and a more general
technique based on adequate estimates on the reference element and the coordinate trans-
formation. From these results we can conclude that anisotropic tetrahedral finite elements
which satisfy a maximum angle condition are appropriate for the space discretization of
our problem. In this thesis the finite element discretizations on multi-level nested grids were
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computed by means of the software package DROPS', which was extended and improved for
that purpose. The CGNE algorithm (i.e. the optimization) was implemented in MATLAB
and an interface for the data transfer between MATLAB and DROPS was built.

In each step of the implicit time integration method linear anisotropic reaction-diffusion
problems have to be solved, which contain two important parameters: there is a parameter
which describes the anisotropy of the domain and one that measures the size of the reaction
term relative to that of the diffusion term. After discretization we have a third parameter,
namely the mesh width. For the efficient solution of the corresponding discrete problems the
convergence of a multigrid method with a special (symmetric line Gauss-Seidel) smoother is
analyzed. In the analysis there is a need for other (better) interpolation operators than the
standard Lagrangian interpolation operator. Thus, a modified Scott-Zhang interpolation
operator is studied. Both, for the W- and the V-cycle method we derive contraction number
bounds smaller than one uniform with respect to all three parameters. For the multigrid
W-cycle the convergence is analyzed in the framework of the approximation and smoothing
property. Numerical experiments illustrate these robustness properties.

The combination of these numerical methods is applied to the realistic high resolution mea-
surement data obtained from the falling film experiment. For a further efficiency improve-
ment a multi-level approach for the optimization procedure is considered. This concept is
also called method of nested optimization. The idea of this approach is to start the entire
optimization process on a relatively coarse level (space grid) in order to find a good start
approximation of the estimation quantity on a next finer level. The simulation studies show
that a significant reduction of the computational time can be achieved, if the optimization
is performed on a hierarchy of nested grids.

The presented results in this thesis may serve as a basis for future investigations of more
complex inverse transport problems, such as the heat transfer through the falling film, mass
transfer from the film to the gas phase, or reaction processes inside the film. Moreover,
using the optimization technique presented in this thesis, a method for optimal design of the
experimental setup could be developed and conditions to enhance the information content
of the measurement data could be determined.

Thttp://www.igpm.rwth-aachen.de/DROPS/



Appendix A

Inverse problems

A.1 Integral equations

The following definition of specific integral equations is taken from [Smi58].

Definition A.1 (Integral equations of the first and second kind) The equations
b
y(t) = / k(t,s)x(s)ds, a<t<b, (A1)

b
(1) :ym+/k@gﬂg@,aguw, (A.2)

in which x(t) is the unknown function, and all other functions are regarded as given, are
linear integral equations. The general equations (A.1) and (A.2) are called Fredholm equa-
tions of the first and second kind, respectively. If k(t,s) = 0, t < s, holds for the kernel these
equations can be written as

<

—~
~

~—

/t k(t,s)x(s)ds, a<t<b, (A.3)

W):y@+meM@%,a9§b (A4)

The equations (A.3) and (A.4) are called Volterra equations of the first and second kind.

A.2 Regularization theory

We consider operator equations of the form K f = g, where I is a bounded linear operator
between the Hilbert spaces X and ). The operator K has nullspace A/ (K) and range R(K).
Its domain is denoted by D(K). We introduce some basic results from regularization theory
using the notation of [EHN9G].

Definition A.2 (best-approximate solution) Let K : X — Y be a bounded linear oper-
ator.

i. [ € X is called least-squares solution of Kf = g if
IKf =gl = nf{||Kz — g/ | z € X}

1. f € X is called best-approximate solution of Kf = g if f is a least-squares solution of
Kf =g and

71l = inf{||z]| | z is least-squares solution of Kf = g}.
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Definition A.3 (Moore-Penrose inverse) The Moore-Penrose (generalized) inverse K
of a bounded linear operator KK : X — Y is defined as the unique linear extension of K~' to

DK == R(K) ® R(K)*,
with
N(KH = R(K)*,
where

IC = ’C|N(}C)L N(IC)J' — R(’C)

In this definition the superscript - denotes the orthogonal complement and the composition
@ denotes the direct sum. The generalized inverse is the solution operator mapping g onto
the best-approximate solution of I f = g, as the following theorem states.

Theorem A.4 Let g € D(KT). Then Kf = g has a unique best-approzimate solution, which
is given by

fli=Kg.
The set of all least-squares solutions is fT + N(K).

Proposition A.5 The Moore-Penrose generalized inverse K' is bounded (i.e. continuous)
if and only if R(K) is closed.

The best-approximate solution can be characterized by the normal equation.

Theorem A.6 Let g € D(K'). Then f € X is a least-squares solution of Kf = g if and
only if the normal equation
K'Kf=K*g
holds.
Thus, Kfg is the solution of K*/Cf = K*g with minimum norm, i.e. KT = (K*KC)TK*.

Definition A.7 (regularization method) Let K : X — Y be a bounded linear operator
between the Hilbert spaces X and Y, ag € (0,00]. For every a € (0, ap) let

RY: Y — X

be a continuous (not necessarily linear) operator. The family {R*}as0 is called a regular-
ization or a regularization operator (for KV), if for all g € D(K') there exists a parameter
choice rule a = «(0, gs) such that

lim sup{||[R**9%)g5 — KTg|| | g5 € Y, g5 — g]| <8} =0 (A.5)
holds. Here, a: RY x Y — (0, ) is such that
lim sup{a(d, 9s) [ 95 € V. [l9s — gl < 0} = 0. (A.6)
For a specific g € D(K1), a pair (R®, ) is called a (convergent) regularization method (for
solving Kf = g) if (A.5) and (A.6) hold.
Proposition A.8 Let IC be compact with singular system (oy,; U, uy,). Then, for u >0,
Kfg e R((K*K)"/?) (A7)
if and only if

oo

1
Z WKQ’%)'Q < 0.

n=1""

Thus, (A.7) is a condition on the decay rate of the Fourier coefficients (g, u,,) relative to the
singular values o,,, which becomes more severe as p becomes larger.
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Variational formulation of PDEs

Let Q@ C R™, n = 1,2,3, be an open, bounded and connected domain with a (piecewise)
smooth boundary 9€2. We introduce some function spaces that are often referred to in this
thesis.

B.1 Basic function spaces

Let C*(Q), k € N, denote the space of functions f : Q — R for which all (partial) derivatives

. ol
Df:m’ a:(aly...’an)’ |a|:a1++an’
of order |a| < k are continuous functions on Q. The space C*(Q), k € N, consists of all
functions in C*(9) for which all derivatives up to order |a| < k have continuous extensions
to Q. For f:Q — R we define the support by

supp(f) := {x € Q| f(x) # 0},

which leads to the space CF(2), k € N, of all functions in C*(Q) which have a compact
support in €, i.e. supp(f) C Q.

The space of all measurable and to the power of p € [1,00) integrable functions is denoted

by
1@ = {0l [ plrax <ocf,

ol = ( / |v|de) .
Q

In extension of the above definitions we introduce the space

with the associated norm

Lo () := {v] ess supycq [v(x)] < oo},
with the norm
0]l 2o () = ess supyeq [v(X)].

Here, ess sup denotes the essential supremum, i.e. the smallest upper bound except for null
sets.
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B.2 Sobolev spaces

An introduction and properties of Sobolev spaces can be found e.g. in [BS02, Cia78].

Definition B.1 (weak derivative) Consider uw € L2(Q2) and |« > 0. If there exists v €
Ly(Q) such that

/ vpdx = (—1) / uD%pdx, V¢ € C (),
Q Q
then v is called the ath weak derivative of u and is denoted by D%u := v.

For p € [1, 00] the Sobolev space W}"(€2) consists of those functions in L,(£2), for which all
the ath weak derivatives with |a| < m belong to the space L,(£), i.c.

W Q) :={u € Ly(Q)| D € L,(Q), V|| <m}, m=0,1,...

P
Equipped with the norm

1
P

> /|D"u|pdx , if 1< p< oo,

HUHW,;“(Q) = || <m (B.1)

max (ess supy,cq |[Du(x)]), if p = oo,
la|<m

the space W, (Q) is a Banach space. The corresponding seminorm |U|W;H(Q) is defined by

(B.1) and [a| < m substituted by |a] = m. The Sobolev space W;(€2) is the closure of
Cg°(€2) in the space W (€2). For p = 2 the Sobolev spaces W (£2) and W,',(Q2) together
with the scalar product

Z /Do‘uDo‘vdx m=0,1,...

la]<m
form Hilbert spaces, which are denoted by H™(§2) and HJ"(2), respectively.

Lemma B.2 (Green’s formula) Let Q) C R™, n = 2,3, be a domain with a smooth bound-
ary I'. Then the equality

/Auvdx-/—vds—/Vqudx, Vu € H*(Q), v € HY(Q),
Q

holds.

In this thesis we often refer to embeddings of two Banach spaces X and ). We denote by
X — Y the continuous embedding of X into ), which means that X C ) and

de=¢(Q) : |Jully <cllu|lx, YueX.

The following embedding results can be found e.g. in [Cia78]:

m _ . mp>n, p>1,
wrQ) — C(Q), 1f{ men pel.
1 1 m
. mp<na - = T T T
W) —  Lg(%), if g p n
mp=n, 1<q<oo.
W) — WLQ), ifm>1,
WrQ) = Wr(Q), ip>q.
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